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Foreword

Foreword

I remember it like it was yesterday. I paged through the electronics catalog that had
just arrived, and saw a new “home computer,” which fascinated me immediately. Not
yet available, but announced, it would retail for the equivalent of over 600 euro - the
Commodore 64. I knew immediately: One day, I would buy one!

As you can guess, I'm not the youngest anymore. It must have been around 1982, and
I was still in school. Two years later, that time came, and I could finally afford the C64.
Back then, we programmed in the BASIC programming language, or directly in
assembler. I controlled everything I could with the C64, because it had a “User Port”
offering 8 data lines, all of which could be used as digital inputs and outputs.

Today, for not much more than a couple of euro, you can get small microcontroller
boards, which are much faster, and in some areas can do much more than the home
computers of back then. The small Pro Mini board with an ATmega328P microcontroller
has no keyboard or video output, of course. But, otherwise, it's a fully-fledged, freely-
programmable small computer with numerous input and output pins, which you can use
to measure, control, and switch things as you please. That's exactly what this book is
about: Simple, inexpensive solutions for every purpose.

Robert Sontheimer

Acknowledgments

I'd like to thank Timo Missel for numerous small jobs on this book, Matthias Abele for his
tips and corrections, and, last but not least, Mr. Denis Meyer from Elektor Publishing,
who was at my side in word and deed throughout the book project.

For this English-language edition, my special thanks also go to the translator, Mr. Brian
Tristam Williams, for his good work and cooperation.



Arduino & Co - Measure, Control, and Hack

Table of Contents

oo ] ATV o] o« 5

Chapter 1 ¢ ATmega boards.............
1.1 The Pro Mini form factor

A computer fOr @ fFEW EUIO........ccoiiiiece e 15

5V /16 MHz and 3.3V / 8 MHZ VEISIONS.......ccccooioeeeeeeeeeeeeeeeee e 16

ATmega328P and ATMEGalO8PA. ... 16

PiN J@YOUELS. ..ottt 17

1.2 UNO VEISIONS ...ttt bbbttt ettt 18

1.3 LilyPads @nd Similar.........cccooiiiiiiie e 19

16 MHZ LIlYPAAS. ...ttt sttt e e e e s 20

1.4 The NANO DO@IA. ..ottt 20

Chapter 2 e USB adapter with serial interface................c...c.ccooviiiiii 21

2.1 USB adapters based on the CP2102........cccccooiiiiiiiiiiiiceece e 21

2.1.1 Universal serial adapter cable........c.ccocoovviiiiiiiiii 22

CONSEFUCTION ...ttt 22

Tip: Neat SOIA@IING ..o 24

(651 o [T PSPPSR 26

2.1.2 Serial Micro USB adapler......cccoiiiiiiicet s 26

Chapter 3 @ BUYiNg LIPS, 27

3.1 Local suppliers and domestic mail order companies...........ccocccevevveiiieiiiiiccicccn, 27

3.1.1 Conrad El@CEIONIC.. ..o 27

SECUNILY ON ED@Y..oiiiiiiicicicce et 29

31223 AMAZON ittt 29
32,4 AlIEXPIESS. ..ottt 30
AlIEXPress Shipping COSES.......oiiiiiiiiiiiiiiiee e 30

Buyer Protection on ANEXPIreSS.......ccociiiiiiiiiieeiese et 30

3.3 PayPal paymMeENnTt SEIVICE......cccoiii e 31
3.4 CUSEOMIS. ...ttt 32
3.5 Caution: PitfallS!. ... 32
FAKE TEBIMIS. .. ittt ettt ettt ettt bttt 32

FalSE INFOrMAtioN.....ciiiicicc ettt s 33

FAISE PIrOMISES. ...ttt 33

3.6 Buying basic equipment................c.ccccoi 34
3.6.1 The necessary tools.............ccooiiiiiiii i 34
Project: The simplest soldering station in the world............c.cccoceevenen. 34



Table of Contents

AddItional EOOIS. .......cii e 36

3.6.2 ATmega boards................ccoiiiiiii e 36

Serial @dapLers... ... 36

3.6.3 POWEK SUPPIY...oooiiiiiiiiiiiii e 37

Mains POWET SUPPIIES. ...ttt 37

The thing about current and voltage........c.cccovvviiiiiccc e 37

Disposable or rechargeable battery.........cccccooiii 39

Lithium-ion rechargeables...........cccccoiiiiiiiiccc e 39

Warning: Fake batteries..........cocccviiiiiiiiicc e 40

Charge controller with protection circuit...........ccccoocooviiiiiiiiii, 41

3.6.4 Standard components..............ccccccii 41

RESISEOIS. ...t 41

THE EL12 SEIIES ..ottt ettt ettt e e 41

CAPACIEOIS. ..o 42

LEDS. ..ttt b bttt 43

TrANSISTOIS. ..o 43

BUZZEI ..o 44

JUMIPEE WIS ..ttt ettt tesreeneeenneean 44

3.6.5 Measuring tools...............oooiiiiiii e 45

MUIBIMIEEET ...t 45

Infrared thermomeEter.. ... 45

VeINIEr CAliPEIS. ... 46

Chapter 4 e Optimal construction..............ccccccc 47

4.1 Construction on breadboard............cco i 47

4.2 Point-to-point construction

4.3 The thumbtack teChNIQUE..........cc.cii e
4.4 PEITDOAIAS. ....cooviiieieiieeee ettt
[ (o] [ 0 0 T= o o D ST OPPTPPPPR
SEFIPDOAIA. ... i s
Other grid arranNgemMeENES. .......oiiii e

4.5 Construction on printed circuit board.........c.coooiiiieii 51

4.6 Pin header CONNECEOIS. .....c.ooiiiiieciee ettt 52

(@Y 1Yo IooT Y 1Yol o] o -3 ST 52

Chapter 5 ProgrammMing...........ccoooiiiiiiiiiiiiiiiccc et r e e e e e e e e e e e e e e e s aaeeeaaenees 53

