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Abstract

Sunswiftll is theUNSW entrantin theWorld SolarChallengeasolarcarracethatruns
from Darwin to Adelaide. It is a complex amalgamatiorof mechanicakndelectrical
systemawherereliability andef ciency areof the utmostimportance.

This thesisoutlinesthe designand developmentof an integratedtelemetryand
control systemfor Sunswiftll which providessigni cantly improved reliability, ex-
pandabilityand e xibility comparedwith the ad-hoc,limited systempreviously im-
plemented.As partof this developmentthe car's maximumpower point trackersare
examined,andthe softwareredesignedh orderto solve mary issueghatwereevident
duringapreviousevent— asigni cant reliability improvementis obsened.
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Chapter 1

Intr oduction

Thesportof solarcarracingwasbornin 1982whenHansTholstrupandLarry Perkins
crossedAustraliain theworld's rst solarpoweredcar- the QuietAchiever. Following
thejourney, Hanssetup an eventin orderto promotethe useof sustainabléechnolo-
giesandencourageesearctanddevelopmenin the area. TheWorld Solar Challenge
(WSC)was rst runin 1987andis now a bi-annualevent. Carscompeteon a course
whichrunsfrom Darwinto Adelaide covering3010kmthroughthe centreof Australia.

Sunswiftll is the University of New SouthWales(UNSW) entrantin theWSCand
hascompetedn the 1999 and 2001 racesplacing 19th and 11th respectiely. These
positionswereboth consideredy theteamto be belov expectation.In both circum-
stancesthecar's electronicsverepartly to blamefor the poorplacing.

The caris a complex amalgamatiorof interactingelectronicand mechanicabkys-
tems. High ef ciency power electronicscontrol the solar panelvoltageandin-wheel
motor. The solarcells areembeddedn an arraywhich is alsothe car's aerodynamic
form. Batteriesareusedasanominalenegy buffer.

Prior to the projectoutlinedin this documentthe solarcar's electronicsystems
operatedasindependentinits. A rudimentarytelemetrysystemwasusedto monitor
the car's operationandstatusandsendinformationto a supportcar The information
availablefrom this systemwasinsufcient to make mary necessarylecisionswithin
araceor event. Error reportingwas non-eistent, sincethe deviceswere not linked
in ary way to the telemetrysystem. Furthermorethe control systemwas extremely
rudimentary Perhapshe mostsigni cant problemwasthein e xibility which the sys-
temafforded- addingnew functionality oftenrequiredredesigrof the entireelectrical
system.

A exible, powerful setof hardware and software infrastructurewas requiredto
allow thevariouselectricalsystemawithin thecarto interact providing telemetry con-
trol, and management.This was provided throughthe use of control area network
(CAN) technology Hardware and software requiredto implementthe systemin the
solarcarweredeveloped.

The systemdevelopedis a framawvork with which a variety of devicescanbe de-
signed.Its trivial to extend,andcouldeasilybeusedin anentirelydifferentapplication
shouldtheneedarise.

The infrastructuredevelopedwas usedto implementan integratedtelemetryand
controlsystemin Sunswiftll. Thesystemwasconstructedy studentswith the super
vision of the author andinstalledin the solarpoweredcar  Several testdriveswere
undertalenat variousstagef theimplementation.

15



16 CHAPTER1. INTRODUCTION

Additionally, in orderto accommodatthenew framework, andto removeproblems
thatweremostly to blamefor the teams disappointingperformanceduring the 2001
WSC,theoperatingsoftwarefor thecar's maximurnpowerpointtrackers (MPPTs)was
rewritten. The new softwaresolvesa numberof seriousproblemswith the device that
hinderedthecar's performance.

This documents intendedto sene both asa reporton the implementatiorof the
system,the MPPT software and the reasoningbehindthe variousdesigndecisions,
and as a referencefor the solar racing team (SRT) suchthat future work might be
conductedsomesuggestiongor which aregiven.



Chapter 2

Background

2.1 Car Description

Sunswiftll is athree-wheesolarelectricvehicledesignedbuilt, andmanufcturedoy
the UNSW solarracingteam. The projectwascommencedn 1995asthe fourth year
thesisof Byron Kennedy an Electrical Engineeringundegraduatehesisstudent. In
orderto learnaboutsolarpoweredcars theteampurchaseduroraQl1fromtheAurora
VehicleAssociation.The Q1 hadcompetedn the 1993WSC andplaced5th. UNSW
racedthecar, re-badgedsSunswift,andachieved9th place.(For theremaindeof this
documentthe name"Sunswift” will referto the Sunswiftll solarcar Wherereference
to theoriginal caris necessartheterm“Sunswift1” will beused).

Thedesignof Sunswiftll wascommencedbllowing the1996WSC,with theinten-
tion of competingn thefollowing race. Thecarwasdesignedo beahigh-performance
solarvehicle: to win therace. As suchit wasdesignedo be asaerodynami@spos-
sible, resultingin a highly curved shape.This hasposeda numberof manufcturing
challengegasoutlinedin a previous conferencepaper{42]), andgivesrise to several
issuesnvolving themaximumpower pointtrackers(discussedh Chaptei6). Thecar's
aerodynami@erformancaes, asaresult,veryimpressve.

The carconsistf a chrome-molysteelspaceframehassisvith doublewishbone
suspensiofothfront andrear Thedriver's seatformsa structuralpartof the chassis.
Steerings via thefront two wheels.Theoutershell,whichalsosupportghecar's solar
array is constructedrom carbon bre, kevlar, bre glassandnomex compositesThe
bottomhalf of the outershellis attachedo the chassisthe top half beingremovable
for accesgo the driver andcar componentsThe “top half” will bereferredto asthe
“top shell” or “array”.

The car's wheelsare student-designedndstudent-hilt. They consistof a carbon

bre-nomex compositesandwich. The tyresusedare Michelin Radialsolarcartyres
which have an extremelylow coefcient of rolling resistance The carbonwheelsare
bothlighter thanthe previously usedaluminiumwheelsandhave lesswindagedueto
theabsencef spoles.

Thearray aswell asforming anaerodynamishapealsosupportghesolarpanels.
Theseare constructedrom somefour thousandndividual solar cells, encapsulated
by the teamusing a novel techniqueto allow for the complicatedcurves, while still
giving a nish resultingin low aerodynamiadrag[42]. MPPTsareusedto optimise
thesolararray's poweroutput,actingasvoltagecorverterssuchthatthe paneloperates

17
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Figure2.1: Sunswiftll driving into Adelaideattheendof theWSC

at its optimum point (seeChapter6). Theseare mountedin the top shell suchthat
only a single, two wire, power connectionfrom the arrayis required. While subject
to signi cant improvementthearraycurrentlygeneratespproximatelyl150Win one
sunconditions.

The car's drive systemconsistsof a three-phasérushlessDC motor and motor
controller Theteamowns severalmotors,but the mostcommonlyusedis the CSIRO
in-wheelmotor [39] dueto its extremely high ef ciency. The electronicmotor con-
troller performsthe function of a commutatoiin a normalbrusheddC motorandthe
teamalsoownsanumberof thesedevices,discussedn Chapter7.

The carhasa 36kglithium-ion (Li-ION) batterypackconsistingof 240cellsman-
ufacturedby Saft. The packhasa nominalvoltageof 148V, afully chagedvoltageof
164V, anda capacityof approximatel\6kWh (giving arangeof approximately\300km
at 100km/hon batteriesalone).

Thetelemetrysystemhasundegonea numberof signi cant changeghroughthis
project,yet a basicform exists: sensorareusedto gatherinformationaboutthe car's
operation.This informationis transmittedto a supportcar, wirelessly suchthatdeci-
sionscanbe madeaboutthe runningof thevehicle.

A variety of miscellaneouglectronicsare alsoinstalled. In orderto be deemed
road-worthy, thecarmusthave functioningindicators brakelights,andahorn. In order
thatthedriver hasrearvision,a smallcameras mountedattherearof thecanopy. An
LCD displaypresentshecameras signal.

Figure2.2 shavs the car's power usagevs. speedgiventhe valuesestimatedor
Sunswiftll. Figure2.1shaws the cardriving into Adelaidefollowing the 2001 World
SolarChallenge.
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2.2 RaceOptimisation

Solar car racingis aboutef ciency. The car which usesthe sun's enegy to propel
itself in the mostef cient mannewill, in theabsenc®f exception,win therace.This
involvestwo mainstrandf optimisation.First, thecaritself mustbemechanicallyand
electricallyefcient. Thesystemawithin the carmustuseaslittle enegy aspossible,
the aerodynamidossesmustbe as small as possibleandthe car's rolling resistance
mustbe minimised. The car mustalsobe reliable; capableof surviving the arduous
ervironmentwithout failure,sinceonly avery smalltime spentby the sideof theroad
canaffectthe car's averagespeed.

The otherpartof solarracingis optimisingthe car's performancever a distance,
for example,in arace. As well asbeingableto performefciently atary instant,it
mustalsobe possibleto optimisethevehicle's overall performance.

Fourfactorsin optimisationwill beconsideredhere:stratayy, reliability, ef ciency,
andoperation.

2.2.1 Strategy

Batteriesareanintegral partof solarracing. The batterypackof a solarcaris usedto
buffer enegy suchthat,in periodsof highdemandgenengy is availableto drive thecar
In periodsof low demandthebatterycanberechagedusingexcessenegy available.

TheWSCracingperiodextendsfrom 8:00AM to 5:00PM[2]. Beforeandafterthe
racingperiod, the car, while not allowed to move morethana safedistancefrom the
road, may chagethe battery tilting the solararrayin orderto maximisethat chage.
Additionally, the car muststop at seven control points along the 3010kmcourse(at
whichthebatterymayalsobe chaged).

The enegy obtainedvia chaging during thesestops,andthe variationin enegy
requirementsalong the course(e.g. dueto hills) makes stratgy vital. Thereexists
anequation(equation2.1) which will approximatehe rateof enegy usageof a solar
poweredcarat a givenspeed12,40]. Theresultinggraph(Figure2.2) makesit clear
thatrunninga non-optimalstratey (e.g. varyingthe speederraticallyaroundan aver-
age)canbe extremelycostly in termsof overall enegy usageandthereforepossible
averagespeed. As an example,werethe carto travel at 100km/hfor onehour, and
60km/hfor anotherhour (giving an averagespeeddf 80km/h),it would cover 160km
using2.25kWh. Werethe carto have travelled at the average80km/hthe entiretime,
only 2kWh would be used.This is anextremelysimplistic view anddoesnt take into
accountalargenumberof importantvariablege.g. environmentaleffects,hills...). For
a morethoroughdiscussiorof solarcar strateyy, seePeterPudneg's PhD thesis[38],
The LeadingEdge[44] by Goro Tamai,and The Speedof Light by David Rocheet
al [40].

p=1 mgv (sin(G) + C;, cos(G)) + %ch v vw)® (2.1)

where:
m = masskg)
g = gravity (ms 2)
v = velocity (ms 1)
G = gradient(rads)
C,: = Coefcient of Rolling Resistance
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Power vs. Speed for Sunswift Il
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Figure 2.2: Pawer vs. Speedgiven by equation2.1 using coefcients estimatedor
Sunswiftll travelling onalevel road.

CdA = dragarea(m?)

P = powerused(W)
=drivetrain ef ciency (no units)
= densityof air (kg=m?3)

In orderto make effective decisionsregardingstratey, the personsresponsible
mustbe presentedvith adequaténformation. This information regardsthe weather
forecastthe gradientsandmagnitudeof the climbsanddescentalongthe routeto be
travelled,andtheway in which the carrespondgin termsof its power productionand
usage)o theseervironments.The stratgyist mustalsobe awareof the stateof the car
atevery pointduringtheracebothsothatits correctoperationcanbeveri ed, andthat
thepreviously run stratgyy canbe evaluatedandfuture stratgy updated.

While the weatherand coursepro le are determinedvia the appropriatebureaus
andpre-racesuneys, the majority of theinformationis mosteffectively deducedising
anappropriateelemetrysystemwithin thecar Varioustelemetrysystemsmplemented
by differentteamshave provideddifferentfunctionalitieg(seeSection2.4),butthemost
basicsystemwill monitor the currentinto or out of the array batteryand motor, the
batteryvoltage,andthe speed. These ve parametergangive a reasonablédea of
whatis goingonwithin thecar. Thisis particularlywhenusingLi-ION batteriesvhich
exhibit a strongcorrelationbetweenthe batteryvoltageandthe stateof chage (see
Figure9.3).

2.2.2 Reliability

Perhapghe mostimportantof all qualitiesof the carto maintainandimprove is its
reliability. This cannotbe stresse@nough.Reliability is the key to successfusolar
carracing

To emphasisthis point furthertake, asanexample,the 2001WSC,andtheissues
with the MPPTsobsenedduringthatrace. Thetrackersarrivedfrom Biel (the manu-
facturer)one monthbeforethe teamwasdueto leave for Darwin. Somepreliminary
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testingwascompletedessentiallyerifying thatthedevicesseemedo performin con-
junctionwith a smalltest-paneblndbattery(which wasnot the racepack). Theteam
assumedhey would work asspeci ed. The trackersweretestedin-car, andoperated
without seriousissueduringtheperiodprior to therace.Onthe startline, with a fully-
chagedbatterypack,the trackersdid not appeatto function. It wasassumedhatthe
high batteryvoltagehad causedhe trackersto enteran over-voltagemode,and that
they would functionassoonasthe packvoltagedippedslightly. As the startcameand
went, andthe car beganto drainthe battery the voltagebeganto drop. At 150V, the
array beganto generategower. This wasover an hour anda half into therace. The
packhadalreadybeennearlyhalf drained. Thus,approximately2 kwh hadbeenlost
asaresult. It waslaterfoundthatthemanugcturetadbeenin errorwhencon guring
thetracker's software.

A numberof otherissueswere encounterediuring the 2001 WSC with regardto
thesedevices,asoutlinedin Chapter6. A particularly frustrating“feature” wasthe
tendeng to mis-trackthe maximumpower point. Resettingthe tracker's microcon-
troller, andthusthe tracking algorithm, would often leadto a 300W increasen the
solararraypower output. It is estimatedhatroughly 7kWh waslost over the duration
of theracedueto the variousmalfunctionsof the MPPTs: equatingto approximately
150Wfor the races duration. Had this additionalpower beenavailableit would have
increasedhe car's averagespeedby approximately7km/h placingthe caramongthe
top 10 positions(comparedvith the 11th placeattained).

This is one exampleof a componenivhich wasunreliableand disadwantagedhe
teamseverelyin termsof rank. Therearemary otherexamplesfrom otherteamsand
races.Aurora,the 1996eventfavourite, wasforcedto retire only minutesinto therace
whenits brakesfailedat a setof traf ¢ lights ontheway out of Darwin.

Othercomponentailuresin Sunswiftincludedfaulty circuitry associatedvith the
motorcontroller, fairingsrubbingcausingexcessive power usageand at tyres,aswell
asproblematiovirelesscommunications.

Stoppingthe car shouldbe avoided. If the carcankeepmoving, andcanproduce
enepgy via the array the decisionis generallymadeto continue. The mathematics
generallyprohibitstime by the sideof theroad. Tenminutesspentservicinga at tyre
woulddecreas¢hewinning car's averagespeedn the2001WSCby 0.5km/h.An hour
spentdehuggingan electricalfault could cost3km/h. Note that at the speedravelled
by Nuna,the winner of the 2001 WSC, 3km/htranslatego approximatelyl00W (all
calculationsaarebasedn Nuna'stimein the2001WSC|[3], usingequation?.1).

Having a componenthat doesnot function correctly can be extremely costly in
termsof averagespeedandhaving to stopin orderto x theproblemexacerbateshe
issue.Again, with emphasisreliability is the key to successfukolar racing.

2.2.3 Efciency

Perhap®bviously, anothemethodof optimisationis thatof improving themechanical
andelectricalef ciency of thevehicle. Sincethe enegy availableis limited, thefaster
the car cantravel at a given power, the higherthe averagespeeds likely to be (given
reliability and strategyy are sufciently strong). Also, the more ef ciently the sun's
enegy canbe cornvertedto electricity, thefasterthe carwill beableto travel.
Optimisingthe power usedinvolvesimproving therolling resistanceaerodynamic
drag,anddrive-trainef ciency. Rolling resistancécorrespondindo the C;, termin
equation2.1) is the drag causedby the tyreson the road, bearinglosses,suspension
lossesetc. Thepoweruseds approximatelyinearly relatedto thespeedf thevehicle.
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Speed and Current vs. Time
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Figure2.3: Current,Speedss. Time for atestingrun prior to WSC2001

Theaerodynamidragis thatwhich is causedy the car's motionthroughthe air,
andis affectedby theamountof laminar, turbulentandseparated w, thefrontal area,
the amountof interferencedrag, etc. The power usedis relatedto the cube of the
vehicle's speedandthe CdA termin equation?.1).

Thedrive train ef ciency is the percentag®f enepgy thatleavesthe batterythatis
expressedswork, moving the car Lossednvolvedin a carsimilarto Sunswiftoccur
in the motor controller, motor, andary mechanicalinkagesinvolved (for example,a
chaindrive whenusinga motor not ableto be mountedwithin thewheel).

Optimising the power producedinvolves obtaining (or building) the most ef -
cientsolarcells possible usingan appropriateencapsulatiosystemandensuringthe
MPPTsoperatecorrectlyandef ciently . Reliability is againanissue,in thatsolarcell
arraysarefragileandmustbeencapsulateduchthatthecellsaresufciently protected.

2.2.4 Operation and driving

The operationof thecaris a nal areawhich playsa large partin the succes®f a car
duringarace.Gooddriverscanhave a signi cant impacton the overall ef ciency and
averagespeed.The motor controllerhasa non-linearef ciency vs. power curve, with
a particularoptimum. That optimumapproximatelycoincideswith the car's cruising
power, but largeef ciency dropssigni cantly whenthe systemis requiredto provide a
largeamountof power.

Non-optimalchangeto the throttle setting causedarge power variation. As an
example,two inexperiencedriverswereinvolvedwith Sunswiftll' s 2001 campaign.
Figure2.3 shaws currentvs. time andspeedvs. time graphsfor a testingrun prior to
therace.Thevariationis obviousandcauseda decreasén ef ciency.

This can,in part, be blamedon poor feedbacksystems.A bike speedometewas
theonly instrumentwithin thedriver's eld of vision. An analogugotentiometewith
only a300degreerotationwasusedasthethrottle,makingit extremelysensitve. Also,
it wasdif cult to providethedriverswith anevaluationof their performancemeaning
thatthey wereforcedto guessasto how to improve.
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2.3 Problemswith Existing Telemetry/Control System

Sunswiftll hasnever performedo expectatiorin theWSC, mostlydueto poorstratey
andunreliablesystemsin particular the electricalsystemwhich consistedf several
non-interactingcomponents.

The2001telemetryandcontrolsystemuseda centralisedopology Analoguesen-
sorswereconnectedo a centraldatalogger[9] via dedicatedvires. The loggersam-
pledonceper veseconds.

Thedataproducedverethentransmittedligitally (via RS232)to asmallembedded
computerwhich collectedit. Othersourcef digital datacould be connectedo the
samedevice via separatededicatedinterfaces(shouldthey be available). Wireless
Ethernetwasusedfor communicatiorwith the supportcar.

Five critical channelaveremonitored with othermiscellaneouslata(suchastem-
peraturef major componentsalsobeing measuredvehiclespeedpatteryvoltage,
batterycurrent,arraycurrent,motor current. These ve channelgprovideda goodin-
dicationof the statusof the car, but left muchto bedesired.

A centralcontrol block actedasthe driver interfaceunit. All driver controlscon-
nectedo this centralnode,andall deviceswhich requiredpower atalow voltage(e.g.
12V) weresuppliedfrom this point usingindividual wires (again,addingto the wiring
compleity andweight).

Therewereseveralissues:

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

Therewasno form of errorreportingvia thetelemetrysystem.

Thesamplingrateof thetelemetrysystemwastoo low to make accurateattery-
currentintegrations.

Telemetryand control systemswithin the car were almostentirely analogue,
whichmadethemsusceptibldo noise.

Long cablerunswereunsightly heary, andcomplex. Thislimited the numberof
interfacesthatcould practicallybe used.

Shouldthe centralnodesfail, the entiresystemalsofails.

Thesystemwasdif cult to expand.

Essentiallyfunctionalitythatcould otherwisebe utilisedwaswasteddueto theinabil-
ity of the car's systemdo interact. The telemetrysystemcouldnt accesghe motor
controller'sdataor sendcommandsgo it. Furtherto this, thewiring within the carwas
extremelycomple, which, in turn,ledto alack of e xibility. Any interactionbetween
deviceswould have hadto have beenspeci ed whenthe hardwarewas designedor
elseinelegantinterfacingsolutionshacledtogether

The situationwasfar from ideal. The ability of eachdevice to be ableto commu-
nicatewith otherdeviceswasseento be highly desireable.lt would thenbe possible

1For example,it wasunmanageabléor the systemto connectto eachof the sesen MPPTS' microcon-
trollers.
2Theadditionof furthersourcesor outletsof/for datawould have requiredhardwarerevision.
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for a motor controllerto provide a vehiclespeedandfor thatvehiclespeedo be sent
to a supportcarvia a telemetryunit, aswell asbeingdisplayedfor thedriver. A cruise
controlunit couldalsousetheinformationto adjustthethrottle setting.If a usefulde-
vice, not originally consideredyereto be developed,it would alsohave accesgo the
vehiclespeed.This allows for anevolving systemwherefunctionality could be added
asit is required(andlik ewiseremoved).

Theseproblemscloselyrepresenthosefoundin industrialcontrolandprocessys-
temsprior to the introductionof embeddecdtontrol networks. Large numbersof in-
dividual units arerequiredto performcomplex tasks. Thoseindividual units areusu-
ally providedby a variety of manuficturersandhave variedfeaturesandfunctionality.
Large wiring loomswererequiredin orderfor the unitsto communicate.Telemetry
is (asit is in a solar car) desirablewithin this ervironment,and separatededicated
systemsawvere,requiredfor this purpose.

A further representatie problemis that found in traditional automobileswhere
large numbersof individual intelligentdevicesmustinteract. For example,the engine
controlcomputemayberequiredto communicatevith thecar's (computercontrolled)
gearboxto coordinategearchanges.The soundsystemmay needto interactwith the
ignition systemssuchthatwhenthe engineis disabled the spealersarealsodisabled
to consere the batterys chage. Powver windows, headlightsand otherdevicestradi-
tionally requirelong cablerunsto their respectie controllers. Again, amountingto a
large,complicatedwiring loom?®.

Theapproachakenin the Sunswiftll, 2001,electricalsystemjs inherentlylimited
due to the inability of the variousintelligent systemswithin the car to interact. In
termsof datagathering,informationwaslost sincethe power electronicsand control
systemcould not reportto the telemetrysystem. As a resultmary parametersvere
measurednore thanonce,and someinterestingmeasurement&ere not taken at all.
Similarly, becauséheimplementatiorof moreeffective controlsystemgsuchasspeed
baseccruisecontrol) requiredtime-consuming@nderrorpronehardwaredevelopment
(to modify theseparatanalogueslectronics)they weremodi ed only for design-error
correction(thusdemonstratinghe dif culty with expansion).

A replacemensystemdesignedto resohe theseissues— to be clean, e xible,
expandable— wasrequired.

2.4 Previous Solar Car Systems

Severalteamshave attemptedo solve theproblemsoutlinedin Section2.3in anumber
of differentways.

2.4.1 Sunswiftll, 2001(non-interacting systems)

The Sunswiftsystenis extremelyrelevantto thiswork, asthe new framework hasbeen
usedto replaceit. Thesystemis alsousefulasanexamplebecaus®f the similarity to
anumberof otherteams'solutions(e.g. Aurora'99, Lake Tuggeranong_ollege). See
Section2.3for anoverview of its construction.

31t hasbeenestimatedhatthe 50kgwiring loom presentn somevehiclesresultsin an0.5L/100kmdrop
in fuel economy[24].
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Figure2.4: Sunswiftll 2001telemetrysystem

2.4.2 Aurora, 2001 (non-interacting systems)

Having a very similar systemto the Sunswiftvehicle,the Aurora solarcarteamem-
ployedthe useof a MoTeC AdvancedDashLogger[31]. Thisloggergave a greater
degreeof functionality (over andabove that providedby Sunswift's hydra[9]) through
its large variety of interfaces,anddriver display By allowing the driver to view the
operatiorof thesolarcar, it wasbetterdriventhanthosewithout suchacomprehensie
unit.

Controlsin the Aurora car were also similar to thosein Sunswiftll; hard-wired
with dedicatedconnectiongo thedevicesto becontrolled.Modi cations to the system
aredif cult, andsofor eachrace the systemis almostcompletelyrehuilt.

The Aurorateamusedtrackersanda motor controllerwithout availabletelemetry
functionality (or a programmablecontrol system);thereforethis device wasnot inte-
gratedinto the overall electricalsystem.

2.4.3 lowa State University, 1999(embeddednetwork)

lowa StateUniversity's 1999 teamreleasednuch of the informationrelatedto their
telemetryandcontrolsysteminto the public domain[46].

At its core, the systemis essentiallya numberof nhodescommunicatingvia an
RS485-baseéhdustrial eld network. Above the RS485network is a customdevel-
opedprotocolcalledRDB. All devicesin thecarcommunicateisingthe RDB network.

A control“brain” wasdevelopedwhich waseffectively acentral mastemodein the
system .t connectdo drivercontrols,aswell asthemotorcontrolleranddriverdisplay
via dedicatedinks (RS232). It monitorsthe driver controlsand sendscommandgo
thevariousdevices(for example theindicators andmotorcontroller). Thecarcontrol
brainwasdesignedasthe centralhubin a starnetwork (on the physicallevel). Each
device connectedo thecarcontrolbrains.

The teamdevelopedMPPTsin house,andthereforehadthe opportunityto inte-
grateRDB communicationsnto the tracker itself. This allowed for a variety of in-
formationto be extractedef ciently, sincethetrackersneedto make measurements
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the courseof their operation.A variety of otherdevicesalsoconnectedo the system.
Theseincludedanamp-hourintegrator, currentmonitoringequipmenfor the solarar-
ray, driver-display/controlsandtheradio-modeninterface.

The systemis a good exampleof a network-basedelemetryand control system.
The standardsnvolvedarenow open,andthe systemis well testedwithin a solarcar
ervironment. The physicalrealisationof the network requiresa startopologywhich
increasegablerunlengthoverabustopology

Note thatthe systemis inherentlyextendiblevia the additionof new nodesto the
network; just asthe additionof MPPTsto the network providesinformationregarding
thearray socouldadditionof a motorcontrollerinterfaceprovide informationregard-
ing thatdevice.

