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Forord

Denne masteroppgaven er skrevet som avsluttende hovedoppgave under mitt studie ved Institutt for
data- og elektroteknologi ved Universitetet i Stavanger.

Jeg vil først takke Karl Skretting for god veiledning og tilgjengelighet under arbeidet med
masteroppgaven.

Videre vil jeg takke Instituttet for data og elektroteknikk for økonomisk støtte for å produsere
robotplattformen. Takk også til deres ansatte for motivasjon og oppfordring til å skrive oppgave
innen maskinlæring med praktisk og kreativ vinkling.



Sammendrag

Virveldyr har igjennom evolusjon utviklet kompliserte sentrale mønstergeneratorer (CPG) i
sentralnervesystemet for lokomosjon for å avlaste hjernen med sykliske arbeidsoppgaver. Innen
robotikk er det interessant å etterligne disse mønstergeneratorene for bevegelseskontroll. Det er laget
en forenklet modell for å 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 på ulike ytelsesmål som hastighet, balanse
og energieffektivitet.

Resultatene viser at treningssystemet basert på genetiske algoritmer har en unik evne til å raskt finne
løsninger i et komplekst løsningsrom 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 også testet hvordan genetiske algoritmer kan anvendes til å trene opp robotens adaptive
egenskaper. Ved å ødelegge to av beinene til roboten, klarte den ikke å balansere med tidligere
optimale bevegelsesparametere. Den ble så overlatt til treningssystemet, hvor roboten raskt lærte seg
å finne nye måter å gå på.
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Forkortelser og ordforklaringer

Forkortelse Engelsk Norsk beskrivelse

Gait Bevegelsessammenheng mellom gangmønster (ganglag)
Swing phase Pendelfase i bevegelsesmønster (fotløft)
Stance phase Standfase i bevegelsesmønster (bakkekontakt)
Autonomos robot Robot som tar valg basert på omgivelser og prosess i større grad
Bioroboticks Fagområde som kombinerer robotikk og biologi
Morfology Kroppsbygningen til en organisme
Quadruped Mobil robotplattform med fire bein
Fitness function Ytelsesfunksjon

AI 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 større del av hverdagen innen mange fagområder.
Økonomiske insentiver driver en massiv omstrukturering innen automatisering av systemer og
arbeidsoppgaver. Utviklingen skjer fort, men årsaker som beskrevet av Moravec paradoks1 har holdt
igjen utviklingen av fysiske roboter sammenlignet med annen digital teknologi. Grad av autonomi
og evnen til å tilpasse seg ukjente omgivelser er store utfordringer innen mobile robotplattformer. I
tillegg er det resurskrevende å utvikle og optimalisere systemer til roboter som skal samhandle med
den fysiske omverdenen med typisk ”ovenfra og ned” design. Ingeniører må forhåndsprogrammere
mulige tenkte scenarier slik at roboten kan ta riktige valg når den kommer over problemstillinger den
ikke er kjent med.

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

1.1 Mobile roboter

En robot er en menneskelaget maskin som utfører arbeidsoppgaver. Noen arbeidsoppgaver ble
opprinnelig utført av mennesker. Andre arbeidsoppgaver har blitt muliggjort etter at roboten ble
introdusert. Oppgavene kan utføres automatisk eller ved fjernstyring. Navnet ”robot” er først
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 både redusere kostnader samt øke grad av
nøyaktighet, produksjonshastighet og utholdenhet. Anvendelse av roboter kan og redusere risiko
under farlige arbeidsoppgaver, som for eksempel lakkering, minerydding, dykking eller brann og
redningsarbeid.

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

1Moravecs paradoks: Høy-nivå beslutningsprosess krever ikke mye beregningskraft, mens lav-nivå beregninger, som
bruk av sensorer for å sanse omverdenen og manøvrering krever enorm grad av beregningskraft og kompleksitet
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Lokalisering

Mobile roboter må ha en måte å 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 bør en mobil robot ha systemer for å gjenkjenne objekter i nærheten. Dette for å unngå
kollisjoner og planlegge rute for å løse arbeidsoppgaver.

Energiforsyning

Ofte er mobile roboter drevet at elektrisk energi. Dermed er de også begrenset til energien den
kan bære med en gitt batterikapasitet. For å lade opp batteriene kan f.eks solenergi høstes med
solcellepaneler, eller roboten kan manøvrere seg til en strømforsyning.

Grad av autonomi

For mobile roboter trengs en høy grad av autonomi. En mobil robot må hele tiden overvåke sine
omgivelser, og ta valg basert på hvordan den skal samhandle med omverden. Roboten må unngå
kollisjoner, planlegge transport og løse oppdragene de er gitt. Autonome systemer bør utvikles slik
at de kan ta avgjørelse for å ikke gå i lås når uforutsette eller ukjente hendelser oppstår. Et eksempel
på et autonomt styringssystem er ”hybrid deliberate/reactive paradigm”.

Maskinlæring av typen som er foreslått i denne oppgaven kan være en byggeblokk i et autonomt
system. Dermed kan roboten selv trene seg opp til en fungerende løsning når den innser at den står
ovenfor et problem.

Lokomosjon

En mobil robotplatform må ha en mekanisme som gir forflytning. Det kan være 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 å manøvrere seg i
terreng og over hinder. Det er også ansett som mye tryggere enn flyvende roboter, spesielt dersom
roboten skal samhandle med mennesker.

1.1.1 Energikostnad for lokomosjon

Lokomosjon, evnen til å bevege seg fra et sted til et annet, har vært en essensiell brikke i et
evolusjonsperspektiv til det mangfoldet av arter vi finner rundt oss i dag. I millioner av år har naturen
prøvet og feilet seg fram til et unikt mangfold av arter. Hver art ofte med en unike egenskaper for å
overleve og samspille ovenfor andre arter i sine territorielle områder. Så når ingeniører skal designe
og utvikle energieffektive robotplattformer, hva er vel bedre en å hente inspirasjon fra naturen?

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

COT = E

mgd
[Enhetsløs] (1.1)

Hvor:

E = energi forbrukt (Joule) [ kg
m2s2 ]

m = masse [kg]
g = tyngdeakselerasjon [ms2 ]
d = horisontal distanse avlagt, [m]
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Tucker har undersøkt 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.

Figur 1.1: Sangok Seo et. al,2013 page 3307 [20]
Copyright © 2013, IEEE

Det er spesielt interessant hvordan arters effektivitet har et lineært forhold mellom arters
transportkostnad og vekt. Det er også interessant hvordan svømmere er mer effektive enn flygere,
som igjen er mer effektive en arter med bein. Altså er lokomosjon ved hjelp av bein lite effektivt, men
evolusjonen har allikevel utviklet arter for å vandre og utforske jordens store landområder.

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

I en robotapplikasjon er det interessant å vite hvor mye av energiforbruket som går 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 går til mekanisk kraft for lokomosjon. 6,5 %
går med for å drive elektronikk og 67% er tapt til varme. Det er altså fortsatt en del å hente innen
energieffektivitet i firebeint-roboter.
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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] foreslår et 3-segment design til beinene for firbeinte robotapplikasjoner. I arbeidet med
denne oppgaven er det bygget en firebeinet-robot med bein basert på dette 3-segment-designet.

1.2.2 Sentrale mønstergeneratorer

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

Ved hjelp av disse mønstergeneratorene kan et dyr opprettholde et bevegelsesmønster til muskler
som styrer lokomosjon uten konstant korrigering fra hjernen. Hjernen fungerer da som et overordnet
kontrollorgan som kun sender signaler som ønsket 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 mønstergeneratorer som kun
trenger overordnede styresignaler for å iverksette et lokomosjonsmønster. 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 å overleve og evnen til
reproduksjon. Suksessraten til hvert individ er gitt av et komplekst forhold basert på hvor godt
organismen klarer å overleve i sitt miljø (”Økologisk utvalg”) og evnen til reproduksjon (”Seksuelt
utvalg”). Stokastiske forhold spiller også inn.

Fagfeltet som anvender algoritmer basert på evolusjon for maskinlæring kalles ”Evolutionary
robotics”. Denne oppgaven anvender en evolusjonsalgoritme kalt genetisk algoritme (GA) for å
optimalisere gangmønsteret 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 gjøres det ytelsesmål
av roboten som avgjør om kombinasjonen av gener vil overleve og utvikles til neste generasjon.

På denne måten kan vi som utviklere definere to ting: Spillerommet roboten har å prøve og feile i,
samt hvilke egenskaper vi ønsker roboten skal utvikle seg til å bli bedre i. Så er det opp til roboten
å utvikle seg mot en god løsning selv.
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1.3 Relatert arbeid

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

1.3.1 Mobile robotplattformer

Boston Dynamics kan sees på som en av de ledende innen robuste mobile robotplattformer. De har
utviklet flere roboter med eksepsjonell manøvreringsevne og høy grad av autonomi. Siyuan Feng et
al.[5] beskriver hvordan inverskinematikk og høynivåkontroller er utviklet for å håndtere 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 i USA er det laget en særdeles effektiv robot. Roboten Ranger1.3 har rekorden
for mest energieffektive firebeint robotplattform (pr. juni 2018). Ranger har en COT verdi på 0,19,
og har løpt ultra-marathon på 65.12 km uten lading eller menneskelig hjelp.

Figur 1.3: Roboten Ranger
©[ 2016 IEEE International Conference on Robotics and Automation (ICRA)][11]
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Roboten som er produsert i denne oppgaven er inspirert av roboter utviklet ved EPFL Biorobotic
Labratory i Sveits. Ved EPFL har forskerene stort fokus på biorobotikk. De har mange
interessante prosjekter, f.eks gjenskaper Peter Eckert et al.[4] sentrale mønstergeneratorer (CPG) for
anvendelse i roboter, både for styring av beinene og en fleksibel kontrollerbar ryggrad. Robotenes
mekaniske konstruksjon og bevegelsesmønster er etterlignet morfologien til firbeinte dyr eller
amfibier. De utvikler dynamisk stabile roboter som ikke trenger lukkede reguleringssløyfer med
sensortilbakemelding for stabilitet. Bilde 1.4 viser deres robot CheetahCub, som har en toppfart
på 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 på arbeid andre har utført 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 å følge gitte fysiske regler i et
programmert miljø hvor skapningenes morfologi utvikles gjennom generasjoner. Ytelsesmål ble så
rangert basert på om skapningene nådde resursene først. Forskjellige arter utviklet seg mot å løpe,
krype eller hoppe mot resursene. Men så utviklet andre arter seg til å heller ta ut konkurrentene sine.
Dette er et eksempel på hvordan roboter programert med evolusjonsalgoritmer kan ende opp med
løsninger som ingeniørene ikke har forestilt seg på forhånd.

Fysiske roboter

Evolusjonsalgoritmer er også anvendt innen fysiske roboter. Ved universitetet i Oslo har forskere
utviklet sanntids læringsalgoritmer for å trene opp en tobeint pneumatisk kyllingrobot "Henriette".
De har anvendt en kombinasjon av en genetisk algoritme og ”hill climbing” algoritme. Målet er å
øke robotens evne til å overleve robuste og ukjente forhold[7]. På NTNU anvender Nicolas Bredech
et al.[2] evolusjonsalgoritmer for å trene opp små robotagenter som arbeider i en sverm. Agentenes
interaksjon med hverandre og omgivelsene er begrenset til enkle regler, men sammen fører svermen
til et globalt mønster som evalueres mot ytelsesfunksjoner.
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Mekaniske konstruksjoner

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

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

”Additiv tilvirkning” er en konstruksjonsmetode som har hatt stor utvikling de siste årene.
3D-printing i plastikk og metall gjør det mulig å konstruere materialer i komplekse mønster
som konvensjonelle maskineringsprosesser ikke klarer. Dette åpner for mer kompliserte mekaniske
konstruksjoner som kan optimaliseres med evolusjonsalgoritmer. Konstruksjoner utviklet med
evolusjonsalgoritmer er et fagområde 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.

(a)

(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 målsetning

Målet med oppgaven er å utforske hvordan genetiske algoritmer kan anvendedes for å optimalisere
gangmønsteret til en robot. I tillegg er det ønsket å utforske hvordan genetiske algoritmer kan øke en
robots evne til å tilpasse seg ukjente omgivelser. Det er dannet en hypotese rundt problemstillingen:

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

I oppstarten vurderte jeg først å simulere et robotsystem for så å implementere bevegelsesparameterne
i en praktisk robot. Dette gikk jeg imidlertid bort ifra, og valgte i stedet å fokusere på å kun utføre
treningsalgoritmene på en fysisk robot. Dette av to grunner. For det første er oppgaven tidsbegrenset.
For det andre kommer den berømte forskjellen mellom teori og praksis. Firebeint bevegelse er
en kompleks dynamisk og ulineær problemstilling, hvor tilnærminger og modellfeil vil akkumulere
seg opp og totalt bidra til en signifikant forskjell mellom simulert og faktisk system. Alexander
Spröwitz 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 fjær-demper system, samt treghet i servomotorer med høy gir-rate.

Det er altså laget en ekte robot, som må trenes opp til å fungere påvirket av fysikk i den virkelige
verden. Siden hypotesen skal utprøves praktisk har dette stilt krav til å finne en metode for
lokomosjon som ikke er for kompleks, hvor mange unike bevegelsesmønster kan testes med færrest
mulige parametere. Det er funnet at Hopf-stabile oscillatorer kan anvendes for å etterligne CPG som
oppfyller dette kravet. Dermed kan robotens gangmønster justeres ved få, 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 også arbeidet med optimalisering av CPG nettverk med evolusjonsalgoritmer i simulerte
miljøer, som Lewis et al.[12] og Miguel Oliveira et al.[17]. Denne oppgaven har derimot en praktisk
tilnærming til problemet.

Oppgaveteksten er:

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

Teori

2.1 Verktøy for robotkonstruksjon

3D-tegneverktøy, CAD

Robotens hovedkonsruksjoner er tegnet i 3D-tegneverktøyet Autodesk Fusion 360.1 Robotens
komponenter tegnes hver for seg, og alle delene legges inn i et felles ”assembly”, vist i figur 2.1.
Komponentene settes sammen ved å definere delenes relative posisjoner. Lineære og roterende
koblinger defineres slik at bevegelige sammenhenger kan simuleres.

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

1https://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 muliggjør 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 å 3D-printe robotens deler blir CAD modellene konvertert fra 3D til lagsis 2D-modeller via
”slicer”-programmet Cura.2 3D-printeren varmer så plastikk opp til smeltetemperatur med en
ekstruder hvor ekstruderen tilfører plastikken lagsvis fra bunn til topp.

Kretskortdesign

Kretskort som er utviklet er tegnet i designerverktøyet Autodesk Eagle v.8.7.0.3 Programmet har
bibliotek for alle standardkomponenter, mens noen komponenter må tegnes inn manuelt. Først tegnes
et koblingsskjema hvor komponentenes spenningstilførsler og sammenkoblinger defineres. Deretter
legges komponentene ut på en 2D tegning av kretskortet hvor kretskortbanene og gjennomføringer
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
3https://www.autodesk.com/products/eagle/free-download
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2.2 Bevegelsesmønster

Dette kapittelet beskriver hvordan Hopf-oscillatorer kan anvendes for en forenklet matematisk modell
av en sentral mønstergenerator (CPG). Å anvende Hopf-oscillatorer gir muligheter for å styre
lokomosjon hos både to og firebeinede roboter. For eksempel kan flere oscillatorer kobles i serie
for å kunne gjenskape mer kompliserte bevegelsesmønsteret. L. Righetti og Auke Jan Ijspeert[18]
foreslår hvordan en sum av oscillatorer kan trenes opp til et kjent signal, som kan være signaler målt
fra beinbevegelser til dyr. En sum av adaptive oscillatorer kan så trenes opp for å bli tilnærmet lik det
ønskede signalet, lignende en Fourier serie representasjon. I denne oppgaven er det imidlertid fokus
på å finne en forenklet modell. Det er valgt å 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 oppstår rundt et lokalt punkt.

System som passerer det sub-kritiske punktet i Hopf-avgreningen går over til å ha rene imaginære
komplekskonjugerte poler som gir en stående oscillasjon rundt punktet. De stående periodiske
svigningene som oppstår defineres som en ”limit cycle”, og kan nyttes som en signalgenerator. Dette
gir en ”Hopf-oscillator”.

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

Å anvende Hopf oscillatorer for å representere sentrale mønstergeneratorer oppfyller kjente egenskaper
for bevegelse:

• Kjent rotasjonsretning

• Syklisk/periodisk/rytmisk

• Stabilitet ved påtrykte forstyrrelser

• Trenger ikke tilbakekobling av sensor

• 2 faser i bevegelsesmønsteret: Standfase og pendelfase. Hver fase kan ha ulik tidskonstant.

• Hastighet og svingamplitude kan endres under bevegelse, hvor oscillatoren konvergerer mot nye
mønster kontinuerlig.

• Fasekobling mellom beinene kan endres i sanntid.

Det er mulig å 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-sirkulære mønster, foreslått
av Julien Nicolas[16].

14



Oscillatoren gitt ved ligning 2.1 består av to koblede ulineære differensialligninger. Systemet har
stående oscillasjoner i de to dimensjonene x og y.

ẋi =α(µ− r2
i )xi − ωiyi

ẏi =β(µ− r2
i )yi + ωixi + ∑

j
kijyj

ωi = ωstand
e−by + 1

+ ωpendel
eby + 1

(2.1)

Hvor:

x, y = Utganger fra oscillator.
µ > 0 = Ønsket amplitude på utgangssignal (kvadrert)
r =

√
(x2 + y2)

α, β = Konstanter for konvergeringstid
ωi = Oscillasjonsfrekvens
ωpendel = Ønsket oscillasjonsfrekvens, pendelfase
ωstand = Ønsket oscillasjonsfrekvens, standfase
b = Konstant for overgang mellom faser∑
i kijyj = Skyver systemet til ønsket faseforskyvning

kij = Koblingsmatrise

Figur 2.3 viser et eksempel på et system med stående oscillasjoner som kan defineres som en Hopf-
oscillator. Vi kan se for oss en ball i en roterende rigid og hul sfære. Sfæren starter å rotere med
en konstant hastighet ω, hvor ballens posisjon i to dimensjoner måles. Ballen vil slynges oppover
ytterveggen, hvor svingningsamplituden i X og Y retning vil gå mot en endelig verdi. Numerisk må
en ”så” en initialverdi x eller y 6= 0 for å starte oscillasjonene. Nå er ikke dette systemet identisk med
systemet i ligning 2.1, men de baserer på samme stabilitetsprinsipper. (Eksempelet er hentet fra J.
E. Marsden og M. McCracken ”The Hopf Bifurcation and Its Applications”, 1976[15])

Figur 2.3: Eksempel på et oscillerende system.
Kule i roterende sfære gir stående svingninger i to dimensjoner

Vinkelhastighet ω gir radien til oscillasjonene i X og Y dimensjon.
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Oscillatoren er implementert i matlab for å visualisere hvordan signalet utvikler seg. Figur 2.4 viser
utviklingen.

Initielt er µ lik 1, men endres til 1, 52 etter t = 6 sekunder. Utgangen endres kontinuerlig mot den
nye radien. Øvrige parametere: α og β = 2, b = 100, ωpendel = 3, ωstand = 9,
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Figur 2.4: Hopf oscillatorens utvikling ved endring av amplitude

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

K =


0 −1 −1 1
−1 0 1 −1
−1 1 0 −1
1 −1 −1 0


Trav (Trot)


0 −1 1 −1
−1 0 −1 1
1 −1 0 −1
−1 1 −1 0


Passgang (Pace)


0 1 −1 −1
1 0 −1 −1
−1 −1 0 1
−1 −1 1 0


Bundet (Bound)


0 −1 1 −1
−1 0 −1 1
−1 1 0 −1
1 −1 −1 0


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.

Figur 2.5: Fasekobling under endring av gangmønster 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
bevegelsespådrag til motorene (fenotype). Dette igjen fører til målbare ytelser (hastighet, stabilitet
og energiforbruk). De målbare ytelsene gir nevralnettverkets utgangsnoder.

Figur 2.6: Nettverkstruktur i periodisk nevralnettverk. Parameter i genotype gir et syklisk
motorpådrag (fenotype), som igjen fører til målbare ytelser.

Forklaring til figur

Genotype:

Wsw,Wpe = Frekvensvariabler som styrer tid for pendelfase og svingfase
GXf = Forsterkning, hofte bak
GXb = Forsterkning, hofte foran
BXf = Forskyvning, hofte bak
BY f = Forskyvning, kne foran
BXb = Forskyvning, hofte bak
BY b = Forskyvning, kne foran

Øvrig:

Hi = Utgangen til oscillator i (i representerer bein 1 - 4)
Xi = Hofteposisjon, bein i
Yi = Kneposisjon, bein i
K = Kobling mellom oscillatorene sørger for å opprettholde faseforskjell mellom bein
S = Metning for motorenes maksimalposisjoner
Z−1 = Tilbakekobling fra forrige tidssteg
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2.4 Treningsmetode: Genetiske algoritmer

Genetiske algoritmer er en stokastisk optimaliseringsmetode først introdusert av Holland [8], 1975.
Metoden har utspring fra Darwins evolusjonsteori, hvor hensikten er å søke etter globale optimale
løsninger i et komplisert multidimensionelt løsningrom. Genetiske algoritmer er en avgrening under
”reinforcement” maskinlæring, igjen avgrenet under kunstig intelligens (AI).

Genetiske algoritmer er typisk anvendt der det er for komplekst å prøve ut alle mulige kombinasjoner
av parameter i en funksjon, hvor det trolig er flere lokale maksima. Ytelsesfunksjonen trenger ikke
å være kontinuerlig. Genetiske algoritmer har en unik egenskap for å raskt finne globale toppunkt
i et gitt søkeområde. Funksjoner som mutasjon og parameterkrysning gjør at algoritmen har en
eksperimentell og uforutsigbar fremgangsmåte, hvor andre optimaliseringsmetoder (som gradientsøk)
kan komme til kort[23]. I figur 2.7 er det visualisert en ytelsesfunksjon gitt to funksjonsparameter.
Gradientsøk kan her konvergere mot et lokalt topp-punkt, uvitende om andre toppunkt finnes i
løsningsrommet.

I denne oppgaven anvendes genetiske algoritmer for å utvikle nodene (genotype) i nevralnettverket
figur 2.6 mot verdier som gir bedre ytelse målt mhp. lokomosjon.
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Figur 2.7: Figuren viser en løsningsrommet gitt to diskrete variabler.
Genetiske algoritmer kan hoppe mellom topper i løsningsrommet.

Diskretisering gir en grovere oppdeling av ytelsesfunksjonen.
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2.4.1 Beskrivelse av treningsalgoritmen

Populasjon

En populasjon består 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 i 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 må
tilpasses slik at opptreningstiden kan utføres innen rimelighetens grenser.

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

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 altså den unike kombinasjonen og rekkefølgen 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 på fenotyper være hudfarge, øyenfarge
etc, mens genotypen beskriver rekkefølgen 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 påvirker bevegelsesmønsteret til
beinene. Fenotypen kan beskrives som det todimensjonale sykliske bevegelsesmønsteret, gitt av
genotypen.

Variasjon

Variasjonen til data i et gen beskriver hvilket område parameterne har mulighet for å strekke seg
i, og også eventuelt hvilken oppløsning variablene har. Variasjonen til genet har stor innvirkning på
antall mulige løsninger i løsningsrommet, og påvirker dermed også opptreningstiden betraktelig.

Det er viktig å ha tilstrekkelig oppløsning i parameterne. Dermed unngår vi at optimale
løsningsparametere ligger imellom stegene i oppløsningen og dermed aldri nåes. I figur 2.7 kan man
se hvordan oppløsningen er med på å diskretisere ytelsesfunksjonen.

Variasjonsområde avgrenses til det område hvor det er forventet at optimale løsninger vil finnes.

I vårt tilfelle er det valgt å ha en oppløsning på 100 i hver av de 8 genene, som skal være nok for
å ikke diskretisere vekk toppunkt i ytelsesfunksjonen. Dermed finnes det teoretisk 1008, 1016, antall
løsninger. Mange av disse løsningenene er tilnærmet identiske, og det er mulig en grovere diskretisering
hadde vært tilstrekkelig. Finere oppløsning gir derimot ikke direkte lengre opptreningstid.
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Ytelsesmål

Ytelsesfunksjonen f(K) beskriver objektivt robotens ytelse, gitt funksjonens inngangsparametere
(altså kromosomet med bevegelsesparameterne). Den ”perfekte løsningen” (globalt optima) er ikke
kjent. Ytelsesmålet defineres da på en måte hvor de kan sammenlignes med de andre parameternes
ytelser i opptreningsfasen. I den gjeldende problemstillingen er det ikke mulig å beregne ytelsene, de
må måles via eksperimentell test. Det er valgt å eksperimentere med å tilegne ytelse til egenskaper
som beskriver god lokomosjon.

• Gjennomsnittlig hastighet, v

• Stabilitet, V ar(φ) + V ar(θ)

• Energiforbruk, w

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

Seleksjon

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

Etter evaluering av en populasjon blir alle kromosom fordelt i et såkalt ”mating pool”. Antall
representasjoner av hvert kromosom er gitt av den relative ytelsen i forhold til de andre kromosomene
i populasjonen. Dette gir en lineær sannsynlighetsfordeling. Individer med høyest ytelse er mest
representert, og har dermed størst sannsynlighet for å være med videre til neste generasjon.

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

P (n) = (K + 1)− rank(n)∑K
k rank(k)

(2.2)

Hvor:

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

Eksempel:

Populasjonsstørrelse = 10

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

P (2) = 11− 2
1 + 2 + 3 + 4 + 5 + 6 + 7 + 8 + 9 + 10 = 0, 1636
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Krysning

Etter individene i populasjonen har blitt målt 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 å velge et kromosom er gitt av ligning 2.2. Det er valgt å ikke implementere
tilbakelegging, det vil si at et avkom ikke kan ha mor og far fra samme kromosom. Dette fører til at
utviklingen ikke konverger for raskt mot dominerende parametervalg.

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

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

Mutasjon

Mutasjon er viktig for å 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 påvirkning som f.eks radioaktiv stråling. Denne egenskapen er veldig viktig siden det
introduserer mulighet for at avkommet av foreldreparret får en gen som foreldre ikke har. Dette
gir genetiske algoritmer en unik evne til å ”hoppe” i løsningsrommet. Praktisk i algoritmen utføres
mutasjonsprosess ved å tilfeldig bytte ut et gen i et kromosom innen for variasjonsområde, etter den
nye populasjonen er valgt.

Mutasjonsgrad må velges med omhu. Hvis den velges for høyt vil det bli introdusert hvor mye støy
i parameterne under utviklingen. I de tilfellene hvor det er for liten grad av mutasjon vil algoritmen
konvergere mot de initielle parameterene i den første populasjonen. Erfaring tilsier at mutasjonsgraden
bør ligge mellom 2 og 5 %. I dette tilfellet er populasjonstørrelsen begrenset grunnet praktisk trening.
Da bør mutasjonsraten være høy for å 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 når et ytelseskriterie er nådd.

Eksempler på ytelseskriterier

• En ønsket ytelse er oppnådd

• Et forhåndsbestemt antall generasjoner har blitt utviklet

• Generasjonens beste ytelse har ikke økt de siste n generasjonene

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

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
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Kapittel 3

Roboten

Det primære målet med oppgaven er å utvikle og teste genetiske algoritmer for optimalisering av
gangen til en mobil firbeint robot. For å gjøre dette trengs en fysisk robot. Dette kapittelet beskriver
hvordan en slik robot er designet og bygget.

Roboten skal primært brukes for å eksperimentelt trene opp sine bevegelsesparametere. Derfor har
det vært fokus på å 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 utført ved Biorobotics Laboratory ved universitetet
EPFL i Sveits1.

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.

1https://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
verktøy som er brukt under utviklingen av roboten.

Lokomosjon av robotens fire bein styres av til sammen åtte motorer. Hvert bein består av to motorer
som styrer hofte og pantografsystem. Den ene motoren styrer hoftens vinkelposisjon direkte koblet
på motor i hoftens sentrum. Den andre motoren sitter på 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 fjær-
demper system holder motkraft til systemet. Fjær-dempersystemet reduserer også støt under gange.

Hoftene og pantograf-system kan kjøre tilnærmet 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 (c) 50 mm

Øvrige mål
Bredde 117 mm
Lengde 255 mm

Høyde (kalibreringsposisjon) 203 mm

Figur 3.2: 3D CAD modell av beinkonstruksjon,
rød 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
tilhørende komponentene ligger vedlagt som komprimert fil, se side 50.

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.

14.05.2018 12:41  C:\Users\hartv\OneDrive\Dokumenter\eagle\PCB_GenCat\GenCat_SchV2.brd
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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 støtter pro-
gramkode for Arduino i C og C++. Dermed finnes
det mange biblioteker for grensesnitt med andre
komponenter ferdig utviklet i åpen-kildekode.

Tabell 3.3: Utviklingskort for mikrokontroller

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

BUS CAN, SPI, I2C, USB
Spenningsnivå I/O 3.3 V (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 signaler2.
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 s

60°
Vekt 63 gram

Trådløs kommunikasjon

Roboten kommuniserer med overordnet kontrol-
lenhet via en trådløs sender og mottaker type
HC-12. Modulen sender serielldata på 433.4 MHz
båndbredde med en bitrate på 19200 bps.

Batteri

Tabell 3.5: Batteri

Batteri Turnigy nano-tech
Nominell spenning 7.2 V

Celler 2
Type Lithium polymer

Kapasitet 1000 mAh
Utlading 20 amp kont

Dimmesjoner 101x20x11mm
Indre motstand 1.2mW

Totalvekt 51 gram

2,4 tommers LCD berøringsskjerm

Fremvisning av sensordata, treningsopplysning,
samt grensesnitt via berøringsskjerm.

Figur 3.6: Berøringsskjerm viser informasjon av
blant annet treningsstatus, akselerometerdata,

batterikapasitet og effektforbruk

2PWM-protokoll: Data er gitt av hvor lenge signalet har høy flanke i løpet av en periode på 20 ms. Motorene styres
lineært mellom 1000 og 2000 µs per periode, og reguleres til setpunkt med intern med PD regulator.
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Sensorer

Sensorene er valgt så roboten selv kan bedømme 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 å beregne ytelsesmål innen robotens stabilitet. IMU sensoren
består av et utviklerkort som integrerer tre sensorer: Gyro (ITG-3205), akselerometer (ADXL345) og
kompass (HMC5883L). Totalt måles akselerasjonskrefter i 6 frihetsgrader, elektronisk kompassretning
i tre frihetsgrader og høyde (meter over havet). Sensordata vises frem i en kunstig horisont i
berøringsskjermen, vist i figur 3.6. Grensesnittet mellom utviklerkort og mikrokontrolleren er I2C
bus.

Figur 3.7: Akselerasjoner måles i translatorisk retning i X Y og Z. med akselerometer.
Vinkelakselerasjoner måles med gyro, hvor β, γ og α 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(β) og pitch(γ) vinkler beregnes ved å dekomponere hvor stor andel
av tyngdeakselerasjonen som bidrar i sensorens translatoriske retninger. Dette gjøres i åpen-kildekode
bibliotek ”FreeSixIMU.h” tilhørende IMU sensoren.

Effektsensor

Det montert en energisensor for måling av ytelsesdata under opptrening. Sensoren INA219 [10]
overvåker strømtrekket samt spenningsnivået til batteriet. Sensoren måler dermed en sum av all
effekt roboten forbruker, inkludert tap i elektronikk og spenningsomformere. Energiforbruk under
testing blir beregnet ved å summere opp effekten ganger tidssteget mellom sampler.

Tabell 3.6: INA219 effektsensor

Sensor INA219
Batterispenning og strømforbruk

Måleområde [0-26]V, [0-12.8] A
Grensesnitt I2C
Oppløsning 12 bit,23 mW

Samplingsrate 50 Hz
Feilmargin 0.5 %
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3.3 Software

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

I programkodens hovedfil ”main.ino” settes det opp tråder som kjøres ved faste tidsintervaller for
å lese inn sensordata, styre servomotorer, håndtere maskinlæring og seriellkommunikasjon, samt
oppdatering av display.

Det er laget biblioteker for implementering av Hopf-oscillatorer for lokomosjon og for maskinlæringen.
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
å iterativt beregne Hopf-oscillasjonen som gir motorpådrag til beinene. Klassenes metoder vises i
algoritme 1.

Algorithm 1:
1 Klasse: Leg;
2 Constructor() . Generer initiell oscillatorverdi, 6= 0
3 void updateHopfVariables(float A, float B, float b, float wSt, float wSw, float timeStep);
4 void updateHopfRadie(float HopfMy) . Juster radien for gangen
5 void CalcHopf(); . Kalkuler neste steg i oscillatoren
6 void GoToZero(); . Trekk motorer mot senter
7 float getHopfX(); . Returner oscillatorverdi for motorpådrag
8 float getHopfY();

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

X og Y utgang fra hver oscillator styrer henholdsvis kne- og hofte-motorer. Det legges så til
forsterkning og faseforskyvning til utgangene. Disse inngår i parametere som det optimaliseres med
hensyn på under maskinlæringen. For at kne skal trekkes raskt opp og ned i fasenes endepunkter
settes forsterkningen til kne-pådraget veldig høyt, hvor det trekkes opp mot et metningspunkt.