5.1 The Arduino-platformMi. .. ...t 53

5.2 OUF fIFSt PrOGraMi...c.cciiciciiicece ettt re e 54

Syntax: setup() and 100p() fFUNCLIONS. ... 54

Sketch: Our first Program. ... 55

5.3 UPIO@diNg PrOGramiS....c.co oottt 56

5.4 Downloading the programsS........ccociiiiiiiciiccce e 57

Chapter 6 e Board inputs and outputs.....................co 58



Arduino & Co - Measure, Control, and Hack

6.1 Reading inputs digitally....................... i 58
SYNTaX: Vari@bl@s. . ... s 60
Syntax: pinMode(), digitalRead() and digitalWrite()........cocoevreviiniiiinienns 61
Syntax: Comparisons and cONditiONS.......cccccovveiiiiiciiece e 62
Syntax: while and do-while 100PS.........ccccoiiiiiii 63
PUShbULEON SWILCH ... 63
Sketch: Pushbutton swWitCh. ... 64

6.2 Reading analog inputs....................... oo e 65
REfEreNCEe VOITAGE. ..o 65
VCC @S FEIEIEINCE. ...ttt 65
INEEIrNAl FEFEIENCE. ... 66
EXternal ref@renCe.........ooi i 66
Syntax: analogRead() and analogReference().......ccocoeiviviiiiiiniieciiiieeees 66

6.2.1 Measuring voltages directly.................ccccoiiii 67
Syntax: Defining constants............ccocovviviiiiicccce ....67
Syntax: Serial transmission .
Syntax: Calculations and assignments...........cccccoovviiiiiciccceen 68
Calculation PItfallS........ccvoviiiiiccec e 69
Syntax: Rounding up and down................... e ———————— 69

Sketch: Measuring voltages up to VCC.......c.ccooviiiviiiieieceee e 70
CalibratioN. ..o 71
6.2.2 Measuring using internal ref. & voltage divider...................... 71
POSSIDIE FANGES........iciii e 72
Sketch: Measuring using internal ref. & voltage divider...................... 72
CaliDratioN ..o s 74
6.2.3 Measuring directly using the internal reference....................... 74
Tip: Commenting OUL lINES.......ccoooiiiiiiic e 75

CalibratioN. . ..o 75
6.2.4 Measuring CUFreNnt................oooiiiiii 76

Sketch: Measuring CUMTENT.......cccoiei s 76

POSSIDIE FANGES.....o.o i e 78

CaliDratioN. .. coiiceicecce s 79

6.2.5 Resistor measurement...............ccociiiiiii 80
Sketch: Resistance measurement.........cccooiiiiiiiiiii 81

SWAPPING FESISEOIS.....iviiiieiceeee ettt 82

CaliDratioN .. ... et 82

6.3 Switching outputs digitally..................cocii 82
Chapter 7 ¢ How do you switch something?...................... 83
T oL LEDS. ... oottt e e e e e e n e 83
7.1.1 Calculating the series resiStancCe............cccooviiiiiiiiiciee 84
7.1.2 LEDs in battery operation..........ccoooiiiiiiiic i 84
7.1.3 Switching direction to ground or positive..........ccccooviiiiiniiiiiicne 85
7.1.4 Project: LED effect board.................coooiiiiiiii s 86



Table of Contents

Determining resiStor VAlES........ccooiiiiiiiiicee e 87
LilyPad construction template...........coooviiiiiinieeee e 88
Pro Mini construction template..........ccocooiiiiiiiiiiicce e 89
1) A= D AN o = 7= TSSO 90
SYNEAX: FOF 100D .ottt 90
Syntax: delay() and system time........ccccooviiiiiiicce 91
SIMPle LED ffECl.....ccoiiiiiee e 92
Sketch: LED rotation effect.........ccoiiiiic 92
Syntax: Random values with random().....cccccccceveviiiiiiiiiiiciccce 94
LED running light effects........ccooiiiie e, 94
Sketch: LED running light effects........ccccccoiviiiiiiicc 95
Other Blink @appliCations..........ociiiiiiiiie s 97
7.1.5 Battery protection for effect flasher..........ccooooviiii 97
7.1.6 LEDs with integrated series resistor.........ccooiiiierineisrsee e 98
7.1.7 POWEE LEDS.....coiiiiiiieet bbb
7.2 Switching using a transistor..........
7.2.1 BC547 transistor........ccccc......
7.2.2 BC337-40 transistor....
7.2.3 BD435 transistor..........
Tip: Heat test......cccccveveienne
7.2.4 Switching usSing MOSFETS.........cocooiiiiiieee e 102
The NTD4906N and IRLR8726PDF..........cccccoiiiiiiiieeeeeeeee 103
Tip: Thermally conductive adhesive...........ccccoooveiiiiicciiiccce 104
7.2.5 ULN2003A transistor array........c.ccoceeu.e. ..104
7.2.6 ULN2803A tranSiStOr @rTay......ccvccuiiviiieiieieeiieeeeee ettt 105
7.3 Switching using @ relay............ccoo i 106
7.3.1 Sold-State rel@y ... 107
Chapter 8 e Controlling, regulating, and dimming...................c.ccccc, 108
8.1 Pulse-width modulation (PWM)..............ccoiii e, 108
Syntax: @analogWIEE() ... 109
8.1.1 Project: Dimming LEDs in all colors................coooiiiiiiiiiiiiinn, 109
8.1.2 QUICK COION tNEOIMY ... 110
8.1.3 Flowing COIOr ChaNgES.......cocooviuiiiiiece et 111
Syntax: SiN() @nNd COS() ..ot 111
Sketch: Flowing color Changes..........ccoooviiiiiiiiieicecee e 112
Tip: Small test with LED effect board...........ccccocovvviiiiiiiiiicicceiee, 113
8.2 Low-pass demodulation................cccociiiii 114
TIME CONSEANT oo e 114
CalCUIAEION ... 115
RID DIttt 115
TWO-StAGE fIlEEI ..ot 116
8.3 Regulation with a feedback 100P........cccoiiiiiiiic 116
8.4 Project: Adjustable constant current source...............ccccccvvvvvieiiiiiiiinns 116



Arduino & Co - Measure, Control, and Hack

CUSEOMIZATION ... 118
Syntax: BitWiSe OPErators........ccoiiiiiii s 119
Sketch: Adjustable constant-current source.........ccocoiieiievccccc e 120
(@ 11107 = 1o o TSSO P PR TRORR 125
8.5 Project: Lithium-ion battery testing and charging station................ 127
ConStruction 0N @ PCB.........coiiiiiiee s 128

