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Abstract

SunswiftII is theUNSWentrantin theWorld SolarChallenge,asolarcarracethatruns
from Darwin to Adelaide. It is a complex amalgamationof mechanicalandelectrical
systemswherereliability andef�ciency areof theutmostimportance.

This thesisoutlinesthe designand developmentof an integratedtelemetryand
control systemfor Sunswift II which providessigni�cantly improved reliability, ex-
pandabilityand �e xibility comparedwith the ad-hoc,limited systempreviously im-
plemented.As partof this development,thecar's maximumpower point trackersare
examined,andthesoftwareredesignedin orderto solvemany issuesthatwereevident
duringapreviousevent— asigni�cant reliability improvementis observed.
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Chapter 1

Intr oduction

Thesportof solarcarracingwasbornin 1982whenHansTholstrupandLarry Perkins
crossedAustraliain theworld's �rst solarpoweredcar- theQuietAchiever. Following
the journey, Hanssetup aneventin orderto promotetheuseof sustainabletechnolo-
giesandencourageresearchanddevelopmentin thearea.TheWorld SolarChallenge
(WSC)was�rst run in 1987andis now a bi-annualevent. Carscompeteon a course
whichrunsfrom Darwinto Adelaide,covering3010kmthroughthecentreof Australia.

SunswiftII is theUniversity of New SouthWales(UNSW) entrantin theWSCand
hascompetedin the 1999and2001racesplacing19th and11th respectively. These
positionswerebothconsideredby the teamto bebelow expectation.In bothcircum-
stances,thecar'selectronicswerepartly to blamefor thepoorplacing.

Thecar is a complex amalgamationof interactingelectronicandmechanicalsys-
tems. High ef�ciency power electronicscontrol thesolarpanelvoltageandin-wheel
motor. Thesolarcells areembeddedin an arraywhich is alsothecar's aerodynamic
form. Batteriesareusedasanominalenergy buffer.

Prior to the projectoutlined in this document,the solarcar's electronicsystems
operatedasindependentunits. A rudimentarytelemetrysystemwasusedto monitor
thecar's operationandstatusandsendinformationto a supportcar. The information
availablefrom this systemwasinsuf�cient to make many necessarydecisionswithin
a raceor event. Error reportingwasnon-existent,sincethe deviceswerenot linked
in any way to the telemetrysystem. Furthermore,the control systemwasextremely
rudimentary. Perhapsthemostsigni�cant problemwasthein�e xibility which thesys-
temafforded- addingnew functionalityoftenrequiredredesignof theentireelectrical
system.

A �e xible, powerful setof hardwareandsoftware infrastructurewasrequiredto
allow thevariouselectricalsystemswithin thecarto interact,providing telemetry, con-
trol, and management.This was provided throughthe useof control area network
(CAN) technology. Hardwareandsoftwarerequiredto implementthe systemin the
solarcarweredeveloped.

Thesystemdevelopedis a framework with which a varietyof devicescanbe de-
signed.Its trivial to extend,andcouldeasilybeusedin anentirelydifferentapplication
shouldtheneedarise.

The infrastructuredevelopedwasusedto implementan integratedtelemetryand
controlsystemin SunswiftII. Thesystemwasconstructedby studentswith thesuper-
vision of the author, andinstalledin the solarpoweredcar. Several testdriveswere
undertakenatvariousstagesof theimplementation.

15



16 CHAPTER1. INTRODUCTION

Additionally, in orderto accommodatethenew framework,andto removeproblems
that weremostly to blamefor the team's disappointingperformanceduring the2001
WSC,theoperatingsoftwarefor thecar'smaximumpowerpointtrackers(MPPTs)was
rewritten. Thenew softwaresolvesa numberof seriousproblemswith thedevice that
hinderedthecar'sperformance.

This documentis intendedto serve bothasa reporton the implementationof the
system,the MPPT software and the reasoningbehindthe variousdesigndecisions,
and as a referencefor the solar racing team(SRT) suchthat future work might be
conducted,somesuggestionsfor whicharegiven.



Chapter 2

Background

2.1 Car Description

SunswiftII is a three-wheelsolar-electricvehicledesigned,built, andmanufacturedby
theUNSW solarracingteam.Theprojectwascommencedin 1995asthefourth year
thesisof Byron Kennedy, an ElectricalEngineeringundergraduatethesisstudent. In
orderto learnaboutsolarpoweredcars,theteampurchasedAuroraQ1from theAurora
VehicleAssociation.TheQ1 hadcompetedin the1993WSCandplaced5th. UNSW
racedthecar, re-badgedasSunswift,andachieved9thplace.(For theremainderof this
document,thename“Sunswift” will referto theSunswiftII solarcar. Wherereference
to theoriginal caris necessary, theterm“Sunswift I” will beused).

Thedesignof SunswiftII wascommencedfollowing the1996WSC,with theinten-
tion of competingin thefollowing race.Thecarwasdesignedto beahigh-performance
solarvehicle: to win therace. As suchit wasdesignedto be asaerodynamicaspos-
sible, resultingin a highly curvedshape.This hasposeda numberof manufacturing
challenges(asoutlinedin a previousconferencepaper[42]), andgivesrise to several
issuesinvolving themaximumpowerpoint trackers(discussedin Chapter6). Thecar's
aerodynamicperformanceis, asa result,very impressive.

Thecarconsistsof a chrome-molysteelspaceframechassiswith doublewishbone
suspensionbothfront andrear. Thedriver'sseatformsa structuralpartof thechassis.
Steeringis via thefront two wheels.Theoutershell,whichalsosupportsthecar'ssolar
array, is constructedfrom carbon�bre, kevlar, �breglassandnomex composites.The
bottomhalf of theoutershell is attachedto thechassis,the top half beingremovable
for accessto thedriver andcarcomponents.The“top half” will be referredto asthe
“top shell” or “array”.

Thecar's wheelsarestudent-designedandstudent-built. They consistof a carbon
�bre-nomex compositesandwich.The tyresusedareMichelin Radialsolarcar tyres
which have anextremelylow coef�cient of rolling resistance.Thecarbonwheelsare
both lighter thanthepreviously usedaluminiumwheelsandhave lesswindagedueto
theabsenceof spokes.

Thearray, aswell asforminganaerodynamicshape,alsosupportsthesolarpanels.
Theseare constructedfrom somefour thousandindividual solar cells, encapsulated
by the teamusinga novel techniqueto allow for the complicatedcurves,while still
giving a �nish resultingin low aerodynamicdrag[42]. MPPTsareusedto optimise
thesolararray'spoweroutput,actingasvoltageconverterssuchthatthepaneloperates

17
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Figure2.1: SunswiftII driving into Adelaideat theendof theWSC

at its optimumpoint (seeChapter6). Thesearemountedin the top shell suchthat
only a single,two wire, power connectionfrom the arrayis required. While subject
to signi�cant improvement,thearraycurrentlygeneratesapproximately1150Win one
sunconditions.

The car's drive systemconsistsof a three-phasebrushlessDC motor andmotor
controller. Theteamownsseveralmotors,but themostcommonlyusedis theCSIRO
in-wheelmotor [39] dueto its extremelyhigh ef�ciency. The electronicmotor con-
troller performsthe functionof a commutatorin a normalbrushedDC motorandthe
teamalsoownsanumberof thesedevices,discussedin Chapter7.

Thecarhasa 36kglithium-ion (Li-ION) batterypackconsistingof 240cellsman-
ufacturedby Saft. Thepackhasa nominalvoltageof 148V, a fully chargedvoltageof
164V, anda capacityof approximately5kWh(giving a rangeof approximately300km
at 100km/honbatteriesalone).

Thetelemetrysystemhasundergonea numberof signi�cant changesthroughthis
project,yet a basicform exists: sensorsareusedto gatherinformationaboutthecar's
operation.This informationis transmittedto a supportcar, wirelessly, suchthatdeci-
sionscanbemadeabouttherunningof thevehicle.

A variety of miscellaneouselectronicsarealso installed. In order to be deemed
road-worthy, thecarmusthavefunctioningindicators,brakelights,andahorn.In order
thatthedriverhasrear-vision,a smallcamerais mountedat therearof thecanopy. An
LCD displaypresentsthecamera'ssignal.

Figure2.2 shows the car's power usagevs. speed,given thevaluesestimatedfor
SunswiftII. Figure2.1shows thecardriving into Adelaidefollowing the2001World
SolarChallenge.
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2.2 RaceOptimisation

Solar car racing is aboutef�ciency. The car which usesthe sun's energy to propel
itself in themostef�cient mannerwill, in theabsenceof exception,win therace.This
involvestwomainstrandsof optimisation.First,thecaritselfmustbemechanicallyand
electricallyef�cient. Thesystemswithin thecarmustuseaslittle energy aspossible,
the aerodynamiclossesmustbe assmall aspossibleand the car's rolling resistance
mustbe minimised. The car mustalsobe reliable; capableof surviving the arduous
environmentwithout failure,sinceonly a verysmalltime spentby thesideof theroad
canaffect thecar'saveragespeed.

Theotherpartof solarracingis optimisingthecar's performanceover a distance,
for example,in a race. As well asbeingableto performef�ciently at any instant,it
mustalsobepossibleto optimisethevehicle'soverallperformance.

Fourfactorsin optimisationwill beconsideredhere:strategy, reliability, ef�ciency,
andoperation.

2.2.1 Strategy

Batteriesareanintegral partof solarracing.Thebatterypackof a solarcar is usedto
buffer energy suchthat,in periodsof highdemand,energy is availableto drive thecar.
In periodsof low demand,thebatterycanberechargedusingexcessenergy available.

TheWSCracingperiodextendsfrom 8:00AM to 5:00PM[2]. Beforeandafterthe
racingperiod,thecar, while not allowed to move morethana safedistancefrom the
road,may chargethebattery, tilting thesolararrayin orderto maximisethat charge.
Additionally, the car muststopat seven control pointsalongthe 3010kmcourse(at
which thebatterymayalsobecharged).

The energy obtainedvia charging during thesestops,andthe variationin energy
requirementsalong the course(e.g. due to hills) makesstrategy vital. Thereexists
anequation(equation2.1) which will approximatetherateof energy usageof a solar
poweredcarat a givenspeed[12,40]. Theresultinggraph(Figure2.2)makesit clear
thatrunninga non-optimalstrategy (e.g. varyingthespeederraticallyaroundanaver-
age)canbe extremelycostly in termsof overall energy usageandthereforepossible
averagespeed.As an example,were the car to travel at 100km/hfor onehour, and
60km/hfor anotherhour(giving anaveragespeedof 80km/h),it would cover160km
using2.25kWh. Werethecarto have travelledat theaverage80km/htheentiretime,
only 2kWh would beused.This is anextremelysimplisticview anddoesn't take into
accounta largenumberof importantvariables(e.g.environmentaleffects,hills...). For
a morethoroughdiscussionof solarcarstrategy, seePeterPudney's PhDthesis[38],
The LeadingEdge[44] by Goro Tamai,andThe Speedof Light by David Rocheet
al [40].

P =
1
�

�
mgv (sin(G) + Cr r cos(G)) +

1
2

CdA� (v � vw )3
�

(2.1)

where:

m = mass(kg)

g = gravity (ms� 2)

v = velocity (ms� 1)

G = gradient(rads)

Cr r = Coef�cient of Rolling Resistance
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Figure2.2: Power vs. Speedgiven by equation2.1 usingcoef�cients estimatedfor
SunswiftII travelling ona level road.

CdA = dragarea(m2)

P = powerused(W )

� = drive trainef�ciency (no units)

� = densityof air (kg=m3)

In order to make effective decisionsregardingstrategy, the personsresponsible
mustbe presentedwith adequateinformation. This informationregardsthe weather
forecast,thegradientsandmagnitudeof theclimbsanddescentsalongtherouteto be
travelled,andtheway in which thecarresponds(in termsof its powerproductionand
usage)to theseenvironments.Thestrategist mustalsobeawareof thestateof thecar
ateverypointduringtheracebothsothatits correctoperationcanbeveri�ed, andthat
thepreviously run strategy canbeevaluatedandfuturestrategy updated.

While the weatherandcoursepro�le aredeterminedvia the appropriatebureaus
andpre-racesurveys,themajorityof theinformationis mosteffectively deducedusing
anappropriatetelemetrysystemwithin thecar. Varioustelemetrysystemsimplemented
bydifferentteamshaveprovideddifferentfunctionalities(seeSection2.4),but themost
basicsystemwill monitor the currentinto or out of the array, batteryandmotor, the
batteryvoltage,and the speed.These� ve parameterscangive a reasonableideaof
whatis goingonwithin thecar. This is particularlywhenusingLi-ION batterieswhich
exhibit a strongcorrelationbetweenthe batteryvoltageandthe stateof charge (see
Figure9.3).

2.2.2 Reliability

Perhapsthe most importantof all qualitiesof the car to maintainandimprove is its
reliability. This cannotbe stressedenough.Reliability is thekey to successfulsolar-
carracing.

To emphasisethis point furthertake,asanexample,the2001WSC,andtheissues
with theMPPTsobservedduringthatrace.Thetrackersarrivedfrom Biel (themanu-
facturer)onemonthbeforethe teamwasdueto leave for Darwin. Somepreliminary
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testingwascompleted,essentiallyverifying thatthedevicesseemedto performin con-
junctionwith a small test-panelandbattery(which wasnot the racepack). The team
assumedthey would work asspeci�ed. The trackersweretestedin-car, andoperated
withoutseriousissueduringtheperiodprior to therace.On thestartline, with a fully-
chargedbatterypack,thetrackersdid not appearto function. It wasassumedthat the
high batteryvoltagehadcausedthe trackersto enteran over-voltagemode,andthat
they would functionassoonasthepackvoltagedippedslightly. As thestartcameand
went,andthecar beganto drain thebattery, thevoltagebeganto drop. At 150V, the
arraybeganto generatepower. This wasover an hour anda half into the race. The
packhadalreadybeennearlyhalf drained.Thus,approximately2 kWh hadbeenlost
asaresult.It waslaterfoundthatthemanufacturerhadbeenin errorwhencon�guring
thetracker'ssoftware.

A numberof otherissueswereencounteredduring the2001WSCwith regardto
thesedevices,asoutlined in Chapter6. A particularly frustrating“feature” was the
tendency to mis-trackthe maximumpower point. Resettingthe tracker's microcon-
troller, and thus the trackingalgorithm,would often lead to a 300W increasein the
solar-arraypoweroutput.It is estimatedthatroughly7kWh waslost over theduration
of the racedueto thevariousmalfunctionsof theMPPTs:equatingto approximately
150Wfor therace's duration.Hadthis additionalpower beenavailableit would have
increasedthecar's averagespeedby approximately7km/hplacingthecaramongthe
top10positions(comparedwith the11thplaceattained).

This is oneexampleof a componentwhich wasunreliableanddisadvantagedthe
teamseverelyin termsof rank. Therearemany otherexamples,from otherteamsand
races.Aurora,the1996eventfavourite,wasforcedto retireonly minutesinto therace
whenits brakesfailedat a setof traf�c lightson thewayoutof Darwin.

Othercomponentfailuresin Sunswiftincludedfaulty circuitry associatedwith the
motorcontroller, fairingsrubbingcausingexcessivepowerusageand�at tyres,aswell
asproblematicwirelesscommunications.

Stoppingthecarshouldbeavoided. If thecarcankeepmoving, andcanproduce
energy via the array, the decisionis generallymadeto continue. The mathematics
generallyprohibitstimeby thesideof theroad.Tenminutesspentservicinga �at tyre
woulddecreasethewinningcar'saveragespeedin the2001WSCby 0.5km/h.An hour
spentdebugginganelectricalfault couldcost3km/h. Note thatat thespeedtravelled
by Nuna,thewinnerof the2001WSC,3km/h translatesto approximately100W(all
calculationsarebasedonNuna's time in the2001WSC[3], usingequation2.1).

Having a componentthat doesnot function correctlycanbe extremelycostly in
termsof averagespeed,andhaving to stopin orderto �x theproblemexacerbatesthe
issue.Again,with emphasis:reliability is the key to successfulsolar racing.

2.2.3 Ef�ciency

Perhapsobviously, anothermethodof optimisationis thatof improving themechanical
andelectricalef�ciency of thevehicle.Sincetheenergy availableis limited, thefaster
thecarcantravel at a givenpower, thehighertheaveragespeedis likely to be(given
reliability and strategy are suf�ciently strong). Also, the more ef�ciently the sun's
energy canbeconvertedto electricity, thefasterthecarwill beableto travel.

Optimisingthepowerusedinvolvesimproving therolling resistance,aerodynamic
drag,anddrive-trainef�ciency. Rolling resistance(correspondingto theCr r term in
equation2.1) is the dragcausedby the tyreson the road,bearinglosses,suspension
losses,etc.Thepowerusedis approximatelylinearlyrelatedto thespeedof thevehicle.
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Figure2.3: Current,Speedvs. Time for a testingrun prior to WSC2001

Theaerodynamicdragis thatwhich is causedby thecar's motionthroughtheair,
andis affectedby theamountof laminar, turbulentandseparated�o w, thefrontalarea,
the amountof interferencedrag, etc. The power usedis relatedto the cubeof the
vehicle'sspeed(andtheCdA termin equation2.1).

Thedrive train ef�ciency is thepercentageof energy that leavesthebatterythat is
expressedaswork, moving thecar. Lossesinvolvedin a carsimilar to Sunswiftoccur
in themotor controller, motor, andany mechanicallinkagesinvolved(for example,a
chaindrivewhenusingamotornotableto bemountedwithin thewheel).

Optimising the power producedinvolves obtaining (or building) the most ef�-
cientsolarcellspossible,usinganappropriateencapsulationsystem,andensuringthe
MPPTsoperatecorrectlyandef�ciently . Reliability is againanissue,in thatsolarcell
arraysarefragileandmustbeencapsulatedsuchthatthecellsaresuf�ciently protected.

2.2.4 Operation and dri ving

Theoperationof thecar is a �nal areawhich playsa largepart in thesuccessof a car
duringa race.Gooddriverscanhavea signi�cant impacton theoverallef�ciency and
averagespeed.Themotorcontrollerhasa non-linearef�ciency vs. power curve,with
a particularoptimum. That optimumapproximatelycoincideswith thecar's cruising
power, but largeef�ciency dropssigni�cantly whenthesystemis requiredto providea
largeamountof power.

Non-optimalchangeto the throttle settingcauseslarge power variation. As an
example,two inexperienceddriverswereinvolvedwith SunswiftII' s 2001campaign.
Figure2.3 shows currentvs. time andspeedvs. time graphsfor a testingrun prior to
therace.Thevariationis obviousandcauseda decreasein ef�ciency.

This can,in part,be blamedon poor feedbacksystems.A bike speedometerwas
theonly instrumentwithin thedriver's �eld of vision. An analoguepotentiometerwith
only a300degreerotationwasusedasthethrottle,makingit extremelysensitive. Also,
it wasdif�cult to providethedriverswith anevaluationof theirperformance:meaning
thatthey wereforcedto guessasto how to improve.
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2.3 Problemswith Existing Telemetry/Control System

SunswiftII hasneverperformedto expectationin theWSC,mostlydueto poorstrategy
andunreliablesystems,in particular, theelectricalsystem,which consistedof several
non-interactingcomponents.

The2001telemetryandcontrolsystemusedacentralisedtopology. Analoguesen-
sorswereconnectedto a centraldatalogger[9] via dedicatedwires. The loggersam-
pledonceper� veseconds.

Thedataproducedwerethentransmitteddigitally (via RS232)to asmallembedded
computerwhich collectedit. Othersourcesof digital datacouldbe connectedto the
samedevice via separate,dedicatedinterfaces(shouldthey be available). Wireless
Ethernetwasusedfor communicationwith thesupportcar.

Fivecritical channelsweremonitored,with othermiscellaneousdata(suchastem-
peraturesof majorcomponents)alsobeingmeasured:vehiclespeed,batteryvoltage,
batterycurrent,arraycurrent,motorcurrent.These� ve channelsprovideda goodin-
dicationof thestatusof thecar, but left muchto bedesired.

A centralcontrolblock actedasthedriver interfaceunit. All driver controlscon-
nectedto thiscentralnode,andall deviceswhich requiredpowerat a low voltage(e.g.
12V) weresuppliedfrom this pointusingindividualwires(again,addingto thewiring
complexity andweight).

Therewereseveralissues:

� The operationand designof the componentswhich failed during WSC were
unknown to the team,andassuchit wasdif�cult for thesecomponentsto be
repairedduringtherace.

� Therewasno form of errorreportingvia thetelemetrysystem.

� Thesamplingrateof thetelemetrysystemwastoo low to makeaccuratebattery-
currentintegrations.

� Telemetryand control systemswithin the car were almostentirely analogue,
whichmadethemsusceptibleto noise.

� Longcablerunswereunsightly, heavy, andcomplex. This limited thenumberof
interfacesthatcouldpracticallybeused1.

� Shouldthecentralnodesfail, theentiresystemalsofails.

� Thesystemwasdif�cult to expand2.

Essentially, functionalitythatcouldotherwisebeutilisedwaswasteddueto theinabil-
ity of the car's systemsto interact. The telemetrysystemcouldn't accessthe motor
controller'sdataor sendcommandsto it. Furtherto this, thewiring within thecarwas
extremelycomplex, which, in turn, led to a lackof �e xibility . Any interactionbetween
deviceswould have hadto have beenspeci�ed whenthe hardwarewasdesigned,or
elseinelegantinterfacingsolutionshackedtogether.

Thesituationwasfar from ideal. Theability of eachdevice to beableto commu-
nicatewith otherdeviceswasseento behighly desireable.It would thenbepossible

1For example,it wasunmanageablefor the systemto connectto eachof the seven MPPTs' microcon-
trollers.

2Theadditionof furthersourcesor outletsof/for datawould have requiredhardwarerevision.
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for a motorcontrollerto providea vehiclespeed,andfor thatvehiclespeedto besent
to a supportcarvia a telemetryunit, aswell asbeingdisplayedfor thedriver. A cruise
controlunit couldalsousetheinformationto adjustthethrottlesetting.If a usefulde-
vice,not originally considered,wereto bedeveloped,it would alsohave accessto the
vehiclespeed.This allows for anevolving systemwherefunctionalitycouldbeadded
asit is required(andlikewiseremoved).

Theseproblemscloselyrepresentthosefoundin industrialcontrolandprocesssys-
temsprior to the introductionof embeddedcontrol networks. Large numbersof in-
dividual unitsarerequiredto performcomplex tasks.Thoseindividual unitsareusu-
ally providedby a varietyof manufacturersandhavevariedfeaturesandfunctionality.
Large wiring loomswererequiredin orderfor the units to communicate.Telemetry
is (as it is in a solarcar) desirablewithin this environment,andseparate,dedicated
systemswere,requiredfor this purpose.

A further representative problemis that found in traditional automobileswhere
largenumbersof individual intelligentdevicesmustinteract.For example,theengine
controlcomputermayberequiredto communicatewith thecar's(computercontrolled)
gearboxto coordinategearchanges.Thesoundsystemmayneedto interactwith the
ignition systemssuchthatwhentheengineis disabled,thespeakersarealsodisabled
to conserve thebattery's charge. Power windows,headlights,andotherdevicestradi-
tionally requirelong cablerunsto their respective controllers.Again, amountingto a
large,complicated,wiring loom3.

Theapproachtakenin theSunswiftII, 2001,electricalsystem,is inherentlylimited
due to the inability of the variousintelligent systemswithin the car to interact. In
termsof datagathering,informationwaslost sincethepower electronicsandcontrol
systemcould not report to the telemetrysystem. As a resultmany parameterswere
measuredmorethanonce,andsomeinterestingmeasurementswerenot taken at all.
Similarly, becausetheimplementationof moreeffectivecontrolsystems(suchasspeed
basedcruisecontrol)requiredtime-consuminganderror-pronehardwaredevelopment
(to modify theseparateanalogueelectronics),they weremodi�ed only for design-error
correction(thusdemonstratingthedif�culty with expansion).

A replacementsystemdesignedto resolve theseissues— to be clean, �e xible,
expandable— wasrequired.

2.4 Previous Solar Car Systems

Severalteamshaveattemptedto solvetheproblemsoutlinedin Section2.3in anumber
of differentways.

2.4.1 Sunswift II, 2001(non-interacting systems)

TheSunswiftsystemis extremelyrelevantto thiswork,asthenew frameworkhasbeen
usedto replaceit. Thesystemis alsousefulasanexamplebecauseof thesimilarity to
a numberof otherteams'solutions(e.g.Aurora'99, Lake TuggeranongCollege).See
Section2.3for anoverview of its construction.

3It hasbeenestimatedthatthe50kgwiring loompresentin somevehiclesresultsin an0.5L/100kmdrop
in fuel economy[24].
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Figure2.4: SunswiftII 2001telemetrysystem

2.4.2 Aurora, 2001(non-interacting systems)

Having a very similar systemto the Sunswiftvehicle,theAurora solarcar teamem-
ployed the useof a MoTeCAdvancedDashLogger[31]. This loggergave a greater
degreeof functionality(overandabovethatprovidedby Sunswift'shydra[9]) through
its large variety of interfaces,anddriver display. By allowing the driver to view the
operationof thesolarcar, it wasbetterdriventhanthosewithoutsuchacomprehensive
unit.

Controlsin the Aurora car werealsosimilar to thosein Sunswift II; hard-wired
with dedicatedconnectionsto thedevicesto becontrolled.Modi�cations to thesystem
aredif�cult, andsofor eachrace,thesystemis almostcompletelyrebuilt.

TheAurora teamusedtrackersanda motorcontrollerwithout availabletelemetry
functionality (or a programmablecontrol system);thereforethis device wasnot inte-
gratedinto theoverallelectricalsystem.

2.4.3 Iowa StateUniversity, 1999(embeddednetwork)

Iowa StateUniversity's 1999teamreleasedmuchof the informationrelatedto their
telemetryandcontrolsysteminto thepublic domain[46].

At its core, the systemis essentiallya numberof nodescommunicatingvia an
RS485-basedindustrial �eld network. Above the RS485network is a customdevel-
opedprotocolcalledRDB.All devicesin thecarcommunicateusingtheRDB network.

A control“brain” wasdevelopedwhichwaseffectivelyacentral,masternodein the
system.It connectsto drivercontrols,aswell asthemotorcontrolleranddriverdisplay
via dedicatedlinks (RS232). It monitorsthe driver controlsandsendscommandsto
thevariousdevices(for example,theindicators,andmotorcontroller).Thecarcontrol
brainwasdesignedasthecentralhub in a starnetwork (on thephysicallevel). Each
deviceconnectedto thecarcontrolbrains.

The teamdevelopedMPPTsin house,andthereforehadthe opportunityto inte-
grateRDB communicationsinto the tracker itself. This allowed for a variety of in-
formationto beextractedef�ciently , sincethetrackersneedto make measurementsin
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thecourseof their operation.A varietyof otherdevicesalsoconnectedto thesystem.
Theseincludedanamp-hourintegrator, currentmonitoringequipmentfor thesolarar-
ray, driver-display/controls,andtheradio-modeminterface.

The systemis a goodexampleof a network-basedtelemetryandcontrol system.
Thestandardsinvolvedarenow open,andthesystemis well testedwithin a solar-car
environment. The physicalrealisationof the network requiresa startopologywhich
increasescablerun lengthovera bustopology.

Note that thesystemis inherentlyextendiblevia theadditionof new nodesto the
network; just astheadditionof MPPTsto thenetwork providesinformationregarding
thearray, socouldadditionof amotor-controllerinterfaceprovideinformationregard-
ing thatdevice.

2.4.4 Sunshark,1999(integrated monolithic)

TheUniversityof Queensland(UQ) Sunsharkcarplaced3rd in the1999WSCandat-
tainedthe“GM SunraycerTechnicalInnovationAward” for thedevelopmentof inno-
vativeelectronics.Sunshark'sstrongperformancewastheresultnotonlyof anef�cient
car, but a reliableone— very little racetimewasspentmakingrepairs.