For manuell kjøring av robot via fjernstyring justeres hastigheten for robotens gange ved å definere
radien det er ønskelig at oscillatorene skal konvergere mot. Roboten svinger ved å begrense raiden
til en av sidene. Beinens gange stanses ved å 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
1 funksjon: void CalcHopf();
2 Constants: τ timestep [float], HopfConstantA, HopfConstantB
3 r = sqrt(sq(HopfX) + sq(HopfY));
4 w = Hopf_wSt/(powf(NatNumE , (−Hopfb ∗HopfY )) + 1)+

Hopf_wSw/(powf(NatNumE , Hopfb ∗HopfY ) + 1);
5 for (int i = 0; i <= 3; i++) {
6 sum = sum+GATE[legNumber][i] ∗GLOBAL_Y V AR[i]; }
7 float xdot = HopfConstantA ∗ (HopfV ar_my − sq(r)) ∗HopfX − (w ∗HopfY );
8 float ydot = HopfConstantB ∗ (HopfV ar_my − sq(r)) ∗HopfY + (w ∗HopfX) + sum;
9 HopfX = HopfX + xdot ∗ timeStep;

10 HopfY = HopfY + ydot ∗ timeStep;
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3.3.2 Implementering av treningsalgoritme

For å opprettholde robotens grad av selvstendighet og selvlæring har det vært fokus på å 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 maskinlæringsbibliotek 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 variasjonsområde.

Algorithm 3: Klasse for maskinlæringsobjekt: EvolutionalTrainer
1 Klasse EvolutionalTrainer();
2 Constructor() . Generer initiell populasjon
3 Metoder:
4 void rateChromosome(int populationNr, int fitness); . Gi ytelsesmål til individ etter endt test
5 evolve(); . Utvikle til neste generasjon
6 int getPopulationVariable(int PopNr, int VarNr);
7 int getpopulationFitness(int popNr); int getBestPerformanceVariable(int VarNr);
8 int getBestPerformanceFitness();
9 int getChromosomeSize();

10 int getPopulationSize();
11 int getGeneration();

Når roboten er satt i treningsmodus genereres først en populasjon hvor hvert kromosom består av
tilfeldig valgte parametere innen variasjonsområde, beskrevet i tabell 3.7. Hver test startes ved å
oppdatere robotens noder i nevralnettverket 2.6, og roboten settes igang ved å gi radien til oscillatoren
verdi 1. Alle kromosomene blir testet iterativt, hvor de blir rangert ytelsespoeng fortløpende. Når alle
parameterne i en generasjon er testet, utvikles en ny generasjon av parameterne ved å kalle metoden
evolve(). Populasjonsstørrelse er valgt til 10 for å korte ned på treningstid i hver generasjon. For
å unngå at toppunkter i løsningsrommet ikke kan nås på grunn av diskretisering har hvert gen en
variasjon på 100.

Tabell 3.7: Genotypen som utvikles i robot-kromosom

Forkortelse Beskrivelse Variasjonsområde Oppløsning enhet
WPe Frekvens, pendelfase [2, 12] 0.1 1

s
WSw Frekvens, svingfase [2, 12] 0.1 1

s
GXf Forsterkning, hofte bak [4.5, 49] 0.45 grader
GXb Forsterkning, hofte foran [4.5, 49] 0.45 grader
BXf Forskyvning, hofte bak [-25, 25] 0.5 grader
BY f Forskyvning, kne foran [-15, 15] 0.3 mm
BXb Forskyvning, hofte bak [-25, 25] 0.5 grader
BY b 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 å kunne beskrive endeposisjon til føttene gitt det opptrente
bevegelsesmønsteret til motorene. Det er kun tatt hensyn til rigid bevegelse uten dynamikk, altså
robot-beinenes fot-posisjon gitt motorenes vinkler uten hensyn på dynamikk i ledd, deformasjon,
massetreghet, dynamikk i fjær-demper system etc.

Figur 3.8: Figur, aksekors bein 1.
Po representerer massesenteret. P1,1 senter hofte, P2,1 senter kne, P3,1 kontaktpunkt fot-bakke

Figur 3.8 viser aksekors plassert i robotens ledd i henhold til DH-konvensjonen3. Transformasjon
fra robotens massesenter Po til knærne punkt P2,i

4 kan da gjøres ved 4 homogene transformasjoner
mellom hvert ledd. Tabell 3.8 viser DH-oarameterene for transformasjonene. Grunnet symmetri i
designet gjelder parameterne også for de resterende beinene, kun skilt med fortegnendringer.

Tabell 3.8: DH-parametere

Link d θ a α
(m) (°) (m) (°)

1 0.053 180 0.088 0
2 0 θ2,i 0.042 0

P3i = H2
3,i H

1
2,i H

o
1,i

H = Rz,θ Transz,d Transx,a Rx,a

3Krav til plassering av aksekors iht. DH-konvensjonen: Aksen xi må være normalt på og krysse aksen zi−1
4i representerer beinnummer, 1-4
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Transformasjonen fra kne til fot (punkt P2,i til P3,i) endres ved å justere vaierlengde mellom P1,i og
P3,i. Dette gjøres ved å rotere servomotor, figur 3.9 a).

∆d1 = ∆θ3,i ∗ 2 ∗ π ∗ r
360 ∗ (1

2)5

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

Figur 3.9

Ved å tilnærme at vaieren trekkes igjennom senter av aksekors kan problemstillingen forenkles ned
til figur 3.9.

Pantografdesignet sørger for at aksene mellom P2,i til P3,i alltid er parallelle. Transformasjonen er
utledet via trigonometri i 3.1 via vinkel θ3i

P31, x = P21, x+ d1 cos(θ4)
P31, y = P21, y + d1 sin(θ4)

θ4 = cos−1(b
2 + d2

1 − c2

2 b d1
)

P31, x = P21, x+ d1
c2 + d2

1 − b2

2 c d1

P31, y = P21, y + d1

√
1− (c

2 + d2
1 − b2

2 c d1
)2

(3.1)

Motorene som styrer vinklene til hoftene og sammentrekning av kne er styrt av en sti med settpunkt
generert i mikrokontrolleren. (Nærmere 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 robotføttenes arbeidsområde,
overlagt fremstilling av CAD modell.

Figur 3.10: Arbeidsområde til beinene. Massesenteret representert med firkant, rotasjonssenter hofte
rød 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 lokomosjonsmønsteret. 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 bevegelsesmønster beinene vil få med noen tilfeldig valgte parametere for
nevralnettverket.

Figur 3.12: Bevegelsesmønster for høyre 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 å utprøve hypotesen definert i innledningskapittelet:

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

Robotens egenskaper for selvlæring utprøves i en testbenk. I opptreningssystemet skal roboten
utføre hele optimaliseringsprosessen selvstendig. Sensorer betraktes som robotens sanseorganer, hvor
roboten er bevistpå sin egen suksessrate, og skal kunne trene seg opp basert på ytelsesmål. Robotens
kromosom som inneholder bevegelsesparameterne utvikles iterativt med evolusjonsalgoritmen
genetiske algoritmer.

Under opplæringsprosessen trenes bevegelsesparameterne helt uavhengig av ekstern datamaskin eller
tilbakemelding fra en testingeniør. Da enkelte parametere gjør så roboten velter eller går bakover kan
testen overstyres og avbrytes av en operatør. Ytelsen til kromosomet rangeres da null poeng.

Figur 4.1 viser CAD modell av robotens testoppsett

Figur 4.1: CAD modell av testsystem. Robot på transportbånd med system for tidtaking.
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4.1 Testoppsett

Figur 4.2: Testsystem som illustrerer de målbare ytelsene

Selv om roboten er batteridrevet, kjøres testen med tilkoblet ladestrøm slik at utgangspunktet for
alle testene skal være mest mulig likt og for å unngå å måtte avbryte tester underveis for å lade
roboten.

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

Hver generasjon består av 10 kromosom, hvor hvert kromosom testes individuelt og blir rangert med
ytelsesmål. Hver kjøring er definert som en ”kromosomtest”.

Testmodulen (TM) kommuniserer trådløst 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 transportbånd

Etter roboten har testet et kromosom kjøres transportbåndet bakover for å transportere roboten
tilbake til startposisjon. Transportbåndet står i ro når roboten utfører kromosontest.

Datalogger

Treningsinformasjon blir sendt via TM til en datalogger som lager treningsverdier i matlab. Forøvrig
er TM en slavemodul, all treningslogikk ligger internt i robotens mikrokontroller.
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4.1.1 Ytelsesmål

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

Ytelsesmål og annen relevant data lagres underveis under kromosomtesting. Data fra ytelsesmålene
igjennom generasjonene med testing blir fremvist i en læringskurve. Alle ytelsesmål i generasjonene er
gjengitt i læringskurven, hvor også gjennomsnittlig ytelsesmål og generasjonens beste er fremhevet.
Treningen fortsetter til ytelsene konvergerer, hvor ytelsene ikke lenger forbedres. Det er nødvendigvis
ikke alltid progresjon i hver generasjon da noen genkombinasjoner fra suksessfulle foreldre kan ha et
negativt utslag. Genmutasjoner kan gi sprang i læringskurven, men grunnet praktiske utfordringer er
testene her avsluttet relativt tidlig. Kromosomtesten som gjør det best i løpet av hele testløpet blir
lagret i robotens bevegelsesparameter for manuell kjøring.

Det er eksperimentert med å optimalisere robotens bevegelsesparametere ved å de forskjellige
ytelsesmålene individuelt. For sammenligning er ytelsesmålene er normalisert til å konvergere mot
ca. 200 poeng, hvor økende verdi representerer bedre ytelse.

Hastighet:

fv(k) = 254− t ∗ 10

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

Stabilitet:

fs(k) = 254− (V ar(pitch) + V ar(roll)) ∗ 5

Hvor:
Roll og pitch representerer helningsmåling i grader.

Energieffektivitet:

fE(k) = 254− J
5

Hvor:
J representerer energimål over distansen i Joule.

Energieffektivitet kan videre regnes om til felles enhet COT1, beskrevet i kapittel. 1.1.1:

COT = E

mgd

Hvor:

E = Målt energiforbrukt [Joule]
m = 1,036 [kg]
g = 9,81 [ms2 ]
d = 0,62 [m]

Alle ytelsesmål er målt ifra roboten står i ro og får startsignal (r = 1), til den passerer endesensoren.
På denne måten blir robotens gange evaluert både under igangkjøring og underveis i normal gange.
Alle kromosomtester utføres med ganglag type trav.

1COT er beregnet fra stillestående start, v = 0.
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4.2 Resultat

4.2.1 Manuelt innstilte parametere

For å kunne sammenligne data fra den automatiske maskinlæringen ble det brukt en god time på
å stille inn parameterne manuelt. Det ble fokusert på å få roboten til å ha en stabil og rask gange,
både basert på visuell tilbakemelding og måledata. Parameterne ble manuelt undersøkt i testbenken
på samme måte som under opptreningen for å kunne sammenligne mål av ytelsesdata. Det blir søkt
i parameterne ved å analysere hvordan total ytelse endres positivt eller negativt ved endring av
parametere, og kan sammenlignes med en gradientsøkalgoritme.

Resultat

Å trene parameterne manuelt er vanskelig. Parameterne er svært avhengig av hverandre, og det er
indikasjoner på at det finnes mange lokale toppunkter i løsningsrommet. Ved de manuelt innstilte
parameterne ble laveste energiforbruket målt til 591 J over distansen på 0,62 meter.

Dette tilsvarer en COT verdi på 93,8.
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4.2.2 Hastighet som ytelsesmål

Denne testen er utført ved å gi ytelse til roboten kun basert på gjennomsnittlig hastighet. Hastigheten
blir målt ved å starte en taimer fra roboten får startsignal, til den passerer endesensor. Totalavstand
tilbakelagt er 0,62 m.

Resultat
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Figur 4.3: Læringskurve ved ytelse vektet for hastighet.
Sort strek representerer beste ytelse.

Blå strek representerer gjennomsnittlig ytelse.

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

Beste gjennomsnittlig hastighet oppnådd 0,62
3,4 = 0,18 m

s . Dette tilsvarer 0,72 kroppslengder per
sekund. Bevegelsesparameterne gitt av kromosomet med best ytelse er vist i tabell 4.1.

Ved å anvende hastighet som ytelsesmål konvergerer roboten raskt. Roboten ender opp med
parametere som gir lange og raske steg, hvor robotens stabilitet ansees som dårlig. Roboten hviler
litt mot rekkverket når den går på grunn av store svingninger i pitch akse.

Tabell 4.1: Bevegelsesparametere fra kromosom med best ytelse

Parameter WPe WSw GXf GXb BXf BY f BXb BY b
Enhet 1

s
1
s grader grader grader mm grader mm

Verdi 10 10 36 9 -10 9 0 -9
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4.2.3 Stabilitet som ytelsesmål

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

Resultat
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Figur 4.4: Læringskurve ved ytelse vektet for stabilitet.
Sort strek representerer beste ytelse, blå 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.

V ar(Roll) = 13 V ar(Pitch) = 2 fs(k) = 179

Roboten utvikler gange hvor overkroppen er veldig stødig. Det ble observert at roboten holdt lav
hastighet, og roboten saktet ned igjennom generasjonene. Dette ble bekreftet ved å analysere hvordan
hastigheten utviklet seg, vist i figur 4.5.
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Figur 4.5: Utvikling av hastighet for kromosonet med generasjonens beste ytelse.

Tabell 4.2: Bevegelsesparametere fra kromosom med best ytelse

Parameter WPe WSw GXf GXb BXf BY f BXb BY b
Enhet 1

s
1
s grader grader grader mm grader mm

Verdi 2 8 36 9 0 -15 -10 -9
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4.2.4 Energieffektivitet som ytelsesmål

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

Resultat

Det er utført 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
Læringskurve ved ytelse vektet for energiforbruk.
Sort strek representerer generasjonens beste ytelse.

Blå strek representerer gjennomsnittlig ytelse.
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Figur 4.7: Energitest 2
Læringskurve ved ytelse vektet for energiforbruk.
Sort strek representerer generasjonens beste ytelse.

Blå strek representerer gjennomsnittlig ytelse.

Roboten har her tydelig forbedring gjennom generasjonene. Beste ytelse er målt i ”Energitest 1”,
generasjon 9. Kromosomet med best ytelse forbrukt 290 Joule på å gå distansen på 0.62 meter.
Forøvrig har roboten en rask og stabil gange.

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

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

Kromosomutvikling

Det er interessant å studere hvordan kromosomene har utviklet seg igjennom testens generasjoner.
Kromosomet med best ytelse2 i hver generasjon er gjenvist i gridkart figur 4.8. Gen tilkommet via
mutasjon er representert med grønn firkant.
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Figur 4.8: Utvikling av kromosom med høyest ytelse i populasjonen
Grønn 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 tilhørende generasjonenes
beste kromosom.
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gitt kromosom med høyest ytelse i generasjonene.

Figur 4.9

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

Basert på analysen velges det beste kromosomet i fra generasjon 8. Disse parameterne er en av
de mest energieffektive, i tillegg til at hastigheten er relativt høy, 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 WPe WSw GXf GXb BXf BY f BXb BY b
Enhet 1

s
1
s grader grader grader mm grader mm

Verdi 7,9 10,2 36,9 9,9 18 -7,2 19 -6

Figur 4.10: Robotens opptrente bevegelsesmønster utregnet via foroverkinematikk

Figur 4.11: Bevegelsesmønster for bein på høyre side, gitt av Hopf- oscillatorer med de optimale
trente parameterne for økt energieffektivitet. Massesenteret representert med firkant,

rotasjonssenter av hofte sirkel, orange og rød: endeposisjon kne og fot
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4.2.6 Test av adaptive egenskaper

Hensikten med denne testen er å undersøke robotens evne til å tilpasse en signifikant endring av
robotens interaksjon med omgivelsene. En kan se for seg en situasjon hvor roboten har fått ødelagt
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 nå en ustabil gange hvor roboten ikke klarer å 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
energimål, delkapittle 4.2.4. Figur 4.13 viser treningskurven under opptreningen.

Resultat

Av de initielle parameterne i den første populasjonen er det kun tre av ti kromosomer som fører til
at roboten klarer å nå mållinjen. Roboten sliter tydelig med å gå 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 å gå med.
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Figur 4.13: Læringskurve, trening med knekte bein
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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 mønstergeneratorer i en firebeint
robot?”

For å besvare spørsmålet, analyserer vi først de tre hovedelementene hver for seg.

5.1 3D printet robot med biologi-inspirert konstruksjon

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

Ved å lage bein i et 3-segment-design har roboten et fleksibelt og robust ganglag. Løsningen har også
gjort det mulig å 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. Bruksområde til roboten er derav
begrenset til de forholdene den er opptrent til, nemlig flatt gulv. Ved å implementere enda en
frihetsgrad i beinene ville det åpnet seg flere muligheter for en mer kompleks lokomosjon.

5.2 Hopf-oscillator for bevegelseskontroll

Hopf-oscillatorer kan anvendes for etterligning av sentrale mønstergeneratorer, og er en adaptiv
og robust metode for lokomosjon i robotapplikasjoner. Få og konstante pådragssignaler styrer
oscillasjoner som representerer egenskaper for god lokomosjon. Oscillatorene har alltid kontinuerlig
transisjon mellom hastighetsendring, igangkjøring og ved endring av bevegelsessammenheng mellom
gangmønster.
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5.3 Genetiske algoritmer for maskinlæring

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

Av praktiske årsaker er testene avsluttet tidlig. Analyse av resultat viser at de fleste parameterne det
trenes mot er ”de beste av de initielle parametere” i den første populasjonen. Ved å øke treningstiden
er ville flere parameter blitt introdusert via genmutasjoner, som videre kunne ført til sprang i
læringskurven.

Anvendelse av GA i en praktisk applikasjon har gitt lovende resultater. Men metoden er begrenset
til de prosesser som tåler at parametere blir eksperimentert med i alle arbeidsområder. For slike
prosesser kan det være en løsning å simulere problemstillingen.

Resultatene viser at maskinlæring 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 på ca 42, mens hunder
har COT verdi ca 1,3.

Eksperiment har også vist at GA kan anvendes til å lære en robot å gå i ukjente omgivelser.

5.4 Konklusjon

• Eksperiment viser at GA kan anvendes til maskinlæring 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 gå
over en betraktelig lenger distanse mellom batterilading.

• Å definere gode, målbare ytelsesmål er en meget viktig del av GA. Her ble det eksperimentert
med tre forskjellige ytelsesmål, hvor robotens gange endte opp svært forskjellig basert på hvilke
ytelser som ble vektet.

• Ytelsesmål basert på energieffektivitet ga den treningskurven med tydelig progresjon igjennom
flere generasjoner. Dette ytelsesmålet ga også stabil og rask gange.

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

• Oppgaven presenterer en løsning hvor GA typisk kan anvendes som en byggeblokk for
opptrening i en uforutsett omgivelse i et autonomt system. En robot kan unngå å få en
”deadlock” situasjon ved å trene seg opp til å mestre problemer den støter på.

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

Under arbeidet med oppgaven er det oppdaget flere områder det kan være interessant med videre
utforskning. Spesielt innen maskinlæring ved genetiske algoritmer og implementering av sentrale
mønstergeneratorer i roboter.

For videre utvikling av mobile roboter foreslåes følgende:

• Implementere flere oscillatorer i nevralnettverket for mer avansert bevegelsesmønster.

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

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

• Arbeidet med sentrale mønstergeneratorer kan implementeres i andre applikasjoner. Eksempel-
vis kan CPG nettverk for å kontrollere aktuatorer for vinger i UAV lignende fugler. Her hadde
det vært spennende å anvende GA for å optimalisere mhp. energieffektivitet (COT), akustisk
støy eller hastighet.

Det er laget en video for demonstrasjon av roboten og opplæringsprosessen, 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 Trådløs modul
INA219 Effektsensor
10 PCA9685 PWM driver

Programkode C++ main Hovedprogram
Display Bibliotek, skjerm
EvolutionalTrainer Bibliotek, maskinlærings
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
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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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FEATURES 
Ultralow power: as low as 40 μA in measurement mode and 



0.1 μA 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: 2.0 V to 3.6 V 
I/O voltage range: 1.7 V to VS 
SPI (3- and 4-wire) and I2C 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 × 5 mm × 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 I2C 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 × 5 mm × 
1 mm, 14-lead, plastic package.  
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SPECIFICATIONS 
TA = 25°C, VS = 2.5 V, VDD I/O = 1.8 V, acceleration = 0 g, CS = 1 μF tantalum, CIO = 0.1 μF, unless otherwise noted. 
Table 1. Specifications1 
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 Sensitivity2   ±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 XOUT, YOUT, ZOUT  ±2 g, 10-bit or full resolution 232 256 286 LSB/g 
Scale Factor at XOUT, YOUT, ZOUT  ±2 g, 10-bit or full resolution 3.5 3.9 4.3 mg/LSB 
Sensitivity at XOUT, YOUT, ZOUT  ±4 g, 10-bit resolution 116 128 143 LSB/g 
Scale Factor at XOUT, YOUT, ZOUT  ±4 g, 10-bit resolution 7.0 7.8 8.6 mg/LSB 
Sensitivity at XOUT, YOUT, ZOUT  ±8 g, 10-bit resolution 58 64 71 LSB/g 
Scale Factor at XOUT, YOUT, ZOUT  ±8 g, 10-bit resolution 14.0 15.6 17.2 mg/LSB 
Sensitivity at XOUT, YOUT, ZOUT  ±16 g, 10-bit resolution 29 32 36 LSB/g 
Scale Factor at XOUT, YOUT, ZOUT  ±16 g, 10-bit resolution 28.1 31.2 34.3 mg/LSB 
Sensitivity Change Due to Temperature   ±0.01  %/°C 



0 g BIAS LEVEL Each axis     
0 g Output for XOUT, YOUT  −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  



full resolution 
 <1.0  LSB rms 



Noise (z-Axis) Data rate = 100 Hz for ±2 g, 10-bit or  
full resolution 



 <1.5  LSB rms 



OUTPUT DATA RATE AND BANDWIDTH User selectable     
Measurement Rate3  6.25  3200 Hz 



SELF-TEST4 Data rate ≥ 100 Hz, 2.0 V ≤ VS ≤ 3.6 V      
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 2.5 3.6 V 
Interface Voltage Range (VDD I/O) VS ≤ 2.5 V 1.7 1.8 VS V 
 VS ≥ 2.5 V 2.0 2.5 VS V 
Supply Current  Data rate > 100 Hz  145   μA 
 Data rate < 10 Hz  40   μA 
Standby Mode Leakage Current   0.1 2 μA 
Turn-On Time5 Data rate = 3200 Hz  1.4  ms 



TEMPERATURE      
Operating Temperature Range  −40  +85 °C 



WEIGHT      
Device Weight   20  mg 



 
1 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 × τ when enabling or disabling self-test, where τ = 1/(data rate). 
5 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 τ + 1.1 in milliseconds, where τ = 1/(data rate). 
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ABSOLUTE MAXIMUM RATINGS
Table 2.  
Parameter Rating 
Acceleration  



Any Axis, Unpowered 10,000 g 
Any Axis, Powered 10,000 g 



VS −0.3 V to +3.6 V 
VDD I/O −0.3 V to +3.6 V 
Digital Pins −0.3 V to VDD I/O + 0.3 V or 



3.6 V, whichever is less 
All Other Pins −0.3 V to +3.6 V 
Output Short-Circuit Duration  



(Any Pin to Ground) 
Indefinite 



Temperature Range  
Powered −40°C to +105°C 
Storage −40°C to +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 θJA θJC Device Weight 
14-Terminal LGA 150°C/W 85°C/W 20 mg 
 



ESD CAUTION 
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PIN CONFIGURATION AND FUNCTION DESCRIPTIONS 
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Figure 2. Pin Configuration 



 



Table 4. Pin Function Descriptions 
Pin No. Mnemonic Description 
1 VDD I/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 I2C Address Select. 
13 SDA/SDI/SDIO Serial Data (I2C)/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 VDD I/O 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, VDD I/O, which must be present to 
ensure that the ADXL345 does not create a conflict on the 
communication bus. For single-supply operation, VDD I/O can be 
the same as the main supply, VS. In a dual-supply application, 
however, VDD I/O can differ from VS to accommodate the desired 
interface voltage, as long as VS is greater than VDD I/O.  



After VS is applied, the device enters standby mode, where power 
consumption is minimized and the device waits for VDD I/O 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 
Condition VS VDD I/O Description 



Power Off Off Off The device is completely off, but there 
is a potential for a communication 
bus conflict. 



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



Standby or  
Measurement 



On On At power-up, the device is in standby 
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. 



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 VS. 



Table 6. Current Consumption vs. Data Rate 
(TA = 25°C, VS = 2.5 V, VDD I/O = 1.8 V) 



Output Data  
Rate (Hz) Bandwidth (Hz) Rate Code IDD (μA) 
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 
12.5 6.25 0111 55 
6.25 3.125 0110 40 



Table 7. Current Consumption vs. Data Rate, Low Power Mode 
(TA = 25°C, VS = 2.5 V, VDD I/O = 1.8 V) 
Output Data  
Rate (Hz) Bandwidth (Hz) Rate Code IDD (μA) 
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 



Additional power can be saved if the ADXL345 automatically 
switches to sleep mode during periods of inactivity. To enable 
this feature, set the THRESH_INACT register (Address 0x25) 
and the TIME_INACT register (Address 0x26) each to a value 
that signifies inactivity (the appropriate value depends on the 
application), and then set the AUTO_SLEEP bit and the link bit in 
the POWER_CTL register (Address 0x2D). Current consumption 
at the sub-8 Hz data rates used in this mode is typically 40 μA 
for a VS of 2.5 V.  



Standby Mode 



For even lower power operation, standby mode can be used. In 
standby mode, current consumption is reduced to 0.1 μA (typical). 
In this mode, no measurements are made. Standby mode is entered 
by clearing the measure bit (Bit 3) in the POWER_CTL register 
(Address 0x2D). Placing the device into standby mode preserves 
the contents of FIFO. 
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SERIAL COMMUNICATIONS 
I2C and SPI digital communications are available. In both cases, 
the ADXL345 operates as a slave. I2C mode is enabled if the CS pin 
is tied high to VDD I/O. The CS pin should always be tied high to 
VDD I/O 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 I2C modes of operation, data transmitted 
from the ADXL345 to the master device should be ignored during 
writes to the ADXL345. 



SPI 
For SPI, 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 is 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 . SCLK is the 
serial port clock and is supplied by the SPI master. It is stopped 
high when 



Figure 5



CS is 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. 
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Figure 3. 3-Wire SPI Connection Diagram 
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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  to ), 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 



Figure 5 Figure 7



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 Limit1 Unit 
Digital Input Voltage   



Low Level Input Voltage (VIL) 0.2 × VDD I/O V max 
High Level Input Voltage (VIH) 0.8 × VDD I/O V min 



Digital Output Voltage   
Low Level Output Voltage (VOL) 0.15 × VDD I/O V max 
High Level Output Voltage (VOH) 0.85 × VDD I/O V min 



 



 



1 Limits based on characterization results, not production tested. 



Table 9. SPI Timing (TA = 25°C, VS = 2.5 V, VDD I/O = 1.8 V)1 
 Limit2, 3   
Parameter Min Max Unit  Description  
fSCLK   5 MHz  SPI clock frequency  
tSCLK  200   ns  1/(SPI clock frequency) mark-space ratio for the SCLK input is 40/60 to 60/40  
tDELAY  10   ns  CS falling edge to SCLK falling edge  



tQUIET  10   ns  SCLK rising edge to CS rising edge  



tDIS   100 ns  CS rising edge to SDO disabled 



tCS,DIS  250  ns  CS deassertion between SPI communications  



tS  0.4 × tSCLK   ns  SCLK low pulse width (space)  
tM  0.4 × tSCLK   ns  SCLK high pulse width (mark)  
tSDO   95  ns  SCLK falling edge to SDO transition  
tSETUP  10   ns  SDI valid before SCLK rising edge  
tHOLD  10   ns  SDI valid after SCLK rising edge  
 
1 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 fSCLK = 5 MHz and bus load capacitance of 100 pF; not production tested. 
3 The timing values are measured corresponding to the input thresholds (VIL and VIH) given in Table 8. 
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Figure 5. SPI 4-Wire Write 



 



 



07
92



5-
01



8



CS



X X X



R MB A5 A0



D7 D0X



X X



ADDRESS BITS



DATA BITS



tDIS



SCLK



SDI



SDO



tQUIET tCS,DIS



tSDO



tSETUP
tHOLD



tDELAY
tSCLK tM tS



 
Figure 6. SPI 4-Wire Read 
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Figure 7. SPI 3-Wire Read/Write 
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I2C 



With CS tied high to VDD I/O, the ADXL345 is in I2C mode, 
requiring a simple 2-wire connection as shown in . The 
ADXL345 conforms to the UM10204 I2C-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  
and  are met. Single- or multiple-byte reads/writes are 
supported, as shown in . With the SDO/ALT ADDRESS 
pin high, the 7-bit I2C address for the device is 0x1D, followed by 
the R/



Figure 8



Table 11
Figure 10



Figure 9



W bit. This translates to 0x3A for a write and 0x3B for a read. 
An alternate I2C 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.  



If other devices are connected to the same I2C bus, the nominal 
operating voltage level of these other devices cannot exceed VDD I/O 
by more than 0.3 V. External pull-up resistors, RP, are necessary 
for proper I2C operation. Refer to the UM10204 I2C-Bus 
Specification and User Manual, Rev. 03—19 June 2007, when 
selecting pull-up resistor values to ensure proper operation. 



Table 10. I2C Digital Input/Output Voltage 
Parameter Limit1 Unit 
Digital Input Voltage   



Low Level Input Voltage (VIL) 0.25 × VDD I/O V max 
High Level Input Voltage (VIH) 0.75 × VDD I/O V min 



Digital Output Voltage   
Low Level Output Voltage (VOL)2 0.2 × VDD I/O V max 



 
1 Limits based on characterization results; not production tested. 
2 The limit given is only for VDD I/O < 2 V. When VDD I/O > 2 V, the limit is 0.4 V max. 
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Figure 8. I2C Connection Diagram (Address 0x53) 
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NOTES
1. THE SHADED AREAS REPRESENT WHEN THE DEVICE IS LISTENING.
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Figure 9. I2C Device Addressing 
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Table 11. I2C Timing (TA = 25°C, VS = 2.5 V, VDD I/O = 1.8 V) 
 Limit1, 2   
Parameter Min Max Unit Description 
fSCL  400 kHz  SCL clock frequency 
t1 2.5  μs  SCL cycle time 
t2 0.6  μs  tHIGH, SCL high time 
t3 1.3  μs  tLOW, SCL low time 
t4 0.6  μs  tHD, STA, start/repeated start condition hold time 
t5 350   ns  tSU, DAT, data setup time 
t6



3, 4 , 5 , 6
 0 0.65  μs  tHD, DAT, data hold time 



t7 0.6  μs  tSU, STA, setup time for repeated start 
t8 0.6  μs  tSU, STO, stop condition setup time 
t9 1.3  μs  tBUF, bus-free time between a stop condition and a start condition 
t10  300 ns  tR, rise time of both SCL and SDA when receiving 
 0  ns  tR, rise time of both SCL and SDA when receiving or transmitting 
t11  250 ns  tF, fall time of SDA when receiving 
  300 ns  tF, fall time of both SCL and SDA when transmitting 
 20 + 0.1 Cb



7  ns  tF, fall time of both SCL and SDA when transmitting or receiveing 
Cb  400 pF  Capacitive load for each bus line 
 
1 Limits based on characterization results, with fSCL = 400 kHz and a 3 mA sink current; not production tested.  
2 All values referred to the VIH and the VIL levels given in Table 10. 
3 t6 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 VIH(min) of the SCL signal) to bridge the undefined region of 



the falling edge of SCL. 
5 The maximum t6 value must be met only if the device does not stretch the low period (t3) of the SCL signal. 
6 The maximum value for t6 is a function of the clock low time (t3), the clock rise time (t10), and the minimum data setup time (t5(min)). This value is calculated as t6(max) = t3 − t10 − t5(min). 
7 Cb is the total capacitance of one bus line in picofarads.  
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Figure 10. I2C 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 
INT2 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 μs 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 μs 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 μs; otherwise, the delay will not be sufficient. The total 
delay necessary for 5 MHz operation is at most 3.4 μs. This is 
not a concern when using I2C 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



2, 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. 
0x01 to 0x01C 1 to 28 Reserved   Reserved. Do not access. 
0x1D 29 THRESH_TAP R/W 00000000 Tap threshold. 



0x1E 30 OFSX R/W 00000000 X-axis offset. 



0x1F 31 OFSY R/W 00000000 Y-axis offset. 



0x20 32 OFSZ 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. 



0x2F 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 DATAX0 R 00000000 X-Axis Data 0. 
0x33 51 DATAX1 R 00000000 X-Axis Data 1. 
0x34 52 DATAY0 R 00000000 Y-Axis Data 0. 
0x35 53 DATAY1 R 00000000 Y-Axis Data 1. 
0x36 54 DATAZ0 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 D0 
1 1 1 0 0 1 0 1 
 



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



Register 0x1D—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 0x1E, 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 μs/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 D0 
INACT ac/dc INACT_X enable INACT_Y enable INACT_Z enable 
 



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 D0 
0 0 0 0 Suppress TAP_X 



enable 
TAP_Y 
enable 



TAP_Z 
enable 



 



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) 
D7 D6 D5 D4 D3 D2 D1 D0 



0 ACT_X 
source 



ACT_Y 
source 



ACT_Z 
source 



Asleep TAP_X 
source 



TAP_Y 
source 



TAP_Z 
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 D0 
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). 



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) 
D7 D6 D5 D4 D3 D2 D1 D0 
0 0 Link AUTO_SLEEP Measure Sleep Wakeup 
 



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 
Setting  



D1 D0 Frequency (Hz) 
0 0 8 
0 1 4 
1 0 2 
1 1 1 
 



Register 0x2E—INT_ENABLE (Read/Write) 
D7 D6 D5 D4 
DATA_READY SINGLE_TAP DOUBLE_TAP Activity 



D3 D2 D1 D0 
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 0x2F—INT_MAP (Read/Write) 
D7 D6 D5 D4 
DATA_READY SINGLE_TAP DOUBLE_TAP Activity 



D3 D2 D1 D0 
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 OR’ed. 



