Practical AVR
Microcontrollers

Games, Gadgets, and Home Automation with
the Microcontroller Used in Arduino

Alan Trevennor

Apress



Practical AVR Microcontrollers
Copyright © 2012 by Alan Trevennor

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material
is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilms or in any other physical way, and transmission or information storage and retrieval,
electronic adaptation, computer software, or by similar or dissimilar methodology now known or hereafter
developed. Exempted from this legal reservation are brief excerpts in connection with reviews or scholarly
analysis or material supplied specifically for the purpose of being entered and executed on a computer system,

for exclusive use by the purchaser of the work. Duplication of this publication or parts thereof is permitted only
under the provisions of the Copyright Law of the Publisher’s location, in its current version, and permission

for use must always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.

ISBN 978-1-4302-4446-2
ISBN 978-1-4302-4447-9 (eBook)

Trademarked names, logos, and images may appear in this book. Rather than use a trademark symbol with every
occurrence of a trademarked name, logo, or image we use the names, logos, and images only in an editorial
fashion and to the benefit of the trademark owner, with no intention of infringement of the trademark.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are
not identified as such, is not to be taken as an expression of opinion as to whether or not they are subject to
proprietary rights.

While the advice and information in this book are believed to be true and accurate at the date of publication, neither
the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may
be made. The publisher makes no warranty, express or implied, with respect to the material contained herein.

President and Publisher: Paul Manning

Lead Editor: Michelle Lowman

Developmental Editor: Matthew Moodie

Technical Reviewer: Cliff Wootton

Editorial Board: Steve Anglin, Ewan Buckingham, Gary Cornell, Louise Corrigan, Morgan Ertel, Jonathan
Gennick, Jonathan Hassell, Robert Hutchinson, Michelle Lowman, James Markham, Matthew Moodie,
Jeff Olson, Jeffrey Pepper, Douglas Pundick, Ben Renow-Clarke, Dominic Shakeshaft, Gwenan Spearing,
Matt Wade, Tom Welsh

Coordinating Editor: Jill Balzano

Copy Editor: Lori Jacobs

Compositor: SPi Global

Indexer: SPi Global

Artist: SPi Global

Cover Designer: Anna Ishchenko

Distributed to the book trade worldwide by Springer Science + Business Media New York, 233 Spring Street, 6th
Floor, New York, NY 10013. Phone 1-800-SPRINGER, fax (201) 348-4505, e-mail orders-ny@springer-sbm.com,
or visit waw. springeronline.com.

For information on translations, please e-mail rights@apress.com, or visit www.apress.com.

Apress and friends of ED books may be purchased in bulk for academic, corporate, or promotional use. eBook
versions and licenses are also available for most titles. For more information, reference our Special Bulk
Sales-eBook Licensing web page at www.apress.com/bulk-sales.

Any source code or other supplementary materials referenced by the author in this text is available to
readers at www.apress.com. For detailed information about how to locate your book’s source code, go to
WWw.apress.com/source-code.



“To Wendy, who made it all possible.”



Contents at a Glance

1 o XV
About the AURNOF .......cccsricemiesmrssn s ——————————— xvii
About the Technical REVIEWET ........cccssssmssmmsmsmssssmssssmssssssssssssnssssssssnssssssmsssnssnsssnsnnsnsnss Xix
Acknowledgments........ccccuuuisemnmmsssnnnmsssssssnmssssssnssssssnssesssssnnessssnsnsessssnnnsssssnnnsessnnnnssss XXi
INtroduction .......ccvvcmnismns s ————————_——_—_— Xxiii
Part 1: The BaSICS...ucuummmsmmmmmsssansnmssssnsnsssssansnssssannnsssssnnnsssssnnnssssssnnnssssnnnnss 1
Chapter 1: A Brief History of Microcontrollers ...........ccccvmumsemmmmsssnnnmmssssssnmssssssssssssnnnnns 3
Chapter 2: Building Our AVR Test Bed .........cccivnnemmmnmsssennmmsssssnnmsssssssssssssssssssssssssssssnns 13
Chapter 3: Arduino and the Naked AVR ........ccccusemmmmmsennmmnssssnmmmsssssnssssssssssssssssssssssnns 49
Chapter 4: Moving Onl.......cccoiusemmmmmmsnnnmmsssssnmmssssssmmssssssneessssnsnsssssnsnsssssnnssnsssnnnnssssnnns 85
Chapter 5: Smarten Up! ......ccccvieemminmisesnmmmmsssmmmmssssmmmssssssssssssnessssssssssssssssessssnnssnss 155
Chapter 6: Digitally SPeaking ......ccccussseensrssssnnnsssssansssssssnnnssssssnssessssnsnsssssanssessssnnnsssss 167
Part 2: The Projects ......ccccccemmmmmmmmmmmmmmmmssssssssssssssssssssssssssssnsnsnnnssssssssnsns 189
Chapter 7: Introduction to the Projects Section ..........cccccnsmrnssmnsssmsnsssssssssnssssansnns 191
Chapter 8: Project 1: Good Evening, Mr. Bond: Your Secret Panel..........cccccuseenninnns 195
Chapter 9: Project 2: Crazy Beams—Exercise Your Pet! .........cccccinrnnssssnnnnnnnnnnssssnns 213
Chapter 10: Project 3: WordDUNE .........coccursmmmmssmsmsssssssssssesssssssssnssssssssssnsessnnsessansss 229
Chapter 11: Project 4: The Lighting Waterfall...........ccccccnnnnemmmmnssssnnmnmssesnnnssssssnins 249
Chapter 12: Moving to MeSMEriZe.......ccccusssmmmmmsssnnnmmssssnnnssssssnssssssssnnssssssnnsssssnnnnsnsss 277
Chapter 13: Smart Home Enablers ..........cccurmmnsmmmnssmmmsssssmsssssmssssssssssssssssssssssessansns 305




