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Foreword

Thefoundationfor this projectwaslaid by OdenseSteelShipyard(OSS) Institutefor mathemat-
icsandcomputersciencgIMAD A) atUniversityof SoutherrDenmark(SDU),andthecompalry
AMROSEA/S, astheir questto automateshiphuilding processebave led to the developmentof
severalrobots,basedn the aggregationof differentmechanicamodules.

At the sametime, researchn Applied Mathematic§YAM) at University of SouthernDenmark
(SDU), have provided the communitywith a genericmotion plannerthatcangeneratecollision
freemotionpathsfor very complex aggregatedrobotsmaoving in complex ervironments)ik e the
interior of shipsections.

In orderto expandrobotapplicationsn shipkuilding, severalmoreor lessexperimentaimechan-
ical moduleshave beendevelopedby OSSand AMROSE, in orderto provide existing robots
with additionalhorizontalreachandagility. Amongtheseare:

e Telescopianodules— allowing horizontalreach.
e Elbowmodules— ableto bendin the horizontalplane.
e VariablegeometrytrussegVGT's) — parallelkinematicmodules.

By aggreyatingmoduleslik e this with conventionalrobotic mechanicsthe reachandagility of
cornventionalrobotscan be dramaticallyextended,and horizontalaccesdo e.g. the interior of
shipsectiondecomea feasiblealternatve whereverticalaccesgrom above is not possible.

Whenmechanicamodulesareaggreatedinto a complex mechanismthe aggregjatedmodules
essentiallyepresentthemechanicapartsof amodularrobotsystemjput ourrelianceoncorven-
tional centralizeccontrollertechnologyrob usof mary of thebenefitgpresenin atruly modular
system,andthe work neededor systemsntegrationand configurationremainspracticallythe
sameasfor anonmodularsystem.

As oneof the major barrierstoward increasediseof robotsis in factthe costof systemante-
grationand configuration,ratherthanthe costof the equipmentwe find it very interestingto
overlaythe existing modularmechanicsith a correspondingnodularcontrollertechnologyin
orderto simplify systemsntegrationandconfiguration.

As we wishto contrituteto thepromisinglocal developmeniof VariableTrussGeometry(VGT)
modulesthis projectuseshe VGT modulesasprimary exampleanddemonstratqiut will also
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addres®thertypesof modulesusedby thelocal roboticscommunity

Project course

Theprojectwasoriginally meanto bethefirstin astringof semiparallelPh.D.andmastetthesis
projectsat the MeerskMc-Kinney Mgller Institutefor ProductionTechnology(MIP), relatedto

the useof parallelkinematicmodulesin aggregatedrobots. In that context, this projectshould
provide the controllerplatformsandinfrastructurefor experimentalprojectsrelatedto kinemat-
ics, motionplanning,actuatomodelling,controlandsimilar highandlow level controllerissues.

Dueto externalevents,the projectervironmentquickly becameoo turbulentto supporta com-
plicatedsetof supportingprojects:

¢ OdenseSteelShipyard decidedto reducetheir roboticsdevelopmentdepartmentiramati-
cally over aseriesof layoffs, eventuallyabolishingthe department.

e MIP changedheirresearclpriorities,reducingthe budgetfor modularcontrollerdevelop-
mentto 15%,andcancellingthe plansto employ relevanttechnicalpersonnel.

e As AMROSE A/S relied heavily on commissiondrom OSSroboticsdepartmentAM-
ROSEA/S wasunableto survive the OSScutbacksandwaseventuallyterminated.

e PotentialPh.D. studentsdeclinedto engagein the proposedparallel projects,dueto the
changedesearclprioritiesandtheturbulentcircumstances.

In orderto securethe necessaryunding, we have integratedour projectwith the EU project
Dodk\Welder, wherewe arecommittedto develop a modularcontrol systemfor a demonstration
of aggreatedrobotsusedfor arc-weldinginsideclosedship sections.

Thehighlevel of uncertaintysurroundinghe projectcombinedwith our commitmento produce
practicalresultsfor the DockWelder project,led us to revert to a cautiousandreactve project
model, allowing us to adaptto a changingproject environmentand benefitfrom unforeseen
opportunities.

Lt waslaterreconstructedh a very reducedorm, asAMROSERoboticsApS.

10 Anders Stengaard Sgrensen
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Ratherthan beginning with specifyingthe

entire system, implementinga string of
subsystemandintegratingthemin theend,
it hasbeennecessaryo begin with asketch

of the overall systemthat is revisited and
revised for eachsubsystenthat is imple-
mentedandfor eachrelevantchangan the

projectervironment.

Overall
system

Following the cautiousprojectmodelatthe
expenseof efficieney and ambition, have

allowed the project to survive and yield ?

useful and interestingresultsin spite of a
projecternvironmentthat have changedoe-

yondrecognition.
By continuouslyadaptingto the changing @ @
environment,opportunitiesandbudget,we

have managedo completethis projectde- ' _ _
spite the grave difficulties imposedby ex- Figurel: Cautiousprojectmodel
ternalevents.

Project and report structure

Using analysistechniquedrom projectmanagemeniRiis98] & [Nicholas94],we have broken
the projectdown into sub projectsandtasks. AppendixD givesa thoroughdescriptionof the
Work Breakdavn Structure(WBS) usedthroughoutthe project. The WBS have proved ex-
tremelyusefulfor handlingthe sub projectsandtasksin this project,andfor keepingtrack of
files anddocumentation.All subtasksare uniquelyidentified by their appropriateWBS code,
anddesignfiles, sourcecodeetc. associateavith eachtaskcanbe found on the accompaying
CD-ROM, usingthe WBS codeof thetask. Theprojectbreakdevn is motivatedby thegoalanal-
ysisor taskformulationprovidedin appendixC. Thegoalanalysiss partof asituationanalysis,
that alsoincludesa history analysis,partneranalysisand analysisof the projectenvironment.
Thesehave not beenincludedastheir resultsareeitherincludedimplicitly or foundirrelevantto
thisreport.All theanalysisaredesignatedWBS: M-01 andcanbefoundin thecorresponding
locationin thefile hierarcly. For the corvenienceof the user the materialof M-01 have been
indexedby aHTML documenplacedat: M/M-01/index.html

While the WBS describedn appendixD might be usedto structureour report, we find that
ourwork have beenquite unerenly distributedover the originally definedsubprojects,andthat
someof it is notrelevantto thereport. Consequentlywe have choserto concentratenthemain
technicalissuesandhave simplifiedthereportstructurewith respecto the WBS.

Comparingthe WBS of AppendixD, with thereportstructureof figure 2 revealsa simplemap-

1st April 2003 11



Document: Modular control of industrial mechanics

Introduction

Robots and modules

System architecture

Embedded
Platform

\
Generic
/O Network
DT-VGT PA-10
Interface Interface

System integration

Experience and discussion

Conclusion

Future work

Figure2: Overall structureof thereport

ping from the original WBS to thereportstructure testifyingto the usefulnes®f thoroughanal-
ysisprior to projectsof this magnitude.
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Chapter 1

Intr oduction

Modularmechanic$iave provedto bethe mostfeasibleway to designandconstructhighly agile
roboticsystemawith inordinatedegreesof freedom.As thelocal roboticscommunityof Odense
is dedicatedo the controlof suchcomplex manipulatorsmodularroboticshave beenpursuedy
thecommunityasanimportantbyway. Theexperienceof aggrgatingheterogeneoumechanical
devicesinto complex robotic systemshave givenriseto a vision of a robotsystembasedon a
limited numberof heterogeneoumtelligent mechanicamodules that caneasilybe assembled
into an unlimited setof differentrobotic systemswith a minimum of systemsntegration and
configuration.

If sucha technologycameinto commonuse,it would dramaticallyreducethe costand work
requiredto designandimplementroboticproductionfacilities,asoneof the primary expense ®f
installingroboticsystemss currentlyassociateavith systemsntegrationandconfiguration.

Pursuingthis vision — makingit easyto assembleand configuredifferentrobotsfrom a set
of intelligentmechanicamodules— severallocal projectshave featuredvariousforms of con-
trollersembeddedinto the mechanicamodules.Theseprojectshave shavn the benefitsof such
an approachput have not comeup with solutionsthat canbe usedbeyond limited laboratory
demonstrationsas the implementationand integration of the embeddecdontrollersinvariably
becameoo crudefor practicaluse.

In this projectwe seekto developapracticaltechnologycapableof transformingany commercial
or custombuild mechanicabevice into a self contained automaticallyconfigurableintelligent
module thatcanbeusedasa building blockin comple« aggrgatedproductionsystemjn aplug
andplay fashion.

Our prior experiencewith aggreatedrobot systemsndicatethat one of the main barriersfor
implementingsucha systemis the lack of sufficiently flexible embeddedontrollers,that can
be integratedwith currentandfuture mechanicaimodules. Commerciallyavailable embedded
computersystemshave provento beeithertoolarge,limited or inflexible to be usedasa generic
embeddedontroller

13
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Themaingoalof this projectis thedevelopmenibf agenericembeddedontol node— abbrevi-

atedGEECON— thatcaninterfaceto ary actuatednechanicatlevice, performtherequirediow

level control,andpresenthedevice in awaythatenablest to beintegratedinto amodularrobot
architectureusingonly a communicationgietwork. In orderto do so, we proposejnvesticate,
implementandintegratea numberof key technologiesrelatedto GEECONsandtheir practical
applications.

In orderto beof practicalvalue,the GEECONmustbe small,flexible andpowerful enoughto:
e Beembeddeadnto therelevantmechanicamodules.
¢ Beefficiently andeasilyinterfacedto therelevantmodules.
e Performsatishctorylow level controlof therelevantmechanicamodules.

To ensurghatour GEECONscanbeusedwith thewidestpossiblerangeof mechanicamodules,
we presentrelevant assumptionsand estimatedor the designparametersand aim to demon-
stratethe developedGEECONSswith two roboticmodules We have chosermechanicamodules
thatrepresentery differentaspectf robotics,rangingfrom parallelto sequentiakinematics,
linearhydraulicto rotary-electricahctuatorandcustomexperimentato commerciallyavailable
mechanics.

This projectis partly financedby the EU projectDock\Welder, wherethe GEECONSsrepresent
our contribution. The commitmentto deliver working prototypesfor DockWelder calls for a
practicalapproactandemphasizethe engineeringaspect®f our work.

Relatedwork

In orderto appreciatehe relevanceof relatedwork, it is necessaryo recognizethatthe popular
notion of robot contmol is in reality a wide spectrum rangingfrom low level feedbackcontrol
of e.g. actuatorsto abstracthigh level planningof the robotswork. In chapter2, we definea
referencanodelthatwill helpto distinguishtherelevantaspect®f arobotsystemandfacilitate
amoredetaileddiscussiorof relatedwork, thanthe cursoryoverviewv givenbelow.

Whensunweying the areaof Genericrobotcontrol, oneis immediatelyimpressedvith theaccu-
mulatedamountof work. A closerlook revealthatthe bulk of this work is concerneavith the
planningratherthanthe executionaspect®f control,which s atthe heartof this project.

Much of the work that toucheson executionaspectsjs concernedwith software architecture
and software designof genericrobot controllerslike [OROCOS]. Thoughexecutionaspects
areconsideredexamplesof practicalapplicationsarescarce.ln our suney, we have only been
ableto find a few examplesof generic robot contmwllers, that actually interfacedirectly to a

robot. In chapter2 we describehetwo mostrelevant: The Openmodularcontoller (OMC) and

GENERIS

14 Anders Stengaard Sgrensen
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Thelargeavailability of embeddedomputeplatformsmalke theuseof embeddedontrola mat-
ter of coursefor mostmodularrobotsystemsfor thesamereasonsnvokedby this project. Typi-
calexamplesof theuseof embeddedontrollersare:[Dalgaard0] [CMU-arm] and[Powercubé.
The mainvirtue of embeddedontrollersis their compactnessyhich is achiered at the costof
flexibility. Thoughan embeddedcontroller can be designedfor virtually any application,no
singleembeddedaontrollercanbe usedfor all applications.

In our experienceyery few attemptshave beenmadeat developingarobotcontrollertechnology
thatis bothgeneralandembeddedt the sametime, andno suchtechnologyseemso bereadily
available. OMC andGENERISbothhave aninherentpotentialfor embeddedmplementations,
but aswe will discusdn chapter2 and4 they rely on computerplatformswhich aretoo bulky to
be considerecembeddedh our context.
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Chapter 2

Robotsand modules

Therearemary differentaspectd¢o modularity andit canexist on all levelsof aroboticsystem,
from the mechanicspver the electronicgo the software.

In orderto beableto discussandcomparevarioussystemsandtechnologieswe begin by intro-
ducinga simplelayeredreferencemodel,that canbe usedasa commonframe of referencefor
describingand comparingvariouspartsof a robot system.We thenapply the referencemodel
to a typical commercialrobot, andgo on usingthe referencemodelto describethe aggreyated
robot systemsgdevelopedandusedat OdenseSteel Shipyard. Throughoutour descriptionsve
will emphasizen the modularityof existing technology

2.1 A layeredreferencemodel

In orderto enablecomparisonof variousmethodsand technologieswithin robotics,we have
defineda simplelayeredreferencemodelto identify the relative locationof componentsvithin
aroboticsystem.

Themodelis inspiredby thewell known OSl referencanodelfor computemetworks[OSI], but
alsofrom roboticresearctsuchas:[Albus9§

Our modeloperatesith 5 fixed lower layers,anda numberof higherlayers,referredto asthe
applicationlayers. As we arenotinterestedn the applicationlayersin this contect, we simply
regardthemasa sixth metalayerto our model.

We stresghatthisis areferencanodel,intendedo aid descriptiorandcomparisorof robotsand
theirlow level controllers.It is neithera designnor implementatiormodel.

Below we describetheindividual layers,giving relevantexamples.

17
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Physical layer

In this context, we definethe work of arobotasthe combinedmotionandprocess.

The physical layer is the part that actually performwork, typically the mechanicabody and
tool of therobot,alongwith the physicalworld thatsurroundst, includingthe physicallaws of
nature.

Theinput to this layeris (mechanicaljaction, e.g. whenan actuatoris generatinga force or a
tool is performinga process.

Thefeedbackrom thislayeris (mechanicalyeactionwhich caneitherbe measuredby sensors,
influencethe appliedactionor both.

Transducer layer
This layerrepresentshe behaiour of actuatorsandsensorswhich aretransducingenepy into
actionandreactioninto measurements.

The linear relationshipbetweencurrentandtorquein an electricmotor, 7 = k I, is a simple
exampleof anactuatorthatcornvertsenegy into action.

A typical exampleof a sensoris the angularencoderwhich corverts angularmovementinto
digital pulseswhich canbe countedn orderto determinghe angularmovementof ajoint.

Interface layer
This layer is responsibldor delivering and controlling the enepgy to the sensoractuatorayer,
basedon signalsfrom the controllayer.

A motor driver — or serno amplifier— alongwith a power supply is a typical exampleof a
componenthatcorvertsa controlsignalinto electricenegy, e.g.acurrent.

An up/dovn counterthatcountspulsesfrom anangularencodeiis atypical exampleof a sensor
interfacethatcornvertssensooutputto anadequaténput signalfor the controllayer.

Power controlcomponentsnay containsomelow level controlloops,suchasvoltage-or current
regulationin amotordriver or flow regulationin aseno valve.

Control layer

This layeris responsibldor makingthe actuatorsandtools of the robotfollow the commands
givenby theexecutionlayer. It is alsoresponsibldor real-timesensoevaluationandfor relaying
sensoiinformationto the executionlayer.

1st April 2003 19
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This layer performsthe low level control of individual actuators,using various control algo-
rithms,wherework commandsrecomparedo measuredaluesin orderto computeanadequate
outputsignal. PID controlis a well known exampleof suchlow level control, but controlling
complex mechanismsvill oftenrely on moreadwvancedcontrolmethods.

Althoughthis layeris concernedvith motion control, andtheinterfacelayeris concernedvith

power control,it maybe hardto distinguishbetweercontrolloopsfor power controlandmotion
controlin practicalapplications.This is especiallytrue wheresuchloopsarenot clearly nested
within eachother

Thislayercanalsoperformsensoifusion wherea numberof separateneasurementsreusedto
calculatea higherlevel of information. An exampleof sensoifusionis aweldingsensomwhere
measurementsf thejoint positionsandwelding currentareusedwith a kinematicmodelanda
processnodel,to calculatea correctve positionoffsetfor therobottool tip.

In orderto ensuresmoothandstablemotion, it is importantto ensurereal-timeoperationof the
control layer. This is typically doneby implementingthe functionsof the control layer on a
computewith areal-timeoperatingsystemor by usingdedicatecanalogor digital hardware.

As this layer mustrunin real-time,it is importantthatthe work commanddrom the execution
layeris presentvhenneeded— typically atfixedintervals. This canbe ensuredn two ways:

1. Demandingeal-timeperformancdrom the executionlayer

2. Buffering commanddrom the executionlayer, allowing the executionlayerto have non
real-timeperformanceby letting it runaheadf the controllayer.

Execution layer

Theexecutionlayerprovideswork commandsgo, andreadssensowvaluesfrom the controllayer.
Typically, work commandsrejoint positionsalongwith tool commands.

A typical executionlayerfunctionis interpolationandbuffering, wherethe executionlayergen-
erategeal-timework commandsta high ratefor the controllayer, basedn nonreal-timework
commanddgrom the applicationlayer.

The executionlayer canalsobe responsiblgor online control of the process.For instance,jt
canchangehejoint positionsslightly, in orderto performoffsetcompensatiomf therobottool,
basedon sensoinformationaboutthe process.

Application layers

Although mostof the functionality of a robot systembelongsto theselayers,they will only be
treatedsuperficiallyin this work, as mostof the functionality hererelatesto motion planning,
teachin, manualcontrol,userinterfaceetc. whichis notin the scopeof our work.

20 Anders Stengaard Sgrensen
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CHAPTER2. ROBOTSAND MODULES
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Motor Motion Kinematic Program
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Physical & Transducer layers Interface Control Execution  Lowest application
layer layer layer layer

Figure2.2: A typical robot/controllersystem

Basically theresponsibilityof the applicationlayersis to provide work commandso therestof
thecontroller

A very simpleexampleof suchanapplication,is a programthatwill readajoint-file, generated
by e.g.amotionplannerandrelaythejoint vectorsin thefile to the executionlayer.

Anotherexamplecouldbeagraphicalinterface,thatcontinuouslyshovs ananimated3-d model
of therobotandit’ s status pasedon sensoinformation.

As therearespacefor mary applicationlayersin this incompletemodel,it is possibleto extend
the modelto include a wide rangeof useful applicationsfor robot control, including motion
planning.

Knowledge

Knowledgeof the robot systemplaysan importantrole in any robot control system. In prac-
tice this knowledgeis often embeddedn the functionsof the variouslayers,but we chooseto
representhe sumof all knowledgeaboutthe systemasawhole.

Theknowledgecanrangefrom indirectknowledgeabouttherobotdynamicsg.g.representeds
control parametersn a PID controller to exact CAD modelsof therobotandit’s ervironment,
usedby a high level application,suchasa motionplanner
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2.2 A typical industrial robot

The arm

Therobotarmitself mayin factbe assembledrom moreor lessmodularcomponentshut from
theuser/customepoint of view, it is anatomicintegratedunit. A typical robotarmconsistof:

Mechanical superstructure clearlybelongsn thephysicallayer.

Gearsand transmissions alsobelongsin the physicallayer Somerobotsarebuild with stan-
dardgearswhile othersaredesignedvith specializecandhighly integratedgears.

Motors belongsto both the physical layer (mass,bulk, shape)and transducedayer (force,
torque, current). As with gears,typical robotscan have both standardand specialized
motors.

Sensorsareinvariably usedto measurgoint positions,but may alsobe usedto measurether
relevantpropertiessuchasjoint speedr force. Like motors,sensordelongin bothlayers,
andcanappeatbothasdiscrete/standardr specialized/intgratedsensors.

Motor drivers

Eachmotor hasa separatemotor driver, that channelsa controlledamountof enegy from a
commonpower supplyto the motor, which placesthedriverin theinterfacelayer

As the currentthrougha motoris practicallyequivalentto theforce/torqueyield, while it is easy
to measurendcontrol, practicalmotordriversarealmostinvariably designed/choseto control
themotorcurrent/torquen accordancevith anexternalset-pointgivenin analogor digital form.

This calls for a simple controlloop with a typical bandwidthup to a few kHz, which is either
implementedn hardware,or with a dedicatecembeddeadomputer

As motor driversare specificto the type, sizeand specificationof a given motor, have simple
externalinterfaces,andrequirescloseintegrationbetweernpower andcontrol componentsthey
areusuallyimplementedandregardedasindividual black boxcomponent®r modules.

In orderto reducemassandbulk of thearm,the motordriversareseparatedrom the armitself,
which makesbulky cablesandconnectordetweerthearmandthe power electronicsananngy-
ing necessity Usually the driversare placedin a rack, alongwith the otherelectronicsof the
robotcontroller

Displacingthe motor driversfrom the arm, meanghatthe physical propertiegmassbulk etc.)
of thedriverscanbeignoredwith respecto our referencanodel.

22 Anders Stengaard Sgrensen
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Signal conditioning

An amountof signalconditioningelectronicss necessaryo corvert the sensormeasurements
into usablesignals. Someof this may be integratedwith sensorsnsidethe arm, and someof

it may be placedin the controllerrack, alongwith the motor drivers, but it all belongsto the
interfacelayer

Motion control

The motion controllerof a robot, is supposedo ensurethat eachmotor in the arm, is always
sufficiently closeto it’s intendedpositionto allow therobotto performits task. This placest in
thecontrollayer, andinvolvesatleast:

¢ A set-pointfor eachmotor, allowedto changedynamicallywithin certainlimits.
¢ Positionfeedbackrom eachmotor.
e A controlalgorithminvolving explicit or implicit knowledgeabouttherobotarm.

Theremay be morethanonedimensionto the motor set-pointandfeedbackthanposition, e.g.
velocity andtorque,andthe controlalgorithmandknowledgemay rangefrom the simpleto the
advanced.lt all depend®nthedemandsgor the speedandprecisionof the particularrobot.

The motion control canbe implementedn analogor digital hardware,aswell asin software,
usually running on a dedicatedreal-time system. It is also quite commonto make a mixed
SW/HW implementatiorof the motioncontrol.

Kinematic control

In orderto positionandmove therobottool in Cartesiarspacerobotcontrollershave aninverse
kinematicalgorithmthattransformset-pointggivenin Cartesiartool coordinatesnto set-points
for theindividualmotors,allowing therobotto becontrolledandprogrammedn Cartesiarspace.

We locatethe kinematiccontrolin the executionlayer. It is invariablyimplementedn software,
drawing on knowledgeaboutthe robotskinematicproperties. If demanddor speedor preci-
sionarehigh, it may alsoinclude otherknowledgeaboutthe robot, suchasdynamicandstatic
properties,to compensatdor deflectionsdue to acceleratioror gravity. It will typically run
on a dedicateccomputercloselyintegratedwith the motion controllet or possiblyon the same
computerasthe motioncontroller

1st April 2003 23



Document: Modular control of industrial mechanics

Toolsand processcontrol

With respecto the physical, transducelandinterfacelayers,a robottool will simply add me-
chanicalandelectroniccomponentsvhich are equvalentto the componentsisedfor the robot
itself.

The control layer may be expandedwith functionality to fuse sensordatafrom the tool with
sensodatafrom thearm,to obtainrelevantprocesslata.

Theexecutionlayer may be expandedwith functionalityfor processcontrol,applyingCartesian
offsetsto thearm,in orderto controlor adjustthe procesgparameters.

Robot control and programming

A typical robotcontrollerwill includeat leastmanualcontrol,andthe ability to executeprede-
finedrobotprograms.The predefinedorogramanay eitherbe createdoy tead in usingmanual
control,or they maybe generatedavith moreor lesssophisticateaff-line programmingools.

We placeboth manualcontrolandprogramexecutionin the lowestof the applicationlayers,as
they bothprovide the executionlayerwith a dynamicset-point.

External axeson commercial controllers

As it is quite commonto useexternal axesto expandthe work areaof a robot system,some
commercialrobot controllerscanbe usedwith externalaxes. Somehave the ability to control
afew axesthemseles,othersallow externalcontrol of the externalaxesandsimply needto be
keptinformedof the positionanddirectionof therobotbase.

If acommercialcontrollercancontrolor interfaceto externalaxesatall, the dynamicandkine-
matic control of the native andexternalaxesareheaily decoupledeitherby freezingthe exter-
nal axeswhile the native robotis working, or by usingslowv movementsof the externalaxesto
continuouslykeepthe baseof the native robotat anadwantageougosition.

2.3 Advancedmotion planning

The art of mappinga tool configuration(combinedtool positionand pose)into a setof joint
positionscan be quite tricky, asit will typically involve singularitieswith multiple or infinite
solutions. Mapping a tool pathinto a correspondingoint pathis even more difficult, asthe
singularitiesmustbe negotiatedgracefullyin orderto allow smoothmovementslf therobothas
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moredegreesof freedom(DOF) thanneededo describethetool configuration, therobotis said
to have redundanDOF’s or simply to beredundant

Redundantlegreesof freedomcauseaninfinite numberof solutionsto thetool to joint mapping,
causinga massve problemfor traditionalrobot programmingools, thatfocusonly on the tool
configuration.

Most industrialrobotshave 5 or 6 DOF’s soredundanyg is oftena regrettableby productwhen
the work areaof arobotis expandedby mountingit on somesort of positioningdevice like a
gantry crane. The redundang is one of the mainreasondo keepthe control of externalaxes
decoupledrom the native axesof therobotasmentionedabore.

In productionprocessetik e ship building, the degreeof automationcanbe increasediramati-
cally if the robotscanmove inside structuresutilizing redundanDOF’s to gain the flexibility
neededo operatan narrav but well definedervironments.

The compary AMROSE A/S have succeededn creatinga genericmotion plannerbasedon

constraintdynamics,thatis ableto createa collision free pathfor ary mechanismyegardless
of the numberof degreesof freedom. The AMROSE motion plannerusesa CAD model of

the ernvironment,a CAD descriptionof the tool path (process)and a computermodel of the

robotdescribingts kinematicpropertiesasconstraintsintroducingartificial potentialfieldsinto

the models,the motion planneris ableto calculatevalid collision free paths,expressedas a

equidistanstring of joint spacecoordinategnixedwith procescommands.

AMROSE A/S is a spin off

. Models
compaly of themotionplan-
ning researchthathave been Robot
a key areain Odensefor
morethana dgcadeandthe ﬁ AMROSE .
AMROSEmotionplanneras nvironmen motion planner ~ 4
well as various derwvatives
and other types of r_nonon Process
plannersare at the disposal

of the Odenserobotics re- _ _
searchcommunity Figure2.3: A globalmotionplanner

Thoughthe AMROSE motion plannerhasbeendemonstratech real-timeapplicationsdynam-
ically adaptingto a changingervironment,it is only commerciallyavailablein an off line ver-

sion. Thecommercialersionis usedto generateobotpathsin advance for laterexecutionby a
robotcontroller The AMROSEmotion plannerave beendemonstratedith 50 DOF simulated
robots,andpracticalrobotsof upto 18 DOF

The off-line AMROSE motion plannerclearly residesin the higher applicationlayersof our

1Thetool configurationcanalwaysbe describedn RS, but sometimesiot all dimensionsarerelevant, e.g. tool
rotationaroundown axis.
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(a) Folded (b) Bended (c) Straight

Figure2.4: Custombuild folding joint, to penetrateéheinnerlabyrinthsof a shipsection

referencemodel, andit is only interestingto us for two reasons. The primary reasonis that
it makesit feasibleto considerthe practicaluseof adwancedredundantobots. The secondary
reasonis thatthe useof constraintdynamicsto describethe kinematicpropertiesof a robotis
highly modular and can be usedto facilitate self configurationof a robot systemmadefrom
heterogeneousmodulegPetersen01].

2.4 Aggregatedrobots

The easiestand mostcommonway to add external degreesof freedomto a commercialrobot
arm, is to aggragateit with othercommerciallyavailable mechanism®r units, suchaslinear
displacementinits, gantry cranesturntablesor evenmobile platforms.In casesvherecommer
cially availabletechnologydoesnot suffice, mechanicatlesignersendto breaktheir customized
positioningsystemslown into manageablself containedunitsof afew degreesof freedom Jike
OdenseSteelShipyard (OSS)3 DOF folding joint shavn in figure 2.4

A commonvariationof the aggreatedrobotarisewhenthe externalaxesarenot appliedto the
robotarm,but areusedto manipulateheworkpiecein orderto placeit in anadwantageouposi-
tion for therobottool. Work piecemanipulatorsarealsocomprisef self containednechanical
unitslike turntables X-Y tables pan/tilt devices,hexapodsetc. Commerciallyavailabledevices
arepreferredput for someapplicationscustombuild devicesareused.

In someapplications,more robot armsare cooperatingto performtheir tasks. Typically one
robotis usedaswork piecemanipulatoywhile the othermanipulatestool to performaprocess,
but thereareaninfinite numberof possibleapplicationdor suchsetups.
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Flexible automation

The massve coststo setup and configurerobotic productionfacilities have previously made
it infeasibleto userobotsfor anything but large scalemassproduction. Both industryandre-
searchersirestriving to increasethe flexibility of robottechnologyin orderto make it feasible
for smallandmediumsizedproductionbatches.

Thequestto increaseheflexibility of robottechnologyfollow 3 basicpaths:

e AsCAD basednotionplannerdike AMROSEhave demonstratedhereis muchflexibility
to be gainedfrom existing robot technologyandinstallations,by exchangingtraditional
robotprogrammingoolswith automaticCAD basedsystems.

e Exchangingor supplementingexisting controller technology to allow increaseduse of
external sensorfeedbackcan alsoincreasehe flexibility of existing installations,asthe
robotswill beableto recognizeandreactto differencesn the processedbjectsaswell as
theenvironment.

e Increasingthe modularity of robotic technology to allow robotic installationsto be de-
signed,implementedg¢onfiguredandreconfigurednoreeasily

Ultimately, the 3 pathswill probablycorveme, as sensorfeedbackwill sometimebe able to
replaceandsupplemenpredefinedCAD models,andevery partof a robotsystemwill become
areplaceablenodulewith standardizedhterfaces.

Thefirst pathcanbe exploredwithout major changeso the existing technologyasCAD based
motion plannerscanbe usedoff line, to generatgredefinegathsfor existing robotinstallations
andtechnology All majorrobotmanugcturesnow offer somesortof CAD basedprogramming
interfacealongwith their robots.

Thetwo secondgathsarehardto usewith existingtechnologyastheirrequirement$or thelower
controllerlayersaredifferentfrom whatatypical industrialrobotcontrolleroffers.

2.5 Customizedcontrollers

Therearea few valid reasonghat might make it feasibleto usea customizedcontrollet rather
thatdrawving on anexisting commerciakolution:

e It may be impossibleto find a usablerobot/controllersystemthat supportsthe external
axes(andprocessheeded.

e It may be necessaryo utilize the addedDOF's of externalaxesfor agility aswell asto
enhanceheworkspace.

e Advancedapplicationsmay requiremore sensorfeedbackand evaluationthanthe native
controllerof arobotsupports.
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The first and third problem can often be solved by invoking a customizedcontroller for the
externalaxesor extra sensorsthatcaninterfaceto a suitablecommercialkontroller

AMROSE have solved the secondproblem,by developinga genericmotion planningmethod,
that cancalculatecollision free trajectoriesfor redundantobotsoperatingin complec ernviron-
ments.

As the outputof the motion planneris simply a streamof joint positions(andprocessstates)ijt
seemsstraightforward to simply feedthe appropriatgoint valuesto the appropriateexecution
layer component®f whaterer controllersareinvolved in controlling a robot system,but there
areafew snagdo this:

1. Few commerciakobotcontrollerswill acceptfprogramsn joint coordinates.

2. Controllersthataccepfoint coordinatestypically interpolatesdetweeradjacenpointsin
joint spacemakingit necessaryo keepthe distancebetweenadjacenfoint coordinates
guite small. This oftenresultin programsbecomingtoo large to be acceptedy the pro-
grambuffersof commerciakontrollers.

3. As practicalversionsof the AMROSE technologycanonly be usedto generateoff line
programsa processontrollerandkinematiccontrollerarestill necessaryo applyonline
compensatiomor smalldeviationsbetweermodelsandreality.

During the developmentand demonstratiorof the AMROSE system,mary differentwaysto
bypasgheseproblemshave developed but only two alternatveshave provedfeasible:

e Usingonly robot systemswvherethe native controllersupportsonline kinematiccompen-
sation,while acceptingorogramsn joint coordinates.

e Supplementingr replacingthe native controllerof commerciarobotswith agenericcon-
troller, especiallydevelopedo executeoff line programsn joint coordinate®naggreated
robots.

The OMC controller

As thefirst solutionis far to restrictve to supportthe aggregatedrobotsneededy OdenseSteel
Shipyard(OSS),0SSandAMROSEhave attemptedo developeda genericcontroller— known
asthe OMC or OpenModular Controller— that canreplaceor interfaceto commercialrobot
controllers,dependingon the interfacesof the robotandcontrollerin question.The OMC have
beenusedsuccessfullywith the AMROSEmotionplannerin anumberof applications.

OMC is designedas a frameavork that acceptshard-and software moduleswith specificinter

faces,in orderto arrive at a genericcontrollertechnology usingthe power of modularity and
reconfigurability OMC hascomponentsangingfrom the interfacelayer (hardware),to various
levelsin the applicationlayers,including userinterfaces,visualization,programexecutionetc.
Theframeawork is basedbn acombinationof PCI/ISA, Windows NT® , andCORBA.
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One of the key applicationsfor OMC was the combinationof processcontrol and Cartesian
control,illustratedin figure 2.5.
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Figure2.5: Procesgontrolin OMC

Themodulesfor processvaluationandcontrolof thearc-weldingprocessgontrolsthewelding
procesdy applyingsmall Cartesiaroffsetsto the weldingtool.

In steadof applyinga completeinversekinematicalgorithmto controltherobotin Cartesiarco-
ordinatesOMC relied on aninverseJacobiarto mapsmall Cartesiaroffsetsinto corresponding
offsetsin joint space.TheinverseJacobians continuouslygeneratedrom theforwardkinematic
modelof the system.

Figure2.6 shavs atypical applicationof the OMC with anaggreatedrobot.