Register 0x30—INT_SOURCE (Read Only) 
D7 D6 D5 D4 
DATA_READY SINGLE_TAP DOUBLE_TAP Activity 



D3 D2 D1 D0 
Inactivity FREE_FALL Watermark Overrun 
 



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 D0 



SELF_TEST SPI INT_INVERT 0 FULL_RES Justify Range 
 



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 
Setting  



D1 D0 g Range 
0 0 ±2 g 
0 1 ±4 g 
1 0 ±8 g 
1 1 ±16 g 
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Register 0x32 to Register 0x37—DATAX0, DATAX1, 
DATAY0, 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 DATAx0 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) 
D7 D6 D5 D4 D3 D2 D1 D0 
FIFO_MODE Trigger Samples 
 



FIFO_MODE Bits 



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



Table 19. FIFO Modes 
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. 



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 
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 D0 
FIFO_TRIG 0 Entries 
 



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. 



 



 



 











  ADXL345
 



Rev. 0 | Page 19 of 19 



APPLICATIONS INFORMATION 
POWER SUPPLY DECOUPLING 
A 1 μF tantalum capacitor (CS) at VS and a 0.1 μF ceramic capacitor 
(CIO) at VDD I/O 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 Ω, in series with VS may be helpful. Additionally, increasing 
the bypass capacitance on VS to a 10 μF tantalum capacitor in 
parallel with a 0.1 μF 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 
VDD I/O 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. 
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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. 
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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:  



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



• The maximum tap duration time is defined by the DUR 
register (Address 0x21). 



• 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). 



• 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. 
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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. 
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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. 
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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 recommended 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 D0) 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, XST_OFF, YST_OFF, and ZST_OFF. 



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 recommended 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_ON, YST_ON, 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: 



XST = XST_ON − XST_OFF 



YST = YST_ON − YST_OFF 



ZST = ZST_ON − ZST_OFF 



Because the measured output for each axis is expressed in LSBs, 
XST, YST, and ZST 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 g 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 
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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.  
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Figure 18. Recommended Printed Wiring Board Land Pattern 
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Figure 19. Recommended Soldering Profile  



Table 21. Recommended Soldering Profile1, 2 
 Condition 
Profile Feature Sn63/Pb37 Pb-Free 
Average Ramp Rate from Liquid Temperature (TL) to Peak Temperature (TP) 3°C/sec max 3°C/sec max 
Preheat   



Minimum Temperature (TSMIN) 100°C 150°C 
Maximum Temperature (TSMAX) 150°C 200°C 
Time from TSMIN to TSMAX (tS) 60 sec to 120 sec 60 sec to 180 sec 



TSMAX to TL Ramp-Up Rate 3°C/sec max 3°C/sec max 
Liquid Temperature (TL)  183°C 217°C 
Time Maintained Above TL (tL) 60 sec to 150 sec 60 sec to 150 sec 
Peak Temperature (TP) 240 + 0/−5°C 260 + 0/−5°C 
Time of Actual TP − 5°C (tP) 10 sec to 30 sec 20 sec to 40 sec 
Ramp-Down Rate 6°C/sec max 6°C/sec max 
Time 25°C to Peak Temperature 6 minutes max 8 minutes max 
 
1 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. 
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OUTLINE DIMENSIONS 
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Figure 20. 14-Terminal Land Grid Array [LGA] 
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(Dimensions shown in millimeters) 



 



ORDERING GUIDE 



Model 
Measurement 
Range (g) 



Specified 
Voltage (V) 



Temperature 
Range Package Description 



Package 
Option 



ADXL345BCCZ1 ±2, ±4, ±8, ±16 2.5 −40°C to +85°C 14-Terminal Land Grid Array [LGA] CC-14-1 
ADXL345BCCZ-RL1



 ±2, ±4, ±8, ±16 2.5 −40°C to +85°C 14-Terminal Land Grid Array [LGA] CC-14-1 
ADXL345BCCZ-RL71



 ±2, ±4, ±8, ±16 2.5 −40°C to +85°C 14- Terminal Land Grid Array [LGA] CC-14-1 
EVAL-ADXL345Z1



    Evaluation Board  



EVAL-ADXL345Z-M1    Analog Devices Inertial Sensor Evaluation 
System, Includes ADXL345 Satellite 



 



EVAL-ADXL345Z-S1    ADXL345 Satellite, Standalone  
 
1 Z = RoHS Compliant Part. 
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BMP085 



DIGITAL PRESSURE SENSOR 



Key features 



• Pressure range:  300 ... 1100hPa (+9000m ... -500m above sea level) 
• Supply voltage:  1.8 ... 3.6V (VDDA) 



1.62V ... 3.6V (VDDD) 
 



• LCC8 package:  Robust, ceramic lead-less chip carrier (LCC) package 
Small footprint:  5.0mm x 5.0mm 
Super-flat:   1.2mm height 



 
• Low power:   5μA at 1 sample / sec. in standard mode 



 
• 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 
• I2C interface 
• Fully calibrated 
• Pb-free, halogen-free and RoHS compliant, 
• MSL 1 



General Description 



The BMP085 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_API”) 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 
BMP085 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 I2C 
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 



• Enhancement of GPS navigation (dead-reckoning, slope detection, etc.) 
• In- and out-door navigation 
• Leisure and sports 
• Weather forecast 
• 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 I2C data transfer    max. 3.4MHz  max. 400kHz 
Extended min. supply voltage   min. 1.8V  min. 2.2V 
Lower stand-by current (typ.)    0.1μA   0.7μA 
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. 
 



Table 1: Electrical characteristics 



Parameter Symbol Condition Min Typ Max Units 



operational -40  +85 Operating 
temperature 



TA 



full accuracy 0  +65 
°C 



VDD ripple max. 50mVpp 1.8 2.5 3.6 V 
Supply voltage 



VDDIO  1.62 2.5 3.6 V 



IDDLOW ultra low power mode  3  μA 



IDDSTD standard mode  5  μA 



IDDHR high resolution mode  7  μA 



Supply current  
@  1 sample / sec. 



25°C 



IDDUHR ultra high res. mode  12  μA 



Peak current Ipeak during conversion  650 1000 μA 



Standby current IDDSBM at 25°C  0.1  μA 



Serial data clock fSCL    3.4 MHz 



Conversion time 
temperature 



tC_temp standard mode  3 4.5 ms 



tc_p_low ultra low power mode  3 4.5 ms 



tc_p_std standard mode  5 7.5 ms 



tc_p_hr high resolution mode  9 13.5 ms 



Conversion time 
pressure 



tc_p_luhr ultra high res. mode  17 25.5 ms 



 
700 . . .  1100 hPa 



0 . . . +65 °C 
-2.5 ±1.0 +2.5 hPa 



 
300 . . . 700 hPa 



0 . . . +65 °C 
-3.0 ±1.0 +3.0 hPa 



Absolute accuracy 
pressure 



VDD = 3.3V 



 
300 . . .  1100 hPa 



-20 . . . 0 °C 
-4.0 ±1.5 +4.0 hPa 



 pressure  0.01  hPa Resolution of 
output data  temperature  0.1  °C 



 
700 . . . 1100 hPa 



@ 25 °C 
 ±0.2  hPa Relative accuracy 



pressure 



VDD = 3.3V  
0 . . . 65 °C @ p 



const. 
 ±0.5  hPa 
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Noise in pressure  see table on page 12 



@ 25 °C -1.5 ±0.5 +1.5 °C Absolute accuracy 
temperature 
VDD = 3.3V 



 
0 . . . +65 °C -2.0 ±1.0 +2.0 °C 



Solder drifts  
Minimum solder 



height 50μm 
 ±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 V 



          ESD rating HBM, R = 1.5kΩ, 
C = 100pF 



 ±2 kV 



      Overpressure   10,000 hPa 



 
 
The BMP085 has to be handled as Electrostatic Sensitive Device (ESD).     
 
 



 
 



Figure 1: ESD 
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3. Operation 



3.1 General description 



The BMP085 is designed to be connected directly to a microcontroller of a mobile device via the 
I2C bus. The pressure and temperature data has to be compensated by the calibration data of 
the E2PROM of the BMP085. 
 



3.2 General function and application schematics 



The BMP085 consists of a piezo-resistive sensor, an analog to digital converter and a control 
unit with E2PROM and a serial I2C interface. The BMP085 delivers the uncompensated value of 
pressure and temperature. The E2PROM has stored 176 bit of individual calibration data. This is 
used to compensate offset, temperature dependence and other parameters of the sensor. 
 



• UP = pressure data (16 to 19 bit) 
• UT = temperature data (16 bit) 
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Typical application circuit: 
 
 
 
 
 1.8 ... 3.6V 
 



Note: 
(1) Pull-up resistors for I2C bus, Rp = 2.2kΩ ... 10kΩ, typ. 4.7kΩ 



 
Sensor 
element 



 
E2PROM  



 
ADC 



 



Control  
Unit 



 



BMP085 



SCL



SDA



GND



VDDD 



Rp(1) Rp(1) 



XCLR



 
Display 



100nF  
 
 
 
 



 VDDA 



EOC



  
 



μController 
 
 



e. g. 8 bit 
 



 
 



 
  



  
  



I2C interface  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: 
The BMP085 can be supplied independently with different levels of VDDA and VDDD, which is not 
possible with the SMD500. In case of different voltage levels, VDDA and VDDD shall have a 100nF 
decoupling capacitor each. 
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3.3 Measurement of pressure and temperature 



For all calculations presented here an ANSI C 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 I2C 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 E2PROM via the I2C 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.  
 
 
 



Start temperature 
measurement 



Read UT 



Start pressure 
measurement 



Read UP 
 



Start



Calculate pressure and 
temperature in physical 



units 



 
 
 
 
 
 



wait 4.5ms 
 
 
 
 
 
 
 
 
 
 wait (depends on mode, see below)



 
 
 
 
 
 
 
 
 



 



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  



Mode 
Parameter 



oversampling_
setting 



Internal 
number 



of 
samples 



Conversion 
time 



pressure 
max. [ms] 



Avg. 
current  @ 
1 sample/s 



typ. [μA] 



RMS 
noise 



typ. [hPa] 



RMS 
noise 



typ. [m] 



ultra low power 0 1 4.5 3 0.06 0.5 



standard 
 



1 
 



2 7.5 5 0.05 0.4 



high resolution 
 



2 
 



4 13.5 7 0.04 0.3 



ultra high 
resolution 



 
3 
 



8 25.5 12 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 E2PROM 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 
0xFFFF. 
 



Table 4: Calibration coefficients 



  BMP085 reg adr 



Parameter MSB LSB 



AC1 0xAA 0xAB 



AC2 0xAC 0xAD 



AC3 0xAE 0xAF 



AC4 0xB0 0xB1 



AC5 0xB2 0xB3 



AC6 0xB4 0xB5 



B1 0xB6 0xB7 



B2 0xB8 0xB9 



MB 0xBA 0xBB 



MC 0xBC 0xBD 



MD 0xBE 0xBF 
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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/BMP085 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



C code function: type:



bmp085_get_cal_param



                AC1 (0xAA, 0xAB) (16 bit) AC1 = 408 short
                AC2 (0xAC, 0xAD) (16 bit) AC2 = -72 short
                AC3 (0xAE, 0xAF) (16 bit) AC3 = -14383 short
                AC4 (0xB0, 0xB1) (16 bit) AC4 = 32741 unsigned short
                AC5 (0xB2, 0xB3) (16 bit) AC5 = 32757 unsigned short
                AC6 (0xB4, 0xB5) (16 bit) AC6 = 23153 unsigned short
                B1 (0xB6, 0xB7) (16 bit) B1 = 6190 short
                B2 (0xB8, 0xB9) (16 bit) B2 = 4 short
                MB (0xBa, 0xBB) (16 bit) MB = -32768 short
                MC (0xBC, 0xBD) (16 bit) MC = -8711 short
                MD (0xBE, 0xBF) (16 bit) MD = 2868 short



bmp085_get_ut



UT =  27898 long



oss = 0
= oversampling_setting short (0 .. 3)
(ultra low power mode) bmp085_get_up



UP = 23843 long



bmp085_ get_temperature
X1 = (UT



 
- AC6) * AC5 / 2



15
X1 = 4743 long



X2 = MC * 211 / (X1 + MD) X2 = -2344 long
B5 = X1 + X2 B5 =  2399 long
T  = (B5 + 8) / 2



4
T =   150 temp in 0.1°C long



BMP085 calpressure
B6 = B5 - 4000 B6 = -1601 long
X1 = (B2 * (B6 * B6 / 212 )) / 211 X1 = 1 long
X2 = AC2 * B6 / 2



11
X2 = 56 long



X3 = X1 + X2 X3 = 57 long
B3 = ((AC1*4+X3) << oss + 2) / 4 B3 = 422 long
X1 = AC3 * B6 / 213



X1 = 2810 long
X2 = (B1 * (B6 * B6 / 212 )) / 216 X2 = 59 long
X3 = ((X1 + X2) + 2) / 22



X3 = 717 long
B4 = AC4 * (unsigend long)(X3 + 32768) / 215 B4 = 33457 unsigned long
B7 = ((unsigned long)UP - B3) * (50000 >> oss) B7 = 1171050000 unsigned long
if (B7 < 0x80000000) { p = (B7 * 2) / B4 } p = 70003 long
   else { p = (B7 / B4) * 2 } long
X1 = (p / 28 ) * (p / 28 ) X1 = 74529 long
X1 = (X1 * 3038) / 216



X1 = 3454 long
X2 = (-7357 * p) / 216 X2 = -7859 long
p = p + (X1 + X2 + 3791) / 24



p = 69964 press. in Pa long



display temperature and pressure value



calculate true pressure



calculate true temperature 



read uncompensated pressure value
write 0x34+(oss<<6) into reg 0xF4, wait



read reg 0xF6 (MSB), 0xF7 (LSB), 0xF8 (XLSB)



example:



Read calibration data 
from the E



2
PROM of the BMP085



read out E2PROM registers, 16 bit, MSB first



read uncompensated temperature value



UT = MSB << 8 + LSB



UP = (MSB<<16 + LSB<<8 + XLSB) >> (8-oss)



write 0x2E into reg 0xF4, wait 4.5ms
read reg 0xF6 (MSB), 0xF7 (LSB)



Start



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



 



 



 



 



 



 



 



 



 



 



 



 



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 p0 e.g. 1013.25hPa, the altitude in 
meters can be calculated with the international barometric formula: 
 











































=



5.255



1



0p



p
 -1 * 44330  altitude



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



255.5
0



44330



altitude
 - 1



p
  p















=



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



• I²C is a digital two wire interface 
• Clock frequencies up to 3.4mBit/sec (I²C standard, fast and high-speed mode supported) 
• SCL and SDA needs a pull-up resistor, typ. 4.7 kOhm to VDDD  (one resistor each for all 



the I²C bus) 
 



The I2C 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 I2C-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 I2C interface 



 



Parameter Symbol Min. Typ Max. Units 



Clock input frequency fSCL   3.4 MHz 



Input-low level VIL 0  0.2 * VDDD V 



Input-high level VIH 0.8 * VDDD  VDDD V 



SDA and SCL pull-up resistor Rpull-up 2.2  10 kOhm 



SDA sink current  
@ VDDD = 1.62V, VOL = 0.3V 



ISDA_sink  9  mA 



EOC sink current  
@ VDDD = 1.62V, VOL = 0.3V 



ISDA_sink  7.7  mA 



EOC source current  
@ VDDD = 1.62V, VOH = 1.32V 



ISDA_source  1.5  mA 



XCLR pulse length tXCLR 1   μs 



Start-up time after power-up, before 
first communication 



tStart 10   ms 



 





http://www.nxp.com/acrobat_download/literature/9398/39340011.pdf
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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 0xEF (read) and 0xEE 
(write). 
 



A7 A6 A5 A4 A3 A2 A1 W/R 
1 1 1 0 1 1 1 0/1 



 
There is an easy way to connect two BMP085 to the same I2C bus: You can use the XCLR input 
of BMP085 to set one BMP085 part silent while you communicate with the other BMP085 part 
via I2C 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 I2C 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. 
 



 
 



Figure 5: I²C 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. 
 
 



ACKS S ACKS



Module address 
write 0xEE



Register address 
0xF4



Control register 
data 0xF4



SCL 
 
  
 



SDA  



 



 
 
 
 



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) 



 



Measurement 



Control register 
value 



(register address 
0xF4) 



Max. conversion 
time 
[ms] 



Temperature 0x2E 4.5 



Pressure 
(osrs = 0) 0x34 4.5 



Pressure 
(osrs = 1) 0x74 7.5 



Pressure 
(osrs = 2) 0xB4 13.5 



Pressure 
(osrs = 3) 0xF4 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 E2PROM 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    0xAA to 0xBF 
Temperature or pressure value UT or UP  0xF6 (MSB),  0xF7 (LSB), optionally 0xF8 (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). 
 
 



S ACKS 



Module address 
write 0xEE 



ACKS



Register address
e.g. 0xF6 



MSB e.g. 
ADC result 0x5C 



ACKS



Module address
read 0xEF 



Restart ACKM 



LSB e.g. 
ADC result 0x96



NACKM



SCL 
 
 



SDA  
 
 
 
 



P  
 



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. 
 



 
 



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 VDDA Power supply Power 



4 VDDD Digital power supply Power 



5 NC no internal connection - 



6 SCL I2C serial bus clock input Digital input 



7 SDA I2C 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 (±0.12mm).  
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. 
 



 
Figure 9: Top view 
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5.2.2 Top view with lid 



 



 
 



Figure 10: Top view with lid 



 



5.2.3 Side view with lid 



 



 
 



Figure 11: Side view with lid 



 



5.3 Device marking 



The device lid shows the following laser-marking: 
 
 Pin 1 identifier 
 



  Date code 
   Bosch logo / vent hole / last 3 digits of part ID (TTN) 
 Lot ID 



 



 
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,    103 – 106 Ohm/sq. 
 
Dimensions are in mm: 
 
A0  = 5.30 ± 0.10 
B0  = 5.30 ± 0.10 
K0  = 2.10 ± 0.10 
P  = 8.00 ± 0.10 
W  = 12.00 +0.30 / -0.10 
t  = 0.30 ± 0.05 
 
The bars between the cavities are embossed about 0.2mm into the direction of K0. 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 BMP085 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 50μm. This is required for good 
mechanical decoupling between the sensor device and the printed circuit board (PCB). 
 
The BMP085 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 BMP085 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(TM) 



 
• 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 BMP085 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 ANP015, 
"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 



0.1  
First edition for description of serial production 
material 



 



0.2  
Noise data update, peak current added, several minor 
changes 



2008-02-19 



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 BMP085 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 



 



 4.2 
Added solution to connect two devices BMP085 to 
the same I2C 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 
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3-Axis Digital Compass IC 
HMC5883L 



 
 
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
2
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                                   BENEFITS 



 



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



 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 



    



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



 Enables 1° to 2° Degree Compass Heading Accuracy  



    



 Built-In Self Test  Enables Low-Cost Functionality Test after Assembly in Production 



    



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



 Compatible for Battery Powered Applications 



    



 Built-In Strap Drive Circuits  Set/Reset and Offset Strap Drivers for Degaussing, Self Test, and 
Offset Compensation 



    



 
I
2
C Digital Interface  



Popular Two-Wire Serial Data Interface for Consumer Electronics 



    



 
Lead Free Package Construction  



RoHS Compliance 



    



 
Wide Magnetic Field Range (+/-8 Oe)  



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



    



 
Software and Algorithm Support 
Available 



 
Compassing Heading, Hard Iron, Soft Iron, and Auto Calibration 



Libraries Available 
    



 Fast 160 Hz Maximum Output Rate  Enables Pedestrian Navigation and LBS Applications 



Advanced Information 
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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 



VDDIO Referenced to DGND 



2.16 



1.71 



2.5 



1.8 



3.6 



VDD+0.1 



Volts 



Volts 



    Average Current Draw Idle Mode 



Measurement Mode (7.5 Hz ODR; 



No measurement average, MA1:MA0 = 00) 



VDD = 2.5V, VDDIO = 1.8V (Dual Supply) 



VDD = VDDIO = 2.5V (Single Supply) 



- 



- 



 



2 



100 



 



- 



- 



 



μA 



μA 



 



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-LSb, 12-bit ADC 0.73  4.35 milli-gauss 



    Noise Floor 



    (Field Resolution) 
 



VDD=3.0V, GN=0, No measurement 
average, Standard Deviation 100 samples 



(See typical performance graphs below) 



 2  milli-gauss 



    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,  
Happlied = ±3 gauss 



 ±0.2%  %FS/gauss 



    Output Rate (ODR) Continuous Measurment Mode 



Single Measurement Mode 



0.75  75 



160 



Hz 



Hz 



    Measurement Period From receiving command to data ready  6  ms 



    Turn-on Time Ready for I2C commands 
Analog Circuit Ready for Measurements 



 200 
50 



 μs 



ms 



    Gain Tolerance All gain/dynamic range settings  ±5  % 



    I
2
C Address 8-bit read address 



8-bit write address 



 0x3D 



0x3C 



 hex 



hex 



    I
2
C Rate Controlled by I



2
C Master   400 kHz 



    I
2
C Hysteresis Hysteresis of Schmitt trigger inputs on SCL 



and SDA  -  Fall (VDDIO=1.8V) 



Rise (VDDIO=1.8V) 



  



0.2*VDDIO 



0.8*VDDIO 



  



Volts 



Volts 



    Self Test X & Y Axes 



Z Axis 



 ±1.16 



±1.08 



 gauss 



X & Y & Z Axes (GN=5) Positive Bias 



X & Y & Z Axes (GN=5) Negative Bias  



243 
-575 



 575 
-243 



LSb 



    Sensitivity Tempco TA = -40 to 125°C, Uncompensated Output  -0.3  %/°C 



General      



    ESD Voltage Human Body Model (all pins) 



Charged Device Model (all pins) 



  2000 



750 



Volts 



    Operating Temperature Ambient -30  85 °C 



    Storage Temperature Ambient, unbiased  -40  125 °C 
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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
2
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 
µsec when data is placed in the data output registers. 



16 SDA Serial Data – I
2
C Master/Slave Data 



 
Table 1: Pin Configurations 
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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) 
 



 
MOUNTING CONSIDERATIONS 
 
The following is the recommend printed circuit board (PCB) footprint for the HMC5883L.  
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0.100



1.275



1.275



0.500



3.000



3.000



0.450



0.300



x 8



x 12



HMC5883 Land Pad Pattern
(All dimensions are in 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. 
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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 µF in 
capacitance, with the set/reset capacitor C2 nominally 0.22 µF 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 
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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) 
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Typical Measurement Period in Single-Measurement Mode 
 



 
* Monitoring of the DRDY Interrupt pin is only required if maximum output rate is desired.
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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
2
C Interface 



 
Control of this device is carried out via the I



2
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



2
C-Bus Specification, document number:  9398 393 40011.  As an I



2
C compatible device, 



this device has a 7-bit serial address and supports I
2
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 priority over internal activities, such as the measurement.  
The purpose of this priority is to not keep the master waiting and the I



2
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. 
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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



2
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 MD[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



2
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 I



2
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



2
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 (0x1E) 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



2
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 0x0A. 
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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.  
CRA0 through CRA7 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 CRA0 



(0) MA1(0) MA0(0) DO2 (1) DO1 (0) DO0 (0) MS1 (0) MS0 (0) 



Table 3: Configuration Register A 



 



Location Name Description 



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



CRA6 to CRA5 MA1 to MA0 
Select number of samples averaged (1 to 8) per 
measurement output. 
00 = 1(Default); 01 = 2; 10 = 4; 11 = 8  



CRA4 to CRA2 DO2 to DO0 
Data Output Rate Bits.  These bits set the rate at which data 
is written to all three data output registers.   



CRA1 to CRA0 MS1 to MS0 
Measurement Configuration Bits.  These bits define the 
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.  All three channels shall be 
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. 
 



DO2 DO1 DO0 Typical Data Output Rate (Hz) 



0 0 0 0.75 



0 0 1 1.5 



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  MS0 Measurement Mode 



0 0 
Normal measurement configuration (Default).  In normal measurement 
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 











 
 



HMC5883L 
 



www.honeywell.com                                                                                                                                                           13                                                                                      
 
   



Configuration Register B 
 
The configuration register B for setting the device gain.  CRB0 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 CRB0 



GN2 (0) GN1 (0) GN0 (1) (0) (0) (0) (0) (0) 



Table 7:  Configuration B Register 



 



Location Name Description 



CRB7 to CRB5 GN2 to GN0 
Gain Configuration Bits.  These bits configure the gain for 
the device.  The gain configuration is common for all 
channels. 



CRB4 to CRB0 0 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. 
 



GN2 GN1 GN0 
Recommended 
Sensor Field 
Range 



Gain 
(LSb/ 



Gauss) 



Digital 
Resolution 
(mG/LSb) 



Output Range 



0 0 0 ± 0.88 Ga 1370 0.73 
0xF800–0x07FF 
(-2048–2047 ) 



0 0 1 ± 1.3 Ga 1090 (default) 0.92 
0xF800–0x07FF 
(-2048–2047 ) 



0 1 0 ± 1.9 Ga 820 1.22 
0xF800–0x07FF 
(-2048–2047 ) 



0 1 1 ± 2.5 Ga 660 1.52 
0xF800–0x07FF 
(-2048–2047 ) 



1 0 0 ± 4.0 Ga 440 2.27 
0xF800–0x07FF 
(-2048–2047 ) 



1 0 1 ± 4.7 Ga 390 2.56 
0xF800–0x07FF 
(-2048–2047 ) 



1 1 0 ± 5.6 Ga 330 3.03 
0xF800–0x07FF 
(-2048–2047 ) 



1 1 1 ± 8.1 Ga 230 4.35 
0xF800–0x07FF 
(-2048–2047 ) 



Table 9:  Gain Settings 
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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.  MR0 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 MR0 



(0) (0) (0) (0) (0) (0) MD1 (0) MD0 (1) 



Table 10:  Mode Register 



 



Location Name Description 



MR7 to 
MR2 



0 
Bit MR7 is set to 1 internally after each single-
measurement operation. Set to 0 when configuring mode 
register. 



MR1 to 
MR0 



MD1 to 
MD0 



Mode Select Bits.  These bits select the operation mode of 
this device. 



Table 11:  Mode Register Bit Designations 



 



MD1 MD0 Operating Mode 



0 0 



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/fDO and subsequent 
measurements are available at a frequency of fDO, where fDO is the 
frequency of data output. 



0 1 



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 0x07FF.  DXRA0 through DXRA7 and DXRB0 through 
DXRB7 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 DXRA1 DXRA0 



(0) (0) (0) (0) (0) (0) (0) (0) 



DXRB7 DXRB6 DXRB5 DXRB4 DXRB3 DXRB2 DXRB1 DXRB0 



(0) (0)  (0) (0) (0) (0) (0) (0) 



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.  DYRA0 through DYRA7 and DYRB0 through 
DYRB7 indicate bit locations, with DYRA and DYRB denoting the bits that are in the data output Y registers. DYRA7 and 
DYRB7 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 DYRA1 DYRA0 



(0) (0) (0) (0) (0) (0) (0) (0) 



DYRB7 DYRB6 DYRB5 DYRB4 DYRB3 DYRB2 DYRB1 DYRB0 



(0) (0)  (0) (0) (0) (0) (0) (0) 



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.  DZRA0 through DZRA7 and DZRB0 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.   
 











 
 



HMC5883L 
 



16                                                                                                                                                             www.honeywell.com                                                                                                                                            
 



 



DZRA7 DZRA6 DZRA5 DZRA4 DZRA3 DZRA2 DZRA1 DZRA0 



(0) (0) (0) (0) (0) (0) (0) (0) 



DZRB7 DZRB6 DZRB5 DZRB4 DZRB3 DZRB2 DZRB1 DZRB0 



(0) (0)  (0) (0) (0) (0) (0) (0) 



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.  SR0 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 SR0 



(0) (0) (0) (0) (0)  (0) LOCK (0) RDY(0) 



Table 16:  Status Register 



 



Location Name Description 



SR7 to 
SR2 



0 These bits are reserved.  



SR1 LOCK 



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 
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. 



SR0 RDY 



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 
are written to.  When RDY bit is clear it shall remain cleared 
for a 250 μs.  DRDY pin can be used as an alternative to 
the status register for monitoring the device for 
measurement data. 



Table 17:  Status Register Bit Designations 
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Identification Register A 
 
The identification register A is used to identify the device.  IRA0 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 IRA6 IRA5 IRA4 IRA3 IRA2 IRA1 IRA0 



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.  IRB0 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  
 



 



Table 19:  Identification Register B Default Values 



Identification Register C 
 
The identification register C is used to identify the device.  IRC0 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  
 



 



Table 20:  Identification Register C Default Values 



I2C COMMUNICATION PROTOCOL 
 



The HMC5883L communicates via a two-wire I
2
C bus system as a slave device. The HMC5883L uses a simple protocol 



with the interface protocol defined by the I
2
C bus specification, and by this document. The data rate is at the standard-



mode 100kbps or 400kbps rates as defined in the I
2
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 I



2
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 long. All devices are addressed by I



2
C’s 



unique 7-bit address. After each 8-bit transfer, the master device generates a 9
th
 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). 



IRB7 IRB6 IRB5 IRB4 IRB3 IRB2 IRB1 IRB0 



0 0 1 1 0 1 0 0 



IRC7 IRC6 IRC5 IRC4 IRC3 IRC2 IRC1 IRC0 



0 0 1 1 0 0 1 1 
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Per the I



2
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



2
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



th
 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
2
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
2
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 will 
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”: 
 



1. Write CRA (00) – send 0x3C 0x00 0x70 (8-average, 15 Hz default, normal measurement) 
2. Write CRB (01) – send 0x3C 0x01 0xA0 (Gain=5, or any other desired gain) 
3. Write Mode (02) – send 0x3C 0x02 0x00 (Continuous-measurement mode) 
4. Wait 6 ms or monitor status register or DRDY hardware interrupt pin 
5. Loop 



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 0xA0 (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 MS0) 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 0xA0 (Gain=5), 
values around +452 LSb (1.16 Ga * 390 LSb/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 MS0 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: 
 



1. Write CRA (00) – send 0x3C 0x00 0x71 (8-average, 15 Hz default, positive self test measurement) 
2. Write CRB (01) – send 0x3C 0x01 0xA0 (Gain=5) 
3. Write Mode (02) – send 0x3C 0x02 0x00 (Continuous-measurement mode) 
4. Wait 6 ms or monitor status register or DRDY hardware interrupt pin 
5. Loop 



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 = Z * 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 Δt degrees of temperature change measured, if available. 
 



 



 
 



ORDERING INFORMATION 
 



Ordering Number Product 
 
HMC5883L-TR  
 



 
Tape and Reel 4k pieces/reel 
 



  



FIND OUT MORE 
 
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 
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1 Document Information 



1.1 Revision History 



Revision 



Date Revision Description 



10/23/09 1.0 Initial Release 



10/28/09 1.1 Edits for readability 



02/12/2010 1.2 



 Changed full-scale range and sensitivity scale factor (Sections 2, 3.1, 5.3, and 8.3)  



 Changed sensitivity scale factor variation over temperature (Section 3.1) 



 Changed total RMS noise spec (Section 3.1) 



 Added range for temperature sensor (Section 3.1) 



 Updated VDD Power-Supply Ramp Rate specification (Sections 3.2 and 4.4) 



 Added VLOGIC Voltage Range condition (Section 3.2) 



 Added VLOGIC Reference Voltage Ramp Rate specification (Sections 3.2 and 4.4) 



 Updated Start-Up Time for Register Read/Write specification (Section 3.2) 



 Updated Input logic levels for AD0 and CLKIN (Section 3.2) 



 Updated Level IOL specifications for the I
2
C interface (Section 3.3) 



 Updated Frequency Variation Over Temperature specification for internal clock source 



(Section 3.4) 



 Updated VLOGIC conditions for I
2
C Characterization (Section 3.5) 



 Updated ESD specification (Section 3.6) 



 Added termination requirements for CLKIN if unused (Section 4.1) 



 Added recommended power-on procedure diagram (Section 4.4)  



 Changed DLPF_CFG setting 7 to reserved (Section 8.3) 



 Changed Reflow Specification description (Section 9.12) 



 Removed errata specifications 



03/05/2010 1.3 



 Updated temperature sensor linearity spec (Section 3.1) 



 Updated VDD Power-Supply Ramp Rate timing figure (Sections 3.2 and 4.4) 



 Updated VLOGIC Reference Voltage timing figure (Section 4.4) 



 Added default values to registers (all of Section 8) 



 Updated FS_SEL description (Section 8.3) 



 Updated package outline drawing and dimensions (Section 9.2) 



 Updated Reliability (Section 10.1 and 10.2) 



 Removed Environmental Compliance (Section 11) 



03/30/2010 1.4  Removed confidentiality mark 
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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 ITG-3200
TM



.  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 (ADCs) for digitizing the gyro outputs, a user-selectable 



internal low-pass filter bandwidth, and a Fast-Mode I
2
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 ITG-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 10,000g 



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
2
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 I
2
C interface voltages from 1.71V to VDD 



 Standby current: 5µA 



 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 I
2
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, TA=25°C.  



