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A鮎由Ⅶd

Thispaperproposesasimpleandhighperformancepositioncontrolmethod
ba5edonaccelerationcontrol･Inconventionalmethodsofdisturbancecom-

PenSation,itisdi瓜culttorealizethestrictaccelerationcontroller･Recently,

areserchonadisturbanceobservershowsthatthedi8turbancecompensation

bythedisturbanceobserverrealiz窃theaccelerationcontroller･Compared

WiththemethodofusinglnVerSedynamic8)thedisturbanceobserverissimple

androbustagainstparameterVariation･Thecontrolalgorithmisappliedtoa

three-degree-0トfreedomrobottoshowthee鮎ctivene$S.

geyぴ"｢ゐ

Robotmanipulators,Disturbanceobserver〉Accelerationcontrol,Inversedy-

lIntroduction

Inordertoproducehighqualityandlowcostproducts,highspeedandpredseindus-

trialmanufacturingmachinesarenecessary･Fbrexample,PreCiseandhighspeedrobot

manlpulatorsarerequiredtoperformmanytasksina8hortperiod･Movementofrobot

mampulators)however)areinAuencedbyvariousparametervariationsandthedistur-

bancessuchasinertiaforce,graVityforceICoriolisforce】Centrifugalforce,andfriction

force･Therefore,thehighspeedandprecisecontrolisdeterioratedbytheparameter

Variationsandthedisturb■ances,becausetheinfluenceofthembecomeslargewh飢rObot

manlPulatorsmovefast.

InconventionalcontrolofrobotmanlpulatorsIinversedynamic8hasbeenusedto

COmPenSatethernonlinearityofrobotmanipulators[1】【2】,butitrequiresmuchcomputation
timeandisnotrobustagainstunknowndisturbances･Ontheotherhand,adisturbanCe

ObserverwhichestimatesandcompensatesthedisturbancesandtheparameterVariations

Ofrobotmanipulatorshasbeenproposed[3】【4】【5]･Thedisturbanceobserverinjointspac｡
realizesaccelerationcontrolinjointspace･Thi8methodrequire81es8COmPutationen)rt
andhasmorerobustnessagainstthedisturbanceandtheparametervぴiation$thanthe

COnVentionalcontrolmethods.
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Inthispaper,arObustpositioncontroluslngaCCelerationcontrollerispresented.

Theproposedmethodisbasedontheaccelerationinordertorealizerobust andfast

responsepositioncontrol.Tbrealizethissystem,thedisturbanceobserverisused.The
disturbanceobserverCOmpenSateSthedisturbancesandtheparametervariationsofrobot

manlpulators.Theproposed method requlreS alittlecomputation effbrt and has ro-

bustnessagainstthedisturbancesandtheparametervariationsofrobotmanlPulators.

Experiment$arePerformedbyarobotmanlpulatorto$howthee鮎ctiveness.

2 SystemLinearizationbyDisturbanceObserverinJointSpace

ク.Jβび乃ifよ0几イβiβf祝rムα乃Cei乃Jofn七郎αCe

ThemotionequationofrobotmanlpulatorsinjointspaceisglVenby

J(9(t))帥)+九(q(f),d(f))+g(拍))+か(掴(t)+c(t)+γ(9(軋押))=垢(り£9(け(1)

ThemotionequationisalsoillustratedasshowninFig･1･TheinertiamatrixJ(q(i)),the
Coriolisandcentrifugalforcevectorh(q(t),4(t)),andthegravityforcevector9(q(l))are

Variedbygraspedobjectsandmanipulator'sconfiguration･D(t)isadiagoTalviscosity

matrixandc(i)isafrictionforc?VeCtOr･Thereactiveforcevectorffomenvironments
r(q(l),f(t))ariseswhenperformlngCOntaCttaSks･Ki(t)isadiagonaltorqueconstant
matrix.

TheproposedcontrolmethodisrequiredtorealizeanaccelerationcontroIsystem.

Asshowチin(1)andFig･1,itisdi伍culttocontrolthejointacceleration4(l)byiq(t)
becauseofthedisturbancesandtheparametervariations.Here,Weintroducealinear

systemwhichcancontrolacceleration.Thelinearsystemconsistsofanominaltorque

diagonalmatrixKinandanominalinertiadiagonalmatrixJLasshowninFig.2and(2).