2.4.4 Sunshark,1999(integrated monolithic)

The University of QueenslanqUQ) Sunsharlcarplaced3rdin the 1999WSCandat-
tainedthe“GM SunrayceiTechnicallnnovation Award” for the developmentof inno-
vative electronics Sunsharks strongperformancevastheresultnotonly of anef cient
car, but areliableone— verylittle racetime wasspentmakingrepairs.

Thesystenwasbuilt speci cally for the Sunsharlcar Eachcomponentvasbuilt to
interactin a speci ¢ mannemwith every othercomponent.The numberof components
wasreducedhroughintegration.

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

The motor controllerwas built speci cally for the Sunsharkcar Telemetryfea-
tureswerebuilt into the controller Communicatiorbetweenrthe telemetryboardand
the motor controllerwas via analoguesignalsand a pulsewidth modulation(PWM)
encodedsignal. Thetelemetryboardrequireda numberof sensorsvithin the car; how-
ever, thelinks wereshort(dueto the physicallayout of the car), giving a cleanresult.
Facilities were available to monitor digital datafrom a numberof othersourcegin-
cluding MPPTswhich were not teambuilt, but hadan interfaceavailable which was
reverse-engineered).

The systemprovideda reliablemethodfor control of the solarcar, alsogiving the
adwantageof interactionbetweenthe componentghroughintegration. Eachcompo-
nentof the systemwasdependentn eachothercomponentor operationof thewhole.
While theapproactalloweda neat,operationakrvironment,it hasanumberof disad-
vantages:

Eachcomponents dependenbn eachothercomponentlt is not possibleto run
the motor controllerwithout the operationof the telemetryboard. Thusif one
componenftails, thewhole systemis likely to fail.

It is dif cult to addnew functionality, or changdunctionality, without redesign-
ing largeportionsof thesystem.For example,in orderto addfurthertemperature
sensingto the motor controllerit would be necessaryo redesigrboth the mo-
tor controllerandthe telemetryboard.In orderto communicatevith a different
typeof MPPTIit would be necessaryo redesigrthe entiretelemetryboard.Sev-
eral featuresoriginally designednto the systemdid not function, andare now
impossibleto addwithout redesign/rebild.
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A star topology is unsuitablefor Sunswift Il, where spacefor electronicsis
sparse. Sincethe spaceis limited, the electronicstendto be dispersed]ead-
ing to long wiring runs. A startopologyrequiressigni cantly morewiring, in
this circumstancethana bus. Again, any changeto the systemis very likely to
requiresigni cant wiring changes.

The systemis very speci ¢ and could not be usedeffectively in ary situation
otherthanwithin a solarpoweredcaror electricvehicle.

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

The SolarMotionsteam[1], following negative experiencewith their MPPTsduring
the 1999WSC, co-developed,with the Biel Schoolof Engineeringand Architecture,
very high ef ciency MPPTsfor the 2001 race[35]. Thesedevicesbecamethe basis
for theirtelemetrysystemmeasuringheinput andoutputvoltageandinput currentto

eachtracker.

The trackerswereusedas part of the telemetrysystemvia a CAN network. The
protocollayeredaborethe CAN hardwareis notwell de ned, but operatedn amaster
slave paradigmjgnoringthe multi-mastercapabilitiesof CAN.

The interfaceto the CAN network was madevia the samelogic control boardas
that usedin the power point trackers. This was connectedo a radio modemwhich
transmitteddatafrom thesolarcarto thesupportcar A similar systemwasusedby the
Alpha-Centaurteam[45] (who placed1st).

While the SolarMotionsteamdid useanembeddeahetwork, no attemptwasmade
to allow systemgo interact. The network wasusedpurelyasaninformationgathering
device for a centralnodewhich thentransmitteddatato a supportcar.

2.4.6 Miscellaneousdevices

LiketheMPPTsdesignedy theuniversityin Biel, otherorganisationfiave developed,
and madeavailable, either designsfor solar car electronics,or manuficturesuitable
devicesfor sale. The Tritium intelligent vehiclecontwller (IVC) [29] is anexample.
Thesedevices are capableof providing a wealth of useful information both before
the race,to be usedin dehuggingandtuning, and during the race,as telemetryand
diagnostics.

Thesedevices increasinglyinclude hardware which caninterfaceto a telemetry
system. The emenging standardwithin solarcarracingis the CAN speci cation, but
thereis no higher level protocol (HLP) speci cation suchthat the devicesmay com-
municate Indeedwhile thesedeviceshave beendesignedvith thehardwarenecessary
for communicationwia this bus, very little (if arny) softwarehadbeenwritten to take
adwantageof this.

2.4.7 Generalconclusions

Of the car's examined the Sunsharlsystemprovedto be the mostreliable. Thereare

two reasondor this: rst, theteamhadbuilt almostevery componenof the car, and

thereforecould repairthosecomponentsluringthe race. Seconda integratedsystem
allowedfor effective monitoringof the motor controllerandMPPTs,aswell asgiving
e xibility in termsof control.
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While the ISU teams performancevaslacklustrein comparisontheir integrated
electrical systemprovided similar e xibility. The approachtaken allows easierex-
pansionthanthat of the UQ team. The performancelifferencecan be explainedvia
malfunctioningMPPTsanda wealer mechanicadesign.

The solarmotionsand Aurorasystemsprovide little morethandatagatheringser
vices,sinceit is composedf severalnon-interactingystems.

By integratingthevarioussystemswithin thecar, farmoreinformationregardingits
operationcanbe ascertainedAn embeddechetwork appeardo offer themost e xible
solutionfor integratedtelemetryandcontrol. By abstractingand standardisingt the
network level, modulescanbe changedandrecon guredin orderto meetnew needs
anddevelopments.

Whatever featureghe systemprovides,it mustbereliable— the carshouldnever
berequiredto stopdueto anelectricalfault.



Chapter 3

Design

The UNSW SRT intendsto actively develop Sunswiftll to improve its performance.
The car's previous electricalsystemprovided an operationakystem but not onethat
could be improved without retuild. One goal of this thesiswas to develop only a
smallpartof the car's electronics:a framewvork with which componentsf theoverall,
integrated systemcanbe developed.

3.1 Requirements

A setof requirementsveredevelopedto resohe mary of theissuesoutlinedin Section
2.3— anew electricalsystenmfor Sunswiftll should:

allow the collectionof datafrom a variety of differentsensorsaandtransducers.
Thepropertiedo besensednaybelocatedatary locationin thecar's4.5x2x1m
enclosingparallelpiped.Thesepropertiesmight include currents voltages fre-
guenciestemperaturer ary otherfactorsof the car's operation.Sensorsnay
be placedin the solararray which disconnectandis removed from the main
bodyof thecar;

allow the collectionof datagatheredn the operationof deviceswithin the car.
An exampleof suchadeviceis the MPPTwhich performvoltagecorversionse-
tweenasolarpanelsoptimumoperatingvoltageandthecar's powerbusvoltage.
Thepower pointtrackersmeasureoltagesandcurrentsn orderto determinghe
maximumoperatingpoint of the panel. This informationshouldbe madeavail-
ableto an operator Thesedevices may be locatedarnywherewithin the car's
volume;

provide statusgnformationon adevice's functioning,andmodeof function. (e.g.
MPPT trackingmode). Diagnosticsshouldbe possible.(e.g. IV curve sweeps
of thesolarpanels);

provide feedbacko thecar'sdriver;

performwell in anelectricallynoisy ervironment.Noisy supplylines,andelec-
tromagnetidnterferenceshouldform anacceptabl®peratingervironment;

performwell in a mechanicallyharshervironment. Sustainedribrations, dust
anddirt, sharpshocksshouldall 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
componenteplacementthat componenshouldbe quickly removableandthe
new componentequirelittle to no con guration (in orderto minimisethetime
off theroad). The numberof sparecomponentshouldbe minimised;

befaulttolerant. Onecomponens malfunctionshouldbeisolatedto thefailure
of thatcomponentTherestof the systemshouldremainunafected.In theevent
that large partsof the systemdo fail, ary datathatis collectedby remaining
partsof the systemshouldbe recoverableoncethe systemresumesperation.
No singlefailure shouldrequirethe carbe stoppedor intervention;

useaminimumof enegy. A Figureof lessthan10W is acceptablegssthan5W
beingpreferable;

bephysicallysmallandlightweight. Any cablingrequiredshouldbe minimised;

have minimum costandbewithin the solarcarteams modestudget.

3.2 Macro-Design

Sincetheprevioussystemwasrequiredto becompletelyretuilt in orderto make useful
modi cations, an entirely differentparadigmcould be employed. The car's previous
systemconsistedof entirely non-interactingmodules. While this provides somere-
liability improvementsincethereis essentiallyno interdependencef moduleupon
module,the advantagegossibleusingan integratedsystemsuchasthat of Sunshark
or PriISUmareobvious:

moreinformationis available,for lesscomplexity

ef ciency canbe improved sincefewer independentneasurementseedto be
made

comple control solutions can be implementedwithout the worry of over
complicatednterfacing

signi cantly reducedwiring

The last two are the primary reasonghe automobileindustry hasbegun to useem-
beddedcontrol networks [24] in placeof traditionalwiring looms. This application
has,in fact,beena driving forcein the developmentof the technology(leadingto the
developmenbf CAN [16]).

To give anintegratedsystemwithin Sunswift,two major componentsrerequired
to beinterfacedthe MPPTs,andthemotorcontroller Therestof thetelemetry/control
systenreallysenesasaslaveto theneedf thesewo devices,sincethesearerequired
for the essentiafunctionality of enegy generatiorand consumption.The restof the
electricalsystemmustprovide:

driver controlsandfeedback;

indicators prake lights, horn,rearvision;
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telemetry;

othermiscellaneou$unctions(e.g.controlof batterycoolingfans).

As hasbeenestablisheddevelopingthe 2001 systemto provide the desiredfunction-
ality would have beenvirtually impossible. The MPPTsand motor controller both
provide a digital interface. Hence,rehuilding the system standardisingpn digital in-
terfacesresultsin acleanerneatersolution.

Severaltypesof digital communicatiorhave beenusedin previous solarcars(as
outlinedin Section2.4). While a new style of data-transporsystemcould have been
employed (e.g. Bluetooth,infra-red, etc.),this would be beyond whatwasachievable
in thecourseof this projectandwould provide little extrabene t. Furthermoretheuse
of tried technologyallows moreguaranteeaboutits reliability.

An embeddeadhetwork providesa e xible, power ef cient, cost-efective paradigm
to work within, asa standardwvay to transferdigital databetweendeviceswithin the
car

3.3 Topology

A centralisegsystemhadbeenusedby the Sunswiftteamfor telemetrybut hadanum-
berof signi cant limitationsasoutlinedin Section2.4.1.In orderto addressheissues
with the centralisedtopology a bus topology may be employed. In this paradigm,
insteadof communicatingvith acommonnode the devicescommunicatevith acom-
monbus. Thebusformsa communicationdink betweerall devices.

Advantage®f this distributedtopologyare:

All interfacesarestandardisedEachdevice mustbe ableto communicatevith
the bus via its de ned protocol, thereforeonly one interface/protocomustbe
implemented.

The busis expandable.Whennew devicesarerequired,they may be addedto
thebus.

If onedevice becomedaulty, the entirebusneednot bedisabled.

Analoguesignalscanbe sampledvery closeto the source reducingthe effects
of EMI.

Eachdevice communicatesligitally, makingit easierto addgalvanicisolation.

Productswith digital interfacesare easyto interfaceto the bus (e.g. MPPTs,
motorcontroller).

Disadwantagesssociateavith abusare:

Extra hardware is necessaryo communicatewith the bus at eachdevice, in-
creasingcostand compleity at the device level. Eachdevice is requiredto
communicateligitally.

The systemis moredistributed, creatingsynchronisatiorandtiming issues(for
example time stampamaynotbe synchronised).



32 CHAPTERS3. DESIGN

Thereareveryfew othertopologieghataresigni cantly differentto thebustopologyat
thephysicallevel (exceptingwirelesscommunications)Ring networksareanexample
(asusedin ControlNet[5]).

The advantage®f a bustopologyover a centraliseddata-gatheringopologywere
foundto beworth the initial extra compleity. It wasdeterminedhat solutionsto the
problemsoutlinedwereavailable,andpractical.

3.4 Bus Selection

A large numberof digital bustechnologiesreavailable. Many of thesearedesigned
andspeci edfor control. Othershave beenadaptedo theapplication.

3.4.1 Busrequirements

Thefollowing requirementsvereplacedon the network technologyselected:

1. SamplingRate— The network mustbe ableto supportthe transmissiorof 10
samples/seconfilom up to 100 sources/channelsThe ideal technologywould
be capableof supportinghigher sampleratesanda larger numberof channels.
Up to 25 nodesmay be presenion the bus. Imagininga protocolthat requires
eight bytesper sample(time stamp+ value+ error correction),this equatego
8000bytes/sec 8 kB/secactualthroughput.

2. Hierarchy— It is possiblethat sub-lussesmay exist for communicatiorwith
speci ¢ devices,or wherethemainbusis over-powered.It is assumedhatthese
will requirea bridgingdevice of somedescription.

3. Real-time— The systemmay have real-timerequirementsThe bus may form
partof a controlloop, or beusedfor emegengy messages.

4. TransmissiorRange— Nodeswill be placedalonga cablelengthof upto 25m.

5. Noise— EMI will beaconcerrin thehighly noisyervironmentwithin thesolar
carcausedy the power electronics'switching.

6. Powver— The systemshoulduselessthan1W (asa guide)to communicatevia
thebus,includingary isolationandvoltagecorversionlosses.

3.4.2 CAN

CAN [16] wasdevelopedin thelate 1980sfor usein the automotive industry In this
capacityit is usedasaninterfacebetweerthevariousdigital componentsvithin a car
suchasenginemanagemendand electronicgearboxs: time-critical tasksrequiringa
real-timecommunicationghannel.Becausef its simplicity, andthe ability to priori-
tise paclets,it may alsobe usedto connectmeters switches power windows, central
locking, andotherfunctions.

CAN is a serialprotocolrequiringtwo wires; a balancedlifferentialpair. It satis-
es thelowesttwo layersin the OSI (opensystemsnterconnectionjnodel[48]. CAN
exhibits relatively high bit rates,goodEMI rejection,andeffective errordetectionand
correctionprotocols.The protocolis optimisedfor shortmessagesf betweerD and8
bytes,with eitheran11-bitor 29-bitidenti er. Collisionsarenon-destructie with the
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higherpriority messagéeingtransmitted)eadingto nearly 100%availablebus utili-
sation.Errorsandcollisionsaredetected the packet automaticallybeingresent.The
highestransmissiomatepossibles 1 Mbps(assumingbuslengthof lessthan100m).
Many microcontrollerdevicesareavailablewith inbuilt CAN controllers.Standalone
controllersarealsoavailable. Thesecanbeinterfacedto a microcontroller

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

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

Someadwantagesre:

high datatransferrates(1MBps);

optimisationfor smallmessagefor example,for transferringtelemetryvalues
andcommands);

datalink layeris implementedn the controller;

real-timecapability prioritisedmessages;
excellentnoiseimmunity with errordetection/correctiom hardware;
simpleto provide galvanicisolation;

all powerdevicesin the solarcararealreadyCAN 2.0B capable;

hardwaredetectsandcorrectserrors.
Disadwantagesnclude:

controllersandtransceiersarerequired,;

largeamountof compleity ateachnode.

3.4.3 RS-485

RS-485wasdevelopedto solve the transmissiorissuegpresentvith RS-232commu-
nications.RS-485de nesthe physicallayerof the OSI standardrequiringa data-link
layer, andhigherlayersto beimplemented.

The standardallows an engineerto implementsmall, inexpensve, bidirectional
masterslaveandmulti-mastemnetworks. Up to 32nodesmaybepresenbnthenetwork
(as speci ed by the standard)but someline-driver manugcturersprovide ICs with
far lower thanunit load, allowing morethanthe speci ed numberof nodes.RS-485
performswell in noisy ervironmentshecausét useshalancedlifferentialsignalsover
twistedpairwires. Furthershieldingof the cableis possibleto reduceEMI further.

RS-485is easyto implement. A microcontrollers inbuilt UART is often usedto
producesignalswhich arethenfed into an RS-485line driver to be connectedo the
network.

RS-485is currentlyusedwithin the carto communicatdetweerthe driver control
boardandthe motorcontroller All major deviceshave a UART availablefor commu-
nications althoughdo not necessariljhave provision for the RS-485line drivers.

Someadwantagesre:
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hightransferates;

the UART requiredis a built-in peripheralon mostmicrocontrollers.
Disadwantagesnclude:

transceversarerequiredat eachnode;
the data-linklayeris left to anHLP, increasingsoftwaresizeandcompleity;

collisionsaredestructve.

3.4.4 Ethernet

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

Ethernetis a widely acceptedpeci cation of the datalink layer, usedfor a vari-
ety of networking needs.Industrial protocolshave beendevelopedover Ethernetand
TCP/IR Ethernethasa high datatransferrate (up to 1000Mbits/sec).

Ethernetis traditionally non-deterministicmeaningthat, particularly underhigh
loads, the network will demonstratesariable paclet lateng. It was developedfor
the of ce ervironmentand thereforehasnot beenhardenedagainstindustrial ervi-
ronments. Higherlayer protocolsare requiredto implementnetwork, transportand
applicationlayers. This is typically TCP/IP (evenin industrialnetworks using proto-
colssuchasEthernet/IP).

The useof Ethernet(and appropriateprotocols)allows easyintegrationwith the
Internetandwirelessnetworking deviceswhich have beendevelopedfor both the in-
dustrialandof ce/home markets.

Datadeliveryis notguaranteedUpperlevel protocolsmustbe capableof detecting
andre-sendinglroppedirames.

Framesaccommodata destinationaddressaswell asa data eld. The data eld
canvaryin sizebetweend6 and1500bytes.

WirelessEthernets currentlyusedasthe point-to-pointlink betweerthe solarcar
andsupportvehicle.ProximRangeLANZ37] transceiersareusedfor communication
betweerthe solarcarandsupportcar.

Someadwantagesre:

high datathroughput;

variableframesize;

well adoptechetworking standard;

isolationis built into the physical-layesspeci cation.
Disadwantagesnclude:

complex controllers/hardware;

optimisationfor of ce networking;

1RJ-45connectorsasusedby 10Base-T100Base-Tand 1000Base-TEthernethave beenfoundto fail
in the conditionswithin solarcarsby mary teamsunlessappropriatelyreinforced
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noreal-timecapability;

comple higherlayerprotocols;
repeatehardwarerequiredfor sometopologies;
unreliableconnectorspeci ed;

high powerusage.

3.45 12C

| 2C [41] wasdesignedy PhilipsSemiconductoris theearly1980sasasimple,serial,

synchronousbidirectional,2-wire bus for inter integrated-circuit (I 2C) communica-
tions. The bus was originally developedfor tightly integratedelectronicsystemsto

reducewiring and systemcompleity. Devicesinterfacedmight include EEPROMSs,

datacorverters,andotherperipherakchipsfor microcontrollers.The standards being

actively developedwith the mostrecentspeci cationreleasedn January2000.

A large numberof integratedcircuitsareavailablewith 1 2C built in. Many micro-
controllersareableto communicateusingthe standardandwhenhardwarefacilities
arenot availablein thesedevicessoftwarecanbe usedto emulatethe bus. Many inte-
gratedcircuitsthatwould traditionallyinterfacevia a parallelbusto a microcontroller
areavailablewith an| 2C interface;includingADCs, DACs,EEPROMs, etc.

| 2Cis a true multi-masterbus specifying collision detectionand arbitration be-
haviours. Two buslinesarerequired,a serialdataline, anda serialclock line. Both of
thesearebidirectional.

The bus is designedto transportsingle-bytemessagesand can transferup to
100kbit/secin standardmode, and 400kbit/secin fast mode. It usescorventional
TTL/CMOS logic levelsasthe physicallayer

| 2C is not currentlyusedwithin the solarcar

Someadwantagesire:

mary deviceshave abuilt-in 1 2C interface;

notranscevier/controllerrequired.
Disadwantagesnclude:

notdesignedor communicatiorover long wires;

comparatiely low datarate;

if a microcontrolleris not used,programmability/ exibility atthe nodesis lim-
ited.

3.4.6 1-Wire

1-Wire [36] hasbeendevelopedby Dallas Semiconductorgnow Maxim Integrated
Circuits)asa minimalisticinter-integrated-circuibus. Two wiresarerequired ground
andasinglecommunications/pwerwire. Pover canbeprovidedparasiticallyoverthe
dataline?. Integratedcircuits canthereforebe madewith only two links to the host
controlleror microprocessor

2Becausehe devicesusevery little power, they candraw smallamountsof currentfrom the communi-
cationsline while it is in the high state.This eliminatesthe needfor a separat@ower wire.
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Becausef thesefeatures1-Wire hasbeenadaptedo be usedfor low-costsensor
networks. Temperaturesensorsand EEPROMs can be packagednto small surface-
mountdeviceswith very small outlines. The very small numberof wires meansthe
package®nly requiretwo pinsfor ground,power and datacommunications A total
of two-wires(groundand1-Wire communicationsgansupplypowerandcommunica-
tionsto alargenumberof sensorsThel1-Wire speci cationwasoriginally intendedor
local communicationsbut informationis availableregardingthe network parameters
for communicationsver distancegreaterthan10m.

Devicesoperateundera masterslave regime— a centralisedopology Themaster
sendgequestdo sensorsandthosesensorsespondwith their actions.

1-Wire cantransferupto 115kbit/sedn overdrivemodeand9600bit/seén standard
mode;however, all addressingccursin standardnode.Becaus®f protocoloverheads
(suchasdevice discovery, etc.) actualbusthroughputis far lessthaneitherof these
might suggest.

1-Wire hasbeenconsideredn thepastfor usein implementingargesensolrrays,
but is not currentlyusedin ary form in the solarcar.

Someadwantagesre:

very small,very low costdevicesareavailablewith 1-Wire interfaces;

two wires cancarrybothdataandpower.
Disadwantagesnclude:

very low datarate;
the solemanufctureris Maxim IntegratedCircuits;
licencelimitationsareimposedon slave implementations;

single-mastercentralisedogical topology

3.4.7 Comparisontable

Table 9.1 givesinformation currentas of January2002. All pricesarethe manufc-
turer'sif possible. If not, Digikey Corporationwasusedasa standardvendor HLP
refersto featureswhich are/carbeimplementedn higherlayerprotocols.

3.4.8 Conclusion

While thereare advantagedo the simplicity of systemsbasedaroundthe | 2C, and
1-Wire busesaswell asadvantagedo the high bandwidthavailableover Ethernetthe
choicewasmadebetweenCAN andRS485.

| 2C waseliminatedasnot providing the bus lengthandnoiseimmunity required.
1-Wire doesnot provide the datarate requiredfor the sophisticateddata gathering
systemervisionedin therequirementsAlso, theinability to createslaveslimits its use
asa generalpurposedatatransferbus within the car The power saving dueto each
of thesetechnologies',comparedto the more powerful RS485and CAN networks,
wasfoundto beinsigni cant . Ethernetdoesnot have the real-timeor soft-real-time
capability of the otherbusses.Also, in its 10Base-Tincarnation,it requiresa central
hub
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communication

circuit bus

CAN RS485 Ethernet 12¢C 1-Wire
Physical Properties
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) (Standard2C) (Standard)
# Wires 2 2 4 3 2
(10Base-T) (Includespower)
TransmissioMode 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)
Transcever Cost 2.17(@1k) 1.75(@1k) (Incorporatednto NA NA
(SN65HVD231) (MAX3485) controllerCS8900A)
Noiselmmunity
Good Good Good Poor OK
Shielding Twistedpairwiring Twistedpair wiring Twistedpair wiring NA NA
Signaltype Differential Differential Differential NA
Error Detection CRC Parity check/HLP CRC Acknowledge CRC
Error Correction Automaticresend HLP HLP HLP HLP
Real Time Capable Non-destructie 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)
Transceier 17mA@3.3V 1mA@3.3V NA NA NA
(SN65HVD232) (MAX3485)
Transcever (Sleep) 1 A@3.3V NA NA NA NA
(SNB65HVD231)
Higher Level DeviceNet(ODVA) DataHighvay TCP/IP ACCESS MicroLAN
Protocols SDS(Hong/well) Pro bus Ethernet/IP
CANOpen(CiA) Pro busonTCP
CANKingdom (Kvaser) Modhbus/TCP
Complexity Medium Medium High Low Low
Intended Purpose Automotiveinter P Industrialcontrol Of ce networking Interintegrated Low power/cost

InterIC bus

Table3.2: Comparisorof variousnetworking technologies
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CAN andRS485arebothin commonusein industrialnetworks. Thesenetworks
areusedin conditionswhich arevery similar thosewithin thesolarcar CAN wasorig-
inally designedasan automobilecontrol anddata-transfesystem.As such,it is very
well suitedto the solarcar ervironment. While greatercompleity is requiredat each
nodefor bothof thesebussesn theform of controllerstranscerers,andprotocolsthe
adwantages thateachnodeis ableto procesglatain a true multi-mastemetwork.

CAN waschoserfor the following reasons:

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

CAN is partially real-timecapable;

moreof theupperlevel protocolis generallyimplementedn hardwarefor CAN,
requiringlessinterventionfrom userdesignedoftware;

CAN is alreadyoptimisedfor shortpaclkets, suchasthoseintendedwithin the
car;

CAN hasbeenprovenovera numberof yearsin the automotve industry

3.5 Higher-Level Protocols

A largenumberof communicationprotocolgonewebsiteclaimsover40)exist for use
astransportandapplicationlayersover CAN (selectedn Section3.4.8asthe network
technologyfor theframeawvork beingdeveloped). Theseare for themostpart,industrial
controlnetworks,althoughmary form e xible communicationgramewvorkssimilar to
that requiredfor Sunswiftll. Somecompaniege.g. HMS [32]) have implemented
hardwarethatcomplieswith mary of thedifferentstandards.
Functionalityprovidedby higherlayerprotocolsin this context include:

startup behaiour

messagéD speci cationanddistribution
statusreporting

datafragmentation

baudratespeci cation

con guration

globalclock synchronisation

Several optionswere consideredand are outlined in the following sections. Some
otherprotocolsinclude J1939,NMEA2000, SDS. Theseessentiallyprovide the same
functionality as CANOpenand DeviceNet, and thereforewere not reviewed. For a
goodcomparisorbetweerthreehigh level protocols seelLernartsorandFredrikssors
discussiorof SDS,DeviceNetandCanKingdom25].

