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Abstract

This thesis investigates sorne r-'elevant aspects of position control in h¡,cl¡¿¡11.o¡r-

actrtatecl tnatripttlatot s. Pool ligiclity, loacl clepenclent ancl nonlineal cha¡acter.istic of
¿rctuation al-e cotìllllott ltlobletns in these s)'steùrs. The choice of the contr.ol methocl

clepencls on the stmctule of tlìe manipulator (light-dut5, o. ¡g¿1,y-chrty), the type

of the purnp s.pply (co.stant p'essu.e o. co'sta't florv), the type of the valving

system (closed-centeÌ or open-center') ancl the valve's l¿p conclitiors (zer.o-lappecl or.

over-lappecl).

Trvo classes of rnanip'lators al'e stucliecl. The fir'st class of manipulato's operate

fLorn a constant pump ¡rlessnle ancl ale controlled by closecl-center valves. These

nalipulatols are usecl for incloor envilonrnents rvher.e high pressuÌe oil is leaclily
¿vailable. The secorcl class of manipnlators are operatecl by a constant florv pump

ancl ale contlollecl by opel-centel vah'es. They ar.e designed for heavy-cluty tasks in
tnstructulecl otttdool envirolrnertts.

Relial¡le uroclels at'e first developecl to accurately simulate the nollineal per.for'-

natlce of both classes of uranipulatols. The acculacy of the moclels ate veriflecl rvith
ex¡relitneutal clata of availal¡le litelatlrle. The application of cliffere¡t cont¡ol tech-

nicßres ale then stucliecl. Basic pelfolrnance lìreasules such as st¿bilit¡', acceptable

steacly-state accuÌacy ancl tl'ansient response ale eva.luatecl. The lec¡rir.erne¡ts an{
conclitions, in rvhich velocity or accelelation feeclback can irnprove the Lesporse, ar.e

cliscussecl usilg- both patameter. plane aucl toot locns methocls.

Fol the case of pressu.e compensatecl manipulato's, the application of trvo cliffer'-

ent strategies, namely "non-intelactive" ancl "loacl-insensitive" controlleLs ar.e inves-

tigatecl. It is shorvn that the non-intelactive controller, although capable of leclucing

the effect of intelaction in rnulti-linh motions, cannot compens¿te for the loacl. The

loacl-insensitive cotttl'ollel petfolurecl relatively better than the non-interactive co¡-
trollel il both calcelilg the effect of loacl ancl leclucing the interaction effects.

Fot the case of coustaut florv manipulators, the effects of cleacl-bands ancl clelay

in the valve response ale stucliecl. suggestions for.imploving the r.esponse ar.e macle.

It is shori'n that the efect of delay in the v¿rlvillg system can be lemovecl by the

applo¡rliate choice of velocity feedbach.

lv



Iu this rvolk the analysis ancl the selection of contlol gains ale per.for.rned in a
fi eclitency-dourain that recluiles a linealization of nonlineal eqrÌâtions clesclibing the

rlyuaurics of liyclrarrlics ancl linkages. It is shorvn that this lilealization, although

effective, may lead to au ullantecl lesponse if tìre pararnetets ale not updatecl ivith
the change of opelatilg points.

The significance of this thesis is fir'stly, r'eliable simulatiol ploglarìls *'ele cler.el-

opecl rvhich can l¡e usecl to examine valions control algolithms. Ðffect of vali¿tiou of

several patametels of the system can be exaniùecl befoÌe an actnal iÛtplenentatiou is

calriecl ont. Seconclly, a ntmbet of contlol algolithrns rvele exar.ninecl on tivo cliffelent

classes of tnanipulatots. The pelfoulance of the algoi"ithrns was conrpaLed .rvith each

other'. This cotltpalisol levealecl some funclarnental insiglits into the itnpoltant issnes

of coltlol of hydlaulic mauipulators.
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CHAPTER, 1.

INTR,ODUCTION

1.1 Pleliminary Remarks

The science ancl technology of Iobotics have clevelopecl to a great extent in lecent

yeals. N,Iany robots have been l¡uilt ancl put ilto use in a rvicle variety of tasl<s

includilg ivelding, nachine loaclilg/unloading ancl r.ecently, assembly. Each of these

applications irnpose cliffelelt clernalds on the lobot. Robot clesigner-s tly to rneet

these clernands by applying flexible, r'eli¿ble ancl âccurate coltrol systerns.

Thlee t5pes of actuators that ale commolly usecl to porver ¿ r'obotic alm are elec-

ttic, puenuratic ancl hychaulic. Each t¡pe has its orvl aclvantages ald clisaclvaltages.

The choice of actuatot type n4iich sìroulcl l¡e nsecl is clepenclent ol the application

and the condition il ivhich the lol¡ot arn is clilectecl to rvolli.

Electlic actuatoLs ale knorvl to be accurate, cluiet, sirnple to use alcl clean cle-

vices. They a::e capable of being incluclecl in sophisticatecl contlol systems. On the

other halcl, electric actuators suffel fi'om potvel lirnitations; they can produce peak

force/torque fol only a srnall palt of the cycle because they have limited ability to

clissipate heat. Pnenl.natic clevices ate cheap, clean ancl safe. Horvever', thel' ¿¡"

inaccnrate, noisy ancl vely load-sensitive.

Hyclratlic powet systerrrs are the best choice fol incloor. factories rvher.e oil pr-es-

sLlre soLllces ar:e Ìeaclily availaì¡le ancl fot't¡ost outclool application ancl envilouments

(Davies 81). Hyclraulic clevices consist of components that ale stanrlar.cl, safe and

easy to maintain. In hazar'dons envilonments, such as ex¡rlosive atmospher.es or rvet

ellvilonlììents) rvhere electric clevice rvoulcl not sulvive, the utilization of hychaulic



actuâtot's become inevitable. Thele are a numbel of other leasons tvhich lnalçes

hyrhaulic porvel systems attlactir.e to r.obot designels. Hydlaulic fluicl acts as a Iu-

blicaut. Heat can l¡e conclucted by the the hychaulic fluicl and rlissi¡rated thlough

lines ancl leselvoiLs. Hychaulic actuatoLs h¿r'e the abilitS, tr¡ gcnetate high forces for

a long peliocl of time.

In spite of the al¡ove aclvantages, hycltaulic clevices ale relatively rnole ex¡reusive

thal cor.npalable electlical porvel systems ancl ale noisy ancl messl'. Hych.aulic systems

are cornplex, nonlineai' and <lifÊcult to analyze for control purposes. Some cornmon

problerns in controlling þclraulic systems are listecl in the follorving.

The first ptobletn is the pool clynamic pelfoltnance of the iucliviclual hyd¡aulic

actuator. This ploblem is clue to the high iner.tia ancl higìr compliance car.rsecl by

the flexible connecting hoses, lalge volume of fluicl unclel compr-essiol ancl tlappecl

ail in the hyrh'aulic fluicl. The analysis performecl for the UNINIATE 20008 slioivecl

that 98% of the cleflection of the horizontal alrn, uncleL a concentratecl fo::ce, is clue

to the hyclraulic factors (Rivir B5). The high inertia ancl high cornpliance ¡educe the

uatnlal fiec¡rency ancl the clampilg effect of the joint mechanisrn.

The second ploblem is the interaction clr.u.ing a multi-link motion. The interac-

tion effect is intensiflecl by the hych'aulic compliance alrl rt- ay leacl to sel'ious contr-ol

problems.

The third ploblem is the nonlineal chalactelistics of the Iobot stmctule, as rvell

as the actuation mechanism. The pelfolmance of hych'aulic valves is vely load clepen-

cleut. The loacl expelienced due to inertia, glavity ancl inter.action, eithel among the

linkages or rvith the sullouncling, is seen as a clistulbing loacl that affects the valve

perfottttance.

Tltere have l¡eel some investigations that aclch'essecl tlie above issues ancl cliffelelit

apploaches rvere suggestecl. The valuable study by Hanafusa ef al. (1g80) examinecl

acceler-atiol (actuatilg folce) feeclback in olclel to ir.nplove the clvnamic pelfoLmance



of the indiviclLral hydlaulic actuator. They ftlther elabolatecl on the application

of pressut'e feecll¡ack coutlol torvalils developing non-intelactive ancl loacl-insensitivc

control systerns (HalafLrsa ancl Walg, 1983). The ol:jective of their. l,oLlç rvas to

elimiuate ol at least reduce the effect of iutelaction arnong the links as ivell as bctn'een

the manipnlatot ¿tticl the enviLottntelt. Lilnited expelirlental stnclies on a srnall-scale

alticulatecl lol¡ot ri'ele petfolrìte(l.

I(nlkalni ct at. (1984) studiecl an aclaptive control for an electlohyclraulic positiou

seLvo-mechanisrn. Hah¡e ef ø1. (1985) clesigrrecl a rnultivaliable control techniclue for.

cortrolling hych'aulic manipula,tors. The irnpor.tance of including hyclraulic dynamics

in tlre contlol of rnauipulators has also been ilvestigated (Sepehli et al.,7gg0).

Totlay's conveltioual liydlaLrlic lobots in the rnannfactuling inclustly rvollc ou

a constaut ptessLu'e supply systen. Therefole, rnost contl'ol stuclies, inclucliìtg tlìose

meutiotecl above, were intenclecl fol snch lobots. Each link in these robots is activatecl

iucle¡tenclently, rvith high-pelfoLrnalìce, closecl-certel hychaulic ralves. Hol,ever', ther.e

exists a class of h1'¡l¡¿¡lic manipnlatols that do not exhibit chalactelistics of the co¡-

ventional hyclraulic lobots. These manipulators al:e lÌeal'y-(luty alcl are extensively

nsecl il the folest, miniug aud constluction inclustlies. Excavators ancl feller'-i¡nnche¡s

at'e the exat.uples. I[ tlìese machiles the li5,¡l¡¿¡]¡s actuatiol contaius uraly for.rns

of imperfections rvhich caruot be pleventecl inexpensively. Excav¿tors fol example,

use oper-center', asymmetric valves with deacl-bancls operating from a constant florv

pump system. Exc¿vators constantly intelact rvith the envitonment ancl ar.e subject-

ecl to a valiety of loacl conclitions. These man\tnlatols ar.e presently controllecl by

skillecl opelatols ancl clo rrot Ì:enefit fi'on cor.nputer-assistecl contlols; hoivel'er., they

h¿ve the potential to be autom¿ted (Sepehri ancl Lan'Lence, 1g92). The application

of a noclel-based contlol technic¡te to these nachi es has lecently beeu int'estig¿ted.

The method rvhich heavily lelies on the exact moclel ancl rnoclel palametels of the

s5'stem, allorvs the contlol of the velocity of the ir.nplemelt. No r.ePort lvas foÌlnd il



relatiolr to accuLate positiol contlol of the encl-effector'.

1,2 General Objective and Scope of Thesís

In tliis tìresis, a step-by-step studl' ls concluctecl complising theoletical, rrath-

ernatical, simulation and expelirleutal componelts. The objectives ale fir'stly, to

devclop relial¡le siuntlation tools in olclel to facilitate future stuclies in thc alea of

contlol of hyclraulically-actuatecl manipulatoi.'s. The secolcl objective is to offer some

funclameutal insights iuto tlie task of accurate positioning in such hyclraulically actu-

atecl rol¡ots.

Trvo diffelent valving s5,s¡s1¡1s at'e stucliecl; a constarìt plessnte systern rvith closed-

centel valves contnolly ttsecl fol incloor industlial robots ancl a constant flotv syster.r'r

l'ith opeu-ceutel' t alves usecl in outcloor ¡s¿1'y-duty manipnlatols . Simulation rnod-

els basetl on the exact nonlineal ecluations ale clevelopecl fol botli hyrh'aulic config-

nrations. Careful attentioû, at the conpoltetìt level, is Paid ancl syster.natic cycle

of sirlulation, expelimentation, fine-tunilg and itelatiol of the cycle is pelfornecl

to br:ing the simulations close to realitl,. The theoletical analysis is pelfolrnecl in a

fi ec¡tency clornain.

