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Abstract 
The EyeC is a ctrer fr bie rbts (EyeBts) which are desiged as a sa w 

pwered ebedded device with gd iage prcessig capabiities EyeCs are a 

vauabe t fr studet earig i the abratry cpet f severa rbtics uits as 

we as prvidig ctr ad itrig fuctiaity  ther research rbts where they 

have bee attached t wheeed waig ad swiig devices The EyeCs i geera 

use were created prir t 2006 ad as such a f the are becig ipractica t 

aitai ad the hardware is utdated 

This prect ivestigated a cpetey ew EyeC architecture based  a BeageBard 

x sige bard cputer A cust USB expasi bard was the desiged t add 

EyeBt specific fuctiaity t the BeageBard The redesiged architecture was required 

t satisfy the eeds f a arge uber f staehders whie achievig duarity ad 

stadardisati ag with reduced cstructi ad devepet tie 

After aufacturig ad asseby testig was cducted  the expasi bard t 

cfir the fuctiaity f idividua features ad esure that the expasi bard was 

suitabe fr use by udergraduates Testig shwed that the architectura pricipe was 

sud hwever a uber f techica issues were fud that require a secd iterati f 

the bard t resve Suggestis are prvided  hw each techica issue ay be 

resved ad recedatis are preseted as a fraewr fr future EyeC 

devepet 

`
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Acwedgeets 
First ad frest I wud ie t tha The Uiversity Cputer Cub (UCC) withut 

which I wud t have had the practica sis ad wedge t d this prect The UCC 

was as a huge hep i prvidig ts advice ad resurces that I was uabe t access 

thrugh the Egieerig Facuty The ebers f UCC were as a huge hep i eepig 

e sae thrughut what was a very chaegig prect ad had t put up with e 

practicay ivig i e crer f the r t wr  this prect e such eber h 

Hdge wrte the cde fr testig the SPI chip whe I discvered it was we utside y 

fied f wedge At shrt tice he quicy ad experty wrte a test prgra fr which 

I a extreey gratefu 

I wud as ie t tha Iva eubrer fr his hep ad advice with the PCB it is 

argey thas t his iput that the PCB had s few aufacturig issues He as stpped 

e fr aig se questiabe desig decisis ie aig the cpets haf the 

sie they eded up beig  

Thas g t y faiy wh isteed ad supprted e whe I eeded sebdy t ta 

at ad were very uderstadig f the tie I was spedig  the prect 

Fiay thas g t Prf Dr Thas Bru wh et e thrw ysef i the deep ed 

with this prect eve after I ased what a decupig capacitr was  I have eared a 

treedus aut because f it! 
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1 ecature 

ADC Aague t Digita Cverter 

BIS Basic Iput utput Syste 

CAD Cputer Aided Desig 

CPU Cetra Prcessig Uit 

C Cputer  due 

DSP Digita Siga Prcessr 

FPGA Fied Prgraabe Gate Array 

GPI Geera Purpse Ipututput 

HID Hua Iterface Device 

I2C IterItegrated Circuit 

I Ipututput 

TAG Stadard Test Access Prt ad BudarySca 

Architecture 

CD iquid Crysta Dispay 

ED ight Eittig Dide 

PCB Prited Circuit Bard 

PDI Prgraig ad Debuggig Iterface 

PID PrprtiaItegraDerivative 

PSD Psiti Sesig Device 

PW Puse Width duati 

RA Rad Access ery 

REV UWA Reewabe Eergy Vehice 

RHS Restricti f Haardus Substaces Directive 

RS Rbt peratig Syste 

SBC Sige Bard Cputer 

SD Sftware Devepet it 

SPI Seria Periphera Iterface Bus 

TVS Trasiet Vtage Suppressi 

USB Uiversa Seria Bus 

USB TG USB  The G 

UVC USB Vide Device Cass 
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2 Itrducti 

EyeBts are a cass f sa autus rbts which as have reatie iage 

prcessig capabiities The ctrer at the heart f a EyeBts is caed a EyeC 

hwever the ters EyeBt” ad EyeC” are frequety iterchaged The UWA EyeBt 

prgra has bee ruig fr a uber f years ad EyeCs have bee attached t a wide 

rage f wheeed waig swiig ad fyig rbts The prgra started as a way t 

teach rbtics pricipes studets prgra EyeBts i asseby ad the C prgraig 

aguages fr tass such as ie fwig wa fwig sesr caibrati tr 

PrprtiaItegraDerivative (PID) ctr ad bect tracig I additi t their use 

i rbtics ab prgras EyeCs are as used as ctr ad itrig ts i prects 

such as UWA’s Reewabe Eergy Vehice stere visi research usig Fied 

Prgraabe Gate Arrays (FPGAs) ad swar rbtics research  

EyeCs have uderge severa upgrades durig the ife f the prgra The rigia 

EyeCs versis 1 t 5 (hereafter series 1) were based  a tra 68 prcessr 

ad ra a fuy cust peratig syste Series 1 EyeCs ra at 25H ad had a 

128x64 pixe bac ad white scree I 2006 the 6 EyeC was deveped t try ad 

repace the ageig series 1 feet f EyeBts The 6 is based  a AR9 prcessr 

ruig at 400H ad rus a custised versi f the iux peratig syste The 6 

as had a FPGA cected t the ai prcessr which awed it t ffad the iage 

prcessig ad free up the Cetra Prcessig Uit (CPU) fr ther tass such as 

ctrig the rbt Aas this apprach had hardware ad useabiity issues which ade it 

iapprpriate fr arger scae depyet ad csequety y a few EyeC 6s were 

ever ade At the tie f writig studets cpetig rbtics abs at UWA are sti usig 

series 1 EyeCs 
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Figure 1 A seecti f devices that the EyeC has bee attached t 

 

Whe the EyeC was first desiged it was the pieerig rbt ctrer f its sie 

which cud d bard iage prcessig Tday devices with high CPU speeds hudreds 

f egabytes f Rad Access ery (RA) ad bard iage prcessig 

capabiities are ubiquitus i the fr f bie phes ad tabet devices The series 1 

EyeCs whist sti effective at aague tass such as drivig trs ad readig 

distace sesrs have faied t eep up with tday’s expectatis i ters f iage 

prcessig capabiities It is w eary ipssibe t update the series 1 EyeCs with 

ew cpets i particuar the caera dues fr which caera sesrs f a w 

eugh resuti are difficut t surce  
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21 Desig Specificati 

The desig f the ew syste ais t be a geera rbtics patfr that is abe t tae 

ver the tass f existig EyeBts whist givig the syste sufficiet features ad 

expadabiity that it ca be adapted t ther uses i the Egieerig Facuty  

22 Prect Scpe 

The ai tass i this prect were 

• Research ad defiiti f hardware taig it csiderati preset ad future 

eeds fr the EyeC with respect t prduct usage ad ife 

• Acquisiti f fftheshef hardware the desig ad aufacture f ay 

additia cust hardware that is required 

• Testig ad dcuetati t aw thers t ctiue wrig with the prect 

tabe excusis fr the scpe are the writig f sftware (beyd test cde t esure 

the hardware wrs) the defiiti f the cuicati prtc betwee the hst bard 

ad the expasi bard ad arge scae depyet systes 

23 ar Ctributis 

The ar ctributis f this prect are 

• The architectura desig f the EyeC 8 

• Surcig f a hst device t prvide iage prcessig capabiities 

• The scheatic ad Prited Circuit Bard (PCB) ayut f the EyeC 8 

expasi bard 

• A bi f aterias ad surcig f Restricti f Haardus Substaces Directive 

(RHS) cpiat cpets fr the expasi bard (suppied t supervisr) 

• utsurcig the aufacture f the expasi bard PCB 

• Ppuati f tw expasi bard PCBs 

• Testig resuts f the expasi bard 

• Dcuetati ad sape cde t faciitate future prgraig ad use f the 

expasi bard 
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3 Architectura Desig 

The architectura desig f the EyeC 8 had t tae it accut the eeds f a 

staehders whist creatig a prduct with sufficiet ife ad cst effectiveess The 

priary use sceari fcused  was that f studet abs sice that is where the argest 

uber f EyeBts is currety depyed Se csiderati was as give t ther uses 

based  a assrtet f past research prects which used the EyeBt 

The fcus f the EyeC 6 desig was  the abiity t acceerate iage prcessig 

thrugh the use f a FPGA” (Bacha 2006) The 8 des ast the ppsite – it 

eeps the high speed tass such as iage prcessig  the ai CPU ad deegates the 

swer rbt ctr tass t the icrctrer  the expasi bard This has the 

beefit f abstractig EyeBt specific tass away fr what is therwise fftheshef 

hardware 

31 Prduct ifetie ptiiati 

va es ad Craer (2005) utied five desig strategies which ifuece prduct 

ifecyce thrugh desig desig fr reiabiity ad rbustess desig fr repair ad 

aiteace desig fr upgradabiity desig fr prduct attachet ad desig fr 

variabiity 

 

Previus EyeCs have had a service ife f apprxiatey five years ad it is evisaged 

that the ew desig wi atch r exceed this aig the EyeC duar is csistet 

with a the strategies set ut by va es ad wi hep t axiie the EyeC’s ifecyce 

Hardware duarity ca be achieved by separatig hardware res where they cat 

easiy be repaced as a whe fr exape it is idea t put st f the rbt ctr 

hardware (tr drivers serv drivers distace sesrs) t a expasi due with a 

stadard iterface such as Uiversa Seria Bus (USB) s that whe it ces t upgradig 

the iage prcessig capabiities the expasi bard ca sipy be pugged it the ew 

hst have suitabe drivers cpied ad the used withut further redevepet 

duarisig the rbt ctrig re ptetiay saves  havig t buid a fuy cust 

EyeC bard every tie a CPU upgrade is required thus awig the EyeC t be 
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icreetay upgraded Furtherre abstractig the rbt drivig cpet ut f the 

ai bard wi ae it easier t desig fr eectrica prtecti 

 

32 Requireets 

321 Udergraduate ab User Requireets 

A studet cpetig abs with a EyeBt requires a t that is reiabe csistet ad 

easy t prgra At preset the st cpex f udergraduate ab tass udertae usig 

EyeBts ivves catig red cas usig a caera drivig twards the picig the up 

ad vig the t se cati (Bru 2012) Fr the EyeBt 8 t tae ver the tas 

f existig abs it des t eed stere caeras r the abiity t prcess high quaity vide 

fr high resutihigh fraerate caeras As a resut it ust be ased why a FPGA is 

eeded fr these tass at a Ideed a that is eeded fr studet abs is a way t appy 

sipe iage prcessig t a strea fr a sige caera (eg fid the ightest pit) ad 

the abiity t ctr a peripheras  existig EyeBt bases (trs servs ad distace 

sesrs) 

 

Features ipeeted i previus EyeCs that shud be reipeeted  

• iquid Crysta Dispay (CD) 

• 4 DC tr drivers 

• 16 Geera Purpse I (GPI) 

• 6 aague iputs 

• 6 psiti sesitive device (PSD) iputs 

• Rtary ecder iputs t read the trs rtati 

• 14 serv tr drivers 

• RS232 seria 

• Cur caera 

 

Priet features upgraded fr series 1 EyeBts 

• ve fr a bac ad white CD scree t a fu cur scree 

• Reve echaica butts fr bew CD scree i favur f tuch scree 

butts 
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• ve t USB iterface t aw fr a greater rage f periphera hardware 

• Add ptis f prgraig via USB Etheret r SD card 

 

322 Requireets f Research Users 

The eeds f a research user are re difficut t predict tha ay ther due t their adhc 

ature The previus research uses f the EyeC t date ca be spit it three categries 

• A sa vehicerbt ctrer (eg sccerbts ad ther cperative rbtics (Du 

2003))  

• itrig ad recrdig (eg a bacbx fr the REV prect (Ewa aced 

2008))  

• Cputer visi ad stere visi research (Chi 2006) 

 

