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Foreword

Thefoundationfor thisprojectwaslaid by OdenseSteelShipyard(OSS),Institutefor mathemat-
icsandcomputerscience(IMADA) atUniversityof SouthernDenmark(SDU),andthecompany
AMROSEA/S, astheirquestto automateshipbuilding processeshave led to thedevelopmentof
severalrobots,basedon theaggregationof differentmechanicalmodules.

At the sametime, researchin Applied Mathematics(AM) at University of SouthernDenmark
(SDU),have providedthecommunitywith a genericmotionplannerthatcangeneratecollision
freemotionpathsfor verycomplex aggregatedrobotsmoving in complex environments,like the
interiorof shipsections.

In orderto expandrobotapplicationsin shipbuilding, severalmoreor lessexperimentalmechan-
ical moduleshave beendevelopedby OSSandAMROSE,in order to provide existing robots
with additionalhorizontalreachandagility. Amongtheseare:� Telescopicmodules— allowing horizontalreach.� Elbowmodules— ableto bendin thehorizontalplane.� Variablegeometrytrusses(VGT’s) — parallelkinematicmodules.

By aggregatingmoduleslike this with conventionalroboticmechanics,the reachandagility of
conventionalrobotscanbe dramaticallyextended,andhorizontalaccessto e.g. the interior of
shipsectionsbecomea feasiblealternative whereverticalaccessfrom above is not possible.

Whenmechanicalmodulesareaggregatedinto a complex mechanism,theaggregatedmodules
essentiallyrepresentsthemechanicalpartsof amodularrobotsystem,but ourrelianceonconven-
tionalcentralizedcontrollertechnology, robusof many of thebenefitspresentin a truly modular
system,andthe work neededfor systemsintegrationandconfigurationremainspracticallythe
sameasfor anonmodularsystem.

As oneof the major barrierstoward increaseduseof robotsis in fact the costof systemsinte-
grationandconfiguration,ratherthanthe costof the equipment,we find it very interestingto
overlaytheexisting modularmechanicswith a correspondingmodularcontrollertechnology, in
orderto simplify systemsintegrationandconfiguration.

As wewishto contributeto thepromisinglocaldevelopmentof VariableTrussGeometry(VGT)
modules,thisprojectusestheVGT modulesasprimaryexampleanddemonstrator, but will also
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addressothertypesof modulesusedby thelocal roboticscommunity.

Project course

Theprojectwasoriginally meantto bethefirst in astringof semiparallelPh.D.andmasterthesis
projectsat theMærskMc-Kinney Møller Institutefor ProductionTechnology(MIP), relatedto
theuseof parallelkinematicmodulesin aggregatedrobots. In thatcontext, this projectshould
provide thecontrollerplatformsandinfrastructurefor experimentalprojectsrelatedto kinemat-
ics,motionplanning,actuatormodelling,controlandsimilarhighandlow level controllerissues.

Dueto externalevents,theprojectenvironmentquickly becametoo turbulentto supporta com-
plicatedsetof supportingprojects:

� OdenseSteelShipyarddecidedto reducetheir roboticsdevelopmentdepartmentdramati-
cally overaseriesof layoffs, eventuallyabolishingthedepartment.

� MIP changedtheir researchpriorities,reducingthebudgetfor modularcontrollerdevelop-
mentto 15%,andcancellingtheplansto employ relevanttechnicalpersonnel.

� As AMROSE A/S relied heavily on commissionsfrom OSSroboticsdepartment,AM-
ROSEA/S wasunableto survive theOSScutbacks,andwaseventuallyterminated1.

� PotentialPh.D.studentsdeclinedto engagein the proposedparallelprojects,dueto the
changedresearchprioritiesandtheturbulentcircumstances.

In order to securethe necessaryfunding, we have integratedour projectwith the EU project
DockWelder, wherewe arecommittedto developa modularcontrolsystemfor a demonstration
of aggregatedrobotsusedfor arc-weldinginsideclosedshipsections.

Thehighlevel of uncertaintysurroundingtheprojectcombinedwith ourcommitmentto produce
practicalresultsfor the DockWelderproject, led us to revert to a cautiousandreactive project
model, allowing us to adaptto a changingproject environmentand benefit from unforeseen
opportunities.

1It waslaterreconstructedin avery reducedform, asAMROSERoboticsApS.

10 Anders Stengaard Sørensen
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Ratherthanbeginning with specifyingthe
entire system, implementing a string of
subsystemsandintegratingthemin theend,
it hasbeennecessaryto begin with asketch
of the overall systemthat is revisited and
revised for eachsubsystemthat is imple-
mented,andfor eachrelevantchangein the
projectenvironment.

Following thecautiousprojectmodelat the
expenseof efficiency and ambition, have
allowed the project to survive and yield
useful and interestingresultsin spite of a
projectenvironmentthathave changedbe-
yondrecognition.

By continuouslyadaptingto the changing
environment,opportunitiesandbudget,we
have managedto completethis projectde-
spite the grave difficulties imposedby ex-
ternalevents.

Sub

system

Sub

system

Sub

system

Sub

system

Sub

system

Sub

system

Sub

system

Sub

system

Overall

system

Figure1: Cautiousprojectmodel

Project and report structur e

Usinganalysistechniquesfrom projectmanagement[Riis98] & [Nicholas94],we have broken
the projectdown into subprojectsandtasks. AppendixD givesa thoroughdescriptionof the
Work Breakdown Structure(WBS) usedthroughoutthe project. The WBS have proved ex-
tremelyuseful for handlingthe subprojectsandtasksin this project,andfor keepingtrack of
files anddocumentation.All subtasksareuniquely identifiedby their appropriateWBS code,
anddesignfiles, sourcecodeetc. associatedwith eachtaskcanbefoundon theaccompanying
CD-ROM, usingtheWBScodeof thetask.Theprojectbreakdown is motivatedby thegoalanal-
ysisor taskformulationprovidedin appendixC. Thegoalanalysisis partof asituationanalysis,
that also includesa history analysis,partneranalysisandanalysisof the projectenvironment.
Thesehavenotbeenincludedastheir resultsareeitherincludedimplicitly or foundirrelevantto
this report.All theanalysisaredesignated:WBS: M-01 andcanbefoundin thecorresponding
locationin thefile hierarchy. For theconvenienceof theuser, thematerialof M-01 have been
indexedby aHTML documentplacedat: M/M-01/index.html

While the WBS describedin appendixD might be usedto structureour report, we find that
our work have beenquiteunevenly distributedover theoriginally definedsubprojects,andthat
someof it is not relevantto thereport.Consequently, wehavechosento concentrateonthemain
technicalissues,andhavesimplifiedthereportstructurewith respectto theWBS.

ComparingtheWBS of AppendixD, with thereportstructureof figure2 revealsa simplemap-

1st April 2003 11
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Conclusion

Future work

Embedded

Platform

Generic
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Interface
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Introduction

System architecture

Figure2: Overall structureof thereport

ping from theoriginalWBSto thereportstructure,testifyingto theusefulnessof thoroughanal-
ysisprior to projectsof this magnitude.
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Chapter 1

Intr oduction

Modularmechanicshaveprovedto bethemostfeasiblewayto designandconstructhighly agile
roboticsystemswith inordinatedegreesof freedom.As thelocal roboticscommunityof Odense
is dedicatedto thecontrolof suchcomplex manipulators,modularroboticshavebeenpursuedby
thecommunityasanimportantbyway. Theexperienceof aggregatingheterogeneousmechanical
devicesinto complex roboticsystems,have given rise to a vision of a robotsystembasedon a
limited numberof heterogeneousintelligent mechanicalmodules,that caneasilybeassembled
into an unlimited setof different robotic systemswith a minimum of systemsintegrationand
configuration.

If sucha technologycameinto commonuse,it would dramaticallyreducethe costandwork
requiredto designandimplementroboticproductionfacilities,asoneof theprimaryexpensesof
installingroboticsystemsis currentlyassociatedwith systemsintegrationandconfiguration.

Pursuingthis vision — making it easyto assembleand configuredifferent robotsfrom a set
of intelligentmechanicalmodules— several local projectshave featuredvariousformsof con-
trollersembeddedinto themechanicalmodules.Theseprojectshave shown thebenefitsof such
an approach,but have not comeup with solutionsthat canbe usedbeyond limited laboratory
demonstrations,as the implementationand integrationof the embeddedcontrollersinvariably
becametoo crudefor practicaluse.

In thisprojectweseekto developapracticaltechnologycapableof transformingany commercial
or custombuild mechanicaldevice into a self contained,automaticallyconfigurableintelligent
module,thatcanbeusedasabuilding block in complex aggregatedproductionsystem,in aplug
andplay fashion.

Our prior experiencewith aggregatedrobot systemsindicatethat oneof the main barriersfor
implementingsucha systemis the lack of sufficiently flexible embeddedcontrollers,that can
be integratedwith currentandfuture mechanicalmodules.Commerciallyavailableembedded
computersystemshaveprovento beeithertoo large,limited or inflexible to beusedasageneric
embeddedcontroller.

13
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Themaingoalof thisprojectis thedevelopmentof agenericembeddedcontrol node— abbrevi-
atedGEECON— thatcaninterfaceto any actuatedmechanicaldevice,performtherequiredlow
level control,andpresentthedevice in awaythatenablesit to beintegratedinto amodularrobot
architectureusingonly a communicationsnetwork. In orderto do so,we propose,investigate,
implementandintegratea numberof key technologies,relatedto GEECONsandtheir practical
applications.

In orderto beof practicalvalue,theGEECONmustbesmall,flexible andpowerful enoughto:� Beembeddedinto therelevantmechanicalmodules.� Beefficiently andeasilyinterfacedto therelevantmodules.� Performsatisfactorylow level controlof therelevantmechanicalmodules.

To ensurethatourGEECONscanbeusedwith thewidestpossiblerangeof mechanicalmodules,
we presentrelevant assumptionsandestimatesfor the designparameters,andaim to demon-
stratethedevelopedGEECONswith two roboticmodules.Wehavechosenmechanicalmodules
that representvery differentaspectsof robotics,rangingfrom parallelto sequentialkinematics,
linear-hydraulicto rotary-electricalactuatorsandcustomexperimentalto commerciallyavailable
mechanics.

This project is partly financedby the EU projectDockWelder, wherethe GEECONsrepresent
our contribution. The commitmentto deliver working prototypesfor DockWelder, calls for a
practicalapproachandemphasizestheengineeringaspectsof ourwork.

Relatedwork

In orderto appreciatetherelevanceof relatedwork, it is necessaryto recognizethatthepopular
notion of robot control is in reality a wide spectrum,rangingfrom low level feedbackcontrol
of e.g. actuators,to abstracthigh level planningof the robotswork. In chapter2, we definea
referencemodelthatwill helpto distinguishtherelevantaspectsof a robotsystem,andfacilitate
amoredetaileddiscussionof relatedwork, thanthecursoryoverview givenbelow.

Whensurveying theareaof Genericrobotcontrol, oneis immediatelyimpressedwith theaccu-
mulatedamountof work. A closerlook reveal that thebulk of this work is concernedwith the
planningratherthantheexecutionaspectsof control,which is at theheartof this project.

Much of the work that toucheson executionaspects,is concernedwith software architecture
and software designof genericrobot controllerslike [OROCOS]. Thoughexecutionaspects
areconsidered,examplesof practicalapplicationsarescarce.In our survey, we have only been
able to find a few examplesof generic robot controllers, that actually interfacedirectly to a
robot. In chapter2 wedescribethetwo mostrelevant: TheOpenmodularcontroller (OMC) and
GENERIS.

14 Anders Stengaard Sørensen
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Thelargeavailability of embeddedcomputerplatformsmaketheuseof embeddedcontrolamat-
terof coursefor mostmodularrobotsystems,for thesamereasonsinvokedby thisproject.Typi-
calexamplesof theuseof embeddedcontrollersare:[Dalgaard01] [CMU-arm] and[Powercube].
Themainvirtue of embeddedcontrollersis their compactness,which is achievedat thecostof
flexibility. Thoughan embeddedcontroller can be designedfor virtually any application,no
singleembeddedcontrollercanbeusedfor all applications.

In ourexperience,very few attemptshavebeenmadeatdevelopingarobotcontrollertechnology
thatis bothgeneralandembeddedat thesametime,andnosuchtechnologyseemsto bereadily
available.OMC andGENERISbothhave aninherentpotentialfor embeddedimplementations,
but aswewill discussin chapter2 and4 they rely oncomputerplatformswhicharetoobulky to
beconsideredembeddedin our context.

1st April 2003 15
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Chapter 2

Robotsand modules

Therearemany differentaspectsto modularity, andit canexist on all levelsof a roboticsystem,
from themechanics,over theelectronicsto thesoftware.

In orderto beableto discussandcomparevarioussystemsandtechnologies,we begin by intro-
ducinga simplelayeredreferencemodel,thatcanbeusedasa commonframeof referencefor
describingandcomparingvariouspartsof a robot system.We thenapply the referencemodel
to a typical commercialrobot,andgo on usingthe referencemodelto describethe aggregated
robot systems,developedandusedat OdenseSteelShipyard. Throughoutour descriptionswe
will emphasizeon themodularityof existing technology.

2.1 A layered referencemodel

In order to enablecomparisonof variousmethodsand technologieswithin robotics,we have
defineda simplelayeredreferencemodelto identify therelative locationof componentswithin
a roboticsystem.

Themodelis inspiredby thewell known OSI referencemodelfor computernetworks[OSI],but
alsofrom roboticresearchsuchas:[Albus98]

Our modeloperateswith 5 fixed lower layers,anda numberof higherlayers,referredto asthe
applicationlayers. As we arenot interestedin theapplicationlayersin this context, we simply
regardthemasasixthmetalayerto ourmodel.

Westressthatthis is areferencemodel,intendedto aiddescriptionandcomparisonof robotsand
their low level controllers.It is neitheradesignnor implementationmodel.

Below wedescribetheindividual layers,giving relevantexamples.

17
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WBS code: O-01.C01.a03 CHAPTER2. ROBOTSAND MODULES

Physical layer

In this context, wedefinethework of a robotasthecombinedmotionandprocess.

The physical layer is the part that actually perform work, typically the mechanicalbody and
tool of therobot,alongwith thephysicalworld thatsurroundsit, includingthephysical laws of
nature.

The input to this layer is (mechanical)action,e.g. whenan actuatoris generatinga force or a
tool is performingaprocess.

Thefeedbackfrom this layeris (mechanical)reaction,whichcaneitherbemeasuredby sensors,
influencetheappliedactionor both.

Transducer layer

This layerrepresentsthebehaviour of actuatorsandsensors,which aretransducingenergy into
actionandreactioninto measurements.

The linear relationshipbetweencurrentandtorquein an electricmotor, ��� ���
, is a simple

exampleof anactuatorthatconvertsenergy into action.

A typical exampleof a sensoris the angularencoderwhich converts angularmovementinto
digital pulseswhichcanbecountedin orderto determinetheangularmovementof a joint.

Interface layer

This layer is responsiblefor delivering andcontrolling the energy to the sensor-actuatorlayer,
basedonsignalsfrom thecontrol layer.

A motor driver — or servo amplifier — alongwith a power supply, is a typical exampleof a
componentthatconvertsacontrolsignalinto electricenergy, e.g.acurrent.

An up/down counterthatcountspulsesfrom anangularencoderis a typicalexampleof asensor
interfacethatconvertssensoroutputto anadequateinput signalfor thecontrollayer.

Powercontrolcomponentsmaycontainsomelow level controlloops,suchasvoltage-or current
regulationin amotordriveror flow regulationin aservo valve.

Control layer

This layer is responsiblefor makingthe actuatorsandtools of the robot follow the commands
givenby theexecutionlayer. It is alsoresponsiblefor real-timesensorevaluationandfor relaying
sensorinformationto theexecutionlayer.
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This layer performsthe low level control of individual actuators,using variouscontrol algo-
rithms,wherework commandsarecomparedto measuredvaluesin orderto computeanadequate
outputsignal. PID control is a well known exampleof suchlow level control, but controlling
complex mechanismswill oftenrely onmoreadvancedcontrolmethods.

Althoughthis layer is concernedwith motioncontrol,andthe interfacelayer is concernedwith
powercontrol,it maybehardto distinguishbetweencontrolloopsfor powercontrolandmotion
control in practicalapplications.This is especiallytruewheresuchloopsarenot clearlynested
within eachother.

This layercanalsoperformsensorfusion, whereanumberof separatemeasurementsareusedto
calculatea higherlevel of information. An exampleof sensorfusion is a weldingsensorwhere
measurementsof thejoint positionsandweldingcurrentareusedwith a kinematicmodelanda
processmodel,to calculateacorrective 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
computerwith a real-timeoperatingsystemor by usingdedicatedanalogor digital hardware.

As this layermustrun in real-time,it is importantthat thework commandsfrom theexecution
layeris presentwhenneeded— typically at fixedintervals.Thiscanbeensuredin two ways:

1. Demandingreal-timeperformancefrom theexecutionlayer.

2. Buffering commandsfrom the executionlayer, allowing the executionlayer to have non
real-timeperformance,by letting it runaheadof thecontrollayer.

Execution layer

Theexecutionlayerprovideswork commandsto, andreadssensorvaluesfrom thecontrollayer.
Typically, work commandsarejoint positionsalongwith tool commands.

A typical executionlayerfunctionis interpolationandbuffering,wheretheexecutionlayergen-
eratesreal-timework commandsatahigh ratefor thecontrollayer, basedonnonreal-timework
commandsfrom theapplicationlayer.

The executionlayer canalsobe responsiblefor online control of the process.For instance,it
canchangethejoint positionsslightly, in orderto performoffsetcompensationof therobottool,
basedonsensorinformationabouttheprocess.

Application layers

Althoughmostof the functionalityof a robotsystembelongsto theselayers,they will only be
treatedsuperficiallyin this work, asmostof the functionality hererelatesto motion planning,
teachin, manualcontrol,userinterfaceetc.which is not in thescopeof our work.
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Figure2.2: A typical robot/controllersystem

Basically, theresponsibilityof theapplicationlayersis to providework commandsto therestof
thecontroller.

A very simpleexampleof suchanapplication,is a programthatwill reada joint-file, generated
by e.g.amotionplanner, andrelaythejoint vectorsin thefile to theexecutionlayer.

Anotherexamplecouldbeagraphicalinterface,thatcontinuouslyshowsananimated3-dmodel
of therobotandit’s status,basedonsensorinformation.

As therearespacefor many applicationlayersin this incompletemodel,it is possibleto extend
the model to 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 embeddedin the functionsof the variouslayers,but we chooseto
representthesumof all knowledgeaboutthesystemasa whole.

Theknowledgecanrangefrom indirectknowledgeabouttherobotdynamics,e.g.representedas
controlparametersin a PID controller, to exactCAD modelsof therobotandit’s environment,
usedby ahigh level application,suchasamotionplanner.
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2.2 A typical industrial robot

The arm

Therobotarmitself mayin factbeassembledfrom moreor lessmodularcomponents,but from
theuser/customerpointof view, it is anatomicintegratedunit. A typical robotarmconsistof:

Mechanical superstructure clearlybelongsin thephysicallayer.

Gearsand transmissions alsobelongsin thephysical layer. Somerobotsarebuild with stan-
dardgears,while othersaredesignedwith specializedandhighly integratedgears.

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

Sensorsareinvariablyusedto measurejoint positions,but mayalsobeusedto measureother
relevantproperties,suchasjoint speedor force.Likemotors,sensorsbelongin bothlayers,
andcanappearbothasdiscrete/standardor specialized/integratedsensors.

Motor dri vers

Eachmotor hasa separatemotor driver, that channelsa controlledamountof energy from a
commonpowersupplyto themotor, whichplacesthedriver in theinterfacelayer.

As thecurrentthroughamotoris practicallyequivalentto theforce/torqueyield, while it is easy
to measureandcontrol,practicalmotordriversarealmostinvariablydesigned/chosento control
themotorcurrent/torquein accordancewith anexternalset-point,givenin analogor digital form.
This calls for a simplecontrol loop with a typical bandwidthup to a few kHz, which is either
implementedin hardware,or with adedicatedembeddedcomputer.

As motordriversarespecificto the type,sizeandspecificationsof a givenmotor, have simple
externalinterfaces,andrequirescloseintegrationbetweenpower andcontrolcomponents,they
areusuallyimplementedandregardedasindividualblack boxcomponentsor modules.

In orderto reducemassandbulk of thearm,themotordriversareseparatedfrom thearmitself,
which makesbulky cablesandconnectorsbetweenthearmandthepower electronicsanannoy-
ing necessity. Usually the driversareplacedin a rack, alongwith the otherelectronicsof the
robotcontroller.

Displacingthemotordriversfrom thearm,meansthat thephysicalproperties(mass,bulk etc.)
of thedriverscanbeignoredwith respectto our referencemodel.
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Signal conditioning

An amountof signalconditioningelectronicsis necessaryto convert the sensormeasurements
into usablesignals. Someof this may be integratedwith sensorsinsidethe arm, andsomeof
it may be placedin the controller rack, alongwith the motor drivers,but it all belongsto the
interfacelayer.

Motion control

The motion controllerof a robot, is supposedto ensurethat eachmotor in the arm, is always
sufficiently closeto it’s intendedpositionto allow therobotto performits task.This placesit in
thecontrol layer, andinvolvesat least:� A set-pointfor eachmotor, allowedto changedynamicallywithin certainlimits.� Positionfeedbackfrom eachmotor.� A controlalgorithminvolving explicit or implicit knowledgeabouttherobotarm.

Theremaybemorethanonedimensionto themotorset-pointandfeedbackthanposition,e.g.
velocity andtorque,andthecontrolalgorithmandknowledgemayrangefrom thesimpleto the
advanced.It all dependson thedemandsfor thespeedandprecisionof theparticularrobot.

The motion control canbe implementedin analogor digital hardware,aswell asin software,
usually running on a dedicatedreal-timesystem. It is also quite commonto make a mixed
SW/HW implementationof themotioncontrol.

Kinematic control

In orderto positionandmove therobottool in Cartesianspace,robotcontrollershaveaninverse
kinematicalgorithmthattransformset-pointsgivenin Cartesiantool coordinatesinto set-points
for theindividualmotors,allowing therobotto becontrolledandprogrammedin Cartesianspace.

We locatethekinematiccontrol in theexecutionlayer. It is invariablyimplementedin software,
drawing on knowledgeaboutthe robotskinematicproperties. If demandsfor speedor preci-
sionarehigh, it mayalsoincludeotherknowledgeaboutthe robot,suchasdynamicandstatic
properties,to compensatefor deflectionsdue to accelerationor gravity. It will typically run
on a dedicatedcomputercloselyintegratedwith themotioncontroller, or possiblyon thesame
computerasthemotioncontroller.
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Toolsand processcontrol

With respectto the physical, transducerandinterfacelayers,a robot tool will simply addme-
chanicalandelectroniccomponentswhich areequivalentto thecomponentsusedfor the robot
itself.

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

Theexecutionlayermaybeexpandedwith functionalityfor processcontrol,applyingCartesian
offsetsto thearm,in orderto controlor adjusttheprocessparameters.

Robot control and programming

A typical robotcontrollerwill includeat leastmanualcontrol,andtheability to executeprede-
finedrobotprograms.Thepredefinedprogramsmayeitherbecreatedby teach in usingmanual
control,or they maybegeneratedwith moreor lesssophisticatedoff-line programmingtools.

We placebothmanualcontrolandprogramexecutionin the lowestof theapplicationlayers,as
they bothprovide theexecutionlayerwith adynamicset-point.

External axeson commercial controllers

As it is quite commonto useexternalaxes to expandthe work areaof a robot system,some
commercialrobot controllerscanbe usedwith externalaxes. Somehave the ability to control
a few axesthemselves,othersallow externalcontrolof theexternalaxesandsimply needto be
keptinformedof thepositionanddirectionof therobotbase.

If a commercialcontrollercancontrolor interfaceto externalaxesat all, thedynamicandkine-
maticcontrolof thenative andexternalaxesareheavily decoupled,eitherby freezingtheexter-
nal axeswhile thenative robot is working, or by usingslow movementsof theexternalaxesto
continuouslykeepthebaseof thenative robotat anadvantageousposition.

2.3 Advancedmotion planning

The art of mappinga tool configuration(combinedtool positionandpose)into a setof joint
positionscanbe quite tricky, as it will typically involve singularitieswith multiple or infinite
solutions. Mapping a tool path into a correspondingjoint path is even more difficult, as the
singularitiesmustbenegotiatedgracefullyin orderto allow smoothmovements.If therobothas
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moredegreesof freedom(DOF) thanneededto describethetool configuration1, therobotis said
to have redundantDOF’s or simply to beredundant.

Redundantdegreesof freedomcauseaninfinite numberof solutionsto thetool to joint mapping,
causinga massive problemfor traditionalrobotprogrammingtools, that focusonly on the tool
configuration.

Most industrialrobotshave 5 or 6 DOF’s soredundancy is oftena regrettableby productwhen
the work areaof a robot is expandedby mountingit on somesort of positioningdevice like a
gantry crane. The redundancy is oneof the main reasonsto keepthe control of externalaxes
decoupledfrom thenative axesof therobotasmentionedabove.

In productionprocesseslike shipbuilding, thedegreeof automationcanbe increaseddramati-
cally if the robotscanmove insidestructures,utilizing redundantDOF’s to gain the flexibility
neededto operatein narrow but well definedenvironments.

The company AMROSE A/S have succeededin creatinga genericmotion plannerbasedon
constraintdynamics,that is able to createa collision free path for any mechanism,regardless
of the numberof degreesof freedom. The AMROSE motion plannerusesa CAD model of
the environment,a CAD descriptionof the tool path (process)and a computermodel of the
robotdescribingits kinematicpropertiesasconstraints.Introducingartificial potentialfieldsinto
the models,the motion planneris able to calculatevalid collision free paths,expressedas a
equidistantstringof joint spacecoordinatesmixedwith processcommands.

AMROSE A/S is a spin off
company of themotionplan-
ningresearch,thathavebeen
a key area in Odensefor
morethana decade,andthe
AMROSEmotionplanneras
well as various derivatives
and other types of motion
plannersare at the disposal
of the Odenserobotics re-
searchcommunity.

AMROSE

motion planner

Robot

Environment

Process

q

Models

Figure2.3: A globalmotionplanner

ThoughtheAMROSEmotionplannerhasbeendemonstratedin real-timeapplications,dynam-
ically adaptingto a changingenvironment,it is only commerciallyavailablein anoff line ver-
sion.Thecommercialversionis usedto generaterobotpathsin advance,for laterexecutionby a
robotcontroller. TheAMROSEmotionplannerhavebeendemonstratedwith 50DOFsimulated
robots,andpracticalrobotsof up to 18DOF.

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

1Thetool configurationcanalwaysbedescribedin �	� , but sometimesnot all dimensionsarerelevant,e.g. tool
rotationaroundown axis.
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(a)Folded (b) Bended (c) Straight

Figure2.4: Custombuild folding joint, to penetratetheinnerlabyrinthsof ashipsection

referencemodel, and it is only interestingto us for two reasons.The primary reasonis that
it makesit feasibleto considerthe practicaluseof advancedredundantrobots. Thesecondary
reasonis that the useof constraintdynamicsto describethe kinematicpropertiesof a robot is
highly modular, andcanbe usedto facilitateself configurationof a robot systemmadefrom
heterogeneousmodules[Petersen01].

2.4 Aggregatedrobots

The easiestandmostcommonway to addexternaldegreesof freedomto a commercialrobot
arm, is to aggregate it with othercommerciallyavailablemechanismsor units, suchas linear
displacementunits,gantrycranes,turntablesor evenmobileplatforms.In caseswherecommer-
cially availabletechnologydoesnotsuffice,mechanicaldesignerstendto breaktheircustomized
positioningsystemsdown into manageableselfcontainedunitsof a few degreesof freedom,like
OdenseSteelShipyard(OSS)3 DOF folding joint shown in figure2.4

A commonvariationof theaggregatedrobotarisewhentheexternalaxesarenot appliedto the
robotarm,but areusedto manipulatetheworkpiecein orderto placeit in anadvantageousposi-
tion for therobottool. Work piecemanipulatorsarealsocomprisedof selfcontainedmechanical
unitslike turntables,X-Y tables,pan/tilt devices,hexapodsetc. Commerciallyavailabledevices
arepreferred,but for someapplicationscustombuild devicesareused.

In someapplications,more robot armsarecooperatingto perform their tasks. Typically one
robotis usedaswork piecemanipulator, while theothermanipulatesa tool to performaprocess,
but thereareaninfinite numberof possibleapplicationsfor suchsetups.

26 Anders Stengaard Sørensen



WBS code: O-01.C01.a03 CHAPTER2. ROBOTSAND MODULES

Flexible automation

The massive coststo set up andconfigurerobotic productionfacilities have previously made
it infeasibleto userobotsfor anything but large scalemassproduction. Both industryandre-
searchersarestriving to increasetheflexibility of robot technologyin orderto make it feasible
for smallandmediumsizedproductionbatches.

Thequestto increasetheflexibility of robottechnologyfollow 3 basicpaths:� AsCAD basedmotionplannerslikeAMROSEhavedemonstrated,thereis muchflexibility
to be gainedfrom existing robot technologyandinstallations,by exchangingtraditional
robotprogrammingtoolswith automaticCAD basedsystems.� Exchangingor supplementingexisting controller technology, to allow increaseduseof
externalsensorfeedbackcanalso increasethe flexibility of existing installations,as the
robotswill beableto recognizeandreactto differencesin theprocessedobjectsaswell as
theenvironment.� Increasingthe modularityof robotic technology, to allow robotic installationsto be de-
signed,implemented,configuredandreconfiguredmoreeasily.

Ultimately, the 3 pathswill probablyconverge, as sensorfeedbackwill sometimebe able to
replaceandsupplementpredefinedCAD models,andevery partof a robotsystemwill become
areplaceablemodulewith standardizedinterfaces.

Thefirst pathcanbeexploredwithout majorchangesto theexisting technology, asCAD based
motionplannerscanbeusedoff line, to generatepredefinedpathsfor existing robotinstallations
andtechnology. All majorrobotmanufacturesnow offer somesortof CAD basedprogramming
interfacealongwith their robots.

Thetwo secondpathsarehardto usewith existingtechnology, astheirrequirementsfor thelower
controllerlayersaredifferentfrom whata typical industrialrobotcontrolleroffers.

2.5 Customizedcontrollers

Therearea few valid reasonsthatmight make it feasibleto usea customizedcontroller, rather
thatdrawing on anexisting commercialsolution:� It may be impossibleto find a usablerobot/controllersystemthat supportsthe external

axes(andprocess)needed.� It may be necessaryto utilize the addedDOF’s of externalaxesfor agility aswell asto
enhancetheworkspace.� Advancedapplicationsmay requiremoresensorfeedbackandevaluationthanthe native
controllerof a robotsupports.
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The first and third problemcan often be solved by invoking a customizedcontroller for the
externalaxesor extra sensors,thatcaninterfaceto a suitablecommercialcontroller.

AMROSEhave solved the secondproblem,by developinga genericmotion planningmethod,
thatcancalculatecollision free trajectoriesfor redundantrobotsoperatingin complex environ-
ments.

As theoutputof themotionplanneris simply a streamof joint positions(andprocessstates),it
seemsstraightforward to simply feedthe appropriatejoint valuesto the appropriateexecution
layer componentsof whatever controllersareinvolved in controlling a robot system,but there
area few snagsto this:

1. Few commercialrobotcontrollerswill acceptprogramsin joint coordinates.

2. Controllersthatacceptjoint coordinates,typically interpolatesbetweenadjacentpointsin
joint space,makingit necessaryto keepthe distancebetweenadjacentjoint coordinates
quitesmall. This oftenresultin programsbecomingtoo large to beacceptedby thepro-
grambuffersof commercialcontrollers.

3. As practicalversionsof the AMROSEtechnologycanonly be usedto generateoff line
programs,aprocesscontrollerandkinematiccontrollerarestill necessaryto applyon line
compensationfor smalldeviationsbetweenmodelsandreality.

During the developmentanddemonstrationof the AMROSE system,many differentways to
bypasstheseproblemshavedeveloped,but only two alternativeshaveprovedfeasible:� Usingonly robotsystemswherethenative controllersupportsonlinekinematiccompen-

sation,while acceptingprogramsin joint coordinates.� Supplementingor replacingthenativecontrollerof commercialrobotswith agenericcon-
troller, especiallydevelopedto executeoff line programsin joint coordinatesonaggregated
robots.

The OMC controller

As thefirst solutionis far to restrictive to supporttheaggregatedrobotsneededby OdenseSteel
Shipyard(OSS),OSSandAMROSEhaveattemptedto developedagenericcontroller— known
asthe OMC or OpenModular Controller— that canreplaceor interfaceto commercialrobot
controllers,dependingon theinterfacesof therobotandcontrollerin question.TheOMC have
beenusedsuccessfullywith theAMROSEmotionplannerin anumberof applications.

OMC is designedasa framework that acceptshard-andsoftwaremoduleswith specificinter-
faces,in order to arrive at a genericcontroller technology, usingthe power of modularityand
reconfigurability. OMC hascomponentsrangingfrom theinterfacelayer(hardware),to various
levels in the applicationlayers,includinguserinterfaces,visualization,programexecutionetc.
Theframework is basedonacombinationof PCI/ISA,WindowsNT 
 , andCORBA.
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One of the key applicationsfor OMC was the combinationof processcontrol and Cartesian
control,illustratedin figure2.5.
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Figure2.5: Processcontrolin OMC

Themodulesfor processevaluationandcontrolof thearc-weldingprocess,controlsthewelding
processby applyingsmallCartesianoffsetsto theweldingtool.

In steadof applyingacompleteinversekinematicalgorithmto controltherobotin Cartesianco-
ordinates,OMC reliedon aninverseJacobianto mapsmallCartesianoffsetsinto corresponding
offsetsin joint space.TheinverseJacobianis continuouslygeneratedfrom theforwardkinematic
modelof thesystem.

Figure2.6showsa typicalapplicationof theOMC with anaggregatedrobot.
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Figure2.6: A typicalOMC application
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Notehow theOMC replacesthehigherlayersof thenativearmcontrollerby literally cuttingthe
original connections,andreplacingthemwith connectionsto thecontrol layerof theOMC. In
somecases,the native controllerwould even be completelyreplacedby 3. party servo ampli-
fiers. This wastefulpracticeis necessaryascommercialrobotvendorsarereluctantto sharethe
implementationdetailsof their controllersthatwouldallow aninterfaceat ahigherlevel.

Themodularframework of theOMC wassupposedto ensurethatit couldeasilybeinterfacedand
adaptedto everyconceivablemechanismandprocess,but thepoorchoiceof platformtechnology
provedfatalto this intention.