垢高(f)=ん拍) (2)

Where,thesubscriptndenotesthenominalparameter.SinceKtnandJLareconstant

diagonalmatriceswithoutinterference,thejointacceleration紳)ofthelinearsystemcan
becontrolledbyiq(t)arbitrary･

Fig.1:BlockdiagramofrobotmanlPulatorinjoint8paCe･

Fig.2:Linearsystemofrobotmanipulatorinjoint$PaCe･

Sincetherearemanydifrerencesbetween(1)and(2),Wehavetocompensatethe
differencesinordertorealizethelinearsystem.Theblockdiagra.minjointspaceshown
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inFig.1canbemodifiedtothatinFig･3byuslngthelinearsy8teminFig･2･Here,by

definingdisturbanCetOrqueTli.(l)asadif艶rencebetweentherealsystemandthelinear

system,themotionequationofrobotmanlpulatorsinjointspaceisexpre8Sedasfollows
anditsblockdiagramisshowninFig･4･

Fig.3:Blockdiagraminjointspaceuslngideal1inearsystem･

Fig.4:BlockdiagraminjointspacebasedondefinitionofdisturbanCe･

gh;9(f)=ん拍)+¶ね(f) (3)

Here,thejointdisturbanCetOrqueVeCtOrniB(t)isobtainedfrom(1)and(3)asfo1lows:

¶iき(f)=(J(q(f))-ん)帥)+ん(9(f),d(f))+g(曾(f))
+刀(f)紳)+e(り+γ(q(り,ヂ(り)+(gh一札(り);｡(f) (4)

Thefirsttermoftherighthandsiderepresentstheinertiavariationtorque,thelastterm

representsthetorquerlPple.Ifwecompensatethedisturba.ncevector,thelinearsystem

ShowninFig.2isrealized･

ク.g 軸βfemエi乃eαrizαfわ几あyβiβねrb肌Ce､0ゐβer野er

Let乃is(s)denotestheLaplacetransformationofthedisturbancevector`乃i.(t).Inorder
tocompensatethedisturbancevector,WeCOnStruCtthedisturbanceobserverwhichesti-

matesthedisturbancethroughadiagonalmatriⅩOfcomplementarysensitivityfunctions
G(s)asshownin(5)andFig･5･

ナdi一(β)=G(β)乃iき(β) (5)

InFig･5,SrepresentsadiagonalmatrixhavingLaplaceoperators(dia9(s,…,S))･The
SyStemShowninFig･5isequivalenttothedisturbancefeedbacksystemshowninFig.6.

Thedi$turbanceiscompensatedbyaddingtheestimateddisturbancetothecurrentreト

erenceasdescribedby(6)･

`｡(5)=i;eJ(β)+∬ごナd`｡(β)=;;eJ(β)+∬ごG(β)丁ぬ(β)(6)
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Substituting(6)into(3),thefo1lowingequationandFig･7areobtained･

垢特`｡可(β)=んg2q(β)+(トG(β))n`さ(β) (7)

WiththefeedbackoftheestimateddisturbanCe,thedisturbancevector17Li,(s)in且u-

encesthelinearsystemthroughthediagonalmatrix(t-G(s)).Therefore,thefunction
(L-G(s))represent8thesensitivitytothedisturbance,andiscal1edsensitivityfunction.

Theinfluenceofthedisturba･nCebecomessmallifG(s)cov占rstheffequencyrangeofthe
disturbance.

Fig.5:DisturbancecompensationbydisturbanCeObserverinjointspace.

､､/＼■■■∴､､.-..㌧､.､､､∴｢■､∵∴Fig.6:Disturbancecompensationinjointspacebyfeedbackofdi$turbanCe.

Fig.7:EquivalentblodkdiagramofFig.3.

The8electionofthecomplementarysensitivityfunctionG(s)isimportantbecause
itdeterminestheperformanceofthecontroIsystem･ThedesignprocedureforG(s)is
shownbelow.

1･ThecomplementarysensitivityfunctionG(s)isselectedsothatthedisturbanCe
Observersbecomeproper.