Parameter Conditions Min Typical Max Unit Note 



GYRO SENSITIVITY       



Full-Scale Range FS_SEL=3  ±2000  º/s 4 



Gyro ADC Word Length   16  Bits 3 



Sensitivity Scale Factor FS_SEL=3  14.375  LSB/(º/s) 3 



Sensitivity Scale Factor Tolerance 25°C -6  +6 % 1 



Sensitivity Scale Factor Variation Over 



Temperature 
  ±10  % 2 



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  º/s 5 



Power-Supply Sensitivity (10 - 250Hz) Sine wave, 100mVpp; VDD=2.2V  0.2  º/s 5 



Power-Supply Sensitivity (250Hz - 100kHz) Sine wave, 100mVpp; VDD=2.2V  4  º/s 5 



Linear Acceleration Sensitivity Static  0.1  º/s/g 6 



GYRO NOISE PERFORMANCE FS_SEL=3      



Total RMS noise 100Hz LPF (DLPFCFG=2)  0.38  º/s-rms 1 



Rate Noise Spectral Density At 10Hz  0.03  º/s/√Hz 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 1.7   kHz 1 



GYRO START-UP TIME DLPFCFG=0      



ZRO Settling to ±1º/s of Final  50  ms 6 



TEMPERATURE SENSOR       



Range   -30 to +85  ºC 2 



Sensitivity   280  LSB/ºC 2 



Temperature Offset 35oC  -13,200  LSB 1 



Initial Accuracy 35oC  TBD  °C  



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



TEMPERATURE RANGE 



Specified Temperature Range 



  



-40 



  



85 



 



ºC 



 



 



Notes: 



1. Tested in production 



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



3. Based on design, through modeling and simulation across PVT 



4. Typical. Randomly selected part measured at room temperature on evaluation board or in socket 



5. Based on characterization of 5 pieces over temperature 



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, TA=25°C.  



Parameters Conditions Min Typical Max Units Notes 



VDD POWER SUPPLY   
    



 



Operating Voltage Range   2.1  3.6 V 2 



Power-Supply Ramp Rate Monotonic ramp.  Ramp rate 



is 10% to 90% of the final 
value (see Figure in Section 



4.4) 



0  5 ms 2 



Normal Operating Current 
 



 6.5  mA 1 



Sleep Mode Current 
 



 5  µA 5 



VLOGIC REFERENCE 



VOLTAGE      



 



Voltage Range VLOGIC must be ≤VDD at all 
times 



1.71  VDD V  



VLOGIC Ramp Rate Monotonic ramp. Ramp rate is 



10% to 90% of the final value 



(see Figure in Section 4.4) 



  1 ms 6 



Normal Operating Current 
  



100 
 



µA  



START-UP TIME FOR 



REGISTER  READ/WRITE 



  
20 



 
ms 5 



I2C ADDRESS AD0 = 0  1101000   6 



 AD0 = 1  1101001   6 



 DIGITAL INPUTS  (AD0, 



CLKIN)      



 



VIH, High Level Input Voltage 
 



0.9*VLOGIC 
  



V 5 



VIL, Low Level Input Voltage   
  



0.1*VLOGIC V 5 



CI, Input Capacitance   
  



5 pF 7 



DIGITAL OUTPUT (INT)   
    



 



VOH, High Level Output Voltage OPEN=0, Rload=1MΩ 0.9*VLOGIC 
  



V 2 



VOL, Low Level Output Voltage OPEN=0, Rload=1MΩ 
  



0.1*VLOGIC V 2 



VOL.INT1, INT Low-Level Output 



Voltage 
OPEN=1, 0.3mA sink current 



  
0.1 V 2 



Output Leakage Current OPEN=1 
 



100 
 



nA 4 



tINT, INT Pulse Width LATCH_INT_EN=0 
 



50 
 



µs 4 



Notes: 



1. Tested in production 



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



4. Typical. Randomly selected part measured at room temperature on evaluation board or in socket 



5. Based on characterization of 5 pieces over temperature 



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, TA=25°C.  



Parameters Conditions Typical Units Notes 



I2C I/O (SCL, SDA) 
   



  



VIL, LOW-Level Input Voltage   -0.5 to 0.3*VLOGIC V 2 



VIH, HIGH-Level Input Voltage   0.7*VLOGIC to VLOGIC + 0.5V V 2 



Vhys, Hysteresis   0.1*VLOGIC  V 2 



VOL1, LOW-Level Output Voltage 3mA sink current 0 to 0.4 V 2 



IOL, LOW-Level Output Current VOL = 0.4V 



VOL = 0.6V 



3 



6 



mA 



mA 



2 



2 



Output Leakage Current 
 



100 nA 4 



tof, Output Fall Time from VIHmax to 



VILmax 
 Cb bus cap. in pF 20+0.1Cb to 250 ns 2 



CI, Capacitance for Each I/O 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, TA=25°C.  



Parameters Conditions Min Typical Max Units Notes 



INTERNAL CLOCK SOURCE CLKSEL=0, 1, 2, or 3      



Sample Rate, Fast DLPFCFG=0 



SAMPLERATEDIV = 0 



 8  kHz 4 



Sample Rate, Slow DLPFCFG=1,2,3,4,5, or 6 



SAMPLERATEDIV = 0 



 1  kHz 4 



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  -15 to +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  1 to 2  µs 3 



Sample Rate, Fast DLPFCFG=0 



SAMPLERATEDIV = 0 



 8.192  kHz 3 



Sample Rate, Slow DLPFCFG=1,2,3,4,5, or 6 



SAMPLERATEDIV = 0 



 1.024  kHz 3 



PLL Settling Time    1  ms 3 



EXTERNAL 19.2MHz CLOCK CLKSEL=5      



External Clock Frequency    19.2  MHz 3 



Sample Rate, Fast DLPFCFG=0 
SAMPLERATEDIV = 0 



 8  kHz 3 



Sample Rate, Slow DLPFCFG=1,2,3,4,5, or 6 



SAMPLERATEDIV = 0 



 1  kHz 3 



PLL Settling Time    1  ms 3 



Charge Pump Clock Frequency       



Frequency 1st Stage,  25°C  8.5  MHz 5 



 2nd Stage, 25°C  68  MHz 5 



 Over temperature  +/-15  % 5 



 
Notes: 



1. Tested in production 



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



3. Based on design, through modeling and simulation across PVT 



4. Typical. Randomly selected part measured at room temperature on evaluation board or in socket 



5. Based on characterization of 5 pieces over temperature. 
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3.5 I
2
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 



I2C TIMING I2C FAST-MODE      



fSCL, SCL Clock Frequency  0  400 kHz 1 



tHD.STA, (Repeated) START Condition Hold Time  0.6   us 1 



tLOW, SCL Low Period  1.3   us 1 



tHIGH, SCL High Period  0.6   us 1 



tSU.STA, Repeated START Condition Setup Time  0.6   us 1 



tHD.DAT, SDA Data Hold Time  0   us 1 



tSU.DAT, SDA Data Setup Time  100   ns 1 



tr, SDA and SCL Rise Time Cb bus cap. from 10 to 400pF 20+0.1Cb  300 ns 1 



tf, SDA and SCL Fall Time Cb bus cap. from 10 to 400pF 20+0.1Cb  300 ns 1 



tSU.STO, STOP Condition Setup Time  0.6   us 1 



tBUF, Bus Free Time Between STOP and START 



Condition 



 1.3   us 1 



Cb, Capacitive Load for each Bus Line    400 pF 2 



tVD.DAT, Data Valid Time    0.9 us 1 



tVD.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 



 



 



I
2
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, AD0) -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 
1.5kV (HBM); 200V 



(MM) 
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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 IO supply voltage.  VLOGIC must be ≤ VDD at all times.   



9 AD0 I2C 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 I2C serial clock 



24 SDA I2C serial data 



2, 3, 4, 5, 14, 15, 16, 17 NC Not internally connected. May be used for PCB trace routing. 
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4.2 Typical Operating Circuit  



A
D



0
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S
C



L
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A



C1



2.2nF



C3 



0.1µF



C2 



0.1µF
VLOGIC



GND



C4



10nF



GND



GND



 



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, 0.1µF ±10%, 4V 1 



Regulator Filter Capacitor  C3 Ceramic, X7R, 0.1µF ±10%, 2V 1 



VLOGIC Bypass Capacitor C4 Ceramic, X7R, 10nF ±10%, 4V 1 
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4.4 Recommended Power-On Procedure 
 



TVLGR



VLOGIC



VDD



TVDDR



A
ll 



V
o



lt
ag



es
 a



t 
0



V



Power-Up Sequencing



1.  TVDDR is VDD rise time: Time for VDD to 
rise from 10% to 90% of its final value



2. TVDDR is ≤5msec



3.  TVLGR is VLOGIC rise time: Time for 
VLOGIC to rise from 10% to 90% of its 
final value 



4. TVLGR is ≤1msec



5.  TVLG-VDD is the delay from the start of 
VDD ramp to the start of VLOGIC rise



6. TVLG-VDD is 0 to 20msec but VLOGIC 
amplitude must always be ≤VDD 
amplitude



7.  VDD and VLOGIC must be monotonic 
ramps



90%



10%



90%



10%



TVLG - VDD
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5 Functional Overview 



5.1 Block Diagram 
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5.2 Overview 
The ITG-3200 consists of the following key blocks and functions: 



 Three-axis MEMS rate gyroscope sensors with individual 16-bit ADCs and signal conditioning 



 I
2
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
2
C Serial Communications Interface 



The ITG-3200 communicates to a system processor using the I
2
C 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
2
C slave address is set by pin 9 (AD0).   



 



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: 



 An internal relaxation oscillator (less accurate) 



 Any of the X, Y, or Z gyros’ MEMS oscillators (with an accuracy of ±2% over temperature) 



 



Allowable external clocking sources are:  



 32.768kHz square wave  



 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 ITG-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
2
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. 
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6 Digital Interface 



6.1 I
2
C Serial Interface 



The internal registers and memory of the ITG-3200 can be accessed using I
2
C at up to 400kHz.  



 



Serial Interface  



Pin Number Pin Name Pin Description 



8 VLOGIC Digital IO supply voltage.  VLOGIC must be ≤ VDD at all times.   



9 AD0 I
2
C Slave Address LSB 



23 SCL I
2
C serial clock 



24 SDA I
2
C serial data 



 



6.1.1 I
2
C Interface 



I
2
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 I
2
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 ITG-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 I
2
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
2
C address is stored in register 0 (WHO_AM_I register). 



 



 



I
2
C Communications Protocol 



START (S) and STOP (P) Conditions 



Communication on the I
2
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.  



SDA



SCL



S



START condition STOP condition



P



 
 



START and STOP Conditions 
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Data Format / Acknowledge 



I
2
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 below). 



DATA OUTPUT BY 



TRANSMITTER (SDA)



DATA OUTPUT BY 



RECEIVER (SDA)



SCL FROM 



MASTER



START 



condition



clock pulse for 



acknowledgement



acknowledge



not acknowledge



1 2 8 9



 
Acknowledge on the I



2
C Bus 



 



Communications 



After beginning communications with the START condition (S), the master sends a 7-bit slave address followed by an 



8
th



 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. 



 



SDA



START 



condition



SCL



ADDRESS R/W ACK DATA ACK DATA ACK STOP 



condition



S P



1 – 7 8 9 1 – 7 8 9 1 – 7 8 9



 
Complete I



2
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 I
2
C address 



and the write bit (0). At the 9
th



 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 



 



 



 



 



 



Burst Write Sequence 



 



 



 



To read the internal ITG-3200 device registers, the master first transmits the start condition (S), followed by the I
2
C 



address and the write bit (0).  At the 9
th



 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
th



 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 



 



 



 



 



Burst  Read Sequence 



 



 



 



  



Master S AD+W  RA  DATA  P 



Slave   ACK  ACK  ACK  



Master S AD+W  RA  DATA  DATA  P 



Slave   ACK  ACK  ACK  ACK  



Master S AD+W  RA  S AD+R   NACK P 



Slave   ACK  ACK   ACK DATA   



Master S AD+W  RA  S AD+R   ACK  NACK P 



Slave   ACK  ACK   ACK DATA  DATA   
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I
2
C Terms 



Signal Description 



S Start Condition: SDA goes from high to low while SCL is high 



AD Slave I
2
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
th



 clock cycle 



NACK Not-Acknowledge: SDA line stays high at the 9
th



 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 



Hex 



Addr 



Decimal 
Register Name R/W Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 



0 0 WHO_AM_I R/W - ID - 



15 21 SMPLRT_DIV R/W SMPLRT_DIV 



16 22 DLPF_FS R/W - - - FS_SEL DLPF_CFG 



17 23 INT_CFG R/W ACTL OPEN 
LATCH_ 



INT_EN 



INT_ 



ANYRD_ 



2CLEAR 



- 
ITG_RDY



_EN 
- 



RAW_ 



RDY_ EN 



1A 26 INT_STATUS R - - - - - 
 



ITG_RDY 
- 



RAW_ 



DATA_ 



RDY 



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 R/W 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 I 
 



 Type: Read/Write 
Register 



(Hex) 



Register 



(Decimal) 
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 



0 0 - ID - 



 



Description: 



This register is used to verify the identity of the device. 



Parameters: 



ID Contains the I
2
C address of the device, which can also be changed by writing to this register. 



 



The Power-On-Reset value of Bit6: Bit1 is 110 100. 



 



8.2 Register 21 – Sample Rate Divider  
 



 Type: Read/Write 
Register 



(Hex) 



Register 



(Decimal) 
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 



Default 



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 = Finternal / (divider+1), where Finternal 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 Register 22 – DLPF, Full Scale 



 Type: Read/Write 
Register 



(Hex) 



Register 



(Decimal) 
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 



Default 



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: 



 
Gain and Phase vs. Digital Filter Setting 



 



 
Gain and Phase vs. Digital Filter Setting, Showing Passband Details 
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8.4 Register 23 – Interrupt Configuration 
 



 Type: Read/Write 



Register 



(Hex) 



Register 



(Decimal) 
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 



Default 



Value 



17 23 ACTL OPEN 
LATCH_ 



INT_EN 



INT_ 



ANYRD_ 
2CLEAR 



0 
ITG_RDY_



EN 
0 



RAW_ 



RDY_ EN 
00h 



 



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 ITG-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, 0=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, 0=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. 



 



 



8.5 Register 26 – Interrupt Status 
 



 Type: Read only 
Register 



(Hex) 



Register 



(Decimal) 
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 



Default 



Value 



1A 26 - - - - - ITG_RDY - 



RAW_ 



DATA_ 
RDY 



00h 



 



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 



(Hex) 



Register 



(Decimal) 
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 



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 



(Hex) 



Register 



(Decimal) 
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 



Default 



Value 



3E 62 H_RESET SLEEP 
STBY 



_XG 



STBY       



_YG 



STBY 



  _ZG 
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 



0 Internal oscillator 



1 PLL with X Gyro reference 



2 PLL with Y Gyro reference 



3 PLL with Z Gyro reference 



4 PLL with external 32.768kHz reference 



5 PLL with external 19.2MHz reference 



6 Reserved 



7 Reserved 



 



On power up, the ITG-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, 0=normal) 



STBY_YG Put gyro Y in standby mode (1=standby, 0=normal) 



STBY_ZG Put gyro Z in standby mode (1=standby, 0=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.  



ITG-3200



+Z



+X



+Y



Orientation of Axes of Sensitivity 



and Polarity of Rotation
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9.2 Package Dimensions 



 



 Package Dimensions 



  



Top View Bottom View 
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9.3 Package Marking Specification 



InvenSense



ITG-3200



XXXXXX-XX



XX YYWW   X



Lot traceability code



Foundry code



Package Vendor Code



Rev Code



YY = Year Code



WW = Work Week



TOP VIEW



Part number



 



Package Marking Specification 



9.4 Tape & Reel Specification 



 



Tape Dimensions 
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Reel Outline Drawing 



 



Reel Dimensions and Package Size 



PKG 



SIZE 



REEL (mm) 



L V W Z 



4x4 330 100 13.2 2.2 



 



Tape and Reel Specification 



 



Reel Specifications 



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 



Package Orientation 



Pin 1 



User Direction of 



Feed 



Cover Tape 



(Anti-Static) 



Carrier Tape 



(Anti-Static) 
Label 



Reel 



Terminal Tape 
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9.5 Label 



 



9.6 Packaging 



 
  



Moisture Barrier Bag 



With Labels 



 



Anti-static Label 



Moisture-Sensitive 



Caution Label 



Tape & Reel Label 



Reel in Box Box with Tape & Reel Label 



Location of Label 



Moisture-Sensitive Caution Label 
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9.7 Soldering Exposed Die Pad 
The ITG-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 (Θ and Φ)



ITG-3200



Φ



Θ X



Y



Z



 
 



 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 



 (θ or Φ) 



Cross-Axis Sensitivity 



(sinθ or sinΦ) 



0º 0% 



0.5º 0.87% 



1º 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 ICs prior to mounting onto printed circuit boards 



(PCBs). 



The ITG-3200 gyroscope has a shock tolerance of 10,000g. 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. 



 



 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.  



 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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Approved IR/Convection Solder Reflow Curve 



  



 



Temperature Set Points for IR / Convection Reflow Corresponding to Figure Above 



Step Setting 
CONSTRAINTS 



Temp (°C) Time (sec) Rate (°C/sec) 



A Troom 25   



B TSmin 150   



C TSmax 200 60 < tBC < 120  



D TLiquidus 217  r(TLiquidus-TPmax) < 3 



E 
TPmin  



[< TPmax-5°C, 250°C] 
255  r(TLiquidus-TPmax) < 3 



F 
TPmax  



[< TPmax, 260°C] 
260 tAF < 480 r(TLiquidus-TPmax) < 3 



G 
TPmin 



[< TPmax-5°C, 250°C] 
255 tEG < 30 r(TPmax-TLiquidus) < 4 



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 



TEST 
Method/Condition 



 



Lot 



Quantity 



Sample 



/ Lot 



Acc / 



Reject 



Criteria 



High Temperature 



Operating Life (HTOL/LFR) 



JEDEC JESD22-A108C, Dynamic, 3.63V biased,  Tj>125°C 



[read-points 168, 500, 1000 hours] 
3 77 (0/1) 



Steady-State Temperature 



Humidity Bias Life (1) 



JEDEC JESD22-A101C, 85°C/85%RH 



[read-points 168, 500 hours], Information Only 1000 hours] 
3 77 (0/1) 



High Temperature Storage 



Life 



JEDEC JESD22-A103C, Cond. A, 125°C Non-Bias Bake 



[read-points 168, 500, 1000 hours] 



3 



 
77 (0/1) 



Device Component Level Tests 



TEST 
Method/Condition 



 



Lot 



Quantity 



Sample 



/ Lot 



Acc / 



Reject 



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, 



10,000g’s, 0.3ms,  ±X,Y,Z – 6 directions, 5 times/direction  



3 



 



5 



 



(0/1) 



 



Vibration 
JEDEC JESD22-B103B, Variable Frequency (random),  



Cond. B, 5-500Hz, X,Y,Z – 4 times/direction  
3 5 (0/1) 



Temperature Cycling (1) 
JEDEC JESD22-A104D Condition N, -40°C to +85°C,  



Soak Mode 2, 100 cycles 
3 77 (0/1) 



Board Level Tests 



TEST Method/Condition/ 
Lot 



Quantity 



Sample 



/ Lot 



Acc / 



Reject 



Criteria 



Board Mechanical Shock 



 



JEDEC JESD22-B104C,Mil-Std-883, method 2002, Cond. D, 



10,000g’s, 0.3ms,  +-X,Y,Z – 6 directions, 5 times/direction  



1 



 



5 



 
(0/1) 



Board T/C 
JEDEC JESD22-A104D Condition N, -40°C to +85°C,  



Soak Mode 2, 100 cycles  
1 40 (0/1) 



(1) – Tests are preceded by MSL3 Preconditioning in accordance with JEDEC JESD22-A113F 
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The Future of Analog IC Technology



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 
100µA 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 
SOIC8E package. 



FEATURES 



 Wide 4.5V to 28V Operating Input Range 
 Programmable Switching Frequency from 



100kHz to 1.5MHz 
 High-Efficiency Pulse Skipping Mode for 



Light Load 
 Ceramic Capacitor Stable 
 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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ORDERING INFORMATION 



* For Tape & Reel, add suffix –Z (e.g. MP1584EN–Z);  



For RoHS Compliant Packaging, add suffix –LF. (e.g. MP1584EN–LF–Z) 



PACKAGE REFERENCE 



SW



EN



COMP



FB



BST



VIN



FREQ



GND



1



2



3



4



8



7



6



5



TOP VIEW



 



ABSOLUTE MAXIMUM RATINGS (1) 
Supply Voltage (VIN) ..................... –0.3V to +30V 
Switch Voltage (VSW) ............ –0.3V to VIN + 0.3V  
BST to SW ..................................... –0.3V to +6V 
All Other Pins ................................. –0.3V to +6V 
Continuous Power Dissipation      (TA = 
+25°C)(2) 
  ............................................................. 2.5W 
Junction Temperature ............................... 150C 
Lead Temperature .................................... 260C 
Storage Temperature .............. –65°C to +150C 



Recommended Operating Conditions 
(3)



 
Supply Voltage VIN ........................... 4.5V to 28V 
Output Voltage VOUT ......................... 0.8V to 25V 



Operating Junct. Temp (TJ) ..... –20C to +125C 



Thermal Resistance (4) θJA θJC 
SOIC8E .................................. 50 ...... 10 ... C/W 



Notes: 
1) Exceeding these ratings may damage the device. 
2) The maximum allowable power dissipation is a function of the 



maximum junction temperature TJ(MAX),  the junction-to-
ambient thermal resistance θJA, and the ambient temperature 
TA.  The maximum allowable continuous power dissipation at 
any ambient temperature is calculated by PD(MAX)=(TJ(MAX)-
TA)/  θJA. 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. 



3) The device is not guaranteed to function outside of its 
operating conditions. 



4) Measured on JESD51-7, 4-layer PCB. 



Part Number* Package Top Marking Free Air Temperature (TA) 



MP1584EN SOIC8E MP1584EN –20C to +85C 
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ELECTRICAL CHARACTERISTICS 
VIN = 12V, VEN = 2.5V, VCOMP = 1.4V, TA= +25C, unless otherwise noted. 



Parameter Symbol Condition Min Typ Max Units



Feedback Voltage  VFB 4.5V < VIN < 28V 0.776 0.8 0.824 V 



Upper Switch On Resistance RDS(ON) VBST – VSW = 5V  150  mΩ 



Upper Switch Leakage  VEN = 0V, VSW = 0V, VIN = 28V  1  μA 



Current Limit   4.0 4.7  A 



COMP to Current Sense 
Transconductance 



GCS   9  A/V 



Error Amp Voltage Gain (5)    200  V/V 



Error Amp Transconductance  ICOMP = ±3µA 40 60 80 µA/V 



Error Amp Min Source current  VFB = 0.7V  5  µA 



Error Amp Min Sink current  VFB = 0.9V  –5  µA 



VIN UVLO Threshold   2.7 3.0 3.3 V 



VIN UVLO Hysteresis    0.35  V 



Soft-Start Time (5)  0V < VFB < 0.8V  1.5  ms 



Oscillator Frequency  RFREQ = 100kΩ  900  kHz 



Shutdown Supply Current  VEN = 0V  12 20 µA 



Quiescent Supply Current  No load, VFB = 0.9V  100 125 µA 



Thermal Shutdown    150  C 



Thermal Shutdown Hysteresis    15  C 



Minimum Off Time (5)    100  ns 



Minimum On Time (5)    100  ns 



EN Up Threshold   1.35 1.5 1.65 V 



EN Hysteresis    300  mV 



Note: 
5) Guaranteed by design. 
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PIN FUNCTIONS 
SOIC 
Pin # 



Name Description 



1 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. 



2 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. 



3 COMP 
Compensation. This node is the output of the error amplifier. Control loop frequency 
compensation is applied to this pin. 



4 FB 
Feedback. This is the input to the error amplifier. The output voltage is set by a resistive divider 
connected between the output and GND which scales down VOUT equal to the internal +0.8V 
reference. 



5 
GND 



Exposed 
Pad 



Ground. It should be connected as close as possible to the output capacitor to shorten the high 
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.  



7 VIN 
Input Supply. This supplies power to all the internal control circuitry, both BS regulators and the 
high-side switch. A decoupling capacitor to ground must be placed close to this pin to minimize 
switching spikes. 



8 BST 
Bootstrap. This is the positive power supply for the internal floating high-side MOSFET driver. 
Connect a bypass capacitor between this pin and SW pin. 
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TYPICAL PERFORMANCE CHARACTERISTICS 
VIN = 12V, VOUT=5V, C1 = 10µF, C2 = 22µF, L1= 10µH, TA = +25C, unless otherwise noted. 
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TYPICAL PERFORMANCE CHARACTERISTICS (continued) 
VIN = 12V, C1 = 10µF, C2 = 22µF, L1 = 10µH, fSW=500kHz, and TA = +25C, unless otherwise noted. 
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BLOCK DIAGRAM 



--



+



--



+



1.5ms SS



Gm Error Amp



SS



2.6V



5V



ISW



COMP



ISW



VIN



BST



SW



GND FREQCOMP



FB



EN



SS
0V8



REFERENCE UVLO/
THERMAL 



SHUTDOWN



INTERNAL
REGULATORS



OSCILLATOR



--
+



SW



--
+



Level
Shift



CLK



VOUT



VIN



VOUT



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. 
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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 1µA current source so it is enabled. 
To pull it down, 1µA 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 VOUT so the difference between 
VIN and VOUT can be used to charge the 
bootstrap capacitor. 
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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 20µA. Make sure the bleeding current 
at the SW node is higher than this value, such 
that: 



A20
)2R1R(



V
I O
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
  



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 
50µs 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, Rfreq from the FREQ pin to 
ground. The value of Rfreq can be calculated 
from: 



 freq 1.1



s



180000
R (k )



f (kHz)
   
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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: 



2R1R



2R
VV OUTFB 



  



Thus the output voltage is: 



2R



)2R1R(
VV FBOUT




  



About 20µA 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 40KΩ.  A typical 
value for R2 can be 40.2kΩ. With this value, R1 
can be determined by: 



)k)(8.0V(25.501R OUT   



For example, for a 3.3V output voltage, R2 is 
40.2kΩ, and R1 is 127kΩ. 



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: 
























IN



OUT



LS



OUT



V



V
1



ΔIf



V
1L  



Where VOUT is the output voltage, VIN is the input 
voltage, fS is the switching frequency, and ΔIL is 
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: 
























IN



OUT



S



OUT
LOADLP V



V
1



1Lf2



V
II  



Where ILOAD is 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 – 3A, 1.5MHz, 28V STEP-DOWN CONVERTER 



 



MP1584 Rev. 1.0 www.MonolithicPower.com 11 
8/8/2011 MPS Proprietary Information. Unauthorized Photocopy and Duplication Prohibited. 
 © 2011 MPS. All Rights Reserved. 



Table 1—Inductor Selection Guide



Part Number Inductance (µH) Max DCR (Ω) Current Rating (A) 
Dimensions 



L x W x H (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 
lists example Schottky diodes and 
manufacturers. 



Table 2—Diode Selection Guide 



Diodes 
Voltage/ 
Current 
Rating 



Manufacturer 



B340A-13-F 40V, 3A Diodes Inc. 
CMSH3-40MA 40V, 3A Central Semi 



 



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 
with RMS current rating greater than half of the 
maximum load current.  
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The input capacitor (C1) can be electrolytic, 
tantalum or ceramic. When using electrolytic or 
tantalum capacitors, a small, high quality 
ceramic capacitor, i.e. 0.1μF, 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: 
























IN



OUT



IN



OUT



S



LOAD
IN V



V
1



V



V



1Cf



I
V  



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: 








































2Cf8



1
R



V



V
1



Lf



V
V



S
ESR



IN



OUT



S



OUT
OUT  



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: 





















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OUT
2



S



OUT
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V
1
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V
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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: 



ESR
IN



OUT



S



OUT
OUT R



V



V
1



Lf



V
ΔV 



















  



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: 



OUT



FB
VEACSLOADVDC V



V
AGRA   



Where AVEA is the error amplifier voltage gain, 
200V/V; GCS is the current sense 
transconductance, 9A/V; RLOAD 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: 



VEA



EA
1P A3C2



G
f




  



LOAD
2P R2C2



1
f




  



Where, GEA is the error amplifier 
transconductance, 60μA/V. 



The system has one zero of importance, due to 
the compensation capacitor (C3) and the 
compensation resistor (R3). This zero is located 
at: 



3R3C2



1
f 1Z 



  



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: 



ESR
ESR R2C2



1
f




  
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In this case (as shown in Figure 2), a third pole 
set by the compensation capacitor (C6) and the 
compensation resistor (R3) is used to 
compensate the effect of the ESR zero on the 
loop gain. This pole is located at: 



3R6C2



1
f 3P 



  



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 



VOUT 
(V) 



L (µH) 
C2 



(µF) 
R3 



(kΩ) 
C3 



(pF) 
C6 



1.8 4.7 47 105 100 None 



2.5 4.7 - 6.8 22 54.9 220 None 



3.3 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.  



1. Choose the compensation resistor (R3) to set 
the desired crossover frequency. Determine the 
R3 value by the following equation: 



FB



OUT



CSEA



C



V



V



GG



f2C2
3R 








  



Where fC is 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: 



Cf3R2



4
3C








 



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: 



2



f



R2C2



1 S



ESR








 



If this is the case, then add the second 
compensation capacitor (C6) to set the pole fP3 



at the location of the ESR zero. Determine the 
C6 value by the equation: 



3R



R2C
6C ESR
  
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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 (XL) 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. 



MP1584



SW



BS



5V



 



Figure 2—External Bootstrap Diode 



This diode is also recommended for high duty 
cycle operation (when VOUT /VIN >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 VIN –VOUT 
should be greater than 3V. For example, if the 
VOUT is set to 3.3V, the VIN 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 – 3A, 1.5MHz, 28V STEP-DOWN CONVERTER 



 



MP1584 Rev. 1.0 www.MonolithicPower.com 15 
8/8/2011 MPS Proprietary Information. Unauthorized Photocopy and Duplication Prohibited. 
 © 2011 MPS. All Rights Reserved. 



TYPICAL APPLICATION CIRCUITS 
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Figure 3—1.8V Output Typical Application Schematic 
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Figure 4—5V Output Typical Application Schematic 
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PCB LAYOUT GUIDE 



PCB layout is very important to achieve stable 
operation. It is highly recommended to duplicate 
EVB layout for optimum performance.  



If change is necessary, please follow these 
guidelines and take Figure 5 for reference. 



1) Keep the path of switching current short and 
minimize the loop area formed by Input cap, 
high-side MOSFET and external switching 
diode.  



2) Bypass ceramic capacitors are suggested to 
be put close to the VIN Pin.  



3) Ensure all feedback connections are short 
and direct. Place the feedback resistors and 
compensation components as close to the 
chip as possible. 



4) Route SW away from sensitive analog areas 
such as FB. 



5) Connect IN, SW, and especially GND 
respectively to a large copper area to cool 
the chip to improve thermal performance and 
long-term reliability. 
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MP1584 Typical Application Circuit 



 



Top Layer Bottom Layer 



Figure 5―MP1584 Typical Application Circuit and PCB Layout Guide
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Product Features
 Long-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× 14.4mm× 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
ANT2 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 80μa, 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



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 I/O 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
1N4007 diode
should be connected
in series when the
power voltage is
greater than 4.5V, to
avoid heating of
built-in LDO of
module.)



2 GND Common ground











3 RXD Input, weak
pull-up



URAT input port,
TTL level; 1k
resistance has been
connected in series
inside



4 TXD Output URAT output port,
TTL level; 1k
resistance has been
connected in series
inside



5 SET Input, internal 10k
pull-up resistance



Parameter setting
control pin, valid for
low level; 1k
resistance has been
connected in series
inside



6 ANT Input/output 433MHz antenna pin
7 GND Common ground
8 GND Common ground
9 NC No connection, used



in fixing, compatible
with HC-11 module
pin position



ANT1 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











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), CH001 (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



MCU, PC and other device



Wired



MCU, PC and other device



MCU, PC and other deviceMCU, PC and other device



Module replaces wire and becomes wireless
communication



Half-duplex



HC-12 module HC-12 module











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
al
port
bau
d
rate



1,200b
ps



2,400b
ps



4,800b
ps



9,600b
ps



19,200b
ps



38,400b
ps



57,600b
ps



115,200b
ps



Bau
d
rate
in
the
air



5,000bps 15,000bps 58,000bps 236,000bps



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
the air



5,000bps 15,000bps 58,000bps 236,000bps



Wireless
receiving
sensitivity



-117dBm -112dBm -107dBm -100dBm



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
80μA. 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 80μA 16mA Average value
Transmission
time delay



15-25mS 500mS 4-80mS Sending one byte



Loopback
test time
delay 1



31mS Serial port baud rate
9,600, sending one byte



Loopback
test time
delay 2



31mS Serial port baud rate
9,600, sending ten bytes



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
①. AT
Test command.











e.g.:
Send “AT” command to module, and the module returns “OK”.



②AT+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”.



③AT+Cxxxx
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.



④AT+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”.



⑤AT+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
power of
module
(dBm)



-1 2 5 8 11 14 17 20











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.



⑥AT+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.



⑦AT+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)



⑧AT+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+U8O1” to module, and the module returns “OK+U8O1”.



⑨AT+V
Inquire firmware version information of module.
e.g.:
Send “AT+V” command to module, and the module returns “HC-12_V1.1”.











⑩AT+SLEEP
After receiving the command, the module enters sleep mode after exiting from AT, the
working current is about 22μA, 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”.



⑾AT+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.



⑿AT+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 Zerø-Drift, Bidirectional Current/Power Monitor With I2C Interface
1 Features 3 Description



The INA219 is a current shunt and power monitor
1• Senses Bus Voltages from 0 to 26 V



with an I2C- or SMBUS-compatible interface. The• Reports Current, Voltage, and Power device monitors both shunt voltage drop and bus
• 16 Programmable Addresses supply voltage, with programmable conversion times



and filtering. A programmable calibration value,• High Accuracy: 0.5% (Maximum) Over
combined with an internal multiplier, enables directTemperature (INA219B)
readouts of current in amperes. An additional• Filtering Options multiplying register calculates power in watts. The



• Calibration Registers I2C- or SMBUS-compatible interface features 16
programmable addresses.• SOT23-8 and SOIC-8 Packages
The INA219 is available in two grades: A and B. The2 Applications B grade version has higher accuracy and higher
precision specifications.• Servers



• Telecom Equipment The INA219 senses across shunts on buses that can
vary from 0 to 26 V. The device uses a single 3- to• Notebook Computers
5.5-V supply, drawing a maximum of 1 mA of supply• Power Management current. The INA219 operates from –40°C to 125°C.



