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ABSTRACT

Keywords: digital slot car, slot car racing, controller, software, hardware.

The main olgctives of this Master of Science Thes@ojectarethe design, develop-
ment and implementation ohannovativewireless electronic controller for digital slot
carapplicationsA slot vehicle is an electrical powered model thajugled by a groove

or dot in the track on which it run§he slot controller designeadlowsan accurate con-

trol of thechange lane, brake atigrottle actions inlst vehiclesand it resolves the pre-
sent problermof commerciaklot car controllers.

This project focuses on tlmmplete development dlfie electronic hardwarenterface
dedicated to controtligital slot vehicles.The development was performed using an
electronic platform that combines a low cost and high performance microcontroller,
which is equipped with conditiong electronics necessary to achieve the adjustment of
slot vehicles parametersThe control interface, conditioning electronics and the neces-
sary electronics for wireless communication are topics to considerer.

The development athe system software @so broached in ik project,which is re-
sponsible for providing different driving modes possibilities for users depending on the
performance required by the characteristics of each slot racing circuit. For this devel-
opment, the mairslot car controlleron the market have beemalysedand the most
common components in taultifunction control units of the circuitso performa de-

sign that implements a microcontrollerhich gives intelligence and enables to have an
advanced control idigital slot car sgtems.

The complexity ofthe project carried ouis clear because it involves starting from
scratch in research and the use of a large number of knowledge of different subjects and
the real demonstration of proper operation. It is noteworthy that degviétop a good
theoretical basis of the problem to be solved, its proper functioning in practise presents
additional difficulties with respect to the theoretical model developed.

The results have been satisfactory to achieve the proposed tasks fromitimengeg

The slot controller has acolour screen that provides an intuitive interface with the
placement of the@ushbuttons. The wireless communication allows more independence
and different driving modes giv® the controllernew features never seen irepious

slot car systems. The best reward is the developmentMfaas t e r 6 mojedt thats i s
has interest tthe people



PREFACE

The work reported in thislaster of Science Thesmas conducted at the Department of
Electronics and Communications Engiriegrin Tampere University of Technology,
Finland during January 20I5May 2015 This research is the result of collaboration
Department of Electronicand Communications Engineering at Tampere University of
Technology withDepartment of ElectronicBechnadogy at Technical University of Car-
tagena (Spain) under the Erasmpsegramme

Firstly, | would like to thankProfessor Jari Nurmwho acted as my supervisor for the
Ma s t ehesé sind proved to be a wonderful help to get me started with theastudy
TampereUniversity of Technologyl would like to extendmy gratitudeto Katja Laine

for helping mewith the electronics materials and the access to the laboralones!d
also like to thankny colleaguelose Antonio Martinefor helping merom Spain

| also owe a big thank you tcaura,the architect of my happinesgo stood by me
despite the distance and endured my stress when | needed to let it hivould also
like to thank my parent&inés and Mard Jog, for the absolute support they have pro-
vided me throughout my studieBhank you to my sistedrsula and all my familyor
their motivationand forbelieving in me

This thesis concludes an important time in my life. 1 would like to thank all my friends
for making the years in universitybeadful stageof my life. Also thank you to every-
one who has supported me throughout all my school years.

With gratitude | owe this moment to all of you.

In CartagenaSpain on13" July2015

Santiago Ros Navarro



CONTENTS
1. INTRODUCTION ...otttiiiiiiiiiiiiiitee e ettt e e e e e e e e e e s s s s sssimnne e e e e e e s s s nnnneeseeesenens 1
1.1 Project ODJECHIVES.....cooeiiiiee e 1
1.2 PrOJECE PRASES.....coi ittt e e e e e e an 2
2. STATE OF ART OF SLOTCAR RACING........cooiiiiiiiiiiiiiiieeessiiievnnienneeen A
2.1 INErOTUCTION.. ...ttt e e e e e e e e e e eeeeeanees 4
2.2 HiIStOriCaAl OVEIVIEW. .. .ot 5
2.2.1 Slotcar racing in SPaLN........cccuuuuuiuriieirieeeiiieeieeee e e e e e 7
2.2.2 Slotcarracingin Finland..............ccooooiiiimmieeee 8
2.3 TeChNICal ASPECLS........ccoiiiiiieiiieeemr et e e e e 9.
2.3.1 Analog slot operating prinCiple..........ccccvviiiiiiiiiceeie e 9
2.3.2 Digital slot operating principle..............ocoooiiiiiimmmnniee, 10
2.4 Basic physical principles of slot car racing...........ccc.evvvvvvvieesivvvviieenen. 11
2.5 SIOtVENICIES. .. ..o 15
2.5. 1  COMPONENLS.....iiiiiiiieiiiie et eerne e et eea e e era e eee 15
2.5.2  COMMON SCAIBS......cciiiiiiiiiiiiiii et eeee s 19
2.6 SIOt CONIONIEIS. .. .o 20
2.6.1  ANalog COMOIIETS......uviiiiiiiiiiiiiiiee e 20
2.6.2 Digital coONtrollers.............oovviiiiiiiiiiimre e 21
2.7 SIOtrACKS. . ..o 21
2.7.1  MaterIAlS.....coieiieieeiieiei et 21
2.7.2  MOAIfICAIONS.......cceeeeeeiiieeeeeeiiiteeee e e 22
2.8 Competitions classes and rules.............ceeeeeeiiiieccieiiiiiee e eeieeens 23
2.9 HODDYISIS. ..o 24
2.10 MaNUFACTUIEIS....ceeiiiiiiiiiieie ettt e e e e e ee e e e e e e e e e e eeeeeeeneees 24
P2 O I A 8- 1 (= - PP 24
2.102  FIY SIOt. i eeer e e aeas 25
2.10.3 NINCO...ciiiiiiiiiiiit ittt ree b ereee e e e e e e e e e e e eeees 25
2.10.4 RBCEI ... ittt a e 25
2.10.5 SCAIEXIMIC...ccii it 25
3. ANALYSIS OF DIGITAL SLOT CAR SYSTEMS........ccoiiiiiireeeiiiieeee e 27
I 0 R [ 1 To 18 Tox 1o ] o IR 27
3.2 Digital SIot Car SYSIEMS.......uuuuiiiiiiiie e eeeererccrr e rrre e e e e e e 27
3.2.1  Analog CONtrollers.........ccoovuiiiii i eene e 28
3.2.2 Digital CONrOlErS........eeeiiiiiiiiiiiiieie e 32
3.3 Slot car system SelecCted............uuuiiiiiiiiiieeeiiiieie e 35
3.3.1 Advantages and disadvantages............cccccevvvvrmmmeeeeereeeeennnnnns 35
3.3.2  Ninco digital SYSteM...........cvvvuviiiiiiiiieeeeire e eeeeeaaen 36
4. RESEARCH METHODOLOGYAND CONTROLLER FEATLRES................ 41
g R 101 0 Yo [T 1 0] o 41



4.2 Resarch methodology..........cooouiiiiiiiiiiieee e 41
4.3 RESEAICH PrOCESS.....cciiiiiiiiiiiii e e e e 42
4.3.1  TeStSIOt traCK.......ccevvvvriiiiiiiis it e s rrrn e 42

72 00 T2 @] o1 o = ox 1o o 1RSSR 43
4.3.3 Basic slot controller diagram..............cccoovviiiiieeene e, 43
4.3.4  PrevieW ProtOtyPe.....ccccuuuuiiiiriieieiiieeeretitiieeeeeer e ee e e e e e e emeeeees 45
4.3.5 Final slot car controller............oooeevveiiiiiiice e a7
4.3.6  IMPIrOVEMENTS. ...uiiiiiiiiiiie et 49

5. HARDWARE ARCHITECTURE ......ccoiiiiiieeieieeee e enenanees 51
5.1 Description of the hardware architecture............cccccooovivieeeniiiiiieennnn. 51
5.1.1  Transmitter MOAUIE..........uuuiiiiiiieee e eeeee 52
5.1.2 ReceivemOodule.........ccccooveeiiiiiiiiiiieeee e 52

A o (o Tt 2SS o To TR o 52
220 NN \Y/ [ Tox o Yoto ] 0 (o ] [T PP 52
5.2.2 Sekction of the microcontroller................coooviiiieceiiiieereeninnnn, 53
5.2.3  Arduino platform..........ooooiiiiiiiiieee e 54
5.2.4  Arduino advantages..........cccceeeeiiieeeeeeeemiiiiisen e e e e e e e e e eeeeeaeeens 55
5.2.5  Arduino NaNO.........cccoiiiiiiiiiiiiieeee e 55