Construction using thumbtacks..........cccocooeiii, 129
Supplying pOWEr Via USB.......cccoiiiieiccc e 132
SEPArate POWEE SUPPIY oot 132

Cooling......cccccevveiiiiiiie, e 133
Sketch: Lithium-ion testing and charging station........... TSP 134
Current and voltage specifications............cccoiiiiiiii 149
SeHIAl OUEPUL ...ttt ere e 151
Internal reSISTANCE. ..o 152

(@ 11101 =1 o SRRSO PRPRPRTOPUPONt 153

8.6 Project: Adjustable current source with limits.................................... 155
Time VS Charge amOUNT. ..ot 155
Sketch: Adjustable current source with limits..........cccccoviiiiiiiiinic, 157
POWET SUPPIY ..ottt 158
SEIIAl OQUEPUL. ..o ettt ettt e 158

CO0 NG . ettt 159
Default values, lIMItS.......ccoiiiiicce s 160

(O] 1107 o= 1 [0 o PN RS TS U S U ROTP P POPPRRPP 161
Chapter 9 @ Controlling Motors...............oo s 163
9.1 DC MOTOKS. ..ottt raa 163
9.1.1 TransiStOr CONTIrOL. ..ot 163
9.1.2 Speed control USING PWM.. ... 164
9.1.3 Forward and reverse with an H-bridge..........ccccoiiiiiii 165

LIS R 1SS 165

THE L298N ...ttt ettt sttt s 166

9.1.4 Full control using H-bridge and PWM...........cccccoviiiiiiiiiicee e 167
Syntax: min() and max() fUNCtioNS.............cccceceviviiiiriicc 168

Sketch: Full motor control..........coii 168

9.2 StEPPEr MOTOKS.......ooiiiiiiiiii e 170
9.2.1 HOW Tt WOIKS ..ot 170
Bipolar and unipolar VEIrSIONS. ..o 171

Full- and half-step operation.........cccccoiiiiicii e 172

Actual stepper MOLOIS. ... 173

9.2.2 THE 28BYJI-48.....oooieieieieceeeeeeee e 174
Control using a ULN2003 driver board............ccccoeoviviiiciiciiee, 175

Control USiNg 4 tranSiStOrS. ... 176

Tip: Stepper motor under battery operation...........cccocooooiiiiiii 177

Sketch: 28BYJ-48 stepper motor control..........cccoovveiiiiciicecccc 177

¢10



Table of Contents

9.2.3 Control using the A4988...........ccooiiiiiee e 183
PINMOUL. ..o 184

Adjusting the CUIMENt.......ccooii s 185

9.2.4 Control using the DRVE8825.........ccooiiiiieecee s 186
PINMOUL. ..o 186

AdJusting the CUMTENT.......ccooviiiiice s 187

9.2.5 Version A4988 vs. DRVBB25........oooiiiiiiiiii e 188

9.3 Brushless MOtOrS. ...t 188
9.3.1 Control USING ESC.....c.coiiiiiie e 189

Power supply

Control signal ...190

Sketch: ESC-control using potentiometer.............cccccooii ..190
9.4 SEIVOS. ...ttt e e e e e e e e e e e e aae s
CONEIOL . ettt ettt ettt ettt et et e sttt e e e s e aae e

Chapter 10 e Sensors
10.1 Analog sensors

10.1.1 Brightness sensor using LDR.................cccccccceiiiii 193
10.1.2 NTC temperature measurement.................ccccccceeeiii 194
Sketch: Temperature measurement using NTC..........cccccoovveviiiiicicen, 195
10.1.3 ANalog JOYSHICK.........ccocoiiiiiiiii 198
10.1.4 Measuring light with a photodiode..................................... 199
10.2 Digital MeEaSUrEMENES......cccciiiciiiicce e 199
10.2.1 TL1838 or VS1838B infrared receiver...............cc..ccccoovneenn. 199
10.2.2 HC-SRO04 ultrasonic distance sensor.......................ccccceeeeennnnn. 201
Syntax: pulseln() fUNCEION. ... 202
Sketch: Ultrasonic distance measurement.........ccococcoiiiiiiiicicen 202
10.2.3 HC-SR501 MOtioN SENSOK............cccviiiiieiiiiee e 205
Supplying power to the HC-SR501...........cccooiiiiiiiceceeeee 207
10.2.4 The I2C INterface............ccccoiiiiiiiiiii e 207
SCL @NA SDA ..ottt 207

I2C on the ATmega328 and 168........ccccceiiiiciiieceee e 209
Syntax: Including libraries. ... 209
Syntax: I2C functions with Wire.h.........ccocooooiiiiiii e 210

T2C SENSOIS.. ..o 211
Breakout DOAards............cciiiiiiiiici s 211
10.2.5 BMP180 air pPressure SENSOK...............ccocociuiuiiiiiiriinineenerniiinaeans 211
Project: Pressure and altitude sensing with the BMP180................... 212
Syntax: Function definitions..........cccccooviiiiiiiiic 213
Sketch: Air-pressure sensor and altimeter.........ccoovviiiiiciiicnen, 214
Accuracy from double-oversampling........cccocvoiviiiiiiciececee e 219
10.2.6 MPU-6050 accelerometer................cccccoiiiiiiiiiiie 219
Sketch: Rotation and acceleration measurement...........cccccoeiiinen. 220
OULPUL WINAOW ...t e 222



Arduino & Co - Measure, Control, and Hack

10.2.7 HMC5883L magnetic field sensor.......................c.o i, 223
Project: 3D COMPASS. ..ot 223

SKEtCh: 3D COMPASS....c.ciiiiiciiieceete et 224

OUEPUL WINAOW ...t 227

10.2.8 GY-87 MUILI=SENSON ...t 227
Chapter 11 e Other COmMPONENtS.............ooooiiiiiiiii s 228
11.1 RFremote control..............ccooiii e 228
(@70 11 [ RSOOSR STPPTTRSSRPPSROPROPO 229

LY =] o] o = USSP 229

11.2 Seven-segment displays.............cccccciiiiiiiiiii 230
MUIEIPIEXING ot 230
11.2.1 Basic program for 1 to 6 digits....................cccc 232

Sketch: 7-segment display with several digits.........cccccooviieiiiinnnnn,
int, float, hex, and degree displays...........ccccceeeine.

