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INTEGRATION OF FORCESTRATEGIES
AND NATURAL ADMITTANCE CONTROL

Abstract

by

BRIAN BERNARD MATHEWSON

Whenmatingpartsarebroughttogetherin an automatedassemblyoperation,

smallmisalignmentscanresultin largeandpossiblydamagingcontactforces. Using

a speciallydesignedaccommodationmatrix, forcescharacteristicto varioustypesof

misalignmentscan guide parts together into their properly assembledpositions.

However, accommodationcontrol is constrainedto low force-feedbackgains, the

productsof theaccommodationandvelocitygains,to insurestability. It is shownthat

accommodationcontrol is limited to either low-speed convergenceor poor

performancedueto frictional disturbances.However,incorporatingthe force-guided

strategiesinto a natural admittancecontroller leadsto more responsive,yet stable

performance. Although limited to the samelow force-feedbackgains,the method

rejectsfriction and thereforeallows faster assemblywith lower interactionforces.

Experimentalresultsusingan AdeptOnerobot areprovided.
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1 Introduction

The processof automatingassemblyand alignmenttasksis hinderedby a

numberof difficulties includingmisalignmentsandgeometricuncertainties,instability,

convergence,friction, andthepreventionof damageto therobotandits environment.

Any time a manipulatormustcontactwith its environment,deviationsof thepositions

of objectsfrom their expectedlocationsrisks damaging,high interactionforcesdue

to forcing a motionupona misalignedsystem.Usingforcefeedbackfor programmed

compliance or a passive compliant device can minimize the risk of damage.

However, to solve the problem we must find a way for the manipulator to

accommodatemisalignments,andadaptitself to a changingenvironmentin various

ways.

For eventhesimplestbiological creatures,adaptingto the environmentis not

only commonplace,but necessaryfor survival. Why is this trait so difficult to

translateinto mechanicaldevices? Onereasonis that it is not a simple thing to do.

Becauseadaptingto things is so naturalandso transparentto humans,it is difficult

to identify theseadaptiveprocesses. It is even more difficult to translatethese

abilities into mechanicalsystems,sinceso muchof our abilities arebasedon a rich

backgroundof experiencesand knowledge. Also, the hugenumberand variety of

uncertaintiesfor manyassemblyandalignmenttasksmakemethodsfor dealingwith

these uncertainties complex. Consequently, automated assembly is usually

implementedonly in highly structuredenvironments.

For specifictypesof assemblyand alignmenttasks,systematicmethodsfor
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designinga force-guidedstrategyfor assemblyhavebeendeveloped. Examplesof

suchtasksincludealigning a manipulator’s handwith an object,finding a cornerof

an object,andplacingoneobject into its properlyseatedposition in anotherobject.

All involve the goal of positioning the manipulator’s hand coordinateaxeswith a

complementaryportion of anobjectin the environment,for which the exactposition

and orientationare not known. This allows lessprecisepart fixturing, lessprecise

robotcalibration,lessneedfor extremelypreciseprogrammedmotioncommands,and

robustnessto variationsin partgeometriesandotheruncertainties.All of thesefactors

cancontributeto lower setupcosts,greaterflexibility, anda broaderrangeof potential

applications.This thesiswill studyonesuchtask,thatof movinga three-pointfixture

into contactwith a rectangularblock in a planaralignmentoperation.

To provide a manipulatorwith the ability to assembleor align parts using

force feedback,the controller must possessgeometricinformation about how the

parts fit together, and strategiesfor directing therobot’s motionbasedon contact

forces. PeshkinandSchimmels[8,10,11] haveformulateda methodof designingan

error-corrective accommodationmatrix. This matrix maps sensedforces into

correctivevelocity commandsthat will guidea workpiece into contactwith a setof

fixture elements,or fixels. Thesefixels arefixed pointsof contact,andarenecessary

to createa force/torquevectorcharacteristicto eachfixel. This methodworksequally

well in reverse,whenthesetof fixels areguidedinto alignmentwith a workpiece,as

is demonstratedin this thesis. The accommodationmatrix canalsobe optimizedto
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minimize the effect of disturbancesdueto contactfriction [9]. Matsuo[6] proposed

a way of dealingwith planarcontactsfor palletizingtasks.

In general,thesemethodsrely on the useof an accommodationmatrix under

accommodationcontrol [4], or, equivalently, damping control [6]. However,

attempting to increase the responsivenessof the controller by increasing the

magnitudeseachelementof the accommodationmatrix leadsto contactinstability.

Accommodationcontrol is limited to low force-feedbackgains to insure contact

stability in ahighstiffnessenvironment[12,7]. To improveresponsiveness,increasing

the magnitudeof the accommodationmatrix while decreasingthe velocity gainswill

preservethe criteria for stability, but it will be lessable to overcomeinternal (e.g.

joint bearingandtransmission)frictional forces.

Using a more advancedlevel of servocontrol, however, the force strategies

may be preservedbut within a more responsivecontroller. Impedancecontrol,

pioneeredby Hogan[4], and its variation"Natural AdmittanceControl" [7,3] offers

implicit stability andresponsiveperformancewithin the limits of thephysicalsystem

itself. In particular, it markedly reducesthe unwantedeffects of friction while

respondingto fairly low valuesof desireddamping.

In this paperwe will evaluatethe performanceof accommodationcontrol

versusnatural admittancecontrol in a robotic force-guidedassemblyapplication.

Motions will be restrictedto planar geometries,with two translationaldegreesof

freedomandonerotationaldegreeof freedom.



2 Force-Guided Assembly

2.1 Introduction

In industrytodayrobotsarenot oftenfoundperformingassemblytaskswhich

requireforce feedback. In highly structuredenvironments,wherethe dimensionsof

thepartsto beassembledarepreciselyknown,andthepartsareaccuratelypositioned

in the work area,robotscanbe appliedwith goodresults. For example,robotsand

otherflexible automationequipmentarecommonlyusedto assembleprintedcircuit

boards,watches,andotherprecisioninstruments. Whenthe accuraciesof the robot

andtheplacementof thepartsin thework areaarehigh with respectto theclearances

betweenthepartsto beassembled,goodresultscanbeachieved.However, thecosts

associatedwith setting up the work area such that the parts will be accurately

positionedcanbehigh. For mediumto low volumepartquantitiessuchanautomated

solutionmay be impractical.

The requirementfor precisepart fixturing alsohasthe disadvantageof being

inflexible. Oneadvantageof robotsoverspecializedmachineryis that robotscanbe

rapidly reprogrammedto perform new or modified tasks, without the need for

mechanicalchanges(except,perhaps,to theendeffector.) Specializedequipmentmay

require extensiveredesignand recalibrationin order to perform a task it was not

originally designedto perform. However, the requirementfor precisepart fixturing
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for robotic tasksstill leavesthat half of the systeminflexible andcostly to setup or

to change. The ideal would be to make the robot as well as the part positioning

equipmentflexible androbustto small positioningerrors.

One methodfor dealingwith uncertaintiesis to usevision to determinethe

positionandorientationof partsin theenvironment.While vision canbea very good

methodfor finding the position and orientationof parts,segmentationof the image

into discretepixels meansits accuracymay not be fine enoughfor operationswith

smallclearances.In addition,vision alonemaynot predictlarge interactionforcesas

a resultof part deformitiesor miscalibrationbetweenthe robot’s coordinatesandthe

camera’s coordinates. The robot may also obscurethe view of the contacting

operation. Somesort of complianceis neededin orderto preventunboundedforces

betweenthe robot andits environment.