5.3 Digital-to-analog CONVEIEL.........ccuuuiiiiiiiiiiiieee e 59
5.3.1 Practical Operation...........euvviiiiiiiiieemeieeeeeeeeeee e 59
5.3.2 ResIStor l[adder..........coooeiiiiiiiiieeeee e 60
5.3.3 Accuracy of resistor ladder..............ueieiiiiiicceeiiiiiiee e 62
5.3.4 Buffer amplifien.........oooorriniiiii e 62

5.4 FroNt PANEL.......i oo e 63
5.4. 1 DISPIAY...coiiiiiiiieiit e 64
5.4.2  PUSh DUIONS......uuiiiiiiiieee e eeeeeeeeren e 67
5.4.3  POWEE SOUIMCE.....uiiiiiiieiiiiieeeeiiieaes e setineeserineeeetnn e e s snnmrennsesennnsd 68
544  COMMUNICALIONS......cccvviiiieeiiiiiiii e cerer e e e e e e eennr e 71

6. SOFTWARE ARCHITECTURE.........uutitiiiiiiiiiiiiesieesriirieeeeeeeeeeeeeeaeeeeesmmneeaeens 76
G0 I 111 o o 13 ox 1o]  FE 76
6.2 Pin asSigNMEenLt...........coovvviiiiiiiiimreeeeeeiiissss e e e e e emmmrnnn e s s e e eeeeeeaaeenn d O
6.2.1  Transmitter MOdUIE........ccoeviiiiiiieiiiii e, 77
6.2.2 Receiver module.........ccooooiiiiiiiiii e 77

6.3  Transmitter SOftWaAre...........uuuuiiiiiiee e eeeecirene e e e e d O
6.3.1 General SUCIUIC.......cceiiiiiee e eeeeeeeeeeee e e 78
6.3.2 Global variables.............coooiiiiiiiiieee 79
6.3.3  LIDraries........oooooei e 80
6.3.4  WelCame MESSAQE........cciiiiiiiiieeeeeeieemeeee e e e e aeene e e 30
6.3.5  INSIIUCLIONS.......coiiiiiiiiiiiiiii e 82
6.3.6  LiN€Ar MOUE.......uuveeiiiiiee e ceeeice e eeee e e 83
6.3.7 Logaithmic mode...........oooriiiiiiiiee e 38

0.3.8  KidS MO e 93



6.3.9  AULOMALIC MOUE.......ci i iiiieeeeeieiteeee e e 95

6.4 RECEVEI SOMWAIE......uiiiiii e a8
6.4.1 General SIUCTUIE..........oooviiiiiiieeee e 99

6.4.2 Global variables.............ciiiiiiiiicee e 100

6.4.3 General lane change algorithm................cccoviiieeeen 100

6.4.4 Automatic lane change algorithm...............ccoevviiieeciiiiinnnee. 101

6.4.5 Decimal to binary CONVErsiQN............eueeeeiiiiiiiieesiinieeeeeeeeenn 101

7. CONTROLLER IMPLEMENTATION ...ccoiiiiiiiiiiiiiiiieeee e 103
4% T [ g1 (o o [8{ox 1o o SRR 103

7.2 Slotpiral Rewolution transmitter............ccooeiiiiiiiiiiccciie e 103
7.2.1  Front panel deSIghl..........cueviiiiiiiiiiiieeeeeeeeee e 104

7.2.2  Processing UNit deSIGIL..........uuiviiiiiiiiiiieenieeeeee e 106

7.2.3  POWEr SOUICE AESIGN....ccvvveeriiiiiieee e e e ceeeriiieese e e e e e e e e e e e e e eeeeeens 107

7.2.4  Communications deSigN.........cccuuuuiiieeiiiiieemeeeiiee e e 107

7.2.5 Final implementation..............cceeiiiiiiiieeme e 108

7.3 Slotpiral RevOoIULION rECEIVEL.........ccceiiiiiiiiiiiceeee e 109
7.3.1 Front panel design..........ccoovvvviivviiimmreeeeeeeeii e 109

7.3.2 Processinginit and digitaito analog converter design........... 111

7.3.3  POWer SOUrCe deSIgm.........uuiieiiiiiiiiiiceeriie e e e e eeesin e e e e e eessnmanns 113

7.3.4  CommuNICatioNS dESIGN........uuuuiriiiiiiiiiiiieeereiireeeeee e e e e 113

7.3.5 Final implementation..............cccccuiiiiiimmmninieeee e 114

8. ANALYSIS AND RESULTS ..ottt e 115
8.1 Analysis of Slotpiral ReVOIULION.............evuiiiiiiei e 115
8.1.1  Visual @nalySiS........cccuvuuuuiiieiiiiiimmcee e 115

8.1.2  Laboratory teStS........covviiiiiiiiiiiiimme et 115

8.1.3 RACE ANAIYSIS.......ccooiiiieiiiieeee e 116

LS JZ ©0 1] B {1 0[] o PP 117
8.2.1 Transmitter module COSt repart...........ccoevviiiiiiieenn e, 117

8.2.2 Receiver module COSt rePOLLt.....ccoviveiiieieiiiiiiieeee e 118

8.2.3  TOtal COSE rEPONL....uuviiiiiiiiiiiiiieie e 118

8.3 Discussion of the reSUltS..........cooeeeiiiiiiiiicce e 119

9. CONCLUSIONS. ... ..ttt ettt e e e e e e e e e e e s st e e e e e e e e e e e e e e e e s s naines 121
9.1 FINAl CONCIUSION.......uueiiiiiiieee e 121

0.2 FULUIE WOTKS......ciiiiiiiiieiiii et e e e e e e e 122
REFERENCES. ... ..ttt eee ittt ettt e et e e e e e e e e e e e e e s amme e e e e e e as 124
APPENDIXA: Source code of Slotpiral-Bvolution transmitter..................cccooe. B8
APPENDIX B: Source code of Slotpiral-Bvolution receiver................ccccooevvvvvnnnn. 2%

APPENDIX C: EIeCtroniC SChEMALICS. ... cu e 3..14



vi

LIST OF FIGURES

Figure 1. Slot vehicle patent by Albert E. CUllEI836............ccccooeiieeiiiiiiiie e 5

Figure 2. Maserati250F (left) and~errari 375 slot cardy Minimodels.............c........ 6
Figure 3. Scalextric advertising poster in Spain, 1967.............uuiiiiiiiiiieeeeeeeeeeeeeeeeeiiiiees 7
Figure 4. How to make a slot cardck, 1968.............coovvviiiiiiiiiiiiiiiiee e 8
Figure 5. Sot car trackwith typical electrical CIFCUIL..............coooviiiiiiiiiiiiieeee e, 9
Figure 6. Ninco digital CONIrOl UNIt..............uuviviiiiees e 10
Figure 7. Force diagram of slot car mechaniSm...........cccoooiiiiiiiiiiiiiiii e 11
Figure 8. Components Of @ SIOt Car...........uuuuuuueiiiiiiiee e e ee e e e e eeeeeeees 15
Figure 9. Types of slot vehicle transmiSSION...........coooiiiiiiiii e 17
Figure 10. Belt and pulleys transmisSion SYSIEM..........oooiiiiiiiiiiiiiiiiiiiieeeeeee e 18
Figure 11. Models of the Ford GTin 1/24, 1/32 y 1/64cales...............cceeeeevvvvvvennnnnnns 19
Figure 12. Analog (left) and digital slot cONtrollers..............cccvvviiiiiiiiiiiee 20
Figure 13. Handmade wooden rally track, inspired tine Targa Florio...................... 22
Figure 14. 8-lane speed track in Helsinkrinland)............cccooeiviiiiiiiiiiiiiiieenes 23

Figure 15. Types o8t car CONtrollerS.........ccoooiiiiiiiieccce e e 28
Figure 16. Scalextric, he Digital System slot car controller..............cccccoovviiiiceees 30

Figure 17.Carrera Digital (left), Evolutiorand Wireless (right) slot car controller80

Figure 18. N-Digital (left) andProgressiveslotcar controllers..........ccccccceeeeiiiiiinnns 31
Figure 19. Automatic or ¢nost slot car CONtroller.............cooevieiiiiiiiiiiiiiieeeee, 32
Figure 20. SCR2 slot car controller, manufactured by SIOt.it...............ceeiiiieeeeenn. 33
Figure 21. Scorpius WireleSSONtroller.........ccoooeeeii i 34
Figure 22. Digital MastertraCkCOMPONENTS........cccoeeieeeiiiieiieeeeee e e e e e e e e e eeeaaenns 36
Figure 23. Digital STArter BOX.........cuiiiiiiiiiiiiiiiiiiiiii et 36
FIQUIE 24. CONTIOl TOWET ...ttt e e e e e e e e e 37