Syntax: modulo operator.......c.cccooevvviiiiiiiniens
Sketch: 7-segment display functions
11.2.2 Project: Voltmeter................ccoccoiii
Sketch: Voltmeter with 7-segment display.........ccccooveieiiiiiciiiiicnn, 245
11.2.3 Project: Thermometer................ccooooiiiiiii 246
Sketch: Thermometer with 7-segment display........cccccoeeviieiiiinnnnn,
Thermostat........ccocooeviiiiiiece
11.3 Text displays with back-lighting
Pinouts and fUNCEIONS.........cooiiiiiice e
Syntax: Controlling text displays.......ccccocoiiiiiiieiiiec
Sketch: Example with user-defined characters........c.ccccocoeiiiiiciiicccee, 253
Text display with I2C interfacCe.......ccooiiiiiiiiiicce e 254
11,4 MiNT JASEIS.. ..ot 254
Laser application @Xamples........cccooiiiiiiiiccc e 255
11.5 SD card MOAUIE...........oooiiiiii e reerreree 256
Connection to the ArdUino ..o 256
Syntax: SD.h file fuNCHIONS........ccoooiice e 257
Sketch: Reading and writing fileS...........ocooiiiiiii 257
Chapter 12 e Rechargeable batteries and accessories....................c.ccoovcvieens 260
Tip: Soldering roUNd CeIIS........c.coviiiie e
12.1 Functionality and handling ..o

12.2 Protection circuit
12.3 Connecting rechargeables in series
12,4 BaAl@NCEIS ..ottt
12.5 USB charging regulators
Chapter 13 o Clever hacks and tricks................cccciiiiiiii e
13.1 Measuring battery level without components.................................... 265

©12



Table of Contents

A weird measurement Method..........cocooiiiiiiii 266
Sketch: Measuring battery voltage without components............ccccocoovennn 266
CaliDratioN ... .ot 268
13.2 Arduino in deep SIEEP..........oocviiiiiiiii 268
Sketch: Sleep mode (bare template)........ccoooiiiiiiiii 269
A PIN O WAKE UP..iiiii e 269
Sketch: Sleep mode (with wake-up pin)......ccooiiiiiii e 270
13.3 Low-battery switch-off....................ccciiiii 271
Sketch: Low-battery switch-off ... 272
Integrating low-battery switch-off into projects.......ccccocovveiieiiiiciiccc e, 273
13.4 Pro Mini battery operation...................
Reducing current CONSUMPLION.....cc.oiiiiiiiii i
13.5 Project: Electronic die..........................
Syntax: EEPROM functions...........c..cccoveeen.
Sketch: Electronic die....c.c.cccccoooiviiiiiinnnee
Tip: LED effect board as a die....
Dice for cheaters.......c.cccoovvvniniiice
13.6 Analog measurement without waiting
Sketch: Continuous analog MeasuremMeNnt.........cccocoovviniiniiieee e
{O1T=To [ TSP PPPPPUPPRN
13.7 Project: Universal remote control receiver..................ccoccccviiiiieninnnn 291
Turning the principle on its head...........ccccoiiic 291
Sketch: 10-channel universal remote receiver...........iiiiiiicinne, 294
TeAChING the MECEIVET ..ot 302
Tip: Exact clocking of the loop with one byte.........ccoeviiiiiiic 304
Tip: Exact clocking of the loop using an integer.........cccoceoivviinninnnnns 305
Tip: Clocking of the loop with lateness options............cccccoeiiiiiiiiicci e, 306
Tip: Clocking of the loop using only system time.........ccccocccevviiiiiiciieenn, 307
13.8 Project: Extreme altimeter.................cooo e 308
Sketch: Extreme altimeter........co 308
Settings and POSSIDIlITIES. .......ccoiiiiii 312
Measuring small altitude changes...........cccooiciic e 312
Weather trend barOmeter.........coooiiii s 313
13.9 Project: Infrasound reCorder...........cccccccciiiiiiiiiiiiiiiiiiiiie e 315
Sketch: INfrasound reCOIAEr ...t 318
Weather rE@COIAEN ..o 325

¢ 13



Arduino & Co - Measure, Control, and Hack

Chapter 1 ¢ ATmega boards

The ATmega328P from Atmel is one of the most popular
Microcontrollers for all applications that don’t require a
lot of computing power. RAM, ROM (i.e. EEPROM), as
well as processor and I/O connections are integrated in
a little chip, making up a standalone computer that can
be programmed using a USB cable or adapter connected
to a PC.

Fig. 1b: An Uno board, 3 different Pro Mini boards, a LilyPad and a Nano

The picture shows different boards using the ATmega328P. Each has a quartz crystal for
generating its clock signal. Most have a voltage regulator to supply their chips with a
clean, regulated power source (5V or 3.3V). The Arduino Uno and Arduino Nano
boards also have an integrated USB interface, while the Pro Mini and LilyPad boards
require separate USB adapters.

1.1 The Pro Mini form factor

The Pro Mini board is our choice for most of the projects in this book, as it's available
from different manufacturers with only minor differences, and it's very affordable. It's
very small and has everything that such a board requires.

It doesn’t have a USB interface. Because you use that port only to upload your
completed programs to the board, it's wasteful to have it on every board only to be
sitting there unused in the completed project. Instead, we use a separate USB adapter
as the necessary interface, which we can reuse for any of our other boards. The
software can be modified and updated at any time simply by plugging in the adapter
and connecting it to our PC.

¢ 14
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A computer for a few euro

With its small form factor and omission of the USB interface, the Pro Mini board is
astonishingly cheap. Nevertheless it’s everything built-in, that you need, from processor
to EEPROM - a full-featured computer ready to be programmed for measurement and
control. Directly from China, you could get them a few years ago for under 2 euro.
Since then, the prices have risen occasionally.

boo‘g

u Ut
AX1IRN

AL

Fig. 1.1a: Different Pro Mini boards

Figure 1.1a shows different Pro Mini boards available directly from China. They usually
come with the necessary pin headers. There are generally 2x2 (i.e. 4) different
versions, as can be seen in the following table:

ATmega328P ATmegal68PA
32 kB Program memory 16 kB Program memory
2 kB RAM 1 kB RAM
1 kB EEPROM 512 B EEPROM
5 volts Standard version for Version for simple

16 MHz | projects with mains power PAGEEE U] Mg

power
3,3 volts Suitable for battery- Suitable for simple
8 MHz operated projects battery-operated projects
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5V / 16 MHz and 3.3 V / 8 MHz versions

The standard version has an ATmega328P microcontroller running on 5 volts at a
16 MHz clock frequency. If you only have a minimal source of power, you can opt for
the 3.3-volt version, which is only clocked at 8 MHz and thus runs half as fast. The
reason is that the microcontroller needs at least 4 volts to run at 16 MHz, and can even
run at up to 20 MHz on a 5V supply. The microcontroller’s direct supply voltage is
normally labeled VCC.

