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INTEGRATION OF FORCESTRATEGIES
AND NATURAL ADMITTANCE CONTROL

Abstract

by

BRIAN BERNARD MATHEWSON

When mating partsare broughttogetherin an automatedassemblyoperation,
smallmisalignmentganresultin largeandpossiblydamagingcontactforces. Using
a speciallydesignedaccommodatiommatrix, forcescharacteristido varioustypesof
misalignmentscan guide parts togetherinto their properly assembledpositions.
However, accommodatiorcontrol is constrainedto low force-feedbackgains, the
productsof theaccommodatiomndvelocity gains,to insurestability. It is shownthat
accommodationcontrol is limited to either low-speed convergenceor poor
performancealueto frictional disturbances.However,incorporatingthe force-guided
strategiesinto a natural admittancecontroller leadsto more responsive yet stable
performance. Although limited to the samelow force-feedbaclgains, the method
rejectsfriction and thereforeallows faster assemblywith lower interactionforces.

Experimentalresultsusingan AdeptOnerobot are provided.
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1 Introduction

The processof automatingassemblyand alignmenttasksis hinderedby a
numberof difficulties includingmisalignmentandgeometriauncertaintiesinstability,
convegence friction, andthe preventionof damageo the robotandits environment.
Any time a manipulatomustcontactwith its environmentgdeviationsof the positions
of objectsfrom their expectedocationsrisks damaging high interactionforcesdue
to forcing a motionupona misalignedsystem. Using force feedbackor 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
accommodatenisalignmentsand adaptitself to a changingenvironmentn various
ways.

For eventhe simplestbiological creaturesadaptingto the environments not
only commonplace but necessaryfor survival. Why is this trait so difficult to
translateinto mechanicadevices? Onereasonis thatit is not a simplething to do.
Becauseadaptingto thingsis so naturaland so transparento humansit is difficult
to identify theseadaptive processes. It is even more difficult to translatethese
abilities into mechanicakystemssinceso much of our abilities are basedon a rich
backgroundof experiencesand knowledge. Also, the huge numberand variety of
uncertaintiesor manyassemblyandalignmenttasksmakemethodsfor dealingwith
these uncertainties complex. Consequently automated assembly is usually
implementedonly in highly structuredenvironments.

For specifictypesof assemblyand alignmenttasks,systematicmethodsfor



designinga force-guidedstrategyfor assemblyhave beendeveloped. Examplesof
suchtasksinclude aligning a manipulatots handwith an object, finding a cornerof
an object,and placing one objectinto its properly seatedpositionin anotherobject.
All involve the goal of positioning the manipulators hand coordinateaxeswith a
complementaryportion of an objectin the environmentfor which the exactposition
and orientationare not known. This allows less precisepart fixturing, lessprecise
robotcalibration,lessneedfor extremelypreciseprogrammednotioncommandsand
robustness$o variationsin partgeometriesandotheruncertainties All of thesefactors
cancontributeto lower setupcosts greaterflexibility, anda broaderangeof potential
applications. This thesiswill studyonesuchtask,thatof movingathree-poinffixture
into contactwith a rectangulamblock in a planaralignmentoperation.

To provide a manipulatorwith the ability to assembleor align parts using
force feedback,the controller must possesggeometricinformation about how the
parts fit togethey and strategiesfor directing therobot’s motionbasedon contact
forces. Peshkinand Schimmelg8,10,11] haveformulateda methodof designingan
errorcorrective accommodationmatrix. This matrix maps sensedforces into
correctivevelocity commandghat will guide a workpiece into contactwith a setof
fixture elementspr fixels. Thesefixels arefixed pointsof contact,andarenecessary
to createa force/torquevectorcharacteristi¢do eachfixel. This methodworksequally
well in reversewhenthe setof fixels areguidedinto alignmentwith a workpiece,as

is demonstratedh this thesis. The accommodatiommatrix canalso be optimizedto



minimize the effect of disturbanceslueto contactfriction [9]. Matsuo[6] proposed
a way of dealingwith planarcontactsfor palletizingtasks.

In generalthesemethodsrely on the useof an accommodatiormatrix under
accommodationcontrol [4], or, equivalently damping control [6]. However
attempting to increasethe responsivenesof the controller by increasing the
magnitudeseachelementof the accommodatiormatrix leadsto contactinstability.
Accommodationcontrol is limited to low force-feedbackgains to insure contact
stability in ahigh stiffnessenvironmen{12,7]. To improveresponsivenesgjcreasing
the magnitudeof the accommodatiomatrix while decreasinghe velocity gainswill
preservethe criteria for stability, but it will be lessable to overcomeinternal (e.g.
joint bearingand transmissionJrictional forces.

Using a more advancedevel of servocontrol, however the force strategies
may be preservedbut within a more responsivecontroller Impedancecontrol,
pioneeredby Hogan[4], andits variation "Natural AdmittanceControl" [7,3] offers
implicit stability andresponsiveperformancewithin the limits of the physicalsystem
itself. In particular it markedly reducesthe unwantedeffects of friction while
respondingo fairly low valuesof desireddamping.

In this paperwe will evaluatethe performanceof accommodatiorcontrol
versus natural admittancecontrol in a robotic force-guidedassemblyapplication.
Motions will be restrictedto planar geometrieswith two translationaldegreesof

freedomand onerotationaldegreeof freedom.



2 Force-Guided Assembly

2.1 Introduction

In industrytodayrobotsarenot often found performingassemblytaskswhich
requireforce feedback. In highly structuredenvironmentswherethe dimensionsof
the partsto be assembledre preciselyknown,andthe partsareaccuratelypositioned
in the work area,robotscanbe appliedwith goodresults. For example robotsand
other flexible automationequipmentare commonlyusedto assembleorinted circuit
boards,watchesand other precisioninstruments. Whenthe accuracie®f the robot
andthe placemenbf the partsin thework areaarehigh with respecto the clearances
betweerthe partsto be assembledgoodresultscanbe achieved. However the costs
associatedwith setting up the work area such that the parts will be accurately
positionedcanbe high. For mediumto low volumepartquantitiessuchanautomated
solutionmay be impractical.

The requiremenfor precisepart fixturing also hasthe disadvantag®f being
inflexible. Oneadvantagef robotsover specializednachineryis thatrobotscanbe
rapidly reprogrammedto perform new or modified tasks, without the need for
mechanicathangegexceptperhapsto theendeffector) Specializedequipmeninay
require extensiveredesignand recalibrationin orderto perform a task it was not

originally designedo perform. However the requirementor precisepart fixturing



for robotic tasksstill leavesthat half of the systeminflexible and costly 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 uncertaintiess to usevision to determinethe
positionandorientationof partsin the environment.While vision canbeavery good
methodfor finding the position and orientationof parts,segmentatiorof the image
into discretepixels meansits accuracymay not be fine enoughfor operationswith
small clearances.In addition,vision alonemay not predictlarge interactionforcesas
aresultof partdeformitiesor miscalibrationbetweenthe robot’s coordinatesandthe
cameras coordinates. The robot may also obscurethe view of the contacting
operation. Somesort of complianceis neededn orderto preventunboundedorces
betweenthe robot andits environment.

The RemoteCenterof Compliancedeviceor RCC is a passivemechanical
devicewhichaccommodateforcesandtorquessuchthatsmallmisalignmentsvill not
lead to excessivecontactforces. It is usually composedof a setof three or more
springsconnectedo a floating endpoint. It canbe designedor specificapplications
suchthat for specificconfigurationsa part may be somewhaiguidedinto its mating
position. A classicuseof an RCC deviceis for insertinga peginto a hole. As long
astheleadingedgeof the pegis initially insertedin the hole, evenif it is not exactly
perpendiculato the hole or it hasa small translationalerror, the pegwill be guided

into the hole uponfurther forward motion by the robot.



