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Abstract

Space nHlnipulators mounted on a frec-floating base arc structurally flexible mechan

kal systems. Fol' some applications, it is neccssary to control the attitude of the base

hy t.he use (lf on-off thrusters. I-Iowever, thruster operation produccs a rather broad

frequency spectrum that can excite sensitive modes of the flexible system. This situ

at.ion is likely to occur especially when the manipulator is moving a big payload. The

excitation of these modes can introduce further disturhanccs to the attitude control

system, and therefore, undesirable fuel replenishing limit cycles may develop. '1'0

invcstigate these dynamic interactions, an approximate two-mass system, where the

manipulator is replaccd with an equivalent spring-and-dashpot system, is used to rc

producc the relative motion of the payload with respect to the spacecraft. A dynamic

model of a two-flexiblc-joint planaI' manipulator was derived to obtain its natural

frequencies and then, to determine the corresponding spring stiffness and damping

coefficient of the approximate system. Since the attitude cont~oller assumes the use

of on-ofr thrusters, which are nonlinear devices, the describing funetion technique,

an approximate method fol' the anaiysis of nonlinear systems, is used to perform a

parametric study investigat:ing the significant parameters of three models studied.

This study provides sorne guidelines for the design of attitude control systems when

flexibility is a major concel'l1. As weil, this study shows that one of the three models

studied is a very good alternative to the aetual attitude controllers. Finally, isimu-
1

lations are executed to confirm these results and to study the addition of noise and

model uncertainties in the three selected models.
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Résumé

Les robots manipulateurs montés sur une base flottante et. opérant dans l'"space sont

des systp'.i.es mécaniques flexibles. Pour certailles opérations, il est né""ssair" d" ('0111

mander la position de la base en utilisant des fus(;es de type tout-on-rien. (:el",ndant,

l'opération de ces fusées produit un large spectre de fréquences qni peuvent exciter

les modes vibratoires du système. Cette situat.ion devenant, plus pl'Obahle lorsque

le manipulateur transporte de grosses charges. L'excitation de ces modes peut in

troduire davantage de perturbations au systl,me de commande, cont.inuant alors le

cycle et augmentant en même temps la consommation de combust,ihle, sans stabiliser

la base. Afin d'étudier ces interactions dynamiques, un modèle simplifié il. deux

masses, remplaçant le manipulateur par un système équivalent ressort.-anlOrt.issenr,

est utilisé pour reproduire le mouvement rclat.if de la charge par l'apport. il. h. hase.

Un modèle dynamique d'un manipulateur planaire à deux articulations [[exibles a l;t.é

développé afin d'obtenir les fréquences de résonance et. ainsi déterminer la rigidit.é du

ressort et le coefficient d'amortissement nécessaire pour le systl'1ne simplifié. Puisque

la commande présume l'utilisation de fusées t.out-on-rien, qui sont des mécanismes

non-linéaires, la technique des fonctions desr.:iptives a été utilisée pour crfect.uer une

étude paramétrique examinant les pammètres importants de trois modèles différents.

Cette étude fournie quelques lignes directrices dans la conception de ce type de com

mande, lorsque la flexibilité du système est un paramètre import.ant.. En outre, cette

étude démontre qu'un des trois, modèll!s étudiés pourrait être une très bonne solut.ion
,

de rechange aux méthodes de commande utilisées à l'heure actuelle dans l'espace.

Iii
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Chapter 1

Introduction

1.1 Robots in Space

III t.he last. few years, robot.ics have begun t.o play a very important role in space

explorat.ion and exploitation. Space robots are expeeted 1.0 become an increasingly

vit.al part of flltlll'e space operations. Not only will they be used for the assembly and

fabrication of large space st1'lletures, but also for in-orbit service and repair activities.

The mission cost and hazards of human orbital presence will therefore be reduced

by minimizing the need for astronaut Extra Vehiculai' Activity (EVA).

The control of space manipulators presents various challenges. Fol' example, the

robot must be mounted on a free-fioating base. Since robots are likely 1.0 carry

very large payloads compared 1.0 the mass of the spacecraft, large disturbances may

result al. the base, thereby causing the robot 1.0 miss its target. Moreover, structural

f1exibility is present in space robots, as they are required 1.0 be light and 1.0 have

large workspaces.

Currently, the only operational space manipulator available is the Space Shuttle

CANADARM, which is a six-degree-of-freedom arm, weighing nearly 400 kg and 15

nI long. This manipulator was designed by a Canadian team in cooperation with

NASA, and is primarily used for deploying or retrieving satellites and space modules
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in orbit.. A larger and more ad\'anced \'er~ion of t.he CAN ADA Il ~I is CIIIT"IIII\' IIl1d"r

design for t.he Spnce Statioll FrcedOln; this lI"illlH' t.11t' rllllt.rihllt.ioll of Callada t.o this

int.ernational project.. This manipulat.or, call,'d ~ISS. fOI' ~Iohil., S"I'\'icinp; S~·S\.t'II\,

will assist in the construct.ion, operat.ion and Illaint.l'nance of t.11t' Spart' St.at.ion.

These two teleopel'ated maniplllator systems are IIsefnlonly for oIH'r,üion in LOII"

Earth Or'.Ji t (LEO). Howe\'er, we can imagine for the fn t.lII'e a ron \plet.,·ly an t.onoll ltlllS

robot mounted on a spacccraft that. will be able t.o go in a Geost.at.ionary ()(Ohit (t: EO)

al. 35,800 km from the Ea.rth, pick nI' a satellite and hring il. back 1.0 t.\1t' Space Stat.ioll

for maintenance. As we can sec, tbere are many possibilities for robot.s in spac,,,

which is why extellsive rcsearch is clII'rently being conduded t.o fllrther impro\'.' and

develop new technologies iu this uew field of robotics.

1.2 Literature Survey

1.2.1 Dynamics and Control

The kinematics, dynamics, and control of spacc robot,ie m,uliplliators a.re nnlch more

complicated than their counterparts on Earth due 1.0 the dynamic couplillg hel,weell

the manipulators and their spacecraft. Several control schemes have bccn proposed

for such systems. Most. of them assume that the manipula.l,or moves sllllicient,\y

slow 1.0 neglect the f1exibility in drives, shafts, links, and geaI' transmiHHionH. '!'heHe

control methods can be classified in three major categories. In the fi l'HI, one, the po

sition and the orientation of the spacecraft is controlled by jet. thrnHterH and reacl.ion

wheels, or a combination of both, 1.0 compensate for any manipnlator dYllamic foreeH

exerted on the spacecraft. The base of the manipulator t,hns being of a free-llying

type. ln this case, the spacecraft is kept almost st,ationary, the control mct.hodH for

ground-fixed robots thus being applicable. The kinematie problem is conHeqnently

relatively simple. However, the use of thcse control mcthods is lirnited, dne 1.0 the
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rdativdy high fud requirements and the possibility to saturatc the reaction-jet sys

I.<"n (J)ubowsky, Vance and Torres, IDS!)). '1'0 Illinimize these problellls, Nenchev,

I!IIlet.ani and Yoshida (HHJ2) and Quinn, Chen and Lawrence (IDD'!) studied mot.ions

of t.he nHlnipulat.or al'ln t.hat do not. disturb the att.it.ude of the spacecraft.. With the

saille objedive, Tones and Dubowsky (1992) developed an Enhanccd Disttll'banced

Map (ImM) \Iscd to suggest. paUls for a given manipulator that. result in low-at.titude

fuel consumption.

ln the second category, readion whecls or jet. t.hrust.ers arc used to control the

att.itude only. The centre or lllasS or t.he spacecrart, however, is still rree to traus

late in response to the rorcc disturbances rrom the robot. and its payload. This is

an int.eresting approach, sincc reaction wheels can be used, thereby reducing the

ruel consumpt,ion while keeping fixed the att.itude when neccssary, as ror antennae

pointing towards the Earth. Unrortunatcly, the control problem is obviously more

complicated than in the first category because thr; relative disttll'bancc translation or

the payload with respect t.o t.he spacecrart must be taken into account. This prob

lem was addressed in (Longman, Lindberg and Zedd, 19S7) by developing a new

kill<l or robot; kinematics that adjusts the joint angle command to account ror the

base motion. As weil, a method to obtain the reaction moment needed to cancel

ail attitude disttll'bances to the spacecrart was established, without recourse to a

full dynamic analysis of the robot. A technique called the Virtual Manipulator, is

available to simplify the control problem. This technique, presented in (Vafa and

Dubowsky, 1987; Valit and Dubowsky, 1990a,b), defined a virtual manipulator that

combines the kinetic and dynamic properties of the manipulator and the spacecraft.

This virtual manipulator is used in (Vafa and Dubowsky, 1987; Vafa and Dubowsky,

19!)Oa) to devclop a numerical approach to solve the inverse kinematic problem when

the orientation of the spacecraft is controlled. The inverse kinematic problem is also

solved in (Longman, Lindberg and Zedd, 1987; Lindberg, Longman and Zedd, 1990)

for an elbow manipulator like the CANADARM.



ln the t.hil'<1 category, t.he free-f1oat,ing caSl', no al't.nalors al'l' Il,,'tI 10 l'onlm\ Ih,'

position and orientat.ion of the span'cran" 'l'h''rl'rol'l'' Lhl' spaCl'l'rafl is rl'l'" 10 IlIm'l'

in response t.o the manipu\ator mot.ion, This rollt.m\ selll'nll' has t.!1l' atl\'anl,ag,'s t.hal

no fuc! is required 1.0 control t.he spacecran, and Lhat. t.1", risk or collision or t.!1l' mbol

end-eITeet.or \Vit.h an object about. t.o be graspl'd, l'l'slllt.ing 1'1'0111 t.1", aLI,iLlltI" l'onLI'ol

thrust.ers suddenly fit'ing, is c!iminated, Ho\\'ever, pat.h plallning h"l'onlt's IIllll'h 11101'''

complicated than berore, because the platrOl'l1l is f10aLing a.Illl, t.hl'rd'ol'l', as sholl'n

in (Lindberg, Longman and Zedd, HJ90), the posiLion of the robol, l'nd-e1f,'cl.or is 110

longer a function of the present robot, joint, angles, but, rat.hcl' of Lhl' \\'holt, hislOl'Y

of these joint angles, The inverse kindics problem (inst.ead of inverse kinclllat.ics 1'01'

ground-fixed robots) is very complicated and generally has ail illlinit.<, Ilnlllb"l' or so

lutions, Longman (1990b) devc!oped one of these sol litions for the rree-lIoal.illg l'asl'

al. hand. Despite the complicated dynamics, Papadopoulos and Dllbo\\'sky (1 !l!)1 h)

suggested that nearly any control algorithm thal. can be used for fixed-ha~ed IIInnip

u!ators can also be implemented for free-f1oating s!>ace robots \\'il.h a fell' addil.iollal

conditions. Alexander and Cannon (1990) devc!oped COli t,roi lIIethods thal. achi,,ycd

accurate end-eITector control in spite of the l'l'cc dynamic respollse of the vchide

1.0 arm motion, using resoived-accc!eration control. Umct.ani alld Yoshida, (l!l89)

developed a similar control algorithm, but with t,he lise of resolved-ml.c control.