Native controller AMROSE
motion planner
Application OoMC
Execution ———
Control Low application
Robot layer layer(s)
arm ! ! ¢ ¢
[ Execution layer
Interface
layer ¢ ¢

Control layer

Custom build or 3. party

- Positioning -
device

—’— Interface

Figure2.6: A typical OMC application
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Notehow the OMC replaceghe higherlayersof thenatve armcontrollerby literally cuttingthe
original connectionsandreplacingthemwith connectiongo the control layer of the OMC. In
somecasesthe native controllerwould even be completelyreplacedby 3. party serno ampli-
fiers. This wastefulpracticeis necessarascommerciakobotvendorsarereluctantto sharethe
implementatiordetailsof their controllersthatwould allow aninterfaceat a higherlevel.

Themodularframenork of the OMC wassupposedo ensureghatit couldeasilybeinterfacedand
adaptedo every concevablemechanisnandprocessbut the poorchoiceof platformtechnology
provedfatalto this intention.

Theuseof apoorly documentedhonreal-timeoperatingsystemntendedor desktopcomputers,
madeit virtually impossibleto implementreliablecontrollayercomponentsn software,andthe

OMC cameto rely onthe PMAC motioncontrollerPCI boardsfor motioncontrol. Thereliance
on PMAC boardsmadeit impossibleto miniaturizethe OMC hardware?’, andit wasonly a partial

solutionto thereal-timeproblemsof the controlandexecutionlayercomponents.

In spiteof the original intentionsof makinga flexible distributedcontroller the bulkinessof the
OMC hardwarepreventsa closephysicalintegrationwith the hardwareit controls. Thereliance
on a specificPCl motion controllerboardlimits it to control certainactuatorgelectricmotors),
andthedifficultiesinvolvedin tricking Windows NT® to work in real-timeapplicationsmake it

excessvely expensve to configurethe systemfor new applications.

Towardthe endof this project,the OMC partnerdinally terminatedurther OMC development,
asthetechnologywasdeemednfeasible.

The GENERIS® controller

TheEuropearCommissionJointResearciCente(EC-JRC)EC-JR(J have developedageneric
controller called GENERIS® , thatis very similar to the OMC, but have acknavledgedthe
importanceof real-timeperformancef the controlandexecutionlayer[GENERIS]

In comparisorwith the OMC, GENERISdraws a very sharpline betweerthe applicationlayers
andthe executionlayer Like the OMC, applicationlayer SW is implementedunderWindows,
andcanbedistributedover anumberof PC's knowvn asGENERIShosts.

Executionand control layer componentsare implementedon industrial computersunderthe
highly accreditedeal-timeoperatingsystemVxWorks. Thecomputersmplementinghe execu-
tion/controllayerareknown asGENERISNumericalControlor simply GNC.

The combinationof executionand control layer allows eachGNC computerto control oneor
more processingunits — or robot cells —, composedf e.g. a robot arm, a robot tool and
a positioningunit. The GNC architectures tailoredto standardmodularindustrialcomputer
systemssuchasVME, CompactPClI or PC-104,wherea CPU moduleand a numberof 1/0
modulesresidein a centrallyplacedrack, connectedo theindividual sensorandactuatorsvia

2By usingPC-104or similar miniaturizedlBM-PC compatibletechnology
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Figure2.7: Overview of a GENERIS® system

awebof wires. As performancendwiring limits eachGNC computerto controla few process
units,moreGNC computersanbe connectedo a GENERISsystem o allow anentirefactory
to beincludedinto the system.

While theGENERISarchitecturas well suitedfor productionfacilitieswith heterogeneousbot
cells,includingaggreatedrobotsandcustomdesignednechanicalinits,sensortc. it is obvi-
ousthatthe GNC’'sdoesnottake full advantageof themodulamatureof themechanicaimodules
that constitutea robotcell. A robotcell cannot be reconfiguredon the fly, asreconfiguration
requirechangego thewiring I/0O hardware,andsoftwareof the GNC computerin chage of the
cell.

2.6 Modular robots

As flexibility andreconfigurabilityarevery obvious adwvantage®f modulartechnologyvarious
attemptshave beenmadeto createfully modularrobotsandrobotcomponentdor experimen-
tal aswell as commercialapplications. Modular robotsare dominatedby two major trends:
Commercialproductswheremodularityis simply a meanso achieve an effective solution,and
researclprojectswheremodularityis anendin itself. A typical example,anda comprehensie
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surwey of thelatteris givenin [PakpongOl.

The attemptsat modularrobotsvary greatlyin aim, ambition, applicationandtechnology but
they have a numberof aspectsn common. The lowestcommondenominatomof thefield is the
industrytrendtowardssmartactuatorsandsensorsywherethe necessarynterfacelayercompo-
nentsarephysically integratedwith the actuatoror sensotin questionalongwith anembedded
computemworking primarily asa communicationgontroller connectingheintelligentunit to a
commonnetwork or field bus. Theembeddedomputercanalsoimplementsomesimplecontrol
or even executionlayer componentsin the form of velocity or position control, interpolating
trajectorygeneratoretc.

In mostcasesthe variouscommercialsuppli-
ers respectexisting, non modulay standards
for the physical propertiesof their products,
sothey aremechanicalljcompatiblewith pre-
vious nonintelligentversions.Someattempts
have however beenmadeto market products
where the modularity extends down to the
physical layer aswell. One of the mostcon-
vincingexampleof thisis thepowercubecon-
ceptby Amtet Robotics[Powercubég, illus-
tratedin figure2.8.

Amtech manugcturesa small rangeof com-
patibleintelligentPoverCubemodulesfor ro-
tary andlinear movement,aswell asa num-
berof grippingtoolsandspecialpurposanod-
ules,suchaspantftilt. Exceptfrom the power
supply All of themodulesarecompletelyself
containedandacceptmotioncommandvia a
commonCAN-BUS network.

Conceptdike PoverCubearegenericin principle,but in practiceeachof theseconceptsaddress
avery narrov sggment,with respectto power, speed precisionand cost. This type of modu-
lar approachmale very nice componentsn an aggreatedrobot system,andis well suitedto
demonstrat¢he power of modularity asshown in [Nanyang],but it is not sufficiently genericto
coveranentireindustrialrobotcell.

Figure2.8: A rotary PoverCubeactuator

Apart from issueselatedto mechanicabiversity, andcompatibilityin general,oneof the prin-
cipal dravbacksfor intelligentactuatorsaretheirlack of knowledgeabouttheir rolein anaggre-
gatedmechanismThe overall kinematiccontrolleraswell aseachintelligentactuatomrmuststill

be configuredmanuallyin accordancevith the static,dynamicandkinematicpropertiesof the
mechanismAs the dynamicandstaticpropertiesof arobotcanvary dramaticallywith the posi-
tion of therobotjoints, the parameter®sf intelligentactuatoranustbe changeddynamicallyby
a centralintelligencein orderto obtainoptimal performance This problemarisesbecausenly
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theactuatorsandnotthelinks betweertheactuatorsareincludedunderthe modularcontroller

In general,intelligent actuatorsand sensorsmakesthe hardware configurationmuch easier as

individual signalwiresarereplacedy commonnetworks,but theburdenof configuringsoftware

andparametersemainlargely thesameasif usingapurecentralcontroller Configuringmodular

robotsis currentlya popularresearchopic, but thebulk of thisresearclseemdo bepreoccupied
with variousaspect®f abstracor experimentaluiniversalmodulesatherthanpracticalindustrial

technology

Someresearclanddevelopmeneffort have goneinto
developing modular technologyfor specific mech-
anisms,such as serial robot arms. In such cases,
the entire physical, transducerinterfaceand control
layeris closelyintegratedwithin eachmodule,mak-
ing it possibleto storeall relevantinformationwithin
eachmodule,andconfiguretheaggregatedsystemn
aplug andplay fashion.

Oneof the mostseriousattemptsat building a mod-
ular armis performedby the Roboticsand Mecha-
tronics departmenbof Deutstien Zentrumfur Luft-
und Raumfahrt (DLR) [DLR]. Over 3 genera-
tions of mechatronicdevelopment,they have suc-
ceededin designingand manugcturinga powerful
light weight, fully integratedmodulefor robotarms,
known asLBR-Ill. Eachmodulehastwo degreesof
freedom, configuredas perpendicularotary joints.
The armsthat can be assembledrom the LBR-III
moduleshave similar specificationsas commercial
armsof similar size,exceptthatthey aresignificantly
lighter, asLBR-IlIl wasoriginally designedor space
applications.

Figure2.9: LBR-IlII modulararm

Currently DLR only hasone type of arm module,and a small numberof experimentaltool
modules,but it is quite possiblethatthey may expandthe selectionof modulesto expandthe
numberof possibleapplications.

2.7 Conclusion

We are not aware of ary attemptsto develop a genericcontrollertechnologythat cantake full
adwantageof theinherentmodularityof thetraditionalcomponentsf roboticsystemsThenodes
of currentgenericcontrollersaim at controlling an entirerobot cell, ratherthanits individual
parts. Currentresearchand developmentof intelligent mechanicaimodulesdoesnot seemto

1st April 2003 33



Document: Modular control of industrial mechanics

convergetoward practicalstandards$o supportreconfigurablendustrialrobots.

As genericembeddedontrollerswill mainly be usefulin combinationwith a genericmotion
planner we believe that the low availability of suchmotion plannersis the key to explain the
lack of interestin genericembeddedontrollers.

As theroboticscommunityof Odensénave accesso aworking genericmotionplannerit seems
naturalfor usto investigategenericembeddedontrollersaspartof ourresearctanddevelopment
projects.
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Systemarchitecture

Abstract
During this chapteyrwe proposeandelaborateon anoverall architecturghatwill enable
utilization of the modularnatureof aggre@atedrobots. We discussvariousaspect®f our
proposakith respecto performancebandwidthandotherrelevantrequirements.

3.1 Overall architecture

In orderto utilize theinherentmodularityof modularmechanicsywe proposeanarchitecturghat
is basedon small and simple, yet powerful andflexible embeddedontrol modulesor nodes,
which we will referto with the abbreviation GEECONfor generic embeddedcontroller node.
Suchcontrolmoduleswill makeit feasibleto integratea GEECONwith eachmechanicaimodule
in arobotsystemyratherthanonefor eachrobotcell.

Integratinga GEECONIinto eachmechanicaimodule,canbe viewed as transformingpassve
mechanicamodulesinto active intelligentones,which opensa numberof interestingpossibili-
ties:

e Dramaticreductionin the systemcompleity, assignal cablesto individual sensorsand
actuatorsarereplacedoy acommonnetwork.

e Easierconstructionmaintenanc@ndreconfiguratiorof robot systemsgdueto thereduc-
tion of compleity.

e Increasedompatibilitybetweerheterogeneougchnologiesasthe GEECONscanpresent
heterogeneousiechanicamodulesn ahomogeneouway to highercontrollayers.

¢ As intelligentmechanicamodulescanstorerelevantinformationaboutthemseles,such
askinematicparametersa network of suchmodulesmakesit possibleto supportautomatic
configurationof high level applicationssuchasmotionplannersanduserinterfaces.
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Figure3.1: Distributedcontrollermodel

Althoughit would be interestingto study methodsto distribute all component®f a robot con-
troller, we preferto restrictthe GEECONSsto tasksthat are entirely local to their host mod-
ules. All tasksandfunctionsthatrequiresanoverview thatinvolvesmorethanonehostmodule
(global)will beperformedby a centralcontrolnode.

This architecturess illustratedin figure 3.1, where a distributed versionof the layeredrefer
encemodel (hard corners)is superimposean a layout of a centralcontrol nodewith a setof
GEECONsandaccompawping mechanicahostmodulegroundcorners).As indicatedin thefig-
ure,thedistinctionbetweerocal andglobaltasksandfunctionsfor anaggregatedrobotsystem,
implies that the componentsinding the distributed systemtogether residesin the execution
layer Executionlayer componentghatusee.g. the kinematicmodelfor the entire robot will
thusbe implementedon a centralcontrollernode,while executionlayer componentssuchas
interpolationatjoint level, will beimplementednthecorrespondingsEECON.

3.2 Genericembeddedcontrol nodes(GEECON)

Consideringthe GEECONsand their relation to the host mechanicaimodule, we proposeto
usethe simpleimplementationandintegrationmodel shavn in figure 3.2, wherethe interface
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toward the centralcontrolleris definedby a network andthe interfacetoward the mechanical
hostmoduleis definedby the setof I/O signalsnecessaryo controlthe host.

In additionto power supply andothernecessargupportsystemsnot shovn in the figure, the
hardwareof the GEECONconsistsof computeyintegratedwith a network interfaceandan1/O
interface.While the network interfacemustbeidenticalor compatiblefor all the GEECONsn a
systemthel/O interfacesmayneedto be quitedifferentin orderto suitthedemand®f different
hostmodules.

Interface to host modules

As we wantto beableto useour controllerarchitecturevith thewidestpossiblearrayof different
hostmoduleswe cannotassumenuchin advance but mustallow for extremevariationsin the
demandgor connectingo andcontrollingmechanicahostmodules.

Oneassumptiorthatwe do make, is thateachhostmodulewill beequippedwith suitablepower
control and signal conditioningsystemdo allow a computerto interfaceto it througha setof
I/O connectionsomprisedof analogand/ordigital electricalsignalswithin commonstandards
or practise.If this is not the case we assumehat we canimplementsucha systemoursehes,
externalto the GEECON.

Although it may often be the case,we do not assumehat a completeinterface layer is im-
plementedn the hostmodule. On the contrary we assumehatit may be beneficialor even
necessaryor the GEECONIto contrilbuteto the signalconditioningandpower control, with var-
ious forms of signal processingwhich may be implementedn analogor digital I/O hardware,
or in software.

The actuator/sens@ystem=on the DT-VGT moduleswe useasprimary evaluationexamplein
this project,is an excellentexampleof a hostmodulewith a partial interfacelayer, wherewe
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have to supplypower amplifiersfor theactuatorsandimplement/O hardwareandsoftwarethat
participatesactively in feedbacksystemgo controlthe power flow (chapter7).

In the otherend of the spectrumwe might be confrontedwith hostmoduleswith native con-
trollersthatimplementnotonly theinterfacelayer, but possiblyalsothecontrol-andevenhigher
layers.In thesecasestherole of the GEECONSSs to interfaceto, andutilize, thenative controller
in thebestpossibleway.

The PA-10 robot usedas secondaryevaluation examplefor this projectis a typical example
of sucha setup,asthe native controller of the PA-10 implementsa full interfacelayer, anda
partial control layer in form of velocity control of the individual actuatorsof the robot. The
native controllerhasan openarchitecturehatallows our GEECONIto interfaceto the partially
implementedtontrollayervia afield busin orderto give velocity command&ndreceve position
feedbackchapter8).

Giventhelargevariationof possiblenostmodulesit is clearthatwe cannotconfinetheinterface
betweenGEECONandhostmoduleto a singlelayer of the referencemodel, let alonedefine
or describea usablegenericinterface. We simply have to acceptthatthe borderseparatinghe
responsibilitypetweerGEECONandhostmodulemustbeveryfuzzyin orderfor the GEECONs
to begeneral.

Interface to central control node

Regardlessof how and wherethe control- and interface layer componentsare implemented,
the resultwill enablethe sensorsand actuatorsof the mechanicahostmoduleto be readand
controlled,by the softwareof the GEECON.

This ability will be commonfor all modulesof the system,andit gives us the possibility of
presentinga large array of heterogeneousobot modulesin a homogeneousvay to the central
controllernode.

Sincethe kinematicpropertiesof the possiblehostmodulescanvary greatly we believe thatthe
mostgeneralway to presentahostmodule,is as:

¢ A setof actuatorsystemsyhich movementfollow thecommand®f the centralcontroller
node.

e A setof relevantfeedbackvaluesthatcanbereadby the centralcontrollernode.

¢ A databasef knowledge,aboutthe hostmodule,suchaskinematicanddynamicmodels,
thatcanbeaccessedy thecentralcontrollernode,andusedfor globalcontrolof therobot,
suchaskinematiccompensatiomndmotionplanning.

e A statemachine thatallows the centralcontrollernodeto controlandverify the stateof
theindividual robotmodulesfor example:Uninitialized, Inactve, Active andError.
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Closed loop
| i Motion control
Motion commands I \—
()
qr S
L N @
- . 2
Motion and sensor feedback ____| Sensor evaluatlonm =
Interpreters =
,,,,,,,,,,,,,,,,,,, ho] J
o
State commands and feedback — System control — E
<Database queries and resp>se 1 Knowledge

Figure3.3: Sketchof the commandstructureof a GEECON

This way of representinglifferentrobotic moduleswill allow the GEECONSsto have a homo-
geneoudrameavork with regard to hardware platform, network, andhigh level software,which
cansupportthe applicationspecificl/O, motion control, sensorevaluationand systemcontrol
componentsaswell asrelevantknowledgeaboutthe hostmechanism.

Figure 3.3 sketchesthe commandstructureof sucha representationywherewe note that the
componentsand informationinvolved in specifying,controlling and measuringnotion are all
partof closedoops,whichleadsto requirementsor therealtime performancef communication
andexecutionrelatedto thesecomponentandinformation. We will returnto discussreal-time
requirement$or the GEECONswhenwe discusgheinformationflow of the entiresystem.

3.3 Central control node

Figure 3.4 shawvs how the centralcontrollernodeaddsthe remaininghigh level controllercom-
ponentgo amodularrobotsystemwherethelow level layersareimplementedn theindividual
robotmodules.

The high level executionlayerimplementsthe part of the executionlayerwhich requireglobal
knowledgeof therobot,e.gkinematiccompensatiomr similar functionswhich arenot practical
to distributeto the GEECONSs.

If a suitableabstractionayer, or moduleinterface,is usedto hide the implementationdetails
of the distributedpart of the system,it becomegossibleto reuseexisting executionlayer soft-
warefor kinematiccompensatiorprocessontroletc. whichin turn allows reuseof compatible
applicationlayer software,suchasmotion plannersyisualisationanduserinterfaces.

The possibility to maintaincompatibility with existing genericrobot controllers,suchasOMC
and GENERIS,throughimplementingsuitableabstractionayers, is very interesting,asit re-
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Figure3.4: Centralcontrolnodewith a setof robotmodules

lievesus of the taskto implementthe component®f a completecontrollet if we oblige a few
prerequisites:

¢ Thenetwork technologyusedto connecto themodulesmustbecompatiblewith thecom-
putertechnologyusedfor existing genericcontrollers.

e Theprotocolfor communicatiorwith the GEECONsnustbeopen,in orderto allow others
to implementsuitableabstractioriayers.

As executionlayer and applicationlayer componentdik e processcontrol, userinterfacesand
real-time motion planning, may needsensorfeedbackthat is not directly relatedto the robot
positionandmotion, it is importantto acknavledgetherequirementsuchfeedbacknayimpose
onthecommunicatiometwork.

Apart from simple,onedimensionaprocesgeedbacksignals,with fairly low bandwidths, we

have hadvery little experiencewith nonmotionrelatedfeedback Apartfrom processeedback,
futureapplicationgmaycall for proximity sensorsglistancesensorsgcamerassonarsyangescan-
nersetc. etc. in anunknovn numberandin unknavn combinations.Although GEECONsas-
sociatedwith the sensordn questionmay be ableto reducethe amountof informationto be
transmittedo thecentralcontrollernode, we arenotableto divine which bandwidthandlateng

demandsuchsensorsvill putonthenetwork.

As we arenotableto offer any sensibldimits to thefutureuseof sensorsywe mustrecognizehat

Ltypically belov 100Hz
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we will never find a network technologythat canensurethat our controllerarchitectureallows
genericuse of sensors.We mustsettlefor a compromisethat allow us to resere a sensible
bandwidthfor future sensolintegration.

3.4 Information flow

Thebandwidthandlateny requirementgor theinformationflow throughouta controllerarchi-
tecturehasa profoundeffect onits implementatiomequirementsin this sectionwe will discuss
theinformationflow of robotcontrollers,in orderto getanunderstandindor the principlesthat
governthe correspondingequirements.

Figure 3.5 sketchesthe primary informationflow of a typical robot controllerin termsof our

layeredreferencenodel,whichtakestheform of anumberof nestedoops,dueto therelianceof

feedback.Staticinformationaboute.g. kinematicpropertiesareleft out, asit canbe exchanged
during initialization, and playsa minor role comparedo the bandwidth consideration®f the

closedloops.

Offset compensation Position control Servodriver

‘ ()
. Q*E (M)
5N
5 2
® G,
3 Online 8
= application loop =
> 9
o o
Q
3
g Process evaluation Sensor evaluation Sensor mterfac ~—]

1 L 1
Application Execution Control Interface Sensor/Actuator Physical
layers layer layer layer Layer Layer

Figure3.5: Nestedoopsin thelayeredmodel

In general the layerscloseto the physical layer handlessimpleinformationwith a high band-
width, while the higherlayershandlesnorecomplex informationat alower bandwidth.A serno
amplifier of theinterfacelayer may easilycontrolmotor currentwith bandwidthswell above 10
kHz, while a kinematiccontrollerof the executionlayer may adjustthetool offseta few timesa
second.

In practice,the bandwidthof a given componenbr communicatiorchannelis chosenwith re-
spectto mary factorswherewe canemphasizePhysicalnecessitiegphysicallimitations, need
for synchronisationvith othercomponents;equirementsor signalprocessinglgorithms avail-

ability of communicatiorbandwidthandcomputingpower.
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Robot bandwidth

In orderto appreciatehe considerationsf higherlayers,it is instructve to begin by considering
the physical capabilitiesof the mechanicsand power control of a robot or other mechanical
system.This discussiorencompassese entirephysicalandtransducetayer, andmary aspects
of the interfacelayer The bandwidthsand samplefrequenciesdiscussechereappliesto the
interfaceloop aswell asthe control loop.

Thevariationof technologiesndimplementationsisedin industrialmechanicsmakesit impos-
sibleto definemetricswhich arebothgenericandpractical. Themetricsdefinedin thefollowing
areusefulfor referenceandcomparisonbut they do not necessarilyake all aspect®of practical
mechanicsnto account.

In general,an actuatorsystemof a robot or otherindustrial mechanisnmcan be considereca
transferfunction,wheretheactuatorcorvertstheenegy from theinterfacelayerinto aforce, that
acceleratethe massof the physical system.We cannotassumenuchaboutthe actuatorsystem
in termsof transferfunctions,power supplyor load, but we cansafelyassumehefollowing:

e Theacceleratiowill belimited dueto alimited power supplyandactuatorefficiency.
e Theresolutionof feedbacksensorarelimited dueto natural-and/orquantizatiomoise.

e Therequirementdor actuatorprecisionare limited, asactuatoraccurag reflectsthe re-
guirementdor tool accurag.

As thelimits mayindeedchangedynamicallyastherobotmoves,we areforcedto contemplate
only maximumaccelerationtesolutionandaccurag, assketchedn figure 3.6

Input signal Acceleration Velocity Position
‘ Actuator ‘ ‘
—> / 1s 1s e
system

Figure3.6: Worstcasemodelof actuatorsystem

We introducethefollowing metrics,thatrelatestheinput of the actuatorsystemto the position:

Detectionbandwidth — f.: The highestfrequeng of a sinusoidalinput signal that will, in
worstcase causea motionthatcanjust be detectedwvith thefeedbacksensor

Tolerancebandwidth — fA: The highestfrequeng of a sinusoidalinput signalthat will, in
worstcase causea motionlargerthanthe acceptegositiontoleranceof the actuatorsys-
tem.

In our worstcasemodel,thetransferfunctionof the actuatorsystemgivesriseto a squarevave
accelerationwith amplitudeequalto the highestpossibleacceleration:A; = |%|mne, anda
period: T = 1/f, wheref is the frequeng of the sinusoidin Hz. This leadsto a triangular
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velocity profile, with amplitude: A;. And a piecavise parabolicpositionprofile with amplitude
As.

Ai = |‘;L"|ma:t
Al = A 3.)

It is clearthatthe amplitudeof the movementwill decreasateadilywith increasingrrequeng.
We definethe detectionandtolerancebandwidths:

fo= {f14:(f)=7%}
fa = {f1A(f) =5}
WhereN is theamplitudeof the noiseor quantizatiorievel of the positionfeedbacksensorand

A, istheallowedtoleranceor theactuatomposition. As we have madeaworstcaseanalysisthe
bandwidthscanbe expresseds:

(3.2)

IA
ty

fe
fa

(3.3)

IA
S

In light of our worst caseconsiderationthein- log(Ax)
dividual actuatorsystemsanbe consideredow
pasdilters, asillustratedin figure3.7.

Thesefilters canbethoughtof astheultimatere-
constructiorfilters of asampledsystemj.e. the o
robotcontroller andtheworstcasebandwidths
canassisuusin choosingheinternalsamplefre-
quenciesf thecontroller Reduired accuracy

Sensor resolution

If we choosea samplefrequeny of f, > 2f. ‘
we areguaranteedhataliasingwill notproduce ‘ tog
a measurablalisturbanceo the positionof the

system. Figure3.7: Sketchof bandwidths

As long asthe samplingfrequeny f, > 2fa disturbancesausedy aliasingwill bewithin the
positiontoleranceln arny casejt mustbe keptin mind thatdisturbancesausedy aliasingwill
be superimposedn otherdisturbancesf suchexist.

As an example,we considera linear actuatorwith load, that hasa maximumacceleratiorof
|#] < 100m/s?, arangeof z € [0;0.5m], afeedbacksensomith aresolutionof 2um, equivalent
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to a S/Nratio of 108d B or 18 bits of resolution.The actuatoris usedin anapplicationthatcalls
for apositionaccuray of A, < 25um

In the context of industrial robots,this exampleis ratherextreme, on accountof acceleration
aswell asresolution,andwe do not expectto encounterrobotswith suchextremedemandsn
practicalapplicationsof our genericcontroller The bandwidthgor the exampleare:

fe = 1?8727:{;2 ~ 1.8kHz
fa = y/imls ~ 500Hz

Which suggestghat the robot controller should use a samplefrequeny betweenlkHz and
3.6k H z to feedthe actuatorsystemwith a sampledcontrolsignal.

Althoughthis way to evaluatethe bandwidthof anactuatorsystemis rathercoarsewe find it is
ausefultool for initial evaluationandconsiderationsegardingcontrolsystemsn general.

In practice,our simpleworst caseestimateof bandwidthmay be considerablyhigherthanthe
realbandwidthof the actuator Suchdiscrepanciesanbe causedy variousreasonssuchas:

e Thetransferfunction of the actuatorhave more polesthanthe doubleintegration of our
model,makingit a moreefficientlow pasdilter.

e Theactuatorspeeds limited dueto e.g.friction or backEMF in electricmotors.

e The power controller have internallow passfilters that addto the characteristic®f the
actuator

On the otherhand, it might be beneficialor necessaryo usea higher samplefrequeng than
implied by the mechanicabandwidths Major reasondor this are:

e Subsystemsvithin the actuatorsystemhave bandwidthsthat are not limited by the me-
chanicsof the actuator Typical examplesof this are: Voltageor currentcontrolloopsfor
electricmotors,pressurer flow controlloopsfor hydraulicor pneumaticactuators.

e Thesignalprocessingf the controllercanbenefitfrom oversampling.

e Although aliasingwill not have adwerseinfluenceon position control, it might lead to
unwantedvibrationsor evenacousticnuisances.

e A wishto synchronizewith othersampledsystems.

Interface loop bandwidth

It is quite commonfor subsystemsvithin the interfacelayer to have bandwidthsin excessof
the mechanicabandwidthsdiscussedabove. It is not uncommonthat the bandwidthof such
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subsystemgxceedsthe mechanicabandwidthwith several ordersof magnitude. Preferably
thesehigh bandwidthinterfaceloopsareimplementedn the power control componentsative
to the actuatorsothe GEECONwill primarily be concernedvith the control loop andpossibly
higherloops. Typical examplesof interfacelayer sub systemswith higherbandwidththanthe
mechanisnmundercontrolare:

e Thepressureflow or otherinternalstatesof mechanicapower control systemsnay have
to be controlledat muchhigherbandwidthghantheactuatoiitself, dueto propertiesof the
medium.

e Currentcontrolloopsfor electricalactuatorsdependon the electricaltransferfunction of
the actuator which may have muchhigherbandwidththanthe mechanicatransferfunc-
tion.

e Switchedmodepower controllersfor electricalactuatorshave typical switch frequencies
of 10kHz to 100kH z, and may control switching times with bandwidthsin excessof
10MHz.

e Sensorinterfacesmay require oversampledilters or other signal processingoperating
aborve the mechanicabandwidth.

To illustratethis we will elaborateon the linear actuatorexamplegiven above, which could be
implementedn a systemsimilar to figure 3.8

Switched mode
Current control Voltage control power drive

s Q | Current

1‘# ‘F ! sensor Motor

| W Mechanics

Current setpoint

| oorder H@)—) Control | | | | Oorder
hold - law hold

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Position U | 0order |

i hold | Counter T

‘ ‘ Encoder
Velocity .| 0order _ J 3

i hold = Timer

Encoder interface

Figure3.8: Exampleof interfacelayersubsystems

Themotoris drivenby a pulsewidth modulated PWM) switchedmodepower driver, operating
ataswitchfrequengy of, say50kH 2. If the pulsewidth? is to have a resolutionof, say7 bits or
42dB, the PWM generatomusthave a bandwidthof 27 - 50kHz = 6.4M H 2.

°The pulsewidth is equivalentto the effective meanvoltageappliedto the motor
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The 0 order hold filter in the input of the voltage/PWMcontroller allows the currentcontrol
loop to operateat a lower samplerate. Let's assumehe L/R time constaniof the motor coils
is 300us, thenwe might operatethe currentcontrol loop at a samplerateof 10k H z, or maybe
12.5k H z if we wishto synchronizéo the PWM frequeng. The 0 orderhold filter in theinput
allows the controllayerto updatethe currentsetpoint at alower samplerate,for instanceat the
3.6k H z thatensureghe amplitudeof aliasingnoiseto be belov sensordetection. It might be
prudentto choosea samplefrequeng that canbe synchronizedo the currentcontrol loop, to
avoid inter modulationfrequencies

The positionof the actuatoris monitoredby anincrementakencoderthat changestate,with a
resolutionof 2um. If the actuatorcanreacha velocity of 7m /s, equivalentto full acceleration
for half thelength,the bandwidthof the encoderandthe counterneedgo be atleast3.6 M H z.
If speeds to bemeasuredhy timing thechangeo encodesstate anevenhigherbandwidthmay
beneededdependingn theresolutionandlateng of the speedneasuremeniThe 0 orderhold
filters in the outputof the encodelinterface, meansthatthe last sensowvaluescanbe readary
time by controllayerapplications.

Theexamplemaybeoverly simplified,but it illustrateshow theinterfacelayermaycontainhigh
bandwidthsubsystemsandfeedbackoops,in orderto presentusefulinterfacefor amechanical
systemwith alower mechanicabandwidth.

Althoughwe might probablyrely entirelyon commerciatomponentaindsubsystemgo imple-
mentthe necessarhigh bandwidthsystemsthusavoid involving the GEECONsN theinterface
loop, we find it highly advantageouso be ableto involve the GEECONSsfor the following rea-
sons:

¢ By moving somefunctionality from externalpower controlcomponentso the GEECON,
we canoftenusesimpler smaller lighter or cheapepower controlcomponents.

¢ Including the GEECONIn the interfaceloop may simplify the designof power control
componentsn the caseswheresuitablecommerciaktomponentslo not exist.

¢ Including the GEECONIn the interfaceloop gives us a closerintegration betweenthe
importantcontrolsystemsf thecontrollayerandtheinterfacelayer, whichmayenableus
to achieve betteroverall performanceasdelayscanbe decreasedsynchronisatiortanbe
improved,andcontrolalgorithmsgain acces$o morestateof the systemundercontrol.

If we wish to involve the GEECONIn theinterfaceloop, thel/O andsignalprocessingystems
of the GEECONsmight be confrontedwith bandwidthrequirementgar beyond the mechanical
bandwidthof the mechanismso be controlled. We canonly narrav theserequirementgsiovn
by investicating the systemdo be controlled,andconsiderthe variouspossiblewaysto control
them. The bestway to implementthe interfaceloop, will thenbea compromisebetweerspace,
cost,performancecomponentvailability andthe capabilitiesof the GEECON.

It standdo reasorthatthebestwayto ensureour GEECONarchitecturdgo begeneraljsto apply
aflexible andfastl/O technologybaclked up by powerful signalprocessingapabilities.
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Control loop bandwidth

Assumingthatthe interfacelayerhidesall internalsubsystenthatrequirebandwidthsn excess
of the mechanicabandwidth,the control loop bandwidthonly needto matchthe mechanical
bandwidthof the actuatorsystem. As we have seenin the discussionof the linear actuator
exampleabove, a samplerateof 3 — 4k H z will be sufficient for mostindustrialmechanics.in
mostcasesve canallow the controlloop to run muchslower, asmostindustrialmechanichave
far lower bandwidths.

At this point, it is importantto repeatthat the layeredmodelis not an implementatiormodel,

andalthoughit is anappealingabstractiorto classifythelow level controlinto nestednterface-
andcontrol-loops,t might prove highly beneficialto implementthesefunctionsin a moreinte-

gratedway, wherethe loopsinteractin morecomplex ways. In practice,the signalprocessing
in theseloopswill beimplementedwith a mix of software, digital electronicspossiblyanalog
electronics,and perhapseven mechanicakystems,makingit impossibleto formulate precise
performancelemanddor eachtechnologyin advance.

The ability to implementa position control loop with a samplefrequeng of at least4kH z
for eachactuatorsystemin a mechanicahostmoduleis a reasonablavay to ensurethat our
GEECONCcancontrol a very wide rangeof industrialmechanics. Assumingthata mechanical
hostmodulewill have at most10 actuatorsthatthe CPUwill only have to handlea simplecon-
trol law for eachactuatorandallowing 25 operationdor eachevaluationof the controllaw, we
will needaperformancef atleastl million operationgasecondlf we wantto applymorecom-
plex controllaws or includeinterfaceloopsin the systemwe may have to increasehis demand
dramatically or compromisewith respecto the numberof actuatoror thesamplerate. We must
alsokeepin mind thatthe GEECONhave tasksbesideimplementingthe control- andinterface-
layer In otherwords, the requirementf the control layer pointsto a computerarchitecture
thatis well suitedto executerepetitve algorithmswith fixed ratesof atleast10 x 4kH z, while
tendingothertasksaswell.

