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Abstract 

This t1H'sis prcsellt.s tlJ(' result.s t1f an illvest.igatioll of a j<,t pip<, electropllf'Umatic 

act.llatol' c!('sigllC'd for IIS<' ill tllC' Utah/MIT Dextl'ous Band (UMDH). A sUl'vey of 

dpxt.rolls haild syst(\Il1S alld t.hcir rplated techllologies i5 a.lso provided. 

1\1'1 part of ail effort 1,0 charaderÎ7.e tlw lJMDH syst.em as a whole, a nonlinear 

l11at.IH~lIIat.ical Jl1odC'1 of t.hp act.lIat.or is given illcluding det.aile<\ representation of the 

j<'t. pilW C'lernent. orificp areas alJd fluid dYlIélmÎt:s. Model paramet.ers are idf'ntified 

(1./1(\ t.he modc1 forlllulat.iolJ is validat.ed through experiment.ation and simulation. 

'l'Il<' IwrformanCC' of t.he actllat.or under r1osed-loop control is cxamined. Experi­

mentai rcsllits show t.hat feedforward control is useful in eliminating ally steady-state 

ofrset. amI that. a Rt.able bandwidth of 80 Hz is achicvable using a simple proportiollal 

f('('dback fontroller. A linearized mode! of the aduator is presented and compared 

wit.h t.he nOlllincar model. ResuIts show that lillearized model adequately describes 

t.hC' act.lIat.or dynamics at t.he specified operating point. 

The' agl'cement, oetwpen simulations and experimelltal data indicatps that the 

mat.helllélt.ical modcls present.ed are potentially valuahle tools. whet.her t.o aid in t.he 

analysis and de'sign of act.lIat.ioll syst.ems, or for usc' in mOfi<'l-based control. 
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Résumé 

Cr·tte t.hèsl' présell1.t" If's résultats dC' )'(~\.ud(' c1'HII adtlélt.('IIl' ék·rt.roPIH'tlllléd,iCJ\H' il 

"jet pipe", spécialenwnt. conçu ponr i>tre llt.ilisp él\'('(' la. l\,Tain llélhil{' Ut.ahjl\lIT. UII 

aperçu des systèmes à main habile ('st. présent.c\ ainsi ((1'1t' I('s !.('dlllologi('H qui 1(,111' 

sont relié~s, 

S'insérant dans l'effort de caractériser la malll claus HOII ('lIsemblp, 1111 1ll0dl·Jt' 

mathématique 110n-lin~aire de l'actuat.C'ur eHt. fourni, CC' m(ldèl(' illChlf' UII(' r<'pré:-wlIl.a­

tion détaillée ..le l'élément "jet. pipe" , dl's aires d 'orilices ('1. dt' la dyllél III iql\(' dps 1\11 idps, 

Les palamètl'es du mod('le sont. identifiés ct. la formulat.ioll du mod(-)(' {'sI. Vél\id(~(' pHI' 

le biais de simulations ct cl 'expériences, 

La performance de )'é\.ct.ual,clll' sous (ontrôl<, hOl\('k-rC'rlll~(' ('S(, ~t.lldi(;('. L('s n~HIII­

tat.s expérimentaux démolltl'(>nt qlU' Il' conl.rôlC' ~. pr~-éllilll(,III,a.l.ioll (,Ht. IIl.il(' pOlir 

éliminer tou1.f' constante d'f'Il'ell1' en régime pCl'llIé\1WIII" Ils d(~1l101lt.I'('IIt. é1.1lsHi qll'il 

est possible d'oht.enir \l1lt' baud(' d<:' fl'PqllencC' st.abl(· dt' 80 II~ ('II lItiliHalit 1111 HIIII­

pIe colltrôleur pl'oport.ionel à rét. ro-actioll. If Il Illo<.\è>h' li 1l(~al'iH(. d(' l' a,('!.mÜ('1 II' PHI. 

presenté: puis comparp avec le modèle, lion-linéaire. I...(·s l'~HlIlt.at.H démollt.r('IIt. qll(' 1(' 

modèle linearisé décrit adéquatement la dynamiql[(' de l'ac!,lIa.!,(·III', 

L'accord entre les données expérimentales et. ('cllpl'i obtelllles pal' simlllat.ion illdiqlJ(' 

que les modèles mathématiqlles préselltés sont. dC's outils po1.cnti('1\(,1l1(·IlI, va);Lbles, qllC' 

ce soit pour l'analyse et la conception dc sysl,<-'Illcs d'act.llaliOlI, 011 pOli!' l'Ilsilge d'uli 

contrôle basé sur un modèle, 

11 
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1. Introduction 

ln l'CCCIII. ycars, lIl11ch effort lias bcen devoted 1.0 the design, construction and control 

of articulal.cd, Illllitifingcrcd J'obotie hands. The development and use of dextrous 

haJlds is an enormollsly complicated a,ffair involving the close integration of mally 

sub-arcas of rcs('arch illcluding lllcchanism design, aciuation system design, control 

t.Iwory, tactile sCllsing, gras!> plauning, kiuematic calibration and telemallipulatioll. 

Careful study of the individual components that çOlllprise such advanced systems is 

rcqllired if one is 1.0 gain a better understanding of the nature of machine dexterity 

(.Jacobsen et al. [1984b]). 

This thl'sis report.s on t.he study of the actuation system of the Utah/MIT Dt>x­

t.rolls lJand (UMDH) and presents an experimentaJly verified mathematicaJ model 

for one of t.he system 's pneumatic actuators. This project represellt.s the first step in 

characterizing t.he robot haud system as a whole and is fUlldament.al to the goal of 

impl'Oved control. 

An overview of dextl'Ous hand systems is presented in the following section, which 

dC'sc:ribes the' featnrcs of a va,riet.y of dext.rolls bands wit.h an emphasis on their actu­

at,ioll systems. 

1.1 Dextrous Robot Hands 

A number of dcxtl'OUS robot. h,tnds have beell constructed for use as research tools 

\Vit.h tlll'ee being made cOlllmercially available (Utah/MIT Dextrous Rand, Stan­

fOl·d/.JPIJ Dextrous Halld and Belgradt>/USC Dextrous Rand). These hands vary 

widely in their designs, sensor array and aciuation systems. Some of these hands are 

aut,hropomorphic while others are 11ot. Narasimhan [1988] presents a history of dex­

trous haud development. along with kinemat.ic and control issues. Figure 1.1 itemizes 

1 

i.L !. __ , __ 

, 
, 

:1 

, j'",~~",~ 



• 

• 

• 

1.1 Dextrolls Robot Hands 

aduation 
hydraulic 

pneuma1. ie 

shapf' !1Wlllory alloy 

2 

transmission l
tcndon E

N 
------+-N + 1 

'l.N 
dextrous hands geaI' 

-[
anthropomorphiC 

structure 
llon-anthropomol'phir 

senslllg 

joint, angle 

tendon tension 

joint force/t.orque 

t.actile 

Figure 1.1: Physical fea.tmes of dextrom; haml syst.ems. 

the main physical featmes of dextrous hand systems. 

The choice of actuat.or type has t,radit.iollally hecn DC rot.ary moi,ors, aJtltollgh 

several hands have used Iinear pneumatic 0' Nickel-Tita.niull1 (NiTi) shape IlIcmol'y al-

10y (SMA) actuators. In general, the choice of a.ctuator type dcpcuds 011 power/maRs, 

force/mass, balldwidth, stroke and size factor.,. lIollerbach et al. [1992] pl'ovidc a. 

comparative analysis of actuator technologies fol' robotics. A short, description of 

typical actuation systems used for dext,rous hands in given in §1.3. 

Most dextrous hand designs featme tendon or belt, transmission systems. 'l'he 

advantages of such drive systems are numerolls (Townsend and Salisbury [1988]) and 

include such factors as low inertia and flexible transmission paUlS. Howcv(~l', the most 

" }, 

.. ,' .,." ..• _., .. ,""r\~~~~~ 
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1.1 Dextrous Ho/ml, /lands 

Hand or Hefcrence Fingers 
Âllthrohot-2 
Belgrade/U SC 
Hitachi" 
.JPI} 
1\ mi bayash i [198()] 
MgU 
Okada [W7H] 
St.anford/.JPL 
Toshiha" 
lIniv. of Bologlla 
{/lJiv. of Kentllcky 
Utah/MIT 

(lSI'(, Nakano et, al. [1984]. 
bSee .Jau [1992]. 

}j 

}j 

:3 
4 
:3 
:l 
:J 
:J 
4 
:3 
:3 
4 

rSce Maekawa et, al. [1992] 
IISec Ha."hill1ot,o et, al. [199:1]. 

Joints Actuation Transmission 
20 DC l1Iotor tendon-pllllf'Y 
}I) DC motor tf'Jl(lon-pullf'Y 
12 SMA tell dOIl-shf'ath 
16 OC motor tendon-Plll1ey 
9 SMA tendon-pulley 
9 OC mot.or tendon-sheath 
li OC 1l10t,or tendon-sheat.h 
9 OC 1I10tor Lendon-shpath 
]6 OC Illot.or tendon-pulley /gear 
11 OC 1110tor gf'al' 
9 OC motor tClJdon-pulley / gear 
16 pneulllatic tendon-Plllley 

Table 1.1: Classification of S0111e prominellL dextrous hands. 

3 

Config. 
N 
-
N 
N 

2N 
N 
N 

N+l 
N 
N 
N 

2N 

important l'cason fol' lIsing such transmission systems is that they aIJow the actuators 

1.0 he loca,j,('d remot.ely from the hand, thus reducing its size and mass. A short 

discussion of issues related to tendon-driven systems is presented in §1.4. 

1'ablf' 1.1 classifi{'s sorne promillenL dextrolls hands according to structure, acl.u­

a,j,or type and transmission system. The following few sections describe the features 

of sC'v(,l'al of the dc'xtl'Ous hallds 1istcd in Table 1.1. 

1.1.1 The Utah/MIT Dextrous Hand 

The Utah/MIT DC'xtrous Band (Figure 1.2) represents a major effort in the study 

of Illachine-based d('xt.el'it.y (.Jacobsen et. al. [1984b]). Many papurs have been pub­

lished on tl\(' design of t.he varions subsystems and control syst.ems involved (see §1.2 

for a. mview of pl'cvious UMDH research). 

The UMDH consists of three ll-DOF fingers and an opposing 4-DOF thumb. Each 

fingel' has thr('e parallrl axis joints to 1)I'ovide curling motion and a proximal joint for 



• 

• 

• 

1.1 Dextrous Robot Hands 

Figure 1.2: The Utah/MIT Dextrolls Band. 

abduction/adduction motioll. Each joint i8 cont.rollcc\ by t,wo tendons and t.wo lillcal', 

pneumatic actuators operal,iug autagonistically, resultillg in a dcxtrous hand syst.em 

of high flexibility and complexity. The hand is remot.c1y located fmm t.he a.ct.uat.or 

package by an ingenious Plllley syst.em callecl a "remo1.izer", which kccps t,lit' lc'Ilgt.1J 

of the tendons constant wh('n the hand is moved about the worlui»ac('. 

The first version of th(' han cl feat.urcd two-stage, pressur('-collt.lOl, jet, pipI' valY<' 

actuators although thE'se were changed to single-stage valves in L1H' fillnl vNsioll. 

Early tests of the performance of the hancl revealed t,hat t.he positioll bandwidt.h of 

the joint,r, was as high as 8 Hz (Jacobsen et al. [1984c]) . 
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1.1.2 The Stanford/JPL Hand 

The Stanford/.JPL lland is an anthropomorphic end-eft'ector intended for retrofit 

of ('xisting maniplliators (Salisbury and Craig [1982]). This hand consists of two 3-

DOF' fillg<'rs alld a :l-DOF thumb for a total of 9-DOF. Each digit has two parallel 

axis joillt.s alld a thir~ proximal joint to provide abduction/adduction motioll. 'l'he 

ilctuat.ioll syst.em is an N + 1 t.ype tendon-operat.ed system where four tendons are 

useel 1.0 cont.rol 1.11<' t.hree joint.s of each finger. In t.otal, twelve Samarium-Cobalt DC 

t.ol'qtl<' 1lI01.0rs wit.h 28: 1 gpar reductioll located on the forearm provide the actuation. 

III Loucks ct. al. [1987], the Illodelling and control of t.he Stallford/.JPL Hand is ex­

amille·d. III t.his pap('l', t.h(' r('s('archcrs discuss model-based control for t.he haud. They 

also presellt merl1é\.llical hyst,eresis cmves for the t.ransmission syst.em and propose a 

fccdforward control syst.em to J'pduee the efl'erts of frict.ion and hysteresis. 

1.1.3 The Belgrade/USe Hand 

The B('lgradp/OSC Hand (Venkataramall and IberaH [H)90]) is an ant.hropomor­

phic elld-cft'('ct.or wit.h four fillgers, one t.hllll1b, and four lIlot.ors: one motor pel' finger 

paÎJ' and t.wo fol' t.he t.lmmb. Each finger illcluding the thllmb bas three parallel 

axis joints without abduct.ionj adduction capabiIit.y. The fingers are designed with a 

H('lf-adaptability f('at.ure that. enahles aH t.he fingers to close until the pressure on aIl 

t.he' finge!' pads is approximately equaI, hence achieving local autollomy when grasp­

ing. Because th(' fingers and fillger joints cannot operat.e illdepelldelltly, this hand is 

ollly able t.o perfonll simple grasping functions and therefore is not capable of fine 

man i pulation tasks. 

1.1.4 The Al1throbot-2 Dextrous Hal1d 

The Ânthrobot.-2 Dextrous Band (Ali ct. al. [199:3]) Îs an anthropomorphic rohotie 

hand const.l'Ucted aL N ASA Goddard. This hand wa.s specially desiglled for anatomical 

consist.ellcy wit.h t.he humall haud, illcluding the shape of the pahn, and the number, 
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placement and motion of th<, fingel's and t.hulllh. Each IIng('I', élS w('11 as t II<' t.hlllllh, 

has four joints, although the dist.aljoint. of Pélrh rohot. fiug('1' is ('oUJl('d(·d tn t,II<' Illiddlt, 

joint as in the human hétllel. Tht'I'efol'C', t.he AIlt.hrohot,-2 has éI t.ot.al of W-DOF (lIul 

henre has sixteen servomotors. 

The fingers are tencloll-drivcn, agaiu simlllat.illg t.11<' st.I'IlCt.I1\'(' of t,)1<' hlll1HlII hant!. 

Earh servolllotor has I,wo tf'udons which cOIlt.rol t.h(' f1('xioll alld ('xt.<-lIsioll of Pélch 

joint. This configuration is thc iV-t.yp(" 01' 011(' mot.or 1)('1' joillt.. 

1.1.5 The University of Bologna Robotic Hand 

The University of Bologna lias l'crelltly dC'velop<,el CI t.a.ctilp-s('IIS01' ('qllipp('cI (It·x­

trous hand for t.he st.udy of dcxt.prity in manipula.t.ion (F'ant.llzzi Pt. al. [WH2]). Th(' 

version II prototype has two 4-DOF fingcrs alld a 3-DOI t.hul\lh, fol' a t.ot.a.l of 11-

DDF. Each joint is remot.ely driven by a De mot.or t.hl'OlIgh 161:1 l'PdllCt.ioll g('al's, 

eliminat.ing the need for t.endons . .Joint. angles al'p Iltea.H1II'ed lIsillg lIall-d(,C'ct. S('IIS0I'H . 

One int.eresting feature of t.his hand is t.hat. {'a eh fingcl' H<'gnwllt., as w('11 aH t1l<' 

pahu, is instrumellted with a modulaI', multicomponPIlt. l'ol'cel 1.01'<1 \1(' sellSOI'. TII(·s(' 

sellsors provide information on thc magnitude and locat.ioll of a,d.illg WI'('II<')I<'S d1ll'illg 

grasping and coulel possibly be used 1.0 deted. slippagC', 

1.2 Previous Research Involving the Utah/MIT Dextrous Hand 

In this section, a brier survcy oll'('spal'ch l'plat.pd 1.0 I.h(' l1t.ah/M 1'1' lIalld is 1>1'('­

senteel. As evidenced hy 1.11(' divel'sit.y of t.he l'ps('élITh 1IIuJ('J'l.akPII, it. is cI('al' t.hat. t.h{' 

hand has served it.s purpOSf' as a gcneral pUl'pOS(' l'e8C'élI'C!t 1.00] 1.0 illyc'st.igat.c iss1I('s 

relatcd t.o machine-based dext.crit.y, 

The first papers l'elated t.o t.he UMDII covel'<'d design iSlHleR, ill partÎculal': moti­

vation for the projec1., choice of anthl'Opomorpllic geolllct.l'y, kincmatÎ<' structure, and 

transmission and ac1.uatioll system dC'sign (Jacobsell ct al. [J H8/la], .Jacobsen ct a.l. 

[1984b], Jacobsen et al. [1984c], .Jacobsen et al. [1986]). Jt, is mCIlt.io!lcd often iJJ t.hese 

, ,~'" 
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• 

• 

1.2 PJ'cviolls Resea,rch Invo1ving the Ut,Rh/MIT Dextrolls Rand 7 

Figure 1.3: The Utah Dextrous Hanc1 Mast,('I'. 

carly papers t.ha1. a viable. high-perfol'll1élnce pneumatic actuat.ol' is f'xtremely c1iffi­

cult, 1.0 develop and critical 1.0 the project's sllccess. ln a more reC('llt paper, Jacobsen 

et al. [HIS8] discllsS the design of tactile sensillg systems for dextrolls manipulators 

snrlt as t.he trMDH. 