The RemoteCenterof Compliancedeviceor RCC is a passivemechanical

devicewhichaccommodatesforcesandtorquessuchthatsmallmisalignmentswill not

lead to excessivecontactforces. It is usually composedof a set of threeor more

springsconnectedto a floatingendpoint. It canbedesignedfor specificapplications

suchthat for specificconfigurationsa part may be somewhatguidedinto its mating

position. A classicuseof an RCC deviceis for insertinga peginto a hole. As long

asthe leadingedgeof thepegis initially insertedin thehole,evenif it is not exactly

perpendicularto the hole or it hasa small translationalerror, the pegwill be guided

into the hole uponfurther forward motion by the robot.
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The main advantagesof RCC devicesare that they are guaranteedto be

passive,and require no additional electronicsor controller complexity. They can

work with existingcommercialcontrollerswithout modification. However, they do

not guaranteethatunboundedcontactforceswill not occur. Sincethecontrolleruses

no force feedback,if a spring reachesits compressionlimit large and possibly

damagingforcescanarise. Moreover, the controllerwill not be ableto determineif

the operationwassuccessful,nor adaptin any way to the procedure. RCC devices

also may not be easily modified to adaptto different geometries. They are more

complicatedandexpensiveto producethanthe structuresfor force-guidedassembly

describedin the following sections. They also may not be able to easily produce

arbitrary, coupled complianceswhich are useful in many force-guidedassembly

applications.

Force-guidedassemblyis the next logical stepin developingmoreadvanced

capabilitiesfor robots. A multi-axis force andtorquesensormountedon the endof

the robot, a small amount of additional electronicsfor signal conditioning, and

computerinputs and outputs are all that are required. Essentiallythis gives the

manipulatora senseof touch. The sensorprovidesimportantinformationaboutthe

robot’s interactionwith the environment,but using the datadoesnot require large

amountsof processingpower in the controller.

At theminimuma robotshouldsensepotentiallydamagingforces,to prevent

damageto the robot and its environment. Using force-feedbackthe robot can
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accommodateforces from the environment. Then, the force of the robot on the

environmentwill be limited to someextent. An enhancementto this would be to

senseunexpectedforces, to warn of misalignmentsor deviations from expected

values. For example,if a position-controlledoperationresultsin too much or too

little appliedforce, the partsmay havebeendefectiveor out of place.

A further enhancementis to usethe contactforce and torqueinformation to

modify the assemblyprocedureto adjustto misalignments,miscalibration,andother

errors. This is similar to thehumanability of manipulatingobjectsthroughthesense

of touch alone,without needingto seewhat the fingersare doing. Many of these

taskscanbe brokendown into simplersubtasks,suchasdeterminingthe angleof a

surface,finding a geometric feature of an object such as a corner or edge,and

bringing two objectsinto contact.

This paperfocuseson onesuchsubtask,thatof aligningtherobot to anobject

in theenvironmentfor which thepositionandorientationarenot exactlyknown. One

particularclassof operationsis aligningpointsof contactwith planarsurfaces,which

leadsto systematicdevelopmentof the appropriateforce strategies,asshownin the

following sections.
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2.2 Fixel/Workpiece Geometry

In mostassemblyoperations,the mostcrucial informationis the positionsof

theobjectsrelativeto eachother. We oftencannottrustdeadreckoningby the robot

to find the locationsof objectsin theenvironment. Instead,the robotmaybeableto

determinetheexactpositionandorientationof anobjectthroughforcesensingalone.

To do this, theremustbe a clearmappingbetweenthe forcesandtorquessensedby

the robot and the relative positionsof the robot and the object in the environment.

This requirementcanbe met throughthe useof the conceptof a fixel.

A fixel or fixture elementis a Y

X

1

2 3

Workpiece

Fixels
Figure 1 - Workpiece/FixelGeometry

frictionlessfixed point of contact. It

allows rotation about the fixel,

translations tangent to the fixel,

motionsaway from the fixel, but not

into the fixel. Threefixels providea

minimal set of point constraintssuch

that a rigid planar object, the

workpiece, cannotmoveor rotatein a particulardirection. For example,in Figure1

the rectangularworkpiece cannot move in the direction specified by the twist

, whenthe rotationcenteris nearthe lower left of the

workpiece.

We can specify the exact constraintsdue to each fixel by looking at the
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force/torquevector of eachfixel on the workpiece. For fixel 1, this force/torque

vector, calleda wrench is

Fixel 1 pusheson theworkpiece(which maybeheldby therobot) in the+x direction,

(1)

doesnot pushin the y direction,andinducesa negativerelativemomentaboutthe z

axis1. The otherfixels result in the wrenches

andaregroupedinto a wrenchmatrix as

(2)

A fixel configurationis called deterministic if the rank of the nxn W matrix

(3)

is equalto n. For the exampleabove,rank(W) = 3, so the geometryin Figure1 is

deterministic. A deterministic planar configuration requires three independent

wrenches,while a spatial configurationrequiressix. In Figure 1, if fixel 1 was

insteadat the top or bottom of the workpiece,then rank(W) = 2, making it non-

deterministic. This implies that the fixels mustproviden independentwrenchesfor

1The units of measurementarenot importanthere. An importantcharacteristicof this andother
methodsis that the systemshouldbe invariantwith respectto a changein units. For example,see
[2].
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a deterministicfixture. Note that the workpieceneednot be rectangular.

Twistsarevectorsof translationaland/orrotationalvelocities. Relativemotion

betweena fixel andan objectcanbe classifiedas repelling, reciprocal, or contrary.

A repellingmotionimpliesmovementawayfrom contact;a reciprocalmotionimplies

motion that causesthe objects to remain in contact;and contrary motion implies

movementtowardcontact. Thesedefinitionshavebeenextendedfrom [10] to include

motion of a fixel with respectto a workpiece,not just motion of a workpiecewith

respectto a fixel.

The definitionsof thesemotionsare importantin determiningif a workpiece

is approachingcontactwith the fixels. In an assemblyoperation,minimizing the

assemblytime usually meansminimizing the motionsrequiredto perform the task.

For theworkpiece/fixelgeometry, assemblymotionsshouldbereciprocalor contrary.

Motion shouldbetowardcontactwith eachfixel, but oncein contactwith a fixel, the

workpiece should remain in contact (reciprocal) while moving into contact with

(contraryto) the remainingfixels. Using theseconceptswe canestablishteststo see

if the assemblyprocedurewill work.

2.3 Nominal Trajectory

In any fundamentalassemblyprocedurea nominal trajectory needsto be

computed.This trajectorymustdirectthemanipulatortowardthemostlikely location

of its coinciding matedposition. For a workpieceand fixel, that motion must be
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contraryor reciprocalto eachfixel. A twist t is contraryif

A twist is reciprocalif

(4)

andis repelling if

(5)

For example,the following twist is contraryto fixel one

(6)

Similarly, the twist is contraryto fixels two andthree.

(7)

For the systemdepicted in Figure 2, an infinite

Figure 2 - Assemblinga
Workpieceinto Fixels

numberof acceptableassemblytrajectoriesv0 exist. What

is neededis a set of basisvectorsfor which any positive

linear combination results in an acceptable nominal

trajectory. Thesebasis vectors can be found from the

wrenchmatrix as

For example,from Figure1 this would be

(8)
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An acceptableassemblytrajectorywould be

(9)

(10)

2.4 Accommodation Matrix

Any strategy for force-guided assembly must map sensed forces into

adjustmentsin the nominal assemblymotion. The controller must havea nominal

plan for assembly(in this casea nominal trajectory),but shouldmodify the plansto

adaptto misalignmentsandothererrors. Oneway of doing this is by designingan

accommodationor admittancematrix to map sensedforcesdirectly into changesin

the nominalvelocity command. This is calledaccommodationcontrol.

The form of accommodationcontrol used in the force-guidedstrategies

presentedhere specifiesa nominal velocity command,v0, which should move the

robot close to its intendedposition. Sensedforcescausea changein the nominal

velocity in order to accommodateforces, and, if the A matrix is so designed,to

performa correctivemotion [10].

This control law, expressedin planar, cartesiancoordinates(x,y,θz), whereθz

is rotationaboutthe z axis, specifiesa commandedvelocity
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wheref e is the endpointforce/torquevector[fx , fy , Mz], A is a 3x3 accommodation

(11)v
cmd

v
0

A f
e

matrix, and vcmd is the vector containing the translationaland rotational velocity

commands of the robot endpointin baseframecoordinates.The

vectorv0 is the nominalassemblytrajectoryor twist.

