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NonholonomlCCOnSlralntSarlSCWhenLhercISarOll】ngorsLldll-A

conttlCtlnmeChLlnlCLllsyslems日6JA largcclassorsystems.such

aswtleeled veh･cles,n10bllcrobols,nlUh･rlngCredrobotlChaTlds,

spacerobo ts,cLc,"1VOIvel-OElholoT10mlCCOnSlr̀untS Controlor

nonholoT10mtCmCChanlCaJsyslemslliLSaLLracLedslgl-lrlCantLLILenlIO･-

rcccntlydueLOlhedemandTorcoIILrOloltheabovcィclもnedsystems

r21Conslderablcerfonsh･lVebtLenexpendedlndesLgnlngSLab1117･lllg

cont∫011ers.andresearchresultscangeneraHybeclasslfledlntwo

classesThenrsLISklnemalJCCOntrOlt21,【4｣,[17].whlChprov)desthe

solut10nSOnlyonapureklnernaLIClevel.yleJdlngklnCmatJCCOntrO)

suchasdrlVmgSpeedThesecondlSdynamlCCOnlrOlr3H l31,Lltkmg

･nerllaandrorccsIntoaccountandylCldlngPhysIC̀llcontrolssuchits

dnylng10rqUCSTlleJnLereslcdrcadcrmayrefertothesurveypaper
L2日orvanouscontrolmethods

The LracklngPrObkm(LraCklngarerCrenCCllaJeClory),LIBLIn-uCh

more･ntercst]rlglSSuClnpraCLlCe.h･lSreCCIVCdrelalIVe)ylessilttCn110m

lnthcllleraLurcDependlngOnWhcLherthenonholono)TUGSystemsale

presentedaHlklnemaltcOrdynamtclevel.thetTaCklngProblemcan

a一sobeClasslfiedaselthcrakJnemallcLracklt一gPrOblen10radynam,c

lrack川gproblem Sl-mlartothesL;lblllT･;Lt.0.ICase.tTIOSIorthework

reporlcdtodateontheLrLICklllgProblemlS･lLklnematlC】cvel(sccF21]

forrererences)However,.Hsevldet-HhatpracL.GalapptlCatlOE-SCall

forsolutlOnSaHhedynamlClevc)RccognlZ】ngtheLmPOTlanceofad-

dress.ngtheLrack■t唱COntrOlprOblerna川-edynamlClevel,someeffort

hasbeendcvoledloth'sprob】cml10日 14日 15J

lllSalsolmPOrtalltlonotethatCOnSlmlrllsusuaHyresuhfromconl(lCt

lnteracLIOnOfthemaChtncandtheenvlr011111enlThererorc.thecontro一

oftheroTCCSOrlnteraCl】OnsISLILLeastaslmPOrtantaStheposILIOncom-

('oIApply】ngaconve州Ona=ccllnlque.OneCanreducetheTlumkrof

statevam blcswILhthosewh[chprovlde一一10110nCOIT'Plylngwithcol-I

ManuscnptrccelVCdNovcmbcr2,20OJ,rcvISCdFebru.vy272002Th】s
P･lPerwasrecomrlleTldcdrorpL.bl'caL'OnbyAss∝latCEdltorH ArLllandEdLtOr
1wa)kcruponevaluall0110rlhcrevICWerS,col11111entS
M ovalSWILhtheDep.lrtmenLorCol-1roIEngLneCnng,Kyushuln-

stlluLc olltch■10logy.Tot･帆 KjLakyushu.804-8550.I.叩･.n (e-mall

o豊 lLsLulTse霊 JS.ie｡cpan,,.e.､L.rMcc佃,.ca】.̀.､｡In｡ustna.Eng卜
ncenl一g,ConcordmUm vcrs】lyMo■-1rCJLQC,トⅠ3G IM8.Canada(e-■-1aL)
cySu@meconcorLl'aca)
R K1-10hldcceLISCd,wilSWLlt-1l-cDeparLmcT"orControLE"gTnCCnElg.

KyushLLIllSllluteorTecht-0-ogy∴rob叫 Klt;lkyushll,804-8550Jnpan
D唱IL･lLOb｣eL=dcnhnCrl01LO9rrRA20O2807528