Thesystemwasbuilt speci�cally for theSunsharkcar. Eachcomponentwasbuilt to
interactin a speci�c mannerwith everyothercomponent.Thenumberof components
wasreducedthroughintegration.

The main componentsof the systemwere the motor controller, a driver dis-
play/controlsunit, and a telemetryand control board. Dedicatedconnectionswere
usedto connecteachof thesecomponents,aswell asto link peripherals.

The motor controllerwasbuilt speci�cally for the Sunsharkcar. Telemetryfea-
tureswerebuilt into thecontroller. Communicationbetweenthe telemetryboardand
the motor controllerwasvia analoguesignalsanda pulsewidth modulation(PWM)
encodedsignal.Thetelemetryboardrequiredanumberof sensorswithin thecar;how-
ever, thelinks wereshort(dueto thephysicallayoutof thecar),giving a cleanresult.
Facilities wereavailableto monitor digital datafrom a numberof othersources(in-
cluding MPPTswhich werenot teambuilt, but hadan interfaceavailablewhich was
reverse-engineered).

Thesystemprovideda reliablemethodfor controlof thesolarcar, alsogiving the
advantageof interactionbetweenthe componentsthroughintegration. Eachcompo-
nentof thesystemwasdependentoneachothercomponentfor operationof thewhole.
While theapproachalloweda neat,operationalenvironment,it hasanumberof disad-
vantages:

� Eachcomponentis dependentoneachothercomponent.It is notpossibleto run
the motor controllerwithout the operationof the telemetryboard. Thusif one
componentfails, thewholesystemis likely to fail.

� It is dif�cult to addnew functionality, or changefunctionality, without redesign-
ing largeportionsof thesystem.For example,in orderto addfurthertemperature
sensingto the motor controllerit would be necessaryto redesignboth the mo-
tor controllerandthetelemetryboard.In orderto communicatewith a different
typeof MPPTit wouldbenecessaryto redesigntheentiretelemetryboard.Sev-
eral featuresoriginally designedinto the systemdid not function,andarenow
impossibleto addwithout redesign/rebuild.
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� A star topology is unsuitablefor Sunswift II, where spacefor electronicsis
sparse.Sincethe spaceis limited, the electronicstend to be dispersed,lead-
ing to long wiring runs. A startopologyrequiressigni�cantly morewiring, in
this circumstance,thana bus. Again,any changeto thesystemis very likely to
requiresigni�cant wiring changes.

� The systemis very speci�c andcould not be usedeffectively in any situation
otherthanwithin asolar-poweredcaror electricvehicle.

2.4.5 Solar Motions, 2001(embeddednetwork, non-interacting)

TheSolarMotionsteam[1], following negativeexperienceswith their MPPTsduring
the1999WSC,co-developed,with theBiel Schoolof EngineeringandArchitecture,
very high ef�ciency MPPTsfor the 2001race[35]. Thesedevicesbecamethe basis
for their telemetrysystem,measuringtheinputandoutputvoltageandinputcurrentto
eachtracker.

The trackerswereusedaspart of the telemetrysystemvia a CAN network. The
protocollayeredabovetheCAN hardwareis notwell de�ned,but operatedin amaster-
slaveparadigm,ignoringthemulti-mastercapabilitiesof CAN.

The interfaceto theCAN network wasmadevia thesamelogic control boardas
that usedin the power point trackers. This wasconnectedto a radio modemwhich
transmitteddatafrom thesolarcarto thesupportcar. A similarsystemwasusedby the
Alpha-Centauriteam[45] (who placed1st).

While theSolarMotionsteamdid useanembeddednetwork, noattemptwasmade
to allow systemsto interact.Thenetwork wasusedpurelyasaninformationgathering
device for a centralnodewhich thentransmitteddatato a supportcar.

2.4.6 Miscellaneousdevices

LiketheMPPTsdesignedby theuniversityin Biel, otherorganisationshavedeveloped,
andmadeavailable,eitherdesignsfor solarcar electronics,or manufacturesuitable
devicesfor sale. TheTritium intelligent vehiclecontroller (IVC) [29] is anexample.
Thesedevices are capableof providing a wealth of useful information both before
the race,to be usedin debuggingandtuning, andduring the race,as telemetryand
diagnostics.

Thesedevices increasinglyinclude hardware which can interfaceto a telemetry
system.The emerging standardwithin solarcar racingis theCAN speci�cation,but
thereis no higher level protocol (HLP) speci�cationsuchthat the devicesmay com-
municate.Indeed,while thesedeviceshavebeendesignedwith thehardwarenecessary
for communicationsvia this bus,very little (if any) softwarehadbeenwritten to take
advantageof this.

2.4.7 General conclusions

Of thecar's examined,theSunsharksystemprovedto bethemostreliable. Thereare
two reasonsfor this: �rst, the teamhadbuilt almostevery componentof thecar, and
thereforecouldrepairthosecomponentsduringtherace.Second,a integratedsystem
allowedfor effectivemonitoringof themotorcontrollerandMPPTs,aswell asgiving
�e xibility in termsof control.
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While the ISU team's performancewaslacklustrein comparison,their integrated
electricalsystemprovided similar �e xibility . The approachtaken allows easierex-
pansionthanthat of the UQ team. The performancedifferencecanbe explainedvia
malfunctioningMPPTsandaweakermechanicaldesign.

ThesolarmotionsandAurorasystemsprovide little morethandatagatheringser-
vices,sinceit is composedof severalnon-interactingsystems.

By integratingthevarioussystemswithin thecar, farmoreinformationregardingits
operationcanbeascertained.An embeddednetwork appearsto offer themost�e xible
solutionfor integratedtelemetryandcontrol. By abstractingandstandardisingat the
network level, modulescanbechangedandrecon�guredin orderto meetnew needs
anddevelopments.

Whatever featuresthesystemprovides,it mustbereliable— thecarshouldnever
berequiredto stopdueto anelectricalfault.



Chapter 3

Design

The UNSW SRT intendsto actively developSunswiftII to improve its performance.
The car's previouselectricalsystemprovidedan operationalsystem,but not onethat
could be improved without rebuild. One goal of this thesiswas to develop only a
smallpartof thecar'selectronics:a framework with whichcomponentsof theoverall,
integrated,systemcanbedeveloped.

3.1 Requirements

A setof requirementsweredevelopedto resolvemany of theissuesoutlinedin Section
2.3— a new electricalsystemfor SunswiftII should:

� allow thecollectionof datafrom a varietyof differentsensorsandtransducers.
Thepropertiesto besensedmaybelocatedatany locationin thecar's4.5x2x1m
enclosingparallelpiped.Thesepropertiesmight includecurrents,voltages,fre-
quencies,temperatures,or any otherfactorsof thecar'soperation.Sensorsmay
be placedin the solararray, which disconnectsandis removed from the main
bodyof thecar;

� allow thecollectionof datagatheredin theoperationof deviceswithin thecar.
An exampleof suchadeviceis theMPPTwhichperformvoltageconversionsbe-
tweenasolarpanel'soptimumoperatingvoltageandthecar'spowerbusvoltage.
Thepowerpointtrackersmeasurevoltagesandcurrentsin orderto determinethe
maximumoperatingpoint of thepanel.This informationshouldbemadeavail-
able to an operator. Thesedevicesmay be locatedanywherewithin the car's
volume;

� providestatusinformationonadevice'sfunctioning,andmodeof function.(e.g.
MPPTtrackingmode). Diagnosticsshouldbe possible.(e.g. IV curve sweeps
of thesolarpanels);

� providefeedbackto thecar'sdriver;

� performwell in anelectricallynoisyenvironment.Noisysupplylines,andelec-
tromagneticinterferenceshouldform anacceptableoperatingenvironment;

� performwell in a mechanicallyharshenvironment. Sustainedvibrations,dust
anddirt, sharpshocks,shouldall bewell tolerated;

29
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� providefacilitiesfor controlof deviceswithin thecar. (e.g.themotorcontroller's
setspeed);

� be quickly re-con�gurableand repairable. Shoulda hardware fault requirea
componentreplacement,that componentshouldbe quickly removableandthe
new componentrequirelittle to no con�guration (in orderto minimisethetime
off theroad).Thenumberof sparecomponentsshouldbeminimised;

� befault tolerant.Onecomponent'smalfunctionshouldbeisolatedto thefailure
of thatcomponent.Therestof thesystemshouldremainunaffected.In theevent
that large partsof the systemdo fail, any datathat is collectedby remaining
partsof the systemshouldbe recoverableoncethe systemresumesoperation.
No singlefailureshouldrequirethecarbestoppedfor intervention;

� useaminimumof energy. A Figureof lessthan10Wis acceptable,lessthan5W
beingpreferable;

� bephysicallysmallandlightweight.Any cablingrequiredshouldbeminimised;

� haveminimumcostandbewithin thesolarcarteam'smodestbudget.

3.2 Macro-Design

Sincetheprevioussystemwasrequiredto becompletelyrebuilt in orderto makeuseful
modi�cations, an entirely differentparadigmcould be employed. The car's previous
systemconsistedof entirely non-interactingmodules. While this providessomere-
liability improvementsincethereis essentiallyno interdependenceof moduleupon
module,theadvantagespossibleusingan integratedsystemsuchasthatof Sunshark
or PrISUmareobvious:

� moreinformationis available,for lesscomplexity

� ef�ciency canbe improved sincefewer independentmeasurementsneedto be
made

� complex control solutions can be implementedwithout the worry of over-
complicatedinterfacing

� signi�cantly reducedwiring

The last two are the primary reasonsthe automobileindustryhasbegun to useem-
beddedcontrol networks [24] in placeof traditionalwiring looms. This application
has,in fact,beena driving force in thedevelopmentof thetechnology(leadingto the
developmentof CAN [16]).

To give anintegratedsystemwithin Sunswift,two majorcomponentsarerequired
to beinterfaced;theMPPTs,andthemotorcontroller. Therestof thetelemetry/control
systemreallyservesasaslaveto theneedsof thesetwo devices,sincethesearerequired
for the essentialfunctionalityof energy generationandconsumption.Therestof the
electricalsystemmustprovide:

� drivercontrolsandfeedback;

� indicators,brake lights,horn,rear-vision;
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� telemetry;

� othermiscellaneousfunctions(e.g.controlof batterycoolingfans).

As hasbeenestablished,developingthe2001systemto provide thedesiredfunction-
ality would have beenvirtually impossible. The MPPTsand motor controller both
provide a digital interface. Hence,rebuilding thesystem,standardisingon digital in-
terfaces,resultsin acleaner, neatersolution.

Several typesof digital communicationhave beenusedin previoussolarcars(as
outlinedin Section2.4). While a new styleof data-transportsystemcouldhave been
employed(e.g. Bluetooth,infra-red,etc.),this would bebeyondwhatwasachievable
in thecourseof thisprojectandwouldprovidelittle extrabene�t. Furthermore,theuse
of tried technologyallowsmoreguaranteesaboutits reliability.

An embeddednetwork providesa �e xible, poweref�cient, cost-effectiveparadigm
to work within, asa standardway to transferdigital databetweendeviceswithin the
car.

3.3 Topology

A centralisedsystemhadbeenusedby theSunswiftteamfor telemetry, but hadanum-
berof signi�cant limitationsasoutlinedin Section2.4.1.In orderto addresstheissues
with the centralisedtopology, a bus topology may be employed. In this paradigm,
insteadof communicatingwith acommonnode,thedevicescommunicatewith acom-
monbus.Thebusformsa communicationslink betweenall devices.

Advantagesof this distributedtopologyare:

� All interfacesarestandardised.Eachdevice mustbeableto communicatewith
the bus via its de�ned protocol, thereforeonly one interface/protocolmustbe
implemented.

� The bus is expandable.Whennew devicesarerequired,they may be addedto
thebus.

� If onedevicebecomesfaulty, theentirebusneednotbedisabled.

� Analoguesignalscanbe sampledvery closeto thesource,reducingtheeffects
of EMI.

� Eachdevicecommunicatesdigitally, makingit easierto addgalvanicisolation.

� Productswith digital interfacesareeasyto interfaceto the bus (e.g. MPPTs,
motorcontroller).

Disadvantagesassociatedwith a busare:

� Extra hardware is necessaryto communicatewith the bus at eachdevice, in-
creasingcost and complexity at the device level. Eachdevice is requiredto
communicatedigitally.

� Thesystemis moredistributed,creatingsynchronisationandtiming issues(for
example,timestampsmaynotbesynchronised).



32 CHAPTER3. DESIGN

Thereareveryfew othertopologiesthataresigni�cantly differentto thebustopologyat
thephysicallevel (exceptingwirelesscommunications).Ringnetworksareanexample
(asusedin ControlNet[5]).

Theadvantagesof a bustopologyover a centraliseddata-gatheringtopologywere
foundto beworth the initial extra complexity. It wasdeterminedthatsolutionsto the
problemsoutlinedwereavailable,andpractical.

3.4 Bus Selection

A largenumberof digital bus technologiesareavailable. Many of thesearedesigned
andspeci�edfor control.Othershavebeenadaptedto theapplication.

3.4.1 Bus requirements

Thefollowing requirementswereplacedon thenetwork technologyselected:

1. SamplingRate— The network mustbe ableto supportthe transmissionof 10
samples/secondfrom up to 100 sources/channels.The ideal technologywould
be capableof supportinghighersampleratesanda largernumberof channels.
Up to 25 nodesmay be presenton the bus. Imagininga protocolthat requires
eight bytesper sample(time stamp+ value+ error correction),this equatesto
8000bytes/sec� 8 kB/secactualthroughput.

2. Hierarchy— It is possiblethat sub-bussesmay exist for communicationwith
speci�c devices,or wherethemainbusis over-powered.It is assumedthatthese
will requirea bridgingdeviceof somedescription.

3. Real-time— Thesystemmayhave real-timerequirements.Thebusmay form
partof a controlloop,or beusedfor emergency messages.

4. TransmissionRange— Nodeswill beplacedalonga cablelengthof up to 25m.

5. Noise— EMI will beaconcernin thehighly noisyenvironmentwithin thesolar
carcausedby thepowerelectronics'switching.

6. Power — Thesystemshoulduselessthan1W (asa guide)to communicatevia
thebus,includingany isolationandvoltageconversionlosses.

3.4.2 CAN

CAN [16] wasdevelopedin the late1980sfor usein theautomotive industry. In this
capacityit is usedasaninterfacebetweenthevariousdigital componentswithin a car
suchasenginemanagementandelectronicgearboxes: time-critical tasksrequiringa
real-timecommunicationschannel.Becauseof its simplicity, andtheability to priori-
tisepackets,it mayalsobeusedto connectmeters,switches,power windows,central
locking,andotherfunctions.

CAN is a serialprotocolrequiringtwo wires;a balanceddifferentialpair. It satis-
�es thelowesttwo layersin theOSI (opensystemsinterconnection)model[48]. CAN
exhibits relatively high bit rates,goodEMI rejection,andeffectiveerrordetectionand
correctionprotocols.Theprotocolis optimisedfor shortmessagesof between0 and8
bytes,with eitheran11-bit or 29-bit identi�er. Collisionsarenon-destructivewith the
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higherpriority messagebeingtransmitted,leadingto nearly100%availablebusutili-
sation.Errorsandcollisionsaredetected- thepacket automaticallybeingresent.The
highesttransmissionratepossibleis 1 Mbps(assumingabuslengthof lessthan100m).
Many microcontrollerdevicesareavailablewith inbuilt CAN controllers.Standalone
controllersarealsoavailable.Thesecanbeinterfacedto a microcontroller.

CAN hassincebeenusedin themanufacturingandaerospaceindustries.It forms
the lowest levels of DeviceNet [5], CANOpen[21], and CANKingdom [14]; three
commonindustrialnetworkingprotocols,aswell asotherhigherlevel protocols.

All power electronicdevicescurrentlyusedin thesolarcar cancommunicatevia
CAN 2.0B(Biel MPPTs,andTritium motorcontroller).

Someadvantagesare:

� highdatatransferrates(1MBps);

� optimisationfor smallmessages(for example,for transferringtelemetryvalues
andcommands);

� datalink layeris implementedin thecontroller;

� real-timecapability, prioritisedmessages;

� excellentnoiseimmunitywith errordetection/correctionin hardware;

� simpleto providegalvanicisolation;

� all powerdevicesin thesolarcararealreadyCAN 2.0Bcapable;

� hardwaredetectsandcorrectserrors.

Disadvantagesinclude:

� controllersandtransceiversarerequired;

� largeamountof complexity ateachnode.

3.4.3 RS-485

RS-485wasdevelopedto solve the transmissionissuespresentwith RS-232commu-
nications.RS-485de�nesthephysicallayerof theOSI standard:requiringa data-link
layer, andhigherlayersto beimplemented.

The standardallows an engineerto implementsmall, inexpensive, bidirectional
master-slaveandmulti-masternetworks.Up to 32nodesmaybepresentonthenetwork
(as speci�ed by the standard)but someline-driver manufacturersprovide ICs with
far lower thanunit load,allowing morethanthespeci�ed numberof nodes.RS-485
performswell in noisyenvironmentsbecauseit usesbalanceddifferentialsignalsover
twistedpairwires.Furthershieldingof thecableis possibleto reduceEMI further.

RS-485is easyto implement. A microcontroller's inbuilt UART is often usedto
producesignalswhich arethenfed into an RS-485line driver to be connectedto the
network.

RS-485is currentlyusedwithin thecarto communicatebetweenthedrivercontrol
boardandthemotorcontroller. All majordeviceshave a UART availablefor commu-
nications,althoughdonotnecessarilyhaveprovision for theRS-485line drivers.

Someadvantagesare:
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� high transferrates;

� theUART requiredis abuilt-in peripheralonmostmicrocontrollers.

Disadvantagesinclude:

� transceiversarerequiredat eachnode;

� thedata-linklayeris left to anHLP, increasingsoftwaresizeandcomplexity;

� collisionsaredestructive.

3.4.4 Ethernet

Ethernet[43] wasdevelopedat the Xerox Palo Alto Research Center(PARC) in the
1970sby Dr RobertM. Metcalfe. It usesa carrier sensemultiple access/ carrier
detect(CSMA/CD)schemefor its mediumaccesscontrol (MAC) mechanism.

Ethernetis a widely acceptedspeci�cationof thedatalink layer, usedfor a vari-
ety of networking needs.Industrialprotocolshave beendevelopedover Ethernetand
TCP/IP. Ethernethasa highdatatransferrate(up to 1000Mbits/sec).

Ethernetis traditionally non-deterministic,meaningthat, particularlyunderhigh
loads, the network will demonstratevariablepacket latency. It was developedfor
the of�ce environmentand thereforehasnot beenhardenedagainstindustrial envi-
ronments1. Higher layer protocolsarerequiredto implementnetwork, transport,and
applicationlayers. This is typically TCP/IP(even in industrialnetworksusingproto-
colssuchasEthernet/IP).

The useof Ethernet(andappropriateprotocols)allows easyintegrationwith the
Internetandwirelessnetworking deviceswhich have beendevelopedfor both the in-
dustrialandof�ce/homemarkets.

Datadeliveryis notguaranteed.Upperlevel protocolsmustbecapableof detecting
andre-sendingdroppedframes.

Framesaccommodatea destinationaddressaswell asa data�eld. The data�eld
canvary in sizebetween46and1500bytes.

WirelessEthernetis currentlyusedasthepoint-to-pointlink betweenthesolarcar
andsupportvehicle.ProximRangeLAN2[37] transceiversareusedfor communication
betweenthesolarcarandsupportcar.

Someadvantagesare:

� highdatathroughput;

� variableframesize;

� well adoptednetworkingstandard;

� isolationis built into thephysical-layerspeci�cation.

Disadvantagesinclude:

� complex controllers/hardware;

� optimisationfor of�ce networking;

1RJ-45connectors,asusedby 10Base-T, 100Base-Tand1000Base-TEthernet,have beenfoundto fail
in theconditionswithin solarcarsby many teams;unlessappropriatelyreinforced
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� noreal-timecapability;

� complex higher-layerprotocols;

� repeaterhardwarerequiredfor sometopologies;

� unreliableconnectorsspeci�ed;

� highpowerusage.

3.4.5 I 2C

I 2C [41] wasdesignedby PhilipsSemiconductorsin theearly1980sasasimple,serial,
synchronous,bidirectional,2-wire bus for inter integrated-circuit (I 2C) communica-
tions. The bus was originally developedfor tightly integratedelectronicsystemsto
reducewiring andsystemcomplexity. Devicesinterfacedmight includeEEPROMs,
dataconverters,andotherperipheralchipsfor microcontrollers.Thestandardis being
actively developed,with themostrecentspeci�cationreleasedin January, 2000.

A largenumberof integratedcircuitsareavailablewith I 2C built in. Many micro-
controllersareableto communicateusingthestandard,andwhenhardwarefacilities
arenot availablein thesedevicessoftwarecanbeusedto emulatethebus. Many inte-
gratedcircuitsthatwould traditionallyinterfacevia aparallelbusto amicrocontroller,
areavailablewith anI 2C interface;includingADCs,DACs,EEPROMs,etc.

I 2Cis a true multi-masterbus specifyingcollision detectionand arbitrationbe-
haviours.Two buslinesarerequired,a serialdataline, anda serialclock line. Both of
thesearebidirectional.

The bus is designedto transportsingle-bytemessages,and can transferup to
100kbit/secin standardmode, and 400kbit/secin fast mode. It usesconventional
TTL/CMOSlogic levelsasthephysicallayer.

I 2C is not currentlyusedwithin thesolarcar.
Someadvantagesare:

� many deviceshaveabuilt-in I 2C interface;

� no transceiver/controllerrequired.

Disadvantagesinclude:

� notdesignedfor communicationover longwires;

� comparatively low datarate;

� if a microcontrolleris not used,programmability/�exibility at thenodesis lim-
ited.

3.4.6 1-Wir e

1-Wire [36] hasbeendevelopedby Dallas Semiconductors(now Maxim Integrated
Circuits)asaminimalisticinter-integrated-circuitbus.Two wiresarerequired,ground
andasinglecommunications/powerwire. Powercanbeprovidedparasiticallyoverthe
dataline2. Integratedcircuits canthereforebe madewith only two links to the host
controlleror microprocessor.

2Becausethedevicesusevery little power, they candraw smallamountsof currentfrom thecommuni-
cationsline while it is in thehighstate.This eliminatestheneedfor a separatepower wire.
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Becauseof thesefeatures,1-Wire hasbeenadaptedto beusedfor low-costsensor
networks. TemperaturesensorsandEEPROMs canbe packagedinto small surface-
mountdeviceswith very small outlines. The very small numberof wires meansthe
packagesonly requiretwo pins for ground,power anddatacommunications.A total
of two-wires(groundand1-Wire communications)cansupplypowerandcommunica-
tionsto alargenumberof sensors.The1-Wire speci�cationwasoriginally intendedfor
local communications,but informationis availableregardingthenetwork parameters
for communicationsoverdistancesgreaterthan10m.

Devicesoperateunderamaster-slaveregime— acentralisedtopology. Themaster
sendsrequeststo sensors,andthosesensorsrespondwith their actions.

1-Wirecantransferupto 115kbit/secin overdrivemodeand9600bit/secin standard
mode;however, all addressingoccursin standardmode.Becauseof protocoloverheads
(suchasdevice discovery, etc.) actualbus throughputis far lessthaneitherof these
might suggest.

1-Wire hasbeenconsideredin thepastfor usein implementinglargesensorarrays,
but is not currentlyusedin any form in thesolarcar.

Someadvantagesare:

� verysmall,very low costdevicesareavailablewith 1-Wire interfaces;

� two wirescancarrybothdataandpower.

Disadvantagesinclude:

� very low datarate;

� thesolemanufactureris Maxim IntegratedCircuits;

� licencelimitationsareimposedonslave implementations;

� single-master:centralisedlogical topology.

3.4.7 Comparison table

Table9.1 givesinformationcurrentasof January, 2002. All pricesarethe manufac-
turer's if possible. If not, Digikey Corporationwasusedasa standardvendor. HLP
refersto featureswhichare/canbeimplementedin higherlayerprotocols.

3.4.8 Conclusion

While thereare advantagesto the simplicity of systemsbasedaroundthe I 2C, and
1-Wire buses,aswell asadvantagesto thehighbandwidthavailableoverEthernet,the
choicewasmadebetweenCAN andRS485.

I 2C waseliminatedasnot providing thebuslengthandnoiseimmunity required.
1-Wire doesnot provide the datarate requiredfor the sophisticateddatagathering
systemenvisionedin therequirements.Also, theinability to createslaveslimits its use
asa generalpurposedatatransferbus within the car. The power saving dueto each
of thesetechnologies',comparedto the more powerful RS485and CAN networks,
wasfound to be insigni�cant . Ethernetdoesnot have the real-timeor soft-real-time
capabilityof theotherbusses.Also, in its 10Base-Tincarnation,it requiresa central
hub.
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CAN RS485 Ethernet I 2 C 1-Wire

PhysicalProperties

Max #Nodes Driver dependent 32 1024 Max 400pF ~100

110(UC5350) (10Base-T) (Typically 40)

Max Length 40m- 6km 1200m 100m 8m ~200m

(Dataratelimited) (CableDependent)

(10Base-T)

Max DataRate(Mb/s) 1 10 10 0.1 0.01

(10Base-T) (StandardI2C) (Standard)

# Wires 2 2 4 3 2

(10Base-T) (Includespower)

TransmissionMode Differential Differential Differential CMOS/TTL CMOS/TTL

Termination Yes- 120
 Yes- 120
 NA No No

Topology Bus Bus Star Bus Flexible

Duplex Half Half Full Half Half

Built-In Devices Yes Yes No Yes Yes

Messagesize(Bytes) 8 NA 48-1500 1 NA

Cable Twistedpair Twistedpair Twistedpair NA NA

Connector NA NA RJ-45 NA NA

(10Base-T)

Cost/Availability

Manufacturer Many Many Many Many Maxim/Dalsemi

ControllerCost(US$) 2.28(@1k) 2.79(@1k) 8.80(@10k) NA $2.06(@1k)

(MCP2510) (MAX3100) (CS8900A) (DS2480B)

(1 perbus)

TransceiverCost 2.17(@1k) 1.75(@1k) (Incorporatedinto NA NA

(SN65HVD231) (MAX3485) controllerCS8900A)

NoiseImmunity

Good Good Good Poor OK

Shielding Twistedpairwiring Twistedpairwiring Twistedpairwiring NA NA

Signaltype Differential Differential Differential NA

ErrorDetection CRC Parity check/HLP CRC Acknowledge CRC

ErrorCorrection Automaticresend HLP HLP HLP HLP

RealTime Capable Non-destructive HLP No (canbemade HLP HLP

collisions quasi-deterministic)

Prioritisedmessages

Power Req.

Ext. Controller 10mA@5.5V 150� A@3.3V 45mA@3.3V NA NA

(MCP2510) (MAX3100) (CS8900A)

Ext. Controller(Sleep) 5� A@5.5V 10� A@3.3V 1mA@3.3V NA NA

(MCP2510) (MAX3100) (CS8900A)

Transceiver 17mA@3.3V 1mA@3.3V NA NA NA

(SN65HVD232) (MAX3485)

Transceiver(Sleep) 1� A@3.3V NA NA NA NA

(SN65HVD231)

Higher Level DeviceNet(ODVA) DataHighway TCP/IP ACCESS MicroLAN

Protocols SDS(Honeywell) Pro�bus Ethernet/IP

CANOpen(CiA) Pro�buson TCP

CANKingdom(Kvaser) Modbus/TCP

Complexity Medium Medium High Low Low

Intended Purpose Automotive inter-� P Industrialcontrol Of�ce networking Inter integrated Low power/cost

communication circuit bus Inter-IC bus

Table3.2: Comparisonof variousnetworking technologies
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CAN andRS485areboth in commonusein industrialnetworks. Thesenetworks
areusedin conditionswhichareverysimilar thosewithin thesolarcar. CAN wasorig-
inally designedasanautomobilecontrolanddata-transfersystem.As such,it is very
well suitedto thesolarcarenvironment.While greatercomplexity is requiredat each
nodefor bothof thesebussesin theform of controllers,transceivers,andprotocols,the
advantageis thateachnodeis ableto processdatain a truemulti-masternetwork.

