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StaleObserveトIiascdRobustConlroISchcmcfor

EltLdricilllyI)rivenRobotManipulators

M･lSahtroOva.Chu111YISu,andToshlhlroKobayashl

AbslTO亡(-Llyu51rtga如teobscner,anewrt)bustLraJ亡亡LorylraCklng･
controlsdltlmeLSdeyelopt-dLrILhlspaLKrrOreJectrictluydrlVelIrOtXItTTla-
nlptJlators･Thero)eortheobserverLSloestm一ateJO)ntanguJLLrYetOtLtleS
TheproLX桔edcontro‖erdocsnotemp一oyadaplalLOrI,butassL)r6robust
stabllllyortmcklngerrorl托Iwcelり0)rtlangksコnddeslredtraJ∝ IorHS
^tsaCrLrlclrlgaSylllptOL)calsL二･blLLtyOrtheLrilCkingerrors,theConrlgtJr3-

LjonorIREplot)05t!dconlro‖erb∝ om t,s vL･rySlrTIPleパ OlnPiJrd wlthrc-

gre貼Or･ba･<t･dadapllVeCOnlrolterslt)sshuwTlHLtheI:Losed･loopsyslelll
usLnglheproposedcollLrlIILcrtLlattheELJ4-Jldlal…OrmOrLmcJ(lngerrors
arnvesaLanysmaHdoscdrcgJOnWILhanyc(IrlVCrgCnLratebyscHmgonly
oned6lgl叩aml･1eler･b 阿 州yror一lledcSlredtrilje{toriescolIverglngtO
亡OnStanLuLtlmateValues,LtlSassured thatlracklngerrorsCOnVergetO22rO.

IndE∫Terms- EL∝lriCaLLydnvenrobot,rolxILmanllIulaLors,rotIuslcon-
1rol,slateotISerVer,けacklngControl

ltNTRODUCTlON

Asdcmonslratedln‖い heactua【ordynalmCSCOnSILtuleanlmPOr-

LaTltCOmPOnenLOfLhccomp]eLcrobotdynanllCSLrtJleaCLualordy-

namlCSISlgnOrCd,LJledeslgnedconLIOllcrm.lynotyLeJdgo∝lsystem

overallpcrfom-ancelnleCentyeaJ～.COnLrOtSrOrrOboLmaJllPuliltOrS,
LnCludlngtheactuatordynamlCS,haverecelVCdconsIderable.luentlOn

imdscvcralcoTltTOIscheTTleShavebeendeve)opedL2日 14日ntheearly

worksL2日3】,uleCOnLrollersrequLredfuHknowledgeorsystemdy-

namlcslhhereareunce爪aJnueSln山edyl1amlCS,theconlrOllerspro-

posedLnL21and【3]maygLVea叩 rPerfomance,andmayevencause

lnStabLllLyToovercometheuncenalntleSlnthedynamcs,robustcon-
trol)ershavebeenproposedlnl4日 15]However,theseconlroIJers

normauyrequlTelullsLaLCmeaSUrementSLngeneraJ.Fu‖statemea-
surernelltSlllaynotbcavaHable,duetocos10rSensors-WeLghtllrnト

IatlOn.effectsort-olSCS.el°EsF}eClaHyroHheveJccltymCilSurCmenL

orJO=-Ial一glcs,thelequ"CdaccuracymaynotbcaclMVCdI-1PTaC-

L)catappl･ciLI･ons,duelothecllStellCeOrnOISeSH6】Mostrecent)y,

contLt)IschemeswILhoulusLngVelocILymeaSurelllentSWareProposed
lnl)7]arldl18LwhereTegreSSOr-basedadapt)veCOntrOl)ersaleem-
ployedTllCSeCOnLTOJlersaleeLrecliveforuncertalntieslnrobotand

ac【uaLordynamlcs,andguaranteeaSymPLOuCaLsLabLl)tyoftheLracklTtg

em rsHowever.山econs打ucllOnOrtheregressorLSnOlrnVlalfora

generalrobot,evenWhenonlydeslredvaluesareInvolved

lnLJILSPar光r.WeWlHdevelopaFlewrObus=JaCkJng-COl1trOIscheme

w)LhtheuseorastateobserverwlthoutlnVOIvmgadaptaLIOnSIVelocILy

measurcmcnLSOfJO"1Langles,andLJlere旦reSSOrAprecomTXnSalorlS

fiTStmtrOduccdtoobtalnaTICWrCPrCSCntaLIOnfortheeJccLrlCaltydrlVen

robotdynaJmCSThezl.alleWrobustcontrol一er･SdcveloLX:d,whJCh

hasLhcrollowlngfeatures))ItlSassuredlhaltheEuc)JdJannOnnOf

trackingerrorsCanreachLOanySma))closedreg10nWILhanyconver-

gentratebyselLmgOnlyonedcslgrLparameter.2)LLISassuredLhaL

LhctrackLngerrorConvergestOZeroWhen山edeslredIra)ecLorleS(Jd(I)
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cotlVergeloull】mateCO..Sta■､lvaELICS.a-1d3)thecon〔guraL･Onohhe

dcvelopcdrobustcontroller.～verys=11PIC.lrcompa.cdwtlhthatorule
rcgressoトbasedadllPtlVeCOntrOIIcrs