Diffel'ent contlol techniques aLe exarninecl thi-ough their applicatiou to a typical

incloor lol¡ot at'¡n. The ernphasis has been put on the loacl-insensitivity and non-

intelactiveness of the contlollels of these manipulatols. Many issues, iucluding the

effects of pool rigirlity ale aclclressecl. For the case o¡ ¡s¿1,y-chlty rnanipulators, the

focus is on the effect of rlelay il valve responses, cleacl-balcls, Iap conclitions, satu-

ration of the floiv through the valves ancl lack of supplS' pt'essute. The pur¡tose is

to investigate tlte cleglee to rvhich these uonlinearities ¿ffect the perfolmance of such

manipul¿tol rvithin ¿ sinple closecl-loop control systeru.

The rernainclet of this thcsis is organizecl as follorvs:



Chapter' 2 ¡rlesents the derivatio¡r of rlathematical rnoclels of trvo clegr.ee-of-

fi'eerlom alticulatecl t'ol¡ots dtiveu by electloþdlulic selvo-r'alves, the lept'eseltation

of tr-attsfel fituctiou of light-iluty allcl heavy-(luty lobot alms ancl trvo cliffele¡t meth-

otls of systeur attalysis. The fit'st method is the palarnctel plane methocl nsecl fot' a

thilcl-ordel system analysis. The seconcl methocl is the loot locus method usecl fol'a

fout th-orclel system analysis.

Chapter' 3 cliscusses the application of valious control actions (actuating folce

feeclback cornpensation, non-intelactive conttol ancl loacl-insensitive system) to the

class of manipulators o¡:elating from a colstant pressure stqrply.

Chaptet' 4 discr.tsses the effect of velocity ancl accelelatiol feeclback on the perfor'-

mance of fonlth-olcler systerns (for the seconcl class of rnalipulatols). Delay in the

spool displacemelt, cleacl-bald on the selvo-valve input anrl over'-lappecl co¡clitions

ale exarniuecl rvith a sirnple, closecl-loop contr.ol.

Chapter' 5 clemo¡rstlates sone experimental lesults coltsi(leling joint motion for

the main axes of a five cleglee-of-freeclom hyclraulic lobot ( UNIIVIATE N,II( II 2000).

Conclusiols of this thesis ale outlinecl in Chapter' 6.



CHAPTER 2

SYSTEM MODELING AND ANALYSIS

Iu otclet to aualyze ancl clesigu a control systerl, a rlatheluatical ¡roclel that

clescribes the clynarnics of the s),stern accuLately ol at least faill¡' tvell, mnst l¡e cler.ive<l.

A mathematical model is not uniqr:e to a given systen; it can be repLesented in rnany

clifferent waJ¡s. Once a mathematical tnoclel of a system is obtainecl, various analytical

atcl computer tools cal l¡e nsecl fol the pulpose of analysis and syuthesis. The

tepreseutation ofthe tlansfer fitnctiou is colvenielt for the tl'ansieut tesponse a¡alysis

of single-input ancl single-orrtput syster.r.rs. The state-space leplesentatior is the best

methocl in dealing tvith rnulti-iuput ancl rrulti-out¡rut systerns. In this chapter', the

matheur¿tical tnoclels for- trvo classes of hychaulic rnani¡nlators are clerivecl. Tri'o

cliffet'e nt nrethocls of systeÌì anall'sls ale intloclncecl; Txtrameter pkrne metlt orl ard

root loats metl¿od tvhich a::e usecl to descr.ibe the per.forr.uance of the first class an{

seconcl class of manipulatoi's, r'esltectively,

2,1 Mathematical Model

Figrrles 2.1-a a.i(l 2.2-ã ale schematics of trvo typical robot alms; liglrt-duty

ancl heavy-duty robots, r'espectively. Each robot is corlposecl of tivo lilks rvhich ale

ch'ivel by hych'aulic cyliuclels. Ðach cylinrlel is connectecl rvith a selvo-valve th¡o¡gh

flexible hoses. The valves monitol the florv to alcl fi'om the cylincler.s. Depencling on

the type of valves ancl purnp that have beel usecl, tlie pump type coukl be eithet a

constaut ptessttte or'¿ constant clisplacement. Ðlectlical signals ar:e utilizecl to clirect

the flotv of the hychaulic oil to alcl fiom the cylincler.



(a) Linl< Mechanism.

TORQUE MOTOR ARMATURE

]NPUT SIGNA],

----- u1

( b) Hydraulic dliving unit (closed center valve )

Figui'e 2.1: Light-duty mecharisrn ancl hyclraulic chiving unit (closecl-ce'tei' valve )
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Exit, Qe1

Constant flow

b- Hydraulic driving unit (open center valve)

Figule 2.2: Heavy-cluty mechanism an([ ]ìydraulic ch.iving unit (open-center valve)



2.7,L Equations of Motion

Ec¡tations of motion ale clelivecl thlough the Laglalge algoi'ithr.n (Schilling, 1gg0).

rl

ÐD,¡(ù¿i¡ + tt cilù,ju,j¡ + l¿¡(í)+ b¡(il =7,
j=l À=1j=1

rvhele 7¡ is the torc¡re geueratecl by the hyclraulic c¡4inclel ancl q¡ denote joiut angles.

Tlre fir'st telnr !jl=r D¡¡(r1)ii¡ is an acceleration term the,t leplesents the ileltia folces

arrcl toxlues gerelated by the rnotion of links. The secourl ter.m fll_1 Ð,þ C'i¡Q)rir4:

is e" prodtr'ct ueloct'ty term associatecl rvith Coliolis ancl centrifugal folces. The thircl

terrn å¡(q) is a position ferrz replesentilg gr.avity loading. The foulth tenn ð¡({) is a

ueLocity ternt replesenting the viscous friction.

For the case of a tivo-link manipnlator, similar.to the one shoivn in Figure 2.1-a,

the al¡ove eqnation can be pleserrtecl as follorvs:

T1 : þt1 l2ct4cosq2ltl I [az * tttcosqz]ii2 - as(2rfu * rjz)rjzsi¡"¿qz I u4cosql

*ttscosrll ¡ a6cos(q1 * q2)

T2 - [a2 i qcosq2]tfi + [a2]r1, + c4tj12sit'tq2 * a6cos(q1 ] ç) (2.I)

rvhele a¡1¡=1,2...,6) are functions of the climensiols ancl rnass of the links evalnatecl as

folloiving:

ut = l1 + Iz* nttllt¡ rtt2tf,2t rrt2Ll =. t# - ff +,,,rtl
-. r,--- ¡12 ttt2L?,a2 : h + nt2.L1tõ2: 

3
ù1tLt Lcas: utz.LtLs"- 
-;-

, tlsm¡L1
4.1 : tttr.Ilt{Jo = 

2

{ts : m2.L1!1¡: g¡rn2Ll

, qsì1r2L2
Q6 :.: ttt2.Ls2qj = 

2



where

L1,L2,t1t1 and r?r LepLesent lelìgth au([ nìass of link one ard litìk trvo, r.espectir,ely,

I ancl 12 repLeseÌt the lnass utoments of ineltia arourd tlìe center of glavity of link

one atl(l link ttvo, tespectively, ancl lr1 arÌd /e2 I'epteseut the rlistance of the ceutel of

gravit)' of link one â.rìd litÌk trvo rvith l'espect to the rotation axis, r'espectively (rve

hat'e assntnecl that the cerìter of glavity for eaclì liuk is locaterl at the rniclclle of the

lilk).

Ecluation ( 2.1) is a nonlineat' equation, ancl mnst be linear.izecl about a reference

point fol the pnrpose of fulther analysis. Using Taylor's selies about an o¡ter.atilg

point arxl neglecting the highel orclel telms. The opelating points ar.e (Or,4r,¿ù,

@r,it,¿iù, fol linlçs oue ancl trvo, respectively.

Fol sr.nall valiation aì¡out the corles¡roncling refelence poiltt and neglecting srnall

terms, the final linearizecl moclel becomes:

^"r 
: T1 -T1 : kq + 2azcostîz]L|lI[a"¡ (.l'.cos(î2]L(tt

LT2 : Tz - Tz : lcrz I t scos,îzl/\rt\ + lar)tS¡,

Wliting the linearizecl equations in matlix fotru:

lo",l 1",, H,,l l^d,l
lor)- lr^ u*lln¡;l

(2.2)

rvhere

Ht
Ht"

Hzt

LTt 122

a1 I 2a3cosQ2,

Q2 + aycos|2r

a2 I a3cosQ2,

Q2,

The cletails of the lineariz¿tiol are shorvn in Appenclix A.
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2,1.2 Hydraulic Dliving Unit

Each lilh has its orvu h¡'cltn.ttt" dlivilg unit. The traiu com¡tonelts of hydr.aulic

th'iving units ¿r'e clilectional valves, connecting hoses, ancl cylinder-s (or.motor.s). Di-

rectional contlol valves ale rrsually locatecl bettveeu tlie pump alcl actnator.s of a

hychaulic circuit. Tlte ptimary function of a ili¡:ectional contlol vah'e is to cont¡ol the

clit'ection of the florr' to the actuator' (i.e. in olcler to cleteunine rvhich actuator por.t

rvill be the inlet polt). ht othet rvor:cls, it is the dilectiolal contlol valve that is usecl

to cause the hychaulic cylincler to extencl, retract, ancl stop.

The nost rvidely used valves ale the slicling ralves (Johnson, 1g73). They ale

classifiecl by the nurnber of s,ays "flot" calì elter-' ancl leave the valve, the nurnber. of

lalcls (number of lancls on a spool \¡ary ftorr one, trvo, thlee, four zrncl special valves

have as many âs six lancls), or the lap con<litions. Lap conditions is the physical

relationship l¡etrveen spool meteling lancls ancl polt openings. Il this stuily slicling

vah'es are classified as:

c An open-center valve tefers to au nlcler'-lappecl colclitions in rvhich the la¡cls

ale slightly naLlower- than the polting alea of the bocly ot sleeve. lVhen the

valve is ceutelecl, this alrangement alloivs fol a constant floiv of oil fiom the

pressüre sicle of the purnp to florv acloss the ports to the tank.

o A closed-center valve refels to zero-lapped or over'-lappecl colclitions. The

over-lappecl valve constmction is not colrnrorì in servo-valves l¡ecause it c¡eate

a cleacl-zone ancl malçes the valve unresporrsive to small signals.

h some applications, the operì-centet \'àlves are necessalJ, to be used such as ivhel'e the

valve is at the mrll position in a high teurper-'atnle environment for extenclecl peliocls

of time alrcl a coutinuous florv is lec¡rirecl to maintain leasonal¡le flnicl tenpelature.

Oireu-ceutet' r'alves ale requilecl in a constant flos' s),stem (N,Ielt'itt, 1967). The spool

can be shiftecl manually, pleumatically, hyclraulically, mechanically or electrically.

L1



One itnpoltaut method of actuating the spool is ìry ureans of an electrical solenoicl or

toLclue rlotor'.

Figule 2.1-b shorvs the schelÌlatic of the hychaulic dr:iving rurit using ¿ closed-

centel four-way valt'e opelating fiorn a constant plessut'e pnurp system. FigLrle 2.2-lt

shorvs the schernatic of the hydlaulic dtivilg Lrnit nsing an open-centet five-*'ay valve

opelatiug frotr. a constant florv prrrup systetn.

Valve Dynamics

The nonlineal algeblaic equatiols rvhich clescribe the pr.essule-florv curves can be

i'eplesentecl as follorvs:

o fol positive spool clisplacer.nent X¡ ) 0

Qt¡ : I(tuX¡{P"-h,

Qo¡ : I(rux¡t7Po,-n

o fol negative spool ilisplacemetlt Xi < 0

Qt¡ : I(uX¡t/ Pt, - t',

Qo¡ = I(tux,{P"-Po,

rvlrere 1( - c,t\ß is the meteling coefficient, to is the spool area gtadient, ,Y¡ is the

spool displacement ( proportional to the selvo-valve input, U¿), Ç¡¡ anrl 8o, are the

florv l'ates of the ¿th unit, P¡¡ ancl P¿¿ ale the pr-essures of srqrplv line ancl retutn line,

lespectivcll' alcl P, is the pu¡rp pressuLe.

