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masteroppgaven.
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robotplattformen. Takk ogsé til deres ansatte for motivasjon og oppfordring til & skrive oppgave
innen maskinleering med praktisk og kreativ vinkling.



Sammendrag

Virveldyr har igjennom evolusjon utviklet kompliserte sentrale mgnstergeneratorer (CPG) i
sentralnervesystemet for lokomosjon for & avlaste hjernen med sykliske arbeidsoppgaver. Innen
robotikk er det interessant & etterligne disse mgnstergeneratorene for bevegelseskontroll. Det er laget
en forenklet modell for a etterligne CPG med Hopf-stabile oscillatorer i et periodisk nevralnettverk.
Noder i nevralnettverket optimaliseres ved hjelp av en evolusjonsalgoritme kalt genetisk algoritme.
Det er konstruert en firebeinet "quadroped” robot hvor nevralnettverket er implementert. Videre er
det laget et treningssystem som trener opp roboten basert pa ulike ytelsesmal som hastighet, balanse
og energieffektivitet.

Resultatene viser at treningssystemet basert pa genetiske algoritmer har en unik evne til a raskt finne
lgsninger i et komplekst lgsningsrom med bedre resultat enn ved typisk "ovenfra og ned design". Etter
trening sammenlignes egenskaper innen lokomosjon med manuelt instilte parametere. De opptrente
parameterene gir roboten en signifikant forbedring iht. stabilitet og energieffektivitet.

Det er ogsa testet hvordan genetiske algoritmer kan anvendes til & trene opp robotens adaptive
egenskaper. Ved a gdelegge to av beinene til roboten, klarte den ikke & balansere med tidligere
optimale bevegelsesparametere. Den ble sa overlatt til treningssystemet, hvor roboten raskt leerte seg
& finne nye méater 4 ga pa.



Forkortelser og ordforklaringer

Forkortelse  Engelsk Norsk beskrivelse
Gait Bevegelsessammenheng mellom gangmgnster (ganglag)
Swing phase Pendelfase i bevegelsesmgnster (fotlgft)
Stance phase Standfase i bevegelsesmgnster (bakkekontakt)
Autonomos robot Robot som tar valg basert pa omgivelser og prosess i stgrre grad
Bioroboticks Fagomrade som kombinerer robotikk og biologi
Morfology Kroppsbygningen til en organisme
Quadruped Mobil robotplattform med fire bein
Fitness function Ytelsesfunksjon

Al Artificial intelligence Kunstig intelligens

COM Communication Port Seriell kommunikasjonsport

coT Cost of transport Energikost for transport

GA genetic algorithms Genetiske algoritmer

IMU Inertial measurement unit Treghetssensor

RNN Recurrent Neural Network  Periodisk neuralnettverk

CAD Computer Aided Design Dataassistert konstruksjon
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Kapittel 1

Innledning

Roboter og automatiserte systemer blir en stadig stgrre del av hverdagen innen mange fagomrader.
@konomiske insentiver driver en massiv omstrukturering innen automatisering av systemer og
arbeidsoppgaver. Utviklingen skjer fort, men arsaker som beskrevet av Moravec paradoks! har holdt
igjen utviklingen av fysiske roboter sammenlignet med annen digital teknologi. Grad av autonomi
og evnen til & tilpasse seg ukjente omgivelser er store utfordringer innen mobile robotplattformer. I
tillegg er det resurskrevende & utvikle og optimalisere systemer til roboter som skal samhandle med
den fysiske omverdenen med typisk “ovenfra og ned” design. Ingenigrer ma forhandsprogrammere
mulige tenkte scenarier slik at roboten kan ta riktige valg nar den kommer over problemstillinger den
ikke er kjent med.

Denne oppgaven har til hensikt & utprgve selvlering innen roboter, og da spesielt hvordan
maskinleering og genetiske algoritmer (GA) kan anvendes til opptrening av lokomosjon til en fysisk
robot. Ved & gi roboter en viss grad av selvinnsikt for evaluering av egen ytelse, kan roboter fa frihet
til & utvikle seg selv. Vi som utviklere definerer rammene roboten kan arbeide i og hvilke egenskaper
og ytelser vi gnsker av roboten.

1.1 Mobile roboter

En robot er en menneskelaget maskin som utfgrer arbeidsoppgaver. Noen arbeidsoppgaver ble
opprinnelig utfgrt av mennesker. Andre arbeidsoppgaver har blitt muliggjort etter at roboten ble
introdusert. Oppgavene kan utfgres automatisk eller ved fjernstyring. Navnet “robot” er fgrst
introdusert av Karel Capek i 1923 hvor han beskriver menneskeskapte maskiner i et teaterstykke.
Ordet robot kommer fra det tsjekkiske ordet "robota” som betyr "tvunget arbeid”.

Implementering av roboter i arbeidsoppgaver kan bade redusere kostnader samt gke grad av
ngyaktighet, produksjonshastighet og utholdenhet. Anvendelse av roboter kan og redusere risiko
under farlige arbeidsoppgaver, som for eksempel lakkering, minerydding, dykking eller brann og
redningsarbeid.

Ved & gi en robot evnen til a forflytte seg, kan man utvide horisonten for applikasjoner hvor roboter
kan anvendes. Innen utvikling av mobile roboter er det mange problemstillinger det arbeides med a
forbedre:

IMoravecs paradoks: Hgy-niva beslutningsprosess krever ikke mye beregningskraft, mens lav-niva beregninger, som
bruk av sensorer for a sanse omverdenen og mangvrering krever enorm grad av beregningskraft og kompleksitet



Lokalisering

Mobile roboter ma ha en mate & beregne sin posisjon. Mange systemer kan kombineres for at en robot
skal kjenne sin lokasjon som f.eks. GNSS-system, IMU-sensor, lidar/radar teknologi og kamera.

I tilleg bgr en mobil robot ha systemer for a gjenkjenne objekter i naerheten. Dette for & unnga
kollisjoner og planlegge rute for & lgse arbeidsoppgaver.

Energiforsyning

Ofte er mobile roboter drevet at elektrisk energi. Dermed er de ogsa begrenset til energien den
kan baere med en gitt batterikapasitet. For & lade opp batteriene kan f.eks solenergi hgstes med
solcellepaneler, eller roboten kan mangvrere seg til en strgmforsyning.

Grad av autonomi

For mobile roboter trengs en hgy grad av autonomi. En mobil robot ma hele tiden overvake sine
omgivelser, og ta valg basert pa hvordan den skal samhandle med omverden. Roboten ma unnga
kollisjoner, planlegge transport og lgse oppdragene de er gitt. Autonome systemer bgr utvikles slik
at de kan ta avgjorelse for a ikke ga i las nar uforutsette eller ukjente hendelser oppstar. Et eksempel
pa et autonomt styringssystem er "hybrid deliberate/reactive paradigm”.

Maskinleering av typen som er foreslatt i denne oppgaven kan veere en byggeblokk i et autonomt
system. Dermed kan roboten selv trene seg opp til en fungerende lgsning nar den innser at den star
ovenfor et problem.

Lokomosjon

En mobil robotplatform ma ha en mekanisme som gir forflytning. Det kan veere ved hjelp av hjul,
belter, bein, vinger eller oppdrift. Ulike arbeidsoppgaver gir ulike behov for metoder.

Fordelen med roboter som anvender bein til lokomosjon er den unike evnen til & mangvrere seg i
terreng og over hinder. Det er ogsa ansett som mye tryggere enn flyvende roboter, spesielt dersom
roboten skal samhandle med mennesker.

1.1.1 Energikostnad for lokomosjon

Lokomosjon, evnen til & bevege seg fra et sted til et annet, har veert en essensiell brikke i et
evolusjonsperspektiv til det mangfoldet av arter vi finner rundt oss i dag. I millioner av ar har naturen
provet og feilet seg fram til et unikt mangfold av arter. Hver art ofte med en unike egenskaper for a
overleve og samspille ovenfor andre arter i sine territorielle omrader. Sa nar ingenigrer skal designe
og utvikle energieffektive robotplattformer, hva er vel bedre en & hente inspirasjon fra naturen?

For & beregne effektivitet under lokomosjon har V. A. Tucker (1975)[1] definert et felles mal pa
energieffektivitet under transport. Tucker definerer utrykket ”cost of transportation”, COT, som
representerer hvor mye energi et dyr forbruker per vektenhet ganger avstand tilbakelagt.

E
T=— Enhetsl 1.1
cO mgd [Enhetslgs] (1.1)

Hvor:

E = energi forbrukt (Joule) [kagS 5]
m = masse [kg]

g = tyngdeakselerasjon [Z3]

d = horisontal distanse avlagt, [m]




Tucker har undersgkt energieffektiviteten til forskjellige dyrearter, oppsummert i figur 1.1. Sangok
Seok et. al, 2013[20] har lagt til datapunkter fra forskjellige roboter som anvender bein som lokomosjon
til sammenligning.
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Figur 1.1: Sangok Seo et. al,2013 page 3307 [20]
Copyright © 2013, IEEE

Det er spesielt interessant hvordan arters effektivitet har et linesert forhold mellom arters
transportkostnad og vekt. Det er ogsa interessant hvordan svemmere er mer effektive enn flygere,
som igjen er mer effektive en arter med bein. Altsa er lokomosjon ved hjelp av bein lite effektivt, men
evolusjonen har allikevel utviklet arter for & vandre og utforske jordens store landomrader.

Lav COT verdi sees pa som en god egenskap for lokomosjon, og kan dermedanvendes som ytelsesmal
for opptrening av roboten. I tillegg kan robotens ytelse sammenlignes med andre dyr og roboter i
samme vektklasse.

I en robotapplikasjon er det interessant & vite hvor mye av energiforbruket som gar med til faktisk
forflytning. Sangok Seok et. al, 2013[20] har analysert energiforbruket for deres firebeint robot
Cheetah, og funnet at kun 26,5% av energiforbruket gir til mekanisk kraft for lokomosjon. 6,5 %
gar med for & drive elektronikk og 67% er tapt til varme. Det er altsa fortsatt en del & hente innen
energieffektivitet i firebeint-roboter.



1.2 Biologi som inspirasjon

Fagfeltet hvor roboter henter inspirasjon fra biologi kalles biorobotikk. Roboten som er konstruert i
denne oppgaven har flere elementer som er inspirert av biologi.

1.2.1 Robotkonstruksjon med inspirasjon fra en katt

Martin Fischer og Reinhard Blickhan 2006[6] har studert hvordan anatomien til virveldyr har utviklet
seg igjennom evolusjon. De har funnet at dyr som har utviklet seg fra 2-segment til 3-segment
beinkonstruksjon har en stor fordel innen stabilitet, hastighet og energieffektivitet. A. Sproewitz et.
al, 2009[21] foreslar et 3-segment design til beinene for firbeinte robotapplikasjoner. I arbeidet med
denne oppgaven er det bygget en firebeinet-robot med bein basert pa dette 3-segment-designet.

1.2.2 Sentrale mgnstergeneratorer

I ryggraden til alle virveldyr finnes nervesammenkoblinger som styrer muskelaktuatorer[14].
Disse sammenkoblingene produserer periodiske signaler som kan trenes opp til ulike mgnster.
Nervesammenkoblingene kalles sentrale mgnstergeneratorer (CPG, central pattern generators).
Mgnstergeneratorene har til hensikt & avlaste hjernen i & utfere repetitive og syklsike motoriske
oppgaver, som for eksempel pust, tygging eller lokomosjon.

Ved hjelp av disse mgnstergeneratorene kan et dyr opprettholde et bevegelsesmgnster til muskler
som styrer lokomosjon uten konstant korrigering fra hjernen. Hjernen fungerer da som et overordnet
kontrollorgan som kun sender signaler som gnsket hastighet og korrigeringer for balanse.

I artikkelen ”Central pattern generators for locomotion control in animals and robots: A review”[9)
oppsummerer Auke Ijspeert hvordan CPG kan representeres med en matematisk modell for anvendelse
i robotapplikasjoner.

Roboten produsert i denne oppgaven har implementert en modell av mgnstergeneratorer som kun
trenger overordnede styresignaler for a iverksette et lokomosjonsmgnster. Videre er disse oscillatorene
implementert i et kunstig nevralnettverk som trenes opp ved hjelp av genetiske algoritmer.

1.2.3 Evolusjonsalgoritmer

I naturen kan man si at biologiske systemer utvikles mot en optimal struktur hvor arter lever i
et balansert samspill. Hver art utvikler sin populasjon, ut fra evnen til & overleve og evnen til
reproduksjon. Suksessraten til hvert individ er gitt av et komplekst forhold basert pa hvor godt
organismen klarer & overleve i sitt miljo ("@kologisk utvalg”) og evnen til reproduksjon (”Seksuelt
utvalg”). Stokastiske forhold spiller ogsé inn.

Fagfeltet som anvender algoritmer basert péa evolusjon for maskinleering kalles ”Evolutionary
robotics”. Denne oppgaven anvender en evolusjonsalgoritme kalt genetisk algoritme (GA) for &
optimalisere gangmgnsteret til roboten. Egenskaper som beskriver robotens bevegelse blir lagt inn
vektorer tilsvarende kromosomene til DNA-molekyl. Algoritmen utvikler denne vektoren iterativt mot
en bedre suksessverdi, gitt en ytelsesfunksjon. Underveis i treningsalgoritmen gjgres det ytelsesmal
av roboten som avgjer om kombinasjonen av gener vil overleve og utvikles til neste generasjon.

Pa denne maten kan vi som utviklere definere to ting: Spillerommet roboten har a prgve og feile i,
samt hvilke egenskaper vi gnsker roboten skal utvikle seg til & bli bedre i. Sa er det opp til roboten
& utvikle seg mot en god lgsning selv.



1.3 Relatert arbeid

Dette delkapittelet gir noen interessante eksempler pa relevant forskning innen mobile robotplattfor-
mer.

1.3.1 Mobile robotplattformer

Boston Dynamics kan sees pa som en av de ledende innen robuste mobile robotplattformer. De har
utviklet flere roboter med eksepsjonell mangvreringsevne og hgy grad av autonomi. Siyuan Feng et
al.[5] beskriver hvordan inverskinematikk og hgynivakontroller er utviklet for & handtere et skadested
i en krisesituasjon i humaniodroboten Atlas.

Figur 1.2: Roboten Atlas under konkurransen DARPA Robotics Challenge Finals
©[ IEEE-RAS 15th International Conference on Humanoid Robots 2015][5]

Ved Cornell University 1 USA er det laget en seerdeles effektiv robot. Roboten Ranger1.3 har rekorden
for mest energieffektive firebeint robotplattform (pr. juni 2018). Ranger har en COT verdi pa 0,19,
og har lgpt ultra-marathon pa 65.12 km uten lading eller menneskelig hjelp.

Figur 1.3: Roboten Ranger
©[ 2016 IEEE International Conference on Robotics and Automation (ICRA)][11]



Roboten som er produsert i denne oppgaven er inspirert av roboter utviklet ved EPFL Biorobotic
Labratory i Sveits. Ved EPFL har forskerene stort fokus pa biorobotikk. De har mange
interessante prosjekter, f.eks gjenskaper Peter Eckert et al.[4] sentrale mgnstergeneratorer (CPG) for
anvendelse i roboter, bade for styring av beinene og en fleksibel kontrollerbar ryggrad. Robotenes
mekaniske konstruksjon og bevegelsesmgnster er etterlignet morfologien til firbeinte dyr eller
amfibier. De utvikler dynamisk stabile roboter som ikke trenger lukkede reguleringsslgyfer med
sensortilbakemelding for stabilitet. Bilde 1.4 viser deres robot CheetahCub, som har en toppfart
pa 6,9 kroppslengder per sekund. I 2013 var dette raskest i verden for 4 beint roboter under 30 kilo.

/ ’ ////'/ /
Figur 1.4: Roboten CheetahCub. tre-sementert beinkonstruksjon
Copyright: Biorobotics Laboratory, EPFL

1.3.2 Evolusjonsalgoritmer

Dette delkapittelet viser noen eksempler pa arbeid andre har utfgrt innen evolusjonsalgoritmer.
Simulering

Karl Sims eksperimenterte allerede i 1994 med hvordan GA kan utvikle datasimulerte skapninger
i et kunstig 3-dimensjonalt rom[3]. Skapningene ble programert til & fglge gitte fysiske regler i et
programmert miljg hvor skapningenes morfologi utvikles gjennom generasjoner. Ytelsesmal ble sa
rangert basert pa om skapningene nadde resursene fgrst. Forskjellige arter utviklet seg mot a lgpe,
krype eller hoppe mot resursene. Men sa utviklet andre arter seg til & heller ta ut konkurrentene sine.
Dette er et eksempel pa hvordan roboter programert med evolusjonsalgoritmer kan ende opp med
lgsninger som ingenigrene ikke har forestilt seg pa forhand.

Fysiske roboter

Evolusjonsalgoritmer er ogsa anvendt innen fysiske roboter. Ved universitetet i Oslo har forskere
utviklet sanntids leeringsalgoritmer for & trene opp en tobeint pneumatisk kyllingrobot "Henriette".
De har anvendt en kombinasjon av en genetisk algoritme og ”hill climbing” algoritme. Malet er &
gke robotens evne til & overleve robuste og ukjente forhold[7]. PA NTNU anvender Nicolas Bredech
et al.[2] evolusjonsalgoritmer for & trene opp sma robotagenter som arbeider i en sverm. Agentenes
interaksjon med hverandre og omgivelsene er begrenset til enkle regler, men sammen fgrer svermen
til et globalt mgnster som evalueres mot ytelsesfunksjoner.



Mekaniske konstruksjoner

Evolusjonsalgoritmer er ogsd anvendt innen optimalisering av mekaniske konstruksjoner. I 2005
sendte NASA opp en mikrosatelitt ”Space Technology 5”. Pa satellitten var det montert en
kommunikasjonsantenne utviklet med evolusjonsalgoritmer, vist i figur 1.5. Dette er det fgrste
objektet utviklet med denne typen kunstig intelligens til a fly i verdensrommet.

(b)

Figur 1.5: ©[Antennas and Propagation Society InternationalSymposium 2005] IEEE[13]

"Additiv tilvirkning” er en konstruksjonsmetode som har hatt stor utvikling de siste arene.
3D-printing i plastikk og metall gjor det mulig & konstruere materialer i komplekse mgnster
som konvensjonelle maskineringsprosesser ikke klarer. Dette apner for mer kompliserte mekaniske
konstruksjoner som kan optimaliseres med evolusjonsalgoritmer. Konstruksjoner utviklet med
evolusjonsalgoritmer er et fagomrade kalt ”generativt design”. Figur 1.6 viser deler til et longboard
som er 3D-printet i titan, hvor designet er optimalisert med generativt design av Philipp Manger ved
EAH University.

|SAVANNNS
e

(b)

Figur 1.6: Prisvinnende titankonstruksjon designet med generativt design.
a) viser 3d modell av konstruksjonen, mens b) viser ferdig produsert komponent
Gjengitt med tillatelse fra Philipp Manger
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1.4 Oppgavens malsetning

Malet med oppgaven er & utforske hvordan genetiske algoritmer kan anvendedes for & optimalisere
gangmgnsteret til en robot. I tillegg er det gnsket & utforske hvordan genetiske algoritmer kan gke en
robots evne til & tilpasse seg ukjente omgivelser. Det er dannet en hypotese rundt problemstillingen:

"Kan genetiske algoritmer anvendes for opptrening av semntrale mgnstergeneratorer i en firebeint
robot?”

I oppstarten vurderte jeg forst & simulere et robotsystem for sa & implementere bevegelsesparameterne
i en praktisk robot. Dette gikk jeg imidlertid bort ifra, og valgte i stedet a fokusere pa & kun utfgre
treningsalgoritmene péa en fysisk robot. Dette av to grunner. For det forste er oppgaven tidsbegrenset.
For det andre kommer den bergmte forskjellen mellom teori og praksis. Firebeint bevegelse er
en kompleks dynamisk og ulineszer problemstilling, hvor tilnserminger og modellfeil vil akkumulere
seg opp og totalt bidra til en signifikant forskjell mellom simulert og faktisk system. Alexander
Sprowitz et al. [22] har simulert et lignende robotsystem hvor parametere finnes ved Partikkel-sverm
optimalisering. De har oppdaget signifikante forskjeller mellom teori og praksis. Spesielt innen modell
av friksjonskrefter, ledd og fjeer-demper system, samt treghet i servomotorer med hgy gir-rate.

Det er altsa laget en ekte robot, som ma trenes opp til & fungere pavirket av fysikk i den virkelige
verden. Siden hypotesen skal utprgves praktisk har dette stilt krav til 4 finne en metode for
lokomosjon som ikke er for kompleks, hvor mange unike bevegelsesmgnster kan testes med faerrest
mulige parametere. Det er funnet at Hopf-stabile oscillatorer kan anvendes for a etterligne CPG som
oppfyller dette kravet. Dermed kan robotens gangmgnster justeres ved fa, men unike parametere.
Metoden krever hverken tilbakemelding fra sensorer eller iterativ kalkulasjon av invers kinematikk
for baneplanlegging. Oscillatorene er integrert i et nevralnettverk, hvor noder i nevralnettverket trenes
opp av genetiske algoritmer.

Andre har ogsa arbeidet med optimalisering av CPG nettverk med evolusjonsalgoritmer i simulerte
miljger, som Lewis et al.[12] og Miguel Oliveira et al.[17]. Denne oppgaven har derimot en praktisk
tilngerming til problemet.

Oppgaveteksten er:

”Optimalisering av gangmgnster for firebeint robot med en genetisk algoritme”.
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Kapittel 2

Teorl

2.1 Verktgy for robotkonstruksjon

3D-tegneverktgy, CAD

Robotens hovedkonsruksjoner er tegnet i 3D-tegneverktgyet Autodesk Fusion 360.! Robotens
komponenter tegnes hver for seg, og alle delene legges inn i et felles ”assembly”, vist i figur 2.1.
Komponentene settes sammen ved a definere delenes relative posisjoner. Linezre og roterende
koblinger defineres slik at bevegelige sammenhenger kan simuleres.

@ Gencatv...bly e +

H Boo@a @ b B = =¥ . QN

SKETCH CREATE ¥ WODIFY ™ | ASSEMBLE~ | CONSTRUCT® ' INSPECT~ | INSERT™ | MWAKE™ = ADDNS™ SELECT™ | POSTION

HC-12 514463 WRELESS SER.

4 BROW!

@
il

<z

TGY1501 v7:3
TEY1501 vT:4

TGY1501 V75

TGY1501 V76

TEY1501 7.7

TGY1501 v7:8
LegAssemblyRIGTH v83:1
LegAssemblyRIGTH v89:2
ServoAdaptsr LEFTv1g:1
ServoAdapter LEFTv15:2
ServoAdapter RIGHT v2:1
ServoAdaptsr RIGHT v2:3
Screen v13:1

CIMCU-218 NA219 v1511
Radial Leaded Fuse Holders £
Radial Leaded Fuse Holders £
15T 2pin w14

5T 2pin vi:2
PCBbracket v6:1

heil 81
LegAssembly_Left v21:1
LegAssembly_Leftv21:2
Turnigy Nano-Tech 1000mA v.
CoordinateSys v:1
GoordinateSys v5:2

Male Header -X-TH 2.54mm P.

Wale Header -X-TH 2.54mm P.
Male Header -X-TH 2.54mm P.

Male Header -X-TH 2.54mm P.

Collte Lol el ol el el el ol ool ol el sl ol ol el ol el ool ol el o el el o L ol ol o
DOLDOLODOEREFLULLOLREFELUDUOBRERERERERE
R A A A A A A A T A A A A A A A A A M s A T A A T A

VOV IIIIIVIIOIIIOIIIVIIOIIIIIID

Wale Header TWO v3:1

COMMENTS o

Figur 2.1: Skjermdump av robotsammenstilling i 3D-tegneverktgyet Autodesk Fusion 360

Thttps://www.autodesk.com/products/fusion-360
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3D-printede deler

Robotens hovedkomponenter er produsert med en 3D-printer av type Monoprice Maker Select V2.
3D-printing er en additiv konstruksjonsteknikk som muliggjor rask utvikling gjennom generasjoner
av prototyper.

Bilde 2.2 viser deler til robotbeinene under konstruksjon i 3D-printeren.

Figur 2.2: 3D-printer under konstruksjon av deler til robotens bein

For & 3D-printe robotens deler blir CAD modellene konvertert fra 3D til lagsis 2D-modeller via
”slicer”-programmet Cura.? 3D-printeren varmer s& plastikk opp til smeltetemperatur med en
ekstruder hvor ekstruderen tilfgrer plastikken lagsvis fra bunn til topp.

Kretskortdesign

Kretskort som er utviklet er tegnet i designerverktgyet Autodesk Eagle v.8.7.0.> Programmet har
bibliotek for alle standardkomponenter, mens noen komponenter ma tegnes inn manuelt. Forst tegnes
et koblingsskjema hvor komponentenes spenningstilfgrsler og sammenkoblinger defineres. Deretter
legges komponentene ut pa en 2D tegning av kretskortet hvor kretskortbanene og gjennomfgringer
legges til. Det er en kobling mellom Autodesk Eagle og Autodesk Fusion 360 slik at 3D-modell av
kretskort automatisk synkroniseres med 3D-modell av roboten.

Designet er sendt til produksjon i Kina av Elecrow Technology.

2https://ultimaker.com/cura
Shttps://www.autodesk.com/products/eagle/free-download
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2.2 Bevegelsesmgnster

Dette kapittelet beskriver hvordan Hopf-oscillatorer kan anvendes for en forenklet matematisk modell
av en sentral mgnstergenerator (CPG). A anvende Hopf-oscillatorer gir muligheter for & styre
lokomosjon hos bade to og firebeinede roboter. For eksempel kan flere oscillatorer kobles i serie
for & kunne gjenskape mer kompliserte bevegelsesmgnsteret. L. Righetti og Auke Jan Ijspeert[18]
foreslar hvordan en sum av oscillatorer kan trenes opp til et kjent signal, som kan veere signaler malt
fra beinbevegelser til dyr. En sum av adaptive oscillatorer kan sa trenes opp for a bli tilnsermet lik det
gnskede signalet, lignende en Fourier serie representasjon. I denne oppgaven er det imidlertid fokus
pa a finne en forenklet modell. Det er valgt & representere hvert bein med en oscillator.

2.2.1 Hopf-oscillator

En Hopf-avgrening er definert som det punktet hvor et system beveger seg fra en stabil tilstand og
over i en marginalt stabil tilstand hvor en oscillasjon oppstar rundt et lokalt punkt.

System som passerer det sub-kritiske punktet i Hopf-avgreningen gér over til & ha rene imaginzere
komplekskonjugerte poler som gir en staende oscillasjon rundt punktet. De staende periodiske
svigningene som oppstar defineres som en ”limit cycle”, og kan nyttes som en signalgenerator. Dette
gir en "Hopf-oscillator”.

Det unike med oscillasjonen er at hvis en patrykker systemet en forstyrrelse, konvergerer det tilbake
til den periodiske lgsningen. Oscillatoren som er valgt er hentet fra Simon Rutishauser et al.[19] som
har laget et lignende robotsystem med koblede Hopf oscillatorer.

A anvende Hopf oscillatorer for & representere sentrale mgnstergeneratorer oppfyller kjente egenskaper
for bevegelse:

o Kjent rotasjonsretning

o Syklisk/periodisk/rytmisk

o Stabilitet ved patrykte forstyrrelser

o Trenger ikke tilbakekobling av sensor

o 2 faser i bevegelsesmgnsteret: Standfase og pendelfase. Hver fase kan ha ulik tidskonstant.

o Hastighet og svingamplitude kan endres under bevegelse, hvor oscillatoren konvergerer mot nye
mgnster kontinuerlig.

o Fasekobling mellom beinene kan endres i sanntid.

Det er mulig & legge inn offset for styring av balanse, men det er ikke implementert i denne oppgaven.
Andre lignende oscillatorer som Matsuoka’s eller Rayleigh’s kan gi ikke-sirkulsere mgnster, foreslatt
av Julien Nicolas[16].
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Oscillatoren gitt ved ligning 2.1 bestar av to koblede ulinezere differensialligninger. Systemet har
stdende oscillasjoner i de to dimensjonene x og y.

Z; 204(,“ - 7”@2>$z — W;Y;

Ui =B (p — 7"@2)% + wir; + 3 kijy;
j

Wstand Wpendel

(2.1)

Wi =T b
e 1 ey 1
Hvor:

z,y = Utganger fra oscillator.
@>0 = Onsket amplitude pa utgangssignal (kvadrert)
r =/ (z* +y?)
a, = Konstanter for konvergeringstid
wj = Oscillasjonsfrekvens
Wpendet = ©Dnsket oscillasjonsfrekvens, pendelfase
Wstanda = Dnsket oscillasjonsfrekvens, standfase
b = Konstant for overgang mellom faser
>, kijy; = Skyver systemet til gnsket faseforskyvning
kij = Koblingsmatrise

Figur 2.3 viser et eksempel pa et system med staende oscillasjoner som kan defineres som en Hopf-
oscillator. Vi kan se for oss en ball i en roterende rigid og hul sfeere. Sfeeren starter a rotere med
en konstant hastighet w, hvor ballens posisjon i to dimensjoner maéles. Ballen vil slynges oppover
ytterveggen, hvor svingningsamplituden i X og Y retning vil g& mot en endelig verdi. Numerisk ma
en ”sa” en initialverdi x eller y # 0 for & starte oscillasjonene. Na er ikke dette systemet identisk med
systemet i ligning 2.1, men de baserer pa samme stabilitetsprinsipper. (Eksempelet er hentet fra J.
E. Marsden og M. McCracken "The Hopf Bifurcation and Its Applications”, 1976[15])

w

e

X

Figur 2.3: Eksempel pa et oscillerende system.
Kule i roterende sfeere gir staende svingninger i to dimensjoner
Vinkelhastighet w gir radien til oscillasjonene i X og Y dimensjon.
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Oscillatoren er implementert i MATLAB for & visualisere hvordan signalet utvikler seg. Figur 2.4 viser
utviklingen.

Initielt er p lik 1, men endres til 1,52 etter t = 6 sekunder. Utgangen endres kontinuerlig mot den
nye radien. Qvrige parametere: @ og f = 2, b = 100, Wpendel = 3, Wstand = 9,

Hopf oscillator

X2
=)

Figur 2.4: Hopf oscillatorens utvikling ved endring av amplitude

Koblingsmatrisen K sgrger for at robotens fasekobling mellom beinene (ganglag) opprettholdes.
Ganglaget er gitt av hvilken koblingsmatrise som anvendes. Koblingsmatrisen kan endres i sanntid.

0 -1 -1 1 o -1 1 -1 0 1 -1 -1 o -1 1 -1
K= -1 0 1 -1 -1 0 -1 1 1 0o -1 -1 -1 0 -1 1
-1 1 0 -1 1 -1 0 -1 -1 -1 0 1 -1 1 0 -1
1 -1 -1 0 -1 1 -1 0 -1 -1 1 0 1 -1 -1 0
Trav (Trot) Passgang (Pace) Bundet (Bound) Skritt (Walk)

Figur 2.5 viser hvordan ganglaget kan skiftes i sanntid. Roboten starter gange med koblingsmatrise
for passgang. Hver oscillator justerer seg selv mot riktig faseforskjell, etter t = 2 sekunder. Ved t =
4 sekunder endres koblingsmatrisen fra passgang til trav, og ved t = 7 sekunder har roboten justert
inn faseforskyvningen korrekt tilpasset det nye ganglaget.

Amp

Amp

Amp

Amp

Figur 2.5: Fasekobling under endring av gangmgnster fra passgang til trav.
Her plottes X verdien fra oscillatorene.
Koblingsmatrise K endret ved t = 4
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2.3 Periodisk nevralnettverk

De koblede Hopf-oscillatorene implementeres i et kunstig nevralnettverk. Nevralnettverket er av type
periodisk ("recurret”) pga. tilbakekobling i Hopf-oscillatorene. Parametere til Hopf-oscillatorene, samt
forsterkning og skyv (offset) til motorene defineres som innganger eller noder i nevralnettverket.
Det er disse inngangene og nodene som trenes opp med genetiske algoritmene. Dette er beskrevet
i neste delkapittel. Enhver unik genkombinasjon i nevralnettverket resulterer i unike sykliske
bevegelsespadrag til motorene (fenotype). Dette igjen forer til malbare ytelser (hastighet, stabilitet

og energiforbruk). De mélbare ytelsene gir nevralnettverkets utgangsnoder.

Periodisk nevralnettverk Fenotype OI:;E’)‘F"
Hopf CPG
oscillatorer
Osg‘i:l'lzflur Osticll‘;ftor X : PR:)I:I
ront venstre Front heyre i : Iichn’
Hi= D6, Y] @ ET\ s
r Yi '
(+) fEay Motorer
Hopf Hopf : » mls i
(—' Oscillator Oscillator ' S (8 Stk)
W_Pe Bak venstre Bak hzyre G ! . .
W_Sw k / Bxi Xl H
Byi Gy; !
ZL} |7 i i L uis
(Reccurring) ;
Genotype '
FrekvensVariabel, pendel i W_Pe H
FrekvensVariabel, stand W_Ssw :
Amp gain front Gxf E
Amp gain bak Gxp '
Offset, X front = Bxf H
Offset, Y front Byf '
Offset, X bak Bxb '
Offset, Y bak Byp !

Figur 2.6: Nettverkstruktur i periodisk nevralnettverk. Parameter i genotype gir et syklisk

motorpadrag (fenotype), som igjen forer til malbare ytelser.
Forklaring til figur

Genotype:

Wsw, Wpe = Frekvensvariabler som styrer tid for pendelfase og svingfase

Gxy = Forsterkning, hofte bak
Gxp = Forsterkning, hofte foran
Bxy = Forskyvning, hofte bak
By = Forskyvning, kne foran
Bxy = Forskyvning, hofte bak
By = Forskyvning, kne foran
Ovrig:
H; = Utgangen til oscillator i (i representerer bein 1 - 4)
X,; = Hofteposisjon, bein i
Y; = Kneposisjon, bein i
K = Kobling mellom oscillatorene sgrger for a opprettholde faseforskjell mellom bein
S = Metning for motorenes maksimalposisjoner

Z~1 = Tilbakekobling fra forrige tidssteg

17



2.4 Treningsmetode: Genetiske algoritmer

Genetiske algoritmer er en stokastisk optimaliseringsmetode forst introdusert av Holland [8], 1975.
Metoden har utspring fra Darwins evolusjonsteori, hvor hensikten er & sgke etter globale optimale
lgsninger i et komplisert multidimensionelt lgsningrom. Genetiske algoritmer er en avgrening under
"reinforcement” maskinleering, igjen avgrenet under kunstig intelligens (AI).

Genetiske algoritmer er typisk anvendt der det er for komplekst & prgve ut alle mulige kombinasjoner
av parameter i en funksjon, hvor det trolig er flere lokale maksima. Ytelsesfunksjonen trenger ikke
& veere kontinuerlig. Genetiske algoritmer har en unik egenskap for a raskt finne globale toppunkt
i et gitt sgkeomrade. Funksjoner som mutasjon og parameterkrysning gjgr at algoritmen har en
eksperimentell og uforutsigbar fremgangsmate, hvor andre optimaliseringsmetoder (som gradientsgk)
kan komme til kort[23]. I figur 2.7 er det visualisert en ytelsesfunksjon gitt to funksjonsparameter.
Gradientsgk kan her konvergere mot et lokalt topp-punkt, uvitende om andre toppunkt finnes i
lgsningsrommet.

I denne oppgaven anvendes genetiske algoritmer for & utvikle nodene (genotype) i nevralnettverket
figur 2.6 mot verdier som gir bedre ytelse malt mhp. lokomosjon.

10 ~

Ytelsesverdi

10

5 8
4 6

Parameter 1 e Parameter 2

Figur 2.7: Figuren viser en lgsningsrommet gitt to diskrete variabler.
Genetiske algoritmer kan hoppe mellom topper i lgsningsrommet.
Diskretisering gir en grovere oppdeling av ytelsesfunksjonen.
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2.4.1 Beskrivelse av treningsalgoritmen
Populasjon

En populasjon bestar av de ulike individer som lever i samspill med hverandre i en generasjon.
Individene er utviklede avkom av forrige generasjon, og antallet i hver populasjon er holdt konstant.
Individene i populasjonen har hver seg unike egenskaper (fenotyper), gitt dens sammensetning av
gener 1 kromosomet. Det er individene (kromosonene) i populasjonen som blir utviklet igjennom
generasjoner.

Antall individer i hver populasjon beskriver hvor mange parametersett som testes parallelt, og ma
tilpasses slik at opptreningstiden kan utfgres innen rimelighetens grenser.

Kromosonene tilhgrende en populasjon er representert med en vektor med integerverider. Den initielle
populasjonen P(0) gis tilfeldig valgte parametere i deres variasjonsomrade.

Genotype og fenotype

Hvert individ i populasjonen har som nevnt unike egenskaper som er gitt av genkombinasjonen i
kromosomet. I algoritmen er kromosomet representert som en vektor med data for parameterne som
beskriver robotens bevegelsesparameter.

Genotype er altsa den unike kombinasjonen og rekkefglgen av data som er lagt i kromosom-vektoren,
mens fenotype representerer mer overordnet konsekvensene genkombinasjonen har i den fysiske
verden. I den naturlige evolusjonsprosessen kan eksempler pa fenotyper vaere hudfarge, gyenfarge
etc, mens genotypen beskriver rekkefglgen av de fire nitrogenbasene i DNA-stigen, A (adenin), C
(cytosin), T (thymin) og G (guanin).

I denne oppgaven gir genotypen noder i nevralnettverket som pavirker bevegelsesmgnsteret til
beinene. Fenotypen kan beskrives som det todimensjonale sykliske bevegelsesmgnsteret, gitt av
genotypen.

Variasjon

Variasjonen til data i et gen beskriver hvilket omrade parameterne har mulighet for a strekke seg
i, og ogsa eventuelt hvilken opplgsning variablene har. Variasjonen til genet har stor innvirkning pa
antall mulige lgsninger i lgsningsrommet, og pavirker dermed ogsa opptreningstiden betraktelig.

Det er viktig & ha tilstrekkelig opplgsning i parameterne. Dermed unngar vi at optimale
lgsningsparametere ligger imellom stegene i opplgsningen og dermed aldri naes. I figur 2.7 kan man
se hvordan opplgsningen er med pa & diskretisere ytelsesfunksjonen.

Variasjonsomrade avgrenses til det omrade hvor det er forventet at optimale lgsninger vil finnes.

I vart tilfelle er det valgt & ha en opplgsning pa 100 i hver av de 8 genene, som skal veere nok for
4 ikke diskretisere vekk toppunkt i ytelsesfunksjonen. Dermed finnes det teoretisk 1002, 106, antall
lgsninger. Mange av disse lgsningenene er tilnsermet identiske, og det er mulig en grovere diskretisering
hadde veert tilstrekkelig. Finere opplgsning gir derimot ikke direkte lengre opptreningstid.
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Ytelsesmal

Ytelsesfunksjonen f(K) beskriver objektivt robotens ytelse, gitt funksjonens inngangsparametere
(altsd kromosomet med bevegelsesparameterne). Den "perfekte lgsningen” (globalt optima) er ikke
kjent. Ytelsesmélet defineres da pa en mate hvor de kan sammenlignes med de andre parameternes
ytelser i opptreningsfasen. I den gjeldende problemstillingen er det ikke mulig & beregne ytelsene, de
ma males via eksperimentell test. Det er valgt a eksperimentere med a tilegne ytelse til egenskaper
som beskriver god lokomosjon.

¢ Gjennomsnittlig hastighet, v
o Stabilitet, Var(¢) + Var(0)

e Energiforbruk, w

Under testing i kapittel 4 er det gjort eksperiment med de forskjellige ytelsesmalene. De forskjellige
ytelsene vil gi forskjellig opptrent gange til roboten, og valg kan tas i forhold til subjektivt gnsket
robotbevegelse.

Seleksjon

For at en populasjon skal utvikle seg gjennom generasjoner ma det gjores en seleksjonsprosess. I
naturen er det kun de artene som er best tilpasset omgivelsene som overlever, formerer seg, og forer
sine gen videre til neste generasjon. For algoritmen i denne oppgaven er det valgt & benytte en metode
kalt ” Rank space method” for selektering.

Etter evaluering av en populasjon blir alle kromosom fordelt i et sakalt "mating pool”. Antall
representasjoner av hvert kromosom er gitt av den relative ytelsen i forhold til de andre kromosomene
i populasjonen. Dette gir en lineser sannsynlighetsfordeling. Individer med hgyest ytelse er mest
representert, og har dermed stgrst sannsynlighet for & veere med videre til neste generasjon.

Sansynligheten for at et individ skal viderefgres i krysningsprosessen er gitt av:

(K +1) —rank(n)

P(n) =
() Zf rank (k)

(2.2)

Hvor:

P(n) = Sansynlighet for & trekke kromosom n som foreldre
rank(n) = Kromosomets rangering av ytelse, rank = 1 representerer beste ytelse
K = Populasjonsstgrrelse

Eksempel:

Populasjonsstgrrelse = 10

Sansynligheten for a velge det 2. beste kromosomet som foreldre:

11-2

P(2) =
1+424+3+44+54+6+74+84+9+10

=0,1636
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Krysning

Etter individene i populasjonen har blitt malt og lagt i et "mating pool”, lages neste generasjon
ved hjelp av en krysningsalgoritme. Det blir plukket to individer fra ”mating pool”-en, hvor
sannsynligheten for & velge et kromosom er gitt av ligning 2.2. Det er valgt a ikke implementere
tilbakelegging, det vil si at et avkom ikke kan ha mor og far fra samme kromosom. Dette farer til at
utviklingen ikke konverger for raskt mot dominerende parametervalg.

Parameterne som det arves ned til velges ved & utfgre en ”cross over” operasjon pa foreldreparet.
Det velges et tilfeldig punkt i genet, hvor den ene siden kopierer gener fra det en forelder, mens den
andre siden av punktet far kopiert gener fra den andre. Hvilken side av genet som kommer fra hvilken
foreldre er tilfeldig valgt.

Krysningsalgoritmen utfgres til den nye populasjonen P(k+1) har like mange individer som foregdende
populasjonen P (k).

Mutasjon

Mutasjon er viktig for a introdusere utvalg av variasjonen som ikke er til stede i arvmaterialet
til noen av foreldrene. I naturen kommer mutasjon inn ved en feil i gen-kopieringsprosessen, eller
av en ytre pavirkning som f.eks radioaktiv straling. Denne egenskapen er veldig viktig siden det
introduserer mulighet for at avkommet av foreldreparret far en gen som foreldre ikke har. Dette
gir genetiske algoritmer en unik evne til & "hoppe” i lgsningsrommet. Praktisk i algoritmen utfores
mutasjonsprosess ved & tilfeldig bytte ut et gen i et kromosom innen for variasjonsomrade, etter den
nye populasjonen er valgt.

Mutasjonsgrad méa velges med omhu. Hvis den velges for hgyt vil det bli introdusert hvor mye stgy
i parameterne under utviklingen. I de tilfellene hvor det er for liten grad av mutasjon vil algoritmen
konvergere mot de initielle parameterene i den fgrste populasjonen. Erfaring tilsier at mutasjonsgraden
bor ligge mellom 2 og 5 %. I dette tilfellet er populasjonstgrrelsen begrenset grunnet praktisk trening.
Da bgr mutasjonsraten veere hgy for & introdusere parametere som ikke var tilstede i den initielle
populasjonen.
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Figur 2.8 viser hvordan kromosomene i en populasjon utvikler seg igjennom generasjoner. Treningnen
avsluttes nar et ytelseskriterie er nadd.

Eksempler pa ytelseskriterier

e En gnsket ytelse er oppnadd
o Et forhandsbestemt antall generasjoner har blitt utviklet

¢ Generasjonens beste ytelse har ikke gkt de siste n generasjonene

Den parameterkombinasjonen som har fatt best ytelse igjennom hele treningen. Det er ikke
ngdvendigvis parametere fra siste generasjon som har fatt den beste ytelsen, avhengig av valgt metode
for & stanse trening.

___________________________________ Avslutt

for k = 1:size(P) : test

{

Y

"Mal ytelse"
f(k)

f(k)<kriterie?

Testalgoritme Sorter

Evolusjonsalgoritme
"Mating pool”

Trekk
foreldre

Kryssning Mutasjon
—{ A TB T CID

ATBIGIHIATBEIG K]
—{ETF ] GIH
)

Tilfeldig w

"crossover" punkt

Figur 2.8: Flytdiagram over genetisk algoritme
Diagrammet viser kromosomenes utvikling igjennom generasjoner n
Genene er her representert som bokstaver, i roboten representeres de som heltall

22



Kapittel 3

Roboten

Det primaere mélet med oppgaven er a utvikle og teste genetiske algoritmer for optimalisering av
gangen til en mobil firbeint robot. For & gjore dette trengs en fysisk robot. Dette kapittelet beskriver
hvordan en slik robot er designet og bygget.

Roboten skal primaert brukes for a eksperimentelt trene opp sine bevegelsesparametere. Derfor har
det veert fokus pa & konstruere en robotplattform som er stabil og robust, hvor roboten ikke velter
selv om bevegelsesparameterne ikke er optimale. (Figur 3.1).

Figur 3.1: CAD modell av mobil firebeint robotplattform

Robotens hoveddesign er inspirert av arbeid utfgrt ved Biorobotics Laboratory ved universitetet
EPFL i Sveits®.

Det presiseres at konstruksjonen til roboten er inspirert av designet til robotene Cheetah-cub
og Oncilla ved EPFL, men alle CAD-tegninger, systemvalg innen elektronikk og mekanikk,
dimensjonering, programkode og opptreningssystem er eget arbeid gjort i forbindelse med denne
oppgaven.

Thttps://biorob.epfl.ch/
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3.1 Mekanisk konstruksjon

Roboten er konstruert som en mobil firbeint "Quadruped”-robot. Delkapittel 2.1 beskriver hvilke
verktgy som er brukt under utviklingen av roboten.

Lokomosjon av robotens fire bein styres av til sammen atte motorer. Hvert bein bestar av to motorer
som styrer hofte og pantografsystem. Den ene motoren styrer hoftens vinkelposisjon direkte koblet
pa motor i hoftens sentrum. Den andre motoren sitter pa robotens overkropp, og trekker til seg en
vaier for posisjonstyring av et pantografsystem.

Pantografsystem fungerer ved at servomotor tiltrekker seg pantografen med vaier (3.2) hvor et fjeer-
demper system holder motkraft til systemet. Fjeer-dempersystemet reduserer ogsa stot under gange.

Hoftene og pantograf-system kan kjgre tilnsermet uavhengig av hverandre til en posisjon gitt av en
sentral styreenhet.

Robotens vektbudsjett er oppsummert i tabell 3.1.

Frambeinene og bakbeinene er identiske.

Tabell 3.1: Vektbudsjett

Kropp 103 gram
Beinkonstruksjon 198 gram
Motorer 504 gram
Elektronikk 180 gram
Batteri 51 gram
Total 1036 gram

Tabell 3.2: Dimensjoner

3 segmented pantograf

Hofte (a) 42 mm
Parallelstag (b) 85 mm
Legg () 50 mm
Dvrige mal
Bredde 117 mm
Lengde 255 mm

Hgyde (kalibreringsposisjon) 203 mm

Figur 3.2: 3D CAD modell av beinkonstruksjon,
rgd vaier er fremhevet
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3.2 Hardware

Figur 3.3 viser et enlinjeskjema over robotens komponenter som er valgt og grensesnitt. Datablad
tilhgrende komponentene ligger vedlagt som komprimert fil, se side 50.

7.4V MP1584
LiFo batteri INAZ219 Effekisenzor BVIIA —
1000 mAh Spenningsregulator 5V
i
Teensy 3.2 e 1?&8F
ARM32bit - K
96 MHz R EA Drnéaass,
Hoved-styreenhet ‘.:I.C'.k"'k[["
UARTA 5 v
5Pl 74V
PCA9685
y| il TGY-1501MG
PYWM . Servomotor X8
Servodriver
24" SPITFT LCD
L beraringsskjerm
S
"-—:u))) 433Mhz (((- Overordnet
=<1000m styresystem
HC-12

Tradles Seriellport
Kommunikasjonsmodul
100mwW

Figur 3.3: Enlinjeskjema over robotens grensesnitt
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Alle komponentene er koblet sammen i et felles grensesnitt-kretskort. Figur 3.4 viser 2D CAD modell
av utlegget til kretskortet fra programmet Autodesk Eagle. Figur 3.5 viser grafisk fremstilling av 3D
CAD modell i programmet Autodesk Fusion 360.

DFRobot
10DOF IMU

2
$U

o]
-
o 100 o
™~ ™~
“_ |[PEA9G8BS
H I
ifojo o0 a o[ojo ~ = 3
° 4 SARTe)e) &
° G I + 3
o o |ll@lbT =
ol Z |l % gyver sensor | §
o] o o
« = o 7
o o ] +
o o 1O ) IN E
o o l=
o \O Fuse Fuse]
ofJ1 o +
o | | A
JToobon 53 57
ettutetor data ireless ool - H

og elektroteknikk REV 1.0

Figur 3.4: CAD tegning av kretskortutlegg

Figur 3.5: 3D modell av kretskort med alle komponenter lagt til i 3D modell av roboten
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Mikrokontroller

Robotens mikrokontroller Teensy 3.2 stgtter pro-
gramkode for Arduino i C og C++. Dermed finnes
det mange biblioteker for grensesnitt med andre
komponenter ferdig utviklet i apen-kildekode.

Tabell 3.3: Utviklingskort for mikrokontroller

Utviklingskort Teensy 3.2
Mikrokontroller 32 bit ARM Cortex-M4
Klokkehastighet 96 MHz

BUS CAN, SPI, I?C, USB
Spenningsniva I/0 3.3V (5V tolerant)
Flashminne 256 kB
Ram-minne 64 kB
EEPROM-minne 2 kB
Vekt 2.7 gram
Motorer

Til servomotorer er det valgt relativt rimelige gi-
rede servomotorer: TURNIGY™ TGY-1501MG
MG SERVO 25T. Motorene er typsik brukt til
fjernstyrte hobbyprosjekter. Vinkelsetpunkt sty-
res mellom 0 og 180 grader ved PWM signaler?.
Motordata er beskrevet i tabell 3.4.

PWM signalene genereres av enhet PCA9685
PWM driver. Setpunktene blir sendt over I2C
buss mellom mikrokontrolleren og PWM drive-
ren.

Tabell 3.4: Motordata

Motorer TURNIGY™ 1501MG

Oppgitt moment 17.0 Kg* cm, ~ 1.66 Nm

Oppgitt hastighet 0.14 &5
Vekt 63 gram

Tradlgs kommunikasjon

Roboten kommuniserer med overordnet kontrol-
lenhet via en tradlgs sender og mottaker type
HC-12. Modulen sender serielldata pa 433.4 MHz
bandbredde med en bitrate pa 19200 bps.

Batteri

Tabell 3.5: Batteri

Batteri Turnigy nano-tech
Nominell spenning 72V
Celler 2
Type Lithium polymer
Kapasitet 1000 mAh
Utlading 20 amp kont
Dimmesjoner 101x20x11mm
Indre motstand 1.2mS)
Totalvekt 51 gram

2,4 tommers LCD bergringsskjerm

Fremvisning av sensordata, treningsopplysning,
samt grensesnitt via bergringsskjerm.

10—=10

20—=20

8 il
- 10 o

.

Battery Fower CW

- M|

Figur 3.6: Bergringsskjerm viser informasjon av
blant annet treningsstatus, akselerometerdata,
batterikapasitet og effektforbruk

2PWM-protokoll: Data er gitt av hvor lenge signalet har hgy flanke i lgpet av en periode pa 20 ms. Motorene styres
linezert mellom 1000 og 2000 ps per periode, og reguleres til setpunkt med intern med PD regulator.
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Sensorer

Sensorene er valgt sia roboten selv kan bedgmme egenskaper for lokomosjon: Hastighet, balanse og
energiforbruk. (Hastighet beregnes med ekstern sensor, se delkapittel 4.1.)

IMU

Det er montert en treghetssensor (IMU) i robotens massesenter. Under opptrening er roll og pitch
data fra treghetssensoren anvendt for & beregne ytelsesmal innen robotens stabilitet. IMU sensoren
bestar av et utviklerkort som integrerer tre sensorer: Gyro (ITG-3205), akselerometer (ADXL345) og
kompass (HMC5883L). Totalt males akselerasjonskrefter i 6 frihetsgrader, elektronisk kompassretning
i tre frihetsgrader og hgyde (meter over havet). Sensordata vises frem i en kunstig horisont i
bergringsskjermen, vist i figur 3.6. Grensesnittet mellom utviklerkort og mikrokontrolleren er I2C
bus.

Figur 3.7: Akselerasjoner males i translatorisk retning i X Y og Z. med akselerometer.
Vinkelakselerasjoner méles med gyro, hvor 3, v og a representerer rotasjonsvinkler om de
respektive aksene

Figur 3.7 viser aksekors i senter av robotens treghetssensor. Tyngdeakselerasjonen vil alltid trekke
roboten nedover, dermed kan roll(8) og pitch(y) vinkler beregnes ved & dekomponere hvor stor andel
av tyngdeakselerasjonen som bidrar i sensorens translatoriske retninger. Dette gjores i &pen-kildekode
bibliotek ”FreeSixIMU.h” tilhgrende IMU sensoren.

Effektsensor

Det montert en energisensor for méaling av ytelsesdata under opptrening. Sensoren INA219 [10]
overvaker strgmtrekket samt spenningsnivaet til batteriet. Sensoren maler dermed en sum av all
effekt roboten forbruker, inkludert tap i elektronikk og spenningsomformere. Energiforbruk under
testing blir beregnet ved & summere opp effekten ganger tidssteget mellom sampler.

Tabell 3.6: INA219 effektsensor

Sensor INA219
Batterispenning og strgmforbruk
Maleomrade [0-26]V, [0-12.8] A
Grensesnitt I’C
Opplgsning 12 bit,23 mW
Samplingsrate 50 Hz
Feilmargin 0.5 %
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3.3 Software

Dette delkapittelet bestar av en overordnet beskrivelse av programkoden til mikrokontrolleren.
Programkoden (C++) i sin helhet er vedlagt.

I programkodens hovedfil "main.ino” settes det opp trader som kjgres ved faste tidsintervaller for
a lese inn sensordata, styre servomotorer, handtere maskinlaering og seriellkommunikasjon, samt
oppdatering av display.

Det er laget biblioteker for implementering av Hopf-oscillatorer for lokomosjon og for maskinlaeringen.
Implementeringen er beskrevet i de to neste delkapitlene.

3.3.1 Implementering av Hopf-oscillatorer

Det er laget et objekt for hvert bein til roboten av klassen "Leg”. Objektenes hovedfunksjon er
& iterativt beregne Hopf-oscillasjonen som gir motorpadrag til beinene. Klassenes metoder vises i
algoritme 1.

Algorithm 1:

1 Klasse: Leg;

2 Constructor() > Generer initiell oscillatorverdi, # 0
3 void updateHopfVariables(float A, float B, float b, float wSt, float wSw, float timeStep);

4 void updateHopfRadie(float Hopfary) > Juster radien for gangen
5 void CalcHopf(); > Kalkuler neste steg i oscillatoren
6 void GoToZero(); > Trekk motorer mot senter
7 float getHoptX(); > Returner oscillatorverdi for motorpadrag
8 float getHopfY();

Bein-objektene beregner settpunkt for servomotorene ved & kalkulere neste steg i differensialligningene
til Hopf-oscillatorene. Beregningene blir gjort hvert 20. millisekund, tilsvarende reguleringsfrekvensen
til servomotorene. Det kan gjgres sanntids endringer av Hopf oscillatorenes parametere, samt
fasekobling av oscillatorene for & endre ganglaget.

X og Y utgang fra hver oscillator styrer henholdsvis kne- og hofte-motorer. Det legges sa til
forsterkning og faseforskyvning til utgangene. Disse inngar i parametere som det optimaliseres med
hensyn pa under maskinleringen. For at kne skal trekkes raskt opp og ned i fasenes endepunkter
settes forsterkningen til kne-padraget veldig hgyt, hvor det trekkes opp mot et metningspunkt.

For manuell kjgring av robot via fjernstyring justeres hastigheten for robotens gange ved & definere
radien det er gnskelig at oscillatorene skal konvergere mot. Roboten svinger ved & begrense raiden
til en av sidene. Beinens gange stanses ved & kalle metoden GoToZero(), hvor motorenes posisjon
trekkes mot sine senterposisjoner. Differensialligningene som beregner Hopf-oscillator utgangene er
beskrevet i algoritme 2.

Algorithm 2: C++ kode for kalkulasjon av diffligning, Hopf-oscillator
funksjon: void CalcHopf();

Constants: 7 timestep [float], HopfConstantA, HopfConstantB
r = sqrt(sq(HopfX) + sq(HopfY));
w= Hopf_wSt/(powf(NatNumg,(—Hopfy, * HopfY)) + 1)+

Hopf_ wSw/(powf(NatNumg, Hopfy, * HopfY) + 1);
for (int i = 0; 1 <= 3; i++) {

sum = sum + GATE[legNumber][i] « GLOBAL_YV ARJi]; }

float xdot = HopfConstanta * (HopfVar_my — sq(r)) * HopfX — (w* HopfY);
float ydot = HopfConstantp *x (HopfVar_my — sq(r)) * HopfY + (w % HopfX) + sum;
HopfX = HopfX + zdot x timeStep;
HopfY = HopfY + ydot * timeStep;

W N =
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3.3.2 Implementering av treningsalgoritme

For & opprettholde robotens grad av selvstendighet og selvleering har det veert fokus pa & holde
treningsalgoritmen internt i roboten. Dermed kan roboten trenes uten styring fra eksterne enheter
som datamaskiner eller menneskelig kontakt. Det er derfor utviklet et eget maskinleeringsbibliotek i
C++11, hvor de genetiske algoritmene beskrevet i delkapittel 2.4 er implementert.

Initielt blir det laget et objekt av klassen "EvolutionalTrainer”; hvor det genereres en populasjon med
parametervektorer (kromosom). Vektorene blir tildelt tilfeldige verdier innen deres variasjonsomrade.

Algorithm 3: Klasse for maskinlaeringsobjekt: Evolutional Trainer

Klasse EvolutionalTrainer();

Constructor() > Generer initiell populasjon
Metoder:

void rateChromosome(int populationNr, int fitness); > Gi ytelsesmal til individ etter endt test
evolve(); > Utvikle til neste generasjon
int getPopulationVariable(int PopNr, int VarNr);

int getpopulationFitness(int popNr); int getBestPerformanceVariable(int VarNr);

int getBestPerformanceFitness();

int getChromosomeSize();

int getPopulationSize();

int getGeneration();

© 00 N O ok W N =

e
= o

Néar roboten er satt i treningsmodus genereres forst en populasjon hvor hvert kromosom bestar av
tilfeldig valgte parametere innen variasjonsomrade, beskrevet i tabell 3.7. Hver test startes ved &
oppdatere robotens noder i nevralnettverket 2.6, og roboten settes igang ved & gi radien til oscillatoren
verdi 1. Alle kromosomene blir testet iterativt, hvor de blir rangert ytelsespoeng fortlgpende. Nar alle
parameterne i en generasjon er testet, utvikles en ny generasjon av parameterne ved & kalle metoden
evolve(). Populasjonssterrelse er valgt til 10 for 4 korte ned pé treningstid i hver generasjon. For
& unnga at toppunkter i lgsningsrommet ikke kan nas pa grunn av diskretisering har hvert gen en
variasjon pa 100.

Tabell 3.7: Genotypen som utvikles i robot-kromosom

Forkortelse Beskrivelse Variasjonsomrade Opplgsning  enhet
Wpe Frekvens, pendelfase (2, 12] 0.1 1
Wsw Frekvens, svingfase 2, 12] 0.1 %
Gxy Forsterkning, hofte bak [4.5, 49] 0.45 grader
Gxp Forsterkning, hofte foran [4.5, 49] 0.45 grader
Bxy Forskyvning, hofte bak [-25, 25] 0.5 grader
By ¢ Forskyvning, kne foran [-15, 15] 0.3 mm
Bxyp Forskyvning, hofte bak - 25 25) 0.5 grader
By Forskyvning, kne foran [-15, 15] 0.3 mm
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3.4 Kinematikk

Det er utledet kinematisk modell som beskriver robotens bein i 3D koordinater gitt vinkelposisjonene
til motorene. Hensikten med modellen er & kunne beskrive endeposisjon til fgttene gitt det opptrente
bevegelsesmgnsteret til motorene. Det er kun tatt hensyn til rigid bevegelse uten dynamikk, altsa
robot-beinenes fot-posisjon gitt motorenes vinkler uten hensyn pa dynamikk i ledd, deformasjon,
massetreghet, dynamikk i fjeer-demper system etc.

g4

/

Pii g =
o

VA A A A A A A A A
7

Figur 3.8: Figur, aksekors bein 1.
P, representerer massesenteret. P; ; senter hofte, P»; senter kne, P ; kontaktpunkt fot-bakke

Figur 3.8 viser aksekors plassert i robotens ledd i henhold til DH-konvensjonen®. Transformasjon
fra robotens massesenter P, til knserne punkt P27i4 kan da gjgres ved 4 homogene transformasjoner
mellom hvert ledd. Tabell 3.8 viser DH-oarameterene for transformasjonene. Grunnet symmetri i
designet gjelder parameterne ogsa for de resterende beinene, kun skilt med fortegnendringer.

Tabell 3.8: DH-parametere

Link d 0 a «
(m) (°) (m) (%)

1 0.053 180 0.088 0

2 0 025 0.042 0

P3; = H??z H211 Hloz

H=R,o Trans, q Trans, , Ry,

3Krav til plassering av aksekors iht. DH-konvensjonen: Aksen z; mé vaere normalt pa og krysse aksen z;_1
4j representerer beinnummer, 1-4

31



Transformasjonen fra kne til fot (punkt P ; til Ps ;) endres ved & justere vaierlengde mellom P ; og

P ;. Dette gjores ved & rotere servomotor, figur 3.9 a).

AbOs ; x2xmxr 1
, *(7)5
360 2

Ady =

(a) Transformasjon, kne til fot (b) Forenklet

Figur 3.9

Ved & tilneerme at vaieren trekkes igjennom senter av aksekors kan problemstillingen forenkles ned

til figur 3.9.

Pantografdesignet sgrger for at aksene mellom P, ; til Ps; alltid er parallelle. Transformasjonen er

utledet via trigonometri i 3.1 via vinkel 63,

Pgl, xr = P21,ZL' + dl 008(94)
Pgl,y = P21, y + d1 szn(04)

24+ d? -
0 — —1 1

4 = cos (72bd1 )
2 d2_b2
Py, 2= Py, x+dy Sl

28d1

2+ d? — b2
Ps1,y=Po,y+di \/1 (W)Q

Motorene som styrer vinklene til hoftene og sammentrekning av kne er styrt av en sti med settpunkt

generert i mikrokontrolleren. (Neermere beskrevet i delkapittel 2.2).

5Giret med trinse i bunn av fot
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Foroverkinematikken er implementert i MATLAB. Figur 3.10 viser robotfgttenes arbeidsomrade,
overlagt fremstilling av CAD modell.

0 50 100 150

Figur 3.10: Arbeidsomrade til beinene. Massesenteret representert med firkant, rotasjonssenter hofte
rgd sirkel, orange endeposisjon kne og fot
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3.5 Oppsummering av firebeinet robotsystem

Det er konstruert en firebeinet robot med 3-segment beindesign3.11. Beinene styres av utgangen fra
fire Hopf-oscillatorer koblet i et nevralnettverk. Kombinasjonen av 3 segment bein og Hopf-oscillatorer
gir roboten en stabil og robust gange. Enkle settpunkt setter igang lokomosjonsmgnsteret. Det er gjort
klart 8 noder i et nevralnettverket som skal optimaliseres ved genetiske algoritmer i neste kapittel.

Figur 3.11: Bilde av produsert firebeint robot

Figur 3.12 viser et bevegelsesmgnster beinene vil f& med noen tilfeldig valgte parametere for
nevralnettverket.
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Figur 3.12: Bevegelsesmgnster for hgyre frambein gitt signal fra Hopf-oscillator [mm]
Massesenteret representert med firkant, rotasjonssenter hofte sirkel, oransje endeposisjon kne og fot.
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Kapittel 4

Eksperiment

Hensikten med eksperimentet er & utprgve hypotesen definert i innledningskapittelet:

"Kan genetiske algoritmer anvendes for opptrening av sentrale mgnstergeneratorer i en firebeint
robot?”

Robotens egenskaper for selvleering utprgves i en testbenk. I opptreningssystemet skal roboten
utfgre hele optimaliseringsprosessen selvstendig. Sensorer betraktes som robotens sanseorganer, hvor
roboten er bevistpa sin egen suksessrate, og skal kunne trene seg opp basert pa ytelsesmal. Robotens
kromosom som inneholder bevegelsesparameterne utvikles iterativt med evolusjonsalgoritmen
genetiske algoritmer.

Under oppleeringsprosessen trenes bevegelsesparameterne helt uavhengig av ekstern datamaskin eller
tilbakemelding fra en testingenigr. Da enkelte parametere gjor sa roboten velter eller gar bakover kan
testen overstyres og avbrytes av en operatgr. Ytelsen til kromosomet rangeres da null poeng.

Figur 4.1 viser CAD modell av robotens testoppsett

Figur 4.1: CAD modell av testsystem. Robot pa transportband med system for tidtaking.
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4.1 Testoppsett

o ——{ M1

Testmodul |*))) 7
™ ))V

h 4

Vv = Snitt, hastighet
e = Snitt, energiforbruk

02(St) = Varians, stabilitet

Figur 4.2: Testsystem som illustrerer de malbare ytelsene

Selv om roboten er batteridrevet, kjgres testen med tilkoblet ladestrgm slik at utgangspunktet for
alle testene skal veere mest mulig likt og for & unngd a matte avbryte tester underveis for a lade
roboten.

Gelender er montert pa hver side av transportbandet slik at roboten styres dersom den er pa vei ut av
treningsomrade. Bredden mellom gelenderene er tilstrekkelig slik at roboten ikke skal kunne leneseg
inntil gelender under testing.

Hver generasjon bestar av 10 kromosom, hvor hvert kromosom testes individuelt og blir rangert med
ytelsesmal. Hver kjoring er definert som en “kromosomtest”.

Testmodulen (TM) kommuniserer tradlgst med roboten og har tre funksjoner:
Utvidet sensor

TM klokker tiden det tar fra en test starter til roboten passerer endesensoren. Dermed beregnes
robotens gjennomsnittshastighet for hver test.

Styring av transportband

Etter roboten har testet et kromosom kjgres transportbandet bakover for & transportere roboten
tilbake til startposisjon. Transportbandet star i ro nar roboten utfgrer kromosontest.

Datalogger

Treningsinformasjon blir sendt via TM til en datalogger som lager treningsverdier i MATLAB. Forgvrig
er TM en slavemodul, all treningslogikk ligger internt i robotens mikrokontroller.
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4.1.1 Ytelsesmal

Som utvikler av et robotsystem har vi mulighet til & tilpasse robotens egenskaper ved a velge
hvilke ytelsesmal det skal optimaliseres mot. I dette tilfelle er det valgt & undersgke robotens
treningsutvikling mot tre forskjellige ytelsesmal: Hastighet, stabilitet og energieffektivitet.

Ytelsesmal og annen relevant data lagres underveis under kromosomtesting. Data fra ytelsesmélene
igjennom generasjonene med testing blir fremvist i en leeringskurve. Alle ytelsesmal i generasjonene er
gjengitt i leeringskurven, hvor ogsa gjennomsnittlig ytelsesmal og generasjonens beste er fremhevet.
Treningen fortsetter til ytelsene konvergerer, hvor ytelsene ikke lenger forbedres. Det er ngdvendigvis
ikke alltid progresjon i hver generasjon da noen genkombinasjoner fra suksessfulle foreldre kan ha et
negativt utslag. Genmutasjoner kan gi sprang i lzeringskurven, men grunnet praktiske utfordringer er
testene her avsluttet relativt tidlig. Kromosomtesten som gjor det best i lgpet av hele testlgpet blir
lagret i robotens bevegelsesparameter for manuell kjgring.

Det er eksperimentert med & optimalisere robotens bevegelsesparametere ved a de forskjellige
ytelsesmalene individuelt. For sammenligning er ytelsesmélene er normalisert til & konvergere mot
ca. 200 poeng, hvor gkende verdi representerer bedre ytelse.

Hastighet:
fo(k) =254 —t* 10

Hvor:
t representerer tiden i sekunder fra start av test til passering av endesensoren.

Stabilitet:
fs(k) =254 — (Var(pitch) + Var(roll)) * 5

Hvor:
Roll og pitch representerer helningsmaling i grader.

Energieffektivitet:
— J

Hvor:
J representerer energimal over distansen i Joule.

Energieffektivitet kan videre regnes om til felles enhet COT?, beskrevet i kapittel. 1.1.1:

CoOT = i
mgd

Hvor:

E = Malt energiforbrukt [Joule]

m = 1,036 [kg]
g =9381 [%]
d = 0,62 [m]

Alle ytelsesmal er malt ifra roboten star i ro og far startsignal (r = 1), til den passerer endesensoren.
P& denne maten blir robotens gange evaluert bade under igangkjering og underveis i normal gange.
Alle kromosomtester utfgres med ganglag type trav.

LCOT er beregnet fra stillestdende start, v = 0.
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4.2 Resultat

4.2.1 Manuelt innstilte parametere

For & kunne sammenligne data fra den automatiske maskinleeringen ble det brukt en god time pa
a stille inn parameterne manuelt. Det ble fokusert pa & fa roboten til & ha en stabil og rask gange,
bade basert pa visuell tilbakemelding og maledata. Parameterne ble manuelt undersgkt i testbenken
pa samme mate som under opptreningen for & kunne sammenligne mal av ytelsesdata. Det blir sgkt
i parameterne ved & analysere hvordan total ytelse endres positivt eller negativt ved endring av
parametere, og kan sammenlignes med en gradientsgkalgoritme.

Resultat

A trene parameterne manuelt er vanskelig. Parameterne er sveert avhengig av hverandre, og det er
indikasjoner pa at det finnes mange lokale toppunkter i lgsningsrommet. Ved de manuelt innstilte
parameterne ble laveste energiforbruket malt til 591 J over distansen pa 0,62 meter.

Dette tilsvarer en COT verdi pa 93,8.
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4.2.2 Hastighet som ytelsesmal

Denne testen er utfort ved a gi ytelse til roboten kun basert pa gjennomsnittlig hastighet. Hastigheten
blir malt ved & starte en taimer fra roboten far startsignal, til den passerer endesensor. Totalavstand

tilbakelagt er 0,62 m.

Resultat
250
= Beste ytelse
== = Gjennomsnittlig ytelse
*  Treningsdata
200 - é
x *
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o ¥ *
- *
3+ 150 /7 ~ - — /7
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£ 100 * *
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>
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Figur 4.3: Laeringskurve ved ytelse vektet for hastighet.
Sort strek representerer beste ytelse.
Bl4 strek representerer gjennomsnittlig ytelse.

Testen ble avsluttet etter 7 generasjoner, etter 35 minutter med trening.

Beste gjennomsnittlig hastighet oppnadd %’642 = 0,18 . Dette tilsvarer 0,72 kroppslengder per
sekund. Bevegelsesparameterne gitt av kromosomet med best ytelse er vist i tabell 4.1.

Ved & anvende hastighet som ytelsesmal konvergerer roboten raskt. Roboten ender opp med
parametere som gir lange og raske steg, hvor robotens stabilitet ansees som darlig. Roboten hviler

litt mot rekkverket nar den gar pa grunn av store svingninger i pitch akse.

Tabell 4.1: Bevegelsesparametere fra kromosom med best ytelse

Parameter Wpe Wsw GXf GXb BXf Byf BXb By[,

Enhet % % grader grader grader mm grader mm
Verdi 10 10 36 9 -10 9 0 -9
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4.2.3 Stabilitet som ytelsesmal

I denne testen utvikles kromosomene basert pa stabilitet. Varians i roll og pitch retning blir malt
fra roboten far startsignal til den har passert endesensor. Dersom roboten ikke passerer endesensor i
lgpet av 25 sekunder gis kromosomtesten 0 ytelsespoeng.

Resultat

180

m— Beste ytelse
160 == = Gjennomsnittlig ytelse
*  Treningsdata

5
3

120

100

- (VarP+VarR)*5)

80

60

Ytelse (255

40

20

Generasjon

Figur 4.4: Leeringskurve ved ytelse vektet for stabilitet.
Sort strek representerer beste ytelse, bla strek representerer gjennomsnittlig ytelse.

Testen avsluttes etter 6 generasjoner, etter 30 minutter med trening. Kromosomet med best ytelse
blir funnet i generasjon 4. Parametere er gjengitt i tabell 4.2.

Var(Roll) = 13 Var(Pitch) = 2 fs(k) =179

Roboten utvikler gange hvor overkroppen er veldig stgdig. Det ble observert at roboten holdt lav
hastighet, og roboten saktet ned igjennom generasjonene. Dette ble bekreftet ved & analysere hvordan
hastigheten utviklet seg, vist i figur 4.5.

4.9 T T

m— Hastighet cm/s

Hastighet [cm/s]
IS
[¢,]

4271

41 \ \ . i . \ .
1 15 2 25 3 35 4 45 5 55 6
Generasjon

Figur 4.5: Utvikling av hastighet for kromosonet med generasjonens beste ytelse.

Tabell 4.2: Bevegelsesparametere fra kromosom med best ytelse

Parameter Wpe Wsw fo GXb BX.f Byf BXb By[,
Enhet % grader grader grader mm grader mm
Verdi 2 36 9 0 -15 -10 -9

O w =
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4.2.4 Energieffektivitet som ytelsesmal

Ved denne testen trenes robotens gange ved a anvende energiforbruk som ytelse. Energiforbruk i
Joule blir beregnet fra startsignal til roboten har passert endesensor. Dersom roboten ikke passerer
endesensor i lgpet av 25 sekunder gis kromosomtesten 0 ytelsespoeng.

Resultat

Det er utfort to tester, hvor resultatene vises i figur 4.6 og 4.7. Testene er avsluttet etter 9 generasjoner,
ca tre kvarters trening hver.
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Figur 4.6: Energitest 1
Leeringskurve ved ytelse vektet for energiforbruk.
Sort strek representerer generasjonens beste ytelse.
Bla strek representerer gjennomsnittlig ytelse.
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Figur 4.7: Energitest 2
Leeringskurve ved ytelse vektet for energiforbruk.
Sort strek representerer generasjonens beste ytelse.
Bla strek representerer gjennomsnittlig ytelse.

Roboten har her tydelig forbedring gjennom generasjonene. Beste ytelse er mélt i "Energitest 17,
generasjon 9. Kromosomet med best ytelse forbrukt 290 Joule pa & ga distansen pa 0.62 meter.
Forgvrig har roboten en rask og stabil gange.

Dette tilsvarer en COT verdi pa 46,02. Til sammenligning er dette en reduksjon pa 50,9 %
sammenlignet med manuelt innstilte parametere.
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4.2.5 Videre analyse av treningen med best resultat

Etter & ha studert testresultatene er det gjort avgjorelse av hvilken test som har vist til best
treningsresultater. Dette er basert pa en subjektiv bedgmmelse av robotens gange gitt utviklingen
under trening. Det er funnet at "Energitest 2” er den som kommer best ut, representert med
leeringskurve 4.7. Dette delkapitlet gjgr en dypere analyse av treningsdata fra testen for & kunne
ta et endelig valg av robotens bevegelsesparametere.

Kromosomutvikling

Det er interessant & studere hvordan kromosomene har utviklet seg igjennom testens generasjoner.
Kromosomet med best ytelse? i hver generasjon er gjenvist i gridkart figur 4.8. Gen tilkommet via
mutasjon er representert med grgnn firkant.

T T T T T T T T T

1r20 20 38 20 59 59 59 59 59 1
2r8 85 62 85 82 82 82 82 29
3r39 39 34 39 72 72 72 72 72
4r11 11 8 11 12 12 12 12 12
5r65 65 68 65 86 86 86 86 86
6r21 21 60 21 39 |85 39 26 39
7r8 90 38 5 38 38 16 88 16 1

Genkombinasjon med hgyeste ytelse

8r46 76 76 (84| 76 76 76 30 76 1

1 1 1 L 1 1 1 ! 1

1 2 3 4 5 6 7 8 9
Generasjon

Figur 4.8: Utvikling av kromosom med hgyest ytelse i populasjonen
Gregnn firkant representerer gen som har tilkommet via mutasjon.

Utvikling, hastighet og stabilitet

Figur 4.9 a) og b) viser utvikling av henholdsvis hastigheten og stabilitet tilhgrende generasjonenes
beste kromosom.

m— Hastighet cm/s — StalfNet VAR(roll) + VAR(pitch)

Hastighet [cm/s]
Stabilitet

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Generasjon Generasjon
(a) Utvikling av hastigheten (cm/s) gitt kromosom (b) Utvikling av stabilitet (VAR(roll) + VAR(pitch))
med hgyest ytelse i generasjonene gitt kromosom med hgyest ytelse i generasjonene.
Figur 4.9

2Hvert gen er representert i heltall fra 0 til 99. Beregning til bevegelsesparametere kan gjgres via tabell 3.7 side 30.
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Valg av endelige parameter for robot

Basert pa analysen velges det beste kromosomet i fra generasjon 8. Disse parameterne er en av
de mest energieffektive, i tillegg til at hastigheten er relativt hgy, og stabiliteten er god. Disse blir
programmert som robotens endelige bevegelsesparametere.

De best trente parameterne er representert i tabell 4.3.

Tabell 4.3: Bevegelsesparametere fra kromosom med best ytelse

Parameter Wp. Wsy  Gxy Gxp Bxy Byy Bxy Bys

Enhet % % grader grader grader mm grader mm
Verdi 79 10,2 36,9 9,9 18 -7,2 19 -6

Figur 4.10: Robotens opptrente bevegelsesmgnster utregnet via foroverkinematikk

-150

-200

-150 -100 -50 0 50 100 150

Figur 4.11: Bevegelsesmgnster for bein pa hgyre side, gitt av Hopf- oscillatorer med de optimale
trente parameterne for gkt energieffektivitet. Massesenteret representert med firkant,
rotasjonssenter av hofte sirkel, orange og rgd: endeposisjon kne og fot
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4.2.6 Test av adaptive egenskaper

Hensikten med denne testen er a4 undersgke robotens evne til & tilpasse en signifikant endring av
robotens interaksjon med omgivelsene. En kan se for seg en situasjon hvor roboten har fatt gdelagt
to bein i en utilgjengelig omgivelse, og roboten er overlatt til seg selv. Bilde 4.12 viser roboten med
knekte parallellstag til beinene.

De mest effektive parameterne fra 4.2.5 gir na en ustabil gange hvor roboten ikke klarer & bevege seg
framover.

Figur 4.12: Robot under opptrening med beinbrudd

Det blir startet en ny treningsprosedyre med likt testoppsett som ved trening med ytelse som
energimal, delkapittle 4.2.4. Figur 4.13 viser treningskurven under opptreningen.

Resultat

Av de initielle parameterne i den fgrste populasjonen er det kun tre av ti kromosomer som fgrer til
at roboten klarer 4 nd mallinjen. Roboten sliter tydelig med a ga i de nye omgivelsene. Etter kun
to generasjoner med testing har roboten funnet tilstrekkelig gode parametere. Roboten halter mer i
gangen, men finner parametere den klarer a ga med.
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Figur 4.13: Laeringskurve, trening med knekte bein

44



Kapittel 5

Diskusjon og konklusjon

Arbeidet i denne oppgaven presenterer en kombinasjon av ulike biologiske inspirerte metoder innen
et robotsystem. I introduksjonen ble det stilt en hypotese:

"Kan genetiske algoritmer anvendes for opptrening av sentrale mgnstergeneratorer i en firebeint
robot?”

For & besvare spgrsmalet, analyserer vi forst de tre hovedelementene hver for seg.

5.1 3D printet robot med biologi-inspirert konstruksjon

Anvendelse av 3D printer i en prototype-fase har veert essensielt for & kunne utvikle roboten under en
kort tidsperiode ved prosjektets oppstart. Kun timer etter en idé er tegnet kan deler settes sammen
og systemer prgves ut.

Ved a lage bein i et 3-segment-design har roboten et fleksibelt og robust ganglag. Lgsningen har ogsa
gjort det mulig a flytte motorene opp fra beinet, slik at motorene ikke gir ekstra treghetsmoment ved
sving av beinene.

Hvert bein har kun to frihetsgrader for lokomosjon, Dette begrenser robotens muligheter for
lokomosjon ved ujamnt terreng eller for balansekorrigering. Bruksomréade til roboten er derav
begrenset til de forholdene den er opptrent til, nemlig flatt gulv. Ved & implementere enda en
frihetsgrad i beinene ville det apnet seg flere muligheter for en mer kompleks lokomosjon.

5.2 Hopf-oscillator for bevegelseskontroll

Hopf-oscillatorer kan anvendes for etterligning av sentrale mgnstergeneratorer, og er en adaptiv
og robust metode for lokomosjon i robotapplikasjoner. Fa og konstante padragssignaler styrer
oscillasjoner som representerer egenskaper for god lokomosjon. Oscillatorene har alltid kontinuerlig
transisjon mellom hastighetsendring, igangkjoring og ved endring av bevegelsessammenheng mellom
gangmenster.
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5.3 Genetiske algoritmer for maskinlsering

Resultatene fra treningen viser at maskinleering ved GA kan brukes i opptrening av bevegelsespa-
rameterne for firebeint robot. Det ble eksperimentert med ulike valg av ytelsesmal, hvor roboten
hadde en positiv leringskurve ved alle tre ytelsesmélene. I denne problemstillingen er det funnet at
energieffektivitet er det ytelsesmalet som gir roboten den beste laeringskurven. Roboten forbedret seg
igjennom flere generasjoner med trening, hvor robotens ferdige opptrente gange kan beskrives som
stabil, rask og effektiv.

Av praktiske arsaker er testene avsluttet tidlig. Analyse av resultat viser at de fleste parameterne det
trenes mot er ”"de beste av de initielle parametere” i den ferste populasjonen. Ved a gke treningstiden
er ville flere parameter blitt introdusert via genmutasjoner, som videre kunne fgrt til sprang i
leeringskurven.

Anvendelse av GA i en praktisk applikasjon har gitt lovende resultater. Men metoden er begrenset
til de prosesser som taler at parametere blir eksperimentert med i alle arbeidsomréader. For slike
prosesser kan det veere en lgsning a simulere problemstillingen.

Resultatene viser at maskinleering med GA har forbedret robotens effektivitet 50.9%, ned til COT =
46,02 E/(m g d). For sammenligning kan det nevnes at mus har en COT verdi pa ca 42, mens hunder
har COT verdi ca 1,3.

Eksperiment har ogsa vist at GA kan anvendes til & leere en robot & ga i ukjente omgivelser.