SCAN only transports8 data-byteperpaclet.
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3.5.1 DeviceNet

DeviceNet[5] wasdevelopedasalow costsolutionto theproblemof industrialcontrol
network's hardwiring betweendevicessuchaslimit switches,indicators,etc. Large
wiring loomsarecondensedo the two-wire serialbus makingthemmoremanageable
and faster/easieto install and maintain. The technologyalso allows for bridgesto
EtherNET/IR allowing a TCP/IP basednetwork to interactwith the control network.
Managemensystemscan thereforecommunicatewith automationsystemsallowing
for analysisof processesandearlyfailurewarning.

DeviceNetis intendedto putintelligencein mostdevicesin anindustrialsituation.
It is the mostwidely usedof the industrialcontrol network standardsandassuchis
thebestsupportedwith thelargestnumberof suppliersof compatibledevices.

Theprotocolallows for arangeof transfermodesusefulin asolarcarervironment.
DeviceNetis basedn a producer/consumenodel. The protocolis highly bandwidth-
consciouswith anumberof featuresallowing for thereductionof traf ¢ (e.g.transmit-
on-change).Paclet fragmentatiortechniquesare built into the protocolto allow for
messagekargerthanthe eightbytesallowed for by the CAN speci cation[16]. Peer
to-peertransfersarespeci ed,aswell asmasterslave communications.

Advantage®f usingthe DeviceNetprotocolare:

DeviceNetis acommonstandaradvith industrysupport.Many devicesareavail-
ableandcaninter-operatewith devicesfrom differentmanuficturersn a multi-
vendorsystem.

DeviceNet's protocolfeaturest verywell within the solarcarervironment.

The protocolhasbeentestedandprovenin environmentssimilar to that within
a solar car as well asthosewith more strict reliability constraints. The risk
involved with a standardsuchas DeviceNetis far smallerthanthat associated
with ahome-gravn protocol.

Disadwantagesreseeno be:

While the protocol can be cut down and small versionsof the coderequired
have beenusedin microcontrollerswith limited resourcesDeviceNethasalarge
footprint requiring the use of higherpoweredmicrocontrollersthan otherwise
necessary

The speci cationis not free. The price of the DeviceNetprotocolspeci cation
is asigni cant costfor Sunswift,othersolarcarteams andothergroupswishing
to usetheresultingframeawork.

3.5.2 CANOpen

CANOpen[21] is intendedasa multi purposetransportprotocol,layeredover CAN.
It providesfacilitiesusefulfor anumberof applicationslt featuresautomationetwork
con guration, cyclic andevent-drivendataexchangebehaiour, andthe possibility of
determinism.

The protocolis maintainedby the CAN in AutomationUsets and Manufactuers
Group (CiA) [19]. In additionto automatiorsystemsthe CANOpenstandards used
in carsandships.It hasalsobeenusedin medicalequipment.

CANOpenhasthefollowing advantage®verothersolutionswith respecto asolar
carapplication:
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CANOpenis a widely adoptedstandardor communication®ver a CAN bus.
Inter-operabilitybetweerthe solarcar's systemandoff-the-shelfunitsis a pos-
sibility.

Theprotocolis well testedandrevised.
Thefollowing areseenasdisadwantagesssociateavith CANOpen:

The latestspeci cationis not free, andis too expensve to be purchasedy the
team(howeveranolderversionis freely available[21]).

CANOpenis alarge protocolandwould necessitata more powerful microcon-
troller thanis otherwisenecessary

3.5.3 CanKingdom

CanKingdomattemptdo solve theproblemthatmary protocols(includingCANOpen)
implementservicedor nodes.Thisis a non-optimalt for CAN dueto the broadcast
natureof the protocol. In a CAN system the situationis naturallyreversed— nodes
senethenetwork. For example,atraditionalconnection-basedetwork would require
two “hosts” to form a connection.Alternately onehostmight senda messagéo an-
otherhost(usinganaddresgo specifythedestination) A CAN network doesnotlend
itself to this style of protocol,beinga broadcashetwork whereevery nodecanreceve
every messagegor a subsef the messagedtered by theiridenti ers in hardware).
Thesdower layersinherentlysupportmulticasting.A protocolwhich canonly support
point-to-pointconnectionsgnoresthis capability

CANOpenimplementsthe OSI model[13], and as suchsuffers from the above
symptom.OSl is designedo connecttwo clientsin a network sothatthey canshare
information. In orderfor this to occur eachnodein a CANOpensystemneedssub-
stantialknowledgeaboutthe othernodesn the system.

CanKingdomasmentionedattemptgo solve thisissue.The nodessene the net-
work. Thenodesarenot requiredto have prior knowledgeaboutthe network. It does,
however, requirethat a master(a “capital” in CanKingdomterminology)be present
for con guration of the nodes. A capitalhascompleteknowledgeof the systemand
coordinatesll actiities.

CanKingdomhasthe advantageof beingan openstandard.t canalsoaccommo-
date CANOpen, DeviceNet, J1939and SDS devices (as well asdevicesfrom other
protocols).The protocoltakesfar lessprogramandmemoryspacethanthe previously
mentionedstandards.

Advantages:

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

Theprotocolspeci cationis freely available.
Dif cult problemssuchasclock synchronisatiomave alreadybeenconsidered.

SupportextendedCAN.

Disadwantages:
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Thenetwork is dependenbn onenode— the“capital”. This central,controlling
node,inherentlydecreasethereliability of the system.

CanKingdomprovidesa large numberof featureswvhich areunlikely to be used
in the framework 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 adwan-
tage of being a hard real-time network (asis requiredfor brake-by-wire, steerby-
wire, etc). Sincereal-timeperformancevasnot essentiato this application the proto-
col wasnot considered.

3.5.5 Home-grown protocol

Therearea numberof argumentdor designing/implementing customprotocol:

If commerciallyavailablemodulesarenot likely to be used the standardisation
is notusefulin termsof interactionwith externallydevelopeddevices.

A custom-luilt protocolcanprovide exactly thefeaturesequired without extra
overhead.

Somestandardoprotocolsare extremelylarge. For example,an ef ciently im-
plementedstack,the KvaserCANOpenimplementationusesl16kB ROM, 6kB
RAM [23]. For comparisonthemicrocontrollereventuallyusedhas32kB ROM
and4kB RAM.

Thetimeinvolvedwith understandingndimplementinganavailablestandards
signi cant.

Any additions,or extensionsto the protocolcanbe madewithout compatibility
issues.

Usingaminimal setof functionalitymeanghatthe protocolcanusemoreof the
hardwarefeaturesavailable.Many protocolssuchasCANOpendonotuseCAN
featuresuchasremoteframerequestsandhardwaremessagdters.

A custom-hiilt protocol can provide almostall the functionality that a standardised
protocolcanbecausé¢he solutionsusedin openstandardganbeduplicated.Con gu-
rationmethodscanbeimplementedo suittheapplication,andthe sizeof the protocol
scaledo t in theintendedhardware.

TherearedisadwantagesWell establishedtandardéiave beenscrutinisecby more
pro cient eyesthanary memberof the solarcarteam,andthereforearemorelikely to
bereliable.If areferencemplementatiorcouldbe obtainedijt's possiblethatthetime
for implementatiorcould be greatlyreduceccomparedvith a home-gravn protocol.
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3.5.6 Conclusions

Having studiedtheavailableoptions thedecisiorwasmadeto write a customprotocol.
This decisionwasmadefor thefollowing reasons:

Most of the availableprotocols(barringCanKingdom)yequirea moreelaborate
processothanis requiredfor theactualfunctionalityimplementedateachnode.
If alarge protocolhadbeenchosenthe hardwarewould have beenmoreexpen-
sive thanotherwise.The MPPT usesa microcontrollerwith only 8kB ROM. To
useCANOpen(for example)would eliminatethe possibility of interfacingthis
device. By writing aprotocolin-housethe compleity of the protocolcanmatch
thatof thesystem.

Variousfeaturesfrom the differentavailable protocolscanbe integratedinto a
small,tightly-integratedcode-base.

Useof alargerproportionof availablehardwarefeaturescanprovide for amore
ef cient implementation(sincewe wish to be ableto implementon a low per
formancemicrocontrollerthisis important).

The systempresentlyonly needsa very simple protocol,but shouldthis change
in thefuture,the protocolcouldbe expanded.

A largenumberof otherprojects(includingmary carmanufcturersjsecustom
protocolsfor theabove reasons.

The protocolcan,in this case be madeso simplethatthe designis not dif cult
andthatimplementatiortime is minimised.

Reliability canbebuilt into the designof the protocol.

The developmenf this protocolis studiedfurtherin Chapters.



Chapter 4

Hardware Infrastructur e
Development

The goal of this projectwasto develop a setof hardwareand softwareinfrastructure
for the solarcar Hardwareinfrastructure,n this context andasa product,refersto
the designof a physicalbaseon which a variety of projectscanbe built. This design
takesthe form of a referencedesignfor a CAN network node. The referencedesign
is expressedasa setof schematicsandboardlayouts. Thesedesignavere eventually
built (asis outlinedin Chapter8) andtested.

A numberof critical designdecisionsveremadein the developmeniof Sunswift's
hardware infrastructure. This chapteroutlinesa numberof thesedecisions,and de-
scribeshe productshatresulted.

4.1 Overall Car Design

It is intendedthatall electronicswithin the carbe basednthe hardwareinfrastructure
to beoutlinedhere.Thevariousfunctionsshouldbeimplementedria theuseof various
nodesconnectedo anetwork. Thebusshouldalsocarrypowerfor thenodesto reduce
wiring.

As anexample,theindicatorsmight be implementedisinga nodewhich receves
commandssto whetherto turnthemon or off (thedesignof suchnodesds the subject
of Chapter8). Likewise, the horn might usea similar device on the network which
turnsa sirenon andoff. A currentsensomight be implementedusinga nodewhich
sendsCAN pacletsat variousintervals (seeChapter5). Furthermoreary electronic
device will be connectedo the CAN bus, sincethe samephysicalcablewill provide
powerto low-voltagedevices(whichwill normallybeableto communicateria thedata
lines). This signi cantly reducegheamountof wiring required.

Throughthe integrationof every componeninto the samesystem the distinction
betweertelemetryandcontrolis blurred. Datais transferredn the buswith varying
priorities (sinceCAN allows for priority levels[16]).

With theabove in mind, areferencelesignwasdeveloped.

43
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4.2 General Principles
Somegenerabrincipleswereadheredo duringthedesign:

Wherepossible,componentsvailablefrom Farnell[4] have beenused. While
thecomponenimaybelesscostlyfrom adifferentsourceandthatsourcemaybe
usedasa supplierwhentime permits,Farnell's same-daydelivery is extremely
usefulwhena particularpartis requiredat shortnotice(e.g. two daysbeforea
race).

Wherelow-power designbecomesn obstaclegfor amoreimportantdesigngoal
(suchasreliability), it is likely thatthe power consumptiorshouldtake second
place(within reason).

4.3 BusDesign

The rst speci cationto be madewasthatof the physicalconnectiorbetweemodes.

It wasdecidedto daisy-chairthe nodestogethery having two connectorsat each
node. This allows for the easyadditionandremoval of the nodeswithout signi cant
re-wiring of therestof thebus. Onedisadwantages thatpartof thebuswill losepower
whenit is unpluggedin orderto addor remove a nodeat thatpoint). Thebuswill, in
this case alsolosetheterminationresistorat oneendof the datalines, somoreerrors
will occuronthepartof thebusthatis connectedThisshouldnotproveto beaproblem
sincemostnodesareessentiallystatelesandshouldbe re-enabledsuccessfullywhen
re-connectedlf this provesto beaproblem,morethanonepowersupplycanbeadded
to the bus'. This designcanbe contrastedwith that usedby the MPPTswhich usea
singleconnectowith screv-terminals.In orderto modify thewiring loom, the entire
loom needgo berehuilt.

The function of eachpin (the pin-out) on the connectoiwas determinedo some
degreeby a previouslow-voltagespeci cation. A low-voltagepower buswith a simi-
lar daisy-chainingohilosophyhadbeenusedin the previouslow voltagesystem[47].
Despitethe entire systembeing rekuilt, the pin-out was carriedover (with the addi-
tion of a 5V power connection). The connectorusedalso carriedover: a ve pin,
male (on the cable)connectorfrom the Triad rangeby Thomasand Betts. Theseare
ratedto 3A (for the 5 way version),60V, have goodshieldingpropertiesandarerela-
tively small. A PCBmountversionof the connectotis availableeliminatingunreliable
“y leads"which arerequiredto connectoardsto panel-mountonnectorsThey are
scrav-locking and IP-65 rated (which includesa sealingspeci cation). Thesewere
usedin the 2001 system,and provedto be extremelyreliable with no failuresdueto
faulty connectiongapartfrom thosedueto operatorerror— e.g.notscravedin). The
disadwantageof suchhigh-qualityconnectorss the cost: over $2000wasspentduring
this projecton connectorslone.

Thepin-outis givenin Table4.1.

Two power rails areused. The 5V rail is usedto supplythe logic circuits. The
12V rail is usedto supplypower for devices. Thesevoltageswerechoserto minimise
corversion,andresistive losseslt is intendedthat 3.3V is usedto supplylogic ateach
node,andthatalinearregulatorbe usedto generatehatvoltagefrom the5V line. This

1in Sunswift, for example,a DC-DC corverter providing power could be situatedat eachend of the
physicalbussuchthatif abreakoccurs,all nodeswill remainpowered. Two breakswould have to occurin
oneconductorto disableary node.
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Table4.1: Pin out of the bus connectorspeci ed

arrangemenineansthat noiseon the power line (at 5V) shouldbe ltered out by the
linearregulatoratthenode,aswell asminimisingtheeffectsof voltagedropacrosshe
(long) power supplylines. Theseparatsupplyrail increasesheef ciency by allowing
anefcient switchingconverterto generaté&V from the 12V line (ata power source),
asopposedo alinearregulatorateachnodefrom 12V (sinceswitchingregulatorshave
a substantiakero-loadcurrent,having oneat eachnodedecreasethe ef ciency when
comparedvith alinearregulator).

Twisted-paircableis necessaryor the differential pair (the CAN wires) to EMI
rejection. Finding cablethat canhandlethe connectors currentrating of 3A (ie carry
power),aswell ashaving thetwistedpairs(for thecommunicationsignals)js dif cult.
Certaintypesof categgory 5 cable(asusedfor 10Base-TEthernetjareappropriateand
thishasbeenusedin theinitial implementatiorandshouldsupportsignallingat CAN's
maximumspeci ed speecf 1MBps.

4.4 |solation and Protection

Oneohvious concernwhen connectingevery device in the carto the samenetwork,
is that if one device fails, the entire network may fail with it. Take, for example,
the situationwherean exposedthermocoupldn the batterycomesinto contactwith
a terminalat some(high) voltage. If the batterypackgroundwere connectedo the
groundin the CAN bus, it is likely the nodewould experiencea large currentthrough
somepath or network of paths. As aresultit 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 unacceptabldueto reliability, maintainabilityandcostconcerns.

Several protectve measuresan be taken. The mostcommonlyusedto protect
againstover andreversevoltageis to placea zenerdiodeacrossary inputsto be pro-
tected.This clampsthe voltageto the zeners reversebreakdavn voltage. Somezener
diodesaremanufcturedparticularlyfor this task(e.g. the Transorbrangeof transient
voltagesuppressors)lif afuseis placedin serieswith the connectiorto be protected,
thefusewill open-circuitf anovervoltageconditionoccurs.This solution,while sim-
ple, hassomeissuesvhenusedto protectthe CAN datalines. The capacitancadded
by the transientsuppressorsanmake the bus behae improperly In orderto protect
thenodeasmuchaspossiblefrom damagethe powerrails areprotectedn thisfashion
(seeFigure4.1).

One methodof further protectingthe bus is to ensureeachnodeis galvanically
isolated.Thismeanghatno electricalconnectiorexistsbetweereachsideof anisola-
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Figure4.1: Transiensuppressorprotectthe power rails from over-voltage.

tion barrier Digital signalsmaybe coupledusingoptocouplergwhereanLED shines
acrossa physicalbarrierforming a logical connectionput not an electricalone),and
power may be coupledusingmagnetic elds (asin atransformer).This kind of isola-
tion protectsin bothdirections.Thedevice is protectedrom mis-operatiorof the bus,
andthebusis protectedrom mis-operatiorof thedevice.

Perhapsnostimportantly deviceswhich do notrequirethe CAN busto operate—
e.g.the MPPTsandmotor controller— will beableto continueoperationevenif the
entirenetwork hasbeendamagedsincethey areonthe oppositesideof aphysicalbar
rier. Furthermoresinceeachnodeis oating relativeto ground,ashortcanoccurto the
batterypositive,andthenodewill simply oat to thatpotentialandcontinueoperation.
It is only whena secondshorton the samenodeoccursthatdamagewill occur This
needfor at leasttwo errorsbeforethe systemcanbe damageds a compellingreason
for the useof isolation.

The disadwantagesassociatedvith this kind of protectionare cost, power usage
andpropagatiordelay’. High quality isolatorsare expensie devices. The quality is
generallyinverselyproportionako thepowerusageandpropagatiordelay Propagation
delayis importantin a CAN systembecauseachnodemustbe ableto asserthe bus,
have thesignaltravel throughthe optocouplerthroughthetranscever, to oneendof the
bus,andbackagainbackthroughthetranscerer andisolationto the controller in one
bit time. Thespeedf light limits thelengthof a CAN busfor thisreasonlIf signi cant
propagatiordelaysareintroducedecaus®f theoptocouplereitherthebus' baudrate
(which is relatedto the bit-time), or the bus length, will belimited. IsolatedDC-DC
corverters(requiredto isolatethe power supply)arealsoexpensve.

The decisionwas madeto galvanicallyisolateall nodesin the system,aswell as
keepthe CAN groundseparatdérom the batteryground. This meanghat at leasttwo
errorsarerequiredto causedamage SeeFigure4.2.

Isoloopisolators,which aremagnetic ratherthanoptical, isolators,operateat the
3.3Vrequiredandhave a propagatiordelayof only 5ns. Thesedeviceshave very small
power consumptiorwhencomparedvith traditionaloptocouplerg33].

SmallisolatedDC-DC corvertermodulesfrom Newport canbe usedto provide an
isolatedDC source.Thesecomponentprovide galvanicisolationto over 1000V and
are speci ed in the referenceschematic/designTheseisolation componentform a
substantiaproportionof thetotal cost

This step has already proven its worth, protectingthe majority of the system

2Propagatiordelayis the amountof time taken for the signalto travel throughthe optocoupler
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Figure4.2: Schematiof isolationbarriers.

throughtwo malfunctions. In one case,a metallic objectcameinto contactwith the
DC-DC? inputrails, vapourisinga large partof the input circuitry, but leaving the net-
work unafectedbecausef theisolationbarrierwhich waspresent.n anothercasea
motorcontrollerfailurewasisolatedto the motorcontrolleritself.

45 RedundantBusses

RedundanCAN bussesare sometimesisedto give greaterreliability in applications
suchassatellitesandsafety-criticalcontrol systems.

In atypical [24] automotveuseof CAN, therewill betwo networks. One,typically
runningat a low rate, will accommodat@on-critical control tasks,and usercomfort
tasks. This non-critical network will also attemptto useaslittle power as possible
via the useof "sleep” modes.A secondhigh-speednetwork is be usedfor real-time
traf c suchasenginemanagementanti-lock brakes, cruise control, etc. By having
physicallyseparaterioritised networks, the reliability, andreal-timeperformanceof
the high-speedhetwork is signi cantly increased.

Satellitenetworks[28] (andothersusceptiblepr particularlycritical applications)
oftenuseredundanbusseq26] suchthatin the caseof a bus failure, the systemwill
continueto operateusinga secondor third) bus. The conceptis equivalentto theuse
of redundanmicroprocessors highly critical systems.VVariousCAN controllersare
availablewith multiple interfaceg20] andwould suit this purpose.

Thedecisionwasmadeto usea singlebusfor thefollowing reasons:

costandcompleity — theteamcannot afford to increasehe costof the system
morethanabsolutelynecessary;

incompatibility — neitherthe Biel trackers, nor the Tritium motor controller
supportmultiple CAN busses;

power consumption.

3A device which corvertsfrom onevoltageto anotherandis usedin Sunswiftll to generateppropriate
supplyvoltagesfrom thatof the battery
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Thusthe probability of total bus failure was deemedo be small enoughthatits dis-
adwantagesnake a redundanbus undesirable The performanceof the systemcould,
however, beimprovedby usinga prioritisedbus separatiorsimilar to thatoutlinedfor
typical automobilesThis doesnotbearheavily uponthe standardhodedesignsincein
eitherdesignonly oneCAN interfaceis required.

4.6 Standard features

The following featureswere speci ed as being standardon any nodewithin the net-
work:

power indicatorLED (green)— two indicator LEDs (onered, one yellow) for
usein fault- nding;

ambienttemperaturesense— the motor controllerandtrackersboth have tem-
peraturesensingwhich canprovide importantdiagnostianformation. For very
little addedcompleity every nodecanbegiventhis ability;

sleepcapability— eachnodeshouldbeableto putitself into alow-powermode;

power usagemeasurement eachnodeshouldbe ableto (at least)estimateits
own power consumption;

real-timeclock - eachnodemustbeableto tell thetime sincebootat millisecond
accurag.

4.7 MiscellaneousDesignDecisions
Thefollowing furtherdecisionsveremade:

Protelwaschoserasthe schematicaptureandprintedcircuit board (PCB)lay-
out tool dueto its easyto useinterface,andthe authors relative knowledgeof
the package An excellentalternatve is providedin the CADSoft's Eagle. Two
clearadwantagesf Eagleareits ability to run underthe Linux operatingsys-
tem, andits free evaluationversion. The Scool of Electrical Engineeringand
TelecommunicationEE&T) at UNSW ownsanumberof licensedor Protel,to
whichthe SRT hasaccessTheplatformdependenceanbeforgivenfor its more
productiveinterface.

Surfacemounttechnology (SMT) hasbeenembracedn thesedesignssinceit
provides more reliable, smallerPCBs. The Sdool of ComputerScienceand
Engineering CSE)providedtheteamwith thefacilitiesto producevery detailed
boards.The 0603packagesizewasstandardisedponsuchthatthe teammight
investin volumeordersof commonlyuseddiscreteparts.

PCB layoutwas doneaccordingto manufcturingspeci cationsof the various
producersisedduringthecourseof thisproject. ThisincludesCSE's prototyping
facilities which were usedextensiely, and proved to be an invaluabletool in
quickly re ning thedesigns.Two layer(or singlelayer)designsvereusedwhen
possibledueto the large costsassociatedvith multi-layerboards.
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All designshave takeninto accounthousingandmountingconsiderations.

3.3V was chosenasthe standardogic voltagedue to reducedIC power con-
sumptioncomparedvith 5V.

4.8 ReferenceDesign

A referencalesignwas developedsuchthat future network-nodedevelopmentmight
be speededip. Thisreferencalesignconsistof a setof schematiceanda PCB layout
for aparticulardevice.

The schematicareextremelymodular A hierarchicaldesignmeanshatmodules
canbereusedreryeasily in thesameway functionsin asoftwarelibrary canbereused.
Theinterfacesarerelatively obvious. During the implementatiorof the Sunswiftsys-
tem (asoutlinedin Chapter8) severalboardsweredesignedtheseschematicproved
invaluablebothto theauthor andto theteammembersnvolved.

In the developmentof the referencedesign,a large numberof schematiccom-
ponentsand componenfootprintsweredravn. Theseform a comprehensie library
whichmemberof theteamhave sinceusedto developtheir own designs.This library
formsthecoreof thehardwareinfrastructureandshouldspeedary futuredevelopment.

The“CANRefNode”, asit is named consistof a mainboardwith two CAN con-
nectors,and two “daughtercard’connectors. The daughtercarc¢onnectorsallow a
personalityboardto stackon top of the CANRefNode,to provide the overall device
with input, output,andotherfunctionality. This approachwastaken suchthata large
numberof CANRefNodescould be manufcturedand tested. Low-cost personality
boardscanthenbedevelopedn orderto build andmodify thesystem . The CANRefN-
ode,providesa nodedesignemwith aworking basewhich canbe customisedisingthe
daughtercardsilt is assumedhat the Sunswiftsystemwill evolve overtime andit is
hopedthatthe CANRefNodeswill rarely requirereplacementaffording a substantial
saving in bothdevelopmentime andcost. A referencealesignfor the daughtercarthias
alsobeenproduced.

The CANRefNodeprovidesthe basicfunctionsexpectedof eachnodein the net-
work (asoutlinedin the previoussections).

4.8.1 Micr ocontroller

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

Initially, anintegratedprocessor/CAN-controllevassought,sincethis would re-
ducethenumberof chips,aswell asthe softwarecomplexity. It wassoonrealisedthat
usingsucha device waslik ely to requirea more powerful (andpower hungry)micro-
controllerthandesired. Sincethe functionslik ely to be carriedout by eachnodeare
verysimple,themicrocontrolleralsoneedonly besimple. Somevendorshavereleased
CAN controllerswith in-built digital and analogud/O suchthata microcontrolleris
not required. Sincethis boardwasintendedto be e xible, and multi-purposedthis
option was not considered. At the time of selection,the Microchip PIC18Fseries,
with integratedCAN controller hadnot beenreleasedlts usemay provide a superior
solution.

CSE had considerableexperiencewith the AVR rangeof devices. They are ex-
tremely good, 8-bit, generalpurpose,high-performancerISC microcontrollers. A
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numberof usefulperipheralsareavailablebuilt in to variousmodels.Furthermoreex-
cellentsoftwaredevelopmentoolsarefreely availablein theform of avr-gcc,simulavr,
uisp, etc. An in-systemprogrammeicanbe manufcturedat little cost(asoutlinedin
an applicationnote[7]), but this wasnot necessargincethe teamhad purchasedin
STK500AVR developmentboardfor a previous project. CSEhadrecentlypurchased
50 ATMega3239[8] andthis particulardevice was thereforeimmediatelyavailable.
Unfortunately no AVR hasanintegratedCAN peripheral sousingthe devicesin this
contet requiresthe useof an externalcontroller Due to theseadwantagesandthe
authors previous experiencewith the devices,the ATMega323wasselectedor usein
thisdesign.Notethat,asof September2002,the ATMega323is notrecommendetbr
new designs.The ATMega32is a morerecentreplacemenivhich is ablerun at higher
clockrates.

