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Abstract

Methodsfor modeling simulationand optimizationof the
dynamicsstability, andperformancef humanoidobotsare
presentedn this paper Optimalcontrol trajectoryfollowing
by joint-level control combinedwith an onlinecompensation
methodusingJacobiansis proposed.Thekinematicdesign,
dynamicproperties,hard- and softwake architectuie for an
autonomoubiped,andexperimentakesultsare presented.

INTRODUCTION

Threekey issuesare to be consideredn the designof an
autonomoubipedrobot: (i) thefunctionalandphysicalre-
guirementsierivedfrom the ervisionedapplicationareajii)
theselectiorandintegrationof hardware(HW) andsoftware
(SW)suitedto meetheserequirementsiii) thedevelopment
andintegrationof efficientalgorithmsonall levelsof control,
planning,andperceptiorsubjectto thereal-timeconstraints
givenby therobotHW andSW design.

Many researclgroupsandcompaniesredevelopingbiped
walking machinese.g.[1,3,5,11-13]. However, towards
thedevelopmenbf aneffective autonomousobot,all of the
threeareagnentionedabove mustbe consideredEspecially
for the developmentof dynamicbipedlocomotion,we find
it importantto model and simulatethe biped locomotion
dynamicson all levels of the design,implementationand
operatiorphasesfahumanoidobot,e.g. for theselectiorof
motorsandgearsprto obtainoptimalstep/striderajectories.
Contributionof thispapeiis astrateyy for precisemodeling of
leggedlocomotionsystemsequireshigh dimensionainon-
linearmultibody systemgMBS) dynamicswith constraints.
Issuesaddressedrethegenerationpptimization,andcontrol
of stablemotionsfor humanoidobots. Thepapemproposes
novel onlinecompensatiomethodusingJacobianso influ-
encethe postureof thehumanoidrobotin selectedtartesian
taskcoordinatedirections.Experimentatesultsconfirmthe
efficacy of our modeling,optimization,andonline compen-
sationapproacho humanoidwalking.

MODELING OF DYNAMIC BIPED LOCOMOTION

General considerations
Variousapproachesxist for modelingthe MBS dynamics
of atree-structureteggedrobotsubjectto unilateralcontact
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constraintsSymbolic methodsare requiredfor closed-form
dynamicequationsvhichgive thebestperformancén terms
of numberof arithmeticoperationsandbasicfunction eval-
uationsneededor evaluation. This approachthough,does
not fulfill the needfor modularityandflexibility if partsof
the kinematicalstructureor the kinetical data have to be
changedandrefinedasoccursfrequentlyduring the design
andoperatiorcycleof ahumaroid robot. TheMBS modeling
andcomputationabpproackchosenis the ArticulatedBody
Algorithm (ABA) dueto its superiomodularityandcompu-
tationalefficiengy for high dimensionakystemd4, 16].
Thebasicequation®f motionfor ahumanoidobotarethose
for arigid, multibody systemexperiencingcontactforces
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whereN is the numberof links in the system, M € RVXN
is the square positive-definitemass-inertianatrix, C € RV
containsthe Coriolis and centrifugalforces,G € R the
gravitational forces,andu(t) € R™ are the control input
functionswhich are mappedwith the constantmatrix B €
RN*m to the actively controlledjoints. The groundcontact
constraintson the systemare g. € R" from which the
constraintJacobiarmay be obtainedJ, = %g; € RN,
while f. € R™ is thegroundconstrainforce.