5.4 Konklusjon

e Eksperiment viser at GA kan anvendes til maskinlaeering for en praktisk robotapplikasjon.
Resultatene viser at opptrening av bevegelsesparameterne har forbedret energieffektiviteten
med over 50 % sammenlignet med manuelt innstilte parametere. Dermed kan roboten kan ga
over en betraktelig lenger distanse mellom batterilading.

o A definere gode, malbare ytelsesmal er en meget viktig del av GA. Her ble det eksperimentert
med tre forskjellige ytelsesmal, hvor robotens gange endte opp sveert forskjellig basert pa hvilke
ytelser som ble vektet.

¢ Ytelsesmal basert pa energieffektivitet ga den treningskurven med tydelig progresjon igjennom
flere generasjoner. Dette ytelsesmélet ga ogsa stabil og rask gange.

e I en praktisk applikasjon er begrensningene av antall lgsninger i optimaliseringsproblemet
essensielt. Her er det valgt & implementere Hopf oscillatorer i et nevralnettverk, hvor 8 noder i
nettverket optimaliseres.

e Oppgaven presenterer en lgsning hvor GA typisk kan anvendes som en byggeblokk for
opptrening i en uforutsett omgivelse i et autonomt system. En robot kan unngd & fa en
”deadlock” situasjon ved & trene seg opp til & mestre problemer den stgter pa.

Etter arbeid med denne oppgaven har jeg en generell oppfatning at biorobotikk og evolusjonsalgo-
ritmer er en god lgsning for utvikling av robotapplikasjoner. Det anbefales & anvende systemkompo-
nenter inspirert av biologi for selvlering og bevegelseskontroll for & drive forskningen videre. Dermed
kan vi som utviklere gi ifra oss noe av detaljstyringen, og heller undersgke hvordan vi kan konstruere
robotsystemer som anvender maskinlaering for opptrening pa et overordnet niva. Her er det dog viktig
at med et stort fokus pa etiske rammer.
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5.5 Videre arbeid

Under arbeidet med oppgaven er det oppdaget flere omrader det kan veere interessant med videre
utforskning. Spesielt innen maskinleering ved genetiske algoritmer og implementering av sentrale
mgnstergeneratorer i roboter.

For videre utvikling av mobile roboter foreslaes fglgende:

o Implementere flere oscillatorer i nevralnettverket for mer avansert bevegelsesmgnster.

¢ Implementere sanntids sensordata ved noder i nevralnettverket for styring av robotens balanse,
svinging, baneplanlegging og mangvrerering over ujevnt terreng.

e Det ble valgt & ikke simulere roboten i denne oppgaven. Ved simulering av problemstillingen
kan det utforskes hvorvidt optimale bevegelsesparameter finnes ved lengre opptreningstid og
stgrre populasjon under optimaliseringen med GA.

¢ Arbeidet med sentrale mgnstergeneratorer kan implementeres i andre applikasjoner. Eksempel-
vis kan CPG nettverk for 4 kontrollere aktuatorer for vinger i UAV lignende fugler. Her hadde
det veert spennende a4 anvende GA for & optimalisere mhp. energieffektivitet (COT), akustisk
stgy eller hastighet.

Det er laget en video for demonstrasjon av roboten og oppleseringsprosessen, se lenke:

https://youtu.be/zNXgT2csQ7A
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Kapittel 7

Vedlegg

=]

Type Navn Beskrivelse
Datablad Teensy 3.2 Mikrokontroller
MP158 5V step down DCDC
10 DOF IMU Treghetssensor
HC-12 Tradlgs modul
INA219 Effektsensor
10 PCA9685 PWM driver
Programkode C++ main Hovedprogram
Display Bibliotek, skjerm
EvolutionalTrainer  Bibliotek, maskinlaerings
Leg Bibliotek, Hopf-oscillatorer

CAD filer for 3D print

Robotens deler i .cmf format

Tabell 7.1: Tabell over vedlegg.

Vedlegg er innbakt i pdf filen i .7zip format.
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Vedlegg/3D-print filer/CatRobot_BodySplice.3mf




3D/3dmodel.model
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Vedlegg/3D-print filer/Print settings.txt

Basic print settings for PLA plastic:



Layer hight: 0.12 mm

Support enabled

Infill 50 %



All 3D print files are licenced as Creative Commons, CC.

https://creativecommons.org/licenses/



Made by Hartvik Line






Vedlegg/3D-print filer/RobotCat_FootParts_X4.3mf




3D/3dmodel.model
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ANALOG
DEVICES

3-Axis, £2 g/+4 g/+8 g/=16 g
Digital Accelerometer

ADXL343

FEATURES

Ultralow power: as low as 40 pA in measurement mode and
0.1 pA in standby mode at Vs = 2.5 V (typical)

Power consumption scales automatically with bandwidth

User-selectable resolution
Fixed 10-bit resolution
Full resolution, where resolution increases with g range,

up to 13-bit resolution at +16 g (maintaining 4 mg/LSB
scale factor in all g ranges)

Embedded, patent pending FIFO technology minimizes host
processor load

Tap/double tap detection

Activity/inactivity monitoring

Free-fall detection

Supply voltage range: 2.0V to 3.6 V

1/0 voltage range: 1.7V to Vs

SPI (3- and 4-wire) and I?C digital interfaces

Flexible interrupt modes mappable to either interrupt pin

Measurement ranges selectable via serial command

Bandwidth selectable via serial command

Wide temperature range (—40°C to +85°C)

10,000 g shock survival

Pb free/RoHS compliant

Small and thin: 3 mm x 5 mm x 1 mm LGA package

APPLICATIONS

Handsets

Medical instrumentation
Gaming and pointing devices
Industrial instrumentation
Personal navigation devices
Hard disk drive (HDD) protection
Fitness equipment

GENERAL DESCRIPTION

The ADXL345 is a small, thin, low power, 3-axis accelerometer

with high resolution (13-bit) measurement at up to 16 g. Digital
output data is formatted as 16-bit twos complement and is acces-
sible through either a SPI (3- or 4-wire) or I’C digital interface.

The ADXL345 is well suited for mobile device applications. It
measures the static acceleration of gravity in tilt-sensing appli-
cations, as well as dynamic acceleration resulting from motion
or shock. Its high resolution (4 mg/LSB) enables measurement
of inclination changes less than 1.0°.

Several special sensing functions are provided. Activity and
inactivity sensing detect the presence or lack of motion and if
the acceleration on any axis exceeds a user-set level. Tap sensing
detects single and double taps. Free-fall sensing detects if the
device is falling. These functions can be mapped to one of two
interrupt output pins. An integrated, patent pending 32-level
first in, first out (FIFO) buffer can be used to store data to
minimize host processor intervention.

Low power modes enable intelligent motion-based power
management with threshold sensing and active acceleration
measurement at extremely low power dissipation.

The ADXL345 is supplied in a small, thin, 3 mm x 5 mm X
1 mm, 14-lead, plastic package.

FUNCTIONAL BLOCK DIAGRAM
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Figure 1.
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ADXL3435

SPECIFICATIONS

Ta=25°C, Vs= 2.5V, Vopro = 1.8 V, acceleration = 0 g, Cs = 1 uF tantalum, Cio = 0.1 pE unless otherwise noted.

Table 1. Specifications’

Parameter Test Conditions Min Typ Max Unit
SENSOR INPUT Each axis
Measurement Range User selectable +2,+4,+8 +16 g
Nonlinearity Percentage of full scale +0.5 %
Inter-Axis Alignment Error +0.1 Degrees
Cross-Axis Sensitivity? +1 %
OUTPUT RESOLUTION Each axis
All g Ranges 10-bit resolution 10 Bits
+2 g Range Full resolution 10 Bits
+4 g Range Full resolution 11 Bits
+8 g Range Full resolution 12 Bits
+16 g Range Full resolution 13 Bits
SENSITIVITY Each axis
Sensitivity at Xour, Your, Zout +2 g, 10-bit or full resolution 232 256 286 LSB/g
Scale Factor at Xour, Your, Zout +2 g, 10-bit or full resolution 3.5 3.9 43 mg/LSB
Sensitivity at Xour, Your, Zout +4 g, 10-bit resolution 116 128 143 LSB/g
Scale Factor at Xour, Your, Zout +4 g, 10-bit resolution 7.0 7.8 8.6 mg/LSB
Sensitivity at Xour, Your, Zout +8 g, 10-bit resolution 58 64 71 LSB/g
Scale Factor at Xour, Your, Zout +8 g, 10-bit resolution 14.0 15.6 17.2 mg/LSB
Sensitivity at Xour, Your, Zout +16 g, 10-bit resolution 29 32 36 LSB/g
Scale Factor at Xour, Your, Zout +16 g, 10-bit resolution 28.1 31.2 343 mg/LSB
Sensitivity Change Due to Temperature +0.01 %/°C
0 g BIAS LEVEL Each axis
0 g Output for Xour, Your -150 +40 +150 mg
0 g Output for Zout -250 +80 +250 mg
0 g Offset vs. Temperature for x-, y-Axes +0.8 mg/°C
0 g Offset vs. Temperature for z-Axis +4.5 mg/°C
NOISE PERFORMANCE
Noise (x-, y-Axes) Data rate = 100 Hz for £2 g, 10-bit or <1.0 LSB rms
full resolution
Noise (z-Axis) Data rate = 100 Hz for +2 g, 10-bit or <1.5 LSB rms
full resolution
OUTPUT DATA RATE AND BANDWIDTH User selectable
Measurement Rate? 6.25 3200 Hz
SELF-TEST* Datarate > 100 Hz, 2.0V <Vs<36V
Output Change in x-Axis 0.20 2.10 g
Output Change in y-Axis -2.10 -0.20 g
Output Change in z-Axis 0.30 3.40 g
POWER SUPPLY
Operating Voltage Range (Vs) 2.0 25 3.6 Vv
Interface Voltage Range (Voo 0) Vs<25V 1.7 1.8 Vs \Y
Vs>25V 20 25 Vs Vv
Supply Current Data rate > 100 Hz 145 MA
Data rate < 10 Hz 40 HA
Standby Mode Leakage Current 0.1 2 pA
Turn-On Time® Data rate = 3200 Hz 14 ms
TEMPERATURE
Operating Temperature Range -40 +85 °C
WEIGHT
Device Weight 20 mg

T All minimum and maximum specifications are guaranteed. Typical specifications are not guaranteed.
2 Cross-axis sensitivity is defined as coupling between any two axes.

3 Bandwidth is half the output data rate.

4 Self-test change is defined as the output (g) when the SELF_TEST bit = 1 (in the DATA_FORMAT register) minus the output (g) when the SELF_TEST bit = 0 (in the
DATA_FORMAT register). Due to device filtering, the output reaches its final value after 4 x T when enabling or disabling self-test, where T = 1/(data rate).

® Turn-on and wake-up times are determined by the user-defined bandwidth. At a 100 Hz data rate, the turn-on and wake-up times are each approximately 11.1 ms. For
other data rates, the turn-on and wake-up times are each approximately T+ 1.1 in milliseconds, where T = 1/(data rate).
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ADXL3435

ABSOLUTE MAXIMUM RATINGS

Table 2.
Parameter Rating
Acceleration
Any Axis, Unpowered 10,000 g
Any Axis, Powered 10,000 g
Vs -03Vto+3.6V
Voo o —03Vto+3.6V
Digital Pins —0.3VtoVooio+0.3Vor
3.6V, whichever is less
All Other Pins -03Vto+3.6V
Output Short-Circuit Duration Indefinite
(Any Pin to Ground)
Temperature Range
Powered —40°C to +105°C
Storage —40°Cto +105°C

Stresses above those listed under Absolute Maximum Ratings
may cause permanent damage to the device. This is a stress
rating only; functional operation of the device at these or any
other conditions above those indicated in the operational
section of this specification is not implied. Exposure to absolute
maximum rating conditions for extended periods may affect
device reliability.

THERMAL RESISTANCE
Table 3. Package Characteristics
Package Type 6sa Oc Device Weight
14-Terminal LGA 150°C/W 85°C/W 20 mg
ESD CAUTION
ESD (electrostatic discharge) sensitive device.
Charged devices and circuit boards can discharge
A without detection. Although this product features

patented or proprietary protection circuitry, damage

‘!z I \ may occur on devices subjected to high energy ESD.

Therefore, proper ESD precautions should be taken to
avoid performance degradation or loss of functionality.
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PIN CONFIGURATION AND FUNCTION DESCRIPTIONS

Table 4. Pin Function Descriptions

i
Vob o

GND

RESERVED |

GND

GND

Vs

ADXL345
TOP VIEW
(Not to Scale)

SCL/SCLK

SDA/SDI/SDIO

SDO/ALT ADDRESS

RESERVED

NC

INT2

INT1

07925-002

Figure 2. Pin Configuration

Pin No. Mnemonic Description

1 Vob o Digital Interface Supply Voltage.

2 GND Must be connected to ground.

3 Reserved Reserved. This pin must be connected to Vs or left open.

4 GND Must be connected to ground.

5 GND Must be connected to ground.

6 Vs Supply Voltage.

7 cs Chip Select.

8 INT1 Interrupt 1 Output.

9 INT2 Interrupt 2 Output.

10 NC Not Internally Connected.

11 Reserved Reserved. This pin must be connected to ground or left open.
12 SDO/ALT ADDRESS Serial Data Output/Alternate I*C Address Select.

13 SDA/SDI/SDIO Serial Data (I*C)/Serial Data Input (SPI 4-Wire)/Serial Data Input and Output (SPI 3-Wire).
14 SCL/SCLK Serial Communications Clock.
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THEORY OF OPERATION

The ADXL345 is a complete 3-axis acceleration measurement
system with a selectable measurement range of +2 g, +4 g, +8 g,
or +16 g. It measures both dynamic acceleration resulting from
motion or shock and static acceleration, such as gravity, which
allows the device to be used as a tilt sensor.

The sensor is a polysilicon surface-micromachined structure
built on top of a silicon wafer. Polysilicon springs suspend the
structure over the surface of the wafer and provide a resistance
against acceleration forces.

Deflection of the structure is measured using differential capacitors
that consist of independent fixed plates and plates attached to the
moving mass. Acceleration deflects the beam and unbalances the
differential capacitor, resulting in a sensor output whose amplitude
is proportional to acceleration. Phase-sensitive demodulation is
used to determine the magnitude and polarity of the acceleration.

POWER SEQUENCING

Power can be applied to Vs or Vopro in any sequence without
damaging the ADXL345. All possible power-on modes are
summarized in Table 5. The interface voltage level is set with
the interface supply voltage, Voo o, which must be present to
ensure that the ADXL345 does not create a conflict on the
communication bus. For single-supply operation, Vopyo can be
the same as the main supply, Vs. In a dual-supply application,
however, Vopro can differ from Vs to accommodate the desired
interface voltage, as long as Vs is greater than Vopyo.

After Vs is applied, the device enters standby mode, where power
consumption is minimized and the device waits for Vopro to be
applied and for the command to enter measurement mode to be
received. (This command can be initiated by setting the measure
bit in the POWER_CTL register (Address 0x2D).) In addition, any
register can be written to or read from to configure the part while
the device is in standby mode. It is recommended to configure the
device in standby mode and then to enable measurement mode.
Clearing the measure bit returns the device to the standby mode.

Table 5. Power Sequencing

POWER SAVINGS
Power Modes

The ADXL345 automatically modulates its power consumption
in proportion to its output data rate, as outlined in Table 6. If
additional power savings is desired, a lower power mode is
available. In this mode, the internal sampling rate is reduced,
allowing for power savings in the 12.5 Hz to 400 Hz data rate
range but at the expense of slightly greater noise. To enter lower
power mode, set the LOW_POWER bit (Bit 4) in the BW_RATE
register (Address 0x2C). The current consumption in low power
mode is shown in Table 7 for cases where there is an advantage
for using low power mode. The current consumption values
shown in Table 6 and Table 7 are for a Vs of 2.5 V. Current
scales linearly with V.

Table 6. Current Consumption vs. Data Rate
(Ta=25°C,Vs=2.5V, Vopro =18 V)

Output Data

Rate (Hz) Bandwidth (Hz) Rate Code loo (HA)
3200 1600 1111 145
1600 800 1110 100
800 400 1101 145
400 200 1100 145
200 100 1011 145
100 50 1010 145
50 25 1001 100
25 12.5 1000 65
125 6.25 0111 55
6.25 3.125 0110 40

Table 7. Current Consumption vs. Data Rate, Low Power Mode
(Ta=25°C,Vs=2.5V,Vopro=1.8V)

Condition Vs Vopo | Description

Power Off off | Off The device is completely off, but there
is a potential for a communication

bus conflict.

The device is on in standby mode, but
communication is unavailable and will
create a conflict on the communication
bus. The duration of this state should
be minimized during power-up to
prevent a conflict.

Bus Disabled On | Off

Bus Enabled Off | On No functions are available, but the
device will not create a conflict on the
communication bus.

Standby or On | On At power-up, the device is in standby

Measurement mode, awaiting a command to enter

measurement mode, and all sensor
functions are off. After the device is
instructed to enter measurement
mode, all sensor functions are available.

Output Data

Rate (Hz) Bandwidth (Hz) Rate Code loo (HA)
400 200 1100 100
200 100 1011 65

100 50 1010 55

50 25 1001 50

25 12.5 1000 40

12.5 6.25 0111 40
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Auto Sleep Mode Standby Mode

Additional power can be saved if the ADXL345 automatically For even lower power operation, standby mode can be used. In
switches to sleep mode during periods of inactivity. To enable standby mode, current consumption is reduced to 0.1 pA (typical).
this feature, set the THRESH_INACT register (Address 0x25) In this mode, no measurements are made. Standby mode is entered
and the TIME_INACT register (Address 0x26) each to a value by clearing the measure bit (Bit 3) in the POWER_CTL register
that signifies inactivity (the appropriate value depends on the (Address 0x2D). Placing the device into standby mode preserves
application), and then set the AUTO_SLEEP bit and the link bit in the contents of FIFO.

the POWER_CTL register (Address 0x2D). Current consumption
at the sub-8 Hz data rates used in this mode is typically 40 pA
foraVsof2.5V.
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SERIAL COMMUNICATIONS

I’C and SPI digital communications are available. In both cases,
the ADXL345 operates as a slave. I’'C mode is enabled if the [ pin
is tied high to Vopro. The [ pin should always be tied high to
Vobro or be driven by an external controller because there is no
default mode if the CS pin is left unconnected. Therefore, not
taking these precautions may result in an inability to communicate
with the part. In SPI mode, the CS pin is controlled by the bus
master. In both SPI and I*C modes of operation, data transmitted
from the ADXL345 to the master device should be ignored during
writes to the ADX1.345.

SPI

For SPJ, either 3- or 4-wire configuration is possible, as shown
in the connection diagrams in Figure 3 and Figure 4. Clearing
the SPI bit in the DATA_FORMAT register (Address 0x31) selects
4-wire mode, whereas setting the SPI bit selects 3-wire mode.
The maximum SPI clock speed is 5 MHz with 100 pF maximum
loading, and the timing scheme follows clock polarity (CPOL) = 1
and clock phase (CPHA) = 1.

CS s the serial port enable line and is controlled by the SPI master.
This line must go low at the start of a transmission and high at
the end of a transmission, as shown in Figure 5. SCLK is the
serial port clock and is supplied by the SPI master. It is stopped
high when CSis high during a period of no transmission. SDI
and SDO are the serial data input and output, respectively. Data
should be sampled at the rising edge of SCLK.

ADXL345
cs

PROCESSOR

D ouT
D IN/OUT

07925-004

Figure 3. 3-Wire SPI Connection Diagram

Table 9. SPI Timing (Ta = 25°C, Vs =2.5V, Vppro = 1.8 V)!

ADXL345
cs

PROCESSOR
D OuUT

07925-003

Figure 4. 4-Wire SPI Connection Diagram

To read or write multiple bytes in a single transmission, the
multiple-byte bit, located after the R/W bit in the first byte
transfer (MB in Figure 5 to Figure 7), must be set. After the
register addressing and the first byte of data, each subsequent
set of clock pulses (eight clock pulses) causes the ADXL345 to
point to the next register for a read or write. This shifting continues
until the clock pulses cease and CS is deasserted. To perform
reads or writes on different, nonsequential registers, CS must be
deasserted between transmissions and the new register must be
addressed separately.

The timing diagram for 3-wire SPI reads or writes is shown in
Figure 7. The 4-wire equivalents for SPI writes and reads are
shown in Figure 5 and Figure 6, respectively.

Table 8. SPI Digital Input/Output Voltage

Parameter Limit' Unit

Digital Input Voltage
Low Level Input Voltage (Vi)
High Level Input Voltage (Vir)
Digital Output Voltage
Low Level Output Voltage (Vo)
High Level Output Voltage (Von)

0.2 X Vopio V max
0.8 X Voo 1o V min

0.15 X Vopro | V max
0.85 %X Vopio | Vmin

' Limits based on characterization results, not production tested.

Limit*3
Parameter Min Max Unit Description
fscik 5 MHz SPI clock frequency
tscik 200 ns 1/(SPI clock frequency) mark-space ratio for the SCLK input is 40/60 to 60/40
toeLay 10 ns CS falling edge to SCLK falling edge
tauier 10 ns SCLK rising edge to CS rising edge
tois 100 ns CS rising edge to SDO disabled
tespis 250 ns CS deassertion between SPI communications
ts 0.4 X tscik ns SCLK low pulse width (space)
tm 0.4 X tscik ns SCLK high pulse width (mark)
tsoo 95 ns SCLK falling edge to SDO transition
tserup 10 ns SDI valid before SCLK rising edge
thoLp 10 ns SDI valid after SCLK rising edge

" The CS, SCLK, SDI, and SDO pins are not internally pulled up or down; they must be driven for proper operation.
2 Limits based on characterization results, characterized with fscik = 5 MHz and bus load capacitance of 100 pF; not production tested.
3 The timing values are measured corresponding to the input thresholds (Vi and Vis) given in Table 8.
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Figure 5. SPI 4-Wire Write
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Figure 6. SPI 4-Wire Read

L{4
tpELA e 1SCLK tscLk

tQuIET it— P tcs DIS

‘_/\_/\_/\/**\/—\/—\_/*\_/7

tseTup - <>~ -t '<>; tspo
B — \ ()(\ H ()(\
soio D G D N TR D D G
2 0
I\ RN )]
N g
ADDRESS BITS DATA BITS
SDO
NOTES
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Figure 7. SPI 3-Wire Read/Write
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I’C

With CS tied high to Voo yo, the ADXL345 is in I°C mode,
requiring a simple 2-wire connection as shown in Figure 8. The
ADXL345 conforms to the UM 10204 I’C-Bus Specification and
User Manual, Rev. 03—19 June 2007, available from NXP
Semiconductor. It supports standard (100 kHz) and fast (400 kHz)
data transfer modes if the timing parameters given in Table 11
and Figure 10 are met. Single- or multiple-byte reads/writes are
supported, as shown in Figure 9. With the SDO/ALT ADDRESS
pin high, the 7-bit I*C address for the device is 0x1D, followed by
the R/W bit. This translates to 0x3A for a write and 0x3B for a read.
An alternate I°C address of 0x53 (followed by the R/W bit) can
be chosen by grounding the SDO/ALT ADDRESS pin (Pin 12).
This translates to 0xA6 for a write and 0xA7 for a read.

Vo 110

If other devices are connected to the same I°C bus, the nominal
operating voltage level of these other devices cannot exceed Voo
by more than 0.3 V. External pull-up resistors, Re, are necessary
for proper I°C operation. Refer to the UM 10204 PC-Bus
Specification and User Manual, Rev. 03—19 June 2007, when
selecting pull-up resistor values to ensure proper operation.

Table 10. I’C Digital Input/Output Voltage

Parameter Limit’ Unit
Digital Input Voltage

Low Level Input Voltage (Vi) 0.25 X Vopio | Vmax

High Level Input Voltage (Vin) 0.75 X Vopio | Vmin
Digital Output Voltage

Low Level Output Voltage (Vov)? 0.2 X Voo V max

! Limits based on characterization results; not production tested.
2The limit given is only for Vooio < 2 V. When Vooio > 2 V, the limit is 0.4 V max.

ADXL345

cs

y
Rp$
<

PROCESSOR

SDA
ALT ADDRESS

D IN/OUT

SCL

v

D OUT

07925-008

Figure 8. I’C Connection Diagram (Address 0x53)

SINGLE-BYTE WRITE

MASTER [START[ | SLAVE ADDRESS + WRITE | | REGISTER ADDRESS | [ DATA I [ stor]

SLAVE | [ Ack | [ Ack | | Ack | |

MULTIPLE-BYTE WRITE

MASTER [START [ | SLAVE ADDRESS + WRITE | |  REGISTER ADDRESS | | DATA | | DATA | | sTor|

SLAVE | | Ack | | Ack | | Ack | | Ack | |

SINGLE-BYTE READ

MASTER [START[ | SLAVE ADDRESS + WRITE | | REGISTER ADDRESS | [starm [ ] SLAVE ADDRESS + READ | [NACK T sTor]

SLAVE | | Ack] | Ack | [ ack ] DATA |

MULTIPLE-BYTE READ

MASTER [START[ ] SLAVE ADDRESS + WRITE | | REGISTERADDRESS | [starm[] SLAVE ADDRESS + READ | [ Ack T [ nack T stop
SLAVE | [ Ack] | Ack ] [ Ack 1] DATA | | DATA |

1THIS START IS EITHER A RESTART OR A STOP FOLLOWED BY A START.

NOTES
1. THE SHADED AREAS REPRESENT WHEN THE DEVICE IS LISTENING.

07925-009

Figure 9. I°’C Device Addressing
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Table 11. I’C Timing (Ta = 25°C, Vs = 2.5V, Vop1o = 1.8 V)

Limit'-2

Parameter Min Max Unit Description
fsc 400 kHz SCL clock frequency
t 25 us SCL cycle time
t 0.6 Ms tric, SCL high time
t3 1.3 us tiow, SCL low time
ta 0.6 Ms thp, sTa, Start/repeated start condition hold time
ts 350 ns tsu, pat, data setup time
te3 456 0 0.65 s thp, par, data hold time
t7 0.6 ps tsu,sta, setup time for repeated start
ts 0.6 Ms tsu, sto, Stop condition setup time
to 1.3 Ms tsur, bus-free time between a stop condition and a start condition
to 300 ns tg, rise time of both SCL and SDA when receiving

0 ns tr, rise time of both SCL and SDA when receiving or transmitting
tn 250 ns tr, fall time of SDA when receiving

300 ns tr, fall time of both SCL and SDA when transmitting

20+ 0.1 G’ ns tr, fall time of both SCL and SDA when transmitting or receiveing

Go 400 pF Capacitive load for each bus line

' Limits based on characterization results, with fsc. = 400 kHz and a 3 mA sink current; not production tested.

2 All values referred to the Vis and the V. levels given in Table 10.

316 is the data hold time that is measured from the falling edge of SCL. It applies to data in transmission and acknowledge times.
4 A transmitting device must internally provide an output hold time of at least 300 ns for the SDA signal (with respect to Vixmin) of the SCL signal) to bridge the undefined region of

the falling edge of SCL.

® The maximum ts value must be met only if the device does not stretch the low period (ts) of the SCL signal.
6 The maximum value for ts is a function of the clock low time (ts), the clock rise time (t10), and the minimum data setup time (tsmin). This value is calculated as tsmag = ts — tio — tsmin.

7 Cpis the total capacitance of one bus line in picofarads.

SCL

START
CONDITION

Wil wi

—(t7
REPEATED

07925-020

STOP
CONDITION

START
CONDITION

Figure 10. PC Timing Diagram
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INTERRUPTS

The ADXL345 provides two output pins for driving interrupts:
INT1 and INT2. Each interrupt function is described in detail
in this section. All functions can be used simultaneously, with
the only limiting feature being that some functions may need
to share interrupt pins. Interrupts are enabled by setting the
appropriate bit in the INT_ENABLE register (Address 0x2E)
and are mapped to either the INT1 or INT2 pin based on the
contents of the INT_MAP register (Address 0x2F). It is recom-
mended that interrupt bits be configured with the interrupts
disabled, preventing interrupts from being accidentally triggered
during configuration. This can be done by writing a value of 0x00
to the INT_ENABLE register. Clearing interrupts is performed
either by reading the data registers (Address 0x32 to Address 0x37)
until the interrupt condition is no longer valid for the data-related
interrupts or by reading the INT_SOURCE register (Address 0x30)
for the remaining interrupts. This section describes the interrupts
that can be set in the INT_ENABLE register and monitored in
the INT_SOURCE register.

DATA_READY

The DATA_READY bit is set when new data is available and is
cleared when no new data is available.

SINGLE _TAP

The SINGLE_TAP bit is set when a single acceleration event
that is greater than the value in the THRESH_TAP register
(Address 0x1D) occurs for less time than is specified in

the DUR register (Address 0x21).

DOUBLE_TAP

The DOUBLE_TAP bit is set when two acceleration events
that are greater than the value in the THRESH_TAP register
(Address 0x1D) occur for less time than is specified in the
DUR register (Address 0x21), with the second tap starting after
the time specified by the latent register (Address 0x22) but within
the time specified in the window register (Address 0x23). See
the Tap Detection section for more details.

Activity
The activity bit is set when acceleration greater than the value

stored in the THRESH_ACT register (Address 0x24) is
experienced.

Inactivity

The inactivity bit is set when acceleration of less than the value
stored in the THRESH_INACT register (Address 0x25) is experi-
enced for more time than is specified in the TIME_INACT
register (Address 0x26). The maximum value for TIME_INACT
is 255 sec.

FREE_FALL

The FREE_FALL bit is set when acceleration of less than the
value stored in the THRESH_FF register (Address 0x28) is
experienced for more time than is specified in the TIME_FF
register (Address 0x29). The FREE_FALL interrupt differs from

the inactivity interrupt as follows: all axes always participate, the
timer period is much smaller (1.28 sec maximum), and the mode
of operation is always dc-coupled.

Watermark

The watermark bit is set when the number of samples in FIFO
equals the value stored in the samples bits (Register FIFO_CTL,
Address 0x38). The watermark bit is cleared automatically when
FIFO is read, and the content returns to a value below the value
stored in the samples bits.

Overrun

The overrun bit is set when new data replaces unread data. The
precise operation of the overrun function depends on the FIFO
mode. In bypass mode, the overrun bit is set when new data
replaces unread data in the DATAX, DATAY, and DATAZ registers
(Address 0x32 to Address 0x37). In all other modes, the overrun
bit is set when FIFO is filled. The overrun bit is automatically
cleared when the contents of FIFO are read.

FIFO

The ADXL345 contains patent pending technology for an
embedded 32-level FIFO that can be used to minimize host
processor burden. This buffer has four modes: bypass, FIFO,
stream, and trigger (see Table 19). Each mode is selected by the
settings of the FIFO_MODE bits in the FIFO_CTL register
(Address 0x38).

Bypass Mode

In bypass mode, FIFO is not operational and, therefore,
remains empty.

FIFO Mode

In FIFO mode, data from measurements of the x-, y-, and z-
axes are stored in FIFO. When the number of samples in FIFO
equals the level specified in the samples bits of the FIFO_CTL
register (Address 0x38), the watermark interrupt is set. FIFO
continues accumulating samples until it is full (32 samples from
measurements of the x-, y-, and z-axes) and then stops collecting
data. After FIFO stops collecting data, the device continues to
operate; therefore, features such as tap detection can be used
after FIFO is full. The watermark interrupt continues to occur
until the number of samples in FIFO is less than the value
stored in the samples bits of the FIFO_CTL register.

Stream Mode

In stream mode, data from measurements of the x-, y-, and z-
axes are stored in FIFO. When the number of samples in FIFO
equals the level specified in the samples bits of the FIFO_CTL
register (Address 0x38), the watermark interrupt is set. FIFO
continues accumulating samples and holds the latest 32 samples
from measurements of the x-, y-, and z-axes, discarding older
data as new data arrives. The watermark interrupt continues
occurring until the number of samples in FIFO is less than the
value stored in the samples bits of the FIFO_CTL register.
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Trigger Mode

In trigger mode, FIFO accumulates samples, holding the latest
32 samples from measurements of the x-, y-, and z-axes. After

a trigger event occurs and an interrupt is sent to the INT1 or
INT?2 pin (determined by the trigger bit in the FIFO_CTL register),
FIFO keeps the last n samples (where n is the value specified by
the samples bits in the FIFO_CTL register) and then operates in
FIFO mode, collecting new samples only when FIFO is not full.
A delay of at least 5 ps should be present between the trigger event
occurring and the start of reading data from the FIFO to allow
the FIFO to discard and retain the necessary samples. Additional
trigger events cannot be recognized until the trigger mode is
reset. To reset the trigger mode, set the device to bypass mode
and then set the device back to trigger mode. Note that the
FIFO data should be read first because placing the device into
bypass mode clears FIFO.

Retrieving Data from FIFO

The FIFO data is read through the DATAX, DATAY, and DATAZ
registers (Address 0x32 to Address 0x37). When the FIFO is in
FIFO, stream, or trigger mode, reads to the DATAX, DATAY,
and DATAZ registers read data stored in the FIFO. Each time
data is read from the FIFO, the oldest x-, y-, and z-axes data are
placed into the DATAX, DATAY and DATAZ registers.

If a single-byte read operation is performed, the remaining
bytes of data for the current FIFO sample are lost. Therefore, all
axes of interest should be read in a burst (or multiple-byte) read
operation. To ensure that the FIFO has completely popped (that
is, that new data has completely moved into the DATAX, DATAY,
and DATAZ registers), there must be at least 5 us between the
end of reading the data registers and the start of a new read of
the FIFO or a read of the FIFO_STATUS register (Address 0x39).
The end of reading a data register is signified by the transition
from Register 0x37 to Register 0x38 or by the CS pin going high.

For SPI operation at 1.6 MHz or less, the register addressing
portion of the transmission is a sufficient delay to ensure that
the FIFO has completely popped. For SPI operation greater than
1.6 MHz, it is necessary to deassert the CS pin to ensure a total
delay of 5 s; otherwise, the delay will not be sufficient. The total
delay necessary for 5 MHz operation is at most 3.4 ps. This is
not a concern when using I'C mode because the communication
rate is low enough to ensure a sufficient delay between FIFO reads.

SELF-TEST

The ADXL345 incorporates a self-test feature that effectively
tests its mechanical and electronic systems simultaneously.
When the self-test function is enabled (via the SELF_TEST bit
in the DATA_FORMAT register, Address 0x31), an electrostatic
force is exerted on the mechanical sensor. This electrostatic force
moves the mechanical sensing element in the same manner as
acceleration, and it is additive to the acceleration experienced
by the device. This added electrostatic force results in an output
change in the x-, y-, and z-axes. Because the electrostatic force
is proportional to Vs?, the output change varies with Vs. The
self-test feature of the ADXL345 also exhibits a bimodal behavior
that depends on which phase of the clock self-test is enabled.
However, the limits shown in Table 1 and Table 12 to Table 15
are valid for all potential self-test values across the entire
allowable voltage range. Use of the self-test feature at data rates
less than 100 Hz may yield values outside these limits.
Therefore, the part should be placed into a data rate of 100 Hz

or greater when using self-test.

Table 12. Self-Test Output in LSB for +2 g, Full Resolution

Axis Min Max Unit
X 50 540 LSB

Y -540 -50 LSB

z 75 875 LSB
Table 13. Self-Test Output in LSB for +4 g, 10-Bit Resolution
Axis Min Max Unit
X 25 270 LSB

Y =270 =25 LSB

z 38 438 LSB
Table 14. Self-Test Output in LSB for +8 g, 10-Bit Resolution
Axis Min Max Unit
X 12 135 LSB

Y -135 =12 LSB

z 19 219 LSB
Table 15. Self-Test Output in LSB for +16 g, 10-Bit Resolution
Axis Min Max Unit
X 6 67 LSB

Y -67 -6 LSB

z 10 110 LSB
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REGISTER MAP

Table 16. Register Map

Address
Hex Dec Name Type Reset Value | Description
0x00 0 DEVID R 11100101 Device ID.
0x01to Ox01C | 1t028 Reserved Reserved. Do not access.
ox1D 29 THRESH_TAP R/W 00000000 Tap threshold.
Ox1E 30 OFSX R/W 00000000 X-axis offset.
Ox1F 31 OFSY R/W 00000000 Y-axis offset.
0x20 32 OFSzZ R/W 00000000 Z-axis offset.
0x21 33 DUR R/W 00000000 Tap duration.
0x22 34 Latent R/W 00000000 Tap latency.
0x23 35 Window R/W 00000000 Tap window.
0x24 36 THRESH_ACT R/W 00000000 Activity threshold.
0x25 37 THRESH_INACT R/W 00000000 Inactivity threshold.
0x26 38 TIME_INACT R/W 00000000 Inactivity time.
0x27 39 ACT_INACT_CTL R/W 00000000 Axis enable control for activity and inactivity detection.
0x28 40 THRESH_FF R/W 00000000 Free-fall threshold.
0x29 41 TIME_FF R/W | 00000000 Free-fall time.
0x2A 42 TAP_AXES R/W 00000000 Axis control for tap/double tap.
0x2B 43 ACT_TAP_STATUS | R 00000000 Source of tap/double tap.
0x2C 44 BW_RATE R/W 00001010 Data rate and power mode control.
0x2D 45 POWER_CTL R/W 00000000 Power-saving features control.
0x2E 46 INT_ENABLE R/W 00000000 Interrupt enable control.
O0x2F 47 INT_MAP R/W 00000000 Interrupt mapping control.
0x30 48 INT_SOURCE R 00000010 Source of interrupts.
0x31 49 DATA_FORMAT R/W 00000000 Data format control.
0x32 50 DATAXO R 00000000 X-Axis Data 0.
0x33 51 DATAX1 R 00000000 X-Axis Data 1.
0x34 52 DATAYO R 00000000 Y-Axis Data 0.
0x35 53 DATAY1 R 00000000 Y-Axis Data 1.
0x36 54 DATAZO R 00000000 Z-Axis Data 0.
0x37 55 DATAZ1 R 00000000 Z-Axis Data 1.
0x38 56 FIFO_CTL R/W 00000000 FIFO control.
0x39 57 FIFO_STATUS R 00000000 FIFO status.
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REGISTER DEFINITIONS
Register 0x00—DEVID (Read Only)

D7 D6 D5 D4 D3 D2 D1 DO

1 1 1 0 0 1 0 1

The DEVID register holds a fixed device ID code of 0xE5
(345 octal).

Register 0Ox1D—THRESH_TAP (Read/Write)

The THRESH_TAP register is eight bits and holds the threshold
value for tap interrupts. The data format is unsigned, so the
magnitude of the tap event is compared with the value in
THRESH_TAP. The scale factor is 62.5 mg/LSB (that is, 0xFF =
+16 g). A value of 0 may result in undesirable behavior if tap/
double tap interrupts are enabled.

Register Ox1E, Register 0x1F, Register 0x20—OFSX,
OFSY, OFSZ (Read/Write)

The OFSX, OFSY, and OFSZ registers are each eight bits and
offer user-set offset adjustments in twos complement format
with a scale factor of 15.6 mg/LSB (that is, 0x7F = +2 g).

Register 0x21—DUR (Read/Write)

The DUR register is eight bits and contains an unsigned time
value representing the maximum time that an event must be
above the THRESH_TAP threshold to qualify as a tap event. The
scale factor is 625 us/LSB. A value of 0 disables the tap/double
tap functions.

Register 0x22—Latent (Read/Write)

The latent register is eight bits and contains an unsigned time
value representing the wait time from the detection of a tap event
to the start of the time window (defined by the window register)
during which a possible second tap event can be detected. The scale
factor is 1.25 ms/LSB. A value of 0 disables the double tap function.

Register 0x23—Window (Read/Write)

The window register is eight bits and contains an unsigned time
value representing the amount of time after the expiration of the
latency time (determined by the latent register) during which a
second valid tap can begin. The scale factor is 1.25 ms/LSB. A
value of 0 disables the double tap function.

Register 0x24—THRESH_ACT (Read/Write)

The THRESH_ACT register is eight bits and holds the threshold
value for detecting activity. The data format is unsigned, so the
magnitude of the activity event is compared with the value in
the THRESH_ACT register. The scale factor is 62.5 mg/LSB.
A value of 0 may result in undesirable behavior if the activity
interrupt is enabled.

Register 0x25—THRESH_INACT (Read/Write)

The THRESH_INACT register is eight bits and holds the threshold
value for detecting inactivity. The data format is unsigned, so
the magnitude of the inactivity event is compared with the value
in the THRESH_INACT register. The scale factor is 62.5 mg/LSB.
A value of 0 mg may result in undesirable behavior if the inactivity
interrupt is enabled.

Register 0x26—TIME_INACT (Read/Write)

The TIME_INACT register is eight bits and contains an unsigned
time value representing the amount of time that acceleration
must be less than the value in the THRESH_INACT register for
inactivity to be declared. The scale factor is 1 sec/LSB. Unlike
the other interrupt functions, which use unfiltered data (see the
Threshold section), the inactivity function uses filtered output
data. At least one output sample must be generated for the
inactivity interrupt to be triggered. This results in the function
appearing unresponsive if the TIME_INACT register is set to a
value less than the time constant of the output data rate. A value
of 0 results in an interrupt when the output data is less than the
value in the THRESH_INACT register.

Register 0x27—ACT_INACT_CTL (Read/Write)

D7 D6 D5 D4

ACT ac/dc ACT_X enable ACT_Y enable ACT_Z enable
D3 D2 D1 DO

INACT ac/dc | INACT_Xenable | INACT_Y enable | INACT_Zenable

ACT AC/DC and INACT AC/DC Bits

A setting of 0 selects dc-coupled operation, and a setting of 1
enables ac-coupled operation. In dc-coupled operation, the
current acceleration magnitude is compared directly with
THRESH_ACT and THRESH_INACT to determine whether
activity or inactivity is detected.

In ac-coupled operation for activity detection, the acceleration
value at the start of activity detection is taken as a reference
value. New samples of acceleration are then compared to this
reference value, and if the magnitude of the difference exceeds
the THRESH_ACT value, the device triggers an activity interrupt.

Similarly, in ac-coupled operation for inactivity detection, a
reference value is used for comparison and is updated whenever
the device exceeds the inactivity threshold. After the reference
value is selected, the device compares the magnitude of the
difference between the reference value and the current acceleration
with THRESH_INACT. If the difference is less than the value in
THRESH_INACT for the time in TIME_INACT, the device is
considered inactive and the inactivity interrupt is triggered.

ACT_x Enable Bits and INACT_x Enable Bits

A setting of 1 enables x-, y-, or z-axis participation in detecting
activity or inactivity. A setting of 0 excludes the selected axis from
participation. If all axes are excluded, the function is disabled.

Register 0x28—THRESH_FF (Read/Write)

The THRESH_FF register is eight bits and holds the threshold
value, in unsigned format, for free-fall detection. The root-sum-
square (RSS) value of all axes is calculated and compared with
the value in THRESH_FF to determine if a free-fall event occurred.
The scale factor is 62.5 mg/LSB. Note that a value of 0 mg may
result in undesirable behavior if the free-fall interrupt is enabled.
Values between 300 mg and 600 mg (0x05 to 0x09) are
recommended.
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Register 0x29—TIME_FF (Read/Write)

The TIME_FF register is eight bits and stores an unsigned time

value representing the minimum time that the RSS value of all axes
must be less than THRESH_FF to generate a free-fall interrupt.

The scale factor is 5 ms/LSB. A value of 0 may result in undesirable
behavior if the free-fall interrupt is enabled. Values between 100 ms
and 350 ms (0x14 to 0x46) are recommended.

Register 0x2A—TAP_AXES (Read/Write)

D7 (D6 | D5 | D4 | D3 D2 D1 DO

Rate Bits

These bits select the device bandwidth and output data rate (see
Table 6 and Table 7 for details). The default value is 0x0A, which
translates to a 100 Hz output data rate. An output data rate
should be selected that is appropriate for the communication
protocol and frequency selected. Selecting too high of an output
data rate with a low communication speed results in samples
being discarded.

Register 0x2D—POWER_CTL (Read/Write)

0 0 0 0 Suppress | TAP_X | TAP_Y | TAP_Z
enable | enable | enable

D7 | D6 | D5 | D4 D3 D2 D1 | DO

Suppress Bit

Setting the suppress bit suppresses double tap detection if
acceleration greater than the value in THRESH_TAP is present
between taps. See the Tap Detection section for more details.

TAP_x Enable Bits

A setting of 1 in the TAP_X enable, TAP_Y enable, or TAP_Z
enable bit enables x-, y-, or z-axis participation in tap detection.
A setting of 0 excludes the selected axis from participation in
tap detection.

Register 0x2B—ACT_TAP_STATUS (Read Only)

0 0 Link | AUTO_SLEEP | Measure | Sleep | Wakeup

D7 | D6 D5 D4 D3 D2 D1 Do
0 ACT_X | ACT_Y | ACT_Z | Asleep | TAP_X | TAP_Y | TAP_Z
source | source | source source | source | source

ACT_x Source and TAP_x Source Bits

These bits indicate the first axis involved in a tap or activity
event. A setting of 1 corresponds to involvement in the event,
and a setting of 0 corresponds to no involvement. When new
data is available, these bits are not cleared but are overwritten by
the new data. The ACT_TAP_STATUS register should be read
before clearing the interrupt. Disabling an axis from participation
clears the corresponding source bit when the next activity or
tap/double tap event occurs.

Asleep Bit

A setting of 1 in the asleep bit indicates that the part is asleep,
and a setting of 0 indicates that the part is not asleep. See the
Register 0x2D—POWER_CTL (Read/Write) section for more
information on autosleep mode.

Register 0x2C—BW _RATE (Read/Write)

D7 [D6 | D5 | D4 D3 [D2 [ D1 [ Do

0 0 0 LOW_POWER Rate

LOW_POWER Bit

A setting of 0 in the LOW_POWER bit selects normal operation,
and a setting of 1 selects reduced power operation, which has
somewhat higher noise (see the Power Modes section for details).

Link Bit

A setting of 1 in the link bit with both the activity and inactivity
functions enabled delays the start of the activity function until
inactivity is detected. After activity is detected, inactivity detection
begins, preventing the detection of activity. This bit serially links
the activity and inactivity functions. When this bit is set to 0,
the inactivity and activity functions are concurrent. Additional
information can be found in the Link Mode section.

When clearing the link bit, it is recommended that the part be
placed into standby mode and then set back to measurement
mode with a subsequent write. This is done to ensure that the
device is properly biased if sleep mode is manually disabled;
otherwise, the first few samples of data after the link bit is cleared
may have additional noise, especially if the device was asleep
when the bit was cleared.

AUTO_SLEEP Bit

If the link bit is set, a setting of 1 in the AUTO_SLEEP bit sets
the ADXL345 to switch to sleep mode when inactivity is detected
(that is, when acceleration has been below the THRESH_INACT
value for at least the time indicated by TIME_INACT). A setting
of 0 disables automatic switching to sleep mode. See the description
of the sleep bit in this section for more information.

When clearing the AUTO_SLEEP bit, it is recommended that the
part be placed into standby mode and then set back to measure-
ment mode with a subsequent write. This is done to ensure that
the device is properly biased if sleep mode is manually disabled;
otherwise, the first few samples of data after the AUTO_SLEEP
bit is cleared may have additional noise, especially if the device
was asleep when the bit was cleared.

Measure Bit

A setting of 0 in the measure bit places the part into standby mode,
and a setting of 1 places the part into measurement mode. The
ADXL345 powers up in standby mode with minimum power
consumption.
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Sleep Bit

A setting of 0 in the sleep bit puts the part into the normal mode
of operation, and a setting of 1 places the part into sleep mode.
Sleep mode suppresses DATA_READY, stops transmission of data
to FIFO, and switches the sampling rate to one specified by the
wakeup bits. In sleep mode, only the activity function can be used.

When clearing the sleep bit, it is recommended that the part be
placed into standby mode and then set back to measurement
mode with a subsequent write. This is done to ensure that the
device is properly biased if sleep mode is manually disabled;
otherwise, the first few samples of data after the sleep bit is
cleared may have additional noise, especially if the device was
asleep when the bit was cleared.

Wakeup Bits

These bits control the frequency of readings in sleep mode as
described in Table 17.

Table 17. Frequency of Readings in Sleep Mode

Bits set to 1 in this register indicate that their respective functions
have triggered an event, whereas a value of 0 indicates that the
corresponding event has not occurred. The DATA_READY,
watermark, and overrun bits are always set if the corresponding
events occur, regardless of the INT_ENABLE register settings,
and are cleared by reading data from the DATAX, DATAY, and
DATAZ registers. The DATA_READY and watermark bits may
require multiple reads, as indicated in the FIFO mode descriptions
in the FIFO section. Other bits, and the corresponding interrupts,
are cleared by reading the INT_SOURCE register.

Register 0x31—DATA_FORMAT (Read/Write)

D7 D6 | D5 D4 | D3 D2 [ D1 | Do

SELF_TEST | SPI | INT_INVERT | O FULL_RES | Justify Range

Setting
D1 DO Frequency (Hz)
0 0 8
0 1 4
1 0 2
1 1 1
Register 0Ox2E—INT_ENABLE (Read/Write)
D7 D6 D5 D4
DATA_READY SINGLE_TAP DOUBLE_TAP Activity
D3 D2 D1 DO
Inactivity FREE_FALL Watermark Overrun

Setting bits in this register to a value of 1 enables their respective
functions to generate interrupts, whereas a value of 0 prevents
the functions from generating interrupts. The DATA_READY,
watermark, and overrun bits enable only the interrupt output;
the functions are always enabled. It is recommended that interrupts
be configured before enabling their outputs.

Register 0Ox2F—INT_MAP (Read/Write)

D7 D6 D5 D4
DATA_READY SINGLE_TAP DOUBLE_TAP Activity
D3 D2 D1 DO
Inactivity FREE_FALL Watermark Overrun

Any bits set to 0 in this register send their respective interrupts to
the INT1 pin, whereas bits set to 1 send their respective interrupts
to the INT2 pin. All selected interrupts for a given pin are ORed.

Register 0x30—INT_SOURCE (Read Only)

The DATA_FORMAT register controls the presentation of data
to Register 0x32 through Register 0x37. All data, except that for
the +16 g range, must be clipped to avoid rollover.

SELF_TEST Bit

A setting of 1 in the SELF_TEST bit applies a self-test force to
the sensor, causing a shift in the output data. A value of 0 disables
the self-test force.

SPI Bit

A value of 1 in the SPI bit sets the device to 3-wire SPI mode,
and a value of 0 sets the device to 4-wire SPI mode.

INT_INVERT Bit

A value of 0 in the INT_INVERT bit sets the interrupts to active
high, and a value of 1 sets the interrupts to active low.

FULL_RES Bit

When this bit is set to a value of 1, the device is in full resolution
mode, where the output resolution increases with the g range
set by the range bits to maintain a 4 mg/LSB scale factor. When
the FULL_RES bit is set to 0, the device is in 10-bit mode, and
the range bits determine the maximum g range and scale factor.

Justify Bit

A setting of 1 in the justify bit selects left (MSB) justified mode,
and a setting of 0 selects right justified mode with sign extension.

Range Bits
These bits set the g range as described in Table 18.

Table 18. g Range Setting

D7 D6 D5 D4
DATA_READY SINGLE_TAP DOUBLE_TAP Activity
D3 D2 D1 DO
Inactivity FREE_FALL Watermark Overrun

Setting
D1 DO g Range
0 0 +2g
0 1 49
1 0 8¢
1 1 +16g
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Register 0x32 to Register 0x37—DATAX0, DATAX1,
DATAYO, DATAY1, DATAZ0, DATAZ1 (Read Only)

These six bytes (Register 0x32 to Register 0x37) are eight bits
each and hold the output data for each axis. Register 0x32 and
Register 0x33 hold the output data for the x-axis, Register 0x34 and
Register 0x35 hold the output data for the y-axis, and Register 0x36
and Register 0x37 hold the output data for the z-axis. The output
data is twos complement, with DATAXO as the least significant
byte and DATAx1 as the most significant byte, where x represent X,
Y, or Z. The DATA_FORMAT register (Address 0x31) controls
the format of the data. It is recommended that a multiple-byte
read of all registers be performed to prevent a change in data
between reads of sequential registers.

Register 0x38—FIFO_CTL (Read/Write)

Samples Bits

The function of these bits depends on the FIFO mode selected
(see Table 20). Entering a value of 0 in the samples bits immediately
sets the watermark status bit in the INT_SOURCE register,
regardless of which FIFO mode is selected. Undesirable operation
may occur if a value of 0 is used for the samples bits when trigger
mode is used.

Table 20. Samples Bits Functions

D7 |Dé |D5 D4 [D3 [ D2 [D1 |DoO

FIFO_MODE Trigger Samples

FIFO_MODE Bits
These bits set the FIFO mode, as described in Table 19.

Table 19. FIFO Modes

FIFO Mode | Samples Bits Function

Bypass None.

FIFO Specifies how many FIFO entries are needed to
trigger a watermark interrupt.

Stream Specifies how many FIFO entries are needed to
trigger a watermark interrupt.

Trigger Specifies how many FIFO samples are retained in
the FIFO buffer before a trigger event.

0x39—FIFO_STATUS (Read Only)

D7 D6 [D5 [D4 [D3 | D2 |[D1 | Do

FIFO_TRIG 0 Entries

Setting

D7 | D6 | Mode | Function

0 0 Bypass | FIFO is bypassed.

0 1 FIFO FIFO collects up to 32 values and then
stops collecting data, collecting new data
only when FIFO is not full.

1 0 Stream | FIFO holds the last 32 data values. When
FIFO is full, the oldest data is overwritten
with newer data.

1 1 Trigger | When triggered by the trigger bit, FIFO
holds the last data samples before the
trigger event and then continues to collect
data until full. New data is collected only
when FIFO is not full.

Trigger Bit

A value of 0 in the trigger bit links the trigger event of trigger mode
to INT1, and a value of 1 links the trigger event to INT2.

FIFO_TRIG Bit

A 1 in the FIFO_TRIG bit corresponds to a trigger event occurring,
and a 0 means that a FIFO trigger event has not occurred.

Entries Bits

These bits report how many data values are stored in FIFO.
Access to collect the data from FIFO is provided through the
DATAX, DATAY, and DATAZ registers. FIFO reads must be
done in burst or multiple-byte mode because each FIFO level is
cleared after any read (single- or multiple-byte) of FIFO. FIFO
stores a maximum of 32 entries, which equates to a maximum
of 33 entries available at any given time because an additional
entry is available at the output filter of the device.
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APPLICATIONS INFORMATION

POWER SUPPLY DECOUPLING

A 1 yF tantalum capacitor (Cs) at Vs and a 0.1 pF ceramic capacitor
(Cio) at Vopo placed close to the ADXL345 supply pins is used
for testing and is recommended to adequately decouple the
accelerometer from noise on the power supply. If additional
decoupling is necessary, a resistor or ferrite bead, no larger than
100 Q, in series with Vs may be helpful. Additionally, increasing
the bypass capacitance on Vs to a 10 pF tantalum capacitor in
parallel with a 0.1 pF ceramic capacitor may also improve noise.

Care should be taken to ensure that the connection from the
ADXL345 ground to the power supply ground has low impedance
because noise transmitted through ground has an effect similar
to noise transmitted through Vs. It is recommended that Vs and
Vobro be separate supplies to minimize digital clocking noise
on the Vs supply. If this is not possible, additional filtering of
the supplies as previously mentioned may be necessary.

Vs Vo 110
Cs :E‘L_i = Cio
N N
Vs Vop 110
ADXL345
SDA/SDI/SDIO
INTERRUPT INT1 SDO/ALT ADDRESS g'P?g;"l‘éVC'RE
CONTROL { INT2 SCL/SCLK INTEREAGE
GND cs

)

hd

07925-016

Figure 11. Application Diagram

MECHANICAL CONSIDERATIONS FOR MOUNTING

The ADXL345 should be mounted on the PCB in a location
close to a hard mounting point of the PCB to the case. Mounting
the ADXL345 at an unsupported PCB location, as shown in
Figure 12, may result in large, apparent measurement errors due
to undampened PCB vibration. Locating the accelerometer near
a hard mounting point ensures that any PCB vibration at the
accelerometer is above the accelerometer’s mechanical sensor
resonant frequency and, therefore, effectively invisible to the

accelerometer.
ACCELEROMETERS
PCB \EI

[

MOUNTING POINTS

07925-010

Figure 12. Incorrectly Placed Accelerometers

TAP DETECTION

The tap interrupt function is capable of detecting either single
or double taps. The following parameters are shown in Figure 13
for a valid single and valid double tap event:

e The tap detection threshold is defined by the THRESH_TAP
register (Address 0x1D).

e  The maximum tap duration time is defined by the DUR

register (Address 0x21).

e  The tap latency time is defined by the latent register

(Address 0x22) and is the waiting period from the end of
the first tap until the start of the time window, when a
second tap can be detected, which is determined by the
value in the window register (Address 0x23).

e The interval after the latency time (set by the latent register) is

defined by the window register. Although a second tap must
begin after the latency time has expired, it need not finish
before the end of the time defined by the window register.

SECOND TAP

FIRST TAP

Xui BW
(
d

TIME LIMIT FOR
i_ k/TAPS(DUR)\i_ |

‘ TIME WINDOW FOR
LATENCY I*=SECOND TAP (WINDOW)

(LATENT)
0
Fl] e
o
2 ' SINGLE TAP DOUBLE TAP
x : INTERRUPT INTERRUPT g
[ L g
z! g

Figure 13. Tap Interrupt Function with Valid Single and Double Taps

If only the single tap function is in use, the single tap interrupt
is triggered when the acceleration goes below the threshold, as
long as DUR has not been exceeded. If both single and double
tap functions are in use, the single tap interrupt is triggered when
the double tap event has been either validated or invalidated.

Several events can occur to invalidate the second tap of a double
tap event. First, if the suppress bit in the TAP_AXES register
(Address 0x2A) is set, any acceleration spike above the threshold
during the latency time (set by the latent register) invalidates
the double tap detection, as shown in Figure 14.

i«——— INVALIDATES DOUBLE TAP IF
SUPRESS BIT SET

TIME LIMIT } | g
FOR TAPS LATENCY TIME WINDOW FOR SECOND &
(DUR) TIME (LATENT) TAP (WINDOW) g

Figure 14. Double Tap Event Invalid Due to High g Event
When the Suppress Bit Is Set
A double tap event can also be invalidated if acceleration above
the threshold is detected at the start of the time window for the
second tap (set by the window register). This results in an invalid
double tap at the start of this window, as shown in Figure 15.
Additionally, a double tap event can be invalidated if an accel-
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eration exceeds the time limit for taps (set by the DUR register),
resulting in an invalid double tap at the end of the DUR time
limit for the second tap event, also shown in Figure 15.

INVALIDATES DOUBLE TAP
AT START OF WINDOW

XHi BW
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| i | FOR TAPS
P DUR)

TIME LIMIT o} |
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(LATENT)
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(DUR)
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: I~
~—
INVALIDATES »
DOUBLE TAP AT

END OF DUR
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Figure 15. Tap Interrupt Function with Invalid Double Taps

Single taps, double taps, or both can be detected by setting the
respective bits in the INT_ENABLE register (Address 0x2E).
Control over participation of each of the three axes in single tap/
double tap detection is exerted by setting the appropriate bits in
the TAP_AXES register (Address 0x2A). For the double tap
function to operate, both the latent and window registers must
be set to a nonzero value.

Every mechanical system has somewhat different single tap/double
tap responses based on the mechanical characteristics of the
system. Therefore, some experimentation with values for the
latent, window, and THRESH_ TAP registers is required. In
general, a good starting point is to set the latent register to a
value greater than 0x10, to set the window register to a value
greater than 0x10, and to set the THRESH_TAP register to be
greater than 3 g. Setting a very low value in the latent, window, or
THRESH_TAP register may result in an unpredictable response
due to the accelerometer picking up echoes of the tap inputs.

After a tap interrupt has been received, the first axis to exceed
the THRESH_TAP level is reported in the ACT_TAP_STATUS
register (Address 0x2B). This register is never cleared, but is
overwritten with new data.

THRESHOLD

The lower output data rates are achieved by decimating a
common sampling frequency inside the device. The activity,
free-fall, and single tap/double tap detection functions are
performed using unfiltered data. Since the output data is
filtered, the high frequency and high g data that is used to

determine activity, free-fall, and single tap/double tap events may
not be present if the output of the accelerometer is examined.
This may result in trigger events being detected when acceleration
does not appear to trigger an event because the unfiltered data
may have exceeded a threshold or remained below a threshold
for a certain period of time while the filtered output data has
not exceeded such a threshold.

LINK MODE

The function of the link bit is to reduce the number of activity
interrupts that the processor must service by setting the device
to look for activity only after inactivity. For proper operation of
this feature, the processor must still respond to the activity and
inactivity interrupts by reading the INT_SOURCE register
(Address 0x30) and, therefore, clearing the interrupts. If an activity
interrupt is not cleared, the part cannot go into autosleep mode.
The asleep bit in the ACT_TAP_STATUS register (Address 0x2B)
indicates if the part is asleep.

SLEEP MODE VS. LOW POWER MODE

In applications where a low data rate is sufficient and low power
consumption is desired, it is reccommended that the low power
mode be used in conjunction with the FIFO. The sleep mode, while
offering a low data rate and low average current consumption,
suppresses the DATA_READY interrupt, preventing the accelero-
meter from sending an interrupt signal to the host processor
when data is ready to be collected. In this application, setting
the part into low power mode (by setting the LOW_POWER bit
in the BW_RATE register) and enabling the FIFO in FIFO mode to
collect a large value of samples reduces the power consumption
of the ADXL345 and allows the host processor to go to sleep
while the FIFO is filling up.

USING SELF-TEST

The self-test change is defined as the difference between the
acceleration output of an axis with self-test enabled and the
acceleration output of the same axis with self-test disabled (see
Endnote 4 of Table 1). This definition assumes that the sensor
does not move between these two measurements, because if the
sensor moves, a non-self-test related shift corrupts the test.

Proper configuration of the ADXL345 is also necessary for an
accurate self-test measurement. The part should be set with a
data rate greater than or equal to 100 Hz. This is done by
ensuring that a value greater than or equal to 0x0A is written
into the rate bits (Bit D3 through Bit D0) in the BW_RATE
register (Address 0x2C). It is also recommended that the part be
set to full-resolution, 16 g mode to ensure that there is sufficient
dynamic range for the entire self-test shift. This is done by
setting Bit D3 of the DATA_ FORMAT register (Address 0x31)
and writing a value of 0x03 to the range bits (Bit D1 and Bit DO0) of
the DATA_FORMAT register (Address 0x31). This results in a high
dynamic range for measurement and a 3.9 mg/LSB scale factor.

After the part is configured for accurate self-test measurement,
several samples of x-, y-, and z-axis acceleration data should be
retrieved from the sensor and averaged together. The number of
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samples averaged is a choice of the system designer, but a recom-
mended starting point is 0.1 sec worth of data, which corresponds
to 10 samples at 100 Hz data rate. The averaged values should
be stored and labeled appropriately as the self-test disabled data,
that is, Xsr_orr, Ysr_orr, and Zst ok

Next, self-test should be enabled by setting Bit D7 of the
DATA_FORMAT register (Address 0x31). The output needs
some time (about four samples) to settle after enabling self-test.
After allowing the output to settle, several samples of the x-, y-,
and z-axis acceleration data should be taken again and averaged. It
is reccommended that the same number of samples be taken for
this average as was previously taken. These averaged values should
again be stored and labeled appropriately as the value with self-
test enabled, that is, Xst ox, Ysr ox, and Zst on. Self-test can then
be disabled by clearing Bit D7 of the DATA_ FORMAT register
(Address 0x31).

With the stored values for self-test enabled and disabled, the
self-test change is as follows:

Xsr = Xsr_on — Xst_orr
Ysr= Ysron — Ysr orr

Zst = Zst_on — ZsT_oFF

Because the measured output for each axis is expressed in LSBs,
Xst, Yst, and Zsr are also expressed in LSBs. These values can be
converted to g’s of acceleration by multiplying each value by the
3.9 mg/LSB scale factor, if configured for full-resolution, 16 g
mode. Additionally, Table 12 through Table 15 correspond to
the self-test range converted to LSBs and can be compared with
the measured self-test change. If the part was placed into full-
resolution, 16 g mode, the values listed in Table 12 should be used.
Although the fixed 10-bit mode or a range other than 16 g can
be used, a different set of values, as indicated in Table 13 through
Table 15, would need to be used. Using a range below 8 ¢ may
result in insufficient dynamic range and should be considered
when selecting the range of operation for measuring self-test. In
addition, note that the range in Table 1 and the values in Table 12
through Table 15 take into account all possible supply voltages, Vs,
and no additional conversion due to Vs is necessary.

If the self-test change is within the valid range, the test is considered
successful. Generally, a part is considered to pass if the minimum
magnitude of change is achieved. However, a part that changes
by more than the maximum magnitude is not necessarily a failure.
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AXES OF ACCELERATION SENSITIVITY
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Figure 16. Axes of Acceleration Sensitivity (Corresponding Output Voltage Increases When Accelerated Along the Sensitive Axis)
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Figure 17. Output Response vs. Orientation to Gravity

Rev. 0| Page 22 of 22








ADXL3435

LAYOUT AND DESIGN RECOMMENDATIONS

Figure 18 shows the recommended printed wiring board land pattern. Figure 19 and Table 21 provide details about the recommended

soldering profile.
3.3400
| 1.0500 |«
i 1
| 0.5500
— 1 *

I I

I
) e
|

5.3400 |

0.2500 | |=

—| 11450 |=

07925-014

Figure 18. Recommended Printed Wiring Board Land Pattern

(Dimensions shown in millimeters)
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Figure 19. Recommended Soldering Profile
Table 21. Recommended Soldering Profile'?
Condition
Profile Feature Sn63/Pb37 Pb-Free

Average Ramp Rate from Liquid Temperature (T.) to Peak Temperature (Tr)
Preheat
Minimum Temperature (Tsmin)
Maximum Temperature (Tswax)
Time from Tswin to Tsmax (ts)
Tsmax to TL Ramp-Up Rate
Liquid Temperature (Tv)
Time Maintained Above T, (tv)
Peak Temperature (Tp)
Time of Actual Te — 5°C (tp)
Ramp-Down Rate
Time 25°C to Peak Temperature

3°C/sec max

100°C

150°C

60 sec to 120 sec
3°C/sec max
183°C

60 sec to 150 sec
240 + 0/-5°C

10 sec to 30 sec
6°C/sec max

6 minutes max

3°C/sec max

150°C

200°C

60 sec to 180 sec
3°C/sec max
217°C

60 sec to 150 sec
260 + 0/-5°C

20 secto 40 sec
6°C/sec max

8 minutes max

' Based on JEDEC Standard J-STD-020D.1.

2 For best results, the soldering profile should be in accordance with the recommendations of the manufacturer of the solder paste used.

Rev. 0 | Page 23 of 23








ADXL3435

OUTLINE DIMENSIONS
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BOTTOM VIEW
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Figure 20. 14-Terminal Land Grid Array [LGA]
(CC-14-1)
Solder Terminations Finish Is Au over Ni
(Dimensions shown in millimeters)
ORDERING GUIDE
Measurement Specified Temperature Package
Model Range (g) Voltage (V) Range Package Description Option
ADXL345BCCZ’ +2,+4,+8,+16 2.5 —40°C to +85°C 14-Terminal Land Grid Array [LGA] CC-141
ADXL345BCCZ-RL' +2,+4,48,+16 2.5 —40°C to +85°C 14-Terminal Land Grid Array [LGA] CC-14-1
ADXL345BCCZ-RL7! +2,+4,48,+16 25 —40°C to +85°C 14-Terminal Land Grid Array [LGA] CC-14-1

EVAL-ADXL345Z'

Evaluation Board

Analog Devices Inertial Sensor Evaluation
System, Includes ADXL345 Satellite

ADXL345 Satellite, Standalone

EVAL-ADXL345Z-M'

EVAL-ADXL345Z-S!

' Z = RoHS Compliant Part.

Analog Devices offers specific products designated for automotive applications; please consult your local Analog Devices sales representative for details. Standard products sold by
Analog Devices are not designed, intended, or approved for use in life support, implantable medical devices, transportation, nuclear, safety, or other equipment where malfunction
of the product can reasonably be expected to result in personal injury, death, severe property damage, or severe environmental harm. Buyer uses or sells standard products for use
in the above critical applications at Buyer's own risk and Buyer agrees to defend, indemnify, and hold harmless Analog Devices from any and all damages, claims, suits, or expenses

ANALOG
DEVICES
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BMPO085

DIGITAL PRESSURE SENSOR

Key features

e Pressure range: 300 ... 1100hPa (+9000m ... -500m above sea level)
e Supply voltage: 1.8 ... 3.6V (Vppa)
1.62V ... 3.6V (Vppp)
e LCC8 package: Robust, ceramic lead-less chip carrier (LCC) package
Small footprint: 5.0mm x 5.0mm
Super-flat: 1.2mm height
e Low power: 5pA at 1 sample / sec. in standard mode
e Low noise: 0.06hPa (0.5m) in ultra low power mode

0.03hPa (0.25m) ultra high resolution mode
down to 0.1m (rms noise) possible

Temperature measurement included

I°C interface

Fully calibrated

Pb-free, halogen-free and RoHS compliant,
MSL 1

General Description

The BMPO085 is the fully pin- and function compatible successor of the SMD500, a new
generation of high precision digital pressure sensors for consumer applications. The universal
C-code SMD500/BMP085 (“BMP085_SMD500_AP/I”) is fully upward compatible to SMD500 and
recognizes automatically the device ID. Customers already working with the SMD500 pressure
sensor are invited to contact Bosch Sensortec as soon as they intend to switch-over to the
BMPO085 sensor for getting first-hand support.

The ultra-low power, low voltage electronics of the BMP085 is optimized for use in mobile
phones, PDAs, GPS navigation devices and outdoor equipment. With a low altitude noise of
merely 0.25m at fast conversion time, the BMP085 offers superior performance. The I°C
interface allows for easy system integration with a microcontroller.

The BMP085 is based on piezo-resistive technology for EMC robustness, high accuracy and
linearity as well as long term stability.

Robert Bosch is the world market leader for pressure sensors in automotive applications. Based
on the experience of over 200 million pressure sensors in the field, the BMP085 continues a
new generation of micro-machined pressure sensors.
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Typical applications

e Enhancement of GPS navigation (dead-reckoning, slope detection, etc.)

¢ In- and out-door navigation

e Leisure and sports

e Weather forecast

e Vertical velocity indication (rise/sink speed)
New features comparison

BMP085 SMD500

Smaller package height 1.2mm 1.55mm
Faster conversion time (standard mode each) 7.5ms (max.) 34ms
Faster I°C data transfer max. 3.4MHz max. 400kHz
Extended min. supply voltage min. 1.8V min. 2.2V
Lower stand-by current (typ.) 0.1pA 0.7pA
External clock not necessary necessary
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1. Electrical characteristics

If not stated otherwise, the given values are maximum values over temperature/voltage range in
the given operation mode.

Parameter

Operating
temperature

Supply voltage

Supply current
@ 1 sample/ sec.
25°C

Peak current
Standby current
Serial data clock

Conversion time
temperature

Conversion time
pressure

Absolute accuracy
pressure

VDD = 3.3V

Resolution of
output data

Relative accuracy
pressure

VDD = 3.3V

Table 1: Electrical characteristics

Symbol
Ta

Voo
Vobio
IppLow
Ippsto
IpoHR
IpbuHr
Ipeak
Ippsam

fSCL
tC_temp

tc:_p_low
tc_p_std
tc:_p_hr

tc_p_Iuhr
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Condition
operational
full accuracy

ripple max. 50mVpp

ultra low power mode
standard mode
high resolution mode
ultra high res. mode
during conversion

at 25°C

standard mode

ultra low power mode
standard mode

high resolution mode

ultra high res. mode

700 ... 1100 hPa

0...+65°C
300...700 hPa
0...+65°C
300... 1100 hPa
-20...0°C
pressure
temperature
700...1100 hPa
@ 25°C
0...65°C@p
const.

Min
-40
0
1.8
1.62

-2.5

-3.0

-4.0

third parties. BOSCH and the symbol are registered trademarks of Robert Bosch GmbH, Germany.
Note: Specifications within this document are subject to change without notice.

Typ

2.5
2.5

12
650
0.1

Max
+85
+65
3.6

3.6

1000

3.4

4.5

4.5
7.5
13.5
25.5

+2.5

+3.0

+4.0

Units

°C

pA
HA
HA
HA
HA
pHA
MHz

ms

ms
ms
ms

ms

hPa

hPa

hPa

hPa
°C

hPa

hPa
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Noise in pressure see table on page 12

Absolute accuracy @ 25°C -1.5 +0.5 +1.5 °C
temperature
Vpp = 3.3V 0...+65°C -2.0 +1.0 +2.0 °C
Solder drifts MLne'gﬁ{nsgzger +1.0 hPa

Long term stability 12 months +1.0 hPa
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2. Absolute maximum ratings
Table 2: Absolute maximum ratings

Parameter Condition Min Max Units

Storage temperature -40 +85 °C

Supply voltage all pins -0.3 +4.25 Vv

. HBM, R = 1.5kQ,

ESD rating C = 100pF +2 kV

Overpressure 10,000 hPa

The BMPO085 has to be handled as Electrostatic Sensitive Device (ESD).

BST-BMP085-DS000-06 | Revision 1.3 | August 2011
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Figure 1: ESD
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3. Operation

3.1 General description

The BMPO085 is designed to be connected directly to a microcontroller of a mobile device via the
I>’C bus. The pressure and temperature data has to be compensated by the calibration data of
the E°PROM of the BMP085.

3.2 General function and application schematics

The BMPO085 consists of a piezo-resistive sensor, an analog to digital converter and a control
unit with E2PROM and a serial I>C interface. The BMP085 delivers the uncompensated value of
pressure and temperature. The EPROM has stored 176 bit of individual calibration data. This is
used to compensate offset, temperature dependence and other parameters of the sensor.

e UP = pressure data (16 to 19 bit)
e UT = temperature data (16 bit)
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Typical application circuit:
1.8 ...3.6V
100nF
Rp(1) |:| Rp(1)
VDDA VDDD
E’PROM
pController
BMP085 e. g. 8 bit
EOC
i it il Eieiii >
B SDA |
Control < >
Unit P SCL I’C interface
4 XCLR
Sensor ADC
element
GND
\\
Note: Display

(1) Pull-up resistors for I°C bus, Rp = 2.2kQ) ... 10kQ, typ. 4.7kQ

Note:

The BMPO085 can be supplied independently with different levels of Vppa and Vppp, which is not
possible with the SMD500. In case of different voltage levels, Vppa and Vppp shall have a 100nF
decoupling capacitor each.
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3.3 Measurement of pressure and temperature

For all calculations presented here an ANSIC code is available from Bosch Sensortec
(“BMP085_SMD500_API”).

The microcontroller sends a start sequence to start a pressure or temperature measurement.
After converting time, the result value (UP or UT, respectively) can be read via the I°C interface.
For calculating temperature in °C and pressure in hPa, the calibration data has to be used.
These constants can be read out from the BMP085 E?PROM via the I°C interface at software
initialization.

The sampling rate can be increased up to 128 samples per second (standard mode) for
dynamic measurement. In this case, it is sufficient to measure the temperature only once per
second and to use this value for all pressure measurements during the same period.

By using different modes the optimum compromise between power consumption, speed and
resolution can be selected, see below table.

A 4

Start temperature
measurement

wait 4.5ms

\ 4
Read UT

A 4

Start pressure
measurement

wait (depends on mode, see below)
\ 4
Read UP

A

Calculate pressure and
temperature in physical
units

Figure 2: Measurement of pressure and temperature
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Table 3: Overview of BMP085 modes, selected by driver software via the variable
oversampling_setting

Internal
Parameter
. number
Mode oversampling_ of
setting samples
ultra low power 0 1
standard 1 2
high resolution 2 4
ultra high
resolution s 9

Conversion

time

pressure
max. [ms]

4.5

7.5

13.5

255

Avg.

current @

1 sample/s
typ. [WA]

3

12

RMS RMS
noise noise
typ. [hPa]  typ. [m]

0.06 0.5
0.05 0.4
0.04 0.3
0.03 0.25

The noise data is calculated as standard deviation of 10 data points. For further information on
noise characteristics see the relevant application note “Noise in pressure sensor applications”.

All modes can be performed at higher speeds, e.g. up to 128 times per second for standard
mode, with the current consumption increasing proportionally to the sample rate. This way the

noise can be decreased further by software averaging.

3.4 Calibration coefficients

The 176 bit E°PROM is partitioned in 11 words of 16 bit each. These contain 11 calibration
coefficients. Every sensor module has individual coefficients. Before the first calculation of

temperature and pressure, the master reads out the E2PROM data.

The data communication can be checked by checking that none of the words has the value 0 or

OXFFFF.

Table 4: Calibration coefficients

BMPO085 reg adr

Parameter MSB LSB
AC1 OxAA 0xAB
AC2 0xAC O0xAD
AC3 OxAE OxAF
AC4 0xBO0 0xB1
AC5 0xB2 0xB3
AC6 0xB4 0xB5
B1 0xB6 0xB7
B2 0xB8 0xB9
MB O0xBA 0xBB
MC 0xBC 0xBD
MD 0xBE OxBF
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3.5 Calculation pressure and temperature

The mode (ultra low power, standard, high, ultra high resolution) can be selected by the variable
oversampling_setting (0, 1, 2, 3) in the C code.

The universal code SMD500/BMPO085 is fully upward compatible to SMD500 and recognizes
automatically the device ID. Thus, the SMD500 can be replaced "on the fly" by the BMP085
without changing hardware or software.

Calculation of true temperature and pressure in steps of 1Pa (= 0.01hPa = 0.01mbar) and
temperature in steps of 0.1°C.

The following figure shows the detailed algorithm for pressure and temperature measurement.

This algorithm is available to customers as reference C source code (“BMP085_SMD500_API”)
from Bosch Sensortec and via its sales and distribution partners. Please contact your Bosch
Sensortec representative for details.
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Calculation of pressure and temperature for BMP085

Start

A
Read calibration data
2

read out E’PROM registers, 16 bit, MSB first

AC1 (OxAA, OXAB) (16 bit),
AC2 (OXAC, OxAD) (16 bit),
AC3 (OxAE, OXAF) (16 bit)
AC4 (0xBO, OxB1) (16 bit),
AC5 (0xB2, 0xB3) (16 bit),
AC6 (0xB4, 0xB5) (16 bit)
B1 (0xB6, 0xB7) (16 bit),
B2 (0xB8, 0xB9) (16 bit)
MB (0xBa, 0xBB) (16 bit)
MC (0xBC, OxBD) (16 bit),
MD (OXBE, OxBF) (16 biv}

&

A
read uncompe nsated temperature value
write OX2E into reg OxF4, wait 4.5ms
read reg OxF6 (MSB), OxF7 (LSB)
UT = MSB<< 8+ LSB

A
read uncompensated pressure value
write 0x34+(0ss<<6) into reg OxF4, wait
read reg OxF6 (MSB), OXF7 (LSB), OxF8 (XLSB)
UP = (MSB<<16 + LSB<<8 + XLSB) >> (8-0ss)

A
calculate true tempe rature

X1= (UT- ACB) *AC5 /2"

X2=MC *2" /(X1 + MD)

B5= X1+X2

T=B5+8)/2"

A
calculate true pressure

B6 = B5 - 4000

X1=(B2* (B6 *B6/2')) /2"

X2=AC2*B6 /2"

X3=X1+X2

B3 = ((AC1*4+X3) << 0ss + 2) /4

X1=AC3*B6/2"

X2=(B1* (86 *B6/2")) /2"

X3 = (X1 +X2) + 2) /2

B4 = AC4 * (unsigend long)(X3 + 32768) /2%

B7 = ((unsigned long)UP - B3) * (50000 >> 0ss)

if (B7 < 0x80000000){ p = (B7 *2) /B4 }
else{p=(B7/B4)*2}

X1=(p/2°)*(p/2%)

X1= (X1*3038)/2'*

X2 = (-7357 *p) / 2"°

p=p+ (X1+X2+3791)/2°

A
| display temperature and pressure value |

example:

AC1= 408
AC2 = 72
AC3 = -14383
AC4 = 32741
AC5 = 32757
AC6 = 23153
Bl= 6190
B2= 4
MB = -32768
MC = -8711
MD = 2868
uT=
0ss = 0
= oversampling_setting

(ultra low powe r mode)

UP = 23843
X1= 4743
X2 = -2344
B5 = 2399

-

B6 = -1601
X1= 1
X2 = 56
X3 = 57
B3 = 422
X1= 2810
X2 = 59
X3 = 717
= 33457
B7 = 1171050000
= 70003
X1= 74529
X1= 3454
X2 = -7859
p-

C code function: type:

bmp085_get cal_param

short
short
short

unsigned short
unsigned short
unsigned short

short
short
short
short
short

bmp085_get_ut

long

short (0 .. 3)

bmp085_get_up

long

bmp085_ get_temperature
long
long
long

temp in 0.1°C long

BMPO85 calpressure
long
long
long
long
long
long
long
long

unsigned long
unsigned long

long
long
long
long
long
press. in Pa long

Figure 3: Calculating pressure and temperature for BMP085
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3.6 Calculation absolute altitude

With the measured pressure p and the pressure at sea level po e.g. 1013.25hPa, the altitude in
meters can be calculated with the international barometric formula:

5.255
altitude = 44330 * 1-["}
Po

Thus, a pressure change of Ap = 1hPa corresponds to 8.43m at sea level

7000 g---mmmemd e — Altitude in standard |-
B000 N atmosphere

Altitude above sea level [m]
D
o
o
o
|

O O O N O O O O Q

Barometric pressure [hPa]

Figure 4: Calculation absolute altitude

3.7 Calculating pressure at sea level
With the measured pressure p and the absolute altitude the pressure at sea level can be
calculated:

P
, . altitude )"
44330

0=

Thus, a difference in altitude of Aaltitude = 10m corresponds to 1.2hPa pressure change at sea
level.
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4. I2C Interface

e [2C is a digital two wire interface
e Clock frequencies up to 3.4mBit/sec (I2C standard, fast and high-speed mode supported)

e SCL and SDA needs a pull-up resistor, typ. 4.7 kOhm to Vppp (one resistor each for all
the 12C bus)

The I°C bus is used to control the sensor, to read calibration data from the E2PROM and to
read the measurement data when A/D conversion is finished. SDA (serial data) and SCL
(serial clock) have open-drain outputs.

For detailed 1°C-bus specification please refer to:
http://www.nxp.com/acrobat download/literature/9398/39340011.pdf

The BMP085 has a master clear (XCLR) low-active input that is used to reset the BMP085 and
initializes internal registers and counters. The device is automatically reset by power on reset
(POR) circuitry. XCLR can be left floating if not used. The pad has an internal pull-up resistor of
typ. 120kOhm.