sITa=-LsPhystcaHy.lhlSlmPllesLhaHhcconslralntSPrOVldelhc-1CCCS-

S･uYTeaCLIOnSHowever.LhcmiLgnlLudcorthecot-stra･nedrorccsmay

noLbedes汀able,asaresuhorcontrole汀orlsonposILIOnerrorsWhat-

eversophLSllCilLedcontro一algonlllEnStheremaybc.lLIStTnPmCtlCal

LlnlesstheposluonandtheforceOr111LeraCtl0nIVeCOnLroILedsHTlulLa-

IICOuSlyHowcvcT-,thetllcraLureontheToTCCCOl1trOlornollllOlo110mlC

mcchanlCalsysLcms･SspilrSel10日 19j,r201

TnLhlSPaper,WèLreCOnCCnledwtthLagrl"一gLan･11eChal1tCa]systems

wILhclassICnOl-holoTIOITllCCOJIStriuntSThechallengèlddressedherelS

loensure,auhcdynamtccol-LrOHevel,deslrCdLraJCCIoryandconstra･nt

rorcctlaCk)nglTlthepresenceorparametermode))nguncertlLlnLleSBy

assutllll鳩COmPIcleknowledgeortlleCOnStraLnLmaTllfotd,.lE-dlakLElg

thelntCmaldynallllCSOfthesysLcmsmtOLICCOul-I.artllldynamlCSde-

scnptTOnSulLablelormoLlonandrorccconlrotlsdcnvedbydecon1-

poslngthesystemIntoIwocascadedsubsystelTISaklnemaLICSystem

andanewdynamLCdescrlPt10nArobustT110tlOnJrorcetracklngCOn-

trolalgonthTnlSthendcnved,ensunllgLhaHhedcslrCdtraJecLoryalld

thedcslrCdconsLralnLForcecanbetrackedStnbll】tyanillysISShowslhc

dcslredposltl0nLrackH1gand†orcc(rack川gerrorsareboundedwltha

contro日ableboundTheappttcaLIOnOrLhcdevelopeddcslgllProcedure

lSlllustriLLedbyallexample

TlllSPapertSOrganrZedasfollowsMethodsdeveJopcdln｢101rorde-

compostngnonholonomlCmeChanlCalsystel-1S"l上otwoCaSCLldcdsub-

systelm.aklTleJ-laLICSystemandalowerdln-enStOtliLJdyna･Tl･CSySlelTl,

lSreVleWedlnSectlOlHl,andSecl10nlTIprcscnlsaconLro】slralegy

TIleStablHtyalliLlysISforLhccomplelesystemlSa)soconducted111thlS

secLIOnSectlOnrVprovldesLLlustratlVeexamplesuslngtheproFX)Sed

iJPPrOiLChlnSecuot-V,someconcluslOnSare presented

tJ MoDELOFMECHANICALSYsTtM Wrnl

NoNHOLONOMTCCoNSl≠AENTS

InLhlSSeCtLOn,WCareCO･一ccrnedwI山 mechanlCa)systemswl山a

classlC･llnoTlholonom)cconstralnL,whosecollfigurauonspacelSan

n-d)menslOnal,slmplyconnectednliLmrOld沢,andwhosedyn(lmlCS.u-e

descrlbed,lnlocalcoordlnateS(Le-edgeneralはe(lcoordll-LLles)～byso

calledEuLeトLagraJlglanfo- ulaLIOnaSr5日 167

D(q)q+C(q,q)q+a(q)-JT(q)l･+B(q)T (I)

J(q)q=0 (2)

whereqdenotesthe77VectorOrge11erall7･CdcoordlnilLcs,TdenoLcsthe

rvectorolgenerallZJedconLrollnPulforce,人∈JT7'lSLheiISSOClaled

Lagr･lnglilnmultlPllerSWhlChexpressestl一ccol-t･lCltorceonLhccon-

1aclpOlnlbeLweentherlgldbodyandtheellVlrOl1menLalslllface.D(q)

lSlhe(71×77)symmetnc,bounded.poslllVederlnltell1ertlanla【nx.

C(q,q)qpresentsthe7tVectorOlcenlrlPeLalandConollStorques.

G(q)1Sthenvec10rOrgraVltat)OnaIlorques.B(q)lsan(71×･)mput
Lra11Slonllatl011m.lLLIX,andlSassumed10bck110WtlbccauscILISaru11C-

t10nOHixcdgcomelryofLhesystem､andJ(q)lSthe(m xn)con-

slralTllmalrLXTl-thesystcll-(I)and(2).theconstralnLequallOn(2)lS

.tssumedLobccornpleLctynonho)onomlCrOrallq∈肝'iln(= ∈軒

TocompleLeIyacttlatetheno11holono■111CSySLClll,a(q)LSaSSulllCd10
bearLlll-rL111ktll̀ltnXandT>77- ml

Tw｡slnlPtlf-ylngPrOrX:rlleSShouldbenotedabouHhlSdynaTTllC
stlllClure

PrL)PertyI ThcrccxIStSaSO-CaHed‖enはLparamcterpvectorPp

wILhcompo一一entsdepeJ-dlngonmcchanlcutpttmnleterS(m tlSSeSm0-

111enlSOf-LnertliI,etC,)suchthatLIO]

D(q)V+C(q,q)V+G(q)=4,(q,q,V,V)βp (3)
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where4'IsallXImatnXOrknownfunct)on≦orq,q.V,.Iudv.ilnd
βptstheIveC10rOr,nert.aParameters【29]andassumedcomplete)y
unknownlnLhlSPaper