A greatadvantagen leggedsystemss thattheir constrained
contactlegs often have uniqueinversekinematicsolutions,
whichcanbeusedo derivereducedlynamicequationsThis
approachalsoknown ascoordinatepartitioning[2], projects
thedynamicq1) ontoareducedsetof independensgtateghus
corvertingthe DAE contactsystem(1) into an ODE system
of minimal size. Using a recursve multibody algorithmic
approachthe reduceddynamicsmay be evaluatedwithout
explicitly constructinghem[8]. TheconstanmappingZ €
RWN—ne)xN from thefull statevectorq to theindependent
statesqp then reducesthe dimensionof the equationsof
motion andthe systemevolution follows automaticallythe
contactmanifold. Thedependenstatesyp canbecalculated
from q;. A partitionof thestatesasq = (qr, gp) existsthat

d = ZM(@)~ (Bu-C(a,@) - G(@) + JTL) @



holds. The principal advantageof this approactis thatone
needsonly performthe optimizationon the reduceddimen-
sionalstate.
An importantaspecbf formulatingagait optimizationprob-
lemis establishinghemary constraint®ntheproblem.For
a biped,the gait cycle consistsof several phaseglescribing
differentcontactsitutationsand being separatedy events.
The orderof contacteventsis straightforvard and depends
primarily uponthe speedf locomotion. A summaryof the
modelingconstraintfor a completegaitcycleis [9]:
Periodic gait constaints (gait optimization):
Periodicityof continuousstateandcontrolvariables.
Periodicityof groundcontactforces.
Exterior ervironmentakonstaints:
Kinematic constraintson the height (z-coordinate)of
theswingleg tips.
Groundcontactforceslie within the friction coneand
unilateralcontactconstraintsarenot violated.
Interior modelingconstaints:
Jumpconditionsn thesystenvelocitiesduetoinelastic
collisionsof thelegswith theground.
Magnitudeboundson statescontrolsandcontrolrates.
Actuatortorque-speetimitations.

Figure 1. Three Phases of Dynamic Gait with Different
Foot Contact Positions for Leg 1: (1) Heel Roll, (2) Flat
Contact, (3) Toe Roll

Dependinguponwhethera statically stableor dynamically
stablebipedgaitis desiredtheoptimizationproblemformu-
lation will have different periodicity, symmetry and kine-
maticphaseéboundaryconstraintglependingnthefoot con-
tactpositions(Fig. 1). Thenumberof phasesnayalsodiffer.
We modelthe staticanddynamicallystablegaitsasfollows.
StaticallyStableGait:

Phasel: Foot 1 flat contact,Foot 2 swingingfreely
Phase?: Foot 1 flat contact,Foot 2 flat contact
DynamicallyStableGait:

Phasel: Foot 1 heelroll contact,Foot 2 toeroll contact
Phase2: Foot 1 flat contact,Foot 2 swingingfreely
Phase?: Foot 1 toeroll contact,Foot 2 swingingfreely

Dynamic model of humanoid robot
As an example,we considerour humanoidcurrentlyunder
developmentseeFig. 2 andFig. 4.
Thehumanoidconstructiorconsistof:

two legseachwith 6 links and6 actuatedoints

hip has3 DoF, kneel DoF, ankle2 DoF
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Figure 2. Humanoid Kinematic Structure

waistjoint providing a rotationaboutvertical axis
eachshouldewith 2 DoF
headis (temporarily)fixedto thebody
The humanoiddynamicmodelconsistsof:
17 degreesof freedom
free-floatingbody with centralreferencepoint in the
torsoanda fictitional 6 DoF joint betweenit andan
inertial referencdrame
modeledas a tree structuredmultibody system(con-
tactsare“cut” betweerrobotandground)
If we restrictmotionto the sagittalplane,a minimum setof
generalizeaoordinategonsistof 14 positionandl4veloc-
ity stateq(t), 4(¢)), thusatotal of 28first orderdifferential
equations. Thenthe free-floatingfictional joint hasonly 3
DoF andeachleg alsoonly 3 DoF. With 3-dimensionamo-
tion, thereare23 positionand23 velocity stategq(t), q(t))
resultingin 46 differentialequations.

DYNAMIC STABILITY AND PERFORMANCE

Measures for dynamicall y stable locomotion

The notionof static stability, oftenusedto enforcepostual

stability in leggedsystemsdoesnot suffice for fastmotion
astargetedby this work. Staticstability requiresthe ground
projectedcenterof gravity to lie within the supportpolygon

the corvex hull aboutthe leg contactpoints. This highly

conserative measureof posturalstability generallyresults
in veryslow leggedmotions. Thenotionof dynamicstability
is requiredfor fastedeggedmotion,yetaspointedoutin [6],

a dynamicallystablegait is onewithout static stability that
is sustainabléndefinitely.