2･Thesensitivityfunction(t-G(s))isdeterminedsoastofulfillthecontroIspecifi-
cations.
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Wtemployafirst-Orderlow-paSS-filter9/(s+9)asG(s)inordertoestimatethedi8tur-
bancetorquefromaspeedsensor.Thecomparisonofthecomputationamountofthe

disturbanceobserverwiththatoft.heinversekinemat.ic8is showninTablel.Bodedia-

gramshowninFig･8showsthat‡G(s)Iisnearlyunityand(l-G(s)[isnearlynul1atlower
ftequency.Ontheotherhand,theformerisnearlynul1andthelatterisnearlyunityat

higherfrequency･Consequently,thelinearizedtermisdominantatlowerf上eq11enCy;While

thedisturbancetermisnotnegligibleathigherfrequency.Wbcanfindthattherobust

SyStemisacquiredbylow-paBS-fi1terwithhighcut-0fffrequency.Suchalow-PaSS-filter,
however,CannOtSuppreSSthenoiseofspeedsensorsorpositionsensorswhi血existsin

high丘equencyrange.Sincethenoisedeterminestheupperboundaryofthecut-0fffre-

quencyofthelow-PaSS-fi1ter,WehavetospecifytheperformanCeOfthesensorssoaBtO
fu1fi11thespecificationsofthecontrouer.

Tablel:Comparisonofcomputationnumberforrobotdynamic8

Met.hod Newton-Euler DisturbanceObserver

Multiplica.tion$ 132n 3n

Additions 111n-4 6n

1伊

W(叫抽呵

Fig･8:BodediagramOfG(s)(9=1･0×103).

g.タ AcceJeTⅦfio陀Cb花油批ri几血i几`5如ce

Acurrentreferenceiscalculatedby

i｡reJ(β)=gごんぶ2qreJ(β) (8)

toobtaintheaccelerationcontro11era5ShowninFig･9,becausethesystemisfiⅩedto

J;1LGnwhentheinfluenceofdisturbancevectorT最,(s)iscompensated.Theacceleration
errorisglVenby

529reJ(β)-52q(β)=Jニ1(∫-G(β))¶`.(β)=:p(β). (9)
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Fig.9:Accelerationcontrollerinjoin七space.

3 PositionControISystem

タ.JPoβi山花Co花油f軸βfemi乃Joi花王郎αCe

Fig･10showsapositioncontroIsysteminjoint8paCeuSlngtheaccelerationcontroller

injointspace.Thelefthandsideshowsataskspace,andtherighthandsideshowsa
jointspace.Thecomma.ndsintaskspacearetranSformedtothejointspacebyinverse
kinematics.

Fig.10:PositioncontroIsysteminjointspaceuslngaCCelerationcontrollerinjointspace.

Thedirectkinematicswhichrelatesthegeneralizedcoordinatesq(l)totheposition

VeCtOrintaskspacea,(t)isgivenby

項)=上(曾(f))･

Ftomthisequation,thedirectkinematic$OfvelocityandaccelerationareglVenby

叫)=Jα｡｡(q(f))d(f)

義い)=J｡｡｡(qM)帥)+J｡｡｡(拍))d(f)

(10)

whereJac｡(q(t))isJacobianmatrixofL(q(i))･Inversekinematicsfortheposition,Speed,
and accelerationcommands arederivedfromdirectkinematics asfo1low8:

qc仇d(t)=エ~1(∬md(f))

d抑d(f)=J£(q(り)あ抑d(f)

与md(f)=J£(q(f))(義md(り-Jα｡｡(q(f))demd(f))

Thedisturbanceobservercompensatesthedisturbanceofrobotmanlpulators,and

realizestheaccelerationcontrol.Here,thepositioncontrollergeneratestheacceleration

referencefromposition,SPeed,andaccelerationcommands.