Usig the EyeC as a vehicerbt ctrer is sethig that requires it t be rbust ad 

terat f vibrati It as eeds t have suitabe I t be abe t read sesrs ctr 

trs ad servs ad have sufficiety g battery ife Ideay the 8 shud be 

cpatibe with ay existig utig cstraits by atchig utighe catis 

ad the physica diesis as csey as pssibe 

 

itrig ad recrdig usig the EyeC dictates that it has se srt f strage space 

avaiabe fr data i additi t havig eugh Iputuput (I) fr sesrs t itr 

the bect i questi Fr the EyeC t be used i vehices such as the Reewabe Eergy 

Vehice (REV) it is required t be cpatibe with typica auttive vtages (5 t 15V 

depedig  cditis) 

 

The cputer visi ad stere visi research requireets are the st difficut t 

quatify sice the stadard f caeras their iterfaces ad the specificatis f the FPGA 

required fr se tass are difficut t predict It was decided that tryig t satisfy the 

desire fr a FPGA i every sige EyeC is bth uecessary ad expesive it icreases 

devepet ties hardware aiteace tie csts frces the syste t be uecessariy 

cpex ad is a resurce that is t required t be  the EyeBt fr the arity f its 

use As such the FPGA cpet f a EyeC was excuded fr the scpe f this 
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prect Where there is a eed fr high pwered iage prcessig it ca be ipeeted i 

future as a USB expasi due (Baiey 2011 pp 380383) which eaves the pti 

pe fr a utitude f differet caera iterfaces FireWire Caerai Subiiature 

Etheret etc It is essetia that the iterface betwee the EyeC ad such a expasi 

due be csidered whe the EyeBt 8 is beig buit Due t btteecs i the I f 

the EyeC 6 (Dietrich 2009) cacuated i his fia year thesis that 25Bs cud be 

passed betwee the FPGA ad the CPU ad this was udged t be sufficiet Csiderig 

Dietrich’s fidig ad the speed f the ewer USB 20 stadard (which perates at a 

axiu rate f 50Bs) a USB iterface wud be sufficiet fr cuicati 

betwee a FPGA ad the CPU if it is ever ipeeted 

 

323 FacutyUiversity Requireets 

The utiate ga f the EyeC 8 is fr it t repace the cecti f EyeBt 5’s that 

are utiised at the uiversity Aside fr the cst price f the hardware depyig a arge 

uber f EyeBts at ce requires perse tie t d ay ecessary asseby 

dificatis ad prgraig There is a high ptetia fr this prcess t bece 

expesive very quicy therefre it is iperative that the hardware is t y cst 

effective but easy t assebe with fast prgraig ad aiteace prcesses 

 

33 Cstraits 

• Pwer csupti 

o EyeBts are geeray battery perated pwer csupti eeds t be 

iia fr the t be abe t fucti thrughut a threehur ab withut 

havig a battery repaceet 

• EyeC sie 

o T iiie the aut f existig hardware ecessary t be chaged 

aig the bard the sae sie r saer wi eabe the 8 t be used i 

ast every pace the 5 is used 

o The ew EyeC ust have the sae utig he catis as previus 

versis 
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• Cst 

o The desig ust be as cst effective as is practicabe 

o Be sufficiety rbust t be iia aiteace ad hece wer cst 

• Usabiity 

o The EyeC 8 ust be at east as sipe t prgra as the EyeC 5 

(fr a user perspective) 

o Bu prgraig ethds ust be avaiabe 

• Easy t surce ad aufacture 

o A parts shud be repaceabe with fuctiay siiar parts 

o iiise cpexity t aw fr aufacturig by a rage f bard 

huses 

• The desig ust be fuy RHS cpiat 

 

34 Past Desigs 

I additi t shwig us the requireets fr a ew desig exaiig previus EyeBt 

desigs ca hep t better ew desigs by iprvig  past faws ad icrpratig 

desirabe characteristics fr past desigs Previus EyeC desigs ca be bre it 

series 1 EyeCs ad series 2 EyeCs This spit f series represets a radica architectura 

chage Series 1 ra a cust Basic Iput utput Syste (BIS)  the tra 68332 

prcessr ad ca be csidered a ‘traditia’ ebedded syste i that it had very 

dedicated ad fixed fuctis Series 2 ved twards a re geeric syste ruig 

iux  a uch re pwerfu AR9 PXA255 prcessr (Bacha 2006)  

 

341 Series 1 

Series 1 despite beig reativey sipe ad havig w prcessig pwer was a device 

that was easy fr begiers t ear t prgra this ade it idea fr studet use (based  

firsthad experiece) This is party due t its hardware desig which uses sipe 

iterfaces ad party due t gd dcuetati with pety f exapes This high 

useabiity eve is csidered essetia fr the 8 t be successfu fr studet use 
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What is tewrthy f Series 1 is that the re der dues (such as the Buetth 

due) have bee ipeeted usig RS232 seria via a DE9 cectr (Bru 2008) 

The stadard seria iterface  the EyeC wud have ade these add dues sipe 

t ipeet ad cud be substituted with ay fftheshef seria due which i tur 

ctributed t the gevity f the Series 1 Whie RS232 is a reiabe stadard that is easy 

t wr with it is as extreey sw USB has bece a de fact stadard i the 

ebedded eectrics idustry has very ature iux supprt ad is what the 8 wi use 

(Yaghur 2009) A further beefit f USB is that a USBseria adapter ca be used fr 

bacward cpatibiity with ay d seria dues 

 

Despite havig se stadard iterfaces the st iprtat iterface f the series 1 

EyeCs – the caera – was stadard aig it difficut t repace d hardware as it 

reached ed f ife Every ew caera required a ew bard had t be f a very specific 

type ad required the hardware descripti tabe t be updated i sftware Give that 

avaiabe hardware is w sufficiety fast a ff the shef caera usig USB ca be used 

istead f iterfacig t a cust caera usig parae I This perits the use f 

existig stadard sftware drivers such as iux’s USB Vide Device Cass (UVC) vide 

drivers which require  recfigurati if the caera is chaged 

 

342 Series 2 

Series 2 ade a radica chage twards a Cputer  due (C) uted  a I 

expasi bard which as ctaied a FPGA Ruig iux  the 6 eat that 

there was aready a existig sftware base t buid  which was bth free ad pe 

surce As a resut prgraig wr was’t beig repeated uecessariy ad csts were 

drasticay reduced cpared t a prprietary peratig syste Ruig iux eat that 

there was aready a utitude f prgraig ts avaiabe ad the syste cud be 

euated easiy 

 

The ar dwside t the 6 was that thugh pwerfu it was t suitabe t repace the 

Series 1 EyeBts At the tie atteptig t satisfy the stere visi ga eat usig a 

FPGA 
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• The FPGA t  t ay fuctis f the d EyeBt by tryig t d bth the 

iage prcessig ad w speed I (eg serv) ctr This eat that it cud 

y d e f these tass at a tie 

• Chagig ay f the hardware attached t the FPGA eat reprgraig it 

which represeted a irdiate aut f prgraig fr what shud be a 

sipe chage 

• The FPGA used s ay data ies  CPU that there was itte r fr aythig 

ese t be attached t the CPU 

• A tiig issue betwee the CPU ad the FPGA eat that the FPGA cud t be 

used t its fu ptetia (Geier 2009) 

• There were s ay peripheras cected t the FPGA that the syste was 

uusabe whe the FPGA was put it w pwer de (Sigh 2011) 

 

35 Architecture ptis 

There were a uber f pssibe desig appraches that cud be udertae t arrive at a 

fiished prduct hwever it was iprtat t csider hw uch f the EyeC shud be 

fftheshef ad hw uch f it shud be cust desiged At first gace e ight 

chse the apprach that ivves the east wr ad the shrtest devepet tie 

Hwever each apprach has tradeffs that had t be csidered t esure the prduct 

ifecyce is ptiied ad a the requireets f the EyeC are satisfied The fwig 

three subsectis detai se f the beefits ad disadvatages f each apprach fr 

which pti 3 was seected fr the EyeC 8 

 

351 pti 1 Desig a cpete EyeC fr scratch 

• The prduct ca suit the requireets exacty with higher efficiecy ad withut 

ay uecessary cpets 

• Taes sigificaty ger t devep ad eeds t icude ger testig tie 

• High ieihd f havig t g thrugh severa iteratis f hardware t arrive at 

the fia prduct which the has t g fr aufacturig – a f which eeds 

see t be aagig the prcess 
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• Ptetia t sped sigificat auts f tie ad ey reprducig parts that are 

avaiabe fftheshef 

• Se techgies difficut t wr with give avaiabe resurces (bagrid array 

parts pacagepacage desigs) 

• Have t adapt a sftware drivers t suit the bard 

• High depedece  idividua parts avaiabiity (high exteraities) 

 

352 pti 2 Desig a bard which expads the I f a C 

te This was the EyeC 6 apprach which expaded  a Gustix bard 

• Shrter devepet tie tha a fuy cust buid 

• re sftware aready avaiabe fr the C ad se dcuetati aready 

writte thugh st extera chip drivers sti eed t be ipeeted 

• Uess there is a stadard iterface betwee the C ad the I bard if the 

C chages (as happeed with Gustix bard cected t the 6) the I 

bard requires a cpete redesig 

• Ca eiiate uecessary prts ad have re direct access t the CPU 

• The fuctiaity ffered by each C is highy variabe Fr exape e 

Gustix de ay have USB bard whie the ext ay expect it t be 

ipeeted exteray 

• Guarateed t have the right sie bard t suit utig  existig EyeBts 

• Have t adapt a sftware drivers t suit the bard 

• Has a high depedece  idividua parts avaiabiity (high exteraities) 

 

353 pti 3 Buy a Sige Bard Cputer (SBC) ff the shef ad add ay required 

fuctiaity usig add dues 

• uch faster devepet tie ca ae st fusied SBCs ru iux ut f the 

bx ad a drivers are aready istaed r avaiabe 

• ce ay cust dues ad drivers have bee deveped they ca easiy be 

ved t ther patfrs as g as they use a stadard iterface such as USB 

• High ieihd f havig uecessary cpets ad features 
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• Difficut t fid SBCs ad screes f the crrect sie fr EyeBt utig (wi 

have t ae adaptr bracets r dify existig EyeBts t suit) 

• Psitis f prts are ut f ur ctr which cud cause utig 

icpatibiities if psitis chage i future reeases 

• Very few SBCs have buiti FPGAs s that wud have t be created as a add 

due 

36 Desig 

Fr the EyeC 8 it was decided t tae a fftheshef SBC apprach ad use a 

BeageBardx as a hst device with a expasi bard cust ade t suit EyeBt 

specific fuctiaity Visi capabiities ca the be prvided by ay iuxcpatibe 

USB caera hwever preferece shud be give t caeras that supprt the iux UVC 

vide drivers I additi t havig a AR Crtex A8 cre ruig at 1GH which was 

suggested by Sigh (2011) fr future EyeC desigs the BeageBard x has the 

fwig desirabe features (Cey 2010) 

• w pwer rgaic ight Eittig Dide (ED) tuch screes avaiabe 

• Prvides 4 USB 20 hst prts ad 1 USB theg prt as we as a DE9 seria 

cectr fr bacwards cpatibiity 

• The hardware desig fies are a fuy pe surce ad ca be custised if the 

eed arises (BeageBardrg 2011) 

• Sighty saer diesis tha the Series 1 EyeCs (whe  scree attached) 

ad y 2c wider whe scree attached This wi hep axiise cpatibiity 

with existig EyeBts 

• Pwerfu eugh t ipeet Rbt peratig Syste (RS) if desired i the 

future 

• The TI D3730 prcessr icudes a TI C64x Digita Siga Prcessig (DSP) 

cre which ca be tae advatage f fr ffadig fixedpit iage prcessig 

tass fr the AR Crtex A8 cre 

• Ape dcuetati is avaiabe fr prtig peCV t this patfr  

• Gd battery ife (65 hurs with a 4500 Ah battery) 
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• Free ibraries ad a cpete vide Sftware Devepet it (SD) are avaiabe 

fr the TI D3730 prcessr (Texas Istruets Icrprated 2012b) 

 

A rage f ther SBCs were csidered ad fud t be usuitabe 

Cadidate Reass fr excusi 

Padabard Isufficiet USB prts t big fr EyeBt 

uts 

Biard Iterface Basebard fr TD3730 T big fr EyeBt uts 

BeageBe A stadard prts  fftheshef screes 

uderpwered 

Raspberry Pi Iature hardware suppy issues  ffthe

shef screes uderpwered 

CUca t duar  scree capabiity 

uderpwered wud require a cpete rewr 

t ae it suitabe 

AP  T big fr EyeBt uts 

IGEPv2 Isufficiet USB prts therwise cud be a 

suitabe repaceet if that ca be verce 
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37 EyeC 8 Bc Diagra 