CAN waschosenfor thefollowing reasons:

� eachdevice requiredto be connectedin the solar car (Biel MPPTsand Tri-
tium motor controller) is alreadyequippedwith hardwareto communicatevia
theCAN bus;

� CAN is partially real-timecapable;

� moreof theupperlevel protocolis generallyimplementedin hardwarefor CAN,
requiringlessinterventionfrom user-designedsoftware;

� CAN is alreadyoptimisedfor shortpackets,suchasthoseintendedwithin the
car;

� CAN hasbeenprovenovera numberof yearsin theautomotiveindustry.

3.5 Higher-Level Protocols

A largenumberof communicationsprotocols(onewebsiteclaimsover40)exist for use
astransportandapplicationlayersoverCAN (selectedin Section3.4.8asthenetwork
technologyfor theframework beingdeveloped).Theseare,for themostpart,industrial
controlnetworks,althoughmany form �e xible communicationsframeworkssimilar to
that requiredfor Sunswift II. Somecompanies(e.g. HMS [32]) have implemented
hardwarethatcomplieswith many of thedifferentstandards.

Functionalityprovidedby higherlayerprotocolsin this context include:

� startupbehaviour

� messageID speci�cationanddistribution

� statusreporting

� datafragmentation3

� baudratespeci�cation

� con�guration

� globalclocksynchronisation

Several optionswere considered,and are outlined in the following sections. Some
otherprotocolsincludeJ1939,NMEA2000,SDS.Theseessentiallyprovide thesame
functionality as CANOpenand DeviceNet,and thereforewere not reviewed. For a
goodcomparisonbetweenthreehigh level protocols,seeLernartsonandFredriksson's
discussionof SDS,DeviceNetandCanKingdom[25].

3CAN only transports8 data-bytesperpacket.



3.5. HIGHER-LEVEL PROTOCOLS 39

3.5.1 DeviceNet

DeviceNet[5] wasdevelopedasalow costsolutionto theproblemof industrialcontrol
network's hardwiring betweendevicessuchaslimit switches,indicators,etc. Large
wiring loomsarecondensedto thetwo-wire serialbusmakingthemmoremanageable
and faster/easierto install and maintain. The technologyalso allows for bridgesto
EtherNET/IP, allowing a TCP/IPbasednetwork to interactwith the control network.
Managementsystemscanthereforecommunicatewith automationsystemsallowing
for analysisof processes,andearlyfailurewarning.

DeviceNetis intendedto put intelligencein mostdevicesin anindustrialsituation.
It is themostwidely usedof the industrialcontrol network standards,andassuchis
thebestsupported,with thelargestnumberof suppliersof compatibledevices.

Theprotocolallowsfor arangeof transfermodesusefulin asolarcarenvironment.
DeviceNetis basedonaproducer/consumermodel.Theprotocolis highly bandwidth-
conscious,with anumberof featuresallowing for thereductionof traf�c (e.g.transmit-
on-change).Packet fragmentationtechniquesarebuilt into the protocol to allow for
messageslargerthantheeightbytesallowedfor by theCAN speci�cation[16]. Peer-
to-peertransfersarespeci�ed,aswell asmaster-slavecommunications.

Advantagesof usingtheDeviceNetprotocolare:

� DeviceNetis acommonstandardwith industrysupport.Many devicesareavail-
ableandcaninter-operatewith devicesfrom differentmanufacturersin a multi-
vendorsystem.

� DeviceNet'sprotocolfeatures�t verywell within thesolarcarenvironment.

� Theprotocolhasbeentestedandprovenin environmentssimilar to thatwithin
a solar car as well as thosewith more strict reliability constraints. The risk
involved with a standardsuchasDeviceNet is far smallerthanthat associated
with a home-grown protocol.

Disadvantagesareseento be:

� While the protocol can be cut down and small versionsof the coderequired
havebeenusedin microcontrollerswith limited resources,DeviceNethasalarge
footprint requiring the useof higher-poweredmicrocontrollersthanotherwise
necessary.

� Thespeci�cationis not free. Thepriceof theDeviceNetprotocolspeci�cation
is asigni�cant costfor Sunswift,othersolarcarteams,andothergroupswishing
to usetheresultingframework.

3.5.2 CANOpen

CANOpen[21] is intendedasa multi purposetransportprotocol,layeredover CAN.
It providesfacilitiesusefulfor a numberof applications.It featuresautomaticnetwork
con�guration,cyclic andevent-drivendataexchangebehaviour, andthepossibilityof
determinism.

The protocol is maintainedby the CAN in AutomationUsers and Manufacturers
Group(CiA) [19]. In additionto automationsystems,theCANOpenstandardis used
in carsandships.It hasalsobeenusedin medicalequipment.

CANOpenhasthefollowing advantagesoverothersolutionswith respectto asolar
carapplication:
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� CANOpenis a widely adoptedstandardfor communicationsover a CAN bus.
Inter-operabilitybetweenthesolarcar's systemandoff-the-shelfunits is a pos-
sibility.

� Theprotocolis well testedandrevised.

Thefollowing areseenasdisadvantagesassociatedwith CANOpen:

� The latestspeci�cationis not free,andis too expensive to be purchasedby the
team(howeveranolderversionis freelyavailable[21]).

� CANOpenis a largeprotocolandwould necessitatea morepowerful microcon-
troller thanis otherwisenecessary.

3.5.3 CanKingdom

CanKingdomattemptsto solvetheproblemthatmany protocols(includingCANOpen)
implementservicesfor nodes.This is a non-optimal�t for CAN dueto thebroadcast
natureof theprotocol. In a CAN system,thesituationis naturallyreversed— nodes
servethenetwork. For example,a traditionalconnection-basednetwork would require
two “hosts” to form a connection.Alternately, onehostmight senda messageto an-
otherhost(usinganaddressto specifythedestination).A CAN network doesnot lend
itself to thisstyleof protocol,beingabroadcastnetwork whereeverynodecanreceive
every messages(or a subsetof themessages�ltered by their identi�ers in hardware).
Theselower layersinherentlysupportmulticasting.A protocolwhichcanonly support
point-to-pointconnectionsignoresthiscapability.

CANOpenimplementsthe OSI model [13], and as suchsuffers from the above
symptom.OSI is designedto connecttwo clientsin a network so that they canshare
information. In orderfor this to occur, eachnodein a CANOpensystemneedssub-
stantialknowledgeabouttheothernodesin thesystem.

CanKingdom,asmentioned,attemptsto solve this issue.Thenodesserve thenet-
work. Thenodesarenot requiredto haveprior knowledgeaboutthenetwork. It does,
however, requirethat a master(a “capital” in CanKingdomterminology)be present
for con�guration of the nodes.A capitalhascompleteknowledgeof the systemand
coordinatesall activities.

CanKingdomhastheadvantageof beinganopenstandard.It canalsoaccommo-
dateCANOpen,DeviceNet, J1939and SDSdevices (as well asdevices from other
protocols).Theprotocoltakesfar lessprogramandmemoryspacethanthepreviously
mentionedstandards.

Advantages:

� CanKingdomis smaller(in termsof RAM/ROM footprint) thanmostotherstan-
dardisedhigherlayerprotocols.

� Theprotocolspeci�cationis freely available.

� Dif �cult problemssuchasclock synchronisationhavealreadybeenconsidered.

� SupportsextendedCAN.

Disadvantages:
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� Thenetwork is dependentononenode— the“capital”. Thiscentral,controlling
node,inherentlydecreasesthereliability of thesystem.

� CanKingdomprovidesa largenumberof featureswhich areunlikely to beused
in theframework underconstruction.

3.5.4 Time triggered CAN

Time triggered CAN (TT-CAN) is a higher layer protocol that is sup-
ported by some CAN hardware. It is not discussedin depth here, but is sum-
marisedwell by ThomasFuhrer et al [15]. Time triggered CAN has the advan-
tageof being a hard real-timenetwork (as is requiredfor brake-by-wire, steer-by-
wire, etc).Sincereal-timeperformancewasnotessentialto this application,theproto-
col wasnot considered.

3.5.5 Home-grown protocol

Therearea numberof argumentsfor designing/implementinga customprotocol:

� If commerciallyavailablemodulesarenot likely to beused,thestandardisation
is notusefulin termsof interactionwith externallydevelopeddevices.

� A custom-built protocolcanprovideexactly thefeaturesrequired,without extra
overhead.

� Somestandardprotocolsareextremely large. For example,an ef�ciently im-
plementedstack,theKvaserCANOpenimplementation,uses16kB ROM, 6kB
RAM [23]. For comparison,themicrocontrollereventuallyusedhas32kBROM
and4kB RAM.

� Thetimeinvolvedwith understandingandimplementinganavailablestandardis
signi�cant.

� Any additions,or extensions,to theprotocolcanbemadewithout compatibility
issues.

� Usingaminimalsetof functionalitymeansthattheprotocolcanusemoreof the
hardwarefeaturesavailable.Many protocolssuchasCANOpendonotuseCAN
featuressuchasremoteframerequests,andhardwaremessage�lters.

A custom-built protocol can provide almostall the functionality that a standardised
protocolcanbecausethesolutionsusedin openstandardscanbeduplicated.Con�gu-
rationmethodscanbeimplementedto suit theapplication,andthesizeof theprotocol
scaledto �t in theintendedhardware.

Therearedisadvantages.Well establishedstandardshavebeenscrutinisedby more
pro�cient eyesthanany memberof thesolarcarteam,andthereforearemorelikely to
bereliable.If a referenceimplementationcouldbeobtained,it' s possiblethatthetime
for implementationcouldbegreatlyreducedcomparedwith a home-grown protocol.
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3.5.6 Conclusions

Having studiedtheavailableoptions,thedecisionwasmadeto write acustomprotocol.
Thisdecisionwasmadefor thefollowing reasons:

� Most of theavailableprotocols(barringCanKingdom)requirea moreelaborate
processorthanis requiredfor theactualfunctionalityimplementedateachnode.
If a largeprotocolhadbeenchosen,thehardwarewouldhavebeenmoreexpen-
sive thanotherwise.TheMPPTusesa microcontrollerwith only 8kB ROM. To
useCANOpen(for example)would eliminatethepossibilityof interfacingthis
device. By writing aprotocolin-house,thecomplexity of theprotocolcanmatch
thatof thesystem.

� Variousfeaturesfrom the differentavailableprotocolscanbe integratedinto a
small,tightly-integratedcode-base.

� Useof a largerproportionof availablehardwarefeaturescanprovidefor a more
ef�cient implementation(sincewe wish to be ableto implementon a low per-
formancemicrocontroller, this is important).

� Thesystempresentlyonly needsa very simpleprotocol,but shouldthis change
in thefuture,theprotocolcouldbeexpanded.

� A largenumberof otherprojects(includingmany carmanufacturers)usecustom
protocolsfor theabovereasons.

� Theprotocolcan,in this case,bemadesosimplethat thedesignis not dif�cult
andthatimplementationtime is minimised.

� Reliability canbebuilt into thedesignof theprotocol.

Thedevelopmentof this protocolis studiedfurtherin Chapter5.



Chapter 4

Hardware Infrastructur e
Development

The goal of this projectwasto developa setof hardwareandsoftwareinfrastructure
for the solarcar. Hardwareinfrastructure,in this context andasa product,refersto
thedesignof a physicalbaseon which a varietyof projectscanbebuilt. This design
takesthe form of a referencedesignfor a CAN network node. The referencedesign
is expressedasa setof schematics,andboardlayouts.Thesedesignswereeventually
built (asis outlinedin Chapter8) andtested.

A numberof critical designdecisionsweremadein thedevelopmentof Sunswift's
hardwareinfrastructure. This chapteroutlinesa numberof thesedecisions,andde-
scribestheproductsthatresulted.

4.1 Overall Car Design

It is intendedthatall electronicswithin thecarbebasedon thehardwareinfrastructure
to beoutlinedhere.Thevariousfunctionsshouldbeimplementedvia theuseof various
nodesconnectedto anetwork. Thebusshouldalsocarrypowerfor thenodes,to reduce
wiring.

As anexample,the indicatorsmight be implementedusinga nodewhich receives
commandsasto whetherto turn themonor off (thedesignof suchnodesis thesubject
of Chapter8). Likewise, the horn might usea similar device on the network which
turnsa sirenon andoff. A currentsensormight be implementedusinga nodewhich
sendsCAN packetsat variousintervals (seeChapter5). Furthermore,any electronic
device will be connectedto theCAN bus,sincethesamephysicalcablewill provide
powerto low-voltagedevices(whichwill normallybeableto communicatevia thedata
lines).Thissigni�cantly reducestheamountof wiring required.

Throughthe integrationof every componentinto thesamesystem,thedistinction
betweentelemetryandcontrol is blurred. Datais transferredon thebuswith varying
priorities(sinceCAN allows for priority levels[16]).

With theabove in mind,a referencedesignwasdeveloped.

43
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4.2 GeneralPrinciples

Somegeneralprincipleswereadheredto duringthedesign:

� Wherepossible,componentsavailablefrom Farnell [4] have beenused.While
thecomponentmaybelesscostlyfrom adifferentsource,andthatsourcemaybe
usedasa supplierwhentime permits,Farnell's same-daydelivery is extremely
usefulwhena particularpart is requiredat shortnotice(e.g. two daysbeforea
race).

� Wherelow-powerdesignbecomesanobstaclefor a moreimportantdesigngoal
(suchasreliability), it is likely that thepower consumptionshouldtake second
place(within reason).

4.3 Bus Design

The�rst speci�cationto bemadewasthatof thephysicalconnectionbetweennodes.
It wasdecidedto daisy-chainthenodestogetherby having two connectorsat each

node. This allows for theeasyadditionandremoval of thenodeswithout signi�cant
re-wiringof therestof thebus.Onedisadvantageis thatpartof thebuswill losepower
whenit is unplugged(in orderto addor removea nodeat thatpoint). Thebuswill, in
this case,alsolosetheterminationresistorat oneendof thedatalines,somoreerrors
will occuronthepartof thebusthatisconnected.Thisshouldnotprovetobeaproblem
sincemostnodesareessentiallystatelessandshouldbere-enabledsuccessfullywhen
re-connected.If thisprovesto beaproblem,morethanonepowersupplycanbeadded
to thebus1. This designcanbe contrastedwith thatusedby theMPPTswhich usea
singleconnectorwith screw-terminals.In orderto modify thewiring loom, theentire
loomneedsto berebuilt.

The function of eachpin (the pin-out) on the connectorwasdeterminedto some
degreeby a previouslow-voltagespeci�cation.A low-voltagepower buswith a simi-
lar daisy-chainingphilosophyhadbeenusedin thepreviouslow voltagesystem[47].
Despitethe entiresystembeingrebuilt, the pin-out wascarriedover (with the addi-
tion of a 5V power connection). The connectorusedalso carriedover: a � ve pin,
male(on the cable)connectorfrom the Triad rangeby ThomasandBetts. Theseare
ratedto 3A (for the5 way version),60V, have goodshieldingproperties,andarerela-
tively small.A PCBmountversionof theconnectoris availableeliminatingunreliable
“�y leads”which arerequiredto connectboardsto panel-mountconnectors.They are
screw-locking and IP-65 rated(which includesa sealingspeci�cation). Thesewere
usedin the 2001system,andproved to be extremelyreliablewith no failuresdueto
faulty connections(apartfrom thosedueto operatorerror— e.g.not screwedin). The
disadvantageof suchhigh-qualityconnectorsis thecost:over$2000wasspentduring
this projectonconnectorsalone.

Thepin-outis givenin Table4.1.
Two power rails areused. The 5V rail is usedto supply the logic circuits. The

12V rail is usedto supplypower for devices.Thesevoltageswerechosento minimise
conversion,andresistive losses.It is intendedthat3.3V is usedto supplylogic at each
node,andthata linearregulatorbeusedto generatethatvoltagefrom the5V line. This

1In Sunswift, for example,a DC-DC converter providing power could be situatedat eachendof the
physicalbussuchthatif a breakoccurs,all nodeswill remainpowered.Two breakswould have to occurin
oneconductorto disableany node.
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Pin Function

1 5V
2 12V
3 GND
4 CAN High
5 CAN Low

2
3

4

51

(a) Solderside

Table4.1: Pinoutof thebusconnectorsspeci�ed

arrangementmeansthatnoiseon thepower line (at 5V) shouldbe �ltered out by the
linearregulatorat thenode,aswell asminimisingtheeffectsof voltagedropacrossthe
(long)powersupplylines.Theseparatesupplyrail increasestheef�ciency by allowing
anef�cient switchingconverterto generate5V from the12V line (at a powersource),
asopposedto alinearregulatorateachnodefrom 12V (sinceswitchingregulatorshave
a substantialzero-loadcurrent,having oneat eachnodedecreasestheef�ciency when
comparedwith a linearregulator).

Twisted-paircableis necessaryfor the differentialpair (the CAN wires) to EMI
rejection.Findingcablethatcanhandletheconnector's currentratingof 3A (ie carry
power),aswell ashaving thetwistedpairs(for thecommunicationssignals),is dif�cult.
Certaintypesof category5 cable(asusedfor 10Base-TEthernet)areappropriate,and
thishasbeenusedin theinitial implementationandshouldsupportsignallingatCAN's
maximumspeci�edspeedof 1MBps.

4.4 Isolation and Protection

Oneobvious concernwhenconnectingevery device in the car to the samenetwork,
is that if one device fails, the entire network may fail with it. Take, for example,
the situationwherean exposedthermocouplein the batterycomesinto contactwith
a terminalat some(high) voltage. If the batterypackgroundwereconnectedto the
groundin theCAN bus,it is likely thenodewould experiencea largecurrentthrough
somepath or network of paths. As a result it is likely that it would be damaged.
Considerthe situationwherethe path includesone of the CAN bus wires. In this
situationthe entire car's electronicsystemcould experiencethe high voltage. This
situationis unacceptabledueto reliability, maintainabilityandcostconcerns.

Several protective measurescan be taken. The most commonlyusedto protect
againstover andreversevoltageis to placea zenerdiodeacrossany inputsto bepro-
tected.This clampsthevoltageto thezener's reversebreakdown voltage.Somezener
diodesaremanufacturedparticularlyfor this task(e.g. theTransorbrangeof transient
voltagesuppressors).If a fuseis placedin serieswith theconnectionto beprotected,
thefusewill open-circuitif anover-voltageconditionoccurs.Thissolution,while sim-
ple,hassomeissueswhenusedto protecttheCAN datalines. Thecapacitanceadded
by the transientsuppressorscanmake thebusbehave improperly. In orderto protect
thenodeasmuchaspossiblefrom damage,thepowerrailsareprotectedin this fashion
(seeFigure4.1).

Onemethodof further protectingthe bus is to ensureeachnodeis galvanically
isolated.Thismeansthatnoelectricalconnectionexistsbetweeneachsideof anisola-
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Figure4.1: Transientsuppressorsprotectthepower rails from over-voltage.

tion barrier. Digital signalsmaybecoupledusingoptocouplers(whereanLED shines
acrossa physicalbarrierforming a logical connection,but not anelectricalone),and
power maybecoupledusingmagnetic�elds (asin a transformer).This kind of isola-
tion protectsin bothdirections.Thedevice is protectedfrom mis-operationof thebus,
andthebusis protectedfrom mis-operationof thedevice.

Perhapsmostimportantly, deviceswhichdonot requiretheCAN busto operate—
e.g. theMPPTsandmotorcontroller— will beableto continueoperationevenif the
entirenetwork hasbeendamaged,sincethey areontheoppositesideof aphysicalbar-
rier. Furthermore,sinceeachnodeis �oating relativeto ground,ashortcanoccurto the
batterypositive,andthenodewill simply �oat to thatpotentialandcontinueoperation.
It is only whena secondshorton thesamenodeoccursthatdamagewill occur. This
needfor at leasttwo errorsbeforethesystemcanbedamagedis a compellingreason
for theuseof isolation.

The disadvantagesassociatedwith this kind of protectionare cost, power usage
andpropagationdelay2. High quality isolatorsareexpensive devices. The quality is
generallyinverselyproportionalto thepowerusageandpropagationdelay. Propagation
delayis importantin a CAN systembecauseeachnodemustbeableto assertthebus,
havethesignaltravel throughtheoptocoupler, throughthetransceiver, to oneendof the
bus,andbackagainbackthroughthetransceiverandisolationto thecontroller, in one
bit time. Thespeedof light limits thelengthof aCAN busfor thisreason.If signi�cant
propagationdelaysareintroducedbecauseof theoptocouplerseitherthebus' baudrate
(which is relatedto the bit-time), or thebus length,will be limited. IsolatedDC-DC
converters(requiredto isolatethepowersupply)arealsoexpensive.

The decisionwasmadeto galvanically isolateall nodesin thesystem,aswell as
keeptheCAN groundseparatefrom thebatteryground.This meansthatat leasttwo
errorsarerequiredto causedamage.SeeFigure4.2.

Isoloopisolators,which aremagnetic,ratherthanoptical, isolators,operateat the
3.3Vrequiredandhaveapropagationdelayof only 5ns.Thesedeviceshaveverysmall
powerconsumptionwhencomparedwith traditionaloptocouplers[33].

SmallisolatedDC-DCconvertermodulesfrom Newportcanbeusedto providean
isolatedDC source.Thesecomponentsprovide galvanic isolationto over 1000Vand
arespeci�ed in the referenceschematic/design.Theseisolationcomponentsform a
substantialproportionof thetotal cost

This step has alreadyproven its worth, protectingthe majority of the system

2Propagationdelayis theamountof time takenfor thesignalto travel throughtheoptocoupler.
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Figure4.2: Schematicof isolationbarriers.

throughtwo malfunctions. In onecase,a metallic objectcameinto contactwith the
DC-DC3 input rails, vapourisinga largepartof theinput circuitry, but leaving thenet-
work unaffectedbecauseof theisolationbarrierwhich waspresent.In anothercase,a
motorcontrollerfailurewasisolatedto themotorcontrolleritself.

4.5 RedundantBusses

RedundantCAN bussesaresometimesusedto give greaterreliability in applications
suchassatellitesandsafety-criticalcontrolsystems.

In atypical [24] automotiveuseof CAN, therewill betwo networks.One,typically
runningat a low rate,will accommodatenon-criticalcontrol tasks,andusercomfort
tasks. This non-critical network will also attemptto useas little power as possible
via theuseof ”sleep” modes.A second,high-speed,network is beusedfor real-time
traf�c suchasenginemanagement,anti-lock brakes,cruisecontrol, etc. By having
physicallyseparateprioritisednetworks,thereliability, andreal-timeperformance,of
thehigh-speednetwork is signi�cantly increased.

Satellitenetworks[28] (andothersusceptible,or particularlycritical applications)
oftenuseredundantbusses[26] suchthat in thecaseof a bus failure, thesystemwill
continueto operateusinga second(or third) bus. Theconceptis equivalentto theuse
of redundantmicroprocessorsin highly critical systems.VariousCAN controllersare
availablewith multiple interfaces[20] andwouldsuit this purpose.

Thedecisionwasmadeto usea singlebusfor thefollowing reasons:

� costandcomplexity — theteamcannotafford to increasethecostof thesystem
morethanabsolutelynecessary;

� incompatibility — neither the Biel trackers, nor the Tritium motor controller
supportmultiple CAN busses;

� powerconsumption.

3A device whichconvertsfrom onevoltageto another, andis usedin SunswiftII to generateappropriate
supplyvoltagesfrom thatof thebattery.
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Thusthe probability of total bus failure wasdeemedto be small enoughthat its dis-
advantagesmake a redundantbusundesirable.Theperformanceof thesystemcould,
however, beimprovedby usinga prioritisedbusseparationsimilar to thatoutlinedfor
typicalautomobiles.Thisdoesnotbearheavily uponthestandardnodedesignsincein
eitherdesignonly oneCAN interfaceis required.

4.6 Standard features

The following featureswerespeci�ed asbeingstandardon any nodewithin the net-
work:

� power indicatorLED (green)— two indicatorLEDs (onered,oneyellow) for
usein fault-�nding;

� ambienttemperaturesense— themotorcontrollerandtrackersbothhave tem-
peraturesensing,which canprovide importantdiagnosticinformation.For very
little addedcomplexity everynodecanbegiventhisability;

� sleepcapability— eachnodeshouldbeableto put itself into a low-powermode;

� power usagemeasurement- eachnodeshouldbe ableto (at least)estimateits
own powerconsumption;

� real-timeclock- eachnodemustbeableto tell thetimesincebootatmillisecond
accuracy.

4.7 MiscellaneousDesignDecisions

Thefollowing furtherdecisionsweremade:

� Protelwaschosenastheschematiccaptureandprintedcircuit board (PCB)lay-
out tool dueto its easyto useinterface,andtheauthor's relative knowledgeof
thepackage.An excellentalternative is providedin theCADSoft's Eagle.Two
clearadvantagesof Eagleare its ability to run underthe Linux operatingsys-
tem,andits free evaluationversion. The School of Electrical Engineeringand
Telecommunications(EE&T) atUNSWownsanumberof licensesfor Protel,to
whichtheSRT hasaccess.Theplatformdependencecanbeforgivenfor its more
productiveinterface.

� Surfacemounttechnology (SMT) hasbeenembracedin thesedesignssinceit
providesmore reliable, smallerPCBs. The School of ComputerScienceand
Engineering(CSE)providedtheteamwith thefacilitiesto produceverydetailed
boards.The0603packagesizewasstandardiseduponsuchthattheteammight
investin volumeordersof commonlyuseddiscreteparts.

� PCB layoutwasdoneaccordingto manufacturingspeci�cationsof the various
producersusedduringthecourseof thisproject.ThisincludesCSE'sprototyping
facilities which wereusedextensively, andproved to be an invaluabletool in
quickly re�ning thedesigns.Two layer(or singlelayer)designswereusedwhen
possibledueto thelargecostsassociatedwith multi-layerboards.
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� All designshave takeninto accounthousingandmountingconsiderations.

� 3.3V was chosenas the standardlogic voltagedue to reducedIC power con-
sumptioncomparedwith 5V.

4.8 ReferenceDesign

A referencedesignwasdevelopedsuchthat futurenetwork-nodedevelopmentmight
bespeededup. This referencedesignconsistsof a setof schematicsanda PCBlayout
for aparticulardevice.

Theschematicsareextremelymodular. A hierarchicaldesignmeansthatmodules
canbereusedveryeasily, in thesamewayfunctionsin asoftwarelibrary canbereused.
Theinterfacesarerelatively obvious. During the implementationof theSunswiftsys-
tem(asoutlinedin Chapter8) severalboardsweredesigned;theseschematicsproved
invaluablebothto theauthor, andto theteammembersinvolved.

In the developmentof the referencedesign,a large numberof schematiccom-
ponentsandcomponentfootprintsweredrawn. Theseform a comprehensive library
whichmembersof theteamhavesinceusedto developtheir own designs.This library
formsthecoreof thehardwareinfrastructureandshouldspeedany futuredevelopment.

The“CANRefNode”,asit is named,consistsof a mainboardwith two CAN con-
nectors,and two “daughtercard”connectors. The daughtercardconnectorsallow a
personalityboardto stackon top of the CANRefNode,to provide the overall device
with input, output,andotherfunctionality. This approachwastakensuchthata large
numberof CANRefNodescould be manufacturedand tested. Low-costpersonality
boardscanthenbedevelopedin orderto build andmodify thesystem.TheCANRefN-
ode,providesa nodedesignerwith a working basewhichcanbecustomisedusingthe
daughtercards.It is assumedthat theSunswiftsystemwill evolve over time andit is
hopedthat theCANRefNodeswill rarely requirereplacement,affording a substantial
saving in bothdevelopmenttimeandcost.A referencedesignfor thedaughtercardhas
alsobeenproduced.

TheCANRefNodeprovidesthebasicfunctionsexpectedof eachnodein thenet-
work (asoutlinedin theprevioussections).