倭reJ(f)=倭抑d(り+∬1(dmd(f卜d(f))+∬2(qCmd(り-9(f)) (16)
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Bysubstituting(16)into(9),thefo1lowingequationisobtained･

曾Cmd(β卜q(β)=(g2+∬15+g2)~1Jニ1(∫-G(β)れi.(β) (17)

Ⅵkfindthatthepositiondeviationisdeterminedbytheinteractionamongtheposition

controller,SenSitivityfunctionbythedisturbanceobserver,andthejointdisturbanCe

vector.Ifthedisturbanceineachjointiscompen8atedbythedisturbanceobserveras

showninFig.5,theelementofthediagonalmatrixofthesensitivityfunction(L-G(s))
becomeshighpassfilter･Therefore,

王洩(トG(β))=0･ (18)

Fbrstepdisturbance,thefinalvalueoftheaccelerationdisturbanceshownin(9)becomes
null,i･e･thefinalvalueofpositiondeviationbecomesnull･

よ恵(qCmd(t卜頼))=0 (19)

β.ガ タoβi山花Co几如才軸βfem五和几5た郎αCe

Fig･11showsapositioncontroIsystemintaskspaceuslngtheaccelerationcontrollerin

jointspace.Theangularvelocityvectorandangularpositionvectoraretran8formedto

speedvectorandpositionvectorintask$paCebydirectkinematicsshownin(10)and
(11),reSpeCtively.ThecontrollerintaBkspacegeneratestheaccelerationreferenceintask

SpaCeaSfo1lows:

義reJ(f)=義Cmd(り+gl(壷emd(り一項))+∬2(がmd(り一項)) (20)

Thisaccelerationreferenceistransformedtojoint8PaCebyinversekinematicsasfo1lows:

亘reJ(f)=J;ま(9(f))(義reJ(t卜Jα｡｡(9(f))d(り) (21)

SincethedisturbanceobservercompensatesthedisturbanCeOfrobotmanlPulatorsIand

realizestheaccelerationcontrol,(21)and(12)aresubstitutedinto(9)toobtainthe
fo1lowlngequation:

釘可(り-叫)=ん｡(拍))p(f) (22)

TheaccelerationerrorintaskspaceisgivenbyaproductoftheJacobianmatrixJic｡(q(i))

andtheaccelerationerrorinjointspacep(l)･
Tbinvestigatethe血aracteristicsofthepositioncontrollerIthepositioncontroller

shownin(20)issubstitutedinto(22)whichdescribesthecharacteristicsoftheacceleration
controlinCartesiancoordinates.Consequently,theequationofthepositioncontrollerin

Carte$iancoordinatesisglVenby

(義Cmd(t)一叫))+∬1(壷Cmd(f卜坤))+∬2(∬md(f卜項))=Jα｡｡(曾M)p(f)･(23)

ThepositioncontrollerisdescribedasthelinearsysteminCartesiancoordinatesexcept

fortheJacobianmatrixinthedisturbanCeterm.Therefore,iftheaccelerationdisturbance

vectorp(i)isnu1lornegligiblysmall,theposition,Velocity,andaccelerationrespon8eS
coincidewiththecommandsinbothtransientandsteadystates.Moreover,thecontrol

ineadldirectiondoesnotinterfereinCartesiancoordinates.

Equation(23)isexpressedby(24)inLaplacedomainanddescribedasshownin
Fig.12.

茫md(βト∬(β)=(g2+g15+g2)~1∫【ん｡(q(f))p(f)】 (24)

57



58 S.KOMADA,M.ISHIDA
and T.HORI

Fig･11:PositioncontroIsystemintaBkspaceuslngaCCelerationcontrollerinjointspace.

Fig.12:Po$itioncontrollerinCartesiancoordinates.

Considering(24),itisconcludedthatwefindthatthepositiondeviationi8deteminedby
theinteractionbetweenthepolesofthepositioncontrollerandthedisturbancetermdue

totheaccelerationerrorintaskspaceJic｡(q(i))p(t).Ifthedisturbanceineachjointis
COmpenSatedbythedisturbanCeObserveras8howninFig･5,theelementofthediagonal

matrixofthesensitivityfunction(トG(s))becomeshighpassfilter.Therefore,forthe

Stepdisturbance,thefinalvalueoftheaccelerationdisturbanCeShownin(9)becomes
null,i.e.

藍p(f)=O

Ftom(24),thefinalvalueofpositiondeviationbecomesnull,i.e.

藍(が血(f)一項))=O

exceptatthesingularpoint.