 

Figure 2 Bc diagra f the EyeC 8 



 

 

4 PCB Desig 

ce the architecture f the EyeC 8 had bee agreed up the fcus f the prect 

ved t the desig ad aufacture f the expasi bard This etaied drawig up the 

scheatics i a eectrica 

thse scheatics t a PCB ayut The scheatic desig ad bard ayut t severa 

ths as it had t be checed that every cpet cud perate at the suppied vtages 

ad cud cuicate with a the ther cpets 

each cpet had t be surced ad the scheatic dified where ecessary

Cpets were purchased as s as the scheatic was fiaised

be checed agaist their PCB ftprit

the cpets were  rder the bard was aid ut ad ruted This preset

ew set f chaeges

aufacturer’s capabiities the 

testig pits ad sie cstraits 

expasi bard 

Figure 3
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ce the architecture f the EyeC 8 had bee agreed up the fcus f the prect 

ed t the desig ad aufacture f the expasi bard This etaied drawig up the 

scheatics i a eectrica Cputer Aided Desig (CAD) prgra ad the cvertig 

thse scheatics t a PCB ayut The scheatic desig ad bard ayut t severa 

ths as it had t be checed that every cpet cud perate at the suppied vtages 

ad cud cuicate with a the ther cpets ce the scheatic was drafted 

each cpet had t be surced ad the scheatic dified where ecessary

pets were purchased as s as the scheatic was fiaised

agaist their PCB ftprit befre the bard was set fr aufacturig

the cpets were  rder the bard was aid ut ad ruted This preset

ew set f chaeges as a uber f extra cstraits cae it pay aey the PCB 

aufacturer’s capabiities the avaiabiity f ts t ppuate the bard

testig pits ad sie cstraits Figure 3 ad Figure 4 shw 

3 3D de f the expasi bard tp perspective view

ce the architecture f the EyeC 8 had bee agreed up the fcus f the prect 

ed t the desig ad aufacture f the expasi bard This etaied drawig up the 

prgra ad the cvertig 

thse scheatics t a PCB ayut The scheatic desig ad bard ayut t severa 

ths as it had t be checed that every cpet cud perate at the suppied vtages 

the scheatic was drafted 

each cpet had t be surced ad the scheatic dified where ecessary 

pets were purchased as s as the scheatic was fiaised as physica parts had t 

befre the bard was set fr aufacturig Whie 

the cpets were  rder the bard was aid ut ad ruted This preseted a whe 

a uber f extra cstraits cae it pay aey the PCB 

avaiabiity f ts t ppuate the bard utig pits 

shw a 3D de f the 

 

 3D de f the expasi bard tp perspective view 



 

 

Figure 4 

41 Desig Ts 

411 Eage PCB 

The etire scheatic ad bard desig was de i Eage PCB 

fr its arge existig parts ibraries

eectrics cpaies such as Sparfu ad Adafruit Idustries

412 Viewpt 

Viewpt is a free gerber fie viewig prgra

befre they were set t the aufacturer It was particuary usefu fr

ayers were i the right rder 

practice t te aybdy wh has t wr with yur dri fies what the uber frat f the 

fies is Sice Eage CAD des t aw yu t set the uber frat r eve dispay the 

uber frat Viewpt was essetia 

Exce dri fie 

42 Expasi Bard

421 icrctrer

The icrctrer c

was the preferred brad

ad studets are re iey t have wred 

such as the Ardui The ATxega128A1 

icrctrer which had the required 
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 3D de f the expasi bard btt perspective view

The etire scheatic ad bard desig was de i Eage PCB This sftware

existig parts ibraries as we as third party ibraries

es such as Sparfu ad Adafruit Idustries 

gerber fie viewig prgra ad was used t chec the 

befre they were set t the aufacturer It was particuary usefu fr

ght rder aiged crrecty ad were’t irrred

practice t te aybdy wh has t wr with yur dri fies what the uber frat f the 

Sice Eage CAD des t aw yu t set the uber frat r eve dispay the 

uber frat Viewpt was essetia fr wrig ut the uber frat f the 

Bard Features 

icrctrer 

ctrer chse fr the expasi bard is a Ate ATxega128A1

was the preferred brad f icrctrer because the authr has wred with it befre 

ad studets are re iey t have wred with Ate after wrig with 

such as the Ardui The ATxega128A1 was chse as it was the saest ad cheapest 

which had the required fuctiaity that beig 

 

perspective view 

This sftware was chse 

 as we as third party ibraries prvided by arge ie 

 ad was used t chec the fia PCB fies 

befre they were set t the aufacturer It was particuary usefu fr esurig the PCB 

were’t irrred It is as stadard 

practice t te aybdy wh has t wr with yur dri fies what the uber frat f the 

Sice Eage CAD des t aw yu t set the uber frat r eve dispay the 

g ut the uber frat f the geerated 

bard is a Ate ATxega128A1 Ate 

f icrctrer because the authr has wred with it befre 

wrig with hbbyist bards 

it was the saest ad cheapest 
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• 16 iterrupt eabed pis fr GPI 

• 14 iterrupt eabed I pis fr tr ecder feedbac sta fags ad chip eabe 

ies 

• 13 Aague t Digita Cverter (ADC) pis fr battery eve itrig PSD 

readig ad geera purpse ADC 

• 8 tier utput eabed pis t prvide the Puse Width duati (PW) fr the 

tr ctrers 

• A Seria Periphera Iterface (SPI) t be abe t iterface with the USB t SPI chip 

• A IterItegrated Circuit (I2C as w as Tw Wire Iterface r TWI) 

iterface t cuicate with the PW ctrer which drives the servs 

Iitiay the requireet was fr 22 tier utput cpare pis with the icrctrer 

as prvidig the PW fr the servs This prved eary ipssibe t satisfy s the 14 

serv PW ies were ffaded t a PCA9685 chip Ufrtuatey it was t pssibe t 

use a 5V icrctrer as  chip i the 5V rage had the required features 

422 USB 

USB is the c iterface t st f the peripheras f the EyeC s it is iprtat 

that it be used  the expasi bard This eas that if ever the hst device eeds t be 

repaced  assuig it has USB  it wi have hardware eve cpatibiity with the 

expasi bard The chip seected fr use  the expasi bard is a FT232H chip ade 

by FTDI This is e f the few existig chips that supprts HiSpeed USB (up t 

480bps) which esures that the USB iterface des t bece a cuicatis 

btteec ay USBSPI chips ad USBeabed icrctrers preset  the hst as 

Hua Iterface Devices (HIDs) i rder t fucti withut further driver istaatis 

They hwever have a axiu speed f 600baud ad are usuitabe fr ctrig a 

the features f the expasi bard i rea tie The FT232H des t preset as a HID 

device which aws it t g uch faster hwever this requires additia drivers Ryaty 

free drivers fr Widws ac ad iux are avaiabe fr the FTDI website  

It was a deiberate decisi t t seect a icrctrer with a ibuit USB prt as this 

wud ea a cpete chage f hst device drivers if ever the icrctrer is 

chaged  the ther had cvertig fr USB t SPI eas that a ew icrctrer 
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y has t have a SPI prt awig a csistet sftware iterface t be avaiabe  the 

hst 

423 ISP 

I Syste Prgraig is a feature f ay prgraabe chips which aws the t be 

prgraed after istaati it the cpete syste This eiiates the eed fr 

expesive chip specific prgraig equipet which eeds t be used befre the chip is 

istaed The ATxega128A1 supprts i syste prgraig via the Prgraig ad 

Debug Iterfaces (PDI) ad it Test ad Acti Grup (TAG) iterfaces 

424 Servs 

The expasi bard aws 14 servs t be cected ad drive ccurrety via a 

dedicated PW chip The chip seected is a PCA9685 which is as used  a 16chae 

serv ctrer prduced by Adafruit Idustries The PCA9685 is ctred via I2C fr 

the icrctrer ad prvides up t 16 PW chaes with 12bit resuti 12 bits f 

resuti aws fr serv psitiig i 08 degree icreets (assuig a 50H 

frequecy 12s dutycyce ad a serv with 180 degree rage) Accrdig t (Pu 

Rbtics ad Eectrics 2011) the frequecy f the puse trai des t affect the serv 

psiti if the puse width stays the sae” Taig this it accut the frequecy cud be 

icreased t 180H (st hbby grade servs perit this) ad the psitia icreets ca 

be reduced t apprxiatey 025 degrees 

The PCA9685 rus at 33V t aitai cpatibiity with the ATxega hwever 

stadard” hbby grade servs are rated at 5V T esure the 33V siga wud t cause 

issues with the servs tests were cducted  a rage f servs befrehad usig a 33V 

Texas Istruets bed” bard t esure the behaviur was crrect with the wer 

vtage 

425 trs 

Fur trs are abe t be drive by the expasi bard usig tw A3906 tr drivers 

These chips have a uber f advatages ver the 293 driver used i the EyeC 6 

they have cfigurabe itera curret iitig fr each tr ad prvide a sta fag fr 

each tr which is cveiet t chec if the rbt gets stuc r if the tr is puig 

t uch curret  
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Each A3906 chip is capabe f suppyig tw trs with 1A each ad is ctred usig 

4 I ies fr the icrctrer Fr a reguar DC tr ay state ut f 

disabedfrwardreversebraig ca be seected ad the speed f the tr ca be 

adusted by varyig the duty cyce f the I ies usig PW Headers are prvided which 

aw fr cectig stadard 6pi Fauhaber trs with ecders Each driver chip ca 

as drive a stepper tr i haf r fu step de by cectig a stepper tr t tw 

pairs f the DC tr utputs ad settig the 4 I ies apprpriatey  

The pwer surce f each tr driver is uper seectabe battery vtage r reguated 

5V The atter vtage shud be seected if the suppy battery vtage is ver 9V as the 

axiu tr vtage awed by the A3906 is 9V T this ed the battery iput 

teria  the bard has bee abeed with a saer rage tha what is avaiabe 5 – 

9VDC I” which is t try ad prevet pepe uwigy bwig up the tr 

ctrer The idea behid this is that ce the istructis fr the bard have bee 

prpery read a user wi fid ut that the awabe rage is actuay 5 – 16VDC” as g 

as the crrect uper is set fr the tr ctrer chips T cserve battery pwer each 

A3906 chip ca be put it a seep de whe t i use puttig its pwer usage dw t 

arud 750W  

426 tr Ecders 

Each Fauhaber tr used i the EyeBt prgra has a rtary ecder with up t 1024 

puses per revuti These puses are cuted usig tw I ies fr each ecder  the 

icrctrer savig the hst BeageBard fr a ctiuus strea f iterrupts which 

wud therwise cpetey ccupy its tie  the EyeC 6 csiderabe tie was 

spet deaig with ptetiay isy ecder sigas t echaica itter  ecder switch 

ctacts This shud  ger be ecessary as a existig Fauhaber trs use either 

agetic r ptica ecdig which prvide a uch ceaer siga It wi be ecessary t 

ae a sa eectrica adapter fr UWA’s existig Fauhaber trs as they use either a 

der 6 pi cectr with a differet pi rder r i se cases a eve der 10 pi 

cectr 
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427 PSDs 

Psiti Sesitive Devices are used  the frt ad sides f se EyeBts t detect the 

distace ad age f se wa r bect The EyeC prvides 6 PSD prts which have 

histricay bee cected t Sharp GP2D02 ifrared distace sesrs These sesrs 

required a specific wavefr t be iput befre they cud be read which ade 

prgraig fr the quite cpex Sharp  ger aufactures the GP2D02 ad they 

have bee repaced with the Sharp GP2Y0A21Y which has eary idetica distace 

sesig capabiities but uses a aague siga t refect the distace sesed Deteriig 

a distace vaue is w as sipe as readig a ADC vaue ad cvertig this vaue t a 

distace based  a up tabe The ve t a ADC based readig has the added beefit 

f eiiatig the previus tiig cstrait f 70s betwee successive PSD reads the 

distace is w cacuated apprxiatey every 383s ad ca be read as frequety as 

the user wishes Additiay the stadard ADC iterface aws t ust the Sharp 

GP2Y0A21Y but a rage f utrasic rage fiders 

428 ADC ad GPI 

The expasi bard prvides 16 GPI prts  a 20 pi header The 20 pi header adds a 

5V pi a 33V pi ad tw grud pis t assist with pwerig add peripheras Six 

ADC iputs are as prvided  a 6 pi header fr geera use A the GPI pis ad 

ADC pis are cected directy t the icrctrer ad subsequety are y 33V 

terat It was decided t eave circuit prtectis ff the ADC ad GPI pis because it 

added a sigificat uber f parts icreased the cst ad the use f these pis is 

reativey ifrequet This eas that the ADC ad GPI pis are uprtected fr 

vervtage cditis shrtig t grud ad shrtig t ther I pis (Rugged Circuits 

C 2011) If this prves t be a prbe it ay be ecessary t prtect each pi by 

addig resettabe fuses (with buiti curret iitig resistrs) ad eer dides t each 

pi as per Figure 5 
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Figure 5 Pssibe pi prtecti eas. Adapted fr (Rugged Circuits C 2011) 