Accordingly, the 16 MHz versions have a 5V regulator on board, while the 8 MHz
versions are 3.3 V. The RAW input voltage to the regulator may be as high as 12 V. To
keep the regulation as efficient as possible, it's best to have a voltage that’s marginally
higher (ideally a maximum margin of 3 V) than the regulated output voltage (the 5 V or
3.3 V). That means, for example, a 6 V supply for the 5-volt version, and a 5 V supply
for the 3.3-volt version.

ATmega328P and ATmegal68PA

Each voltage version also has two microcontroller versions - the ATmega328P and the
ATmegal68PA. They're identical, apart from the fact that the 168 has half as much
RAM, half as much program memory, and half as much EEPROM storage. For less
ambitious applications, this is more than adequate, and allows one to save a few cents
by using the ATmegal68PA for most projects. Generally, however, we could also just
use the ATmega328P.

For the sake of simplicity, I'll dispense with the suffixes (“"P” and “PA”) from here on -
“"ATmega328” and "ATmegal68” are clear enough.

Connections

The following abbreviations are used to identify the individual connections:

RAW: The input to the voltage regulator, which can be as high as 12 V. From this, the
microcontroller’s actual operating voltage, VCC, is created.
GND: Supply voltage negative, i.e. ground.

RST: Reset pin. This is tied to VCC via a resistor. The Reset button connects this input
to ground and causes the chip to reset.

VCC: The microcontroller’s operating voltage — usually 3.3 or 5 volts.
0 - 13: The digital inputs and outputs. 0 and 1 also serve as serial TX and RX.
A0 - A7: Analog inputs. A0 to A5 can also be used as digital pins.
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Pin layouts

Another difference between Pro Mini boards is in the positions and layout of the
connection pins. Fortunately, the variations are limited. Here are a couple of popular

examples:

9 87 65 4 3 2GNDRST RX TX

0000000005,0«00 L
-- y .' ' - /GND
o TIDL . VO
«" ;s

R — 7 =—RX (0)

e | -
’)/OI/O/ (‘, LO(A.O '&0070%'0%0‘&#: = \TX(1)
DTR

10 11 12 13 A0 A1 A2 A3 VCC RST GND RAW
Fig. 1.1b
The pin layout for the upper and lower rows is identical for all Pro Mini boards. On the

right side, the connections (seen here with a pin header attached) are for the serial-to-
USB adapter. The analog inputs, A4 to A7, are on the left side of this board.

98765432GNDRSTI7XTX

10 11 12 13 A0 A1 A2 A3 VCC RST GND RAW
Fig. 1.1c

Here, pins A4 to A7 are located on the inner part of the board. The rest of the pinout is
identical.
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7 6 5 4 3 2GNDRST RX TX

GND 29930930 ® @
ol 7 ¢ snons‘rm;nxoo TX (0)
A4 . g
RX (1)
A5
VCC
A6 ‘4 } o ‘
; /A2 A3 UCC RSTGND RAL @ | GND
A7 [CR<] @@o@o@'o
GND
10 11 12 13 A0 A1 A2 A3 VCC RST GND RAW

Fig. 1.1d

Here, note that the pins for the serial port (right) are reversed. The adapter must thus
be connected the other way around.

9 8 7 6 5 4 3 2GNDRST RX TX
b@@@@@ee@@@e

292090 OO 2w

10 10 11 12 13 A0 A1 A2 A3 VCC RST GND RAW
Fig. 1.1e

In this example, the serial port pins are also reversed. On the left, adjacent to pins A4
to A7 are a few more pins, but these are already available on the bottom row. MOSI,
MISO, and SCK (identical to Pins 11, 12, and 13) can serve as an SPI bus if required.
(This is a different kind of serial port, which we’ll discuss on page 256.)

1.2 Uno versions

For the ATmega328P, there are also larger boards. The best-known is the Uno, and
there are many variations of it, such as the original Arduino Uno Rev3 and a plethora of
other Uno-compatible boards. Elektor even has its own Uno board, the UNO R4, that,
with its ATmega328PB variant of the chip, has additional timers and other features.
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Fig. 1.2: Different Uno boards

Instead of male pin headers, the Uno boards have female header sockets for the
individual pins. This is very practical for adding various peripheral expansion “shields”
that are available for the Uno series. For us, however, these headers are sometimes a
disadvantage.

In any event, all of these boards may be used for the projects in this book, as long as
you have access to at least 5 volts. For battery-powered applications, running at 8 MHz
on 3.3 V is more appropriate.

1.3 LilyPads and similar

These boards are optimized for low-
power, battery-operated devices,
especially those with lithium-ion bat-
teries. These boards save power, not
only through their 8 MHz clock fre-
quency, but also because they dis-
pense with the on-board voltage
regulator completely. Even a power
LED, which serves no purpose but to
indicate that the circuit is powered
(while itself consuming power), is
notably absent.

Fig. 1.3: The LilyPad

Running at 8 MHz with no voltage regulator, the ATmega328 can operate on between
2.7V and 5.5 V. This is ideal for lithium-ion batteries, which deliver around 4.2 volts
when fully charged, and about 2.8 V when empty. They should not be drained any
further than that.
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A degree of battery protection can be achieved by using the ATmega’s standby mode
when the battery is almost empty. Then, only a few pA are used (i.e. practically
nothing). A more in-depth explanation is given in Chapter 13.3, on Page 271.

Even the inexperienced solderer will get familiar with the LilyPad quickly. The
clearly-laid-out, large connections invite one to practice. LilyPads can be obtained
directly from China for around 3 euro.