Theuseof apoorlydocumentednonreal-timeoperatingsystemintendedfor desktopcomputers,
madeit virtually impossibleto implementreliablecontrollayercomponentsin software,andthe
OMC cameto rely on thePMAC motioncontrollerPCI boardsfor motioncontrol.Thereliance
onPMAC boardsmadeit impossibleto miniaturizetheOMC hardware2, andit wasonly apartial
solutionto thereal-timeproblemsof thecontrolandexecutionlayercomponents.

In spiteof theoriginal intentionsof makinga flexible distributedcontroller, thebulkinessof the
OMC hardwarepreventsa closephysical integrationwith thehardwareit controls.Thereliance
on a specificPCI motioncontrollerboardlimits it to controlcertainactuators(electricmotors),
andthedifficultiesinvolvedin tricking Windows NT 
 to work in real-timeapplicationsmake it
excessively expensive to configurethesystemfor new applications.

Towardtheendof this project,theOMC partnersfinally terminatedfurtherOMC development,
asthetechnologywasdeemedinfeasible.

The GENERIS 
 controller

TheEuropeanCommissionJointResearchCenter(EC-JRC)[EC-JRC] havedevelopedageneric
controller, called GENERIS
 , that is very similar to the OMC, but have acknowledgedthe
importanceof real-timeperformanceof thecontrolandexecutionlayer[GENERIS]

In comparisonwith theOMC, GENERISdraws a verysharpline betweentheapplicationlayers
andtheexecutionlayer. Like theOMC, applicationlayerSW is implementedunderWindows,
andcanbedistributedoveranumberof PC’sknown asGENERIShosts.

Executionand control layer componentsare implementedon industrial computersunder the
highly accreditedreal-timeoperatingsystemVxWorks.Thecomputersimplementingtheexecu-
tion/controllayerareknown asGENERISNumericalControlor simply GNC.

The combinationof executionandcontrol layer allows eachGNC computerto control oneor
more processingunits — or robot cells —, composedof e.g. a robot arm, a robot tool and
a positioningunit. The GNC architectureis tailored to standardmodularindustrialcomputer
systems,suchasVME, CompactPCI or PC-104,wherea CPU moduleanda numberof I/O
modulesresidein a centrallyplacedrack,connectedto the individual sensorsandactuatorsvia

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

a webof wires. As performanceandwiring limits eachGNC computerto controla few process
units,moreGNC computerscanbeconnectedto a GENERISsystem,to allow anentirefactory
to beincludedinto thesystem.

While theGENERISarchitectureis well suitedfor productionfacilitieswith heterogeneousrobot
cells,includingaggregatedrobotsandcustomdesignedmechanicalunits,sensorsetc. it is obvi-
ousthattheGNC’sdoesnottakefull advantageof themodularnatureof themechanicalmodules
that constitutea robot cell. A robot cell cannot be reconfiguredon the fly, asreconfiguration
requirechangesto thewiring I/O hardware,andsoftwareof theGNC computerin chargeof the
cell.

2.6 Modular robots

As flexibility andreconfigurabilityarevery obviousadvantagesof modulartechnology, various
attemptshave beenmadeto createfully modularrobotsandrobot componentsfor experimen-
tal as well as commercialapplications. Modular robotsare dominatedby two major trends:
Commercialproductswheremodularityis simply a meansto achieve aneffective solution,and
researchprojectswheremodularityis anendin itself. A typical example,anda comprehensive
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survey of thelatteris givenin [Pakpong01].

The attemptsat modularrobotsvary greatly in aim, ambition,applicationandtechnology, but
they have a numberof aspectsin common.Thelowestcommondenominatorof thefield is the
industrytrendtowardssmartactuatorsandsensors,wherethenecessaryinterfacelayercompo-
nentsarephysically integratedwith theactuatoror sensorin question,alongwith anembedded
computerworking primarily asa communicationscontroller, connectingtheintelligentunit to a
commonnetwork or field bus.Theembeddedcomputercanalsoimplementsomesimplecontrol
or even executionlayer components,in the form of velocity or positioncontrol, interpolating
trajectorygeneratorsetc.

In mostcases,thevariouscommercialsuppli-
ers respectexisting, non modular, standards
for the physical propertiesof their products,
sothey aremechanicallycompatiblewith pre-
viousnonintelligentversions.Someattempts
have however beenmadeto market products
where the modularity extends down to the
physical layer aswell. Oneof the mostcon-
vincingexamplesof thisis thepowercubecon-
cept by Amtech Robotics[Powercube], illus-
tratedin figure2.8.

Amtechmanufacturesa small rangeof com-
patibleintelligentPowerCubemodules,for ro-
tary and linear movement,aswell asa num-
berof grippingtoolsandspecialpurposemod-
ules,suchaspan/tilt. Exceptfrom the power
supply, All of themodulesarecompletelyself
contained,andacceptmotioncommandsvia a
commonCAN-BUS network.

Figure2.8: A rotaryPowerCubeactuator

ConceptslikePowerCubearegenericin principle,but in practiceeachof theseconceptsaddress
a very narrow segment,with respectto power, speed,precisionandcost. This type of modu-
lar approachmake very nice componentsin an aggregatedrobot system,andis well suitedto
demonstratethepowerof modularity, asshown in [Nanyang],but it is not sufficiently genericto
coveranentireindustrialrobotcell.

Apart from issuesrelatedto mechanicaldiversity, andcompatibility in general,oneof theprin-
cipaldrawbacksfor intelligentactuatorsaretheir lackof knowledgeabouttheir role in anaggre-
gatedmechanism.Theoverall kinematiccontrolleraswell aseachintelligentactuatormuststill
beconfiguredmanuallyin accordancewith thestatic,dynamicandkinematicpropertiesof the
mechanism.As thedynamicandstaticpropertiesof a robotcanvarydramaticallywith theposi-
tion of therobot joints, theparametersof intelligentactuatorsmustbechangeddynamicallyby
a centralintelligencein orderto obtainoptimalperformance.This problemarisesbecauseonly
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theactuatorsandnot thelinks betweentheactuatorsareincludedunderthemodularcontroller.

In general,intelligent actuatorsandsensorsmakesthe hardwareconfigurationmucheasier, as
individualsignalwiresarereplacedby commonnetworks,but theburdenof configuringsoftware
andparametersremainlargelythesameasif usingapurecentralcontroller. Configuringmodular
robotsis currentlyapopularresearchtopic,but thebulk of this researchseemsto bepreoccupied
with variousaspectsof abstractor experimentaluniversalmodulesratherthanpracticalindustrial
technology.

Someresearchanddevelopmenteffort havegoneinto
developing modular technologyfor specific mech-
anisms,such as serial robot arms. In such cases,
the entirephysical, transducer, interfaceandcontrol
layer is closelyintegratedwithin eachmodule,mak-
ing it possibleto storeall relevantinformationwithin
eachmodule,andconfiguretheaggregatedsystemin
aplugandplay fashion.

Oneof themostseriousattemptsat building a mod-
ular arm is performedby the RoboticsandMecha-
tronics departmentof Deutschen Zentrumfür Luft-
und Raumfahrt (DLR) [DLR]. Over 3 genera-
tions of mechatronicdevelopment,they have suc-
ceededin designingand manufacturinga powerful
light weight, fully integratedmodulefor robotarms,
known asLBR-III. Eachmodulehastwo degreesof
freedom,configuredas perpendicularrotary joints.
The armsthat can be assembledfrom the LBR-III
moduleshave similar specificationsas commercial
armsof similarsize,exceptthatthey aresignificantly
lighter, asLBR-III wasoriginally designedfor space
applications.

Figure2.9: LBR-III modulararm

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

2.7 Conclusion

We arenot awareof any attemptsto develop a genericcontrollertechnologythat cantake full
advantageof theinherentmodularityof thetraditionalcomponentsof roboticsystems.Thenodes
of currentgenericcontrollersaim at controlling an entire robot cell, ratherthan its individual
parts. Currentresearchanddevelopmentof intelligent mechanicalmodulesdoesnot seemto
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convergetowardpracticalstandardsto supportreconfigurableindustrialrobots.

As genericembeddedcontrollerswill mainly be useful in combinationwith a genericmotion
planner, we believe that the low availability of suchmotion plannersis the key to explain the
lackof interestin genericembeddedcontrollers.

As theroboticscommunityof Odensehaveaccessto aworkinggenericmotionplanner, it seems
naturalfor usto investigategenericembeddedcontrollersaspartof ourresearchanddevelopment
projects.
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Chapter 3

Systemarchitecture

Abstract
During thischapter, weproposeandelaborateonanoverall architecturethatwill enable
utilizationof themodularnatureof aggregatedrobots.We discussvariousaspectsof our

proposalwith respectto performance,bandwidthandotherrelevantrequirements.

3.1 Overall architecture

In orderto utilize theinherentmodularityof modularmechanics,weproposeanarchitecturethat
is basedon small andsimple,yet powerful andflexible embeddedcontrol modulesor nodes,
which we will refer to with the abbreviation GEECONfor generic embeddedcontroller node.
Suchcontrolmoduleswill makeit feasibleto integrateaGEECONwith eachmechanicalmodule
in a robotsystem,ratherthanonefor eachrobotcell.

Integratinga GEECONinto eachmechanicalmodule,canbe viewed as transformingpassive
mechanicalmodulesinto active intelligentones,which opensa numberof interestingpossibili-
ties:� Dramaticreductionin the systemcomplexity, assignalcablesto individual sensorsand

actuatorsarereplacedby acommonnetwork.� Easierconstruction,maintenanceandreconfigurationof robotsystems,dueto thereduc-
tion of complexity.� Increasedcompatibilitybetweenheterogeneoustechnologies,astheGEECONscanpresent
heterogeneousmechanicalmodulesin ahomogeneousway to highercontrollayers.� As intelligentmechanicalmodulescanstorerelevant informationaboutthemselves,such
askinematicparameters,anetwork of suchmodulesmakesit possibleto supportautomatic
configurationof high level applications,suchasmotionplannersanduserinterfaces.
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Figure3.1: Distributedcontrollermodel

Although it would be interestingto studymethodsto distributeall componentsof a robotcon-
troller, we prefer to restrict the GEECONsto tasksthat are entirely local to their host mod-
ules.All tasksandfunctionsthatrequiresanoverview that involvesmorethanonehostmodule
(global)will beperformedby acentralcontrolnode.

This architectureis illustratedin figure 3.1, wherea distributed versionof the layeredrefer-
encemodel(hardcorners)is superimposedon a layout of a centralcontrol nodewith a setof
GEECONsandaccompanying mechanicalhostmodules(roundcorners).As indicatedin thefig-
ure,thedistinctionbetweenlocalandglobaltasksandfunctionsfor anaggregatedrobotsystem,
implies that the componentsbinding the distributed systemtogether, residesin the execution
layer. Executionlayer componentsthat usee.g. the kinematicmodel for the entirerobot will
thusbe implementedon a centralcontrollernode,while executionlayer components,suchas
interpolationat joint level, will beimplementedon thecorrespondingGEECON.

3.2 Genericembeddedcontrol nodes(GEECON)

Consideringthe GEECONsand their relation to the host mechanicalmodule,we proposeto
usethe simpleimplementationandintegrationmodelshown in figure 3.2, wherethe interface
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Figure3.2: GEECONembeddedin ahostmechanicalmodule

toward the centralcontroller is definedby a network andthe interfacetoward the mechanical
hostmoduleis definedby thesetof I/O signalsnecessaryto controlthehost.

In additionto power supplyandothernecessarysupportsystems,not shown in the figure, the
hardwareof theGEECONconsistsof computer, integratedwith a network interfaceandanI/O
interface.While thenetwork interfacemustbeidenticalor compatiblefor all theGEECONsin a
system,theI/O interfacesmayneedto bequitedifferentin orderto suit thedemandsof different
hostmodules.

Interface to hostmodules

As wewantto beableto useourcontrollerarchitecturewith thewidestpossiblearrayof different
hostmodules,we cannot assumemuchin advance,but mustallow for extremevariationsin the
demandsfor connectingto andcontrollingmechanicalhostmodules.

Oneassumptionthatwedomake, is thateachhostmodulewill beequippedwith suitablepower
control andsignalconditioningsystemsto allow a computerto interfaceto it througha setof
I/O connectionscomprisedof analogand/ordigital electricalsignalswithin commonstandards
or practise.If this is not the case,we assumethat we canimplementsucha systemourselves,
externalto theGEECON.

Although it may often be the case,we do not assumethat a completeinterface layer is im-
plementedin the hostmodule. On the contrary, we assumethat it may be beneficialor even
necessaryfor theGEECONto contributeto thesignalconditioningandpowercontrol,with var-
ious formsof signalprocessing,which maybe implementedin analogor digital I/O hardware,
or in software.

Theactuator/sensorsystemson theDT-VGT moduleswe useasprimaryevaluationexamplein
this project, is an excellentexampleof a hostmodulewith a partial interfacelayer, wherewe
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haveto supplypoweramplifiersfor theactuators,andimplementI/O hardwareandsoftwarethat
participatesactively in feedbacksystemsto controlthepowerflow (chapter7).

In the otherendof the spectrum,we might be confrontedwith hostmoduleswith native con-
trollersthatimplementnotonly theinterfacelayer, but possiblyalsothecontrol-andevenhigher
layers.In thesecases,theroleof theGEECONsis to interfaceto,andutilize, thenativecontroller
in thebestpossibleway.

The PA-10 robot usedas secondaryevaluationexamplefor this project is a typical example
of sucha setup,as the native controllerof the PA-10 implementsa full interfacelayer, anda
partial control layer in form of velocity control of the individual actuatorsof the robot. The
native controllerhasanopenarchitecturethatallows our GEECONto interfaceto thepartially
implementedcontrollayervia afield busin orderto givevelocitycommandsandreceiveposition
feedback(chapter8).

Giventhelargevariationof possiblehostmodules,it is clearthatwecannotconfinetheinterface
betweenGEECONandhostmoduleto a single layer of the referencemodel, let alonedefine
or describea usablegenericinterface. We simply have to acceptthat theborderseparatingthe
responsibilitybetweenGEECONandhostmodulemustbeveryfuzzyin orderfor theGEECONs
to begeneral.

Interface to central control node

Regardlessof how and wherethe control- and interface layer componentsare implemented,
the resultwill enablethe sensorsandactuatorsof the mechanicalhostmoduleto be readand
controlled,by thesoftwareof theGEECON.

This ability will be commonfor all modulesof the system,and it gives us the possibility of
presentinga large arrayof heterogeneousrobot modulesin a homogeneousway to the central
controllernode.

Sincethekinematicpropertiesof thepossiblehostmodulescanvary greatly, we believe thatthe
mostgeneralway to presenta hostmodule,is as:� A setof actuatorsystems,whichmovementfollow thecommandsof thecentralcontroller

node.� A setof relevantfeedbackvaluesthatcanbereadby thecentralcontrollernode.� A databaseof knowledge,aboutthehostmodule,suchaskinematicanddynamicmodels,
thatcanbeaccessedby thecentralcontrollernode,andusedfor globalcontrolof therobot,
suchaskinematiccompensationandmotionplanning.� A statemachine,thatallows thecentralcontrollernodeto control andverify thestateof
theindividual robotmodules,for example:Uninitialized,Inactive,Active andError.
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Figure3.3: Sketchof thecommandstructureof aGEECON

This way of representingdifferentrobotic moduleswill allow the GEECONsto have a homo-
geneousframework with regard to hardwareplatform,network, andhigh level software,which
cansupportthe applicationspecificI/O, motion control, sensorevaluationandsystemcontrol
components,aswell asrelevantknowledgeaboutthehostmechanism.

Figure 3.3 sketchesthe commandstructureof sucha representation,wherewe note that the
componentsandinformation involved in specifying,controlling andmeasuringmotion areall
partof closedloops,whichleadsto requirementsfor therealtimeperformanceof communication
andexecutionrelatedto thesecomponentsandinformation. We will returnto discussreal-time
requirementsfor theGEECONswhenwediscusstheinformationflow of theentiresystem.

3.3 Central control node

Figure3.4shows how thecentralcontrollernodeaddstheremaininghigh level controllercom-
ponentsto amodularrobotsystem,wherethelow level layersareimplementedontheindividual
robotmodules.

Thehigh level executionlayer implementsthepartof theexecutionlayerwhich requireglobal
knowledgeof therobot,e.gkinematiccompensation,or similar functionswhicharenotpractical
to distributeto theGEECONs.

If a suitableabstractionlayer, or moduleinterface,is usedto hide the implementationdetails
of thedistributedpartof thesystem,it becomespossibleto reuseexisting executionlayersoft-
warefor kinematiccompensation,processcontroletc. which in turn allows reuseof compatible
applicationlayersoftware,suchasmotionplanners,visualisationanduserinterfaces.

Thepossibility to maintaincompatibilitywith existing genericrobotcontrollers,suchasOMC
andGENERIS,throughimplementingsuitableabstractionlayers,is very interesting,as it re-
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lievesusof the taskto implementthe componentsof a completecontroller, if we obligea few
prerequisites:/ Thenetwork technologyusedto connectto themodulesmustbecompatiblewith thecom-

putertechnologyusedfor existing genericcontrollers./ Theprotocolfor communicationwith theGEECONsmustbeopen,in orderto allow others
to implementsuitableabstractionlayers.

As executionlayer andapplicationlayer componentslike processcontrol, userinterfacesand
real-timemotion planning,may needsensorfeedbackthat is not directly relatedto the robot
positionandmotion,it is importantto acknowledgetherequirementssuchfeedbackmayimpose
on thecommunicationnetwork.

Apart from simple,onedimensionalprocessfeedbacksignals,with fairly low bandwidths1, we
have hadvery little experiencewith nonmotionrelatedfeedback.Apart from processfeedback,
futureapplicationsmaycall for proximity sensors,distancesensors,cameras,sonars,rangescan-
nersetc. etc. in anunknown numberandin unknown combinations.AlthoughGEECONsas-
sociatedwith the sensorsin questionmay be able to reducethe amountof information to be
transmittedto thecentralcontrollernode,wearenotableto divinewhichbandwidthandlatency
demandssuchsensorswill put on thenetwork.

As wearenotableto offer any sensiblelimits to thefutureuseof sensors,wemustrecognizethat

1typically below 100Hz
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we will never find a network technologythatcanensurethatour controllerarchitectureallows
genericuseof sensors.We must settlefor a compromisethat allow us to reserve a sensible
bandwidthfor futuresensorintegration.

3.4 Inf ormation flow

Thebandwidthandlatency requirementsfor theinformationflow throughouta controllerarchi-
tecturehasaprofoundeffecton its implementationrequirements.In thissection,wewill discuss
theinformationflow of robotcontrollers,in orderto getanunderstandingfor theprinciplesthat
governthecorrespondingrequirements.

Figure3.5 sketchesthe primary informationflow of a typical robot controller in termsof our
layeredreferencemodel,whichtakestheform of anumberof nestedloops,dueto therelianceof
feedback.Staticinformationaboute.g.kinematicpropertiesareleft out,asit canbeexchanged
during initialization, andplaysa minor role comparedto the bandwidth considerationsof the
closedloops.

S

M

Offset compensation Position control Servodriver

Process evaluation Sensor evaluation Sensor interface

R
eal tim

e m
otion planner

P
hysical w

orld

Interface loopControl loopExecution loopOnline
application loop

PhysicalSensor/ActuatorExecutionApplication Control Interface
layerlayerlayers layer Layer Layer

Figure3.5: Nestedloopsin thelayeredmodel

In general,the layerscloseto the physical layer handlessimpleinformationwith a high band-
width, while thehigherlayershandlesmorecomplex informationata lowerbandwidth.A servo
amplifierof theinterfacelayermayeasilycontrolmotorcurrentwith bandwidthswell above 10
kHz, while a kinematiccontrollerof theexecutionlayermayadjustthetool offseta few timesa
second.

In practice,the bandwidthof a givencomponentor communicationchannelis chosenwith re-
spectto many factors,wherewe canemphasize:Physicalnecessities,physical limitations,need
for synchronisationwith othercomponents,requirementsfor signalprocessingalgorithms,avail-
ability of communicationbandwidthandcomputingpower.
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Robot bandwidth

In orderto appreciatetheconsiderationsof higherlayers,it is instructive to begin by considering
the physical capabilitiesof the mechanicsand power control of a robot or other mechanical
system.Thisdiscussionencompassestheentirephysicalandtransducerlayer, andmany aspects
of the interfacelayer. The bandwidthsand samplefrequenciesdiscussedhereappliesto the
interfaceloopaswell asthecontrol loop.

Thevariationof technologiesandimplementationsusedin industrialmechanics,makesit impos-
sibleto definemetricswhicharebothgenericandpractical.Themetricsdefinedin thefollowing
areusefulfor referenceandcomparison,but they do not necessarilytake all aspectsof practical
mechanicsinto account.

In general,an actuatorsystemof a robot or other industrial mechanismcan be considereda
transferfunction,wheretheactuatorconvertstheenergy from theinterfacelayerinto aforce,that
acceleratesthemassof thephysicalsystem.Wecannotassumemuchabouttheactuatorsystem
in termsof transferfunctions,powersupplyor load,but wecansafelyassumethefollowing:/ Theaccelerationwill belimited dueto a limited powersupplyandactuatorefficiency./ Theresolutionof feedbacksensorsarelimited dueto natural-and/orquantizationnoise./ The requirementsfor actuatorprecisionarelimited, asactuatoraccuracy reflectsthe re-

quirementsfor tool accuracy.

As thelimits mayindeedchangedynamicallyastherobotmoves,we areforcedto contemplate
only maximumacceleration,resolutionandaccuracy, assketchedin figure3.6

Actuator

system
1/s1/s

0 1 1 2 3 2 4 5 6 7 8 9 : 2 3 8 1 7 6 ; < 8 = 7 6 7 8 9> 9 ? @ 6 = 7 A 9 5 3

Figure3.6: Worstcasemodelof actuatorsystem

We introducethefollowing metrics,thatrelatestheinputof theactuatorsystem,to theposition:

Detectionbandwidth — BDC : The highestfrequency of a sinusoidalinput signal that will, in
worstcase,causeamotionthatcanjust bedetectedwith thefeedbacksensor.

Tolerancebandwidth — BFE : The highestfrequency of a sinusoidalinput signal that will, in
worstcase,causea motionlarger thantheacceptedpositiontoleranceof theactuatorsys-
tem.

In our worstcasemodel,thetransferfunctionof theactuatorsystemgivesriseto a squarewave
acceleration,with amplitudeequalto the highestpossibleacceleration: GIHJLK MONP M Q	RSJ , and a
period: T K UDV B , wheref is the frequency of the sinusoidin Hz. This leadsto a triangular
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velocity profile,with amplitude: G�WJ . And a piecewiseparabolicpositionprofile with amplitudeG J .
GIHJ K MONP M Q	RSJG�WJYX B[Z K \]S^ GIHJG JYX B[Z K \_a`b^dc GIHJ (3.1)

It is clearthat theamplitudeof themovementwill decreasesteadilywith increasingfrequency.
Wedefinethedetectionandtolerancebandwidths:

BDC K e B M G JYX BfZ Khg `jiBkE K e B M G JYX BfZ K E[l`Ii (3.2)

WhereN is theamplitudeof thenoiseor quantizationlevel of thepositionfeedbacksensor, andm J is theallowedtolerancefor theactuatorposition.As wehavemadeaworstcaseanalysis,the
bandwidthscanbeexpressedas:

BDC n o prql\Os gBkE n o prql\Os E l (3.3)

In light of our worst caseconsideration,the in-
dividualactuatorsystemscanbeconsideredlow
passfilters,asillustratedin figure3.7.

Thesefilterscanbethoughtof astheultimatere-
constructionfilters of a sampledsystem,i.e. the
robotcontroller, andtheworstcasebandwidths
canassistusin choosingtheinternalsamplefre-
quenciesof thecontroller.

If we choosea samplefrequency of BktvuxwyBkC
weareguaranteedthataliasingwill notproduce
a measurabledisturbanceto the positionof the
system.

z { | } ~ � �

Sensor resolution

Required accuracy
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W
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Figure3.7: Sketchof bandwidths

As long asthesamplingfrequency Bkt�u�wyBFE disturbancescausedby aliasingwill bewithin the
positiontolerance.In any case,it mustbekeptin mind thatdisturbancescausedby aliasingwill
besuperimposedonotherdisturbances,if suchexist.

As an example,we considera linear actuatorwith load, that hasa maximumaccelerationofMONP M n U����F��Vy� ` , arangeof P���� ���������k��� , a feedbacksensorwith aresolutionof wF� � , equivalent
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to a S/N ratio of U����y�Y� or 18 bits of resolution.Theactuatoris usedin anapplicationthatcalls
for apositionaccuracy of

m J n�w � � �
In the context of industrial robots,this exampleis ratherextreme,on accountof acceleration
aswell asresolution,andwe do not expectto encounterrobotswith suchextremedemandsin
practicalapplicationsof our genericcontroller. Thebandwidthsfor theexampleare:

BDC K o \���� Q�� t c\�sS  `¢¡ Q £ U��¤�¦¥¨§ª©
BkE K o \���� Q�� t c\Os�  `�«¢¡ Q £ �y���¬§ª©

Which suggeststhat the robot controller shouldusea samplefrequency between U­¥¨§ª© and® �¤¯¦¥¨§ª© to feedtheactuatorsystemwith asampledcontrolsignal.

Althoughthis way to evaluatethebandwidthof anactuatorsystemis rathercoarse,we find it is
ausefultool for initial evaluationandconsiderationsregardingcontrolsystemsin general.

In practice,our simpleworst caseestimateof bandwidthmay be considerablyhigherthanthe
realbandwidthof theactuator. Suchdiscrepanciescanbecausedby variousreasons,suchas:/ The transferfunction of the actuatorhave morepolesthanthe doubleintegrationof our

model,makingit amoreefficient low passfilter./ Theactuatorspeedis limited dueto e.g.friction or backEMF in electricmotors./ The power controllerhave internal low passfilters that add to the characteristicsof the
actuator.

On the otherhand,it might be beneficialor necessaryto usea highersamplefrequency than
implied by themechanicalbandwidths.Major reasonsfor this are:/ Subsystemswithin the actuatorsystemhave bandwidthsthat arenot limited by the me-

chanicsof theactuator. Typical examplesof this are:Voltageor currentcontrol loopsfor
electricmotors,pressureor flow controlloopsfor hydraulicor pneumaticactuators./ Thesignalprocessingof thecontrollercanbenefitfrom oversampling./ Although aliasingwill not have adverseinfluenceon position control, it might lead to
unwantedvibrationsor evenacousticnuisances./ A wish to synchronizewith othersampledsystems.

Interface loop bandwidth

It is quite commonfor subsystemswithin the interfacelayer to have bandwidthsin excessof
the mechanicalbandwidthsdiscussedabove. It is not uncommonthat the bandwidthof such
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subsystemsexceedsthe mechanicalbandwidthwith several ordersof magnitude. Preferably,
thesehigh bandwidthinterfaceloopsareimplementedin thepower control componentsnative
to theactuator, sotheGEECONwill primarily beconcernedwith thecontrol loop andpossibly
higherloops. Typical examplesof interfacelayer subsystemswith higherbandwidththanthe
mechanismundercontrolare:/ Thepressure,flow or otherinternalstatesof mechanicalpower controlsystemsmayhave

to becontrolledatmuchhigherbandwidthsthantheactuatoritself, dueto propertiesof the
medium./ Currentcontrol loopsfor electricalactuatorsdependon theelectricaltransferfunctionof
theactuator, which mayhave muchhigherbandwidththanthemechanicaltransferfunc-
tion./ Switchedmodepower controllersfor electricalactuatorshave typical switch frequencies
of U��¦¥¨§ª© to U��y�¦¥¨§ª© , and may control switching times with bandwidthsin excessofU���°�§�© ./ Sensorinterfacesmay requireoversampledfilters or other signal processingoperating
above themechanicalbandwidth.

To illustratethis we will elaborateon the linearactuatorexamplegivenabove, which couldbe
implementedona systemsimilar to figure3.8
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Figure3.8: Exampleof interfacelayersubsystems

Themotoris drivenby a pulsewidth modulated(PWM) switchedmodepower driver, operating
at a switchfrequency of, say �y�¦¥¨§ª© . If thepulsewidth2 is to have a resolutionof, say7 bits or± w �¦� , thePWM generatormusthaveabandwidthof wy²´³ �y�¬¥¨§ª©µK�¯�� ± °�§ª© .

2Thepulsewidth is equivalentto theeffectivemeanvoltageappliedto themotor
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The 0 orderhold filter in the input of the voltage/PWMcontroller, allows the currentcontrol
loop to operateat a lower samplerate. Let’s assumethe ¶ VF· time constantof the motor coils
is
® �y� � � , thenwe might operatethecurrentcontrol loop at a samplerateof U¸�¦¥¨§ª© , or maybeU w ���¬¥¨§ª© if we wish to synchronizeto thePWM frequency. The0 orderhold filter in the input

allows thecontrol layerto updatethecurrentsetpoint at a lower samplerate,for instanceat the® �¤¯¦¥¨§ª© that ensuresthe amplitudeof aliasingnoiseto be below sensordetection.It might be
prudentto choosea samplefrequency that canbe synchronizedto the currentcontrol loop, to
avoid intermodulationfrequencies

Thepositionof theactuatoris monitoredby an incrementalencoder, thatchangesstate,with a
resolutionof wF� � . If theactuatorcanreacha velocity of ¹ �ºVF� , equivalentto full acceleration
for half the length,thebandwidthof theencoderandthecounterneedsto beat least

® �¤¯¬°�§ª© .
If speedis to bemeasured,by timing thechangeto encoderstate,anevenhigherbandwidthmay
beneeded,dependingon theresolutionandlatency of thespeedmeasurement.The0 orderhold
filters in the outputof the encoderinterface,meansthat the last sensorvaluescanbe readany
timeby controllayerapplications.

Theexamplemaybeoverly simplified,but it illustrateshow theinterfacelayermaycontainhigh
bandwidthsubsystemsandfeedbackloops,in orderto presentausefulinterfacefor amechanical
systemwith a lowermechanicalbandwidth.

Althoughwemightprobablyrely entirelyoncommercialcomponentsandsubsystemsto imple-
mentthenecessaryhighbandwidthsystems,thusavoid involving theGEECONsin theinterface
loop, we find it highly advantageousto beableto involve theGEECONsfor thefollowing rea-
sons:/ By moving somefunctionalityfrom externalpower controlcomponentsto theGEECON,

wecanoftenusesimpler, smaller, lighteror cheaperpowercontrolcomponents./ Including the GEECONin the interfaceloop may simplify the designof power control
componentsin thecaseswheresuitablecommercialcomponentsdonot exist./ Including the GEECONin the interfaceloop gives us a closer integration betweenthe
importantcontrolsystemsof thecontrollayerandtheinterfacelayer, whichmayenableus
to achieve betteroverall performance,asdelayscanbedecreased,synchronisationcanbe
improved,andcontrolalgorithmsgainaccessto morestatesof thesystemundercontrol.

If we wish to involve theGEECONin theinterfaceloop, theI/O andsignalprocessingsystems
of theGEECONsmight beconfrontedwith bandwidthrequirementsfar beyondthemechanical
bandwidthof the mechanismsto be controlled. We canonly narrow theserequirementsdown
by investigatingthesystemsto becontrolled,andconsiderthevariouspossiblewaysto control
them.Thebestway to implementtheinterfaceloop,will thenbea compromisebetweenspace,
cost,performance,componentavailability andthecapabilitiesof theGEECON.

It standsto reasonthatthebestwayto ensureourGEECONarchitectureto begeneral,is to apply
aflexible andfastI/O technology, backedupby powerful signalprocessingcapabilities.
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Control loop bandwidth

Assumingthat theinterfacelayerhidesall internalsubsystemthatrequirebandwidthsin excess
of the mechanicalbandwidth,the control loop bandwidthonly needto matchthe mechanical
bandwidthof the actuatorsystem. As we have seenin the discussionof the linear actuator
exampleabove, a samplerateof

®¼» ± ¥¨§ª© will besufficient for mostindustrialmechanics.In
mostcaseswecanallow thecontrolloop to runmuchslower, asmostindustrialmechanicshave
far lower bandwidths.

At this point, it is importantto repeatthat the layeredmodel is not an implementationmodel,
andalthoughit is anappealingabstractionto classifythelow level control into nestedinterface-
andcontrol-loops,it might prove highly beneficialto implementthesefunctionsin a moreinte-
gratedway, wherethe loopsinteractin morecomplex ways. In practice,the signalprocessing
in theseloopswill be implementedwith a mix of software,digital electronics,possiblyanalog
electronics,andperhapseven mechanicalsystems,making it impossibleto formulateprecise
performancedemandsfor eachtechnologyin advance.

The ability to implementa position control loop with a samplefrequency of at least
± ¥½§�©

for eachactuatorsystemin a mechanicalhostmoduleis a reasonableway to ensurethat our
GEECONcancontrol a very wide rangeof industrialmechanics.Assumingthata mechanical
hostmodulewill have at most10 actuators,thattheCPUwill only have to handlea simplecon-
trol law for eachactuator, andallowing 25 operationsfor eachevaluationof thecontrol law, we
will needaperformanceof at least1 million operationsasecond.If wewantto applymorecom-
plex control laws or includeinterfaceloopsin thesystem,we mayhave to increasethis demand
dramatically, or compromisewith respectto thenumberof actuatorsor thesamplerate.Wemust
alsokeepin mind thattheGEECONhave tasksbesideimplementingthecontrol-andinterface-
layer. In otherwords, the requirementsof the control layer points to a computerarchitecture
that is well suitedto executerepetitive algorithmswith fixedratesof at least U��¿¾ ± ¥¨§ª© , while
tendingothertasksaswell.

To puttheseconsiderationsinto apracticalperspective,wenotethatthe3 actuatorDT-VGTand7
actuatorPA-10 moduleschosento evaluateour technology, will limit theexecutionfrequency of
thecontrol loop to w ¥¨§ª© and U����¬¥¨§ª© respectively, dueto thesamplefrequency of theDT-VGT
feedbacksensorsandthelatency of thenative PA-10 controller. Allocating 1 million operations
per secondfor the control layer will thengive at least166 and95 instructionsrespectively 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 thedataflow:/ It receives path specificationsfor the individual actuators

from theapplicationlayers./ It performsglobalkinematiccompensationon thepathspec-
ifications,which may bebasedon sensorfeedbackfrom the
robot./ It relaysthe compensatedpath specificationsto the control
layer.

As we have decidedto distribute the executionlayer via. a net-
work, thebandwidthrequirementsof thisarrangementis especially
interesting,as it hasprofoundinfluenceon the choiceof network
technologyandthesystemperformance.