• Battery Chargers
Device Information(1)• Welding Equipment



PART NUMBER PACKAGE BODY SIZE (NOM)• Power Supplies
SOIC (8) 3.91 mm × 4.90 mm• Test Equipment INA219
SOT-23 (8) 1.63 mm × 2.90 mm



(1) For all available packages, see the orderable addendum at
the end of the data sheet.



Simplified Schematic



1



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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characterized .......................................................................................................................................................................... 6
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• Updated Packaging Information table .................................................................................................................................... 3



2 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.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOS448G&partnum=INA219


http://www.ti.com/product/ina219?qgpn=ina219








1



2



3



4



8



7



6



5



IN+



IN–



GND



V
S



A1



A0



SDA



SCL



1



2



3



4



8



7



6



5



A1



A0



SDA



SCL



IN+



IN–



GND



V
S



INA219
www.ti.com SBOS448G –AUGUST 2008–REVISED DECEMBER 2015



5 Related Products



DEVICE DESCRIPTION



INA209 Current/power monitor with watchdog, peak-hold, and fast comparator functions



INA210, INA211, INA212, INA213, INA214 Zerø-drift, low-cost, analog current shunt monitor series in small package



6 Pin Configuration and Functions



DCN Package
D Package8-Pin SOT-23
8-Pin SOICTop View
Top View



Pin Functions
PIN



I/O DESCRIPTION
NAME SOT-23 SOIC



AnalogIN+ 1 8 Positive differential shunt voltage. Connect to positive side of shunt resistor.Input
Analog Negative differential shunt voltage. Connect to negative side of shunt resistor. Bus voltage isIN– 2 7 Input measured from this pin to ground.



GND 3 6 Analog Ground
VS 4 5 Analog Power supply, 3 to 5.5 V



DigitalSCL 5 4 Serial bus clock lineInput
DigitalSDA 6 3 Serial bus data lineI/O
DigitalA0 7 2 Address pin. Table 1 shows pin settings and corresponding addresses.Input
DigitalA1 8 1 Address pin. Table 1 shows pin settings and corresponding addresses.Input
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7 Specifications



7.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted) (1)



MIN MAX UNIT
VS Supply voltage 6 V



Differential (VIN+ – VIN–) (2) –26 26 VAnalog Inputs
IN+, IN– Common-mode(VIN+ + VIN–) / 2 -0.3 26 V
SDA GND – 0.3 6 V
SCL GND – 0.3 VS + 0.3 V
Input current into any pin 5 mA
Open-drain digital output current 10 mA
Operating temperature –40 125 °C
TJ 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 VIN– 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 (1) ±4000
ElectrostaticV(ESD) Charged device model (CDM), per JEDEC specification JESD22-C101, all pins (2) ±750 Vdischarge



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
VCM 12 V
V S 3.3 V
TA –25 85 ºC



7.4 Thermal Information
INA219



THERMAL METRIC (1) D (SOIC) DCN (SOT) UNIT
8 PINS 8 PINS



RθJA Junction-to-ambient thermal resistance 111.3 135.4 °C/W
RθJC(top) Junction-to-case (top) thermal resistance 55.9 68.1 °C/W
RθJB Junction-to-board thermal resistance 52 48.9 °C/W
ψJT Junction-to-top characterization parameter 10.7 9.9 °C/W
ψJB Junction-to-board characterization parameter 51.5 48.4 °C/W
RθJC(bot) Junction-to-case (bottom) thermal resistance N/A N/A °C/W



(1) For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application
report, SPRA953.
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7.5 Electrical Characteristics:
At TA = 25°C, VS = 3.3 V, VIN+ = 12V, VSHUNT = (VIN+ – VIN–) = 32 mV, PGA = /1, and BRNG (1) = 1, unless otherwise noted.



INA219A INA219B
PARAMETER TEST CONDITIONS UNIT



MIN TYP MAX MIN TYP MAX



INPUT



PGA = /1 0 ±40 0 ±40 mV



PGA = /2 0 ±80 0 ±80 mVFull-scale current sense (input) voltageVSHUNT range PGA = /4 0 ±160 0 ±160 mV



PGA = /8 0 ±320 0 ±320 mV



BRNG = 1 0 32 0 32 V
Bus voltage (input voltage) range (2)



BRNG = 0 0 16 0 16 V



CMRR Common-mode rejection VIN+ = 0 to 26 V 100 120 100 120 dB



PGA = /1 ±10 ±100 ±10 ±50 (4) μV



PGA = /2 ±20 ±125 ±20 ±75 (4) μV
Offset voltage, RTI (3)



VOS PGA = /4 ±30 ±150 ±30 ±75 (4) μV



PGA = /8 ±40 ±200 ±40 ±100 (4) μV



vs Temperature TA = –25°C to 85°C 0.1 0.1 μV/°C



PSRR vs Power Supply VS = 3 to 5.5 V 10 10 μV/V



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 μA



IN– pin input bias current || VIN– pin input μA ||Active mode 20 || 320 20 || 320impedance kΩ



IN+ pin input leakage (5) Power-down mode 0.1 ±0.5 0.1 ±0.5 μA



IN– pin input leakage (5) Power-down mode 0.1 ±0.5 0.1 ±0.5 μA



DC ACCURACY



ADC basic resolution 12 12 bits



Shunt voltage, 1 LSB step size 10 10 μV



Bus voltage, 1 LSB step size 4 4 mV



±0.3% (
Current measurement error ±0.2% ±0.5% ±0.2% 4)



±0.5% (
over Temperature TA = –25°C to 85°C ±1% 4)



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 μs



11 bit 276 304 276 304 μs
ADC conversion time



10 bit 148 163 148 163 μs



9 bit 84 93 84 93 μs



Minimum convert input low time 4 4 μs



SMBus



SMBus timeout (6) 28 35 28 35 ms



DIGITAL INPUTS (SDA as Input, SCL, A0, A1)



Input capacitance 3 3 pF



Leakage input current 0 ≤ VIN ≤ VS 0.1 1 0.1 1 μA



VIH input logic level 0.7 (VS) 6 0.7 (VS) 6 V



VIL input logic level –0.3 0.3 (VS) –0.3 0.3 (VS) V



(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 TA = 25°C, VS = 3.3 V, VIN+ = 12V, VSHUNT = (VIN+ – VIN–) = 32 mV, PGA = /1, and BRNG(1) = 1, unless otherwise noted.



INA219A INA219B
PARAMETER TEST CONDITIONS UNIT



MIN TYP MAX MIN TYP MAX



Hysteresis 500 500 mV



OPEN-DRAIN DIGITAL OUTPUTS (SDA)



Logic 0 output level ISINK = 3 mA 0.15 0.4 0.15 0.4 V



High-level output leakage current VOUT = VS 0.1 1 0.1 1 μA



POWER SUPPLY



Operating supply range 3 5.5 3 5.5 V



Quiescent current 0.7 1 0.7 1 mA



Quiescent current, power-down mode 6 15 6 15 μA



Power-on reset threshold 2 2 V



7.6 Bus Timing Diagram Definitions (1)



FAST MODE HIGH-SPEED MODE
UNIT



MIN MAX MIN MAX
ƒ(SCL) SCL operating frequency 0.001 0.4 0.001 2.56 MHz



Bus free time between STOP and STARTt(BUF) 1300 160 nscondition
Hold time after repeated START condition.t(HDSTA) 600 160 nsAfter this period, the first clock is generated.



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 90 ns
t(SUDAT) Data setup time 100 10 ns
t(LOW) SCL clock LOW period 1300 250 ns
t(HIGH) SCL clock HIGH period 600 60 ns
tF DA Data fall time 300 150 ns
tFCL 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.



Figure 1. Bus Timing Diagram
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7.7 Typical Characteristics
At TA = 25°C, VS = 3.3 V, VIN+ = 12 V, VSHUNT = (VIN+ – VIN–) = 32 mV, PGA = /1, and BRNG = 1, unless otherwise noted.



Figure 2. Frequency Response Figure 3. ADC Shunt Offset vs Temperature



Figure 4. ADC Shunt Gain Error vs Temperature Figure 5. ADC Bus Voltage Offset vs Temperature



Figure 7. Integral Nonlinearity vs Input VoltageFigure 6. ADC Bus Gain Error vs Temperature
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Typical Characteristics (continued)
At TA = 25°C, VS = 3.3 V, VIN+ = 12 V, VSHUNT = (VIN+ – VIN–) = 32 mV, PGA = /1, and BRNG = 1, unless otherwise noted.



Figure 8. Input Currents With Large Differential Figure 9. Active IQ vs Temperature
Voltages(VIN+ at 12 V, Sweep Of VIN–)



Figure 10. Shutdown IQ vs Temperature Figure 11. Active IQ vs I2C Clock Frequency



Figure 12. Shutdown IQ vs I2C Clock Frequency
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8 Detailed Description



8.1 Overview
The INA219 is a digital current sense amplifier with an I2C- 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



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 μs. 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.
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Feature Description (continued)



Figure 13. INA219 Configured for Shunt and Bus Voltage Measurement



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 (ΔΣ) 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 μF. Figure 14
shows the INA219 with an additional filter added at the input.



Figure 14. INA219 With Input Filtering



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-Ω 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 (RSHUNT) present 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 RSHUNT 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.



where
• 0.04096 is an internal fixed value used to ensure scaling is maintained properly (1)



(2)



(3)



Shunt voltage is calculated by multiplying the Shunt Voltage Register contents with the Shunt Voltage LSB of 10
µV.



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 BD0 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.



(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.



(5)
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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.



(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 I2C and SMBus interfaces. The I2C and SMBus protocols are
essentially compatible with one another.



The I2C 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 A1. Table 1 describes the pin logic levels for each of the 16 possible
addresses. The state of pins A0 and A1 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
A1 A0 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 I2C bus and SMBus. Connections to the bus are made
through the open-drain I/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 register pointer 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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Figure 15. Timing Diagram for Write Word Format



Figure 16. Timing Diagram for Read Word Format
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Figure 17. Timing Diagram for SMBus Alert



Figure 18. Typical Register Pointer Set



8.5.6.1 High-Speed I2C 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 (1) 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 I2C
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 μs after completion of the write command. Therefore, a 4-μs 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 RESETADDRESS REGISTER NAME FUNCTION TYPE (1)



HEX BINARY HEX
All-register reset, settings for bus



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 (2) Power measurement data. 00000000 00000000 0000 R



Contains the value of the current flowing04 Current (2) 00000000 00000000 0000 Rthrough the shunt resistor.
Sets full-scale range and LSB of current



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 I2C 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 MODERST — BRNG PG1 PG0 4 3 2 1 4 3 2 1 3 2 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



Table 3. Bit Descriptions



RST: Reset Bit
Bit 15 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.
BRNG: Bus Voltage Range
Bit 13 0 = 16V FSR



1 = 32V FSR (default value)
PG: PGA (Shunt Voltage Only)
Bits 11, 12 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 (1)



PG1 PG0 GAIN Range
0 0 1 ±40 mV
0 1 /2 ±80 mV
1 0 /4 ±160 mV
1 1 /8 ±320 mV



(1) Shaded values are default.



BADC: BADC Bus ADC Resolution/Averaging
Bits 7–10 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 number 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 (1)



ADC4 ADC3 ADC2 ADC1 Mode/Samples Conversion Time
0 X (2) 0 0 9 bit 84 μs
0 X (2) 0 1 10 bit 148 μs
0 X (2) 1 0 11 bit 276 μs
0 X (2) 1 1 12 bit 532 μs
1 0 0 0 12 bit 532 μs
1 0 0 1 2 1.06 ms
1 0 1 0 4 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't care



MODE: Operating Mode
Bits 0–2 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 (1)



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, VSHUNT. 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 numbers 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 VSHUNT = –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 VSHUNT = +320 mV, Value = 7D00h; For VSHUNT
= –320 mV, Value = 8300h; and LSB = 10µV.



Figure 20. Shunt Voltage Register at PGA = /8



15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
SD14_ SD13_ SD12_ SD11_ SD10_SIGN SD9_8 SD8_8 SD7_8 SD6_8 SD5_8 SD4_8 SD3_8 SD2_8 SD1_8 SD0_88 8 8 8 8



At PGA = /4, full-scale range = ±160 mV (decimal = 16000). For VSHUNT = +160 mV, Value = 3E80h; For VSHUNT
= –160 mV, Value = C180h; and LSB = 10µV.



Figure 21. Shunt Voltage Register at PGA = /4



15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
SD13_ SD12_ SD11_ SD10_SIGN SIGN SD9_4 SD8_4 SD7_4 SD6_4 SD5_4 SD4_4 SD3_4 SD2_4 SD1_4 SD0_44 4 4 4



At PGA = /2, full-scale range = ±80 mV (decimal = 8000). For VSHUNT = +80 mV, Value = 1F40h; For VSHUNT =
–80 mV; Value = E0C0h; and LSB = 10µV.



Figure 22. Shunt Voltage Register at PGA = /2



15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
SD12_ SD11_ SD10_SIGN SIGN SIGN SD9_2 SD8_2 SD7_2 SD6_2 SD5_2 SD4_2 SD3_2 SD2_2 SD1_2 SD0_22 2 2



At PGA = /1, full-scale range = ±40 mV (decimal = 4000). For VSHUNT = +40 mV, Value = 0FA0h; For VSHUNT =
–40 mV, Value = F060h; and LSB = 10µV.



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 SD9_1 SD8_1 SD7_1 SD6_1 SD5_1 SD4_1 SD3_1 SD2_1 SD1_1 SD0_11 1
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Table 7. Shunt Voltage Register Format (1)



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 0111 1100 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 1111 1111 1111 1111 1111 1111 1111 1111 1111 1111 1111 1111 1111 1111 1111 1111



–0.02 –2 1111 1111 1111 1110 1111 1111 1111 1110 1111 1111 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, VBUS.



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 BD9 BD8 BD7 BD6 BD5 BD4 BD3 BD2 BD1 BD0 — CNVR OVF



At full-scale range = 16 V (decimal = 4000, hex = 0FA0), 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 PD4 PD3 PD2 PD1 PD0
R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0



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 CD14 CD13 CD12 CD11 CD10 CD9 CD8 CD7 CD6 CD5 CD4 CD3 CD2 CD1 CD0



R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0
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 FS0 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 (1)



15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
FS15 FS14 FS13 FS12 FS11 FS10 FS9 FS8 FS7 FS6 FS5 FS4 FS3 FS2 FS1 FS0
R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R-0
LEGEND: R/W = Read/Write; R = Read only; -n = value after reset



(1) FS0 is a void bit and will always be 0. It is not possible to write a 1 to FS0. CALIBRATION is the value stored in FS15:FS1.



24 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.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOS448G&partnum=INA219


http://www.ti.com/product/ina219?qgpn=ina219








CBYPASS



0.1 F
(typical)



m



Supply Voltage
(INA219 Power Supply Range is
3V to 5.5V)



Data (SDA)



Clock (SCL)



´ Power Register



Current Register I C
Interface



2



Voltage Register



VIN+



RF1 RF2



RPULLUP



3.3k
(typical)



W



RPULLUP



3.3k
(typical)



W
VIN-



ADCPGA



INA219



GND



Power Bus
(0V to 26V)



Load



CF



A0



A1



SDA



SCL



RSHUNT



INA219
www.ti.com SBOS448G –AUGUST 2008–REVISED DECEMBER 2015



9 Application and Implementation



NOTE
Information in the following applications sections is not part of the TI component
specification, and TI 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 I2C- 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-μF ceramic capacitor for power-supply
bypassing, placed as closely as possible to the supply and ground pins.



The input filter circuit consisting of RF1, RF2, and CF is not necessary in most applications. If the need for filtering
is unknown, reserve board space for the components and install 0-Ω resistors for RF1 and RF2 and leave CF
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 I2C or SMBus
specification to determine the acceptable minimum or maximum values and also refer to the Specifications for
Output Current Limitations.



Figure 28. Typical Application Circuit



9.2.1 Design Requirements
The INA219 measures the voltage across a current-sensing resistor (RSHUNT) 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 mΩ, 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-mΩ 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 µA/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.



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 × 10–3(20 times 1 ×
10–3 current LSB using Equation 3), results in a power calculation of 5990 × 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 (1)



REGISTER NAME ADDRESS CONTENTS ADJ DEC LSB VALUE
Configuration 00h 019Fh



Shunt 01h 07D0h 2000 10 µV 20 mV
Bus 02h 5D98h 0BB3 2995 4 mV 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, VCM = 12 V, RSHUNT = 2 mΩ, VSHUNT FSR = 40 mV, and VBUS = 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 VS 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 μF. 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



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 TI specifications and do not necessarily reflect TI's views; see TI'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
These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
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
(1)



Package Type Package
Drawing



Pins Package
Qty



Eco Plan
(2)



Lead/Ball Finish
(6)



MSL Peak Temp
(3)



Op Temp (°C) Device Marking
(4/5)



Samples



INA219AID ACTIVE SOIC D 8 75 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-1-260C-UNLIM -40 to 125 I219A



INA219AIDCNR ACTIVE SOT-23 DCN 8 3000 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-2-260C-1 YEAR -40 to 125 A219



INA219AIDCNT ACTIVE SOT-23 DCN 8 250 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-2-260C-1 YEAR -40 to 125 A219



INA219AIDCNTG4 ACTIVE SOT-23 DCN 8 250 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-2-260C-1 YEAR -40 to 125 A219



INA219AIDR ACTIVE SOIC D 8 2500 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-1-260C-UNLIM -40 to 125 I219A



INA219BID ACTIVE SOIC D 8 75 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-1-260C-UNLIM -40 to 125 I219B



INA219BIDCNR ACTIVE SOT-23 DCN 8 3000 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-2-260C-1 YEAR -40 to 125 B219



INA219BIDCNT ACTIVE SOT-23 DCN 8 250 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-2-260C-1 YEAR -40 to 125 B219



INA219BIDR ACTIVE SOIC D 8 2500 Green (RoHS
& no Sb/Br)



CU NIPDAU Level-1-260C-UNLIM -40 to 125 I219B



 
(1) The marketing status values are defined as follows:
ACTIVE: Product device recommended for new designs.
LIFEBUY: TI 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 TI 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: TI has discontinued the production of the device.



 
(2) RoHS:  TI 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. TI may
reference these types of products as "Pb-Free".
RoHS Exempt: TI defines "RoHS Exempt" to mean products that contain lead but are compliant with EU RoHS pursuant to a specific EU RoHS exemption.
Green: TI 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.



 
(3) MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.
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(4) There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.



 
(5) 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.



 
(6) Lead/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 TI's knowledge and belief as of the date that it is provided. TI 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. TI 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.
TI 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 TI part(s) at issue in this document sold by TI to Customer on an annual basis.



 











TAPE AND REEL INFORMATION



*All dimensions are nominal



Device Package
Type



Package
Drawing



Pins SPQ Reel
Diameter



(mm)



Reel
Width



W1 (mm)



A0
(mm)



B0
(mm)



K0
(mm)



P1
(mm)



W
(mm)



Pin1
Quadrant



INA219AIDCNR SOT-23 DCN 8 3000 179.0 8.4 3.2 3.2 1.4 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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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 JESD48, 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 TI has qualified and released to market. Additional terms may apply to the use or sale of other types of TI products and
services.
Reproduction of significant portions of TI information in TI data sheets is permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations, and notices. TI is not responsible or liable for such reproduced
documentation. Information of third parties may be subject to additional restrictions. Resale of TI products or services with statements
different from or beyond the parameters stated by TI 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. TI is not responsible or liable for any such statements.
Buyers and others who are developing systems that incorporate TI 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 TI 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 TI 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 TI products; by downloading, accessing or using TI 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 TI Resources does not expand or otherwise alter TI’s applicable published warranties or warranty disclaimers for TI
products, and no additional obligations or liabilities arise from TI providing such TI Resources. TI reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources. TI 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 TI 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 IS” 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 TI 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 TI HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.
Unless TI has explicitly designated an individual product as meeting the requirements of a particular industry standard (e.g., ISO/TS 16949
and ISO 26262), TI 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 TI 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.g., 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 III devices and equivalent classifications outside the U.S.
TI 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
requirements in connection with such selection.
Designer will fully indemnify TI 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.
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1. General description



The PCA9685 is an I2C-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 at 5 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.
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NXP Semiconductors PCA9685
16-channel, 12-bit PWM Fm+ I2C-bus LED controller


The active LOW Output Enable input pin (OE) 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 I2C-bus addresses allow all or 
defined groups of PCA9685 devices to respond to a common I2C-bus address, allowing 
for example, all red LEDs to be turned on or off at the same time or marquee chasing 
effect, thus minimizing I2C-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 I2C-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



 16 LED drivers. Each output programmable at:



 Off



 On



 Programmable LED brightness



 Programmable LED turn-on time to help reduce EMI



 1 MHz Fast-mode Plus compatible I2C-bus interface with 30 mA high drive capability 
on SDA output for driving high capacitive buses



 4096-step (12-bit) linear programmable brightness per LED output varying from fully 
off (default) to maximum brightness



 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.)



 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.



 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’).



 Active LOW Output Enable (OE) input pin. LEDn outputs programmable to logic 1, 
logic 0 (default at power-up) or ‘high-impedance’ when OE is HIGH.



 6 hardware address pins allow 62 PCA9685 devices to be connected to the same 
I2C-bus



 Toggling OE allows for hardware LED blinking



 4 software programmable I2C-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 I2C-bus can be addressed at the same time and the second register used for three 
different addresses so that 1⁄3 of all devices on the bus can be addressed at the same 
time in a group). Software enable and disable for these I2C-bus address.



 Software Reset feature (SWRST General Call) allows the device to be reset through 
the I2C-bus
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NXP Semiconductors PCA9685
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 2.3 V to 5.5 V



 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



3. Applications



 RGB or RGBA LED drivers



 LED status information



 LED displays



 LCD backlights



 Keypad backlights for cellular phones or handheld devices
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4. Ordering information



 



[1] PCA9685PW/Q900 is AEC-Q100 compliant. Contact i2c.support@nxp.com for PPAP.



4.1 Ordering options
 



Table 1. Ordering information



Type number Topside mark Package



Name Description Version



PCA9685PW PCA9685PW TSSOP28 plastic thin shrink small outline package; 
28 leads; body width 4.4 mm



SOT361-1



PCA9685PW/Q900[1] PCA9685PW TSSOP28 plastic thin shrink small outline package; 
28 leads; body width 4.4 mm



SOT361-1



PCA9685BS P9685 HVQFN28 plastic thermal enhanced very thin quad flat 
package; no leads; 28 terminals; 
body 6  6  0.85 mm



SOT788-1



Table 2. Ordering options



Type number Orderable 
part number



Package Packing method Minimum 
order 
quantity



Temperature



PCA9685PW PCA9685PW,118 TSSOP28 REEL 13" Q1/T1 
*STANDARD MARK 
SMD



2500 Tamb = 40 C to +85 C



PCA9685PW/Q900 PCA9685PW/Q900,118 TSSOP28 REEL 13" Q1/T1 
*STANDARD MARK 
SMD



2500 Tamb = 40 C to +85 C



PCA9685BS PCA9685BS,118 HVQFN28 REEL 13" Q1/T1 
*STANDARD MARK 
SMD



4000 Tamb = 40 C to +85 C
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5. Block diagram



 



Remark: Only one LED output shown for clarity.



Fig 1. Block diagram of PCA9685
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CONTROL
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REGISTER X
BRIGHTNESS
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MUX/
CONTROL
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'0' – permanently OFF
'1' – permanently ON



VDD



LEDn
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25 MHz
OSCILLATOR CLOCK
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6. Pinning information



6.1 Pinning
 



6.2 Pin description
 



Fig 2. Pin configuration for TSSOP28 Fig 3. Pin configuration for HVQFN28
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Table 3. Pin description



Symbol Pin Type Description



TSSOP28 HVQFN28



A0 1 26 I address input 0



A1 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



LED0 6 3 O LED driver 0



LED1 7 4 O LED driver 1



LED2 8 5 O LED driver 2



LED3 9 6 O LED driver 3



LED4 10 7 O LED driver 4



LED5 11 8 O LED driver 5



LED6 12 9 O LED driver 6



LED7 13 10 O LED driver 7



VSS 14 11[1] power supply supply ground



LED8 15 12 O LED driver 8



LED9 16 13 O LED driver 9



LED10 17 14 O LED driver 10



LED11 18 15 O LED driver 11
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[1] HVQFN28 package die supply ground is connected to both VSS pin and exposed center pad. VSS 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 I2C-bus slave address



The I2C-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 I2C-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



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 I active LOW output enable



A5 24 21 I address input 5



EXTCLK 25 22 I external clock input[2]



SCL 26 23 I serial clock line



SDA 27 24 I/O serial data line



VDD 28 25 power supply supply voltage



Table 3. Pin description …continued



Symbol Pin Type Description



TSSOP28 HVQFN28
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• PCA9564 (0000 000) or PCA9665 (1110 000) slave address which is active on 
start-up



• ‘reserved for future use’ I2C-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)



 



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 I2C-bus address



• Default power-up value (ALLCALLADR register): E0h or 1110 000X



• Programmable through I2C-bus (volatile programming)



• At power-up, LED All Call I2C-bus address is enabled. PCA9685 sends an ACK when 
E0h (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 I2C-bus address (E0h 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 I2C-bus will acknowledge the address if sent by the I2C-bus master.



7.1.3 LED Sub Call I2C-bus addresses



• 3 different I2C-bus addresses can be used



• Default power-up values: 



– SUBADR1 register: E2h or 1110 001X



– SUBADR2 register: E4h or 1110 010X



– SUBADR3 register: E8h or 1110 100X



• Programmable through I2C-bus (volatile programming)



• At power-up, Sub Call I2C-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 SUBADR3, I2C-bus subaddress 1 to 3” for more detail.



Remark: The default LED Sub Call I2C-bus addresses may be used as regular I2C-bus 
slave addresses as long as they are disabled.



Fig 4. Slave address



R/W



002aad168



1 A5 A4 A3 A2 A1 A0



hardware selectable



slave address



fixed
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7.1.4 Software Reset I2C-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 detail.



 



Remark: The Software Reset I2C-bus address is a reserved address and cannot be used 
as a regular I2C-bus slave address or as an LED All Call or LED Sub Call address.



7.2 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.



 



Fig 5. Software Reset address



0



002aab416



0 0 0 0 0 1 1



R/W



reset state = 00h



Remark: The Control register does not apply to the Software Reset I2C-bus address.



Fig 6. Control register



002aac826



D7 D6 D5 D4 D3 D2 D1 D0
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7.3 Register definitions
 



Table 4. Register summary



Register # 
(decimal)



Register # 
(hex)



D7 D6 D5 D4 D3 D2 D1 D0 Name Type Function



0 00 0 0 0 0 0 0 0 0 MODE1 read/write Mode register 1



1 01 0 0 0 0 0 0 0 1 MODE2 read/write Mode register 2



2 02 0 0 0 0 0 0 1 0 SUBADR1 read/write I2C-bus subaddress 1



3 03 0 0 0 0 0 0 1 1 SUBADR2 read/write I2C-bus subaddress 2



4 04 0 0 0 0 0 1 0 0 SUBADR3 read/write I2C-bus subaddress 3



5 05 0 0 0 0 0 1 0 1 ALLCALLADR read/write LED All Call I2C-bus 
address



6 06 0 0 0 0 0 1 1 0 LED0_ON_L read/write LED0 output and 
brightness control byte 0



7 07 0 0 0 0 0 1 1 1 LED0_ON_H read/write LED0 output and 
brightness control byte 1



8 08 0 0 0 0 1 0 0 0 LED0_OFF_L read/write LED0 output and 
brightness control byte 2



9 09 0 0 0 0 1 0 0 1 LED0_OFF_H read/write LED0 output and 
brightness control byte 3



10 0A 0 0 0 0 1 0 1 0 LED1_ON_L read/write LED1 output and 
brightness control byte 0



11 0B 0 0 0 0 1 0 1 1 LED1_ON_H read/write LED1 output and 
brightness control byte 1



12 0C 0 0 0 0 1 1 0 0 LED1_OFF_L read/write LED1 output and 
brightness control byte 2



13 0D 0 0 0 0 1 1 0 1 LED1_OFF_H read/write LED1 output and 
brightness control byte 3



14 0E 0 0 0 0 1 1 1 0 LED2_ON_L read/write LED2 output and 
brightness control byte 0



15 0F 0 0 0 0 1 1 1 1 LED2_ON_H read/write LED2 output and 
brightness control byte 1



16 10 0 0 0 1 0 0 0 0 LED2_OFF_L read/write LED2 output and 
brightness control byte 2



17 11 0 0 0 1 0 0 0 1 LED2_OFF_H read/write LED2 output and 
brightness control byte 3



18 12 0 0 0 1 0 0 1 0 LED3_ON_L read/write LED3 output and 
brightness control byte 0



19 13 0 0 0 1 0 0 1 1 LED3_ON_H read/write LED3 output and 
brightness control byte 1



20 14 0 0 0 1 0 1 0 0 LED3_OFF_L read/write LED3 output and 
brightness control byte 2



21 15 0 0 0 1 0 1 0 1 LED3_OFF_H read/write LED3 output and 
brightness control byte 3
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22 16 0 0 0 1 0 1 1 0 LED4_ON_L read/write LED4 output and 
brightness control byte 0



23 17 0 0 0 1 0 1 1 1 LED4_ON_H read/write LED4 output and 
brightness control byte 1



24 18 0 0 0 1 1 0 0 0 LED4_OFF_L read/write LED4 output and 
brightness control byte 2



25 19 0 0 0 1 1 0 0 1 LED4_OFF_H read/write LED4 output and 
brightness control byte 3



26 1A 0 0 0 1 1 0 1 0 LED5_ON_L read/write LED5 output and 
brightness control byte 0



27 1B 0 0 0 1 1 0 1 1 LED5_ON_H read/write LED5 output and 
brightness control byte 1



28 1C 0 0 0 1 1 1 0 0 LED5_OFF_L read/write LED5 output and 
brightness control byte 2



29 1D 0 0 0 1 1 1 0 1 LED5_OFF_H read/write LED5 output and 
brightness control byte 3



30 1E 0 0 0 1 1 1 1 0 LED6_ON_L read/write LED6 output and 
brightness control byte 0



31 1F 0 0 0 1 1 1 1 1 LED6_ON_H read/write LED6 output and 
brightness control byte 1



32 20 0 0 1 0 0 0 0 0 LED6_OFF_L read/write LED6 output and 
brightness control byte 2



33 21 0 0 1 0 0 0 0 1 LED6_OFF_H read/write LED6 output and 
brightness control byte 3



34 22 0 0 1 0 0 0 1 0 LED7_ON_L read/write LED7 output and 
brightness control byte 0



35 23 0 0 1 0 0 0 1 1 LED7_ON_H read/write LED7 output and 
brightness control byte 1



36 24 0 0 1 0 0 1 0 0 LED7_OFF_L read/write LED7 output and 
brightness control byte 2



37 25 0 0 1 0 0 1 0 1 LED7_OFF_H read/write LED7 output and 
brightness control byte 3



38 26 0 0 1 0 0 1 1 0 LED8_ON_L read/write LED8 output and 
brightness control byte 0



39 27 0 0 1 0 0 1 1 1 LED8_ON_H read/write LED8 output and 
brightness control byte 1



40 28 0 0 1 0 1 0 0 0 LED8_OFF_L read/write LED8 output and 
brightness control byte 2



41 29 0 0 1 0 1 0 0 1 LED8_OFF_H read/write LED8 output and 
brightness control byte 3



Table 4. Register summary …continued



Register # 
(decimal)



Register # 
(hex)



D7 D6 D5 D4 D3 D2 D1 D0 Name Type Function
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42 2A 0 0 1 0 1 0 1 0 LED9_ON_L read/write LED9 output and 
brightness control byte 0



43 2B 0 0 1 0 1 0 1 1 LED9_ON_H read/write LED9 output and 
brightness control byte 1



44 2C 0 0 1 0 1 1 0 0 LED9_OFF_L read/write LED9 output and 
brightness control byte 2



45 2D 0 0 1 0 1 1 0 1 LED9_OFF_H read/write LED9 output and 
brightness control byte 3



46 2E 0 0 1 0 1 1 1 0 LED10_ON_L read/write LED10 output and 
brightness control byte 0



47 2F 0 0 1 0 1 1 1 1 LED10_ON_H read/write LED10 output and 
brightness control byte 1



48 30 0 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 0 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 0 0 1 1 0 0 1 1 LED11_ON_H read/write LED11 output and 
brightness control byte 1



52 34 0 0 1 1 0 1 0 0 LED11_OFF_L read/write LED11 output and 
brightness control byte 2



53 35 0 0 1 1 0 1 0 1 LED11_OFF_H read/write LED11 output and 
brightness control byte 3



54 36 0 0 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 0 0 1 1 1 0 0 0 LED12_OFF_L read/write LED12 output and 
brightness control byte 2



57 39 0 0 1 1 1 0 0 1 LED12_OFF_H read/write LED12 output and 
brightness control byte 3



58 3A 0 0 1 1 1 0 1 0 LED13_ON_L read/write LED13 output and 
brightness control byte 0



59 3B 0 0 1 1 1 0 1 1 LED13_ON_H read/write LED13 output and 
brightness control byte 1



60 3C 0 0 1 1 1 1 0 0 LED13_OFF_L read/write LED13 output and 
brightness control byte 2



61 3D 0 0 1 1 1 1 0 1 LED13_OFF_H read/write LED13 output and 
brightness control byte 3



Table 4. Register summary …continued



Register # 
(decimal)



Register # 
(hex)



D7 D6 D5 D4 D3 D2 D1 D0 Name Type Function
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[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 MODE1 register (register 0). 
Auto Increment also works from register 250 to register 254, then rolls over to register 0.