The main advantagef RCC devicesare that they are guaranteedo be
passive,and require no additional electronicsor controller complexity They can
work with existing commercialcontrollerswithout modification. However they do
not guaranteg¢hatunboundedtontactforceswill notoccur Sincethe controlleruses
no force feedback,if a spring reachesits compressionlimit large and possibly
damagingforcescanarise. Moreover the controllerwill not be ableto determineif
the operationwas successfulpor adaptin any way to the procedure. RCC devices
also may not be easily modified to adaptto different geometries. They are more
complicatedand expensiveio producethanthe structuredor 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 nextlogical stepin developingmore advanced
capabilitiesfor robots. A multi-axis force andtorquesensomountedon the end of
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 sensomprovidesimportantinformation aboutthe
robot’s interactionwith the environment,but using the datadoesnot requirelarge
amountsof processingoowerin the controller

At the minimum a robot shouldsensepotentiallydamagingforces,to prevent

damageto the robot and its environment. Using force-feedbackthe robot can



accommodatdorces from the environment. Then, the force of the robot on the
environmentwill be limited to someextent. An enhancemento this would be to
senseunexpectedforces, to warn of misalignmentsor deviationsfrom expected
values. For example,if a position-controlledoperationresultsin too much or too
little appliedforce, the partsmay havebeendefectiveor out of place.

A further enhancemenis to usethe contactforce andtorqueinformationto
modify the assemblyprocedureto adjustto misalignmentsmiscalibration,and other
errors. Thisis similar to the humanability of manipulatingobjectsthroughthe sense
of touch alone,without needingto seewhat the fingersare doing. Many of these
taskscan be brokendown into simpler subtaskssuchas determiningthe angleof a
surface,finding a geometricfeature of an object such as a corner or edge, and
bringing two objectsinto contact.

This paperfocuseson onesuchsubtaskthatof aligningtherobotto anobject
in the environmenfor which the positionandorientationarenot exactlyknown. One
particularclassof operationss aligning pointsof contactwith planarsurfacesyhich
leadsto systematiadevelopmenbf the appropriateforce strategiesas shownin the

following sections.



2.2 Fixel/Workpiece Geometry

In mostassemblyoperationsthe mostcrucial informationis the positionsof
the objectsrelativeto eachother We often cannottrust deadreckoningby the robot
to find the locationsof objectsin the environment. Instead the robotmay be ableto
determinethe exactpositionandorientationof an objectthroughforce sensingalone.
To do this, theremustbe a clear mappingbetweenthe forcesandtorquessensedy
the robot and the relative positionsof the robot and the objectin the environment.

This requiremenitan be metthroughthe useof the conceptof a fixel.

A fixel or fixture elementis a Y A
frictionlessfixed point of contact. It Workpiece
allows rotation about the fixel,
translations tangent to the fixel,

motions away from the fixel, but not

into thefixel. Threefixels providea

Fixels
Figure 1 - Workpiece/FixelGeometry

minimal set of point constraintssuch

that a rigid planar object, the
workpiece, cannotmoveor rotatein a particulardirection. For example,n Figure 1

the rectangularworkpiece cannot move in the direction specified by the twist

t= [vx,vy,(o]T =[-1,-1,05] , whentherotationcenteris nearthe lower left of the

workpiece.

We can specify the exact constraintsdue to eachfixel by looking at the



force/torquevector of eachfixel on the workpiece. For fixel 1, this force/torque

vector calledawrench is

D
1

1
0
1

A
w=|/%|=
MZ

Fixel 1 pushentheworkpiece(which maybe held by therobot)in the +x direction,
doesnot pushin they direction,andinducesa negativerelative momentaboutthe z

axis’. The otherfixels resultin the wrenches

0 0 @
w =11 w =11
2 2
andare groupedinto a wrenchmatrix as
1 00
W=[www] =] 011 (©)
-112

A fixel configurationis called deterministic if the rank of the nxn W matrix
is equalto n. For the exampleabove,rank(W) = 3, so the geometryin Figurel 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 mustprovide n independentwrenchedor

The units of measuremendre not importanthere. An importantcharacteristiof this and other
methodsis that the systemshouldbe invariantwith respectto a changein units. For example see

[2].
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a deterministicfixture. Note thatthe workpieceneednot be rectangular

Twistsarevectorsof translationabnd/orrotationalvelocities. Relativemotion
betweena fixel andan objectcan be classifiedasrepelling, reciprocal, or contrary.
A repellingmotionimpliesmovemenawayfrom contact;a reciprocalmotionimplies
motion that causesthe objectsto remainin contact;and contrary motion implies
movementowardcontact. Thesedefinitionshavebeenextendedrom [10] to include
motion of a fixel with respectto a workpiece,not just motion of a workpiecewith
respecto a fixel.

The definitionsof thesemotionsareimportantin determiningif a workpiece
is approachingcontactwith the fixels. In an assemblyoperation,minimizing the
assemblytime usually meansminimizing the motionsrequiredto performthe task.
For the workpiece/fixelgeometryassemblymotionsshouldbe reciprocalor contrary
Motion shouldbe towardcontactwith eachfixel, but oncein contactwith afixel, the
workpiece should remain in contact (reciprocal) while moving into contactwith
(contraryto) the remainingfixels. Usingtheseconceptsve canestablishteststo see

if the assemblyprocedurewill work.

2.3 Nominal Trajectory
In any fundamentalassemblyprocedurea nominal trajectory needsto be
computed.This trajectorymustdirectthe manipulatotowardthe mostlikely 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

wit = [f;c,f;,,Mz]:j <0 (4)
®
A twist is reciprocalif
wlt = 0 ®)
andis repellingif
wit > 0 (6)

For example the following twist is contraryto fixel one

-1
-1
0.5

wiy = [10-1] = -15 <0 @)

Similarly, the twist is contraryto fixels two andthree.

n For the systemdepictedin Figure 2, an infinite
("y numberof acceptableassemblytrajectoriesy, exist. What
Is neededs a setof basisvectorsfor which any positive
R linear combination results in an acceptable nominal
)] X

. . trajectory Thesebasis vectors can be found from the
Figure 2 - Assemblinga

Workpieceinto Fixels .
wrenchmatrix as

Bv = [ bvl bv2 bv3 ] = _(WT)_I (8)

For example,from Figure 1 this would be
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11 -1
B,=| 0 -2 1 ©)
0 1 -1

An acceptableassemblytrajectorywould be

1
E ] (10
0

2.4 Accommodation Matrix

Any strategy for force-guided assembly must map sensedforces into
adjustmentsn the nominal assemblymotion. The controller must havea nominal
planfor assembly(in this casea nominaltrajectory),but shouldmodify the plansto
adaptto misalignmentsand othererrors. One way of doing this is by designingan
accommodatioror admittancematrix to map sensedorcesdirectly into changesn
the nominal velocity command. This is calledaccommodatiorcontrol.

The form of accommodationcontrol used in the force-guided strategies
presentedhere specifiesa nominal velocity command,v,, which should move the
robot closeto its intendedposition. Sensedorces causea changein the nominal
velocity in order to accommodatdorces, and, if the A matrix is so designed,to
performa correctivemotion [10].

This control law, expressedn planar cartesiancoordinategx,y,0,), where®,

is rotationaboutthe z axis, specifiesa commanded/elocity
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V =V + Axf (11)
md —0 —e

=i

wheref . is the endpointforce/torquevector(f, , f, , M,], A is a 3x3 accommodation

matrix, and v,y IS the vector containingthe translationaland rotational velocity
COMMANGS [V, 5 Vomay » Oma; 1 OF the robotendpointin baseframe coordinates. The

vectory, is the nominalassemblytrajectoryor twist.