TINEWREPRESENTATIONOFRo80TMANIPULATORS

WITHINTEGRALPRECOMPENSATOR

Conslderan7.-).nkman.pulalOrWtthrevoluLeJO.nLSdnvenbyaTTna-

1ure-conrro日eddcmotorswithvoILagCSbelnglnPutSlOamPIlrlerS心

.n【3.an;[:4…喜;hq;:uiql;CiqTJqe,(:ELS,Cn･Tp(b,/y,-I;- lp(i,〉 (1,
LJp(t)+RI'J(t)+II.q(t)=.tp(i) (2)

whereq(()∈ J己rllSIOmlangles,/p(()∈ JTtlSthearmaturecur_

rents.andtip(t)∈ R'.lsarTnaLureVOILagcsDI,(q)∈ LrXnlsa

posnlVCdcfinllelnCrtLamaulXOlthemanlpulator,Bp(q,q)∈RnX■

LSConollsandcenLnfugaltorques,andgp(q)∈ Rntsthegravita-
tl0naltorquesJ,L.andRaredle.lCtua10日nerLlamatTIX.theacrualcr

Lnductance.TlatnX-andtheac【ua-orrcslstaLICemaLnx,respecLzve)yKE
LSthemaLnxLhaLcharacLenZJBSthevotlageconslan10rtheac【uators.

and '̂pN)SLJICmaLTIXCharactenlHlgtheelecLromechanlcalconver-

slOE-tX:lWeenCurrentLlndtorqueJ,L.17,̂1.,andl{JJN.VePOSltlYe

derlnlLeconstantdl･lgOnall一一atnCCS

mecontrolobJecLIVCPursuedherelSaSl0110wsForarlyglVendcI
slredboundedtraJecLOneSqd(i),(Id(t),andq.I((),WILhsolneOrallol

山emanlpulaLOrandactua10rParametersunkr10Wn.derlVearobustcoD･

trollcrro√theacluatOrupWltllOutuSLngtherneasuremenLor)olntYC-

1∝ )tles,suchthalthemampulatorposltlOnVectorrJ(i)tracksqd(I)

lntheroHowlngdevelopmellt,SupposethatthearmaturecurTCnl

lp(I).JOlntanglesq(i),andaTmaLureVoltageup(l)aremeasurabk,

aJld山eJoLnLanglesofthcrobotmampula10r(1),(2)wehcldalsol稚

fixedanglebyuslngSOmeSLmPIcjOlnL-anglerecdbackcontrotleT

Thezl.ltp(t)canbc represented l̀Sup(I)- -i(A)+屯 where面lS

･tconslantvoltageloholdthejolntal一glclnthlSC･lSe.thereJauons

(I(0)-0,gP(q(0))- J､'pNIp(0),andlup(0)= 雷aresaLISfled

WhelltheslgnaJs∫(I)-Jp(i)-II,(0).u(t)-LAI,(I)一正areusd
Lo")Llall㍑ themalllPulator(1).(2)LnLhceasel0rLhcfixed-aJlgLc
sltuaLIOn.theelecLr)CallydnvenrobotmanlT)ulatorcanbcdescnbedby

M(q)q(i)+B(q,q)q(t)+g(q)- '̂rJ(I)

L/(i)+RJ(t)+ '̂Cq(I)-a(I)
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I:e4C'.ご e:esuccx.).slt霊 u:Ldnezdr:sTZeTCIOl-n;traniV芸uneLS･芦土r_･'戸k･trOrany

P5)lllerC CX】SttXNndedFX)SluVeCOnSLanlsp"l･PotPdl,P.,
声'.声レ,SuchLJlal=M(q)= ≦ 戸m ."q(i)lH lg(q)= ≦ 戸 . ,

11∂g(q)/∂ql[≦声｡..岬 ‖≦声,JILll≦戸',LIII."≦戸上.
Tomakeq(E)trackadesLredlm )ectoryqd(t).IeluSCOllSldera p re -

conlT*nSaLOrOftherOllowJngrO-

･▲(I,-,I(th /p(T)dT-等 土(,J(A)l (4,
0

whereLhcsymbol17denotesthedlfferenLla】operator,andLhcslgllaL

l'(t)lSthe■.1PUttOLhccompcnsa(orThen.todevelopacontrolscheme
achlCVll唱1hecontrolohJeCnVe,山eTObotmodel(3)lSreWnttenaSRO卜

loIVS(SCCAplXlldlXI)

M(lJ)q(L)-M(q)q(i)+B(q,q)q(i)+lLq(I)=I(lVJF.(I) (5)

LJlr(I)+RIF(i)+ '̂eq(i)一hJ(/)-/I(I) (6)

and

hq" -L'C-''-,1lM(lJ,"T)十等 q(T,

･妄仙中 丁

I(,lTq,-は [,I(I,7'M(lI,,I(i,]]T

･り(i)-Lre-(I-rl̂'cq(T,a,

JF(り-∫(｡-L'elL-Tll(T,dT-封 J(A,)

(7)

IndleaboveexprcssLOn,theruncuonI(a.b))sderil1Cdas/(EL,b)-
[(♂/∂q)('lrA4(tJ)b))rToranyvectoraandb∈Itn,whereLJICdc叩ト

deTKeOnlI(I))sdroppedFortheslmPILCLlyLnLJIClaterdcveLopmclll

ltshouldbenotedthatpropertyP2hasbeenusedLodcnvelhelleW

represenlal10n(5)17)Also,thegray)Laliona]torquesg((I)arercprc-

scntcdbythet巳nll(∂｡(ll)/∂.)q(t)

Tl]CoNTROLLERDEVt:LOPMENT

LT-therot)ow)ngdcyelopment,thedes一g-.procedurewLIlbcdescnbed
asatwo-stepprocess FlrSLly.theBig-JIF･(I)Ill(5)LSregardednsLJIC
mpulslgnalAnembeddedconLTOllnPuLJFIJ(I)isdeslgnCdso thatthe