62 3E 0 0 1 1 1 1 1 0 LED14_ON_L read/write LED14 output and 
brightness control byte 0



63 3F 0 0 1 1 1 1 1 1 LED14_ON_H read/write LED14 output and 
brightness control byte 1



64 40 0 1 0 0 0 0 0 0 LED14_OFF_L read/write LED14 output and 
brightness control byte 2



65 41 0 1 0 0 0 0 0 1 LED14_OFF_H read/write LED14 output and 
brightness control byte 3



66 42 0 1 0 0 0 0 1 0 LED15_ON_L read/write LED15 output and 
brightness control byte 0



67 43 0 1 0 0 0 0 1 1 LED15_ON_H read/write LED15 output and 
brightness control byte 1



68 44 0 1 0 0 0 1 0 0 LED15_OFF_L read/write LED15 output and 
brightness control byte 2



69 45 0 1 0 0 0 1 0 1 LED15_OFF_H read/write LED15 output and 
brightness control byte 3



... reserved for future use



250 FA 1 1 1 1 1 0 1 0 ALL_LED_ON_L write/read 
zero



load all the LEDn_ON 
registers, byte 0



251 FB 1 1 1 1 1 0 1 1 ALL_LED_ON_H write/read 
zero



load all the LEDn_ON 
registers, byte 1



252 FC 1 1 1 1 1 1 0 0 ALL_LED_OFF_L write/read 
zero



load all the LEDn_OFF 
registers, byte 0



253 FD 1 1 1 1 1 1 0 1 ALL_LED_OFF_H write/read 
zero



load all the LEDn_OFF 
registers, byte 1



254 FE 1 1 1 1 1 1 1 0 PRE_SCALE[1] read/write prescaler for PWM output 
frequency



255 FF 1 1 1 1 1 1 1 1 TestMode[2] read/write defines the test mode to 
be entered



... All further addresses are reserved for future use; reserved addresses will not be acknowledged.



Table 4. Register summary …continued



Register # 
(decimal)



Register # 
(hex)



D7 D6 D5 D4 D3 D2 D1 D0 Name Type Function
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7.3.1 Mode register 1, MODE1
 



[1] When the Auto Increment flag is set, AI = 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 s 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 s 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.



Table 5. MODE1 - 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 0 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 MODE1. This turns off the internal oscillator.



2. Write logic 1s to both the SLEEP and EXTCLK bits in MODE1. 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 0 to it. The 
EXTCLK bit can only be cleared by a power cycle or software reset.



EXTCLK range is DC to 50 MHz.



0* Use internal clock.



1 Use EXTCLK pin clock.



5 AI R/W 0* Register Auto-Increment disabled[1].



1 Register Auto-Increment enabled.



4 SLEEP R/W 0 Normal mode[2].



1* Low power mode. Oscillator off[3][4].



3 SUB1 R/W 0* PCA9685 does not respond to I2C-bus subaddress 1.



1 PCA9685 responds to I2C-bus subaddress 1.



2 SUB2 R/W 0* PCA9685 does not respond to I2C-bus subaddress 2.



1 PCA9685 responds to I2C-bus subaddress 2.



1 SUB3 R/W 0* PCA9685 does not respond to I2C-bus subaddress 3.



1 PCA9685 responds to I2C-bus subaddress 3.



0 ALLCALL R/W 0 PCA9685 does not respond to LED All Call I2C-bus address.



1* PCA9685 responds to LED All Call I2C-bus address.



refresh_rate
EXTCLK



4096 prescale 1+ 
-------------------------------------------------------=
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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 (MODE1 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 I2C-bus cycles do the 
following steps:



1. Read MODE1 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 s).



3. Write logic 1 to bit 7 of MODE1 register. All PWM channels will restart and the 
RESTART bit will clear.



Remark: The SLEEP bit must be logic 0 for at least 500 s, before a logic 1 is written into 
the RESTART bit.



Other actions that will clear the RESTART bit are:



1. Power cycle.



2. I2C Software Reset command.



3. If the MODE2 OCH bit is logic 0, write to any PWM register then issue an I2C-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 shutdown1 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.
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7.3.2 Mode register 2, MODE2
 



[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 (LED0_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 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 0FFFh (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 1⁄4096 of the target frequency. Table 7 lists these registers.



The following two examples illustrate how to calculate values to be loaded into these 
registers.



Table 6. MODE2 - Mode register 2 (address 01h) bit description
Legend: * default value.



Bit Symbol Access Value Description



7 to 5 - read only 000* reserved



4 INVRT[1] R/W 0* 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[2].



1 Outputs change on ACK[3].



2 OUTDRV[1] 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.



1 to 0 OUTNE[1:0][4] 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 OUTDRV = 0 (same as OUTNE[1:0] = 10)



1X When OE = 1 (output drivers not enabled), LEDn = high-impedance.
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Example 1: (assumes that the LED0 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.



LED0_ON_H = 1h; LED0_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)



LED0_OFF_H = 4h; LED0_OFF_L = CCh (LED start turn off after this count to 1228)



 



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)



 



Fig 7. LED output, example 1
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Fig 8. LED output, example 2
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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_ON[11:0] = LEDn_OFF[11:0]



Fig 9. Output example



0
STOP



example 1



LEDn_ON
LEDn_OFF



4095 0



511
3071



511
3071



4095 0



511
3071



4095 0



LEDn_ON
LEDn_OFF



2047 2047
767



example 2



2047
767



002aad193



LEDn_ON



example 3



LEDn_ON
LEDn_OFF



example 4



1023



off



1023
1023


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 18 of 52











NXP Semiconductors PCA9685
16-channel, 12-bit PWM Fm+ I2C-bus LED controller


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] set to 1.



Fig 10. Update examples when LEDn_ON < LEDn_OFF
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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



Fig 11. Update examples when LEDn_ON > LEDn_OFF
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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 LED0_ON_L 7:0 LED0_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED0, 8 LSBs



07h LED0_ON_H 7:5 reserved R 000* non-writable



4 LED0_ON_H[4] R/W 0* LED0 full ON



3:0 LED0_ON_H[3:0] R/W 0000* LEDn_ON count for LED0, 4 MSBs



08h LED0_OFF_L 7:0 LED0_OFF_L[7:0] R/W 0000 0000* LEDn_OFF count for LED0, 8 LSBs



09h LED0_OFF_H 7:5 reserved R 000* non-writable



4 LED0_OFF_H[4] R/W 1* LED0 full OFF



3:0 LED0_OFF_H[3:0] R/W 0000*



0Ah LED1_ON_L 7:0 LED1_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED1, 8 LSBs



0Bh LED1_ON_H 7:5 reserved R 000* non-writable



4 LED1_ON_H[4] R/W 0* LED1 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 0000 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* LEDn_OFF count for LED1, 4 MSBs



0Eh LED2_ON_L 7:0 LED2_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED2, 8 LSBs



0Fh LED2_ON_H 7:5 reserved R 000* non-writable



4 LED2_ON_H[4] R/W 0* 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/W 0000 0000* LEDn_OFF count for LED2, 8 LSBs



11h LED2_OFF_H 7:5 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 0000 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 7:5 reserved R 000* non-writable



4 LED3_OFF_H[4] R/W 1* LED3 full OFF



3:0 LED3_OFF_H[3:0] R/W 0000* LEDn_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 7:5 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* LEDn_ON count for LED4, 4 MSBs
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18h LED4_OFF_L 7:0 LED4_OFF_L[7:0] R/W 0000 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* LEDn_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* LED5 full ON



3:0 LED5_ON_H[3:0] R/W 0000* LEDn_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 7:5 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 7:5 reserved R 000* non-writable



4 LED6_ON_H[4] R/W 0* LED6 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 7:5 reserved R 000* non-writable



4 LED6_OFF_H[4] R/W 1* LED6 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/W 0000 0000* LEDn_ON count for LED7, 8 LSBs



23h LED7_ON_H 7:5 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/W 0000 0000* LEDn_OFF count for LED7, 8 LSBs



25h LED7_OFF_H 7:5 reserved R 000* non-writable



4 LED7_OFF_H[4] R/W 1* LED7 full OFF



3:0 LED7_OFF_H[3:0] R/W 0000* LEDn_OFF count for LED7, 4 MSBs



26h LED8_ON_L 7:0 LED8_ON_L[7:0] R/W 0000 0000* LEDn_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* LED8 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 LED8, 8 LSBs



29h LED8_OFF_H 7:5 reserved R 000* non-writable



4 LED8_OFF_H[4] R/W 1* LED8 full OFF



3:0 LED8_OFF_H[3:0] R/W 0000* LEDn_OFF count for LED8, 4 MSBs



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
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2Ah LED9_ON_L 7:0 LED9_ON_L[7:0] R/W 0000 0000* LEDn_ON count for LED9, 8 LSBs



2Bh LED9_ON_H 7:5 reserved R 000* non-writable



4 LED9_ON_H[4] R/W 0* LED9 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 7:5 reserved R 000* non-writable



4 LED9_OFF_H[4] R/W 1* LED9 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 7:5 reserved R 000* non-writable



4 LED10_ON_H[4] R/W 0* LED10 full ON



3:0 LED10_ON_H[3:0] R/W 0000* LEDn_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* LEDn_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 7:5 reserved R 000* non-writable



4 LED12_ON_H[4] R/W 0* LED12 full ON



3:0 LED12_ON_H[3:0] R/W 0000* LEDn_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 7:5 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* LEDn_ON count for LED13, 4 MSBs



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
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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_H[4] function takes 
precedence.



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* LEDn_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* LEDn_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/W 0000 0000* LEDn_ON count for LED15, 8 LSBs



43h LED15_ON_H 7:5 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* LEDn_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



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
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7.3.4 ALL_LED_ON and ALL_LED_OFF control



The ALL_LED_ON and ALL_LED_OFF registers allow just four I2C-bus write sequences 
to fill all the ON and OFF registers with the same patterns.



 



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 I2C-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.



7.3.5 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:



(1)



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:



(2)



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 "0xFFh". 



The PRE_SCALE register can only be set when the SLEEP bit of MODE1 register is set to 
logic 1.



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] W only 0000 0000* LEDn_ON count for 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] W only 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_H[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 
frequency (default is 200 Hz) 



prescale value round 
osc_clock



4096 update_rate
-------------------------------------------------- 
  1–=



prescale value round 
25 MHz



4096 200
--------------------------- 
  1– 30 0x1Eh ==
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7.3.6 SUBADR1 to SUBADR3, I2C-bus subaddress 1 to 3
 



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 MODE1 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 I2C-bus subaddress are valid. The LSB in SUBADRx 
register is a read-only bit (0).



When SUBx is set to logic 1, the corresponding I2C-bus subaddress can be used during 
either an I2C-bus read or write sequence.



7.3.7 ALLCALLADR, LED All Call I2C-bus address
 



The LED All Call I2C-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 I2C-bus and can be used during either 
an I2C-bus read or write sequence. The register address can also be programmed as a 
Sub Call.



Only the 7 MSBs representing the All Call I2C-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.



Table 9. SUBADR1 to SUBADR3 - I2C-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 A1[7:1] R/W 1110 001* I2C-bus subaddress 1



0 A1[0] R only 0* reserved



03h SUBADR2 7:1 A2[7:1] R/W 1110 010* I2C-bus subaddress 2



0 A2[0] R only 0* reserved



04h SUBADR3 7:1 A3[7:1] R/W 1110 100* I2C-bus subaddress 3



0 A3[0] R only 0* reserved



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 I2C-bus 
address register



0 AC[0] R only 0* reserved
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7.4 Active LOW output enable input



The active LOW output enable (OE) 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 (MODE2 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 MODE2 register.



 



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.



7.5 Power-on reset



When power is applied to VDD, an internal power-on reset holds the PCA9685 in a reset 
condition until VDD has reached VPOR. At this point, the reset condition is released and the 
PCA9685 registers and I2C-bus state machine are initialized to their default states. 
Thereafter, VDD must be lowered below 0.2 V to reset the device.



Table 11. LED outputs when OE = 1



OUTNE1 OUTNE0 LED outputs



0 0 0



0 1 1 if OUTDRV = 1, high-impedance if OUTDRV = 0



1 0 high-impedance



1 1 high-impedance
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7.6 Software reset



The Software Reset Call (SWRST Call) allows all the devices in the I2C-bus to be reset to 
the power-up state value through a specific formatted I2C-bus command. To be performed 
correctly, it implies that the I2C-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 I2C-bus master.



2. The reserved SWRST I2C-bus address ‘0000 000’ with the R/W bit set to ‘0’ (write) is 
sent by the I2C-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 I2C-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 (tBUF).



 



The I2C-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.



Fig 12. SWRST Call



0 0 0 0 0 0 0 AS 0



General Call address



START condition acknowledge
from slave



002aac900



SWRST data byte 1



A



acknowledge
from slave



P



STOP
condition



0 0 0 0 1 1 00
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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 at 5 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.



• OUTDRV bit (MODE2 register) allows minimizing the amount of external components 
required to control the external driver (N-type or P-type device).



 



[1] When OE = 1, LED output state is controlled only by OUTNE[1:0] bits (MODE2 register).



[2] Correct configuration when LEDs directly connected to the LEDn outputs (connection to VDD 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.



 



Table 12. Use of INVRT and OUTDRV based on connection to the LEDn outputs when OE = 0[1]



INVRT OUTDRV Direct connection to LEDn External N-type driver External P-type driver



Firmware External 
pull-up 
resistor



Firmware External 
pull-up 
resistor



Firmware External 
pull-up 
resistor



0 0 formulas and LED 
output state values 
inverted



LED current 
limiting R[2]



formulas and LED 
output state 
values inverted



required formulas and LED 
output state values 
apply



required



0 1 formulas and LED 
output state values 
inverted



LED current 
limiting R[2]



formulas and LED 
output state 
values apply[3]



not 
required[3]



formulas and LED 
output state values 
inverted



not required



1 0 formulas and LED 
output state values 
apply[2]



LED current 
limiting R



formulas and LED 
output state 
values apply



required formulas and LED 
output state values 
inverted



required



1 1 formulas and LED 
output state values 
apply[2]



LED current 
limiting R



formulas and LED 
output state 
values inverted



not required formulas and LED 
output state values 
apply[4]



not 
required[4]



INVRT = 0



OUTDRV = 1



INVRT = 1



OUTDRV = 1



INVRT = 1



OUTDRV = 0



Fig 13. External N-type driver Fig 14. External P-type driver Fig 15. Direct LED connection
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8. Characteristics of the I2C-bus



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.



8.1 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).



 



8.1.1 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).



 



8.2 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).



Fig 16. Bit transfer



mba607



data line
stable;



data valid



change
of data
allowed



SDA



SCL



Fig 17. Definition of START and STOP conditions
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P



STOP condition



S
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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.



 



Fig 18. System configuration
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Fig 19. Acknowledgement on the I2C-bus
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9. Bus transactions



 



 



(1) See Table 4 for register definition.



Fig 20. Write to a specific register
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Fig 21. Write to all registers using the Auto-Increment feature; AI initially clear
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Fig 22. Read all registers using the Auto-Increment feature; AI initially clear
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Fig 23. Write to ALL_LED_ON and ALL_LED_OFF registers using the Auto-Increment feature; AI initially set
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Fig 24. Write to ALL_LED_OFF_H to turn OFF all PWMs
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(1) In this 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 I2C-bus address in sequence (B).



Fig 25. LED All Call I2C-bus address programming and LED All Call sequence example
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10. Application design-in information



 



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, OUTDRV = 1, OUTNE = 01 (MODE2 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 ISS 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 (VDD = 3.6 V; CL = 50 pF; RPU = 500 ).



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: I can’t turn the LEDs on or off, but their registers are set properly. Why?



• Check the MODE1 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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I2C-bus address = 1010 101x.



Remark: Set INVRT = 0, OUTDRV = 1, OUTNE = 01 (MODE2 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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11. Limiting values



 



12. Static characteristics



 



Table 13. Limiting values
In accordance with the Absolute Maximum Rating System (IEC 60134).



Symbol Parameter Conditions Min Max Unit



VDD supply voltage 0.5 +6.0 V



VI/O voltage on an input/output pin VSS  0.5 5.5 V



IO(LEDn) output current on pin LEDn - 25 mA



ISS ground supply current - 400 mA



Ptot total power dissipation - 400 mW



Tstg storage temperature 65 +150 C



Tamb ambient temperature operating 40 +85 C



Table 14. Static characteristics
VDD = 2.3 V to 5.5 V; VSS = 0 V; Tamb = 40 C to +85 C; unless otherwise specified.



Symbol Parameter Conditions Min Typ Max Unit



Supply



VDD supply voltage 2.3 - 5.5 V



IDD supply current operating mode; no load; 
fSCL = 1 MHz; VDD = 2.3 V to 5.5 V



- 6 10 mA



Istb standby current no load; fSCL = 0 Hz; VI = VDD or VSS; 
VDD = 2.3 V to 5.5 V



- 2.2 15.5 A



VPOR power-on reset voltage no load; VI = VDD or VSS
[1] - 1.70 2.0 V



Input SCL; input/output SDA



VIL LOW-level input voltage 0.5 - +0.3VDD V



VIH HIGH-level input voltage 0.7VDD - 5.5 V



IOL LOW-level output current VOL = 0.4 V; VDD = 2.3 V 20 28 - mA



VOL = 0.4 V; VDD = 5.0 V 30 40 - mA



IL leakage current VI = VDD or VSS 1 - +1 A



Ci input capacitance VI = VSS - 6 10 pF



LED driver outputs



IOL LOW-level output current VOL = 0.5 V; VDD = 2.3 V to 4.5 V [2] 12 25 - mA



IOL(tot) total LOW-level output current VOL = 0.5 V; VDD = 4.5 V [2] - - 400 mA



IOH HIGH-level output current open-drain; VOH = VDD 10 - +10 A



VOH HIGH-level output voltage IOH = 10 mA; VDD = 2.3 V 1.6 - - V



IOH = 10 mA; VDD = 3.0 V 2.3 - - V



IOH = 10 mA; VDD = 4.5 V 4.0 - - V



IOZ OFF-state output current 3-state; VOH = VDD or VSS 10 - +10 A



Co output capacitance - 5 8 pF
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[1] VDD 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.



 



Address inputs; OE input; EXTCLK



VIL LOW-level input voltage 0.5 - +0.3VDD V



VIH HIGH-level input voltage 0.7VDD - 5.5 V



ILI input leakage current 1 - +1 A



Ci input capacitance - 3 5 pF



Table 14. Static characteristics …continued
VDD = 2.3 V to 5.5 V; VSS = 0 V; Tamb = 40 C to +85 C; unless otherwise specified.



Symbol Parameter Conditions Min Typ Max Unit



Fig 28. IDD typical values with OSC on and 
fSCL = 1 MHz versus temperature



Fig 29. IOL typical drive (LEDn outputs) versus 
temperature



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 I2C-bus Fast-mode Plus 
I2C-bus



Unit



Max Min Max



400 0 1000 kHz



50 DC 50 MHz



- 0.5 - s



- 0.26 - s



- 0.26 - s



- 0.26 - s



- 0 - ns



0.9 0.05 0.45 s



0.9 0.05 0.45 s



- 50 - ns



- 0.5 - s



- 0.26 - s



300 - 120 ns



300 - 120 ns



50 - 50 ns



40 - 40 ns



60 - 60 ns



60 - 60 ns
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I2C-bus



Min Max Min



fSCL SCL clock frequency [1] 0 100 0



fEXTCLK frequency on pin EXTCLK DC 50 DC



tBUF bus free time between a STOP 
and START condition



4.7 - 1.3



tHD;STA hold time (repeated) START 
condition



4.0 - 0.6



tSU;STA set-up time for a repeated 
START condition



4.7 - 0.6



tSU;STO set-up time for STOP condition 4.0 - 0.6



tHD;DAT data hold time 0 - 0



tVD;ACK data valid acknowledge time [2] 0.3 3.45 0.1



tVD;DAT data valid time [3] 0.3 3.45 0.1



tSU;DAT data set-up time 250 - 100



tLOW LOW period of the SCL clock 4.7 - 1.3



tHIGH HIGH period of the SCL clock 4.0 - 0.6



tf fall time of both SDA and SCL 
signals



[4][5] - 300 20 + 0.1Cb
[6]



tr rise time of both SDA and SCL 
signals



- 1000 20 + 0.1Cb
[6]



tSP pulse width of spikes that must 
be suppressed by the input filter



[7] - 50 -



tPLZ LOW to OFF-state propagation 
delay



OE to LEDn; 
OUTNE[1:0] = 10 or 11 
in MODE2 register



- 40 -



tPZL OFF-state to LOW propagation 
delay



OE to LEDn; 
OUTNE[1:0] = 10 or 11 
in MODE2 register



- 60 -



tPHZ HIGH to OFF-state propagation 
delay



OE to LEDn; 
OUTNE[1:0] = 10 or 11 
in MODE2 register



- 60 -











xxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxx x x x xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxx xx xx xxxxx 
xxxxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxx xxxxxx xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxx x x 
xxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx xxxxx xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxxx 
xxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxx xxx



P
C



A
968



5



P
ro



d
u



ct d
ata sh



N
X



P
 S



em
ico



n
d



u
cto



rs
P



C
A



9685
1



6-ch
a



n
n



e
l, 1



2-b
it P



W
M



 F
m



+
 I 2C



-b
u



s
 L



E
D



 c
o



n
tro



ller



eld LOW for a minimum of 25 ms. 



r to bridge the undefined region of 
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40 - 40 ns



40 - 40 ns



60 - 60 ns



Table 15. Dynamic characteristics …continued



Symbol Parameter Conditions Standard-mode 
I2C-bus



Fast-mode I2C-bus Fast-mode Plus 
I2C-bus



Unit



Min Max Min Max Min Max
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[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 h
Disable bus time-out feature for DC operation.



[2] tVD;ACK = time for Acknowledgement signal from SCL LOW to SDA (out) LOW. 



[3] tVD;DAT = 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 VIL of the SCL signal) in orde
SCL’s falling edge.



[5] The maximum tf for the SDA and SCL bus lines is specified at 300 ns. The maximum fall time (tf) for the SDA output stage is speci
protection resistors to be connected between the SDA and the SCL pins and the SDA/SCL bus lines without exceeding the maxim



[6] Cb = total capacitance of one bus line in pF.



[7] Input filters on the SDA and SCL inputs suppress noise spikes less than 50 ns.



tPZH OFF-state to HIGH propagation 
delay



OE to LEDn; 
OUTNE[1:0] = 10 or 11 
in MODE2 register



- 40 -



tPLH LOW to HIGH propagation delay OE to LEDn; 
OUTNE[1:0] = 01 
in MODE2 register



- 40 -



tPHL HIGH to LOW propagation delay OE to LEDn; 
OUTNE[1:0] = 00 
in MODE2 register



- 60 -
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Fig 31. Definition of timing
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Rise and fall times refer to VIL and VIH.



Fig 32. I2C-bus timing diagram



Fig 33. tPLZ, tPZL and tPHZ, tPZH times
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14. Test information



 



 



 



RL = Load resistor for LEDn.



CL = Load capacitance includes jig and probe capacitance.



RT = Termination resistance should be equal to the output impedance Zo of the pulse generators.



Fig 34. Test circuitry for switching times



RL = Load resistor for LEDn.



CL = Load capacitance includes jig and probe capacitance.



RT = Termination resistance should be equal to the output impedance Zo of the pulse generators.



Test data are given in Table 16.



Fig 35. Test circuitry for switching times for enable/disable



Table 16. Test data for enable/disable switching times



Test Load Switch



CL RL



tPD 50 pF 500  open



tPLZ, tPZL 50 pF 500  VDD  2



tPHZ, tPZH 50 pF 500  VSS



PULSE
GENERATOR



VO



CL
50 pF



RL
500 Ω



002aab880



RT



VI



VDD



DUT



VDD
open
VSS



PULSE
GENERATOR



VO



CL
50 pF



RL
500 Ω



002aad811



RT



VI



VDD



DUT



RL
500 Ω



VDD × 2
open
VSS



S1
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15. Package outline



 



Fig 36. Package outline SOT361-1 (TSSOP28)
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Notes
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Fig 37. Package outline SOT788-1 (HVQFN28)
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HVQFN28: plastic thermal enhanced very thin quad flat package; no leads;
28 terminals; body 6 x 6 x 0.85 mm
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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



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”.



17.1 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.



17.2 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



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



Key characteristics in reflow soldering are:



• Lead-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



 



 



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.



Table 17. SnPb eutectic process (from J-STD-020D)



Package thickness (mm) Package reflow temperature (C)



Volume (mm3)



< 350  350



< 2.5 235 220



 2.5 220 220



Table 18. Lead-free process (from J-STD-020D)



Package thickness (mm) Package reflow temperature (C)



Volume (mm3)



< 350 350 to 2000 > 2000



< 1.6 260 260 260



1.6 to 2.5 260 250 245



> 2.5 250 245 245
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For further information on temperature profiles, refer to Application Note AN10365 
“Surface mount reflow soldering description”.



18. Abbreviations



 



MSL: Moisture Sensitivity Level



Fig 38. Temperature profiles for large and small components



001aac844



temperature



time



minimum peak temperature
= minimum soldering temperature



maximum peak temperature
= MSL limit, damage level



peak
 temperature



Table 19. Abbreviations



Acronym Description



CDM Charged-Device Model



DUT Device Under Test



EMI ElectroMagnetic Interference



ESD ElectroStatic Discharge



HBM Human Body Model



I2C-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: • 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 20100902 Product data sheet - PCA9685 v.2



PCA9685 v.2 20090716 Product data sheet - PCA9685 v.1



PCA9685 v.1 20080724 Product data sheet - -
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20. Legal information



20.1 Data sheet status
 



[1] Please consult the most recently issued document before initiating or completing a design. 



[2] The term ‘short data sheet’ is explained in section “Definitions”. 



[3] 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.



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.



Document status[1][2] Product status[3] Definition



Objective [short] data sheet Development This document contains data from the objective specification for product development. 



Preliminary [short] data sheet Qualification This document contains data from the preliminary specification. 



Product [short] data sheet Production This document contains the product specification. 
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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 



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.
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K20P64M72SF1
K20 Sub-Family
Supports: MK20DX64VLH7,
MK20DX128VLH7, MK20DX256VLH7
Features
• Operating Characteristics



– Voltage range: 1.71 to 3.6 V
– Flash write voltage range: 1.71 to 3.6 V
– Temperature range (ambient): -40 to 105°C



• Clocks
– 3 to 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
– 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 I2C modules
– Three UART modules
– I2S module



Freescale Semiconductor Document Number: K20P64M72SF1



Data Sheet: Technical Data Rev. 3, 11/2012



Freescale reserves the right to change the detail specifications as may be
required to permit improvements in the design of its products.



© 2012 Freescale Semiconductor, Inc.
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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 MK20 .



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:



Q K## A M FFF R T PP CC N



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
• 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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Field Description Values



FFF Program flash memory size • 32 = 32 KB
• 64 = 64 KB
• 128 = 128 KB
• 256 = 256 KB
• 512 = 512 KB
• 1M0 = 1 MB



R Silicon revision • Z = Initial
• (Blank) = Main
• A = Revision after main



T Temperature range (°C) • V = –40 to 105
• C = –40 to 85



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)



CC Maximum CPU frequency (MHz) • 5 = 50 MHz
• 7 = 72 MHz
• 10 = 100 MHz
• 12 = 120 MHz
• 15 = 150 MHz



N Packaging type • R = Tape and reel
• (Blank) = Trays



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.
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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



VDD 1.0 V core supply
voltage



0.9 1.1 V



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



IWP Digital I/O weak pullup/
pulldown current



10 130 µA



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:
digital pins



— 7 pF
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3.4 Definition: Rating



A rating is 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



VDD 1.0 V core supply
voltage



–0.3 1.2 V



3.5 Result of exceeding a rating
40
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Measured characteristic
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The likelihood of permanent chip failure increases rapidly as 
soon as a characteristic begins to exceed one of its operating ratings.
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3.6 Relationship between ratings and operating requirements



–∞



- No permanent failure
- Correct operation



Normal operating rangeFatal range



Expected permanent failure



Fatal range



Expected permanent failure



∞



Operating ra
ting (m



ax.)



Operating re
quirement (m



ax.)



Operating re
quirement (m



in.)



Operating ra
ting (m



in.)



Operating (power on)



Degraded operating range Degraded operating range



–∞



No permanent failure



Handling rangeFatal range



Expected permanent failure



Fatal range



Expected permanent failure



∞



Handling ra
ting (m



ax.)



Handling ra
ting (m



in.)



Handling (power off)



- No permanent failure
- Possible decreased life
- Possible incorrect operation



- No permanent failure
- Possible decreased life
- Possible incorrect operation



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.
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3.8.1 Example 1



This is an example of an operating behavior that includes a typical value:



Symbol Description Min. Typ. Max. Unit



IWP Digital I/O weak
pullup/pulldown
current



10 70 130 µA



3.8.2 Example 2



This is an example of a chart that shows typical values for various voltage and
temperature conditions:



0.90 0.95 1.00 1.05 1.10



0



500



1000



1500



2000



2500



3000



3500



4000



4500



5000



150 °C



105 °C
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–40 °C



VDD (V)



I
(μ



A
)



D
D



_S
T



O
P



TJ



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



VDD 3.3 V supply voltage 3.3 V
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4 Ratings



4.1 Thermal handling ratings



Symbol Description Min. Max. Unit Notes



TSTG Storage temperature –55 150 °C 1



TSDR Solder temperature, lead-free — 260 °C 2



1. Determined according to JEDEC Standard JESD22-A103, High Temperature Storage Life.
2. Determined according to IPC/JEDEC Standard J-STD-020, Moisture/Reflow Sensitivity Classification for Nonhermetic



Solid State Surface Mount Devices.



4.2 Moisture handling ratings



Symbol Description Min. Max. Unit Notes



MSL Moisture sensitivity level — 3 — 1



1. Determined according to IPC/JEDEC Standard J-STD-020, Moisture/Reflow Sensitivity Classification for Nonhermetic
Solid State Surface Mount Devices.



4.3 ESD handling ratings



Symbol Description Min. Max. Unit Notes



VHBM Electrostatic discharge voltage, human body model -2000 +2000 V 1



VCDM Electrostatic discharge voltage, charged-device model -500 +500 V 2



ILAT Latch-up current at ambient temperature of 105°C -100 +100 mA



1. Determined according to JEDEC Standard JESD22-A114, Electrostatic Discharge (ESD) Sensitivity Testing Human Body
Model (HBM).



2. Determined according to JEDEC Standard JESD22-C101, Field-Induced Charged-Device Model Test Method for
Electrostatic-Discharge-Withstand Thresholds of Microelectronic Components.



4.4 Voltage and current operating ratings



Symbol Description Min. Max. Unit



VDD Digital supply voltage –0.3 3.8 V



Table continues on the next page...
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Symbol Description Min. Max. Unit



IDD Digital supply current — 185 mA



VDIO Digital input voltage (except RESET, EXTAL, and XTAL) –0.3 5.5 V



VAIO Analog1, RESET, EXTAL, and XTAL input voltage –0.3 VDD + 0.3 V



ID Maximum current single pin limit (applies to all digital pins) –25 25 mA



VDDA Analog supply voltage VDD – 0.3 VDD + 0.3 V



VUSB_DP USB_DP input voltage –0.3 3.63 V



VUSB_DM USB_DM input voltage –0.3 3.63 V



VREGIN USB regulator input –0.3 6.0 V



VBAT RTC battery supply voltage –0.3 3.8 V



1. Analog pins are defined as pins that do not have an associated general purpose I/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.



Figure 1. Input signal measurement reference



All digital I/O switching characteristics assume:
1. output pins



• have CL=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
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5.2.1 Voltage and current operating requirements
Table 1. Voltage and current operating requirements



Symbol Description Min. Max. Unit Notes



VDD Supply voltage 1.71 3.6 V



VDDA Analog supply voltage 1.71 3.6 V



VDD – VDDA VDD-to-VDDA differential voltage –0.1 0.1 V



VSS – VSSA VSS-to-VSSA differential voltage –0.1 0.1 V



VBAT RTC battery supply voltage 1.71 3.6 V



VIH Input high voltage



• 2.7 V ≤ VDD ≤ 3.6 V



• 1.7 V ≤ VDD ≤ 2.7 V



 



0.7 × VDD



0.75 × VDD



 



—



—



 



V



V



VIL Input low voltage



• 2.7 V ≤ VDD ≤ 3.6 V



• 1.7 V ≤ VDD ≤ 2.7 V



 



—



—



 



0.35 × VDD



0.3 × VDD



 



V



V



VHYS Input hysteresis 0.06 × VDD — V



IICDIO Digital pin negative DC injection current — single pin



• VIN < VSS-0.3V
-5 — mA



1



IICAIO Analog2, EXTAL, and XTAL pin DC injection current —
single pin



• VIN < VSS-0.3V (Negative current injection)



• VIN > VDD+0.3V (Positive current injection)



 



-5



—



 



—



+5



mA



3



IICcont 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



• Positive current injection



-25



—



—



+25



mA



VRAM VDD voltage required to retain RAM 1.2 — V



VRFVBAT VBAT voltage required to retain the VBAT register file VPOR_VBAT — V



1. All 5 V tolerant digital I/O pins are internally clamped to VSS through a ESD protection diode. There is no diode connection
to VDD. If VIN greater than VDIO_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=(VDIO_MIN-VIN)/|IIC|.



