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Abstract

AthrowlngmOtioncontrolfora2degreeof丘･eedomrobotisstudied･Ourcontrol

objectiveistoreducethetargeterrorthatisthedistanCebetweenthemarkandthe

positionwheretheobjecthit.Wedesignatrqiectoryoftherobotinconsiderationof
thetorquelimit,themaximumangularvelocity,thesensitivityofthetargeterrorand

thetimerequired,fromthebeginnlngOfthethrowlngmOtiontohittingamark･We

applynonlineardynamiccompensationwithparametereStimationforatrajectory

control.Fhrthermore,OurCOntrO11erpredictsthetargeterrOrbyuslngtheestimated

parameterS,thenitmodifiesthetimewhenanObjectisreleased丘-Omhandtoreduce
thepredictedtargeterror･Theeffbctivenessofthismethodisexamined･Theresult

showsthatthismethodprovidessatisfactoryper払rmancebrareductionoftarget

KeyWords:Robotics,MotionControl,AdaptiveControl,ParameterEstimation,

On-1ineModification

1.Introduction

Inthispaper,thethrowlngmOtioncontrolisstudiedasanapPlicationoftherobotmampulator

controlasshowninFig.1.Ourcontrolobjectiveistoreducethetargeterrorthatisthedistancebetween

themarkandthepositionwherethethrownobjecthit･Itisnecessarytothinkabouttheproblemofthe

tr可ectoryplannlngandthetrackingcontroloftherobottodosuchthrowlngmOtion･

Thereisalotofliteratureonthetrajectoryplannlngandthetrackingcontroloftherobot,and

numerousmethodshavebeendevelopedsofar･AmongthetrackingcontroIschemes,theadaptivecontrol

ofrol)OtprOpOSedbySlotine【1],WhichcontainsthenonlinearCOmpenSationandtheparameter`慧timation,
seemstoberelativelyefBcient･However,therobot,sparameterSarenOtSettledtotruevaluesandthe

trackingerroriscausedwhentheoperationtimeisshortorwhenthediscretetimecontrollerisused･

Thetargeterroroccursduetothetrackingerror･
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InordertoreducethetargeterrorforthethrowlngmOtioncontrol,WeprOpOSeanadaptive

nonlinearcompensationforarobotmanlpulatorwithamodificationoftimewhentheobjectisreleased

&omhand･lmSec･2,WederivethiscontroIscheme･InSec.3,Wedesignatrqj∝tOryOftherobot

inconsiderationofthemaximumangularvelocityandthesensitivityofthetargeterrorforthetime

required,fromthebeginnlngOfthethrowlngmOtiontohittingamark.InSec.4,WeeXplainthemethod
Ofthemodificationofthereleasetime･InSec･5,aneXperimentalrcsultisshowninordertoprovethat

theproposedmethodprovidessatishctoryperformanCeforareductionofthetargeterror･

2. ControIscheme

Wbconsidera2degreeoffreedomSCARArobot,WhichmovESintheverticalplane,aSShownin

Fig･1･Theshoulderandtheelbowaredrivenbyactuatorswhilethewristis丘xedwithrespecttothe

basecoordinates･Thedynamicequationofthisrobotmanlpulatorisd岱Cribedasbllows.

〟(q柏+C(ヴ,亘)¢+d(亘)+g(9)=丁

witll

〟(q)=

C(9,豆)=

ルrll 〟12COS(β2-βり

〟12COS(β2一勘) 鳩2

0

〟12Sin(β2

, d(d)=

ー〟12Sin(β2-βJβ2

一鋸∂1
0 ,g(9)=

β1β1 + nsgn(βJ

β2(β2-βり+馬sgn(β2一札)

〟タ1COSβ1

〟タ2COSβ2

(1)

Whereq=[01,02】Tistherobotarmanglevector,T=【Tl,7#isthetorquev∝tOr.InEq.(1),M(q)q

representstheinertiatorqueandM(q)isthesYmmetricpositivedefinitematrix･C(q,亘)4isthenonlinear
termofCoriolisandcentrifugaltorqueandM(q)-2C(q,¢)istheskey-Symmetricmatrix.d(亘)isthe

ViscoushtictionandCoulombfrictiontorque,and9(q)isthegravitationaltorque.
Intheabovedynamicequationsofthemanlpulatorsystem,WeaSSumethatthephysicalparameterS

Mll,M12,M22,M｡1,M｡2,Dl,D2,Fl,薫q)pearinginEq･(1)areunknown,becausethephysical

parameterSOfarobotarmareuSual1ydimculttoknowapr10riandtheyv甜ywiththewristarmangle･

UsingtheseunknownparameterS,Eq･(1)canbeexpr(SSedinthecompactmatrixform

丁=y(9,亘,亘)α (2)

with

α=【〟12〟11鳩1上)1Fl几毎2鳩2β2馬】T

WhereaistheunknownparametervectorandmatrixY(q,亘,q)isthenonlinearfunctionwithrespectto

q,6and亘･Bysubstitutingthearmrefbrenceangle,qd,brqinEq･(2),theperfbctnonlineardynamic

COmpenSationbecomesEq.(3).