FIQUIE 25, PIt LANE.... e e e e e e e e e e e e e as 38



Vii

Figure 26. Simple (left)Doubleand Double Curve (rightlane Changs.................. 38
Figure 27.Decoder chip and eqUIPMENT.............oooevvvvers e eeeennsseeeeeeeeeeeaeeeees 39
FIQUre 28. MUItI-Lan@ SENSOK.........ccciiiiiiiieie ettt e e e e e e e e e e e e e e e e e e e eaaaaees
Figure 29. NincoMultifunction Digital Control Unit................ccccviiiiiiiiiiiiiieeeeee, 40
Figure 30. Slot track used in 1aboratory teStS. ... ...
FIQUIEe 31.4P4AC CONNECIOLS......ciiiitiie e eeeitie e ettt et e e e e e e e e e e e e e e eeaaaans 43
Figure 32.Basic diagram of Ninco slot controller.............cccceeeviiiiiiiiiiiiis e 44
Figure 33.Slotpiral front PanEl............cuveiiiiiiiiiii e 46....
Figure 34.Slotpiral Revolutiontransmitter (left) and receiver..............................48

Figure 35. Transmitter (above) and receiver hardware architecture block diagrém

Figure 36. Atmel microcontroller encapsulated in a-ph package...........cc.......... 53
Figure 37.Arduino Serial board...............ooo oo 54...
Figure 38.Arduino Nano board front (left) and rear..............ccoooeeiiiiiiiiiiiiiennee. 56.
Figure 39. ArduinO NANO PINOUL........uuuiiiiiiiiiiieiieeee e 57...
Figure 40.2 bits digitatto-analog CONVEMEr............uueiiiiiiiieeeeeiieeeeeeei 60...
Figure 41.Basic nrbit R-2R resistor [adder...........cuuvviiiiiiiiiieeeeceeceeeee, 6l.
Figure 42.Ideal voltage buffer amplifier.............cccoeeiiiiiiiii e, 62...
Figure 43. Thévenin source drives a unity gain voltage buffer..............cc........... 63
Figure 44.Structure of thidfilm-transistor liquidcrystal display...........cccccceeiiinn. 64
Figure 45. Typical single SPI bus master and slave............ccccooeviiiiiiiiiiinnnninnnd 65.
Figure 46. ArduinO TFT LCDPINOUL........ccoiiiiiiie e 66.....
Figure 47.0mronpush buttons with square heads.............ccccceeiiiiiiiiiiiiiiiiiieiinn, 67....
Figure 48.Activelow (left) and actie-high push button conngons........................ 68
Figure 49.Service hours of 9V battery with constant power.................cccvvveeeee. 69

Figure 50.Block diagram (left) and pin assignment of LM7810.................cccee..... 70



viii

Figure 51.Unshielded twisted pail.............cooeiiiiiiiiiiii e 71....
Figure 52.IEEE 802.15.4 protocol stack............ccovvvvviviiiiiiiiiiiiei e, 73...
Figure 53.XBee SerieS 1 PINOUL.......ccouuuuuiiiiiiiieeeeeeeeeeeeeeeeeeeeeie e e e e e e e eaeeeees 74...
Figure 54.UART data packet Ox1F as transmitted through the XBee...............74
Figure 55.System Data Flow Diagram in @ UART.........ooooiiiiiiiiiiiiiii e 75
Figure 56.General flowchart of the transmitter software...............cocoovvviiiiiinnnns 8.
Figure 57 Welcome message SCreenshol.............ooovvviiiiiiiiiiiie e, 81...
Figure 58.INStructiors SCreenShQL.............uuiiiiiiiiiiiiiiee e 83....
Figure 59. Flowchart of the linear Mode............uuvveiiiiiiiiiiiii 84...
Figure 60.Brake, pass and turbo actions senshots in linear mode..................... 88
Figure 61.Flowchart of the logarithmic mode.............ccccceiii i, 89..
Figure 62.Brake, pass and turbo actions screenshotsgarithmicmode............... 93
Figure 63.Flowchart of the Kids mode..........ccccoiiiiiii 9....
Figure 64.Brake, pass and turbo actions screenshots in kids mode.................. 95
Figure 65. Flowchart of the automatic Mmode.............oooovviiiiiiiiiiiiiiii e 96...
Figure 66. Screenshots in automatic mode at medium speed..............cccvvvvvennnnn. AT 9
Figure 67. Transmission and reception of the variablem.....................ccccoeeeeee. 98
Figure 68. General flowchart of the receiver software..........ccccceeeeieeeeiiiiieeees 99
Figure 69. Slotpiral ReVOIULION [0Q0........cooiiiiiiii e 103.

Figure 70.Block diaggram of the hardware architecture of the transmitter modulE)3
Figure 71.Front panel evolution (Ieft to right)............coovviiiiiiiii 104
Figure 72.Button L, central and button R printed circuit board masks............. 105
Figure 73.Button L, central and button R printed circuit board with componerit§6
Figure 74.Connections diagram of the transmitter processing.unit.................. 107

Figure 75.Connections diagram of the XBee shield................ccccoiiiiiin. 108



Figure 76.Connections of Slotpiral4@volution transmitter module..................... 108
Figure 77.Block diagram of the hardware architecture of the receiver module109
Figure 78.PB sheld (left) and DAC shield printed circuit board masks................. 1.11

Figure 79.PB shield (left) and DAC shield printed circuit board with components....111

Figure 80. Digital-to-analog converter basic electrical diagram..................ce. 112
Figure 81.Connections diagram of the receiver processing Unit.............ccccevevvvieeeenn. 112
Figure 82.Connections diagram of the wired communication..............................114
Figure 83.Connections of Slotpiral4evolution eceiver module...........ccccccvveeeennn. 411
Figure 84.0scilloscope screenshots of the laboratoryges.............ccvvvvvieeeneeeen. 116
Figure 85.UPCT experimental digital slot car system.............ooooviiiiiiiiiiiiiiiiineee e 117
Figure 86.3D designs of Slotpiral fvolution transmitter (left) and receiver.......... 911

Figure 87.Final designs of Slotpiral Rvolution transntter (left) and receiver.....119

Figure 88. ButtonL shield SChematiC............cooooriiiiiiiiiie e 143
Figure 89. Button R shield schematiC...............eeeiiiiiiiiiiieeee 143..
Figure 90. Central shield SChematiC.............ueiiiiiiiiiiiiieiee e 144
Figure 91. DAC shield schematiC..........cccccciiiiiiiiiieiicieeeeeeecr e 145..
Figure 92. PB shield SChematiC...........ccoouviiiiiiiiiiiieccceeeer e 146.....

Figure 93. XBee shield schematiC...............covviiiiiiiiiiiiicii e 146.......



LIST OF TABLES

Table 1.Braids properties by material................ceiiiiiiiiiiiciie e 16
Table 2. Arduino platforms basic SpecifiCation............ccccoviiiiiiiiiiiiiiicee e 56
Table3. TYpes Of OV DAMEIIES. ......uuuiiiiiiiiiie e 69
Table 4.Unshielded twsted pair technical specifications................ccccccciiiiiiiiieieennn. 71
Table5. Specifications of the XBE&EINES L..........uuuuiiiiiiiiiiieeiiiieeeeeeeie e 73
Table 6.Pin assignment of transmitter module........c......coooeiiiiiiiiiccccccee . 71.
Table 7.Pin assignment of receiver module..............ccoooviiriiiiiiiiicciiiee e, 11...
Table 8.Characteristics of the control variable in the linear mode................cc... 83

Table 9.Characteristics of the control variable in the logarithmic mode............. Q0

Table 10.Characteristics of the control variable in the kids made..................... a5
Table11. Characteristics of the control variabla theautomaticmode...................... 98
Table 12.Transmitter module COSt rePQALt...........uuuceeiiiiiieeeeeeeiieeeeeeii e 117.
Table 13.Receiver Module COSE FEPON..........vviiiiiiiiieieee e e 118

Table 14.TOtal COSE MEPOM........uuiiieiieiiiiiiie et e e e e e e 118...



LIST OF SYMBOLS AND ABBREVIATIONS

3D

AC

DC

DIP
EEPROM
EPROM
FTDI
/0
IEEE
ITO
LCD
LED
LR-WPAN
PAN
PECVD
RAM
RGB
ROM
rpm

Rx

SPI

TFT
TTL
TUT

TX
UART
UPCT
USB

Tree Dimensional

AlternatingCurrent

Direct Current

Dual In-line Package

Electrically Erasable Programmable R&awaly Memory
Erasable Programmable Re@dly Memory
Future Technology Devices International
Input/ Output

Institute of Electrical and Electronics Engineers
Indium Tin Oxide

Liquid-Crystal Osplay

Light-Emitting Diode

Low-Rate Wireless &sonalArea Network
PersonalAreaNetwork
PlasmaEnhancedChemicalVaporDeposition
RandomAccessMemory

Red Green Blue

ReadOnly Memory

Revolutions peminute

Reception

Serial Peripheral Interface

Thin-Film Transistor

Transistor transistor logic

Tampere University of Technology
Transmission

Universal Asynchronous Receiv&ransmitter

Xi

Universidad Politécnica de Cartagemachnical University of Cartagena

Universal Serial Bus



1. INTRODUCTION

In this introductory chapter, the project objectives and the different chapters in which it
has been divided are present@djectives describe what has been developed and th
overall progressof the project is justifiedt also analyzethe complexity that can entalil

and what is expected to achieve completion.