Using a Taylor''s series expansion about the oper.ating "zei:o spool clisplacemel-

t" ancl neglecting the highel oLcleL tetns, ive ol¡tain the follorvilg lineat'izecl moclel

(Ìvleuitt, 1967):

Qt¡ : I("¡U¡-Iir;Pri

Qo¡ = I("¡U¡ I l{piPoi (2.3)
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lvhele 1(,,i ancl llri at'e the floiv gain and florv-plessuLe coefficients, r.espectir.ely, Thc

numerical l¡alues of the coefficients /lu¡ and 1f2; catl be cleterminecl as folloti's:

I(";:1çru
K_

n: ùP-p,.-po

rvlret'e P¡ : P¡t - Po; is the loacl pl'essute.

Pipe Dynamics

The continuity equations for the.jth servo-valve output potts ar.e r.epresentecl as:

C¡1P¡¡ : Q¡¡ - At¡i¡ =i Qt¡ : C¡P¡¡ j A¡¡:i;

C¡2P6¡ = Ao¡t'¡ - Qo, =+ Qo, : -C¡tPo, *.4¿¡,r1¡ (2.4)

rvhere.zl¡¡ ancl ,46¡ ale the piston effective ar.eas, e'¡ is the piston velocity, C¡ is the

hych'aulic cornpliance of the system. The tumerical vahres of Ci can be deteulined

as follorvs:

n _ V Volutze of one chom,per irzclttdi,n g lines-'-p"-@
Note th¿t iu the aì¡sence of entrappecl ail the effective ì:ull< moclulns is

210,000 psi. Thus, a small percentage of ai:: in the þdlaulic fluid can cleclease

tlre effective bulk modulus substantially (for. a 1000 ?si pÌessule levet, B. rvoulcl be

84, 000 psi) (N{eLritt, 1967).

The joint clisplacernent, qi, an(l pistolt clisplacement, ¿i, at'e related Ìry geornetrical

confi.gulation. By consicleríng small changes at celtâirì angle ç, the folloling r.elation

holcls:

tlx¡ : J¡(Q¡)dq¡ (2.5)

The numelical r'¿lue of .I¡ can be evahatecl as follolvs (see Figule 2.1_a ):

l¡2 = lp¡2 ¡1,.¡2 + 2l,,¡.¿,.¡cosq¡
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^, 
tll ¡ rlrl¡.t, rTt -zlr¡tÌis¿ttqi ,:
,lL ¡ - 1,,;1,;s i
tlt .lt P -t ,r "V'.r'' , 'lril trosrli

Qi

Comparing this er¡ration rvith Ec¡ration ( 2.5) r'e cal obtain ,I¡f;:

I1,,¡' + l,.i' t 2t u¡l, irosQi

2,1.3 The Effective Actuating Force, _Qd, and the Joint Torque, ?¡

The relationship between the effective actuating force of the ith joini ,F€,, ard the

ztli joint torc¡re ,7¡, is obtailecl by applying the pr.inciple of viltual wolh.

T;6q¡ =. P"t[¡,

Fn¡ is relatecl to the acttatitg folce F"¡ of the ith cylinclel as follorvs:

(2.6)

Fn¡-tl¡i¡-F"¡

P1¡A¡¡ - P6¡As¡ (2.7)

By sulrstituting Ecluations ( 2.5) ancl ( 2.7) into Equation ( 2.6), the joint tor.que at

q¡ is obtainecl as follos's:

T¿: [Fo¡ - tl¡i¡ - F"lnk) (2.8)

rvhere d¡ is the viscous clamping of the ¿th cylinclel ancl "ðl¡ is coulomb fiictíon of the

Ith cylincler.

2,'1,,4 Tl'ansfer Function Representation

The transfel is clefinecl as the latio of the Laplace tlansfoLn of the output variable

to the Laplace tlansforrl of the input valiable. The ttansfel fu¡ction froln the se¡vo-

valve itrput, ui (voltage ol cullent), to the joint angle, li, is obtainecl fi'om Equations

( 2.2) thLough ( 2.8). In the 
'ernai'i.g 

text, all variables such as Ç¡ and fi are usecl to

El _

r¡. -

1.4



IePlesellt a slnall chaìtge ncal' the corlespoìÌding Ìeferellce poitÌt without tlie glaclient,

A. Also, note that i is usecl insteacl of J¡(q¡).

The follorving t'elationship of Laplace transfolnation is obtainecl fi'om conrbining

Er¡ratiorrs ( 2.2), ( 2.5) anil ( 2.8).

Recalling Equation ( 2.2)

¡?r(s) | lHrr" Hps2 lltlls) | I i,(4,' - r/¡s.i ¡ * fl1) |tt:tltt-=tl
lfz(") I l Hns' H22s2llq2(s)l I Jr(t 

", - tl2s.r2 - F",)l

and realranging these equations by rnoving terms fi'ou the left side to the right sicle

rve obtailr:

I H,,r' + i,',1r, Hns2 | lrr(s) I I irfl,r(s) It,'rlll=llI Hrrr, Hzzs2 I ir'i"rllqr¡)l I ¿¿rf r) I

The above eclnation can be replesentecl as follorvs:

ä(s)q(s) : r,Js) (2.e)

rvhele

lHr,r'+ jr'rLr, Hns2 | 1,1,(r)l I íR,r(r)l¡r('):l .2 I ,1("):l I ¿t'l:l^ |I Hzts2 H22s2 + i2"tt2sl lqr@l I 
jrr"r@l

The actuating force, .t|(s), can be clelivecl from the characteristics of the hytlraulic

dliving systen by cornbinirg Equations (2.3), (2.4) ancl ( 2.7) (assurnilg that C¡1 :
C¡z = C¡):

(a): By ecluating ( 2.3) and ( 2.4) then, P¡¡ ancl Po; can be ol¡tainecl

I{"iUí - I(piPn = C¡P¡¡* At¡i¡

l(,¡u¡ I I(pipoi : -C¡Þ6¿l Aeli¡

Solving fol P1¡ artrl P6¡,

n _ l(,¡[J¡ - A¡¡sx¡ I(,¡U¡ - A¡¡si¡,1¡(s)
'" : cô+IÇ : c-ê+lç
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ps, - -I(Y:'* 4o't'' : -I{"¡ut* Aq-¡=sJ¡rti(s)

C¡s * Iip¡ C¡s { I(p;

(b): Substituting P/i an(l Po; ilto Ec¡rations ( 2.7) yielcls

". /-\ 
1rai\r/ - cts + IÇlI{"Pt(t)(A¡' + Ao¡) - (At¡2 + Aoi2)s jiqi(s)l (2 10)

\\¡r'itilg Ec¡ratiol ( 2.10) in a rnatlix folm (aftel multiplying both sicles by "r¡),

I /f,r(,1¡r*,1or)Jr n

'F'(s) = l -"Éïqi: 
o llu (s) 

|v¿\-'| I o b###)þll*,,,I
, t< 

" 
t (,t1., +,tL.,) j t, "I C¡s*/(,r-l

l0
Ec¡ratiol (2.10) then becomes:

f"(s): A(s)u(s) - B(s)ç(s) (2.1i )

whele

.a(s) -

u(r) :

0l
,, 'rlU rrn 'ro")i, I

-- C""+I(r, I

*i*l
CzsII(pz I

ot,l : I"'(")l
l,1r('l I

Substituting Ec¡ration ( 2.9) irto Ec¡ratiol ( 2.11) gives

H(s)q(s) : A(s)u(s)-ã(s)q(s)

r/(s) = [ä(s)+B(s)]-r;{(s)U(s)

16
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B¡' addirg the tri'o matlices H(s) ancl B(s) ancl multiplying thern by ,A(s)U(s) gives

r /,,r(l¡,+,1or)4 0 | lU¡(s) |l- 
-"=t"" 

' II o !t+,**#)!tllur(rll
The ti"ausfet fitnction of a single liult mechanism is given by the diagonal corupolelts

of Equation ( 2.12) as follorvs (tliis means that one joint is fixecl rvhich irnplies q1 = 0

ol q2 - 0):

^- -1
q¡(s): [H¡¡s2 + ild,s +(AiL+ 

a¿o.)risl Ú!l*)!r,al' C¡s I l(rt ' C¡s -f /rn;

.1' (" )
u,(')

I(,i(Ari + Aoi)i,

Then, the final folm of the transfer function, G¡(s), fol a single liuk rnechanism ch.it'en

lr5' elec t rohyrh arrlic set vo-v¿lve is:

G;(s) =
q'(") _ I(,i(Ari + Ao)ii

(2.13)u¡(t) H¡¡c;sB i 6?¿,c, + I(u¡Hii)s2 + j?GIiI{pi + A?i + Abt)s

Ðc¡ration ( 2.13) is a thi¡cl-ordel transfer function rvhich may be used to clesclibe the

clynamics pelformance of a single linh selvo-mechanisrn alm (closecl-center valve rvith

constant p-r-essule pump). It sliould be notecl that in the al¡ove analysis the selvo-

valve clynamic I'esponse rvas assulnecl to be fast enough so that it's clelay effect can

be neglectecl. Previolrs study shorvecl that the inchrsion of ser.vo-valve dynamics has

only a fllteling effect ou the pt'essure response ancl makes no cliffereut to the velocity

lespolse (Watton, i987).

Horvever', for the case of heavy-duty rnanipulator.s ( open-center v¿lve rvith con-

stant florv pump ), the effect of the selvo-valve cannot be ignolecl. Pr.evious ex-

pei'irlental stucly by Sepehri (i990), shorvecl ¿ fitst-orclel reiationsliip betrveen the

(C¡s * It¡¡)[]1¡¡ 
'2 

+ iirt¡, +!*#rçdfl

(C¡s -t l{ri)lHas2 + fid¡sl + (A?t + A2)J!s
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seÌ'vo-valve inprtt attcl the correspoucling spool clisplacement. This relatiou (tlansfel

function) can be repLesented by a fir'st-or.'clel' tine lag as follorvs:

Xik
u: ,u,

lvher-e ¡l is the gain ancl r is the tine constant. Then, the final folm of the tlansfel

fitnction fol a single link lìeâ\¡y-dutj' alur including the vah'e dynamic is:

r' K,i(Ar, ¡ ¿o,r¡,C¡(s):înrõ trro)

Ec¡ration ( 2.1a) is a foulth-orcler transfer fi¡nction rvhich can be nsecl to {escribe the

clynamics perfolmauce of a single linh selvo-mechanism of a heavy-clut5' rnanipulators.

Inspecting Ec¡rations ( 2.13) and ( 2.14) shorvs that the valve coefficielts I(,,; ancl

Ifi,i ate extlemely important in rletelmiling stability, frecluelcy respolse' aticl othe¡

clynamic charactelistics:

e The florv gain coefficient, 1l.,¡, clilectly affects the open-loop gain constant of

the system, thus, it has a clilect inflnence on the system stability.

r The florv-pressure coefficient, I(ni, clirectly affects the rlamping latio thus, can

be usecl to cleteunine the response shape of the systeru.

18



2.2 System Analysis

In the design of a colitlol systetn, one must l¡e able to pr.eclict the dynamic be-

havior of the system, rvhose components aLe knorvl. The lelative stability ancl tlie

tlansient response of a closecl-loop syster.n ale clilectly lelated to the Iocatiot of the

loots of the chalactelistic ecluation. It is necessaly to adjust one ol r.nore systenr

patametels in olclel to oì¡tain suitable root locations. Thelefole, it is ivolthrvhile

to cleterrnile horv the loots of the chalacteristic equation of a given system miglate

about the o - B plane or the s- plale, as the palameters ale variecl. The parametel

plale methocl rvill be usecl fol'the thircl-olclel system analysis, ancl loot locus methocl

rvill l¡e used for the fourth-olclel system analysis.