Pruperry2 AsultabkdeflnltlOnOlC(q.iI)makesmaLnx(D -

2C)skewsymmelncr10】
Thecontroloh)CCLJVCCanbcsFClfiedCLSfol)oWsGIVenadeslred

contaeLforce人LLanddeslredtraj∝tonesqdand('ld,WhlCharcassumed

tob6boundedandshouldsat)SlyLJleCOnStrlJllLequatlOn(2),wlthun-

knownlnerLJaParametersβ.,determLneaCOntrOlhwforTS"Chthat

A-q.andらasymploLicalLyconvergeLoAd,qd.andqd

Tosolvetheatx)vetrack)ngproblem,werecalhhilt711StheTICCeSSary

andsufrlCLentnumberorgenerallzed coordlnatesrequlredtodcscntx

theconfigural10nOrlhcsystemsLlkewlSe,thed･rrercnccp- " - m

ofunconslralneddegreesotrTeedomlStermed asvelocLty0/degreeo/

/reedom lllS"叩OrtanHonotethatthlspdenotestherMrnbcrofgen-

eral)?.edvel∝ ltlCS.OrO日lnearCOTTlbltlaL10nSthcreor,dlこIIcanbeFreely

asslgnedw)thoulvJOLat】nglhcklneTTlaL)ccOnStrallltSL24】HenccforLh,

anysetOr1"lCarlylndcFXJldel-Ivel∝ltyVanableswlHbctermcdaset

orlndcrx:ndent旦CllerallZedvelocltlcs

Wcthus)cLvbeapdtmcnsJOl-alYeC10rOl)ndcpcndelllgcIICmJl7_Cd

vclcH:Il】CSMoreover,weletR(q)beal- ×pmLltrtXderincdsolhat

l=11aPSVCCtOrVlnLoavec10rOrleaslb】egeTICrLll】7･edveloclllCSqthこll

otH:yStllck･.ICmatICCOnSLra･nts(2)ThこIl･s

q-R(q)V (4)

Methodsro√oblalI一mgtheexpresslOnOrR(q)mこLyrCrertOll0】.111d

L22]B.lSedoll(2)･Il1d(4),ltCaneaSIlybeverlLTtcdthill

Lf(q)JT(q)-o (5)

Thus,R(q)lSunOrthogonatcomplemcnlorJ
DlrrCrentLLILll1g(4),wccanobLaln

q-ttv+Jtv (6)

Therefore,lhedyna川ICequalJOn(I),whensaLISfymgtheT10nholo-
nomlCCOnStmLnl(2),canbercformulatedas

q-R(q)V (7)

D(q)R(q)Y+C,(q,q)V+G(q)-B(q)T+JT(q)̂ (8)

whercC)(q,q)- D(q)R(q)+C(q,q)R(q)

ltshouldbenotedthatthewholesysLcmcOnSlSLsOranewdyllamlC

model(8)logeLherwILhapurelyklnenatlCreJa110nShlP(7)Asw)llbc

clcarlnthelaterdcveJopmenいllSthlSCascadesLrtlcture山atmakeslt

TX)SSlbletodcslgntherobustcontrolalgonLhm RegardLngthegcncra)

LreatrnentOrmOdellngIssueslnthenonholonomlcsysLenlS.LJICreader

mayrercrtor251

111 MAINRESULTS

WenowcotlSlderLhetracklngProblemoftheunccrta川nOE-holo-
nomICITleChatllCalsystemsd】scussedLLbovelntherOHow】ngdevcI-

oprncnLLhcd)scusslOl-SWHlbcrKuSedolHhosesystems,LhclrklnC-

mtlLICSCanbecoTIVCrLedIntotheso-ca日edchnlnCdForml261111raCL.

LthIlSbeensho､vnLhLtLmat-ynol-holonomlCSystemsCanbccoIIVCrtCd
)ntoLhcchこunCdrotml2),ill1dtllerelore,LhcsystL:111SLObcdLSCLJSSed

arcnotVeJyleStrlCtlVClnPraCllCalappllC仙onsAlso.wcoll[ycon-

sldcrtwo)TldcpcndenLgcncralJ7.CdvelocltteS(p-2)cases.Ju.qTorH1C
silkeors,nlPllCltyTheresLllLsc̀mbeexteTldcdto.IgeneralciLSCWc

shou一dcmphasl'/･CthnLourgoallnthlSPdPCHSlodcvclopiLrOrCC/=10-

110nlraCklngCOntrOIstrategy】naslmPlerseulngthatrcvca】sItsCS-

scn=ulrc'lLureSIntcrcsいngexamplesLortwolndepcnderltgencrl1117.Cd

veloc山escaselnCLudeLncycle-1yLXm Obllcrobols･carstowlngSeveral

lrallersIthekn■recdgesla.-davcn.cal,oll"一gwheel(see.eA,【21)

A ContnoIlerDe∫Lg,1

lnthetoHowLngdcvclopmentll.～assumedlhaLlhe'cexISLSaCCK)r.

dlnaleLranSrOmaLlOn･y≡ ､y(q).andastateFeedback.V-Ol(q)tl.

soLhaltheklnemalLCSystem(7)W.lhp=2cou一dbeloca一lyo,globally
convertedtothechamedronnT26J

yt=ul

y'=u.y,+I, (2≦)≦7い-1)

yn=u2 (9)