CONTENTS AT A GLANCE

Appendix A: Common COmMPONeNts.......cccuussmmmmssssssnmmssssnssssssssnsssssssnsssssssnsssssssnnnsssss 333
Appendix B: A Digital Electronics Primer .......ccccuueemmmmssemmmmmsssssnmssssssnmsssssssssssssssssnns 347
Appendix C: Breadboards ......cuuseeeserimmmmmmmsssssssmmmmsmmssssssssssssssssssssssssssssssssssssssssssssnns 359
Appendix D: Serial Communications .......cccusemmmmsssemnmmmsssssmmmsssnmmmsssnmmssssnmssssms 365
111 377

vi



Contents

FOrEWOId ......cicceiiiemsinsansnssansssnssnssnssnssnsnnssn s sassn s nnnn s nssmn snssmn ansamn s samnnaamn e mmn s mn s mnnnnnnnss XV
About the AUhOF ........cccciiimmminmmmmenmmsenmssassssass s ssasssssnnsssnnnsssannns Xvii
About the Technical REVIBWEY ........cccsssemmmsssnsmssnssssssssssssssssnsssssssssssssssssnsssssnssssnnssssansns Xix
Acknowledgments .........ccummsmmmsmmmssmssenmsnsssansssnsssasssssmsssmsnsssasssnsssassssnsssnnsssasnsansnsans XXi
INtrodUCtion ....ccoiieeriiennssnnnsssnsssssnnsssnnnsssanssssnnssssnnssssnnsssannsssnnssssnnssssnnsssnnnsnsnnnsssnnnssns xxiii
Part 1: The BaSiCS....cuummmsmmmmmsssansnmssssnsnsssssannsssssnnnnsssssnnnsssssnnnsssssnnnnsssssnnns 1
Chapter 1: A Brief History of Microcontrollers ...........ccccvmumsemmmmsssnnnmmssssssnmssssssssssssnnnnns 3

A Microcontroller TIMEIINE .........cceceeriernseeesrsesesse s ese e ses e sre s sss e srs e se e s e snssessnsesnes 4
Why MiICrOCONTIOIIEIS? .....eeeeeceereeir s n e n e nr s ene e 5
Why Should You Learn About MicroCONTrOlIErS? .........cccvvevrvererrereseressersssessssessssessssessssessssessesessssessssssssssssens 5

What Can You Do With @ MiCroCONTIOIIEI? ... s 5

WY AVR?.....eveevessseeessssssessesssssssssssssssssssssssssassssssssssssssssssssesssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssnnes 7
SUMMEANY ...ttt a e a e R e e e e e e s e e e e e e e e e R e Re e Re e ReeRe e R e nRenR e R e nnnnes 11
(0] 0T T T8 N 11
Chapter 2: Building Our AVR Test Bed .........ccciunseemmmmsssennmmsssssnnmmsssssnssssssssssssssssssssssnns 13
Test Bed DEtalilS.........cccoermeeeerereererese e 13
Test Bed INGredients........ccvceecerceeccrcrcrese e n e snennennns 13

A DeSKIOP COMPULET.....cveececeecceer et e e e e sa e e p e p e s 14
SUuMMary List 0f OTNEr PAITS .........cccouiiiire e 15
ToolKit: REQUIrEH EMS ......coveeceeceir e s a s e e e sn e s p e p e s 16
ToolKit: OPtIONAL HEBMS ......covieiecetr s e s e e e ea e e p e p e s 17

L= T oL TS 18

vii



CONTENTS

AVR ISP PrOGFAIMIMET ......covevieeeeseressseessssssesesssessssssssssssssssssssssssssnssessssessasssssssssssessssssnssssssassssssssssesssssssnns 24
Other PrOgramMIMETS .......ccceueuireeesrsessseesesssessseses s s s sesesss e e s s sssssss s sessssesessssssssssessssssssssssssensasensssssnsassnsnns 33
AVR ISP Programming Adaptor and Pin HEAUEIS ..........c.ccccecrrrrnenmrerneesesesisssesese s ses e sessssssssesesenns 34
Assembling the Programming AQApIOr.........cocveererererereseresererereressesessesesesesessssesesessssesessesassesessessssenes 35
Test Bed Software—Installation and SEtup ........c.ccoovevrirerncecnsc s 39
Choosing the Software: Why Arduing? .........coceeeeernrcscrsrses s sse s s snenes 39
TeSt BEU TESHING ..ccvereeeeerererer et s s a e a e na e naenn e 42
TTL LeVel Srial PO ... 45
RS0 111 T PSS 47
L] 0T T T8 N R 47
Chapter 3: Arduino and the Naked AVR ........ccccueemmmmmsennmmmssssnmmmsssssnmmssssssmssssssssnsssnns 49
ComParing APPrOACHES .......cceerierererererersessessessessessssss e s se s e s s e s s saesaesaesaesaesaesaesassaessnnes 49
L T 3T o 52
GO AVR! ... s e e e R AR AR AR e AR R R R R R e R R R R A A nE R e e e e e e e Eaen 53
Putting All the Pieces in PIACE..........cccceceiereeerere e snesnesne s 55
THE AVR TYPE ...t sas s sassnesnennssnsnnnnnns 57
Arduing’s ConfigUration FilES:........cucucceerrrriesenerrsnesesese s s sas s nnssnns 57
AVR QUL OF thE BOX..vvvuuereesssneeesssssesssssssssssssssssssssssssesssssssssssssessssssessssssssssssssssssssssssssssssssssssssesssssssssssssnnes 60
USiNg an EXTErNAl CryStal .........cccovriienmrrrrneesesesseesese s sese s sesss e ssssssssesssssssssssssessessnsssssnsassnsanns 61
The AVR AN IS FUSES .....cccovecreeireeerese e e s s e s s e ses s sassssesssssnssnes 62
AVRDUGE......cerueueererreeresseesessssssessssssssessssessssssesssss s sessssssssssssssssssssssssssssssssssssssssssssssssssssnns 66
The Trouble with AVRDude’s Terminal MOdE...........cccoererieenereiie e 67
AVRDUdE: GEHHING STAMEM.........oceeeeeceeeeererere et e 67
Arduino and the AVR ID ProbIBm ... e 76
Pin Name TranSIations.........c.coveeeerrncrernssessesse s s s sasssnens 77
AVR: SPEAK 10 ME! ...ttt a s r e p e e 79
Terminal EMUIALOLS .......cccccoiiiiireirenisess s sn s 82
RS 11111 R 83
COMING UP NEBXL.....o e s n e ne e n e nr e nn e nn s 83