429 Pwer Suppy 

I additi t suppyig pwer t a the expasi bard cpets the expasi bard 

prvides pwer t the BeageBard The expasi bard pwer is spit it three 

switchde suppies 

• A 2A33V suppy fr chips such as the icrctrer 

• A 2A5V suppy fr the wise peripheras such as the PSD sesrs ad 

BeageBard 

• A 3A5V suppy fr the highisehighcurret peripheras such as the trs ad 

serv trs 

By defaut y the 2A suppies are eabed ad the 3A suppy is eabed y whe the 

trs r servs are required This aws the user t tae advatage f the fact that the 

trs ad servs are ff fr the arity f the tie ad cserve pwer 

Stepdw DCDC suppies typicay require a iput vtage severa vts abve their 

utput vtage The TPS62142 TPS62143 ad TPS62133 chips that were chse d t 

have this requireet ad wi actuay aw vtages idetica t (ad eve bew) their 

specified utput vtages thas t a 100% duty cyce” de which passes the iput 

directy t the utput I ctrast the axiu duty cyce f the 2678 suppy  the 

EyeC 6 was 91% which ipies a iiu iput vtage f 549V (Texas 

Istruets Icrprated 2012a) The beefit f a 100% duty cyce is that batteries ca be 

draied t a wer vtage befre the EyeBt shuts ff eadig t a ger use tie The 

dwside t this feature is that there is practicay  vtage reguati ce the battery 

drps bew 5V ad additia parts are required t prevet the 5V pwer pae drppig 

bew 49V ad daagig the BeageBard 
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A assrtet f suppy prtectis have bee ipeeted t accut fr icrrect pwer 

suppies ad iscected pwer suppies as these are errrs which are st iey t be 

ade by ew users If eft ucheced pwer suppy prbes have the ptetia t daage 

utipe cpets  the expasi bard ad BeageBard ccurrety Tabe 1 

presets a ist f ptetia pwer issues ad hw they have bee itigated 

Prbe Suti 

ver vtage – ver 16V  Trasiet Vtage Suppressig (TVS) dide ad 

4A resettabe fuse 

Udervtage – uder 49V  49V udervtage cut chip ad 

icrctrer itrig f battery vtage 

AC vtage iput Schtty dide ad 4A resettabe fuse  

Reverse vtage (up t 45V) iput Schtty dide ad 4A resettabe fuse  

tr r serv sta 35A resettabe fuse isated pwer suppy  

Shrt circuit  the bard 4A resettabe fuse 

Tabe 1 Pwer iput prtectis 

4210 Pwer Switch 

The EyeC 8 uses a siiar pwer switch setup t the 6 where the eabe pi f the 

33V suppy ca be eabed by either a I ie r a etary switch A sigepe

sigethrw (SPST) etary switch teprariy eabes the switchde suppies fr 

g eugh fr the ATxega t bt ad peraety eabe the suppy with a dedicated 

I ie This aws the hst device t pwer itsef dw by sedig a cad t the 

icrctrer t set that pi w The ipicati f this ethd is that uti the 

icrctrer has bee prgraed t set the I ie high the expasi bard ca’t 

pwer itsef withut the pwer butt beig hed dw T assist with iitia prgraig 

ad t accut fr situatis where the bard shud bt as s as it is suppied with 

pwer a iitiaycsed sder uper is used t shrt the pwer switch which ca sipy 

be cut after iitia prgraig if required 

The pwer switch wi t wr if the battery des t suppy at east 49V A BD4949G 

udervtage cut chip with a cutff f 49V is used i series with the pwer butt s 

that the pwer butt y wrs whe the suppy vtage is at east 49V This esures that 
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a udervtage cditi cat ccur befre the icrctrer is eabed ad 

itrig the battery vtage 

4211 Pwer Ctr 

eary every cpet f the expasi bard ca be idividuay eabed ad disabed 

as it is eeded Where it is’t pssibe t cpetey disabe a cpet (such as the 

icrctrer) it is pssibe t put it i a w pwer seep de t reduce pwer 

csupti Ide pwer csupti f the bard was easured at 59W 

T prevet daage t the batteries fr verdischarge the battery eve is itred with 

a ADC ie  the icrctrer ad the syste ca be shut dw at a prgraed 

vtage itrig the battery vtage with a ADC ie required appig the 5 – 16V 

iput rage t a rage with a axiu f 36V t avid appyig t high a vtage t the 

ADC A 15Ω33Ω resistive vtage divider was used which aps 5 16V t 11 

352V   

4212 Battery 

The battery that the EyeC 8 is desiged fr is a 72V iceeta hydride (iH) r 

74V ithiui pyer (iP) battery These tw types f battery are the st suitabe 

because they have a pacage sie that suits st existig EyeBts ad they apprach 5V 

whe eary 100% discharged Bth battery types have a reativey fat discharge curve 

which aws the battery t be cpetey draied befre reachig udervtage cutut 

The y difficuty preseted by a fat discharge curve is that it beces difficut t predict 

what charge the battery has reaiig if y the vtage is w Figure 6 shws a 

typica 72V iH battery discharge curve te the equa vtage vaues at 05 ad 20 

ApHrs  the 30A curve which ae it difficut t cacuate reaiig charge Despite 

this it is sti pssibe t w whe the battery is cse t discharged because the vtage 

drps sharpy twards the right ed f the discharge curve  



 

 

Figure 6 The discharge curve f a typica 7.2V

30 

 The discharge curve f a typica 7.2V iH battery. Surce 
Crp 2012) 

 

iH battery. Surce (AA Prtabe Pwer 
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5 aufacturig ad Asseby 

51 aufacturig 

The expasi bard PCBs were aufactured i Chia by PCB Cart After a eff $210 

tig fee the bards cst apprxiatey $30 each (depedig  the USDAUD 

exchage rate) Reevat aufacturig ptis are detaied i Tabe 2 ad have bee 

icuded because they directy affect the bard ayut ad desig 

pti Vaue 

iiu spacig 6 i 

iiu auar rig 4 i 

Saest hes 12 i 

axiu uber f hes 300 

Bid vias  

uber f ayers 4 

Diesis 4094 ich x 3346 ich 

Tabe 2 PCB Cart aufacturig ptis 

A iiu 6 i spacig had t be specified because the pis  the ATxega chip are 

cser tha the typica 8 i spacig Furtherre the cpper thicess had t be reduced 

fr 2 t 15 because the aufacturer cud t d 6i spacig at 2 Thugh this 

reduces the curret carryig capacity f the traces it is sti we withi the rage f 

currets t be carried as a trace widths were seected assuig a 1 iiu cpper 

thicess The tie tae fr fie subissi t receivig the PCBs was 19 days s at 

east three wees shud be awed fr PCB aufacturig whe the ext iterati f the 

bard is ade 

52 Asseby 

ce the PCBs were deivered asseby was de by had usig a htair rewr stati 

with sder paste appied by had usig a syrige This prcess was particuary sw but 

awed ay istaes t be quicy fud ad deat with Despite fwig a paceadtest 

apprach a desig issue with the pwer suppies destryed severa iprtat cpets 

durig asseby thrugh vervtage which ade prgraig ad debuggig a 

chaege uti a the affected chips cud be isated 
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6 Testig 

With the PCBs y arrivig tw wees befre the prect ed date testig was t as 

cprehesive as it therwise wud have bee Due t tie cstraits testig had t be 

iited t 

• Esurig the bard cud be prgraed 

• Checig itegrity f iterchip cuicatis such as the I2C bus SPI bus ad 

tr ctr ies 

• Checig the pwer suppy reguati ad ctr sigas wred 

• Testig the pwer suppy prtectis 

• Testig GPI ies 

• Testig the PSD iputs with a rea sesr 

• Testig the serv utputs with rea servs 

Testig was perfred usig a i Istruets S19 gic aayser t chec 

cuicati ies ad a digita sciscpe t aayse siga itegrity Sipe test cde 

was writte fr the ATxega t aw testig f reevat sigas (see Appedix B) 

61 I Syste Prgraig 

Prgraig the expasi bard was sewhat difficut due t a isuderstadig 

whe readig the dcuetati the prgraig header was icrrecty cected t the 

SPI pis i the prttype bards (which st ATega chips use) istead f the PDI pis 

The first attepted suti t this was t cut tw traces ad rewire the ISP header t the 

PDI pis This was successfu hwever it was subsequety discvered that the AVR 

Drag prgraer that was beig used cud t prgra the ATxega128A1 ver PDI 

– a fact that is bth pry dcueted ad ctradicted i severa paces i the Ate 

dcuetati (Ate Crprati d Ate Crprati 2009a) The utiate suti 

was t brea ut the TAG pis fr the ATxega ad prgra the bard usig TAG 

Tw f the pis were aready cected t the ADC header ad the ther chages required 

were 

• A additia tw wires had t be sdered fr ATxega pis 12 t 7 ad 11 t 

6 
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• Revig resistrs R16 ad R18 t prevet the battery vtage itrig fr 

iterferig with the TAG sigas 

Usig extra pis fr TAG eat sacrificig st f the ADC ies as we as the battery 

vtage itrig hwever a f these pis ca be recvered i the ext iterati f the 

bard by addig a dedicated TAG header ad vig the battery vtage itrig t a 

spare ADC pi 

62 SPI 

The SPI bus is used fr cuicati betwee the FT232H ad ATxega 

icrctrer t ctr the expasi bard via USB There are five settigs which ust 

be crrecty set  bth devices befre cuicati ca ccur ediaess cc 

parity cc phase chip seect parity ad trasissi directi Furtherre the 

cc frequecy ust be set such that the high ad w ties f the siga are ger tha 2 

cc cyces f the ATxega (Ate Crprati 2009b p 230) The reevat settigs are 

detaied i Appedix C2 

There are fur differet cbiatis f cc phase ad cc parity which defie the 

basic SPI des (see Appedix C1) The FT232H was iitiay cfigured fr de 1 

hwever this caused a shrt vtage spie t appear befre the cc puse ad crrupted 

the cc puses f the secd byte aig it ipssibe t read the data (Figure 7) 

Further readig f the FT232H PSEE cad referece reveaed that the desig f the 

FT232H cc pi precudes it fr beig set i either de 1 r 3 (Future Techgy 

Devices Iteratia td 2011 p 6) Chagig t de 0 eiiated the issue ad the 

siga was as expected (Figure 8)  
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Figure 7 The SI (tp) ad C (btt) ies with tw bytes beig sed i SPI de 1 

 

 

Figure 8 The SPI SI (tp) ad C (btt) ies with 0x37 beig set i de 0  

 

A sa iux test prgra fr the FT232H chip was writte by h Hdge which served 

t verify that cuicatis were pssibe betwee a hst device ad the expasi bard 

(see Appedix B4) This test prgra des tw thigs it turs  a ight Eittig Dide 

(ED) cected t a I ie  the FT232H ad it seds the byte 0x37 ver SPI at a 

reguar iterva as shw i Figure 8 The 0x37 vaue is sewhat arbitrary hwever it is 

cveiet fr testig because it des t read as the sae vaue if reversed i biary The 

test prgra was successfuy cpied ad ru  bth a x8664 architecture PC ad the 

BeageBard 
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T avid cpud errrs the test prgra was first ru agaist a FT232H devepet 

bard (a FTDI U232H) ad the siga utput was atched with the utput fr the chip 

 the expasi bard The sigas atched ad cde was subsequety writte fr the 

ATxega chip t read the SPI iput register ad switch  a ED whe the 0x37 byte is 

received (see Appedix B1) 