TheZMP is thatpointonthegroundwherethetotal moment
generatedlueto gravity andinertia equalszeroor equiva-
lently the point wherethe netverticalgroundreactionforce
acts. This point hasfrequentlybeenusedto producestable
locomotionbeyond the region of static stability [14]. This
measureéhasmary deficienciesvhenconsideringfastloco-
motion; in particular it provideslittle stability information
during the importantrolling action of the feet (seeFig. 1)



in fastwalking andrunning. The supportpolygonmaythen
have a zeroor reducedsurfacearea,andthe ZMP may lie

directly on the supportboundary thus on the borderof its

pre-definedstability region.

A stability measureelatedto the ZMP providing morein-

formationasto the systeminstability was presentedn [6].

This FRI point or foot-rotationindicator coincideswith the
ZMP during periodsof static equilibrium of the foot and
otherwiseprovides information aboutrotationalinstability
asafunctionof theuncompensatettationaltorquesof the
systemactingonthefoot. Fromthis measurave maydefine
a posturalstability performanceriterion:

Stability Performancel: Averagedistancein the ground
planebetweertheFRI pointandthegroundprojectectenter
of massGCoM normalizedby thedistancetraveleds.

1 [
Jsi[q,q,u] = ;/ |IGCoM — FRI||* dt (3)
0

This value aloneis not sufficient to verify or designa dy-
namically stablecontrol strateyy, yet it may be combined
with additionaldynamicmeasuresf the systemsuchasthe
angularmomenturmwhich canprovide astability assessment
duringgait optimization,simulation,andon-line control.

A challengefor systemswith limited power supply is to
combineenegy conservingnotionwith therobust,stability
propertiesdiscussedoreviously. It hasbeenwitnessedin
humansthat steady-statdorward walking approximatesa
minimum enegy motion accordingto a dynamicalmodel
for the humanbody[17]. An attemptto reproducesmooth,
naturalmotionshouldalsotake thesefactorsinto account.
Enegy Performancel: In legged systemswhere a high
torqueis generatedy a large currentin the motor, the pri-
maryform of enegylossis calledthe Joulethermalloss[15].
Onemayminimizetheintegral of this valueoverthegait:

1 ts N Uj 2
Jel[u]zg/o > R (GiK) dt (4)
i=1

whereR;, G;, K;, andu; arethe armatureresistancegear
ratio, torquefactor, andappliedtorquefor link i respectiely,
while s is the steplengthor total distanceof onestride.
Enelgy Performance2: Anotherefficiency costcriterionis
the specificresistance: asusedin [7]. This measureshe
outputpower in relationto the massmovedandthe velocity
attainedandis adimensionlesguantity Its integral overthe
gaitcycleis anormalizedform of thekinetic enegy
i Juidil

Jeo[qu] = | ==——, (5)
0 mgv

wheremyg is theweightof the systemyj; is thejoint ¢ angle
velocity andw is the averageforwardvelocity.

Optimization of stability and performance indices

Ourapproachusesophisticatedumericabptimizationtech-
nigues,which canincorporate¢he numerousmodelingcon-
straintsto generateoptimaltrajectorie18]. The optimiza-

tion approachs basednadiscretizatiorof thecontrolprob-
lem in time usingdirect collocationandits subsequenfor-
mulation asa nonlinearprogrammingproblemthen solved
with a sparsesequentiatjuadratigprogrammingalgorithm.
Theresultingtrajectoriesaretrackedby trajectoryfollowing
controllersin joint space.

ONLINE COMPENSATION

Whenprecalculatedptimal control trajectoriesareapplied
in practicethereusually occur somedeviations of stability
criteria or contraintsdueto modelingerrors,link flexibili-
ties, gearloss, backlash,joint control errors, and external
disturbancdorcesactingontherobotfrom theernvironment.
Thesemayresultin a degradedwalking performance.