At the bottomlevel, the executionlayersuppliesthe positioncon-
trol loopswith referencepaths,which aresampledwith thesample
frequency of thepositioncontrolloop.

At thetop level, theapplicationlayersuppliesreferencepaths,with
a sampleratethatmight besubstantiallylower thanthemechanical
bandwidth,andthepositioncontrolloop. This is dueto thefactthat
applicationlayercomponentsusuallyoperateswith very conserva-
tive limits to actuatormotion comparedto the physical limits that
definetheworstcasemechanicalbandwidth.
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Figure 3.9: Distributed
layer

For genericmotionplanners,it is commonpracticeto representrobotpositionsasa joint vector
q KÍekÎ \ �¸�¸�ÏÎÑÐ i�Ò , where ÎÑÓ is the positionof the i’ th joint and Ô is the numberof joints in the
robot. If the robot is to usea tool, it is convenientto includethe tool parametersin the joint
vectorasif thetool parametersweresimply additionaljoints. Dependingon theapplication,the
joint positionor tool parametercanbeaccompaniedby 1 or 2 derivatives ÕÎÑÓ and NÎdÓ , andpossibly
otherusefulparameters,suchasanestimateof joint force/torqueÖ Ó . It is alsocommonpractice
thatrobotpathsaredefinedasastreamof joint vectorsgivenat equidistanttime intervals.

Weexpectthesamplerateof thejoint streamfrom theapplicationlayersto bethelowestpossible
that is able to give a satisfactory representationof the actuatorpaths,which meansthat one
of the main objectives for the executionlayer is to act asa samplerateconverter. We seeno
reasonto performkinematiccompensationafterthesamplerateconversion,andassumethatthe
compensationwill run synchronouswith the joint stream.This allow us to allocatethesample
rateconversionto theGEECON,asindicatedin figure3.10.
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Figure3.10:Modelof executionlayer

By maintainingthesame,lowestpossible,samplerate Bkt in thelocalcomponentsof theexecution
layer, weminimizetheamountof datato betransmittedvia thenetwork.

The amountof feedbackdataneededfor centralexecutionlayer andapplicationlayer compo-
nentsdependon the application,and it may not be practicalto usethe samesamplerate for
theseasfor the joint stream.If it is possiblefor theGEECONto pre conditionthesedatain a
way that reducesthenetwork load,we might wish to includesuchconditioningcomponentsin
GEECONs.

Demandsfor the joint stream

Assumingthat thenumericalresolutionof thejoint streamis muchhigherthanthesensorreso-
lution of themechanisms,theresolutionof apathspecificationis equivalentto its samplerate.

Thesamplerateconversionwill reconstructlow resolutionpathdescriptionsinto highresolution
ditto, to beusedasreferencepathfor thecontrol loop. This reconstructionis equivalentto the
reconstructionperformedby a D/A converter[Ifeachor93] .

Practicalmotion plannersoperatewith limitations to both velocity andacceleration.Partly to
avoid exceedingthephysical limits of the robotundercontrol,andpartly to obligeprocesspa-
rameters.Theselimits will constrainthefrequency contentof themotionplanneroutputto:

ö X B[Z÷n M ÕÎ�M Q	RSJwFøùB and
ö X B[Z÷n M�NÎ�M Q	RSJX wkøùB[Z ` (3.4)
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As illustratedin figure3.11,thebandwidthof a joint
streamcanthenbedefinedasthecrossingpoint be-
tweenthe lowestlimit andtheacceptablejoint posi-
tion tolerance

m J .
If the samplerate converter were able to perform
an ideal reconstruction,thesamplefrequency of the
joint streamcouldbechosenastwice thebandwidth,
but asthis is practicallyimpossible,we areforcedto
requireahighersamplerate.

Acceptable error

Joint stream
bandwidth

log(f)

Acceleration lim
it

Velocity limit

log(Q)

Figure3.11:Jointstreambandwidth

As the samplerateconverter is likely to be part of a feedbackloop, it is undermuch tighter
constraintswith respectto signaldelay than if we weredesigningan openloop system,such
asaudioplayback.Any signaldelaywill causea phaseshift, thatwill decreasethestability of
theclosedloop. Delaysareusuallycausedby interpolation,FIR filters, andsimilar algorithms
needinga numberof samplesto operate,andcanbe expressedin termsof sampleperiods. If
we want a limited phaseshift, the Nyquist frequency Bkt V w , expressingthe highesttheoretical
bandwidth,is replacedby thefollowing:

Bkú K Bkt	³­ûwFø�³kü (3.5)

WhereBkú is thehighestfrequency with aphaseshift below û , BFt is thesamplefrequency, and ü is
thenumberof samplesthesignalis delayed.Evidently thejoint streamhave to beoversampled
by a factor of üþýú to maintainthe sameuseful bandwidthas a delay free system. This will
increasethenetwork loadaswell asthecomputationalloadof higherlayers,andweareurgedto
choosea reconstructionmethodwith minimaldelay.
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Extrapolationwill reconstructthe
path, with less than one sample
period of delay, and is an ex-
cellent candidatereconstruction
method. Zero andfirst orderex-
trapolation,as illustrated in fig-
ure3.12will reconstructthepath
with an error of up to M ÕÎ�M Q	RSJ ³Yÿat
and M¢NÎ M Q	RSJ ³½ÿ `t respectively. The
error of zero order extrapolation
canconvenientlybeexpressedas
a delay of half a sampleperiod
combinedwith a positionerrorof
up to \` M ÕÎ M Q	RSJ ³¸ÿat

Sampled value

Intended path

Delayed path

Extrapolation

q

t

(a)Zeroorder (b) First order

Figure3.12:Extrapolation

Theextrapolationerrorseffectively form a sawtoothsignalsuperimposedon the intendedpath.
Thefrequency spectrumof asawtoothwith peak-peakamplitudeG is:

G ø
�������	�

U » �
��� w �w � �
��� ® �® » ³�³�³
��� � K wkøùBFtbÿ
Whereit is evident that the amplitudeof the harmonicsof the samplefrequency only subsides
linearly with frequency.

The continuousoutput of an interpolation reducesthe
noiseat the costof signaldelay. Using a first order in-
terpolation,as shown in figure 3.13 introducesa signal
delayof onesampleperiod,andmaximumpositionerror
of \� M�NÎ�M Q	RSJ ³�ÿ `t
The worst caseerror signal is a periodicparabolapiece,
which is the integral of a sawtooth. In this case,thehar-
monicsof thesamplefrequency subsideswith thesquare
of the frequency, as the frequency spectrumof a worst
caseerrorsignalwith peak-peakamplitudeA is:± Gø `

���
�����
U ` » ����� w �w ` � ����� ® �® ` » ³�³¸³
��� � K wFøùBktbÿ

Interpolationof higherorderswill reducetheerrorampli-
tudeevenfurther, at thecostof furtherdelay, andmightbe
worthconsideringin systemswheredelayis not critical.

q

t

Sampled value

Intended path

Interpolation

Figure3.13: Interpolation

Extrapolationandinterpolationasdiscussedabovearesimpleandstraightforwardto understand
and implement. Othermethodsexist, andthe methodscanbe combinedin variousways,but
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no matterwhat reconstructionmethodis used,thethreemaincriterionsin choosingthesample
frequency remains:

/ The samplefrequency must be sufficiently high to representthe intendedactuatorpath
with thedesiredaccuracy. This criterioncanbeestablishedat thecentralcontrolnode,as
it hasnothingto dowith reconstruction,but dependsonly on thevelocityandacceleration
limits in themotionplanneraswell asthedemandsfor processprecision.

/ The samplefrequency mustbe sufficiently high to avoid instability dueto signaldelays
in the reconstruction.To establishthis criterionwe requireinformationaboutacceptable
phaseshift from thecentralcontrolnode,aswell asinformationaboutreconstructiondelay
from theGEECONs.

/ The samplefrequency mustbe sufficiently high to suppressthe reconstructionerror to a
level thatis acceptableto thelower layersof therobotcontroller. Althougha certainlevel
of positionerrormight beacceptableto theprocess,theaccompanying oscillationsat the
samplefrequency andits harmonicfrequenciesmight have adverseeffectson the lower
level control systems,power consumptionand mechanicaldurability. To establishthis
criterion we requireinformationaboutthe accelerationandvelocity limits from the cen-
tral controlnode,while theGEECONsmustsubmitinformationaboutthereconstruction
method,andacceptablelevelsof reconstructionerrors.

As anexample,considerasystemwith alinearactuator, wherethemotionplannerhasjoint limits
of: M ÕÎ M Q	RSJ�K ® Q t � M�NÎ�M Q	RSJ�K ® � Qt c . The processallows a toleranceof U ��� , but the actuator
shouldnot be submittedto harmonicfrequencieswith an amplitudeabove U¸� � � . The control
loop hasa transferfunctionwhich canbeenvelopedby a 1. orderlow passfilter with a corner
frequency of B�� K U��¬§ª© .
Thejoint streambandwidthis thenlimited by theaccelerationto justbelow w �¬§ª© , whichimplies
a samplefrequency of BFt�� �F¯¬§ª© . Table3.1 shows themagnitudeof the reconstructionerror,
worstcaseactuatordisturbancedueto theerror, andresultingminimumsamplefrequency, signal
delay, andcorrespondingphasedelayat thejoint streambandwidth,for differentreconstruction
methods.
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Reconstruction p-p error harmonics on actuator samplefr eq. delay phase

0. orderextrap. � W� � ��� l^�� � W� � ��� l   ^��ý ^ c�  !g�" � \# \%$ g�& c Uy� ® ¥½§�© ' �` ±)(
1. orderextrap. � H� � ��� l^dc� � H� � ��� l   ^��ý ^+*�  !g�" � \# \%$ g�& c U­�¨U­§ª© 0 0

1. orderinterp. � H� � ��� l�a^Ñc� � H� � ��� l   ^ �` ý c ^+*�  !g�" � \# \%$ g�& * U�U­��§ª© ÿat � ¹ (
 ,g�" � \# \-$ g.& c0/214365�7  ,g." � \# \%$ g�& *0/8193;:

Table3.1: Reconstructionmethodvs. samplefrequency example.

For mostpracticalrobot applications,the above examplerepresentsextremelimits for the ve-
locity andaccelerationlimits combinedwith the processaccuracy, andthe limit to harmonics.
Only to beableto envelopthetransferfunctionof thecontrol loop in a 1. orderlow passfilter,
is alsopessimisticfrom a practicalpoint of view. Theexamplethereforeservesto demonstrate
that sampleratesof a few 100 Hz will be sufficient for joint streamto control practicalaggre-
gatedrobotsfor industrialprocesses,if we use1. orderextra- or interpolationto reconstructthe
referencepathsfor thecontrolloop.

Network bandwidth

Assumingwe needsampleratesof up to w ����§�© for thejoint streams,thatjoint positionscanbe
adequatelyrepresentedas32 bit numbers,andthatpracticalrobotsystemswill containno more
than25 individualactuators,thebandwidthrequirementsto transmitjoint streamswill bebelow
200,000bits per second. Including e.g. 2 derivativesanda force/torqueestimatein the joint
streamwill thendrive thebandwidthrequirementashighaapproximately1 megabitpersecond.

We seeno reasonfor theamountof motionfeedbackto exceedthemotionspecification,andas-
sumethatthebandwidthrequirementsfor motionfeedbackarelessthanor equalto thedemands
for thejoint stream.

We cannot assumemuchaboutthe amountof feedbackapartfrom actuatorfeedback.While
mostapplicationswill requiremodestprocessfeedback,equivalentto a few extra actuators,we
caneasilyimagineapplicationsrequiringvastamountsof feedbackfrom externalsensorssuch
ascameras,scannersetc.Theonly way to ensuregeneralityis to supplyinfinite communication
bandwidth,but in practicewe mustcompromisebetweenthequestfor bandwidthandpractical
concernssuchasavailability, robustness,costetc.
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Network latency

As thejoint streamsmayparticipatein variousformsof closedloops,we mustalsoconsiderthe
network latency, astransmissiondelayswill causephaseshifts that affect the stability of such
loops.

We cannot foreseewhich latency demandsfuture applicationsmay placeon the network, but
we suggestthat the latency is keptaslow aspossible,andat leastanorderof magnitudebelow
thesampleperiodof the joint stream.As we have estimatedthehighestrelevantsamplerateto
200Hz,this translatesto aworstcaselatency below �F��� � � .
Thelatency from centralcontrollerto differentGEECONsmaybedifferentin e.g.network tech-
nologiesbasedonpoint-pointconnections.Suchlatency differencesmayaffect thesynchronisa-
tion of actuatormovement,which mustbeconsidered.Thelatency differencecannever surpass
theworstcaselatency of �y�y� � � . With accelerationsbelow

® �F�ºVy� ` , theworstcasepositionerror
dueto thesynchronisationerrorwill belessthan

± � � , whichwefind quiteacceptable.

The sameestimateholdsfor latency variation,or jitter. The Jitter will never surpassthe worst
caselatency, andpositionerrorsdueto jitter will alsobe below

± � � , if accelerationis below® �F��Vy� ` .
3.6 Conclusion

In this chapter, we have proposeda distributedarchitecture,thatallows usto take advantageof
the modularnatureof aggregatedrobot system,by integratingGEECONs(genericembedded
controlnodes)in eachmechanicalmoduleof thesystem,andcoordinatingthemfrom a central
controlnodethatimplementstheglobalfunctionsof a controller.

Wehaveusedthelayeredreferencemodelasbasisfor adiscussionabouttherolesandinterfaces
betweenthemechanicalmodules,their native control technology, andtheGEECONs.We pro-
ceededto considertherolesandinterfacesbetweentheGEECONsandthecentralcontrolnode
in orderto establishtheir overall relationship.

We have discussedthe informationflow of a robotcontrol system,in orderto elaborateon the
speed,bandwidthandlatency requirementsof thebasiccomponentsin ourproposedarchitecture,
in relationto likely andpracticaluse,dwelling to exploretherelationshipbetweenbandwidthor
samplerate,andphysicalproperties,demandsandconstraintsof variouslevelsof arobotcontrol
system.

Usinganumberof abstractexamplesto encompassthelikely scopefor amodularindustrialcon-
troller, we have quantifiedsomeimportantrequirements,while we have foundothersto depend
toomuchon thepracticalapplicationsto bequantifiedin advance.

Our majorconclusionswith respectto thecomponentsof adistributedrobotcontrollerare:
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/ Thegeneralityof a GEECONcanonly beassuredby invokinganI/O interfacecapableof
interfacingto all mannerof official anddefactosignalstandards.We shouldthereforaim
for asflexible anI/O systemaspracticallypossible./ If we rely on external componentsand subsystemsto implementall the interfacelayer
components,an I/O samplerateof 4kHz shouldbeenoughto ensurethatwe cancontrol
mostpracticalindustrialmechanics./ As we canbenefitfrom integrating the interfaceloop with the GEECON,andasmany
interfacelayercomponentsmay requirebandwidthswell into theMHz range,we should
aim for ashighanI/O bandwidthaspracticallyconvenient./ Conductingpositioncontrol with sampleratesof up to 4kHz shouldensurethat we can
control mostpracticalindustrialmechanics.A computationalpower of 1 million opera-
tions per secondwill thereforebe sufficient to control the actuatorsof a singlemodule,
usingsimplecontrollaws./ In addition to evaluatingcontrol laws, computationalpower must be allocatedto com-
munication,executionlayer tasks,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 thepowerneededfor simplecontrol./ TheGEECONmustperforma samplerateconversion,to reconstructhigh resolutionref-
erencepathsfor thepositioncontrol,from minimalresolutionpathspecificationsdelivered
via. network from thecentralcontrolnode./ Sampleratesup to 200Hzshouldensuresufficient pathresolutionfor mostpracticalin-
dustrialmechanisms.A network performanceof up to 2Mbpsshouldthereforecover the
requirementsof motionspecificationandfeedbackfor mostconceivableaggregatedrobots,
if weexcludethedemandsfor externalsensordata./ Network latenciesbelow �y�y� � � shouldensuresufficiently low phaseshifts,sufficientsyn-
chronisationandsufficientsuppressionof jitter, to convey pathspecificationsandfeedback
within therequirementsof mostconceivableaggregatedrobots./ In orderto allow externalsensordatato becommunicatedthroughthebackbonenetwork
of ourarchitecture,thenetwork performanceshouldbeashighaspracticallyconvenient.
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Chapter 4

Embeddedplatform

Abstract
Descriptionof theselectedarchitectureandtechnologyfor thegenericembeddedcontrolnodes

(GEECONs).

The introductionof genericembeddedcontrolnodes(GEECONs),that implementall the local
functionsof a robotcontroller, for individual mechanicalmodulesof the robot, is thebasisfor
ourproposedcontrollerarchitecture.

WehavealreadyestablishedtheGEECONsprimaryrolesasinterface,motioncontroller, sample
rateconverteraswell assystemcontroller, databaseandcommunicationnode.Thesefunctions
requireacomputerplatformalongwith anI/O andnetwork interfaceandsomesuitablesoftware.
We have — not surprisingly— establishedthat thegeneralityof our controlleris linked to the
flexibility, bandwidthandcomputingpoweratourdisposal,andhavedevelopedaroughestimate
for therequirementsof typical industrialmechanics.

In orderto developa successfulconceptfor theGEECONswe alsohave to considera rangeof
otherissuesrelatedto theintegrationwith hostmodulesandtheoperatingenvironment,suchas
size,shape,powersupply, vibration,mechanical-andelectromagneticenvironment.

4.1 Physicaldemands

This projectrepresentthe initial stageof a development,andis primarily aimedtoward devel-
opmentandresearchin modularrobotics. Our developmentandresearchdo however involve
industrialpartners,andwedowish to beableto conducttestsandexperimentsin realisticindus-
trial environments.As our developmentprogresses,it is alsoa specificgoal to evaluateanduse
our technologyin prototyperoboticproductionequipment.This givesus the following overall
constraints:
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/ We mustbeableto physically integratetheprototypeGEECONsof this projectwith the
DT-VGT andPA-10 mechanisms,thatareusedasevaluationmodulesfor this project,/ Our prototypeGEECONsmustbe basedon technologythat canrealisticly be integrated
with othermechanicalmodulesusedor consideredby our industrialpartners./ The prototypesof this projectneednot comply with requirementsfor sustainedusein a
heavy industrialproductionenvironment,asthey will only be usedfor experimentsand
demonstrations./ Our prototypesmustbebasedon technologythatcanrealisticlybe implementedin com-
pliancewith demandsfor sustainedusein heavy industrialproductionequipment.

This meansthatour primaryconcernis to identify a computerplatformtechnologythat is pow-
erful, yet smallandflexible enough,to satisfyourmajordemands.

As discussedin chapter2, previousexamplesof genericcontrollers,wasorientedtowardrobot
cells, ratherthanrobotmodules,andit couldbeassumedthat they couldbeplacedexternalto
the robotsusing conventionalelectronicsenclosuresbasedon cabinetsor racks. Moving the
computerinto thebodyof therobotpresentsuswith morestrict demandsfor sizeandshape.

Theonly way to ensurecompletegeneralityis to demandtheGEECONsto be infinitely small.
During thisprojectwewill assumethatthedemandsposedby our two examplemechanismsare
representative for typical industrialsystems.

DT-VGT

Thedemandsfor integrationwith theDT-VGT prototypeareinstructive,astheDT-VGT allows
very little roomfor integrationcomparedto systemspreviously encountered.

The DT-VGT offers no possibility to draw on existing supportsystemssuchaspower supply,
enclosureetc.asit hasnonativecontroller. Ratherit forcesusto implementacompletecontroller
node,includingpower controlcomponents,power supplyandotherrelevantsupportsystems,in
aquitelimited space.

Dueto thegeometryof theDT-VGT, andtheintentionto useit to enternarrow spaces,theonly
placeto put the controllernodeis insidethe tubethat forms the staticpart of the mechanism,
allowing usa cylindrical spacewith diameter: U w=< � � andlength:

®�® �F� � to implementpower
supply, power control, I/O interfacesandcontrol computer. In additionto thecontrolnode,all
wires, hosesetc.associatedwith theDT-VGT mustpassthroughthesamecylinderasit provides
necessarymechanicalprotection.

It will bemostconvenientto mounttheelectronicsin arectangularenclosureinsidethecylinder,
partly becauserectangulargeometryis preferablefor electronics,partly becausea rectangular
box will allow cablesandhosesto passbetweenthebox andcylinder walls. Usinga dedicated
enclosurefor the electronicswill alsosimplify properenvironmentalsealingwhenthe system
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mustbeimplementedfor continuoususein industrialenvironments.Reservingspacefor external
connectorsetc. we canusea box with externaldimensionsof up to : < U ¾ < U¼¾ w �F�F��� giving
usaninternalspaceof approximately��� ¾º�y� ¾ w ± ¹ ��� to roam.

Figure4.1: Artists impressionof enclosureinsidetheVGT structure

PA-10

As thePA-10 hasa native controllerwith amplesurplusspace,any controllerthatcanbefitted
into theDT-VGT canalsobefitted into thePA-10 controller.

4.2 Computer platform

In reality, no standardisedcomputerplatformis usefulfor our purpose.Our demandsfor com-
pactnessimmediatelydisqualifiespopularmodularcomputerarchitecturesbasedonbackplanes,
suchas: VME [VITA], ISA, PCI [PCISIG], andCompact-PCI[PICMG]. The morecompact
ISA/PCI derivative PC-104/PC-104+[PC/104] is not compactenough,and can also be dis-
counted.

Leaving therealmof standardisedindustrialarchitectures,wecaneitherchoosefrom amultitude
of commerciallyavailablenon standardisedminiaturecomputers,or we candesignour own if
no suitablecommercialproduct is found. In either case,the selectionand designcriterions
aresimilar, with primary focuson the CPU technologyandassociatedperipheralandsupport
systems.

Themarket for CPUtechnologyis exceedinglycomplex, asthenumberof combinationsof tech-
nology, architecture,word size,speed,andI/O bandwidthis practicallyinfinite, andthousands
of differentproductsexist, coveringmostusefulcombinationsof basicparameters.

Thereis noobviousway to decidetheoptimalCPUtechnologyfor ourGEECONs,but ourwish
for asimpleandsmallsystemwith high I/O bandwidthandgoodperformancefor highly repeti-
tivealgorithmspointtowardsdigital signalprocessors,or possiblyRISCbasedmicrocontrollers.
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We have evaluatedvariouscommercialproductsbasedon DSP’s or micro controllersin order
to establishif a suitabletechnologyexists, andhave decidedto build our prototypesover the
Microline CPUmodulessoldby theGermancompany OrsysGmbh.

Micr oline platform

OrsysGmbhhasspecializedin producingevaluationsystemsfor variousTexasInstrumentsDig-
ital signal processorsand accompanying peripherals.Orsysproductrangeconsistof a small
numberof CPUmodules,containingaTexasInstrumentsDSP, alongwith memory, aRS-232in-
terface,andabusinterfaceto theirown MicrolineBus, which is asimpleextensionof theDSP’s
peripheralbus. TheMicroline Busconnectorsaremountedvertically alongtheboardedges,so
connectingmodulesarestacked,in thesamemannerusedby PC-104[PC/104]

In additionto theCPUmodules,Microline alsomanufacturesa smallselectionof I/O modules,
amongwhich is anIEEE-1394Firewire interface,which is describedin chapter6.

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

Figure4.2: VariousMicroline products

With a boardsizeof < � ¾ ¯�¯k��� , theOrsysCPUmodulescaneasilybeaccommodatedby the
DT-VGT. EachOrsysboardoccupiesU�U � � of heightwhenthey arestacked,giving usroomfor
astackof up to 6 boards.

Themainfeaturesof theMicroline rangeof CPU’s are:

/ 32-bit 20MHzMicroline peripheralbus/ 2 - 16DMA channels/ 40-900MFLOPS/ 20-1336MIPS/ 128K- 2MB of RAM.

/ 128K- 512Kof bootFLASH./ Low Powerconsumption> U��@?/ Acknowledgedby TexasInstruments/ Supportedby TI’sSWdevelopmenttools/ Programmablein C aswell asassembler

The entirerangeof Microline CPU modulessurpassesthe overall performanceconsiderations
establishedin thelastchapterwith a wide margin, andapartfrom a few correctabledrawbacks,
thetechnologyis quitesuitablefor our purpose.Themajordrawbacksare:
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/ The connectorsusedfor the Microline bus arenot suitedfor industrialenvironments,as
they areproneto long termfailureswhensubmittedto vibrations.

/ TheMicroline bushasapoorEMC designwith excessive loop areasfor sensitivesignals

/ Theselectionof I/O boardsis virtually nil

/ Theavailablepowersupplyboardsaretoo large

Theconnectorqualitydoesnotconcernusduringthisprojectastheprototypecontrollersareonly
subjectto industrialconditionsfor shortintervalsduring testing. Whenan industrialversionis
to be implemented,the connectorscanbe exchanged,or the electronicscanbe re-engineered,
dependingon theamountof controllersto bemanufactured.

The poor EMC designdoesnot affect operationunderlow noiseconditions,but increasesthe
susceptibilityto magneticandelectromagneticcouplednoise.Theproblemcanberemediedwith
propershielding,by manuallyaddingexternalgroundconnectionsbetweenconnectingboards,
or by redesigningtheelectronics.

Thepoorselectionof I/O boardsforcesusto implementaninterfaceto a usefulandpopularI/O
standard,or to implementourown I/O boards.We will discussthis issuein chapter5.

Thesizeof theOrsyspowersupplyboardsis aminorproblem,asasuitablepowersupplyboard
caneasilybeimplemented.

4.3 Ar chitecture

Thethreemajorcomponentsin ourbasicarchitecturearetheCPUmodule,thebackbonenetwork
interface,andtheI/O interface.Having decidedto gowith theMicroline CPUmodules,wehave
investigatedseveral possibleways to implementthe remainingnetwork and I/O components
in a compact,efficient and flexible way. A lot of our resourceshave beenallocatedto this
development,which have involvedseveralseparateiterationsover bothnetwork andI/O, before
bringingthemtogetherin thearchitectureoutlinedin figure.4.3.
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Figure4.3: Architectureof GEECON

Our considerationsregardingthedetailsof thebackbonenetwork andI/O systemaredescribed
in separatechapters.Herewe will only describehow thesesystemshave beenintegratedinto a
flexible, yet powerful andcompactunit, involving a total of only 3 circuit boards:/ Motherboard/ Microline/OrsysCPUmodule/ I/O daughterboard

Mother board

All componentswhich areindependentof thehostmechanismhave beenassembledon a single
circuit boardthatactashostfor a CPUmoduleandanapplicationspecificI/O daughterboard.
Thismotherboard implementsthefollowing functions:/ Powersupply/ Network interfacefor thebackbonenetwork/ ReconfigurableI/O logic/ Connectorsfor power, network, RS-232,andReset.

The motherboardis the samesizeasthe CPU module,andis configuredwith connectorsfor
theMicroline buson oneside,anda setof connectorsfor thedaughterboardon theotherside,
effectively forming thecenterof asandwich betweenaCPUmoduleandanI/O daughter-board.
Thedocumentationfor themotherboardcanbefoundin [Kyrping-A].
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Power supply

As the GEECONsareto be integratedwith many different technologies,the characteristicsof
theavailablepower supplymayvary from applicationto application.In industrialapplications
wewill typically encountervoltagesupply’sof: 400VAC, 230VAC, 200VAC, 110VAC, 48VDC,
24VDC,or 12VDC.In anindustrialenvironment,any supplyvoltageusedfor powerdistribution
is proneto variationsandnoise.

The3 boardsof our GEECONrequires�[Z and \ U w Z with minimal variationandnoise,which
is provided by a setof integratedDC-DC converterson the motherboard.Onesupplies� �=Z ,
onesupplies\ U w Z , andoneis usedto generateasupplyvoltagefor externalpurposes,typically
24V. The last canbeomittedif all necessaryvoltagesarereadilyavailablefrom othersources.
All threeDC-DCconvertersareof thesametype,andareall ratedfor 10Wof output.

Wehavedecidedto use48V DC-DCconverterswith aninput rangeof
® ¯ �¸�¸� ¹ �[Z for thefollow-

ing reasons:/ In caseswherethe supplyvoltageis to be distributedandusedfor otherpurposesthan
supplyfor GEECONs,it is moreefficiently distributedathigh voltages./ 48V is just low enoughto avoid hazardousvoltagerestrictions./ 48V is usedby the power amplifierswe have developedfor the DT-VGT. Adopting the
samevoltageassupplyfor theGEECONssavescritical spacein theDT-VGT application.

In applicationswhere
® ¯ �¸��� ¹yw Z is not readilyavailable,theDC-DC convertersof themother-

boardmusteitherbeexchanged,or anappropriatevoltagemustbegeneratedfrom theavailable
powersupply.

Network interface

The ARC-net interfaceusedasbackbonenetwork is implementedusinga dedicatedARC-net
controllerIC [COM20022] which is directly compatibleto theMicroline bus. ThecontrollerIC
andaccompanying transceiver is placedon the motherboard,andis directly connectedto the
Microline bus.

Our considerationsandexperienceconcerningthebackbonenetwork aredescribedin chapter6.

ReconfigurableI/O logic

As describedin chapter5, theI/O systemthatconnectstheGEECONto thehostmechanicalhost
moduleis basedon reconfigurablelogic, implementedwith anField ProgrammableGateArray
(FPGA).TheFPGAimplementstheI/O logic of theapplicationin question,while thenecessary
signalconditioningetc. is performedwith thededicatedcircuitry of theI/O daughter-board.
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The FPGA is placedon the motherboard,which connectrelevant signalsof the Microline bus
to its I/O pins,enablingtheFPGAto performasa multi purposeperipheralto theCPU.A few
FPGAI/O pinsareallocatedfor statusanddebuggingpurposes,but thebulk of FPGAI/O pins
areconnectedto theI/O daughter-boardthroughtwo verticalconnectors.

I/O Daughter board

In orderto connecttheFPGAI/O signalsto theexternalworld, a certainamountof signalcon-
ditioning, signalconversion,filtering, buffering etc. is necessary. This dependentirely on the
application,which is why we have relegatedthesefunctionsto a separateboardthat can be
specificallydesignedfor a givenapplicationwithout compromisingthegeneralityof theoverall
architecture.

The Daughterboarddevelopedfor the DT-VGT is equippedwith CAN-BUS controllersand
transceivers,an analogto digital converterwith appropriateanalogsignalconditioning,anda
numberof buffersfor digital inputandoutputsignals.TheDT-VGT daughterboardis described
in moredetail in section7.4.

It hasnot beennecessaryto developa daughterboardfor thePA-10 application,aswe areusing
aprototypeMicroline/ARC-Netboardto communicatewith thenativePA-10 controller.

The CPU module

The Microline CPU modulesaredownward compatible,which makesit possiblefor us to up-
gradetheCPUmoduleif theneedarises.Althoughwechosethecomparablymodest40MHz/40MFLOP
Microline C32 board[Orsys-A] at the beginning of the project,we have not yet hadreasonto
upgradeto afastertype.TheC32boardis build overaTMS320C32DSP, with 2MB 1 wait-state
externalRAM, and512KB externalflashROM for programstorageetc. The CPU moduleis
alsoequippedwith anRS-232interface(UART) usedfor programmingandprograminteraction.
The Microline bus is a simplederivation of the TMS320peripheralbus,andthe Microline in-
terfaceconsistsof a few line transceiversandsomecombinationallogic. Thetiming of thebus
interfaceis poorly documented,andwe hadto reverseengineerthenecessarytiming specifica-
tionsfrom thecomponentdatasheetsin orderto designandimplementperipheralcomponents.
[Sørensen-B][Sørensen-C]

4.4 Experience

Theplatformdevelopmentfor theGEECONshave beenbothsuccessfulandencouraging.The
FPGAbasedI/O systemhave allowedusto implementa systemwhich is compact,efficient and
providesanelegantsoftwareinterface,allowing verysimpleandefficient low level software.
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Although we have concentratedon integration with the DT-VGT platform, experimentshave
beenconductedwith otherapplicationsfor oursystemaswell asit’s individualcomponents.We
have:]

Supervisedthesuccessfulintegrationof a GEECONwith thenative controllerof a PA-10
robot— seechapter8.]
ComposedtheDT-VGTandthePA-10 intoanaggregatedrobot,controlledby twoGEECONs,
andusedit to demonstratean industrialprocess(spraypaintinga wheelbarrow) — see
chapter9.]
Demonstratedtheflexibility of theGEECON,by offering thetechnologyto otherprojects.
Mostnoteworthy is theuseof ourGEECONasinterfacefor aprototypeultrasonicscanner,
wherewehave demonstratedtheability to performI/O operationsat at rateup to 60Mhz.

At this time, we have testedandverified the network componentsof the GEECONs,aswell
asthe centralcontroller, but we have not yet hadthe opportunityto integratetheminto a truly
distributedsystem.

Thecompactandefficient technologythathavebeendevelopedfor theGEECONs,demonstrate
thestrengthof aninterdisciplinaryoverview andapproachto computersystemsdesign.

4.5 Conclusion

Thegenericembeddedcontrolnode(GEECON)technologydevelopedin this projectcomplies
with or exceedsall our demandsfor sizeandperformance,andwehavedemonstratedthatit can
beusedto controlboththeDT-VGT andthePA-10 robotusedasdemonstratorsin this project.
We areimpressedby theflexibility of our genericI/O system,andareconfidentthatit allows us
to interfacetheGEECONto any industrialmechanismwemayencounterin thefuture.

We areawarethat thecurrentimplementationdoesnot meetindustrialdemandsfor mechanical
robustness,but thetechnologyitself doesnot preventindustrialimplementations,andcaneasily
beupgradedfor industrialuse.
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Chapter 5

Generic I/O

Abstract
Thequestfor ageneric,yet compactI/O systemhasledusabandontherelianceonspecialized

peripheralIC’s andmodules,in favor of reconfigurablelogic, whichcanbeconfiguredfor
almostany conceivableI/O function.An additionalbenefitof thisapproachis thatany I/O

functioncaneasilybeportedto othercomputerplatforms

Computerdesignershave alwaysfacedthe dilemmabetweenmodularityandintegration. The
two designstrategiesarealmostmirror imageswith respectto benefitsanddrawbacks,andthe
fateof many computerplatformshavebeendecidedby thebalancebetweenthetwo.

Table5.1 indicatesthemainpropertiesof themodularversus.integrateddesignparadigms.

Themodularparadigmis excellentwhendealingwith complex systems,whereflexibility with
respectto expansionandupgradesareimportant.Theweakpointof themodularparadigmis the
underlyinginfrastructure,whichwill limit theextentof expansion,addcomplexity andoverhead,
as well as requiring additionalspacefor electronicand mechanicalinterfaces. The needfor
mechanicalinterfaces,suchasconnectors,will alsoaddto thevulnerabilityof thesystem.