4.8.1 Micr ocontroller

A numberof different solutionswere examinedwith regard to a processor/CAN-
controllercombination.

Initially, an integratedprocessor/CAN-controllerwassought,sincethis would re-
ducethenumberof chips,aswell asthesoftwarecomplexity. It wassoonrealisedthat
usingsucha device waslikely to requirea morepowerful (andpower hungry)micro-
controllerthandesired.Sincethe functionslikely to be carriedout by eachnodeare
verysimple,themicrocontrolleralsoneedonly besimple.Somevendorshavereleased
CAN controllerswith in-built digital andanalogueI/O suchthat a microcontrolleris
not required. Sincethis boardwas intendedto be �e xible, andmulti-purposed,this
option was not considered.At the time of selection,the Microchip PIC18Fseries,
with integratedCAN controller, hadnot beenreleased.Its usemayprovidea superior
solution.

CSEhadconsiderableexperiencewith the AVR rangeof devices. They areex-
tremely good, 8-bit, generalpurpose,high-performanceRISC microcontrollers. A
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numberof usefulperipheralsareavailablebuilt in to variousmodels.Furthermore,ex-
cellentsoftwaredevelopmenttoolsarefreelyavailablein theform of avr-gcc,simulavr,
uisp,etc. An in-systemprogrammercanbemanufacturedat little cost(asoutlinedin
an applicationnote[7]), but this wasnot necessarysincethe teamhadpurchasedan
STK500AVR developmentboardfor a previousproject.CSEhadrecentlypurchased
50 ATMega323s[8] and this particulardevice was thereforeimmediatelyavailable.
Unfortunately, no AVR hasanintegratedCAN peripheral,sousingthedevicesin this
context requiresthe useof an externalcontroller. Due to theseadvantages,and the
author'spreviousexperiencewith thedevices,theATMega323wasselectedfor usein
thisdesign.Notethat,asof September, 2002,theATMega323is not recommendedfor
new designs.TheATMega32is a morerecentreplacementwhich is ablerun at higher
clock rates.

Two options,notavailableatthetimeof design,whichmayprovemoreappropriate
for futureevolutionsinclude:

� theMSP430by Texasinstruments,which appearsto beanexcellentalternative,
beinga 16-bit processorwith betterperipheraloptions,using1/16ththepower
for a comparablemodel;

� thePIC18FXseriesof microcontrollersfrom Microchip. Thesedevicesintegrate
theMCP2510CAN controllerwith an 8-bit microprocessorproviding a small,
low powerCAN nodewith very few externalICs.

An externalcrystalof 3.6864MHz wasusedfor themicrocontrollerin orderto allow
thebuilt-in UART to clockat normalPCserialport rateswith little error.

4.8.2 CAN Controller

The choiceof the AVR as a microcontrollerimmediatelynecessitatesthe useof an
externalCAN controller. This decisionis perhapsthemostregrettedof thosemadein
thehardwaredesign.TheMCP2510CAN controlleris manufacturedby Microchipas
a lightweightdevice to connectsmallembeddedsystemsto a CAN network. It offers
threetransmissionbuffersandtwo receivebuffers. It interfacesvia a serial peripheral
interface(SPI)bus(which theATMega323implementsin hardware).

Again, very few othercontrollerswereconsideredbecauseof theMCP2510's ob-
viousadvantages:

� it was designedfor applicationin low performancesystemsand so usesless
power thanalternatives;

� bandwidthlimitationsplacedby theuseof theSPIinterfaceshouldnotbeanis-
suesincethenodesshouldnot requirehighvolumetraf�c (althoughthenetwork
shouldbeableto handlethethroughput);

� theBiel MPPTusesthedevicemeaningthata substantialamountof codereuse
couldbemadeif thesamecontrollerwereused.

Another suitablecontroller is the SJA1000, which is bus-interfaced(as opposedto
the three-wireSPI interfaceusedby the MCP2510). This controlleris slightly more
powerful andpower-hungrythantheMCP2510.TheSJA1000is morematurethanthe
MCP2510,having beendevelopedby Philips,a company with a muchlongerhistory
in CAN devicemanufacture.
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Sincenosigni�cant complaintshadbeendiscussedwith theMPPTdevelopersand
otherCAN developers,andit hadtheobviousadvantageof codeandexperiencereuse,
theMCP2510wasselectedastheCAN controller. With perfecthindsight,thisdecision
might nothavebeenoptimal.

The MCP2510hasan extensive erratadocument[30] detailingnumeroussilicon
bugs. This documenthadbeenreadat the time of thedevice's selection.Theeffects
werethoughtto benon-critical;however, later they causedandcontinueto causesig-
ni�cant problems(including packet lossandgarbledmessages).At leastonefurther
siliconbughasbeendiscoveredthroughtheuseof thedeviceduringthis thesis.

16.0MHzwaschosenfor the CAN crystal to allow thecontrollerto attainits top
speedof 1MBps(wereit notprohibitedby asiliconbug). While thisrateis notrequired
in thepresentimplementation,thedesignallows theuseof this high rateif requiredin
thefuture.

4.8.3 Power suppliesand isolation

An un-isolatedandan isolatedpower supplyare requiredon-board. An un-isolated
supply is requiredto provide power to the CAN line driver (an SN65HVD232from
Texasinstruments),andonesideof thelogic isolatorsat 3.3V usingtheCAN bus' 5V
rail asasource.This is realisedvia a low drop-out(LDO) linearregulator(aswitching
regulatorwascalculatedto belessef�cient dueto thelow loadcurrent).

An isolatedsupplyis requiredto provideall isolatedcircuitry. Theisolationbarrier
wasplacedbetweenthe CAN controllerandline driver so that only two logic isola-
tors arerequired(an IL712 from the Isolooprangeof isolatorsprovidesboth in one
package).A 250mWisolatedconverterfrom Newport (LME0505S)provides5V to
themicrocontrollersideof theisolationbarrierusingtheCAN bus' 5V rail asaninput.
This is then�ltered andregulatedusinganLDO linearregulator.

The current out of the converter is measuredusing an 0.82
 resistor and a
MAX4173 high sidecurrentsenseampli�er connectedto the microcontroller's ana-
logueto digital converter (ADC) providing an instantaneouscurrentmeasurementof
the5V line on themicrocontrollersideof theisolationbarrier.

4.8.4 Miscellaneoushardware

Thefollowing miscellaneoushardwarewasaddedto thedesign:

� 31-pinConanconnectorsfrom Molex wereusedto stackthedaughtercardupon
theCANRefNode.

� ThreeLEDsareusedto indicate3.3V power, andgivetwo generalpurposeindi-
catorsfrom themicrocontroller.

� An LM50 temperaturetransducerconnectedto the ADC providesan ambient
temperaturemeasurement.

� A 32kHzwatchcrystalwasconnectedacrossthetimer clock pinsto beusedas
areal-timeclock.
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4.8.5 PCB layout

TheCANRefNodewaslaid outusingatwo layerboardandthroughholeplating.Com-
ponentswereplacedonbothsidesof theboardin orderto reducesize.

A Dick SmithElectronics“Zippy” boxwaschosenasa low-costplasticenclosure.
ThePCBwassizedsuchthatit mountedvia theinbuilt PCBrails. FourM2.5mounting
holeswere provided both to securethe daughtercard(using 6mm hexagonalplastic
standoffs) as well as provide an alternatemountingmethod,shouldthe box not be
used.

A physicalisolationbarrierwasdesignedinto the PCB,with the nodeandCAN
sidesof theisolationbarrierbeingphysicallyseparated(all circuitry directlyconnected
to theCAN network is situatedatoneendof theboard).

Usualdesignprincipleswereadheredto with clock tracesbeingkept asshortas
possible,groundplanesbeingusedto providea goodreference,etc.

All unusedpinsof themicrocontrolleraremadeavailableto thedaughtercard(via
the Conanconnectors),along with power suppliesfrom both sidesof the isolation
barrier. Onepin is designatedasa “Daughtercardshutdown” pin. Uponassertion,the
daughtercardis requiredto useaslittle poweraspossible.All pins,exceptingtheCAN-
sidepower lines,areon themicrocontrollersideof the isolationbarrier. The isolated
powersupplycanprovideup to 30mAat3.3V, which is enoughfor mostlogic circuits.

Two revisions to the PCB were made. Thesewere prototypedusing an LPKF
ProtoMatC60, madeavailableby David Johnsonat CSE.The boardswerethrough-
holeplatedusinga copperplatingsystemcommissionedvia the �rst boardproduced
(sometime was spentassistingwith this). The rapid prototypingfacilities saved a
largeamountof money in wastedPCBmanufacture,andthe�nal productquality was
signi�cantly increasedvia theability to make theserevisions.

A daughtercardreferenceschematic/PCBwasalsodesigned.In orderto develop
a daughtercard,theoriginal designcanbe copied,andcomponentsaddedin orderto
providethefunctionnecessary.

4.9 Results

As is outlinedin Chapter8,20CANRefNodePCBsweremanufacturedby IMP Printed
Circuits.Thismanufacturerwaschosenfor thesePCBsbecauseof their low cost,high
de�nition service— requiredbecauseof thedetailof thePCB.

The referenceschematicswere also usedas the basisfor several boards(again,
outlined in Chapter8) successfully. The existenceof thesedesignsand modularity
with which they areconstructedmakesimplementinga new nodetrivial.

Thereferencedesignfor daughtercardswasusedto constructsevendifferentper-
sonalityboards.The time for developmentfor a CAN nodewith individual function
andpurposethusreducedto underan hour's designandlayout (for a simpledaugh-
tercard).SeeFigure4.4asanexampleof a daughtercard(a currentsensor)connected
to a prototypeCANRefNode,mountedin the intendedbox. Note that theconnectors
werepositionedsuchthatall cablesarein-line (currentis measuredby puttinga cable
throughtheholein thelargeblacktransducer).

Codesuf�cient to testtheoperationof thevariouspiecesof hardwarewaswritten
usingCodeVisionAVR studio'sevaluationdemo.Thisprovidedfor rapiddevelopment
on theAVR processorswith comprehensivelibrariesbuilt in.

SchematicsandPCBartwork aregivenin AppendixA.
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Figure4.3: PrototypeCANRefNode(with 5cpiecefor scale)

Figure4.4: Currentsensorprototypemountedin box
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4.10 Externally Speci�ed Systems

SincetheBiel MPPTsandTritium motorcontrollerareexternallyspeci�ed,only feed-
back or modi�cation is possible. Thesesystemswere modi�ed, and add-in boards
manufacturedin orderto integratetheminto thesystem(asoutlinedin Chapters6 and
7). It was found that while it was impossibleto implementthe above speci�cation
entirely, it waspossibleto suf�ciently emulateit. Hopefully future revisionsof this
hardwarewill includetheremainingfeatures.

4.11 PLEB

TheUNSW/CSEPLEB [49] wasintendedto be usedasa processingnode,perform-
ing any functionswhich thelow power, low performancenodeswould have dif�culty
with. Examplesincludethe wirelesscommunication,which was to be implemented
via Sunswift'sRangeLAN2 accesspointsfrom Proxim.TheserequireanEthernetin-
terface.ThePLEB is a StrongARMSA1100basedcomputer. Both ARM Linux, and
researchoperatingsystemsbasedon theL4 micro-kernel[27] have beensuccessfully
bootedandusedin applicationson this platform.

TheStrongARMprocessorrunsat200Mhz,andcanhaveup to 64MB RAM, 8MB
�ash. A numberof internalperipheralsareavailable. ThePLEB's stackingdaughter-
cardarrangement(similar to that usedfor theCANRefNodes)is usedfor expansion.
EthernetandIDE daughtercardshavebeendevelopedandproven.

An MCP2510-baseddaughtercardwasdeveloped.Unfortunately, it wasbuilt and
never tested,owing to its dependenceon anintegratedEthernet/IDEboardwhich had
beendesignedandconstructedby CSE.The Ethernet/IDEboardwasmanufactured,
but Linux driverswerenevercompleted(andare,at thetimeof writing, still undercon-
struction).Theauthor's knowledgeof L4 wasnot suf�cient to allow theconstruction
of a solutionin a reasonabletime-frame.

Anotherextremelyusefuldaughtercardis alsocurrentlyunderconstructionby CSE
students.It interfacesa compact�ash card. This would allow bootingfrom, andlog-
ging to, �ash storage,or anIBM microdrive.

It is recommendedthatthePLEBCAN boardberedesignedwith amorepowerful,
memory-mappedCAN controller, with readilyavailableLinux drivers.TheMCP2510
is very muchgearedtoward a small, low-power system,acceptingthe limitations of
these(suchaslow data-transferrateover SPI,smallnumberof messagebuffers,etc).
The PLEB doesnot have suchlimitations,andwould bene�t from theuseof a more
powerful CAN controllersuchastheSJA1000.Thisdevicehasdriversfor Linux avail-
ableunderGPL.

In orderto interfacethePLEBto thenetwork (without theCAN daughtercardmen-
tionedabove),oneof its serialportswasconnectedto aCANRefNodecarryingaserial
port daughtercard.A small protocolwaswritten to exchangedatabetweenthe two,
actingasaCAN-to-serialbridge.



Chapter 5

Software Infrastructur e
Development

Given the hardware platform/speci�cationoutlined in Chapter4, the CANRefNode
boardswhich resulted,the Biel MPPT, the Tritium motor controller, andthe PLEB,
also requiredwas operatingsoftware to allow the nodesto perform their functions.
Furthermoreit wasnecessaryto developcommunicationssoftwareto allow thevarious
partsof thesystemto integratevia theCAN network.

Theaboveplatformshavedifferentarchitectures.TheBiel MPPTusesaMicrochip
PIC microcontroller, the Tritium motor controllerusesa TexasInstrumentsDSP, the
PLEBusesaStrongARMrunningLinux, andthereferenceboardsspeci�edin Chapter
4 useanAtmel AVR.

Building asoftwareinfrastructurebecameamatterof building asetof librariesand
driverssuchthattheabovesystemscouldoperate,andinter-operate.Furthermore,the
librariesareportable,with platform-speci�ccodeisolatedto individualmodules.

A requirementwasthattheenvironmentwhich theinfrastructureprovidesbeeasy
to use,andlearn. It is intendedthatstudentswith very little programmingexperience
beableto programtheboards.A secondrequirementwasthat the infrastructure,and
the CAN protocol in particular, be extendiblesuchthat shouldnew requirementsbe
determined,they shouldbeimplementable.

5.1 Compilers and Tools

Varioustools were usedin the constructionof the variouspiecesof software to be
outlinedhere.

It wasdecidedto useC asthelanguageof choice(usingassemblywhererequired)
for programmingthevariousembeddedsystemsfor portability, speedof development,
andeaseof usereasons.Carefulchoiceof compilerwasnecessary, sincecodesizeand
speedoften limit usefulness,and thereforethe betterthe compileroptimisation,the
moretheoverallsystemwill becapableof. Furthermore,microcontrollerC compilers,
in general,have a numberof oddities,which may limit codecompatibility. Thereare
a largenumberof compilersbeingdevelopedfor thearchitecturesanddevicesof the
processorsused.

AVR-GCC waschosenasthe compiler for the AVR becauseof its GPL license,
associatedlibraries,andANSI C support.Thecompileris underactive development.
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It hasbeencomparedfavourablyto several commerciallyavailablecompilers(worth
severalthousandsof dollarseachonthemarket)by developersontheAVR-GCCuser's
mailing list. A CodeVisionAVR evaluationversionwasusedfor sometasksbecause
of its comprehensive setof libraries,andcodetemplategenerator. In evaluation,the
performanceof AVR-GCChasbeenverygood.It providesgoodheadersandlibraries,
andoptimisesreasonablywell. A versionrunningunderWindowswasusedbecauseof
goodintegrationwith the IDE andprogrammerinterfacetools availablefrom Atmel.
Duringtheperiodof thisproject,thelimitationsassociatedwith theLinux versionhave
ceasedto existbecauseseveraltoolsnecessaryfor effectivedevelopmentonUnix based
platformshavematuredsigni�cantly.

CCS PCM was usedto compile for the PIC 16F877which is usedby the Biel
MPPTbecausetheBiel teamhadinvestedin it, andcodecompatibilitywasimportant.
TheSRT paidfor a cut down versionof thefull compiler. It usesa largenumberof C
extensions.It alsoplacesseverallimitation, suchasalackof functionpointers,in order
to allow performanceandsizeoptimisations.This compilerhasa numberof serious
limitations,includinglackof supportfor functionpointers.

CodeComposerfrom Texas Instrumentswas used as the compiler for the
TMS320L2407usedin theTritium motorcontrollerfor similar reasonsto thoseabove.

Priorto thisproject,theteam'srevisioncontrolsystemwaspurelymanual.Thisled
to anumberof occasionswherecodewaslost,out-of-datecodewasused,etc. In order
to resolve theseproblems,concurrentversioningsystem(CVS) wassetup andused.
All codeanddocumentationresidesin a CVS repositoryon solarch.sunswift.
unsw.edu.au .

Debuggingsoftwarerunningon a systemwith very few feedbackmechanisms(as
is thecasewith many of thesedevices)is dif�cult. A TektronixTDS210two-channel
digital storage oscilloscope(DSO)wasusedto speeddevelopment,makingmeasure-
mentsof bothanalogueanddigital inputsandoutputs.Thestorageandmeasurements
featuresbothprovedinvaluable.This tool madedebuggingandverifying thevarious
systemsfar moreprecise.It wasoftenthecasethata singlemeasurementwould save
hoursof debuggingtime.

5.2 Abstraction Layer

Becausethesystemhasbeendevelopedon four platforms,codewhichcanbeportable
will save a large amountof developmenttime: particularly in the caseof driversfor
devicessuchastheMCP2510CAN controller, whichtakeasigni�cant timeto perfect.

Hardwareabstractionis mostcommonlyachievedthroughtheuseof anoperating
system(OS),whichprovidesa genericinterfaceto applicationsaswell asa numberof
usefulfunctionsandconstructions.A real-timeoperatingsystemcanspeedthedevel-
opmentof applicationswith real-timerequirements(which many embeddedsystems
have). Severalreal-timeOSs(or morecorrectly, executives,sincethey aresolimited)
areavailablefor theplatformsdiscussed,but no OS,or abstractionlayer, is available
acrossall theplatforms.

Becausethe applicationsintendedfor the majority of nodeswereintendedto be
extremelysimple,asingle-platformoperatingsystemprovideslittle bene�t. Real-time
requirementscan be satis�ed throughdirect useof interruptsand timers. Because
of this it was decidednot to specify any particularoperatingsystem,and build an
abstractionlayerlibrary onwhichapplicationscanbedeveloped.
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OSsare,however, usedin somenodes.In this case,theabstractionlayerlibrary is
built on topof theOS'sexisting interfaces(e.g. in Linux, which runson thePLEB).

An abstractionlayerfor CAN hardwarealreadyexistsin theform of CANpie [22].
ThisAPI speci�cationprovidesaninterfaceto thevariousfeaturesof CAN controllers
andis freelyavailable.Someimplementationsof CANOpenandotherHLPshaveused
CANPie.Variousdriversalsoprovideaninterfacefor operatingsystems.Theselayers
were not usedbecauseit entailsa large codesize which could not be afforded. A
very small interfacewasdevelopedthroughtheinitial developmentof a driver for the
MCP2510(which in turn,usesanSPIdriverabstractionsuchthatit is portable).

An interfaceto peripheralssuchasa universal asynchronousreceivertransmitter
(UART) (if present),a real-timeclock (RTC) of somekind, electrically-eraseablepro-
grammablereadonly memory(EEPROM), etc. arespeci�ed,andimplementationsof
thoseinterfacesdevelopedfor all platformscurrentlyin use.

Despitea large numberof different targets,andthe absenceof an OS on all but
one,mostcode,exceptfor theabstractionlibrary, is compilableacrossall theplatforms.
Thishasspeededthedevelopmentof dif�cult componentssuchastheMCP2510driver,
which is usedon thePIC,AVR andPLEB platforms.A bug �x ononeplatformeasily
appliesto the others. The sameappliesto the protocol library. The Tritium motor
controllerCAN communicationscodewasdevelopedin lessthanthreedaysthrough
thedevelopmentof a setof abstractionlibrariesfor theTMS320L2407.

5.3 Protocol

A simpleprotocol,known as“Scandal”wasdeveloped,basedon a library linkedwith
theabstractionlibrary for eachplatformasoutlinedabove.

5.3.1 Requirementsand design

Therequirementsfor theprotocolareextremelysimple.It mustprovide:

� awayof sendingtelemetryover thenetwork

� away for othernodesto sensiblyusethatinformation

� con�gurationfacilities

� awayof reportingstatusanderrorsat eachnode

Network reliability featuresneednotbebuilt in becausethehardwarealreadyperforms
suf�cient error-checkingandretransmission.

CAN is organisedas a consumer/producerstyle network, and it makessenseto
takeadvantageof this(asis outlinedin theCAN Kingdomprotocolspeci�cation[14]).
Thusa similar “nodesserve thenetwork” philosophywastakenwith thedesign.The
network is consideredanentity from which informationis sentandreceived.

Stateis storedin the persistentstorage(oftenEEPROM) which is requiredof all
platforms.

Timeis givenby amillisecond-accuracy timer, whichis alsorequired.It is intended
thattheprotocolsynchronisetheseclocks.This hasnot yetbeenimplemented.

The protocol is basedaroundthe conceptof channels. A channelrepresentsa
streamof numbers.The channelvaluemay be updatedregularly or irregularly, and
thereforethe sourcemay be event — or time — triggered. The sourceof a channel
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providesdatato thenetwork. Thereceptorof a channelreceivesinformationfrom that
source.A channelcanhave multiple receptors,but only onesource(mainly because
CAN prohibitsthetransmissionof identicalidenti�ers from differentnodes).Theterm
“out-channel”is usedto referto thechannelsource,theterm“in-channel”to thedesti-
nation.

An exampleto illustrate: a currentsensor, monitoring the batterycurrentof the
car, hasanout-channelrepresentingthevalueof thecurrent.It is updatedat 10Hz. A
driverdisplayhasseveralin-channelswhichcorrespondto thevariousvaluesdisplayed
onthescreen.Thedriverdisplayin-channelis con�guredto listento theout-channelon
thecurrentsensor(asidenti�ed by its nodeID andchannelID). Thedisplaysoftware
updatesthevalueon thedisplaywhenever thevalueof the in-channelis changed(via
network activity).

Anotherexample: a setof indicatorsis usedon the car. Threenodescontrol six
lights (front left andright, rear left andright, andrearbrake lights). Eachnodehas
two in-channelswhich control the stateof two lights. Whenever the in-channelis
updated,the stateof the light is updated.If a non-zerovalueis received, the light is
on,otherwiseit is off. A drivercontrolsboardcontrolstheindicators,andhastwo out-
channelsrepresentingthestateof the left andright indicatorsrespectively. A positive
valueis sentwhenthe indicatorsshouldbeon, anda zerois sentwhenoff. Thusthe
four in-channelscorrespondingto the indicatorscanbe associatedwith the two out-
channelsfrom thedrivercontrols.

Note that eithersignalsor eventscanbe representedvia thesevalues,andthusa
separatemessagetypeis not required.

Heartbeatsareusedto inform thenetwork of theoperationof eachnode,aswell as
somevaluesregardingits state.

Errorsarereportedexplicitly.
Extendedidenti�ers (29 bit) areusedfor all messagessuchthata largenumberof

new messagetypescanbeaddedin thefuture.
Everynodehasanaddresswhich is storedin thepersistentmemory. Eachnodeis

initially con�guredwith anaddressof zero,andis recon�guredover thenetwork. The
nodesareconnectedto thenetwork oneby onesuchthataninitial addresscon�ict does
not occur, andtheir addressescanbe updated.A protocol to determinea temporary
addressat run-timemaybeimplementedin thefutureto avoid this initial con�guration
stage.

Sinceall nodesarecon�guredprior to use,andstoretheir con�gurationinternally,
thefailureof any nodewill notmeantheentirenetwork will fail.

Devicedetailsarede�ned in scandal_devices.h.
A polled architecturewasusedto simplify synchronisation.The handle_scandal

functionmustbecalledasoftenaspossible(generallyoncethroughthemainloop),and
no lessthan10Hz. This functionhandlesin-channels,heartbeatmessages,resetsand
con�guration. It alsocallscan_poll,which mayor maynot have aneffect,depending
on theparticularCAN abstractionlayerbeingused.

5.3.2 Messagetypesand identi�ers

EveryCAN messagehasanidenti�er, whichcaneitherbe11 bits (standard)or 29bits
(extended).Extendedidenti�ers werechosento simplify theprotocol,andto allow for
expandability.

In Scandal,every messageidenti�er startswith two �elds: priority, andmessage
typeID. Thepriority is placedin themostsigni�cant bit (MSB) of theidenti�er. This
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Type# Type Description
0 Channel Updatea channel
1 Con�guration Updateacon�gurationparameter
2 Heartbeat Sentperiodicallyto announceoperationto thenetwork
3 Error Reportanerror
4 Reset Resetaparticularnode

Table5.1: MessagetypeIDs

3: Priority 8: MessageType 8: SourceAddr 10: ChannelNumber

Table5.2: Channelmessageidenti�er

meansthat higherpriority messageswill win arbitrationon the bus, sincethey will
have dominantbits earlier in the transmission(e.g. Scandalpriority becomesCAN
priority). This is important,sinceCAN performsnon-destructive collisions,with the
highestpriority messagebeingtransmitted.

Themessagetype ID givesthecontentsof the restof the identi�er, asassociated
with the messagetype (as given Table5.1). The messagetype ID actsasa second
priority level, sinceit is thenext setof bits to betransmitted.ThetypeIDs have been
randomlychosen,but shouldberelatively easyto re-de�neif necessary.

The fact that extendedidenti�ers are usedalso meansthat a separateprotocol
shouldbe easyto implementusingthestandardidenti�ers (sincethey areseparable).
SinceCANOpen,DeviceNet,etc.usethestandardidenti�ers, it is conceivablethatone
of theseprotocolscouldrun in parallel.

5.3.3 Channels

Channelmessagesaresentwhena channelvalueis to beupdated.Themessageiden-
ti�er layout is given in Table5.2. The 8 bytesof dataconsistof 32 bits of the value
beingsent,anda 32 bit time stampobtainedfrom thesource'sclock. Thepresenceof
thesourceaddress(which mustbeunique)meanstwo messageswith thesameidenti-
�er can't betransmittedon thebus(causingbusfailure).

A buffer for eachin-channelis currentlykeptin RAM. Thisbuffer is updatedwhen-
ever a channelmessageis received. Functionsto readthemostrecentvalue,andthe
timeatwhichit arrived,areavailablein thelibrary. A functionto sendachannelis also
available(scandal_send_channel).

Becausemany of thechannelsrequirescaling1, a scalingfeaturewasbuilt into the
protocollibrary. A functioncalledscandal_send_scaled_channelwasaddedfor linear
scaling.M andB arestoredin EEPROM, andcanbeupdatedusingthecon�guration
features(to allow for easycalibration).

Channelvaluesmustbein unitsof a thousandthof therespectiveSI unit2 (e.g.mA
for current,mV for voltage).Thismeansthatdisplays,etc,donothaveto performany
secondaryscaling,andevery channelcanbe treatedin thesamemanner. Also, �x ed
point math is used,so (performanceintensive) �oating point operationsareavoided

1For example,theADC outputof theDC-DC converterrangesbetween0 and65535,but thevalueto be
outputrangesbetween0 and164000.

2Two exceptionsto this rulearethespeed,whichis measuredin m/hsincekm/h is theunit normallyused
to measurevehiclespeed,anddegrees,whicharemeasuredin milli-degreesCelsiusfor similar reasons.
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3: Priority 8: MessageType 8: DestinationAddr 10: ParameterNumber

Table5.3: Con�gurationmessageidenti�er

Parameter# Name Description

0 Address Changetheaddressof thenode
1 In-channelsource Changeanin-channelsource
2 Out-channelM Changeanout-channelscalingconstant,M
3 Out-channelB Changeanout-channelscalingconstant,B

Table5.4: Con�gurationparameterdescriptions

(which is importanton the low performancemicrocontrollers).Valueswhich have no
units(e.g.thestateof anindicator)usearbitraryunits.