viii



CONTENTS

Chapter 4: Moving On!.........cccvsmmimmmmmmmsmmssmss s s s s s ssssssssssssnssnsnsnsansnsnss 85
Making Things That MOVE ........ccccrveriererere s s s nesassa e sa e sne s 85
L= 1= 0T 0 ] 85
Giving a Servo Motor @ TESHING TIME ....coeceveererererere e se e sa e se s se s eas e sae e sae e sae e nae e naes 91
LI 1= 11 o 3 101
0] 1 108
IMOS-WRAL? .....eoeeeereereueeseeseeeesesessessessessessess s s s s bbb st n st 114
3T O RRPRSRS 117
310 [T 110 121
MOTOIS (NON=SEIVO) ....ceveerreerrererreerseseraeesseersesessesessesesae s sae e sse s sseasaesasaesassesssserasse s saesessesansesassessesersssenes 124
Sensing MOVEMENL..........co e nre e 138
SENSOF SWITCHES ... e ————————— 138
LT 1T ST £ 144
R3] 11 RS 154
COMING UP NBXL......eeee s p e e sn s e ne e 154
Chapter 5: Smarten Up!..........cccnimmismmmmmmmmemmsmmesmssssssssssssssssssssssssssssesnss 199
INEllIGENTt DEVICES....ccueceeeecererer e s s nn e nnennnnnn 155
Increased FUNCHONANILY ..........ccocoeriiieieire e e 156
AdAPTIVE BENAVIOL.......c.ceecceieccie et e e ae e s ae e e R nenrnnas 157
INCreased EffiCIBNCY ......ccouruiicirireresce e 158
Improved Problem Management ... 159
Capacity fOr REPUIPOSING .....courerireririeriririse s ss st as s s se s e s e s e e e e e e e nenenaens 159
GrEENET PrOGUCTS.....cucuiuciisisiisss st e e 164
Support from the MOther SHIp ... ——————————— 164
Embedded Intelligence BENefits........oo it 164
Downsides of Intelligent DEVICES ..........cccucrerrrernneresere e ssssesnssesnas 164
The Anatomy 0f @ SMArt DEVICE .......ccccevcerererrre e s saesaesn e sne s 165
SUMIMAIY ... e ae s ae R e R e e e eR e e e e e e e e e Re e Re e aeeReeaenaennnnrenrnnnen 166
0] T T T o RS 166

ix



CONTENTS

Chapter 6: Digitally SPeaking ........ccsssssssessssssssassssnsssassssssssssssssssssssssnssssssssnsssansnsnsnnas 167
When Intelligent DEVICES SPEAK..........cccceverererire e s saesnesnesne s 167
CommunNICationS ChaNNEl TYPES......corvererrererererereererseseresseres e rassesae e ssesesassessssessesessssssasnesseessesessensssessnaens 168
0] 08 T o L o 169
Microcontroller KISS CommuniCatioNS...........cccocrenireresenininssssss s 171
The RS-232 CONNECHION ..o 172
RS-232 or Direct Logic Level CONNECHIONT ..ot s 174
Designing the Time-Getter ProtoCol ... 174
TaIKING TOKENS .....cueereereuecsesesssesesesessesese e sss s e e e s se e e s sss s e e sesss e e s sessese s e sssssss s s ssssnssssnssensessnsnsnsnsasenes 178
ODJECE MOURIS.....ceeerereeecerer e s e s e se s e s ne s s e e e s s e e eenbesen e e npesnannnns 179
Implementing a Tokenized Object Model 0N AVR...........cocrrcrrreresere e sse e sse s se e sessesessesesaens 187
Summary of Object Models and TOKENIZALION...........cccoeeeeerererecrcceee e seenes 188
RS 1] 11 RS 188
0] 1] T 1o RS STS 188

Part 2: The Projects......ccccccmmemmmmmmmnmnnmmsmmsssssssssssssssssssssssssssssnsnssssnnnness 189