To puttheseconsiderationsto apracticalperspectie, we notethatthe3 actuatoDT-VGT and7
actuatorPA-10 moduleschoserto evaluateour technologywill limit theexecutionfrequeny of
thecontrolloopto 2k Hz and1.5k H z respectrely, dueto the samplefrequeny of theDT-VGT
feedbacksensorandthelateny of the natve PA-10 controller Allocating 1 million operations
per secondfor the control layer will thengive at least166 and 95 instructionsrespectiely to
evaluatecontrollaws for thetwo mechanisms.
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3.5 The executionlayer

The way we have definedthe role of the executionlayer, it plays
threeimportantrolesin the dataflow:
e It receves path specificationsfor the individual actuators Application
from theapplicationlayers. layers
e |t performsglobal kinematiccompensatiomn the pathspec-
ifications, which may be basedon sensorfeedbackirom the

Central control node

robot. B . Global
o It relaysthe compensategath specificationgo the control components
layer

As we have decidedto distribute the executionlayervia. anet- | L
work, thebandwidthrequirement®f this arrangemenits especially

interesting,asit hasprofoundinfluenceon the choiceof network Local t
technologyandthe systemperformance. components
At the bottomlevel, the executionlayer suppliesthe positioncon-

trol loopswith refer(—?-pcqoaths,which aresampledwith the sample Control
frequeng of the positioncontrolloop. layer

At thetop level, theapplicationlayersuppliesreferenceaths with
asampleratethatmight be substantialljower thanthe mechanical
bandwidth andthepositioncontrolloop. Thisis dueto thefactthat ~ Figure 3.9: Distributed
applicationlayer componentsisuallyoperatesith very consera- layer

tive limits to actuatormotion comparedo the physical limits that
definetheworstcasemechanicabandwidth.

Embedded control node

For genericmotion plannersjt is commonpracticeto representobotpositionsasa joint vector
q = {q...9.}F, whereg; is the positionof thei’ th joint andn is the numberof joints in the
robot. If the robotis to usea tool, it is corvenientto include the tool parametersn the joint
vectorasif thetool parametersveresimply additionaljoints. Dependingon the application the
joint positionor tool parametecanbe accompaniedby 1 or 2 derivativesg; andg;, andpossibly
otherusefulparameterssuchasan estimateof joint force/torquer;. It is alsocommonpractice
thatrobotpathsaredefinedasa streamof joint vectorsgivenat equidistantime intervals.

We expectthesamplerateof thejoint streamfrom theapplicationlayersto bethelowestpossible
that is able to give a satishctory representatiorof the actuatorpaths,which meansthat one
of the main objectivesfor the executionlayer is to act asa samplerate corverter We seeno
reasorto performkinematiccompensatiomafterthe sampleratecornversion,andassumehatthe
compensationvill run synchronousvith the joint stream.This allow usto allocatethe sample
ratecorversionto the GEECON,asindicatedin figure 3.10.
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Figure3.10: Model of executionlayer

By maintaininghesame)owestpossible samplerate f, in thelocalcomponentsf theexecution
layer, we minimize the amountof datato betransmittedvia the network.

The amountof feedbackdataneededor centralexecutionlayer andapplicationlayer compo-
nentsdependon the application,and it may not be practicalto usethe samesamplerate for
theseasfor the joint stream.If it is possiblefor the GEECONTto pre conditionthesedatain a
way thatreduceghe network load, we might wish to include suchconditioningcomponentsn
GEECON:S.

Demandsfor the joint stream

Assumingthatthe numericalresolutionof the joint streamis muchhigherthanthe sensoreso-
lution of the mechanismaheresolutionof a pathspecifications equivalentto its samplerate.

Thesampleratecorversionwill reconstructow resolutionpathdescriptionsnto highresolution
ditto, to be usedasreferencepathfor the controlloop. This reconstructions equvalentto the
reconstructiorperformedby a D/A corverter[lfeachor93 .

Practicalmotion plannersoperatewith limitations to both velocity and acceleration.Partly to
avoid exceedingthe physical limits of the robotundercontrol, andpartly to oblige procesga-
rametersThesdimits will constrainthefrequeng contentof the motionplanneroutputto:

Q) < ire and o< B 3.4)
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log(Q)

As illustratedin figure 3.11,the bandwidthof ajoint
streamcanthenbe definedasthe crossingpoint be-
tweenthe lowestlimit andthe acceptablgoint posi-
tion toleranceA,.

If the samplerate corverter were able to perform
anideal reconstructionthe samplefrequeng of the
joint streamcould be choserastwice the bandwidth,
but asthisis practicallyimpossible we areforcedto |
requirea highersamplerate. Joint stream log(®)

bandwidth

_| Acceptable error

Figure3.11: Jointstreambandwidth

As the samplerate corverteris likely to be part of a feedbackioop, it is undermuchtighter
constraintswith respectto signaldelaythanif we were designingan openloop system,such
asaudioplayback. Any signaldelaywill causea phaseshift, thatwill decreasehe stability of

the closedloop. Delaysareusuallycausedoy interpolation,FIR filters, andsimilar algorithms
needinga numberof sampledo operate.andcanbe expressedn termsof sampleperiods. If

we want a limited phaseshift, the Nyquist frequeny f,/2, expressingthe highesttheoretical
bandwidth,is replacedoy thefollowing:

. fs¢
fo= 5 (3.5)

Wheref, isthehighestrequeng with aphaseshiftbelow ¢, f; isthesamplerequeng, andN is
the numberof sampleghe signalis delayed.Evidently the joint streamhave to be oversampled
by a factorof NZ to maintainthe sameuseful bandwidthas a delay free system. This will
increasdhenetwork loadaswell asthe computationaloadof higherlayers,andwe areurgedto
chooseareconstructionmethodwith minimal delay
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Extrapolationwill reconstructhe
path, with lessthan one sample
period of delay and is an ex-
cellent candidatereconstruction
method. Zero andfirst order ex-
trapolation, as illustrated in fig-
ure 3.12will reconstructhe path
with an error of up to |q|maz - ts
and |§| ez - t2 respectiely. The
error of zero order extrapolation
cancorvenientlybe expressedas
a delay of half a sampleperiod
combinedwith a positionerrorof

uptO %|q|max : ts

— Intended path
® Sampled value

— Extrapolation

- - - Delayed path

t

(a) Zeroorder (b) Firstorder

Figure3.12: Extrapolation

The extrapolationerrorseffectively form a savtooth signalsuperimposeon the intendedpath.
Thefrequeng spectrunof a savtoothwith peak-pealamplitudeA is:

A (sinw sin2w sin3w
— — + — ), w=2nmft

T 1 2 3

Whereit is evident thatthe amplitudeof the harmonicsof the samplefrequeng only subsides
linearly with frequeng.

The continuousoutput of an interpolation reducesthe
noiseat the costof signaldelay Using a first orderin- q
terpolation,as shavn in figure 3.13 introducesa signal
delayof onesampleperiod,andmaximumpositionerror

of %l(:ﬂmaa: : t?

The worst caseerror signalis a periodic parabolapiece,
which is the integral of a sawvtooth. In this case the har
monicsof the samplefrequeny subsideswith the square
of the frequengy, asthe frequeng spectrumof a worst /
caseerrorsignalwith peak-pealamplitudeA is:

— Intended path

® Sampled value
— Interpolation

t

Figure3.13: Interpolation

2 12 22 32

4A <sinw sin 2w N sin 3w
T

) w =2

Interpolationof higherorderswill reducethe errorampli-
tudeevenfurther, atthecostof furtherdelay andmightbe
worth consideringn systemsvheredelayis not critical.

Extrapolationandinterpolationasdiscusse@bove aresimpleandstraightforwardto understand
andimplement. Other methodsexist, and the methodscan be combinedin variousways, but
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no matterwhatreconstructiormethodis used,the threemaincriterionsin choosingthe sample
frequeng remains:

e The samplefrequeny mustbe sufficiently high to representhe intendedactuatorpath

with thedesiredaccurag. This criterion canbe establishedt the centralcontrolnode,as
it hasnothingto dowith reconstructionbut depend®nly onthevelocity andacceleration
limits in themotionplanneraswell asthedemanddor procesgrecision.

The samplefrequeny mustbe sufficiently high to avoid instability dueto signaldelays

in the reconstruction.To establishthis criterion we requireinformationaboutacceptable
phaseshift from thecentralcontrolnode aswell asinformationaboutreconstructiorelay

from the GEECONSs.

The samplefrequengy mustbe sufficiently high to suppresshe reconstructiorerrorto a
level thatis acceptableéo the lower layersof therobotcontroller Althougha certainlevel
of positionerror might be acceptableo the processthe accompaying oscillationsat the
samplefrequeng andits harmonicfrequenciesnight have adwerseeffectson the lower
level control systemspower consumptionand mechanicaldurability. To establishthis
criterion we requireinformationaboutthe acceleratiorandvelocity limits from the cen-
tral control node,while the GEECONsmustsubmitinformationaboutthe reconstruction
method,andacceptabldéevelsof reconstructiorerrors.

As anexample consideasystenwith alinearactuatoywherethemotionplannerhasjoint limits

Of: |dlmaz = 3™,  |dlmes = 3072. The processallows a toleranceof 1mm, but the actuator
shouldnot be submittedto harmonicfrequencieswith an amplitudeabose 10um. The control
loop hasa transferfunction which canbe envelopedby a 1. orderlow passfilter with a corner
frequeny of f. = 10H 2.

Thejoint streambandwidthis thenlimited by theacceleratiorio justbelov 28 H z, whichimplies
a samplefrequeng of f, > 56 Hz. Table3.1 shavs the magnitudeof the reconstructiorerror,
worstcaseactuatodisturbancelueto theerror, andresultingminimumsamplegrequeng, signal
delay andcorrespondinghasedelayat the joint streambandwidth for differentreconstruction
methods.
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Reconstruction | p-p error | harmonics on actuator | samplefreq. | delay | phase
0. orderextrap. —"”}';‘“” "”’;;:;'f“ 3y T 1.3kHz ke 4°
N;O
1. orderextrap. "ﬂ"sg‘” "ﬂ’;;:;'f“ Z T 151Hz 0 0
N;O
1. orderinterp. 'qg’;f '%’;;;g“ Z T 115Hz t, 87°
N=0
1 1
> vy = 1.65 > o = 12
N=0 N=0

Table3.1: Reconstructiomethodvs. samplefrequeny example.

For mostpracticalrobot applicationsthe above examplerepresent&xtremelimits for the ve-
locity andacceleratiodimits combinedwith the processaccurag, andthe limit to harmonics.
Only to be ableto envelop the transferfunction of the controlloopin a 1. orderlow passfilter,
is alsopessimistidrom a practicalpoint of view. The examplethereforesenesto demonstrate
that sampleratesof a few 100 Hz will be sufficient for joint streamto control practicalaggre-
gatedrobotsfor industrialprocessesf we usel. orderextra- or interpolationto reconstructhe
referencepathsfor the controlloop.

Network bandwidth

Assumingwe needsampleratesof up to 200H z for thejoint streamsthatjoint positionscanbe
adequatelyepresenteds32 bit numbersandthatpracticalrobotsystemswill containno more
than25 individual actuatorsthe bandwidthrequirementso transmitjoint streamswill bebelow
200,000bits per second. Including e.g. 2 dervatives and a force/torqueestimatein the joint
streamwill thendrive the bandwidthrequirementishigh aapproximatelyl megabit persecond.

We seeno reasorfor theamountof motionfeedbacko exceedthe motionspecificationandas-
sumethatthe bandwidthrequirement$or motionfeedbackarelessthanor equalto thedemands
for thejoint stream.

We cannot assumanuch aboutthe amountof feedbackapartfrom actuatorfeedback. While

mostapplicationswill requiremodestprocesdeedbackequialentto a few extra actuatorsye

caneasilyimagineapplicationsrequiringvastamountsof feedbackirom externalsensorsuch
ascamerasscanner®tc. Theonly way to ensuregeneralityis to supplyinfinite communication
bandwidth,but in practicewe mustcompromisebetweenthe questfor bandwidthandpractical
concernsuchasavailability, robustnessgostetc.
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Network latency

As thejoint streamsmay participatein variousformsof closedloops,we mustalsoconsiderthe
network lateng, astransmissiordelayswill causephaseshifts that affect the stability of such
loops.

We cannot foreseewhich lateny demandduture applicationsmay placeon the network, but
we suggesthatthelateng is keptaslow aspossible andat leastan orderof magnitudebelov
the sampleperiodof the joint stream.As we have estimatedhe highestrelevant samplerateto
200Hz thistranslateso aworstcasdateny belon 500us.

Thelateng from centralcontrollerto differentGEECONsmaybedifferentin e.g. network tech-
nologiesbasedn point-pointconnectionsSuchlateny differencesnayaffectthe synchronisa-
tion of actuatormovementwhich mustbe consideredThelateny differencecannever surpass
theworstcasdateny of 500us. With accelerationbelav 30m /s?, theworstcasepositionerror
dueto thesynchronisatiorerrorwill belessthan4pum, whichwe find quite acceptable.

The sameestimateholdsfor lateng variation,or jitter. The Jitter will never surpasghe worst
caselateng, and positionerrorsdueto jitter will alsobe belov 4um, if accelerations below
30m/s>.

3.6 Conclusion

In this chapter we have proposedh distributedarchitecturethatallows usto take advantageof
the modularnatureof aggreatedrobot system,by integrating GEECONs(genericembedded
controlnodes)in eachmechanicamoduleof the system,andcoordinatingthemfrom a central
controlnodethatimplementghe globalfunctionsof a controller

We have usedthelayeredreferenceanodelasbasisfor a discussiorabouttherolesandinterfaces
betweenthe mechanicamodules their native controltechnology andthe GEECONs.We pro-
ceededo considertherolesandinterfacesbetweerthe GEECONsandthe centralcontrolnode
in orderto establisttheir overall relationship.

We have discussedhe informationflow of a robot control system,in orderto elaborateon the
speedbandwidthandlateng requirementsf thebasiccomponent# our proposedrchitecture,
in relationto likely andpracticaluse,dwelling to explore therelationshipbetweerbandwidthor
samplerate,andphysicalpropertiesdemandsndconstraintof variouslevelsof arobotcontrol
system.

Usinganumberof abstracexampleso encompasthelik ely scopefor amodularindustrialcon-
troller, we have quantifiedsomeimportantrequirementswhile we have found othersto depend
too muchonthe practicalapplicationgo be quantifiedin adwance.

Our majorconclusionswith respecto the component®f a distributedrobotcontrollerare:
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e Thegeneralityof a GEECONcanonly beassuredy invoking anl/O interfacecapableof
interfacingto all mannerof official andde factosignalstandardsWe shouldthereforaim
for asflexible anl/O systemaspracticallypossible.

o If we rely on external componentsand subsystemso implementall the interfacelayer
componentsan /O samplerate of 4kHz shouldbe enoughto ensurethatwe cancontrol
mostpracticalindustrialmechanics.

e As we canbenefitfrom integrating the interfaceloop with the GEECON,and as mary
interfacelayer componentsnay requirebandwidthswell into the MHz range,we should
aimfor ashigh anl/O bandwidthaspracticallycornvenient.

e Conductingposition control with sampleratesof up to 4kHz shouldensurethat we can
control mostpracticalindustrialmechanics.A computationapower of 1 million opera-
tions per secondwill thereforebe sufficient to control the actuatorsof a single module,
usingsimplecontrollaws.

¢ In additionto evaluating control laws, computationalpower must be allocatedto com-
munication,executionlayertasks,andsystemcontrol,andpossiblyalsoto implementing
interfacelayer functions. In orderto allow all thesefunctions,andto allow useof more
demandingcontrol laws, the performanceof the computerplatform usedfor GEECONs
shouldbewell in excessof the power neededor simplecontrol.

¢ The GEECONmustperforma sampleratecorversion,to reconstruchigh resolutionref-
erencepathsfor the positioncontrol,from minimal resolutionpathspecificationslelivered
via. network from the centralcontrolnode.

e Sampleratesup to 200Hz shouldensuresufficient path resolutionfor mostpracticalin-
dustrialmechanismsA network performanceof up to 2Mbpsshouldthereforecover the
requirementsf motionspecificatiorandfeedbackKor mostconcevableaggraeatedrobots,
if we excludethedemandsgor externalsensodata.

o Network latenciesbelon 500us shouldensuresufiiciently low phaseshifts, sufficient syn-
chronisatiorandsufficientsuppressionf jitter, to corvey pathspecificationandfeedback
within therequirement®f mostconcevableaggreatedrobots.

e In orderto allow externalsensomdatato be communicatedhroughthe backbonenetwork
of our architecturethe network performanceshouldbe ashigh aspracticallycorvenient.
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Chapter 4

Embeddedplatform

Abstract
Descriptionof the selectedarchitectureandtechnologyfor the genericembeddedontrolnodes
(GEECON:Ss).

The introductionof genericembeddeaontrol nodes(GEECONS) thatimplementall the local
functionsof a robot controller for individual mechanicamodulesof the robot, is the basisfor
our proposectontrollerarchitecture.

We have alreadyestablishedhe GEECONsprimaryrolesasinterface,motioncontroller sample
ratecorverteraswell assystemcontroller databas@andcommunicatiomode. Thesefunctions
requireacomputerplatformalongwith anl/O andnetwork interfaceandsomesuitablesoftware.
We have — not surprisingly— establishedhatthe generalityof our controlleris linked to the
flexibility, bandwidthandcomputingpower atour disposalandhave developedaroughestimate
for therequirement®f typical industrialmechanics.

In orderto develop a successfutonceptfor the GEECONswe alsohave to considera rangeof
otherissuegelatedto the integrationwith hostmodulesandthe operatingernvironment,suchas
size,shapepower supply vibration,mechanicalandelectromagnetiervironment.

4.1 Physicaldemands

This projectrepresenthe initial stageof a development,andis primarily aimedtoward devel-
opmentandresearchin modularrobotics. Our developmentand researckdo however involve
industrialpartnersandwe dowishto be ableto conducttestsandexperimentdn realisticindus-
trial environments.As our developmentprogressesdi is alsoa specificgoalto evaluateanduse
our technologyin prototyperobotic productionequipment.This givesus the following overall
constraints:
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e \We mustbe ableto physically integratethe prototypeGEECONSof this projectwith the
DT-VGT andPA-10 mechanismghatareusedasevaluationmodulesfor this project,

e Our prototypeGEECONsmustbe basedon technologythat canrealisticly be integrated
with othermechanicamodulesusedor consideredy our industrialpartners.

e The prototypesof this projectneednot comply with requirementgor sustainedisein a
heary industrial productionervironment,asthey will only be usedfor experimentsand
demonstrations.

e Our prototypesnustbe basedon technologythat canrealisticly be implementedn com-
pliancewith demandgor sustainedisein heavy industrialproductionequipment.

This meanghatour primary concernis to identify a computermplatformtechnologythatis pow-
erful, yetsmallandflexible enoughto satisfyour majordemands.

As discussedn chapter2, previous examplesof genericcontrollers,wasorientedtoward robot
cells, ratherthanrobot modules,andit could be assumedhatthey could be placedexternalto
the robotsusing corventionalelectronicsenclosuresasedon cabinetsor racks. Moving the
computetinto the body of therobot presentaiswith morestrict demanddor sizeandshape.

Theonly way to ensurecompletegeneralityis to demandhe GEECONSsto be infinitely small.
During this projectwe will assumehatthe demandgosedoy our two examplemechanismare
representate for typical industrialsystems.

DT-VGT

Thedemanddor integrationwith the DT-VGT prototypeareinstructve, asthe DT-VGT allows
very little roomfor integrationcomparedo systemsreviously encountered.

The DT-VGT offers no possibility to drav on existing supportsystemssuchas power supply
enclosureetc. asit hasnonative controller Ratheiit forcesustoimplementacompletecontroller
node,including power controlcomponentspower supplyandotherrelevantsupportsystemsin
aquitelimited space.

Dueto thegeometryof the DT-VGT, andtheintentionto useit to enternarrav spacestheonly
placeto put the controllernodeis insidethe tube that forms the static part of the mechanism,
allowing usa cylindrical spacewith diameter:129mm andlength: 330mm to implementpower
supply power control, I/O interfacesandcontrol computer In additionto the controlnode,all
wires, hosesetc. associatevith theDT-VGT mustpasshroughthesamecylinder asit provides
necessarynechanicaprotection.

It will bemostconvenientto mounttheelectronicsn arectangulaenclosurensidethecylinder,

partly becauseectangulageometryis preferablefor electronics partly because rectangular
box will allow cablesandhosedo passbetweerthe box andcylinder walls. Using a dedicated
enclosurefor the electronicswill also simplify properernvironmentalsealingwhenthe system
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mustbeimplementedor continuoususein industrialervironments Reservingpacdor external
connectorgtc. we canusea box with externaldimensionof upto: 91 x 91 x 250mm giving
usaninternalspaceof approximately88 x 88 x 247mm to roam.

Electronics enclosure

Figure4.1: Artistsimpressiorof enclosurensidetheVGT structure

PA-10

As the PA-10 hasa native controllerwith amplesurplusspaceary controllerthat canbefitted
into theDT-VGT canalsobefitted into the PA-10 controller

4.2 Computer platform

In reality, no standardisedomputerplatformis usefulfor our purpose.Our demanddgor com-
pactnessmmediatelydisqualifiegpopularmodularcomputerarchitecture®asedn backplanes,
suchas: VME [VITA], ISA, PCI [PCISIG], and Compact-PC[PICMG]. The more compact
ISA/PCI dervative PC-104/PC-1044PC/104 is not compactenough,and can also be dis-
counted.

Leaving therealmof standardisedhdustrialarchitecturesye caneitherchoose€rom amultitude
of commerciallyavailable non standardisedniniaturecomputerspr we candesignour own if
no suitablecommercialproductis found. In either case,the selectionand designcriterions
are similar, with primary focus on the CPU technologyand associategeripheraland support
systems.

Themarketfor CPUtechnologyis exceedinglycomple, asthenumberof combination®of tech-
nology, architectureword size,speedandl/O bandwidthis practicallyinfinite, andthousands
of differentproductsexist, coveringmostusefulcombinationof basicparameters.

Thereis no obviousway to decidethe optimal CPUtechnologyfor our GEECONSs but our wish
for asimpleandsmallsystemwith high I/0 bandwidthandgoodperformanceor highly repeti-
tive algorithmspointtowardsdigital signalprocessorsyr possiblyRISCbasednicro controllers.
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We have evaluatedvariouscommercialproductsbasedon DSP's or micro controllersin order
to establishif a suitabletechnologyexists, and have decidedto build our prototypesover the
Microline CPUmodulessoldby the Germancompaly OrsysGmbh.

Micr oline platform

OrsysGmbhhasspecializedn producingevaluationsystemdor variousTexasInstrumentdig-
ital signal processorand accompawing peripherals. Orsysproductrangeconsistof a small
numberof CPUmodulescontaininga TexasInstrumentD SR alongwith memory aRS-232in-
terface,andabusinterfaceto their own Microline Bus whichis a simpleextensionof the DSP’s
peripheralbus. The Microline Bus connectorsaremountedvertically alongthe boardedgesso
connectingnodulesarestacled,in thesamemannemsedby PC-104[PC/104

In additionto the CPU modules Microline alsomanufcturesa small selectionof I/O modules,
amongwhichis anlEEE-1394Firewire interface,whichis describedn chapter6.

(a) TMS320C32CPUmodule (b) IEEE-1394Firewire module (c) PSU+ Firewire + CPU

Figure4.2: VariousMicroline products

With aboardsizeof 98 x 66mm, the OrsysCPU modulescaneasilybe accommodatefly the
DT-VGT. EachOrsysboardoccupiesl 1mm of heightwhenthey arestacled,giving usroomfor
astackof upto 6 boards.

Themainfeaturesof the Microline rangeof CPU’s are:

128K - 512K of bootFLASH.

Low Power consumption< 10W
Acknowledgedby TexasInstruments
Supportedy TI's SWdevelopmentools
Programmablén C aswell asassembler

32-bit20MHz Microline peripherabus
2- 16 DMA channels
40-900MFLOPS

20-1336MIPS

128K - 2MB of RAM.

The entirerangeof Microline CPU modulessurpassethe overall performanceconsiderations
establishedn thelastchaptemwith a wide magin, andapartfrom afew correctabledravbacks,
thetechnologyis quite suitablefor our purpose.The majordravbacksare:
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The connectorsusedfor the Microline bus are not suitedfor industrialenvironments,as
they areproneto long termfailureswhensubmittedo vibrations.

TheMicroline bushasa poorEMC designwith excessve loop areador sensitve signals

The selectionof I/O boardss virtually nil

Theavailablepower supplyboardsaretoo large

Theconnectoquality doesnotconcerrusduringthis projectastheprototypecontrollersareonly
subjectto industrialconditionsfor shortintervals during testing. Whenan industrialversionis
to be implementedthe connectorsan be exchangedpor the electronicscan be re-engineered,
dependingon theamountof controllersto be manufctured.

The poor EMC designdoesnot affect operationunderlow noiseconditions,but increaseghe
susceptibilityto magneticandelectromagneticouplednoise. Theproblemcanberemediedvith

propershielding,by manuallyaddingexternalgroundconnectionsbetweenconnectingooards,
or by redesigninghe electronics.

Thepoorselectionof I/0 boardsforcesusto implementaninterfaceto a usefulandpopularl/O
standardor to implementour own 1/0O boards.We will discusghisissuein chapters.

Thesizeof the Orsyspower supplyboardss a minor problem,asa suitablepower supplyboard
caneasilybeimplemented.

4.3 Architecture

Thethreemajorcomponent# ourbasicarchitecturerethe CPUmodule thebackbonenetwork
interface,andthel/O interface.Having decidedo go with the Microline CPUmoduleswe have
investicated several possibleways to implementthe remainingnetwork and I/0O components
in a compact,efficient and flexible way. A lot of our resourceshave beenallocatedto this
developmentwhich have involved several separatéterationsover both network andl/O, before
bringingthemtogetherin thearchitectureoutlinedin figure. 4.3.

1st April 2003 61



Document: Modular control of industrial mechanics
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Figure4.3: Architectureof GEECON

Our considerationsegardingthe detailsof the backbonenetwork andl/O systemaredescribed
in separatehapters.Herewe will only describehow thesesystemshave beenintegratedinto a
flexible, yet powerful andcompactunit, involving atotal of only 3 circuit boards:

e Motherboard
e Microline/OrsysCPUmodule
¢ /O daughtetboard

Mother board

All componentsvhich areindependentf the hostmechanisnhave beenassembledn a single
circuit boardthatactashostfor a CPU moduleandan applicationspecificl/O daughteboard.
This motherboard implementghe following functions:

e Pawersupply

o Network interfacefor thebackbonenetwork

e Reconfigurabld/O logic

e Connectorgor power, network, RS-232,andReset.

The motherboardis the samesize asthe CPU module,andis configuredwith connectordor
the Microline bus on oneside,anda setof connectorgor the daughtetboardon the otherside,
effectively forming the centerof a sandwit betweera CPUmoduleandan|/O daughtetboard.
Thedocumentatiorior the motherboardcanbefoundin [Kyrping-A].

62 Anders Stengaard Sgrensen



WBS code: 0-01.C01.a03 CHAPTER4. EMBEDDED PLATFORM

Power supply

As the GEECONsareto be integratedwith mary differenttechnologiesthe characteristicef
the available power supplymay vary from applicationto application. In industrialapplications
we will typically encounteroltagesupply’s of: 400VAC, 230VAC, 200VAC, 110\AC, 48VDC,
24VDC,or 12VDC.In anindustrialenvironment,ary supplyvoltageusedfor power distribution
is proneto variationsandnoise.

The 3 boardsof our GEECONrequiressV and+12V with minimal variationandnoise,which
is provided by a setof integratedDC-DC corverterson the motherboard.One supplies+5V,
onesuppliest12V, andoneis usedto generatea supplyvoltagefor externalpurposestypically
24V. Thelastcanbe omittedif all necessaryoltagesarereadily available from othersources.
All threeDC-DC corvertersareof the sametype,andareall ratedfor 10W of output.

We have decidedo use48V DC-DC corverterswith aninputrangeof 36 . . . 75V for thefollow-
ing reasons:

¢ In caseswherethe supply voltageis to be distributed and usedfor other purposeghan
supplyfor GEECONSs;jt is moreefficiently distributedat high voltages.

e 48V isjustlow enoughto avoid hazardousoltagerestrictions.

e 48V is usedby the power amplifierswe have developedfor the DT-VGT. Adopting the
samevoltageassupplyfor the GEECONssavescritical spacen theDT-VGT application.

In applicationswhere36 ... 72V is not readily available,the DC-DC corvertersof the mother
boardmusteitherbe exchangedopr anappropriatevoltagemustbe generatedrom the available
power supply

Network interface

The ARC-netinterfaceusedas backbonenetwork is implementedusing a dedicatedARC-net
controllerlC [COM200273 whichis directly compatibleto the Microline bus. The controllerIC
andaccompaying transcever is placedon the motherboard,andis directly connectedo the
Microline bus.

Our considerationandexperienceconcerninghe backbonenetwork aredescribedn chapter6.

Reconfigurablel/O logic

As describedn chaptel5, thel/O systenthatconnectshe GEECONto the hostmechanicahost
moduleis basedon reconfigurabldogic, implementedvith anField Programmablé&ateArray
(FPGA).The FPGAiIimplementghel/O logic of theapplicationin questionwhile thenecessary
signalconditioningetc. is performedwith the dedicatectircuitry of thel/O daughtetboard.
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The FPGA s placedon the motherboardwhich connectrelevant signalsof the Microline bus
to its I/0O pins, enablingthe FPGAto performasa multi purposeperipheralo the CPU. A few
FPGAI/O pinsareallocatedfor statusanddehuggingpurposesbut the bulk of FPGAI/O pins
areconnectedo the l/O daughtetboardthroughtwo verticalconnectors.

I/O Daughter board

In orderto connectthe FPGAI/O signalsto the externalworld, a certainamountof signalcon-
ditioning, signal corversion,filtering, buffering etc. is necessaryThis dependentirely on the
application,which is why we have relegatedthesefunctionsto a separateboardthat can be
specificallydesignedor a givenapplicationwithout compromisinghe generalityof the overall
architecture.

The Daughterboard developedfor the DT-VGT is equippedwith CAN-BUS controllersand
transcerers, an analogto digital corverterwith appropriateanalogsignal conditioning,anda
numberof buffersfor digital inputandoutputsignals.TheDT-VGT daughteiboardis described
in moredetailin section7.4.

It hasnot beennecessaryo developa daughtetboardfor the PA-10 application,aswe areusing
aprototypeMicroline/ARC-Netboardto communicatevith the native PA-10 controller

The CPU module

The Microline CPU modulesare downward compatible which makesit possiblefor usto up-
gradetheCPUmoduleif theneedarises. Althoughwe choseghecomparablynodesdOMHz/40MFLOP
Microline C32 board[Orsys-A] at the beginning of the project, we have not yet hadreasonto
upgradeo afastertype. The C32boardis build overaTMS320C32DSR with 2MB 1 wait-state
external RAM, and512KB external flashROM for programstorageetc. The CPU moduleis
alsoequippedvith anRS-232interface(UART) usedfor programmingandprograminteraction.
The Microline busis a simplederiation of the TMS320 peripheralbus, andthe Microline in-
terfaceconsistsof a few line transcerersandsomecombinationalogic. Thetiming of the bus
interfaceis poorly documentedandwe hadto reverseengineeithe necessaryiming specifica-
tionsfrom the componentlatasheetsn orderto designandimplementperipheralcomponents.
[Sarensen-B]Sgrensen-C]

4.4 Experience

The platform developmentfor the GEECONshave beenboth successfuandencouraging.The
FPGAbased/O systemhave allowedusto implementa systemwhichis compactgefficientand
providesanelegantsoftwareinterface,allowing very simpleandefficient low level software.
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Although we have concentratedn integration with the DT-VGT platform, experimentshave
beenconductedvith otherapplicationdor our systemaswell asit’s individual components\We
have:

¢ Supervisedhe successfuintegrationof a GEECONwith the native controllerof a PA-10
robot— seechapter8.

e ComposedheDT-VGT andthePA-10into anaggreatedrobot,controlledby two GEECONSs,
andusedit to demonstratexn industrial procesqspraypaintinga wheelbarrov) — see
chapterO.

e Demonstratetheflexibility of the GEECON,by offeringthetechnologyto otherprojects.
Mostnoteworthy is theuseof our GEECONasinterfacefor a prototypeultrasonicscanner
wherewe have demonstratethe ability to performl/O operationsat atrateupto 60 Mhz.

At this time, we have testedand verified the network componentof the GEECONSs,aswell
asthe centralcontroller but we have not yet hadthe opportunityto integratetheminto a truly
distributedsystem.

Thecompactandefficienttechnologythathave beendevelopedfor the GEECONsdemonstrate
thestrengthof aninterdisciplinaryovervien andapproacto computersystemaiesign.

4.5 Conclusion

The genericembeddeaontrol node(GEECON)technologydevelopedin this projectcomplies
with or exceedsall our demandgor sizeandperformanceandwe have demonstratethatit can
be usedto controlboththe DT-VGT andthe PA-10 robot usedasdemonstratorg this project.
We areimpressedy theflexibility of our genericl/O systemandareconfidentthatit allows us
to interfacethe GEECON!Tto ary industrialmechanisnwe mayencountein the future.

We areawarethatthe currentimplementatiordoesnot meetindustrialdemandgor mechanical
robustnessbut thetechnologyitself doesnot preventindustrialimplementationsandcaneasily
beupgradedor industrialuse.
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Chapter 5

Genericl/O

Abstract
Thequestfor a generic,yetcompact/O systemhasled usabandortherelianceon specialized
peripheralC’s andmodulesjn favor of reconfigurabldogic, which canbe configuredfor
almostary concevablel/O function. An additionalbenefitof this approachs thatary 1/0
functioncaneasilybe portedto othercomputeiplatforms

Computerdesignerdave always facedthe dilemmabetweenmodularity andintegration. The
two designstratgiesarealmostmirror imageswith respecto benefitsanddravbacks,andthe
fateof mary computermlatformshave beendecidedby the balancebetweerthetwo.

Table5.1lindicatesthe main propertiesof the modularversus.integrateddesignparadigms.

The modularparadigmis excellentwhendealingwith complex systemswhereflexibility with

respecto expansionrandupgradesreimportant. Theweakpoint of themodularparadigmis the
underlyinginfrastructurewhichwill limit theextentof expansionaddcompleity andoverhead,
aswell asrequiring additionalspacefor electronicand mechanicalinterfaces. The needfor

mechanicainterfaces suchasconnectorswill alsoaddto thevulnerability of the system.

The integratedparadigmis good whenthe systemfunctionality is known in advance,andnot
likely to changeover time. As thereis no needfor internal moduleinterfaces,an integrated
systemcanbe mademuchsmallerandcheapethana modularone.