晦 Ired LrackLngCar-bcachleVed Second一y,FL(I)LSdes■gncdsotllal

lr(i)LmckslF.(I)w llhou川SlngtheslgnaJq(I)1nturn,Lh■sallows

q(I)Iol,ack thedeslrCdtTaJCCtOryqd(i)

Asy′"l'Qr'-0/E′''beddedS'g'Ja/IFJ(A)

F■rsL.lelussupposc山nllheslgnal(i(i)lSaVa】lablcandlt-CSlgnalJr(I)

canbctTCatedasnnl叩 Ilt～)gnn)A robustcontrollerWLHtx synLt-eslZCdl

sothat～(I)lrLLCksII.c des.redLraJeCLOry'Jd(I)forthesubsysLem(5)To

achleVesuchilr"bJeCuVC,an･ldd"10nalpropertylSeXPlolled

P6)Thcrccx.SLSaboundedposu.veco..star-1valuc戸/st.chth･yl

"I((I,b)ll≦戸′=nllllI,llrornlyn,/,≠,I(,)ForlhcdcveloI)∩-CnLorrobustcontroJlCr.thefollowll-gStandllrdLISI

suTllP(.onu lrCrCquHCdroHhcsystem(5)-(7)

l̂)ll-crccx)sLknowndlllgOnalco■､sl̀､nlmt'LrtCeSI(～,JLI(i,

andLheICe-tboundedpostllVeCOEIStanLvalucsOAT.ビムで･PT･

pTt.SuchH.atcATITr≦ J IINITJ 3≦ 万kr/ IrOrall･･

llI7"=1LR一ql≦-pT･lL̂-ell-IÎ-<一八′t"≦和｡

Fl(ag(q)/∂q)- r̂JVfT'N-L(∂ĝ(q)/∂q州
A3)ForglVCndeslrCdEra)ec10neSqJ(り.

2̂)TTlere eXLSLS a k･lOWn t氾Lltlded funcL.On 5(q),a''d

TuccrheLehXa:StL.(%u(nqd,e/day,vsltl芸 co;I.≡nt‖(vaai;qe;′a7..1聖

≦-p1
1hcrecxisLboundedpo§-

lLlVeCOnSLantvalues声J,声J..7- I,2,suchLhal=qd(i)=≦声か

llqd(I)"≦声J.,lrlLJ(t)‖≦戸.2
^4)ThelnltJalvalueq(0)LSbounded

TLLSnotedLhaLh'N,a,iLnd '̂.arceslLrrlateSfor̂ 'N,JLand '̂｡,
rcspectLVely.a(q)LSa･.eSLimaleOrg(q).andidenotesestimatedezTOr

Todes)gnallCmtX-ddedcontrollnpuLSOthatq(A)lntJleSubsystems

(5)tracksqJ(I),LnLhcfoHow■ng.WedcfTIne

s(I)-β-lqL(I)+す(i), ,71(()-tJ(()-qd(i) (8)

where〟lSaPOSILrvedes唱TIPamnlCtCrlnlrOduccdLOHnPrOVeLrackJng

peTrOrrnanCelt)snolcdLhaHJlellOnllOrlhc‖1LいaltracklngerrorS(0)

doesnotHICreaSeWlthrespccHothedcslgnparalTlelcrβ Us)ngthe
rclaL)on

才(q)-/e小,'5(q)dT-/ e小 ,.卦 (T)dT･e-'5(q(0))(9,
a a

･ITldthepropeTIYPl),LhcenorsysIL:mCLIHbeobLalnCdas

M(lJ)S(I)--(βB(,I,S-q1-(〟+i)M(,I)+2B(q,(/,L))
×(S(I)-qlL))-P~1･仙 (q,qJ,qd)-β~./I(i)

+pJl̂ 'NIF(()-β~lJrNf?応'

x(5(q,辛 .5(q,dT)

･L(i,-hq(L)一/ e~̀ '-rl̂ ･NJ?;L買 "T)dT
0

-巨 常 f'S-(7･S-(7- -(q.GJ,

+P(M(q)(s(I)-q～(L))

･Sf(芹(i)-q～(i))

･/(qdlS-ql,]dT

whereLJ,a(q,q.qJ),Uhd(q,如)ateglVenby

LJ,A(q,qd,6J)-M(q)(qd(I)-qJ(())+B(q,(Id)如(i)

-(/NI?応■e-'す(q(0))

Wムd(- ,-･44(q)q･(小 吉′(qd･q･)･卦 〟 )

(】0)

Lln

([2)

Ltshouldbeemphasr7･CdthatlhcnoLIOntor/(S-(i.S-qland/(qd,S一

･7)shouldrollowthedefT･n ･L,OnOr/(a,A)Forcxample./(qd,S-'i)-

[(∂/∂q)lqd(i)TM(q)(5 -q-)‖r
BasedonLhcerrorsyslern(10).l∫theslgllalJl-(i)clLnbetreatedas

acontrollnputslgl-aE,LheslgnalJr(()canbcsynthcsl-LCd.lS

J'-(i)=- βTJ? 浴 (()+I? ～-)