The chapters describe in a clear and concise manner the various aspects which have
been the subject sksearctanddevelopmentStarting with the first phase of the study

of the state of the art up to the last, where possible conclusions and futuseanerk
presented. The various objectives achieved in each chapter are exposed in a igay that
usefulboth the authorfothe project as to any person whoread Mis st er 0te T h e
know the process of elaboration followed.

1.1 Project objectives

Throughout this project, the research is developed around a model of digfitehr
circuit marketed by the Spanish compaxiynco, equipped with anultifunction digital
control unit which is the heart of the systeand it isresponsible for managing the speed
of slotvehicles by the different lanes a slot car circuit

The objective of this projectare the design, development aidplementation of an
innovative electronic contrlar for digital slot car applications that allows more precise
control of slot vehicles as well as new features tlwit more intuitive. The work is
divided into two main phases: one dedicated to theldpment of electronic hardware
prototype and another focusea the development of software control interface that
allows the precise adjustment of speed and better handling on track.

For the implementation of this project, a lawst microcontrolledevice is used and
programmed with the developedntrol software. It has also been equipped with condi-
tioning electronics requed fora proper operation of the slot controller.

The most common component$ digital slot control units on the market have been
analyzedfor the development of this project aitccontains adesign proposal that im-
plements a low cost microcontrollérat provides intelligence and advanced contol
slot systens.

This projectends with thecompleteimplementationof an innovativedigital slot con-
troller with wireless connection, different driving modes and an intuitive interface that



includes a TFT LCD screen. Furthermore, this project is the theoretical basis for another
Ma st er 0 whiciTikleiagcarriedout at the Technical biversity of Cartagena
(UPCT), in Spain.

1.2 Project phases

This current project is structured in certain phases that correspond to the following
chapters:

T

Chapter 2. State of art of slot car racing First, an investigation has been con-
ducted on the most siditant aspectshat encompasses the world ddtscar
racingandthe most importantharacteristicef this are highlightedThe chapter
begins by performing a global historical overvietslot car racingand henit
focuseson the evolution thahasexpeaiencedin Spainand Finland Technical
aspects of operation are also analyzed, differentiating between digital and analog
nature, in addition to deepen in the physical principles of greater impoftance
slot car racing Then the main eleents involvedn the world of ot are stud-

ied, such aslot vehicles and components, analog and digital controllers, along
with the structure of this hobbya different circuits or tracks. Topics such as
the competitions, the official rules and a brief descriptbslot fans types are
also addressedrinally, an analysis of thieading slotcar systemmanufacturers
worldwide is performed.

Chapter 3. Analysis of digital slot car systemsThis chapter presents a thor-
ough analysis of the differestot carcontrollersavailable todayAll aspects re-
latedfor digital slot carsystems are addressed, starting with an overview of the
analogslot car controllersnade byamateurscontinuingwith commercialslot

car controlles that develop the main specializeghnufacturerand making ae-
searchof the latesadvance#n digital slot car controllersDigital slot carsystem
used in this project marketed by the Spanish comingo is also presented
showing its main characteristidgsacks accessories arttie digital contrd unit.

In addition,a comparison of selectesot carsystem is performedompared to
other commercially available, detailing its advantages and disadvantages.

Chapter 4. Research methodology and controller featuredrirstly, this chap-

ter explores the ntkodology followed for the development of thl®t control-

ler, indicating thestages ofanalysis, design and implementatidrne research
processof Ninco slot car systenis also presented because there is not reliable
information about iin the official referencesin addition, themost significant
laboratory tests for the correct evaluation of alternatives are shown, obtaining
guantitative data of great importandéhis chapter also aims to show the fea-
tures included in the developstbt controller, desribing the improvements im-



plemented and highlighting its characteristics compared to other controllers
available on the marketyhich have been discussed in the previous chapter.

Chapter 5. Hardware architecture. This section describes the hardware archi-
tecture of theslot controllerand the salient elements of the processing system
such as digital- analog conversiongraphical interfacefront panel, power
sourceand communication systemsed Subsequently, a detailed theoretical
study of thefeaturespresented in Chaet 4 having regard tprinciples, charac-
teristics and types available for project implementation is dbinst, an over-
view of possible devices that can be usegdresentdto finish with thedefini-

tive devices finallyselected.

Chapter 6. Software architecture. A detailed analysis of the softwammde
used in the lowcost microcontroller that contains thkt controlleris conducted

in this chapterThe source code anamtrol algorithms used in the software are
exhaustivelyexplainedthrough flowchartsand the main characteristio$ driv-
ing modes of theslot controllerare specifiedy comparative tablegpresenting
the motor powebands of slotvehicles

Chapter 7. Controller implementation. In this chapter, the implementat®aof

the different functional blocks that are part of ghet controllerareshown in de-

tail by assemblyiagrans of the manufacturing procesBhe evolution ofelec-
tronic circuit designs, debugging and optimization, besides the final assembly
processare also shown.Furthermore, the wireless communication system com-
prising the transmitter module and receiver modksiexposed.

Chapter 8. Results and analysisOncethe design processvith the final im-
plementation of thelot controller,is completedsomeseies of tests and exper-
iments that prove its correct operation were performids chapter presents the
different experiments which the slot controller was subjected to prove its proper
operationln addition, an economic study with the costs of each coept used

to implement the sk controller is included her&inally, the results obtained af-

ter the development of the project are discussed.

Chapter 9. Conclusions.n the last chapter, the conclusions reached at the end
of the project arset outandthe most relevant problems encountered during the
implementation thereof are citelinally, there is also a section where potential
projects related to researithe developed in this project are proposed.



2. STATE OF ART OF SLOT CAR RACING

In this chapteran investigation on the most significant aspects that encompasses the
world of slot car racindias been conductexhd the most important aspects of this are
highlighted.

The chapter begins by performing a global historical overview of slot car racing and
thenit focuseson the evolutionttathasunderwentn Spainand Finland Techical as-
pects of operation are also analyzed, differentiating between digital and alajag
addition to deepen in the physical principles of greater importance for slatonag.

Then, the main elements involved in the world of slot are studied, such as slot vehicles
and conponents, analog and digital dollers, along with the structure of this hobby
anddifferent circuits or tracks. Tags such as the competitionsetbfficial rules and a

brief description of slot fans types are also addressed.

Finally, an analysis othe leading slot car system madacturers worldwide is per-
formed.

2.1 Introduction

Slot car racingr also called slotacingis a competitive hobby of rang with powered
miniaturevehiclesequipped with electric motewhich are guided yslots or grooves
in a special track or circuit.

The mnimum materials needed for the slot car racing are a slot car, the &gckyer
supply to generate electricity anccontroller for the slot calhe maindifficulty of slot
racing isto achieve the fastest vehicle spgmaksible without leaving the trackhe
circuits include powerful magnets that keep the chasssobivehicles closest to the
tracksto facilitatethe piloting.

T he wsbocomas from the English language in reference tagtbevesthrough
which flows theguide flagof slot automobile and takes the current to powgelectric
motor. Although the term slot is the most correct, in some counhig$obby is better
known by the name of the manufactusalextric[1].

This hobby has existed since 1952 it has not always enjoyed the same fame and ac-
ceptanceTodayslot racingis diversified according to the scale of vehicles. The more
common n Europe andsouthAmerica is the 1/32 scale, depending on the counhtry



also highlight the 1/24 and 1/43, particularly imitéd Statesof America The 1/83
scale is used in some cases when the space available fiactkis limited.

2.2 Historical overview

The first slot cars were marketed by American toyméakemel Corporationsince 1912

and thesevehiclesworked with electricity supplied from trailgroove similar to the
modern slot, but the production was stopped in 1Sikilar systems appeared spdira
cally during the next four decadeBhe first slot car was patented in March 1936 by
Albert E. Cullen (Figure 1), but until the end of 1950 the majority of toy vehicles were
guided by elevated ragimilar totrains.

At the end of the 1930s, the cars diseere of relatively large scales, such as 1/16 or
1/18, equipped with small twstroke engines with spark plugéhese vehicles were
fastened to the center rail of a circular track, caffether cap in the Uhited Kingdom
and there was not a human cohver the car, so it was a hobby with mechanical in-
terest3].