The integratedparadigmis goodwhenthe systemfunctionality is known in advance,andnot
likely to changeover time. As thereis no needfor internal moduleinterfaces,an integrated
systemcanbemademuchsmallerandcheaperthanamodularone.

Property Modular system Integrated system
Design Architecture,thenmoduleby module Total system
Expansion Add new modules difficult
Upgrade Changemodules difficult
Cost High Low
Spaceconsumption High Low

Table5.1: Comparisonof modularversus.integratedsystems
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Figure5.1: Thefundamentalcomponentsof I/O

5.1 The fundamentalsof I/O

The purposeof an I/O subsystemis to facilitateinteractionbetweenthe CPU andthe external
world. In orderto do this, theI/O systemneedstwo fundamentalcomponents.

1. A physicalinterface,to translatebetweenphysicalelectricalsignalvalues— voltage,cur-
rent,resistanceetc.andtherelevantdigital representationof thesesignals.

2. I/O logic, to store,transformandcontrolthedigital representationof I/O information,and
present/sampleit to/from thephysicalinterface.

In additionto the two fundamentalI/O functions,we mustalsoprovide somechannelof com-
municationbetweentheCPUlogic andtheI/O logic.

PracticalI/O componentshave a very tight integrationbetweenthe I/O logic andthe physical
interface,asindicatedin the D/A converterexamplein figure 5.2. In mostcasesthe I/O logic
comesfully integratedwith theessentialpartsof thephysicallayer, in asingleintegratedcircuit.
SuchI/O IC’s will typically representphysical signalsin somecanonical form — usually a
voltage— thatmustoftenbeamplified,convertedor conditionedin someotherway beforeit is
suitablefor connectionto theoutsideworld. We will refer to this partof thephysical interface,
ascanonical.

If theD/A converterin figure5.2is to drivea load,e.g.amotor, it’soutputmustbeappropriately
conditioned,usinge.g. a currentamplifying transistor. We will refer to this partof thephysical
interfaceassignalconditioning.

In additionto signalconditioning,practicalI/O systemsneedanelectromechanicalinterface,in
the form of suitableconnectorsetc. to allow connectionof theelectricalsignalsto or from the
I/O system.Wewill referto this partof thephysicalinterfaceasmechanical.

While the I/O logic of figure 5.2 is rathersimplecomparedto the physical interface,mostI/O
subsystemshavemorecomplex I/O logic. Partly becausethey performmorecomplex I/O opera-
tions,andpartlybecausecomplexity maybesuccessfullytransferredfrom thephysicalinterface
to theI/O logic, to enhanceperformanceandlower cost.
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Figure5.2: D/A converterexample

The CPU to I/O link

PracticalCPU’scommunicatewith externalresources— memoryandI/O subsystems— through
acommoncommunicationbus. In orderto exchangeinformationwith aCPU,I/O systemsmust
have a bus interfacethat is compatiblewith the CPU with respectto logic levels,protocoland
timing.

Thelevel of modularityin a traditionalI/O systemis primarily determinedby theway thecom-
municationbusbetweenCPUandI/O componentsis designed.

In non modularsystems,the I/O componentsareconnectedto the bus on PCB level, with no
meansof exchangingor reconfiguringtheI/O components.A typical exampleof this is a com-
putermain-board,with integratedserialports,printer port, network interfaceetc. In this case
theI/O componentsassociatedwith on-boardI/O areconnectedto theCPUin a fixedway. This
approachto I/O is bothcost-andspaceeffective,but requirestheI/O requirementsof thesystem
to befixedandknown in advance,asit is completelyinflexible.

In traditionalmodularI/O systems,themodularityis achievedby integratingasuitableconnector
schemewith thebus,letting a connectorbetheinterfacepoint betweenthebusandtheI/O sub-
system.This approachgivesa very flexible architecture,but requiresdesigneffort, components
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Figure5.3: TypicalmodularI/O system

andspacefor thebusinterface,addingexpenseandspacerequirementsto thesystem.

The bandwidthandelectronicreliability of sucha systemis largely a function of the number
of connectorslots for I/O modules,combinedwith technologyusedfor bus drivers and bus
transmissionlines, including connectors.The mechanicalreliability is primarily a function of
theconnectorqualityandthequalityof themechanicalfasteningof theI/O modules.

Traditional modular I/O systems

Thebus-level modularityhave beendominantin computerarchitecturefor decades,anda large
numberof official aswell asde factostandardsfor bus interfaceshave evolvedover the years.
Amongthemostpopularwefind:

ISA is a de-factostandardfor I/O aswell asmemorymodulesfor personalcomputers. It is
closelyrelatedto thememoryandI/O busspecificationsof the Intel 8086processor, and
canbeimplementedusingonly ahandfulof componentsin additionto the8086.Thereare
few demandsonsizeandshapesof modules,aslongasthey cansupportthebusconnector.

ISA busis intendedfor homeuseandofficeuse,andis mechanicallyunsuitedfor industrial
use.

PCI Is an official bus standardfor personalcomputers[PCISIG]. As it’s bandwidthis supe-
rior to ISA, it haslargely replacedISA for usein personalcomputers.PCI usethesame
mechanicalinterfaceasISA andis not suitedfor industrialuse.

VME Is an official bus standardfor I/O, memoryandCPU modules[VITA]. Logically it is
closelyrelatedto theMotorola68000bus,but hasveryhighstandardsfor signalintegrity.
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Mechanically, VME is build over thestandardEURO racksystem,supportingthe3U and
6U form factors.

VME is extremelyrobustbothelectronicallyandmechanically, andis well suitedfor in-
dustrial applications. The main drawbacksof VME systemsare their high price, high
powerconsumptionandlargespacerequirements.

Compact PCI Is electrically similar to PCI, but is build over a standardEURO rack system
similar to VME [PICMG]. CompactPCI supports3U and6U form factorswith thesame
mechanicalreliability asVME bus.

While CompactPCImodulesarecheaperandlesspowerhungrythanVME modules,they
have thesamerequirementsfor space.

PC 104 Is electricallyidentical to ISA, but build over a morerobust mechanicalconstruction,
replacingthe traditional ISA connectorswith stackablepin-headers[PC/104]. PC-104
modulesaretypically ^=_�`a^@b mm,but moduleswith otherdimensionsarecommon.Each
boardoccupies15mmof verticalspacewhenstacked.

Theuseof stackablepin headersto carrythebus,makesit possibleto build quitecompact
systemsaslittle spaceis wastedfor interconnections.As strict mechanicalrequirements
arenotenforced,PC-104is proneto impracticalmechanicalsolutions,especiallyregarding
connectionsto theoutsideworld.

Industry Pack or IP is anofficial standardfor industrialI/O andmemorymodules.IP modules
aresocalledmezzaninemodules,intendedasboard-level ratherthanrack-level modules
[Mezz]. As such,they provide a hybrid betweenboard-integratedI/O andfully modular
systemslike PCI or VME. IP connectorscanbeplaceddirectly on CPUmodules,letting
IP modulesreplacecloselyintegratedI/O circuitry.

As IP modulesare intendedfor board-level integration, the connectortoward the outer
world is definedby the standard,makingit necessaryto introducean external transition
module,that interfacesbetweenthe standardIP connectorandwhatever connectoris in-
tendedfor theexternalinterface.

IP moduleseffectively separatethepartsof thephysicalinterfaceof figure5.2.TheCanon-
ical partis implementedontheIP moduleitself, while themechanicalpartis implemented
on a separatetransitionmoduleThesignalconditioningcanbe implementedon eitheror
bothmodules,asthedesignerpleases.

While many othermodularI/O systemsexists, the onesdescribedabove arerepresentative of
thecurrentmarket for modularI/O systemswith closeintegrationbetweentheCPUandtheI/O
modules.
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Figure5.5: Typical IP modulewith transitionmodule(not in samescale)

Other I/O systems

While usinga traditionalparallelbusasan interfacefor modularI/O is still thedominanttech-
nology, othertechnologieshave evolved,to supportapplicationswherethetraditionalmethodis
impractical.

Board-level serial busses:A largerangeof differentmicro controllersexistsfor embeddedap-
plications,but it is oftennecessaryto expandtheir build-in I/O capabilitieswith external
I/O devices. In orderto maintaina high degreeof integrationandlow cost,severalserial
busses,like I c C andSPI have evolved to replacethe traditionalparallelbusses.The se-
rial bussesserve thesamepurposeasparallelbusses,but requiresfewer components,less
spaceanddesigneffort, at thecostof bandwidth.

As thereexists a large numberof I/O IC’s supportingboard-level serialbusses,it is per-
fectly feasibleto designa modularI/O systemlike IP aroundthem,but in practicethey
areprimarily usedin staticdesignsfor embeddedapplications,requiringa high level of
integration.

Distrib uted I/O: The closeintegrationbetweenCPU andI/O offeredby the bus systemsdis-
cussedabove is impracticalfor applicationswherethe resourcescontrolledor monitored
by theI/O is notplacedcloseto thecomputer. A typicalexampleof this is factoryautoma-
tion.

I/O systemsbasedon industrialLAN’ s like ARC-netor CAN-bushave evolved to avoid
theextensivewiring andsignalintegrity problemsassociatedwith centralizedI/O systems.
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In distributedI/O systems,eachI/O moduleis an autonomouscomputerwith integrated
I/O functions.In essence,theboard-or rack-level bussystemis replacedwith aLAN, that
offerstheappropriatesignalintegrity andbandwidth.

5.2 Reconfigurabletechnology

Insteadof usingphysically exchangeablecomponentsin the form of I/O modules,we have de-
velopedan I/O technology, basedon configurablelogic networks, that achieves its flexibility
from thefact that thefunctionalityof thelogical network canbeconfiguredfor a wide rangeof
applications.

We usea Field ProgrammableGateArray (FPGA)connectedto theCPUbusto implementthe
businterface,aswell astheI/O logic. In digital I/O applications,theFPGAalsoimplementsthe
canonicalpartof thephysical interface,andmayevenimplementthesignalconditioningpart if
therearenocritical demandsfor bufferingetc.

I/O Logic CPU logic

CPU

Bus interfaceBus interface

FPGA

Physical interface

Figure5.6: Block diagramof FPGAbasedI/O system

FPGA’s

A FPGAis basicallyanarrayof logic cells,thatcanbeconfiguredto performsimplecombina-
torial or sequentialoperations.A simpleexampleof a FPGA cell is shown in figure 5.7. The
lookuptablecanbeconfiguredfor any combinatorialfunction,mappingfour inputsto oneout-
put, while themultiplexer canbeconfiguredto passtheregisteredor unregisteredoutputof the
lookuptable.
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Figure5.7: Simplifiedexampleof FPGAstructure

By placinga large numberof simplecells in an array, with reconfigurableinterconnections,it
becomespossibleto configurethesystemto performarbitrarylogical functions,limited only by
thenumberof availablecellsandinterconnections.

PracticalFPGA’s have hundredsor thousandsof logic cells,allowing themto implementfunc-
tionsrangingfrom simplebooleanoperators,over memoryblocks,to CPU’s andothercomplex
state-machines.As thecellsperformtheir operationsin parallel,FPGA’s canimplementmany
individual functionsat thesametime. Themassive parallelismof theFPGAmakesit possible
to avoid the traditionalbottlenecksof the CPU, making it possiblefor FPGA’s to outperform
softwareimplementationsof a largerangeof simpleandrepetitive algorithms.

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

TheFPGA’susedduringthisprojecthave beenthe:

Xilinx XC4010XL: TheentireXC4000serieshave logic cells(CLB’s)with amodestcomplex-
ity. [XC4000]. TheXC4010XLhaveatotalof 400CLB’s,organisedin anarrayof 20 ` 20,
giving it a total complexity equivalentto 10,000gates.[XC4000]

Xilinx XC4020XLA: Have a total of 728 CLB’s organizedin a 28 ` 28 array, giving it a total
complexity equivalentto 20,000gates.[XC4000]

Xilinx XC4044XLA: 1600 CLB’s organizedin a 40 ` 40 array, giving it a total complexity
equivalentto 44,000gates.[XC4000]

Xilinx XC2S200: TheentireXC2Sseries(SpartanII) have morecomplex andflexible CLB’s
thanthe XC4000series,increasingthe functionality of eachCLB dramatically. In addi-
tion, theSpartanII serieshave on boardRAM, which freesa lot of CLB’s in applications
requiringmemoryregisters.TheXC2S200have1176CLB’sand56K bitsof blockRAM,
giving anoverall systemcomplexity equivalentof 200,000gates[XC2S]
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All FPGA’s usedin this projecthave their configurationdatastoredin configurationRAM cells,
makingit necessaryfor theFPGA’s to readtheir configurationdatafrom anexternalPROM at
eachpower-on.

Specificationand programming

FPGA’saremuchto complicatedto beprogrammedmanuallycell by cell usingbooleanalgebra.
Instead,we usedevelopmenttoolsthatallow usto specifythefunctionalityin a high level spec-
ification language,andthentransformthespecificationinto low level configurationdatafor the
FPGAin question.

Oneof themainbenefitsof this approachis our ability to reusethehigh level specificationson
otherFPGA’s,allowing usto moveacrossdifferentFPGAplatformsquiteeasily.

Oneof the main drawbacksof this approachis that we separateour knowledgeof the internal
FPGA architecturefrom the functionalspecification,leaving performanceoptimizationto the
developmentsoftware. If the full performancepotentialof theFPGAis to beutilized, we need
to apply our knowledgeof the FPGA architectureat somepoint of the developmentprocess.
Experienceshows thatwhendemandsfor performanceandcomplexity increases,substantially
moretime is usedin assistingthedevelopmenttoolsto implementadesignfor aspecificFPGA,
thanin specifyingthefunctionality.

While theuseof high level specificationlanguagesdoesnot remove thehassleof meddlingwith
platformspecificdetails,whenhigh performanceis involved,our experienceshows that it is an
excellenttool whenflexibility is moreimportantthanperformance.

We useVHDL asspecificationlanguage,andusethe FoundationISE integrateddevelopment
tools from Xilinx to transformour high level designsinto configurationdatafor the devices.
VHDL is very similar to programminglanguagesusedfor software,asit allows thesourcecode
to bebrokendown into moduleswith well specifiedinterfaces,thatcanbelinkedtogether.

Ar chitectureof I/O subsystem

Thearchitectureof our FPGAbasedI/O systemis equivalentto a traditionalI/O system,aswe
useVHDL modulesin theplaceof physicalmodules,andweconnecttheVHDL I/O modulesto
a commonCPUinterfacemodule.As shown in figure5.8,a numberof I/O modulesaredefined
in VHDL andconnectedto theCPUinterfacewhichis alsodefinedin VHDL. While theinterface
betweenVHDL modulesarespecifiedaspartof themodules,thephysicalconnectionsbetween
theVHDL modulesandtheexteriorof theFPGAgoesthroughtheI/O cellsof theFPGA,which
cannot becompletelyspecifiedin VHDL.

The hierarchy of the specificationmodulesare shown 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 basedI/O system

in andout of the system,anddefinesthe internalstructureof the I/O systemby including and
connectingtheappropriatemodules.

Thetop level moduledoesnot specifythephysicalpropertiesof thesignalsgoingin andout of
the FPGA. Thesearespecifiedby the constraintsmoduleor -file. The constraintsfile specify
propertieslike which pin to allocatefor which signal,outputslew rate,pull up/down resistors,
timing constraintsetc. It is of coursehighly device specificandmustbeadaptedto eachdevice
weusefor theI/O system.

Thetop level designincludesa numberof VHDL modules,definingtheCPUinterfaceandthe
I/O modulesneededto performtheneededfunctions.All thesemodulesaredefinedin VHDL,
and may themselves include modulesfor sub components.While we wish to stay as device
independentaspossibleby usingpureVHDL, the benefitsof including a device specificsub
componentcanbesooverwhelmingthatwe aretemptedor forcedto do soeven if it meansre-
implementingthat part of the designwhenmoving to otherFPGAplatforms. This is typically
true for memoryblocks,wherewe cantypically reducethe CLB countwith a factorof 16 or
moreif weusedevicespecificsubcomponents.

Therelationbetweenthedifferentcomponentsandlevels in thedesignhierarchy areillustrated
in figure 5.10,showing the physical signalpropertiesbeingdefinedby the constraintsandthe
logical propertiesby the top level VHDL module.The top level modulealsodefinesa suitable
infrastructureto connecttheCPUinterfaceto theI/O modules.

76 Anders Stengaard Sørensen



WBS code: O-01.C01.a03 CHAPTER5. GENERICI/O

I/O system

Top level

CPU interface I/O module I/O module

Sub component Sub componentSub component

Constraints

VHDL

VHDL VHDL VHDL

VHDLVHDL Device specific

Device specific

Figure5.9: Designhierarchy of I/O system

P
hysical C

P
U

 bus signals

P
hysical I/O

 signals

S
ignal definitions for C

P
U

 interface

S
ignal definitions for I/O

 applications

P
in assignm

ent and I/O
 buffer charecteristics

P
in assignm

ent and I/O
 buffer charecteristics

Top level VHDL

Constraints

CPU interface

Internal infrastructure

I/O module

I/O module

I/O module

I/O module

Figure5.10:Layeredarchitectureof I/O system

1st April 2003 77



Document: Modular control of industrial mechanics

Simulation

A substantialbenefitof themodularityof theVHDL specificationis thateachmoduleor com-
ponentcanbe simulatedin order to establishits correctnessprior to implementingthe whole
system.This is doneby defininga testbench in VHDL. Thetestbenchwill submitthemodule
undertestto arangeof stimuli andverify theresponse.Thestimuli will typically beasimulation
of thesignalstherealmodulewill encounterundertypicalandextremeoperation.

Simplesimulationtoolswill not take device delaysinto account,but arestill usefulin orderto
establishthelogicalcorrectnessof thedesign.Moresophisticatedtoolswill simulatetheinternal
signaldelaysin theFPGA,andverify thecorrectnessof thedesignwith respectto specifiedsetup
andhold times.

Unfortunatelywe arenot in possessionof a simulationtool that will allow us to simulatethe
numberof signalswe needfor our modules,ruling out this valuablemethodof verificationand
debugging. Fortunatelyour designsaresimpleenoughthat we canseethroughlogical errors
without simulation,andthatwe canverify anddebug timing by externalphysicalmeans.This
approachis a usablepracticalalternative to simulation,but doesnot allow us to vary the test
conditionsfrom thetypical situationin ourphysicalsetup.

5.3 Hardware platform

Duringthecourseof thisproject,wehave implementedour I/O systemonanumberof hardware
platforms,for 3 differentCPUinterfaces.

Platforms for the Micr oline bus

Our mainobjective is to supplyan I/O systemto theMicroline bus,aswe useCPU’s with this
bus interfaceto control our DT-VGT robots. In order to accomplishthis, in the faceof tight
demandsfor size,wehavedeveloped3 differentFPGAbasedI/O boardsfor theMicroline bus:

16bit Testboard: Using a pieceof prototypingPCB,a PLCC versionof a XC4010XL were
connectedto the relevant signalsof the Microline bus, using prototypingwire. Using
layersof copperandpolycarbonatetape,we wereable to supplyHF stablegroundand
power supplyto the package,ensuringa stabletestboard,that allowed us to verify and
improveourbasicdesignideas.ThePLCCversionof theFPGAdid nothaveenoughpins
to supporta full 32-bit bus, so only 16 bits wereusedon this first version. The digital
I/O signalsof this boardwere available on a 25 pin sub-D connector, enablingsignal
conditioningHW to beimplementedonotherboards.

32bit prototype board: By designinga 2-layer PCB, a TQFP-144versionof a XC4010XL
wereconnectedto theMicroline bus,usingtheentire32bit databus.Thisprototypeboard
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usea 68 pin SCSI-III connectorto allow easyandreliableconnectionof 34 high speed
digital I/O signalsto externalboards,by way of ribbon cable. Greatcarewas taken in
theHF aspectsof thePCBdesign,andtheboardhave successfullybeenusedat speedsof
80MHz.

Theboardis compatiblewith all XC4000seriesFPGA’s with a TQFPof PQFP-144foot-
print, andhave beenusedsuccessfullywith XC4010XL, XC4020XLA andXC4044XLA
devices.Theboardhave beenusedfor a rangeof projectsandapplications,rangingfrom
controlof aDT-VGT robot,to controlof anautonomousguidedvehicle,to highspeeddata
acquisitionfrom anultrasonicscanner.

32bit mother board: Thepressureto makethecontrolunit for theDT-VGT eversmaller, ledto
thedecisionto designa new boardfor theMicroline bus,combiningtheMicroline power
supply, theFPGAbasedI/O andtheARC-netnetwork interfaceto connectto thecentral
controller. Thenew boardwasdesignedto allow amorecompact- cableless- connection
betweentheFPGA(mother)board,andtheboardsupplyingthesignalconditioningHW
(daughterboard).Thetwo boardsarenow connectedby two verticalconnectors,allowing
theboardto bestackeddirectlyon top of eachother.

Thecombinationof PSUandI/O board,in combinationwith thespacesaving connection
betweenFPGA-anddaughter-boardis averyspaceefficientsolution,allowing acomplete
systemto bebuild with a stackof 3 boardsmeasuringonly ����`���`�b cm.

I/O for other CPU’s

Our involvementin projectsbesidetheDT-VGT have led usto interfaceto two otherbusses:

Industry Pack: In orderto interfacea VME computerwith supportfor IndustryPacks,to the
motorsandwheelsof anelectricvehicle1, we mounteda PLCCversionof a XC4010on
anIP prototypingPCB.

PCI bus: As an opportunityto gain knowledgeof the PCI bus, we definedandsuperviseda
final project from OdenseEngineeringCollege, porting our I/O systemto a Spartan-II
basedexperimentationboardfor thePCI bus[Knudsen01].

5.4 Inter nal architecture

Thearchitectureof thesystemis a reflectionof our mainobjectivesandthetechnologicalpossi-
bilities.

1An ’Ellert’
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(a)32-bit prototypeboard

(b) 32-bitmotherboard— PSUside (c) 32-bitmotherboard— FPGAside

Figure5.11:FPGAI/O boardsfor Microline bus
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Objectives

Our objective is to developan I/O systemthatcansupplyall the typesof I/O neededfor robot
control,to alargerangeof computerplatformsor computerbusses,includingMicroline, Industry
Pack,VME, ISA andPCI.

To demonstratethesystem,wewill implementanI/O systemfor theOrsysMicroline bus,inter-
facingit to theI/O necessaryto controla hydraulicDT-VGT robotmodule.

ThepopularCPUbusses/interfacesmentionedabove areall very similar. They areall organised
in 8, 16 or 32 bit words,discriminatedwith a binaryaddressingscheme.Themaindifferences
lie in thebuswidth, theaddressingmodes,thetiming andthesynchronisation.By choosingan
internalarchitecturethatis similar to thepopularbusses,wecanlaterdevelopefficient interfaces
betweenour I/O subsystemandthevariousexternalCPUinterfaces.It will alsobepossibleto
interfaceto a rangeof otherparallelandserialCPUinterfaces.

Basedonourexperiencewith robotcontrol,weknow thatthemostlikely I/O interfaceswill be:8
– 16 bits analoginputsandoutputs,digital inputsandoutputs,quadratureencoderinputs,pulse
width modulated(PWM) outputsandan arrayof 8-bit field busses,including 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 encountered.The 32 bit architecturecan
be representedasan arrayof smallerwordsif we interfaceto architectureswith smallerword
lengths,andasa fractionof aword if we interfaceto architectureswith largerword lengths.

In order to make the systemeasyto understandandwork with, we have chosena simpleand
traditionalasynchronouslysharedbusarchitectureto link theI/O modulesandtheCPUinterface.
The internalbus is inspiredfrom VME bus, which we have a lot of experiencewith. In the
clarity of hindsight,we shouldhave chosena differentarchitecture,asthetraditionalsharedbus
offerspoorperformancewhenimplementedin a FPGA.In fact,convertingour designto a more
optimalarchitecturehasa high priority amongour futurework. We find that theopeninterface
WISHBONE[Wishbone]is a very promisingalternative for this line of research,thatshouldbe
investigatedfurther.

EachI/O modulewill berepresentedby a numberof 32-bit registers,placedwithin oneor more
blocksof the systemstotal addressspace.We chosea 16 bit addressbus, giving the systema
total capacityof �@�%� 32 bit registers.Thedecodingof the16-bit systemaddressbus is local to
eachI/O module.

Only two operationsareallowedon theregisters:readandwrite. Eachoperationis signalledby
theCPUinterface,by assertinga reador write signal.TheCPUinterfacemaybeimplemented
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Figure5.12: Internalarchitecture

in sucha way thatotherexternaloperations,suchasblock reador write aresupportedtowards
theexternalCPU.

As theamountof time neededfor readandwrite operationsmayvary betweentheI/O modules,
and as we do not know the speedof the external CPU, we needa mechanismto control the
speedof theinternaldataflow. EachI/O modulewill assertanacknowledgesignalwhena read
or write operationis successfullycompleted.TheCPUinterfacewill wait for this datatransfer
acknowledgesignalin orderto finishthecorrespondingexternaldatatransfer, forcingtheexternal
CPUto generatewait-statesif necessary.

5.5 I/O modules

During thecourseof this project,our FPGAbasedI/O have beenusedfor a varietyof applica-
tions,primarily for roboticsandindustrialcontrol,but we have alsocontributedto otherareas.
A list of known applicationsaregivenbelow:� ReadOnly Memory� 8 bit binaryoutput� 2 digit (8 bit) hexadecimaldisplay� 8 digit (32bit) hexadecimaldisplay� SPIinterfacefor 8 channelADC� SPI/CANinterfacefor Temposonicsensor� VariousPWM generators� IRQ controller

� Dualpowerbridgecontroller� Quadraturecountersfor encoders� Ramp generatorwith integral delta-sigma
DAC� 10-bit 60MHz peak detector with RAM
buffer� Dot matrixdisplaycontroller� Interfacefor Playstationcontrolpad� Endianconverter
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Evidently, someof themodules,like theROM module,hasno externalconnections,andis not
reallyanI/O module.Thesameis truefor ourendianconverterandIRQ controller. As they have
all beenimplementedto supportvariousI/O applicationswe find it relevantto mentionthemall
thesame.

Structur e

TheI/O modulesareall designedoverthesame
basicstructure,shown in figure5.13.

Thememorymaysimply bea setof latches,or
anassemblyof block memorye.g. dualported
RAM. It is controlledpartlyby theinternalbus,
via thebuscontrol logic, andpartly by the I/O
logic.

The bus control logic containsan addressde-
coder, andthe necessarylogic to allow the in-
ternalbusto accessthememoryin awaythatis
consistentwith boththebusspecifications,and
thepurposeof theI/O module.Buseventscan
besignalledto theI/O logic.

The I/O logic interfaces the external world
to the contentof the memory. This may be
achieved by direct representation,as in a dig-
ital I/O application,or by more or lesscom-
plicatedsequentialoperations.It might utilize
clock signalsfrom the top level design,andit
may also export IRQ signalsto an IRQ con-
troller throughthetop level design.

Internal bus

Clock(s)

IRQ(s)

BUS
Control
Logic

Memory

DTACK

RD_STRB
WR_STRB

Address

Data

I/O
 signals

I/O logic

RESET

Figure5.13:Basicstructureof I/O modules

Evidently, moduleswithout direct I/O functionality, like ROM modules,doesnot have external
connections,andtheir internallogic, if any, shouldnot becalledI/O logic, but they areimple-
mentedover thesamebasicstructure.

5.6 The CPU interface

Although we have implementedCPU interfacesfor 3 differentbus architectures,we will only
discusstheinterfacefor theMicroline bus,asit is centralwith respectto our overall project.
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The Micr oline� bus

The Microline bus which is definedin [Orsys-A], is a simplesynchronous32 bit bus, with a
40/50/60MHzbusclock. It is build uponthenative I/O busof theTMS320C32DSPfrom Texas
Instruments[TMS320C32], with theadditionof anumberof controlsignals.TheMicroline� bus
is acompany standard,developedby OrsysGMBH, astheperipheralbusfor theirDSPsolutions.

The timing is slightly differentfrom theoriginal TMS320C32specifications,asOrsyshave in-
sertedbuffersandcontrollogic in somedatapaths.Unfortunatelytheexactnatureandmagnitude
of thedifferencesarenot describedin theOrsysdocumentation,andwe hadto reverseengineer
theCPUmodulein orderto obtainusefulltiming specifications[Sørensen-B].

As theI/O bandwidthrequirementsfor thepresentapplicationsaremoderate,wehavesettledfor
a simple implementationof the bus interface,that typically requires3 bus cyclesfor eachI/O
operation.A detaileddescriptionof our implementationexistsin [Sørensen-C].

Discussion

While it seemslike a simple task to designa CPU interfacefor a bus like Microline� , our
experienceshow that thedesireto achieve high performancecomplicatesmatter, aswe have to
make a designthat canbenefitfrom the typical timing characteristics,while still work under
worstcaseconditions.

Weweredisappointedthatit wasnot immediatelypossibleto designabusinterfacethatallow us
to completebusoperationsin two clock cycles. Theuseof anasynchronousinternalbusis one
of themainproblemsin achieving two cycle operation,aswe bothneedto synchronizethedata
transferacknowledgeto the externalbus cycles,andprovide a suitabledelayto accommodate
setupandhold times.

Thebusdriversandcontrollogic Orsyshave insertedin front of theCPUis alsoacomplication,
asthesignaldelayscausedby thesecomponentsdeterioratethesetupandholdmarginsin thebus
timing. Our observationssuggestthatOrsys’specificationsfor worstcasesignaldelaythrough
their control logic arefar too conservative comparedto typical delays.If this suggestioncanbe
verified,we could probablycut oneclock cycle off I/O operations.The samebenefitcould be
obtainedby abandoningtheOrsysboardin favor of anintegratedDSP/FPGAmodule.

The currentCPU interfacewasdesignedat a time whereour experiencewith VHDL and the
Microline� bus werelimited. We feel that both performanceandclarity might benefitfrom a
redesignof thewholeCPU interface,but arereluctantto commit thenecessaryresourcesuntil
wecanredesignthewholeinternalcommunicationscheme.
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5.7 Conclusion

Muchof ourefford duringthisprojecthavegoneinto thegenericI/O system,aswefeel thatthis
technologyis oneof the primary factorsthat will enableus to interfaceour genericembedded
controlnodeswith practicallyany roboticsmodule.

ThegenericI/O technologyhave livedup to, andsuperseeded,our initial expectations,asit has
provenitself to bea very powerfull tool whendesigning,developingandintegratingembedded
controltechnology.

Theadvantagesof thetechnolgycanbesummedupas:� Theflexibility of thetechnologyensuresanextremelybroadareaof compatibility, enabel-
ing usto interfaceto virtually any externalelectronicsystem.� The speedand massive parallelisminherentin the technologyensuresa very high I/O
bandwidth,that exceedsany bandwidthrequirementwe have encounteredin industrial
controlsystems.� The flexibility of the technologymakes it ideal for rapid prototyping, which makes it a
veryattractive platfromfor researchanddevelopmentthatinvolvesI/O.� The specificationof I/O componentscanmigratebetweendifferentcomputerplatforms,
makingthetechnologyvery interestingfor researchanddevelopmentinvolving heteroge-
neouscomputerplatforms.

Although we have not chosenthe most optimal way to implementour technology, we have
developedacompletelyoperationalI/O system,thatsatisfiesandexceedsour requirementswith
respectto flexibility, performanceandsize.Additionally, our implementationis flexible enough
to allow externalprojectsto benefitfrom rapidprototypingsolutionsbasedonour I/O system.

5.8 Futur ework

Theprospectsof this typeof I/O aresointerestingthatwerecommendit asanindividualfield of
interestfor theCOmputerSystemsEngineering2 (COSE)researchat SDU.During (andparallel
with) this projectwe have alreadyshown it’s rapid prototypingbenefits,dramaticallyreducing
developmenttimesfor computerinterfaces,aswell asit’spotentialfor bridgingthecompatibility
gapbetweenvariouscomputerplatforms.Thegreatpotential— aswell asemergingcommercial
trends— leadusto believe that this technologywill becomequitecommonin I/O applications
within thenext few yars.

Wereccomenda continuationof our work, with immediateattentionto thefollowing areas:

2Datateknologi in Danish
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facespecificationsuchase.g. WISHBONE[Wishbone], andto utilize the inherentarchi-
tectureof theFPGAbetter.� Contemplationof the interfacebetweenFPGAandexternalsignalconditioning,in order
to suggestdesignguidelinesthatwill facilitatecompatibilitybetweenfutureapplications.
It might prove usefull to consideremerging productstandardslike DIME andDIME-II
[Dime] for futureapplications.� Researchof thepossibilitiespresentedby allowing thehostCPUto reconfiguretheFPGA
dynamically, allowing the hardware specificationto becomeentagledwith the interface
software.� Investigation of alternative specificationlanguages,with different levels of abstraction
from VHDL, e.g.Handel-C[Handel-C]
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Chapter 6

Network

The choiceof network technologyis, in many ways,oneof the mostcritical decisionsof this
project. Any of the genericembeddedcontrol nodes(GEECONs),aswell asthe centralcon-
trol nodecanbe transferedto a differenttechnology, without affecting theothernodes,aslong
asthe network andprotocolsremainunchangedor at leastcompatible.Changingthe network
technology, on theotherhand,implieschangesto everynodeof thesystem.

6.1 Overall network demands

In chapter3, we establishedthat the network technologyshouldbe asfastaspossible,andat
leastsupportisochronousdatastreamswith a bandwidthof 2Mbps and a worst caselatency
below �=�[�=��� .
In additionto thesedemands,thetechnologymustposesthefollowing characteristics:� Reliable operation during continuous use in heavy industrial envir onments. This

propertyrelies on signal integrity as well as mechanicalrobustness.As the prototypes
developedfor this projectis only meantasa demonstration,we areallowed to save time
andresourcesby implementingthenetwork technologyin a lessrobustway, aslongasthe
technologyitself doesnot inhibit laterupgradesto industrialstandards.� Support for asynchronousdata. As we needto passcommands,statusinformation,pa-
rametersetc.betweenthecentralcontrollerandtheGEECONs,thenetwork mustsupport
the transmissionof asynchronousdataparallel to the isochronousjoint- and feedback-
streams.� Network configuration. As thenetwork topologywill reflectthetopologyof themodular
robot,it is necessaryfor thecentralcontrollerto beableto determinethenetwork topology,
if thesystemis to supportautomaticconfigurationof thecentralcomponentsof therobot
controller.
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chosea network technologythatis well documented,widely acceptedandin generaluse.

6.2 Network candidates

The sheeramountof differentnetwork technologiesin existence,puts it outsideour scopeto
makea comprehensivesurvey of themall.

