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Abstract

Thisthesisdescribeshe designanddevelopmenibf the controlsystemfor the University
of QueenslandRoboR00s2001 robot soccerteam. This year the robotsunderwenta
completemechanicatedesign.The redesignsaw the introductionof a omni-directional
drive system.In orderto operatethe drive systemin a controlledmanneya new control
systemwasrequired.

As mobile robots, suchasthe RoboRoosjnteractwith the real world, mary non-ideal
characteristiceandfactorsmustbe takeninto account.Whendealingwith robotmotion,
thesefactorsincludefriction, stiction, hardware delays,componentimitations andtol-

erancesAll thesefactorseffect the way the overall systembehaes. The motor control
softwarewasdevelopedo improvethesystenresponsehringingthesystenoutputcloser
to thedesiredstate.

Themotorcontrolsystenprovidesthevital link betweerthecomple navigationsoftware
andthe low-level hardware. The role of the control systemis to provide the meansof
enablingthe high-level intelligentsoftwareto controlthe hardwareof therobot.

Themotorcontrolsoftwarerecevesthedesireddistanceanddirectionin which therobot
musttravel from the high-level navigationsystem.Fromthesecommandshe motorcon-
trol softwarecalculategherequiredwheelvelocities outputsthesevelocitiesto the motor
andadjustsfor errorwithin the systemthroughthe implementatiorof proportionalinte-
gral control.

RoboCup2001 provided the perfecttesting platform for our robots. The systemwas
placedunderthe most demandingof situations,internationalcompetition. The omni-
directionaldrive systemand its control systemproved capableof handlingthe highly
demandingompetitive rigoursof this level of competition.

Developmentof the controlsystemis still necessaryThroughtestingfurtherre nements
to themotorcontrolcodeconstantsisedin thecontrolcalculationscanbemade although
the currently usedconstantoperatesatisfictorily. With the addition of a ball control
mechanisn(dribbling bar), control softwarewill be requiredfor its operation. The ad-
dition of the dribbling barwill meana new schemawill have to be written allowing the
robotsto pivot aroundthe ball while dribbling.
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Chapter 1

Intr oduction

1.1 ThesisOverview

This thesisdetailsthe developmentof the motor control software of the University of
QueenslandRoboR00£2001robotsoccerteam. The control systemformsthe meanshy
which the high-level intelligent navigation code controlsthe low level hardware of the
robot.

The redesignof the drive systemfrom a differential drive con guration to a six-wheel
lateralorthogonalbmni-directionaldrive systenrequireda new controlsystem.The nev
mechanicatapabilitiesof thedrive systemhadto berealisedwithin the softwarerunning
bothontherobotsandonthe commandingcomputer

Themotorcontrolsoftwarerecevesthedesireddistanceanddirectionin which therobot
musttravel from the high-level navigationsystem.Fromthesecommandshe motorcon-
trol softwarecalculategherequiredwheelvelocities outputsthesevelocitiesto the motor
andadjustsfor errorwithin the systemthroughthe implementatiorof proportionalinte-
gral control.



1.2 RoboCup

RoboCupis an annualinternationalcompetitionaimedat promoting the researchand
developmentof arti cial intelligenceandrobotic systems.The competitionfocuseson
thedevelopmenif roboticsin the areasof

Multi Agentrobotplanningandcoordination
PatternRecognitionandrealtime control
Sensinglechnology

Vision Systemgbothglobalandlocal cameras)

Mechanicaldesignandconstruction
Thelong-termgoalof RoboCupis:

By theyear2050,developateamof fully autonomousumanoidrobotsthat
canwin againsthe humanworld soccerchampions.

This statemenmight seemextravagantby today's technologicalstandardsandwill re-
guire animmenseamountof researctbeforeit is possible.Despitethe enormityof the
taskandthe lack of currentsuitabletechnologywe mustconsiderthatit only took 50
yearsof developmento take manfrom their rst powered ight to landingon the moon.
Coupledwith thephenomengbrogresof computingtechnologysuchanoutstandingyoal
may beindeedachiezablewithin this time frame.

The RoboCupWorld Championshipsonsistof sevendifferentevents
I. F180,Small-SizedocceRobotLeague:

Teamsof 5 small autonomousnobile robots(180mmin diameter)playing socceron a
green-carpetecetld thesizeof aping-pongtable.A golf ball is usedasa substitutefor a
soccetball. A cameraslocatedontopof the eld andandprovidestheinputto therobot's
global vision system. Local camerasan be mountedon the robots. Communications
betweernthe autonomougsommanding®C andtherobotsis via awirelessFM radiolink.



ii. F2000,Medium-Size&occeRobotLeaue:

Teamsof up to four robotswith an areaof no morethan competeona ve
metreby nine metre eld. The eld is carpetedand hasmarkingssimilar to thoseon a
realsoccereld. Therobotsarefully autonomousvith local vision processingWireless
communicationss permittedbetweertherobotsonly. TheF2000robotsplaywith aFIFA
appravedbright orangeindoorsoccerball.

iii. SonyLeggedRobotlLeague:

Teamsof up to three Sory entertainmen{AIBO) robots play eachotheron a green-
carpetedeld with slopingsides. The cornersof the elds are marked with different
colouredcylinderssotherobotsknow wherethey areonthe eld. Therobotsplay using
abrightorangeplasticball.

iv. SoccerSimulationLeague:

Thesoccesimulationeventconsistof aseriesf scienti ¢ evaluationscompetitionsand
researchdemonstrationsof arti cial intelligence(Al) and multi-agentsystemsMAS)

technology All eventsutilise the RoboCupSoccerSener asthe domainin which agents
areto operatejn essencagreeingon a standardest-bedor experimentation[2] Soccer
Sener consistsof 2 programs, soccerserer' and ‘soccermonitor'. ‘soccersemr' is a
eld simulatorthat calculatesmovementsof playersanda ball. "soccermonitor'is a
window interfacethatdisplaysa window of the eld onanX-window. [3]

v. RoboCupRescuesimulation:

A distributed computersimulationervironmentof earthquak disastergncluding maps
hasbeenpreparedby the organiseyr where buildings collapse,streetsare blocked, re
spreadsandtraf c conditionsareaffectedby aseismiaeaction.Intelligentactionbrigades
(agents)pf softwaretry to minimisethedisastedamagen thisvirtual space Rescugar
ties save victims from the destrgyed buildings, re- ghter companiesxtinguishthe re,
andpolice partiesopenthe blockedroads.

vi. RoboCupRescudrobotlLeague:

The leagueconsistsof robotsthat are eithertele-operatedshareautonomyor are fully
autonomoushatsearchor humanbodieswithin theremainsof a building ef ciently and
accurately The eld consistf a realsizeddestryed building of threelayerswith each
layer of the building focusingon different situationsthat might be encounteredn the
eld including traversingobstaclesnegotiatingrubble andovercomingdif cult sensory
situations.



vii. RoboCuplunior League:

RoboCupjunior is a leaguesetup for primary and high schoolstudents.It consistsof

3 separatehallengesvithin the league:socceyrescueanddance.The soccerchallenge
consistf robotsconstructedrom Lego thatplay a 2-on-2soccergameona eld which

is colourcodedin shadeof gray. Thethemeof this yearsrescuechallengewasthatthe

robotswererequiredto rescuehumansfrom the roof of a burning building. To nd the

victims, therobotshadto follow a blackline ontheplaying eld until they reachedheir

targets.Thedancechallengeconsistof oneor morerobotsthatwearcostumes&ndmove

creatvely to music.

1.3 Overview of who the RoboRoosare

The University of QueenslandRoboRoogeamconsistof ve highly specialisedoccer
playingrobots.This teamof robotsweredesignedvith the primary objectve of compet-
ing in andwinning RoboCup2001.

Our team consistsof mobile robotsdesignedto be highly agile and powerful both in
defenceand attack. The redesignedobotsare a mechanicallysuperiorrobot featuring
a six-wheelorthogonalomni-directionaldrive system consistingof threeindependently
controlleddrive units. Eachdrive unit consistsof a bi-directionalDC motor driving the
wheelsthrougha simple gearbox. Built into eachof the drive units are high-resolution
magneticencoderso provide motionfeedbacko theonboardMotorola68332-controller
board.

The controller performsthe motor control and plansthe pathtaken by the robotsbased
on the informationreceved from the centralcontrolling PC via the 418/433MHz radio

link. The centralcontrolling PC, usinga frame grabbercard, collectsimagesfrom the

overheadcameraandprocessetheimagesto facilitatethe generatiorof teamstrateies.

Figure 1.1 givesan overview of the entire system.For a photoof the actualsystemthe

systemthatconstitutegshe RoboRoo2001robotsocceteamreferto AppendixA.

The RoboRoogeamcompetedn the F-180small sizeleagueof RoboCup2001heldin

Seattle,USA in August. The small sizedleagueconsistsof teamsof 4 eld robotsand
a goallkeeperplaying socceron a eld the size of a ping-pongtable. The small robots
usean orangegolf ball asa substitutefor a soccerball. Therulesof the leaguestipulate
thatthe robotmust t within a cylinder of 180mmdiameterandbe of a heightno more
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1.4 Work completedon this thesis

Thework completedwithin this thesishasincludedmechanicatlesignwork, component
selectionandthe writing the control software that bring all the physicalaspectsf the
robotsdrive systeminto operationaharmoty.

Drive SystemDesignand Motor Selection

Themechanicatedesigrof therobotswasundertalento greatlyimprove themechanical
performancecharacteristic®f the robots,in particularin termsof their agility andma-
noeuvrability In orderto beagile,the mechanicatlesignof the robotrequiredthe centre
of massof therobotto beaslow aspossible As mostof therobotsweightwascontained
within the drive systemandthe main chassisthe intentionwasto designtherobotswith
pro les aslow aspossible.

With theintentionof designinglow pro le, agile, manoeuvrableobotswe setaboutse-
lectinga drive system.Oncethe designhadbeen nalised asbeingthe six-wheellateral
omni-directionaldrive systemwe setaboutselectingcomponentsvith whichto construct
this drive systemdesign. The componentsyhich controlledthe drive systemsperfor
mancejncludedthemotors,geartrainandencodersThemotors,geartrainandencoders
usedin the nal designof thedrive systemwereselectedgsuchto maximisethecontinuous
acceleratiorand continuousvelocity of the robots. Whendesigningfor agility andma-
noeuvrabilityit wasdecidedhatthesetwo factorswerethe mostimportantto maximise.

Kinematic Calculations

With thedrive systemdesignedthe next taskwasto developa systemof controllingthis
new drive system.To enablecontrolof thedrive systemaseriesof mathematicaéquations
describingthe drive's operationwere required. The equationsdescribedthe kinematic
relationshipbetweenthe robot's wheelvelocitiesandthe overall platformvelocity. The
equationsvere rst derivedsuchthatwith arobotplatformvelocity, the wheelvelocities
couldbecalculated Theinversekinematicequationsverethenderivedto allow therobot
platformvelocity to be calculatedrom individualwheelvelocities.



Designof the Reactive Control System

The robust operationof the reactve control loop implementedn the RoboRoos2000
teamcorvincedusto modify the existing controlloopto controlthenew omni-directional
drive. In thedifferentialdrive con gurationthecontrolprocessvasperformedonboththe
forwardtranslationalelocity andtheturningvelocity. An inherentpropertyof the omni-
directionaldrive is that both the translationaland rotationalcomponentof the robots
motionarefully decouplecandarederivedfrom the relationshipbetweernthe wheelve-
locities. This meansthatwe have to performcontrol on the individual wheelvelocities
only andresol\e the issueof translationand rotation control higherin the navigation
software at a schemdevel. Thereforethe major changeswithin the control codewere
to changethe control loop to operateon the wheelvelocitiesandto remove control of
forwardandturningvelocities.