In the 40s, the Britisimodelersbegan experimenting with cars driven by elec#iit-
sanalmotorsandin the 50scarsused the same engines as the miniature electristrain
The companyMinimodels Ltd.based in London and dedicated to the manufacture of
metal toys, began manufacturing tin vehicles from 1947. The British engineer Fred
Francis, director of the company decided to include a mechanism to give movement to
his reproductions of cais 1952[4].

In 1954, the British Southport Model Engineering Societsas claimed by the patent
owner for exhibitions and get donations of money, so the memberselkciric rac-
ing trackwith 6 lanes and 18 metdengthfor 1/32carmodels, which a considered as
the progenitors of the curresibt car racing

I7
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Figure 1. Slot vehicle patent bilbert E. Cullen, 193¢2].



Severalclubs in the United Stated Americabuilt similar tracks with rail®n the trak

surface to mieb 0 s . T hstot cadevasnused to differentiate them from the first

cars whichweremovedby common rail surfaceso many clubs proliferated with tracks

made by fans. There were many advantages of the new system grooved surface opposite
the old rails and clubs were favoredra and more by theew slotsystem[5].

Minimodels Ltd.manufactured seven models of clockwork vehidesveen 1952 and
1956,c al | ed The Grst caesxmanufacturedere Ferrari 375 Grand Prixand
Maserati 250F Grand PrigFigure 2).After the goodreception by the public, the com-
pany improved thelockwork mechanism creating a new rargfecarscalledfiStartex.

After a decline in sales, Fred Francis added an innovation fisitstexXy mo,de |l s
small electric motor which represented a growthales.In 1957,slot car racing packs
were sold withall accessoriesThe success was so high that the company could not pro-
duce all the demand and ended with the purchabéiremodels Ltdby Lines Bros Ltd

also known aslri-ang in 1958. Throughout 1958nd 1959,Scalextricmodels were
edited using car8Scalex, but adapted to run on the tra¢gs.

In 1960, plastics began to expaindndustry andScalextricalso used thisnaterialbe-
cause it allowed further detailedodels.The British Formula OnelLotus 16 was the
first slot vehicle manufactured with plastic, followég Vanwall, Lister Jaguar and As-
ton Martin DBR[8].

Scalextricbecame a worldwide succeiss1964 andts productswere sold in France,
Spain, Australia, New Zealand and the United Statesmerica The magnitude of this
success was so great that tlmerfula Onedriver Jim Clark was responsible for promot-
ing the brand throughout the worl].

In the 70sgslot car racingvasalready present in many homes dhd first slot associa-

tions atnational and international level were created to establish rules for competitions.
Technological innovations increased the speed of the cars in all scales and improved
engines, tires and magnefhe older fans did not like this neslot racingbecause it

was highly specializednd they preferred the origindbsalthough itwas slower.

Figure 2. Maserati250F (left) and~errari 375 slot cardy Minimodeld7].



In the 90s, computer design aBD printing allowedthe creation ofmore detaileccar
models so high competition parts fetotcars began to be manufactured

In 2004, a new system callédd i gslbotd appkared on the market offeringwcharac-
teristicsfor the 1/32 scale, such as the ability to compete with more cars on the track,
timing contrd by digital controlunit and possibility of overtakind.0].

2.2.1 Slot car racing in Spain

In 1962, the Spanish compaBkxclusivas Industriales S.Also known ag&xin reached

a trade agreement of exclusivity with the Britisimes Brothers Ltdto distributeand
manufacture its most successful slot c@ilese vehicles were 1/32 scale and they circu-
lated ongroovedcircuits equipped withelectric motors Scalextricwas originatedin
Spain and its head office was in&dl in Barcelonaywhereit was officially unveiled at
Barcelona ToyExhibition [11].

Initially, the reception of public and industry professionals was not expected and
could be described as indiffere®calextrichad disadvantages becaitsename was a

little difficult to pronounce in Spanisandit was a toy without fame yelEven soExin
overcame this obstacle with its team of publicists and promoters, which quickly got to
Scalextricbecame the favorite Christmtg/ for most childrerof thetime.

Figure 3. Scalextric advertising poster Bpain, 196712].



The economic crisis had devastating effects in the8@gland forced it to close enough
companiesExin also had poor economic results and this added to the growing market
of video games did the compafiyally closed in1993 after 31years making toyslhe
AmericancompanyTyco Toysacquired the license to mark8talextricand was re-
sponsible for maintaining the productionsbbt cars. Manufacturing was moved to Chi-
na, which also affected the decrease of the quality of thdX3rs

Following the closure OExina new company was created by two offagisneremploy-
ees. So in 1993, Eduard Nin and Eladio Cosculluela fouhdiech Desarrollos S.L,
commonly calledNinca.

The first projeciof the companyvasa scaled replica of the Reul& Clio 16V. Thisslot

car broke all the standards of the time, setting its goal as the amateur hobbyist, adult and
expert. The success of the rangeveliclesthat followed this first model was complet-

ed in 1997 with the appearanceNifco tracks. By heir design, performance and ease

of use, theywereconsidered the best slot tracks in the wtk].

In 2006, Ninco added to its activities a distribution company in Spain of international
hobby brandsSince 2009, it has been developing and marketsgwviin brands of radio
control.Nincois the Spanisheading manufacturer alot cars and tracks antddistrib-

utes products for the entertainment of children and adultsrer 30 countriesvorld-
wide.

2.2.2 Slot car racing in Finland

Slot car racing has estedin Finland since early &0and ithad high peak during the
early yearsThe record of highest attendance in Finnish Championshipsnve864,
with over 300 entrie§l5]. In 1968, slot hobbywas so famoug Finlandthat a video
explaining how tanakean artisanal slot trackvas aired on televisiofFigure 4)

Figure 4. How to make a slot car tracR968[16].



Nowadays,slot car racing is less famoushout 30 to 100 entries in major radas

clubs activity is quite goodIn Finland there are na@ommecial slot circuits all tracks

are in clubs. These clubs are owned by the community, church or motor racing club, so
it costs virtually nothing to be a member. Probatbig is why our average racersea

fairly young. In addition, classes allow youngedrs to compete in their own catego-
ries. Finnish $ot radng is strictly 1/24 scale anthe tracks are fasstyle, banked 8 or 6

lane tracksalthough there arenly a fev enthusiasts who do some 1/&&leracing.

2.3 Technical aspects

Then the principles obperation of analog and digitalot systems are described, high-
lighting the features that differentiate them.

2.3.1 Analog slot operating principle

The operation principle of anal@pt system is basedn the following points described
below:

1 Electricity for the slot vehiclés motor is carried by metal strips next to the
groove andit is picked up bywo electricalcontactsof conductive material such
as copper braid. These braids are mounted alongside a swivelingoblguide
flag under the front of the dear.

1 The voltageof the slot cars varied by a resistar rheostain the controller.

Electrical Contacts
(Pickups) ...

High

Low
Voltage
DCto
track

A

Speed
Controllers

Figure 5. Sot car trackwith typical electrical circuit[17].
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An externalcurrenttransformer is responsible for converting alternating current
(AC) from the maingo direct curren{DC) thatis used to power the circuit.
Analog slot systems only alloane vehicle in each lane, so if the track has two
lanes it usetwo controllers.

Theslot vehicles are equipped with magnatgler the caro improvethe adher-
ence tothe track.Professional fanprefer to remove the magnets to have more
fun, because it allows greater human control of theckehin Spain there are
few competitions that allow the use of magnets dnly junior classesre au-
thorized to uséhem

2.3.2 Digital slot operating principle

The operation principle daligital slot system is similar tthe analogsystem previously
explained, with somdifferences as indicatethelow.

T

The control ofdigital slotcarsis via digital signal andt allows several vehicles

in the same landyecauseachcarcarriesa singledecoder chip that identifies it.
Communicatios are done via adigital control unit that sendanique datafor

each camand powersthe lanesof the track.The control unit(Figure 6)also al-

lows multiple options, such as measuring times, different game modes and
shows theoverall ranking

Most common tracks have twaneswhich are fed by theligital control unit
thatreceives power from an AC / DC convertasthe analog version, buhis

has sections khere the rails cross to allow change lanesviertake

Controllershavea rheostat to vary the voltage suppliedthe trackand include

a button tgpass which occurs when it isushed

Analogsdlot vehicles are not compatible with digisgbt becausaralog carsare

not equipped with the appropriate electronics to decode the combination of volt-
age and information produced by tineltifunctiondigital control unit18].

MrDDICGITCaL

Figure 6. Multifunctiondigital control unit.
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2.4 Basic physical principles of slot car racing

The theoretical system studied is ideal, the friction between all moving parts and mo-
ments of inertia of rotating parts are negligiblée adhesion to the ground is perfect,
the rotational movement transmitted from the wheslwithout slipping soassuming
infinite adhesion.