There was e ther ir istae regardig the FT232H chip the VREGI ie was t 

cected t the 33V pae This was easiy fixed by creatig a sder bridge betwee pis 

39 ad 40 

63 I2C 

The I2C bus is used fr cuicati betwee the PCA9685 PW chip ad the 

ATxega Iitia verificati f the I2C bus ivved sedig ut a ca  the aca” 

address fr the PCA9685 ad waitig fr a acwedgeet The PCA9685 

acwedges the ca by hdig the SDA ie w durig the 9th cc puse  the SC 

ie (XP 2010) as shw i Figure 9 

 

Figure 9 The I2C SC (cc tp) ad SDA (data btt) ies with the aster address 
beig set ad the SDA ie beig hed w fr the 9t h cc puse 
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The rise tie f the I2C ies is shw i Figure 10 The 30% t 70% rise tie f the I2C 

ies were easured as 50s which is we withi the 80s specificati fr High Speed 

I2C devices (XP 2012) 

 

Figure 10 The rise tie f the I2C SC ie was easured at 50s 

64 trs 

The trs were tested with a sige Fauhaber tr attached t the bard idetica t 

thse used  existig EyeBts Ufrtuatey it was t pssibe t test with fur trs 

cected because the avaiabe trs had der 10pi cectrs ad isufficiet 

adapters were avaiabe fr the ew 6pi header Cprehesivey testig the tr 

ctrers wud require attachig fur trs at ce ad checig perfrace is as 

expected uder a rage f ads ad speeds 

The sige tr with ecder was attached t each tr header ad the set t fu speed 

i bth directis  prbes with tr speed r pwer were fud whe appyig a 

ad t the tr by pichig the axe by had ad brigig it cse t stppig which is a 

reasabe apprxiati f the ads such a tr wud be uder whe used i the 

studet ab EyeBts A sige tr drew apprxiatey 045A at 5V s the perati f 

fur trs ccurrety is we withi the capabiities f the pwer suppy 

641 tr Ecders 

A Fauhaber trs have either agetic r ptica ecders ruig at 5V A resistive 

vtage divider was used t step the vtage dw t 33V t perit readig by the 

ATxega Testig reveaed that the vaues f resistr chse had the uiteded side
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effect f puig the ecder ie t grud This was quicy reedied by icreasig the 

resistr vaues by a rder f agitude ad the ecder siga cud the be detected 

642 tr Sta Fags 

A tta tr sta cditi was euated by cectig a high wattage 10Ω resistor 

across the motor pins, which is sufficiently close to the 11Ω winding resistance of the 

Faulhaber motor. This revealed two problems; the logic type of the stall-flag connection 

was wrong, and the over-current trip value had been set too high.  

The board was designed expecting a push-pull output from the A3906 chip on the FLx pins, 

when the output is actually open-collector and required pulling up to 3.3V. To fix this, 

resistors R21, R22, R23 and R24 were removed, while R19, R20, R25 and R26 were 

replaced with 0Ω resistors. The line was then pulled up to 3.3V by configuring the relevant 

pins on the ATxMega as pull-ups in software. 

The over-current value is set per-motor with a resistor, Rs, connected between ground and a 

sense pin on the A3906. The value is calculated as follows: 

 =
0.2


 

The trip curret was iitiay set t 1A with a 02Ω resistr t prevet daage t the 

A3906 Whie this wred it wud t wr t prevet daage t the Fauhaber trs 

used i abs A re apprpriate vaue wud be 05Ω which iits the curret t 04A – 

ust uder the sta curret f the trs  

65 Pwer Suppy 

Durig asseby it was discvered that the utput vtage sese pi f a three 

switchde suppies had bee cected t the wrg side f the iductr which eat 

that the switchde chips were t reguatig the vtage at a The fix fr this was t cut 

the ffedig trace ad sder a wire t the crrect side f the iductr The pwer suppies 

subsequety reguated crrecty t withi 003V f the expected vtage with a axiu 

rippe f 300V 



 

 

651 vervtage prtecti

The vervtage prtecti  the bard is prvided by a TVS dide with a 16V pea 

reverse vtage i cucti with a resettabe 4A 

appyig 17V t the bard

cut the circuit fast eugh

fr The TVS dide prpty

fuse t cut the circuit Whie it is 

the bard it is ess t

cected t the EyeC

circuit such as a iear Techgies 

ca cut ut at a specified vtage ad 

geerated by shrtig a p

652 Udervtage prtecti

Testig the udervtage prtecti was de with a variabe pwer suppy ad a 

sciscpe t easure the cut

BD4949G udervtage cut chi

battery vtage did t exceed the peritted 

ff vtage was 49V as this is the west vtage peritted by the BeageBard The 

easured cutff vtage was 5

because the desig did t accut

Sice the curret at the cut

repace the BD4949G with a chip 

(apprxiatey 42V)

Figure 11 The uder
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vtage prtecti 

vtage prtecti  the bard is prvided by a TVS dide with a 16V pea 

reverse vtage i cucti with a resettabe 4A py fuse This

appyig 17V t the bard It was subsequety discvered that the resettabe fuse cud t 

cut the circuit fast eugh frcig the TVS dide t dissipate r

prpty bured ut but faied t a csed psiti

fuse t cut the circuit Whie it is gd that the TVS dide faied i rder 

the bard it is ess tha idea t have t repace it every tie 

cected t the EyeC A better aterative t the TVS dide wud be t u

circuit such as a iear Techgies TC1696 vervtage prtecti ctrer

ca cut ut at a specified vtage ad is specificay desiged t hade the high curret 

geerated by shrtig a pwer suppy  

vtage prtecti 

vtage prtecti was de with a variabe pwer suppy ad a 

sciscpe t easure the cutff vtage The udervtage prtecti reies  a

vtage cut chip with a sipe eer reguatr used t esure the 

battery vtage did t exceed the peritted 10V iput vtage f the

ff vtage was 49V as this is the west vtage peritted by the BeageBard The 

ff vtage was 567V which was uch higher tha expected This was 

did t accut fr the vtage drp acrss resistr

Sice the curret at the cutff vtage ca be easured ad is cstat a 

repace the BD4949G with a chip fr the sae ie that has 

(apprxiatey 42V) 

 The udervtage cut prti f the circuit shwig the resistr
vtage reguatr ad BD4949G cut chip

vtage prtecti  the bard is prvided by a TVS dide with a 16V pea 

fuse This prtecti was tested by 

It was subsequety discvered that the resettabe fuse cud t 

t dissipate re eergy tha it was rated 

sed psiti awig the py 

i rder t save the rest f 

every tie t high a vtage is 

erative t the TVS dide wud be t use a crwbar 

vervtage prtecti ctrer which 

is specificay desiged t hade the high curret 

vtage prtecti was de with a variabe pwer suppy ad a 

vtage prtecti reies  a 

eer reguatr used t esure the 

f the chip The target cut

ff vtage was 49V as this is the west vtage peritted by the BeageBard The 

higher tha expected This was 

resistr R58 (see Figure 11) 

ff vtage ca be easured ad is cstat a suti is t 

t has wer cutff vtage 

 

vtage cut prti f the circuit shwig the resistreer 
cut chip 
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66 PSDs  

The PSDs were tested by cectig a Sharp GP2D12 ifrared distace sesr t a PSD 

iput The GP2D12 very siiar t the GP2Y0A21Y hwever is der ad has a wer 

utput vtage (26V versus 31V respectivey) Cde was writte that reads a vaue fr 

the ADC pi ad utputs a byte vaue  8 GPI pis It was subsequety discvered that 

the ADC ca y read a vtage that is saer tha the 1V referece vtage This 

iitati is t idicated aywhere i the xega A aua (Ate Crprati 2009b) 

ad cud y be cfired by ig at the ADC specific aua (Ate Crprati 

2010) T read the IR sesrs their utput vtage eeds t be reduced t a easurabe 

rage usig a vtage divider r the ADC referece vtage eeds t be icreased Give 

the referece vtage cat exceed 27V the utput vtage fr the IR sesrs has t be 

drpped regardess Prvisi fr this was t buit it the bard s extera adapters wi 

have t be used t divide the vtage I the ext iterati f the bard a extera 

precisi vtage referece shud be added t aw fr a greater detecti rage as we 

as prvisiig fr vtage dividers  the iput A suitabe vtage referece chip wud 

be the Texas Istruets 4040 Precisi icrpwer 2048V Shut Vtage 

Referece 
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67 Servs 

The serv testig was reativey straight frward sice the I2C bus had aready bee 

cfired wrig ad testig durig the desig stage had esured that servs wud wr 

with 33V The y reaiig tas was a ad test ad t esure the servs wud wr at 

the predicted 180H Headers fr iitiaisig the PCA9685 ad writig t the I2C bus were 

writte fr the test prgra which were sufficiet t cfigure ad eabe a f the servs 

y three servs were avaiabe fr testig s it cat be ccuded that 14 servs wi 

wr at ce hwever the three that were tested were sthy vig thrugh their etire 

180 degree rage Figure 12 cfirs that the servs cud fucti with a shrteed 

perid as g as the tie was withi the ra 12s iits 

 

Figure 12 The serv PW siga peratig at 183.5H with a duty cyce f apprxiatey 
1.5s 
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7 Recedatis fr Future Wr 

I additi t fixig the desig issues that were raised i the i the Testig secti the 

fwig ites are receded fr future EyeCs ad expasi bard desigs 

71 PCB ayut 

It was fud durig had ppuati f the bard that the 0603 cpets did t aig 

theseves with sder surface tesi because the pads were wider tha the cpets It 

is receded that a 0603 pads be ade the iiu width fr the ext bard revisi 

whist aitaiig the existig egth Furtherre 

• The ft sie shud be ade arger particuary  the ubered pis t aw the 

pi descriptis t be read at a greater distace  

• The GPI header shud be reubered s that 1” starts  the first GPI pi t 

the 33V pi 

• Tw additia utig hes shud be put  the expasi bard i ie with 

the BeageBard x utig hes This wi assist i supprtig the idde 

bard f the EyeC ad stp it tuchig the expasi bard udereath 

72 Debuggig 

Debuggig the expasi bard was icrediby difficut because isufficiet headers were 

put  the bard t aw easy prbig f siga ies re feedbac echaiss such as 

EDs were as eeded It is receded that future iteratis f the expasi bard 

have at east 

• A fu SPI header t aw easy SPI prbig (this ca repace the existig ISP 

header) 

• A I2C header betwee the ATxega ad PCA9685 t aw fr easy data prbig 

• A TAG header t aw fr cpete isyste debuggig f the ATxega 

• re diagstic EDs particuary  tr utput ies ad chip eabe ies 
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73 USB cectr 

A cust USB cabe f the crrect egth was ade t cect the expasi bard t the 

BeageBard Whe the expasi bard was uted udereath the BeageBard it was 

discvered that the USB cectr stics ut i a uattractive way ad is quite expsed t 

physica cs The cabe was as uder csiderabe stress due t the tight curvature A 

way this ay be iprved is t rtate the scet 90 degrees ccwiseccw ad cut a st 

ut f the edge f the bard fr the pug ad cabe Ather suti ay be t add a bard

twire cectr such as a ST SSR cectr t the USB ies ad d away with the 

ii USB pug atgether 

74 Thrugh he headers vs surface ut headers 

Durig the desig phase the authr was strgy ecuraged t use surfaceut headers 

istead f thrughhe headers  the expasi bard The reasig behid this was 

furfd it saves PCB space utigage is guarateed with surfaceut headers it 

is ipssibe t ut the headers at differig heights ad it s better” Fr future 

bard revisis it is strgy receded that surfaceut headers be abaded i 

favur f thrughhe headers fr the fwig reass 

• Thrughhe headers are uch easier t surce fidig the crrect sied surface

ut headers ecessitated buyig fr utipe suppiers ad cst re tha the 

sae sied thrughhe parts 

• Rud pads are easier t rute traces arud tha the g rectaguar pads f 

surface ut cpets which put ies f cpper acrss the PCB  essetiay 

frig a barrier thrugh which  traces ca be ruted 

• The height f the expasi bard ca be reduced by apprxiatey 2 because 

the pis are sittig i the bard t  it 

• There is eugh r  the PCB t aw thrugh he headers ad traces ca be 

ruted t pads  bth sides f the PCB istead f ust e side ptetiay 

reducig the uber f vias ad aig the bard eater 

• Havig the pastic f the header  the ppsite side f the bard t where the 

sder is beig paced reduces the ris f etig the pastic durig had asseby 



 