Motor Control Schemas

With the relationshipbetweenthe robot's wheelvelocity and the platform velocity de-

scribedby the kinematicequationsthetaskof developingcodethatwould producerobot

motionwasundertalen. This codeconnectghe navigationalsoftwarewith the mechan-
ical structureof the robot, effectively providing the meansof communicatiorbetween
theintelligent softwareandthe mechanicahardware. The rst taskwasto establishthe

parameterghatwould berequiredfrom the navigationcodein orderto controltherobot's

motionin the desiredmanner Onceparametershatthe navigationcodewould passhad

beenestablishedhe kinematicequationscould be usedto calculatethe desiredwheel

velocitiesto achieve the desiredtranslationakndrotationalvelocities. Oncethe desired
wheelvelocitieshadbeencalculatedhewheelvelocitiesarepassedo thereactve control

system.



1.5 DocumentOverview

Chapter2 reviews the existing RoboRoos2000robot socceteamconcentratingn par
ticular onthe drive systemandthe control softwareimplementedn therobots.A review
of the winning teamof RoboCup2000, Cornell, is also presented.The potentialdrive
systemsareexaminedwith adetailedexplanationof theoperationof thedrive systenthat
wasselected.This is followed by a review of control theoryillustrating what concepts
couldhave beenimplementedn the new controlsystem.

Chapter3 discusseshe aimsof the thesis. The chapterdetailsthe speci cationsof the
desireddesign.

Chapter4 detailsthe drive systemthat wasimplementedn the RoboRoos2001 robot
soccerteam. The kinematicsandthe dynamicsof the systemaredescribedn detail. The
kinematicequationghatformeda critical partof the control codearealsoderived. The
selectioncriteriausedin selectinghedrive motors,gearsandencodersarealsodetailed.

Chapter5 detailsthe control codethat was implementedaboardthe robots. Firstly an
overview of the navigation codeis given. The path planningprocessof the navigation
is discussedThereactve controlloop is describedletailingthe controlmodelused the
control calculationgperformedandthe form of compensatioimplemented.The motion
control systemis then explainedin detail, describingthe motor control schemaspath
integrationsandthe generatiorof thewheelvelocities.

Chapter6 discusseshe performanceof the RoboRoogeamin the RoboCupworld cup.
Theoverallperformancef theRoboRoo2001drive systemandcontrolsystemarecom-
paredto the speci cationsthatwe setoutto achieve. Furtherwork thatneedgo be com-
pletedon this thesisis alsodetailed.

Chapter7 concludeghe thesisby reviewing what hasbeenachiared with the designof
thecontrolsystem.



Chapter 2

Literatur e Review and Existing
Technology

Beforewe canbegin creatinga new designfor the RoboRoos2001we must rst anal-
yse the RoboRo0os2000 teamand the teamthat won the competitionlast yearto de-
terminewhereour redesignefforts shouldfocus. From the RoboRoos2000review we
mustidentify which aspectof the designshouldbe retainedand what shouldundego
redesignedIn additionto reviewing lastyears teamwe mustanalysdastyearswinner,
Cornell RoboCupteam,to identify the standardhat mustbe exceeded.Oncethe stan-
dardshave beenestablishe@ review of the possibletechnologythatwe canimplements
alsooutlined.

2.1 RoboR00s2000Review

To gainaninsightinto the operationof the RoboRoosystema brief overview of eachof
the systemcomponentsvill be made.Figurel.lillustrateshow eachof the components
interactto form thecompletesystenthatis theRoboRoosThecomponentsnostrelevant
to thisthesisarediscussedletailingthe platformfrom which the RoboRoo<2001 control
systemwascreated.



2.1.1 Operational Overview
Mechanical Design

The mechanicaldesignof the eld robotsin the RoboRo0s2000 teamwas optimised
for speed,accelerationand corneringability, while maintainingas broada front face
aspossiblefor contactwith the ball. The drive systemfor the robot wasarrangedn a
differentialdrive con guration. The two wheelsweremountedon the sidesof therobots
with the motorsdirectly coupledto the wheelsvia spurgearboxs. Te on skidswere
placedat the front andrearof the robotto provide the third point of contact. The tyres
weremadeof soft rubberproviding a high coefcient of friction to minimiseslip during
accelerationThetablebelow outlinesthe mechanicatapabilitiesof therobots.

| | Continous| Peak]|
Acceleration( ) 15 3.6

Speed 2 3.4
Timeoverhalf eld (s) 1.33 0.86

Table2.1: Mechanicakapabilitiesof the RoboRoo£2000robots

Electronic Design

The electronicsof the robotsare housedon two boards. The main board containsthe
CPU,associatetnemoryandthepower electronicdor thecontrolof themotors. The RF
communicatiorelectronicof therobotsarehousedn a separatehieldedboard.

Therobotsarecontrolledby aMotorola68332microcontrollerfeaturingl6x 16 bit timer
channelsupportingPWM andquadraturecapturefor the motordrive. Opticalencoders
aremountedon the wheelshaftsto provide feedbackon wheelvelocities.

Eachrobotis power by customarrangedNickel Metal Hydride batterypacks which have
the capacityto power the robotsfor at least20 minutesunderstrenuouplaying condi-
tions. The motor aredriven by H-bridges,with gatedriversproviding the level shifting
requiredby the MOSFETs,which actasswitcheswithin the H-bridge. The MOSFETSs
are complimentaryN and P channeldevices selectedsuchthat the systemis ratedfor

continuousoperationundermotor stall conditionsensuringreliable motor control in all

situations.

10



On-Board Software

The software that runs on-boardthe robotsconsistsof two threads- a cognitive level
threadanda schemdevel thread.The schemdevel threadis triggeredevery millisecond
andis responsibldor the momentto momentnavigation of the robotdealingwith prob-
lem, suchaachierzing smoothaccelerationTheprocesseatthislevel arecalledschemas.
Thecognitive level of the softwareis responsibldor selectingthe appropriateschemaat
ary giventime. The cognitive level maintainghe planningresourcesuchaspathto goal
locations.

Sdhemas

The primary schemasaretraverseandalign, which areresponsibldor the translational
androtationalcontrol of therobots.Eachschemaasa lengthparameteassociatedvith
it to ensurethatif communicationsail therobotwill halt oncethe currentmove is com-
pleted. Thelengthparameteof a move is determinedoy encodeirfeedback.In the case
of new informationarriving duringan operationthe lengthparametecanbe modi ed or
theschemachangedn a smoothtransition.

The schemalevel of operationss also responsiblgor keepingtrack of the motion of
the robotsto provide a currentestimateof position. This processof path integration
providesthe robotwith a currentandaccurataneasureof its positionandheading.The
inherentdelayin the systembetweerthe eventandthe receiptof thateventon therobot
is minimisedby updatingbeyondthedelayusinginformationfrom the pathintegrator

Caognitive Level

The cognitive level spendanostof its time calculatinghow to getto the goallocations
thatarespeci ed in communicationseceved from the planningsystem. The decisions
madeat the cognitive level aretacticalcommandsasedon a grid representationf the

eld. The eld is dividedinto 90 mm grid units, which roughly dividesthe eld into a

30 x 16 grid of rectangles.The datareceved from the PC planningsystemdetailsthe

obstacleshatareaddedo thegrid to representhe currentplaying conditions.Usingthis

representationf thecurrentplayingconditionsthe softwaredetermineshe paththerobot

will taketo moveit thegoallocation.

11



Vision System

The vision systemrecevesinput from the colour CCD cameramountedoverhead.The
camerainterfaceswith a vision frame grabberresidingin a Pentiumlll 450MHz PC
that performsall the vision processingaswell asgeneratinghe multi-agentstrateyy for
theteam. The primary taskof the vision systemis to locate,identify andtrack eachof
the objectsof the eld. Colouredballs and patternmarkingson the robotsare usedto
determinewvhich teamtherobotswereon andthe headingof therobots.

MAPS Planner

The plannerprovidesstratgic commanddo eachof the robotsbasedon an assessment
of the currentsituation. The two commandshataresentto the robotsby the plannerare
GOTO andKICK. Eachof the commandsontainparametershatindicateto the robot
thelocationto whichthe KICK or GOTO commandshouldbe executed.

2.1.2 Drive System

The RoboR00s2000 chassisthat containsthe drive systemis of an elongateddesign
chosensuchto provide a large surfaceareaon both the front andbackkicking surfaces
of the robots[1]. The shapeand placementof the wheelshasa major effect on the
turning torquethat is generatedy the robot. To maximisethe turning torque of the
robots,the turning diametershouldbe aslarge aspossible. This is achiezed by placing
the motorsalongthe longestaxisin adifferentialdrive con guration. Figure2.1 outlines
themechanicatlesignof thedrive system.

The drive was designedwith the centreof gravity aslow aspossibleto maximisethe
amountof traction betweenthe motorsandthe surfaceof the eld allowing for higher
acceleratiorwhile maintainingcompletecontrol over therobot. The wheelsusedon the
drive systemweresmalldragracingwheel,30mmin diameteyandmadeof softrubberto
ensurea high coefcient of friction for maximumtraction. The motorsusedin the drive
systemweretype 22306V DC-Micromotorsfrom Minimotor. The gearheadattachedo
themotorsweretype 22/2K spurgearheadsgiving a 3.1:1reductionratio.

12
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Figure2.1: RoboRoo22000differentialdrive system[13

2.1.3 Control System

Therobotcontrol systemimplementedn the RoboRoo2000teamutilisesproportional
integral controlaswell asfeedforward compensationThe codeusedfor the PI control
was originally written by GordonWyeth for useon CUQEE Ill, the world champion
micro mouse.This codewasalteredto suit the hardwarethatdrivesthe RoboRoos.The
fundamentatharacteristicof the codeandthe control systemremainthe samein both
applications. Figure 2.2 illustratesthe control modelthat is implementedn the robot
controlcode.

Idvel + @ fdvel +@ ferr Fs) + @ Ivel
+ - -
><_ N MOTORS
tdvel +
rdvel + @ v @ et T(s) + @ et

Desired Values

tvel @ + rvel

+ SENSORS
fvel @ + Ivel

Actual values

Figure2.2: RoboRoo22000controlmodel[11]
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Figure 2.3 illustrateshow the control systemmodelof gure 2.1 is implementedasa
reactve control loop within the software that residesaboardthe robots. The reactve
control loop is initiated every millisecondby the PeriodicTimer Interrupt(PIT) andis
responsibldor the generatiorof wheelvelocitiesandthe controlof the wheelvelocities.
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The calculationsusedto determinethe outputof the control systemwill now be investi-
gated. In orderto calculatethe proportionalandintegral errorsthe right andleft wheel
velocitiesarecoupledandcorvertedto forward andturn velocities. Theforwardandturn
velocitiesaregivenby:

ForwardVelocity = right velocity + left velocity

Turn Velocity = right velocity - left velocity

Thevelocity proportionalerrorsareboth calculatecasshowvn:

Forward Error = forward desiredvelocity - forward actualvelocity

Turn Error = turn desiredvelocity - turn actualvelocity

Theforwardandturnvelocity integral error calculationsare:

ForwardIntegral Error=  forwardproportionalerror

TurnIntegral Error= turnproportionalerror

Using the above, the desiredforward and turn motor PulseWidth Modulation (PWM)
valuesthatwe wish to outputarecalculated The PWM valuesarecalculatecasbelow.