4.1 I2C specification

Table 5: Electrical parameters for the I°C interface

Parameter Symbol Min. Typ Max. Units
Clock input frequency fscL 3.4 MHz
Input-low level Vi 0 0.2 * Vppp Vv
Input-hlgh level Viy 0.8* Vbbb Vbbb V
SDA and SCL pull-up resistor Rpull-up 2.2 10 kOhm
SDA sink current | ' 9 mA
@ Vppp = 1.62V, Vg, = 0.3V SDA_sink
EOC sink current
® Vooo = 1.62V, Vo = 0.3V 5Bk o mA
EOC source current | 15 mA
@ VDDD = 162V, VOH =1.32V S e :

XCLR pulse length txcLr 1 us

Start-up time after power-up, before

. N t 10 ms
first communication St
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4.2 Device and register address

The BMP085 module address is shown below. The LSB of the device address distinguishes
between read (1) and write (0) operation, corresponding to address OxEF (read) and OxEE
(write).

A7 | A6 | A5 | MM | A3 | A2 | A1 | W/R
1 1 1 0 1 1 1 0/1

There is an easy way to connect two BMPO085 to the same I>C bus: You can use the XCLR input
of BMP085 to set one BMP085 part silent while you communicate with the other BMP085 part
via I>C and vice versa. The signals can be provided by two digital outputs of the microcontroller,
or one digital output and one inverter.

4.3 I2C protocol

The I°C interface protocol has special bus signal conditions. Start (S), stop (P) and binary data
conditions are shown below. At start condition, SCL is high and SDA has a falling edge. Then
the slave address is sent. After the 7 address bits, the direction control bit R/W selects the read
or write operation. When a slave device recognizes that it is being addressed, it should
acknowledge by pulling SDA low in the ninth SCL (ACK) cycle.

At stop condition, SCL is also high, but SDA has a rising edge. Data must be held stable at SDA
when SCL is high. Data can change value at SDA only when SCL is low.

S0 TI0T 00y

= 1 _?\_/;\_/;\_[1 _?\_/;\_/:\_/7.1 _W
\ J 1
1 1

1 S 1 1P
bowd | I | Il | | I | | 1 J -
START ADDRESS RIW ACK DATA ACK DATA ACK STOP
condition condition

Figure 5: I12C protocol
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4.4 Start temperature and pressure measurement

The timing diagrams to start the measurement of the temperature value UT and pressure value
UP are shown below. After start condition the master sends the device address write, the
register address and the control register data. The BMP085 sends an acknowledgement
(ACKS) every 8 data bits when data is received. The master sends a stop condition after the

last ACKS.

iR

S/ My N

Module address i i Register address i i Control register i i
write OXEE OxF4 data OxF4

S ACKS ACKS ACKS P
Figure 6: Timing diagram for starting pressure measurement

Abbreviations:

S Start

P Stop

ACKS Acknowledge by Slave
ACKM Acknowledge by Master
NACKM Not Acknowledge by Master

Table 6: Control registers values for different internal oversampling_setting (osrs)

Control register .
Max. conversion

value .
Measurement (register address E::\ns?
0xF4)
Temperature Ox2E 4.5
Pressure
(osrs = 0) 0x34 4.5
Pressure
(osrs = 1) 0x74 7.5
Pressure
(osrs = 2) 0xB4 13.5
Pressure
(osrs = 3) OxF4 25.5

Instead of waiting for the maximum conversion time, the output pin EOC (end of conversion)
can be used to check if the conversion is finished (logic 1) or still running (logic 0). After the

conversion is finished BMP085 switches automatically in standby mode.
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4.5 Read A/D conversion result or E2PROM data

To read out the temperature data word UT (16 bit), the pressure data word UP (16 to 19 bit) and
the E’PROM data proceed as follows:

After the start condition the master sends the module address write command and register
address. The register address selects the read register:

E2PROM data registers OxAA to OxBF
Temperature or pressure value UT or UP  0xF6 (MSB), OxF7 (LSB), optionally OxF8 (XLSB)

Then the master sends a restart condition followed by the module address read that will be
acknowledged by the BMP085 (ACKS). The BMP085 sends first the 8 MSB, acknowledged by
the master (ACKM), then the 8 LSB. The master sends a "not acknowledge" (NACKM) and
finally a stop condition.

Optionally for ultra high resolution, the XLSB register with address 0xF8 can be read to extend
the 16 bit word to up to 19 bits; refer to the application programming interface (API) software
rev. 1.1 (“‘BMP085_SMD500_API”, available from Bosch Sensortec).

SCLMUULUUL U UUL UL PUUUU U U UU WU IUU UL
]
] ] ] 1 ] ]
e B e N o e ey R A B s W
Module address iRegister address i Module address i i MSB e.g. i LSBe.g.
write OXEE e.g. OxF6 read OXEF ADC result 0xX5C  ADC result 0x96

ACKS ACKS Restart ACKS ACKM NACKM P

==

w

Figure 7: Timing diagram read 16 bit A/D conversion result
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5. Package

5.1 Pin configuration

Picture shows the device in top view. Device pins are shown here transparently only for
orientation purposes.

8
7 L
X
2
i
1 % 7
3
2 6
3 % 5
X
ot
" = I's
4
Figure 8: Pin configuration
Table 7: Pin configuration
Pin No. Name Function Type
1 GND Ground Power
2 EOC End of conversion Digital output
3 Vbpa Power supply Power
4 Voop Digital power supply Power
5 NC no internal connection >
6 SCL I°C serial bus clock input Digital input
7 SDA I°C serial bus data Digital bi-directional
8 XCLR  master clear (low active) input Digital input
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5.2 Outline dimensions

The sensor housing is a standard 8-pin lead-less chip carrier (LCC8) ceramic package. Its
dimensions are 5.0mm x 5.0mm (+0.25mm) x 1.2mm (x0.12mm).
Package weight is approximately 0.09grams.

Note: All dimensions are in mm.

5.2.1 Top view

Device pins are shown here transparently only for orientation purposes.

1.07+£0.10
L7x] RO.15
0.13+0.10 [4X]
[8x] 8
XXX ol
1 R =
o X 7 (_a
o X X _ 60° ['e)
8,\ XX S
Oy F2
- IS
<[~ 2 6
a7 RO.10
oNja
B8 5
0 e
3 X
A 4
4
0 5.00+0.25

Figure 9: Top view
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5.2.2 Top view with lid

RO.40)\

— 90.50

4.70£0.05

Figure 10: Top view with lid

5.2.3 Side view with lid

—Lid:0.15+0.05

.
]

Toto\:W.fOiC‘ 12 Package: 1.05+0.11
!
Figure 11: Side view with lid
5.3 Device marking
The device lid shows the following laser-marking:
Pin 1 identifier —» | @
Date code —» TBWW
Bosch logo / vent hole / last 3 digits of part ID (TTN)—» O1l44
LotID —» WWLCC

The vent hole (diameter 0.5mm) is in the center of the lid, between the Bosch logo and the part
ID code (144).
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5.4 Tape on reel
Number of parts per reel: 3,000

Orientation of the parts inside the reel is according to EN60286-3.

Carrier tape material: Conductive polystyrene C 100, 10° - 10° Ohm/sq.

Dimensions are in mm:

A, = 530+0.10
By = 5.30+0.10
Ko = 2.10+0.10
P = 8.00+0.10
W = 12.00 +0.30/-0.10
= 0.30+£0.05

—
1

-
Bo =~ I.

SECTION "X-X"

The bars between the cavities are embossed about 0.2mm into the direction of K,. All other

dimensions and tolerances follow the EIA 481 standard.
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5.5 Printed circuit board (PCB) design

Figure 12: Recommended PCB design (top view)

5.6 Moisture sensitivity level and soldering

The BMPO085 is classified MSL 1 (moisture sensitivity level) according to IPC/JEDEC standards
J-STD-020D and J-STD-033A.

The device can be soldered Pb-free with a peak temperature of 260°C for 20 to 40 sec. The
minimum height of the solder after reflow shall be at least 50um. This is required for good
mechanical decoupling between the sensor device and the printed circuit board (PCB).

The BMPO085 devices have to be soldered within 6 months after shipment (shelf life). To ensure
good solder-ability, the devices shall be stored at room temperature (20°C).

The soldering process can lead to an offset shift of typically 1hPa.
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5.7 RoHS compliancy

The BMP085 sensor meets the requirements of the EC directive "Restriction of hazardous
substances (RoHS)", please refer also to:

"Directive 2002/95/EC of the European Parliament and of the Council of 27 January 2003 on the
restriction of the use of certain hazardous substances in electrical and electronic equipment".

The BMPO085 sensor is also halogen-free. Please contact your Bosch Sensortec representative
for the corresponding analysis report.

5.8 Mounting and assembly recommendations

Please read the following recommendations carefully.

The clearance above the metal lid shall be 0.1mm at minimum

For the device housing appropriate venting needs to be provided in case the ambient
pressure shall be measured; if waterproof packaging is needed, venting can be
accomplished by a vent element with a membrane like Gore-Tex™

Liquids shall not come into direct contact with the device

During operation the sensor is sensitive to light, which can influence the accuracy of the
measurement (photo-current of silicon); therefore, the hole in the top lid shall not be
exposed to direct light during operation

The BMPO085 shall not the placed close the fast heating parts. In case of gradients
> 3°C/sec. it is recommended to follow Bosch Sensortec application note ANPO015,
"Correction of errors induced by fast temperature changes"; please contact your Bosch
Sensortec representative for details

For further details, please refer to the BMP085 handling, soldering & mounting
instructions manual that is also available from Bosch Sensortec
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6. Legal disclaimer

6.1 Engineering samples

Engineering Samples are marked with an asterisk (*) or (e) or (E). Samples may vary from the
valid technical specifications of the product series contained in this data sheet. They are
therefore not intended or fit for resale to third parties or for use in end products. Their sole
purpose is internal client testing. The testing of an engineering sample may in no way replace
the testing of a product series. Bosch Sensortec assumes no liability for the use of engineering
samples. The Purchaser shall indemnify Bosch Sensortec from all claims arising from the use of
engineering samples.

6.2 Product use

Bosch Sensortec products are developed for the consumer goods industry. They may only be
used within the parameters of this product data sheet. They are not fit for use in life-sustaining
or security sensitive systems. Security sensitive systems are those for which a malfunction is
expected to lead to bodily harm or significant property damage. In addition, they are not fit for
use in products which interact with motor vehicle systems.

The resale and/or use of products are at the purchaser’s own risk and his own responsibility.
The examination of fitness for the intended use is the sole responsibility of the Purchaser.

The purchaser shall indemnify Bosch Sensortec from all third party claims arising from any
product use not covered by the parameters of this product data sheet or not approved by Bosch
Sensortec and reimburse Bosch Sensortec for all costs in connection with such claims.

The purchaser must monitor the market for the purchased products, particularly with regard to
product safety, and inform Bosch Sensortec without delay of all security relevant incidents.

6.3 Application examples and hints

With respect to any examples or hints given herein, any typical values stated herein and/or any
information regarding the application of the device, Bosch Sensortec hereby disclaims any and
all warranties and liabilities of any kind, including without limitation warranties of non-
infringement of intellectual property rights or copyrights of any third party. The information given
in this document shall in no event be regarded as a guarantee of conditions or characteristics.
They are provided for illustrative purposes only and no evaluation regarding infringement of
intellectual property rights or copyrights or regarding functionality, performance or error has
been made.
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7. Document history and modifications

Rev. No | Chapter | Description of modifications/changes Date
01 First edition for description of serial production
’ material
0.2 Noise data update, peak current added, several minor 2008-02-19
changes
0.3 1 Update peak current, typo correction 2008-04-21
1 Changed VDDA to VDD and VDDD to VDDIO 2008-04-21
3.5 Updated flow diagram 2008-04-21
4 New comment on floating XCLR 2008-04-21
4.1 Added details on start-up time 2008-04-21
5.2 Added package weight 2008-04-21
1.0 1 Absolute accuracy at -20°C added 2008-07-01
2 Updated storage temperature 2008-07-01
3.2 Added optional EOC to schematic 2008-07-01
5.7 BMPO085 is halogen-free 2008-07-01
1.1 3.3 Added comment on noise data calculation 2009-04-06
3.5 Variable type of B7 is unsigned long
4 Added comment on low active master clear and
120kOhms pull-up resistor
Added solution to connect two devices BMPO085 to
4.2
the same 12C bus.
4.4 Added remark about automatic standby-mode
5.6 JEDEC J-STD-020D
5.5 Updated or recommended PCB-design picture
5.8 Explained that light sensitivity is only during operation
1.2 3.5 Added comment on availability of the ref. source code 2009-10-15
1.3 All Document format change only 2011-08-22
Bosch Sensortec GmbH
Gerhard-Kindler-Strasse 8
72770 Reutlingen / Germany
contact@bosch-sensortec.com
www.bosch-sensortec.com
Modifications reserved | Printed in Germany
Specifications subject to change without notice
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3-Axis Digital Compass IC

HMC5883L

Honeywell

Advanced Information

The Honeywell HMC5883L is a surface-mount, multi-chip module designed for

low-field magnetic sensing with a digital interface for applications such as low-
cost compassing and magnetometry. The HMC5883L includes our state-of-the-
art, high-resolution HMC118X series magneto-resistive sensors plus an ASIC
containing amplification, automatic degaussing strap drivers, offset cancellation,
and a 12-bit ADC that enables 1° to 2° compass heading accuracy. The I°C
serial bus allows for easy interface. The HMC5883L is a 3.0x3.0x0.9mm surface

mount 16-pin leadless chip carrier (LCC). Applications for the HMC5883L

include Mobile Phones, Netbooks, Consumer Electronics, Auto Navigation

Systems, and Personal Navigation Devices.

The HMC5883L utilizes Honeywell’'s Anisotropic Magnetoresistive (AMR) technology that provides advantages over other

magnetic sensor technologies. These anisotropic, directional sensors feature precision in-axis sensitivity and linearity.

These sensors’ solid-state construction with very low cross-axis sensitivity is designed to measure both the direction and

the magnitude of Earth’s magnetic fields, from milli-gauss to 8 gauss. Honeywell’'s Magnetic Sensors are among the most

sensitive and reliable low-field sensors in the industry.

FEATURES

»

3-Axis Magnetoresistive Sensors and
ASIC in a 3.0x3.0x0.9mm LCC Surface
Mount Package

12-Bit ADC Coupled with Low Noise
AMR Sensors Achieves 2 milli-gauss
Field Resolution in £8 Gauss Fields

Built-In Self Test

Low Voltage Operations (2.16 to 3.6V)
and Low Power Consumption (100 pA)

Built-In Strap Drive Circuits

I°C Digital Interface
Lead Free Package Construction

Wide Magnetic Field Range (+/-8 Oe)

Software and Algorithm Support
Available

Fast 160 Hz Maximum Output Rate

BENEFITS

»

Small Size for Highly Integrated Products. Just Add a Micro-
Controller Interface, Plus Two External SMT Capacitors
Designed for High Volume, Cost Sensitive OEM Designs

Easy to Assemble & Compatible with High Speed SMT Assembly

Enables 1° to 2° Degree Compass Heading Accuracy

Enables Low-Cost Functionality Test after Assembly in Production

Compatible for Battery Powered Applications

Set/Reset and Offset Strap Drivers for Degaussing, Self Test, and
Offset Compensation

Popular Two-Wire Serial Data Interface for Consumer Electronics
RoHS Compliance

Sensors Can Be Used in Strong Magnetic Field Environments with a
1° to 2° Degree Compass Heading Accuracy

Compassing Heading, Hard Iron, Soft Iron, and Auto Calibration
Libraries Available

Enables Pedestrian Navigation and LBS Applications
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SPECIFICATIONS (* Tested at 25°C except stated otherwise.)

‘Characteristics Conditions* Min Typ Max Units
Power Supply
Supply Voltage VDD Referenced to AGND 2.16 2.5 3.6 Volts
VDDIO Referenced to DGND 1.71 1.8 VDD+0.1 Volts
Average Current Draw Idle Mode - 2 - A
Measurement Mode (7.5 Hz ODR,; - 100 - MA
No measurement average, MA1:MAO = 00)
VDD = 2.5V, VDDIO = 1.8V (Dual Supply)
VDD = VDDIO = 2.5V (Single Supply)
Performance
Field Range Full scale (FS) -8 +8 gauss
Mag Dynamic Range 3-bit gain control +1 +8 gauss
Sensitivity (Gain) VDD=3.0V, GN=0 to 7, 12-bit ADC 230 1370 LSb/gauss
Digital Resolution VDD=3.0V, GN=0 to 7, 1-LSh, 12-bit ADC 0.73 4.35 milli-gauss
Noise Floor VDD=3.0V, GN=0, No measurement 2 milli-gauss
(Field Resolution) average, Standard Deviation 100 samples
(See typical performance graphs below)
Linearity +2.0 gauss input range 0.1 +% FS
Hysteresis +2.0 gauss input range +25 ppm
Cross-Axis Sensitivity Test Conditions: Cross field = 0.5 gauss, +0.2% %FS/gauss
Happlied = £3 gauss
Output Rate (ODR) Continuous Measurment Mode 0.75 75 Hz
Single Measurement Mode 160 Hz
Measurement Period From receiving command to data ready 6 ms
Turn-on Time Ready for I2C commands 200 bS
Analog Circuit Ready for Measurements 50 ms
Gain Tolerance All gain/dynamic range settings 5 %
I°C Address 8-bit read address 0x3D hex
8-bit write address 0x3C hex
I°C Rate Controlled by I°’C Master 400 kHz
I’c Hysteresis Hysteresis of Schmitt trigger inputs on SCL
and SDA - Fall (VDDIO=1.8V) 0.2*VDDIO Volts
Rise (VDDIO=1.8V) 0.8*VDDIO Volts
Self Test X &Y Axes +1.16 gauss
Z Axis +1.08
X &Y & Z Axes (GN=5) Positive Bias 243 575 LSb
X & Y & Z Axes (GN=5) Negative Bias -575 -243
Sensitivity Tempco Ta =-40 to 125°C, Uncompensated Output -0.3 %/°C
General
ESD Voltage Human Body Model (all pins) 2000 Volts
Charged Device Model (all pins) 750
Operating Temperature Ambient -30 85 °C
Storage Temperature Ambient, unbiased -40 125 °C

www.honeywell.com








HMC5883L

Characteristics Conditions* Min Typ Max Units
Reflow Classification MSL 3, 260 °C Peak Temperature
Package Size Length and Width 2.85 3.00 3.15 mm
Package Height 0.8 0.9 1.0 mm
Package Weight 18 mg

Absolute Maximum Ratings (* Tested at 25°C except stated otherwise.)

Characteristics Min Max Units
Supply Voltage VDD -0.3 4.8 Volts
Supply Voltage VDDIO -0.3 4.8 Volts

PIN CONFIGURATIONS
Pin Name Description

1 SCL Serial Clock — I°C Master/Slave Clock

2 VDD Power Supply (2.16V to 3.6V)

3 NC Not to be Connected

4 S1 Tie to VDDIO

5 NC Not to be Connected

6 NC Not to be Connected

7 NC Not to be Connected

8 SETP Set/Reset Strap Positive — S/R Capacitor (C2) Connection

9 GND Supply Ground

10 C1 Reservoir Capacitor (C1) Connection

11 GND Supply Ground

12 SETC S/R Capacitor (C2) Connection — Driver Side

13 VDDIO IO Power Supply (1.71V to VDD)

14 NC Not to be Connected

15 DRDY Data Ready, Interrupt Pin. Internally pulled high. Optional connection. Low for 250
pusec when data is placed in the data output registers.

16 SDA Serial Data — I°C Master/Slave Data

www.honeywell.com
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TOP VIEW (looking through)

Arrow indicates direction of magnetic field that generates a positive output reading in Normal Measurement configuration.

PACKAGE OUTLINES

PACKAGE DRAWING HMC5883L (16-PIN LPCC, dimensions in millimeters)
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(Dimensions in mm)

MOUNTING CONSIDERATIONS

The following is the recommend printed circuit board (PCB) footprint for the HMC5883L.
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HMC5883 Land Pad Pattern
(Al dimensionsarein mm)

LAYOUT CONSIDERATIONS

Besides keeping all components that may contain ferrous materials (nickel, etc.) away from the sensor on both sides of
the PCB, it is also recommended that there is no conducting copper under/near the sensor in any of the PCB layers. See
recommended layout below. Notice that the one trace under the sensor in the dual supply mode is not expected to carry
active current since it is for pin 4 pull-up to VDDIO. Power and ground planes are removed under the sensor to minimize
possible source of magnetic noise. For best results, use non-ferrous materials for all exposed copper coding.

C3

200 O

2.1uf

VDD/VDDIO

0.22uf

HMC5883L

Dual Supply Single Supply
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HMC5883L
PCB Pad Definition and Traces

The HMC5883L is a fine pitch LCC package. Refer to previous figure for recommended PCB footprint for proper package
centering. Size the traces between the HMC5883L and the external capacitors (C1 and C2) to handle the 1 ampere peak
current pulses with low voltage drop on the traces.

Stencil Design and Solder Paste
A 4 mil stencil and 100% paste coverage is recommended for the electrical contact pads.

Reflow Assembly

This device is classified as MSL 3 with 260°C peak reflow temperature. A baking process (125°C, 24 hrs) is required if
device is not kept continuously in a dry (< 10% RH) environment before assembly. No special reflow profile is required for
HMC5883L, which is compatible with lead eutectic and lead-free solder paste reflow profiles. Honeywell recommends
adherence to solder paste manufacturer’s guidelines. Hand soldering is not recommended. Built-in self test can be used
to verify device functionalities after assembly.

External Capacitors

The two external capacitors should be ceramic type construction with low ESR characteristics. The exact ESR values are
not critical but values less than 200 milli-ohms are recommended. Reservoir capacitor C1 is nominally 4.7 pF in
capacitance, with the set/reset capacitor C2 nominally 0.22 pF in capacitance. Low ESR characteristics may not be in
many small SMT ceramic capacitors (0402), so be prepared to up-size the capacitors to gain Low ESR characteristics.

INTERNAL SCHEMATIC DIAGRAM

HMC5883L
HMC5883L HOST CPU
""" i | ASIC !
Ii_ 15 DRDY [ ] [OPTI
—\ E30R o |12c_DATA
1 vy 12C_CLK

ANALD G | CONTROL 5 oK 52.2‘{

|
]
i
5 |=
Lor)

g

216V to 3
OFF SET STRAF a t
DRIVER 1 GND
/ 4
: L o

Jpf

Y

Lo i
’ f &) woon” VD
SET/RESET 13 .71V 10(3'.;[![!__
SEIREE - | S;m o
o4 0 .1uf
J i "“.J -II‘E @ (31 "
0 d 4 Tuf
B|SETF 12| sETC ves
l g
c2 ;
0.22uf I°C SLAVE 12C MASTER
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DUAL SUPPLY REFERENCE DESIGN

SINGLE SUPPLY REFERENCE DESIGN
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PERFORMANCE

The following graph(s) highlight HMC5883L’s performance.

Typical Noise Floor (Field Resolution)

HMC5883L Resolution HMC5883L Resolution

35

25 ‘\\
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Typical Measurement Period in Single-Measurement Mode

w
5 [2C Write
g Single Measurement Mode
[
¥
4 P T,
@ [2C Read
— XY Z Registers
[
e Device Takes a
w

Measurement

526 mS

|\ )

DRDY Interrupt
Monitor this pin

* Monitoring of the DRDY Interrupt pin is only required if maximum output rate is desired.
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HMC5883L
BASIC DEVICE OPERATION

Anisotropic Magneto-Resistive Sensors

The Honeywell HMC5883L magnetoresistive sensor circuit is a trio of sensors and application specific support circuits to
measure magnetic fields. With power supply applied, the sensor converts any incident magnetic field in the sensitive axis
directions to a differential voltage output. The magnetoresistive sensors are made of a nickel-iron (Permalloy) thin-film and
patterned as a resistive strip element. In the presence of a magnetic field, a change in the bridge resistive elements
causes a corresponding change in voltage across the bridge outputs.

These resistive elements are aligned together to have a common sensitive axis (indicated by arrows in the pinout
diagram) that will provide positive voltage change with magnetic fields increasing in the sensitive direction. Because the
output is only proportional to the magnetic field component along its axis, additional sensor bridges are placed at
orthogonal directions to permit accurate measurement of magnetic field in any orientation.

Self Test

To check the HMC5883L for proper operation, a self test feature in incorporated in which the sensor is internally excited
with a nominal magnetic field (in either positive or negative bias configuration). This field is then measured and reported.
This function is enabled and the polarity is set by bits MS[n] in the configuration register A. An internal current source
generates DC current (about 10 mA) from the VDD supply. This DC current is applied to the offset straps of the magneto-
resistive sensor, which creates an artificial magnetic field bias on the sensor. The difference of this measurement and the
measurement of the ambient field will be put in the data output register for each of the three axes. By using this built-in
function, the manufacturer can quickly verify the sensor’s full functionality after the assembly without additional test setup.
The self test results can also be used to estimate/compensate the sensor’s sensitivity drift due to temperature.

For each “self test measurement”, the ASIC:
1. Sends a “Set” pulse
2. Takes one measurement (M1)
3. Sends the (~10 mA) offset current to generate the (~1.1 Gauss) offset field and takes another
measurement (M2)
4. Puts the difference of the two measurements in sensor’s data output register:

Output = [M2 — M1] (i.e. output = offset field only)
See SELF TEST OPERATION section later in this datasheet for additional details.
Power Management
This device has two different domains of power supply. The first one is VDD that is the power supply for internal
operations and the second one is VDDIO that is dedicated to IO interface. It is possible to work with VDDIO equal to VDD;
Single Supply mode, or with VDDIO lower than VDD allowing HMC5883L to be compatible with other devices on board.

I°C Interface

Control of this device is carried out via the I°C bus. This device will be connected to this bus as a slave device under the
control of a master device, such as the processor.

This device is compliant with I°C-Bus Specification, document number: 9398 393 40011. As an I°C compatible device,
this device has a 7-bit serial address and supports 1°C protocols. This device supports standard and fast modes, 100kHz
and 400kHz, respectively, but does not support the high speed mode (Hs). External pull-up resistors are required to
support these standard and fast speed modes.

Activities required by the master (register read and write) have prioritzy over internal activities, such as the measurement.
The purpose of this priority is to not keep the master waiting and the 1°C bus engaged for longer than necessary.

Internal Clock

The device has an internal clock for internal digital logic functions and timing management. This clock is not available to
external usage.

www.honeywell.com 9
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H-Bridge for Set/Reset Strap Drive

The ASIC contains large switching FETs capable of delivering a large but brief pulse to the Set/Reset strap of the sensor.
This strap is largely a resistive load. There is no need for an external Set/Reset circuit. The controlling of the Set/Reset
function is done automatically by the ASIC for each measurement. One half of the difference from the measurements
taken after a set pulse and after a reset pulse will be put in the data output register for each of the three axes. By doing
so, the sensor’s internal offset and its temperature dependence is removed/cancelled for all measurements. The set/reset
pulses also effectively remove the past magnetic history (magnetism) in the sensor, if any.

For each “measurement”, the ASIC:
1. Sends a “Set” pulse
2. Takes one measurement (Mset)
3. Sends a “Reset” pulse
4. Takes another measurement (Mreset)
5. Puts the following result in sensor’s data output register:

Output = [Mset — Mreset] / 2
Charge Current Limit

The current that reservoir capacitor (C1) can draw when charging is limited for both single supply and dual supply
configurations. This prevents drawing down the supply voltage (VDD).

MODES OF OPERATION

This device has several operating modes whose primary purpose is power management and is controlled by the Mode
Register. This section describes these modes.

Continuous-Measurement Mode

During continuous-measurement mode, the device continuously makes measurements, at user selectable rate, and
places measured data in data output registers. Data can be re-read from the data output registers if necessary; however,
if the master does not ensure that the data register is accessed before the completion of the next measurement, the data
output registers are updated with the new measurement. To conserve current between measurements, the device is
placed in a state similar to idle mode, but the Mode Register is not changed to Idle Mode. That is, MD[n] bits are
unchanged. Settings in the Configuration Register A affect the data output rate (bits DO[n]), the measurement
configuration (bits MS[n]), when in continuous-measurement mode.  All registers maintain values while in continuous-
measurement mode. The I°C bus is enabled for use by other devices on the network in while continuous-measurement
mode.

Single-Measurement Mode

This is the default power-up mode. During single-measurement mode, the device makes a single measurement and
places the measured data in data output registers. After the measurement is complete and output data registers are
updated, the device is placed in idle mode, and the Mode Register is changed to idle mode by setting MDI[n] bits. Settings
in the configuration register affect the measurement configuration (bits MS[n])when in single-measurement mode.  All
registers maintain values while in single-measurement mode. The I°C bus is enabled for use by other devices on the
network while in single-measurement mode.

Idle Mode
During this mode the device is accessible through the 1°C bus, but major sources of power consumption are disabled,

such as, but not limited to, the ADC, the amplifier, and the sensor bias current. All registers maintain values while in idle
mode. The I°C bus is enabled for use by other devices on the network while in idle mode.
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REGISTERS

This device is controlled and configured via a number of on-chip registers, which are described in this section. In the
following descriptions, set implies a logic 1, and reset or clear implies a logic 0, unless stated otherwise.

Register List
The table below lists the registers and their access. All address locations are 8 bits.

Address Location | Name Access

00 Configuration Register A Read/Write
01 Configuration Register B Read/Write
02 Mode Register Read/Write
03 Data Output X MSB Register Read

04 Data Output X LSB Register Read

05 Data Output Z MSB Register Read

06 Data Output Z LSB Register Read

07 Data Output Y MSB Register Read

08 Data Output Y LSB Register Read

09 Status Register Read

10 Identification Register A Read

11 Identification Register B Read

12 Identification Register C Read

Table2: Register List
Register Access

This section describes the process of reading from and writing to this device. The devices uses an address pointer to
indicate which register location is to be read from or written to. These pointer locations are sent from the master to this
slave device and succeed the 7-bit address (Ox1E) plus 1 bit read/write identifier, i.e. 0x3D for read and 0x3C for write.

To minimize the communication between the master and this device, the address pointer updated automatically without
master intervention. The register pointer will be incremented by 1 automatically after the current register has been read
successfully.

The address pointer value itself cannot be read via the I°C bus.
Any attempt to read an invalid address location returns 0’s, and any write to an invalid address location or an undefined bit
within a valid address location is ignored by this device.

To move the address pointer to a random register location, first issue a “write” to that register location with no data byte
following the commend. For example, to move the address pointer to register 10, send 0x3C Ox0A.
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Configuration Register A

The configuration register is used to configure the device for setting the data output rate and measurement configuration.
CRAO through CRAY indicate bit locations, with CRA denoting the bits that are in the configuration register. CRA7 denotes
the first bit of the data stream. The number in parenthesis indicates the default value of that bit. CRA default is 0x10.

CRA7 CRA6 CRA5 CRA4 CRA3 CRA2 CRA1 CRAO

(0) MA1(0) MAO(0) DO2 (1) DO1 (0) DOO (0) MS1 (0) MSO0 (0)
Table 3: Configuration Register A

Location Name Description

CRA7 CRA7 Bit CRA7 is reserved for future function. Set to 0 when

configuring CRA.

CRAG6 to CRAS5 | MAL to MAO measurement output.

00 = 1(Default); 01 =2;10=4;11=8

Select number of samples averaged (1 to 8) per

CRA4 to CRA2 | DO2 to DOO

is written to all three data output registers.

Data Output Rate Bits. These bits set the rate at which data

Measurement Configuration Bits. These bits define the
CRA1 to CRAO | MS1to MSO | measurement flow of the device, specifically whether or not
to incorporate an applied bias into the measurement.

Table 4: Configuration Register A Bit Designations

The Table below shows all selectable output rates in continuous measurement mode.
measured within a given output rate. Other output rates with maximum rate of 160 Hz can be achieved by monitoring
DRDY interrupt pin in single measurement mode.

12

All three channels shall be

DO2 | DO1 | DOO | Typical Data Output Rate (Hz)
0 0 0 0.75

0 0 1 15

0 1 0 3

0 1 1 7.5

1 0 0 15 (Default)

1 0 1 30

1 1 0 75

1 1 1 Reserved

Table 5: Data Output Rates

MS1 | MSO | Measurement Mode

Normal measurement configuration (Default). In normal measurement

0 0 configuration the device follows normal measurement flow. The positive and
negative pins of the resistive load are left floating and high impedance.

0 1 Positive bias configuration for X, Y, and Z axes. In this configuration, a positive
current is forced across the resistive load for all three axes.

1 0 Negative bias configuration for X, Y and Z axes. In this configuration, a negative
current is forced across the resistive load for all three axes..

1 1 This configuration is reserved.

Table 6: Measurement Modes
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Configuration Register B

The configuration register B for setting the device gain. CRBO through CRB7 indicate bit locations, with CRB denoting the
bits that are in the configuration register. CRB7 denotes the first bit of the data stream. The number in parenthesis
indicates the default value of that bit. CRB default is 0x20.

CRB7 CRB6 CRB5 CRB4 CRB3 CRB2 CRB1 CRBO
GN2 () | GN1() |GNO() |(0) (0) (0) 0) 0)
Table 7: Configuration B Register
Location Name Description
Gain Configuration Bits. These bits configure the gain for
CRB7 to CRB5 | GN2to GNO | the device. The gain configuration is common for all

channels.

CRB4toCRBO | O These bits must be cleared for correct operation.

Table 8: Configuration Register B Bit Designations

The table below shows nominal gain settings. Use the “Gain” column to convert counts to Gauss. The “Digital Resolution”
column is the theoretical value in term of milli-Gauss per count (LSb) which is the inverse of the values in the “Gain”
column. The effective resolution of the usable signal also depends on the noise floor of the system, i.e.

Effective Resolution = Max (Digital Resolution, Noise Floor)
Choose a lower gain value (higher GN#) when total field strength causes overflow in one of the data output registers

(saturation). Note that the very first measurement after a gain change maintains the same gain as the previous setting.
The new gain setting is effective from the second measurement and on.

Recommended Gain Digital
GN2 GN1 GNO | Sensor Field (LSb/ Resolution Output Range

Range Gauss) (mG/LSb)
o [0 [0 womar | o | om | UESEET
0 0 1 +1.3Ga 1090 (default) 0.92 Oz;ggg:%%F)F
G O O B
o | e | owe | e | USSR
S O AT I B =
o 1| eares | 250 | 0T
Ll e ] e | | e | RS
] e | e ]
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Mode Register

The mode register is an 8-bit register from which data can be read or to which data can be written. This register is used to
select the operating mode of the device. MRO through MR7 indicate bit locations, with MR denoting the bits that are in the
mode register. MR7 denotes the first bit of the data stream. The number in parenthesis indicates the default value of that
bit. Mode register default is 0x01.

MR7 | MR6 MR5 MR4 MR3 MR2 MR1 MRO

© | ©) ©) ) ©) MD1 (0) | MDO (1)

Table 10: Mode Register

Location | Name Description
Bit MR7 is set to 1 internally after each single-
MR7 to : o
MR2 0 me_asurement operation. Set to 0 when configuring mode
register.
MR1 to MDL1 to Mode Select Bits. These bits select the operation mode of
MRO MDO this device.

Table 11: Mode Register Bit Designations

MD1 | MDO | Operating Mode

Continuous-Measurement Mode. In continuous-measurement mode,
the device continuously performs measurements and places the
result in the data register. RDY goes high when new data is placed
in all three registers. After a power-on or a write to the mode or
configuration register, the first measurement set is available from all
three data output registers after a period of 2/fpo and subsequent
measurements are available at a frequency of fpo, Where fpg is the
frequency of data output.

Single-Measurement Mode (Default). When single-measurement
mode is selected, device performs a single measurement, sets RDY
high and returned to idle mode. Mode register returns to idle mode
bit values. The measurement remains in the data output register and
RDY remains high until the data output register is read or another
measurement is performed.

1 0 Idle Mode. Device is placed in idle mode.

1 1 Idle Mode. Device is placed in idle mode.

Table 12: Operating Modes
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Data Output X Registers A and B

The data output X registers are two 8-bit registers, data output register A and data output register B. These registers
store the measurement result from channel X. Data output X register A contains the MSB from the measurement result,
and data output X register B contains the LSB from the measurement result. The value stored in these two registers is a
16-bit value in 2’'s complement form, whose range is 0xF800 to 0xO07FF. DXRAO through DXRA7 and DXRBO through
DXRBY indicate bit locations, with DXRA and DXRB denoting the bits that are in the data output X registers. DXRA7 and
DXRB7 denote the first bit of the data stream. The number in parenthesis indicates the default value of that bit.

In the event the ADC reading overflows or underflows for the given channel, or if there is a math overflow during the bias
measurement, this data register will contain the value -4096. This register value will clear when after the next valid
measurement is made.

DXRA7 | DXRA6 | DXRA5 | DXRA4 | DXRA3 | DXRA2 | DXRAL | DXRAO
©) ©) ©) (©) ©) (©) (©) ©)
DXRB7 | DXRB6 | DXRB5 | DXRB4 | DXRB3 | DXRB2 | DXRB1 | DXRBO
©) ©) () (©) ©) ©) ©) (©)

Table 13: Data Output X Registers A and B

Data Output Y Registers A and B

The data output Y registers are two 8-bit registers, data output register A and data output register B. These registers
store the measurement result from channel Y. Data output Y register A contains the MSB from the measurement result,
and data output Y register B contains the LSB from the measurement result. The value stored in these two registers is a
16-bit value in 2’'s complement form, whose range is 0xF800 to 0x07FF. DYRAO through DYRA7 and DYRBO through
DYRBY indicate bit locations, with DYRA and DYRB denoting the bits that are in the data output Y registers. DYRA7 and
DYRB?7 denote the first bit of the data stream. The number in parenthesis indicates the default value of that bit.

In the event the ADC reading overflows or underflows for the given channel, or if there is a math overflow during the bias
measurement, this data register will contain the value -4096. This register value will clear when after the next valid
measurement is made.

DYRA7 | DYRA6 | DYRA5 | DYRA4 | DYRA3 | DYRA2 | DYRAL | DYRAO
©) ©) ©) (©) ©) (©) (©) (©)
DYRB7 | DYRB6 | DYRB5 | DYRB4 | DYRB3 | DYRB2 | DYRB1 | DYRBO
©) ©) (©) (©) ©) (©) (©) (©)

Table 14: Data Output Y Registers A and B

Data Output Z Registers A and B

The data output Z registers are two 8-bit registers, data output register A and data output register B. These registers
store the measurement result from channel Z. Data output Z register A contains the MSB from the measurement result,
and data output Z register B contains the LSB from the measurement result. The value stored in these two registers is a
16-bit value in 2’s complement form, whose range is 0xF800 to 0x07FF. DZRAO through DZRA7 and DZRBO through
DZRB7 indicate bit locations, with DZRA and DZRB denoting the bits that are in the data output Z registers. DZRA7 and
DZRB7 denote the first bit of the data stream. The number in parenthesis indicates the default value of that bit.

In the event the ADC reading overflows or underflows for the given channel, or if there is a math overflow during the bias

measurement, this data register will contain the value -4096. This register value will clear when after the next valid
measurement is made.
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DZRA7 | DZRA6 | DZRA5 | DZRA4 | DZRA3 | DZRA2 | DZRAL | DZRAO
©) ©) (0) ©) (0) (©) ©) ©)
DZRB7 | DZRB6 | DZRB5 | DZRB4 | DZRB3 | DZRB2 | DZRB1 | DZRBO
©) ©) ©) ©) () () ©) ©)

Table 15;: Data Output Z Registers A and B

Data Output Register Operation

When one or more of the output registers are read, new data cannot be placed in any of the output data registers until all
six data output registers are read. This requirement also impacts DRDY and RDY, which cannot be cleared until new
data is placed in all the output registers.

Status Register

The status register is an 8-bit read-only register.

This register is used to indicate device status.

SRO through SR7

indicate bit locations, with SR denoting the bits that are in the status register. SR7 denotes the first bit of the data stream.

SR7 SR6 SR5 SR4 SR3 SR2 SR1 SRO
(0) ) (0) (0) (0) (0) LOCK (0) | RDY(0)
Table 16: Status Register
Location | Name Description
22; 0 0 These bits are reserved.
Data output register lock. This bit is set when:
1.some but not all for of the six data output registers have
been read,
2. Mode register has been read.
When this bit is set, the six data output registers are locked
SR1 LOCK and any new data will not be placed in these register until
one of these conditions are met:
1.all six bytes have been read, 2. the mode register is
changed,
3. the measurement configuration (CRA) is changed,
4. power is reset.
Ready Bit. Set when data is written to all six data registers.
Cleared when device initiates a write to the data output
registers and after one or more of the data output registers
SRO RDY are written to. When RDY bit is clear it shall remain cleared
for a 250 ys. DRDY pin can be used as an alternative to
the status register for monitoring the device for
measurement data.
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Table 17: Status Register Bit Designations
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Identification Register A

The identification register A is used to identify the device. IRAO through IRA7 indicate bit locations, with IRA denoting the
bits that are in the identification register A. IRA7 denotes the first bit of the data stream. The number in parenthesis
indicates the default value of that bit.

The identification value for this device is stored in this register. This is a read-only register.
Register values. ASCII value H

IRA7 | IRAG IRAS IRA4 IRA3 IRA2 IRAL IRAO

0 1 0 0 1 0 0 0

Table 18: Identification Register A Default Values
Identification Register B

The identification register B is used to identify the device. IRBO through IRB7 indicate bit locations, with IRB denoting the
bits that are in the identification register A. IRB7 denotes the first bit of the data stream.

Register values. ASCII value 4

IRB7 | IRB6 IRB5 IRB4 IRB3 IRB2 IRB1 IRBO

0 0 1 1 0 1 0 0

Table 19: Identification Register B Default Values
Identification Register C

The identification register C is used to identify the device. IRCO through IRC7 indicate bit locations, with IRC denoting the
bits that are in the identification register A. IRC7 denotes the first bit of the data stream.

Register values. ASCII value 3

IRC7 | IRC6 IRC5 IRC4 IRC3 IRC2 IRC1 IRCO

0 0 1 1 0 0 1 1

Table 20: Identification Register C Default Values
I°C COMMUNICATION PROTOCOL

The HMC5883L communicates via a two-wire I°C bus system as a slave device. The HMC5883L uses a simple protocol
with the interface protocol defined by the I°C bus specification, and by this document. The data rate is at the standard-
mode 100kbps or 400kbps rates as defined in the I°C Bus Specifications. The bus bit format is an 8-bit Data/Address
send and a 1-bit acknowledge bit. The format of the data bytes (payload) shall be case sensitive ASCII characters or
binary data to the HMC5883L slave, and binary data returned. Negative binary values will be in two’s complement form.
The default (factory) HMC5883L 8-bit slave address is 0x3C for write operations, or 0x3D for read operations.

The HMC5883L Serial Clock (SCL) and Serial Data (SDA) lines require resistive pull-ups (Rp) between the master device
(usually a host microprocessor) and the HMC5883L. Pull-up resistance values of about 2. 2K to 10K ohms are
recommended with a nominal VDDIO voltage. Other resistor values may be used as defined in the | °C Bus Specifications
that can be tied to VDDIO.

The SCL and SDA lines in this bus specification may be connected to multiple devices. The bus can be a single master to
multiple slaves, or it can be a multiple master configuration. All data transfers are initiated by the master device, WhICh is
responsible for generating the clock signal, and the data transfers are 8 bit Iong All devices are addressed by | ’C’s
unique 7-bit address. After each 8-bit transfer, the master device generates a 9" clock pulse, and releases the SDA line.
The receiving device (addressed slave) will pull the SDA line low to acknowledge (ACK) the successful transfer or leave
the SDA high to negative acknowledge (NACK).
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Per the I°C spec, all transitions in the SDA line must occur when SCL is low. This requirement leads to two unique
conditions on the bus associated with the SDA transitions when SCL is high. Master device pulling the SDA line low while
the SCL line is high indicates the Start (S) condition, and the Stop (P) condition is when the SDA line is pulled high while
the SCL line is high. The I°C protocol also allows for the Restart condition in which the master device issues a second
start condition without issuing a stop.

All bus transactions begin with the master device issuing the start sequence followed by the slave address byte. The
address byte contains the slave address; the upper 7 bits (bits7-1), and the Least Significant bit (LSb). The LSb of the
address byte designates if the operation is a read (LSb=1) or a write (LSb=0). At the 9™ clock pulse, the receiving slave
device will issue the ACK (or NACK). Following these bus events, the master will send data bytes for a write operation, or
the slave will clock out data with a read operation. All bus transactions are terminated with the master issuing a stop
sequence.

I°C bus control can be implemented with either hardware logic or in software. Typical hardware designs will release the
SDA and SCL lines as appropriate to allow the slave device to manipulate these lines. In a software implementation, care
must be taken to perform these tasks in code.

OPERATIONAL EXAMPLES

The HMC5883L has a fairly quick stabilization time from no voltage to stable and ready for data retrieval. The nominal 56
milli-seconds with the factory default single measurement mode means that the six bytes of magnetic data registers
(DXRA, DXRB, DZRA, DZRB, DYRA, and DYRB) are filled with a valid first measurement.

To change the measurement mode to continuous measurement mode, after the power-up time send the three bytes:
0x3C 0x02 0x00

This writes the 00 into the second register or mode register to switch from single to continuous measurement mode
setting. With the data rate at the factory default of 15Hz updates, a 67 milli-second typical delay should be allowed by the
I°C master before querying the HMC5883L data registers for new measurements. To clock out the new data, send:

0x3D, and clock out DXRA, DXRB, DZRA, DZRB, DYRA, and DYRB located in registers 3 through 8. The HMC5883L wiill
automatically re-point back to register 3 for the next 0x3D query. All six data registers must be read properly before new
data can be placed in any of these data registers.

Below is an example of a (power-on) initialization process for “continuous-measurement mode”:

Write CRA (00) — send 0x3C 0x00 0x70 (8-average, 15 Hz default, normal measurement)
Write CRB (01) — send 0x3C 0x01 0xAO0 (Gain=5, or any other desired gain)

Write Mode (02) — send 0x3C 0x02 0x00 (Continuous-measurement mode)

Wait 6 ms or monitor status register or DRDY hardware interrupt pin

Loop

agrwnNE

Send 0x3D 0x06 (Read all 6 bytes. If gain is changed then this data set is using previous gain)
Convert three 16-bit 2’s compliment hex values to decimal values and assign to X, Z, Y, respectively.
Send 0x3C 0x03 (point to first data register 03)
Wait about 67 ms (if 15 Hz rate) or monitor status register or DRDY hardware interrupt pin

End_loop

Below is an example of a (power-on) initialization process for “single-measurement mode”:

1. Write CRA (00) — send 0x3C 0x00 0x70 (8-average, 15 Hz default or any other rate, normal measurement)
2. Write CRB (01) — send 0x3C 0x01 0xAO (Gain=5, or any other desired gain)
3. For each measurement query:
Write Mode (02) — send 0x3C 0x02 0x01 (Single-measurement mode)
Wait 6 ms or monitor status register or DRDY hardware interrupt pin
Send 0x3D 0x06 (Read all 6 bytes. If gain is changed then this data set is using previous gain)
Convert three 16-bit 2’s compliment hex values to decimal values and assign to X, Z, Y, respectively.
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SELF TEST OPERATION

To check the HMC5883L for proper operation, a self test feature in incorporated in which the sensor offset straps are
excited to create a nominal field strength (bias field) to be measured. To implement self test, the least significant bits (MS1
and MSO0) of configuration register A are changed from 00 to 01 (positive bias) or 10 (negetive bias).

Then, by placing the mode register into single or continuous-measurement mode, two data acquisition cycles will be made
on each magnetic vector. The first acquisition will be a set pulse followed shortly by measurement data of the external
field. The second acquisition will have the offset strap excited (about 10 mA) in the positive bias mode for X, Y, and Z
axes to create about a 1.1 gauss self test field plus the external field. The first acquisition values will be subtracted from
the second acquisition, and the net measurement will be placed into the data output registers.

Since self test adds ~1.1 Gauss additional field to the existing field strength, using a reduced gain setting prevents sensor
from being saturated and data registers overflowed. For example, if the configuration register B is set to 0xAO (Gain=5),
values around +452 LSb (1.16 Ga * 390 LSh/Ga) will be placed in the X and Y data output registers and around +421
(1.08 Ga * 390 LSb/Ga) will be placed in Z data output register. To leave the self test mode, change MS1 and MSO bit of
the configuration register A back to 00 (Normal Measurement Mode). Acceptable limits of the self test values depend on
the gain setting. Limits for Gain=5 is provided in the specification table.

Below is an example of a “positive self test” process using continuous-measurement mode:

Write CRA (00) — send 0x3C 0x00 0x71 (8-average, 15 Hz default, positive self test measurement)
Write CRB (01) — send 0x3C 0x01 0xAO (Gain=5)

Write Mode (02) — send 0x3C 0x02 0x00 (Continuous-measurement mode)

Wait 6 ms or monitor status register or DRDY hardware interrupt pin

Loop

agrwNE

Send 0x3D 0x06 (Read all 6 bytes. If gain is changed then this data set is using previous gain)
Convert three 16-bit 2’'s compliment hex values to decimal values and assign to X, Z, Y, respectively.
Send 0x3C 0x03 (point to first data register 03)
Wait about 67 ms (if 15 Hz rate) or monitor status register or DRDY hardware interrupt pin

End_loop

6. Check limits —

If all 3 axes (X, Y, and Z) are within reasonable limits (243 to 575 for Gain=5, adjust these limits basing on the

gain setting used. See an example below.) Then
All 3 axes pass positive self test
Write CRA (00) — send 0x3C 0x00 0x70 (Exit self test mode and this procedure)

Else
If Gain<7
Write CRB (01) — send 0x3C 0x01 0x_0 (Increase gain setting and retry, skip the next data set)
Else
At least one axis did not pass positive self test
Write CRA (00) — send 0x3C 0x00 0x70 (Exit self test mode and this procedure)
End If

Below is an example of how to adjust the “positive self” test limits basing on the gain setting:

1. If Gain = 6, self test limits are:
Low Limit = 243 * 330/390 = 206
High Limit = 575 * 330/390 = 487

2. If Gain = 7, self test limits are:

Low Limit = 243 * 230/390 = 143
High Limit = 575 * 230/390 = 339
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SCALE FACTOR TEMPERATURE COMPENSATION
The built-in self test can also be used to periodically compensate the scaling errors due to temperature variations. A
compensation factor can be found by comparing the self test outputs with the ones obtained at a known temperature. For

example, if the self test output is 400 at room temperature and 300 at the current temperature then a compensation factor
of (400/300) should be applied to all current magnetic readings. A temperature sensor is not required using this method.

Below is an example of a temperature compensation process using positive self test method:

1. If self test measurement at a temperature “when the last magnetic calibration was done”:

X_STP =400
Y_STP =410
Z_STP =420

2. If self test measurement at a different tmperature:
X_STP =300 (Lower than before)
Y_STP =310 (Lower than before)
Z_STP = 320 (Lower than before)
Then
X_TempComp = 400/300
Y_TempComp = 410/310
Z _TempComp = 420/320
3. Applying to all new measurements:
X=X*X_TempComp
Y=Y*Y_TempComp
Z=272%*Z_TempComp
Now all 3 axes are temperature compensated, i.e. sensitivity is same as “when the last magnetic calibration was
done”; therefore, the calibration coefficients can be applied without modification.
4. Repeat this process periodically or,for every At degrees of temperature change measured, if available.

ORDERING INFORMATION

: S Caution
Ordermg Number Product \ , This part is sensitive to damage
. by electrostatic discharge. Use ESD
HMC5883L-TR Tape and Reel 4k pieces/reel t precautionary procedures when
touching, removing or inserting.
FIND OUT MORE CAUTION: ESDS CAT. 1B

For more information on Honeywell’'s Magnetic Sensors visit us online at www.honeywell.com/magneticsensors or contact
us at 800-323-8295 (763-954-2474 internationally).

The application circuits herein constitute typical usage and interface of Honeywell product. Honeywell does not warranty or assume liability of customer-
designed circuits derived from this description or depiction.

Honeywell reserves the right to make changes to improve reliability, function or design. Honeywell does not assume any liability arising out of the
application or use of any product or circuit described herein; neither does it convey any license under its patent rights nor the rights of others.

U.S. Patents 4,441,072, 4,533,872, 4,569,742, 4,681,812, 4,847,584 and 6,529,114 apply to the technology described

Honeywell

12001 Highway 55

Plymouth, MN 55441 Form # 900405 Rev D Honeywell
Tel: 800-323-8295 March 2011

www.honeywell.com/magneticsensors ©2010 Honeywell International Inc.
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1.2 Purpose and Scope

This document is a preliminary product specification, providing a description, specifications, and design related
information for the 1TG-3200™.  Electrical characteristics are based upon simulation results and limited
characterization data of advanced samples only. Specifications are subject to change without notice. Final
specifications will be updated based upon characterization of final silicon.

1.3 Product Overview

The ITG-3200 is the world’s first single-chip, digital-output, 3-axis MEMS gyro IC optimized for gaming, 3D mice,
and 3D remote control applications. The part features enhanced bias and sensitivity temperature stability, reducing the
need for user calibration. Low frequency noise is lower than previous generation devices, simplifying application
development and making for more-responsive remote controls.

The ITG-3200 features three 16-bit analog-to-digital converters (ADCSs) for digitizing the gyro outputs, a user-selectable
internal low-pass filter bandwidth, and a Fast-Mode 1°C (400kHz) interface. Additional features include an embedded
temperature sensor and a 2% accurate internal oscillator. This breakthrough in gyroscope technology provides a
dramatic 67% package size reduction, delivers a 50% power reduction, and has inherent cost advantages compared to
competing multi-chip gyro solutions.

By leveraging its patented and volume-proven Nasiri-Fabrication platform, which integrates MEMS wafers with
companion CMOS electronics through wafer-level bonding, InvenSense has driven the 1ITG-3200 package size down to
a revolutionary footprint of 4x4x0.9mm (QFN), while providing the highest performance, lowest noise, and the lowest
cost semiconductor packaging required for handheld consumer electronic devices. The part features a robust 10,0009
shock tolerance, as required by portable consumer equipment.

For power supply flexibility, the ITG-3200 has a separate VLOGIC reference pin, in addition to its analog supply pin,
VDD, which sets the logic levels of its I°C interface. The VLOGIC voltage may be anywhere from 1.71V min to VDD
max.

1.4 Applications

Motion-enabled game controllers
Motion-based portable gaming

Motion-based 3D mice and 3D remote controls
“No Touch” UI

Health and sports monitoring
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2 Features
The ITG-3200 triple-axis MEMS gyroscope includes a wide range of features:

Digital-output X-, Y-, and Z-Axis angular rate sensors (gyros) on one integrated circuit with a sensitivity of
14.375 LSBs per °/sec and a full-scale range of +2000°/sec

Three integrated 16-bit ADCs provide simultaneous sampling of gyros while requiring no external multiplexer
Enhanced bias and sensitivity temperature stability reduces the need for user calibration

Low frequency noise lower than previous generation devices, simplifying application development and making
for more-responsive motion processing

Digitally-programmable low-pass filter

Low 6.5mA operating current consumption for long battery life

Wide VDD supply voltage range of 2.1V to 3.6V

Flexible VLOGIC reference voltage allows for 1°C interface voltages from 1.71V to VDD

Standby current: 5pA

Smallest and thinnest package for portable devices (4x4x0.9mm QFN)

No high pass filter needed

Turn on time: 50ms

Digital-output temperature sensor

Factory calibrated scale factor

10,000 g shock tolerant

Fast Mode I1°C (400kHz) serial interface

On-chip timing generator clock frequency is accurate to +/-2% over full temperature range

Optional external clock inputs of 32.768kHz or 19.2MHz to synchronize with system clock

MEMS structure hermetically sealed and bonded at wafer level

RoHS and Green compliant
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3 Electrical Characteristics

3.1 Sensor Specifications

Typical Operating Circuit of Section 4.2, VDD = 2.5V, VLOGIC = 1.71V to VDD, T,=25°C.

Parameter Conditions Min Typical Max Unit Note
GYRO SENSITIVITY

Full-Scale Range FS_SEL=3 +2000 °/s 4
Gyro ADC Word Length 16 Bits 3
Sensitivity Scale Factor FS_SEL=3 14.375 LSB/(%/s) 3
Sensitivity Scale Factor Tolerance 25°C -6 +6 % 1
Sensitivity Scale Factor Variation Over +10 % 2
Temperature

Nonlinearity Best fit straight line; 25°C 0.2 % 6
Cross-Axis Sensitivity 2 % 6
GYRO ZERO-RATE OUTPUT (ZRO)

Initial ZRO Tolerance +40 o/s 1
ZRO Variation Over Temperature -40°C to +85°C +40 o/s 2
Power-Supply Sensitivity (1-10Hz) Sine wave, 100mVpp; VDD=2.2V 0.2 /s 5
Power-Supply Sensitivity (10 - 250Hz) Sine wave, 100mVpp; VDD=2.2V 0.2 /s 5
Power-Supply Sensitivity (250Hz - 100kHz) | Sine wave, 100mVpp; VDD=2.2V 4 /s 5
Linear Acceleration Sensitivity Static 0.1 9/slg 6
GYRO NOISE PERFORMANCE FS_SEL=3

Total RMS noise 100Hz LPF (DLPFCFG=2) 0.38 °/s-rms 1
Rate Noise Spectral Density At 10Hz 0.03 °/s/NHz 2
GYRO MECHANICAL FREQUENCIES

X-Axis 30 33 36 kHz 1
Y-Axis 27 30 33 kHz 1
Z-Axis 24 27 30 kHz 1
Frequency Separation Between any two axes 17 kHz 1
GYRO START-UP TIME DLPFCFG=0

ZRO Settling to £1%s of Final 50 ms 6
TEMPERATURE SENSOR

Range -30to +85 °C 2
Sensitivity 280 LSB/°C 2
Temperature Offset 35°C -13,200 LSB 1
Initial Accuracy 35°C TBD °C

Linearity Best fit straight line (-30°C to +85°C) +1 °C 2,5
TEMPERATURE RANGE

Specified Temperature Range -40 85 °C

Tested in production

Based on characterization of 30 pieces over temperature on evaluation board or in socket

Based on design, through modeling and simulation across PVT

Based on characterization of 5 pieces over temperature

1
2
3.
4. Typical. Randomly selected part measured at room temperature on evaluation board or in socket
5
6

Tested on 5 parts at room temperature
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3.2 Electrical Specifications
Typical Operating Circuit of Section 4.2, VDD = 2.5V, VLOGIC = 1.71V to VDD, T,=25°C.
Parameters Conditions Min Typical Max Units Notes
VDD POWER SUPPLY
Operating Voltage Range 2.1 3.6 \% 2
Power-Supply Ramp Rate Monotonic ramp. Ramp rate 0 5 ms 2
is 10% to 90% of the final
value (see Figure in Section
4.4)
Normal Operating Current 6.5 mA 1
Sleep Mode Current 5 pA 5
VLOGIC REFERENCE
VOLTAGE
Voltage Range VLOGIC must be <VDD at all 171 VDD \%
times
VLOGIC Ramp Rate Monotonic ramp. Ramp rate is 1 ms 6
10% to 90% of the final value
(see Figure in Section 4.4)
Normal Operating Current 100 HA
START-UP TIME FOR 20 ms 5
REGISTER READ/WRITE
I°C ADDRESS ADO =0 1101000 6
ADO=1 1101001 6
DIGITAL INPUTS (ADO,
CLKIN)
Vu, High Level Input Voltage 0.9*VLOGIC \% 5
Vi, Low Level Input Voltage 0.1*VLOGIC \Y 5
C,, Input Capacitance 5 pF 7
DIGITAL OUTPUT (INT)
Von, High Level Output Voltage OPEN=0, Rload=1MQ 0.9*VLOGIC \Y 2
VoL, Low Level Output Voltage OPEN=0, Rload=1MQ 0.1*VLOGIC \% 2
xghggé’ INT Low-Level Output OPEN=1, 0.3mA sink current 01 \Y; 2
Output Leakage Current OPEN=1 100 nA 4
tint, INT Pulse Width LATCH_INT_EN=0 50 Hs 4

Tested in production

Based on characterization of 30 pieces over temperature on evaluation board or in socket

Based on characterization of 5 pieces over temperature

1
2.
4. Typical. Randomly selected part measured at room temperature on evaluation board or in socket
5
6

Guaranteed by design
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3.3  Electrical Specifications, continued

Typical Operating Circuit of Section 4.2, VDD = 2.5V, VLOGIC = 1.71V to VDD, T,=25°C.
Parameters Conditions Typical Units Notes
I2C 1/0 (SCL, SDA)
VL, LOW-Level Input Voltage -0.5t0 0.3*VLOGIC \% 2
Vi, HIGH-Level Input Voltage 0.7*VLOGIC to VLOGIC + 0.5V \% 2
Vhys, Hysteresis 0.1*VLOGIC \Y 2
Vou1, LOW-Level Output Voltage 3mA sink current 0to0.4 \% 2
loL, LOW-Level Output Current VoL = 0.4V 3 mA 2

VoL =0.6V 6 mA 2

Output Leakage Current 100 nA 4
i‘}‘l*LO”tp”t Fall Time from Viymax t0 Cb bus cap. in pF 20+0.1Ch to 250 ns 2
C,, Capacitance for Each 1/0 pin 10 pF 5

Notes:

2. Based on characterization of 5 pieces over temperature.
4. Typical. Randomly selected part measured at room temperature on evaluation board or in socket

5. Guaranteed by design
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3.4 Electrical Specifications, continued
Typical Operating Circuit of Section 4.2, VDD = 2.5V, VLOGIC = 1.71V to VDD, T,=25°C.

Parameters Conditions Min Typical Max Units Notes

INTERNAL CLOCK SOURCE CLKSEL=0,1,2,0r3

Sample Rate, Fast DLPFCFG=0 8 kHz 4
SAMPLERATEDIV =0

Sample Rate, Slow DLPFCFG=1,2,3,4,5, or 6 1 kHz 4
SAMPLERATEDIV =0

Clock Frequency Initial Tolerance CLKSEL=0, 25°C -2 +2 % 1
CLKSEL=1,2,3; 25°C -1 +1 % 1

Frequency Variation over Temperature CLKSEL=0 -15to +10 % 2
CLKSEL=1,2,3 +/-1 % 2

PLL Settling Time CLKSEL=1,2,3 1 ms 3

EXTERNAL 32.768kHz CLOCK CLKSEL=4

External Clock Frequency 32.768 kHz 3

External Clock Jitter Cycle-to-cycle rms lto2 ps 3

Sample Rate, Fast DLPFCFG=0 8.192 kHz 3
SAMPLERATEDIV =0

Sample Rate, Slow DLPFCFG=1,2,3,4,5, or 6 1.024 kHz 3
SAMPLERATEDIV =0

PLL Settling Time 1 ms 3

EXTERNAL 19.2MHz CLOCK CLKSEL=5

External Clock Frequency 19.2 MHz 3

Sample Rate, Fast DLPFCFG=0 8 kHz 3
SAMPLERATEDIV =0

Sample Rate, Slow DLPFCFG=1,2,3,4,5, or 6 1 kHz 3
SAMPLERATEDIV =0

PLL Settling Time 1 ms 3

Charge Pump Clock Frequency

Frequency 1% Stage, 25°C 8.5 MHz 5
2" Stage, 25°C 68 MHz 5
Over temperature +/-15 % 5

Notes:
Tested in production

agrwdE

Based on characterization of 30 pieces over temperature on evaluation board or in socket

Based on design, through modeling and simulation across PVT

Typical. Randomly selected part measured at room temperature on evaluation board or in socket
Based on characterization of 5 pieces over temperature.
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3.5 I°C Timing Characterization
Typical Operating Circuit of Section 4.2, VDD = 2.5V, VLOGIC = 1.8V+5%, 2.5V+5%, 3.0V+5%, or 3.3V£5%,

TA=25°C.
Parameters Conditions Min Typical Max Units Notes
I’C TIMING 1°C FAST-MODE
fscL, SCL Clock Frequency 0 400 kHz 1
tup.sta, (Repeated) START Condition Hold Time 0.6 us 1
tLow, SCL Low Period 13 us 1
trien, SCL High Period 0.6 us 1
tsusta, Repeated START Condition Setup Time 0.6 us 1
tho.oat, SDA Data Hold Time 0 us 1
tsupat, SDA Data Setup Time 100 ns 1
t, SDA and SCL Rise Time Cb bus cap. from 10 to 400pF 20+0.1Cb 300 ns 1
t, SDA and SCL Fall Time Cb bus cap. from 10 to 400pF 20+0.1Cb 300 ns 1
tsusto, STOP Condition Setup Time 0.6 us 1
taur, Bus Free Time Between STOP and START 1.3 us 1
Condition
Cy, Capacitive Load for each Bus Line 400 pF 2
tvp.poat, Data Valid Time 0.9 us 1
tvp.ack, Data Valid Acknowledge Time 0.9 us 1

Notes:

1. Based on characterization of 5 pieces over temperature on evaluation board or in socket
2. Guaranteed by design

H tf ! tr tSU;DAT
1 - -
SDA ™ 70%J§ ! = | - “—ax
Vo 30% . S 30% N / [ - —
\ ! L_ continued below at @
1
! »f <+ > - tLv:DAT
SCL | 70% fkHD;DAT
1
| e | 30% \
' tHo;sta g 1/fscL » 9th clock cycle
:_____S____J 1st clock cycle
rTTTTTTTTR
: : i tBUF '_____":
SDA | 70% ' - - | ' i i
@— - 30% ! / P | 1 H |
1
: | le : i :
tsu;sTA tvD;ACK tsu:sTo ! |
SCL 1
i
1

9th clock cycle-

I°C Bus Timing Diagram
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3.6 Absolute Maximum Ratings

Stresses above those listed as “Absolute Maximum Ratings” may cause permanent damage to the device. These are
stress ratings only and functional operation of the device at these conditions is not implied. Exposure to the absolute

maximum ratings conditions for extended periods may affect device reliability.

Absolute Maximum Ratings

Parameter Rating

Supply Voltage, VDD -0.5V to +6V
VLOGIC Input Voltage Level -0.5V to VDD + 0.5V
REGOUT -0.5V to 2V

Input Voltage Level (CLKIN, ADO) -0.5V to VDD + 0.5V
SCL, SDA, INT -0.5V to VLOGIC + 0.5V
CPOUT (2.1V<VDD<3.6V) -0.5V to 30V
Acceleration (Any Axis, unpowered) 10,000g for 0.3ms
Operating Temperature Range -40°C to +105°C
Storage Temperature Range -40°C to +125°C
Electrostatic Discharge (ESD) Protection (1M5 K/l\; (HBM); 200V
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4 Applications Information

4.1 Pin Out and Signal Description

Number Pin Pin Description
1 CLKIN Optional external reference clock input. Connect to GND if unused.
8 VLOGIC Digital 10 supply voltage. VLOGIC must be < VDD at all times.
9 ADO I°C Slave Address LSB
10 REGOUT Regulator filter capacitor connection
12 INT Interrupt digital output (totem pole or open-drain)
13 VDD Power supply voltage
18 GND Power supply ground
11 RESV-G Reserved - Connect to ground.
6,7,19,21,22 RESV Reserved. Do not connect.
20 CPOUT Charge pump capacitor connection
23 SCL I°C serial clock
24 SDA I°C serial data
2,3,4,5,14, 15, 16, 17 NC Not internally connected. May be used for PCB trace routing.
Top View

CLKIN

NC

NC

NC

NC

RESV

< | ITG-3200

=
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GND
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NC

NC

=
[¢)]

NC

[N
~

NC

][ =][s][=][=][=]

=
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VDD

]
JID0TA | @

Py Py
3 A
< o
C
_|
QFN Package Orientation of Axes of Sensitivity
24-pin, 4mm x 4mm x 0.9mm and Polarity of Rotation
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4.2 Typical Operating Circuit

GN

O

0 0
lw)

¥ 2

I l —— 2.2nF
[ ]

020 amE
ckin —] 1] [18] 1
2 17
2] I
5] B
ITG-3200
4] [15]
VDD
5] I
EHHHHHHE
71181l 9[|l10[]11][12 —4_c2
VLOGIC 0.1uF
GND S
GND
C4 _1 > 1 _c3
10nF—— g —T— 0.1yF 5
‘GND ‘GND
Typical Operating Circuit
4.3 Bill of Materials for External Components
Component Label | Specification Quantity
Charge Pump Capacitor C1 Ceramic, X7R, 2.2nF £10%, 50V 1
VDD Bypass Capacitor C2 Ceramic, X7R, 0.1uF £10%, 4V 1
Regulator Filter Capacitor C3 Ceramic, X7R, 0.1uF +10%, 2V 1
VLOGIC Bypass Capacitor C4 Ceramic, X7R, 10nF £10%, 4V 1
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4.4 Recommended Power-On Procedure

All Voltages at OV

VDD ——

VLOGIC

—» Ty

£+-90%

<+—Tyi6-vop—

Power-Up Sequencing

1.

Tvoor is VDD rise time: Time for VDD to
rise from 10% to 90% of its final value

Tvoor IS £5msec

Tvier is VLOGIC rise time: Time for
VLOGIC to rise from 10% to 90% of its
final value

Tvigr is £1msec

Tvievop is the delay from the start of
VDD ramp to the start of VLOGIC rise

Tvie-vop iS 0 to 20msec but VLOGIC
amplitude must always be <VDD
amplitude

VDD and VLOGIC must be monotonic
ramps
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5 Functional Overview
5.1 Block Diagram

Optional
51 [ oo Lo o ITG-3200
Interrupt
Status | 12 INT
- . )
—] | xcyro | | Apc | Sna || | Register ] merupt |—=0
Conditioning
Cor'mg 9 ADO
Signal Register I°C Serial 23
— | YGyro | | ADC [—» lgnal. —-] SCL
Conditioning Interface "
Sensor SDA
Register
—| | ZGyro | | ADC [ S'.g.nAI. —
Conditioning
> FIFO
Temp
Sensor > ADC > Factory Cal
Charge Bias & LDO
Pump
20 13 38 18 10
S  FERD R TR
CPOUT VDD VLOGIC GND REGOUT

5.2 Overview
The ITG-3200 consists of the following key blocks and functions:
e Three-axis MEMS rate gyroscope sensors with individual 16-bit ADCs and signal conditioning
I°C serial communications interface
Clocking
Sensor Data Registers
Interrupts
Digital-Output Temperature Sensor
Bias and LDO
Charge Pump

5.3 Three-Axis MEMS Gyroscope with 16-bit ADCs and Signal Conditioning

The ITG-3200 consists of three independent vibratory MEMS gyroscopes, which detect rotational rate about the X
(roll), Y (pitch), and Z (yaw) axes. When the gyros are rotated about any of the sense axes, the Coriolis Effect causes a
deflection that is detected by a capacitive pickoff. The resulting signal is amplified, demodulated, and filtered to
produce a voltage that is proportional to the angular rate. This voltage is digitized using individual on-chip 16-bit
Analog-to-Digital Converters (ADCs) to sample each axis.

The full-scale range of the gyro sensors is preset to 2000 degrees per second (°/s). The ADC output rate is

programmable up to a maximum of 8,000 samples per second down to 3.9 samples per second, and user-selectable low-
pass filters enable a wide range of cut-off frequencies.
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5.4  I°C Serial Communications Interface

The ITG-3200 communicates to a system processor using the 12C serial interface, and the device always acts as a slave
when communicating to the system processor. The logic level for communications to the master is set by the
voltage on the VLOGIC pin. The LSB of the of the I°C slave address is set by pin 9 (ADO).

5.5 Clocking

The ITG-3200 has a flexible clocking scheme, allowing for a variety of internal or external clock sources for the
internal synchronous circuitry. This synchronous circuitry includes the signal conditioning, ADCs, and various control
circuits and registers. An on-chip PLL provides flexibility in the allowable inputs for generating this clock.

Allowable internal sources for generating the internal clock are:
e Aninternal relaxation oscillator (less accurate)
e Anyofthe X, Y, or Z gyros’ MEMS oscillators (with an accuracy of £2% over temperature)

Allowable external clocking sources are:
e 32.768kHz square wave
e 19.2MHz square wave

Which source to select for generating the internal synchronous clock depends on the availability of external sources and
the requirements for clock accuracy. There are also start-up conditions to consider. When the ITG-3200 first starts up,
the device operates off of its internal clock until programmed to operate from another source. This allows the user, for
example, to wait for the MEMS oscillators to stabilize before they are selected as the clock source.

5.6 Sensor Data Registers

The sensor data registers contain the latest gyro and temperature data. They are read-only registers, and are accessed
via the Serial Interface. Data from these registers may be read at any time, however, the interrupt function may be used
to determine when new data is available.

5.7 Interrupts

Interrupt functionality is configured via the Interrupt Configuration register. Items that are configurable include the INT
pin configuration, the interrupt latching and clearing method, and triggers for the interrupt. Items that can trigger an
interrupt are (1) Clock generator locked to new reference oscillator (used when switching clock sources); and (2) new
data is available to be read from the Data registers. The interrupt status can be read from the Interrupt Status register.

5.8 Digital-Output Temperature Sensor
An on-chip temperature sensor and ADC are used to measure the ITG-3200 die temperature. The readings from the
ADC can be read from the Sensor Data registers.

5.9 Bias and LDO

The bias and LDO sections take in an unregulated VDD supply from 2.1V to 3.6V and generate the internal supply and
the references voltages and currents required by the 1TG-3200. The LDO output is bypassed by a capacitor at
REGOUT. Additionally, the part has a VLOGIC reference voltage which sets the logic levels for its I°C interface.

5.10 Charge Pump
An on-board charge pump generates the high voltage (25V) required to drive the MEMS oscillators. Its output is
bypassed by a capacitor at CPOUT.

17 of 39








Document Number: PS-ITG-3200A-00-01.4

V4
- ifi i Revision: 1.4
I”Ven,s;ense ITG-3200 Product Specification o 03/30/2010

6 Digital Interface

6.1 I°C Serial Interface
The internal registers and memory of the ITG-3200 can be accessed using I1°C at up to 400kHz.

Serial Interface

Pin Number Pin Name Pin Description
8 VLOGIC Digital 10 supply voltage. VLOGIC must be <VDD at all times.
9 ADO I°C Slave Address LSB
23 scL I°C serial clock
24 SDA I°C serial data

6.1.1 I°C Interface

I°C is a two wire interface comprised of the signals serial data (SDA) and serial clock (SCL). In general, the lines are
open-drain and bi-directional. In a generalized 1°C interface implementation, attached devices can be a master or a
slave. The master device puts the slave address on the bus, and the slave device with the matching address
acknowledges the master.

The ITG-3200 always operates as a slave device when communicating to the system processor, which thus acts as the
master. SDA and SCL lines typically need pull-up resistors to VDD. The maximum bus speed is 400kHz.

The slave address of the 1TG-3200 devices is b110100X which is 7 bits long. The LSB bit of the 7 bit address is
determined by the logic level on pin 9. This allows two ITG-3200 devices to be connected to the same 1°C bus. When
used in this configuration, the address of the one of the devices should be b1101000 (pin 9 is logic low) and the address
of the other should be b1101001 (pin 9 is logic high). The I°C address is stored in register 0 (WHO_AM _| register).

I2C Communications Protocol

START (S) and STOP (P) Conditions

Communication on the 1°C bus starts when the master puts the START condition (S) on the bus, which is defined as a
HIGH-to-LOW transition of the SDA line while SCL line is HIGH (see figure below). The bus is considered to be busy
until the master puts a STOP condition (P) on the bus, which is defined as a LOW to HIGH transition on the SDA line
while SCL is HIGH (see figure below).

Additionally, the bus remains busy if a repeated START (Sr) is generated instead of a STOP condition.

r 1

w R

START condition STOP condition

START and STOP Conditions
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Data Format / Acknowledge

I°C data bytes are defined to be 8 bits long. There is no restriction to the number of bytes transmitted per data transfer.
Each byte transferred must be followed by an acknowledge (ACK) signal. The clock for the acknowledge signal is
generated by the master, while the receiver generates the actual acknowledge signal by pulling down SDA and holding
it low during the HIGH portion of the acknowledge clock pulse.

If a slave is busy and cannot transmit or receive another byte of data until some other task has been performed, it can
hold SCL LOW, thus forcing the master into a wait state. Normal data transfer resumes when the slave is ready, and

releases the clock line (see figure belo_vv).

DATA OUTPUT BY
TRANSMITTER (SDA) |
not acknowledge

R\

|
DATA OUTPUT BY .
RECEIVER (SDA) | i /
: | acknowledg
SCL FROM
MASTER w ----- _/_8\_/_9\_

— clock pulse for
START acknowledgement
condition

Acknowledge on the I°C Bus

Communications

After beginning communications with the START condition (S), the master sends a 7-bit slave address followed by an
8" bit, the read/write bit. The read/write bit indicates whether the master is receiving data from or is writing to the slave
device. Then, the master releases the SDA line and waits for the acknowledge signal (ACK) from the slave device.
Each byte transferred must be followed by an acknowledge bit. To acknowledge, the slave device pulls the SDA line
LOW and keeps it LOW for the high period of the SCL line. Data transmission is always terminated by the master with
a STOP condition (P), thus freeing the communications line. However, the master can generate a repeated START
condition (Sr), and address another slave without first generating a STOP condition (P). A LOW to HIGH transition on
the SDA line while SCL is HIGH defines the stop condition. All SDA changes should take place when SCL is low, with
the exception of start and stop conditions.

-0 C0T00Y]
scw VAL W

START ADDRESS RIW ACK DATA ACK DATA ACK STOP
condition condition

Complete 1°C Data Transfer
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To write the internal ITG-3200 device registers, the master transmits the start condition (S), followed by the 1°C address
and the write bit (0). At the 9" clock cycle (when the clock is high), the ITG-3200 device acknowledges the transfer.
Then the master puts the register address (RA) on the bus. After the ITG-3200 acknowledges the reception of the
register address, the master puts the register data onto the bus. This is followed by the ACK signal, and data transfer
may be concluded by the stop condition (P). To write multiple bytes after the last ACK signal, the master can continue
outputting data rather than transmitting a stop signal. In this case, the ITG-3200 device automatically increments the
register address and loads the data to the appropriate register. The following figures show single and two-byte write
sequences.

Single-Byte Write Sequence

Master | S | AD+W RA DATA P
Slave ACK ACK ACK

Burst Write Sequence

Master | S | AD+W RA DATA DATA P
Slave ACK ACK ACK ACK

To read the internal 1TG-3200 device registers, the master first transmits the start condition (S), followed by the I1°C
address and the write bit (0). At the 9" clock cycle (when clock is high), the ITG acknowledges the transfer. The master
then writes the register address that is going to be read. Upon receiving the ACK signal from the ITG-3200, the master
transmits a start signal followed by the slave address and read bit. As a result, the ITG-3200 sends an ACK signal and
the data. The communication ends with a not acknowledge (NACK) signal and a stop bit from master. The NACK
condition is defined such that the SDA line remains high at the 9™ clock cycle. To read multiple bytes of data, the
master can output an acknowledge signal (ACK) instead of a not acknowledge (NACK) signal. In this case, the ITG-
3200 automatically increments the register address and outputs data from the appropriate register. The following
figures show single and two-byte read sequences.

Single-Byte Read Sequence

Master | S | AD+W RA S | AD+R NACK | P
Slave ACK ACK ACK | DATA

Burst Read Sequence

Master | S | AD+W RA S | AD+R ACK NACK | P
Slave ACK ACK ACK | DATA DATA
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I°C Terms

Signal Description
S Start Condition: SDA goes from high to low while SCL is high
AD Slave I°C address
w Write bit (0)
R Read bit (1)
ACK Acknowledge: SDA line is low while the SCL line is high at the 9" clock cycle
NACK Not-Acknowledge: SDA line stays high at the 9" clock cycle
RA ITG-3200 internal register address

DATA Transmit or received data

P Stop condition: SDA going from low to high while SCL is high
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7 Register Map

Addr Addr Register Name | R/W Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0
Hex Decimal
0 0 WHO_AM_| RIW ; ID ;
15 21 SMPLRT DIV | RW SMPLRT DIV
16 22 DLPF_FS RIW ; - - FS_SEL DLPF_CFG
INT_
17 23 INT_CFG RIW ACTL OPEN m\l CEH,\‘— ANYRD_ ; 'TG—EFf\IDY - Rg{?WEN
- 2CLEAR - -
RAW._
1A 26 INT_STATUS R ; . . ; ; ; DATA_
ITG_RDY falle
1B 27 TEMP_OUT_H R TEMP_OUT_H
1C 28 TEMP_OUT L R TEMP_OUT L
1D 29 GYRO_XOUT_H R GYRO_XOUT_H
1E 30 GYRO_XOUT L R GYRO_XOUT_L
1F 31 GYRO_YOUT H R GYRO_YOUT_H
20 32 GYRO_YOUT L R GYRO_YOUT L
21 33 GYRO_ZOUT H R GYRO_ZOUT H
22 34 GYRO_ZOUT L R GYRO_ZOUT L
3E 62 PWR_MGM RW | H_RESET SLEEP | STBY XG| STBY_YG| STBY ZG CLK_SEL
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8 Register Description

This section details each register within the InvenSense ITG-3200 gyroscope. Note that any bit that is not defined
should be set to zero in order to be compatible with future InvenSense devices.

The register space allows single-byte reads and writes, as well as burst reads and writes. When performing burst reads
or writes, the memory pointer will increment until either (1) reading or writing is terminated by the master, or (2) the
memory pointer reaches certain reserved registers between registers 33 and 60.

8.1 Register 0—Who Am |

Type: Read/Write

R(eg:::;*r (gzgi‘f;‘;) Bit7 Bit6 Bit5 Bitd Bit3 Bit2 Bitl Bit0
0 0 ID
Description:
This register is used to verify the identity of the device.
Parameters:
ID Contains the 1°C address of the device, which can also be changed by writing to this register.

The Power-On-Reset value of Bit6: Bitl is 110 100.

8.2 Register 21 — Sample Rate Divider

Type: Read/Write

Register Register ; ; - - . - . . Default
(Hex) (Decimal) Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0 Value
15 21 SMPLRT_DIV 00h
Description:

This register determines the sample rate of the ITG-3200 gyros. The gyros outputs are sampled internally at
either 1kHz or 8kHz, determined by the DLPF_CFG setting (see register 22). This sampling is then filtered
digitally and delivered into the sensor registers after the number of cycles determined by this register. The

sample rate is given by the following formula:
Fsample = Finternat / (divider+1), where Finema is either 1kHz or 8kHz

As an example, if the internal sampling is at 1kHz, then setting this register to 7 would give the following:

Fsample = 1kHz / (7 + 1) = 125Hz, or 8ms per sample

Parameters:

SMPLRT_DIV  Sample rate divider: 0 to 255
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8.3

Type: Read/Write

Register 22 — DLPF, Full Scale

Register Register n n n n n - . . Default
(Hex) (Decimal) Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0 Value
16 22 FS SEL DLPF CFG 00h
Description:

This register configures several parameters related to the sensor acquisition.

The FS_SEL parameter allows setting the full-scale range of the gyro sensors, as described in the table below.
The power-on-reset value of FS_SEL is 00h. Set to 03h for proper operation.