16 MHz LilyPads

Officially, LilyPads operate at 8 MHz, but that doesn’t bother some Chinese
manufacturers, who now prefer to offer 16 MHz LilyPads. For applications that need high
speeds, this may be optimal, but usually the higher clock frequency is a drawback. The
current consumption is higher, and thus, according to the datasheet, the microcontroller
needs at least 4 volts to work at 16 MHz. We might be able to get by with about half a
volt less, so these versions can also be run on batteries, but with restrictions.

When we upload our programs, we have to ensure that the Arduino IDE is aware of
LilyPads. For this, we must select a Pro Mini board and then specify a clock frequency of
8 MHz. This is important, otherwise serial ports and delay functions, for example, will
run at double speed.

1.4 The Nano board

The Nano is similarly compact to the Pro Mini, but has an integrated USB interface. A
CH340 chip is found underneath the board, enabling an interface between the serial
port (RS-232) and the USB connector.

The Nano offers one advantage over the
Pro Mini: The ATmega328’s analog refer-
ence input is available at the pinout,
labeled “AREF.” The Uno also has this
pin, while the Pro Mini and LilyPad

AS A7 +5V RSTGND WN boards lack it.
QRO OO )

Fig. 1.4: Nano board

The USB interface described in the next chapter is already integrated in the Nano board.
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Chapter 2 e USB adapter with serial interface

In contrast with the Uno and Nano boards, the Pro Mini and LilyPad boards have no USB
connectors, so we need an appropriate adapter, which is only plugged in when we need
to upload our software.

Fig. 2: Two different USB-to-serial adapters

While the program is running, it’s also possible for the board to send serial data, which
can then be monitored in a window on the PC (using the so-called “Serial Monitor”).
This is often useful for debugging purposes. The program still runs without the serial
connection, but the data is simply sent into the void.

Additionally, such an adapter can also be used to supply power to the board, but a
regular USB cable (without the serial interface) can serve the same purpose if the
power is to be supplied via USB.

All of these adapters (or converters, as it should be) have a special IC that enables the
conversion between USB and traditional serial protocol. This is like the standard RS-232
interface, but at logic levels of either 5V or 3.3 V. These are often called UARTs. The
most commonly-used ICs for the purpose are the CH340, the PL2303, and the CP2102.

2.1 USB adapters based on the CP2102

I would recommend the converter based on the
CP2102. It costs a few cents more, but experience
has shown that it works reliably, without driver
issues. It also works on any PC USB port. (Other
converters sometimes require changes to the port
settings when you plug them into another port.) The
CP1202 is identifiable by its square shape. Most of
the other commonly-used chips are more rectangular.

Fig. 2.1a: CP2102

¢21



Arduino & Co - Measure, Control, and Hack

Another advantage offered by this adapter is the DTR connection, which we can make
good use of. One should pay attention to this when purchasing - the most versatile
converter will have the following 6 connections:

¢ DTR

RX (or RXD)

TX (or TXD)

¢ +5V

GND (minus or ground)
+3,3V

©

©

©

©

Fig. 2.1b: Serial adapter based on the CP2102

Direct from China, these adapters often cost less than one euro. There are versions with
large standard USB connectors, which one can plug directly into a desktop or laptop
USB port. Others have a Micro USB port, which require the use of a Micro USB cable.
These are suitable for permanently connecting an adapter to the Pro Mini. The USB
cable then serves as an interface you can plug into the PC. If the adapter is only needed
for uploading programs to the board, then I prefer to get rid of the unnecessary
additional connectors (via the USB cable) and instead opt for the adapter with the
larger standard USB-A connector, which can easily be used as a pluggable adapter
cable, as in the project that follows.

2.1.1 Project: Universal serial adapter cable

Before we can begin with Arduino projects, we need a USB adapter. Important criteria:
A large, standard USB-A connector, CP2102 chip, 3.3 V and 5V connection as well as
another connection pin, which is usually labeled “DTR.” (Of course we also need the
GND, TX, and RX pins). With some wires and a few small components, we can create an
optimal universal adapter cable.

| We need:
- * 1 USB-to-serial adapter (CP2102 chip)
. ’ « 2 meters black wire (appr. 0.14 mm?)
, + 2 m red wire (appr. 0.14 mm?)
| ] + 2 m yellow wire (appr. 0.14 mm?)
+ 2 m green wire (appr. 0.14 mm?)

Construction

+ 2 m blue wire (appr. 0.14 mm?)
* 1 pin header, 6-way (e.g. BL 1 6 G)
* 2 jumper cables (each 1-pin, female)

Fig. 2.1.1a: The necessary parts * 1 heat shrink tubing (2.4 /1.2 mm)
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The red and black wires are important. Instead of yellow, green, and blue, one may opt
for other colors; all that matters is that all 5 colors are clearly distinguishable from each
other. The wire lengths are also up to you - I would use at least 1 meter. The signal still
comes through clearly at lengths of up to 3 meters. In order to bundle them into one,
neat cable, braiding is a good method, but the complete cable will then end up being a
bit shorter than the individual wires.

. GND #3.3Ve=——n
- = 5
GND%——GND
= VCCm'm = = = 5V e
RX X
= TX RX
DTR DTR:

)1
B : 5
e e e P PP Pk

Fig. 2.1.1b: Adapter connections and wiring

Figure 2.2.1b shows the adapters’ wiring. The dashed lines have no fixed, soldered
connections, but can rather be plugged into the USB adapters later. For example, one
could switch the VCC wire between 3.3 V and 5 V.

Once the 5 wires have been cut to the same length, it's best to start on the side of the
board with the 6-pin socket that will later be plugged into the Pro Mini’s pins. For this, a
BL 1 6 Z connector is suitable, but the higher-quality BL 1 6 G is even better, as it has
gold-plated contacts. Since such connectors tend to melt or warp during soldering,
moving the contacts, I highly recommend connecting each female socket to its male pin
counterpart before soldering (the male connector may even be significantly longer with
more contacts) to keep everything in place.

