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Abstract

Modelingofcomplexrobotswhichconsistofmechani-
calandelectricelementshasattractedalotofattentionto
beutilizedforanalysis,simulationanddevelopment.In
thispaper,wemodelthespaceexplorationrobotwhich
hasleg-wheelmechanismsusingModelica,whichisan
equationbasedlanguageandconvenienttocopewitha
complexphysicalsystem.Inaddition,toevaluatethe
performanceofplanetaryexplorationrobots,weconduct
simulationsconsideringthespaceenvironmentusingthe
fundamentalcontrolsystemandtherobotmodel.The
simulationresultsindicatethatconsideringloadshiftdue
tocentrifugalforceisimportantunderlowgravitational
acceleration.Keywords:leg-wheelmobilerobots,mod-
eling,spacerobots,controlsystem

1 Introduction

Leg-wheelmobilerobotsdipictedinFigure1attractalot
ofattentionandarewidelydeveloped,becausetherobots
achievehighstabilityutilizinglegmechanismandhigh
mobilityusingwheelmechanism. Leg-wheelhybrid
platformQuattroped,whichhastwodegree-of-freedom
legs,isdeveloped(Shenetal.,2009).Inordertoclimb
upontothesteps,thecontrolmethodforlimbmech-
anismrobotASTERISKisstudied(Fujiietal.,2006).
Theactionplanningalgorithmforaplanetaryexplorer
robotLEONisproposed(Rohmeretal.,2010).Since
theserobotscanmoveonuneventerrain,itisexpected
toworkinplanetaryexploration.However,conducting

Figure1.Leg-wheelmobilerobots.

experimentsinspaceenvironmentrequiretoomuchcost
andtime. Therefore,simulatingtherobotbehaviorin
spaceenvironmentappearsasapracticalchoice.
EquationbasedlanguageModelicaisveryefficacious

tomodelcomplexsystemswhichhavemechanicaland
electricalelements. Severalstudieshavereportedthe
modelingandsimulationresultsofseveralindustrialap-
plicationsusing Modelica(Otteretal.,2015)(Hirano
etal.,2015).Inthispaper,wemodelandsimulatethe
behaviorofaleg-wheelmobilerobotmodeledusinggeo-
metricparametersofATHLETEwhichhastheleg-wheel
mechanismdevelopedbyNASA(Wilcoxetal.,2007)in
thespaceenvironmentusingModelica.

2 Modelingleg-wheelmobilerobot

2.1 Outline

Table1showsthecharacteristicsofthelegandthewheel
mechanism. Themovingspeedandefficiencyofthe
wheelmechanismsishigherthanthatofthelegmecha-
nisms.Therobotsequippedwiththelegmechanismscan
moveonuneventerrain.Moreover,thelegrobotswhich
havetheredundancyinlegarrangementcancontrolthe
wheelpositiontoavoidoverturn. Theleg-wheelmo-
bilerobotspossessbothcharacteristicswhichenhance
therobotmobility.Inthispaper,wefocusontheATH-
LETEasatypicalexampleofleg-wheelmobilerobot.
TheATHLETEisalunarexplorationrobotdeveloped

byNASA.Theleg-wheelmechanismswithsixdegree-
of-freedomconsistingofthewheelmechanismandthe
sixjointsaremountedoneachvertexofthehexagonal
body.TheATHLETEisabletoallocateloadsandmove
onuneventerrainwhilemaintainingthebodyhorizon-
tally.Theseleg-wheelmechanismsareutilizedinorder
toaccommodateawiderangeoftasks.

Table1.Characteristicsofleg-wheelmobilerobots

Leg Wheel leg-wheel
Climbingsteps Good NG Good
Loadsharing Good NG Good
Movingspeed OK Good Good

Proceedings of the 1st Japanese Modelica Conference 
May 23-24, 2016, Tokyo, Japan