T=y(9d,由通)α (3)

IIowever)theseparameterSarenOtkn0wnapr10ri･ThisimpliesthattheseparameterSShouldbeestimated

On-1inewithinputandoutputdatafromtherobotsystem.

O

Fig･1ThrowlngmOtionofSCARArobot
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OurcontrollerconsistsoffbedbacknonlineardynamiccompensationwithparametereStimation

andcontrollershowninFig.2,WhichisalittlesimilartotheoneproposedinRef･【2】･Inthisblock
diagram,theIDblockisanH6timatedminversedynamicsmodeldefinedas

子=y(9,亘,針)a (4)

where
亘γ=鮎+A占

e=qd-qisthearmangleerrorandaisestimatedvectorofa･TheelementKinFig･2isthePD
controller.

り=且b(占+Ae)

whereAandKDarepOSitivedefinitediagonalmatric(S･Thusthecontrollawbecomes

T=子+り=y(9,亘,釘)a+∬β(占+Ae)

ByuslngtheoutputofthePDcontroller,71,theparameterais(芳timatedasfo1lows･

ゐ=ryT(q,亘,射∬云1り

(5)

(6)

(7)

Whererisapositivedefinitediagonalmatrix･

NowweshowthestabilityconditionfromaLyapunovstabilityanalysis･LettheLyapunovfunction

V=去げ打云1〟(q)∬云1T/+㌔r~1句 (8)

wherea=a-adenotestheparameterestimationerrorvector･UsingfromEq･(1)toEq･(7),di鮎rentiating
Vyields

レ=イ∬云1桔通(9)〝云1り+叫9賄-ぜ+A占)】+aTyT(q,摘)∬云1TJ

=す柘1桔通(q)〟云1り+〟(摘r-〟(q柏+y(q,亘,射句

=す柘1桔血(9)∬云1り+〟(9)昏r+C(両)¢+d(¢)+タ(q)-(y(ヴ,摘r)a+り)+y(q,せ舟)句

=す柘1【喜通(q)-∬β】打云1TJ
(9)

Therebre,thestabilityofthisadaptivecontrollerisguaranteedaslongasKDischosenlargeenoughto

satisfyKD>喜カ(q)･
InEq.(6)andEq.(7),matrixYhasmanyzeroelements･There払re,WeSlightlymodifythecontroller

toreducethecomputationtime･ItisverylmpOrtantb∝auSetheoperationtimeofourrobotisvery

short.

Thedynamicequationofthisrobot,Eq･(2),Canberewrittenforeachjoint(j=1,2)･

勺=ら(両,亘)¢J

Fig･2Wholeblockdiagramofarobotsystemwiththeproposedcontroller

(10)
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Where¢j'sarevectorscontainingtheunknownparameterSandG(q,豆,q)'sarevectorscontainingthe

nonlinearfunctionwithrespecttoq,亘andq･Thephysicalparameter,M12,eXistsinboth¢1and¢2

becauseoftheinteractionbetweenthejoints.ThisrelationisverylmpOrtantfortheparametereStimation

describedlater･Similarly,Eq･(4),Eq.(5)andEq.(6)become

ち=ら(両,軋)毎

りj=∬βj(占j+AjeJ)

勺=ち+りj=ら(9,¢,釘)毎+片町(占j+A拘)

)

)

)

1

2

3

1

1

1

(

(

(

Nextweshowtheparameterestimationschemebreachjoint.Theparameterestimationlaw,

Eq･(7),Canberegardedastheestimationmethodtominimizethesquareofthegeneralizederrors,7I71･
There払re,theparametervectorsareestimatedforeachjointtominimizeTh･However,theparameter
¢1and¢2havesamephysicalparameterM12,thatis4>11=¢21=M12aSmentionedabove.T址ing

accountofthisconstraint,itisattemptedtominimizethegeneralizederrorsofarmangles･Bysolving

theminimizationproblemsviathepenaltymethod)WeCanderivearecursive(Stimationalgorithmfor