Property Modular system Integrated system
Design Architecture thenmoduleby module| Total system
Expansion Add nev modules difficult

Upgrade Changemodules difficult

Cost High Low
Spaceconsumption High Low

Table5.1: Comparisorof modularversus.integratedsystems
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Figure5.1: Thefundamentatomponent®f 1/0

5.1 The fundamentalsof I/O

The purposeof an /O subsystems to facilitate interactionbetweenthe CPU andthe external
world. In orderto dothis, thel/O systenneedgwo fundamentatomponents.

1. A physicalinterface,to translatebetweerphysicalelectricalsignalvalues— voltage,cur-
rent,resistancetc. andtherelevantdigital representationf thesesignals.

2. 1/0 logic, to store transformandcontrolthe digital representationf I/0O information,and
present/sampli to/from the physicalinterface.

In additionto the two fundamental/O functions,we mustalso provide somechannelof com-
municationbetweerthe CPUlogic andthel/O logic.

Practicall/O componentdave a very tight integration betweenthe I/O logic andthe physical
interface,asindicatedin the D/A corverterexamplein figure 5.2. In mostcaseshe I/O logic
comedully integratedwith theessentiapartsof the physicallayer, in asingleintegratedcircuit.
Such1/O IC’s will typically represeniphysical signalsin somecanonicalform — usually a
voltage— thatmustoftenbe amplified,convertedor conditionedn someotherway beforeit is
suitablefor connectiorto the outsideworld. We will referto this partof the physicalinterface,
ascanonical

If theD/A corverterin figure5.2is to drive aload,e.g.amotor, it's outputmustbeappropriately
conditioned,usinge.g. a currentamplifying transistor We will referto this partof the physical
interfaceassignal conditioning

In additionto signalconditioning,practicall/O systemsieedan electromechanicahterface,in
the form of suitableconnectorstc. to allow connectionof the electricalsignalsto or from the
I/0 system We will referto this partof the physicalinterfaceasmedanical

While the I/O logic of figure 5.2 is rathersimple comparedo the physical interface,most1/O
subsystembave morecomple I/O logic. Partly becaus¢hey performmorecomplec I/O opera-
tions,andpartly becauseompleity maybesuccessfullyransferredrom the physicalinterface
to thel/O logic, to enhanceerformancendlower cost.
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Figure5.2: D/A corverterexample

The CPUto I/O link

PracticalCPU’'scommunicatavith externalresources— memoryandl/O subsystems—through
acommoncommunicatiorbus. In orderto exchangenformationwith a CPU, 1/O systemsnust
have a businterfacethatis compatiblewith the CPU with respecto logic levels, protocoland
timing.

Thelevel of modularityin atraditionall/O systemis primarily determinedy the way the com-
municationbus betweenCPUand|l/O componentss designed.

In non modularsystemsthe I/O componentsare connectedo the bus on PCB level, with no
meansof exchangingor reconfiguringthe I/O componentsA typical exampleof thisis acom-
putermain-boardwith integratedserial ports, printer port, network interfaceetc. In this case
thel/O componentassociateavith on-board/O areconnectedo the CPUin afixedway. This
approacho I/O is bothcost-andspaceeffective, but requireshel/O requirement®f thesystem
to befixedandknown in adwance asit is completelyinflexible.

In traditionalmodularl/O systemsthemodularityis achiezedby integratinga suitableconnector
schemewith the bus, letting a connectobetheinterfacepoint betweerthe busandthe /O sub-
system.This approactgivesa very flexible architectureput requiresdesigneffort, components
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Figure5.3: Typical modularl/O system

andspacdor thebusinterface,addingexpenseandspaceaequirementso the system.

The bandwidthand electronicreliability of sucha systemis largely a function of the number
of connectorslots for /0 modules,combinedwith technologyusedfor bus drivers and bus
transmissiorlines, including connectors.The mechanicareliability is primarily a function of

the connectoquality andthe quality of the mechanicafasteningof thel/O modules.

Traditional modular 1/0 systems

The bus-level modularityhave beendominantin computerarchitecturdor decadesanda large
numberof official aswell asde factostandardgor bus interfaceshave evolved over the years.
Amongthe mostpopularwe find:

ISA is a de-facto standardfor 1/0 aswell asmemorymodulesfor personalcomputers.lt is
closelyrelatedto the memoryandl/O bus specificationf the Intel 8086 processqgrand
canbeimplementedisingonly ahandfulof component# additionto the8086. Thereare
few demand®n sizeandshape®f modulesaslong asthey cansupportthebusconnector

ISA busis intendedor homeuseandoffice use,andis mechanicallyunsuitedor industrial
use.

PCI Is an official bus standardfor personalcomputerdPCISIG]. As it's bandwidthis supe-
rior to ISA, it haslargely replacedSA for usein personacomputers.PCl usethe same
mechanicainterfaceasISA andis not suitedfor industrialuse.

VME s an official bus standardfor 1/0, memoryand CPU modules[VITA]. Logically it is
closelyrelatedto the Motorola68000bus, but hasvery high standardgor signalintegrity.
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Mechanically VME is build over the standardeURO rack system supportingthe 3U and
6U form factors.

VME is extremelyrobust both electronicallyandmechanicallyandis well suitedfor in-
dustrial applications. The main dravbacksof VME systemsare their high price, high
power consumptiorandlarge spacerequirements.

CompactPCI Is electrically similar to PCI, but is build over a standardEURO rack system
similarto VME [PICMG]. CompactPCl supports3U and6U form factorswith the same
mechanicateliability asVME bus.

While CompactPCl modulesarecheapeandlesspower hungrythanVME modulesthey
have the samerequirementgor space.

PC 104 Is electricallyidenticalto ISA, but build over a morerobust mechanicakonstruction,
replacingthe traditional ISA connectorswith stackablepin-headerdPC/104]. PC-104
modulesaretypically 90 x 95 mm, but moduleswith otherdimensionsaarecommon.Each
boardoccupiesl5mmof vertical spacevhenstacled.

Theuseof stackablgin headerso carrythe bus, makesit possibleto build quite compact
systemsaslittle spaceis wastedfor interconnectionsAs strict mechanicarequirements
arenotenforced PC-104is proneto impracticalmechanicasolutions gspeciallyregarding
connectiongo the outsideworld.

Industry Pack or IP is anofficial standardor industriall/O andmemorymodules.IP modules
areso calledmezzaninemodules,ntendedasboard-level ratherthanrack-level modules
[Mezz]. As such,they provide a hybrid betweenboard-intgratedl/O andfully modular
systemdike PCl or VME. IP connectorsanbe placeddirectly on CPU modules etting
IP modulesreplacecloselyintegratedi/O circuitry.

As IP modulesare intendedfor board-lerel integration, the connectortoward the outer
world is definedby the standardmakingit necessaryo introducean externaltransition
module,thatinterfacesbetweenthe standardP connectorandwhatever connectoltis in-
tendedfor the externalinterface.

IP moduleseffectively separaté¢he partsof thephysicalinterfaceof figure5.2. TheCanon-
ical partis implementednthe IP moduleitself, while themechanicapartis implemented
on a separatéransitionmoduleThe signalconditioningcanbe implementedn eitheror
bothmodulesasthedesignempleases.

While mary othermodularl/O systemsexists, the onesdescribedabove are representate of
the currentmarket for modularl/O systemswith closeintegrationbetweerthe CPUandthel/O
modules.
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Figure5.4: Typical IP moduleapplication

Figure5.5: Typical IP modulewith transitionmodule(notin samescalg

Other 1/0O systems

While usingatraditionalparallelbus asaninterfacefor modularl/O is still the dominanttech-
nology, othertechnologiehave evolved,to supportapplicationsvherethetraditionalmethodis
impractical.

Board-level serial busses: A large rangeof differentmicro controllersexistsfor embeddedp-
plications,but it is often necessaryo expandtheir build-in I/O capabilitieswith external
I/0O devices. In orderto maintaina high degreeof integrationandlow cost,several serial
bussesJike I2C and SPI have evolved to replacethe traditional parallelbusses.The se-
rial bussessene the samepurposeasparallelbusseshut requiresfewer componentsless
spaceanddesigneffort, atthe costof bandwidth.

As thereexists a large numberof 1/O IC’s supportingboard-lerel serialbussesit is per
fectly feasibleto designa modularl/O systemlike IP aroundthem, but in practicethey
are primarily usedin staticdesignsfor embeddedapplications requiringa high level of
integration.

Distributed I/0O: The closeintegrationbetweenCPU and|/O offered by the bus systemsdis-
cussedabove is impracticalfor applicationswherethe resourceontrolledor monitored
by thel/O is not placedcloseto thecomputer A typical exampleof thisis factoryautoma-
tion.

I/0 systemsbasedon industrial LAN’ s like ARC-netor CAN-bus have evolvedto avoid
theextensve wiring andsignalintegrity problemsassociateavith centralized/O systems.
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In distributed /O systemsgachl/O moduleis an autonomousomputerwith integrated
I/O functions.In essencethe board-or rack-lesel bussystems replacedwith aLAN, that
offersthe appropriatesignalintegrity andbandwidth.

5.2 Reconfigurabletechnology

Insteadof usingphysically exchangeableomponentsn the form of I/O modules,we have de-
velopedan I/O technology basedon configurablelogic networks, that achievesits flexibility
from the factthatthe functionality of the logical network canbe configuredfor a wide rangeof
applications.

We usea Field ProgrammableGate Array (FPGA) connectedo the CPU busto implementthe
businterface,aswell asthel/O logic. In digital /0O applicationsthe FPGAalsoimplementghe
canonicalpartof the physicalinterface,andmay evenimplementthe signalconditioningpartif
thereareno critical demanddgor buffering etc.

‘ FPGA ‘ CPU

Bus interface Bus interface CPU logic

Physical interface 1/0 Logic

VLN

VLN

Figure5.6: Block diagramof FPGAbased/O system

FPGA's

A FPGAIs basicallyanarrayof logic cells, thatcanbe configuredto performsimplecombina-
torial or sequentiabperations.A simpleexampleof a FPGA cell is shown in figure5.7. The
lookuptablecanbe configuredfor any combinatorialfunction, mappingfour inputsto oneout-
put, while the multiplexer canbe configuredto passthe registeredor unreggisteredoutputof the
lookuptable.
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Figure5.7: Simplifiedexampleof FPGAstructure

By placinga large numberof simplecellsin anarray with reconfigurablenterconnectionsit
becomegossibleto configurethe systemto performarbitrarylogical functions,limited only by
thenumberof availablecellsandinterconnections.

PracticalFPGAs have hundredsor thousand®f logic cells, allowing themto implementfunc-
tionsrangingfrom simplebooleanoperatorspver memoryblocks,to CPU’s andothercomple
state-machinesAs the cells performtheir operationsn parallel, FPGAs canimplementmary
individual functionsat the sametime. The massve parallelismof the FPGA makesit possible
to avoid the traditional bottlenecksof the CPU, makingit possiblefor FPGAs to outperform
softwareimplementation®f alarge rangeof simpleandrepetitve algorithms.

The internal signalsof the FPGA is in contactwith the external world througha numberof
specialized/O cells. Eachl/O cell controlsan I/O pin on the FPGAIC, andcantypically be
configuredfor Input, Outputor bidirectionaloperation.

TheFPGAs usedduringthis projecthave beenthe:

Xilinx XC4010XL: TheentireXC4000serieshavelogic cells(CLB’s)with amodesttomple-
ity. [XC400Q. TheXC4010XL have atotalof 400CLB’s, organisedn anarrayof 20x 20,
giving it atotal compleity equialentto 10,000gates.[XC400D

Xilinx XC4020XLA: Have atotal of 728 CLB’s organizedin a 28x28 array giving it a total
complity equivalentto 20,000gates.[XC400D

Xilinx XC4044XLA: 1600 CLB’s organizedin a 40x40 array giving it a total compleity
equialentto 44,000gates.[XC400D

Xilinx XC2S200: The entire XC2S series(Spartanll) have more complex andflexible CLB’s
thanthe XC4000series,increasingthe functionality of eachCLB dramatically In addi-
tion, the Spartanl serieshave on boardRAM, which freesalot of CLB’s in applications
requiringmemoryregisters. The XC2S200have 1176 CLB’s and56K bits of block RAM,
giving anoverall systemcompleity equivalentof 200,000gates[XC2S]
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All FPGAs usedin this projecthave their configurationdatastoredin configurationRAM cells,
makingit necessaryor the FPGAs to readtheir configurationdatafrom an external PROM at
eachpower-on.

Specificationand programming

FPGAsaremuchto complicatedo be programmeadnanuallycell by cell usingboolearalgebra.
Insteadwe usedevelopmentoolsthatallow usto specifythefunctionalityin a high level spec-
ification languageandthentransformthe specificationnto low level configurationdatafor the
FPGAIn question.

Oneof the main benefitsof this approachs our ability to reusethe high level specificationon
otherFPGAs, allowing usto move acrosdifferentFPGA platformsquite easily

Oneof the main dravbacksof this approachs that we separateur knowledgeof the internal

FPGA architecturefrom the functional specification leaving performanceoptimizationto the

developmentsoftware. If thefull performancepotentialof the FPGA s to be utilized, we need
to apply our knowledge of the FPGA architectureat somepoint of the developmentprocess.
Experienceshavs thatwhendemanddor performanceandcompleity increasessubstantially
moretime is usedin assistingthe developmentoolsto implementa designfor a specificFPGA,

thanin specifyingthe functionality

While the useof high level specificationanguagesioesnot remove the hassleof meddlingwith
platform specificdetails,whenhigh performancas involved, our experienceshows thatit is an
excellenttool whenflexibility is moreimportantthanperformance.

We useVHDL asspecificationlanguage and usethe FoundationISE integrateddevelopment
tools from Xilinx to transformour high level designsinto configurationdatafor the devices.
VHDL is very similar to programmindanguagesisedfor software,asit allows the sourcecode
to be brokendown into moduleswith well specifiednterfacesthatcanbelinkedtogether

Ar chitecture of I1/0 subsystem

Thearchitectureof our FPGAbased/O systemis equialentto atraditionall/O systemaswe

useVHDL modulesn theplaceof physicalmodulesandwe connecthe VHDL 1/0O moduleso

acommonCPU interfacemodule.As shavn in figure5.8,a numberof I/O modulesaredefined
in VHDL andconnectedo the CPUinterfacewhichis alsodefinedin VHDL. While theinterface
betweenvHDL modulesarespecifiedaspartof the modulesthe physicalconnectiondbetween
theVHDL modulesandtheexterior of the FPGAgoesthroughthel/O cellsof the FPGA,which

cannotbecompletelyspecifiedn VHDL.

The hierarcly of the specificationmodulesare shovn in figure 5.9. The top level moduleis
written in VHDL, and definesthe infrastructureof the system. It specifiesthe signalsgoing
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Figure5.8: Architectureof FPGA/VHDL based/O system

in andout of the system,anddefinesthe internal structureof the I/O systemby including and
connectinghe appropriatanodules.

Thetop level moduledoesnot specifythe physical propertiesof the signalsgoingin andout of

the FPGA. Theseare specifiedby the constraintsnoduleor -file. The constraintdile specify
propertiedike which pin to allocatefor which signal,outputslew rate,pull up/davn resistors,
timing constraintetc. It is of coursehighly device specificandmustbe adaptedo eachdevice

we usefor thel/O system.

Thetop level designincludesa numberof VHDL modulesdefiningthe CPU interfaceandthe
I/O modulesneededo performthe neededunctions. All thesemodulesaredefinedin VHDL,

and may themseles include modulesfor sub components.While we wish to stay as device
independenas possibleby using pure VHDL, the benefitsof including a device specificsub
componentanbe so overwhelmingthatwe aretemptedor forcedto do soevenif it meange-
implementingthat part of the designwhenmoving to other FPGA platforms. This is typically
true for memoryblocks, wherewe cantypically reducethe CLB countwith a factorof 16 or
moreif we usedevice specificsubcomponents.

Therelationbetweenthe differentcomponent&andlevelsin the designhierarcly areillustrated
in figure 5.10, shaving the physical signal propertiesbeing definedby the constraintsandthe
logical propertiesby thetop level VHDL module. The top level modulealsodefinesa suitable
infrastructureo connecthe CPU interfaceto thel/O modules.
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Simulation

A substantiabenefitof the modularity of the VHDL specifications thateachmoduleor com-
ponentcan be simulatedin orderto establishits correctnesgrior to implementingthe whole
system.This is doneby definingatestbend in VHDL. Thetestbenchwill submitthe module
undertestto arangeof stimuli andverify theresponseThestimuli will typically beasimulation
of the signalsthe realmodulewill encounteundertypical andextremeoperation.

Simplesimulationtools will not take device delaysinto accountbut arestill usefulin orderto
establisithelogical correctnessf thedesign.More sophisticatedoolswill simulatetheinternal
signaldelaysin theFPGA ,andverify thecorrectnessf thedesignwith respecto specifiedsetup
andholdtimes.

Unfortunatelywe are not in possessiomf a simulationtool thatwill allow usto simulatethe
numberof signalswe needfor our modulesruling out this valuablemethodof verificationand
delugging. Fortunatelyour designsare simple enoughthat we canseethroughlogical errors
without simulation,andthat we canverify anddehlug timing by externalphysical means.This
approachis a usablepracticalalternatve to simulation,but doesnot allow us to vary the test
conditionsfrom thetypical situationin our physicalsetup.

5.3 Hardware platform

Duringthe courseof this project,we have implementedur 1/O systemon anumberof hardware
platforms,for 3 differentCPU interfaces.

Platforms for the Micr oline bus

Our mainobjective is to supplyan|/O systemto the Microline bus,aswe useCPU’s with this
bus interfaceto control our DT-VGT robots. In orderto accomplishthis, in the faceof tight
demanddor size,we have developed3 differentFPGAbased/O boardsfor the Microline bus:

16 bit Testboard: Using a pieceof prototypingPCB, a PLCC versionof a XC4010XL were
connectedo the relevant signalsof the Microline bus, using prototypingwire. Using
layersof copperand polycarbonatdape,we were able to supply HF stablegroundand
power supplyto the package ensuringa stabletestboard,that allowed us to verify and
improve our basicdesignideas.The PLCCversionof the FPGAdid not have enoughpins
to supporta full 32-bit bus, so only 16 bits were usedon this first version. The digital
I/O signalsof this boardwere available on a 25 pin sub-D connector enablingsignal
conditioningHW to beimplementedn otherboards.

32 bit prototype board: By designinga 2-layer PCB, a TQFP-144versionof a XC4010XL
wereconnectedo the Microline bus,usingthe entire32 bit databus. This prototypeboard
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usea 68 pin SCSI-Ill connectorto allow easyandreliable connectionof 34 high speed
digital I/O signalsto external boards,by way of ribbon cable. Greatcarewastaken in
theHF aspectof the PCBdesign,andthe boardhave successfulljpeenusedat speedof
80MHz.

Theboardis compatiblewith all XC4000seriesFPGAs with a TQFPof PQFP-14400t-
print, andhave beenusedsuccessfullywith XC4010XL, XC4020XLA andXC4044XLA
devices. The boardhave beenusedfor a rangeof projectsandapplicationsyangingfrom
controlof aDT-VGT robot,to controlof anautonomouguidedvehicle,to high speediata
acquisitionfrom anultrasonicscanner

32bit mother board: Thepressureéo makethecontrolunitfor theDT-VGT eversmallerledto
the decisionto designa new boardfor the Microline bus,combiningthe Microline power
supply the FPGAbased/O andthe ARC-netnetwork interfaceto connectto the central
controller Thenew boardwasdesignedo allow amorecompact cableless- connection
betweenthe FPGA (mother)board,andthe boardsupplyingthe signalconditioningHW
(daughteboard).Thetwo boardsarenow connectedy two verticalconnectorsallowing
theboardto be stacleddirectly ontop of eachother

The combinationof PSUandl/O board,in combinationwith the spacesaving connection
betweerFPGA-anddaughtetboardis avery spaceefficient solution,allowing acomplete
systemto bebuild with a stackof 3 boardsmeasuringonly 14 x 7 x 5 cm.

I/O for other CPU’s

Ourinvolvementin projectsbesidethe DT-VGT have led usto interfaceto two otherbusses:

Industry Pack: In orderto interfacea VME computerwith supportfor Industry Packs,to the
motorsandwheelsof an electricvehiclé’, we mounteda PLCC versionof a XC40100n
an|P prototypingPCB.

PCI bus: As an opportunityto gain knowledgeof the PCI bus, we definedand supervisech
final projectfrom OdenseEngineeringCollege, porting our I/O systemto a Spartan-Ii
basedexperimentatiorboardfor the PCl bus[Knudsen0).

5.4 Inter nal architecture

Thearchitectureof the systemis areflectionof our mainobjectvesandthetechnologicapossi-
bilities.

1An Ellert
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Figure5.11: FPGAI/O boardsfor Microline bus
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Objectives

Our objectie is to develop an I/O systemthat cansupplyall the typesof I/O neededor robot
control,to alargerangeof computeiplatformsor computetbussesincludingMicroline, Industry
Pack,VME, ISA andPCI.

To demonstratéhe systemwe will implementan1/O systemfor the OrsysMicroline bus,inter-
facingit to thel/O necessaryo controla hydraulicDT-VGT robotmodule.

ThepopularCPU busses/intedcesmentionedabove areall very similar. They areall organised
in 8, 16 or 32 bit words, discriminatedwith a binary addressinggcheme.The maindifferences
lie in the buswidth, the addressingnodes the timing andthe synchronisationBy choosingan
internalarchitecturehatis similarto the popularbussesye canlaterdevelopefficientinterfaces
betweenour I/0O subsystenandthe variousexternal CPU interfaces.It will alsobe possibleto
interfaceto arangeof otherparallelandserial CPU interfaces.

Basedonourexperiencewith robotcontrol,we know thatthemostlikely 1/0 interfaceswill be:8
— 16 bits analoginputsandoutputs digital inputsandoutputs,quadratureencodeiinputs,pulse
width modulated(PWM) outputsand an array of 8-bit field bussesjncluding e.g. CAN-bus,
ARC-net,andSERCOS.

Registersand addressing

We choosea word width of 32 bits, asthis is directly compatibleto mostmodernCPU’s, andis
sufficient for all I/O applicationswe have previously encounteredThe 32 bit architecturecan
be represente@dsan array of smallerwordsif we interfaceto architecturesvith smallerword
lengths,andasafractionof aword if we interfaceto architecturesvith largerword lengths.

In orderto make the systemeasyto understandandwork with, we have chosena simpleand
traditionalasynchronouslgharedusarchitectureo link thel/O modulesandthe CPUinterface.
The internal bus is inspiredfrom VME bus, which we have a lot of experiencewith. In the
clarity of hindsight,we shouldhave chosera differentarchitectureasthetraditionalsharedous
offerspoorperformancevhenimplementedn a FPGA. In fact, cornvertingour designto amore
optimal architecturenasa high priority amongour future work. We find thatthe openinterface
WISHBONHWishbonel]is a very promisingalternatve for this line of researchthatshouldbe
investicatedfurther

Eachl/O modulewill berepresentetdy a numberof 32-bit registers,placedwithin oneor more
blocksof the systemdotal addresspace.We chosea 16 bit addresgus, giving the systema
total capacityof 2'6 32 bit registers. The decodingof the 16-bit systemaddressusis local to
eachl/O module.

Only two operationsareallowedon theregisters:readandwrite. Eachoperationis signalledby
the CPUinterface,by assertingaread or write signal. The CPUinterfacemaybeimplemented
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in sucha way thatotherexternaloperationssuchasblock reador write are supportedowards
theexternal CPU.

As theamountof time neededor readandwrite operationsnayvary betweerthe I/O modules,
and aswe do not know the speedof the external CPU, we needa mechanismnto control the
speedof theinternaldataflow. Eachl/O modulewill assertinacknavledgesignalwhenaread
or write operationis successfull}completed.The CPU interfacewill wait for this datatransfer
acknowled@ signalin orderto finishthecorrespondingxternaldatatransferforcingtheexternal
CPUto generatavait-statesf necessary

5.5 /0 modules

During the courseof this project,our FPGAbased/O have beenusedfor a variety of applica-
tions, primarily for roboticsandindustrial control, but we have alsocontritutedto otherareas.
A list of known applicationsaregivenbelow:

e ReadOnly Memory e Dual power bridgecontroller

e 8 bit binaryoutput e Quadratureounterdor encoders

e 2digit (8 bit) hexadecimalisplay ¢ Ramp generatorwith integral delta-sigma
DAC

8 digit (32 bit) hexadecimalisplay
e 10-bit 60MHz peak detector with RAM

e SPlinterfacefor 8 channelADC buffer

e SPI/CANinterfacefor Temposonicsensor ¢ Dot matrix displaycontroller

e VariousPWM generators e Interfacefor Playstationcontrolpad
e |[RQ controller e Endiancorverter
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Evidently, someof the modulesike the ROM module,hasno externalconnectionsandis not
reallyanl/O module.Thesamaeis truefor our endiancorverterandIRQ controller As they have
all beenimplementedo supportvariousl/O applicationswe find it relevantto mentionthemall
thesame.

Structure

Thel/O modulesareall designedverthesame
basicstructure shovn in figure5.13.

Thememorymaysimply beasetof latchesor = 20 --------- oo
anassemblyof block memorye.g. dual ported Clock(s) N
RAM. It is controlledpartly by theinternalbus, }

via the bus controllogic, andpartly by the 1/O —

logic. DTACK =———

. . WR_STRB——= BUS E—
The bus control logic containsan addressde- | rp stRe—— | control

coder andthe necessaryogic to allow thein- addresy | "¢ [ —— YOl%F
ternalbusto accessthememoryin awaythatis
consistentvith boththe bus specificationsand 4 @
the purposeof the /O module. Bus eventscan
besignalledto thel/O logic.

sfeubis O/

snq [eusau

Data Memory

The I/O logic interfacesthe external world NV
to the contentof the memory This may be
achieved by direct representationasin a dig-
ital 1/O application,or by more or lesscom-  Figure5.13: Basicstructureof /O modules
plicatedsequentiabperations.It might utilize

clock signalsfrom the top level design,andit

may also export IRQ signalsto an IRQ con-

troller throughthetop level design.

Evidently, moduleswithout direct1/O functionality, like ROM modules,doesnot have external
connectionsandtheir internallogic, if ary, shouldnot be calledl/O logic, but they areimple-
mentedover the samebasicstructure.

5.6 The CPU interface

Although we have implementedCPU interfacesfor 3 differentbus architecturesye will only
discusgheinterfacefor the Microline bus,asit is centralwith respecto our overall project.
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The Micr oline® bus

The Microline bus which is definedin [Orsys-A], is a simple synchronous32 bit bus, with a
40/50/60MHzbusclock. It is build uponthe native I/O busof the TMS320C32DSPfrom Texas
Instrument§TMS320C32, with theadditionof anumberof controlsignals.TheMicroline® bus
is acompar standarddevelopedby OrsysGMBH, astheperipherabusfor theirDSPsolutions.

Thetiming is slightly differentfrom the original TMS320C32specificationsas Orsyshave in-
sertecbuffersandcontrollogic in somedatapaths.Unfortunatelytheexactnatureandmagnitude
of thedifferencesarenot describedn the Orsysdocumentationandwe hadto reverseengineer
the CPUmodulein orderto obtainusefulltiming specificationgSgrensen-B].

As thel/O bandwidthrequirement$or the presentapplicationsaremoderatewe have settledfor
a simpleimplementatiorof the bus interface,that typically requires3 bus cyclesfor eachl/O
operation.A detaileddescriptionof ourimplementatiorexistsin [Sgrensen-C].

Discussion

While it seemdike a simpletaskto designa CPU interfacefor a bus like Microline® , our
experienceshov thatthe desireto achiere high performancecomplicategnatter aswe have to
make a designthat can benefitfrom the typical timing characteristicsyhile still work under
worstcaseconditions.

We weredisappointedhatit wasnotimmediatelypossibleto designa businterfacethatallow us
to completebus operationsn two clock cycles. The useof anasynchronousternalbusis one
of themainproblemsin achiezing two cycle operationaswe bothneedto synchronizehe data
transferacknavledgeto the external bus cycles, and provide a suitabledelayto accommodate
setupandholdtimes.

Thebusdriversandcontrollogic Orsyshave insertedn front of the CPUis alsoa complication,
asthesignaldelayscausedy thesecomponentsieterioratehe setupandhold maiginsin thebus
timing. Our obsenationssuggesthat Orsys’ specificationgor worst casesignaldelaythrough
their controllogic arefar too conserative comparedo typical delays.If this suggestiorcanbe
verified, we could probablycut oneclock cycle off 1/0 operations.The samebenefitcould be
obtainedby abandoninghe Orsysboardin favor of anintegratedDSP/FPGAmModule.

The currentCPU interfacewas designedat a time whereour experiencewith VHDL andthe
Microline® bus werelimited. We feel that both performanceand clarity might benefitfrom a
redesignof the whole CPU interface,but arereluctantto committhe necessaryesourcesntil
we canredesigrthewholeinternalcommunicatiorscheme.
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5.7 Conclusion

Much of our efford duringthis projecthave goneinto the genericl/O systemaswe feel thatthis
technologyis oneof the primary factorsthatwill enableusto interfaceour genericembedded
controlnodeswith practicallyary roboticsmodule.

The genericl/O technologyhave lived up to, andsuperseededur initial expectationsasit has
provenitself to be a very powerfull tool whendesigning developingandintegratingembedded
controltechnology

Theadwantage®f thetechnolgycanbe summedup as:

e Theflexibility of thetechnologyensuresnextremelybroadareaof compatibility enabel-
ing usto interfaceto virtually any externalelectronicsystem.

e The speedand massve parallelisminherentin the technologyensuresa very high 1/0
bandwidth,that exceedsary bandwidthrequirementwe have encounteredn industrial
controlsystems.

e Theflexibility of the technologymakesit ideal for rapid prototyping which makesit a
very attractve platfromfor researclanddevelopmenthatinvolvesl/O.

e The specificationof I/O componentsan migratebetweendifferentcomputerplatforms,
makingthetechnologyvery interestingfor researctanddevelopmentinvolving heteroge-
neouscomputemlatforms.

Although we have not chosenthe most optimal way to implementour technology we have
developeda completelyoperational/O systemthatsatisfiesandexceedsour requirementsvith
respecto flexibility, performanceandsize. Additionally, ourimplementatioris flexible enough
to allow externalprojectsto benefitfrom rapid prototypingsolutionsbasecon our I/O system.

5.8 Futurework

Theprospect®f thistypeof /0O aresointerestinghatwe recommendt asanindividualfield of

interestfor the COmputerSystemsEngineering (COSE)researchat SDU. During (andparallel
with) this projectwe have alreadyshaown it’s rapid prototypingbenefits,dramaticallyreducing
developmentimesfor computetlinterfacesaswell asit’ s potentialfor bridgingthe compatibility
gapbetweervariouscomputemplatforms.Thegreatpotential— aswell asemeging commercial
trends— leadusto believe thatthis technologywill becomequite commonin I/O applications
within thenext few yars.

We reccomendh continuationof our work, with immediateattentionto the following areas:

2Datateknolgi in Danish
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o Completeredefinitionof theinternalarchitectureto make it compliantwith anopeninter
facespecificationrsuchase.g. WISHBONEWishboné, andto utilize the inherentarchi-
tectureof the FPGADbetter

e Contemplatiorof the interfacebetweenFPGA and external signalconditioning,in order
to suggestlesignguidelinesthatwill facilitatecompatibility betweerfuture applications.
It might prove usefullto consideremeging productstandarddike DIME and DIME-II
[Dime] for futureapplications.

¢ Researclof thepossibilitiespresentedby allowing thehostCPUto reconfigurehe FPGA
dynamically allowing the hardware specificationto becomeentagledwith the interface
software.

e Investigation of alternatve specificationlanguageswith different levels of abstraction
from VHDL, e.g.Handel-C[Handel-G
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Chapter 6

Network

The choiceof network technologyis, in mary ways, one of the mostcritical decisionsof this
project. Any of the genericembeddecaontrol nodes(GEECONSs),aswell asthe centralcon-
trol nodecanbe transferedo a differenttechnology without affecting the othernodes,aslong
asthe network and protocolsremainunchangear at leastcompatible. Changingthe network
technologyon the otherhand,implieschangedo every nodeof the system.

6.1 Overall network demands

In chapter3, we establishedhat the network technologyshouldbe asfastaspossible,and at
leastsupportisochronousdata streamswith a bandwidthof 2Mbps and a worst caselateny
belov 500 us.

In additionto thesedemandsthetechnologymustposeghefollowing characteristics:

¢ Reliable operation during continuous use in heavy industrial ernvironments. This
propertyrelies on signal integrity aswell as mechanicarobustness.As the prototypes
developedfor this projectis only meantasa demonstrationye areallowedto save time
andresource®y implementinghe network technologyin alessrobustway, aslong asthe
technologyitself doesnotinhibit laterupgradedo industrialstandards.

e Support for asynchronousdata. As we needto passcommandsstatusinformation, pa-
rametersetc. betweerthe centralcontrollerandthe GEECONsthe network mustsupport
the transmissionof asynchronouslataparallel to the isochronougoint- and feedback-
streams.

e Network configuration. As thenetwork topologywill reflectthetopologyof themodular
robot,it is necessarfor thecentralcontrollerto beableto determinghenetwork topology
if the systemis to supportautomaticconfigurationof the centralcomponent®f therobot
controller
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e Compatibility. In orderto encouragdurther developmentof our technology we should
chosea network technologythatis well documentedwidely acceptedndin generaluse.

6.2 Network candidates

The sheeramountof differentnetwork technologiesn existence,putsit outsideour scopeto
make a comprehensiee suney of themall.

At the beginning of the projectwe choseto investigate Firewire asour primary candidatewith
anoptionto revertto ARC-net,with which we hadpreviousexperience.

Many othernetworks have beenconsideredn moreor lessdetail. Belov we have commented
someof the notavorthy, eitherbecaus®f their popularity or their applicabilityto our work.

Ethernet

The synepgy betweenpopularity developmentandproductavailability have ensuredeEtherneta
positionasthe local areanetwork of choicefor commercialand personalapplications. Ether
nethasalsomanagedo establishedtself asa reliable solutionfor a wide variety of industrial
applications.

Oneof the majordravbacksof using Ethernetfor industrialapplicationsjs thatit is inherently
notintendedfor real-timeapplicationsasit doesnot supportimited latencies.

It is possibleto bypasgheinherentlack of realtime support by overlayingthe native protocols,
with higherlevels of real-timeprotocols.Suchsolutionswill diminishthe availablebandwidth,
andaddcomplity to theimplementations.

Thereductionof effective bandwidthmay not be a problem,as Ethernetimplementationsvith
supportfor transferratesabove 1Gbpsexist.