PWM = (proportionalerror + (integral error x integral constant))x propor
tional constant+ (desiredvelocity x feedforward constant)

Fromtheforwardandturn PWM valuestheright andleft PWM valuesarecalculatedas
below.

Right PWM = forward PWM + turn PWM
Left PWM = forward PWM - turn PWM

ThesePWM valuesarethenpassedo the motorsvia theappropriatel PU channels.
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2.1.4 Interfaces

Themaincontrolloop ontherobotsoperatesvithin themainthread(navigate)anddeter

mineswhattherobotshouldbedoingbasedn the dataframesreceved,via the wireless
RF link, which containervironmentand commandupdates.A setof interactingnavi-

gationschemasalculatethe commandspeci ¢ stratgiesthatcontroltherobot's motion.
Thesenavigationschemasontrolandimplementhe pathplanningof therobotby calling
motor controlschemas.

Every milliseconda Timer Processotnit (TPU) interruptsuspendshe reactve naviga-
tion schemasndenableghe currentmotor schema.The schemasiseencoderfeedback
to ensurehattherobotis performingits requiredtask.

Themotorschemasnclude:

Halt - bringstherobotto a halt
Align - rotatesherobotby a headingof lengthmm
Traverse- movestherobotforwardby lengthmm

Curnwe - given a requiredvelocity anda headingthe robot traversesa distanceof
lengthmm. Hence this resultsin the robottravelling a curved pathandarriving at
the providedpolarlocationasquickly aspossiblewithin the givenconstraints.[1D

The speedghataresetin the motor controlschemasrereceved by thereactve control
system.This systenrunswithin the samethreadasthe motorcontrolschemasnddrives
the motorsusing PulseWidth Modulation (PWM). The reactve control systemensures
thatthe motorsactuallydrive atthe desiredspeedusingfeedbackrom theencoders.

2.2 Cornell 2000Team

In orderto be competitve in this year's competitiona review of the technologyutilised
by lastyearswinneris necessaryThe winner of RoboCup2000F180leaguewasCor-
nell RoboCupteam. This teambroughtto the competitiontwo new electro-mechanical
innovations,thesebeingthe omni-directionaldrive systemanda dribbling mechanismit
wasevidentfrom reviews of their performancéhattheomni-directionatrive systengave
Cornellasuperioradvantagen manoeuvrability Thearrangemenf theomni-directional
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drive systemallows therobotto controlits translationabndrotationalvelocitiesindepen-
dently by controllingthe drive assemblyelocities.

With the mechanicabhdwantage®f the drive determinedt wasa caseof devising control
stratgyiesthat would control the drive systemin sucha way that the teamcould max-
imisethe omni-directionaldrive's advantage.The key systemconceptbehindthe control
stratgy employedby the CornellRoboCupteamwasthatof hierarchicadecomposition.
Figure2.4illustratesthe mainideaof the concept.

DESIRED FINAL POSITION AND
VELOCITIES, TIME TO TARGET DESIRED VELOCITIES

STRATEGY TRAJECTORY LOCAL

GENERATION CONTROL

FEASIBILITY OF REOUESTS

Figure2.4: Hierarchicaldecompositionmplementedy CornellRoboCupteam(7]

The Strateyy block of thecontrolsystemis responsibldor theimplementatiorof strategy
algorithms. The stratgy block dealswith prediction,including obstacleavoidanceand
implementgheplay-basedtratey thatthe teamhasadopted.

The TrajectoryGeneratiorblock of the control systemis responsiblgor calculatingthe
future robot velocity pro le requiredto reachthe nal positionwith the desired nal
velocity in eitherthe shortesamountof time or with minimal control. A similar process
is usedwith therobotorientation.This datais thenusedto calculatethewheelvelocities,
which aresentto therobotvia wirelesscommunication.

The only aspecif the control stratgjiesthat are executedon the robot arelocal control
loopsdesignedo regulatetherobot's wheelvelocitiesto the desiredwvheelvelocities.

Figure 2.5 illustratesin more detail the overall trajectory and control schemefor one
robotadoptedoy the CornellRoboCupeam.Theoverall systemfeedbacks achiezedby
solvingthe optimal control problemfor every robotat every frame.

2.3 Drive Assemblies

Oneof the primaryobjectivesof the mechanicatedesigrof the RoboRoosvasto design
robotsthat were more manoeuvrabl@ndagile thanthe RoboRoos2000team. In order
to do this we hadto investigatethe drive systemghat were available for incorporation
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Figure2.5: Block diagramrepresentationf trajectorygeneratiorj7]

into our new design. Eachof the drive systemcon gurationsthatwereinvestigatedcare
describedelav with particularreferencanadeto the agility andmanoeuvrabilityof the
design.

2.3.1 Omni-Dir ectional Drive

Thesuperiormanoeuvrabilitygainedby the CornellRoboCupeamthroughtheintroduc-
tion of the omni-directionaldrive promptedus to investigatehe meritsof the drive sys-
tem. The omni-directionaldrive systemgave birth to a new family holonomicwheeled
platformsthatfeaturefull omnidirectionalitywith simultaneousindindependentlhcon-
trolled translationabndrotationalmotioncapabilities.

A variety of drive mechanism$iave beeninspiredby the "universalwheel concept",il-

lustratedin gure 2.6. The"universalwheel"assemblyprovidesa combinationof con-
strainedand unconstrainednotionswhile turning, the combinationof which provides
omnidirectionality The"universalwheel"involvesalargewheelwith mary smallrollers
mountedon therim. As the drive shaftof the wheelis poweredthe wheelis drivenin

a direction perpendiculato the axis of the drive shatft,i.e. the constrainedirection of
motionis in the x-axis. At the sametime the rollers allow the wheelto move freely in
adirectionparallelto the drive shaft,i.e. the unconstrainedlirectionof motionis in the
Z-axis.
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Figure2.6: Exampleof a“universalwheel”

The disadantageswith this setupis thatthe wheelneedgo be largein orderto accom-
modatetherollersandsuffersgreatlyfrom successie shockaseachroller makescontact
with theground.A variationof this designis wheretherollersarepositionedat45 from

theaxisandaretaperedo remedysomeof theroller shockexperienced.

Orthogonal Wheels

The omnidirectionaldrive systemusedby Cornellis consideredn"orthogonalwheels"
conceptwith providesnormaltractionin the directionperpendiculato thedrive axisand
free wheelsin the axis parallelto the motor axis. This behaiour is identicalto that of

theuniversalwheel. Therearetwo possiblewheelassemblytypebasedntheorthogonal
wheel concept,the longitudinal orthogonalwheel assemblyand the lateral orthogonal
wheelassembly

Beforewe discusghe speci cs of eachof the drive assembliesve will discusshe basic
principle of operationof the orthogonalwheelconcept. The mostcritical componento
the operationof the drive systemis the wheels. The wheelsof the drive systemare two
spheref equaldiametey which have beenslicedto resemblevide roundedtyres. The
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axle of eachof the wheelsrun perpendiculato the sliced surfacethroughball bearings
allowing thewheelto rotatefreely abouttheaxle. A roundedoraclet at the extremitiesof
theaxleis attachedo anaxlethroughwhich the wheelis rotatedon theroundedsurface
of the spheresperpendiculato the motoraxis.

Whentwo of thesewheelassemblieareparallel,ata constantlistanceandtheirrotations
aboutthis motor axis synchronisedcontactwith the groundis assuredy at leastone
wheelat all times. Figure 2.7 illustratesthe simplestcon gurationswhich makesuseof
this operatingprinciple.

rotate

@<>++<>:

Figure2.7: BasicorthogonaWwheelsoperatingprinciple

Whenthewheelsarerotatedin a synchronisedashionat the samespeedhey aredriven
in adirectionperpendiculato the motor axle,i.e. in thex direction. While beingdriven
in this direction,thewheelin contactwith the groundis freeto roll in adirectionparallel
with the braclet axle,i.e. in the z-axis. This free rolling actionallows the entirewheel
assemblyto move freelyin thatdirection.

LongitudinalOrthogonalWheelAssembly

Thelongitudinalorthogonalvheelassemblysillustratedin the gure 2.8. Whenthemain
shaftturnsthewheelsprovidetractionin adirectionperpendiculato themainshaft,while
freawheelingin the directionparallelto the mainshaft. In the directionperpendiculato
the main shaftthe wheelassemblyhasa constrainednotion controlleddirectly by the
rotation of the main shaft, while the motion componenthat is parallel to the shaftis
unconstrained.

The maindravbackwith this designwhich eliminatedits possibleusewithin our design
wastheinability for thelongitudinalorthogonaivheelassemblyo rotatearoundavertical
axiswithout allowing slip to occur

During gameplay the robotsare often requiredto rotateon the spotnot only to turn but
alsoto pushthe ball avay from the walls. In additionto this inability to rotateabouta
vertical axis, control of this drive systemwould requiresomeform of sensingof which
wheelis in contactwith the groundasthe distancethe contactwheelis away from the
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Yref

Figure2.8: LongitudinalorthogonalWwheelassembly

centreof the robot is necessaryhen calculatingthe kinematicsand dynamicsof the
robot. All formsof sensingwould overly complicatethe designof the wheelassemblies
andthe drive systemand be very susceptibldo damageduring the courseof a soccer
game.

Lateral OrthogonalWheelAssembly

The LateralOrthogonaWheelassemblyis a slightly morecomplicateddesign,asit re-
quiresa gearor belttypetransmissionFigure2.9 givesa simpleillustration of the drive
layout. Eachwheelis heldin a braclet, which is coupledto a drive shaftlocated,per
pendicularto the axis of the wheelaxle. The two drive shaftsare paralleland coupled
togetherthroughgearswhich allow themto bedrivenatthe samevelocity by acommon
motor. Theassemblythushasa constrainedndcontrollabledirectionof motion perpen-
dicularto the drive shaftsanda unconstrainedreevheelingdirectionof motion parallel
to thedrive shafts.

Thelateralarrangemenof the wheelassemblyallows the platformto rotateabouta ver

tical axiswith no slippageandwithout discontinuityof the motor speed.Rotationabout
averticalaxisis possibledueto both wheelsbeingthe samedistancefrom the centreof

theplatform.

With thelateralarrangemenf thewheelassemblyno discontinuoughangen themotor
speeds necessarywhengroundcontactchangegrom onewheelto the other Thisis due
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Figure2.9: LateralorthogonaWwheelassembly

to bothwheelsturningwith thesamespeedn theirconstrainedlirection;thisalsoensures
thatno slip occursduringwheeltransitions.

Now that the operationof the wheelassembliehave beendiscussedt is importantto
detailhow theassembliesanform a drive systemfor a platform. Theonly requirements
are that the layout needsto provide enoughdirectionsof constrainednotion to allow
both omni-directionaltranslationand rotation, and that the stability of the platform is
independentf theassemblys con guration.

In orderto producea platformwith threefull degreesof freedomandno kinematicredun-
dancieghesimplestarrangemenis thatof threewheelassembliessshovn in gure 2.8
and2.9.

Thethreeassembliearelocatedattheapex of atriangleto ensurehestability of theplat-
form, while the 120 orientationrelationshipbetweenthe constrainednotion directions
of theassemblieprovide excellentdirectionalcontrol capabilities.

