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Abstract

We havc hllilt a planar one-Iegged robot. (the ARL i\'1ollopod) 1.0 stlldy the design,

1'0111.1'01 and energ""ics of alltonomolls dynamically stable legged machilles. Om 15kg

rohot is adllal.cd by two low power SOI,\! De e1ect.ric motors, yel. il. operates in a stable

and robllst fashion IIp 1.0 a rllnnillg speed of 'l.:3km / hl' (1.2m/s). Bath design alld

control of om machine horrow heavily from Haibert's work whose robots use much

mOl'e powerflll hydralllic adllators. Dcspite om comparative\y low power available

fOI' adllat.ioll, only the hopping IlCight controller had to be modiried ta achieve stable

rllllllillg. In arder to improve energel.ic efliciency wc illtroduccd a scalar "locomotion

time" variahle, which maps one locomotion cycle olllo a rixed interva!, indepcndent

of opel'ating conditions. This locomotion time has allowed the implementation of a

n'fcn'ncc trajedory for f1ight phase leg angle tracking. Wc have performed a del,ailed

elll'rgel.ic analysis of robot, rllnning for the ARL monopod in arder ta determine how

its dlicicncy may be improved. A comparative elh~rgetic analysis l'eveals am machine

as the 1Il0st, energy eflicient, powered legged robot having a specific l'esistancc of ê = 0.7

at .'I.:lkm/h,. (1.2m;'~) l'IInning speed.
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Résumé

011 Il cOllsll'llil 011 l'obol mlll'cllelll' Il 1111., flllllc (l,' MOlloflod :\UI.) lUI Il l' t'illdil'l' II'

design, le contrôle cl la prl!O,.UH111Cr: t:l1('I~/iliqllt l/C... robot.,;;; 11Iul'('llIïll·.... tlUIOIlOI1l'· .... d

dY"llmiqllellCll slables. Noire robol de 15ky esilldiot' 11111' dl'II,,. /1101,'111'.' ,'ll'cll';'I'II'S ,i

Wllrlllll COIl/.Î1l1l de fllible fluissllllce (SOIr J. Mlllfle,' <"l'III, il se d.'fllllcr d'lIl1l' 1I11l1li,',/,1'

slable cl robusle el alleilll IlIIe oile.,.,c dc floillll' dc :1.:11.,",/111' (1.2m /")' l,,' d"8if/1I

cl le cOlllrôle de base so1l1 e/llIJl'lllliés des ImOlllU dc Ulli/u'/'I mi Ics I"Obols s01l1 IlC­

liués fiaI' des Ilcl!olllleurs lIydI"llIlIÎlllle., flllis8111lls. Me/ll', III)('C '"11' 11I1.i881111''I' dislllll/ibic

lI'ès l'édllilc fiOUl' ['Iwlim//.Îlm, sellilc cOllll'âlelll' dc 111111"'"1'11 dll t'In, /lllIIliJù' IUlIlI' 111­

leilldre un dt'fllaccmelll slllble. Afill d'llI/lf'liorer cllcal'e /"s fI",jOl'llllllll'l'., "/II'/'f/,'IÎlI""s

du robol, Oll Il inlroduil Illle olll'illbie de "Ie/llfls de d,'lllllcwwIII" qlli fllTllld dc Jitil'''

COl'I'esIJo'lIll'e '/111 cycle de défllacemelll ri IIll illierollll,. F",., illllt'Iwlldll III III ",,1 d,'s l'IlI/di­

/.ÎOIlS d'ofléralion. Celle llolÎlm ,wus a flerll/.is de caicIII,.,· "'If: Irllj""loin, d,. dJi'I',.II,.,.

fiOUl' la flOsilio/l de la flalle flendlllli III flhasc de /loi. {hIC III1a1yse camp"Tllfio,. d,. 1'011­

sommalio/l énergélique du MOllofiOd A RI, clmji"me que Ilolre I"Obol "si Ic flills ':l1iCllc"

CO 111/111 ré Il d'autres robots marcheurs alJCC SOIl coelJicie,1f dc l'1:û,IIIIIf''' Sfl,'ciJiqll" d"

ê =0.7 ri une /Ii/esse de 4.akm/h,' (1.2m./8).

Il
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Chapter 1

Introduction

Goals of Legged Robot Research

There arc two important motivations to the st.ndy of legged robot.s. Fil·st., hasic lIn­

derstanding of biologieal locomotion can be greatly increased t.hrollgh t.Jw procl'SS of

reproducing animal walking and running by mechanical nwatls. l'erhaps of Illon' prac­

tical intert'st is the potent.ial performance of legged systellls in l'Ongh t.l'ITains. H'lihl'rt.

points out., "only about Imlf of the earth's landmass is accessible t.o exist.ing whc~"'l'd

and tracked vehides, \\',hereas a much larger fraction can be readled by anilnals (111

foot." [29]

Legged robots whieh arc capable of dynamic operat.ion and adive balan"" pronlisc

1.0 exhibit similar mobility, efficiency and dext.erity as their biolegical Cllllnt.C'i'lmrt.s,

Such robots would be able 1.0 operat.e in a large range of envirolllll,mt.s and sllrfaœ

conditions ami promise 1.0 be t.he mobile platfonn of choicc compared t.o wh""led sys­

tems. However, before legged l'obot.s become pract.ical, inlill'oved st.abilit.y )ll'Opel'l.ies

and autonomous operat.ion arc essent.iaJ.
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Historical Background
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L"I',I',,'d robots l',,,"''!'a lIy fall iIIto <lIl" of t 11'0 dasses: those capahle of dYllatll ic opera lioll

alld II1llS<' d"siglled fol' static walkillg. III static walkel's, stahility is asslll'ed throllgh

ki''''"latics by k<'"pillg th" ""litre of 1IH1S' of the lIIachille withill the polygoll fOl'llled by

Il,,, Sllppol'tillg f""t, 'l'his l'e'lllires these machilles to have at least fotll' legs although

tl",y are oftell bllilt with six legs 10 improve mobility. St,üic walkel's do Ilot balallce

adiv"'y alld sillt'<' dYllamics of mot.ioll arc Ilot cOllsidel'ed, spccds are 1011'. Dy"alllic

op",'at.ioll l'e'luil'<~s th"t balallcc be act.ively mailltained at. ail times. Dynamic robot.s,

II'hich can locomote even with a single leg, have a gl'eatel' potential fol' spccd and

power' dliciency.

1~;xpel'inlCntall'eseal'chon aetively balanccd l'unning machines began wit.h iVlat.suoka

[I!il who built. a planaI' one-Iegged hopping machine to study l'epetit.ive hopping in

humans. His machine was sliding on a LO° inclined plane and thrust.ed by an electl'ic

solenoid. The fil'st. walking machine with active balance was built by Mima and

Shimoymna [19]. It opel'atcd wit.h sl,irf legs, similar t.o humans on stilts.

OUI' work has bccn inspired by past research of l'vI arc Raibert [29] who has led

t.he field of dynamically stable legged locomotion during the past decade. He built a

val'iet.y of running robots, stal'ting with a plall<u' one-Iegged machine [28], followed by a

:.!D one-Iegged, a t.wo-Iegged planaI' robot, and a quadl'llped. His latest robots include

a :ID t.wo-Iegged robot" where cach leg has four actuated degrees of frccdom. Exccpt

fol' the fil'st one-legged planaI' hopper, which was pneumatically actuated, his designs

nse powerful hydraulic actuators and rely on pneumatics for the leg spring only. By

en'ectivcly climinat.ing power constraints Raibert \Vas able to focus exclusively on robot

design and cont.rol issues. This strategy \Vas eminently successful and he buih many

dirfcrent, l'llnning robots based on an almost standardized set of custom parts. It is

import.ant. 1.0 realize that all of his robots are controlled by some derivative of t.he

t.ri-partitioned decoupled control developed fol' the original one-Iegged planaI' hoppel'

[29].



Papant.oniotl [:2:L :2:2} ha:-; abo huil! il planaI' 1ll0110111lll arillalt'li h~' t \\,u ('11'ct l'il'

molol's and is nsing a d"l'ivatil'" ,,1' Hail,,'I'!'s l'onl.rollPl', II<- .'nlplovs a t'lnll'h II'hil'h

engages t.he spilllling 11101.01' nt. l1lilxillltlllll('~ rOlllpn''ssioll 10 l1lilxil11iZ(·I'IH'I'~.\· ll'illlsl'l'I'

10 Ihe leg. Thlls fol' his d"vic" ,'n"l'gy is only add"d dnring III<' SI'l'ond hall' of III<'

stance phase. To Illake this appl'oarh \\'ork. t.I11' stall("(' titlll' IlP('lit'd 1.0 \H' iIlCl't'ilSPt!

('onsiderably 10 'liOIll,~, ""sllilillg in a nll"\" of op"l'alion II<' kmlS "l'llInplianl lI',dk" ,

This is dirfel'elll l'rom a ntllning gait. in t.hal Ih" lIighl dlll'ation is shol't,,1' and Ih,'

hopping Iwighl is shalloll'el'. The 10ll'el' lIighl dnralion linlils t.11<' alnplilnd,' of h'g

swinging and thus the l'ulllling spced. Then~ al'l~ IBany 11l01'(~ l'ps('arch Iain; wOl'killP;

on dynamic locomotion, An ext.ensive l'l'vieil' of l'es''al'l'h in I,'gg"d 10l'llInot.ion l'an Ill'

found in [:30],

• C'1l:\I'TE'1I 1. fNTIIOJ){i('TIOS :1

Progress at McGill

Reseal'ch into legged robots at lvIcC:ill begatl ill Im)1 at. t.11l' Amhlllat.ol'Y Hohot.ics

Laboratol'Y (ARL) of i'I'IcGill's Cent.l'e loI' 11It.e1ligent. i\'lachines (CIM). WOl'k al. AR!.

is dil'ected towal'd undel'standing t.he t.heol'el.ical and pradica.! isslll's involved in rohot.

locomotion with the final goal of building a l'II Il y ant.onomolls, all'll'llahle '1l1adl'llped

capable of pel'fol'millg in an indllst.l'iai environ ment. '1'0 t.his elld, ARL's rohot.s 'ml­

ploy electl'ical actuation rat.hel' than hydraulics, since it. is more sllit.ahle fOi' indool'

alltonomous robots, and is a c1eanel', safel' ami less expensive I.echnology.

Our curl'ent planaI' monopod l'epl'esemts an inlj)ol'tant. fil'st. st.ep t.owal'ds t.hat. filial

goal. The pl'ocess of mechanical design and cont.rollel' deveioplllemt. and illiplemell­

tation as weil as l'esults gathel'ed l'rom expel'illlellt.al l'lins will prove illvaillahle t.o

developing more sophisticated, mlliti-iegged rohot.s, Alt.hollgh t.he plallal' 1II01l0pod

may seem simple and far l'emoved l'rom practicality, its silllplicity allows fol' deveiop­

ment of analytic l'esults as weil as pl'oviding new concept.lIal insight.s, yet. it. rlisplays

ail the relevant properties of active balance and dynamic operal.ioll.

Since autonomous operation is desired, this implies an on-board power SOli l'ce which



Îllcn'i1SPS til(' IIlass of th<' rohot. af. t!Je <'XPCIlS(' of pay Joad. Thlls~ IlliIIi Illizillg cllergy

('OIlSllIllpt.ÎOII 1'(~('OIlJ($ ail important consideration. Allalysis of t.lw ('Il<'rgc1.ics of t.he

AHI. ~'Iollopod shows eill'ollragillg reslllts, bllt "'1' feel further illlprovenlents ('an \)('

l'l'idi~ ..d by deV<'loping colltroll""s ainl<'d al. minillli~ing energy cOllsumption as weil as

stabili~illg the l'IIl1l1illg gait.

• ('//1\ l''I'UI 1. IN'I'IWD(J(,,/,IO!Y ·1

•

Author's contributions

1.ioill",1 the ARI. research teilln hcaded by l' l'Of, M, Buehler in ,January 199:3, At

that tillle, tbe virtnallllotion system Was in place [20], the l'Obol. leg (Fignre 2.1) and

rdat.ed eiectrollic hardwilI'e had bœn constmcted, and prclimillary cont.rol software

was wriUell [:1:1]. Experimentat.ion IHld yd t.o begin. By early Febrnary, after becom­

illg fillniliar wit.h t.he system 1 performed st.able vertical hopping experiments wit.h

t.he leg. 1 next. performed experiment.s t.o evaluat.e the torque-speed characterist.ics of

onl' actnators, These resnlt.s arc given in Section 2.l.3 and Ied to the devclopment. of

an analyt.ically t.radable, exactly implementable open-Ioop t.orque controller used 1.0

st.abili~e t.he hopping height [2ï]. This controller is described in Section 3.1.

ln the spring and snmmer design and construction of a body and actuated hip

for the ARI. Inonopod pl'Occeded (Section 2.2). 1 was responsible for this detailed

medlitnical design alld cOllst.rnction although the allalysis involved ill sizing the hir

tl'allsmissioll compollellts was dOlle in collaboration with M, Ahmadi. In September,

1 nsed Raibert's work was the basis for writing control software for the monopod.

On September 20 1 performed the fi l'st; stable, 2D running experiment with the ARL

mOllopod on the treadmill, Experiments continued thl'Ough October and by the be­

ginnillg of November the robot was running at a top speed of 1.2m/s on the treadmill.

These rcsnlts, originally reported in [11], are described in Section 4.2.

Thl'Ongh a ddailed analysis of the energetics of our robot as weil as a survey of

ot,her legged robots [12J, 1 established that the ARL Monopod has the lowest specific

resisl,ance in among powered legged vehic1es (Section 4.3).
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\Ve <1<.'\'('10»('<\ fl l-icalar "\OCOI1l0!.Î0I1 t.it1u:· \'ariahh' Ils a 1l11)1 I~Jl' 111'\\' rOllt rul i<i,'as

alld implcm"lIlcd ca\culatiou of this locomotiou till\(' olllille duriu~ au ,'xl,,'rillll'ulal

rUII. 1 uscd this locomotioll lime as Ih,' hasis for ca\culatillg a 1't''''I't'IIC'' l.raj,'clor~· ill

kg augle. lmplcmcutillg l.his \'({cl't'u<'" tra.Ï<'cl.ury duriug au ,'xp,'rilll,'utai l'lIU ma!;,'s

thc Icg swillgillg smoot.h"I' alld millimiz,'s jolt.illg at. Iirt.-off aud louchdoll'II.

In an at.t.cmpt. t.o improve t.hc qnalily of Sl'IISOr data. 1 d"",'lop,'d. constm,·t,'d an"

t.est.ed a hybrid allgle sClIsor design hasl'd on analog s"lIsing alld local :\/D nlllv,'rsi'lIl.

The qualit.y of sensor data Ims a direct. "'fcct. on cont.I'OII,'r pl'rfol'luann'. This S"II~llr

consists of an allalog pot.entiometer coupkd t.o 'Ul on hoard A/D convel't.,'r cil'cuit

with active filt.ering and a scalahle input. range (Sl,ct.ion 5,:1,:1),

Organization of the thesis

The t.hesis is orgallized as follows, Chapter 2 discusses t.he el'pt'rimental hardwiu'e ail"

describes issues rclat.ed t.o mechallical desigll of t.he ARL i'vlonopod, Cont.rol iSSUl'S

for the robot arc discussed in Chapter:J, III Chapt."r '1 t,he "l'P"I'ill\('nt.al pl'llce"ure

and resuIts obtained arc described, A detailed energct.ic allalysis of rohot. IllWluot.illn

as weil as a comparison of robot. efficiency t.o t.hat. of ot.h"I' land vehidcs is also ill­

c1uded in Chapt.er 4, Chapt.er 5 describes pl'Oposed cont.rol st.rat.egi"s and n\('cimllica.!

design modificat.ions aimcd at. impl'Oved energy efficiellcy, ln Chapt.er (i fllt.nr" \l'or!;

is proposccl,
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Chapter 2

Planar Running Robot

2.1 Hardware Description

2.1.1 ARL Monopod

The ARL Monopod Illay be described as a prismatic, planaI', c!ectric monopod. 11. is

colllpŒed of a leg with a sliding prismatic knee joint and a mechanica! spring. The leg

al.t.aches 1.0 a body throngh an actnated hip joint. Mechanical design considerations

fol' the leg in Fignre 2.\ are discnssed in [27].

The layont of the Illonopod is shown in Figure 2.4. The robot has six degrees of

frecdolll (DOF) of which only two are act.uated. Actuation comes via tlVO SOW brush

De 1110tors (Maxon 2260 series) powered by PWM servo ampli fiers (Galil MSA-12­

SOl. The servo ampli fiers operate in cnrrent feedback mode allolVing motor torque 1.0

he specified directly. The 1110tors each drive a high efficiency NSK bail screw. One bail

~crew compresses the leg spring while the other actuates a cable-pulley transmission 1.0

control the hip angle (Ieg relative 1.0 body). The cables can optionally be replaced with

cOlllpliant. e1ements. Optica! encoders arc nsed 1.0 sense motor positions and hip angle.

t\ potentiollleter is nsed t.o measure the leg length. Ali positions are differentiated and

filtered in soft.ware using a first order Infinite Impulse Response (IIR) filter 1.0 obtain

raIes. Filtering is necessary 1.0 eliminate sensor noise due 1.0 quantization of encoder

6



signa Is and e"'ct romagn('\ ic inlt'r[,'n-n("(' (E ~ Il) 1)('\ I\'<"'n hi~h-l'I"TI'nl, hi~h -h" nd 1\' id \h• C'IIAI'TEII 2, l'I.:IS..\II/Il:SS/SC; 1I01l0T -
1

motol' PO\\'PI' signaIs and ilnalog st'Ilsors.