Chapter 7: Introduction to the Projects Section .......cccccevrnnsnsnsmsnnnnnmsmmssssssssnnesssnsnes 191
PrOJECE BASES ....eevveerereerieieeseseses e se s e sse s sse s s s snssns s s e e s s sne e nennennennennns 191
Project Chapter FOrmats ..o nesresne e 192
Project Scope and DiffiCURY ........ccoceeeriiieriererere e sne e 193
Chapter 8: Project 1: Good Evening, Mr. Bond: Your Secret Panel.........cccccnrrrrssnnns 195
A Life Ruined by Movies @and TV ..o e s ssessessesassssssssassasses 195
MaKIiNg [t RAL .......coeeeeeeeeeree e s n e nn e nnennn 195
THE Fireling FIASCO .....ccceueueericriecriscrss et e s ne e nennnnas 196
BT 017 T U o O 197
RACKING UP @ SUCCESS ......eeueuceririceine st e s ee et e b nn s 198
Hiding the BUHTON......c.oee e e 201
POSIION SENSOIS ......ecciiecctccrre et e e e b e e b e e e R e R et R e e 203
The Secret CompPartmMeNt...........ocoii e s e 203

BT = L= (0] (S 205



CONTENTS

Sliding Panel Electronics TroubleSNOO0tING........ccccverereererr s ae s re e sesaenasaens 207
L0 1 LI 0T 1T ) 208
ALTTOGEINET NOW! ...ttt a e e e e e s e e e e s e R e aeenenaesn e s e s e nrans 209
SUMMANY ...ttt se s s e e bR e e e R e e e ae e e A e e Re e e Re e e e na e e nnernais 212
COMING UP NEXL ... s n e eae s ae s n e nn e nnnn s 212
Chapter 9: Project 2: Crazy Beams—Exercise Your Pet! .........ccccvsmmnnsnmnnssensnssannnns 213
L LTI 24 (0] (<] SRRSO 213
SOUICING T LASEIS...c.eivieeeererireseesesisseese e se e se s e s e s e s e s se e e e e e e s s e e e e snnnaes 214
PrOJECT BUII ...ttt e s e e 214
TS =1 1 1] ] 217
THE EIBCIIONICS ...ueueereeseseesesessesesesesss e e s e se e s e e e s sss s e e sss e e e e s e s e e nan e e nenRn e e e nensnnnnes 219
Crazy BeAMS—The SOMIWAIE ..........ccorerererererere e a e se e es 223
RS 1] 11 RS 228
COMING UP NEBXL.... o n s e s ae s ne s ne s n e nn e nnn e s 228
Chapter 10: Project 3: WordDUuNe ........cccvusssnnnssssssnnssssssssssssssssssesssssssssssssnnsssssnnnssnnss 229
How MUCh DO YOU REAIIY SBY ...t sne s sne s s nnns 229
The HArdWAre.........cccoiiriircine s 229
WordDune: The BUild ..ot 232
WOordDUuNe GAMEPIAY ......cceceeererererer e s sae s n e n e nn e nn s 235
WordDune: Game SOftWare SEIUP ....cccvvververre v n e e s nae s 237
WOrdDUNE COMMEANGS.......ccoererueererreesessssesessssesssessssesessssssessssssssssssssssssssenssssssssssssssssssssnes 239
General SOftWare STIUCTUTE.........coecereeirerrere e 239
WordDune SKetCh Cote WaK ...........cccorurererereirerrsese e e sesss s sesesnnns 241
WordDune: Declarations SECLON .........c.cococeeeeeeeeereerssssssssssssesss s se e sssssssens 242
L] 11 )ROSR 242
1070 o | RS 242
L{0 01 VO = =1 o0 {0 ) 243
AAATODICHIONANY (). v ererererereereeeeeeeeeeeseese s s e s s s s s s s s s e e e e se e ne e e ne e e e e e e e s e e s s s s 243
dumpEEPROMTOSEFAICNANNEN() ... coveuereeereeerrerereerersesessesessesessesessesessesassessssessssessssessssesassesssnessenessssessensnses 243
dumpDictTOSErAICRANNEI() ....e.eeveererereeerrerererere s e st s e s e e s e re s resaerassesassesa s e ra e e saesesassesaesesaenesansenaensnan 243