As real-timepatchedor Ethernetarenot nearlyaswide spreadasnetworks with inherentreal-
time supportwe find thatEthernetis inappropriatdor this project.

Bluetooth

We have consideredluetoothvery briefly, asit is intendedfor highly reconfigurablesystems.
Unfortunately it can be immediatelydiscountedon accordof its limited bandwidth,and the
potentialproblemsof operatinga radio basedsystemin anindustrialenvironment,especiallyat
shipyardsandotherfacilitieswhererobotsoperatansidenarrav andcomplex metallicstructures.
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CAN-bus

CAN, or ControllerAreaNetwork [CAN], originatesfrom the carindustry astheinternalnet-
work for automobilesAs such,it hasmary of thecharacteristicave require includingreliability
andreal-time performance.Unfortunately the bandwidthis only 1Mbps, which is not nearly
enoughto supportour demands.

Sercos

Serco§SERCO$ is specificallydesignedor industrialmotioncontrol. It is aring network based
on optical fibers, and supportsbandwidthsof up to 16Mbps. Sercossupportfor isochronous
streamsxceedour demanddy awide mamgin, but it’'s supportfor asynchronousdatais inflex-
ible. As Sercogdoesnot have ary applicationsoutsidemotioncontrol,it will probablyremaina
narrav andvirtually unknovn network technology

While Sercosgs certainlyattractve from atechnologicapoint of view, we fearthatit maycreate
compatibilityissueswith futurepartnersandwewill preferto useamorewidespreadechnology

USB

TheUniversalSerialBus[USB] is oneof themostpopularnetwork technologiesor commercial
and personalcomputerperipherals. USB is designedfor modulartechnology and USB-2 is
especiallyinterestingto us, with its inherentsupportfor parallelisochronousandasynchronous
communicatiorat480Mbps.

As USB is not designedfor industrial applications,we are reluctantto acceptit asa serious
candidatebeforeit hasbeengenerallyacceptedy theindustrialcommunity

WorldFIP (EN-50170)

WorldFIP[WorlFIP] is arelatively slow (upto 5Mbps)field bustechnologywhich have somein-
terestingeaturexomparedo themorepopularfield busseslt supportgarallelisochronousind
asynchronoudatachannelsandit supportsedundan{double)cableconnectiongor increased
reliability.

While WorldFIP seemdechnicallysuperior the very limited productrangesuggesthatit is not
very populay which may causecompatibilityissueswith externalpartners.
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6.3 |IEEE-1394 — Firewire

Firewire is specifically designedto carry real-time high quality video and audio streamsin

isochronouschannelswith parallelasynchronouslatatransfer[IEEE-1394 [Anderson99. It

currentlysupportdransferratesof 100,200,40Gnd800Mbps.While it is intendedfor the con-
sumerand professionalA/V market, it hasalsobeenincorporatedn industrial motion control
by several differentcompaniesamongwhich Nyquist [Nyquist], is oneof the mostprominent
examples. While the high availability of consumeiproductsbasedon Firewire will ensureit’s
overall popularity therising interestin industrialFirewire applicationgs a significantindication
of i’ sacceptancasareliableandrobustnetwork.

Overall architecture

Firewire is a point to point network, whereeachnodeeffectively form a 3-portnetwork switch,
resultingin abinary treenetwork topology*, which configurationcanbe determinedy ary node
on thenetwork.

Firewire dervesit’s real-timeperformancdrom a time division multiplexing schemethat op-
eratesat a fixedfrequeng of 8000Hz,equvalentto a periodof 125us. In eachperioda certain
amountof datacanbetransmittede.g.5kB at400Mbps.Up to 80% of this capacitycanbeallo-
catedfor isochronoushannelswhile theremaining20%is resenedfor asynchronousransfer

Isochronouschannels

Whenan isochronoushannelof a certainbandwidthis allocated,it is calculatedhow large a
fractionof each125us periodthe channeis goingto occupy. If suchafractionis available,it is
thenresenedfor thatchannel.Up to 32 isochronoushannelsanexist in parallel, placedafter
eachotherin the125us period.Only onenodecantransmitto anisochronoushannelput every
nodecanlistenin onthechannel.

Asynchronoustransfer

Datafor asynchronousransferis transmittedduringthe partof each125us periodsnot usedfor
isochronougdata. Ratherthan being packageor streamorientedlike e.g. TCP and UDP, the
protocolfor asynchronousransferis memoryoriented.

Eachnodeon the network represents virtual memoryblock that can be remotelyaccessed.
Asynchronouglatatransferthen constitutese.g. reador write operationsacrossthe network.

1Theconnectionsnay notform cyclic graphs
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Eachnodecanmapa seggmentof its physical memoryinto the virtual memorymapof the net-
work, usingDMA or othertechniquesgdependingn thelocal implementationWhenthe mem-
ory mapof anodeis accessedhe CPUis notifiedthata remoteoperatiorhastakenplace.

Hardware architecture

Firewire carriesit’s informationusing 2 differentialsignals,implementedas4 wires (2 twisted
pairs). Cablelengthis limited to 4.5m, with possibilitiesfor extensionsto 70m using optical
fibersandtranscerers. In mostcasesa 6 wire cable/connectois usedto allow integral power
distribution to remotenodes suchase.g.repeatersswitchesetc.

Previously, mostFirewire implementationselied on a dual,galvanicisolatedIC chip set,where
onelC implementthe Physicallayer, andthe otherimplementedhelink layer. Quitepredictably
mostsuppliershave now begunto integratethetwo functionsin asinglelC.

Evenwhenusingcommerciallyavailablechip sets thedesignof a Firewire interfaceis acompli-
catedprocesswith somedesignissuesoutsideourexperience As aconsequencee have chosen
to rely on commerciallyavailableFirewire interfaces andour choiceof the Microline CPU plat-
form for our GEECONSs,wasinfluencedby the fact that a Firewire interfacewas available for
theMicroline bus.

Software support

While the lower protocollayersare corvenientlyimplementedn hardware,somehigherlayer
functionsmustbe implementedn software like device drivers,interruptserviceroutines,and
functionlibraries.

Fortunately softwaresupportexist for the Microline productsaswell asfor the PCbasedper
atingsystemgonsidereasbasisfor the centralcontrollernode,i.e. Linux andWindows.

Applicability

Firewire is closeto beingoptimalfor this project:

e Its bandwidthallows plentyof roomfor addingexternalsensoifeedbackn futureapplica-
tions.

e Its origin asamulti-medianetwork makesit particularlyeasyto integratecamerasvith the
robot.

e Its 8000Hztime division multiplexing ensuresvorstcaselatenciesbelov 250us.
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e Its treestructureandautomaticconfigurationis very supportve of our vision for modular
reconfigurableobots.

e |ts popularityincreaseahe compatibility of ourtechnology
Themainobjectiongo Firewire are:

e Thelimited cablelength(4.5 meters)may causeproblemswith mechanicamodulesthat
exceedthis length. We don'’t expectthe majority of robotic modulesto bethis large, and
if the situationshouldarise,it canbe remediedwith the insertionof electricalor optical
repeaters.

e Theavailablecomponentarenotinherentlyindustrial,but asexperiencednotion control
companiesarereadyto adoptthem,we arewilling to useandevaluatethe technologyfor
our demonstratiorsystem.

e We have no previous experiencewith Firewire, nor hasary of our usualpartners. This
implies an elevatedlevel of technologicalrisk to the project. We minimize the risk by
selectingawell known technologyasbackupif Firewire shouldturn outto disappointus.

Experience

In orderto evaluateFirewire, we have run a numberof experimentswith isochronousandasyn-
chronoudransferbetweenGEECONsanda centralcomputer

The GEECONsusedfor testingconsistedf the sameMicroline C32DSPmoduleusedthrough-
outthis project,equippedwith a Microline 100/200MbpdEEE-1394peripheraboard.We used
the|EEE-1394softwareprovided by Orsysto accesghe network from the GEECON[Orsys-BR

The centralcontroller consistedof an ordinary office PC (400MHz Pentiumsystem),running
Mandrale Linux 8.2. It wasequippedwith a 100/200/400Mbp&Jnibrain PCI-Lynx IEEE-1394
interface. We usedan experimentallEEE-1394device driver, kindly provided by developers
from the Linux community[Linux1394].

Our overall experiencewith Firewire on the centralcontrolleris very positive. It turnedout
that PCI-Lynx compatibleinterfacesare becomingobsoletejn favor of PCI-OHCI compatible
interfaces limiting the supportanddevelopmenteffort for PCI-Lynx. We suggestusing OHCI

compatibleboarddor futureapplications.TheexperimentaLinux driver causedfew problems,
which were solved oncea proved versionof the driver was releasedand incorporatedn the
official Linux kernelreleases.

During our experimentswith the systemwe learnedthat Orsysimplementatiorof Firewire in-
terfacewasvery ineffective with respecto hardwareaswell assoftware.

Thelink layerIC usedby Orsysis intendedfor smallmicro controllersystemsandit featuresa
numberof grave limitations:
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e It only supportsafractionof thetheoreticabandwidthdueto thesizeof it sinternalFIFO.

e It'sinternalFIFO only supportonechannelmakingit impossibleto utilize morethanone
isochronoughannel.

¢ While it operatesvith 32 bit internalregisters,it’s interfaceto the 32-bit DSPonly has16
bits, makingaccesso theinterfacegrosslyineffective, andremoving thebenefitsof DMA.

e While the FIFO canbe accessedavithout I/O wait-statesaccessinghe control registers
of thelink layer IC generate$-7 wait-statesyeducingthe efficiency of the systemeven
further

We could not obtain the sourcecodefor OrsysFirewire supportsoftware, but using a logic
analyzerto monitorthetransaction®nthel/O bus,we wereableto reverseengineeisomeof it,
learningthatthe softwarewasnot very efficiently implementeckeither

We wereableto implementsatishctoryisochronousndasynchronousommunicatiorbetween
thecentralnodeandthe GEECON,but asit turnedout, approximately80% of the CPU capacity
wasusedto servicethe Firewire interfaceduringcommunication.

Conclusion

Apart from the poorimplementatiorof the Firewire componentdor the GEECON,our experi-
encesupportthe view thatFirewire is aninterestingtechnologyfor modularcontrol.

Ourassessmemtf the Orsys100/200Mbpd-irewire interfaceandtheaccompaning software,is
thatit is adequatdor very simpleapplicationsanddemonstrationgyut unsuitedto supportthis
project.

The poorimplementatiorof the Microline Firewire interface,regrettablyforcedusto abandon
Firewire for this project,andrevert to our backuptechnology

As we have abandonedFirewire at an early stageof the project— beforedesigningenclosures
for the GEECONs— we werenot ableto submitit to realisticsignalintegrity- or otherrelevant
tests,andwe cannot offer afirst handassessmenmf its applicabilityto industrialervironments.

Futur e work

After we hadabandonedrirewire andintegratedARC-netinstead OrsysGmbh.launchedanen
100/200/400Mbps$-irewire Microline module,with supportfor multiple isochronoushannels
and32bit accessaswell asanexternalDMA channefor isochronougransfer

We have hadthe opportunityto evaluatethe new Firewire moduleandthe accompanping soft-
ware,andhave concludedthatthey aresufficiently efficient to allow a Firewire basednetwork
for amodularcontroller
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If it becomegelevantto reconsidethe ARC-netsolutionimplementedn this project,we rec-
ommendakingasecondook on Firewire, basedn the new technologyavailablefrom Orsys.

6.4 ARC-net

ARC-netis specificallyintendedor realtime applicationsn industrialervironment§ARCNET]
. It srealtime performancas derivedfrom it’ s token bustopology which ensureghatall nodes
aregrantednetwork accessn anevenanddeterministiovay.

ARC-netsupportanformationtransferusingdatagram®r package®f variablesize,up to 508
bytes. Datagramsaneitherbe broadcastedr transmittedto a specificnode,andeachnodeis
allowedto transmitonepackagetatimein aroundrobinfashion.

Upto 255nodescanbeconnectedo thesamenetwork, andeachnodecandeterminghepresence
of othernodes.As the network is implementedasa bus, therelative positionof nodescannotbe
determinedvithout externalmeans.

ARC-netcan be implementedon a variety of physical medias,e.g. coaxial and twisted pair
cableswith transferratesup to 10Mbps.

Applicability

We find ARC-netto be an adequategechnologyfor our distributed control system. We have
selectedt amongotheradequateandidateslueto it’s popularityandour prior experiencewith
it. Themostinterestingtechnicalpointsregardingthe useof ARC-netfor this projectarestated
below:

¢ With a transferrate of 10Mbps,ARC-nethassufficient bandwidthto supportour worst
casedemandestimateor joint- andfeed-backstreams.

e Accordingto our worst caseestimatesup to 5000 bits of joint setpoint informationand
5000bits of feed-backnformationwill be transmittedon the network within eachperiod
of thejoint streamsamplefrequeng. Transmitting10000bits will take atleastlms, and
we mustbe carefulto designthe executionlayer softwareto breakthe informationdown
in suitableunitsin orderto obtainacceptabldatencies.In this respecit is importantto
notethatthelateny is the sumof transmissiorime andtime spendwaiting for thetoken.

e ARC-netinterfacesaretypically implementedusinganintegratedARC-netcontrollerIC
thatimplementghe entire ARC-netprotocol,andconnectdo a CPU throughanordinary
parallel peripheralbus interface. Sucha controller can easily be interfacedto the CPU
moduleusedn thisproject.For thecentralcontrolnode we candrav onthelargeselection
of commercialARC-netinterfacesfor ISA, PClandotherpopularperipherabusses.
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e A numberof well proven industrial signal transmissiortechnologiesare available with
ARC-net. We have noreasorto doubtthata reliableandrobust ARC-netimplementation
canbeintegratedwith our system.

e ARC-netis incorvenient,for modularsystemghatincludebranchesasit is complicated
to introducebranche®n a bus orientednetwork medium. As we expectmostaggreated
robotsto containfew, if ary, brancheswe arewilling to accepthisincorvenience.

¢ ARC-netdoesnotimmediatelysupportautomaticconfiguration basedon thetopologyof
the systemastheindividual positionof network nodescannot be determinedy default.
This problemcanbe remediedby breakingthe network mediuminto isolatedsegments,
which arebroughtonline oneat a time duringinitialisation. This methodhave previously
beenusedsuccessfullywith CAN-bus,in [Dalgaard0l.

Experience

An ARC-netinterfacewasactuallydevelopedbeforeFirewire wasabandonedaswe useARC-
net to interfaceto the PA-10 robot, describedin chapter8. The experiencewith interfacing
ARC-netto the GEECONwas positive, and the ARC-netinterfacewas incorporatednto the
designof the GEECONmotherboarél, whenFirewire wasabandoned.

Experimentagxecutionlayersoftwarehave beendevelopedanddemonstratety MichealBgllingtoft
[Nielsen02]andMadsLundstrgm[LundstramO0], for control of a PA-10 robot,andtheir expe-
riencewith ARC-netcommunicationbetweena PC,anda GEECON:is encouragingasthey
successfullycontrolledthe PA-10 robotin accordancevith an online joint streambeingdeliv-
eredfrom the PCto the GEECONvia. ARC-net.

Basedon experiencefrom the experimentsperformedby Michael and Mads, executionlayer
softwaresupportinga moregeneralprotocolis currentlybeingdevelopedfor ademonstratiorof
aggregatedrobotsin conjunctionwith the EU projectDockWelder

Conclusion

We haveincorporatecan ARC-netinterfacein thegenericembeddedontrolnode GEECONS),
andhave verifiedthatthey cancommunicatevith a centralcontrolnode.

We have estimatedhat 10MbpsARC-netis adequatdo supportthe communicatiordemands
for our modularcontrol system providedthe executionlayerimplementatiortakesthe natureof
ARC-netinto account.

On line transmissiorof a joint streamthrough ARC-nethave beendemonstratedor a single
GEECONanda centralnode,andgenericexecutionlayer softwareis currentlybeingdeveloped

2Seechapter4
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basedon experiencdrom thatdemonstration.

6.5 Discussion

As statedin the beginning of this chaptey the choiceof network technologyis crucial to ary
distributed systemdesign. We are happy with the decisionto use ARC-net, as our previous
experiencewith thistechnologywill enableusto completethedistributedcontrollersystemwith
few surpriseglueto the network.

While ARC-netcansupporiourdemandsor bandwidthandlateng, caremustbetakenwhende-
signingprotocolsfor isochronousndasynchronoudatatransferasARC-netwill notguarantee
therequiredlateny underall imaginableconditions.It is especiallymportantto consider:

¢ Thesize,contentandtransmissiormethod(nodeto nodeor broadcastpf individual ARC-
netdatagramsn relationto thetokenpassingalgorithmandthe transmissiorspeedf the
network.

e Thepolicy for retransmissionsef corrupteddatagramsandit’ s influenceon thelateng.

We aredisappointedhatit wasnot possiblefor usto implementthe systemusingFirewire. We
still have afirm beliefthatFirewire is anexcellenttechnologyfor modularcontrol,andwe hope
we will beableto investigateFirewire furtherin futureautomatiorprojects.

6.6 Conclusion

During this chapter we have defineddemanddor the network technologyto be usedin the
project,andchoserntwo network technologieshathonorthesedemands.

Our primary candidateFirewire, wasevaluatedduringthe project. Althoughwe foundit to bea
very promisingtechnologywe hadto abandorit dueto thelack of efficient Firewire implemen-
tationsfor our GEECONSs.

To replaceFirewire, we have integratedan ARC-netinterfacewith the GEECONSs.Theinterface
have beentestedandverified,andit hasbeenestablishedhatthe GEECONscancommunicate
with a centralcontrollernodeandreceve anon line joint stream.

Executionlayer software that communicateonline with a centralcontrollerhave beendemon-
stratedwith asingle GEECON.
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6.7 Futurework

Thecurrentexecutionlayer softwarewasintendedfor a simpledemonstrationandthe next step
in this developmenis to implementmoregenerakexecutionlayer softwarefor the GEECONsas
well asfor thecentralcontroller Thiswork is currentlyin progress.

Duringtheproject,moreefficient Firewire implementationfiave becomeavailablefor the GEECONSs.
If the communicatiorsystemof our distributed controlleris ever to be redesignedywe recom-
mendreevaluatingFirewire asa candidate.
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Chapter 7

DT-VGT Interface

Using our genericembeddedaontrol nodes(GEECONSs)with the DT-VGT is oneof our major
demonstratiorgoalsfor this projects. The demanddor compactnesandflexibility put on the
controllerby the DT-VGT have influencedmary designdecisionsduring the project,andwe
have allocateda lot of resourcesn orderto bring this particularmechanicatechnologytogether
with our GEECON.

7.1 TheDT-VGT platform

DT-VGT standsfor Double Tripod VariableGeometryTruss. The moving elementof the DT-
VGT is atrusselement,consistingof two invertedtripods, that canalter their shapeunderthe
influenceof externalactuators.

Trusselementshave high strengthto weight ratios, andthe sameis true of variablegeometry
trusseswhich cantypically carry morethantheir own weight. The DT-VGT’s we areworking
with aredesignedo positionandmove a standardndustrialrobotarminsidea comple envi-
ronmentJik e theinsideof ashiphull. Theadwantageof this particularparallelmechanisms the
combinationof slenderbody, high strength,andlarge angulardisplacementthat makesis well
suitedto maneuer insidecomple ervironmentsratherlike asnale.

TheDT-VGT saredevelopedby thecompary Meganic,whichis our closepartnelin thisproject.

Hydraulic actuators

The DT-VGT platform we are using, is powered by hydraulic actuators,in orderto achiese
the necessargtrength. Eachactuatorconnectdrom a leg in the lower tripod, to a cylindrical
supportingoase.
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(a) Doubletripod (b) Hydraulicactuators (c) Supportingbase

Figure7.1: Breakdavn of DT-VGT roboticmodule

Valves

The hydraulicactuatorsare controlledby proportionalvalves,which areunlinearandharderto
control thanseno valves. Proportionalvalves have beenchosenin orderto keepcostsdown,
asMeganic hopeto commercializehe DT-VGT. The valvesare controlledby moving magnet
electromagnetionotors,quite similar to the magnet/coikystemof ordinaryloud spealers.

We arein possessiomnf a singlevalve which is functionally identicalto the others,but feature
spool positionfeedback. While spoolfeedbackwill probablyenableincreasedontrol perfor
mancetheadditionalsizeandpriceof thisfeaturemeanghatwe areonly permittedto usespool
feedbackvalvesfor laboratoryexperimentsnot for thefinal system.

The linear motorsusedto drive the valve hasa rating of 24V/4A, which is in reality a power
ratingof 96W, correspondingpicely with the coil resistancef approximately62.
Position sensors

In orderto control the motion of eachactuatoy the hydraulic cylinders arefitted with internal
position sensorsthat measurethe position of the pistonwith an accurag of 5um at a rate of
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up to 2kHz. The sensordave integratedmicro-controllersandtransmittheir readingsdigitally
througha CAN-busnetwork.

7.2 Switchedmodevalve amplifiers

A previous masterthesisproject, concernedvith controlling anolder VGT prototype,recom-
mendsincreasingthe reactionspeedof the valvesin orderto obtainbettercontrol performance
[Olsen0Q

Thereactionspeedf thevalve is definedby two factors:
e Theavailableforceto massof thelinearmotorandits load,i.e. maximumcurrent.

e Theelectricalinductionto resistancen thelinear motor;, i.e. therisetime of the electric
current.

The maximumcurrentis definedby the ratio of availablevoltageto the electricalresistancef
themotorcoil, andcanthusbecontrolledby theappliedvoltage. Therisetime of thecurrentis a
constan{r = L/R), butthetime it takesto risefrom zeroto a certainabsolutecurrent,is highly
dependenbtntheappliedvoltage.

Thoughbothfactorsdeterminingreactionspeeccanbeimprovedby raisingtheavailablevoltage
for the valve amplifier, caremustbe taken to control the current,as not to exceedthe power
ratingfor thevalve. In principle,the dielectricstrengthof the coil wire isolationshouldalsobe
consideredf thevoltageis raisedsubstantiallywith respecto theratedvoltage.

Intelligent amplifier

The task of developing the amplifier was sub contractedto an engineeringstudentfrom In-
genigrhgjsklen KgbenhavndeknikumnamedJakob Lindelgv[Lindelgv0]. He developeda
smallswitchedmodeamplifierwith the following specifications:

e 48V supply

e 5A continuouscurrentat 20kHz switchfrequeng without heatsink.
e CPLD controlledswitchpatterns.

e Programmableurrentlimit from O to 8A.

All documentatiomf hiswork is containedn his final report[Lindelgv0]], with commentsand
documentatiof minorimprovementsn [Sgrensen-A].
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Figure7.2: Block diagramof valve amplifier

Switch patterns

JalobLindelgv'sdesignutilizesaningeniousswitchpatternin orderto obtainhigh efficiency and
distributeheatlossedetweerall 4 transistorsn the power stage . Theswitchpatternis controlled
by a simple statemachine,implementedwith programmabldogic (CPLD). The designalso
featuresa currentsensormandanA/D corverter thatallows the statemachineto limit the output
current.

Miniaturization

While the switchingpatterndevelopedby Jalob Lindelgvallow usto avoid heatsinks,making
a very efficient andcompactpower stagepossible Jalobs’s implementatiorof the amplifiersis
toolargeto fit into the allowed spaceof the DT-VGT controllerenclosures.

Jalobsdesignwas developedasa standaloneswitchedmodeamplifier, but whenwe useit in
conjunctionwith the FPGAbased/O systemof our GEECONsthel/O systemmakesthe A/D
cornverter and CPLD obsolete,allowing us to implementa miniaturizedintegrated 3-channel
versionof the amplifier, with only power stagespre amplifiers,andcurrentsensorsletting the
A/D corverterand FPGA of the GEECONCcontrol the switching patternsand currentlimits of
the 3 amplifiersnecessaryo controlaDT-VGT.

We have verifiedthatit is possibleto implementa sufliciently smallintegratedamplifier, but we
have notyet designedt in detail.
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7.3 Power supply

Thetotal power needsf the DT-VGT electronicccanbe summarizeds:
GEECON: 48V 0.2A

Valve amplifiers: 48V, 3A mean,12A peak(to drive all 3 valves)
Position sensors: 24V, 0.6A

Resultingin a peakdemandf 600W

Dueto cableand connectordimensionsjt is impracticalto distribute thatamountof power at
48V, especiallyaswe might wish to cascademultiple DT-VGT's in the future. We assumehat
we couldreducethe peakcurrentto thevalve amplifierswithoutimposinggrave compromiseso
thedynamicsof thehydrauliccontrol,but we will still need2-300Wof power for eachDT-VGT,
makinga higherdistribution voltageinteresting,provided that we canusea sufficiently small,
powerful andefficient voltagecorverterto be placedinsidethe DT-VGT.

We have chosena solution wherewe reducethe peak currentof the valve amplifiersto 3A
each,use300VDC for power distribution, and useultra compact500W DC-DC corvertersto
generatet8V in eachDT-VGT module. This reduceghe peakcurrentfor eachmoduleto 1.7A,
makingit feasibleto basethe power distribution onordinary0.5 . . . 1mm? distribution cableand
compatibleconnectors.The 24VDC neededor the positionsensorss generatedrom 48VDC
by theauxiliary DC-DC corverteronthe GEECONmotherboard.

300vDC may seemunusualandimpracticalin otherrespectsbut asmostcommercialandin-
dustrial electronicsusing 230VAC througha switchedmode power supply will readily accept
300VDC,and300VDCis easilyobtainedrom a 230VAC supply our power distributionscheme
is in factquite compatiblewith existing technology

We have verified the technology and spacerequirementsbut have not yet integratedthe final
power supplywith the GEECON.

7.4 Daughter board

In orderto interface our GEECONwiththe DT-VGT, we have developeda DT-VGT specific
daughterboardthat interfacesthe FPGA motherboard of the GEECONwith the sensorand
actuatorsystemsf the DT-VGT prototype,asshavn in figure 7.3.
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Figure7.3: Block diagramof the DT-VGT daughteboard

The detailedcircuit andPCB designhave beenperformedby Benry JggenserandDanry Kyr-
ping, andthe documentatiortanbe foundin [Kyrping-B]. The mostinterestingfeaturesof the
designaredescribedelow.

e Thedigital PWM signalsfor the valve amplifiersareprovided by simplebuffers.

e Theanalogvoltagesignalsfrom the valve amplifiersandthe optionalspoolpositionsen-
sorsarescaledandoffsetto matchthe ADC inputrange andfilteredwith 4. orderswitched
capacitoButteravrth low pasdfilters, beforethe signalsarefedto the ADC.

e Providing the switchedcapacitoffilters with a clock signalfrom the motherboard,allow
usto adaptthe cut off frequeng of thefilters to the sampleratewe choseto use.

e We usethe 14 bit, 8 channel,285kSPSA/D corverter AD7856 [AD7856], thatcommu-
nicatesthrougha SPIl interface. This savesboth boardspaceand FPGA signals,at the
expenseof increased-PGA configurationcompleity.

¢ TheCAN-businterfacefor theTemposoni@ositionsensorareimplementedisingPCA82C250
transcerersandMCP2510standaloneCAN controllerswith SPlinterfacegMCP2510Q.

¢ Astheinterfacebetweertranscerer andcontrollerarepurelydigital, we couldreducethe
complity of the daughterboard, by implementingthe CAN controllersin the FPGA,
either by specifyinga CAN controllerin VHDL, or by buying a CAN controller core
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for integrationwith our FPGA specification.As we could afford the boardspacefor the
standalonecontrollers,we preferthis solutionasit is far simplerthanimplementingor
integratinga CAN buscontrollerin our FPGAspecification.

e To bepreparedor futureintroductionof monitoring,safetyandotherequipmentwe have
seta numberof buffereddigital inputsandoutputsaside.

TTTRUTNT =

(a) Motherboardside (b) /0 connectosside
Figure7.4: TheDT-VGT daughteboard

As indicatedby the photos,the necessary/O circuitry for the DT-VGT interfacecaneasilybe
accommodatefly a PCB of the samesize asthe motherboard. It is alsoclearfrom the photos
thata few designmistaleshave to be correctedn futureversions.

7.5 FPGA configuration

In orderto integratethe DT-VGT throughthe daughterboard, 3 differentVHDL 1/O modules
have beendesignedandintegratednto theframewvork of thegeneridcFPGAbased/O framevork
describecearlier They are:

¢ PWM generator
e ADC interface

e Temposonianterface

PWM generator

Generates fixed frequeng PWM signal, consistentwith the specificationsof the valve am-
plifiers. The pulsewidth is controlledby the CPU througha memoryregister (signedint) in
the FPGA. This moduleis instantiated3 timesin orderto provide PWM signalsfor all 3 valve
amplifiers.
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Whenwereplacethecurrentstandalonevalve amplifiersdesignedy Jalob Lindelgy, with more
compact,strippeddown, versionswe will meige the VHDL specificationof the simple PWM
generatomwith the VHDL usedto implementswitch patternsand currentlimit in the CPLD of
thevalve amplifiers.

ADC interface

Handleshe SPIcommunicatiorandotherrelevantcontrolof the AD7856 ADC onthedaughter
board. This modulefeaturesa statemachinethatinitializesthe ADC uponsystemRESET and
performscyclic (roundrobin) measurement§om eachof the 8 ADC channelthereafter The

measuremeniaremadeavailablefor the CPUthroughaninternaldualportedRAM, makingthe

whole ADC implementatiortransparentor the CPU, which cansimply readthe latestvalue of

ary ADC channelffrom amemorymapped/O registerat will.

Temposonicinterface

Thebasisof thismoduleis adedicatedsPlinterface thatsupportsa subsebf the SPIicommands
usedby the MCP2510CAN controllerson the daughterboard. This SPI-or ratherMCP2510
interfaceis accessibldrom the CPU, and can be usedto control and communicatewith the
MCP2510. On top of the MCP2510interface,we have implementeda statemachinethatuses
the MCP2510interfaceto receve andinterpretCAN messagefrom the Temposonigoosition
sensorof the VGT. Eachtime a messagarrives, the statemachineextractsposition, velocity
andstatusinformation,storingeachvaluein aninternalmemoryregisteraccessibléor the CPU
and optionally generatingan interrupt. The MCP2510and the Temposonicsensoramust be
properlyinitialized by the CPU, usingthe low level MCP2510interface,beforethe high level
Temposonignterfaceis engaged.

Thedevelopmenbf thiscomponentthroughseveralstatesis describedn moredetailin [Sgrensen-G]

Implementation

The FPGA configuratiorwasoriginally implementedor the XC40xx FPGA of our 32-bit proto-
type FPGAI/O board,but have recentlybeenportedandverifiedfor the Spartanll motherboard
by JackKnudsen As the XC40xximplementatiorhave beenusedduringthework reportedhere,
we referto the original XC40xximplementatiorjfSgrensen-Fherethedesignsanbefoundin
thefiles:

e VHDL/top _level.vhd
e VHDL/simple _pwm.vhd
e VHDL/adconv.vhd
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e VHDL/can.vhd
¢ VHDL/id _rom.vhd
e VHDL/irqqctrl.vhd

In additionto the 3 different1/O modules,the FPGA configurationalso featuresan identity
ROM, usedto identify the FPGAconfiguratiorandversionto thehostcomputerandaninterrupt
controllerusedto handlethe optionalinterruptsfrom the 1/O modules.

7.6 Software

Software developmentfor the GEECONswas originally intendedfor parallel projects,which

have eitherfailedto completeor to initialize. Thesoftwarewe have developedfor the GEECONSs
is merelyintendedto demonstratéhe systemcomponentandinspirefurther development,not

to form the basisof afull scaledistributedcontrolsystem.

Although we have chosena software architecturewith multiple parallel tasks,we do neither
usenor recommendising an operatingsystem,asthe requiredarchitecturas both simpleand
static. Thetasksrequiringreal-timeperformancereimplementedasinterruptserviceroutines,
triggeredby periodicinterrupts,generatedy I/O circuitry or timers. Non real-timetasks,like
initialisation and overall systemcontrol areimplementedasa normalprogramexecutingin the
background.

In orderto handleblocksof data,lik e configurationdata,joint streamssensolndeventlogsetc.
we have implementedsupportfor nameddatamodules.We have implementeda smallllibrary,
thatallow usto createJocateandoperateon nameddatamodules.We have alsocreateda setof
Unix-tools thatallow usto transformvariousfiles into namedmodulesthat canbe linked with
our programspr transferedo the GEECONIin othermanners.

Wereferto thesourcecode includingthemalkefile, in theimplementatiorexample[Sgrensen-D]
for documentatiorf our software.

Control layer implementation

During initialization, we setup eachof the 3 Temposonigositionsensorgo reportthe actuator
positionat their maximumrateof 2kHz. Eachtime a positionis reported,our FPGAbased/O
systemwill placethe positionreadingin areadablehardwareregisterandgenerateninterrupt.

1st April 2003 107



Document: Modular control of industrial mechanics

As the 3 sensorsarenot synchronizedthey will reportat — o
slightly different frequenciesand we must handletheir ]
feedbackindividually in orderto avoid inter modulation
effects.

In effect, eachactuatoisystemis servicedoy anindividual Current
interruptserviceroutine,that:

Position

washs O/
Alowa\

Readthereportedposition Setpoint

Readotherrelevantinputdata

Readthe currentactuatorsetpoint
Evaluatesa controllaw in orderto calculatea suit- Pulse width
ableoutput. — —

Paramater:

aunnoJ adlAIeS 1dnuLu|

As this proceduras repeatedpproximatelyg000timespersecondjt becomesgelevantto opti-
mizeits operation.We do this primarily by:

e Avoiding ary unit conversion,by ensuringthatall parameterarekeptin unitscompatible
with theinput outputsystem.

e Ensuringthatall parametersisedarestoredin internalDSPregisterswith fastaccess.
¢ Keepingcomputationakfficiency in mind whendevising andimplementingcontrollaws.

We have beencontendo implementtheseinterruptserviceroutinesin C usingthe TexasInstru-
mentsC compileraccompaying the CPUmodules We have notyetgainedsufficientexperience
with low level DSP programmingo asseshe compilersability to optimizethe code,andhave
madeno attemptto handoptimizeit ourseles.

An exampleof theinterruptserviceroutinecanbefoundin [Sgrensen-Din thefile isr.c

In orderto allow both efficiency and clarity, the on line parametersisedby the interruptser
vice routines,aregeneratedrom configurationdatamodulesduring systeminitialization. The
configurationdatamodulescontainsall relevant information aboutl/O scalingaswell as pa-
rametersfor the relevant control law in Sl units. We operatewith configurationmodulesfor
the AD corverter andthe 3 individual actuatorsystems.While the AD configurationmodule
containcalibratedvaluesfor offset[bits] andgain [bits/V] for the individual AD channelsthe
configurationrmodulesfor theindividual actuatorsystemscontaininformationaboute.g.

e Settingdfor the Temposonigositionsensors.