Since the attitude control system of the spacecraft does Ilot, operal.c dming I.his

mode of space manipulation, this mode becomes fcasible whell no ext,emal forces and

torques act on the system and when its total momenl.ulll is negligible (Papadoponlos

and Dubowsky, 1991b). Therefore, the robot workspace is rednced because the cent,l'e

of mass of the system will remain fixed uncler these assnlTlptions. The workspace

is also reduced due 1.0 the existence of dynamic singularitil's (Papadopollios and

Dubowsky, 1993), which are not present in Earth-bouncl robots. '1'0 achieve an

unlimitecl workspace, a control scheme that switches bct.ween a free-floal.ing mode

and a mode in which the systelTl is treatecl as a reclunclant manipulator wit,h a

•

•
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(""lIdo-invers" .Jacobiall-based conl.roller is derived in (Sporford and Akin, 1990). In

I.h" lasl. I.hr"" conl.rol schemes, I.he elld-erfecl.or is ablc 1.0 I.rack a desired pal.h while

I.he spacecraJI. f1oal.s freely ill a noncoordinal.ed way.

Using I.he inherenl. redllndancy in free-f1ying spacc l'Obol.ic sysl.ems, il. is possible

1.0 gllaranl.ee coordinated motion of the spacecraft and the end-cffector without use

of special compensating devices, as shown in (Nenchev, Umetani and Yoshida, HJ92).

I\lso, Vafa and Dubowsky (1987; .l990b) have shown, using the vi l'tuai manipulatol'

approach, that t.he manipuiator itsclf can correct the position and attitude of the

spacccraft thl'Ough small cyclic motions in joint space. Based on this idea and using

t.he nonholonomic meclmnical structure of spacc vehicle-manipulator systems, Naka

mUI'a and Mukherjee (1991) proposed a path-planning scheme to control both t.he

vehicle orientation and the manipulator joints by actuating only the latter. In an

ot.her study, il coordinated controller was designed 1.0 control both the spacecraft and

t.he end-erfector, and allowing the command of a desirable manipulator configuration

and t.he planning of a system motion with the use of thrusters (Papadopoulos and

Dubowsky, 1991a).

1n ail previons control schemes reported, no analysis has been performed that

includes UlC actual f1exibility of space robotic syst.ems. In fact, one might presnme

t.he vibrations of the robot arm will only induce attitude oscillations for the spacccraft

and t.hat, after these vibrations arc damped, the spacecraft attitude would be the

sanIe as directed from the reaction moment compensation torques derived for a rigid

body modcl in (Longman, Lindberg and Zedd, 1987). However, Longman (1990a)

showed that such a presumption is false and that the most common situation is

t.ha!; t.he structural vibrations of the robot arm will try 1.0 tumble the spacecraft.

Longman developed a general formulation to determine the satellite attitude control

torque required to counteract robot motion disturbances that include the effects of

robot f1exibility.
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1.2.2 Flexible Spacecraft Controlled by On-Off Thrusters

The control schemes introduccd in Subsl'ct.ion 1.2.1 Ihat l'l'quil'l' thrustinp; ad ious

assume the use of reaet.ioll jets that provid,' forcl's alld torqlll's proportional 10 1Ill'

commanded control illput. Ullfortunatc!y, this is lIev"r th" casl' ill spa("(', sill("(' sllch

technology is still Ilot applicable alld only oll-ofl' thmsl,ers cali 1", IIs('d 1.0 colII.rol

the position and attil,ude of thl' spacecraft. (Anthony, Wie allli Carroll, IBBll). 'l'h,'S('

on-off thl'llsters arc 1I0nlinear devices, the desigll of a cOII\,rol systelll hl'COlllillp; a. Vl'ry

diHicult problem when flexible modes must be cOlltrolled.

Currently, the common approach 1.0 the design of conl.rol "yslcms usillg on-olr

devices is 1.0 consider single-axis rigid-body mol.ion and 1.0 deline a swit.chillg logie

for a single set of thrusters by the nse of plmse planl' analyses. The opl.imal-flld

problem for this kin<! of rigid-bocly motion appears ill many texl.books (Llryson a.llli

1-10, D75). However, the actua! space structures arc likc!y 1.0 he I!exibll' and I.hdr

control using these nonlinear devices may interact wit.h the st,rllci.llral nlOdl's and

create instabilities that l'an be manifested as limit. cycles (M illar and Vigneron, 1Bï!l).

Many researchers addressed the problem of contl'Olling a flexible spacecraft, IIsing

on-off thrusters. Wie and Plescia (198/1) designed ail on-orr pllise modlliator at.t.it.udl'

control system using the describing function allalysis. They used t.he rdat.ivest.ahilit.y

margin, with respect 1.0 the limit cycle condition of a struct.llraI mode, as a meaSlll'e

of the robustness of the nonlinear control system. Using t.he smne idea, !lnl.hony.

Wie and Carroll (1990) showed that the describing function analysis l'an he III.ili~ed

for practical control design problems such as flexible spacecraft eqllipped with plllse

modulated reaction jets. Hablani (1992) developed a method 1.0 optillliw the plllse

width of the thrusters for fast active damping of flexible modes, wit.hollt destahili;"ing

the rigid-body modes. Adaptive bandpass filters were IIsed 1.0 obtain ml accllratc

measure of the mode frequency, which was known imprecisely before. Assllmillg that

control moment gyros or other internaI merhanisms were availahle for pl'Oport.iollal

fine control, Nakano and Willms (1982) developecl an open-Ioop control schemc using



ollly I.hr"" swil.chillg I.imcs for resl.-I.o-resl. manoeuvres. These swil.ching I.imes were

ci""ell 1.0 Illinimize residual e1a~l.ic energy al. the elld of the reorientatioll. 011 the

ol.her halld, Valider Velde ami Ile (198a) implemenl.ed the phase plane approach to

design a control system for a flexible space sl.l'lIct.ure of any order, while using any

nUlllber of I.hrusters, based on an approximation to an optimal control formulation.

lJllfortullately, ail these mcLhods assullle a precomputcd exad or approximate

kno\\'ledge of the flexible modes. For a space robotic system, or for a multil.ask

servicer as the Space ShuLLle, the natural frequencies arc always changing with the

robot configuration or the payload calTied. Therefore, these control mcLhods are

very diflicult to implement and more research is needed.

•
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1.2.3 Payload-Attitude Controller Interaction

The Space ShuLLle Reaction Control System (RCS) is similar 1.0 the one that fie\\'

in Apollo missions. II. evolved under the assumption that the Orbiter is sufliciently

rigid 1.0 allo\\' the use of rigid-body mechanics in the description of Orbiter response

1.0 RCS activity (Sackett and Kirchwey, 1982). No special attention was taken 1.0

include structural llexibility in the RCS design that is described in (Battis, 1982;

SackeH and Kirchwey, 1982j Nakano and Willms, 1982). However, al. the time of

payload deployment, with or without the CANADARM system, llexibility becomes

important. The struduralmodes can have rather 1011' frequencies and can be excited

by the RCS activity. Sackett and Kirchwey (1982) looked al. the performance degra

dation of the ReS due 1.0 the deployment of a flexible payload by various rneans.

They grouped these dynamic interaction possibilities in order of increasing severity:

1. cont.rol elrects - llexibility either induced additional Iirings or omitted sorne

of these',

2. structural motion and load response 1.0 typical, aperiodic jet Iiringsj
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a. struct.ura! resonance dnl' to p,'riodic .il'!. firin~ causl'd b~' ri~id-blld,\' Fli~ltt ('<Il'

tro! System (FCS) l'l'SPOU,,' to distnrbaul'l' arCl'iPratillns;

:1. closed-Ioop instability, wlterl' nes Iirin~s cause I1l'xnr,,, wlticlt pass"s tltl'()II~1t

tlte luerLia! iVleasurement,sunits (lM U) and stal.l' ,'stinlHtor cansin~ Il< ~s Iil'in~s,

which reinforccs flexure alld l'Ontiuul's to ,,,·,'ntual1y l'l'a rit a linlit ryciP.

After conducting extensive simulations, tltey concludl'd tltat tltl' .indit'Ïllus Sl'iPctilln

of control pal'amcter values and careful opcrational pl'Ocl'dur,'s, hasl'd on a knowl('d~('

of the payload structural cllamcteristics, can l'l'duce dynalllie intcradions and Illad

problems. l'enchuk, Battis aud l\ubiak (tn85) used the dl'scl'Îhing fllnl'tion nll'tltod

to analyze the problem of a payload deployed by lueaus of a tilt ta!>ll' lI'ith a pivot

near the aft end of the Space Shuttle. Stabilit,y nlaps lI'ere ohtained alld l'olnp"l'l'd

to simulation results to validate the describing fuucl.ion mmlysis, ln (Il,'ddinp; and

Adams, 1987), a new attitude controller hased on fue!-opl,ima.! IllanOl'lIVI'l'S II'HS d,'

veloped for the Space ShuttIe, while l\ubiak and Martin (1 !l8:!) dl'vdoppl'd a lIell'

design for the ReS to reduce the impact of large 11IeaSll\'ement nnCl'I'taintil's in tltl'

l'ate signal durillg attitude control. In both cases, tlte performance of tltl' Il,CS is

increased significantly for rigid-body motion. Bowever, they did not dl'a.! witlt tlte

flexibility problem and only mentioned that hy diminislting the reqnirl'd firinp;s, tltl'

likclihood to cause structural problems diminishes.

1.3 :Problem Formulation and Objectives

As mentioned in Section 1.1, space manipulators arc structnrally flexible Inl'chanical

systems. When the free-flying base of the manipulator is controlled by tlte lise of

on-off thrusters, which producc a mtlter bl'Oad frequency spec\.l'tlln that can excite

sensitive modes of the flexible system, dynamic interactions arc like!y to OCCIII·. Tite

excitation of these modes can int1'oduce furthe1' disturimnccs to the attitnde con

trol system, and the1'efo1'e, undesi1'able fuel replenishing li mit cycles Illay devdop.
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ln ti"lSe cases, thl'nstel's are [jl'ing withollt stahili~ing the base and a lot of fllcl is

consllll",ri fol' ahnost nothing. Since fllcl is an IInavailable l'eso1ll'CC in space, the

conseqlll"",es of snch interactions Gin be very problematic. In the case whel'e the

natlll'111 fl'eqllencies arc dependent upon the payload and the configuratioll of the

system, as fol' a fl'cc-flyillg robot, the c1ll'l'ent mcthod fol' l'eso!ving these pl'oblerns

is ta pel'fol'ln extensive simnlations 1,0 examine the possibilities fol' dynamic intel'

ad.ions. If these OCC1ll', corrective actions arc taken, which would include adjusting

the Iles pal'1nnetel' vailles, or simply changing the operationa! procedures (Sackett

and Kil'chwey, 1!)82; l'enchuk, lIattis and Kubiak, 1985). lIence, c1assical attitude

controllel's must be impl'oved to reduce these dynamic interaction possibilities.

ln this thesis, il, is intended 1,0 modcl the foregoing prob!ems fol' a genera! space

manipn!ator mounted on a free-flying base controlled by on-off thl'llsters, and to de

vclop controlmcthods 1,0 reduce these undesired effects. Approximat.e CANADARM

flexible modes arc used 1,0 make the modcl behaviour more rea!istic; however, t.he

analysis is not restricted 1,0 this robotic system. The dynamic interactions are mod

clled fol' the worst case that can occur, i.e. when the system is Iimit cyding. Since the

describing fundion method has been shown to be hclpful fol' such non!inear systems

(Wie and P!l'scia, 1984; Anthony, Wie and Carroll, 1990; Penchuk, Battis and Ku

biak, \985), this method is used in a parametric study to find the system parameters

that affect. system performance. Using these resu!ts, design guidelines are presented

fOI' various control schemes, and based on this knowledge, control methods that are

intented to reduce the undesired effeds are then developed. Simulation models are

used 1,0 confirm resu\ts obtained by the describing funetion analysis and to examine

cases 1,0 which describing fundion analysis does not app!y, as fol' the addition of

white noise in the system.
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• 1.4 Thesis Organization
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•