CONTENTS

SUMMEANY ...ttt r e r e s a e e e e e e s e s e e e e e e e e ae e Re e ReeReeReeaenRenaenrennnnnan 247
COMING UP NBXL....cvieeeeireeireris e n s n e sn s nna s 247
Chapter 11: Project 4: The Lighting Waterfall...........ccccccnmnnnsmmmmmnnssnnnmnssssssmnssssssnnnns 249
The Passageway Light ..........ccccceerernnnennesnesese e ssssesss s eses s sessessssssssssssssnsens 250
PrOVING CIFCUIL ...vveveeeeeeriseeesesesssss e s se e s s s e se e e a e g s e nn e e s e e s nns 252
Waterfall LIghtS SOTWAIE ........ccoeererrirecererer et s e s e s e e s s e s sas e sas e sae e sae e sae e saenenans 255
T3 o 0 L T N | 258
Waterfall LIGhtS MArK I........cccoceueiereiereseresererer e sereesessesesae e s e e s sessesassesassesassessssesassesassesassesassesassesssnesas 269
MarK [l EIBCIFONICS.......ccuceercrircrieisere st 269
Take-Two Circuit DIagram .........ccccecererieriesese e e s saesaesnesns s s 271
R3] 11 RS 276
COmMING UP NEXL......oeeeeecr e sn e sa s e n e 276
Chapter 12: Moving to MeSMEriZe.......cccursssnnmmmsssnnnsmssssnnnssssssnnssssssnsssssssnnnssssssnnnsssss 277
DUCK SHOOTEI GAME........coeiirircriciree e 277
The Duck ShoOter CIrCUIL........cv i ————— 278
Making Duck Shooter int0 @ KBEPET .........ccocvurureeriririreee et s 280
BUIIAING DUCK SROOTET ...ttt 281
GOING FUMNET ...ttt E bt se R ee e e e 284
DUCK SHOOTEI SOTEWAIE.......ceccciiiiisss b 285
MCU Shadow PUPPELS....cceeeeerererert st sn e sn e sn e nnn 287
Building the ShAdOW PUPPELS.......cccceirieerererseesesesssse s e sssss s e ssssssssssssesssssssssssnsnns 288
The Shadow PUPPEL CIFCUIL .......cccoviieceerirneese e sr s sas e ne s snns 293
Shadow PUPPELS SOFIWAE .......cccevrericrrrrrneese s se s na e 294
THE MOITE WREEL.......ceceeececeecceseseresesssssssss e se e s ss s s s s sessssssessssssnsssssssssssnens 296
WaLrSldE DECAIS.........ccceererereceie et e e 299
Building the Moiré WHEel ProjECT .......ccovveerererreereniresssssesesssssssssesssse s sessssssssssssssssssssssssssssesssessssssssssassns 301
MOiIré WHEEI SOTIWAIE ...c.cvveeecrreresssssr e sse s s s s s s snsens 303
SUMMENY ...ttt s e r e s e e e e e e e e s e e e e e e e e e R e ReeReeReeRenReenensenrnnnan 304
COMING UP NEBXL.... e se s s s e a e s ae s a e a e na e nn e 304

xii



CONTENTS

Chapter 13: Smart Home Enablers .......ccccusemmmmnssemmmmnsssssnmmssssssmmssssssnssssssssnsssssssssnans 305
IS Your HOme SMart?........cccnnninnsssssss s 305
SOCKEL CraCking .......ccccveerierierercressese s ssesse e ssessesss e s sn s s s snesaesnennennnnas 307
On the Radio: The Un-wired HOME .........cccorierenmiennicnine e snsse s snsssnes 308
Radial Or WIriNg NEEUS ......cccevrerrreererrsrseese s sesssse s s sss e e se s ssssssssssssasessssssssssssssesssssssssssnsnns 309
BACK 10 BASICS ... ..eereeeeeececeeeeee s s s s e e e e e e e e e e se e e e e e nenennnnnns 311
Low-Cost Wireless COMMUNICALION............oerererererererereresese e ssssesssesesesssesesesesesesesenes 312
Smart Home Using a MiXed NETWOIK.........ccoverurereiereserrserercree e sessesesse s sae e saesessesesaesessesessesenaens 313
A Simple HomeHeEIP ProtoCol ........cccceeererererere e s s s s ssessessesassssssssassasses 315
Using a Low-Cost Smart Home WIrelesSs NOUE .........covreeeerererrerenreresereesersesessssessesessesessesessesessesessessssesassens 317
Door Sensor CirCUIt DIAgram ........ccveeererererererere s s sesse e s e e ssesesse s sassesassessssesassessssesassessssesassesassesassenes 319
DoOr SenSor SENEr SOFTWAIE ... s 321
D0oOr SENSOr RECEIVEr SOTtWANE.......ccvrierecscsre s 321
DOOF SENSOr SUMMEAIY......cuiuiiisrrrriisssrs s e s e s e bbb 322
Remotely Commandable Light Stand ... 322
Light STaNd EIECIIONICS........cueueeerereneeseress s e e e s nnns 325
Light Stand: RGB VaIUES SENUET .........ccvurrieiririreeeririses s se s ss s e e s sessssssssnns 326
Light Stand SOfIWAre: RECEIVE .........ccceereruieeririreesesiriss s s sss e ssnnnns 328
The Light STANd in ACTION..........ccceeeeeercccrtr et a e e 329
R3] 11 RS 331
COMING UP NEBXL.....oeeeeee st ne s re e n e n e nn e e 331
Appendix A: Common CoOmpPOoNeNnts........uummmeemmmmmmmmmsmssssmmmmsmmsssssssssmssssssssssssssesssnns 333
RESISTONS ...c.veceriiciri e s 333
ReSiStOr SPECIfiCAtIONS .......ccceiere et 334
Resistor TYpes and PACKAGINGS ........ccureerererureeriresssesese e ses e e se s se s s 335
072 0 (1] (0] £ RS 336
Measuring CAPACITANCE .......ccceurrrerererrrrseeseresssee e sssse e e sss e e se s e e e s e e e e s se e ne e s nn e e e nsns 337
Time fOr @ CAPACITANCE........cveeeerrreseese e e s e esan s e R e e pnnn s 338
Capacitor SHAPES ANM SIZES.......covviererrrrrneeri e se s ne e sn e e 340
Light-Emitting DIOGES.......cccereerererereressessessessessessssssssssss s s e s sse s ssesnssssssssssssssssssnnnes 344