43 

 

The issue f utigage variaces ad csistet utigheight ca be addressed by 

usig the sighty ffset hes” apprach where the hes are arraged i a sight igag 

patter t hd the header i pace durig sderig (Figure 13)  

 

Figure 13 The ffset hes apprach t thrughhe headers. Surce (ewis 2008) 

75 Pwer ctr 

As desiged the expasi bard has a iitiaycsed sder uper acrss the pwer 

switch t eep it pwered  uti iitia prgraig is perfred which is the cut after 

prgraig This shud be repaced i favur f a peraet tw pi header which wi 

aw fr bth iitia prgraig ad situatis where the EyeC has t pwer  as 

s as pwer is suppied (eg i the REV vehices) r i situatis where utig 

prevets easy access t the pwer butt Revig the sder uper as eiiates the 

ris f daage t the bard ad surrudig cpets whe cuttig the trace 

I the iitia desig the pwer butt is y used t switch the bard  – it cat act as 

a syste shutdw r reset butt This is a prbe because there is  way t hard reset 

the EyeC withut discectig the battery The best way t sve this prbe is t 

pace a SPST ff seectabe switch iie with the battery eads with the switch 

uted i a cveiet cati  the reevat EyeBt This esures that the switch is i 

a accessibe cati ad eiiates sw discharge f the battery thrugh the EyeC 

It wud save a sa aut f pwer t ve the pwer switch t the iput side f the 

udervtage cut chip s the chip is y pwered  whe the switch is pressed The 

tradeff here is that the battery gd” ED dispay wi y wr whe the pwer butt 

is pressed hwever it wud reduce the pwer usage where the device is ff” but the 

battery has bee eft cected 
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76 Asseby techique 

Assebig the expasi bards by had is a arduus tas – sder paste has t be 

appied t idividua pads ad the a ht air gu is used  idividua cpets Aside 

fr beig sw this asseby techique has the ptetia t theray daage se 

cpets thrugh icrrect teperatures ad the creati f htspts by the asseber 

It is highy receded that a sder steci is rdered with the ext iterati f the 

expasi bard ad that the eectrica egieerig wrshp surces a refw ve t 

aw bu sderig 

77 Sftware 

A iia bt ader shud be writte ad prgraed t the expasi bard which 

wi aw it t be prgraed ver USB This wi eiiate the sw tas f cectig 

the TAG utipe ties ad aw the expasi bard t be prgraed by the 

BeageBard x The bt ader shud have the battery eve itrig ad pwer

eabe fuctis buit i s that the fuctiaity is idepedet f geera prgraig 
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Appedix A Expasi Bard Detai 
Appedix A1 Scheatics  
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Appedix A2 PCB ayers 

i  Tp ayer 

 



 

52 

 

ii  Pwer pae ayer 
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iii  Grud ayer 
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iv  Btt ayer  

te (irrred fr readabiity) 
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Appedix B Test Sftware 

Appedix B1 xega test prgra 

/* 
 * EyebotM8test.c 
 * 
 * Created: 31/10/2012 
 * Author: Andrew Adamson 
 */  
 
#include <avr/io.h> 
#include <util/delay.h> 
#include <stdio.h> 
 
//ADC calibration library 
#include <stddef.h> 
#include <avr/pgmspace.h> 
 
//PCA9685 libraries 
#include "pca9685.h" 
 
//Bit positions 
//Port A 
#define PSD0_bp 0 
#define PSD1_bp 1 
#define PSD2_bp 2 
#define PSD3_bp 3 
#define PSD4_bp 4 
#define PSD5_bp 5 
 
//Port B 
#define ADC0_bp 0 
#define ADC1_bp 1 
#define ADC2_bp 2 //Last four ADC's currently used for JTAG 
#define ADC3_bp 3 
#define ADC4_bp 4 
#define ADC5_bp 5 
#define VBATTSENSE_bp //Disconnected for JTAG at the moment 
 
//Port C 
//First two pins allocated to TWIC 
#define M1_FL_bp 2 //Motor stall flags 
#define M2_FL_bp 3 
#define M3_FL_bp 4 
#define M4_FL_bp 5 
#define M12SLEEP_bp 6 //Sleep lines for each motor driver chip 
#define M34SLEEP_bp 7 
 
//Port D 
#define M1O1_bp 0 //Motor 1 and 2 control lines 
#define M1O2_bp 1 
#define M2O1_bp 2 
#define M2O2_bp 3 
#define SPI_CS_bp 4 //SPI serial lines 
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#define SPI_MOSI_bp 5 
#define SPI_MISO_bp 6 
#define SPI_CLK_bp 7 
 
//Port E 
#define M3O1_bp 0 //Motor 3 and 4 control lines 
#define M3O2_bp 1 
#define M4O1_bp 2 
#define M4O2_bp 3 
#define SERVOEN_bp 4 //Extra power supply enable line 
#define PWMEN_bp 5 //PCA9685 PWM chip output enable line 
#define PWRON_bp 6 //Power on line (not needed until solder jumper is 
cut) 
 
//Port F 
#define M1_ENC1_bp 0 //Two encoders per motor 
#define M1_ENC2_bp 1 
#define M2_ENC1_bp 2 
#define M2_ENC2_bp 3 
#define M3_ENC1_bp 4 
#define M3_ENC2_bp 5 
#define M4_ENC1_bp 6 
#define M4_ENC2_bp 7 
 
//Port H 
//Caution: "GPIO" already has a #define 
#define IO0_bp 0 //16 GPIO lines 
#define IO1_bp 1 
#define IO2_bp 2 
#define IO3_bp 3 
#define IO4_bp 4 
#define IO5_bp 5 
#define IO6_bp 6 
#define IO7_bp 7 
 
//Port J 
#define IO8_bp 0 
#define IO9_bp 1 
#define IO10_bp 2 
#define IO11_bp 3 
#define IO12_bp 4 
#define IO13_bp 5 
#define IO14_bp 6 
#define IO15_bp 7 
 
 
//Turns on the high current 5V supply that drives the servos and motors 
void extra_enable(void) { 
 //Set PE4 as output 
 PORTE.DIR |= (1<<SERVOEN_bp); 
 //Turn on the servo+motor power supply. 

//There is an LED on the board to confirm the supply is on. 
 PORTE.OUT |= (1<<SERVOEN_bp); 
} 
 
//Sets up the SPI ports and registers in slave mode 
void spi_init(void) { 
 /* 
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 * Configure MISO pin on Port D as output. Chip select is ignored 
* for now because we're only writing and there is only one slave 

 */ 
 PORTD.DIR |= 0b00100000; 
 /*  
 * Most significant bit transmitted first by omitting DORD flag,  
 * enable spi, SPI mode 0, leave in slave mode by omitting master 

* enable flag 
 */ 
 SPID.CTRL = SPI_ENABLE_bm; 
} 
 
//Reads a byte out of the SPI data register 
char spi_read(void) { 
 //Wait for a write to the data register to complete 
 while(!(SPID.STATUS&SPI_IF_bm)); 
 //Read the byte out of the register 
 return SPID.DATA; 
} 
 
//Receives a byte from the test program by John Hodge, reads it,  
//and turns on an LED if it matches some value 
void spi_test(void) { 
  spi_init(); 
 while(1) { 
  uint8_t val = spi_read(); 
  /* 
  * 0x37 is the value sent by John Hodge's spi_test program 
  */ 
  if ( val == 0x37) { 
   //Use the LED for the extra power supply  

//as a diagnostic light 
   extra_enable(); 
  } 
  _delay_us(100); 
 } 
} 
 
//Turns on motors 1 and 2. Reads one encoder line of motor 1 and 
// makes IO0 match the input level 
void motor_test(void) { 
 //Port F is all motor encoder inputs 
 PORTF.DIR = 0x00; 
  
 //Enable the motor driver chips 
 PORTC.DIR |= 0b11000000; 
 PORTC.OUT |= (1<<M12SLEEP_bp); 
 PORTC.OUT |= (1<<M34SLEEP_bp); 
  
 //initialise output ports for the 4 motors 
 PORTE.DIR |= 0x0F; 
 PORTD.DIR |= 0x0F; 
 
 //Enable the extra 5V power supply (assumes the motors are 

//selected to run off 5V with the jumper) 
 extra_enable(); 
   
 /* 
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 * Can verify motor signals either with a faulhaber motor (be  
* sure to check the pinout, the old motors are different!) 

 * or by connecting a CRO to the motor output pins. The lines 
* below will make the motors spin at full speed in one direction.  

 * Speed control can be done using the timers on the xMega  
* to generate a PWM signal. Change or add to these lines to  

 * control motors 3 and 4 
 */ 
 PORTD.OUT &= ~(1<<M1O1_bp); 
 PORTD.OUT |= (1<<M1O2_bp); 
 PORTD.OUT &= ~(1<<M2O1_bp); 
 PORTD.OUT |= (1<<M2O2_bp); 
  
 //Polling based code to check the encoder inputs are  

//working properly 
 //Reads encoder from motor 1 and sets a GPIO pin high if  

//the encoder is outputting high  
 //Can be verified with oscilloscope 
 PORTH.DIR = 0xFF; 
 while(1) { 
  if (PORTF.IN > 0) { 
   PORTH.OUT = 0x01; 
  } 
  else { 
   PORTH.OUT = 0x00; 
  } 
 } 
} 
 
//Turns on motor 1. Reads the stall flag for motor 1 and  
//makes IO0 match the input level 
void motor_stall_test() { 
 //Enable the motor driver chips 
 PORTC.DIR |= (1<<M12SLEEP_bp) | (1<<M34SLEEP_bp); 
 PORTC.OUT |= (1<<M12SLEEP_bp); 
 PORTC.OUT |= (1<<M34SLEEP_bp); 
  
 //initialise output ports for the 4 motors (two outputs per motor) 
 PORTE.DIR |= 0x0F; 
 PORTD.DIR |= 0x0F; 
  
 //set the motor flag pins as pull-up (the A3908 chip pulls the  

//line low when the motor is stalled) 
 PORTC.PIN2CTRL |= PORT_OPC_PULLUP_gc; 
 PORTC.PIN3CTRL |= PORT_OPC_PULLUP_gc; 
 PORTC.PIN4CTRL |= PORT_OPC_PULLUP_gc; 
 PORTC.PIN5CTRL |= PORT_OPC_PULLUP_gc; 
 
 //Enable the extra 5V power supply (we assume the motors 

//are selected to run off 5V with the jumper during testing) 
 extra_enable(); 
  
 //turn on motor 1 
 PORTD.OUT &= ~(1<<M1O1_bp); 
 PORTD.OUT |= (1<<M1O2_bp); 
  
 /* 
 * polling based code to check the motor-stall flags do get set  
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* when the motor is pulling more than 1A 
 * Test by putting a high wattage 5ohm resistor across 

* the motor contacts (for a SHORT time) and checking any of the 
* first eight GPIO pins goes high with an oscilloscope 

 */ 
//set all outputs on port H so we can use the GPIO pins 

 PORTH.DIR = 0xFF; while(1) { 
  if (!(PORTC.IN & (1<<M1_FL_bp))) { 
   PORTH.OUT = 0x01; 
  } 
  else { 
   PORTH.OUT = 0x00; 
  } 
 } 
} 
 
//Switches all GPIO pins on and off at 1Hz 
void gpio_test(void) { 
 //Initialise ports 
 //Make all the GPIO ports outputs 
 PORTH.DIR=0xFF; 
 PORTJ.DIR=0xFF; 
 //Set all the pins high then low. Verify signals with CRO. 
 //For more comprehensive testing, set every alternate pin high  

//and also check with CRO to make sure there are no shorts 
 //For super-comprehensive testing, change all the pin  