AnecessaryandsumclentCOIldltIO1-TorCXIStenCCOrt]1elransfomlatJoD

ohhek=-emaL)csystem(7)W.thp=21nlOlh.scha,nedrorm(Slngle

chaH1)wasA.∨enby(31andL)8】ForthegcncralclLSC(multlChalnCase),

thedlSCuSS10T-OntheexlStenCeCOnd山OnOrthelransrormalIOnmy
rcrcrtoL26]

Correspond,ng10thenbovcL,MsfoJmat.On.tl.edyntlImC一一10dcl(8)
lSCOnVeJtedas

D2(y)R2(y)u+C2(y,y)u+C2(y)≡D2(y)T+J2T(∫)A (10)

whcrc

か2(y)-β(q)l｡=小 .(,)

R2(y)-R(q)∩-(q)I.=.p-L(,)

C2(y,y)-rD(q)R(q)Ot(q)+Cl(q,q)OL(q川q=｡-1(,)

C2(y)-C(q)rq=}-L(,)

J2(y)-J(q)lq三中一･(,)

B2(y)-a(q)Iq=}-1(,)

S川CethedeslredLraJecloryqJShouldsatlSryLhcconstralnLequauod

(2).Lhererore,theremustexISladcSlredvd Sat.Sfy'ng

qd=R(qd)vd (ll)

伽′,lark ILShouldbcnotedlhalLJleCholCeOrLhcIeasLbleI(a)eCtOry
fornonholonom･csysLcms･sstrongly'elatcdLOILSJTaNleSSr6JorLJv
choLCeOrback-fouowab】coutputs.andiLselrLSanaCLJVeresearchlop.C
l27日HSbeyoldLJ.escopeofLhLSPapertOaddressLh-SIssue

BasedonthelacHhaLtllekjnemauCSystem(2)cantXconvertedInto

thechalnedrorm(9)ItheremustexIStaL,anSrOrmat.Onyd= q･(qJ)
andasLalcfeedback,vJ-nl(qd)uJ,Suchthat(日)canbeconverted
Into

ydl三=udl

yd'=lLdlyd,+1, (2≦)≦77-i)

yd,.≡ u.(･Z (I2)

W.thlhcaboveLra.-slorn仙 ons.Lhctr･.cklngI)rObkmconslderedLn

th'spLIperCanberestated̀-ssecklng･tSLr･ltegyforspcc■rylngaCOntIOI
JnPLH'rOr(9)a‖J(10),mbJCC110thecolldlL]0■H h.ltParこlmeterSOr加

nlCCh･lEILCalsystems･lreTIOleX̀lCl】ykl-0､Vn.St･ChlhaL(A,y,y)→
IAd,yd y(I)

Ft)rLhcdevelol,一一lCnlorco,.troHLLWllhcroHow川 gaSSumptlOnSape
reqlllrCd

AsSL"77PILO"(AI) TheLr:LJeCLOnesyd and(̀L'yd./drrH l≦∫～
〟-1)arebou一一dedandl日､1ー lb 川 rl''d.l>0
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REIJJOrk AsWLHtN=SeenrrOnlSlatHl】lyanalysLS.AsS〃mPt･On(AI)

onlhcboundcdncsSorydCanberclaxcd10 yd,(2 ≦ 7_< 7りarc

仙1nded.ydldcT氾nd.ngonDllR2.C2.andG2TrD2lh.C2･andC '

debour.dedonyl･lhcre.snoboundednessrequ.rcme.-LrOrlJdlThLS

l5LhecaSCLnthesll-1ulatlOnexample
A,S.一mlNLO′'(̂2) ThemaLrlXIq fl2'SnOTISlngUlarroralty∈双n

andt∈折
Remarks_¶lClrlatrixll21SdeLcrTr"nedbytheCOnSlralnlmaLTIX

J(q)a･-d･salwaysarulトrankmatnxSuchanassumpl■OnLSgCnCr-

3JIysallSfled
wiLhLJle･ltX)VCaSSumpl10nS.the†ollowlngLhrcepropcrLICS,Slmlhr

101】01,canbcoblalnCdbyexploIL･ngthesLrtJCturCOl(10)
p,opero･3 Thege'leral'7.ed.ncrM matnxD3-RTD2(q)n2 ･S

sylnmCtnCandposlttveder.nlte
p′叩erty4 lrC ･sdeIT"tedasthatProperty2･svenricd,(D]-

2LqC2)lSaSkew-symnlCLncmalnx

properly5 llledynamlCStructure(JO)lSl‖-ear.･nlcrmsOrthe
sarncsu】tablesclccLcdsetorlnertlap.lrameterSaStLSCdlnl'′叩erty/