Track isconsideredflat and perpendicular to thigarth's radius, the gravity does not
affect the movement of the vehicle and the frictional force is neghdilblere ae estab-
lished laws that relate the magnitudes ofjt@, force acceleration, work and powar
slot vehicles Basic physicaforce diagraminvolved in slot car racing and mechanism
are discussed belofffigure 7)

PINION

Torque = Torque
orqueg= Torque,

Fp =Fg

Figure 7. Force diagram of slot car mechaniém

Slot car @gine rotation is converted intahslational motion of the vehicle and some of
the parameters involved are:

The motor rotates about its longitudinal axis with a constant angular vetocdycing
a drivingtorque.Associated to the motor shaft is attached a pinion with radiuba®
share its angular momentum or torque with thetor torqueso the pinion torque is
equal to the motor torque:

Ny (1)
where | denotes the torque of the pinion angifieangnotor torque.

Perfectly engaged in th@nion and with equal number of teeth per unit lengfiere isa
gear withradius R which rotates driverby thetangential force exertedn the pinion
andit generates a torque on the rotation axis of the gear.

6 0 )

whereF, denotes théorce of the pinion and~g meangyear force
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Along the axis of theearis coupledthe wheel withradius Ry, for this reason the gear
torque is the same that the wheel torque:

Y 3)
whereTy denotes théorqueof thewheeland Ty meangyeartorque

Consequence of angular momentum in section perimeter of the wheel that rubs against
the track, the wheel tangential force is exerted. This is the force which pushes back on
track.

As stated the famous law of actio@action or third Law of Newton:

ATo every action there is always 0]
al actions of two bodies upon each other are always eqaad| directed to
contrary parts.

Therefore, if the wheel exerts a for(fe,) on the track, té track also exerts a force but
opposite ontie wheel and the vehicleHy). The negative sign ismitted because the
force is absolute value and finally the force that propelsititeehicle is k.

Based on the following classical mechanics equations:
i1 NoOWEY 4)

whereF denotes theangential force to the rotatioand R meansthe distance to the
rotation axis

0 4z (5)

whereF denotes thdéorce used to accelerate the massni a meanshe resultant ac-
celeration

Expressing & depending on the torque and substituting equation (4) on each of the el-
ements forming the set piniaggearwheel:

Y oz (6)
Y 0z 7)
Y oz 8)

whereT; denotes théorque of each elemerf; denotes théorce of each elemerdnd R
meanghe distance to the rotation axa$éeach element
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Solving forces:

o~ Y
O "y 9)
o~ Y
o) v (10)
. Y
0 v (11)

From equatior{11) and replacing it withhe equations presented above:

z z z
0o — — - (12)
Using equatior{d):
O a4 o — (13)
Solvingthe aceleration:
o — (14)

Finally, this theoretical and reasoned explanation of the alleged premises is obtained:

AAccel eration is directly promporti
versely proportional to the pinion radius, the wheel radius and the total
vehicl.e masso

Thereuponthe physical quantities of work and power are analyzed, employing the fol-
lowing classical mechanics equations:

w 07 (15)
whereW denotesvork, F means forcand Smeansspace
0 7o (16)

whereP denotegpower, W means wodndt meangime.
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The work of the whedW\,) is calculated by thdistance traveleth one complete rep
lution, with negligible slip. his space coincides with the length of the circumference of
the wheel:

YooY (17)

whereS, denoteghe distance traveleoh one complete revolutioand R, means radi-
um of the wheel

Substituting equation obtained in the previous equdtié

Zi|- =||

W oY — ¢ty ]

(18)

As can le seen after simplification, the radius of the wH&gl) does not influence the
work.

Time taken by the wheah a full turn is alsmecessary to know. i determined by the
speed of the motor and the reduction rafipinion-gearset:

® 0BG "0QM@QQO (19)

whereWn denotesthe motor angular velocity in revolutions per second (reagd W,
meanswvheel rotational speeih revolutions per second (rps).

Pinion and geamust have theame number of teeth per unit length to properly engage
Expressing the number of teeth depending on the length of the circumferences:

O ¢ Y ® ¢ Y (20)

Solving Wi:
) w — (21)

Time is inverse of the rotational speed

o — ll 22)

— ?D=|_

Substititing equationg18) y (22)in the equation for power

v Zo o (23)
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whereP,, denoteghe powerdevelopedn one complete revolutiohy the torque & and
with angularvelocity Wm.

In conclusion, it is clarified that power is not related to the assembly of
the vehicle transmission and only involves two factors to consider: torque
and speed.

2.5 Slot vehicles

Carsare he main attraction aflotracing. There are real car models scaled from differ-
ent eras and competitiomrdSmong the differentarbrands available in the market, there
are many models with differembechanical configurationgut with common elements
that ae addressed in the following points.

2.5.1 Components

Figure 8. Components of a slot car

1 1. Bodywork: it has always been an element of study and improvement by slot
manufacturers and fans. Bodyworks are manufactured in many materials, but the
most commonlyused are plasticsuch asacrylonitrile butadiene styren@ABS)
and acetateResin, fiberglass or polycarbonate resin are also used.

Somebodyworksare removable and ingdeature LED lighting systendriver,
sparewheel, fire extinguisherspll cage anather decorative elemeniéehicles
usually rave a driver anda co-driver in rally competitionsand speed competi-
tions only takea driver. Metal or plasticscrewsare responsible for securing the
bodywork to the car chassisvMiost competitivehobbyist often use unpainted
bodyworksfor their vehicles weighing less
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1 2. Chassisconsists of an internal framewonkade of plastic, steel, aluminum,
titanium, fiberglass or carbon fibénat supportsll the elements of slot car, such
as motor, bearings, wheelstesshafts

1 3. Frame it is a subdivision of the chassis where thetor is located to allow
better regulationdt is not present on athassisaand itmay be made of plastic or
metal.

1 4. Guide flag it is the only contact point with the track besides wkeEhe
guide flagdirects theslot vehicle and receives electricity to the mobyr two
electrical contacts of conductive material such as copper Htaisl.made of
plastic or graphite on 1/24 scale.

1 5. Braids: metallic contacts responsible for transmgtpower from the track to
the slotvehicle.Braids are madef copper, tin or silve(Table 1) Depending on
the material from which are made, duration, drivamglhardnesganvary [19].

Table 1. Braids properties by material.

Material con%lﬁittmg: Durability  Rigidity
Cu Low High Low
Ag High Low High
Sn Medium Medium Medium

1 6. Wiring : conductomwiresare responsible for transmittirgectricityto the mo-
tor. There are different types bthhe most common are plastic coated copper.
There are also siliconeoatedwireswhich can be moldedsome oldeslot cars
havecooper stripsnstead ofwires, but its main function is the same

1 7. Tilting arm: rally slot cars have an arm in the guide flag that allows tilt verti-
cally to overcome obstaes. The tilting arm consists of a plastic or steel sprint.

1 8. Shaft it is a mechanical component for transmitting torque and rotaditme
wheels.From the beginninghaftshave been further developed by all manufac-
turers, to make the vehicle look maealisticmodel and improve performance.
They are usually made of plastic or metal thatre is aifference between them.
Plastic material isused to manufacture the froshaft which does not require
high strength. Therefore, lighter weight is favorafleerearshaft or drive shaft
is made of metals such as brass, iron, titanium, steel or alumirherearealso
threaded shafts that can regulate the distance between tires.

1 9. Transmission there are different arrangements of transmiss{&ingure 9)
listed below

o Pancake this transmission arrangemednds a flat commutator and verti-
cal shaft.The poweris carried by a chain of spur gears along the top of
the chasisto a pinion which drove a crown gear at the 420.
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Pancake Anglewinder Sidewinder Inline Inline 4WD

Figure 9. Types of slot vehie transmission23] [24].

0 Anglewinder: this transmission arrangement hamator which runsat
an angle to the drive shadnd drives it through a bevel or other angled
gear arrangemenit.is a development of the sidewindarangement

o Sidewinder: thistransmission arrangemeoitthe motor is parallel to the
driven axle and power is transmitted through spur gears or a belt, friction
or even by direct drive. The word also refers to the transvenselynted
motor of such a cqdR1].

o Inline: this transmissin arrangementdf the motor runs lengthwise down
the chassis, perpendicular to the dsbaft Power is transmitted through
a pinion to a crown gear on tls@aft or through bevel gear$he word
also refers to the longitudinalijmounted motor or the matarrangement
of such a caj22].

o Inline 4WD: this transmission arrangemeaf the motor transmitted
powerthroughtwo pinionsto a crown gear on thfeont axle and another
crown gear on theearaxle These vehicles haveur-wheeldrive.