A diagonalaccommodatiommatrix accommodateforcesin eachof the hand
coordinateaxesof the manipulatorby commandingvelocitiesonly along the same
axestheforceis sensed.A non-diagonahccommodatiomatrix canbe designedor
specific geometriessuch that sensedforces are not only accommodatedn their
particular directions, but also causemotions along other axes. Thesemotions can
producean errorcorrectivebehaviorduring assemblytasks.

Theuniquepropertiesof the fixel facilitate a systematianethodfor designing
anerrorcorrectiveaccommodatiomatrix for force-guidedassemblyasgivenin [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 acceptableaccommodatiormatricesexist which will
satisfy the force-guidedassemblyrequirements. Similar to designingthe nominal
velocity commandwe cancreatea setof basismatricesfor the A matrix. However
the A matrix has further limitations, and cannotbe simply designedas a positive

linear combinationof the basismatrices. The basismatricesare formed from
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GT = 8 (12)

where

_T)SOH fori+j

(13)
gl - -(w.w.T)SOH fori=j

The vector g ijT is formed by "stringing out horizontally" the outer productof the
wrenchvectors. So, it is ann?1 vector andG is ann®x n> matrix. Finally, the basis

matricesare formed from the matrix

B, =|by, b, b, b, = -(¢T)*! (14

TAl TAI TAI TAl
where each column vector forms a basisaccommodatiomrmatrix by reversingthe
stringing-outprocess.
An accommodatiomatrix canbe formedby a linear positive combinationof

the basismatricesasin

A=Ba (15)

(3
v
o

whereA is the strung-outhorizontally form of the accommodatiommatrix, anda is
thedesignvectorof nonnegativescalarvalues. However onefinal butvery important

constraintis that A mustbe positive definite:
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A>0 (16)

or, equivalently all the eigenvalue®f A arepositive. Satisfyingtheseconditionson
the A matrix requiressometrial anderror Becauséhe spaceof possiblematricesis
fairly large,the matrix canbe optimizedabouta specificparameter For example the
A matrix can be optimizedto minimize the effect of disturbanceslue to contact
friction [9].

The workpiece/fixelrelationshipcan be reversedhowever so that the fixels,
mountedon the robot, comein contactwith the workpiecein the environmentasin
Figure3. This arrangemenits well suitedto the taskof automatedlignment finding
the exactpositionandorientationof anobjectin the environmenthroughforce sens-
ing alone.

Theseaccommodatiorfunctionsare designedwith

the assumptiorthat the systemwill operateat speeddow

Y AN
enough such that inertial effects and other unmodelled Vo
dynamics can be neglected. Therefore the only o 1
requirement for stability generally used is that the l

® %4
accommodatiomatrix A is positivedefinite[6,10]. Fora

Figure 3 - Aligning Fixels

diagonalA matrix this simply meansthat the elementsof to a Workpiece

A along the diagonalmust be positive. Peshkinand Schimmelsdescribehow to
choosethe elementsof A to assuregeometricconvegence. 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/torquefeedbackgain matrix, whichis limited to relatively small valuesaswe

shall seein section3.

2.5 Implementation

To evaluate the performanceof the force-guided assembly techniques
previouslydescribeda low-friction three point contactwas designedo be attached
to an AdeptOnerobot. This fixture wasmounteddirectly onto a six-axisforce-torque
sensorwhich was mounteddirectly onto the robot.

The attachmentas shownin Figure 4, hasthree evenly spacedfixels. The
fixelsaremountedon a 1/4" aluminumplate,madeof boltsextendingdownwardfrom
the plate, and are coveredby a hard plastic sheathwhich rotatesaboutthe bolts in
orderto reducesliding contactfriction. This attachmentvas usedfor an automated

alignmentapplication. The exactgeometryusedis shownin Figure5.
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Fixel AssemblyAttachment

10.0cm

»

Bl

|

Figure 4 - Fixel Attachmentto the AdeptOneRobot

Workpiece

Figure 5 - AutomatedAlignment
Geometrylmplementation
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From Figure 5, the wrenchmatrix is then

0 1 1
w=|-1 0 0 17
1 -1 -2

The nominalvelocity commandusedwas generallysomescalarmultiple of

-0.01
v, =| 00 (18)
0.00
The designvectorfor designingthe A matrix was
@ =01%[10 00 1.65 00 1.0 00 02 00 101" (19)

which resultsin the accommodatiomatrix

05 028 0.30
A =| 0135 0.115 0.035 (20)
030 0.18 0.20

Again, no units are usedin theseexamples. However becauseof the fixel
geometrywe needto scalethe accommodatiomatrix to fit the physicalsystem. Al
units were in metersper secondfor translationalvelocities, radiansper secondfor
angularvelocities,andnewtonsandnewton-meteror forcesandtorquesespectively

The torque from joint 4 was multiplied by a factor of 20 for use with the
accommodatiommatrix. Thetorquesrelativeto the force on eachfixel wasnot one-
to-one (as assumedn the wrenches)but one twentieth that, since the fixels were
approximately0.05 metersaway from eachother

Additionally, theaccommodatiomatrix requesteanuchtoo largecommanded



19

velocitiesin responseo forcesfor the x andy directions. Sincethe units of velocity
in theseaxesare in metersper second,while the rotation aboutthe z-axis was in
radiansper secondthe x andy velocitieswere scaleddown by a factor of 100.

What this meanss thatthe accommodatiomatrix was scaledby two factors

Aused = KA Adesigned Kf (21)
where
001 0 O
K,=| 0 0010 (22)
0 0 1
and
100
K,=|010 (23)
00 20

Pre- and post-multiplying the accommodationmatrix by (22) and (23)
respectivelypreservesherequirementor passivitythatthe matrixis positivedefinite.
To usetheforce-guidedassemblystrategiepresentedhere, we mustfirst build

an accommodatiorrontrollerto drive the robot.



3 Accommodation Control

3.1 Introduction

Accommodation control maps forces sensedby the robot into velocity
commands. An accommodationmatrix A, the inverse of a damping matrix,
implementsthis mapping. One form of accommodatiorcontrol is to makea robot
accommodater complyto sensedorcesin eachdirection,usinga diagonalA matrix.
Sensedorcesaremappednto velocity commandsn the samedirectionastheforces.

Increasingthe valuesof the A matrix (decreasinghe damping)resultsin a
greaterresponseto sensedforces, while decreasingthe valuesof the A matrix
(increasingthe damping)resultsin a greaterresistancego sensedorces.

Using a direct-torqueinterface to a manipulatoy accommodationcontrol
requiresan inner velocity loop which commandshe joint motorsto producejoint

torques

1m = G"(Qcmd_g)

(24)

=G,(J 'y ®)

cmd__

whereG, is annxn diagonalmatrix of velocity feedbackgains,J is the manipulator
Jacobian,w is the vector of joint velocities,and t,, is a vector of joint torque

commands.

20
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3.2 Stability

In any interactioncontroller stability, is a very importantconcern. Unlike
passiveor biological systemsmanipulatorsanreadily becomeunstableuponcontact
with their environment. We desirea systemthat canremainstablewheninteracting
with any passiveenvironment.

It canbe shownthat one necessargonditionfor stability of accommodation
controlis thatthe accommodatiomatrix A in (11) shouldbe positivedefinite[1,10].
However whatif the accommodatiomatrix is scaledup by a an orderof magnitude
or more? Althoughthe systemwill becomemuchmoreresponsivéo endpointforces,
it will notbehaven a passiveandstablemannerdueto unmodelledsystemdynamics.