(5(,I,-巨 ,､g･q,,IT) (･3,

ro√anyP ≧ 2Tllel1,ltCanbcprovedLhaHhlSrobustconEroILiIW

c乙InSlabll17･etJleerrOESyStenl(10)wILhprOI氾rSCIccl10nOltheSCalar

POSlllVeg;)ln7.
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1IeTTlurk As .imatterorfact,mlLnyrObusICOnLrOILawshavebeen

proposedlnthellLeralureandcanbedlrCCtlyappllCd HowevcT.the

men10fthlsnewcontroHawLSthatOnlyonedeslgnParamelcrPnec°s

10bcadjusted.andLJlerelSnOregreSSOrInvolved,whlChmakesthe

conLrOllerdeslgnSlmPte･

Illtheabovecontrollaw,山emeasurernenLOrJO=1tVeloeIlleS(I(i)
LSreqUlredHowever,asassumedlnthepaper,theslgnalq(A)lSnot

avallableToremovesucharequlrCZnenいnSteadorusLngJr(l)ln()3),
anelTlbeddedslgnallFd(I)LSdefinedas

I,a(I)=-βTJ(応1言(i)十I?a-

(5(q,-ie-(･-,､5(q,ElT)
(14)

wheretheslgnaJ言(t)denotestheesLtmaLeOrthetracklngen-OrSlgnaJ

s(i)andLSgeneratedby

i(i)-(7eβ~L+i)qll)+〟--Lす(I)+se(i)
S｡(i)-Teq-(i)--Yes(L)

se(o)ニー(Te+1)β~tす(0)

(15)

where山escalalconsLanl-yelsapoSltlVedesLgnpammeterandwLllbe

speclfiedhler

lLcanbeprovedLhaLtJleembeddedsLgnalJF.I(i)tn(14)canstill

guaTameethetrackingOf山csubsystem(5).fIra(I)･streatedasan

JnpuLSlgnaLJF･(I)TlleProoflsomllted,smcetheconclus10nCaneaSlly

bedmwnForLhcprooforthemalnreSull(TJ･eore"･2)･nSecLIOnUllC

B Synthe∫.50/ConlroISlgTlalFL

From山edynamlC(5),(6)JLISClearthatdleSignallr(E)Cannot

bcused asanlnPulslgmHLIS山econtrolslgnaJllulatgeneratesLJle
JF(i)ThedeslgnLastlumsLOthedevelopmentOrtheconL∫olsLgnal

/▲,whlChforces/ド(I)totrackIFd(A)
TodevelopsucJ-aconLrOHer.theerrorSlgnalsI～F(I).言(L)are.re-

specLIVe)y.derlnedas

JF(t)-〟-17Jlf̂{N(/F(t)-′〟d(i)), 言(I)-S(t)一言(i)(16)

Theerrors.gnal′il(i)isdent-edsothat"fr(o)lldocsnotIncrease

wl山respecHoβandT｡Then.ltlSSeenfrom(10),(11),(L5),(6),and

(7)thatthet∫acklngerrorSystemcallbedescnbedby

M(q)S(t)-一(βB(q,S-6)-(P+1)M(q)+2B((I,q,I))

×(S(i)-g(L))-βー】hqQ(i)-βL'/Lq.,(I)

+-Y.I{NI?㌔fr(i)

--yJl'NI?&'(S(t)-i(I)) ()7)

M(q)E(i)=-(βB(q,3-'7)十2B(q.qd))(S(i)-(7(i))

-βJhqd(I)-β~tjtqd(I)+TJ{Nr{応1fF(I)

-7,KNJTNLl(s(()-sll))-TeM(q)S-(t) (18)

hqo(｡-1'e小 ,llE f(S輔 S-ql

+β(M(q)(S(t)-す(i))

･莞 (S(- (i))

･/((Jd･N一m,]dT
･L･,a(巾 Usd(q,,Jdl,JJ,IL'C小 ,､u/･d(q,qd,dT

tl｡l

TEEETRANSACTTONS ON ROBOTICS,VOL20.NO 4.AUGUST2叫 1

L加 )--RTr(,)-監

･(̂R- 1?edd(i,辛 (JI,-I?e" T,(LT)

･監 仰 山 l･(i)S(A)+山′;(I)F(i)

･U/7(t),糾 ･三hJo伽 k jIJd(｡ (20'

uJ･(A)-元一1 ,7'NIl,CI(β･1)L-諾iZ:

W,丁(i)- 一元十TcL

畑 )-l I? NKe-(β+i)L･謂TJ'

A/n(i,-(i-元)L'e-'-瑠 (S(丁)-q～(T"dT

+I ( N J ( (

JL
e~('J'-(S(T)-す(T))dT

A,a(i,--[{N I7eq d (I,･L rc小 ,lJT'Nl{eqd(T)′LT

一灘 (t,I(L-i,LLe~ L̀~,争 (丁)dT

+(L-ji)e~Lg('J(0))

lntheaboveerrorsyslenl.ltISObv)ousfromLhcpropertleSPl,P3-P6,,

andA1-̂ 4thatlhereexIStboundedposttlVeCOnSlanLs戸qd.万JdSuch
lhal

:t4
日lLqd(i)‖≦万qd, "hJd(川l≦戸′d (237

andthereexjsLbou.-(ledpo§,I.veconsLant5戸qE･I≡ 1 4･戸]Land
scalarFX)S)tlVeSlgnals/tq,(i),I-1 4,hl'(i)suchLhaL

p-[‖′･q｡(｡Il≦芸J万石石戸..んql(i)I;J万石石戸q2,Lq2(i)I

･妄挿 V,hq3(小 声qJ･,,4(I) (24)一
日lLJd(t)‖≦戸J.A/I(I) (25J

戸ql- V句 ,声q,-

戸q3-舟声ql-甲
育ll-(戸e+声7)Jp71+lLIlN"声kC

h･･仲 -ILq仰 何 店 Li<L,"2

･Lq2'l'-一柳 ).㍉ 両 J吉 日州 IL■qlt'"

hq3(i)ニ ーhq州 序J烹"q～'l'‖2

/上q4(i)- -/i.4(i)+声q."S(i)-,7(I)il

lL''(i)=一/り1(i)+lls(i)‖+IF,I(i)Il

ILO,=0, I-1,2,3,ILJl(0)=0

･I
i

i

y

j

i
:
.