KinematicRelationships

For both of orthogonalWwheelarrangementghe constrainednotion of eachassemblyis
indicatedby the arrows labelledl, 2 and 3. For eachof the layoutslet representhe
angularvelocity (in rads/sechf theinternalreferencdrameof the platform (Xref, Yref)
with respectio the absolutereferenceframe (x, y). The magnitudeof the translational
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velocity of theplatform(in m/s)isdenotecby = andthedirectionwith respecto thein-
ternalreferencdrameof the platformis denotedy [0, 2 ]. Usingthesecorventions
thewheelshaftvelocities, canbecalculatedin rad/sec)or eitherlayoutas:

_— S (2.1)
_— — (2.2)

— — (2.3)

where is theradiusof the sphericalwheelsand representshe distancefrom the
centreof theplatformto thecentreof thewheelassembly thatis contactwith theground.
The rst termsof 2.1-2.3representshe projectionsof the translationalvelocity on
the constrainednotion directionsof eachassemblywhile the rotationalvelocity of the
platformis representetly thelastterms|[5].

When performingodometrycalculationsthe kinematicequationsare usedin a slightly
differentform, which clearlyillustratesthe oneto onerelationshipbetweerthe Cartesian
andwheelvelocities.If we set

(2.4)
(2.5)
Equationg2.1-2.3canberewritten as:
(2.6)
with _
— (2.7)
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Since and arealwayspositive quantities, is invertible andits inversematrix

is:

(2.8)
sothat

(2.9)
where is relative to the robotsinternalreferencerame, is relative to the robots

internalreferencerame, is therotationalvelocity of the robotaboutthe vertical axis,
is thevelocity of wheelassemblyi, isthevelocity of wheelassembl\2 and is
thevelocity of wheelassembly3 [5].

It is clearfrom therelationshipsiescribedbove thattherotationalandtranslationatom-
ponentof the platform's motionarefully decoupledandcanbecontrolledindependently
andsimultaneously It is alsoevident that the motion of the robot canbe controlledby
alteringthe valuesof and , with the wheelvelocitiescalculatedusing2.6. The
actualvelocity of the platform canalsobe determinedvia encoderfeedbaclkon thewheel
andis calculatedusing2.9.

Using this drive designthe platform canaccesghe threedegreesof freedomof planar
rigid bodymotionwith noconstraint®r compatibilityconditionsonthethreeindependent
controls,a capabilitynot achievedby any conventionalwheeledsystem.

Omni-dir ectional poly roller wheel

Theavailability of thisform of omni-directionaivheelwasonly discoveredattheRoboCup
competitionthisyear A numberof teamhadimplementedmni-directionalrive systems
usingthis 4 cm omni-directionalpoly roller wheel. Figure2.10is a photographof the
omni-directionalpoly roller wheel.

Thedrivesystems arrangedn thesameriangularshapeastheorthogonabmni-directional
driveswith theorthogonalwheelpair beingreplacedvith oneroller wheel. Thedrive sys-
temexhibitsall thecharacteristicef theorthogonabmni-directionallrive but withoutthe
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Figure2.10: Omni-directionapoly roller wheel[14]

compleity to theorthogonalwvheels.Theroller omni-directionalwheelsprovide asimple
costeffective meansf implementinganomni-directionaldrive.

Thedisadwantage®f thewheelsthatareevidentarethesizeof thewheels.Thewheelsare
4 cmin diametemakingthe designof a compactdrive systemvery dif cult. Thesecond
disadwantageof the wheelsis despitebeingmadeof a softer polyurethanematerialthe
wheelsare more susceptiblego slip on carpetat higheraccelerationghat polyurethane
coveredorthogonawheels.

2.4 Low Level Control

Before we can discussthe designand operationof the control systemimplementedn
the RoboRoosrobotswe must rstly explain what a control systemis and the theory
behindtheir operation.Controlsystemsanbe designedo have mary differentresponse
characteristicslependenon their con guration. Two major con gurationsof a control
systenthatwill bediscusse@reopenloop andclosedoop controlsystemsEachsystem
hasit own meritsandapplications.

To designa control systemto controla processve must rst de ne the systemin detail.
In particularwe mustestablishwhatthe inputandoutputof the systems andthedesired
responsenf the system. The input of the systemis de ned as a representatiorof the
desiredresponsandtheoutputof the systemis the actualoutputof the system.

Two factorsin uence the outputof the systemto be differentfrom theinput. The rst is
thatthe input to the systemoften changesnstantaneous|y.e. a switchis activated,and
the physicallimitations of the systemdo not allow the outputto changenstantaneously
The path, which the outputtakesin reachingthe desiredoutput,is calledthe transient
response. The secondfactor that in uences the output of the systemis the degree of
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approximationthatthe systemmakesof the desiredoutput. The differencebetweerthe
inputandtheoutputis known asthe steadystateerrorof thesystem.Thedegreeof steady
stateerrorthatis permittedwithin the systemis alwaysdependedn the functionthatthe
controlsystemis performing.

2.4.1 Openand closedloop control systems

We cannow describethetwo controlsystemcon gurations.A genericarchitectureof an
openloop systemconsistis illustratedin gure 2.11.

Plant and
controller
R(s C(s
(s) 6(s) (s),
Input Output

Figure2.11: Genericopenloop system

The systemconsistsof a controller which readsin the desiredinput of the systemand
drivesthe plant's outputto matchthe desiredinput. Openloop control systemshave no
way of correctingfor disturbancewithin the systemandare simply commandedy the
input. This meanghatthe systemcandeviate from the desiredinput andthe systemhas
no way of correctingthis error. A simple exampleof an openloop systemis a toaster
Theinputto the systemis the colour of the toastwe desireandaswe areall awarethat
theoutputof thesystem|.e. theactualcolourof thetoast,is not monitored.

The inability of the openloop systemto correctfor disturbancexan be overcomeby
implementinga closedloop system.The genericarchitectureof a closedloop systemis
illustratedin gure 2.12.

Theclosedoop systemcompensate®r disturbancesvithin the systemby measuringhe
actualoutputresponsef the systemandfeedingthis measuremerthrougha feedback
pathto thecontrollerof thesystem.Thecontrollerthencalculateghe differencebetween
the actual output of the systemand the desiredresponseof the system. If thereis a
differencebetweenrthe two signals,the systemis thendrivento correctthe error. In the
caseof therebeingno error betweenthe input andthe output,the systemdoesnot drive
theplant,sincetheplant's responseés alreadythe desiredresponse.
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Figure2.12: Genericclosedloop system

We canseethat closedloop systemshave the obvious advantageof greateraccurag, as
the systemis lesssensitve to the disturbancesnoiseandchangesn the ernvironment.In

additionthe transientrespons@andthe steadystateerror of the systemcanbe controlled
easily by redesigningthe controller This redesignis referredto as compensatinghe
systemandtheresultinghardwareis oftenreferredto asa compensator

Fromthe above con guration descriptionsve neededo selecta con gurationto imple-
mentwithin thesystem.In orderto dothiswe must rst analyseheenvironmentin which
we will be operating.The soccergameervironmentin which the RoboRoosompeten
is extremelydynamicandcluttered. The dynamicnatureof the environmentmeanshat
theinputto the systemwill be constantlychanging.Theseconstanthangego the input
meanthat the transientresponsef the systemhasto be quick. In additionto this, the
systemhasto be very insensitve to externaldisturbancesasthe robotwill be colliding
with bothotherrobotsandthewalls frequently

2.4.2 Controllers and their response

The controllerof a systemcanhave oneof two responsesanon-off responsanda con-
tinuousresponseAn on-off responseas wherethe controllerchangeghe systemfrom a
fully onstateto afully off state.If thecontrolis continuougherespons®f thecontroller
is dependenbn the errorwithin the system.

In systemsusingcontinuougesponsd is oftenthattheresponsenayleave a steadystate
error betweenthe outputandthe input and the responsanay not be sufciently rapid.
Oftenthe overall operationof the systemrequiresthat the responsef the controllerbe
improvedto remove the steadystateerroror to improve thetransientcharacteristicsf the
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responseTo do this we introducea compensatointo the system.

The mostcommonandsimplestform of integratinga compensatois to introduceit into
the forward pathof the systemthoughin somecaseghe compensatocanbe integrated
into thefeedbackoop. Theform of compensationseds dependenvn how theresponse
is beingimproved.

Proportional Integral Compensation

Proportionalintegral (Pl) compensations animplementatiorof an active lag compen-
sator A Pl compensatois usedto improve the steadystateerror of a systemby placing
an openloop pole at the origin, increasingthe systemtype by one. To ensurethat the
original closedloop poleson the original root locusare not affectedby the introduction
of thepoleattheorigin, a zerois placedvery closeto theto the openloop pole.

TheresultingPI controllertransferfunction, — . Thepoleof thecontroller
is locatedat andthe zeroat . This givesthe PI controlleranin nite gainat
zerofrequengy, improving the steadystateerrorof thesystem.The and valuesof the
systemmustbe selectedrery carefully to ensurea propertransientresponsendthatthe
systemdoesnot becomeunstable.The correctimplementatiorof a Pl compensatocan
produceatransientesponssvith little or noovershoothoweverthespeedf theresponse
sufferswith theresponséeingmuchslower.

Proportional Derivative Compensation

ProportionalDerivative (PD) compensatioms animplementatiorof anactive leadcom-
pensatarA PD controlleris usedto improve the characteristicef thetransientresponse,
theseincludethe percentagevershootthe settlingtime andthe rise time of the system.
Improvementdo the transientresponsef the systemcanbe achieved by eithera simple
adjustmento the gainof the systemor by addingzerosandpolesto the forward pathof
the systemto producea new openloop functionwhoseclosedloop polesgo throughthe
designpointonthe plane.

A simpli ed versionof the PD compensatonhasthetransferfunction, .
Thevalueof isselectedo satisfythesteadystaterequirementsf thesystem.Thevalue
selectedor governsthelocationof thezerothatis addedo thesystem.Thelocationof
thiszerochangeshetransienresponsef thesystem.Onceagainit is importantto select
thevaluesof and carefullysothatthe systemdoesnotbecomeunstable.
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Proportional Integral Derivative Compensation

Proportionalintegral Derivative (PID) compensatiofis a combinationof both Pl andPD
compensationThe PID compensatois usuallydesigneddy rst designingthe Pl com-
ponentof the compensatoto improve the steadystateerror of the systembeforethe PD
componenbf the compensatois designed.Oftenthough,whendesigningfor improve-
mentsn eitherthetransienresponser thesteadystateerror, improvementsn onecauses
a deteriorationn theother The nal solutionis alwaysa tradeoff of transientresponse
to steadystateerror.

Feedbrward Compensation

Feedforvard compensations designedio producea position loop frequeny response
with a constantmagnitudeandlinear phaseover the operationabandwidth. This char
acteristicleadsto a positionloop which tracksthe commandwith only a time delayas
showvnin below.

Feedforward Response Graph

Uncompensated Command

Position

Feedforward Compensation

Time (s)

Figure2.13: Responsef a systemto a stepinput

The use of feedforward compensatiorhasbeendemonstratedo signi cantly improve
cornermotionwhenintegral gainis usedin the positionloop. Figure2.13shaws a step
inputinto a system.The middle curve is the commandedanotion while the motion with

andwithout feedforward compensatiois indicated.
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Chapter 3
Speci cations

Theultimateaimof theRoboRoof001teamwasto win thesmallsizeleagueatRoboCup
2001in Seattle USA in Augustof thisyear In orderto achiese this therobotsunderwent
amechanicaledesign.Beforetheredesigrnprocessould begin a detailedsetof speci -
cationsweresetdown to ensurethatthe nal designmetourinitial expectations.

Drive SystemDesignSpeci cations

Thecriteriafor theselectionof thedrive systemwere:

Compacitesign
Simpleconstruction
Greatermanoeuvrabilityandagility thanpreviousdesign

Simpleto control

Selectinga compactdesignfor the drive systemis one of the mostimportantfactorsin
theselectiorprocessThesizerestrictionghatareimposedontherobotsin thesmallsize
leaguegreatlyin uencesthe size and designof the drive system. Thereforea compact
designfor thedrive systemwould allow themechanicatiesignegreateifreedomwith the
overalldesignon therobot.