At thebeginningof theprojectwe choseto investigateFirewire asour primarycandidate,with
anoptionto revert to ARC-net,with whichwehadpreviousexperience.

Many othernetworkshave beenconsideredin moreor lessdetail. Below we have commented
someof thenoteworthy, eitherbecauseof their popularity, or their applicabilityto our work.

Ethernet

Thesynergy betweenpopularity, developmentandproductavailability have ensuredEtherneta
positionasthe local areanetwork of choicefor commercialandpersonalapplications.Ether-
net hasalsomanagedto establisheditself asa reliablesolutionfor a wide variety of industrial
applications.

Oneof themajordrawbacksof usingEthernetfor industrialapplications,is that it is inherently
not intendedfor real-timeapplications,asit doesnotsupportlimited latencies.

It is possibleto bypasstheinherentlackof realtimesupport,by overlayingthenative protocols,
with higherlevelsof real-timeprotocols.Suchsolutionswill diminishtheavailablebandwidth,
andaddcomplexity to theimplementations.

The reductionof effective bandwidthmaynot bea problem,asEthernetimplementationswith
supportfor transferratesabove1Gbpsexist.

As real-timepatchesfor Ethernetarenot nearlyaswide spreadasnetworkswith inherentreal-
timesupport,we find thatEthernetis inappropriatefor this project.

Bluetooth

We have consideredBluetoothvery briefly, asit is intendedfor highly reconfigurablesystems.
Unfortunately, it can be immediatelydiscountedon accordof its limited bandwidth,and the
potentialproblemsof operatinga radiobasedsystemin anindustrialenvironment,especiallyat
shipyardsandotherfacilitieswhererobotsoperateinsidenarrow andcomplex metallicstructures.

88 Anders Stengaard Sørensen



WBS code: O-01.C01.a03 CHAPTER6. NETWORK

CAN-bus

CAN, or ControllerAreaNetwork [CAN], originatesfrom thecar industry, asthe internalnet-
work for automobiles.As such,it hasmany of thecharacteristicswerequire,includingreliability
andreal-timeperformance.Unfortunately, the bandwidthis only 1Mbps,which is not nearly
enoughto supportourdemands.

Sercos

Sercos[SERCOS] isspecificallydesignedfor industrialmotioncontrol. It isaringnetworkbased
on optical fibers,andsupportsbandwidthsof up to 16Mbps. Sercossupportfor isochronous
streamsexceedsourdemandsby a widemargin, but it’s supportfor asynchronousdatais inflex-
ible. As Sercosdoesnot have any applicationsoutsidemotioncontrol,it will probablyremaina
narrow andvirtually unknown network technology.

While Sercosis certainlyattractive from atechnologicalpointof view, we fearthatit maycreate
compatibilityissueswith futurepartners,andwewill prefertouseamorewidespreadtechnology.

USB

TheUniversalSerialBus[USB] is oneof themostpopularnetwork technologiesfor commercial
and personalcomputerperipherals. USB is designedfor modulartechnology, and USB-2 is
especiallyinterestingto us,with its inherentsupportfor parallelisochronousandasynchronous
communicationat480Mbps.

As USB is not designedfor industrial applications,we are reluctantto acceptit as a serious
candidate,beforeit hasbeengenerallyacceptedby theindustrialcommunity.

WorldFIP (EN-50170)

WorldFIP[WorlFIP] is arelatively slow (upto 5Mbps)field bustechnology, whichhavesomein-
terestingfeaturescomparedto themorepopularfield busses.It supportsparallelisochronousand
asynchronousdatachannels,andit supportsredundant(double)cableconnectionsfor increased
reliability.

While WorldFIPseemstechnicallysuperior, thevery limited productrangesuggestthatit is not
verypopular, whichmaycausecompatibilityissueswith externalpartners.
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6.3 IEEE-1394— Fir ewire

Firewire is specifically designedto carry real-time high quality video and audio streamsin
isochronouschannels,with parallelasynchronousdatatransfer[IEEE-1394] [Anderson99]. It
currentlysupportstransferratesof 100,200,400and800Mbps.While it is intendedfor thecon-
sumerandprofessionalA/V market, it hasalsobeenincorporatedin industrialmotion control
by several differentcompanies,amongwhich Nyquist [Nyquist], is oneof themostprominent
examples.While the high availability of consumerproductsbasedon Firewire will ensureit’s
overallpopularity, therising interestin industrialFirewire applicationsis asignificantindication
of it’s acceptanceasa reliableandrobustnetwork.

Overall architecture

Firewire is a point to point network, whereeachnodeeffectively form a 3-portnetwork switch,
resultingin abinarytreenetwork topology1, whichconfigurationcanbedeterminedby any node
on thenetwork.

Firewire derivesit’s real-timeperformancefrom a time division multiplexing scheme,that op-
eratesat a fixedfrequency of 8000Hz,equivalentto a periodof �9�[����� . In eachperioda certain
amountof datacanbetransmitted,e.g.5kB at400Mbps.Up to 80%of thiscapacitycanbeallo-
catedfor isochronouschannels,while theremaining20%is reservedfor asynchronoustransfer.

Isochronouschannels

Whenan isochronouschannelof a certainbandwidthis allocated,it is calculatedhow large a
fractionof each �4�=����� periodthechannelis goingto occupy. If sucha fractionis available,it is
thenreservedfor thatchannel.Up to 32 isochronouschannelscanexist in parallel,placedafter
eachotherin the �4�[����� period.Only onenodecantransmitto anisochronouschannel,but every
nodecanlistenin on thechannel.

Asynchronoustransfer

Datafor asynchronoustransferis transmittedduringthepartof each �9�[����� periodsnot usedfor
isochronousdata. Ratherthanbeingpackageor streamorientedlike e.g. TCP andUDP, the
protocolfor asynchronoustransferis memoryoriented.

Eachnodeon the network representsa virtual memoryblock that can be remotelyaccessed.
Asynchronousdatatransferthenconstitutese.g. reador write operationsacrossthe network.

1Theconnectionsmaynot form cyclic graphs
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Eachnodecanmapa segmentof its physicalmemoryinto thevirtual memorymapof thenet-
work, usingDMA or othertechniques,dependingon thelocal implementation.Whenthemem-
ory mapof anodeis accessed,theCPUis notifiedthata remoteoperationhastakenplace.

Hardwarearchitecture

Firewire carriesit’s informationusing2 differentialsignals,implementedas4 wires (2 twisted
pairs). Cablelength is limited to 4.5m, with possibilitiesfor extensionsto 70m usingoptical
fibersandtransceivers. In mostcases,a 6 wire cable/connectoris usedto allow integral power
distribution to remotenodes,suchase.g.repeaters,switchesetc.

Previously, mostFirewire implementationsreliedon a dual,galvanicisolatedIC chipset,where
oneIC implementthePhysicallayer, andtheotherimplementedthelink layer. Quitepredictably,
mostsuppliershavenow begunto integratethetwo functionsin asingleIC.

Evenwhenusingcommerciallyavailablechipsets,thedesignof aFirewire interfaceis acompli-
catedprocess,with somedesignissuesoutsideourexperience.As aconsequencewehavechosen
to rely oncommerciallyavailableFirewire interfaces,andourchoiceof theMicroline CPUplat-
form for our GEECONs,wasinfluencedby the fact that a Firewire interfacewasavailablefor
theMicroline bus.

Softwaresupport

While the lower protocollayersareconvenientlyimplementedin hardware,somehigherlayer
functionsmustbe implementedin software like device drivers, interruptserviceroutines,and
functionlibraries.

Fortunately, softwaresupportexist for theMicroline products,aswell asfor thePCbasedoper-
atingsystemsconsideredasbasisfor thecentralcontrollernode,i.e. Linux andWindows.

Applicability

Firewire is closeto beingoptimalfor this project:� Its bandwidthallowsplentyof roomfor addingexternalsensorfeedbackin futureapplica-
tions.� Its origin asamulti-medianetwork makesit particularlyeasyto integratecameraswith the
robot.� Its 8000Hztime divisionmultiplexing ensuresworstcaselatenciesbelow �[���=��� .
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reconfigurablerobots.� Its popularityincreasethecompatibilityof our technology.

Themainobjectionsto Firewire are:� Thelimited cablelength(4.5 meters)maycauseproblemswith mechanicalmodulesthat
exceedthis length. We don’t expectthemajority of roboticmodulesto be this large,and
if the situationshouldarise,it canbe remediedwith the insertionof electricalor optical
repeaters.� Theavailablecomponentsarenot inherentlyindustrial,but asexperiencedmotioncontrol
companiesarereadyto adoptthem,we arewilling to useandevaluatethetechnologyfor
ourdemonstrationsystem.� We have no previous experiencewith Firewire, nor hasany of our usualpartners.This
implies an elevatedlevel of technologicalrisk to the project. We minimize the risk by
selectingawell known technologyasbackupif Firewire shouldturnout to disappointus.

Experience

In orderto evaluateFirewire, we have run a numberof experimentswith isochronousandasyn-
chronoustransferbetweenGEECONsandacentralcomputer.

TheGEECONsusedfor testingconsistedof thesameMicroline C32DSPmoduleusedthrough-
out thisproject,equippedwith aMicroline 100/200MbpsIEEE-1394peripheralboard.Weused
theIEEE-1394softwareprovidedby Orsysto accessthenetwork from theGEECON[Orsys-B].

The centralcontrollerconsistedof an ordinaryoffice PC (400MHz Pentiumsystem),running
Mandrake Linux 8.2. It wasequippedwith a 100/200/400MbpsUnibrainPCI-Lynx IEEE-1394
interface. We usedan experimentalIEEE-1394device driver, kindly provided by developers
from theLinux community[Linux1394].

Our overall experiencewith Firewire on the centralcontroller is very positive. It turnedout
that PCI-Lynx compatibleinterfacesarebecomingobsolete,in favor of PCI-OHCI compatible
interfaces,limiting thesupportanddevelopmenteffort for PCI-Lynx. We suggestusingOHCI
compatibleboardsfor futureapplications.TheexperimentalLinux drivercausedafew problems,
which were solved oncea proved versionof the driver was releasedand incorporatedin the
official Linux kernelreleases.

During our experimentswith thesystem,we learnedthatOrsysimplementationof Firewire in-
terfacewasvery ineffective with respectto hardwareaswell assoftware.

Thelink layerIC usedby Orsysis intendedfor smallmicro controllersystems,andit featuresa
numberof grave limitations:
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isochronouschannel.� While it operateswith 32bit internalregisters,it’s interfaceto the32-bit DSPonly has16
bits,makingaccessto theinterfacegrosslyineffective,andremoving thebenefitsof DMA.� While the FIFO canbe accessedwithout I/O wait-states,accessingthe control registers
of the link layer IC generates5-7 wait-states,reducingthe efficiency of the systemeven
further.

We could not obtain the sourcecodefor OrsysFirewire supportsoftware, but using a logic
analyzerto monitorthetransactionson theI/O bus,we wereableto reverseengineersomeof it,
learningthatthesoftwarewasnot veryefficiently implementedeither.

Wewereableto implementsatisfactoryisochronousandasynchronouscommunicationbetween
thecentralnodeandtheGEECON,but asit turnedout,approximately80%of theCPUcapacity
wasusedto servicetheFirewire interfaceduringcommunication.

Conclusion

Apart from thepoor implementationof theFirewire componentsfor theGEECON,our experi-
encesupporttheview thatFirewire is aninterestingtechnologyfor modularcontrol.

Ourassessmentof theOrsys100/200MbpsFirewire interfaceandtheaccompanying software,is
that it is adequatefor very simpleapplicationsanddemonstrations,but unsuitedto supportthis
project.

Thepoor implementationof the Microline Firewire interface,regrettablyforcedus to abandon
Firewire for this project,andrevert to ourbackuptechnology.

As we have abandonedFirewire at anearlystageof theproject— beforedesigningenclosures
for theGEECONs— we werenot ableto submitit to realisticsignalintegrity- or otherrelevant
tests,andwe cannotoffer a first handassessmentof its applicabilityto industrialenvironments.

Futur ework

After wehadabandonedFirewire andintegratedARC-netinstead,OrsysGmbh.launchedanew
100/200/400MbpsFirewire Microline module,with supportfor multiple isochronouschannels
and32bit access,aswell asanexternalDMA channelfor isochronoustransfer.

We have hadthe opportunityto evaluatethe new Firewire moduleandthe accompanying soft-
ware,andhave concludedthat they aresufficiently efficient to allow a Firewire basednetwork
for amodularcontroller.
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If it becomesrelevant to reconsiderthe ARC-netsolutionimplementedin this project,we rec-
ommendtakingasecondlook onFirewire, basedon thenew technologyavailablefrom Orsys.

6.4 ARC-net

ARC-netis specificallyintendedfor realtimeapplicationsin industrialenvironments[ARCNET]
. It’s realtime performanceis derivedfrom it’s tokenbustopology, whichensuresthatall nodes
aregrantednetwork accessin anevenanddeterministicway.

ARC-netsupportsinformationtransferusingdatagramsor packagesof variablesize,up to 508
bytes. Datagramscaneitherbebroadcastedor transmittedto a specificnode,andeachnodeis
allowedto transmitonepackageata time in a roundrobin fashion.

Up to255nodescanbeconnectedto thesamenetwork,andeachnodecandeterminethepresence
of othernodes.As thenetwork is implementedasabus,therelativepositionof nodescannotbe
determinedwithoutexternalmeans.

ARC-net can be implementedon a variety of physical medias,e.g. coaxial and twisted pair
cables,with transferratesup to 10Mbps.

Applicability

We find ARC-net to be an adequatetechnologyfor our distributed control system. We have
selectedit amongotheradequatecandidatesdueto it’s popularityandour prior experiencewith
it. Themostinterestingtechnicalpointsregardingtheuseof ARC-netfor this projectarestated
below:� With a transferrateof 10Mbps,ARC-nethassufficient bandwidthto supportour worst

casedemandestimatefor joint- andfeed-backstreams.� Accordingto our worstcaseestimates,up to 5000bits of joint setpoint informationand
5000bits of feed-backinformationwill betransmittedon thenetwork within eachperiod
of the joint streamsamplefrequency. Transmitting10000bits will take at least ����� , and
we mustbecarefulto designtheexecutionlayersoftwareto breakthe informationdown
in suitableunits in orderto obtainacceptablelatencies.In this respectit is importantto
notethatthelatency is thesumof transmissiontimeandtimespendwaiting for thetoken.� ARC-netinterfacesaretypically implementedusingan integratedARC-netcontrollerIC
that implementstheentireARC-netprotocol,andconnectsto a CPUthroughanordinary
parallelperipheralbus interface. Sucha controllercaneasilybe interfacedto the CPU
moduleusedin thisproject.For thecentralcontrolnode,wecandraw onthelargeselection
of commercialARC-netinterfacesfor ISA, PCI andotherpopularperipheralbusses.
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ARC-net.We have no reasonto doubtthata reliableandrobustARC-netimplementation
canbeintegratedwith oursystem.� ARC-netis inconvenient,for modularsystemsthat includebranches,asit is complicated
to introducebrancheson a busorientednetwork medium.As we expectmostaggregated
robotsto containfew, if any, branches,wearewilling to acceptthis inconvenience.� ARC-netdoesnot immediatelysupportautomaticconfiguration,basedon thetopologyof
thesystem,astheindividual positionof network nodescannot bedeterminedby default.
This problemcanbe remediedby breakingthe network mediuminto isolatedsegments,
which arebroughtonlineoneat a time duringinitialisation. This methodhave previously
beenusedsuccessfullywith CAN-bus,in [Dalgaard01].

Experience

An ARC-netinterfacewasactuallydevelopedbeforeFirewire wasabandoned,aswe useARC-
net to interfaceto the PA-10 robot, describedin chapter8. The experiencewith interfacing
ARC-net to the GEECONwaspositive, and the ARC-net interfacewas incorporatedinto the
designof theGEECONmotherboard2 , whenFirewire wasabandoned.

ExperimentalexecutionlayersoftwarehavebeendevelopedanddemonstratedbyMichealBøllingtoft
[Nielsen02]andMadsLundstrøm[Lundstrøm01], for controlof a PA-10 robot,andtheir expe-
riencewith ARC-net communicationbetweena PC, and a GEECONis encouraging,as they
successfullycontrolledthe PA-10 robot in accordancewith an online joint streambeingdeliv-
eredfrom thePCto theGEECONvia. ARC-net.

Basedon experiencefrom the experimentsperformedby Michael andMads, executionlayer
softwaresupportingamoregeneralprotocolis currentlybeingdevelopedfor ademonstrationof
aggregatedrobotsin conjunctionwith theEU projectDockWelder.

Conclusion

WehaveincorporatedanARC-netinterfacein thegenericembeddedcontrolnodes(GEECONs),
andhaveverifiedthatthey cancommunicatewith acentralcontrolnode.

We have estimatedthat 10MbpsARC-net is adequateto supportthe communicationdemands
for ourmodularcontrolsystem,providedtheexecutionlayerimplementationtakesthenatureof
ARC-netinto account.

On line transmissionof a joint streamthroughARC-nethave beendemonstratedfor a single
GEECONandacentralnode,andgenericexecutionlayersoftwareis currentlybeingdeveloped

2Seechapter4
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basedonexperiencefrom thatdemonstration.

6.5 Discussion

As statedin the beginning of this chapter, the choiceof network technologyis crucial to any
distributed systemdesign. We are happy with the decisionto useARC-net, as our previous
experiencewith this technologywill enableusto completethedistributedcontrollersystemwith
few surprisesdueto thenetwork.

While ARC-netcansupportourdemandsfor bandwidthandlatency, caremustbetakenwhende-
signingprotocolsfor isochronousandasynchronousdatatransfer, asARC-netwill notguarantee
therequiredlatency underall imaginableconditions.It is especiallyimportantto consider:� Thesize,contentandtransmissionmethod(nodeto nodeor broadcast)of individualARC-

netdatagramsin relationto thetokenpassingalgorithmandthetransmissionspeedof the
network.� Thepolicy for retransmissionsof corrupteddatagrams,andit’s influenceon thelatency.

We aredisappointedthat it wasnot possiblefor usto implementthesystemusingFirewire. We
still haveafirm belief thatFirewire is anexcellenttechnologyfor modularcontrol,andwe hope
wewill beableto investigateFirewire furtherin futureautomationprojects.

6.6 Conclusion

During this chapter, we have defineddemandsfor the network technologyto be usedin the
project,andchosentwo network technologiesthathonorthesedemands.

Ourprimarycandidate,Firewire, wasevaluatedduringtheproject.Althoughwe foundit to bea
verypromisingtechnology, wehadto abandonit dueto thelackof efficientFirewire implemen-
tationsfor our GEECONs.

To replaceFirewire, wehave integratedanARC-netinterfacewith theGEECONs.Theinterface
have beentestedandverified,andit hasbeenestablishedthat theGEECONscancommunicate
with acentralcontrollernodeandreceive anon line joint stream.

Executionlayer softwarethat communicateonline with a centralcontrollerhave beendemon-
stratedwith asingleGEECON.
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6.7 Futur ework

Thecurrentexecutionlayersoftwarewasintendedfor a simpledemonstration,andthenext step
in thisdevelopmentis to implementmoregeneralexecutionlayersoftwarefor theGEECONsas
well asfor thecentralcontroller. This work is currentlyin progress.

Duringtheproject,moreefficientFirewire implementationshavebecomeavailablefor theGEECONs.
If the communicationsystemof our distributedcontroller is ever to be redesigned,we recom-
mendreevaluatingFirewire asacandidate.
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Chapter 7

DT-VGT interface

Usingour genericembeddedcontrolnodes(GEECONs)with theDT-VGT is oneof our major
demonstrationgoalsfor this projects. The demandsfor compactnessandflexibility put on the
controllerby the DT-VGT have influencedmany designdecisionsduring the project,andwe
haveallocateda lot of resourcesin orderto bring this particularmechanicaltechnologytogether
with ourGEECON.

7.1 The DT-VGT platform

DT-VGT standsfor DoubleTripod VariableGeometryTruss.Themoving elementof theDT-
VGT is a trusselement,consistingof two invertedtripods,that canalter their shapeunderthe
influenceof externalactuators.

Trusselementshave high strengthto weight ratios,andthe sameis true of variablegeometry
trusses,which cantypically carrymorethantheir own weight. TheDT-VGT’s we areworking
with aredesignedto positionandmove a standardindustrialrobot arm insidea complex envi-
ronment,like theinsideof ashiphull. Theadvantageof thisparticularparallelmechanismis the
combinationof slenderbody, high strength,andlargeangulardisplacement,thatmakesis well
suitedto maneuver insidecomplex environments,ratherlike asnake.

TheDT-VGT’saredevelopedby thecompany Meganic,whichis ourclosepartnerin thisproject.

Hydraulic actuators

The DT-VGT platform we are using, is poweredby hydraulic actuators,in order to achieve
the necessarystrength.Eachactuatorconnectsfrom a leg in the lower tripod, to a cylindrical
supportingbase.
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(a)Doubletripod (b) Hydraulicactuators (c) Supportingbase

Figure7.1: Breakdown of DT-VGT roboticmodule

Valves

Thehydraulicactuatorsarecontrolledby proportionalvalves,which areunlinearandharderto
control thanservo valves. Proportionalvalveshave beenchosenin order to keepcostsdown,
asMeganic hopeto commercializethe DT-VGT. The valvesarecontrolledby moving magnet
electromagneticmotors,quitesimilar to themagnet/coilsystemof ordinaryloudspeakers.

We arein possessionof a singlevalve which is functionally identicalto theothers,but feature
spoolpositionfeedback.While spool feedbackwill probablyenableincreasedcontrol perfor-
mance,theadditionalsizeandpriceof this featuremeansthatweareonly permittedto usespool
feedbackvalvesfor laboratoryexperiments,not for thefinal system.

The linear motorsusedto drive the valve hasa rating of 24V/4A, which is in reality a power
ratingof 96W, correspondingnicelywith thecoil resistanceof approximately�@  .

Position sensors

In orderto control the motion of eachactuator, the hydraulic cylindersarefitted with internal
positionsensors,that measurethe positionof the pistonwith an accuracy of ���¡� at a rateof
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up to 2kHz. Thesensorshave integratedmicro-controllers,andtransmittheir readingsdigitally
throughaCAN-busnetwork.

7.2 Switchedmodevalve amplifiers

A previous masterthesisproject,concernedwith controlling an older VGT prototype,recom-
mendsincreasingthereactionspeedof thevalvesin orderto obtainbettercontrolperformance
[Olsen00]

Thereactionspeedof thevalve is definedby two factors:� Theavailableforceto massof thelinearmotorandits load,i.e. maximumcurrent.� Theelectricalinductionto resistancein the linearmotor, i.e. the rise time of theelectric
current.

Themaximumcurrentis definedby the ratio of availablevoltageto theelectricalresistanceof
themotorcoil, andcanthusbecontrolledby theappliedvoltage.Therisetimeof thecurrentis a
constant( ¢¤£¦¥¨§=© ), but thetime it takesto risefrom zeroto acertainabsolutecurrent,is highly
dependenton theappliedvoltage.

Thoughbothfactorsdeterminingreactionspeedcanbeimprovedby raisingtheavailablevoltage
for the valve amplifier, caremustbe taken to control the current,asnot to exceedthe power
ratingfor thevalve. In principle,thedielectricstrengthof thecoil wire isolationshouldalsobe
consideredif thevoltageis raisedsubstantiallywith respectto theratedvoltage.

Intelligent amplifier

The task of developing the amplifier was sub contractedto an engineeringstudentfrom In-
geniørhøjskolen KøbenhavnsTeknikumnamedJakob Lindeløv [Lindeløv01]. He developeda
smallswitchedmodeamplifierwith thefollowing specifications:� 48V supply.� 5A continuouscurrentat 20kHzswitchfrequency withoutheatsink.� CPLDcontrolledswitchpatterns.� Programmablecurrentlimit from 0 to 8A.

All documentationof his work is containedin his final report[Lindeløv01], with commentsand
documentationof minor improvementsin [Sørensen-A].
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Figure7.2: Block diagramof valveamplifier

Switch patterns

JakobLindeløv’sdesignutilizesaningeniousswitchpatternin orderto obtainhighefficiency and
distributeheatlossesbetweenall 4 transistorsin thepowerstage.Theswitchpatternis controlled
by a simple statemachine,implementedwith programmablelogic (CPLD). The designalso
featuresa currentsensorandanA/D converter, thatallows thestatemachineto limit theoutput
current.

Miniaturization

While theswitchingpatternsdevelopedby Jakob Lindeløvallow usto avoid heatsinks,making
a very efficient andcompactpower stagepossible,Jakobs’s implementationof theamplifiersis
too largeto fit into theallowedspaceof theDT-VGT controllerenclosures.

Jakobsdesignwasdevelopedasa standaloneswitchedmodeamplifier, but whenwe useit in
conjunctionwith theFPGAbasedI/O systemof our GEECONs,theI/O systemmakestheA/D
converter and CPLD obsolete,allowing us to implementa miniaturizedintegrated3-channel
versionof theamplifier, with only power stages,preamplifiers,andcurrentsensors,letting the
A/D converterandFPGA of the GEECONcontrol the switchingpatternsandcurrentlimits of
the3 amplifiersnecessaryto controlaDT-VGT.

We have verifiedthatit is possibleto implementa sufficiently small integratedamplifier, but we
havenotyet designedit in detail.
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7.3 Power supply

Thetotal powerneedsof theDT-VGT electronicscanbesummarizedas:

GEECON: 48V 0.2A

Valveamplifiers: 48V, 3A mean,12A peak(to drive all 3 valves)

Position sensors: 24V, 0.6A

Resultingin apeakdemandof 600W.

Due to cableandconnectordimensions,it is impracticalto distribute that amountof power at
48V, especiallyaswe might wish to cascademultiple DT-VGT’s in the future. We assumethat
wecouldreducethepeakcurrentto thevalveamplifierswithout imposinggravecompromisesto
thedynamicsof thehydrauliccontrol,but wewill still need2-300Wof power for eachDT-VGT,
makinga higherdistribution voltageinteresting,provided that we canusea sufficiently small,
powerful andefficient voltageconverterto beplacedinsidetheDT-VGT.

We have chosena solution wherewe reducethe peakcurrentof the valve amplifiers to 3A
each,use300VDC for power distribution, anduseultra compact500W DC-DC convertersto
generate48V in eachDT-VGT module.This reducesthepeakcurrentfor eachmoduleto 1.7A,
makingit feasibleto basethepowerdistributiononordinary �«ª
�	ª9ª¬ª¬���a��­ distributioncableand
compatibleconnectors.The24VDC neededfor thepositionsensorsis generatedfrom 48VDC
by theauxiliary DC-DCconverteron theGEECONmotherboard.

300VDC may seemunusualandimpracticalin otherrespects,but asmostcommercialandin-
dustrialelectronicsusing230VAC througha switchedmodepower supplywill readily accept
300VDC,and300VDCis easilyobtainedfrom a230VAC supply, ourpowerdistributionscheme
is in factquitecompatiblewith existing technology.

We have verified the technology, andspacerequirements,but have not yet integratedthe final
powersupplywith theGEECON.

7.4 Daughter board

In order to interfaceour GEECONwiththe DT-VGT, we have developeda DT-VGT specific
daughterboardthat interfacesthe FPGA motherboardof the GEECONwith the sensorand
actuatorsystemsof theDT-VGT prototype,asshown in figure7.3.

1st April 2003 103



Document: Modular control of industrial mechanics

Conditioning

®¯ °±² ¯³ ´ µ
¶·¸ ¹º» ¼´º
³

½ ¾ ¿ À Á Â Ã ¾ Ä Â Å Æ Ç È ¿ À É Ê Ë Ì Í

Spool

feedback

SPI

8 input ADC

Alias filters

CAN controller

CAN tranceiverBuffers

Valve amplifiersMisc I/O Position sensors

PWM signalsMisc Clock SPI SPI SPIClock

Power

Figure7.3: Block diagramof theDT-VGT daughterboard

Thedetailedcircuit andPCBdesignhave beenperformedby Benny JørgensenandDanny Kyr-
ping, andthedocumentationcanbefound in [Kyrping-B]. Themostinterestingfeaturesof the
designaredescribedbelow.� Thedigital PWM signalsfor thevalve amplifiersareprovidedby simplebuffers.� Theanalogvoltagesignalsfrom thevalve amplifiersandtheoptionalspoolpositionsen-

sorsarescaledandoffsetto matchtheADC inputrange,andfilteredwith 4. orderswitched
capacitorButterowrth low passfilters,beforethesignalsarefed to theADC.� Providing theswitchedcapacitorfilters with a clock signalfrom themotherboard,allow
usto adaptthecut off frequency of thefilters to thesampleratewechoseto use.� We usethe 14 bit, 8 channel,285kSPSA/D converterAD7856 [AD7856], that commu-
nicatesthrougha SPI interface. This savesboth boardspaceandFPGA signals,at the
expenseof increasedFPGAconfigurationcomplexity.� TheCAN-businterfacefor theTemposonicpositionsensorsareimplementedusingPCA82C250
transceiversandMCP2510standaloneCAN controllerswith SPIinterfaces[MCP2510].� As theinterfacebetweentransceiver andcontrollerarepurelydigital, wecouldreducethe
complexity of the daughterboard,by implementingthe CAN controllersin the FPGA,
either by specifyinga CAN controller in VHDL, or by buying a CAN controller core
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for integrationwith our FPGAspecification.As we couldafford the boardspacefor the
standalonecontrollers,we prefer this solutionasit is far simpler thanimplementingor
integratingaCAN buscontrollerin ourFPGAspecification.� To bepreparedfor futureintroductionof monitoring,safetyandotherequipment,wehave
setanumberof buffereddigital inputsandoutputsaside.

(a)Motherboardside (b) I/O connectorside

Figure7.4: TheDT-VGT daughterboard

As indicatedby thephotos,thenecessaryI/O circuitry for theDT-VGT interfacecaneasilybe
accommodatedby a PCBof thesamesizeasthemotherboard. It is alsoclearfrom thephotos
thata few designmistakeshave to becorrectedin futureversions.

7.5 FPGA configuration

In orderto integratethe DT-VGT throughthe daughterboard,3 differentVHDL I/O modules
havebeendesigned,andintegratedinto theframework of thegenericFPGAbasedI/O framework
describedearlier. They are:� PWM generator� ADC interface� Temposonicinterface

PWM generator

Generatesa fixed frequency PWM signal, consistentwith the specificationsof the valve am-
plifiers. The pulsewidth is controlledby the CPU througha memoryregister (signedint) in
theFPGA.This moduleis instantiated3 timesin orderto provide PWM signalsfor all 3 valve
amplifiers.
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Whenwereplacethecurrentstandalonevalveamplifiersdesignedby JakobLindeløv, with more
compact,strippeddown, versionswe will merge the VHDL specificationof the simplePWM
generatorwith the VHDL usedto implementswitchpatternsandcurrentlimit in theCPLD of
thevalve amplifiers.

ADC interface

HandlestheSPIcommunicationandotherrelevantcontrolof theAD7856ADC on thedaughter
board.This modulefeaturesa statemachinethat initializes theADC uponsystemRESET, and
performscyclic (roundrobin) measurementsfrom eachof the 8 ADC channelthereafter. The
measurementsaremadeavailablefor theCPUthroughaninternaldualportedRAM, makingthe
wholeADC implementationtransparentfor theCPU,which cansimply readthelatestvalueof
any ADC channelfrom amemorymappedI/O registerat will.

Temposonicinterface

Thebasisof thismoduleis adedicatedSPIinterface,thatsupportsasubsetof theSPIcommands
usedby the MCP2510CAN controllerson the daughterboard. This SPI- or ratherMCP2510
interface is accessiblefrom the CPU, and can be usedto control and communicatewith the
MCP2510.On top of theMCP2510interface,we have implementeda statemachinethatuses
the MCP2510interfaceto receive andinterpretCAN messagesfrom the Temposonicposition
sensorsof the VGT. Eachtime a messagearrives,the statemachineextractsposition,velocity
andstatusinformation,storingeachvaluein aninternalmemoryregisteraccessiblefor theCPU
and optionally generatingan interrupt. The MCP2510and the Temposonicsensorsmust be
properly initialized by the CPU,usingthe low level MCP2510interface,beforethe high level
Temposonicinterfaceis engaged.

Thedevelopmentof thiscomponent,throughseveralstates,isdescribedin moredetailin [Sørensen-G]

Implementation

TheFPGAconfigurationwasoriginally implementedfor theXC40xxFPGAof our32-bitproto-
typeFPGAI/O board,but have recentlybeenportedandverifiedfor theSpartanII motherboard
by JackKnudsen.As theXC40xximplementationhavebeenusedduringthework reportedhere,
wereferto theoriginalXC40xximplementation[Sørensen-F],wherethedesignscanbefoundin
thefiles:� VHDL/top level.vhd� VHDL/simple pwm.vhd� VHDL/adconv.vhd

106 Anders Stengaard Sørensen



WBS code: O-01.C01.a03 CHAPTER7. DT-VGT INTERFACE� VHDL/can.vhd� VHDL/id rom.vhd� VHDL/irqqctrl.vhd

In addition to the 3 different I/O modules,the FPGA configurationalso featuresan identity
ROM, usedto identify theFPGAconfigurationandversionto thehostcomputer, andaninterrupt
controllerusedto handletheoptionalinterruptsfrom theI/O modules.

7.6 Software

Softwaredevelopmentfor the GEECONswasoriginally intendedfor parallelprojects,which
haveeitherfailedto completeor to initialize. Thesoftwarewehavedevelopedfor theGEECONs
is merelyintendedto demonstratethesystemcomponentsandinspirefurtherdevelopment,not
to form thebasisof a full scaledistributedcontrolsystem.

Although we have chosena software architecturewith multiple parallel tasks,we do neither
usenor recommendusingan operatingsystem,asthe requiredarchitectureis both simpleand
static.Thetasksrequiringreal-timeperformanceareimplementedasinterruptserviceroutines,
triggeredby periodicinterrupts,generatedby I/O circuitry or timers. Non real-timetasks,like
initialisationandoverall systemcontrolareimplementedasa normalprogramexecutingin the
background.

In orderto handleblocksof data,likeconfigurationdata,joint streams,sensorandeventlogsetc.
we have implementedsupportfor nameddatamodules.We have implementeda small library,
thatallow usto create,locateandoperateonnameddatamodules.We havealsocreatedasetof
Unix-tools thatallow us to transformvariousfiles into namedmodulesthat canbe linkedwith
ourprograms,or transferedto theGEECONin othermanners.

Wereferto thesourcecode,includingthemakefile, in theimplementationexample[Sørensen-D]
for documentationof our software.