2.1.2 Virtual Motion System (VMS)

The Virinal Motion System [20] consists o[ a tr<'admill and plan''''iz<'r that. rons\ rain

robot motion 1.0 a vertical plane, The planariz,-r ,'nlploys horizont.al and \'l'rtica\ hi"l

slides riding on precision gl'OlInd rods 1.0 allol\' [n-<' mov<'lnt'lIl ill tht- horizullt.al ,,1101

vertical direcLions, The body o[ the l'Oho\, attadlt,s 1.0 tilt' plallariz,'r throll~h a n'I'Ollltl­

joini which uses allgular COli tact. hall hcarillgs 1.0 allow [r<'<' hody pitchin~, Ali thn-,­

DOFs arc instrumented with opt.icai encoders t.o In,-aSllr<' t.h,- horizontal and vl-rt.iral

position and the body pit.ch angle. Treadmill power cOlnes [rom a :l.ïHV ne nlot.or

controlled by a regenerative De motor con\,roller wit.h manllal set.point adjllst.nlt-ni..

The treadmill allows nnlimit.ed mnge [or l'Ohot. l'l1nning. i\ wrangle is att.adlt'd t.o t.h<,

planarizer 50 t,he robot may be manually lirted ol[ t.he t.readmill in CilSe o[ elnerg<'nry.

2.1.3 Motor Madel

The motors which actuate t.he leg spring and hip angle helmve Iii", ideal "tor'lll<'rs,"

't.hat is, wc can control instantaneous current. up t.o t.he t.hermal and operat.ional li"l­

its imposed by the motor const.rnction and t.he drive eleet.ronÎcs. Since w" 0lll'rat.e

intermittently wc arc able to dmw the maximnm stail t.orqne o[ 1.7S Nm and nt.ilize

the operat.ional regime for short. term opemt.ion in t.he fi l'si. '1nadn,nt. giVl'n hy t.h"

manufacturer (Figure 2.2).

The servo amplifiers arc powered fl'Ol11 a 48\1 ulll'egnlat.ed power sllpply allowing

the 1110tor's stail torque of 1.8Nm 1.0 be reached. The result.ing operat.ing regim" is

shown in Figure 2.2, which was obtained experil11entally by comnmnding a desired

torque square wave profile between +1.8Nni and -1.8Nnl.. For t.his d,"~s of fradional
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/imi/;cd t,o T = 1.8Nm dUl"illg .dl cxpcl'iulCnt.s <lS sp(~ci(jcd by /,lw U/é111II1;U:t,IlI·C'l".

horsepower moton;, torque Î!'i Iimited by

~ f( 1 - *) Fil'st. quadrant.

~f Second ct liad l'allt.
i

;::: -f( 1+*) Thini qlladnUlf.

;::: -f F'olll"th quadrallt.

(~.I )
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whcl'e f i!'i the stall torque alld Wis the 110 load speed. 1f. is thel'cfon! (~V id(~IIt. I.h ...1. t.lll'

traditional actuatot' limit of the f01'll1

is not applicable 1,0 this dass of c1ectric De motol" whkh is increasillgly r;ollltlloll fol'

driving small 1,0 medium sizc l'Obots and mccha.llisms.

2.1.4 :E}lectronic Hardware

Figure 2.3 shows how the c1cctl'Onic hardwa.re l'c1ates t.o the lTIonopod. J\ sillgl(~

XI'IDCS Transputer node [1] is used to read and I)J'OC:(~SS sensol" signals, cOlIIlHlI.C



~Iatl'S ;Ind conlrol OUt.PlltS. log data, and int('rrace wit.h the ~('rvo élIllJ>lifi('r~. The

~talldal'd XPIDes Transpllt(~r hoard is COllIH~d('d 1,0 Cl Cllslolll 1/0 hoard whiclt linb

t.I11' robot. hardwaw (~(~II~OI'~ and servo <llllpliriers) 1.0 t1w XP/DCS hoard. This CllSt.Olll

1/0 !JOard !)('l'rOrlllS <lnéllog 10 digital data conversion roI' sensors and scrvo <llllplirier

r('cdhack signaIs, qlladrat.u],(l decoding or raw encode\' signaIs, digit.al 1,0 analog con­

\'l'l'sion or con t. roll cr out.put. signais and pl'ovides rdcrcnœ volt.age roI' polent.iollleters

throllgh a De-De converte\'. Thcse dcviccs arc hotlsed in a rack next 1,0 t.he VI'vIS

and conlll~d 1.0 the l'aboI. through ct series or cables.
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Figure 2.3: Elcctl'OlIÎc Hardware Conllectioll Diagram
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Software is dcvclopcd and cOll1pilcd on a SPARCstation and downloaded through

an Et.hcl'IIct. gat.cway (IMS 13300 TCPlink) to the XP IDCS board bcforc an experi­

mcntalnttl. Thel'c is no communication bctween the XPIDCS and the SPARCstation



dlll'ing the rnn wh,'n th" Transpnt,'r l'nns 1h,' sorill'al'l' ",'snil,,'" in S,'('I.ion ~,I.~l al '1

l'at" or Il.. 11:. :\rt"l' Il,,, <'xl"'rin,,'nt is ('<lin 1'11'1 l''', logg<'" "ala is "oll'll1oa",'" 10 III<'

SPAHCstat.ion 1'01' olllill<' analysis.

Power l'or the rohot conll's l'rom th" grid thl'Ongh a singi<' (;,liil ('l'S-li-,I~ nnl'l'gn­

lated DC pOWl'r sn l'ply which I(,,'ds hoth Sl'n'o anlplili<'I'S. Th" Sl'I'VO lIInplili,'rs ('an

handl" up to :2k\V I"'ak throughput. an" St'I'VO th" nllll.ol' l'UITl'nt (and th"s 1.1,,' Inolol'

torque) al a :2.51.,11: closed 1001' handwidth.

• Cll..lpTEn 2. pl.:\N..\I1 ni 'NS/;\'(; IlOilO'/' Il

2.1.5 Software

The <:oulrol algorithms discussed lU Chap""r :\ ar" l'odl'd as part or a 1:\()() lin.' C

program which coulrols ail robot. rnuct.ions. This soft.warl' consist.s or ail init.iali1.a­

t.iou rout.ine, a main 1001' aud a dat.a recovery rout.ine which downloads "at.a rl'Onl t.hl'

Transput.er memol'Y ta the SPA RCsta.t.ion for olflint' analysis I(lllowin[.\ t.11<' <'~;p<'rinlt'n­

t.al !'un. The main 1001' is execut.ed once every millisecond a.nd perrOl'lllS t.1,,! 1()lIowin[.\

functions:

• keeping t.rack of l'cal t.ime used to compnt.e t.inle dep'!Ild,!nt. physical '1nant.it.i,'s

and to synchroni~e t.he cont.roller frequeney,

• reading raw sensol' dat.a through the \/0 hoard,

• proccssing raw sensor data int.o nsahle fOl'lll inclnding dilrerent.illt.ion and lilt.<'I'in[.\

of position data ta obtain rates,

• maintaining a watehdog timer signal whieh ads as a failsafe; t.he t.l'eadlnill and

servo ampli fiers arc disabled when this signal is not present.,

• controlling an audible alarm which infol'llls i he operat.or of t.he heginning and

end of an experimenta! l'lm,

• computing the current state of the robot. (fIight., st.ance, etc) l'rom sensor signais,



• ('//:II''f'Jo:I! 2. l'LiIN/II! I!I/SNINC: IW/iO'f'

• 1'I11lllillg l.il(~ cOIlt.rol algorit.llIlIs 1.0 dt'l,el'IIIÏIH' d('!'iiJ'(~d tOl'qllP vaItH's.

12

• "'lIdill!', d"sil'(,d 101''1"'' valu"s ID Ih" servo alllplifiel's which coutrol aud 1'011'('1'

t.11t' 11I01.0I'S, and

• l'('cordill!', SI'USOl' aud slate dala iuto au array fol' lal"r recoV<'ry iuto the SI'AHC­

stat.ioll; theSl' dat.a al'e typkally recorded every 15 lIIillis(,c'ouds fol' a GO secoud

l'II Il.

'l'his software is developed aud cOlupiled 011 the SPARCstatiou aud is loaded iuto

1,11" 'l'rallsputer just prior 1,0 au experimeutall'tlu.

2.2 Design of Body and Actuated Hip

2.2.1 Mechanical Layont

Rlluuiug iu the plaue demauds the leg be able ta swiug fore aud an. in a controlled

fashiou. 'l'his in turn implies an actuated hip joint attaching the leg ta the robot

body. 'l'he inerl,ia of the body should be high compared 1,0 that of the leg iu order

t,o minillli~e the pitchiug motion of the body in response 1,0 leg swinging. At the

"lme time, body mass should be kept 1011' 1,0 keep energy requirements for vertical

motion small. Bath requirements can be satisfied by having a long body whose mass is

Cûnceutmt,ed al, the emls. The body of the monopod consists of a standard aluminum

dmunel sectiou used for structl1l'e. Elements of the hip act.uation system (hip moto1',

hall scl'Cil', servo amplifiers) and a 2kg counterweight (1,0 offset the hip motor and bail

snell' masses) are housed al. either end of the body 1,0 increase the body inertia. The

fiual design shawn in Figl1l'e 2.4 also keeps the gravity centre of the robot al. the same

IlCight as t,he hip joint. No attelllpl: was made 1,0 minimize the weight of the channel

section which alone accounts for 1/4 of the robot~s 15kg mass. In future, reducing

the body mass ancl eliminating the counterweight could allow the Xl'IDCS board
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{'X p{'ri Illl'lltS.

III oreil'I' 1.0 lltilli111iz(' n'qllin'IlH'lIls l'ur span' parts \\'l' dl'ridl'd hl llSl' llll' Silllll'

type of 1110101' fol' hip actlla\.ioll alld I,·p; artllalioll. Th,' I.~S/I1 ,\alllol"I'Il' ,,1' Ih,'",

SO\·V 11101,01" alollg ",ith \.Ill' [,5NIII hip lorqlle ('('qllil·,'d l'or Il'rward rllllllillP; d"II"'lId a

:lO: 1 tnlllSmi"ioll geaI' ratio. ~'lo('('ov"I" Ih,' Irall'lIli"illll d",ip;1I ,I""dd .dl"", ,;,1' 111l'

ill,,'rtioll of a compliall(,(' ill '''l'i,'' ",ith 1.!1l' hip aclll.üioll ',1',1,<'111. 'l'hi, """lplialll'"

i, l'eqllil'ed fol' the experillll'lItal ,tlldy of pa"i\'l' dy"alllic rllllllillP; "IIIT"IIII~' Ill'ill~

invc,tigated in ,illllllal.ioll.

By u,iug a cable aud pull,'y 'y,t"111 1,0 al'lual,' 1Ill' hip joint, ,"ch a "'ri," COlllpii'UIl·"

mn ea,i1y be incol'poral.ed inl.o the de,igll by illc\udinp; ,'xten,ioll 'prin~' in th,· lon~

cahle" Figme 2.:1 ,how, the,e cable, ('1) fixed al. on,' "lId 1,0 th,' hip 1'"11",1' (:1) II'hich

act.uates the kg (12). AI. I.he ol.hel' eud, I.he cah"', l'lUI 0\','1' idl"I" (!l) alld n\.lnch 10

I.he balluul. of a high efliciency NSI": bail 'CI'ew (n, 5). 'l'Ill' hall ",!,ell' i, a"!'lIn!,t'd Il,\'

the hip motOl' (S) thl'Ough a milliature liT\) I.imillg hdl. (10) and IInil.y rnl.io p"lley,

aud couverts motol' I.ol'que into an axial fore<' ddivered al. I.h,' hall IIUt. 'l'hi, 1",11 nllt

force, iu tUI'll, tellsions the l'ables which adual.e I.he hip pulley.

Usillg the HTD bdl. to relal.e the UIOI.OI' 1.0 I.he bail 'CI'ew ('(',"11.' III a ,·olllpa.. 1.

assembly with the motol' placed uudel'lleath I.he bail ,creil' and p''1·mil.' a body l<'n~l.h

of only D.9m, ln addil.ion, I.he HTD belt provide, sonll' pl'ol.ecl.ioll for \.Ill' 11101.01' hy

isolating it fl'Om shock !oads. The hip (lulley radill' allli bail ,creIV bul w<'re HI·I<'I·I.,,,1

as descl'ibed bdow in Section 2.2.2 to give I.he l'eqllired geaI' ratio of :10: 1.

2.2.2 Hip Transmission Design

'l'bis secl.ion descl'ibes an o(ltimi~atioll (ll'Ocedme fol' ,e1ccl.illg the panulle!.el" of I.he

hip acl.uatioll system. The dy"amical equatjolls of the hip I.rau'lIli"jou 'y,t''''1 ,hoIVII

in Figure 2.5 wel'e derived and simulal.ed by M. Ahmadi. 'l'hi, ,irnulal.ion fOI'ced tlll'

leg angle to 1'011011' a desil'ed trajecl.ol'Y similal' to the expecl.ed trajecl.ory fol' l'olJOI.
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1't1 Il III Ilg.

TIIP l'l''''' parallld,'rs ill th" hip IrallslIlissioll d"si1\11 'm' tll<' pllllt'Y r,,,lills Il. tI,,· hall

S<T"W kad l', (eqllivalc'lIlly 1. ill 1I1111/rt'1') al,,1 Ih" hip <'olllpliall<'t' slitrllt'ss /"". F""

direct. act.l1atiol1~ h'h is set, t.o (l lal'g;l' vahl(' ('qllal to t.llt' cahh' sl,ili"llt'ss. 'l'ht' (h'si~1I

rt'qllires that the 1Il0tor stail torqll" 1101 ht' "X<'t't't"'d (ru, :5 Tl whi'" Ill<' "'1\ swill1\s

dmillg rllllllillg, A sillllsoidai traj"ct.ory was IISt'd io r"l)l'('s"lIt 1.1,,' IIllllioll ,,1' 1h" "'1\

durillg rllllllillg. Hesults l'rom vt'rt.iral hO(lpillg (,x(lt'rilllPllts p"rr"I'lI"'d wit.h tl,,' ",,1."1.

leg [2ïlwel'e used t.o est.imat." t.he paralllet.t'I's or t.his sillllsoidai I.raj"t'\ory, :\ rl't'qllt'I"'Y

or2H= l'quai t.o t.he vert.ical hO(l(lillg rreqllelley alld ail amplit.lldt· or 200 <'OI'I"'SI">lldill1\

t.o a l'llllllillg speed or O,!hn/s were sded.ed, Body pil.chillg was Il,,gl,,ct.t·tl.

l,· ,. [[' 'l' "[)''Igurc L:.o: . JI> l'(lllSllHSSIOII liJgr;ull

The variables involved in the dYllamieal e'luatiolls or t.he hip aet.ua.tiOlI SYSI.<'111 are

given in Table 2.1 alld are graphieally represented in Figure Vi, Ily haianeing rorces

in the hip actuation system, the dynamical eqnations may be obt.ailled, Silice a IIl1ity

ratio transmission eonnects the hip motor 1.0 the bail serew, the hip motor 1.01''1"'', r""

is e'lual to the bail serew torque, This torque goes into aeceleration or the bail screw
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/1 hip pulley radius (m)

(J hip joiat. augle (nul)

Ch hip.ioiut. dal11piug (N/111/s)

k" hip cOl11pliauœ st.irfness (N/m)

Ch hip cOl11pliaucc damping (N/mj.~)

/;;1 hip cable t.eusiou (N)

Tm hip mot.or t.orque (Nm)

(J., bail scre\V angle (rad)

l' bail scrc\V lead (mfrad).,

.1... bail scrc\V iucrt.ia (kgm.2 )

Pli bail nut. posit.ion (m)

"I,ft bail nul mass (kg)

J~I bail nut force (N)

T" ballnut. torquc (Nm)

m[ Icg mass (kg)

./[ Icg incl-t.ia (kgm 2 )

le distancc frol11 Icg CG ta hip joint (m)

g gravitational accc\cration (m/s2
)

Tablc 2.1: T";lllsmissio/l Variablcs

IG
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as wdl as halallcillg th,' hall IIUt 101'qUl', T", accol'liilll!: 10 Ih,' l'l'\alioll

1ï

wh"l'e T" l'l'laies to the rol'ce ill th,' hall Il lit.. l,'" thl'olll!:h 1h,' ka<l or UIl' 1>all sel'l'W, ",.,

The rorce ill the bail IIUt. is IIse<l t.o t,ellsioll I.he hip ea1>l<'s rOI' act.uat.ioll as wl'II as

accderatiug the bail uut. itselr;

TI:e liuear acceleratioll or I.he bail IIUI., ji" relat.es 1.0 t.he allglliar i\('c<'\erat.ioll or U,,'

bail screw, ii,,, through the bail screw lead,

Takeu together, the above cquations reveal t,he mot.OI' 1.01''111<' l'datioll

where

accoullts roI' the combined inertia of the bail screw and bail nllt..

