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tiateroughterrain，butmanybecomplexandenergy-
inefficient，requiringactuatorssimplytomaintainbal-
ance・Robotswithball-shapedwheelsmoveinanydi-
rection[5Lbutmanybeunabletonegotiateroughterrain 

Specialcrawlers[6]proposedfOromnidirectionalmobile 
robotsmaymoveoverirregularterrainbutnotoverlarge 
steps､Tbmeettheseneeds,wearedevelopingholonomic 
omnidirectionalstepclimbingvehicles[7l 

Ourprototypeusessevenfree-rollingwheelsandpas-
sivelinks(Fig.１)Itsl2cylindricalrollers[8]applytrac-
tiononlyinthedirectionoftravelItswheelsareactuated 
andgenerateomnidirectionalmovementthroughasuit-
ablewheelarrangementandcontroL 

Ourvehicle，snewpassivelinksaremoresuitablethan 

ageneral-purposerocker-bogiesuspensionfOrstepclimb-
ing[9,101Freejointpointlisthesameheightasthe 
axle,sothevehiclenegotiatesthestepsmoothlywhenthe 
wheelcontactsitmovingfOrwardorbackward［lllNo 
sensorsorextraactuatorsareneededtonegotiatebarriers 
ontheHoom 

Inusingpassivelinksandredundantactuators,ourve-
hiclecontroUercalculatescontrolreferencesfOrindivid‐ 

ualwheelbasedonakinematicmodel［121controlling 

actuatorstousecoordinatesamongwheelsusingPID-
basedcontrol[l3I 

Whenavehiclewithpassivelinksnegotiatessteps,ｉｎ‐ 
dividualwheelvelocitydiffersbecauseofchangesinthe 
vehicleconfigurationanditskinematicmodel，sowheel 
controlreferenceschangeｉｎｔｈｅｖｅｈｉｃleconfiguration・
Manymobilevehicleswithpassivelinkshavebeendevel-
oped[14,15Lbutmostdonotdiscusstheadjustmentof 
controlreferencesusingchangesinvehicleconhguration 
LamonetaL,fOrexamples,discussvehicleconfiguration 
inthree-dimensionalodometry［l５１ｂｕｔｄｏｎｏｔｄｉｓｃｕｓｓ 
thekinematicsmodeloncontrolreferenceofindividual 

actuators・

Unsuitablecontrolreferencescalculatedbyafixed 

kinematicmodelcausewheelslippageorrotationerror， 
compromisingvehiclemovement［16］and,intheworst 
case,makethevehicleunstable（Fig.２）whenunstable 

Weproposeaderivationofadaptablewheelrotation 
velocityfOrnegotiatingirregularterrainbasedonve‐ 
hicleconfigurationoWedevelopedaholonomicvehi‐ 
clecapableofnegotiatingstepsandrunningaround 
omnidirectionallｙｏｎａＨａｔＨｏｏｒｕｓｉｎｇｓｅｖｅｎｓｐｅｃｉａＩ 
ｗｈeelsandtwopassivelinks･Ｅａｃｈｗｈｅｅｌｈａｓｉｔｓａｃ‐ 
tuatmrequiringthattherotationvelocityofindivid‐ 
ualwheelsbecoordinated，whichisdiflicultdueto 

changesrotationspeedwhenthepassivelinknegoti‐ 
atestheirregularterrain・Unstablerotationvelocity
calculatedwithoutconsideringthevehicleconfigura‐ 

tioncauseswheelslippageandrotationerroｒｔｈａｔａｄ‐ 
verselyaffectmoMlityonroughterrain･Becausecon‐ 

ventionalgeneraltractioncontrolcannotcoordinate 

wheelvelocity，weproposereferencederivationthat 

doessobasedonthevehicleconfigurationlnthesec‐ 
tionsthatfDllow,wefDcuson(1)the。erivationofin‐

dividualwheelvelocityduringsteｐｃｌｉｍｂｉｎｇａｎｄ(2) 

adaptationtowheelcontrolrefCrencewhilebalancing 

rotationvelocityamongwheels・WeconfirmthefCasi‐

bilityofourproposalinexperimentsusingourvehicle 

prototype． 

Keywords：omnidirectionalmobility，passivelinkage， 
stepclimbingwheelcontrol 

ＬIntroduction 

Mobilerobotsoperatinginenvironmentssuchasnu-

clearpowerplants，factories，welfarecarefacilities，and 

hospitalsideallymustbeabletonegotiatenarrowspaces 
andbarrierssuchasverticalgaps,steps,andirregularter-