Two options,notavailableatthetime of designwhich mayprove moreappropriate
for future evolutionsinclude:

the MSP430by Texasinstrumentswhich appeard¢o be anexcellentalternatve,
beinga 16-bit processomwith betterperipheraloptions,using 1/16ththe power
for acomparablenodel;

the PIC18FXseriesof microcontrollersrom Microchip. Thesedevicesintegrate
the MCP2510CAN controllerwith an 8-bit microprocessoproviding a small,
low power CAN nodewith very few externallCs.

An externalcrystalof 3.6864MHz wasusedfor the microcontrollerin orderto allow
thebuilt-in UART to clock at normalPC serialportrateswith little error.

4.8.2 CAN Controller

The choiceof the AVR as a microcontrollerimmediatelynecessitatethe useof an
external CAN controller This decisionis perhapghe mostregrettedof thosemadein
thehardwaredesign.The MCP2510CAN controlleris manufcturedoy Microchip as
a lightweightdevice to connectsmallembeddedystemdo a CAN network. It offers
threetransmissiorbuffersandtwo receve buffers. It interfacesvia a serial peripheal
interface(SPI)bus (whichthe ATMega323mplementsn hardware).

Again, very few othercontrollerswere considereecausef the MCP25105 ob-
viousadwantages:

it was designedfor applicationin low performancesystemsand so usesless
power thanalternatves;

bandwidthlimitations placedby the useof the SPlinterfaceshouldnotbeanis-
suesincethe nodesshouldnotrequirehighvolumetraf ¢ (althoughthenetwork
shouldbeableto handlethe throughput);

the Biel MPPT usesthe device meaningthata substantiahmountof codereuse
couldbe madeif thesamecontrollerwereused.

Another suitablecontroller is the SJA1000, which is bus-interbiced(as opposedto
the three-wireSPl interfaceusedby the MCP2510). This controlleris slightly more
powerful andpower-hungrythanthe MCP2510.The SA1000is morematurethanthe
MCP2510,having beendevelopedby Philips,a compaly with a muchlongerhistory
in CAN device manufcture.
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Sinceno signi cant complaintshadbeendiscusseavith the MPPT developersand
otherCAN developersandit hadthe obviousadwantageof codeandexperienceeuse,
theMCP2510wasselectedasthe CAN controller With perfecthindsight this decision
might nothave beenoptimal.

The MCP2510hasan extensive erratadocumen{30] detailing numeroussilicon
bugs. This documenthadbeenreadat the time of the device's selection. The effects
werethoughtto be non-critical; however, laterthey causedandcontinueto causesig-
ni cant problems(including paclet lossand garbledmessages)At leastonefurther
silicon bug hasbeendiscoreredthroughthe useof thedevice duringthis thesis.

16.0MHzwaschosenfor the CAN crystalto allow the controllerto attainits top
speedf 1MBps(wereit notprohibitedby asilicon bug). While thisrateis notrequired
in the presenimplementationthe designallows the useof this high rateif requiredin
thefuture.

4.8.3 Power suppliesand isolation

An un-isolatedand an isolatedpower supply are requiredon-board. An un-isolated
supplyis requiredto provide power to the CAN line driver (an SN65HVD232from
Texasinstruments)andonesideof thelogic isolatorsat 3.3V usingthe CAN bus' 5V
rail asa source.Thisis realisedvia alow drop-out(LDO) linearregulator(a switching
regulatorwascalculatedo belessef cient dueto thelow loadcurrent).

An isolatedsupplyis requiredto provide all isolatedcircuitry. Theisolationbarrier
was placedbetweenthe CAN controllerandline driver so that only two logic isola-
torsarerequired(anIL712 from the Isolooprangeof isolatorsprovidesbothin one
package).A 250mW isolatedcorverterfrom Newport (LMEO505S)provides5V to
themicrocontrollersideof theisolationbarrierusingthe CAN bus' 5V rail asaninput.
Thisis then Itered andregulatedusinganLDO linearregulatot

The current out of the corverter is measuredusing an 0.82 resistorand a
MAX4173 high side currentsenseampli er connectedo the microcontrollers ana-
logueto digital corverter (ADC) providing aninstantaneousurrentmeasurementf
the5V line onthe microcontrollersideof theisolationbarrier

4.8.4 Miscellaneoushardware

Thefollowing miscellaneousardwarewasaddedo thedesign:

31-pinConanconnectorgrom Molex wereusedto stackthe daughtercardipon
the CANRefNode.

ThreeLEDs areusedto indicate3.3V power, andgive two generapurposéndi-
catorsfrom the microcontroller

An LM50 temperaturdransducerconnectedo the ADC providesan ambient
temperatureneasurement.

A 32kHzwatchcrystalwasconnectedicrosshetimer clock pinsto be usedas
areal-timeclock.



52 CHAPTER4. HARDWARE INFRASTRUCTUREDEVELOPMENT

4.8.5 PCB layout

TheCANRefNodewaslaid outusingatwo layerboardandthroughholeplating. Com-
ponentsvereplacedon both sidesof the boardin orderto reducesize.

A Dick SmithElectronics'Zippy” box waschoserasa low-costplasticenclosure.
ThePCBwassizedsuchthatit mountedvia theinbuilt PCBrails. Four M2.5 mounting
holeswere provided both to securethe daughtercarqusing 6mm hexagonalplastic
standofs) aswell as provide an alternatemounting method,shouldthe box not be
used.

A physicalisolation barrierwas designednto the PCB, with the nodeand CAN
sidesof theisolationbarrierbeingphysicallyseparatedall circuitry directly connected
to the CAN network is situatedat oneendof theboard).

Usualdesignprincipleswere adheredo with clock tracesbeingkeptasshortas
possible groundplanesheingusedto provide a goodreferencegtc.

All unusedbins of the microcontrolleraremadeavailableto the daughtercardvia
the Conanconnectors)along with power suppliesfrom both sidesof the isolation
barrier Onepin is designate@sa “Daughtercardshutdavn” pin. Uponassertionthe
daughtercards requiredto useaslittle poweraspossible All pins,exceptingthe CAN-
sidepower lines, areon the microcontrollerside of theisolationbarrier Theisolated
power supplycanprovide up to 30mAat 3.3V, whichis enoughfor mostlogic circuits.

Two revisionsto the PCB were made. Thesewere prototypedusing an LPKF
ProtoMatC60, madeavailable by David Johnsorat CSE. The boardswerethrough-
hole platedusinga copperplating systemcommissionedia the rst boardproduced
(sometime was spentassistingwith this). The rapid prototypingfacilities saved a
large amountof mongy in wastedPCB manufcture,andthe nal productquality was
signi cantly increasedia the ability to make theserevisions.

A daughtercardeferenceschematic/PCRBvasalsodesigned.In orderto develop
a daughtercardthe original designcanbe copied,andcomponentaddedin orderto
provide thefunctionnecessary

4.9 Results

Asisoutlinedin Chaptei8, 20 CANRefNodePCBsweremanugcturedby IMP Printed
Circuits. This manufcturerwaschoserfor thesePCBsbecaus®f theirlow cost,high
de nition service— requiredbecausef the detail of the PCB.

The referenceschematicavere also usedas the basisfor several boards(again,
outlinedin Chapter8) successfully The existenceof thesedesignsand modularity
with which they areconstructednakesimplementinga new nodetrivial.

Thereferencedesignfor daughtercardeiasusedto constructseven differentper
sonalityboards. The time for developmentfor a CAN nodewith individual function
and purposethusreducedto underan hour's designandlayout (for a simple daugh-
tercard).SeeFigure4.4 asan exampleof a daughtercarda currentsensoronnected
to a prototypeCANRefNode,mountedin the intendedbox. Note thatthe connectors
werepositionedsuchthatall cablesarein-line (currentis measuredby puttinga cable
throughthe holein thelargeblacktransducer).

Codesufcient to testthe operationof the variouspiecesof hardwarewaswritten
usingCodeVisionAVR studio's evaluationdemo. This providedfor rapid development
onthe AVR processorsvith comprehensie librariesbuilt in.

SchematicandPCB artwork aregivenin AppendixA.
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Figure4.3: PrototypeCANRefNode(with 5c¢ piecefor scale)

Figure4.4: Currentsensoiprototypemountedn box
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4.10 Externally Speci ed Systems

Sincethe Biel MPPTsandTritium motorcontrollerareexternallyspeci ed, only feed-
back or modi cation is possible. Thesesystemswere modi ed, and add-in boards
manuficturedn orderto integratetheminto the system(asoutlinedin Chapters and
7). It wasfound that while it wasimpossibleto implementthe above speci cation
entirely, it waspossibleto sufciently emulateit. Hopefully future revisions of this
hardwarewill includetheremainingfeatures.

4.11 PLEB

The UNSW/CSEPLEB [49] wasintendedto be usedasa processinghode,perform-
ing ary functionswhich thelow power, low performancenodeswould have dif culty
with. Examplesinclude the wirelesscommunicationwhich wasto be implemented
via Sunswift's RangeLAN2 accespointsfrom Proxim. Theserequirean Ethernetin-
terface. The PLEB is a StrongARMSA1100basedcomputer Both ARM Linux, and
researctoperatingsystemsasedon the L4 micro-kernel[27] have beensuccessfully
bootedandusedin applicationsonthis platform.

The StrongARMprocessorunsat200Mhz,andcanhave up to 64MB RAM, 8MB

ash. A numberof internalperipheralsaareavailable. The PLEB's stackingdaughter
cardarrangemen(similar to that usedfor the CANRefNodes)s usedfor expansion.
EthernetandIDE daughtercardeave beendevelopedandproven.

An MCP2510-basedaughtercardvasdeveloped. Unfortunately it wasbuilt and
never tested,owing to its dependencen anintegratedEthernet/IDEboardwhich had
beendesignedand constructedoy CSE. The Ethernet/IDEboardwas manufctured,
but Linux driverswerenevercompletedandare,atthetime of writing, still undercon-
struction). The authors knowledgeof L4 wasnot sufcient to allow the construction
of asolutionin areasonabléime-frame.

Anotherextremelyusefuldaughtercards alsocurrentlyunderconstructiorby CSE
students It interfacesa compactash card. This would allow bootingfrom, andlog-
gingto, ash storagepranIBM microdrive.

It is recommendethatthe PLEB CAN boardberedesignedvith amorepowerful,
memory-mappe@AN controller, with readilyavailableLinux drivers. The MCP2510
is very muchgearedtoward a small, low-power system,acceptingthe limitations of
these(suchaslow data-transferateover SPI, smallnumberof messagéuffers, etc).
The PLEB doesnot have suchlimitations, andwould bene t from the useof a more
powerful CAN controllersuchasthe SA1000. This device hasdriversfor Linux avail-
ableunderGPL.

In orderto interfacethe PLEBto thenetwork (withoutthe CAN daughtercardnen-
tionedabove),oneof its serialportswasconnectedo a CANRefNodecarryingaserial
port daughtercard A small protocolwaswritten to exchangedatabetweenthe two,
actingasa CAN-to-serialbridge.



Chapter 5

Software Infrastructur e
Development

Given the hardware platform/speci cationoutlinedin Chapter4, the CANRefNode
boardswhich resulted,the Biel MPPT, the Tritium motor controller andthe PLEB,
also requiredwas operatingsoftware to allow the nodesto performtheir functions.
Furthermoret wasnecessaryo developcommunicationsoftwareto allow thevarious
partsof the systento integratevia the CAN network.

Theabove platformshave differentarchitecturesTheBiel MPPT usesaMicrochip
PIC microcontroller the Tritium motor controllerusesa Texas InstrumentdDSR the
PLEBusesa StrongARMrunningLinux, andthereferencéboardsspeci edin Chapter
4 useanAtmel AVR.

Building asoftwareinfrastructurebecamea matterof building a setof librariesand
driverssuchthatthe above systemsould operate andinter-operate Furthermorethe
librariesareportable with platform-speci ccodeisolatedto individual modules.

A requirementvasthatthe environmentwhich theinfrastructureprovidesbe easy
to use,andlearn. It is intendedthat studentswith very little programmingexperience
be ableto programthe boards.A secondrequirementvasthatthe infrastructureand
the CAN protocolin particular be extendiblesuchthat shouldnew requirementde
determinedthey shouldbeimplementable.

5.1 Compilersand Tools

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

It wasdecidedo useC asthelanguageof choice(usingassemblywhererequired)
for programminghevariousembeddedystemdor portability, speedf development,
andeaseof usereasonsCarefulchoiceof compilerwasnecessarysincecodesizeand
speedoften limit usefulnessand thereforethe betterthe compiler optimisation,the
moretheoverall systemwill becapableof. FurthermoremicrocontrollerC compilers,
in general have a numberof oddities,which may limit codecompatibility Thereare
a large numberof compilersbeingdevelopedfor the architecturesanddevicesof the
processorsised.

AVR-GCC waschosenasthe compilerfor the AVR becauseof its GPL license,
associatedibraries,and ANSI C support. The compileris underactive development.

55
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It hasbeencomparedavourablyto seseral commerciallyavailable compilers(worth
severalthousandsef dollarseachonthemarket) by developersoonthe AVR-GCCusers
mailing list. A Code\VisionA/R evaluationversionwasusedfor sometasksbecause
of its comprehensie setof libraries,and codetemplategeneratar In evaluation,the
performancef AVR-GCChasbeenvery good.It providesgoodheadersandlibraries,
andoptimisegreasonablyvell. A versionrunningunderWindowswasusedbecausef
goodintegrationwith the IDE andprogrammetinterfacetools availablefrom Atmel.
Duringtheperiodof this project,thelimitationsassociatevith theLinux versionhave
ceasedo existbecaussereraltoolsnecessarjor effective developmenbn Unix based
platformshave maturedsigni cantly.

CCS PCM was usedto compile for the PIC 16F877which is usedby the Biel
MPPT becausé¢he Biel teamhadinvestedn it, andcodecompatibilitywasimportant.
The SRT paidfor a cutdown versionof thefull compiler It usesalarge numberof C
extensionslt alsoplacesseverallimitation, suchasalackof functionpointers,jn order
to allow performanceandsize optimisations. This compilerhasa numberof serious
limitations,includinglack of supportfor functionpointers.

CodeComposerfrom Texas Instrumentswas used as the compiler for the
TMS320L2407usedin the Tritium motorcontrollerfor similar reasongo thoseabove.

Priorto thisproject,theteamSrevision controlsystemwaspurelymanual. Thisled
to anumberof occasionsvherecodewaslost, out-of-datecodewasused etc. In order
to resole theseproblems,concurentversioning system(CVS) was setup andused.
All codeanddocumentatiomesidesn a CVS repositoryon solarch.sunswift.
unsw.edu.au

Dehluggingsoftwarerunningon a systemwith very few feedbackmechanismgas
is the casewith mary of thesedevices)is dif cult. A Tektronix TDS210two-channel
digital storage oscilloscopg DSO)wasusedto speeddevelopmentmakingmeasure-
mentsof bothanalogueanddigital inputsandoutputs.The storageandmeasurements
featuresboth provedinvaluable. This tool madedeluggingandverifying the various
systemdar moreprecise.lt wasoftenthe casethata singlemeasuremenwould saze
hoursof detuggingtime.

5.2 Abstraction Layer

Becauséhe systemhasbeendevelopedon four platforms,codewhich canbe portable
will save alarge amountof developmenttime: particularlyin the caseof driversfor
devicessuchastheMCP2510CAN controller, whichtake asigni cant time to perfect.

Hardwareabstractioris mostcommonlyachiezedthroughthe useof anoperating
system(OS), which providesa genericinterfaceto applicationsaswell asa numberof
usefulfunctionsandconstructionsA real-timeoperatingsystemcanspeedhe devel-
opmentof applicationswith real-timerequirementgwhich mary embeddedystems
have). Severalreal-timeOSs(or morecorrectly executves,sincethey aresolimited)
areavailablefor the platformsdiscussedbut no OS, or abstractiorlayer, is available
acrossall theplatforms.

Becausehe applicationsintendedfor the majority of nodeswere intendedto be
extremelysimple,a single-platformoperatingsystemprovideslittle bene t. Real-time
requirementscan be satis ed throughdirect use of interruptsand timers. Because
of this it was decidednot to specify ary particular operatingsystem,and build an
abstractioriayerlibrary on which applicationscanbe developed.
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OSsare,however, usedin somenodes.In this casethe abstractiorayerlibrary is
built ontop of the OS's existing interfaceq(e.g.in Linux, which runsonthe PLEB).

An abstractioayerfor CAN hardwarealreadyexistsin theform of CANpie[22].
This API speci cationprovidesaninterfaceto the variousfeaturesof CAN controllers
andis freely available. Someimplementation®f CANOpenandotherHLPshave used
CANPie. Variousdriversalsoprovide aninterfacefor operatingsystemsThesdayers
were not usedbecausét entailsa large code size which could not be afforded. A
very smallinterfacewasdevelopedthroughtheinitial developmentof a driver for the
MCP2510(whichin turn,usesan SPIdriverabstractiorsuchthatit is portable).

An interfaceto peripheralsuchasa universal asyntironousreceivertransmitter
(UART) (if present)areal-timeclock (RTC) of somekind, electrically-eraseablegoro-
grammablereadonly memory(EEPROM), etc. arespeci ed, andimplementation®f
thoseinterfacesdevelopedfor all platformscurrentlyin use.

Despitea large numberof differenttargets,andthe absenceof an OS on all but
one,mostcode exceptfor theabstractioribrary, is compilableacrossll theplatforms.
Thishasspeededhedevelopmenof dif cult componentsuchastheMCP2510driver,
whichis usedonthe PIC, AVR andPLEB platforms.A bug x ononeplatformeasily
appliesto the others. The sameappliesto the protocollibrary. The Tritium motor
controller CAN communicationg€odewasdevelopedin lessthanthreedaysthrough
thedevelopmenif a setof abstractioribrariesfor the TMS320L2407.

5.3 Protocol

A simpleprotocol,known as“Scandal’wasdeveloped basedn a library linked with
theabstractioribrary for eachplatformasoutlinedabove.

5.3.1 Requirementsand design

Therequirementsor the protocolareextremelysimple. It mustprovide:

away of sendingelemetryoverthe network

away for othernodesto sensiblyusethatinformation
con gurationfacilities

away of reportingstatusanderrorsat eachnode

Network reliability featuresneednotbebuilt in becauséhehardwarealreadyperforms
sufcient errorcheckingandretransmission.

CAN is organisedas a consumer/producestyle network, andit makes senseto
take advantageof this (asis outlinedin the CAN Kingdomprotocolspeci cation[14]).
Thusa similar “nodessene the network” philosophywastakenwith the design. The
network is considerednentity from which informationis sentandreceved.

Stateis storedin the persistenstorage(often EEPROM) which is requiredof all
platforms.

Timeis givenby amillisecond-accuragctimer, whichis alsorequired.lt is intended
thatthe protocolsynchroniseheseclocks. This hasnotyetbeenimplemented.

The protocolis basedaroundthe conceptof channels. A channelrepresenta
streamof numbers. The channelvalue may be updatedregularly or irregularly, and
thereforethe sourcemay be event— or time — triggered. The sourceof a channel
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providesdatato the network. Thereceptorof achannereceiesinformationfrom that
source.A channelcanhave multiple receptorsput only one source(mainly because
CAN prohibitsthetransmissiorof identicalidenti ers from differentnodes).Theterm
“out-channel”is usedto referto the channekourcetheterm*“in-channel”to the desti-
nation.

An exampleto illustrate: a currentsensoy monitoring the batterycurrentof the
car, hasanout-channetepresentinghe valueof the current. |t is updatedat 10Hz. A
driverdisplayhassereralin-channelsvhich correspondo thevariousvaluesdisplayed
onthescreenThedriverdisplayin-channels con guredto listento theout-channebn
the currentsensor(asidenti ed by its nodelD andchannellD). The displaysoftware
updateghe valueon the displaywheneer the value of thein-channelis changedvia
network activity).

Anotherexample: a setof indicatorsis usedon the car Threenodescontrol six
lights (front left andright, rearleft andright, andrearbrake lights). Eachnodehas
two in-channelswhich control the stateof two lights. Wheneer the in-channelis
updatedthe stateof the light is updated.If a non-zerovalueis receved, the light is
on, otherwiselt is off. A drivercontrolsboardcontrolstheindicators,andhastwo out-
channelgepresentinghe stateof the left andright indicatorsrespectiely. A positive
valueis sentwhenthe indicatorsshouldbe on, anda zerois sentwhenoff. Thusthe
four in-channelscorrespondingdo the indicatorscan be associatedvith the two out-
channeldrom the driver controls.

Note that eithersignalsor eventscanbe representedia thesevalues,andthusa
separatenessageéypeis notrequired.

Heartbeatareusedto inform the network of the operationof eachnode aswell as
somevaluesregardingits state.

Errorsarereportedexplicitly.

Extendeddenti ers (29 bit) areusedfor all messagesuchthata large numberof
new messageéypescanbeaddedn thefuture.

Every nodehasanaddressvhich s storedin the persistentnemory Eachnodeis
initially con guredwith anaddres®f zero,andis recon guredoverthenetwork. The
nodesareconnectedo the network oneby onesuchthataninitial addresgon ict does
not occut andtheir addressesan be updated.A protocolto determinea temporary
addresstrun-timemaybeimplementedn thefutureto avoid this initial con guration
stage.

Sinceall nodesarecon gured prior to use,andstoretheir con gurationinternally,
thefailureof any nodewill notmeanthe entirenetwork will fail.

Device detailsarede nedin scandal_deices.h

A polled architecturewas usedto simplify synchronisation.The handle_scandal
functionmustbecalledasoftenaspossiblg/generallyoncethroughthemainloop),and
no lessthan10Hz. This function handlesn-channelsheartbeamessageggesetsand
con guration. It alsocallscan_poll,which may or may not have aneffect, depending
ontheparticularCAN abstractioriayerbeingused.

5.3.2 Messagdypesand identi ers

Every CAN messagéasanidenti er, which caneitherbe 11 bits (standardpr 29bits
(extended) Extendeddenti ers werechoserto simplify the protocol,andto allow for
expandability

In Scandalgevery messagédenti er startswith two elds: priority, andmessage
typelD. Thepriority is placedin the mostsigni cant bit (MSB) of theidenti er. This
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| Type# | Type | Description |
0 Channel Updatea channel
1 Con guration Updatea con guration parameter
2 Heartbeat | Sentperiodicallyto announceperationto the network
3 Error Reportanerror
4 Reset Reseta particularnode

Table5.1: MessageypelDs

| 3: Priority | 8: Messagdlype | 8: SourceAddr | 10: ChanneNumber |

Table5.2: Channemessagéenti er

meansthat higher priority messagesvill win arbitrationon the bus, sincethey will
have dominantbits earlierin the transmissior(e.qg. Scandalpriority becomesCAN
priority). Thisis important,sinceCAN performsnon-destructie collisions, with the
highestpriority messagéeingtransmitted.

Themessageype ID givesthe contentsof the restof the identi er, asassociated
with the messageype (asgiven Table5.1). The messageype ID actsasa second
priority level, sinceit is the next setof bits to betransmitted.Thetype IDs have been
randomlychosenput shouldberelatively easyto re-de neif necessary

The fact that extendedidenti ers are usedalso meansthat a separateprotocol
shouldbe easyto implementusingthe standarddenti ers (sincethey areseparable).
SinceCANOpen,DeviceNet,etc. usethestandarddenti ers, it is concevablethatone
of theseprotocolscouldrunin parallel.

5.3.3 Channels

Channelmessagearesentwhenachannelalueis to be updated.The messagéden-
tier layoutis givenin Table5.2. The 8 bytesof dataconsistof 32 bits of the value
beingsent,anda 32 bit time stampobtainedfrom the sources clock. The presencef
the sourceaddresgwhich mustbe unique)meangwo messagewith the sameidenti-
er cant betransmittecdon the bus (causingousfailure).

A buffer for eachin-channels currentlykeptin RAM. Thisbufferis updatedvhen-
ever a channelmessagés received. Functionsto readthe mostrecentvalue,andthe
timeatwhichit arrived,areavailablein thelibrary. A functionto sendachanneis also
available(scandal_send_hanné).

Becausanary of the channelgequirescaling, a scalingfeaturewashbuilt into the
protocollibrary. A functioncalledscandal_send_scalechamelwasaddedfor linear
scaling.M andB arestoredin EEPROM, andcanbe updatedusingthe con guration
featureqto allow for easycalibration).

Channebaluesmustbein units of athousandtiof therespectie Sl unit® (e.g.mA
for current,mV for voltage). This meanghatdisplays etc,do not have to performary
secondarnscaling,andevery channelcanbe treatedin the samemanner Also, x ed
point mathis used,so (performancéantensive) oating point operationsare avoided

1For example the ADC outputof the DC-DC corverterrangesbetweer0 and65535,but the valueto be
outputrangeshetweer0 and164000.

2Two exceptiongo this rule arethe speedwhichis measuredh m/h sincekm/his theunit normallyused
to measurevehiclespeedanddegreeswhich aremeasuredn milli-degreesCelsiusfor similar reasons.
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| 3: Priority | 8: Messagdype | 8: DestinationAddr | 10: ParameteNumber |

Table5.3: Con guration messagédenti er

| Parameter#| Name | Description |
0 Address Changeheaddres®of thenode
1 In-channekource Changeanin-channekource
2 Out-channeM Changeanout-channetcalingconstantM
3 Out-channeB Changeanout-channebcalingconstantB

Table5.4: Con guration parametedescriptions

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

Nodeswill not usevaluesfrom channelswith nodeaddresf 0O (sincethis is the
defaultin-channekourcevalue,andthedefault node-address).

5.3.4 Con guration

Con guration of eachnodeis achiezed throughthe useof explicit, directedcon gu-
ration messagesThe identi er layoutis similar to the channelmessagesThe data
layoutis different,dependingpn which parameters beingupdated SeeTable5.3. See
scandal_engine for further informationregardingthe layout of the datasectionfor
eachmessage.

Sincea destination(ratherthana source)addresss usedin theidenti er (in order
for themessagéo bedirectedto a particularnode),it is importantthatonly onenode
con gure aparticularparameteatary time. This shouldnot usuallybeanissue since
con gurationis normally performedfrom a PC, or othermastemode,of which there
is only one. Note that oncecon guration is complete,it is storedpersistentlyso no
run-timecon gurationis necessaryT hismeanghatif ary nodefails, the network can
continueto operate.

Theparametersvhich arecurrentlycon gurablearegivenin Table5.4.

Con guration messagénandlingis performedin the handle_scandafunction. It
is imaginedthat userapplicationswill alsorequirecon guration. This may needa
separat@isercon gurationmessageandis not currentlyimplementedNotethatup to
1024parametersanbeaddressedyhich shouldbe morethanenoughfor all protocol
relatedcon guration.