The tension in the hip cable, /'i" balances the dynalllic load or t.he hip c:olllpiianu',

Iii. = 2k,.( /W - l',,) +2q. (/W - ]i,,), (2,:1)

and, so, approximating S'În(O) ::::: 0 for small angles, the dynamics or t.he ad.llat.ed hip

arc represented as

(2.'1 )

Solving equation (2.4) where the leg angle 0 follows t.he sinnsoidal pat.h 0 = Ou sin(wt)

gives the motor torque

Tm =Asin(wt) +13cos(wt) (Vi)



wlJef'(~ i\ '1.1lc! IJ al"l~ fllndiolls r~ th(~ system desigll parallwt.ers, prilllarily t.he levcl'

a l'II 1 li, t1w stiffllcss hll and hall serew lead r.~, as weil as the pal'amcters of the lcg

Lraj(~dory. 'vVe Gill 1I0W eva!lIat.c t.he llIo!.or's t.orq\ll~ rcqllil'cllIcnl.s as a fundioil of leg

spœd, T",(W), 'l'he peak lIIol.{)J' torque, TrIl'lJ~' depcllds cn t.he design paramet.ers ill a

sitllpJ(~ fashioll,
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TmflJ, = J!\2 + IJ2. (2.G)

This lllaxilllllJJ1 torque is show!l in riglll'c Figlll'e 2.G for the direct. act.uation casc

with a Icg anglc t.rajcctol'Y of amplitudc 00 = 0.:35rad and frcqnctlcy w = 4ii'l'ad/s.

The maximulll mot.ol' torquc, TIIlUJ~ is plotted against the bail screw lead, L, expressed

in lUlli/l'CV for t.hl'cc values of pulley radius R = 0.041n, R =0.08rn, and R = O.1:hn.
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FigUl'e 2.G: Hi}) TralJsmissiolJ Design. The ol'dinate shows the maximum l!i]J motol'

t,orque l"CCJuired t,o swing the leg thI'Ough a l'efcrencc traJectOlY with a given combi­

mi/.ioll of bail sCl'ew lcclc/ am/ pulley radius. The final design uses Jead = 16mm/l'cv,

"rlClillS =O.DSm.

•
The next, step in the design pl'Ocess is to select the optimal combination of bail

scre\\' lead and pulley radius from Figure 2.6. Unfortunately, this problem cannat

he cast as ct straightforward numerical minimization pl'oblem, sinee there are many

non-st.andani constraints. Fol' cxample, the motor characteristics require that the



maxinnllll torqne \)(' a rnn('tion or th" vl'Iocity f\iv,'n hy ,'qnal.ion (:!,!). Fnrlllt'I'nlol'l'

bail sCl'ews are availabl" only in coars"ly discl'l,t" kads and l"nf\lb a,,,1 lilt'ir in,'rtial

paramet.ers are only a"ailable via looknp tabl,'s.

The generated cable t."nsion l';, shonld h" k,'pt small sinc<' il. alr"cts tIlt' OI"'rali

sizi~ and weight. or 0111' st.rndlll'es. Sin"" 11',' plan 1.0 ns" "Iaston""'ic springs, tilt'

spring st.irrness is Iimit.ed 1,0 51.:NIIII dne t.o el",rf\Y st.OI'af\" limit.ations. 'l'lit' hall St'l'"W

t.ravcl should he less t.han 0.1111 t.o lilnit. t.h,' inert.ia, nlass all<l l'ody I"ngth. Th"

design is rlll't.her complicat.ed by t.he necessit.y t.o nl,'d I,h" ('onst.rainl.s I<lI' hoth dil'l,,·t

and compliant. act.uat.ion. The complianl. case is facilit.at.ed by la,w' pnll"y radins

n, result.ing in smaller t.orque rcquirmllent.s, bnt. t.his inl'l'easing U, wllt'n C<lInhin,'d

\\'it.h t.he opt.imumlead (Figure 2.6), increases mot.or ve\ocil,y, acccierat.ion, hall StT"W

travel, and bail scre\\' lead in t.he direct. aet.nation case.

The final design paramet.ers or lead D = 0.16111I11II'CII, pnll"y radins /1. = ().()~III and

spring const.ant. k" = 3600Nlm are an al,t.etnpl, to sat,isry ail t.h" const.raint.s con('"rning

pulley radius, bail screw lead, and maximummot.or t.orqne and ve\ocit.y. Togdh"I' \Vit.h

a bail scre\\' t.ravcl or 0.13111, this configlll'at.ion allo\\'s a Inaxinlnm hip allgle or :~'I:)O.

This set. or paramet.ers minimizes the 1I10t.or t.orque-spœd reqnirement.s l'or conlpliant.

running by matching t.he nat.ural rrequency or t.he syst.em \Vith t.he rreqnency or t.IH,

vert.ical oscillat.ions or 2 li;; [27].

• Cl1AI'TEH 2. l'LANAH HfiNNINU IlOilO'/' III
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Chapter 3

Control

3.1 Three-part Decoupled Control

B.lInning for a single legged system is comprised of a slancc phase dUl'ing which the toc

is in cont.act. wit.h the grollnd and a ballistic j/ifJhI. phase when the toc is oIT t.he grollnd

and t.he robot. belmves as a projectile. These phases arc iIlustrated in Figme 3.1. A

"lep cOlllprises one st.ance phase bet.ween louchdown and lifl-olT of the toc, and one

f1ight. 1,II<Ise beginning with lif/.-off and ending al. t.he next louchdo'll1n.

B.aibert. devcloped a control strategy fol' legged robots which decouples t.he complex

coordinat.ed rllnning motion into three separate t.asks; hoppinfJ heifJhl conlrol, forwll'rd

"/,,,cd cOll/roi, and a/./.i/.ude con/I'OI. Hopping IlCight is controlled dUl'ing stance using

t.he leg act.nator while body att.itllde is simultaneously controlled using t.he hip actua­

t.ion syst.em. DlIring f1ight, the hip act.lIator controls forward speed. In order 1.0 control

t.he rllllnillg motion of our robot., we t.ook Raibert's three part control algorithm [29]

alld applied some hardware specifie modifications as described below.

3.1.1 Vertical Motion (ltopping height control)

In Raibert.'s rllnning experiments he stabilized the vertical motion of his machines by

specifying a constant. position step 1.0 the leg actuator during stance al. the instant of

20
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Figure 3.1: Pllélscs or Uo/)()/, HUlIlIillg

maximum leg compression. In l'esponse t.o this st.ep, t.he aet.uat.Ol" [<·lIgt.hülIs, t.hl'llsl.illg

the body upwitl'd and injccting enCl'gy iut.o t.he system. The magnit.ude of t.!lis acl.ua.l.lll'

position step detel'mines the steady hoppillg hcight..

For the ARL Monopod, Lhe ground fOl'ce acting against. t.he leg aduat.Ol" al. lllil.xi­

mum compression is approximaLcly 500N, which llIakcs the posit.ion stcp an illllH'<u:­

Lical stratcgy with low power c1ectric actllatol'S. Insl.cad wc use a. dirrm'cnt. Op<Hl lonp

controllcr described in [27],
W

T = f{l - -;:-),
w

which specifies a scaled vCl'sion of the maximum torquc-specd CIII'V<: of 0111' mot.ol',

equat.ion (2.1), with 0 :::; f < f in the first quadl'iUlt (stance), and il high ga.in PD

controller to rcturn the actuatol' dUl'ing rtight. This strategy is cxaet.ly illlplcJJlcllt.ahlc

and applies thrust continllously during the elltil'e stance phase. For our expcl'illlent.s

we chose f = l Nm whcre f = 1.8Nm. By applying aet.uat.or effort. t.hl'oughoul. t.iw

cntire stance phase rather thall only aL the Lime of maximum compression, t\u: power



""'1l1i""""'lIt for act.llation i" gr"at.ly ,·"dllced. As in Baihert'" expel'im"nts, there is a

"tahl" hopping '",ight which cOl'J'e"pond" 1,0 each \'aille of f.
• (:/l/\ l'Tlm :J. (:ONTJWL 22
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3.1.2 Foot Placement Algorithm, FPA (Speed control)

WheJI th" rohot hop" with zero forwa!'d speed, the toe should ohviously he placed

h"I",ath th" gravity centre (CC) of the hody 1,0 keep the rohot. from falliug ovel·.

i1ow"v",', wh"n )'unning wit.h non-zero speed, the body moves forward ove!' the t.oe

dming t.he st.ance as "ccn in Figure :3.1. The CG of t.he body moves forward a dist.ance

equal 1.0 t.he product. of fonvard speed and stance duration (;i:'l~). In this case, where

should t.he t.oe be placed fol' st.ability'! Raibert. states t.hat fol' each ruuning speed,

t.here exist.s a neu/.ml jloint given by

:VI:,
:cJo= -

2

which is t.he touchdowu t.oe position mcasured forward from the body CG t.hat causes

zero net. acceieration. When, at t.he end of a f1ight. phase, the toc touches down at

t,he neut.ral point. th" body moves symmet.rically over t.he toc position through stance

and t.he next. lift-orf speed equals the !ast touchdown speed. If the toe touches dowu

hehiud the neutral point, t.he body accelerates forwardj placing the toe ahead of the

neut.ral point. slows t.he body down. There is an analog t.o t.his behavior in human

l'lInners who lean forward while accclerat.ing and lean back ta slow down.

The neut.ml point is t.he key t.o Raibert's foot placement algorithm (FPA) which

determines the touchdowu position of the t.oe relative ta the body CG (shawn in

Figure :3.1) by t.he relation

where Iii. is an empirical1y tuned gain and Xd is the desired running speed.

Since our l'abot l'lins on a treadmill, the treadmill speed X1'Aof replaces xin Raibert's

FPA. H, was also neccssary ta add an "integral" term 1.0 keep the robot near the center



oft.he t.readlllill. \Vit.hollt. t.his int.,'gral t."1'111 allY st.l'ady st.al.•, sp.,pd lllislllairh I",tll'."'n

t.he robot. and t.he t.readlllili \\'ollid l'aIlSt' Il,,, 11101101",,1 t.o ,'xl'l,,'d tl,,' t.1·'I\'l'l lilllits (If

t.hl' ViviS. The Fl'A illlpll'Illl'nt.alioll for 0111' rohot. is Ihlls gil'l'n h~'

1 Cl/A l'TEH :J. CONT/IOI. ~:l

where '" is t.he robot.'s posit.ioll l'dat.ive t.o t.he el'1It.n' of t.h,' t.l'l'."hllill. ,/'0/ and .;',/ "l't'

t.he desil'ed positioll 011 the t.l'eadlllill alld desil'ed 1'II1111illg SPt'l"l. l't'sl,,'rt.ivl'Iy, and h'"

and "J, arc elllpirically t.lllled gains.

Simple geollletl'Y convel't.s t.he desil'ed t.olll'hdown t.ot' posit.ioll ,"! inl,o a dl'sil'l'd It'g

angle. Taking int.o account. t.he body pit.eh, a set.point. is oht.ainl'd l'",' t.h,' hip art.lIat.ol'

which places the toc at. t.he desil'ed posit.ion.

3.1.3 Body Attitude (Pitch control)

Since the hip actuat.or servos the toc posit.ion t.hroughollt. t.he f1ight, phase, t.h., l'ohot.

body pit.ches l'l'cely dUl'ing this t.ime. Followillg t.ouchdown, t.he leg swings hadmal'lls

due to t.he forward momel1l;IIm of t.he robot. body. Thlls, t.he hip adllat.ol' l'an hl'

used dUl'ing stance to rcgulate the pitchillg mot.ioll of t.he rohot. hody. Haihel't. IIs"d a

simple PD cont.roller to comput.e the torque of t.he hip acl.llat.OI', T, necpssary t.o I"",p

the robot body steady and horizontal,

where <Pd is the desired hip angle, 'P and ,p arc t.he hip angle and l'llt.e, resp"d.ive!y,

and "p is an empirieally tuned gain. This cont.rollel' l'emaÏlll'd IIndmngt,,1 fol' 0111'

experiment.s.

3.2 tow-level Servos

The high leve! controllers described above arc uscd t.o detel'lnille set,poillt.s fol' t.he

act.uators. Howcver, to ensure stable runnillg, low Icvcl servos are lleeded whieh ean
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('l'pl'lJdu"" the~e de~il'ed po~ition~. In the "a~e of back dl'iving the leg adua101' dllring

lIight '" weil a~ ~el'voing the hip adnalol' d1ll'ing f1ight fol' tbe l'PA and d1ll'ing stance

tlJ l'eglllate body pit.ching, p,'opOl'tional pins del'ivalive (PD) control laws have been

~<decl.ed flJl' Il'''l'e ~illlplicity and excellenl 1"'1'fol'lnance charactel·i~tic~.

'J'he gains fOI' Ihe~e conll'OlIer~ are enlpirically luned and mn be easily set ev"n in

the ah~('II"e of a good phy~ieal model of the sy~tem. Fol' the experimental l'uns, PD

gain~ we"e ~et. by demanding a step in position and observing the recorded sensor data.

'J'he pl'OpOl'tional gain was increased nI' ta the limits of system stability dietated by

lIIotOl' torque Iimit~ and sensor signal noise. This reduces the rise time of the system.

Next, the derivaiive gain was tuned to minimize overshooi. The sysiem was ihen

te~ted in response ta sinusoidal inputs of di ffereing frequencies and the gains were fine

t,lIned in arder io ensme accmate t,racking of dcsired positions.

The ~t.ringeni requiremenis fol' tracking performance and response rate forcc high

contl'Oller gains, almost at the limit of system siability. These necessarily high gains

when combined with noisy sensor daia can lead io large amplitude, high bandwidth

torqne variations whieh increase the overall energy requiremeni fol' l'aboi l'Unning.
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Chapter 4

Experimentation and Results

4.1 Experimental Procedure

The el'periments discussed in this chapter were perfol"lned usiug the ARI. Mou0i'0<!

and ancillary hardware described iu Chapter 2.

4.1.1 Start-up

The runniug el'periments arc performed by a siugle operat.or. At the hegiuuiug of e,"ch

el'periment, the operator mauually adjusts the body 1.0 he perpeudicular 1.0 the leg allli

balauccs the robot in its uustable equilibriull1 positiou as showu iu Figlll'e 2.'1. The

robot uow supports itself in this positiou while the operator dowuloads the el'eeutahle

software (Section 2.1.5) from the SPA RCstatiou 1.0 l,he Xl' IDCS. The software stal·l.s

up and initializes ail variables 1.0 zero exccpt the body lteight variahle which is sel.

according 1.0 the initial readiug from the leg length sensor. This readiug accouuts fOI'

the unknown compression of the leg spring. Next, the Xl' IDCS souuds ail alal"lu 1.0

signal the start of the control 1001', The state machiue is set. 1.0 STA nT alld waits for

the first flight phase. The operator lifts the robot about 5011/.111 off the treadmillusillg

the "'l'angle 1.0 initiate the first f1ight phi~~e, theu drops the robot. The rohot 1I0W

functions autonomously and the wrangle is only used again at the eud of the ruu.

25
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4.1.2 Treadmill Control

:W

1

Vl'l'lieal hopping is initiated with the trealilnill stopped. A1'1.1'1' a few step" tile hopping

heigl,t I",conlcs stahle and the opera 1,01' s"'n'ts the treadlllill. Although the treadmill

spl'ed is sensed by the controller, the sp""d s""point is adjusl,ed mauually by the

open,tol', This means that no 1,11'0 expel'iments have the same velocity profile and

so il, is nlore dilficult 1,0 compare results from sepamte expel'imcuts since periods of

sÎlnilar tl'eadlnill speed must first be located before data cau be compared,

Figure ~.I shows the treadmill spced recorded ovel' thrce successive steps during

robot l'l1uniug. The fignre deal'1y shows flnduations of approximately 5% in the

treadmill spced, The amplitude of these flnct.natious is approximatdy constant wit.h

runniug speed and appear larger fol' slowel'rnuuiug. At touchdowu, the robot tmnsfers

it.s weighl. t.o t.he t.readmill which is unloaded dlll'ing flight. This load on the treadrnill is

roughly l'quai t.o t.he force in t.he leg spring which peaks about halfway through stance

when the spring l'caches it.s maximnm compression, The slow down in treadmill spccd

corresponds 1,0 this increased load, Although the 3,7kW treadmill motor should be

able t.o conlpens,tt.e fol' the increased fridion caused by the 500N load, t.he industrial

controller which servos the treadmill spccd scems nnable 1,0 respond 1,0 the changing

loads, While t.he spced shown in the fignre is measured using an optical encoder,

the controller nsl'S the sensed armatlll'e voltage of the motor 1,0 deted motor speed,

This is a mnch noisier signaI which cannot easily be used 1,0 deted small-amplitude,

rapidly-varying speed fluctuations,

Since the cont.ro! algorit.hm fol' fomard speed given in equation (3,2) depends on the

t.rl'admill specd, bet.ter t'ontrol of this spced is desirable. Moreover, having cont.rol

ol'er t.he t.readmill spced profile wouId prove uscful fol' comparing different experi­

ment.s. Thcsc issues have mot,ivatcd t.he development of a software based contro11er

fol' treadmi11 spced. G. Pctryk constructcd a hardware interface fol' the existing tread­

mi11 coutro11cr which a110ws the XPIDCS 1,0 assign setpoints fol' treadmi11 specd 01'

dircct.ly fol' treadmi11 motor torque. 'vVe hope 1.0 improve the frequency response.of
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Figlll'e '1.1: F/lle/.llal,jolls jll t.rea<l/llill l'e/ocity <Il1r;lIg' ro/,ot rlllllllllg'. 'l'Ill' s{""'c1 IS

slolVcsl. IV/ICII I.IIC Icmd is greil/est. a/will. IlilllivilY 1./ll'OlIg1l S/.;IIIl·.',

treadmill cOlltrol over what. is 11011' availahlc fl'OIII 1.11<' illdllst.rial l'lll/t.mll,'r. 'I('st.illf.\

and evalmüion of the new cont.l'oller is not. yet. conlplde and ail ,'xl"'l'inll'nt.al l'I'slllls

for robot runlling repol't.ed here wel'c oht.ained IIsing t.he lIlannally ('ont.l'oll,'d sp",'d

setpoillt.