//states as fast as possible and check signal integrity 
 while (1) { 
  PORTH.OUT = 0xFF; 
  PORTJ.OUT = 0xFF; 
  _delay_ms(500); 
  PORTH.OUT = 0x00; 
  PORTJ.OUT = 0x00; 
  _delay_ms(500); 
 } 
} 
 
//Enables the eyebot specific features required to drive servos 
void servo_enable(void) { 
 //Enable outputs on the PCA9685 
 //Set port direction 
 PORTE.DIR |= (1<<PWMEN_bp); 
 //Active low output enable. This only controls the output, and does 
 //not disable I2C communication with the PCA9685 
 PORTE.OUT &= ~(1<<PWMEN_bp); 
 //Turn on the servo power 
 extra_enable(); 
} 
 
void servo_test(void) { 
 //Set up eyebot specific things like enabling power 
 servo_enable(); 
 //Initialise the PCA9685 on address 0xE0 
 pca9685_init(0xE0); 
 //Loop to make servos 1 to 3 swing backwards and forwards  

//to their extremes (1ms to 2ms duty cycle) 
 //Pass a value between 0 and 4095 to set duty cycle 
 //Signal frequency is set in pca9685.h (currently 184Hz) 
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 uint16_t i; 
 while (1) { 
  //Count up 
  for(i = 800; i <= 1550; i+=20) { 
   pca9685_send(0xE0, i, 0); 
   pca9685_send(0xE0, i, 1); 
   pca9685_send(0xE0, i, 2); 
   _delay_ms(4); 
  } 
  //Count down 
  for(i = 1550; i >= 800; i-=20) { 
   pca9685_send(0xE0, i, 0); 
   pca9685_send(0xE0, i, 1); 
   pca9685_send(0xE0, i, 2); 
   _delay_ms(4); 
  } 
 } 
} 
 
//Helper function to calibrate the ADC according to factory-set 
//calibration value 
uint8_t ReadCalibrationByte( uint8_t index ) 
{ 
 uint8_t result; 
 
 //Load the NVM Command register to read the calibration row 
 NVM_CMD = NVM_CMD_READ_CALIB_ROW_gc; 
 result = pgm_read_byte(index); 
 
 //Clean up NVM Command register 
 NVM_CMD = NVM_CMD_NO_OPERATION_gc; 
 
 return( result ); 
} 
 
//Reads value from IR distance sensor and outputs it as 8 bits on the 
// first 8 IO pins 
void adc_test(void) { 
 //Most of this function is based on an example from 

//http://www.bostonandroid.com/manuals/xmega-precision-adc-
//howto.html 

  
 //Calibrate the ADC from the production signature row 
 ADCA.CALL = ReadCalibrationByte( offsetof(NVM_PROD_SIGNATURES_t, 
ADCACAL0) ); 
 ADCA.CALH = ReadCalibrationByte( offsetof(NVM_PROD_SIGNATURES_t, 
ADCACAL1) ); 
  
 //Set all of Port A as input 
 PORTA.DIR = 0x00;  
 //Set Port H as output to display the result 
 PORTH.DIR = 0xFF; 
 //12 bit conversion 
 ADCA.CTRLB = ADC_RESOLUTION_12BIT_gc; 
 /* 
 * Use internal 1V bandgap reference 

* This means that only voltages between ground and 1V can be  
* measured, so the voltage must be dropped to a suitable level in 
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* hardware 
 */ 
 ADCA.REFCTRL = ADC_REFSEL_INT1V_gc | 0x02; 
 //Measure at 250kHz (divide system clock by 8) 
 ADCA.PRESCALER = ADC_PRESCALER_DIV8_gc;  
 //Select single ended measurement 
 ADCA.CH0.CTRL = ADC_CH_INPUTMODE_SINGLEENDED_gc;  
 //Choose which pin to use 
 ADCA.CH0.MUXCTRL = ADC_CH_MUXPOS_PIN0_gc; 
 //Set the enable bit to enable the ADC module 
 ADCA.CTRLA |= 0x01; 
 //Delay a little 
 _delay_ms(3); 
 //Go into a measurement loop 
 while(1) { 
  //Set the start-conversion bit to start a single conversion 
  ADCA.CH0.CTRL |= ADC_CH_START_bm; 
  //Wait for the conversion complete flag to be set 
  while(!ADCA.CH0.INTFLAGS); 
  //Read the value from the results register to 

// a local variable 
  int result = ADCA.CH0RES; 
  //Divide down to a range that can be represented with 8 bits 
  char psd = result/16; 
  //Set the pins on port H so the value can be read 

// with logic analyzer 
  PORTH.OUT = psd; 
  //Delay a little bit to make reading the byte easier 

// with logic analyzer 
  _delay_ms(10); 
 }   
} 
 
int main (void) 
{  
 /* 
 * Uncomment the test you want to perform. Do these tests 
 * individually since they were not written to work together (most 
 * of the functions rely on polling rather than interrupts) 
 */ 
 //spi_test(); 
 //motor_test(); 
 //motor_stall_test(); 
 servo_test(); 
 //gpio_test(); 
 //extra_enable(); 
 //adc_test(); 
} 
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Appedix B2 Tw Wire Iterface (I2C) header 

/* 
 * xmegatwi.h 
 * Author: Andrew Adamson 
 * Provides polling based write routines to control a Two Wire Interface 
 * (I2C) port on the xMega 
 */  
 
#ifndef XMEGATWI_H 
#define XMEGATWI_H 
 
#define CPU_SPEED 2000000 
#define BAUDRATE 400000 
#define TWI_BAUD(F_SYS, F_TWI) ((F_SYS / (2 * F_TWI)) - 5) 
#define TWI_BAUDSETTING TWI_BAUD(CPU_SPEED, BAUDRATE) 
 
/* 
* Configures and initialises the given TWIx controller 
* Input: pointer to a TWI struct 
*/ 
void twi_init(TWI_t * twiname) { 
 //enable smartmode to send the ack immediately after the data 
 twiname->MASTER.CTRLB = TWI_MASTER_SMEN_bm; 
 //Set the Baud 
 twiname->MASTER.BAUD = TWI_BAUDSETTING; 
 //Enable the TWI master 
 twiname->MASTER.CTRLA = TWI_MASTER_ENABLE_bm; 
 //Force the bus into idle mode 
 twiname->MASTER.STATUS = TWI_MASTER_BUSSTATE_IDLE_gc; 
 
 return; 
} 
 
/* 
* Sets the given TWI controller to write mode for given slave address 
* Input: pointer to a TWI struct, 8-bit slave address 
*/ 
//Can probably refactor this to make a generic "start" function 
void i2c_startWrite(TWI_t * twiname, uint8_t address) { 
 //Write the address (which should end in a  

// zero for a write address) 
 twiname->MASTER.ADDR = address & 0b11111110; 
 //Poll for the write interrupt flag to be set 
 while(!(twiname->MASTER.STATUS&TWI_MASTER_WIF_bm)); 
} 
 
/* 
* Puts a byte into the data register of the given TWI controller 
* and waits for it to be sent to the slave 
* Input: pointer to a TWI struct, 8-bit data value 
*/ 
void i2c_write(TWI_t * twiname, uint8_t writeData) { 
 //Write the data 
 twiname->MASTER.DATA = writeData; 
 //Poll for the write interrupt flag to be set 
 while(!(twiname->MASTER.STATUS&TWI_MASTER_WIF_bm)); 
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 return; 
} 
 
/* 
* Puts a stop condition on the TWI bus to indicate  
* communication has finished 
* Input: pointer to a TWI struct 
*/ 
void i2c_stop(TWI_t * twiname) { 
 twiname->MASTER.CTRLC = TWI_MASTER_CMD_STOP_gc; 
} 
#endif /* XMEGATWI_H */ 
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Appedix B3 PCA9685 header 

/* 
 * pca9685.h 
 * Author: Andrew Adamson 
 * Based on PIC code from: 
 * http://www.ccsinfo.com/forum/viewtopic.php?p=166816 
 * Provides routines to initialise a PCA9685 and set servo PWM values 
 */ 
 
#include "xmegatwi.h" 
#include <util/delay.h> 
 
#ifndef PCA9685_H 
#define PCA9685_H 
 
// Useful PCA9685 registers 
#define MODE1 0x00 // 0x00 location of Mode1 register address 
#define MODE2 0x01 // 0x01 location of Mode2 register address 
#define SERVO0 0x06 // location for start of LED registers 
 
/* 
* Init code for the PCA9685 
* Input: 8 bit write address of the PCA9685 to init 
*/ 
void pca9685_init(uint8_t address) { 
 /* 
 * How to communicate with the PCA9685: send slave address,  
 * a pointer to a register, and then the value of the register 
 */ 
 twi_init(&TWIC); 
 // Start 
 i2c_startWrite(&TWIC, address);  
 // Mode 1 address 
 i2c_write(&TWIC, MODE1);   
 // Setting mode to sleep so we can change the default PWM frequency 
 i2c_write(&TWIC, 0b00110001); 
 // Stop 
 i2c_stop(&TWIC); 
 // Required 50 us delay  
 _delay_us(50); 
 // Start 
 i2c_startWrite(&TWIC, address);  
 // PWM frequency PRE_SCALE address 
 i2c_write(&TWIC, 0xfe);   
 //The PWM frequency is set here. Set to 0x79 for 20ms period, 

//or 0x23 for 5.4ms period 
 i2c_write(&TWIC, 0x23); // Value = 25000000/(4096*frequency)-1 
 // Stop 
 i2c_stop(&TWIC); 
 // Delay at least 500 us  
 _delay_us(500);  
 // Start 
 i2c_startWrite(&TWIC, address); 
 // Mode 1 register address 
 i2c_write(&TWIC, MODE1); 
 // Set to our preferred mode[ Reset, INT_CLK, Auto-Increment, 
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// Normal Mode]  
 i2c_write(&TWIC, 0xa1); 
 // Stop 
 i2c_stop(&TWIC); 
 // Delay at least 500 us  
 _delay_us(500);  
 // Start 
 i2c_startWrite(&TWIC, address); 
 // Mode2 register address 
 i2c_write(&TWIC, MODE2); 
 // Set to our preferred mode: output logic state not 

// inverted, outputs change on STOP, 
 // totem pole structure, when OE = 1 (output drivers not  

// enabled), SERVOn = 0 
 i2c_write(&TWIC, 0b00000100);  
 // Stop 
 i2c_stop(&TWIC);  
} 
 
/*  
* Sends the 12 bit PWM data to the register 
* Input: write address of the PCA9685, 0 to 4095 pwm value, 0 to 15 for  
* servo channel 
*/ 
void pca9685_send(uint8_t address, uint16_t value, uint8_t servo) 
{  
 // temp variable for PWM 
 uint8_t pwm; 
 // fully on if larger than 4095  
 if(value > 4095) {       
  value = 4095; 
 } 
 // Start 
 i2c_startWrite(&TWIC, address);  
 // Select the correct servo address 
 i2c_write(&TWIC, SERVO0 + 4 * servo); 
 // Servo on-time low byte 
 i2c_write(&TWIC, 0x00); 
 // Servo on-time high byte  
 i2c_write(&TWIC, 0x00); 
 // Take a copy of value  
 pwm = value; 
 // Servo off-time low byte 
 i2c_write(&TWIC, pwm); 
 // pwm is 16 bits long; shifts upper 8 to lower 8 
 pwm = value>>8; 
 // Servo off-time high byte 
 i2c_write(&TWIC, pwm); 
 // Stop 
 i2c_stop(&TWIC);       
} 
#endif /* PCA9685_H */ 
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Appedix B4 FT232H Test Prgra 

/* 
 * FT232H SPI Test Program 
 * - Created for the Eyebot M8 Board 
 * 
 * Author: John Hodge (20518201) 
 * - Eyebot M8 by Andrew Adamson 
 */ 
#include <stdio.h> 
#include <stdlib.h> 
#include <stdint.h> 
#include <unistd.h> 
#include <string.h> 
#include <stdbool.h> 
#include <ftd2xx.h> 
 
// Buffer sizes, might want to tweak for production 
#define OUTBUF_SIZE 512 
#define INBUF_SIZE 512 
 
// Some helpful macros 
#define MIN(a,b) ((a) < (b) ? (a) : (b)) 
#define Sleep(ms) usleep(ms*1000) 
 