2.2.I Parameter Plane Analysis of Thild-ordel Systems

The tlansfer function of the thilcl-olclel' systelÌl nlclel consiclelation is lepleseltecl by

the follorving general folrn (see Figule 2.3)

G(s) : ---- 
r¿!-

s(s'+ets+a2)

Wliting Equation ( 2.13) in the folm of Equation ( 2.15) gives

(2.15)

(2.16)G(s) -

Equating Equations ( 2.16) arcl ( 2.15) rve obtain the follorving par.ameteLs.

n, : (iT't'c jJJ("'H")
lriivi

"" : 
i?kt'IÇ'l 4?' +'lb')

. I(,i(Ari + Ao)i¡,,, _ 
H,p,

Nounaliziug Eclrration ( 2.15) gives Equation ( 2.17)

G(s):r7"t1rz+asr+P)

i9

sls2 + !4!fff,,!!:ù 
" 
* !ß[##!út]

(2.17)



whele

st : s lr,lt/3 is the uerv opelatol of Laplace tlansfolmation

o: nr ln'"/t is an acljustecl paLameter'

lJ : nrlnSlt is an acljustecl par.ametel

1/il .(t3 t

a3 is the tiure scale of tlie response of Equatiol ( 2.17), ü'hile a alcl B aLe pararneteLs

that cleterlnine the shape of respouse.

The unity closecl-loop tlansfer- function of Ec¡ration (2.16) is

is the normalizecl tirle.

wlÌele a arrrl a.r,, a::e the leal loot ancl natulal fi.eqneucy, r'espectivel¡, (oul, - a.1.

They ale nounalizecl as follorvs:

6=+ ,;,,:+
uB Qt'

Theu, a and B ale lelatecl to ( ancl r,¿, by the folloiving eqnations (Hanafusa ancl

Asada, 1980):

G(.\ = , û3 
- 

oa?
s(s: * ars -¡ a2) f a3 (s + o)(s2 l2Ça,,s *

1. ..a = .(2u;l( + 1).
uí
1.p = .(asn+2<).

(2. i8)

(2.1e)

Siljak (1969) clescribecl a clesign ploceclure of a thi::cl-oi-cler. system by using the cr -
p cliagrarn (Palarletel plale methocl). This methocl ir.nplies such a rnapping fol

the chalacteristic curves of the system (constant (, c,¿, ancl á) on the rL - B plane.

Figule 2.4 Lepresents the charactelistic culves of the systern uncler consiclelatiol. By

observing the step Iesponses fol the specifiecl values of a au(l B which are telated to

a, ø,, ancl ( as seen in Equation (2.19), the r"oots of the ch¿racter.istic ec¡ration can be

cletelminecl at any clesirecl 1'esponse. The unit-step respouse, c(f), of Equation (2.18)

can l¡e calculatecl fi'om the follotving Equation:
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u (s)

(a) Open- loop fol thild order system

(b) Closedloop for thild order system "unity feedback"

;s1 (si+crq+p)

Figule 2.3: Open ancl closecl-loop of thilcl-orcler system

c(t) : 1 - A1e"t * A2e-',,et sinl(u,"t[ - ç¡t + ó1

udrele the constants ,41, A2 and / ale clepenclelt on ¿v ancl B. It is cleal that, the

uatnle of the lesponse depencls inhelently upon the valnes of (, c,:,, ancl ø. The

philosophy of systeu.t design is to establish a simple corr.elation betrveen the system

par-ameters ancl the chalactelistic loots so that the Loots rna)¡ be set at desir.ecl lo-

cations by acljusting the systeru palameteLs. The palarnetel plane methocl is also

useful in guiclilg the cotnputel simulation in fincling the system elements ancl pa¡am-

eters that rvill lesult in the clesired system pelfor-mance chalacteristic. Nos,, rve can

21



3

ç42

I

-0.5 -0.3 0

1.0 1.5 2.0 2.5 3.0

c[ 

->

(c) Sample tlansient lesponses for thiÌd order system.
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Figure 2.4: Palaneter plane culves of thitcl-orcler system



conclude that, the palameteÌ plane technic¡res provicle itrfolmation al¡out the effects

ou the systeur ovelall l¡ehavior of changing the operating conclitions ancl par.atnetels.

Thelefole, it can be nsed uot only fot system staltility aualysis l¡ut also as a clesign

tool in ca.ses s4rele the specificatiols of the system pelfounance ate gi\¡eu in eithel'

the time ol the fiecluency clomain. Fol the lol¡ot alrn shorvn in Figulc 2.1, ivhose

pal'arneters ale listecl in Appenclix B, the collesponcling a ancl B rver.e fonud to be

a: 0.45 and B = 5.9.

2.2,2 Root Locus Analysis of Fourth-ordet' Systems

The root locrts techuiclrte is another graphical urethocl of cletelmining the location of

the loots of the cha::actelistic ecluation as functiol of a parameter. The r.oot locus,

thelefole, plovicles infol'rnation not olly fol the al¡solute stability of the system but

also fol its cleglee of stabilit¡,. If the s¡,s¡sn1 is unstable or has al unacceptable

ttausient resporìse, the loot locus methocl inclicates a possible $'aJr to impto\¡e the

lesporlse. The root locr:s techliclue is lecommenclecl fol anal¡,zi11g high olcler. systerus.

The open-loop transfel' function fol' tlie s),sten shorvlt in Figule 2.5-lt, is r.eple-

sentecl as follows:

..2(') K,'pe-,1'+ilF+r,'+"t

rvhere If : katlr. There ale four poles; trvo real ancl trvo complex:

Ql

2"
0

_1
T

= -çr,, + ¡r,,1fj

wlìeIe

a,,: lh



> 2la

The loot locr.ts ¡tlot is shorvn in FigLrle 2.6.

(a) Open- loop foÌ fouth-ol del system

(b) Closed- loop (ünity feedback) for fourth-order. system

Figure 2.5: Open arcl closecl loo¡t of fourth-olcler system

s ( s2+ a1s +a2 )

s (s2+als +a2)
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UNSTABLE REGION

-lft - al

Figule 2.6: Root locrrs for the foulth-orclel syster.n systen (without cornpensatiol)



CHAPTER 3

HYDRAULIC ROBOT OPERATING FROM A

CONSTANT PRESSURE

In this chapter', ive rvill stucly the pelformance of the trvo cleglee-of-freedom robot

rvhich is shorvn in Figut'e 2.1. The mathematical moclel of this I'obot rvas clevelopecl

iu the ptevious chaptet. lVe cousiclet the lol¡ot as a light-cluty lol¡ot arm using closecl-

centel valves (zelo-lappecl conclitions) opet ating fi'orn a colstant supply pr.essule. The

physical paraneters of the I'obot have been chosen to r.esemble the hydraulic lobot

ivhich is used ir l(yoto Univelsity (Hanafusa ancl Asada, 1983) ald they ale liste<l

in Appenclix B. Three cliffelent control stlategies rvill ]:e cliscussecl as attpliecl to this

tuoclel; actnating fot'ce feedbacli contlol, non-intelaction control ancl loacl-inse11sitive

coutrol. The oltjective is to control the joint angles rvith fastel response ancl less

oscillation. Also the effect of the intelaction l¡etrveen the linkage ancl loacling rvill be

consiclerecl

3,1 Feedback Compensation of Third-order Systems

The clynamic perfolnarìce of the lobot arrn (unclel consiclelation) is clescr.ibecl by

a thil'cl-olclel ancl fir-st type systerr . In genelal, velocity ancl accelei'ation feeclbaclr

compensation are ernployecl to control a thitcl olcler system (Ogata, 1990). Whethel

to r.tse velocity, acceleration or both as a feecll¡ach signal clepencls on the stluctnr.e

of the systern. The systern shorvn in Figule 3.1 is a thir.cl or'der.system, in aclclition

to plol:ortional contlol, velocity ancl acceleration ale nsecl as feeclbacl< signals. The

inclusion of velocity ancl acceleration feeclback allorvs the ¡rararneteLs of the system
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to be adustecl fi'om {a1, c,2, r¿r).r, an(l p} fo {ai,ai,aj, a* ancl B.}, rvhich rvill be

exalninecl in the folloç'ing sections.

3.1.1 Velocity Feedback Compensation

lVlren velocity feeclback G¡ : k," is appliecl, the set of system parameters chalge as

follorvs:

ai = at, ai.= az * atk,, crä: as,

o,* : a, þ- = "rl 
o3/t + (r,sk) I a!/3 .

Therefore, B increases tvhile cv cloes not chalge.

13. : lJ + (ask)lafils (3.1)

3,1,2 Acceleration Feedback Compensation

Wlren acceletation feecli:ach G f : k"s2 is appliecl, the set of systen par.arnete::s change

as foìlorvs:

ai: a1 I aslcn, ai = az, aä: rrt,

o- - nrlal/t + (a3k") lrlls , li- : tJ.

Thelefore, cr incleases rvhile B cloes not chalge.

¿v* = a * (a3k) la13/3 (3.2)

3.1,3 Velocity & Acceleration Feedback Compensation

Wlrerr both velocitl' ancl accelelation feeclbach ,G¡ : k,s * Æ,,s2, ale appliecl, the set

of system paLarneters change as follorvs:

,7



ã3_-.-
s (s'+a1 s +a2)

Figule 3.1: \¡elocity ancl accelelation feecll¡ack conpensation
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a] -= r¿r -¡ or¡n, a;:a2+¿elì,,, rLi,= ¡¿t,

a*:o*(ask)la!t3

Thelefole, cr ancl É h¿ve incleasecl.

lJ.: lJ+(ask,)la!/3

a

13"

: 
" + (o'k")1"tr/3

- B + @3k,)ltfil3 (3.3)

The effects of velocity ancl acceleration feeclback compensation a.re shorvn in Figur:e

3.2-a. Trvo different cases ¿re consiclelecl as:

o When B is much largel tlian a, (P >> a) in the oligilal system (as r.eplesentecl b¡'

point.zl il Figule 3.2), the effect of accelelatiou feedbach incteases(. Ther.efor.e,

stability ancl darnping ale improvecl. The velocity feecll¡ach has no effects on

the irrr¡ rloventent, irr this case.

¡ Wlren a is much larger than þ, @ >> p), for cliffer.elt system pararnetels as

lepresentecl by point B in Figule 3.2, the effects of tlie feedl¡ack courpensatiol

are opposite to the prevíous case.

The i'esponse time can be cletermined by acljusting the gain constant ¿3. Incteas-

ing ø3 fulther, cleclease a ancl B sirnultaneously ancl the system approaches unstable

region. I(lorvilg the palameters of tlte systern, the nature of the feeclback signal

can l¡e cletelt.ninecl for a clesirecl system tespoltse. In legar.cls to the lobot aLm unclel

consiclelation at rvhich o : 0.45 and B = 5.0 (B >> a) acceleration rvill be usecl as

feeclback signal.
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r M(0.45,5.0)

- - Velocity feedback effect.

acceleration feedbâck effect.

E

o
fÍiÏit

ploportional gain effect

initial condition A

initial condition B

desir€d opelating region.

J+c[

(a) Paametel palne - Effect ofvelocity and acceleration feedback conrpensation on thiÌd-ordeÌ systent.

p

i.0

t.0 1.5 2.0 2.5 3.0

Cf .+
(b) Sample tlansient responses fol third order systenì.