D2(y)Ihu+C2(y,y)u+C2(y)=<Dl(y,y,u,u)βp (13)

where4'LIS;I(7'×I)TCgICSSOrmLllnxaTldβpISlhcIvectororlncllla

paraTTIClers
ObscrvcthこLLcOmPIcLenonholonomlCmeChLllllCalsystemmodc[(9)

alld(10)consISISOrthetwociLSC･LdcdsubsystcmsAsiICOllSequenCe,

Lhcsystcn1-sgcl-Cr̀ltlZedveloc.tyucannotbecomt一一a一一deddlrCCtly,ilS

ISassumedHlthedeslgl10lco-1trOtlcrsattheklnClrlaLIClevcl.alldln-

sleadmusttX:rCiLl17･ednstheoutpu10rn-eChan.GalsyslcnldynamlCS

(10)throughTThe.AbovepropertlCSImplytha=hcdynamlCS(10)re-

Lamslhcmcchrnca】systcTllSlruClureolLhconglnalsyslcm(1).whlCh

lSfundamCnt;llfordcslgml.gLhcrobustconLrOHaw l･日h･ssecL･011,We

wllJdcvclopasLralegysOthnLlhcsubsysteTT･(9)tracksyJW･thanenl-

tx:ddcdconlrOlHIPulLlc.Iln(17)1,andatLhesalnCtLmC,lheoulpuLOr

nechanlcnlsubsystcm(LO)LSCOnLrOllcdlotracklhlSCmtXddedcontrol

lrLPulhturn,lhcLTaCklrlg旦OatCanbcachleVCd

Todeslgnan embeddedconLTOllnPulsOLhaLthesubsysICrn()0)

Lracksy..LnlhcroIIowing,wedcr.nee-lel,C,, ,Cnlr-y-y.

andQ =10 .,α2.α,, ,α,.lTw.Lh

ctI=0

ひ2=0

03=一七2e,u'i'.-L
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crn= -(en-2-αnr2ト た叶 .(Fn_1-CLn_.)I(…'.-I

･よ弓箭 uLt,･u't 2筈 e･･L (･4,l=2

whe'eL- 77- 2.IL5王meansLhe-1hdenvatlVeOrlL..,and i.(2≦▲≦
･1- 1)areFX)SltlVeCOnSLantS

WesupposeonlythatthepamnlCtCrVCCLOrPylSunCeTlalnTheTO-

buslrOrCC/moLIOntTaCkjngcontrolhwwl山theunkJIOWnLnertlaPa-

mmeleTVeCLOrβp.lS山endefineditsShownln(15ト(19)atthebouom

orLhcpage,whcTCSISdeLTtncdasら= e-Cr.tpllSdcrlnedtnf'roperty

5,A-<LSan7LX7LPOSILIVCder]nllcmiLtnx.p∈a+usedln(16)lSthe

upr光rboo.ldsorunknownlnCrL･LIPaT･lmCLCrβp,1C.LIPp"≦p.whlCh
lS assumedknownTheforceLCnl1人cISdcflncdilS

入｡= 入d -I(A(A-入d)

whcrcl､-A)saconsLaTllmatnxorrol'CeCOnLJ'OtreCdb;LCkgalnS

JhTlarb L)ThesLruclurcortheLlbovecontrolJcrlSSketchedln

FIB ITheconlrollcTCOnSISLsorLwOPLlrlSlnthefTlrSIpart.Zirepre-

sentsanembeddedcontrolInput.WhlClllTlaybe〉lewedasanadapuve

conLrollerLhiltensuresthedcs)redtracklngOrydrOrthesubsystem(9)

lrlhcrncehanLCaldynamlCSdescrll光dby()0)werenotprCSenllnthe

s∝ondpall.theInputT･tlLends10rCgulnLCuaboutthecmbcddedcon-

troHnput.andtheretore,atLcTTIPIstoprOVLdecontrolInputnecessarylo

makeLhedeslredLrackJngThecontrolLaw(15)IllthesecondpartLS,

lnaSlmPlerash)on,TeliJtedtothebourLdsorlncrlLaPaTarneterS Ppso

LhaHhcpammeteTYa-L)OnSmthedyna.lllCSCaJltXtakcllllltOaccount

caslly.

2)Forthedave)oprncnlortheabovecontLOIlaw.LJILSPapertakes

theconlITlOnaSSUmPILOnLhaLtheconsLmlnlmatnXJ(q)lSknown,ie一.

therearcnOul1CertalnlleSTortheklnemaLICSySlerR(2)ThLSaSSuTTlp-

LionlSreasonable.SlnCethekJnematLCalpammctcrsaregeometrlcalld

rehlIVelyeasytomeasureIfLh)sisnoHhccase.thetechJl)quedcvcト

opcdln【281todealwlLhuncellalnL)eslnthek)nemat)CsystemmaytN=

appl.cdHowever,asmenll0nedabovclthePUTIX)SeOrthispaperlStO

B,T= ｡.(y,y,Z,･L)p-I(.ri2(ll-Z)-R2(RrR2)-1̂ - J2r人 ｡

4,7Ji｡(u-Z)

や=-p日｡TB2(u･")Ll

十
十山∑

d十十t卜J=
∴
.