FS_SEL
FS_SEL Gyro Full-Scale Range
0 Reserved
1 Reserved
2 Reserved
3 +2000°/sec

The DLPF_CFG parameter sets the digital low pass filter configuration. It also determines the internal
sampling rate used by the device as shown in the table below.

DLPF_CFG
DLPF_CFG Low Pass Filter Bandwidth Internal Sample Rate

0 256Hz 8kHz
1 188Hz 1kHz
2 98Hz 1kHz
3 42Hz 1kHz
4 20Hz 1kHz
5 10Hz 1kHz
6 5Hz 1kHz
7 Reserved Reserved

Parameters:

FS_SEL Full scale selection for gyro sensor data

DLPF_CFG

Digital low pass filter configuration and internal sampling rate configuration
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DLPF Characteristics: The gain and phase responses of the digital low pass filter settings (DLPF_CFG) are

shown below:

Bode Diagram

Magnitude (dB)
AW N e

o o o o o
] I I I I

&,
<)
]

Phase (deg)
A
(&3}
I

907 A
0 1 2 3
10 10 10 10
Frequency (Hz)
Gain and Phase vs. Digital Filter Setting
Bode Diagram
Oﬁ -

Magnitude (dB)
N

-10

Phase (deg)

0 1 2 N 3 T
10 10 10 10
Frequency (Hz)
Gain and Phase vs. Digital Filter Setting, Showing Passband Details
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8.4

8.5

Register 23 — Interrupt Configuration

Type: Read/Write

Register Register . . . . . . . . Default
(Hex) (Decimal) Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0 value
INT_

17 23 acTL | open | BATCH_ | anvrD | o | TTERDY_ | RANL 00h

INT_EN | 0 eaR EN RDY_EN

Description:
This register configures the interrupt operation of the device. The interrupt output pin (INT) configuration can

be set, the interrupt latching/clearing method can be set, and the triggers for the interrupt can be set.

Note that if the application requires reading every sample of data from the 1TG-3200 part, it is best to enable
the raw data ready interrupt (RAW_RDY_EN). This allows the application to know when new sample data is
available.

Parameters:

ACTL Logic level for INT output pin — 1=active low, O=active high

OPEN Drive type for INT output pin — 1=open drain, 0=push-pull

LATCH_INT_EN Latch mode — 1=latch until interrupt is cleared, 0=50us pulse
INT_ANYRD_2CLEAR Latch clear method — 1=any register read, O=status register read only
ITG_RDY_EN Enable interrupt when device is ready (PLL ready after changing clock source)
RAW_RDY_EN Enable interrupt when data is available

0 Load zeros into Bits 1 and 3 of the Interrupt Configuration register.

Register 26 — Interrupt Status

Type: Read only

Register Register - . . . . . . . Default
(Hex) (Decimal) Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0 Value
RAW_
1A 26 - ITG_RDY DATA 00h
RDY
Description:

This register is used to determine the status of the ITG-3200 interrupts. Whenever one of the interrupt sources
is triggered, the corresponding bit will be set. The polarity of the interrupt pin (active high/low) and the latch
type (pulse or latch) has no affect on these status bits.

Use the Interrupt Configuration register (23) to enable the interrupt triggers. If the interrupt is not enabled, the
associated status bit will not get set.

In normal use, the RAW_DATA_RDY interrupt is used to determine when new sensor data is available in either
the sensor registers (27 to 32).

Interrupt Status bits get cleared as determined by INT_ANYRD_2CLEAR in the interrupt configuration
register (23).

Parameters:
ITG_RDY PLL ready
RAW_DATA RDY  Raw data is ready
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8.6 Registers 27 to 34 — Sensor Registers
Type: Read only
Register | Register | g7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0
(Hex) (Decimal)
1B 27 TEMP_OUT_H
1C 28 TEMP_OUT_L
1D 29 GYRO_XOUT_H
1E 30 GYRO_XOUT_L
1F 31 GYRO_YOUT_H
20 32 GYRO_YOUT L
21 33 GYRO_ZOUT H
22 34 GYRO_ZOUT_L

Description:
These registers contain the gyro and temperature sensor data for the ITG-3200 parts. At any time, these values

can be read from the device; however it is best to use the interrupt function to determine when new data is
available.

Parameters:

TEMP_OUT_H/L 16-bit temperature data (2’s complement format)
GYRO_XOUT_H/L  16-bit X gyro output data (2’s complement format)
GYRO_YOUT_H/L  16-bit Y gyro output data (2’s complement format)
GYRO_ZOUT_H/L  16-bit Y gyro output data (2’s complement format)

8.7 Register 62 — Power Management

Type: Read/Write

Register Register ; ; ’ ’ ; ; ’ ’ Default
(Hex) (Decimal) Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0 Value
STBY STBY STBY
3E 62 H_RESET SLEEP XG YG 76 CLK_SEL 00h
Description:

This register is used to manage the power control, select the clock source, and to issue a master reset to the
device.

Setting the SLEEP bit in the register puts the device into very low power sleep mode. In this mode, only the
serial interface and internal registers remain active, allowing for a very low standby current. Clearing this bit
puts the device back into normal mode. To save power, the individual standby selections for each of the gyros
should be used if any gyro axis is not used by the application.

The CLK_SEL setting determines the device clock source as follows:

CLK_SEL
CLK_SEL | Clock Source

Internal oscillator

PLL with X Gyro reference

PLL with Y Gyro reference

PLL with Z Gyro reference

PLL with external 32.768kHz reference
PLL with external 19.2MHz reference
Reserved

Reserved

~Njo|o|s|wn|eo]

On power up, the 1TG-3200 defaults to the internal oscillator. It is highly recommended that the device is
configured to use one of the gyros (or an external clock) as the clock reference, due to the improved stability.
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Parameters:
H_RESET Reset device and internal registers to the power-up-default settings
SLEEP Enable low power sleep mode
STBY_XG Put gyro X in standby mode (1=standby, O=normal)
STBY_YG Put gyro Y in standby mode (1=standby, O=normal)
STBY_ZG Put gyro Z in standby mode (1=standby, O=normal)
CLK_SEL Select device clock source
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9 Assembly

9.1 Orientation

The diagram below shows the orientation of the axes of sensitivity and the polarity of rotation.

Orientation of Axes of Sensitivity
and Polarity of Rotation
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PIN 1

9.2 Package Dimensions
/ PIN 1 INDENT - —
/ /
/
! *
i\. -
A N | /
L -
t [ L
- _J - . ) | -
Top View
SYMBOLS| DIMENSIONS IN MILLIMETERS
MIN NOM MAX
A 0.85 0.90 0.95
Al 0.00 0.02 0.05
b 0.18 0.25 0.30
c 0.20REF.|  ---
3.90 4.00 4.10
D2 2.95 3.00 3.05 4 _
E 3.90 4.00 4.10
E2 2.75 2.80 2.85
0.50
0.30 0.35 0.40
L1 0.35 0.40 0.45
[ 0.20 0.25 0.30
R 0.085 0.145
0.05 0.15 )
51 0.15 0.20 0.25 —~lAl
y 0.00 0.075

Package Dimensions

P -~

On 4 corner lead di r:?\
‘ \
o

—_
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9.3 Package Marking Specification
TOP VIEW
(
InvenSense
Part number L 1TG-3200

Lot traceability code F XXXXXX-XX
XXYYWW X
|

Foundry code J |— Rev Code
YY = Year Code
Package Vendor Code WW = Work Week
Package Marking Specification
9.4

Tape & Reel Specification

2.000£.05 SEE NITE 3
4.00 SEE NOTE 1

0.30 £.05 ——‘r

R 0.3 MAX (
I
il Bo
]
= {n
SECTTINA - A - 4% 110 PRKET HLE
B- 4.3 2
- TOLERANCES - LNLESS o
NOTED IPL +.2 2PL +.10 ‘

]I

PITCH CLMULATIVE TOLERANCE £0.2

CAMBER IN COMPLIANCE WITH ELA 481
3. POCKET POSITION RELATIVE TO SPROCKET HILE MEASLRED
RUE POSITION OF POCKET, NOT POCKET HOLE

ENSIONS IN MI

Tape Dimensions
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w
- @ @0 =l
L 101 v
| 4+
z
Reel Outline Drawing
Reel Dimensions and Package Size
PKG REEL (mm)
SIZE L \V/ \WY; Z
4x4 330 100 13.2 2.2
User Direction of
Package Orientation Feed
Cover Tape

Reel Specifications

. Label Carrier Tape
Pin 1 ‘ (Anti-Static)
<&

(Anti-Static)

Terminal Tape

Reel

Tape and Reel Specification

Quantity Per Reel

5,000

Reels per Box

1

Boxes Per Carton (max)

3 full pizza boxes packed in the center of the carton,
buffered by two empty pizza boxes (front and back).

Pcs/Carton (max)

15,000
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9.5 Label

InvenSense

DEVICE (1P): ITG-3200 P.O:

I R A 111
LOTL(IT): 13456-A  DIC(D): 1234
(RN TR T
LOT2(IT): DC(D):

(LA
Reel Date : 13/10/09

REEL QTY (Q): 5000
1N

QY (Q): 5000
I

QY (Q):

(1]

QC STAMP

9.6 Packaging

9,
\ s j\

Moisture Barrier Bag
With Labels

Reel in Box

Anti-static Label

Moisture-Sensitive
Caution Label

Tape & Reel Label

‘i

Box with Tape & Reel Label

Location of Label

LEVEL
Caution \:I
This bag contains
MOISTURE-SENSITIVE DEVICES ,, oo
2 r code el

1. Calculated shelf Iife in sealed bag: 12 months at <40°C and
<90% relative hgmlﬂlly (RH)
2. Peak package body temperature: '
[ yree—
3. After bag is opened, devices that will be subjected to reflow
solder or other high temperature process must
a) Mounted within: hours of factory ditior
) o tank, sme aducent be nwﬂu:’ = e
<30°C/60% RH, OR
b) Stored at <10% RH
4. Devices raquire bake, before mounting, If:
a) Humidity Indicator Card is >10% when read at 23  5'C
b) 3a or 3b ml met

5. If bal ks gs(r:equmd .devices may be baked for 48 hours
at 12t

Note f devics containers cannot be subjected to igh
temperature or shorter bake times are desired,
reference IPC/JEDEC J-STD-033 for bake procedure
Bag Seal Date:

W ik, van accunt bar code ool

Noto: Level 5TD-020

Moisture-Sensitive Caution Label
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9.7 Soldering Exposed Die Pad

The 1TG-3200 has very low active and standby current consumption. The exposed die pad is not required for heat
sinking, and should not be soldered to the PCB since soldering to it contributes to performance changes due to package
thermo-mechanical stress.

9.8 Component Placement

Testing indicates that there are no specific design considerations other than generally accepted industry design practices
for component placement near the ITG-3200 multi-axis gyroscope to prevent noise coupling, and thermo-mechanical
stress.

9.9 PCB Mounting and Cross-Axis Sensitivity

Orientation errors of the gyroscope mounted to the printed circuit board can cause cross-axis sensitivity in which one
gyro responds to rotation about another axis, for example, the X-axis gyroscope responding to rotation about the Y or Z
axes. The orientation mounting errors are illustrated in the figure below.

Package Gyro Axes (- ) Relative to PCB Axes (

) with Orientation Errors (® and @)

The table below shows the cross-axis sensitivity as a percentage of the specified gyroscope’s sensitivity for a given
orientation error.

Cross-Axis Sensitivity vs. Orientation Error

Orientation Error Cross-Axis Sensitivity
(0 or @) (sin0 or sin®)
0° 0%
0.5° 0.87%
1° 1.75%

The specification for cross-axis sensitivity in Section 3 includes the effect of the die orientation error with respect to the
package.
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9.10 MEMS Handling Instructions

MEMS (Micro Electro-Mechanical Systems) are a time-proven, robust technology used in hundreds of millions of
consumer, automotive and industrial products. MEMS devices consist of microscopic moving mechanical structures.
They differ from conventional IC products even though they can be found in similar packages. Therefore, MEMS
devices require different handling precautions than conventional 1Cs prior to mounting onto printed circuit boards
(PCBs).

The ITG-3200 gyroscope has a shock tolerance of 10,0009. InvenSense packages its gyroscopes as it deems proper for
protection against normal handling and shipping. It recommends the following handling precautions to prevent potential
damage.

e Individually packaged or trays of gyroscopes should not be dropped onto hard surfaces. Components placed in trays
could be subject to g-forces in excess of 10,000g if dropped.

e Printed circuit boards that incorporate mounted gyroscopes should not be separated by manually snapping apart.
This could also create g-forces in excess of 10,000g.

9.11 Gyroscope Surface Mount Guidelines

Any material used in the surface mount assembly process of the MEMS gyroscope should be free of restricted RoHS
elements or compounds. Pb-free solders should be used for assembly.

In order to assure gyroscope performance, several industry standard guidelines need to be considered for surface
mounting. These guidelines are for both printed circuit board (PCB) design and surface mount assembly and are
available from packaging and assembly houses.

When using MEMS gyroscope components in plastic packages, package stress due to PCB mounting and assembly
could affect the output offset and its value over a wide range of temperatures. This is caused by the mismatch between
the Coefficient Temperature Expansion (CTE) of the package material and the PCB. Care must be taken to avoid
package stress due to mounting.

9.12 Reflow Specification

The approved solder reflow curve shown in the figure below conforms to IPC/JEDEC J-STD-020D.01
(Moisture/Reflow Sensitivity Classification for Nonhermetic Solid State Surface Mount Devices) with a maximum peak
temperature (Tc = 260°C). This is specified for component-supplier reliability qualification testing using lead-free
solder for package thicknesses less than 1.6 mm. The reliability qualification pre-conditioning used by InvenSense
incorporates three of these conforming reflow cycles. All temperatures refer to the topside of the QFN package, as
measured on the package body surface. Customer solder-reflow processes should use the solder manufacturer’s
recommendations, making sure to never exceed the constraints listed in the table and figure below, as these represent
the maximum tolerable ratings for the device. For optimum results, production solder reflow processes should use
lower temperatures, reduced exposure times to high temperatures, and lower ramp-up and ramp-down rates than those
listed below.
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Temperature [C]

TF'max
TF'min

TLiuuidus

Tsmax

Tsmin

LEAD-FREE IRICONVECTION REFLOW PROFILE

..............................................................................

Ligquidus
G0-120sec

..........................................

Tramp-up Tramp-dnwn

B0-120sec

Troom-Pmax

(< 480sec)

Preheat " { = 3°Clsec) { < 4°Cfsec) : ')‘

Time [Seconds]

Approved IR/Convection Solder Reflow Curve

Temperature Set Points for IR / Convection Reflow Corresponding to Figure Above

Ste Settin CONSTRAINTS
P g Temp (°C) Time (sec) Rate (°C/sec)

A Troom 25

B TSmin 150

C | Tom 200 60 < tgc < 120

D TLiquidus 217 I'(TLiguidus-TPmax) <3
Tomi

E Pmin 255 I'(TLiquidus-TPmax) <3
[< TPmax-5°C, 250°C]
T

F Pmax 260 tar <480 F(TLiquidus-TPmax) < 3
[< TPmax, 260°C]
T .

G Pmin 255 tegc <30 I (TPmax-TLiquidus) < 4
[< TPmax-5°C, 250°C]

H TLiquidus 217 60 < tDH <120

I Troom 25
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9.13 Storage Specifications

The storage specification of the ITG-3200 gyroscope conforms to IPC/JEDEC J-STD-020C Moisture Sensitivity Level

(MSL) 3.

Storage Specifications for ITG-3200

Calculated shelf-life in moisture-sealed bag

12 months -- Storage conditions: <40°C and <90% RH

After opening moisture-sealed bag

168 hours -- Storage conditions: ambient <30°C at 60% RH
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10 Reliability

10.1 Qualification Test Policy

InvenSense’s products complete a Qualification Test Plan before being released to production. The Qualification Test
Plan follows the JEDEC 47D Standards, “Stress-Test-Driven Qualification of Integrated Circuits,” with the individual

tests described below.

10.2 Qualification Test Plan

Accelerated Life Tests

o~ Acc/
Method/Condition Lot Sample -
TEST . Reject
Quantity |/ Lot CrJiteria
High Temperature JEDEC JESD22-A108C, Dynamic, 3.63V biased, Tj>125°C 3 77 (0/1)
Operating Life (HTOL/LFR) | [read-points 168, 500, 1000 hours]
Steady-State Temperature JEDEC JESD22-A101C, 85°C/85%RH 3 77 (0/1)
Humidity Bias Life @ [read-points 168, 500 hours], Information Only 1000 hours]
High Temperature Storage | JEDEC JESD22-A103C, Cond. A, 125°C Non-Bias Bake 3 77 (0/1)
Life [read-points 168, 500, 1000 hours]
Device Component Level Tests
- Acc/
TEST Method/Condition Lot Sample Reject
Quantity |/ Lot Criteria
ESD-HBM JEDEC JESD22-A114F, Class 2 (1.5KV) 1 3 (0/1)
ESD-MM JEDEC JESD22-A115-A, Class B (200V) 1 3 (0/1)
Latch Up JEDEC JESD78B Level 2, 125C, +/- 100mA 1 6 (0/1)
Mechanical Shock JEDEC JESD22-B104C, Mil-Std-883, method 2002, Cond. D, |3 5 (0/1)
10,000¢g’s, 0.3ms, +£X,Y,Z — 6 directions, 5 times/direction
. . JEDEC JESD22-B103B, Variable Frequency (random),
Vibration Cond. B, 5-500Hz, X,Y,Z - 4 times/direction 8 ° (011)
S JEDEC JESD22-A104D Condition N, -40°C to +85°C,
Temperature Cycling Soak Mode 2, 100 cycles 3 77 (0/1)
Board Level Tests
Acc/
TEST Method/Condition/ el SEMTRIE Reject
Quantity | /Lot Criteria
Board Mechanical Shock JEDEC JESD22-B104C,Mil-Std-883, method 2002, Cond. D, 1 5 (0/)
10,000g’s, 0.3ms, +-X,Y,Z — 6 directions, 5 times/direction
JEDEC JESD22-A104D Condition N, -40°C to +85°C,
Board T/C Soak Mode 2, 100 cycles 1 40 0/

(1) - Tests are preceded by MSL3 Preconditioning in accordance with JEDEC JESD22-A113F
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This information furnished by InvenSense is believed to be accurate and reliable. However, no responsibility is assumed by InvenSense for its use, or
for any infringements of patents or other rights of third parties that may result from its use. Specifications are subject to change without notice.
InvenSense reserves the right to make changes to this product, including its circuits and software, in order to improve its design and/or performance,
without prior notice. InvenSense makes no warranties, neither expressed nor implied, regarding the information and specifications contained in this
document. InvenSense assumes no responsibility for any claims or damages arising from information contained in this document, or from the use of
products and services detailed therein. This includes, but is not limited to, claims or damages based on the infringement of patents, copyrights, mask
work and/or other intellectual property rights.

Certain intellectual property owned by InvenSense and described in this document is patent protected. No license is granted by implication or
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The Future of Analog IC Technology =

MP1584

3A, 1.5MHz, 28V
Step-Down Converter

DESCRIPTION

The MP1584 is a high frequency step-down
switching regulator with an integrated internal
high-side high voltage power MOSFET. It
provides 3A output with current mode control for
fast loop response and easy compensation.

The wide 4.5V to 28V input range accommodates
a variety of step-down applications, including
those in an automotive input environment. A
100uA operational quiescent current allows use in
battery-powered applications.

High power conversion efficiency over a wide
load range is achieved by scaling down the
switching frequency at light load condition to
reduce the switching and gate driving losses.

The frequency foldback helps prevent inductor
current runaway during startup and thermal
shutdown provides reliable, fault tolerant
operation.

By switching at 1.5MHz, the MP1584 is able to
prevent EMI (Electromagnetic Interference) noise
problems, such as those found in AM radio and
ADSL applications.

The MP1584 is available in a thermally enhanced
SOICS8E package.

FEATURES

o Wide 4.5V to 28V Operating Input Range

e Programmable Switching Frequency from
100kHz to 1.5MHz

e High-Efficiency Pulse Skipping Mode for
Light Load

e Ceramic Capacitor Stable

e Internal Soft-Start
Internally Set Current Limit without a
Current Sensing Resistor

¢ Available in SOIC8E Package.

APPLICATIONS

High Voltage Power Conversion
Automotive Systems

Industrial Power Systems
Distributed Power Systems
Battery Powered Systems

“MPS” and “The Future of Analog IC Technology” are Registered Trademarks of
Monolithic Power Systems, Inc.
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

ORDERING INFORMATION

Part Number* Package

Top Marking

Free Air Temperature (T,)

MP1584EN SOIC8E

MP1584EN —20°C to +85°C

* For Tape & Reel, add suffix —-Z (e.g. MP1584EN-2);
For RoHS Compliant Packaging, add suffix —LF. (e.g. MP1584EN-LF-2)

PACKAGE REFERENCE

TOP VIEW
sw [1] o 8] BST
en [2] 7] viN
comp [3] 6 | FREQ
B [4] e (5] oND

ABSOLUTE MAXIMUM RATINGS ()

Supply Voltage (Vin)..c.eoereeeenen. —0.3V to +30V
Switch Voltage (Vsw)............ —-0.3Vto V\y + 0.3V
BSTtOSW ..o —-0.3V to +6V
All Other Pins......ccooociiiiiiiieeeeee —-0.3V to +6V
Continuous Power Dissipation  (Ta =
+25°C)®@

............................................................. 2.5W
Junction Temperature...........ccooeevveeeeeenn.e. 150°C
Lead Temperature .............ccooeeeeeeeeeeeeennn. 260°C

Storage Temperature —65°C to +150°C

Recommended Operating Conditions 3)
Supply Voltage ViN.eeeevvveeeieeieie 4.5V to 28V
Output Voltage Vout...oovvvveeeeeeeeeennn. 0.8V to 25V

Operating Junct. Temp (T,) .....—20°C to +125°C

Thermal Resistance “) 6,40 6,
SOIC8E ..., 50...... 10... °C/W
Notes:

1)
2)

Exceeding these ratings may damage the device.

The maximum allowable power dissipation is a function of the
maximum junction temperature T,;(MAX), the junction-to-
ambient thermal resistance 6,4, and the ambient temperature
Ta. The maximum allowable continuous power dissipation at
any ambient temperature is calculated by Pp(MAX)=(T,(MAX)-
Ta) 6,a. Exceeding the maximum allowable power dissipation
will cause excessive die temperature, and the regulator will go
into thermal shutdown. Internal thermal shutdown circuitry
protects the device from permanent damage.

The device is not guaranteed to function outside of its
operating conditions.

4) Measured on JESD51-7, 4-layer PCB.

MP1584 Rev. 1.0
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mps MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

ELECTRICAL CHARACTERISTICS
Vin =12V, Ven = 2.5V, Veowp = 1.4V, Ta= +25°C, unless otherwise noted.

Parameter Symbol | Condition Min Typ | Max | Units
Feedback Voltage VEg 4.5V <V <28V 0.776 | 0.8 | 0.824 \Y
Upper Switch On Resistance Rosion) | Vest — Vsw = 5V 150 mQ
Upper Switch Leakage Ven = 0V, Vgw = 0V, V|y = 28V 1 MA
Current Limit 4.0 4.7 A
s e sense : v
Error Amp Voltage Gain 200 VIV
Error Amp Transconductance lcomp = £3UA 40 60 80 MAN
Error Amp Min Source current Veg = 0.7V 5 MA
Error Amp Min Sink current Veg = 0.9V -5 MA
VIN UVLO Threshold 2.7 3.0 3.3 Y
VIN UVLO Hysteresis 0.35 Y
Soft-Start Time © 0V < Vgg < 0.8V 1.5 ms
Oscillator Frequency Rrreq = 100kQ 900 kHz
Shutdown Supply Current Ven = 0V 12 20 MA
Quiescent Supply Current No load, Veg = 0.9V 100 125 MA
Thermal Shutdown 150 °C
Thermal Shutdown Hysteresis 15 °C
Minimum Off Time 100 ns
Minimum On Time © 100 ns
EN Up Threshold 1.35 1.5 1.65 Y
EN Hysteresis 300 mV
Note:

5) Guaranteed by design.

MP1584 Rev. 1.0 www.MonolithicPower.com 3
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

PIN FUNCTIONS

SOoIC i
Pin # Name |Description

y SW Switch Node. This is the output from the high-side switch. A low forward drop Schottky diode to
ground is required. The diode must be close to the SW pins to reduce switching spikes.

5 EN Enable Input. Pulling this pin below the specified threshold shuts the chip down. Pulling it up
above the specified threshold or leaving it floating enables the chip.
Compensation. This node is the output of the error amplifier. Control loop frequency

3 COMP S . L
compensation is applied to this pin.
Feedback. This is the input to the error amplifier. The output voltage is set by a resistive divider

4 FB connected between the output and GND which scales down Vgyr equal to the internal +0.8V
reference.

GND Ground. It should be connected as close as possible to the output capacitor to shorten the high
5 |Exposed ; c G ; : o
Pad current switch paths. Connect exposed pad to GND plane for optimal thermal performance.

6 FREQ Switching Frequency Program Input. Connect a resistor from this pin to ground to set the
switching frequency.
Input Supply. This supplies power to all the internal control circuitry, both BS regulators and the

7 VIN high-side switch. A decoupling capacitor to ground must be placed close to this pin to minimize
switching spikes.
Bootstrap. This is the positive power supply for the internal floating high-side MOSFET driver.

8 BST . Y .
Connect a bypass capacitor between this pin and SW pin.

MP1584 Rev. 1.0

8/8/2011

www.MonolithicPower.com 4
MPS Proprietary Information. Unauthorized Photocopy and Duplication Prohibited.
© 2011 MPS. All Rights Reserved.








mes

MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

TYPICAL PERFORMANCE CHARACTERISTICS
Vin =12V, Vour=5V, C1 = 10uF, C2 = 22uF, L1=10pH, Tx = +25°C, unless otherwise noted.

OSCILLATING FREQUENCY (kHZ)

Vout
AC Coupled
10mV/div.

Vsw
10V/div.
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1A/div.

1600
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10 100 1000
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MAVAAAA
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Vsw
10V/div.

I
1A/div.
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o

| |
|
|

2us/div.

Steady State
lOUT=2A’ fSW=500kHZ

Vour
AC Coupled ]
10mV/div.

Vsw
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

TYPICAL PERFORMANCE CHARACTERISTICS (continued)
Vin =12V, C1 = 10uF, C2 = 22uF, L1 = 10puH, fsw=500kHz, and T, = +25°C, unless otherwise noted.

Startup
IOUT =0.1A

VEN

5V/div.

Vout
2V/div.

S
10V/div.

I

GO

1A/div.

VEN

5V/div.

Vout
2V/div.

Vsw
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I
1A/div.

Vout
2V/div.

I
1A/div.

5ms/div.

Shutdown
lout = 1A

B e

200us/div.

Short Circuit Entry
IOUT =0.1A to Short

- MW‘

mww )

M

200us/div.

Shutdown
IOUT =0.1A

Vour ¥

2V/div.
VS.W k

B

VEN
5V/div. 4

10V/div.

I
A/, . o]

1ms/div.

Startup

lout = 2A

VEN
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I
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Short Circuit Recovery
louT = Short to 0.1A
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b

1A/div. T

200us/div.
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VEN
5V/div. 7
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Shutdown
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VEN
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I
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

5 } - E
: REFERENCE UVLO/ 5V 3 :
INTERNAL :
en[ ] THERMAL *| REGULATORS [~ 28Y Y ' BST
' SHUTDOWN 4 —
: sw L
| — :
sw—1” I : —
1.5ms SS |—> SS I_ + — :
Level Isw :
Shift | |—|SW
Gm Error Amp
~ COMP : R
OSCILLATOR }—— CLK AN
Vout
COMP iE‘GND FREQ - ]_:

Figure 1—Functional Block Diagram

OPERATION
The MP1584 is a variable frequency,
non-synchronous, step-down switching

regulator with an integrated high-side high
voltage power MOSFET. It provides a highly
efficient solution with current mode control for
fast loop response and easy compensation. It
features a wide input voltage range, internal
soft-start control and precision current limiting.

Its very low operational quiescent current
makes it suitable for battery powered
applications.

PWM Control

At moderate to high output current, the MP1584
operates in a fixed frequency, peak current
control mode to regulate the output voltage. A
PWM cycle is initiated by the internal clock. The
power MOSFET is turned on and remains on
until its current reaches the value set by the
COMP voltage. When the power switch is off, it
remains off for at least 100ns before the next
cycle starts. If, in one PWM period, the current
in the power MOSFET does not reach the
COMP set current value, the power MOSFET
remains on, saving a turn-off operation.

MP1584 Rev. 1.0
8/8/2011
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

Error Amplifier

The error amplifier compares the FB pin voltage
with the internal reference (REF) and outputs a
current proportional to the difference between
the two. This output current is then used to
charge the external compensation network to
form the COMP voltage, which is used to
control the power MOSFET current.

During operation, the minimum COMP voltage
is clamped to 0.9V and its maximum is clamped
to 2.0V. COMP is internally pulled down to GND
in shutdown mode. COMP should not be pulled
up beyond 2.6V.

Internal Regulator

Most of the internal circuitries are powered from
the 2.6V internal regulator. This regulator takes
the VIN input and operates in the full VIN range.
When VIN is greater than 3.0V, the output of
the regulator is in full regulation. When VIN is
lower than 3.0V, the output decreases.

Enable Control

The MP1584 has a dedicated enable control pin
(EN). With high enough input voltage, the chip
can be enabled and disabled by EN which has
positive logic. Its falling threshold is a precision
1.2V, and its rising threshold is 1.5V (300mV
higher).

When floating, EN is pulled up to about 3.0V by
an internal 1pA current source so it is enabled.
To pull it down, 1yA current capability is
needed.

When EN is pulled down below 1.2V, the chip is
put into the lowest shutdown current mode.
When EN is higher than zero but lower than its
rising threshold, the chip is still in shutdown
mode but the shutdown current increases
slightly.

Under-Voltage Lockout (UVLO)

Under-voltage lockout (UVLO) is implemented
to protect the chip from operating at insufficient
supply voltage. The UVLO rising threshold is
about 3.0V while its falling threshold is a
consistent 2.6V.

Internal Soft-Start

The soft-start is implemented to prevent the
converter output voltage from overshooting
during startup. When the chip starts, the
internal circuitry generates a soft-start voltage
(SS) ramping up from 0V to 2.6V. When it is
lower than the internal reference (REF), SS
overrides REF so the error amplifier uses SS as
the reference. When SS is higher than REF,
REF regains control.

Thermal Shutdown

Thermal shutdown is implemented to prevent
the chip from operating at exceedingly high
temperatures. When the silicon die temperature
is higher than its upper threshold, it shuts down
the whole chip. When the temperature is lower
than its lower threshold, the chip is enabled
again.

Floating Driver and Bootstrap Charging

The floating power MOSFET driver is powered
by an external bootstrap capacitor. This floating
driver has its own UVLO protection. This
UVLO'’s rising threshold is 2.2V with a threshold
of 150mV.

The bootstrap capacitor is charged and
regulated to about 5V by the dedicated internal
bootstrap regulator. When the voltage between
the BST and SW nodes is lower than its
regulation, a PMOS pass transistor connected
from VIN to BST is turned on. The charging
current path is from VIN, BST and then to SW.
External circuit should provide enough voltage
headroom to facilitate the charging.

As long as VIN is sufficiently higher than SW,
the bootstrap capacitor can be charged. When
the power MOSFET is ON, VIN is about equal
to SW so the bootstrap capacitor cannot be
charged. When the external diode is on, the
difference between VIN and SW is largest, thus
making it the best period to charge. When there
is no current in the inductor, SW equals the
output voltage Vour so the difference between
Vin and Veour can be used to charge the
bootstrap capacitor.

MP1584 Rev. 1.0
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

At higher duty cycle operation condition, the
time period available to the bootstrap charging
is less so the bootstrap capacitor may not be
sufficiently charged.

In case the internal circuit does not have
sufficient voltage and the bootstrap capacitor is
not charged, extra external circuitry can be
used to ensure the bootstrap voltage is in the
normal operational region. Refer to External
Bootstrap Diode in Application section.

The DC quiescent current of the floating driver
is about 20uA. Make sure the bleeding current
at the SW node is higher than this value, such
that:

Vv
lo + ——2— > 20pA
(R1+R2)

Current Comparator and Current Limit

The power MOSFET current is accurately
sensed via a current sense MOSFET. It is then
fed to the high speed current comparator for the
current mode control purpose. The current
comparator takes this sensed current as one of
its inputs. When the power MOSFET is turned
on, the comparator is first blanked till the end of
the turn-on transition to avoid noise issues. The
comparator then compares the power switch
current with the COMP voltage. When the
sensed current is higher than the COMP
voltage, the comparator output is low, turning
off the power MOSFET. The cycle-by-cycle
maximum current of the internal power
MOSFET is internally limited.

Startup and Shutdown

If both VIN and EN are higher than their
appropriate thresholds, the chip starts. The
reference block starts first, generating stable
reference voltage and currents, and then the
internal regulator is enabled. The regulator
provides stable supply for the remaining
circuitries.

While the internal supply rail is up, an internal
timer holds the power MOSFET OFF for about
50us to blank the startup glitches. When the
internal soft-start block is enabled, it first holds
its SS output low to ensure the remaining
circuitries are ready and then slowly ramps up.

Three events can shut down the chip: EN low,
VIN low and thermal shutdown. In the shutdown
procedure, power MOSFET is turned off first to
avoid any fault triggering. The COMP voltage
and the internal supply rail are then pulled
down.

Programmable Oscillator

The MP1584 oscillating frequency is set by an
external resistor, Rieq from the FREQ pin to
ground. The value of Rqeq can be calculated
from:

180000
Rfreq (kQ) =T a1
[f.(kHz)]

MP1584 Rev. 1.0
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

APPLICATION INFORMATION
COMPONENT SELECTION

Setting the Output Voltage
The output voltage is set using a resistive

voltage divider from the output voltage to FB pin.

The voltage divider divides the output voltage
down to the feedback voltage by the
ratio:
R2
R1+R2

Ve = Vour

Thus the output voltage is:

(R1+R2)
Vour = Vi
ouT FB R2

About 20pA current from high side BS circuitry
can be seen at the output when the MP1584 is
at no load. In order to absorb this small amount
of current, keep R2 under 40KQ. A typical
value for R2 can be 40.2kQ. With this value, R1
can be determined by:

R1=50.25 x (Vour — 0.8)(kQ)

For example, for a 3.3V output voltage, R2 is
40.2kQ, and R1 is 127kQ.

Inductor

The inductor is required to supply constant
current to the output load while being driven by
the switched input voltage. A larger value
inductor will result in less ripple current that will
result in lower output ripple voltage. However,
the larger value inductor will have a larger
physical size, higher series resistance, and/or
lower saturation current.

A good rule for determining the inductance to
use is to allow the peak-to-peak ripple current in
the inductor to be approximately 30% of the
maximum switch current limit. Also, make sure
that the peak inductor current is below the
maximum switch current limit. The inductance
value can be calculated by:

__Vour o 1_VOUT
fs x Al Vin

Where Vouris the output voltage, Vinis the input
voltage, fsis the switching frequency, and AlLis
the peak-to-peak inductor ripple current.

Choose an inductor that will not saturate under
the maximum inductor peak current. The peak
inductor current can be calculated by:

V, V,
o =1 + ouT 1- ouT
LP = LoAD T 57 fs x L1 x Vi

Where lLoapis the load current.

Table 1 lists a number of suitable inductors
from various manufacturers. The choice of
which style inductor to use mainly depends on
the price vs. size requirements and any EMI
requirement.

MP1584 Rev. 1.0
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

Table 1—Inductor Selection Guide

Dimensions
Part Number Inductance (uH) | Max DCR (Q) | Current Rating (A) LxWxH (mm3)
Wurth Electronics
7447789003 3.3 0.024 3.42 7.3x7.3x3.2
744066100 10 0.035 3.6 10x10x3.8
744771115 15 0.025 3.75 12x12x6
744771122 22 0.031 3.37 12x12x6
TDK
RLF7030T-3R3 3.3 0.02 4.1 7.3x6.8x3.2
RLF7030T-4R7 4.7 0.031 3.4 7.3x6.8x3.2
SLF10145T-100 10 0.0364 3 10.1x10.1x4.5
SLF12565T-220M3R5 22 0.0316 3.5 12.5x12.5x6.5
Toko
FDV0630-3R3M 3.3 0.031 4.3 7.7x7x3
FDV0630-4R7M 4.7 0.049 3.3 7.7x7x3
919AS-100M 10 0.0265 4.3 10.3x10.3x4.5
919AS-160M 16 0.0492 3.3 10.3x10.3x4.5
919AS-220M 22 0.0776 3 10.3x10.3x4.5

Output Rectifier Diode

The output rectifier diode supplies the current to
the inductor when the high-side switch is off. To
reduce losses due to the diode forward voltage
and recovery times, use a Schottky diode.

Choose a diode whose maximum reverse
voltage rating is greater than the maximum
input voltage, and whose current rating is
greater than the maximum load current. Table 2

Input Capacitor

The input current to the step-down converter is
discontinuous, therefore a capacitor is required to
supply the AC current to the step-down converter
while maintaining the DC input voltage. Use low
ESR capacitors for the best performance. Ceramic
capacitors are preferred, but tantalum or low-ESR
electrolytic capacitors may also suffice.

For simplification, choose the input capacitor

lists example Schottky  diodes and with RMS current rating greater than half of the
manufacturers. maximum load current.
Table 2—Diode Selection Guide
Voltage/
Diodes Current Manufacturer
Rating
B340A-13-F 40V, 3A Diodes Inc.
CMSH3-40MA 40V, 3A Central Semi
MP1584 Rev. 1.0 www.MonolithicPower.com 11
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

The input capacitor (C1) can be electrolytic,
tantalum or ceramic. When using electrolytic or
tantalum capacitors, a small, high quality
ceramic capacitor, i.e. 0.1yF, should be placed
as close to the IC as possible. When using
ceramic capacitors, make sure that they have
enough capacitance to provide sufficient charge
to prevent excessive voltage ripple at input. The
input voltage ripple caused by capacitance can
be estimated by:

AV, = ILOAD x VOUT x 1_VOUT
N5 xC1™ Vi Viy

Output Capacitor

The output capacitor (C2) is required to
maintain the DC output voltage. Ceramic,
tantalum, or low ESR electrolytic capacitors are
recommended. Low ESR capacitors are
preferred to keep the output voltage ripple low.
The output voltage ripple can be estimated by:

V V
AVOUT = f out X (1 _Lour \J X (RESR + —1 ]
g X L V|N 8 x fS X C2

Where L is the inductor value and Resr is the
equivalent series resistance (ESR) value of the
output capacitor.

In the case of ceramic capacitors, the
impedance at the switching frequency is
dominated by the capacitance. The output
voltage ripple is mainly caused by the
capacitance. For simplification, the output
voltage ripple can be estimated by:

Vour y [1 _ VOUT]

AVy T =
ouT 8><f82><L><C2 Vin

In the case of tantalum or electrolytic capacitors,
the ESR dominates the impedance at the
switching frequency. For simplification, the
output ripple can be approximated to:

V \Y%
AV —Your [4_Your |, p
oUT = 1wl Vin ESR

The characteristics of the output capacitor also
affect the stability of the regulation system. The
MP1584 can be optimized for a wide range of
capacitance and ESR values.

Compensation Components

MP1584 employs current mode control for easy
compensation and fast transient response. The
system stability and transient response are
controlled through the COMP pin. COMP pin is
the output of the internal error amplifier. A
series capacitor-resistor combination sets a
pole-zero  combination to  control the
characteristics of the control system. The DC
gain of the voltage feedback loop is given by:

Ves

ouT

Avbc =Rioap xGcs X Ayga X

Where Avea is the error amplifier voltage gain,
200V/V; Ges is  the current sense
transconductance, 9A/V; Ruwoap is the load
resistor value.

The system has two poles of importance. One
is due to the compensation capacitor (C3), the
output resistor of error amplifier. The other is
due to the output capacitor and the load resistor.
These poles are located at:

fo, = GEA
P1 —
27'C X C3 X AVEA
1
fP2 =
271 x C2 X RLOAD

Where, Gea is the error
transconductance, 60pA/V.

amplifier

The system has one zero of importance, due to
the compensation capacitor (C3) and the
compensation resistor (R3). This zero is located
at:

1

A
21 onxC3xR3

The system may have another zero of
importance, if the output capacitor has a large
capacitance and/or a high ESR value. The zero,
due to the ESR and capacitance of the output
capacitor, is located at:

1

R
ESR 21 x C2 X RESR

MP1584 Rev. 1.0
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

In this case (as shown in Figure 2), a third pole
set by the compensation capacitor (C6) and the
compensation resistor (R3) is wused to
compensate the effect of the ESR zero on the
loop gain. This pole is located at:

1

fog =
P3 ~ 2nxC6xR3

The goal of compensation design is to shape
the converter transfer function to get a desired
loop gain. The system crossover frequency
where the feedback loop has the unity gain is
important. Lower crossover frequencies result
in slower line and load transient responses,
while higher crossover frequencies could cause
system unstable. A good rule of thumb is to set
the crossover frequency to approximately one-
tenth of the switching frequency. The Table 3
lists the typical values of compensation
components for some standard output voltages
with various output capacitors and inductors.
The values of the compensation components
have been optimized for fast transient

responses and good stability at given conditions.

Table 3—Compensation Values for Typical
Output Voltage/Capacitor Combinations

1. Choose the compensation resistor (R3) to set
the desired crossover frequency. Determine the
R3 value by the following equation:
3 2nx C2xfs y Vour

Gea xGes Ves

R3

Where fcis the desired crossover frequency.

2. Choose the compensation capacitor (C3) to
achieve the desired phase margin. For
applications with typical inductor values, setting
the compensation zero, fz1, below one forth of
the crossover frequency provides sufficient
phase margin. Determine the C3 value by the
following equation:

4
3> —m«—
2nxR3 x fe

3. Determine if the second compensation
capacitor (C6) is required. It is required if the
ESR zero of the output capacitor is located at
less than half of the switching frequency, or the
following relationship is valid:

v 5
2TCXC2><RESR 2

Vour c2 R3 Cc3 If this is the case, then add the second
(V) L (uH) (MF) | (kQ) | (pF) cé compensation capacitor (C6) to set the pole frs
at the location of the ESR zero. Determine the
1.8 4.7 47 | 105 | 100 | None C6 value by the equation:
25 |47-68| 22 | 549 | 220 | None o6 = S2*Resr
R3
33 | 6.8-10 | 22 | 68.1 | 220 | None
5 15-22 22 100 150 None
12 22 -33 22 147 150 | None
To optimize the compensation components for
conditions not listed in Table 3, the following
procedure can be used.
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

High Frequency Operation

The switching frequency of MP1584 can be
programmed up to 1.5MHz with an external
resistor.

With higher switching frequencies, the inductive
reactance (X.) of capacitor comes to dominate,
so that the ESL of input/output capacitor
determines the input/output ripple voltage at
higher switching frequency. As a result of that,
high frequency ceramic capacitor is strongly
recommended as input decoupling capacitor
and output filtering capacitor for such high
frequency operation.

Layout becomes more important when the
device switches at higher frequency. It is
essential to place the input decoupling
capacitor, catch diode and the MP1584 (Vin pin,
SW pin and PGND) as close as possible, with
traces that are very short and fairly wide. This
can help to greatly reduce the voltage spike on
SW node, and lower the EMI noise level as well.

Try to run the feedback trace as far from the
inductor and noisy power traces as possible. It
is often a good idea to run the feedback trace
on the side of the PCB opposite of the inductor
with a ground plane separating the two. The
compensation components should be placed
closed to the MP1584. Do not place the
compensation components close to or under
high dv/dt SW node, or inside the high di/dt
power loop. If you have to do so, the proper
ground plane must be in place to isolate those.
Switching loss is expected to be increased at
high switching frequency. To help to improve
the thermal conduction, a grid of thermal vias
can be created right under the exposed pad. It
is recommended that they be small (15mil
barrel diameter) so that the hole is essentially
filled up during the plating process, thus aiding
conduction to the other side. Too large a hole
can cause ‘solder wicking’ problems during the
reflow soldering process. The pitch (distance
between the centers) of several such thermal
vias in an area is typically 40mil.

External Bootstrap Diode

It is recommended that an external bootstrap
diode be added when the input voltage is no
greater than 5V or the 5V rail is available in the
system. This helps improve the efficiency of the
regulator. The bootstrap diode can be a low
cost one such as IN4148 or BAT54.

5V

BS
MP1584
o | ]

Figure 2—External Bootstrap Diode

0.1uF

This diode is also recommended for high duty
cycle operation (when Voyur /Viy >65%) or low
Vin (<5Vin) applications.

At no load or light load, the converter may
operate in pulse skipping mode in order to
maintain the output voltage in regulation. Thus
there is less time to refresh the BS voltage. In
order to have enough gate voltage under such
operating conditions, the difference of Viy —Vour
should be greater than 3V. For example, if the
Vour is set to 3.3V, the V|y needs to be higher
than 3.3V+3V=6.3V to maintain enough BS
voltage at no load or light load. To meet this
requirement, EN pin can be used to program
the input UVLO voltage to Vout+3V.

MP1584 Rev. 1.0
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

TYPICAL APPLICATION CIRCUITS

c4
100nF
1L
[
8 L1
4.7uH
VIN . 7 BST 1 Vourt
45v-28v © o1 VIN sSw AAAA J_CZ Sy
10uF < R5 D1 i
50V S 100kQ T eav
- 2 =
EN O EN ‘N
MP1584 |
R6 49 9kQ
59kQ 40 2kQ
il comp
GND OOpF co
R4 1
5 R3 =
200kQ —_l_ foska 1S
VvV =
Figure 3—1.8V Output Typical Application Schematic
c4
100nF
IL
L1
8 L1
15uH
VIN ) 7 BST 1 Pyt VouT
gV -28v © J_C1 VIN sw J_CZ © 5v
10pF R5 D1 22uF
50V S 100kQ T eav
- 2 4 - =
EN O EN A\
MP1584 Rs R
R6 210kQ
4 9kO) 40.2kQ
®l rreq comp |2
c3
GND 150pF co
R4 1
5 R3 =
100kQ —_l_ ooka 1T VS
VvV =

Figure 4—5V Output Typical Application Schematic
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MP1584 — 3A, 1.5MHz, 28V STEP-DOWN CONVERTER

PCB LAYOUT GUIDE 3) Ensure all feedback connections are short
. . . and direct. Place the feedback resistors and
PCB layout is very important to achieve stable compensation components as close to the
operation. It is highly recommended to duplicate chip as possible.
EVB layout for optimum performance. N
. 4) Route SW away from sensitive analog areas
If change is necessary, please follow these such as FB.
guidelines and take Figure 5 for reference. .
o 5) Connect IN, SW, and especially GND
1) Keep the path of switching current short and respectively to a large copper area to cool
minimize the loop area formed by Input cap, the chip to improve thermal performance and
high-side MOSFET and external switching long-term reliability.
diode.
2) Bypass ceramic capacitors are suggested to
be put close to the V| Pin.
T
LUl
BST L
VIN O ' VIN SW AN J_ O Vourt
J-m % D1 c2
T R5 1:
=N O "N wp1584 o
R4 R2
FREQ comp __l
GND c3
R6 | R3
Ll
MP1584 Typical Application Circuit
GND

“OOO:l[:EDE
rm [0

[ 03301 canvod| €]
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O OO

Top Layer

o
o]

O
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of
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Vo
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0000000
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00000
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Figure 5—MP1584 Typical Application Circuit and PCB Layout Guide
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Robot wireless control
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Container information management
POS system

Wireless acquisition of gas meter data
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PC wireless networking
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Product Features

® [ong-distance wireless transmission (1,000m in open space/baud rate 5,000bps in
the air)

Working frequency range (433.4-473.0MHz, up to 100 communication channels)
Maximum 100mW (20dBm) transmitting power (8 gears of power can be set)
Three working modes, adapting to different application situations

Built-in MCU, performing communication with external device through serial
port

The number of bytes transmitted unlimited to one time

Update software version through serial port

Product Introduction

HC-12 wireless serial port communication module is a new-generation multichannel
embedded wireless data transmission module. Its wireless working frequency band is
433.4-473.0MHz, multiple channels can be set, with the stepping of 400 KHz, and
there are totally 100 channels. The maximum transmitting power of module is
100mW (20dBm), the receiving sensitivity is -117dBm at baud rate of 5,000bps in the
air, and the communication distance is 1,000m in open space.

The module is encapsulated with stamp hole, can adopt patch welding, and its
dimension is 27.8mm X 14.4mm X 4mm (including antenna cap, excluding spring
antenna), so it is very convenient for customers to go into application system. There is
a PCB antenna pedestal ANT1 on the module, and user can use external antenna of
433M frequency band through coaxial cable; there is also an antenna solder eye
ANT?2 in the module, and it is convenient for user to weld spring antenna. User could
select one of these antennas according to use requirements.

There is MCU inside the module, and user don’t need to program the module
separately, and all transparent transmission mode is only responsible for receiving and
sending serial port data, so it is convenient to use. The module adopts multiple serial
port transparent transmission modes, and user could select them by AT command
according to use requirements. The average working current of three modes FU1, FU2
and FU3 in idle state is 80pa, 3.6mA an 16mA respectively, and the maximum
working current is 100mA (in transmitting state).

Product Configuration

Standard configuration of HC-12 module only contains one 433MHz-frequency-band
wireless communication module with IPEX20279-001E-03 standard RF socket. The
optional accessories are 433MHz-frequency-band spring antenna, IPEX-to-BNC
coaxial cable and matching 433MHz-frequency-band omni-directional rubber antenna
of BNC connector. User could purchase them according to use requirements.







Product Dimension
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Definition of Pins

>

HC-12 module can adopt patch welding, or weld 2.54mm-spacing pin header, and
directly insert it onto user’s PCB. The module totally has nine pins and one RF
antenna pedestal ANT1, and their definitions are as shown in the table below:

Pin

Definition

1/0O direction

Note

1

VCC

Power supply input,
DC3.2V-5.5V, with
load capacity not
less than 200mA.
(Note: If the module
is working in
transmitting state for
a long time, it is
suggested that one
IN4007 diode
should be connected
in series when the
power voltage is
greater than 4.5V, to
avoid heating of
built-in LDO of
module.)

GND

Common ground








RXD

Input, weak
pull-up

URAT input port,
TTL level; 1k
resistance has been
connected in series
inside

TXD

Output

URAT output port,
TTL level; 1k
resistance has been
connected in series
inside

SET

Input, internal 10k
pull-up resistance

Parameter setting
control pin, valid for
low level, 1k
resistance has been
connected in series
inside

ANT

Input/output

433MHz antenna pin

GND

Common ground

GND

Common ground

R Ko NIEN HiFe)

NC

No connection, used
in fixing, compatible
with HC-11 module
pin position

ANTI

ANT

Input/output

IPEX20279-001E-03
antenna socket

ANT2

ANT

Input/output

433MHz spring
antenna solder eye

Pints 1-6 have two bonding pads respectively, and the outer half-hole bonding pad is
used in patch welding. When the inner bonding pad ANT2 of Pin 6 is used in patch
welding, the spring antenna can be welded with hands. The inner round-hole bonding

pads of Pins 1-5 are used to weld 2.54mm-spacing pin header, and can be directly
inserted onto user’s PCB socket.

Wireless serial port transparent transmission

(1) Simple introduction of working p principle
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As shown in the above figure, HC-12 module is used in physical wiring when
replacing half duplex communication. The left device sends serial port data to module,
and after RXD port of left module receives the serial port data, it will automatically
send the data into the air via radio wave. The right module can automatically receive
the data, and restore, from TXD, the serial port data originally sent by the left device.
It is the same from right to left. Only half duplex state is available between modules,
and they cannot receive and send data at the same time.

(2) Serial port transparent transmission

HC-12 module has three serial port transparent transmission modes, expressed with
FU1, FU2 and FU3 respectively. In the use, all modes are only responsible for
receiving and sending serial port data rather than wireless transmission. The default
working mode of system is in FU3 full-speed mode, and in this mode, the baud rate in
this air can be automatically adjusted according to baud rate of serial port, and the
communication distance will be the farthest at the low baud rate. Different modes
cannot transmit data to each other, and user could select the optimal mode according
to practical circumstances.

The modules are usually used in pairs, and transmit data by means of half duplex.
Meanwhile, the transparent transmission mode, serial port baud rate, and wireless
communication channel of two paired modules shall be set to be the same. The default
setting is FU3, 9,600bps (8-dibit data, no check, one stop bit), CHOO01 (433.4MHz).

Use the number of bytes continuously sent to serial port of module unlimited to one
time. However, considering ambient interference and other factors, if thousands of
data size is sent continuously at a time, some number of bytes may be lost. Therefore,
the upper computer shall have response and resending mechanism, to avoid
information loss.

(3) Three serial port transparent transmission modes
When HC-12 module leaves the factory, its default serial port transparent transmission
mode is FU3. Then the module is in full-speed state, and the idle current is about







16mA. In this mode, the module can automatically adjust the baud rate of wireless
transmission in the air according to serial port baud rate, and the corresponding
relationship is as shown in the table below:

Seri | 1,200b | 2,400b | 4,800b | 9,600b | 19,200b | 38,400b | 57,600b | 115,200b
al ps ps ps ps ps ps ps ps

port
bau
d
rate

Bau 5,000bps 15,000bps 58,000bps 236,000bps
d
rate
in
the
air

To get the farthest communication distance, the serial port baud rate can be set to be
low. For short-time transmission of mass data, set the serial port baud rate to be high,
but the communication distance will be reduced accordingly.

The receiving sensitivity of module at different baud rates in the air is as shown in the
table below:

Baud rate in 5,000bps 15,000bps 58,000bps 236,000bps
the air
Wireless -117dBm -112dBm -107dBm -100dBm
receiving
sensitivity

Generally, every time the receiving sensitivity is reduced by 6dB, the communication
distance will be reduced by half.

When “SET” pin of module is at low level, the serial port transparent transmission
mode can be set through AT command (see the introduction in the following chapter
for details).

FU1 mode is relatively power saving mode, and the idle working current of this mode
is about 3.6mA. In this mode, the module can also set eight types of serial port baud
rate as shown in the above table, but the baud rate in the air is uniform, 250,000bps.

FU2 mode is power saving mode, and the idle working current of this mode is about
80pA. In this mode, the module only supports baud rates of 1,200bps, 2,400bps and
4,800bps, and the baud rate in the air is uniform, 250,000bps. If the module is set to
be other serial port baud rate, the module cannot conduct communication normally.








Meanwhile, when the module is set to be FU2 mode in FU1 and FU3 mode, the baud
rate exceeding 4,800bps will be automatically reduced to be 4,800bps. In FU2 mode,
the sending time interval of data package cannot be too short; otherwise, the data will
be lost. It is suggested that the sending time interval of data package should not be
less than 1sec.

The following gives some characteristics reference values of various modes:

Mode FU1 FU2 FU3 Remark
Idle current 3.6mA 80pA 16mA Average value
Transmission | 15-25mS 500mS 4-80mS Sending one byte
time delay
Loopback 31mS Serial port baud rate
test time 9,600, sending one byte
delay 1
Loopback 31mS Serial port baud rate
test time 9,600, sending ten bytes
delay 2

Note: Loopback test time delay means the duration from the time of, after conducting
short circuit on TX and RX pins of one module and sending serial port data to the
other module, starting to send serial port data to the other module to the time that the
returned data appear at TX pin of the other module.

Module Parameter Setting AT Command

AT command is used to set the module parameters and switch the module functions,
and after setting, it will be valid only after exiting from setting state. Meanwhile,
modification of parameters and functions will not be lost in case of power failure.

(1) Command mode entering

The first way to enter: in normal use (energized), put Pin 5 “SET” in low level;

The second way to enter: disconnect power supply, first put Pin 5 “Set” in low level,
and then energize it;

Either of the above two ways can make the module enter AT command mode; release
it (not put pin “SET” in low level), and exit from the command mode. If the module
function is changed after exiting from command mode, it will be switched to
corresponding functional status.

In the second way, the module enters AT in the serial port format of 9,600, N, 1
constantly.

(2) Command instruction

@. AT

Test command.








e.g.
Send “AT” command to module, and the module returns “OK”.

@ AT+Bxxxx

Change the serial port baud rate. The baud rate can be set to be 1,200bps, 2,400bps,
4,800bps, 9,600bps, 19,200bps, 38,400bps, 57,600bps, and 115,200bps. The default
value is 9,600bps.

e.g.: To set serial port baud rate of module to be 19,200bps, first send “AT+B19200”
command to module, and the module returns “OK+B19200”.

(BAT+CxxxXX

Change wireless communication channel, optional from 001 to 127 (for the wireless
channel exceeding 100, the communication distance cannot be ensured). The default
value of wireless channel is 001, and the working frequency is 433.4MHz. The
channel stepping is 400KHz, and the working frequency of Channel 100 is
473.0MHz.

e.g.:

To set the module to work at Channel 21, first send “AT+C021” command to the
module, and the module returns “COK+C021”. After exiting from the command mode,
the module will work at Channel 21, and the working frequency is 441.4MHz.

Note: As the wireless receiving sensitivity of HC-12 module is relatively high, when
the serial port baud rate is greater than 9,600bps, five adjacent channels shall be
staggered to use. When the serial port baud rate is not greater than 9,600bps, in
short-distance (within 10m) communication, also five adjacent channels shall be
staggered to use.

@AT+FUx

Change serial port transparent transmission mode of module and three modes are
available, namely, FU1, FU2 and FU3. The default mode of module is FU3, and only
when serial port transparent transmission mode of two modules is set to be the same,
can normal communication be available. For detailed introduction, please see the
above “wireless serial port transparent transmission”.

e.g.

Send “AT+FU1” to module, and the module returns “AT+0K™.

BAT+Px
Set transmitting power of module, x is optional from 1 to 8, and the corresponding
transmitting power of module is as shown below:

x value 1 2 3 4 5 6 7 8
Transmitting -1 2 5 8 11 14 17 20
power of
module
(dBm)








The default value is 8, and the higher the transmitting power is, the farther the
communication distance is. When the transmitting power level is set to be 1, the
transmitting power is the minimum. Generally speaking, every time the transmitting
power is reduced by 6dB, the communication distance will be reduced by half.

e.g.:

Send “AT+P5” command to module, and the module returns “OK+P5”. After exiting
from the command code, the transmitting power of module is +11dBm.

®AT+Ry

Obtain single parameter of module, y is any letter among B, C, F and P, respectively
representing: baud rate, communication channel, serial port transparent transmission
mode, and transmitting power.

Example 1:

Send “AT+RB” to module, and if the module returns “OK+B9600”, it is inquired that
the serial port baud rate of module is 9,600bps.

Example 2:

Send “AT+RC” command to module, and if the module returns “OK+RC001”, it is
inquired that the communication channel of module is 001.

Example 3:

Send “AT+RF” command to module, and if the module returns “OK+FU3”, it is
inquired that the module is working in serial port transparent transmission mode 3.
Example 4:

Send “AT+RP” command to module, and if the module returns “OK+RP: +20dBm”,
it is inquired that the transmitting power of module is +20dBm.

(MDAT+RX

Obtain all parameters of module. Return serial port transparent transmission mode,
serial port baud rate, communication channel, and transmitting power in order.

e.g.

Send “AT+RX” command to module, and the module returns “OK+FU3\r\n
OK+B9600\r\n OK+C001\r\n OK+RP: +20dBm\r\n”. (“\r\n” means return\newline)

®AT+Uxxx

Set data bits, check bit and stop bit of serial port communication. For check bit, N
means no check, O means odd check, and E means even check. For stop bit, 1 means
one stop bit, 2 means two stop bits, and 3 means 1.5 stop bits.

e.g.

To send serial port format to be eight data bits, odd check, and one stop bit, please
Send “AT+U80O1” to module, and the module returns “OK+U80O1”.

©@AT+V

Inquire firmware version information of module.

e.g.

Send “AT+V” command to module, and the module returns “HC-12_V1.1”.







(OAT+SLEEP

After receiving the command, the module enters sleep mode after exiting from AT, the
working current is about 22pA, and this mode doesn’t allow serial port data
transmission. Then enter AT setting state again, and the module will exit from sleep
mode automatically.

e.g.:

When wireless data transmission is not needed, to save power, send “AT+SLEEP”
command to module, and the module returns “OK+SLEEP”.

(IDAT+DEFAULT

Set serial port baud rate, communication channel, and serial port transparent
transmission mode to be default value.

e.g.

Send “AT+DEFAULT” to module, and the module returns “OK+DEFAULT”, and the
default vale is restored. The serial port baud rate is 9,600bps, communication channel
is C001, and serial port transparent transmission mode is FU3.

()AT+UPDATE

Put the module in the status of waiting for software update.

After sending the command, the module will not respond to command any more, until
it is re-energized.

After sending the command, please close the serial port assistant, and turn on HC-1X
updater to update the software. For detailed operating method, please refer to the
following “software update” introduction.
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INA219 Zerg-Drift, Bidirectional Current/Power Monitor With 1°C Interface

1 Features

» Senses Bus Voltages from 0 to 26 V
* Reports Current, Voltage, and Power
e 16 Programmable Addresses

» High Accuracy: 0.5% (Maximum) Over
Temperature (INA219B)

» Filtering Options
» Calibration Registers
» SO0T23-8 and SOIC-8 Packages

2 Applications

» Servers

e Telecom Equipment
* Notebook Computers
* Power Management
» Battery Chargers

* Welding Equipment

» Power Supplies

» Test Equipment

VIN+ VINf

3 Description

The INA219 is a current shunt and power monitor
with an 1°C- or SMBUS-compatible interface. The
device monitors both shunt voltage drop and bus
supply voltage, with programmable conversion times
and filtering. A programmable calibration value,
combined with an internal multiplier, enables direct
readouts of current in amperes. An additional
multiplying register calculates power in watts. The
I’C- or SMBUS-compatible interface features 16
programmable addresses.

The INA219 is available in two grades: A and B. The
B grade version has higher accuracy and higher
precision specifications.

The INA219 senses across shunts on buses that can
vary from 0 to 26 V. The device uses a single 3- to
5.5-V supply, drawing a maximum of 1 mA of supply
current. The INA219 operates from —40°C to 125°C.

Device Information®

PART NUMBER PACKAGE BODY SIZE (NOM)
SOIC (8) 3.91 mm x 4.90 mm

INA219
SOT-23 (8) 1.63 mm x 2.90 mm

(1) For all available packages, see the orderable addendum at
the end of the data sheet.

Simplified Schematic

Vs
(Supply Voltage)

INA219

Power Register Data
1C-/SMBUS- CLK
Current Register Compatible
Interface AO
Voltage Register Al

GND

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.
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5 Related Products

DEVICE DESCRIPTION
INA209 Current/power monitor with watchdog, peak-hold, and fast comparator functions
INA210, INA211, INA212, INA213, INA214 Zerg-drift, low-cost, analog current shunt monitor series in small package

6 Pin Configuration and Functions

DCN Package
8-Pin SOT-23
Top View

@)

D Package
8-Pin SOIC
Top View
A1 o
Al 1 8 [ IN+
A0
A0 | 2 7 |IN-
SDA
SDA| 3 6 | GND
SCL
SCL| 4 5 | Vg

Pin Functions

PIN
110 DESCRIPTION
NAME | SOT-23 SOIC
Analog -, . . " . .
IN+ 1 8 Input Positive differential shunt voltage. Connect to positive side of shunt resistor.
IN— P 7 Analog | Negative differential shunt voltage. Connect to negative side of shunt resistor. Bus voltage is
Input | measured from this pin to ground.
GND Analog | Ground
Vs Analog | Power supply, 3t0 5.5V
Digital . .
SCL 5 4 Input Serial bus clock line
SDA 6 3 D'I%al Serial bus data line
Digital . . . .
A0 7 2 Input Address pin. Table 1 shows pin settings and corresponding addresses.
Digital . . . .
Al 8 1 Input Address pin. Table 1 shows pin settings and corresponding addresses.
Copyright © 2008-2015, Texas Instruments Incorporated Submit Documentation Feedback 3
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7 Specifications
7.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted)®
MIN MAX UNIT
Vs Supply voltage 6 \%
Analog Inputs | Differential (Viy: — Vin-) @ 26 26 %
IN+, IN- Common-mode(V s + Vin_) / 2 -0.3 26 Y,
SDA GND - 0.3 6 \%
SCL GND -0.3 Vs +0.3 Y,
Input current into any pin 5 mA
Open-drain digital output current 10 mA
Operating temperature -40 125 °C
T, Junction temperature 150 °C
Tstg Storage temperature —-65 150 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

(2) Vin+and V- may have a differential voltage of —26 to 26 V; however, the voltage at these pins must not exceed the range —0.3 to 26 V.

7.2 ESD Ratings

VALUE | UNIT
| Human body model (HBM), per ANSI/ESDA/JEDEC JS-001, all pins(") +4000
Vieso) Eiffﬁg’%t:“c Charged device model (CDM), per JEDEC specification JESD22-C101, all pins @ +750 v
Machine Model (MM) +200

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.

7.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)

MIN NOM MAX UNIT
Vewm 12 Y,
Vg 3.3 \Y
Ta -25 85 °C
7.4 Thermal Information
INA219
THERMAL METRIC® D (SOIC) DCN (SOT) UNIT
8 PINS 8 PINS
Reia Junction-to-ambient thermal resistance 111.3 1354 °C/IW
Reic(top) Junction-to-case (top) thermal resistance 55.9 68.1 °C/IW
Ress Junction-to-board thermal resistance 52 48.9 °C/IW
Wit Junction-to-top characterization parameter 10.7 9.9 °C/IW
Wi Junction-to-board characterization parameter 515 48.4 °C/IW
Reic(boy) Junction-to-case (bottom) thermal resistance N/A N/A °C/IW

(1) For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application
report, SPRA953.

4 Submit Documentation Feedback Copyright © 2008-2015, Texas Instruments Incorporated
Product Folder Links: INA219




http://www.ti.com/product/ina219?qgpn=ina219


http://www.ti.com


http://www.ti.com/lit/pdf/spra953


http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOS448G&partnum=INA219


http://www.ti.com/product/ina219?qgpn=ina219





13 TEXAS
INSTRUMENTS

www.ti.com

INA219

SBOS448G —AUGUST 2008—REVISED DECEMBER 2015

7.5 Electrical Characteristics:

At To = 25°C, Vs = 3.3V, Vine = 12V, Vsuunt = (Vine — Vin) = 32 mV, PGA = /1, and BRNG® = 1, unless otherwise noted.

PARAMETER TEST CONDITIONS INA219A INA2198 UNIT
MIN TYP MAX MIN TYP MAX
INPUT
PGA =/1 0 +40 0 +40 mV
Ve Full-scale current sense (input) voltage PGA=12 0 80 0 80 mv
range PGA=/4 0 +160 0 +160 | mVv
PGA =1/8 0 +320 0 +320| mv
Bus voltage (input voltage) range® BRNG =1 0 s 0 s v
BRNG =0 0 16 0 16 \%
CMRR Common-mode rejection Vine =010 26V 100 120 100 120 dB
PGA=/1 +10 +100 10  #50¥| pv
PGA=/2 +20 +125 £20 #7549 | v
Offset voltage, RTI®
Vos PGA = /4 +30 +150 #30 #7549 | v
PGA =/8 +40 +200 40 1009 | pv
vs Temperature Ta = —25°C to 85°C 0.1 0.1 pv/eC
PSRR vs Power Supply Vg=3t055V 10 10 uvIvV
Current sense gain error +40 +40 m%
vs Temperature Ta =-25°C to 85°C 1 1 m%/°C
IN+ pin input bias current Active mode 20 20 HA
:m;g’(;’;:;’;“t bias current || Vin- pin input | \ o6 mode 20 || 320 20 || 320 “kAQ”
IN+ pin input leakage ® Power-down mode 0.1 0.1 0.5 pA
IN—- pin input leakage ® Power-down mode 0.1 * 0.1 +0.5| pA
DC ACCURACY
ADC basic resolution 12 12 bits
Shunt voltage, 1 LSB step size 10 10 uv
Bus voltage, 1 LSB step size 4 4 mvV
Current measurement error +0.2% +0.5% +0.2% 10.3%31;
over Temperature Ta =-25°C to 85°C +1% iO'S%Z;
Bus voltage measurement error +0.2% +0.5% +0.2%  +0.5%
over Temperature Ta =-25°C to 85°C +1% +1%
Differential nonlinearity +0.1 0.1 LSB
ADC TIMING
12 bit 532 586 532 586 us
ADC conversion time 11 bit 276 304 276 304 us
10 bit 148 163 148 163 us
9 bit 84 93 84 93 us
Minimum convert input low time 4 4 us
SMBus
SMBus timeout® 28 35 28 35| ms
DIGITAL INPUTS (SDA as Input, SCL, A0, Al)
Input capacitance 3 3 pF
Leakage input current 0<V|N<Vg 0.1 1 0.1 1 UA
V) input logic level 0.7 (Vs) 6 (0.7 (Vs) 6 \Y
V) input logic level -0.3 0.3 (Vs) -0.3 0.3 (Vs) \Y

(1) BRNG is bit 13 of the Configuration register 00h in Figure 19.
(2) This parameter only expresses the full-scale range of the ADC scaling. In no event should more than 26 V be applied to this device.

(3) Referred-to-input (RTI)

(4) Indicates improved specifications of the INA219B.
(5) Input leakage is positive (current flowing into the pin) for the conditions shown at the top of the table. Negative leakage currents can

occur under different input conditions.

(6) SMBus timeout in the INA219 resets the interface any time SCL or SDA is low for over 28 ms.
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Electrical Characteristics: (continued)

At T, = 25°C, Vs = 3.3V, Vi = 12V, Vouunt = (Vins — Vino) = 32 mV, PGA = /1, and BRNG® = 1, unless otherwise noted.

PARAMETER TEST CONDITIONS INAZLOA INAZL98 UNIT
MIN TYP MAX MIN TYP MAX

Hysteresis 500 500 mV
OPEN-DRAIN DIGITAL OUTPUTS (SDA)

Logic 0 output level Ising = 3 MA 0.15 0.4 0.15 0.4 \%

High-level output leakage current Vout = Vs 0.1 1 0.1 1 A
POWER SUPPLY

Operating supply range 3 55 3 55 Y

Quiescent current 0.7 1 0.7 1 mA

Quiescent current, power-down mode 6 15 6 15 HA

Power-on reset threshold 2 \%
7.6 Bus Timing Diagram Definitions®

FAST MODE HIGH-SPEED MODE g
MIN MAX MIN MAX

f(scu SCL operating frequency 0.001 0.4 0.001 2.56 MHz
teup E(;Jsdfi;ie;entime between STOP and START 1300 160 ns
WS fer this period, the firs clock s generated 600 160 ns
t(susTa) Repeated START condition setup time 600 160 ns
t(susTo) STOP condition setup time 600 160 ns
t(HDDAT) Data hold time 0 900 0 20 ns
t(supaT) Data setup time 100 10 ns
tow) SCL clock LOW period 1300 250 ns
t(HIGH) SCL clock HIGH period 600 60 ns
tr DA Data fall time 300 150 ns
teCL Clock fall time 300 40 ns
trCL Clock rise time 300 40 ns
trCL Clock rise time for SCLK < 100kHz 1000 ns

(1) Values based on a statistical analysis of a one-time sample of devices. Minimum and maximum values are not ensured and not

production tested.

tLow

SCL

tHDsTA)

|<— tHppan) —>|

tsusTa)

tsupam)

_____

tHDsTA)

_/\

t(SUSTO)

SDA

/X

X_/

[ XN\

Figure 1. Bus Timing Diagram
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7.7 Typical Characteristics

At To =25°C, Vg =3.3V, Vine =12V, Vguunt = (Vine — Vino) = 32 mV, PGA = /1, and BRNG = 1, unless otherwise noted.

0 Sy 100 ‘ ‘
™
-10 8 320mV Range
-2
0 60 160mV Range \
-30 40 Y —
P e ’_—<\
o -40 2 20 Y
k=2 S R f—
_% -50 ﬁ 0 \
S _e0 S -20
80mV Range  40mV Range
-70 -40
-80 [ -60
-90 A -80
-100 -100
10 100 1k 10k 100k M -40 -25 0 25 50 75 100 125
Input Frequency (Hz) Temperature (°C)
Figure 2. Frequency Response Figure 3. ADC Shunt Offset vs Temperature
100 50
80 45
60 40
< 40 o 35
S
= 20 K< 30
5 AN 320mV Range 160mV Range £
| 0 3 A_ AW ﬁ 25
£ _20 20
3 © 32V Range 16V Range
40 80mV Range 40mV Range 15
-60 10 [ R papmp————
-80 5 .. R
-100 0
-40 -25 0 25 50 75 100 125 -40 -25 0 25 50 75 100 125
Temperature (°C) Temperature (°C)
Figure 4. ADC Shunt Gain Error vs Temperature Figure 5. ADC Bus Voltage Offset vs Temperature
100 20
80 15
60
10
2 OOR 16V
£ 20 PR | _ s 5
S NS ‘ 4”/ = T —
= 0 ~ === e 0 —
i) \ - P4
% -20 N\ -5
32V
O 0
-10
-60
_80 -15
-100 -20
-40 -25 0 25 50 75 100 125 -04 -03 -02 -01 0 0.1 0.2 0.3 0.4
Temperature (°C) Input Voltage (V)
Figure 6. ADC Bus Gain Error vs Temperature Figure 7. Integral Nonlinearity vs Input Voltage
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Typical Characteristics (continued)

t = ’ = o. ’ v = ’ = + -) = mV,
At T, =25°C, Vs = 3.3V, Viny = 12V, Vouunt = (Vins — Vin) = 32 mV

PGA =/1, and BRNG = 1, unless otherwise noted.

2.0 1.2
Vg, =5V
1.5 1.0
< 1.0 Vg =5V
E L — 08
£ 05 \ /- < [~ 4 T
£ 0.
£ Vs, =3V \\J E o6 B B
= e}
S % ve-av /’\ - Vg =8V
2 05 e N 04
-1.0 0.2
Vg, = 5V
-15 0
0 5 10 15 20 25 30 -40 -25 0 25 50 75 100 125
V\. Voltage (V) Temperature (°C)
Figure 8. Input Currents With Large Differential Figure 9. Active Ig vs Temperature
Voltages(V|n+ at 12 V, Sweep Of V|\_)
16 1.0
0o Il
14 Vg =5V A
i 0.8 =
0.7 e
10
— Png . 06
g Vg =5V P Bt <
S 8 - E o5 Vg =3Vii]
) - _C
6 F-- === == 0.4
Vg =3V 03
4
0.2
2 0.1
0 0
-40 -25 0 25 50 75 100 125 1k 10k 100k 1M 10M
Temperature (°C) SCL Frequency (Hz)
Figure 10. Shutdown Iy vs Temperature Figure 11. Active Ig vs I2C Clock Frequency
300
250 }
Vg =5V
Y
200
< /
2 150 'g
o e
—_— ////
100 -
4 /
50 L ”""(
Vg =3V
0 [ [
1k 10k 100k ™M 10M
SCL Frequency (Hz)
Figure 12. Shutdown Ig vs I°C Clock Frequency
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8 Detailed Description

8.1 Overview

The INA219 is a digital current sense amplifier with an 1°C- and SMBus-compatible interface. It provides digital
current, voltage, and power readings necessary for accurate decision-making in precisely-controlled systems.
Programmable registers allow flexible configuration for measurement resolution as well as continuous-versus-
triggered operation. Detailed register information appears at the end of this data sheet, beginning with Table 2.
See the Functional Block Diagram section for a block diagram of the INA219 device.

8.2 Functional Block Diagram

’—’l Power™ |

J| Bus Voltagem I—
) I_
Shunt Voltage "’l Current

Channel
ADC |e
Bus Voltage ©—°
Channel @
| Full-Scale Calibration I_
=]| Shunt Voltagem
PGA
(In Configuration Register)

NOTES:
(1) Read-only Data Registers

(2) Read/write

8.3 Feature Description

8.3.1 Basic ADC Functions

The two analog inputs to the INA219, IN+ and IN—, connect to a shunt resistor in the bus of interest. The INA219
is typically powered by a separate supply from 3 to 5.5 V. The bus being sensed can vary from 0 to
26 V. There are no special considerations for power-supply sequencing (for example, a bus voltage can be
present with the supply voltage off, and vice-versa). The INA219 senses the small drop across the shunt for
shunt voltage, and senses the voltage with respect to ground from IN- for the bus voltage. Figure 13 shows this
operation.

When the INA219 is in the normal operating mode (that is, MODE bits of the Configuration register are set to
111), it continuously converts the shunt voltage up to the number set in the shunt voltage averaging function
(Configuration register, SADC bits). The device then converts the bus voltage up to the number set in the bus
voltage averaging (Configuration register, BADC bits). The Mode control in the Configuration register also
permits selecting modes to convert only voltage or current, either continuously or in response to an event
(triggered).

All current and power calculations are performed in the background and do not contribute to conversion time;
conversion times shown in the Electrical Characteristics: can be used to determine the actual conversion time.

Power-Down mode reduces the quiescent current and turns off current into the INA219 inputs, avoiding any
supply drain. Full recovery from Power-Down requires 40 us. ADC Off mode (set by the Configuration register,
MODE bits) stops all conversions.

Writing any of the triggered convert modes into the Configuration register (even if the desired mode is already
programmed into the register) triggers a single-shot conversion. Table 6 lists the triggered convert mode settings.

Copyright © 2008-2015, Texas Instruments Incorporated Submit Documentation Feedback 9
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Feature Description (continued)
Vshunt = Vine - Vin-
Typically < 50mV
RsHUNT
Supply ‘/W Load INA219 Power-Supply Voltage
3V to 5.5V
—(L l» 3.3V Supply
Vine Vin- Vs INA219 %

|

Power Register

Data (SDA)

+

Vgus = V. - GND ()

Range of 0V to 26V
Typical Application 12V

5 Clock (SCL)
1°"C-/SMBUS-

Compatible A0

Interface
Voltage Register Al

Figure 13. INA219 Configured for Shunt and Bus Voltage Measurement

Current Register

Although the INA219 can be read at any time, and the data from the last conversion remain available, the
conversion ready bit (Status register, CNVR bit) is provided to help coordinate one-shot or triggered conversions.
The conversion ready bit is set after all conversions, averaging, and multiplication operations are complete.

The conversion ready bit clears under any of these conditions:

» Writing to the Configuration register, except when configuring the MODE bits for power down or ADC off
(disable) modes

* Reading the Status register

» Triggering a single-shot conversion with the convert pin

8.3.1.1 Power Measurement

Current and bus voltage are converted at different points in time, depending on the resolution and averaging
mode settings. For instance, when configured for 12-bit and 128 sample averaging, up to 68 ms in time between
sampling these two values is possible. Again, these calculations are performed in the background and do not add
to the overall conversion time.

8.3.1.2 PGA Function

If larger full-scale shunt voltages are desired, the INA219 provides a PGA function that increases the full-scale
range up to 2, 4, or 8 times (320 mV). Additionally, the bus voltage measurement has two full-scale ranges: 16 or
32 V.

8.3.1.3 Compatibility With TI Hot Swap Controllers

The INA219 is designed for compatibility with hot swap controllers such the TI TPS2490. The TPS2490 uses a
high-side shunt with a limit at 50 mV; the INA219 full-scale range of 40 mV enables the use of the same shunt for
current sensing below this limit. When sensing is required at (or through) the 50-mV sense point of the TPS2490,
the PGA of the INA219 can be set to /2 to provide an 80-mV full-scale range.
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8.4 Device Functional Modes

8.4.1 Filtering and Input Considerations

Measuring current is often noisy, and such noise can be difficult to define. The INA219 offers several options for
filtering by choosing resolution and averaging in the Configuration register. These filtering options can be set
independently for either voltage or current measurement.

The internal ADC is based on a delta-sigma (A%) front-end with a 500-kHz (£30%) typical sampling rate. This
architecture has good inherent noise rejection; however, transients that occur at or very close to the sampling
rate harmonics can cause problems. Because these signals are at 1 MHz and higher, they can be dealt with by
incorporating filtering at the input of the INA219. The high frequency enables the use of low-value series resistors
on the filter for negligible effects on measurement accuracy. In general, filtering the INA219 input is only
necessary if there are transients at exact harmonics of the 500-kHz (£30%) sampling rate (>1 MHz). Filter using
the lowest possible series resistance and ceramic capacitor. Recommended values are 0.1 to 1 pF. Figure 14
shows the INA219 with an additional filter added at the input.

Rsrunt
Supply Load
Reirer 10Q Reirer 10Q
Supply Voltage
o

3.3V Supply

0.1uF to 1uF

Ceramic Capacitor

Vine| Vin- Vs INA219 % %

Power Register I Data (SDA)

- 1°C-/SMBUS- Clock (SCL)
Current Register Compatible
Interface A0

u Voltage Register }—T; Al

Figure 14. INA219 With Input Filtering

(
I-

Overload conditions are another consideration for the INA219 inputs. The INA219 inputs are specified to tolerate
26 V across the inputs. A large differential scenario might be a short to ground on the load side of the shunt. This
type of event can result in full power-supply voltage across the shunt (as long the power supply or energy
storage capacitors support it). It must be remembered that removing a short to ground can result in inductive
kickbacks that could exceed the 26-V differential and common-mode rating of the INA219. Inductive kickback
voltages are best dealt with by zener-type transient-absorbing devices combined with sufficient energy storage
capacitance.

In applications that do not have large energy storage electrolytics on one or both sides of the shunt, an input
overstress condition may result from an excessive dV/dt of the voltage applied to the input. A hard physical short
is the most likely cause of this event, particularly in applications with no large electrolytics present. This problem
occurs because an excessive dV/dt can activate the ESD protection in the INA219 in systems where large
currents are available. Testing has demonstrated that the addition of 10-Q resistors in series with each input of
the INA219 sufficiently protects the inputs against dV/dt failure up to the 26-V rating of the INA219. These
resistors have no significant effect on accuracy.
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8.5 Programming

An important aspect of the INA219 device is that it measure current or power if it is programmed based on the
system. The device measures both the differential voltage applied between the IN+ and IN- input pins and the
voltage at IN- pin. In order for the device to report both current and power values, the user must program the
resolution of the Current Register (04h) and the value of the shunt resistor (Rsyynt) pPresent in the application to
develop the differential voltage applied between the input pins. Both the Current_LSB and shunt resistor value
are used in the calculation of the Calibration Register value that the device uses to calculate the corresponding
current and power values based on the measured shunt and bus voltages.

After programming the Calibration Register, the Current Register (04h) and Power Register (03h) update
accordingly based on the corresponding shunt voltage and bus voltage measurements. Until the Calibration
Register is programmed, the Current Register (04h) and Power Register (03h) remain at zero.

8.5.1 Programming the Calibration Register

The Calibration Register is calculated based on Equation 1. This equation includes the term Current_LSB, which
is the programmed value for the LSB for the Current Register (04h). The user uses this value to convert the
value in the Current Register (04h) to the actual current in amperes. The highest resolution for the Current
Register (04h) can be obtained by using the smallest allowable Current_LSB based on the maximum expected
current as shown in Equation 2. While this value yields the highest resolution, it is common to select a value for
the Current_LSB to the nearest round number above this value to simplify the conversion of the Current Register
(04h) and Power Register (03h) to amperes and watts respectively. The Rgyynt term is the value of the external
shunt used to develop the differential voltage across the input pins. The Power Register (03h) is internally set to
be 20 times the programmed Current_LSB see Equation 3.