In this sectiona novel methodtermedJacobi Compensation
is proposedwhich modifiesprecalculatedrajectoriesn se-
lectedtaskcoordinatedirectionsin orderto reducestability
criteriadeviationandtherebyimprovewalking performance.
Taskcoordinatecanbe selectedCartesiardirectionsof e.g.
the hip coordinateor othertask-dependertriteria suchas
theprojectedCoM, theFRI, etc.

The goal of the methodis to move a specificsetof coordi-
natesp. € R™- of pointsonthehumanoidg.g.thecenterof
thehipsor anankle,in thedirectionAp. in Cartesiarspace
to reducedeviations. Thejoint anglesy;, e.g. obtainedrom
a precalculatedrajectory aremodifiedby Aq = h(Ap.),
whereh(-) transformghe Cartesiarmotion Ap. into ajoint
spacemotion Aq. As shawn in Fig. 3, this correctionAq
is linearily superimposevith thejoint configurationg; re-
sultingin anew postureqy = q; + Aq of therobot.
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Figure 3. Jacobi Compensation. The precalculated tra-
jector y is modified so that the motion of one part of the
body is increased in direction p..

The relationshipbetweenCartesiarmotion andjoint space
motionis describedy the Jacobian

— _626 6Ec Mme XN
J(qa) - I:GQal 6QaN] €R " ’

afunction of the actualjoint anglesq, € RY which maps
the velocity §. in joint spaceto the velocity p, € R in
Cartesiarspaceaccordingto

Pe = J(da) Q- (6)

To invert this relationshipthe pseudoinerseJ#(q,) :=
JT(3JT)~1 minimizing the Euclidiannorm ||¢.||2 is used
to obtainthe joint motion; here,m. < N is assumedor
existenceof a solution,i.e. themotionmodificationis along
lesstask coordinategp,. thandegrees-of-freedomV of the



system.Thevelocity for correctionof deviationsis

(.Jc = J# (qa) f)c 3 (7)

which is integratedto obtainthe position modification Aq

in joint space.Superimposingt with the precalculatedra-

jectory q; allows one to adaptthe trajectoryto the actual
requirementscf. Fig. 3.

Dependingon the control problemthere exist a variety of

possibilitiesto computethe correctionvelocity p.. For the

experimentsdescribedbelow, the velocity hasbeenchosen
proportionalto the control error p, = K Ap, of the task
coordinateswhereK is apositive definite(diagonal)matrix.

Applicationsof this methodareplentiful: In theexperiments
presentetbelon themethodhasbeerusedo altertheposture
of therobotandthusmodify precalculatedrajectoriego im-

prove walking stability andperformanceOtherapplications
includethepossibilityto adaptprecalculatedaittrajectories
to fit for walking on slopes.

MECHANICAL DESIGN AND DYNAMICS

Design considerations

Oneis facedwith adifficult compromisen the designof an
autonomoudiped. Maximum agility andspeedodf locomo-
tion requirestrongmotorsandgears.Theactuatorsthough,
mustbe aslight as possiblefor autonomousperationand
without extensive power consumptioreadingto heavy on-
boardbatteries. A stratgy for finding a good compromise
betweertheseconflictinggoalsusingdynamicoptimization
hasbeenpresentedvith greaterdetailin [19]. Theresulting
architectureof the 80 cm humanoidrobotis shavnin Fig. 2.
The optimizationcriterion usedwas Eneigy Performancel
of (4) subjectto the completebiped dynamicsfor a rigid
bodymodel(1) andmaximuminput power constraints.
Thisinvestigatiorledto a42V motor(20W)with a66:1gear
ratio, see[19] for details.