Thesimplicity of thedesignis importantfor two reasonsThelimited constructiorfacili-
tiesavailableto the Universitymeanghatoverly intricateandcomplicateddesignwould
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requirespecialisednanuficturingprocessepossiblyoutsideof the University's reach.
The secondactoris the drive needso be easily x edin the caseof failure during test-
ing or competition. In particular during competitionthe teamwill not have accesgo
workshopfacilities andwill be requiredto make any necessaryepairswith the limited
capabilitiesof handtools.

Thegreatestlisadwantageof thedrive systenof theRoboRoo2000teamwasthelimited
manoeuvrabilityof the robotsandthe constraintson their motion. The differentialdrive
systemof the robotswasreasonablyeffective whenthe robotwas moving in a straight
or curve line of motion but when the robot was requiredto move sidavaysthe robots
requiredthefollowing seriesof movements:

1. Turnonthespot

2. Move forwards/backwrds

3. Turnagain

4. Moveforwards/backwrds

5. Turnto facethedesireddirectionagain.

Ideally the new drive systemshouldallow the robotto move freely andunconstrictedn
ary directionandfaceary directionwhile moving.

Finally animportantfactoris the selectionof thedrive systemis theability to operatehe
drive systemin a controlledmanner It is very importantto be ableto performoptimal
realtime controlof thedrive system.Without realtime controlthe new drive systemwill
be moreof a disadwantagehananadwantage.In orderto createa control systemfor the
drive thekinematicsmustbe derived. Oncethe kinematicshave beenderivedthe process
of creatinga controlsystemcanbegin.
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Drive systemcomponentspeci cations

Oncethe drive systemdesignhasbeenselectedhe componentghat will make up the
drive systemmustbe selectedThe criteriathatmustbe adheredo in the selectionof the
motors,gearsandencoder®f the systemare:

Physicalsizeandshape

Performanceharacteristics

Pawver requirements

Due to the size restrictionsimposedon the robotswithin the F180 small size league,
the componentghat are selectedo form the drive systemmust meetthe performance
requirementandbeassmallaspossible.

Table3.1 containsthe desiredperformanceharacteristicef the new robots. The gures
containedwithin thetablewereusedduringthe selectionof the motorsandgears.

| | Desired|
MaximumAcceleration 3
Maximum Velocity 2.5
Timeover half eld 1

Table3.1: Desiredmechanicatapabilitiesof the RoboRoo2001robots

With the power supplyfor the robotsis limited to a 7.2V batterysupply the operating
voltageof the motor mustbe able to operatewithin this voltagerange. In additionto
this the maximumoperatingcurrentof the motorscombinedcannotexceedthe current

capacityof thebatteries.
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Control SystemSpeci cations

Oncethedrive systemhasbeenselectedhe next majortaskis to write the controlsystem
thatwill operatehedrive system.The controlsystemfor the RoboRoo2001teammust
meetthefollowing requirements:

Integrateinto the existing system
Operatehedrivein asmoothandcontrolledmanner

Correctmodellingof thedrive system

Dueto the successfubperationof the RoboRoo2000operatingsystemit wasdecided
thatthatthe systemwould remainthe samewith changesnadeto incorporatehe added
mechanicatapabilitiesandfunctionality of the new robots.

It is very importantin the context of the systemfor the robotsto operatein a controlled
manner The systemwould be considereda failureif the robot's motion did not exhibit
thecontrolandprecisionthatis inherentin othercomponentsf the overall system.

Perhapghe mostimportantaspeciof the control systemis the correctmodelling of the
controlsystemandthe kinematicsof the drive system.Incorrectmodellingof the system
wouldresultin thedrive notoperatingcorrectlynullifying all theprocessethatrunabove
it.
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Chapter 4

Drive System

4.1 Principles of omni-dir ectionaldri ve system

It was decidedthatin orderto be competitve on a mechanicalevel the introduction
of a drive systemthat provided the full threedegreesof freedomof planarmotion was
required.Theobviouschoicefor thedrive systenthatwould providetherequiredreedom
of motionwasthe orthogonalwheelsomni-directionaldrive system.The next matterto
decidein thedesignof thedrive systemwasthelayoutof thewheelassembliesvithin the
drive system

4.1.1 Omni-dir ectional drive con guration
“Lateral” v “Longitudinal” con guration

The rst of theorthogonalvheelsomni-directionatrive layoutsthatwasinvestigatedvas

the longitudinal orthogonalwheelassembly This layout providesfull omni-directional

translationamotionbut failedto provide rotationabouttheverticalaxiswithout slippage

of the wheels. Rotationis seenasa very importantability that the robot mustpossess
in orderto navigatequickly andef ciently aroundthe eld andit is commonfor robots

duringmatchego usesrotationasa meansof retrieving a ball thatis stuckin the corner

of the eld.
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In additionto thelayout'sinability to rotateaboutaverticalaxis,ameansf sensingvhich

wheelis in contactwith the groundat ary instantis alsorequired. This form of sensing
only complicateghe drive assemblyandthe control systemandintroducesanotherpoint

of failureinto the system.

The secondlayout of the orthogonalwheel omni-directionaldrive systemwas the lat-

eral orthogonalwheelassembly This layout providesfull omni-directionakranslational
motionandrotationabouta verticalaxiswith no discontinuousperatiorof thedrive mo-

tors. Thelayoutprovidesthreedegreesof freedomwithin planarmotionandin addition
all degreesof motionarefully decoupled.

"Y" v"Delta" con guration

An option that was consideredvhen designingthe drive systemfor the robotswas an
omni directionaldrive systemwherethe wheelassembliesveremountedin a deltacon-

guration. Thebene t of this con gurationis thatit offersa morecompactrive system
design.The dravbackwith the compactdesignis thatthereis no spaceat the bottomof
therobotto mountthebatteries Thebatteriesneedto belocatedaslow aspossibleo keep
the centreof masslow. Figure4.lillustrateshow the wheelassembliesreorientatedn
thedeltacon guration.

t Xref

< Yref

Figure4.1: Deltacon gurationomni-directionaldrive

The complicationof the delta design,which was the biggestfactor contrituting to its
exclusion,wasthefactthatthe wheelsof eachof thewheelassembliesreat a different
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lengthfor thecentreof therobot. This causesheinnerwheelof eachassemblyo provide

moretorque,whenturning the robot. The differencein distancefrom the centreof the

robotalsocauses differencen encodercountstakenfor therobotto turnagivenangle,

dependingon whethertheinner or outerwheelof eachassemblys touchingthe ground.

A meansof sensingwhich wheelis contactingthe groundis requiredto overcomethe

problem. Theintroductionof this meansof sensinggreatlycomplicateghe drive control

systemandintroducesanothercomponentvithin thesystemhatis susceptibléo damage
duringthe courseof a soccematch.

In selectingthe con guration of the drive systemit wasdecidedthatthe “Y” lateralor-

thogonalwheelassemblywould be usedin the RoboRoo2001team. This designwas
choserover the “delta” con guration becauselespiteproducinga morecompactdesign
the complicationsassociatedvith this drive systemoutweighedthe bene ts thatit pro-
vided. ThelongitudinalorthogonaWwheelassemblywvasalsorejecteddueto thefactthat
theassemblycannotrotateaboutthevertical axis.

The nal designof the lateral orthogonalwheel assemblyin the “Y” con guration is
illustratedin gure 4.2. A mechanicatlraving of the undersideof therobotis included
in AppendixB.1, detailingthe componentshatmake up the undersideof therobot.

Figure4.2: LateralorthogonaWwheelassemblydrive systemin “Y” con guration
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4.2 Kinematics of omni-dir ectional dri ve system

To understandhe operationof the omni-directionaldrive asa whole the kinematicsbe-
hind eachdrive systemmustbe investigated Figure4.3illustratesthe unconstraine@nd
constraineanotionvectorsof eachwheelassemblyTheconstraineanotionof thewheel
assemblys directly controlledthroughthe control of the motors.

Thedriving (constrainedjorce generatedy the wheelassemblyis perpendiculato the
axisof thedrive motors.This driving force canbe brokendown into individual Cartesian
componentsWhenthewheelsaredrivenwith a unit force theresultingforce component
in the x directionrelative to the robot's internalreferencerame, —.
The componenin they directionrelative to the robot's internalreferencdrame,

Constrained

Xref

Yref Unconstrainec

Figure4.3: Kinematicsof anindividual wheelassembly

Eachof thethreewheelassembliesanbe modelledin the samemannerto createa com-
plete kinematicsmodelof the forcesprovide by the drive system.Figure 4.4 illustrates
the forcesgeneratedy the drive systemandthe corventionsusedwhenmodellingthe
drive systemimplementedn the RoboRoo22001team.

Using gure 4.4the kinematicsequationf the drive systemcanbe derived. The equa-
tionsasimplementedn the RoboRoo22001controlsystemare:

—  — (4.1)

- - (4.2)
(4.3)
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Figure4.4: Kinematicrepresentationf theforcesgeneratedby theomni-directionarive
systemimplementedn the RoboRoo2001robots.

It canbe seenthatwhentherobotis travelling in the forward directionthe forceis only
providedby thefront two wheelassemblieswhentherobotis rotatingonthespotall the
translationaforcescancelresultingin a purerotationof therobots.Figure4.5illustrates
theforce providedby eachwheelassemblyelative to the headingof therobot.

Physical Performance

The maximumforward straightline acceleratiorof therobotis calculatedusingthe fol-
lowing equations:

Wheeltorque= motoroperatingorquex gearratio
forceperwheel= wheeltorque/ wheelradius

maximumforwardstraightline acceleratiorr ((force perwheelx no of driv-
ing wheels) robotmass)x forward componenbf force
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-180 0 180

relative angle

Figure4.5: Forceprovided by eachwheelassemblyelative to heading

The maximumvelocity of the robotis calculatedn the forward directionusingthe fol-
lowing equation:

maximumvelocity = (maximummotorRPM/ Gearratio) x circumferencef
wheelsx forward componenbf velocity

Table4.1containghecalculatecperformanceharacteristicef theRoboRoof2001robots.
These gures arebasednthe nal designof theomni-directionaldrive system.

| | Actual |
MaximumAcceleration 2.38
Maximum Velocity 2.49
Timeover half eld 0.97

Table4.1: Actual mechanicatapabilitiesof the RoboRoo2001robots
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4.3 ComponentSelection

4.3.1 Motors

The motorsthatwereselectedor the drive systemwerethe Faulhabe222406 SR. The
DC micromotorpossessesskew woundironlessrotor coil thatenableshemotorto have
aunusuallyhigh outputtorquefor it smallsizeandlow mass.The smalldiameterof the
motor allows the motorto t betweerthe drive shafts,at the sameheightastherollers.
This loweredthe centreof massand allowed the kicking mechanisnto be mountedat
its optimum height. The motor's shortlengthalsoallowed the entiredrive to t easily
within the maximumallowable robot diameterof 180mm. Table containsa list of the
characteristicef the drive motors.

NominalVoltage| 6 \%
Max Speed | 8000| rpm

Max Torque 5 mMmNm
Max Current 1.2 A
Weight 49 | grams

Table4.2: Faulhabel222406 SRdrive motorcharacteristics

4.3.2 Encoders

In keepingwith the compactdesigncriteria of the drive systemthe motorswere tted
with built in magneticencoders.The 512 line encodersare mountedon the rear of the
motorsaddingonly 1.4mmto theoveralllengthof themotor. The512line encodersvere
selecteddueto the small samplingtime allowed within eachexecutionof theloop. The
higherthe numberof linesthe greaterthe resolutionof distancetravelledis achiered.