2. Analog pins are defined as pins that do not have an associated general purpose I/O port function.
3. All analog pins are internally clamped to VSS and VDD through ESD protection diodes. If VIN is greater than VAIO_MIN



(=VSS-0.3V) and VIN is less than VAIO_MAX(=VDD+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=(VAIO_MIN-VIN)/|IIC|. The positive injection current limiting resistor is
calculated as R=(VIN-VAIO_MAX)/|IIC|. Select the larger of these two calculated resistances.
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5.2.2 LVD and POR operating requirements
Table 2. VDD 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 V



VLVDH Falling low-voltage detect threshold — high
range (LVDV=01)



2.48 2.56 2.64 V



 



VLVW1H



VLVW2H



VLVW3H



VLVW4H



Low-voltage warning thresholds — high range



• Level 1 falling (LVWV=00)



• Level 2 falling (LVWV=01)



• Level 3 falling (LVWV=10)



• Level 4 falling (LVWV=11)



 



2.62



2.72



2.82



2.92



 



2.70



2.80



2.90



3.00



 



2.78



2.88



2.98



3.08



 



V



V



V



V



1



VHYSH Low-voltage inhibit reset/recover hysteresis —
high range



— ±80 — mV



VLVDL Falling low-voltage detect threshold — low range
(LVDV=00)



1.54 1.60 1.66 V



 



VLVW1L



VLVW2L



VLVW3L



VLVW4L



Low-voltage warning thresholds — low range



• Level 1 falling (LVWV=00)



• Level 2 falling (LVWV=01)



• Level 3 falling (LVWV=10)



• Level 4 falling (LVWV=11)



 



1.74



1.84



1.94



2.04



 



1.80



1.90



2.00



2.10



 



1.86



1.96



2.06



2.16



 



V



V



V



V



1



VHYSL Low-voltage inhibit reset/recover hysteresis —
low range



— ±60 — mV



VBG Bandgap voltage reference 0.97 1.00 1.03 V



tLPO Internal low power oscillator period — factory
trimmed



900 1000 1100 μs



1. Rising thresholds are falling threshold + hysteresis voltage



Table 3. VBAT power operating requirements



Symbol Description Min. Typ. Max. Unit Notes



VPOR_VBAT Falling VBAT supply POR detect voltage 0.8 1.1 1.5 V
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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



• 2.7 V ≤ VDD ≤ 3.6 V, IOH = -9mA



• 1.71 V ≤ VDD ≤ 2.7 V, IOH = -3mA



 



VDD – 0.5



VDD – 0.5



 



—



—



 



V



V



Output high voltage — low drive strength



• 2.7 V ≤ VDD ≤ 3.6 V, IOH = -2mA



• 1.71 V ≤ VDD ≤ 2.7 V, IOH = -0.6mA



 



VDD – 0.5



VDD – 0.5



 



—



—



 



V



V



IOHT Output high current total for all ports — 100 mA



VOL Output low voltage — high drive strength



• 2.7 V ≤ VDD ≤ 3.6 V, IOL = 9mA



• 1.71 V ≤ VDD ≤ 2.7 V, IOL = 3mA



 



—



—



 



0.5



0.5



 



V



V



Output low voltage — low drive strength



• 2.7 V ≤ VDD ≤ 3.6 V, IOL = 2mA



• 1.71 V ≤ VDD ≤ 2.7 V, IOL = 0.6mA



 



—



—



 



0.5



0.5



 



V



V



IOLT Output low current total for all ports — 100 mA



IIN Input leakage current (per pin) for full temperature
range



— 1 μA 1



IIN Input leakage current (per pin) at 25°C — 0.025 μA 1



IOZ Hi-Z (off-state) leakage current (per pin) — 1 μA



RPU Internal pullup resistors 20 50 kΩ 2



RPD Internal pulldown resistors 20 50 kΩ 3



1. Measured at VDD=3.6V
2. Measured at VDD supply voltage = VDD min and Vinput = VSS
3. Measured at VDD supply voltage = VDD min and Vinput = VDD



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
• Bus clock = 36 MHz
• Flash clock = 24 MHz
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Table 5. Power mode transition operating behaviors



Symbol Description Min. Max. Unit Notes



tPOR After a POR event, amount of time from the point VDD
reaches 1.71 V to execution of the first instruction
across the operating temperature range of the chip.



— 300 μs 1



• VLLS1 → RUN
— 112 μs



• VLLS2 → RUN
— 74 μs



• VLLS3 → RUN
— 73 μs



• LLS → RUN
— 5.9 μs



• VLPS → RUN
— 5.8 μs



• STOP → RUN
— 4.2 μs



1. Normal boot (FTFL_OPT[LPBOOT]=1)



5.2.5 Power consumption operating behaviors
Table 6. Power consumption operating behaviors



Symbol Description Min. Typ. Max. Unit Notes



IDDA Analog supply current — — See note mA 1



IDD_RUN Run mode current — all peripheral clocks
disabled, code executing from flash



• @ 1.8V



• @ 3.0V



 



 



—



—



 



 



21.5



21.5



 



 



25



30



 



 



mA



mA



2



IDD_RUN Run mode current — all peripheral clocks
enabled, code executing from flash



• @ 1.8V



• @ 3.0V



• @ 25°C



• @ 125°C



 



 



—



 



—



—



 



 



31



 



31



32



 



 



34



 



34



39



 



 



mA



 



mA



mA



3, 4



IDD_WAIT Wait mode high frequency current at 3.0 V — all
peripheral clocks disabled



— 12.5 — mA 2



IDD_WAIT Wait mode reduced frequency current at 3.0 V —
all peripheral clocks disabled



— 7.2 — mA 5



IDD_VLPR Very-low-power run mode current at 3.0 V — all
peripheral clocks disabled



— 0.996 — mA 6



IDD_VLPR Very-low-power run mode current at 3.0 V — all
peripheral clocks enabled



— 1.46 — mA 7



Table continues on the next page...
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Table 6. Power consumption operating behaviors (continued)



Symbol Description Min. Typ. Max. Unit Notes



IDD_VLPW Very-low-power wait mode current at 3.0 V — all
peripheral clocks disabled



— 0.61 — mA 8



IDD_STOP Stop mode current at 3.0 V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



 



—



—



—



 



0.35



0.384



0.628



 



0.567



0.793



1.2



 



mA



mA



mA



IDD_VLPS Very-low-power stop mode current at 3.0 V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



 



—



—



—



 



5.9



26.1



98.1



 



32.7



59.8



188



 



μA



μA



μA



IDD_LLS Low leakage stop mode current at 3.0 V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



 



—



—



—



 



2.6



10.3



42.5



 



8.6



29.1



92.5



 



μA



μA



μA
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IDD_VLLS3 Very low-leakage stop mode 3 current at 3.0 V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



 



—



—



—



 



1.9



6.9



28.1



 



5.8



12.1



41.9



 



μA



μA



μA
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IDD_VLLS2 Very low-leakage stop mode 2 current at 3.0 V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



 



—



—



—



 



1.59



4.3



17.5



 



5.5



9.5



34



 



μA



μA



μA



IDD_VLLS1 Very low-leakage stop mode 1 current at 3.0 V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



 



—



—



—



 



1.47



2.97



12.41



 



5.4



8.1



32



 



μA



μA



μA



IDD_VBAT Average current with RTC and 32kHz disabled at
3.0 V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



 



 



—



—



—



 



 



0.19



0.49



2.2



 



 



0.22



0.64



3.2



 



 



μA



μA



μA



Table continues on the next page...
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Table 6. Power consumption operating behaviors (continued)



Symbol Description Min. Typ. Max. Unit Notes



IDD_VBAT Average current when CPU is not accessing RTC
registers



• @ 1.8V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



• @ 3.0V



• @ –40 to 25°C



• @ 70°C



• @ 105°C



 



 



 



—



—



—



 



—



—



—



 



 



 



0.57



0.90



2.4



 



0.67



1.0



2.7



 



 



 



0.67



1.2



3.5



 



0.94



1.4



3.9



 



 



 



μA



μA



μA



 



μA



μA



μA
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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.
5. 25MHz core, system, bus and flash clock. MCG configured for FEI mode.
6. 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 μA.
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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Figure 2. Run mode supply current vs. core frequency
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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



CIN_D Input capacitance: digital pins — 7 pF
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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_USB System and core clock when Full Speed USB in
operation



20 — MHz



fBUS Bus clock — 50 MHz



fFLASH Flash clock — 25 MHz



fLPTMR LPTMR clock — 25 MHz



VLPR mode1



fSYS System and core clock — 4 MHz



fBUS Bus clock — 4 MHz



fFLASH Flash clock — 0.5 MHz



fERCLK External reference clock — 16 MHz



fLPTMR_pin LPTMR clock — 25 MHz



fLPTMR_ERCLK LPTMR external reference clock — 16 MHz



fFlexCAN_ERCLK FlexCAN external reference clock — 8 MHz



fI2S_MCLK I2S master clock — 12.5 MHz



fI2S_BCLK 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 I2C signals.



Table 9. General switching specifications



Symbol Description Min. Max. Unit Notes



GPIO pin interrupt pulse width (digital glitch filter
disabled) — Synchronous path



1.5 — Bus clock
cycles



1, 2



GPIO pin interrupt pulse width (digital glitch filter
disabled, analog filter enabled) — Asynchronous path



100 — ns 3



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
disabled, analog filter disabled) — Asynchronous path



16 — ns 3



External reset pulse width (digital glitch filter disabled) 100 — ns 3



Mode select (EZP_CS) hold time after reset
deassertion



2 — Bus clock
cycles



Port rise and fall time (high drive strength)



• Slew disabled



• 1.71 ≤ VDD ≤ 2.7V



• 2.7 ≤ VDD ≤ 3.6V



• Slew enabled



• 1.71 ≤ VDD ≤ 2.7V



• 2.7 ≤ VDD ≤ 3.6V



 



 



—



—



 



—



—



 



 



12



6



 



36



24



 



 



ns



ns



 



ns



ns



4



Port rise and fall time (low drive strength)



• Slew disabled



• 1.71 ≤ VDD ≤ 2.7V



• 2.7 ≤ VDD ≤ 3.6V



• Slew enabled



• 1.71 ≤ VDD ≤ 2.7V



• 2.7 ≤ VDD ≤ 3.6V



 



 



—



—



 



—



—



 



 



12



6



 



36



24



 



 



ns



ns



 



ns



ns



5



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



TJ Die junction temperature –40 125 °C



TA Ambient temperature –40 105 °C



General
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5.4.2 Thermal attributes



Board type Symbol Description 64 LQFP Unit Notes



Single-layer (1s) RθJA Thermal
resistance, junction
to ambient (natural
convection)



59 °C/W 1, 2



Four-layer (2s2p) RθJA Thermal
resistance, junction
to ambient (natural
convection)



41 °C/W 1, 3



Single-layer (1s) RθJMA Thermal
resistance, junction
to ambient (200 ft./
min. air speed)



48 °C/W 1,3



Four-layer (2s2p) RθJMA Thermal
resistance, junction
to ambient (200 ft./
min. air speed)



35 °C/W 1,3



— RθJB Thermal
resistance, junction
to board



23 °C/W 4



— RθJC Thermal
resistance, junction
to case



11 °C/W 5



— ΨJT Thermal
characterization
parameter, junction
to package top
outside center
(natural
convection)



3 °C/W 6



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—Junction-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



Tcyc Clock period Frequency dependent MHz



Twl Low pulse width 2 — ns



Twh High pulse width 2 — ns



Tr Clock and data rise time — 3 ns



Tf Clock and data fall time — 3 ns



Ts Data setup 3 — ns



Th Data hold 2 — ns



Figure 4. TRACE_CLKOUT specifications



ThTs Ts Th



TRACE_CLKOUT



TRACE_D[3:0]



Figure 5. Trace data specifications



6.1.2 JTAG electricals
Table 12. JTAG limited voltage range electricals



Symbol Description Min. Max. Unit



Operating voltage 2.7 3.6 V



Table continues on the next page...
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Table 12. JTAG limited voltage range electricals (continued)



Symbol Description Min. Max. Unit



J1 TCLK frequency of operation



• Boundary Scan



• JTAG and CJTAG



• Serial Wire Debug



 



0



0



0



 



10



25



50



MHz



J2 TCLK cycle period 1/J1 — ns



J3 TCLK clock pulse width



• Boundary Scan



• JTAG and CJTAG



• Serial Wire Debug



 



50



20



10



 



—



—



—



 



ns



ns



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 V



J1 TCLK frequency of operation



• Boundary Scan



• JTAG and CJTAG



• Serial Wire Debug



 



0



0



0



 



10



20



40



MHz



J2 TCLK cycle period 1/J1 — ns



J3 TCLK clock pulse width



• Boundary Scan



• JTAG and CJTAG



• Serial Wire Debug



 



50



25



12.5



 



—



—



—



 



ns



ns



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 1.4 — 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



J2



J3 J3



J4 J4



TCLK (input)



Figure 6. Test clock input timing



J7



J8



J7



J5 J6



Input data valid



Output data valid



Output data valid



TCLK



Data inputs



Data outputs



Data outputs



Data outputs



Figure 7. Boundary scan (JTAG) timing
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J11



J12



J11



J9 J10



Input data valid



Output data valid



Output data valid



TCLK



TDI/TMS



TDO



TDO



TDO



Figure 8. Test Access Port timing



J14



J13



TCLK



TRST



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) —
factory trimmed at nominal VDD and 25 °C



— 32.768 — kHz



fints_t Internal reference frequency (slow clock) — user
trimmed



31.25 — 39.0625 kHz



Δfdco_res_t Resolution of trimmed average DCO output
frequency at fixed voltage and temperature —
using SCTRIM and SCFTRIM



— ± 0.3 ± 0.6 %fdco 1



Δfdco_res_t Resolution of trimmed average DCO output
frequency at fixed voltage and temperature —
using SCTRIM only



— ± 0.2 ± 0.5 %fdco 1



Δfdco_t Total deviation of trimmed average DCO output
frequency over voltage and temperature



— +0.5/-0.7 — %fdco 1



Δfdco_t Total deviation of trimmed average DCO output
frequency over fixed voltage and temperature
range of 0–70°C



— ± 0.3 ± 0.3 %fdco 1



fintf_ft Internal reference frequency (fast clock) —
factory trimmed at nominal VDD and 25°C



— 4 — MHz



fintf_t Internal reference frequency (fast clock) — user
trimmed at nominal VDD and 25 °C



3 — 5 MHz



floc_low Loss of external clock minimum frequency —
RANGE = 00



(3/5) x
fints_t



— — kHz



floc_high Loss of external clock minimum frequency —
RANGE = 01, 10, or 11



(16/5) x
fints_t



— — kHz



FLL



ffll_ref FLL reference frequency range 31.25 — 39.0625 kHz



fdco DCO output
frequency range



Low range (DRS=00)



640 × ffll_ref



20 20.97 25 MHz 2, 3



Mid range (DRS=01)



1280 × ffll_ref



40 41.94 50 MHz



Mid-high range (DRS=10)



1920 × ffll_ref



60 62.91 75 MHz



High range (DRS=11)



2560 × ffll_ref



80 83.89 100 MHz



fdco_t_DMX32 DCO output
frequency



Low range (DRS=00)



732 × ffll_ref



— 23.99 — MHz 4, 5



Mid range (DRS=01)



1464 × ffll_ref



— 47.97 — MHz



Mid-high range (DRS=10)



2197 × ffll_ref



— 71.99 — MHz



High range (DRS=11)



2929 × ffll_ref



— 95.98 — MHz



Table continues on the next page...
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Table 14. MCG specifications (continued)



Symbol Description Min. Typ. Max. Unit Notes



Jcyc_fll FLL period jitter



• fVCO = 48 MHz
• fVCO = 98 MHz



—



—



180



150



—



—



ps



tfll_acquire FLL target frequency acquisition time — — 1 ms 6



PLL



fvco VCO operating frequency 48.0 — 100 MHz



Ipll PLL operating current
• PLL @ 96 MHz (fosc_hi_1 = 8 MHz, fpll_ref =



2 MHz, VDIV multiplier = 48)



— 1060 — µA
7



Ipll PLL operating current
• PLL @ 48 MHz (fosc_hi_1 = 8 MHz, fpll_ref =



2 MHz, VDIV multiplier = 24)



— 600 — µA
7



fpll_ref PLL reference frequency range 2.0 — 4.0 MHz



Jcyc_pll PLL period jitter (RMS)



• fvco = 48 MHz



• fvco = 100 MHz



 



—



—



 



120



50



 



—



—



 



ps



ps



8



Jacc_pll PLL accumulated jitter over 1µs (RMS)



• fvco = 48 MHz



• fvco = 100 MHz



 



—



—



 



1350



600



 



—



—



 



ps



ps



8



Dlock Lock entry frequency tolerance ± 1.49 — ± 2.98 %



Dunl Lock exit frequency tolerance ± 4.47 — ± 5.97 %



tpll_lock Lock detector detection time — — 150 × 10-6



+ 1075(1/
fpll_ref)



s 9



1. This parameter is measured with the internal reference (slow clock) being used as a reference to the FLL (FEI clock
mode).



2. These typical values listed are with the slow internal reference clock (FEI) using factory trim and DMX32=0.
3. The resulting system clock frequencies should not exceed their maximum specified values. The DCO frequency deviation



(Δfdco_t) over voltage and temperature should be considered.
4. These typical values listed are with the slow internal reference clock (FEI) using factory trim and DMX32=1.
5. The resulting clock frequency must not exceed the maximum specified clock frequency of the device.
6. This specification applies to any time the FLL reference source or reference divider is changed, trim value is changed,



DMX32 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.



7. Excludes any oscillator currents that are also consuming power while PLL is in operation.
8. This specification was obtained using a Freescale developed PCB. PLL jitter is dependent on the noise characteristics of



each PCB and results will vary.
9. 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



VDD Supply voltage 1.71 — 3.6 V



IDDOSC Supply current — low-power mode (HGO=0)



• 32 kHz



• 4 MHz



• 8 MHz (RANGE=01)



• 16 MHz



• 24 MHz



• 32 MHz



 



—



—



—



—



—



—



 



500



200



300



950



1.2



1.5



 



—



—



—



—



—



—



 



nA



μA



μA



μA



mA



mA



1



IDDOSC Supply current — high gain mode (HGO=1)



• 32 kHz



• 4 MHz



• 8 MHz (RANGE=01)



• 16 MHz



• 24 MHz



• 32 MHz



 



—



—



—



—



—



—



 



25



400



500



2.5



3



4



 



—



—



—



—



—



—



 



μA



μA



μA



mA



mA



mA



1



Cx EXTAL load capacitance — — — 2, 3



Cy XTAL load capacitance — — — 2, 3



RF Feedback resistor — low-frequency, low-power
mode (HGO=0)



— — — MΩ 2, 4



Feedback resistor — low-frequency, high-gain
mode (HGO=1)



— 10 — MΩ



Feedback resistor — high-frequency, low-power
mode (HGO=0)



— — — MΩ



Feedback resistor — high-frequency, high-gain
mode (HGO=1)



— 1 — MΩ



RS Series resistor — low-frequency, low-power
mode (HGO=0)



— — — kΩ



Series resistor — low-frequency, high-gain mode
(HGO=1)



— 200 — kΩ



Series resistor — high-frequency, low-power
mode (HGO=0)



— — — kΩ



Series resistor — high-frequency, high-gain
mode (HGO=1)



 



 



—



 



 



0



 



 



—



 



 



kΩ



Table continues on the next page...



Peripheral operating requirements and behaviors



K20 Sub-Family Data Sheet, Rev. 3, 11/2012.



28 Freescale Semiconductor, Inc.











Table 15. Oscillator DC electrical specifications (continued)



Symbol Description Min. Typ. Max. Unit Notes



Vpp
5 Peak-to-peak amplitude of oscillation (oscillator



mode) — low-frequency, low-power mode
(HGO=0)



— 0.6 — V



Peak-to-peak amplitude of oscillation (oscillator
mode) — low-frequency, high-gain mode
(HGO=1)



— VDD — V



Peak-to-peak amplitude of oscillation (oscillator
mode) — high-frequency, low-power mode
(HGO=0)



— 0.6 — V



Peak-to-peak amplitude of oscillation (oscillator
mode) — high-frequency, high-gain mode
(HGO=1)



— VDD — V



1. VDD=3.3 V, Temperature =25 °C
2. See crystal or resonator manufacturer's recommendation
3. Cx,Cy can be provided by using either the integrated capacitors or by using external components.
4. When low power mode is selected, RF is integrated and must not be attached externally.
5. 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)



3 — 8 MHz



fosc_hi_2 Oscillator crystal or resonator frequency — high
frequency mode (high range)
(MCG_C2[RANGE]=1x)



8 — 32 MHz



fec_extal Input clock frequency (external clock mode) — — 50 MHz 1, 2



tdc_extal Input clock duty cycle (external clock mode) 40 50 60 %



tcst Crystal startup time — 32 kHz low-frequency,
low-power mode (HGO=0)



— 750 — ms 3, 4



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)



— 1 — ms



1. 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



VBAT Supply voltage 1.71 — 3.6 V



RF Internal feedback resistor — 100 — MΩ



Cpara Parasitical capacitance of EXTAL32 and XTAL32 — 5 7 pF



Vpp
1 Peak-to-peak amplitude of oscillation — 0.6 — V



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_lo Oscillator crystal — 32.768 — kHz



tstart Crystal start-up time — 1000 — ms 1



vec_extal32 Externally provided input clock amplitude 700 — VBAT mV 2, 3



1. 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 VIH and VIL specifications do not apply. The voltage of the applied



clock must be within the range of VSS to VBAT.



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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6.4.1.1 Flash timing specifications — program and erase



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



thvpgm4 Longword Program high-voltage time — 7.5 18 μs



thversscr Sector Erase high-voltage time — 13 113 ms 1



thversblk32k Erase Block high-voltage time for 32 KB — 52 452 ms 1



thversblk256k 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



 



trd1blk32k



trd1blk256k



Read 1s Block execution time



• 32 KB data flash



• 256 KB program flash



 



—



—



 



—



—



 



0.5



1.7



 



ms



ms



trd1sec1k Read 1s Section execution time (data flash
sector)



— — 60 μs 1



trd1sec2k Read 1s Section execution time (program flash
sector)



— — 60 μs 1



tpgmchk Program Check execution time — — 45 μs 1



trdrsrc Read Resource execution time — — 30 μs 1



tpgm4 Program Longword execution time — 65 145 μs



 



tersblk32k



tersblk256k



Erase Flash Block execution time



• 32 KB data flash



• 256 KB program flash



 



—



—



 



55



122



 



465



985



 



ms



ms



2



tersscr Erase Flash Sector execution time — 14 114 ms 2



 



tpgmsec512p



tpgmsec512d



tpgmsec1kp



tpgmsec1kd



Program Section execution time



• 512 B program flash



• 512 B data flash



• 1 KB program flash



• 1 KB data flash



 



—



—



—



—



 



2.4



4.7



4.7



9.3



 



—



—



—



—



 



ms



ms



ms



ms



trd1all Read 1s All Blocks execution time — — 1.8 ms



trdonce Read Once execution time — — 25 μs 1



tpgmonce Program Once execution time — 65 — μs



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



tvfykey Verify Backdoor Access Key execution time — — 30 μs 1



 



tswapx01



tswapx02



tswapx04



tswapx08



Swap Control execution time



• control code 0x01



• control code 0x02



• control code 0x04



• control code 0x08



 



—



—



—



—



 



200



70



70



—



 



—



150



150



30



 



μs



μs



μs



μs



 



tpgmpart32k



Program Partition for EEPROM execution time



• 32 KB FlexNVM



 



—



 



70



 



—



 



ms



 



tsetramff



tsetram8k



tsetram32k



Set FlexRAM Function execution time:



• Control Code 0xFF



• 8 KB EEPROM backup



• 32 KB EEPROM backup



 



—



—



—



 



50



0.3



0.7



 



—



0.5



1.0



 



μs



ms



ms



Byte-write to FlexRAM for EEPROM operation



teewr8bers Byte-write to erased FlexRAM location execution
time



— 175 260 μs 3



 



teewr8b8k



teewr8b16k



teewr8b32k



Byte-write to FlexRAM execution time:



• 8 KB EEPROM backup



• 16 KB EEPROM backup



• 32 KB EEPROM backup



 



—



—



—



 



340



385



475



 



1700



1800



2000



 



μs



μs



μs



Word-write to FlexRAM for EEPROM operation



teewr16bers Word-write to erased FlexRAM location
execution time



— 175 260 μs



 



teewr16b8k



teewr16b16k



teewr16b32k



Word-write to FlexRAM execution time:



• 8 KB EEPROM backup



• 16 KB EEPROM backup



• 32 KB EEPROM backup



 



—



—



—



 



340



385



475



 



1700



1800



2000



 



μs



μs



μs



Longword-write to FlexRAM for EEPROM operation



teewr32bers Longword-write to erased FlexRAM location
execution time



— 360 540 μs



 



teewr32b8k



teewr32b16k



teewr32b32k



Longword-write to FlexRAM execution time:



• 8 KB EEPROM backup



• 16 KB EEPROM backup



• 32 KB EEPROM backup



 



—



—



—



 



545



630



810



 



1950



2050



2250



 



μs



μs



μs



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



IDD_PGM Average current adder during high voltage
flash programming operation



— 2.5 6.0 mA



IDD_ERS Average current adder during high voltage
flash erase operation



— 1.5 4.0 mA



6.4.1.4 Reliability specifications
Table 22. NVM reliability specifications



Symbol Description Min. Typ.1 Max. Unit Notes



Program Flash



tnvmretp10k Data retention after up to 10 K cycles 5 50 — years



tnvmretp1k Data retention after up to 1 K cycles 20 100 — years



nnvmcycp Cycling endurance 10 K 50 K — cycles 2



Data Flash



tnvmretd10k Data retention after up to 10 K cycles 5 50 — years



tnvmretd1k Data retention after up to 1 K cycles 20 100 — years



nnvmcycd Cycling endurance 10 K 50 K — cycles 2



FlexRAM as EEPROM



tnvmretee100 Data retention up to 100% of write endurance 5 50 — years



tnvmretee10 Data retention up to 10% of write endurance 20 100 — years



 



nnvmwree16



nnvmwree128



nnvmwree512



nnvmwree4k



nnvmwree8k



Write endurance



• EEPROM backup to FlexRAM ratio = 16



• EEPROM backup to FlexRAM ratio = 128



• EEPROM backup to FlexRAM ratio = 512



• EEPROM backup to FlexRAM ratio = 4096



• EEPROM backup to FlexRAM ratio = 8192



 



35 K



315 K



1.27 M



10 M



20 M



 



175 K



1.6 M



6.4 M



50 M



100 M



 



—



—



—



—



—



 



writes



writes



writes



writes



writes



3



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 ≤ Tj ≤ 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 FlexNVM partition code is not set to full data flash, the EEPROM data set size
can be set to any of several non-zero values.



Peripheral operating requirements and behaviors



K20 Sub-Family Data Sheet, Rev. 3, 11/2012.



Freescale Semiconductor, Inc. 33











The bytes not assigned to data flash via the FlexNVM 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 FlexNVM 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.



Writes_subsystem = × Write_efficiency × n
EEPROM – 2 × EEESPLIT × EEESIZE



EEESPLIT × EEESIZE
nvmcycd



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 —
• 0.25 for 8-bit writes to FlexRAM
• 0.50 for 16-bit or 32-bit writes to FlexRAM



• nnvmcycd — 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 V



EP1 EZP_CK frequency of operation (all commands except
READ)



— fSYS/2 MHz



EP1a EZP_CK frequency of operation (READ command) — fSYS/8 MHz



EP2 EZP_CS negation to next EZP_CS assertion 2 x tEZP_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
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EP2EP3 EP4



EP5 EP6



EP7
EP8



EP9



EZP_CK



EZP_CS



EZP_Q (output)



EZP_D (input)



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_DM0.



The ADCx_DP2 and ADCx_DM2 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.1 Max. Unit Notes



VDDA Supply voltage Absolute 1.71 — 3.6 V



ΔVDDA Supply voltage Delta to VDD (VDD - VDDA) -100 0 +100 mV 2



ΔVSSA Ground voltage Delta to VSS (VSS - VSSA) -100 0 +100 mV 2



VREFH ADC reference
voltage high



1.13 VDDA VDDA V



VREFL ADC reference
voltage low



VSSA VSSA VSSA V



VADIN Input voltage • 16-bit differential mode



• All other modes



VREFL



VREFL



—



—



31/32 *
VREFH



VREFH



V



CADIN Input capacitance • 16-bit mode



• 8-/10-/12-bit modes



—



—



8



4



10



5



pF



RADIN Input resistance — 2 5 kΩ



RAS Analog source
resistance



13-/12-bit modes



fADCK < 4 MHz



  



—



 



—



 



 



5



 



  



kΩ



3



fADCK ADC conversion
clock frequency



≤ 13-bit mode 1.0 — 18.0 MHz 4



fADCK ADC conversion
clock frequency



16-bit mode 2.0 — 12.0 MHz 4



Crate ADC conversion
rate



≤ 13 bit modes



No ADC hardware averaging



Continuous conversions
enabled, subsequent
conversion time



 



20.000



 



—



 



818.330



 



Ksps



5



Crate ADC conversion
rate



16-bit mode



No ADC hardware averaging



Continuous conversions
enabled, subsequent
conversion time



 



37.037



 



—



 



461.467



 



Ksps



5



1. Typical values assume VDDA = 3.0 V, Temp = 25 °C, fADCK = 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 Ω analog source resistance. The RAS/CAS
time constant should be kept to < 1ns.



4. To use the maximum ADC conversion clock frequency, the ADHSC bit must be set and the ADLPC bit must be clear.
5. For guidelines and examples of conversion rate calculation, download the ADC calculator tool
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Figure 12. ADC input impedance equivalency diagram



6.6.1.2 16-bit ADC electrical characteristics
Table 25. 16-bit ADC characteristics (VREFH = VDDA, VREFL = VSSA)



Symbol Description Conditions1 Min. Typ.2 Max. Unit Notes



IDDA_ADC Supply current 0.215 — 1.7 mA 3



fADACK



ADC
asynchronous
clock source



• ADLPC = 1, ADHSC = 0



• ADLPC = 1, ADHSC = 1



• ADLPC = 0, ADHSC = 0



• ADLPC = 0, ADHSC = 1



1.2



2.4



3.0



4.4



2.4



4.0



5.2



6.2



3.9



6.1



7.3



9.5



MHz



MHz



MHz



MHz



tADACK = 1/
fADACK



Sample Time See Reference Manual chapter for sample times



TUE Total unadjusted
error



• 12-bit modes



• <12-bit modes



—



—



±4



±1.4



±6.8



±2.1



LSB4 5



DNL Differential non-
linearity



• 12-bit modes



 



• <12-bit modes



—



 



—



±0.7



 



±0.2



-1.1 to +1.9



-0.3 to 0.5



LSB4 5



INL Integral non-
linearity



• 12-bit modes



 



• <12-bit modes



—



 



—



±1.0



 



±0.5



-2.7 to +1.9



-0.7 to +0.5



LSB4 5



EFS Full-scale error • 12-bit modes



• <12-bit modes



—



—



-4



-1.4



-5.4



-1.8



LSB4 VADIN =
VDDA



5



Table continues on the next page...
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Table 25. 16-bit ADC characteristics (VREFH = VDDA, VREFL = VSSA) (continued)



Symbol Description Conditions1 Min. Typ.2 Max. Unit Notes



EQ Quantization
error



• 16-bit modes



• ≤13-bit modes



—



—



-1 to 0



—



—



±0.5



LSB4



ENOB Effective number
of bits



16-bit differential mode



• Avg = 32



• Avg = 4



16-bit single-ended mode



• Avg = 32



• Avg = 4



 



12.8



11.9



 



 



12.2



11.4



 



14.5



13.8



 



 



13.9



13.1



 



—



—



 



 



—



—



 



bits



bits



 



 



bits



bits



6



SINAD
Signal-to-noise
plus distortion



See ENOB
6.02 × ENOB + 1.76 dB



THD Total harmonic
distortion



16-bit differential mode



• Avg = 32



16-bit single-ended mode



• Avg = 32



 



—



 



—



 



–94



 



-85



 



—



 



—



 



dB



 



dB



7



SFDR Spurious free
dynamic range



16-bit differential mode



• Avg = 32



16-bit single-ended mode



• Avg = 32



 



82



 



78



 



95



 



90



 



—



 



—



 



dB



 



dB



7



EIL Input leakage
error



IIn × RAS mV IIn =
leakage
current



(refer to
the MCU's



voltage
and current
operating
ratings)



 Temp sensor
slope



Across the full temperature
range of the device



— 1.715 — mV/°C



VTEMP25 Temp sensor
voltage



25 °C — 719 — mV



1. All accuracy numbers assume the ADC is calibrated with VREFH = VDDA
2. Typical values assume VDDA = 3.0 V, Temp = 25°C, fADCK = 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.



4. 1 LSB = (VREFH - VREFL)/2N



5. ADC conversion clock < 16 MHz, Max hardware averaging (AVGE = %1, AVGS = %11)
6. Input data is 100 Hz sine wave. ADC conversion clock < 12 MHz.
7. Input data is 1 kHz sine wave. ADC conversion clock < 12 MHz.



Peripheral operating requirements and behaviors



K20 Sub-Family Data Sheet, Rev. 3, 11/2012.