Nodeswill not usevaluesfrom channelswith nodeaddressof 0 (sincethis is the
default in-channelsourcevalue,andthedefault node-address).

5.3.4 Con�guration

Con�guration of eachnodeis achieved throughthe useof explicit, directedcon�gu-
ration messages.The identi�er layout is similar to the channelmessages.The data
layoutis different,dependingonwhichparameteris beingupdated.SeeTable5.3.See
scandal_engine.c for further informationregardingthe layout of the datasectionfor
eachmessage.

Sincea destination(ratherthana source)addressis usedin the identi�er (in order
for themessageto bedirectedto a particularnode),it is importantthatonly onenode
con�gure aparticularparameteratany time. Thisshouldnotusuallybeanissue,since
con�guration is normallyperformedfrom a PC,or othermasternode,of which there
is only one. Note that oncecon�guration is complete,it is storedpersistently, so no
run-timecon�gurationis necessary. Thismeansthatif any nodefails, thenetwork can
continueto operate.

Theparameterswhicharecurrentlycon�gurablearegivenin Table5.4.
Con�guration messagehandlingis performedin the handle_scandalfunction. It

is imaginedthat userapplicationswill also requirecon�guration. This may needa
separateusercon�gurationmessage,andis notcurrentlyimplemented.Notethatup to
1024parameterscanbeaddressed,whichshouldbemorethanenoughfor all protocol
relatedcon�guration.

5.3.5 Small Scandal

It becameobviousin thewriting of theMPPTcommunicationscode,thattheprotocol
library outlinedin thesectionsabove would prove too largefor thelimited microcon-
troller usedin theMPPT. Becauseof this,acutdown versionof theprotocol,providing
only outgoinginformation,wasconstructed.Heartbeatsandout-channelsareimple-
mented.The function namesandargumentsareidentical to that provided in the full
Scandalimplementation,soupgrading/downgrading to/from the full library is simply
a matterof re-linking.

The node address is de�ned in the scandal_con�g.h �le as DE-
FAULT_SCANDAL_ADDRESS.
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ThesmallScandalimplementationjust �ts in thePIC microcontroller, alongwith
therestof theMPPTcode.

5.4 Wir elessCommunications

Wirelesscommunicationis provided via RangeLAN2wirelessEthernet. A protocol
was developedby Luke Macphersonfor useover this medium(sincea signi�cant
packet lossis usuallyenduredwith wirelessprotocols).Thecanbridge programoper-
atesasatransparentCAN bridge,implementingtheCAN interfacepreviouslyde�ned.
Thusthe supportcar is essentiallyanothernodeon the CAN network. The wireless
link providesa best-effort connection,but doesnot exhibit thereliability of CAN due
to theinherentunreliabilityof thephysicalmedium.

5.5 User Interface Software

Two applicationsweredevelopedfor usein con�guration,analysisandmonitoringof
thenetwork. Theseapplicationsareintendedascon�gurationutilities.

The �rst residesin a CANRefNode,andinterfacesto theuservia serialterminal.
This program's text interfaceis capableof sendingcon�guration messages,analysing
receivedpackets,displayingchannelupdatesreceived,anddisplayingtheerrorstatus
of its CAN controller(usefulfor determiningthehealthof thebus).

The secondis a graphicalapplicationwhich accessesthe network via the CAN
interfacede�ned in theabstractionlayer. Two implementationsof this interfacehave
beenused— the�rst communicatesusingbinaryserialcommunications.Thesecond
usesthewirelessprotocolasoutlinedin Section5.4.

This secondapplication,Scandalconf,is, asis the terminalapplication,designed
to be an interim solution,or prototype,for a �nal interfaceapplicationthat is under
constructionby otherstudents.It is alsoservingasa prototypefor the �nal program,
with differentpiecesof codecobbledtogetherto performavarietyof interfaceactions.
See�gure 5.1.

Scandalconfhasbeenusedon threetestingruns,andhasshown itself to be rela-
tively useful.It is imaginedthatthis applicationwould beusedasa fall-backshoulda
moreappropriateinterfacebeincompleteatthetimeof arace.Scandalconfwasusedto
log datafor this report.It performsmonitoring,con�guration,andcontrolfunctions.It
alsoprovidesausefulchargeintegrationfunction(whichhasbeentestedsuccessfully).

5.6 Resultsand Conclusions

The protocol, abstractionlayer, and con�guration utilities constructedduring the
projectappearto work well, apartfrom afew signi�cant bugswhich remain.

5.6.1 MCP2510

Most of thesebugsrelateto the MCP2510CAN controller from Microchip (asused
on theCANRefNodesandtheMPPTs).As mentionedin Section4.8.2,theMCP2510
hasa numberof serious�a ws [30]; two of themareparticularlydebilitating. Errata
item 5 statesthat if threemessagesarereceived back-to-back-to-back,the �rst mes-
sagecanbecorruptedbecauseof anover�ow condition.This meansthatany message
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Figure5.1: Scandalconfcon�gurationutility screenshot

thatover�owsmustbedropped,theresultbeingthatCAN canno-longerbeconsidered
areliableprotocol.Errataitem6 statesthatif two messagesarereceived,andonemes-
sagetransmitted,in a shortperiodof time, thetransmittedmessagemaybeerroneous.
Again,meaningthattheCAN protocolcanno longerbeconsideredreliable.

Thesetwo bugs have causedmany problems. Garbledmessages,which should
be highly improbable,given CAN's built-in error checkingandre-sending,have ap-
peared,causingcontrolfunctionssuchastheindicatorsto malfunction.Thesebugsare
extremelydif�cult to trace.

Furthermore,theerratadocumentdoesnot coverall thesilicon bugspresentin the
chip. A furthersiliconbughasbeendiscovered(andreportedto Microchip)duringthe
courseof this work. This relatesto anerrorsimilar to thatof errataitem 6: erroneous
messagesappearon thebus. Garbledmessagesappearwhentheover�ow function is
enabled(meaningthatamessagewill betransferredto buffer 1 if buffer 0 is full). This
is very limiting becauseit meansthat the CAN controllermustbe servicedfar more
regularly, astheover�ow functionmustbedisabled.

Discussionwith a Microchip applicationsengineerhasresultedin their investiga-
tion of this issue.They have indicatedthata revision to theMCP2510,resolvingthese
issues,will bereleasedin thenearfuture.At thatpoint,all MCP2510CAN controllers
in thecarshouldbereplacedwith theupdatedversion.

One improvementwould be interrupt-basedreceive functions (wherepossible),
which would reducelatency betweenthe controller's receptionof the messageand
transferto themicrocontroller, clearingthebuffersearlier, andreducingtheeffectsof
errataitem5.
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5.6.2 Conclusions

The softwareinfrastructurehasprovenextremelyeasyto use. The de�ned interfaces
providedby theabstractionlayermake portingtheprotocolandothersoftwareto new
platformsrelatively painless.TheTritium codewasdevelopedrapidly in this fashion.

As anexampleof theeaseof use,onesecondyearstudentconstructeda one-wire
temperaturesensordaughterboardandrelatedsoftware. This is a signi�cant project.
What'sevenmoresigni�cant is thathehaddesignedonly onePCB(alsofor Sunswift)
andhadnever written a C program(his experiencewaslimited to Java). Thestudent
hasmanagedto developa working device which readsandmonitorsthebatterytem-
peratures,basedon theCANRefNode,Scandal,andtheabstractionlibraries.
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Chapter 6

Maximum Power Point
Trackers

Maximum power point trackersaredevicescommonlyusedwithin photovoltaic sys-
temsto optimisethepowergeneratedby asolarpanel.They areparticularlyapplicable
within asolarcarwhere,becauseof themovementof thecar, theenvironmentalcondi-
tionsrapidly change.Electricalconditionswithin thecararealsohighly variable(e.g.
asthecarencountershills or accelerates,themotorcontrollerwill draw largeamounts
of energy/currentcausingthebatteryvoltageto drop).

In June2001,theUNSWSRT waspreparingfor theupcomingWSC.New MPPTs
wererequiredbecausetheelectricalspeci�cationfor thecarhadchanged(speci�cally,
a new batterypackhadbeenpurchasedgiving a higherupperbusvoltage,with which
theoriginalMPPTswouldnotoperate).An investigationwasconductedinto theavail-
ableproducts.

A device from Biel University in Switzerlandwasselected.It wasdesignedand
built by the industrialelectronicslab at theuniversity. The tracker designwasdevel-
opedfor theSolarMotions[1] team(from California)following their negativeexperi-
enceswith theBrusa[6] tracker in the1999race.

UnfortunatelytheMPPTfrom Biel wasnot thoroughlytestedanddebuggedat the
time of theWSC.While they hadbeenbenchtestedin Switzerland,extensiveoutdoor
testinghadnot beenpossible,muchlesstestingin anon-roadenvironment.While the
trackerswereoperatedby someteamsin theAmericanSolarChallenge(ASC) (a race
heldthreemonthsbeforetheWSC),noneof theproblemsexperiencedwith thetrackers
wereknown to theUNSW SRT prior to thepurchaseof 12 Biel MPPTs.Otherteams
appearto havehadpositiveexperienceswith thetrackers.

TheUNSWteamexperiencedgreatdif�culty with thetrackersduringWSCandthe
poorperformanceof thecarduringthatracecanbeattributedlargelyto themalfunction
of thesedevices(asoutlinedin Section2.2.2). Many of theseissuescanbe tracedto
thesoftwarerunningon theMPPT'smicrocontroller.

This chapteroutlines the rework of the software resulting in the trackers' (and
car's) successfulperformanceduring the 2002Sunraceevent. The additionof vari-
ousabilities suchasIV curve sweepingareinvestigated,aswell asimprovementsto
thetracker'scontrolloopandcontrolsoftwarefollowing thatevent.
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Figure6.1: SolarpanelIV andPV characteristics

6.1 Background

6.1.1 Maximum power point tracking

Photovoltaic solar cells are non-lineardevices. The device's I vs V characteristics
resultin a power-voltagecurve with a well de�ned maximumpower (seeFigure6.1).
It is obvious from Figure6.1 that if the cells areoperatedat a non-optimalvoltage,
lesspower thanotherwisewill be generated1. The voltageat which the cell or cells2

will producethemaximumpower (Vmp ) will changewith a varietyof environmental
conditions:includingilluminationandtemperature.

A trackingmechanism,the MPPT, is employed to optimisethe power generated
by thesolarpanel. The tracker draws enoughcurrent(I mp ) from the input (the solar
cell/panel)suchthat thevoltageacrossit is themaximumpower point voltage(Vmp ).
Essentiallythisstyleof deviceperformsaDC-to-DCconversionfromVmp to theoutput
voltage,which, in thecaseof asolarcar, is thebattery-packvoltage.

While theDC-DC converteris not 100%ef�cient (high ef�ciency converterscan
reach99%), the power gain throughtracking the maximumpower point offsetsthis
conversionloss.Thisis particularlytruefor asolarcar'sarraywheretheenvironmental
conditionscanchangerapidlydueto themovementof thecar, etc.

1SeeSection6.2.1for acomparisonof optimalandsub-optimaltracking.
2Figure6.1 representsthe currentandpower vs voltagecurves of a groupof solarcells connectedin

series(ratherthana singlecell).
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Figure6.2: MPPTConnectionSchematic

6.1.2 Biel MPPT hardware description

The following summaryis derivedfrom the “MPPT New GenerationUsersManual”
[34], theMPPTsourcecode,andschematics.

Thenew generationtracker, from Biel, is designedarounda switchingboostcon-
verter. A schematicfor thebasicboostconvertertopologyis givenin Figure6.3. The
operationis fairly simpleto understand:a PWM signalto the gateof the �eld effect
transistor(FET) causesit to switch on andoff with a given duty cycle at a particu-
lar frequency. Whenthe FET is conducting,the currentthroughthe inductorbuilds
up accordingto dI

dt = V
L . When the FET switchesoff, the currentis “forced” into

the capacitorthroughthe diode,charging the capacitoraccordingto dV
dt = I

C . Thus
the voltageis boostedabove the input voltage(sinceV = L dI

dt ). Varying the FET
`'on” time (by varyingthePWM duty cycle) variesthecurrentwhich builds up in the
inductor, andthusthevoltageat theoutput.

The Biel tracker usesan extendedversionof the topologywhich resultsin soft-
switching. This is alsoknown aszero-voltage,zero-currentswitchingsincetheFETs
have zerovoltageacross,or zerocurrentthrough,themwhenthey areswitched.This
is achievedthroughtheuseof anactive snubbercircuit — requiringanextra FET, in-
ductor, capacitoranddiodes.Synchronousrecti�cation is employedto savethevoltage
dropacrossthediode: it is replacedwith a FET which is switchedon whenthediode
shouldbe in a forwardconductingmode.ThusthreeFETSarerequired.Thecontrol
for thegatedriversof thesetransistorsis implementedusingdiscretelogic andpassive
components.This convertersectionis extremelyef�cient comparedto otherMPPTs
usedin solarpoweredcars.

TheMPPTis separatedinto two sections:power andcontrol. Theconverter, con-
nectors,etc,arelocatedona mainconverterboard.Thecontrolcircuitry is situatedon
a secondboardconnectedto the�rst.

Thecontrolcircuitry consistsof thediscreteICs which implementthecontroland
timing circuitry for theFET gatedrivers,anda microcontroller(a PIC 16F877).The
microcontroller'sADC is connectedto sensorslocatedonthepowerboardwhichmon-
itor inputvoltageandcurrent,outputvoltage,andtwo temperatures.A switchingcon-
vertergeneratestherequired15V, and5V logic circuitry suppliesfrom thetracker'sPV
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Figure6.3: Simpleboostconverterschematic

input.
A CAN interfaceis provided usingan MCP2510CAN controller interfacedvia

SPI,optical isolatorsanda line driver. An RS232interfaceis providedusingthemi-
crocontroller's internalUART andanexternalRS232line driver.

The microcontrollerhastwo internalclockswhich canbe con�gured to outputa
PWM signal.Thesetwo PWM signalsareusedto generatethegatedrive levelsusing
thelogic on thecontrolboard.

A numberof securitymechanismsarebuilt into the trackers,includingover volt-
age,undervoltageandover temperatureprotectioncircuitry which canshutdown the
convertermodulein thecaseof anerror. Fusesprotecttheinput andoutput.

6.1.3 Tracking algorithms

Thereare a numberof techniquesfor tracking the maximumpower point of an ar-
ray. Theseincludebothanalogueanddigital algorithms.Themethodsconsideredhere
involve a microprocessorrunningan appropriatetrackingalgorithmto control an ef-
�cient DC-DC converter. This decisionis due to the designof the Biel MPPT (see
Section6.1.2).

A numberof novel algorithmshave beendevelopedto �nd the maximumpower
point, in a device like the Biel tracker. A goodcomparisonof the commonlyused
algorithmsis given by Hohm andRopp[17]. The target of this paperis to selecta
maximumpowerpoint trackingalgorithmfor adeviceverysimilar to theBiel trackers.
Thealgorithmsconsideredare:

Perturb and observe

Theperturbandobserve(P&O) algorithmis commonlyuseddueto its easeof imple-
mentation,andrelative trackingef�ciency. The ideais that the panelvoltagewill be
continuallyoffsetslightly. Theresultingchangein power outputis observed,andthe
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Figure6.4: Biel MaximumPowerPointTracker

directionof thenext perturbationevaluatedbasedon thechangein poweroutput.This
algorithmis alsoknown as“hill-climbing”, for obviousreasons.It is possiblefor the
P&O (andderivative)algorithmsto getstuckona localmaximumshouldtheIV curve
benon-ideal.TheoriginalBiel MPPTsoftwareusedthisalgorithm.

Incr ementalconductance

Husseinetal, in adiscussionof theincrementalconductance(IncCond)algorithm[18],
presenta techniquefor overcomingsomedrawbacksto the P&O algorithm. These
drawbacksaregivenasthesteady-stateoscillations(ascanbeobservedin Figure6.5)
aroundthemaximumpowerpoint (MPP),andthe trackinginef�ciency underrapidly
changingatmosphericconditions. It improvesthe P&O algorithmby usingthe solar
panel's incrementalconductanceto determinethat thepanelis at its maximumpower
point — meaningthat the operatingpoint neednot be perturbed.Both Husseinand
Hohm et al show a signi�cant improvementin the trackingaccuracy of incremental
conductanceoverP&O.

Parasitic capacitance

Anotheralgorithmconsideredby Hohmmakesuseof theparasiticcapacitanceof the
solarcells.It attemptsto improveuponincrementalconductancebyusingtheswitching
ripple to perturbthe panel. Unfortunatelythis methodis suitedmainly to large solar
arrayswith speciallydesignedtrackers,andis thereforenot consideredin this work.

Constant voltage

(Also known as“openloop” trackingby Rocheetal [40]).
This algorithmmakesuseof the fact that the ratio of Vmp =Voc is approximately

constant.Thus,thetrackermeasurestheopen-circuitvoltage(Voc) by somemeans,and
thensetstheinputvoltageto aproportionof thatmeasuredvalue.Hohmquotesavalue
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of 78% for this ratio, but theauthor's experiencewould give a numberbetween78%
and82%,with 80%beinga goodestimate(seeSection6.6). Two MPPTspreviously
usedby theUNSWteamhaveemployedthisalgorithm:thosefrom AustralianEnergy
ResearchLabs,andthosefrom NorthernTerritoryUniversity.

Conclusions

Theincrementalconductancetechnique,whenproperlyimplemented,shouldgive the
bestresultsof thealgorithmsoutlinedabove. HohmandHusseinbothgiveexperimen-
tal comparisonsof thetechniqueto P&O. Hohmalsocomparesto theconstantvoltage
method. P&O and incrementalconductanceare shown to have bettertracking ef�-
ciency thantheconstantvoltagetechnique(by approximately10%),with incremental
conductanceslightly betterthanP&O. It is thoughtthattheadvantageof theincremen-
tal conductancealgorithmoverP&O would bemorepronouncedwhenusedin a solar
carenvironmentdueto therapidlychangingenvironmentalconditions.

It is possiblethat techniquesnot consideredabove would give slightly betterMPP
trackingef�ciency, but it is unlikely thatthesecouldbeimplementedon theBiel hard-
ware.

6.2 Experienceswith the Biel MPPTs during WSC

During the 2001 WSC, UNSW encountereda numberof dif�culties with the Biel
MPPTs.

The�rst problemwasdetectedon thestartline in Darwin,whenthetrackersfailed
to startup. This eventuallyprovedto betheover-voltagelimiting featureof theunits
having beensetincorrectly(by themanufacturer).Theupperbatterypackvoltagewas
164V andthetrackershadbeensetto limit their outputat 152V, thereforeon thestart
line with the batterypack at its maximumvoltage,the trackers were in their over-
voltagemodeanddid not producepower. This featureshouldhave, but hadnot, been
tested(by theUNSW team)beforethestartof therace.It wasonly well into the �rst
daythatthebatterywassuf�ciently drained,that thetrackerswereenabled.This cost
thecarseveralkWh.

A secondproblemwasencounteredseveralweeksprior to therace.TheSunswift
arrayis composedof approximatelyfour thousandcells. Thesecellsarethenwired in
seriesto form “strings”. Eachstringis approximately120cells long, giving a voltage
of approximately60 to 70V whenopencircuit. In previousracesthe teamhadwired
onestringpertracker, but sincethenew arrayhadsomany morecells,thiswouldhave
ledto over30trackers.Sincethepowerthrougheachtrackerwouldhavebeensosmall,
thepoorconversionef�ciency (at this low power) would have negatedany advantage
givenby moreaccuratepower point tracking. In orderto increasethepower through
the devices,andreducetheir number, several stringswerewired to a single tracker.
This resultedin a numberof combinedpower curves,which, taking into accountthe
effects of diodesand other panel imperfections,resultsin multiple maxima— the
powerpointsof thestringswired into eachtrackerdid notcoincide.Thiswasobserved
to leadto anoverall power lossof severalhundredwattswhencomparedwith theper-
stringmaximumpower.

TheBiel trackerusedaclosedloopalgorithmto �nd Vmp . Smalladjustmentswere
madeto the pulse-widthmodulationduty cycle and the resultingoutputpower then
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observed. Decisionswerethenmadebasedon theeffect of thePWM change.This is
theP&O algorithm.

While this waseffective for singlestrings,whenmultiple maximaarepresent(due
to parallelstringswith diodes)it is possiblefor the tracker to get “stuck” on a local
maxima,ignoringthebene�tsof theglobalmaxima.Thiseffect reducedoutputpower
signi�cantly. Thedevice couldbe led to tracka local maximasimply by shadingand
thenun-shadingpartof thearray. Thisis acommonoccurrenceunderracingconditions
dueto treeslining the sidesof the roads,over-passes,passingroad-trains,andother
sourcesof intermittentshadow.

During theracethis problemwas“solved” by manuallyresettingthetrackersafter
any sucheventoccurred.This led to signi�cant power lossesduring themorningand
afternoonwhenshadowsweremorelikely to cover theroad.

Thethird, andmostserious,problemwasexperiencedby severalotherteams.Un-
derlow light conditions,thetrackerwould fail in a self-destructivemanner. Theprob-
lemwasthatbatterycurrent�o wedbackinto thetrackerandpanel.Thiswasprotected
againstfollowing the loss of � ve of the twelve trackers during the raceby placing
diodesin serieswith theoutputlines,stoppingcurrent�o wing from thebatteryinto the
tracker, but affordingasmall lossin power (approximately6W in total).

Otherissuesincludeaninability to begin trackingin low light conditions,resulting
in a repetitiveclicking soundasthetracker repeatedlyattemptsto start.

6.2.1 Analysis

Thesoftwareusedduring theWorld SolarChallengewasprogrammedinto a tracker,
andanumberof measurementstaken.

Tracking

Figure6.5shows the“PerturbandObserve” algorithmin operation.Thegraphshows
the input voltagevs. time for a periodof the tracker's operationon a relatively low
voltagepanel(� 40Voc). While this exacerbatestheeffectsof thealgorithm(sincea
singlebit changein PWM will have a largereffect on theoutput),it shouldbe noted
thatseveralof thepanelsin SunswiftII will producesigni�cant power at comparable
voltages;thereforethis is a just real-world test.

It canbeseenthatthereis a largevariationin theinputvoltageon thepanel.There
wasup to 10% variationon thevoltageacrossthesolarcells. Thus,despitethe high
likelihoodof theaverageinputvoltagebeingtheactualmaximumpowerpoint,thetime
thesolarpanelspendsat thatoptimumvoltageis verysmall,oscillatingaroundit.

It is alsopossiblethat theseoscillationsaresetup by via hardwareproblems.The
ADC onboardhasasigni�cant delay(aswasfoundwhenattemptingto optimiseVOC

measurementsin thenew software— see�gure 6.8)dueto theinput �lters. This,and
otherdelaysin feedbackareon theorderof thecontrolloop'supdateperiod(20msfor
50Hz)resultingin theobservedoscillations.

Notethatthemeanis 30.2Vandtheopencircuit voltage(Voc) is 38V. 30:2
38 = 0:795.

This indicatesthat the meanis likely to approximatethe maximumpower point (as
shown in Section6.6.1).

Furtheranalysiswasperformed. Equation6.1 givesthe currentin an ideal solar
cell. Figure6.6wasgeneratedasa resultof thecalculationof thepercentageerror(of
the samplefrom Vmp ) at eachsamplepoint. It canbe seenthat maximumpower is
obtainedfor almostnoneof thetracker's operationtime andperiodsof time arespent
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Figure6.5: Pre-WSCsoftwareinputvoltagevs. time with Voc � 38V (1 sun)

M ax : 33:4
M in : 26:8

M ean : 30:2
StdD ev : 1:66

with a10%error. Thepercentageerrorswereintroducedfor theidealsolarcell. Figure
6.7 shows the power vs time for this curve asestimatedvia the percentageerror and
theidealsolarcell equations.

I = I sc � I o � (e
qV cell

k T � 1) (6.1)

The following �gures werecalculated(assumingan I sc of 1A) whereIC is ideal
cell:

PM P;I C : 0:496W
P : 0:47W
%� : 4:35%
1200W � : 52:1W

Thus,eachcell producesapproximately26mWless,a4.35%change.For a1200W
array, this translatesto a 52.1Wpower lossdueto trackingerror.

Clicking

Theclicking soundheardin theearlymorningduringtheWorld SolarChallengewas
observed in a controlledsituation. Low input voltages(with limited input currents)
wereappliedusingacurrentcontrolledpowersupply(aswell asasolarpanelunderlow
light conditions).Theclicking soundconsistentlyoccurred.Theproposedexplanation
is thattheWSCtracker setsits PWM duty cycle to a predetermined“start” value,and
thatstartvalueis toolargeunderlow powerconditions.Theconverterpulls thevoltage
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Figure6.8: InputVoltageandADC Vin readingvs. Time

on the input capacitordown so fast that the tracker doesn't have time to react(see
Figure6.8). The voltagegoesbelow the shutoff voltageof the power supplyfor the
logic, atwhichpoint themicrocontrollershutsdown, shuttingtheconverterdown with
it. The input capacitorthenrechargesandthemicrocontrolleris onceagainenabled,
initialisesitself, andtheprocessrepeats.Theclicking sounditself is assumedto bedue
to theinductorshakingasthecurrentsthroughit changerapidly.

Figure6.9 depictsthis process.The delaybetweenthe clicks is due to the time
taken for the input capacitorto recharge andthe tracker to initialise itself, andstart
conversion.

This processresultsin a large numberof tracker restartswhich may have con-
tributedin someway to their failure(possiblythroughissuescausedwhenthemicro-
controllerbrowns-out),aswell aswastingtheavailablepower.

During theWorld SolarChallenge(2001)the trackerswere“jump-started”in the
morningsby connectingmultiple panelsto one tracker. This allowed the tracker to
draw enoughcurrentsuchthattheinput voltagewould notdip below thecritical level.
Oncethetrackerhadstarted,theextrapanelscouldberemoved(sincethePWM setting
would thenchangeto adjustto thenew current).

While modifying thepre-WSCcodeprior to Sunrace(asoutlinedin section6.3),
an attemptwasmadeto changethe startvalue to a very small value(assumingthat
the converterwould then �nd the maximumpower point). Unfortunately, this was
unsuccessfulbecausethealgorithmrequiresthatthepowerchangesasthePWM value
changes. If thereis no power being producedat all (ie the PWM duty cycle is so
high that the panelis virtually opencircuit), the algorithmwill simply stagnate,still
producingnopower.

6.3 Sunrace2002Impr ovements

Following theexperiencesduring theWSC,it wasdecidedthesoftwareneededto be
signi�cantly revised to attemptto solve the issuesoutlined above. The appropriate
developmenttoolswereobtainedon loanfrom theBiel labs.

Initial investigationsweremaderegardingthesoftware.Theoriginal softwarewas
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Figure6.9: Pre-WSCinputvoltagevs. time in morninglight conditions

written in assemblylanguage,which, on the PIC processor(usedin the tracker), is
extremelydif�cult to developandmaintain.In orderto ensurethetrackerswould per-
form for Sunrace(asolarcarevent,racingfrom Adelaideto Sydney, heldin February,
2002),improvementsweremadeto this original software. Severalweekswerespent
understandingthehardwareinterfaces,andfunction, in theoriginal code(which was
in a relatively unreadableform). Serial communicationsfeatureswereaddedto aid
debuggingandtesting.

Once a usablelevel of functionality had beenachieved (and several problems
solved; to be outlined), the software was deemedcapableof operatingthe trackers
in Sunrace.At this stagea completerewrite of the software in C was commenced
(sincea relatively reliable fall-backwas thenalreadyavailable). The compilerused
(CCSPCM) allowedrapiddevelopmentof thenew software.Equivalentfunctionality
wasobtainedafterashortperiodof time.