A resonance frequency analysis is perfol'llll'd lU Chapt,'r 2 l'nI' " !wo-IIt'xihl"-jnin!

space manipulator system. Thereafter, an approxinlilt." modd is d,'riv"d to silnpli(v

the analysis problem, and finally, various methods for nonlinear sysl.t'm an"lysis iln'

brieny described. Chnpter:3 is devoted 1.0 the control probl"III. Firs!., a dilssirill

spacccraft attitude controller using phase plalle techniqnes is introdllce,l. i\ sin~It·

rigid-mass system is used 1.0 show the fnndion of the l"Ontrollel". Th" <'if,'ds of

hystelesis and time delays arc briefly studied. Finally, altel'llative con 1. l'lll sysl.,'n\s

used in simulation studies arc formulated, and arc followed by the stability delini

tion used in this thesis. In Chapter 4, values arc chasen l'al' ail paralllel.ers in 1.11<'

models studied, The describing function technique is used 1.0 perl'01'111 a paranlel.rir

study and 1.0 construct stability maps, used to dmw conclusions. Sonle simnlation

results are introduccd to confirm the validity of the dcscribing fllnct.ioll stndies, Th"

importance of hystcresis and the crfccts of noise on the system are also discIIssed in

Chaptcr" by the use of simulation. Finally the influencc of pel'turbed Illass pl'Oper

tics into a l'articulaI' model studied arc investigated. Chapter 5 cone!ndl's the thesis

by summarizing the results of this study, and then out,lillingsome n,conlnlendations

for futUl'e work,
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Chapter 2

Modelling and Analysis of Space

Robots

2.1 Introduction

As Illentioned in Section 1.1, the CANADARM, shown in Fig. 2.1, is the only op

enüicilal space manipulator. One limitation of this system is that it can work only

within its own reach, thereby requiring very long links to have a large workspace.

To avoid this problem, free-f1ying robots are currently being studied and will grab,

dock and manipulate while in orbit. Two interesting concepts are the U.S. Flight

Te1el'Obotic Servicel' (FTS) shown in Fig. 2.2(a), and the Japan NASDA OSV of

Ji'ig. 2.2(b). Such free-f1ying systems are to be equipped with thrusters, manipula

tors, several visual sensors, a high-gain antenna, and a docking mechanism. Also,

they are to be te1eoperated from Earth or from orbit through a satellite link.

Ali three systems presented above have the common feature that they are working

in a zero-gravity environment. T::è dynamic modelling and control of such systems

arc therefore much more complicated than for fixed-base robots. Moreover, structural

and joint f1exibility is like1y to be important in space robots, as they are required to be

lightweight, move large payloads and/or have large workspaces, thereby increasing
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Figure 2.1: The CANADARM mouuted ou the Space Shut.t.le.

I~

(a) (b)

•
Figure 2.2: Two concepts of free-llying robots. (a) U.S. Flight Tclerobotic Servicer
(FTS), (b) Japan NASDA OSV.
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the complexity of the lTlodclling and control problem. '1'0 simplify the analysis,

1.1)(, c1Yllillnic modelling presented in the next section is restricted 1.0 a two-flexible

joint planaI' milllipuiator mounted on a 3-DOF spacecraft. This approximation is

Icgitiulate siuce in the case of a free-flyer, as those of Fig. 2.2, they arc likely to have

rcduced st.ructural flexibility but will have joint compliance which becomes important

when payload arc big. In the case of the CANADARM, both structural and joint.

flexibility is preseut but. t.he latter is more important than the former. Il. can also be

assullled t.hat. ail flexibilit.y in the system are lumped at the joints. In Section 2.3, a

two-DOF simplified model where the frequency characteristics are chosen 1.0 match

t.hose of t.he manipulator studied in Section 2.2 is introduccd. Sincc the use of on

off t,hmsters is assumed in t.his thesis, anaiysis methods for nonlinear systems arc

discussed in Section 2.4.

2.2 System Description: 2-DoF Planar Manipu

lator on a 3-DOF Spacecraft

2.2.1 Manipulator Equations of Motion

ln t,his section, the dynamics mode! of a two-flexible-joint planaI' manipulator moun

t.ed on a frec-floating base is developed using the Lagrangian formulation. In this

case, free-floating operations arc assumed, which means that no thruster or external

force act on the system. Il. is intcnded 1.0 obtain the general expressions for the

nat;ural frcquencies of this free-floating system. The manipulator under study is

shown in Fig. 2.3, each flexiblc-joint being modelled as a torsional spring in parallel

with a torsional dashpot, both lumped in a mechanical coupling, as shown in Fig. 2.4.

The angle q2i-l represents the angular position of the motor for joint i, while the

angle q2i is the angular position of the link for the same joint. Angles q2i-l and q2i

are measured relative 1.0 a referencc line fixed 1.0 Iink i - 1.
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Figure 2.3: A planaI' frcc-f1oat.ing manipnlat.OI' syst.em.
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Figure 2.4: A flexible-joint mode!.



The syst.em cent.re of mru;s (CM) can be chosen ru; t.he inert.ial origin, since, un

der t.he assumpt.ions of free-f1oat.ing operat.ion, i.e., in t.he absence of ext.ernal forces

ami of r.ero initial rnomentum, the CM rernains fixed in inertial space. Also, under

t.hese assumptions, t.he angular momentum with respect t.o the syst.em CM is con

st.ant.. As explained in (Papadopoulos and Dubowsky, 1991b), we can furt.her ru;sume

t.hat., during free-f1oating operat.ions, t.he syst.em moment.um is zero. If moment.um

accumulat.es, t.he syst.em may operate fol' a Iimited period of time. In practice, the

control syst.em of t.he at.t.it.ude of t.he spacecraft would be turned on and perform

a momentum dump manoeuvre in order t.o eliminate any accumulated momentum

(Papadopoulos, 1990). From t.he conservation of angular mornentum, the spacecraft

angular velocity can be expressed as a function of the reduced vector of joint angles

(q,) and their time-rates of change (q,), where q, is defined as

•
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(2.1)

TherefOl'e, the manipulator kinetic energy TM can be expressed as a function of q,

and q, only, and is given in (Papadopoulos and Dubowsky, 1991b) as

(2.2)

where HO(q,) is the reduced inertia matrix. For the simple planaI' case al. hand, the

system inertia is of the form

(2.3)

•

where
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[
'111Irn2 111ulll,'2 ]

d21 = --rll~ +--12 (11 +rd ("Os(q.,) = dl~
111,t m,

1 - 1 m~(mo +mdl~
(:22- 2+ 2

111.,

2

Dj == "L,dij, j = 0, 1,2
i=O

D == Do + D, + [)~

IIi

(2.-1)

where mi and li Ci = 0, 1,2) are the üh body mass and momcnt of incrt.ia wit.h r,·slwc\.

to the centre of mass of the corresponding link, li and ri (i = 0, 1,2) are ddined in

Fig. 2.3, and m, is the total mass of the system, givcn by m, = 'III" + 11/1 + III~. Ali

d;j, Dj and D are expressed in frame 0, i.e., in the frame at\.ached t.o l.he ba~e.

The kinetic energy of the rotors, '1;", is

where Ji, for i =1,2, is the moment of inertia of motor i about it.s axis of rot.at.ion,

which is assumed ta contain the mass centre of thc rotor. The total kinetic energy

of the system is, therefore,

(2.!i)

(2.7)

In the absence of gravity, the potential energy in thc systcm is only duc to joint

f1exibility. Assuming direct drives, this potential energy can hc writt.cn as

1 2 1 2
V = 2'k1(q2 - qJl + 2'k2(q'l - '13) ,

where k; (i = 1,2) is the torsional spring stiffness of joint i.

Viscous friction forces due ta damping at each joint can be takcn into accoullt hy

using Rayleigh's dissipation function n, as discussed in (Goldstcin, I!J80)

(2.!J)

(2.8)

j = 1,2,3,1\

n 1 ( . ')2 1 ( . . )2= 2'C1 '12 - '1\ + 2'C2 '14 - '13 ,

where Ci (i = 1,2) is the damping coefficient of joint i.

The system dynamical equations are ohtained l'rom the guler-Lagrangc cquation

•



whel'e Qj is t.he generalized force cOl'l'esponding t.o t.he joint. angle lij. In t.his case,

(Jj is eqnal t.o t.he t.OI·qne applied hy t.he mot.ol' fol' j = 1. and 3, and is :~el'O fol'

.i = :l ami ~. Thel'efol'e, applying l~q.(2.D) t.o t.he kinetic enel'gy given by Eq.(2.G),

t.he pot.ent.ial enel'gy given by Eq.(2,7) and Raylcigh's dissipat.ion fllnct.ion given by

Eq.(2.8), l'esnlt.s in a set. of folll' scalal' dynamics eqllat.ions of t.he fOl'm

•
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M(qr)q +N(q,.,qr)q +Cq +Kq = T

whcl'C,

lil TI

li2 0
q= T=

li3 T2

q-t 0

li

(2.10)

•

.fI 0 0 0

0 dll +2dl2 +d22 -
(DI + D 2 )2

0 dI2 +d22 -
D 2( DI + D 2 )

M(q,.) = D D
0 0 .f2 0

0 dl2 +d22 -
D 2( Dl + D 2 )

0
D~

D
d22 - -

D

Cl -CI 0 0

-CI CI 0 0
C=

0 0 C2 -C2

0 0 -C2 C2

kl -kl 0 0

K=
-kt kl 0 0

0 0 k2 -k2

0 0 -k2 k2

0 0 0 0

N(qr,qr) =
0 NII(qr,qr) 0 NI2(qr' qr)

0 0 0 0

0 N21 (qr,qr) 0 N22(qr,4r)
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whcrc Nij(qJ" qJ')' for i = 1,2; j = 1,2, arC' t'xpn':-~ions of Coriolis alld l'l'lltrifllj.!;ill

terms that arc includccl in Appcnclix 1\.

2.2.2 Manipulator Natural Frequencies

In this section, general expressions for the m<tlliplllatOl' natl1ral frcqll<'lIdes an' dl"

rived. To perfonn this frequency analysis, the joint,s ,1\'(' lorked ill il. slwcilic ronli~lI'

ration, the motion then being nnaly:wd arouncl this posit.ion.

Let liS define

(~.l!a)

(~.Il Il)

Since brakcs al'C applied and thcl'C is no rota.tion of the motor shaHs, i.c~, fil aud

fl3 arc constant, wc have

e5ih = ii2

e5q., = q'l .

(:l.l~h)

(2.12c)

(2.12d)

Using Eqs.(2,l1) and (2,12), and lineari~ing about an opera.l,illg point., whcl'e

second-order tet'ms can he ncglected, Eq,(2.1O) ca.n he wl'Îtt.C\I a."i

JI 0 0 0 0

0 dn +2dt2 +d22 -
(DI +D2)2

0 dl2 +d'l'l -
/J2( /J 1+ /)2)

8;h.
D J)

0 0 ./2 0 0

0 d t'l +d22 -
D'l (Dt +D'l )

0
f)~ oi;.•d'l2 - -

D D

-CIOQ2 -k18q2 TI

CIOQ2 k1dq'J, 0
(2.1:1)+ +

-C'ld(jo1 -k'J,cSflo1 T'J,

• C2 0(jo1 k'l oqo1 0
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'l'Ile first ami thil'<! eqlla.tioll of Eq.(2.1:J) give t.he expressions fol' the rcquired

torqne t.o brake t.he joints, and t.hc sccond ami fomth equation dcscl'ibc the motion

arollIld thc operating point.. This second set of eqnatîons ean he writtcn as

(2.14)

wherc,

alld H-(qr) is dcfined in Eq.(2.3). Note that JI is included in 10, and J2 in 1., sinee

the bmkcs arc applicd and the inertia of a mataI' rotor becomes part of that of a

pt'ëvious link, assuming that the motor is at the joint and that direct drive is uscd.