､
ト

1
.

.J
･･
･

I四.
･･

whereToISaPOSlllVCdeslgnparam叫 EqlSaPOSlいvecOnStaJ1Land

theseparametersarespec)fTledlater
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tJdい

L一一1----ObSerYer ------JFIEI Conrtgur･lt10･10hheclosed-loopsystemusmgthep

roFW dcotltrOllcrBasedol1LJICaLnveerTOrdynam.cs.LJlerObuslcOnLrOLlawlSLJ

lensyTllhcs)zedbyJl(i)--βTaTJ{H F･J7lrJ(t
)･T{･qd(小 /el'-r､払 (T

)dTO (28)Iand山cdcslg'1Piu-:Lmete

rSaregJVenbythefollow■TlgformT.-7,.7｡P2+JYJ｡T.P+7,｡

P+7.17.-7<17.+T<27.β2+Tc｡T｡β

+JY.4β+7eS7,- 7,17J+ 7,27e+ 713P2+去声EP+

7,4+TJS寺 (29)whcTeT.‥1=1 4.7… t- I -5;

TJ.,1- 1 5areposILIVedes

tgnparaJTleterSneore"JI lll(28).theconLroHawISexpressedas

LJlelnPuHOthecompensatorBasedonlhcderinlt10nOHL(i)in(4

),thecontrolIo､V(28)cant光eXPreSSedaslL(t)=-PT.rJ(qL,･ii(T,a
,)17,I(L)+｢15(q)+I?.q.(I)rl=7.IT'応l+虎̂̂'応Ⅰ (30)

Proof SeeAppendlXll.Theco'lfiguraLLOnOrtheclosed-loopsystemuslng 山eproposedc

on-b llerlSShown)nF唱 l

TlleSymbollJlnFlg IdenoLcsthcd)LTercnLiaJサ:ralor]nFIBI.山cA.Lins7.,Te,7J.andβateScalar,a

ndTTlatrtCeSK… Idr'arecotlSuntd.ngonaJmalncesnleCOnfTlgurat

LOnOfthecd,Lro‖erlSveryS.mPlc.ascomparedwLIJldlC regreSSOr-ba
sedadap-hvecollLrollcrs

CISIoblltTŷ lJa/yJl-Beforc(lescrlbH-AtheslabllltyanalyslsorLJICC)

oscdlloopsystem,thefollow-nglemmalSrequlredLLm"･oI ]J:Iuscons.dera non.legaL■verunCLIOnV(I)lt■s
asIsunlCdthLuTo ･S･.nXCdcotlSLanlvalue,SuchthtltTo戸qJ≧2V(0)ll

恥dcnv..hvcoH′(I)SヱILJSnCSv(/)≦-V(A)I÷ V(A)
2+纂 (3.)ToP,td

Proo/ See

AppendlXTLlForslab.I.tyanatyslSIWealsorleedtherollowlngdeb.

llonsEq-3P…+戸J+4戸b戸dl+5十島5-,･- ‖ll'NlrFLe+5?,声L九･.

- (OL･･'25b'2:pf,･･'碗β -1+452 .'2'弼 + 普 )声叫.. ＼~一'1':･ ,I...･t.I.

1=l礼 ..-声m,声..+37m+858万.1+4私+2Pq.礼95-(告 .普 )戸｡d戸U砧-声m.戸d.+4万b

戸..+4私 +2万.A (33)(34)ThesLnb･llLyorthecloscd-)oopsyslcnldc
scnt光dby(5).(6),(14),(15),(28).and(29)lSnowSLiLLedbytheroHowlngt

heoremTheolem2 LltuSCOnS･derLtleCOnLrOHcr(15).(28),an
d(29)forlherobotmar"pulalor(3)wLlhlllltlalvtllucs(I(0)- 0-

∫(0)- 0,i"也g((I(0))- OlrLhepo§.Lrvedes.gnpil ramCtersToal'dl･8.,I≡
1 4,7".I-1 5,7 I.

一一=
15LL rerlXCdsolhLlllherollowLng

lnequa lttleSareSauSfTle
d

1 1

7･l
≧石戸-L,
7･2≧正札,2

7.3≧
⊥(Pu.3+育/+eq+055m
)

F1▲r
7..≧
⊥
(5十九
..
)

e

tT

:∴二
㌦∴∴∴̀‥
l

-2-2ー2

Tl.≧
纂
･
箸

,712,-
管
,TJ3
≧3万言

T

J4～
…
(- pt十万,

)I
声
r
一2+｣q～
3

一2+7,5≧3fu,I.礼.2重PqJ･O≧鈷 (HqlO,日昌Ilq(0,1Z)2 (35)′b37tJ-ヽ---ーノ･割 6(0)lr2･E."q-(0)‖2

･5,("q～(0,日増 "5(q(0,,")2] (38,men.山cclos



PrDO/ ConslderaposILJVederlmleruTICl10n

V(L)≡ V.(t)+tt(i)+Vq(t)+VJ(り+VA(i)