Now, the wires’ ends are stripped to about 2 mm (not longer than the socket’s solder
connections), and then soldered into place.
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Tip: Neat soldering

After stripping, the threads should be twisted gently by finger, so that no strands are
sticking out. Then, the wires can be tinned with the soldering iron and a small drop
of fresh solder. Important: Always put the soldering iron at the soldering joint first.
Only then do you touch the solder to the soldering joint (or on the border between
soldering iron tip and solder joint), rather than to the soldering tip alone, as the
solder is supposed to melt and spread out at the solder joint rather than just
spreading all over the soldering tip. It's completely wrong to first touch the solder to
the soldering iron and then introduce both to the area you wish to solder. Similarly,
contacts, pins or solder lugs are always tinned with a little fresh solder at first,
because only the flux within the solder causes it to spread along and adhere to the
metal surface. However, the flux evaporates quickly, so you need to use fresh solder
for each application, regardless of whether there’s solder hanging from the tip.
Rather tap or wipe the tip off occasionally. Most soldering stations have steel wool or
a sponge for the purpose - the latter should be moistened for the purpose.

Once the wires and sockets are tinned, the connectors should be fixed in place
somehow (e.g. using a weight or a clamp), so that the soldering area is easily
accessible. Before that comes a small piece of heat shrink tubing (somewhat longer
than the pins to be soldered).

Now, we have 6 contacts, but only 5
wires. This is because the black
ground wire (GND) is connected to the
first two pins. The best way to handle
this is to hold the wire between the
two pins and apply enough solder to
create a large solder joint between the
two Pins.

Fig. 2.1.1c: Soldered; loose heat shrink

Ensure that the heat shrink tubing is far
enough away when soldering, so that it
doesn’t shrink right already. The rest of
the wires can be soldered to the corre-
sponding connector pins. The wire after
the black is the red, which is soldered to
the “plus” connection, and then the
remaining three colors. When all the wires are soldered, the heat shrink sleeving is slid
down over the soldered connections, and shrunk firmly into place. For this, one may
hold each side of the connector assembly briefly over a cigarette lighter flame.

Fig. 2.1.1d: Heat shrink shrunk
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Fig. 2.1.1e

When the entire cable is braided,
leaving only a few centimeters
remaining, fix the braid with a
suitable clamp, as in the image on the
right, so that nothing can come loose.
This can also work with an ordinary
clothes peg. Individual longer wires
can be trimmed a little at this point.

Now, we can braid the wires. To do this, the connector
must be fixed, preferably on a table edge, so that you
can tug gently on the wires. With 5 wires, there are
several ways of proceeding: I always grab the outer-left
and outer-right wire alternately and place them over
the two wires immediately adjacent to each of them,
toward the middle.

Once a piece has been braided, use your fingers to separate the rest of the
wires in the unbraided cable remaining. This is, unfortunately, a bit tedious
when the remaining cable is still quite long.

Fig. 2.1.1f: Clamp

Now, the individual wires are soldered to the USB adapter. Note: Don't tin all of the
pins, as the red “plus” wire and the DTR wire are only connected when in use, not
soldered. The RX and TX cables must be crossed over; that is, the wire that goes to RX
on the other end of the cable must go to TX on the adapter side, and vice-versa. (There
may be another letter after the RX and TX abbreviations, but we can ignore these.) For
the black ground wire, there’s only a single pin on the adapter side. Note: Don't forget
to put the heat shrink tubing on the wires before soldering!

Fig. 2.1.1g: Soldered onto the header pins

Now, only the “plus” wire and the
DTR wire remain. These we will
make connectable. For this, we’ll
solder the ends of single-pin header
sockets from jumper wires. Best to
use jumper wires with the same
colors (so, red, and the color you
used for the DTR wire). We cut the
jumper wires about 3 cm from the
connector. Then, we strip about
3 mm of each wire, making sure

that we add heat shrink tubing to each wire (about 5 mm long), tin the wires and solder
them to each other - i.e. each of the remaining two wires gets a socket.
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Usage

Fig. 2.1.1h: Adapter cable, fully soldered

Depending on the board in use and the required operating voltage, the red “plus” wire
must be connected either to the 3.3 V pin or the 5 V pin. Should the board be supplied
with some other source of power, the red wire is not connected at all.

The DTR wire is needed so that the board can be reset automatically when required.
When uploading a program, the board must be reset at the correct point at the
beginning of the upload. One can also do this manually, by holding the Reset switch and
letting it go at the right point in time, but it's much simpler to let the DTR wire handle
this automatically.

Should you need to use the USB in the application, e.g. to send data from the board to
the PC (once the board has been programmed with your application), it's best to
disconnect the DTR wire. In this way, accidental reset can be avoided. The power
supplied by the red wire is only needed if the board is not otherwise supplied with
power (e.g. via the board’s RAW input).

2.1.2 Serial Micro USB adapter

This USB adapter is useful for when the USB
interface needs to be connected to the Pro Mini
board for long periods of time, for example in
applications that work with the PC and data is k=4 VT GND®
output, or if the board must be supplied with wat !!i" FBU0
power using the USB connector. Connection to the RS —

PC will then be done using an ordinary Micro USB Fig. 2.1.2 PC2102-based
cable. Micro USB adapter

YT

One may also make use of the Nano version, which has such a converter built in
(although it makes use of the CH340 chip).

¢ 26



Chapter 3 e Buying tips
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For microcontrollers and other components that we’ll need here, there are,
unfortunately no stores just around the corner that you can pop in to. Here, almost
everything is done via mail order. With online ordering, the world is open to us, with
enormous possibilities and opportunities, but also with some traps and pitfalls that we’ll
discuss here.

In this chapter, I'd like to offer some tips and suggestions for optimal component
purchases in order to save money and avoid problems. I'm independent, so I don’t get
anything in return from any of the companies mentioned below. In today’s digital world,
however, many things can change at any time. Therefore, please understand that, as an
author, I can’t guarantee all information, but I do want to pass on my extensive
experience in this area.

Prices also can change at any time. In 2017, for example, I actually bought some
ATmega328-based Pro Mini boards directly from China for 1.03 euro. Since then, the
prices have spiked again, for now. Therefore, the information on prices in this book can
only serve as a rough guide.

3.1 Local suppliers and domestic mail order companies

In many countries, mail order companies were known to sell to their own country,
predominantly. Some of them are older than the internet. In the past, they sent out
catalogs of various thicknesses regularly, and people ordered by phone, or even by
postcard. That’s how it was done in the last century. Today, of course, all of the major
mail order companies have online stores.