B 0.04096
Cal = trunc Current_LSB x Rgyynt

where
« 0.04096 is an internal fixed value used to ensure scaling is maintained properly (1)
Current LSB = Maximum Expgcted Current
B 2 @
Power LSB = 20 Current_LSB (3)

Shunt voltage is calculated by multiplying the Shunt Voltage Register contents with the Shunt Voltage LSB of 10
V.

The Bus Voltage register bits are not right-aligned. In order to compute the value of the Bus Voltage, Bus Voltage
Register contents must be shifted right by three bits. This shift puts the BDO bit in the LSB position so that the
contents can be multiplied by the Bus Voltage LSB of 4-mV to compute the bus voltage measured by the device.

After programming the Calibration Register, the value expected in the Current Register (04h) can be calculated
by multiplying the Shunt Voltage register contents by the Calibration Register and then dividing by 4096 as
shown in Equation 4. To obtain a value in amperes the Current register value is multiplied by the programmed
Current_LSB.

Shunt Voltage Re gister x Calibration Re gister
4096 (4)
The value expected in the Power register (03h) can be calculated by multiplying the Current register value by the

Bus Voltage register value and then dividing by 5000 as shown in Equation 5. Power Register content is
multiplied by Power LSB which is 20 times the Current_LSB for a power value in watts.

Current Register xBus Voltage Register
5000 (5)

Current Register =

Power Register =
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Programming (continued)

8.5.2 Programming the Power Measurement Engine

8.5.2.1 Calibration Register and Scaling

The Calibration Register enables the user to scale the Current Register (04h) and Power Register (03h) to the
most useful value for a given application. For example, set the Calibration Register such that the largest possible
number is generated in the Current Register (04h) or Power Register (03h) at the expected full-scale point. This
approach yields the highest resolution using the previously calculated minimum Current_LSB in the equation for
the Calibration Register. The Calibration Register can also be selected to provide values in the Current Register
(04h) and Power Register (03h) that either provide direct decimal equivalents of the values being measured, or
yield a round LSB value for each corresponding register. After these choices have been made, the Calibration
Register also offers possibilities for end user system-level calibration. After determining the exact current by
using an external ammeter, the value of the Calibration Register can then be adjusted based on the measured
current result of the INA219 to cancel the total system error as shown in Equation 6.

_ Cal x MeasShuntCurrent
Corrected_Full_Scale_Cal = trunc INA219_Current

6

8.5.3 Simple Current Shunt Monitor Usage (No Programming Necessary)

The INA219 can be used without any programming if it is only necessary to read a shunt voltage drop and bus
voltage with the default 12-bit resolution, 320-mV shunt full-scale range (PGA = /8), 32-V bus full-scale range,
and continuous conversion of shunt and bus voltage.

Without programming, current is measured by reading the shunt voltage. The Current register and Power register
are only available if the Calibration register contains a programmed value.

8.5.4 Default Settings

The default power-up states of the registers are shown in the Register Details section of this data sheet. These
registers are volatile, and if programmed to other than default values, must be re-programmed at every device
power-up. Detailed information on programming the Calibration register specifically is given in the section,
Programming the Calibration Register.

8.5.5 Bus Overview

The INA219 offers compatibility with both 1°C and SMBus interfaces. The I°C and SMBus protocols are
essentially compatible with one another.

The I?C interface is used throughout this data sheet as the primary example, with SMBus protocol specified only
when a difference between the two systems is being addressed. Two bidirectional lines, SCL and SDA, connect
the INA219 to the bus. Both SCL and SDA are open-drain connections.

The device that initiates the transfer is called a master, and the devices controlled by the master are slaves. The
bus must be controlled by a master device that generates the serial clock (SCL), controls the bus access, and
generates START and STOP conditions.

To address a specific device, the master initiates a START condition by pulling the data signal line (SDA) from a
HIGH to a LOW logic level while SCL is HIGH. All slaves on the bus shift in the slave address byte on the rising
edge of SCL, with the last bit indicating whether a read or write operation is intended. During the ninth clock
pulse, the slave being addressed responds to the master by generating an Acknowledge and pulling SDA LOW.

Data transfer is then initiated and eight bits of data are sent, followed by an Acknowledge bit. During data
transfer, SDA must remain stable while SCL is HIGH. Any change in SDA while SCL is HIGH is interpreted as a
START or STOP condition.

Once all data have been transferred, the master generates a STOP condition, indicated by pulling SDA from
LOW to HIGH while SCL is HIGH. The INA219 includes a 28-ms timeout on its interface to prevent locking up an
SMBus.
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Programming (continued)
8.5.5.1 Serial Bus Address

To communicate with the INA219, the master must first address slave devices through a slave address byte. The
slave address byte consists of seven address bits, and a direction bit indicating the intent of executing a read or
write operation.

The INA219 has two address pins, A0 and Al. Table 1 describes the pin logic levels for each of the 16 possible
addresses. The state of pins A0 and Al is sampled on every bus communication and should be set before any
activity on the interface occurs. The address pins are read at the start of each communication event.

Table 1. INA219 Address Pins and Slave Addresses

Al AO SLAVE ADDRESS
GND GND 1000000
GND Vs, 1000001
GND SDA 1000010
GND scL 1000011
Vs, GND 1000100
Vs, Vs, 1000101
Vs, SDA 1000110
Vs, scL 1000111
SDA GND 1001000
SDA Vs, 1001001
SDA SDA 1001010
SDA scL 1001011
scL GND 1001100
scL Vs, 1001101
scL SDA 1001110
scL scL 1001111

8.5.5.2 Serial Interface

The INA219 operates only as a slave device on the 1°C bus and SMBus. Connections to the bus are made
through the open-drain 1/O lines SDA and SCL. The SDA and SCL pins feature integrated spike suppression
filters and Schmitt triggers to minimize the effects of input spikes and bus noise. The INA219 supports the
transmission protocol for fast (1- to 400-kHz) and high-speed (1-kHz to 2.56-MHz) modes. All data bytes are
transmitted most significant byte first.

8.5.6 Writing to and Reading from the INA219

Accessing a particular register on the INA219 is accomplished by writing the appropriate value to the register
pointer. Refer to Table 2 for a complete list of registers and corresponding addresses. The value for the register
pointer as shown in Figure 18 is the first byte transferred after the slave address byte with the R/W bit LOW.
Every write operation to the INA219 requires a value for the register pointer.

Writing to a register begins with the first byte transmitted by the master. This byte is the slave address, with the
R/W bit LOW. The INA219 then acknowledges receipt of a valid address. The next byte transmitted by the
master is the address of the register to which data will be written. This register address value updates the
register pointer to the desired register. The next two bytes are written to the register addressed by the register
pointer. The INA219 acknowledges receipt of each data byte. The master may terminate data transfer by
generating a START or STOP condition.

When reading from the INA219, the last value stored in the register pointer by a write operation determines
which register is read during a read operation. To change the reglster pomter for a read operation, a new value
must be written to the register pointer. This write is accomplished by issuing a slave address byte with the R/W
bit LOW, followed by the register pointer byte. No additional data are required. The master then generates a
START condition and sends the slave address byte with the R/W bit HIGH to initiate the read command. The
next byte is transmitted by the slave and is the most significant byte of the register indicated by the register
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pointer. This byte is followed by an Acknowledge from the master; then the slave transmits the least significant
byte. The master acknowledges receipt of the data byte. The master may terminate data transfer by generating a
Not-Acknowledge after receiving any data byte, or generating a START or STOP condition. If repeated reads
from the same register are desired, it is not necessary to continually send the register pointer bytes; the INA219
retains the register pointer value until it is changed by the next write operation.

Figure 15 and Figure 16 show write and read operation timing diagrams, respectively. Note that register bytes
are sent most-significant byte first, followed by the least significant byte. Figure 17 shows the timing diagram for
the SMBus Alert response operation. Figure 18 shows a typical register pointer configuration.
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1 9 1 9 1 9 1 9
I [ [ [} [ [ [ | (] (] [ LI I I R R A | [ (] [ [ LI I | L N L A R B N A | [ [ (] (] L N L N A N A A A | [ I
I [ [ [} () [ [ | () () [ LI I R R B | [ () () () LI I | LI N A A N N B B A | () [ () () LI N O N A A A N B | [ I
I L L () () [ [ [ I
SAWEANIRYD OO NI O.0.0.9.0.0.0 QWD DD D AW D D.0.0.0.0.D QN
Start By ACK By ACK By ACK By ACK By Stop By
Master INA219 INA219 INA219 INA219 Master
|4— Frame 1 Two-Wire Slave Address Bytem——la— Frame 2 Register Pointer Byte I Frame 3 Data MSByte I Frame 4 Data LSByte 4—|
NOTE (1): The value of the Slave Address Byte is determined by the settings of the AO and A1 pins. Refer to Table 1.
Figure 15. Timing Diagram for Write Word Format
1 9 1 9 1 9
I [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
I [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
I [ [ [ [ [ [ [ [ [ [ [ LI LI [ [ [ L LI [ [ LI LI [ [ [ L LI
1 1 1 [ [ 1 1
SANVEAIRYD O.0.OLAW D DD DD, CXeoX s )X e )Xo )Xo XX\
Start By ACK By From ACK By From NoACK By Stop
Master INA219 INA219 Master INA219 Master
|<— Frame 1 Two-Wire Slave Address Bytem I Frame 2 Data MSByte(z) I Frame 3 Data LSByte(z) 4>|
NOTES: (1) The value of the Slave Address Byte is determined by the settings of the A0 and A1 pins.
Refer to Table 1.
(2) Read data is from the last register pointer location. If a new register is desired, the register
pointer must be updated. See Figure 19.
(3) ACK by Master can also be sent.
Figure 16. Timing Diagram for Read Word Format
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ALERT /
1 9 1 9

SDA

Start By ACK By From NACK By Stop By
Master INA219 INA219 Master Master

|<—Frame 1 SMBus ALERT Response Address Byte—>|<7 Frame 2 Slave Address Bytem 4>|

NOTE (1): The value of the Slave Address Byte is determined by the settings of the A0 and A1 pins. Refer to Table 1.

Figure 17. Timing Diagram for SMBus Alert

on N/ N0 XXX AerXeeXes Ko Ko Xee o )Xo\ /e

Start By ACK By ACK By
Master INA219 INA219

|<7 Frame 1 Two-Wire Slave Address Bytem I Frame 2 Register Pointer Byte 4>|

NOTE (1): The value of the Slave Address Byte is determined by the settings of the A0 and A1 pins. Refer to Table 1.

Figure 18. Typical Register Pointer Set

8.5.6.1 High-Speed I°C Mode

When the bus is idle, both the SDA and SCL lines are pulled high by the pull-up devices. The master generates
a start condition followed by a valid serial byte containing high-speed (HS) master code 00001XXX. This
transmission is made in fast (400 kbps) or standard (100 kbps) (F/S) mode at no more than 400 kbps. The
INA219 does not acknowledge the HS master code, but does recognize it and switches its internal filters to
support 2.56 Mbps operation.

The master then generates a repeated start condition (a repeated start condition has the same timing as the start
condition). After this repeated start condition, the protocol is the same as F/S mode, except that transmission
speeds up to 2.56 Mbps are allowed. Instead of using a stop condition, repeated start conditions should be used
to secure the bus in HS-mode. A stop condition ends the HS-mode and switches all the internal filters of the
INA219 to support the F/S mode. For bus timing, see Bus Timing Diagram Definitions® and Figure 1.

8.5.6.2 Power-Up Conditions

Power-up conditions apply to a software reset through the RST bit (bit 15) in the Configuration register, or the I°C
bus General Call Reset.

(1) Values based on a statistical analysis of a one-time sample of devices. Minimum and maximum values are not ensured and not
production tested.
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8.6 Register Maps

8.6.1 Register Information

The INA219 uses a bank of registers for holding configuration settings, measurement results, maximum/minimum

limits, and status information. Table 2 summarizes the INA219 registers; Functional Block Diagram shows

registers.

Register contents are updated 4 us after completion of the write command. Therefore, a 4-us delay is required
between completion of a write to a given register and a subsequent read of that register (without changing the
pointer) when using SCL frequencies in excess of 1 MHz.

Table 2. Summary of Register Set

POINTER
POWER-ON RESET
ADDRESS REGISTER NAME FUNCTION TYPE®
HEX BINARY HEX
All-register reset, settings for bus o
00 Configuration voltage range, PGA Gain, ADC 00111001 10011111 399F R/W
resolution/averaging.
01 Shunt voltage Shunt voltage measurement data. Shunt voltage — R
02 Bus voltage Bus voltage measurement data. Bus voltage — R
03 Power® Power measurement data. 00000000 00000000 0000 R
04 Current® Contains the value of_the current flowing 00000000 00000000 0000 R
through the shunt resistor.
Sets full-scale range and LSB of current o
05 Calibration and power measurements. Overall 00000000 00000000 0000 R/W

system calibration.

(1) Type: R = Read only, R/W = Read/Write.
(2) The Power register and Current register default to 0 because the Calibration register defaults to 0, yielding a zero current value until the

Calibration register is programmed.
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8.6.2 Register Details

All INA219 16-bit registers are actually two 8-bit bytes through the 1°C interface.

8.6.2.1 Configuration Register (address = 00h) [reset = 399Fh]

Figure 19. Configuration Register

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
BADC | BADC | BADC | BADC | SADC | SADC | SADC | SADC | MODE | MODE | MODE
RST — BRNG | PG1 PGO 4 3 2 1 4 3 2 1 3 P 1

R/W-0 R/W-0 R/W-1 R/W-1 R/W-1 R/W-0 R/W-0 R/W-1 R/W-1 R/W-0 R/W-0 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1

LEGEND: R/W = Read/Write; R = Read only; -n = value after reset

RST:
Bit 15

BRNG:
Bit 13

PG:
Bits 11, 12

Reset Bit

Table 3. Bit Descriptions

Setting this bit to '1' generates a system reset that is the same as power-on reset. Resets all registers to default
values; this bit self-clears.

Bus Voltage Range
0 =16V FSR

1 =32V FSR (default value)
PGA (Shunt Voltage Only)

Sets PGA gain and range. Note that the PGA defaults to +8 (320mV range). Table 4 shows the gain and range for
the various product gain settings.

Table 4. PG Bit Settings®

PG1 PGO GAIN Range
0 0 1 +40 mV
0 1 2 +80 mV
1 0 14 +160 mV
1 1 8 +320 mV

(1) Shaded values are default.

BADC:
Bits 7-10

BADC Bus ADC Resolution/Averaging

These bits adjust the Bus ADC resolution (9-, 10-, 11-, or 12-bit) or set the number of samples used when
averaging results for the Bus Voltage Register (02h).
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SADC: SADC Shunt ADC Resolution/Averaging
Bits 3-6 These bits adjust the Shunt ADC resolution (9-, 10-, 11-, or 12-bit) or set the nhumber of samples used when
averaging results for the Shunt Voltage Register (01h).
BADC (Bus) and SADC (Shunt) ADC resolution/averaging and conversion time settings are shown in Table 5.
Table 5. ADC Settings®
ADC4 ADC3 ADC2 ADC1 Mode/Samples Conversion Time
0 xX®@ 0 0 9 bit 84 us
0 xX®@ 0 1 10 bit 148 ps
0 xX®@ 1 0 11 bit 276 ps
0 X @ 1 1 12 bit 532 us
1 0 0 0 12 bit 532 ps
1 0 0 1 1.06 ms
1 0 1 0 2.13 ms
1 0 1 1 8 4.26 ms
1 1 0 0 16 8.51 ms
1 1 0 1 32 17.02 ms
1 1 1 0 64 34.05 ms
1 1 1 1 128 68.10 ms

(1) Shaded values are default.

(2) X =Don'tcare

MODE:
Bits 0-2

Operating Mode

Selects continuous, triggered, or power-down mode of operation. These bits default to continuous shunt and bus
measurement mode. The mode settings are shown in Table 6.

Table 6. Mode Settings®

MODE3 MODE2 MODE1 MODE
0 0 0 Power-down
0 0 1 Shunt voltage, triggered
0 1 0 Bus voltage, triggered
0 1 1 Shunt and bus, triggered
1 0 0 ADC off (disabled)
1 0 1 Shunt voltage, continuous
1 1 0 Bus voltage, continuous
1 1 1 Shunt and bus, continuous

(1) Shaded values are default.

8.6.3 Data Output Registers

8.6.3.1 Shunt Voltage Register (address = 01h)

The Shunt Voltage register stores the current shunt voltage reading, Vsyunt- Shunt Voltage register bits are
shifted according to the PGA setting selected in the Configuration register (00h). When multiple sign bits are
present, they will all be the same value. Negative nhumbers are represented in 2's complement format. Generate
the 2's complement of a negative number by complementing the absolute value binary number and adding 1.
Extend the sign, denoting a negative number by setting the MSB = 1. Extend the sign to any additional sign bits
to form the 16-bit word.

Example: For a value of Vgyynt = =320 mV:

1. Take the absolute value (include accuracy to 0.01 mV) — 320.00

2. Translate this number to a whole decimal number — 32000

3. Convert it to binary — 111 1101 0000 0000
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4. Complement the binary result : 000 0010 1111 1111

5. Add 1 to the Complement to create the Two’'s Complement formatted result — 000 0011 0000 0000

6. Extend the sign and create the 16-bit word: 1000 0011 0000 0000 = 8300h (Remember to extend the sign to
all sign-bits, as necessary based on the PGA setting.)

At PGA = /8, full-scale range = £320 mV (decimal = 32000). For Vgyynt = +320 mV, Value = 7D00h; For Vgyunt
=-320 mV, Value = 8300h; and LSB = 10uV.

Figure 20. Shunt Voltage Register at PGA = /8

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
SIGN SD;“— SD813— SDéz— SDél— SDE}O— SD9_8|SD8_8|SD7_8|SD6_8 | SD5_8 | SD4_8 | SD3_8 | SD2_8| SD1_8| SDO_8

At PGA = /4, full-scale range = 160 mV (decimal = 16000). For Vgyynt = 1160 mV, Value = 3E80h; For Vgyunt
=-160 mV, Value = C180h; and LSB = 10pV.

Figure 21. Shunt Voltage Register at PGA = /4

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
SIGN | SIGN Sng— SDiZ— SDjl— SDjo— SD9_4 | SD8_4 | SD7 4| SD6_4 | SD5_4 | SD4_4 | SD3_4 | SD2_4 | SD1_4 | SDO_4

At PGA = /2, full-scale range = +80 mV (decimal = 8000). For Vgyynt = +80 mV, Value = 1F40h; For Vgyynt =
—80 mV; Value = EOCOh; and LSB = 10puV.

Figure 22. Shunt Voltage Register at PGA = /2

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

0

SIGN

SIGN

SIGN

SD12_
2

SD11_
2

SD10_
2

SD9_2

SD8_2

SD7_2

SD6_2

SD5_2

SD4_2

SD3_2

sD2_2

SD1_2

SDO_2

At PGA = /1, full-scale range = £40 mV (decimal = 4000). For Vgyynt = +40 mV, Value = OFAOh; For VgyunT =
—40 mV, Value = FO60h; and LSB = 10uV.

Figure 23. Shunt Voltage Register at PGA = /1

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
SD11 | SD10
SIGN | SIGN | SIGN | SIGN L =| >, —|SD9_1|SD8 1|SD7_1|SD6_1|SD5_1|SD4_1|SD3 1|SD2 1|SD1 1|SD0_1
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Table 7. Shunt Voltage Register Format®

VshunT Decimal PGA = /8 PGA = /4 PGA = /2 PGA =/1

Reading (mV) Value (D15:D0) (D15:D0) (D15:D0) (D15:D0)
320.02 32002 0111 1101 0000 0000 0011 1110 1000 0000 0001 1111 0100 0000 0000 1111 1010 0000
320.01 32001 0111 1101 0000 0000 0011 1110 1000 0000 0001 1111 0100 0000 0000 1111 1010 0000
320.00 32000 0111 1101 0000 0000 0011 1110 1000 0000 0001 1111 0100 0000 0000 1111 1010 0000
319.99 31999 0111 1100 1111 1111 0011 1110 1000 0000 0001 1111 0100 0000 0000 1111 1010 0000
319.98 31998 01111100 1111 1110 0011 1110 1000 0000 0001 1111 0100 0000 0000 1111 1010 0000
160.02 16002 0011 1110 1000 0010 0011 1110 1000 0000 0001 1111 0100 0000 0000 1111 1010 0000
160.01 16001 0011 1110 1000 0001 0011 1110 1000 0000 0001 1111 0100 0000 0000 1111 1010 0000
160.00 16000 0011 1110 1000 0000 0011 1110 1000 0000 0001 1111 0100 0000 0000 1111 1010 0000
159.99 15999 0011 1110 0111 1111 0011 1110 0111 1111 0001 1111 0100 0000 0000 1111 1010 0000
159.98 15998 0011 1110 0111 1110 0011 1110 0111 1110 0001 1111 0100 0000 0000 1111 1010 0000
80.02 8002 0001 1111 0100 0010 0001 1111 0100 0010 0001 1111 0100 0000 0000 1111 1010 0000
80.01 8001 0001 1111 0100 0001 0001 1111 0100 0001 0001 1111 0100 0000 0000 1111 1010 0000
80.00 8000 0001 1111 0100 0000 0001 1111 0100 0000 0001 1111 0100 0000 0000 1111 1010 0000
79.99 7999 0001 1111 0011 1111 0001 1111 0011 1111 0001 1111 0011 1111 0000 1111 1010 0000
79.98 7998 0001 1111 0011 1110 0001 1111 0011 1110 0001 1111 0011 1110 0000 1111 1010 0000
40.02 4002 0000 1111 1010 0010 0000 1111 1010 0010 0000 1111 1010 0010 0000 1111 1010 0000
40.01 4001 0000 1111 1010 0001 0000 1111 1010 0001 0000 1111 1010 0001 0000 1111 1010 0000
40.00 4000 0000 1111 1010 0000 0000 1111 1010 0000 0000 1111 1010 0000 0000 1111 1010 0000
39.99 3999 0000 1111 1001 1111 0000 1111 1001 1111 0000 1111 1001 1111 0000 1111 1001 1111
39.98 3998 0000 1111 1001 1110 0000 1111 1001 1110 0000 1111 1001 1110 0000 1111 1001 1110
0.02 2 0000 0000 0000 0010 0000 0000 0000 0010 0000 0000 0000 0010 0000 0000 0000 0010
0.01 1 0000 0000 0000 0001 0000 0000 0000 0001 0000 0000 0000 0001 0000 0000 0000 0001
0 0 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000
-0.01 -1 11111111 1111 1111 11111111 1111 1111 11111111 11111111 111111111111 1111
-0.02 -2 1111 1111 1111 1110 11111111 1111 1110 11111111 1111 1110 1111 1111 1111 1110
—39.98 -3998 1111 0000 0110 0010 1111 0000 0110 0010 1111 0000 0110 0010 1111 0000 0110 0010
—39.99 —3999 1111 0000 0110 0001 1111 0000 0110 0001 1111 0000 0110 0001 1111 0000 0110 0001
—40.00 —4000 1111 0000 0110 0000 1111 0000 0110 0000 1111 0000 0110 0000 1111 0000 0110 0000
—40.01 —-4001 1111 0000 0101 1111 1111 0000 0101 1111 1111 0000 0101 1111 1111 0000 0110 0000
—-40.02 —4002 1111 0000 0101 1110 1111 0000 0101 1110 1111 0000 0101 1110 1111 0000 0110 0000
—79.98 —7998 1110 0000 1100 0010 1110 0000 1100 0010 1110 0000 1100 0010 1111 0000 0110 0000
-79.99 —7999 1110 0000 1100 0001 1110 0000 1100 0001 1110 0000 1100 0001 1111 0000 0110 0000
—80.00 —8000 1110 0000 1100 0000 1110 0000 1100 0000 1110 0000 1100 0000 1111 0000 0110 0000
-80.01 —-8001 1110 0000 1011 1111 1110 0000 1011 1111 1110 0000 1100 0000 1111 0000 0110 0000
—-80.02 —8002 1110 0000 1011 1110 1110 0000 1011 1110 1110 0000 1100 0000 1111 0000 0110 0000
—-159.98 —15998 1100 0001 1000 0010 1100 0001 1000 0010 1110 0000 1100 0000 1111 0000 0110 0000
—159.99 —-15999 1100 0001 1000 0001 1100 0001 1000 0001 1110 0000 1100 0000 1111 0000 0110 0000
—160.00 —16000 1100 0001 1000 0000 1100 0001 1000 0000 1110 0000 1100 0000 1111 0000 0110 0000
-160.01 —16001 1100 0001 0111 1111 1100 0001 1000 0000 1110 0000 1100 0000 1111 0000 0110 0000
—160.02 —16002 1100 0001 0111 1110 1100 0001 1000 0000 1110 0000 1100 0000 1111 0000 0110 0000
-319.98 —31998 1000 0011 0000 0010 1100 0001 1000 0000 1110 0000 1100 0000 1111 0000 0110 0000
-319.99 —-31999 1000 0011 0000 0001 1100 0001 1000 0000 1110 0000 1100 0000 1111 0000 0110 0000
—320.00 —32000 1000 0011 0000 0000 1100 0001 1000 0000 1110 0000 1100 0000 1111 0000 0110 0000
—320.01 —32001 1000 0011 0000 0000 1100 0001 1000 0000 1110 0000 1100 0000 1111 0000 0110 0000
—320.02 —32002 1000 0011 0000 0000 1100 0001 1000 0000 1110 0000 1100 0000 1111 0000 0110 0000

(1) Out-of-range values are shown in gray shading.
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8.6.3.2 Bus Voltage Register (address = 02h)
The Bus Voltage register stores the most recent bus voltage reading, Vgys.
At full-scale range = 32 V (decimal = 8000, hex = 1F40), and LSB =4 mV.
Figure 24. Bus Voltage Register
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
BD12 | BD11 | BD10 | BDY | BD8 | BD7 | BD6 | BDS | BD4 | BD3 | BD2 | BD1 | BDO | — | CNVR| OVF
At full-scale range = 16 V (decimal = 4000, hex = OFAQ), and LSB = 4 mV.
CNVR: Conversion Ready
Bit 1 Although the data from the last conversion can be read at any time, the INA219 Conversion Ready bit (CNVR)

indicates when data from a conversion is available in the data output registers. The CNVR bit is set after all
conversions, averaging, and multiplications are complete. CNVR will clear under the following conditions:

1.) Writing a new mode into the Operating Mode bits in the Configuration Register (except for Power-Down or
Disable)

2.) Reading the Power Register

OVF: Math Overflow Flag

Bit 0 The Math Overflow Flag (OVF) is set when the Power or Current calculations are out of range. It indicates that
current and power data may be meaningless.

8.6.3.3 Power Register (address = 03h) [reset = 00h]
Full-scale range and LSB are set by the Calibration register. See the Programming the Calibration Register.

Figure 25. Power Register

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
PD15 | PD14 | PD13 | PD12 | PD11 | PD10 | PD9 | PD8 | PD7 | PD6 | PD5 | Pp4 | PD3 | PD2 | PD1 | PDO
RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
LEGEND: R/W = Read/Write; R = Read only; -n = value after reset

The Power register records power in watts by multiplying the values of the current with the value of the bus
voltage according to the equation Equation 5:

8.6.3.4 Current Register (address = 04h) [reset = 00h]

Full-scale range and LSB depend on the value entered in the Calibration register. See Programming the
Calibration Register for more information. Negative values are stored in 2's complement format.

Figure 26. Current Register

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
csiGN| cpi4 | cp13 | cp12 | cp11 | cp1o | coo | cps | cp7 | cps | cps | cpa | cp3 | cp2 | cp1i | cpo

RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
LEGEND: R/W = Read/Write; R = Read only; -n = value after reset

The value of the Current register is calculated by multiplying the value in the Shunt Voltage register with the
value in the Calibration register according to the Equation 4:

8.6.4 Calibration Register

8.6.4.1 Calibration Register (address = 05h) [reset = 00h]

Current and power calibration are set by bits FS15 to FS1 of the Calibration register. Note that bit FSO is not
used in the calculation. This register sets the current that corresponds to a full-scale drop across the shunt. Full-
scale range and the LSB of the current and power measurement depend on the value entered in this register.
See the Programming the Calibration Register. This register is suitable for use in overall system calibration. Note
that the 0 POR values are all default.
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Figure 27. Calibration Register®
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Fs15 | Fs14 | Fs13 | Fs12 | Fs11 | Fs10 | Fso | Fss | Fs7 | Fs6 | Fss5 | Fsa | Fs3 | Fs2 | Fs1 | Fso
RW-0 RMW-0 RW-0 RMW-0 RMW-0 RW-0 RMW-0 RW-0 RW-0 RMW-0 RW-0 RW-0 RMW-0 RW-0 RMW-0 R0
LEGEND: R/W = Read/Write; R = Read only; -n = value after reset

(1) FSO0is avoid bit and will always be 0. It is not possible to write a 1 to FSO. CALIBRATION is the value stored in FS15:FS1.
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9 Application and Implementation

NOTE
Information in the following applications sections is not part of the TI component
specification, and Tl does not warrant its accuracy or completeness. TI's customers are
responsible for determining suitability of components for their purposes. Customers should
validate and test their design implementation to confirm system functionality.

9.1 Application Information

The INA219 is a current shunt and power monitor with an 12C- and SMBus-compatible interface. The device
monitors both a shunt voltage drop and bus supply voltage. Programmable calibration value, combined with an
internal multiplier, enable readouts of current and power.

9.2 Typical Application

Figure 28 shows a typical application circuit for the INA219. Use a 0.1-uF ceramic capacitor for power-supply
bypassing, placed as closely as possible to the supply and ground pins.

The input filter circuit consisting of R, R, and Cr is not necessary in most applications. If the need for filtering
is unknown, reserve board space for the components and install 0-Q resistors for Rg; and Rg, and leave Cg
unpopulated, unless a filter is needed (see Filtering and Input Considerations).

The pull-up resistors shown on the SDA and SCL lines are not needed if there are pullup resistors on these
same lines elsewhere in the system. Resistor values shown are typical: consult either the 1°C or SMBus
specification to determine the acceptable minimum or maximum values and also refer to the Specifications for
Output Current Limitations.

Supply Voltage

Power Bus Rsunr (INA219 Power Supply Range is
(OV to 26V) Load 3V tg 5.5V)
Req Res 1
Ce Caypass
0.1uF

— (typical)

R, R
v Vv, PULLUP PULLUP
g N 3.3kQ 3.3kQ
INA219 (typical) (typical)

Power Register II SDA Data (SDA)

SCL

i Clock (SCL)
p—' Current Regist }
urrent Register Interface A0
Lo

A1 o
Voltage Register o
BN

L GND |

Figure 28. Typical Application Circuit

9.2.1 Design Requirements

The INA219 measures the voltage across a current-sensing resistor (Rsyunt) When current passes through the
resistor. The device also measures the bus supply voltage, and calculates power when calibrated. This section
goes through the steps to program the device for power measurements, and shows the register results Table 8.

The Conditions for the example circuit is: Maximum expected load current = 15 A, Nominal load current = 10 A,
VCM =12 V, RSHUNT =2 mQ, VSHUNT FSR =40 mV (PGA = /1), and BRNG =0 (VBUS range = 16 V)
9.2.2 Detailed Design Procedure

Figure 29 shows a nominal 10-A load that creates a differential voltage of 20 mV across a 2-mQ shunt resistor.
The common mode is at 12 volts and the voltage present at the IN- pin is equal to the common-mode voltage
minus the differential drop across the resistor.
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Typical Application (continued)

For this example, the minimum-current LSB is calculated to be 457.78 pA/bit, assuming a maximum expected
current of 15 A using Equation 2. This value is rounded up to 1 mA/bit and is chosen for the current LSB. Setting
the current LSB to this value allows for sufficient precision while serving to simplify the math as well. Using
Equation 1 results in a calibration value of 20480 (5000h). This value is then programmed into the Calibration
register.

+3.3V to +5V
Rshunt IT
+12v 5\7\7\ 10A 10pF 0AuF
VCM Load
- — Vg (Supply Voltage)
Power Register ey SDA
ve 2 M e SMBUS-
9—' urrent Regis erl Compatible
= o Interface SCL
—Oe i
Vin S o—| Voltage Register A0
! A1
GND

Figure 29. Example Circuit Configuration

The bus voltage is internally measured at the IN— pin to calculate the voltage level delivered to the load. The Bus
Voltage register bits are not right-aligned; therefore, they must be shifted right by three bits. Multiply the shifted
contents by the 4-mV LSB to compute the bus voltage measured by the device in volts. The shifted value of the
Bus Voltage register contents is equal to BB3h, the decimal equivalent of 2995. This value of 2995 is multiplied
by the 4-mV LSB, and results in a value of 11.98 V. As shown, the voltage at the IN— pin is 11.98 V. For a 40-
mV, full-scale range, this small difference is not a significant deviation from the 12-V common-mode voltage.
However, at larger full-scale ranges, this deviation can be much larger.

The Current register content is internally calculated using Equation 4, and the result of 10000 (2710h) is
automatically loaded into the register. Current in amperes is equal to 1 mA/bit times 10000, and results in a 10-A
load current.

The Power register content is internally calculated using Equation 5 and the result of 5990 (1766h) is
automatically loaded into the register. Multiplying this result by the Power register LSB 20 x 1073(20 times 1 x
1072 current LSB using Equation 3), results in a power calculation of 5990 x 20 mW/bit, and equals 119.8 W.
This result matches what is expected for this register. A calculation for the power delivered to the load uses
11.98 V (12 VCM — 20-mV shunt drop) multiplied by the load current of 10 A to give a 119.8-W result.

9.2.2.1 Register Results for the Example Circuit
Table 8 shows the register readings for the Calibration example.

Table 8. Register Results®

REGISTER NAME ADDRESS CONTENTS ADJ DEC LSB VALUE
Configuration 00h 019Fh
Shunt 01h 07DO0Oh 2000 10 pv 20 mV
Bus 02h 5D98h 0BB3 2995 4 mvV 11.98 V
Calibration 05h 5000h 20480
Current 04h 2710h 10000 1 mA 10.0 A
Power 03h 1766h 5990 20 mw 119.8 W

(1) Conditions: load = 10 A, Vem = 12V, RsHunT = 2mQ, VsHUNT FSR =40 mV, and Vgus = ViN- BRNG =0 (VBUS range = 16 V)
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10 Power Supply Recommendations

The input circuitry of the device can accurately measure signals on common-mode voltages beyond its power
supply voltage, Vs. For example, the voltage applied to the Vg power supply terminal can be 5 V, whereas the
load power-supply voltage being monitored (the common-mode voltage) can be as high as 26 V. Note also that
the device can withstand the full 0-V to 26-V range at the input terminals, regardless of whether the device has
power applied or not.

Place the required power-supply bypass capacitors as close as possible to the supply and ground terminals of
the device to ensure stability. A typical value for this supply bypass capacitor is 0.1 pF. Applications with noisy or
high-impedance power supplies may require additional decoupling capacitors to reject power-supply noise.

11 Layout

11.1 Layout Guidelines

Connect the input pins (IN+ and IN-) to the sensing resistor using a Kelvin connection or a 4-wire connection.
These connection techniques ensure that only the current-sensing resistor impedance is detected between the
input pins. Poor routing of the current-sensing resistor commonly results in additional resistance present between
the input pins. Given the very low ohmic value of the current-sensing resistor, any additional high-current carrying
impedance causes significant measurement errors. Place the power-supply bypass capacitor as close as
possible to the supply and ground pins.

11.2 Layout Example

— we [ 1]
Sense/Shunt
, AO IN— Resistor
SDA GND jj—{'}
2 i
I"C-/ —
SMBUS - SCL VS
compatible
interface Supply bypass
capacitor
D Via to Ground Plane
O Via to Power Plane
Figure 30. Recommended Layout
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12 Device and Documentation Support

12.1 Community Resources

The following links connect to TI community resources. Linked contents are provided "AS IS" by the respective
contributors. They do not constitute Tl specifications and do not necessarily reflect Tl's views; see TlI's Terms of
Use.

TI E2E™ Online Community TI's Engineer-to-Engineer (E2E) Community. Created to foster collaboration
among engineers. At e2e.ti.com, you can ask questions, share knowledge, explore ideas and help
solve problems with fellow engineers.

Design Support TI's Design Support Quickly find helpful E2E forums along with design support tools and
contact information for technical support.

12.2 Trademarks

E2E is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

12.3 Electrostatic Discharge Caution

A These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘Y '\ during storage or handling to prevent electrostatic damage to the MOS gates.

12.4 Glossary

SLYZ022 — TI Glossary.
This glossary lists and explains terms, acronyms, and definitions.

13 Mechanical, Packaging, and Orderable Information

The following pages include mechanical, packaging, and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
@ Drawing Qty @) ® ® @)
INA219AID ACTIVE SoIC D 8 75 Green (RoHS CU NIPDAU Level-1-260C-UNLIM -40to 125 1219A c
Samples
& no Sh/Br)
INA219AIDCNR ACTIVE SOT-23 DCN 8 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 A219 Samples
& no Sh/Br) =
INA219AIDCNT ACTIVE SOT-23 DCN 8 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 A219 Samples
& no Sh/Br)
INA219AIDCNTG4 ACTIVE SOT-23 DCN 8 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 A219
& no Sb/Br) L
INA219AIDR ACTIVE SOIC D 8 2500 Green (RoHS CU NIPDAU Level-1-260C-UNLIM -40 to 125 1219A Eamnles
& no Sh/Br) L
INA219BID ACTIVE SOIC D 8 75 Green (RoHS CU NIPDAU Level-1-260C-UNLIM -40 to 125 1219B o
Samples
& no Sh/Br)
INA219BIDCNR ACTIVE SOT-23 DCN 8 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 B219 B o
& no Sh/Br) P
INA219BIDCNT ACTIVE SOT-23 DCN 8 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 B219
& no Sh/Br) B2
INA219BIDR ACTIVE SoIC D 8 2500  Green (RoHS CU NIPDAU Level-1-260C-UNLIM -40to 125 1219B Samples
& no Sh/Br) =

@ The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ RoHS: Tl defines "RoHS" to mean semiconductor products that are compliant with the current EU RoHS requirements for all 10 RoHS substances, including the requirement that RoHS substance
do not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, "RoHS" products are suitable for use in specified lead-free processes. Tl may
reference these types of products as "Pb-Free".

RoHS Exempt: Tl defines "RoHS Exempt" to mean products that contain lead but are compliant with EU RoHS pursuant to a specific EU RoHS exemption.

Green: Tl defines "Green" to mean the content of Chlorine (Cl) and Bromine (Br) based flame retardants meet JS709B low halogen requirements of <=1000ppm threshold. Antimony trioxide based
flame retardants must also meet the <=1000ppm threshold requirement.

@ MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.
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® There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If a line is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.

© | ead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish
value exceeds the maximum column width.

Important Information and Disclaimer:The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and TI suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
A |+ KO ’<—P14>1
Y R P T
go W
Reel ) l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
‘f Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O 0778procket Holes
|
T
Q1 : Q2
H4-—-—
Q3 1 Q4 User Direction of Feed
[ 4
T
=
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant
(mm) |W1(mm)
INA219AIDCNR SOT-23 | DCN 8 3000 179.0 8.4 3.2 3.2 14 4.0 8.0 Q3
INA219AIDCNT SOT-23 | DCN 8 250 179.0 8.4 3.2 3.2 1.4 4.0 8.0 Q3
INA219AIDR SOIC D 8 2500 330.0 12.5 6.4 5.2 2.1 8.0 12.0 Q1
INA219BIDCNR SOT-23 DCN 8 3000 179.0 8.4 3.2 3.2 1.4 4.0 8.0 Q3
INA219BIDCNT SOT-23 DCN 8 250 179.0 8.4 3.2 3.2 1.4 4.0 8.0 Q3
INA219BIDR SoIC D 8 2500 330.0 12.5 6.4 5.2 2.1 8.0 12.0 Q1
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*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
INA219AIDCNR SOT-23 DCN 8 3000 195.0 200.0 45.0
INA219AIDCNT SOT-23 DCN 8 250 195.0 200.0 45.0
INA219AIDR SOIC D 8 2500 340.5 338.1 20.6
INA219BIDCNR SOT-23 DCN 8 3000 195.0 200.0 45.0
INA219BIDCNT SOT-23 DCN 8 250 195.0 200.0 45.0
INA219BIDR SoIC D 8 2500 340.5 338.1 20.6
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MECHANICAL DATA

DCN (R—PDSO-G8) PLASTIC SMALL—QUTLINE PACKAGE (DIE DOWN)

3,00

2,80

H
e ﬁa g *
ndex Area . Gauge Plane
wld Az ]

795)

X
iy

x ST
1,15 _

Seetmg Plane O _/

4202106/D 11/2009

NOTES:  A. All linear dimensions are in millimeters.
B. This drawing is subject to change without notice.

C. Package outline exclusive of metal burr & dambar protrusion /intrusion.
D. Package outline inclusive of solder plating.

E. A visual index feature must be located within the Pin 1 index area.

F
G

Falls within JEDEC MO-178 Variation BA.
Body dimensions do not include flash or protrusion. Mold flash and protrusion shall not exceed 0.25 per side.
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LAND PATTERN DATA

DCN (R—PDSO-GB8) PLASTIC SMALL—OUTLINE PACKAGE (DIE DOWN)
Example Board Layout Example Stencil Design
0.125mm Stencil Thickness
(Note D)
¢ ¢

6x(0,65) ——| |<— 6x(0,65) _.| |__

T T T

"1
"1

| |
->—'r———————!'— (1,1)fTYP. + - -—i————————l'—

|

I

| 44(0,325) (o’[,; | = 4x(0,325)

Example
Non—Solder Mask Defined Pad

— |——(0,1)TYP.

Example
Solder Mask Opening

(Note E)

Pad Geometry

oo —1
All Around (0,45)

TYP,

4211034/C  07/13

NOTES: A. All linear dimensions are in millimeters.

B. This drawing is subject to change without notice.

C. Publication IPC-7351 is recommended for alternate designs.

D. Laser cutting apertures with trapezoidal walls and also rounding corners will offer better paste release. Customers
should contact their board assembly site for stencil design recommendations. Refer to IPC—7525.

E.  Customers should contact their board fabrication site for solder mask tolerances between and around signal pads.
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INSTRUMENTS

www.ti.com







MECHANICAL DATA

D (R—PDSO—G8)

PLASTIC SMALL QUTLINE

0.197 (5,00)
‘ 0.189 (4,80) ’
A
8 5
0.244 (6,20)
0.228 (5,80)
’ - 157 (4,00)
0.150 (3,80) AN

Pin 1

\

I

Index Area ﬁ bj
4

0.050 ( « 0.020 (0,51)

0.012 (0,31)

[ ]0.010 (0,25) @]

[T ]
1]

\ Ve
i \

v
Toowo

L 0.069 (1,75) Max 0,004 (

0.010 (0,

\
25) / ﬁ
0.005 (0,13) )
1 \
?

A

[]0.004 (0,10)

/

-

0.050 (
0016

Gauge Plane i [:i
0.010 (0,25) L7

?

Seating Plane

4040047-3/M 06 /11

NOTES: All linear dimensions are in inches (millimeters).

This drawing is subject to change without notice.

Body length does not include mold flash, protrusions, or gate burrs.
not exceed 0.006 (0,15) each side.

Body width does not include interlead flash.
Reference JEDEC MS—012 variation AA.

.

Mold flash, protrusions, or gate burrs shall

Interlead flash shall not exceed 0.017 (0,43) each side.
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LAND PATTERN DATA

D (R—PDSO-G8)

PLASTIC SMALL OUTLINE

EXGmpl?NE?:r((j;)LOYOUt Sten(ﬂlogp%rsings
6x1.07 —— ~=—8x0,55
— —=— 0X]1,
|| ! = 1,27
HH--H 8x1,50 —-H-H-H
EEEREEN 1 * Egug r
5,40 5,40
AR J
gnlinknin (L
BNEpEyEEN O
|~
|
]
|
i Example
i Non Soldermask Defined Pad Example
Pad Geometry
(See Note C)
\ Example
* / Solder Mask Opening
! (See Note E)
—=1Il=—0,07 /
Al Around /
\ /
N e
\\_\\ ——/—_/
4211283-2/E 08/12

NOTES:

A. Al linear dimensions are in millimeters.

B. This drawing is subject to change without notice.

C. Publication IPC-7351 is recommended for alternate designs.

D. Laser cutting apertures with trapezoidal walls and also rounding corners will offer better paste release. Customers should
contact their board assembly site for stencil design recommendations. Refer to IPC—7525 for other stencil recommendations.

Customers should contact their board fabrication site for solder mask tolerances between and around signal pads.
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IMPORTANT NOTICE

Texas Instruments Incorporated (TI) reserves the right to make corrections, enhancements, improvements and other changes to its
semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest issue. Buyers
should obtain the latest relevant information before placing orders and should verify that such information is current and complete.

TI's published terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products that Tl has qualified and released to market. Additional terms may apply to the use or sale of other types of Tl products and
services.

Reproduction of significant portions of Tl information in Tl data sheets is permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such reproduced
documentation. Information of third parties may be subject to additional restrictions. Resale of Tl products or services with statements
different from or beyond the parameters stated by Tl for that product or service voids all express and any implied warranties for the
associated TI product or service and is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Buyers and others who are developing systems that incorporate Tl products (collectively, “Designers”) understand and agree that Designers
remain responsible for using their independent analysis, evaluation and judgment in designing their applications and that Designers have
full and exclusive responsibility to assure the safety of Designers' applications and compliance of their applications (and of all Tl products
used in or for Designers’ applications) with all applicable regulations, laws and other applicable requirements. Designer represents that, with
respect to their applications, Designer has all the necessary expertise to create and implement safeguards that (1) anticipate dangerous
consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that might cause harm and
take appropriate actions. Designer agrees that prior to using or distributing any applications that include TI products, Designer will
thoroughly test such applications and the functionality of such Tl products as used in such applications.

TI's provision of technical, application or other design advice, quality characterization, reliability data or other services or information,
including, but not limited to, reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to
assist designers who are developing applications that incorporate Tl products; by downloading, accessing or using Tl Resources in any
way, Designer (individually or, if Designer is acting on behalf of a company, Designer's company) agrees to use any particular TI Resource
solely for this purpose and subject to the terms of this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its Tl Resources. Tl has not conducted any testing other than that specifically
described in the published documentation for a particular TI Resource.

Designer is authorized to use, copy and modify any individual Tl Resource only in connection with the development of applications that
include the TI product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE
TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS. TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNER AGAINST ANY CLAIM,
INCLUDING BUT NOT LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF
PRODUCTS EVEN IF DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL Tl BE LIABLE FOR ANY ACTUAL,
DIRECT, SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN
CONNECTION WITH OR ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER Tl HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

Unless Tl has explicitly designated an individual product as meeting the requirements of a particular industry standard (e.g., ISO/TS 16949
and ISO 26262), Tl is not responsible for any failure to meet such industry standard requirements.

Where TI specifically promotes products as facilitating functional safety or as compliant with industry functional safety standards, such
products are intended to help enable customers to design and create their own applications that meet applicable functional safety standards
and requirements. Using products in an application does not by itself establish any safety features in the application. Designers must
ensure compliance with safety-related requirements and standards applicable to their applications. Designer may not use any Tl products in
life-critical medical equipment unless authorized officers of the parties have executed a special contract specifically governing such use.
Life-critical medical equipment is medical equipment where failure of such equipment would cause serious bodily injury or death (e.qg., life
support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such equipment includes, without limitation, all
medical devices identified by the U.S. Food and Drug Administration as Class Ill devices and equivalent classifications outside the U.S.

Tl may expressly designate certain products as completing a particular qualification (e.g., Q100, Military Grade, or Enhanced Product).
Designers agree that it has the necessary expertise to select the product with the appropriate qualification designation for their applications
and that proper product selection is at Designers’ own risk. Designers are solely responsible for compliance with all legal and regulatory
reguirements in connection with such selection.

Designer will fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2017, Texas Instruments Incorporated
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i PCA9685

BUS 16-channel, 12-bit PWM Fm+ I2C-bus LED controller
Rev. 4 — 16 April 2015 Product data sheet

1. General description

The PCA9685 is an 12C-bus controlled 16-channel LED controller optimized for
Red/Green/Blue/Amber (RGBA) color backlighting applications. Each LED output has its
own 12-bit resolution (4096 steps) fixed frequency individual PWM controller that operates
at a programmable frequency from a typical of 24 Hz to 1526 Hz with a duty cycle that is
adjustable from 0 % to 100 % to allow the LED to be set to a specific brightness value.
All outputs are set to the same PWM frequency.

Each LED output can be off or on (no PWM control), or set at its individual PWM controller
value. The LED output driver is programmed to be either open-drain with a 25 mA current
sink capability at 5 V or totem pole with a 25 mA sink, 10 mA source capability at5 V. The
PCA9685 operates with a supply voltage range of 2.3 V to 5.5 V and the inputs and
outputs are 5.5 V tolerant. LEDs can be directly connected to the LED output (up to

25 mA, 5.5 V) or controlled with external drivers and a minimum amount of discrete
components for larger current or higher voltage LEDs.

The PCA9685 is in the new Fast-mode Plus (Fm+) family. Fm+ devices offer higher
frequency (up to 1 MHz) and more densely populated bus operation (up to 4000 pF).

Although the PCA9635 and PCA9685 have many similar features, the PCA9685 has
some unique features that make it more suitable for applications such as LCD or LED
backlighting and Ambilight:

* The PCA9685 allows staggered LED output on and off times to minimize current
surges. The on and off time delay is independently programmable for each of the
16 channels. This feature is not available in PCA9635.

¢ The PCA9685 has 4096 steps (12-bit PWM) of individual LED brightness control. The
PCA9635 has only 256 steps (8-bit PWM).

* When multiple LED controllers are incorporated in a system, the PWM pulse widths
between multiple devices may differ if PCA9635s are used. The PCA9685 has a
programmable prescaler to adjust the PWM pulse widths of multiple devices.

* The PCA9685 has an external clock input pin that will accept user-supplied clock
(50 MHz max.) in place of the internal 25 MHz oscillator. This feature allows
synchronization of multiple devices. The PCA9635 does not have external clock input
feature.

¢ Like the PCA9635, PCA9685 also has a built-in oscillator for the PWM control.
However, the frequency used for PWM control in the PCA9685 is adjustable from
about 24 Hz to 1526 Hz as compared to the typical 97.6 kHz frequency of the
PCA9635. This allows the use of PCA9685 with external power supply controllers. All
bits are set at the same frequency.

* The Power-On Reset (POR) default state of LEDn output pins is LOW in the case of
PCA9685. It is HIGH for PCA9635.

h
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NXP Semiconductors PCA9685

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

The active LOW Output Enable input pin (ﬁ) allows asynchronous control of the LED
outputs and can be used to set all the outputs to a defined I2C-bus programmable logic
state. The OE can also be used to externally ‘pulse width modulate’ the outputs, which is
useful when multiple devices need to be dimmed or blinked together using software
control.

Software programmable LED All Call and three Sub Call 12C-bus addresses allow all or
defined groups of PCA9685 devices to respond to a common |12C-bus address, allowing
for example, all red LEDs to be turned on or off at the same time or marquee chasing
effect, thus minimizing 12C-bus commands. Six hardware address pins allow up to

62 devices on the same bus.

The Software Reset (SWRST) General Call allows the master to perform a reset of the
PCA9685 through the 12C-bus, identical to the Power-On Reset (POR) that initializes the
registers to their default state causing the outputs to be set LOW. This allows an easy and
quick way to reconfigure all device registers to the same condition via software.

2. Features and benefits

PCA9685

B 16 LED drivers. Each output programmable at:
& Off
4 On
@ Programmable LED brightness
@ Programmable LED turn-on time to help reduce EMI

B 1 MHz Fast-mode Plus compatible 12C-bus interface with 30 mA high drive capability
on SDA output for driving high capacitive buses

B 4096-step (12-bit) linear programmable brightness per LED output varying from fully
off (default) to maximum brightness

B LED output frequency (all LEDs) typically varies from 24 Hz to 1526 Hz (Default of 1Eh
in PRE_SCALE register results in a 200 Hz refresh rate with oscillator clock of
25 MHz.)

B Sixteen totem pole outputs (sink 25 mA and source 10 mA at 5 V) with software
programmable open-drain LED outputs selection (default at totem pole). No input
function.

B Output state change programmable on the Acknowledge or the STOP Command to
update outputs byte-by-byte or all at the same time (default to ‘Change on STOP”).

B Active LOW Output Enable (E) input pin. LEDn outputs programmable to logic 1,
logic O (default at power-up) or ‘high-impedance’ when OE is HIGH.

B 6 hardware address pins allow 62 PCA9685 devices to be connected to the same
12C-bus

B Toggling OE allows for hardware LED blinking

B 4 software programmable 12C-bus addresses (one LED All Call address and three LED
Sub Call addresses) allow groups of devices to be addressed at the same time in any
combination (for example, one register used for ‘All Call’ so that all the PCA9685s on
the 12C-bus can be addressed at the same time and the second register used for three
different addresses so that Y of all devices on the bus can be addressed at the same
time in a group). Software enable and disable for these 12C-bus address.

B Software Reset feature (SWRST General Call) allows the device to be reset through
the 12C-bus

All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2015. All rights reserved.
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3. Applications

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

25 MHz typical internal oscillator requires no external components
External 50 MHz (max.) clock input

Internal power-on reset

Noise filter on SDA/SCL inputs

Edge rate control on outputs

No output glitches on power-up

Supports hot insertion

Low standby current

Operating power supply voltage range of 2.3V to 5.5V
5.5 V tolerant inputs

—40 °C to +85 °C operation

ESD protection exceeds 2000 V HBM per JESD22-A114, 200 V MM per
JESD22-A115 and 1000 V CDM per JESD22-C101

Latch-up testing is done to JEDEC Standard JESD78 which exceeds 100 mA
Packages offered: TSSOP28, HVQFN28

PCA9685

RGB or RGBA LED drivers

LED status information

LED displays

LCD backlights

Keypad backlights for cellular phones or handheld devices

All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2015. All rights reserved.
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4. Ordering information

PCA9685

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

Table 1.  Ordering information

Type number Topside mark Package
Name Description Version
PCA9685PW PCA9685PW TSSOP28 plastic thin shrink small outline package; SOT361-1
28 leads; body width 4.4 mm
PCA9685PW/Q900! |PCA9685PW TSSOP28 plastic thin shrink small outline package; SOT361-1
28 leads; body width 4.4 mm
PCA9685BS P9685 HVQFN28 plastic thermal enhanced very thin quad flat SOT788-1
package; no leads; 28 terminals;
body 6 x 6 x 0.85 mm
[1] PCA9685PW/Q900 is AEC-Q100 compliant. Contact i2c.support@nxp.com for PPAP.
4.1 Ordering options
Table 2.  Ordering options
Type number Orderable Package |Packing method Minimum | Temperature
part number order
guantity
PCA9685PW PCA9685PW,118 TSSOP28 REEL 13" Q1/T1 2500 Tamb = —40 °C to +85 °C
*STANDARD MARK
SMD
PCA9685PW/Q900 | PCA9685PW/Q900,118 TSSOP28 REEL 13" Q1/T1 2500 Tamp = —40 °C to +85 °C
*STANDARD MARK
SMD
PCA9685BS PCA9685BS,118 HVQFN28 REEL 13" Q1/T1 4000 Tamp =40 °C to +85 °C
*STANDARD MARK
SMD
PCA9685 All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2015. All rights reserved.
Product data sheet Rev. 4 — 16 April 2015 4 of 52
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5. Block diagram

PCA9685

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

A0 Al A2 A3 A4 A5

PCA9685
SCL » >
INPUT FILTER
SDA [ q »>
| 12C-BUS
Ji CONTROL
v POWER-ON
b RESET Vpp —1—
Vss —]
E [ LED
STATE T
SELECT
REGISTER
PWM
REGISTER X
PRESCALE BRIGHTNESS
CONTROL
25 MHz
OSCILLATOR CLOCK MUX/
SWITCH CONTROL
EXTCLK
'0' — permanently OFF —
'1' — permanently ON ——
OE
002aac824

Remark: Only one LED output shown for clarity.

Fig 1. Block diagram of PCA9685

LEDn

PCA9685

All information provided in this document is subject to legal disclaimers.
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16-channel, 12-bit PWM Fm+ I2C-bus LED controller

6. Pinning information

6.1 Pinning
A0 [1] 28] Vpp ¥
-
AL [2] O 27] sbA _ 6« 40
A2 [3] 26] scL werminal RILLHRE
A3 [4] 25| EXTCLK @@@@@@g
A 5] 24] n5 % [D @] s
LEDO [6 | 23] OE a2 (o] oe
LEDL [ 7] PCA9685PW 22| LED15 Leno [3) (5] LeD1s
Lep2 [8 ] PCA9685PW/Q900 [21] LEDI4 Lep1 [4) | PCA9685BS | (18] LED14
LED3 [9 | 20] LED13 Lep2 [3) (7] Lep13
LED4 [10 19| LED12 Lep3 [) (6] LeD12
LEDS5 [11 18] LED11 Lep4 [ 5] Lep1t
LED6 [12 17] LED10 -
LED7 [13 16| LED9 @@@m@@ﬁﬂ
n © ~ n 0 o O
Vss [14] 15] LEDS D83 2023 oozaadess
- a4 4 - 4 H
002aac825 Transparent top view
Fig 2.  Pin configuration for TSSOP28 Fig 3. Pin configuration for HYQFN28
6.2 Pin description
Table 3.  Pin description
Symbol Pin Type Description
TSSOP28 HVQFN28
AO 1 26 I address input 0
Al 2 27 I address input 1
A2 3 28 I address input 2
A3 4 1 I address input 3
A4 5 2 I address input 4
LEDO 6 3 (0] LED driver O
LED1 7 4 (0] LED driver 1
LED2 8 5 (0] LED driver 2
LED3 9 6 (0] LED driver 3
LED4 10 7 (0] LED driver 4
LEDS 11 8 (0] LED driver 5
LED6 12 9 (0] LED driver 6
LED7 13 10 (0] LED driver 7
Vss 14 1104 power supply  |supply ground
LEDS8 15 12 O LED driver 8
LED9 16 13 (0] LED driver 9
LED10 17 14 O LED driver 10
LED11 18 15 (0] LED driver 11

PCA9685 All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2015. All rights reserved.
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16-channel, 12-bit PWM Fm+ I2C-bus LED controller

Table 3. Pin description ...continued

Symbol Pin Type Description
TSSOP28 HVQFN28

LED12 19 16 o] LED driver 12

LED13 20 17 O LED driver 13

LED14 21 18 o] LED driver 14

LED15 22 19 O LED driver 15

OE 23 20 | active LOW output enable

A5 24 21 | address input 5

EXTCLK 25 22 I external clock inputl2l

SCL 26 23 | serial clock line

SDA 27 24 I/1O serial data line

Vpp 28 25 power supply  |supply voltage

[1] HVQFN28 package die supply ground is connected to both Vsg pin and exposed center pad. Vsg pin must
be connected to supply ground for proper device operation. For enhanced thermal, electrical, and board
level performance, the exposed pad needs to be soldered to the board using a corresponding thermal pad
on the board and for proper heat conduction through the board, thermal vias need to be incorporated in the
PCB in the thermal pad region.

[2] This pin must be grounded when this feature is not used.

7. Functional description

Refer to Figure 1 “Block diagram of PCA9685".

7.1 Device addresses

Following a START condition, the bus master must output the address of the slave it is
accessing.

There are a maximum of 64 possible programmable addresses using the 6 hardware
address pins. Two of these addresses, Software Reset and LED All Call, cannot be used
because their default power-up state is ON, leaving a maximum of 62 addresses. Using
other reserved addresses, as well as any other subcall address, will reduce the total
number of possible addresses even further.

7.1.1 Regular I12C-bus slave address

The I12C-bus slave address of the PCA9685 is shown in Figure 4. To conserve power, no
internal pull-up resistors are incorporated on the hardware selectable address pins and
they must be pulled HIGH or LOW.

Remark: Using reserved 12C-bus addresses will interfere with other devices, but only if
the devices are on the bus and/or the bus will be open to other I2C-bus systems at some
later date. In a closed system where the designer controls the address assignment these
addresses can be used since the PCA9685 treats them like any other address. The

LED All Call, Software Reset and PCA9564 or PCA9665 slave address (if on the bus) can
never be used for individual device addresses.

¢ PCA9685 LED All Call address (1110 000) and Software Reset (0000 0110) which are
active on start-up
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¢ PCA9564 (0000 000) or PCA9665 (1110 000) slave address which is active on
start-up

* ‘reserved for future use’ I12C-bus addresses (0000 011, 1111 1XX)
* slave devices that use the 10-bit addressing scheme (1111 0XX)

* slave devices that are designed to respond to the General Call address (0000 000)
which is used as the software reset address

¢ High-speed mode (Hs-mode) master code (0000 1XX)

slave address

1 |A5| A4 A3|A2]|AL|A0|RW

4

fixed hardware selectable

002aad168

Fig 4. Slave address

The last bit of the address byte defines the operation to be performed. When set to logic 1
a read is selected, while a logic 0 selects a write operation.

7.1.2 LED All Call 12C-bus address

¢ Default power-up value (ALLCALLADR register): EOh or 1110 000X

* Programmable through 12C-bus (volatile programming)

* Atpower-up, LED All CaIII_ZC-bus address is enabled. PCA9685 sends an ACK when
EOh (R/W = 0) or E1h (R/W = 1) is sent by the master.

See Section 7.3.7 “ALLCALLADR, LED All Call I2C-bus address” for more detail.

Remark: The default LED All Call 12C-bus address (EOh or 1110 000X) must not be used
as a regular I2C-bus slave address since this address is enabled at power-up. All the
PCA9685s on the 12C-bus will acknowledge the address if sent by the 12C-bus master.

7.1.3 LED Sub Call I2C-bus addresses

e 3 different 12C-bus addresses can be used
* Default power-up values:
— SUBADRI register: E2h or 1110 001X
— SUBADR?2 register: E4h or 1110 010X
— SUBADRS register: E8h or 1110 100X
* Programmable through I2C-bus (volatile programming)

* At power-up, Sub Call I1°C-bus addresses are disabled. PCA9685 does not send an
ACK when E2h (R/W = 0) or E3h (R/W = 1), E4h (R/W = 0) or E5h (R/W = 1), or
E8h (R/W = 0) or E9h (R/W = 1) is sent by the master.

See Section 7.3.6 “SUBADR1 to SUBADRS, 12C-bus subaddress 1 to 3” for more detail.

Remark: The default LED Sub Call 12C-bus addresses may be used as regular 12C-bus
slave addresses as long as they are disabled.
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7.1.4

7.2

PCA9685

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

Software Reset 12C-bus address

The address shown in Figure 5 is used when a reset of the PCA9685 needs to be
performed by the master. The Software Reset address (SWRST Call) must be used with
R/W = logic 0. If R/W = logic 1, the PCA9685 does not acknowledge the SWRST. See
Section 7.6 “Software reset” for more detalil.

RIW

'

oOojJojojojfo 1 110

002aab416

Fig 5. Software Reset address

Remark: The Software Reset I2C-bus address is a reserved address and cannot be used
as a regular 12C-bus slave address or as an LED All Call or LED Sub Call address.

Control register

Following the successful acknowledgement of the slave address, LED All Call address or
LED Sub Call address, the bus master will send a byte to the PCA9685, which will be
stored in the Control register.

This register is used as a pointer to determine which register will be accessed.

D7 | D6 | D5 | D4 | D3 | D2 | D1 | DO

002aac826

reset state = 00h
Remark: The Control register does not apply to the Software Reset 12C-bus address.

Fig 6. Control register
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7.3 Register definitions

Table 4. Register summary

Register# Register# D7 D6 D5 D4 D3 D2 D1 DO Name Type Function

(decimal) |(hex)

0 00 0O o0 o o o 0 0 0O MODE1l read/write | Mode register 1

1 01 0O o o o o 0 0 1 MODE2 read/write | Mode register 2

2 02 0O [0 0 0 O O |1 0 |SUBADR1 read/write |12C-bus subaddress 1

3 03 0O 0 O O O 0 1 1 SUBADR2 read/write |12C-bus subaddress 2

4 04 0O [0 0 0 O 1 |0 O |SUBADR3 read/write |12C-bus subaddress 3

5 05 0O 0 0O 0 O 1 |0 |1 ALLCALLADR read/write |LED All Call 12C-bus
address

6 06 0O 0 O O O 1 1 0 LEDO ON_L read/write | LEDO output and
brightness control byte 0

7 07 0O 0 O o0 O 1 1 |1 LEDO ONH read/write | LEDO output and
brightness control byte 1

8 08 0O 0 O O 1 0 0 0 LEDOOFF_L read/write | LEDO output and
brightness control byte 2

9 09 0O 0 O O 1 0 0 |1 LEDO OFF_H read/write | LEDO output and
brightness control byte 3

10 0A 0O 0O O 0 1 0 1 0 |LED1.ONL read/write |LED1 output and
brightness control byte 0

11 0B 0 O O 0 1 0 1 |1 LED1.ON_H read/write |LED1 output and
brightness control byte 1

12 oC 0O 0 O O 1 1 0 0 LED1 OFF.L read/write | LED1 output and
brightness control byte 2

13 oD 0O 0 o o0 1 1 0 |1 LED1 OFFH read/write | LED1 output and
brightness control byte 3

14 OE 0O 0 0 O 1 1 1 0 LED2_ON_L read/write |LED2 output and
brightness control byte 0

15 OF 0O 0 O O 1 1 1 |1 |LED2 ONH read/write |LED2 output and
brightness control byte 1

16 10 0O O O 1 0 0 0 |0 |LED2 OFF L read/write | LED2 output and
brightness control byte 2

17 11 0O 0 O 1 0 0 0 |1 LED2OFF_H read/write | LED2 output and
brightness control byte 3

18 12 0O 0O 0O 1 0 0 1 0 LED3 ON_L read/write | LED3 output and
brightness control byte 0

19 13 0O 0 O 1 0 0 1 |1 LED3 ON_H read/write | LED3 output and
brightness control byte 1

20 14 0O 0 O 1 0 1 0 0 LED3OFF_L read/write | LED3 output and
brightness control byte 2

21 15 O 0 o 1 0 1 0 |1 LED3 OFFH read/write | LED3 output and
brightness control byte 3
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Table 4.  Register summary ...continued
Register# Register# D7 D6 D5 D4 D3 D2 D1 DO Name Type Function
(decimal) |(hex)
22 16 0O O O 1 0 1 1 0 |LED4 ON L read/write | LED4 output and
brightness control byte 0
23 17 0O 0 O 1 0 1 1 |1 |LED4 ONH read/write | LEDA4 output and
brightness control byte 1
24 18 0O 0 O 1 1 0 0 0 LED4 OFF_L read/write | LED4 output and
brightness control byte 2
25 19 0O 0 o 1 1 0 0 |1 LED4 OFFH read/write | LED4 output and
brightness control byte 3
26 1A 0O 0O O 1 1 0 1 0 LED5ON_L read/write | LED5 output and
brightness control byte 0
27 1B 0O 0 O 1 1 0 1 |1 LED5 ONH read/write | LEDS5 output and
brightness control byte 1
28 1C 0O 0O O 1 1 1 0 |0 |LED5 OFF L read/write | LEDS5 output and
brightness control byte 2
29 1D 0 o0 o 1 1 1 0 |1 LED5 OFFH read/write | LEDS5 output and
brightness control byte 3
30 1E 0O 0 0O 1 1 1 1 0 LED6_ON_L read/write | LEDG6 output and
brightness control byte 0
31 1F 0O o o 1 1 1 1 |1 |LED6 ON H read/write | LEDG6 output and
brightness control byte 1
32 20 0O 0 1 0 0 0 |0 0 LED6 OFF_L read/write | LEDG6 output and
brightness control byte 2
33 21 0O 0 1 0 0 0 0 |1 LED6 OFFH read/write LEDG6 output and
brightness control byte 3
34 22 0O O 1 0 0 0 1 0 |LED7.ON_L read/write |LED7 output and
brightness control byte 0
35 23 0O 0 1 0 0 0 |1 |1 LED7_ON_H read/write |LED7 output and
brightness control byte 1
36 24 0O 0 1 0 0 1 0 |0 |LED7 OFF L read/write | LED7 output and
brightness control byte 2
37 25 0O 0 1 0 0 1 0 |1 LED7 OFFH read/write | LED7 output and
brightness control byte 3
38 26 0O 0 1 0 0 1 1 0 LED8 ON_L read/write | LEDS8 output and
brightness control byte 0
39 27 0O 0 1 0 0 1 1 |1 |LED8 ONH read/write |LEDS8 output and
brightness control byte 1
40 28 0O 0 1 0 1 0 0 0 LED8 OFF_L read/write | LED8 output and
brightness control byte 2
41 29 0O 0 1 0 1 0 0 |1 LED8 OFFH read/write | LED8 output and
brightness control byte 3
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Table 4.  Register summary ...continued
Register# Register# D7 D6 D5 D4 D3 D2 D1 DO Name Type Function
(decimal) |(hex)
42 2A 0O 0 1 0 1 0 1 0 |LED9 ON L read/write | LED9 output and
brightness control byte 0
43 2B 0O 0 1 0 1 0 1 |1 |LED9 ON_H read/write |LED9 output and
brightness control byte 1
44 2C 0O 0 1 0 1 1 0 0 LED9 OFF._L read/write | LED9 output and
brightness control byte 2
45 2D 0O o0 1 0 1 1 0 |1 |LED9 OFFH read/write | LED9 output and
brightness control byte 3
46 2E 0O 0 1 0 1 1 1 0 |LED10 ON_L read/write | LED10 output and
brightness control byte 0
47 2F 0O 0 1 0 1 1 1 1 LED10O_ON_H read/write  LED10 output and
brightness control byte 1
48 30 0O 0 1 1 0 0 0 |0 |LED10 OFF L read/write | LED10 output and
brightness control byte 2
49 31 0 0 1 1 0 O 0 1 LED10_OFF_H read/write  LED10 output and
brightness control byte 3
50 32 0 0 1 1 0 0 |1 0 LED11_ON_L read/write |LED11 output and
brightness control byte 0
51 33 0O o0 1 1 0 0 1 |1 LED11 ONH read/write | LED11 output and
brightness control byte 1
52 34 0O 0 1 1 0 1 0 |0 LED11 OFF_L read/write | LED11 output and
brightness control byte 2
53 35 0O 0 1 1 0 1 0 |1 |LED11 OFF H read/write |LED11 output and
brightness control byte 3
54 36 0O 0O 1 1 0 1 1 0 |LED12 ON L read/write |LED12 output and
brightness control byte 0
55 37 0 0 1 1 0 1 1 1 LED12_.ON_H read/write LED12 output and
brightness control byte 1
56 38 0O 0 1 1 1 0 0 |0 |LED12 OFF L read/write | LED12 output and
brightness control byte 2
57 39 0O 0 1 1 1 0 0 1 LED12 OFF_H read/write |LED12 output and
brightness control byte 3
58 3A 0O 0 1 1 1 0 1 |0 LED13_ON_L read/write  LED13 output and
brightness control byte 0
59 3B 0 o0 1 17 1 0 1 |1 LED13 ONH read/write | LED13 output and
brightness control byte 1
60 3C 0O 0 1 1 1 1 0 0 |LED13 OFF_L read/write | LED13 output and
brightness control byte 2
61 3D 0O 0 1 1 1 1 0 1 LED13_OFF_H read/write |LED13 output and
brightness control byte 3
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Table 4. Register summary ...continued

Register# Register# D7 D6 D5 D4 D3 D2 D1 DO Name Type Function
(decimal) |(hex)
62 3E 0O 0 1 1 1 1 1 0 |LED14 ON L read/write |LED14 output and
brightness control byte 0
63 3F 0O 0 1 1 1 1 1 1 LED14 ON_H read/write |LED14 output and
brightness control byte 1
64 40 0 12 0 O 0 0O 0 0 |LED14 OFF_L read/write | LED14 output and
brightness control byte 2
65 41 0 1 0 o0 o0 0 0 |1 LED14 OFF H read/write | LED14 output and
brightness control byte 3
66 42 0O 12 0 O 0O O 1 0 |LED15 ON_L read/write |LED15 output and
brightness control byte 0
67 43 0O 1 0 0 0 0 1 1 LED15 ON_H read/write | LED15 output and
brightness control byte 1
68 44 0O 1 0 0 0 1 0 |0 |LED15 OFF L read/write |LED15 output and
brightness control byte 2
69 45 0 1 0 O O 1 0 1 LED15_OFF_H read/write  LED15 output and

brightness control byte 3
reserved for future us

[¢]

250 FA 1 /1 1 1 1 0 |1 0 ALLLED ONL write/read |load all the LEDn_ON
zero registers, byte 0
251 FB 1 /2 1 1 1 0 |1 1 |ALL_LED ON_H |write/read |load all the LEDn_ON
zero registers, byte 1
252 FC 1 1 1 1 1 1 |0 |0 |ALL_LED OFF L write/read |load all the LEDn_OFF
zero registers, byte 0
253 FD 1 1 1 1 1 |2 0 1 ALL_LED OFF_H |write/read load all the LEDn_OFF
zero registers, byte 1
254 FE 1 1 1 1 1 1 1 0 |PRE_SCALEM read/write | prescaler for PWM output
frequency
255 FF 1 112 1 1 1 1 1 1 |TestMode read/write  defines the test mode to
be entered

All further addresses are reserved for future use; reserved addresses will not be acknowledged.

[1] Writes to PRE_SCALE register are blocked when SLEEP bit is logic 0 (MODE 1).

[2] Reserved. Writes to this register may cause unpredictable results.

Remark: Auto Increment past register 69 will point to MODEL1 register (register 0).
Auto Increment also works from register 250 to register 254, then rolls over to register 0.
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7.3.1 Mode register 1, MODEL1

Table 5. MODEL - Mode register 1 (address 00h) bit description
Legend: * default value.

Bit |Symbol Access |Value | Description
7 RESTART |R Shows state of RESTART logic. See Section 7.3.1.1 for detail.
W User writes logic 1 to this bit to clear it to logic 0. A user write of logic O will have no
effect. See Section 7.3.1.1 for detail.
0* Restart disabled.
1 Restart enabled.
6 EXTCLK R/W To use the EXTCLK pin, this bit must be set by the following sequence:

1. Set the SLEEP bit in MODEL. This turns off the internal oscillator.

2. Write logic 1s to both the SLEEP and EXTCLK bits in MODEL1. The switch is
now made. The external clock can be active during the switch because the
SLEEP bit is set.

This bit is a ‘sticky bit’, that is, it cannot be cleared by writing a logic O to it. The
EXTCLK bit can only be cleared by a power cycle or software reset.
EXTCLK range is DC to 50 MHz.

EXTCLK
4096 x (prescale +1)

refresh_rate =

0* Use internal clock.
1 Use EXTCLK pin clock.
5 Al R/W 0* Register Auto-Increment disabled[tl.
Register Auto-Increment enabled.
4 SLEEP R/IW 0 Normal model2l,
1* Low power mode. Oscillator offl3l4],
3 SuUB1 R/W (0 PCA9685 does not respond to I2C-bus subaddress 1.
1 PCA9685 responds to 12C-bus subaddress 1.
2 SuB2 R/W (0 PCA9685 does not respond to I2C-bus subaddress 2.
1 PCA9685 responds to 12C-bus subaddress 2.
1 SUB3 R/W (0 PCA9685 does not respond to I2C-bus subaddress 3.
PCA9685 responds to 12C-bus subaddress 3.
0 ALLCALL R/W 0 PCA9685 does not respond to LED All Call 12C-bus address.
1* PCA9685 responds to LED All Call I2C-bus address.

[1] When the Auto Increment flag is set, Al = 1, the Control register is automatically incremented after a read or write. This allows the user
to program the registers sequentially.

[2] It takes 500 pus max. for the oscillator to be up and running once SLEEP bit has been set to logic 0. Timings on LEDn outputs are not
guaranteed if PWM control registers are accessed within the 500 us window. There is no start-up delay required when using the
EXTCLK pin as the PWM clock.

[3] No PWM control is possible when the oscillator is off.

[4] When the oscillator is off (Sleep mode) the LEDn outputs cannot be turned on, off or dimmed/blinked.
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7.3.1.1 Restart mode

If the PCA9685 is operating and the user decides to put the chip to sleep (setting MODE1
bit 4) without stopping any of the PWM channels, the RESTART bit (MODEZ1 bit 7) will be
set to logic 1 at the end of the PWM refresh cycle. The contents of each PWM register are
held valid when the clock is off.

To restart all of the previously active PWM channels with a few 12C-bus cycles do the
following steps:

1. Read MODEJ1 register.

2. Check that bit 7 (RESTART) is a logic 1. If it is, clear bit 4 (SLEEP). Allow time for
oscillator to stabilize (500 us).

3. Write logic 1 to bit 7 of MODEL1 register. All PWM channels will restart and the
RESTART bit will clear.

Remark: The SLEEP bit must be logic O for at least 500 us, before a logic 1 is written into
the RESTART bit.

Other actions that will clear the RESTART bit are:

1. Power cycle.
2. I12C Software Reset command.

3. If the MODE2 OCH bit is logic 0, write to any PWM register then issue an 12C-bus
STOP.

4. If the MODE2 OCH bit is logic 1, write to all four PWM registers in any PWM channel.

Likewise, if the user does an orderly shutdown? of all the PWM channels before setting
the SLEEP bit, the RESTART bit will be cleared. If this is done the contents of all PWM
registers are invalidated and must be reloaded before reuse.

An example of the use of the RESTART bit would be the restoring of a customer’s laptop
LCD backlight intensity coming out of Standby to the level it was before going into
Standby.

1. Two methods can be used to do an orderly shutdown. The fastest is to write a logic 1 to bit 4 in register ALL_LED_OFF_H. The
other method is to write logic 1 to bit 4 in each active PWM channel LEDn_OFF_H register.

PCA9685
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Mode register 2, MODE2

Table 6. MODE2 - Mode register 2 (address 01h) bit description

Legend: * default value.

Bit Symbol

Access Value Description

7t05 |- read only 000* reserved
4 INVRTH RIW o* Output logic state not inverted. Value to use when external driver used.
Applicable when OE = 0.
1 Output logic state inverted. Value to use when no external driver used.
Applicable when OE = 0.
3 OCH R/W (0 Outputs change on STOP command[2l,
Outputs change on ACKEL,
2 OUTDRVU R/W 0 The 16 LEDn outputs are configured with an open-drain structure.
1* The 16 LEDn outputs are configured with a totem pole structure.
1to 0 |OUTNE[L:0]¥ R/W 00* When OE = 1 (output drivers not enabled), LEDn = 0.
01 When OE =1 (output drivers not enabled):

LEDn = 1 when OUTDRV =1
LEDn = high-impedance when OUTDRYV = 0 (same as OUTNE[1:0] = 10)

1X When OE =1 (output drivers not enabled), LEDn = high-impedance.

[1] See Section 7.7 “Using the PCA9685 with and without external drivers” for more details. Normal LEDs can be driven directly in either

mode. Some newer LEDs include integrated Zener diodes to limit voltage transients, reduce EMI, protect the LEDs and these must be
driven only in the open-drain mode to prevent overheating the IC. Power on reset default state of LEDn output pins is LOW.

[2] Change of the outputs at the STOP command allows synchronizing outputs of more than one PCA9685. Applicable to registers from
06h (LEDO_ON_L) to 45h (LED15_OFF_H) only. 1 or more registers can be written, in any order, before STOP.

[3] Update on ACK requires all 4 PWM channel registers to be loaded before outputs will change on the last ACK.

[4] See Section 7.4 “Active LOW output enable input” for more details.

7.3.3

PCA9685

LED output and PWM control

The turn-on time of each LED driver output and the duty cycle of PWM can be controlled
independently using the LEDn_ON and LEDn_OFF registers.

There will be two 12-bit registers per LED output. These registers will be programmed by
the user. Both registers will hold a value from 0 to 4095. One 12-bit register will hold a
value for the ON time and the other 12-bit register will hold the value for the OFF time. The
ON and OFF times are compared with the value of a 12-bit counter that will be running
continuously from 0000h to OFFFh (0 to 4095 decimal).

Update on ACK requires all 4 PWM channel registers to be loaded before outputs will
change on the last ACK.

The ON time, which is programmable, will be the time the LED output will be asserted and
the OFF time, which is also programmable, will be the time when the LED output will be
negated. In this way, the phase shift becomes completely programmable. The resolution
for the phase shift is Y96 Of the target frequency. Table 7 lists these registers.

The following two examples illustrate how to calculate values to be loaded into these
registers.
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Example 1: (assumes that the LEDO output is used and

(delay time) + (PWM duty cycle) < 100 %)
Delay time = 10 %; PWM duty cycle = 20 % (LED on time = 20 %; LED off time = 80 %).
Delay time = 10 % = 409.6 ~ 410 counts = 19Ah.

Since the counter starts at 0 and ends at 4095, we will subtract 1, so delay time = 199h
counts.
LEDO_ON_H = 1h; LEDO_ON_L = 99h (LED start turn on after this delay count to
409)

LED on time = 20 % = 819.2 ~ 819 counts.
LED off time = 4CCh (decimal 410 + 819 — 1 = 1228)
LEDO_OFF_H = 4h; LEDO_OFF_L = CCh (LED start turn off after this count to 1228)

STOP
4095 |0 4095 |0 4095 |0
LED OFF
example 1
LEDn_ON —= 409 —= 409 —= 409
LEDn_OFF 1228 1228 1228
| | | | | | | | | |

002aad812

Fig 7. LED output, example 1

Example 2: (assumes that the LED4 output is used and
(delay time) + (PWM duty cycle > 100 %)
Delay time = 90 %; PWM duty cycle =90 % (LED on time = 90 %; LED off time = 10 %).
Delay time = 90 % = 3686.4 ~ 3686 counts — 1 = 3685 = E65h.
LED4_ON_H = Eh; LED4_ON_L = 65h (LED start turn on after this delay count to
3685)
LED on time = 90 % = 3686 counts.

Since the delay time and LED on period of the duty cycle is greater than 4096 counts,
the LEDn_OFF count will occur in the next frame. Therefore, 4096 is subtracted from
the LEDn_OFF count to get the correct LEDn_OFF count. See Figure 9, Figure 10 and
Figure 11.