A diagonalaccommodationmatrix accommodatesforcesin eachof the hand

coordinateaxesof the manipulatorby commandingvelocitiesonly along the same

axesthe force is sensed.A non-diagonalaccommodationmatrix canbedesignedfor

specific geometriessuch that sensedforces are not only accommodatedin their

particular directions,but also causemotions along other axes.Thesemotions can

producean error-correctivebehaviorduring assemblytasks.

Theuniquepropertiesof thefixel facilitatea systematicmethodfor designing

anerror-correctiveaccommodationmatrix for force-guidedassembly, asgivenin [10]

and summarizedhere. The entire method revolves around the use of the fixel

wrenches. SeeAppendix A for the Matlab file usedto designthe accommodation

matrix in this paper.

An infinite numberof acceptableaccommodationmatricesexist which will

satisfy the force-guidedassemblyrequirements. Similar to designingthe nominal

velocity command,we cancreatea setof basismatricesfor the A matrix. However,

the A matrix has further limitations, and cannotbe simply designedas a positive

linear combinationof the basismatrices. The basismatricesareformedfrom



14

where

(12)

The vector g ij
T is formed by "stringing out horizontally" the outer product of the

(13)

wrenchvectors. So, it is ann2x1 vector, andG is ann2x n2 matrix. Finally, thebasis

matricesareformedfrom the matrix

where eachcolumn vector forms a basisaccommodationmatrix by reversingthe

(14)

stringing-outprocess.

An accommodationmatrix canbe formedby a linearpositivecombinationof

the basismatricesas in

whereA is the strung-outhorizontally form of the accommodationmatrix, andα is

(15)

thedesignvectorof nonnegativescalarvalues.However, onefinal but very important

constraintis that A mustbe positivedefinite:
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or, equivalently, all theeigenvaluesof A arepositive. Satisfyingtheseconditionson

(16)

theA matrix requiressometrial anderror. Becausethespaceof possiblematricesis

fairly large,thematrix canbeoptimizedabouta specificparameter. For example,the

A matrix can be optimized to minimize the effect of disturbancesdue to contact

friction [9].

The workpiece/fixelrelationshipcanbe reversed,however, so that the fixels,

mountedon the robot,comein contactwith the workpiecein the environment,asin

Figure3. This arrangementis well suitedto thetaskof automatedalignment,finding

theexactpositionandorientationof anobjectin theenvironmentthroughforcesens-

ing alone.

Theseaccommodationfunctionsaredesignedwith

Figure 3 - Aligning Fixels
to a Workpiece

the assumptionthat the systemwill operateat speedslow

enough such that inertial effects and other unmodelled

dynamics can be neglected. Therefore the only

requirement for stability generally used is that the

accommodationmatrix A is positivedefinite[6,10]. For a

diagonalA matrix this simply meansthat the elementsof

A along the diagonalmust be positive. Peshkinand Schimmelsdescribehow to

choosethe elementsof A to assuregeometricconvergence. They do not describea

magnitudelimit on the elementsof A, though. We canimposea magnitudelimit on
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at leastsomeof the elementsof the A matrix by evaluatingits contributionon the

force/torquefeedbackgainmatrix, which is limited to relativelysmall valuesaswe

shall seein section3.

2.5 Implementation

To evaluate the performance of the force-guided assembly techniques

previouslydescribed,a low-friction threepoint contactwasdesignedto be attached

to anAdeptOnerobot. This fixture wasmounteddirectly ontoa six-axisforce-torque

sensor, which wasmounteddirectly onto the robot.

The attachment,as shownin Figure 4, hasthreeevenly spacedfixels. The

fixelsaremountedona1/4" aluminumplate,madeof boltsextendingdownwardfrom

the plate,and are coveredby a hard plastic sheathwhich rotatesaboutthe bolts in

orderto reducesliding contactfriction. This attachmentwasusedfor an automated

alignmentapplication. The exactgeometryusedis shownin Figure5.
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From Figure5, the wrenchmatrix is then

The nominalvelocity commandusedwasgenerallysomescalarmultiple of

(17)

The designvector for designingthe A matrix was

(18)

which resultsin the accommodationmatrix

(19)

Again, no units are usedin theseexamples. However, becauseof the fixel

(20)

geometry, we needto scaletheaccommodationmatrix to fit thephysicalsystem. All

units were in metersper secondfor translationalvelocities,radiansper secondfor

angularvelocities,andnewtonsandnewton-metersfor forcesandtorquesrespectively.

The torque from joint 4 was multiplied by a factor of 20 for use with the

accommodationmatrix. The torquesrelativeto the force on eachfixel wasnot one-

to-one (as assumedin the wrenches)but one twentieth that, since the fixels were

approximately0.05metersawayfrom eachother.

Additionally, theaccommodationmatrix requestedmuchtoo largecommanded
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velocitiesin responseto forcesfor thex andy directions. Sincetheunitsof velocity

in theseaxesare in metersper second,while the rotation about the z-axis was in

radiansper second,the x andy velocitieswerescaleddown by a factor of 100.

What this meansis that theaccommodationmatrix wasscaledby two factors

where

(21)

and

(22)

Pre- and post-multiplying the accommodationmatrix by (22) and (23)

(23)

respectivelypreservestherequirementfor passivitythatthematrix is positivedefinite.

To usetheforce-guidedassemblystrategiespresentedhere,wemustfirst build

an accommodationcontroller to drive the robot.



3 Accommodation Control

3.1 Introduction

Accommodationcontrol maps forces sensedby the robot into velocity

commands. An accommodationmatrix A, the inverse of a damping matrix,

implementsthis mapping. One form of accommodationcontrol is to makea robot

accommodateor complyto sensedforcesin eachdirection,usingadiagonalA matrix.

Sensedforcesaremappedinto velocity commandsin thesamedirectionastheforces.

Increasingthe valuesof the A matrix (decreasingthe damping)resultsin a

greaterresponseto sensedforces, while decreasingthe values of the A matrix

(increasingthe damping)resultsin a greaterresistanceto sensedforces.

Using a direct-torque interface to a manipulator, accommodationcontrol

requiresan inner velocity loop which commandsthe joint motors to producejoint

torques

whereGv is an nxn diagonalmatrix of velocity feedbackgains,J is the manipulator

(24)

Jacobian,ω is the vector of joint velocities, and τm is a vector of joint torque

commands.

20
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3.2 Stability

In any interactioncontroller stability, is a very important concern. Unlike

passiveor biologicalsystems,manipulatorscanreadilybecomeunstableuponcontact

with their environment. We desirea systemthat canremainstablewheninteracting

with any passiveenvironment.

It canbe shownthat onenecessarycondition for stability of accommodation

control is that theaccommodationmatrix A in (11) shouldbepositivedefinite[1,10].

However, what if theaccommodationmatrix is scaledup by a anorderof magnitude

or more? Althoughthesystemwill becomemuchmoreresponsiveto endpointforces,

it will notbehavein a passiveandstablemannerdueto unmodelledsystemdynamics.

Using equation(24) with (11) to control a robot shouldtheoreticallyresult in

passivebehavior, aslong asthegainsof the Gv matrix arepositive,andA is positive

definite. However, a simpletestcanshowthat themagnitudesof theelementsof the

two matrices are limited by the robot’s maximum force/torquefeedbackgains.

Placingthe force/torquesensorof the robot betweentwo high-stiffnessobjectswill

resultin a stablebehaviorfor low force-feedbackgains. However, at highergainsthe

robot will chatterbackandforth betweenthe objects,clearly violating the passivity

constraint2.