Tbe natul'al frequencies of the system are given hy the square 1'Oots of the eigen

valucs of Ule dynamic matrix W, whieh is defined as

(2.15)

1I-(qr) is tlonsingular, sinee it is a positive-c1efinite matrix. Finally, the natural

frcqncncics WI and W2 are given by

I11l k2 + H22k. - V(Hll k2 - 1122k.)2 + 4Hf2klk2

2(1l1l1l22 -lJr2)

flllk2 +1122k. +J(Hl1 k2 - 1122kl)2 +4Hf2k.k2
2(lfll H22 - Hf2)

(2.1Ga)

(2.1Gb)

•
whcrc li.'j is the (i, j) component of It-(qr). Sinee wc assumed small motions when

wc lineêll'ized, the angle values ean be ehosen as q2 =ql and q'l = Q3. If wc are given

the known natural frequencies of a manipulator for a specifie configuration, then

t.he cOl'respollding spl'ing stiffnesses k l and k2 at eaeh joint can be determined from
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Eqs.(2.l6). Thereafter, nsing these compnted spring stilfnl'ss valnl's, t111' manipnlatllr

natma! frequencies for other confignrations l'an bl' appl'Oximatcd wi th \o:qs.(2.1 (i).

2.2.3 Cartesian Space vs. Joint Space

ln the prcvious subsection, the natural-freqnency l'Xlll'l'ssions fllr a gl'Ill'ral tWll

fiexible-joint planaI' manipulator were derived nsing the joint l'qnations of mlltion.

Therefore, by working in the joint space, these frl'qnencil's <"OI'I','spOl,,1 to th,' joint

oscillations. However, it will be shown in this snbsed,ion that thl'sl' rrl'qn,'nries at'"

actually the same as the ones corresponding to the oscillal,ions of the ,'nd-dll,c\.or (in

Cartesian space). Thus, the freqnency expressions l~qs.(2.1 (i) l'an bl' nSl'd to describ"

the frequency content of a payload a.ttached to the end-c1fed.or.

Cartesian velocities arc related to joint vclocities by the .Jncobian nmtrix J(q,.),

namely,

ln this case, wc have

x= J(q,,)qr . (:l.17)

(:l.IH)

wherc Jij l'an be considered constant, since wc arc dealing wi\;\1 small motions.

If the first and second natmal frequencies arc Wt and Wt, wc l'an wl'ite

•

oqt = ZI sin(wll)

Oq'l = Zt sin(wtl) .

where ZI and Z2 are constant.

Differentiating Eqs.(2.l9), wc obtain

OQ2 = ZIWI cos(wll)

OQ4 = Z2W2 cos(Wtl) .

(2.1 !la.)

(2.1%)

(2.20a)

(2.20b)
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Snilstitnting E'Is.(2.20) in E'I.(2.18), wc obtain

<Li: = .JI1 Z ,w, cos(w,l) + .J,2Z2W2 cos(w21)

8Jj = .J21 Z ,WI cos(w,l) + .J22Z2W2 cos(w21) .

21

(2.21 )

(2.22)

•

Therefore, the freqllency content of 8:;; and 8Jj is W, and W2, and thlls, the natmal

fre'lneneics in the Cartesian space arc the same as those in the joint space.

2.3 Two-DOF Simplified Model Plant

2.3.1 Model Description

The dynamics of a simple two-flexible-joint planar manipulator h rather compli

cated; il. is preferable 1.0 employa simplified model 1.0 analyze the problem stated in

Section Ul. We can replace the manipulator of Fig. 2.5(a) with an equivalent spring

and-da8hpot system, as shown in Fig. 2.5(b). By a propcr selection of the spring

sWfness k and thc damping coemcient c, the resonance frequcncy of thc simplified

system can be matched to thc first one of thc original systcm. Therefore, a similar

relative motion of thc payload with rcspect to the base can be obtaincd.

ln this t,hcsis, thc two-flcxiblc-joint manipu!ator mode! will be used 1.0 find the res

onance frequcndes of thc manipu!ator for a spccific payload and configuration. Then,

by introducing suitab!e values for k and cinto the simplified mode! of Fig. 2.5(b),

the fil'st natmal frequency of the original system will be matched.

2.3.2 Model Formulation

ln this section, the equations of motion for the simplificd system are derived. These

cquations are writtcn in various forms and will be used in the simulation models that

are derived in Chapter 3.

Thc equations of motion fol' the system shown in Fig. 2.6 can be written directly
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2-flexible- joint.
manipulaLol'

'')- 'l'hrusl.crs
;

nase

1 1

(a) (b)

Figurc 2.5: Manipulatol' rcplacement by a spl'ing and a dm,hpot.: (a) 'l'wu-Iink lnil
nipulatOl'j (b) Simplifice! two-mass systcm,

as

Mlih +C(!il - :112) +k(;!JI - Y'l) = /ln

l\-12ih - C(ÛI - :112) - kelJi - Y1) = 0 ,

( -, -J'l, )_t_ l l4l.

whel'e Ml is the mass of the base, M1 the mass of the payload, YI the position of 1.111\

base, Y2 the position of thc payload, k t;!lC spl'ing Stirfllcss, c the dalllping codllciellt.,

B the amplitude of the force dcvcloped by the t.hl'Ilstcl'S and 'It is t.he <:0III IlHll ul or

the thmstel's, eithcl' +1,0 al' -l.

In order to write thc systcm equations in statc-spacc form, the rollowillg vil.l'ial,ll~s

are defined:

•
(:~.11il)

(2.21h)

(2.21<:)

(2.21d)
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k

il B

~
, -8

c

Figure 2.6: A two-mass system.

Usillg gqs.(2.2t1), Eqs.(2.23) can be written as

.'1:1 = X2

X2 = i'~t [-C(X2 - X.I) - k(xi - X3) + Bu]

X3 = ·'1:,1

:i:'1= 1'~2 [C(:t'2 - ·'1:·d + k(:t't - :1:3)]

(2.25a)

(2.25b)

(2.25c)

(2.25d)

If wc definc the statc vcetOl' as x = [x\, X2, X3, a:.IF', Eqs.(2.25) can he written in

stalc-vétl'iablc form as

wherc

x= Ax+ bu (2.26)

•

0 1 0 0

A=
-k/Mt -c/MI k/kII c/Mt

0 0 0 1

k/J\r[2 C/l\12 -k/lvI2 -c/M2

If the reql1ired output is Yt, then one can write

YI = cTx

b=

o
B/k/l

o
o

(2.27)
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with

C=[IOOO]"'".

'2·1

The overall motion of the system can he decomposed int" a 1"Ïp;id-hody motion

of the system centre of mass and a flexible-body motion aronnd t.Ill' n'ntt"<' or Illass.

The equations governing these t.wo motiolls m'e no\\' dcri\'c,1.

The position of the centre of mass is gi\'en by

Yc =

and hence,

MI 111 + M2Y2

M I +M2
(') ')s)....... l

•

which can be written as

where the total mass of the system is

Adding Eqs.(2.23a) and (2.23b), we obtain

Inserting Eq.(2.32) into Eq.(2.30), we obtain

Mdic = /311 .

This equation governs the motion of the system centre of mass.

Conversely, subtraeting Eq.(2.23b) l'rom Eq.(2.23a), wc obtain

By defining

Yi = YI - Y2

(1.:1l1)

(1.:\1 )

(') '\'»)........

(2.31 )

(2.:15)
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and diffel'enl.iating E'I.(2.:15), wc obtain

. . .
!JI = YI - Y2
.. .. ..
YI =!JI - Y2 .

The fil'si. I.wo I.errns of Eq.(2.34) can be wril.l.en as

25

(2.36)

(2.37)

\1 " \1" (\1" \1··)(M,+M2)j',y,-j'2Y2= j"!J,-J'2!J2 (\1 \1)
j' , + J' 2

Mfy, + M, M2(jj1 - Y2) - .HJY2
= MI

Mfih - MI M2(y, - Y2) - MJjh +2M, M2(jj, - jh)
= MI

Jll .. \1 .. (MI - M2)(M'YI + M2Y2) +2M,M2(jj1 - Y2) ('_).38),,'l}, - J' 2Y2 =. MI

Sllbstitllting Eqs.(2.30) and (2.37) into Eq.(2.38), wc finally obtain

Jll " Jll" (\1 Jll)" 2M1M 2
"'I!JI - '2Y2 = J', - '2 !Je + JI'!I YI'

Using Eq.(2.33), Eq.(2.39) can bc written as

(2.39)

(2,40)

Thel'efore, substituting Eqs.(2.35), (2.36) and (2,40) into Eq.(2.34), wc ob~ain

(2,41)

By defining the equivalent reduced mass Il as

•

, equat.ion (2.41) can now be written as

" . k /l B/lYI +CYl + 'YI = Ml 11

which can also be transformed into the usual form

" ?'. 2 1 BYI +_~wnYI +wnYI = Ml 11

(2,42)

(2,43)

(2.44)
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where t.he nat.lIl'al frequency "'0" is gi\'l'tl by

"'0" = !Fiv-;;
and t.he damping rat.io ( is dcfined as

~ c
~=-,-.

2Jill<

~ti

( 0) 1")_,' t.l

(2..\{i)

In summary, t.he syst.em equat.ions of mot,ion, Eqs.(2.2:1), can no\\' \)(' wl'ii.i.l'n as

.. 1 1'3'J,' = - IL
0' M,

ih +2(w"y/ +w~Y/ = _,1/ Hu
l ' 1

(2.'1ï)

(2.'1~)

with w" and ( defined in Eqs.(2.45) and (2.4(j).

Equation (2.47) represents t.he rigid-body motion, while l~q.(2JI~) reprl'seni.s t.he

flexible-body motion with a resonance freqnency W".

From Eq.(2.45), we obtain the system sWfness as

Substituting Eq.(2.49) into Eq.(2.4(j), c can be writ,t.en as

c = 2It(W" .

(2JI!l)

(2.50)

Therefore, using Eqs.(2.49) and (2.50), k and c can be chosen 1.0 match 1t specilie

resonance frequency w" and a specifie damping rat~io ( for given Ilmsses MI amI M2•

The transfer function mapping the input Il into the base position YI, is now

derivedo Thal. is

•

Yj(s) = G7,(s)U(s) .

Using Eqs.(2.28) and (2.35), wc can write

Mtyc+ M2 y/
YI =

Mt

(2.r,! )

(2.52)



Taking t.h" Laplace t.ransfol'ln of Eqs.(2A7) and (2AS), all(l a"suming ZCI'O initial

condit.ions, We obt.ain•
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(2.53)

and

(2.54 )

Subst.it.nt.ing Eqs.(2.5:l) and (2.5tI) int.o Eq.(2.52), wc obt.ain

(2.55)

By dcfining

(2.56)

t.he t.ransfer funct.ion (;,,(8) relating t.he input Il to the base position YI becomes

(2.57)

•

where w" and ( arc defined in Eqs.(2A5) and (2,46).