// === GLOBALS === 
FT_HANDLE gDeviceHandle; 
size_t giOutBytes = 0; 
uint8_t gsOutBuffer[OUTBUF_SIZE]; 
size_t giInBytes = 0; 
uint8_t gsInBuffer[INBUF_SIZE]; 
 
// === CODE === 
//  
// Append data to the outbound queue 
//  
void AppendBuf(const void *Data, size_t Length) 
{ 
 if( Length > OUTBUF_SIZE - giOutBytes ) { 
  fprintf(stderr, "Out of space in output buffer\n"); 
  exit(EXIT_FAILURE); 
 } 
 Length = MIN(OUTBUF_SIZE - giOutBytes, Length); 
 memcpy(gsOutBuffer + giOutBytes, Data, Length); 
 giOutBytes += Length; 
} 
 
void AppendByte(uint8_t Byte) 
{ 
 AppendBuf(&Byte, 1); 
} 
 
//  
// Send the outbound queue to the device 
//  
FT_STATUS SendBuf(FT_HANDLE Handle) 
{ 
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 FT_STATUS fts; 
 DWORD bytes_sent; 
 fts = FT_Write(Handle, gsOutBuffer, giOutBytes, &bytes_sent); 
 if( fts != FT_OK ) { 
  fprintf(stderr, "FT_Write failed (%i)\n", fts); 
  giOutBytes = 0; 
  return fts; 
 } 
 
 if( giOutBytes != bytes_sent ) { 
  fprintf(stderr, "%i bytes queued, but only %i were sent.", 
   (int)giOutBytes, (int)bytes_sent); 
 } 
 
 //printf("Send %i bytes\n", giOutBytes); 
 giOutBytes = 0; 
 return FT_OK; 
} 
 
// 
// Wait for input and then read 
// 
FT_STATUS ReadInput(FT_HANDLE Handle) 
{ 
 FT_STATUS fts; 
  int timeout = 1000; 
 DWORD queue_bytes, bytes_read; 
 giInBytes = 0; 
 // Wait for data 
 do { 
  fts = FT_GetQueueStatus(Handle, &queue_bytes); 
  if( !queue_bytes ) 
   usleep(1000); 
 } while( fts == FT_OK && queue_bytes == 0 && --timeout ); 
 // - error (timeout included) 
 if( fts != FT_OK ) 
  return fts; 
 
 // Read as much as possible 
 giInBytes = MIN(queue_bytes, INBUF_SIZE); 
 fts = FT_Read(Handle, gsInBuffer, giInBytes, &bytes_read); 
 if( fts != FT_OK ) 
  return fts; 
 if( giInBytes != bytes_read ) { 
  fprintf(stderr, "%i bytes in read queue, but only %i were 
read\n", 
   (int)giInBytes, (int)bytes_read); 
 } 
 giInBytes = bytes_read; 
 return FT_OK; 
} 
 
// 
// (Internal) 
// Sends a byte to the MPSSE and checks for an error response. 
// 
FT_STATUS InitSPI_BadCmd(FT_HANDLE Handle, uint8_t cmdbyte) 
{ 
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 FT_STATUS fts; 
 
 // Ensure MPSSE is synchronized (send a bad command) 
 AppendByte(cmdbyte); 
 fts = SendBuf(Handle); 
 if( fts != FT_OK ) return fts; 
 fts = ReadInput(Handle); 
 if( fts != FT_OK ) return fts; 
 
 // Make sure the "Bad Command" response was recieved 
 bool bad_command_found = false; 
 if( giInBytes > 0 ) 
  printf("%02X ", gsInBuffer[0]); 
 for( size_t i = 0; i < giInBytes - 1; i ++ ) 
 { 
  printf("%02X ", gsInBuffer[i+1]); 
  if( gsInBuffer[i] == 0xFA && gsInBuffer[i+1] == cmdbyte ) { 
   bad_command_found = true; 
   break ; 
  } 
 } 
 printf("\n"); 
 if( !bad_command_found ) { 
  fprintf(stderr, "MPSSE sync (0x%02X) failed. No 'Bad Command' 
resp in %i bytes.\n", 
   cmdbyte, (int)giInBytes); 
  return FT_OTHER_ERROR; // Mind if I use this? 
 } 
  
 return FT_OK; 
} 
 
// 
// Initialise the FT232H for MPSSE mode and configure for SPI 
// - Also turns on an LED, just for debugging 
// 
FT_STATUS InitSPI(FT_HANDLE Handle) 
{ 
 FT_STATUS fts; 
 
 fts = FT_ResetDevice(Handle); 
 if(fts != FT_OK ) return fts; 
 
 // Clean out stale data in the buffer 
 DWORD stale_buf_size; 
 fts = FT_GetQueueStatus(Handle, &stale_buf_size); 
 if( fts != FT_OK ) return fts; 
 if(stale_buf_size > 0) { 
  char tmpbuf[stale_buf_size]; 
  fts = FT_Read(Handle, tmpbuf, stale_buf_size, 
&stale_buf_size); 
  if( fts != FT_OK ) return fts; 
 } 
  
 // Set some useful values 
 fts = FT_SetUSBParameters(Handle, 0xFFFF, 0xFFFF); // set USB 
Req Transfer Size to 64k 
 if( fts != FT_OK ) return fts; 
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 fts = FT_SetChars(Handle, false, 0, false, 0); // Disable 
event/error chars 
 if( fts != FT_OK ) return fts; 
 fts = FT_SetTimeouts(Handle, 3000, 3000); // set read/write 
timeouts to 3s 
 if( fts != FT_OK ) return fts; 
 fts = FT_SetLatencyTimer(Handle, 1); // Set latency timer to 
1ms (default is 16ms) 
 if( fts != FT_OK ) return fts; 
 fts = FT_SetFlowControl(Handle, FT_FLOW_RTS_CTS, 0x00, 0x00);
 //Turn on flow control to synchronize IN requests (added by Andrew) 
        if( fts != FT_OK )      return fts; 
 fts = FT_SetBitMode(Handle, 0, 0x00); // Reset. 
 if( fts != FT_OK ) return fts; 
 Sleep(50); // quick nap 
 fts = FT_SetBitMode(Handle, 0, 0x02); // Enable MPSSE mode 
 if( fts != FT_OK ) return fts; 
 
 // Sleep for a bit for USB to catch up 
 Sleep(50); 
 
 // Sync (send 0xAA - bad command) 
 fts = InitSPI_BadCmd(Handle, 0xAA); 
 if( fts != FT_OK ) return fts; 
 // Second sync (0xAB) 
 fts = InitSPI_BadCmd(Handle, 0xAB); 
 if( fts != FT_OK ) return fts; 
  
 // Base clock is 60MHz 
 // Caution: high and low periods must be longer than 2 CPU clock 
cycles 
 uint16_t divisor = 1200; // 50KHz 
 //uint16_t divisor = 60; // 1MHz (cannot run at this speed 
with a 2MHz system clock) 
 AppendByte(0x8A); // Disable clock front stage divisor (/5) 
 AppendByte(0x97); // Disable adaptive clocking 
 AppendByte(0x8D); // Disable 3-phase data clock 
 SendBuf(Handle); 
 AppendByte(0x80); // "Set Data Bits Low Byte" 
 AppendByte(0x00); 
 AppendByte(0x0B); 
 // NOTE: The below is for the debug LED 
 AppendByte(0x82); // "Set Data Bits High Byte (AC Bus)" 
 AppendByte(0x01); // (ACBUS0 High - Status LED) 
 AppendByte(0x01); 
 // Clock divisor 
 AppendByte(0x86); 
 AppendByte((divisor/2-1) & 0xFF); // Low 
 AppendByte((divisor/2-1) >> 8 ); // High 
 SendBuf(Handle); 
 // Wait a bit to ensure the chip is ready 
 Sleep(30); 
 
 // Turn off loopback on TDI/TDO connection 
 AppendByte(0x85); 
 SendBuf(Handle); 
 
 // All done! 
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 return FT_OK; 
} 
 
//  
// Raise the CS line 
//  
FT_STATUS SPI_CSRaise(FT_HANDLE Handle) 
{ 
 // 5 repeats for 1us 
 // - each command takes 0.2us to perform, so ensures that the 
 //   line is high for at least 1us before data is sent 
 for( int i = 0; i < 5; i ++ ) 
 { 
  AppendByte(0x80); // GPIO ADBUS 
  AppendByte(0x08); // CS line High 
  AppendByte(0x0B); // (output mode, shouldn't change) 
 } 
 return FT_OK; 
} 
 
// Lower the CS line 
FT_STATUS SPI_CSLower(FT_HANDLE Handle) 
{ 
 // - 5 repeats for 1us (each command aparently raises for 0.2us)? 
 for( int i = 0; i < 5; i ++ ) 
 { 
  AppendByte(0x80); // GPIO ADBUS 
  AppendByte(0x00); // CS line low 
  AppendByte(0x0B); // (output mode, shoudn't change) 
 } 
 return FT_OK; 
} 
 
// 
// Write a sequence of bytes to the SPI bus 
// 
FT_STATUS SPIWriteBytes(FT_HANDLE Handle, size_t Len, const void *Data) 
{ 
 const uint8_t *bdata = Data; 
 
 if( Len == 0 ) 
  return FT_OK; 
 
 // 0 = 1 byte, 0xFFFF = 2^16 bytes 
 // - So, subtract one 
 Len -= 1; 
 
 // NOTE: CS is active-low 
 SPI_CSLower(Handle); 
 AppendByte(0x11); // MSB Falling Edge Change Clock - out on -ve 
clock edge 
 AppendByte(Len & 0xFF); // LSB 
 AppendByte(Len >> 8); // MSB 
 // Append data from input buffer 
 for( size_t i = 0; i < Len+1; i ++ ) 
  AppendByte(bdata[i]); 
 SPI_CSRaise(Handle); 
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 return SendBuf(Handle); 
} 
 
int main(int argc, char *argv[]) 
{ 
 FT_STATUS fts; 
 
 // Check for correct usage 
 if( argc != 2 ) 
 { 
  fprintf(stderr, "Usage: %s ID\n", argv[0]); 
 
  DWORD ndev; 
  fts = FT_CreateDeviceInfoList(&ndev); 
  if( fts != FT_OK ) { 
   fprintf(stderr, "Enum failed, FT_CreateDeviceInfoList, 
fts = %i\n", fts); 
   return 1; 
  } 
 
  printf("%i devices\n", ndev); 
 
  return -1; 
 } 
 
 // Open the device 
 int port = atoi(argv[1]); 
 fts = FT_Open(port, &gDeviceHandle); 
 if( fts != FT_OK ) { 
  fprintf(stderr, "FT_Open(%i) failed, fts = %i\n", port, fts); 
  return 1; 
 } 
 
 // Initialise SPI 
 fts = InitSPI(gDeviceHandle); 
 if( fts != FT_OK ) { 
  fprintf(stderr, "InitSPI failed, fts = %i\n", fts); 
  return 1; 
 } 
 
 // Continuously send test data to the device 
 while( 1 ) 
 { 
  uint8_t data[] = {0x37}; 
  fts = SPIWriteBytes(gDeviceHandle, sizeof(data), data); 
  sleep(10); 
 } 
 
 // Clean up, like a good program 
 FT_Close(gDeviceHandle); 
 
 return 0; 
} 
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Appedix C SPI cfigurati 

Appedix C1 SPI des 

Fr the fwig tabe 

• CP0 eas the base vaue f the cc is er 

• CP1 eas the base vaue f the cc i e 

• CPHA0 eas sape  the eadig (first) cc edge 

• CPHA1 eas sape  the traiig (secd) cc edge 

 

de CP CPHA 

0 0 0 

1 0 1 

2 1 0 

3 1 1 
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Appedix C2 SPI Settigs t Cuicate with FT232H 

Settig Vaue 

Cc frequecy 50H This ca be icreased as g as the high 

ad w ties are ger tha tw f the 

icrctrer cc perids 

Ediaess st sigificat bit first 

Cc parity (CP) 0 

Cc phase (CPHA) 0 

Chip seect parity w eabe 

FT232H trasissi directi Currety set t write y with pcde 0x11 

Ca be set t bidirecti with pcde 0x34 
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