Using equation(24) with (11) to control a robot shouldtheoreticallyresultin
passivebehavior aslong asthe gainsof the G, matrix are positive,andA is positive
definite. However a simpletestcanshowthat the magnitudesf the elementof the
two matrices are limited by the robot's maximum force/torque feedback gains.
Placingthe force/torquesensorof the robot betweentwo high-stiffnessobjectswill
resultin a stablebehaviorfor low force-feedbackyains. However at highergainsthe
robotwill chatterbackandforth betweenthe objects,clearly violating the passivity
constraint

Themaximumgainswhich guarantegpassive stablebehaviorcanthereforebe

2Under accommodatiortontrol, friction actsasa stabilizing factor. Oncethe staticfriction is
broken,however,instability will becomeapparent. Bouncingthe robot betweentwo stiff objects
will revealwhetherthe systemcan becomeunstableor not.
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foundempirically To converttheminto a dimensionlessgnatrix of maximumtorque

feedbackgain values,we canwrite

= G,[J7(y, + A1) - @] (25)

=G6Jy + GJ AT, - Gu
wheret ., = J' f _ is the vectorof joint torquesequivalento the endpointforcef .. The

G, w termperformsdamping,andwill not destabilizethe system. Further the feed

forwardterm G, J * v, doesnot affect stability. The remainingfeedbacktermis
t, ~G,G, 1, (26)
whereG, = J"'AJ . Usingthis lastequationwe canderivethe dimensionlessorque
gain matrix
G, = G,G, (27)
which leavesus with
z -G 1z (28)

Equation(26) clearly showsthat the torquefeedbackgainis a productof the
velocity gain G, andthe transformedaccommodatiommatrix G,. Equation(28) is
equivalentto explicit torque feedback,for which maximum stable gains G, ..., if
decoupledcan be found empirically Equation(27) showsthat we do not impose

limits on G, and G, separatelybut only on their product. As long asthe productof
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thesetwo matricesremains’lessthan”the elementsn the G, matrix, the systemwill
be stable.

If G, @and G, are diagonal, this inequality appliesto eachterm of the
respectivediagonalelements. In the coupledcase,satisfyingthe inequality for the
diagonalelementss necessarput not sufficientto guaranteestability. For additional
conditionsin the coupledcase,seeSection3.3.

For example for diagonalG, and G,, a necessarygonditionfor stability is

(G,G,); < (G (29)

T,max )ii

For a given stablesetof gainsG, andG,, we canscalethe elementsf eachwithout
affecting stability, providedthe productG, G, is constant.

Experimentson an AdeptOnerobot verify theseresults. With the robot
alignedsuchthat infinitesimalmotionsaboutjoints 1 and 2 correspondo motionsin
the x andy handcoordinatesrespectivelythe maximumstablegainswerefoundin
eachdirection. In this position, G, and G, are diagonal,and G, is diagonalfor
diagonalA.

Table 1 showsvaluesof gainsin the x direction, the productof thosegains,
and the robot’s responsdo contactinga stiff environmentat thesegains. The first
line showsthe gain valueswhich madethe systemslightly unstable. Changingthe
gainsto thosein eitherthe secondor third linesresultedin the sameslightly unstable
behavior However cutting either of thesegainsin half resultedin stable,passive

behavior as shownin lines 4-6 of Table 1. Therefore,the productof thesegain
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matricesis limited to the maximumstableG, matrix.

G, G, G, * G, Response
125 | 0.020 25 Unstable
500 | 0.005 25 Unstable
12.5| 0.200 25 Unstable
125 | 0.010 1.25 Stable
250 | 0.005 1.25 Stable
12.5| 0.100 1.25 Stable

Table | - Maximum Stable
TorqueFeedbackGains
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3.3 Non-Diagonal Accommodation Matrices
The previoussectiondemonstratedhe inherentstability limits on the torque-
feedbackgains,and showedhow theselimits can be empirically determinedin the
uncoupledcase. In this section,the relationshipbetweerthesetorquefeedbackgains
andthe correspondindimits on accommodatiortontrol are examinedin detail.
Using directtorquefeedbackcontrol for a singlejoint of a manipulatorasin

equation(28), a simple model of the dynamicbehavioris given by

Y G
R I (30)
Tm = ye Te
whereY is the open-loopadmittance. The closed-loopadmittances then
Ye = Yoo * G Vom (31)

wherey,, is the open-loopendpointadmittance,andy,, is the motor to endpoint
admittance. Equation (31) indicatesthat the closed-loopendpoint admittanceis
determinedby the torquefeedbackgain, G..

Underaccommodatiortontrol, the systemdynamicscan be written as

yee yem
yme ymm

@,

@,

IS, } (32)

Tm

wherey, . is the endpointto motoradmittancek, is theaccommodatiomgain,andy.,,,

is the openloop motor admittance andthe controlleruses
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T, =k Kk, 1, - 0,) (33
wherek, is the accommodatiomain. This leadsto the closed-loopadmittance

kk, -ky,,

vV oa

ye=yee+yem1+ky (34)
vomm

The admittancein (34) can be simplified by examining two cases,low
frequenciesand high frequencies. For low frequencies,when k, y.., >>1, this
simplifiesto

(ka B yme) (35)

Ye = Vee * Yem Youm

where the admittanceis dependentonly on k, . However the critical factor in
determiningstability was found in the previoussectionto be the productof k, and
k, . This productbecomesvidentwhen consideringhigher frequencieswherey, ..
and y,,, becomesmall with respectto the constantterm k, k,. At thesehigh

frequenciesgequation(34) reduceso
Ye = Yee * Yemkik, (36)

Equationg(36) and(31) showthatfor high frequencieshe directtorquefeedbackG,
is equivalentto the productof k, andk, underaccommodatiorcontrol. SinceG, is

limited to a maximum stable torque feedbackgain G the product k, k, is

T,max?

similarly limited by G, ... This conclusionagreeswith the empiricalevidencefrom

the prior section.
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Althoughit is conveniento analyzethe stability of a singledegreeof freedom
systemwe mustalsoconsidercoupledsystems. Thesesystemsontainnon-zerooff-
diagonalelementsn the torque-feedbacknatrix. To simplify the analysis,consider
rotationsaboutthe z axis of a two-link manipulatorin a posesuchasin Figure 6 with
anominalelbow angleof 90°. For small deviationswe canignorethe effect of this
elbow angleon the dynamics. Most interactionscan be effectively performedwhen

nearthis pose. However we muststill considerrotationsof joint 1.

The torque feedbackgain matrix when the

robotis orientedasin Figure6 is

K, 0
0 K,

37)

The maximum stable torque feedbackgains, K, .,

andK, ., canbefoundby determiningthemaximum  Figure 6 - Robotin Pose
with 90° Elbow Angle

values of K; and K, for which the robot remains

stable(aswas demonstrated the previoussection.)