Themaximumgainswhichguaranteepassive,stablebehaviorcanthereforebe

2Underaccommodationcontrol, friction actsasa stabilizingfactor. Oncethe static friction is
broken,however,instability will becomeapparent. Bouncingthe robot betweentwo stiff objects
will revealwhetherthe systemcanbecomeunstableor not.
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foundempirically. To converttheminto a dimensionlessmatrix of maximumtorque

feedbackgain values,we canwrite

whereτ e = JT f e is thevectorof joint torquesequivalentto theendpointforce f e. The

(25)

Gv ω term performsdamping,andwill not destabilizethe system. Further, the feed

forward term Gv J -1 v 0 doesnot affect stability. The remainingfeedbackterm is

whereGA = J -1AJ -T. Usingthis lastequation,we canderivethedimensionlesstorque

(26)

gain matrix

which leavesus with

(27)

Equation(26) clearly showsthat the torquefeedbackgain is a productof the

(28)

velocity gain Gv and the transformedaccommodationmatrix GA. Equation(28) is

equivalentto explicit torque feedback,for which maximum stablegains Gτ,max, if

decoupled,can be found empirically. Equation(27) showsthat we do not impose

limits on Gv andGA separately, but only on their product. As long asthe productof
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thesetwo matricesremains"lessthan" theelementsin theGτ matrix, thesystemwill

be stable.

If Gτ,max and Gτ are diagonal, this inequality applies to each term of the

respectivediagonalelements. In the coupledcase,satisfyingthe inequality for the

diagonalelementsis necessarybut not sufficientto guaranteestability. For additional

conditionsin the coupledcase,seeSection3.3.

For example,for diagonalGv andGA, a necessaryconditionfor stability is

For a givenstablesetof gainsGv andGA, we canscaletheelementsof eachwithout

(29)

affectingstability, providedthe productGv GA is constant.

Experimentson an AdeptOnerobot verify theseresults. With the robot

alignedsuchthat infinitesimalmotionsaboutjoints 1 and2 correspondto motionsin

the x andy handcoordinates,respectively, the maximumstablegainswerefound in

eachdirection. In this position, Gv and Gτ are diagonal,and GA is diagonal for

diagonalA.

Table1 showsvaluesof gainsin the x direction,the productof thosegains,

and the robot’s responseto contactinga stiff environmentat thesegains. The first

line showsthe gain valueswhich madethe systemslightly unstable. Changingthe

gainsto thosein eitherthesecondor third linesresultedin thesameslightly unstable

behavior. However, cutting either of thesegains in half resultedin stable,passive

behavior, as shown in lines 4-6 of Table 1. Therefore,the product of thesegain
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matricesis limited to the maximumstableGτ matrix.

Table I - Maximum Stable
TorqueFeedbackGains

Gv GA Gv * GA Response

125 0.020 2.5 Unstable

500 0.005 2.5 Unstable

12.5 0.200 2.5 Unstable

125 0.010 1.25 Stable

250 0.005 1.25 Stable

12.5 0.100 1.25 Stable
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3.3 Non-Diagonal Accommodation Matrices

The previoussectiondemonstratedthe inherentstability limits on the torque-

feedbackgains,and showedhow theselimits can be empirically determinedin the

uncoupledcase. In this section,therelationshipbetweenthesetorquefeedbackgains

andthe correspondinglimits on accommodationcontrol areexaminedin detail.

Using direct torquefeedbackcontrol for a single joint of a manipulatoras in

equation(28), a simplemodelof the dynamicbehavioris given by

whereY is the open-loopadmittance.The closed-loopadmittanceis then

(30)

where yee is the open-loopendpointadmittance,and yem is the motor to endpoint

(31)

admittance. Equation (31) indicates that the closed-loopendpoint admittanceis

determinedby the torquefeedbackgain, Gτ.

Underaccommodationcontrol, the systemdynamicscanbe written as

whereyme is theendpointto motoradmittance,ka is theaccommodationgain,andymm

(32)

is the openloop motor admittance,andthe controlleruses
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whereka is the accommodationgain. This leadsto the closed-loopadmittance

(33)

The admittancein (34) can be simplified by examining two cases,low

(34)

frequenciesand high frequencies. For low frequencies,when kv ymm >>1, this

simplifiesto

where the admittanceis dependentonly on ka . However, the critical factor in

(35)

determiningstability was found in the previoussectionto be the productof ka and

ka . This productbecomesevidentwhenconsideringhigher frequencies,whereyme

and ymm becomesmall with respectto the constantterm kv ka. At these high

frequencies,equation(34) reducesto

Equations(36) and(31) showthat for high frequenciesthedirect torquefeedbackGτ

(36)

is equivalentto the productof ka andkv underaccommodationcontrol. SinceGτ is

limited to a maximum stable torque feedbackgain Gτ,max, the product kv ka is

similarly limited by Gτ,max. This conclusionagreeswith the empiricalevidencefrom

the prior section.
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Althoughit is convenientto analyzethestability of a singledegreeof freedom

system,we mustalsoconsidercoupledsystems.Thesesystemscontainnon-zerooff-

diagonalelementsin the torque-feedbackmatrix. To simplify the analysis,consider

rotationsaboutthez axisof a two-link manipulatorin a posesuchasin Figure6 with

a nominalelbow angleof 90°. For small deviationswe canignorethe effect of this

elbow angleon the dynamics. Most interactionscanbe effectively performedwhen

nearthis pose. However, we muststill considerrotationsof joint 1.

The torque feedbackgain matrix when the

Figure 6 - Robot in Pose
with 90° Elbow Angle

robot is orientedas in Figure6 is

The maximum stable torque feedbackgains, K1,max

(37)

andK2,max canbefoundby determiningthemaximum

values of K1 and K2 for which the robot remains

stable(aswasdemonstratedin the previoussection.)

Rotatingthis matrix aboutthe z axis by an angleψ with

resultsin the rotatedtorquefeedbackgain matrix

(38)
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which canhaveoff-diagonalelements. The closed-loopadmittanceof this two-link

(39)

robot is

The necessaryconditionfor contactstability with any passiveenvironmentis

(40)

that Ye mustbe passive. We alsohavelimits on the maximumtorquefeedbackgain

limits. Summarizingtheseconditionsfor constantGτ,11 andGτ,22, we require

and

(41)

(42)

(43)

Therealpartsof theopenloop admittancesyee1 andyee2 arealwayspositive,asarethe

(44)

(45)

(46)

endpointto motoradmittancesyem. This reduces(41) and(44) to therequirementthat

the diagonaltorquefeedbackelementsmustbe positive. The torquefeedbackgains

along the diagonalmust also be lessthan the maximumallowabletorquefeedback
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gains K1,max and K2,max. Further, the torque feedbackgains K1 and K2 usedin the

unrotatedGτ mustbothbelessthaneitherof themaximumallowabletorquefeedback

gainsK1,max andK2,max.

However, therequirementfor positivedefinitenessimposesafurtherrestriction

on the magnitudesof the off-diagonalelements. One necessarybut not sufficient

condition is that the determinantof ye

is positive definite for all frequencies. This is a sufficient condition only for

(47)

symmetricmatrices.

For an arbitrarynon-symmetric2x2 admittancematrix,

thecontrolledsystemmustremainstablewhencoupledto any passiveenvironment.

(48)

This requirementcan be met if we guaranteethat the systemcan neverbecomea

sourceof continuouspower [4]. This requiresthat the real componentof power is

nonnegative.

The power as a result of the interactionof the admittancein (48) with an

arbitrarysetof inputs is
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wherea1, b1, a2, andb2 areall real numbers. For contactstability with an arbitrary

(49)

passiveenvironment,the real part of the power in (49) mustbe nonnegative

For simple casessuchas a1>0, b1=a2=b2=0, equation(50) reducesto the necessary

(50)

requirement that the diagonal elementsof the admittancematrix are positive.

However, the necessaryandsufficient requirementis that (50) is valid for arbitrary

real a1, b1, a2, andb2.