Hard- and software architecture

The mechanicabipedconstruction(cf. Fig. 4) is basedon
linking elementarymoduleseachconsistingof motor, gear
pulseencoderL-shapedaseplate,andleverarm[19]. This
prototypecarriesthreebatteriesfor the power supplyof the
motors,two of themvisible onthepictureattheheightof the
hips andbelow the waistjoint. The third batteryis located
symmetricallybehindthe hips. The chosenSory BP-L90A
batteriesprovide a capacityof 90Wh each,henceallowing
for approximately45min autonomousvalking.

For this protoype, a standardATX mainboardwith Athlon
1300MHz CPU hasbeenchoserproviding enoughcompu-
tationalpower for motion control andadditionaltaskssuch
asobjectrecognitionusing a camerasystem. Its power is
suppliedby two BebopEnduraE-50Sbatteries.
ThemotorsareaccessedsinganUSB motioncontrolboard
developedin the Control SystemsGroupin Berlin [19]. It
consistsof an 8bit microcontrollerincluding 3 USB end-
points,a 6 channelA/D corverteranda 16 channelpulse-

personal
computer

height 80 cm

revolute
joint

5 A motion
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Figure 4. Mechanical Realization of the Biped Prototype

width modulatoPWM) admittingamotorloadof upto 3A
at 55V. The actualmotor positionis determinedoy evalu-
ating the signalsof pulseencodersattachedo eachmotor.
Up to 4 motorscan be connectedo eachboardweighing
170g. In consideratiorof the USB control transfermode,
meanUSB communicatiordelayaswell asmicrocontroller
computationatimesrequiredby USB serviceroutinesand
PD control routines,PD control loops and communication
runshave beendesignedandimplementedat 250Hz giving
satisactorycontrolperformancdor this prototype.

A graphicaluserinterfacehasbeendevelopedfor rapidcon-
trol prototyping. Thecontrolloopto beimplementeds com-
posedof ordinarySIMULINK blocksetshencehemigration
from designinga controllerin offline modeto evaluatingit
in anexperimentis subjectto substitutingthe systemmodel
by hardwarein the loop which canalsobe accessethrough
SIMULINK blocksets.

EXPERIMENTAL RESULTS

In thefollowing, resultsof threeexperimentsaredescribed:
In thefirst experiment the trajectoriesgeneratedy numer
ical optimalcontrol,seeabove, areappliedto the humanoid
without modificationas referencetrajectoriesto local joint
PD positioncontrollers. Theresultingwalking performance
issometimesiotstabledueto modelingerrors,gearbacklash,
andothereffects. To improve the precalculatedrajectories
the Jacobicompensatiomethodpresenteabove is usedto
heuristicallymodify certaincartesiartaskcoordinatepoints



of therobotin the secondexperiment. For the last experi-
ment,the trajectoriesveremodifiedmanuallyby a teach-in
of Jacobicompensatioroordinates.

Optimal Contr ol Trajector y Experiments

The precalculatedrajectoriesobtainedby numericalopti-

mizationareappliedto the humanoidasthereferencerajec-
toriesto joint level PD positioncontrollers.Fig. 5 shavsthe

measurediataof theleft knee.Sincethekneegjoint supports
a significantpart of the robot total weight, the load in the

otherjoints aresimilar or lessthanthe kneeload.

— actual
--- target

1.6r  maximum error is 0.025 rad

I

angle [rad]

15 20 ) 5 15 20
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time [s]

(b) motorcurrent

10
time [s]

(a)joint angle

Figure 5. First Experiments with Trajector y Following
Control (knee joint of left leg).

FromFig. 5(a)onecansee thatthe errorof thecommanded
joint trajectory(dashed)and the measuredposition (solid)
is quite smallanddoesnot exceed0.025rad for a complete
stride. ThisvalidategheperformancefthePDjoint pasition
controlwith a samplingrateof 250Hz. The corresponding
motor current(solid) andPWM ratio (dashedpreshovn in
Fig. 5(b). This plot similarly displaysthat the kneejoint
of the robot operatesvell below its limits with currentsof
3 A (below themaximumH-bridgeamplifier currentof 4 A)
andthe PWM ratio alwayslessthan50%. Anotherinsight
from thisresultis thatthecommanded®WM ratiois roughly
proportionako thecurrentin themotors whichindicateghat
in principle torquecommandcontrol is realizablewith the
givenhardwarearchitecture.