Measuredralve propertieqresistancendinductance)

Controlparametersor thevalve

Valve amplifiersandPWM generatodatae.g. supplyvoltage ,outputrangeandresolution.

Actuatorlength,positionsensoroffset, sensoresolutionandparameter$or positioncon-
trol.
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Examplesof configurationmodulescanbe seenin [Sgrensen-Din adc _module.src  andac-
tuator _modl.src
Execution layer implementation

Whenthe systemhasbeeninitialized, theinterruptdriven
I/O andcontrol systemdescribedabove forms a virtually

autonomougpositioncontrolsystemensuringhatthepo- +Ctuator sy%ems
sition of eachactuatorfollows a givensetpoint, whichis

continuouslyreadfrom a sharedmemoryregister This

constitutesa very clearexampleof a controllayerimple-

mentation. /O system

During initialisation, the setpoint of eachactuatoris set
equalto the actualposition of the actuatoy to avoid dis-
continuitiesin the input to the control system.Whenthe
systemis initialized, the actuatorscan be moved by the InterruP{ driven cont‘ol routines
executionlayerimplementationpy dynamicallyupdating

thesetpointsfor eachcontrol system.

As thecurrentDT-VGT’s areneithersupposedo be very
accuratenor very fast, the joint streamsusedto specify
their motion, have samplefrequenciesvell belov 100Hz,
andwe have used25Hzor 50Hzthroughouburwork with

the DT-VGT. The low bandwidthof the hydraulic actua-
tors and the fact that we run the robot off-line have al-

lowed us to useO. orderextrapolationfor our previous
demonstrationandtests.

As we have not yet had opportunityto integratethe network component®f the GEECONInto
the systempur executionlayer softwareis simply aninterruptserviceroutinedrivenby atimer,
thatwill reada joint streamfrom memory The timer is setat a the samplefrequeng of the
joint stream,in orderto avoid resampling.Our experiencewith the DT-VGT have shown that
a samplefrequeng of 50Hzis sufficient to suppressliasnoiseto anacceptabldevel. As this
frequeny is substantialljower thanthe frequeng of the controlloop, we do not needto take
specialprecautionsagainstinter modulationof the executionandcontrolloops. As a setpoint
is storedin a singleregister changingit is anatomicoperationthat requiresno protectionfrom
context shiftsin the programexecution.

Shared memory

Execution

Futur e work

Evidently, thenext developmenstepis to integratethenetwork interfacewith theexecutionlayer
implementation.This work is currentlybeingplannedin cooperatiorwith our projectpartners,
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Figure7.5: Controlsystemfor hydraulicactuator

in orderto demonstratanintegratedsystemwith two aggre@atedDT-VGT modulesduringmid
2003.

We expectthatthe experiencegainedfrom this integrationanddemonstratiowill inspire soft-
ware developmentthat will supportthe componentsieededo achiese our vision of plug and
play reconfigurablenodularrobots.

7.7 Hydraulic control

As with the software,the control systemfor the DT-VGT actuatorsvere supposedo be devel-
opedin a parallelprojectthatdid not becomeareality. In orderto demonstrat®ur technology
we have implementeda simple control algorithmthat works satistictoryfor simpledemonstra-
tions.

The masterthesisof CarstenOlsen[Olsen00]have proved very helpful throughoutthis task,as
CarstenOlsenstudiedhydraulic control of a previous VGT prototype,that have somefactors
in commonwith the oneusedby us. From a control perspectie, the differencesbetweenour
systemandthe previous prototypeliesin:

¢ The staticand dynamicload of the actuatorsare quite different, due to changesn the
geometryof theDT-VGT.

e Thevalve amplifiershave beenexchanged.
e \We have accesgo currentfeedbackrom thevalve amplifiers
e Thesamplerateof the positionsensordiave beenincreasedrom 1 to 2kHz.

We have implementedthe position seno recommendedby [Olsen00], which is simply a P-I
controllerwith acceleratiorfeedbackto suppreswibrations. The structureis indicatedin figure
7.5.

In [Olsen00Q, acorventionalP or P-1 controllerprovedto be unstableandit wasspeculatedhat
the instabilitiesweredueto resonanceformedby the compressibilityof the hydraulicfluid. It
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waspossiblefor [Olsen0(Q to stabilizethe systemby differentiatingthe positiontwice in orderto
estimateheaccelerationanduseit to dampervibrations.We have duplicatedhe positionseno
of [Olsen0(, but wasonly ableto reproducehe reportedinstabilitiesin experimentsvherewe
replacedur own valve amplifierswith the onesusedin [Olsen0q.

We have not dedicatedesourcego a detailedanalysisof the previous valve amplifiers,but as
their linearity anddynamicpropertieswere never challengedn [Olsen0qQ, it seemdikely that
thesourceof thereportednstabilitiesshouldbefoundin theamplifiers,ratherthanthehydraulic
components.

As thesourceof thereportednstabilitieshave notbeenfinally identified,they mightreturnunder
changeaonditions,andwe have merelydisabledheacceleratiorieedbackratherthanremoved
it.

We have not yet demonstratethe DT-VGT for tasksrequiring high precision,andno attempts
have yet beenmadeto optimize the controller or to documentit’s performance. Simple ob-
senationsduring testsand demonstrationgndicatethat the controllermustbe improved if the
DT-VGT'sareto beusedfor accuratevork like e.g.arcwelding.

Modelling

A logical first steptowardsimproving the controllet is to obtain accurateunderstandingand
modelsfor the hydraulic actuatorsystem.Accuratemodelscanbe usedto simulatethe system
whendesigningandtestingcontrollers,andif they arecomputationaéffective, they canbeused
to implementmodelbasedeedforwardcontrollers.

Themodelsdevelopedin [Olsen0(Q, helpedthedesignof thecurrentcontrollerstructureandthe
estimationof controlparameter$or the previousDT-VGT prototype but they werenotaccurate
enoughto supportmodelbasedeedforward.

Duringthis projectwe have proposed modellingmethodthatproducesimple,yetveryaccurate
modelsof a singlehydraulic actuatorsystem.The methodrepresena combinationof mechan-
ical analysis,fuzzy modelling, andlinear signalanalysis. The model parametersre obtained
from analysisof a seriesof differentopenloop experiments,but unlike mary popularsystem
identificationmethodspur methodrelatesto known physicalpropertiesof the hydraulicsystem,
which aremerelyparameterised.

As the experimentsand analysisrequiredhave not yet beenautomatedthey are quite cumber
some,and we have only modelleda single actuatorsystemso far. Verification of the model
obtained,using independenbpenloop experiments,indicatethat we can model the dynamic
valve-currentto actuatorspeedelationshipwith anaccurag betterthat 10% RMS, for motions
involving moderatespeedandacceleration.

Our modellingmethodand our resultsare describedn [Sgrensen-E]and selectedsimulation
resultsfrom thatdocumenis pastedn figure 7.6 below.
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Figure7.6: Comparisorof simulatedandrealresponsefor openloop experiments

7.8 Mechanicalintegration

The motherboardwith CPU moduleand daughterboardhave beenmountedin a rectangular
enclosure that fits inside the cylindrical body of the DT-VGT — seefigure 7.7. In addition
to the control computerwe mustmounta setof miniaturizedvalve amplifiersanda 300VDC
to 48VDC corverterinside the enclosure peforewe can completethe mechanicalntegration,
mountingthe enclosurensidethe VGT andshorteninghe connectingcables.Whenthe control
nodeis physically integrated,it becomesardto approackphysically, andwe arenot very eager
to completethis stepuntil we arecompletelycorvincedwe do no longerneedfrequentphysical
accesgo thecomponentsnsidetheenclosure.

112 Anders Stengaard Sgrensen



WBS code: 0-01.C01.a03 CHAPTERY7. DT-VGT INTERFACE

Figure7.7: GEECONprototypemountedn enclosure

7.9 EXxperience

During the courseof this project,we have beencontrollingthe DT-VGT with the GEECONTfor
hundredsof hours. Although minor implementatiorglitcheshave beendiscovered,thereis no
doubtthat the GEECONis fully capableof controllingthe DT-VGT in the intendedfashion.
Although the DT-VGT aswell asthe controller have beenin a constantstateof change,the
GEECONhave workedreliably throughoutour work with the DT-VGT.

It hasbeena positive experienceto be ableto alterthe I/O systemaseasilyaswe are usedto
alteringsoftware. It is very efficient to be ableto adaptthe two aspectof interfacingto each
other ratherthanthe normalway of devising elaboratesoftwareto catchup with non optimal
hardware.

7.10 Conclusion

Our genericembeddeaontrolnode(GEECON)have successfullypeenintegratedwith the DT-
VGT with respectto I/0 and control. The final mechanicaintegration of the two awaits the
completionof afew tasksthatarenot expectedto causeproblems.

Therelatve easewith which we have implementeda compaciandelegantl/O interfacebetween
the GEECONandtherobot,is agooddemonstratiorof the flexibility andpower of our generic
I/O system.

Our ability to design,manugctureandintegratea powerful andflexible control platformwith a
mechanisnasspecialastheDT-VGT, is anexcellentmilestoneon our questfor modularcontrol.

It is unfortunatethat it hasnot beenpossibleto initialize or sustainthe parallel projectsthat
should have boostedour efforts with respectto low level software and control, but we have
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managedo implementminimalistic solutionsthatallow usto demonstrat®ur technologyeven
if thereareclearlyroomfor improvementson bothaccounts.
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PA-10 interface

Although we have chosenthe DT-VGT robotic modulesas our primary demonstratofor this
project,we find theinclusionof the PA-10 robotto be significantfor the following reasons:

e It demonstratethatour GEECONsanbe
usedwith differentmechanisms

e While the DT-VGT moduleshave mary
adwantages,they only have 3 degrees
of freedom, and a limited work space.
Adding the 7 degree of freedomPA-10
robotto aDT-VGT give averyimpressve
aggre@atedrobotthatcombinegheadvan-
tagesof parallelandsequentiakinematic
mechanisms.

8.1 Description

A PA-10robotsystemconsistof a 7 degreeof freedomrobotarm,connectedo a separateseno
controllervia 2 40mmcables.

The arm

The arm consistof a basewith a rotationaljoint, and3 arm segments eachwith atilt androta-
tionaljoint. Thearmis idealfor accessingnarrov spacesasit is very slendeysymmetricaland
hasa completelysymmetricalwork space.The 7 degreesof freedomensuresa redundanfor-
wardkinematicwhich enableghearmto positionits tool in multiple ways,potentiallyavoiding
obstaclesn theernvironment.
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Thearmis poweredby 7 individual AC sernvo motorsembeddedn the arm,andcoupledto the
mechanicsvith harmonicdrives.

Positionfeedbackis obtainedby two resolhersfor eachmotor. Oneresoler monitorstheangle
of the motor shaft, while the other resolver monitorsthe angle of the joint in question. As
the harmonicdrives are virtually free of backlash this setupenableshe joint positionsto be
measuredvith tremendousccurag.

The cables

Onecabletransfergpower to the 7 motors,while the othercarriesthe analogsignalsfor the 14
resohers.

The sewo controller

The seno controllerfeaturesa 1kW power supplyfor the seno drivers,7 AC seno drivers,14
resoler interfacesand4 digital signalprocessor$o controltheworks.

Thecontrollerimplementanindividual force (current)controlloop for eachmotor, nestednside
anoptionalvelocity controlloop. All communicatiorof commandsstatusparameterssetpoints
andfeedbackis conductedhrougha very simpleprotocolon a 5MbpsARC-netnetwork.

The ARC-netusedby the PA-10 controllerusean optical fiber media,that canonly connectto
onenodebesideghe PA-10 controller

Communication

Whenthe robotis initialised and activated,a vectorwith setpointsfor eachactuator— either
velocity or force— is transmittedo the controllerwith asampleperiodof nomorethan30ms.If
thisinterval is exceededthe controllerdisablegherobotandissuesanerrorsignal. Eachvector
is transmittedn a singleARC-netpackage.

In responseéo eachpackagewith setpoints,the controllertransmitsan ARC-netpackagewith
positionfeedbackandstatusfor theactuators.

8.2 Obserwations

Robotarmslike the PA-10, doesnot fit completelywith our vision for amodularsystem asthe
seno controlleris placedphysically distantfrom the armitself. As the mostlogical placement
for oneof ourgenericembeddedontrolnode GEECONs)will beinside,or closeto the native

116 Anders Stengaard Sgrensen



WBS code: 0-01.C01.a03 CHAPTERS. PA-10 INTERFACE

controller the physical placemenbf the arm, will not be reflectedby the configurationof the
network connectinghe GEECONS.

Unlesswe wantto strapa GEECONto the arm and run an optical fiber connectiondown to
the native controller the central controller software must be designedto allow somesort of
interventionto anautomaticconfigurationbasedon the network topology

8.3 ARC-net interface

All thatis necessaryo interfaceour GEECONTto the PA-10 is an ARC-netinterfacewith ap-
propriateoptical transcerers. Thetaskof designingsuchaninterfacewasout sourcedo Mads
Lundstremaspartof abachelothesisproject[LundstrgamO0]

Initially Madsusedour genericl/O systemto interfacea COM20022ARC-netcontrollerIC to
the GEECON.As it turnedoutthatthe COM20022couldbe connectedlirectly to the Microline
bus of the DSR, with the aid of a few logical gates,we decidedto implementthe ARC-net
interfaceasa standaloneMicroline module,asno benefitscould be gainedfrom integratingit
with thegenericl/O system.

8.4 Software

MadsLundstramproceededo write the PA-10 control layer softwarefor the GEECONSs.Like
the software written to for the DT-VGT modules,the PA-10 software featuresan independent
controlandexecutionloop, exchangingsetpointsthroughsharednemory Both the execution
andcontrolloop is implementedasinterruptserviceroutines driven by timersandthe ARC-net
interface.

MadsLundstrgnmworkedin parallelwith Michel Bgllingtoft. In Michel’sbachelothesisproject[Nielsen0p
a PCrunningareal-timeversionof Linux wasequippedwith an ARC-netinterface,anda suit-

able ARC-netdevice driver was developed,in orderto allow real-timeLinux applicationsto
communicatevith the GEECONS.

As a demonstratiorof their respectie projects,Mads and Michel successfullynadea simple
implementatiorof executionlayer softwarefor the GEECONaswell asthe centralLinux PC,
thatallowedthe PA-10 to be controlledon-line from real-timeapplicationson the centralLinux
PC.
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8.5 Experience

MadsandMichaelsdemonstratiomf on-line controlof arobotthroughthe backbonenetwork is
significant,asit demonstratethe GEECONSsability to controla mechanicalnit in accordance
with ajoint streambeingdeliveredon-linefrom a centralcontroller

While the demonstratiorsystemdevelopedby MadsandMichaelis too simpleto be usedfor
more comple aggreatedrobots,their experienceis valuableto the further developmentand
systemintegration.

The developmentof the PA-10 interface have beenrelatively uneventful, as our prior experi-
encewith ARC-netaswell asthe PA-10 have helpedto avoid major problems.Apart from the
mechanicabesignof the ARC-netinterface,we have beenableto useMadsLundstremswvork
unalteredfor severalsuccessfutiemonstrationgolving the PA-10 robot.

8.6 Conclusion

The PA-10 robot can be reliably controlled by the interface and software developedfor the
genericembeddedtontrol nodes(GEECONSs),andwe have successfullyjusedthe PA-10 with
it's GEECONfor severaldemonstrations.

In additionto demonstratinghatour GEECONcancontrola PA-10 robot, it hasbeendemon-
stratedthatthey cancontrolahostmechanisnin accordancevith ajoint streanrecevedon-line
throughtheir integratedARC-netinterface. The software involved in this demonstratiorwas
developedaspartof two bachelorthesisprojects,which have provided valuableexperienceand
ideasfor furthersystemsntegration.

8.7 Futurework

The executionlayer software developedby Mads Lundstrgmand Michael Bgllingtoft mustbe
rewritten in accordancewith the protocolsto be definedfor generalintegration betweenthe
GEECONsandthe centralcontroller
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Systemintegration

Duringthis project,we have successfullyntegratedourgenericembeddedontrolnode GEECONS)
with aDT-VGT roboticmoduleanda PA-10 industrialrobotarm. This local systemintegration

is describedn chapter7 and 8. In additionto theseapplications,the GEECONshave been
integratedwith variousotherequipmentgxternalto this project.

Figure9.1: Initial testof PA-10 robotaggreatedwith aDT-VGT module

In orderto demonstratehe global systemsntegrationinvolved in aggregating robot modules
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controlledby GEECONs we have demonstratethatthe DT-VGT andPA-10 mechanismgan
be aggreatedandcontrolledasa singlemechanismby attachinghe PA-10 to the DT-VGT and
usingtheresulting10 degreeof freedommechanisnto spraypaintthe panof awheelbarrav. At
this pointwe have alsodefinedthe overall architecturdo be usedto integrateour projectwith the
EU projectDock\W\elder, where2 DT-VGT modulesanda customizedevolutejoint mechanism
will beaggreyatedwith a6 degreeof freedomrobotarm.

The wheelbarraov demonstrationand the systembeing designedor the DockWelder project
representhe first stepstoward integrating our technologyinto a full scalerobotic system,and
aredescribedn moredetailbelow.

9.1 Central controller

The GEECONshave successfulljpeenusedto controlthe DT-VGT andthe PA-10 asindividual
standalonesystemsbut in orderto usethe DT-VGT andPA-10 asasingleaggregatedrobot,we
needo integratethe GEECONswith acentralcontrolnodethatcancontrolthemin acoordinated
fashion— seesection3.3.

During this project,we have beenplanningto cooperatavith OdenseSteelShipyard,to integrate
our distributedcontrollerarchitecturewnith their Openmodularcontroller — seesection2.5, by
specifyingandimplementinga simplenetwork protocol,which would have allowed usto come
fairly closeto our original vision of a distributedcontrolsystem.

Unfortunately OdenseSteel Shipyard have recentlydecidedto abandonfurther development
and useof the Openmodular contmller, leaving us no option for integrating our distributed
architecturevith anadvancedndustrialcontrollerwithin this project.

9.2 Painting a wheelbarrow

To demonstratehe systemwithout OdenseSteel Shipyard andtheir Openmodularcontrollet
we have cooperatedvith a numberof otherlocal partnerghathadaninterestin demonstrating
anindustrialprocesgerformedby anaggreatedrobot. Insteadof usinganon line centralcon-
troller, we have usedsomeof the essentiatentralcomponents$o obtainanoff-line specification
of therobotmotionandprocess.

As the demonstrationwasperformedin cooperatiorwith the compary Meganic Aps, the Smart
painterresearclgroupandthe motionplanningresearchgroupsfrom the Maerskinstitute it was
in factseveraldemonstrations one.We demonstratethat:

e TheDT-VGT technologyis usefulfor industrialapplications.
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e The local researchgroup dedicatedto spray painting (Smartpainter)can generategood
tool/nozzlepathsfor concae objects.

e Thelocalresearclyroupdedicatedo motionplanningcancorverttool pathsto joint paths
for redundantobotscontainingparallelkinematicelements.

e It is possibleto useour GEECONSsto control an aggreatedrobot in accordancevith a
givenjoint path.

Systemsetup

Although the componentsusedfor this demonstratiorare quite loosely coupledand usedoff

line, they constitutesomeof the major component®f a centralcontroller The sameor similar
componentsill be usedin later on-line versionsof a centralcontroller andhave indeedbeen
usedearlierin the Openmodularcontrollerbeforeit’s termination.

Smartpainter Motion planner
Wheelbarrow Spray nozzle Robot
CAD model CAD model kinematic model
Path file Joint file
Ll L . \ .
Tool path generator Tool path & . Joint path Joint paths &
Ll process setpoin generator r process setpoin

Figure9.2: Overview of planningsystemfor paintdemonstration

Figure9.2 shawvs the componentaisedto obtainthe joint pathsfor the aggregatedrobot. First,
modelsof the wheelbarrov andpaintnozzleareusedto specifya nozzlepath,combinedwith
a setpoint for the paint process— painton/off in this case. The combinedpathand process
specifications storedin afile for laterprocessing.

The motion plannerusea kinematicmodel of the aggregatedrobot, to transformthe tool-path
specificationinto path specificationdor the 10 individual joints of the aggreatedrobot. The
processspecifications encodednto thejoint streamasan11. joint, andthe entirespecification
is storedin ajoint file for laterprocessing.

Figure9.3 shavs the systemusedto executethe pathsgeneratedby the planningsystem.

Two GEECONsareusedfor the aggreatedrobot. We equippedhe onecontrollingthe PA-10
with a suitabledigital outputto turn the spraypainton andoff. Thejoint file is first split into
individual files for the two control nodes. The files are corvertedto datamodules,which are
transferedo thetwo GEECONSs.
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Figure9.3: Overview of executionsystemfor paintdemonstration

The GEECONSsare synchronized simply by issuingthe commandto executethe joint paths
simultaneously

We have not yet integratedsafetysystemsnto the GEECONs.andrely on a crudebut effective
externalsafetysystenthatremovesthehydraulicandelectricalpower supplyfrom themechanics
in caseof anemegeng stop.

Experience

The only work neededo integratethe PA-10 robot andthe DT-VGT with eachother wasto
attachthemmechanicallycalibrate/measurthepropertief themechanicatonnectiorthrough
externalmeansandconnectingheir GEECONSsto the samestart button As the GEECONSsof
this particulardemonstratiorwere controlledwith commandghroughtheir RS-232ports, the
start buttontook theform of a PCwith adualRS-232interface.

Whennetwork communications includedin theexecutionlayersoftware thesystemntegration
will be evensimpler asthe RS-232connectionill simply be replacedoy acommonnetwork
cable.

The wheelbarrav demonstratiorhave beenperformedseveral times, with differenttool paths.
Although the setupis rathersimple, it hasprovided all partnerswith a reliableandcorvincing
demonstratiomf our respectre technologiesexceptfrom the complity associateavith using
the primitive setup,the only flaw we encounteredvasa tendeng for the paintnozzleto clog
during painting, a problemthat hasto do with paint-chemistryandfluid mechanicsvhich are
clearlyoutsidethe scopeof our project.
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9.3 The DockWelder system

When we implement the
setup for the DockWelder
demonstrationye will have
re implementedthe current
execution layer software to
supporton line joint streams
delivered over the common
communicationnetwork of
the nodes. We imagine
the overall structureof the
DockWelder systemto re-
semblefigure9.5

Figure9.4: Sketchesof mechanicgor DockWelder

Aggregated robot manipulator

Motoman robot arm DT-VGT 1 DT-VGT 2 Revolute joint
1
v
° Control and ° Control and ° Control and
3 transducer layers 3 transducer layers 3 transducer layers
< £ < £ < £
2 { gl s { gls ] g
€ > € > € >
Motoman controller S Lower o S Lower o S Lower o
o execution layer “2 o execution layer % o execution layer %
3 IR o 8 &
B | B | B !
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[ Network interface [ Network interface [ Network interface
w w w

(Ad hoc) Central control node

Network
interface

[ Motion planning |----------------+ -=  Jointfile  —=

Safety
system

Higher
execution layer

User interface [=—=

Figure9.5: Overview of executionsystemfor DockWelderdemonstration

Oneof our foreign DockWelder partnersarein chage of controlling the Motomanrobot arm,
andit is notto beincludedin the modularcontrolsystemat this time.

The systemstructureis someavhat similar to the systemusedfor the paint demonstratiorde-
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scribedabove. Theprimarydifferencds thatjoint streamswill betransmittecbnline, ratherthan
storedin the GEECONsandthatwe wish to integratethe safetysystemwith the GEECONSs.

The DockWeldersystemwill alsofeaturemanualcontrol of the entireaggreatedrobot, except
theMotomanarm,from the centralcontroller

The systemwill not featureon line motion planning,asthejoint files will still be generatedn
adwance for off line executionat a laterpoint.

In theinitial systemtherevolutejoint andthetwo DT-VGT’swill beusedexclusively asaplacer
mechanisnfor the Motomanarm, andthe Motomanarmwill not move simultaneousvith the
restof theaggregatedrobot.

9.4 Conclusion

We have successfullyintegratedtwo differentmechanicaimodules,controlledby our generic
embeddedontrolnode§ GEECONS)jnto a 10 degreeof freedomaggregatedrobotmanipulatoy
anddemonstrated’s ability to performatypical industrialprocess.

Thedemonstratiomave shavn thatintegrationof mechanicamodulescontrolledby our GEECONSs
is primarily a matterof mechanicatonnectionasno signalsapartfrom the GEECONcommu-
nicationneedto be connectedo a centralcontroller

Thewheelbarrov demonstratiomndthe proposedockWelderdemonstratiosystenrepresent
thetwo first stepgowardutilizing the potentialof mechanicamodulescontrolledby GEECONS.

9.5 Futurework

The majority of work within systemintegration clearly lie in the developmentof the central
control node. This developmentis currently only supportedoy a single Ph.D. project, which
is hardly enoughto ensurethat our modularcontrol architectureavolvesinto a practicaluseful
system.

We suggesthat cooperationwith externalpartnersis initiated, in orderto investicate the pos-
sibility of integrating our distributed modularcontrollerswith existing controllertechnologies
suchasThe GENERIScontrollerdescribedn section2.5. At the sametime it would not be a
badideato strengtherthelocal researctanddevelopmenin high level controllertechnology
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Experienceand discussion

Duringthis projectwe have workedwith, developedandintegratedseveralinterestingsubprojects
andtechnologiesin this chaptemwe will summarizeandcommenton our mainexperiences.

10.1 Genericcontroller modules

During this project,we have outlined, designedcandimplementeda genericcontrollerplatform
thathave allowedusto experimentwith anddemonstrateurideaof agenericembeddedaontrol
node(GEECON).

We have successfullyplacedanexperimentaDT-VGT parallelkinematicmanipulatomoduleas
well asa corventionalindustrialrobotunderthe control of our genericcontrollerplatform,and
successfullydemonstratethatthetwo mechanismsanbeaggregatedandcontrolledasasingle
manipulator

In additionto our own experimentspur genericcontrollerplatformhave beenusedin anumber
of unrelatedprojects,whereit hasbeeninterfacedto:

e An experimental ultrasonic scanner, wherethe controller module recordedand pro-
cessedanalogdataat a samplerateof 60MHz, passinghe processediataalongat a rate
of 5MHz.

e A prototype Double Octahedron variable geometrytruss, wherethe controllermodule
interfaceddirectly to electricalmotors,and performedthe sametype of positioncontrol
usedfor theDT-VGT andPa-10robotin this project.

e A mobile robot, wherethe controllerinterfaceddirectly to electricalmotorsandvarious
externalsensors.

The experiencegainedfrom all theseprojects,alongwith a numberof minor experiments all
infer that our genericcontrollertechnologyis sufiiciently flexible to interfaceto ary sensoror
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actuatortechnologyin our experience.This is supportedoy our demonstratiorof interfacesfor
awiderangeof analoganddigital signals,aswell asparallelandserialcommunicatiorsystems.

Our main concernwith respectto the GEECONflexibility is thatthe numberof 1/0 signalsis

limited, by the numberof pins on the FPGA usedon the GEECONmotherboartl This might
eitherlimit the complity of mechanicahostmodules.or force usto expandthe I/0 systemof

the GEECON.Thel/O systemcanbe expandedoy addingadditional(FPGAbased)/O boards
to the Microline bus, or by redesigningthe motherboardo acceptan FPGA with more I/O

pins. As FPGAs exist with over athousand/O connectionsyve concludethatthis limitation in

GEECONI(lexibility is causedy our specificdesign ratherthanthe propertieof theunderlying
technology

In section3.6werecommendetb “aim for ashigh /O bandwidthaspracticalcorvenient’based
on examplesof interfacelayer componentsvith bandwidthswell into the MHz range.We also
estimateda minimum requiremenf 4kHz per signal. The I/O performancedemonstratedby
the GEECONIn someof the above applicationsis well in compliancewith both requirement
andrecommendationln fact, we have never experienceda mechatronicsystemrequiring /0O
performancen excessof our systemnor do we expectto find one.

In orderto allow our genericcontrollerto beintegratedwith the DT-VGT andothersystemghat
imposestrict demandson the controllersize,we have designeda very compactcontrollerplat-
form, thatcanbeaccommodately arectangulaspacedown to approximatelyl4 x 7 x 5 cm. It

hastakenseveraldesigniterationsto arrive at suchacompacdesign andour primarymotivation
to gothis faris our commitmentto deliver practicalprototypedor the DT-VGT mechanismin

our experience the currentGEECONis small enoughto be embeddedvithin mostindustrial
mechanism®r their native controllers. It is not possibleto achieve further significantsizere-
ductionwith the technologyusedin this project. A more compactGEECONmay however be
realizedby abandoninghe commercialCPU platformin favor of anentirely customizedesign.

In chapter3, we estimatedthat a performanceof 1 million operationgper seconds sufiicient
to implementsimple controllaws, for a GEECONhandlingup to 10 actuators.Our GEECON
utilizesacommerciallyavailableDSPmodulewith aperformancef 40MFLOP/20MIPSgiving
usmorethansufficient processingpower to controlaDT-VGT or a PA-10, with our currentlin-

earcontrollaws. As compatibleDSPmoduleswith performanceipto 900MFLOPareavailable,
we assumehatour controllerplatformwill be ableto supportthe processinglemandof most
industrialmechanismsevenif they demandmoreadwancedcontrol algorithms. The CPU per

formancerating is theoretical, andthe practicalperformanceelieson the programmersbility
to utilize the CPU architectureefficiently. The controllaws andcorrespondingoftware of our
demonstratiorsystemsare exceedinglysimple,so the efficiengy of the implementatiorhasnot
beenanissue.Whenmorecomple controllaws andsoftwareis developed,caremustbe taken
to ensurea sufficiently efficientimplementation.

Although we have beenusing the controllermodulesextensvely for experimentsand demon-
strationswe have experiencedotechnicalproblemsbeyondsimpleassemblyandprogramming

In the currentdesign,58 FPGApinsout of 208areallocatedto GEECONI/O
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mistales. As our currentprototypesareonly designedor laboratoryuse,it is irrelevant to test
themin accordanceavith industrialstandardshut we areconfidentthatour technologywill pass
therelevanttestsoncethe connectoralongwith the ernvironmentalandelectromagnetisealing
have beenupgradedor industrialuse.

10.2 Aggregatedmodules

Eventhoughwe werepreventedfrom integratingour distributedcontrollerswith thecentralcon-
troller technologydevelopedby OdensesteelShipyard, we have experimentedvith, anddemon-
stratedthe ability to aggreatetwo very differentmechanismsontrolledby our GEECONsand
usetheaggregatedmechanisnasanintegratedsystenthatcanperformindustrialprocessesiAs
describedn chapter9, this demonstratiorwentwell andwe arelooking forward to extending
the systemwith moremechanicamodulesanda moresophisticate@entralcontroller

During our interactionwith the DockWelderproject,anad-hoccentralcontrollerwill beimple-
mentedjn orderto controlthemechanicaimoduleson-line. As theprimarysoftwarecomponents
of acentralcontrollerarestill availablein thelocal roboticscommunity we areconfidentthatthe
ad-hoccontrollerbeingdevelopedfor DockWeldercanevolve to utilize the full benefitsof our
distributedlow level controllerarchitectureincludingautomaticor semi-automaticonfiguration
basedon the physicaltopology of the modularmechanismandthusthe network of distributed
nodes.

10.3 TheDT-VGT

During our experimentswe have gainedsubstantiakxperiencewith the DT-VGT andthe tech-
nologyusedto implementit. Much of theexperiences irrelevantto this project,asit regardsthe
mechanicatlesignof the prototype,but it hasbeenwelcomedby the compary Meganic, which
have incorporatednuchof the experiencegainedin their designfor the next prototype.

It hasbeenvery interestingto work with hydraulic actuatorsandalthoughthey arehighly im-

practicalcomparedo electricmotors,our experiencewith the technologyhave beenquite posi-
tive. We wereableto suggest promisingmethodfor modellingactuatoresponsewhich canbe
usedto devise control algorithmswith betterperformanceghanthe simplelinearregulatorused
for presendemonstrations.

We areimpressedvith the performanceof the DT-VGT, which seemdo be a very promising
technologyfor tasksrequiring slenderhigh strengthmechanicswith high dexterity regarding
angulardisplacementAt the sametime the DT-VGT is almostidealto demonstratéhe benefits
of modularcontrol,asthe DT-VGT is avery clearly definedmechanicamodulethatlendsitself
to modularcontrol.
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10.4 Genericl/O

One of our main sub projectshave beenthe developmentof a flexible 1/0 systembasedon
FPGAs (Field Programmabl&ateArrays). It is this technologythathave enabledhe combina-
tion of flexibility andcompactnesaecessaryo implementthe small, yet powerful andflexible
controllerplatformsusedfor the GEECONSs.

Thel/O systemallow usto transferalot of the functionalityusuallyimplementedvith dedicated
hardware,to a reconfigurablaigital system that canbe configuredandreconfiguredo handle
anextremevariety of 1/0 functions,withoutary physicalchanges.

Our 1/0 systemcan not completelyremorve the needfor dedicatedhardware, but reducesthe
amountandcompleity of the dedicatechardwareto a very modestlevel comparedo corven-
tional /O systems.

Theflexibility of ourl/O systemenableusto interfaceto virtually any electricalsystemreduce
developmentime dramatically allow usto optimizethe /O logic to the specifictask,andallow
usto alter, delug andimprove theinterfacewithout changingthe physical configuration.

Thel/O logic in our systemis designedasa modularsystembasedon the hardwaredescription
languagé/HDL. Thisapproactenableusto movel/O componentscrosperipherabussystems
andcomputerplatforms,so /O componentsaneasilybe reusedn very differentapplications
oncethey have beendeveloped.Thisprinciplehave beendemonstrateth parallelprojectswhere
our I/O systemhave beenusedwith the IndustryPack andPCl peripherabusses.

We find our approactto I/O very interestingfor researchanddevelopmentprojectsandfor ary
ervironmentthatneedgapid prototypingof 1/0 systems.

10.5 Network technology

As discussedn chapter3, the bandwidthandlateny of the badk bonenetwork chosenfor our
distributedcontrolsystemis crucialto its successandfuture applications.