Fígule 3.2: Pat'ametel' plane ¿nìd effect of velocity ancl acceletatiou feedbacli



3.2 Single-link Position Control

3.2,1 Closed-loop System with Actuating For.ce Feedback

In plactical applications, actuating folce feedback is usecl fol electloh)'ch.aulic selvo-

rlecltauisns insteacl of acceleratiorì feeclback. Tlie actuating folce is cletelninecl b¡'

measuLing the pressuÌes on l¡oth sides of the piston. Horvever, the pÌessure feedl¡ack

causes static control ellol due to a st¿tic clistull¡ance for.ce. It is thus necessâ.1y to

iuselt a liigh pass filter in the feeclback loop in orcler. to elimilate the feedback of

stearly state folce clifferences (Welch, 1962). Refelling to Figtre 3.3-c, the actuating

force F.¡ of Erpration ( 2.7) is userl a,s a feedl¡ack signal. The input to the ser-vo-valve

changes fiom U¡ to Ui:

rt, ,, I(r¡¡T¡is o
v; 

- 
vt

I + ¿ /iS
(3.4)

rvhele 1lo¡i is the gain constant of actuating folce feeclbach loop, atrcl ?¡i is the time

constant ofthe high pass filter'. By recalling Equation (2.10) anct r.eplacing u¡by Ui,

the ch'iving force of the piston is obtainecl as follorvs

tr /^\ Ir.i\ö,/ : 
Cö + Iç\I{"P:(At¡-l Ao¡) - (A",,-l A?o)si¡1¡þ))

1¡"¡(s): ,^, : - lK"ilt(At¡tAo¡) -IÇí(Arí+Ao)+#F^ì' C,¡s * ,f( ¡¡¡ 
'

*(A?' + A2o)si¡1¡þ)l

Solving for' -Q;(s)

¿1 /^\ 1
4i(s) : lI(.i(Aü-l A6¡)u; * (A2t, t A2oi)siiqi(s)l

4r(s) : c,: r(;JIt"P'(At¡ t Ao¡) - (A',,-r A2e,)sJ¡1¡þ)l (3 5)
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This t'esult shorvs that the effect of the actnating force feeclbach is lept'esentecl by

leplacirrg I{,,i )ty IÇ¡

rvhele

I(i¡: I(',i * I(tt

The contlol inpnt becomes as follorvs:

I{,;(At¡ * Ao¡)T¡;s

I,l T¡;s

Uí : U¡-I{o¡¡F}¡

Ui : ko(q,.¿""- Q;.""t) - I(u¡;Fit

(3 6)

(3.7)

(3.8)

rvhere fj is the output of high pass filter (H.P.F.).

3.2.2 Simulation Results

A rurit-step input is usecl as a test siglal fol the sirmrlatiotì proglrâm rvhich simulates

the joints motion of the lobot shorvn in Figut'e 2.1. Link "one" is commanclecl to

rnove fiom the tefetence position lt :90" to the clesirecl positiou lt : 99" rvhile, q2

is fixec1 at rlz : -45".

o Results of usirg only propoltiorlal contlol (ivithout actuating for.ce feeclbacli)

Figui'es 3.4 thlough 3.9 show the simulation results using propottional control.

Figule 3.4, r'epresents the step tesponses of r71 for. cliffelent values of gain.

Cleally, the propoltional control affects the response time of the system, in the

rnânneL of high gain lecluces Lesponse time. Horvever', as a lesult of incr.easilg

the gain constant of the system, the systern I'espolìse becorles more oscillator.y

ancl lequiles rnore settling time. From this figule the clesilecl Lesponse time can

l¡e cletelminecl by selecting apptopliate pt'oportional gair. Figure 3.5 shorvs

the control input of the system fot' the desilecl gain, (À2r : 0.02), ancl the siglal

of actuatilg folce feeclback. Flom this figule (onl¡' usiug plopoltional coutrol),

the gail of the actuating folce is acljusterl in orclel to be usecl fol imploving the

¿)¿



lesporse. Figures 3.6 ancl 3.7 r'epresent the actuating force of the hydr.aulic

actuator an([ the plessutes in both lines, respectivel¡,. Effect of loacling ancl

compliance of the hych'aulic systenÌ on the s¡'sfsn tesponse are shorvn in Figur.es

3.8 altl 3.9, r'espectively. In both figules, the unit-step response of q1 becomes

oscillatory alcl reqnires mole settling time (Æur - 0.02).

ResLrlts of using propoltional contlol anil actuating for.ce feerlbacli

Figules 3.10 through 3.15 shotv the sirnulation results usilg pr-o¡tor-tiolal con-

tlol ancl actuating force feeclback. Figule 3.10 shorvs the improverneut of ste¡t

response of r71 previously shorvn in Figule 3.4 (Æur = 0.02). The effect of the

actuating folce changes rvith the actuating fi'ecluency, thus, the actuatiltg fotce

feeclbach gain, Ifr¡r is cletelrninerl lty obselving the step resporìses at rvhich the

lesporìse of Figule 3.4 l¡ecomes rvithout or.elshoots ancl rvithout oscillations.

When the inertia loacl is incleasecl, the lesult shorvs oveLshoots ancl incteasecl

settling tirle. Therefole, it is lecessaly to compensate for the clistur.ìtance due

to the ex¡rectecl load inclease rvith an acljusted 1lpl1 as sholvn in Figure 3.14.

Itr tlris expelime:nt l{r¡r = 0.6 x 10-7 a.nd 7¡1 : 1.0. Refelling to Figure 3.12,

tlte actuating folce lec¡rirecl to holcl the lol¡ot in this configulation is ver-y small

(57.75 N).



Kui(Ar +Ao¡ )Ji

Hiicis3+1üoici*ulrpi ) s'z+¡î1oi Kpi+ A2ri +A2oi )s

(a) Open- loop system ofhydraulically actuated arm

(b) Different representation of open -1oop system of(a)

(c) Closedloop system with actuating force feedback

^22Ji(Ari +A oi )S
Kui (A ri +Aot )

u(s) + tf G)

^22Ji(A l +A or )S

Ku (Al +Aoi )

Figule 3.3: Closecl-loop systeur rvith actuating force feeclb¿cl<
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3.3 Multi-link Position Control

3.3.1 Compensation Fol Interaction Between Two Link Motions

ìVIany contlol systet.ns have multipÌe inputs ancl mrltiple ont¡rr:ts. It is often clesilecl

that changes in oue lefelertce inptt affect only one output. If such non-intelaction ol

uncorqrling can be achicvecl, theu thete is no interactiou bet$'eell thc outputs. The

closecl-loop trattsfel m¿tl'ix must be a cliagonal one foi' non-intelaction control as see¡

in Equation (3.9).

lql(s)l lUr(s)lI l:clsll I

l.1r(")l "løt"ll

lGir(s) 0 |G(s):l 
II o Grr(r)l

(3 e)

The compensation for intelaction of multi-link motions (trvo linh rnotious in our

simulation) is applied aftel the incliviclual selvo systern is ir.nprovecl as a siugle-liuk

mecìralism. Recall Ecluation ( 2.11) rvhele the actuatilg for.ce is lepr.esentecl,

F,,(') : â(s)u(s) - a(s)q(s)

rvhele

,,1(s) -
1(,tQlttl,Aotlí

C,Ì sl- lt! I

n A,¿(,ti z'lAoz)Jz
(, r s-l I( -,

lu'(r) I

¿/(") : I I

lur(")l
I t^1,+,tb,)i1'" 

0
Bls) - | crs+/rrr'\"t- I o '*'i,:t:Lffrl!"]"

l./'(') I
-./^\ I Iv\ò/ - | I

lsz(') |
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It rvas previously shoivn that using the filteled actuated for.ce, F',1,, as a feedbach signal

improved the indiviclLral joint response, rvhich means the florv-plessure coefficie¡t ha.s

clìangecl fronr 1{ni to 1íj¡ clefined a.s:

If,i(Á/i + A6¡)T¡¡sJ\¡,¡: Jt¡i + /\Ì,/¡ 1+æ--
Norv, the actr.rating folce is leplesentecl as follorvs insteacl of Ecluation ( 2.11).

î"(s) : A-(s)u(s) - B-(s).1(s) (3.10)

By applying the actuating force fol non-ilter¿ction control, the input to the ser.vo

valve is changecl frorn U¡ to U¡ clefinecl as:

U(s) : U(s) - 1r¡(s)-Q,(s) (3.11)

rvheLe

1l¡(s) is the transfer natlix of the actuatilg folce feeclbach loop. By substituting

Û(s) insteacl of U(s) in Ec¡ration ( 3.10) the actuating folce l¡ecornes as follo.rv

J'"¡(s) -- A-(s)U(s) - A"(s)I{¡(s)î"(s)- B-(s)r1(s)

F"¡(s):{1+A.(s)I{¡(s)l-1[l1.(s)U(s)-8.(s)q(s)] (3.12)

Substitutiou in Equation ( 2.9) gives

[1+ A.(s)Ir¡(s)]H(s)q(s) : [,,{.(s)U(s) - B.(s)q(s)]

With these changes the equation of motion becornes as:

í(s) : [ã(s) + A.(s)Irr(s)H(s) +.a.(s)]-1.,r.(s)U(s) (3.13)

The non-ilteractiolì of the ec¡ration of motion can be achieved by uraking the coef-

flcient matlix of Equation (3.i3) a cliagonal one by deter.mining r.ight elernents for

I{ ¡(s)

q(') = [ar(')+8.(s)]-1A.(s)U(s)
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\\'lÌeIe

, Crs l_I(ir ,

,{--r1s¡ : l""T#" ,,,,1,.," I

I(¿(,ttzi_,toz)J¿l

¡1¿(")-¡¡trl = I o H'"'l

I Hzts2 o I

1ll¿¿"2-i,t2,lts - lttzs¿ |

H_r1s; : I _,:,", ,,.".o.,,, Ir--- ---#l
A is the cletelrninant of matlix H(s)

\ : (H11H22 - H?r)rn + (Hn j22 (12 + H2zjt2 (tùsï + ljrt ,Ir. j"t ,l"irr"

r¿.t"\ - l###;rr o ll o '""|j-l# =!ft 
Itt¡(s) : | " -'' ll llI o ,^Ji#;tll ur," o ll t+Ê rrrr"'ti''?¿'" 
1

I crs+r;r - n l, -tt?rsa llns2\Htts2+it2ús)
ll("r(Arr*,ro,)Jr " ll ^ 

alf rlsl = I llJ. I o ', l:"'l'i" ,= ll H'""'Ø"!" ri""a'"t -ttT""n
l("2(Atzl,loz)Jz rr 

^ ^

, _ Cts*I(i, H?"sa Cjs+Kh Ht2s2t,l¡s2+ jt2drsl 
I

l(.ts) : l -¡r,ilA;,'",üi-l- ñ(,rr,+õJJi--- À-l
--r \-l I C2s+K;2 ns2l¡)2s2+j22,t2s) C:s*?(j, .1"s1 

Itt,ù.'.,ti+¡ojË -------ã___-- -IdG;+.1olE-j- I

rvhele 11,¡(s) is the clesilecl cliagonal rnatlix rvhich has the same elemelts a.s Ìl(s)

Ec¡rating Er¡rations ( 3.13) aucl (3.14) yielcls

1+(s) : A.-'(s)[r{¿(s) - ä(s)]ä-1(s) (3.15)

The exact numelical value of each element of 1l¡(s) can be founcl fi'orn the above

ec¡nation. As a fir'st apploximatiol (Hanafusa, 1980), one rlust consicler.the frrst trvo

terms of each element. Therefole, each element of 1l¡(s) is leplesentecl as folloivs:

I( ¡t : crrJos + cÍÍj

I(¡n : ct2fos + ctzÍl



I{¡n : c21hs + c2tl,

K ¡zz : c2ths + c22Ít

(3.16)

Filally, the contlol input to the selvovalves alc:

f 
ú'l 

_ lÀi,r(ør.a", 
-ttt.a¿)-I(p¡rFàl l-rrr" Iiin lli2F,,t\

I ¿, / - lr,,r{or.u"" - rz..¿) - I(,,¡zFizl- | n,r, -tç,,,1\ irr,,, J



3,3.2 Simulation Results

A unit-step ilput is u6ecl as a test signal fol'the simulatio plogtatn rvliich simulates

the joints tnotion of the lol¡ot in Figure 2.1. Joint one, r1t, was commanclecl to tnove

fiorr the lefelence position lr : 90' to the clesilecl position lr : 99" ancl joint trvo, q2,

rvas cot.nntanclecl to move fi'oln the tefeLence position 92 : -45'to the <lesir.ecl positiou

rlz : -35' . Non-itttelactive contlol rvas impler.nentecl after having the lesponse of each

link irnplovecl as a single linlç selvo-mechanisut by using actuating force feedbaclç. In

this section rve study the perfolmance of moving both joint at the same time.