LED off time = CCBh (decimal 3685 + 3686 = 7372 — 4096 = 3275)

LED4 OFF_H = Ch; LED4_OFF_L = CBh (LED start turn off after this count to 3275)

STOP
0 4095 |0 4095 |0 4095 |0
example 2 !_ LED ON (90 %) | | | |
LEDNn_ON | | |
3685 3685 3685
LEDNn_OFF 3275 3275
| | | | | | |

002aad813

Fig 8. LED output, example 2
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SToP
0 4095 |0 4095 |0 4095 |0
example 1
LEDn_ON |—»/511 ‘ /511 ‘ /511 ‘
LEDn_OFF 13071 13071 13071
example 2

LEDn_ ON ————»{2047

LEDn_OFF

:'—>\ 2047
767

:'—>\ 2047
767

example 3

LEDn_ON 1023

example 4 off

LEDn_ON 1023
LEDNn_OFF 1023

Example 1: LEDn_ON (511) < LEDn_OFF (3071)
Example 2: LEDn_ON (2047) > LEDn_OFF (767)
Example 3: LEDn_ON[12] = 1; LEDn_ON[11:0] = 1022; LEDn_OFF[12] = 0; LEDn_OFF[11:0] = don't care
Example 4: LEDn_ON[12] = 0; LEDn_OFF[12] = 0; LEDn_ONJ[11:0] = LEDn_OFF[11:0]

Fig 9. Output example

002aad193
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16-channel, 12-bit PWM Fm+ I2C-bus LED controller

STOP
0 4095 |0 4095 |0 4095 |0
+—— register(s) updated in this cycle —=<—— output(s) updated in this cycle —|
example 1 | |
LEDn_ON |—|511 ‘ ] 511‘ 511
LEDn_OFF 13071 ————11023 1023
example 2 |— |—
LEDn_ON —|511 ‘ {767 | 767
LEDNn_OFF 13071 ——11023 ——11023
example 3
LEDn_ON |—|511 ‘ 3071
LEDn_OFF 13071 1023
example 4 off
LEDn_ON |—»/511 ‘
LEDn_OFF 13071
002aad194
Example 1: LEDn_ON unchanged and LEDn_OFF decreased.
Example 2: LEDn_ON increased and LEDn_OFF decreased.
Example 3: LEDn_ON made > LEDn_OFF.
Example 4: LEDn_OFF[12] setto 1.
Fig 10. Update examples when LEDn_ON < LEDn_OFF
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STOP
0 4095 |0 4095 |0 4095 4095 |0
r«— register(s) updated in this cycle — r«—— output(s) updated in this cycle —|
example 1
LEDn_ON 13071 ‘ 13071
LEDn_OFF ——11023 —=i511
example 2
LEDn_ON 3071 ‘ | 3413 3413 ‘
LEDn_OFF 11023 511 —i511
example 3 |_ |_
LEDn_ON 13071 ‘ |3071 |3071
LEDn_OFF ————11023 » 3413 13413
on
example 4 off
LEDn_ON
LEDNn_OFF
002aad195

Fig 11.

Example 1: LEDn_ON unchanged and LEDn_OFF decreased, but delay still > LEDn_OFF
Example 2: LEDn_ON changed and LEDn_OFF changed, but delay still > LEDn_OFF
Example 3: LEDn_ON unchanged and LEDn_OFF increased where LEDn_ON < LEDn_OFF

Example 4: LEDn_ON[12] = 1 and LEDn_OFF[12] changed from 0 to 1
Update examples when LEDn_ON > LEDn_OFF
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PCA9685

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

Table 7. LED_ON, LED_OFF control registers (address 06h to 45h) bit description
Legend: * default value.
Address Register Bit | Symbol Access Value Description
06h 'LEDO_ON_L 7.0 LEDO_ON_L[7:0] R/W 10000 0000* LEDN_ON count for LEDO, 8 LSBs
07h LEDO_ON_H 7:5 reserved R 000* non-writable

4 LEDO_ON_H[4] R/W B LEDO full ON

3:0 LEDO_ON_H[3:0] R/W 0000* LEDn_ON count for LEDO, 4 MSBs
08h LEDO_OFF_L 7:0 LEDO_OFF_L[7:0] R/W 0000 0000* LEDn_OFF count for LEDO, 8 LSBs
09h LEDO_ OFF H 75 reserved R 1000* non-writable

4 LEDO_OFF_H[4] R/W T LEDO full OFF

3.0 |LEDO_OFF H[3:0] R/W 0000*
0Ah LED1 ON_L 7:0 LED1_ON_L[7:0] R/MW 0000 0000* LEDN_ON count for LED1, 8 LSBs
0Bh 'LED1_ON_H 75  reserved R 000* non-writable

4 LED1_ON_H[4] R/W 0* LEDA full ON

3:0 LED1_ON_H[3:0] R/W 0000* LEDn_ON count for LED1, 4 MSBs
0Ch LED1_OFF L 7.0 |LED1_OFF_L[7:0] R/W 10000 0000* LEDN_OFF count for LED1, 8 LSBs
0Dh LED1_OFF_H 7:5 |reserved R 000* non-writable

4 LED1_OFF_H[4] R/W 1* LED1 full OFF

3.0 |LED1_OFF H[3:0] R/W 0000* LEDnN_OFF count for LED1, 4 MSBs
OEh LED2_ON_L 7.0 |LED2_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED2, 8 LSBs
OFh LED2_ON_H 75 reserved R 000* non-writable

4  LED2 ON_H[4] RW LED2 full ON

3:0 |LED2_ON_H[3:0] R/W 0000* |LEDN_ON count for LED2, 4 MSBs
10h LED2_OFF_L 7.0 LED2_OFF_L[7:0] R/MW 0000 0000* LEDN_OFF count for LED2, 8 LSBs
11h LED2 OFF H 75 reserved R 000* non-writable

4 LED2_OFF_H[4] R/W 1* LED2 full OFF

3.0 |LED2_OFF _H[3:0] R/W 0000* LEDn_OFF count for LED2, 4 MSBs
12h LED3_ON_L 7.0 |LED3_ON_L[7:0] R/W 10000 0000* LEDN_ON count for LED3, 8 LSBs
13h LED3_ON_H 7:5 reserved R 000* non-writable

4 LED3_ON_H[4] R/W 0* LED3 full ON

3:0 LED3_ON_H[3:0] R/W 0000* LEDn_ON count for LED3, 4 MSBs
14h LED3_OFF L 7.0 |LED3_OFF L[7:0] R/W 0000 0000* LEDn_OFF count for LED3, 8 LSBs
15h LED3 _OFF_H 75 |reserved R 000* non-writable

4 LED3_OFF_H[4] R/W T LED3 full OFF

3:0 LED3_OFF_H[3:0] R/W 0000* |LEDnNn_OFF count for LED3, 4 MSBs
16h LED4 ON_L 7.0 LED4 ON_L[7:0] R/W 0000 0000* LEDN_ON count for LED4, 8 LSBs
17h 'LED4 ON_H 75  reserved R 000* non-writable

4 LED4_ON_H[4] R/W 0* LED4 full ON

3:0 LED4_ON_H[3:0] R/W 0000* |LEDnN_ON count for LED4, 4 MSBs

PCA9685
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PCA9685

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

LED ON, LED_OFF control registers (address 06h to 45h) bit description ...continued

PCA9685

All information provided in this document is subject to legal disclaimers.

Address Register Bit | Symbol Access Value Description
'18h LED4_OFF L 7.0 LED4 OFF_L[7:0] R/MW 10000 0000* LEDN_OFF count for LED4, 8 LSBs
19h LED4_OFF_H 7:5 |reserved R 000* non-writable

4 LED4_OFF_H[4] R/W 1* LED4 full OFF

3:0 LED4_OFF_H[3:0] R/W 0000* |LEDnN_OFF count for LED4, 4 MSBs
1Ah LED5_ON_L 7.0 |LED5 ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED5, 8 LSBs
1Bh LED5 ON_H 7:5 reserved R 000* non-writable

4 LED5_ON_H[4] R/W 0* LEDS full ON

3:0 LED5_ON_H[3:0] R/W 0000* |LEDnN_ON count for LED5, 4 MSBs
1Ch LED5_OFF_L 7:0 LED5_OFF_L[7:0] R/W 0000 0000* LEDn_OFF count for LED5, 8 LSBs
1Dh LED5 OFF H 75 |reserved R 000* non-writable

4 LED5_OFF_H[4] R/W 1* LED5 full OFF

3.0 LED5_OFF_H[3:0] R/W 0000* LEDn_OFF count for LED5, 4 MSBs
1Eh LED6_ON_L 7:0 LED6_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED6, 8 LSBs
1Fh LED6_ON_H 75 reserved R 000* non-writable

4 LED6_ON_HI[4] R/W 0* LEDS6 full ON

3.0 LED6_ON_H[3:0] R/W 0000* LEDn_ON count for LED6, 4 MSBs
20h LED6_OFF_L 7.0 |LED6_OFF L[7:0] R/W 0000 0000* LEDn_OFF count for LED6, 8 LSBs
21h LED6_OFF H 75 |reserved R 000* non-writable

4 LED6_OFF_H[4] R/W 1* LEDG full OFF

3.0 |LED6_OFF H[3:0] R/W 0000* LEDn_OFF count for LED6, 4 MSBs
22h LED7_ON_L 7:0 LED7_ON_L[7:0] R/MW 0000 0000* LEDn_ON count for LED7, 8 LSBs
23h LED7 ON_H 75 reserved R 000* non-writable

4 LED7_ON_H[4] R/W 0* LED7 full ON

3:0 LED7_ON_H[3:0] R/W 0000* LEDn_ON count for LED7, 4 MSBs
24h LED7 OFF_L 7:0 LED7_OFF_L[7:0] R/MW 0000 0000* LEDn_OFF count for LED7, 8 LSBs
25h LED7_OFF _H 75 |reserved R 000* non-writable

4 LED7_OFF_H[4] RIW 1* LED7 full OFF

3:0 LED7_OFF_H[3:0] R/W 0000* |LEDnN_OFF count for LED7, 4 MSBs
26h LED8_ON_L 7.0 |LEDS8 ON_L[7:0] R/W 0000 0000* LEDNn_ON count for LED8, 8 LSBs
27h LED8_ON_H 7:5 reserved R 000* non-writable

4 LED8_ON_H[4] R/W 0* LEDS full ON

3:0 LED8 _ON_H[3:0] R/W 0000* LEDn_ON count for LED8, 4 MSBs
28h LED8_OFF_L 7:0 LED8_OFF_L[7:0] R/W 0000 0000* LEDn_OFF count for LEDS, 8 LSBs
29h LED8_OFF H 75 |reserved R 000* non-writable

4 LED8_OFF_H[4] R/W 1* LEDS full OFF

3.0 LED8_OFF_H[3:0] R/W 0000* LEDn_OFF count for LED8, 4 MSBs
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16-channel, 12-bit PWM Fm+ I2C-bus LED controller

LED ON, LED_OFF control registers (address 06h to 45h) bit description ...continued

PCA9685
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Address Register Bit | Symbol Access Value Description
2Ah LED9 ON_L 7:0 LED9 ON_L[7:0] R/MW 10000 0000* LEDN_ON count for LED9, 8 LSBs
2Bh LED9_ON_H 7:5 reserved R 000* non-writable

4 LED9_ON_HI[4] R/W 0* LEDO full ON

3:0 LED9 ON_H[3:0] R/W 0000* LEDn_ON count for LED9, 4 MSBs
2Ch LED9_OFF L 7.0 |LED9_OFF L[7:0] R/W 0000 0000* LEDn_OFF count for LED9, 8 LSBs
2Dh LED9_OFF H 75 |reserved R 000* non-writable

4 LED9_OFF_H[4] R/W 1* LED?9 full OFF

3:0 LED9_OFF_H[3:0] R/W 0000* |LEDn_OFF count for LED9, 4 MSBs
2Eh LED10_ON_L 7:0 LED10_ON_L[7:0] R/W 0000 0000* LEDN_ON count for LED10, 8 LSBs
2Fh LED10_ON_H 75 |reserved R 000* non-writable

4 LED10_ON_H[4] R/ 0* LED10 full ON

3:0 LED10_ON_H[3:0] R/W 0000* LEDnN_ON count for LED10, 4 MSBs
30h LED10_OFF_L 7:0 LED10_OFF_L[7:0] R/W 0000 0000* LEDn_OFF count for LED10, 8 LSBs
31h LED10_OFF_H |7:5 reserved R 000* non-writable

4 LED10_OFF H[4] R/W 1* LED10 full OFF

3:0 LED10_OFF_H[3:0] R/W 0000* |LEDnN_OFF count for LED10, 4 MSBs
32h LED11_ON_L 7.0 |LED11_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED11, 8 LSBs
33h LED11 ON_H 7:5 reserved R 000* non-writable

4 LED11_ON_H[4] R/W 0* LED11 full ON

3.0 |LED11_ON_H[3:0] R/W 0000* LEDn_ON count for LED11, 4 MSBs
34h LED11 OFF L 7:0 LED11_OFF L[7:0] R/W 0000 0000* LEDn_OFF count for LED11, 8 LSBs
35h LED11_ OFF H |7:5 reserved R 000* non-writable

4 LED11_OFF_H[4] R/W 1* LED11 full OFF

3.0 LED11_OFF_H[3:0] R/W 0000* LEDn_OFF count for LED11, 4 MSBs
36h LED12 ON_L 7:0 LED12_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED12, 8 LSBs
37h LED12_ON_H 75 |reserved R 000* non-writable

4 LED12 ON_H[4] R/MW 0* LED12 full ON

3:0 LED12_ON_H[3:0] R/W 0000* |LEDnN_ON count for LED12, 4 MSBs
38h LED12 OFF L 7.0 LED12_OFF _L[7:0] R/W 0000 0000* LEDn_OFF count for LED12, 8 LSBs
39h LED12 OFF_H |7:5 reserved R 000* non-writable

4 LED12_OFF_H[4] R/W 1* LED12 full OFF

3.0 |LED12_OFF_H[3:0] R/W 0000* LEDn_OFF count for LED12, 4 MSBs
3Ah LED13_ON_L 7:0 LED13_ON_L[7:0] R/W 0000 0000* LEDN_ON count for LED13, 8 LSBs
3Bh LED13 ON_H 75 |reserved R 000* non-writable

4 LED13_ON_H[4] R/W 0* LED13 full ON

3:0 LED13_ON_H[3:0] R/W 0000* LEDnN_ON count for LED13, 4 MSBs
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Table 7. LED ON, LED_OFF control registers (address 06h to 45h) bit description ...continued
Legend: * default value.
Address Register Bit | Symbol Access Value Description
3Ch LED13_OFF_L 7:0 LED13_OFF_L[7:0] R/W 0000 0000* LEDn_OFF count for LED13, 8 LSBs
3Dh LED13_OFF_H |7:5 reserved R 000* non-writable

4 LED13 OFF H[4] R/W 1* LED13 full OFF

3:0 LED13_OFF_H[3:0] R/W 0000* |LEDnN_OFF count for LED13, 4 MSBs
3Eh LED14_ON_L 7.0 LED14_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED14, 8 LSBs
3Fh LED14 ON_H 7:5 |reserved R 000* non-writable

4 LED14_ON_H[4] R/W 0* LED14 full ON

3:0 LED14_ON_H[3:0] R/W 0000* |LEDnN_ON count for LED14, 4 MSBs
40h LED14 OFF L 7.0 LED14 OFF _L[7:0] R/W 0000 0000* LEDn_OFF count for LED14, 8 LSBs
41h LED14 OFF H |7:5 reserved R 000* non-writable

4 LED14_OFF_H[4] R/W 1* LED14 full OFF

3.0 |LED14 _OFF_H[3:0] R/W 0000* LEDn_OFF count for LED14, 4 MSBs
42h LED15 ON L 7.0 |LED15 ON_L[7:0] R/ 0000 0000* LEDN_ON count for LED15, 8 LSBs
43h LED15_ON_H 75 |reserved R 000* non-writable

4 LED15 ON_H[4] R/W 0* LED15 full ON

3:0 LED15_ON_H[3:0] R/W 0000* |LEDnN_ON count for LED15, 4 MSBs
44h LED15_ OFF L  7:0 LED15 OFF_L[7:0] R/W 0000 0000* LEDn_OFF count for LED15, 8 LSBs
45h LED15 OFF_ H |7:5 reserved R 000* non-writable

4 LED15_OFF_H[4] R/W 1* LED15 full OFF

3:0 LED15_OFF_H[3:0] |R/W 0000* | LEDn_OFF count for LED15, 4 MSBs

PCA9685

The LEDn_ON_H output control bit 4, when set to logic 1, causes the output to be always
ON. The turning ON of the LED is delayed by the amount in the LEDn_ON registers.
LEDn_OFF[11:0] are ignored. When this bit = 0, then the LEDn_ON and LEDn_OFF

registers are used according to their normal definition.

The LEDn_OFF_H output control bit 4, when set to logic 1, causes the output to be
always OFF. In this case the values in the LEDn_ON registers are ignored.

Remark: When all LED outputs are configured as ‘always OFF’, the prescale counter and
all associated PWM cycle timing logic are disabled. If LEDn_ON_H[4] and
LEDn_OFF_H[4] are set at the same time, the LEDn_OFF_HJ[4] function takes
precedence.

All information provided in this document is subject to legal disclaimers.

© NXP Semiconductors N.V. 2015. All rights reserved.

Product data sheet

Rev. 4 — 16 April 2015

24 of 52







NXP Semiconductors PCA9685

7.3.4

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

ALL_LED_ON and ALL_LED_OFF control

The ALL_LED_ON and ALL_LED_OFF registers allow just four [2C-bus write sequences
to fill all the ON and OFF registers with the same patterns.

Table 8. ALL_LED_ON and ALL_LED_OFF control registers (address FAh to FEh) bit description
Legend: * default value.
Address Register Bit 'Symbol Access Value Description
FAh ALL_LED ON_L |7:0 |ALL_LED_ON_L[7:0] ‘Wonly 0000 0000* LEDn_ON countfor ALL_LED, 8 MSBs
FBh ALL LED ON_H |7:5 |reserved R 000* non-writable
4 ALL_LED_ON_H[4] W only 1* ALL_LED full ON
3:0 |/ALL_LED_ON_H[3:0] |W only 0000* |LEDn_ON count for ALL_LED, 4 MSBs
FCh ALL_LED_OFF_L |7:0 |ALL_LED_OFF_L[7:0] Wonly 0000 0000* LEDn_OFF count for ALL_LED,
8 MSBs
FDh ALL_LED_OFF_H |7:5 reserved R 000* non-writable
4 ALL_LED_OFF_H[4] W only 1* ALL_LED full OFF
3:0 |/ALL_LED_OFF_HI[3:0] |W only 0000* |LEDn_OFF count for ALL_LED,
4 MSBs
FEh PRE_SCALE 7:0 PRE_SCALE[7:0] R/W 0001 1110* prescaler to program the PWM output

PCA9685

7.3.5

frequency (default is 200 Hz)

The LEDn_ON and LEDn_OFF counts can vary from 0 to 4095. The LEDn_ON and
LEDn_OFF count registers should never be programmed with the same values.

Because the loading of the LEDn_ON and LEDn_OFF registers is via the 12C-bus, and
asynchronous to the internal oscillator, we want to ensure that we do not see any visual
artifacts of changing the ON and OFF values. This is achieved by updating the changes at
the end of the LOW cycle.

PWM frequency PRE_SCALE

The hardware forces a minimum value that can be loaded into the PRE_SCALE register
at ‘3. The PRE_SCALE register defines the frequency at which the outputs modulate. The
prescale value is determined with the formula shown in Equation 1:

osc_clock _
4096 x update_rat

)

prescale value = round (

where the update rate is the output modulation frequency required. For example, for an
output default frequency of 200 Hz with an oscillator clock frequency of 25 MHz:

25 MH2 ) —1 =30 (Ox1Eh) )

prescale value = round (m

The maximum PWM frequency is 1526 Hz if the PRE_SCALE register is set "0x03h".
The minimum PWM frequency is 24 Hz if the PRE_SCALE register is set "OxFFh".

The PRE_SCALE register can only be set when the SLEEP bit of MODE1 register is set to
logic 1.
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7.3.6

7.3.7

PCA9685

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

SUBADRI1 to SUBADRS3, 12C-bus subaddress 1to 3

Table 9. SUBADR1 to SUBADRS3 - 12C-bus subaddress registers 0 to 3 (address 02h to
04h) bit description
Legend: * default value.

Address |Register Bit Symbol Access Value Description

02h SUBADR1 7:1 Al[7:1] R/W 1110 001* 12C-bus subaddress 1
0 A1[0] R only 0* reserved

03h SUBADR2 7:1 |A2[7:1] R/W 1110 010* | I12C-bus subaddress 2
0 A2[0] R only 0* reserved

04h SUBADR3 71 A3[7:1] R/W 1110 100* 12C-bus subaddress 3
0 A3[0] R only 0* reserved

Subaddresses are programmable through the I2C-bus. Default power-up values are E2h,
E4h, E8h, and the device(s) will not acknowledge these addresses right after power-up
(the corresponding SUBX bit in MODEL register is equal to 0).

Once subaddresses have been programmed to their right values, SUBX bits need to be
set to logic 1 in order to have the device acknowledging these addresses (MODE1
register).

Only the 7 MSBs representing the 12C-bus subaddress are valid. The LSB in SUBADRX
register is a read-only bit (0).

When SUBX is set to logic 1, the corresponding 12C-bus subaddress can be used during
either an 12C-bus read or write sequence.

ALLCALLADR, LED All Call I2C-bus address

Table 10. ALLCALLADR - LED All Call I2C-bus address register (address 05h) bit
description
Legend: * default value.

Address |Register Bit Symbol |Access |Value Description
05h ALLCALLADR |7:1 |AC[7:1]] R/W 1110 000* |ALLCALL I?C-bus
address register
0 ACI[O0] R only 0* |reserved

The LED All Call 12C-bus address allows all the PCA9685s in the bus to be programmed
at the same time (ALLCALL bit in register MODE1 must be equal to 1 (power-up default
state)). This address is programmable through the 12C-bus and can be used during either
an 12C-bus read or write sequence. The register address can also be programmed as a
Sub Call.

Only the 7 MSBs representing the All Call 12C-bus address are valid. The LSB in
ALLCALLADR register is a read-only bit (0).

If ALLCALL bit = 0, the device does not acknowledge the address programmed in register
ALLCALLADR.
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16-channel, 12-bit PWM Fm+ I2C-bus LED controller

7.4 Active LOW output enable input

7.5

The active LOW output enable (ﬁ) pin, allows to enable or disable all the LED outputs at
the same time.

* When a LOW level is applied to OE pin, all the LED outputs are enabled and follow
the output state defined in the LEDn_ON and LEDn_OFF registers with the polarity
defined by INVRT bit (MODEZ2 register).

* When a HIGH level is applied to OE pin, all the LED outputs are programmed to the
value that is defined by OUTNE[1:0] in the MODEZ2 register.

Table 11. LED outputs when OE=1

OUTNE1 OUTNEO LED outputs

0 0 0

0 1 1if OUTDRYV = 1, high-impedance if OUTDRYV =0
1 0 high-impedance

1 1 high-impedance

The OE pin can be used as a synchronization signal to switch on/off several PCA9685
devices at the same time. This requires an external clock reference that provides blinking
period and the duty cycle.

The OE pin can also be used as an external dimming control signal. The frequency of the
external clock must be high enough not to be seen by the human eye, and the duty cycle
value determines the brightness of the LEDs.

Power-on reset

When power is applied to Vpp, an internal power-on reset holds the PCA9685 in a reset
condition until Vpp has reached Vpog. At this point, the reset condition is released and the
PCA9685 registers and 12C-bus state machine are initialized to their default states.
Thereafter, Vpp must be lowered below 0.2 V to reset the device.
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7.6 Software reset

The Software Reset Call (SWRST Call) allows all the devices in the I12C-bus to be reset to
the power-up state value through a specific formatted 12C-bus command. To be performed
correctly, it implies that the 12C-bus is functional and that there is no device hanging the
bus.

The SWRST Call function is defined as the following:

1. A START command is sent by the 12C-bus master.

2. The reserved SWRST I12C-bus address ‘0000 000’ with the R/W bit set to ‘0’ (write) is
sent by the 12C-bus master.

3. The PCA9685 device(s) acknowledge(s) after seeing the General Call address
‘0000 0000’ (00h) only. If the R/W bit is set to ‘1’ (read), no acknowledge is returned to
the 12C-bus master.

4. Once the General Call address has been sent and acknowledged, the master sends
1 byte with 1 specific value (SWRST data byte 1):

a. Byte 1 = 06h: the PCA9685 acknowledges this value only. If byte 1 is not equal to
06h, the PCA9685 does not acknowledge it.

If more than 1 byte of data is sent, the PCA9685 does not acknowledge any more.

5. Once the correct byte (SWRST data byte 1) has been sent and correctly
acknowledged, the master sends a STOP command to end the SWRST Call: the
PCA9685 then resets to the default value (power-up value) and is ready to be
addressed again within the specified bus free time (tgyg).

General Call address SWRST data byte 1

LN | T
s|jojojojojojojJojJojJAjJO0O O O O O 1 1 O|A|P

START condition acknowledge acknowledge
from slave from slave

STOP

condition

002aac900

Fig 12. SWRST Call

The 12C-bus master must interpret a non-acknowledge from the PCA9685 (at any time) as
a ‘'SWRST Call Abort’. The PCA9685 does not initiate a reset of its registers. This
happens only when the format of the SWRST Call sequence is not correct.
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7.7 Using the PCA9685 with and without external drivers
The PCA9685 LED output drivers are 5.5 V only tolerant and can sink up to 25 mA at5 V.

If the device needs to drive LEDs to a higher voltage and/or higher current, use of an
external driver is required.

* INVRT bit (MODE2 register) can be used to keep the LED PWM control firmware the
same independently of the type of external driver. This bit allows LED output polarity
inversion/non-inversion only when OE = 0.

* OUTDRYV bit (MODEZ2 register) allows minimizing the amount of external components
required to control the external driver (N-type or P-type device).

Table 12. Use of INVRT and OUTDRYV based on connection to the LEDn outputs when OE = ol
INVRT OUTDRV Direct connection to LEDn External N-type driver External P-type driver
Firmware External Firmware External Firmware External
pull-up pull-up pull-up
resistor resistor resistor
0 formulas and LED LED current formulasand LED required formulas and LED |required
output state values limiting R[2  output state output state values
inverted values inverted apply
0 formulas and LED LED current formulasand LED not formulas and LED |not required
output state values limiting R[2l  output state required8l  output state values
inverted values applyB3] inverted
1 formulas and LED LED current formulasand LED required formulas and LED |required
output state values | limiting R output state output state values
apply2 values apply inverted
1 formulas and LED LED current formulasand LED notrequired formulas and LED not
output state values | limiting R output state output state values  required(
apply@ values inverted applyl!

[1] When OE =1, LED output state is controlled only by OUTNE[1:0] bits (MODEZ2 register).
[2] Correct configuration when LEDs directly connected to the LEDn outputs (connection to Vpp through current limiting resistor).

[3] Optimum configuration when external N-type (NPN, NMOS) driver used.

[4] Optimum configuration when external P-type (PNP, PMOS) driver used.

Fig 13.

PCA9685

LEDO

002aad169

INVRT =0
OUTDRV =1

External N-type driver

+5V
LEDO
e
002aad170
INVRT =1
OUTDRV =1

Fig 14. External P-type driver

All information provided in this document is subject to legal disclaimers.
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INVRT =1
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Fig 15. Direct LED connection
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8. Characteristics of the I2C-bus

8.

PCA9685

8.1

11

8.2

The I2C-bus is for 2-way, 2-line communication between different ICs or modules. The two

lines are a serial data line (SDA) and a serial clock line (SCL). Both lines must be

connected to a positive supply via a pull-up resistor when connected to the output stages

of a device. Data transfer may be initiated only when the bus is not busy.

Bit transfer

One data bit is transferred during each clock pulse. The data on the SDA line must remain
stable during the HIGH period of the clock pulse as changes in the data line at this time

will be interpreted as control signals (see Figure 16).

SDA / X \
SCL ] S T \

data line change
stable; of data
data valid allowed mba607

Fig 16. Bit transfer

START and STOP conditions
Both data and clock lines remain HIGH when the bus is not busy. A HIGH-to-LOW

transition of the data line while the clock is HIGH is defined as the START condition (S). A
LOW-to-HIGH transition of the data line while the clock is HIGH is defined as the STOP

condition (P) (see Figure 17).

r——/

-- [

SDA } \ }
[ [

\ \

[ [

[

N\

[E—— [E——

START condition STOP condition
mba608

Fig 17. Definition of START and STOP conditions

System configuration

A device generating a message is a ‘transmitter’; a device receiving is the ‘receiver’. The
device that controls the message is the ‘master’ and the devices which are controlled by

the master are the ‘slaves’ (see Figure 18).
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SDA
R 1 | 1 | 1
MASTER SLAVE SLAVE MASTER MASTER 12C-BUS
TRANSMITTER/ RECEIVER TRANSMITTER/ TRANSMITTER TRANSMITTER/ MULTIPLEXER
RECEIVER RECEIVER RECEIVER
SLAVE oo

002aaa966

Fig 18. System configuration

PCA9685

8.3 Acknowledge

The number of data bytes transferred between the START and the STOP conditions from
transmitter to receiver is not limited. Each byte of eight bits is followed by one
acknowledge bit. The acknowledge bit is a HIGH level put on the bus by the transmitter,
whereas the master generates an extra acknowledge related clock pulse.

A slave receiver which is addressed must generate an acknowledge after the reception of
each byte. Also a master must generate an acknowledge after the reception of each byte
that has been clocked out of the slave transmitter. The device that acknowledges has to
pull down the SDA line during the acknowledge clock pulse, so that the SDA line is stable
LOW during the HIGH period of the acknowledge related clock pulse; set-up time and hold
time must be taken into account.

A master receiver must signal an end of data to the transmitter by not generating an
acknowledge on the last byte that has been clocked out of the slave. In this event, the
transmitter must leave the data line HIGH to enable the master to generate a STOP
condition.

.

data output \
by transmitter

|
|
data output |
I
|

not acknowledge

_/

by receiver
acknowledge
SCL from master o 1 5 M
S
I__J clock pulse for —T
START acknowledgement
condition 002aaa987

Fig 19. Acknowledgement on the I12C-bus
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9. Bus transactions

slave address control register data for register D[7:0](1)

T T T T T T T
S| 1 |A5|A4|A3|A2]A1|A0| O | A |D7|D6|D5|D4|D3|D2|D1|DO| A AP
1 1 1 1 1 1 1
t
START condition R/W acknowledge acknowledge acknowledge
from slave from slave from slave
STOP
condition
002aac829

(1) See Table 4 for register definition.

Fig 20. Write to a specific register

slave address control register = MODEL register MODETI register MODE?2 register

T T T T T 1 T T T T T 1 t
S| 1|as5|a4)as|Aaz|atfaojo|Aafo]jojojofo]ofofo]A 1 A A | (cont)
1 1 1 1 1 1 1 1 1 1 1 1 1 1
ot
START condition R/W  acknowledge acknowledge Al bit set acknowledge acknowledge
from slave from slave from slave from slave
LED15_OFF_L register LED15_OFF_H register
T T T T T 1 T T T T T 1
(cont.) A Alpr
e TN TR B T N B T RN NN T N N
acknowledge acknowledge
from slave from slave
STOP
condition 002aad187

Fig 21. Write to all registers using the Auto-Increment feature; Al initially clear
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slave address control register = MODEL register MODEL1 register
1 1 1 1 1 1 1 t
s | 1 |as|as|as|az|at|acfo[Aalo]ofofofo]o]ofofa 1 A | (cont)
1 1 1 1 1 1 1
1 ! t
START condition R/W acknowledge acknowledge Al bit set acknowledge
from slave from slave from slave
slave address data from MODE1 data from MODE2
LI L L L L T T T T 17T
(cont) [ sr| 1 |as|A4]az|Az]|Aa1|a0] 1] A A Afleecee
e I T NN T B N | I T TN N N B |
! +
ReSTART R/W  acknowledge acknowledge acknowledge
condition from slave from master from master

data from LED15_OFF_H register

cccee AlpP

bt

not acknowledge STOP
from master condition

002aad188
Fig 22. Read all registers using the Auto-Increment feature; Al initially clear
control register =
slave address ALL_LED_ON_L register ALL_LED_ON_L register ALL_LED_ON_H register
LI L L L L L L L L L t
s | 1|as|a4|az|az|ar|fac]o|Aalzfa]1f2]1|o]1|o]A A A | (cont)
[ I I N N N | [ I N N N N | A
+
START condition R/W acknowledge acknowledge acknowledge acknowledge
from slave from slave from slave from slave
ALL_LED_OFF_L register ALL_LED_OFF_H register
1 1 1 1 1 1 1 1 1 1 1 1 1 1
(cont.) A Alpr
oo 1 1 1 1 1 1 1 1 1 1 1 1 1 1
acknowledge acknowledge STOP condition
from slave from slave

0022ad189

Fig 23. Writeto ALL_LED_ON and ALL_LED_OFF registers using the Auto-Increment feature; Al initially set

control register =

slave address ALL_LED_OFF_H register ALL_LED_OFF_H register

S| 1|AS5|A4|A3|A2|ALJAOj O A T2 ]|2]2]2]12JOJ2]AJOJOJO]LX]|X|X]|X]A]P
4 t
START condition R/W  acknowledge acknowledge acknowledge
from slave from slave from slave

STOP

condition

002aad190

Fig 24. Writeto ALL_LED_OFF_H to turn OFF all PWMs
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data for MODEL register

sequence (A)W | s | 1 |as|A4|A3|A2|AL[AO] O | A oloJo]o]o Alofo]1 ol1]ala|A]lP
? L f— MODE1 T T
START condition R/W register selection Alon enable ALL CALL STOI_:’_
acknowledge acknowledge acknowledge condition
from slave from slave from slave
slave address control register new LEDALLCALL 12C-bus address
sequence (B)D | s | 1 |As|Aa4|A3|a2]at]a0] 0] A ofo]of1]o Al1]o]1 1]lol1]x]|AlP
gTART diti R/tTV ALLCALLADR k led k led gTOP
condition register selection ?c nO\INe ge acfnoweI ge o»
acknowledge rom slave rom slave  condition
from slave data for control register
LEDALLCALL I12C-bus address control register ALL_LED_ON_L
sequence ©)| s[1|o|1]ofz|ofzfofa tfaf2fofsfofalo]o]o ofofofo]a]tont)
? f— ALL_LED_ON_L !
START condition RIW i acknowledge(?) acknowledge(?
register selection from slave from slave
acknowledge(® from all the
devices configured for the new
LEDALLCALL I2C-bus address ALL_LED_OFF_H
Cont) fofofofofofo]o]o]a olofo]ofo Alo]ofo 1{o]ofofAa]P
tot
ALL_LED_ON_H data for ALL_LED_OFF_L
=N L= 2 2
control register I control register acknowledge() acknowledge() STOP.
from slave from slave condition
acknowledge(®
from slave 002aad192

(1) Inthis example, several PCA9685s are used and the same sequences (A) and (B) above are sent to each of them.

(2) Acknowledge from all the slave devices configured for the new LED All Call 12C-bus address in sequence (B).

Fig 25. LED All Call I12C-bus address programming and LED All Call sequence example

PCA9685
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10. Application design-in information

Vpp=25V,33Vor50V 51V 1z2v
12C-BUS/SMBUS v [I](l) [I]m ka® V[|)D e Vo Ve Vo Vo 7
MASTER . oo _I._.::;|7 .,
SDA SDA
scL »{ scL LED1 4“1;‘7 e
o o LED2 |"-I;|7
OF | °F LED3 |*.I;|7
12V
PCA9685
A
LED4 4
LED5 i
LED6 |ﬁ/l-7|7
LED7 |*.:/l;|7
5lv 12V
A
LEDS 4
LED9 7
LED10 |".I/L7|7
LED11 |"._*;|7
EXTCLK 51V iy
AO
Al
A2 e P o VP
A3 LED12 _I.:;‘7 % Ay
At LED13 4|"-1;|7 Ay
A5 |
LED14 *-l';‘7
Vss LED15 l.:;L
77 002aac827

I2C-bus address = 1010 101x.
All 16 of the LEDn outputs configurable as either open-drain or totem pole. Mixing of configuration is not possible.
Remark: Set INVRT = 0, OUTDRYV = 1, OUTNE = 01 (MODEZ2 register bits)
(1) Resistor value should be chosen by referencing section 7 of UM10204, “I2C-bus specification and user manual”.
2) OE requires pull-up resistor if control signal from the master is open-drain.

Fig 26. Typical application
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Question 1: What kind of edge rate control is there on the outputs?

* The typical edge rates depend on the output configuration, supply voltage, and the
applied load. The outputs can be configured as either open-drain NMOS or totem pole
outputs. If the customer is using the part to directly drive LEDs, they should be using it
in an open-drain NMOS, if they are concerned about the maximum lss and ground
bounce. The edge rate control was designed primarily to slow down the turn-on of the
output device; it turns off rather quickly (~1.5 ns). In simulation, the typical turn-on
time for the open-drain NMOS was ~14 ns (Vpp = 3.6 V; C. =50 pF; Rpy = 500 Q).

Question 2: Is ground bounce possible?

* Ground bounce is a possibility, especially if all 16 outputs are changed at full current
(25 mA each). There is a fair amount of decoupling capacitance on chip (~50 pF),
which is intended to suppress some of the ground bounce. The customer will need to
determine if additional decoupling capacitance externally placed as close as
physically possible to the device is required.

Question 3: Can I really sink 400 mA through the single ground pin on the package and
will this cause any ground bounce problem due to the PWM of the LEDs?

* Yes, you can sink 400 mA through a single ground pin on the package. Although the
package only has one ground pin, there are two ground pads on the die itself
connected to this one pin. Although some ground bounce is likely, it will not disrupt the
operation of the part and would be reduced by the external decoupling capacitance.

Question 4: | can’t turn the LEDs on or off, but their registers are set properly. Why?

* Check the MODEL1 register SLEEP (bit 4) setting. The bit needs to be 0 in order to
enable the clocking. If both clock sources (internal osc and EXTCLK) are turned OFF
(bit 4 = 1), the LEDs cannot be dimmed or blinked.

Question 5: I'm using LEDs with integrated Zener diodes and the IC is getting very hot.
Why?

* The IC outputs can be set to either open-drain or push-pull and default to push-pull
outputs. In this application with the Zener diodes, they need to be set to open-drain
since in the push-pull architecture there is a low resistance path to GND through the
Zener and this is causing the IC to overheat.
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LED supply CONSTANT FB
VIN CURRENT
.
_ switcHmope ~ OYT
A REGULATOR l Iconstant
e I
1
LIGHT | 7 :
SENSOR
: A |
Vpp=25V,33Vor50V | LED :
: ¢ string |
@ [‘]m [I]lo k@ VAR
ASIC/MICRO
Vbbp --r----
SDA » sDA LEDO I
SCL > SCL LED1 |-
Rsense
o o LED2 |-
OE »| OE
LED3 |-
PCA9685
LED4 |-
LEDS |-
LED6 |-
LED7 |-
EXTCLK
LEDS |-
LED9 |-
LED10 [~
LED11 [~
AO
Al
A2
A3 LED12 |-
A4
LED13 |-
A5
LED14 |-
Vss LED15 [~
002aac828
77

12C-bus address = 1010 101x.
Remark: Set INVRT = 0, OUTDRYV = 1, OUTNE = 01 (MODE?2 register bits) for this configuration.

(1) Resistor value should be chosen by referencing Section 7 of UM10204, “I2C-bus specification and
user manual”.

2) OE requires pull-up resistor if control signal from the master is open-drain.

Fig 27. LCD backlighting application
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Table 13. Limiting values
In accordance with the Absolute Maximum Rating System (IEC 60134).
Symbol Parameter ‘Conditions Min Max ‘Unit
Vpp supply voltage -0.5 +6.0 \Y
Vio voltage on an input/output pin Vss— 0.5 5.5 Y,
lo(LEDN) output current on pin LEDn - 25 mA
Iss ground supply current - 400 ‘mA
Piot total power dissipation - 400 mw
Tstg storage temperature -65 +150 ' °C
Tamb ambient temperature operating -40 +85 °C
12. Static characteristics
Table 14. Static characteristics
Vpp =2.3V1t055V;Vss=0V; Tanp = 40 T to +85 <C; unless otherwise specified.
Symbol ‘Parameter Conditions Min Typ ‘Max ‘Unit
Supply
Vbp supply voltage 2.3 - 5.5 \%
ilDD supply current ‘operating mode; no load; - 6 10 mA
fscL =1 MHz; Vpp=2.3Vt0 55V
Istb standby current no load; fsc. = 0 Hz; V| = Vpp or Vss; - 2.2 15.5 pA
Vpp=23Vto55V
vVPOR power-on reset voltage no load; V, = Vpp or Vss ] 1.70 2.0 \%
Input SCL; input/output SDA
vV|L LOW-level input voltage -0.5 I- +0.3Vpp |V
ViH HIGH-level input voltage 0.7Vpp - 55 \%
leL LOW-level output current 'VOL =04V;,Vpp=23V 20 '28 - mA
VoL =0.4V;Vpp=5.0V 30 40 - mA
YIL leakage current 'V| =Vpp Or Vss -1 |- +1 pA
Ci input capacitance V|, =Vsg - 6 10 pF
LED driver outputs
loL LOW-level output current VoL=05V;Vpp=23V1to45V [2 12 25 - mA
leL(tOt) total LOW-level output current 'VOL =05V;Vpp=45V [ - I- 400 mA
lon HIGH-level output current open-drain; Vo = Vpp -10 - +10 pA
Vou HIGH-level output voltage lon = ~10 MA; Vpp = 2.3V 1.6 I- ; Vv
lon =-10 mA; Vpp = 3.0V 2.3 - - Y,
los = —10 MA: Vpp = 4.5 V 4.0 I- ; Vv
loz OFF-state output current 3-state; Von = Vpp Or Vsg -10 - +10 pA
v Co output capacitance ' - 5 8 pF

PCA9685
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Table 14. Static characteristics ...continued

Vpp =2.3V1t055V;Vss=0V; Tamp = 40 T to +85 <C; unless otherwise specified.

Symbol |Parameter Conditions Min Typ ‘Max ‘Unit
Address inputs; OE input; EXTCLK

ViL LOW-level input voltage -0.5 - +0.3Vpp |V
>V|H HIGH-level input voltage 0.7Vpp I- 55 \%

ILi input leakage current -1 - +1 pA

’ Ci input capacitance - 3 5 pF

[1] Vpp must be lowered to 0.2 V in order to reset part.

[2] Each bit must be limited to a maximum of 25 mA and the total package limited to 400 mA due to internal busing limits.

002aad877

002aad878

10 60
IpD
(mA) loL
8 (mA) Vpp =45V
Vpp=5.5V —
= 40 3.0V
6 —3 ——
= — |
4 23V [——no | T
3.3V —
20
2 2.3V
0 0
-50 0 100 -50 0 50 100
Tamb (°C) Tamb (°C)
Fig 28. Ipp typical values with OSC on and Fig 29. I typical drive (LEDn outputs) versus
fscL = 1 MHz versus temperature temperature
5 002aad879
3 ™ Vpp=55V
22
i \\
! 3.3V
2.3V
0
-50 0 50 100
Tamb (°C)

Fig 30. Standby supply current versus temperature
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13. Dynamic characteristics

Table 15. Dynamic characteristics
Symbol | Parameter Conditions Standard-mode Fast-mode 12C-bus  Fast-modePlus |Unit
I2C-bus I2C-bus
Min Max Min Max Min Max
fscL SCL clock frequency [ 0 100 0 400 0 1000 |kHz
fexTeLk frequency on pin EXTCLK DC 50 DC 50 DC 50 MHz
teuE bus free time between a STOP 4.7 - 1.3 - 0.5 - us
and START condition
tHD:sTA hold time (repeated) START 4.0 - 0.6 - 0.26 - us
condition
tsu:sTA set-up time for a repeated 4.7 - 0.6 - 0.26 - us
START condition
tsu:sTo set-up time for STOP condition 4.0 - 0.6 - 0.26 - us
tHD:DAT data hold time 0 - 0 - 0 - ns
tvp:ack data valid acknowledge time ] 0.3 3.45 0.1 0.9 0.05 0.45 |ps
tvp:DAT data valid time Bl 0.3 3.45 0.1 0.9 0.05 0.45 ps
tsu:pAT data set-up time 250 - 100 - 50 - ns
tLow LOW period of the SCL clock 4.7 - 1.3 - 0.5 - us
tHIGH HIGH period of the SCL clock 4.0 - 0.6 - 0.26 - us
tf fall time of both SDA and SCL [4115] - 300 20 + 0.1Cpl | 300 - 120 |ns
signals
tr rise time of both SDA and SCL - 1000 20 + 0.1Cpe1 | 300 - 120 ns
signals
tsp pulse width of spikes that must m - 50 - 50 - 50 ns
be suppressed by the input filter
tpLz LOW to OFF-state propagation OE to LEDN; - 40 - 40 - 40 ns
delay OUTNE[1:0]=100r 11
in MODE?2 register
tpzL OFF-state to LOW propagation OE to LEDN; - 60 - 60 - 60 ns
delay OUTNE[1:0]=10o0r 11
in MODE2 register
tpHz HIGH to OFF-state propagation OE to LEDN; - 60 - 60 - 60 ns

delay

OUTNEJ1:0] =10 or 11
in MODE?2 register
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Table 15.

Dynamic characteristics ...continued

Symbol |Parameter Conditions Standard-mode Fast-mode I2C-bus  Fast-modePlus Unit
12C-bus 12C-bus
Min Max Min Max Min Max
tpzH OFF-state to HIGH propagation OE to LEDN; - 40 - 40 - 40 ns
delay OUTNE[1:0]=10o0r 11
in MODE?2 register
tpLy LOW to HIGH propagation delay OE to LEDn; - 40 - 40 - 40 ns
OUTNEJ1:0] = 01
in MODE?2 register
tpHL HIGH to LOW propagation delay OE to LEDn; - 60 - 60 - 60 ns

OUTNE[1:0] = 00
in MODE?2 register

[1] Minimum SCL clock frequency is limited by the bus time-out feature, which resets the serial bus interface if either SDA or SCL is held LOW for a minimum of 25 ms.
Disable bus time-out feature for DC operation.

[2] typ:ack = time for Acknowledgement signal from SCL LOW to SDA (out) LOW.

[3] typ:par = minimum time for SDA data out to be valid following SCL LOW.

[4] A master device must internally provide a hold time of at least 300 ns for the SDA signal (refer to the V,_ of the SCL signal) in order to bridge the undefined region of
SCL’s falling edge.

[5] The maximum t; for the SDA and SCL bus lines is specified at 300 ns. The maximum fall time (t) for the SDA output stage is specified at 250 ns. This allows series
protection resistors to be connected between the SDA and the SCL pins and the SDA/SCL bus lines without exceeding the maximum specified t;.

[6] Cy = total capacitance of one bus line in pF.

[7] Input filters on the SDA and SCL inputs suppress noise spikes less than 50 ns.

19]1043U09 3T SNQ-Ogl +Wd INMd HG-CT ‘[duueyd-9T
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[— [— [— [—
:||: / §< \ PN :/_l_o.7xv
A
0.3xV
P [ / | A |
I tgue | | Il e | |
| | | | =~ tlow— _ | | |
N — [ / ] 0.7 xV
a1 J1 /A L1 gany
I I / |\ / \ T
R L] L]
| | |~ | < tHD;STA el > I | tsu;sTA tsu;sTo I |
LP LS, tHD;DAT tHIGH tSU;DAT LS, LP
002aaa¢
Fig 31. Definition of timing
START bit 7 . . . STOP
protocol condition MSB 2:6? ?IlDtlji ?IIDIO(; acknc()xv)ledge condition
(S) (A7) P
tsu;sTA fLow tHIGH
/‘ ‘\ /l 0.7 x Vpp
s / s / 0.3 x Vpp
\ /0.7 x Vpp
‘ / —0.3xVpp
t—| —l i a e as . -
tHD;STA {SU;DAT  tHD;DAT tvD;DAT tvp,ack  tsu;sTO
002aab285
Rise and fall times refer to V,_and V4.
Fig 32. 12C-bus timing diagram
\]
OE input leM \ Vm
Vss
tpLz tpzL
[
V
LEDn output  °°
LOW-to-OFF VM
OFF-to-LOW
VoL 7 Vx
tpzH
e— tpHz —>|
Vo —
LEDn output oH Vy {
HIGH-to-OFF Vm
OFF-to-HIGH ]
Vss
outputs outputs outputs
enabled disabled enabled
002aad810
Flg 33. tpLz tpzL and tpHz, tpzH times
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Fig 34.

PULSE
GENERATOR

R_ = Load resistor for LEDn.
C_ = Load capacitance includes jig and probe capacitance.
Rt = Termination resistance should be equal to the output impedance Z, of the pulse generators.

Test circuitry for switching times

— VbD
— open
— V.
Vbb RL ss
500 Q
\4 Vo
-, DUT 5 l
CL
RT I 50 pF
002aab880

PULSE
GENERATOR

R_ = Load resistor for LEDn.

C_ = Load capacitance includes jig and probe capacitance.

Rt = Termination resistance should be equal to the output impedance Z, of the pulse generators.
Test data are given in Table 16.

Fig 35. Test circuitry for switching times for enable/disable

0022ad811

Table 16. Test data for enable/disable switching times
Test Load Switch
lc RL
trp 50 pF 500 Q open
tpLz, tpzL 50 pF 500 O Vpp x 2
tpHz, tPzH 50 pF 500 Q Vss
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TSSOP28: plastic thin shrink small outline package; 28 leads; body width 4.4 mm SOT361-1
L D | jfe———— E——>]
‘ | ‘ L - \}
[ ‘ \ ! 1 | \
- OAAAAAAMAAAAAAH C;: A ; \\/ \\t,//
~
Oy : He =[v@lA]
4>‘ ya
ZSFEHHHHHHHHHHHHH“’
|
A :
| A | Az (Az) A
pin 1 index i Ar !
O Sa +
| f e
- <—|_p+ f
iEEEREREEERLELL :
1 ‘ 14
- . Ln
o 5
0 25 5mm
L TR
scale
DIMENSIONS (mm are the original dimensions)
A
UNIT | | AL | Az | Ag bp c DO | E@| e He L Lp Q v w y zM | o
0.15 | 0.95 030 | 02 | 98 | 45 6.6 0.75 | 0.4 0.8 8°
mm o 005 | 080 | %% {019 | 01 | 96 | 43 | 98| 62 | L |os0| 03 | 92 | 013 01 1 o5 | g0
Notes
1. Plastic or metal protrusions of 0.15 mm maximum per side are not included.
2. Plastic interlead protrusions of 0.25 mm maximum per side are not included.
OUTLINE REFERENCES EUROPEAN ISSUE DATE
VERSION IEC JEDEC JEITA PROJECTION
SOT361-1 MO-153 = @ ot

Fig 36.

Package outline SOT361-1 (TSSOP28)
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HVQFNZ28: plastic thermal enhanced very thin quad flat package; no leads;

28 terminals; body 6 x 6 x 0.85 mm SOT788-1
D &) 4]
|
|
terminal 1 4+ ‘
index area ! ?
| .
] E A1
e | c
! ' 1
\
|
|
| 4
T
C
| -
@»‘ r b*‘ ®lvacl[ale] [#/cl= [ay]
Y 8 ‘ 14 &lwm|c
L TUyUTT
7
A ‘ 115
|
) | Ej
Ep fz}—————L‘ -— e -
— ‘ -
) ‘ - s N
‘ / \
) € [ \
1 ‘ 21 \ J
1AanNANnNG \ /
terminal 1 ‘ N 7
index area 28 22 ~— /\
Dy
0 25 5mm
L [ L
. . i scale
DIMENSIONS (mm are the original dimensions)
A
UNIT| x| A1 | b | ¢ | DD Dy |EW| Ep | e |ex | e | L | v |w/ |y |y
0.05 | 0.35 6.1 | 425| 6.1 | 425 0.75
mm
1 0.00 | 0.25 0.2 59 | 395 | 59 | 3.05 065 | 39 | 3.9 0.50 0.1 | 0.05|0.05| 0.1
Note
1. Plastic or metal protrusions of 0.075 mm maximum per side are not included.
REFERENCES
OUTLINE EUROPEAN ISSUE DATE
VERSION IEC JEDEC JEITA PROJECTION
SOT788-1 --- MO-220 --- = @ 02-10-22

Fig 37. Package outline SOT788-1 (HVQFN28)
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16. Handling information

All input and output pins are protected against ElectroStatic Discharge (ESD) under
normal handling. When handling ensure that the appropriate precautions are taken as
described in JESD625-A or equivalent standards.

17. Soldering of SMD packages

17.1

17.2

This text provides a very brief insight into a complex technology. A more in-depth account
of soldering ICs can be found in Application Note AN10365 “Surface mount reflow
soldering description”.

Introduction to soldering

Soldering is one of the most common methods through which packages are attached to
Printed Circuit Boards (PCBs), to form electrical circuits. The soldered joint provides both
the mechanical and the electrical connection. There is no single soldering method that is
ideal for all IC packages. Wave soldering is often preferred when through-hole and
Surface Mount Devices (SMDs) are mixed on one printed wiring board; however, it is not
suitable for fine pitch SMDs. Reflow soldering is ideal for the small pitches and high
densities that come with increased miniaturization.

Wave and reflow soldering
Wave soldering is a joining technology in which the joints are made by solder coming from
a standing wave of liquid solder. The wave soldering process is suitable for the following:
* Through-hole components
* Leaded or leadless SMDs, which are glued to the surface of the printed circuit board
Not all SMDs can be wave soldered. Packages with solder balls, and some leadless
packages which have solder lands underneath the body, cannot be wave soldered. Also,

leaded SMDs with leads having a pitch smaller than ~0.6 mm cannot be wave soldered,
due to an increased probability of bridging.

The reflow soldering process involves applying solder paste to a board, followed by
component placement and exposure to a temperature profile. Leaded packages,
packages with solder balls, and leadless packages are all reflow solderable.

Key characteristics in both wave and reflow soldering are:

¢ Board specifications, including the board finish, solder masks and vias
* Package footprints, including solder thieves and orientation

* The moisture sensitivity level of the packages

* Package placement

* Inspection and repair

* Lead-free soldering versus SnPb soldering

17.3 Wave soldering

PCA9685

Key characteristics in wave soldering are:
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* Process issues, such as application of adhesive and flux, clinching of leads, board
transport, the solder wave parameters, and the time during which components are
exposed to the wave

¢ Solder bath specifications, including temperature and impurities

17.4 Reflow soldering

PCA9685

Key characteristics in reflow soldering are:

* |ead-free versus SnPb soldering; note that a lead-free reflow process usually leads to
higher minimum peak temperatures (see Figure 38) than a SnPb process, thus
reducing the process window

¢ Solder paste printing issues including smearing, release, and adjusting the process
window for a mix of large and small components on one board

* Reflow temperature profile; this profile includes preheat, reflow (in which the board is
heated to the peak temperature) and cooling down. It is imperative that the peak
temperature is high enough for the solder to make reliable solder joints (a solder paste
characteristic). In addition, the peak temperature must be low enough that the
packages and/or boards are not damaged. The peak temperature of the package
depends on package thickness and volume and is classified in accordance with
Table 17 and 18

Table 17. SnPb eutectic process (from J-STD-020D)
Package thickness (mm) Package reflow temperature (°C)

Volume (mm3)

< 350 > 350
<25 235 220
225 220 220

Table 18. Lead-free process (from J-STD-020D)
Package thickness (mm) Package reflow temperature (°C)

Volume (mm3)

< 350 350 to 2000 > 2000
<16 260 260 260
16t025 260 250 245
>25 250 245 245

Moisture sensitivity precautions, as indicated on the packing, must be respected at all
times.

Studies have shown that small packages reach higher temperatures during reflow
soldering, see Figure 38.

All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2015. All rights reserved.

Product data sheet

Rev. 4 — 16 April 2015 47 of 52








NXP Semiconductors

PCA9685

16-channel, 12-bit PWM Fm+ I2C-bus LED controller

temperature

maximum peak temperature
= MSL limit, damage level

minimum peak temperature
= minimum soldering temperature

peak
temperature

time

00laac844

MSL: Moisture Sensitivity Level

Fig 38. Temperature profiles for large and small components

For further information on temperature profiles, refer to Application Note AN10365
“Surface mount reflow soldering description”.

18. Abbreviations

PCA9685

Table 19. Abbreviations

Acronym Description

CDM Charged-Device Model

DUT Device Under Test

EMI ‘ElectroMagnetic Interference

ESD ElectroStatic Discharge

HBM ‘Human Body Model

12C-bus Inter-Integrated Circuit bus

LCD ‘Liquid Crystal Display

LED Light Emitting Diode

LSB Least Significant Bit

MM Machine Model

MSB ‘Most Significant Bit

NMOS Negative-channel Metal-Oxide Semiconductor
PCB Printed-Circuit Board

PMOS Positive-channel Metal-Oxide Semiconductor
POR 'Power-On Reset

PWM Pulse Width Modulation; Pulse Width Modulator
RGB 'Red/Green/Blue

RGBA Red/Green/Blue/Amber

SMBus ‘System Management Bus
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19. Revision history

Table 20. Revision history

Document ID Release date Data sheet status Change notice ‘Supersedes
PCA9685 v.4 20150416 Product data sheet - ‘PCA9685 v.3
‘Modifications: e Changed programmable frequency to “24 Hz to 1526 Hz" throughout

® Minor edits to text and figures to provide clarity regarding cycle count throughout
'PCA9685 v.3 120100902 ‘Product data sheet l- PCA9685 v.2
PCA9685 v.2 20090716 Product data sheet - PCA9685 v.1
'PCA9685 v.1 120080724 ‘Product data sheet I- -
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20. Legal information

20.1 Data sheet status

Document status(1(2]
Objective [short] data sheet
Preliminary [short] data sheet

Product [short] data sheet

Product status[3! Definition
Development
Qualification

Production

This document contains data from the objective specification for product development.
This document contains data from the preliminary specification.

This document contains the product specification.

1
[2
[3]

Please consult the most recently issued document before initiating or completing a design.

The term ‘short data sheet’ is explained in section “Definitions”.

The product status of device(s) described in this document may have changed since this document was published and may differ in case of multiple devices. The latest product status

information is available on the Internet at URL http://www.nxp.com.

20.2 Definitions

Draft — The document is a draft version only. The content is still under
internal review and subject to formal approval, which may result in
modifications or additions. NXP Semiconductors does not give any
representations or warranties as to the accuracy or completeness of
information included herein and shall have no liability for the consequences of
use of such information.

Short data sheet — A short data sheet is an extract from a full data sheet
with the same product type number(s) and title. A short data sheet is intended
for quick reference only and should not be relied upon to contain detailed and
full information. For detailed and full information see the relevant full data
sheet, which is available on request via the local NXP Semiconductors sales
office. In case of any inconsistency or conflict with the short data sheet, the
full data sheet shall prevail.

Product specification — The information and data provided in a Product
data sheet shall define the specification of the product as agreed between
NXP Semiconductors and its customer, unless NXP Semiconductors and
customer have explicitly agreed otherwise in writing. In no event however,
shall an agreement be valid in which the NXP Semiconductors product is
deemed to offer functions and qualities beyond those described in the
Product data sheet.

20.3 Disclaimers

Limited warranty and liability — Information in this document is believed to
be accurate and reliable. However, NXP Semiconductors does not give any
representations or warranties, expressed or implied, as to the accuracy or
completeness of such information and shall have no liability for the
consequences of use of such information. NXP Semiconductors takes no
responsibility for the content in this document if provided by an information
source outside of NXP Semiconductors.

In no event shall NXP Semiconductors be liable for any indirect, incidental,
punitive, special or consequential damages (including - without limitation - lost
profits, lost savings, business interruption, costs related to the removal or
replacement of any products or rework charges) whether or not such
damages are based on tort (including negligence), warranty, breach of
contract or any other legal theory.

Notwithstanding any damages that customer might incur for any reason
whatsoever, NXP Semiconductors’ aggregate and cumulative liability towards
customer for the products described herein shall be limited in accordance
with the Terms and conditions of commercial sale of NXP Semiconductors.

Right to make changes — NXP Semiconductors reserves the right to make
changes to information published in this document, including without
limitation specifications and product descriptions, at any time and without
notice. This document supersedes and replaces all information supplied prior
to the publication hereof.

PCA9685

All information provided in this document is subject to legal disclaimers.

Suitability for use — NXP Semiconductors products are not designed,
authorized or warranted to be suitable for use in life support, life-critical or
safety-critical systems or equipment, nor in applications where failure or
malfunction of an NXP Semiconductors product can reasonably be expected
to result in personal injury, death or severe property or environmental
damage. NXP Semiconductors and its suppliers accept no liability for
inclusion and/or use of NXP Semiconductors products in such equipment or
applications and therefore such inclusion and/or use is at the customer’s own
risk.

Applications — Applications that are described herein for any of these
products are for illustrative purposes only. NXP Semiconductors makes no
representation or warranty that such applications will be suitable for the
specified use without further testing or modification.

Customers are responsible for the design and operation of their applications
and products using NXP Semiconductors products, and NXP Semiconductors
accepts no liability for any assistance with applications or customer product
design. It is customer’s sole responsibility to determine whether the NXP
Semiconductors product is suitable and fit for the customer’s applications and
products planned, as well as for the planned application and use of
customer’s third party customer(s). Customers should provide appropriate
design and operating safeguards to minimize the risks associated with their
applications and products.

NXP Semiconductors does not accept any liability related to any default,
damage, costs or problem which is based on any weakness or default in the
customer’s applications or products, or the application or use by customer’s
third party customer(s). Customer is responsible for doing all necessary
testing for the customer’s applications and products using NXP
Semiconductors products in order to avoid a default of the applications and
the products or of the application or use by customer’s third party
customer(s). NXP does not accept any liability in this respect.

Limiting values — Stress above one or more limiting values (as defined in
the Absolute Maximum Ratings System of IEC 60134) will cause permanent
damage to the device. Limiting values are stress ratings only and (proper)
operation of the device at these or any other conditions above those given in
the Recommended operating conditions section (if present) or the
Characteristics sections of this document is not warranted. Constant or
repeated exposure to limiting values will permanently and irreversibly affect
the quality and reliability of the device.

Terms and conditions of commercial sale — NXP Semiconductors
products are sold subject to the general terms and conditions of commercial
sale, as published at http://www.nxp.com/profile/terms, unless otherwise
agreed in a valid written individual agreement. In case an individual
agreement is concluded only the terms and conditions of the respective
agreement shall apply. NXP Semiconductors hereby expressly objects to
applying the customer’s general terms and conditions with regard to the
purchase of NXP Semiconductors products by customer.

No offer to sell or license — Nothing in this document may be interpreted or
construed as an offer to sell products that is open for acceptance or the grant,
conveyance or implication of any license under any copyrights, patents or
other industrial or intellectual property rights.
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Export control — This document as well as the item(s) described herein
may be subject to export control regulations. Export might require a prior
authorization from competent authorities.

Non-automotive qualified products — Unless this data sheet expressly
states that this specific NXP Semiconductors product is automotive qualified,
the product is not suitable for automotive use. It is neither qualified nor tested
in accordance with automotive testing or application requirements. NXP
Semiconductors accepts no liability for inclusion and/or use of
non-automotive qualified products in automotive equipment or applications.

In the event that customer uses the product for design-in and use in
automotive applications to automotive specifications and standards, customer
(a) shall use the product without NXP Semiconductors’ warranty of the
product for such automotive applications, use and specifications, and (b)
whenever customer uses the product for automotive applications beyond
NXP Semiconductors’ specifications such use shall be solely at customer’s
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own risk, and (c) customer fully indemnifies NXP Semiconductors for any
liability, damages or failed product claims resulting from customer design and
use of the product for automotive applications beyond NXP Semiconductors’
standard warranty and NXP Semiconductors’ product specifications.

Translations — A non-English (translated) version of a document is for
reference only. The English version shall prevail in case of any discrepancy
between the translated and English versions.

20.4 Trademarks

Notice: All referenced brands, product names, service names and trademarks
are the property of their respective owners.

For more information, please visit: http://www.nxp.com

For sales office addresses, please send an email to: salesaddresses@nxp.com
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Freescale Semiconductor
Data Sheet: Technical Data

Solutions
ooptimized for low power

K20 Sub-Family
Supports: MK20DX64VLH7,
MK20DX128VLH7, MK20DX256VLH7

Features
o Operating Characteristics
— Voltage range: 1.71 t0 3.6 V
— Flash write voltage range: 1.71 to 3.6 V
— Temperature range (ambient): -40 to 105°C

o Clocks
— 3to 32 MHz crystal oscillator
— 32 kHz crystal oscillator
— Multi-purpose clock generator

« System peripherals

— Multiple low-power modes to provide power
optimization based on application requirements

— 16-channel DMA controller, supporting up to 63
request sources

— External watchdog monitor

— Software watchdog

— Low-leakage wakeup unit

« Security and integrity modules
— Hardware CRC module to support fast cyclic
redundancy checks
— 128-bit unique identification (ID) number per chip

« Human-machine interface
— Low-power hardware touch sensor interface (TSI)
— General-purpose input/output

« Analog modules

— Two 16-bit SAR ADCs

— Programmable gain amplifier (PGA) (up to x64)
integrated into each ADC

— 12-bit DAC

— Three analog comparators (CMP) containing a 6-bit
DAC and programmable reference input

— Voltage reference

Timers

Document Number: K20P64M72SF1
Rev. 3, 11/2012

K20P64M72SF1

Programmable delay block

Eight-channel motor control/general purpose/PWM
timer

Two 2-channel quadrature decoder/general purpose
timers

Periodic interrupt timers

16-bit low-power timer

Carrier modulator transmitter

Real-time clock

Communication interfaces

USB full-/low-speed On-the-Go controller with on-
chip transceiver

Controller Area Network (CAN) module

SPI module

Two 12C modules

Three UART modules

12S module

Freescale reserves the right to change the detail specifications as may be 2,

required to permit improvements in the design of its products.
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> freescale








Table of Contents

1 Ordering Parts.........ccoceiiiii i 3
1.1 Determining valid orderable parts...........ccccccceviiiinnnnnnn. 3
2 Partidentification..........ccoooeiiiiii e 3
2.1 DeSCrIPON. .. .eiiiiiiii it 3
2.2 FOrmat. ... 3
2.3 FIelOS...eiiiiiecececec e 3
2.4 EXAMPIE.. ..ot 4
3 Terminology and guIdelings...........cccccuveieaiiiieeeeiiieeee e 4
3.1 Definition: Operating requirement............c.ccecoeerienneenneens 4
3.2 Definition: Operating behavior.............cccccccoiiiiiiininnn. 5
3.3 Definition: Attribute..........cociiiiiiii 5
3.4 Definition: Rating.......ccooueiriiiiiieiie e 6
3.5 Result of exceeding a rating............ccocoeeviiiiiiiiiiinin, 6

3.6 Relationship between ratings and operating

[ To (U1 C=T 40 =T ) PSSR 6
3.7 Guidelines for ratings and operating requirements............ 7
3.8 Definition: Typical value.............ccccoviiiiiniiiiiiiiieee 7
3.9 Typical value conditions...........ccceeeeeiiiiiiiiiiiieee e 8
RatiNgS.....ooiiiiiiie e 9
4.1 Thermal handling ratings.........ccccoccviiiiiiniiiee 9
4.2 Moisture handling ratings..........cccceevreireeeieniiieee e 9
4.3 ESD handling ratings..........ccccceiiiiiiiniiiie e 9
4.4 Voltage and current operating ratings............ccccceeevnnenne 9
GENEIAL ...eeiiieiee e 10
5.1 AC electrical characteristics...........ccoceieiiiiiniiiiiiieeee 10
5.2 Nonswitching electrical specifications...............cccceeeeeiene 10
5.2.1 Voltage and current operating requirements......... 11
5.2.2 LVD and POR operating requirements................. 11
5.2.3 Voltage and current operating behaviors.............. 12
5.2.4 Power mode transition operating behaviors.......... 13
5.2.5 Power consumption operating behaviors.............. 14
5.2.6 Designing with radiated emissions in mind........... 18
5.2.7 Capacitance attributes..........cccccceeeevciieeeeeeccieennn. 18
5.3 Switching specifications...........cccccceviiiiiiiiiiice, 19
5.3.1 Device clock specifications.............cccocvveiiiiennnns 19
5.3.2 General switching specifications.............ccccccueeene 19
5.4 Thermal specifications...........ccevieeiiiiiiiniccie e 20
5.4.1 Thermal operating requirements............c.ccccceeeues 20
5.4.2 Thermal attributes............ccccoovviiiiiiiis 21

6 Peripheral operating requirements and behaviors.................... 21
6.1 COre MOAUIES......ceeiuieiieiieee et 22
6.1.1  Debug trace timing specifications..............cc.cc..... 22
6.1.2 JTAG electricals........cccoecuiiiiiiiiiiiiicceecec e 22

6.2 SyStem MOTUIES......ccceereiiiriieieiee e 25
6.3 CloCK MOAUIES......ccoeeiiieiieeeeeee e 25
6.3.1  MCG specifications...........ccceerviiviiiiiiiiciiieecieee 25
6.3.2 Oscillator electrical specifications...............ccccvene 27
6.3.3 32 kHz Oscillator Electrical Characteristics........... 30

6.4 Memories and memory interfaces...........ccccecviiiieiiinnenns 30
6.4.1 Flash electrical specifications............cccccevcuvrernnenn. 30
6.4.2 EzPort Switching Specifications.............ccccceeveenne 35

6.5 Security and integrity modules............ccccoiiiiiiiiiiiiiiiees 36
6.6 ANAIOG......ciiiiiiiiiie e 36
6.6.1 ADC electrical specifications...........ccccceevcvvereennnen. 36
6.6.2 CMP and 6-bit DAC electrical specifications......... 43
6.6.3 12-bit DAC electrical characteristics..................... 46
6.6.4 Voltage reference electrical specifications............ 49

6.7 TIMEIS. oottt 50
6.8 Communication interfaces...........cccooveverierieniciiccenee, 50
6.8.1 USB electrical specifications...........cc.ccccvveeeernnnenn. 50
6.8.2 USB DCD electrical specifications..............cc........ 51
6.8.3 USB VREG electrical specifications..............c....... 51
6.8.4 CAN switching specifications.............cccoceveriinnenne 52

6.8.5 DSPI switching specifications (limited voltage

6.8.6 DSPI switching specifications (full voltage range).53

6.8.7 12C switching specifications...............cccccceeiiie 55
6.8.8 UART switching specifications.............ccccceeeieenns 55
6.8.9 12S/SAl Switching Specifications............c.ccceeeennne 55

6.9 Human-machine interfaces (HMI)..........cccccoviiiiiiiinninens 60
6.9.1 TSI electrical specifications...........ccccccevivcveriennne 60
DIMENSIONS. ........oiiiiiiiii 61
7.1 Obtaining package dimensions...............cccccceeiiniiinnnnnn. 61
PiNOUL....ooii 61
8.1 K20 Signal Multiplexing and Pin Assignments.................. 61
8.2 K20 PiNOULS.....coiuiiiiiiiiiiciiie e 64
9 Revision HiStory..........cciiiiiiiiiiiiicce e 65

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.

Freescale Semiconductor, Inc.







4
Ordering parts

1 Ordering parts

1.1 Determining valid orderable parts

Valid orderable part numbers are provided on the web. To determine the orderable part
numbers for this device, go to www.freescale.com and perform a part number search for
the following device numbers: PK20 and MK?20 .

2 Part identification

2.1 Description

Part numbers for the chip have fields that identify the specific part. You can use the
values of these fields to determine the specific part you have received.

2.2 Format
Part numbers for this device have the following format:

QK# AMFFFRTPPCCN

2.3 Fields

This table lists the possible values for each field in the part number (not all combinations
are valid):

Field Description Values

Q Qualification status ¢ M = Fully qualified, general market flow
¢ P = Prequalification

K## Kinetis family * K20

A Key attribute * D = Cortex-M4 w/ DSP
e F = Cortex-M4 w/ DSP and FPU

M Flash memory type * N = Program flash only
¢ X = Program flash and FlexMemory

Table continues on the next page...
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Terminology and guidelines

Field Description Values

32 =32 KB
64 = 64 KB
128 = 128 KB
256 = 256 KB
512 =512 KB
1MO =1 MB

Z = Initial
e (Blank) = Main
¢ A = Revision after main

FFF Program flash memory size

R Silicon revision

T Temperature range (°C) e V=-401t0 105
e C=-40t085
PP Package identifier FM =32 QFN (5 mm x 5 mm)

FT =48 QFN (7 mm x 7 mm)

LF =48 LQFP (7 mm x 7 mm)

LH = 64 LQFP (10 mm x 10 mm)

MP = 64 MAPBGA (5 mm x 5 mm)

LK =80 LQFP (12 mm x 12 mm)

LL =100 LQFP (14 mm x 14 mm)

MC = 121 MAPBGA (8 mm x 8 mm)
LQ = 144 LQFP (20 mm x 20 mm)

MD = 144 MAPBGA (13 mm x 13 mm)
MJ =256 MAPBGA (17 mm x 17 mm)

5 =50 MHz
7 =72 MHz
10 =100 MHz
12 =120 MHz
15 =150 MHz

R = Tape and reel
¢ (Blank) = Trays

CcC Maximum CPU frequency (MHz)

N Packaging type

2.4 Example
This is an example part number:

MK20DN512ZVMD10

3 Terminology and guidelines

3.1 Definition: Operating requirement

An operating requirement is a specified value or range of values for a technical
characteristic that you must guarantee during operation to avoid incorrect operation and
possibly decreasing the useful life of the chip.

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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Terminology and guidelines

3.1.1 Example

This is an example of an operating requirement, which you must meet for the
accompanying operating behaviors to be guaranteed:

Symbol Description Min. Max. Unit

Vop 1.0 V core supply 0.9 1.1 \Y,
voltage

3.2 Definition: Operating behavior

An operating behavior is a specified value or range of values for a technical
characteristic that are guaranteed during operation if you meet the operating requirements
and any other specified conditions.

3.2.1 Example

This is an example of an operating behavior, which is guaranteed if you meet the
accompanying operating requirements:

Symbol Description Min. Max. Unit
0 130 pA

—_

lwp Digital I/O weak pullup/
pulldown current

3.3 Definition: Attribute

An attribute is a specified value or range of values for a technical characteristic that are
guaranteed, regardless of whether you meet the operating requirements.

3.3.1 Example

This is an example of an attribute:

Symbol Description Min. Max. Unit

CIN_D Input capacitance: — 7 pF
digital pins

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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Terminology and guidelines

3.4 Definition: Rating

A rating 1s a minimum or maximum value of a technical characteristic that, if exceeded,
may cause permanent chip failure:

* Operating ratings apply during operation of the chip.
* Handling ratings apply when the chip is not powered.

3.4.1 Example

This is an example of an operating rating:

Symbol Description Min. Max. Unit

Vpp 1.0 V core supply -0.3 1.2 \
voltage

3.5 Result of exceeding a rating

40

€ 30
(=%
=
QE) /
= 90 The likelihood of permanent chip failure increases rapidly as
5, soon as a characteristic begins to exceed one of its operating ratings.
[l
E
£ 10 J

° —

Operating rating

Measured characteristic
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Terminology and guidelines

3.6 Relationship between ratings and operating requirements

) )
& <@
o) QY N )
g\“\\“ \‘e‘(\e \‘e“\e g\“\a*
R @ o R
e@\\(\ e\"’“\\(\ e‘d\\(\ @ 3
oe R oe o°
Fatal range Degraded operating range | Normal operating range | Degraded operating range Fatal range
Expected permanent failure - No permanent failure - No permanent failure - No permanent failure Expected permanent failure
- Possible decreased life - Correct operation - Possible decreased life
- Possible incorrect operation - Possible incorrect operation
—00 o
Operating (power on)
o) D
« \«\3*
(5\\(\9 (?S\“g
6\'\(\(B 6\'\(\g
we© et
Fatal range Handling range Fatal range
Expected permanent failure No permanent failure Expected permanent failure
—o0 [

Handling (power off)

3.7 Guidelines for ratings and operating requirements
Follow these guidelines for ratings and operating requirements:

* Never exceed any of the chip’s ratings.

* During normal operation, don’t exceed any of the chip’s operating requirements.

* If you must exceed an operating requirement at times other than during normal
operation (for example, during power sequencing), limit the duration as much as
possible.

3.8 Definition: Typical value

A typical value is a specified value for a technical characteristic that:
* Lies within the range of values specified by the operating behavior
* Given the typical manufacturing process, is representative of that characteristic
during operation when you meet the typical-value conditions or other specified
conditions

Typical values are provided as design guidelines and are neither tested nor guaranteed.

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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Terminology and guidelines

3.8.1 Example 1

This is an example of an operating behavior that includes a typical value:

Symbol Description Min. Typ. Max. Unit

lwp Digital I/0 weak 10 70 130 A
pullup/pulldown
current

3.8.2 Example 2

This is an example of a chart that shows typical values for various voltage and
temperature conditions:

5000

4500 //
4000
T
3500 J
~ Q/‘/ @ 150°C
T 3000
= A 105°C
S 2500
:| B 25°C
2 2000
X —40°C

1500

1000

A A ——A A A
500
- - - =
—
0 T T T T T
0.90 0.95 1.00 1.05 1.10
Voo (V)

3.9 Typical value conditions

Typical values assume you meet the following conditions (or other conditions as
specified):

Symbol Description Value Unit
Ta Ambient temperature 25 °C
Vpp 3.3 V supply voltage 3.3 \

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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Ratings

4 Ratings

4.1 Thermal handling ratings

Symbol | Description Min Max. Unit Notes
Tsta Storage temperature -55 150 °C 1
Tspr Solder temperature, lead-free — 260 °C 2

—_

Solid State Surface Mount Devices.

4.2 Moisture handling ratings

Determined according to JEDEC Standard JESD22-A103, High Temperature Storage Life.
Determined according to IPC/JEDEC Standard J-STD-020, Moisture/Reflow Sensitivity Classification for Nonhermetic

Notes

Symbol

Description

Min.

Max.

Unit

MSL

Moisture sensitivity level

1.

Solid State Surface Mount Devices.

4.3 ESD handling ratings

Determined according to IPC/JEDEC Standard J-STD-020, Moisture/Reflow Sensitivity Classification for Nonhermetic

Symbol Description Min. Max. Unit Notes
Vism Electrostatic discharge voltage, human body model -2000 +2000 Vv 1
Veom Electrostatic discharge voltage, charged-device model -500 +500 \ 2

AT Latch-up current at ambient temperature of 105°C -100 +100 mA

Model (HBM,).

4.4 Voltage and current operating ratings

Max.

Determined according to JEDEC Standard JESD22-A114, Electrostatic Discharge (ESD) Sensitivity Testing Human Body

Determined according to JEDEC Standard JESD22-C101, Field-Induced Charged-Device Model Test Method for
Electrostatic-Discharge-Withstand Thresholds of Microelectronic Components.

Unit

Symbol

Description

Min.

3.8

Vbp

Digital supply voltage

-0.3

Table continues on the next page...
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General
Symbol Description Min. Max. Unit
Ibp Digital supply current — 185 mA
Vbio Digital input voltage (except RESET, EXTAL, and XTAL) -0.3 5.5 \Y
Vaio Analog', RESET, EXTAL, and XTAL input voltage -0.3 Vpp + 0.3 \
Ip Maximum current single pin limit (applies to all digital pins) —25 25 mA
Vppa Analog supply voltage Vpp—0.3 Vpp + 0.3 \
VusB pp USB_DP input voltage -0.3 3.63 \%
Vuse pm |USB_DM input voltage -0.3 3.63 Vv
VREGIN USB regulator input -0.3 6.0 \
Vgat RTC battery supply voltage -0.3 3.8 \

1. Analog pins are defined as pins that do not have an associated general purpose 1/O port function.

5 General

5.1 AC electrical characteristics

Unless otherwise specified, propagation delays are measured from the 50% to the 50%
point, and rise and fall times are measured at the 20% and 80% points, as shown in the
following figure.

Viy Low High
Input Signal Midp oint1
Fall Time —m] |lat— Vi —m [=— Rise Time

The midpoint is V) + (My — V2.
Figure 1. Input signal measurement reference

All digital I/O switching characteristics assume:
1. output pins
* have C; =30pF loads,
* are configured for fast slew rate (PORTx_PCRn[SRE]=0), and
* are configured for high drive strength (PORTx_PCRn[DSE]=1)
2. input pins
* have their passive filter disabled (PORTx_PCRn[PFE]=0)

5.2 Nonswitching electrical specifications

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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General
5.2.1 Voltage and current operating requirements
Table 1. Voltage and current operating requirements
Symbol Description Min. Max. Unit Notes
Vop Supply voltage 1.71 3.6 \'%
Vbpa Analog supply voltage 1.71 3.6 \
Vpp — Vppa | Vpp-to-Vppa differential voltage -0.1 0.1 \'%
Vgs — Vssa |Vss-to-Vssa differential voltage -0.1 0.1 \
Veat RTC battery supply voltage 1.71 3.6 Vv
ViH Input high voltage
* 27V<=sVpp=s36V 0.7 x Vpp — Vv
e 1.7V<Vpp<27V 0.75 x Vpp — Vv
ViL Input low voltage
e 27V<=sVpp=s36V — 0.35 x Vpp Vv
e 1.7V<sVpp=s27V — 0.3 x Vpp Vv
Vuys Input hysteresis 0.06 x Vpp — \
licoio Digital pin negative DC injection current — single pin 1
e Vjy < Vgg-0.3V N - mA
licaio Analog?, EXTAL, and XTAL pin DC injection current — 3
single pin mA
* V|n < Vss-0.3V (Negative current injection) -5 —
¢ Vv > Vpp+0.3V (Positive current injection) — +5
liccont Contiguous pin DC injection current —regional limit,
includes sum of negative injection currents or sum of
positive injection currents of 16 contiguous pins
* Negative current injection 25 o mA
* Positive current injection o 25
VRam Vpp voltage required to retain RAM 1.2 — \'%
VgrrveaT | Veat voltage required to retain the VBAT register file VPOR_VBAT — \'

1. Al 5V tolerant digital I/O pins are internally clamped to Vgg through a ESD protection diode. There is no diode connection
to Vpp. If V| greater than Vpio_min (=Vss-0.3V) is observed, then there is no need to provide current limiting resistors at
the pads. If this limit cannot be observed then a current limiting resistor is required. The negative DC injection current
limiting resistor is calculated as R=(Vpjo_min-ViN)/Ilicl-

2. Analog pins are defined as pins that do not have an associated general purpose 1/O port function.

3. All analog pins are internally clamped to Vgg and Vpp through ESD protection diodes. If V|y is greater than Va0 min
(=Vss-0.3V) and V) is less than Va0 max(=Vpp+0.3V) is observed, then there is no need to provide current limiting
resistors at the pads. If these limits cannot be observed then a current limiting resistor is required. The negative DC
injection current limiting resistor is calculated as R=(Vai0_min-Vin)/llicl. The positive injection current limiting resistor is
calculated as R=(V|y-Vaio_max)/llicl. Select the larger of these two calculated resistances.