Control layer implementation

During initialization,we setup eachof the3 Temposonicpositionsensorsto reporttheactuator
positionat their maximumrateof 2kHz. Eachtime a positionis reported,our FPGAbasedI/O
systemwill placethepositionreadingin a readablehardwareregisterandgenerateaninterrupt.
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As the3 sensorsarenot synchronized,they will reportat
slightly different frequencies,and we must handletheir
feedbackindividually in order to avoid inter modulation
effects.
In effect,eachactuatorsystemis servicedby anindividual
interruptserviceroutine,that:� Readthereportedposition� Readotherrelevantinputdata� Readthecurrentactuatorsetpoint� Evaluatesa control law in orderto calculatea suit-

ableoutput.
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As this procedureis repeatedapproximately6000timespersecond,it becomesrelevantto opti-
mizeits operation.We do this primarily by:� Avoidingany unit conversion,by ensuringthatall parametersarekeptin unitscompatible

with theinput outputsystem.� Ensuringthatall parametersusedarestoredin internalDSPregisterswith fastaccess.� Keepingcomputationalefficiency in mindwhendevisingandimplementingcontrol laws.

We havebeencontendto implementtheseinterruptserviceroutinesin C usingtheTexasInstru-
mentsC compileraccompanying theCPUmodules.Wehavenotyetgainedsufficientexperience
with low level DSPprogrammingto assesthecompilersability to optimizethecode,andhave
madenoattemptto handoptimizeit ourselves.

An exampleof theinterruptserviceroutinecanbefoundin [Sørensen-D]in thefile isr.c .

In order to allow both efficiency andclarity, the on line parametersusedby the interruptser-
vice routines,aregeneratedfrom configurationdatamodulesduringsysteminitialization. The
configurationdatamodulescontainsall relevant informationaboutI/O scalingas well as pa-
rametersfor the relevant control law in SI units. We operatewith configurationmodulesfor
the AD converter, andthe 3 individual actuatorsystems.While the AD configurationmodule
containcalibratedvaluesfor offset [bits] andgain [bits/V] for the individual AD channels,the
configurationmodulesfor theindividualactuatorsystemscontaininformationaboute.g.� Settingsfor theTemposonicpositionsensors.� Measuredvalve properties(resistanceandinductance)� Controlparametersfor thevalve� ValveamplifiersandPWM generatordatae.g.supplyvoltage,outputrangeandresolution.� Actuatorlength,positionsensoroffset,sensorresolutionandparametersfor positioncon-

trol.
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Examplesof configurationmodulescanbeseenin [Sørensen-D]in adc module.src andac-

tuator mod1.src

Execution layer implementation

Whenthesystemhasbeeninitialized, theinterruptdriven
I/O andcontrolsystemdescribedabove formsa virtually
autonomouspositioncontrolsystem,ensuringthatthepo-
sition of eachactuatorfollows a givensetpoint, which is
continuouslyreadfrom a sharedmemoryregister. This
constitutesa very clearexampleof a control layer imple-
mentation.

During initialisation, the setpoint of eachactuatoris set
equalto the actualpositionof the actuator, to avoid dis-
continuitiesin the input to thecontrol system.Whenthe
systemis initialized, the actuatorscanbe moved by the
executionlayerimplementation,by dynamicallyupdating
thesetpointsfor eachcontrolsystem.

As thecurrentDT-VGT’s areneithersupposedto bevery
accurate,nor very fast, the joint streamsusedto specify
their motion,have samplefrequencieswell below 100Hz,
andwehaveused25Hzor 50Hzthroughoutourwork 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 use0. order extrapolationfor our previous
demonstrationsandtests.

I/O system

Actuator systems

Interrupt driven control routines

Shared memory

Execution

As we have not yet hadopportunityto integratethenetwork componentsof theGEECONinto
thesystem,our executionlayersoftwareis simply aninterruptserviceroutinedrivenby a timer,
that will reada joint streamfrom memory. The timer is setat a the samplefrequency of the
joint stream,in orderto avoid resampling.Our experiencewith the DT-VGT have shown that
a samplefrequency of 50Hz is sufficient to suppressaliasnoiseto anacceptablelevel. As this
frequency is substantiallylower thanthe frequency of thecontrol loop, we do not needto take
specialprecautionsagainstinter modulationof theexecutionandcontrol loops. As a setpoint
is storedin a singleregister, changingit is anatomicoperationthatrequiresno protectionfrom
context shiftsin theprogramexecution.

Futur ework

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

in orderto demonstrateanintegratedsystemwith two aggregatedDT-VGT modulesduringmid
2003.

We expectthat theexperiencegainedfrom this integrationanddemonstrationwill inspiresoft-
waredevelopmentthat will supportthe componentsneededto achieve our vision of plug and
play reconfigurablemodularrobots.

7.7 Hydraulic control

As with thesoftware,thecontrolsystemfor theDT-VGT actuatorsweresupposedto bedevel-
opedin a parallelprojectthatdid not becomea reality. In orderto demonstrateour technology,
we have implementeda simplecontrolalgorithmthatworkssatisfactoryfor simpledemonstra-
tions.

Themasterthesisof CarstenOlsen[Olsen00]have provedvery helpful throughoutthis task,as
CarstenOlsenstudiedhydraulic control of a previous VGT prototype,that have somefactors
in commonwith the oneusedby us. From a control perspective, the differencesbetweenour
systemandthepreviousprototypelies in:� The static and dynamicload of the actuatorsare quite different, due to changesin the

geometryof theDT-VGT.� Thevalve amplifiershavebeenexchanged.� Wehaveaccessto currentfeedbackfrom thevalve amplifiers� Thesamplerateof thepositionsensorshavebeenincreasedfrom 1 to 2kHz.

We have implementedthe position servo recommendedby [Olsen00],which is simply a P-I
controllerwith accelerationfeedbackto suppressvibrations.Thestructureis indicatedin figure
7.5.

In [Olsen00], aconventionalPor P-I controllerprovedto beunstable,andit wasspeculatedthat
the instabilitiesweredueto resonancesformedby thecompressibilityof thehydraulicfluid. It
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waspossiblefor [Olsen00] to stabilizethesystemby differentiatingthepositiontwicein orderto
estimatetheacceleration,anduseit to dampenvibrations.Wehaveduplicatedthepositionservo
of [Olsen00], but wasonly ableto reproducethereportedinstabilitiesin experimentswherewe
replacedourown valveamplifierswith theonesusedin [Olsen00].

We have not dedicatedresourcesto a detailedanalysisof the previous valve amplifiers,but as
their linearity anddynamicpropertieswerenever challengedin [Olsen00], it seemslikely that
thesourceof thereportedinstabilitiesshouldbefoundin theamplifiers,ratherthanthehydraulic
components.

As thesourceof thereportedinstabilitieshavenotbeenfinally identified,they mightreturnunder
changedconditions,andwehavemerelydisabledtheaccelerationfeedback,ratherthanremoved
it.

We have not yet demonstratedtheDT-VGT for tasksrequiringhigh precision,andno attempts
have yet beenmadeto optimize the controller, or to documentit’s performance.Simple ob-
servationsduring testsanddemonstrationsindicatethat the controllermustbe improved if the
DT-VGT’sareto beusedfor accuratework likee.g.arcwelding.

Modelling

A logical first steptowardsimproving the controller, is to obtain accurateunderstandingand
modelsfor thehydraulicactuatorsystem.Accuratemodelscanbeusedto simulatethesystem
whendesigningandtestingcontrollers,andif they arecomputationaleffective, they canbeused
to implementmodelbasedfeedforwardcontrollers.

Themodelsdevelopedin [Olsen00], helpedthedesignof thecurrentcontrollerstructure,andthe
estimationof controlparametersfor thepreviousDT-VGT prototype,but they werenotaccurate
enoughto supportmodelbasedfeedforward.

Duringthisprojectwehaveproposedamodellingmethodthatproducessimple,yetveryaccurate
modelsof a singlehydraulicactuatorsystem.Themethodrepresenta combinationof mechan-
ical analysis,fuzzy modelling,andlinear signalanalysis. The modelparametersareobtained
from analysisof a seriesof differentopenloop experiments,but unlike many popularsystem
identificationmethods,ourmethodrelatesto known physicalpropertiesof thehydraulicsystem,
whicharemerelyparameterised.

As the experimentsandanalysisrequiredhave not yet beenautomated,they arequitecumber-
some,and we have only modelleda single actuatorsystemso far. Verification of the model
obtained,using independentopenloop experiments,indicatethat we canmodel the dynamic
valve-currentto actuator-speedrelationshipwith anaccuracy betterthat10%RMS, for motions
involving moderatespeedandacceleration.

Our modellingmethodandour resultsaredescribedin [Sørensen-E],andselectedsimulation
resultsfrom thatdocumentis pastedin figure7.6below.
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Figure7.6: Comparisonof simulatedandrealresponsesfor openloopexperiments

7.8 Mechanical integration

The motherboardwith CPU moduleanddaughterboardhave 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 converter insidethe enclosure,beforewe cancompletethe mechanicalintegration,
mountingtheenclosureinsidetheVGT andshorteningtheconnectingcables.Whenthecontrol
nodeis physically integrated,it becomeshardto approachphysically, andwe arenot very eager
to completethis stepuntil we arecompletelyconvincedwe do no longerneedfrequentphysical
accessto thecomponentsinsidetheenclosure.
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Figure7.7: GEECONprototypemountedin enclosure

7.9 Experience

During thecourseof this project,we have beencontrollingtheDT-VGT with theGEECONfor
hundredsof hours. Althoughminor implementationglitcheshave beendiscovered,thereis no
doubt that the GEECONis fully capableof controlling the DT-VGT in the intendedfashion.
Although the DT-VGT as well as the controller have beenin a constantstateof change,the
GEECONhaveworkedreliably throughoutourwork with theDT-VGT.

It hasbeena positive experienceto be ableto alter the I/O systemaseasilyaswe areusedto
alteringsoftware. It is very efficient to be ableto adaptthe two aspectsof interfacingto each
other, ratherthanthe normalway of devising elaboratesoftwareto catchup with non optimal
hardware.

7.10 Conclusion

Our genericembeddedcontrolnode(GEECON)have successfullybeenintegratedwith theDT-
VGT with respectto I/O andcontrol. The final mechanicalintegrationof the two awaits the
completionof a few tasks,thatarenotexpectedto causeproblems.

Therelative easewith whichwehave implementedacompactandelegantI/O interfacebetween
theGEECONandtherobot,is a gooddemonstrationof theflexibility andpower of our generic
I/O system.

Our ability to design,manufactureandintegratea powerful andflexible controlplatformwith a
mechanismasspecialastheDT-VGT, is anexcellentmilestoneonourquestfor modularcontrol.

It is unfortunatethat it hasnot beenpossibleto initialize or sustainthe parallel projectsthat
shouldhave boostedour efforts with respectto low level software and control, but we have
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managedto implementminimalisticsolutionsthatallow usto demonstrateour technology, even
if thereareclearlyroomfor improvementsonbothaccounts.
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Chapter 8

PA-10 interface

Although we have chosenthe DT-VGT robotic modulesasour primary demonstratorfor this
project,wefind theinclusionof thePA-10 robotto besignificantfor thefollowing reasons:� It demonstratesthatourGEECONscanbe

usedwith differentmechanisms� While the DT-VGT moduleshave many
advantages, they only have 3 degrees
of freedom, and a limited work space.
Adding the 7 degree of freedomPA-10
robotto aDT-VGT giveavery impressive
aggregatedrobotthatcombinestheadvan-
tagesof parallelandsequentialkinematic
mechanisms.

8.1 Description

A PA-10 robotsystemconsistsof a7 degreeof freedomrobotarm,connectedto aseparateservo
controllervia 2 40mmcables.

The arm

Thearmconsistof a basewith a rotationaljoint, and3 armsegments,eachwith a tilt androta-
tional joint. Thearmis idealfor accessingnarrow spaces,asit is very slender, symmetrical,and
hasa completelysymmetricalwork space.The 7 degreesof freedomensuresa redundantfor-
wardkinematicwhich enablesthearmto positionits tool in multiple ways,potentiallyavoiding
obstaclesin theenvironment.
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Thearmis poweredby 7 individual AC servo motorsembeddedin thearm,andcoupledto the
mechanicswith harmonicdrives.

Positionfeedbackis obtainedby two resolversfor eachmotor. Oneresolver monitorstheangle
of the motor shaft, while the other resolver monitors the angleof the joint in question. As
the harmonicdrivesarevirtually free of backlash,this setupenablesthe joint positionsto be
measuredwith tremendousaccuracy.

The cables

Onecabletransferspower to the7 motors,while theothercarriestheanalogsignalsfor the14
resolvers.

The servo controller

Theservo controllerfeaturesa 1kW power supplyfor theservo drivers,7 AC servo drivers,14
resolver interfaces,and4 digital signalprocessorsto controltheworks.

Thecontrollerimplementanindividual force(current)controlloopfor eachmotor, nestedinside
anoptionalvelocitycontrolloop. All communicationof commands,status,parameters,setpoints
andfeedbackis conductedthrougha verysimpleprotocolona5MbpsARC-netnetwork.

TheARC-netusedby thePA-10 controlleruseanopticalfiber media,thatcanonly connectto
onenodebesidesthePA-10 controller.

Communication

Whenthe robot is initialised andactivated,a vectorwith setpointsfor eachactuator— either
velocityor force— is transmittedto thecontrollerwith asampleperiodof nomorethan30ms.If
this interval is exceeded,thecontrollerdisablestherobotandissuesanerrorsignal.Eachvector
is transmittedin asingleARC-netpackage.

In responseto eachpackagewith setpoints,thecontrollertransmitsanARC-netpackagewith
positionfeedbackandstatusfor theactuators.

8.2 Observations

Robotarmslike thePA-10, doesnot fit completelywith our vision for a modularsystem,asthe
servo controlleris placedphysically distantfrom thearmitself. As themostlogical placement
for oneof ourgenericembeddedcontrolnodes(GEECONs)will beinside,or closeto thenative
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controller, the physical placementof the arm, will not be reflectedby the configurationof the
network connectingtheGEECONs.

Unlesswe want to strapa GEECONto the arm and run an optical fiber connectiondown to
the native controller, the centralcontroller software must be designedto allow somesort of
interventionto anautomaticconfigurationbasedon thenetwork topology.

8.3 ARC-net interface

All that is necessaryto interfaceour GEECONto the PA-10 is an ARC-net interfacewith ap-
propriateoptical transceivers. Thetaskof designingsuchaninterfacewasout sourcedto Mads
Lundstrøm,aspartof a bachelorthesisproject[Lundstrøm01]

Initially Madsusedour genericI/O systemto interfacea COM20022ARC-netcontrollerIC to
theGEECON.As it turnedout thattheCOM20022couldbeconnecteddirectly to theMicroline
bus of the DSP, with the aid of a few logical gates,we decidedto implementthe ARC-net
interfaceasa standaloneMicroline module,asno benefitscouldbegainedfrom integratingit
with thegenericI/O system.

8.4 Software

MadsLundstrømproceededto write thePA-10 control layersoftwarefor theGEECONs.Like
the softwarewritten to for the DT-VGT modules,the PA-10 softwarefeaturesan independent
control andexecutionloop, exchangingsetpointsthroughsharedmemory. Both theexecution
andcontrol loop is implementedasinterruptserviceroutines,drivenby timersandtheARC-net
interface.

MadsLundstrømworkedin parallelwith MichelBøllingtoft. In Michel’sbachelorthesisproject[Nielsen02],
a PCrunninga real-timeversionof Linux wasequippedwith anARC-netinterface,anda suit-
able ARC-net device driver was developed,in order to allow real-timeLinux applicationsto
communicatewith theGEECONs.

As a demonstrationof their respective projects,MadsandMichel successfullymadea simple
implementationof executionlayer softwarefor the GEECONaswell asthe centralLinux PC,
thatallowedthePA-10 to becontrolledon-linefrom real-timeapplicationson thecentralLinux
PC.
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8.5 Experience

MadsandMichaelsdemonstrationof on-linecontrolof a robotthroughthebackbonenetwork is
significant,asit demonstratestheGEECONsability to controla mechanicalunit in accordance
with a joint streambeingdeliveredon-linefrom acentralcontroller.

While the demonstrationsystemdevelopedby MadsandMichael is too simpleto be usedfor
morecomplex aggregatedrobots,their experienceis valuableto the further developmentand
systemintegration.

The developmentof the PA-10 interfacehave beenrelatively uneventful, as our prior experi-
encewith ARC-netaswell asthePA-10 have helpedto avoid majorproblems.Apart from the
mechanicaldesignof theARC-netinterface,we have beenableto useMadsLundstrømswork
unaltered,for severalsuccessfuldemonstrationsinvolving thePA-10 robot.

8.6 Conclusion

The PA-10 robot can be reliably controlledby the interface and software developedfor the
genericembeddedcontrol nodes(GEECONs),andwe have successfullyusedthe PA-10 with
it’s GEECONfor severaldemonstrations.

In additionto demonstratingthatour GEECONcancontrola PA-10 robot, it hasbeendemon-
stratedthatthey cancontrolahostmechanismin accordancewith a joint streamreceivedon-line
throughtheir integratedARC-net interface. The software involved in this demonstrationwas
developedaspartof two bachelorthesisprojects,which have providedvaluableexperienceand
ideasfor furthersystemsintegration.

8.7 Futur ework

The executionlayer softwaredevelopedby MadsLundstrømandMichael Bøllingtoft mustbe
rewritten in accordancewith the protocolsto be definedfor generalintegration betweenthe
GEECONsandthecentralcontroller.
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Chapter 9

Systemintegration

Duringthisproject,wehavesuccessfullyintegratedourgenericembeddedcontrolnodes(GEECONs)
with a DT-VGT roboticmoduleanda PA-10 industrialrobotarm. This local systemintegration
is describedin chapter7 and 8. In addition to theseapplications,the GEECONshave been
integratedwith variousotherequipment,externalto thisproject.

Figure9.1: Initial testof PA-10 robotaggregatedwith a DT-VGT module

In order to demonstratethe global systemsintegration involved in aggregating robot modules
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controlledby GEECONs,we have demonstratedthat theDT-VGT andPA-10 mechanismscan
beaggregatedandcontrolledasasinglemechanism,by attachingthePA-10 to theDT-VGT and
usingtheresulting10degreeof freedommechanismto spraypaintthepanof awheelbarrow. At
thispointwehavealsodefinedtheoverallarchitectureto beusedto integrateourprojectwith the
EU projectDockWelder, where2 DT-VGT modulesanda customizedrevolutejoint mechanism
will beaggregatedwith a6 degreeof freedomrobotarm.

The wheelbarrow demonstration,and the systembeingdesignedfor the DockWelderproject
representthe first stepstoward integratingour technologyinto a full scalerobotic system,and
aredescribedin moredetailbelow.

9.1 Central controller

TheGEECONshavesuccessfullybeenusedto controltheDT-VGT andthePA-10 asindividual
standalonesystems,but in orderto usetheDT-VGT andPA-10 asasingleaggregatedrobot,we
needto integratetheGEECONswith acentralcontrolnodethatcancontrolthemin acoordinated
fashion— seesection3.3.

Duringthisproject,wehavebeenplanningto cooperatewith OdenseSteelShipyard,to integrate
our distributedcontrollerarchitecturewith their Openmodularcontroller — seesection2.5,by
specifyingandimplementinga simplenetwork protocol,which would have allowedusto come
fairly closeto our original visionof a distributedcontrolsystem.

Unfortunately, OdenseSteelShipyard have recentlydecidedto abandonfurther development
and useof the Openmodular controller, leaving us no option for integrating our distributed
architecturewith anadvancedindustrialcontrollerwithin thisproject.

9.2 Painting a wheelbarr ow

To demonstratethe systemwithout OdenseSteelShipyard andtheir Openmodularcontroller,
we have cooperatedwith a numberof otherlocal partnersthathadan interestin demonstrating
anindustrialprocessperformedby anaggregatedrobot. Insteadof usinganon line centralcon-
troller, we have usedsomeof theessentialcentralcomponentsto obtainanoff-line specification
of therobotmotionandprocess.

As thedemonstrationwasperformedin cooperationwith thecompany MeganicAps, theSmart
painterresearchgroupandthemotionplanningresearchgroupsfrom theMærskInstitute,it was
in factseveraldemonstrationsin one.Wedemonstratedthat:� TheDT-VGT technologyis usefulfor industrialapplications.
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tool/nozzlepathsfor concaveobjects.� Thelocal researchgroupdedicatedto motionplanningcanconvert tool pathsto joint paths
for redundantrobotscontainingparallelkinematicelements.� It is possibleto useour GEECONsto control an aggregatedrobot in accordancewith a
givenjoint path.

Systemsetup

Although the componentsusedfor this demonstrationarequite loosely coupledandusedoff
line, they constitutesomeof themajorcomponentsof a centralcontroller. Thesameor similar
componentswill beusedin lateron-lineversionsof a centralcontroller, andhave indeedbeen
usedearlierin theOpenmodularcontrollerbeforeit’s termination.
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Figure9.2: Overview of planningsystemfor paintdemonstration

Figure9.2 shows thecomponentsusedto obtainthe joint pathsfor theaggregatedrobot. First,
modelsof thewheelbarrow andpaintnozzleareusedto specifya nozzlepath,combinedwith
a setpoint for the paint process— paint on/off in this case. The combinedpathandprocess
specificationis storedin a file for laterprocessing.

The motion plannerusea kinematicmodelof the aggregatedrobot, to transformthe tool-path
specificationinto pathspecificationsfor the 10 individual joints of the aggregatedrobot. The
processspecificationis encodedinto thejoint streamasan11. joint, andtheentirespecification
is storedin a joint file for laterprocessing.

Figure9.3shows thesystemusedto executethepathsgeneratedby theplanningsystem.

Two GEECONsareusedfor theaggregatedrobot. We equippedtheonecontrolling thePA-10
with a suitabledigital outputto turn the spraypaint on andoff. The joint file is first split into
individual files for the two control nodes. The files areconvertedto datamodules,which are
transferedto thetwo GEECONs.
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Figure9.3: Overview of executionsystemfor paintdemonstration

The GEECONsare synchronized,simply by issuingthe commandto executethe joint paths
simultaneously.

We have not yet integratedsafetysystemsinto theGEECONs,andrely on a crudebut effective
externalsafetysystemthatremovesthehydraulicandelectricalpowersupplyfrom themechanics
in caseof anemergency stop.

Experience

The only work neededto integratethe PA-10 robot and the DT-VGT with eachother, was to
attachthemmechanically, calibrate/measurethepropertiesof themechanicalconnectionthrough
externalmeans,andconnectingtheir GEECONsto thesamestart button. As theGEECONsof
this particulardemonstrationwerecontrolledwith commandsthroughtheir RS-232ports, the
start buttontook theform of aPCwith adualRS-232interface.

Whennetwork communicationis includedin theexecutionlayersoftware,thesystemintegration
will beevensimpler, astheRS-232connectionswill simply bereplacedby a commonnetwork
cable.

Thewheelbarrow demonstrationhave beenperformedseveral times,with differenttool paths.
Although the setupis rathersimple,it hasprovidedall partnerswith a reliableandconvincing
demonstrationof our respective technologies.Exceptfrom thecomplexity associatedwith using
the primitive setup,the only flaw we encounteredwasa tendency for the paint nozzleto clog
during painting,a problemthat hasto do with paint-chemistryandfluid mechanicswhich are
clearlyoutsidethescopeof ourproject.
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9.3 The DockWelder system

When we implement the
setup for the DockWelder
demonstration,we 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 system to re-
semblefigure9.5 Figure9.4: Sketchesof mechanicsfor DockWelder
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Figure9.5: Overview of executionsystemfor DockWelderdemonstration

Oneof our foreign DockWelderpartnersarein charge of controlling the Motomanrobot arm,
andit is not to beincludedin themodularcontrolsystemat this time.

The systemstructureis somewhat similar to the systemusedfor the paint demonstrationde-
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scribedabove. Theprimarydifferenceis thatjoint streamswill betransmittedonline, ratherthan
storedin theGEECONs,andthatwewish to integratethesafetysystemwith theGEECONs.

TheDockWeldersystemwill alsofeaturemanualcontrolof theentireaggregatedrobot,except
theMotomanarm,from thecentralcontroller.

Thesystemwill not featureon line motionplanning,asthe joint files will still begeneratedin
advance,for off line executionat a laterpoint.

In theinitial system,therevolutejoint andthetwo DT-VGT’swill beusedexclusively asaplacer
mechanismfor the Motomanarm,andthe Motomanarm will not move simultaneouswith the
restof theaggregatedrobot.

9.4 Conclusion

We have successfullyintegratedtwo differentmechanicalmodules,controlledby our generic
embeddedcontrolnodes(GEECONs),into a10degreeof freedomaggregatedrobotmanipulator,
anddemonstratedit’s ability to performa typical industrialprocess.

Thedemonstrationhaveshownthatintegrationof mechanicalmodulescontrolledbyourGEECONs
is primarily a matterof mechanicalconnection,asno signalsapartfrom theGEECONcommu-
nicationneedto beconnectedto acentralcontroller.

Thewheelbarrow demonstrationandtheproposedDockWelderdemonstrationsystemrepresent
thetwo first stepstowardutilizing thepotentialof mechanicalmodulescontrolledby GEECONs.

9.5 Futur ework

The majority of work within systemintegration clearly lie in the developmentof the central
control node. This developmentis currentlyonly supportedby a singlePh.D.project,which
is hardlyenoughto ensurethatour modularcontrol architectureevolvesinto a practicaluseful
system.

We suggestthat cooperationwith externalpartnersis initiated, in orderto investigatethe pos-
sibility of integratingour distributedmodularcontrollerswith existing controller technologies
suchasTheGENERIScontrollerdescribedin section2.5. At the sametime it would not bea
badideato strengthenthelocal researchanddevelopmentin high level controllertechnology.
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Chapter 10

Experienceand discussion

Duringthisprojectwehaveworkedwith, developedandintegratedseveralinterestingsubprojects
andtechnologies.In this chapterwewill summarizeandcommentonour mainexperiences.

10.1 Genericcontroller modules

During this project,we have outlined,designedandimplementeda genericcontrollerplatform
thathaveallowedusto experimentwith anddemonstrateour ideaof agenericembeddedcontrol
node(GEECON).

WehavesuccessfullyplacedanexperimentalDT-VGT parallelkinematicmanipulatormoduleas
well asa conventionalindustrialrobotunderthecontrolof our genericcontrollerplatform,and
successfullydemonstratedthatthetwo mechanismscanbeaggregatedandcontrolledasasingle
manipulator.

In additionto our own experiments,our genericcontrollerplatformhave beenusedin a number
of unrelatedprojects,whereit hasbeeninterfacedto:� An experimental ultrasonic scanner, where the controller modulerecordedand pro-

cessedanalogdataat a samplerateof 60MHz, passingtheprocesseddataalongat a rate
of 5MHz.� A prototype DoubleOctahedron variable geometrytruss, wherethecontrollermodule
interfaceddirectly to electricalmotors,andperformedthe sametype of positioncontrol
usedfor theDT-VGT andPa-10robotin thisproject.� A mobile robot, wherethecontrollerinterfaceddirectly to electricalmotorsandvarious
externalsensors.

The experiencegainedfrom all theseprojects,alongwith a numberof minor experiments,all
infer that our genericcontrollertechnologyis sufficiently flexible to interfaceto any sensoror
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actuatortechnologyin our experience.This is supportedby our demonstrationof interfacesfor
awiderangeof analoganddigital signals,aswell asparallelandserialcommunicationsystems.

Our main concernwith respectto the GEECONflexibility is that the numberof I/O signalsis
limited, by the numberof pinson theFPGA usedon the GEECONmotherboard1. This might
eitherlimit thecomplexity of mechanicalhostmodules,or forceusto expandtheI/O systemof
theGEECON.TheI/O systemcanbeexpandedby addingadditional(FPGAbased)I/O boards
to the Microline bus, or by redesigningthe motherboardto acceptan FPGA with more I/O
pins. As FPGA’s exist with over a thousandI/O connections,we concludethatthis limitation in
GEECONflexibility is causedby ourspecificdesign,ratherthanthepropertiesof theunderlying
technology.

In section3.6werecommendedto “aim for ashighI/O bandwidthaspracticalconvenient”based
on examplesof interfacelayercomponentswith bandwidthswell into theMHz range.We also
estimateda minimum requirementof 4kHz per signal. The I/O performancedemonstratedby
the GEECONin someof the above applicationsis well in compliancewith both requirement
andrecommendation.In fact, we have never experienceda mechatronicsystemrequiringI/O
performancein excessof our system,nordoweexpectto find one.

In orderto allow ourgenericcontrollerto beintegratedwith theDT-VGT andothersystemsthat
imposestrict demandson thecontrollersize,we have designeda very compactcontrollerplat-
form, thatcanbeaccommodatedby arectangularspacedown to approximately� ������� � cm. It
hastakenseveraldesigniterationsto arriveatsuchacompactdesign,andourprimarymotivation
to go this far is our commitmentto deliver practicalprototypesfor theDT-VGT mechanism.In
our experience,the currentGEECONis small enoughto be embeddedwithin most industrial
mechanismsor their native controllers. It is not possibleto achieve further significantsizere-
ductionwith the technologyusedin this project. A morecompactGEECONmay however be
realizedby abandoningthecommercialCPUplatformin favor of anentirelycustomizeddesign.

In chapter3, we estimatedthat a performanceof 1 million operationsper secondis sufficient
to implementsimplecontrol laws, for a GEECONhandlingup to 10 actuators.Our GEECON
utilizesacommerciallyavailableDSPmodulewith aperformanceof 40MFLOP/20MIPS,giving
usmorethansufficient processingpower to controla DT-VGT or a PA-10, with our currentlin-
earcontrollaws. As compatibleDSPmoduleswith performanceupto 900MFLOPareavailable,
we assumethatour controllerplatformwill beableto supporttheprocessingdemandsof most
industrialmechanisms,even if they demandmoreadvancedcontrol algorithms.TheCPUper-
formancerating is theoretical,andthe practicalperformancerelieson the programmersability
to utilize theCPUarchitectureefficiently. Thecontrol laws andcorrespondingsoftwareof our
demonstrationsystemsareexceedinglysimple,so theefficiency of the implementationhasnot
beenanissue.Whenmorecomplex control laws andsoftwareis developed,caremustbetaken
to ensureasufficiently efficient implementation.

Although we have beenusingthe controllermodulesextensively for experimentsanddemon-
strations,wehaveexperiencednotechnicalproblemsbeyondsimpleassemblyandprogramming

1In thecurrentdesign,58 FPGApinsout of 208areallocatedto GEECONI/O
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mistakes. As our currentprototypesareonly designedfor laboratoryuse,it is irrelevant to test
themin accordancewith industrialstandards,but we areconfidentthatour technologywill pass
therelevanttestsoncetheconnectorsalongwith theenvironmentalandelectromagneticsealing
havebeenupgradedfor industrialuse.

10.2 Aggregatedmodules

Eventhoughwewerepreventedfrom integratingourdistributedcontrollerswith thecentralcon-
troller technologydevelopedby OdenseSteelShipyard,wehaveexperimentedwith, anddemon-
stratedtheability to aggregatetwo verydifferentmechanismscontrolledby ourGEECONs,and
usetheaggregatedmechanismasanintegratedsystemthatcanperformindustrialprocesses.As
describedin chapter9, this demonstrationwent well andwe arelooking forward to extending
thesystemwith moremechanicalmodulesandamoresophisticatedcentralcontroller.

During our interactionwith theDockWelderproject,anad-hoccentralcontrollerwill beimple-
mented,in orderto controlthemechanicalmoduleson-line.As theprimarysoftwarecomponents
of acentralcontrollerarestill availablein thelocal roboticscommunity, weareconfidentthatthe
ad-hoccontrollerbeingdevelopedfor DockWeldercanevolve to utilize the full benefitsof our
distributedlow level controllerarchitecture,includingautomaticor semi-automaticconfiguration
basedon thephysical topologyof themodularmechanism,andthusthenetwork of distributed
nodes.

10.3 The DT-VGT

During our experimentswe have gainedsubstantialexperiencewith theDT-VGT andthe tech-
nologyusedto implementit. Muchof theexperienceis irrelevantto thisproject,asit regardsthe
mechanicaldesignof theprototype,but it hasbeenwelcomedby thecompany Meganic,which
have incorporatedmuchof theexperiencegainedin their designfor thenext prototype.

It hasbeenvery interestingto work with hydraulicactuators,andalthoughthey arehighly im-
practicalcomparedto electricmotors,our experiencewith thetechnologyhave beenquiteposi-
tive. Wewereableto suggestapromisingmethodfor modellingactuatorresponse,whichcanbe
usedto devisecontrolalgorithmswith betterperformancethanthesimplelinearregulatorused
for presentdemonstrations.

We are impressedwith the performanceof the DT-VGT, which seemsto be a very promising
technologyfor tasksrequiringslenderhigh strengthmechanics,with high dexterity regarding
angulardisplacement.At thesametime theDT-VGT is almostidealto demonstratethebenefits
of modularcontrol,astheDT-VGT is averyclearlydefinedmechanicalmodulethatlendsitself
to modularcontrol.
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10.4 Generic I/O

One of our main sub projectshave beenthe developmentof a flexible I/O systembasedon
FPGA’s (FieldProgrammableGateArrays). It is this technologythathaveenabledthecombina-
tion of flexibility andcompactnessnecessaryto implementthesmall,yet powerful andflexible
controllerplatformsusedfor theGEECONs.

TheI/O systemallow usto transfera lot of thefunctionalityusuallyimplementedwith dedicated
hardware,to a reconfigurabledigital system,thatcanbeconfiguredandreconfiguredto handle
anextremevarietyof I/O functions,withoutany physicalchanges.

Our I/O systemcannot completelyremove the needfor dedicatedhardware,but reducesthe
amountandcomplexity of thededicatedhardwareto a very modestlevel comparedto conven-
tional I/O systems.

Theflexibility of our I/O systemenableusto interfaceto virtually any electricalsystem,reduce
developmenttime dramatically, allow usto optimizetheI/O logic to thespecifictask,andallow
usto alter, debugandimprove theinterfacewithout changingthephysicalconfiguration.

TheI/O logic in our systemis designedasa modularsystembasedon thehardwaredescription
languageVHDL. Thisapproachenableusto moveI/O componentsacrossperipheralbussystems
andcomputerplatforms,so I/O componentscaneasilybe reusedin very differentapplications
oncethey havebeendeveloped.Thisprinciplehavebeendemonstratedin parallelprojects,where
our I/O systemhavebeenusedwith the IndustryPack andPCI peripheralbusses.

We find our approachto I/O very interestingfor researchanddevelopmentprojectsandfor any
environmentthatneedsrapidprototypingof I/O systems.

10.5 Network technology

As discussedin chapter3, thebandwidthandlatency of theback bonenetwork chosenfor our
distributedcontrolsystemis crucialto its success,andfutureapplications.