2.4 Methods of Analysis

As ment.ioned in Section 1.3, this thesis deals with spacc manipulators mounted on

a spacccraft controlled by on-off thrusters. This section describes various methods

that. arc used in the fol\owing chapters t.o analyze these nonlinear systems. The

phase-plane method is initially recalled, which is a graphical procedure applicable 1.0

second-order systems only. The second method is based on the describing function,

which is an apprœdmate technique that replaces nonlinear components by linear

"equivalent" ()l1~S. Finally, a nnmerical simulation is presented, which is a useful

t.ool t.o obtain the response of a very complicated system.
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• 2.4.1 Phase Plane Analysis

Phase plane analysis is a graphicall1let.hod for st.ndying St'cond-ordl'r syst.l'n,". This

l1let.hod generat.es, in a t.wo-dil1lensional plane called t.he phaSt' plant', Inot.ion t.ra.it'l'

t.ories corresponding t.o varions init.ial condit.ions. It. is considl'rt'd in t.his snhst'et.ion

mainly because t.he spacecraf!, at.t.it.nde cont.l'OlIer nsed in l,he IIl'Xt. c1lilpt.l'rs is l"I,,'d

on the phase plane constrnction.

As mentioned in (Slotine and Li, 1!H1I), a majnr da" nf sl'cond-'lI'd,'r sysll'nls

l'an be described by dirferential eqnations of the f01'l11

(') "C')..... )n

ln state-space form, the underlying dynamics l'an be repl·esent.ed as

'1' - -J(" '1'),,2 - .1'1"'2

(') "'l' )..... ). Il.

(:l.f,!)b)

with Xl = ;t and X2 = x. The phase plane is defined as t.he plane having ,r and ,;: as

coordinates. There arc basically three methods 1.0 obt,ain t.he phase plalw l,rajedOl'ies

fol' systems such as that of Eqs.(2.59). The first mct.hod is t.n nnnll'rically int.egrat.e

the system equations and then plot t.he traject.nries. The second met.hod is t.o snlve

Eqs.(2.59) symbolically and obtain the phase plane traject.ories. The t.hinlmet.hod is

1.0 use graphical techniques, as the method of isoclines (Grallilm and Meitner, l!lli 1).

The second method will be illustrated bclow with the use of a simple example.

Let us consider a constant force fi' acting on a single mass fI'[ wit.hout. any fridion.

The dynamics of this simple system is described by

which l'an be written as

Mx= fi' (:l.liO)

•
(:l.(i1 )

By noting that!i: = (di:/dx)(dx/dt) = i:(d~'/dx), wc l'an writ.e Eq.(2.ôl) ;"~

di: fi'
i: - =- (2,(j2)

dx M
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01'

o. F
:c ([;,: = - (h .

M

Int.egrat.ion of l';q.(2.(;3) yields

J' 2 l~ C'
-3: = -'fX +2 JI

29

(2.63)

(2.64 )

where C is a const.ant.. Let. ns assume that the initial conditions arc ",(D) = "'0 and

:i:(D) = :co. Using t.hese initial conditions, C is given by

and Eq.(2.64) can be written as

1 M .2 ( 1 "'1 .2)
x = 2P x + :co - 2F "'0

(2.65)

(2.66)

•

Therefore, phase plane trajectories arc parabolas defined by Eq.(2.66), which

depend on t.he initial conditions and the acceleration PIM. The orientation of the

parabolas is dependent upon the direction of the force F. Fol' a given mass and force,

the tmjectories fol' a positive Pare depicted in Fig. 2.7(a) and the trajectories fol' a

negative P in Fig 2.7(b).

More on phase plane analysis is presented in Chapter 3, which is concel'l1ed with

control aspects.

2.4.2 Oescribing Funetion Analysis

The describing function is a 1.001 used 1.0 find the approximate response of nonlinear

systems using methods derived fol' studying the frequcncy response of linear systems.

The main use of this method is the prediction of limit cycles in nonlinear systems, al

though il. has a number of other applications, such as predicting subharmonics, jump

phenomena, and the response of nonlinear systems 1.0 sinusoidal inputs. However,

IlCrc, only thc prcdiction of limit cycles is discussed in detai! .
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i:
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:1;
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Figure 2.7: Pambolic phase planc trajcdol'ies.

First, il, is important 1,0 define wlmt kiml of noulincHI' systems ea.ll l)(~ a.ualy~etl

with the describing function method. Sim ply stated, allY systelll that. cali lw tl·;\.I1S~

formed into the configuration in Fig. 2.8 can be studicd using dcscrihing flllldillll:>.

Howevel', 1,0 use the descl'ibing function technique in it.s simple:>t f01'1ll (single input

describillg functioll), in a system that Ims only olle nOlllinca.1' componcllt., thl'ce hasic

conditions must be obscrved, as stated in (Slotine and Li, 1ml 1):

1. the linear clement has low-pass propcl'tics, and thel'cforc, fol' a sinusoidal input

x = Asin(wt), only the fundamental component l/Jl(t) in thc oul.put w(l) IIceds

1,0 be considered,

2. the nonlinear component is timc-invariallt, and

3. the nonlinearity is odd, which is the case fol' most common nonlilJcal'it.ies.

If a limit cycle is present in the system, the syst.em signais must. ail he pcriodic,

and hence these periodic signaIs can be cxpanded as the surn of fI1allY harmonies.

Moreover, if the tinear clement in Fig. 2.8 has low-pa.,s Pl'opcl'ties, which is truc fol'

most physical systems, then the highcr frcqucncy signaIs will be flItercd 0111. a.nd I.he

output y(t) will he composed mostly of the lowcst harmonie. Thcrcron~, for t.he ca.'iC
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Nonlinear
Element

Linear
Element

:1I

r(I)=O x(t)
w=f(x)

w(t)
crs)

y(t)

+ -

Figurc 2.8: 1\ uonlincal' systcm.

whcrc a lil1lit cyclc is prescnt, il. is appropl'Îatc 1.0 assul11c that thc signais in thc

wholc systcm arc basically sinnsoidal in forl11.

Using this assumption, a dcscribing funcl.ion can bc found that rcprcscnts thc

nonlincal' cOlnponcnt. Considcl'Îng a sinusoidal input ,c(l) = A sin(wl), thc output

'11I(1) oft,hc nonlincarity is oftcn a pcriodic funcl.ion, and mn bc cxpandcd in a Fouricr

scrics a"-,,

whcrc

w(l) = ;0 +~ [a" cos(nwl) +b" sin(nwl)]

lj"ao = - lIJ(l) c/(wl)
'iT -1l'

lj"a" = - '11I(1) cos(nwl) c/(wl)
'if' -11'

Ij"b" =;- _" w(l)sin(nwl)c/(wt).

(2.67)

Sincc the nonlillearity is odd (third assumption above), one has ao = O. Further

more, duc 1.0 the first assumption which states that the linear clement has low-pass

properties, ollly the fundamental component needs 1.0 be considered. Therefore,

•
which can be written as

where

w(t) = al cos(wl) +bl sin(wl)

'11I(1) = Z sin(wt + cP)

Z(A,w) = Jai +bi

(2.68)

(2.69)

(2.70)
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and

(:!.ïl)

(" ~.,).... , ...

If t.he describillg fUIlct.ion N(:\,u.. ) of a uOlllilll'arit.y is d"lilll'd as a i'1l1lct.illll I.hat.

IImps the illput. "'(1) t.o t.he out.put. w(I), 11''' ha\'('

\ '( \ ) w(l) ;1, Sill(u..1 -1- <i')
, l, W =-- = --,-:""""_"';-:'

:1'(1) A sill(wl)

which can be wriUell in complex fOl'ln as

Z "j(wIHl Z 1
N(i1,w) = ~ ~ '( 1) = ~\é'\ = -\(!JI + ;ad .

1 cJ W .' i .

Thus, the describing functiou of the 1I01lIillcal'it.y is giv"l1 hy

N(A,w) = .\(1'1 +.iad

with

1 j"(l\ = - w(l) cos(wl) d(wl)
if -lT

1 j"!JI = - w(l) sill(wl.) d(wt) .
11' -"

(') ~.\).... ,..

The nonlinearity representatioll, N(i1,w), is tabula.t.ed ill IltallY hooks for ail

typicalnonlinearities. A good reference 011 the subject. is (Gelb a.ll<l Valldcr Vdd",

1968), Therefol'C, the describing functiolls that arc rC'lllired ill this I,hcsis arc l,ak"l1

l'rom such a table, without making use of Eq.(2.7/1).

Now that wc have a describing function for the nOlllillcal'ity, wc are ready to

analyze the system of Fig. 2.9 for the existencc of !imit cycles. G(jw) is thc fl'C'l"CIICY

response of the linear element of the system and is silllply obtaincd by sllbstitllting

8 by jw in the transfer function G(8). First, let us assume that there exists a sdf·

sustained oscillation of amplitude il and fre'luency w in the system. Theil, the

variables in the loop mllst satisfy the fol!owing relations

•
x= -y

lU = N(A,w)x

y = G(jw)w .

(2.7ri)

(2.7fi)

(2.77)
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Describing
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r(t)=O x(t)
N(A,GJ)

w(t)
G(jGJ)

y(t)

+ / -

Figure 2.9: A nonlinear systcm.

'l'hus, we have y = G(jw)N(A,w)( -y). Bccause y of 0, this implics:

which mn be wl'iLtcn as

G(jw)N(A,w) + 1 =a (2.78)

G(jw) :=
1

N(A,w)
(2.79)

The amplitudc A and thc frequcncy w of thc limit cycle in the system mnst satisfy

Eq.(2.79). If thc aboye equation has no solution, thcn the nonlinear system has no

limit. cycle.

Since it can be difficult to st-lye l~q.(2.79) algebraically, a simple solution method

COllsists of plotting both sides of Eq.(2.79) in the complex plane by varying A and

w, t,o observe whether t:1e two CUl'yes intersect or not. The intersection point gives

us the value of A and w and, therefore, the approximate limit cycle x = A sin(wt) is

completcly determined.

As an example, let us considcr thc case when the describing func~ion N is a

fundion of t.he gain A onl~'. So, Eq.(2.79) becomes

G(jw) = - NtA) . (2.80)

•
The frequency response function G(jw) can be plotted by varying w in the com

plex plane as in Fig. 2.10. The same can be done fol' the negative inverse describing

function (-I/N(A)) by varying A. If the two CUl'ves intersect, then thereexist limit

cycles and the values of A and w corresponding 1.0 the intersection points are the
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I~c

-1/N(A)

Figure 2.10: l~imit. cycle detcct.ion.

solutions or Eq.(2.80). Ir the curvcs interscct 17 t.imcs, t.hcn t.he syst.em has 1/ p()ssibh~

limit cycles and the one actually l'cached depcnds npon t.he initial cOlldil.ions,

Since the dcscribing runction method is an approximatc mct.hod, iL is Ilot. sltJ'

prising that the analysis results arc sometimcs not very accuml.e, Wit.holll. ~()illg

iuto details, we can state a general mIe mentiollcd in (Slot.inc and Li, 1991). Ir t1w

G(jw) locus is tangent or almost tangent 1.0 the -1/N(A,w) 10CIIS, <1..-; in Fig, 2,11 (a),

then the conclusions l'rom a descl'ibing function ctna.1ysis might. he CI'I'OIl<~ollS, Con

versely, if the -l/N(A,w) locus interscct the G(jw) loclls almosl. al. l'iglil. angles,

as in Fig. 2.1l(b), then the rcsults of the dcscl'ibing fnudion mmlysis arc IIsually

accurate.

An intersection point of the two loci within the complcx plalle does 1101. gllantnl.ce

stability of the predictcd limit cycle. Such Iimit cycle cali he lIllsl.ablc alld il. will

never be observed. For brevity, wc can statc hcre ct simple Limit. Cycle Crit.t'rion

based on the extended Nyquist critcriou as statcd in (Slot.inc and Li, InHl), namely,

Limit Cycle Criterion: Each intcl'scction point of fhe CU1't](: G(jw) tUui the CIU'tlC

-l/N(A) cOl'7'esponds lo a limil cycle. If points ncm' the intcl'scclirm mui aioU!1 t/w

inc1'easing-A side of the CtL1've -l/N(A) (U'C nol cnci7dcd by thc CtL1'VC G{jw), thw

the corresponding limil cycle is stable, Olhe1'wise, the limit cycle is tLrtslafJlc .
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F'iglll'e 2.11: Rcliahility of limit cycle predict.ion.