Although somelimits have beenplacedon the magnitudesof the diagonal

elementsof theaccommodationmatrix, and necessaryconditionson thematrix have

been presented,at this time it appearsthat explicit knowledge of the robot’s

admittanceparameters(asin equation(40)) is requiredin orderto guaranteestability

for anarbitraryaccommodationmatrix. Oncemeasured,however, theaccommodation

matrix can be designedto meet the requirementsof (50) since the spaceof valid

accommodationmatricesis fairly large. This shouldbeexpandedto threedegreesof

freedom. In additionthe Gτ may be generalizedcompensators,not just constants.
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3.4 Friction And Accommodation Control

From equation(26) we see that there is an inherentstability limit on the

productof thevelocity gainandaccommodationgains. For a givenstablesetof gains

Gv andGA, we canscaletheelementsof eachwithout affectingstability, providedthe

productGv GA is constant.To evaluatehow we shouldchoosetheappropriateratios

of thesegains,consideran analogoussingle degreeof freedom,rectilinearsystem

consistingof a puremass,m, with a motor force,fm, anda sensedenvironmentforce,

fe. Our open-loopplant hasthe dynamics

Underaccommodationcontrol,we invoke the samecontrol law from (11)

(51)

and(24), which givesus

(52)

Substitutingthis control law into the open-loopdynamicsyields:

(53)

where is the closed-loopendpointadmittance.We want this to be as large

(54)

aspossiblefor maximumresponsiveness.From (52) and (54) we canalsofind the
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final-value(equilibrium) force

For maximumresponsiveness,i.e. for maximumye, we would like to havegv

(55)

gA high andgv low. However, we areconstrainedto relatively low valuesof gv gA.

For example,from Table1 the maximumstablegain waslessthan2. Further, if gv

is set low, we get a poor velocity loop, andthuspoor friction rejection.

We would also like to havean adequatelyhigh approachvelocity, v0, and a

suitablylow equilibrium force for the final valueof fe. This implies that we should

minimize . Again, we arelimited to how large the productgv gA canbe. So,

we must reducegv to increasev0 or decreasefe, which also leadsto poor friction

rejectionandthuspoor performance.

Underaccommodationcontrol we arethereforelimited in our choiceof gv to

either low-speedconvergenceor poor performancedueto frictional disturbances.To

illustrate the poor performanceof accommodationcontrol in rejecting friction, the

responseof the endpointpositionto a force appliedto the endpoint

wasmeasuredfor theAdeptOnerobot. Figure7 showstheresponseunderopen-loop

control with zero motor torque. The endpoint force gradually increaseduntil it

exceededthe static friction force,andthe robot startedmoving.

In Figure8, thesameprocesswasrepeated,but underaccommodationcontrol.
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Theproductgv andgA wassetto themaximumstablevalue,while gv wasabout15%

of themaximumstablevalue. Theforceat which therobotstartedmovingwasabout

half of the open-loopforce. Therefore,the frictional force was roughly cut in half

with accommodationcontrol.
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4 Natural Admittance Control

4.1 Introduction

Previousresearchby Hogan[4], Newman[7], andothers[3,5] hasadvanced

the servo level of control for systemswhich must come in contact with the

environment. Natural admittancecontrol enforcesthe naturalbehaviorof a robot,

controlling its dynamic responseto interaction forces. Regulating the dynamic

behavior, ratherthandirectly trying to control force, achievesstableperformancein

responseto contactwith arbitraryenvironments.Thismethodalsorejectsdisturbances

suchasfriction. Embeddedwithin this controller, the forcestrategiesof Peshkinand

Schimmels[10] canguidetherobot’s motionwhile remainingstableregardlessof the

environmentalstiffness,yet canrespondto very small forces.

4.2 Natural Admittance Control Law

Using the samevelocity commandasin equation(11), we designthe control

law for a rectilinearsystemwith a singledegreeof freedomfrom (51) as

Substitutingthis naturaladmittancecontrol law into our open-loopdynamicsyields

(56)

the closed-loopadmittance

(57)

35
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andthe final-value(equilibrium) force

Comparingthe admittanceof equation(57) with the similar admittanceof

(58)

accommodationcontrol in (54), we seethat bdes performsan similar function in (57)

asgv doesin (54). We arealsoconstrainedby theproductbdes gA < gτ,max. Similarly,

we would like to set bdes to a relatively low value,and gA to an appropriatelyhigh

value. Theeffectsof bdes andgv on theequilibrium forceareidenticalaswell. With

naturaladmittancecontrol,however, lowering bdes doesnot reducefriction rejection.

The NAC controller hasa large inner velocity loop gain gv which rejectsfriction.

Therefore, NAC permits friction rejection without imposing low admittance

responsiveness,large equilibrium force,or slow approachvelocity.

Naturaladmittancecontrolexhibitedstability limits similar to accommodation

control as in Table1. SubstitutingBdes for GA, NAC becameunstablefor the same

productsof the gain values,andwassimilarly stablefor the lower productsof gain

values.

4.2 Natural Admittance Control and Friction Rejection

Figure9 illustratesthe ability of naturaladmittancecontrol to reject friction.

Therobotrespondedto anextremelylow forcewhile usingthesameprocedureaswas



37

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0 1 2 3 4 5 6 7 8 9 10

Endpoint Force and Position vs. Time, Natural Admittance Control

Time (sec)

F
or

ce
 (

N
) 

 P
os

iti
on

 (
m

)

Position

Force

Figure 9 - Friction Rejection,
NaturalAdmittanceControl

used with accommodationcontrol earlier, the samevalues for GA, and low Bdes

(identical to the low Gv of the accommodationcontrol test.) Becausethe NAC

controller integratesthe force signal, theoreticallythe only limit to its sensitivity is

the discretizationin the force signal. In Figure 9 the resolutionlimit of the A/D

convertercan clearly be distinguishedrelative to the force signal itself. For the

systemstudied,naturaladmittancecontrol rejectsfriction about20 timesbetterthan

accommodationcontrol.

4.3 Implementation of Natural Admittance Control

Natural Admittancecontrol was implementedon and AdeptOnerobot. This

particularrobot is a SCARA-typerobot with two planardirect drive joints 1 and2;

one prismatic joint 3 extendingdown from the end of joint 2; and one rotational

degreeof freedomaboutthe vertical z axis, coincidingwith the prismaticjoint axis.
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For all experimentsdescribedhere,only joints 1, 2, and4 areused. This corresponds

to motion in the x-y plane parallel to the floor, and rotation about the z axis

perpendicularto the x-y plane.

Thesystemis controlledby a multiprocessor-basedVME buscontroller, with

aSun3/160workstationservingasthehost. Three68020boardsareusedfor control,

with a fourth usedfor datacollection. The first boardreadsjoint angleinformation,

estimatesjoint velocities using an observer, implementsvarious types of control

including PD, PID, anddirect-torquecontrol,andcontrolsthe motorsby performing

motor commutation. The secondboardreadsthe force and torquedatafrom a JR3

sensor, including threeforce and threetorqueaxes,decouplesthe force and torque

signalsusinga vendor-suppliedmatrix, andtransformsthe datainto the robot’s base

frame coordinates. The third board runs a sequencingprogram,which performs

actionsin sequenceasdefinedby thehostcomputer. It containscodeto servoto any

positionor pose,realizenaturaladmittancecontrol,usenaturaladmittancecontrolor

accommodationcontrol to performan assemblysequence,andother functions.

The host computerpresentsa graphicaluserinterfacefor modifying control

gains,suchasthedesiredstiffness,damping,andforcegains. It alsopresentscontrols

for steppingthrougheachsequence,calibratingtheforce/torquesensor, anddisplaying

variousinformationaboutthe procedures.

Implementationof accommodationcontrol wasstraightforward,andmatches

the equationgiven in (24). Essentiallythis is simply a velocity controller.
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Extendingthe control law for naturaladmittancecontrol from the rectilinear

examplein (56) for usein theAdept is separatedinto severalsteps. First we develop

an implicit torque command,exactly as in (24). However, instead of directly

controlling the motorswith this, we feed it into the naturaladmittancecontrolleras

the control input.