In orderto benefitfrom stateof the art network technology we have investicgated IEEE-1394
or FireWire asa possibletechnologyfor the badk bonenetwork. We foundthe technologywell
suitedfor thisapplicationasit supportssochronousransferatesandlatencieof 800Mbps/25@:s,
which is substantiallybetterthan our 2Mbps/ 500us minimum requirement.Unfortunatelyit
turnedout that not all hardware andsoftwareimplementationgitilize the potentialof the tech-
nologyin anefficientway. The Firewire interfacesavailablefor our CPU platformturnedout to
be prematureandwereabandonedh favor of thewell proved ARC-net.

Due to our previous experiencewith ARC-net,its integrationinto this projecthave not caused
ary surprisesWith bandwidthf upto 10Mbpsandevenanddeterministicaccesgor thenodes
to transmit,it is quite well suitedfor our application. Its lateny dependon variousparameters
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relatedto the numberof nodesandthe protocolimplementedy the controllersoftware,socare
mustbetakento implementprotocolsthatkeepthelateng sufiiciently low.

ThoughARC-netis substantiallyslower thanFireWire, it still hasexcessve bandwidthin com-
parisonto our estimatef the needdfor practicalindustrialapplications.The additionalband-
width canbe usedto ensurecompliancewith demandsn excessof our estimatespr it canbe
setasidefor future integrationof e.g. externalsensors.In orderto ensurethe integrity of the
network, suchsensoranustbe integratedwith a GEECONand the communicationprotocols
mustbe designedo accommodatésochronousiatawhich is not directly relatedto the motion
control.

10.6 Referencemodel

The controllerreferencemodeldevelopedin orderto provide a framewnork for descriptionand
discussiorof our work, have worked quite well. As it is notintendedasa designor implemen-
tation model,it hasnot resultedin any physical experienceput is hasprovedto be very useful
whendiscussingontrollertechnologywith our partnersandassociates.

As our referencanodelis inspiredby previous experiencewith controllerswe arenot surprised
by the factthat our controllerarchitecturehasa strongresemblancavith the referencemodel,
andit is quite possiblethat our referencemodelcould be expandednto usefuldesign-or even
implementatiormodels.

10.7 Hardware/ Software co-design

We have beenextremelyimpressedwith the developmentmethodandthe designpossibilities
offeredby our useof reconfigurabléogic in thel/O system We have recognizedhatthis devel-

opmentmethod— co-designof hardware and software— may have a profoundimpacton the

way computerapplicationsare developed. Reconfigurabldogic allow the applicationdesigner
to increasehe systemperformanceoy implementingvariousfunctionality in hardware. Beside
I/O applicationghesecouldbe:

e Specializednemory e.g. multi port, queuesandmonitors.
e Specializedogic functions,e.g.endiancorversion.
e Algorithms,e.g.transformationsindfiltering.

Comple reconfigurabldogic deviceslike FPGAs have beenavailablefor roughlyadecadeand
they have becomevery commonin moderncomputercomponentsWe aresurprisecthat hard-
ware/softvare co-designdoesnot seemto be in commonpractisewith applicationdevelopers,
but thatthe useof reconfigurabldogic seemdo be reseredfor electronicengineers\We spec-
ulate that the traditional hardware/softvare partitioning of computersystemshasbecometoo
deeplyrootedwith theresearchandeducationrcommunities.The partitioningmayindeedhave

1st April 2003 129



Document: Modular control of industrial mechanics

becomea preconceptiorthat inhibits a possiblecornvergencebetweenhardware and software
development.
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Chapter 11

Conclusion

During this projectwe have reachedour main goal by developinga genericembeddedaontrol
node(GEECON) thatis ableto transformawide rangeof industrialmechanismto intelligent
modulesthatcanbeincorporatedn a modularcontrollerarchitecture.

We have demonstratedhe technologyby integratingit with two very differentrobot modules.
Theprimarydemonstratiomoduleis the experimentalhydraulicpowered,3 degreeof freedom
(DOF), parallelkinematicmodule(PKM), known a doubletripod variablegeometrytruss(DT-
VGT).! Thesecondarynoduleis the MitsubishiPA-10 corventional7 DOF roboticarm. ?

The ability to integraterobotic modulescontrolledby GEECONshave beendemonstratedby
connectingthe PA-10 to the DT-VGT, andusingthe aggreated10 DOF robotto spraypainta
wheelbarraw. 3

We have reachedur goalusingareactve projectmodel,thathave allowed usto adaptto avery
dynamicandchallengingprojectervironment* The reactve modelhave enabledus to benefit
from corporationwith anarrayof partnersrangingfrom engineeringstudentgo the participants
of the EU projectDockWeldet

This projectis partly financedby the EU projectDock\Welder, wherethe GEECONfor the DT-
VGT representan importantcontribution. Our commitmentto deliver working prototypesfor
DockWelder have emphasisethe engineeringaspectof the project,andhelpedusto focuson
usabilitythroughoutour work.

1Seechapter7
2Seechapter8
3Seechapter9
4SeeForeword”
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Keytechnology

We have obtainedour resultsfrom integrating3 key technologiesa CPU,a network andan1/O
systemo form theplatformfor a GEECON.Thearchitecturetechnologiesndcomponenttave
beenchoseror designedo complywith demandsparameterandsuggestiongjerivedfrom our
overall experienceandassumptionsboutpracticalindustrialmechanics.

Our main contriktution to the the GEECONtechnologyis the flexible I/O system,thatallow a
significantlybettertradeof betweemerformancegcompactnesandflexibility thancorventional
embeddedechnology

The flexibility have beendemonstratedhy engagingthe GEECONsandthe I/0O technologyin

avariety of projectsandexperimentsan- aswell asoutsidethis project. The compactneshave
beendemonstratedby implementingGEECON platformsfor the PA-10 and DT-VGT, which

only measure§ x 14 x 5 cm.” The performances evidentfrom the specificationf the sub-
componentsbut have alsobeenpartly demonstratedh an externalproject,wherea GEECON
prototypewasusedascontroller 1/0O interfaceandpreprocessofor an experimentalultrasonic
scannerdemonstrating/O bandwidthsup to 60MHz.

Hardware/software corvergence

The reconfigurabldogic usedin the I/0O systemis closely integratedwith the CPU, its func-
tionality is specifiedin a languagequite similar to conventionalprogramminglanguagesand
it’s configurationcanbe changedor updatedat arny time. This effectively blurs the traditional
sharpborderbetweensoftwareandhardware,asit becomegossiblefor the applicationdevel-
operto changethe systemhardwareaseasilyashe changeghe software. It is evenpossibleto
let the softwarespecifyor changethe hardwaredynamically or specifyprogram-&ecutingstate
machinese.g. CPU’s for thereconfigurabldardware.

While our GEECONSsstill rely on anapplicationspecifichardware layer for e.g. signalcondi-
tioning andcorversion thewaythislayeris interfacedto softwarehaschangediramatically We
have usedthe reconfigurabléhardwareto adaptthe functionality offeredby the statichardware
to thearchitectureof the CPU,aswell asto our preferredow level softwarearchitecture.

The co-developmentof softwareand|/O logic have allowed usto interfacethe control software
of the GEECONso thehardwareof e.g.the DT-VGT in anoptimalway. Both the softwareand
the applicationspecifichardware (signalconditioningetc.) usedfor this projectis significantly
simpler morecompactandelegantthantheir counterpartsn previous projects.

The hardware/softvare partitioning of traditionalcomputersystemsarisebecausesoftwarede-
velopmentastraditionallybeenmuchmoredynamicthanhardwaredevelopment.Theinclusion

5Seechapterd
6Seechapters
“Without enclosureetc.
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of reconfigurabldogic changeghat balance.Application designersvho are adeptat interdis-
ciplinary developmentin the fields: software, digital design,andelectronics;canusereconfig-
urablelogic to remove the borderbetweenhard-andsoftware, seriouslychangingthe way we
look at computersystemsandapplications.

Systemsintegration

Our I/O architectureenablethe GEECONSsto be interfacedto virtually any mechatronicsystem
by implementinganapplicationspecificdaughterboard.2 The daughteiboardprovidesthe nec-
essarysignal conditioningand corversionbetweenthe reconfigurabldogic of our I/O system
andthemechatronisystem.

Theuseof reconfigurableé/O logic givesa greatdegreeof freedomto thedaughteiboarddesign,
which simplifiesthe designprocessandenablegapid developmentof daughteoardsaswell
as experimentalinterfacesfor differentapplications. During this project, daughtemoardsand
experimentainterfaceshave beendevelopedfor the DT-VGT, the PA-10, the ultrasonicscanner
mentionedabove, aswell asa numberof otherminor projectsandexperiments.

The software developedto demonstratéhe DT-VGT and the PA-10 modulesfeatureposition
control of the individual actuatorsandallow the actuatorgo be controlledon-line throughthe
GEECONSsnetwork, or off-line by downloadingjoint path descriptionsto the GEECONSin
adwance.

Theability to integrateintelligentmechanicainodulesnto aggregjatedrobotsweredemonstrated
by connectinghe PA-10 andthe DT-VGT, andletting their GEECONscontrolthemin synchro-
nisedmotionthatallowedthe aggreatedrobotto spraypaintawheelbarrow.®

Contrib ution

This projecthave contributedto the knowledge,understanding@ndresearchn roboticsandau-
tomationin anumberof ways.

Thedevelopmentof a practicalcontrollerfor the DT-VGT mechanisms animportantcontribu-
tion to the further developmentof variablegeometrytrusseswherethe roboticscommunityof
Odenseholdsaleadingposition.

We have introduceda genericembeddedtontrol node (GEECON)that s sufficiently compact,
powerful andflexible to be embeddednto, integratedwith andcontrol mostpracticalindustrial
mechanismsAs we have demonstratedhe GEECONcanbe usedto transformexisting indus-
trial mechanicsnto intelligent mechanicamodulesthat can easily be integratedinto comple

modularsystems.

8Seesectiord.3
9Seesection9.2
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The GEECONtechnologyhasbeenintroducedn variouscontets relatedto roboticsaswell as
otheraspect®f embeddedontrol,andit is beingadoptedy theroboticsgroupat university of
southerrDenmarkasthe preferabldow level controllertechnologyfor experimentakobotics.

Theability to useexisting mechanicasbuilding blocksfor modularrobotsincreaseahefeasibil-
ity of experimentalandtemporaryrobotic systems.This will benefitresearctanddevelopment
(R&D) of industrialrobotics,aswell asindustrialuseof robotsin temporaryor dynamicproduc-
tion lines.

Thedemonstratiomf hardware/softvareco-designn the GEECONI/O systemis anillustration
of currentandemeping possibilitiesin computerengineeringlt underlineghegreatimportance
of interdisciplinaryinsightto efficientcomputeisystemslevelopment At thesameime it points
to reconfigurabldogic andHW/SW corvergenceasa very importantareafor R&D aswell as
educatiorwithin thefield of computersystemsengineering.

This projectspana wide areaof topics, technologiesanddisciplines,which have successfully
beenbroughttogetherto form a working modularcontrol systemfor industrialmechanicsThe
control systemis an enablingtechnologyfor further local R&D of variablegeometrytrusses,
andis a major contribution to the ambitiousEU projectDockWelder The projectis in itself a
demonstratiomf the benefitsof interdisciplinaryR&D in computersystemsngineeringandis
animportantcontribution to thelocal computersystemsengineeringervironment.
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Futur e work

In this chaptemwe will discusshe opportunitiesor future researchanddevelopmentwhile we
referto the Future work sectionsof the technicalchapterg4 to 9) for descriptionf the minor
technicalissues.

12.1 Genericembeddedcontrol nodes(GEECONS)

We arequite satisfiedwith the currenthardwarearchitectureof the GEECONsandestimatehat

it cansupportrelevant projectsfor someyearsto come. As OrsysGmbh continuesto support
andupgradethe Microline rangeof CPU modulesusedin the currentGEECON,the supply of

CPU modulesdoesnot appearto becomea problem. It might however be desirableto become
independenbf Orsysas the only supplierof CPU modules,which can be accomplishedoy

developinganindependeniicroline compatibleCPUmodule,or by designinganew generation
of GEECONswith e.g.integral CPU.

The currenttrendin reconfigurabldogic is to integratepowerful CPU’s andlarge RAM blocks
with increasinglycomplex gatearrays,on the samelC. This developmentmalkesit possibleto

implementmostof a GEECONIn a singelC, with power supplyandsignalconditioningbeing
theonly externalcomponentsin light of this trend,we recommenaonsideringhis technology
for thenext generatiorof GEECONsasit canmake the GEECONssubstantiallysmallerwithout

compromisingheflexibility andperformancef the currentarchitecture.

As describedn chapter9, the GEECONSswill beintegratedwith the mechanicamodulesused
in the DockWelder EU projectduring the spring of 2003. The roboticsgroup of university of
southerrDenmarkis currentlyplanningto participatein annumberof industrialprojects,where
the GEECONSswill beintegratedwith variousplacermechanismg.g. mechanicalifts. In ad-
dition to externalprojects,we have plansto equippreviousrobotic prototypesandexperimental
systemswith a GEECONsnN orderto ensurecompatibility betweerthe experimentakystemsof
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the local roboticsresearch.Theseupgradeswill be out sourcedio student,in orderto provide
educatiorin low level controland GEECONknow how atthe sametime.

12.2 Network

As thereareobvious adwantagedo usingafasterandmorepopulartechnologythanARC-NET,
we recommendhatthe network technologyis reconsideredvhena new generationrGEECONs
are designed.We recommendaking a secondliook at FireWre, but asthereis a tremendous
developmenin computemetworks, otheroptionsmay prove interestingat thattime.

12.3 Central controller

The centralcontroller currently holds the greatestpotentialfor improvements,asit currently
exists only asdiscretesoftwarecomponentsAn ad-hoccentralcontrollerthat supportson-line
control of a modularrobot, will be operationalwithin the summerof 2003. In orderto harest
thefull potentialof our modulararchitectureywe needa centralcontrollerthatcaninteractwith
the GEECONswith respecto configurationaswell asmotionandprocess.

We recommendhatthe local researchand developmentof controllertechnologyis intensified,
andthatlocalresearcherengagein cooperatiorwith organisationghatposseselevanthighlevel
controllertechnologyandexperience.

12.4 Reconfigurablehardware

The developmentof aflexible 1/0 systembasedon reconfigurablaligital hardware, hasbeena
veryimportantsubprojectfor thiswork, andit hasproveninterestingo otherfieldsthanmodular
control.

In this projectwe have relied on staticanaloghardwarefor muchof the necessargignal con-
ditioning. As reconfigurableanaloghardwareis currentlyemeping asa feasibletechnologyit
will beinterestingto researchhe potentialof this technologyaswell.

We find the possibilitiesoffered by reconfigurablénardware,to allow hardware-andsoftware-
designto corverge extremelyinteresting.This technologyhave provenparticularlyusefulin /0
systems but might also affect other aspectof computersystemsdevelopment. Many trends
point toward the future importanceof reconfigurablehardware, and we strongly recommend
furtherresearctanddevelopmentin this field, bothin relationto controltechnologyandasan
areain itself.
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Appendix A

Danish summary

Baggrunderfor detteprojekter detlokale udviklings og forskningsarbejdeler sidenstartenaf
1990’erneharfundetstedindenfor omraderne:

e Generebevaegelsesplanleegniridy industriellerobotter
e Specialbyggedeobottertil arvendelsa bla. skibsbygning.

Det har vist sig at den mesteffektive madeat designeog konstruereavanceredeobottermed
mangdrihedsgradereratbyggedemopvha. forskellige mekaniske modulerderhverisaerharen
bestemfunktion. Nogleaf dissemodulerkanvaerekommercieltilgeengeligeenhedesomf.eks.
enalmindeligindustrirobot,mensandremodulerkanveerespecialbyggedsl etbestemformal,
somf.eks.MeganicApS’ DT-VGT. Kompleksesammensattmbotterkansa nemtfremstillestil
forskellige formal ved at seettede grundlaeggendmekaniske modulersammerpa forskellig vis.

Formalet med dette projekt er at udvikle en generelindlejret styredatamatger kan indbygges
i de forskellige mekanisle moduler og dermedtransformeredemtil intelligenteselvsteendige
robotmodulerderkankoordineresaf encentraldatamablot ved at samledemog forbindedem
til etfeelleskommunikationsetveerk.

Rapportenbegyndermed at beskrive og sammenligneelevante omraderaf moduleerrobotte-
knologi, generellerobotcontrollereng indlejrederobotcontrollergkapitel 2).

| kapitel3 foreshsenpassendarkitekturtil engenereimodulzerobotcontrollerderbaseresig
pa et netveerkaf sma fleksible og kraftfulde indlejrededatamaterder tagersig af lokal styring
af de enkelte mekanislke moduler Al overordnetstyring af densammensatteobot handteresaf
en centralenhed,og de forskellige enhedelkkommunilerervia et feellesnetveerk. Den centrale
enhedigger udenfor voresemneomade,dadennefunktion kanvaretagesif tidligereudviklede
robotcontrolleresomf.eks. OdenseStalskibsvaerft¥OMC controller Der opstillesdernaeskrav
oganbealingertil forskellige aspekteaf deindlejrededatamaterspecifikationerfleksibilitetog
ydeerne. Dissekrav udlededra voreskendskalng forventningettil industriellerobotsystemer
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| kapitel 3 beskrvesdenoverordnedaidvikling af deindlejrededatamateder skalfungeresom
platformfor voressystem Datamaterndyggesaf tre hovedkomponenter:

e EtkommercielttilgaengeligtCPUmodul,dersener&anopgraderesnht. ydeaszne mm.
e Et Motherboad derrummerstramforsyningnetveerksnterfaceog Input/outputiogik.

e EtDaughterboad derrummerdespecifikle kredslghdererngdwendigefor atsammenkble
datamatemedenbestemimekanisme.

Detl/O systenvi harudviklettil denindlejrededatamatrngglertil atopraetmegetfordelagtigt
forhold mellem starrelse ydeerne og fleksibilitet. Voresarbejdemed1/O systemeter derfor
beskreetudfarligti kapitel5.

Den korventionellemade at realisereet fleksibelt I/O systempa er ved at basereden pa 1/0
hardware moduler somvi kenderdemfra ISA, PCI, VME, Industry Pack etc. Dennepraksis
giver gansle vist stor fleksibilitet, men den kraever meget pladsog er derfor heemmendédor
udviklingenaf engenerelindlejretdatamat.

Vi erstatterde korventionellel/O modulermed programmerbatogik, i form af en Field Pro-
grammableGate Array (FPGA), der placerespa datamatensnotherboad. FPGAen kan kon-
figurerestil atudfgrestortsetalle digitale funktioner og kandermedkonfigureregil atfungere
soml/O interfacemellemCPUmoduletog denydreverden.

FPGAensgraenseflader digitale signaler sa et vist omfangaf signaltilpasningpg korvertering
erngdwendigfor atforbindeFPGAentil denydreverden.Vedatplaceredengdwendigekredslab
til dettepa datamatendaughterboad, kanvi ngjesmedatudvikle etforholdsvistsimpeltdaugh-
terboardil hvert mekaniskmodulvi gnsler attilk oblevoresindlejrededatamat.

FPGAen konfigureres et hardware specifikationssprog(VHDL) der minderom kendtepro-
grammeringssprogg ogsatillader at udvikle modulaeralesigns Ved at udrytte detteopbygges
etbibliotekaf digitale I/O funktionerderkangenbruges forskellige sammenhange.

| kapitel 6 gennem@svoresarbejdemednetveerkgeknologi. Farstgivesen oversigtover pop-
uleereog relevantenetvaerksteknologieog dernaesgivesenmeregrundiggennemgngaf deto
teknologiervi hararbejdetmedi detteprojekt.

Danetveerletskaloverfgredataderertidskritiske, og samtidigthave sa storkapacitesommuligt

harvi fgrstforsggtatarvendelEEE-1394eller FireWre, dadetunderstattetidskritisk datatrans-
missionmedop til 800Mbps. Firewire er umiddelbartmeget velggnettil detteprojekt, menvi

var ngdttil atfraveelgedetfordi detfirewire modul af det programmelder var til radighedfor

voresCPU modulerikke var tilstraekleligt effektivt.

Somerstatningil FireWire harvi valgt ARC-net,derer et palideligt og gennemprest tokenbus
netveerktil industrieltbrug. Vi harendel erfaringmedARC-net,og kunnenemtimplementere
enpassendésning.
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| kapitel 7 beskrver vi hvordanvi harkobletMeganic ApS DT-VGT modulsammermedvores
indlejrededatamat.Dettearbejdeindbefatterbla. udvikling af en passendéorstaerler til mod-
uletshydraulikventiler, overvejelserom stramforsyningjmplementatioraf passendelaughter
board, konfigurationaf FPGA, udvikling af demonstrationprogrammelgenbrugaf regulering
fra ettidligere projekt,og overvejelerom modelleringaf moduletshydrauliske system.

| kapitel 8 beskrvesdet hvordanen Mitsubishi PA-10 robotarmkoblestil enindlejret datamat
vha. etekstraARC-netmodulog udvikling af passendeemonstrationprogrammel.

| kapitel 9 beskrvesintegrationenaf en DT-VGT og en PA-10 robot, der begge styresaf en
indlejretdatamatFor atdemonstrersystemeharforskelligelokaleforskningsprojektebidraget
til atenopstilling hvor densammensatteobotkan bruges enindustrielproces; dettetilfeelde
atsprgjtemalentrillebgar.

Vha. en CAD modelaf trillebgrenog malersprgjterhar robotgrupperved MaerskMc-Kinney
Mgller Instituttetfor produktionsteknolog{MIP) farst berggnet en passenddanefor maler
sprgjten.Dennebaneer sammemeden CAD modelaf robottenbrugttil at beregnebanerfor
robottensndividuelle aktuatorer Dissebanerer overfarttil de respektve indlejrededatamater
i densammensatteobot, og datamaternéar derefterderesveertsmekanismetil at udfgreden
samledebevaegelsesynkronisereaf encentralcomputer

Kapitlet afsluttesmed en beskrvelseaf en tilsvarendemen mereavanceretdemonstrationsop-
stilling deri gjeblikket forberededil EU projektetDock\Welder

Kapitel 10 erenevalueringogdiskussioraf devaesentligsterfaringerfra projektetdereroverve-
jendepositive, medmegetfa beteenklighedemandgaendedetudvikledesystem.

| kapitel 11 konkluderervi at projekteter vellykket, og haefteros iseserved voresbrug af kon-
figurerbarlogik somdennggleteknologider har gjort det muligt at fremstille en tilstraeklelig
kompakt,fleksibelog kraftig indlejret datamat. Samtidigterkendervi at rekonfigurerbadogik
har et stort potentialefor at skabekorvergensmellem programmelog elektronik, hvilket kan
give storefordelefor udviklingenaf applikationelindenfor mangeaspekteaf datateknologi.
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Publishedpapers

During ourwork with modularcontrollers we have contributedto anumberof publishedoapers,
asdescribedn thefollowing pages.Thearticlesthemselesareplacedin AdobePDFformaton
theaccompaying CD-ROM.
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B.1 Designof Double-Octrahedral VGT Manipulators

Published: VDI BERICHTE 1427 “Neue MaschinelknzepteMit ParallelenStrukturenFur
HandhalingUnd Produktion”,1998

Authors: :
Hthors Dipl. Ing. O. G. Jakobsen

Dipl. Ing. S.A. Larsen
M. Sc.A. S.Sgrensen
e M. Sc.N. J.Jacobsen

Abstract: This paperpresentsa 19-degreesof freedomprototyperobotic manipulatorbuilt
with the purposeof demonstratinghe potentialof the parallelmechanisncalled
a Variable GeometryTruss(VGT). The VGT mechanisms characterizedy a
highrigidity-to-weightratio andhasits advantagesn long-reachor high-payload
tasks. All previous VGT designsarefound within the field of spaceor nuclear
wasteoperations However, this manipulatoris aimedfor corventionalindustrial
purposes. This paperpresentghe intendedapplicationof the manipulatoy the
VGT technologyworkspacestudies a uniquezero-ofsetjoint, rigidity analyses,
andthecontrolstratgjies.

My contribution: This paperfeaturesa descriptionof my very first attemptat a modularem-
beddedcontrolarchitecturebasedn corventionalindustrialcomputers.

File: Papers/vgtvdi.pdf

Co. author statement:

As co-authorsye acknavledgethatAndersStengardSgrenseimave contributedto the paper
asstatedabove.

Ole Gra Jalobsen Niels Jul Jacobsen
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B.2 A developmentof parallel robotic modulesfor long reach
applications

Published: Proceedingf the 32nd ISR (InternationalSymposiumon Robotics), 19-21
April 2001

Authors: M. Sc.A. S.Sgrensen

As. Prof. Henrik G. Petersen
Dipl. Ing. O. G. Jalobsen
e M. Sc.N. J.Jacobsen

Abstract: In thispaperwe presenburdevelopmentowardsvariablegeometrytruss(VGT)
submodulesontainingembeddegrocessorsor realtime control. We first dis-
cusshow prototypemoduleswere developedand the experiencesve have got
from performancestudiesof that. Next, we presentthe designphaseof new
moduleswherewe usekinematicanddynamiccomputemodelsof the modules
togetherwith Finite Elementpackagedo maximizethe kinematicworking area
of themoduletakingtheloadonthejointsandlinks into account We thendiscuss
thedesignanddevelopmenbf thesmallandflexible high performancembedded
processorsWe discussn somedetailthe motivationfor having suchprocessors
andthe choiceof processoby the EuropeanCommisionaimedat enablingau-
tomationof unhealtly weldingtasksin confinedsteelstructuresn thedockarea
in shipbuilding.

My contribution: In this paperl describethe adwantagesof integratingembeddedomputers
with the DT-VGT’s aswell asothermechanicamodules,andgo on to describethe tech-
nologywe planto useto accomplisha sufficiently compaciandflexible design.

File: Papers/parallel.pdf

Co. author statement:

As co-authorsye acknavledgethatAndersStengardSgrenseimave contributedto the paper
asstatedabove.

Henrik GordonPetersen Ole Gra Jalobsen Niels Jul Jacobsen
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B.3 Towards the industrial usageof parallel kinematic mod-
ulesin afully modular robotic manipulator

Published: FundamentalssuesandFutureResearcibirectionsfor ParallelMechanismsnd
ManipulatorsOctober3-4,2002,QuebedCity, QuebecCanada

Authors: M. Sc.A. S.Sgrensen

As. Prof. Henrik G. Petersen
Dipl. Ing. O. G. Jalobsen
Dipl. Ing. J. Steinicle

Abstract: Oneof themainadwantage®f parallelrobotsis thatthey canbe appliedasmod-
ulesin long-reach(snale-like) robotic manipulatorenablingroboticautomation
of unhealtly work in confinedspacesHowever, beforeparallelkinematicrobotic
modules(PKRMs) canbe widely usedin suchapplicationsa variety of techno-
logical tasksmustbe accomplisheduchas designissues precisemodelbased
calibration,modularcontrolandprocessontrol. It is the purposeof this paperto
addres®urwork within eachof thesetasksaimedat developingrobustreconfig-
urablePKRMsfor long reachweldingapplicationswithin e.g. shiphuilding.

My contribution: In this paperl describethe demandshe DT-VGT modulesputson anemb-
ddedcontroller anddescribehow anl/O systembasedon configurabldogic canaccom-
modatemary of these.

File: Papers/des _opt _1.pdf

Co. author statement:

As co-authorsye acknavledgethatAndersStengardSgrenseimave contributedto the paper
asstatedabove.

Henrik GordonPetersen Ole Gra Jalobsen Jalob Steinicle
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B.4 A developmentof modular robotsfor flexible robotic man-
ufacturing units

Published: Proceedingsf the33ndISR (InternationalSymposiunon Robotics),2002
Authors: e M. Sc.A. S.Sgrensen
e As. Prof. Henrik G. Petersen

Abstract: With todaysrapidly changingconsumedriven market, the needfor robotic pro-
ductionunits that are capableof beingmodified fastand efficient hasincreased
tremendously An obvious way to fulfill this needis to usetruly modularunits
asbuilding blocksfor the robotic productionunits. Usingthis approachpnecan
thenthink of theseproductionunitsasconsistingof roboticmanipulatorghatare
designedn adwancein the office basedon the available modulesandthe tasks
the manipulatorsaaregoingto perform. The modularsulunits canbe sub-set®f
along robotic arm, but they may alsobe moving platforms,suchasfork-lifts or
othervehicles,or atomiconedegreeof freedomunits. It is the purposeof this pa-
perto presenbur developmentof coretechnologiedor industrially robstrobotic
modules.More specifically thesetechnologiesareembeddedontrollersfor the
modulesanda centralkinematiccontrollerthat mirrors the modularideaof the
underlyingmodularmechanicalindelectronichardwareof theroboticmanipula-
tor.

My contribution: In this paperl describethe benefitsof modularcontrol and introducethe
layeredreferencemodel. | move on to describethe component®f a modularcontroller
in termsof thelayeredreferencenodel,aswell asthe challengegosedby implementing
suchasystemandthemeando overcomethem.Finaly | give adescriptiorof ourprototype
controllerandhow it is integratedwith aDT-VGT.

File: Papers/isr2002.pdf

Co. author statement:

As co-authoy| acknavledgethat AndersStengardSgrensemave contritutedto the paperas
statedabove.

Henrik GordonPetersen
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Appendix C

Goal analysis

This chapterindicatesthe original analysisof the projectgoals. The analysiswas performed
duringthefall 2000andis includedhereto motivatethe projectbreakdevn of appendixD.

C.1 Overall task description

Thevision for this areaof work is to developa systemof relatively few robotmodulesbasedn
parallellaswell asserialmechanismsgnabelinga large numberof differentmanipulatordo be
constructedy puttingthe modulestogheterin differentways. Modular controltechnologywill
enableeasyconnectionconfiguratiorandcalibrationof complex manipulators.

As partof this vision, this Ph.D.projectis supposedo suggestechnologiesandprinciplesfor
distributedmodularcontrolcompputersExperiencdrom previoustestsshowv the needfor phys-
ically smallcomputersc¢loselycoupledto theactuatorsn thevariousmodules.Thebasicideaof
this projectis to investigateandtestmethodsandtechnologiedor creatinga controlunit capable
of:

e Beingintegratedwith oneor moreelectrical,pneumaticor hydraulicactuatorsandcontrol
themin aclosedloop, essentiallynakingtheactuatorsmart

e Participateasanodein anetwork connectinga numberof smartactuatorsnto a network,
enabelinghemto exchangerelevant staticanddynamicinformation.

¢ Presentinghe systemasawhole,with aslittle coordinationfrom a centralnodeaspossi-
ble.

The origin of the projectis the pastdevelopmenton VGT! robottechnology performedat AM-
ROSEA/S. Theprojectis mentto resultin ademonstratioof aVGT robotperformingcontrolled
movements.

LvariableGeometryTruss
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C.2 Conceptualbasis

Duringthelast10years,OdenseaJniversity have participated— directly andindirectly— in the
developmentof motionplannerdor complex robotic manipulatorsconsistingof anaggreation
of astandardndustrialrobotandvariouscustombuild gantrypositioningsystemsGiving atotal
of upto 12 degreesof freedom.

A commonfactorin all theeseprojectshave beenthe enormeousamountof work neededoy

mechanicselectriciansgngineerandprogrammersto integratethe variousactuatorssensors,
interfacesandotherelementsnto aworking, documentedystemhatcouldbe controlledby the

computerunningthe motionplannersoftware.

Modularity

Objectorientedmetodshasled to mary improvementson the higherlevels of software,treating
eachbasicmechanicatlementsaninstantiatiorof acommonclass.Low level software(device
drivers),hardwareinterfaceswires,motorcontrollers sensor®tc. arehowever largely designed
and implementedthe old fashionedway: Treatingthe whole installationas a sigle comple
integratedsystem.

Thebenefitsof extendingthe objectoriented— or modular— view to the mechanicaklements
themselesare particularlyclearwhenconsidering GT modules.One of the main benefitsof
VGT sarethatanumberof VGT modulescanbeassembledto manipulatorswhichworkspace,
speedandhandlingcapabilitiescanbevariedalmostindefinetelydependingonthenumbertype,
andconfigurationof the basicmodules.

Modular control

By embeddinga computerin eachVGT module,eachmodulecantake careof it's own low-
level control,leaving the centralcontrollerto specifythe physicalmotionto be performedyia a
standardizeahetwork interface.In this way, eachmechanicamodulecanbeintegratedwith the
systemsimply by connectingt to acommonnetwork anda power supply The principlecanbe
extendedto all othermechanicaklementsf a (robot) installation. Compatiblecomputerscan
be embeddedn andinterfacedto off the shelfindustrialrobotse.g. the Mitsubishi PA-10, or
customizecelements.g.agantrypositioner

Configuration

Having a computerwith permanenstoragein eachmodule,makes configurationaf the central
motion plannermucheasierasthe motionplannercaninterrogatethe network to find outwhich
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modulesarepresentwhattheir orderis, andwhattheir kinematicanddynamicparametersre.
Basedon theesanformations,the motion plannercanconfigureits own mathematicamodelof
therobotwithout interventionaf anoperatorandwithout therisk of mismatchedetweemmodel
andreality.

Experience

To gainexperiencewe have alreadytestedembeddediistributedcontrollerson VGT prototypes.
Themainlesonsveretheimportanceof fastreal-timenetworks,andthenecessityo usecomput-
ersthataresubstantiallyfaster smallerandcheapethanwhatis currentlyavailablefor industrial
control.

Futur e technology

By usingcomputingandnetwork technologydevelopedfor professionamulti mediapurposes
i.e. DSP%s and Firewire, and by developing a highly reconfigurabld/O subsystenbasedon
programmableomponentsatherthanphysical modules,it will be possibleto meetall the de-
mandsderived from presentexperience:Size,speedand cost,while maintainingthe flexibility
neccessarto integratethe systemwith awide variety of actuatorsandsensors.

C.3 Goals

Theprojecthasa numberof differentgoals,which arecompatibleundertheright conditions but
canbeconflictingundertime pressure.

Product goals

Prototype platform: Developinga prototypeplatform for a control moduleis essentiato the
goal of the overall projectdescription. The platform be the basisof otherproductgoals,
but canalsobeusedin otherprojectsandactuvities.

Prototypeon DT-VGT: The next logical stepto meetthe overall goal is to integrate control
moduleswith DT-VGT mechanismsanddemonstrat¢hatthe modulecancontrolthe DT-
VGT, effectively makingthe DT-VGT low-level autonomous.

Interface for motion planner: To make the autonomoudDT-VGT useful, it mustbe ableto
acceptcommanddrom a motionplanner During this projectthis will be restrictedto an
off-line motionplanner
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Prototype on other mechanism: To demonstratendtestthe ability to control heterogeneous
mechanismgt is necessaryo integratethe controlmoduleto anotherkind of mechanism,
thatis ableto work togethemwith the VGT modules.