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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General

5.2.2 LVD and POR operating requirements
Table 2. Vpp supply LVD and POR operating requirements

Symbol | Description Min. Typ. Max. Unit Notes
Vpor Falling VDD POR detect voltage 0.8 1.1 1.5 Vv
VLvDH Falling low-voltage detect threshold — high 2.48 2.56 2.64 \'
range (LVDV=01)
Low-voltage warning thresholds — high range 1
VivwiH ¢ Level 1 falling (LVWV=00) 2.62 2.70 2.78 \
VivweH * Level 2 falling (LVWV=01) 2.72 2.80 2.88 Vv
Vi vw3H * Level 3 falling (LVWV=10) 2.82 2.90 2.98 \
VivwaH ¢ Level 4 falling (LVWV=11) 2.92 3.00 3.08 \
Vuysn | Low-voltage inhibit reset/recover hysteresis — — +80 — mV
high range
VivpL Falling low-voltage detect threshold — low range 1.54 1.60 1.66 \'%
(LVDV=00)
Low-voltage warning thresholds — low range 1
VivwiL * Level 1 falling (LVWV=00) 1.74 1.80 1.86 \
VivwaL ¢ Level 2 falling (LVWV=01) 1.84 1.90 1.96 \
VivwaL ¢ Level 3 falling (LVWV=10) 1.94 2.00 2.06 \Y
VivwaL * Level 4 falling (LVWV=11) 2.04 2.10 2.16 Vv
Vuyse | Low-voltage inhibit reset/recover hysteresis — — +60 — mV
low range
Vgg Bandgap voltage reference 0.97 1.00 1.03 Vv
tLpo Internal low power oscillator period — factory 900 1000 1100 us
trimmed

1. Rising thresholds are falling threshold + hysteresis voltage

Table 3. VBAT power operating requirements

Symbol | Description Min. Typ. Max. Unit Notes
Vpeor_vear | Falling VBAT supply POR detect voltage 0.8 1.1 1.5 \

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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General
5.2.3 Voltage and current operating behaviors
Table 4. Voltage and current operating behaviors
Symbol | Description Min. Max. Unit Notes
VoH Output high voltage — high drive strength
e 27V <=Vpp=s3.6V,loy=-9MmA Vpp - 0.5 — Vv
* 1.71V<=sVpp=s2.7V,loy=-3mA Vpp — 0.5 — \Y
Output high voltage — low drive strength
e 27V < VDD <36V, IOH =-2mA VDD -05 — \
e 1.71V< VDD <27V, IOH =-0.6mA VDD -05 — Y
loHT Output high current total for all ports — 100 mA
VoL Output low voltage — high drive strength
e 27V< VDD <36V, |o|_ =9mA — 0.5 \Y
e 1.71V<Vpp=<27V,lg.=3mA — 0.5
Output low voltage — low drive strength
¢ 27V <=Vpp<3.6V,lo.=2mA — 0.5 \Y
* 1.71V<sVpp=s2.7V,lo =0.6mA — 0.5 Vv
loLt Output low current total for all ports — 100 mA
Iin Input leakage current (per pin) for full temperature — 1 A 1
range
N Input leakage current (per pin) at 25°C — 0.025 A 1
loz Hi-Z (off-state) leakage current (per pin) — 1 A
Rpu Internal pullup resistors 20 50 kQ
Rpp Internal pulldown resistors 20 50 kQ

1. Measured at VDD=3.6V
2. Measured at Vpp supply voltage = Vpp min and Vinput = Vgg
3. Measured at Vpp supply voltage = Vpp min and Vinput = Vpp

5.2.4 Power mode transition operating behaviors

All specifications except tpor, and VLLSx—RUN recovery times in the following table
assume this clock configuration:

* CPU and system clocks = 72 MHz
e Bus clock = 36 MHz
e Flash clock = 24 MHz

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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Table 5. Power mode transition operating behaviors
Symbol | Description Min. Max. Unit Notes
troR After a POR event, amount of time from the point Vpp — 300 us 1

reaches 1.71 V to execution of the first instruction

across the operating temperature range of the chip.
¢ VLLS1 > RUN - 12 Hs
« VLLS2 > RUN - 74 us
« VLLS3 > RUN - 73 us
« LLS > RUN - 5.9 Hs
« VLPS - RUN - 58 us
« STOP > RUN - 4.2 Hs

1. Normal boot (FTFL_OPT[LPBOQOT]=1)

5.2.5 Power consumption operating behaviors
Table 6. Power consumption operating behaviors

Symbol | Description Min. Typ. Max. Unit Notes
Ippa Analog supply current — — See note mA 1
Ipb_run | Run mode current — all peripheral clocks 2
disabled, code executing from flash
Telsv — 21.5 25 mA
T @sov — 215 30 mA
Ipp_run | Run mode current — all peripheral clocks 3,4
enabled, code executing from flash
T ensv — 31 34 mA
* @ 3.0V
T @25 — 31 34 mA
@125 — 32 39 mA
Ippo_warr | Wait mode high frequency current at 3.0 V —all — 12.5 — mA 2
peripheral clocks disabled
Ipp_wair | Wait mode reduced frequency current at 3.0 V — — 7.2 — mA 5
all peripheral clocks disabled
Ipp_vipr | Very-low-power run mode current at 3.0 V — all — 0.996 — mA 6
peripheral clocks disabled
Ipb_vipr | Very-low-power run mode current at 3.0 V — all — 1.46 — mA 7
peripheral clocks enabled

Table continues on the next page...
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General
Table 6. Power consumption operating behaviors (continued)
Symbol | Description Min. Typ. Max. Unit Notes
Ipp_vipw | Very-low-power wait mode current at 3.0 V — all — 0.61 — mA 8
peripheral clocks disabled
Ipp_stop |Stop mode current at 3.0 V
e @ —40to 25°C — 0.35 0.567 mA
* @70°C — 0.384 0.793 mA
e @ 105°C — 0.628 1.2 mA
Ipp_vips | Very-low-power stop mode current at 3.0 V
* @ -40t025°C — 5.9 32.7 pA
+ @70°C — 26.1 59.8 HA
e @ 105°C — 98.1 188 pA
Ipp LLs |Low leakage stop mode current at 3.0 V 9
* @ -40t025°C — 2.6 8.6 pA
+ @70°C — 10.3 29.1 HA
e @ 105°C — 42.5 92.5 pA
Ipp_viLss |Very low-leakage stop mode 3 current at 3.0 V 9
* @ —-40to025°C — 1.9 5.8 pA
* @ 70°C — 6.9 12.1 HA
e @ 105°C — 28.1 41.9 pA

Ipp_viLse |Very low-leakage stop mode 2 current at 3.0 V

e @ -40t025°C — 1.59 5.5 HA
. @70°C — 4.3 9.5 HA
. @ 105°C — 17.5 34 pA

Ipp_viist |Very low-leakage stop mode 1 current at 3.0 V

. @ —40 to 25°C — 1.47 5.4 HA
e @70°C — 2.97 8.1 HA
. @ 105°C — 12.41 32 HA
Ipp_veat |Average current with RTC and 32kHz disabled at
30V
e @ —40t025°C — 0.19 0.22 HA
* @70°C — 0.49 0.64 HA
s @105°C — 2.2 3.2 HA

Table continues on the next page...
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Table 6. Power consumption operating behaviors (continued)
Symbol | Description Min. Typ. Max. Unit Notes
Ipop_veat |Average current when CPU is not accessing RTC 10
registers
. @1.8V
* @-401025°C — 0.57 0.67 uA
© @70 — 0.90 12 uA
" @105°C — 2.4 35 bA
. @3.0V
* @-40t025°C — 0.67 0.94 uA
©@rrc — 1.0 1.4 bA
© @105°C — 27 3.9 bA

1. The analog supply current is the sum of the active or disabled current for each of the analog modules on the device. See
each module's specification for its supply current.

2. 72MHz core and system clock, 36MHz bus clock, and 24MHz flash clock. MCG configured for FEE mode. All peripheral
clocks disabled.

3. 72MHz core and system clock, 36MHz bus clock, and 24MHz flash clock. MCG configured for FEE mode. All peripheral
clocks enabled.

4. Max values are measured with CPU executing DSP instructions.

25MHz core, system, bus and flash clock. MCG configured for FEI mode.

4 MHz core and system clock, 4 MHz and bus clock, and 1 MHz flash clock. MCG configured for BLPE mode. All

peripheral clocks disabled. Code executing from flash.

7. 4 MHz core and system clock, 4 MHz and bus clock, and 1 MHz flash clock. MCG configured for BLPE mode. All
peripheral clocks enabled but peripherals are not in active operation. Code executing from flash.

8. 4 MHz core and system clock, 4 MHz and bus clock, and 1 MHz flash clock. MCG configured for BLPE mode. All
peripheral clocks disabled.

9. Data reflects devices with 128 KB of RAM. For devices with 64 KB of RAM, power consumption is reduced by 2 pA.

10. Includes 32kHz oscillator current and RTC operation.

5.2.5.1 Diagram: Typical IDD_RUN operating behavior
The following data was measured under these conditions:

* MCG in FBE mode for 50 MHz and lower frequencies. MCG in FEE mode at greater
than 50 MHz frequencies.

USB regulator disabled

No GPIOs toggled

Code execution from flash with cache enabled

For the ALLOFF curve, all peripheral clocks are disabled except FTFL
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General

Run Mode Current vs Core Frequency

Temp (C)=25,VDD=3.6V,CACHE=ENABLE,Code Residence=Flash
35.00E-03

30.00E-03 ’

25.00E-03

20.00E-03 /

All Peripheral Clk Gates

=== ALLOFF
15.00E-03 == ALLON

Current Consumption on VDD {A)

10.00E-03
- '_/
000.00E+00 Ol Ratio
1111 1111 1111 1111 1111 1111 1222 1223 Core-Bus.Flash
1 2 4 6.25 12,5 25 50 72

Core Freq{Mhz)

Figure 2. Run mode supply current vs. core frequency
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General

Very Low Power Run (VLPR) Current vs Core Frequency

Temp (C)=25,VDD=3.6V,CACHE=ENABLE,Code Residence=Flash
1.60E-03

1.40E-03 /

1.20E-03

1.00E-03 L

‘// //Au Peripheral Clk Gates
800.00E-06
== ALLOFF
== ALLON
600.00E-06 .—////——
400.00E-06

200.00E-06

Current Consumption on VDD {A)

000.00E+00

Core-Bus-Flash

1-1-1-2 1111 ‘ 1224 1-1-1-4 11-1-2 ‘ 1-2-2-4 1-1-1-4 Clk Ratio

1 4 Core Freq (Mhz)

Figure 3. VLPR mode supply current vs. core frequency

5.2.6 Designing with radiated emissions in mind

To find application notes that provide guidance on designing your system to minimize
interference from radiated emissions:

1. Go to www.freescale.com.

2. Perform a keyword search for “EMC design.”

5.2.7 Capacitance attributes
Table 7. Capacitance attributes

Symbol Description Min. Max. Unit
Cin A Input capacitance: analog pins — 7 pF
CinoD Input capacitance: digital pins — 7 pF

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.

18 Freescale Semiconductor, Inc.





http://www.freescale.com





General
5.3 Switching specifications
5.3.1 Device clock specifications
Table 8. Device clock specifications
Symbol | Description | Min. | Max. Unit Notes
Normal run mode
fsys System and core clock — 72 MHz
fsys_uss System and core clock when Full Speed USB in 20 — MHz
operation
feus Bus clock — 50 MHz
frLASH Flash clock — 25 MHz
fLpTMR LPTMR clock — 25 MHz
VLPR mode'

fsvs System and core clock — 4 MHz
feus Bus clock — 4 MHz
fELASH Flash clock — 0.5 MHz
fERCLK External reference clock — 16 MHz
fietmR_pin | LPTMR clock — 25 MHz
fLetMr_ERcLk | LPTMR external reference clock — 16 MHz
friexcan_ercik | FIexXCAN external reference clock — 8 MHz
flos_ MCLK I12S master clock — 12.5 MHz
fias_BoLk I2S bit clock — 4 MHz

1. The frequency limitations in VLPR mode here override any frequency specification listed in the timing specification for any
other module.

5.3.2 General switching specifications

These general purpose specifications apply to all signals configured for GPIO, UART,
CAN, CMT, and I°C signals.

Table 9. General switching specifications

Symbol | Description Min. Max. Unit Notes
GPIO pin interrupt pulse width (digital glitch filter 1.5 — Bus clock 1,2
disabled) — Synchronous path cycles
GPIO pin interrupt pulse width (digital glitch filter 100 — ns 3
disabled, analog filter enabled) — Asynchronous path

Table continues on the next page...
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Table 9. General switching specifications (continued)

Symbol | Description Min. Max. Unit Notes
GPIO pin interrupt pulse width (digital glitch filter 16 — ns 3
disabled, analog filter disabled) — Asynchronous path
External reset pulse width (digital glitch filter disabled) 100 — ns 3
Mode select (EZP_CS) hold time after reset 2 — Bus clock
deassertion cycles
Port rise and fall time (high drive strength) 4

¢ Slew disabled
e 1.71<Vpp 2.7V — 12 ns
e 2.7<Vpp=<3.6V — 6 ns
* Slew enabled
e 1.71<Vpp=c2.7V — 36 ns
e 2.7<Vpp=<3.6V — 24 ns
Port rise and fall time (low drive strength) 5

¢ Slew disabled

e 1.71<Vpp 2.7V — 12 ns

e 27<Vpp=<3.6V — 6 ns
¢ Slew enabled

* 1.71<Vpp<2.7V — 36 ns

e 27<Vpp=s3.6V — 24 ns

1. This is the minimum pulse width that is guaranteed to pass through the pin synchronization circuitry. Shorter pulses may or
may not be recognized. In Stop, VLPS, LLS, and VLLSx modes, the synchronizer is bypassed so shorter pulses can be
recognized in that case.

2. The greater synchronous and asynchronous timing must be met.

3. This is the minimum pulse width that is guaranteed to be recognized as a pin interrupt request in Stop, VLPS, LLS, and
VLLSx modes.

4. 75pF load

5. 15pF load

5.4 Thermal specifications

5.4.1 Thermal operating requirements
Table 10. Thermal operating requirements

Symbol Description Min. Max. Unit
T, Die junction temperature -40 125 °C
Ta Ambient temperature -40 105 °C

K20 Sub-Family Data Sheet, Rev. 3, 11/2012.

20 Freescale Semiconductor, Inc.








Peripheral operating requirements and behaviors

5.4.2 Thermal attributes

Board type Symbol Description 64 LQFP Unit Notes

Single-layer (1s) Regua Thermal 59 °C/W 1,2
resistance, junction
to ambient (natural
convection)

Four-layer (2s2p) | Rgya Thermal 41 °C/W 1,3
resistance, junction
to ambient (natural
convection)

Single-layer (1s) Resma Thermal 48 °C/W 1,3
resistance, junction
to ambient (200 ft./
min. air speed)

Four-layer (2s2p) | Rgyma Thermal 35 °C/W 1,3
resistance, junction
to ambient (200 ft./
min. air speed)

— ReJs Thermal 23 °C/W 4
resistance, junction
to board

— ReJc Thermal 11 °C/W 5
resistance, junction
to case

— Y Thermal 3 °C/W 6
characterization
parameter, junction
to package top
outside center
(natural
convection)

1. Junction temperature is a function of die size, on-chip power dissipation, package thermal resistance, mounting site
(board) temperature, ambient temperature, air flow, power dissipation of other components on the board, and board
thermal resistance.

2. Determined according to JEDEC Standard JESD51-2, Integrated Circuits Thermal Test Method Environmental
Conditions— Natural Convection (Still Air) with the single layer board horizontal. For the LQFP, the board meets the
JESD51-3 specification. For the MAPBGA, the board meets the JESD51-9 specification.

3. Determined according to JEDEC Standard JESD51-6, Integrated Circuits Thermal Test Method Environmental
Conditions— Forced Convection (Moving Air) with the board horizontal. For the LQFP, the board meets the JESD51-7
specification.

4, Determined according to JEDEC Standard JESD51-8, Integrated Circuit Thermal Test Method Environmental
Conditions —dJunction-to-Board. Board temperature is measured on the top surface of the board near the package.

5. Determined according to Method 1012.1 of MIL-STD 883, Test Method Standard, Microcircuits, with the cold plate

temperature used for the case temperature. The value includes the thermal resistance of the interface material
between the top of the package and the cold plate.

6. Determined according to JEDEC Standard JESD51-2, Integrated Circuits Thermal Test Method Environmental
Conditions — Natural Convection (Still Air).

6 Peripheral operating requirements and behaviors
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6.1 Core modules

6.1.1 Debug trace timing specifications
Table 11. Debug trace operating behaviors

Symbol Description Min. | Max. Unit
Teye Clock period Frequency dependent MHz
Twi Low pulse width 2 — ns
Twh High pulse width 2 — ns

T, Clock and data rise time — 3 ns
Ts Clock and data fall time — 3 ns
Ts Data setup 3 — ns
Th Data hold 2 — ns
TRACECLK | : a
—»ieT, Ti—»iiia—
+ Twn > e Tw >
-+ Teye >

Figure 4. TRACE_CLKOUT specifications

TRACE_CLKOUT / X #
b, Ts—MM—Th = > Ts —Th

reace Dzl DD OGN @

Figure 5. Trace data specifications

6.1.2 JTAG electricals
Table 12. JTAG limited voltage range electricals

Symbol Description Min. Max. Unit

Operating voltage 27 3.6 \

Table continues on the next page...
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Table 12. JTAG limited voltage range electricals (continued)

Symbol Description Min. Max. Unit
Ji TCLK frequency of operation MHz
¢ Boundary Scan 0 10
e JTAG and CJTAG 0 25
¢ Serial Wire Debug 0 50
J2 TCLK cycle period 1/J1 — ns
J3 TCLK clock pulse width
* Boundary Scan 50 — ns
e JTAG and CJTAG 20 — ns
¢ Serial Wire Debug 10 — ns
J4 TCLK rise and fall times — 3 ns
J5 Boundary scan input data setup time to TCLK rise 20 — ns
J6 Boundary scan input data hold time after TCLK rise 0 — ns
J7 TCLK low to boundary scan output data valid — 25 ns
J8 TCLK low to boundary scan output high-Z — 25 ns
J9 TMS, TDI input data setup time to TCLK rise 8 — ns
J10 TMS, TDI input data hold time after TCLK rise 1 — ns
J11 TCLK low to TDO data valid — 17 ns
J12 TCLK low to TDO high-Z — 17 ns
J13 TRST assert time 100 — ns
J14 TRST setup time (negation) to TCLK high 8 — ns
Table 13. JTAG full voltage range electricals
Symbol Description Min. Max. Unit
Operating voltage 1.71 3.6 \
Ji TCLK frequency of operation MHz
e Boundary Scan 10
e JTAG and CJTAG 20
¢ Serial Wire Debug 40
J2 TCLK cycle period 1/J1 — ns
J3 TCLK clock pulse width
¢ Boundary Scan 50 — ns
e JTAG and CJTAG 25 — ns
* Serial Wire Debug 12.5 — ns
J4 TCLK rise and fall times — 3 ns
J5 Boundary scan input data setup time to TCLK rise 20 — ns
J6 Boundary scan input data hold time after TCLK rise 0 — ns

Table continues on the next page...
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Table 13. JTAG full voltage range electricals (continued)

Symbol Description Min. Max. Unit
J7 TCLK low to boundary scan output data valid — 25 ns
J8 TCLK low to boundary scan output high-Z — 25 ns
J9 TMS, TDI input data setup time to TCLK rise 8 — ns
J10 TMS, TDI input data hold time after TCLK rise 14 — ns
J11 TCLK low to TDO data valid — 22.1 ns
J12 TCLK low to TDO high-Z — 22.1 ns
J13 TRST assert time 100 — ns
J14 TRST setup time (negation) to TCLK high 8 — ns

TCLK (input)
Figure 6. Test clock input timing
TCLK / \ /
: . f
Data inputs ¢~ Input data vaiid Y
Data outputs I X Output data valid
Data outputs )
Data outputs <' Output data valid

Figure 7. Boundary scan (JTAG) timing
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TCLK  / \ /:

E . Q10—
TDI/TMS : <: Input data valid 57
TDO i >'< Output data valid
TDO ! );
TDO <' Output data valid

Figure 8. Test Access Port timing

TCLK / \ / \ / \ /
:

TRST \L J'[

Figure 9. TRST timing

6.2 System modules

There are no specifications necessary for the device's system modules.

6.3 Clock modules
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6.3.1 MCG specifications
Table 14. MCG specifications

Symbol | Description Min. Typ. Max. Unit Notes
fints_ft Internal reference frequency (slow clock) — — 32.768 — kHz
factory trimmed at nominal VDD and 25 °C
fints_t Internal reference frequency (slow clock) — user 31.25 — 39.0625 kHz
trimmed
Dvtgco_res_t | Resolution of trimmed average DCO output — +0.3 +0.6 Y%fdco 1

frequency at fixed voltage and temperature —
using SCTRIM and SCFTRIM

Afyeo_res t | Resolution of trimmed average DCO output — +0.2 +0.5 Yofgco 1
frequency at fixed voltage and temperature —
using SCTRIM only

Afyeo t | Total deviation of trimmed average DCO output — +0.5/-0.7 — Yofdco 1
frequency over voltage and temperature

Afgeo + | Total deviation of trimmed average DCO output — +0.3 +0.3 Yofdco 1
frequency over fixed voltage and temperature
range of 0-70°C

fintf_tt Internal reference frequency (fast clock) — — 4 — MHz
factory trimmed at nominal VDD and 25°C

fintf_t Internal reference frequency (fast clock) — user 3 — 5 MHz
trimmed at nominal VDD and 25 °C
floc_low | LOss of external clock minimum frequency — (3/5) x — — kHz
RANGE = 00 fints_t
fioc_nigh | Loss of external clock minimum frequency — (16/5) x — — kHz
RANGE = 01, 10, or 11 fints_t
FLL
fl_ret FLL reference frequency range 31.25 — 39.0625 kHz
fdco DCO output Low range (DRS=00) 20 20.97 25 MHz 2,3
frequency range 640 X Ty ref
Mid range (DRS=01) 40 41.94 50 MHz
1280 x f|_ref
Mid-high range (DRS=10) 60 62.91 75 MHz
1920 x fyy_ret
High range (DRS=11) 80 83.89 100 MHz
2560 x fy_ref
faco_t_DMx32 | DCO output Low range (DRS=00) — 23.99 — MHz 4,5
frequency 732 x fy e
Mid range (DRS=01) — 47.97 — MHz
1464 x fyy_ret
Mid-high range (DRS=10) — 71.99 — MHz
2197 x fy_ret
High range (DRS=11) — 95.98 — MHz
2929 x fy ref

Table continues on the next page...
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Table 14. MCG specifications (continued)

Symbol | Description Min. Typ. Max. Unit Notes
Jeye_fi FLL period jitter . 180 . ps
i fVCO =48 MHz _ _
hd fVCO =98 MHz 150
ti_acquire | FLL target frequency acquisition time — — 1 ms 6
PLL
fuco VCO operating frequency 48.0 — 100 MHz
Lo PLL operating current - 1060 - uA 7

e PLL @ 96 MHz (foscfhij =8 MHZ, prLref =
2 MHz, VDIV multiplier = 48)

o PLL operating current 7

e PLL @ 48 MHz (foso i 1 = 8 MHZ, foy et = - 600 - HA
2 MHz, VDIV multiplier = 24)
foll_ref PLL reference frequency range 2.0 — 4.0 MHz
Jeye_pn | PLL period jitter (RMS) 8
* fuco = 48 MHz — 120 — ps
* fyeo = 100 MHz — 50 — ps
Jace_pil | PLL accumulated jitter over 1pys (RMS) 8
* fueo = 48 MHz — 1350 — ps
* fyeo = 100 MHz — 600 — ps
Diock Lock entry frequency tolerance +1.49 — +2.98 %
Duni Lock exit frequency tolerance +4.47 — +5.97 %
toi_lock | Lock detector detection time — — 150 x 1076 s 9
+1075(1/

fpII_ref)

oo

N

This parameter is measured with the internal reference (slow clock) being used as a reference to the FLL (FEI clock
mode).

These typical values listed are with the slow internal reference clock (FEI) using factory trim and DMX32=0.

The resulting system clock frequencies should not exceed their maximum specified values. The DCO frequency deviation
(Afgco_t) Over voltage and temperature should be considered.

These typical values listed are with the slow internal reference clock (FEI) using factory trim and DMX32=1.

The resulting clock frequency must not exceed the maximum specified clock frequency of the device.

This specification applies to any time the FLL reference source or reference divider is changed, trim value is changed,
DMX®32 bit is changed, DRS bits are changed, or changing from FLL disabled (BLPE, BLPI) to FLL enabled (FEI, FEE,
FBE, FBI). If a crystal/resonator is being used as the reference, this specification assumes it is already running.

Excludes any oscillator currents that are also consuming power while PLL is in operation.

This specification was obtained using a Freescale developed PCB. PLL jitter is dependent on the noise characteristics of
each PCB and results will vary.

This specification applies to any time the PLL VCO divider or reference divider is changed, or changing from PLL disabled
(BLPE, BLPI) to PLL enabled (PBE, PEE). If a crystal/resonator is being used as the reference, this specification assumes
it is already running.

6.3.2 Oscillator electrical specifications

This section provides the electrical characteristics of the module.
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6.3.2.1 Oscillator DC electrical specifications
Table 15. Oscillator DC electrical specifications
Symbol | Description Min. Typ. Max. Unit Notes
Vpp Supply voltage 1.71 — 3.6 \
Ibobosc | Supply current — low-power mode (HGO=0) 1
e 32 kHz — 500 — nA
e 4 MHz — 200 — HA
* 8 MHz (RANGE=01) — 300 — pA
* 16 MHz — 950 — pA
* 24 MHz — 1.2 — mA
* 32 MHz — 1.5 — mA
Ibobosc | Supply current — high gain mode (HGO=1) 1
e 32 kHz — 25 — pA
e 4 MHz — 400 — HA
e 8 MHz (RANGE=01) — 500 — pA
e 16 MHz — 25 — mA
e 24 MHz — — mA
* 32 MHz — — mA
Cy EXTAL load capacitance — — — 2,3
Cy XTAL load capacitance — — — 2,3
Re Feedback resistor — low-frequency, low-power — — — MQ 2,4
mode (HGO=0)
Feedback resistor — low-frequency, high-gain — 10 — MQ
mode (HGO=1)
Feedback resistor — high-frequency, low-power — — — MQ
mode (HGO=0)
Feedback resistor — high-frequency, high-gain — 1 — MQ
mode (HGO=1)
Rs Series resistor — low-frequency, low-power — — — kQ
mode (HGO=0)
Series resistor — low-frequency, high-gain mode — 200 — kQ
(HGO=1)
Series resistor — high-frequency, low-power — — — kQ
mode (HGO=0)
Series resistor — high-frequency, high-gain
mode (HGO=1)
— 0 — kQ
Table continues on the next page...
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Table 15. Oscillator DC electrical specifications (continued)

Symbol

Description

Min.

Typ.

Max.

Unit

Notes

5
VPP

Peak-to-peak amplitude of oscillation (oscillator
mode) — low-frequency, low-power mode
(HGO=0)

0.6

\

Peak-to-peak amplitude of oscillation (oscillator
mode) — low-frequency, high-gain mode
(HGO=1)

Vbp

Peak-to-peak amplitude of oscillation (oscillator
mode) — high-frequency, low-power mode
(HGO=0)

0.6

Peak-to-peak amplitude of oscillation (oscillator
mode) — high-frequency, high-gain mode
(HGO=1)

Vbp

akrwh=

Vpp=3.3 V, Temperature =25 °C

See crystal or resonator manufacturer's recommendation
C,,Cy can be provided by using either the integrated capacitors or by using external components.

When low power mode is selected, Rg is integrated and must not be attached externally.

The EXTAL and XTAL pins should only be connected to required oscillator components and must not be connected to any

other devices.

6.3.2.2 Oscillator frequency specifications

Table 16. Oscillator frequency specifications

Symbol

Description

Min.

Typ.

Max.

Unit

Notes

fosc_lo

Oscillator crystal or resonator frequency — low
frequency mode (MCG_C2[RANGE]=00)

32

40

kHz

fosc_hi_1

Oscillator crystal or resonator frequency — high
frequency mode (low range)
(MCG_C2[RANGE]=01)

MHz

foscfhifz

Oscillator crystal or resonator frequency — high
frequency mode (high range)
(MCG_C2[RANGE]=1x)

32

MHz

fecﬁextal

Input clock frequency (external clock mode)

50

MHz

1,2

tdcﬁextal

Input clock duty cycle (external clock mode)

50

60

%

test

Crystal startup time — 32 kHz low-frequency,
low-power mode (HGO=0)

750

ms

Crystal startup time — 32 kHz low-frequency,
high-gain mode (HGO=1)

250

ms

Crystal startup time — 8 MHz high-frequency
(MCG_C2[RANGE]=01), low-power mode
(HGO=0)

0.6

ms

Crystal startup time — 8 MHz high-frequency
(MCG_C2[RANGE]=01), high-gain mode
(HGO=1)

ms

3,4

—

Other frequency limits may apply when external clock is being used as a reference for the FLL or PLL.

2. When transitioning from FBE to FEI mode, restrict the frequency of the input clock so that, when it is divided by FRDIV, it

remains within the limits of the DCO input clock frequency.

3. Proper PC board layout procedures must be followed to achieve specifications.
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4. Crystal startup time is defined as the time between the oscillator being enabled and the OSCINIT bit in the MCG_S register
being set.

NOTE
The 32 kHz oscillator works in low power mode by default and
cannot be moved into high power/gain mode.

6.3.3 32 kHz Oscillator Electrical Characteristics
This section describes the module electrical characteristics.

6.3.3.1 32 kHz oscillator DC electrical specifications
Table 17. 32kHz oscillator DC electrical specifications

Symbol Description Min. Typ. Max. Unit
Vgar Supply voltage 1.71 — 3.6 \
Re Internal feedback resistor — 100 — MQ
Cpara Parasitical capacitance of EXTAL32 and XTAL32 — 5 7 pF
Vpp1 Peak-to-peak amplitude of oscillation — 0.6 — Vv

1. When a crystal is being used with the 32 kHz oscillator, the EXTAL32 and XTAL32 pins should only be connected to
required oscillator components and must not be connected to any other devices.

6.3.3.2 32kHz oscillator frequency specifications
Table 18. 32kHz oscillator frequency specifications

Symbol | Description Min. Typ. Max. Unit Notes
fosc o |Oscillator crystal — 32.768 — kHz
tstart Crystal start-up time — 1000 — ms 1
Vec extais2 | Externally provided input clock amplitude 700 — VeaT mV 2,3

—

Proper PC board layout procedures must be followed to achieve specifications.
2. This specification is for an externally supplied clock driven to EXTAL32 and does not apply to any other clock input. The

oscillator remains enabled and XTAL32 must be left unconnected.
3. The parameter specified is a peak-to-peak value and V|4 and V,_specifications do not apply. The voltage of the applied

clock must be within the range of Vgg to Vgar.

6.4 Memories and memory interfaces

6.4.1 Flash electrical specifications

This section describes the electrical characteristics of the flash memory module.
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Flash timing specifications — program and erase

Peripheral operating requirements and behaviors

The following specifications represent the amount of time the internal charge pumps are

active and do not include command overhead.

Table 19. NVM program/erase timing specifications

Symbol | Description Min. Typ. Max. Unit Notes
thvpgma  |Longword Program high-voltage time — 7.5 18 us
thversser | Sector Erase high-voltage time — 13 113 ms 1
thversbika2k | Erase Block high-voltage time for 32 KB — 52 452 ms 1
thversbikesek | Erase Block high-voltage time for 256 KB — 104 904 ms 1
1. Maximum time based on expectations at cycling end-of-life.
6.4.1.2 Flash timing specifications — commands
Table 20. Flash command timing specifications
Symbol | Description Min. Typ. Max. Unit Notes
Read 1s Block execution time
trd1blkazk * 32 KB data flash — — 0.5 ms
trd1blkos6k e 256 KB program flash — — 1.7 ms
ta1secik | R€ad 1s Section execution time (data flash — — 60 us 1
sector)
ta1secok | Read 1s Section execution time (program flash — — 60 us 1
sector)
togmenk | Program Check execution time — — 45 us 1
trdrsre Read Resource execution time — — 30 us 1
thgma Program Longword execution time — 65 145 us
Erase Flash Block execution time 2
tersblkazk ¢ 32 KB data flash — 55 465 ms
tersblk256k * 256 KB program flash — 122 985 ms
tersscr Erase Flash Sector execution time — 14 114 ms 2
Program Section execution time
thgmsecs12p * 512 B program flash — 24 — ms
togmsecs12d * 512 B data flash — 4.7 — ms
tpgmsectkp * 1 KB program flash — 4.7 — ms
tpgmsecikd * 1 KB data flash — 9.3 — ms
trg1al Read 1s All Blocks execution time — — 1.8 ms
trdonce Read Once execution time — — 25 us 1
togmonce | Program Once execution time — 65 — ys
tersall Erase All Blocks execution time — 175 1500 ms 2

Table continues on the next page...
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Table 20. Flash command timing specifications (continued)

Symbol | Description Min. Typ. Max. Unit Notes

tuykey | Verify Backdoor Access Key execution time — — 30 ys 1

Swap Control execution time

tswapxo1 ¢ control code 0x01 — 200 — ps
tswapxo2 e control code 0x02 — 70 150 us
tswapxo4 e control code 0x04 — 70 150 us
tswapxos ¢ control code 0x08 — — 30 [VE

Program Partition for EEPROM execution time
tpgmpart32k e 32 KB FlexNVM J— 70 _ ms

Set FlexRAM Function execution time:

tsetramif ¢ Control Code OxFF — 50 _ us
tsetramsk * 8 KB EEPROM backup — 0.3 0.5 ms
tsetramazk * 32 KB EEPROM backup — 0.7 1.0 ms

Byte-write to FlexRAM for EEPROM operation

teewrsbers | Byte-write to erased FlexRAM location execution — 175 260 us 3
time

Byte-write to FlexRAM execution time:

teewrabsk * 8 KB EEPROM backup — 340 1700 ps
teewrbiek * 16 KB EEPROM backup — 385 1800 s
teewrabazk * 32 KB EEPROM backup — 475 2000 Hs

Word-write to FlexRAM for EEPROM operation

teewriepers | Word-write to erased FlexRAM location — 175 260 ys
execution time

Word-write to FlexRAM execution time:

teewr16bsk ¢ 8 KB EEPROM backup — 340 1700 us
teewr16b16k * 16 KB EEPROM backup J— 385 1800 us
teewr16b3azk e 32 KB EEPROM backup — 475 2000 us

Longword-write to FlexRAM for EEPROM operation

teewrsopers | LONgword-write to erased FlexRAM location — 360 540 us
execution time

Longword-write to FlexRAM execution time:

toewrazbsk + 8 KB EEPROM backup — 545 1950 ps
toewraobisk | 16 KB EEPROM backup — 630 2050 us
teewrazbazk | * 32 KB EEPROM backup — 810 2250 us

1. Assumes 25 MHz flash clock frequency.
2. Maximum times for erase parameters based on expectations at cycling end-of-life.
3. For byte-writes to an erased FlexRAM location, the aligned word containing the byte must be erased.
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6.4.1.3 Flash high voltage current behaviors
Table 21. Flash high voltage current behaviors

Symbol Description Min. Typ. Max. Unit

Ipb_PeMm Average current adder during high voltage — 25 6.0 mA
flash programming operation

Ibb_ERS Average current adder during high voltage — 15 4.0 mA
flash erase operation

6.4.1.4 Reliability specifications
Table 22. NVM reliability specifications

Symbol | Description | Min. | Typ.! | Max. Unit Notes
Program Flash
tvmretptok | Data retention after up to 10 K cycles 5 50 — years
tvmretpik | Data retention after up to 1 K cycles 20 100 — years
Nnvmeyep | Cycling endurance 10K 50 K — cycles 2
Data Flash
thmretdiok | Data retention after up to 10 K cycles 5 50 — years
twmretdik | Data retention after up to 1 K cycles 20 100 — years
Nnvmeyed | Cycling endurance 10K 50 K — cycles 2
FlexRAM as EEPROM
thwmretee100 | Data retention up to 100% of write endurance 5 50 — years
thmretee1o |Data retention up to 10% of write endurance 20 100 — years
Write endurance 3
Nnvmwree16 e EEPROM backup to FlexRAM ratio = 16 35K 175 K — writes
Nnvmwree128 ¢ EEPROM backup to FlexRAM ratio = 128 315K 1.6 M — writes
Nnvmwree512 * EEPROM backup to FlexRAM ratio = 512 1.27 M 6.4 M — writes
Nnvmwree4k e EEPROM backup to FlexRAM ratio = 4096 10M 50 M — writes
Nnvmwreesk ¢ EEPROM backup to FlexRAM ratio = 8192 20 M 100 M — writes

1. Typical data retention values are based on measured response accelerated at high temperature and derated to a constant
25°C use profile. Engineering Bulletin EB618 does not apply to this technology. Typical endurance defined in Engineering
Bulletin EB619.

2. Cycling endurance represents number of program/erase cycles at -40°C < T; < 125°C.

3. Write endurance represents the number of writes to each FlexRAM location at -40°C <Tj < 125°C influenced by the cycling
endurance of the FlexNVM (same value as data flash) and the allocated EEPROM backup per subsystem. Minimum and
typical values assume all byte-writes to FlexRAM.

6.4.1.5 Write endurance to FlexRAM for EEPROM

When the FlexXNVM partition code is not set to full data flash, the EEPROM data set size
can be set to any of several non-zero values.
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The bytes not assigned to data flash via the FlexXNVM partition code are used by the flash
memory module to obtain an effective endurance increase for the EEPROM data. The
built-in EEPROM record management system raises the number of program/erase cycles
that can be attained prior to device wear-out by cycling the EEPROM data through a
larger EEPROM NVM storage space.

While different partitions of the FlexXNVM are available, the intention is that a single
choice for the FlexNVM partition code and EEPROM data set size is used throughout the
entire lifetime of a given application. The EEPROM endurance equation and graph
shown below assume that only one configuration is ever used.

, EEPROM - 2 x EEESPLIT x EEESIZE , .
Writes_subsystem = x Write_efficiency x npymeycq

EEESPLIT x EEESIZE

where

* Writes_subsystem — minimum number of writes to each FlexRAM location for
subsystem (each subsystem can have different endurance)
 EEPROM — allocated FlexNVM for each EEPROM subsystem based on DEPART;
entered with the Program Partition command
* EEESPLIT — FlexRAM split factor for subsystem; entered with the Program
Partition command
* EEESIZE — allocated FlexRAM based on DEPART; entered with the Program
Partition command
» Write_efficiency —
* (.25 for 8-bit writes to FlexRAM
* 0.50 for 16-bit or 32-bit writes to FlexRAM
* Nyymeyed — data flash cycling endurance (the following graph assumes 10,000
cycles)
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Figure 10. EEPROM backup writes to FlexRAM
6.4.2 EzPort Switching Specifications
Table 23. EzPort switching specifications
Num Description Min. Max. Unit
Operating voltage 1.71 3.6 \
EP1 EZP_CK frequency of operation (all commands except — fsys/2 MHz
READ)
EP1a EZP_CK frequency of operation (READ command) — fsys/8 MHz
EP2 EZP_CS negation to next EZP_CS assertion 2 Xtezp_ck — ns
EP3 EZP_CS input valid to EZP_CK high (setup) 5 — ns
EP4 EZP_CK high to EZP_CS input invalid (hold) 5 — ns
EP5 EZP_D input valid to EZP_CK high (setup) 2 — ns
EP6 EZP_CK high to EZP_D input invalid (hold) 5 — ns
EP7 EZP_CK low to EZP_Q output valid — 16 ns
EP8 EZP_CK low to EZP_Q output invalid (hold) 0 — ns
EP9 EZP_CS negation to EZP_Q tri-state — 12 ns
K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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EP3 EP4 E EP2
EZP_CS : \ : / EP9 \—

[

EZP_Q (output) {

0w N @

Figure 11. EzPort Timing Diagram

6.5 Security and integrity modules

There are no specifications necessary for the device's security and integrity modules.

6.6 Analog

6.6.1 ADC electrical specifications

The 16-bit accuracy specifications listed in Table 24 and Table 25 are achievable on the
differential pins ADCx_DP0, ADCx_DMO.

The ADCx_DP2 and ADCx_DM?2 ADC inputs are connected to the PGA outputs and are
not direct device pins. Accuracy specifications for these pins are defined in Table 26 and
Table 27.

All other ADC channels meet the 13-bit differential/12-bit single-ended accuracy
specifications.
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6.6.1.1 16-bit ADC operating conditions
Table 24. 16-bit ADC operating conditions
Symbol | Description Conditions Min. Typ.! Max. Unit Notes
Vopa Supply voltage Absolute 1.71 — 3.6 \Y
AVppa | Supply voltage Delta to Vpp (Vbp - Vbpa) -100 0 +100 mV
AVgga | Ground voltage | Delta to Vgg (Vss - Vssa) -100 0 +100 mV
Veery |ADC reference 1.13 Vppa Vppa \
voltage high
Vgaer | ADC reference Vssa Vssa Vssa v
voltage low
VaDIN Input voltage * 16-bit differential mode VREFL — 31/32 Vv
VREFH
¢ All other modes VREFL — VREEH
CaDIN Input capacitance ¢ 16-bit mode — 10 pF
e 8-/10-/12-bit modes — 4 5
Rapin Input resistance — 2 5 kQ
Ras Analog source 13-/12-bit modes 3
resistance fanck < 4 MHz - - 5 KO
fapck ADC conversion |< 13-bit mode 1.0 — 18.0 MHz 4
clock frequency
fapck ADC conversion |16-bit mode 2.0 — 12.0 MHz 4
clock frequency
Crate ADC conversion |< 13 bit modes 5
rate No ADC hardware averaging | 20.000 — 818.330 Ksps
Continuous conversions
enabled, subsequent
conversion time
Crate ADC conversion |16-bit mode 5
rate No ADC hardware averaging 37.037 — 461.467 Ksps

Continuous conversions
enabled, subsequent
conversion time

1. Typical values assume Vppa = 3.0 V, Temp = 25 °C, fapck = 1.0 MHz unless otherwise stated. Typical values are for
reference only and are not tested in production.

2. DC potential difference.

3. This resistance is external to MCU. The analog source resistance must be kept as low as possible to achieve the best
results. The results in this data sheet were derived from a system which has < 8 Q analog source resistance. The Rag/Cas
time constant should be kept to < 1ns.
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Figure 12. ADC input impedance equivalency diagram

6.6.1.2 16-bit ADC electrical characteristics

ADC SAR

[ ENGINE

Table 25. 16-bit ADC characteristics (VREFH = VDDA! VREFL = VSSA)
Symbol | Description Conditions! Min. Typ.2 Max. Unit Notes
Iopa_apc | Supply current 0.215 — 1.7 mA 3
ADC « ADLPC=1,ADHSC=0| 1.2 2.4 3.9 MHz | taback =1/
asynchronous « ADLPC=1,ADHSC=1| 24 4.0 6.1 MHz TapACK
FADAGK clock source
« ADLPC=0,ADHSC=0| 3.0 5.2 7.3 MHz
* ADLPC =0, ADHSC = 1 4.4 6.2 9.5 MHz
Sample Time See Reference Manual chapter for sample times
TUE Total unadjusted  12-bit modes — +4 +6.8 LSB4 5
error * <12-bit modes — +1.4 +2.1
DNL Differential non- * 12-bit modes — +0.7 -1.1to +1.9 LSB* 5
linearity 031005
* <12-bit modes — +0.2
INL Integral non- ¢ 12-bit modes — +1.0 -2.7t0+1.9 LSB* 5
linearity 0710405
¢ <12-bit modes — +0.5
Ers Full-scale error e 12-bit modes — -4 -5.4 LSB* VaDIN =
e <12-bit modes — 1.4 1.8 Vooa
5

Table continues on the next page...
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Table 25. 16-bit ADC characteristics (VrRern = Vbpa, VRerL = Vssa) (continued)

Symbol | Description Conditions! Min. Typ.2 Max. Unit Notes
Eq Quantization * 16-bit modes — -1t00 — LSB*
error ¢ <13-bit modes — — +0.5
ENOB |Effective number |16-bit differential mode 6
of bits .« Avg=32 12.8 145 — bits
e Avg=4 11.9 13.8 — bits
16-bit single-ended mode
e Avg =32
vg =3 12.2 13.9 — bits
" Avg=4 11.4 13.1 — bits
siNap |Signatto-noise ) See ENOB 6.02 x ENOB + 1.76 dB
plus distortion
THD Total harmonic 16-bit differential mode 7
distortion . Avg=32 . _94 . dB
16-bit single-ended mode . -85 . dB
e Avg=32
SFDR | Spurious free 16-bit differential mode 7
dynamic range . Avg=32 82 95 . dB
16-bit single-ended mode 78 9 . dB
e Avg=32
EL Input leakage lin X Ras mV lin =
error leakage
current
(refer to
the MCU's
voltage
and current
operating
ratings)
Temp sensor Across the full temperature — 1.715 — mV/°C
slope range of the device
Viemp2s | Temp sensor 25°C — 719 — mV
voltage

—_

All accuracy numbers assume the ADC is calibrated with Vrgry = Vppa

2. Typical values assume Vppa = 3.0 V, Temp = 25°C, fapck = 2.0 MHz unless otherwise stated. Typical values are for
reference only and are not tested in production.

3. The ADC supply current depends on the ADC conversion clock speed, conversion rate and the ADLPC bit (low power).

For lowest power operation the ADLPC bit must be set, the HSC bit must be clear with 1 MHz ADC conversion clock

speed.

1LSB = (VRerH - VrerL)/2\

ADC conversion clock < 16 MHz, Max hardware averaging (AVGE = %1, AVGS = %11)

Input data is 100 Hz sine wave. ADC conversion clock < 12 MHz.

Input data is 1 kHz sine wave. ADC conversion clock < 12 MHz.

No o s
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Typical ADC 16-bit Differential ENOB vs ADC Clock
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Figure 13. Typical ENOB vs. ADC_CLK for 16-bit differential mode
Typical ADC 16-bit Single-Ended ENOB vs ADC Clock
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Figure 14. Typical ENOB vs. ADC_CLK for 16-bit single-ended mode
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6.6.1.3 16-bit ADC with PGA operating conditions
Table 26. 16-bit ADC with PGA operating conditions

Continuous conversions
enabled

Peripheral clock = 50
MHz

Symbol | Description Conditions Min. Typ.! Max. Unit Notes
Vopa Supply voltage Absolute 1.71 — 3.6 \Y
Vgrerpga |PGA ref voltage VREF_OU | VREF_OU | VREF_OU \Y 2,3
T T T
Vapin | Input voltage Vssa — Vbba \Y
VCM Input Common VSSA —_— VDDA \%
Mode range
Rpgap |Differential input |Gain=1,2,4,8 — 128 — kQ IN+ to IN-4
impedance Gain = 16, 32 — 64 —
Gain =64 — 32 —
Ras Analog source — 100 — Q 5
resistance
Ts ADC sampling 1.25 — — ys 6
time
Crate ADC conversion |< 13 bit modes 18.484 — 450 Ksps 7
rate No ADC hardware
averaging
Continuous conversions
enabled
Peripheral clock = 50
MHz
16 bit modes 37.037 — 250 Ksps 8
No ADC hardware
averaging

1. Typical values assume Vppa = 3.0 V, Temp = 25°C, fapck = 6 MHz unless otherwise stated. Typical values are for
reference only and are not tested in production.
2. ADC must be configured to use the internal voltage reference (VREF_OUT)
3. PGA reference is internally connected to the VREF_OUT pin. If the user wishes to drive VREF_OUT with a voltage other
than the output of the VREF module, the VREF module must be disabled.
4. For single ended configurations the input impedance of the driven input is Rpgap/2

5. The analog source resistance (Ras), external to MCU, should be kept as minimum as possible. Increased Rag causes drop

in PGA gain without affecting other performances. This is not dependent on ADC clock frequency.
6. The minimum sampling time is dependent on input signal frequency and ADC mode of operation. A minimum of 1.25ps

time should be allowed for F,=4 kHz at 16-bit differential mode. Recommended ADC setting is: ADLSMP=1, ADLSTS=2 at

8 MHz ADC clock.
7. ADC clock = 18 MHz, ADLSMP = 1, ADLST = 00, ADHSC =1
8. ADC clock = 12 MHz, ADLSMP = 1, ADLST = 01, ADHSC =1
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6.6.1.4 16-bit ADC with PGA characteristics with Chop enabled
(ADC_PGA[PGACHPDb] =0)
Table 27. 16-bit ADC with PGA characteristics

Symbol | Description Conditions Min. Typ.! Max. Unit Notes
Ibba_pca | Supply current Low power — 420 644 A 2
(ADC_PGA[PGALPDb]=0)
Ibc_pea |Input DC current > ((VRERPGAX0383-Vey A 3
RpGAD (Gain+1)
Gain =1 y VREFPGA=1 2V, —_— 1.54 — IJA
Ven=0.5V
Gain =64, VF\’EFPGA=1 .2V, — 0.57 — |JA
Ven=0.1V
G Gain* * PGAG=0 0.95 1 1.05 Ras < 100Q
* PGAG=1 1.9 2 2.1
* PGAG=2 3.8 4 4.2
* PGAG=3 7.6 8 8.4
* PGAG=4 15.2 16 16.6
* PGAG=5 30.0 31.6 33.2
* PGAG=6 58.8 63.3 67.8
BW Input signal ¢ 16-bit modes — — 4 kHz
bandwidth * < 16-bit modes . . 40 KkHz
PSRR Power supply Gain=1 — -84 — dB Vppa= 3V
rejection ratio +100mV,
fVDDA= 50HZ,
60Hz
CMRR |[Common mode e Gain=1 — -84 — dB Vem=
rejection ratio . - . i . 500mVpp,
Gain=64 85 dB fyom= 50Hz,
100Hz
Vors Input offset — 0.2 — mV Output offset =
voltage Vors*(Gain+1)
Tasw Gain switching — — 10 ps 5
settling time
dG/dT  |Gain drift over full e Gain=1 — 6 10 ppm/°C
temperature range ¢ Gain=64 . 31 42 ppm/°C
dG/dVppa |Gain drift over ¢ Gain=1 — 0.07 0.21 %/ | Vppa from 1.71
supply voltage ¢ Gain=64 . 0.14 0.31 oV to 3.6V
E Input leakage All modes lin x Ras mV Iin = leakage
error current
(refer to the
MCU's voltage
and current
operating
ratings)

Table continues on the next page...
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Table 27. 16-bit ADC with PGA characteristics (continued)

Symbol | Description Conditions Min. | Typ.! | Max. Unit Notes
Veppirr | Maximum (min(V Vppa—Vx-0.2x4 v 6
differential input ( Gain )
signal swing
where Vy = Vgerpga % 0.583
SNR Signal-to-noise e Gain=1 80 90 — dB 16-bit
ratio . Gain=64 52 66 . dB differential
mode,
Average=32
THD Total harmonic e Gain=1 85 100 — dB 16-bit
distortion . Gain=64 49 95 . 4B differential
mode,
Average=32,
fi»=100Hz
SFDR Spurious free e Gain=1 85 105 — dB 16-bit
dynamic range . Gain=64 53 88 . 4B differential
mode,
Average=32,
fin=100Hz
ENOB Effective number e Gain=1, Average=4 11.6 134 — bits 16-bit
of bits . . differential
Gain=64, Average=4 7.2 9.6 — bits modef,,=100Hz
e Gain=1, Average=32 12.8 14.5 — bits
e Gain=2, Average=32 11.0 14.3 — bits
* Gain=4, Average=32 7.9 13.8 — bits
* Gain=8, Average=32 7.3 13.1 — bits
* Gain=16, Average=32 6.8 12.5 — bits
* Gain=32, Average=32 6.8 11.5 — bits
¢ Gain=64, Average=32 7.5 10.6 — bits
SINAD |Signal-to-noise See ENOB 6.02 x ENOB + 1.76 dB
plus distortion
ratio

Typical values assume Vppp =3.0V, Temp=25°C, foApck=6MHz unless otherwise stated.

This current is a PGA module adder, in addition to ADC conversion currents.

Between IN+ and IN-. The PGA draws a DC current from the input terminals. The magnitude of the DC current is a strong
function of input common mode voltage (Vcu) and the PGA gain.

Gain = 2PGAG

After changing the PGA gain setting, a minimum of 2 ADC+PGA conversions should be ignored.

Limit the input signal swing so that the PGA does not saturate during operation. Input signal swing is dependent on the
PGA reference voltage and gain setting.

W=

o g M

6.6.2 CMP and 6-bit DAC electrical specifications

Table 28. Comparator and 6-bit DAC electrical specifications

Symbol | Description Min. Typ. Max. Unit

Vpp Supply voltage 1.71 — 3.6 \"

Table continues on the next page...
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Table 28. Comparator and 6-bit DAC electrical specifications (continued)

Symbol | Description Min. Typ. Max. Unit
IbpHs Supply current, High-speed mode (EN=1, PMODE=1) — — 200 A
IbbLs Supply current, low-speed mode (EN=1, PMODE=0) — — 20 A
Vain Analog input voltage Vgs—0.3 — Vpp \
Vaio Analog input offset voltage — — 20 mV

Vy Analog comparator hysteresis’
e CRO[HYSTCTR] = 00 — 5 — mV
e CRO[HYSTCTR] = 01 — 10 — mV
e CRO[HYSTCTR] =10 — 20 — mV
e CRO[HYSTCTR] = 11 — 30 — mV

Veompon | Output high Vpp—0.5 — — \

Veompor  |Output low — — 0.5 \
toHs Propagation delay, high-speed mode (EN=1, 20 50 200 ns

PMODE=1)
toLs Propagation delay, low-speed mode (EN=1, 80 250 600 ns
PMODE=0)
Analog comparator initialization delay? — — 40 ps
Ibacsb 6-bit DAC current adder (enabled) — 7 — A
INL 6-bit DAC integral non-linearity -0.5 — 0.5 LSBs
DNL 6-bit DAC differential non-linearity -0.3 — 0.3 LSB

—_

Typical hysteresis is measured with input voltage range limited to 0.6 to Vpp-0.6V.

2. Comparator initialization delay is defined as the time between software writes to change control inputs (Writes to DACEN,
VRSEL, PSEL, MSEL, VOSEL) and the comparator output settling to a stable level.

3. 1LSB = Vieference/64
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Figure 15. Typical hysteresis vs. Vin level (VDD=3.3V, PMODE=0)
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Figure 16. Typical hysteresis vs. Vin level (VDD=3.3V, PMODE=1)

6.6.3 12-bit DAC electrical characteristics

6.6.3.1 12-bit DAC operating requirements
Table 29. 12-bit DAC operating requirements

Symbol | Desciption Min. Max. Unit Notes
Vppa Supply voltage 1.71 3.6 \Y
Vpacr Reference voltage 1.13 3.6 \'% 1
Ta Temperature Operating temperature °C
range of the device
C. Output load capacitance — 100 pF 2
I Output load current — 1 mA

1. The DAC reference can be selected to be Vppa or the voltage output of the VREF module (VREF_OUT)
2. A small load capacitance (47 pF) can improve the bandwidth performance of the DAC
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6.6.3.2 12-bit DAC operating behaviors
Table 30. 12-bit DAC operating behaviors

Symbol | Description Min. Typ. Max. Unit Notes
Ippa_pacL | Supply current — low-power mode — — 150 HA
P
Ipba_pacH | Supply current — high-speed mode — — 700 A
P
tpacLp | Full-scale settling time (0x080 to OxF7F) — — 100 200 us 1
low-power mode
tpacup | Full-scale settling time (0x080 to OxF7F) — — 15 30 ps 1
high-power mode
tccpacLp | Code-to-code settling time (OxBF8 to 0xC08) — 0.7 1 us 1
— low-power mode and high-speed mode
Vaacoutt | DAC output voltage range low — high-speed — — 100 mV
mode, no load, DAC set to 0x000
Vgacouth | DAC output voltage range high — high- VpacRr — VpacRr mV
speed mode, no load, DAC set to OxFFF -100
INL Integral non-linearity error — high speed — — +8 LSB 2
mode
DNL Differential non-linearity error — Vpacgr > 2 — — +1 LSB 3
\
DNL Differential non-linearity error — Vpacr = — — +1 LSB 4
VREF_OUT
VorrseT | Offset error — +0.4 +0.8 %FSR
Eg Gain error — +0.1 +0.6 %FSR
PSRR |Power supply rejection ratio, Vppa = 2.4 V 60 — 90 dB
Tco Temperature coefficient offset voltage — 3.7 — puVv/C 6
Tee Temperature coefficient gain error — 0.000421 — %FSR/C
Rop Output resistance load = 3 kQ — — 250 Q
SR Slew rate -80h— F7Fh— 80h V/us
* High power (SPyp) 1.2 1.7 —
* Low power (SPp) 0.05 0.12 —
CT Channel to channel cross talk — — -80 dB
BW 3dB bandwidth kHz
* High power (SPyp) 550 — —
* Low power (SPp) 40 — —
1. Settling within +1 LSB
2. The INL is measured for 0 + 100 mV to Vpacr —100 mV
3. The DNL is measured for 0 + 100 mV to Vpacr —100 mV
4. The DNL is measured for 0 + 100 mV to Vpacr —100 mV with Vppa > 2.4V
5. Calculated by a best fit curve from Vgg + 100 mV to Vpacgr — 100 mV
6. Vppa =3.0V, reference select set for Vppa (DACx_CO:DACRFS = 1), high power mode (DACx_CO:LPEN = 0), DAC set to

0x800, temperature range is across the full range of the device
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6.6.4 Voltage reference electrical specifications

Table 31. VREF full-range operating requirements

Symbol | Description Min. Max. Unit Notes
Vppa Supply voltage 1.71 3.6 Vv
Ta Temperature Operating temperature °C

range of the device

C. Output load capacitance 100 nF 1,2

1. Cp must be connected to VREF_OUT if the VREF_OUT functionality is being used for either an internal or external

reference.
2. The load capacitance should not exceed +/-25% of the nominal specified C_ value over the operating temperature range of

the device.
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Table 32. VREF full-range operating behaviors

Symbol | Description Min. Typ. Max. Unit Notes
Vout Voltage reference output with factory trim at 1.1915 1.195 1.1977 Vv
nominal Vppa and temperature=25C
Vout Voltage reference output — factory trim 1.1584 — 1.2376 \
Vout Voltage reference output — user trim 1.193 — 1.197 Vv
Vstep Voltage reference trim step — 0.5 — mV
Vigritt Temperature drift (Vmax -Vmin across the full — — 80 mV
temperature range)
lhg Bandgap only current — — 80 pA 1
lp Low-power buffer current — — 360 uA 1
Ihp High-power buffer current — — 1 mA 1
AV oap |Load regulation A% 1,2
e current=+= 1.0 mA — 200 —
Tstup Buffer startup time — — 100 ps
Vyarit Voltage drift (Vmax -Vmin across the full voltage — 2 — mV 1
range)

—

See the chip's Reference Manual for the appropriate settings of the VREF Status and Control register.
2. Load regulation voltage is the difference between the VREF_OUT voltage with no load vs. voltage with defined load

Table 33. VREF limited-range operating requirements

Symbol | Description Min. Max. Unit Notes
Ta Temperature 0 50 °C

Table 34. VREF limited-range operating behaviors

Symbol | Description Min. Max. Unit Notes

Vout Voltage reference output with factory trim 1.173 1.225 Vv

6.7 Timers

See General switching specifications.

6.8 Communication interfaces
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6.8.1 USB electrical specifications

The USB electricals for the USB On-the-Go module conform to the standards
documented by the Universal Serial Bus Implementers Forum. For the most up-to-date
standards, visit http://www.usb.org.

6.8.2 USB DCD electrical specifications

Table 35. USB DCD electrical specifications

Peripheral operating requirements and behaviors

Symbol | Description Min. Typ. Max. Unit
Vbp src | USB_DP source voltage (up to 250 pA) 0.5 — 0.7 \Y
Viage Threshold voltage for logic high 0.8 — 2.0 \
Ipp src  |USB_DP source current 7 10 13 A
Ipm_sink | USB_DM sink current 50 100 150 A
Rom_pwn | D- pulldown resistance for data pin contact detect 14.25 — 24.8 kQ
VpaT per | Data detect voltage 0.25 0.33 04 \Y
6.8.3 USB VREG electrical specifications
Table 36. USB VREG electrical specifications
Symbol | Description Min. Typ.! Max. Unit Notes
VREGIN |Input supply voltage 27 — 55 \
IbDon Quiescent current — Run mode, load current — 120 186 HA
equal zero, input supply (VREGIN) > 3.6 V
Ippstoy | Quiescent current — Standby mode, load current — 1.1 10 A
equal zero
IpDoff Quiescent current — Shutdown mode
* VREGIN = 5.0 V and temperature=25C - 650 - nA
* Across operating voltage and temperature o o 4 WA
ILoaDrun | Maximum load current — Run mode — — 120 mA
lLoADsty |Maximum load current — Standby mode — — 1 mA
VRegasout | Regulator output voltage — Input supply
(VREGIN) > 3.6 V
* Runmode 3 33 36 v
* Standby mode 2.1 2.8 3.6 v
VRegazout | R€gulator output voltage — Input supply 21 — 3.6 \" 2
(VREGIN) < 3.6 V, pass-through mode
Cout External output capacitor 1.76 2.2 8.16 uF
ESR External output capacitor equivalent series 1 — 100 mQ
resistance

Table continues on the next page...
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Table 36. USB VREG electrical specifications
(continued)

Symbol | Description Min. Typ.! Max. Unit Notes

ILm Short circuit current — 290 — mA

1. Typical values assume VREGIN = 5.0 V, Temp = 25 °C unless otherwise stated.
2. Operating in pass-through mode: regulator output voltage equal to the input voltage minus a drop proportional to I gaqg-

6.8.4 CAN switching specifications

See General switching specifications.

6.8.5 DSPI switching specifications (limited voltage range)

The DMA Serial Peripheral Interface (DSPI) provides a synchronous serial bus with
master and slave operations. Many of the transfer attributes are programmable. The tables
below provide DSPI timing characteristics for classic SPI timing modes. Refer to the
DSPI chapter of the Reference Manual for information on the modified transfer formats
used for communicating with slower peripheral devices.

Table 37. Master mode DSPI timing (limited voltage range)

Num Description Min. Max. Unit Notes
Operating voltage 2.7 3.6 Vv
Frequency of operation — 25 MHz
DS1 DSPI_SCK output cycle time 2 X tgus — ns
DS2 DSPI_SCK output high/low time (tsck/2) — 2 | (tsck/2) + 2 ns
DS3 DSPI_PCSn valid to DSPI_SCK delay (taus X 2) — — ns 1
2
DS4 DSPI_SCK to DSPI_PCSn invalid delay (tgus x 2) — — ns 2
2
DS5 DSPI_SCK to DSPI_SOUT valid — 8.5 ns
DS6 DSPI_SCK to DSPI_SOUT invalid -2 — ns
DS7 DSPI_SIN to DSPI_SCK input setup 15 — ns
DS8 DSPI_SCK to DSPI_SIN input hold 0 — ns

1. The delay is programmable in SPIx_CTARN[PSSCK] and SPIx_CTARN[CSSCK].
2. The delay is programmable in SPIx_CTARN[PASC] and SPIx_CTARN[ASC].
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Figure 19. DSPI classic SPI timing — master mode
Table 38. Slave mode DSPI timing (limited voltage range)
Num Description Min. Max. Unit
Operating voltage 2.7 3.6 \
Frequency of operation 125 MHz
DS9 DSPI_SCK input cycle time 4 x tgys — ns
DS10 DSPI_SCK input high/low time (tsck/2) — 2 (tsck/2) + 2 ns
DS11 DSPI_SCK to DSPI_SOUT valid — 10 ns
DS12 DSPI_SCK to DSPI_SOUT invalid 0 — ns
DS13 DSPI_SIN to DSPI_SCK input setup 2 — ns
DS14 DSPI_SCK to DSPI_SIN input hold 7 — ns
DS15 DSPI_SS active to DSPI_SOUT driven — 14 ns
DS16 DSPI_SS inactive to DSPI_SOUT not driven — 14 ns
DSPI_SS \ “ /
DSPI_SCK / ‘ S \ / \
(CPOL=0) <D “«» , DS12 | : DSI1 DSI6 ¢ ),
DSPI_SOUT >—< ! First data X Data \\ X Last data D—
DS13 : DS14 v
DSPI_SIN >—< First data X Dma\\ X Last data >7

Figure 20. DSPI classic SPI timing — slave mode
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6.8.6 DSPI switching specifications (full voltage range)

The DMA Serial Peripheral Interface (DSPI) provides a synchronous serial bus with
master and slave operations. Many of the transfer attributes are programmable. The tables
below provides DSPI timing characteristics for classic SPI timing modes. Refer to the
DSPI chapter of the Reference Manual for information on the modified transfer formats
used for communicating with slower peripheral devices.

Table 39. Master mode DSPI timing (full voltage range)

Num Description Min. Max. Unit Notes
Operating voltage 1.71 3.6 \'% 1
Frequency of operation — 12.5 MHz

DS1 DSPI_SCK output cycle time 4 X tgus — ns

DS2 DSPI_SCK output high/low time (tsck/2) - 4 | (tsckpe) + 4 ns

DS3 DSPI_PCSn valid to DSPI_SCK delay (taus X 2) — — ns 2

4
DS4 DSPI_SCK to DSPI_PCSn invalid delay (tgus x 2) — — ns 3
4

DS5 DSPI_SCK to DSPI_SOUT valid — 10 ns

DS6 DSPI_SCK to DSPI_SOUT invalid -4.5 — ns

DS7 DSPI_SIN to DSPI_SCK input setup 20.5 — ns

DS8 DSPI_SCK to DSPI_SIN input hold 0 — ns

1. The DSPI module can operate across the entire operating voltage for the processor, but to run across the full voltage
range the maximum frequency of operation is reduced.

2. The delay is programmable in SPIx_CTARN[PSSCK] and SPIx_CTARN[CSSCK].

3. The delay is programmable in SPIx_CTARN[PASC] and SPIx_CTARN[ASC].

DSPI_PCSn X N X
o5 '; :‘ DS2 ’1 ﬁT’l‘Wﬂ
DSPI_SCK /—\_/Sm
| DSg | l
(CPOL=0) Ds7 L e !
| DS5 |
“« P ' DS6
DSPI_SOUT X First data Xj Data X Last data X

Figure 21. DSPI classic SPI timing — master mode

Table 40. Slave mode DSPI timing (full voltage range)

Num Description Min. Max. Unit
Operating voltage 1.71 3.6 \Y,
Frequency of operation — 6.25 MHz

Table continues on the next page...
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Table 40. Slave mode DSPI timing (full voltage range) (continued)

Num Description Min. Max. Unit
DS9 DSPI_SCK input cycle time 8 x tgys — ns
DS10 DSPI_SCK input high/low time (tsck/2) - 4 (tsckr) + 4 ns
DS11 DSPI_SCK to DSPI_SOUT valid — 20 ns
DS12 DSPI_SCK to DSPI_SOUT invalid 0 — ns
DS13 DSPI_SIN to DSPI_SCK input setup 2 — ns
DS14 DSPI_SCK to DSPI_SIN input hold 7 — ns
DS15 DSPI_SS active to DSPI_SOUT driven — 19 ns
DS16 DSPI_SS inactive to DSPI_SOUT not driven — 19 ns

C —\ \ Yo

(CPOL=0) E‘DS_ISH E H DS12 : y DS Ds16 :4_"

DSPI_SOUT )—( | Pint daa X Data \\ X Lastaw )(:}—

DS13 - : DS14 ‘
DSPI_SIN >—< First data X Datagg X Last data >7

Figure 22. DSPI classic SPI timing — slave mode

6.8.7 12C switching specifications

See General switching specifications.

6.8.8 UART switching specifications

See General switching specifications.

6.8.9 [12S/SAIl Switching Specifications

This section provides the AC timing for the 12S/SAI module in master mode (clocks are
driven) and slave mode (clocks are input). All timing is given for noninverted serial clock
polarity (TCR2[BCP] is 0, RCR2[BCP] is 0) and a noninverted frame sync (TCR4[FSP]
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is 0, RCR4[FSP] is 0). If the polarity of the clock and/or the frame sync have been
inverted, all the timing remains valid by inverting the bit clock signal (BCLK) and/or the
frame sync (FS) signal shown in the following figures.

6.8.9.1 Normal Run, Wait and Stop mode performance over the full
operating voltage range

This section provides the operating performance over the full operating voltage for the
device in Normal Run, Wait and Stop modes.

Table 41. 12S/SAl master mode timing in Normal Run, Wait and Stop modes
(full voltage range)

Num. Characteristic Min. Max. Unit

Operating voltage 1.71 3.6 \Y

S1 I12S_MCLK cycle time 40 — ns

S2 I12S_MCLK pulse width high/low 45% 55% MCLK period

S3 12S_TX_BCLK/I2S_RX_BCLK cycle time (output) 80 — ns

S4 12S_TX_BCLK/I2S_RX_BCLK pulse width high/low 45% 55% BCLK period

S5 12S_TX_BCLK/I2S_RX_BCLK to I12S_TX_FS/ — 15 ns
12S_RX_FS output valid

S6 12S_TX_BCLK/I2S_RX_BCLK to I12S_TX_FS/ -1.0 — ns
12S_RX_FS output invalid

S7 12S_TX_BCLK to 12S_TXD valid — 15 ns

S8 12S_TX_BCLK to I12S_TXD invalid 0 — ns

S9 12S_RXD/I12S_RX_FS input setup before 20.5 — ns
12S_RX_BCLK

S10 12S_RXD/I12S_RX_FS input hold after 2S_RX_BCLK |0 — ns
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Figure 23. 12S/SAl timing — master modes

(full voltage range)

Table 42. 12S/SAl slave mode timing in Normal Run, Wait and Stop modes

Num. Characteristic Min. Max. Unit

Operating voltage 1.71 3.6 \Y

S11 12S_TX_BCLK/12S_RX_BCLK cycle time (input) 80 — ns

S12 12S_TX_BCLK/I2S_RX_BCLK pulse width high/low 45% 55% MCLK period
(input)

S13 12S_TX_FS/I12S_RX_FS input setup before 5.8 — ns
12S_TX_BCLK/I12S_RX_BCLK

S14 12S_TX_FS/I2S_RX_FS input hold after 2 — ns
12S_TX_BCLK/12S_RX_BCLK

S16 12S_TX_BCLK to I12S_TXD/I2S_TX_FS output invalid |0 — ns

S17 12S_RXD setup before 12S_RX_BCLK 5.8 — ns

S18 I12S_RXD hold after I2S_RX_BCLK — ns

S19 I2S_TX_FS input assertion to 12S_TXD output valid'  |— 25 ns

1. Applies to first bit in each frame and only if the TCR4[FSE] bit is clear
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Figure 24. 12S/SAl timing — slave modes

6.8.9.2 VLPR, VLPW, and VLPS mode performance over the full operating
voltage range

This section provides the operating performance over the full operating voltage for the
device in VLPR, VLPW, and VLPS modes.

Table 43. 12S/SAl master mode timing in VLPR, VLPW, and VLPS modes
(full voltage range)

Num. Characteristic Min. Max. Unit

Operating voltage 1.71 3.6 \Y

S1 12S_MCLK cycle time 62.5 — ns

S2 I12S_MCLK pulse width high/low 45% 55% MCLK period

S3 12S_TX_BCLK/I2S_RX_BCLK cycle time (output) 250 — ns

S4 12S_TX_BCLK/I2S_RX_BCLK pulse width high/low 45% 55% BCLK period

S5 12S_TX_BCLK/I2S_RX_BCLK to I12S_TX_FS/ — 45 ns
12S_RX_FS output valid

S6 12S_TX_BCLK/I2S_RX_BCLK to I12S_TX_FS/ 0 — ns
12S_RX_FS output invalid

S7 12S_TX_BCLK to 12S_TXD valid — 45 ns

S8 12S_TX_BCLK to I12S_TXD invalid 0 — ns

S9 12S_RXD/I12S_RX_FS input setup before 53 — ns
12S_RX_BCLK

S10 12S_RXD/I12S_RX_FS input hold after 2S_RX_BCLK |0 — ns
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Figure 25. 12S/SAl timing — master modes

voltage range)

Table 44. 12S/SAl slave mode timing in VLPR, VLPW, and VLPS modes (full

Num. Characteristic Min. Max. Unit

Operating voltage 1.71 3.6 \Y

S11 12S_TX_BCLK/12S_RX_BCLK cycle time (input) 250 — ns

S12 12S_TX_BCLK/I2S_RX_BCLK pulse width high/low 45% 55% MCLK period
(input)

S13 12S_TX_FS/I12S_RX_FS input setup before 30 — ns
12S_TX_BCLK/I12S_RX_BCLK

S14 12S_TX_FS/12S_RX_FS input hold after 7.6 — ns
12S_TX_BCLK/12S_RX_BCLK

S15 12S_TX_BCLK to I12S_TXD/I2S_TX_FS output valid — 67 ns

S16 12S_TX_BCLK to 12S_TXD/I12S_TX_FS output invalid |0 — ns

S17 12S_RXD setup before 12S_RX_BCLK 30 — ns

S18 12S_RXD hold after 2S_RX_BCLK 6.5 — ns

S19 I2S_TX_FS input assertion to 12S_TXD output valid! |— 72 ns

1. Applies to first bit in each frame and only if the TCR4[FSE] bit is clear
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Figure 26. 12S/SAIl timing — slave modes

6.9 Human-machine interfaces (HMI)

6.9.1 TSI electrical specifications
Table 45. TSI electrical specifications

Symbol | Description Min. Typ. Max. Unit Notes
Vppts) | Operating voltage 1.71 — 3.6 \

CeLE Target electrode capacitance range 1 20 500 pF 1
frRermax | Reference oscillator frequency — 8 15 MHz 2,3
feLemax | Electrode oscillator frequency — 1 1.8 MHz 2,4

CRer Internal reference capacitor — 1 — pF
VpeLta | Oscillator delta voltage — 500 — mV 2,5

IREF Reference oscilllator current source base current . 5 3 pA 2,6

e 2 pA setting (REFCHRG = 0)
e 32 pA setting (REFCHRG = 15) — 36 50
leLe Electrode oscil!ator current source base current . 5 3 A 2,7
e 2 pA setting (EXTCHRG = 0)
* 32 pA setting (EXTCHRG = 15) — 36 50

Pres5 |Electrode capacitance measurement precision — 8.3333 38400 fF/count 8
Pres20 |Electrode capacitance measurement precision — 8.3333 38400 fF/count 9
Pres100 |Electrode capacitance measurement precision — 8.3333 38400 fF/count 10

MaxSens |Maximum sensitivity 0.008 1.46 — fF/count 11

Res Resolution — — 16 bits
Tcon2o | Response time @ 20 pF 8 15 25 us 12
Itsi_ run | Current added in run mode — 55 — A
ltsi Lp |Low power mode current adder — 1.3 25 A 13
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The TSI module is functional with capacitance values outside this range. However, optimal performance is not guaranteed.

Fixed external capacitance of 20 pF.

REFCHRG = 2, EXTCHRG=0.

REFCHRG = 0, EXTCHRG = 10.

Vpp=3.0V.

The programmable current source value is generated by multiplying the SCANC[REFCHRG] value and the base current.

The programmable current source value is generated by multiplying the SCANC[EXTCHRG] value and the base current.

Measured with a 5 pF electrode, reference oscillator frequency of 10 MHz, PS = 128, NSCN = 8; lext = 16.

Measured with a 20 pF electrode, reference oscillator frequency of 10 MHz, PS = 128, NSCN = 2; lext = 16.

0. Measured with a 20 pF electrode, reference oscillator frequency of 10 MHz, PS = 16, NSCN = 3; lext = 16.

1. Sensitivity defines the minimum capacitance change when a single count from the TSI module changes. Sensitivity
depends on the configuration used. The documented values are provided as examples calculated for a specific
configuration of operating conditions using the following equation: (Cef * lext)/( lret * PS * NSCN)

S2oeNoaRrwN =

The typical value is calculated with the following configuration:

lext = 6 A (EXTCHRG = 2), PS = 128, NSCN = 2, |,; = 16 pA (REFCHRG = 7), C,; = 1.0 pF
The minimum value is calculated with the following configuration:

lext = 2 A (EXTCHRG = 0), PS = 128, NSCN = 32, |, = 32 yA (REFCHRG = 15), C,¢; = 0.5 pF

The highest possible sensitivity is the minimum value because it represents the smallest possible capacitance that can be
measured by a single count.

12. Time to do one complete measurement of the electrode. Sensitivity resolution of 0.0133 pF, PS =0, NSCN =0, 1
electrode, EXTCHRG = 7.

13. REFCHRG=0, EXTCHRG=4, PS=7, NSCN=0F, LPSCNITV=F, LPO is selected (1 kHz), and fixed external capacitance of
20 pF. Data is captured with an average of 7 periods window.

7 Dimensions

7.1 Obtaining package dimensions
Package dimensions are provided in package drawings.

To find a package drawing, go to www.freescale.com and perform a keyword search for
the drawing’s document number:

If you want the drawing for this package Then use this document number
64-pin LQFP 98ASS23234W
8 Pinout
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Pinout
8.1 K20 Signal Multiplexing and Pin Assignments

The following table shows the signals available on each pin and the locations of these
pins on the devices supported by this document. The Port Control Module is responsible
for selecting which ALT functionality is available on each pin.

64 Pin Name Default ALTO ALTY ALT2 ALTS ALT4 ALTS ALT6 ALT? EzPort
LQFP
_QFN
1 | PTEO ADC1_SE4a | ADC1_SE4a | PTEO UART1_TX 12C1_SDA RTC_CLKOUT
2 | PTEY ADC1_SE5a | ADC1_SE5a | PTEY/ UART1_RX 12C1_SCL
LLWU_PO LLWU_PO

3 | VDD VDD VDD

4 | VSS V88 (B8

5 | USBO_DP USB0_DP USB0_DP

6 | USBO_DM USB0_DM USBO_DM

7| VOUT33 VOUT33 VOUT33

8 | VREGIN VREGIN VREGIN

9 | PGA0_DP/ PGAO_DP/ PGAO_DP/

ADCO_DPO/ | ADCO_DPO/ | ADCO_DPO/
ADC1_DP3 | ADC1_DP3 | ADC1_DP3

10 | PGAO_DW/ PGAO_DMY PGAO_DM/
ADCO_DMO/ | ADCO_DMO/ | ADCO_DMO/
ADC1_DM3 | ADC1_DM3 | ADC1_DM3

11 | PGA1_DP/ PGA1_DP/ PGA1_DP/
ADC1_DPO/ | ADC1_DPO/ | ADC1_DPO/
ADCO_DP3 | ADCO_DP3 | ADC0_DP3

12 | PGA1_DW PGA1_DW PGA1_DMW
ADC1_DMO/ | ADC1_DMO/ | ADC1_DMo/
ADCO_DM3 | ADCO_DM3 | ADCO_DMS3

13 | VDDA VDDA VDDA
14 | VREFH VREFH VREFH
15 | VREFL VREFL VREFL
16 | VSSA VSSA VSSA

17 | VREFOUT/ | VREF_OUT/ | VREF_OUT/
CMP1_INS/ | CMP1_IN5/ | CMP1_IN5/
CMPO_INS/ | CMPO_INS5/ | CMPO_IN5/
ADC1_SE18 | ADC1_SE18 | ADC1_SE18

18 | DACO_OUT/ | DACO_OUT/ | DACO_OUT/
CMP1_INY/ | CMP1_IN3/ | CMP1_IN3/
ADCO_SE23 | ADCO_SE23 | ADCO_SE23

19 | XTALR2 XTAL32 XTAL32
20 | EXTAL32 EXTAL32 EXTAL32

21 | VBAT VBAT VBAT

2 | PTAD JTAG_TCLK/ | TSI0_CH1 PTAO UART0_CTS_ | FTM0_CH5 JTAG_TCLK/ | EZP_CLK
SWD_CLK/ bl SWD_CLK
EZP_CLK UART0_COL b

23 | PTA1 JTAG_TDI/ TSI0_CH2 PTA1 UARTO_RX | FTM0_CH6 JTAG_TDI EZP_DI
EzP DI
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64 Pin Name Default ALTO ALTH ALT2 ALT3 ALT4 ALTS ALT6 ALT7 EzPort
LQFP
_QFN
24 | PTA2 JTAG_TDO/ | TSI0_CH3 PTA2 UARTO_TX FTMO_CH? JTAG_TDO/ | EZP_DO
TRACE_SWO/ TRACE_SWO
EZP DO
25 | PTA3 JTAG_TMS/ | TSI0_CH4 PTA3 UARTO_RTS_b | FTM0_CHO JTAG_TMS/
SWD_DIO SWD_DIO
26 | PTAY NMI_b/ TS10_CH5 PTAY/ FTM0_CH1 NMI_b EZP_CS_b
LLWU_P3 EZP_CS b LLWU_P3
21 | PTAS DISABLED PTA5 USB_CLKIN | FTM0_CH2 CMP2_0UT | 12S0_TX_BCLK | JTAG_TRST_b
28 | PTA12 CMP2_INO CMP2_INO PTA12 CANO_TX FTM1_CHO [250_TXDO FTM1_QD_
PHA
29 | PTA1Y CMP2_IN1 CMP2_IN1 PTA1Y CANO_RX FTM1_CHI [280_TX_FS | FTM1_QD_
LLWU_P4 LLWU_P4 PHB
30 | VDD VDD VDD
31 | VSS VSS VSS
32 | PTA18 EXTALO EXTALO PTA18 FTMO_FLT2 | FTM_CLKINO
33 | PTA19 XTALO XTALO PTA19 FTMI_FLTO | FTM_CLKIN{ LPTMRO_ALT{
34 | RESET b RESET b RESET b
3 | PTBU/ ADCO_SE8/ | ADCO_SE§/ | PTBU/ [2C0_SCL FTM1_CHO FTM1_QD_
LLWU_P5 ADC1_SE8/ | ADC1_SE8/ | LLWU_P5 PHA
TS10_CHO TSI0_CHO
36 | PTB ADCO_SE9/ | ADCO_SEY | PTBI 12C0_SDA FTM1_CH1 FTM1_QD_
ADC1_SEY | ADC1_SEY PHB
TS10_CH6 TSI0_CH6
37 | PTB2 ADCO_SE12/ | ADCO_SE12/ | PTB2 12C0_SCL UART0_RTS_b FTMO_FLT3
TSI0_CH7 TSI0_CH7
38 | PTB3 ADCO_SE13/ | ADCO_SE13/ | PTB3 [2C0_SDA UART0_CTS_ FTMO_FLTO
TS10_CH8 TSI0_CH8 b/
UART0_COL_b
39 | PTB16 T510_CH9 TSI0_CH9 PTB16 UART0_RX FB_AD17 EWM_IN
40 | PTB17 TSI0_CHI0 | TSI0_CH10 PTB17 UARTO_TX FB_AD16 EWM_OUT b
41 | PTB18 TS10_CH11 TSI0_CH11 PTB18 CANO_TX FTM2_CHO 1250_TX_BCLK | FB_AD15 FTM2_QD_
PHA
42 | PTB19 TSI0_CHi2 | TSI0_CHI2 PTB19 CANO_RX FTM2_CH1 [280_TX_FS | FB.OE b FTM2_QD_
PHB
43 | PTCO ADCO_SE14/ | ADCO_SE14/ | PTCO SPI0_PCS4 | PDBO_EXTRG FB_AD14 [250_TXD1
TSI0_CHI3 | TSI0_CH13
44 | PTCY/ ADCO_SE15/ | ADCO_SE15/ | PTCY/ SPI0_PCS3 | UART1_RTS_b | FTM0_CHO FB_AD13 [250_TXDO
LLWU_P6 TSI0_CH14 | TSI0_CH14 LLWU_P6
45 | PTC2 ADCO_SE4b/ | ADCO_SE4b/ | PTG2 SPI0_PCS2 | UART1_CTS_b | FTM0_CH1 FB_AD12 [280_TX_FS
CMP1_IN/ CMP1_INO/
TSI0_CHi5 | TSI0_CH15
46 | PTCY CMP1_INt CMP1_IN1 PTCY/ SPI0_PCSt UART1_RX FTM0_CH2 CLKouT 1250_TX_BCLK
LLWU_P7 LLWU_P7
47 | VSS VS VSS
48 | VDD \VDD VDD
K20 Sub-Family Data Sheet, Rev. 3, 11/2012.
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64 Pin Name Default ALTO ALT1 ALT2 ALT3 ALT4 ALTS ALT6 ALT? EzPort
LQFP
_QFN
49 | PTC4 DISABLED PTC4/ SPI0_PCS0 UARTI_TX FTM0_CH3 FB_AD11 CMP1_OUT
LLWU_P8 LLWU_P8
50 | PTCA/ DISABLED PTCS/ SPI0_SCK LPTMRO_ALT2 | 1250_RXD0 FB_AD10 CMPO_OUT
LLWU_P9 LLWU_P9
51 | PTCe/ CMPO_INO CMPO_INO PTCH/ SPI0_SOUT | PDBO_EXTRG | 12S0_RX_BCLK | FB_AD9 [250_MCLK
LLWU_P10 LLWU_P10
5 | PTC7 CMPO_IN1 CMPO_IN1 PTC7 SPI0_SIN USB_SOF_ 1250_RX_FS | FB_AD8
out
53 | PTC8 ADC1_SE4b/ | ADC1_SE4b/ | PTC8 1250_MCLK FB_AD7
CMPO_IN2 CMPO_IN2
54 | PTCY ADC1_SESb/ | ADC1_SESb | PTCY [250_RX_BCLK | FB_AD6 FTM2_FLTO
CMPO_IN3 CMPO_IN3
5 | PTC10 ADC1_SE6b | ADC1_SE6b | PTC10 [2C1_SCL 1250_RX_FS | FB_AD5
5 | PTC11/ ADC1_SE7b | ADC1_SE7h | PTCH1/ [2C1_SDA [250_RXD1 FB_RW_b
LLWU_P11 LLWU_P11
57 | PTDO/ DISABLED PTDO/ SPI0_PCSO UART2_RTS_b FB_ALE/
LLWU_P12 LLWU_P12 FB_CS1_b/
FB_TS b
58 | PTD1 ADCO_SE5b | ADCO_SEsb | PTD1 SPI0_SCK UART2_CTS b FB_CS0_b
5 | PTDY DISABLED PTD2/ SPI0_SOUT | UART2_RX FB_AD4
LLWU_P13 LLWU_P13
60 | PTD3 DISABLED PTD3 SPI0_SIN UART2_TX FB_AD3
61 | PTD4/ DISABLED PTD4/ SPI0_PCST UARTO_RTS_b | FTMO0_CH4 FB_AD2 EWM_IN
LLWU_P14 LLWU_P14
62 | PTD5 ADCO_SE6b | ADCO_SE6b | PTD5 SPI0_PCS2 UARTO_CTS_ | FTMO0_CH5 FB_AD1 EWM_OUT b
b/
UARTO_COL_b
63 | PTD6/ ADCO_SE7b | ADCO_SE7b | PTDE/ SPI0_PCS3 UARTO_RX FTM0_CH6 FB_ADO FTMO_FLTO
LLWU_P15 LLWU_P15
64 | PTD7 DISABLED PTD7 CMT_IRO UARTO_TX FTM0_CH7 FTMO_FLT1

8.2 K20 Pinouts

The below figure shows the pinout diagram for the devices supported by this document.
Many signals may be multiplexed onto a single pin. To determine what signals can be
used on which pin, see the previous section.
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Figure 27. K20 64 LQFP/QFN Pinout Diagram

9 Revision History

The following table provides a revision history for this document.
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Table 46. Revision History

Rev. No. Date Substantial Changes

1 3/2012 Initial public release

2 4/2012 * Replaced TBDs throughout.
* Updated "Power consumption operating behaviors" table.
¢ Updated "ADC electrical specifications" section.
e Updated "VREF full-range operating behaviors" table.
» Updated "I2S/SAIl Switching Specifications" section.
* Updated "TSI electrical specifications" table.