In order to benefitfrom stateof the art network technology, we have investigatedIEEE-1394
or FireWire asa possibletechnologyfor theback bonenetwork. We foundthetechnologywell
suitedfor thisapplication,asit supportsisochronoustransferratesandlatenciesof 800Mbps/250��� ,
which is substantiallybetterthanour 2Mbps/ 500��� minimum requirement.Unfortunatelyit
turnedout thatnot all hardwareandsoftwareimplementationsutilize thepotentialof the tech-
nologyin anefficient way. TheFirewire interfacesavailablefor our CPUplatformturnedout to
bepremature,andwereabandonedin favor of thewell provedARC-net.

Due to our previous experiencewith ARC-net,its integrationinto this projecthave not caused
any surprises.With bandwidthsof upto 10Mbpsandevenanddeterministicaccessfor thenodes
to transmit,it is quitewell suitedfor our application.Its latency dependon variousparameters
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relatedto thenumberof nodesandtheprotocolimplementedby thecontrollersoftware,socare
mustbetakento implementprotocolsthatkeepthelatency sufficiently low.

ThoughARC-netis substantiallyslower thanFireWire, it still hasexcessive bandwidthin com-
parisonto our estimatesof theneedsfor practicalindustrialapplications.Theadditionalband-
width canbe usedto ensurecompliancewith demandsin excessof our estimates,or it canbe
setasidefor future integrationof e.g. externalsensors.In orderto ensurethe integrity of the
network, suchsensorsmustbe integratedwith a GEECONand the communicationprotocols
mustbedesignedto accommodateisochronousdatawhich is not directly relatedto themotion
control.

10.6 Referencemodel

The controllerreferencemodeldevelopedin orderto provide a framework for descriptionand
discussionof our work, have workedquitewell. As it is not intendedasa designor implemen-
tationmodel,it hasnot resultedin any physicalexperience,but is hasprovedto bevery useful
whendiscussingcontrollertechnologywith our partnersandassociates.

As our referencemodelis inspiredby previousexperiencewith controllers,wearenotsurprised
by the fact that our controllerarchitecturehasa strongresemblancewith the referencemodel,
andit is quitepossiblethatour referencemodelcouldbeexpandedinto usefuldesign-or even
implementationmodels.

10.7 Hardware / Softwareco-design

We have beenextremely impressedwith the developmentmethodandthe designpossibilities
offeredby ouruseof reconfigurablelogic in theI/O system.Wehaverecognizedthatthisdevel-
opmentmethod— co-designof hardwareandsoftware— mayhave a profoundimpacton the
way computerapplicationsaredeveloped.Reconfigurablelogic allow the applicationdesigner
to increasethesystemperformanceby implementingvariousfunctionality in hardware. Beside
I/O applicationsthesecouldbe:� Specializedmemory, e.g.multi port,queues,andmonitors.� Specializedlogic functions,e.g.endianconversion.� Algorithms,e.g.transformationsandfiltering.

Complex reconfigurablelogic deviceslikeFPGA’shavebeenavailablefor roughlyadecade,and
they have becomevery commonin moderncomputercomponents.We aresurprisedthathard-
ware/softwareco-designdoesnot seemto be in commonpractisewith applicationdevelopers,
but that theuseof reconfigurablelogic seemsto bereservedfor electronicengineers.We spec-
ulate that the traditional hardware/software partitioningof computersystemshasbecometoo
deeplyrootedwith theresearch,andeducationcommunities.Thepartitioningmayindeedhave
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becomea preconceptionthat inhibits a possibleconvergencebetweenhardware and software
development.
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Conclusion

During this projectwe have reachedour main goal by developinga genericembeddedcontrol
node(GEECON),thatis ableto transformawiderangeof industrialmechanismsinto intelligent
modulesthatcanbeincorporatedin amodularcontrollerarchitecture.

We have demonstratedthe technologyby integratingit with two very differentrobot modules.
Theprimarydemonstrationmoduleis theexperimental,hydraulicpowered,3 degreeof freedom
(DOF), parallelkinematicmodule(PKM), known a doubletripod variablegeometrytruss(DT-
VGT).1 Thesecondarymoduleis theMitsubishiPA-10 conventional7 DOFroboticarm. 2

The ability to integraterobotic modulescontrolledby GEECONshave beendemonstratedby
connectingthePA-10 to theDT-VGT, andusingtheaggregated10 DOF robot to spraypainta
wheelbarrow. 3

Wehave reachedourgoalusinga reactive projectmodel,thathaveallowedusto adaptto avery
dynamicandchallengingprojectenvironment.4 The reactive modelhave enabledus to benefit
from corporationwith anarrayof partners,rangingfrom engineeringstudentsto theparticipants
of theEU projectDockWelder.

This projectis partly financedby theEU projectDockWelder, wheretheGEECONfor theDT-
VGT representan importantcontribution. Our commitmentto deliver working prototypesfor
DockWelder, have emphasisedtheengineeringaspectsof theproject,andhelpedusto focuson
usabilitythroughoutourwork.

1Seechapter7
2Seechapter8
3Seechapter9
4See“Foreword”
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Key technology

We have obtainedour resultsfrom integrating3 key technologies:a CPU,a network andanI/O
systemto form theplatformfor aGEECON.Thearchitecture,technologiesandcomponentshave
beenchosenor designedto complywith demands,parametersandsuggestions,derivedfrom our
overall experienceandassumptionsaboutpracticalindustrialmechanics.5

Our main contribution to the the GEECONtechnologyis the flexible I/O system,that allow a
significantlybettertradeoff betweenperformance,compactnessandflexibility thanconventional
embeddedtechnology.6

The flexibility have beendemonstratedby engagingthe GEECONsandthe I/O technologyin
a varietyof projectsandexperimentsin- aswell asoutsidethis project. Thecompactnesshave
beendemonstratedby implementingGEECONplatformsfor the PA-10 and DT-VGT, which
only measures

��� � ��� � cm.7 Theperformanceis evident from thespecificationsof thesub-
components,but have alsobeenpartly demonstratedin an externalproject,wherea GEECON
prototypewasusedascontroller, I/O interfaceandpreprocessorfor anexperimentalultrasonic
scanner, demonstratingI/O bandwidthsup to 60MHz.

Hardware/softwareconvergence

The reconfigurablelogic usedin the I/O systemis closely integratedwith the CPU, its func-
tionality is specifiedin a languagequite similar to conventionalprogramminglanguages,and
it’s configurationcanbe changedor updatedat any time. This effectively blurs the traditional
sharpborderbetweensoftwareandhardware,asit becomespossiblefor the applicationdevel-
operto changethesystemhardwareaseasilyashechangesthesoftware. It is evenpossibleto
let thesoftwarespecifyor changethehardwaredynamically, or specifyprogram-executingstate
machines,e.g.CPU’s for thereconfigurablehardware.

While our GEECONsstill rely on anapplicationspecifichardwarelayer for e.g. signalcondi-
tioningandconversion,thewaythis layeris interfacedto softwarehaschangeddramatically. We
have usedthereconfigurablehardwareto adaptthe functionalityofferedby thestatichardware
to thearchitectureof theCPU,aswell asto ourpreferredlow level softwarearchitecture.

Theco-developmentof softwareandI/O logic have allowedusto interfacethecontrolsoftware
of theGEECONsto thehardwareof e.g.theDT-VGT in anoptimalway. Both thesoftwareand
theapplicationspecifichardware(signalconditioningetc.) usedfor this projectis significantly
simpler, morecompactandelegantthantheir counterpartsin previousprojects.

The hardware/softwarepartitioningof traditionalcomputersystemsarisebecausesoftwarede-
velopmenthastraditionallybeenmuchmoredynamicthanhardwaredevelopment.Theinclusion

5Seechapter3
6Seechapter5
7Withoutenclosureetc.
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of reconfigurablelogic changesthat balance.Application designerswho areadeptat interdis-
ciplinary developmentin thefields: software,digital design,andelectronics;canusereconfig-
urablelogic to remove the borderbetweenhard-andsoftware,seriouslychangingthe way we
look at computersystemsandapplications.

Systemsintegration

Our I/O architectureenabletheGEECONsto beinterfacedto virtually any mechatronicsystem
by implementinganapplicationspecificdaughterboard.8 Thedaughterboardprovidesthenec-
essarysignalconditioningandconversionbetweenthe reconfigurablelogic of our I/O system
andthemechatronicsystem.

Theuseof reconfigurableI/O logic givesagreatdegreeof freedomto thedaughterboarddesign,
which simplifiesthedesignprocess,andenablesrapiddevelopmentof daughterboardsaswell
asexperimentalinterfacesfor differentapplications.During this project,daughterboardsand
experimentalinterfaceshave beendevelopedfor theDT-VGT, thePA-10, theultrasonicscanner
mentionedabove,aswell asanumberof otherminor projectsandexperiments.

The softwaredevelopedto demonstratethe DT-VGT and the PA-10 modulesfeatureposition
controlof the individual actuators,andallow theactuatorsto becontrolledon-line throughthe
GEECONsnetwork, or off-line by downloading joint path descriptionsto the GEECONsin
advance.

Theability to integrateintelligentmechanicalmodulesinto aggregatedrobotsweredemonstrated
by connectingthePA-10 andtheDT-VGT, andletting theirGEECONscontrolthemin synchro-
nisedmotionthatallowedtheaggregatedrobotto spraypainta wheelbarrow.9

Contrib ution

This projecthave contributedto theknowledge,understandingandresearchin roboticsandau-
tomationin anumberof ways.

Thedevelopmentof a practicalcontrollerfor theDT-VGT mechanismis animportantcontribu-
tion to the furtherdevelopmentof variablegeometrytrusses,wherethe roboticscommunityof
Odenseholdsa leadingposition.

We have introduceda genericembeddedcontrol node(GEECON)that is sufficiently compact,
powerful andflexible to beembeddedinto, integratedwith andcontrolmostpracticalindustrial
mechanisms.As we have demonstrated,theGEECONcanbeusedto transformexisting indus-
trial mechanicsinto intelligent mechanicalmodulesthat caneasilybe integratedinto complex
modularsystems.

8Seesection4.3
9Seesection9.2
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TheGEECONtechnologyhasbeenintroducedin variouscontexts relatedto roboticsaswell as
otheraspectsof embeddedcontrol,andit is beingadoptedby theroboticsgroupat universityof
southernDenmarkasthepreferablelow level controllertechnologyfor experimentalrobotics.

Theability to useexistingmechanicsasbuilding blocksfor modularrobotsincreasethefeasibil-
ity of experimentalandtemporaryroboticsystems.This will benefitresearchanddevelopment
(R&D) of industrialrobotics,aswell asindustrialuseof robotsin temporaryor dynamicproduc-
tion lines.

Thedemonstrationof hardware/softwareco-designin theGEECONI/O systemis anillustration
of currentandemergingpossibilitiesin computerengineering.It underlinesthegreatimportance
of interdisciplinaryinsightto efficientcomputersystemsdevelopment.At thesametimeit points
to reconfigurablelogic andHW/SW convergenceasa very importantareafor R&D aswell as
educationwithin thefield of computersystemsengineering.

This projectspana wide areaof topics,technologiesanddisciplines,which have successfully
beenbroughttogetherto form a working modularcontrolsystemfor industrialmechanics.The
control systemis an enablingtechnologyfor further local R&D of variablegeometrytrusses,
andis a major contribution to the ambitiousEU projectDockWelder. The projectis in itself a
demonstrationof thebenefitsof interdisciplinaryR&D in computersystemsengineering,andis
animportantcontribution to thelocal computersystemsengineeringenvironment.
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Futur ework

In this chapterwe will discusstheopportunitiesfor futureresearchanddevelopment,while we
refer to theFuture work sectionsof thetechnicalchapters(4 to 9) for descriptionsof theminor
technicalissues.

12.1 Genericembeddedcontrol nodes(GEECONs)

Wearequitesatisfiedwith thecurrenthardwarearchitectureof theGEECONs,andestimatethat
it cansupportrelevant projectsfor someyearsto come. As OrsysGmbhcontinuesto support
andupgradetheMicroline rangeof CPUmodulesusedin thecurrentGEECON,thesupplyof
CPUmodulesdoesnot appearto becomea problem. It might however bedesirableto become
independentof Orsysas the only supplierof CPU modules,which can be accomplishedby
developinganindependentMicroline compatibleCPUmodule,or by designinganew generation
of GEECONswith e.g.integral CPU.

Thecurrenttrendin reconfigurablelogic is to integratepowerful CPU’s andlargeRAM blocks
with increasinglycomplex gatearrays,on the sameIC. This developmentmakesit possibleto
implementmostof a GEECONin a singeIC, with power supplyandsignalconditioningbeing
theonly externalcomponents.In light of this trend,we recommendconsideringthis technology
for thenext generationof GEECONs,asit canmaketheGEECONssubstantiallysmallerwithout
compromisingtheflexibility andperformanceof thecurrentarchitecture.

As describedin chapter9, theGEECONswill be integratedwith themechanicalmodulesused
in the DockWelderEU projectduring the springof 2003. The roboticsgroupof university of
southernDenmarkis currentlyplanningto participatein annumberof industrialprojects,where
theGEECONswill be integratedwith variousplacermechanismse.g. mechanicallifts. In ad-
dition to externalprojects,we have plansto equippreviousroboticprototypesandexperimental
systemswith aGEECONsin orderto ensurecompatibilitybetweentheexperimentalsystemsof
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the local roboticsresearch.Theseupgradeswill be out sourcedto student,in orderto provide
educationin low level controlandGEECONknow how at thesametime.

12.2 Network

As thereareobviousadvantagesto usinga fasterandmorepopulartechnologythanARC-NET,
we recommendthat thenetwork technologyis reconsideredwhena new generationGEECONs
aredesigned.We recommendtaking a secondlook at FireWire, but as thereis a tremendous
developmentin computernetworks,otheroptionsmayprove interestingat thattime.

12.3 Central controller

The centralcontroller currently holds the greatestpotential for improvements,as it currently
existsonly asdiscretesoftwarecomponents.An ad-hoccentralcontrollerthatsupportson-line
controlof a modularrobot,will beoperationalwithin thesummerof 2003. In orderto harvest
thefull potentialof our modulararchitecture,we needa centralcontrollerthatcaninteractwith
theGEECONswith respectto configurationaswell asmotionandprocess.

We recommendthat the local researchanddevelopmentof controllertechnologyis intensified,
andthatlocalresearchersengagein cooperationwith organisationsthatpossesrelevanthighlevel
controllertechnologyandexperience.

12.4 Reconfigurablehardware

Thedevelopmentof a flexible I/O systembasedon reconfigurabledigital hardware,hasbeena
veryimportantsubprojectfor thiswork,andit hasproveninterestingto otherfieldsthanmodular
control.

In this projectwe have relied on staticanaloghardwarefor muchof the necessarysignalcon-
ditioning. As reconfigurableanaloghardwareis currentlyemerging asa feasibletechnology, it
will beinterestingto researchthepotentialof this technologyaswell.

We find the possibilitiesofferedby reconfigurablehardware,to allow hardware-andsoftware-
designto convergeextremelyinteresting.This technologyhaveprovenparticularlyusefulin I/O
systems,but might alsoaffect other aspectsof computersystemsdevelopment. Many trends
point toward the future importanceof reconfigurablehardware, and we strongly recommend
further researchanddevelopmentin this field, both in relationto control technology, andasan
areain itself.
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Appendix A

Danishsummary

Baggrundenfor detteprojekter det lokaleudviklingsog forskningsarbejdedersidenstartenaf
1990’erneharfundetstedindenfor omr̊aderne:

� Generelbevægelsesplanlægningtil industriellerobotter.

� Specialbyggederobottertil anvendelsei bla. skibsbygning.

Det har vist sig at denmesteffektive mådeat designeog konstruereavancerederobottermed
mangefrihedsgrader, eratbyggedemopvha.forskelligemekaniskemodulerderhverisærharen
bestemtfunktion. Nogleaf dissemodulerkanværekommercielttilgængeligeenhedersomf.eks.
enalmindeligindustrirobot,mensandremodulerkanværespecialbyggedetil etbestemtformål,
somf.eks.MeganicApS’ DT-VGT. Kompleksesammensatterobotterkansånemtfremstillestil
forskellige formål vedatsættedegrundlæggendemekaniskemodulersammenpå forskellig vis.

Formålet meddetteprojekt er at udvikle en generelindlejret styredatamat,der kan indbygges
i de forskellige mekaniske moduler, og dermedtransformeredemtil intelligenteselvstændige
robotmoduler, derkankoordineresaf encentraldatamatblot vedat samledemog forbindedem
til et fælleskommunikationsnetværk.

Rapportenbegyndermedat beskrive og sammenlignerelevanteomr̊aderaf modulærrobotte-
knologi,generellerobotcontrollereog indlejrederobotcontrollere(kapitel2).

I kapitel3 foresl̊asenpassendearkitekturtil engenerelmodulærrobotcontroller, derbaserersig
på et netværkaf små fleksibleog kraftfulde indlejrededatamater, der tagersig af lokal styring
af deenkeltemekaniske moduler. Al overordnetstyringaf densammensatterobothåndteresaf
en centralenhed,og de forskellige enhederkommunikerervia et fællesnetværk.Dencentrale
enhedliggerudenfor voresemneomr̊ade,dadennefunktionkanvaretagesaf tidligereudviklede
robotcontrolleresomf.eks. OdenseSt̊alskibsværftsOMC controller. Der opstillesdernæstkrav
oganbefalingertil forskelligeaspekteraf deindlejrededatamatersspecifikationer, fleksibilitetog
ydeevne.Dissekrav udledesfra voreskendskabog forventningertil industriellerobotsystemer.
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I kapitel3 beskrivesdenoverordnedeudvikling af deindlejrededatamaterderskalfungeresom
platformfor voressystem.Datamaternebyggesaf trehovedkomponenter:

� Et kommercielttilgængeligtCPUmodul,dersenerekanopgraderesmht. ydeevnemm.

� Et Motherboard derrummerstrømforsyning,netværksinterfaceog Input/outputlogik.

� EtDaughterboardderrummerdespecifikkekredsløbderernødvendigefor atsammenkoble
datamatenmedenbestemtmekanisme.

.

DetI/O systemvi harudviklettil denindlejrededatamaternøglentil atopn̊aetmegetfordelagtigt
forhold mellem størrelse,ydeevne og fleksibilitet. Voresarbejdemed I/O systemeter derfor
beskrevetudførligt i kapitel5.

Den konventionellemådeat realisereet fleksibelt I/O systempå er ved at basereden på I/O
hardwaremoduler, somvi kenderdemfra ISA, PCI, VME, IndustryPack etc. Dennepraksis
giver ganske vist stor fleksibilitet, men den kræver meget pladsog er derfor hæmmendefor
udviklingenaf engenerelindlejretdatamat.

Vi erstatterde konventionelleI/O modulermedprogrammerbarlogik, i form af en Field Pro-
grammableGateArray (FPGA),der placerespå datamatensmotherboard. FPGA’en kan kon-
figurerestil at udførestortsetalle digitalefunktioner, og kandermedkonfigurerestil at fungere
somI/O interfacemellemCPUmoduletogdenydreverden.

FPGA’ensgrænsefladeer digitalesignaler, så et vist omfangaf signaltilpasningog konvertering
ernødvendigfor atforbindeFPGA’en til denydreverden.Vedatplaceredenødvendigekredsløb
til dettepådatamatensdaughterboard, kanvi nøjesmedatudvikleetforholdsvistsimpeltdaugh-
terboardtil hvertmekaniskmodulvi ønskerat tilkoblevoresindlejrededatamat.

FPGA’en konfigureresi et hardwarespecifikationssprog(VHDL) der minderom kendtepro-
grammeringssprog,ogogs̊a tilladeratudviklemodulæredesigns.Vedatudnyttedetteopbygges
et bibliotekaf digitaleI/O funktionerderkangenbrugesi forskelligesammenhænge.

I kapitel6 gennemg̊asvoresarbejdemednetværksteknologi. Førstgivesenoversigtover pop-
ulæreog relevantenetværksteknologier, og dernæstgivesenmeregrundiggennemgangaf deto
teknologiervi hararbejdetmedi detteprojekt.

Danetværketskaloverføredataderertidskritiske,ogsamtidigthavesåstorkapacitetsommuligt
harvi førstforsøgtatanvendeIEEE-1394ellerFireWire,dadetunderstøttertidskritiskdatatrans-
missionmedop til 800Mbps.Firewire er umiddelbartmeget velegnettil detteprojekt,menvi
var nødttil at fravælgedet fordi det firewire modul af det programmelder var til rådighedfor
voresCPUmodulerikkevar tilstrækkeligt effektivt.

Somerstatningtil FireWire harvi valgtARC-net,dereretpålideligtoggennemprøvet tokenbus
netværktil industrieltbrug. Vi harendel erfaringmedARC-net,og kunnenemtimplementere
enpassendeløsning.
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I kapitel7 beskriver vi hvordanvi harkobletMeganicApS DT-VGT modulsammenmedvores
indlejrededatamat.Dettearbejdeindbefatterbla. udvikling af enpassendeforstærker til mod-
uletshydraulikventiler, overvejelserom strømforsyning,implementationaf passendedaughter-
board, konfigurationaf FPGA,udvikling af demonstrationsprogrammel,genbrugaf regulering
fra et tidligereprojekt,ogovervejelerommodelleringaf moduletshydrauliskesystem.

I kapitel 8 beskrivesdet hvordanen Mitsubishi PA-10 robotarmkoblestil en indlejret datamat
vha.et ekstraARC-netmodulogudvikling af passendedemonstrationsprogrammel.

I kapitel 9 beskrives integrationenaf en DT-VGT og en PA-10 robot, der begge styresaf en
indlejretdatamat.Foratdemonstreresystemetharforskelligelokaleforskningsprojekterbidraget
til at enopstilling hvor densammensatterobotkanbrugesi enindustrielproces,i dettetilfælde
at sprøjtemaleentrillebør.

Vha. en CAD modelaf trillebørenog malersprøjtenhar robotgruppenved MærskMc-Kinney
Møller Instituttet for produktionsteknologi(MIP) først beregnet en passendebanefor maler-
sprøjten.Dennebaneer sammenmedenCAD modelaf robottenbrugt til at beregnebanerfor
robottensindividuelleaktuatorer. Dissebanerer overført til de respektive indlejrededatamater
i densammensatterobot,og datamaternefår derefterderesværtsmekanismertil at udføreden
samledebevægelsesynkroniseretaf encentralcomputer.

Kapitlet afsluttesmeden beskrivelseaf en tilsvarendemenmereavanceretdemonstrationsop-
stilling deri øjeblikket forberedestil EU projektetDockWelder.

Kapitel10erenevalueringogdiskussionaf devæsentligsteerfaringerfra projektetdereroverve-
jendepositive,medmegetfå betænkelighederang̊aendedetudvikledesystem.

I kapitel 11 konkluderervi at projekteter vellykket, og hæfteros isærved voresbrug af kon-
figurerbarlogik somdennøgleteknologider har gjort det muligt at fremstille en tilstrækkelig
kompakt,fleksibelog kraftig indlejret datamat.Samtidigterkendervi at rekonfigurerbarlogik
har et stort potentialefor at skabekonvergensmellemprogrammelog elektronik,hvilket kan
givestorefordelefor udviklingenaf applikationerindenfor mangeaspekteraf datateknologi.
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Appendix B

Publishedpapers

Duringourwork with modularcontrollers,wehavecontributedto anumberof publishedpapers,
asdescribedin thefollowing pages.Thearticlesthemselvesareplacedin AdobePDFformaton
theaccompanying CD-ROM.
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B.1 Designof Double-Octrahedral VGT Manipulators

Published: VDI BERICHTE 1427“Neue MaschinekonzepteMit ParallelenStrukturenFür
HandhabungUndProduktion”,1998

Authors: � Dipl. Ing. O. G. Jakobsen� Dipl. Ing. S.A. Larsen� M. Sc.A. S.Sørensen� M. Sc.N. J.Jacobsen
Abstract: This paperpresentsa 19-degreesof freedomprototyperoboticmanipulatorbuilt

with thepurposeof demonstratingthepotentialof theparallelmechanismcalled
a VariableGeometryTruss(VGT). The VGT mechanismis characterizedby a
highrigidity-to-weightratioandhasits advantagesin long-reachor high-payload
tasks. All previous VGT designsarefound within the field of spaceor nuclear
wasteoperations.However, this manipulatoris aimedfor conventionalindustrial
purposes.This paperpresentsthe intendedapplicationof the manipulator, the
VGT technology, workspacestudies,auniquezero-offsetjoint, rigidity analyses,
andthecontrolstrategies.

My contribution: This paperfeaturesa descriptionof my very first attemptat a modularem-
beddedcontrolarchitecture,basedonconventionalindustrialcomputers.

File: Papers/vgtvdi.pdf

Co. author statement:

As co-authors,weacknowledgethatAndersStengaardSørensenhavecontributedto thepaper
asstatedabove.

Ole Grå Jakobsen Niels Jul Jacobsen
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B.2 A developmentof parallel robotic modulesfor long reach
applications

Published: Proceedingsof the 32nd ISR (InternationalSymposiumon Robotics),19–21
April 2001

Authors: � M. Sc.A. S.Sørensen� As. Prof. HenrikG. Petersen� Dipl. Ing. O. G. Jakobsen� M. Sc.N. J.Jacobsen
Abstract: In thispaper, wepresentourdevelopmenttowardsvariablegeometrytruss(VGT)

submodulescontainingembeddedprocessorsfor real time control. We first dis-
cusshow prototypemoduleswere developedand the experienceswe have got
from performancestudiesof that. Next, we presentthe designphaseof new
moduleswherewe usekinematicanddynamiccomputermodelsof themodules
togetherwith Finite Elementpackagesto maximizethe kinematicworking area
of themoduletakingtheloadonthejointsandlinks into account.Wethendiscuss
thedesignanddevelopmentof thesmallandflexible highperformanceembedded
processors.We discussin somedetail themotivationfor having suchprocessors
andthe choiceof processorby the EuropeanCommisionaimedat enablingau-
tomationof unhealthy weldingtasksin confinedsteelstructuresin thedockarea
in shipbuilding.

My contribution: In this paperI describethe advantagesof integratingembeddedcomputers
with theDT-VGT’s aswell asothermechanicalmodules,andgo on to describethetech-
nologyweplanto useto accomplishasufficiently compactandflexible design.

File: Papers/parallel.pdf

Co. author statement:

As co-authors,weacknowledgethatAndersStengaardSørensenhavecontributedto thepaper
asstatedabove.

HenrikGordonPetersen OleGrå Jakobsen NielsJul Jacobsen
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B.3 Towards the industrial usageof parallel kinematic mod-
ulesin a fully modular robotic manipulator

Published: FundamentalIssuesandFutureResearchDirectionsfor ParallelMechanismsand
ManipulatorsOctober3-4,2002,QuebecCity, Quebec,Canada

Authors: � M. Sc.A. S.Sørensen� As. Prof. HenrikG. Petersen� Dipl. Ing. O. G. Jakobsen� Dipl. Ing. J.Steinicke

Abstract: Oneof themainadvantagesof parallelrobotsis thatthey canbeappliedasmod-
ulesin long-reach(snake-like) roboticmanipulatorsenablingroboticautomation
of unhealthy work in confinedspaces.However, beforeparallelkinematicrobotic
modules(PKRMs) canbe widely usedin suchapplicationsa variety of techno-
logical tasksmustbe accomplishedsuchasdesignissues,precisemodelbased
calibration,modularcontrolandprocesscontrol. It is thepurposeof thispaperto
addressour work within eachof thesetasksaimedat developingrobustreconfig-
urablePKRMsfor long reachweldingapplicationswithin e.g.shipbuilding.

My contribution: In this paperI describethedemandstheDT-VGT modulesputson anemb-
ddedcontroller, anddescribehow anI/O systembasedon configurablelogic canaccom-
modatemany of these.

File: Papers/des opt 1.pdf

Co. author statement:

As co-authors,weacknowledgethatAndersStengaardSørensenhavecontributedto thepaper
asstatedabove.

HenrikGordonPetersen OleGrå Jakobsen JakobSteinicke
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B.4 A developmentof modular robotsfor flexible roboticman-
ufacturing units

Published: Proceedingsof the33ndISR (InternationalSymposiumonRobotics),2002

Authors: � M. Sc.A. S.Sørensen� As. Prof. HenrikG. Petersen
Abstract: With todaysrapidly changingconsumerdrivenmarket, theneedfor roboticpro-

ductionunits that arecapableof beingmodifiedfastandefficient hasincreased
tremendously. An obvious way to fulfill this needis to usetruly modularunits
asbuilding blocksfor theroboticproductionunits. Usingthis approach,onecan
thenthink of theseproductionunitsasconsistingof roboticmanipulatorsthatare
designedin advancein the office basedon the availablemodulesandthe tasks
themanipulatorsaregoingto perform. Themodularsubunitscanbesub-setsof
a long roboticarm,but they mayalsobemoving platforms,suchasfork-lifts or
othervehicles,or atomiconedegreeof freedomunits. It is thepurposeof thispa-
perto presentour developmentof coretechnologiesfor industriallyrobstrobotic
modules.More specifically, thesetechnologiesareembeddedcontrollersfor the
modulesanda centralkinematiccontrollerthat mirrors the modularideaof the
underlyingmodularmechanicalandelectronichardwareof theroboticmanipula-
tor.

My contribution: In this paperI describethe benefitsof modularcontrol and introducethe
layeredreferencemodel. I move on to describethe componentsof a modularcontroller
in termsof thelayeredreferencemodel,aswell asthechallengesposedby implementing
suchasystemandthemeansto overcomethem.FinalyI giveadescriptionof ourprototype
controllerandhow it is integratedwith aDT-VGT.

File: Papers/isr2002.pdf

Co. author statement:

As co-author, I acknowledgethatAndersStengaardSørensenhavecontributedto thepaperas
statedabove.

HenrikGordonPetersen
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Appendix C

Goal analysis

This chapterindicatesthe original analysisof the projectgoals. The analysiswasperformed
duringthefall 2000andis includedhereto motivatetheprojectbreakdown of appendixD.

C.1 Overall task description

Thevision for thisareaof work is to developasystemof relatively few robotmodules,basedon
parallellaswell asserialmechanisms,enabelinga largenumberof differentmanipulatorsto be
constructedby puttingthemodulestogheterin differentways.Modularcontrol technologywill
enableeasyconnection,configurationandcalibrationof complex manipulators.

As partof this vision, this Ph.D.projectis supposedto suggesttechnologiesandprinciplesfor
distributedmodularcontrolcompputers.Experiencefrom previoustestsshow theneedfor phys-
ically smallcomputers,closelycoupledto theactuatorsin thevariousmodules.Thebasicideaof
thisprojectis to investigateandtestmethodsandtechnologiesfor creatingacontrolunit capable
of:

� Beingintegratedwith oneor moreelectrical,pneumaticor hydraulicactuatorsandcontrol
themin aclosedloop,essentiallymakingtheactuatorssmart.� Participateasa nodein a network connectinga numberof smartactuatorsinto a network,
enabelingthemto exchangerelevantstaticanddynamicinformation.� Presentingthesystemasa whole,with aslittle coordinationfrom a centralnodeaspossi-
ble.

Theorigin of theprojectis thepastdevelopmenton VGT1 robottechnology, performedat AM-
ROSEA/S.Theprojectis mentto resultin ademonstrationof aVGT robotperformingcontrolled
movements.

1VariableGeometryTruss
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C.2 Conceptualbasis

During thelast10years,OdenseUniversityhaveparticipated— directlyandindirectly— in the
developmentof motionplannersfor complex roboticmanipulators,consistingof anaggregation
of astandardindustrialrobotandvariouscustombuild gantrypositioningsystems.Giving atotal
of up to 12degreesof freedom.

A commonfactor in all theeseprojectshave beenthe enormeousamountof work neededby
mechanics,electricians,engineersandprogrammers,to integratethevariousactuators,sensors,
interfacesandotherelementsinto aworking,documentedsystemthatcouldbecontrolledby the
computerrunningthemotionplannersoftware.

Modularity

Objectorientedmetodshasled to many improvementson thehigherlevelsof software,treating
eachbasicmechanicalelementasaninstantiationof acommonclass.Low level software(device
drivers),hardwareinterfaces,wires,motorcontrollers,sensorsetc.arehowever largelydesigned
and implementedthe old fashionedway: Treatingthe whole installationas a sigle complex
integratedsystem.

Thebenefitsof extendingtheobjectoriented— or modular— view to themechanicalelements
themselvesareparticularlyclearwhenconsideringVGT modules.Oneof themainbenefitsof
VGT’sarethatanumberof VGTmodulescanbeassembledinto manipulators,whichworkspace,
speedandhandlingcapabilitiescanbevariedalmostindefinetely, dependingonthenumber, type,
andconfigurationof thebasicmodules.

Modular control

By embeddinga computerin eachVGT module,eachmodulecan take careof it’s own low-
level control,leaving thecentralcontrollerto specifythephysicalmotionto beperformed,via a
standardizednetwork interface.In this way, eachmechanicalmodulecanbeintegratedwith the
system,simplyby connectingit to acommonnetwork andapowersupply. Theprinciplecanbe
extendedto all othermechanicalelementsof a (robot) installation. Compatiblecomputerscan
be embeddedin andinterfacedto off the shelf industrial robotse.g. the Mitsubishi PA-10, or
customizedelementse.g.agantrypositioner.

Configuration

Having a computerwith permanentstoragein eachmodule,makesconfigurationaf thecentral
motionplannermucheasier, asthemotionplannercaninterrogatethenetwork to find outwhich
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modulesarepresent,what their orderis, andwhat their kinematicanddynamicparametersare.
Basedon theeseinformations,themotionplannercanconfigureits own mathematicalmodelof
therobotwithout interventionaf anoperatorandwithout therisk of mismatchesbetweenmodel
andreality.

Experience

To gainexperience,wehavealreadytestedembeddeddistributedcontrollersonVGT prototypes.
Themainlesonsweretheimportanceof fastreal-timenetworks,andthenecessityto usecomput-
ersthataresubstantiallyfaster, smallerandcheaperthanwhatis currentlyavailablefor industrial
control.

Futur e technology

By usingcomputingandnetwork technologydevelopedfor professionalmulti mediapurposes
i.e. DSP’s and Firewire, and by developing a highly reconfigurableI/O subsystembasedon
programmablecomponentsratherthanphysicalmodules,it will bepossibleto meetall thede-
mandsderived from presentexperience:Size,speedandcost,while maintainingtheflexibility
neccessaryto integratethesystemwith a widevarietyof actuatorsandsensors.

C.3 Goals

Theprojecthasanumberof differentgoals,whicharecompatibleundertheright conditions,but
canbeconflictingundertimepressure.