4.2 Bxperimental Results

Experiment.al result.s regarding vert.ical hopping experilllcnt.s arc rcport..,,1 in [~71. 'l'his

section reports on planaI' running experilllent.s perfol'lned nsing t.hc ('ont.rol laws 1'1'''­

sented in Chapter 3. A sUlllnulI'y of t.hese resnlt.s has heen p"hlish"d in [III.

4.2.1 Position Tracking

The first planaI' experiment.s were perfol'llled wit.h ~el'O t.readlnill speed. 'l'he 1'I'SIIIt.s

shown in Figure 4.2 were obtained llsing t.he posit.ion set.point. t.el'ln ;,;" of t.h" foot.

placement. algorithm described by equation (:1.2) to genemt.e st.eps in rlesirerl forwa.rrl

position. The figlll'e shows the robot posit.ion (solid curve) sncœssfnlly t.racking po­

sition steps on the order of one third the leg length (dashed curve). Alt.hollgh t.he
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dyltillllics of 1Ill' syslt'III al'<' lIonlilll'f1l' and illtpl"Illilt(,1I1. gond ll'acking !>('rronllallc(' is

f"('aliz(,c!lIsinp; li silllpl(' pruportiollai cOlltl'ollaw.
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Figure '1.2: 1/0l'i?0Iltili positioll l'eguliltioll. The !IUt MOllopod t.l'acks positioll steps

e(l Il il1la [;:1 Ihe leg lellgl.h. The dashed CIII'l'e shows I.he sel.poillt.

ln addition 1.0 validating thc design of the body and hip actuation system (Sec·

t.iOII 2.2) these experilllcnts allowed thc empirical position gain "J' ta be set. This

Saille sett.ing ellsures that the robot is llear the treadmill ccntre when the treadmill

spœd is non·~ero.

4.2.2 Velocity Tracking

\Vhile Figurc 4.2 shows that the foot placemcnt algorithm successfully tracks positioll

steps, the truc utility of this control law is fol' velocity tracking. Figure 4.:3 presents

experilllclltai data fol' robot running on the treadmillusing the FPA of equation (:3.2)

1.0 control forward speed. Once vertical hopping is achieved, the treadmill speed

is slowly increased 1.0 a maximum of l.05m/.<, held steady fol' about 10.<, and then

rcduccd back 1.0 ~ero. The variations in the upper treadmill speed signal Were discussed

in Sect.ion '1.1.2.

The 1011'1'1' curve presents the robot position relative ta the treadmill centre. The

robot stays within 0.2m of thc dcsired position despite the changing treadmill speed.
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Snrh a position dl'viation is sllIall colllpan'l! to tht' tntal diS\;lIIt'l, Iran-llt'd \\'hich

is 2(lm. The positioll l'lTOr innl'asl's folln\\'illp; stl'Jl dlHnp;t's in 11lt' t l't';ullllill SPI't'l!

although eWII ",hl'n t.his spt'f'd is l"Onstant tht' rohol posil inll os\"illalt's. This 1111S\t';ltly

hehavioll1" llIay Iw dUt' 1.0 tht' variat.ions in 1r('"dlllill spl't'd discllssl'd aIH)\'t' silln' 1ht'

FP:\ uses this spced aloi a sdpoÎnt. :\I1I'l"lHltl'ly. Sl'nsor tlOisl' l'!lult! al'colllli fur SOll\I'

of the disturbanrcs.
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Figure 4.3: \le/ocity Tracking. Tllc I.rcmlwill specd is tWIlI//ally arHllsI.('c/ li'OIII iWI'O,

\'crtical!lOpping, ta l.05m/saud back ta y.cro (upper CIll'\'C). 'l'IIC !ower CIU'\'e .-;!IOWS

t.11e 1'Obot stélying witllin O.2m. of tllc centrc of tllc f,rcadrnill .
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4.2.3 Pitch Regulation

TI", hip ac:l.llatioll systelll cali ollly arfect the relative allgle bet.wccn the body and

Icg of the IIlonopod, This llIeans that in order 1.0 cOlltl'01 the rJight. phase leg angle

crllcial 1.0 forward specd cont.roL rcglliation of body pit.ching IlII1St. be given up. Uu­

fortllnately, due to it.s large inert.ia, any inst.abilit.y in t.he body pit.ching mot.ion l'an

'1uickly destabilir.e t.he ent.ire running cycle. Thus cont.1'01 of body pit.ching dtll'ing t.he

stail"" phase is critical t.o st.able running. Control of this mot.ion is achieved wit.h t.he

silllple PD colltl'Oller described in Section :1.1.:3.

The lower cllrve of Figtll'e ·1.'1 shows t.he cyclic oscillat.ions of the robot. body (Iower

solid cmve) as t.he fOl'\vard spccd (upper ctll've) increases t.o O.97rn/s. The forward

spccd set.point. equal t.o t.he lift.-orf t.readmill spccd is plott.ed here as t.he l'Obot. l'llnning

specd sincc wc have shawn in Sect.ion 4.2.2 that the robot tracks the speed sctpoint.

Despite t.he large variation in speed, the pitching oscillation of the robot. body is kept

wit.hin only 2t0 of the horir.ont.al throughout t.he entire l'lin. The pitch angle shows

spikes cOl'responding t,a step increases in running speed. These pertlll'bations arc more

pl'Onounccd at. lower speeds when the treadmill first starts. As the speed increases,

t.he pit.ching 1lI0tion seems t.o sdtle into a rhythm which is less sensitive ta this abl'llpt.

spI'Cd changes.

4.3 Bnergetics

The use of low power c!ectric motors for acluation distinguishes the ARL Monopod

frolll many ot.her legged machines which use hydraulics. This law-power approach ta

act.uat.ion 1lI0t.ivat.es a dctailed energetic st.udy of the motion of our robot. How much

energy is used for robot locomotion '? How is this energy related ta running speed? The

answers t.o t.hese questions should provide insights useful ta improving the energetic

performancc of the robot. Moreover, much of what is learned here about how this

part.icular robot uses energy may be more generally applied in the mechanical design
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4.3.1 Energy Estimation

'J'his s"cl.ion d"ais with In"chanical power and mechanical energy ddivered 1.0 the

systenl l,y th" I"g and hip nlotors. This shart. power is th" mechanical output. of

1.1", nlotor and is distinguished from power consulllption which measures t.he input

d"cl.rica! power IIeCesSiU'y t.o pl'Oduœ t.he same motion. The t.wo quantit.ies arc rdated

hy the motor elfieiency which is nsually not available as a function of torque and spccd.

Ontpnt powel' is a conventional measure of vehicle perforlllance but is studied her"

instead of input. power since it. Cati easily be comput.ed from t.he available dat.a. Il,

is ."so useful t.o dct.el'lnine the out.put. power requiremeut.s fol' the act.uat.ors sincc

these result.s arc not. dependent. on auy specific type of act.uat.or. Therefore, our

8lJW DC dect.ric motors couId equiva!ent.ly be replaced by auy other prime mover

with silnihu' t.OI"que-speed charact.erist,ics aud, ail ot.her things being equal, t.he out.put.

power nnmbers would rf'main uuchangedj t.\;is would not. be t.rue of t.he input. dect.rical

('nergy which depeuds on act.uat.or efficiency.

DnrÎug each experiment.a! l'un with t.he mouopod, sensor data arc logged at. a 67 li=
rat.e. These st.ored dat.a arc available fOI" lat.er analysis ami can be used t.o ext.ract.

informat.iou regarding t.he energet,ic performance of our robot.. The inst.ant.aneous

powel' out.put, of t.he mot.or is simply giveu by

p= TW (4.1 )

wll"re T is t.he mot.or t.orque iu Nm aud W t.he mot.or speed in l'adjs.

This iust.ant,aneous power is posit.ive in t.he first. and thir<! quadrants of the mataI'

t.orque speed curve (Figure 2.2). These are known as the motoring qUlui1'llnts since

mot.or t.orque and speed arc in the same direction and the mataI' is accelerating.

Conversc!y, in quadrants two and four, known as the bmking quarimnts, the mataI'

t.orque opposes rot.ation and t.he motor slows down. Equation (4.1) yields a negative
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valul' of iIIst.a lIt.ëllll'OUS out.pul, PO\\'I't' l'or olll'rillillll in Lill' ~I'l'IlIHI il III! fUll t'th l(Uildr:11l1~.

\Vhat. is tlH' physical sigllifkilncl' of Ill'~al.i\'l' POWl't' lllll.plll: what dOI'~ titis 1Il'"kill!-'.

power cost:!

The Calil scrvo ampli fiers uSl'd 1.0 con (. roi Lllt' k~ ;11ld hip l11U'llr~ r\'''Lun' fUllt'

quadrant., n~gellel'(tl.ive operat.ioll. III addit.ioll (.0 c"llt.rollill~ t.IIl' '1I'lll"!.l]\'(· l'lIt'1'\'llt ur
the De 11101,01' in t.he 1Il0t.oring quadrants LI\(' Sl'rvo ëllllplili\'r olH'I'<I! l'S l.11,' 11111I11r as a

gcneratol' in quadrant,s t.wo amI fOlll" ln t.lwse hl'aking quadranl.s tlll' l1Illlut' dlaUIl\'ls

regcneratcd power back 1.0 t.he cicdrical sourn'. If a haU\'ry \\'\'1'1' us('d l.u po\\'('t' \.lll'

robot, :>Ollle of t.his power could be st.()rc~d <11\(1 n~lI:.;ed lat.N. Fol' llU\\', hO\\·\'\·('I'. IItI'

robot. is powercd orr the grid and t.he regcllerat.ed lH>\\'er is ilOt. r('cO\'I'I'\"1.

The magnit.ude of the Ilfrcc" braking t.orqlle is lill1it.ed and d"]H'IHls llpllll 1I1Ot.0I'

specd and efficicncYi any out.put t.orque provided in additioll I.u Lhis hl'akiug I.UI'I[U\·

draws on t.he power source. Sincc il, is impossihle t.o ddcrnlil1l' f['ol1l 1.111' giwlI dat.a

what. quantit.y of torque is braking t.orque and what. part. draws 011 t.l11' [HlW('[' SOUI'\'\~,

our calculations will asslIme no l'egeneral.cd t.orque. '1'hlls t.llI' ml'cltanil'i111HlW\~1' Ollt.pllt.

of the mataI' is conscrvat.ivcly t.akcn m;

ïW Fil'st. quadrallt.

p=
-(TW) Second <jlladrant.

TW ThinI <Iuadmllt.

-(rw) I;bmth q\ladmilt.

Since the slat.e variable as weil as t.ime are availablc in t.he logged dat.a, Hw l)(lWI~1'

given by equat.ion (4.2) can he intcgrat.ed 1,0 givc t.he cllcrgy added tu t.1l<~ SYH1.I~1ll by

each of t.he motors. The tÎme hislory of titis energy out.put cali alHo be COlllpll1.(~c1 1'01'

a given st.ance phase, flight, phase or step. Tite Illcdmnical encrgy Olltpll1. of th(~ 11101.01'

is computed as

•
for the il/a stance phase,

'1'
El/iy/adT) =1 P(l)dt j 'l'::; ttr/'+I

Ir",
(t1 A)
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fol' 1,1,,· i'" st"p. Wh",'" l'd, and 1'0, al''' the i'" touchdown time and the i'" lift-off time,

l',,sp,,ct.ivdy. 'l'he mean Illechanic,d powel' delivered durillg thei'" step cali then be

cOlllpllf.pd as
l ,'P _ !J.lIqJj _

s/cp. - 1 .-
'.'1/cp.

4.3.2 Detailed Energetics

B.lIq,.. (ltlli+l )

ltd,+, - l'di
(4.(i)

Because of the way the coutrol algorithms arc decoupled with vertical motion aud pitch

cont.rol occul'I'ing dll1'iug the st.ance phase while the foot. placement. algorithm ads

only when t.he robot is in flight, t.he enel'getic cast of each control action is available

fol' individnal scrut.iny. This allows a unique opportunity, not usually available t.o

cxperiment.ers, ta examine in detail hall' energy is used by the robot. Such an analysis

can provide valuable insights int.o where energy is used most crfedively and where

energy saving st.rategies could be mast successful. Equations (4.:3), (4.4), and (4.5)

were applied t,a dat.a obtained during a l'un wit.h a top speed of 1.2m/s ta generat.e ,

t.he energy output values indicat.ed in Figll1'e 4.5. The seven steps shawn represent

t,ypical data fol' steady running.

Sincc t;he leg mataI' ads only ta power the vertical motion, the energy involved in

cont,rolling t.he hopping IlCight is given by the dashed CUl'\'es in Figure 4.5. During

t.he st.ance phase (t.op) the energy delivered ta the robot. by the leg mataI' increases

st.eadily t.o a peak value near 13J ,t1; lift-off. This energy compresses the leg spring ta

maint.ain t.he vertical hopping mot.ion. The dashed cmve in the middle field represents

t.he energy involved in backdriving the leg aduator during flight ta prepare fol' the

next. st.ance phase. As much energy is used here ta backdrive the actuator as ta

maintain t.he vert.ical motion! This is due ta the large energy involved in rotating the
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illcl'tia of tbe 1I10tOl' plu~ hal1 ~('J't'\\' al high ~IH't'd a~ dt'lI\'lIHII'd hy th' :;I,I'p ill ill't,uallll'

~cLpoillt. Tbt.' ClIl'l'gy goe~ iI~ tl1(' ~qllal'!' of l.hi~ illt'l'lin. 1\'101'('0\'\'1'. l,II!' [H'ak lHI\\'('I'.

indkatcd by tbe ~Iopc of \.1](' l'IH'rgy CIlI'VI', i~ higll!'l' dllrillg Iligbl., Il/lil/I'1 :::::: :!fl()1l' ,

compal'ed ta P~IIIIIC" :::::: 1001-1/ dlll'illg stall(,(', All.hollgh tlll' pI)\\'I'r lllltPlll or l.III' !l'g

mataI' pcaks at. a higb level dUl'ing Iligbl" it.~ nOlllilla\ 11'\'('1 i~ 10\\'('1" < [iO!-\'. dllrillg

most. of t.hc rtig!lt. phase.

Stance PHase

38.5 39 39.5
time [s]

40

"

40.5

•

Figure 4.5: Mcchanical cncl'gy output of Hw Ilip mol,or i1llcllcg ll/o/.o/' for rrllllling i./,

1.2711./s. (see Section" .3.2 [Dl' dctails).

This bchaviolll' is consistcnt \Vit.h a high gain PD cOlltrollcl' responding t.o iL st(!j)

in the position sctpoint. The power rcquired is init.ially high sincc t.he vdocity of t.he

mataI' at lift·off is opposite lo thal dcsircd. The powcr thcn Icvcls off as t.he act.lIiltOI'

approaches the setpoint and peaks again wheu t.he sctpoinl is rmu:hcd and t.he motor



is alu'lIpl.ly sl.opp,'d,

'l'Ill' ilOtt.OIIl ridd shows "II"I'!\Y olll.plli. fol' I.he elll.il'e sl.ep, lIel'e we see I.hal. I.he

I,,!\ 11101.01' (dashed CIlI'VP) accollnl.s fOI' approxilllal.dy half I.he I.ol.al enel'!\Y illvolved in

locolllol.ion al. I.his sp""d (dott.,'d CIlI'VP). The eJIel'gy 0"1.1'"1. of I.he le!\ 11101.01' dnl'ill!\

sl.an"" del",nds only on 1.111, vaine of i in eqllal.ioll (:1.1) and on I.he dllral.ion of I.he

sl.an"" phase. i\ll.hollgh 1.1Il' hoppillg Iwighi. conl.rollel' has 110 explicil. spced dependenl.

l.e1'1I1, I.he sl.an"" dlll'at.ioll is arfeded by illcreasing fOl'wal'd speed whieh inCl'eases I.he

avpal'enl. vel'I.iealleg spl'ing sl.ilfncss [17]. This val'iat.ion ill st.ance dmat.ion links t.he

'''II'1KY olll.plli. of I.he leg adllal.ol' 1.0 t.he robol. l'unlling speed. Howevel', the t'ffed is

slllaii (,olll("'l'ed to I.he l'e1at.ion bel.ween hip motol' ellel'gy and l'l1nning speed.

The enel'gy cosl. of hody pitch control is given by the stallce phase enel'gy output of

I.he hip 11101.01' shown by the solid cmve ill the IIppel' field of Figme '1.5. Controlling

1.1", hody pitch accollnt,s fol' approximately 5,) at this rllnning spced of 1.2111/s.

The solid cmve in the middle field represents the energy l'ost of the foot placcment

aigorit,hlll. The energy involved in the FPA is almost twiee what is used in backdrivillg

the leg adllator. This is duc to the high illertÎa of the leg which must be driven by the

hip adnat.or. MOI'eOvel', the backdriving motion of the leg aduator is assisted hy the

leg spring whieh rednces the overall energy requiremcnt fol' the leg motOl" The power

olltpllt of the hip motor l'caches a peak of"'" 400W in the steepest part of the energy

cmve, thell dccreases in the fiat region of as touchdown approaches. This indicates

I.hat IIIOSt of the act.uat.ion happens in the early part of the f1ight. phase.