V,(t)-S(A)'TM(q)S(A)-Vr(i)-6(i)rM(q)i(i)

V.(L)-I.(7(i)Tq-(L),V'(I)-TF(I)TL,ら(I)

4

V^(l)≡∑h.1(i)2+ILL,(()21=Ⅰ

LEEErRANŜm ONSONROBCmCS〉OL20.NO 4 ÛGUST叫

S･nceβ≧2,ltrOllowsFrom(33)仙al

-P

叫
刊十

L3

-a.A

β
一2

(
一

一

■JJ

■亡

β
F2

β12

一

一

こ

く一
β 声m 4万b声d.- 5-苑 (4n

(42) Cons'denngLnequaL.i.es(35)-(37)aresnlLSRed,川 lS Seenfrom
(43)-(47)thatLhcfollowI･lgrelat10nCa■ltKOblal■led

V(i)≦一昔(V･(小 ,乞(小 Vq(tW ,(t))-VA(I)

】 llJ"A(i)‖2声..
･忘 V(I,2号 響 +軒 T

･ - ,+志 V(t,2･右 響

l JI/lJd(E)Fl2戸..

十両音 声弓.,

whereEqlSdellnedln(33)

IIcantN'prOYedthatthedenval.YesorV,(().吃((),V.(I).V'(t),
andV̂(L)sat,Slythefollow･ngLnequalLtLeS(seeAppendLXIV),where

reJaL10nP- Ihasbeenused"山edenvaLLOnOhhefolIowlngln-

equalLtICS(43)and(46)randtherelauonPe.-2苑≧ohastN2enused
.n山edenvaL･onortherollowmgLnCqUa】lLy(45)

V･(I)+tFJ(L)

≦一旦LfTJis(i)lr2-(27.-7･I2戸上TT･)lFg(川Ill

+(礼..7002+礼.27｡β+礼.,β+礼..)lls(I)ll2

+(Fu.5ToP2+礼｡21｡β十九.6)FIE(i)ll'l

+(戸川β+戸n.+仲.戸..)rlq-(A)‖2

3

･志 (V･'t- 7(th Vq(i,)2+∑ IL･･.(I,Il=こl

･;hq-1(t,2 I (_a ･屯 )亜 (E,rt2

･妄響

･- ,･志 V(i,2揺 (i:
I

ThelnJL■aLvalueV(0)doモSI-OlIncreaseW･山 respectLOβandl.CC.A
S･de'lng山■slacllltlSSee,-(,Om(38)and(41)ulat2V(0)≦7b声,Jヰ
assuredForanyβ≧2andT･≧(5/eAT)Accord･ngtoLemmD/.I
lsconcludedfrom(48)and(39)LhaHJleClosed-100psystem'sstabk,
and2V(i)≧ To声qdAnaly･L.ngtilederLVal)veortheposLhvcdeRLnlB

runcl10nVc(L)- V･(i)+Vi(I)+V.(i)+V,(A)byus.ng山ehF

21′(I)≦TO戸.a,iLISeasyloasccrta,∩From(43H45)thatthereexists
aposluVeconstant5'lndeFX,ndcnlolthedes'gnpa'ameLerβ

vC(I)≦ 一芸ve(i) ･ 6･ (4g

4T,

Th;er,ei;ニご (40'canbeobLunedFrom'4m で

(43) 1)FromTlJeOrem2,"cantxconcludedlhaLdleC)osed-1oopsystcth

vI'L'≦--2亜 (i,ll2月 (6p-,I･略十億)妄
+3(否7+戸,)2+弼 十戒

･6甜 ･如 1IlfF(t)ll2
+lEs(i)lJ'}+"q～(l)lE2+(7,+1)lr言(I)Ill

I;IL,.(L,2･益 粋 (-'

V.(E)_<-(E.β+2私 )JIqll2+(E.p-2菰 )IJs(,)lE'L

+域 .q-(I)Ts(I) (45)

3
vh(i)≦ -V"i)-∑/lq･(t)2寸 ..(i)2 - ; A /1(t)2

一こ_I

+(4+2私 +戸′β)lh(i)EI2

･ (4･ 2菰 + 響 ) ･- ト 4柚 ,Ts((,

usmgLhcproposedcontroJJerlSrobuststablewh■】ctllCInequdl

luCS(35H39)aresaLISfied,aJldweciln‖lakellqlL)‖2am voJ

anysl-lancJoscdreglonwLlhanyconyergenLratebyseLtlnSLhB
deslgnParameter〟

2)EsJXC,anytnthecaseorl′(0)- 0,rro■一一(40),LtlSSee■lthd

themax･mumva)ueofJlq～(i)lJcanbcartMnnlyreducedbyiJrJ
creasLngthevalueorthedcslgnpammclerP

3)lfaboundedd･sLurbar･cec(A)ex･stsLnrOboLdynamJCS(3)aS
M(,I)(I(I)+D(,),q)q(i)+9(q)-̂'NL(()+C(i)ThechangeS
appearonlyLnJ･qd(A)()9)as

～

hq･′(I)-U･d(qふ 如)+/e-'L-,Iuムd(M d)a,
0

･C(i)-/ C小 ,-a(丁)dl:
0

lIILheclosed-LoopsystemuSm gtheproposedconLroller.llC･uLaJso
beshown山aLthetrack川gerrorq～(I)con､℃rgesLo乙erOl川1edeslrCd
LtaJCCLoncsqd(i)convergetOCOnStantul一■∩-ateva)uesToshowLhis･
letusconsldcrthenewslgnal