Despitesmallerrorsin trajectoryfollowingin joint spacethe
robotgaitwasslightly tottering. Causesnay be unmodeled
backlashn thegears]ink flexibilities, andothereffects.

Heuristic Compensation

In experimentswith precalculatedrajectoriesit turnedout
thattheCoM s notshiftedsufficiently faroverthesupporting
leg. The obsered effect is the tilting of the robot towards
the swing leg as soonasthe swing leg lifts off the ground.
The applicationof the JacobiCompensatiomethodin this
caseincreasesobustnesdy a small modificationof the hip
position in lateral direction. This Jacobianis fed with a
heuristicallyfound compensatiotrajectoryshovn in Fig. 6
shifting the centerof massfurther over the supportedarea
of thesupportindeg. Thisheuristiccompensatiommproved
thewalking behavior of therobotsignificantly

0.2
0.1

-0.1

-0.2
0 5 10 15 20
time [s]

Figure 6. Heuristic compensation of hip coor dinate .

Teach-in Compensation

To furtherimprove the Jacobicompensatiomeference the
desiredAp,. hasbeentrainedin ateach-incycle. The pre-
calculatedtrajectoryis stoppedevery 2 s andthe operator
modifiesAp. or directly at the joint level a Aq to achieve
a statically stabletrajectory point by keyboardcommands.
Thesetrained modificationsof the precalculatedrajectory
arethenlinearly interpolatecandsuperimposewith q; dur-
ing normal operation. Again, the improvementof walking
behaior, in particularstability, is significantasaresultfrom
this manualteach-incompensatiomethod.

Fig. 7(a)againshovsthedesiredandthemeasuredrajectory
of theleft knee.Astherobotnow hasto supportts complete
weight by the knee,the control erroris higherthanbefore;
themaximumerroris 0.042rad. FromFig. 7(b) onecansee,
thatthejoint hasreachedts maximumloadcapabilitesasthe
motorcurrentsaturatesindthe PWM ratiois closeto 100%.
Thisis notsurprisingastherobothasbeendesignedor fast
locomotionwherethe requiredmotortorqueis smallerthan
thetorquenecessaryor staticallybalancingon oneleg.

1.6r  maximum error is 0.042 rad

=

angle [rad]

10 15 20 0 5 10 15 20
time [s] time [s]

(a)joint angle (b) motorcurrent

Figure 7. Trajector y follo wing with manually modified
trajectories (knee joint of left leg).
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Figure 8. Experimental result with teach-in compensa-

tion: (a) knee joint of left leg; (b) compensation trajector y

Ags for knee joint.

Theeffectof thecompensatiors shavnin Fig.8(a)wherethe

precalculatedindmodifiedtrajectoriesof theleft anklejoint

are plotted. The compensatiommainly affects the support

phasewheretherobothasto bebalanceddn theleft leg.



CONCLUSIONS

The developmenibof autonomoudipedalrobotsrequiresre-
sultsfrom mary incompletelysolvedresearctareasnclud-
ing fastlocomotionandagility. Modeling, simulationand
optimizationof completedynamicmodelsof theleggedrobot
dynamicscangreatlyassistin makingprogressowardsthis
goalon all levels of design,implementatiorand operation.
We presenteefficientapproachefor modelingleggedrobot
dynamicsaswell asmeasuresor stability andperformance
of leggedlocomotion. Resultsfor designconsiderations,
trajectoryoptimization,and online compensatioralong se-
lectedtask coordianteshave beenpresented.Experimental
resultsdemonstratéhesuccessf ourapproachothecontrol
of thehumanoidprototype.

Furtherstepswill includethe useof full multibody (inverse)
dynamicalmodels motorandgeardynamicsandthe devel-
opmentof groundcontactsensors.
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