rainquicklytoexecutetasksefficientlyThisrequires 
omnidirectionalmobilitywithnoholonomicconstrainton 

movement[1,2]ａｎｄstepclimbingability 
Amongthemanyomnidirectionalmobilesystems,ｅｇｏ， 

legged,ball-shaped，ａｎｄcaterpillar,aredevisedthusfar、

Leggedrobots［3,4］moveinalldirectionsandnego-
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fOrindividualwheelsbasedonthevehicleconfiguration 

duringstepclimbinginrealtime、

Ｔｈｅｓｅcondinvolveswheelcontrolreferencingwhile 

maintainingthebalanceofrotationspeedamongwheels， 
especiallyduringstepclimbingwithconsideringloads 

amongwheels・Basedonthesetwoconcepts,ourvehicle

usessuitablewheelcontrolreferencesreferringtovehicle 

configurationwhilebalancingwheelrotationspeeds、
ThispaperisorganizedasfOllows：Section2discusses 

newcontrolderivationreferencingthevehicleconiigura-

tion・Section3detailsresultsofexperimentsusingour

prototype・Section4presentsconclusions．

(a)Overview 

#゛澱

(b)Prototype 

２．Control 
Fig.１．Prototype 

2.1．Kinematics 

Ourvehicle,sbuilt-inthepassivelinksenableitto 

changeconhgurationbasedontheterrainasitnegotiates 
steps(Fig.３),modifyingwheelcontrolbyreferencingits 
configurationHere,weconsidertherelationshipbetween 
wheelrotationvelocityvectorsandchangesinvehicle 
configurationingeneralpassive-linkvehiclemodels・

Weassumethatthevehiclehaslzpassivelinksandall 
wheelstouchthegrｏｕｎｄａｎｄａｒｅａctivatedWhentheve-

hiclenegotiatesabarrier(Fig.４(a)),thevelocityvectorof 

wheelj＋liscalculatedbythevelocityvectorofwheelj 

andtherotationvelocityvectorofwheelj＋１ｉｎＥｑ.(1)， 
expressedthree-dimensionallyCartesiancoordinations： 

！vi+,＝!vi＋ｂｉ×!Pl+，．．…．．…．（１） 

wherejisthenumberofwheel(j＝１，…,"),1viand1Ci 
arethevelocityvectorandtherotationvectorofwheelj 

inCartesiancoordinate{j}Ｐ{+listhepositionvector 
fromwheeljtowheelj＋loncoordinate{ｊ}・

CoordinatesofeachwheelaredefinｅｄａｓｆＯｌｌｏｗｓ 

(Fig.４(b))： 

(1)x-axisdehnedinwheeldrivedirection 

(2)y-axisdefinedperpendiculartotheground 

Thex-directionofthevelocityvectorofcoordinate{j｝ 
isderivedasthecontrolreference・Thecontrolreference

ｌｓｎｏｔ 

ｄ． 

Fig.２．Unstablepositioning 

wheelcontrolisusedandunexpectedfOrceisappliedto 

thefreejointsofthepassivelinks,preventingthevehicle 
fromnegotiatingSuchunstablecontrolandunexpected 
fOrcemustbereducedtomaximizetraction、

Becausemobilevehiclesnegotiatingroughterraingen-
erallycontroltheirwheelbyusingtraction，wefOcused 

inpreviousworksonwheelfeedbackcontrolconsidering 
theoutputtractionofindividualwheels［l71butfOundit 

isdifficulttocoordinateindividualwheelrotationspeed 
usingtractioncontrolalone，especiallywhenchangesin 
vehicleconfigurationarelarge・
Here，weproposeconhguration-basedwheelcontrol 

thatimprovesvehiclenegotiationofirregularterrainby 
reducingwheelslippageandrotationerrorbasedontwo 

keyconcepts､Thefirstinvolvesderivingmovementspeed 
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（b)Wheelmodel 