･孟 (V･'- q(I,,V"I,･ ･46, /･d(i,-響 +柴 (辞,
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F.82 Two-I"lkmr.r"PulalO

r輩 ≡ ∃

4 T‖mIlsl8Rg3 D出)redlraJeCtOTYtJ]LhecaseorqJ(I)converg･ngtoaconstantv

ector,lhcrcexISLboundedpsluVCCO

nSLantS(ll,d2SuchLJlathJ(

i)≦ d2e~dl' (5))UsLngtherdatlonabove,LIcanbeseenfromTJleOre〝JIlhaHheto1-

lov/LngCOrOHiLryho一dsCon)Ik･ryI Sup

poseqd(i)converges10aCOnSLantvectorexTX)-Jy:ntlaJLy

Ir山efixeddes唱nPaTalneterSTo.7".I- 1-4.7",I=1 5,7Iいl

= 1 5saLISfy(35H 38),thenLheLrack]ngerrorconyergesLOZeroLIOr

anyβS･lLISry】ng(39)Prpo/ IllSObvlOuSthat77zeorem2holdsT

hen,assLatCdl1日heproofolTheore"I2,V(i)saLISfTLeSLhcrclatLOnl′
(I)≦(i/2)70声qdAccordlrtg

LOthesecond)nequalttyln(48).lLC.lnbcseenLhaLtheroトJowLngreLal10niss.ltlS

fTledJ

I v(A)≦+ (i)･ 等 坦 ≦ 一芸V(L)･針 ~JL' (52

,lI1tJSCO■､Cludedlnul.edlaLelyfro...山cequal.Onabo,ethat

V(i)con-EyergcstorLerO.ll.atheLraCbnge.TOrqlL)alsoconverg

estozeroLI IV SLMUL̂TIONExJulPLEtnLhls～.mulaL10n.the

controue= sdes.gned foratwo-LmkroboLl1-anlPuJa10r.Shown

lnFlg 2 nlenOl一一lnalvaluesorLJleunn)pulatorandml=183kg.m2=

285kg,Jl= 791kg actuatorpar.1meLerSLLTeglVCnaSL22Jll-06

m,t亡.=037 m,Jl=0892 kgm2,L2- 102 nl,te2-00234 m,′･l=329kgm2,7

n,-2kg,TT12, J･2- 79ユkgm2,Ll= 5･2×103 vsJA,LIZ-52×10-

3V-SJA.R,=2r之.lt2=20.A,｡1=21Vs.He2=21V s.I(Nl=288 V s.K N2=28

8 V･S,whcrc m,denotesthewe)ghtofthe el1d-errectorkltheu'

1ccrtalnly t■= Obotdynar一一.csbc or.glnalcd by thev'e)ghtorLhc cnd-eFrectorva'ylng.nt

herangeorI-3kg, andeleclrlCalparLIITleLersbc L̀SSunlCdto havej=2

0% uncertal叫 Tl一ccOntTOllershownLnFIE JISapPlledLotheeleclncaJlydnv

enrobotrnanlpulatoTWlththeLmcparamelCrSLhaLalegJVenbyTH･≡3kg, ldcgJU 4 Ⅰ日.lCIs18FIELl TmCkJngeJTOrreSFX)nSCSro

√P = 2,4,10･Tlthecaseorす(0)=Ⅰ5,-51Tdog 0 4 T,,T.CrS18

FIE5 T'acklngerrorrCSPO.ISCSTorP = 2.4.10･nLl･ccaseorq～(0)-

10,0】r-LegJl=9492kg m2･J2-9492kg m2.LJ=624×10-3vs/A.L2=62LIx10~3v

s/A.Jh-240,R2-2LIrと,̂ '{.=252V･S,'̂E2-25.2VIS,̂ 'N1-3456Vs,I(N

2-3456VsThe)nluaIvaluesolLJICmanipulaLoraJeq)(0)- (L2(0)-

0,qt(0)-65dcg.･]?(0)≡140°eg,andLhe日.11･alvalueof山cdesLTed tm J

eCtOneSaresetaSqJl(0)-qd2=0.qd.(0)-60 dcg,qJ2(0)ニー45 degTlledeslrC

d traJecLOnCSOrJOlntlandJOlnt2 are shown lnFIE3 l
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ApplミNDIXI

DER]VJmONOFNEWRJ:PRESENTATION

SubsllluLlng thesyrnbolTforLhesymbolALn lhcFILrSLand se.:ond

cquatJOnOl(3),alldmuttlpty)ngboths'desbyeー((-fl,andthenLnte一

gratlngrrOl1-010LwILhresrNtCHnT.WeOblaln

where

L'e-'･-,I"T,dT ILEp小 ,一g(T,(,T

-I;～ltc-'･-r-∫(T,dT

L'e-'･-,1(Ll(T,IRJ(T- 1･eq(,,)dT

-L Le~̀- 1▲(T,dT

E(I)-M(q)q(i)+B(q,q)q(I)

(53)

(54)