In big cities, there are usually electronic stores that offer ranges of electronics with
varying levels of comprehensiveness.

All these offerings are naturally different in every country. Nevertheless, I would like to
discuss some of them, especially those that have also established an international
trade, and are known beyond the country's borders.

3.1.1 Conrad Electronic

Conrad is a German company that has been around for a c

hundred vyears. It's a very large supplier of electronic FJNMD
components with the widest range of products in Germany

and meanwhile also internationally known. However, this diversity comes with a cost -
literally. Also, despite the large selection, some of the lower-priced components are
harder to find, while you can find others but at several times the price offered by other
retailers. Therefore, I cannot recommend Conrad Electronic, unfortunately.
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3.1.2 Reichelt Elektronik

Reichelt is also a German supplier, which today also sells m ® h I

internationally. In the offer are many standard electronic relc e 1.
. elektronik

components, stranded wires, consumables, etc. The

range of products is nowhere near as large as at Conrad, but the prices are usually

quite reasonable. There’s although no Pro Mini board to find at all. Some of the other

components that we need for the projects in the book can be found there.

3.1.3 Other online suppliers

There are several other suppliers in some countries, which I do not want to discuss in
detail here. Most of them also sell internationally, many also to private customers. The
prices often could be better, but it's also worth just browsing these sites. Therefore I
want to mention them briefly here:

Arrow Electronics | a US electronics distributor

TME | an electronics supplier based in Poland

Rutronik | another supplier from Germany

Pollin Electronic | only German & Austrian websites, but lot of cheap remaining stock

Lextronc | another supplier from France

Cotubex | a supplier from Belgium (side languages EN, FR and NL)

3.2 Big International online stores

With the spread of the internet, more and more online platforms have opened up that
enable you to place orders worldwide. Some serve exclusively as a platform for external
sellers, while others, such as Amazon, also offer a huge range of products themselves.

3.2.2 Ebay

Ebay does not sell items itself, but is merely a platform for many
dealers and private sellers. They're located around the world, m
especially in China, and offer their products from there - that’s )
where we find the cheap Pro Mini boards and the other

components we’ll need for our projects. Since the shipping is mostly from China, the

delivery time may often be over a month, depending on your destination address. Most
of the items can also be found at local dealers, but often at higher prices.
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Search settings

If you type in a search on ebay.com, numerous settings appear above and to the left of
the search results. These enable you to limit search results. Under “Item Location,” for
example, you can often limit the search to items that are shipped from your own
country or region, depending on your location. (Don’t confuse the location settings on
ebay.com with the regional Ebay sites, such as ebay.de, ebay.co.uk, or ebay.com.au -
these local sites show only items that are available for sale on them.) If you select
“Worldwide,” items from other country sites will also appear, sometimes even in other
currencies. You may also opt to use the local country sites as well.

Also you can sort items by using the options right above the search results. The setting
“Lowest price incl. shipping” makes sense if you're ordering only one item. If you need
to have 3 or 5 Pro Mini boards in stock, it's best to sort by lowest price (without
shipping). Then, take the resulting shipping costs into account when comparing.

There are countless other search settings, which I won’t go into individually here,
except to say: You can also click on “"Advanced” to the right of the “Search” button, and
get many additional search options.

Security on Ebay

Since you don’t know the sellers on Ebay, having comprehensive buyer protection is
important. However, you only get this on Ebay if you pay using PayPal. This payment
service acts as a trustee. If the goods don't arrive, are defective, or don’t match their
descriptions, you can file a "Case” and claim Buyer Protection.

3.2.3 Amazon

In contrast to Ebay, Amazon is not merely a platform for amazon
other sellers. Amazon also sells a lot of products itself.

Many items available there can be purchased directly from

Amazon, as well as from other sellers. A lot of the sellers store their products at
Amazon warehouses, make use of Amazon’s logistics, and Amazon takes care of the
shipping. As with Ebay, there are also many Chinese sellers who ship their goods
directly from China. Once again, for the microcontroller boards and other components

we need, these dealers usually offer the lowest prices. The downside is the lengthy
shipping times you can expect from China.

There are also black sheep among Amazon’s sellers, but, as a customer, you are still on
the safe side, as Amazon acts as a trustee (much like PayPal). Valid complaints are
almost always dealt with without a hitch.
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3.2.4 AliExpress
AliExpress belongs to the Chinese Alibaba group, and is

a gigantic platform for international trade - it's like a EXpreSS
Chinese version of Ebay. Here, we can find microcon-

troller boards, sensors, and other components in huge quantities and at the lowest
prices you’ll find. I order almost everything from AliExpress, even though the goods
often take over a month to arrive.

On the site, you can select different languages, but the site works best in English.
Communication with the sellers (if it’s at all necessary) is in English as well.

Searches on AliExpress can be a bit tricky. Most of the time, hundreds or thousands of
items will come up, most of which will disappear again when you sort by price.
Sometimes it helps to use different search terms. However, you have to select your sort
criteria after each search. Often, narrowing the search by using additional terms does
not result in fewer search results, as one would expect, but many more. If you click on
an offer that you found, it's worthwhile to check right at the bottom of that product’s
page, at the “Seller Recommendations” and “More To Love” sections. Often, the item
you're searching for can be found even cheaper there.

AliExpress shipping costs

Years ago, you could order many electronics parts from China on AliExpress for less
than one euro including shipping. That’s incredible when you consider that domestic
shipping alone (not including the value of the goods) often costs significantly more
in most countries. However, those times are over. While small, light goods still benefit
from moderate shipping costs, heavier goods (for example, speakers) are usually not
worth it.

Buyer Protection on AliExpress

As with the other online stores, AliExpress offers buyer protection to customers. A few
years ago, this was merely a bad joke. Even with clearly valid complaints, you'd be
required to provide photos, videos, etc., several times as evidence. As a buyer, you
often spent an hour of your time just to get 2 euro refunded.

This has changed significantly. With today’s buyer protection, the bad joke is now an
insane joke. By this, I mean that, even if you read in the tracking that your package
never left China, AliExpress decides in favor of the seller, with the terse remark that the
goods have been delivered, and even if a seller cheats and sells a completely useless
product, at best, you’'ll get the right to send the goods back to China at your own
expense, which, from most countries, usually costs more than the goods did.
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