This rewrite solved many of the issuesassociatedwith the trackers. The short-
circuiting problemwas possiblycausedby an error in the initialisation code. The
trackersuseasynchronousrecti�cation schemewith softswitching.Thisrequiresthree
FETs. If the synchronousrecti�cation FET andeitherof the other two FETsareon
simultaneously, a directshortacrossthebatteryis seen.Thecurrentdevelopedcauses
theFETsto fail, alsodestroying largeportionsof thedrivecircuitry. Theinitialisation
codeallowed the soft switchingFET andsynchronousrecti�cation FET to be on at
startup.Thiswasnormallynotaproblemsincein mostcircumstancestheFETswould
beresetalmostinstantlyin anothersectionof thecode.Thedelayto thiscodewassmall
enoughthatnocurrentcouldbuild up. However, underlow light conditions,thesystem
maydelayfollowing theinitialisation,thecurrentwill increaseandsigni�cant damage
will becausedto thetracker. Thesolutionwasto setall theFETsoff in theinitialisation
code,only allowing themto switch following rigorouschecks(involving theuseof a
well de�ned statemachine). This theory is slowly gainingsupportvia testing. The
trackershavenot self-destructedin thesamemannersincethenew codewasinstalled.
This is possiblydueto the morereliablepower supplyprovided underby new code
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(sincethe tracker will not convert below a minimum voltage). Anotherpossibility is
that the brown-out detectioncircuit wasnot enabledin the microcontroller. Whena
low-voltageconditionled to the“clicking” problem,themicrocontrollerwouldbrown-
outandtheresultmayhavebeenthedestructionof thetracker. Thiserrorhasnotbeen
observedsinceWSC.

Whenre-writing in C, many featureswereavailablein thecompiler;for example,
32-bitoperations.Thisallowsfor farmorereadable,functional,code,reducingtherisk
of mistakessuchasthe incorrectlysetmaximumoutputvoltage(experiencedduring
WSC).

Thetrackingalgorithmproblemwassolvedtemporarily(for Sunrace)by usingto
an openloop type algorithm[40]. The tracker is periodicallyshutdown for a short
amountof time (causingzerocurrent,andthereforeVoc), andthe voltageacrossthe
panelmeasured.This voltageis thenmultiplied by 0.8 (or anotherconstantsuitedto
theparticularpanel)andtheresultusedasthetargetvoltagefor a PWM control loop.
This avoids the problemof local maxima(ratherthanglobal maxima)tracking. The
algorithmresultsin an ef�ciency drop sincethe Vmp is not accuratelytracked,but a
Vmp within 1% will result in only a minor power outputdegradation. The problem
should,however, beinvestigatedin thefuture.

A numberof otherimprovementsweremadewith the rewritten software. A task
schedulerwasimplemented.Serialcommunicationallows a convenientmonitoringof
thetracker'stelemetrydata.Furtherfeedbackis providedvia theLED statusindicators.
A statemachinegovernstheoperatingmode.

6.3.1 Optimisations

Open loop measurements

Theopenloopalgorithmhasanumberof disadvantageswhichaccompany thereliabil-
ity obtained.

The algorithmdeemsthat measurementsof Voc needto be taken at a �x ed rate.
Thatratewassetto onesampleper20 secondsfor Sunrace.In orderto take this mea-
surement,theconversionneedsto be shutdown by settingthePWM to its minimum
value.

So, while the measurementis being taken, very little power is produced. It is,
therefore,very importantthatthetrackerbedisabledfor aslittle timeaspossible.

A numberof experimentswereconducted.It wasrealisedthatvaryinglight condi-
tionswouldaffect thetimerequiredfor theinputcapacitorto chargeto theopencircuit
voltage. A small loop waswritten to continuallycheckfor zerocurrenton the input,
forming a delay. It wasfound,however, thatfor someunknown reasontheloop failed
to detectzerocurrentcorrectly(laterdeterminedto beassociatedwith theADC input
�lters). The software from Sunrace2002usedan overly generous�x ed time delay.
Undermostconditionsthis wassub-optimal,sincetheinput capacitorwill chargein a
shortertime thanthe�x edtime delay(seeFigure6.11).

Control loop implementation

It wasnoticedthat in the original code,the input voltagewould oscillate. This was
partly becausethe original codemadeconstantsizestepchangesto the PWM duty
cycle (which controlstheconversionrate). By introducinga PWM control loop with



6.3. SUNRACE 2002IMPROVEMENTS 77

the input voltagedeltaasthe input parameter, andthe PWM deltaasthe output, the
oscillationswerereducedsigni�cantly.

Thecontrol loop implementedwasintendedto be a genericP typecontrol loop3.
Following the race,and further investigationregardingsomeanomaliesobserved at
the output, it wasdiscoveredthat a bug in the codemadethe P type control loop an
I type control loop4. This resultsin a loop which is lessresponsive, but exhibits no
steady-stateerror.

The loop wastunedexperimentally. This provedvery effective. Someovershoot
wasobservedandto preventthetracker from overshootingso far (to sucha low volt-
age)that thelogic power supplywould fail, theproportionalityconstantwasreduced.
This further reducesthe trackingspeedbut providesfor betterreliability in low light
conditions(whensmallPWM changescanhavea largeeffecton theinputvoltage).

It is envisionedthatshouldaclosed-loopalgorithmbeimplemented,it would form
a second(outer)control loop with the target voltageasan outputgiven to the inner
controlloop.

6.3.2 Sunraceerrata

Thedevicesperformedverywell for thedurationof Sunrace.Oneproblemwasnoticed
by teammembers— at the endof charge (when the outputvoltagereachesits pre-
de�ned maximum),thetrackersareexpectedto backtheinput voltage,towardsVoc in
orderto reducethecurrentandthuscontrol theoutput(battery)voltage.Someerratic
behaviour was noticedduring operationin this mode. (e.g. when the battery-pack
voltagewasat its maximum).

This is very likely due to the poor implementationof the end-of-charge control
loop. The Sunracecodeuseda simple PWM decrementto back the converter off
resultingin very poorcontrol. A parallelcontrol loop couldbe implementedwith the
outputvoltageusedto calculatethedelta(ratherthanthe input voltage). The tracker
could thenchoosebetweenthe two control loopsdependingon whethertheoutputis
over-voltageor not.

6.3.3 Analysis

Tracking

For comparisonwith the previously usedsoftware, the tracking algorithm was ob-
served. As was mentionedin Section6.1.3, Vmp � 0:8Voc. the algorithm in the
Sunracesoftwaremakesthis assumption,measurestheopencircuit voltageandrunsa
control loop with integral (I) feedbackto track that input voltage5. Thus,thetrackers
will operateunlesstheVoc is lessthantheminimumallowedtrackingvoltage(atwhich
point thetrackerwill idle until thisconditionchangesor thelogic powersupplyis shut
down). This alsosolvesthe clicking problem,sincethe initial PWM settingis at its
minimum(ie nocurrentdrawn).

Figure6.10depictsthe input voltagecontrol after the Sunracesoftwarehadbeen
installed(with verysimilar conditionsto thosewith whichFigure6.5wastaken). The

3A proportionalcontrol loop is wheretheoutputdeltais determinedvia directproportionalitywith the
inputdelta.

4An I type control loop is onein which the controlledvalueis proportionalto the integral of the input
delta.

5Notethatthisallows amaximumandminimumtrackingvoltageto beset.If theestimatedVmp is lower
thantheminimumallowedfor thetracker, thecontrol-looptargetvoltagewill beclippedat thatminimum.
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Figure6.10:Dubbocodeinput voltagevs Time(1.59A)

M ax : 32:8
M in : 30:8

M ean : 31:8
StdD ev : 0:146

open-circuitvoltagein this casewasmeasured� 40V, giving Vmp � 32V usingthe
80% assumption. Thereforetherewas an 0.6% error. Also note that the standard
deviationof thevoltagein the�gure is on thesameorderastheresolutionof theADC
(0.104V).

It hasbeenassumed,for thepurposeof theseanalyses,that theconditionsremain
constantenoughthatrapidchangesin Vmp donotaffect thetrackingef�ciency. This is
certainlynot truefor a solarcar's photovoltaicarray(wheremovementprovideslarge
insolationvariation).

6.4 November2002Impr ovements

SinceSunrace,the trackers have developedin parallel with the other hardwareand
software infrastructureelementsof the project. A numberof speci�c improvements
havebeenattempted.

6.4.1 Multiple tracking algorithms

Codeto switchbetweenmultiple MPPTalgorithmswasdeveloped.Currentlytheal-
gorithmsimplementedarethe original open-loopmethod,andan IV sweepfunction
which is implementedasa secondtrackingalgorithm.

Thetrackingalgorithmcanbechangedvia aserialinterface.
It is envisagedby theauthorthatseveral trackingalgorithmsbeimplementedand

compared.Otherpartsof the projectoverrantheir allotted time during this project,
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Figure6.11:Dubbocode�nding Voc

meaningthatthis particularpartwasnot completed.
Interestingtrackingalgorithmsincludea re-implementationof theP&O algorithm

asa loop controlling the tracker's target voltageratherthanPWM, and incremental
conductance,which is similar.

6.4.2 IV curve sweeps

In order to assess,debug, andoptimisea solar array, an IV curve sweepingtool is
invaluable.An IV curve sweepermeasurescurrentvs. voltagebetween0V andVoc in
asolarpanel.Faultswith solarcellscanbeobservedgraphically. Themaximumpower
pointcanbedeterminedvia analysisof theIV information.

IV curve sweepingfunctionality was implementedin the MPPT. This is imple-
mentedas a secondtracking algorithm, which changesthe voltagefrom Voc to the
minimum trackingvoltage,andoutputsIV informationto the tracker's serialport as
this sweepoccurs.Thus,all that shouldbe requiredto obtainthe IV curve seenby a
tracker is to connectaserialcableandrequesta sweep.

This function hasbeenusedby the studentsworking on the car's solar array to
obtainasetof IV sweepsfor Sunswift'sarray, anddetermineamaximumpoweroutput.
It hasalsobeenusedto determinea maximumpower outputfor theSunswiftI solar
array, which wasrequiredfor its valuationandsale. The IV curvesfor Sunswift II' s
sevenpanelsaregivenin Figure6.12.

6.4.3 CAN communications

Onesigni�cant additionto thetracker's codebasewastheintroductionof theScandal
protocol(asoutlinedin Section5.3). Sincethis protocolwasdesignedto beportable,
theintegrationof this softwareshouldnothavebeena signi�cant challenge.However,
a severelack of �ash memoryin the tracker's microcontrollerproved to be a severe
obstacle.
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Figure6.12:PowerandCurrentvs. VoltageperPanel,taken13thOctober, 2002
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Thefull Scandalprotocol,alongwith theexisting tracker code,well exceededthe
8kB �ash memory. Theserialprotocol,IV curvesweepingcode,andothersuper�uous
functionswereremoved,but thecodestill remainedtoobig for themicrocontroller.

It wasat this point thata limited versionof theScandalprotocolwasimplemented
(asoutlinedin Section5.3.5).This versionof theprotocolhadonly telemetrysending
abilities,with nomessage-receivefunctionsused.Theabstractionlayerfunctionswere
implemented,andthesameMCP2510CAN controllercodeasusedfor theCANRefN-
odecompiled.

With this extremely limited software, the tracker codewill �t in the microcon-
troller'sprogrammemory. Unfortunately, this limitation carriesover to thefunctional-
ity of thecode:only onetrackingalgorithmcanbeused,IV sweepscannot betaken
over theserialport,muchlessrequestedoverCAN, etc.This is a frustratingsituation,
sincethecodeexistsandis operational.

Two codeversionshave beenbuilt andused.Onewith CAN support,andanother
with IV sweepsanda serialinterface.It is hopedthatfurtheroptimisationof thecode
mightreducethefootprintallowing for morefeaturesto beincludedin theCAN version
(whichwould beusedduringraces).

TheCAN communicationscodesendsstatusandtelemetrydatavia heartbeatand
channelmessages.Threetelemetrychannelsareavailable:panelvoltage,panelcurrent
andoutputvoltage.Ambienttemperature,heatsinktemperature,andopencircuit volt-
ageareavailable,shouldmoreprogramspacebecomeavailableon themicrocontroller
for theinclusionof thecoderequiredto sendthesevalues.Heartbeatmessagesinform
therestof thesystemof thetracker'soperation,alongwith minimalstatusinformation.

Figure6.13showsdataloggedduringatestingrunonOctober27thfrom Pheasants
Nest to SuttonForeston the M5 motorway (which leadsto Canberrafrom Sydney)
commencingatapproximately3:00PM.Thisdatawasloggedvia thewirelessEthernet
connectionpresentin thecar(seeChapter8).

Onesigni�cant issuewasexperiencedwhile testingthis softwarein thecar— the
MPPT hardwareis extremelysensitive to variationson the 5V power rail. Whenthe
voltageis toolow (e.g.4.5V),thetrackerwill fail in amodewhichwill disabletheCAN
network. Thisbrown-outis avoidedin thecurrentimplementationvia theadditionof a
5V regulatorat eachendof thebus,which holdsthevoltageat 5V usingthe12V rail
asa source.

6.4.4 ADC interrupt dri ven control loop

Onesigni�cant limitation of theSunracesoftwarewasthe very slow responseof the
control loop. The responsewas delayedsuchthat if the voltagedid go below the
minimumtrackingvoltagefor somereason,themicrocontrollerwould not respondin
time(seeFigure6.8).

This wasaffectedby two signi�cant factors.Firstly, thelow pass�lter s (LPFs)on
theADC inputs,designedto removenoisecreatedby theFETs' switching,introduced
a signi�cant delay. It is thoughtthese�lters weremis-designed,and that the cutoff
frequency for theseLPFswasfar lower thanhadbeendesired(approximately5Hz as
opposedto 100Hz). Furthermore,thereis little needfor suchharshcutoffs, sincethe
ADC within thePIC 16F877microcontrolleris capableof samplingat approximately
15kHz. It is thoughtthatoversamplingthechannelson theADC, andexecutingsome
form of digital �lter within themicrocontrollerwill proveto bemoreeffectivethanthe
currentpassiveRCLPFs,andwill providefor a muchfasterresponse.
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Figure6.13:Log of MPPTdatatakenduringOctober27thtestingrun
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Thedelayintroducedby theLPFsis illustratedin Figure6.8 andgivesrise to the
secondreasonfor theslow response.It is impossibleto runthecontrolloopatahigher
speedthanapproximately20Hz,sincethe loop rapidly becomesunstable(assumably
dueto thedelayintroducedby theLPFs).Furthermore,theSunracecode'sarchitecture
prohibitsa high speedvoltagecontrol loop, sinceall control functionsareperformed
in themainloop alongsidecommunicationsfunctions.Thesituationis far from ideal,
sincethecontrol loop codeis not guaranteedto run at thespeci�ed time interval (it is
notdeterministic).

To solve the latter issue,an attemptwasmadeto run the voltagecontrol loop in
theADC interruptroutine.TheADC conversionsshouldtake approximatelyconstant
time, andthereforeprovide a regularsourceof interruptsin which to run the control
loop code.TheADC �lters wereremovedentirelyin orderto allow oversamplingand
�ltering within themicrocontroller. 32samplesof eachparameterweretakenbetween
controlloop iterations,giving acontrolloop updaterateof just lessthan500Hz.

Unfortunately, time ran out for tuning the control loop, but it is thoughtthat this
versionof the softwarewill provide muchfastertracking. It is also thoughtthat the
softwarewould becapableof updatingthePWM duty cycle at a fastenoughratethat
thetrackercouldavoid failureconditionssuchastheclicking problem.

A high speedcontrol loop would also allow for rapid variationsin solar insola-
tion, aswell asallow furthercontrolloopscontrollingthedesiredtrackingvoltage(for
exampleP&O, or incrementalconductance).

Further issuesmay be experiencedwith the numberof interruptsexceedingthe
performancecapabilityof themicrocontroller. Thisshouldbeinvestigated.

6.5 Testing

In orderto provethereliability of thenew softwareoperatingonthetrackers,thedevice
hasbeentestedusinga varietyof means:

6.5.1 Benchtesting

During the developmentof the revised software, benchtestingand tuning was per-
formed.A currentcontrolledpowersupplywasusedto supplytheinputof thetracker,
anda lead-acidbatterypackwasusedasthe load. A resistive load (in the form of a
60Wlight globe)wasalsoused,but thepowersupplycurrentrequiredadjustmentsuch
thattheoutputvoltagedid notexceedthetracker'soutputlimit.

A wide rangeof input andoutputvoltagesweretested,alongwith a wide rangeof
inputcurrents.Thecontrolloop appearsto bestableunderall of theseconditions.

Furthertestingin this mannerwasperformedwhenthe team's racebatterypack
neededto becharged.Unfortunately, thepowersupplyhasa maximumoutputvoltage
of 150V, and the pack's top-endvoltageis 164V. A tracker, with a constantvoltage
trackingalgorithm,wasusedto boostthevoltagefrom 100V (thetracker's maximum
input voltageis 105V) to the packvoltagein order to charge it. Thusseveral hours
with 6A input currentwereadministered.While theheatsinkandinductordid warm,
thetrackerstill functionedwell — its conversionef�ciency measuredatapproximately
96%in theseconditions.Thischargingscenariohasbeenrepeatedseveraltimes.

During thecourseof bench-testingthe trackerswereabusedin a numberof ways
asa resultof accident.Includingshortingthe input terminalsandshortingtheoutput
terminals.Thetracker involvedhasnotbeendamagedby this abuse.
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6.5.2 Initial PV testing

Two commercialsolarpanelswerepurchasedduring the 2001WSC in order to test
the trackers. Thesepanelswereusedto perform initial testingof the tracker with a
photovoltaic system. It wasusingthesepanelsthat the IV curve sweepingsoftware
wasdeveloped,andtheCAN communicationscodewastested.The limitation of any
solarsystemis, of course,that it is only usabledependingon the weatherand time
of day. This meantthatcodewasusuallydevelopedusingthepower supply, andthen
testedusingthis PV system.Note that this PV panelis madeup of 72 cells in series,
with no parallelstrings. Thereforeit is not a goodsimulatorfor thecurrentSunswift
II arraywhichhasmorecellsin series,andseveralstringsin parallelfor every tracker.
For this reason,in-cartestingwasfavoured.

6.5.3 In-car testing

The tracker softwarehasbeentestedon a numberof occasionsin thesolarcar itself.
This is by far themostrigoroustestingenvironment.Unfortunately, it is alsothemost
dif�cult to diagnoseandmonitor(or, morecorrectly, was,prior to theuseof theCAN
network), sincephysicalaccessto thedeviceis inconvenientwhile thecaris in motion.

Thesoftwarehasbeeninstalledin thecarsincethepreparationfor Sunrace2002,
beingreprogrammedasthesoftwarewasupdated.ThecarwasdrivenduringSunrace
2002,with positive reportsfrom the team. Six on-roadtestingdayswereheld more
recentlyin orderto testtheCAN network, andthe trackerswereoperationalon these
days.

Thetrackersandtracker softwarehave performedwell throughall of thesetesting
periods,andhave a total of approximatelytwo weekson-roadexperience,plus much
moreon the bench. Lastly, IV sweepsof both Sunswift I andSunswift II have been
taken, and the tracker was usedfor this purpose. No obvious problemshave been
reported.

Furtherin-cartestingwill provemoreusefulsincetheCAN network is now avail-
able.

6.5.4 Conclusions

Throughall of this benchtesting(aswell asthe initial PV testingasoutlinedbelow),
no protectiondiodewasaddedto stopthe problemwith reversedcurrentoutlinedin
Section6.2. It is theopinionof theauthorthatthisproblemhasbeensolvedthroughthe
softwarere-write,althoughsincetheexactcauseof theproblemhasnotbeenidenti�ed,
theerrormayremain.

The problemobserved in the WSC,wherethe tracker would get stuckon a local
MPP, doesnotoccurwith theconstantvoltagetrackingalgorithm,althoughtheoverall
ef�ciency of thetracker is decreased.

The trackershave not malfunctionedin any of the conditionsto which they were
subjected.GiventhattheMPPThasnow beenshown to berelatively reliable,thefocus
canbeshiftedto theef�ciency of thedevice (while notcompromisingits reliability).
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Tracker# Vmp =Voc%
1 82.5
2 78.6
3 80.72
4 82.2
5 85.2
6 83.5
7 81.6

Table6.1: Vmp asapercentageof Voc for eachtracker: gathered13thOctober, 2002

6.6 Resultsand Conclusions

6.6.1 Open-loopalgorithm evaluation

Table 6.1 representsthe Vmp as a percentageof Voc for eachtracker's panel in the
datagatheredon13thOctober(whichwasusedto generatethegraphsin Figure6.12).
This shows the MPP to be relatively closeto 80%, and thus the assumptionof the
constant-voltagetrackingalgorithmto berelatively correct.Furthercalculationsbased
on this datagivesa worst casetrackingerror of 1.16%for the Sunswift II array, not
accountingfor temperatureandsolarvariation,aswell astheenergy lostdueto theVoc

measurements.
Theseresultsarereasonable,andtolerablegiven theextra reliability affordedvia

thenew software.Theerrorcanbereducedby settinga speci�c Voc percentageto use
for eachtracker. Alternately, afull IV sweepcouldbeperformedby thetrackerin order
to determinetheVmp .

It is possibleto improvethetrackingef�ciency substantiallythroughtheimplemen-
tationof aP&O, incrementalconductanceor othercontinuousconversionalgorithm.

6.6.2 Control board de�ciencies

Thelogic andcontrolsectionof thetrackershasbeenfoundto belimiting theperfor-
manceof thetracker in that:

� �lters on theADC input linescausea signi�cant delayto thesignalsbeingmea-
sured;

� the ADC is not of suf�cient accuracy or precision. The 10 bit ADC givesrise
to 0.104Vinput voltageresolution,0.15V outputvoltageresolutionand0.01A
input currentresolution(for the UNSW con�guration of maximumvaluesof
105,164and8 respectively). The0.104Vinput-voltageresolutionis particularly
limiting sincethis is the feedbackto the control loop. Note that the standard
deviationof theinputvoltagewhile trackingis similar to theinputvoltagesense
resolution;

� thePWM resolutionis insuf�cient. Undersomeconditions,a1-bit (of 1024bits)
changeto thePWM settingresultedin a signi�cant changein theinput tracking
voltage.This is particularlytruein low light, or low voltageconditions(suchas
whena smallpanelis connectedto thetracker);
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� thediscretelogic associatedwith thecontrolmoduleis currentlyhard-wired.It
might be bene�cial to build this into a programmablelogic device (improving
�e xibility , upgradeabilityandfootprint size);

� thePICmicrocontrollersaredesignedto beprogrammedusingassembly. While
C compilersexist for thisarchitecture,therearemicrocontrollersavailablewhich
aremore suitedto developmentusingC code. Atmel's AVR rangeis a good
example;

� thePIC microcontrollersusemorepower, for a lower performance,whencom-
paredwith many other available devices. One good exampleis the MSP430
rangefrom TexasInstruments,which usesapproximately1/16thof the power
for a higherperformancedevice(a16-bit microcontroller);

� themicrocontrollerrunson a 5V supply. It would not bedif�cult to run a 3.3V
supplyfor themicrocontrollerandassociatedlogic, cuttingpower consumption
of thesedevicesby a signi�cant amount;

� the microcontrolleris programmedvery slowly whencomparedto competing
devices(approximately2 minutesvs. anAtmel ATMega323's10s).This limits
thespeedof softwaredevelopmentanddebugging;

� theCAN controllerusedhasanumberof debilitatingsiliconbugsandshouldbe
replaced(possiblywith thePhilipsSJA1000,or better, a microcontrollerwith a
built-in CAN peripheral);

� no real-timeclock is availablefor accuratetime-stampingof telemetrydata;

� insuf�cient debuggingLEDs arepresenton theboard;

� theconnectorsfor theCAN busdo not matchSunswift's CAN connectorstan-
dard.

6.7 Futur e Work

6.7.1 Logic re-design

Possiblythemostpressingissuewith thetrackersis thelackof programmemoryavail-
ableon themicrocontrollerused.This hasmeantthat thetracker's operatingsoftware
hasbeenfragmentedinto several smallerprogramswhich each�t into the program
space.Little furtherdevelopmentcanbeperformedwithout an increasein this mem-
ory.

If thelogic boardwerere-designed,theissuesassociatedwith thismodule,outlined
in Section6.6, could be addressedand resolved. The power consumptioncould be
reducedvia carefuldesign,andthedevicemadephysicallysmaller.

Shouldthis be considered,the manufacturer, Biel, shouldbe consultedsuchthat
work is notduplicated.

6.7.2 Software impr ovements

Shouldthe control sectionbe improved, several further featureswith regard to the
softwarecanbedeveloped:
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� A numberof MPPT algorithmscan be investigatedand assessed.The track-
ers(assuminga modi�ed controlsectionwith a largermicrocontroller)form an
excellentbasefor experimentsin this �eld. Multiple MPP algorithmscan be
implemented(possiblyusingthe framework alreadyin place). Informationand
directivesobtainedvia theCAN network couldbeusedto selectthealgorithm.

� Full integrationof thevariouspiecesof softwarewrittencouldbeachieved.This
would allow transmissionof the IV curve sweeps(obtainedusingthe codeal-
readywritten). Furtherfeaturesusingthenetwork, suchasglobalpower output
limiting (for end-of-chargeback-off), couldbeimplemented.

� Microcontrollerandlogic power consumptioncould be investigated.This be-
comesparticularly relevant as the numberof trackers increases,and the ef�-
ciency of thepower sectionleadsto the logic power becominga larger part of
thetracker'soverallenergy budget.Measurescanbetakenin softwareto reduce
thiscostthroughtheuseof sleepmode,etc.

� Con�gurationof thetrackercouldbeperformedoverCAN or theserialconnec-
tion, easingthetuningof thecontrolloop,changingCAN address,etc.

6.7.3 MPPT re-design

Themostbene�cial action,in termsof arraypoweroutput,with regardto theMPPTs,
is the useof per-string trackers. The currentMPPT's and array speci�cationsare
poorlymatched,sincethedevicesareoptimisedfor largersolarpanelsthanthosewhich
Sunswift's arrayis dividedinto. Connectingpanelsin parallelwasnecessaryto allow
currentsandpowersat which the trackerswould operateef�ciently . Trackerscapable
of operatingonasingleoneof thethirty-two stringswouldbefarmoreeffective. This
would requirea physicallyandelectricallysmalltrackerwith low currentdraw.

Sucha device is currentlyunderdevelopmentby Biel, usinga resonantsepiccon-
vertertopology. A dealhasbeennegotiatedwherebytheUNSW teamwould beable
to obtain40of thesetrackersat little to nocost.

The power sectionof the new tracker is being designedwith an identical logic-
boardinterface.Thismeansthatany developmentof logic, or software,for thecurrent
MPPTs,shouldoperatewith thenew devices.

A further considerationis that to reducelogic lossesandtracker cost, it may be
bene�cial to build two or moreconvertermodulesinto asingledevice(usingonelogic
module).This would reducesize,weight,costandoverall power consumption,of the
new MPPTsystem.Thiswould requirefurthernegotiationswith Biel, or theconstruc-
tion of suchadevice locally.
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Chapter 7

Motor Controllers

Themotorcontrolleris adeviceusedin SunswiftII in conjunctionwith boththeCSIRO
wheelmotorandtheT-Flux motormanufacturedby Paul Lillington. Both of theseare
threephasebrushlessDC motors. The motor controller performsthe function of a
commutator. SeetheSpeedof Light books[11,40] for a goodsummaryof commonly
usedapproachesto a solarcar'sdrivesystem.

Motor controllersarenotoriouslyunreliable.EvenHonda,in 1996,experienceda
motorcontrollerfailure.Sunswifthasanumberof motorcontrollersassparesbecause
of this.