DLfreTenLla【】ngbothsLdcsol(53),WehavethenewrepresenLauonor

electnca])ydrlVenrobotmanlPUlalorsns(5)17)llere,therelnllOnS

IF-EEIR̂NSACTlONSONRObCmCS〉OL20NO dl̂UGUST叫

AppENDIX l】

PROOFOFTIJEORÊII

LILthesignalf(t)tkglVenby

l

"i)-71(A,-/ e-'r-rlT"T)dT / (叫
t[

UslngthelntegralLOnbyparts.ltLSeaSllyascerta"thatthefollowP8
rehtlonholds

( T ( I

/a-'/eq71'q'dqdTニー/eJ''L''7"T'd,I/"T'dT (61を0 0 tl n

Frolll(60)and(61),llfollowsLhnL

糾 +i " T'dT

F.(od'en=veO･.hle'On'cw=,Oe,9,(eqs'eOn三三.F.no,Mdthero■■owlngnlaLionsⅣeused -71(i,JC~̀'-,17,(T,dTI/7･(,,a-/e-,/eq"(J,坐

症(･-,一g(q(,,,ELT]

-,I(i) (62)

i

:sLS nth,emr;C;㌫ :hi.LqLg'::UEL(,i.)nミLv?,n,,b(y.!T('lS6arS:nedS(!68TLLiLC:I

-Alg(q,- e-'7(q(0,,-ie-''-rlZ q(T,dT] 蒜 :nul;;岩ノ.'suicenulLS Cq̂updpL二 二 l■''州 ■U､LOI"dLU;

-仁-(y'"0"･! C-'LI'騨 dT (55, mCr.｡Ls｡r山eequat.:W FOFh l"AI I;=

je-(I-r-M (q'T''q'T'dT -V(小 誌 V(I,2･雛 o (63}0
- M(q)4(t)-e~■A,((q(0))q(0) aTeglVenby .i

fJ

Lb

rJ

読

予 小,I(Mミサ̀T'',L'T,･M'q'T''q'T''d, (56, 等 二冨 ∃

Ete(: 'II'T'dT] (57, と.fasnJS ee三 .･nIatLh.;e,raecI定 sdi ae:ed:'Z,,.e:=:'wr=gLS,nZrudTqy

〔ie-(r-,ll(T,dT]=孟 lJF(A,J J(0,,-IF(i- -･I(0, -V(｡+* (t,鳩 ≦- orv(｡EP -,D･･ (餅

姫 (- u(T,a,]

-W e-'.-,IF,(T,ElT･巨 li,.(U,(LoEIL]
-症 (- )"T,dT･lJL(T,,iT

) (",

(58)Us=1gthefacいICanbeprovedasstatedbclowLllalulCfollow■ngprOV
crt)eshold

l).nthecasewherel′(0)≦ D_,V(L)rema'ns■ntheregion

V(t)≦D_,

2)'nLJleCaSeWhereD_< V(0)< D+.V(t)remalnS･nthc

rcg1011V(i)≦ V(0)

l･.sassumcd･nLe"･ma1Lh;Itv (0)≦(1/2)70万q.,<D' lfD-<
V(O)<i)十,Irom2)■trollowstt-aLV(i)≦ V(0)≦ (1/2)¶ ね ･lf

V(0)≦D-,r･om))･tfollowsLhaLV(A)≦D-<(i/2)To戸.af;rDrn

ulCraCLs･lrimmedlalelyfoLlowsLhalLe,rTmaIholds

l)Now,)eLuSSuPPOSeLha=hereLSL2>0,SuchlhaLV(12)-PI,>

辛 (･-,-IL(T,LIT]-～ - (59,

D -,S･nceV(0)≦D一,lhereLSatl∈EO,L2)Suchthat

v(L.)-D_.D_<V(I)≦pD, forL∈(Il,†2】 (66)

L
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However.lntegratLngbothsLdesor(3L)frontl11012,lLISSeenfrom

(65)1hnltherollowLng‖1Cqual-1y･SSat･Sried

t2

v(L2,≦V'LL'･/ (-V'Lh去 V(I,2･誅 )di≦D-

(67)

TT.erelal･onaboveconLradlcISSuPpOSltlOn(66)CollSequenLly,V(i)≦
D_holds

2)Frorn(65),leanbc seenthatV(i)doesnotLnCreaSeWhLleV(i)∈

tD-.D+]-Add･t･onally,FromtJlerae-Lh･.ILrPrOFnrtyI)holds,■Hs
obyl0uSthatproperty2)alsot101ds

ApPENDIX tV

DERJVAT10NOr:(43ト(46)

Basedonthede伝muonor空…,WeCanSimplyLakeltaSe,～- l･ln

蒜 ぶ,S2elu';:(昔 haonILs22"LLa('tt,I.H】i('LL,'.1-55ee:."lta('借 .,'望(':,敬 -;

lla(I)ll2+lLT(I)canI- stabl･shedforany～.gnaJa(I)n･efoLLowLng
allalys)sISPerformedbyuslngtheaboverelatlollS

l)llcallLxseenITOnl(42),(23),and(24)仙althefoJ)owLng]llequal-
iLIeSho一d

(声m.+2万b)〟JI.'(E)lF3

<(育-‖+2万b)2PqdTDβ21ls(i)‖2.÷ V,(,)2
4 ･ToPqJ

(戸,,‖+4戸心)βlls(L)‖2llqll)H

i(声.A,'4万b)27qd,oβ2"S(L)lr2.--÷ V.(I)Vq(i)
- 8Eq ToPqd

2万.PHs(i)lHltF(t)lE2

･ 竿 700'l･Fs(i,･r2･去 vq(i,2

2(声.̂β+戸巾十2戸もFJ.)"S(t)川qlE)"

≦(戸川P+戸m+2万b戸J.)(lls(I)ll2+lrq-(t)ll2)

2β~■lFhqd(L)lHIs(I)‖

1日lLqd(i)ll2

≦2万vd帖(榔 +醇 -iT

2万L ; 可 Ifr(I)HlEs(L)Il
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