醐=転帰)-r茂器brj=1,2,豆=t‥･,5
(14)

Inthisequation,Iljiisaconstantgaln,andJjisdefinedas

ろ=瑞+入j△≡,△j=¢jl-(¢11+∂21)/2

andÅjareVerylargeconstants･Thepartialdi鮎rentialinEq.(14)isaL:tual1ycalculatedasfo1lows;
(firstterm)

喜一-ゴ∵一章∂転
=-2ら塩(曾,¢,軋)りj

払r j=1,2,官=1,‥･,5

Wherethelastequalityfo1lowsfromEq･(13)･ThecorrespondingtermofEq･(14)issimi1artoEq.(7).
(secondterm)

ー¢21)/2

-∂21)/2

払r 豆=1,j=1

br 豆=1,j=2

br 豆≠1,j=1,2

Noticethatfbrthecalculationofthesecondtermsof∂Jj(k)/∂¢ji(k)inEq･(14),毎(k-1)'smustbeused

insteadof毎(k)'sbecauseQji(k)'sarestillnotdeterminedontherighthandsideofEq･(14).Thisterm
isverysimpleanditiscalculatedforonly2elements.

3.TrajectoryPlannlng

Nowweshowhowtoplanatrajectoryoftherobotman1pulatorandareleasetimewhenanObject

isreleased丘･omtherobot,shand･Weassumethattheinitialstateoftherobotandthepositionofthe

markareglVen,thenwedesignthetrqjectorytosatisfythetimerequiredforthetask,fromthebeginnlng
Ofthethl･OWlngmOtiontothehittingonthemark,inconsiderationoftheincidentangleonthemark,

thetorquelimitandthemaximumangularvelocity･

Thetrqjectoryhasthreestages:aCCelerationstage,releasestage,decelerationstageasshownin

Fig･3･Intherelea5eStage,theangularvelocitiesofjointsareconstantbeforeandbehind therelease

time,WhilejointaccelerationsintheaccelerationstageandthedecelerationstageareglVenbyquadratic

functionwithrespecttotimeinorderforthejointaccelerationstobecontinuous･TheorlglnOfthebase

COOrdinatesiscoincidentattheorlglnOfthefirstarmcoordinat(芳･LetusdefinethefollowlngVariables:



Throwing Motion Controlfor a2-DOF Robot

q｡=【0｡1002】T:initialarmangle:given

p｡=【ごe封｡】T

恥=払1βr2]T

pr=【∬r弘･】r
転1

転2

fβ3

tr

∫J

一山

▲
丁
レ

.十し

positionofthemark:glVen

armangleatthereleasetime

positionoftherobot'shandattherelea5etime

timeattheendoftheaccelerationstage

timeattheendofthereleasestage

timeattheendofthedecelerationstage

timewhentheobjectisreleased(thereleasetime)

timetakeshLOmreleaseoftheobjecttohitonthemark(theflyingtimeoftheobject)

timerequiredtodothetask(thetotaltime),tt=t,+tf:given

Atthereleasetime,afb1lowlngkinematicrelationshipisheld･

宝器冨::二;瑠,[芸ニ]=J[喜:;](15)

whereJisJaCObian.Themotionofthe且yingobjectthatwasreleasedfromrobot'shandisassumedto
beidealwithoutairresistanCeanddisturbanCebywindasfo1lows.

m葱=0,m封=-mg

Wheremismassoftheobject.Thenthevelociti(SOftherobot'shandatthereleasetimeareyield.

み=吉(∬e-∬r),カr=吉(ye-yr+芸g弓)
Thetotaltimettisexpressedas

ft=f′+2max((βγ1-β｡1)/れ,(βr2-β｡2)/∂r2トf｡

(16)

(17)

(18)

Wherelc=t,-tSlisglVen･

Thereleasetimel,isdeterminedas払1lowlngmanner.

(1)SubstituteEq.(15)and(17)inEq･(18)･

(2)SoIvether(SultantCubicequationwithrespecttotfforthegivenpeandtt･

(3)DetermineifSOaSnOttOCOntradicttherelationoftime･

(4)Getfr丘om壬γ=ft-壬J･

Figure4showsanexampleofthedomaininwhichtheobjectcanbethrownWhen11=12=0.304m,

m=0.01kg,Pe=ト20.5】Tm,tt=0.7s.Thepositionofthehandatrelea5etimewaslimitedwithinthe
rangethaty,>0andthearmconfigurationunderthethrowlngmOtionwasdecidedsothatOl≧02.