Fig､４．Relationshipbetweenvelocityvectorandvehicle． 
（b)３Ｄ 

Fig.５．Prototypecoordinatesandparameters． 

ofwheelj＋１（c(〕f+,)isderivedfromEqs.(2)ａｎｄ(3)：

伽=lh1L+''℃‘''二～へｏ
ｊ+lvi+,＝{+lRivi+Ｌ－－－……(3) 

’''十lWllいsx-ingredientofthewheelj＋lvelocity
vectoMistheradiusofthewheelandl+lRisthecon-

M:蹴巴:馬瓢:謡守鮒絲二１１側:磯
ａｓＪｖｉａｎｄＩ０ｊ，thecontrolreferenceofwheelj＋ｌｉｓｅｘ‐ 

pressedasshowninEq.(4)： 

助+,＝''1+'Ｒ(jvi+iCj×iP{+I)L＋||iOI（４）
Allwheelstouchtheground，ｉｃ.，ｔｈｅｐｌａｎｅｓｈｏｗｎｉｎ 

Ｆｉｇ､４(b)．Whentheanglebetweenthex-axisofcoordi-

nate{j}andthatofcoordinate{j＋1｝isaasshownin 
Fig､４(aLtheconversionmatrixisderiveｄａｓｓｈｏｗｎｉｎ 

Ｅｑ.(5),andafUlfillsEq.(6)： 

恥{竃ニモ洲「｡0
11j+lvj+,ルーⅢ－－…－－－(6)

2.2．PrototypeAdaptation 

IntheprevioussectioLwediscussedgeneralvehicle 

kinematicsreferencingthevehicleconfiguration・Here，

weadaptthistoourvehicleprototypeandderivethe 
velocityvectorofeachwheeLOurvehiclemeasures 

changesinvehicleconfigurationusingattitudesensors 
andgenerateswheelcontrolreferencesbasedonthisin-
fOrmation・

Ourvehiclehastwopotentiometersoneachpassive 
jointandtiltsensorsontheback(Fig.５(a)).Wemeasure 
thefOllowinganglesusingthesesensors： 

(1)RollangleO1andpitchangleγiffompotentiometers． 

（２）RollangleO2andpitchangle7hfromtiltsensors． 

Ourvehiclehas7actuatedwheels・Fig.１(a）defines

thewheelnumber(wheelj:ｊ＝１，…,7),coordinates,the 
lengthofindividuallinks，andtherotatespeedofeach 
wheel、ＲｌａｎｄＲ２ｉｎｄｉｃａｔｅｔｈｅｌｅｎｇｔｈｏｆｅａｃｈｌｉｎｋａｎｄ

の1,…，co7aretherotationspeedsofeachwheeL
Whenthevehiclerunsatvoindirectionxoncoordinate 

(4),thevelocityvectorofwheel7oncoordinate(4)is 
derivedasshowninEq.（７）ｂｙＥｑ.(1)．Thekinematic 

5４ JournalofRoboticsandMechatronicsVOL19Noo１，２００７ 
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relationshipamongwheelsisshowninFi9.5(b)． 
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Fig.６．WheelcontrolreferenceHowchart． 

2.3．WheelControlReferenceDerivation 

Havingderivedvelocityvectorsandindividualwheel 
rotationvectorswhenthevehiclerunsatvooncoordinate 

(4),thesevectorsarecalculatedusingonlythekinematic 
relationshipofthewheels・Velocityvectorsvarygreatly
whenthevehicleconfigurationchangesgreatly・Simply

derivingwheelcontrolreferencesusingtheseextraordi‐ 

naryvectorsinEq.(4),yieldsequallyvaryingthatpre-
ventthevehiclefrombalancingwheelrotationspeedsand 

causingwheelslippageandrotationerrorlbderivesuit-
ablewheelcontrolreferencesfromresultsintheprevious 

section,weconsiderthefOllowing： 

(1)WhenthevehiclenegotiatesthestepatVbalongthe 
vehiclecoordinate(Fig.１(a)),wesetVbastheveloc-

ityindirectionxonthecoordinate(4)． 
．．．．．．．．．．．．（10） 

Therotationvectorofeachwheelisderivedusingroll 

andpitchanglesａｓｓｈｏｗｎｉｎＥｑｓ．（11）ａｎｄ（12)．Ｉｎ 

Ｅｑ.（11),therotationvectorsofwheels5and7arethe 
samebecausethesewheelsareconnectedbythesame 