From (11) we haveour desiredforce strategy

andwe developan implicit force command

(59)

in which Bdes specifiesa desireddamping in eachCartesiandirection and in the

(60)

angularaxis. From this we transformthe implicit force commandinto joint space

usingthe manipulatorJacobianJ

In the absenceof any implicit force command,we still want the robot to behavein

(61)

a naturalway, emulatingthenaturaldynamicsof therobot. Thereforeit mustrespond

to endpointforcesusing

The idealizednaturalbehaviorof the robot is simply the behaviorof the link

(62)

inertias in responseto the feedforwardmotor torquesas well as the equivalent
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endpointappliedtorques

whereH is themanipulatorinertia tensor. Thecoriolis termsh areneglectedbecause

(63)

we areoperatingat sufficiently low speeds.No gravity termsare includedbecause

motion was confinedto the x,y planeparallel to the floor. Putting equations(61),

(62), and(63) togetherwe developa desiredacceleration

However, we cannotdirectly usefeedbackcontrol on the accelerationof the robot,

(64)

sincewe do not havean accelerometerto form an accelerationerror. Although we

also lack a direct measurementof joint velocity, we can form a relatively clean

velocity estimatefrom an observer. Thereforewe integratethe desiredacceleration

to form a desiredjoint velocity vector

using a first order Euler integration. This then becomesthe commandedvelocity

(65)

vector, from which we developthe commandedjoint torques

with .

(66)

Thematrix inertia tensorof theAdeptOnerobot for joints 1, 2, and4 asused

in (64) is
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The desireddampingcanalsobe definedin joint space,ratherthanCartesian

(67)

space. Insteadof defining τ imp as in (63) from (61) and (62), we can define it

directly as

Most of the testing was done when the angle betweenthe joints 1 and 2 was

(68)

approximately90°, in which the Jacobianwasfar from a singularity. Both methods

producedsimilar behavior.

4.4 Performance Testing

Thissectiondemonstratestheextentto which thenaturaladmittancecontroller

achievedthe target dynamic behavior as in equation(66). This performanceis

comparedwith accommodationcontrol underthe sameconditions.

A force applied to the endpointshouldresult in a responseidentical to the

behavior of a passivesystem of springs and dampersof identical stiffness and

damping. During the testsan arbitraryendpointforce wasapplied,while the robot’s

joint anglesand endpoint forces were recordedat a rate of about 50 samplesper

second.Theactualresponsewasthencomparedto the ideal,desiredbehaviorof the

robot assimulatedusinga C program. This programusedonly the sensedendpoint
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forces as input, and computed the responseusing fourth-order Runge-Kutta

integration.

The robot wascontrolledto havea desiredstiffnessand a desireddamping,

with

With a zerodesiredvelocity anda staticdesiredposition,we have

(69)

For the first test,both a desiredstiffnessanddampingwereusedon joints 1

(70)
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Figure 10 - NAC Responsewith
Kdes=20,Bdes=6

and2, while joint 4 wasdisabled. For both joints 1 and2, Bdes = 20 andKdes = 6.
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The robot’s desiredposedefinedan elbow angleof approximately90°. Figure 10

showsthe joint anglesof the robot recordedwhen an arbitrary externalforce was

appliedto the endpoint. The actualjoint anglesareshownby the solid lines, while

thesimulatedresponseis shownby thedashedlines. Theactualresponseof therobot

closelymatchedthe desiredresponse.

Controlling the joint motorsdirectly usingequation(61), asis the caseunder

accommodationcontrol, resultsin muchlessdesirablebehaviorfor the samecontrol

gains. Figure11 showsthe actualresponseof the robot (solid lines) aswell as the

idealsimulatedresponse(dashedlines.) Theaccommodationcontrollermustusethe

Bdes andKdes to overcomefriction, whereasthe naturaladmittancecontrollerusesan

inner velocity loop to enforcethe desireddynamics. Consequently, the responseof

accommodationcontrol is dominatedby friction, andthusperformspoorly.
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Figures 12 and 13 show the effects of using only damping,with Kdes=0.

Again, the naturaladmittancecontroller in Figure12 respondedclosely to the ideal

case, while in Figure 13 under accommodationcontrol the responseshowed

substantialdeviationfrom the ideal response.
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Figure 12 - NAC Response
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Figures14 and 15 show the effects of using only a desiredstiffness,with

Bdes=0. In this casethesystemshouldact like an idealspring. Oncesetinto motion,

the systemshouldoscillateindefinitely. Natural admittancecontrol comescloseto

emulatingthis behavior, as shown in Figure14. Although the controller and the

simulation both usedidentical valuesfor the matrix inertia tensorand the desired

stiffnesses,someunknownerror causeda differencein the resonantfrequenciesof

actualversusthesimulatedsystems,primarily for joint 2. Thesimulationresultedin

a resonantfrequencyabout15% larger than the actualresponse.By increasingthe

inertia of joint 2 by 15% in the simulation,or by decreasingthe desiredstiffnessof

joint 2 by 15%, the simulation then exhibited an identical resonantfrequency,

althoughthemagnitudesdiffered. However, underaccommodationcontrol in Figure

15 the responsedid not exhibit any of the desiredresonance,againbecauseof the

dominanteffectsof friction.
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5 Experimental Results of Force-Guided Assembly

5.1 Overview

This sectiondetailsthe resultsachievedthroughthe useof the force-guided

assemblystrategieswithin an accommodationcontroller and a natural admittance

controller. Good performanceis characterizedby fast convergenceto the properly

matedposition, low interactionforces,anda high approachvelocity. Thesecanbe

conflicting requirements. However, natural admittance control outperforms

accommodationcontrolandallowsmoreflexibility in choosingthedesignparameters.

The force-guidedstrategyfor assemblyof Peshkinand Schimmels[10] was

implementedusing the geometryof Figure5, implemented on an AdeptOnerobot.

The low-friction, 3-point contactstiff fixture depictedin Figure 4 was usedin an

automatedalignmentoperation. In this casethe taskwas to align the fixture to the

cornerof a rectangularblock of iron. For theassemblyoperation,thecontrollerwas

given a nominal trajectoryto proceedtowardsthe workpiece,as well as a properly

designedaccommodationmatrix. However no information about the position or

orientationof the workpiecewasused.

5.2 Examples of Good Performance

Force-guidedassemblyusing accommodationcontrol worked as expected.

Small misalignmentsandgeometricuncertaintiesdiminishedasthe robot converged
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on the edgeof the block. Figure 16 showsan exampleof the bestmove attained

under accommodationcontrol for a given initial misalignment. The plot of joint

anglesshowsthe convergenceof the robot to its properly aligned position within

roughly 2 seconds. The initial contactof the fixels occurredat approximately1.2

seconds,as can be seen in the plot of the endpoint forces in Figure 17. The

procedurefinishedat approximately3.2 seconds.

An exampleof a similar assemblymotionundernaturaladmittancecontrol is

shownin Figures17 an18. Thepositionandorientationof theblock wereidentical,

andthepositionof therobotat first contactat about1.2secondswasalsovery similar

to the moveunderaccommodationcontrol. In this case,naturaladmittancecontrol

convergedon the point in approximately2.0 seconds.

The initial misalignmentof the workpiecewas fairly large for the responses

in Figures16-18. Referringto Figure 5, fixel 1 madeinitial contactapproximately

four centimetersaway from its converged position. The robot’s nominal velocity

pointedmuchtoo far in the +y direction,or muchtoo little in the -x direction.
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Although theconvergencetimesfor the two movesweresimilar, this wasnot

true in general. While the naturaladmittancecontrol responsecould be replicated

fairly easily, the accommodationcontrol example shown was the best response

achieved. One explanationfor this is that upon initial contact the contact force

pushedjoint 4 enoughto breakthestaticfrictional forces,suchthatmotionup to the

point of convergencewasmucheasier. Theplot of joint 4 showsa continuousmotion

from initial contact up until final convergence, lesseningthe effect of frictional

disturbances. Further examplesof accommodationcontrol show generallyslower

convergencetimes.