Rotatingthis matrix aboutthe z axis by an angley with
G'. = RG.RT (39)

resultsin the rotatedtorquefeedbackgain matrix
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K, cos(P)® + K,sin(¥)* (K, - K,) cos(¥) sin(y)
(K1 - Kz) COS(III) S]Il(III) K1 Sin(‘l’)z + Kz COS(III)Z

(39)

T

which can haveoff-diagonalelements. The closed-loopadmittanceof this two-link

robotis

yeel 0
0 yeel

r r
Gr,llyeml Gr,lzyeml
r r
G r,ZlyemZ G r,zz}’emz

Yy = (40)

e

+

The necessargonditionfor contactstability with any passiveenvironmenis
that Y, mustbe passive. We alsohavelimits on the maximumtorquefeedbackgain

limits. Summarizingtheseconditionsfor constantG, ,, and G, ,,, we require

Re (Ypoy + G i1 Vo) > O (41)
G < Kl,m (42
K, K, <K .. (43)
and
Ro (Yoo * G'i22Yemz) > 0 (44)
G 2r < Ky (45)
K, K, <K, . (46)

Thereal partsof the openloop admittancey,,, andy,,, arealwayspositive,asarethe
endpointto motoradmittancey,,. Thisreduceg41)and(44)to therequirementhat
the diagonaltorquefeedbackelementamustbe positive. The torquefeedbackgains

alongthe diagonalmustalso be lessthan the maximumallowabletorque feedback
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gainsK, ., andK, .. Further the torque feedbackgains K, and K, usedin the
unrotatedG, mustboth be lessthaneitherof the maximumallowabletorquefeedback
gainsK, ., andK, ...

However therequirementor positivedefinitenessmposesafurtherrestriction
on the magnitudesof the off-diagonal elements. One necessanput not sufficient

conditionis that the determinanof vy,

(Yeer * G o11Vemt N Yeer * G r22Vemz ) = G i12Yem2 G221 Vem (47)
is positive definite for all frequencies. This is a sufficient condition only for
symmetricmatrices.

For an arbitrary non-symmetri2x2 admittancematrix,

Y11 Yo
Ya1 Yoo

3 - (“8)

the controlledsystemmustremainstablewhencoupledto any passiveenvironment.
This requirementcan be met if we guaranteghat the systemcan neverbecomea
sourceof continuouspower [4]. This requiresthat the real componentof poweris
nonnegative.

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

arbitrary setof inputsis
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i Y2 a; +jb,
Py = [a,-jby a,-jb)] (49)

Yo Y22 a, +jb,

wherea,, b;, a,, andb, areall real numbers. For contactstability with an arbitrary

passiveenvironmentthe real part of the powerin (49) mustbe nonnegative

yll(alz"'blz) + yzz(azz"'bzz)
Re | + y,(aya, + byb, + jbia, - jayby) | >0 (50)

+ Yp1(a1a, + b, - jbia, + jab,)

For simple casessuchas a,>0, b,=a,=b,=0, equation(50) reducesto the necessary
requirementthat the diagonal elementsof the admittance matrix are positive.
However the necessaryand sufficient requirements that (50) is valid for arbitrary
reala,, b;, a,, andb.,.

Although somelimits have beenplacedon the magnitudesof the diagonal
elementf theaccommodatiomatrix, and necessargonditionson the matrix have
been presented,at this time it appearsthat explicit knowledge of the robot’s
admittanceparametergasin equation(40)) is requiredin orderto guaranteestability
for anarbitraryaccommodatiomatrix. Oncemeasuredyowevertheaccommodation
matrix can be designedto meetthe requirementsf (50) since the spaceof valid
accommodatiomatricesis fairly large. This shouldbe expandedo threedegreesf

freedom. In additionthe G, may be generalizeccompensatorsjot just constants.
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3.4 Friction And Accommodation Control

From equation(26) we seethat there is an inherentstability limit on the
productof the velocity gainandaccommodatiomgains. For a givenstablesetof gains
G, andG,, we canscalethe elementof eachwithout affectingstability, providedthe
productG, G, is constant. To evaluatehow we shouldchoosethe appropriateratios
of thesegains, consideran analogoussingle degreeof freedom,rectilinear system
consistingof a puremassm, with a motorforce, f,,, anda sensecenvironmentorce,

f.. Our open-loopplant hasthe dynamics

msv =f, +f, (51)

Underaccommodatiortontrol, we invoke the samecontrol law from (11)

Vema = Vo * 841, (52)

and(24), which givesus

Ju = 8,841, + 8,V — &V (53)

Substitutingthis control law into the open-loopdynamicsyields:

_ 1+ gng (54)

¢ ms+g,

wherey, = is the closed-loopendpointadmittance. We want this to be aslarge

i
L

as possiblefor maximumresponsivenessFrom (52) and (54) we canalsofind the
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final-value (equilibrium) force

8
f =_ % v (55)
e 1 + gv gA 0

For maximumresponsivenessg. for maximumy,, we would like to haveg,
g, high andg, low. However we are constrainedo relatively low valuesof g, g,.
For example,from Table 1 the maximumstablegain waslessthan?2. Furtherif g,
is setlow, we geta poor velocity loop, andthus poor friction rejection.

We would alsolike to have an adequatelyhigh approachvelocity, v,, anda
suitablylow equilibriumforce for the final valueof f.. Thisimpliesthatwe should

minimize . 8

. Again, we arelimited to how large the productg, g, canbe. So,

+gng

we must reduceg, to increasev, or decreasd,, which also leadsto poor friction
rejectionandthus poor performance.

Underaccommodatiorcontrol we arethereforelimited in our choiceof g, to
eitherlow-speedconvegenceor poor performancedueto frictional disturbances.d
illustrate the poor performanceof accommodatiorcontrol in rejecting friction, the
responsef the endpointpositionto a force appliedto the endpoint
wasmeasuredor the AdeptOnerobot. Figure7 showstheresponseainderopen-loop
control with zero motor torque. The endpointforce gradually increaseduntil it
exceededhe staticfriction force, andthe robot startedmoving.

In Figure8, the sameprocesavasrepeatedbut underaccommodatiomontrol.
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The productg, andg, wassetto the maximumstablevalue,while g, wasabout15%
of the maximumstablevalue. Theforce at which therobotstartedmovingwasabout

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

with accommodatiorctontrol.
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Figure 8 - Friction Rejection,
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4 Natural Admittance Control

4.1 Introduction

Previousresearchhy Hogan[4], Newman[7], and others[3,5] hasadvanced
the servo level of control for systemswhich must come in contact with the
environment. Natural admittancecontrol enforcesthe natural behaviorof a robot,
controlling its dynamic responseto interaction forces. Regulatingthe dynamic
behavior ratherthandirectly trying to control force, achievesstableperformancen
responseo contactwith arbitraryenvironments.This methodalsorejectsdisturbances
suchasfriction. Embeddeawithin this controller the force strategiesof Peshkinand
Schimmeld10] canguidetherobot’s motionwhile remainingstableregardles®f the

environmentaktiffness,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 single degreeof freedomfrom (51) as

Ju = baesVoa = V) + &f(bdes(vcmd -v) +fe) dr - gy (56)

m

Substitutingthis naturaladmittancecontrol law into our open-loopdynamicsyields

the closed-loopadmittance

(57)

35
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andthe final-value (equilibrium) force

foo e (58)

1 +b,8, 0

Comparingthe admittanceof equation(57) with the similar admittanceof
accommodatiortontrol in (54), we seethat b, performsan similar functionin (57)
asg, doesin (54). We arealsoconstrainedy the productby, g, < g; - Similarly,
we would like to setb,, to a relatively low value,and g, to an appropriatelyhigh
value. Theeffectsof b, andg, on the equilibrium force areidenticalaswell. With
naturaladmittancecontrol, however lowering b,,, doesnot reducefriction rejection.
The NAC controller has a large inner velocity loop gain g, which rejectsfriction.
Therefore, NAC permits friction rejection without imposing low admittance
responsivenessarge equilibrium force, or slow approachvelocity.

Naturaladmittancecontrolexhibitedstability limits similar to accommodation
controlasin Table 1. SubstitutingB,, for G,, NAC becameunstablefor the same
productsof the gain values,and was similarly stablefor the lower productsof gain

values.

4.2 Natural Admittance Control and Friction Reection
Figure9 illustratesthe ability of naturaladmittancecontrol to rejectfriction.