¡ Results of rvithout nor.r-intelactive contlol

Figules 3.16 aucl 3.17, r'eplesent the unit-step tespolìse of r71 of alcl 12, l.e6pec-

tively. Cleally, linl< ote rvas less ilfluencecl by the iltelaction forces than t'as

linh trvo.

Results of rvith lon-interactive contlol

Figures 3.18 ancl 3.19, replesent the step Ìesponse of rJ1 alcl 12, tespectivel)'.

Response of joint one has implovecl ancl is more staltle than the r.esponse of joint

tq'o. The leason fol this l¡ehaviol'is believecl to be clue to the fact that similar

servo-valve configrrations are usecl fol botli links. Therefole, for.tìre interaction

forces it is impoltant to knorv the exact system paÌ¿meters. Loacling the system

rvith thlee iirnes the ineltia for the same gains (non-interaction conttol) not only

iltensifies the intel'action folces ]¡ut also cleates a steacly state force clisturl¡ance

as shown in Figules 3.20 arcl 3.21.
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3,4 Load-insensitive Control

3.4.7 Construction of Load-insensitive System Control

In the joitt motion contlol of an articnlatecl lobot alm, it is necessaly to conpensate

for the cha.nges of mornent of ineltia ancl gravity loacling clue to the joilt angles

ancl load conclition. Also, fol accurate contlol, the intelaction anolg n'rultiple Iink

l.notions has to l¡e ::educecl. All of the above-meltionecl effects appeat as a distull¡alce

at the actuating force for the inclividual cylincler'. Thelefore, the degracling effects on

pelformaÌce can be reclucecl by applying the plopel feecll¡ack of the actuating folce.

From Ec¡rations ( 3.17) and ( 3.18) rvhich I'epreseut the ecluation of notion ancl

the actrrating folce of a single link mechanisur, respectively, the original s¡'sten is

constÌucte(ì as shorvn by solicl lines in Figure 3.22-a.

1F /"\ - - V(,iui(A.r¡*Ao¡)-(At¡2+Aoi2)siiqi(s)l (3.18)r ¡¡,\ ò,/ _ 
q.s 1_ ,rr¡

A compensatiol circuit is introclucecl ivhich is sho¡vn in Figule 3.22-a by bloheu

liles, rvhere l is an ailjusting coefficient smallet than unity. The final l¡lock cliagram

rvith ulity feeclbaclt is shown in Figule 3.22-b. From this corstruction, the loacl

effect can be leclucecl ancl the l'esultant system approach the fir'st ol.clel'system wlìetì

r approaches unity. This compensation is essentially basecl on the iclea of loacl in-

sensitive system constÌuction. Horvever', if the patar.neter.s 1f,,¿,1(,,¡, A ¡;., A6¡ aÍ<I C¡

âl'e llot exact (ovel estimatecl), the innel feeclb¿ck loop rnight lesuìt in the ec¡rivalent

effect of a positive feedback, rvhicli rvoukl rnalie the system unstable. The acljusting

paraneter', r is employecl to insnre a local negative feeclback effect.

Norv, the control inprt becomes as follorvs:

tI, : tI: * r'(C;s * 1(P¡) t"¡ - "i' llu¡(,4¡¡ + Ao¡)' "'
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rt- * rt l(r¡¡T¡is owi - ui * 1---l-7 t aiI+fiis

3,4,2 Simulation Results

ln tltis expeliment the lobot rvas loacled (fir'e tirnes ilertia loacl) ancl both joints

rvele commaldecl to move at thc salne time fi'om the leference position ft = g0. to

the desilecl position ll = 99" ancl joint trvo, q2, rvas cornmanclecl to move fi'om the

reference position ez: - 45' to the clesilecl position rlz : -35".

Figules 3.23 ancl 3.24 r'eplesent the step respouses fol q1 aucl q2, Iespectively,

rvithout loacl-insensitive compensation (L:0). The effect of incleasing the ineltia

loacl is a respolse rvith overshoots ancl iucleasecl settlilg time. Figur.es 3.25 anrl

3.26 represelt the step respoltses fol r71 ancl 12, Iespectively, rvith loacl-inselsitive

compensatiou (r:0.8). The tespouses are lenarkably irnplovecl rvith loacl-insensitive

systent compensation. The system's clegree of sensitivity rvas adjustecl by valying the

value of the coeficient r ivithil a lange of (0 < r < 1). The rnore expectecl loacl, the

higher valne of r shoulcl ì:e usecl in the folce feedbach gain to hanclle (cor.npensate for.)

the effect of tlistntbance forces. Simulation results confir'mecl that this methorl (load-

'insensi,ttue system compensation) ts effective it all cases, even if system par.arneteLs

are not exactly iclentifiecl.
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Kui (A ri +A oi )

(a) Third-order sytem with positive actuâting force feedback

(b) Load -insensitive with proportional control

Kui (A ¡ +Ao¡ )

tr'igure 3.22: Constructiou of a loacl-insensitive systerr
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CHAPTER 4

HYDRAULIC R,OBOT OPERATING FROM A

CONSTANT FLOW

In the plevious chapter rve stucliecl the perfolmance of a ty¡rical robot o¡rer.ating

fiom a constant plessnle. In this chaptel rve extencl our stucly to a clifferent class of

hyclraulic malipulatols that ale opelatiug fLoul a constant florr' purrp system. This

type of operating systeur is mainly usecl fol outcloot heavy-cluty urachines such as

excavâ,tors shorvn il Figule 2.2-a. The use of a constalt florv pnrnp system ilnplies

that a nerv type of valve (open-center valve) must l¡e usecl. The necessity of using

this ty¡re of r.alve is incnrlecl by the need to maintain reasonal¡le flnicl ter.nperatiue

anrl cotttinuous florv rvheu the valve is at null ¡>osition for extenclecl peliocls of time.

As rvas rnentionecl eallier, the pelfolmance of such moclel is clesclil¡ecl by a four.th-

olclet systern. In this stucly only the motion of boom ancl stick of an excav¿tol

ale consirìerecl. The palameters ale given in Appenclix B. The actual system has a

cleacl-band in the selvo-valves input (either frorn the torque motot' ot' a zener diocle)

that makes the system unlesponsive within a lange (0 --+ 0.3) volt. There ar.e also

cleacl-bancls on the olifices (over'-lappecl conclitions) of the servo-valves.

In this chapter rve aualyze the effect of velocity anrl acceler'¿tiol feeclback on the

perfoLr.nance of fourth orcler.. systems. Delay in the spool dis¡rlacement, clead-bancl on

the selvo-r'alve input ancl or.er'-lappecl couclitiors ale examinecl ivith simple closecl-

loo¡r contlol.
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4,1 Feedback Compensation of Fourth-ordel Systems

\\/e have seel fol a thilcl-ol'clel ancl fit'st type system th¿t the effect of the leal

pole , ø ou thc ulit-step lesporìse lecluces the maximru.n over-shoot ancì incleases the

settling time. In the foulth otclel systeu.t, the situation is diffeleut becanse the oligiual

system (ri,ithoLrt cor.npensation) has tlo leal and trvo complex Loots, see Figur.e 4.1.

The effects of velocity ancl accelelation feedback ale clesclibecl as follorvs:

Velocity feeclback ¿tkls a zero to the tlansfel function. Accelelatior.l ancl velocity

feedback atkls two zeros to the tlansfel functiotr rvhich could be r.eal or. complex.

By adding zelos to the tlansfer function of the system, the contriltution of some

poles to the ovelall clylarnic behaviol of the syster.n is limited (Ogata, 1gg0). Tlie

follorving factols rmrst l¡e consicler.ecl:

f. if thele is a pole close to zero, then the lesiclue, at this pole, is srnall ancl the

coefficient of the tlansient Lesponse tel.nl cotÌesporìcling to this pole becornes

small.

2. a pole ancl zelo closel)¡ located rvill effectively cancel each other.

3. in the case rvheLe a pole is locatecl fal from the origin, the I'esiclue at this pole

may be srnall. The transient lespo se colresponcling to such a pole is small and

ivill last a shoÌt time.

4,L.L Velocity Feedt¡ack Contlol

Velocity feeclbach action is replesentecì by aclcling a zelo to the tlansfer function of the

syster.n. The system type cloes not change (fir.st type systen) aud tlÌete is no steacly-

state eu'or clue to the unit-step input. Elror. rlue to the nnit-lamp inpnt incr.eases

*'ith velocity feeclback. Refelring to Figule 4.1-b, the steacly-state euor clue to the
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s (s'+a1s +a2)

(a) Open- loop of afourth -order systenì

(b) Closed- loop (unity feedback) ofa fourth -order system

â3
--1-

S (S'+41 S +a2)

Figure 4.1: Open-loop ancl closecl-loop (unity feeclback) of foulth-olcler systen

unit-ramp input is e"" = fh. When velocity feeclback is aclclecl as shorvn in Figure

4.2, the steacly state etrot to unit-ramp input is e,,: q#&.

Thus, the effect of aclcling a zelo to the systern increases the steacly-state elr.ol

ancl therefole, zero location must be selected carefully. The initial location of poles

rvas fonncl il Chapter 2 for the original systent see Figule 2.6.

Referling to Figule 4,2, the open-loop ttansfet function of the s5,sfsn ig

,.2(') _ /f(s+f)
" p¡Ð : tÇn;t+,i;IÐ

ivhele /( = '"fu" ir the palameter- of interest. There ale one zeLo ancl four' Poles, ts,o
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leal and trvo com¡rlex locatecl at

= -er,, + jr,,\F ^ ç

rvhere

u,r: ulïÇ

\ _ 2J",

The loot locus plot is shotvn in Figure 4.3 fol hvo diffeient values of li:u

(k,<r,k,>r).

Closed- loop (velocity feedback) for fourtlì orde¡.systenì

Figule 4.2: Closecl-loop systen rvith velocity feeclltack compensation

Sr o :

1

--
0,j---+;2"
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a- Root locus plot ; fouÍh-ordel systen with velocity feedback ( kv > r)

b- Root locus plot; fourth-ordel system with vetocity feedback ( kv < r)

Figule 4.3: Root locus fol foulth-olcler system rvith velocity feedbach



4,1,2 Velocity & Acceleration Feedback Contlol

Velocity ancl accelclation feedback action is leplesentecl by aclding trvo zeros (that

can ì.re leal ol complex) to the tlansfer firnction of the system. Thc systet.n type cloes

uot change (fir'st type system) ancl there is no steacly-state enol clne to the unit-ste¡t

input. The natrtte of the tlo zelos due to r.elocity and âccelet'atiolì feeclbach clepends

on the valnes of ft, anil È., ancl it can be clalified as follorvs:

ø Two real zeros

Á."s2 + a,s + 1 : À..(s2 + f;, + f,f

If k, > 2t/h rve have trvo real zelos at

21,2 =

c Tuo conqtlet zeros

If k, < 2\/E rve h¿ve ttvo corrplex zetos at

À,.
¿1,2: -rk"+ j

Referring to Figule 4.4, the open-loop tlansfel function of the system is

,.2(s) - 
rf(s'?+f;s+f)

,' p1Ð :,1;llXFi,,"i.Ð

rvhele 1( : ¿¡¡[À'À" is the palat.netel of interest

Thele ale trvo leal zeLos ancl four ¡toles, tivo real alcl trvo cot.nplex poles, locatecì

as follog's:

t^
l¡ ¡r),ô _ __ _1.

Lha

U1st,z : -=tJz

7, 2

(^, )

-çr,,+¡r,,Jt-ç'
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1

T

rvhele

ur, : ,ftÇ

\-u""
Aclcling tlo zeros to the system, eithel leals ot'cotìlplex (ivith negative r.eal par.ts)

the system must be stable fol all values of 1(. Root locus plot for. tlie case of both

zelos âre leals is shorvn in Figure 4.5.