The lower field shows the equal contribution of each aduat.or to t.he total energy

cost. of locomot.ion at this spced. While euergy is applied steadily during the stance

phase, the featmes of the f1ight phase energy CUl'Ves indicate large power lIuduations.

l\'Ioreover, the contribut.ion of the FPA 1.0 overall energy output. increases wit.h running

spced; a!ready at. 1.2m/.5 il. is Im'ger than the energy involved in maintaining the

hoppiug IlCight.. Fol' t.his reason, the FPA represents an excellent. target fol' energy

lIIinilllizat.ion strategies. The coutl'Olier which backdrives the leg aduator is also an

·1

•
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appealing candidat(\ rOI' <'lH'l'gy l'<'ducliol1 :-;ÎIll'(' il arrDllllt.s rOI' surit a lal'~t' portioll ,Ir

the oVel'all ellergy cOII~lImptioll yl'l. do<'~ Ilot di!'!'l'l.ly alli'r! 1.11<' killl'l.il' <li' pol"lItial

ellergy of the l'Obot,
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4.3.3 Mechanical Power Output

The mean mechanical pO\\'el' ou tpu 1. of both motor~ ll'a~ COl Il pu I<'d lI~i IIg <''Ilia tiOl1 (,I,(i)

for thirteen differellt experimelltall'llll~; a total of 1:lOli ~t,'p~, 'l'Ill' !'!'~lIltill!\ vahll'~ of

meall power arc plottcd agaill~l, l'Illlllillg ~p""d ill the 111'1"'1' field of Fi!\II!'!' :J.(i, i':al'h

poillt iu the figure l'epresent~ a si ligie step while the ~olid lill" ~holl'~ th,' h'a~t sqllar<'~

lillear fit 1.0 the data, The dashed lilles ~uggest IIpper alld 1011'1'1' hOlllld~ Iilr 111""1\

power output alld ellclo~e !lS% of the data poillts,

Looking al. the data, two things arc immediatc\y evidellt: 11I<'all l"lIV''!' illl'I'casc~

with runnillg speed, and there is a great deal of ~cat.t.er 1.0 the data, Why dOl'~ 1.11<'

power illcrease with speed'! The foot placemellt a.lgorit.illll iller""~es 1.11<' le!\ allg\<'

setpoint with illcreasing rUllllillg speed. IVloreover, a larger set.poillt dirert.ly alfl'l'ts

the energy output of the hip motor silice a greater aduator effort is reqllireti 1.0 track

a larger setpoint. This increase in hip ellergy is reflected ill the overall lI1<'ali power

output which illcludes both motors. At, ~ero speed, the hoppillg Iwight cOlltroller is

active alld accounts for ail the power showlI ill Figure lU;' The illere"se of lI1<'all l"lIver

from ~ 5SW al. ~ero l'Ulllling specd t.o ~ 125W at. 1.2111./" is almost elltirely ,h", t.o

t.he power output. of t.he hip IllOt.or.

The large scatter evidellt. in t.he dat.a cames from t.hl'ee Il mi Il somees. Firsl" al­

t.hough power is plot.ted against average rUllllillg speed for a giv'm st.ep, t.his spc,,,1

Illay not be constallt. At allY givell t.ime t.he robot. respollds t.o a dlllllgilig desil'cti

spccd which is sct mallually for t.hesc experimcnts. A t.ypical l'Illlllillg speed profile

showlI ill Figure 4.4 c1early illdicatcs p,)riods of accc\erat.ioll (slopes) as weil i"~ pm'i­

ods of constant spced (plateaus). Thus power cOlisumptioli may ilOt. be COlIst.allt. silice

running spced is not constant.
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Val'i;l1.iolls ill tl'l~adlllill slweri t.ltrongltout. a giv(~1l st.(~p sneh as tho"e s~en in Fig­

lin' '1.1 also c:onl.l'ihlltr~ 1.0 f111d,lIatiolls ill J1Iean powel'. Silice the lirt-orf trcadmill sp(~ed

is IIS('r1 as t.1t(~ sp(~ed setpoÎnt. roI' t.he FPA~ variations in the t.readmill spccd will cause

lIuctllatÎolls in t.he leg allgle sdpoillt CVCII t.hough t.he l'unning spced J1Ia)' he const.ant..

Again, titis sl'tpoint. di]'(~ct.l)' aff<·cl.s the powel' coni;lIJ11pt.ion .
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I;'igure ,Ui: Power Ouiput, and Specifie llesistancc. The upper {ield shows total power

output. of t./w motol'.'! at. variolls spcecls. Eaeh dat;a point, rcpresonts one step; tllC soHd

lillc rcpl'csclIt.s an avol',lge ,llJd (,llC bl'Dken H,les enclose 98% of the cltüa points. The

lem'cr fie/cl shows specifie l'esistancc vs. robot speed computed fl'Dm the sarne ciat,él.

•
Thini, cvcn nt. const.ant l'unning spced, the robot position f1uctuates about the

cent.re of t.he treadmill. An intcgra\ tenll is includcd in the FPA ta keep the robot

rl'Ofll Illo\'ing too far from the trcadmill centre. This integl'al tenu reflects fluctuations
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ill robot p",itioll 0111,0 th" 1<'g allgl,' Sl'Ipoillt Il'''n'hy all"'ct illg Il''''"\ 1"'\\'1'1'.

4.3.4 Specifie Resistance (E)

(U)

III order 1,0 get, a 1'1111 evaluation or the ell"rg"tic p"rl'Ol'lllalll'" or 1,11<' :\ Il 1. ~lolI()pud.

the cost or locomotioll fOI' oUI' machilll' should 1,,· cOlllpan'd III t.hat ur ull"'r sÎ'llil"r

machilles, However, power output takell ill isolatioll do"s Ilot 1",11 Il,,' ('lItin' stury,

A l'ail' comparisoll must cousider Ilot ollly 1,11<' cost of locomotioll ill t"I'IIIS ur olltpllt.

power bllt also the performallce achi"ved ill t"l'Il1S of 1,11<' ma" IlIov"d alld 1,11<' v"locity

aUaiued.

III 1950 Gabrielli alld VOII lùil'lmill sllggest('d tbat a IIllll-dillll'lIsillllal p"r'llll('t('r.

specific rcsistllllcC, ê, defilled as the ratio or power olltput, l', to th, pl'Odlld. of

IlHl)::inllllll specd, 'Umu.r., and vchicle weight Ut_y;

p
ê=--

"', I.!J "fIIflJ~

could be used to compare ail vebicles regardless of si~e, sp""d or cllllligllral.illll. III I.his

way, the paramelel' ellcompasses the cost of 10colllOI.ioll as wdl as t,I", 1",,'Ill1'tIlHl,,'e

achieved. Ily plottillg ê agaillst speed they successfully compared t,I", el,,·rgel.ic p'~r­

fommllce of lalld, air and sea vehicles as weil as biologicai syst'mls 011 t,I", S"II1<' srak

[lD].

Gabrielli and von lùinmîn originally dcfilled ê IIsillg VU",", to exl.rad. a si ligie 1ll1l1l1"'r

for the specific resistancc. This simplified the colledioll alld pn,sentatioll of data. alld

bronght their enormous task of comparing a large IIl1mber of di[f')relli. vehiell!S inl.o

the l'calm of the possible. Whell energel.ic performallcc data is availab1<, as a [lInd.ion

of speed as is the case for our robot, one can eqllivalellt!y compllte specifie resisl.ancc

as a function of velocity
p

ë{v) =-
mg'/!

where ê = ê('/!max) by the original definition.

Sincc no mer.hanica! work is pCl-fOl'mcd by moving a lIlass horiwnl.ally al. a t:onsl.anl.
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SIH'I'ri 1 1l1i1IlY illl1.hOI'S W;(~ sp(~cific l't'shil,flIU'P a:; ri IIlPHSIII'P of ('Ilprgd,ic dfieicllcy for v('­

bidc·s. 'l'II(' lIallH' SI)('('ifir n·sist.alln~ ("OIl)('S fl'Olll ail illt.erpret.atioll of € as IIl('{lSllre of

1Ill' l'eSist'III"" 1.0 Illotioll o[fen'd hy tilC' Illedilllll ill which tilC' Illot.ioll OCCIlI'S. Si Ill'<'

t.11C' olltpllt. power of t.he pl'illlC' 1I10vel' is IIsed ill defillillg -" t.h" l'esistallce n,rel'I'ed 1.0

illcilldes Ilot ollly extel'llal errect.s such as ael'Odymllllic drag 01' l'OlIgh t.elTaill cOlldi­

t.iOIlS, bllt. also cOllsid""s the resist.allCl' t.o Illot.ioll caused by tl'Hllslllission lasses. Of

COIII'S(' a Illore IIs"flll IllcaSlll'e of ellergctic perforlllallce wOllld cOllsider the load car­

ryill/!; capacity of the vehicle but such data is 1101. always available. i\'loreover, ill the

fidd of dYllalllically stahle legged locomotion the goal is still 1.0 stabili~e the l'Ilnllillg

luotioll of the vehicle withollt allY extra cal·go.

Usill/!; e'luatioll ('I.ï), the power output data III the upper field of Figure :I.G arc

pl'esellted ill the \owel' field as specific resistancc vs. running spced. Even though the

n""lIl power illCl'eases with running spccd, ê decreases as the spccd goes up. Similarly,

the dashed horder Iilles diverge in the mcan power plot but seem ta converge in the

specifie resistance plot illdicatillg that f1uctuatiolls in power cast have a smaller erfect.

011 ê al. higher l'Ilnlling speed.

The dcerease of ê with spccd snggests that the lobot uses energy more efficiently

the faster il, l'IIns. This trend cau be uuderstood by considering the power used 1.0

IImilll,aill the vertical 1lI0tiOIl. This power is insensitive 1.0 running speed compared

1.0 the hip Illot.or output power and although necessary 1.0 the l'Unning motion, il. l'an

he considered as a type of "overhead cast" which exists even when the speed is ~el'O.

AI. ~el'O speed, the performance is ~el'O sa any finite power output causes the specific

resistancc 1.0 hlow up. As the running spccd increases, the power l'ost also increases

bul. the change is slllali compared 1.0 the overall power output so that ê decreases. At

1.2111/., the leg motor power accounts for half the overall power l'ost and the specific

resistallee reaches its lowest value of -' = O.ï. The low-speed value of ê may decreasc

hy specifying a hopping height setpoint which varies as a function of fOl'wal'd speed;

I.his woul" lower the powel' l'ost of the leg motol' fol' slowel' l'lInning. The hopping
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lll'i,L;ht. WHS ke'pt COllstallt in tlwsp pXIH·riIlH'IIt.S 1.0 Illaillt.aill Cl stpady step dllrath>ll.

Fi!-\Il ... · "1.7 pn·s.·llls Il,,, Sl""'ific n'sislall("(' of s""'cI,,,llalld v"hicl"s 011 a log-log scai<'.

SOIIl(' or l.oday\ 1C'1:.!;g(~d lIlachÎJl<'s (sl,al.ic walkeni as ",dl as dynHlllic walkcrs) appe(ll'

prolllill"lllly ill Ih" 111'1"'1' I"fl halld cOI"II"r far from t.he Gabrielli alld VOII lùinm;1l

lilllilillg lill" (C:vl\ Jille). Th" C:vl, lill" was proposed as a pract.ical limit. t.o \'ehicle

1"'rfol'lllaIlCe l''IS,,,I 011 IBIiO dat.a. Wheded vehicles appear jusl above t.he Gvl\ line

and e valll"s for hnman locomot.ion appear t.o t.he left, of whecled "ehicles.

II. is ilnpOl'l.anl. 1.0 reaJi~e when cOllsiderillg the figure t.hat. ",hile we have t.akell every

effort 1.0 acculllulat.e the most. accurat.e dat.a possible for each vehicle, t.he resuit,s are

still ilOt. c1ear cut.. The difficull.y arises from the illabilit.y of e t.o account. for the

dirf"renl. Ilwt.hods of cOlllput.illg out.put. power for each dirrerelli. type of \'ehicle. For

aul.omohiles, the quol.ed maxilllum power does not usually cOl'l'espolld 1.0 operation

al. Illilximum speed huI. rat.her al. maximum accc\eration. Some of the other vehicles

l!il\'!' short I.enn p"wer sl.orage deviccs such as a hydraulic accumulator or a lIywhecl

which lower the mean power consumptioll while supplying peak power requiremeuts.

Moreover, couveutiollal vehicles carry their power sources on board while most legged

machilles do ilOt.. 'l'hère is a great. advalltage ta Ilot havillg to move the extra mass

of a. power source al. top spccd. Also, the additional mass of this power source is not

illcluded ill t.he vehicle mass and is not revealed by the value of e. Many vehicles have

parasit.ic power lasses which do Ilot cOlltribute directly ta locomotion but drain the

available power and increase e.

Ali t.hese issues conspire ta reduce the quantitat.ive analysis portrayed in Figure 4.7

t.o sOlllet.hillg more qualitat.ive, ln short, while the values of ê have been computed

from t.he best available data, e does not tell the entire energetic story; one should

hl' wary of drawing sweeping conclusions from the data. Having said this, specific

resistance remains a standard parameter for comparing energetic performance and is

used by many aut.hors t.o evaluate the performance of legged vehicles.
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Legged Machines

.\ :1

•

Beginning in the top Idt and nHl\'ing across, th,' following I,'gged IllachilH'S art' inciHded

in Figure :1.7. Poillt,:-; ar(' lIsl'd w!l('('l' only IUHXil11t:l1l ~pl'l'd dala an' ilvaililhh': ('111'\'(':-;

l'èpl'CScllt specifie rcsistancc as a fut1ct:oll or HI)('('d for t.lll' giVt'lI m(lchilH'.

• l'V II built hy Hirose[I:3] is a 10~'g quadrul'ed whose 1",( d,'sigu is hased "n Il

pantograph mechallism whieh simplifies t.lw kiIH'lllat.ics "f locoulol,ion.

• Big l\'luskie [8] is a 12200000/.:g coal mining d,·agline. At. l,Ill' tinH' "f it.s c"n­

stt'l1ct.ion it boasted the world's longest c1ed.ric l'xt.ension COI'lI.

• The OSU Hexapod [9] is 1aO~'g, six-Iegged st.at.ie wall"'r. l'ower froui t.l1<' grid is

channcled to 18 c1ectric drill mot.ors which ad.uat.e each of t.he t.h""" joiuts IH'"

leg through a wormgear transmission.

• Papantoniou [24] built an e1ectrically aetuat.ed nlon0l'0d whieh USt'S Il gait.

tenlled "compliant walk" t.o move in t.he plane. His ext.el'lmlly pow,'red Il1a-

chine achieved a top speed of 0.:3111 /8.

• The Active Suspension Vehicle (ASV) [2G] was huilt. at. Ohio St.at.e Universit.y

after the OSU hexapod. The six-Iegged ASV is a 2700/.:11 power aut.ononlous

static walker capable of moving over rough terrain ami ciU'l'yiug a 2:10/.:11 l'ay

load. It carries an operator but is also capable of sclf-gnided locoluot.ion.

• Helios Il [a], built by Hirose, is a tracked vehicle with four indepelldently a,·tie­

ulated and controlled tracks.

• The GE Quadruped [21] was built in 19G8 by Gelleral'E1ectric COI'l'oml.ioll.

This 13.50/.:g hydraulic mechanism relied entirely 011 an operator 1.0 COli 1. 1'01 eaeh

of its limbs and used a force feedback system 1.0 refieet motiolls of the operator's

arms and legs into movement of the machine's limhs.
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• Bail",rt's hydranlic '1nadrnped [:1:1J weighs 25/".'I and is capable of locomotion ns­

ing any of a 1II1111bel' of gaits indnding 1l'Olt i1l!J, 1)(I<:i1l!1, and !JO Il IIIlin!J' Baiber!!s

lIIachines w","e constrncl.ed 1,0 investigate design and control issues for robotie

locolllotion and not 1.0 be power antonomons. Nevertheless. his quadruped IS

indnded in the fignre for the sake of complet.eness.

• MeC"er's gravity lValkel' [HiJ appears on the figme as much as three orders

of lIIagnitude belolV the other legged machines. This :3.5/".'I mechanism lVas

construcl.ed 1.0 investigate the similarity betlVccn the walkiug motion of legs and

the rolling act.ion of wheels. His unpowered system moves down an inclined

plane nsing gravity 1,0 drive its motion. The similarity between the motion of

the gravity lValker aud a single wheel el'plain its specific resistaucc value which

has more in comlllon with that of whceled systems than of legged machines.

We have also iucluded the è values fol' om c1ectric monopod from Figul'C :1.6 on this

figme (Iabelled ARL Monopod). Notwithstanding i"IcGccr's devicc which is uupow­

ered, our robot currently has the 10IVest specific resistancc among the legged vehicles

smveyed with è = O.ï@1.2m/s.

Human Locomotion

Ait,hough legged machines are studied as an altel'l1ative 1,0 whec1ed systems, il, is in­

structive 1,0 compare machine locomotion with human locomotion. Figme 4.7 includes

five ctirves for hunmn walking, running and cycling. Data are collected fol' different

suhject.s. The CUl'\'es presented here represeut an average of the data used.

• The upper cmves fol' walking and running are from Cavagna [6]. Cavagna

nsed cinematography 1,0 record movements of the arms and legs in walking and

rU1lning. from the positions of the Iimbs measured in each frame, velocity and

accelcrat,ion data were deduced. Together with estimates of mass and inertial

properties of the Iimbs these data were used 1,0 derive potentia! energy and
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kin('(.ic energy for <'ach limh. Thl'Sl' l'nl'rgi,'s, in t.Ul'II yi,'ld,'d out.put IH)\\','r l'ur

1,jlC' locomot.ion.