The final value of the forcesappliedby the robot on the block were three

times higher for the accommodationcontroller than for the natural admittance

controller. This canattributedto the largervaluesof Kv requiredfor accommodation

control to reducefriction. For joints 1 and 2, Bdes=33 in the natural admittance

controllerwhile the correspondinggain in accommodationcontrolwasKv=126. The

magnitudeof the accommodationmatrix wasthe samein both cases.

5.3 Examples of Poor Performance

At timesthe setof fixels convergedonto the cornerof the block very slowly.

Two examplesof this areshownhere,oneundernaturaladmittancecontrol andone

underaccommodationcontrol. Generally, two of the fixels rapidly hit the block, but

then the third fixel would take an inordinateamountof time moving into position.
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Theseexampleshelpto illustratesomeof thedifferencesbetweenthesetwo methods,

andwhat canbe doneto improveperformancein the future.

Figure20 showsan automatedalignmenttaskunderaccommodationcontrol

which requiredover eight secondsto converge. This behaviorwas not uncommon

underaccommodationcontrol, and other testsresultedin even longer convergence

times,or sometimesno convergenceat all. The majority of time wasspentwaiting

for joint 4 to breakawayandmove into its properposition. The plot in Figure 21

showsthatthecontrollerwasindeedtrying to movejoint 4, but wasnot very effective

at respondingto sucha low velocity command.

Lesscommonwasa very slow convergenceundernaturaladmittancecontrol.

In Figure 22 convergencealso required about eight seconds. However, joint 4

appearedto make slow but steadyprogress,whereasin Figure 20 joint 4 hardly

moveduntil it brokefree. Comparingthe velocity commandsin Figures20 and22,

the commandedvelocity undernaturaladmittancewas approximatelyone third the

commandedvelocity of accommodationcontrol. This also confirms the fact that

natural admittance control responds to much lower velocity commands than

accommodationcontrol.

The slow convergence times can be attributed to several reasons. The

ineffectivenessof accommodationcontrol at reducingfriction can partially explain

why it did not moveanyfasterthanundernaturaladmittancecontrol,eventhoughits

commandedvelocity was over threetimes larger. The plots of the endpointforces
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andtorquesin Figures23 and24 showsomeimportantdifferencesalso. Whereasthe

momentabout the z axis (M_z) under the accommodationcontroller was negative,

which should have helped joint 4 converge, under natural admittancecontrol the

moment was positive, which may have hindered it somewhat. For certain

configurations,the methodmay converge slowly due to small correctivevelocity

commands. In thesecasesthe naturaladmittancecontroller will enforcethe small

velocity commandsbetterthanaccommodationcontrol.



54

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12

Time (sec)

P
os

iti
on

 (
ra

d)

�

Position vs. Time

Joint 1

Joint 2

Joint 4

Figure 20 - AccommodationControl
Alignment with Slow Convergence,Position

-1.5

-1

-0.5

0

0.5

1

0 2 4 6 8 10 12

Time (sec)

V
el

oc
ity

 C
om

m
an

d 
(r

ad
/s

)

Joint 4 Velocity Command vs. Time

Figure 21 - Accom. Control Alignment
with Slow Convergence,Velocity Command



55

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12

Time (sec)

P
os

iti
on

 (
ra

d)

�

Position vs. Time

Joint 1

Joint 2

Joint 4

Figure 22 - NAC Alignment with
Slow Convergence,Position

-1.5

-1

-0.5

0

0.5

1

0 2 4 6 8 10 12

Time (sec)

V
el

oc
ity

 C
om

m
an

d 
(r

ad
/s

)

Joint 4 Velocity Command vs. Time

Figure 23 - NAC Alignment with
Slow Convergence,Velocity Command



56

-50

-40

-30

-20

-10

0

10

20

30

40

0 2 4 6 8 10 12

Time (sec)

F
or

ce
s 

an
d 

T
or

qu
e 

(N
,N

,N
-m

)

�

Endpoint Forces and Torque vs. Time

F_x

F_y

M_z

Figure 24 - AccommodationControl
Alignment with Slow Convergence,Force

-50

-40

-30

-20

-10

0

10

20

30

40

0 2 4 6 8 10 12

Time (sec)

F
or

ce
s 

an
d 

T
or

qu
e 

(N
,N

,N
-m

)

�

Endpoint Forces and Torque vs. Time

F_x

F_y

M_z

Figure 25 - NAC Alignment
with Slow Convergence,Force



57

5.4 Effects of Increasing Bdes/Kv

Increasingthe values of Bdes with natural admittancecontrol or Kv with

accommodationcontrol should eventually result in contact instability. This was

confirmed through a seriesof experimentsin which thesegains were gradually

increasedfor joints 1 and 2 until the robot exhibited unstablebehavior when

contactingthe iron block. Both controllersusedthe sameaccommodationmatrix as

well as the samenominalvelocity.

The accommodationcontrollercould not evenmovejoints 1 and2 at Kv<50,

andwould not reliably follow the commandedvelocity until Kv>100. However, the

natural admittancecontroller could work with a Bdes=33 and less. So, plots of

convergedresponsesof thenaturaladmittancecontrollerareshownin Figures26-29,

with thevaluesof Bdes asshown. At Bdes=75someslight instability appeared,but this

becamequite clearwhenBdes=100.

By calculating the values of the Gτ matrix for this casewe can see that

instability occurswhenthemagnitudeof thediagonalelementsexceedthosegivenin

Table1. In the casewhenBdes=50 for joints 1 and2, we have

wherethemanipulatorJacobianJ wascalculatedfor theconvergedpose(asopposed

(71)

to the poseused in calculatingTable 1.) The (1,1) elementis about half of its

stability limit of approximately2.0 aslisted in Table1. Doubling the magnitudesof



58

Bdes doublesthe magnitudeof Gτ, which bringsthe (1,1) and(2,2) elementsright up

to their stability limits.
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Figure 26 - NAC, Bdes=33
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Figure 27 - NAC, Bdes=50
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Figure 28 - NAC, Bdes=75
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5.5 Effects of Increasing the Magnitude of A

Increasing the magnitude of the accommodationmatrix A without a

correspondingdecreasein accommodationcontrol’s Kv or naturaladmittancecontrol’s

Bdes resultedin contactinstability when the productwas greaterthan the maximum

force/torquefeedbackgain values. In particular, the accommodationcontroller

requiresfairly high values of Kv in order to follow the velocity command. So,

increasingthe magnitudeof the A matrix was more critical to the accommodation

controller thanto the naturaladmittancecontroller.

Figure 30 showsa stableconvergenceusing the accommodationcontroller.
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Figure 30 - AccommodationControl Response

However, merelydoublingtheaccommodationmatrix resultsin theunstableresponse

asshownin Figure31. Naturaladmittancecontrol would likewise becomeunstable

at thesehigh gains. However, asFigures26-29 show, we can reducethe valuesof

Bdes muchlower without sacrificingperformance.This allows
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Figure 31 - AccommodationControl Response
with DoubledAccommodationMatrix

moreflexibility in choosingthe magnitudesof the accommodationmatrix suchthat

the systemmay becomemuchmoreresponsive.

The responsesof Figures30 and31 resultedfrom usinga Kdes=125 for joints

1 and 2. While this would have made the natural admittancecontroller slightly

unstable,the accommodationcontroller remainedstablebecauseof the effects of

friction. However, the limits on the magnitudeof the diagonalelementsof the Gτ

matrix as in Table 1 still serveas a good estimate. Doubling the magnitudeof the

accommodationmatrix, clearly surpassingthese gain limits, results in contact

instability.

5.6 Effect of Nominal Velocity on Equilibrium Forces

Increasingthe approachvelocity can help minimize the time required for
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assembly. However, the force-guidedassemblystrategiespresentedhere inflict a

heavypenaltyon increasingthe nominalvelocity command. The final valueof the

forcesandtorqueson theenvironmentis directly proportionalto themagnitudeof the

velocity commandv 0. We would like to minimize the forcesthe robot exertson its

environment,in order to contactmore delicateobjectsor to keepthe objectsfrom

beingdisplacedby theforceof therobot. To do this we couldincreasethemagnitude

of theaccommodationmatrix. As shownin theprevioussectionsnaturaladmittance

control allows a muchlarger accommodationmatrix thanaccommodationcontrol.