DOI 
10.3384/ecp1612455

55
____________________________________________________________________________________________________________



b 

a 

c 

d 
e 

f 

world 

x 

z 

Limb a 

Con  

Limb b 

Limb c 

Limb d 

Limb e 

Limb f 

fi
x
ed
Tr
an
sl
ati
on
 

r
={
-
2.
0,
0.
0,
2.
0}
 

a 
b 

a 
b 

fr
ee
M
oti
on
 

Con  

Con  

Con  

Con  

Con  

scene 

2 

1 # 

2 # 

Top-End Model

Contorller

Body Limb

m=M 

pointMass 

fixedTranslation 

r={Lb[1],Lb[2],0} 

a b 

fixedTranslation1 

r={Lc[1],Lc[2],0} 

a b fi
x
ed
Tr
ansl
ati
on2 

r
={
Ld[
1],
Ld[
2],
0} 

a 
b 

fixedTranslation3 

r={Le[1],Le[2],0} 

a b 

fixedTranslation4 

r={Lf[1],Lf[2],0} 

a b 

fi
x
ed
Tr
an
sl
ati
on
5 

r
={
La
[
1],
La
[
2],
0}
 

a 
b 

y 

x z 

fixedFrame 

resolve 

r 

Senser_CM[1] 

frame_d 

frame_c 

frame_b 

frame_a 

frame_f 

frame_e 

frame_CM 

extend_bus_model1 

a b 

n={0,0,1} 
Hip_Yaw 

a 
b 

n
={
0,
1,
0} 

Hi
p_
Pitc
h 

a b 

n={0,0,1} 
Ankel_Roll 

a 
b 

n
={
0,
1,
0} 

A
nk
el
_
Pitc
h 

a 
b 

n
={
0,
1,
0} 

K
nee_

Pitc
h 

a b 

n={0,0,1} 
Knee_Roll 

bodyShape 

r={0,0,l1} 

m1 b a 

body
S
hape1 

r
={
0.
0,
0,l
3} 

m
3 
b 

a 

body
S
hape2 

r
={
0.
0,
0,l
5} 

m
5 
b 

a 

bodyShape3 

r={0.0,0,l7} 

m7 b a 

body
S
hape4 

r
={
0.
0,
0,l
2} 

m
2 
b 

a 

bodyShape5 

r={0.0,0,l6} 

m6 b a 

bodyShape6 

r={0.0,0,l4} 

m4 b a 

hub 

trq 

Pacejka02 

{175,70,13} 

frame_a5 

flange_a 

flange_a1 

flange_a2 

flange_a3 

flange_a4 

flange_a5 

Road

Figure2.Top-endofModelicamodelinDymola.

Figure3.Leg-wheelmobilerobotmodel.

2.2 Modeling

Wemodeltheleg-wheelrobotwhichconsistsofbody
andlimb-partsusingModelicainordertosimulatethe
behaviorofthewheelmechanismandanalyzethemo-
bilityofATHLETE.TheATHLETEmodeldescribedby
ModelicaisshowninFigure2and3.Therobotmodelis
designedasarigidhexagonalbody(orangeframe)and
links(greenframe),asFigure2indicates.Thebodymass
pointwhichisthegravitycenterofthehexagonissetas
theoriginoftherobotcoordinatesystem(blackarrows
inFigure3).Aleg-wheelmechanismpartconsistsofsix
revolutejoints,sevenlinksandthewheelmechanism.
Thelimbmasspointsaresetonthecenterofthewheel
andthemiddleofeachlink.ThetiremodelofVehicle
DynamicsLibrary(VDL)ofDymolaisintroducedtore-
producetheactualwheelbehavior.

3 Structureofthecontroller

3.1 Outline

Wheels torque

Steering angle
Wheels angular velocity

Limbs joint angle 

Limbs joint torque

ATHLETEmodel

Guidancecontrol

Path planning 

Motioncontrol 

Plant

)5~1(=jji,θ

ji,τwτ

wω 6,iθ

xu yu φu

AsFigure4indicates,thecontrollerconsistsofthreelay-
ers:pathplanninglayer,guidancecontrollayer,andmo-
tioncontrollayer.Inthispaper,thefundamentalcontrol
systemisproposedtoachievethereferencevehicleve-
locityinthemotioncontrollayer.Themotioncontrol

Figure4.Controlsystemflow.

layerconsistsoftwoparts.Firstoneisthecontrolsys-
temfordrivingandsteeringofeachwheel.Anotherpart
determinesthepostureoftherobot.Detailsofeachblock
areexplainedinthefollowingsections.