Fol' example, Fig. 2.ll(b) depicts a stable limit cycle.

011 the oLhe!' halld, if no intersection of the loci G(jw) and -lfN(A) cxists, the

sLahility of the system is assessed using the nonnal Nyquist criterion \Vith respect to

allY point on the -IfN(A) locus raLher than the point (-1,0) (Atherton, 1975). For

example, assumillg that G(jw) is stable, Fig. 2.12(a) depicts a stable system whilc

Fig. 2.12(b) an unsLablc one.

2.4.3 Simulation

The thir<1 met.hod used to analyze a nonlincar system is by simulation, a very con

"enicnt. way of obtaining results, since one just has to set up an adequate model

and silllulate its behavioul' numerically. Howcver, to perform many simulation runs,

snch as those required in a pal'ametrîc study, can be very time consuming and give

little in5ight on the physical system, as compared to algebraic or analytical meth

od5. Thel'cfore, in this thesis, simulations are used only to verify important results

obtained \Vith the describing function and phase plane analysis. The simulations

model will be implemented \Vith Simulink, a Mat/ab package that accommodates

modc1 definition and dynamic simulation.
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Figure 2.12: Stability prediction. (a) St.a.hle syst.em, (h) Unst.a.hl(l sysl.(~tIl .
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Chapter 3

Control Problem

3.1 Introduction

III Chapter 2, a two-f1exible-joint planaI' manipu!ator mounted on a spacccraft; has

bcclI modelled, and a two-DüF simplified mode! was derived. As seen in Subsec

t.ion 1.2.1, control methods have been developed to control the end-effector of such

robots, while leaving the base free to react to disturbances. However, in cases wherc

t.his is undesired, on-off thrllsters must be used to control the attitude and the posi

t.ion of the spacccraft. Sincc, in this thesis, the latter control scheme is considered,

a mcthod for controlling the base must be formulated in order to analyze the prob

lem of dynamic interactions at hane\. The spacccraft control problem with on-off

t.hrust.ers is addressed in this chapter to develop the detailed models required for

allalysis. Fillally, st.ability delinitions used in this thesis arc presented.

3.2 Spacecraft Control Scheme

As mentioned in Section 1.3, in this thesis it is assumed that the spacecraft attitude

and position arc controlled by jet thrusters. The technology currently available does

not; allow thc use of proportional valves in space, and thus, the c1assicallinear control

schcmcs of PD andPID control cannot be used. Therefore, actual spacecrafts are
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contralled by the lise of on-off thrllsters. lhat al'<' n'lIIlinear ,!<-"ices. sinn' tll<')' al'<'

eithct' on or off. The dassical way of dca.!itlg wit.h surit dl'VÏl"t'S i:, t.o 11:-;\' il. conl.rollt'I"

based on phase plane mcthods. This controller reqnil'<'s tl,,' al.l,it,lId,' and rat" or

the spacccran, as inputs. Sincc t.hesc 1.\\'0 signais arc Ilot always llvailahlt'. a s!.at.t'

estimator is needed to find an estimate for t.he reqllired st.aü's. Thlls, th(' 1\('I1""al

control scheme l'or the spacecran, is presented by t.he hlock diagram of Fil\. :1.1. In

the following sections, the cont.roller, plant, and st.at.e estimat.or hlocks al'<' consi,h'I'<'d

separatcly to establish t.he modcls needcd t.o analyzc t.he problem at halld.

Oulpul
Inpul + Error u . Oulpul SLnLe l!slilllnl.c

ConLroller PianI.
Esl.imnl.ol·command

-

Figure 3.1: Standard spacecraft cOlltral sc\leme.

3.3 Controller

3.3.1 Simple Standard Controller Form

The usual scheme ta control spacecraft with on-ofr thrustcrs is Ily the lise or the

erraI' phase plane. This plane is defined as the plane having the spacecmn, at.l.itllde

l'l'l'ore and erraI' rate è as coordinates. The on-and-orr switching is del.ennilled hy

switching lines in the phase plane and can become very complex, <~~ shawn in (Sackel.t

and Kirchwey, 1982) for the phase plane controller of the Space Shul,tle. A simple

switching logic used in this thesis is presented in Fig. 3.2. The ph<~~e plalle is divided

into three regions separated Ily two switching lines. The region hel.wccn these two

lines is a dead zone, whereby the thrustm's arc ofr. The I"Îght area is a zone where

the thrusters are on in a given direction, while the left area is a zone where they are

on in the opposite direction.
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"aLe
error (e)

:19

slope=-I/À

____----''r-_1---''\- ~ALlil.ude (e)
error

Figure 3.2: Switching logic in the el'roI' phase plane.

The dead zone limits [-8, 8] are determined by the attitude limit requirements,

t.he slope of t;he switching lines being given by t.he desired rate of convergence towards

t.he equilibrium and by the rate limits. The equations of the switch;..g lines are

e+ Àè = 8

e +Àè =-8

(3.1a)

(3.1b)

•

where À is the negative inverse of the slope of these lines. Note that the smaller À,

the higher the slope of the switching line and, therefore, the larger can be the rate

errors.

This controllogic is presented in block-diagram form in Fig. 3.3. It is composed

of a l'clay nonlinearit.y with a dead zone. The input 1.0 this relay is the left-hand side

of the switching lines, Eqs.(3.1), and the output is the command of the thrusters u,

either +1, 0 or -1, based on the amplitude of the incoming signal.

This mntro\ scheme is understood more easily with the analysis of a single mass

system controlled by thrusters. This is the subject of the next subsection.
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Figurc ;3.~l: COlltrol1CI' black.

3.3.2 Phase Plane for a Single Rigid Body

As an example, the single-m<1ss syst.em st.udicd in subsedioll 2.'1.1 is row-:idl'l'l'd. III

this case, the force F acting on the mass is t.he force 13 devdoped by t.he t.hrllsl.t·rs.

1'horefore, we l'an rewrite Eq.(2.66), which givcs the phase plalw t.l'ajedol'it's, hy

replacing the force F by the t1trustel's force 13

If the desired position of the mass is x" = 0, l;he posil.ion CI'I'OI' itlld t.he vdocit.y

erraI' can be defincd as:

c= -:1:

. .c= -:,:.

(:t:la)

(:L:lh)

•

Using Eqs.(3.3), along with Co = -Xo and ëo =-:;:0, Eq.(:L2) l'an be Wl'it.tCIl as

This equation represents the equation of a pambola in the el'rol' plw.'ic pIano fol'

a particular set of initial conditions (co, èu), the orientation of thc pant!.ml'L bcing

determined by the direction of the thrusters firing. Thercfol'e, the trajccl.ories of

the mass in the error phase plane are a combination of paraholic paUls wlum t.he

thrusters are on and horizontal linear paths when the thrustcl's arc off (const.ant.

velocity coasting). Given a particular set of initial conditions in the errol' pha.'ic planc,

Fig. 3.4 presents schematically the thruster control of the single-mass system. The

convergence rate is determined by the inclination of the switching lines, iL Iimit cycle

being unavoidable since a zero-gravity environmcnt is considcred with 110 dist.lll'bance
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Figure 3.4: Singlc-mass cxamplc.
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rorccs. Thc smaller thc vcrtical dimcnsion or this limit cycle, thc smallcr thc rucl

cOllsumption, sincc thc thl'l1stcrs arc firing roI' a vcry short pcriod (during motions

A-B alld C-D).

Morc dctails must bc givclI about thc final limit cyclc, sincc wc said that it

was unavoidablc. This statcmcnt is truc roI' practical l'casons: whcn a thrustcr is

tUl'l1cd on, it willrcnmin on roI' at lcast a minimum opcrating time ~1~lIill' I-Iowcver,

ir wc considcr a pcrrcct theoretical l'clay with no minimum on-til.1e, then wc can

imaginc all impulsc that will stop the mass. Bccallse or physical limitations, this i5

impossiblc in any praetical systcm, which is why we statcd that thc finallimit cycle

is llllavoidabic.

III praetical systcms, hysteresis and time delays arc prcscnt. The e!fccts or these

\,wo paramctcrs arc dcscribcd in thc next sllbscction with the use of thc samc single

mass cxamplc.
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3.3.3 Effects of Hysteresis and Time Delays

ln l'radical rclay syst.ems, hystcresis Illust. Il<' inciud"d 1.0 al'oid a ph,'nlllll"lIon calh'd

chat.t.er, which is weil described in (Fliiggc-Lot.z, I!)(i~). Wh"n a thl'usl,'r is chatlt'I'

ing, it. tUrtlS on-and-off cont.inuously, 101' a v('ry shOl'\. p"riod j.'I;llill' This l)('havi(\I11'

l'an reduce considerably t.he useful life spall of thl'llstcrs, whil" th, addition llr hys

t.eresis can reduce t.he severit.y of t.his prohicill. Also, wlwlI n'Iays art' IIIOd"II,'d, a

time dclay must. be included since t.hel·e is act.ually a dclay h<'l.w""n tlw tillH' al. which

an open (or close) command is sent. t.o t.he valves and t.h" t.inte al. whidl 1.11<' val""s

open (or close).

ln this subseetion, the cffeets of adding hyst.eresis ami a pure t.inH' dday in th"

system arc discussed. First, if hyst.eresis is included in t.he controll"r, I,h" rt'Iay

nonlinearity of Fig. 3.3 changes 1.0 that depicted in Fig. :1.5(a). 'l'he colTespolllling

effect on the switching logic in the error phase plane is 1.0 a<ld two switching litH's,

as shawn in Fig. 3.5(b). This means that. the tUI'll-on switching lines (1 ail<1 :1) an'

not the same as the turn-off ones (2 and '1). ilefelTing t.o Fig. :1.5{b), the equal,ions

of the switching lines arc:

l. e +..\è = 8

2. e +..\c = 8 - t:;.

3. e +..\c = -8

4. e +..\c = -8 +t:;. •

Since the turn-off switching lines arc closer t.o t.he origin than t.he tnnt-on ones,

the thrusters stay on for a longer periad because they stop only when t.he I,unt-off

switching line is reached instead of the original line, as when t.here is no hyst.eresis.

Therefore, the more hysteresis t:;. wc add 1.0 the syst.em, t.he hU'ger t.he finallilIIit. cycle.

A final limit cycle for the single-mass syst,em example is presented schemat.ically in

Fig. 3.6.

Nowa pure time delay Td is added 1.0 t.he hysteretic controller, snch t.hat. when

the control1er sends the command 1.0 turn on or off thll t.hrusters, t.he colrtmand is
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)i'igllrc a.5: ControIlcl' \Vith hystcl'csis. (a) Re1a.y nonlincal'i ty, (b) Phase plane swi tch
illg logic.
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Figure 3.6: Single-mass example \Vith an hysteretic controller.
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change the slope of the switching lines, as shown in Fig;. :\. ï.•
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Figlll'e 3.7: Erfects of a plll'e t,ime dclay on the switching iogi·..

Fot' the single-nulSs system, the neIV switehing line eqllat,iolls are (Gmilillli alld

McRuer, 1961)

I.

2.

3.

4.