7.1 Interfacing

The motor controllerpresentsa dif�cult problemin interfacing. This is becausethe
UNSWteamownsa largenumberof differentkindsof motorcontrollers:

� Lillingon controller— manufacturedby PaulLillington, for usewith hisT-Flux
motor. Sunswiftownstwo, oneof whichwasdamagedduringtestingin 2001;

� UQM controller— manufacturedby UniqueMobility. Controllerspeci�ed for
usewith theCSIRO wheelmotor. Hasbeenusedby Sunswiftin every event in

Figure7.1: Motor controllerconnectionschematic

89
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which it hascompeted,andhasthereforedrivenapproximately20,000km(with
only onefailureduringthisperiod);

� NTU controller— manufacturedby NorthernTerritory University. Originally
designedfor usewith NTU's own motor (on which the NGM [10] designis
based),andadaptedby NTU for usewith Sunswift'sCSIRO motor;

� Sunsharkcontroller— manufacturedby theUniversityof QueenslandSunshark
teamfor their 1999WSCcampaign.Theteamhasaccessto oneof these;

� Tritium controller— manufacturedby ex membersof theSunsharkteamcom-
ercialisingtheir PhD research.The Tritium controller is a recentdesign. The
teamowns oneof thesecontrollersandhasbeenpromisedaccessto a second
controllerduringraces.

Eachof thesecontrollershasa slightly differentinterface.TheLillington, UQM, and
NTU controllersexpecta control voltageasa throttle control signal. This signal is
interpretedin differentwaysby eachcontroller. Thestandardapproachis to usea po-
tentiometercon�guredasaresistor-divider in orderto generatethevoltageandcontrol
the motor controllerandthereforecar's speed.However even within thesethree,the
voltageis interpreteddifferently. TheUQM translatesa negative voltageinto a com-
mandto go into reverse.TheNTU controllertranslatesit into a regenerative braking
mode.TheLillington doesnot toleratea negativevoltageon theinput.

TheSunsharkandTritium controllersbothusea digital interface,although,again,
it is verydifferent.TheSunsharkcontrollerusesaPWM signal,andtheTritium usesa
point-to-pointRS485link with a setof intelligentdrivercontrols.

It is notpracticalto changethedrivercontrolsmid-race,if themotorcontrollerfails
andrequiresreplacement.Themotorcontrolleritself canbeswappedin approximately
30 seconds,whereasthe driver controlswould requirean extendedperiodbesidethe
road.

Thesolutionusedduringthe1999and2001WSCswasto developastandardinter-
faceto whicheachcontrollercouldbeadapted.A 15pin connectorwasusedto supply
analoguecontrolvoltagesto beinterpretedby thecontrollers.Two adapterboards,for
theSunsharkandTritium controllers,weredevelopedin orderto convert this interface
to thedigital interfaceexpectedby thecontrolleritself. Thesetwo boardsweretested
prior to the2001WSC,but failedduringtherace.

Modi�cations weremadeto the NTU, UQM andLillington controllersto allow
themto interfaceto thesamedrivercontrols.

Changesbecameamatterof disconnectingcables,replacingthedevice,andrecon-
nectingthecablesto thenew controller- takingapproximately30seconds.

A numberof de�ciencieswereobservedduring the2001WSCand2002Sunrace
events.

First,noneof thetelemetryfeaturesof any of themotorcontrollerswereused.The
Tritium transmits15 telemetrychannelsover theRS485link, theUQM hasa number
of analoguevoltageswhosemagnitudecorrespondto variousparameters,theSunshark
controllerhassimilaranaloguevoltagesavailable.

Second,theanaloguecontrolelectronics,in attemptingto begeneric,wasdif�cult
to design.Compromisesweremade.A goodexamplewascausedby theUQM'spower
supply, given to the driver controls,which hada high line impedance(2:2k
 ). The
electronicswithin thedrivercontrolsdrew enoughcurrentthatthevoltagewould drop
from 15V to 11V acrossthesupplyline. This, in turn, meantthat theUQM's highest
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controlvoltagewaslimited, leadingto thesituationwherethemaximumthrottlesetting
waslimited to 60%of whatit shouldhavebeen.

Several bugs were observed with regard to regenerative braking. The controls
would causethe car to brake very slowly or very severely, seeminglyrandomlyal-
ternatingbetweenthetwo.

Third, therewasno facility to connectto theCAN network beingdevelopedaspart
of this project.

A fourth issueexistsin thenatureof thecontrolsbehaviour. Becauseapotentiome-
terwasused,it waspossiblefor themotorcontrollerto beswitchedonwith thethrottle
full on. A digital encoderstyle interfacenot only eliminatesthis problem,but also
improvesthefeelof thethrottlecontrol.This is importantsincethethrottleis themain
controlfor thecar'spowerusage,andthereforeits easeof useis critical.

An interfacingsolutionwasrequiredwhichprovidedacommoninterfacefor all the
motorcontrollers.To interfacetheTritium andSunsharkcontrollersto theold analogue
controlswould requirefurtherdevelopmentof theanalogue-to-digitaladapterboards.
Thiswould encumberthesystemwith many of theproblemsoutlinedabove.

A driverinterfaceboardis soldby Tritium aspartof theirmotorcontrollerpackage.
Sincethe driver interfaceneededto be rebuilt to improve its reliability, the deci-

sionwasmadeto go for anall-digital system.Adapterboardsfor thecontrollerscan
be manufacturedwhich convert the digital (insteadof the analogue)interfaceto the
controller's speci�c requirement.Sincethe team's primary motor controller is to be
the Tritium, andthis controllerprovidesall the features(including a CAN interface)
that arerequired,the decisionwasmadethat its digital interfaceshouldbe standard-
isedupon.In this way, a drivercontrolsboardis alreadyavailable,alongwith ausable
controllerwhich canimmediatelybe installedin thecar. Theteamgetsthebene�t of
thetestingperformedby Tritium regardingits drivercontrols,andassociatedprotocol.
Thesourcecodeusedin theTritium controlleris availableandthereforeonly a simple
port to whateveradapterboardis usedshouldberequired.

SincetheNTU andLillington controllerswill notoperatewith thecar'scurrentbat-
terypack,adapterboardsweredevelopedfor theUQM andSunsharkcontrollersonly.
The adapterboardsprovide a very similar interfaceto that on the Tritium controller,
with thesameconnectors,andproviding thesamefeatures.RS485andCAN interfaces
areprovidedto connectto thedrivercontrolsandnetwork respectively.

Thesetwo adapterboardsarevery similar, with only the controller interfacecir-
cuit differing (andigital-to-analogueconverteris usedto control theUQM's analogue
interface,whereasa PWM signalis providedto theSunsharkcontroller). Thesewere
co-developedwith astudentfrom theSunswiftteam(Kian Chin)but havenotyetbeen
testedbecausetheoperatingcodehasnot beenwritten. This is likely to becompleted
over thecomingsummerbreak. No adapterboardis, of course,requiredto interface
thedrivercontrolswith theTritium controller.

7.2 Tritium Motor Controller

In orderto interfacetheTritium controllerto thenetwork within Sunswift,both inter-
facinghardware,andappropriatesoftwarewererequired.

An attemptwasmadeto, asfaraspossible,adapttheTritium controllerto conform
to the guidelinesgiven in Chapter4. The controller provides an un-isolatedCAN
interfacewith a singleMicro�t connector(ie not the sameasthat usedin the restof
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thenetwork). Furtherhardwareissuesrelateto theavailableLEDs,andthelack of an
accuratereal-timeclock.

Two optionswereconsidered(andeventuallyimplemented).The line driver was
removedandthelogic level signalsbroughtto theconnector. A smallboardwasthen
designedwith an optical isolator, Triad connector, transientvoltagesuppression,and
appropriateregulatorsfor thepowersupply1.

A furtherboardwasdesignedto replacethe internalexpansioncard,negatingthe
needfor an external adapter. This boardwas never built becausethe small adapter
boardworked well. Tritium have beenmadeawareof the issues,andindicatedthat
they will routetheCAN logic level signalsto theexpansioncardin futurerevisionsof
themotorcontroller. Thiswouldmeanthattheadaptercircuitry couldresidewithin the
controller'scasing,andtheconnectorsmountedonthefront panel— aneatersolution.

Writing softwarefor power electronicssuchasthe motor controlleror MPPTsis
usually dif�cult due to the risk of causingdamageto the device itself. Changesin
the interrupttiming, accidentalmodi�cations to controlparameters,garbledmemory,
or a garbledprogram,could all have a devastatingeffect. A current limited power
supply was usedwhenever testingnew software in order to limit the effectsof any
errors. Threecontrollersweredamagedduring the periodof the thesisdue to bugs
in software, hardware problems,and operatorerror. Thesecontrollerswere kindly
repairedby Tritium.

In order to minimisethe risk associatedwith writing this code,it wasdeveloped
in closeconsultationwith Tritium by travelling to Queensland.This allowed themto
give adviceregardingimplementationtechniques,andsharetheir experiencewith the
TMS320L2407DSP(onwhich thecontrolleris based).

Codewaswritten to implementthe CAN interfaceasde�ned by the abstraction
libraries. A timer wasemulatedusingthe PWM interruptserviceroutine,andother
requiredfunctions,suchasthosefor persistentstorage,weretemporarilystubbedin.
Scandalfunction calls was thenusedin the motor controllercode,and the libraries
compiledin.

This processtook approximatelytwo days,with almostall of thework relatingto
writing correctCAN controllercode.All telemetrychannelsavailableover thedriver
controls'RS485link weremadeavailableasScandalchannels.This is approximately
17differentpiecesof information.Thespeed,PWM, andmotorcurrentareupdatedat
0.1sintervals.Otherchannelsareupdatedoncepersecond.

The controllerwastestedon a numberof occasions,failing several timesdueto
causesunrelatedto thenew code.

Thefacility to runaspeedcontrolloopwasdeveloped(by Tritium). Unfortunately,
therewasno way for their driver controlsto control theset-speed.Thesoftwarewas
written suchthat thedriver controlsboardcouldenableanddisablethecruisecontrol
function.Thesetspeedandcurrentlimit couldthenbesetvia theCAN network (using
Scandalin-channels).With very little benchtesting,this wasprogramwasnot trusted.
It is intendedthat the codeshouldbe further testedandveri�ed, and thenbe road-
tested.Theability to setthespeedfrom a supportcarwill greatlyimprovethecontrol
the strategist hasover the car. It shouldalso eliminateinef�cient power andspeed
behavioursasdemonstratedin Figure2.3.

1Thecontrollerprovidesa15V powerrail onits CAN connector, soasimpleLDO regulatorwasrequired
in placeof anisolatedDC-DC converter.



Chapter 8

Sunswift II Implementation

In orderto form a working electricalsystemfor usein thesolarcar, a largeamountof
work wasrequiredbeyond thedevelopmentof thebasicinfrastructure.A numberof
devicesweredesigned,basedon theCANRefNode.Theoperatingsoftwarefor these
deviceswaswritten. Theboardsweresentto bemanufactured,andthenpopulatedby
membersof thesolarcarteam,almostall of whomwerein their �rst yearof university.
Somedesignwork wascarriedoutby two otherstudents.

Thesolarcar(asmentionedin Section2.4.1)comprisestwo halves:topandbottom
shell.Sincethesetwo componentsseparate,it is necessaryfor theCAN busto encircle
bothin orderto serviceall devices.

Themostimportantparametersto bemonitoredarebatteryvoltage,array, battery
andmotorcurrent,andspeed.While batteryvoltageis providedby thecontrollerand
trackers,a high accuracy valuewasrequiredwhich thesedevicescould not provide.
While it is possibleto deducethebatterycurrentusingthesumof thetrackerscurrents
andthecontrollercurrent(measuredby thecontroller)it wasconsideredbene�cial to
have independentsensors.Thesecanberemovedlater if testingshows themto beno
moreaccuratethanthealternative.

The devices outlined in the following sectionswere designedto accommodate
Sunswift's speci�c needs,basedon the hardwareandresourcesdevelopedas infras-
tructure.Furtheradditionsto thesystemshouldbetrivial requiringonly productionof
thedeviceaswell asappropriatelengthcablesfor connectionto thenetwork.

8.1 DevicesDesigned

Along with the motor controllerandMPPTs,a numberof devicesweredesignedto
carryout the requiredfunctionswithin Sunswift. In-channelandout-channelIDs are
de�ned in scandal_devices.h.

8.1.1 DC-DC converter

A DC-to-DC converterwasconstructedto act asa power supplyfor the low voltage
system.It is connectedto thehigh-voltagebusandgeneratesthevoltagesrequiredon
thepower rails of theCAN bus. TheCAN bus is galvanically isolatedfrom thehigh
voltagesupplyvia A VI-J00 isolatedconverterfrom Vicor which up to 75W at 12V.
The5V power rail is generatedfrom this 12V usinganef�cient switchingregulator.
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Sinceit is connectedto thehigh voltagebus,it is a goodpoint to take batteryvolt-
agemeasurements.A CAN node(asspeci�edby thereferenceschematicsoutlinedin
Chapter4) is built onto the samePCB asthe converter, with a high-precision16-bit
ADC providing accuratevoltagesamples. The voltageis oversampled(at approxi-
mately1kHz) anddigitally �ltered in themicrocontroller. TheADC is isolatedfrom
themicrocontroller. Two measurementsof thebusvoltagearetaken— beforeandaf-
ter the fuse— suchthat thestatusof the input fusecanbe determined.Currentinto
theconverter, andDC-DC chassistemperaturearealsomeasured.A connectionfor a
coolingfan,if required,is available,andis switchedusinga MOSFET.

A numberof valuesregardingthelow voltagelinesaremeasuredby themicrocon-
troller's internalADC. A, switched,12V outputconnectoris alsoavailable.

8.1.2 RS232card

In orderto provide an interfacefor a PCor otherdevice with a serialport, anRS232
daughterboardwasdesignedfor theCANRefNode.This boardusestheATMega323's
internalUART andconnectsit to anRS232line driver andtheappropriateconnector
for communicationswith aPC's serialport.

Two piecesof softwarewerebuilt to run on this device. The �rst is a small ter-
minal applicationwhich allows a userwith a serialterminalto monitor thebus,send
con�gurationmessages,andreadtheerrorstatusof thenetwork.

A secondpieceof software implementsa serialCAN bridge. CAN packetsare
receivedusingthecontroller, andsentto theserialport usinga byte-stuffed protocol.
Similarly, CAN packetsarereceived via the serialport andprotocol,andsentto the
CAN controller. Thusany device with a serialport caneffectively becomea nodein
theCAN network.

8.1.3 Curr ent sensor

A currentsensorwasdesignedto measureup to 50A usinga hall-effect transducer.
Sincethetransducercanproducebothpositiveandnegativevoltages(correspondingto
positive andnegativecurrents)anisolatedDC-DC converterwasusedto generate0V,
+15V, and+30V. Thetransducerwasreferencedto the+15V line, effectively shifting
it by 15V. A resistordivider wasusedto scalethe voltagefrom 0 through30V to 0
through3.0V (which the ADC canmeasure).Thus1.5V is equivalentto 0A, 0V to
-50A, and 3.0V to +50A. A secondorder butterworth LPF with a 1kHz cutoff was
designedto reducethenoiseat theADC input. Seetheschematicsin AppendixB for
furtherdetails.

The10-bit ADC on themicrocontrollergives0.1A per leastsigni�cant bit change
(since-50A to 50A is measured).This is probablynot enoughfor high accuracy mea-
surements(where1mA wouldbepreferable).Thisde�ciency shouldbeinvestigatedin
thefutureandremedied.

Currentis sampledat approximately1kHz anddigitally �ltered to provide an up-
dateevery0.1s.

Thesensorcanbeshutdown via a FET which controlsthesupplyto the30V DC-
DC converter. Currentusedto supply the transduceris measuredusinga high side
currentsenseresistorandassociatedampli�er.

Theisolatedgroundis connectedto theun-isolatedgroundon thedaughtercardto
simplify thedesign.This shouldnot resultin a decreasein reliability, sincethenode
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never comesinto physicalcontactwith any externalvoltagebecausethetransduceris
completelyisolatedfrom thehigh-powerlines.

8.1.4 Dri ver display

A 16x2 characterliquid crystal display(LCD) wasinterfacedto a CANRefNode. A
ribboncableconnectsthenodeto theLCD screen.A FETcanturntheLCD'sbacklight
on. A potentiometeradjuststhecontrastvoltage.A suitableLCD screen,which could
accept3.3V asa supplyvoltage,wasfound,meaningthat no voltagetranslationwas
requiredfor controllines(aswould havebeenhada 5V LCD beenused).

Following anunsuccessfulattemptto write thesoftwarerequiredto drivetheLCD,
apublic-licencelibrary wasfoundwhichworkedextremelywell. Thedisplayhasbeen
programmedto accepttext messagesto be displayedon thescreenaswell asvalues,
via in-channels.Four numbersaredisplayed,thedisplayedvaluesarecon�gurableby
changingthein-channelsource.

Other displayscould be used— larger characterdisplayswould be particularly
suitablesuchthatmoretelemetrychannelscouldbeshown.

8.1.5 Handlebar Controls

Thedriverrequiresanumberof controlsto operatethecar. Mostnotablyathrottlecon-
trol. Having two con�gurablebuttonswasalsoconsidereduseful.TheTritium throttle
control boardis not suitablefor mountingon the Sunswifthandlebars,andtherefore
onewasdesigned.A PCBwith two under-thumbbuttonswasdesigned.Thesecontrols
havebeenmountedneatlyon theright handhandlebars.

8.1.6 Dri ver controls interface

In orderto interfacetheswitchesandbuttonspresenton thehandlebars,a driver con-
trols interfaceboardwas designedto interfaceto the CANRefNode. The board is
very simple,consistingonly of connectorswired to the microcontroller's pins. The
ATMega323hasinbuilt pull-up resistors.This interfaceshouldberebuilt with added
protectioncircuitry for theinputs.An excellentschemewasoutlinedby aTritium elec-
tronicsengineer. Theboardconnectsto thesmallhandlebarmountedswitchblockused
in SunswiftII, thethumb-buttonsboardoutlinedabove,anda rotaryencoder.

The softwarefor this boardprovidesout-channelscorrespondingto the left indi-
cator, right indicator, horn,anddisplayscroll up/down. Messagesaresentto turn the
indicatorson andoff onceper secondwhenactivated. This meansthat the software
on thenodescontrollingtheindicatorscanbeidenticalto thesoftwarecontrollingbat-
tery fans,thehorn,etc. This allows for easyreplacementof a faulty node,aswell as
decreasedcomplexity.

8.1.7 Switch card

A secondyearstudent,BonneEggleston,designed,with thehelpof theauthor, aboard
to supply power at 12V to whatever devicesshouldrequireit. The boardusesa P
type MOSFET to switch the high side of the device on and off. Eachchannelhas
currentsensing,aswell aspreandpost-fusevoltagesensing(allowing for blown fuse
detection).Up to 3A canbesuppliedfrom eachchannel.
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Thesoftwarewritten acceptstwo in-channelsindicatingthestateof eachconnec-
tor. Whena valuewith a morerecenttime stampis received, the output is updated
dependingonwhetherthein-channelis zeroor non-zero.

8.1.8 1-Wir e temperature sensors

Thesamestudentalsodesignedaninterfaceto the1-Wire network, in orderto reada
numberof temperaturesensors.A UART to 1-Wire converterchipwasusedto achieve
this interface.

Thenodeallows a network of low costtemperaturesensorsto beconnectedusing
only two wires. Thesetemperaturesensorsarethenreadandthe valuestransmitted
overCAN usingindividualchannels.

Thesoftwarewritten is basedon the1-Wire public domainkit. This softwarere-
quiresUART sendandreceive functions,andtheseareprovidedusingtheabstraction
library. The high level software on the nodewas written by the student,using the
librariesoutlinedin Chapter5.

8.1.9 Palm pilot

An m100Palm Pilot wasseenasthecheapestway to servicethecarwith a graphical
LCD. It wasseenasimportantthat the driverscould observe their power usagepat-
terns.TheLCD shouldbeableto displaygraphsandotherrepresentative information
regardingany of theparameterswithin thecar.

ThePalm is to acceptdatavia its serialport, from anRS232node(asdescribedin
Section8.1.2),usingthebyte-stuffedprotocolwhich hasbeenimplemented.An SRT
studentwasgiventhetaskof writing thesoftwareto performthis function,but has,as
yet, madeonly preliminaryprogress.The Palm's power is suppliedfrom an internal
battery.

8.1.10 PLEB

ThePLEB,developedby CSE,is intendedasa morepowerful processingnodein the
network. It currentlyrunstheLinux operatingsystem.Softwarehasbeenwrittento act
asa transparentCAN bridge,takingdatareceivedvia theserialport, andtransmitting
it to a supportcarusingthewirelessEthernetprotocol.

Harvey Tuch,aCSEundergradstudent,assistedin thesetupof thePLEB.Catapult,
thebootloaderunderdevelopmentby thedistributedsystemsgroupatUNSW, wasnot
matureenoughto be usedfor the application,andthereforeBLoB, developedby the
LART teamat TUDelft, wasusedin this role. Unfortunately, BLoB's �ash memory
writing routinesarenotcurrentlycompatiblewith thePLEBhardware,andthereforea
workaroundwasusedinvolving a network bootedLinux kernelwhichhad�ash mem-
ory writing driversinstalled.

The PLEB is con�gured with thesshdaemonavailablefor on-roadmaintenance.
An IP assignmentsystemwasinstitutedfor addressingthesolarcarandsupportcar.

8.1.11 Miscellaneousdevices

Two otherdevicesweredeveloped:



8.2. CONSTRUCTION 97

Figure8.1: Approximatelyhalf of thePCBsconstructedfor Sunswift

� anIV curvesweepingboardwhichcanmeasuretheIV characteristicsof a solar
panelseveraltimespersecond

� apowersupplyfor testingandcon�gurationof thenetwork without thebatteries

8.2 Construction

Thefacilitiesat CSEareappropriatefor building prototypeboards,but arecostly, and
time consuming,for productionruns. In orderto producethemultitudeof PCBsthat
wererequired,two externalmanufacturerswereemployed. IMP PrintedCircuitspro-
vide a cheapservicefor theproductionof detailedandmulti-layerPCBs.TheCAN-
RefNodewasdesignedwith this business's servicespeci�cations,andusedtracksand
spacingdown to 5 thousandthsof aninch(0.13mm).BECManufacturingwasusedfor
asecondrunof PCBswhichdid notneedto besodetailedbecauseof theirprototyping
servicewhereanumberof PCBscanbeplacedonasinglepanelfor a �x ed(low) cost.

Componentswereorderedby Sunswift's purchasingof�cers. While Farnell com-
ponentswerechosen,a 60%reductionin pricecouldoccasionallybeachievedby or-
deringfrom a differentsupplier. Farnellwasusedasa fall-backshouldothersources
notbeavailable.

Theboardswerepopulatedby �rst yearandsecondyearstudentsfrom theSunswift
teamundertheguidanceof theauthor, andDavid Johnson— aseniortechnicalof�cer
from CSE.Thesurfacemounttechnology(SMT) labatCSEwasusedfor thispurpose,
providing quality tools andviewing systems.David Johnsonchecked the PCBsfor
solderingerrors,andprovided�x eswherenecessary.

Testingof eachboardfor functionwasperformedby SRT students,andmalfunc-
tioningboardsweregivento theauthorto berepaired.

In total,over50devicesweremanufacturedby six students.

8.3 Installation

Theaboveoutlineddeviceswereinstalledin thecarin variousstages.Until thenewly
developedsystemhadthesame,or better, functionalitythantheold electricalsystem,
thetwo wererun in parallel.Following thegainingof equivalentfunctionality, theold
electricalsystemwasremovedfrom thecar, andthenew systempermanentlyinstalled.

Wires to connectthe CAN network nodeswereconstructedby the Sunswiftstu-
dentsusingcategory 5 twistedpair cableand the Triad connectors.Molex Micro�t
connectorswereusedto makemiscellaneousconnectionsto thenodes.
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TheDC-DCconverteris connectedto thehigh voltageswitchblockvia a fuse,and
is locatedbehindthedriveron theleft handsideof thecar.

Switchcardswereusedto servicetheindicators,with oneat thefront servicingthe
left andright, andtwo at thebackservicingtheleft andright indicatorsandthebrake
lights. Two switchcardsareconnectedto four batterycoolingfans.Anotheris usedto
servicethehornandrear-visionscreen.

Two RS232devicesareused:oneconnectsto a Palm Pilot, andanotherconnects
to the PLEB. Both usethe byte-stuffed binary protocol over RS232. The PLEB is
installedbehindthedriver'sseaton theright. ThewirelessEthernettransceiver is also
locatedbehindthedriver'sseat,on thebottomshell.

A driver controlsboardwasinstalled,andthe necessarywiring/crimping doneto
connectthehandlebarcontrolsto it.

Threecurrentsensorsareusedto measurethe battery, arrayandmotor controller
currents.

A driver displayboardwasmountedin the centreof the array, andthe character
LCD situatedjust underthevisor. This makesthedisplayeasyto �nd andreadwhen
driving the solarcar. The palm pilot wasmountedin the right handcontrol box by
an SRT member. While this locationis not within thedriver's peripheralvision, it is
thoughtthatany informationdisplayedis not likely to becritical.

TheMPPTsareconnectedto thenetwork in the top shell,againusingcategory 5
cable.Thewireswereterminatedusingbootlaceferals,andscrewedinto thetracker's
CAN connector.

TheTritium motorcontrollerwasconnectedvia theadapterboardoutlinedin Sec-
tion 7.2. Othercontrollerswerenot consideredsincethe softwarefor the necessary
adapterboardshadnot yet beenwritten. TheTritium driver controlsboardis situated
in theright handcontrolbox.

Eachendof theCAN busis terminatedusinga 100
 resistor.

Specialattentionwaspaidto theorderin which thedeviceswerewired. Themost
importantdeviceswerelocatedcloseto the DC-DC converter, so that a breakin the
powersupplyfor thesenodesis moreunlikely. ThemotorcontrollerandPLEB areon
eithersideof theconverter.

Con�gurationof thesystemoccurredasnew devicesbecameavailable.Calibration
of thescalingconstantswascompletedto thepoint whereeachdevice wasuseful,but
not further. Interesting,but non-essentialchannelssuchas the current�o wing from
theDC-DCconverterwerenot calibrated.Critical channelssuchasthebatterycurrent
sensewerecarefullycalibrated.

8.4 Testingand Debugging

Thesystemwastestedprogressively asit evolved. All componentswerebench-tested
as they weredeveloped,but benchconditionsarenot a goodtest for the robustness
of thehardware.Vibrationanalysisandsimulationwasconsideredby onememberof
theteam,but eventuallyit wasdecidedno substitutewasavailablefor on-roadtesting.
Six testingdayswereusedto testthesystem,with a rigoroustestingscheduleplanned
duringthesummerbreak.
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8.4.1 Testingday 1

Two prototypecurrentsensors,aDC-DCconverter, andtheMPPTswereusedto mon-
itor thecarona trip alongtheM5 motorway. Theold electricalsystemanddrivercon-
trols remained.An RS232cardin conjunctionwith a Proxim wirelessradio modem
wasusedto communicatewith a laptopcomputer. Thesystemwasdriven,andthedata
loggedusinga smallapplicationrunningunderLinux. Only somedatawereobtained
from the MPPTsbecausemostof themhadnot yet beenmodi�ed to be compatible
with theSunswiftbusarrangement(particularlythepowersupplyvoltagelevels).

The testingrun provedthat thenetwork operatedin its basicform. The mostde-
bilitating bug wasthe accidentalinclusionof debuggingcodein the currentsensors.
Wheneveramessagesendfailed,thecurrentsensorswouldenteranerrormode,�ash-
ing theindicatorLEDsto indicatewhicherroroccurred.Unfortunately, thisalsomeant
thatno messagesweresentby thesensorin this mode.Thesystemwould, therefore,
operatefor ashortperiodbeforethecurrentsensorswoulddisablethemselves.In order
to avoid this in thefuture,thein-carsoftwareshouldbefrozenseveraldaysbeforeany
raceoccurssuchthattestingmaydiscoverany obviousfaultssuchasthese.