TheencodersirereadusingquadraturgecodingwhichisaTimerProcessingnit (TPU)
input function. Quadraturedecodingusestwo channelgdo decodes pair of signalsthat
areout of phaseby to incrementor decrement positioncounter Whenquadrature
decodings usedin conjunctionwith aslottedencoderthe controlsystemcandistinguish
notonly thedistancdravelledby theencodebut alsocantakinginto accountary changes
in thedirectionof travel. Figure4.6diagrammaticallyllustrateshow quadraturelecoding
operates.
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Figure4.6: Quadraturelecoding/18]

4.3.3 Gear Train

The geartrain of the drive systemwas designby David Cusackfor a detaileddesign
analysisreferto his undegraduatehesis[15]. The motorsof the drive systemare cou-
pledto the wheelshaftsthrougha simplesingle stagespurgearbox.A gearratio of 4.2
wasachiezed usinga 10-toothbrasspinion driving two 42-toothbrassgears.Figure4.7
illustratesthe geartrain arrangementised.

Figure4.7: Singlestagespurgearboxon eachdrive assembly
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Thegearratiowassetat 4.2 for thefollowing reasons:

Achievesthe bestequilibriumbetweeracceleratiorandvelocity minimisingtravel
time overthe expectedaveraggourney distance

It was achiezablein one stageof gearreduction,minimising the size, massand
numberof moving partsin thedrive train

It satis ed a vastnumberof geometricrelationshipsbetweencomponentf the
drive systemthebatteriesandthekicker
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Chapter 5

Robot Control Software

5.1 Reactive Navigation Schemas

The navigation procesdeginswith the vision systemwhich determineghe locationand
orientationof eachrobot (including oppositionrobots)on the eld andthe positionand
velocity of the ball. This informationis passedo the Multi-Agent PlanningSystem
(MAPS), which determineghe stratgy for therobotteam. MAPS choosesvhich robot
Is to kick the ball, whereit is to be kicked andwherethe otherrobotsshouldmove to.
Theactualkicking andnavigatingactionsareenactedsia thereactve navigationschemas
operatingocally ontherobots.

The obstaclemap(OM) schemads responsibldor determiningthe distance pearingand
size of eachof the obstacleson the eld andguaranteeshe appropriateobstaclemap.
Eachobstacleonthe eld includingthe walls aremappedseparatelynto the OM repre-
sentation. The goal direction (GD) schemas responsibldor determiningthe direction
to headin orderto reachthe goallocationassetby MAPS. The headingdirectionof the
robotis choserby subtractinghe OM inputform the GD inputasshavnin gure 5.1.

Fromthereactve navigationschemashedistanceo thedesiredocation,theheadingand
the facinganglearedetermined.Thesevaluesarethenpassedo the appropriatanotor
control schemaselectedoy the function set_omni_mue in the function OmniNavigate.
The modi cations to the navigation systemwere the responsibilityof David Ball, for a
completeanalysisof the navigation systemoperationrefer to his undegraduatethesis
[16].
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Figure5.1: Exampleof the OM andGD integrationprocesgo producethe bestheading
for therobot[19].

5.2 Reactive Control Loop

The reactve control loop that had beenimplementedn the RoboRoos2000teamhad
provenitself robustandreliablebothin testingandin competition.It wasfor thisreason
that the control systemimplementedn the RoboRoos2001 teamwill follow the same
operationaktructure.

The control systemthatwasimplementedn the 2001teamwasnot written from scratch
but modi ed from the 2000team. This waslargely dueto its proven operationandthe
factthatthe electricalhardwarewasthe sameasthe 2000team. The majority of changes
that were madeto the reactve control loop codewereto allow for control of the new
omni-directionaldrive system.

The reactve control loop is initiated every millisecondby the Periodicinterrupt Timer
(PIT). Onceinitiated the reactve controlloop recevesthe desiredwheelvelocities,cal-
culatesthe proportionalandthe integral errorson the wheelvelocitiesandcalculateghe
PWM signalsthataresentto themotors.Figure5.2illustratesthe new controlmodelthat
is implementedn thereactve controlloop.

The completesourcecodeof the reactve controlloop is includedin AppendixC. The
o wchartin gure 5.3illustratesin detailsthe operationof thereactve controlloop.

In determiningthe outputof the systemthe control loop calculateghe proportionaland
integral errorsof the wheelvelocities. The velocity proportionalerrorsfor eachof the
wheelsarecalculatecasshavn:
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Figure5.2: Controlmodelimplementedn the RoboRoo2001robots

Wheelvelocity error= desiredwheelvelocity - actualwheelvelocity

Thewheelvelocity integral erroris calculatedasfollows:

Wheelintegralerror=  wheelvelocity proportionalerror

Oncetheerrorvaluesareknown usingthe above calculationghe PWM valuesoutputto

themotorcanbecalculatedasfollows:

PWM = (proportionalerror + ( integral error* integral constant)}* propor

tional constantt+ (desiredvelocity * feedforward constant)

Dueto the PI controlloop constanteachhaving the valueof 1, the above equationwas

simpli ed to:

PWM = proportionalerror + integral error + desiredvelocity
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Figure5.3: Flowchartof the controlloop implementedn the RoboRoo2001robots
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5.3 Motion Control Routine

OmniControlis calledby thereactve controlloop runningon therobotsonceduring ev-

ery interruptcycle. The OmniControlfunctionis responsibldor calculatingthe wheel
velocitiesfor the next reactve control loop iteration and for performingthe pathinte-
grationprocess.The platform velocity, headingandfacingangleare determinedn the
reactve navigationschemasThemotorcontrolschemasalculatethe platformvelocities
basedntheinformationpassediowvn from thereactve navigationschemas.

Oncethefunctionhasreturnedrom performingthe pathintegrationtheindividual wheel
velocitiesarecalculatedrom the platformvelocity. Theequationsusedin calculatingthe
wheelvelocitiesare:

- (5.1)

- - (5.2)

(5.3)

where is the velocity of wheelassemblyl, is the velocity of wheelassembly?
and isthevelocity of wheelassemblys, is directionrelative to therobot'sinternal

referencdrameand is therotationalvelocity of therobotabouttheverticalaxis. Dueto
the microprocessobeinglimited to operatingon integersonly, alookuptableis created
containingthe velocity component®f eachwheelfor eachdirection.

5.3.1 Motor Control Schemas

Omni_halt_fn

This functionis responsibldor bringing the robotto a gracefulhalt asquickly aspos-
sible. The function performsthis by reducingthe robot's velocity eachiterative loop of
the control systemby the maximumdeceleratiorallowable that doesnot causeslip or
discontinuityof the motors.
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Omni_move_fn

This functionis responsibldor the generaimotion of therobot, controllingthe accelera-
tion, decelerationheadingandfacingdirectionof therobot. Thefunctionrecevesfrom
the highernavigation processeshe valuesfor the distancethe robotneedso travel, the
changen headingrequiredandthe changen facingrequired.

The operationof theomni_more_fnmotor schemacanbe brokendown ontothreemain
operations.The rst operationthatthe schemgperformsis to reducethe differencebe-
tweenthe desiredfacingangleandtheactualfacingangletakinginto accounthetransla-
tional velocity of therobot.

Thesecondperationperformedcalculateghetranslationatomponenbf therobotsmo-
tion. As thegoallocationis speci edby alengthparametertherobot'svelocityis ramped
up atamaximumacceleratioruntil atranslationalvelocity is achiazedthatwill minimise
thetravelling time but still remainswithin the physicalboundsof therobot.

The nal operationthatthe omni_more_fnmotor schemgoerformsis to align the robot
with thedesiredheadingsetby the navigationschemasTherobot's rotationalvelocity is
rampeduntil a rotationalvelocity is achiazed that minimisesthe travelling time to reach
the desiredheading.This operationtakesinto accountthe positive andnegative rotation
possibleby therobot.

5.3.2 Path Integration

Path integrationis performedto maintainthe robot's internal referenceof positionand
headingandallows for the positionandthe headingreportedby the vision systemto be
reconciledwith the sensordelay Pathintegrationaboardtherobotsis performedby the
Omnilntgyratefunction. The o wchartin gure 5.4 detailsthe operationof the Omniln-
tegratefunction.
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In orderto determinethe platformvelocity from the wheelvelocitiesthe Omnilntegrate
functionuseghefollowing inversekinematicequations:

- (5.4)

(5.5)

(5.6)

where is relativeto therobotsinternalreferencdrame, is relativeto therobots
internalreferencdrame, is the rotationalvelocity of the robot aboutthe vertical

axis, isthevelocity of wheelassemblyl, is thevelocity of wheelassembly2 and
is thevelocity of wheelassembly3.

Theseequationsarederivedfrom the inversekinematicequationdescribedn chapter2.
The equationshave beensimpli ed and rewritten to matchthe corventionsdetailedin

OmniControl Read \.N.heel
velocities

Calculate platform
velocities

gure4d.4.

Calculate
new heading

\

Calculate
new position

Update position
list

Figure 5.4: Flowchartof the path integration function implementedon the RoboRoos
2001robots
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Chapter 6
Results& Discussion

Thedesignandimplementatiorof theRoboRoo2001robotswascompletedvithin seven
monthsto meetthe deadlineof RoboCup2001. The ultimate testfor the drive system
andits control systemwas the RoboCup2001 competitionis Seattle,USA. The team
completedsuccessfullyin the small size leaguecorvincingly winning our round robin
groupandprogressindo thequarter nals. In thequarter nals theRoboRoosventdown
1-0to the Field Rangersn extratime courtesyof the“GoldenGoal” rule.

Dueto time constraintsprior to our departurefor the competition,the drive systemand
control systemof the robotswereonly brie y testedandthe completedrobotsonly had
onetestrun as a teamthe night beforedepartingfor the tournament. The tournament
sened as our testingernvironmentwith a greatdeal of time spentbeforeand after the
gamedweakingthe systemto producethe bestperformanceesults.

The designof the control systembegan on paperwith the derivation of the kinematic
equationsOncethesewerederived a greatdealof time wasspentunderstandinghe op-
erationof thedrive system.In orderto aid in the understandingf the drivesoperationa
drive systemwasmadefrom Lego. ThelLegodesignof thedrive systems describedn the
undegraduatehesiswritten by David Cusack.Oncethe operationof the systemwasun-
derstoodhe simulatorsenedasanexcellenttool for developingthe nev motorschemas
thatwould utilise thenew mechanicahbilities of theomni-directionaldrive system.

The rst testrun of the control systemon the robot producedvery favourableresults
with the robot following the prede ned path as accuratelyas possibleconsideringthe
mechanicalktateof the robot base. Testingin the early stageswas very tricky asthe
wheelson the drive systemhad no rubbercoating. This meantthat the robotssuffered
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greatlyfrom slip, which could not be correctedasthe vision systemwasnot operational
atthis stage.

Implementingthe control systemon the robotsmetit usualhurdleswith minor changes
requiredto the codein orderto accountfor the physicallimitations of the processarThe
mostcommonfault that was encounteredvasinteger over ow. Oncethe problemwas
identi ed it waseasilyrecti ed.

A probleminherentin the motor control schemass that the robot slows down to make
smallchangesn its heading.This resultsin the robot spendingoo muchtime adjusting
to the optimalheadingonly to have to readjustagainduea changen the ervironment.In

orderto overcomethis problem,smalladjustments$n the headingof the robotshouldbe
madewithout a changen thetranslationalelocity of therobot.