A series of publications (Siegel et aL [1985], Narasimhan and Siegel [1987], Na­

l'élsilllhélll et. nI. [l9R8], Narasimhan [1988], Néll'élsÎmlml1 et al. [1989]) describe the 

culllpnt.at.iollaJ al'chit.E'rt.urf' of t11f' rf'al-time control system origina.lly developec1 for 

tise \Vit.h the hand but also nsed 1,0 control t.he MIT Seriai Link Direct Drive Arm, 

for f'xéunple. The conhol system consists of a M68020 lllult.iprocessor-basec1 archit.ec­

t.1II'C:' with message-passing and shared memo1'y capabilities. Narasimhall et al. [1986] 

describE' the Împlement.atioll of control methodologies on the UMDH computational 

archit.ect.ure . 
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The lTMDH has bpen l'e'at.UI'pd in él vélrie!.y of t.de'op('I'1ll.ioll (,rrort.s. Fol' illst.illln" 

HOllg and Tan [l989] calibrat,ed a VPL Délt.aG\ov(' for IIS(' wit.h t.he' \l1\IDII. Pao 

a.nd Speeter [1989] a.nd Speetcr [1992] diseuss t.he' t.ransrorlllat.ion of hlllllêlll hêllld 

positions for robot har~{l control, using t.he LTMDlI as ail illllst.l'at.i"t' t'Xéllllplt'. In il 

more reCP1!t effort, Fal'1'y and Walke'r [HJn:l] IIs('d myod('ct.ric sigllélls 1'1'0111 t.h .. hllman 

hand 1.0 teleoperate thf' UMDH. Hohling and HolI(,l'bach [I!H):~] (1'('(' also Holdinp; ('\, al. 

[1994]) l'ccently dC'vclopC'd an algorit.hlll fol' t.('}pop('l'éll.inp, t.h(' l1l\IDll in whirh hlllllan 

fillgertip positions and Ol'iC'llI.atiolls at'C' Illapp('d ont,o t.h(' 111\'1 DII. \'t'ql1il'ing é\ I\IliqlH' 

met.hod fo)' solving th(' iIlVf'I'Sf' kil1('lllat,ics of 1.1)(' rohot. halld, III t.his wOl'k, Ut(' 11Itlllélll 

fingert.ip positions arC' obtainC'd [rom forwal'd kill('llla1.ini IIsinp; t.l1(' 1 Jt,a.h D('Xt,I'OIlS 

Band Mast.c)' (Figlll'(> 1.:1) 1,0 llleaSIIl'(' joint allgl('s. In a \'t'Iat<>d work, Hohlillg ami 

Hollerbach [1994] pcrfol'lJ1C'd c1osC'd-loop calibrél.t.ioll of t,lu' hl1l1lél.JI illd('x rill.u,1'1' for 

improvpcl teleo»eration of robot hands. 

The UMDII has also hee11 an illtrillsic part, of Illally s1.lIdi('s Ilot, sJ)('cilically J'('­

lated 1,0 teleoperation, For installe!" Spc('{,pr [1991] PI'<'S(,l1tS a. Ilwt,hod fol' d('x t.l'OllS 

manipulation of the UMDH using pl'cdcfil1C'd set.s of coordillat.t'd joillt. \HOV('IIU'IIt.S. 

Another study illvolving the UMJJII was perfornH'd hy Hor!H'IlI)('c1< [1989] ill whidl 

he ]wrformed statir load estimation c1cl'ÎvC'd fre)JJ} t.cllClolI t.('lIsioIlS alld joillt. !.orqIH's. 

Michelman and Allen [199:3] stuelied cOll1pliant. maniplllatioll 1ISillg tlH' IIMDII, ad­

dressing the problem of manipulat.ing objects t.hat arC' ill cOllt.act. wit,h t.1H' ('IlViI'OIl­

ment. A soft.ware simulatol' which gl'aphically port.ra.ys t.lw gl'asps alld t,asks of tll(' 

UMDH in operation is described in Perlin ct. al. [l nS9]. BC'IIII<'I,f, alld lfolh'l'hacil 

[1990] perforI1lcd c1os('d-loop kinemat.ic calibrat.ion of Ut(' tJMDl1. AII('II C'I. a.\. [I!JH9] 

describe an int.C'glat.(>d syst.f'1ll for dC'xt.rolls mélllipllla1.ioll IIsillg t.1l<' IIMDII alld a 

PUMA 560 mauipulat.or facilit.at.iug t.he' st.1Idy of ltiglt('r 1('v"ls of ('mll,ml ill a 11111111)('1' 

of grasping d.nel manipulati0n tasks. Allell alld Hol)('l't.s [1 mm] dc's('J'iJw éUI {'rrort. al. 

using the UMDII for hapt.ic object. recognit.ion. 0l'1II)('n [1!WI] discussc's t.he proh­

lem of planning grasp strategi{'s for 111111tifillgered mhot. héj,lIds and pl'es(luts simlllat.ed 
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gJ'il.SpJJlg J'l'stlll,s tlSillg tllC' I1MDII haml 1:;('0111('1 l'y. Fillally. ail inv('stigatioll of the> 

tpllclon f,l'allsJl1issioll sysf,('1ll of t.h(' llMDlI is giwlI in Nallvi ('1, al. [1994]. 

1.3 Dextrous Hand Actuation Systems 

l)e'xl,l'OlIS halld sysl,e'l1ls (,Illploy éI varie't.y of act.uat.ol' tc'chnologies (see Table 1.1). 

1~a.('11 t.e'c1l11ology has il,s pros and cons ill t.('rms of power and torque capabilities, 

si~(', mass, (+alllill('ss, and ('a SC' of operation. Thel'C'fore, the act.uator t.ype must bt> 

Cél.J'dlllly chosC'1I t.o Illakl! tl\(' pC'rformanC<' crit('ria of t.he hand. To obtaill human-like 

Iwhllvior, élctuat.ors IllUSt. hélve ('xtraordinary performance under active control, but 

also must. be cOlllpliant wh(,11 illtCl'él,ctillg with objects in the environment. 

1~le('troJllagn('t.ic mo1.ors arC' c1ean, compact and plentiful, although they tend to 

ha.v(' a low I,orqll<,/ma.ss rat.io « 6 N·m/kg), t.hus reqlliring S0111<' sort of gear re­

dudioll in t.he power t.ransmission system. Geared systems tend t.o have problems 

sucll as hacklash and friction making stable, high performance control quitC' difficult 

(Townscnd [1988]). Dire>cf,-drivc I11otors have reccived considerable attentioll latcly 

sil\cC' t.hC'y provid(' a Illeans of actuat.ing joints directly wit.hout. intervening gears and 

have' il lIighe'r t.orq1le' / mass ratio (1!j N ·m/kg) t.han conventiol1al OC l1lot.ors. These 

Illot.ors al'<' 1)J'('s('lIt.1y far t.oo large fol' dc'xtrous hands, alt.hollgh t,hf'y have beell used 

Sll('('('ssflllIy 011 l'Ohot. éll'll1S slIch as t.he MIT S('rial Link Direc1. DriV(' Arm (An et al. 

[1 !lHH]). 

lIydralllic actllat.O\'s hav(' lal'gt> t.orque/mass and power /mass ra.tios compared t,o 

('I('d,l'Omagl\('t.ic ll1ot.ors élBc! t.hf'rcfore> arC' Oft.('11 found in large robots a.nd machinery. 

Pl'Ohl(,IllS associa1.('d wit.h lea.kage, coupling, filtration and routing have traditionally 

k('p1. hydl'(lll\ic act.llat.ol'S from appC'aring in small applications su eh as dextrous hands. 

lIow{'vC'l', a force rdle>ct.iv(' hand mastf'r/slavp recent.ly developed by the Center for En­

ginf'('ring ])C'sign at. the> Universit.y of {Ttah (.Jacobsen et. al. [1989a]) bas incorpora.ted 

suspC'nsion-t.yp(" jet pipe valve hydraulic actuat.ors. 

Pncumat.ie act.uat.ors with sliding spool or suspension-t.ype, jet pipe valves offer 
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a c!eal1 and pract.ical law-power a!t.c\'Ilat.iw' 1.0 hydrallIics (Tlta~'('I' [1 ~)~,I]), PI'<'HHIII'<' 

control is consitlel'ably supcrior 1,0 fla\\' colltl'ol ill o\"('rcolllillg, lilllil.at.iollh of ('Olll\ln'SH­

ibilityon bandwidth and stahility, and 1\('lIc(' t hl' original pll('lIl\1at ic élct.Ili1t.ioll H,\'Ht'('111 

of the lIMDII feat.med a t.wo-stag(', SIlSpCIlSioll-t.~'1)(' . .id. pipt' ",11\'(' which (\('I.pd as il 

pressure control sourCC'. High performancC'. 10w-pl'<'sslIl'l' s,\'St.(·II1S slIch as t.his l'<·<tllil'l· 

tight. t.oleral1ces to minimizc Icakagc, and fast, aet illg s('\'\'O\'ah'('s t,o 1'<'<111('(' t.1H' plr('ds 

of gas COIllIH'esRibility, l-IowC'vC'l', t.1tC' cOIIlJ)['('Hsihilit.y of t.h(· géls also Itas a h('II('lirial 

effeet. in t.hat. it. adds <\.li int.rillsic compliallcC' 1.0 t.he' s,Vs\'Pl1l. 

Rccentlya. few dC'xt.rotls ha,[J(\ systcms C'lllplo)'l'd SI\'IA acl.ual.ors. Th('H(' "ct.uilt.ors 

t1slla.lly consist. of coill'd Nirkel-Tit.aniulll (NiTi) fi Iwrs \\'ltich cOIlt.ract. Wlll'II I\(·al.(·" 

and rd.mll 1,0 t.he'ir original shal)(' wl[(,11 c()okd. 'l'II<' Ill'al.illg, lIl<'rltilllislIl is lIsllally 

CIIIT(,lIt., t.hus t.he cont.rélct.ioll t.inlf' ('or t.h('s(· lilwrs can 1)(' IlIad(· V('I',\' HItOI'f.. 110\\'1'\'<'1'. 

t.h<, ('XpélIlSioll t.illlC for t.hcsC' flhC'rs is sigllifica.nt.ly IOIl!!,('r dll(' t.o t.h(' l<'IIg,t.h of t.illl(\ il. 

t.akes t.o cool. HesC'arch('l's ha.V(' 1)('('11 at.t.<'mpt.ing 1.0 ill1provp t.h(' r<,spot\s(' UIII<' or NiTi 

fihers. For C'xamplc, IItlllt.C'r <'1. al. [HHll] havp improV<'d t.lf(' I.ot.al ('ollt.rad.ioll pills 

relaxat.ion Ume of NiTi fi bel's by C'xposing t1lC'm 1.0 massiv(' l'1('ct.I'Olllél,ll,lIl't.i(' li(·lds, 

SMA actuators haVe' a IlllgC' force pC'1' cross s('ct,iollal (l,J'('él (> ~oo MN/IIlIll'l ) illld il 

largC' power/mass l'éll.io (!'iD kW/kg). TIIC' light,wC'ight alld ('OIllPiJ('t. lIat,1\J'(' of t.h('s(' 

art.uat.ors makes t.hC'1I1 an int,C'l'('st.ing candidat.C' for <I('xt.rolls hallds. 

1.4 Tendon-Driven Systems 

Due t.o severe cOllst,raÎnts imposed 011 dC'Xt.I'OIlS hallds (,ol\c('J'lIillg si;.w, stl'('lIgt.h é1l1d 

spe<,d, act.ua.t.ors must orten be relocatC'd outsid(' t.!H' halld. Thili rélis('s t11!' iIiSII(' of 

how to tra.nsmit power from t.he act.llators 1,0 t.he joints 01' links 0(' t.!w /ra.nd, Flc'xil,I(· 

t.endons are a nat.ural choic<, becausc> of their low ilH'l'tia., frictioll alJd bil('kla.s/r, liS 

well for the l'cas on t.his is what. the hllma.n band 118(,S, COIISPCj1\('lIt.ly, d('xtrollS IlfIllds 

0[t.C'11 incol'porat.e a sys1.C'1l1 of tClldons alld J>lIl1C'ys fol' J)()W(', tl'ftllsmisHioll, as OppoH(·d 

to gearc>d or direct-drivC' systPllIs . 

.1 
1 , 
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'1~/Idoll-cll'ivC'11 manipulatoJ's can be c1assified into tlnee main categories based on 

tlte ratio of J1umbcr of act.uatol's employed 1.0 number of degrees-of-freedom (DOF). 

For ail N-DOF mallipulator, the Uuee categories are N, N + 1. and 2N. Belt trans­

rni:.;sioll systems ar(' N -typP sinC<' ollly 011(' motor is )'C'qll ired 1)('1' joint.. Th lS type 

of trallsmissioll system is t.he 11101'1, commOll of the UII'C'C' types dlw to its relatively 

low compl('xity. A drawback of this approarh is tllat pretensioning is required t.o 

pr<'V('lIl. slacking of th<' t('ndons durillg fast motions, result.ing in IIlldesirable friction 

and ha.rklash. Tramllnission systems such as that employed Oll th<, lTMDH require 

two adllat.ors p<'J' joint aud hence arc' called 2N-type. In this configurat.ion two t.en­

dOl\s opC'rat.(' antagollist,ically 1.0 position each joint, thus l'equiring low co-contraction 

fOJ'œs, alt.hollgh t.wire as mally actuatol's are rcquired. Evidelltly, each configuration 

has its OWII IllPrits and weaknessps. III geueral, dexteJ'ity increases with t.he number 

of actllators useel at. the cost of added romplexity . .Jacobsen et al. [1989b] (see also 

.Jacobs<'11 et al. [1990)) provide an overview of tendon-driven systems and present ef­

ficiellt allt.agonist.ic cOllt.rol algorithms. Ko et al. [1990] describe a high stiffness and 

low sl<,w drag allt.agouistic cont.l'oller to be used in tendoll-dri ven cnd-effectors. 

Two types of met.hods C'xist ta rout.e the tendons {rom the aduators to the joints: 

p"Il('ys and guide t.ubes (also known as tendou-sheaths or Bowden cables). Pulleys 

arf' at.t1"act.ive because they have lower friction than guide tubes, but require mounting 

sm fart'!' a nd arc less reliable. Guide tubes do Ilot requil'C' any mOlluting surfaces, but 

illtrodllrf' élll ullwanf,C'd source of friction and have slightly less n<,xihle t.ransmission 

pathwa,ys. 

III Bejc~y alld Salisbury [H)SO], t.he basic mechallislll and cable-drive system of 

a forrc'-renC'ct.illg hand collt.roller is described. III this paper, the authors stress the 

lIC'cf'ssit.y of a low baddash. low friction, low inertia drive systf'1ll to make the controller 

l11<'chanislll as t.ranst)armt as possible t.o the user. 

Th<, low I<,vel eont.l'Ol and tendon management, seheme of the UMDH are discussed 

in Bigg<,rs et. al. [1986]. In t.his paper, the authors state that future l'esearch involving 

, , 

, 
~. 
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the UMDH will illcludC' 1ll0delling of t.hC' act.l\at.ioll syst.C'11l élllt! fingt'I' dYlléllllirS fol' 

USC' in modc!-based control. 

Guo et a.!. [1992] presC'llt a new dC'sign fol' é1 9- DO F <IC'xt.rolls l'Ohot.ir hélm! <lC'\'<\I­

oped at the University of Kent.ucky t1sing ail N-t.ype' ronfigmat.ioll; ('Mh joint. lIS!'S a 

two-way tendon actuat.ion syst.em wit.h ollly 01lC' mot.o\'. 

Recently, researchers have studicd t.he dynamics of t.('lIdons a.ml 1.h(\ ('ffC'rt,s of 

fridion in transmission syst,C'l11s . .Johnstun and Smith [1 H92] 1ll0dC'l\cd tilt' dylliUll ics 

of single tendons using transmission 1inc mod('ls ami COlldlld('d I.hat. pull('y frict.ioll is 

primarily Coulombic. Kaneko et al. [1991] disruss for('C' cOIlt.rpl I"or a t.1'ndoll-shmt.h 

drivillg syst.em typically useel 1.0 actuat.e robot.ic fill,!!,('1' joi IIt.S. Kalwko 1'1. nI. [1 !)!)2] 

discuss the input-dependent stability of a l'obot. fingc\' joint. \lsillg a t,('lIdon-s!u'a.t.h 

system and note that friction and compliance illtrodu('(' a hyst,('r('sis 1l0nlillC'arit.y 

betweell joint torque output and act.I\é1,tor displacellH'IIt.. In fi pap<'I' disrllssill,l!, 1.\1<' 

efficiency of belt and cable (h·ives, TowlIselld and Salishury [WHH] also nol.<' t.hat. 

friction must be minimized 1.0 I"educe t.J'allsmissioll 10ssI's and élvoid st.al)ilit.y probl('lIIs. 