5.3.5 Small Scandal

It becamenbviousin thewriting of the MPPT communicationgode thatthe protocol
library outlinedin the sectionsabove would prove too large for the limited microcon-
troller usedin theMPPT. Becausef this,acutdown versionof the protocol,providing
only outgoinginformation, was constructed.Heartbeatsand out-channelsareimple-
mented. The function namesand argumentsareidenticalto that providedin the full
Scandaimplementationso upgrading/devngradirg to/from the full library is simply
amatterof re-linking.

The node address is dened in the scandal_congh le as DE-
FAULT_SCANL_ADDRESS
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The small Scandaimplementatiorjust ts in the PIC microcontroller alongwith
therestof theMPPT code.

5.4 WirelessCommunications

Wirelesscommunications provided via RangeLAN2wirelessEthernet. A protocol
was developedby Luke Macphersorfor use over this medium (sincea signi cant
pacletlossis usuallyenduredwith wirelessprotocols).The canbridge programoper
atesasatransparenCAN bridge,implementinghe CAN interfacepreviously de ned.
Thusthe supportcar is essentiallyanothernodeon the CAN network. The wireless
link providesa best-efort connectionput doesnot exhibit the reliability of CAN due
to theinherentunreliability of the physicalmedium.

5.5 UserInterface Software

Two applicationsveredevelopedfor usein con guration, analysisandmonitoringof
thenetwork. Theseapplicationsareintendedascon guration utilities.

The rst residesn a CANRefNode,andinterfacesto the uservia serialterminal.
This programs text interfaceis capableof sendingcon guration messagesnalysing
receved paclets,displayingchannelupdateseceved, anddisplayingthe error status
of its CAN controller(usefulfor determiningthe healthof the bus).

The secondis a graphicalapplicationwhich accesseshe network via the CAN
interfacede ned in the abstractiorayer. Two implementation®f this interfacehave
beenused— the rst communicatesisingbinary serialcommunicationsThe second
useghewirelessprotocolasoutlinedin Section5.4.

This secondapplication,Scandalconfijs, asis the terminalapplication,designed
to be aninterim solution, or prototype,for a nal interfaceapplicationthatis under
constructiorby otherstudents.lt is alsoservingasa prototypefor the nal program,
with differentpiecesof codecobbledtogethetto performavarietyof interfaceactions.
Seegure 5.1.

Scandalconhasbeenusedon threetestingruns,and hasshown itself to berela-
tively useful. It is imaginedthatthis applicationwould be usedasa fall-backshoulda
moreappropriaténterfacebeincompleteatthetime of arace.Scandalconfvasusedto
log datafor thisreport.It performsmonitoring,con guration,andcontrolfunctions.lt
alsoprovidesa usefulchageintegrationfunction (which hasbeentestedsuccessfully).

5.6 Resultsand Conclusions

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

5.6.1 MCP2510

Most of thesebugsrelateto the MCP2510CAN controllerfrom Microchip (asused
onthe CANRefNodesandthe MPPTs).As mentionedn Section4.8.2,the MCP2510
hasa numberof serious aws [30]; two of themare particularly debilitating. Errata
item 5 statesthatif threemessageare receved back-to-back-to-backhe rst mes-
sagecanbe corruptedbecaus®f anover ow condition. This meanghatarny message
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Figure5.1: Scandalcon€on gurationutility screenshot

thatover owsmustbedroppedtheresultbeingthat CAN canno-longetbeconsidered
areliableprotocol.Errataitem 6 stateghatif two messagearereceived,andonemes-
sagetransmittedjn a shortperiodof time, the transmittednessagenaybe erroneous.
Again, meaningthatthe CAN protocolcannolongerbe consideredeliable.

Thesetwo bugs have causedmary problems. Garbledmessageswhich should
be highly improbable,given CAN's built-in error checkingandre-sendinghave ap-
pearedgcausingcontrolfunctionssuchastheindicatorsto malfunction. Thesebugsare
extremelydif cult to trace.

Furthermorethe erratadocumentoesnot cover all the silicon bugspresentn the
chip. A furthersilicon bug hasbeendiscorered(andreportedto Microchip) duringthe
courseof thiswork. This relatesto anerrorsimilar to thatof errataitem 6: erroneous
messageappearn the bus. Garbledmessageappeamwhenthe over ow functionis
enabledmeaninghata messagevill betransferredo buffer 1 if buffer 0 is full). This
is very limiting becauset meansthatthe CAN controller mustbe servicedfar more
regularly, astheover ow functionmustbedisabled.

Discussionwith a Microchip applicationsengineethasresultedin their investiga-
tion of thisissue.They have indicatedthata revisionto the MCP2510 resolvingthese
issueswill bereleasedn thenearfuture. At thatpoint, all MCP2510CAN controllers
in the carshouldbereplacedvith theupdatedversion.

One improvementwould be interrupt-basedeceve functions (where possible),
which would reducelateng betweenthe controller's receptionof the messageand
transferto the microcontroller clearingthe buffersearlier andreducingthe effectsof
errataitem5.
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5.6.2 Conclusions

The softwareinfrastructurehasproven extremelyeasyto use. The de ned interfaces
providedby the abstractiordayer make portingthe protocolandothersoftwareto new
platformsrelatively painless.The Tritium codewasdevelopedrapidly in this fashion.
As anexampleof the easeof use,onesecondyearstudentconstructed one-wire
temperaturesensordaughterboar@ndrelatedsoftware. This is a signi cant project.
What's evenmoresigni cant is thathe haddesignednly onePCB (alsofor Sunswift)
andhadnever written a C program(his experiencewaslimited to Java). The student
hasmanagedo develop a working device which readsand monitorsthe batterytem-
peratureshasednthe CANRefNode Scandalandthe abstractioribraries.
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Chapter 6

Maximum Power Point
Trackers

Maximum power point trackers are devicescommonlyusedwithin photovoltaic sys-
temsto optimisethe power generatedby asolarpanel. They areparticularlyapplicable
within asolarcarwhere becaus®f the movementof the car, the ervironmentalkcondi-
tionsrapidly change Electricalconditionswithin the cararealsohighly variable(e.g.
asthecarencountersills or accelerategshe motor controllerwill draw largeamounts
of enegy/currentcausingthe batteryvoltageto drop).

In June2001,the UNSW SRT waspreparingor theupcoming??SC.New MPPTs
wererequiredbecauseheelectricalspeci cationfor thecarhadchangedspeci cally,
anew batterypackhadbeenpurchasedjiving a higherupperbusvoltage,with which
theoriginal MPPTswould not operate) An investigationvasconductednto the avail-
ableproducts.

A device from Biel Universityin Switzerlandwasselected.It wasdesignedand
built by the industrialelectronicdab at the university The tracker designwasdevel-
opedfor the SolarMotions[1] team(from California) following their negative experi-
enceswith the Brusa[6] trackerin the 1999race.

Unfortunatelythe MPPT from Biel wasnot thoroughlytestedanddehuggedat the
time of the WSC. While they hadbeenbenchtestedin Switzerland extensie outdoor
testinghadnot beenpossible muchlesstestingin anon-roadervironment.While the
trackerswereoperatedy someteamsin the AmericanSolarChalleng (ASC) (arace
heldthreemonthsbeforethe WSC),noneof the problemsexperiencedvith thetrackers
wereknown to the UNSW SRT prior to the purchaseof 12 Biel MPPTs.Otherteams
appeato have hadpositive experiencewith thetrackers.

TheUNSWteamexperiencedyreatdif culty with thetrackersduringWSCandthe
poorperformancef thecarduringthatracecanbeattributedlargelyto themalfunction
of thesedevices(asoutlinedin Section2.2.2). Many of theseissuescanbe tracedto
the softwarerunningon the MPPT's microcontroller

This chapteroutlinesthe rework of the software resultingin the trackers' (and
car's) successfuperformanceduring the 2002 Sunraceevent. The addition of vari-
ousabilities suchas|V curve sweepingareinvestigatedaswell asimprovementso
thetracker's controlloop andcontrol softwarefollowing thatevent.

65
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Figure6.1: SolarpanellV andPV characteristics

6.1 Background

6.1.1 Maximum power point tracking

Photovoltaic solar cells are non-lineardevices. The device's | vs V characteristics
resultin a power-voltagecurve with a well de ned maximumpower (seeFigure6.1).
It is obvious from Figure 6.1 thatif the cells are operatedat a non-optimalvoltage,
lesspower thanotherwisewill be generatetl The voltageat which the cell or cells?
will producethe maximumpower (Vimp ) Will changewith a variety of ervironmental
conditions:includingillumination andtemperature.

A trackingmechanismthe MPPT, is employed to optimisethe power generated
by the solarpanel. The tracker draws enoughcurrent(l mp ) from the input (the solar
cell/panel)suchthatthe voltageacrosst is the maximumpower point voltage(Vmp ).
Essentiallythis styleof device performsa DC-to-DCcorversionfrom Vi, to theoutput
voltage,which, in the caseof asolarcar, is the battery-packroltage.

While the DC-DC corverteris not 100%ef cient (high ef ciency corverterscan
reach99%), the power gain throughtracking the maximumpower point offsetsthis
corversionloss. Thisis particularlytruefor asolarcar'sarraywheretheenvironmental
conditionscanchangerapidly dueto themovementof the car, etc.

1seeSection6.2.1for acomparisorof optimalandsub-optimatracking.
2Figure 6.1 representshe currentand power vs voltagecurves of a group of solar cells connectedn
serieq(ratherthana singlecell).
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Figure6.2: MPPT ConnectiorSchematic

6.1.2 Biel MPPT hardware description

The following summaryis derived from the “MPPT New GenerationJsersManual’
[34], the MPPT sourcecode,andschematics.

The new generatiortracker, from Biel, is designedarounda switchingboostcon-
verter A schematidor the basicboostcorvertertopologyis givenin Figure6.3. The
operationis fairly simpleto understanda PWM signalto the gateof the eld effect
transistor (FET) causest to switch on and off with a given duty cycle at a particu-
lar frequeng. Whenthe FET is conducting the currentthroughthe inductor builds
up accordingto g—'t = % Whenthe FET switchesoff, the currentis “forced” into
the capacitorthroughthe diode, chaging the capacitoraccordingto %—\{ = '6 Thus
the voltageis boostedabove the input voltage(sinceV = L g'—'t). Varying the FET
“'on” time (by varyingthe PWM duty cycle) variesthe currentwhich builds up in the
inductor, andthusthevoltageat the output.

The Biel tracker usesan extendedversionof the topology which resultsin soft-
switching. This is alsoknown aszero-wltage,zero-currenswitchingsincethe FETs
have zerovoltageacrosspr zerocurrentthrough,themwhenthey areswitched. This
is achievedthroughthe useof an active snubbercircuit — requiringanextra FET, in-
ductor, capacitoranddiodes.Synchronousecti cation is employedto save thevoltage
dropacrosghediode: it is replacedwith a FET which is switchedon whenthe diode
shouldbein a forward conductingmode. ThusthreeFETSarerequired. The control
for thegatedriversof thesetransistorss implementedisingdiscreteogic andpassie
components.This corvertersectionis extremelyef cient comparedo otherMPPTs
usedin solarpoweredcars.

The MPPT is separatedhto two sections:power andcontrol. The corverter, con-
nectorsgetc,arelocatedon a maincorverterboard. The controlcircuitry is situatedon
asecondoardconnectedo the rst.

The controlcircuitry consistsof the discretelCs which implementthe controland
timing circuitry for the FET gatedrivers,anda microcontroller(a PIC 16F877).The
microcontrollers ADC is connectedo sensorsocatedon the powerboardwhichmon-
itor inputvoltageandcurrent,outputvoltage,andtwo temperaturesA switchingcon-
vertergeneratetherequiredl5V, and5V logic circuitry suppliesrom thetracker's PV
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Figure6.3: Simpleboostcornverterschematic

input.

A CAN interfaceis provided usingan MCP2510CAN controllerinterfacedvia
SPI, opticalisolatorsanda line driver. An RS232interfaceis provided usingthe mi-
crocontrollersinternal UART andanexternalRS232line driver.

The microcontrollerhastwo internal clocks which canbe con gured to outputa
PWM signal. Thesetwo PWM signalsareusedto generatehe gatedrive levelsusing
thelogic onthe controlboard.

A numberof securitymechanismsrebuilt into the trackers,including over volt-
age,undervoltageandover temperaturgrotectioncircuitry which canshutdown the
corvertermodulein the caseof anerror. Fusesprotecttheinputandoutput.

6.1.3 Tracking algorithms

Thereare a numberof techniquedor trackingthe maximumpower point of an ar-
ray. Thesencludebothanalogueanddigital algorithms.Themethodsconsideredhere
involve a microprocessorunningan appropriaterackingalgorithmto control an ef-
cient DC-DC corverter This decisionis dueto 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 good comparisonof the commonlyused
algorithmsis given by Hohm and Ropp[17]. The tamgetof this paperis to selecta
maximumpower pointtrackingalgorithmfor adevice very similarto theBiel traclers.
Thealgorithmsconsideredare:

Perturb and obsewe

TheperturbandobservgP&0) algorithmis commonlyuseddueto its easeof imple-
mentation,andrelative trackingef ciency. Theideais thatthe panelvoltagewill be
continuallyoffsetslightly. Theresultingchangen power outputis obsened,andthe
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Figure6.4: Biel MaximumPower Point Tracker

directionof the next perturbatiorevaluatedbasedn thechangen power output. This
algorithmis alsoknown as“hill-climbing”, for obviousreasonslt is possiblefor the
P&O (andderivative) algorithmsto getstuckon alocal maximumshouldthelV curve
benon-ideal. Theoriginal Biel MPPT softwareusedthis algorithm.

Incr emental conductance

Husseiretal, in adiscussiorof theincrementatonductanc€lincCond)algorithm[18],

presenta techniquefor overcomingsomedrawbacksto the P&O algorithm. These
dravbacksaregivenasthe steady-statescillations(ascanbe obsenedin Figure6.5)
aroundthe maximumpower point (MPP), andthe trackinginef ciency underrapidly
changingatmosphericonditions. It improvesthe P&O algorithm by usingthe solar
panels incrementatonductanceéo determinethatthe panelis at its maximumpower
point — meaningthat the operatingpoint neednot be perturbed. Both Husseinand
Hohm et al showv a signi cant improvementin the tracking accurag of incremental
conductancever P&O.

Parasitic capacitance

Anotheralgorithmconsideredy Hohm makesuseof the parasiticcapacitancef the
solarcells. It attemptgo improveuponincrementatonductancéy usingtheswitching
ripple to perturbthe panel. Unfortunatelythis methodis suitedmainly to large solar
arrayswith speciallydesignedrackers,andis thereforenot consideredn this work.

Constantvoltage

(Also known as“openloop” trackingby Rocheetal [40]).

This algorithm makes useof the fact that the ratio of Vimp =Vo,c is approximately
constantThus,thetrackermeasuregheopen-circuitvoltage(Voc) by somemeansand
thensetstheinputvoltageto aproportionof thatmeasuredalue. Hohmquotesavalue
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of 78% for this ratio, but the authors experiencewould give a numberbetween78%
and82%, with 80% beinga goodestimate(seeSection6.6). Two MPPTspreviously
usedby the UNSW teamhave employedthis algorithm:thosefrom AustralianEneigy
Researcliabs,andthosefrom NorthernTerritory University,

Conclusions

Theincrementaktonductanceéechniquewhenproperlyimplementedshouldgive the
bestresultsof thealgorithmsoutlinedabose. HohmandHusseinbothgive experimen-
tal comparison®f thetechniqugo P&O. Hohmalsocomparego the constantoltage
method. P&O and incrementalconductancere shovn to have bettertracking ef -
cieng/ thanthe constantvoltagetechnique(by approximatelyl0%), with incremental
conductancslightly betterthanP&O. It is thoughtthatthe advantageof theincremen-
tal conductancalgorithmover P&O would be morepronouncedvhenusedin a solar
carervironmentdueto therapidly changingervironmentalconditions.

It is possiblethattechniquesot consideredbove would give slightly betterMPP
trackingef ciency, but it is unlikely thatthesecould beimplementednthe Biel hard-
ware.

6.2 Experienceswith the Biel MPPTs during WSC

During the 2001 WSC, UNSW encounterech numberof dif culties with the Biel
MPPTSs.

The rst problemwasdetectednthestartline in Darwin, whenthetrackersfailed
to startup. This eventuallyprovedto be the overvoltagelimiting featureof the units
having beensetincorrectly(by themanufcturer).Theupperbatterypackvoltagewas
164V andthetrackershadbeensetto limit their outputat 152V, thereforeon the start
line with the battery pack at its maximumvoltage, the trackers werein their over-
voltagemodeanddid not producepower. This featureshouldhave, but hadnot, been
tested(by the UNSW team)beforethe startof therace. It wasonly well into the rst
daythatthe batterywassufciently drainedthatthetrackerswereenabled.This cost
thecarseveralkWh.

A secondproblemwasencounteredeseralweeksprior to the race. The Sunswift
arrayis composef approximatelyffour thousandtells. Thesecellsarethenwired in
seriesto form “strings”. Eachstringis approximatelyl20 cellslong, giving a voltage
of approximately60 to 70V whenopencircuit. In previousracesthe teamhadwired
onestringpertracker, but sincethe new arrayhadsomary morecells,this would have
ledto over30trackers.Sincethepowerthrougheachtrackerwould have beensosmall,
the poor corversionef ciency (at this low power) would have negatedary advantage
givenby moreaccuratgpower point tracking. In orderto increasethe power through
the devices, andreducetheir number several stringswerewired to a singletracler.
This resultedin a numberof combinedpower curves,which, takinginto accountthe
effects of diodesand other panelimperfections,resultsin multiple maxima— the
power pointsof the stringswired into eachtracker did not coincide.Thiswasobsened
to leadto anoverall power lossof severalhundredwattswhencomparedvith the per
stringmaximumpower.

TheBiel tracker useda closedloop algorithmto nd Vi, . Smalladjustmentsvere
madeto the pulse-widthmodulationduty cycle and the resultingoutput power then
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obsered. Decisionswerethenmadebasedon the effect of the PWM change.Thisis
the P&O algorithm.

While this waseffective for singlestrings,whenmultiple maximaarepresen{due
to parallelstringswith diodes)it is possiblefor the tracker to get “stuck” on a local
maxima,ignoringthe bene tsof theglobalmaxima.This effectreducedutputpower
signi cantly. The device couldbe led to track a local maximasimply by shadingand
thenun-shadingartof thearray Thisis acommonoccurrenceinderracingconditions
dueto treeslining the sidesof the roads,overpassespassingroad-trains,and other
sourcef intermittentshadaev.

During theracethis problemwas“solved” by manuallyresettingthe trackersafter
ary sucheventoccurred.This led to signi cant power lossesduring the morningand
afternoorwhenshadevs weremorelik ely to cover theroad.

Thethird, andmostserious problemwasexperiencedy severalotherteams.Un-
derlow light conditions the tracker would fail in a self-destructre manner The prob-
lemwasthatbatterycurrent o wedbackinto thetracker andpanel.This wasprotected
againstfollowing the loss of ve of the twelve trackers during the race by placing
diodesin serieswith theoutputlines,stoppingcurrent o wing from thebatteryinto the
tracker, but affording a smalllossin power (approximately6\W in total).

Otherissuedncludeaninability to begin trackingin low light conditionsresulting
in arepetitive clicking soundasthetracker repeatedlyattemptgo start.

6.2.1 Analysis

The software usedduring the World SolarChallengewas programmednto a tracker,
andanumberof measurementsiken.

Tracking

Figure6.5 shavs the“PerturbandObsene” algorithmin operation.The graphshowvs
the input voltagevs. time for a period of the tracker's operationon a relatively low
voltagepanel(  40V,c). While this exacerbateshe effectsof the algorithm(sincea
singlebit changen PWM will have a larger effect on the output),it shouldbe noted
that several of the panelsin Sunswiftll will producesigni cant power at comparable
voltagesthereforethisis ajustreal-world test.

It canbe seernthatthereis alargevariationin theinputvoltageonthe panel.There
wasup to 10% variationon the voltageacrossthe solarcells. Thus,despitethe high
likelihoodof theaverageanputvoltagebeingtheactualmaximumpower point, thetime
thesolarpanelspendsatthatoptimumvoltageis very small,oscillatingaroundit.

It is alsopossiblethattheseoscillationsaresetup by via hardwareproblems.The
ADC on boardhasa signi cant delay(aswasfoundwhenattemptingto optimiseVoc
measurements the new software— see gure 6.8)dueto theinput Iters. This,and
otherdelaysin feedbackareontheorderof the controlloop's updateperiod(20msfor
50Hz)resultingin the obsenedoscillations.

Notethatthemeanis 30.2Vandtheopencircuit voltage (Voc) is 38V. % = 0:795
This indicatesthat the meanis likely to approximatethe maximumpower point (as
shavnin Section6.6.1).

Furtheranalysiswas performed. Equation6.1 givesthe currentin anideal solar
cell. Figure6.6 wasgeneratedsa resultof the calculationof the percentagerror (of
the samplefrom Vi, ) at eachsamplepoint. It canbe seenthat maximumpower is
obtainedfor almostnoneof the tracker's operationtime andperiodsof time arespent
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Figure6.5: Pre-WSCsoftwareinputvoltagevs. time with Vo~ 38V (1 sun)

Max : 334
Min : 2638
Mean : 302

StdDev : 166

with a10%error. The percentagerrorswereintroducedor theidealsolarcell. Figure
6.7 shows the power vs time for this curve asestimatedvia the percentagerror and
theidealsolarcell equations.

Vel

| =lsc lo (exr 1) (6.1)

Thefollowing gures were calculatedlassumingan| ¢ of 1A) wherelC is ideal
cell:

Pup 1 C . 0:496W
P T 047TW
% : 4:35%
1200V . b21W

Thus,eachcell producespproximately26mWless,a4.35%change For a1200W
array thistranslateso a52.1Wpowerlossdueto trackingerror.

Clicking

The clicking soundheardin the early morningduringthe World SolarChallengewas
obsenedin a controlledsituation. Low input voltages(with limited input currents)
wereappliedusingacurrentcontrolledpowersupply(aswell asasolarpanelunderow
light conditions).The clicking soundconsistentlyoccurred.The proposedexplanation
is thatthe WSCtracker setsits PWM duty cycle to a predeterminedstart” value,and
thatstartvalueis toolargeunderlow power conditions.Thecorverterpullsthevoltage
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Figure6.8: Input VoltageandADC Vin readingvs. Time

on the input capacitordown so fastthat the tracker doesnt have time to react(see
Figure6.8). The voltagegoesbelow the shutof voltageof the power supplyfor the
logic, atwhich pointthe microcontrollershutsdown, shuttingthe converterdown with
it. Theinput capacitorthenrechagesandthe microcontrolleris onceagainenabled,
initialisesitself, andtheprocesgsepeatsTheclicking sounditself is assumedo bedue
to theinductorshakingasthe currentsthroughit changerapidly.

Figure 6.9 depictsthis process. The delay betweenthe clicks is dueto the time
taken for the input capacitorto rechage andthe tracker to initialise itself, and start
corversion.

This processresultsin a large numberof tracker restartswhich may have con-
tributedin someway to their failure (possiblythroughissuescausedvhenthe micro-
controllerbrowns-out),aswell aswastingthe availablepower.

During the World Solar Challenge(2001)the trackerswere“jump-started”in the
morningsby connectingmultiple panelsto onetracker. This allowed the tracker to
drawv enoughcurrentsuchthatthe input voltagewould not dip below the critical level.
Oncethetrackerhadstartedtheextrapanelscouldberemoved(sincethe PWM setting
would thenchangeo adjustto the new current).

While modifying the pre-WSCcodeprior to Sunracgasoutlinedin section6.3),
an attemptwas madeto changethe startvalueto a very small value (assuminghat
the corverterwould then nd the maximum power point). Unfortunately this was
unsuccessfubecausehealgorithmrequireghatthe power changessthe PWM value
changes.If thereis no power being producedat all (ie the PWM duty cycle is so
high thatthe panelis virtually opencircuit), the algorithmwill simply stagnatestill
producingno power.

6.3 Sunrace2002Impr ovements

Following the experiencesluringthe WSC, it wasdecidedthe softwareneededo be
signi cantly revisedto attemptto solve the issuesoutlined abose. The appropriate
developmentoolswereobtainedon loanfrom the Biel labs.

Initial investigationsveremaderegardingthe software. The original softwarewas
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Figure6.9: Pre-WSCGinputvoltagevs. timein morninglight conditions

written in assemblylanguage which, on the PIC processoi(usedin the tracker), is

extremelydif cult to developandmaintain.In orderto ensurehetrackerswould per

form for Sunracga solarcarevent,racingfrom Adelaideto Sydne, heldin February
2002),improvementsivere madeto this original software. Several weekswere spent
understandinghe hardwareinterfaces,andfunction,in the original code(which was
in a relatively unreadabldorm). Serial communicationdeatureswere addedto aid

dehuggingandtesting.

Once a usablelevel of functionality had beenachiered (and several problems
solved; to be outlined), the software was deemedcapableof operatingthe trackers
in Sunrace. At this stagea completerewrite of the softwarein C was commenced
(sincea relatively reliable fall-back was then alreadyavailable). The compilerused
(CCSPCM) allowedrapid developmeniof the new software. Equivalentfunctionality
wasobtainedaftera shortperiodof time.

This rewrite solved mary of the issuesassociatedvith the trackers. The short-
circuiting problemwas possibly causedby an error in the initialisation code. The
trackersuseasynchronousecti cation schemewith softswitching. Thisrequireghree
FETs. If the synchronousecti cation FET and either of the othertwo FETsareon
simultaneouslya directshortacrosshe batteryis seen.The currentdevelopedcauses
the FETsto fail, alsodestrging large portionsof thedrive circuitry. Theinitialisation
codeallowed the soft switching FET and synchronousecti cation FET to be on at
startup.Thiswasnormally not a problemsincein mostcircumstancethe FETswould
beresetalmostinstantlyin anothersectionof thecode.Thedelayto this codewassmall
enoughthatno currentcouldbuild up. However, underow light conditions the system
may delayfollowing theinitialisation,the currentwill increaseandsigni cant damage
will becausedo thetracker. Thesolutionwasto setall the FETsoff in theinitialisation
code,only allowing themto switch following rigorouschecks(involving the useof a
well de ned statemachine). This theoryis slowly gainingsupportvia testing. The
trackershave not self-destructeih the samemannersincethe new codewasinstalled.
This is possiblydueto the morereliable power supply provided underby new code
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(sincethetracker will not corvertbelon a minimum voltage). Another possibility is
that the brown-out detectioncircuit was not enabledin the microcontroller Whena
low-voltageconditionled to the“clicking” problem themicrocontrollerwould brown-
outandtheresultmayhave beenthedestructiorof thetracker. This errorhasnotbeen
obsenedsinceWSC.