仙

…∑加+い･.∑S.y1..-∑.,,'g詮yl.L
n-I
I=2 J=3[=2･ヽl

りニーAo"～ ,-∑-,rll+∑.JZ謡y･.I
l1-1
1='l J=3I=L

(15)

(16)

(17)

(18)

(19)
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lg1 SlmclureolLheconLrOIsystemrcveaLtheessentlalre･ltureOfcontroHerdevclopmeTltWewlHnotd

lS-cusslhlSLSSuChereforthesakeorsLmPIICIty3)Thecontrollaw(15)rortheSubsystcm(tO)lSdesL

gnedbasedontheslldlng-modetheoryhthlSCase,thlSSlld

tng-modeconLrotkLWISdLSCOnLlnuOuSacross¢'tR2(u-Z).andsuch

acontrotlawmayleadLocontrolchalLerlngChlltterlSundes)rabl

elnPraCtlCCbecauselttnVOlveshlghcontrolacllVtty,andturther.TTlayeXCLLehlgh-Frequencydy

namlCSwhlChwerenegLec(edlnthecourseofmoddlngThlSCanbcreme
-dLedbyapproxlma

ltngLhlSdlSCOrlrHluOuSCOntrOLlawbyacontlnuOuSonems-de

theboundaryEiLyerThlSISthecomJTIOnlyandpracLICaHyac一ccptedme

thodTodoth■S,LheteTTn(くBTR2(l卜 Z))/(l仲TR2(u-Z)El)lSreI'lacedby((
D7R,(u-Z))/(悼(.IL72(u一石)ll+ )̀.wherc̀ tstheboundarylayerLhlCkJl

eSSTh】s一eadsLotrackingtowlLhlllaguaranteedprecJS10nTheprooroftheboundedne

ssorthetrackingerrorlSOmlLLcdhere,1nOrderlorevealtheessenLlal

featureorconLrollcrdcvelopmenlandavoldthe

overwhehllngmathematLCS4)Supl}OSe(～mCOnlrollaw(16)lSrCPli.〔edbyβ.いrePrCSe

nLLnges"T･nt･OnOrβp.an｡Pp･supdatedbyPp ニ r･bTR2(u
--石),Wt-CrCrlSaPOSluVedefTtnlteCOnSLanLmtltnxWlththLS.llgor

lthm,LIct111beprovellth'lt(y,y,A)- †yd,yd

,入EL)asi- ∞ Thercrore,theproposedrobustaLgorlLhmczlneiISltybelransferTCdIntoanad

apLIVCalgonlhm 【tlSlmPOrtanttOmCntLOnthatthequ

esl10nOrWheLherlouserobustControlorad'lPllVCCOlltrOldoesnot

haveanobvl0uSanswerB SLabIIIEyAlTa/ysIJOftheClosedLbo

psystemDcnot‖一gI-I-uI2;- [.-LLTAyZl,the
c一osed-loopsystemol(9).(LO),and(15ト(L9)canbewrLtlenas

sL=7I+tits2-S,uar kが 2比芸El+(77+,;.)y39
｡ -叫 ▲̀,,- 92uJ.-ん,… 三L.+(,7+.li

l)(y4-監TJ3)snrL- S,州 .IS"_2'Ldl-i
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froIT-lheCauchy-Sch､varlT･日,equalIIyandourassumptlOnOnllPpll
Thus.Onehas

v,<-GTJ72rI(.It,a-dT̂ (30)

BiISCdoll(27)and(30).Vcallbcexpressedas

･■-1

v≦-ん0712-knS三一∑ A,S子u5'1-血rJq '̂･R2a≦0
1=2

(3り

IllC COTISldcrcdposit)yerunCL10nV(l)LS,thus,nonlnCrCaSlng･ThLS,

lnturn,lmPl.esthat71,S,andもarcbounded,andV(I)convergesLO

]lmLtYalueVl.,nBythederinLll0nOrS.lLconc一udeslhaLelSbounded

UslngA∫∫,I"Lot,On(AJ)lnthetheorem,ltfollo､vsthatyLSbounded
Lnviewor(20H22),S,丘,and.IarcboundedThus.71,S,andaare

unJfomlyboundedWcshouldmcntlOnLhallrD2R2.C2.imdG21S

bundedony),therelSnOboundednessTeqUITementforydlNext,

weprovethats,S.and71lendlozeroSInCeVJSboundediLndV
ISunlfonlllycontlnUOuS,byLemmaI,Vlerldstou:roll-crerore,77.

5.tLdl(2≦I≦ ,i- 1),5,.,andtllCndtozeTOByLhcassumptlOnthal

1mtー 地目.fltLd-l>0,0ncconcludesthats.(2≦I≦7L)Lendsto
u:rO

∫
DlflcrerltlaLlnglLdl71y)Clds

iI
瓦u･･7,- -A,uLIS･+tuLTILL,7,-kouLlT,

-uLl(竃 S･y.I.-,Ss,'綿yt･1) 恵 ラ:三::ciiuide.,ncali51wherethefirstle-

LSUniforTnlyconl】nuOuSar)dtheolhcrtermstendLozeroByLemma

2.Oneconc一udesLhaL(a/dL)(vL171)convergestoIzero,Whlch.mLur
ThlmPI]csthatlldlSlands)tend10Zerolllere-Iore.sandslend