Several \'esearch efforts have focuscd OH the l11C'challica.l chara('f,prisl.ics 01" diU'('J'('IIt. 

transmission systems. TowlIspud [HJ88] st.udif'd t.h(' l'fr('et. of t.l'élllsmissioll d('sigll 011 

force-cont\'olled mallipulat.or pcrfonnallcP. In a la.t.C'r pappr. TOWIISC'IH) and Sa.lisbllry 

[1989] introduce me'challical design strat.egies t.o impl'ovP pCl'fol'lIlall("(~, lIot.ing t.hat. 

murh largel' actuatol" t,orelues al'e JlPcded in a syst.C'1ll wit.h low l1H'chaniCéd haJl(lwidt.h. 

1.5 Model-Based Control 

Model-based cOlltrol is a control strat.egy whcrehy t.he dYllamic respOllRe of él. 

manipulator is predicted and accounted for. This lllct.hod shows mllch pl'OJlIisc in ('11-

abling better performance fo\' robots. l'here are mél.ny text.s disclIssing the applicfLt,ioJl 

of Illodel-based contl'Ol. one of which is Craig [1989]. 

One example of model-based control for a dextrolls hand can be rOlllld in Loucks 

et al. [1987], in which the aut.hors fOl'mulatc a dynamic model, iJldllding acf.Ila.-

:: _.:'j 



• 

• 

• 

/,(1 A ct. WIf,or ;-HHI V;t!v" Modclling 13 

lm dYllamirs, for the Stanfol'dj.JPL hand. In this paper the authol's Rtate that 

cOllfigumtioll-dcpclldent illcrtia pfrects frictioll-hased hysteresis can bc minimized us­

illg 1ll0d<>l-hased cOlltrol, 

A rigorons application of Illodel-hased cOlltrol for a robot manipulator is found in 

Ali et al. [19H8], in which thc investigators use advallced techniques fOI' idelltirying 

the killcllIatic and illcrtial parametcrs of the MIT Seriai Link Direct. Drive Arm in 

ord('J' 1,0 rOl'lllulatt' ail accuratc dynamic mode!. Several model- and non-l1lodel-hased 

cOlltrol stratf'gies arC' th("n compared \Vit.h 1'('Rlllt8 showing that the bC'Rt perfonnancf' 
~ 

is ohf,aillC'd whC'1l IIsing 1ll0dC'l-hased control. 

Actuator modcls play ail intf'gral 1'01<, in 1I10d("l-baR('d ('ollt.l'Ol siuce tll<' generation 

of fol'(,(> 01' torqlle' cC'rt.aillly haR dYllélmics of Îf.R OWII. Furthf'I'I110re, the sourreR of 

hyst('resis lIlay lie' ill the act.uat.or as weil as t1l<' t.ransmission system, pel'haps requiriug 

a. difrC-"rC'nt. ll1ethod or compC'nsatioll for each. This t,hesis develops a model of the 

aduatioll syst.cm of the UMDH, excluding the transmission system, as a step towards 

1lI0d('I-basC'd cont 1'01. 

1.6 Actuator and Valve Modelling 

Act.ua.t.or modclling has l'eœived considerable attent.ion in the past few deeades. It 

has he'collle clear that detailed knowledge of actuator properties Îs vital for improved 

pC'l'formallcC' in slIch advanced systems as l'obotie manipula.tors. Heuce, a predictive 

dynami(' 1\10dcl of an aetuat.or is a very useful tool, whether to aid in the allalysis 

ami design of act.llat.ion syst.ems, 01' for use in model-based eontro1. 

Alf,hollgh I,herc are many t.ext.books covering the a.na.lysis of f1uid flows, t.he follow­

ing books arc refencd t.o frequently in the l'esearch litcrat.ure bcca.use of their empha­

sis 011 t.he ana.lysiR of servosystems: Shapiro [1953], Blackburn ('t al. [1960], Burrows 

[1n72] and AndC'rsC'1I [1976]. 'lè>rlllinology and specificat.ion standards fol' servovalves 

ar(' !>rcsf>nt,('d iu Thay<'l' [1962], w hich a.re useful for intcrpl'etillg maullfacturing spec­

ifi('at.Îoll~ and sche'mat,ic diagra.ms. Funakllbo [1991] conta.ills é\. comprehensive sUI'vey 
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of adllat,ors for control as we1l as design fllt1dôJl1<'llt,als and applicat.ions. 

Most. of the l'arly wo\'k fOCllRl'S 011 t.hC' llloc!C'lIing of -l-way. spool valv(':o; \II.;illg IiIH'i1\' 

tra,nsfe\' fllnct.ionR. An analytical and C'xl)('rÎllwnt.al st.lldy was cé\l'ri('d OHt. Ily ShC'ar('I' 

[1956] in which a lillC'al'izC'd modl'I for a PIH'llmatic spool valvC' waR dc'riv('c1 fol' t.bC' 

midst.l'oke position. ShC'arc'l' [1 95ï] pC'rfol'lllC'd ail illlaiog sinllllôt.ioll col1lpal'illg é\ Iill­

l'arized 1110(kl and a nonlinf'ar modd illcol'porat.illg ('oulol1lh frictioll and cOllcltHkd 
• t.he main differC'nce in frl'quC'llcy l'C'sponRl' \VaR dnc' 1.0 frict.ioll. Anot.h('1' IiIH'éll' élllalysis 

abont. t.he midstl'okf' por.it.ioll was pf'rfol'l1wd by Bml'OW8 and \V<'hb [l9fi7], t.his till\(, 

using an on-off, now control valve'. BlIrt'ows [19(lHl cxpalldl'd t\1(' wOl'k of Sh(·il.l·pr 1.0 

accommodate ail l'am positioJlR hut. Rtill uscel a t.rélllsf<'1' fUlld,ioTl approaclt. Bott.illg 

et al. [1969] analyzed a 4-way, pllcmnatic spool valve lISillg lillC'él.1' syst.e'1ll t.1l<'ory alld 

1l0nHneal' digital simulat.ion. As these invC'st,igat.o!':', have' 1I0t,t'd, t.IIC'S(' liJl('a.ri~('d Illod­

els are vaUd only for small fluctuat,ions ahout. a giv('11 o!H'I'il.t.ing )loillt. awl t.hprpfol'(' 

are only of limit.ed use . 

More recent studies illvolving tl-way, s))ool valves includl' t.he' IIS(' or pre'ssul'C' k(·cI­

back to improve control ('t. Mannet.je [198l]), expcrinH'llt,al (Araki [19H()]) alld t.1)('­

oretica! (Araki [1987]) frequency rcsponse determillat.ioll, t.ht' 118(' of t.h<' ~t.ilt.I'-spa(,l· 

approach to extcnd t.h('> linearized 1l10dcl ov<,1' 8cvl'ral 0pl'l·al. i IIg poill t.s (Li Il ilIlll Bo­

brow [1988]), and an applicatioll of adapt,iv(' cOIlt.I'ol (Bohrow al\d .Jal,hari [I!l!) 1)), 

An excellent. paper hy Tha.y<'1' [J 984] J>l'Ovid('s a bri('r élct.lIat.OI' t.C'ch Ilology ('OJIIIHII'­

ison, and prescnt.s the relevant. Ilolllinear l'qllat.iolls fol' IllOdl'lIillg ail C'1c-ct.roPII<'IIIlHl,t.ic 

act.uat.or in a concise fonnat.. The nonJillcar dyllél.Il1Îc 1110<1(,1 is t.hc'II Iill<'ari:'.f'd abOlit. il 

mean operatillg point and t.he sa.1iellt. Îeat.lIl'C's are dc'scril)('d. '1'11(' pa.pe!' also l)f·('sellt.s 

compcnsation techniques t.o j m pl'Ove pCl'formél.lIf'c. 

Hydraulic act.lIatol'S have alRo bpen analyzC'd lIsillg lilwal' syst.C'1lI t.heory. d(~ PC/I­

nington ct al. [1974] used lincar t.rallsfcr fUIlct.iolls ond fll/'v(·-fit.tillg 1.0 dct.ermiJlc t.he 

opt.imum order tilleôT model. Martin aud Burrows [1976] cOlTlpared 1 he cxperiment.al 

and theoretical frequellcy respollse of a 2-stage, 4-way, hydraulic spool valve using l 

1, 
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1Il0dclR of varyillg cOlllplpxity. 

Rccelltly, f'Cfl('al'chers have foclIsed 011 developing comprehensive nonlinear models 

fo/' the allalysis of s(>rvosystellls, 1"0)' e'xample, Bowlls and Ballard [1972] performed 

a digital simulation of a pncul1latic actllator uRing nonlinear eqllations to obta,in 

the' transient rCRpOIlSP, ShearC'r [1980] pcrformed a digital simulation of a 4-way, 

hydralllic 8pool valve to show t,hf' effects of spool clearance, rÙllllded corners and 

valve IIl1deriap. In a more reccnt paper, Handroos and Vilenius [1990] used low­

ol'der, 1I0nlinear modcls to study single-stage, hydraulic pl'essure valves, in which t.he 

model paramctcrs were identified with simple numericalmethods t1Sillg characteristic 

Cllrv('s, ln Wang and Singh [1986], the nature of thc strong nonlilleal'Îties exhibited by 

plwlIlllatic systC'llls is examilled. This work also includes an application of t.he JlH'thod 

of harlllonic balance and digital simulation t.o evall1ate t.he frequel1cy respollse of a 

pnelllllat.ic cylindcr. 

On-off, flow cont.rol valves have generated a lot of interest lat.f'ly and have bee/l 

RhoWIl t,o he' very promisillg. Taft and Hal'lled [1980] disCURS the design of a low-power, 

:J-way, C'1(\ctropllcl1matic on-off va.lv('. The spccd and position control of a pulse-width­

/llod ulat.('(l , pfWllmatic on-orr valve arC' covel'ed in Noritsugu [1986] and Noritsugu 

[1987] /'cRpect.ively. Lai d al. [J 990] also use puIRe-width-modulation (PWM) control 

for an on-ofr, valve cOlltmller »nellmatic actua.tor, In this paper, the authors state 

t,ha.t PWM ofl'(\rs cOllsidrrablc advantages in the control of servos as it can reduce 

t.he cn'ects of nO/llineariti('s sueh aR hysteresis a.nd stiction. Kunt and Singh [1990] 

compare linear t.ime-varying (LTV), linear time-invariant (LTI) and nonlil1ear models 

for an oll-off, rot.a.ry control valve, In a later paper, Kunt a.nd Singh [1992] used 

Floquet, theDl'y, based 011 an LTV model, to characterize the dynamic response of an 

plleumatic, on-ofr, spool valve. 

S('veral studies which are of particular relevanee to this thesis describe the mod­

elling of jet pipe valve actuators. McLain et al. [1989] present a highly detailed model 

of a hydra.ulie actuator including the eft'ects of friction, hysteresis, flow forces and 
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piston damping. In this work, the aut.hors usc a hyst.('J'('sis modt'I hasC'd 011 a. 1lH't.hod 

described in Frame et. al. [1982] (s('c al80 Talukdélr and Bailey [WïG]) whkh is ('apahl(' 

of predicting minor loo)} trajectories hasC'd on t.he major loop and hist.01'y of l'C'v'('I'sal 

points. A similar study was performed hy BOIlIC't. et. a.1. [1992], alt,ltough \Vit.h lilWHr 

valve and fluid dynamics, and ARX id(,lltificat.ion. A Dahl fl'Îct.ion mode'1 (Thl't'Ifall 

[1978]) is used, although ail testing was 1)('l'fol'llwcl wit.h t.hl' pist.on Io<'kt'd at. t,he' mid­

stroke position. Neit.her of t1lC's(-' groups, howp\'C'I'. illcllldt' l'C'SII1t.s on t,Il<' ('II'{'ct.iwll('sS 

of t.he hyst.eresis model ill prcdict.ing minol' loops. Ali pxp<'l'ÎnH'Ilt.al and HlIalyt.ical 

invest.igation of th(' elect.ropllC'umatic adllélt.OI' st.lldiC'd in t.his t.1lt'sis is PI'('sPIlt.('d ill 

Henri and Hollcrbach [199-1]. 

For 80me background informat.ion on jC't. pipe' C'll'lllt'lIt.S, Aiif,erlllélll [1 UGS] cOIlt.ains 

some expel'imental and ana.lyt.ica.l stlldiC's, indlldillg t.llt' applicat.ion of jet. piJw (,1<,­

ments for nonlinear tl'allsfOl'mat.ions in pncllmat.ic syst.ems . 

1.7 Statement of Work 

This thesis presents tllC' rcsults of an élnalytical and C'xpC'rilllC'lll.al st.lldy of é\. 

susIH'nsioll-type, jet pipe valve eledropneumat,ic é\.duat.ol' dpsignC'd fol' IIR(' in t.h(' 

Utah/MIT Dextl'ollS Hand. This rescél.t'ch l'f'prCScJüs t.he orst. st,ep ill ail (,(fort. 1.0 

chal'acterize the dextrous hand system aR a whole, a.nd is int.('lldpd t.o 1n.,Y t.hp fOlillda.­

tion for the implementation of lllodel-based cont.rol. SI)('cioc collt.rihut.io/ls illcl1HI(': 

1. Development of a mathemat.ical model of the' acLllat.or. 

2. Identification of model paré\.met('l's, 

3. Detailed characterizatioll of actua.t.Ol' compollellts, 

4. Verification of t.he modcl through RÎl11ulat.ioll ami (~xperi")(,/lf.at.i()ll. 

,1. Experimental rcsults and simulation of forc(' cO/lt.rol llSillg diff<'rc/lt. control 

strategies. 
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H. f)C'V(·lopnlC'llt or a IiIH'éll'iz('c! llIélthf'lllélt.iral tllodC'1 whirh rail \)(' IlRPel to Rtudy 

Rt.élhiliiy and gail: imiÏght inio how syRt.C'1ll paJ'éllllctel'R afr('cf, p(,J'formall ce. 

7. UompariRoll he1.w(,C'1l the Iillcéll'ized and nOIlIiIlC'éll' modC'lf; in closed-Ioop force 

'-0111.1'01 RÎlllulatiollfi . 

,; 
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2. Actuator Model 

2.1 System Description 

The electropneumat.ic actuator sLudicd in this tll<'sis \Vas dCVI'lopl'd hy St,('ve .Ja­

cobsen for USf' in the UMDH (Jacobsen Pt. al. [1984a]) a.ml cOllsist,s of a Hillgl('-st.a!!.(', 

jet pipe valve at.t.ached 1.0 a glass cylindcl' housing a. low-st.ict.ioll graphi t.t' pillt,oll élIul 

steel rod (Fi,(!,ltre 2.1). Curren1. passillg t.hl'OlIgh t.h(' coil cOll1.rols t.llt' pOHit.ioll of t.\H' 

jet pipe which directs a. high p\'rssure a.ir lIow towiH'ds 1.IH' oririn's 1.0 t'é'\.ch sid(' of t.h(' 

piston. The pressure difrereucc anoss tlH' pistoll !lroduc('s a rOl'(,(, whic-h is appli<'d 

agaillst. a stopper on thr PIId of t.hr act.ua.t.illg wei. Situ'(' thp pist.oll Cilll slid(' alollg 1.1H' 

actllating rod, this actuatol' cali ollly pull, ilOt. )lllsh. As part. of t.IH' HM DII ilrt.lIê1t.ioll 

system, t.wo act.uators opcrat,e Plutagollist,Îcally 1.0 st'rvo t'arl! joillt .. 

The act.uation systPI11 of t.he UMDH l'ra1.llfC's t.wo difr('r('IIt. cylill<!C'1' d<'siglls. 'l'II<' 

actuators cont.l'ollillg t.hp two mORt. distal joints for pa('h fillg('r use é\. single cylilldel", as 

shown in Figme 2.1, wh('rC'as t.he actuators fOI" 1.1H' two most proxilllaljoiJlt.s ill(,ol"po­

rate a double-cylinder sysLPm. Tahlp 2.1 Iists thC' III an Il fa rt. 11I't'1' 's sl)('cifka.tiolls fOI" UI<' 

single- and double-cylinder systems. The ICllgth, 1.1) in Tahle 2.1 1'<'I'('('s 1.0 1.11<' lellgt.h 

indicated in Figure 2.1. The sel'vovalve has é\. ratC'd ('111'1"('111. of ± O.'l A, é\, coilr('Hist.aJl<·(' 

of 9 n, and a rated no-Ioad flow and maximum illtcl'llal IcakagC' of O,OOO:WtJ 111!1/s alld 

0.000085 m3 /s respectively, at a supply (gauge) pressure of(i89.!) kPa (100 psig). 

Early versions of the OMDII fcaturcd a two-stage, pI'CSHIII'C'-collt,J'ollillg valve' sys­

tem consisting of a suspension-type jet pipe followed by ft defledioll j(,t pipe HYSt.('''t 

positioned by antagonistic diaphmgms (Figure 2.2), al1.hough COIllI1H'l"cial v('rsioJlH 

of the hand incorporatc actuatoJ's using sillgle-stag(' valvps. TII(' advallt.agp of tlte 

suspension-type jC't pipe valve drsign OV('I' convcllt,jollal spool valv('fj is that t.lte rnov­

ing mass is much less and Itcllce fast.er servo rates arc possible. F'1lI'theJ'lllorc, the val ve 

18 
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Figure 2.1: Eledroplleumatic actuator with single-stage jet pipe valve and single­
cyJinder assembly (Sarcos Research Corporation) . 