linkSimilarly,therotationvectorsofwheelsland3are 

thesameinEq.(12)． 

４Ｃ５＝4Ｃ７＝［4び7”４ｏ７，４ぴ7②]Ｔ

＝ＭＯＯ,］アーーー（''）

４Ｃｌ＝4Ｃ３＝［4⑪４．３，４瓜]Ｔ

＝［たＯα]ｒ…－－（12）

(2)Tomaintainbalanceamongwheelrotationspeeds,all 

wheelspeedbasedonVbreferencingthevehiclecon‐ 

figurationmustbesmallerthanVb(Fig.６)． 

WhenthevehiclenegotiatesthestepatVbonthevehi-

clecoordinate(Fig.１(a)),wesetthespeedindirectionx 

oncoordinate(4)asshowninEq.(13)temporarilyand 
wederivevelocityvectorsofallwheelsfromEqs.(7)‐ 
(10)： 

４v4x＝Ｖｂ．．．．．．．．．．．．．．．（13） 

CoefficientcjofwheeljisdeterminedbyEq.(14)： 

α-燗＃に'二|ＷいいⅡ
JournalofRoboticsandMechatronicsVOL19Ｎｏ．１，２００７ 5５ 
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where4vjindicatesthecalculatedvelocityvectorofwheel 
jj（＝1,…,7）indicatessubnumberfOridentifying 
wheels・

Thevelocityvectoroncoordinate(4)isdeterminedas 
showninEq.（15),inwhichaUwheelvelocityvectorsare 
calculatedwithintherangeofVb： 

ＶＦｌ"＝Ｃ､4V！．、－－－．．．．＿（15）

whereｃ＝ｍin{Cl,…,c7}・

Wederivewheelcontrolreferencesfromwheelveloc-

ityandrotationvectorsderivedintheprevioussection 

Whenwesetvoasvelocityvectorv2mofdirectionx,the 
velocityvectorofwheeljoncoordinate{j}isasshownin 
Eq.(16).AsshowninEq.(5),weassumethattheobstacle 

isaa-degreeslopefOreachwheel(Fig.５(a))． 

…FFi1IWIllllil 
-i鮴鰍ｌｌＨ①４ｖｊｚ 

ＦｒｏｍＥｑｓ.(4)ａｎｄ(13),thecontrolreferenceofwheel 

jisexpressedasshowninEq.（17)： 

COSα･4vix-sinα･4vjy＋4口z、．．．．（17）

Fig.７．Setup 

InbleLPrototypeparameters． 

「
。

）IｌＯｔ 

〕CｅｕＷＣ

r 

TheadegreeisdefinedasshowninＥｑ.（18)because 
thexaxisisdefinedinthewheeldrivedirectionandthe 

velocityvectorisparalleltothedrivedirectionasshown 
inEq.(6)： 

ｓｉｎａ､4,ﾉjx＋ＣＯＳα､4vjy＝０．．．．．．．．（18） 
Ourvehiclecontrolseachwheelbasedonthiscontrol 

referenceusingPID-basedcontrolthatcoordinatesthe 
outputtractionofeachwheel[171 
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3．Experiments 

3.2.Results(1) 

WhenthevehicleprototypenegotiatestheOO65mstep 
inexperimentl，controlreferencesfOreachwheelaｒｅｄｅ－ 
ｒｉｖｅｄａｓｓｈｏｗｎｉｎＦｉｇ・sThesereferencesarewithinthe

rangeofVbandtheexperimentverifiesthatthesecontrol 
referencesaresuitable・

Figure9showstheslippageratio［16］ａｎｄＦｉｇ．１０ 
therotationerrorratioofwheelsduringclimbingThree 
peaksshowcontactbetweenthestepandthefront,mid-
dle,andrearwheelThewheelslippageratiodecreasesto 
4596andthewheelrotationerrorratiodecreasesto４３％ 

underourproposedcontrolscheme(Inble2).Ｔｈｅwheel 

slippageratioandrotationerrorratioarecalculatedusing 
Eqs.（19)ａｎｄ(20)： 

へ７６０－Ｖの
ｓ＝．．．．．．．．．．．．．（19） 

７ＣＯ 

への,巴／－ｃｏ
ｑｌ＝．．．．．．．．…．．．（20） 

の

3.1．Setup 

WeverifytheeffectivenessofourproposedcontrolrefL 
erenceinexperimentsusingourprototype(Fig.７)．Our 
prototypenegotiatesthestepwhilemovingfOrward 