Whenre-writing in C, mary featuresvereavailablein the compiler;for example,
32-bitoperationsThisallowsfor farmorereadablefunctional,code reducingtherisk
of mistalessuchasthe incorrectly setmaximumoutputvoltage (experiencedduring
WSC).

Thetrackingalgorithmproblemwassolved temporarily(for Sunracepy usingto
an openloop type algorithm[40]. The tracker is periodically shutdown for a short
amountof time (causingzerocurrent,andthereforeV,:), andthe voltageacrossthe
panelmeasured.This voltageis thenmultiplied by 0.8 (or anotherconstantuitedto
the particularpanel)andthe resultusedasthe targetvoltagefor a PWM controlloop.
This avoids the problemof local maxima(ratherthanglobal maxima)tracking. The
algorithmresultsin an ef ciency drop sincethe Vi, is not accuratelytracked, but a
Vmp Within 1% will resultin only a minor power outputdegradation. The problem
should,however, beinvestigatedn thefuture.

A numberof otherimprovementsavere madewith the rewritten software. A task
schedulewasimplemented Serialcommunicatiorallows a corvenientmonitoringof
thetracker'stelemetrydata.Furtherfeedbacks providedviathe LED statusndicators.
A statemachinegovernsthe operatingmode.

6.3.1 Optimisations
Openloop measurements

Theopenloop algorithmhasanumberof disadwantagesvhich accompa thereliabil-
ity obtained.

The algorithm deemsthat measurementsf V,. needto be takenat a x edrate.
Thatratewassetto onesampleper20 seconddor Sunraceln orderto take this mea-
surementthe cornversionneedsto be shutdown by settingthe PWM to its minimum
value.

So, while the measuremenis being taken, very little power is produced. It is,
therefore very importantthatthetracker be disabledfor aslittle time aspossible.

A numberof experimentsavereconductedlt wasrealisedthatvaryinglight condi-
tionswould affectthetime requiredfor theinput capacitotto chaigeto the opencircuit
voltage. A smallloop waswritten to continuallycheckfor zerocurrenton the input,
formingadelay It wasfound, however, thatfor someunknown reasortheloop failed
to detectzerocurrentcorrectly(later determinedo be associatedvith the ADC input

Iters). The softwarefrom Sunrace2002 usedan overly generousx ed time delay
Undermostconditionsthis wassub-optimal sincethe input capacitowill chagein a
shortertime thanthe x edtime delay(seeFigure6.11).

Control loop implementation

It was noticedthatin the original code,the input voltagewould oscillate. This was
partly becausdhe original code madeconstantsize stepchangeso the PWM duty
cycle (which controlsthe conversionrate). By introducinga PWM controlloop with
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the input voltagedeltaasthe input parameterandthe PWM deltaasthe output, the
oscillationswerereducedsigni cantly.

The control loop implementedvasintendedto be a genericP type control loop®.
Following the race,and further investigationregardingsomeanomaliesobsened at
the output, it wasdiscoveredthata bug in the codemadethe P type control loop an
| type controlloop*. This resultsin a loop which is lessresponsie, but exhibits no
steady-staterror.

The loop wastunedexperimentally This proved very effective. Someovershoot
wasobsenedandto preventthetracker from overshootingsofar (to suchalow volt-
age)thatthelogic power supplywould fail, the proportionalityconstanwasreduced.
This further reduceshe tracking speedbut providesfor betterreliability in low light
conditions(whensmallPWM changesanhave alargeeffect on theinputvoltage).

It is ervisionedthatshoulda closed-loopalgorithmbeimplementedit would form
a second(outer) control loop with the target voltageas an outputgivento the inner
controlloop.

6.3.2 Sunraceerrata

Thedevicesperformedverywell for thedurationof SunraceOneproblemwasnoticed
by teammembers— at the end of chage (whenthe outputvoltagereachests pre-
de ned maximum),thetrackersareexpectedo backtheinput voltage towardsV,c in
orderto reducethe currentandthuscontrolthe output(battery)voltage. Someerratic
behaiour was noticed during operationin this mode. (e.g. whenthe battery-pack
voltagewasatits maximum).

This is very likely dueto the poor implementationof the end-of-chage control
loop. The Sunracecodeuseda simple PWM decremento back the corverter off
resultingin very poor control. A parallelcontrolloop could beimplementedwith the
outputvoltageusedto calculatethe delta(ratherthanthe input voltage). The tracker
couldthenchoosebetweenthe two controlloopsdependingon whetherthe outputis
over-voltageor not.

6.3.3 Analysis
Tracking

For comparisonwith the previously usedsoftware, the tracking algorithm was ob-
sened. As was mentionedin Section6.1.3, Vi 0:8Voc. the algorithmin the
Sunracesoftwaremakesthis assumptionmneasureshe opencircuit voltageandrunsa
controlloop with integral (I) feedbackio track thatinput voltage’. Thus,thetrackers
will operatainlesgheVy, is lessthanthe minimumallowedtrackingvoltage(atwhich
pointthetrackerwill idle until this conditionchange®r thelogic power supplyis shut
down). This alsosolvesthe clicking problem,sincethe initial PWM settingis at its
minimum (ie no currentdrawvn).

Figure 6.10depictsthe input voltagecontrol after the Sunracesoftware hadbeen
installed(with very similar conditionsto thosewith which Figure6.5wastaken). The

3A proportionalcontrolloop is wherethe outputdeltais determinedvia direct proportionalitywith the
inputdelta.

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

SNotethatthis allows amaximumandminimumtrackingvoltageto beset. If theestimated/mp is lower
thanthe minimumallowed for thetracler, the control-looptamgetvoltagewill beclippedatthatminimum.
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Figure6.10: Dubbocodeinput voltagevs Time (1.59A)

Max : 328
Min : 308
Mean : 318

StdDev : 0:146

open-circuitvoltagein this casewasmeasured 40V, giving Vi, 32V usingthe
80% assumption. Thereforetherewas an 0.6% error. Also note that the standard
deviation of thevoltagein the gure is onthe sameorderastheresolutionof the ADC

(0.104V).

It hasbeenassumedfor the purposeof theseanalysesthatthe conditionsremain
constanenoughthatrapidchangesn Vi, donotaffectthetrackingefciency. Thisis
certainlynot true for a solarcar's photovoltaic array (wheremovementprovideslarge
insolationvariation).

6.4 November2002Impr ovements

Since Sunracethe trackers have developedin parallelwith the other hardware and
softwareinfrastructureelementsof the project. A numberof speci ¢ improvements
have beenattempted.

6.4.1 Multiple tracking algorithms

Codeto switch betweernmultiple MPPT algorithmswasdeveloped. Currentlythe al-
gorithmsimplementedarethe original open-loopmethod,andan IV sweepfunction
whichis implementedasa secondrackingalgorithm.

Thetrackingalgorithmcanbe changedvia a serialinterface.

It is ervisagedby the authorthat several trackingalgorithmsbe implementedand
compared. Other partsof the projectoverrantheir allotted time during this project,
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meaningthatthis particularpartwasnot completed.

Interestingtrackingalgorithmsincludea re-implementatiorof the P&O algorithm
asa loop controlling the tracker's target voltage ratherthan PWM, and incremental
conductancewhichis similar.

6.4.2 IV curvesweeps

In orderto assessdehug, and optimisea solararray an IV curve sweepingtool is
invaluable.An IV curve sweepemeasuresurrentvs. voltagebetweerDV andVc in
asolarpanel.Faultswith solarcellscanbeobsenedgraphically Themaximumpower
point canbe determinedvia analysisof thelV information.

IV curve sweepingfunctionality was implementedin the MPPT. This is imple-
mentedas a secondtracking algorithm, which changeghe voltagefrom V. to the
minimum trackingvoltage,and outputslV informationto the tracker's serialport as
this sweepoccurs. Thus, all that shouldbe requiredto obtainthe IV curve seenby a
trackeris to connecta serialcableandrequest sweep.

This function hasbeenusedby the studentsworking on the car's solar array to
obtainasetof IV sweepgor Sunswiftsarray anddeterminea maximumpoweroutput.
It hasalsobeenusedto determinea maximumpower outputfor the Sunswiftl solar
array which wasrequiredfor its valuationandsale. The IV curvesfor Sunswiftll' s
se/enpanelsaregivenin Figure6.12.

6.4.3 CAN communications

Onesigni cant additionto thetracker's codebasewasthe introductionof the Scandal
protocol(asoutlinedin Section5.3). Sincethis protocolwasdesignedo be portable,
theintegrationof this softwareshouldnot have beena signi cant challenge However,
a severelack of ash memoryin the tracker's microcontrollerprovedto be a severe
obstacle.
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Figure6.12: Paver andCurrentvs. Voltageper Panel,taken 13th October 2002
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Thefull Scandaprotocol,alongwith the existing tracker code,well exceededhe
8kB ash memory Theserialprotocol,IV curve sweepingcode,andothersuper uous
functionswereremoved,but the codestill remainedoo big for the microcontroller

It wasat this pointthata limited versionof the Scandaprotocolwasimplemented
(asoutlinedin Section5.3.5). This versionof the protocolhadonly telemetrysending
abilities,with no message-recee functionsused.Theabstractiodayerfunctionswere
implementedandthesameMCP2510CAN controllercodeasusedfor the CANRefN-
odecompiled.

With this extremely limited software, the tracker codewill t in the microcon-
troller's programmemory Unfortunatelythis limitation carriesoverto thefunctional-
ity of the code: only onetrackingalgorithmcanbe used,lV sweepsannot betaken
overtheserialport, muchlessrequesteaver CAN, etc. Thisis a frustratingsituation,
sincethe codeexistsandis operational.

Two codeversionshave beenbuilt andused.Onewith CAN support,andanother
with IV sweepsanda serialinterface.lt is hopedthatfurtheroptimisationof the code
mightreducethefootprintallowing for morefeaturego beincludedin the CAN version
(whichwould be usedduringraces).

The CAN communicationgodesendsstatusandtelemetrydatavia heartbeatind
channemessagesT hreetelemetrychannelsreavailable: panelvoltage panelcurrent
andoutputvoltage. Ambienttemperatureheatsinkemperatureandopencircuit volt-
ageareavailable,shouldmoreprogramspacebecomeavailableon the microcontroller
for theinclusionof the coderequiredto sendthesevalues.Heartbeatmessagemform
therestof thesystenof thetracker's operationalongwith minimal statusnformation.

Figure6.13shavsdataloggedduringatestingrun on October27thfrom Pheasants
Nestto SuttonForeston the M5 motorway (which leadsto Canberrafrom Sydney)
commencingatapproximately3:00PM.This datawasloggedvia thewirelessEthernet
connectiompresenin the car(seeChapter8).

Onesigni cant issuewasexperiencedvhile testingthis softwarein the car— the
MPPT hardwareis extremely sensitve to variationson the 5V power rail. Whenthe
voltageistoolow (e.g.4.5V),thetrackerwill failin amodewhichwill disableheCAN
network. This brown-outis avoidedin the currentimplementatiorvia theadditionof a
5V regulatorat eachendof the bus, which holdsthe voltageat 5V usingthe 12V rall
asasource.

6.4.4 ADC interrupt drivencontrol loop

Onesigni cant limitation of the Sunracesoftwarewasthe very slow responsef the
control loop. The responsewas delayedsuchthat if the voltagedid go belov the
minimum trackingvoltagefor somereasonthe microcontrollerwould not respondn
time (seeFigure6.8).

This wasaffectedby two signi cant factors.Firstly, thelow pass Iter s (LPFs)on
the ADC inputs,designedo remove noisecreatedby the FETS' switching,introduced
a signi cant delay It is thoughtthese Iters were mis-designedand that the cutoff
frequeng for theseL PFswasfar lower thanhadbeendesired(approximatelysHz as
opposedo 100Hz). Furthermorethereis little needfor suchharshcutoffs, sincethe
ADC within the PIC 16F877microcontrolleris capableof samplingat approximately
15kHz. It is thoughtthatoversamplinghe channelonthe ADC, andexecutingsome
form of digital Iter within themicrocontrollerwill proveto be moreeffective thanthe
currentpassve RC LPFs,andwill providefor amuchfasteresponse.



CHAPTERG6. MAXIMUM POWER POINT TRACKERS

82

d/iexoer] —
dolexoes] ——
dslexoer] ——
dplexoer] ——
delaxoei]

deiexoer] —
dliexoes] —

0006

(s) awny
0008 0002 0009 000S 000 000€ 000¢ 000} 0

(4

oy

09

08

00}

0cl

ovl

awil] "SA Jamod Jayoel]

(M) 1amod

Figure6.13: Log of MPPT datatakenduring October27thtestingrun
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Thedelayintroducedby the LPFsis illustratedin Figure 6.8 andgivesriseto the
secondeasorfor theslow responselt is impossibleto runthe controlloop ata higher
speedhanapproximately20Hz, sincethe loop rapidly becomesinstable(assumably
dueto thedelayintroducedby the LPFs).Furthermorethe Sunracecodesarchitecture
prohibitsa high speedvoltagecontrolloop, sinceall control functionsare performed
in the mainloop alongsidecommunicationgunctions. The situationis far from ideal,
sincethe controlloop codeis not guaranteedo run at the speci edtime interval (it is
notdeterministic).

To solwve the latter issue,an attemptwas madeto run the voltagecontrol loop in
the ADC interruptroutine. The ADC corversionsshouldtake approximatelyconstant
time, andthereforeprovide a regular sourceof interruptsin which to run the control
loop code.TheADC lters wereremovedentirelyin orderto allow oversamplingand

Itering within themicrocontroller 32 sampleof eachparameteweretakenbetween
controlloop iterations,giving a controlloop updaterateof justlessthan500Hz.

Unfortunately time ran out for tuning the control loop, but it is thoughtthat this
versionof the softwarewill provide muchfastertracking. It is alsothoughtthatthe
softwarewould be capableof updatingthe PWM duty cycle at a fastenoughratethat
thetracker couldavoid failure conditionssuchastheclicking problem.

A high speedcontrol loop would also allow for rapid variationsin solarinsola-
tion, aswell asallow furthercontrolloopscontrollingthe desiredrackingvoltage(for
exampleP&O, or incrementatonductance).

Furtherissuesmay be experiencedwith the numberof interruptsexceedingthe
performanceapabilityof the microcontroller This shouldbeinvestigated.

6.5 Testing

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

6.5.1 Benchtesting

During the developmentof the revised software, benchtestingand tuning was per
formed.A currentcontrolledpower supplywasusedto supplytheinput of thetracker,
anda lead-acidbatterypackwasusedastheload. A resistve load (in the form of a
60W light globe)wasalsoused put thepower supplycurrentrequiredadjustmensuch
thatthe outputvoltagedid not exceedthe tracker's outputlimit.

A wide rangeof inputandoutputvoltagesweretested alongwith awide rangeof
input currents.The controlloop appeargo be stableunderall of theseconditions.

Furthertestingin this mannerwas performedwhenthe teams racebattery pack
neededo bechaged.Unfortunately the power supplyhasa maximumoutputvoltage
of 150V, andthe pack's top-endvoltageis 164V. A tracker, with a constantvoltage
trackingalgorithm,wasusedto boostthe voltagefrom 100V (the tracker's maximum
input voltageis 105V) to the packvoltagein orderto chageit. Thusseveral hours
with 6A input currentwereadministered While the heatsinkandinductordid warm,
thetracker still functionedwell — its corversionef ciency measure@tapproximately
96%in theseconditions.This chaging scenarichasbeenrepeatedereraltimes.

During the courseof bench-testinghe trackerswereahusedin a numberof ways
asaresultof accident.Including shortingthe input terminalsand shortingthe output
terminals.Thetracker involvedhasnot beendamagedy this atuse.
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6.5.2 Initial PV testing

Two commercialsolar panelswere purchasediuring the 2001 WSC in orderto test
the trackers. Thesepanelswere usedto performinitial testingof the tracker with a
photovoltaic system. It was usingthesepanelsthatthe IV curve sweepingsoftware
wasdeveloped,andthe CAN communicationgodewastested.The limitation of ary

solar systemis, of course,thatit is only usabledependingon the weatherandtime
of day This meantthatcodewasusuallydevelopedusingthe power supply andthen
testedusingthis PV system.Note thatthis PV panelis madeup of 72 cellsin series,
with no parallelstrings. Thereforeit is not a good simulatorfor the currentSunswift
Il arraywhich hasmorecellsin seriesandseveralstringsin parallelfor everytracker.

For this reasonjn-cartestingwasfavoured.

6.5.3 In-car testing

Thetracker software hasbeentestedon a numberof occasionsn the solarcaritself.
Thisis by farthe mostrigoroustestingernvironment.Unfortunatelyit is alsothe most
dif cult to diagnoseandmonitor (or, morecorrectly was,prior to the useof the CAN
network), sincephysicalaccesso thedevice is inconvenientwhile thecaris in motion.

The software hasbeeninstalledin the car sincethe preparatiorfor Sunrace2002,
beingreprogrammedsthe softwarewasupdated.The carwasdrivenduring Sunrace
2002, with positive reportsfrom the team. Six on-roadtestingdayswere held more
recentlyin orderto testthe CAN network, andthe trackerswereoperationabn 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 Sunswiftl and Sunswiftll have been
taken, and the tracker was usedfor this purpose. No obvious problemshave been
reported.

Furtherin-cartestingwill prove moreusefulsincethe CAN network is now avail-
able.

6.5.4 Conclusions

Throughall of this benchtesting(aswell asthe initial PV testingasoutlinedbelow),
no protectiondiode was addedto stopthe problemwith reversedcurrentoutlinedin
Section6.2. It is theopinionof theauthorthatthis problemhasbeensolvedthroughthe
softwarere-write,althoughsincetheexactcauseof theproblemhasnotbeenidenti ed,
theerrormayremain.

The problemobsenedin the WSC, wherethe tracker would get stuckon a local
MPP, doesnot occurwith the constant/oltagetrackingalgorithm,althoughthe overall
ef ciency of thetrackeris decreased.

Thetrackershave not malfunctionedn ary of the conditionsto which they were
subjectedGiventhatthe MPPThasnow beenshavn to berelatively reliable thefocus
canbeshiftedto theef ciency of thedevice (while notcompromisingts reliability).
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| Tracker# | Vinp =Voc% |
1 82.5
78.6
80.72
82.2
85.2
83.5
81.6

N OO B~ WN

Table6.1: Vin, asapercentagef V, for eachtracker: gatheredl3th October 2002

6.6 Resultsand Conclusions

6.6.1 Open-loopalgorithm evaluation

Table 6.1 representshe Vinp, asa percentagef Vo for eachtracker's panelin the
datagatheredn 13th October(which wasusedto generatehe graphsn Figure6.12).
This shavs the MPP to be relatively closeto 80%, and thus the assumptiorof the
constant-eltagetrackingalgorithmto berelatively correct.Furthercalculationdased
on this datagivesa worst casetracking error of 1.16%for the Sunswiftll array not
accountingor temperatur@ndsolarvariation,aswell astheenegy lostdueto the V.
measurements.

Theseresultsare reasonableandtolerablegiven the extra reliability affordedvia
thenew software. Theerrorcanbereducedoy settinga speci ¢ Vo percentagéo use
for eachtracker. Alternately afull IV sweepcouldbeperformedby thetrackerin order
to determinethe Vi, .

It is possibleo improvethetrackingef ciency substantiallythroughtheimplemen-
tationof a P&0O, incrementatonductancer othercontinuouscorversionalgorithm.

6.6.2 Control board de ciencies

Thelogic andcontrol sectionof the trackershasbeenfoundto belimiting the perfor
manceof thetrackerin that:

Iters onthe ADC inputlinescausea signi cant delayto the signalsbeingmea-
sured;

the ADC is not of sufcient accurag or precision. The 10 bit ADC givesrise

to 0.104V input voltageresolution,0.15V outputvoltageresolutionand 0.01A

input currentresolution(for the UNSW con guration of maximumvaluesof

105,164and8 respectiely). The0.104Vinput-wvoltageresolutionis particularly
limiting sincethis is the feedbackto the control loop. Note that the standard
deviation of theinput voltagewhile trackingis similarto theinputvoltagesense
resolution;

thePWM resolutionis insufcient. Undersomeconditionsa 1-bit (of 1024bits)
changeo the PWM settingresultedn a signi cant changan theinputtracking
voltage.Thisis particularlytruein low light, or low voltageconditions(suchas
whena smallpanelis connectedo thetracker);
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the discretelogic associatedvith the controlmoduleis currentlyhard-wired. It
might be bene cial to build this into a programmabldogic device (improving
e xibility , upgradeabilityandfootprint size);

thePIC microcontrollersaredesignedo be programmedisingassemblyWhile
C compilersexist for thisarchitecturetherearemicrocontrollersvailablewhich
are more suitedto developmentusing C code. Atmel's AVR rangeis a good
example;

the PIC microcontrollersusemore power, for a lower performancewhencom-
paredwith mary other available devices. One good exampleis the MSP430
rangefrom Texas Instrumentswhich usesapproximatelyl/16th of the power
for ahigherperformancelevice (a 16-bit microcontroller);

the microcontrollerrunson a5V supply It would not be dif cult toruna 3.3V
supplyfor the microcontrollerandassociatedogic, cutting power consumption
of thesedevicesby a signi cant amount;

the microcontrolleris programmedvery slonly when comparedo competing
devices(approximately2 minutesvs. an Atmel ATMega323510s). This limits
the speedf softwaredevelopmentanddehugging;

the CAN controllerusedhasa numberof debilitatingsilicon bugsandshouldbe
replacedpossiblywith the Philips SIA1000, or better a microcontrollerwith a
built-in CAN peripheral);

noreal-timeclockis availablefor accuratdime-stampingf telemetrydata;
insufcient detuggingLEDs arepresenbntheboard,;

the connectorgor the CAN bus do not matchSunswifts CAN connectorstan-
dard.

6.7 Future Work

6.7.1 Logic re-design

Possiblythemostpressingssuewith thetrackersis thelack of programmemoryavail-

ableon the microcontrollerused. This hasmeantthatthe tracker's operatingsoftware
hasbeenfragmentednto several smallerprogramswhich each t into the program
space.Little further developmentcanbe performedwithout anincreasdn this mem-
ory.

If thelogic boardwerere-designedheissuesassociatedvith thismodule,outlined
in Section6.6, could be addresse@ndresolhed. The power consumptioncould be
reducedvia carefuldesign,andthe device madephysicallysmaller

Shouldthis be consideredthe manufcturer Biel, shouldbe consultedsuchthat
work is notduplicated.

6.7.2 Software improvements

Shouldthe control sectionbe improved, several further featureswith regardto the
softwarecanbedeveloped:
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A numberof MPPT algorithmscan be investigatedand assessedThe track-
ers(assumingamodi ed control sectionwith a largermicrocontroller)form an
excellentbasefor experimentsin this eld. Multiple MPP algorithmscan be
implementedpossiblyusingthe framework alreadyin place). Informationand
directivesobtainedvia the CAN network couldbe usedto selectthe algorithm.

Full integrationof thevariouspiecesof softwarewritten couldbeachiezed. This
would allow transmissiorof the IV curve sweepgobtainedusingthe codeal-
readywritten). Furtherfeaturesusingthe network, suchasglobal power output
limiting (for end-of-chageback-of), couldbeimplemented.

Microcontrollerandlogic power consumptioncould be investigated. This be-
comesparticularly relevant as the numberof trackersincreasesandthe ef -
cieng of the power sectionleadsto the logic power becominga larger part of
thetracker's overallenegy budget.Measuresanbetakenin softwareto reduce
this costthroughthe useof sleepmode,etc.

Con guration of thetracker could be performedover CAN or the serialconnec-
tion, easinghetuningof the controlloop, changingCAN addressetc.

6.7.3 MPPT re-design

Themostbene cial action,in termsof arraypower output,with regardto the MPPTSs,
is the use of perstring trackers. The current MPPT's and array speci cationsare
poorlymatchedsincethedevicesareoptimisedfor largersolarpanelghanthosewhich
Sunswifts arrayis dividedinto. Connectingpanelsin parallelwasnecessaryo allow
currentsand powersat which the trackerswould operateef ciently . Trackerscapable
of operatingon a singleoneof thethirty-two stringswould be far moreeffective. This
would requirea physicallyandelectricallysmalltracker with low currentdraw.

Suchadeviceis currentlyunderdevelopmentby Biel, usinga resonansepiccon-
vertertopology A dealhasbeennegotiatedwherebythe UNSW teamwould be able
to obtain40 of thesetrackersat little to no cost.

The power sectionof the new tracker is being designedwith an identical logic-
boardinterface.This meanghatary developmenif logic, or software,for thecurrent
MPPTs,shouldoperatewith the new devices.

A further consideratioris thatto reducelogic lossesandtracker cost,it may be
bene cial to build two or morecorvertermodulesnto a singledevice (usingonelogic
module). This would reducesize,weight, costandoverall power consumptionpf the
new MPPT system.This would requirefurther negotiationswith Biel, or the construc-
tion of suchadevice locally.
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Chapter 7

Motor Controllers

Themotorcontrolleris adeviceusedn Sunswiftll in conjunctionwith boththe CSIRO
wheelmotorandthe T-Flux motormanugcturedby Paul Lillington. Both of theseare
three phasebrushlesDC motors. The motor controller performsthe function of a
commutator Seethe Speedf Light books[11,40] for agoodsummaryof commonly
usedapproacheto a solarcar's drive system.

Motor controllersarenotoriouslyunreliable.EvenHonda,in 1996,experienceda
motorcontrollerfailure. Sunswifthasa numberof motorcontrollersassparedecause
of this.

7.1 Interfacing

The motor controllerpresents dif cult problemin interfacing. This is becausehe
UNSW teamownsa large numberof differentkinds of motor controllers:

Lillingon controller— manufcturedoy Paul Lillington, for usewith his T-Flux
motor. Sunswiftownstwo, oneof which wasdamagediuringtestingin 2001,

UQM controller— manufcturedby Unique Mobility. Controllerspeci ed for
usewith the CSIRO wheelmotor. Hasbeenusedby Sunswiftin every eventin
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Figure7.1: Motor controllerconnectiorschematic
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which it hascompetedandhasthereforedrivenapproximately20,000km(with
only onefailureduringthis period);

NTU controller— manufcturedby NorthernTerritory University. Originally
designedfor usewith NTU's own motor (on which the NGM [10] designis
based)andadaptedy NTU for usewith Sunswift's CSIRO motor;

Sunsharlcontroller— manufcturedoy the University of Queenslan&unshark
teamfor their 1999WSC campaign.Theteamhasaccesso oneof these;

Tritium controller— manufcturedby ex membersof the Sunsharkeamcom-
ercialisingtheir PhD research.The Tritium controlleris a recentdesign. The
teamowns one of thesecontrollersand hasbeenpromisedaccesgo a second
controllerduringraces.