C+(..\-T,f)ë =
c+ (..\ - T<l)ë =
c+(..\-T,dë =
C +(..\ - T<l)ë =

•

3.3.4 Oescribing Function of the Relay Nonlinearity

In this subsection, the desct'ibing functions for t.he two noniinearit.ies nscd III t.his

thesis arc derived. These describing functions at'e t.aken l'rom (Gelb and Vandet'

Velde, 1968) and adapted for the notation used in this thesis. Fat' t.he l'day cont.ainillg

a dead zone, as shawn in Fig. 3.3, the describing funetion is given by

(:Uj)
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wli(~J'(~ A iH the alllplitude of the pl'cdieted limit cycle and (l thc deadband limit..

i\~ \Vell, t.he l'clay containing a dcad ;l,OllC and hyst.ercsis of Fig. J.5(a), is rcp"c

~wnu~d Il)'

il> â (3.G)

whcl'c the fil's1. term l'cprcscnts the l'cal part. and the second Lerm, Lhe imaginary part

of t.he descl'ibing funct.ion. Again, A is the amplitude of the predicted limit cycle, J

the dcadlmnd Iimit. and ~ t.he amount of hystcrcsis incll1ded in the l'clay. 1t is noted

I.h a.l. , fol' a. l'clay nonlincal'Îty, since t.he pal·(Ul1'.~ters <5 and ~ are fixcd by design, the

dcscl'ihing fundion is simply a fUllction of t.he amplitude A of t.he IimÎt cycle and

110 longel' a fundion of the fl'eql1ency w. Figure 3.8 introduccs the -l/Ntl(A) and

-1/Nh(A) loci, which are plottcd in the complcx plane.
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li'igl1re 3.8: Loci of the describing functions fol' the relays.
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Fol' the plant black, see Fig. :1.1, th" "qnatiolls r")lI"'St'ntinl': tlll' d~'lIalnÏ<'s or th,'

simpliried system arc used. Th"sl' "qllatiolls an' \l'rit,t,'n ill stat,,-spac,' allli in l,ransl"'I"

rundion rorm in Subsedion 2.:1,2; they an' th"n IISt'd ill Il\(' appl'llpriat" Inml." ill

the sedions below. The sensors cali be consid"r"d as l'art or tl\(' plant. :\ tilllC'

delay T must be induded 1,0 account 1'01' 111(' delay hdw,,('n th" tinll' il St'nsol' n'ads

a measurement and the time this l\1ensurement is nSl'd, Sinn, this tinll' d('lay is

more signiricilnt than that or the relay operation duc 1,0 the '\c'Iny hdw"('n th" tinll'

the contra11er seJl(ls the command ta tUl'll 011 01' on' the thrust"I's, allli 111(' tiln(' this

command is executed, only the senso!' time delay is incind"d in th" Inodels (alld

that or the relay is neglected). In block diagram rOl'ln, the plnllt hlock is given in

Fig. 3.9(a) for the state-space form, and in Fig. :I.9(b) l'or t.he transfel,-rnnd.iOlI l'lI'In.

A thick line represents astate vedor, while a thin line rep!'esents il scaJar vilriahk

(a)

~
dnlay

(b)

•

Figlll'e 3.9: Plant black in: (a) statc-spaœ 1'01'111 and (b) tmnsfer-rnndion 1'01'111.

3.5 State Èstitnator

A very important aspect in control system design is the design or state estillmtol's,

also known as state observers. Observers pl'Ovide estimates 1'01' the states that arc

not readily available l'rom measurements but arc still required fol' fel'dback control,

by using the states available by sensors.

In the case al, hand, the l'l'qui l'cd states are the position and the veloeit.y of the

system base. Using current space technology, bath states ean be obtained by HenHor
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r"adi/l!!;s. Ilow"v"r, it ca/l happe/l that. o/lly t.he att.it.llde is available a/ld t.he vclocity

1/lIiSt. l,,, est.illlated wit.h t.he lise 01' a st.at.e est.imat.or.

1/1 t.his t.hesis, t.hree cases arc cO/lsidered. Fol' case 1, wc assllme that bath sig/lals

arc avajlable a/ld wc sim ply pass t.hese sig/lals t.hl'OlIgh filtel's ta climinate high

l're'llll!/Icy /loi sc. Fol' the lasl. t.wo C,L,es, we aSSllllle t.hat ollly the position is available

l'rom sensors a/ld lise two dirl'erent st.ate esl.imators. In case 2, wc dirl'erentiate the

posit.ion signal while passing it through a filtel' to obtain an estimat.e fol' the vclocity.

The position signal is also filtered in this case. Fol' case 3, a c1assical asymptotic

sl.al.e ohserver is used t.o obl.ain a/l esl.imal.e fol' the position and the vclocity. This

observer also Iws a filtering crfect.. In the fol\owing sections, each of these three cases

is presented in lIlore detai/'

3.5.1 Case 1: Position and Velocity Filters

(3.7)

•

When position and vclocil.y arc available l'rom sensors, the function of the state

est.imal,or is simply ta filter high frequency noise. This can be shawn schematical\y

by the black diagmlll of Fig. 3.1 O.

_Y_'-.j GdsJI--....::.:Y'-

Figlll'e 3.10: Case 1: black diagram when just filters arc used.

Because of their simplicity, second-arder filters arc used, which can be represented

wil,h the fol\owing tmnsfer fundion G/(s)

W2

G/(s) = / 2
S2 +2(/w/s +w/

The cutoIT frequency w/ must be chosen ta filter high frequcncies such that it does

not slow down the response of the system by reducing its bandwidth. Since, for any

parUculaI' system, the exact frequency content of the noisy signais is not known,
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wc will use WJ as a pal'éUnet.CI' in out' st.udy 1.0 l'Xt1IllÎtll' it.s illlllll'llt'l' UI\ t.I\(~ SYSlt'II1

performance. The damping tenll (1 in \o:'1.(:Li) is ('hos,'n 1,0 1", O.iOi. II'hich p;i\','s

good performance, sincc it is rclativcly fast, ll'ith slnall OI','rshoot (·1%) (Op;ata, 1!l!IO).

3.5.2 Case 2: Velocity Estilllator with Posit.ion Filter

The state esLimator presented in Fig. :U 1 is similar to the one IIsed on \.Ill' Spa("('

SImUle for on-Ol'bit operations (Pellchuk, IlaUis and l\ubiak, 1!l8fi; Sa('kdt and

Kirchwey, 1!J82j Battis, 1982). It uses the current acceiel'ation or the systenl ("('nt\'(·

of mass (!je = B/M,) and the dclayed posil,ion (attitude) sigual as inpnt.. Int"p;ratinp;

the acccleration Ye imposed to the whole system hy the thruster a('tion, an (·stilnal.,'

for the vcloeity 1Îe and the position !Îe of the system centre or nlass ('an he obtain"d.

From Eq.(2.52), wc have
M,

YI = -.----[ (YI - Ye) .
N2

By defining
1 M2

YI = !vI, YI = (YI - Ye) ,

an estimate of yj, yj, can be obtained by subtraet.ing !Îc from !JI. Diffcrenl,iating

Ihis "flexible-position" estimate and passing it through a liltel' 1,0 c1iminate high

frequency noise, a "flexibk~rate" estimate ~j can be obtained. Then, ad<ling the

veloeity estimate of the centre of mass of the system, DOl wc Hnally obl,ain an estimat"

fol' the velocity of the base fil, since

(:1.10)

•
The differentiation of a noisy signal is usually not recommended b"cause this am

plifies the noise level in the signal. However, in this C,L~e, only the lIexible palt n",,<ls

to be differentiated. This means that, for a l'igid system, no differential,ion is neccs

sary. Therefore, this kind of state estimator can give very good results fOI' C,L~es of 1011'
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y,

!le

y,-
y,

(3.11 )

l''igure a.lI: Case 2: black diagra.m fol' the veloci ty cstimator only.

lIexibility. Thc position filter is the same as the one presentcd in Subsedion 3.5.1,

the dirl'crcntiator-rlItcr being givcn by sG'sc(.s) whcl'c

G' ( ) W;e
'se S = 2 .) • 2

S + w~scWscS + W3C

Again, Wf of Eq.(3.7) will he a panunctcr in our study and (f is chosen to be

0.707. Thc cutoff frcqucncy for the dirfcrcntiator-filter is chosen as w3C = 0.2513

radis and the damping ratio as (SI) = 0.707. 'l'hese two values correspond ta the

a.pproximated olles used on the Space Shuttle, as explained in (Penchuk, Battis and

1\lIbiak, 1985; Sackctt and Kirchwey, 1982).

3.5.3 Case 3: Asymptotic State Estimator

The last state estimator studied is a classical asymptotic state estimator described

in many books, fol' cxample (Chen, 1984).

Considcr a plant modcl

x=Ax+bu

and it single continuous mcasuremellt of the output of the plant YI

(3.12)

•
(3.13)

",here A, band c arc given by Eqs.(2.26) and (2.27). Wc can obtain an estimate for

the state vector x with the use of YI, u and knowledge of A and b.



Chnptcr :1. Control Probll'Ill

By defining

x=<'st.illlatl' of x ,

an cstimated valuc of t,he I1lcaSUI'CIllCIlL III is giwll hy

~ T ~

YI =ex.

With knowlcdgc of A, b ami H, ail cst.ima.t.e of x is av,lilahk hy rl'l'dill~ 1/ illl.o il

softwaI'e-implcmcntcd computer mode! of t.he plant., lIatllt'ly,

i = Ax+ bu.

Under perfeet knowlcdgc of A and b, l~qs.(:J.15) alld (:l.IG) \\'0111<1 ~iw LIll' adllal

position of the base. Howevcr, this is Ilever the casc; the wa.y 1.0 solve t.ltis prohl('t11

is ta fccdback the error YI -:'11 into l'very l'«lIation of Eq.(:l.l(l), Le.,

(:L 17)

where

k=

By cleftning
~ Ax=x-x (:u !))

as the erraI' in the estimate, x can be deterrnined by suht.racl.ing Eq.(:t 12) frolll

Eq.(3.17):

~ =Ai + k(YI - c'l'x) .

Using Eq.(3.13), Eq.(3.20) can be written as

. ']'
x = (A - kc )x. (:1.21)

Therefore, the gains LI, L2 , L3 and L4 can be chosen such that the crror l'quittions

Eq.(3.21) are stable, providing that {c1', A} is an observable pair, which is the c;a.sc
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I)('rc~. Theil, thc error X will l.cnd toward zero as t incrcasc. Now that a rcasonablc

estilllate X is availahle, the desircd cstimat.e for t.he position and vclocity of the base

GLII he ohtaincd with

whcrc

y=Ex (3.22)

o a
1 0 ~ ]

alld X as dcfincd in Eq.(2.2t1).

Thc block diagram dcscribing the asymptotic state cstimator is illustrated in

Fig. 3.12. The detcrminat;ion of gain L.,···, L'I is an important part of this state

cstimator design. If the frequencics corresponding to the poles in the system of

Eq.(3.21) are too large, then we obtain a very good cstimate, but the filtering is not

sutlicicnt. Conversely, if thcse frcquencies are too small, the filtcring effcct is vcry

gond bllt wc obtain a poor cstinmte. Thereforc, these gains must he determined

cardully to obtain a rcasonablc pClofol'mance of the state estimator.

Y,

11.
t---or--------"~E

...
Y,

Y,

•

Figure 3.12: Case 3: block diagram for the asymptotic state estimator.

3.6 Modelling

This section introduccs the complete models that are used to perform the describing

fUllction analysis and to run simulations. There is one model for r;u"(.h state estimator,



Chaptcr :t Coulrol Problclll

as introduccd in the previolls section.