• The lower eurves 1'01' walkiug and ruuning an' t.akl'u l'l'OUI ~'Iargari" [1.1]. ~lar­

gal'Ïa used force plat.e records t.o oht.aiu foot. illlpal't 1'01'('" hist.ori,'s l'or walkiug

and runn ing. These forces were uSl'd t.o deri Vl' hori~on t.a 1 and vl'rt.ica1 l'on 1po·

!lent.s of accclcrat.ion dUl'iug cont.act.. Thet'!P acn~I(~l'at.i()ll:-; {\.l't' illt.<·gl'ëlt(·d 1.0 p;iVl'

kinet.ie and potential energy values.

• The data for human cycling is l'rom l'ugh [25J. l'ugh used a hicycll' l'rgoul('(.l'l·

which meastll'es power al, t.he pedals t.o compute power out.put. of t.he musc!<'s

for eyding at various spccds.

It is noteworthy that the eyding data for " relat.es more dosely t.o t.hat. l'or cars

than for humans. This confirms that. t.he t.ype of mot.ion is Inore inlport.ant. t.han t.lu·

power sotll'ee in dcLermining the specifie resist.anee and implies l,hat. 1'01' eaeh t.ype of

locomotion there is an optimal performance regardless of t.he t.ype of prillle nlo""r.

Wheeled Machines

Since legged machines arc proposed as an altel'llative t.o convent,ional wh""led ""hidl's,

their performance must be compared against. t.hese vehicles. Fol' wheeled vehides, Iines

conespond ta a fit through data for difrerent vehicles of t.he same dass. The point.s

l'l'present specific resistancc values of single vehicles.

• The data labelled 'orr-road vehides' is taken l'rom Bekker [~I. Alt.hongh t.he

specific resistancc of orr-road vehides is more in line wit.h legged syst.elns at.

1011' speeds, il. converges with that. fol' automobiles ,L' velocit.y increiL,es. Il. is

important 1.0 consider conventional orr-road vehicles since l'Ilgged t.errain, now

the domain of whecled and t.racked systems, represents the mosl. lilwly proving

ground for practicallegged machines.



• ('I/M'TI';/! '1. EXI'EIUMEJ\"ITI'J()N ANf) /!E'iU1.'/'S

• Th" clIrv('lai",ll"d' 1%0 Cal's' is tak"n frOlIl th" Gahridli and von IÙlnlHln study.

TI",y al''' ineiud"d IIl'r" as t.Ill' eiassic data and al''' coulJ"lI'l'd with cont('nlponll'Y

l'ars. 'l'Il<' high sp""d section of this CUI'V" was lahdl"d 'rar" cars' in the original

st.lldy; 110 distillctioll i:-i c1rawlI hel'(~ .

• Th" data points lahd""l 'I!)!)'I Cal's' were calculated from specifications puh­

lished hy sd"dcd auto 11H1Ilufadurers. Source data fol' the individual cars is

giv"n in Tahle ·1.1.

II. sllrprising al. first 1.0 see such good agreement bet.wccn today's high performance,

sophisticat.ed antomobiles and thOSl' produccd '1·1 .l'cars eal'iier. However, il. is impor­

tant 1.0 note that the ol'iginal curve represents the borderline of licsl. possible pc/fo/'­

I/III.IICC for cars of the day. AImas!, ail the WH4 cars surveyed lie either directly ou

<li' slightly bclow Lhis curve. AnoLher misleading factor is Lhat the maximum spccd

a.1.l,ained does not generally correspond ta the maximum power output. This fact was

discussed hy Gabrielli and von I\,Înmin who also used manufacturer's data. "Vhile

I.oday's cars have lightweight chassis and engine components cOl11pared ta lH50 cars,

these lighl.er engines generally producc 1110re power. Higher power output and Iighter

nlass conspire 1.0 increase Lhe value of è for a given top speed.

Legged vehides generally have a long way 1.0 go hefore they succcssfully compete

wil.h conventional off-road vehides or biologieal syst;ems on the basis of specific re­

sistance. Neverthcless, wc have shown that dynamieally stable legged 10col11otion is

possihle on a tight energy budget. Work aimed directly al. improving energy efficiency

of these machines should continue La narrow Lhe gap.
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MaIIlIfac/II/T" Mor/"I "IIlUJ' CII"I. II"l'illhl 1:'lIlIù,,' IJOll'tT ,-

[h'III/h,,] [1''!/l Ih'lI ï
BMW ?vl :! :Wl 1· HiO :! 1:1 O,:!IO

:325is :!O(i 1'100 1·11 O.I'li
--

Dodge Viper HTIO .)r:'" I!iSl :!~)~ O.:!lil.... t)/

Ford l'robe 'J'r 1:11 (i I:!:! 1l.!·11-_1

Honda Ci,,!:: dcl Sol ln:! 108i !):\ 0.1 (il)

LexlIs CS :300 2'10 1(j(i5 J(i:l 0.1·11

LS '100 :!'IO li8n IS(i Il.! r,i

SC '100 2'10 1(i'15 1SIl n,IIi!)

1\'1 acl aren FI :\(i2 Il :18 "1'1 0.'11 '1

i\'lar.da HX-i 25:1 l:!iO Ino o,:! 11

Pontiac Firebird 25U 15UU :!O5 0,1 S'I

l'orsche !Jll 270 1:190 :!Ol 0.1 !):l

928 CTS 275
1

1U:1O 2fl7 0.207

!JU8 2,51 1
1'170 1iU O.I7:l

Toyota MIl2 2'1!l 15U5 :!:IS O,2:!O

Vector W8T Tmbo :.151 1506 '!(iU 0,:.117

Volkswagen Corrado VIl6 225 127'1 1:1:1 0,1 H7

Eurovètn 155 22'10 SI O.OS'I

ElIrovan Diesel 1:3!J 21·10 57 n.070

Colfel ln 117U un 0.117

Colf CTI 1!J5 Il 1:1 85 0,1 :Ii

,Jetta CL 1!J:l 1217 8ii O,I:llI

T'able 1.1: Source data for é wt/lles of If)9:f allt.o/llohilcs
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Chapter 5

Energy Conservation Strategies

Not.lI'it.hst.anding t.he encouraging result.s already at.t.ained lI'il~h t.he ARL Mouopod,

wc arc confident. t.he energdic performance of t.he machiue can be further improved.

The experimeutalresult.s as weil as t.he energet.ic aualysis of Clmpter 4 have pl'Ovided

insight.s int.o t,he detailed operat.ion of the robot. which suggest. methods for rec!uciug

t.he ovemll energy cost.. The implement.atiou of new control ideas aud appropriat.e

hardware luodifications should go a loug way towards reduciug the euergy require­

nlCnt.s fol' st.ahle ruuuiug. Some of t.he strategies discussed in this chapter have been

implemented t,o some degree while others have been simuiated 01' studied as theo­

rdieal exercises. St.ill, wc feel that, once implemented, these ideas could redut'C the

euergy cost. of robot locomotion.

5.1 Novel Controlldeas

The cont.rol algorithms discussed in Chapt.er 3 were designed solcly t.o stabilize the

running mot,ion of t.he robot without regard to the energy expenditure fol' actuation.

As discussed in Section 4.3.2, t.he simple PD laws used fol' f1ight phase cont.rol present

t.he great.est, opportunity fol' energy conservation. Novel controllaws aimed at tracking

t.he desired touchdown setpoint but sensit,ive to energy output of the actuators could

48
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re'plac" th" conv,'nlionall'Il conlroll,'rs which al'<' ins,'nsiliv" 10"I"'I'P;~' onll'nl.

I!J

5.1.1 Locomotion Time (f)

'l'h,, contl'OlI"rs discnss"d so far ol'"rat" in lh., ahs.'n",' of knowl"dp;., l'<'p;al'dinp; 1hl'

dnration of an npcoming stanc.' 01' lIighl plws,', 'l'his fol'c,'s tilt' contl'oll.,l's to h.,

l'ead.ive and depend on state switching 1,I'ig~;<'I's, lift-oll' and tOllchdoWlI, 10 inilial"

act.ion, FOI' el'ample, if a ccI'l.ain t.onchdown posit.ion is d"sil't,,\. I,h., al'lllalol' 1IIIIst

move '1niekly t,o t.hat. posit.ion at. the onset of t.ilt' IIight phas" sinc(' th., cont.rol"'r

has no knowledge of when t.onchdown will oCl'nr, 'l'hlls t.h" cont.1'01 algorithlll IIIIISt.

specify a lIight. phase setpoint. and hope t.he ad,lIat.OI' l't'ads '1l1ickly "nollgh t.o t.rack

the posit.ion before t.he robot. t.ollches down,

A bett.er approach wonld involve lIlet.ering ad.ion depending on t.llt' <~l'llt'ct.<'d t.in,,'

avaHable t.o attain the goal. ln t.his way, knowle<lge of t.he t.inlt' a"ailahl.' allows allows

a cont.roller t.o specify nol. only a set.point., bnt. also a d('sired pa.t.h t.hat. l't'acilt's t.his

sdpoint at any desired instant..

Enehler ct al. [5] devcloped a "phase angle" variahle which maps 1.11" nnknlllvlI,

varying time int.erval involved in ballistic f1ight. ont.o a known, Iil'ed int.erval. This

variable proved crit.ical fol' t.he st.able coordinated cont.rol oll.llt' "t.wo-jnggl<l," a rohot.ic

juggling task with two pucks. This same measnre, given here as t.he locoillot.ion t.inlt',

A -
( = -,;c2y=:(=:;=_=:;=:.)=+=:;=::.2 '

(;'.1 )

can be used to map the unknowll dnrat.ion of the lIight. phase ont.o a kllown int.el'val.

Fol' vertical hopping, with the t.ouchdown ami lin.-off posit.ion at. :;' t.he locOlnotion

time of equation (5.1) maps a lIight (or st.ance) phase onto the interval (-l, 1) between

lift-off and touchdown, with ( = 0 at. apex (max. compression). Moreover, if 11'<:

assume zero dissipation during flight phase, its derivative, i., is const.ant. Essent.ially,

( compresses or expands the flight. dnrat.ion t.o fit. bctween t.he limit.s (-l, 1) while

keeping the 11011' of time constant.
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Figlln~ 5,1: /'ocollw(,iou Tillle (f) vs, hody l/Cight. (:;Jfor VCl'tiCili llOppiug. 'l'IIC \'iliuc

or ( is ciliculat,cd Dulille duriug illl cxpCl'imcII(,ël/ l'lllI IIsillg cC/lm/,ioll (5.1 J. Despit.e

dHlIIgillg JWfJpillg JlCight,~ fligi:t, cll11'ilÛOIl is COIIst.ëltlt, il! t,ile epsilon clOl1lilÏII. MOl'cO\'cr!

t,hc! Iw/lisUc flight, pat,h rClllaius pëll'ilholic whCil pJottcd ëlgilillSt, (.

Figul'c fi.·l shows t.he locomotion time compllted online fol' an experimentalt'un. AI­

t.hough t.he night. dllmtion varies wit.h changing hopping IlCight, whcll plottcd ngainst

t.he locomot.ion Umc, thc curve cle<lTly shows lift.-off at c = -1 and touchdown at.

( = 1. By phullIing cont.rollcl' action bascd on t.he locomotion time, an)' path can

t~asily he mapped onto l'cal t.i11lc.

Trajeetory Tracking

•

Tllt~ foot. placement. algorithm of cqllation (:l.2) specifies a tOllchdown toc position, ,l~J,

which sl.abili~cs t.he 1'1Inl1ing motion. Thus, any tmjectol'Y for the toc which contains

t.he point. (a~/llt,d will succcssl'lI11y stabilizc robot. rllnning. Whon the f1ight dUl'ation

is lin 1\110\\'11 , t.he only implcmentahle trajcctory which stabilizes the motion is a step

of amplit.udc ;I:J. Ho\\'cvcl', IIsing the locomotion timc, c, the instant of touchdown is

known and a path can be choscn which additionally matches the lift-off and touchdown

spced oft;he toc 1.0 the l'unning spccd, à:J = XIe = X1'A!' This lIg'l'ound specd matching"

e!imillat.cs high accclcrations al. lift-off and high impact loads ai. touchdown rcsulting
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ill a l'('dllcl'd ]>l'nk actlli\1.01' IHl\\'t'l'. sllloutlH'I' swill~ill~ nlol iUIl ur 1111' ll')..!, '\1HI Il'ss \\'(',\1'

011 t.lit' systl'lI1.

Figlll'f' 5.2 shows t'xl)('riIlH'lItal Il'g illIg!l' data l'or 1"'0 sllrn's,.;i\·1' sll'pS al 0.7111/,';

rtllll1illg speed. 'l'Ill' solid CIlI'\'{' shows t.111' actual pat.h rollll\YI'd 11." lq.!; which swings

at, iIll nppl'm.:illlat.dy COllst.allt rat<' dllring st.ann' alld l'l'spollds 10 a skp ill IlllSililill

sc\.point. dlll'illg Ilight.. 'l'Ill' Ilight, pllast' !t'g allglt' is t!'al'kt'd 11sillg a high ~'1Ï1I \'1)

control la\\'.
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Figure :j.2: Actllal lcg swing al/d fJl'Oposed l'e!èwcllœ /,r;ljcc/,O(V. 'l'/w lilIliti Clll'\t,~

shows l,he cyclic swinging llw~iOl/ or t./w l'OIJOI, lcg a1)0/11, /,/W \'f!rt,ÎCil/ pm:il,iotl, 1,':1"0 It~g

él1lglc, roI' l'llllllÎug at O. ï m/s. During t./w flighl, p/wse t,/H! leg H/lgh! is s(~rv(l(~d I,t) il

dcsil'cd /;ollchcloWlI va/uc /.lUit, will assure s/,ablc rUl/uiug. '['lin hm/wu li,/(! ilHJiI~;tI,(!S

tIlC fJl'OfJosed rcfcrcncc tm,iccf.Ul:V. 'l'his /,m,iectOl:V irllp/mlle/l l,:; gl'Ou/ld Sl'œc1l11al,d,il,g

hy mél~chillg ~hc /cg swing l'élt,cs élt lin-ofr and t,ollclu/ow/I 1,0 t.11C I,re;u//Ilill sJwed.

The dashcd ctll'Ve in Ji'igtll'c 5.2 shows ét proposcd rdcrcllœ Lmjcc1.ory wllkh IS
1

cornputed onlinc using (, This l'crcl'cncc I.l'ajcctol'Y is rOl'lllcd by il. J>anl1)()li(~ <:1l!'V(! al.

lift-off, a tangent line and a seconù pétl'abolic CUI'VC al. l,ol1clldowll and is givell by

•
1 -1::; f.::; (.(

c:.! < c ::; 1
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11'1",1'<' (It., ,",,1 à", al'<' tl", actllal lin.-off il'i\ ani\I,' ancl rate, °'01 i, till' tonchdown ani\le

'l'''''iril'fi by ti", 1,'1'1\, ,",,1 à'd i, 1111' tOllcl"lown ,wini\ rate which Inatclll', tlll' i\rOllllll

'1"'I'c1. In aclclition, the trajectory 'I,,'cilie, Ô/o and Ô,d. II'hich are, rc,pectively. the

lift-orf ancl tOllchcloll'n ani\lllar acc!'leratiOlI' of tLe Icg and relate to the motol' t.orquc.

"Il ancl li 1 in "qll"tion (ii.~) c1din!' the lin!' II'hich i, tangent. 1.0 botil p"r"bolic path,

"ncl depencl (JI 1 the initial "ncl tari\d. conclition,. '1 and <'2 arc the tangcncy point,

I)('tll'el'n the lilll' "ncl the fir,t and ,econd p"I·"bola,. re'pcct.ively. 'l'hi, refercnce

tr"jectory nmtche, lift-orf and touchdoll'n Icg ,wing rat c, to the ,tance phase leg

'lI'ini\ing and corre'IHlIId, to a con,tant-Inagnitudc act.u;,~"or torque in thc paraholie

rei\ion if the nlotion i, frictionle". 1\llhough both the rcfcrence trajectory and tlw

'd.point inclnde the ,alne tonchdown Icg angle. the referenee traject.ol·y additionally

nHltche, the 1"11.<'" a, weil a, di,tl'ibnting act.nator crfort thronghont the enti('(~ f1ight

ph",e in till'ory lowering overall power reqnircment.,.

Eqnation (·'I.:.l) wa, u,ed 1.0 compute the f1ight phase energy output of the hip motor

for ,ix ,ncl'e"ive ,t,eps al. O.8m.js running speed. The results presented in Figlll'e 5.:.l

arc l'rom two se"arate t'xperimental l'uns. In the upper field, the f1ight phase leg

angle i, rt',pondiug 1.0 a step iu position setpoint. Below, the leg angle is following

the refert'nCü tr"jedory ddined above. Notwithstanding the step-t.o-step fluctuations

in overall energy ontput which are discussed in Section 4.3.3 the dirference in shape

and magnitnde of the energy outpnt fol' each l'lin is immediat.e1y obvious. When the

,,,t.point i, nsed. the energy shoots up rapidly as the step is applied then levels orf fol'

th" relllainder of t,he f1ight phase while the leg holds position. This behaviour is seen in

the act.ualleg angle cllI've of Figlll'e 5.2. The lower field shows that when the reference

traject.ory is used, however, the energy generally increases more st.eadily throughout

th!' ent,ire f1ight phase in response to a trajectory that also changes smoothly. The

dillcrcnCü in OI'erall energy fol' these two l'uns is also apparent.