Therobotrespondedo anextremelylow forcewhile usingthe sameprocedureaswas
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Endpoint Force and Position vs. Time, Natural Admittance Control

Position

Force (N) Position (m)

Time (sec)
Figure 9 - Friction Rejection,
Natural AdmittanceControl

used with accommodationcontrol earlier the samevaluesfor G,, and low B,
(identical to the low G, of the accommodatiorcontrol test.) Becausethe NAC
controllerintegratesthe 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 times betterthan

accommodatiorcontrol.

4.3 Implementation of Natural Admittance Control

Natural Admittancecontrol was implementedon and AdeptOnerobot. This
particularrobotis a SCARA-typerobot with two planardirect drive joints 1 and 2;
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 experimentslescribechere,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
perpendiculato the x-y plane.

The systemis controlledby a multiprocessebasedVME buscontroller with
a Sun 3/160workstationservingasthe host. 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, and controlsthe motorsby performing
motor commutation. The secondboardreadsthe force and torque datafrom a JR
sensoy including three force and threetorque axes,decoupleghe force and torque
signalsusinga vendorsuppliedmatrix, andtransformsthe datainto the robot's base
frame coordinates. The third board runs a sequencingprogram, which performs
actionsin sequencasdefinedby the hostcomputer It containscodeto servoto any
positionor pose realizenaturaladmittancecontrol, usenaturaladmittancecontrol or
accommodatiortontrol to performan assemblysequenceand otherfunctions.

The host computerpresentsa graphicaluserinterfacefor modifying control
gains,suchasthedesiredstiffness,damping,andforcegains. It alsopresentsontrols
for steppinghrougheachsequence;alibratingtheforce/torquesensoranddisplaying
variousinformation aboutthe procedures.

Implementationof accommodatiortontrol was straightforward,and matches

the equationgivenin (24). Essentiallythis is simply a velocity controller
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Extendingthe control law for naturaladmittancecontrol from the rectilinear
examplein (56) for usein the Adeptis separatednto severalsteps. First we develop
an implicit torque command,exactly as in (24). However instead of directly
controlling the motorswith this, we feedit into the naturaladmittancecontrolleras
the control input.

From (11) we haveour desiredforce strategy

Mcmd=yo+Af (59)

andwe developanimplicit force command

(60)

in which B, specifiesa desireddampingin each Cartesiandirection and in the
angularaxis. From this we transformthe implicit force commandinto joint space

usingthe manipulatorJacobian]

. =JTf (61)

“Timp imp
In the absenceof any implicit force commandwe still want the robot to behavein
anaturalway, emulatingthe naturaldynamicsof therobot. Thereforet mustrespond

to endpointforcesusing
z, =Jf, (62)

The idealizednaturalbehaviorof the robotis simply the behaviorof the link

inertias in responseto the feedforward motor torquesas well as the equivalent
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endpointappliedtorques

(63)

[
+
la
I
X
(=3

T+ e
whereH is the manipulatorinertiatensor The coriolis termsh areneglectecbecause
we are operatingat sufficiently low speeds. No gravity termsareincludedbecause
motion was confinedto the x,y plane parallelto the floor. Putting equations(61),

(62), and (63) togetherwe developa desiredacceleration
=H'1<1 +z,) (64)

However we cannotdirectly usefeedbackcontrol on the acceleratiorof the robot,
sincewe do not havean accelerometeto form an acceleratiorerror.  Although we
also lack a direct measuremenof joint velocity, we can form a relatively clean
velocity estimatefrom an observer Thereforewe integratethe desiredacceleration

to form a desiredjoint velocity vector
k+1 _ k
Wil =k va At (65)

using a first order Euler integration. This then becomesthe commandedvelocity

vector from which we developthe commandedoint torques

T =Gv<g ) (66)

with (ORI

The matrix inertia tensorof the AdeptOnerobotfor joints 1, 2, and4 asused

in (64) is
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4.38 1.35cos(0,) O
H = | 1.35co0s(6,) 1.15 0 (67)
0 0 0.2

The desireddampingcanalsobe definedin joint space ratherthanCartesian

space. Insteadof defining 1, asin (63) from (61) and (62), we can define it

imp

directly as
Ly = Baes(T 7 Vg~ @) (68)

Most of the testing was done when the angle betweenthe joints 1 and 2 was
approximately90°, in which the Jacobianwasfar from a singularity Both methods

producedsimilar behavior

4.4 Performance Testing

This sectiondemonstratethe extentto which the naturaladmittancecontroller
achievedthe target dynamic behavioras in equation(66). This performanceis
comparedwith accommodatiortontrol underthe sameconditions.

A force appliedto the endpointshouldresultin a responseadentical to the
behavior of a passivesystemof springs and dampersof identical stiffness and
damping. During the testsan arbitrary endpointforce wasapplied,while the robot’s
joint anglesand endpointforces were recordedat a rate of about50 samplesper
second. The actualresponsavasthencomparedo the ideal, desiredbehaviorof the

robot as simulatedusinga C program. This programusedonly the sensecendpoint
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forces as input, and computed the responseusing fourth-order Runge-Kutta
integration.
The robot was controlledto havea desiredstiffnessand a desireddamping,

with

T = Buas (@ @) * Ky (€, 9) (69)

imp

With a zerodesiredvelocity and a static desiredposition,we have

T = Kieg(0,,78) = By (70)

For the first test, both a desiredstiffnessand dampingwere usedon joints 1

and2, while joint 4 wasdisabled. For bothjoints 1 and 2, B, = 20 andK = 6.

Actual Response (solid), Simulated Response (dashed)

Joint 1

Angular Rosition (rad)
o
N

Joint 2

Time (sec)
Figure 10 - NAC Responsavith
Kdes=20,Bdes=6
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The robot’s desiredposedefinedan elbow angle of approximately90°. Figure 10
showsthe joint anglesof the robot recordedwhen an arbitrary externalforce was
appliedto the endpoint. The actualjoint anglesare shownby the solid lines, while
the simulatedresponsés shownby the dashedines. The actualresponsef therobot
closely matchedthe desiredresponse.

Controlling the joint motorsdirectly usingequation(61), asis the caseunder
accommodatiorrontrol, resultsin muchlessdesirablebehaviorfor the samecontrol
gains. Figure 11 showsthe actualresponseof the robot (solid lines) aswell asthe
ideal simulatedresponsddashedines.) The accommodatiortontrollermustusethe
B4 and K to overcomefriction, whereaghe naturaladmittancecontroller usesan
inner velocity loop to enforcethe desireddynamics. Consequentlythe responseof

accommodatiortontrol is dominatedby friction, and thus performspoorly.

Actual Response (solid), Simulated Response (dashed)
15 T T T T T T T T

Joint 1

0.5+

Angular Rosition (rad)

Joint 2

-0.5r

Time (sec)
Figure 11 - AccommodationControl
with Kdes=20,Bdes=6
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Figures 12 and 13 show the effects of using only damping, with K,=0.
Again, the naturaladmittancecontrollerin Figure 12 respondecloselyto the ideal
case, while in Figure 13 under accommodationcontrol the responseshowed

substantiadeviationfrom the ideal response.