Eachof thesecontrollershasa slightly differentinterface. The Lillington, UQM, and
NTU controllersexpecta control voltageas a throttle control signal. This signalis
interpretedn differentwayshby eachcontroller The standarcapproachs to usea po-
tentiometercon guredasaresistordividerin orderto generatehevoltageandcontrol
the motor controllerandthereforecar's speed.However even within thesethree,the
voltageis interpreteddifferently. The UQM translatesa negative voltageinto a com-
mandto go into reverse. The NTU controllertranslatest into a regeneratie braking
mode.TheLillington doesnottoleratea negative voltageon theinput.

The Sunsharkand Tritium controllersboth usea digital interface,although,again,
it is very different. The Sunsharlcontrollerusesa PWM signal,andthe Tritium usesa
point-to-pointRS485link with a setof intelligentdriver controls.

It is notpracticalto changahedrivercontrolsmid-race jf themotorcontrollerfails
andrequireseplacementThemotorcontrolleritself canbe swappedn approximately
30 secondswhereaghe driver controlswould requirean extendedperiodbesidethe
road.

Thesolutionusedduringthe 1999and2001WSCswasto developastandardnter-
faceto which eachcontrollercouldbeadaptedA 15 pin connectomwasusedto supply
analoguecontrolvoltagesto beinterpretedy the controllers.Two adaptetboards for
the SunsharkandTritium controllers weredevelopedin orderto corvertthisinterface
to thedigital interfaceexpectedby the controlleritself. Thesetwo boardsweretested
prior to the 2001WSC, but failedduringtherace.

Modi cations were madeto the NTU, UQM and Lillington controllersto allow
themto interfaceto the samedriver controls.

Changedecamea matterof disconnectingablesyeplacingthedevice,andrecon-
nectingthe cablesto the new controller- takingapproximately\30 seconds.

A numberof de ciencieswereobsenedduringthe 2001 WSC and2002Sunrace
events.

First, noneof thetelemetryfeaturesof ary of the motorcontrollerswereused.The
Tritium transmitsl5 telemetrychannelover the RS485link, the UQM hasa number
of analogueroltagesvhosemagnitudecorrespondo variousparameterghe Sunshark
controllerhassimilar analogueroltagesavailable.

Secondtheanaloguecontrol electronicsjn attemptingto be genericwasdif cult
to design.Compromisesveremade.A goodexamplewascausedy theUQM'spower
supply givento the driver controls,which hada high line impedancg2:2k ). The
electronicswithin thedriver controlsdrew enoughcurrentthatthe voltagewould drop
from 15V to 11V acrosshe supplyline. This, in turn, meantthatthe UQM's highest



7.2. TRITIUM MOTORCONTROLLER 91

controlvoltagewaslimited, leadingto thesituationwherethemaximumthrottle setting
waslimited to 60% of whatit shouldhave been.

Several bugs were obsened with regard to regeneratie braking. The controls
would causethe car to brake very slowly or very severely, seeminglyrandomlyal-
ternatingbetweerthetwo.

Third, therewasno facility to connecto the CAN network beingdevelopedaspart
of this project.

A fourthissueexistsin thenatureof thecontrolsbehaiour. Because potentiome-
terwasused it waspossiblefor the motorcontrollerto be switchedon with thethrottle
full on. A digital encoderstyle interfacenot only eliminatesthis problem,but also
improvesthefeel of thethrottle control. Thisis importantsincethethrottleis themain
controlfor the car's power usageandthereforeits easeof useis critical.

An interfacingsolutionwasrequiredwhich providedacommoninterfacefor all the
motorcontrollers.To interfacethe Tritium andSunsharlcontrollersto theold analogue
controlswould requirefurther developmentof the analogue-to-digitahdaptetoards.
Thiswould encumbethe systemwith mary of the problemsoutlinedabove.

A driverinterfaceboardis soldby Tritium aspartof theirmotorcontrollerpackage.

Sincethe driver interfaceneededo be reluilt to improve its reliability, the deci-
sionwasmadeto go for anall-digital system.Adapterboardsfor the controllerscan
be manugcturedwhich corvert the digital (insteadof the analogue)interfaceto the
controller's speci ¢ requirement.Sincethe team’s primary motor controlleris to be
the Tritium, andthis controllerprovidesall the features(includinga CAN interface)
thatarerequired,the decisionwas madethat its digital interfaceshouldbe standard-
isedupon.In thisway, a driver controlsboardis alreadyavailable,alongwith ausable
controllerwhich canimmediatelybe installedin the car The teamgetsthe bene t of
thetestingperformedby Tritium regardingits driver controls,andassociategrotocol.
Thesourcecodeusedin the Tritium controlleris availableandthereforeonly a simple
portto whaterer adapteiboardis usedshouldberequired.

SincetheNTU andLillington controllerswill notoperatewith thecar's currentbat-
tery pack,adapteboardsweredevelopedfor the UQM andSunsharlcontrollersonly.
The adaptetboardsprovide a very similar interfaceto that on the Tritium controller,
with thesameconnectorsandproviding the samefeatures RS485andCAN interfaces
areprovidedto connecto thedriver controlsandnetwork respectiely.

Thesetwo adapterboardsare very similar, with only the controllerinterfacecir-
cuit differing (andigital-to-analogueornverteris usedto controlthe UQM's analogue
interface,whereasa PWM signalis providedto the Sunsharlkcontroller). Thesewere
co-developedwith a studentfrom the Sunswiftteam(Kian Chin) but have notyetbeen
testedbecausehe operatingcodehasnot beenwritten. Thisis likely to be completed
over the comingsummerbreak. No adaptetboardis, of course requiredto interface
thedriver controlswith the Tritium controller

7.2 Tritium Motor Controller

In orderto interfacethe Tritium controllerto the network within Sunswift,bothinter-
facinghardware,andappropriatesoftwarewererequired.

An attemptwasmadeto, asfaraspossible adaptthe Tritium controllerto conform
to the guidelinesgiven in Chapterd. The controller provides an un-isolatedCAN
interfacewith a singleMicrot connector(ie not the sameasthat usedin the restof
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the network). Furtherhardwareissueselateto the availableLEDs, andthe lack of an
accurateeal-timeclock.

Two optionswere consideredandeventuallyimplemented).The line driver was
removedandthelogic level signalsbroughtto the connector A smallboardwasthen
designedwith an opticalisolator Triad connectortransientvoltagesuppressionand
appropriataegulatorsfor the power supply*.

A furtherboardwasdesignedo replacethe internalexpansioncard, negatingthe
needfor an externaladapter This boardwas never built becausehe small adapter
boardworked well. Tritium have beenmadeaware of the issues,andindicatedthat
they will routethe CAN logic level signalsto the expansioncardin futurerevisionsof
themotorcontroller Thiswould meanthattheadaptecircuitry couldresidewithin the
controller'scasingandtheconnectorsnountedon thefront panel— a neatersolution.

Writing softwarefor power electronicssuchasthe motor controlleror MPPTSsis
usually dif cult dueto the risk of causingdamageto the device itself. Changesn
theinterrupttiming, accidentaimodi cations to control parametersgarbledmemory
or a garbledprogram,could all have a devastatingeffect. A currentlimited power
supply was usedwhenever testingnew software in orderto limit the effects of ary
errors. Threecontrollerswere damagedduring the period of the thesisdueto bugs
in software, hardware problems,and operatorerror.  Thesecontrollerswere kindly
repairedby Tritium.

In orderto minimisethe risk associatedvith writing this code,it wasdeveloped
in closeconsultationwith Tritium by travelling to QueenslandThis allowedthemto
give adviceregardingimplementatiortechniquesandsharetheir experiencewith the
TMS320L2407DSP (onwhichthe controlleris based).

Codewas written to implementthe CAN interfaceas de ned by the abstraction
libraries. A timer wasemulatedusingthe PWM interruptserviceroutine, and other
requiredfunctions,suchasthosefor persistenstorage weretemporarilystubbedn.
Scandalfunction calls was thenusedin the motor controller code,andthe libraries
compiledin.

This procesgook approximatelytwo days,with almostall of the work relatingto
writing correctCAN controllercode. All telemetrychannelsvailableoverthe driver
controls'RS485link weremadeavailableasScandakhannelsThis is approximately
17 differentpiecesof information. The speedPWM, andmotor currentareupdatechat
0.1sintenvals. Otherchannelsareupdatedncepersecond.

The controllerwastestedon a numberof occasionsfailing several timesdueto
causesinrelatedo thenew code.

Thefacility to runaspeedontrolloop wasdeveloped(by Tritium). Unfortunately
therewasno way for their driver controlsto control the set-speedThe softwarewas
written suchthatthe driver controlsboardcould enableanddisablethe cruisecontrol
function. The setspeedandcurrentlimit couldthenbesetvia the CAN network (using
Scandaln-channels) With very little benchtesting,this wasprogramwasnot trusted.
It is intendedthat the code shouldbe further testedand veri ed, andthenbe road-
tested.Theability to setthe speedrom a supportcarwill greatlyimprove the control
the stratayist hasover the car. It shouldalso eliminateinef cient power and speed
behaioursasdemonstrateth Figure2.3.

1Thecontrollerprovidesa 15V power rail onits CAN connectarsoasimpleLDO regulatorwasrequired
in placeof anisolatedDC-DC corverter



Chapter 8

Sunswift Il Implementation

In orderto form aworking electricalsystenfor usein the solarcar, a large amountof
work wasrequiredbeyond the developmentof the basicinfrastructure.A numberof
devicesweredesignedpasedon the CANRefNode. The operatingsoftwarefor these
deviceswaswritten. The boardsweresentto be manufctured andthenpopulatedoy
memberof thesolarcarteam,almostall of whomwerein their rst yearof university.
Somedesignwork wascarriedout by two otherstudents.

Thesolarcar(asmentionedn Section2.4.1)compriseswo halves:top andbottom
shell. Sincethesetwo componentseparateit is necessarfor the CAN busto encircle
bothin orderto serviceall devices.

The mostimportantparameterso be monitoredare batteryvoltage,array battery
andmotor current,andspeed.While batteryvoltageis providedby the controllerand
trackers, a high accurag value wasrequiredwhich thesedevices could not provide.
While it is possibleto deducehebatterycurrentusingthe sumof thetrackerscurrents
andthe controllercurrent(measuredby the controller)it wasconsideredene cial to
have independensensors.Thesecanberemovedlaterif testingshovs themto beno
moreaccuratghanthe alternatve.

The devices outlined in the following sectionswere designedto accommodate
Sunswift's speci ¢ needs basedon the hardware and resourceslevelopedasinfras-
tructure.Furtheradditionsto the systemshouldbetrivial requiringonly productionof
thedevice aswell asappropriatdengthcablesfor connectiorto the network.

8.1 DevicesDesigned

Along with the motor controllerand MPPTs,a numberof deviceswere designedo
carry out the requiredfunctionswithin Sunswift. In-channelandout-channelDs are
de nedin scandal_deices.h

8.1.1 DC-DC corverter

A DC-to-DC corverterwas constructedo actasa power supplyfor the low voltage
system.lt is connectedo the high-woltagebus andgenerateshe voltagesrequiredon

the power rails of the CAN bus. The CAN busis galvanicallyisolatedfrom the high
voltagesupplyvia A VI-JOO isolatedcorverterfrom Vicor which up to 75W at 12V.

The5V powerrail is generatedrom this 12V usinganef cient switchingregulator
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Sinceit is connectedo the high voltagebus, it is agoodpoint to take batteryvolt-
agemeasurement® CAN node(asspeci ed by thereferenceschematicutlinedin
Chapter4) is built ontothe samePCB asthe corverter, with a high-precision16-bit
ADC providing accuratevoltage samples. The voltageis oversampledat approxi-
mately 1kHz) anddigitally Itered in the microcontroller The ADC is isolatedfrom
the microcontroller Two measurementsf the busvoltagearetaken— beforeandaf-
ter the fuse— suchthat the statusof the input fuse canbe determined.Currentinto
the corverter andDC-DC chassigemperaturarealsomeasuredA connectiorfor a
coolingfan,if required,is available,andis switchedusinga MOSFET.

A numberof valuesregardingthe low voltagelinesaremeasuredby the microcon-
troller'sinternalADC. A, switched, 12V outputconnectoiis alsoavailable.

8.1.2 RS232card

In orderto provide aninterfacefor a PC or otherdevice with a serialport, an RS232
daughterboaravasdesignedor the CANRefNode.This boarduseshe ATMega3235
internal UART andconnectst to an RS232line driver andthe appropriateconnector
for communicationsvith aPC's serialport.

Two piecesof softwarewere built to run on this device. The rst is a small ter-
minal applicationwhich allows a userwith a serialterminalto monitor the bus, send
con guration messagesndreadthe error statusof the network.

A secondpieceof softwareimplementsa serial CAN bridge. CAN pacletsare
recevved usingthe controller andsentto the serial port usinga byte-stufed protocol.
Similarly, CAN pacletsarereceied via the serial port and protocol,and sentto the
CAN controller Thusary device with a serial port caneffectively becomea nodein
the CAN network.

8.1.3 Currentsensor

A currentsensomwas designedto measureup to 50A using a hall-effect transducer
Sincethetransducecanproducebothpositive andnegative voltagegcorrespondingo

positive andnegative currentslanisolatedDC-DC corverterwasusedto generatéV,

+15V, and+30V. The transducexvasreferencedo the +15V line, effectively shifting

it by 15V. A resistordivider was usedto scalethe voltagefrom 0 through30V to 0

through3.0V (which the ADC canmeasure).Thus 1.5V is equivalentto 0A, 0V to

-50A, and 3.0V to +50A. A secondorder butterworth LPF with a 1kHz cutoff was
designedo reducethe noiseat the ADC input. Seethe schematicsn AppendixB for

furtherdetails.

The 10-bit ADC onthe microcontrollergives0.1A perleastsigni cant bit change
(since-50A to 50A is measured)Thisis probablynot enoughfor high accurag mea-
surementg¢wherelmA would be preferable) This de ciency shouldbeinvestigatedn
thefutureandremedied.

Currentis sampledat approximatelylkHz anddigitally Itered to provide anup-
dateevery0.1s.

Thesensoicanbe shutdown via a FET which controlsthe supplyto the 30V DC-
DC corverter Currentusedto supply the transducelis measuredising a high side
currentsenseaesistorandassociate@mpli er.

Theisolatedgroundis connectedo the un-isolatedgroundon the daughtercardo
simplify the design. This shouldnot resultin a decreasén reliability, sincethe node
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never comesinto physicalcontactwith any externalvoltagebecauséhetransduceis
completelyisolatedfrom the high-powerlines.

8.1.4 Driver display

A 16x2 charactefiquid crystal display (LCD) wasinterfacedto a CANRefNode. A
ribboncableconnectghenodeto theLCD screenA FET canturntheLCD'sbacklight
on. A potentiometeadjuststhe contrastvoltage.A suitableLCD screenwhich could
accept3.3V asa supplyvoltage,wasfound, meaningthat no voltagetranslationwas
requiredfor controllines(aswould have beenhada 5V LCD beenused).

Following anunsuccessfudttemptto write the softwarerequiredto drive the LCD,
apublic-licencdibrary wasfoundwhich workedextremelywell. Thedisplayhasbeen
programmedo accepttext messageto be displayedon the screenaswell asvalues,
via in-channels Four numbersaredisplayedthe displayedvaluesarecon gurableby
changinghein-channelkource.

Otherdisplayscould be used— larger characterdisplayswould be particularly
suitablesuchthatmoretelemetrychannelouldbe shavn.

8.1.5 Handlebar Controls

Thedriverrequiresanumberof controlsto operatehecar. Mostnotablyathrottlecon-
trol. Having two con gurablebuttonswasalsoconsiderediseful. The Tritium throttle
control boardis not suitablefor mountingon the Sunswifthandlebarsandtherefore
onewasdesignedA PCBwith two underthumbbuttonswasdesigned Thesecontrols
have beenmountedneatlyon theright handhandlebars.

8.1.6 Driver controlsinterface

In orderto interfacethe switchesandbuttonspresenton the handlebarsa driver con-
trols interface board was designedto interfaceto the CANRefNode. The boardis
very simple, consistingonly of connectorswired to the microcontrollers pins. The
ATMega323hasinbuilt pull-up resistors.This interfaceshouldbe rekuilt with added
protectioncircuitry for theinputs. An excellentschemevasoutlinedby a Tritium elec-
tronicsengineerTheboardconnectdo thesmallhandlebamountedswitchblockused
in Sunswiftll, thethumb-huttonsboardoutlinedabore, andarotaryencoder
The software for this boardprovidesout-channelsorrespondingdo the left indi-

cator, right indicator, horn, anddisplayscroll up/davn. Messagesresentto turnthe
indicatorson and off onceper secondwhenactivated. This meansthat the software
onthenodescontrollingtheindicatorscanbeidenticalto the softwarecontrollingbat-
tery fans,the horn, etc. This allows for easyreplacemenof a faulty node,aswell as
decreasedompleity.

8.1.7 Switchcard

A secondyearstudentBonneEgglestondesignedwith thehelpof theauthor aboard
to supply power at 12V to whatever devices shouldrequireit. The boardusesa P
type MOSFET to switch the high side of the device on and off. Eachchannelhas
currentsensingaswell aspre andpost-fusevoltagesensing(allowing for blown fuse
detection).Up to 3A canbe suppliedfrom eachchannel.
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The softwarewritten acceptdwo in-channeldgndicatingthe stateof eachconnec-
tor. Whena valuewith a morerecenttime stampis receved, the outputis updated
dependingpnwhetherthein-channeis zeroor non-zero.

8.1.8 1-Wiretemperature sensors

The samestudentalsodesignedaninterfaceto the 1-Wire network, in orderto reada
numberof temperatursensorsA UART to 1-Wire corverterchipwasusedto achieve
thisinterface.

Thenodeallows a network of low costtemperaturesensorgo be connectedising
only two wires. Thesetemperaturesensorsaarethenreadandthe valuestransmitted
over CAN usingindividual channels.

The softwarewritten is basedon the 1-Wire public domainkit. This softwarere-
quiresUART sendandreceve functions,andtheseareprovided usingthe abstraction
library. The high level software on the nodewas written by the student,using the
librariesoutlinedin Chapters.

8.1.9 Palm pilot

An m100Palm Pilot wasseenasthe cheapestvay to servicethe carwith a graphical
LCD. It wasseenasimportantthat the driverscould obsene their power usagepat-
terns. The LCD shouldbe ableto displaygraphsandotherrepresentatie information
regardingary of the parametersvithin the car
ThePalmis to acceptdatavia its serialport, from anRS232node(asdescribedn

Section8.1.2),usingthe byte-stufed protocolwhich hasbeenimplemented An SRT
studentwasgiventhe taskof writing the softwareto performthis function, but has,as
yet, madeonly preliminaryprogress.The Palm's power is suppliedfrom aninternal
battery

8.1.10 PLEB

The PLEB, developedby CSE,is intendedasa morepowerful processingiodein the
network. It currentlyrunstheLinux operatingsystem.Softwarehasbeenwrittento act
asatransparenCAN bridge,taking datarecevedvia the serialport, andtransmitting
it to a supportcarusingthewirelessEthernetprotocol.

Harvey Tuch,aCSEundegradstudentassistedn thesetupof thePLEB. Catapult,
thebootloadeunderdevelopmenty the distributedsystemgyroupat UNSW, wasnot
matureenoughto be usedfor the application,andthereforeBLoB, developedby the
LART teamat TUDelft, wasusedin this role. Unfortunately BLoB's ash memory
writing routinesarenot currentlycompatiblewith the PLEB hardware,andthereforea
workaroundwasusedinvolving a network bootedLinux kernelwhich had ash mem-
ory writing driversinstalled.

The PLEB is con gured with the sshdaemonavailable for on-roadmaintenance.
An IP assignmensystemwasinstitutedfor addressinghe solarcarandsupportcar.

8.1.11 Miscellaneousdevices

Two otherdevicesweredeveloped:
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Figure8.1: Approximatelyhalf of the PCBsconstructedor Sunswift

anlV curve sweepingboardwhich canmeasurehelV characteristicef asolar
panelseveraltimespersecond

apower supplyfor testingandcon guration of the network withoutthebatteries

8.2 Construction

Thefacilitiesat CSEareappropriatefor building prototypeboards but arecostly, and
time consumingfor productionruns. In orderto producethe multitude of PCBsthat
wererequired two externalmanuficturersvereemployed. IMP PrintedCircuits pro-
vide a cheapservicefor the productionof detailedand multi-layer PCBs. The CAN-
RefNodewasdesignedwith this businesss servicespeci cations,andusedtracksand
spacingdown to 5 thousandthsf aninch (0.13mm).BEC Manufacturingwasusedfor
asecondun of PCBswhichdid notneedto besodetailedbecausef their prototyping
servicewherea numberof PCBscanbe placedon asinglepanelfor a x ed(low) cost.

Componentsvereorderedby Sunswift's purchasingf cers. While Farnellcom-
ponentsvere chosena 60% reductionin price could occasionallybe achieved by or-
deringfrom a differentsupplier Farnellwasusedasa fall-backshouldothersources
notbeavailable.

Theboardswverepopulatedby rst yearandsecond/earstudentgrom the Sunswift
teamundertheguidanceof theauthor andDavid Johnsor— a seniortechnicalof cer
from CSE.Thesurfacemounttechnology (SMT) lab at CSEwasusedfor this purpose,
providing quality tools and viewing systems. David Johnsonchecled the PCBsfor
solderingerrors,andprovided x eswherenecessary

Testingof eachboardfor functionwasperformedby SRT studentsandmalfunc-
tioning boardswveregivento the authorto berepaired.

In total, over 50 devicesweremanufcturedoy six students.

8.3 Installation

Theabove outlineddeviceswereinstalledin the carin variousstagesUntil the newly
developedsystemhadthe same or better functionalitythanthe old electricalsystem,
thetwo wererunin parallel. Following the gainingof equivalentfunctionality, the old
electricalsystemwasremovedfrom thecar, andthenew systempermanentlynstalled.
Wiresto connectthe CAN network nodeswere constructedby the Sunswift stu-
dentsusing category 5 twisted pair cableandthe Triad connectors.Molex Micro t
connectorsvereusedto make miscellaneousonnectiongo the nodes.
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The DC-DC corverteris connectedo the high voltageswitchblockvia a fuse,and
is locatedbehindthe driver ontheleft handsideof thecar.

Switchcardsvereusedto servicetheindicatorswith oneatthefront servicingthe
left andright, andtwo at the backservicingthe left andright indicatorsandthe brake
lights. Two switchcardsareconnectedo four batterycoolingfans.Anotheris usedto
servicethehornandrearvision screen.

Two RS232devicesareused:oneconnectdo a Palm Pilot, andanotherconnects
to the PLEB. Both usethe byte-stufed binary protocol over RS232. The PLEB is
installedbehindthedriver's seaton theright. ThewirelessEthernetransceveris also
locatedbehindthedriver's seat,on thebottomshell.

A driver controlsboardwasinstalled,andthe necessaryviring/crimping doneto
connecthehandlebacontrolsto it.

Threecurrentsensorsare usedto measurehe battery arrayand motor controller
currents.

A driver display boardwas mountedin the centreof the array andthe character
LCD situatedjust underthe visor. This makesthe displayeasyto nd andreadwhen
driving the solarcar The palm pilot was mountedin the right hand control box by
an SRT member While this locationis not within the driver's peripheralvision, it is
thoughtthatary informationdisplayeds notlik ely to becritical.

The MPPTsareconnectedo the network in the top shell, againusing cateyory 5
cable.Thewireswereterminatedusingbootlaceferals,andscravedinto thetracker's
CAN connector

The Tritium motorcontrollerwasconnected/ia theadapteboardoutlinedin Sec-
tion 7.2. Othercontrollerswere not consideredsincethe software for the necessary
adapteboardshadnot yet beenwritten. The Tritium driver controlsboardis situated
in theright handcontrolbox.

Eachendof the CAN busis terminatedusinga 100 resistor

Specialattentionwaspaidto the orderin which the deviceswerewired. The most
importantdeviceswere locatedcloseto the DC-DC corverter, sothat a breakin the
power supplyfor thesenodesis moreunlikely. The motor controllerandPLEB areon
eithersideof the corvertet

Con gurationof thesystemoccurredasnew devicesbecameavailable.Calibration
of the scalingconstantsvascompletedo the point whereeachdevice wasuseful,but
not further. Interesting,but non-essentiathannelssuchasthe current o wing from
the DC-DC corverterwerenot calibrated Critical channelsuchasthe batterycurrent
senseverecarefullycalibrated.

8.4 Testingand Debugging

The systemwastestedprogressiely asit evolved. All componentsverebench-tested
asthey were developed,but benchconditionsare not a goodtestfor the robustness
of the hardware. Vibration analysisandsimulationwasconsideredy onememberof
theteam,but eventuallyit wasdecidedno substitutevasavailablefor on-roadtesting.
Six testingdayswereusedto testthe systemwith arigoroustestingscheduleplanned
duringthesummerbreak.
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8.4.1 Testingday 1

Two prototypecurrentsensorsa DC-DC corverter andthe MPPTswereusedto mon-
itor the caron atrip alongthe M5 motorway. Theold electricalsystemanddriver con-
trols remained.An RS232cardin conjunctionwith a Proxim wirelessradio modem
wasusedto communicatevith alaptopcomputer Thesystemwasdriven,andthedata
loggedusinga smallapplicationrunningunderLinux. Only somedatawereobtained
from the MPPTsbecausamostof them had not yet beenmodi ed to be compatible
with the Sunswiftbusarrangemengparticularlythe power supplyvoltagelevels).
Thetestingrun provedthat the network operatedn its basicform. The mostde-
bilitating bug wasthe accidentalinclusionof debuggingcodein the currentsensors.
Whenerer amessagesendfailed, the currentsensorsvould enteranerrormode, ash-
ing theindicatorLEDsto indicatewhich erroroccurred Unfortunatelythis alsomeant
thatno messagewere sentby the sensorin this mode. The systemwould, therefore,
operatégor ashortperiodbeforethecurrentsensorsvould disablethemseles.In order
to avoid thisin thefuture,thein-carsoftwareshouldbe frozenseveraldaysbeforeary
raceoccurssuchthattestingmaydiscoverary 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 controllerinstalled (along with the driver controls
andcontrol boardsassociateavith it). The carwasagaindrivenalongthe M5 motor
way until the Tritium controllerfailed becaus@f a currentlimit settingthatstoppedt
climbing a steephill.