LozeroTocomplelcLJlePrOOrandestabIIShasymp-toLLCCOnVergenCeOf
theLracklngerl.Or,)tLSnecessary10ShowLhaL(y,y)-L･tyd,ydl ast- ∞ T

h-sISaCCOmPILShedbythefol-low.n呂arguTllel-LSBascdonthedefi

nltlOnOrαglVCnln(14)andthercl.ltLOnShlPS-e-cr.ltlSObv)

ousLtlals.- 0(1= 1,2)ylCLdslllTl'-001Jt- yd.alld J

=叫ー∞ y.- y,I.(I- 1,2)becauseofαl- α ,L= 0 Fromthebounded.-essofvdL
,0■leObLatnSLJlal(r3andcr3COnVergeLozero,wh.chrcs

uILs.nllmー coy3- y.,andlHnト_00 y3≡ yd,yn一ccOn-VCrgenccsorα3and

α3 1elldtotheconclusLOnthatα4andα4COnVeTgetDZCrOJhus.l

l-11ー coy.= yJ-1and).m ,_00 y4-yd4S)1mhTIy.wecanprovcthall‖n.q∞ y.- yd.andllmーcDy,-如.(5≦I≦～).

hsummry.wehaveprovcdlhalfy,y)- ty｡,yd) ast- 瓜ToprovelhaL(A-Ad)lSmVerSelyproporL.ona)tot

henommrLhemalnx()(A+/).(2

1)canbcwnltenasJT(入C一入)≡ -D2伽 十･plp

-｡IPp- ･̂.伽-R言C2正一R2(RTIt2)~l̂-o･() (32)

ltcantkeaSLLyshownthatq(

)■sbounded.ThL■SJ'r(入一人.,)-(̂r入+I)JLoandthcrelorc,
(入一 入d)LLrCboundedandcanbcud｣us-cdbych州gngth

elccdbackgLnnI;人IllllいhcLhcorcmlSPrOVed ∇払 ･,Lrk∫ F

r｡mLhcabovelheorcm..IcanbescenLhi,I(y,y) -lyd-ydl

a.N - ∞,whlCh..I.lu,n,.叩 ).eslhatlq,q)- (qd,qd)OnLoporthlS,tJleCOntr

Olofcol1taCLforcelSalsoIncluded]nfhcllLcr-alurelthcrcareonl
yIImllcdreportsconsldcnnglhcdynamlC-trackingproble

m=o川 4日 15[.andtheresulLSdevdoped■n‖0川 41.and FIE2 MobllcrotxItCOnr)gtlraL)OnLI5lc;Lnbccons)der

edasspec)alca.wsofourresultTllCrerOrC,lhlSpaFX:rglVCSagenem
lsolutlOnforLhcdyl1anllCtTaCkJngPrObtcmohhenonholonoTlllCSystemsWILhunccrt.uHl

lertlaPammCtersTV SIMUL̂'｢EDExAMPLEA ～"np

l汀lcdmodeloriLmOb･lewheeledrobotmOVIngOnallOrL7･Ontalplane,con
st】LuLedbyiLr･g･dtrolleyequlPrX:dwILllnOrl-deformablewheels,

asshownlnFIB2.lSusedtovcrlrylhcvalldltyorlhccontrolappTOaCTIOullincdlnLlllSPaperDetallsregard

111g山CThcdyllamlCmodelcanbecxprcssedast51

･▲云-入cosO-去 (TL･ T?)S- 0

-yd sL･LO･;(T･･T2)lose･o∂-芸(T･-T2) (33'whcrcT.yaL'Cth
ecoordlnatCSOf山crcfcrcncepolnlQlntheLnematrra1-1C,0ISlheoncntatl

OnOrthebasISWILhrespccLLothelnCrualrramc,m lSthemassOhh

erobot..nldI.lSItslnertlamOmelltLlrOundthevcrt･calaxISLLLpo.nt
Q,PIStheradluSOrthewheeJsand2LthelengthorthetlXISOrtherrol-tWheels,

alldTland T2arethetorquesprovldedbymoto

rsTllCnOnholonoJTllCCOnSlr̀IlntlS

WTILtenaSz cosO+ySln0-0 (34)G■ven

thcdcslredLmJ∝Loryqd- [2cost,2smい 】T.wh.ch.～aclrCuLarpathon

lhcplanc.andadeslredcontact†orccAd - 10thecontrolobJCC1-velslo

detemllnCaLltedbackconLTOIsothattheIra)ec-to'yq-lr,y,
0】Tfollo､vsqd,andthecontactrOrCC人drOllows入ThcTTIalnxJ(q)is.therefore,dcfl.ledasJ(q)-tcosOsmO01

Themntnxn(q)dcrinedln(5)lSChosenaS

0

0-

8

β
)

〓

代

目
Th cIcrorc.t

heklnCmauCSySIc m(34)ciJnbewnucnas

J:
--VISlllC

l/
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UslngadlffeomorphlsnlranSrOrlTlal10n,y- 中(q).andaSLalCrCCd-

back.V≡nl(q)tl.WhlCharcdefincdas

yl= O

y2=エ COSO+ysillO

y3= -rS)nO+ycosO

IJ]=t)2

l･2-VI-(rcosO+yslJle)tl2

theatx)vcklnCma=csystemlStranSfem=dlnlOthecJlElllledrorm

yI= tLl

_三一匹 ; ; ]