Product goals

Prototypeplatform: Developinga prototypeplatform for a control moduleis essentialto the
goalof the overall projectdescription.Theplatform be the basisof otherproductgoals,
but canalsobeusedin otherprojectsandactivities.

Prototypeon DT-VGT: The next logical stepto meetthe overall goal is to integratecontrol
moduleswith DT-VGT mechanisms,anddemonstratethatthemodulecancontroltheDT-
VGT, effectively makingtheDT-VGT low-level autonomous.

Interface for motion planner: To make the autonomousDT-VGT useful, it must be able to
acceptcommandsfrom a motionplanner. During this projectthis will be restrictedto an
off-line motionplanner.
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Prototypeon other mechanism: To demonstrateandtestthe ability to control heterogeneous
mechanisms,it is necessaryto integratethecontrolmoduleto anotherkind of mechanism,
thatis ableto work togetherwith theVGT modules.

Demonstrationof integrated heterogeneossystem: Thefinal goal is to demonstratea hetero-
geneousmanipulatorworkingasanintegratedsystem.

Functional goals

Supplementpresentcontroller technology: While the attentionof the productgoalsarelim-
ited to a few mechanisms,the technologyidentifiedanddevelopedin theproject,should
beableto supplementor evenreplaceexisting controllertechnology.

BoostingVGT technology: As moststandardmechanismsarealreadyintegratedwith asuitible
nativecontroller, themostlikely areaof commercialapplicationsareasVGT controllers.
As aconsequence,it is importantthatthetechnologyis developedwith thisspecificmech-
anismin mind,astheavailability of aconvincingcontrolsystemis adamantfor marketing
theVGT technology.

Boostingactivities at MIP: Many of the activities at MIP arerelatedto control of robotsand
themeansto doso.Theeseactivities shouldbenefitfrom thetechnologyof theproject.

Education: The participantsof the projectmustgain additionalknowledgeandexperiencein
thefield of controlsystemsandcomputersystemsengineering.

Integration with Dockwelder: The conceptsof this projectwill be continuedin Dockwelder.
To get the mostout of both projects,this projectshouldadaptto the structureof Dock-
welder.

Administrati vegoal

Completing Ph.D. thesis: Oneof the dominantgoalsis to finish my Ph.D. thesis. This will
allow me to persuean academiccareerandto get interesting— possiblybetterpaid —
jobsin industry.

Keepingthe Feb. 2000deadline: SDU stopspayingmeto work on thethesisby Feb2002.

Publishing papers: A Ph.D.thesisis supposedto yield anumberof scientificpapersdueto the
Publishor Perishprinciple. Partly to sustainanimageof scientificproductivity, partly to
enhancethepossibilityof anacademiccareer.
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Other goals

Oneof thereasonsfor theMaerskInstituteto 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
neverthelessintertvinedwith theprojectin many ways.

C.4 Criterions for success

As thereareanumberof concurrentgoalsfor theproject,it is essentialto sortoutwhattheactual
criterionsfor successare. Unfortunately, this dependslargely uponviewpoint. Four different
viewpointshavebeenidentified,asshown in figureC.1.

Goal V
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CompletingPh.D.Thesis 3 0 3 2
KeepingFeb2002deadline 2 0 1 1
Publishingpapers 3 0 2 1
Genericcontrolplatform 1 2 2 2
Integrationwith DT-VGT 1 3 3 3
Integrationwith PA-10 1 2 2 1
Interfacefor motion-planner 1 3 3 3
Demonstrationof heterogeneoussystem 1 2 2 3
Supplementpresentcontrollertechnology 0 1 2 2
BoostingVGT technology 0 3 1 3
Boostingactivities at theMaerskInstitute 0 1 3 2
Educationin relatedfields 1 1 2 2
Integrationwith dock-welder 0 3 3 3

0 = Unimportant 1 = Interesting 2 = Important 3 = Essential

TableC.1: Goalsprioritizedby viewpoints

Academicviewpoint

In apureacademicenvironment,thecriterionfor successwouldbe:

Minimal: To completeanacceptablethesis,while publishinga few papers.
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Supplementary: Having little or nodelay.

Benefits: Demonstrationpracticalapplicationsof theproject,andeducatinga few people.

Industrial viewpoint

Takingtheviewpointof our industrialpartners,successmight bedefinedas:

Minimal: Demonstratingtheability to controlDT-VGT’s,by wayof amotion-planner, thereby
boostingtheVGT technology.

Supplementary: Demonstratingtheability tocontrolheterogeneousmechanisms,therebypaving
theway for dockwelder.

Benefits: Creatingsupplementarytechnologyfor existing controllers,educatingstudentsand
increasingMIP activities in relatedareas.

Maersk Institute viewpoint

As theMaeskInstituteis acomplex matter, it is noteasyto specifythisviewpoint. Assumingthat
the instituteactsasa bridgebetweenindustrialandacademicinterests,andallowing for some
specialinterests,successmight look like this:

Minimal:

� Completingthethesis.� Enabelingdockwelderby interfacingVGT-modulesto a motion-planner.� Increasingrelatedactivities atMIP

Supplementary:

� Publishinganumberof papers.� Educatingstudentsin relatedareas.� Demonstratingthe genericaspectsof the platform by controlling heterogeneousmecha-
nisms.� Integratingtheexisting PA-10 robotto thesystem.

Benefits:

� Keepingthedeadline.� AugmentingMIP researchin parallelkinematicsanddynamicsby boostingVGT technol-
ogy.
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Personalviewpoint

Minimal:

� Demonstratingthe value of 3-5 yearsof work in this field, by getting a heterogeneous
mechanismto work.� Enabelingindustrialapplicationsfor DT-VGT’s.

Supplementary:

� Gettingthebenefitsof aPh.D.degree.� Increasing’computersystemsingeneering’activities.� Supplementingexisting controllertechnology, creatingmoreapplicationsfor themodular
controller.

Benefits:

� Avoiding theproblemsof breakingthedeadline.� Gettingthebenefitsof having publisheda rangeof papers.
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Appendix D

Work Breakdown Structur eAnalysis

This chapterindicateshow theprojectwasanalyzedandsubdivided into varioussmallerparts.
Theanalysiswasperformedduringthefall of 2000.As wewereneverableto expandourproject
group,the needfor documentationof this processhave beenlimited, leadingto a low level of
detail in this chapter.
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D.1 Functional structur e

Database

Control

Config.

I/O
Local functionsCentral functions

Kinematic

Dynamic

(q q q τ
. ..

) (t)

Communication
Motion planner interface

Configuration

User interface

FigureD.1: Functionalbreakdown of project

Modular control system

The main function of the systemis to act as a modularcontrol systemfor genericindustrial
mechanics.

Communication

Thecommunicationssystemconnectingcontrolmodulesandcentralcontroller

Local configuration

Thesystemcontrollingthemodeof eachmoduleeg. On,Off, On-line,Erroretc.
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Local control

Thecontrolsystemsin chargeof actuatorsanindividualmodules.

Local I/O

TheI/O systemconnectingthelocal computerto thehostsystems.

Local database

Holding relevantkinematicanddynamicinformationabouttheindividual robotmodules.

Central configuration

Interface for motion planner

Central user interface

D.2 Systemsstructur e

FigureD.2: Systemorientedbreakdown of project
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Overall system

This is the productorientedcounterpartof the main function asModular control System, de-
scribedin sectionD.1. The two conceptsrepresentsdifferentviews of thesamething, andcan
beusedinterchangeably.

Embeddedmodule

The embeddedmodulesare the centralconceptof the whole project, and the most important
productgoals.As indicatedin figureD.2, theembeddedmodulecanbesubdividedinto several
logicalparts.

Central controller

Thecentralcontrolleris thoughtof asaconventionalcomputer, runningaconventionaloperating
system. It is equippedwith an interface,connectingit with the embeddedmodulesvia. the
backbonenetwork.

DT-VGT

Interfacingthemoduleto theDT-VGT mechanismis amainfeatureof theproject.It involves:
� An I/O subsystem,interfacingthesensorsandactuatorsof theDT-VGT to thehostcom-

puter.� Controlalgorithmsfor theDT-VGT.� Physicalintegration.

PA-10

Interfacingto the PA-10 involvesthe sameoverall aspectsasinterfacingto a DT-VGT, but the
particularsaredifferent.

D.3 Project Phases

FigureD.3 shows theanticipatedflow of theproject,divided into 4 phases,with thepossibility
of iterationsonmany levels.
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− Software architecture
− Software implementation

− Adjustments
− Problem solving

Possible iterations

− Overall concept
− Definition of functionality

− High level design
− Feasibility study

Conception phase

− Possible technologies

Design phase

− System architecture
− Ascertain best technologies
− Validation of technologies
− System design

Construction phase

− Prototypes

− Detailed specifications
− Detailed designs

Integration phase

− Physical integration

Functional view Product view

FigureD.3: Projectphasesandflow

D.4 Ar easof effort

To enableconsistentmanagementof theproject,theareasof effort areidentified.Naturally, the
main effort is in the technicalaspectsof theproject,but it is vital to the successof the project
thatotherareasarenot neglected.

Technical

Thenaturalareasof efford withenthetechnicaldomain,coincideswith boththefunctionaland
systemorientedbreakdown of the project. As shown in figure D.3, the projectbecomesmore
systemsorientedtowardtheend,while thesystemsarenotclearlydefinedtowardsthebeginning.

To get a clearpictureof the relationshipbetweenfunctionsandsystems,they areshown asa
matrix in figureD.4. TheModularcontrol systemfunctionof sectionD.1 is omitted,asit is only
anotherview of theoverall systemshown in thefigure.

Eventhoughmostfunctionswill only beimplementedin onesystem,shown in bold in thefigure,
thefunctionoftenneedsto betakeninto considerationwith regardto othersystems.

In two cases,theintersectionbetweenfunctionandsystemis pickedoutasaseparateareaof ef-
fort. Control of DT-VGT is pickedoutbecauseof thecomplexity of thesubject,combinedwith
it’s importance.Overall I/O is pickedoutbecauseit containssomevery interestingpossibilities
relatedto otherprojects.

Thecompletelist of technicalAreasof effort is asfollows:
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Functions
Systems

Central controller DT−VGT PA−10Overall system Embedded module

Local control

Local I/O

Communication

Central user interface

Central configuration

Local Database

Local configuration

Motion planner interface

Integration Integration

Implementation

Low level design

Implementation

Low level design

Implementation

Low level design

Data representation

Obtaining data

Data representation

Obtaining data

Design

Parameters

Test

Design

Parameters

Test

HW integration

SW low level design

SW implementation

Interface

Interface Integration Integration

Implementation−
architecture

Architecture

High level design

High level design

Architecture

Architecture

High level design

High level design

Architecture

High level design

Architecture

Architecture

High level design

Low level design

Implementation

Implementation

Implementation

Low level design

Implementation

HW integration

SW low level design

SW implementation

Low level design

High level design

FigureD.4: Areasof effort in thesystems/functionsmatrix

� Overall system� Communication� GenericI/O� DT-VGT integration� Controlof DT-VGT� PA-10 integration� Embeddedmodule� Local configuration

� Local control� Local I/O� Localdatabase� Centralcontroller� Centralconfiguration� Motion plannerinterface� CentralUserinterface

Business

If theprojectshouldresultin morethanjustatechnologicalcuriosity, it is vital to makeanefford
with respectto thevariousbusinessaspects.The following areasof effort have beenidentified
for this project.

� Intellectualpropertyrights� Attract investors� Attract students� Academicinteraction� Mediacover� Exhibitions
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Organisational

In order to maintaina working environmentfor the project, it is necessaryto pay attentionto
variousareasrelatedto theorganisationsandpersonsthatinteractwith theproject.

Theareasof effort within theOrganisationalareahavebeenidentifiedas:

� Ph.D.thesis— Complyingto Universitydemands.� Cooperationwith internalpartners(atMIP)� Cooperationwith localpartners(Denmark)� Coorporationwith otherpartners� Supervisestudentsat subprojects

Political

� Promotesupportingactivities

Management

� Projectmanagementfor theproject

D.5 Work Breakdown Structur e

In orderto managethe projecteffectively, the areasof effort arearrangedin a hiearacialWork
BreakdownStructure or WBS. Eachelementof thestructureis assigneda uniquelabel,a WBS
codethatidentifiesits level andplacementwithin thestructure.TheWBSstructureof theproject
i shown in figureD.5 amdtheWBS codesfor theareasof efford — AOE —arelisted in table
D.1
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FigureD.5: Work breakdown structureof project(November29. 2000)
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WBScode Areaof effort (AOE)
T-01 Overall system
T-02 Communication
T-03 GenericI/O
T-04 DT-VGT integration
T-05 Controlof DT-VGT
T-06 PA-10 integration
T-07 Embeddedmodule
T-08 Local configuration
T-09 Local control
T-10 Local I/O
T-11 Localdatabase
T-12 Centralcontroller
T-13 Centralconfiguration
T-14 Motion plannerinterface
T-15 CentralUserinterface
B-01 Intellectualpropertyrights
B-02 Attract investors
B-03 Attract students
B-04 Academicinteraction
B-05 Mediacover
B-06 Exhibitions
O-01 Ph.D.thesis— Complyingto Universitydemands
O-02 Cooperationwith internalpartners(atMIP)
O-03 Cooperationwith localpartners(Denmark)
O-04 Coorporationwith otherpartners
O-05 Supervisestudentsat subprojects
P-01 Promotesupportingactivities
M-01 Projectmanagementfor theproject

TableD.1: PrimaryWBS codes
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Subdivision of AOE’s

EachAOEcanbebrokendown in a hieracy, containing:

Acivities aretheatomicwork unitsof theproject.

They aredenominatedby theprefix .a followedby a2-digit numberidentifyingtheactivity
within theAOEor cluster.

Milestones areitemsor events,thatmarkstheendof anactivity, aphase,or asimilar transition.

They aredenominatedby theprefix .m follwoedby a2-digit number, identifying themile-
stonewithin theAOEor cluster.

Clusters are usedto subdivide an AOE into smallerunits. A clustercan containActivities,
Milestonesandclusters.

They aredenominatedby theprefix .C follwoedby a2-digit number, identifyingthecluster
within theAOEor parentcluster.

Examples

1. Activities within 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:
O-05.C01 , 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 sectionrepresentstheoverall projectmap,andhasbeenmaintainedandupdatedasa sepa-
ratedocumentthroughouttheproject. It describeseachof the tasksperformedin thecourseof
theproject,relatingeachtaskto theoverall projecttree.

This sectionwill provide anoverview of thetaskswe have performedduringtheproject,andit
alsoprovidesakey to locatedocuments,designfiles,sourcecodeetc. in theprojectfile hierarchy.

166 Anders Stengaard Sørensen



WBS code: O-01.C01.a03 APPENDIXD. WORK BREAKDOWN STRUCTUREANALYSIS

Technical

Attract
investors

property rights
Intellectual

students
Attract

Academic
Interaction

Media cover

Exhibitions
Cooperation

with
internal partners

Cooperation
with

local partners

Cooperation
with

other partners

Organisational

Modular control of industrial mechanics

Business

Promote
supporting
activities

Project
management

Political Management

Overall system

Communication

Generic I/O

DT-VGT

Control of
DT-VGT

PA-10

Embedded
module

Local
configuration

Local control

Local I/O

Local database

Central
controller

Central
configuration

interface
Motion planner

Central
user interface

Ph.D.thesis
(report)

Supervise
students

WBS: OWBS: T

WBS:

WBS:

WBS:

WBS:

WBS:

WBS: WBS:

WBS:

WBS:

WBS:

WBS:

WBS: B

B-02 B-04 B-06 O-02 O-04

WBS:

WBS:

WBS:

WBS:

P M

P-01

B-01 B-03 B-05 O-01 O-03 O-05

WBS: WBS: WBS: WBS: WBS: WBS:

WBS: WBS: WBS: WBS: WBS: WBS: WBS: WBS:

WBS:T-02 T-04 T-06 T-08 T-10 T-12

T-01 T-03 T-05 T-07 T-09 T-11 T-13

T-14

T-15

M-01

FigureD.6: Functionalbreakdown of project

T Technical

T-01 Overall system

ThisAOE is responsiblefor theoverall systemplanningandintegration,for thewholeproject.

T-02 Communication

This AOE is responsiblefor thecommunicationsystemor systemslinking theembeddedmod-
ulestogheterwith eachother, andthecentralcontroller.

T-02.C01 Evaluation of presenttechnology

T-02.C02 Fir ewire betweenOrsys and Linux

T-02.C02.a01Fir ewire support for Linux ix86: This activity is responsiblefor installingand
adjustingthe necessaryhard-andsotware,to useIEEE-1394Firewire on a standardPC
runningLinux.

T-02.C02.a02Asynchronousdata transfer: Developingthenecceassaryappicationto transfer
databetweentheLinux PCandtheTMS320C32computersvia Firewire.
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T-02.C02.a03Isochronousdata transfer:

T-02.C03 NewAPI for Fir ewire interface

T-02.C03.a01Investigationof Link Layer Interface: In thisactivity, theTSB13LV31 link layer
controllerIC is investigatedfrom aprogrammerspointof view.

T-02.C04 Integration of Fir ewire and control system

T-02.C04.a01Transmitting a streamof data: In this activity, a Linux examble(By Andreas
Bombe)for transmittingan iso channel,is changedto work with Orsysexamplefor re-
ceiving onanISO channel.

T-02.C04.a02Copy fr om ISO channelto I/O port: In this activity, anapplicationfor stream-
ing the contentof an ISO channelto an 8 bit digital outputport is developed,asa test
programfor Linux aswell asTMS320.

T-03 Generic I/O

This AOE is resonsiblefor thegenereicI/O conceptthat is necessaryto ensurethat theembed-
dedcomputerplatformscanbe connectedto the widestpossiblearrayof sensorandactuator
technology.

T-04 DT-VGT

ThisAOE is responsiblefor integratingtheDT-VGT to theembeddedmodules.

T-04.C01 Switchedmodevalveamplifier

This clusteris responsiblefor thedevelopmentof a high speedswitchedmodeamplifier for the
hydraulicvalves. Theclusteris coveredby Jakob Lindeløv, who is developingtheamplifieras
hisfinal engineeringproject,from theEngineeringCollegeof Copenhagen”.

T-04.C02 Fllow up on valveamplifier

This clusteris responsiblefor the follow up on Jakob Lindeløv’s work on the switchedmode
amplifier, andit’s final integrationwith theDT-VGT’s
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T-04.C02.a01CPLD configuration: TheCPLDcontrollingtheamplifiertransistorsneedto be
reconfiguredto meetthespecificationsfor theamplifier.

T-04.C03 Generic I/O transition module

In orderto interfacehydraulicsto theFPGAI/O board,a transitionmoduleis developed,with
appropriateAnaloganddigital I/O componentsaswell as4 CAN-buschannels.

T-04.C03.a01Module specifications:

T-04.C03.a02Module designand implementation

T-04.C03.a03Testof PWM outputs: TheFPGAI/O moduleis configuredwith a setof PWM
outputscompatibleto thetransitionmodule.

T-04.C04 Integration with hydraulic test rig

In orderto testthecontrollerundersimpleandcontrolledconditions,it is integratedwith a test
rig for a singlehydraulicactuator, beforeit is integratedwith theDT-VGT itself.

T-04.C04.a01Electronicsrack: As thetestrig will beusedfor severalsubprojects,thecontrol
electronicsis integratedinto a 19 inch rackto ensurestableandreliableoperationfor the
durationof theproject.

T-04.C04.a02Testof rack: The test rig is submittedto variossimple testprogramsto verify
thatthecontrolrackis functional.

T-04.C04.a03Integration of valveamplifier: Buidling theamplifierinto aboxandintegrating
it with thetestrig.

T-04.C04.a04Misc. cabelingetc: Connectingthevarioussystemsof thetestrig.

T-04.C04.a05Integration of feedbackvalve: In order to evaluatethe advantageof spoolpo-
sition feedback,a valve with spoolfeedbackis integratedwith thecontrolsystemfor the
hydraulictestrig.

T-04.C05 Electronicsenclosures

T-04.C05.a01Evaluation of cooledenclosure: As theenvironmentaltemperaturefor thefinal
prototypescanreach60?C, somemeansof cooling mustbe appliedin order to operate
consumergradeelectronicswithin sealedenclosures.In orderto gain experience,we will
evaluatea solutionbasedon Peltierelementsin anthermallyisolatedsealedmetalenclo-
sure.
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T-04.C06 ’First Move’ demonstration

T-04.C06.a01Integration of I/O subsystem: Adaptationandintegrationof VHDL modulesto
accomodate3 actuatorsystems,usingversion1 of ourI/O mother-/daughter-boardsystem.

T-04.C06.a02Low level softwarearchitecture: Integrationof modularHardwarewith modu-
lar software.

T-04.C07 DT-VGT / Embeddedcontroller

T-04.C07.a01Integration of I/O subsystem: Adaptationandintegrationof VHDL modulesto
accomodate3 actuatorsystemversion1 of our I/O mother-/daughter-boardsystem,fixing
someof theproblemsencounteredin the’First move’ demonstration.

T-04.C07.a02Developmentof open-looptest system: In orderto obtainthenecessarydatafor
modellingthehydraulicsystem,we mustbeableto performa numberof open-looptests
on thesystem.

T-04.C07.a03Ad. hoc. feedforward basedcontroller for paint demo: In ordertodemonstrate
theVGT’sability to functionaspartin anexperimentalpaintrobot,wehaveenhancedour
’first-move’ prototypewith feed forward control, and matchedthe configurationto use
’JacobLindeløv’svalveamplifiers.

T-05 Control of DT-VGT

This AOE is responsiblefor comingup with a useablecontrolalgorithmfor theDT-VGT mod-
ules.

T-05.C01 Modelling and compensationfor static characteristics

T-05.C01.a01Modelling characteristics: Using resultsfrom variousopen-looptests,we de-
velop a modelfor the staticcharacteristicsof a singlehydraulic actuator, mappingvalve
currentto actuatorspeed.

T-06 PA-10

ThisAOE is responsiblefor integratingthePA-10 robotwith theembeddedmodules.
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T-07 Embeddedmodule

ThisAOE is responsiblefor thedesignandimplementationof theembeddedcomputers.

T-07.C01 Orsys Software

Thesoftwarefrom Orsyshaveto bealteredslightly with respectto theuseof makefiles,libraries,
waitstatesetc. in orderto fit into theproject.

T-07.C01.a01:Adaptationof stdiolibrary.

T-07.C01.a02:Gettingstdioto work without interrupts.

T-07.C01.a03:Merging thesoftwarefor stdioandFirewire support.

T-07.C02 Low level softwarestructur e

T-07.C02.a01: Investigationof CPUoverheadfor Firewire communication.

T-07.C02.a02:Investigationof memory moduleconcept In orderto storedataobjectsin aho-
mogeneousway, away to implementmemorymodulesis investigated.

T-07.C03 Implementation of Mother board

The Mother boardis the fusion of power supply, FPGA, ARC-net interfaceandsimilar static
supportsystemsinto a singleboard,thatcanbeusedasbasisboardfor all versionsof our con-
troller.

Thedetaileddesignandimplementationis performedby Danny Kyrping.

T-08 Local configuration

This AOE is responsiblefor designingandimplementinga conceptfor theindividual statesand
statetransitionsof theembeddedmodules.

T-09 Local control

This AOE is responsiblefor designingand implementinga conceptfor handelingthe widest
possiblearrayof controlalgorithms,on theembeddedmodules.
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T-10 Local I/O

ThisAOEis responsiblefor thedesignandimplementationof anI/O systemonthelocalembed-
dedmodules,basedon theconceptsfrom T-03.

T-10.C01 Micr oline/FPGA bus interface

T-10.C01.a01Micr oline timing specification: Thetiming of theMicroline busis inadequately
documentedby Orsys.This activity is responsiblefor theneccesaryreverseengineering,
to getadequateinformationabouttiming.

T-10.C02 FPGA I/O board for Micr oline

T-10.C02.a01Testboard:

T-10.C02.a02Prototype:

T-10.C02.a03PROM emulator: wewill designa smallmodulethatcanbeplacedin the8-pin
PROM socket, andemulatethe serial PROM. The configurationwill be kept in a flash
basedreprogrammabledevice,programmableby anordinaryJTAG interface.

T-10.C03 VHDL I/O Framework

T-10.C03.a01Generic I/O controller module: A VHDL moduleto interfacebetweentheMi-
crolineBUS,anda rangeof simpleVHDL I/O modules.

T-10.C03.a028 bit digital output module: A VHDL moduleto output8 bits.

T-10.C03.a032 bit hex output module: A VHDL moduleto outputan8 bit numberon a dual
7-segmentLED display.

T-10.C03.a0432bit hex output module: A VHDL moduleto outputan32 bit numbermulti-
plexedonadual7-segmentLED display.

T-10.C03.a05Top level designfor Spartan II board: WeadaptthegenericI/O moduledesign
to fit thespartanII basedI/O board.

T-10.C04 CAN interface

T-10.C04.a01Simple test system: TheFPGAis configuredasa simpleSPI interfacebetween
the DSPandCAN controller. The DSPusesthe SPI interfaceto communicatewith the
CAN controllerandthusaTemposonicII sensor.
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T-10.C04.a02Packagehandling by FPGA: TheFPGAis configuredsoit canmanageincom-
ing CAN messagesfrom aTemposonicIII sensor, to relieve theDSPof this task.

T-10.C05 User interface

T-10.C05.a01Playstationpad: A low costergonomiccontrolpadfor a playstationgamecon-
soleis connectedto theFPGA,which is configuredto communicatewith thecontrolpad.

T-10.C05.a02no description:

T-10.C05.a03no description:

T-10.C06 Spartan II basedI/O board

As a replacementfor the original XC40xx basedI/O microline I/O board,we develop a board
that combine: FPGA basedI/O, Power supply andcommunication.The boardwill supply a
Microline DSPboardwith powerandRS-232connectivity, while hostinga FPGAandanARC-
Net controller(COM 20022),connectedto themicrolinebus.

Theboardis designedandimplementedby Danny Kyrping.

T-11 Local database

This AOE is responsiblefor designingandimplementinga conceptfor local storageof relevant
kinematicanddynamicparametersoneachdistributedmodule.

T-12 Central controller

ThisAOE is responsiblefor theoverall conceptdesignandintegrationfor thecentralcontroller.

T-13 Central configuration

ThisAOEis responsiblefor designingandimplementingaconceptfor theglobalstatesandstate
transitionsof thecompletesystem.

T-14 Motion planner interface

This AOE is responsiblefor theinterfacebetweenthesetof distributedmodulesandthecentral
motionplanner.
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T-15 Central user interface

ThisAOE is responsiblefor theapplicationanduserinterfaceof theoverall system.

B Business

B-01 Intellectual property rights

ThisAOE is responisblefor handelingpossibleIPR issuesthatmayariseduringtheproject.

B-02 Attract investors

To supplementthefundingfrom MIP, it is essentialto attractoutsideinvestors,suchastheEEC.
ThisAOE is responsiblefor theeseactivities.

B-02.C01 ROBBOX

B-02.C02 GRAD

B-02.C03 Dockwelder

B-03 Attract students

It is quite importantto attractstudentsto the project, in order to get manpower andsustained
interest.ThisAOE is responsiblefor attractingstudentsto theproject.

B-03.C01 Orientation meetingswith students

At the endof eachsemester, MIP hostsa meetingwith potentialbachelor- and master-thesis
students,to discussthework areasof theinstituteandpossibleprojectsin theeseareas.

B-03.C01.a01Preparationfor talk at thefall 2000meeting.

B-03.C01.a02Preparationof a few detailedprojectdescriptionsasa follow up of thefall 2000
meetings.

B-03.C01.m01Thefall 2000meeting.

B-03.C01.m02Thefall 2000groupmeetingfor computer-systemsengineering.
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B-04 Academicinteraction

One of the traditional channelsto attractoutsideinterest,and therebypartnersand investors,
is by the traditional academicinteractionthroughthe publishingof papersand attendenceof
conferencesetc.

B-04.C01 ISAM 2001

It is decidedto participatewith a paperanda conferencetalk, at the ISAM 2001conferencein
Seul,april 2001.Thisclustercontainsall activities relatedto theparticipationin theconference.

B-04.C01.a01Preparationof thefirst draft for thepaper.

B-04.C01.m01Theeditorialmeetingfor thedraft paper.

B-04.C01.a02Travel arrangements

B-04.C01.a03Preparatonof thetalk in Seoul

B-04.C02 ISR 2002

B-04.C02.a01Participationin writing thearticle.

B-04.C02.a02Conferencepresentation.

B-04.C03 PKM

B-04.C03.a01Writing thesectionaboutmodularcontrol.

B-05 Media cover

A lesstraditional,but potentiallyeffective, way to attractinterestin a project, is to attractthe
attentionof themedia.

ThisAOE is responsiblefor theeseefforts.

B-06 Exhibitions

Thetraditionalwayto getattentionfrom relevantindustrialpartners,is to participatein industrial
exhibitions.

ThisAOE is responsiblefor thisangle.

1st April 2003 175



Document: Modular control of industrial mechanics

O Organisational

O-01 Ph.D. thesis

GettingthePh.D.degreeis animportantgoalof this project. It is up to this AOE to ensurethis
outcome.

O-01.C01 Preparation of report

A total of 800hourswill besetasidefor activities relatedto thewriting of thefinal report.

O-01.C01.a01:First goat a reportstructure,derivedfrom theWBSof theproject.

O-01.C01.a02:Brain stormoversubjectsfor report.

O-01.C02 Insitute labor

Accordingto universityrule,eachPh.D.studenthasto work 840hoursfor thelocal institute.

At present,this quotahaslongbeenspendonvariousactivities,suchas:
� Teachingsummercourses
� Technicalsupportof otherinstituteprojects
� Descriptive work for fundiingapplications

O-01.C03 Knowledgetransfer

Accordingto university rules,eachPh.D.studenthasto use240hoursfor knowledgetransfer,
whichcanbeteachingor any otherform of knowledgetransfer,thePh.D.boardwill agreeto.

Thequotahasbeenmet,by teaching,giving presentations,andeducationof otheremployeesat
MIP.

O-01.C04 Courseparticipation

Accordingto university rules,eachPh.D.studenthasto passtheequivalentof 0.5 yearof high
level universitycourses,relevant individual studyingactivities, or otherstudyingactivities, the
Ph.D.boardwill agreeto.

O-01.C04.a01Fuzzycontrol andneural networksatDTU. Creditequivalentto 174hoursduring
theFall-1999semester.
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O-01.C04.a02FPGAandVHDL selvfstudy. Gettingcredit for studyingthefine art of FPGA’s
andhow to programthemin VHDL. Estimatedto give academiccreditequivalentto 174
hours,but have takena lot moretime thanthat.

O-01.C04.a03DistributedsystemsatDTU. Creditequivalentto 174hoursduringtheFall-2000
semester.

O-01.C04.a04ProjectmanagementatDTU. Creditequivalentto 174hoursduringtheFall-2000
semester, but theactualtimeconsumedby this courseis muchhigher.

O-01.C04.a05Written englishcommunicationat MIP. Credit equivalentot 87 hoursduring a
summerweek2000,but theworkloadis muchlighter.

O-01.C04.a06FPGA’sandVHDL for elasticI/O applicationsIndividualstudyactivity in coor-
porationwith OdenseEngineeringCollege. Evaluatedby written reportandoral project
examinationwith internalcensorship.

O-01.C05 Station exchange

All Ph.D.studentsmustspendat least3 consecutive weeksat an academicenvironmentapart
from their homeinstitution.

I have fulfilled my quotaby stayingatDTU-IAU duringNovemberandDecember2000.

O-02 Cooperationwith internal partners

To keeptheprojectrunningsmoothly, it is importantto keeptheprojectrootedat SDU/MIP, by
cooperatingactively with individualsandgroups.

O-02.C01 MIP technician

O-02.C01.a01Descriptionof work areas:The first stepin aquiring the technician,is to de-
scibehiswork areasandresponsibilities.Thiswill bedonein cooperationwith otherMIP
partners,specificallySørenPederJensen,andHenrikHautopLund.

O-02.C02 Employment at DockWelder

Due to the organisationalandfinancialproblemsof the beginning of this project, I have been
offereda temporarypositionworking for DockWelder. This clustercontainsthework required
to realisetheproposition.
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O-02.C02.a01Responsibility and work description: My pastexperienceswith MIP andSDU,
leadsto a firm conviction that I will not acceptany positionat SDU without a thorough
work descriptionthatis acceptableto myself,my employer, andtheengineeringunion.

Theformulationof awork andresponsibilitydescriptionis coveredin this activity.

O-03 Cooperationwith local partners

To ensurethenecessarysupportfrom local partnerssuchasMeganicApS,AMROSEA/S, OSS
andIOT, theprojectmustpayattentionto thecooperationwith theesepartners.

O-03.C01 First movedemonstration

The ’Applied mathemathicsor robotics’ cooperatewith AMROSE and Meganic in order to
demonstratethefirst moveof the’tulip’ DT-VGT

O-03.C01.a01Definition of commonparameters: This activity coordinatesdefinitionsof co-
ordinatesystems,units,formatsandprotocolswithin theparticipantsof ’First move’

O-03.C02 Controller referencemodel

In orderto entera dialoguewith OSS,aboutcontrollerdevelopment,it is importantto have a
cleardefinitionof thecontrollerconcepts.

O-03.C02.a01First definition of a layered referencemodel: A referencemodelwill hardlybe
build in oneday, this is thefirst shot.

O-04 Cooperationwith other partners

As the projectis becomingintegratedwith the EEC projectDockWelder, cooperationwith the
foreignpartnersis anissue,whichwill behandledhere.

O-04.C01 DockWelder Specifications

O-04.C01.a01Presentationfor sept2001meetingin Odense
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O-05 Supervisestudents

O-05.C01 BennyJørgensen

A MasterthesisprojectaboutanAGV, involving FPGAbasedI/O

O-05.C01.a01Developmentof FPGAbasedI/O systemV.1.

P Political

P-01 Promoting supporting activities

P-01.C01 Computer systemsengineeringgroup

P-01.C01.a01Presentationfor manager: A short presentationof the group was preparedto
allow themanagerevaluatethepotential.

P-01.C01.a02Situation analysis: A situationanalysis,iluminatingtheposibilitiesfor a COSE
group.

M Management

M-01 Project management

M-01.C01 Situation reports

M-01.C01.a01 Projecthistory

M-01.C01.a02 Taskdescription

M-01.C01.a03 Projectpartners

M-01.C01.a04 Environment

M-01.C01.a05 Uncertainties
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M-01.C02 Resourceanalysis

M-01.C03 Organisation

M-01.C04 Managementplan

M-01.C05 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 Managementplan:

M-01.C06 Attention areas
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