3 11/2012 e Updated orderable part numbers.

» Updated the maximum input voltage (Vapin) specification in the "16-bit ADC operating
conditions" section.

* Updated the maximum Ippg,y Specification in the "USB VREG electrical specifications”
section.
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Teensy 3.2

Teensy 3.2 is a direct, 100% compatible replacement for Teensy 3.1. It is fully compatible with all shields
and add-on boards made for Teensy 3.1

The main change is an improved 3.3V regulator, to allow Teensy to directly power ESP8266 Wifi, WIZ820io
(W5200) Ethernet, and other power-hungry 3.3V devices.

The Teensy 3.2's power output is specified at 250 mA and the maximum voltage input at 6 volts, due to PCB
thermal dissipation limits. However, the actual regulator chip is capable of up to 10 volts input, and up to 500
mA output. These higher limits are intended to allow Teensy 3.2 to be more rugged when used with non-
USB power sources which aren't well regulated 5 volt sources.

The Teensy breadboard-friendly development board with loads of features in a, well, teensy package. The
Teensy 3.2 brings a 32 bit ARM Cortex microprocessor into the mix so you can do some serious number
crunching.

The Teensy 3.2 comes pre-flashed with a bootloader so you can program it using the on-board USB micro-B
connector. No external programmer needed! You can program for the Teensy in your favourite program
editor using C or you can install the Teensyduino add-on for the Arduino IDE and write Arduino sketches for
Teensy!

Teensy 3.2 has the same size, shape & pinout; is compatible with code written for Teensy 3.0/3.1, and is well
supported on the Arduino IDE using Teensyduino.

The processor on the Teensy also has access to the USB and can emulate any kind of USB device you need it
to be, making it great for USB-MIDI and other HID projects. The 32 bit processor brings a few other features
to the table as well, such as multiple channels of Direct Memory Access, several high-resolution ADCs and
even an [2S digital audio interface! There are also 4 separate interval timers plus a delay timer! Oh yeah, and
all pins have interrupt capability. Also, it can provide system voltage of 3.3V to other devices at up to
100mA.

All of this functionality is jammed into a 1.4 x 0.7 inch board with all headers on a 0.1" grid so you can slap
in on a breadboard and get to work!

The product is supplied without headers, so if you need some, please have a look at the 'Related Products'
tab above.

We are an official UK distributor for the Teensy range so you can be assured of the quality.

Features:
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32 bit ARM Cortex-M4 72 MHz CPU (M4 = DSP extensions)
256K Flash Memory, 64K RAM, 2K EEPROM

21 High Resolution Analog Inputs (13 bits usable, 16 bit hardware)
1x 12 bit DAC Analog output

34 Digital I/0 Pins (16 shared with analog)

12 PWM outputs

7 Timers for intervals/delays, separate from PWM

USB with dedicated DMA memory transfers

3 UARTsS (serial ports)

SPI, 2x 12C, 12S, IR modulator

12S (for high quality audio interface)

CAN Bus

Real Time Clock (with user-added 32.768 crystal and battery)
16 general purpose DMA channels (separate from USB)
Touch Sensor Inputs

Micro-USB connector

Dimensions: 1.4 x 0.7" (~35 x 18 mm)

Here are the highlights for Teensy 3.2
Large Memory For Awesome Projects

64K RAM. While 16K is plenty for nearly all Arduino libraries, 64K allows for more advanced applications.
Icons and graphics for color displays and audio effects requiring delays, like reverb and chorus, will become
possible on Teensy 3.2.

256K Flash program memory.
5 Volt Tolerance on Digital Inputs

Today most new chips use 3.3V signals, but many legacy products output 5 volt digital signals. These can
now be directly connected to Teensy 3.2's digital inputs.

All digital pins are 5 volt tolerant on Teensy 3.2. However, the analog-only pins (A10-A14), AREF, Program
and Reset are 3.3V only.

12 Bit Analog Output

Teensy 3.2 has a proper analog output. You can always filter PWM, but true analog output responds rapidly.
The output is created by the stable reference voltage, so it's doesn't vary if your power supply voltage
changes slightly.

// Simple DAC sine wave test on Teensy 3.1
float phase = 0.0;

float twopi 3.14159 * 2;
elapsedMicros usec = 9;

void setup() {
analogWriteResolution(12);

}

void loop() {
float val = sin(phase) * 2000.0 + 2050.0;
analogWrite(Al14, (int)val);
phase = phase + 0.02;
if (phase >= twopi) phase = 0;
while (usec < 500) ; // wait
usec = usec - 500;

}
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Simply use analogWrite() on the A14 pin for true analog output.
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Two Analog to Digital Converters

With analogRead(), you can measure many signals, but only 1 at a time. Teensy 3.2 has a second ADC, so
you can concurrently measure 2 analog signals. For stereo audio or power monitoring, sampling both left and
right, or voltage and current at the same moment is very beneficial.

PJRC is developing an advanced analog read function for Arduino, to make using these new analog input
capabilities very easy.

CAN Bus

Controller Area Network is a communication used in automobiles. A new library to support Teensy 3.2's
CAN controller is planned.

Technical Specifications

Feature Teensy 3.2 Units
Processor MK20DX256VLH7
Core Cortex-M4
Rated Speed 72 MHz
Overclockable 96 MHz
Flash Memory 256 kbytes
Bandwidth 192 Mbytes/sec
Cache 256 Bytes
RAM 64 kbytes
EEPROM 2 kbytes
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Direct Memory Access 16 Channels
Digital I/O 34 Pins
Voltage Output 3.3V Volts
Voltage Input 5V Tolerant Volts
Analog Input 21 Pins
Converters 2
Resolution 16 Bits
Usable 13 Bits
Prog Gain Amp 1
Touch Sensing 12 Pins
Comparators 3
Analog Output 1 Pins
DAC Resolution 12 Bits
Timers 12 Total
FTM Type 3
PWM Outputs 12 Pins
PDB Type 1
CMT (infrared) Type 1
LPTMR Type 1
PIT (interval) Type 4
Systick 1
RTC (date/time) ** 1
Communication
USB 1
Serial 3
With FIFOs 2
High Res Baud 3
Fast Clock 2
SPI 1
With FIFOs 1
12C 2
CAN Bus 1
12S Audio 1
FIFO Size 8

** RTC requires a 32.768 kHz crystal & 3V battery.

Pinouts

Teensy 3.2 is meant to be a drop-in replacement for Teensy 3.0/3.1. Only 1 pin has different functionality
from Teensy 3.0. The reset pin was replaced by A14/DAC, which you can use for true analog output, or as
another analog input.
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Vedlegg/Programkode C++/Header/Display.h

// Display.h



#ifndef _DISPLAY_h

#define _DISPLAY_h



#if defined(ARDUINO) && ARDUINO >= 100

	#include "arduino.h"

#else

	#include "WProgram.h"

#endif





#endif



class Display

{

private:

	int textSize;

	int toptextCx;

	int toptextCy;

	void DrawBarChartH(double x, double y, double w, double h, double loval, double hival, double inc, double curval, int dig, int dec, unsigned int barcolor, unsigned int voidcolor, unsigned int bordercolor, unsigned int textcolor, unsigned int backcolor, String label, boolean & redraw);

	void DrawBarChartV(double x, double y, double w, double h, double loval, double hival, double inc, double curval, int dig, int dec, unsigned int barcolor, unsigned int voidcolor, unsigned int bordercolor, unsigned int textcolor, unsigned int backcolor, String label, boolean & redraw);

	String Format(double val, int dec, int dig);

	String topText;

	String topText_old;



public:

	float updateFrequency;

	int * isTouched(int array[3]);

	void init();

	void drawButtons();

	void drawMode();

	void printString(String printString);

	void update(int angle, int pitch, int batt, int power);

	void drawHorizon(int angle, int pitch);

	void drawInfo(void);

	void testRoll(void);

	void testPitch(void);

	void diagnoseScreen();

};
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// EvolutionalTrainer.h



#ifndef _EVOLUTIONALTRAINER_h

#define _EVOLUTIONALTRAINER_h



#if defined(ARDUINO) && ARDUINO >= 100

	#include "arduino.h"

#else

	#include "WProgram.h"

#endif



#endif

#include "array"



class EvolutionalTrainer {

private:

	// Constants

	int populationSize;

	int chromosoneSize;

	float mutationRate;

	std::array<int, 8> variationList;



	// Variables

	int generation;

	int bestFitness;

	std::array<int, 8> bestFitnessVariables;

	std::array<int, 10> fitness;

	std::array<int, 10> fitnessBuffer;

	std::array<std::array<int, 10>, 8> population;

	std::array<std::array<int, 10>, 8> sortedPopulation;

	std::array<std::array<int, 55>, 8> matingPool;



public:

	//Functions

	EvolutionalTrainer();

	int getBestPerformanceVariable(int VarNr);

	int getBestPerformanceFitness();

	int getChromosomeSize();

	int getPopulationSize();

	void rateChromosome(int populationNr, int fitness);

	int evolve();

	bool areEqual(int arr1[], int arr2[]);

	int getGeneration();

	int getPopulationVariable(int PopNr, int VarNr);

	int getpopulationFitness(int popNr);

};
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// GlobVar.h



#ifndef _GLOBVAR_h

#define _GLOBVAR_h



#if defined(ARDUINO) && ARDUINO >= 100

	#include "arduino.h"

#else

	#include "WProgram.h"

#endif





#endif

	

	extern float GLOB_Const_NatNum_E;

	extern float GLOB_SERVOMIN;

	extern float GLOB_SERVOMAX;

	extern float GLOB_SERVOKNEEMIN;

	extern float GLOB_SERVOKNEEMAX;

	extern float GLOB_SERVOHIPMIN;

	extern float GLOB_SERVOHIPMAX;

	extern float GLOB_SERVOKNEEDIFF;

	extern float GLOB_SERVOHIPDIFF;

	extern float GLOB_HIPMAX;

	extern float GLOB_HIPMIN;

	extern float GLOB_KNEEMAX;

	extern float GLOB_KNEEMIN;



	// Serial messages

	extern String SrlMsg_StopWalking;

	extern String SrlMsg_WalkSlow;

	extern String SrlMsg_Run;

	extern String SrlMsg_Right;

	extern String SrlMsg_Left;



	extern String msgRxStartTr;

	extern String msgRxAbortTr;

	extern String msgRxReturnConv;

	extern String msgTrModReady;

	extern String msgTxScore;

	extern String msgTxRelayMsg;





	extern bool GLOB_REFRESHDISP;

	extern int GLOB_SPEED;

	extern int GLOB_GATE;

	extern float GLOB_OFFSETBACKX;

	extern float GLOB_OFFSETFRONTX;

	extern int GLOB_SERVODIR[8];

	extern int GLOB_SERVOCALIBRATIONOFFSET[8];

	extern int GLOB_SERVOCONTROLOFFSET[8];

	extern bool GLOB_CalibratePos;

	extern int GATE_TROT[4][4];

	extern int GATE_PACE[4][4];

	extern int GATE_BOUND[4][4];

	extern int GATE_WALK[4][4];

	extern int GLOB_STATE;

	extern int Global_DIR;		//1 left, 2 mid, 3 right



	extern int GLOBAL_YVAR[4];



	extern String toPrint;





	extern float TRAINVAR_KNEEOFFSET_FRONT;		//Motor offset

	extern float TRAINVAR_KNEEOFFSET_BACK;		//Motor offset

	extern float TRAINVAR_HIPOFFSET_FRONT;		//Motor offset, degrees

	extern float TRAINVAR_HIPAMP_FRONT;			//Motor amplitude, degrees

	extern float TRAINVAR_HIPOFFSET_BACK;		//Motor offset, degrees

	extern float TRAINVAR_HIPAMP_BACK;			//Motor amplitude, degrees

	extern float TRAINVAR_HOPF_TSTANCE;

	extern float TRAINVAR_HOPF_TSWAY;



	extern float TRAIN_FITNESS_ROLL_VARIANS;

	extern float TRAIN_FITNESS_PITCH_VARIANS;

	extern float TRAIN_FITNESS_POWER;



	extern bool TRAIN_INITFLAG;

	extern bool TRAIN_RUNFLAG;

	extern bool TRAIN_MODULEREADYFLAG;

	extern bool TRAIN_COMPLETEFLAG;

	extern int TRAIN_GENERATION;

	extern int TRAIN_CURRENTPOP;

	extern int TRAIN_POPULATIONSIZE;

	extern int TRAIN_CHROMOSONESIZE;

	extern float TRAIN_FITNESS;

	extern float TRAIN_FITNESS_STABILITY;

	extern float TRAIN_FITNESS_SPEED;
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// Leg.h



#ifndef _LEG_h

#define _LEG_h

#if defined(ARDUINO) && ARDUINO >= 100

	#include "arduino.h"

#else

	#include "WProgram.h"

#endif

#endif



class Leg

{

private:

	float HopfX;

	float HopfY;

	float HopfConstant_A;

	float HopfConstant_B;

	float HopfConstant_b;

	float HopfConstant_wSt;

	float HopfConstant_wSw;

	float HopfConstant_timeStep;

	float HopfVar_My;



	

public:

	void jiggle();

	void updateHopfVariables(float HopfCon_A, float HopfCon_B, float HopfCon_b, float HopfCon_wSt, float HopfCon_wSw, float HopfCon_timeStep);

	void updateHopfRadie(float Hopf_My);

	void CalcHopf();

	void GoToZero();

	bool walking;

	uint8_t LegNr;

	Leg(uint8_t ledPin);

	void setZeroPos();

	void StopWalk();

	float getHopfX();

	float getHopfY();

	int legNumber;

};






Vedlegg/Programkode C++/main.ino

/*

Name:		GenCatController.ino

Created:	16/01/2018 12:12:56 PM

Author:	hartvik

*/



//------------------------INCLUDE Libraries---------------------------------//

#include "RunningStats.h"

#include "EvolutionalTrainer.h"

#include "Display.h"

#include "GlobVar.h"

#include "Leg.h"

#include "Thread.h"

#include "ThreadController.h"

#include "Wire.h"

#include "Adafruit_PWMServoDriver.h"

#include "FreeSixIMU.h"

#include "FIMU_ADXL345.h"

#include "FIMU_ITG3200.h"

#include "SoftwareSerial.h"

#include "MatrixMath.h"

#include "Adafruit_INA219.h"

#include "RunningStats.h"



#define HWSERIAL Serial1



//------------------------OBJECTS-----------------------------------//

// Machine learning object

EvolutionalTrainer GenAlg = EvolutionalTrainer();



// Statistical library

RunningStats rsRoll = RunningStats();

RunningStats rsPitch = RunningStats();

RunningStats rsPower = RunningStats();



// Create four leg objects and add in array "legs"

Leg legs[4] = { Leg(0), Leg(1), Leg(2),Leg(3) };



// Servo

Adafruit_PWMServoDriver pwm = Adafruit_PWMServoDriver(0x41);



// IMU

FreeSixIMU sixDOF = FreeSixIMU();



//Current sensor

Adafruit_INA219 ina219;



// Wireless

char S1[6];

char S2[6];

const byte HC12RxdPin = 0;						// Recieve Pin on HC12

const byte HC12TxdPin = 1;						// Transmit Pin on HC12

SoftwareSerial HC12(HC12TxdPin, HC12RxdPin);	// Create Software Serial Port



// Display									

Display Disp;



//------------------------VARIABLES---------------------------------//

unsigned long lastTimeStep;



byte serialBuffer[8];

int bufferPointer = 0;

String SerialWord;

int Counter = 0;

short rawSixDof[6]; //AccX AccY AccZ, GyrX,GyrY,GyrZ

float servo[8];

float angles[3]; // yaw pitch roll

int touchVar[3];



float lowpassA = 0.02;

float lowpassApower = 0.2;

float maxBatt = 8.0; //Fully charged battery

float minBatt = 7.4; //Critically low battery



float voltage = 0;

float ampere = 0;

float voltageOld = voltage;

int batteryLvl; //Percent

float power; //Percent

float powerOld; //Percent

bool WalkRun;

bool rateZero = false;







//------------------------THREADS-----------------------------------//

ThreadController controll = ThreadController();

Thread walkThread = Thread();

Thread IMUThread = Thread();

Thread touchThread = Thread();

Thread printThread = Thread();

Thread machinelearningThread = Thread();



//------------------------METHODS----------------------------------//

void touchCallback() {

	Disp.isTouched(touchVar);

	if (touchVar[2] > 0) {

		//If pressure is applied to screen (touched)

		if (touchVar[0] < 150) {

			//Bottom screen

			if (touchVar[1] > 150) {

				//Bottom left

				//Start /Stop training

				if (GLOB_STATE == 2) { //If running in train mode

					//Abort button pushed!

					TRAIN_COMPLETEFLAG = 1;

					TRAIN_FITNESS = 0;

					rateZero = true;



					HWSERIAL.print(msgRxAbortTr);

					HWSERIAL.write(0x0);

				}

				else {

					//TRAIN_MODULEREADYFLAG = true; Removed 30/5

				}

				Disp.drawButtons();

			}

			else {

				//Bottom right

				GLOB_GATE = GLOB_GATE + 1;

				if (GLOB_GATE > 3) {

					GLOB_GATE = 0;

				}

				Disp.drawButtons();



			}

		}

		else {

			//Top screen

			if (touchVar[1] > 150) {

				//Top left

				GLOB_STATE = 0; //Calibrate home

				TRAINVAR_HIPAMP_FRONT = 1;

				TRAINVAR_HIPAMP_BACK = 1;

				TRAINVAR_HIPOFFSET_FRONT = 0;

				TRAINVAR_HIPOFFSET_BACK = 0;

				TRAINVAR_KNEEOFFSET_FRONT = 0;

				TRAINVAR_KNEEOFFSET_BACK = 0;

				Disp.drawMode();

				Disp.drawButtons();

				GLOB_REFRESHDISP = false;

			}

			else {

				//Top right



										//printToMatlab();

							//Change gate

			}

		}

	}

}



void sensorCallback() {

	sixDOF.getRawValues(rawSixDof);

	sixDOF.getYawPitchRoll(angles);



	//Read current and voltage

	voltage = ina219.getBusVoltage_V(); //(lowpassA * ina219.getBusVoltage_V() + (1 - lowpassA)*voltageOld); Filtering removed

	ampere = ina219.getCurrent_mA() * 4;

	power = (voltage*ampere) / 1000;// +(1 - lowpassApower)*powerOld); Filtering removed

	batteryLvl = int(((voltage - minBatt) / (maxBatt - minBatt)) * 100);



	if (batteryLvl > 100) { batteryLvl = 100; }

	int pwDisp;

	if (power > 100) { pwDisp = 100; }

	else {

		pwDisp = power;

	}



	if (GLOB_REFRESHDISP == true) {

		Disp.update(angles[1], angles[2], batteryLvl, pwDisp);

	}

	voltageOld = voltage;

	powerOld = power;





	if (GLOB_STATE == 2) {

		// If training, push sensor data to RS for stocastic analysis

		rsRoll.Push(angles[1]);

		rsPitch.Push(angles[2]);

		//Serial.print(rsRoll.Variance());

		//Serial.print(" ");

		//Serial.println(rsPitch.Variance());

		rsPower.Push((power));

		float ts = millis() - lastTimeStep;

		if (ts > 50) { ts = 0; } //Remove first reading

		lastTimeStep = millis();

		//Serial.println(ts);

		TRAIN_FITNESS_POWER = TRAIN_FITNESS_POWER + (power*ts / 1000);

		Serial.println(TRAIN_FITNESS_POWER);

	}

}



void printCallback() {



}



void WalkThreadCallback() {

	// Walk (Run every 50 ms)

	float TurnR = 1.0;

	float TurnL = 1.0;

	switch (Global_DIR) {

		//1 left, 2 mid, 3 right

	case 1:

		TurnL = 0.4;

		TurnR = 1.0;

		break;

	case 3:

		TurnL = 1.0;

		TurnR = 0.4;

		break;

	}

	switch (GLOB_STATE) {

	case 0: //Calibration Pos mode

		for (int i = 0; i <= 3; i++) {

			legs[i].GoToZero();

		}



		servo[1] = map((legs[0].getHopfX())*GLOB_SERVODIR[1] * TRAINVAR_HIPAMP_FRONT, -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[1] = servo[1] + (TRAINVAR_HIPOFFSET_FRONT*GLOB_SERVODIR[1]); //Add trained offset

		servo[3] = map((legs[1].getHopfX())*GLOB_SERVODIR[3] * TRAINVAR_HIPAMP_BACK, -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[3] = servo[3] + (TRAINVAR_HIPOFFSET_BACK*GLOB_SERVODIR[3]); //Add trained offset

		servo[5] = map((legs[2].getHopfX())*GLOB_SERVODIR[5] * TRAINVAR_HIPAMP_BACK, -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[5] = servo[5] + (TRAINVAR_HIPOFFSET_BACK*GLOB_SERVODIR[5]); //Add trained offset

		servo[7] = map((legs[3].getHopfX())*GLOB_SERVODIR[7] * TRAINVAR_HIPAMP_FRONT, -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[7] = servo[7] + (TRAINVAR_HIPOFFSET_FRONT*GLOB_SERVODIR[7]); //Add trained offset



		servo[0] = map((legs[0].getHopfY()) * 2 * GLOB_SERVODIR[0], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[0] = servo[0] + (TRAINVAR_KNEEOFFSET_FRONT*GLOB_SERVODIR[0]); //Add trained offset

		servo[2] = map((legs[1].getHopfY()) * 2 * GLOB_SERVODIR[2], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[2] = servo[2] + (TRAINVAR_KNEEOFFSET_BACK*GLOB_SERVODIR[2]); //Add trained offset

		servo[4] = map((legs[2].getHopfY()) * 2 * GLOB_SERVODIR[4], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[4] = servo[4] + (TRAINVAR_KNEEOFFSET_BACK*GLOB_SERVODIR[4]); //Add trained offset

		servo[6] = map((legs[3].getHopfY()) * 2 * GLOB_SERVODIR[6], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[6] = servo[6] + (TRAINVAR_KNEEOFFSET_FRONT*GLOB_SERVODIR[6]); //Add trained offset

		break;



	case 1:  //Normal run mode

		for (int i = 0; i <= 3; i++) {

			legs[i].CalcHopf();

		}

		servo[1] = map((legs[0].getHopfX())*GLOB_SERVODIR[1], -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[3] = map((legs[1].getHopfX())*GLOB_SERVODIR[3], -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[5] = map((legs[2].getHopfX())*GLOB_SERVODIR[5], -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[7] = map((legs[3].getHopfX())*GLOB_SERVODIR[7], -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);



		servo[0] = map((legs[0].getHopfY()) * 2 * GLOB_SERVODIR[0], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[2] = map((legs[1].getHopfY()) * 2 * GLOB_SERVODIR[2], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[4] = map((legs[2].getHopfY()) * 2 * GLOB_SERVODIR[4], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[6] = map((legs[3].getHopfY()) * 2 * GLOB_SERVODIR[6], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		break;



	case 2:	// Machine-learning  RUN mode



		for (int i = 0; i <= 3; i++) {

			legs[i].CalcHopf();

		}

		//Hip

		servo[1] = map((legs[0].getHopfX()*GLOB_SERVODIR[1] * TRAINVAR_HIPAMP_FRONT), -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[1] = servo[1] + (TRAINVAR_HIPOFFSET_FRONT*GLOB_SERVODIR[1]); //Add trained offset

		servo[3] = map((legs[1].getHopfX()*GLOB_SERVODIR[3] * TRAINVAR_HIPAMP_BACK), -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[3] = servo[3] + (TRAINVAR_HIPOFFSET_BACK*GLOB_SERVODIR[3]); //Add trained offset

		servo[5] = map((legs[2].getHopfX()*GLOB_SERVODIR[5] * TRAINVAR_HIPAMP_BACK), -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[5] = servo[5] + (TRAINVAR_HIPOFFSET_BACK*GLOB_SERVODIR[5]); //Add trained offset

		servo[7] = map((legs[3].getHopfX()*GLOB_SERVODIR[7] * TRAINVAR_HIPAMP_FRONT), -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[7] = servo[7] + (TRAINVAR_HIPOFFSET_FRONT*GLOB_SERVODIR[7]); //Add trained offset



		//Knee

		servo[0] = map((legs[0].getHopfY()) * 2 * GLOB_SERVODIR[0], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[0] = servo[0] + (TRAINVAR_KNEEOFFSET_FRONT*GLOB_SERVODIR[0]); //Add trained offset

		servo[2] = map((legs[1].getHopfY()) * 2 * GLOB_SERVODIR[2], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[2] = servo[2] + (TRAINVAR_KNEEOFFSET_BACK*GLOB_SERVODIR[2]); //Add trained offset

		servo[4] = map((legs[2].getHopfY()) * 2 * GLOB_SERVODIR[4], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[4] = servo[4] + (TRAINVAR_KNEEOFFSET_BACK*GLOB_SERVODIR[4]); //Add trained offset

		servo[6] = map((legs[3].getHopfY()) * 2 * GLOB_SERVODIR[6], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[6] = servo[6] + (TRAINVAR_KNEEOFFSET_FRONT*GLOB_SERVODIR[6]); //Add trained offset

		break;



	case 3:	// Wireless mode

			//Hip

		for (int i = 0; i <= 3; i++) {

			legs[i].CalcHopf();

		}



		servo[1] = map((legs[0].getHopfX()*GLOB_SERVODIR[1] * TRAINVAR_HIPAMP_FRONT*TurnR), -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[1] = (servo[1]) + (TRAINVAR_HIPOFFSET_FRONT*GLOB_SERVODIR[1]); //Add trained offset

		servo[3] = map((legs[1].getHopfX()*GLOB_SERVODIR[3] * TRAINVAR_HIPAMP_BACK*TurnR), -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[3] = (servo[3]) + (TRAINVAR_HIPOFFSET_BACK*GLOB_SERVODIR[3]); //Add trained offset

		servo[5] = map((legs[2].getHopfX()*GLOB_SERVODIR[5] * TRAINVAR_HIPAMP_BACK*TurnL), -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[5] = (servo[5]) + (TRAINVAR_HIPOFFSET_BACK*GLOB_SERVODIR[5]); //Add trained offset

		servo[7] = map((legs[3].getHopfX()*GLOB_SERVODIR[7] * TRAINVAR_HIPAMP_FRONT*TurnL), -1, 1, GLOB_SERVOHIPMIN, GLOB_SERVOHIPMAX);

		servo[7] = (servo[7]) + (TRAINVAR_HIPOFFSET_FRONT*GLOB_SERVODIR[7]); //Add trained offset



		servo[0] = map((legs[0].getHopfY()) * 2 * GLOB_SERVODIR[0], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[0] = servo[0] + (TRAINVAR_KNEEOFFSET_FRONT*GLOB_SERVODIR[0]); //Add trained offset

		servo[2] = map((legs[1].getHopfY()) * 2 * GLOB_SERVODIR[2], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[2] = servo[2] + (TRAINVAR_KNEEOFFSET_BACK*GLOB_SERVODIR[2]); //Add trained offset

		servo[4] = map((legs[2].getHopfY()) * 2 * GLOB_SERVODIR[4], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[4] = servo[4] + (TRAINVAR_KNEEOFFSET_BACK*GLOB_SERVODIR[4]); //Add trained offset

		servo[6] = map((legs[3].getHopfY()) * 2 * GLOB_SERVODIR[6], -1, 1, GLOB_SERVOKNEEMIN, GLOB_SERVOKNEEMAX);

		servo[6] = servo[6] + (TRAINVAR_KNEEOFFSET_FRONT*GLOB_SERVODIR[6]); //Add trained offset

		break;

	}



	for (int i = 0; i <= 7; i++) {

		//Add calibration + check limits

		int servopos = (servo[i]);



		//Check limits

		if ((i % 2) == 0) {

			//Knee motor

			if (servopos < GLOB_SERVOKNEEMIN) {

				servopos = GLOB_SERVOKNEEMIN;

			}

			if (servopos > GLOB_SERVOKNEEMAX) {

				servopos = GLOB_SERVOKNEEMAX;

			}

		}

		else

		{

			//Hip motor

			if (servopos < GLOB_SERVOHIPMIN) {

				servopos = GLOB_SERVOHIPMIN;

			}

			if (servopos > GLOB_SERVOHIPMAX) {

				servopos = GLOB_SERVOHIPMAX;

			}

		}

		servopos = servopos + GLOB_SERVOCALIBRATIONOFFSET[i];

		// Send position demand to servo conrollers

		pwm.setPWM(i, 0, int(servopos));

	}



}

void machinelearningCallback() {

	if (TRAIN_INITFLAG == 1) {

		//Init()Get initial parameters, only run once

		TRAIN_GENERATION = GenAlg.getGeneration();

		TRAIN_CHROMOSONESIZE = GenAlg.getChromosomeSize();

		TRAIN_POPULATIONSIZE = GenAlg.getPopulationSize();

		TRAIN_CURRENTPOP = 0;

		TRAIN_INITFLAG = 0;





		// Prepare for next itteration

		updateNeuralNet();



		// Zero out sensors

		resetPerformance();



	}





	if (TRAIN_MODULEREADYFLAG) {

		updateNeuralNet();

		TRAIN_MODULEREADYFLAG = 0;

		//Start walking

		GLOB_STATE = 2;

		Disp.drawMode();

		HWSERIAL.print("StartTr");

		HWSERIAL.write(0x0);

		//Update disp

		printTrainInfo();

		resetPerformance();

		GLOB_REFRESHDISP = false;

	}



	if (TRAIN_COMPLETEFLAG) {

		// When train is completemsgRxStartTr

		GLOB_STATE = 0; //Stop robot



		//Disp.drawMode();



		//Update fitness score

		rateFitness();

		printToMatlab();

		// Print info to display

		printTrainInfo();



		GLOB_REFRESHDISP = true;



		if (TRAIN_CURRENTPOP + 1 == TRAIN_POPULATIONSIZE)

		{

			//Train completed, 





			// Print generation data to matlab



			// Reset current chromosone 

			GenAlg.evolve();

			TRAIN_CURRENTPOP = 0;

			TRAIN_GENERATION = GenAlg.getGeneration();

		}

		else {

			// Train next parametertest

			TRAIN_CURRENTPOP = TRAIN_CURRENTPOP + 1;

		}





		//Prepare for next itteration

		updateNeuralNet();





		resetPerformance(); //Zero out sensors

		Disp.drawMode();

		TRAIN_COMPLETEFLAG = 0;

	}

}



void rateFitness() {

	TRAIN_FITNESS_PITCH_VARIANS = (float)rsPitch.Variance();

	TRAIN_FITNESS_ROLL_VARIANS = (float)rsRoll.Variance();



	TRAIN_FITNESS_STABILITY = 254 - (TRAIN_FITNESS_ROLL_VARIANS + TRAIN_FITNESS_PITCH_VARIANS) * 5;

	if (TRAIN_FITNESS_STABILITY < 0) {

		TRAIN_FITNESS_STABILITY = 0;

	}



	TRAIN_FITNESS_POWER = 254 - (TRAIN_FITNESS_POWER / 5);

	if (TRAIN_FITNESS_POWER < 0) {

		TRAIN_FITNESS_POWER = 0;

	}



	//TRAIN_FITNESS = TRAIN_FITNESS_SPEED; //+ TRAIN_FITNESS_STABILITY;



	TRAIN_FITNESS = TRAIN_FITNESS_STABILITY;

	//TRAIN_FITNESS = (TRAIN_FITNESS_POWER+ TRAIN_FITNESS_SPEED + TRAIN_FITNESS_STABILITY)/3;

	//TRAIN_FITNESS = TRAIN_FITNESS_POWER; //+ TRAIN_FITNESS_STABILITY) / 2;





	if (rateZero == false && TRAIN_FITNESS_SPEED > 10) {

		GenAlg.rateChromosome(TRAIN_CURRENTPOP, TRAIN_FITNESS);

	}

	else {

		GenAlg.rateChromosome(TRAIN_CURRENTPOP, 0);

		rateZero = false;

	}



}



void resetPerformance() {

	TRAIN_FITNESS = 0;

	// Set start angle to zero

	rsRoll.Clear();

	rsPitch.Clear();

	rsPower.Clear();

	TRAIN_FITNESS_PITCH_VARIANS = 0;

	TRAIN_FITNESS_ROLL_VARIANS = 0;

	TRAIN_FITNESS_POWER = 0;

}







void printTrainInfo() {

	// Update disp

	String str;

	str = String(str + "Gen:");

	str = String(str + TRAIN_GENERATION);

	str = String(str + " Pop:");

	str = String(str + TRAIN_CURRENTPOP);

	str = String(str + " Tst:");

	str = String(str + TRAINVAR_HOPF_TSTANCE);

	str = String(str + " Tsw:");

	str = String(str + TRAINVAR_HOPF_TSWAY);

	str = String(str + " AmpF:");

	str = String(str + TRAINVAR_HIPAMP_FRONT);

	str = String(str + " AmpB:");

	str = String(str + TRAINVAR_HIPAMP_BACK);

	str = String(str + " OffHF:");

	str = String(str + TRAINVAR_HIPOFFSET_FRONT);

	str = String(str + " OffHB:");

	str = String(str + TRAINVAR_HIPOFFSET_BACK);

	str = String(str + " OffKF:");

	str = String(str + TRAINVAR_KNEEOFFSET_FRONT);

	str = String(str + " OffKB:");

	str = String(str + TRAINVAR_KNEEOFFSET_BACK);

	str = String(str + " Score:");

	str = String(str + TRAIN_FITNESS);

	str = String(str + "      ");

	Disp.printString(str);

}



void printToMatlab() {

	HWSERIAL.print(msgTxRelayMsg);

	HWSERIAL.write(0x0);



	int gen = GenAlg.getGeneration();

	HWSERIAL.write((byte)gen);



	HWSERIAL.write((byte)TRAIN_CURRENTPOP + 1);



	for (int j = 0; j < GenAlg.getChromosomeSize(); j++) {

		HWSERIAL.write((byte)GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, j));

	}



	byte Matlab_Fitness = (byte)GenAlg.getpopulationFitness(TRAIN_CURRENTPOP);

	if (Matlab_Fitness > 254) {

		Matlab_Fitness = 254;

	}

	HWSERIAL.write((byte)Matlab_Fitness);



	byte Matlab_Pitch_Var = (byte)TRAIN_FITNESS_PITCH_VARIANS;

	if (Matlab_Pitch_Var > 254) {

		Matlab_Pitch_Var = 254;

	}

	HWSERIAL.write((byte)Matlab_Pitch_Var);



	byte Matlab_Roll_Var = (byte)TRAIN_FITNESS_ROLL_VARIANS;

	if (Matlab_Roll_Var > 254) {

		Matlab_Roll_Var = 254;

	}

	HWSERIAL.write((byte)Matlab_Roll_Var);





	byte Matlab__Fitenss_Power = (byte)TRAIN_FITNESS_POWER;

	if (Matlab__Fitenss_Power > 254) {

		Matlab__Fitenss_Power = 254;

	}

	HWSERIAL.write((byte)Matlab__Fitenss_Power);



	byte Matlag_Fitness_Speed = (byte)TRAIN_FITNESS_SPEED;

	if (Matlag_Fitness_Speed > 254) {

		Matlag_Fitness_Speed = 254;

	}

	HWSERIAL.write((byte)Matlag_Fitness_Speed);





	//End transmittion

	HWSERIAL.write((byte)255);

}



void updateNeuralNet() {

	//If not training, use these manual parameters (currently best training variables)

	int val1 = 37;

	int val2 = 63;

	int val3 = 40;

	int val4 = 6;

	int val5 = 5;

	int val6 = 15;

	int val7 = 86;

	int val8 = 31;

	float radie = (float)((GLOB_SPEED / 3)); // Update radie from RC control



	if (GLOB_STATE == 2) {

		//If training

		radie = 1;		//Allways 1 in radie while training

		val1 = GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, 0);

		val2 = GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, 1);

		val3 = GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, 2);

		val4 = GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, 3);

		val5 = GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, 4);

		val6 = GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, 5);

		val7 = GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, 6);

		val8 = GenAlg.getPopulationVariable(TRAIN_CURRENTPOP, 7);

	}



	// Update Hopf and walking parameters

	for (int i = 0; i <= 3; i++) {

		if (GLOB_STATE == 2) {

			//If training

			legs[i].setZeroPos();

		}

		legs[i].updateHopfRadie(radie);

		TRAINVAR_HOPF_TSTANCE = (((float)val1 + 20)) / 10;		//Stance time [2 to 11]

		TRAINVAR_HOPF_TSWAY = (((float)val2 + 20)) / 10;		//Sway time [2 to 11]

		legs[i].updateHopfVariables(1, 1, 5, TRAINVAR_HOPF_TSTANCE, TRAINVAR_HOPF_TSWAY, 0.02);

		TRAINVAR_HIPAMP_FRONT = float((val3 + 10)) / 100;		//Amp front [0.1 1]

		TRAINVAR_HIPAMP_BACK = float((val4 + 10)) / 100;		//Amp back [0.1 1]

		TRAINVAR_HIPOFFSET_FRONT = -(GLOB_SERVOHIPDIFF / 4) + (((float)val5) / 90) * (GLOB_SERVOHIPDIFF / 2); // Offset, [1/4,3/4]

		TRAINVAR_HIPOFFSET_BACK = -(GLOB_SERVOHIPDIFF / 4) + (((float)val6) / 90) * (GLOB_SERVOHIPDIFF / 2); // Offset, [1/4,3/4]

		TRAINVAR_KNEEOFFSET_FRONT = -(GLOB_SERVOKNEEDIFF / 4) + (((float)val7) / 90) * (GLOB_SERVOKNEEDIFF / 2); // Offset, [1/4,3/4];//(GLOB_SERVOHIPDIFF / 4);		//Motor offset

		TRAINVAR_KNEEOFFSET_BACK = -(GLOB_SERVOKNEEDIFF / 4) + (((float)val8) / 90) * (GLOB_SERVOKNEEDIFF / 2); // Offset, [1/4,3/4];//(GLOB_SERVOHIPDIFF / 4);			//Motor offset

	}

}



void CheckSerial() {

	if (HWSERIAL.available() > 0) {

		//Fill up serial buffer

		int incomingByte;

		incomingByte = HWSERIAL.read();



		if (incomingByte == 0) {

			SerialWord = "";

			for (int i = 0; i <= 7; i++) {

				SerialWord = String(SerialWord + char(serialBuffer[i]));

			}

			bufferPointer = 0;

		}

		else {

			serialBuffer[bufferPointer] = incomingByte;

			bufferPointer += 1;

		}

		SerialWord.toCharArray(S1, 6);



		// Message handler

		msgTrModReady.toCharArray(S2, 6);

		if (strcmp(S1, S2) == 0) {

			TRAIN_MODULEREADYFLAG = true;

			SerialWord = "";

		}

		msgTxScore.toCharArray(S2, 6);

		if (strcmp(S1, S2) == 0) {

			while (HWSERIAL.available() == 0) {

				delay(50);

			}



			float TxFitness = (float)HWSERIAL.read();

			TRAIN_COMPLETEFLAG = true;

			TRAIN_FITNESS_SPEED = TxFitness;

			SerialWord = "";

		}

	}

}



void CheckSerialRC() {

	if (HWSERIAL.available() > 0) {

		//Fill up serial buffer

		int incomingByte;

		incomingByte = HWSERIAL.read();



		if (incomingByte == 0) {

			HWSERIAL.print("Message recieved: ");

			SerialWord = "";

			for (int i = 0; i <= 7; i++) {

				SerialWord = String(SerialWord + char(serialBuffer[i]));

			}

			HWSERIAL.println(SerialWord);

			bufferPointer = 0;

		}

		else {

			serialBuffer[bufferPointer] = incomingByte;

			bufferPointer += 1;

		}



		// Message handler

		if (SerialWord == SrlMsg_StopWalking) {

			HWSERIAL.print("Stop walking");

			//GLOB_STATE = 3; // Test zero radie

			GLOB_STATE = 0;

			//GLOB_SPEED = 0;

			Global_DIR = 2; //1 left, 2 mid, 3 right

			updateNeuralNet();

			Disp.drawMode();

			Disp.drawButtons();

			GLOB_REFRESHDISP = true;



			SerialWord = "";

		}



		if (SerialWord == SrlMsg_WalkSlow) {

			HWSERIAL.print("Slow walking");

			legs[1].jiggle();

			legs[2].jiggle();

			legs[3].jiggle();

			legs[4].jiggle();

			GLOB_STATE = 3;

			Global_DIR = 2; //1 left, 2 mid, 3 right

			GLOB_SPEED = 2;

			updateNeuralNet();

			Disp.drawMode();

			Disp.drawButtons();

			GLOB_REFRESHDISP = false;

			SerialWord = "";

		}



		if (SerialWord == SrlMsg_Run) {

			HWSERIAL.print("Fast walking");

			legs[1].jiggle();

			legs[2].jiggle();

			legs[3].jiggle();

			legs[4].jiggle();

			GLOB_STATE = 3;

			Global_DIR = 2; //1 left, 2 mid, 3 right

			GLOB_SPEED = 3;

			updateNeuralNet();

			Disp.drawMode();

			Disp.drawButtons();

			GLOB_REFRESHDISP = false;

			SerialWord = "";

		}

		if (SerialWord == SrlMsg_Left) {

			HWSERIAL.print("Left walking");

			Global_DIR = 1; //1 left, 2 mid, 3 right

			Disp.drawMode();

			Disp.drawButtons();

			GLOB_REFRESHDISP = false;

			SerialWord = "";

		}

		if (SerialWord == SrlMsg_Right) {

			HWSERIAL.print("Right walking");

			Global_DIR = 3; //1 left, 2 mid, 3 right

			Disp.drawMode();

			Disp.drawButtons();

			GLOB_REFRESHDISP = false;

			SerialWord = "";



		}



	}



}



//------------------------INIT SETUP-------------------------------//

void setup() {

	delay(30);

	// Initialize digital pin LED_BUILTIN as an output.

	pinMode(LED_BUILTIN, OUTPUT);

	Wire.begin();



	// Initialize display

	Disp.init();



	//Initialize genetic algorithm training object



	// Initialize serial port

	Serial.begin(115200);

	Serial.println("RoboCat Booted");



	// Wireless serial

	HWSERIAL.begin(19200);



	// Set up servo

	pwm.begin();

	pwm.setPWMFreq(50);

	delay(30);



	// Give initial Hopf parameters

	for (int i = 0; i <= 3; i++) { legs[i].updateHopfRadie(0.01); }

	for (int i = 0; i <= 3; i++) { legs[i].updateHopfVariables(1, 1, 5, 3, 2, 0.02); }



	// Initialize IMUs

	sixDOF.init();

	delay(30);



	// Initialize Current sensor

	ina219.begin();

	delay(30);



	// Set up threads

	walkThread.onRun(WalkThreadCallback);

	walkThread.setInterval(20);

	controll.add(&walkThread);



	IMUThread.onRun(sensorCallback);

	IMUThread.setInterval(20);

	controll.add(&IMUThread);



	touchThread.onRun(touchCallback);

	touchThread.setInterval(150);

	controll.add(&touchThread);

	delay(30);



	printThread.onRun(printCallback);

	printThread.setInterval(10000);

	controll.add(&printThread);

	delay(30);



	machinelearningThread.onRun(machinelearningCallback);

	machinelearningThread.setInterval(1000);

	controll.add(&machinelearningThread);

	delay(30);



	// Get initial voltage

	voltage = ina219.getBusVoltage_V();

	voltageOld = voltage;

}



//------------------------MAIN------------------------------------//

void loop() {

	GLOB_STATE = 0; //Training, pause mode

	// Draw initial display

	Disp.drawMode();

	TRAIN_INITFLAG = 0;//Set to 1 to initialize training.



	while (true) {

		controll.run();			//Run threads

		CheckSerialRC();		//Handle incomming serial messages (RC for remote control)

		//CheckSerial();		//Handle incomming serial messages (For comm with test module during training)

	}

}
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#include "Display.h"
#include "SoftwareSerial.h"
#include "SPI.h"
#include "ILI9341_t3.h"
#include "XPT2046_Touchscreen_calibrated.h"
#include "GlobVar.h"
#include "GeneticAlg.h"


// Horizon
#define REDRAW_DELAY 16     // minimum delay in milliseconds between display updates
#define HOR 102             // Horizon circle outside radius (205 is corner to corner#define BROWN      0x5140 //0x5960
#define BROWN      0x5140   //0x5960
#define SKY_BLUE   0x02B5   //0x0318 //0x039B //0x34BF
#define DARK_RED   0x8000
#define DARK_GREY  0x39C7
#define XC 120              // x coord of centre
#define YC 160-20           // y coord of centre

#define HoHi 80             // horizon dim, hight
#define HoWi 205            // horizon dim, width

//#define XC 64 // x coord of centre of horizon
//#define YC 80 // y coord of centre of horizon
#define ANGLE_INC 1 // Angle increment for arc segments, 1 will give finer resolution, 2 or more gives faster rotation
#define DEG2RAD 0.0174532925

int roll_angle = 180; // These must be initialed to 180 so updateHorizon(0); in setup() draws
int last_roll = 0; // the whole horizon graphic
int last_pitch = 0;
int roll_delta = 90;  // This is used to set arc drawing direction, must be set to 90 here

                      // Variables for test only
int test_angle = 0;
int delta = ANGLE_INC;

int rolltextpos[2] = {20, 70};
int pitchtextpos[2] = {150, 70 };

unsigned long redrawTime = 0;


// Bool value to only draw grahps once
boolean graph_1 = true;
boolean graph_2 = true;

// For LCD (optimized ILI9341_t3 library)
// For Adafruit's ILI9341 library
// For optimized ILI9341_t3 library

#define TFT_CS 10
#define TFT_DC 9
ILI9341_t3 tft = ILI9341_t3(TFT_CS, TFT_DC, -1);

#define CS_PIN  8
#define TIRQ_PIN  2
XPT2046_Touchscreen ts(CS_PIN, TIRQ_PIN);


int *function(int array[3])
{
    array[0] = 19;
    array[1] = 7;
    array[2] = 69;
    return array;
}


int *Display::isTouched(int array[3])
{
    if (ts.touched()) {
        //z = Pressure x,y = coordinate
        TS_Point p = ts.getPoint();

        array[0] = p.x;
        array[1] = p.y; 
        array[2] = p.z;
        return array;
    }
    else {
        array[0] = 0;
        array[1] = 0;
        array[2] = 0;
        return array;
    }
}


void Display::init()
{
    // Init text pos
    toptextCx = 0;
    toptextCy = 0;
    updateFrequency = 30;           //  [Hz]
    // Initialize TTF display
    tft.begin();
    tft.fillScreen(ILI9341_BLACK);
    tft.setTextColor(ILI9341_RED, ILI9341_BLACK);
    tft.setTextSize(2);
    //screen.rect(xStart, yStart, width, height);
    tft.fillRect(XC-(HoWi /2), YC - HoHi, HoWi, HoHi, SKY_BLUE);
    tft.fillRect(XC - (HoWi / 2), YC , HoWi, HoHi, BROWN);

    //Draw buttons
    drawButtons();

    // Draw the horizon graphic
    drawHorizon(0, 0);
    drawInfo();
    delay(100); // Wait to permit visual check

    ts.begin();
    ts.calibrate(-.00114, -.0653, 254, -.0885, -.00125, 348, 320, 240, 1);
    
                // Draw initial bar graph for battery
    DrawBarChartV(10, 290, 30, 70, 0, 100, 25, 100, 4, 0, ILI9341_GREEN, ILI9341_BLUE, ILI9341_BLUE, ILI9341_WHITE, ILI9341_BLACK, "Battery", graph_1);
    DrawBarChartV(100, 290, 30, 70, 0, 100, 25, 0, 4, 0, ILI9341_GREEN, ILI9341_BLUE, ILI9341_BLUE, ILI9341_WHITE, ILI9341_BLACK, "Power (W)", graph_2);


                 // Test roll and pitch
    //testRoll();
    testPitch();
    tft.setTextColor(ILI9341_YELLOW, SKY_BLUE);

}


void Display::DrawBarChartH(double x, double y, double w, double h, double loval, double hival, double inc, double curval, int dig, int dec, unsigned int barcolor, unsigned int voidcolor, unsigned int bordercolor, unsigned int textcolor, unsigned int backcolor, String label, boolean & redraw)
{
    double stepval;
    double level;
    double i, data;

    // draw the border, scale, and label once
    // avoid doing this on every update to minimize flicker
    // draw the border and scale
    if (redraw == true) {
        redraw = false;
        tft.drawRect(x, y, w, h, bordercolor);
        tft.setTextColor(textcolor, backcolor);
        tft.setTextSize(2);
        tft.setCursor(x, y - 20);
        tft.println(label);
        // step val basically scales the hival and low val to the width
        stepval = inc * (double(w) / (double(hival - loval))) - .00001;
        // draw the text
        for (i = 0; i <= w; i += stepval) {
            tft.drawFastVLine(i + x, y + h + 1, 5, textcolor);
            // draw lables
            tft.setTextSize(1);
            tft.setTextColor(textcolor, backcolor);
            tft.setCursor(i + x, y + h + 10);
            // addling a small value to eliminate round off errors
            // this val may need to be adjusted
            data = (i * (inc / stepval)) + loval + 0.00001;
            tft.println(Format(data, dig, dec));
        }
    }
    // compute level of bar graph that is scaled to the width and the hi and low vals
    // this is needed to accompdate for +/- range capability
    // draw the bar graph
    // write a upper and lower bar to minimize flicker cause by blanking out bar and redraw on update
    level = (w * (((curval - loval) / (hival - loval))));
    tft.fillRect(x + level + 1, y + 1, w - level - 2, h - 2, voidcolor);
    tft.fillRect(x + 1, y + 1, level - 1, h - 2, barcolor);
    // write the current value
    tft.setTextColor(textcolor, backcolor);
    tft.setTextSize(2);
    tft.setCursor(x + w + 10, y + 5);
    tft.println(Format(curval, dig, dec));
}

void Display::DrawBarChartV( double x, double y, double w, double h, double loval, double hival, double inc, double curval, int dig, int dec, unsigned int barcolor, unsigned int voidcolor, unsigned int bordercolor, unsigned int textcolor, unsigned int backcolor, String label, boolean & redraw)
{
    double stepval;
    double my, level;
    double i, data;
    // draw the border, scale, and label once
    // avoid doing this on every update to minimize flicker
    if (redraw == true) {
        redraw = false;

        tft.drawRect(x - 1, y - h - 1, w + 2, h + 2, bordercolor);
        tft.setTextColor(textcolor, backcolor);
        tft.setTextSize(2);
        tft.setCursor(x, y + 10);
        tft.println(label);
        // step val basically scales the hival and low val to the height
        // deducting a small value to eliminate round off errors
        // this val may need to be adjusted
        stepval = (inc) * (double(h) / (double(hival - loval))) - .001;
        for (i = 0; i <= h; i += stepval) {
            my = y - h + i;
            tft.drawFastHLine(x + w + 1, my, 5, textcolor);
            // draw lables
            tft.setTextSize(1);
            tft.setTextColor(textcolor, backcolor);
            tft.setCursor(x + w + 12, my - 3);
            data = hival - (i * (inc / stepval));
            tft.println(Format(data, dig, dec));
        }
    }
    // compute level of bar graph that is scaled to the  height and the hi and low vals
    // this is needed to accompdate for +/- range
    level = (h * (((curval - loval) / (hival - loval))));
    // draw the bar graph
    // write a upper and lower bar to minimize flicker cause by blanking out bar and redraw on update
    tft.fillRect(x, y - h, w, h - level, voidcolor);
    tft.fillRect(x, y - level, w, level, barcolor);
    // write the current value
    tft.setTextColor(textcolor, backcolor);
    tft.setTextSize(2);
    tft.setCursor(x, y - h - 23);
    tft.println(Format(curval, dig, dec));

}

String Display::Format(double val, int dec, int dig) {
    int addpad = 0;
    char sbuf[20];
    String condata = (dtostrf(val, dec, dig, sbuf));


    int slen = condata.length();
    for (addpad = 1; addpad <= dec + dig - slen; addpad++) {
        condata = " " + condata;
    }
    return (condata);

}

void Display::drawButtons() {
    tft.setTextSize(2.9);
    tft.setCursor(0, 0);
    tft.setTextColor(ILI9341_BLACK, ILI9341_YELLOW);
    tft.print("Speed: ");

    tft.setCursor(0,20);
    switch (GLOB_SPEED) {
    case 0:
        tft.print("Stopped");
        break;
    case 1:
        tft.print("Slow   ");
        break;
    case 2:
        tft.print("Med    ");
        break;
    case 3:
        tft.print("Fast   ");
        break;
    case 4:
        tft.print("Super  ");
        break;
    }


    switch (GLOB_STATE) {
    case 0:
        tft.setTextSize(4.5);
        tft.setTextColor(ILI9341_BLACK, ILI9341_RED);
        tft.setCursor(XC, 0);
        tft.print("CALIB");
    case 1:
        tft.setTextSize(4.5);
        tft.setTextColor(ILI9341_BLACK, ILI9341_RED);
        tft.setCursor(XC, 0);
        tft.print("STOP");
    case 2:
        tft.setTextSize(4.5);
        tft.setTextColor(ILI9341_BLACK, ILI9341_RED);
        tft.setCursor(XC, 0);
        tft.print("TRAIN");
    case 3:
        tft.setTextSize(3);
        tft.setTextColor(ILI9341_BLACK, ILI9341_RED);
        tft.setCursor(XC, 0);
        tft.print("REMOTE");
    }



    tft.setTextSize(2);
    tft.setCursor(180,200);
    tft.setTextColor(ILI9341_BLACK, ILI9341_YELLOW);
    tft.print("GATE:");
    tft.setCursor(180, 220);
    switch (GLOB_GATE) {
    case 0:
        tft.print("Pace ");
        break;
    case 1:
        tft.print("Trot ");
        break;
    case 2:
        tft.print("Bound");
        break;
    case 3:
        tft.print("Walk ");
        break;
    }
}

void Display::drawMode()
{
    tft.setTextSize(2);
    tft.setCursor(180, 250);
    tft.setTextColor(ILI9341_BLACK, ILI9341_YELLOW);
    tft.print("Mode:");
    tft.setCursor(180, 270);
    switch (GLOB_STATE) {
    case 0:
        tft.print("Stop ");
        break;
    case 1:
        tft.print("Walk ");
        break;
    case 2:
        tft.print("Train");
        break;
    }
}

void Display::printString(String printString)
{
    tft.setTextSize(1.5);
    tft.setCursor(0, 40);
    tft.setTextColor(ILI9341_BLACK, ILI9341_YELLOW);
    tft.print(printString);

}

// #########################################################################
// Update the horizon with a new angle (angle in range -180 to +180)
// #########################################################################

void Display::update(int roll, int pitch, int batt, int power)
{
    int delta_pitch = 0;
    int pitch_error = 0;
    int delta_roll = 0;

    DrawBarChartV(10, 290, 30, 70, 0, 100, 25, batt, 4, 0, ILI9341_GREEN, ILI9341_BLUE, ILI9341_BLUE, ILI9341_WHITE, ILI9341_BLACK, "Battery", graph_1);
    DrawBarChartV(100, 290, 30, 70, 0, 100, 25, power, 4, 0, ILI9341_GREEN, ILI9341_BLUE, ILI9341_BLUE, ILI9341_WHITE, ILI9341_BLACK, "Power", graph_2);


    while ((last_pitch != pitch) || (last_roll != roll))
    {
        delta_pitch = 0;
        delta_roll = 0;

        if (last_pitch < pitch) {
            delta_pitch = 1;
            pitch_error = pitch - last_pitch;
        }

        if (last_pitch > pitch) {
            delta_pitch = -1;
            pitch_error = last_pitch - pitch;
        }

        if (last_roll < roll) delta_roll = 1;
        if (last_roll > roll) delta_roll = -1;

        if (delta_roll == 0) {
            if (pitch_error > 1) delta_pitch *= 2;
        }

        drawHorizon(last_roll + delta_roll, last_pitch + delta_pitch);
        drawInfo();
    }
}

void Display::drawHorizon(int angle, int pitch)
{
    // Fudge factor adjustment for this sketch (so horizon is horizontal when start angle is 0)
    // This is needed as we draw extra pixels to avoid leaving plotting artifacts

    // Calculate coordinates for line start
    float sx = cos(angle * DEG2RAD);
    float sy = sin(angle * DEG2RAD);

    int16_t x0 = sx * HOR;
    int16_t y0 = sy * HOR;

    if ((angle != last_roll) && ((abs(angle) > 35) || (pitch != last_pitch)))
    {
        tft.drawLine(XC - x0, YC - y0 - 3 + pitch, XC + x0, YC + y0 - 3 + pitch, SKY_BLUE);
        tft.drawLine(XC - x0, YC - y0 + 3 + pitch, XC + x0, YC + y0 + 3 + pitch, BROWN);
        tft.drawLine(XC - x0, YC - y0 - 4 + pitch, XC + x0, YC + y0 - 4 + pitch, SKY_BLUE);
        tft.drawLine(XC - x0, YC - y0 + 4 + pitch, XC + x0, YC + y0 + 4 + pitch, BROWN);
    }

    tft.drawLine(XC - x0, YC - y0 - 2 + pitch, XC + x0, YC + y0 - 2 + pitch, SKY_BLUE);
    tft.drawLine(XC - x0, YC - y0 + 2 + pitch, XC + x0, YC + y0 + 2 + pitch, BROWN);

    tft.drawLine(XC - x0, YC - y0 - 1 + pitch, XC + x0, YC + y0 - 1 + pitch, SKY_BLUE);
    tft.drawLine(XC - x0, YC - y0 + 1 + pitch, XC + x0, YC + y0 + 1 + pitch, BROWN);

    tft.drawLine(XC - x0, YC - y0 + pitch, XC + x0, YC + y0 + pitch, ILI9341_WHITE);

    last_roll = angle;
    last_pitch = pitch;

}


// #########################################################################
// Draw the information
// #########################################################################

void Display::drawInfo(void)
{
    // Update things near middle of screen first (most likely to get obscured)

    // Level wings graphic
    tft.fillRect(XC - 1, YC - 1, 3, 3, ILI9341_RED);
    tft.drawFastHLine(XC - 30, YC, 24, ILI9341_RED);
    tft.drawFastHLine(XC + 30 - 24, YC, 24, ILI9341_RED);
    tft.drawFastVLine(XC - 30 + 24, YC, 3, ILI9341_RED);
    tft.drawFastVLine(XC + 30 - 24, YC, 3, ILI9341_RED);

    tft.drawFastHLine(XC - 12, YC - 40, 24, ILI9341_WHITE);
    tft.drawFastHLine(XC - 6, YC - 30, 12, ILI9341_WHITE);
    tft.drawFastHLine(XC - 12, YC - 20, 24, ILI9341_WHITE);
    tft.drawFastHLine(XC - 6, YC - 10, 12, ILI9341_WHITE);

    tft.drawFastHLine(XC - 6, YC + 10, 12, ILI9341_WHITE);
    tft.drawFastHLine(XC - 12, YC + 20, 24, ILI9341_WHITE);
    tft.drawFastHLine(XC - 6, YC + 30, 12, ILI9341_WHITE);
    tft.drawFastHLine(XC - 12, YC + 40, 24, ILI9341_WHITE);

    tft.setTextSize(1);
    tft.setTextColor(ILI9341_WHITE);
    tft.setCursor(XC - 12 - 13, YC - 20 - 3);
    tft.print("10");
    tft.setCursor(XC + 12 + 1, YC - 20 - 3);
    tft.print("10");
    tft.setCursor(XC - 12 - 13, YC + 20 - 3);
    tft.print("10");
    tft.setCursor(XC + 12 + 1, YC + 20 - 3);
    tft.print("10");

    tft.setCursor(XC - 12 - 13, YC - 40 - 3);
    tft.print("20");
    tft.setCursor(XC + 12 + 1, YC - 40 - 3);
    tft.print("20");
    tft.setCursor(XC - 12 - 13, YC + 40 - 3);
    tft.print("20");
    tft.setCursor(XC + 12 + 1, YC + 40 - 3);
    tft.print("20");

    // Display justified angle value near bottom of screen
    tft.setTextColor(ILI9341_YELLOW, ILI9341_BLACK); // Text with background
    tft.setCursor(rolltextpos[0], rolltextpos[1]);            // Centre middle justified
    tft.print("Roll:");
    tft.setCursor(rolltextpos[0]+40, rolltextpos[1]);            // Centre middle justified
    tft.print("    ");
    tft.setCursor(rolltextpos[0] + 40, rolltextpos[1]);            // Centre middle justified
    tft.print(last_roll);

    tft.setTextColor(ILI9341_YELLOW, ILI9341_BLACK); // Text with background
    tft.setCursor(pitchtextpos[0], pitchtextpos[1]);            // Centre middle justified
    tft.print("Pitch:");
    tft.setCursor(pitchtextpos[0] + 40, pitchtextpos[1]);            // Centre middle just
    tft.print("    ");
    tft.setCursor(pitchtextpos[0] + 40, pitchtextpos[1]);            // Centre middle justified
    tft.print(last_pitch);
}
// #########################################################################
// Function to generate roll angles for testing only
// #########################################################################

int angleGenerator(int maxAngle)
{

    // Synthesize a smooth +/- 50 degree roll value for testing
    delta++; if (delta >= 360) test_angle = 0;
    test_angle = (maxAngle + 1) * sin((delta)* DEG2RAD);

    // Clip value so we hold angle near peak
    if (test_angle >  maxAngle) test_angle = maxAngle;
    if (test_angle < -maxAngle) test_angle = -maxAngle;

    return test_angle;
}

void Display::testRoll(void)
{
    for (int a = 0; a < 360; a++) {
        delay(REDRAW_DELAY / 4);
        update(angleGenerator(50), 0,100, 100);
    }
}

void Display::testPitch(void)
{
    for (int p = 0; p > -50; p--) {
        delay(REDRAW_DELAY / 4);
        update(0, p,100,100);
    }

    for (int p = -50; p < 50; p++) {
        delay(REDRAW_DELAY / 4);
        update(0, p,100, 100);
    }

    for (int p = 50; p > 0; p--) {
        delay(REDRAW_DELAY / 4);
        update(0, p,100, 100);
    }
}

void Display::diagnoseScreen() {
    uint8_t x = tft.readcommand8(ILI9341_RDMODE);
    Serial.print("Display Power Mode: 0x"); Serial.println(x, HEX);
    x = tft.readcommand8(ILI9341_RDMADCTL);
    Serial.print("MADCTL Mode: 0x"); Serial.println(x, HEX);
    x = tft.readcommand8(ILI9341_RDPIXFMT);
    Serial.print("Pixel Format: 0x"); Serial.println(x, HEX);
    x = tft.readcommand8(ILI9341_RDIMGFMT);
    Serial.print("Image Format: 0x"); Serial.println(x, HEX);
    x = tft.readcommand8(ILI9341_RDSELFDIAG);
    Serial.print("Self Diagnostic: 0x"); Serial.println(x, HEX);
}
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#include "EvolutionalTrainer.h"
#include "array"
#include "typeinfo"  //for 'typeid' to work  
#include "cmath"

EvolutionalTrainer::EvolutionalTrainer()
{

    // ---------------Constructor---------------
    // Constants
    populationSize = 10;
    chromosoneSize = 8;
    mutationRate = 0.05;
    variationList = { 100, 100, 100, 100, 100, 100 , 100 , 100 };

    // Variables
    generation = 1;
    bestFitness = 0;
    bestFitnessVariables = { 0,0,0,0,0,0,0,0 };
    fitness = { 0,0,0,0,0,0,0,0,0,0 };
    fitnessBuffer = fitness;
    population = { 0 };
    matingPool = { 0 };

    // Initialize first population
    std::srand(int(analogRead(0) + analogRead(1) / 2)); // Seed random libr. with floating analog input (Random initial value)
    for (int i = 0; i < populationSize; i++)
    {
        for (int j = 0; j < chromosoneSize; j++)
        {
            population[j][i] = std::rand() % variationList[j];
        }
    }
    Serial.println("Initial population created");
}


int EvolutionalTrainer::getBestPerformanceVariable(int VarNr)
{
    return bestFitnessVariables[VarNr];
}

int EvolutionalTrainer::getBestPerformanceFitness()
{
    return bestFitness;
}

int EvolutionalTrainer::getChromosomeSize()
{
    return chromosoneSize;
}

int EvolutionalTrainer::getPopulationSize()
{
    return populationSize;
}

int EvolutionalTrainer::evolve()
{
    Serial.println("Evolving parameters");
    //-------------Mating pool------------------
    // Sort by performance, and build up mating pool
    int offset = 0;
    int sortedPos[10] = { 0,0,0,0,0,0,0,0,0,0 };
    int buffVar[10] = { 0,0,0,0,0,0,0,0,0,0 };
    int maxPosBuff = 0;
    fitnessBuffer = fitness;
    sortedPopulation = { 0 };


    // Create mating pool
    for (int i = 0; i < populationSize; i++) {
        //Find highest value in remaining buffer
        for (int j = 0; j < populationSize; j++) {
            if (buffVar[i] < fitnessBuffer[j]) {
                // j is the current highest position
                buffVar[i] = fitnessBuffer[j];
                maxPosBuff = j;
            }

        }
        // index maxPosBuff represents the current highest position for itteration i
        sortedPos[i] = maxPosBuff;

        //Set current highest position to zero to prepare for next itteration
        fitnessBuffer[maxPosBuff] = 0;

        int  NrRepresentations = (populationSize - i);


        for (int k = 0; k < chromosoneSize; k++) {
            for (int L = 0; L < NrRepresentations; L++) {

                //Add highest population of the itteration to position i


                if (i == populationSize - 1) {
                    matingPool[k][(offset + L)] = population[k][maxPosBuff + 1];
                    Serial.print(k);
                    Serial.print(" ");
                    Serial.print((offset + L));
                    Serial.print("=");
                    Serial.print(population[k][maxPosBuff + 1]);
                    Serial.print(" ");

                }
                else {
                    matingPool[k][(offset + L)] = population[k][maxPosBuff];
                    Serial.print(k);
                    Serial.print(" ");
                    Serial.print((offset + L));
                    Serial.print("=");
                    Serial.print(population[k][maxPosBuff]);
                    Serial.print(" ");

                }
            }
            Serial.println(" ");
        }
        offset = offset + NrRepresentations;
    }

    //-----------------Crossover-------------------
    //Build new population
    Serial.println("Start crossover");
    for (int i = 0; i < populationSize; i++) {
        int mother = std::rand() % 55;
        int father = std::rand() % 55;

        // Test if mother == father (ikke tillat tilbakelegging)
        bool breakLoop = true;
        int nrTries = 0;
        while (breakLoop) {
            for (int j = 0; j < chromosoneSize; j++) {
                if (matingPool[j][father] == matingPool[j][mother]) {
                }
                else {
                    // Father not equal to mother, ok!
                    breakLoop = false;
                }
            }
            // Mother have equal parameters as father, choose another father
            int father = std::rand() % 55;
            nrTries = nrTries + 1;
            if (nrTries > 100) {
                breakLoop = false; // Prevent deadlock in rare case of all populations are equal
            }
        }


        if (std::rand() % 2 == 0) {
            // Randomly pich wich geneparts, left or right, that belong to wich parent
            int fatherbuff = father;
            father = mother;
            mother = fatherbuff;

        }

        //        <Crossoverpoint>
        // [mother mother | father father father father]

        int crossoverPoint = std::rand() % chromosoneSize;
        for (int j = 0; j < crossoverPoint; j++) {
            population[j][i] = matingPool[j][mother];
        }
        for (int j = crossoverPoint; j < chromosoneSize; j++) {
            population[j][i] = matingPool[j][father];
        }
    }
    Serial.println("Crossover completed");

    //--------------------Mutate--------------
    Serial.println("Mutate");
    for (int i = 0; i < populationSize; i++)
    {
        for (int j = 0; j < chromosoneSize; j++)
        {
            // Only mutate ranom var
            if ((std::rand() % 100) < (mutationRate * 100)) {
                population[j][i] = std::rand() % variationList[j];
            }
        }
    }
    generation += 1;
    // Clear fitness data, to prepare for next generation
    for (int i = 0; i < populationSize; i++)
    {
        fitness[i] = 0;
    }
}


bool EvolutionalTrainer::areEqual(int arr1[], int arr2[])
{
    // Compare elements
    for (int i = 0; i < chromosoneSize; i++)
        if (arr1[i] != arr2[i])
            return false;
    // If all elements were same.
    return true;
}


int EvolutionalTrainer::getGeneration()
{
    return generation;
}

int EvolutionalTrainer::getPopulationVariable(int PopNr, int VarNr)
{
    return population[VarNr][PopNr];
}

int EvolutionalTrainer::getpopulationFitness(int popNr)
{
    return fitness[popNr];
}

void EvolutionalTrainer::rateChromosome(int populationNr, int fitnessScore)
{
    fitness[populationNr] = fitnessScore;
    fitnessBuffer = fitness;
    //Calculate current highest fitness position
    int maxPosBuff = 0;
    int buffVar[10] = { 0,0,0,0,0,0,0,0,0,0 };

    for (int i = 0; i < populationSize; i++) {
        //Find highest value in remaining buffer
        for (int j = 0; j < populationSize; j++) {
            if (buffVar[i] < fitnessBuffer[j]) {
                // j is the current highest position
                buffVar[i] = fitnessBuffer[j];
                maxPosBuff = j;
            }
        }
    }
    //Update current highest fitness
    bestFitness = fitness[maxPosBuff];
    //Update current highest fitness variables
    for (int j = 0; j < chromosoneSize; j++) {
        bestFitnessVariables[j] = population[j][maxPosBuff];
    }
}






Vedlegg/Programkode C++/Scource/GlobVar.cpp



    
    
    Vedlegg/Programkode C++/Scource/GlobVar.cpp
    
    


Vedlegg/Programkode C++/Scource/GlobVar.cpp// 
// 
// 

#include "GlobVar.h"
    float GLOB_Const_NatNum_E = 2.7183;

    /*
    Servo motors

            / \
           _____
    (7)(8)|     |(2)(1)
          |     |
          |     |
          |     |
    (5)(6)|     |(4)(3)
           -----
    */

    //Good max min values
    float GLOB_SERVOKNEEMAX = 377 + 80;
    float GLOB_SERVOKNEEMIN = 377 - 80;
    float GLOB_SERVOKNEEDIFF = GLOB_SERVOKNEEMAX - GLOB_SERVOKNEEMIN;

    float GLOB_SERVOHIPMAX = 377 + 50;
    float GLOB_SERVOHIPMIN = 377 - 50;
    float GLOB_SERVOHIPDIFF = GLOB_SERVOHIPMAX - GLOB_SERVOHIPMIN;
    int Global_DIR = 2; //1 left, 2 mid, 3 right
    bool GLOB_CalibratePos = true;

    float TRAINVAR_KNEEOFFSET_FRONT = 0;        //Motor offset
    float TRAINVAR_KNEEOFFSET_BACK = 0;         //Motor offset


    float TRAINVAR_HIPOFFSET_FRONT = 0;     //Motor offset
    float TRAINVAR_HIPAMP_FRONT = 0;            //Motor amplitude
    float TRAINVAR_HIPOFFSET_BACK = 0;          //Motor offset
    float TRAINVAR_HIPAMP_BACK = 0;         //Motor amplitude
    float TRAINVAR_HOPF_TSTANCE = 0;
    float TRAINVAR_HOPF_TSWAY = 0;

    bool TRAIN_INITFLAG = 0;
    bool TRAIN_COMPLETEFLAG = 0;
    bool TRAIN_MODULEREADYFLAG = 0;
    int TRAIN_GENERATION = 1;
    int TRAIN_CURRENTPOP = 0;
    int TRAIN_POPULATIONSIZE = 0;
    int TRAIN_CHROMOSONESIZE = 0;

    
    float TRAIN_FITNESS_ROLL_VARIANS = 0;
    float TRAIN_FITNESS_PITCH_VARIANS = 0;
    float TRAIN_FITNESS_POWER = 0;

    float TRAIN_FITNESS = 0;
    float TRAIN_FITNESS_STABILITY = 0;
    float TRAIN_FITNESS_SPEED = 0;

    bool TRAIN_RUNFLAG = 0;

    float GLOB_HIPMAX = 4;
    float GLOB_HIPMIN = -4;
    float GLOB_KNEEMAX = 2;
    float GLOB_KNEEMIN = -2;

    bool GLOB_REFRESHDISP = true;

    int GLOB_SPEED = 0;     // 0 to 4, VAR=4
    int GLOB_GATE = 0;      // 0 to 3, VAR=3
    int GLOB_STATE = 0;     // [0 GoToZero, 1 InitCalibration, 2 MachineLearningState, 3 Remote]

    float GLOB_OFFSETBACKX = 0;     // -1 to 1, var = 10
    float GLOB_OFFSETFRONTX = 0;    // -1 to 1, var = 10


    // GATE PATTERNS
    int GATE_TROT[4][4] = {
    {0, -1, -1, 1},
    {-1, 0, 1, -1},
    {-1, 1, 0, -1},
    {1, -1, -1, 0}
    };

    int GATE_PACE[4][4] = {
    { 0, -1, 1, -1 },
    { -1, 0, -1, 1 },
    { 1, -1, 0, -1 },
    { -1, 1, -1, 0 }
    };
    int GATE_BOUND[4][4] = {
    { 0, 1, -1, -1 },
    { 1, 0, -1, -1 },
    { -1, -1, 0, 1 },
    { -1, -1, 1, 0 }
    };  
    int GATE_WALK[4][4] = {
    { 0, -1, 1, -1 },
    { -1, 0, -1, 1 },
    { -1, 1, 0, -1 },
    { 1, -1, -1, 0 }
    };

    int GLOBAL_YVAR[4];

        //Direction of motors
    /*
    Servo motors

            / \
           _____
    (7)(8)|     |(2)(1)
          |     |
          |     |
          |     |
    (5)(6)|     |(4)(3)
           -----
    */
    
    // Correct motor direcitons
    int GLOB_SERVODIR[8] = { 1, -1, -1, -1, 1, 1, -1, 1 };

    //Calibration data
    int GLOB_SERVOCALIBRATIONOFFSET[8] = {0, 20, 0, 20, 0, 0, 0, 0 };
    int GLOB_SERVOCONTROLOFFSET[8] = { 0,0,0,0,0,0,0,0 };

    // Communication
    // 8 str recieve commands
    String SrlMsg_StopWalking = "SetRStop";
    String SrlMsg_WalkSlow = "SetWlkSl";
    String SrlMsg_Run = "SetWlkHi";
    String SrlMsg_CalibratePos = "SetCalPo";
    String SrlMsg_Left = "SetWlkLe"; 
    String SrlMsg_Right = "SetWlkRi";
    String msgRxStartTr = "StartTr";
    String msgRxAbortTr = "AbortTr";
    String msgRxReturnConv = "RetConv";
    String msgTrModReady = "TrReady";
    String msgTxScore = "ScoreTx";
    String msgTxRelayMsg = "ReleMsg";
    String toPrint = "";
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Vedlegg/Programkode C++/Scource/Leg.cpp// Controller for quadruped robot
// 
// Created by Hartvik Line 13.02.2018

#include "Leg.h"
#include "GlobVar.h"
#include "MatrixMath.h"

void Leg::updateHopfVariables(float HopfCon_A, float HopfCon_B, float HopfCon_b, float HopfCon_wSt, float HopfCon_wSw, float HopfCon_timeStep)
{
    HopfConstant_A = HopfCon_A;
    HopfConstant_B = HopfCon_B;
    HopfConstant_b = HopfCon_b;
    HopfConstant_wSt = HopfCon_wSt;
    HopfConstant_wSw = HopfCon_wSw;
    HopfConstant_timeStep = HopfCon_timeStep;
}

void Leg::updateHopfRadie(float Hopf_My)
{
    HopfVar_My = Hopf_My;
}


void Leg::CalcHopf()
{
    float r = sqrt(sq(HopfX) + sq(HopfY));
    float w = HopfConstant_wSt / (powf(GLOB_Const_NatNum_E, (-HopfConstant_b * HopfY)) + 1) + HopfConstant_wSw / (powf(GLOB_Const_NatNum_E, HopfConstant_b*HopfY) + 1);
    float sum = 0;

    // Add coupling between oscillators for gate
    //int Gate[4][4];
    switch (GLOB_GATE) {
    case 0:
        for (int i = 0; i <= 3; i++) {
            sum = sum + GATE_PACE[legNumber][i] * GLOBAL_YVAR[i];
            //Pace = annenhver (God start)
        }
        break;
    case 1:
        for (int i = 0; i <= 3; i++) {
            sum = sum + GATE_TROT[legNumber][i] * GLOBAL_YVAR[i];
        }
        break;
    case 2:
        for (int i = 0; i <= 3; i++) {
            sum = sum + GATE_BOUND[legNumber][i] * GLOBAL_YVAR[i];
        }
        break;
    case 3:
        for (int i = 0; i <= 3; i++) {
            sum = sum + GATE_WALK[legNumber][i] * GLOBAL_YVAR[i];
        }
        break;
    }


    float xdot = HopfConstant_A * (HopfVar_My - sq(r))*HopfX - (w * HopfY);
    float ydot = HopfConstant_B * (HopfVar_My - sq(r))*HopfY + (w * HopfX) + sum;

    HopfX = HopfX + xdot * HopfConstant_timeStep;
    HopfY = HopfY + ydot * HopfConstant_timeStep;
    GLOBAL_YVAR[legNumber] = HopfY;
}

void Leg::jiggle()
{
    if (HopfX < 0.12 && HopfY < 0.1) {
        setZeroPos();
    }
}
void Leg::GoToZero()
{
    HopfX = HopfX * 0.9;
    HopfY = HopfY * 0.9;
}

Leg::Leg(uint8_t legNr)
{
    //Constructor
    legNumber = legNr;
    walking = false;
    setZeroPos();
}

void Leg::setZeroPos()
{
    walking = false;
    if (legNumber == 1) {
        HopfX = 0.01;
        HopfY = 0.01;
    }
    else if (legNumber == 2) {
        HopfX = 0.01;
        HopfY = -0.01;
    }
    else if (legNumber == 3) {
        HopfX = -0.01;
        HopfY = 0.01;
    }
    else {
        HopfX = -0.01;
        HopfY = -0.01;
    }
}

void Leg::StopWalk() {
}
float Leg::getHopfX()
{
    return HopfX;
}

float Leg::getHopfY()
{
    return HopfY;
}
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