CONTENTS

Appendix B: A Digital Electronics Primer ........cccummmmsemsmmmssssnnmmsssssnmmssssssssssssssssnns 347
The Highs and the LOWS.......ccccerrerrenenere s s sassassassassan s 347
| COUNt—IN DENAIY?......eeeeeeerer e e s nrenn e nnennns 347
DeCiding, LOGICAIIY ........ccorerrererreresessssesssssssessssesss e sssses s ssssessssessssssssssssssssssssssssssssssnssanssns 349
GENEIAl GALES ....ccuceeecceerre e r e e a e a e e nn e n e nernns 350
AND GALEE ....cverrueueererssseesesesssss e s e e se s et s e s se e e e b s e e e e A e e AR e Re e e A A e Re e e e e R e e e R e e e R e R s 350
NAND G ....cvvvvreveseeessseesssnsssssssssessssesssssesssssesssssssssesssssssssssessssesssssessssesssssesssssessssssssasesssssessssesssasassssnnsssns 351

OR GALE......coeerrreueerersise e se e e e et re s et e e e e s e e e R e AR AR e RS E AR e AR ne R Re e e 351
NOR GAEE ....vececcresicsccreris et se s se bbb e e e e AR A E e e AR e R e Ens 352
XOR GAE.....coviriueuceriris et et e e R e AR A A e R e A AR e e AR s 352
Understanding the Specifications of Gates ..........cccceeverrrircr i 353
REAI LIVE GALES......cereerueeerserreessesessesssessssessessssesss e ssssesssssssessssesssssssssssssssssesssssssssssssssansenes 354
Appendix C: Breadboards ......cccusseermmssssnnmmssssssnmsssssnnssssssnssssssssnsssssssnnssssssnsnsssssnnnsssss 359
Appendix D: Serial Communications ........cccusmmmssenmessasmssssnssssssssssssssssssesssnsessansessans 365
Data TranSTer BaSICS........coueereerrerrerererscse e s s snesnennennn 365
BINATY V! ...ttt e e AR e AR R nenr e 365
THE BYLEE Bit......ccoeeiieeeeecrisiseecse st e s e e e e e s e e R e s nnn s 366
The Trouble With PArallel ..o s s 367
Tear It DOwn, SHIP It QUL ... s 368
Asynchronous Data TranSMiSSION...........cvererrerereresssse s s s saesaesaesassasses 369
R3] (0] 08 1 PR 372
WO LENGLN ...ttt s a e e e e e s e e e s e e R e ae e ae e a e aenaeneennans 373
Parity Checking and Error DETECHON.........ccceeverre st sa s e se e se s sas e sas e sae e sas e s 373
ProtoCOl OVEINEAM ........ccucueecrieirce i e se e e a e e e e bR nenp s 373
Okay, So Tell Me About RS-232 and RS-485...........ccovrinrienrerneres e see s 373
Are There Other Types of Serial Data Interface?............ccovererivennsesnniesssess s 375
INOEX uettiiinnnnnnsssnnnnnssssnnnnessssnnnessssnnnnessssnnnessssnnnsesssssnnnssssnsneessssnnnessssnnnensssnnnnessssnnnesssnnns 377

Xiv



Foreword

The computer-on-a-chip functionality of microcontrollers is nowhere better demonstrated than in the Atmel AVR
family. The AVR family offers a huge range of microcontrollers, from very simple devices with limited capabilities
to much more complex chips that have numerous built-in features for interconnectivity and interfacing as well
as much larger memory capacities—all in a single integrated circuit. Yet, all the AVR family use the same basic
execution unit for running programs, which means you can start with the simple members of the AVR family
and, when you're ready, graduate to the larger, more complex members without having to relearn how they are
programmed.

There are lots of interesting books on AVR microcontrollers around, and like this one, many will tell you how
to use your desktop machine as a development platform for making AVR programs. However, most other books
focus on AVR programs that flash lights, measure temperatures, make sounds, interface to keypads, and so on.
As valuable as those things are (and this book covers many of those areas too) it has always been my hope to find
a book that has more of a focus on how to make AVRs actually do stuff. I want to make things move or change, to
make things happen in the real world.

There are books that focus on using microcontrollers to provide the intelligence for robots, which is great,
but again, not quite what I had in mind. Maybe I watched too much Thunderbirds and Star Trek as a kid, but
it always seemed to me that the potential for microcontrollers goes far beyond merely flashing lights. I always
imagined that having some degree of intelligence built into a device that could do useful things, and having that
device be able to talk to other intelligent devices—all without human intervention—would result in magic!

Having never found the book I wanted and finding that I now had the space and time to play around with
some of my ideas, I set about building a lot of them. Now, I am going to share them in this book.

Even if you don’t need or want the gadgets and projects I present here in this book, I'm willing to bet that
they will spark some of your own ideas and that you'll be able to use many of the concepts and techniques
described here to make your own ideas become realities.

That’s one major reason for writing this book, to spread the joy! It has been my key learning in creating this
book (and yet more stuff that hasn’t made it into this one) that the limitless possibilities of the microcontroller
stimulate creativity like you may never have experienced before. Another, bigger, reason is that this is Fun, and
that’s an intentional capital “F”!

It's also worth saying that there are more and more jobs opening up that involve product and project
engineering using embedded microcontrollers: if you look you'll see them going on in every sector; from the
automotive industry to the defense industries to the entertainment business, they are all finding a tidal wave of
applications for microcontrollers. So, if you're of a mind to seek a career using the technology, nothing you learn
from within these pages should be wasted.