Actual Response (solid), Simulated Response (dashed)
1 Joint 1 T T T T T T T
0.5
5)
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7
& Joint 2
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,1}: L
0 1 2 3 4 5 6 7 8 9 10
Time (sec)
Figure 12 - NAC Response
with Kdes=0,Bdes=6
Actual Response (solid), Simulated Response (dashed)
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Figure 13 - AccommodationControl
with Kdes=0,Bdes=6
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Figures14 and 15 show the effects of using only a desiredstiffness,with
B.=0. In this casethe systemshouldactlike anideal spring. Oncesetinto motion,
the systemshould oscillate indefinitely Natural admittancecontrol comescloseto
emulatingthis behavior as shownin Figure14. Although the controller and the
simulation both usedidentical valuesfor the matrix inertia tensorand the desired
stiffnessessomeunknown error causeda differencein the resonantfrequenciesof
actualversusthe simulatedsystemsprimarily for joint 2. The simulationresultedin
a resonantrequencyabout15% larger than the actualresponse. By increasingthe
inertia of joint 2 by 15% in the simulation,or by decreasinghe desiredstiffnessof
joint 2 by 15%, the simulation then exhibited an identical resonantfrequency
althoughthe magnitudegliffered. However underaccommodatiorontrolin Figure
15 the responsedid not exhibit any of the desiredresonanceagainbecauseof the

dominanteffectsof friction.
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Actual Response (solid), Simulated Response (dashed)
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Figure 14 - NAC Response
with Kdes=20,Bdes=0
Actual Response (solid), Simulated Response (dashed)
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Figure 15 - AccommodationControl
with Kdes=20,Bdes=0




5 Experimental Results of Force-Guided Assembly

5.1 Overview

This sectiondetailsthe resultsachievedthroughthe use of the force-guided
assemblystrategieswithin an accommodatiorcontroller and a natural admittance
controller Good performances characterizedy fast convegenceto the properly
matedposition, low interactionforces,and a high approachvelocity. Thesecan be
conflicting requirements. However natural admittance control outperforms
accommodatiorontrolandallows moreflexibility in choosinghedesignparameters.

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 taskwasto align the fixture to the
cornerof arectangulablock of iron. For the assemblyoperationthe controllerwas
given a nominaltrajectoryto proceedtowardsthe workpiece,aswell asa properly
designedaccommodatiormatrix. However no information about the position or

orientationof the workpiecewas used.

5.2 Examples of Good Performance

Force-guidedassemblyusing accommodationcontrol worked as expected.

Small misalignmentsand geometricuncertaintiediminishedasthe robot conveged

47
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on the edgeof the block. Figure 16 showsan exampleof the bestmove attained
under accommodatiorcontrol for a given initial misalignment. The plot of joint

anglesshowsthe convegenceof the robot to its properly aligned position within

roughly 2 seconds. The initial contactof the fixels occurredat approximatelyl.2
seconds,as can be seenin the plot of the endpointforcesin Figure 17. The
procedurefinishedat approximately3.2 seconds.

An exampleof a similar assemblymotion undernaturaladmittancecontrolis
shownin Figuresl7 an18. The positionandorientationof the block wereidentical,
andthe positionof therobotatfirst contactat aboutl.2 secondsvasalsovery similar
to the move underaccommodatiorcontrol. In this case,naturaladmittancecontrol
convegedon the point in approximately2.0 seconds.

The initial misalignmentof the workpiecewas fairly large for the responses
in Figures16-18. Referringto Figure5, fixel 1 madeinitial contactapproximately
four centimetersaway from its conveged position. The robot’s nominal velocity

pointedmuchtoo far in the +y direction,or muchtoo little in the -x direction.
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Althoughthe convepgencetimesfor 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 contactthe contactforce
pushedoint 4 enoughto breakthe staticfrictional forces,suchthat motion up to the
point of convegencewasmucheasier Theplot of joint 4 showsa continuousmotion
from initial contactup until final convegence,lesseningthe effect of frictional
disturbances. Further examplesof accommodatiorcontrol show generally slower
convegencetimes.

The final value of the forcesapplied by the robot on the block were three
times higher for the accommodationcontroller than for the natural admittance
controller This canattributedto the larger valuesof K, requiredfor accommodation
control to reducefriction. For joints 1 and 2, B,=33 in the natural admittance
controllerwhile the correspondingyainin accommodatiorrontrolwasK,=126. The

magnitudeof the accommodatiomrmatrix wasthe samein both cases.

5.3 Examples of Poor Performance

At timesthe setof fixels convegedonto the cornerof the block very slowly.
Two examplesof this are shownhere,one undernaturaladmittancecontrol and one
underaccommodatiorcontrol. Generally two of the fixels rapidly hit the block, but

thenthe third fixel would take an inordinateamountof time moving into position.
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Theseexampledhelpto illustratesomeof the differencesetweerthesetwo methods,
andwhat canbe doneto improve performancen the future.

Figure 20 showsan automatedalignmenttask underaccommodatiorcontrol
which requiredover eight second€o convege. This behaviorwas not uncommon
underaccommodatiorcontrol, and other testsresultedin evenlonger convegence
times, or sometimesno convegenceat all. The majority of time was spentwaiting
for joint 4 to breakaway and move into its properposition. The plot in Figure 21
showsthatthe controllerwasindeedtrying to movejoint 4, butwasnot very effective
at respondingo sucha low velocity command.

Lesscommonwasa very slow convegenceundernaturaladmittancecontrol.
In Figure 22 convegence also required about eight seconds. However joint 4
appearedo make slow but steadyprogress,whereasin Figure 20 joint 4 hardly
moveduntil it brokefree. Comparingthe velocity commandsn Figures20 and 22,
the commandedrelocity under naturaladmittancewas approximatelyone third the
commandedvelocity of accommodatiorcontrol. This also confirms the fact that
natural admittance control respondsto much lower velocity commandsthan
accommodatiorcontrol.

The slow convegencetimes can be attributed to severalreasons. The
ineffectivenesof accommodatiorcontrol at reducingfriction can partially explain
why it did not moveany fasterthanundernaturaladmittancecontrol, eventhoughits

commandedrelocity was over threetimes larger  The plots of the endpointforces
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andtorquesin Figures23 and24 showsomeimportantdifferencesalso. Whereaghe
momentaboutthe z axis (M_z) underthe accommodatiorcontroller was negative,
which should have helpedjoint 4 convepge, under natural admittancecontrol the
moment was positive, which may have hindered it somewhat. For certain
configurations,the method may convepge slowly due to small corrective velocity
commands. In thesecasesthe naturaladmittancecontroller will enforcethe small

velocity commanddetterthan accommodatiorcontrol.
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5.4 Effects of Increasing B,/K,

Increasingthe values of B, with natural admittancecontrol or K, with
accommodationcontrol should eventually result in contactinstability. This was
confirmed through a seriesof experimentsin which these gains were gradually
increasedfor joints 1 and 2 until the robot exhibited unstable behavior when
contactingthe iron block. Both controllersusedthe sameaccommodatiommatrix as
well asthe samenominal velocity.

The accommodatiorcontroller could not evenmovejoints 1 and 2 at K <50,
andwould not reliably follow the commandedrelocity until K, >100. However the
natural admittancecontroller could work with a B,=33 and less. So, plots of
convegedresponsesf the naturaladmittancecontrollerareshownin Figures26-29,
with the valuesof B, asshown. At B =75 someslightinstability appearedbut this
becamequite clearwhen B =100.