OnlywithinthewhitedomainlikethewlngSeCtionshapeinFig･4,theobjectcanbethrown･Inthelight

graydomain,thereisnovalidreal-SOlutionofEq･(18)forthegivencondition･While,inthedarkgray
domain,thereexist solutionsbut thecontradictionoftimeoccurs,払rexample,negativeacceleration

(
s
＼
p
巴
)
ぷ 5

0
ま∫1いざ2_ 転3 壬(s)1

Fig･3Trqjectorie;Ofrefbrenceangularvelocities
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Fig･6Contourmapofthetargeterror
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Fig･7Examplesofreleasedpositionforsomeweightfactors
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time.Figure5showsthecontourmapofmaximumvalueofangularvelocitiesofjoints,maX(01,02)･
Themark,,●"representsthepositionatwhichthisvalueisminimum･Wemadeitthefirstcandidateof

thereleasetime.Atthisminimumposition,thearmsbecomestraightandtheobjectisthrowninthe

tangentialdirectionbecauseeacharmlengthisequal･

Nextweinvestigatethein且uencethatthepositionerrorandvelocityerroratthereleasetimeexert

thetargeterror.Figure6(a)showsthecontourmapofthetargeterrorwhenthereleasedpositionshifts

by土0.05mandFig.6(b)showsonewhenthevelocityshiftsby士10%･Ftomth(慧efigures,itisfound
thattheerrorbecom(Slargewhenthereleasepositionparts丘omthetargetandoutsideintheradial

directionneartheminimumposition･There払re,takingaccountofth(慧ereSults,Wedecidedtherelease

positionandthereleasetimebyweightedmeanofthemaximumvalueofangularvelocityandthetarget

error.ExamplesofthereleasepositionareshowninFig･7(a)and(b)withseveralweightfactors･Ftom

thesefigures,thereleasepositionshiftsinsidethedomainandapproach(慧themarkwhenweighthctor
brthetargeterrorbecomeslarge･

4.Modificationofrelease time

Thus,thetrackingerrorcausesthetargeterror･Inordertoreducethetargeterror,WeCanuSeSeV-

eralmethods,ChangetOanOthercontroller,On-1ineplanningofthetrajectory[3】,dynamicprogramming【4】,
on-1inemodificationofthereleasetime.Inthispaper,WeuSetheon-1inemodificationofthereleasetime･

Weexplainthismethod.Ifal)OV&mentionedcontroller,Eq･(13)and(14),isused,theequationof
thearmangleerrorisexpressedas

〃(扇(と+A占)+∬β(占+Ae)=- (19)

whereeisthearmangleerror,4･j=毎-¢jdenot(芳theparameterestimationerror･TheseparameterS

areestimateduntilseveralsamplingtim(慧beforethepredetermined(ofFlinedetermined)releasetime･
Ifth(慧eparameterSare6timatedwell,therighthandsideofEq･(19)isnegligible･Thenthefuturearm

angle,q(i),CanbeapproximatedbyEq･(20)･

〟(扇(∂+A

9=qd-e,

)(.α】一
(e
+∬β(∂+A占)=

=qd-∂ 0)肋rf>わ (2｡,

∂(わ)=e(わ),∂(わ)=占(fo)

Usingkinematicsofrobotandthedynamicsofidealflyingobject,thetargeterrOr,ey,1Spredicted

fromthisq(t)･

も=封｡-(掴′一芸抑,f′=!(∬e一会)
′ヽ

ノヽ

ヱ:

(21)

[芸]〒[霊工;鶉,[蓋]=J[喜;]
FbrthecalculationofEq.(eqn:eStimatederror),thevalueofM(q)isgivenfromthelastcstimatedparam-

etersanditisassumedtobeconstantbecausethepredicttimeisshort.Theflowchartofthemodification

ofthereleasetimeisshowninFig･8･

5.Experimentalresults

Theexperimentiscarriedoutinordertocomparetheproposedcontro11erwithnonlinearcompen-

satorbasednominalmodel.ThefirstarmisdrivenbyNSK-madeDDmotordirectly,andthesecondarm

isdrivenbyDDmotorthroughatiming-beltofwhichreductionalratioisl･AhandtothrowanObject
isattachedonthetipofthesecondarm･Itkeepsafixedanglewithrespecttothebasecoordinate5

andholdstheobjectwithsprlngSandisopenedbysolenoid･EacharmisO･304mandaboutlkg,and

7
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theobjectisO･01kg･Themarkislocatedatト2･00･5]Tfromtheoriginofthebasecoordinates.Th｡

Samplingperiodis6ms･Wtmakeexperimentsontheseconditions.