The mt'an power data from the upper field of Figure 4.6 arc shown again in Fig­

me 5.4. Inthis figlll'l' the data have split; values in the upper field arc from experiments
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Figure 5.3: Hip Motol' Mcchaniciil Bncl'gy. T/w CIICI'J:;)' cldivcl'()d 1,1) I./I(! sysl,mll dlll'illg

flight hy tile ilip motol' is silown [or six sllC:cessiw' sl,q)s. The IIppel' Cl/l'\'() depids il 1'1I11

wllcl'c tile fljght p/lilse leg angle 1,l'ilckcd t./Ie sct,poinl. GOII/f)/ll,ed hy t./w I(JOI. p/;u;clIlt!n/,

a Igol'ith m. In thc JOWCI' ClIrve, !.fIC Icg illlg-/e li)lIowccl il l'd'cmll(;() t,l'iIJod,ory l'mi(~d (HI

t.lIC locomotion Ume \'ill'iah/e. This t.mJcct.ol''y I,erllliual,c." il. 1. t,lw ~;(!I,poilll, '''fW(:ifbl hy

I.he FPA. Tile rlllllling spced WilS D.Sm/." in Cilch cmw.
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ill which 1.1", cOllvl'lItiollal st"p was ,!S"c1 for flight phaSl' Il'g allgl" l'OlItrol. TI", lowI'r

1i"lcI shows 1I11'all pow"r will'" 1.1", r"kl'l'IICI' traj"ctory c1"srrilll'c1 ahov" is illlpl"llll'lItl'c1.

'1'111'1'1' ill'" 71l~ st"l" r"I"·"SI'"1.c'c1 ill 1,111' "1'1'''1' lidcl, (i(H ildow. As hl'for", U", lilll's

l'I'I"'''S,,"t 1.111' I"ast s,!lIal'l'S lilll'"r iii 1,0 th" data. J)"spit.e th" ohviolls dirfe"""ee ill

l'II"rgy l'OIISlllllptioll for 1.111' six st"ps sho\l'II ill Figllre' :'.:1, \l'ilell U,,' data frolll various

rlllls al''' tak"" togdl",r U"'I'I' is 110 c1irf"r"nc" in o\'<'rall 1'0\1'('(' l'ost! III fad, d"spite

1.1", srattl'r "vid"nt in th" c1ata. 1,1", averag" pow"r repr"sented ily the lin"ar fit fOI'

"arh data sd varies ily I"ss than 1% OVl'r th" entire spced range.

Why is th""" 110 powe,' saving? There al'e two possible causes. First, the reJerence

tl'i,j"ctory t""hlliqu" 'llay not 1)(' as suceessful as hoped because it aHe111pts 1,0 do too

1I11,ch. In addition 1,0 maLching the touchdown leg angle, thl' rate is also llcaLched.

This is a. tricky thing 1,0 do sincc any error in timing, perhaps due 10 pOOl' sensitivity

on th" state switch, could cause the toucl,down position 1.0 vary siguificantly l'rom the

c1esired position which could l'anse over correct.ioll on subsequent steps. This is not

the casl' wit.h the setpoint cOlltroller sincc the touchdown rate is fixed so variation

ill the "l'ad illstant of tOllchdown does not affect touchdown position. Moreover, in

ordl'r 1.0 match the t.readmill spccd, the leg is swinging al. touchdown rather than

holding a cOllstant positioll as it. does with a simple step ill leg allgle setpoilll.. The

l'xtra ellergy associatcd with this 1I01l-zero swinging speed could accoullt for extra

l',cergy. The secolld possible cause fOI' the missing power sa.villg has to do with the

PI> colltroller which is used ta track bath the set,point. and the referencc trajecf.ory.

This is discllssed below ill Sect.ion 5.1.1.

Althollgh the referemce trajectory technique was not successful ill reducillg the f1ight

phase hip mot.or power, the techllique could be ada.pted for bail scre\\' backdrivillg

where il. may prove more sllcccssfu!.

•

•
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FigUl'C 5.4: MCHn Mecllililicci/ Power (hoUI lIIO/,llI'S) vs, n'lIl/lillg Sfl(~ed /'(~fH'odlll~r'd

fi-om Figure Il,li, Each dat,a pOill/, represell/,s a single s/,(!P, /.Iw /i1H'S show OH' Ir!ltsl,

sqlmres nt to the data. Dat.a ill t./w upper fin/cl arc taJwlI li'Olll six (!XfH!I'i/lwllud 1'11111'

ill which the mght phase Jeg cingle l'espollC/s /,(J cl Sc/,POilll., The lower fidd shows d;d"l

fi-om SC\'CII cxperimcnUl1 l'UliS whcrc t./w f1ight. p/msc Icg ClIIglc.· I,rtwks 1,1) il l'd(~'''!lIœ

t,l'aject.ory computeciusillg the loccJlIwt,ioIJ UlIIe VilriiJ!)/c.
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PD Cont.roller \Vit.h Epsilon-Dependent. Gains

EV"II wl\l'II " rl'f"I'l'1I1'1' 1r"j"l'Iory is Sl)l'l'ifil'd for Il,,, dl'sirl'd f1ight phasl' k'g ""gll'

illsl,,,,,1 of" stl'P, a l'Il colliroll,'r is "lIlploYl'd to ellsure Il)(' aclual leg allgll' tracks

1,0 Ihis l'lofl'l'l'uCl' lrajl'ct.ory. lu<k'l'd. siuce rate "s weil as positiou arc to be matched

al. l.oll("hdoWII~ I.l'ackillg acclIl'acy IwcolIIes evell lIIore cl'ucial. Fol' t.his l'caSOIl~ t.he

PD gaius nlllsi hl' kl'pl high. This drives the hip motor torque 10 clevaled Icvels

wl",",'""r li", !l'g augle diverges from Ihe refel'euce trajectory. Moreover, the high

g"ius "lIlplify sellsor lIoise whieh shows up as high frequellcy, large amplitude spikes

'"1 th,' 1II0tor torque sigllal. Such dist.miJaucc t.orques add t.o t.he euergy out.put. of t.he

motor reduciug overall dlicieucy for locomot.iou.

i\ closl'I' el'amiuat.iou of t.he proiJlem reveals t.hat. t.racking of bot.h leg posit.iou aud

rat" al'l' assured at. lift-off siucc t.he referencc t.raject.ory is comput.ed accordiug t.o

these dat.a. The linear port.ion of t.he t.raject.ory only suggest.s how the leg angle may

approach t.he touchdown set.point and so tracking requirements arc not stringent in

t.his region eit.her. In fact, t.racking accuracy only becomes import.ant. in t.he lat.t.er

part. of t.he f1ight. phase as t.he robot. approaches touchdown.

Thns t.racking accmacy requirement.s, which rclate 1.0 the values of the PD con­

troller gains, vary throughout the rIight phase. By specifying cont.roller gains as a

funct.ion of t.he locomotion time, torques could be kept al. rclativcly low levcls by hav­

ing lower cont.roller gains at. ( = -1 while tracking accmacy is assured where needed

hy increasing t.he gains as ( approaches t.he t.ouchdown value of +1.

5.1.2 Robust Control Theory Approach

ln addit.ion t.o const.ruct.ing the AllI. l'vlonopod, a dynamÏcalmodcl and computer sim­

ulat.ion \Vere developed based on t.he physical device. This work was primarily carried

out, by M. Ahmadi who Was able 1.0 valiclat.e his modcl and simulat.ion against. el'peri­

ment.al dat.a obt.ainecl with t.he physical device. The existence of such a model which

accurat.e1y predict.s l'obot. behavioul' enables t.he development of advanced, model-
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based cont roll,'l's for locomol ion,

A Illethod of synth"sis ('xisls in Il,,, liPld of Hohnst (\)\\11'01 '1ï,,'ol'~' which l'ail 1",

ns"d 10 design a slahilizing conll'oll,,1' l'<'pl'<'",'nl illg Ih" oplimal solnl ion 10 a gi\','n

control l'rob lem posed in IIll' fl'<'qn"IH'Y dOlnain, For ot:\' application Il,,, p1'Ohl"ln

conld Ill' posed in tel'ms of a ,\/i;r('ll SI'II,'i/iI'ily '\/illillli:(//ioll ill which a sl.ahilizing

feedback controllel' is songht which Iracks a 1'<'I"I'<'n('(' I('g allgh' in lighl or s"nsor 1I0isl'

alld silllnltaneously minimizes the Il''' no:'lll of th" inpnt tor'ln" siglla!. :\ conlph'l.I'

problel11 description includes frequ"ncy dep"ndmIt \l',,ighting fllnrtions whidl d,'lin,'

acceptable trackillg crrors and c'xpect.e<! sellsor noise sp('rj,ra~ as \\'('11 as iH·rollllt.ill~

for the range of angle setpoints and acceptabl" torqn" signais,

Initial attempts have bcen made ta design such a controllel' based 1>11 a sinlplili"d

1110dcl of robot dynamics which would replace the PD controlh'l' for IIight phas(' il'g

angle tracking. The design procedure l'equil'es a solid hackground iu rl'e'lI""II'Y 1'<"

sponse techniques as weil as a greal deal of patience. Although our attl'Inpts did

fUl'uish il contl'OlIel' which pl'oved ta be seusitive 1.0 inpnt tOl'qn" aud acl.uatol' halld­

width, simulation of this contl'oller also l'e\'ealed the tl'acking p""fol'llwncl' 1.0 III' ,illich

less than adequate. FUI'ther reseal'ch into this arei\. conld, "owever, ultilnal.<'1y yi"ld

positive l'esults and wOl'k should not he ahalldoned.

5.1.3 State Space Techniques

The dynamicaJ modcl descrihed above in Sect.ion 5.1.2 cau a!Ho h" used as the IIHsis

for model-based controllers designed in the time domaill. 1\ teci,"iqn" loI' Millilll'UI.'­

E1lC1'9Y COll/roi is described by Chen [7] which couId be adapted for llight phase leg all­

gle contra!. This technique minimizes the /} nol'ln of the inpnt torque, IIT(t) 11/.'1 whil"

driving the system l'rom the initial state (t'u,fltu,ilt,,) to the final state (t'.1,l),,/,O,.d,

whel'e / is time, 0 is the hip angle alltl iJ the angular rate.

Applying this design method 1.0 a simplified mode! of the robot described oilly

by a leg inertia / and a hip torqne T, wc obtain il feedback law wbich l'etlll'llS the
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d('Jwrtcls olll)' OIJ t!J(~ rUl'rellt and nllal states. 'l'hus t.he cOlltrol law is Illclllol'yk~ss alld
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Sinlllla1.ing t.his con\.l'Oller fol' the simplifiC'd system we obtain the resul1.s shawn in

l''igure 5.5. The simulat.ed leg anglc is shawn 011 thc Icft. Thel'c is 110 concept hCl'e of

il !deJ'(~llœ Ll'<\jcctory~ l'éil,hel' this is the simula~~d, "actual" path fol1owcd by the leg

in rCSpOllS(~ 1,0 t.he t.orque gcncmtcd hy the con\.l'ol law of equation (5.3). On the l'ight

Hide of Figl1l'c 5.5 Wc show the hip torque which has bccn scalcd down by Cl. factor

of :10, pqllal \.0 t.he actual hip t.ransmission ratio. This allows the torquc spced curvc

or ollr Maxoll mataI' t.aken from Figlll'e 2.2 ta be plotted on the saille field (dashcd

cnrvc). Evcll t.hough the legs swings through 50° in 0.25s, the rcquircd torque lies

wdl within the motor chal'actcristic curvc cverywhcl'c cxcept at lift-off.

Although thc cont.l'ol1cr is termcd ;'l'vlinimum Energy" this rcfel's to the spectml

encrgy of the inpat t.orquc signal and is Ilot cxplicitly related ta the actuator cncrgy
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output. \Vha!. is !.IH' physical si(.!;niliratH'I' of Illinilllizin).!; 11Tlf)llu? (\lllsidl'r lllt'

silllplifieti lIlode! for a De III ut or gin'n in Figul'l' ii,li t'Onsisling of a 1'01lS1.<1I11 wÎndin).',

l'esÎstan<.'<~ RI!' an input voltagl' ". and a hilrk E1\1 F I~"I = I,',à whl'n' l,', is 1111'

e1edrical constant of the lIlotor and à is tilt, 1\\01.01' spl'l'd, Nq~ll,rt ing t.hl' 1'11'1'\'1 ur l!ll'

winding inductance, tlw torqnl' oulpll! of tlll' lIloto!' is givl'n hy T = 1\'11I i" wl)l'l'l' 1"Il!

is the mcdmnical constant. of t.1H' III ot.o!' , and tlll' cU1'1'{'nl, thl'Ough l,Ill' mt.or willding

is given by in = (V - Eu)/ HII , The ])()WC1' dissipaLion anoss t.Ill' mtor winding is llu\\'

givcn by

IJ \ '" " l'
l(l,~.' = .'11"/,, = 'll- ln

and the cOI'rcsponding l'nergy loss is

Thus t.he millimum cncrgy contl'Ol1cl' actual1y lI\illillli;l,(~s l'Il<'rg)' riissipatl'd as he'aL

thl'ough the mataI' <lnnat.UI'C, Alt.hough \lIinimizing t.his «nant.it.y would IlOt. afl(~d th ..

spcciric rcsistallcc, it woulcl redut,,, the e1edrkal power COIISllll\pt.ion of Olll" 1'01>01.. This

is ail important goal since at st.all t.ol'que OUI' SOIV IIIOt.OI'S l'an dissipal.e ilS ::::: 'lUlli-V

of heat. throllgh thc armature willdillg, This power level can only 1)(' llIainl.ainpd I~II'

a bricf period lilllited by the thel'mal Lime const.ant. of t.he lno1.01'.

1ri I~ il..

t
v

Of-----------....J

EIr
M

Figure 5.6: St,at,ie E1edl'ic Circuit, Model o( il DG Moto,.

This type of model-based control\cr which depends on élll accnra1.c s1.al.e-spaœ de~

scription of the system is very sensitive to modclling CITors and 1I1l:lloddlcd dYllil.lllics,



'l'his 1I1l,allS Ihal a simple feedhack law snch as Ihal given hy eqnation (ii.:!) may nol

exisl in a l'radical, implenwnlahle fonll for Ihe AR!. Monopod. Moreover, the COII­

11'0111'1' wonld not respond 10 changing system panllnders. I~ven so, snch a conlroller

1",",,,1 on a 11101'1' complete dynamieaimodd could he simulaled 10 yicld a "minimum­

('nergy J'(,ference Iraject.ory" simila" 10 the trajectol'y shown in Figure 5.5. Such a

Irajecl.ory wonld have ln he scaled according 1,0 the actnal lift-urf state and the targe(.

tonchdown state given hy the FI'A, and the locomotion time would he used instead of

the l'l'al tinte. The resnlting trajectory conld replace the pieccwise referencc Lrajectory

discnssed in Section 5.1.1.
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5.2 Hardware Modifications

5.2.1 Compliant Hip Actuation

Dn,.jng f1ighL, t.he hip moLor has Lo decclerat.e ,harply, accclerate and t.hen decclerat.e

Ihe leg, which requires peak power of our moLors aL Lop running spccd. ~bsL of Lhis

rel.nrn swing mot.ion of t.he leg could be provided by a properly dimensioned spring

in series wit.h t,he hip actuaLor. This has been proposed and experimenLally t.esLed in

passive (unsLable) mode by Haihert [:lI].

Our robot. has been designe(1 t.o accommodat.e such springs as part; of t.he hip actu­

at.ion sj'stem. The equat.ions of Section 2.2.2 were devcloped taking int.o account. t.his

compliancc. Equat.ion (2.5) gives the mot.or torque required t.o swing t.he leg through

a sinusoidal path. A large value Was used for the hip compliance, kil> 1.0 simulate

direct actuation fur selection of the transmission parameters. The same equation can

also be used 1.0 determine t.he torque speed requirements for compliant actuation of

t.he hip joint.. Figure 5.i shows the hip motor torque requirements for both types

of mot.ion plotted against mot.or speed. The dotted curve represents the mot.or limit

while the circulaI' dashed curve shows the requirement for direct actuation. Although

direct actuation of the 250 sinusoidal path is easily accommodated by the motor, the
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Figure 5.7: Active Hip vs. Passive Hi/>. 'l'he (jgllr(~ shows siulII/;/I,(ld lIip lIJo/.or

t;or'que specd rcquircments ta [ollow a 25° sillusoirlal rC[(!f'(mce /,l'ajcd.ol'J' 1<,1' leg illlg/e.

'l'lie dot;ted CIlI'VC shows the rnotol' opcNdillg raugc li'OllJ Figlll'C 2.2. The d;IS/J(~d

curvc shows tlle l'cquiremclIt Ilsing direct. actllat.iOTl whel'c UIC lI/ot,Of' ;l!ollC powcrs t./U!

motion. The solid CUl've rcprcsents tlle req llirellWllt, 101' il passive lIip w/wm t./w /Hl//\

of tlle motion is powered 1Jy CllCl'gy st,ore<1 ill il /Iip cowplial/cc al/d t./IC II/ot.or I/wre1y

makes up for Josses,



1'<''1l1ir''"l''lIl. is !',r"atly l,,'dllce'd 1I'IIl'n I.he colllplianCl' is add,,,1 (nal'l'Oll', solid cUl've),

W" hav" d"""'ol",,1 a conl.roller II'hich sl.ahilizes I.he passive dynalllic nlode of I"Ohol.

rllnnin!', in sinllIial.ion hased on a sinlplified dynamic mod'" of t.he physical I"Obol..