Asidefrom theabove describegroblemthe control systemfor the omni-directionakys-
tem operatescorrectly The robotis ableto traverseand rotatein a mannerdescribed
by the navigationprocess.The reactve controlloop alsooperatesorrectlywith the ary
integral errorintroducednto the systemcorrectedor.

Drive Performance

The desiredcharacteristic®f the drive systemthat were setin the predesigrspeci ca-
tionshave beenmetascloselyasphysicallypossible. The desiredmaximumvelocity of

wasmetexactly with theactualmaximumvelocity being . Theactual
maximumforward straightline acceleratiorof therobotwas whichwasshort
of thedesiredmaximumvelocity of . Thisdifferencein acceleratiordid notresult

in asubstantiaincreasean thetime takento traversebetweertwo points.

| believe that the reactve navigation and control codewhich hasbeenmodi ed from
the RoboR0o0s2000 system,thoughit hassuccessfullyimplementedhe capabilitiesof
the omni-directionaldrive, doesnot fully utilise the true potentialthat the drive hasto
offer in termsof manoeuvrability The supportto this notion is the fact that the robot
is unableto traversein a straightline while rotatingaroundit vertical axis, whichis an
inherentpropertyof the lateral orthogonalomni-directionalwheelassembly With the
robot operatingcorrectlyin all otherde ned motion operationghe problemcannotbe
attributedto incorrectkinematicmodellingof the system.
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6.1 Further Work

Reactive Control Loop Tuning

The mostimportantwork thatneedso be completedon the robotsbeforethe next com-
petitionis the tuning of the P1 control systemconstantsAt the moment.the constanfor
the feedforward control loop areall setto one. Modelling the systemusinga program
suchasMatlab andphysicaltestingof the systemneedso be performedto determinef
the valuesof onefor the constantsarein factthe valuesthat provide optimal control of
thedrive system.

In orderto modelthe system,a completemodel of the drive systemneedsto be cre-
ated.Evenwith the correctmodellingof the drive systemconstantghat producea better
responsanay be unachi@able dueto the microprocessobeinglimited to operatingon
integersonly.

Drib bling Mechanism

Whenthedribbling baris incorporatednto the designof therobots,a nev motorcontrol
schemawill have to be written to fully utilise the advantagethat the dribbling bar can
offer. We predictthatthedribbling barwill notbeableto retaincontrol of the ball while
rotatingaboutthe centreof therobot.

To enablethe robot to rotatewhile maintainingcontrol of the ball the robot must pivot

abouttheball. In doingthistheball is notmoving andthereforecanremainin full contact
with the dribbling bar at all times. In orderfor the omni_pwot_fn function to be able

to accuratelypivot aroundthe ball, the location of the ball will have to be accurately
determinedy thevision system.Oncethelocationof theball is known thefunctionmust
thencalculateacircularpatharoundthe ball thatwill enabletherobotto facetheball and

have controlof it duringtheentiremove.

If thedribblingbaris ableto exertenoughdownwardforceontheball thattherobotis able
to move away from the ball backwardsandstill retainpossessiothentheomni_pvot_fn
functionwill nothave to be sorigorouslycontrolled.
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Chapter 7
Conclusion

The control systemdesignedfor the RoboR00s2001 robot soccerteamhasnow been
explainedin detail. The control systemforms anintegral part of the RoboRoossystem
acting as the interface betweenthe intelligent navigation systemand hardware of the
system.

Themajorpointsof thethesisarelistedbelow:
Correctkinematicmodelshave beenestablishedor the new omni-directionalsys-
tem.

The reactve control systemhasbeenredesignedo control the omni-directional
drive andoperatesorrectly

New motor schemasverewritten to take into accountthe new manoeuvrabilityof
therobots.

The control systemintegratesinto the existing systemcorrectly

PI tuning needsto be performedin orderto establishif betterconstantdor the
feedforward Pl controlloop areavailable.

Correctthedecreasén velocity whensmallchangesn the headingaremade.

The completenavigation systemhasto be revisedto operatepurely basedon the
omni-directionakystenrnota modi ed versionof thedifferentialdrive system.
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Althoughthereis still work to be completedon the designof the control systemfor the
RoboR00s2001 robot soccerteam, a robust operationalsystemexists that effectively
modelsand controlsthe drive system. The performanceof the control systemhasbeen
provenin internationalcompetition. With further re nements,the control systemcan
maximisethe manoeuvringadvantageshatthe omni-directionaldrive offers.
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Appendix A

Complete System
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Appendix B

Mechanical Drawing of RoboR00s2001
Drive System
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FigureB.1: Mechanicaldrawing of thedrive systemandcomponent®n the undersideof
theRoboRoo2001robots
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Appendix C

Reactve Control SystemSource Code

ProgramC.1: Reactve Control System

CONOURWNEF

TITLE: Servo.c

PURPOSE : Program for proportional integral control of the robot
Adapted from code from written by Gordon Wyeth

WRITTEN BY: Russell Boyd
Michael Stevens
Miles Ford
Brett Browning
Gordon Wyeth

REVISION HISTORY :
13/5/98 Rewritten for code integration

MAJOR OMNI REVISION
01/08/01 Written to operate the omni_drive DB/RV
/

#include "mc6833x.h"
#include "types.h"
#include "tpu.h"
#include "servo.h"
#include "sci.h"
#include " Orobot.h"

#include "robotio.h"
#include "speaker.h"
#include "kicker.h"

/  Needed for robot encoder width numbers /
#include "..\common\types.h"

/' Include simulator files /
#include "..\common\rtypes.h"
#include "..\Orobot\Ocontrol.h"

/ Turn on or off the enable/disable servo functions /
/1# define ENABLE DISABLE SERVO

/ Pl Control Constants /
#define FKP
#define TKP
#define FKI
#define TKI
#define FAWD
#define TRWD

RPRRPRRER

!/ Integral error saturation points. Units are nm and headings respectively /

#define FSTUCK (100  OCOUNTFERMIM)
#define FUNSTUCK (5  OCOUNTFERMIM)
#define TSTUCK Ox3FFFF

/' Number of counts per ms before TPU might stuff up /
#define FAST_THRESHOLD 50

|/ Biggest value of vel before we assume an overflow. /
#define W_OVERALOW 0x800

/ GLOBALS /

long wlint, wzint, w3int;
int wl, w2, w3;
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int
int
int
int
int
int

int

wilpwm, w2pwm, w3pwm;

wilvel, w2vel, wa3vel;

wlerr, w2err, w3err;

time = 0, flag = 0, stuck = 0;
wldvel = 0, w2dvel = 0, w3dvel = 0;
oldwl = 0, oldw2 = 0, oldw3 = 0;

stuckdir = 1;

int forward_enable = TRUE;
int rotation_enable = TRUE;

int freq = 200;

PIT_intr

This
wheel

interrupt receives the desired wheel

to decrease the error using proportional

/

void interrupt PIT_intr(void)
{

LED2_ON();

/ Clear the watchdog by writing 0x55 and OxAA in order to

service register.

/
SIM_REGS SVSR
SIM_REGS SVSR

SIM_SWSR_RESET1
SIM_SWSR_RESET2

time++;

/  Read encoder position count /

wl = ((int) QDEC_read (W1QDECPRI));
w2 = ((int) QDEC_read (W2QDECPRI));
w3 = ((int) QDEC_read (W3QDECPRI));

Kicker_Controller ();

/ Call the control routine /
OmniControl (& robot . move);

/ Compute change in position /

wlvel = wl oldwl;
w2vel = w2 oldw2;
w3vel = w3  oldw3;

/ If we are going to fast, switch to fast quad decode

if (wlvel > FAST_THRESHOLD)
FQDEC_setfast (W1QDECPRI ) ;
else if (wlvel < FAST_THRESHOLD)
FQDEC_setfast (W1QDECPRI ) ;
else
FQDEC_setnormal (W1QDECPRI ) ;

if (w2vel > FAST_THRESHOLD)
FQDEC_setfast (W2QDECPRI ) ;
else if (w2vel < FAST_THRESHOLD)
FQDEC_setfast (W2QDECPRI ) ;
else
FQDEC_setnormal (W2QDECPRI ) ;

if (w3vel > FAST THRESHOLD)
FQDEC_setfast (W3QDECPRI ) ;
else if (w3vel < FAST_THRESHOLD)
FQDEC_setfast (W3QDECPRI ) ;
else
FQDEC_setnormal (W3QDECPRI ) ;

velocities,
velocity error and then calculates the required duty cycle

integral

control

Test for overflow. Assume max change between

interrupts is one turn or 256.

GFW 26/7 Changed this to 2048 and implemented a

#define OVERALOW
/

if (wlvel > W OVERALOW)
wilvel = OXxFFFF;
else if (wlvel < W.OVERALOW)
wlvel += OXFFFF;

if (w2vel > W OVERALOW)
w2vel = OxFFFF;
else if (w2vel < W.OVERAOW)
w2vel += OxFFFF;

if (w3vel > W OVERALOW)
w3vel = OxFFFF;
else if (w3vel < W.OVERALOW)
w3vel += OXFFFF;

/  Convert velocities to 1/256th of encoder

wilvel <<= 8;
w2vel <<= 8;
w3vel <<= 8;

count

63

/

calculates

/

software



/ Save current position

oldwl = wi;

oldw2 = w2;

oldw3 = w3;

|/ Compute wheel velocity
wlerr = wldvel wlvel;
w2err = w2dvel w2vel ;
w3err = w3dvel w3vel ;

/  Compute wheel velocity
wilint += wlerr;

w2int += w2err;

w3int += wa3err;

|/ Saturate the integral

stuck = FALSE;

if (ABS(wlint) > FSTUCK)
wlint =
stuck = TRUE;

SGN(wlint)

for next time /
error [/

proportional

integral error /

error to prevent the servo windup

FUNSTUCK ;

}if (ABS(w2int) > FSTUCK) {

w2int =
stuck = TRUE;

}if (ABS(w3int) > FSTUCK)

w3int =
stuck = TRUE;

Compute virtual

SGN(wZint)

SGN(w3i n{t )

FUNSTUCK ;

FUNSTUCK ;

motor PAWM values

pwm = (prop error + (int error kint)) kprop + desired velocity
/

wlpwvm = ((wlerr + (wlint) + wldvel));

wZpwm = ((w2err + (w2int) + w2dvel));

w3pwm = ((w3err + (w3int) + w3dvel));

/" Now convert pwm values

wlpwm >>= 8;
8!

/ Constrain duty cycle to
wipwm = MAX(MIN(wlpwm, PWM_PERIOD),
w2pwm = MAX(MIN (w2pwm, PWM_PERIOD),
w3pwm = MAX(MIN (w3pwm, PWM_PERIOD),

back to single encoder count scale

limits /

PWM_PERIOD) ;
PWM_PERIOD) ;
PWM_PERIOD) ;

/  Output PMW in desired direction (dir of motor) and duty cycle
if (wlpwm >= 0) {
PWM

_set (WIPMMCHA, (ushort) (PWM_PERIOD  wlpwm));
| PWM_set (WIPAMCHB, PWM_PERIOD) ;
boelse (F’\NM_se( CHA, PWM_PERIOD) ;
PWM_set (WIPMCHB, (ushort) (PWM_PERIOD + wipwm));
}if (w2pwm >= 0) {
PWM_set (W2PMWCHA, (ushort) (PWM_PERIOD  w2pwm));
| PWM_set (WPWMCHB, PWM_PERIOD) ;
boelse (P\NMiset CHA, PWM_PERIOD) ;
PWM_set (WPMCHB, (ushort) (PWM_PERIOD + w2pwm));
}if (w3pwm >= 0) {
PWM_set (WBPAMMCHA, ( ushort) (PWM_PERIOD  w3pwm));
| PWM _set (W3PWMCHB, PWM_PERIOD) ;
se
be (F’WM_se((V\f:P\MVIC]-|A, PWM_PERIOD) ;
PWM_set (W3PWMCHB, (ushort) (PWM_PERIOD + w3pwm));

}

LED2_OFF();

OmniMotor

The desired velocities from Ocontrol
/

are received

void OmniMotor(int vell, int vel2, int vel3)
wldvel = vell;
w2dvel = vel2;
w3dvel = vel3;
}
/
OmniEncoder
Sets the wheel velocities to equal that read from the encoders
/
void OmniEncoder(int vell, int vel2, int vel3)
vell = wlvel;
vel2 = w2vel;
vel3 = w3vel;
}
ResetServo
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273 This function resets the integral errors of the servo loop back
274 to zero.