Cylimlcl' Type Bore Dia .. Stl'oke Length, L Max. Force Mass 
(cm) (cm) (cm) (N) (g) 

single 1.5875 5.08 18.77 111.25 @ 551.6 kPau 131.5 
double 1.5875 3.81 24.54 133.50 @ 551.6 kPau 167.8 

I1supply pressure (gauge) (80 psig) 

Table 2.1: M allufacturer's specifications for single- and double-cylinder pneumatic 
actuatol's . 

-~" ,~ 

':1 

-. 
': 
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Figure 2.2: Early two-stage electropneumatic jet pipe valve dcsigncd fol' IIHt' III 

Utah/MIT Dextrous Hand (.Jacobsen et. al. [1986]) 

acts as a pressure source rather than a flow SOllrce, thcrcby avoiding oscillatioll pl'Ob­

lems caused by gas compressibility. Altogethcr, the valve aJ1(1 glass/gra.phit.c' cylilldel' 

assembly results in a stable system with very low frirt,ioll and lIH'challira.J il11l><,<lI\.II(,<'. 

A model for the two-stage valve is prescnt,cd in .Jacobscll d al [1 m~·la.l a.long wit.h 

experimental results and simulations. Theil' model l'c(>rcs<,rÜs t.1J(' prdimillé\.ry st,ag<' 

of the valve by two first-ol'der lags: one for t.he respollse of the je·t. pipe t.o t.h<, input. 

signal and the othcr for the charging of t.he pl'imary diaphl'agm, Whel'C'ils the' modc1 

outlined here for the single-stage va.lve l'eprescnts the jC't pipe as a thinl-ordcr syst.em 

with a static nonlinearity. The l'est of the model i8 cssent.ially t.h<' salll<' (~xcept, fol' 

minor differences in the flow equations, orifice discharge coefficient.s and l'ccc'ivCI' plate 

offset. 

Figures 2.3 and 2.4 show schematic diagrams of t.he servovalve aud pistoll/cylinuer 

assemblies for the single-stage, single-cylillder actuator. Figure 2.5 shows a block 

diagram of the actuator model. 

The following sections examine each component of the aduato/', out.Jinillg the 

relevant equations in the model . 

,-. . " ,,- .'-_. ~, 
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2.1 8Y81,(,111 J)(,scl'ipf.ioll 

Magnet 

Figlll'<' 2.:1: Sch('mat.ic diagl'am of actuat.or with single-st.age jet. pipe valve . 

~------------Lcyl--------------------~ 

air 'L ~ L~ L spring--!L· 1 1 actuating 

outlet ~ ~ rod 

F'--~~ 
Deyl 

L--...,s __ -
rod 

~----------- x s 

air 
inlet 

7 

Figl\l'C' 204: Srh('mat.ic diagram of pistonjcylilldf'l' assembly . 

21 
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2.2 Current Driver 

Xjp.oJJset 

Xabs Plston/ Fact E }----..t 
Cyllnder 

Current Driver 
Dynamics 

Jet Pipe 
Stotic 

Je! Pipe Jet Pipe 
Dynamics Offset 

Figure 2.5: Block diagrnlll of aclUélt.OI' modc'!. 

2.2 Current Driver 

Fluld 
Dynomics. 

ClIrrellt t.o the artuat.or is cont.rollc'd via a voltagc'-t.o-clIl'\'C'lt1. COllvC'rt.c'l', 01' ('\11'1'('111, 

driver, located 011 a joint controllcr card pl'ovÎchl wit.h I.h<' II M DII analog (,0111.1'011(,1' 

Systfl11. The CUITent. driver consistR of éllI adjllst.a.bl<' ga.ill amI of!·s('t. wit.h .. \.II Ne 
low-pass filter. The comma.JICl 1.0 t.he C1\l'rent. dl'iV<'r is a volt.agc' slIpplic'd by é\ D/I\ 

con vert el' . 

Thf' inductance of t.he j('t pipe coil béls 110 c,rr('d, 011 t.he Cil 1'\'('111. dyllil.lllin! si 11('(' 

it is cancelled out by the high gain of tire amplifiC'r in t.h(' c1osC'd-loop cOllfip,lIrill.ioll. 

Therefore, as long as the system is driven uuder tbe sat.l\I'at.ioll cOlldit.ioll, t.1r(· <'II1'1't'llt. 

driver acts as a first.-order lil1('al' syst('Il1. 

The dynamics of 1.11<' CUITent drivC'1' aJ'(' 

C' ( ) _ II (.~ ) _ l, ( u.) rd ) 
.It 8 - - "rtl ---

\l D / JI (.~ ) ,~ + o.A.1 I·tI 
(2,1 ) 

, . , 

l, = 1 - l "H8r/ 

wlwre i is t.he artuator currC'Jlt" i off.Hl is t.lrt' adj lISt.é! hl<, orrst't., Il /J / Il is t.11<' D / 1\ COli V('I't.(·,· 
~' 

volt.age, ~'rd is t.he adjust.ablC' ('\11'1'('111, gai", éllld Wrtl = 1/ H(.' is t.lrt' rorrH'1' rl'C!qll('lIcy , 
of the cnrrent driver first-ordcl', low-paHs filt,<'I', 

The static illput./output. rC'lat.ioJl fol' t.11<' ClIlT('''t, driVt'J' is tll<'J'doJ'C' 

(2.:1) 

,t, 

'-. , .. , '_.' .. " .'-.. ~~ 
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2.:J .Jet, Pipe' 

2.3 Jet Pipe 

'1'11(' je·f. pipr cOl1sisf.s of a slllall diametcl' siainless-sf.eel tube fixed ai one end 

passillg bef.weclI a pail' of permallent magnf'f.s. CUl'rf'llt in thC:' coiI Cl'eates a maglletic 

field which Illagncf.izcs the jC't pipe. The magnet.ized jet pipe illteracts with t.he 

pCI'(><'lIdiculal' nux IinC's of l,hf' permal1C'lIt magnct such t.hat the force on the pipe is 

propol'l.iollal 1,0 CIIIT('l1t: 

(2.4) 

where 1/~I' is t,he effe::t.ive force acting on the jet pipe t.ip, km is analogous to a "mo-

1,01' j,orque constar.t", and i is tbe act.uator CUITent.. l'bis force aets in a direction 

perpelldicular 1.0 both the jet pipe axis and a liue joining the permanent. ma.gnets. 

Ol'Îginally, if, was t.hought. t.o 1l10dC'1 thC:' jet pipC' as a SC'(,OIHI-ol'der liuea,r syst.em 

III éUI a,f.t.empt. 1.0 capt.ure' thC:' fil'st bending mode. Howev('r, a.ftf'l' cxpel'illlentatiolJ 

il. WilS foulld that. this model did Ilot ilrcl\I'at.C'ly ac('ount. for tlH' ohservec! nonlinear 

st.atir bchaviol' amI t.l1<' t.hird-ol'd(')' roll-off in t.hr [requellcy respollse. These rcsults 

ar(' pl·(,sf'nt.f'd in §:J.2. A possible' C'xplallation is that t.he jet. pipe is Ilot fixed 1,0 the 

valv(' hody in a cn.nt.ilrV('red fashion, bllt. rather is held in a sleeve contailling some 

typ<, of sC'al 01' o-ring \Vith llonlinear rharacterist.ics. Although t.his explanation is 

sp<'culat.ivC', t.haj, is, t.hr exact. physicall't'asoll fol' the addit.ional fil'st-order factor is 

IlllknoWIl, t.he jrj, pi}w is 1110dellrd as a t.hird-ordel' syst.em with a. sta.tie nOlllillearity. 

Based on fl'l'quellcy and st.rp respons(' t.est.s, t.he dYlIamics of t.he jet. pipe were 

foulld 1.0 1)(> Illostly iIldrpendcllt of t.he stat.ic nOlllillearit.y, iudicatillg t.hat the dyllam­

ks Ca.1I bC' SC}lé\I'é\.l.ed from thc st.atic chill'élcteristirs. Furtl1<'l'JllOre, there was round t.o 

he' a sigllifkant. amount. of hyst.C'l'rsis in t.hf' statir position versus currellt rela.tionship. 

'1' 1 \('1'<'1'0 \·c , an at.tempt. \Vas made at modelling the jet pipe hyst.eresis usillg a model 

bas('cI on a met.hod dcscl'ibC'd by Frame et al. [1982]. The hysteresis model is described 

in §2..l, and sOllle t'xperimental )'esults élnd simulations using the moch"l arC' presented 

• j:!') ') ,) nI :it)tllOJu .... 
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2.4 Hyst,el'esis 2·\ 

The st.atic 11011linearit.y l'"lat.es jet pipe' t.ip forcf' \'0 s\'at.ic t.ip posit.i01l and is l'(\P­

resented as 

where x}P is the st.at.ic t.ip position fot' t.he' giv(,11 forC(\ 011 t.h(\ j('\' pilw. iIIU[ Ii( ,,~/,) is 

a funct.ion dcscrihing t.hf' st.atic 1l0nlillC'Hrity. [11 t.1t(\ory. 1.11<\ t'lIl1dioll ll( "'11') ('o,dd \)(' 

uSf'cI t.o 111od<,[ t h<, hystert'sis ('ff t'ct.. ltoWC'WI ('X I)('ri 111('11 \'s é\ ml si 111111 il t. ions p Il'S('II 1.(\.1 

in §:3.2.2 show t,hal. I.ht' modC'1 pl'opos('d hy Ft'alll(\ do!'s 1101. ad('(l'tat.(\I.\· pt'<\dirt. t.1lt' 

minol' 1001' \'raj<,ct.ori(\s. TIl<'n.[ol'f', \'11<' fllllCtioll h( ,,~/,) is l.ak(\11 t.n 1)(' t.\u' nlidpoillt. 

Ih}{' of t.h<, <,xp(\l'il11<'lIt.ally oh\'aillf'd '/'11' \'('l'SIIS "~" CIII'\'(' show1I ill Fip,III'(' :L!). 

As previously st.at,ed, tll<' dynamics of t.1\(' jf'l. pipe' .11(' t.hird-ord('r: 

(:Ui) 

wh('r(' th<, t.f'rms WI and W2 t'(-'PI'f'SPII\' hrf'élkpoilli. fJ'('qll('lIci('s 1.0 1)(' ('XI)('rinH'l!\'ally 

df't.f'l'mined from frequellcy rf'spolls<, éllléllysis, Th(, 1.<'1'111 (2 is 1.1l<' Cléll11pillg l'<\\'io for 

th" second-orcier tel'l1l, also 1.0 he exp('ri I1lL'llt.ally dC't.c'rlII i IIpd. 

To account. fol' ally misalignlllelll.I)('l.w('('1I t.he jf'\' pipe' origill alld !.II(' t'('('(\iV<'t' pléll.(' 

cellter. the following offset, is add('d: 

(2.7) 

2.4 Hysteresis 

As melltiolled ill t\l<' pn'violls s('c\,ioll. é\ sigllificélllt. éllllOllllt. of hyst.pl'('sis f'xist.s ill 

t.he jet pi)w <,1f'111('I1I. (S('(' §:J.2.1). 'l'Il(' SOlJfCe' of t.his ltyst.('J'('siH liC's ill tlH' fO)'C('/CIIJ'J'('IIt. 

(i.f', magJ\('tic Alix) )'C'lat.ioltship of t.1J<' coil as wpll as 1.11(' llJ('c!tallicéll posit.ioll/fol'(,(\ 

fplatiollship of t.he' j<'\' pipf'. This hyst.<'re'sis Itas ail adVPI'H<' e'rrf'c!. 011 acl.lIa!.{)/, IH>I'­

fOJ'ma.nce becausC' t.1H' fo1'(,(, Ollt.put at a giV<'1I ïl1l't'eltt levC') Vari('H d(')(~lIdillg 011 pas\' 

inputs, Clearly, ir the effcc\,s of hyst<'l'csis could be' pl'('dictcd, a slIital,le COlIlpclIsat.Îon 
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Figure 2.6: Hysteresis model proposed by Frame et al. [1982]. The subscripts "rev" , 
"PTL" and "sat" rcfcr ta reversai, previous-to-last and saturation points. 

could he pel'formcd to Ilullify thcse effects. 

Two previous groups of investigators (McLain et al. [1989], Boulet et al. [1992]) 

which Illodclled hydraulic, suspension-type jet pipe valves similal' to the pneumatic 

valve examined in this thesis included a model to account for the effects of hysteresis. 

This model is bascd 011 a method described in Frame et al. [1982], which in turn is 

based on a Illethod described in Talukdar and Bailey [1976]. This method attempts t.o 

predkt minol' loop tl'ajcdories based on the major loop and previous reversai points. 

The t.hrust. of this lllethod is that the distance between an increasing minor loop 

t.rajectol'y and the boUom (i.e. increasing) half of the major loop should decrease 

lincarly \Vith t.he ordinate (Figure 2.6). Likewise, the distance between a decreasing 

minor loop t.rajectory and the top (i.e. decreasing) half of the major loop should also 

deCfease Iincarly with the ordinate. 

2.5 Orifice Areas 

The ol'ifice areas thl'ough which fluid flows in or out of a control port are calculated 

from the geomet.rical overlap of the jet pipe and control ports. The small clearance 

between the jet pipe tip and the receiver plate does Ilot appear explicitly in the model, 

î , 

î 
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2.5 Orifice Arens 26 

x 

Port 

Pipe 

Figure 2.7: Orifice ar('as. 

but rather is lumped into the discharg<' coefficient.. 

The control ports of the receiver plate are of the sanH' diamcf,('1' élH t.Jw jet. pipe exit. 

area and are spaced one diameter apal't. The jet, pipe tip has a f1allge which SCI'V<'H 

to cov<'r the opposite control port when t.he pipe is dil'('ct.ed away frolll ('('IIt.('I'. 'l'III' 

diameter of the f1ange is three timcs the diamctcl' of the j<'t. pipe' exit. (1.1'<'(1., which jllHt. 

covers the control ports whcn the pipe il. Cf.'ntered. 1\ diagra.m of t.he ol'ificc' (1.n'as (1.lId 

their naming convention is shown in Figllfc 2.7. Port 1 is cotll)('rf,('d to tlw chargillg 

side of the piston and port 2 is cOllnect.ed to the vent.ing l'ide of 1.11(' piston. I~, and Pr 

indicate the supply and l'eturn pressures respectively. Note that ill this cOllfigllrat.iofl, 

the return area for port 1, Arl' and t.h<, suppl y al'c'a fol' port 2, A~f! an' bot.h covel'ed 

by the jet pipe t.ip f1aJlge and henre are ~el'o. 

The orifice area equat.ions arc shown bclow. These' in 1,111'11 lise SOIll(~ additioJlal 

• "t"" ~ >":'7'~ 
, . 
. : 



1, ... ~ 

~ 
~. 
~. 

~ 

!' ., 
~, 
j, 

~ 
~ 
,-
r. 
~ 
" 

• 

• 

2 .. 5 Orifice Arcas 27 

equittioJJS alld paramcters for ease of writing. Note that x rerers to the position of 

1,11(' jet. pipe!.ip relative to the l'cceiver plate center, and AJp, D and R refer t.o the jet 

pipe exit area, diamctcl' and radius respect.iv('ly. 

Orifice supply area 1, 11 .. / : 

o for :r ~ 0 

A61 - 2.fn{ID;.rl,R) fOI'O~;r~2D (2.8) 

o fOI' 2]) ::; .r 

Orific(' r('tlll'Il éU'('a 1, Ar/ : 

AJp for J' < -J) 

.fr! (:1: - D) for -D ~.I' ~ 0 

Arl - 0 for 0 :5 x ~ 2D (2.9) 

/I.f! (:l' - D) for 2D ~ :r ~ 3D 

AJp for 3D ~ .1' 

Ol'Hlce supply al'ca 2, A,,2: 

o for x < -2D 

A .• f! = 2.fa(1 D;;r l, R) fol' -2D ~ ;t' < 0 (2.10) 

o fol' 2D ?:: .1' 

Orillce 1'('f,lIl'1l ar('a 2, Art!: 

Ail, for :r. ~ -3D 

.f:.dx + D) for -3D :5 .r ~ -2D 

Arr? = 0 for -2D :5 .1' ~ 0 (2.11 ) 

.fl'r? (:r + D) for O:::;:r ~ D 

fli11 for D ~ .'C 

:, 

, ,"é,,;;-~J 
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2.6 Flow EqUfl (,jons 

Addit.ional ('q uat.iolls fol' od fieC' éU'C'HS: 

fll(((,1') 1,2 ('01'-1 (~) - ((1,.2 - ((2 

,(o(b, 7') - ,.2Sill-I(~)-b/I'2_1"~ 

{ AJII - .h(d, 17) - .h(d,:Hl) 

.Ib(d, R) - fb(d, :lR) 

{ fb(d, 17) - .(o(d, 3R) 

Ajp - .h(d, U) - ,fi,(d,:H1) 

where 

D2 
C 

Il - ---
r 2 

d - VU2 - '11 2 

2.6 Flow Equations 

fol' Il ~ () 

1'01' /1. < () 

1'01' Il > () 

fOI' Il < () 

(2.12) 

(2.1:1) 

(2.1.1 ) 

(2.1!; ) 

(2.W) 

(::!.17) 

Assuming the flow pt'o('('sses arC' adiahtüic, t.hC' IlIé1S:; now mt.f'S t.hrough t.1](,ol'ifin':; 

are govcl'Iled by the following set. of ('<j1mt.iolls (AlldC'l'sCII [1976], Blarkhlll'Il ('t. al. 