'1'1", IIl'XI. sl"p involves adapl.in!', I.hes" cont.1"01 concepl.s t.o st.ahilize t.he lliore complete

sillllllal.ion which has l"'eJl validat.ed ag,Jinsl. experilllenl.al ,'uns wit.h t.he rohol.. This

work, I",rfornll,d by M. Ahmadi, represeJlt.s an import.ant. first. st.ep I.owmds imple­

nll'nt.ing passive dymllnics in expl'rimenl.. Wc arc cUl'rently evaluating t.he suit.ahilit.y

of connnel'Cially availahle latex I.uhing which wc hope t.o use fol' the hip compliancc

on 1.111' l'Ohol..

• L'I/I\ l''n;/I!j, ENImm' ('()NSI~/IVA '/'J()N S'/'II:\ '/'E(;JES (,,),-

•

Compliant Running and Torsional Spring Design

ln conjnndion with at!.el1lpts to il1lplel1lent passive dynamic rtlnning on OUI' prismatie,

planaI' I"Ohot., a seconrl robot., t.he Compliant Articulat.ed Robotic Leg (CARL) has

h""n const.l'1lct.ed at. ARL [18]. The design of CARL's actuation systems is based

011 simnlat.ion work in whieh compliant clements are included in series wit.h both t.he

knee and hip act.uation systems. Il'loreover, CARL cont.ains a passive, revolute ankle

which has a Cûmpliancc but. no actuat.or. Sincc ail of CARL's joints are revolut.e, wc

have been devcloping high st.rain t.OI·sional springs cast from clastomeric mat.erials t.o

provide t.he neccssary compliance, The requircment.s fol' energy storage capacity with

high t.orsional stiffness anrllarge strain, 75Nm/1'lld at O.7rlld fol' t.he knee, as weil as a

desire fol' 1011' mass, 1011' profile compliant clements precluded the use of convent.ional

t.orsional springs. 1 part.icipated in design and manufacturing efforts which yiclded

oUI' first prot.otype springs.

5.2.2 Type II Leg

The bilsic design of our l'Obot.'s leg differs from that of most so-called "hopping robots."

The leg, whieh WilS constructed prior to illY involvement. with the pl'Oject is what we

t.erm il TYJle Ileg. Figure 5.8 shows the distinction between our Type 1 leg and the
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mor<' ('ommon 1iIJ."· 1/ ,IPsign, Th<' (,vPl' 1 Il'g has 1"'11'<'1' Ino\'ing paris sinn' il la('ks a

sl'parale upper kg p;nid<' t lIl"" This l'iilninalt's on<' sliding joinlwhich ('an Ill' a son l'n'

of pract.ical diflicullies rl'ialing 10 alignnH'nl and sliding frirlion, Ilowt'vl'r, 111l' '1'.1'1'1'

1 leg includes a hardslop on Iht' (}\'l'rall Il'g I,'nglh wlll"'t'as in Ihl' Typ<' II h'g, llll'

hardst.op acls on t.he spl'ing I<'ngt.h only.

ln order 10 underst.and how Illl'se dilft'I'<'n('('s in d,'sign alf,'ct IIIl' vI'rli"al hopping

mot.ion, we mnst. lirst. considel' what. o('('lII's during slan('<'. Dnring IIIl' lirsl pari of

Ihe sbtnce phase, t.he lower leg <'ompresSt'S IIIl' I<'g spring slo"ing t.h<, kin<'lic l'IIl'l'g)'

of t.he robot's verticalmot.ion as e!ast.ic energy in t.he spl'ing. Dnring t.11l' St'cond Imlf

of t.he stance phase t.his energy is rct.ul'lled t.o t.h<, sysl<'nl as t.h,' rohot. I",gins to InoVI'

up aud event,ually lifts ofr. Unfort.unat.dy, this transfer involves a loss <'n"l'gy which

tmnslates into a lower lift-off speed (t.his energy loss is dis('nHHed in [:!ïll. Tlnls th<,

mot.ion of the robot. is similar t.o t,hal. of a honncÎng hall which dt'lT<'aSt's in Ill'ight

with each bounce. In QI'del' t.o maint.ain a st.eady hopping Ill'ight. additional <,nl"'K1'

must. be added ta t.he system t.o account for losses; The hall scrl'w shown in t.Ill' Iignl'<'

compresses the leg spring dming t.he st.ance phase and adds energy to t.he syst.l'm t.o

maint.ain a stable hopping IlCight.

Now, the hardstop of t.he Type ( leg const.mins t.he oVl'l'ali leg Il'ngt.h atld preVt·nt.s

t.he spring l'rom l'ully ext.ending b"fore lift.-orf. (Jowever, t.he Typ<' Il Il'g ('onst.rains

only the spring lengt.h and sa t.he spring expands fnlly rel;mning ail t.h,' added l'n''1'KI'

before t.he robot lifts arr. Hall' mnch c!ast.ic energy is lost.'1 Âssnming a lineal' hl'ii<:al

coil spring, the clast.ic energy cont.ained in t.he leg spring is given by

where k,./>ri,{!J is' the spring mte and 1::>. represents t.he compression of t.he spring fronl

its l'l'ce length. If the spring contains a p,'ecompression, I::>./lC, t.hen t.he c1ast.ic energy

lost. at lift-off is given by

1"E - -k ' (" 2 _ ,,2 )
U -Jla - 2 lIprl7l!J Ulo u pe (iiA)
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Figure 5.8: '(rpc III_cg. III il 7:vpe 1lcg the lcg length is constl'aincd by il mcclliluicill

IliIrt!sl,o!> (Icn.). A l, Iin-ofl: thc elilstic cnergy stol'ed ill the spring hy actuatol' compres­

sion is los 1. sincc t./IC spl'Îng call1lot ex/,cnd t,o its full lengt,h. III il Type Il leg (l'ight)

T/w llilrc/sf,op COllst,Titills t/IC spl'Îng lcngth not the leg length so the spl'Îng is frec to

cxt,ctHl t,o Us rulliengt,h bcrorc lin-ou: CUl'l'ent/y the AllL l\'lonopod uses il Type lleg

iWc/ loscs ilppl'Oximately :1.7.1/step in llllrecovcred elastic energy accounting fol' 1'l.%

of o\'cl'al1 ellcrgy cos/, ilt zero spcecl.
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wh"I"<' ::"1.. is I.h<' compl"<'ssioll of 1Ill' sprillg at lin-oll'. III a 'l'y l',. Il I,·g. th,' sprillg

COillPI"<'ssioll al. lifl.-o[f is <'quai 1.0 Ih<' PI"<'cOII'lll"'ssioll so <'qual.iou (;,,·1) l"lllJlil'lIlS 1hal

110 "II<'rgy is losl.. III a Typ,' 1 I<'g. how<'\",·r. Ih,' sprillg call1loi "Xl"llli fully silll"l' 1111'

leg lellgl.h is collsl.raill<'d bya hardsl.op, Exp,·riull'lIl.al dal.a shows Ihal ::"1.. = ll,ll,l~1I1

while ::"'>0 = 0.021111. Thus for 0111" 'lkNI"1 I<'g spriug, I.h,' "'asl.ic l'II<'rgy lost. 1"'1' sl,'p

is giveu by equal.iou (5.'1) as ::"l~'I .. =:\.7./. which accouul.s fOl' 1,1% of \.Ill' ov,'raill'ul'rg)'

cosl. for hoppillg al. ~et'O rllllllillg sp,'<,d(S'X,~~ 1.211/1.'),

5.2.3 Hybrid Sensors

AllY cOIlt.rol algorit.hm is ollly as good as t.h<, s<'lIsor sigllals it. r<'ceil"'s as illpul.. As

discussed iu Seet.ioll 5.1.1, sellsO!' 1I0ise is rellec!.<'d OIlt.O ac!.uat.or olll.pllt. n'ducÎlIf.\

t.racking performance and illcreasiug t.he euerget.ic cost. of cont.ro\. ClIrrellt.ly \\,(' an'

using Hcwlct.t. Packard HEDS-fiOOO series iucreillellt.al opt.ical "ncOl"'rs for ail allgll­

laI' posit.ion measuremeut.s, These encodel's sllpply a digit.al qlladrat.llr" sif.\lIal and

int.erface easily wit,h t.he Xl'IDeS. 1'l'loreol'"r, t.hey do not. drift, and ha"" a collst.ant.

resolut.ion of about. i2 ° over an infinit.e J'ange. While t.hese sellsors al''' id"al IClr 11IO­

t.ors which experience mult.iple rel'olut.iolls (15bil .• fOI' fi rel'olllt.iolls), \.Ill'Y al''' l"ss w"'l

suit.ed for measuring joint. angles wit.h a low range (IObit.. for !lOO). Allalof.\ s"lIsors

such as potentiometers can have a much beUer resolllt.ion bllt. llIIISt. h" calibl·at."d and

arc susceptible 1.0 c1ectro-magnetic int.erference.

Since the resolution is limited primarily by lloise generat.ed bet.ween th" pot."nt.iOllJ"­

tel' aml the A/D circuitry, il. is essential to minimi~e this dist.ance. 'Il> t.his 1'1111, we

have devcloped a hybrid sensor hased on an infillit.e resolut.ion pot.ellt.iOlllder coupl"d

with a local analog 1.0 digital cOllvert.er. In t.his way, the sellsor t.akes advallt.age of t.he

infinite resolution of the analog device but. behaves like a digit.al deviœ fl'Oul t.he poillt.

of view of interfacing and insensitivit.y 1.0 c1ectt'O-magnctic 1I0ise. The circnit. diav;nl.lll

fol' this sellsor is shown in Figure 5.!). The circuil is based (Ji; t.he MAX 187 sm'ial

A/D converter chip and fealures active filt.ering of the inpnt signal as weil as a scal-
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;d,11' illpul rallgc. 'l'liis r('atul't' 1IIl'alls t.hal. 1Ill' sPllsor will giv(' tl'lle 12 hit n'solution

oV('1" allY sl'!l'ded lll('asul'illg l'ange IIp 1.0 the pol.Ctll.iOlllctl.'1' 1I1<lxi1l1l1l11 or ;~'IO°. Takinp;

adVillJl.ill.',l' or Sllrriln~ 111011111. tl'chllology, t.Iw ('utin' device fit.s Otl CI 2ïl1l1ll diélllle\.CI'

cin:lIit hOilrd aUadwd diJ'(!dly 1.0 the' pot.ellI.Îolllet.PI'.
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Figlll'c 5.B: Angle Sel/sor AIl) circllit,/T

Preiilllinilt'y exp(~rill1ents arc encollraging cspecia.lly OVel' small displaccmcnts. F'ig­

lire 5.1 () shows expcrimcllta! results comparillg oplical encoder to hybl'id SCllS01' sig­

nais. The IIpper field c1carly shows «lI<tntization noise on the encoder signal (upper

ClIrvc) while the hybrid sensor accnratc\y IIlcaSlll'es within the AIl) converter resolu­

tion of ±Ilû' (Io\\'cr clII've).

The il11provclllcllt is more pronollnced when rate signaIs arc compared. The position

signaIs, (J, w{~re difrel'ent.iated and filtercd online in software ta obtain rates, (i, through

a 1·'1 arder IIR rilt.CI' of t.he f01'l1l

, _ ,-wr.'l'· (-wc'/' )/' l(Jn - (. C/n-I + 1 - e ){qn -ljn-l ï

where Wc is t.he filter cut.off frcquency (10Hz) and T is the sampling period (hn,s).

The l'l'snlt.ing rates are given ill the lower field, 'l'he quantization of the encoder

signal couvert.s to large slow spikes (upper curve) while the hybrid sensor signal has

a IIIlIch highcr signal-t.a-noise ratio and the noise contains mostly high bandwidth

cOIllI>OIJent.s that are more casily proccssed (Iower curve). The cncoder signaIs have

heon intcntionally olfsel for c1arily and arc shawn above the hybl'id sensor signais.
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lVere di{/crentiated allCl (jJtered ill sofl,lVllre 1.0 o[,l.aill l'IlI.c SiglliJiS. EnCl"/cr sigll;Jis

have bccn shii'ted fol' c/arily allCl lire s/lOlVn a/wI'c l/.l'brid Scnso/' sigllil/s.
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TIIl'SI' hyll1'id SI'llSol'S will l'l'pla"" t11l' ,,"('od,'l's IIH'aslll'illg hip allgh' alld pitch allg"'­

'\'iol'l'ov"l', ('AHL. Ih" Sl'(,olld g"lll'l'alioll l'l'vol III" joillIPd robol collstl'lIcted al AllI.

!IX] willllsp t.11<~s(' S(~IIS0I'S al T) locatiolls.



Chapter 6

Conclusion

A pl'Oject of this type invoives many disciplin,'s and alfords an ,'xcl'II,'nt OPI")I'I,nnity 10

experiencc first hand the di[[icnlties and rl'wards olli'n'd hy t.l1l' Ih'ld or ('XI,,'rinll'ntal,

legged robotics research. Snch expl'rilnentation whl'n pl'rfo1'll1l'd on " con<'(·ptllall.l'

simple machine l'an be a great mot.ivator fol' developing nl'W id,'as sinn' t.I". Illachill('

is simple enough 1,0 be approachable by analyticalnlethods.\'f'I. il, l'lll'onlpassl'S ail th('

relevant dyuamic pl'Operties of ad.ive balancc and Icggcd locomotion. Far 1'1'0'11 IU'ing

ail academic exercise, wOl'k on this machine has pl'Ovidl'd a grl'at dl'al of ('XI"'ri,"Il'('

which will donbt.less be incorporat'\ll into futlll'e machinl's bllilt al, AllI,. At t.I", Slllnl'

time, our cll\'reut robot still has nluch 1,0 \.ell ns and then, is no lack of idŒS whieh

may be tested on the device.

Experiments with Oll\' planaI', c\ectric monopod have shown that. c!Pt·l.rie I,ci.nation

fol' dynamic rUl\l\ing robots is feasible despite power lilnited ad.nation. INl' ha"l'

succcssfully adapted traditional control algorithlns, original desiglll'd fol' nlnch nlol'<'

powerful ad.uation systems, 1,0 operate with BOH! e1edric Inotors. Moreovel', a df'l.ail(·d

el\ergetic analysis has provided nsefnl insights into how power is IIsed in t.lle rnl,ning

cycle as weil as bow this pOll'el' l'ost may be rednce,1. Slich insights l'laya I",y l'ole

in the design and control algorithm development of flltnl'e legged robots al, /\ lU. ;II,d

have already been emp\oyed in the design of C/\RL, 0111' l'om pliant articillatedrobotic

(j!)
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1':V('11 with()lIl. IIlHjOI' erforts l.owards IIwxilllizillg pel'fol'llIf1lH ('~ our rohot. lias t.he

IH~st (~Jl('l'w,tit jH·rrOI'tIlH.IlCe, as IIH'è1SlIl'ed hy :.qH'cific r('sist.allce~ Hmong ail powercd

leggl'ci Illachilles. (lm experiell<'es \Vith this ci ..vice giv.. us coufideuce that a fully-

a Il tOlI01IIOIlS~ C'!ect.l'icaIIY-Hcttlël t.(~d ~ dy Il Hill ically-ha laIlced CI nadrupcd cati he COlIstI'11ct.ed.

• (.'1/;\ 1''1'1':11 li. 1:0;\'1:1.1 ISJ()i\" iO

•

Future Work

The experimeuts perfol'llled so far \Vith OUI' clluccpt.ually simple robot. have t.aught. us

a. gr""t deal ahout. dyualllic 10COlllOt.iou m geueral. Alt.hough auy l'radical device will

1", Illuch dirfereut from our CUITeut monopod, t.here is st.illmnch t.hat this machine can

teach us. '1'0 t.his end we propose the following, non-exhaustive Iist of modifications

1.0 t.he physical device all<l its control algorithms which could deepen our practical

undel·st.anding of legged locomot.ion.

The inl",rent. design of the leg current.ly implemented on the robot. accounts for a

loss of 1'1% of ail the energy added to velticalmotion al, zero speed. A new leg based

ou a 'lillJe 1/ design discussed in Sedion 5.2.2 would allow some of this lost. c1astic

eUI"'gy t.o be recO\'el·ed. This would further improve the energctic performance of the

machine.

A det.aibl energetic analysis confinned that energy output during t.he rIight phase

becomes mOl'e important as running specd increases. Therefore, crforts towards min­

inlizing energy consumption should COl'centrate on the flight phase controllers which

backdrive t.he leg actuator and servo the leg angle. The locomotion time variable pro­

vides a valnahle oPJlortunit,y for investigating new control strategies. Aiso controllers

\Vhich eXJllicit.ly minimizingenel'gy output of actnatol'S should be investigated. Robust

cont.rol t.heol'Y orfel's t.echniques which may be applicable 1.0 this type of problem.

Finally, t.he most. prolllising sCr·',t.egy for minilllizing energy cost of locomotion in­

volves illlJllement.ing passive running with a hip cOIllJlliance in series with the act.uator.

Passive dynalllics is recognized as a key concept for reducing O:l1e'·<1;)'. consulllption in
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hiological sysh'llls. Alt.hollgh Ihis typt' of llIotion lias Ill't'Il iIlYt'sligatt'd ft Il' Iq!;gt'd

Illarhill('s. !lO 011(' lias Yl't ht'l'Il ahl(' to nllltroi tilt' l11otiotl in a stable r;\shitlll. \\'t'

ha\'(' d('\'('lop,'d at AllI. a rontr"lle'r \l'hirh 'l''·('(',,l"nll,, slahiliz.,s Ih., pa"il'" d~"I"lnli,'

1'1l1lllillg mot.ion of a Silllpiifi<'d ''('l'sioll of DilI' rohot. This sllcn'ss shollid Ilt' l'ullo\\'t'd

ily (,l'perilll('ntai illlplelllental.ion of th.,'I' id",,, "n Il,,, physiral d"\'i('('.
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