Closed- loop (velocity+ acceleration feedback) for four.th order.system

Figure 4.4: Closecl-loop system rvith velocity ancl accelelatioll feeclback

+a1s +42)
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Root locus plot; fourth-order hydraulic systen with velocity
and acceleration feedback compensation

Figule 4,5: Root locus plot; velocity ancl acceleration feecll¡ack



4,2 Case Studies

In the lerlailing chaptel rve stncly the pet'founaucc of a t\\'o tleglee-of-fi'eedom

heavy-clut5' lol¡ot al'ln similar to the one shorvn in FigLrr.e 2.2. Foru clifferent moclels

ale strldied:

o ivloclel I: tvithout clelay in the spool clisplaceruent, rvithout cleacl-l¡ancl il the

contlol in¡rrrt ald zelo-lappecl valve.

o lvloclel II: rvith delay in the spool clisplacement, without clead-bancl in the control

input alcl zelo-lappecl valve.

r ìvlotlel iII: rvith clelay in the spool clisplacernent, rvith clea<l-bancl in the contlol

input ancl zelo-lappecl valve.

c trioclel I\¡: rvith clelay in the spool clisplacement, rvith cleacl-bancl in the cont¡ol

input alcl over-lapped vah¡e.

The leasons fol consicleling these rrtoclels ale; fir'stly, olifice cleacl-bancls ale part of the

contlol clesign. Thelefole, in olclel to obselve the effects of using velocity feeclbach,

the over'-lappecl conclition rlust be rernovecl. Seconclly, ther.e is a size r.elationship

betrveen deacl-bancl in the selvo-valve input (voltage) and the lap conclitions. Results

ancl cliscussion of each moclel rvill be shorvn separately. Pr-evious stucly by Gulillon

(1961) shorvecl that the over'-lappecl valve is often usecl to implove the stability of the

ecluipment that is connectecl to it, this improveruent is macle at the cost of accur.acy.

4.2.L Simulation Results of Model I

N,Iodel I is basically a thilcl-order systeru controllecl ìr¡r ¿ simple position feecll¡ach.

Both links rvere comr¡a.nclecl to t.nove fiom a refe::ence positiol to a clesirecl ¡tosition as

shorvn on the plots. Figur:es 4.6 ancl 4.7 shorv the step responses of l¡oom ancl stick

at lorv gail À¡ = 5, ancl Figu¡es 4.8 an{ 4.9 shory t[e responses of boom an([ stick
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at high gain Ài, : 10 . The vatiation of line pressules as ¡vell as the pump plessure is

shorvu in Figules 4.10 and 4.11. The spool clis¡rlacemeuts for l¡oth valves ale shorvn

in Figur-es 4.12 ancl 4.13.

Referling to Figule 4.8, a steacly state elr-oL is obselvecl il the boom u¡t-motion.

Tliis lesult is cliffelent fiom our' fincling il Chapter 3 (Figule 3.4) rvhele the step

I'espolìse of a thiltl-olclel s)¡stem opetatiug from a constant pressule exhibitecl a zer.o

steacly-state ellor'. The steacly-state erLoL, in this case, is clue to the Lrtilization

of cliffelent valving system (open-center valve). Refelting to the schematic of the

hychaulic ch'iving unit rvith open-centel valve, see FiguÌe 2.2, this type of valving

system allorvs the fluid floiv to l'etiti'n to the tanh (ol to otlter couplecl valves) rvhel

the spool is at a ueutlaì positiou. When the spool is displacecl to the r:ight or to

tlre left, tlie input/output orifi.ces (n,, o.) staÌt to open, rvhile ri," star.ts to close,

lestlicting the constant flotv. This lesnlts il a rise in the pump pressnle, rvhich

t'ill procluce motion of the cor-r'esponcling link. As the boom approacltes the desilecl

positiol, r¿i â.nd r¿o statt to close ancl a" starts to open. The train ptessure clecteases

until it leaches a value less thau the plessure in the input line, rvhich stops the motion

leaving steacly-state error'.

The irtteraction effect is shorvn in Figui'es 4.14 ancl 4.15 fol'l¡oth links l¡oom ancl

stick, r'espectively. Refelring to Figules 4.8, 4.9, 4.10, ancl 4.11, one can conclucle

qualitatively that Moclel I is pelforrning at lorv fi'equency ancl high clamping (" > þ).

This implies that velocity feeclback car'be usecl to implove the system's stability.
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4.2.2 Simulation Results of Model II

Nloclel II is basically a foulth-olclel system contt'ollecl by fir'st, pr.opor.tional conttol alÌd

secoucl, pt'opoltional ancl velocity feedl¡ack compensatiou tliat ale used in conttolling

the joint tnotion of boom ancl stich. Both linlis rvele commalrlecl to rnove at the sa¡¡e

tilne fi'om a Leference position to a clesirecl positior as shorvl on the plots. Unit-step

in¡lrt ancl ulit-r'amp inpnt ale usecl as test signals in the simulation ptogtatì1.

Results of only using plopottional contlol ar-e shorvn it Figur.es 4.18 ancl 4.1g

for both joints. Ftorn these plots, the effect of the first-olcler lag time in the spool

clisplacemelt lesnLtecl in a lesponse rvith steacly state errol ancì overshoot. Results of

aclcling r.elocity feeclbacl<, rvhele À, : 2 rvas chosen ri'ithil a lalge of Å;, ) r to keep the

loot locus of the real poles alrva¡'s on the real axis ate shoivn in Figules 4.26 alr(I 4.27

fol both joints, r'espectively. Velocity feeclback compensation is effective ri'hen A, > r,

l¡ecause the contlibution of the real poles rvas clamlting the system response. Tliese

results agleecl rvith the loot locus analysis. Rarnp input r-esponses inclicate that, t'hen

the joints ¿r'e ch iven at constant velocities they ale affected clifferently by the gravity

loacl ancl tlie interaction forces (tlie secolcl linh is rnore st¿l¡le than the fir'st link).
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Figur:e 4.35: Rarnp irr¡nt lesponse; stich



4.2.3 Simulation Results of Model III

ìVIoclel III is a foulth-oltlel s¡'stem that is diffelent fi'om model II, it has cleacl-bancls

in the servo-valves input ( the systern cloes not lespond lvithin ã celtain legion).

Plopottiolal ancl velocity feedbach compensation aLe usecl in contlolling the joint

tnotiou of boom ancl sticlt. Both links rvele commanclecl to tìlove at the satne tilne

frorn a tefelence position to a clesilecl position as sholn ol the plots. Unit-step input

rvas nsed as a test signal in the sitrulation plogtam.

Results rvhen only the ploportional control is usecl ale sholn in Figures 4.38 ancl

4.39 fol both joints. Results of aclcling velocity feedback, rvhere ft, = 2 rvas chosen

rvitlrin a large of k, > r lo keep the root locus of the real poles alrvays on the real

axis, shorvn in Figules 4.40 aucl 4.41 fol both joints. The effect of cleacl-l¡a.ncls on the

couttol input macle the systenì ulìÌesponsive rvithin a range of (0 -+ 0.3) r'olt shorvn

in Figules 4.42 ancl 4.43 fol both joilts, respectively. Comparing tliese results rvith

results of nroclel II, it is observecl that systern rvith cleacl-l¡ands in the contr.ol inputs

lequirecl highel gain thal the one rvithout such cleacl-bands.
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4,2.4 Simulation Results of Model IV

fuloclel I\¡ is a foulth-orclel systern. This moclel is diffelent fi.orn rnodel III in that,

it has dead-bancls in the olifices dne to the over'-lappecl valve. Thele is a 0.3 volt

cleacl-bancl in the servo-valr.e iuput alrrl 0.18 inches over'-lapping in the olifices. Fu¡-

clanreutally, the function of olifice's cleacl-l¡ancl is to close the fluicl flog. thr.o¡gh the

colresponcling line in rvhich moLe folce cau be hekl b)' tlr" nr'.t.uuttc actuator. This

for-ce may be nsecl to compensate for ellor cansecl by dead-bancl of the ser.r'o ralr,e

input ancl to implove the stability of the joirt rnotion (eliminate the oscillation causecl

by the interactiol forces alcl loacl conclition).

Propoltiolal conttol is appliecl to coutlol the join motion of the boor¡ a¡<l stick.

Both links wele comtuauclecl to move at the sarne time flom ¿ lefelence position to

a clesilecl positiot as shorvn on the plots. Unit-step input ancl unit-ramp ilput ale

usecl as test siglals in the sinulatiol proglam. Results rvere obtai¡ecl for the actual

values of the cleacl-battcls in the selvo-valves in¡nt ancl oliflces. Flom the results of

this rnoclel, rve may couclucle that cleacl-bancls in the coltlol input (ser.r'o-r'alve input)

have causecl steacly-state ellor. This eLtot cal be eliminatecl bJ' using over'-lappecl

conclitior.rs. Also, these lesnlts have shorim that deacl-l¡arrd in the servo-valve input

ancl the ove.,-'-lap rnaglitucle in the actual design shoulcì be clesignecl calefully, see

Figui'es 4.52 ancl 4.53 rvhich shorv the spool displaceme't of both valves. I' the

case of over-sizing these values (r'olt cleacl-bancl ancl overlap) they rnay leacl to a tool

clanage.
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CHAPTER 5

EXPERIMENT WITH UNIMATE ROBOT

In this chaptel sotle expeLimental lesrrlts ale shorvr.r. The experirnents rvele per.-

founecl on a Unirnate ìvfl( II hyclraulic lobot rvhich is shorvn in Figure 5.1. The

Unimate robot is a five cleglee-of-freedom rnanipnlator.. The rnain axes at'e porverecl

by electrohych anlic selvo-valves ancl plenmatic fol the eltl-effector. The oiiginal

bo¿r'cls of the cotrtrol system h¿ve been lemoved fiom the urachine. The aitr is to

estal¡lish a platfolm for testing mocleln clata accluisition alcl contlol techniclnes on an

existing inclustlial manipnlator.

The robot opet'ates ft'om a constant pressule punìp system. The exper.inental

test station consists of servo-r'alves to contlol tlie joini motion, encoclels to feedback

the actual joint attgles aucl a computel that cletelrnines the control action. The se¡r'o-

valves regulate fluicl florv to ancl from hydraulic cylinclers propoltionally to the contr.ol

input (culi'ent). The cligital-to-analog (D-to-A) carcl a.llorvs the computel to output

a value of cullent plopoltional to the voltage.

Experirnental results obtained for the main axes (srving, up/clown and in/out),

using only proportional contlol rvith cliffer.ent gains are plottecl. The objective tvas

to compale these t'esults rvith those founcl tluotgh simulations ancl to valiclate the

sirnulation models cleveloped in this stucly.

Figules 5.2, 5.4 ancl 5.6 shorv the step r.esponses of the srving joint, the up/dos,n

joint ald the in/out joint, r'espectively. These figur.es shorv that a steady state elroL

rvas observe(l. This errol is clue to cleacl-bancls in the orifices (over-lappecl valve).

AIso, increases in the ploportional gail lecluces the tesponse time. These results ale

similal to our simulatiou lesults in Figule 3.4. Fron Figure 5.4, it cal be seen lty
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consi(lelitlg the lesponses ivith high alxl low ineltia fot the same gain (À¡, = 8.5), that

ìrigh ineltia procluces highel oscillations. This lesult agleecl *'ith the trend sliorvn in

Figule 3.8. Figures 5.3, 5.5 ancl 5.7 shoiv the control input to the ser-vo-r'alves rvhich

contlollecl the al¡ove mentioned joints.
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CHAPTER 6

CONCLUSIONS

6.1 Achievements

In this thesis, sorne aspects of position control in trvo classes of hych'aulically-

actuatecl manipulators ivere stucliecl. The fi::st class of manipnlatols operate fi'om a

colìstatlt plessule pttmp systeur ancl ale controllecl by fast tesponse electro-liych'aulic

selvo-'r'alves (closecl-centet' r.alves). The seconcl class of rlalipulatols operate fi'om a

colstant florv pnmp systern ancl ale contlollecl lty slorv respoltse open-centel valves.