(25)

(26)

4 ExperimentalResults

イ.上物e†血eI加J馳βfem

W占showtheefftctivenessoftheproposedpositioncontroIsystembyarobotmanlPula-

torshowninFig･13･ThetotalexperimentalsystemisshowninFig･14･Eachof16bit

8086CPUcompensatesthedisturbanceofeachjointbyuslngthedisturbanceob$erVerin-

dependentlyinordertorealizetheaccelerationcontrollerforeachjoint.TheDSP(digital

SignalproT,SSOr)computesthepositioncontroller,thetran8formations,andacceleration
referenceslgnaltoeach16bitCPU.



Controlof Robots Using Disturbance Observer

イ.g 物er壷me乃ねヱ虎eβ髄J七島yPoβi上古o柁Co花油ヱf几九i花王βpαCe

Fig.15showsanexperimentalresultofthepositioncontroluslngParameterS8hownin

Table2.Inthecaseof(a)withoutthedisturbancecompensation,thedeviationarises

duetogravityforce,frictionforce,andsoon.Intheca5eOf(b),thedeviationbecomes
fairlysmall,becausethedisturbanCeiscompensatedbythedisturbanCeObserver.

Fig.13:RDbotmanlpulator.

Fig.14:Tbtalsystemofrobotcontrol.

イ.β軸e汚me乃ねJ点eβVJfゐyP〃βi如柁C¢几如Ji几几βた郎αCe

Fig.16istheexperimentalresultofcontinuouspathcontrolbythepositioncontroller

ShowninFig.11.Theresultshowsthatthepositionresponseycoincideswiththecom-

mandy㌣d;andthemaximumvelocitydeviation由md-9isabout2cm/s.Wtfindthat
eachpositioncontrollerisrobustagainstthedisturbance,andha8gOOdresponsewith
littleinterferencefromtheotherdirectioninCartesiancoordinates.
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100tnsec/DIY

(a)Tithout disturbance ob$erVer.

100msec/Dl†

(b)Tith di$turbance observer.

Fig.15:Experimentalresultofpo$itioncontrolinjointspace･

Table2:Controlparameters.

茄叩(∬1)【$~1】 90

粛叩(∬2)【s~21 2,000

滋叩(g)【rad/s】 700

controIperiod【msec]山

5 Conclusion

ThispaperpresentedtherobustpositioncontroIsystemofrobotmamPulators･Injoint

8PaCe,thedisturbanceobserverlinearizesrobotmanipulators･Sincetheacceleration

canbecontrolledbyuslngthedisturbanceobserver)rObustandfastpositioncontrolis

realized.TheusefulnessoftheproposedcontroIsystemisconfirmedbytheexperiments･

Twotype80fpositioncontroller8WerepreSentedinthispaper･Whenthetrajectory

ofthepathisknown)thecontrolperiodcanbereducedbyuslngthepositioncontrollerin

jointspace.Thetrajectorylnjoint$paCeisdeterminedbyo別inecomputingtheinverse

kinematicsofthetrajectory.

References

【1】J.Y.S.Luh,M･W･Walker,andR･P･Paul,"ResoIved-AccelerationControlofMe-
chanicalManipulators,"mEEThns･On^utomaticCbnt7Vt,VOl･AC-25,nO･3,pP･468-
474,1980.

【2】M.H.RaibertandJ･J･Craig,"HybridPosition/FbrceControlofManipulators,''
7ね陀β.A5〟茸J.功几αmic軸βfe棚,肋αβ耶℃me叫α托dCo陀如ちⅦ1･102,pp･126-133,
1981.



Controlof Robots Using Disturbance Observer 61

(喜)h.p60h

(∽＼喜)セp苧

0 l

七imeくsec)

Fig･16:Experimentalresultofpositioncontrolintaskspace･

【3]M.Nakao,K･Ohnishi,andK･Miyachi,"ARobustDecentralizedJointControIBased

onInterferenceEstimation,"inP7Y)C.1987mIntenationaL仇njb7YnCeOnRobotics
肌dAl血mα如陀,1987,pp.326-331･

【4】S.KomadaandK･Ohnishi,"FbrceFbedbackControlofRobotManipulatorbythe
AccelerationnaclngOrientationMethodII)muWThns･OnIndustriaZEYectronics)

VOl.37,ppふ12,1990･

【5]S.KomadaandK･Ohnishi,"MotionControlofRobotManipulatorsbyaJointAc-
celerationController,,,7ねns.AdvancedRobotics,VOl･7,nO･1,pp･41-56,1993･