恥ble-1showsthepredictedvalueandmeasuredvalueofthetargeterrorfortheproposedcontroller

andnominalcompensator･TheexperimentwasdonelOtimes払reachcontroller･ThePDgalnWaS

adjustedinordertoreducethearmangleerrorandnottooccurthevibrationatthereleas｡tim｡.Th｡

SamegalnWaSuSedintheproposedcontroller･Thepositionatthepredeterminedrelea5etimeislocated

at【0･2650･54]TandthepredeterminedreleasetimeisO･324s･Fromthisr6ult,itisfoundthatbyusing
theproposedcontroller,thetargeterrorbecomessmal1erincomparisonwiththenominalcompehsator

anddiviationisalsosmall･Intheproposedcontroller,thediffbrencebetweenthepredictedtargeterror

andthemeasuredtargeterrorbecomesmal1whilethetrialbecausetheparameterSeStimatedwell.

Figure9(a)showsthetr可ectoriesofarmreferenceangl(慧qd?ndarmanglesq.Theform｡ris

Shownbyadottedlineandthelatterisshownbyasolidline･Theverticallinesinthisfigureindicate

thepredeterminedreleasetimeandtheactualreleasetime･Theformerisshownbyadottedlineand

thelatterisshownbyasolidline･ThearmconfigurationunderthethrowlngmOtionwa5decidedsothat

lr:Predeterminedreleasetime)△t:SamPlingperiod

Fig･8AlgorithmofmodiBcationofreleasetime
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TもblelExperimentalresult

No.

Nominalcompensator Proposedcontroller

Release

Time(s)

T餌getError(m) Release

Time(s)

TargetError(m)

Measured Predicted Measured

1 0.324 -0.210
0.312

-0.305 -0.085

2 0.324
-0.375

0.312
-0.108 -0.120

3 0.324 -0.185
0.312

-0.161 -0.085

4 0.324
-0.185

0.312
-0.123 -0.133

5 0.324
-0.255

0.312
-0.295 -0.065

6 0.324
-0.335

0.312
-0.046 -0.1(;5

7 0.324
-0.250

0.312 -0.175 -0.165

8 0.324 -0.265
0.312

-0.206 -0.250

9 0.324
-0.373

0.312
-0.201 -0.150

10 0.324
-0.455

0.312 -0.250 -0.235

aVer一

age
0.324 -0.29士0.09

0.312
-0.19士0.08 -0.15土0.06

01≧02.AsshowninFig.9(a),thefirstarmbeginstomoveearlierthanthesecondarm,andthesecond

armmovesquicklythanthefirstarmbecausetheinitialarmangleis[00】T･Thereisatimelagbetween

thepredeterminedreleasetimeandtheactualreleasetimebecausethereexiststhearmangleerror･In
thisthrowlngmOtion,itismostimportantthattherealvelocityandpositionofarmsagreewiththe

plannedthematthereleasetime･Thearmangleerrorafterthereleasetimeisnotimportant･Figure

9(b)showssomeestimatedparameterS,¢j,nOrmalizedbytheinitialvalucs･TheparametereStimation
istakenuntilthetimethatisalittlebeforethepredeterminedreleasetimeandisn'ttakenwhenthe

releasetimeismodified.Figure9(c)showsthemodificationofthereleasetime･Theabscissaisrealtime
andtheordinateistherelea5etime,lR･Themodificationstartedatthetimethatisalittlebe払rethe

predeterminedreleasetime,andinthiscase,themarkn●Mindicatestheactualreleasetime･

6. Conclusions

In order toreduce thetarget errorfbrthrowlngmOtion controloftherobot manipulator,We

proposedanadaptivenonlinearcompensationschemewiththemodificationofthereleasetime･The

trajectoriesoftherobotarmsaredesignedfortherequiredtimeinconsiderationofthemaximumangular

velocityandthesensitivityofthetargeterror･Thecharacteristicsofthiscontrollerare;(1)theunknown

parametersoftheinversedynamicsareestimatedinanadaptiveway,(2)thetargeterrorispredicted
byusingtheestimatedparametefs,and(3)therelea5etimeismodifiedwiththepredictedta柑eterrOr･
Theexperimentshowedthattheproposedcontrollercouldimprovethetargeterror･Wewi11studythe

on-1ineplannlngOfthetrajectoryandthecontroloftherobotman1pulatorwithwrist･

9
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