Freescale Semiconductor, Inc. 39











Figure 13. Typical ENOB vs. ADC_CLK for 16-bit differential mode



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



Symbol Description Conditions Min. Typ.1 Max. Unit Notes



VDDA Supply voltage Absolute 1.71 — 3.6 V



VREFPGA PGA ref voltage VREF_OU
T



VREF_OU
T



VREF_OU
T



V 2, 3



VADIN Input voltage VSSA — VDDA V



VCM Input Common
Mode range



VSSA — VDDA V



RPGAD Differential input
impedance



Gain = 1, 2, 4, 8



Gain = 16, 32



Gain = 64



—



—



—



128



64



32



—



—



—



kΩ IN+ to IN-4



RAS Analog source
resistance



— 100 — Ω 5



TS ADC sampling
time



1.25 — — µs 6



Crate ADC conversion
rate



≤ 13 bit modes



No ADC hardware
averaging



Continuous conversions
enabled



Peripheral clock = 50
MHz



18.484 — 450 Ksps 7



16 bit modes



No ADC hardware
averaging



Continuous conversions
enabled



Peripheral clock = 50
MHz



37.037 — 250 Ksps 8



1. Typical values assume VDDA = 3.0 V, Temp = 25°C, fADCK = 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 RPGAD/2
5. The analog source resistance (RAS), external to MCU, should be kept as minimum as possible. Increased RAS 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 1.25µs



time should be allowed for Fin=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[PGACHPb] =0)



Table 27. 16-bit ADC with PGA characteristics



Symbol Description Conditions Min. Typ.1 Max. Unit Notes



IDDA_PGA Supply current Low power
(ADC_PGA[PGALPb]=0)



— 420 644 μA 2



IDC_PGA Input DC current A 3



Gain =1, VREFPGA=1.2V,
VCM=0.5V



— 1.54 — μA



Gain =64, VREFPGA=1.2V,
VCM=0.1V



— 0.57 — μA



G Gain4 • PGAG=0



• PGAG=1



• PGAG=2



• PGAG=3



• PGAG=4



• PGAG=5



• PGAG=6



0.95



1.9



3.8



7.6



15.2



30.0



58.8



1



2



4



8



16



31.6



63.3



1.05



2.1



4.2



8.4



16.6



33.2



67.8



RAS < 100Ω



BW Input signal
bandwidth



• 16-bit modes
• < 16-bit modes



—



—



—



—



4



40



kHz



kHz



PSRR Power supply
rejection ratio



Gain=1 — -84 — dB VDDA= 3V
±100mV,



fVDDA= 50Hz,
60Hz



CMRR Common mode
rejection ratio



• Gain=1



• Gain=64



—



—



-84



-85



—



—



dB



dB



VCM=
500mVpp,



fVCM= 50Hz,
100Hz



VOFS Input offset
voltage



— 0.2 — mV Output offset =
VOFS*(Gain+1)



TGSW Gain switching
settling time



— — 10 µs 5



dG/dT Gain drift over full
temperature range



• Gain=1
• Gain=64



—



—



6



31



10



42



ppm/°C



ppm/°C



dG/dVDDA Gain drift over
supply voltage



• Gain=1
• Gain=64



—



—



0.07



0.14



0.21



0.31



%/V



%/V



VDDA from 1.71
to 3.6V



EIL Input leakage
error



All modes IIn × RAS mV IIn = leakage
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.1 Max. Unit Notes



VPP,DIFF Maximum
differential input
signal swing



where VX = VREFPGA × 0.583



V 6



SNR Signal-to-noise
ratio



• Gain=1



• Gain=64



80



52



90



66



—



—



dB



dB



16-bit
differential



mode,
Average=32



THD Total harmonic
distortion



• Gain=1



• Gain=64



85



49



100



95



—



—



dB



dB



16-bit
differential



mode,
Average=32,



fin=100Hz



SFDR Spurious free
dynamic range



• Gain=1



• Gain=64



85



53



105



88



—



—



dB



dB



16-bit
differential



mode,
Average=32,



fin=100Hz



ENOB Effective number
of bits



• Gain=1, Average=4



• Gain=64, Average=4



• Gain=1, Average=32



• Gain=2, Average=32



• Gain=4, Average=32



• Gain=8, Average=32



• Gain=16, Average=32



• Gain=32, Average=32



• Gain=64, Average=32



11.6



7.2



12.8



11.0



7.9



7.3



6.8



6.8



7.5



13.4



9.6



14.5



14.3



13.8



13.1



12.5



11.5



10.6



—



—



—



—



—



—



—



—



—



bits



bits



bits



bits



bits



bits



bits



bits



bits



16-bit
differential



mode,fin=100Hz



SINAD Signal-to-noise
plus distortion
ratio



See ENOB 6.02 × ENOB + 1.76 dB



1. Typical values assume VDDA =3.0V, Temp=25°C, fADCK=6MHz unless otherwise stated.
2. This current is a PGA module adder, in addition to ADC conversion currents.
3. 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 (VCM) and the PGA gain.
4. Gain = 2PGAG



5. After changing the PGA gain setting, a minimum of 2 ADC+PGA conversions should be ignored.
6. 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.



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



VDD Supply voltage 1.71 — 3.6 V



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



IDDHS Supply current, High-speed mode (EN=1, PMODE=1) — — 200 μA



IDDLS Supply current, low-speed mode (EN=1, PMODE=0) — — 20 μA



VAIN Analog input voltage VSS – 0.3 — VDD V



VAIO Analog input offset voltage — — 20 mV



VH Analog comparator hysteresis1



• CR0[HYSTCTR] = 00



• CR0[HYSTCTR] = 01



• CR0[HYSTCTR] = 10



• CR0[HYSTCTR] = 11



 



—



—



—



—



 



5



10



20



30



 



—



—



—



—



 



mV



mV



mV



mV



VCMPOh Output high VDD – 0.5 — — V



VCMPOl Output low — — 0.5 V



tDHS Propagation delay, high-speed mode (EN=1,
PMODE=1)



20 50 200 ns



tDLS Propagation delay, low-speed mode (EN=1,
PMODE=0)



80 250 600 ns



Analog comparator initialization delay2 — — 40 μs



IDAC6b 6-bit DAC current adder (enabled) — 7 — μA



INL 6-bit DAC integral non-linearity –0.5 — 0.5 LSB3



DNL 6-bit DAC differential non-linearity –0.3 — 0.3 LSB



1. Typical hysteresis is measured with input voltage range limited to 0.6 to VDD-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. 1 LSB = Vreference/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



VDDA Supply voltage 1.71 3.6 V



VDACR Reference voltage 1.13 3.6 V 1



TA Temperature Operating temperature
range of the device



°C



CL Output load capacitance — 100 pF 2



IL Output load current — 1 mA



1. The DAC reference can be selected to be VDDA 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



IDDA_DACL



P



Supply current — low-power mode — — 150 μA



IDDA_DACH



P



Supply current — high-speed mode — — 700 μA



tDACLP Full-scale settling time (0x080 to 0xF7F) —
low-power mode



— 100 200 μs 1



tDACHP Full-scale settling time (0x080 to 0xF7F) —
high-power mode



— 15 30 μs 1



tCCDACLP Code-to-code settling time (0xBF8 to 0xC08)
— low-power mode and high-speed mode



— 0.7 1 μs 1



Vdacoutl DAC output voltage range low — high-speed
mode, no load, DAC set to 0x000



— — 100 mV



Vdacouth DAC output voltage range high — high-
speed mode, no load, DAC set to 0xFFF



VDACR
−100



— VDACR mV



INL Integral non-linearity error — high speed
mode



— — ±8 LSB 2



DNL Differential non-linearity error — VDACR > 2
V



— — ±1 LSB 3



DNL Differential non-linearity error — VDACR =
VREF_OUT



— — ±1 LSB 4



VOFFSET Offset error — ±0.4 ±0.8 %FSR 5



EG Gain error — ±0.1 ±0.6 %FSR 5



PSRR Power supply rejection ratio, VDDA ≥ 2.4 V 60 — 90 dB



TCO Temperature coefficient offset voltage — 3.7 — μV/C 6



TGE Temperature coefficient gain error — 0.000421 — %FSR/C



Rop Output resistance load = 3 kΩ — — 250 Ω



SR Slew rate -80h→ F7Fh→ 80h



• High power (SPHP)



• Low power (SPLP)



 



1.2



0.05



 



1.7



0.12



 



—



—



V/μs



CT Channel to channel cross talk — — -80 dB



BW 3dB bandwidth



• High power (SPHP)



• Low power (SPLP)



 



550



40



 



—



—



 



—



—



kHz



1. Settling within ±1 LSB
2. The INL is measured for 0 + 100 mV to VDACR −100 mV
3. The DNL is measured for 0 + 100 mV to VDACR −100 mV
4. The DNL is measured for 0 + 100 mV to VDACR −100 mV with VDDA > 2.4 V
5. Calculated by a best fit curve from VSS + 100 mV to VDACR − 100 mV
6. VDDA = 3.0 V, reference select set for VDDA (DACx_CO:DACRFS = 1), high power mode (DACx_C0:LPEN = 0), DAC set to



0x800, temperature range is across the full range of the device
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Figure 17. Typical INL error vs. digital code
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Figure 18. Offset at half scale vs. temperature



6.6.4 Voltage reference electrical specifications



Table 31. VREF full-range operating requirements



Symbol Description Min. Max. Unit Notes



VDDA Supply voltage 1.71 3.6 V



TA Temperature Operating temperature
range of the device



°C



CL Output load capacitance 100 nF 1, 2



1. CL 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 CL value over the operating temperature range of
the device.



Peripheral operating requirements and behaviors



K20 Sub-Family Data Sheet, Rev. 3, 11/2012.



Freescale Semiconductor, Inc. 49











Table 32. VREF full-range operating behaviors



Symbol Description Min. Typ. Max. Unit Notes



Vout Voltage reference output with factory trim at
nominal VDDA and temperature=25C



1.1915 1.195 1.1977 V



Vout Voltage reference output — factory trim 1.1584 — 1.2376 V



Vout Voltage reference output — user trim 1.193 — 1.197 V



Vstep Voltage reference trim step — 0.5 — mV



Vtdrift Temperature drift (Vmax -Vmin across the full
temperature range)



— — 80 mV



Ibg Bandgap only current — — 80 µA 1



Ilp Low-power buffer current — — 360 uA 1



Ihp High-power buffer current — — 1 mA 1



ΔVLOAD Load regulation



• current = ± 1.0 mA



 



—



 



200



 



—



µV 1, 2



Tstup Buffer startup time — — 100 µs



Vvdrift Voltage drift (Vmax -Vmin across the full voltage
range)



— 2 — mV 1



1. 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 V



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



Symbol Description Min. Typ. Max. Unit



VDP_SRC USB_DP source voltage (up to 250 μA) 0.5 — 0.7 V



VLGC Threshold voltage for logic high 0.8 — 2.0 V



IDP_SRC USB_DP source current 7 10 13 μA



IDM_SINK USB_DM sink current 50 100 150 μA



RDM_DWN D- pulldown resistance for data pin contact detect 14.25 — 24.8 kΩ



VDAT_REF Data detect voltage 0.25 0.33 0.4 V



6.8.3 USB VREG electrical specifications
Table 36. USB VREG electrical specifications



Symbol Description Min. Typ.1 Max. Unit Notes



VREGIN Input supply voltage 2.7 — 5.5 V



IDDon Quiescent current — Run mode, load current
equal zero, input supply (VREGIN) > 3.6 V



— 120 186 μA



IDDstby Quiescent current — Standby mode, load current
equal zero



— 1.1 10 μA



IDDoff Quiescent current — Shutdown mode



• VREGIN = 5.0 V and temperature=25C



• Across operating voltage and temperature



—



—



650



—



—



4



nA



μA



ILOADrun Maximum load current — Run mode — — 120 mA



ILOADstby Maximum load current — Standby mode — — 1 mA



VReg33out Regulator output voltage — Input supply
(VREGIN) > 3.6 V



• Run mode



• Standby mode



 



 



3



2.1



 



 



3.3



2.8



 



 



3.6



3.6



 



 



V



V



VReg33out Regulator output voltage — Input supply
(VREGIN) < 3.6 V, pass-through mode



2.1 — 3.6 V 2



COUT External output capacitor 1.76 2.2 8.16 μF



ESR External output capacitor equivalent series
resistance



1 — 100 mΩ



Table continues on the next page...
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Table 36. USB VREG electrical specifications
(continued)



Symbol Description Min. Typ.1 Max. Unit Notes



ILIM 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 ILoad.



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 V



Frequency of operation — 25 MHz



DS1 DSPI_SCK output cycle time 2 x tBUS — ns



DS2 DSPI_SCK output high/low time (tSCK/2) − 2 (tSCK/2) + 2 ns



DS3 DSPI_PCSn valid to DSPI_SCK delay (tBUS x 2) −
2



— ns 1



DS4 DSPI_SCK to DSPI_PCSn invalid delay (tBUS x 2) −
2



— ns 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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DS3 DS4DS1DS2



DS7
DS8



First data Last data
DS5



First data Data Last data



DS6



Data



DSPI_PCSn



DSPI_SCK 



(CPOL=0)



DSPI_SIN



DSPI_SOUT



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 V



Frequency of operation 12.5 MHz



DS9 DSPI_SCK input cycle time 4 x tBUS — 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



First data Last data



First data Data Last data



Data



DS15



DS10 DS9



DS16DS11DS12



DS14DS13



DSPI_SS



DSPI_SCK 



(CPOL=0)



DSPI_SOUT



DSPI_SIN



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 V 1



Frequency of operation — 12.5 MHz



DS1 DSPI_SCK output cycle time 4 x tBUS — ns



DS2 DSPI_SCK output high/low time (tSCK/2) - 4 (tSCK/2) + 4 ns



DS3 DSPI_PCSn valid to DSPI_SCK delay (tBUS x 2) −
4



— ns 2



DS4 DSPI_SCK to DSPI_PCSn invalid delay (tBUS x 2) −
4



— ns 3



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].



DS3 DS4DS1DS2



DS7
DS8



First data Last data
DS5



First data Data Last data



DS6



Data



DSPI_PCSn



DSPI_SCK 



(CPOL=0)



DSPI_SIN



DSPI_SOUT



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 V



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 tBUS — ns



DS10 DSPI_SCK input high/low time (tSCK/2) - 4 (tSCK/2) + 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



First data Last data



First data Data Last data



Data



DS15



DS10 DS9



DS16DS11DS12



DS14DS13



DSPI_SS



DSPI_SCK 



(CPOL=0)



DSPI_SOUT



DSPI_SIN



Figure 22. DSPI classic SPI timing — slave mode



6.8.7 I2C switching specifications



See General switching specifications.



6.8.8 UART switching specifications



See General switching specifications.



6.8.9 I2S/SAI Switching Specifications



This section provides the AC timing for the I2S/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. I2S/SAI master mode timing in Normal Run, Wait and Stop modes
(full voltage range)



Num. Characteristic Min. Max. Unit



Operating voltage 1.71 3.6 V



S1 I2S_MCLK cycle time 40 — ns



S2 I2S_MCLK pulse width high/low 45% 55% MCLK period



S3 I2S_TX_BCLK/I2S_RX_BCLK cycle time (output) 80 — ns



S4 I2S_TX_BCLK/I2S_RX_BCLK pulse width high/low 45% 55% BCLK period



S5 I2S_TX_BCLK/I2S_RX_BCLK to I2S_TX_FS/
I2S_RX_FS output valid



— 15 ns



S6 I2S_TX_BCLK/I2S_RX_BCLK to I2S_TX_FS/
I2S_RX_FS output invalid



-1.0 — ns



S7 I2S_TX_BCLK to I2S_TXD valid — 15 ns



S8 I2S_TX_BCLK to I2S_TXD invalid 0 — ns



S9 I2S_RXD/I2S_RX_FS input setup before
I2S_RX_BCLK



20.5 — ns



S10 I2S_RXD/I2S_RX_FS input hold after I2S_RX_BCLK 0 — ns
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I2S_RX_BCLK (output)



I2S_TX_FS/ 
I2S_RX_FS (output)



I2S_TX_FS/ 
I2S_RX_FS (input)
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Figure 23. I2S/SAI timing — master modes



Table 42. I2S/SAI slave mode timing in Normal Run, Wait and Stop modes
(full voltage range)



Num. Characteristic Min. Max. Unit



Operating voltage 1.71 3.6 V



S11 I2S_TX_BCLK/I2S_RX_BCLK cycle time (input) 80 — ns



S12 I2S_TX_BCLK/I2S_RX_BCLK pulse width high/low
(input)



45% 55% MCLK period



S13 I2S_TX_FS/I2S_RX_FS input setup before
I2S_TX_BCLK/I2S_RX_BCLK



5.8 — ns



S14 I2S_TX_FS/I2S_RX_FS input hold after
I2S_TX_BCLK/I2S_RX_BCLK



2 — ns



S16 I2S_TX_BCLK to I2S_TXD/I2S_TX_FS output invalid 0 — ns



S17 I2S_RXD setup before I2S_RX_BCLK 5.8 — ns



S18 I2S_RXD hold after I2S_RX_BCLK 2 — ns



S19 I2S_TX_FS input assertion to I2S_TXD output valid1 — 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. I2S/SAI 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. I2S/SAI master mode timing in VLPR, VLPW, and VLPS modes
(full voltage range)



Num. Characteristic Min. Max. Unit



Operating voltage 1.71 3.6 V



S1 I2S_MCLK cycle time 62.5 — ns



S2 I2S_MCLK pulse width high/low 45% 55% MCLK period



S3 I2S_TX_BCLK/I2S_RX_BCLK cycle time (output) 250 — ns



S4 I2S_TX_BCLK/I2S_RX_BCLK pulse width high/low 45% 55% BCLK period



S5 I2S_TX_BCLK/I2S_RX_BCLK to I2S_TX_FS/
I2S_RX_FS output valid



— 45 ns



S6 I2S_TX_BCLK/I2S_RX_BCLK to I2S_TX_FS/
I2S_RX_FS output invalid



0 — ns



S7 I2S_TX_BCLK to I2S_TXD valid — 45 ns



S8 I2S_TX_BCLK to I2S_TXD invalid 0 — ns



S9 I2S_RXD/I2S_RX_FS input setup before
I2S_RX_BCLK



53 — ns



S10 I2S_RXD/I2S_RX_FS input hold after I2S_RX_BCLK 0 — ns
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Figure 25. I2S/SAI timing — master modes



Table 44. I2S/SAI slave mode timing in VLPR, VLPW, and VLPS modes (full
voltage range)



Num. Characteristic Min. Max. Unit



Operating voltage 1.71 3.6 V



S11 I2S_TX_BCLK/I2S_RX_BCLK cycle time (input) 250 — ns



S12 I2S_TX_BCLK/I2S_RX_BCLK pulse width high/low
(input)



45% 55% MCLK period



S13 I2S_TX_FS/I2S_RX_FS input setup before
I2S_TX_BCLK/I2S_RX_BCLK



30 — ns



S14 I2S_TX_FS/I2S_RX_FS input hold after
I2S_TX_BCLK/I2S_RX_BCLK



7.6 — ns



S15 I2S_TX_BCLK to I2S_TXD/I2S_TX_FS output valid — 67 ns



S16 I2S_TX_BCLK to I2S_TXD/I2S_TX_FS output invalid 0 — ns



S17 I2S_RXD setup before I2S_RX_BCLK 30 — ns



S18 I2S_RXD hold after I2S_RX_BCLK 6.5 — ns



S19 I2S_TX_FS input assertion to I2S_TXD output valid1 — 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. I2S/SAI 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



VDDTSI Operating voltage 1.71 — 3.6 V



CELE Target electrode capacitance range 1 20 500 pF 1



fREFmax Reference oscillator frequency — 8 15 MHz 2, 3



fELEmax Electrode oscillator frequency — 1 1.8 MHz 2, 4



CREF Internal reference capacitor — 1 — pF



VDELTA Oscillator delta voltage — 500 — mV 2, 5



IREF Reference oscillator current source base current
• 2 μA setting (REFCHRG = 0)
• 32 μA setting (REFCHRG = 15)



—



—



2



36



3



50



μA 2, 6



IELE Electrode oscillator current source base current
• 2 μA setting (EXTCHRG = 0)
• 32 μA setting (EXTCHRG = 15)



—



—



2



36



3



50



μA 2, 7



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



TCon20 Response time @ 20 pF 8 15 25 μs 12



ITSI_RUN Current added in run mode — 55 — μA



ITSI_LP Low power mode current adder — 1.3 2.5 μA 13
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1. The TSI module is functional with capacitance values outside this range. However, optimal performance is not guaranteed.
2. Fixed external capacitance of 20 pF.
3. REFCHRG = 2, EXTCHRG=0.
4. REFCHRG = 0, EXTCHRG = 10.
5. VDD = 3.0 V.
6. The programmable current source value is generated by multiplying the SCANC[REFCHRG] value and the base current.
7. The programmable current source value is generated by multiplying the SCANC[EXTCHRG] value and the base current.
8. Measured with a 5 pF electrode, reference oscillator frequency of 10 MHz, PS = 128, NSCN = 8; Iext = 16.
9. Measured with a 20 pF electrode, reference oscillator frequency of 10 MHz, PS = 128, NSCN = 2; Iext = 16.
10. Measured with a 20 pF electrode, reference oscillator frequency of 10 MHz, PS = 16, NSCN = 3; Iext = 16.
11. 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: (Cref * Iext)/( Iref * PS * NSCN)



The typical value is calculated with the following configuration:



Iext = 6 μA (EXTCHRG = 2), PS = 128, NSCN = 2, Iref = 16 μA (REFCHRG = 7), Cref = 1.0 pF



The minimum value is calculated with the following configuration:



Iext = 2 μA (EXTCHRG = 0), PS = 128, NSCN = 32, Iref = 32 μA (REFCHRG = 15), Cref = 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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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
LQFP
_QFN



Pin Name Default ALT0 ALT1 ALT2 ALT3 ALT4 ALT5 ALT6 ALT7 EzPort



1 PTE0 ADC1_SE4a ADC1_SE4a PTE0 UART1_TX I2C1_SDA RTC_CLKOUT



2 PTE1/
LLWU_P0



ADC1_SE5a ADC1_SE5a PTE1/
LLWU_P0



UART1_RX I2C1_SCL



3 VDD VDD VDD



4 VSS VSS VSS



5 USB0_DP USB0_DP USB0_DP



6 USB0_DM USB0_DM USB0_DM



7 VOUT33 VOUT33 VOUT33



8 VREGIN VREGIN VREGIN



9 PGA0_DP/
ADC0_DP0/
ADC1_DP3



PGA0_DP/
ADC0_DP0/
ADC1_DP3



PGA0_DP/
ADC0_DP0/
ADC1_DP3



10 PGA0_DM/
ADC0_DM0/
ADC1_DM3



PGA0_DM/
ADC0_DM0/
ADC1_DM3



PGA0_DM/
ADC0_DM0/
ADC1_DM3



11 PGA1_DP/
ADC1_DP0/
ADC0_DP3



PGA1_DP/
ADC1_DP0/
ADC0_DP3



PGA1_DP/
ADC1_DP0/
ADC0_DP3



12 PGA1_DM/
ADC1_DM0/
ADC0_DM3



PGA1_DM/
ADC1_DM0/
ADC0_DM3



PGA1_DM/
ADC1_DM0/
ADC0_DM3



13 VDDA VDDA VDDA



14 VREFH VREFH VREFH



15 VREFL VREFL VREFL



16 VSSA VSSA VSSA



17 VREF_OUT/
CMP1_IN5/
CMP0_IN5/
ADC1_SE18



VREF_OUT/
CMP1_IN5/
CMP0_IN5/
ADC1_SE18



VREF_OUT/
CMP1_IN5/
CMP0_IN5/
ADC1_SE18



18 DAC0_OUT/
CMP1_IN3/
ADC0_SE23



DAC0_OUT/
CMP1_IN3/
ADC0_SE23



DAC0_OUT/
CMP1_IN3/
ADC0_SE23



19 XTAL32 XTAL32 XTAL32



20 EXTAL32 EXTAL32 EXTAL32



21 VBAT VBAT VBAT



22 PTA0 JTAG_TCLK/
SWD_CLK/
EZP_CLK



TSI0_CH1 PTA0 UART0_CTS_
b/
UART0_COL_b



FTM0_CH5 JTAG_TCLK/
SWD_CLK



EZP_CLK



23 PTA1 JTAG_TDI/
EZP_DI



TSI0_CH2 PTA1 UART0_RX FTM0_CH6 JTAG_TDI EZP_DI
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Pin Name Default ALT0 ALT1 ALT2 ALT3 ALT4 ALT5 ALT6 ALT7 EzPort



24 PTA2 JTAG_TDO/
TRACE_SWO/
EZP_DO



TSI0_CH3 PTA2 UART0_TX FTM0_CH7 JTAG_TDO/
TRACE_SWO



EZP_DO



25 PTA3 JTAG_TMS/
SWD_DIO



TSI0_CH4 PTA3 UART0_RTS_b FTM0_CH0 JTAG_TMS/
SWD_DIO



26 PTA4/
LLWU_P3



NMI_b/
EZP_CS_b



TSI0_CH5 PTA4/
LLWU_P3



FTM0_CH1 NMI_b EZP_CS_b



27 PTA5 DISABLED PTA5 USB_CLKIN FTM0_CH2 CMP2_OUT I2S0_TX_BCLK JTAG_TRST_b



28 PTA12 CMP2_IN0 CMP2_IN0 PTA12 CAN0_TX FTM1_CH0 I2S0_TXD0 FTM1_QD_
PHA



29 PTA13/
LLWU_P4



CMP2_IN1 CMP2_IN1 PTA13/
LLWU_P4



CAN0_RX FTM1_CH1 I2S0_TX_FS FTM1_QD_
PHB



30 VDD VDD VDD



31 VSS VSS VSS



32 PTA18 EXTAL0 EXTAL0 PTA18 FTM0_FLT2 FTM_CLKIN0



33 PTA19 XTAL0 XTAL0 PTA19 FTM1_FLT0 FTM_CLKIN1 LPTMR0_ALT1



34 RESET_b RESET_b RESET_b



35 PTB0/
LLWU_P5



ADC0_SE8/
ADC1_SE8/
TSI0_CH0



ADC0_SE8/
ADC1_SE8/
TSI0_CH0



PTB0/
LLWU_P5



I2C0_SCL FTM1_CH0 FTM1_QD_
PHA



36 PTB1 ADC0_SE9/
ADC1_SE9/
TSI0_CH6



ADC0_SE9/
ADC1_SE9/
TSI0_CH6



PTB1 I2C0_SDA FTM1_CH1 FTM1_QD_
PHB



37 PTB2 ADC0_SE12/
TSI0_CH7



ADC0_SE12/
TSI0_CH7



PTB2 I2C0_SCL UART0_RTS_b FTM0_FLT3



38 PTB3 ADC0_SE13/
TSI0_CH8



ADC0_SE13/
TSI0_CH8



PTB3 I2C0_SDA UART0_CTS_
b/
UART0_COL_b



FTM0_FLT0



39 PTB16 TSI0_CH9 TSI0_CH9 PTB16 UART0_RX FB_AD17 EWM_IN



40 PTB17 TSI0_CH10 TSI0_CH10 PTB17 UART0_TX FB_AD16 EWM_OUT_b



41 PTB18 TSI0_CH11 TSI0_CH11 PTB18 CAN0_TX FTM2_CH0 I2S0_TX_BCLK FB_AD15 FTM2_QD_
PHA



42 PTB19 TSI0_CH12 TSI0_CH12 PTB19 CAN0_RX FTM2_CH1 I2S0_TX_FS FB_OE_b FTM2_QD_
PHB



43 PTC0 ADC0_SE14/
TSI0_CH13



ADC0_SE14/
TSI0_CH13



PTC0 SPI0_PCS4 PDB0_EXTRG FB_AD14 I2S0_TXD1



44 PTC1/
LLWU_P6



ADC0_SE15/
TSI0_CH14



ADC0_SE15/
TSI0_CH14



PTC1/
LLWU_P6



SPI0_PCS3 UART1_RTS_b FTM0_CH0 FB_AD13 I2S0_TXD0



45 PTC2 ADC0_SE4b/
CMP1_IN0/
TSI0_CH15



ADC0_SE4b/
CMP1_IN0/
TSI0_CH15



PTC2 SPI0_PCS2 UART1_CTS_b FTM0_CH1 FB_AD12 I2S0_TX_FS



46 PTC3/
LLWU_P7



CMP1_IN1 CMP1_IN1 PTC3/
LLWU_P7



SPI0_PCS1 UART1_RX FTM0_CH2 CLKOUT I2S0_TX_BCLK



47 VSS VSS VSS



48 VDD VDD VDD
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Pin Name Default ALT0 ALT1 ALT2 ALT3 ALT4 ALT5 ALT6 ALT7 EzPort



49 PTC4/
LLWU_P8



DISABLED PTC4/
LLWU_P8



SPI0_PCS0 UART1_TX FTM0_CH3 FB_AD11 CMP1_OUT



50 PTC5/
LLWU_P9



DISABLED PTC5/
LLWU_P9



SPI0_SCK LPTMR0_ALT2 I2S0_RXD0 FB_AD10 CMP0_OUT



51 PTC6/
LLWU_P10



CMP0_IN0 CMP0_IN0 PTC6/
LLWU_P10



SPI0_SOUT PDB0_EXTRG I2S0_RX_BCLK FB_AD9 I2S0_MCLK



52 PTC7 CMP0_IN1 CMP0_IN1 PTC7 SPI0_SIN USB_SOF_
OUT



I2S0_RX_FS FB_AD8



53 PTC8 ADC1_SE4b/
CMP0_IN2



ADC1_SE4b/
CMP0_IN2



PTC8 I2S0_MCLK FB_AD7



54 PTC9 ADC1_SE5b/
CMP0_IN3



ADC1_SE5b/
CMP0_IN3



PTC9 I2S0_RX_BCLK FB_AD6 FTM2_FLT0



55 PTC10 ADC1_SE6b ADC1_SE6b PTC10 I2C1_SCL I2S0_RX_FS FB_AD5



56 PTC11/
LLWU_P11



ADC1_SE7b ADC1_SE7b PTC11/
LLWU_P11



I2C1_SDA I2S0_RXD1 FB_RW_b



57 PTD0/
LLWU_P12



DISABLED PTD0/
LLWU_P12



SPI0_PCS0 UART2_RTS_b FB_ALE/
FB_CS1_b/
FB_TS_b



58 PTD1 ADC0_SE5b ADC0_SE5b PTD1 SPI0_SCK UART2_CTS_b FB_CS0_b



59 PTD2/
LLWU_P13



DISABLED PTD2/
LLWU_P13



SPI0_SOUT UART2_RX FB_AD4



60 PTD3 DISABLED PTD3 SPI0_SIN UART2_TX FB_AD3



61 PTD4/
LLWU_P14



DISABLED PTD4/
LLWU_P14



SPI0_PCS1 UART0_RTS_b FTM0_CH4 FB_AD2 EWM_IN



62 PTD5 ADC0_SE6b ADC0_SE6b PTD5 SPI0_PCS2 UART0_CTS_
b/
UART0_COL_b



FTM0_CH5 FB_AD1 EWM_OUT_b



63 PTD6/
LLWU_P15



ADC0_SE7b ADC0_SE7b PTD6/
LLWU_P15



SPI0_PCS3 UART0_RX FTM0_CH6 FB_AD0 FTM0_FLT0



64 PTD7 DISABLED PTD7 CMT_IRO UART0_TX FTM0_CH7 FTM0_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.



Pinout
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Figure 27. K20 64 LQFP/QFN Pinout Diagram
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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.
• Updated "VREF full-range operating behaviors" table.
• Updated "I2S/SAI Switching Specifications" section.
• Updated "TSI electrical specifications" table.



3 11/2012 • Updated orderable part numbers.
• Updated the maximum input voltage (VADIN) specification in the "16-bit ADC operating



conditions" section.
• Updated the maximum IDDstby specification in the "USB VREG electrical specifications"



section.
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Click to enlarge



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 I2S 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:





http://www.hobbytronics.co.uk/image/cache/data/teensy/teensy32-500x500.jpg
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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/O Pins (16 shared with analog)
12 PWM outputs
7 Timers for intervals/delays, separate from PWM
USB with dedicated DMA memory transfers
3 UARTs (serial ports)
SPI, 2x I2C, I2S, IR modulator
I2S (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 = 0; 
 
void setup() { 
  analogWriteResolution(12); 
} 
 
void loop() { 
  float val = sin(phase) * 2000.0 + 2050.0; 
  analogWrite(A14, (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.



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 
    Core 
    Rated Speed 
    Overclockable



MK20DX256VLH7 
Cortex-M4 



72 
96



 
 
MHz 
MHz



Flash Memory 
    Bandwidth 
    Cache



256 
192 
256



kbytes 
Mbytes/sec 
Bytes



RAM 64 kbytes



EEPROM 2 kbytes
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Direct Memory Access 16 Channels



Digital I/O 
    Voltage Output 
    Voltage Input



34 
3.3V 



5V Tolerant



Pins 
Volts 
Volts



Analog Input 
    Converters 
        Resolution 
            Usable 
        Prog Gain Amp 
    Touch Sensing 
    Comparators



21 
2 
16 
13 
1 
12 
3



Pins 
 
Bits 
Bits 
 
Pins 
 



Analog Output 
    DAC Resolution



1 
12



Pins 
Bits



Timers 
    FTM Type 
        PWM Outputs 
    PDB Type 
    CMT (infrared) Type 
    LPTMR Type 
    PIT (interval) Type 
    Systick 
    RTC (date/time) **



12 Total 
3 
12 
1 
1 
1 
4 
1 
1



 
 
Pins



Communication 
    USB 
    Serial 
        With FIFOs 
        High Res Baud 
        Fast Clock 
    SPI 
        With FIFOs 
    I2C 
    CAN Bus 
    I2S Audio 
        FIFO Size



 
1 
3 
2 
3 
2 
1 
1 
2 
1 
1 
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();

};






Vedlegg/Programkode C++/Header/EvolutionalTrainer.h

// 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);

};






Vedlegg/Programkode C++/Header/GlobVar.h

// 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;






Vedlegg/Programkode C++/Header/Leg.h

// 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];
    }
}
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#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 = "";






Vedlegg/Programkode C++/Scource/Leg.cpp



    
    
    Vedlegg/Programkode C++/Scource/Leg.cpp
    
    


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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