[1960], Tha.yer [1984]): 

( Pl) for /~, :::; 1'r (r!tokf'd) 

for (~~) > l'r (lIolJ-chok('d) 
(2.1 H) 

(2.W) 

(2,20) 

(2.2J) 

• -",' 'c_ '_<'~ 

~ '~, "'..;. ... 
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-' 
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2.6 Flow Equations 29 

h = (2.22) 

2 :dl. 

( Pel) -:; _ (J;el) O( 

Pu J 11 

wherC' Pli and Pr/ are the upstrcam and downstrC'am preSSl\l'es, 1~t is the upstream 

tcmperatl\l'e, 'Y is the isC'utropic exponent fof' ail' (= ].4), R is the gas constant for 

ail' (= 287 j/kg·I\), (J~I/P1/)cr is the eritical presstll'e ratio fol' air at whieh the flow 

challgcs from subsonic 1.0 sonic (= 0.528), A is the orifice area, and Cd is the orifice 

dischargc coefficiellt. 

The a.ctuator is designed to be slightly "Ieaky" allowing a small f10w between the 

chambers past the position. This leakage area is ring shaped and is long relative to 

its openÎng width Îndicating that the discharge coefficient should be a function of 

pl'CSS1lI'C ratio (Andersen [1976]), instead of a constant as is the case with the other 

ol'ÎficC's. Thcrefore, the discharge coefficient for the leakage past the piston area, A/pp, 

IS 

whel'C' Ct/m and Cdb are constants. 

The net mass f10w rates for chambers 1 and 2 are 

. . . . 
1nl =m 6 1 -ln r l -lnl]lp 

(2.23) 

(2.24) 

(2.25) 

whcl'C tlH' orifice al'C'a for 1h RI is AIl, for ri~rl is Art, and the positive sense for m,pp 

is frolll cham ber 1 1.0 chamber 2. 

The Ilot volumetrie f10w rate is simply the mass flow rate divided by the density. 

For chambel' i, i = 1,2, this becomes 

Q._ ml ,-
Pi 

(2.26) 

" -~;; 
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2.a Flow Equations 

whel't:' t.he df'l1sit.y p, is obtaÎll<'d from t,lJ(' idt'al gal' law: 

P, 
{J, = In~ 

The adiabat.ir r('lat.ioll for t,rtnperattll'(' ill challllwl' 1 IS 

,-1 

T = T (Pt
)-' 

t '~p 
.9 

where Pa and T.9 a,re t.he supply presst\l'C' alld t.f'mp('l'éll.lIl'(' 1·('SIWCt.IV('ly. 

:10 

(2.:n) 

How('vel', becausf' of t.!\(' modf'ra.t.(' prf'sslIr<'S éUld t.PIlIIWI'éÜIlt't'S illvolved, t.1J(' ll1od('1 

is simplified by assumillg t.hat. t.empel'atllres do ilOt. vary appl'<'c1ably l'rom t.he'ir 110111-

inal values and t.hel'dol'f' a ra assul1lf'c\ t.o 1)(' COllst.a.nt,. Th is aSSl1Il \ pt.ioll has 1)('('11 

useel previously by several invcst.igators (BulTows and Webb [HJG7], Jacobs('11 <'1. al. 

[1984a], KUllt and Singh [1990], La.i f't. al. [lm)O]). III fart, a st.lldy hy 1\é\.wakami (·t. al. 

[1988] revealed lit.t.le difrerence in respollsC' of a pncuma.tir rylilH.1<'1' lIlod('1 wll('t.hf'I' 1.11<' 

pnf'umatic processcs arc asstlmed isot.hel'lna./ or adia.ba.t.ic. NOlldIH'I('HS, t.h(' ISPllt.mple 

ftow eqllatiolls al'e pl'esented here fol' cOl11plet.('lI<'ss. In l'C'ality, t.h(' lIow pl'OCC'HS(,S 11(' 

somewhere betwef'll isot.hel'mal and iSf'IIt.l'Opic, although III a. fflst,-act.illg sysl.('11l slIrh 

as t.his, heat. tl'é\.lIsfpl' is likely to be 1'C'lat.ivc.J.y small. 

The rat.e of change of pl'C'SS1II'C' in C'ach chamhC'l' is giv('11 by 

I~ = ,P, ((1 - fI) 
1 \1; ~, 1 

wlwre ,~ is the volume of chamhpl' i, illld V, is t11<' l'at.e' of challgC' of voltllll(, of the' 

chambel'. Notr t.hat. t.his eqlla.t.ioll is obt.aillC'd fl'om t.he fil'st. derivat.ivf! of t.he iù('al gaH 

la,w assuming an adiabatic pl'OCf'SS. 

Neglecting the smal! volumes of tll<' l'OÙ stopper amI support (H('P Figure ~A), t.he 

~" 

1 

~I 
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2.7 Pi,r.;toll f)yn8mic,'l 

ch,unlwr VOlllllH'S, \~ and V2 , arc givcn by 

31 

(2.30) 

(2.31 ) 

whcr'C' Ap is the pist.ol! area, :C p is t.he piston position, Lp is t.he piston length, and 

L ry / is the cylindcl' Icngth. 

The supply pre'ssure, P" is assumcd 1.0 be constant and aets at tllf' outlet of the 

je'f, pipe t.ip. FIlI't.hcl'lllore, the fluid lincs artel' t.his point, are ail short and inflexible, 

and hCllcc lille resist.ance, capacitance and inertance are ail assumed negligible. 

2.7 Piston DYllamics 

The' pist.on insidc t.he' cylindC'1' is spl'ÏlIg 10a(!C'd and slides along the actuator rod 

bd,w('cn t.lle' l'od st.opP(>1' and t.he' end of t.he rylinder. This al'l'angement maintains 

re'sidlla.J (.('nsion in t.he t.e'JI(lolls whell t.1lC' syst.(>l1l is llJlpl'essurized, prevent.ing tendon 

misalignJ11C'llt. Whcll the prC'sslll'e' difkl'C'nce anoss thC' pist.on is suflkicntly high, the 

spl'Ïng bc("olllC's l'ully romprcsscd and the pist.on contacts t.he rod stopper. The spring 

!Jas n low spl'Ïllg cOllsLant. and henec t.hc pistoll contacts t.he rod st.opper for al! but 

e'xt.r·C'Ill<'ly low ad.mlt.ol' forc('s. Thcrefol'e, t he piston is assumed t.o be stuck to the 

rod stoppe'1' (sC'C' Figure 2.<1). rl'l1at is, the pist.on and stopper positions differ by the 

:mll1 of (.h(' piston, stopper and support. lengt.hs: 

(2.32) 

whcl'c L,,, Llf and L3UP are t.he pist.on, stopper and support. lengths respectively. 

LlIlllping t,hC' mass of the stopper and piston togcther, and assuming viscous damp­

illg yiplds 

(2.3:J) 
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2. ï Pist.ou DYlUllllics 

where the subscript. p rcfcrs to the piSt.OIl, l'~) iR t,1H' forcr 011 t.hr pist,on dl\(' t,o t.1H' 

presstll'e differential, and fj is the dry friction forcr: 

J"v = A p(PI-P2) (~.:i·l) 

1'~.Rgn ( .i·,,) for .i·l , i- n 
Fj l i' 

l' for ;i'" = 0, l'~, < J.:, ( ') .) r: ) .... ),) 

whel'e F.. and l~, are' constants ('quaI t.o t.he' Coulolllh frictioll 1'01'('(' alld St.ictioll forc(' 

rC's I)('ct. i VC' 1 y. 

Fridion betweell the graphite' piston amI glasH cylillc!('r iH kllOWII t.o IH' sllIall (Ja­

cobsen et al. [1986]) and i8 further rpducC'd by the Inhricat.illg dl'('cI. of Ut<' ail' flow 

past the piston. Friction brtweC'lI the rod and cylind('l' sC'al iH aHHUIIH'd 1Ilsigllifici\.lIt, 

as weil, meanillg thi\." st.ict.ion and kinct.ic friction éU'e' llC'gl('ctt'd ('lItil·ply. Fllrt.heJ'­

more, the dynamics of the load are cxpeded t.o domillat.c t.hosC' of t.IH' Iight.w<'ight" 

low-friction, graphite piston which means that. for ail pradÎcal p1lJ'pOSCH t.h(' pistoll 

dynamics can be neglect.ed. Thercforc, the act.lla.t.or force' is 

with the minimum actuator force cqual to t.he rC'HiduaJ spl'Îll~ force WIH'11 t.1I(' pistoll 

cont.élds th(' top end of t.he cylindcl'. HC're'l'I'ing 1.0 Figul'(' ~A, 1.11(· HJJI'illp, fOl'f(' witll 

.l'p = 0 i8 

l i' 
.!pring 

where L3PTm9,O is the' unloadcd length of tl)(· sprillg . 

(2.:17) 

(2.:JS) 

"";',..),~~-j 

'-' 
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3. System Identification 

3.1 Current Driver 

3.1.1 Static Characteristics 

fdC'lIl,ificat.ioll of t.he ClIITC'llt driver charactel'istics was separatf'd into stat.ic and 

dYllamic part.s. The st.atic gain and om;;ef, are adjusf,ablC' via potentiometers located on 

the joinl, controllcl' cards in tlw U l'vi D H analog conf,roller sysf,f'lll. These parameters 

were detel'lnined by measllring the voltage drop acl'Oss a precision l'csistor placed in 

series with th€:' actuat.or (F'igure :1.1). Referring 1,0 (2.:J), t.he stat.ic currellt supplied 

hy t.he currcnt driver, 7, was easily calculated fol' each voltage command l'rom thC' 

DI A \Ising 
.- "1, si 
1 =-­

RlfSI 

(:J.l ) 

whc>rC' l'Ir'" is t.hC' lllC'a.sUl'rd vo1t.ag<' drop act'ORS t.llC' precisioll l'esist.o!', and Rlrsl is the 

rC'sist.or's l\Ilown r(\Sist,aIH'(\. A stl'a.ight. lille was t.hrll fit. 1.0 t.he dat.a. to obtain the gain 

élnd ofrs<'l.. As IIwnt.iOIH'd pl'cviollsly, t.hesC' paranlC'tel's are variable and hC'llcc this 

I>I'O('c<lIll'(\ was rrpratC'd whe'lH've'1' t.he' gain éllld ofrs(\f, wer€:' adjust.f'd. 

3.1.2 Dynamic Characteristics 

TI\(' dYllamies of t.ll(' CUITellt, driver WC1'C' detel'lllÎned using a swept sine frequency 

1'(,SpOIlSe' f,e'st, (Figul'e' ~J.2) with DI A volt.age as t.he input and current (measured 

indirccf.ly as above) as the output. An HP 35665A dynamic signal allalyzer was 

uscd to automat.e' the procedure. As expect.ed, the 1'eSpOllSe was fil'st order low-pass, 

wit.h a comer frC'quellcy of 1122 Hz. This compares wit.h the theoretical value of 

1592 Hz l'esult.iug from a 10 KO resisto1' and a 0.01 JlF capacitor. The capacitol' and 

l'(\Shl t.Ol' valu('s have' fairly lal'ge Ullcertaillt.ies so this discrepancy is uot unreasonahle . 

33 
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3.2 .Jet. Pip(' 

DIA 

-, 
1 

Actuator 
r-----ï 

1 1 

L _____ --...l 

1 Current 
1 Driver 
1 

_-1 

--
Rtest 

Fig1\l'f' :J.l: Met.hod fol' llH'élsuring C1Il'J'l'II1. 1.0 dd.(,l'llIillC' dl'i\'(ll' gaill alld ofrsl't .. 

Rcferring to (2.1), t.h(' pa.l'amC't.('I' !.N't',1 is t.1I('r('fol'(· 70GO radis. 

Not.e t.ha.t. t.he act.ua.t.or is in t.he loop (Figur(' :t 1) (Iurill,!?, t.l\(l {'IIIT(lllt, dl'iv('" t.(·st.s. 

The inducta.llce pffect of the acLuat.or coil 011 t.lf(' ClIIT(·llt. dyllalllÎcs is call('('II(·d 011 t, hy 

the high gain of t.h" CUlT(·IIt. drivl'r amplifier alld IH'llC'(' t.lf(' dyllalllics or t.h!' CIII'I'(·IIt. 

drivpr are a l'('sult. of t.he first.-order, low-pass nlt,pl' a.lollc'. 

3.2 Jet Pipe 

3.2.1 Static Characteristics 

To measlll'e the position of t,he jet pip", a miniat.lII'l' Il P III~MT-{)()OO light. ('mit,t.ÎlIg 

diode (LED) was att.ached t.o t.he tip of t.he jet. pipf' and it.s posit.ioll WélS S('II:;(·<I "y éI 

SiTek .JlL photosensitivc det"ct.of (PSD). The apparat.IIs was calibl'at('(1 hy cI(·fI('dillg 

t.he jet. pipe tip wit.h a probe at.tached t.o a micrometPl' pltlJlgPI' and "(lcol'dillg the' 

corre8pondillg output of t.he PSD. A photogl'aph of t.h(l (\xpf'l'illH'lIt.al se't.lIp aplH'(\'l's 

in Figure 3.3. 

By slowly ramping t.\le' ('IIIT('IIt. IIp and c10WII IIIIt.il 1,11(' positioll Hat.1II'a.t.('(I, t.IIP 

chara.cterist.ic major llystcresis 1001> was obt.a.illC'd (Figlll'P :lA). 

To determine t.he source of t.he' hyst.cfesis, Illcdlanintl t.est,illg was perfofnwd 011 
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.1.2 .1('(. PifJC' 

A: FreQ Ra 
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Figure 3.4: Jet pipe position vs. cUlTelll .. 

:16 

the jet pipe by applying forces directly on the jf't. pipe tip via hanging métsses. DIIC' 

to limitations in the experimental apparat.us, it. was possible t.o deOed. t.he jcl. pipe 

downwards only. From t.he position/current curve (Figure 3.4) alld the Icft. half of 

the position/force curve (Figure 3.5) it was possible t.o deriv<" t.he bOt.t.OIll hall' of t.he 

force/current curve (Figure 3.6). The force/current. curve was reasollétbly asslllTled t.o 

be symmetric for positive force and current, permitting the derivat.ion of the right haJf 

of the position/force curve. Since the effects of hysteresis are not dircd.ly aecolll1t.ed 

for in the system model, the nonlinear function h(F;p) in (2.5) is simply the midpoint 

line of the position/force curve. 

Notice that the force/current curve (Figure 3.6) shows only a slight amounl, of !lys­

teresis and is remarkably linear within the actuator's ratcd current Iirnits of ± 0.4 A. 

The best fit for this operating range gives a motor torqlle cOllst.ant, km! cqual to 

1.946 N/ A, with a standard deviation of 0.007 N, and is indicatcd by the dashcd lillc. 

It is surprising that the force/current (i.e. magnetic flux) relationship of t.he coil is not 
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Figure 3.5: Jet pipe position vs. tip force . 
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Figure 3.6: Jet pipe tip force vs. current . 
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0.2 

0.18 

0.16 

0.14 

Ê §. 0.12 
c: 
.g 0.1 
[!! 
ni 
~0.08 

en 
0.06 

0.04 

0.02 

~1 -0.5 0 0.5 
Current (A) 

Figure' :l.7: Separation bf'twcen major loop halv('s fol' jPt. pipe' posit.ion vs. ('111'1 ('lit. . 

the soif' source of hyst.Nesis - Figlll'e 3.1) cl('arly shows t.hat. t.h('('(' ('X1St.S a. Sigllifi('illlt. 

amouut of hysterC'sis in the position/foITC' 1'e'latiollship as wdl. It. i<; roI' t.his 1'('ilSOIl 

that a seal or a-ring éll'Ound the' jf't. pipe' was hypot.hC'sill!'d, havill,!!, lIolllill!'étl' st.ifrllc'ss 

and hysterdic charackristics. 

The separation het.wC'en tlH' halves of t.he jet. pill(' posit.iolljC\\I'J'(·lIt lIIajol' hyst.p!('sis 

loop is almost. COllst.ant. in the operating l'ang/' (Fi,!!,llJ'(' a.7) al. ~ 0.1 (i mil\. '1'111')'(-1'0),(', 

comparillg t.he distance Iwt.we('n the lIIidpoint linp and 1.11<' majol' loop, O.OH III III , 1.0 

the jet pipr olH'ratiug l'auge, 1 mm, gives a hysf,/'resis of approximat<')y ~ (IL 

3.2.2 Hysteresis - Minor Loop Trajectories 

Several tests were perforn)('d 011 the jet pipC' 1.0 v('/'ify the' C'fr(·ct,iv(III!'!;!; (jf 1.1)(' 

hysteresis modeJ shown in §2A at predicting the tl'aj('rt,orÎC's of lIIirror loops. Figure' 

3.Sa shows an experimentally obtained minor loop tra.jerlory alorrg with the t.rajedory 

predicted by the mode\. Using the terminology ernployed by Frame, the pl'eviolls-t.o-
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.1:J Act.uaf,or RcspollsC 41 

Jast revcrsal point is indicated as (I) and the last reversaI point is indicated as (2). 

TI\() results show a significant error between the actllal and prfdicted trajectories. 