Flg3 RcsFX,nSeSOf(I(i)-I(()),(y(I)-yJ(())a･1d(e(()一OJ(I))

3̀6㌦ 巨 ≡ ∃

y2= y31日

y3- 1L2. (37)

ThecoITCSpOndLT一gdynLlmlC mOdcl(33)lSCOnVerledto

-71ty2SlllyL~7llS=lylnt.J2CO卜IJlyJlCOS'IJIJ｡ 0

-Tny2ylCOSy1- TJly2SIHyt ~777yLCOSyI

-mly･tJLSlnlJl+m y2 COSyl -m TJIS川y1
0 0

wlth

草 .: -≡:gyyll]
ForLheg.vanJ7(q),thedcslredLra)ccloTYqd-12cost.25川L,i)T

satlSrleSqd Ilt(q.小/iWILhtJJl=2andvd2- 1U slng lheabve

T=柑 4 Resrx)nsesol(AJ-A)

dlflcomorphlSmlransfonmtlOn.lhcdcs.redk)nem･ILICSystemqJI

TE(qd)vdCanbeexpressedas

y.LL=L

.lJd2=2

y.LJ-0 (39)

wlthudl = 1and 一一J2 =0JtlSObv)ousthatyd anduJSatlSfy山一
sumpI1017(AI)regardlngthedeslred上ra)ectoJleS

lllerobustconLroller(15)LSused,wheretheunkJIOWnParanleterS

Ppln(38)arechosenas〟,≡lm,I.】T.then.lhcregressormatnxcaD

tkwrlttenaSShownlnLJlemaLTICeSatLhcbouoTr･OrLhepagewlth

[乱 . 三,:e,～.,]

lllePhysICalvalues†orlhlSSLmUlatIOnarc771- 05,∫.- 05.

uldL-p - 1TllelnltLalposL110nSandvelcN=)lLCSOrthewhceleJ

robotaTeChosenasq(0)≡ l3,0,05】andq(0)- 10.0,0日 nLhc

sLmulatIOn,thedesignPamJllelCrSaleSetaSI(,- dzag(5.5),koI

A.- L'2- JC3 ≡ 5,p- 1.I{入- 10.and71(0)- 0 Inorde-10

reducetheconlTOLchaLLenng,theboundary)dyerlSChosenast=2･

ThercsultsoftJleSLmuLaL10narcShownlnFlgS3-5･F鳩 3showsLh:

trajectorytTaCk】ngeTTOrSOr(q-qd),Flg4showstherorcctrackl喝

L̀')(y,y,･L,21)

~y2=lSllHJ1-ヱ2Slnyl- y2yl=ICOSy1- 7J2ZISlllyI~yl=2COSyl

lJ2=lCOS.yl+ I?COSyl-y27JIZISlIlyI+ y2=lCOSy1-yl=2SLllyt

O

71=-lO- lllSl- 7J3.!2

弓.… ,〟._ A:'二二 7:糾 ‖ _ 如 .I.
･ 二･ 一 一 ｣

･R27RZrl-[_lyz .h2::-'1]

o

0

rLTI



lEEETRANSACTlONSONR0110TICSAND L̂m M̂ TIONVOい り･NO I･FEFIRUARY2001

3

-3 0-3

3Fig5 GconcL,.CtraJCCloryof上V.a

yerrorsor(入一入.I),andLhcgeorneLnCtTaJCCLoryOrエViaylss

hownlrlFlg5ThcscresultsconLlmlthevalldltyOrlhcproposedalgo

nlhmlnsLmulatlOnS.WehaveLeSLeddlFrerentselsof-LhclnCrL)aparame

tersuslngOn)yonesclofLhcUPFX:rbounds(wh】charcva)Idforall

setsorLhclncrtlaPaTamCICrS)andtheTCSultsarcal一slmllilr,WhlChs

howstherobustnessoltheproIX)sodschcmcDuelospacellmltalLOn,

LhcslmulatIOnresultsfordlFrcrentsetsorthelneruaPammCLCrSWlllno

ttKlnClude

d V CoNCLUS

l0NInHllSPi.FXr,theLmJCCloryiLndrorceLlaCk]tlgProblemlSaddre

ssedforaclnssorunccrLalnnOnholonoTTHCmeChalllCalsystems.andaTO

busLadapLIVCCOnLrollerlS PrCSCTILcdattiledynamlClevelllleCOtlLr

OHergualantecsthatlhcconfTlguraL10nStateOfthesysLenliLSymplol.

CaHytracksthedeslredLralccloryandtherorcctTaCk】ngcrl'0日Sbou

ndedwILhacontTOllableboundTheapp)lCatlOnLoaslmPllfiCdmoblLer

obotlSdescnbed,andthesmlulatl0nresultsshowtheerrecLIVeneSS
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