8.4.2 Testingday 2

Testingday 1 wasthe only day wherethe two electricalsystemswererun in paral-
lel. Betweentestingday 1 andtestingday 2, the car's electricalsystemwasentirely
replaced,and the Tritium motor controller installed(along with the driver controls
andcontrolboardsassociatedwith it). ThecarwasagaindrivenalongtheM5 motor
way until theTritium controllerfailedbecauseof a currentlimit settingthatstoppedit
climbinga steephill.

For testingday2, thedriverdisplay, indicators,motorcontrolleranddrivercontrols
were addedto the CAN network. Speed,batteryvoltage,array current,and motor
controllercurrentweredisplayed,andworkedwell. Theindicatorsseemedto operate
poorly, �ashing at a non-uniformrate. This bug is still not quiteworkedout, but one
problemwas associatedwith the codeon the driver controlsratherthan that at the
switch cards. The issuesarealsorelatedto the MCP2510's garbledmessageissues.
Theproblemappearsto getworsewith increasingbustraf�c, which correspondswith
theproblemssetout in theMCP2510'serratasheet.

No wirelesscommunicationwasavailablefor this testingday. The driver display
wasusedto monitorthecarfrom within.

8.4.3 Testingday 3

In preparationfor a racewhichwaslatercancelled,theteambuilt achaindrivesystem
suchthat thecar would be ableto climb steephills. In orderto testthis, thecar was
driven up the Mount Victoria pass(which is on the oppositesideof the Blue Moun-
tains to Sydney). Again, no wirelesscommunicationwasavailable,andthe car was
monitoredusingthedriverdisplay, currentsensorsandDC-DC.

8.4.4 Testingdays4 & 5

During the mid-sessionbreak,the car wastaken for a weekenddrive: �rst down the
M5 motorway, thenturningtowardsCowra.
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The PLEB and associatedserial card and the wirelessEthernetradio link were
installedfor thetestingrun. Scandalconfwasusedto log thedata.

Unfortunatelythis run wasmarredby the malfunctionof the Tritium motor con-
troller. On the�rst day, badcurrentcontrol loop constantshadbeenprogrammedinto
thecontroller, andit wasswappedfor theUQM (meaningthatno telemetrydatawere
obtained,andno speedometerwasavailable). On the secondday, following a very
shortperiodon theroad,theTritium controllerdamageditself whenits powersupply,
whichhadnotbeensecuredsuf�ciently , becamedisconnected.Notethattherestof the
network survived,despitethedestruction,dueto the isolationbarrieraffordedby the
adapterboardbuilt for theTritium controller.

Theindicatorproblemstill hadnotbeenaddressed.
Tracker communicationwas unreliable. It was later discoveredthat the supply

voltagefor the trackerswasdropping. This wasbecausethe trackersrequireexactly
5V for their CAN communicationscircuitry (as opposedto the >3.3V requiredby
the CANRefNodeand Tritium adapterboard). When this supply voltagedips, the
tracker's communicationscircuitry fails andsendsspuriousmessageson thenetwork
— effectively cloggingit. Thiswassolvedfor thelasttestingrunby addinga5V LDO
regulatorin theat theendof thebus. Thecauseof this voltagedropshouldbefurther
investigated.

Two waycommunicationwith thePLEBwasnotpossibledueto abugin thewire-
lessEthernetprotocolcode.This hasnot yet beenresolved,but is not critical sinceits
mainfunctionis to supplythesupportcarwith telemetrydata.Whencontrolof thecar
is required,two-waycommunicationwill becomeimportant.

8.4.5 Testingday 6

Themostrecenttestingrunwasheldon27thOctober. Two andahalf hourswerespent
driving thecar. Apartfrom theabsenceof temperaturemonitoring,andtheexclusionof
thehorndueto a lack of availableworking CANRefNodes,thecarwasin its intended
state. Softwarewise, the two-way communicationshadnot beenresolved, the CAN
network still appearedto occasionallygarblemessages,and the Palm Pilot display
softwarehadnotbeenwritten. Apartfromthesefaults,thetelemetryandcontrolsystem
functionedwell.

The car wasforcedto stopon threeoccasionsbecauseof a failure in theTritium
motor controller. This wasdue,again,to a malfunctionof the currentlimiting code.
As long asthe currentwaskept underthe limit, the controller functionedwell. The
telemetrysystemwasusedto guidethedriverasto how fastto goin ordernotto exceed
this current1 (which was viewable as a telemetrychannelin the supportcar). The
telemetrydata,in thisinstance,havesavedasigni�cant amountof timeatthesideof the
road,andwouldhavebeeninvaluablein aracesituation.Hadtwo waycommunications
beenrunning, the driver display could have beenrecon�guredto display the motor
currentwhile still driving.

1Notethatthis currentis themotorcurrentratherthanthemotorcontroller current.
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Figure8.2: Theauthormonitorsthesolarcarduringtestingday6
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Chapter 9

Results

A numberof differentresultscanbedrawn uponin theevaluationof thedevelopment
undertakenduringthis project.

9.1 Sunswift RequirementsFul�lment

In Section3.1, requirementsfor a solar car's electricalsystemwere outlined. The
systemdeveloped(usingthe infrastructurealsodeveloped)ful�ls thoserequirements
in thefollowing ways1:

� allow thecollectionof datagatheredin theoperation of deviceswithin thecar.
Both theTritium motorcontrollerandBiel maximumpower point tracker have
beensuccessfullyinterfacedto thecontrolnetwork within thecar. Thesedevices
havebeenusedto gathertelemetrydata;

� providestatusinformationona device'sfunctioning, andmodeof function.Each
device providesa heartbeatmessageoncepersecondwith usefuldiagnosticin-
formation(suchasmostrecenterror).This informationis notcurrentlyanalysed
by Scandalconf,but this is simplya matterof implementation;

� providefeedback to thecar'sdriver. A driverdisplayhasbeeninstalledandused
effectively;

� performwell in an electricallynoisyenvironment.Analysisof theerrorswhich
occuron thebus indicatethaterrorsareunlikely in thesteadystate(e.g. when
driving). Thebusdoesnotappearto beadverselyaffectedby EMI;

� provide facilities for control of deviceswithin the car. Control of the devices
within thecarhasbeenimplementedandworkswell, but not usingthewireless
link affordedby thePLEB.Thisis dueto asoftwareerrorandshouldberesolved.
Batteryfanscanbecontrolled,andmessagessentto thedriverdisplay;

� befault tolerant. Onecomponent'smalfunctionshouldbeisolatedto thefailure
of that component.This hasbeenproven via the system's survival of various
malfunctions. The Tritium controller's malfunctionduring testingday 5 had

1The comparisonsgiven hereare only thosewhich it was felt requiredjusti�cation or have not been
ful�lled. Requirementswhichhave obviouslybeenful�lled areomitted.
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no effect on the restof the system(which continuedto operate).Furthermore,
with thereplacementof themotorcontroller(andonly themotorcontroller)the
systemcontinuedto operate;

� usea minimumof energy. Thecurrentelectricalsystemusesapproximatelythe
samepowerasthepreviousone(� 10W).Notethatpowerconsumptioncouldbe
reducedsigni�cantly by theimprovementof theDC-DCconverter. It couldalso
bereducedsigni�cantly via theuseof un-isolatednodesfor non-criticalsystems.

9.2 Comparisonwith PreviousSystem

The systemimplementedusinginfrastructuredevelopedis superiorto the previously
usedsystemin that it ful�ls the requirementsfor a solarcar's electricalsystemin a
moreuseful,more reliablemanner. The successof the new systemis only possible
becauseof theunderlyingcontrolnetwork,andthedesigndecisionsassociatedwith its
implementation.

9.2.1 Extendibility

Thesystemis inherentlyextendible,aswasdemonstratedthroughSunswift'selectrical
systemimplementation.First only four nodeswerepresent,monitoringthreecurrents
anda voltage. Later on, nodeswereaddedto operateswitchedaccessories,a driver
displaywasaddedaswell asthePLEB,PalmPilot, etc.Additionsstill plannedinclude
arrayandbatterytemperaturesensornetworks, further driver displays,tyre pressure
sensors,a batterymonitoringsystem,etc. Thedesignof thesenodesis abstractedby
thenetwork andScandalprotocol.

In comparison,take theteam'sattemptto adda driverdisplayto thepreviouselec-
trical systemin 2001. An LCD screenwith anRS232interface(which increasedthe
cost of the device signi�cantly) was purchased,however all of the availableRS232
portson the uCsimmwerein use. Thusit wasnecessaryto addone. In order to do
so, several ICs would have beenrequiredto be solderedonto the prototypingboard
to which theuCsimmmounts,or a new carrierboardfor theuCsimmdesigned.Both
optionswould have takena signi�cant amountof time. Furthermore,therewerenine
otherdevicesin thecar possessingserialports. Nine moreUARTs would have to be
added.Comparewith thesameexerciseusingthenewly developedinfrastructure:the
RS232daughtercardcouldbeconnectedto a CANRefNode,andsoftwarewritten.

9.2.2 Flexibility

Thesystemis inherentlymore�e xible thanthepreviousone.Take theexampleof the
variousswitcheson the handlebars.Theseswitchescanbe recon�guredto be used
for many purposes.The right handbuttonscould be con�gured to turn the battery
fanson andoff, ratherthanscroll throughthe screen,simply by con�guring the in-
channelsin the screenandbatteryfansdifferently. For example,shouldthe battery
fansberequiredto switchonwhenthebrakesareactive (for whateverbizarrereason),
it would be a simplematterto write the software to accomplishthis. Attaining the
samefunctionality in theold electricalsystemwould have beenextremelydif�cult —
requiringtheadditionof hardware.
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Old system New system
Numberof telemetrychannels: 11 153

Minimum samplingperiod: 5 s 0.01ms
Maximumsensor-measurementdistance: 2m 5cm

Trackerandcontrollerstatus?: No Yes
Numberof externalsensors: 3 3

Table9.1: Comparisonof obtainedtelemetryto theSunswiftII, 2001telemetrysystem

9.2.3 Data quantity and quality

Thenew electricalsystemcancurrentlylog up to approximately400packetspersec-
ond, andhasa theoreticallimit of 8000packetsper second.With this datatransfer
capability, therateat whichdatacanbeloggedis greatlyimproved.

Thenumberof telemetrychannelsis signi�cantly increased.SeeSection9.3 and
AppendixC.

9.3 TestDri veLogs

On the testdrive outlinedin Section8.4.5,datawereloggedusingScandalconf.The
following graphshavebeengeneratedfrom thoselogs(andcouldhavebeengenerated
in real-timewere the softwarewritten). This demonstratesthe kind of information,
gatheredby thenew electricalsystem,thatcanhelpmake informedstrategy decisions,
aswell asverify thecorrectoperationof thecar.

Figure6.13wasgeneratedfrom datataken on testingday 6. It shows the power
generatedby eachtrackerascalculatedusingthepanelvoltageandcurrentinformation
that is transmittedvia thenetwork. Thebreakat 4550secondsis dueto a fusefailure
at PheasantsNest fuel stationwhich disabledthe receiving wirelessEthernetaccess
point.

Figure9.1is interestingbecauseit showsanimportantability of thetelemetrysys-
tem: estimatingthebatterystateof charge. As canbe seen,BSOCis depletedasthe
batteriesprovideenergy.

Figure 9.2 shows the power into the motor controller vs. the speedof the car.
Unfortunately, the M5 hasvery few level sections. For this reason,it is dif�cult to
estimatethe car's CdA andCr r from this data. A curve calculatedusingestimated
parametersis overlayedin thesame�gure.

9.4 Battery DischargeMonitoring

Thereweretwo motivationsfor monitoringcontrolleddischargesof theSunswiftbat-
terypack.The�rst wasto usethedatagainedto estimatethestateof chargeat agiven
voltage,sincefor Li-ION batteries,thereis a strongrelationshipbetweenthe battery
stateof charge and the cell voltage. The secondwas to demonstratethe �e xibility
of the framework constructed— by usingthesametechnologyin a slightly different
application.

A loadconsistingof a numberof electricovenelementswasusedto dissipateen-
ergy asheatwhendischarging thepack. A carbonpile wasusedasa variableresistor
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Figure9.1: Batterystateof chargevsTime for testingday6

Figure9.2: Motor controllerinput powervsspeedfor testingday6
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Figure9.3: Voltagevsbatterystateof chargefor SunswiftII WSCbattery

in orderto adjustthecurrentat which thepackdischarged. Thepackwasdischarged
at 7A from 164Vto 130V.

Thedischargewasrecordedusingacurrentsensor, two temperaturesensors,aDC-
DC converter(to measurethepackvoltage)andanRS232board.Thedatawerelogged
on a PC usinga textual versionof Scandalconf.The driver displaywasalsousedto
displaythevoltage,current,andbatterytemperatures.

Thesetup time for themonitoringsystem,excludingthetime takenfor somebug-
�x esto Scandalconf,totalledapproximately10minutes.

Thedataobtainedwereprocessedto determinetherelative BSOCat eachpoint of
thedischarge.Thevoltagewasthenplottedagainstit. This is shown in Figure9.3.The
spike in the middleof thedischargecurve is whereit wastemporarilystoppedwhile
thepeopleobservingthebatteryobserversleft thebuilding (andsinceno currentwas
beingdrawn, thevoltagerose).
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Chapter 10

Conclusionand Futur eWork

SunswiftII' s ad-hoc,inherentlylimited, telemetryandcontrol systemshave beenre-
placedby a systemdesignedfrom thegroundup to beintegrated,extendable,�e xible,
andmostimportantly, reliable— to form a systemratherthana collectionof devices.

This re-developmenthasinvolvedthedesignandimplementationof thehardware
requiredto provide the solarcar with the necessaryfunctionality. Furthermore,the
softwarewhich is requiredto run on the hardwaredeveloped,hasbeenwritten, and
debugged,suchthataworking systemhasresulted.

One of the most importantpiecesof this developmentwas the car's maximum
power point tracker software. The deviceshave beensigni�cantly improvedthrough
this modi�cation, ashasbeendemonstratedvia the2ndplacingin Sunrace,2002.The
reliability of this systemcomparedto thesamedevicewith theWorld SolarChallenge
code,in that race,is vastlysuperior. No MPPTfailureshave occurredsincethesoft-
ware'scommission,comparedwith nearly50%failurein theperiodof oneweekduring
theWSC.

Thecarhasbeendrivenonnumerousoccasionsin bothracingandrace-simulating
conditionsat variousstagesof thenew system's development.A numberof successes
anda numberof failureshave occurred.The electricalsystemhasproven to be pro-
gressively morereliableastestinguncoversnew bugs,aswell asnew solutionsto these
problems.

Oneof the most importantresultsis that following this work, the teamhashad
experiencewith the internalworkingsof all of its primarycomponents,including the
MPPTsandmotorcontroller. Shouldrepairsbenecessary, or improvementsbepossi-
ble, theteamis likely to beableto take advantageof thisknowledge.

Someof the individual achievementsand conclusionshave beenoutlined in the
following sections.

10.1 Hardwareand Software Infrastructur e

TheCANRefNodeandassociatedScandalprotocolform thebulk of a framework de-
velopedin the courseof this project. The combinationof thesetwo hasbeenshown
(throughthedevelopmentof Sunswift'selectricalsystem)to beapowerful prototyping
anddevelopmentenvironment.Useful,customisedembeddedsystemsandembedded
networkscanbe constructedin a limited time, and,moreimportantlyfor theUNSW
SRT, modi�cationscanbemadein similarly shortperiods.
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Theresultingsystemis designedspeci�cally for Sunswift,but is, at thesametime,
basedon a generic,powerful framework. As suchit hasthe advantagesof custom
design(reducedsize,reducedweight,theappropriateconnectors,etc).

10.2 Biel MPPT

Anotherimportantpartof thisthesiswasrevisedoperatingsoftwarefor theBiel MPPT.
The device's reliability, with the additionof this software,hasbeensigni�cantly im-
proved.A simpleopen-loopMPPtrackingalgorithmhasbeenimplementedandtested.
The Scandalprotocolhasbeenbuilt into the software in order to provide a network
with telemetryinformation.A numberof otherusefulfeatureshavebeenimplemented
including in-tracker IV curve sweeps,and serial basedtelemetry. The tracker code
is dif�cult to develop further due to codesize limitations, but signi�cant improve-
mentscanbemadeeitherthroughthereconstructionof thecontrolboard,integrating
improvementsin the areasidenti�ed (giving moreprogrammemory),or throughthe
optimisationof theexistingsoftware.

10.3 Tritium Motor Controller

TheScandalprotocolhasbeenintegratedinto theTritium motorcontrollercode,mak-
ing it compatiblewith the otherdevicesdeveloped. The resultingnetwork nodehas
beentestedon-roadandhasperformedwell. Motor controllerfailuresduring testing
werenot relatedto theoperationof thenew codeor theprotocol.Many of thefailures
havebeendiagnosedvia theuseof thenew network.

10.4 Futur ework

Futurework on theframework would largelydependon theapplicationfor which it is
beingdeveloped.However:

� The microcontrollerand CAN controller used on the CANRefNode should
be investigatedfurther, and more appropriatealternativesusedif found. The
MCP2510,in particular, is dif�cult to use,andits replacementshouldbeconsid-
eredfor new designs.Themicrocontrollerchosenusesmorepowerthanalterna-
tives.

� An un-isolatedversionof the CANRefNodeshouldbe designedfor usewhere
isolationis notbene�cial. An exampleof this is thecurrent-sensorboard,which
bypassestheisolationused.Thiswouldreducebothcostandpowerconsumption
of thedevices.

� A methodis requiredto readthecon�gurationfrom a CAN nodeandsave it.

� Scandalconfis only considereda preliminary tool, and should be either re-
written or substantiallyrevisedsuchthatit ful�ls thedesiredfunctions.A num-
berof usefuluserinterfacefeaturescouldbeimplementedin suchanapplication.

� A bootloadershouldbe written which allows nodesto be reprogrammedover
theCAN network. This would save a substantialamountof time whenapplying
softwarerevisionsto a network of nodes.
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Futurework to themotorcontrollersshouldinclude:

� further benchtestingof the remote-controlof the set-speedusedby the speed
controlloopwithin theTritium controller. Thisshouldthenbetestedin thesolar
car;

� softwarebeingwritten for theadapterboardssuchthatSunswift's lessmodern,
but proven,controllerscanbeoperatedusingthesameinterfaceastheTritium.

Work recommendedregardingthesolarcar:

� Furtherinvestigationshouldbe carriedout regardingthe CAN code. Issuesto
resolve includethoseassociatedwith theMCP2510errata,andreal-timeissues
associatedwith slow processingof CAN data. This should �x the problems
currentlybeingexperiencedwith theindicators.

� A comprehensivebatterymonitoringsystemshouldbeinvestigated.Li-ION bat-
teriesrequireconstantmonitoringnormallyprovidedmanuallyvia . In orderto
satisfythis need,a cell-level

� Thecurrentsensorswhichhavebeenimplementedhaveaprecisionof only 0.1A.
Thisis deemedtoolow for reliablecurrentmeasurement.Furthermore,thetrans-
ducersusedexhibit anoddhysteresislikeeffectaroundzerocurrent.Thesensors
shouldbe investigatedandrebuilt if necessary. Onealternative might be to use
current-senseshuntsratherthanhall-effect transducersfor currentmeasurement.
A higherresolutionADC shouldalmostcertainlybeused.

� Temperaturesensorsshouldbe installedin all four batterypacksandthe solar
array.

� ThePLEBshouldbedirectlyconnectedto theCAN network. While adaughter-
cardto connectthePLEBto aCAN network wasdesignedandbuilt, incompati-
bilities with theavailableEthernetcardeliminatedthepossibilityof its use.This
situationshouldbe investigated.It is recommendedthata morepowerful CAN
controllerbeselectedfor this purpose.

� Someform of writable massstorageshouldbe implementedfor usewith the
PLEB.This would allow easiersoftwareupdates,self hosting,anddatalogging
capabilities.If datawereloggedwithin thecar, only critical informationwould
needto besentvia thewirelesslink, therestbeingstoredfor laterretrieval.

� Software for the Palm Pilot shouldbe implementedsuchthat it canact asan
effectivegraphicaldriverdisplay.

� Rigoroustestingof the car's electricalsystemshouldbe undertaken to ensure
racereliability. A testingprogramshouldbe developed. A routine cycle of
driving thecar, repairingfaultsfound,andre-testingshouldbeinstigated.

� A thoroughmaintenancechecklistbedevelopedfor useonanightly basisduring
racesto decreasethechanceof in-racefailure.

Suggestedfuturework in relationto theMPPTsoftwareis outlinedin Section6.7.
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10.5 Bene�ts for external parties

It is believed that this developmentcould be usednot only for the solar car, but in
a numberof otherapplications. It is trivial to adaptthe CANRefNodeto performa
numberof tasksusingcustom-built daughtercards,but eventhiswouldnotbenecessary
for agreatnumberof applicationsgiventhedaughtercardsalreadyavailable.

Oneengineeringstudentworkingonthebio-dieselprojectwith theCentrefor Pho-
tovoltaic Engineeringhasexpressedinterestin implementinga moreadvancedmoni-
toring andcontrol system.This projectaimsto build a trailer with a small plant ca-
pableof producinga dieselreplacementusingkitchencookingoil. This shouldprove
relatively straight-forward,with almostall of thehardwareandsoftwarecomponents
alreadybuilt and tested. Somefurther hardware to handlethe high currentsassoci-
atedwith largemotorsusedfor pumpsandstirrerswould berequired,aswell assome
user-interfacesoftware. Componentssuchasthe characterdisplay, temperaturesen-
sors,switchcards,andserialboardswould be easilyintegrable. Someaspectsof the
CANRefNode,suchastheisolationbarrierandconnectorused,mightbereconsidered
in orderto reducecostin this applicationwherethesefeaturesareof little advantage.

Another organisationwhich may bene�t from this work is the UNSW satellite
project,whoarecurrentlyattemptingto designandbuild a �ight computerfor BLUE-
sat,a small micro-satelliteto be launchedin 2004. Somekind of distributedsystem
makesa greatdealof sensefrom a reliability point of view (in thesamewayasit does
for asolarcar).Thetechnicalleadersworkingon theprojecthaveexpressedaconcern
regardingthepower sucha systemmight consume,but it is thoughtthat this couldbe
reducedto a very low level via theuseof microcontroller'ssleepmodes.With sucha
smallsatellite,CAN maynot bethemostappropriatetechnologyto employ, but many
of thelessonslearntcanbetransposed.

As anothercompletelyunrelatedapplication,theauthorintendsto developaScan-
dalbasedtheatricallighting system.

Theenvironmentdevelopedin this thesisis not intendedto provideanoff-the-shelf
solution. But is designedto bean easy-to-useprototypinganddevelopmentplatform
for embeddednetworksandembeddedsystems.In thisway it is well suitedfor useby
otherstudentprojectswithin theuniversityfor avarietyof purposes,aswell asexternal
partieswith similar needs.

10.6 Final Words

Solarcar raceslike the World SolarChallengeare intendedto sparkcontinuingde-
velopmentof renewableenergy technologiesandenergy-ef�cient vehicledesign.Sig-
ni�cant piecesof technologysuchasthe world recordholding PERL solarcells and
highly ef�cient in-wheelmotorshave beendevelopedasa resultof theseraces.As a
participant,theUNSW teamshouldcontinueto researchnew andinnovative waysof
improving their car, with thegoalof improving theoverall technologyin a signi�cant
way. This projecthasgiventhe teama baseunifying framework with which to build
andevaluatetheir innovations.Themostimportantideato understandis thatany inno-
vationmustbereliable,andevenastraight-forwardmodi�cation cannotbeconsidered
reliableuntil it hasbeenwell tested.
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FigureA.1: CANRefNodetop level schematic
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FigureA.2: 3.3V CAN moduleschematic
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FigureA.3: Microcontrollermoduleschematic
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FigureA.4: DC-DCconvertermoduleschematic
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FigureA.5: CANRefNodeartwork
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FigureB.1: Currentsensordaughtercardschematic



Appendix C

Channelsloggedin Sunswift II

Sunswift II, 2001

Hydra
BusVoltage
BatteryCurrent
MotorCurrent

ArrayCurrent
Speed
ArrayTemp1
ArrayTemp2

BatteryTemp1
BatteryTemp2
BatteryTemp3
BatteryTemp4

Sunswift II, 2002

MotorContr oller
PWM
MotorCurrent
ActualVelocity
BusVoltage
ControllerCurrent
HeatsinkTemp
MotorTemp
ControllerTemp
SMPTemp
15V
MCHorn
Brake
MCRightIndicator
MCLeftIndicator
CurrentSetpoint
VelocitySetpoint

Dri verDisplay

BatteryCurr ent
Current
Power
AmbientTemp

CurrentIntegration
PowerIntegration

MotorCurr ent
Current
Power
AmbientTemp
CurrentIntegration
PowerIntegration

ArrayCurr ent
Current
Power
AmbientTemp
CurrentIntegration
PowerIntegration

Dri verControls
Horn
LeftIndicator
RightIndicators
Camera

HornScreen

Channel1Current
Channel1Voltage
Channel2Current
Channel2Voltage
AmbientTemp
RefnodeCurrent
Channel1Status
Channel2Status

RBatFan
Channel1Current
Channel1Voltage
Channel2Current
Channel2Voltage
AmbientTemp
RefnodeCurrent
Channel1Status
Channel2Status

LBatFan
Channel1Current
Channel1Voltage
Channel2Current
Channel2Voltage

125



126 APPENDIXC. CHANNELSLOGGEDIN SUNSWIFTII

AmbientTemp
RefnodeCurrent
Channel1Status
Channel2Status

BLIndicator
Channel1Current
Channel1Voltage
Channel2Current
Channel2Voltage
AmbientTemp
RefnodeCurrent
Channel1Status
Channel2Status

BRIndicator
Channel1Current
Channel1Voltage
Channel2Current
Channel2Voltage
AmbientTemp
RefnodeCurrent
Channel1Status
Channel2Status

FrontIndicator
Channel1Current
Channel1Voltage
Channel2Current
Channel2Voltage
AmbientTemp
RefnodeCurrent
Channel1Status
Channel2Status

MPPT1
PanelVoltage
PanelCurrent
OutputVoltage
SenseVoltage

HeatsinkTemp
AmbientTemp
TargetVoltage

MPPT2
PanelVoltage
PanelCurrent
OutputVoltage
SenseVoltage
HeatsinkTemp
AmbientTemp
TargetVoltage

MPPT3
PanelVoltage
PanelCurrent
OutputVoltage
SenseVoltage
HeatsinkTemp
AmbientTemp
TargetVoltage

MPPT4
PanelVoltage
PanelCurrent
OutputVoltage
SenseVoltage
HeatsinkTemp
AmbientTemp
TargetVoltage

MPPT5
PanelVoltage
PanelCurrent
OutputVoltage
SenseVoltage
HeatsinkTemp
AmbientTemp
TargetVoltage

MPPT6
PanelVoltage
PanelCurrent
OutputVoltage
SenseVoltage
HeatsinkTemp
AmbientTemp
TargetVoltage

MPPT7
PanelVoltage
PanelCurrent
OutputVoltage
SenseVoltage
HeatsinkTemp
AmbientTemp
TargetVoltage

DCDC
BusVoltage
HVCurrent
UnproBusV
ChassisTemp
12V
5V
Unpro12V
Unpro5V
12VCurrent
5VCurrent
AmbientTemp

BatteryTemperatures
Pack1Middle
Pack1Edge
Pack2Middle
Pack2Edge
Pack3Middle
Pack3Edge
Pack4Middle
Pack4Edge



Appendix D

Graphs of LoggedData

Thegraphspresentedin this appendixweregeneratedfrom dataloggedon the27thof
October, 2002.
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FigureD.1: Motor andDC-DCconvertertemperaturesfor testingday6

FigureD.2: Batteryvoltagevs. Time for testingday6
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FigureD.3: Currentsvs Time for testingday6

FigureD.4: ThrottleandSpeedvs. Time for testingday6
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Car Schematics
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FigureE.1: Summaryschematicof SunswiftII, 2001