Figure :1.81> c1early shows that the actual distance hC'tween the minor and major 

loops, dClloted as D{Position), is very nonlillear. Figure :1.9 shows the same fol' a 

diffcr{'nt minol' loop tl'ajectmy. In faet, for repeated reversais. l.he hysteresis model 

wa.., round 1.0 pl'edirt the l1lillOI' loop tl'ajcctories wit.h an accuracy no better than the 

midpoint. lillt' of the major loop. Fol' t,his l'cason the 1l011liueal' fUllction h( FJp) in 

(2.5) relat.illg the static jet. pipe posit.ioll 1.0 forcC' 011 1.1)(' jet pipe t.ip was chosen to be 

t.h{' midpoint. lillc of thc positioll/force cmve. 

3.2.3 DYllamic CharacterÎstics 

A swept. sine frequel1cy response test was performed to identify the parameters of 

t.he t.hird-OI'dcr jet pipe model presented in §2.3, The results show that a third-order 

model fits t.he dat.a weil for frequellcÏes beJow ~ 700 Hz. The strallge behavior of the 

sysl.('1lI above 700 Hz can likely be at.tributed to saturation of the currellt amplifier 

dllc 1.0 t.he inductive nat.ure of the coil. Figure 3.10 shows the experimelltal data and 

th<, third-order t.heOJ'etical model. Referring 1.0 (2.6), the identified parameters are: 

WI = 973.9 radis (155.0 Hz), W2 = 1856.7 rad/s (295.5 Hz), and (2 = 0.019. 

A step l'eSpOllSC test cOl1firmed the correctlless of the model parameters. Figure 

:J. t J shows a. sam pie step response alollg with the model responsf'. The jet pIpe 15 

highly lIud('l'dampcd with a rÎSf t.ime of 0.002 s and a Il % set.tling t.ime of 0.07 s. 

3.3 Actuator Respollse 

The cxpcrimcnt.al appal'atus used t,o obt.ain the actuator force/current character­

ist.ks consist,rd of a compact. Ent,ra.n ELF -TC500-1 00 force Sen801' which was rigidly 

flx('d j,o a. plate a.t.t.ached to UMDII act.uator pa.ckage (Figure 3.12). The simplicity 

of t.his setup cnabl<,d the ust' of the ail' supply, currellt driver and tendon connector8 

which ar~ used during normal operation of the hand, and allowed different actuators 
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Figme 3. J 2: Photograph of apparatus used to 111ea.sure a.ctuator force. 

1.0 b(3 tesl.C'd without. removal f1'0111 the actuat.or package. Adjustable spacers between 

t.he force sensor and mOUlll.illg plate permittf'd diffel'ellt rod stopper positions to easily 

he t.C'st(3d. An Enl.ran PS-:JOA power supply jamplifier was useel to power the sensor 

and alll pli f y thc signal. 

3.3.1 Static Characteristics 

Figurc ;3.1:J shows tht"' actuator major hysteresis loop which was obtained by slowly 

ramping t.he ClIlTent. up and down to t.he force saturation points. The p1'Ocedure was 

a.llt.oJ1lat.('d by using tht"' (:olldor real-time control system (Narasimhan and Siegel 

[H}~7]) driving Dat.a Translation 12-bit. DIA and 16-bit A/D boards. This t.est wa.s 

rcpC'aled for several diffcl'cnt. rod stopper positions and confirmed that the slatic 

act.llat.or force dops ilOt. oC'j)(3nd on the relat.ive volume of the cylinder chambers. The 

1Il0dC'1 dat.a uses t.he jet. pipe' position/ currf'nt ma.jor hysterf'sis loop data shown in 
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0.4 

Figure 3.4, and is indicated by a dashed line. Usillg t.he act.li atOl' fol'(,('/ Cl\I'rcnt da.t.a 

and the jet pipe posit.ion/current data, the ac1.uator force/jet. pipe posit.ion cmve' was 

derived (Figure 3.14). The increasing and decreasing pOl·t.ions of the major hyst.crcsis 

loops both yielded the same force/jet pipe posit.ion cmves, as shollld bc t.he case. 

The non-zero minimum actuator force is duc to t.he spring insidc t'w cylindcf' 

(see Figure 2.4), which is designed t.o maintain a residual force ill t.he telldons ill 

order to prevent tendon misalignment. when t.he syst.em is 1IIlprcHs1ll'i~c(1. The sprillg 

rate, kllprtng, was determined by varying the spring length alld l'ccol'dillg the change' 

in actuator force, with the air supply turned off. This value was calclllal.cd t.o be 

88.14 N/m. 

The only other model parameters which needcd t.o be idcIlWi(·d wC'l'e the orific(~ 

discharge coefficients and the receiver plat.e offset.. Tltcse paramct.ers wcrn identificd 

by minimizing the sum of the squared el'rors betwccIl t.he cxperimclltal and t.heoretical 

actuator force/current major hyst.eresis loops. Tite mode! used the expcrirnental jet 

l'. 
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Figlll'c 3.14: Actuator force vs. jet. pipe position . 

pipe' major hyst.eresis loop data to ca.lclllat.e t.he supply and ret,urn orifice areas. The 

COITCct. mode! paramet.ers werc oht.ailled using the multidimensiollal downhill simplex 

I11cthod (see Press ct. al. [1992]). This method was used hecause it requires only 

funct.ion cva.luatiollS, ilOt. dcrivatives, and is able to filld the minimum of a function 

of 11101'(' than one independellt variable. 

Thc pist.on leakage al'ea, A/pp, could 110t he obtained directly but was obtained in 

combinatioll wit.h t.he discharge coefficient slope and offset. Referring to the model 

equat.ions (2.7), (2.18) and (2.23), the identified parameters were found to be: X 1p ,ojJset 

= 0.099 mm, Cd = 0.696, CtI,/"pAlpp = -0.0475 (P2/ Pd + 0.0971 mm2
• 

Table 3.1 Iists the values for 8011 the model parameters. 

3.3.2 Dynamic Characteristics 

Severa} open-Ioop sinusoidal frequency response tests were performed on the actu­

atO\' \Vit.h cunents of varying amplitude and lllean to observe the degree of nonlinearity 
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3.3 Actuator Respol1se .1() 

1 Elemcnt 1 Paramct.er 1 Value 
piston 1 cy li IlCler L rg/ 78.0 Illlll 

Lp 8.0 mm 

La 7.0 111111 

LslIP 11.0 111 III 

L8jl1tnD,O ()g.1 111111 

Dry/ 15.R75 IIllII 

1. •.• /l1.l/Iq 88.1·1 N/III 
CUJ'I'f'Ut. driver Wrd 7050 radis 
jet pipe km l.!).J6 N / A 

.vI !)7:U) l'ad 1 H 
W2 IH56.7 l'ad/s 
(2 0.019 

DJ/, 0.!J6!)~ Illm 

.1: JI', oJJ.,rt 0.OH9 IIllll 

orifice areas Cd O.()!)6 
Ct/bA/pp O.m>71 1l1J1l

2 

CdmA/pp -0.0475 111m 2 

Table :1.1: Sl1111mary of valucs for modcl pal'é\.\I1et.(~J'H. 

in the system. Alt.hough Hot explicitly rC'quired fol' the id(,lltifkat.ioll of ally mod('J 

parameters, these tests qualitatively show the overall system rcspOIlH(, and Pl'ovidp Cl 

rough estimate for the time const.ant of the system. 

Figure 3.15 shows the forcejcurrent frequency respons() fol' vat'yillg mcall ('1I1'I'<.'IIt,S, 

with the piston at approximately the midstroke po~itioll (:I: s = 51 111111). FigJlJ'P a. J() 

shows similar data for varying amplitudes. The t'esult.s show a. low hil,JJ(lwidt.h J'él.llgillp" 

from 0.8-2.8 Hz which increases slightly fol' both meall cllrrent. and fLmpli1.u<!('. This 

bandwidt,h is in agreement with the linem analysis in §t1.2.2. Aller liJu)arhdllg t.he 

actuator model about an operat.ing point corrcspollding 1.0 ail outp1lt. force of 45 N, 

the system is shown to ad as a first-order, low-pass filtcr wit.h a corlier frcqucnc:y of 

2.3 Hz. 

From the shape of the curves it is apparent that, the SyRf.C'Jl1 is highly lIoll-liucar 

and acts as a low-pass filter, approaching an integrator in Home sClIse. The physical 

t,~'..'1 .... ;;v ... ~ 
",,;'1; 

, 
" 
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tude currents: Fact(jw)/ !(jw) 



• 

• 

• 
;-­

~.~ < 

:1.:1 A d'Utl,of' !lesjJ()lIse 

sigllifkallC(\ of this is that t,I)(' static force is almost al, maximum for ail positive inputs. 

(l,'; ca.n 1)(' S('('11 iu Figlll'Ps :l.I:l and a.14. Syste'Jl1S of this type' rC'quirc sOllle t,vp<' of 

f('('dhack t,o lilU'ariz(' t.J)('ir l'f'SPOIIS(' alJd OVCITOIllC' tl1f' advf'rsc' ('fff'ct,s of hyst,PI'f'sis. In 

ii/I.I.1 il. is show Il 1.11,11, 1.11<' billJclwidth of t.llis syst.PI11 rail 1)(' rais('c\ Ml lIigh as 80 Hz 

hy ('mployillg a. simple' propol'tiollal cOIlt.l'ollf'I· . 
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4. Simulation and Cont.rol 

4.1 Closed-Loop Control 

The performance' of t.1H' act.uatol' and t.h(' Illo(kl \Vas t'xamilll'd hy illlph'I1l<'IIt.illp; 

several differellt digit.al ('on1.rol1('l's using t,l](' (~olldol' l'C'al-t.inH' c0111.1'01 syst.t'l1l. TIlt' 

dosed-Ioop freq1lellcy rC'sponsc of t.he art.llat.or \VaH t.t'st.t'd \Vit.h 1.1)(' Cl id of illl 1\ P 

:l5665A dynamic signal allalyzcr which pl'ovidpd th" input, 1.0 t.ht' cOllt.l'ol SYHI.t'II1 alltl 

él.nalyzed the out.put,. Several 1.illH'-domaill, force' t.l'élcking ('XP('l'illH'ltI,S \Vt'I'(' pt'l'rol'ltlt'd 

to examillc 1.he fidclit.y 01' 1.he' Illodel alld I.c'st. dirrt'l't'Itt, cOl1t.l'ol st.I'Ht.('l.!,i(·s. Ali tilt' 

controlloops werc l'lill a1. 500 Hz which is a l'(·asollahl<· rat.(' l'or St'I'VU COllt.l'ol. 

4.1.1 Actuator Closed-Loop Frequency Response 

A simple' propol't.iollal rc'C'dbaek COli 1. roll l'l' (Vigll!'(' 1.1) WclS 1I:-;('t! \.0 ('xHll1il1(' t.h(· 

closed-Ioop frequC'lley rC'spollsc' or t.hC' art.lIf1t.oJ. Figll\,(' ,1.1 a showH t.llt' sw!'p\. sill(' 

J't'SPOllS(" for t1m.'f' diffel'C'llt. amplit.ude' siJl(' Wé\.VPS a1. il IJlPéllI dC'Hin'd fol'(,(' of ,Ir, N, wit.h 

t.he l'od stoppC'1' loeke'd al. t.1lC' Illidst.l'okc' posit.ioll. Fig,lIl'(' .1.\ Il shows t)H' 1'1't'(plt'IIey 

respollS(, with 1.h(' pistoll positiOJlC'c1 suc" t.ha,1. t.!w challllH'1' 1 VOlllI1U' is I('ss t,llall 

cham bel' 2. 

The vast improvelllC'\1l. of Olt· sys1,('l11 ItlldC'1' c1oH('d-loop ('ollt.rol is illllllt'dial.(·ly 

noticeablc. At low frequcnciC's, t.he sysiC'1ll is pCl'f(~('t.ly liw·él.I'. 1\1, higllt,\, f'rc'(!1lc'IJci('s, 

the nonlincarities ill the systC'1ll bt>colllc' appé\.I'('llt - -1.11<' l'C'SI)()/lS(' c!('I)('llds 011 tlt<' IJlC'iUI 

and amplitude of the iuput. Eveil SO, t.hC' syst('lll appt'él.l's w('II-lwllélVt'd, l'c's('lIlblillg t.l1C' 

shape or a damped sC'cOJl(!-ol'dC'l' syst.C'lIl. lIo\VC've'\', tilt· most. pl('élsillg dlil.rad(·I'ist.Ïc is 

that the -3 dB bandwidth of 1,1](' system bas hC'cJl Pllshed as Iriglt as HO II~ fol' lJl<'c1i Il III 

amplitude (5 N) inputs. Fol' small amplitllde illpllt.s t.he hél.lldwidt.1t is ~iIfhSt.lIlltja.lly 

lower -l'oughly 2.1) Hz fol' a 1 N sinllsoïdal illput.. TIH'J'e appt'éll'S 1,0 1)(' 1i1.1,1(~ r1irr('('('IH'(' 

, 
~ 
1 
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4,1 rJoscd-Loop ('onlrol 

in dynaI11ic l'<'S))OI1S<' as a fUlICt.ioll or st.opp!'1' positio1\, 

The diffel'f'nce in fl'equC'llcy l'<'SPOIlS(' fo\' t IJ(' \'a\'iolls a III pli t.l\dt· illpllt.S is illt,('n'sl.illp" 

Small amplit.ude input.s f'xhihil.ed 1110J'(' déll11pillg alld lo\\'('\' hand\\'idt.h I,IIall lill'p,t' 

amplitude inputs, which in tU\'ll exhibit.l'd mOI'(' dampillg, H1\(I IO\\'t'\' héllldwi<lt.h t.hall 

medium amplitud<, input.s, A similal' })('hél\'iol' \Vas nol,('<1 i1y ('h('11 [1 !ln] ill t.1H' 

th<,ol'f't.ical llllalysis of the dyllam ie l'(>SpOIlSC' of él Syllllllt't.l'ic, dOI\ Il J<.-sid('d, dos(·d 

pneumatic chamber syst.em, III t.hat. sl.lldy, it. \Vas fOl\lld t.hat. 1 h(· l't'MHlillll. 1'('('(1111'11('\' 

t.endcd to decrease with illC\'easing a 111 pli t.ud<" 

4.1.2 Time-Domain Force Tracking 

Til1lC'-domaill rOl1 1. 1'01 ('xJ){,l'illl<'l1l,s rOllsist.t·d of sint' alld sq1\ 11 ('(' w""(' t.nlrkillp" 

The first t<,st. f'xamilled t.h!' p<'l'formanc(' of t.!H' aet lIal,O!' alld lllocl<'1 IIsillp, é\ silllplt· 

propol't,iollal feedhack (,0111,\,011<-1', alld 1,11(' 8('COIHI I.('sl. IIst'cl " pl'oport.iona.! 1'(,(·111,,1('1< 

plus Ilonlinear fef'dfol'ward ('on 1. 1'011 ('1', ThC' Silll1llélt.iolls \V('],(' J)('l'fOI'lIH'c\lIsinp, é\ 1'0111'1.11-

order RUllgC>-l\ut.ta (R-h:) inl.C'gratioll S('h('IlH' (Pr('ss 1'1. al. [I!)!)~j), i\1t.hollp;h ol,h('1 

good methods do ('xist.. t.llis l'ol)\(st. 111C'I,hod is p\'ohahly l,lit' 1l10St. widt.J.y WH'd, Fol' 

example, BOWllS and Ballard [IH72] also l1s('d él 1'01l\'l.h-0I'<I('1' H-I": I1H·t.hod fol' I.hpil' 

si111ulatiollH, and BOlllet f't. al. (l992]lIHC'd a fift,h-ord('1' B-l\. lIow('v('r, M('Laill 1'1. a.l. 

[198H] ('h08<' 1.0 cm ploy Gear'H st.iff illl.C'gntt.ion III<'t.hod (H('C' PH'SH t'l, a.1. [1 !J!)2]) wh icI! 

works weIl fol' very smooth funrt.iolls and for s<,!,s of dirrp]'(lllt.iai ('qllatÎons wh('J'(' t.!J('I'P 

a.re Vf'l'y difrel'("nt. seales of ind<'pctldenl. variabl('s. 

The simulation mdhod proccC"ds hy cast.ing t1)(' sel. of difl'('I'('IIt.ia.1 ('(l'IélI.ÎOl!H gov­

erlling the syst.elll dynamics int.o stat.('-spa('(' rOl'lll alld illt.('gl'étl.ing ... 11 t,II<' ('CJl1ill.ioIlS 

ovel' a suitably small t.ime pel'iocl. The filial valu('s fol' t.his t.ill](' p<'l'iod (l.n' t.JJ('I! IIs('d 

as t.he init.ial valucs fol' t.he following int.(>grat.iolJ J)('riod, alld so Ol!. "Slllart" IIH't.Il0ds 

arc able to va.ry the lengt.h of t.his timc st(,!> d('J}('JI(lillg 011 Irow qllickly t!w vét.riillll(·s 

a.l'C changing, TIIf' diffcl'C'llt.ial ('quatioIl8 fol' I.lris lIIodd éLl(' (~,I), (~.(i) éllld (~,~!)). 