3.2 Motioncontroller

Inthissection,weexplaintheleg-wheelmobilerobot
modelandacalculationmethodofthecontroller.Fig-
ure5depictsthemodeloftheleg-wheelrobot.X0 Y0
istheinertialcoordinatesystemandx yisthecoordi-
natesystemfixedtotherobot.(Xg,Yg)isthepositionof
therobotcenterofgravity(CoG)ontheX0 Y0coordi-
natesystemandϕistheorientationoftherobot.ux,uy
arethecommandtranslationalvelocityatCoGanduϕ
isthecommandangularvelocityonthex ycoordinate
system.
Figure6showstheconfigurationoftheleg-wheel

mechanismoftheATHLETEandthedefinitionofthe
angleandtorqueofthelegjoints.θi,jaretherotationan-
gleofeachjointwheresubscripti=1 6indicatesthe
legsnumberandj=1 6indicatesjointnamesofHip
Yaw,HipPitch,KneePitch,KneeRoll,AnklePitch,and
AnkleRoll,respectively.Inthispaper,theAnkleRoll
angleθi,6iscontrolledconsideringmovingdirectionand
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Figure6.ConfigurationoflimbjointsofATHLETE.

theotheranglesθi,1•••θi,5arecontrolledtomaintainthe
referenceposture.
Figure7showsthewheelandtheAnkleRollangle

correspondingtothesteeringangle.θi,0istheanglefrom
theCoGpositiontothewheel.
Thetranslationalvelocitiesofthewheelvx,iandvy,i

arecalculatedbasedonthecommandvelocityatCoG
ux,uyanduϕasfollows:

vx,i=ux yiuϕ, (1)

vy,i=uy+xiuϕ. (2)

Referenceangleθ̂i,6andangularvelocityofwheelω̂wi
arecalculatedasfollows:

θ̂i,6 = tan1
(
vy,i
vx,i

)

θi,0, (3)

ω̂wi = Vi/Rw, (4)

Vi = vx,icoŝθi,6+vy,isin̂θi,6, (5)

whereRwisaradiusofthewheelandVi
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Figure7.Velocityvectorofwheel.

θ̂i,jandangularvelocityω̂wi,weintroducethePDandP
controlasfollows:

τi,j=Pth(̂θi,j θi,j)+Kd(̇̂θi,j θ̇i,j), (6)

τwi=Pw(̂ωwi ωwi), (7)

wherePthandPwareaproportionalgainandKdisa
derivativegain.
Zeromomentpoint(ZMP)isaoneofconceptwhichis

anindexofstability.WhentheZMPpositionoftherobot
iskeptinsidethesupportpolygon,thestabilityofthe
robotbodyisassured.Weintroducetheturninglimitra-
diusrmaxconsideringrollingmomentandZMPposition
inordertoevaluatetherelationshipbetweentheheight
ofCoGandcentrifugalforce.IftheZMPpositionco-
incideswiththetipofthewheelposition,thesituation
oftherobotisregardedasalimitationofoverturn.In
thissituation,theturninglimitradiusrmaxiscalculated
asfollows:

rmax=
ux
2zc
gl
, (8)

wherezcistheheightoftherobotCoG,l=
√
xi2+yi2is

thelengthfromCoGpositiontothewheelpositionand
gisgravitationalacceleration.

4 Simulation

4.1 Conditions

Toanalyzerobotbehaviorinthespaceenvironment,we
conductthreesimulationswiththefollowingconditions:

∼Case1:Turningunderthelunargravitywiththe
heightofCoGhigh(ZCoG=1.45m)

∼Case2:Turningunderthelunargravitywiththe
heightofCoGlow(ZCoG=0.866m)
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∼Case3:Turningundertheearthgravitywiththe
heightofCoGhigh(ZCoG=1.45m)

Comparingcase1with2,weanalyzetheeffectofheight
ofCoGzCoG.TheATHLETEisabletochangetheheight
ofCoGzCoGbytakingadvantageoftheredundancyof
thelegjoints.Inthesesimulations,theheightofCoGis
changedsothatthepostureoftheATHLETEismain-
tained. Comparingcase1with3,weanalyzethein-
fluenceofthegravitationalaccelerationwhileturning.
PhysicalparametersoftheATHLETEaredetermined
basedonthereferencethesis(Wilcoxetal.,2007).Com-
mandedvelocitiesarêux=2.5m/s,ûy=0.0 m/s,and

ûϕ=
√
û2x+û

2
y/R.TheturningradiusRisdesigned

tochangesmoothlyusingthird-orderpolynomialfrom
R=1000mtoR=2.5min30s.Thesecommandedve-
locitiesgenerateaspiraltrajectorythattheturningradius
isgraduallydecreased.