Adaptingourproposedcontrolreferencetoourproto-
type,wecomparetheresultoftheproposedreferenceto 
theresultofafixedreferencewithoutconsideringtheve-
hicleconfigurationVehicleparametersaregiveninh‐ 
blel 

Weconductedtwoexperiments・Inthefirst,thevehicle

negotiatesthesamesteptwice-onceusingourproposed 
controlandoncewithoutusingit・Theverticalgapinthe
stepis0.065mandweevaluatewheelslippageandro-
tationerrorlnthesecond,weverifythemaximumstep 
heightthatthevehiclecannegotiate． 

5６ JournalofRoboticsandMechatronicsVOL19No.１，２００７ 

LinkageNumber ２ 

LinkageLength Ｆｒｏｎｔｌ９５ｍｍ,Ｂａｃｋ４００ｍｍ 

Ｗeight Front７．８ｋｇ,Ｂａｃｋ１３．８ｋｇ 
WheelDiameter １３２ｍｍ 

Distance 

betweenWheels 

Front-Middle255mm， 
Middle-RearZl5mm 

FrictionCoefficient StaticO3,Dynamic０．２５ 

Speed(Vi〕） 0.25ｍ/ｓ 
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3.3．Results(2) 

Inexperiment2,thevehiclenegotiatedaO・ｌ５Ｚｍｓｔｅｐ

ｂａｓｅｄｏｎｏｕｒｐｒｏｐosedwheelcontrolscheme(Fig.１１)． 

Withthestandardscheme,thevehiclecannegotiateonlya 

OO72mstepOurvehiclecannegotiate０．１８０mbasedon 

mechanicaldesign,soourcontrolrealizes8596oftheve-

hicle，spotentialstep-climbingperfOrmanceExperimen-

talresultsverifythatvehicleperfOrmanceincreasesusing 
ourproposedwheelcontroL 
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Fig.１０．Wheelrotationerrorratio． 4．Conclusions 

Wehaveproposedstep-climbmgwheelcontrolbased 

onvehicleconfigurationchangesduringclimbingWe 
discussaconfiguration-basedkinematicmodelfOrwhich 

weadjustwheelcontrol,enablingthevehicletomain-
tainitsbalancethroughrotationspeedswhilenegotiating 
steps・

Resultsofexperimentsverifiedtheeffectivenessofour 

proposed・Basedonourapproach,thewheelslippagera-
tioandrotationerrorratiodecreasedwhenourvehicle 

negotiatedthesteps,improvingitsperfbrmance・Ourve-
hiclenegotiatedO152mstepsusingwheels０．１３２min 
diameteLOuromnidirectionalwheelcontrolschemeis 

usefUlfOrwheeledvehicleswithpassivelinks． 

Inble2、Wheelslippageandrotationerrorratio[％｝

Wheel 

Ratlo 
Reference 

Sllppage 
Fixed ２６．７２５．９２４．４ 

Proposedl29１２０１０４ｌ１７ 
Ｆ１ｘｅｄ３２５２９８３０７３１０ 

Proposedl27１３４１４２１３４ 

Ｒｏｔａｔｌｏｎ 

ｒｒｏｒ 

Fixed ２９．８ ３１．０ ３０．７ 

whereのisthewheelrotationspeedandの〃thewheel
rotationspeedreferencｅ７ａｎｄｖのindicatetheradiusof

thewheelandthevehiclespeed 
Theseresultsconfirmthatourproposedschemere-

duceswheelslippageandrotationerror． 
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Reference Front Middle Ｒｅａｒ Average 

Sli ppage 
Fixed 

Proposed 

２６．７ 

1２．９ 

25.9 

1２０ 

24.4 

1０．４ 

25.7 

1１．７ 

Rotation 

Error 

Fixed 

Proposed 

3２５ 

1２．７ 

２９．８ 

1３．４ 

30.7 

1４．２ 

３１．０ 

1３．４ 
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