The actuatol' modC'1 has 1I01lli1Wa.1' (ll('IlH'IIt.S and 11<'1I(,t· ('(1111101. 1)(' <'XIJl'C'ss('d in t!w 



• 

• 

1,1 (,'/()s('d-Luo!J (.'o/l/,rol 53 

('I)/lV('lIt iOlléL1 1i1J('éU' fOl'lll, X = Ax + Bu, Thel'efol'<' the stat<,-spac<, formulation is 

x = 8(x, Il) (4.1 ) 

T 
wh('['(' x = [i :/'/1' ,l'Jr ,1'JI' PI Pl] is th(' ,'('dol' of staf,(' variables. li is thf' Dj A 

illpllt. volt.ag(·. aJld e il'i tltr' l')('t of state ('qIlClt,ions. Ail t.h<, ot,h('1' 1,<,IClt.Îons. includillg 

tJJ(' OUt.pllt actlléll.or 1'01'('(', arC' sl.atie 1'('lat.iolls aJld h('lIc<, al'<' obtail1<'d at auy tin1f' 

l'rom Ut<' COrf'('sl)()lldirlg sf,af,(' val'Îabl('s. 

Fip,IIJ'{'1') ·IA ,1.6 show ('xl)('rilllt'lI1.al alld tlwol'C'tÎcal l'eslllts for t.he t.l'acking of vari­

ous l'I'<'qll('lIey sill(' waws 1\sillg t.h<, pl'opol't.iollal f('('dhack controller (Figure 4.2). The 

COIT('léÜioll bet.w('clI 1.Iw tllod<,1 and experimental dat.a is very good. although there is 

a sigllifkallt. offs(·t, 1)('t.wC'(·1I t,II(' arf,ual alld dt'sirecl force I('vels. Raisillg the feedback 

gaill cali n·dIH'(· t,JH' offsC't buf, highcr gain cali also If'ad 1.0 instabilit,y. NOlletheless, 

1.11(' !J('rfCJrll1allC<' of t.h<, silllpl<.' proport,iollôl cont.roller is very good. 

'1'0 r(,lIl1et, tilt' offset wit.hont. increasing t.hf' gain, a fcedhackjfC'edforward controller 

(Figm'(' ,I.:l) was im plellH'lIt.cd whel'<' t.he feedforward tenu was equal to the inverse 

of t.h(' st.at.ic artuator forcC'jcl\l'rC'llt. l'elat,iollship. l'hat. is, if the midpoint line of the 

fOI'C('j(,\I\'I'('rJt data in Figlll'e 3.la is represented by Fa = lCl), thcn the llonIinear 

fp('dfol'ward t.Pl'l1l is ï = .r- I (/id), Thercfore, the proportional feedbackjfeedforward 

COllt 1'0\1<,1' out.put. is 

( 4.2) 

As showlI in FigllI<'s .1. ï ·1.9101' the tracking of varions frf'qllC'llcy square waves. titis 

colltro\lN prov('d 1.0 1)(' wry C'ffpct.iw· in eIimillat.ing Hlly offspt, betweclI the desired and 

1\('t\ln) fOl'n·. Figlll'('s ,LlO and ·1.11 show a din>ct. comparisol1 bet.ween t.he proport.iol1al 

f('{·dhack éllld f('('dhackjf('('dforwal'd conf,l'ollC'l's . 
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4. 1 Closf'd-Loop 001111'01 [i·1 

) =:J 
c 

~ 
"",-a 

P ... 

Plant 

Figur(' 4.2: Pl'oportional fcedhack controll('r. I-~I éllld 1-:, at'(' c\('sÎrt'd alld al'l.wd adll­

ator forces respect i v('ly . 

Cinv f----, 

F ccdforward 

p 

Plant 

Figure' 4.3: FcC'dbackJ ff'f'd fOl'ward ('0111,1'01 kl'. 1/:, alld 1-:, itre dpsÎ r('rI éllI d itc'l. Il fi 1 adll­

ator forces respectivcly . 
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65.----------.--------~----------r_--------~ 

60 

30 

Solid: actual 
Dashed: desired 
Dotted: model 

251~--------~--------~--------·--~--------~ 
1.5 2 2.5 3 

Time (s) 

FiguJ"(\ 'I.,J: Force tracking IIsillg proportional frrdback controlIer: 2 Hz sine wave . 

65.------.------.------.------,-----~._----~ 

60 

30 

Solid: actual 
Dashed: desired 
Dotted: model 

251~----~----~------~----~------~----~ 
1.1 1.2 1.3 1.4 1.5 1,6 

Time (s) 

Figlll'(' .1..1: 1"01'('(' t.racking IIsing propol't.ional frrdback controller: 5 Hz sine wave . 
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4.1 Closed-Loop C011trol 

65r---------r---------r---------r-------~ 
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0.25 

Solid: actual 
Dashed: desired 

Dotted: model 

0.3 
Time (5) 

0.35 
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1 

0.4 

Figure 4.6: Fol'(,(, t.l'él,cking \Ising pl'opol'tiollal r('('dhack 1'0111.1'011('1': 20 Il;1, Hi,1(' WilV(' . 
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Figure 4.7: Force trackillg using fccclbackjfcedfol'ward coll/'I'oller: ~ IIi', squarc wave . 
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57 

FigllJ'<' /I.H: 1"01"('(' t.l'élcking ltsing f{'{'dbélCk/f{'{'dfoJ'waJ'd cont.roll{'J': ,Ij Hz square wave . 
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Figlll'(' ·1.9: Forc(' t,l'élcking lIsing f(,l'dback/f('('dforwal'd controllcl': 20 Hz square wave . 
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4.1 Closed-LoofJ Control 

65r-----.------r-----.----~r_----~--~ 

60 

30 

Oashed' deslred 
Sohd. prop. + leedforward 
Ootted: prop. only 

250,~----~----~~----~------~----~----~ 
0.1 02 0 3 04 05 06 

Tlma(s) 

Figure 4.10: Comparisoll betwf'cn pl'opor'l.iollél.l f('C'dhack ilIl<1 f('('dha,k/f('('dfOl'WMd 
cont.rollcl's for a 5 Hz sille wave. 
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Oashad daslred 
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55 Oollad prop only 
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1 1 : 1 1 
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Figure 4.11: Comparisoll betwecll proportional fcedback éllld fe('dhack/fc!edforward 
cOlltl'ollers for a 5 Hz square WélV(' . 
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4.2 Linear Analysis 

4.2.1 Actuator Closed-Loop Frequency Response 

t\ Iinea.r allalysis was pCl'fonned to cxplain the vast. improvcment in bandwidth 

IIsillg thc~ proportiollal fcedbélck controllcr (Figl\l'c 4.2). If t.he' plant dYllamics are 

apl>l'Oximatcd by a first-ordcr !incal' modcl, as opell-Ioop frequency response tests 

alld a lillC'ar i'tnalysis (see §4.2.2) have suggcsted, the c1osed-loop respollse of the 

syst.e'1ll usiJlg él feedback gaiJl of kp can he detel'mined as follows: 

pla lit. dYlléllllics: 

cOIlt.l'ol1e1': 

syst.C'1ll dynamics: 

whc'J'(' "~I is t.he desin'd for('('. F" is t.he' act.ual force, and (1 is t.he plaJlt op('n-Ioop 

halldwidt.h. 

Not.e t,hat. t.he syst.e'1ll bandwidt.1t has h('en rais('d frolll a 1,0 (1 + kp~·(1. Not.e also 

that. t.he st.c'fldy stat.e' ga.i1l is ~'I)k(l / ((/ + ~'p~'(I), which is marginéllly Jess than unity. 

Syst.cllls wit.h a large' value of ~. can hC'Jlefit ellorlllollsly from even small feedback 

gains. A quick check of FigUl'f' 3.13 or :1.15 reveals that t.he syst,f'l1l has a k value of 

~ MO N / A, 01' 55 dB, which is very large illdccd. 

The' lill(,éU' alla.Jysis in §'1.2.2 shows that t.hE' theorf't.ical open-Ioop system balld­

widt.lt. (l, is 2.:1l1z for small perturbations about a 45 N out.put force operatillg poiJlt. 

llsillg this value, and t.he value of t.he fecdback gain which was used in the c1osed-Ioop 

force' cont.l'ol expcriment.s, ~.p = 0.044 AIN, the theol'etical closf'd-Ioop bandwidt.h for 

t.IH' IiIH'a,1' sySt.CIll, Wei, can 1)(' computed: 

(N'ri - (l + ~'/lhl 

l:l.S + (0.04·1)(550)(1:1.8) = 347.81'adjs ~!J5 Hz 
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This value agl'ees well with the expcl'imentally obS('I'\'cd bandwidth in Figmc 'l.l. 

Although the theoretical closed-Ioop system is stable' for ail posit.iv(' ft'pdhack gains, 

in practice sensor noise and unmodelled dynamics Iimit. t.1H' sizp of t.\1<' gain t.hat. ('éln 

be used befol'e instability OC('UfS. Fol' the UMDH, force f('C'dhack infol'mat.io\l wOI\Ic1 

be affected by the dynamics and friction of the teudon transmission syst.('m sill(,(' t.!H' 

force sensors are located at. the wrist (i.('. tlon-colocéltpd). 

4.2.2 Linearized Model 

To gain some qualitative insight into t.he paramct.C'l's t.hat. illflw'lIc(' t.1H' 1'C'SPOIlH(' 

of the actuator and model, a linear analysis of t1w jet. pipe' êllHI flllid f10w ('qllat.iolls 

was performed fol' small perturbations abolit. a nomillal sd, ol>l'I'at.ing cOlldit.ioIlS. 'l'Il(' 

following derivatioll aSSUll1CS: 

l. Positive input current. (a.9 1 and Or2 > 0, as2 and llr 1 = 0). 

2. Non-choked flow through orifice l. 

3. Non-choked flow past the piston. 

4. Choked flow through orifice 2. 

5. Constant temperature. 

6. Constant chamber volumes (i.e. stationary piston). 

The assumption of whether the flow is choked or 1I01l-chokcd is ilOt. as crucial a.s it 

might appear sinee the fluid flow is continuous as il. changes l'rom suhsollie t.o sOllie. 

In any case, the assumptions were bascd on condit.ions obscl'ved dllring simlliatioll 

using the complete nonlinear dynamic model. 

The constants, Ci and kil used helow arc defillcd in Appcndix A, alld am ail 

positive. Nominal conditions are denoted by t.he subscript. "0". Uhallgcs from t.he 

nominal conditions are indicated by 6 . 

-, 
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• Current Driver 

The cllfrcu1, driver dynamics (2.1) call be expl'Cssed as 

i = 9a(i, i') (4.3) 

l1Aillg (2.:i), which relates the static CUITent, 1, to the DI A voltage, vDIA, the ahove 

('quat.ioll cali he lillcarized aA 

• Jet Pipe 

The jet. pipe dynamics (2.6) cali he expressed as 

(JAing (2.4) and (2.5), the above e(luation ca.n be linearized a.s 

(3) 
Â:r )1) 

• Flow Equations 

'l'rom (2.18), (2.24) and (2.25): 

l1ls1 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 
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4,2 Lillear Analysis (") ) ... 

Assuming aIl variables unclcl'go small variations 1'1'0111 t.)wir illit.ial valt\(·H. t,I\(.'H(· 

equations can be written in lineal'Îzecl fOl'l1l: 

Ôl71 s1 
aIn rJa,Çlô a.l:lôp 7} '-9- ·l'JII + )J 1 
(a 91 C.l·Jp (. /1 

= kO~.l'J/1 - l.' I 6 PI 

~rhr2 
a.h aar26 iJ.ft,~p a'a .l'J/l+'jp l '2 (I,r'2 .1'J1' ( '2 

- 1.'26x)1' + I.Vj,p'). 

Ônl./pp = aJe 6P f)fb 6P 
8Pt t + ap'}. '2 

1.:4 Ô Pt - l.·fi~P'2 

Ô111.t 6.1h.9t - 6.1h/1111 

Ô1h2 6.,n/pp - 6.ril,.'2 

From (2.26), and noting PIf Pia = PIf Pla: 

QI - fd ( 1h 1 , PI ) 

Q2 = ./'e(1Î1.'2,P.2) 

Linearizillg (4.20) and (4.21) gives 

6.QI -

DoQ2 = 

-

From (2.29): 

ah . nI" 6./) 
a:-61111 + ')P 1 

ml ( 1 

k6Ôrrt i 

ale . aI( Do}J 
a:-tl.m2 + ')(1 2 

7/1.'). r. 2 

k761;12 

fJ(Ph Qd 

J!J(P2' Q2) 

( .1. 12) 

(,Lia) 

( 1. 1·' ) 
(.l.lri) 

(.1.1()) 

(,1.17) 

(.I.IH) 

(.1. Ill) 

(,I.~() ) 

( ,1. ~ 1 ) 

(II. 2~) 

('1. 2:l) 

(-1.21 ) 

( 1.21)) 

(1.26) 

(1.27) 

:_~ 

b_.';A_"'À" ___ ~'l,z.:".;i~~~~ 
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1.2 Unea,. Alla/ysis 

Lilleal'Îzing (4.20) ami (4.27) gives 

b.PI = a J, b.P afJ b.Q 
aPI 1 + aQ1 1 

- k8b.Q1 

b.P2 
aJg (Jig 

- a P2 b.P2 + aQ2 b.Q2 

- /"9b.Q2 

63 

(4.28) 

(4.29) 

(4.30) 

(4.31) 

Finally, combilling (4.15), (/1.8), (4.18), (/1.19), (4.23), (4.25), (4.29) and (4.31) and 

"(,fU'I'éUlgillg into Iincar statc-space form yi('lds the lillearÎzed model for the actuator: 

x - Ax+Bu 
!' .. ~ 

.lJ ex 

r ~i -co 0 0 0 0 0 ~i Cl 

b.:~' IP Cs -C2 -C3 -C4 0 0 b.:'i·JP 0 

d b.·l'JP 0 1 0 0 0 0 b.XJP 0 

dt - + b.VD/A 
/).·l'Jl) 0 0 1 0 0 0 b.XJP 0 

b.PI 0 0 0 k14 -kto 1.:11 b.PI 0 

b. P2 0 0 0 -/"15 1.:12 -1.:13 b.P2 0 
(4.32) 

b.i 

b.xJP 

/).Parl = [ 0 0 0 0 Al) -A p ] 
b.i'Jp 

(4.33) 
b..X JP 

b.P1 

b.P2 

Thf' poles and zeros of the Iincarized system for operating conditions corresponding 

t.o an act.uat,or output. force of 45 N and stopper position of 54 mm are shown in Table 

.1.1. The single zero at 1.1 Hz cOlltributed by the fluid dynamics is located very close 
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4.2 Lillear i\llalysis 

1 Element 1 Z<,l'O 1 Pole' 

cllI'rent. d ri VC'l' -iO-W.7 
jet. pipe -fl7:1.9 

-:lf).a ± 1 ~!)().:~j 
flllid dynamics -7.1 -!i.0 

-I-I.!) 

Table 4.1: Poles and zeros (l'adj s) of lil\('él.riz('(l act.ua,t,or mod('1 for artua t,OI' fUIT(' or 
45 N with piston al. midst.rolœ positioll. 

to the pole at 0.8 Hz and therefore efff'ctive')y cancels t.his 1. ('1' III o1lL Alt,hollgh t.his 

mode} is sixth-order, the rema,ining pole duc to t.h(' fillid dynamics is a.t él V('J'y 10'" 

frequency (2.3 Hz) and heuce dict.at.es the overall syst.em J'('spoww. Thl'l'd'oJ'(', t.ht' 

actuator, at this operating point., tends t.o bchavc likc a fil'st.-ol'dcr, low-pass sysl.('11\ 

with a corner frequency of 2.:1 Hz. This frcqucncy compal'e's W('11 wit.h t.he' ohs('l'wd 

range of 0.8-2.8 Hz described in §3.3.2. Since t.herc is a, large él.I1JOUIlt. of hyst.('J'('sis ill 

the actuator forcejcurrent relationship, there is no single ClII'I'CIlt. which coJ'l'(,spollds 1.0 

a given act.uator output. force. Therefore comparison I)('t.wccn t.he' expel'illlt'lIt.al, 0P('II­

loop, forcejcurrent frequency response and t.he t.heorC't.ical l'('S pOIl S(' wllich ('xcllld('s 

hysteresis is only qualitative. 

To investigate the effect of t.he operatillg point. of t.Il(, Iill('a.ri;f,t'd llIoc\t'l oU tilt' 

open-Ioop handwidth, the bandwidth was obt.aillcd a.s a rlliletioll of t.IlP l'oc! st.oPlwl' 

position, x s , at several different act.uél.tol' out.put. rOI'(,C'S, Fart (Fig1ll'(' 11.12). 'l'Il(' r('slllt.s 

show that the open-Ioop balldwidth is inwl:,cly pl'Oport.iollal 1,0 Olt' cha III 1)('1' 1 volullH' 

and increasC's with actuator output, rol'cC'. The lat.t.cr J)('haviol' was ohserv('d dllrillg 

experimelltal frequency response t.ests perfonl1cd 011 t.he adllat.or (S('(~ §:1.a.2). 