1 10. Piniort it is the primary geathattransmits power to thgearandit is made
of materials such as nylon, bronze, brass or dieehber of teeth varies frod
to 13, allowing greater acceleration with the lower and higher speed with larger.
The pinion isa fundameral part of the transmissiotogetherengine andjear
The biggest pinionsprovide more speetb slot cardut accéeration and vehicle
stability aredecreased

1 11. Gear it is themiddle gear that transmits powéetweenthe pinion andhe
drive shaft ands made ofplastic mateials. The core is made afluminum or
bronze .Number of teeth varies between 23 and 40 generallytastabuld be lu-
bricated.The biggestgearsprovide more acceleration to slot cars but speed
decreasedA gearvariantis the diferential, a costly and delicate element that
prevents the car from skidding.

1 12. Pulleys someslot carinclude pulleys for transmitting power to the rear to
the front axle, but s may also be performed with anotlpénion andthe inline
4WD arrangemenexplained before. Pulleys are usually madealofminumor
plastic
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Figure 10. Belt and pulleys transmission system

13. Belt it is a loop of flexible material used to limkechanicallytwo pulleys.
Belts are made of rubber and are differentiated ey tlength and sectiorA
shortbelt transmits more power to the frosthaftand improves braking, but has
an abrupt behavior

14. Suspension it is not characteristic of afllot car model®ut is used in rally
vehicles There are differerghock absorbedepending on track/pe

15. Bearing it is thefasteningof the shaft and must be lubricated for correct
operation of the caBearings are manufactured in various materiatdytetra-
fluoroethylene(PTFE) is the best material because its friction vg. IBronze is
also used because is cheafdre ball bearings are not allowed by many compe-
titions regulations.

16. Wheels they are responsible for transmittingotor power to the trackA

few years ago, tire choice was limited to three options: smbatti,or studded
wheels made of conventional natural rubbBue to newmethodof injected and
processing tireghere aravailable other compounds, suchsdgone or vulcan-
ized rubbemwhich give more gripFrontwheelsmust have the least possible grip
to avoid understeer (vehicle tends to escape to the outside of the cunex- and
cessivagrip of therearwheelscan causeverturning

17. Rim: it is the support of the wheel. Rims muig securely fastened to the
shaft and are usually constructed of plgstilthough materials such as alumi-
num, titanium or nylorare also usedCars with smalkims have the center of
gravity closer to the ground, so tet car has more stability and acceleration,
but less speed. Cars with larger wheels are less stablasbart

18. Motor: it is responsible for producing movement of the vehicle and it is held
by integrated brackets on the chaskisrmerly, each manufacturer produced its
own motor with intrinsic characteristicScalextricmotors were very famous for
their quality and mechanical properties. With the emergence of new manufactur-
ers to the slot sector, such as the SpaNisito, mostcompaniedegan using a
common denominator in their engines: the Japaktd®michiMotors Scalextric
motorsreach 18000 rpm, viile Japanese engines are able to excee@0B0
rpm. Motors have a very high level of degradation, not being effective in high
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competition for more than 6 or 8 months and extending its life about 4 or 5 years
for active users.

1 19. Magnet small piece thahas a significant magnetic field that adheres to the
surface of the vehicle frame and achieves greater speed, increased adhesion and
avoids running out ofthe track Magnets can be made of ferrite or neodymium
which has greater magnetic power.

1 20. Decoderchip: in Digital slot systems, vehicles are equipped with a small
circuit that performs the task of decoding and analyzing the information it re-
ceives, which encodaelataand power in the sansggnal It also serves to identi-
fy eachslot vehicle with itscorrespondingontroller The chip is connected in
series between the guide and the car engine.

2.5.2 Common scales

Theseslot carscales are currentjyroducedoy manufacturers and the most usadslot
competitions are:

1 1/24 scaleit is the largest slot carcaleused Approximately a typical 1/24 slot
vehiclemight be18-20 cm long, so more space is required to instalkreks
This scale is demanded pyofessionaklot racingclubs.

1 1/32 scaleit is the most commercialized scale for home and amduieivyists
Theseslot vehiclesare smallerthan 1/24 scaledimensioncan vary from 13 to
15 cm long.

1 1/43 scaleit is based on the size obllection model carand children’'s toys
This scale was first commercialized in 2006 and is gaining some acoeptanc
among adult hobbyists for its affordabilityhéh moderate space requirements
compared to the previous scales. The averageosibe vehicles on this scale is
11 cm.

Figure 11. Models of the Ford GTin 1/24, 1/32 y 1/64caleq25].
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1 1/64 scaleit is also called HO scale has ithased orthe size ofmodel trains
usedin model railroading26]. The dmension of model caiig this scale ranges
between 5.5 and 8 crithe main advantage is its small size becaitisibes not
require large premises to iafitthe track27].

2.6 Slot controllers

Slot controllers can be classified into tvag groups Thanks to the advancement of
technologies are becoming increasingly popdigital controllers as opposed to tradi-
tional analogcontrollers

Figure 12. Analog (left) and digital slot controllets

2.6.1 Analog controllers

The principle of operation of analog contassis based on a simple variable resistor or
rheostat,which manages the electric power by a cursorsliding partthat slides
throudh the triggerThe r esi stance of the rheostat u
for analogslot systemsBetter sensitivity is obtained with high resistance values.

Most popularslot controllersfeature brake position, which helps stapthe vehicle
quickly. This position causes an effect of electromagnetic brake on the wiotor the
throttle trigger is released.he result varies sometimes with a reducing brake system
which limits braking power and consists of a variable resistor coupled to the brake ca-
ble.

These contrdérs can be purchased and assembled in storgéscan also benanufac-
turedusing traditional methods with the right skilknalog controlers for digital slot
systems are also equipped with a buttorofa@rtakingon special tracksectons enabled
for it.
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2.6.2 Digital controllers

Advances indot controlers show their further development wittigital controlers,
which have become very popularrecent yearsHighlighting some contradérs, such as
diodescontrollersthat base their operati principle on theserialassociatiorof diodes
or control pulses.

Digital controlers are more accurate than analog, making it a very usefullio®lmain
disadvantageare its high price and fragy compared to the previou$hese control-
lers have miltiple regulations such as power control, acceleration or braking sensitivity.

As a novelty, highlighhg controlers based on digital electronics, which also include
the functions mentionedabove and provide better features like visual interface with
displayincluded

2.7 Slot tracks

Slot tracks can be made fromolded pastic commercial track sections lbandmade
using traditional method<Circuits can be manufactured bylifferent materials, sizes,
number of lanes.

Commercialtrack sectionsllow the recreion of any imaginabldrack with the availa-
ble spaceaslimit. These commercial tracks recreate circuits formed by 1, 2, 4, 6 or 8
lanes, which can be divided into open, closady, or speed circuits.

On the one handligital tracks typically use 2 las, although it is possible to incorpo-

rate up to 8 lanes. In this type of tracks, overtaking can be done in the track sections
equipped to them and more slot vehicles can be driven perDaégiaal slot is not as
well-known as the analagot, due to itscomplexity and higher price

On the other handthere are handcrafted trackBheseslot tracks are not restricted
lanes, because they are independent of prefabricated sections and maysioges®r
obstacles on the track.

2.7.1 Materials

First slot circuit dating back to 191@vas made with natural rubber but their high
maintenancecost made them stop usinéit present two types of materials are used
exclusively:

1 Plastic: tracksof this material are the most used and manufactured since 1950,
when the compay Minimodels Ltd introduced thenf28]. Typically high densi-
ty polyethylene molding is used for manufacturifgastictracks are inexpen-
sive and easy to work with and the design ofdineuit can be easily changed.
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The joints between the sections, hoerewmake a rough running surface that can
cause breakdown#/ultiple electrical connections cause voltage drop and con-
tribute to more frequent electrical problent®r permanentircuits, the track
sectionsare weldedo prevent such irregularities.

1 Wood: tracks of this material areompletely handmade and therefore require a
higher cost of effort and moneYyhese circuithavenaot voltage problems or ir-
regularities in thegrooves Each circuit manufactured is uniquibere are no
prefabricatedrack sectonsand the decorations more originalFigure 13).

1 Mixed: these circuits incorporate the advantages of wooden aradthe versa-
tility of plastic circuits The main disadvantages are its high price mded
modification but mixed trackshave the quiay to be removed for better porta-
bility.

2.7.2 Modifications

There are various modifications that can be performesibintracksand hobbyists have
great imagination to make these modifications

Somecircuits havetrack sections immersed in distilled waterstmulate fording a riv-
er. Distilled water is not electrically conductive, but the electronic parts otrtuk
must be protected to avoid damage.