Alan Trevennor
North Cornwall
United Kingdom
August 2012.
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Introduction

The microcontroller unit (MCU) is the ultimate electronics tinker-toy, and in this book you're going to see
how to tinker away with it to your heart’s delight! My intended audience for this book is those who like to learn
hands-on. Learning by doing and seeing has always been my preferred way to learn: If it'’s yours too, let’s take the
ride together. For those who like to understand the “why” first of all, the book also includes some background
material that explains why using microcontrollers in everyday situations can be such a powerful concept.

My only assumption is that you have some very basic knowledge of digital electronics. But, if that’s not you,
don’t worry! There are some appendixes that will give you the start that you need—and the book’s web site
(and various references through the text of the book) also point you to some valuable AVR MCU-related
online resources.

MCU Basics

I'll start with a summary of the absolute basics, just in case you're new in MCU town, if you're not, feel free to skip
to the next section. A microcontroller is truly a “computer on a chip.”

For straightforward applications such as making LEDs flash, or driving a simple clock displayj, it’s likely that
you would only need just one MCU (Microcontroller Unit) chip. For more complex applications (such as those
in some of the project chapters of this book) you often need to add helper chips, but the MCU still does all the
brainwork.

There are dozens of different microcontroller types on the market (PIC/PICAXE, Intel, ARM, Philips/NXP,
Toshiba, Panasonic, and many more) and they all have strengths and weaknesses.

The AVR' family of MCUs from Atmel Corporation has become one of the most available and capable
general-purpose MCU product sets—and via platforms like the Arduino (more of which later on) has reached a
market prominence in the low-cost MCU world. AVR also compares favorably on cost with other low or mid-
range microcontroller families.

Microcontrollers evolved partially from the digital memory chips industry and partly from the simpler
microprocessors that they have now largely displaced for new designs. We'll be looking at the evolution of the
microcontroller in more detail in the first section of this book.

Every AVR MCU consists of a processor core, some programmable flash memory, and some RAM. It will
also have on-chip extras, such as input/output (I/O) ports, timers, serial communications ports, analog to digital
convertors, and maybe even a USB port.

All chips in the AVR range have the basic processor core and memory, but as you go up the range of products
they include more and more of the extras (and bigger and bigger on-chip memory capacities). Using the simplest
of AVR MCU chips (a small eight-pin device costing no more than a dollar; see the photo) you can easily make an
LED flasher or other simple circuits.

"Weirdly, nobody at Atmel wants to tell what the initials AVR stand for. In fact, the guys who invented AVR, Alf Egil Bogen
and Vegard Wollan, tease anyone who asks the question! Was it a combination of their initials? No, they say. They even
made a teasing video. Search for “The Story of AVR” on youtube to see it.
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INTRODUCTION

I'mentioned Arduino previously. Arduino is a packaged MCU system that uses an AVR chip at its heart but
provides extra facilities such as bringing all the I/O pins of the MCU out to convenient connectors, providing
voltage regulation, and so on. We now live in a world where a majority of people are used to using a computer at a
high level, using a Windows, Mac, or Linux machine. However, the essential aim of Arduino is to make it easy for
non-techs and beginners to try out low-level computing and computer programming for the first time. Low-level
computing may use essentially the same technology as your desktop machine, but it’s a very different beast.

Arduino is a superb platform, and the software development environment that comes with it is also
excellent. However, an Arduino board will cost you between three and four times as much as just an AVR chip,
and very few individual projects use all the features of an Arduino board.

So, in many projects it can be beneficial to use just a stand-alone AVR chip with a minimum of external
components, and that will be our concentration in this book. As a subsidiary benefit, you will also be more likely
to gain a deeper understanding of the AVR from using it outside a packaged hardware environment such as
Arduino.

About Our MCU Setup

For many readers, this book will contain a lot of new stuff. To make it easier to assimilate, I have elected to use
the Arduino software development environment throughout the book. Arduino’s development software (which
is 100% free for anyone to download and use) runs on Windows, Linux, and Mac OS X: For the most part, the
Arduino software looks and feels the same on them all. So, using Arduino’s development environment has the
added benefit that you won’t be skipping great chunks of the book that don’t apply to the machine you are using.
Arduino’s programming language is very easy to use—another benefit if you're new to all this.

Since this is not primarily a book about programming, we will only be going beneath the covers of the
Arduino software when we really have to; that won’t be very often, but it will be fully explained when we do. So,
although we’ll be using the Arduino software, there won’t be an Arduino board in sight! We’ll use a low-cost AVR
programmer board and AVR chips—often we’ll be using just the AVR chip on its own.

Note Atmel has an excellent (and free) development package of its own,“AVR Studio,” which lets you program
in the C language, or in AVR native assembler.2 But at the time of writing it’s only available on Windows PCs (XP or
later)—inexplicably, there is no Mac or Linux version. So, we don’t use it in this book.

2Assembly language programming is a very low level way of programming, requiring far more knowledge of the intricate
details of the chip you are programming and its characteristics. Assembly language programs can often run a little faster on a
given processor, but they take very much longer to write and debug than higher-level programming methods like the ones we
use in this book.
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INTRODUCTION

Putting AVRs to Work

While an AVR is a single-chip computer, it doesn’t have anything approaching the capability of your desktop
machine—which costs many tens of times more. Therefore, it makes sense to use the greater capabilities,
resources, and power of your desktop computer to create the software that an AVR needs and then to download
that software into the AVR chip. The following diagram overviews how this works.

Desktop AVR USB Target !
USB Cable Dgrammer ISP AVR Chlp

On your desktop machine, you install an AVR development environment (all free) which lets you create and
compile your AVR software. An AVR programmer (several available) simply connects via USB to your desktop and
uses a technique called in-system programming (ISP) to connect to your AVR chip and upload the software you
have created into it. I'll go into much more detail and provide a shopping list in Chapter 2.