4.2 ResultsandDiscussion

Figure8,9,and10showsimulationresultsofcase1,2
and3,respectively.Figure8(a)and9(a)depictthetra-
jectoryoftherobot,(b)depictthetranslationalandro-
tationalvelocity,(c)depictbodysideslipangleand(d)
depictaverticalloadofeachwheelFz.Figure10(a)de-
pictstranslationalandrotationalvelocityand(b)depicts
averticalloadofeachwheelFz.
AsshowninFigure8(a),whentheheightofCoGis

high,therobotcanturnwithoutoverturn,however,the
robotvelocityhastheerrorbetweencommandedandac-
tualvelocity,asFigure8indicates.Itisreasonablethat
thesideslipangleisgenerated,asFigure8(c)indicates.
Sincethevelocityuyiscausedbycentrifugalforces,the
bodysideslipanglearises.Figure8(d)indicatesthatthe
verticalloadisdistributedtoeachwheelununiformly.
Amongthem,limb5supports70 %ofthetotalload.
Theverticalloadoflimb1and4areequaltozero.It
indicatesthattherobotisrunningusingonlyfourlimbs.
AsshowninFigure9(a),whentheheightofCoGis
lowerthanincase1,therobotalsocanturnsuccessfully.
Figure9(b)(c)indicatethatthetendencyofvelocityand
bodysideslipanglearesimilartocase1.Itisnoteworthy
thattheloadshiftduetocentrifugalforceissuppressed,
asFigure9(d)indicates.Thereasonisreducingtheef-
fectofrollingmomentcausedbythecentrifugalforces.
AsshowninFigure10(a)(b),whengravitationalacceler-
ationissmallerthanincase1and2,thevelocitiesarere-
alizedbythecommandvelocity;therobotdoesnotgen-
eratethesideslipangle.Incase3,theinfluenceofrolling
momentgeneratedbythecentrifugalforcesissmaller
thancase1and2.Itisbecausethegravitationalacceler-
ationworkstosuppresstherollrotationalmovement.
Toevaluatethesesimulationresults,wediscussthe

limitturningradiusrmax.Attheturningradiusofrmax=
3.03m,therobotwillfalldownduetocentrifugalforce
inthecase1.Therobotisnotoverturnbutsomewheels

arefloatingatthetargetturningradiusofR=2.5m
whichissmallerthanthelimitturningradiusrmaxin
case1. Ontheotherhand,whenthetargetturningra-
diusismodifiedtoR=3.1mincase1,allwheelscontact
withtheloadsurface.Thereislittleerrorbetweenthe
limitandtargetturningradiuswithin0.1minthiscase,
eventhoughEq.(8)assumessimplifiedmodel.Thus,we
obtaintheadequatesimulationresults. Wecanusethe
relationshipofbalanceofmomentforthecontrol.Itis
expectedthattheturningabilityincase2and3isbetter
thanthatofcase1byEq.(8),becausethelimitturning
radiusdecreasesasgravitationalaccelerationincreases
andtheheightofCoGdecreases.Accordingly,thesimu-
lationresultsindicatethattheZMPpositionclosetothe
CoGposition(Xg,Yg)bysuppressingtheloadshiftofthe
robot.
Therobottendstogenerateskidinlunarspacewhere

theeffectsofgravitationalaccelerationaresmallerthan
thatoftheearth.Theseresultsindicatethatinorderto
achievehighmobilityunderthelunarenvironment,con-
sideringthesideslipangleandloadshiftisimportant,
becausetherobottendstooverturnunderlowgravita-
tionalacceleration.Tosuppressloadshiftbycentrifugal
forces,leg-wheelmobilerobotscanlowertheheightof
CoGusingthelegmechanism.Inaddition,arrangingthe
wheelposition,theleg-wheelmobilerobotscanachieve
highmobilityutilizingtheredundancyofthelegmecha-
nism.

5 Conclusions

Inthispaper,wemodeltheleg-wheelmobilerobots
whichhavetheleg-wheelmechanismusing Modelica
andconductthesimulationconsideringthelunarenvi-
ronment.Thesimulationresultsindicatethattherobots
tendtogeneratethevehiclesideslipwhichisthecause
forloadshiftandoverturnbecauseoflowgravityaccel-
eration.Therefore,themotioncontroller,whichconsid-
ersvehicleslippage,isrequiredtoachievehighmobility.
Thefuturedirectionsofthisstudyaredesigningguid-

ancecontroller,modelingmotordynamics,andconsider-
ingaterramechanicswhichexpresstheeffectsbetween
wheelandsandcalledregolith.
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