Demonstration of integrated heterogeneossystem: Thefinal goalis to demonstrate hetero-
geneousnanipulatomworking asanintegratedsystem.

Functional goals

Supplementpresentcontroller technology: While the attentionof the productgoalsarelim-
ited to a few mechanismsthe technologyidentifiedanddevelopedin the project,should
be ableto supplemenbr evenreplaceexisting controllertechnology

BoostingVGT technology: As moststandardnechanismarealreadyintegratedwith asuitible
nativecontmwller, the mostlikely areaof commercialapplicationsareasVGT controllers.
As aconsequencét, is importantthatthetechnologyis developedwith this specificmech-
anismin mind, asthe availability of a corvincing controlsystemis adamanfor marketing
theVGT technology

Boostingactivities at MIP: Many of the actvities at MIP arerelatedto control of robotsand
themeando do so. Theesectvities shouldbenefitfrom thetechnologyof the project.

Education: The participantsof the projectmustgain additionalknowledgeand experiencein
thefield of controlsystemsandcomputersystemsengineering.

Integration with Dockwelder: The conceptsof this projectwill be continuedin Dockwelder
To getthe mostout of both projects,this projectshouldadaptto the structureof Dock-
welder

Administrati ve goal

Completing Ph.D. thesis: One of the dominantgoalsis to finish my Ph.D. thesis. This will
allow meto persuean academiccareerandto getinteresting— possiblybetterpaid —
jobsin industry

Keepingthe Feb. 2000deadline: SDU stopspayingmeto work onthethesisby Feb2002.

Publishing papers: A Ph.D.thesisis supposedo yield anumberof scientificpaperslueto the
Publishor Perish principle. Partly to sustainanimageof scientificproductvity, partly to
enhancehe possibility of anacademicareer
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Other goals

Oneof thereasondgor the Maerskinstituteto investin this project,is to enablemeto continue
working at the institute after the thesis. This is not exactly a goal for this project, but it is
neverthelessntertvinedwith the projectin mary ways.

C.4 Criterions for success

As thereareanumberof concurrengoalsfor theproject,it is essentiato sortoutwhattheactual
criterionsfor successare. Unfortunately this dependdargely uponviewpoint. Four different
viewpointshave beenidentified,asshavn in figure C.1.

Viewpoint

Goal

CompletingPh.D.Thesis
KeepingFeb2002deadline
Publishingpapers
Genericcontrolplatform

Integrationwith DT-VGT
Integrationwith PA-10

Interfacefor motion-planner
Demonstratiorof heterogeneousystem
Supplemenpresentontrollertechnology
BoostingVGT technology
Boostingactvities atthe Maerskinstitute
Educationin relatedfields
Integrationwith dock-welder

0 =Unimportant 1=Interesting 2=Important 3= Essential

W N w| k| N N w] Nl wl N N | w| Maerskinstitute

ol | ol ol o Rk k| | k| w| N w| Academic

W Rk W k| N w N wl N ol o] o Industrial

W] NN w| | W] W] k| w| N |~ N Personal

TableC.1: Goalsprioritized by viewpoints

Academicviewpoint

In apureacademienvironment,thecriterionfor successvould be:

Minimal: To completeanacceptabléhesiswhile publishingafew papers.
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Supplementary: Having little or nodelay

Benefits: Demonstratiorpracticalapplicationof the project,andeducatinga few people.

Industrial viewpoint

Takingtheviewpoint of ourindustrialpartnerssuccessnight be definedas:

Minimal: Demonstratingheability to controlDT-VGT’s, by way of amotion-plannerthereby
boostingthe VGT technology

Supplementary: Demonstratingheability to controlheterogeneousechanismgherebypaving
theway for dockwelder

Benefits: Creatingsupplementaryechnologyfor existing controllers,educatingstudentsand
increasingMIP actvitiesin relatedareas.

Maersk Institute viewpoint

As theMaeskinstituteis acomple« matter it is noteasyto specifythis viewpoint. Assumingthat
the institute actsasa bridge betweenindustrialand academidnterests,andallowing for some
specialinterestssuccessnightlook lik e this:

Minimal:

e Completingthethesis.
¢ Enabelingdockweldemy interfacingVGT-modulesto a motion-planner
¢ Increasingelatedactities at MIP

Supplementary:

Publishinga numberof papers.

Educatingstudentsn relatedareas.

Demonstratinghe genericaspectf the platform by controlling heterogeneousecha-
nisms.

Integratingthe existing PA-10 robotto the system.

Benefits:

e Keepingthedeadline.
e AugmentingMIP researchn parallelkinematicsanddynamicsby boostingVGT technol-

ogy.
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Personalviewpoint

Minimal:

e Demonstratinghe value of 3-5 yearsof work in this field, by getting a heterogeneous
mechanismo work.
e Enabelingndustrialapplicationdor DT-VGT's.

Supplementary:

e Gettingthebenefitsof a Ph.D.degree.

e Increasingcomputersystemsngeneeringactuvities.

e Supplementingxisting controllertechnologycreatingmoreapplicationgor the modular
controller

Benefits:

¢ Avoidingthe problemsof breakingthedeadline.
e Gettingthe benefitsof having publisheda rangeof papers.
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Appendix D

Work Breakdown Structur e Analysis

This chapterindicateshow the projectwasanalyzedandsubdvided into varioussmallerparts.
Theanalysisvasperformedduringthefall of 2000. As we werenever ableto expandour project
group,the needfor documentatiorof this processhave beenlimited, leadingto a low level of
detailin this chapter
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D.1 Functional structure

Central functions Communication Local functions
Motion planner interface Database I/O '
. o S ‘ Kinematic ‘ :‘ ”””
> @adT)® |
T N ‘ Dynamic ‘ ‘ ******
Configujation ‘ Control
C/O\:/O | o BH
SN — -
(——C)
User irJerface ‘ = Config.
o o C/O\:/Q
N AN
- SO0

FigureD.1: Functionalbreakdevn of project

Modular control system

The main function of the systemis to act as a modularcontrol systemfor genericindustrial
mechanics.

Communication

The communicationsystemconnectingcontrolmodulesandcentralcontroller

Local configuration

The systemcontrollingthe modeof eachmoduleeg. On, Off, On-line, Error etc.
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Local control

Thecontrolsystemsn chage of actuatorsanindividual modules.

Local I/O

Thel/O systemconnectinghelocal computerto the hostsystems.

Local database

Holding relevantkinematicanddynamicinformationaboutthe individual robotmodules.

Central configuration
Interface for motion planner

Central userinterface

D.2 Systemsstructure

Central controller . Embedded module

Embedded module

FigureD.2: Systemorientedbreakdavn of project
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Overall system
This is the productorientedcounterpariof the main function as Modular control Systemde-

scribedin sectionD.1. Thetwo conceptgepresentslifferentviews of the samething, andcan
be usedinterchangeably

Embeddedmodule

The embeddednodulesare the centralconceptof the whole project, and the mostimportant
productgoals. As indicatedin figure D.2, the embeddedanodulecanbe subdvidedinto several
logical parts.

Central controller

Thecentralcontrolleris thoughtof asa conventionalcomputefrunninga corventionaloperating
system. It is equippedwith an interface, connectingit with the embeddednodulesvia. the
backbonenetwork.

DT-VGT

Interfacingthe moduleto the DT-VGT mechanisnis a mainfeatureof the project. |t involves:

¢ An I/O subsysteminterfacingthe sensorsandactuatorsof the DT-VGT to the hostcom-
puter

e Controlalgorithmsfor theDT-VGT.

e Physicalintegration.

PA-10
Interfacingto the PA-10 involvesthe sameoverall aspectsasinterfacingto a DT-VGT, but the

particularsaredifferent.

D.3 Project Phases

FigureD.3 shaws the anticipatedflow of the project,divided into 4 phaseswith the possibility
of iterationson mary levels.
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Functional view

Product view

Conception phase

- Overall concept
— Definition of functionality
- Possible technologies

Design phase

- System architecture
- Ascertain best technologies
- Validation of technologies

Construction phas

- Detailed specifications
- Detailed designs
- Prototypes

Integration phase

- Physical integration
- Adjustments
- Problem solving

— High level design
- Feasibility study

=

— System design
- Software architecture

I T e Y

Possible iterations

— Software implementation

o

FigureD.3: Projectphasesandflow

D.4 Areasof effort

To enableconsistenmanagementf the project,the areasof effort areidentified. Naturally, the
main effort is in the technicalaspectof the project,but it is vital to the succes®f the project
thatotherareasarenot neglected.

Technical

The naturalareasof efford withenthe technicaldomain,coincideswith boththe functionaland
systemorientedbreakdavn of the project. As shown in figure D.3, the projectbecomesnore
system®rientedtowardtheend,while thesystemsarenotclearlydefinedtowardsthe beginning.

To geta clear picture of the relationshipbetweenfunctionsand systemsthey are shovn asa
matrixin figureD.4. TheModular control systenfunctionof sectionD.1 is omitted,asit is only
anothewiew of the overall systerrshawn in thefigure.

Eventhoughmostfunctionswill only beimplementedn onesystemshavnin bold in thefigure,
thefunctionoftenneeddo betakeninto consideratiorwith regardto othersystems.

In two casestheintersectiorbetweerfunctionandsystemis picked outasa separatareaof ef-

fort. Control of DT-VGT is pickedoutbecausef thecompleity of the subject,combinedwith

it simportance Overall I/O is pickedoutbecausét containssomevery interestingpossibilities
relatedto otherprojects.

Thecompletdlist of technicalAreasof effort is asfollows:
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Systems

— = T~ T = N TN
Functions (_Overall system > C_ Embedded module X Central controller > ( DT-VGT ) (_PA-10 )
C [07555£BA§B\> Architecture Low level design Intert Data representation Data representation
; nterface
— High level design Implementation Obtaining data Obtaining data
— — Implementation— / Design \ Design
(_Local control > architecture Implementation Parameters ) Parameters
S Test J Test
/’L”’T fi o Architecture Low level design i )
<\%97ciaicon Igﬂ‘?}[on/) High level design Implementation Interface Integration Integration
N /| Architecture i
~ ~ ( v Low level design
(_Local I/0 ) I _ . ] _ 9 Integration Integration
— ' | High level design Implementation
Architecture HW integration HW integration

SW low level design SW low level design

<::§0mmunicatiqn:> High level design

SW implementation SW implementation

C _Motion planner interface :j)High level design

Low level design
Implementation

o .| Architecture Low level design
C__ Central configuration . )
— — | High level design Implementation
o . ——| Architecture Low level design
C__ Central user interface ) ) )
— ————] High level design Implementation

FigureD.4: Areasof effort in the systems/functionmatrix

e Overallsystem

e Communication e Localcontrol

e Genericl/O e Locall/O

e DT-VGT integration e Localdatabase

e Controlof DT-VGT o Centralcont!roller.

e PA-10integration e Centralconfiguration

e Embeddednodule e Motion plannerinterface
e Local configuration e CentralUserinterface

Business

If the projectshouldresultin morethanjustatechnologicaturiosity; it is vital to make anefford
with respecto the variousbusinessaspects.The following areasof effort have beenidentified
for this project.

e Intellectualpropertyrights
Attractinvestors

Attract students
Academicinteraction
Mediacover

Exhibitions
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Organisational

In orderto maintaina working ervironmentfor the project, it is necessaryo pay attentionto
variousareagelatedto the organisationsaandpersonghatinteractwith the project.

Theareasf effort within the Organisationalareahave beenidentifiedas:

Ph.D.thesis— Complyingto Universitydemands.
Cooperatiorwith internalpartnergat MIP)
Cooperatiorwith local partnerdDenmark)
Coorporatiorwith otherpartners
Supervisestudentsat subprojects

Political

e Promotesupportingactvities

Management

e Projectmanagemeror theproject

D.5 Work Breakdown Structure

In orderto managethe projecteffectively, the areasof effort arearrangedn a hiearaciaMbrk
BreakdownStructue or WBS. Eachelementof the structureis assigneda uniquelabel,a WBS
codethatidentifiesits level andplacementvithin thestructure. The WBS structureof the project
i shavn in figure D.5 amdthe WBS codesfor the areasof efford — AOE —arelistedin table
D.1
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FigureD.5: Work breakdevn structureof project(November29. 2000)
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WBS code| Areaof effort (AOE)
T-01 Overall system
T-02 Communication
T-03 Genericl/O
T-04 DT-VGT integration
T-05 Controlof DT-VGT
T-06 PA-10 integration
T-07 Embeddednodule
T-08 Local configuration
T-09 Local control
T-10 Local l/O
T-11 Local database
T-12 Centralcontroller
T-13 Centralconfiguration
T-14 Motion plannerinterface
T-15 CentralUserinterface
B-01 Intellectualpropertyrights
B-02 Attractinvestors
B-03 Attract students
B-04 Academicinteraction
B-05 Mediacover
B-06 Exhibitions
0-01 Ph.D.thesis— Complyingto Universitydemands
0-02 Cooperatiorwith internalpartnerqat MIP)
0-03 Cooperatiorwith local partnerdDenmark)
0-04 Coorporatiorwith otherpartners
0-05 Supervisestudentsat subprojects
P-01 Promotesupportingactivities
M-01 Projectmanagemerfor the project

TableD.1: PrimaryWBS codes
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Subdivision of AOE’s

EachAOE canbebrokendown in a hierag, containing:
Acivities aretheatomicwork unitsof the project.

They aredenominatedby the prefix.afollowedby a 2-digit numberndentifying theactvity
within the AOE or cluster

Milestones areitemsor events thatmarkstheendof anactwity, aphasepr asimilartransition.

They aredenominatedby theprefix.m follwoedby a 2-digit numberidentifying themile-
stonewithin the AOE or cluster

Clusters are usedto subdvide an AOE into smallerunits. A clustercan containActivities,
Milestonesandclusters.

They aredenominatedby theprefix.C follwoedby a2-digit numberidentifyingthecluster
within the AOE or parentcluster

Examples
1. Activitieswithin AOE: T-01 aredenominated:
T-01.a01 , T-01.a02

2. Milestoneswithin AOE: B-03 aredenominated:
B-03.m01 , B-03.m02

3. Clusterswithin AOE: O-05 aredenominated:
0-05.Cc01 , O-05.c02

4. Activities within Cluster:.C04 of AOE: M-01 aredenominated:
M-01.C04.a01 , M-01.C04.a02 ,

D.6 Taskdescriptions

This sectionrepresentshe overall projectmap,andhasbeenmaintainedandupdatedasa sepa-
ratedocumenthroughoutthe project. It describesachof the tasksperformedin the courseof
theproject,relatingeachtaskto the overall projecttree.

This sectionwill provide anoverview of the taskswe have performedduring the project,andit
alsoprovidesakey to locatedocumentsgesignfiles, sourcecodeetc. in theprojectfile hierarcly.
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{ Modular control of industrial mechanics }

Technical

Business

Organisational

{ Political } { Management }

WBS: T WBS: B WBS: o WBS: P WBS: M
R Academic Cooperation Cooperation Promote Project
a . Exhibitions with with supporting
investors Interaction A B management
internal partners| other partners activities
WBS: B-02 WBS: B-04 WBS: B-06 WBS: 0-02 WBS: 0-04 WBS: P-01 WBS: M-01
Intellectual Attract . Ph.D.thesis Coopoieter Supervise
roperty rights students b e (report) Wiy students
property rig P local partners
WBS: B-01 WBS: B-03 WBS: B-05 WBS: 0-01 WBS: 0-03 WBS: 0-05
Communication DT-VGT PA-10 Local Local 110 Central Motion planner
configuration controller interface
WBS: T-02 WBS: T-04 WBS: T-06 WBS: T-08 WBS: T-10 WBS: T-12 WBS: T-14
N Control of Embedded Central Central
Overall system Generic I/O DT-VGT module Local control Local database configuration user interface
WBS: T-01 WBS: T-03 WBS: T-05 WBS: T-07 WBS: T-09 WBS: T-11 WBS: T-13 WBS: T-15

FigureD.6: Functionalbreakdevn of project

T Technical

T-01 Overall system

This AOE is responsibldor the overall systemplanningandintegration,for the whole project.

T-02 Communication

This AOE is responsibldor the communicatiorsystemor systemdinking the embeddednod-
ulestoghetemith eachother andthe centralcontroller

T-02.C01 Evaluation of presenttechnology
T-02.C02 Firewire betweenOrsys and Linux

T-02.C02.a01Fir ewire support for Linux ix86: This actwvity is responsibldor installing and
adjustingthe necessaryard-andsotware, to uselEEE-1394Firewire on a standardPC
runningLinux.

T-02.C02.a02Asynchronousdata transfer: Developingthenecceassargppicatiorto transfer
databetweerthe Linux PCandthe TMS320C32computerssia Firewire.

1st April 2003 167



Document: Modular control of industrial mechanics

T-02.C02.a03sochronousdata transfer:

T-02.C03 NewAPI for Firewire interface

T-02.C03.a0linvestigationof Link Layer Interface: Inthisactvity, theTSB13LV31link layer
controllerIC is investigatedfrom a programmergoint of view.

T-02.C04 Integration of Firewire and control system
T-02.C04.a01Transmitting a streamof data: In this actvity, a Linux examble(By Andreas

Bombe)for transmittinganiso channel,is changedo work with Orsysexamplefor re-
ceving onanlSO channel.

T-02.C04.a02Xopy from ISO channelto I/O port: In this actvity, anapplicationfor stream-
ing the contentof an ISO channelto an 8 bit digital outputport is developed,as a test
programfor Linux aswell asTMS320.

T-03 Genericl/O

This AOE is resonsiblgor the genereid/O conceptthatis necessaryo ensurethatthe embed-
ded computerplatformscan be connectedo the widest possiblearray of sensorand actuator
technology

T-04 DT-VGT

This AOE is responsibldor integratingthe DT-VGT to theembeddednodules.

T-04.C01 Switchedmodevalve amplifier

This clusteris responsibldor the developmentof a high speedswitchedmodeamplifier for the
hydraulic valves. The clusteris coveredby Jalob Lindelgy, who is developingthe amplifier as
hisfinal engineeringproject,from the EngineeringCollege of Copenhagen”.

T-04.C02 Fllow up on valve amplifier

This clusteris responsibldor the follow up on Jalob Lindelgv’'s work on the switchedmode
amplifier, andit’ s final integrationwith the DT-VGT'’s
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T-04.C02.a01CPLD configuration: The CPLD controllingtheamplifiertransistorsieedto be
reconfiguredo meetthe specificationgor the amplifier.

T-04.C03 Genericl/O transition module

In orderto interfacehydraulicsto the FPGA1/O board,a transitionmoduleis developed,with
appropriatéAnaloganddigital I/O componentaswell as4 CAN-buschannels.

T-04.C03.a0IModule specifications:
T-04.C03.a02Module designand implementation

T-04.C03.a03Testof PWM outputs: The FPGAI/O moduleis configuredwith a setof PWM
outputscompatibleto thetransitionmodule.

T-04.C04 Integration with hydraulic testrig

In orderto testthe controllerundersimpleandcontrolledconditions,it is integratedwith a test
rig for asinglehydraulicactuatoybeforeit is integratedwith the DT-VGT itself.

T-04.C04.a021Electronicsrack: Asthetestrig will beusedfor severalsubprojects thecontrol
electronicds integratedinto a 19 inch rackto ensurestableandreliableoperationfor the
durationof the project.

T-04.C04.a0ZTestof rack: The testrig is submittedto varios simple testprogramsto verify
thatthe controlrackis functional.

T-04.C04.a03ntegration of valve amplifier: Buidling theamplifierinto aboxandintegrating
it with thetestrig.

T-04.C04.a04Mlisc. cabelingetc: Connectinghevarioussystemf thetestrig.

T-04.C04.a09ntegration of feedbackvalve: In orderto evaluatethe advantageof spoolpo-
sition feedbacka valve with spoolfeedbacks integratedwith the control systemfor the
hydraulictestrig.

T-04.C0O5 Electronicsenclosuies

T-04.C05.a01Evaluation of cooledenclosute: As the ervironmentaltemperaturdor thefinal
prototypescanreach60?C, somemeansof cooling mustbe appliedin orderto operate
consumegradeelectronicawithin sealedenclosuresin orderto gain experiencewe will
evaluatea solutionbasedon Peltierelementsn anthermallyisolatedsealedmetalenclo-
sure.
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T-04.C06 'First Move’ demonstration
T-04.C06.a01integration of I/0O subsystem: Adaptationandintegrationof VHDL modulesto
accomodat® actuatorsystemsusingversionl of our /O mother/daughtetboardsystem.

T-04.C06.a02.ow level software architecture: Integrationof modularHardwarewith modu-
lar software.

T-04.C07 DT-VGT / Embeddedcontroller

T-04.C0O7.a0lintegration of I/O subsystem: Adaptationandintegrationof VHDL modulesto
accomodat@® actuatorsystemversionl of our I/O mother/daughteiboardsystemfixing
someof the problemsencounteredh the 'First move’ demonstration.

T-04.C07.a02Developmentof open-looptest system: In orderto obtainthenecessargatafor
modellingthe hydraulic systemwe mustbe ableto performa numberof open-looptests
onthesystem.

T-04.C07.a03Ad. hoc. feedforward basedcontroller for paint demo: In orderto demonstrate
theVGT’s ability to functionaspartin anexperimentalpaintrobot,we have enhanceaur
'first-move’ prototypewith feed forward control, and matchedthe configurationto use
'JacobLindelgv’s valve amplifiers.

T-05 Control of DT-VGT

This AOE is responsiblé¢or comingup with a useablecontrol algorithmfor the DT-VGT mod-
ules.

T-05.C01 Modelling and compensationfor static characteristics

T-05.C01.a0IModelling characteristics: Using resultsfrom variousopen-looptests,we de-
velop a modelfor the static characteristic®f a single hydraulic actuator mappingvalve
currentto actuatorspeed.

T-06 PA-10

This AOE is responsibldor integratingthe PA-10 robotwith the embeddeanodules.
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T-07 Embeddedmodule

This AOE is responsibldor the designandimplementatiorof theembeddead¢omputers.

T-07.C01 Orsys Software

Thesoftwarefrom Orsyshaveto bealteredslightly with respecto the useof malefiles,libraries,
waitstatesetc. in orderto fit into the project.

T-07.C01.a01: Adaptationof stdiolibrary.

T-07.C01.a02: Gettingstdioto work withoutinterrupts.

T-07.C01.a03: Merging the softwarefor stdioandFirewire support.

T-07.C02 Low level software structur e

T-07.C02.a01: Investicationof CPUoverheador Firewire communication.

T-07.C02.a02:Investigationof memory module concept In orderto storedataobjectsn aho-
mogeneousvay, a way to implementmemorymoduless investicated.

T-07.C03 Implementation of Mother board

The Mother boardis the fusion of power supply FPGA, ARC-netinterfaceand similar static
supportsystemsnto a singleboard,that canbe usedasbasisboardfor all versionsof our con-
troller.

Thedetaileddesignandimplementations performedoy Danry Kyrping.

T-08 Local configuration

This AOE is responsibldor designingandimplementinga concepftfor theindividual statesand
statetransitionsof theembeddeadnodules.

T-09 Local control

This AOE is responsiblgor designingand implementinga conceptfor handelingthe widest
possiblearrayof controlalgorithms,ontheembeddednodules.
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T-10 Local I/O

This AOE is responsibldor thedesignandimplementatiorof anl/O systemonthelocalembed-
dedmodulespasedon theconceptdrom T-03.

T-10.C01 Microline/FPGA businterface

T-10.C01.a01Micr oline timing specification: Thetiming of the Microline busis inadequately
documentedy Orsys. This actvity is responsibldor the neccesaryeverseengineering,
to getadequatenformationabouttiming.

T-10.C02 FPGA I/O board for Micr oline

T-10.C02.a01Testboard:
T-10.C02.a0ZPrototype:

T-10.C02.a03?ROM emulator: we will designa smallmodulethatcanbe placedin the 8-pin
PROM soclet, and emulatethe serial PROM. The configurationwill be keptin a flash
basedeprogrammabléevice, programmabléy anordinaryJTAG interface.

T-10.C03 VHDL /O Framework

T-10.C03.a01Genericl/O controller module: A VHDL moduleto interfacebetweerthe Mi-
crolineBUS, andarangeof simpleVHDL I/O modules.

T-10.C03.a028 bit digital output module: A VHDL moduleto output8 bits.

T-10.C03.a02 bit hex output module: A VHDL moduleto outputan 8 bit numberon a dual
7-sgmentLED display

T-10.C03.a0432 bit hex output module: A VHDL moduleto outputan 32 bit numbermulti-
plexedonadual 7-segmentLED display

T-10.C03.a05Top level designfor Spartan Il board: We adapthegenericd/O moduledesign
to fit thespartanl based/O board.

T-10.C04 CAN interface

T-10.C04.a01Simpletestsystem: The FPGAIs configuredasa simple SPlinterfacebetween
the DSPand CAN controller The DSP usesthe SPIinterfaceto communicatewith the
CAN controllerandthusa Temposonidl sensor
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T-10.C04.a0Zackagehandling by FPGA: The FPGAIs configuredsoit canmanagencom-
ing CAN messagefom a Temposonidll sensorto relieve the DSPof this task.

T-10.C05 Userinterface

T-10.C05.a01Playstationpad: A low costergonomiccontrolpadfor a playstationgamecon-
soleis connectedo the FPGA,whichis configuredto communicatevith the controlpad.

T-10.C05.a02n0 description:

T-10.C05.a00 description:

T-10.C06 Spartanll basedl/O board

As a replacementor the original XC40xx based/O microline I/O board,we develop a board
that combine: FPGA basedl/O, Power supply and communication. The boardwill supply a

Microline DSPboardwith power andRS-232connectity, while hostinga FPGAandanARC-
Net controller(COM 20022),connectedo the microline bus.

Theboardis designecandimplementedy Danry Kyrping.

T-11 Local database

This AOE is responsibldor designingandimplementinga conceptfor local storageof relevant
kinematicanddynamicparametersn eachdistributedmodule.

T-12 Central controller

This AOE is responsibldor the overall conceptdesignandintegrationfor the centralcontroller

T-13 Central configuration

This AOE is responsibldor designingandimplementinga concepfor theglobalstatesandstate
transitionsof the completesystem.

T-14 Motion planner interface

This AOE is responsibldor the interfacebetweerthe setof distributedmodulesandthe central
motion planner
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T-15 Central userinterface

This AOE is responsibldor the applicationanduserinterfaceof the overall system.

B Business

B-01 Intellectual property rights

This AOE is responisbldor handelingpossiblelPR issueghatmayariseduringthe project.

B-02 Attract investors

To supplementhefundingfrom MIP, it is essentiato attractoutsideinvestors suchasthe EEC.
This AOE is responsibldor theeseactuities.

B-02.C01 ROBBOX
B-02.C02 GRAD

B-02.C03 Dockwelder

B-03 Attract students

It is quite importantto attractstudentso the project,in orderto get manpaver and sustained
interest.This AOE is responsibldor attractingstudentdo the project.

B-03.C01 Orientation meetingswith students

At the end of eachsemesterMIP hostsa meetingwith potentialbachelor and mastetthesis
studentsto discusghework areaf theinstituteandpossibleprojectsin theesareas.
B-03.C01.a01Preparatiorior talk atthefall 2000meeting.

B-03.C01.a02Preparatiorof a few detailedprojectdescriptionsasa follow up of the fall 2000
meetings.

B-03.C01.m01Thefall 2000meeting.
B-03.C01.m02 Thefall 2000groupmeetingfor computersystemsngineering.
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B-04 Academicinteraction
One of the traditional channelsto attractoutsideinterest,andtherebypartnersand investors,

is by the traditional academidnteractionthroughthe publishingof papersand attendencef
conferencestc.

B-04.C01 ISAM 2001

It is decidedto participatewith a paperanda conferencedalk, atthe ISAM 2001 conferencen
Seul,april 2001. This clustercontainsall actvities relatedto the participationin the conference.

B-04.C01.a01Preparatiorof thefirst draftfor the paper
B-04.C01.m01 Theeditorialmeetingfor thedraft paper
B-04.C01.a02Travel arrangements
B-04.C01.a03Preparatomf thetalk in Seoul

B-04.C02 ISR 2002
B-04.C02.a01Participationin writing thearticle.
B-04.C02.a02Conferencegresentation.

B-04.C03 PKM

B-04.C03.a01Writing the sectionaboutmodularcontrol.

B-05 Media cover

A lesstraditional, but potentially effective, way to attractinterestin a project, is to attractthe
attentionof themedia.

This AOE is responsibldor theeseefforts.

B-06 Exhibitions

Thetraditionalwayto getattentionfrom relevantindustrialpartnersis to participatan industrial
exhibitions.

This AOE is responsibldor thisangle.
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O Organisational

0O-01 Ph.D. thesis

Gettingthe Ph.D.degreeis animportantgoal of this project. It is up to this AOE to ensurethis
outcome.

0-01.C01 Preparation of report

A total of 800hourswill be setasidefor actvities relatedto thewriting of thefinal report.
0-01.C01.a01:Firstgo atareportstructure dervedfrom the WBS of the project.

0-01.C01.a02:Brain stormover subjectgor report.

0-01.C02 Insitute labor

Accordingto universityrule,eachPh.D.studenthasto work 840 hoursfor thelocal institute.
At presentthis quotahaslong beenspendon variousactvities, suchas:

e Teachingsummercourses

e Technicalsupportof otherinstituteprojects

e Descriptve work for fundiing applications

0-01.C03 Knowledgetransfer
Accordingto university rules,eachPh.D.studenthasto use240 hoursfor knowledgetransfer
which canbeteachingor ary otherform of knowledgetransfejthe Ph.D.boardwill agreeto.

The quotahasbeenmet, by teachinggiving presentationsandeducatiorof otheremployeesat
MIP.

0-01.C04 Courseparticipation

Accordingto university rules,eachPh.D.studenthasto passthe equialentof 0.5 yearof high
level university coursesyelevantindividual studyingactvities, or otherstudyingactvities, the
Ph.D.boardwill agreeto.

0-01.C04.a01Fuzzycontol andneural networksat DTU. Creditequivalentto 174hoursduring
theFall-1999semester
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0-01.C04.a02FPGAand VHDL selvfstudy Gettingcreditfor studyingthe fine art of FPGAs
andhow to programthemin VHDL. Estimatedo give academiareditequialentto 174
hours,but have takenalot moretime thanthat.

0-01.C04.a03Distributedsystemat DTU. Creditequvalentto 174 hoursduringthe Fall-2000
semester

0-01.C04.a04ProjectmangementtDTU. Creditequivalentto 174hoursduringtheFall-2000
semesterbut the actualtime consumedy this courseis muchhighet

0-01.C04.a05Written englishcommunicatiorat MIP. Credit equivalentot 87 hoursduring a
summermweek2000,but theworkloadis muchlighter.

0-01.C04.a06 FPGAsandVHDL for elasticl/O applicationsindividual studyactuity in coor
porationwith OdenseEngineeringCollege. Evaluatedby written reportandoral project
examinationwith internalcensorship.

0-01.C0O5 Station exchange

All Ph.D.studentamustspendat least3 consecutie weeksat an academicervironmentapart
from their homeinstitution.

| have fulfilled my quotaby stayingat DTU-IAU duringNovemberandDecembe2000.

0O-02 Cooperationwith internal partners

To keepthe projectrunningsmoothly it is importantto keepthe projectrootedat SDU/MIP, by
cooperatingactively with individualsandgroups.

0-02.C01 MIP technician

0-02.C01.a01Descriptionof work areas: The first stepin aquiring the technician,is to de-
scibehiswork areasandresponsibilitiesThiswill bedonein cooperatiorwith otherMIP
partnersspecificallySgrenPederdensenandHenrik HautopLund.

0-02.C02 Employment at DockWelder

Due to the organisationaland financial problemsof the beginning of this project,| have been
offereda temporarypositionworking for DockWelder This clustercontainsthe work required
to realisethe proposition.
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0-02.C02.a01Responsibility and work description: My pastexperiencesvith MIP andSDU,
leadsto a firm corviction that! will notacceptary positionat SDU without a thorough
work descriptiornthatis acceptabléo myself,my employer, andthe engineeringunion.

Theformulationof awork andresponsibilitydescriptionis coveredin this actwity.

0O-03 Cooperationwith local partners

To ensurghe necessargupportfrom local partnerssuchasMeganic ApS, AMROSEA/S, OSS
andIOT, the projectmustpay attentionto the cooperatiorwith theesegartners.

0-03.C01 First move demonstration

The 'Applied mathemathicsor robotics’ cooperatewith AMROSE and Meganic in order to
demonstratéhefirst move of the'tulip’ DT-VGT

0-03.C01.a01Definition of commonparameters: This actvity coordinateglefinitionsof co-
ordinatesystemsunits,formatsandprotocolswithin the participantsof 'First move’

0-03.C02 Controller referencemodel

In orderto entera dialoguewith OSS,aboutcontrollerdevelopment,it is importantto have a
cleardefinition of the controllerconcepts.

0-03.C02.a017First definition of a layered referencemodel: A referencanodelwill hardlybe
build in oneday; thisis thefirst shot.

0O-04 Cooperationwith other partners

As the projectis becomingintegratedwith the EEC projectDockWelder cooperatiorwith the
foreignpartnerds anissue whichwill behandledhere.

0-04.C01 DockWelder Specifications
0-04.C01.a01Presentatioffior sept2001meetingin Odense
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O-05 Supewisestudents
0-05.C01 BennyJgrgensen

A Masterthesisprojectaboutan AGV, involving FPGAbased/O

0-05.C01.a01Developmentof FPGAbased/O systemV.1.

P Political

P-01 Promoting supporting activities
P-01.C01 Computer systemsengineeringgroup

P-01.C01.a0Presentationfor manager: A shortpresentatiorof the group was preparedto
allow the manageevaluatethe potential.

P-01.C01.a0%5ituation analysis: A situationanalysisjluminatingthe posibilitiesfor a COSE
group.

M Management

M-01 Project management
M-01.C0O1 Situation reports

M-01.C01.a01 Projecthistory
M-01.C01.a02 Taskdescription
M-01.C01.a03 Projectpartners
M-01.C01.a04 Ervironment

M-01.C01.a05 Uncertainties
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M-01.C02 Resourceanalysis
M-01.C03 Organisation

M-01.C04 Managementplan
M-01.CO5 Methodsand plans

M-01.C05.a01 Projectstructure:
M-01.C05.a02 Milestones:
M-01.C05.a03 Main plan:
M-01.C05.a04 Work plans:

M-01.C05.a05 Managemenplan:

M-01.C06 Attention areas
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