Note In this book we’ll be using your AVR plugged into a specially set up breadboard (see Appendix G for
a basic tutorial on breadboards). However, in other approaches the AVR could be plugged into a circuit board or even
a full-scale AVR programmer product.

So, the preceding diagram represents the development environment we will be using throughout this
book. It’'s important to understand that because the AVR family uses erasable and reusable on-chip memory,
you can reprogram AVR chips tens of thousands of times if you need to, which means you can keep modifying
your program until it’s exactly how you want it. Once you have your software exactly right, your AVR chip can be
detached forever from the programmer and can go off to have a life of its own in a dedicated application.

In this book we'll be looking at practical examples of how to use useful project elements (such as motors,
solenoids, and sensors of various kinds) and software concepts. Then, we'll be making a set of project
applications for AVR chips. After you've seen the descriptions and built some of these project applications for
yourself, I'm willing to bet that your own application ideas will come thick and fast. It seems that AVRs (and
MCUs in general) have that effect on creative minds!

Book Structure

This book is split into two major sections, each of which is further subdivided into smaller sections.

Part 1: Basics

Part 1 deals with the background and the basics. You may already know a lot of this stuff, or you may just be
itching to get started with the practical side of things, so feel free to skip any sections that lie outside your area of
interest or experience.

We all learn in different ways, and a lot of the stuff in this section is intended for those people who learn
better by first understanding “why” things are valuable and “why” one way of doing things is better than another.
If you're a “how” learner, you'll probably want to just skim through some bits of Part 1 which deal with history
and theory and get onto the more practical sections. If you're going to do that, though, please be sure not to skip
the section on setting up your development environment; we’ll all need to look at that!
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INTRODUCTION

All through Part 1, we will be gently introducing programming, showing you how to program the AVR
with some minimal programs that are fully explained so that if you've never programmed before, you'll get the
introduction you need.

Part 2: The Projects

Part 2 of this book is all about specific projects using AVRs. These are projects you can build or adapt to your own
needs. This section of the book covers a mix of digital electronics, a little lightweight “making” for the controlled
mechanisms, software details, and, of course, lots about AVR microcontroller applications.

For each project we'll look at the design of the hardware and any mechanisms needed, discussing any
trade-offs and possible adaptations or alternative uses for it. We’ll overview the software for the project, detailing
any tricky parts of it. The fully commented software will all be available for download from the book’s web site:
http://www.apress.com/9781430244462.

Photographs and diagrams are used to give you as much detail as possible on each project as built, so that
you can build one for yourself if you want to or adapt it to your own needs when you make your own version of it.

Following is a list of the projects:

e  Chapter 8: “Good Evening, Mr. Bond: Your Secret Panel” Shows how to build a sliding
panel mechanism and control it with an AVR. What’s behind the panel? Well, wait and
see, but I bet you'll soon have your own ideas about what you want behind your secret
panel, and what secret way you want to be able to open it!

e  Chapter 9: “Crazy Beams—Exercise Your Pet!” Cats (and dogs too) are fascinated by
moving beams of light, and they get great exercise chasing them around the room. This
project gives them all the beams they could ever want to chase, and it never gets tired of
playing the game with them!

e  Chapter 10: “WordDune: How Much Do You Really See?” We all like to think we could
find a needle in a sand dune. Can you find words in a sea of letters? It starts easy, but it
gets harder as it goes on.

e  Chapter 11: “The Lighting Waterfall: Light the Way—Ever So Prettily!” Don’t just “plip”
those lights on in that long thin walkway, let’s do it with some style!

e  Chapter 12: “Moving to Mesmerize”:
e  Moiré wheel: Put a light behind a spinning wheel and watch the magic!
e Animation projector: Flashing LEDs can make shadow magic.
¢  Duckshooting game: All the fun of the fair!

e  Chapter 13: “Smart Home Enablers” We examine just why the “home of the future” has
been so very long in arriving! We look at some get-started foundational projects and ideas
that can help make yours a “smarter home.”

Appendixes

Finally, we have a number of reference appendixes. These are intended for those “wazzat?” moments, when you
encounter an unfamiliar term, technique, or concept. To save time and confusion, readers who are completely
new to a subject area might want to read one or more of these before starting on the projects.

¢ Appendix A: Common Components: Some basics about resistors, capacitors, diodes,
LEDs, and integrated circuits (chips).
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e  Appendix B: “A Digital Electronics Primer” New to the world of digital electronics? Never
fear, this appendix is just for you. It won’t make you into an overnight digital wizard, but it
should give you just enough to get started.

e Appendix C: “Breadboards.” What are they, what are they for, how do you use them and
why are they so darn useful?

e  Appendix D: “Serial Communications.” Often puzzling to newcomers, serial
communications is a must-understand technology for realizing the full benefits of
connected MCU projects.

Where Do We Go from Here?

It's essential that you read Chapter 2 in order to set up your AVR development system. However, after that, if you
feel that you already know enough it’s not essential that you following any particular reading order: if one subject

area appeals to you most, by all means go there first if you feel you already have the knowledge (or are happy to
refer back to previously skipped sections).

Make maximum use of the detailed keyword index if you come across the unfamiliar—and don’t forget the
appendixes, which are there for your reference.

Coming Up Next

Part 1: Chapter 1: “A Brief History of Microcontrollers”—the computer industry takes a RISC.
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