To illustrate the effectsof the nominal velocity on the equilibrium force, a

basevelocity waschosen,

Theautomatedalignmentprocedurewascarriedout for multiplesof thisbasevelocity,

for both accommodationcontrol and natural admittancecontrol. The results are

summarizedin Table2.

Accommodationcontrol could not evenfollow the small velocity commands

for the case when n=1. In every case, natural admittancecontrol resulted in

substantiallylower final valueforces(aswell aslower overall interactionforces.) In

the casewheren=6, the magnitudeof the accommodationmatrix wasdoubled. The

resultingequilibrium forceswerecomparableto the case
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whenn=3. This showsoneof thebenefitsof havingmoreflexibility in choosingthe

magnitudeof the accommodationmatrix undernaturaladmittancecontrol.

Table II - Effectsof Nominal Velocity
on Equilibrium Force

n*v0

Accommodation
Control

NaturalAdmittance
Control

fx fy fx fy

1 --- --- 1.7 -3.0

2 12 -18 3.0 -6.5

3 17 -25 4.5 -12.

4 28 -47 7.0 -17.

6 --- --- 7.0 -12.

5.7 Other Results

Thestrategiesfor force-guidedassemblydependupondeterminingtherelative

location of the workpiece and fixels through the characteristic forces of the

workpiece/fixel contacts. However, friction and coupling betweenthe force and

torque signals disturb the accuracyof the method. The endpoint forces should

approximatelybe the sumof the characteristicforcesof eachfixel

By resolvingthe force/torquesignalsinto wrenchspaceusing

(73)
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the threeelementsof f fixel shouldall be greaterthan or equalto zero. However, it

(74)

wasnot uncommonfor someof theseto becomenegative. If the proceduredid not

converge to its properly matedposition, it was also not uncommonto find that the

fixel which did not makephysicalcontactlookedlike it shouldhavebeenin contact

from examiningthe resultsof equation(74).

Although possiblymore expensive,a more robustarrangementwould be to

havethreeindependentforce sensorsfor eachof the fixels. If properlycalibratedit

would be much easierfor the controller to determineexactly which fixels were in

contactandwhich werenot.



6 Conclusion and Future Work

This researchshowsthattheperformanceof accommodationcontrol is limited

by contactstability. Theproductof theaccommodationmatrix andthevelocity gains

mustbe lessthana limiting force/torquefeedbackgain. A low velocity gain anda

largeaccommodationmatrix is theoreticallydesirablefor bestperformance.However,

usingaccommodationcontrol, reducingthevelocity gainsreducestheir effectiveness

at overcomingfriction. By incorporatingthe force guidedstrategiesinto a natural

admittancecontroller, betteroverall performancecanbeachieved.While thenatural

admittancecontroller is limited to the sameforce/torquefeedbackgains, it allows

much lower velocity or dampinggains,sincefriction is rejectedby a separateinner

velocity loop with very high velocity gains. Within the stability limits natural

admittancecontrol was found to be twenty times more sensitiveto endpointforces

thanaccommodationcontrol. In addition,for a force-guidedalignmentapplicationthe

naturaladmittancecontrollerassuredstableoperationin contactwith a high-stiffness

environmentwhile moving more quickly to the properly converged position than

accommodationcontrol. It alsoallowedgreaterflexibility in designingthecontroller,

suchthat higherapproachvelocitieswith lower interactionforcescouldbeachieved.

Somelimits were placedon the magnitudeof the diagonalelementsof the

accommodationmatrix in order to insurestability for contactwith arbitrarypassive

environments. However, knowledgeof the manipulatoradmittanceparametersis
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requiredin order to guaranteestability for non-diagonalmatrices.

Futurework in thisareamayinvolve usingthreeindependentforcesensorsfor

each of the fixels rather than one force/torquesensor. This would improve the

accuracyof the force signalsand robustnessto contact frictional disturbancesby

eliminatingcouplingbetweenthe sensors.Thesesensorscould alsobe incorporated

into a more flexible end effector that can adaptdo different fixel and workpiece

geometries.

The controllercanbe improvedto determinewhenan assemblyor alignment

operationhascompleted. The controller shouldalso be able to deal with extreme

errors,when the vector of sensedforces and torquesis not within somespaceof

probableforce-torquevectors. The nominal velocity could also adaptto consistent

errors. For example,if the operationcontinuallyhasan initial error to the left, the

nominal velocity could gradually shift to the right. This would speedsubsequent

iterationsby reducingthe needfor repeatedcorrectivemotion.

The conditionsfor stability canalsobe improved. A two degreeof freedom

stability analysissuchasthe onedonefor joints 1 and2 canalsobe donefor joints

2 and 4. This can then be extendedto a full three degreeof freedom stability

analysis.



Appendix A - Accommodation Matrix Design

% wrenches2.m
%
% Written by: Brian Mathewson 4/10/93
% For: Centerfor AutomationandIntelligent SystemsResearch
% At: CaseWesternReserveUniversity
% Cleveland,Ohio
% Requires: Matlab
%
% This helpsdesignthe accommodationmatrix andnominalvelocity
% for usein force-guidedassembly, asdefinedby Peshkinand
% Schimmels,IEEE Transactionson RoboticsandAutomation,
% vol. 8, April 1992,pp. 213-227.
%
% This file finds basisvectorsfor the nominalvelocity v0 (Bv)
% andaccommodationmatrix A (Ba) for the given geometry
% asdefinedby the wrenchesw1, w2, andw3.

% Wrenches,force/torqueconstraintsfrom fixels on workpiece
w1 = [ 0, -1, 1 ]’;
w2 = [ 1, 0, -1 ]’;
w3 = [ 1, 0, -2 ]’;

% Nominal assemblyvelocity
v0 = [ -0.01; 0.02;0.0 ];

% Wrenchmatrix
W = [ w1, w2, w3 ];

g11 = -1 * soh(w1 * w1’ );
g12 = 1 * soh(w1 * w2’ );
g13 = 1 * soh(w1 * w3’ );
g21 = 1 * soh(w2 * w1’ );
g22 = -1 * soh(w2 * w2’ );
g23 = 1 * soh(w2 * w3’ );
g31 = 1 * soh(w3 * w1’ );
g32 = 1 * soh(w3 * w2’ );
g33 = -1 * soh(w3 * w3’ );
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G = [ g11’; g12’; g13’; g21’; g22’; g23’; g31’; g32’; g33’ ]’;

% Basisvectorsof the A accommodationmatrix
Ba = -1 * inv( G’);

% alphais the designvector for A
alpha = [ 1.0, 0, 1.650, 0.0, 1.0, 0, 0.2, 0, 1.0 ]’;

% The accommodationmatrix
A = rsoh(Ba * alpha);

% Testvectors- mustbe valid for systemto function
t1 = W’ * v0; % t1 shouldbe < 0
t2 = G’ * soh(A); % t2 shouldbe <= 0
t3 = eig(A)’; % t3 shouldbe > 0 i.e. A is P.D.
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function y=soh(M )
%
% File: soh.m for usein Matlab
%
% This function returnsa columnvector from the
% elementsof the matrix M strungout horizontally.
%
[m,n]=size(M);
msoh= zeros(m,1);
for i = 1:m

for j = 1:n
msoh((i-1)*n + j ) = M(i,j);

end
end
y = msoh;

function y=rsoh(v )
%
% File: rsoh.m for usein Matlab
%
% This function returnsa matrix M from a column
% vectorwhich wasstrungout horizontally
% (reversingthe effect of soh.m)
%
[m,n]=size(v);
m = sqrt(m);
M = zeros(m,m);
for i = 1:m

for j = 1:m
M(i,j) = v( (i-1)*m + j );

end
end
y = M;
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