275 /

276 void ResetServo(void)

277 |

278 wlint
279 w2int ;
280 w3int 0;
281 }

282

0;

284 |/
285 DisableServo

287 This function disables the forward and/or the turn servo loop
288 /

289 void DisableServo(int fwd, int rot)

290
291
292

/ if (fwd)
/ forward_enable = FALSE;
/ if (rot)

294 / rotation_enable = FALSE;

295

297

298

299 EnableServo

300

301 This function enables the full servo loop

/
303 void EnableServo(void)
304
305 // forward_enable = TRUE;
306 // rotation_enable = TRUE;
307 '}

65



Appendix D

Motion Control Routine Source Code

ProgramD.1: Motion ControlRoutine

OCONORWNEF

TITLE: Ocontrol .c
PURPOSE: Performs the actual control of movement. Implements the Schemas

WRITTEN BY: Gordon Wyeth
Ashley Tews

CREATED : 21/5/98

REVISION HISTORY :
23/4/99 Added code for NPI BB/AP

MAJOR OMNI REVISION:
01/08/01 Revised to control omni drive DB/RM

/

#include <stdlib.h>

#include "..\common\rtypes.h"
#include "Ocontrol.h"
#include "Omotor.h"

#include "..\common\lookup.h"
#include "..\common\types.h"
#include "..\common\common.h"

/
Debug Switches

/
#define DEBUG

#ifdef DEBUG

#ifdef SIMUL

#include <windows. h>
#include "..\simcode\debug.h"
#endif

#endif

#ifndef SIMUL
#include "..\board\robotio.h"
#endif

/
Compiler Switches
ENC_FBACK This switches the encoder feedback for the NPI on
/

#define ENC _FBACK

#define OCOUNTPERGORDO4 OCOUNTPERGORDO 4

#define USE_FLIP_CODE

/ CONSTANTS /
#define K256_ON_ROOT3 ((int)((256.0 / 1.73205) + 0.5))

#define K256_ON_3 ((int)((256.0 / 3.0) + 0.5))

/ table lookups for trig functions /

#define COS COUNTS(v) COS(ClipHdg360((v) / OCOUNTPERGORDO))
#define SIN_COUNTS(v) SIN(ClipHdg360((v) / OCOUNTPERGORDO))
/ GLOBALS /
Move m;

/
Stuck flags these are located in servo.c but are not present
in simulation
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68 #ifndef SIMUL

69 extern int stuck ;
70 extern int stuckdir ;
71 extern int time;

72 telse
73  extern
74 #endif

nt current_time;

81 Ocontrol

83 This function gets called once every ms by the servo loop on the robots
84 or by the simulator. It is responsible for setting the wheel velocities
85 for the next servo iteration and for performing the path integration
86 process. To set the wheel velocities it branches to the appropriate

87 motion control schema as set by the higher navigation processes.

/
89 void OmniControl (move_ptr move)
{
91 int dir;
93 m = move;

95 / Update the time variable /
96 #ifndef SIMUL

97 m >time = time;

98 #else

99 m >time = current_time;

100 #endif

104 if (!move >lookups_initialised)
105 return;

107 / Call the motion control schema that is currently being used /

109 m >mctrl_schema();

1
112 #ifndef SIMUL

114 / If the robot is stuck servo saturates then set the stuck flag /
115 m >stuck = stuck;

116 m >stuckdir = stuckdir;

117 #endif

120 Do the path integration. Note that we should call this
121 before we call the motor function so that all is well in
122 the simulator when colliding with obstacles

/
124 Omnilntegrate(m);

|/ Calculate the heading used when calculating the wheel velocities /
127 dir = ClipHdg360((m >facing + OCGON2) / OCOUNTPERGORDO);

Calculate the wheel velocities based on the direction of travel /
>vell = ((m >vel wheell[dir]) >> SIN_SHIFT) + m >rotvel;
>vel2 ((m >vel wheel2[ dir]) >> SIN_SHIFT) + m >rotvel;
>vel3 ((m >vel wheel3[dir]) >> SIN_SHIFT) + m >rotvel ;

N
w
=3
333~

134 #ifdef SIMUL
135  // DebugTxt("v1:%d v2:%d v3:%d\r\n", m >vell, m >vel2, m >vel3);
136  #endif

7

138 /| Set the actual wheel velocities /
139 OmniMotor (m >vell, m >vel2, m >vel3);

141 /

142 this will do for now but need to extend for the two kick types.

143 note this this will not fire the kicker but only allow it to fired.
/

145 if (move >arm_kicker)

146 Kicker_Control_Interface(TRUE);
147 else

148 Kicker_Control_Interface (FALSE);

153 Omnilntegrate

155 This function performs the path integration to maintain the robot's internal
156 reference of position and heading and to allow for the position and heading
157 reported by the vision system to be reconciled with the sensor delay.

/

159 void Omnilntegrate(move_ptr m)
162 int vell, vel2, vel3;
163 int velx, vely, velrot;

165 /  Read the current wheel velocities from the encoders /[
166 OmniEncoder(&vell, & vel2, & vel3);

168 /

169 Perform the inverse kinematics to determine the platform velocities
170 from the individual wheel velocities.

171 /
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velx =
vely =
velrot

ell

vel2)  K256_ON_ROOT} >> 8;

v
vell + vel2 2 vel3) K256_ON_3) >> 8;
((((vell + vel2 + vel3) K256_ON_3) >> 8) );

/ Calculate the new heading first /
m >hdg += ((velrot));

if (m >hdg >= ANG_360_COUNTS)

= ANG_360_COUNTS;
else if (m >hdg < 0)

m >hdg += ANG_360_COUNTS;

/N
m >x
m >y

m >hdg

(velx
(velx

COS COUNTS(m >hdg) vely SIN_COUNTS(m >hdg)) >> SIN_SHIFT;

ow calculate new position /
+
+

SIN_COUNTS(m >hdg) + vely

/ Update the position list to handle sensor delay /
(m >xhead)++;
if (m >xhead >= m >xpos_list + LISTLEN)
m >xhead = m >xpos_list;

(m >yhead)++;
if (m >yhead >= m >ypos_list + LISTLEN)
m >yhead = m >ypos_list;

(m >hhead)++;
if (m >hhead >= m >hpos_list + LISTLEN)
m >hhead = m >hpos_list;

(m >xhead) = m >x;

(m >yhead)
(m >hhead)

omni_holy_shit

m >y,
m >hdg;

MOTOR CONTROL SCHEMAS
/

This schema immediately brings the robot to a halt by setting
the platform velocity to 0

void omni_holy_shit(void)

m >vel = 0;
m >rotvel = 0;

omni_halt_fn

COS COUNTS(m >hdg)) >> SIN_SHIFT;

This schema brings the robot to a halt gracefully by ramping down

void omni_halt_fn(void)

the robots velocity until 0 at the maximum acceleration
/

/ Halts translational velocity /

if (m>vel >m >acc)

m >vel =m >acc;
else

m >vel = 0;

/  Halts the rotational velocity /
if (ABS(m >rotvel) > m >tacc) {

if (m >rotvel > 0)

m >rotvel =m >tacc;

} else {

}

This function

else

m >rotvel +=m >tacc;

m >rotvel

is responsible for the general

=0:;

controlling the accelration, deceleration, heading and facing
direction of the robot. The distance to travel, the change in heading
and the change in facing are all set in the function setomnimove() in

Onschema. c

void omni_move_fn(void)

int
int
int

Reduce deltaf
the velocity of the robot, a = (v~2)/r.
facing for the specified
/

newv ;
newvsq;
delta_facing;

motion of the robot,

to zero smoothly. For capped acceleration we need to account

if (m >deltaf !=0

if (m>vel ==

if (m>vel < 100) { //DMB
delta_facing = m >deltaf;

} else {

delta_facing = IRAD2HDG (SGN(m >deltaf)

if (ABS(delta_facing) > ABS(m >deltaf)) {

}

delta_facing = m >deltaf;
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}
m >deltaf = delta_facing;
m >facing += delta_facing;

We want to reach a goal location as specified by the length parameter.
At the same time the maximum speed must remain below vx so we ramp up or
down to reach the linear velocity at amax so as to minimize the time to
reduce length but still stay within bounds

/
if (m >deltal > 0) {
newv = m >vel + m >acc;

/
We need to divide by 16 for a scaling factor to prevent int overflow,
2 again to compare ax <= v”~2/2 on the next line
/

newvsgq = ((newv >> 2) (newv >> 3));
if ((m>vfinalsq + (m >acc (m >deltal >> 4))) <= newvsq)
newv = m >vel m >acc;

!/ If we need to change direction, slow down

if ((ABS(m >deltaf) > (OCOUNTI FE?GORDO4)) && (m >vel != 0)) //DMB changed
newv = m >vel m >facc;

if (newv > m >maxv)
newv = m >maxv;

else if (newv < 0)

and by

and by

newv = 0;
m >deltal = newv
if (m >deltal < 0) {
m >de|ta| = 0;
newv = 0;
} else {
newv = 0;
m >deltal = 0;
}
m >vel = newv;
/
We want to reach a desired heading as pspecified by deltah. The rotational velocity
is ramped up to minimis the time taken to reach the desired heading
/
if ((m >rotvel != 0) || (m >deltah != 0)) {
/ Attempt to align the robot with the given heading direction /
if (m >deltah > 0)
newv = m >rotvel + m >tacc;
else if (m >deltah < 0)
newv = m >rotvel m >tacc;
else
newv = m >rotvel;
/
We need to divide by 16 for a scaling factor to prevent int overflow,
2 again to compare ax <= v”~2/2 on the next line
/
newvsgq = ((newv >> 2) (ABS(newv) >> 3));
if (m>rvfinalsq + ((m >tacc m >deltah) >> 4) <= newvsq)
newv = m >rotvel m >tacc;
else
newv = m >rotvel + m >tacc;
if (newv > m >maxrotv)
newv = m >maxrotv;
else if (newv < m >maxrotv)
newv = m >maxrotv ;
m >deltah = newv;
m >facing = newv;
m >rotvel = newv;
if ((ABS(m >rotve|) < m >tacc) && (ABS(m >deltah) < m >tacc)) {
m >rotvel = 0;
m >deltah = 0;
}
}
}
/
omni_pivot_fn
This function will move the robot so that it pivots around the ball
enabling the robot to turn but still remain in control of the ball.
/
void omni_pivot_fn(void)
{
/' To be written when the dribbling hardware is installed /
}
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Appendix E

Small SizeLeagueRules

For afull listing of the RoboCup2001SmallSizelLeagueRulesvisit:
http://arti.vub.ac.be/RoboCu p/rul es/r ules. html
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