À4athematical tnoclels n'ele clelivecl ancl simulation proglams rvere ri'ritten usilg the

C ploglamming language. PalameteLs of the moclels such as supply ptessLn'e, actu¿-

tols sizes ancl valves conclitions rvele calefully rleterrniuecl to match the avail¿ble dat¿.

The accnlacy of the simulation rnoclels rvere c¡ralitatively velifiecl rvith the expelimel-

tal clata obtainecl fi'on a hyclraulically-actuated lobot test station as rvell as othel

availal¡le literatule. Once the conficlerce on the simrlation moclels rvas establishe cl,

they rvele usecl to stucly ancl compa.re clifferent control strategies.

For the fir'st class of manipulatols, it rvas founcl that the actu¿tion force feeclback

compensation is a suitable method fot controlling the joint motion of a single-lilk

seLvomecltanism. Non-interactive compensatior rvas founcl to l¡e a suitable r¡ethocl

for contlolling the joitt nìotion of multi-linlç selvomechanisms. This nethocl rvas

more effective in leclucing the intetaction forces rvhen system palameteLs *'ere knotvrr

exactly. However', the controllel clicl not pelfolm tvell in the case of excessive loacling.

The loacl-ittsensitive control methocl rvas founcl to l¡e the nost plomising l.nethocl

for coltlolling the joilt notions. The effect of both interaction ancl loaclilg rver.e
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handlecl rvithin a vely simple algolithm. The load-insensitive methocl clicl not lec¡rire

knorvleclge of the linkage pataneters.

For the secoucl class of tnanipulatols, four diffelent rnoclels rvere clelivecl to sim-

ul¿ìte the joint urotion of a tt'o-cleglee-of-fi eecloni hea\¡)-(luty lol¡ot ar.'rr- opelating

fr-on a cotrstant florv using open-center' five-rvay I'alves. Deacl-band in the selvo-ralve

itt¡ut ancl the lap conditions rveLe exar¡riuecl anrl it was founcl that the joiut urotions,

rvith ot rvithout clead-l¡ancl in the selvo-valves input aucl zelo-la¡rpecl valves, can l¡e

contlollecl effectively by using propoltional ancl velocity feeclback compensation. In

systems rvith cleacl-bancl in the servo-valve input ancl over--lappecl valves, the joint

rrotior lvas co1Ìtlolled using siml>le propoltional control.

6,2 Futu¡:eDevelopment

This rvolk coulcl be extendecl to stucly the aspects of position contlol of nanip-

ulators rvith aclclitional cleglees of fieeclom encl to account fol srving rnotion for each

månipulatot. The aclclition of tnore de gle es of fieeclom to the manipulatol coulcl allol'

the encl effector to opelate in 3-D rvol'h etvelopes.

The effects of ovet'-lappecl conclitions of the valves fol the fir'st class of manipn-

latols (operating fi'om constant pressule), shoulcl be stucliecl. For the seconcl class of

manipulators (operating frorn constaut florv), The non-intelactive ancl loacl-insensitive

contlol strategies shoulcl be studiecl tht'ough sirnulations to clecicle olì the effective-

ness of these algorithms. Fulthel clevelopments will rlepencìs on the or.rtcome of these

stuclies.
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APPENDIX A

Linearization for the Equation of Motion

Eqrratiotr ( 2.1) is a nonlileal eqrtation ancl is linealizecl using Taylor''s selies about an

opelating point ancl leglecting the liighel order.ter.ms. The operating points ar.e (,i,,it, Sr)

alr:l (rî2, ô2, tÎz) for links 1 ancl 2, respectively. By substituting

(fi = (Îr + Lth,

q2 : (î2+ Lq2,

T : ir+LÎt,
Tz = ûz I LTz,

T1 : lq * 2ascosq2lQ¡ -f la'2 * ascosq2ltji¿ - u.t(2ù * rjz)rjzsinqz I a4cosr11

*a5cosq1 I a6cos(q1 | r12) '

Tt : Tt + ?x,1, + Tnqr+ #.ry, + i#u, + #-x¡, + *n¡¡uql oqz oql oqz 0q (Jq2

T1 = ¡q 1- 2a3cosû2l[1 + laz r azcostîz],Îz - a{2ã + iz)ôzsi.ndz * a4cosûl

lascos{1 * a6cos(fi ¡ ri2).

j L.r71 : -[(ø.r + øs)sil¿1r * a6sin(q1 +,îù]Lrtt.
U(]I

tJl t

;j Aq, : -l2a3Q\sittri2 -f uttlzsi¡'¿rîz -f a3(2tl * (2)Q2costþ I a6sin(ri¡ + rîz)l\qz
u(12

AT,
;+Ar/r : -[2a3tj2sin rþlLrþ.
uql
AT,
#Alz = -Íaz(2rit -tkiz)sinizl\dz.
u(12

(Jlt

;+A,ir : lq * 2a*osthl*,\'
UqI

o1
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AT'
#4,1ä : [u2i a3cos[2]Lq2.
utl2

For small valiatiol abont the collespoldilg lefelence point and neglecting srualì telms the

final ìir rea::izerl rnorlel bccomes:

LT1 : 7t - Tt = lq ! 2u.scostþlLr)'1* laz -f ascos{z]Lq\.

Similally for' 72:

T2 = [a2 I a3cosq2]fu i [oz]Qb + osdt2 ti.nqz I aacos(q * qz).

0Tz ^ 07.¿ ^. 0Tz^. 0Tz... ]Tt. -Tz = Tz+?Lut-^-L\tt2+ - ¿\r/l + -ah uq2 u,rt uqi^12 + 
o4', 

Aat + *t:clz
T2 : ¡a2 1- a3cosrþl[1 + lor]ib + ozôt2 ,i.r¿ríz + aacosft| + 4z).

0Tz .

i^Oot : l-u6sitt'('l + r1z)l¡qr '

}Tt ^t;)Lq2 : l- qrjl sinrþ i a3Q1- cosQ2 - a6si,n(f1 + ,k)l\rjz.
UII2
(i l.

#AS, : [2a3tlsirt[2]Ltj1.oql
ATr;-iAø : 0 0,
oq2

0Tz^-
¡ui\i' : laz -f utcos'îzl\qt'

;i Liz : løzl\qiz.
aq2

Fol small variation about the collesponding lefelence point and neglecting srnall ter.rns the

lineat'ized moclel of ?z becomes:

LT2 :7, -'Î'2: ¡a2 t a3costþl\Q1+ Iaz]LrÌ2.

Wliting bhe linealized equations in rnatlix folm:

AT¡ = P,r¡r¡l 1- H¡2Li12

lA4 I lärr ã1, I lA,ir Ittt |t
l"al- lu^ "*llo¡¡l

(A 1)



Hn : at * 2a3cos(2,

Htz : azl agcosrf2,

Hzt = azI a3cosri2,

Hzz : oz.



APPENDIX B

Design Consideration and Physical Parameters

8.1 Design Considelation

In the design of a contr.ol system, the clesign mr.rst begin with a statement of speci-

fications. The detemii¡ration of the coltlol elements is not an casy task, expe::ience ancl

pasi history, for a palticulal kind of contlol system woulcl make this task less easier.. In

the hydlaulic coltlol systen there ai-e solne cor.lsicìelation in the selection of the hycfi.aulic

circnit componelts.

e Supply Plessure Selection

Usually, the selection of suppìy plessllr-e is the fir'st step il the hyclraulic contr.ol sys-

tern opetating fiom a constant ptessrrre supply. Many consiclelations favol a lalge

supply plessule beyoncl 4000 psi. As supply pLessuLe is incteasecl, less flow is reqnir.ed

to achieve a given holsepower.. Slnaller. pr.unp, lines, valves ancl oil supply, are then

possible. Because of srnaller.oil volume and higher.bulk rnodulus, fast response can

be achievecl. The major consider.ations clue to higher pressuLe supply are, leakage

incleases, highet oil temperatule, decreases in componelts life. Ther.efore, toler.ances

rmrst be tighteDecl and r.esnlt system cost increased. hl gerrer'al, loweÌ supply pr.essLlre

(500 - 2000 psi) ar.'e ahvays desir.able because they a.1-e mote condnctive to long corn-

ponent ancl system life, pr.orluce lorver. leakage, neecl less maintena¡rce. Ancl the final

choice of srtpply pr.essrrr.e rmrst be macle in conjunction with the hych.arrlic actnatoÌ.

sizilg to accommodate expectecì load.
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e Hydlarrlic Actnatol Selectiol

ln the selection of the hyclrarrlic actuator.., thele ale two basic consicler-ations goveln the

size of the hych arrlic actuator' ('j.e., piston alea ol rnotol displacernent), the size should

be lzr.r'ge enough to handle the loads expected duling a duty cycle to obtail holseporver.

anrl folce ol tolqrre loacl lec¡nilernents. Also lalge enough to pelmit acceptable selvo

lespolìse, so tliat the associated hyclrar.rlic natrrral frequency is adeqrrate.

¡ Selvovalve Sclectio¡r

Il the selection of electlohych atlic selvovalve thele are some factols need to be con-

sidelecl such as

- The plessule-flow cLrlve fol naxiIrrrm stloke should encornpass all loacl flow a¡rcì load

pr-essrrre points stch that P¿ : I P, maxirn,n expccted load. This assule that

aclequate flow and holsepowel is deliveled to the liydlaulic actuator..

- Flow gain shoukl be leasonably linear'. The designer. must know wþ, whel and how

to intlocluce a cleadband. satur-atiol etc.

- The plessule sensitivity shoukl be lalge.

Leakage flow shoulcl be limitecl to a, reasonable petcentage of lated flow to plevent

unnecessary power' loss.

- Null shifts with ternpelature should be minimum.

- Other factols sr.rch as weight, reliabilit¡ and cost rnay contribute to the final selection.

8,2 Physical Parameters

o Parametels fol the system operating fi orn a, colstant pl.essute

ml : 20 Å:9 rnass of link one

trt = 1.0 nz length of link one

At = 3.12 x 10-3 n¿2 efiective aleas of piston ole
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Aa = 2.I2 x 10-3 n¿2 effective aleas of pistor ole

nt2 = 20 llg nrass of lìtrk trvo

Lz : 1.0 nz le ngth of link two

A¡z:7.1,9 x 10-3 n¿2 effective aleas of piston two

A"z = I.4 x 10-3 r¡¿2 efl'ective aleas of pìston two

C¡ -- 2.2 x !0-t2 nz' /N cornpliance of thc hydlaulic systern

P, : 0.0 psz tank plessule

P, : 900 psi (900 x 6.89 k1{/nz2) supply pressur-e (constant)

tu1 : 0.01 m alea g::aciient of valve one

u2 : 0.0I nz alea glaclient of valve one

-3 ntt¡'t < X¡ 13 nznt. r'ange of tlie spool displacernent

30' ( qr ( 150o lange ofjoint one

-150' < lz ( -39" r'ange of joilt trvo

lgt : 0.22L1 m

l1r : 0.80Ly nz

l2P : 0.75L2 nz

l2r : 0.2L2 nz

dr : 8000.0 N sfrad coefficient of viscr.rs darnpiug (ioiut one)

dz : 8000.0 N sfratl coeffici:net of viscus darnping fioini two)

o Par-ameters fol the system opelatilg frorn a constant flow

?7¿1 : 1830 À:y Inass of boom

Lt : 5.2 nz length of boom

.4¡l : 31.8 ir¿2 effective areas of piston one

Aa :23.75 ir¿2 effective ar-eas of piston one

Ìn2 : 680 üg mass of stick

Lz : L8 nz length of stick



A¡z:74.1,3 tir¿2 effective areas of pìston two

A.z : 19.92 ¿r¿2 effective areas of pistol trvo

Q7 = 45.5 GPM constant flow of pump onc

Q2 : 45.5 GPM constant florv of prrnp trvo

P" = 4000 psi (4000 x 6.89 tr;1{/nz2) rnaxirnunì purnp plessure

P" : 50 psi tank plessule