There are alsenthusiaswho sprinkled flour or cocoa powder in the circuits to simulate
snow or dirt in setions.The problem is that the sugar content in cquoadercan lock
the vehiclemotorif is not suitably protected, due kigh temperature.

It is recommended to equip vehicles with studded wheels and not mix the flour and wa-
ter effects on the same aiit, because these are mixed inside the cars and on the track,
hindering the proper operation.

ATIE

Figure 13. Handmade wooden rally track, inspired by ferga Florio[29].
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2.8 Competitions classes and rules

Slot racingcompetitions are competitive manifestatiof this hobby. Reproductions of
real car models are used, although sa@iwt cars are specifically designed for these
competitions.Generally, the most famous types bt racing competition classese
listed below

1 Rally: in this competition cars drévon a track as fast as possilRalliescan be
run on opertracksof indefinite length, but the technical difficulty of maintain-
ing a largeslot circuit is very high. Therefore, it is more common to run several
times in smaltracks.

1 Hill climbing: in hill climb competitions the hobbyistompets against the
clock to complete an uphifllot track There are several categories and rally and
speed are used in this competitiddormally each participant runs the circuit
three times and the best time obtairedsed foffinal classification.

1 Speed this competition is run o8 lanes speed trackg/here up to eight partici-
pants can compete simultaneou@fygure 14) The purpose ofpeedcompeti-
tions is to give as many laps in a given time. The circuits caxtvremely long
and categories are divided by typestdt vehicle.

As the rules used in competitioribere are many different local, regional, national, and
international organizationgachslot association has its own rules, so just highlight the
name @ the principal internationalslot racingorganizationssuch asthe United Slot
Racers Association (USRA), the International Slot Racing Association (ISRA) and the
British SlotCar Racing Association (BSCRA)

Figure 14. 8-lane speed track in Helsinki ifiand) [30].
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2.9 Hobbyists

In the world ofthe slot racingthere are various types fans in some cases are genuine
enthusiastaMain characteristics of each type of hobbyist are indicated below:

1 Amateurs: these hobbyists are inexperiencedlot racing they do not yet have
specific preferences aboticks slot vehicles or manufacturers amest little
money in the hobby.

1 Collectors: theyare fans who collect numerous modelslot cars according to
different criteria ¢ar brandsdrivers, teams ocompetition class¢@sCollectors
also restore theslot vehicles and document thexocording to their characteris-
tics. There are private collections with over 4000 differglnt cars[11].

1 Competitors: these hobbyistare the most competitive arley participate in
manyslot competitions.The possibilities of modifying alot vehicle are numer-
ous becausthere are a lot of car parts available on the maG@mpetitors in-
vest money in neweplacemento improve theefficiency of their vehicles and
spendmany hours training

1 Modelers: also known as degigrs, they create new slot gandelsthat do not
exist in the market for their own enjoymeModelerslike the aesthetics of the
slot cars rather than the mechanical pantthe world of slot, this hobbig called
Aiscratch buil dingo.

1 Assemblers they are responsible for the assemblystdt circuits in competi-
tionsor manufacturerack sectionsSome assemblers build real circuits existing
in the world of auto racing and otlselansdesign circuits withheir own imagi-
nation.

2.10 Manufacturers

In Europe, there are three major slot manufactumdinsco, Scalextricand Carrera,
which offer a wide range of tracks, vehicles and accessd®sThese brands manu-
factured slot products that increase the attracéiserand realism of slot car racing. But
there are other manufacturers with wide recognition in manufacturing material for slot,
such as:

2.10.1 Carrera

Carrerais aslot manufacturer based in Furth, Germany which dominated the German
markets in the 1960s and 1%/@ue to effective marketing, also at the nea&thyem-
berg International Toy Fair

Currently it is characterized by the quality of its products thedvide sections of track
that allowsdriving 1/24 scaleslot vehicles.
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2.10.2 Fly Slot

Fly Slotis a Spanishmarufacturerfamous for being the pioneer in commercializing
reproductions of 1/32 scale slot cars and trucks, substantially different from the rest of
the brards in the extreme quality of the products, which are appreciated by the custom-
ers and as the best ierms of number of details, technical perfection and realism to the
original models.

Nowadaysthere are other brands on the market that have matched the guodlifgith-
fulnessthat characterizeBly Slot so sales are not as numerasdefore

2.10.3 Ninco

Nincois a Spanish manufacturef 1/32 scale slot cars and tra&ck he company vas
established in 1993 in Spaioy two former employees &xin[14].

This manufacturehas its own criteria in analog and digigt, butmanufacturesrack
adapters allovthe compatibility of their products with other brands in analog format.
Their digital slot tracksan be combined with other manufacturers, provided that the
digital accessoriesf the trackareNinco Digital brand.

2.10.4 Racer

Raceris an Italianslot car manfacturer known for its highquality fully detailedin the
resin used to manufacture isot vehicles and the efficiency of thesell cars are
equipped wittplastic chassis and aluminumms.

2.10.5 Scalextric

Scalextricis a British manufacturer of analog addital slot systemawvhich first ap-
peared in the late 1950s, as a creation of British Klimimodels Ltd

The brand name i s dorcaomitallcd | Dma (becqusesrcd |
it requires electricity to operate)he fiScalex name washosen because initially the

scale of thecarmodels was very variable. Finally, it was the 1/32 scale which acquired
more popularity13].

The name of the current owner of the branB@snby for distribution and manufactur-
ing worldwide, except in Spainvhere for historical r@sons and problems of copyright
Hornby products are marketed under the biauagerslot

In Spain,Educa Borras S.As the company responsible for the manufacture and mar-
keting under the name &calextric Outside the country, thisompanycannotmarket
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with the name oBcalextri¢ becausd¢diornby owns theinternational copsyights, soEdu-
ca Borras S.Ausesother brand namealledSCX
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3. ANALYSIS OF DIGITAL SLOT CAR SYSTEMS

This chapter presents a thorough analysis of the diffeslentar controllers available
today, starting with an overview of the analatpt car controllersnade byamateurs
continuingwith commercialkslot car controllershat develop the main specializenu-
facturersand making aesearclof the latestadvancesn digital slot car controllersin
addition, a comparison of selecteslot carsystem is performedompared toother
commercially available, detailing its advantages and disadvantages.

3.1 Introduction

Slot car systembad significant changes from the secontl bithe 20" century, when

one of its essential components was develogesicontroller, which provided better
control of slot vehicles.Originally, the speedontrol of slot cars wadiall or nothing,

but thesefirst controllerslaid a solid foundatiotthat still persists today-heseprimitive
controllerswere composed of analog electronics, such as resistors and switches, and
were specially designed fanalog slot competitions.Nowadays there areprimitive
controllerswith electronic components mdidid to suit the new electric rangdsatuse

the newslot systemsWith the advancement of electronics and the creation of new
components, controls were developed with greater sensitivity incorporating potentiome-
tersto changehe acceleration of the vette in real time during the race.

In the 215t century,a revolutionanjinnovation highlights in slot systems, the creation of
new digitalslot system.This systemworks with amultifunctional digital control unit,
which is responsible for providinfintelligence to thesystemand to make all possible
tasks: selection of different driving modes, sending information tdr#u& and vehi-
cles, time management and refueling, as well as other tasks that are exiplalatl

in subsequent pages.

3.2 Digital slot car systems

Important aspects of theanous devices used to contrébtscarsare presentech this
section Firstly, slot car controllers are analyzed, differentiating their electronic devices
in analog or digitalMultifunction control units of the sysm are also analyzed, because
they are responsible to bring more realisrth®hobby

This section focuses on the digital slot system, due to its complexity and better features
that make it the most innovative alternative to traditional analog slot syatepresent-
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ed in the previous chapter. Thus, a detailed study of the main control systems for digital
slot is shown below.

3.2.1 Analog controllers

Analog controllers have undergone numerous changes over time in terms of design and
structure, but its theoreticaperating principlehas remained almost unaltered over the
years.As the technical aspects of operation were already discussed in the previous chap-
ter, this analysis is addressed to shbeir main features.

Analogcontrollerbase their origin in telegphs. The firstslot vehicles weredriven by
rudimentary controllersmadeof old telegrapirheostat$31].

In 1957, commerciadlot systemswvere equippedvith controllers with a thumb button.
Thesecontrollerswereriall or nothingd position, so requiring tdriver to blipthe throt-

tle for intermediate speedkater versions also included intermediate position buttons
for intermediate speednd one late version used a buzzer mechatospnovidebetter
speed control.

From 1959 most 1/64 scalslot carswere controlled by aniniature steering whe&las
placedon a table or a manual rheostahich gave precise controf the speedThese
types of contrdéers alloned anadjustment more sensitive the car's speed rangeut
still lacked fully regulated beh#or.

Figure 15. Types oSlot car controllers[32].



































































































































































































































































