By calculating the values of the G, matrix for this casewe can seethat
instability occurswhenthe magnitudeof the diagonalelementsexceedhosegivenin

Tablel. In the casewhenB,=50 for joints 1 and2, we have

1.095 -1.229 -7.0
G, =|-0771 1045 4.0 (71)
-0.057 0.071 0.4

wherethe manipulatorJacobian] was calculatedfor the conveged pose(asopposed
to the poseusedin calculatingTable 1.) The (1,1) elementis about half of its

stability limit of approximately2.0 aslistedin Table1l. Doublingthe magnitudef
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B, doublesthe magnitudeof G,, which bringsthe (1,1) and(2,2) elementsight up

to their stability limits.
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5.5 Effects of Increasing the Magnitude of A

Increasing the magnitude of the accommodationmatrix A without a
correspondinglecreasé accommodatioontrol’'s K, or naturaladmittancecontrol’s
B, resultedin contactinstability when the productwas greaterthan the maximum
force/torque feedbackgain values. In particular the accommodationcontroller
requiresfairly high valuesof K, in order to follow the velocity command. So,
increasingthe magnitudeof the A matrix was more critical to the accommodation
controllerthanto the naturaladmittancecontrollet

Figure 30 showsa stable convegenceusing the accommodatiorcontrollet
However merelydoublingthe accommodatiomatrix resultsin the unstableresponse
asshownin Figure31. Naturaladmittancecontrol would likewise becomeunstable
at thesehigh gains. However as Figures26-29 show we canreducethe valuesof

B muchlower without sacrificingperformanceThis allows
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more flexibility in choosingthe magnitudesof the accommodatiommatrix suchthat
the systemmay becomemuch moreresponsive.

The responsesf Figures30 and 31 resultedfrom usinga K =125 for joints
1 and 2. While this would have made the natural admittancecontroller slightly
unstable,the accommodatiorcontroller remainedstable becauseof the effects of
friction. However the limits on the magnitudeof the diagonalelementsof the G,
matrix asin Table 1 still serveasa 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-guidedassemblystrategiespresentedchere inflict a
heavypenaltyon increasingthe nominal velocity command. The final value of the
forcesandtorqueson the environmenis directly proportionalto the magnitudeof the
velocity commandv,. We would like to minimize the forcesthe robot exertson its
environment,in orderto contactmore delicateobjectsor to keepthe objectsfrom
beingdisplacedoy theforce of therobot. To do this we couldincreasehe magnitude
of the accommodatiomatrix. As shownin the previoussectionsnaturaladmittance
control allows a much larger accommodatiomatrix than accommodatiorcontrol.
To illustrate the effects of the nominal velocity on the equilibrium force, a

basevelocity was chosen,

-0.01
0.02

v =
0 0.00

Theautomatedilignmentprocedurevascarriedout for multiplesof this basevelocity,
for both accommodatiorcontrol and natural admittancecontrol. The resultsare
summarizedn Table 2.

Accommodationcontrol could not evenfollow the small velocity commands
for the case when n=1. In every case, natural admittance control resulted in
substantialljower final valueforces(aswell aslower overallinteractionforces.) In
the casewheren=6, the magnitudeof the accommodatiommatrix wasdoubled. The

resultingequilibrium forceswere comparabldo the case
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whenn=3. This showsone of the benefitsof havingmoreflexibility in choosingthe

magnitudeof the accommodatiomatrix undernaturaladmittancecontrol.

Accommodation Natural Admittance
n*v, Control Control
f, f, f, f,
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.

Table Il - Effectsof Nominal Velocity
on Equilibrium Force

5.7 Other Results

Thestrategiedor force-guidedassemblydependupondeterminingtherelative
location of the workpiece and fixels through the characteristicforces of the
workpiece/fixel contacts. However friction and coupling betweenthe force and
torque signals disturb the accuracyof the method. The endpointforces should

approximatelybe the sum of the characteristidorcesof eachfixel
fo = Wi (73)

By resolvingthe force/torquesignalsinto wrenchspaceusing
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S = WS, (74)
the threeelementsof f 4, shouldall be greaterthan or equalto zero. However it
was not uncommonfor someof theseto becomenegative. If the proceduredid not
convege 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 possibly more expensivea more robustarrangementould be to
havethreeindependentorce sensordor eachof the fixels. If properly calibratedit

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

contactand which were not.



6 Conclusion and Future Work

Thisresearclshowsthatthe performancef accommodatiorontrolis limited
by contactstability. The productof theaccommodatiomatrix andthe velocity gains
mustbe lessthana limiting force/torquefeedbackgain. A low velocity gainanda
largeaccommodatiomatrix is theoreticallydesirableor bestperformance However
usingaccommodatiorontrol, reducingthe velocity gainsreducegheir effectiveness
at overcomingfriction. By incorporatingthe force guided strategiesnto a natural
admittancecontroller betteroverall performancecanbe achieved. While the natural
admittancecontroller is limited to the sameforce/torquefeedbackgains, it allows
muchlower velocity or dampinggains,sincefriction is rejectedby a separatenner
velocity loop with very high velocity gains. Within the stability limits natural
admittancecontrol was found to be twenty times more sensitiveto endpointforces
thanaccommodatiocontrol. In addition,for aforce-guidedalignmentapplicationthe
naturaladmittancecontrollerassuredstableoperationin contactwith a high-stiffness
environmentwhile moving more quickly to the properly conveged position than
accommodatiomontrol. It alsoallowedgreaterflexibility in designingthe controller
suchthat higherapproachvelocitieswith lower interactionforcescould be achieved.

Somelimits were placedon the magnitudeof the diagonalelementsof the
accommodatiomnmatrix in orderto insurestability for contactwith arbitrary passive

environments. However knowledgeof the manipulatoradmittanceparameterds

65
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requiredin orderto guaranteestability for non-diagonalmatrices.

Futurework in this areamayinvolve usingthreeindependentorce sensorgor
eachof the fixels rather than one force/torquesensor This would improve the
accuracyof the force signalsand robustnesdo contactfrictional disturbancesy
eliminating coupling betweenthe sensors. Thesesensorscould alsobe incorporated
into a more flexible end effector that can adaptdo different fixel and workpiece
geometries.

The controllercanbe improvedto determinewhenan assemblyor alignment
operationhas completed. The controller shouldalso be able to deal with extreme
errors, when the vector of sensedforces and torquesis not within some spaceof
probableforce-torquevectors. The nominal velocity could also adaptto consistent
errors. For example,if the operationcontinually hasan 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 one donefor 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 Automationand Intelligent SystemsResearch
% At: CaseWesternReserveUniversity

% Cleveland,Ohio

% Requires: Matlab

%

% This helpsdesignthe accommodatiormatrix and nominal velocity
% for usein force-guidedassemblyasdefinedby Peshkinand

% Schimmels|EEE Transaction®n Roboticsand Automation,

% vol. 8, April 1992,pp. 213-227.

%

% This file finds basisvectorsfor the nominal velocity vO (Bv)

% andaccommodatioomatrix A (Ba) for the given geometry

% asdefinedby the wrencheswl, w2, andwa3.

% Wrenchesforce/torqueconstraintsrom fixels on workpiece
wl=[0,-1, 1];
w2=[1, 0,-1];
w3=[1, 0,-27];

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

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

g1l =-1* soh(wl* wl");
gl2= 1* soh(wl* w2 );
g1l3= 1* soh(wl* w3 );
g21= 1* soh(w2* wl);
g22=-1* soh(w2* w2’ )
g23= 1* soh(w2* w3')
g31= 1* soh(w3* wl);
g32= 1* soh(w3* w2’)
g33=-1* soh(w3* w3 )

67
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G =[gll’; g12'; 913’ g21'; g22'; g23'; g31'; g32'; g33'];

% Basisvectorsof the A accommodatiomatrix
Ba=-1* inv( G");

% alphais the designvectorfor A
alpha = [1.0,0, 1.650, 0.0,1.0,0, 0.2,0,1.07;

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

% Testvectors- mustbe valid for systemto function
tl1 =W * vO; % t1 shouldbe< 0

t2 =G’ * soh(A); % t2 shouldbe<=0

t3 = eig(A)’; % t3 shouldbe> 0 i.e. A is PD.
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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);
fori =1:m

forj =1:n

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

end
end
y = msoh;

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

forj=1:m

M(i.j) = v( (-1)*m +);

end
end
y=M
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