The information obtained by lillcarizÎ1lg the model ror a vél.l'i(,ty of (1)(!J'a.ti IIg poi nt.H 

can he used hy the cont.rol system t.o aid in the selection or feedback gains, and in 

the analysis of stability. For example, a function cOllld be derivcd relating stopper 

position and actuator force to open-Ioop bandwidt.h. Silice the pist.on rods are dÎlec1.ly 
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Figlll'f' t1.12: Ef[ecL of operating point on actuatol' open-Ioop bandwiclth . 

colIIU'd('d t.o t.h(' robot. fing('r joint. via the t.endons. t.h<, stopper position ('oulel easily 

be' ca.lclllate'd usillg joint. allgl(' information. TCHeloll (.('l1sion information provid('d by 

the' 1'01'('(' S('lIsors provides a r('n.sonably accurate ('st,imate of act.llator [o1'cf>. These 

parêl.I1l<'j,el's coulcl he Illollit,ored by the control syst.cm in real-Ume a.nd feedback ga.ins 

dynamically adjus(.('d 1,0 obt.ain a constant. I('v<,] of pf'rfol'lllancC' rf>gardlf>ss of the 

01><' l'éli. i 0 Il • 

4.2.3 Comparisol1 with Nonlinear Actuator Model 

'l'Il<' pC'rforlllallc(, of t.h<, Iillcarizcd mode! was eXélll1ined by comparing force-control 

sim1llat.ions usillg 1.11(' Iincariz('d alld Ilonlinea.r models with experimental data. A set 

of nomina 1 condit.ions for t.he Iinearizcd model was selected cOl'respollding to the same 

('xppril1ll'llt.al condit.ions: Fact = 45 N, ;1'" = 54 mm. 

Figlll'Ps 4.1:J and -1,.1-1 show comparisons betwef>ll simulations using the lineal'Îzed 

alld nOnlilll'ar lllod(>ls for closed-Ioop, proportional feeclback control. The l'esults 
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4.2 Ullear Allill,l'sis 

show il l1igh df\gl'('<> of co!'!'<,lat,ioll 1)('t,\\'(\(,11 t h<, t.\\'o moth\ls illld t h(' (\XIH'l'itlH'lll.ill dat.a. 

although tlwre is a slight. Off8('t \\'it.h t,11(' lil\('ariz('<1 mmIt-1 in t lu' squart' WilVl' t.est, , 

NOllct1wle8s, t.he liuea!'izcd mod('1 i8 sho"'t1 t.o p(\!'fol'll1 H8 \\'('11 as t.!H' Ilolllint'il!' Illodl'I 

at this operatillg point. 

However, t.he lineétrÎzC'd Illo(kl i8 onl)' valid 1'01' qlllilll l)('rt,l\l'hilt,iow~ about. t ht' 

given operatillg point, élnd 1.11('1'('1'01'(' Célll ('xl)('cI.('d 1.0 1)(,I'1'Ol'lll poorl~r roI' "('l'y di!'­

ferent conditions. For instance, t.he orifi('e.' are.'é\, l'\Inct,iolls n11l1 ,H, pipl' sat.l\rat,ioll 

regions introdu\e 1l01llil1Cél,l'itiC'8 which éll'(' ilOt. ad('<!lIéÜ('ly a(,(,ollltl,('d l'or \Vit.h il sillgl(' 

operatillg point. Fol' instance, lil\('arizillg, t.h(' mod('1 l'or H VHl'idy of op('l'é\l.illg, poillt.s 

(Figure 4.12) shows t.hat. the open-Ioop handwidt.h vari('s signifi('allt,ly \Vit.h st.oP!>t'!' 

position and élctuator force. To overC01l1(' this fundall1{\t1l.al pl'ohlt'Ill wit.h Iill('éll'i;wd 

1110(1<>18, tin1f'-vélrying mod<>ls call 1)(> mwd 10 (,ssPllt,ially !llOV(' 1.\lt' opI'l'atillll. point ilS 

t.he operatillg conditions changt', Of COIII'SI' t.his l'<'<plil't'H UJ(' ('xist,<'II('(' of il lIoJllill<'ar 

model 1.0 b('gin wit.h, a faet. t.ha.!. furtll<'l' l'('illl'ol'('('R 1.11<' valll<' of il d<,l.ail<'d 1I0ldill<'ill' 

mode\. 



• 

• 

• 

5. Conclusions 

5.1 Summary 

This t.1)('siH hm; )J'('sC'n1.ed t.hf' 1'('slll1.H of an élllalyt.icai and pXJwJ'imeutal illvf'stiga­

t.ioll of a SlISIH'IISioll-ty»(" jpf, pipe' valvf' C'1C'rl.ropnC'ullléltic acl.lIatol' desigllf'd for use in 

t.!J(' Uf,é\.h/M 1'1' J)(\xtI'01lS Ilam!. Act. Il a t.OI' capahilij,jps play a key l'olp ill ovC'ral1 df'x­

t.rollS hal\d )Jf'l'fol'll1aJtr(\ alld ilS s1Irh, df't.ailC'd kllowlpdgC' of actuatol' properties and 

limit.atiol\s cali gl'Pélt.ly aid in t.hC' dpsign of cont.rol syst.<'llls 1.0 improve performance. 

TIte' J'(\s(\éurh was divid<,d illto t.he following sert.ioIls: 

1. Formulat.iol\ of a rOIll plet.C' 11011] iJlC'élI' mat.Il<'l1la ticill model of t.he actllator ac­

t.1la.t.01' incllldillg clPt.ailcd l'f'prc\sentat.ion of thc ClllT<'Jlt drivC'l', jpf, pipe element, 

ol'ifîcf' al'(\élS ami flllid flOWR. 

2. Id(\lItj ficat.ioll of lllodC'l »al'allletf'I'S, 

:t Chal'adC'J'ization and simulation of hysteretÎr clement.s. 

LI. ExpC'l'illll'lIt.a.J and t.heoret.ical c1osed-loop force control. 

5. Lillcal'iz('(1 analysis of act.uator respOllse and colllparison wit.h nonlillear mode!. 

'l'lu' lllat.IH'llla1.icillmoclpl devC'loped ill t.his tllC'sis feilt.urC's a llulllbf'l' of lIolllillear 

('I(\II1<'IIt.S whirh »l'Ovpd t,o 1)(' <luit.e difficult. to charadf'rize, TIlC' jet pipe and coil 

W(\I'(' ('ad, showlI 1.0 110\'(' a fair aIllOUTlt. of hyst.(\resis. alt.hough t.his C'ffect cOllld 110t 

1)(' llloclC'II('d sll('cC'ss('lIl1y IIsi Ilg tllC' me1.hod proposC'd hy Fl'a n1<' C'1. al. [1982]. The 

COIIst it.ut.i\'(' ('«uat.iolls fol' f10w t.hl'Ough ol'Îfices al'c iIlherently nonlillear, as are the 

Ol'ili('(' III'C'as as Il fUlIctioll of .id. pipe position, th liS adding 1,0 the complexity of the 

1110(1<·\, 

Gn 
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5.1 SUmll1Rl'y iO 

ThC' ullcert.aint.y of jrt, pi pC' posit.ioll d l\I'ing dylléllll ie t.('st.s a IId th, t'X ist.t'Il(,(' of 

man}' Ilonlinc>arit.i('s in t.1)(' syst.elll pl'edml<'cl t.he' use' of lim'éll' id('llt ilicat.ioll I.('("h­

niques. Illstead, t.he expel'illlrllt,aljrt, pipe' posit.ioll majol' h,\'skl'('sis 1001> WHS IIs('d 

in cOl1junct.ioll with t.he act.uator OIlt.pUt. fOI'('r lIIajol' loop t.0 SyllChl'Ollill,t' tilt' inpllt. 

alld output. for t.hr 1110de\. III t.his manlle)', Ulr )'eqllil'('d Illo<lt'I pal'élnH't,c'rs W('I'(' ahl<' 

1.0 he ident.ified wit.h only st.at.ic 1llraSIll·C'llH'IIt.S lIsing t.!H' Illlllt,idiIllC'llsiollal dowllhill 

simplex met,hod. 

Investigation of t.he.kt. pipe elrmcnt. r('VC'alrd a sigllificallt. <lmOllllt, of hYHl,c'I'('sis ill 

t.he> positioll/current. re>latiollship (~ H %). DynamÎ<' t.c'st.illg of t.ht' j('t. piJ)(' showed 

t.lrat. the system is weil appl'oximat.cd up t.o 700 IIz hy a lim'al' t.hirt!-ol'dC'r syst.C'Ill, 

Thf' pipe has littlC' damping (( = 0.019) and a high lIat.ul'al [n'qllc'IH'Y (w" = ~!)fi,fi IIz) 

wh ieh results in a very fast-acting systeJl). 'l'hl' systrlll rC'S))()IISC' a Iso i 11('1 11 <I('S éI Jow­

pass filter element with a corner frcquency of 155 JIz, Fol' compal'isoll, a. Illodc'I of t.hc' 

two-stage, version 1 valve given in .Jacobsen rI, al. [1 !HHa] 1'C'»J'('sPIlt.c-d t.IH' .id pi)H' l,y 

a first-order system with a corner frequeney of 2.10 Il il, 

Open-Ioop force'/eurrent. fl'eque>lIcy l'espOIIS(' ksl,s of 1.11<' Hrt.lIat.OI' (,Ollfil'Ill('d t.hat. 

the' system is highly 1I01lIillc'ar. Wit.h t.1J(' pist.on lo('kC't! HI. t.Il<' llIidst,l'ok(' posit.ioll, 

t.he' open-loop bandwidth was l'ouglrly O.S :U~ Ilz alld ill('J'(,é1sc'd slip,htly wit,h IIlc'all 

actuator force. Tire> ovel'all system l'cspomw il' domillat.C'd by t.Il<' flllir! r!ylléllllÎ<'S <llId 

appl'Oaches that of au illtc'grilt.or iu SOIl1(' SC'IIS(' - 1.h(' st.at.ic 01lt.put. forc(' is a.\IIIOst. id. 

lIlaximum fol' aIl positive illput.s. 

5.1.1 Control 

Closcd-loop. swcpt sille f'1'C'quCllcy l'C'SfWIIS(' ('x)H'I'illleJIt.S sllowc'c1 t.lrat. tire balld­

width could be rais('d as high as 80 IJz for llH'dilllll étlllplit.IHlc· ill»lIt.li, flowc'V<'I', 1.1)(, 

fl'e'quency response for small arnplitudr input.s was ohsC'l'wd 1,0 III Il cil lowl'I' at. rouglrly 

25 Hz. Pl'oportiollill fC'edback succcssfully lillearized Ut<' syst.<'1II a1. Jow frequellcÎes, 

although the system J'('spollse was still visibly lIoll1illeal' al. lriglrC'1' freqIH'lIcÎC'H, 'l'l'lit.S 



• 

• 

• 

,t'j.l 8Ufll1TJftry 71 

perforJJ1cd by .Jacobscn ct al. [1981a] on thc two-stage vcrsion of the valve using a lin­

earizing servo amplifier showed a bandwidth of approximatcly 20 Hz for t.he stationary 

load case, althollgh t.hc amplit.ude of the input signal is not specified. 

Timc-clomain, force control cxpcriments consisted of tracking various amplitude 

and frequcllcy waveforlTIs. A feedforward term was shown to aid the proportional 

fecdback controller in c1iminating ally offset between the act.ual and desired force 

levcls. The Ilolllinear model was shown to predict the system response remarkably 

wC'11. 

Thc high levcl of performance observed using the proport.ional and proport.ional­

pills-feedfol'ward controllel's proves that these actuators are weIl designed for their 

application. Performance is cxpectf'd 1,0 degrade slightly duriug normal operation 

of the' halle! hccause of the non-colocated foret" sensors and int.ervenillg transmissiou 

dynamics which afff'ct. the' force feedhack information. In fad, a study of the trans­

mission syst.em by Nahvi et al. [1994] conc1uded that the friction of the routing pulleys 

iH ilOt. lIcgligiblC' and should be considered in the control of the UMDH. 

5.1.2 Linear Analysis 

A linear model of thc act.uator was developed which can easily be adapted for any 

ol)('rating point. Theoretical analysis showed that. the system open-Ioop bandwidth 

iH inversely proportional to the chamher 1 volume and increases with actuator force. 

ThC' t.lworet,ical open-Ioop system bandwidth compared well with experimental results 

which reillforces the validity of the mode1. 

Comparison wit.h the nonlinear moclel showed the linearized model to perform 

C'qllally w<'ll for c1osecl-loop force control when the appropriate operating point. was 

selc'c1,e'd. This [ad reinforcC's the value of the nonlinear model and suggests that a 

t.iIlIP-va.ryiug Iincar model coulcl perhaps be used for cont.rol purposes . 
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5.2 Future WOl'k 

5.2 Future Work 

~.) 

I~ 

Furthcr wOI'k relatecl to the' actuatol' mode! might. illvolv<' rdille'Illt'IIt. of t.hl' nuid 

flow port.ion of tilt' 1ll0clf'1 to explicit.ly aCCOIlIlt. fol' t.he c\eal'aun' 1H't.w('('1I t.hl' .id, pipI' 

tip and t.he rf'c<'Îver plat.c. FlIl'theI'11101'(" ail act.uat.ol' t.<,st illg \Vas 1>1'l'l'ol'lll<'d wit.h tIlt' 

piston held stat.ionary. Alt.hough t.he 1110(\('1 wOl'ks w('ll IlIId('\, t.his rondit,ioll, dYllillllic 

testing would permit the study of friction inside t.he cylilHl<'l' alld possihl(' l'êlt(' lilllit illg 

due ta fiuite flow from the valve'. 

The model derived in this t.h('sis is fol' t.hC' singlC'-cyliJl(I('1' act.llat.or d('sigll alld 

requires some adaptation for t.he donble-cylilld('1' (l<-sigl\, a.lt.hough t.1I(' valVl' portioll 

of the model is the l'lame. Since' if. is BOt. pl'act.ical t.o iIlSt.I'IIllI<'IIt. ('very actuat.ol' 1.0 

measlll'e the jet. pipe posit.ion, t.he .id, pipe' paralllC't.<'l's giV<'1I 11<'1'(' shollld pl'oha,hly 

be uscel for ail t.he act.uators. Identification of t.1l<' l'<'llutÎlling pal'élllwt.<'rs (dischargl' 

coefficients and t'eceivet' plate ofrset) COll Id b(' obt.ai lI('d llsing OH' fol'(,('/ CUI'l'('IIt. lllajOl' 

hysteresis loops as measlll'ed by the force RPlIsors al. t.he> wrist., assulI1ing t.IH' fl'ict.ioll in 

the t.ransmission system is negligibl(' 01' can be a('collllt.('(\ fol'. As olltlill<'d ill fi:t:l.l, 

ident.ification t'equires only t.he jPt. pi})(' and actuatol' ma.jor hyst.('I'('sis loops, 

Implementation of model-hased control on the l1t,ah/MIT ))('xt.rolls 1Ié1l1d 11<'('('S­

sitat,es the modellillg of ail the subsyst.elllH includillg: a.dlla.t,ors, t('lIdOll trélllSlIlissioll 

system, finger killematic and illcrtial pal'éllll('t,crs, amI S('IIHOrs. HI's('Hrch is ('llIT('llt.ly 

underway ta charadcriz(' t.1w t.plldoll t,I'HIIHlll issioll S.YSt,('llI, i twilld illp, t!H' ('fI'c'ds of 

tendoll dynamics and pull('y frict.ioll, witll flltlll'C' plalls dil'C'd('d f,OWéll'ds l<illl'lJlél.t,ic 

calibration. Model-ba~)('d control is a lal'g(' and cOlllplpx issue' alld shollid 1)(' illv('st.i­

gated in a systrl11atic and cardul manll('l', 

OUler control strat,egies could also 1)(' illvest.igat,C'd, XII ('t. al. [Hm:i] (s/'c also 

Xll ct al [19B4]) present a nOll-lllod('l-bas('d, llolllillcar PD ('ollt,roller whicll éldively 

l'aises the damping and stiffness whcl1 t.he 1II0tioll is in a.1I lIufavorablc direct.ioll. This 

contl'Ollcl', whicll is relatcd to the origilla.1 é\.llalog cont,J'ollcr' dcsigllC'd ror tlr(! (1 M J) Il 

(.Jacobsen et al. [1984h]), is casy to ill1plemellt and would permit. V('I'Y fast. sel'vo rat.es, 
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A. Constants for Linearized Actuator Modet 

Bploware the' constants for the lillearizcd 11l0dcl in §.i.2.2. The trailing subscript "0" 

011 system para.meters 1'('prC8('lIts nominal operating point conditions. The partial 

dC'rivativcs are evaluél.tpd aL Ilomillal conditions . 

• Current Driver and Jet Pipe 

slope of jet pipe position/force midpoint line (Figure :1.5) 

('0 - Wr,f C3 
2 - 2(2WIW2 + W2 

('1 Wrd~\-d (',1 
2 - WI W2 

2(2W2 +WI 
}. ;),r IP 

('2 - ('5 - WI W2 1.'11/ • '1 F 
C ,17) 

• Flow Equations 

;).1'2 
iJPI 

;Ja"1 

(J,I',III 

(Ja r2 

(J,I',/I' 

_ A- [( I~I )2h _ (/~I ) b+
llhl-1/2 [~( Pl) 2/'Y _ l' + l (Pl) h+llh] 

2/ 1 l ,9 1 S l' Ps Î Ps 

_ '!:J./.2 _ (/2 

')/l.,j'l'2 _1l2 (~_ 1 ) [( 21' )2 + 1] 
~ 11 VS,.2 - 112 ,r,lp + 21' 2' 

w!t('\,(' /' = R,I111 a = R,II' - .1';p/2, Il = DJ//(' - c/2, and c = ;l';p + Djp . 
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