Fortestingday2, thedriver display indicators motorcontrolleranddriver controls
were addedto the CAN network. Speed,batteryvoltage,array current,and motor
controllercurrentweredisplayed andworkedwell. Theindicatorsseemedo operate
poorly, ashing ata non-uniformrate. This bug is still not quite worked out, but one
problemwas associatedvith the code on the driver controlsratherthan that at the
switch cards. The issuesare alsorelatedto the MCP25105 garbledmessagéssues.
The problemappeardo getworsewith increasingoustraf c, which correspondsvith
theproblemssetoutin the MCP25105 erratasheet.

No wirelesscommunicationwas availablefor this testingday. The driver display
wasusedto monitorthe carfrom within.

8.4.3 Testingday 3

In preparatiorfor aracewhich waslatercancelledtheteambuilt achaindrive system
suchthatthe carwould be ableto climb steephills. In orderto testthis, the carwas
driven up the Mount Victoria pass(which is on the oppositeside of the Blue Moun-
tainsto Sydnegy). Again, no wirelesscommunicationwas available,andthe car was
monitoredusingthedriver display currentsensorandDC-DC.

8.4.4 Testingdays4& 5

During the mid-sessiorbreak,the car wastaken for a weelenddrive: rst down the
M5 motorway, thenturningtowardsCowra.
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The PLEB and associatedserial card and the wirelessEthernetradio link were
installedfor thetestingrun. Scandalconfvasusedto log the data.

Unfortunatelythis run was marredby the malfunctionof the Tritium motor con-
troller. Onthe rst day, badcurrentcontrolloop constanthadbeenprogrammednto
the controller andit wasswappedfor the UQM (meaningthatno telemetrydatawere
obtained,and no speedometewas available). On the secondday, following a very
shortperiodon theroad,the Tritium controllerdamagedtself whenits power supply
whichhadnotbeensecuredufciently, becamalisconnectedNotethattherestof the
network survived, despitethe destructiondueto the isolationbarrieraffordedby the
adapteboardbuilt for the Tritium controller

Theindicatorproblemstill hadnotbeenaddressed.

Tracker communicationwas unreliable. It was later discoreredthat the supply
voltagefor the trackerswasdropping. This wasbecausehe trackersrequireexactly
5V for their CAN communicationgircuitry (as opposedto the >3.3V requiredby
the CANRefNodeand Tritium adapterboard). When this supply voltage dips, the
tracker's communicationgircuitry fails andsendsspuriousmessagesn the network
— effectively cloggingit. Thiswassolvedfor thelasttestingrun by addinga5V LDO
regulatorin the atthe endof the bus. The causeof this voltagedrop shouldbe further
investigated.

Two way communicatiorwith the PLEB wasnot possibledueto a bugin thewire-
lessEthernetprotocolcode. This hasnot yet beenresohed,but is not critical sinceits
mainfunctionis to supplythe supportcarwith telemetrydata.Whencontrolof thecar
is required two-way communicatiorwill becomemportant.

8.4.5 Testingday 6

Themostrecenttestingrunwasheldon 27thOctober Two anda half hourswerespent
drivingthecar. Apartfrom theabsencef temperaturenonitoring,andtheexclusionof
thehorndueto alack of availableworking CANRefNodesthe carwasin its intended
state. Software wise, the two-way communication$rad not beenresohed, the CAN
network still appearedo occasionallygarble messagesand the Palm Pilot display
softwarehadnotbeenwritten. Apartfrom thesefaults thetelemetryandcontrolsystem
functionedwell.

The carwasforcedto stopon threeoccasionsdecausef a failure in the Tritium
motor controller This wasdue,again,to a malfunctionof the currentlimiting code.
As long asthe currentwaskept underthe limit, the controllerfunctionedwell. The
telemetrysystemwasusedo guidethedriverasto how fastto goin ordernotto exceed
this current (which was viewable as a telemetrychannelin the supportcar). The
telemetrydata,in thisinstancehave savedasigni cant amounbf time atthesideof the
road,andwould have beeninvaluablen aracesituation.Hadtwo way communications
beenrunning, the driver display could have beenrecon guredto display the motor
currentwhile still driving.

INotethatthis currentis themotor currentratherthanthe motorcontmoller current.



8.4. TESTINGAND DEBUGGING 101

Figure8.2: Theauthormonitorsthe solarcarduringtestingday 6
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Chapter 9

Results

A numberof differentresultscanbe dravn uponin the evaluationof the development
undertalenduringthis project.

9.1 Sunswift RequirementsFul Iment

In Section3.1, requirementdor a solar car's electrical systemwere outlined. The
systemdeveloped(usingthe infrastructurealsodeveloped)ful Is thoserequirements
in thefollowing ways':

allow the collectionof datagatheedin the operation of deviceswithin the car.
Both the Tritium motor controllerandBiel maximumpower point tracker have
beensuccessfullynterfacedto thecontrolnetwork within thecar. Thesedevices
have beenusedto gathertelemetrydata;

providestatusinformationon a device's functioning andmodeof function.Each
device providesa heartbeamessag®nceper secondwith usefuldiagnosticn-
formation(suchasmostrecenterror). Thisinformationis not currentlyanalysed
by Scandalconfbut thisis simply a matterof implementation;

providefeedba& to thecar'sdriver. A driverdisplayhasbeeninstalledandused
effectively;

performwell in an electrically noisyervironment.Analysisof the errorswhich
occuron the busindicatethat errorsareunlikely in the steadystate(e.g. when
driving). Thebusdoesnot appeato be adwerselyaffectedby EMI;

provide facilities for control of deviceswithin the car. Control of the devices
within the carhasbeenimplementedandworkswell, but not usingthe wireless
link affordedby thePLEB. Thisis dueto asoftwareerrorandshouldberesohed.
Batteryfanscanbe controlled,andmessagesentto thedriver display;

befault tolerant. Onecomponens malfunctionshouldbeisolatedto thefailure
of that component.This hasbeenproven via the systems survival of various
malfunctions. The Tritium controller's malfunctionduring testingday 5 had

1The comparisonggiven hereare only thosewhich it was felt requiredjusti cation or have not been
ful lled. Requirementsvhich have obviously beenful lled areomitted.
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no effect on the restof the system(which continuedto operate).Furthermore,
with the replacementf the motor controller(andonly the motorcontroller)the
systemcontinuedo operate;

usea minimumof enegy. The currentelectricalsystemusesapproximatelythe
samepowerasthepreviousone( 10W).Notethatpowerconsumptiorcouldbe
reducedsigni cantly by theimprovementof the DC-DC corwverter It couldalso
bereducedsigni cantly via theuseof un-isolatechodesfor non-criticalsystems.

9.2 Comparisonwith Previous System

The systemimplementedusinginfrastructuredevelopedis superiorto the previously
usedsystemin thatit ful Is the requirementdor a solar car's electricalsystemin a

more useful, morereliable manner The succesf the new systemis only possible
becaus®f theunderlyingcontrolnetwork, andthedesigndecisionsassociatedvith its

implementation.

9.2.1 Extendibility

Thesystemis inherentlyextendible aswasdemonstratethroughSunswift's electrical
systemimplementation First only four nodeswere presentmonitoringthreecurrents
anda voltage. Later on, nodeswere addedto operateswitchedaccessoriesa driver
displaywasaddedaswell asthe PLEB, Palm Pilot, etc. Additionsstill plannednclude
array and batterytemperaturesensometworks, further driver displays,tyre pressure
sensorsa batterymonitoringsystem,etc. The designof thesenodesis abstractedy
thenetwork andScandaprotocol.

In comparisontake theteams attemptto adda driver displayto the previouselec-
trical systemin 2001. An LCD screenwith an RS232interface(which increasedhe
costof the device signi cantly) was purchasedhowever all of the available RS232
portson the uCsimmwerein use. Thusit wasnecessaryo addone. In orderto do
so, several ICs would have beenrequiredto be solderedonto the prototypingboard
to which theuCsimmmounts,or a new carrierboardfor the uCsimmdesigned.Both
optionswould have taken a signi cant amountof time. Furthermoretherewerenine
otherdevicesin the car possessingerial ports. Nine more UARTs would have to be
added.Comparewith the sameexerciseusingthe newly developedinfrastructurethe
RS232daughtercardouldbe connectedo a CANRefNode andsoftwarewritten.

9.2.2 Flexibility

The systemis inherentlymore e xible thanthe previousone. Take the exampleof the
variousswitcheson the handlebars.Theseswitchescan be recon guredto be used
for mary purposes. The right handbuttonscould be con gured to turn the battery
fanson and off, ratherthan scroll throughthe screen,simply by con guring the in-

channelsn the screenand batteryfansdifferently. For example,shouldthe battery
fansberequiredto switchon whenthe brakesareactive (for whaterer bizarrereason),
it would be a simple matterto write the software to accomplishthis. Attaining the
samefunctionalityin the old electricalsystemwould have beenextremelydif cult —

requiringtheadditionof hardware.
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| | Old system| New system|

Numberof telemetrychannels: 11 153
Minimum samplingperiod: 5s 0.01ms
Maximumsensoimeasuremerdistance: 2m 5cm
Tracker andcontrollerstatus?: No Yes
Numberof externalsensors: 3 3

Table9.1: Comparisorof obtainedelemetryto the Sunswiftll, 2001telemetrysystem

9.2.3 Data quantity and quality

The new electricalsystemcancurrentlylog up to approximately400 paclketsper sec-
ond, and hasa theoreticallimit of 8000 paclets per second. With this datatransfer
capability therateat which datacanbeloggedis greatlyimproved.

The numberof telemetrychannelds signi cantly increased.SeeSection9.3 and
AppendixC.

9.3 TestDrivelLogs

On thetestdrive outlinedin Section8.4.5,datawereloggedusing Scandalconf.The
following graphshave beengeneratedrom thoselogs (andcould have beengenerated
in real-timewere the software written). This demonstrateshe kind of information,
gatheredy the new electricalsystemthatcanhelpmalke informedstrateyy decisions,
aswell asverify the correctoperationof thecar.

Figure6.13wasgeneratedrom datataken on testingday 6. It shovs the power
generatetby eachtrackerascalculatedisingthe panelvoltageandcurrentinformation
thatis transmittedvia the network. The breakat 4550secondss dueto a fusefailure
at Pheasantdlestfuel stationwhich disabledthe receving wirelessEthernetaccess
point.

Figure9.lis interestingoecausét shavs animportantability of thetelemetrysys-
tem: estimatingthe batterystateof chaige. As canbe seen BSOCis depletedasthe
batteriegprovide enegy.

Figure 9.2 shaws the power into the motor controllervs. the speedof the car
Unfortunately the M5 hasvery few level sections. For this reason,it is dif cult to
estimatethe car's CdA andC,, from this data. A curve calculatedusing estimated
parameterss overlayedin thesamegure.

9.4 Battery Discharge Monitoring

Thereweretwo motivationsfor monitoringcontrolleddischagesof the Sunswiftbat-
tery pack.The rst wasto usethe datagainedto estimatethe stateof chageatagiven
voltage,sincefor Li-ION batteriesthereis a strongrelationshipbetweenthe battery
stateof chage andthe cell voltage. The secondwasto demonstrateghe e xibility
of the framawork constructed— by usingthe sametechnologyin a slightly different
application.

A load consistingof a numberof electricovenelementsvasusedto dissipateen-
ergy asheatwhendischaging the pack. A carbonpile wasusedasa variableresistor
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Battery Power and BSOC vs. Time
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Figure9.1: Batterystateof chagevs Time for testingday 6
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Figure9.2: Motor controllerinput power vs speedor testingday 6
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Voltage vs. BSOC
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Figure9.3: Voltagevs batterystateof chaigefor Sunswiftll WSCbattery

in orderto adjustthe currentat which the packdischaged. The packwasdischaged
at7A from 164Vto 130V.

Thedischagewasrecordedisinga currentsensortwo temperaturesensorsa DC-
DC corverter(to measurehe packvoltage)andanRS232hoard. Thedatawerelogged
on a PC usinga textual versionof Scandalconf.The driver displaywasalsousedto
displaythevoltage,current,andbatterytemperatures.

Thesetup time for the monitoringsystemgxcludingthe time takenfor somebug-
X esto Scandalconftotalledapproximatelyl0 minutes.

The dataobtainedwereprocessedo determingherelative BSOCat eachpoint of
thedischage. Thevoltagewasthenplottedagainsit. Thisis shovnin Figure9.3.The
spike in the middle of the dischage curve is whereit wastemporarilystoppedwhile
the peopleobservingthe batteryobsenersleft the building (andsinceno currentwas
beingdrawn, thevoltagerose).
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Chapter 10

Conclusionand Futur e Work

Sunswiftll' s ad-hoc,inherentlylimited, telemetryand control systemshave beenre-
placedby a systemdesignedrom the groundup to beintegrated extendable, e xible,
andmostimportantly reliable— to form a systenratherthana collectionof devices.

This re-developmenthasinvolvedthe designandimplementatiorof the hardware
requiredto provide the solar car with the necessaryunctionality Furthermorethe
softwarewhich is requiredto run on the hardware developed,hasbeenwritten, and
dehugged suchthataworking systemhasresulted.

One of the mostimportant piecesof this developmentwas the car's maximum
power point tracker software. The deviceshave beensigni cantly improvedthrough
this modi cation, ashasbeendemonstratesdtia the 2ndplacingin Sunrace2002.The
reliability of this systemcomparedo the samedevice with the World SolarChallenge
code,in thatrace,is vastly superior No MPPT failureshave occurredsincethe soft-
ware'scommissioncomparedvith nearly50%failurein the periodof oneweekduring
the WSC.

Thecarhasbeendrivenon numerousccasionsn bothracingandrace-simulating
conditionsat variousstagef the new systems development. A numberof successes
anda numberof failureshave occurred. The electricalsystemhasprovento be pro-
gressvely morereliableastestinguncoversnew bugs,aswell asnew solutionsto these
problems.

One of the mostimportantresultsis that following this work, the teamhashad
experiencewith the internalworkingsof all of its primary componentsincluding the
MPPTsandmotorcontroller Shouldrepairsbe necessaryor improvementse possi-
ble, theteamis likely to beableto take advantageof this knowledge.

Someof the individual achiezementsand conclusionshave beenoutlinedin the
following sections.

10.1 Hardware and Software Infrastructur e

The CANRefNodeandassociate&candabprotocolform the bulk of a framework de-
velopedin the courseof this project. The combinationof thesetwo hasbeenshovn
(throughthedevelopmenbf Sunswift's electricalsystem}o bea powerful prototyping
anddevelopmentervironment. Useful, customisecembeddesdystemsandembedded
networks canbe constructedn a limited time, and, moreimportantlyfor the UNSW
SRT, modi cationscanbe madein similarly shortperiods.

109



110 CHAPTER10. CONCLUSIONAND FUTUREWORK

Theresultingsystemis designedspeci cally for Sunswift,but is, at the sametime,
basedon a generic,powerful framewvork. As suchit hasthe advantagesf custom
design(reducedsize,reducedveight,the appropriateconnectorsetc).

10.2 Biel MPPT

Anotherimportantpartof thisthesiswasrevisedoperatingsoftwarefor theBiel MPPT.

The device's reliability, with the additionof this software, hasbeensigni cantly im-

proved. A simpleopen-loogMPPtrackingalgorithmhasbeenmplementedndtested.
The Scandalprotocol hasbeenbuilt into the softwarein orderto provide a network

with telemetryinformation. A numberof otherusefulfeatureshave beenimplemented
including in-tracker IV curve sweeps,and serial basedtelemetry The tracker code
is dif cult to develop further dueto codesize limitations, but signi cant improve-

mentscanbe madeeitherthroughthe reconstructiorof the control board,integrating
improvementsn the areasidenti ed (giving more programmemory),or throughthe

optimisationof the existing software.

10.3 Tritium Motor Controller

The Scandaprotocolhasbeenintegratedinto the Tritium motorcontrollercode,mak-
ing it compatiblewith the other devicesdeveloped. The resultingnetwork nodehas
beentestedon-roadand hasperformedwell. Motor controllerfailuresduring testing
werenot relatedto the operationof the new codeor the protocol. Many of thefailures
have beendiagnosediia the useof the new network.

10.4 Futurework

Futurework on the framework would largely dependbn the applicationfor whichit is
beingdeveloped.However:

The microcontrollerand CAN controller usedon the CANRefNode should
be investigatedfurther, and more appropriatealternatves usedif found. The
MCP2510,n particularis dif cult to use,andits replacemenshouldbe consid-
eredfor new designs.Themicrocontrollerchosernusesmorepowerthanalterna-
tives.

An un-isolatedversionof the CANRefNodeshouldbe designedor usewhere
isolationis notbene cial. An exampleof thisis the current-sensdooard,which

bypassetheisolationused.Thiswould reducébothcostandpowerconsumption
of thedevices.

A methodis requiredto readthe con gurationfrom a CAN nodeandsaveit.

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

A bootloadershouldbe written which allows nodesto be reprogrammeabver
the CAN network. This would save a substantiahmountof time whenapplying
softwarerevisionsto a network of nodes.
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Futurework to the motorcontrollersshouldinclude:

further benchtestingof the remote-controbf the set-speedisedby the speed
controlloop within the Tritium controllet This shouldthenbetestedn thesolar
car;

softwarebeingwritten for the adapteboardssuchthat Sunswift's lessmodern,
but proven,controllerscanbe operatedisingthe sameinterfaceasthe Tritium.

Work recommendedegardingthe solarcar:

Furtherinvestigationshouldbe carriedout regardingthe CAN code. Issuesto
resole includethoseassociatedavith the MCP2510errata,andreal-timeissues
associatedvith slow processingof CAN data. This should x the problems
currentlybeingexperiencedvith theindicators.

A comprehensie batterymonitoringsystermshouldbeinvestigatedLi-ION bat-
teriesrequireconstanimonitoringnormally provided manuallyvia . In orderto
satisfythis needacell-level

Thecurrentsensorsvhichhave beenimplementedhave aprecisionof only 0.1A.
Thisis deemedoolow for reliablecurrentmeasurementurthermorethetrans-
ducerausedexhibit anoddhysteresidik e effectaroundzerocurrent. Thesensors
shouldbe investigatedandrehuilt if necessaryOnealternatve might beto use
current-sensshuntgatherthanhall-effecttransducerfor currentmeasurement.
A higherresolutionADC shouldalmostcertainlybe used.

Temperaturesensorshouldbe installedin all four batterypacksandthe solar
array

ThePLEB shouldbedirectly connectedo the CAN network. While adaughter
cardto connecthe PLEBto a CAN network wasdesignedandbuilt, incompati-
bilities with theavailableEthernetardeliminatedthe possibility of its use.This
situationshouldbe investigated It is recommendethata more powerful CAN

controllerbe selectedor this purpose.

Someform of writable massstorageshouldbe implementedfor usewith the
PLEB. This would allow easiersoftwareupdatesself hosting,anddatalogging
capabilities.If datawereloggedwithin the car, only critical informationwould
needto be sentvia thewirelesslink, therestbeingstoredfor laterretrieval.

Software for the Palm Pilot shouldbe implementedsuchthatit canactasan
effective graphicaldriver display

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

A thoroughmaintenancehecklistbedevelopedfor useonanightly basisduring
racegto decreas¢hechanceof in-racefailure.

Suggesteduturework in relationto the MPPT softwareis outlinedin Section6.7.
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10.5 Bene ts for extemal 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-hilt daughtercardfut eventhiswould notbenecessary
for agreatnumberof applicationggiventhedaughtercardalreadyavailable.

Oneengineeringtudentvorking on the bio-dieselprojectwith the Centrefor Pho-
tovoltaic Engineeringhasexpressednterestin implementinga more advancedmoni-
toring and control system. This projectaimsto build a trailer with a small plant ca-
pableof producinga dieselreplacementisingkitchencookingoil. This shouldprove
relatively straight-forward, with almostall of the hardware and software components
alreadybuilt andtested. Somefurther hardwareto handlethe high currentsassoci-
atedwith large motorsusedfor pumpsandstirrerswould be required,aswell assome
userinterfacesoftware. Componentsuchasthe charactedisplay temperaturesen-
sors,switch cards,andserialboardswould be easilyintegrable. Someaspectof the
CANRefNode suchastheisolationbarrierandconnectoused mightbereconsidered
in orderto reducecostin this applicationwherethesefeaturesareof little advantage.

Another organisationwhich may bene t from this work is the UNSW satellite
project,who arecurrentlyattemptingto designandbuild a ight computerfor BLUE-
sat, a small micro-satelliteto be launchedin 2004. Somekind of distributed system
malkesa greatdealof sensdrom areliability point of view (in thesameway asit does
for asolarcar). Thetechnicalleadersvorking onthe projecthave expressed concern
regardingthe power sucha systemmight consumebut it is thoughtthatthis could be
reducedo avery low level via the useof microcontrollers sleepmodes.With sucha
smallsatellite, CAN may not bethe mostappropriatedechnologyto employ, but mary
of thelessondearntcanbetransposed.

As anothercompletelyunrelatedapplication the authorintendsto developa Scan-
dal basedheatricallighting system.

Theernvironmentdevelopedin thisthesisis notintendedo provide anoff-the-shelf
solution. But is designedo be an easy-to-userototypingand developmentplatform
for embeddedetworksandembeddedystemsin thisway it is well suitedfor useby
otherstudentprojectswithin theuniversityfor avarietyof purposesaswell asexternal
partieswith similar needs.

10.6 Final Words

Solar car raceslik e the World Solar Challengeare intendedto sparkcontinuingde-
velopmentof renavableenegy technologieandenegy-efcient vehicledesign.Sig-
ni cant piecesof technologysuchasthe world recordholding PERL solarcells and
highly ef cient in-wheelmotorshave beendevelopedasa resultof theseraces.As a
participant,the UNSW teamshouldcontinueto researcinew andinnovative ways of
improving their car, with the goal of improving the overall technologyin a signi cant
way. This projecthasgiventhe teama baseunifying framewvork with which to build
andevaluatetheirinnovations.Themostimportantideato understands thatary inno-
vationmustbereliable,andevenastraight-formvardmodi cation cannotbeconsidered
reliableuntil it hasbeenwell tested.
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Appendix C

Channelsloggedin Sunswift I

Sunswiftll, 2001

Hydra
Bus\bltage
BatteryCurrent
MotorCurrent

Sunswiftll, 2002

MotorContr oller
PWM
MotorCurrent
Actual\elocity
Bus\bltage
ControllerCurrent
HeatsinkEmp
MotorTemp
Controllerfemp
SMPTemp
15v
MCHorn
Brake
MCRightindicator
MCLeftindicator
CurrentSetpoint
VelocitySetpoint

DriverDisplay

BatteryCurr ent
Current
Power
AmbientTemp

ArrayCurrent
Speed
ArrayTempl
ArrayTemp?2

Currentintgration
Powerintegration

MotorCurr ent

Current

Powver
AmbientTemp
Currentintgration
Pawverintegration

ArrayCurr ent

Current

Powver
AmbientTemp
Currentintgration
Pawverintegration

DriverControls

Horn
Leftindicator
Rightindicators
Camera

HornScreen
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Batterylempl
Batterylemp2
Batterylemp3
BatteryTemp4

ChannellCurrent
Channell\dltage
Channel2Current
Channel2\dltage
AmbientTemp
RefnodeCurrent
ChannellStatus
Channel2Status

RBatFan

ChannellCurrent
Channell¥dltage
Channel2Current
Channel2\dltage
AmbientTemp
RefnodeCurrent
ChannellStatus
Channel2Status

LBatFan

ChannellCurrent
Channell¥dltage
Channel2Current
Channel2\dltage
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AmbientTemp

RefnodeCurrent
ChannellStatus
Channel2Status

BLIndicator

ChannellCurrent
Channelldltage
Channel2Current
Channel2\dltage
AmbientTemp
RefnodeCurrent
ChannellStatus
Channel2Status

BRIndicator

ChannellCurrent
Channelldltage
Channel2Current
Channel2dltage
AmbientTemp
RefnodeCurrent
ChannellStatus
Channel2Status

Frontindicator

ChannellCurrent
Channell\dltage
Channel2Current
Channel2\dltage
AmbientTemp
RefnodeCurrent
ChannellStatus
Channel2Status

MPPT1

Panel\bltage
PanelCurrent
Output\bltage
Sensedltage

HeatsinkEmp
AmbientTemp
Target\bltage

MPPT2

Panel\bltage

PanelCurrent
Output\bltage
Sensedltage

HeatsinkEmp
AmbientTemp
Target\bltage

MPPT3
Panel\bltage
PanelCurrent
Output\bltage
Sensedltage
HeatsinkEmp
AmbientTemp
Target\bltage

MPPT4
Panel\bltage
PanelCurrent
Output\bltage
SenseVltage
HeatsinkEmp
AmbientTemp
Target\bltage

MPPT5
Panel\bltage
PanelCurrent
Output\bltage
Sensedltage
HeatsinkEmp
AmbientTemp
Target\bltage

MPPT6
Panel\bltage
PanelCurrent
Output\bltage
SenseVltage
HeatsinkEmp
AmbientTemp
Target\bltage

MPPT7
Panel\bltage
PanelCurrent
Output\bltage
Sensedltage
HeatsinkEmp
AmbientTemp
Target\bltage

DCDC
Bus\ltage
HVCurrent
UnproBusV
Chassisémp
12v
5v
Unprol2Vv
Unpro5V
12VvCurrent
5VCurrent
AmbientTemp

BatteryTemperatures

Pack1Middle
Pack1lEdge
Pack2Middle
Pack2Edge
Pack3Middle
Pack3Edge
Pack4Middle
Pack4Edge



Appendix D

Graphs of LoggedData

Thegraphspresentedn this appendixweregeneratedrom dataloggedon the 27th of
October 2002.
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APPENDIXD. GRAPHSOFLOGGEDDATA
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FigureD.1: Motor andDC-DC corvertertemperaturefor testingday 6

Voltage (V)
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FigureD.2: Batteryvoltagevs. Time for testingday 6
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Currents vs. Time
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FigureD.3: Currentsvs Time for testingday 6

Throttle and Speed vs. Time
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FigureD.4: ThrottleandSpeedvs. Time for testingday 6
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Appendix E

Car Schematics
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FigureE.1: Summaryschematiof Sunswiftll, 2001