3.6.1 Case 1: Model with Position and Velocit,y Filters

In the model of Fig. 3.13, iL is assull1cd that bot.ll posit.ioll and \'('loeit.y of t.llt' hast' al't'

available for fecdback. Thesc signais arc passcd t.hl'Ollgh il scrond-onlf'r lill.t'l' (;J( ... )

to climinate high-frcquency noise. The trallSrel' fllnct.ion, G liIlt...( ... ), rq)l·l'st\ut.illg t.l\l'

lincar clements (Fig. 2.9) of this modcl is del'ivcd ill Appcndix B.I and is givt'Il as

where Gp(s) and GJ(s) arc dcfincd in Eqs.(2.57) and (:tï). MOl'COV<'l', Op(.") l'Cpl'l~

sents the plant transfel' fundion, ",hi le GJ(s) is the t.ransfcr fuudion or il. :4ccond-ord('1'

fil ter.

j------------------,
1 1
1

'Yrll:::ol +
1
1
1
1
1
1
1
1
1
1L__ _ _

conlroller

Figure 3.13: Case 1: mode1 with Jlosition and vclodt.y fmel's.

~

Yr

111

3.6.2 Case 2: Model with a Velocity Estimator and a Po~

sition Filter

For the model shown in Fig. 3.14, only the position is availablc for fcedlmck. Sillet!

the velocity is also required, it is cstimated with a diffcrcntiatOl' combinee! with ,L

filter G"c(s). The position signal, in turn, is passcd through a filtcr CiJ('<;). Fur this

mode!, the transfer function of the lincar elements Grllll:(s) (Fig. 2.B) is dcrived in
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r---------------------,
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iï. :
1
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1

+1

1
1
1
1____J

Y,

Figure 3.14: Case 2: model wi\;h a vclocity estimatol' and a position fil ter.

Appendix 13.2 and is givcn by

(3.24)

•

wherc Op(,o;), OJ(s) and G.•e(s) are defined in Eqs.(2.57), (3.7) and (3.11) rcspectively.

l''inally, G1,(s) reprcsents the plant transfer function, while GJ(s) and G.'lc(s) arc the

hallsfcr function of ~econd-ol'der filtcl's.

3.6.3 Case 3: Model with an Asymptotic State Estimator

The last, mode! discussed is the one using an asymptotic state cstimator, as shown

in Fig. 3.15. The position signal is used ta obtain a.n cRtimatc of the position and

the vclocity of the base. As derivcd in Appcndix B.3, the transfer function Gasym(s)

of the linertl' clements (l"ig. 2.9) of this model is given by

(3.25)

whcl'e,

( )
_ M2s2 +cs +k

gll S - D(s)
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li,

y,

-----------------~
-----------------~

.. :
1
1
1

-, 1 1

relay: :
1 1
1 1
1 1
1 1
1 1

1 p================================
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1
t 1
1 1
1 1
1 1
1 1

: 1 A 1
1 1 1~__ _ ~ L ~

conlroller slnlc c~Limnt.o"

r------------------~,---------- J~~~~

1 1 1

Ml,=d + : :

Figure 3.15: Case 3: modcl wilh an aS)'lllpt.olic s!.al.e cs!.ima!.ol'.

[
:> (CLI ) 2] (,.M l M2 LIS + j: +L2 oS + ,,;M I /- l + cM'/'2+

kM2 L'j +cM2 L.1)s +klvJI/_'J. + /':M'J,/"l
912(8) == ---------~-...!-------

D(s)

M t M2 L'].s3 + (cMIL2 - kM2 L1 +kM·lL:d

C!\I[<;.L.I)S2 + (kM I L2 + hM2/~'I)''i
922 (s) = ----'__....0....- ----:._

lJ{s)

with

( [ ,1 (C ) 3 (k cL I ) 2]D s) = lvfrM2 s + ;; +LI .S + Ït + j: + L2 .'; +

(kMt LI +kM2L:! + cMI L2 +cM2/.J4)s +kM I L2 +kM',l/'4

and Gp(.'» and Jl are defined in E~s.(2.57) and (2.42). Cp(s) l'cprcsent.s !.he plant.

transfcr funct.ion, whilc f1. is the equivalcnt rcduccd mass.
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3.7.1 Definitions

III t.his sllboecl.ioll, a st.abilit.y definit.ioll is given alld used 1.0 describe the possible

"d""vîollrs of t.he syst.em, as modelled in Secl.ion :3.G. This stability definition is

based on t.he rat.e of fuel consmnpt.ion of t.he system, which is explained in more

ddail below.

The flld consumed by t.he thrusters is proportional 1.0 their opening time. There-

rore, wc calI writc

Z(l) = sJIIlI dl (:3.26)

where oS' is a specific constant dependent upon the type of thruster fuel used and the

characteristics of the thrusters, and Il is the thrusters command, either +1,0 or -l.

Since Sis constant, the fuel consumption Fc(l) is defined in this j,hesis as

F,,(l) = ~~l) = Jllli dl , (:3.27)

;tIId the nnits of Fc(t) will be simply called "fnel units". As weil, the rate of fuel

consumption R/(t) can be defined as

(3.28)

•

Since Fc(l) io a discontinuous function, R/(t) is not defined al. the discontinuity

points. However, a continuous function Fc'(l) can be defined that best fits the fuel

consumption curve and t,hen, the rate of fuel consumption is defined everywhere as

a smooth function.

ln ail cases studied in this thesis, tin'ee different classes of behaviour were ob

served. In the first class, the system eventually l'caches a limit cycle similar 1.0 a rigid

body limit cycle, where the system states remain contained between the switching

lines. The resulting rate of fuel consumption is thus minimal and comparable 1.0

that of a rigid body and the system is considered stable. In the second class, the
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position of the spacccraft divcrgcs 1'1'0111 t.he eqnilihriulll and t.hus \.lit' ru"1 r"nsnlllp

t.ion increases wit.h time, leadiug t.o a non-z"ro rat.e of fUl'l <'Ollsulllpt.ioll. Silll'l' t.his

rate of fud consumpt.ion is Illuch larger t.hall t.hat. of t.he ,h'sin'd rigid hod.v ras,..

the system is considered uust.able, il! accordance wit.h t.11l' diVl'rg,'nl'l' of 1lI0t.iOIl. F<lI'

the thircl possible c1a"s of behaviolll', the spacecrart. 1lI0t.iOIl rollows a lilllit. ryc!e or

large amplitude duc to the excit.atioll of the systelll [!Pxihle llIodes. As a n'slllt., t.Ill'

limit cycle is not contai lied illside the swit.ching lilles alld t.he t.hrllst,'rs ;u'" lirillg

continuously, leading to a 1I01l-zero rat.e of fnel cOllsulupt.ioll cOlnparahh' to t.IIl' Olll'

obtained when the motioll diverges, This type of behaviolll' will also 1", considen'd

unstable since it is not desirnble l'rom the fuel consulllption poillt of view. These

observations lead to the fol\owillg stability definitious:

8tability Definitions:

1. a type-l instability (VI) will describe au unsl.ahle hehaviour fol' which the

motion diverges, resulting in a non-zero ral,e of fllel cOllsnlllption;

2. a type-2 instabUity (V2) will describe a systelll where the 1lI0t.ioll l'(mdll's a

limit cycle that is not contained inside the switching Iilles as fol' a rigid hody

limit cycle, thus resulting in a non-zero rate of fllcl COIISUlllptioll, This systelll

will be c1assified as unstable, too;

3. a stable system (8) will describe a system where t.he 1lI0t.iOIl l'caches a Iillli!.

cycle similar to a rigid body limit cycle, thus !Jeing cOIII.ained het.ween t.he

switching lines, and l'Csulting in a near-zero rat.e of fnel cOllsllmpl.ioll ;"~ fol' a

rigid body system.

3.7.2 Application

The stability definitions ofSubsection 3.7.1 are applied by IIsillg eit.her t.he describing

function method or simulation.
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For t.he deHcribing fuudion method, thrcc lypical dcscribing funct.iou plots are

preselltee! helow 1.0 Hhow the applicability of the st.ability definitiolls.

Typc-l Instability

The plot shawn in Fig. :J.16 il> lypical of Ct type-' illstability. Sincc aIl the points of

the -I/Nr/(A) locus arc cncirclcd c10ckwise by the G(jw) locus, they are aIl unstable

according 1.0 t.he Nyquist criterioll and the amplitudc of the oscillations, A, will

illcrcase illdeflnitcly. Thcl'cforc, the two intcrsccting points in Fig. 3.16 reprcsent

1I11stahie limit cycles that will never pradically bc obscrvc,!.

0.1

A=O.OI A=I
0

-1/Ncj{A) ..
A

bQ
C;I

-0.1E-
-0.2

A

-0.3

-2 -1.5 -1 -0.5 0
Real

0.5

•

Figure 3.16: Describing functioIl plot for a typc-1 instability.

Type-2 Instability

hl this case, the plot of Fig. 3.17 reprcsents a typc-2 instability. Sinee aIl points

1.0 t.hc left of the G(jw) locus are not encircled clockwise by this locus, they represent

it stable zone, while the points to the right of the same locus are unstable points.

Twa types of behaviour are observed in this plot. First, if we Lake a point on the

-l/N,I(A) locus that corresponds to A < 0.0101 m, then the system is stable and

the amplitude of the oscillations will decrease till A = 0.01 m, that corresponds to
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r----~

0.1

1\=0.0\
0 0

-IINc/(A)

bJ)
t':l -0.\E- GUw)

-0.2

-0.3

-2 -1.5 -1
Real

A=O.O\O\

-0.5 o 0.5

Figmc 3.17: Dcscribing fUllctioll plot. for a. l.ypc-2 illsl.ahilit.y.

the deaclband limit which is the mini mum valuc 01' ;\ wherc - 1/NII (;\) is ddi lied.

Therefore, this corresponds 1.0 a stable motioll accorclillg to the sl.ahility ddillit.iolls

of Subsection 3.7.1. However, if thc point on the -I/N,,(A) locus cot'l'f~spollds t.o

0.0101 m < A < 0.1393 m, then this point is ullstable alld its amplitude will increHsc.

If the amplitude bccomcs greatcr than A = 0.1393 Ill, thcll t.hiH point hc(:on\(~H a sta.

ble point and the related amplitude will decl·ca.'~c. Thcrcfot'c, t.he point col't'csponding

1.0 A = 0.1393 m represents a stable limit cyclc of amplitudc A = 0.1 :m:l Ill, which

is not contained between the two switching lines sincc J\ > D.m m. The act.lIa.l

behaviour of the system will dcpend upon the initial conditions. Howcvel', silice the

possibility of a type-2 instability is present, the systcm il' c1assHied as beillg iL typc-2

instability. Moreovcr, the stable case is unlikcly 1.0 happcn since the amplitude of

the limit cycle, A, must also he grcatcr titan the deaclband limit , by definition, which

is cS = 0.01 m. The zone of stability is thercforc very smal!.

Stable System

A stable system is represented by the describing function plot shawn ill Fig. :U 8.
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0.1 ...-...L1-

iÎ=O.OI A=I
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~ -0.1E- ~
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Figure 3.18: Describing funetion plot for a stable system.

•

Sincc no point of the -1/N,l( A) loclis is encircled c10ckwise by the G(jw) locus,

ail t.he points arc stable~ and the system exhibits a stable behaviour according 1.0

ollr stability definition. No largc-amplitudc limit cycles are present in this system

bCC<\.lIsc thcl'c is no interscction of the two loci and~ theI'efoI'e, a smail unavoidable

Iimit. cycle duc 1.0 L\1~llill will be l'cached as explained in Subsection 3.3.2.

III the case where simulations are pel'fOl'med~ the fuel consumption glven by

Eq.(3.27) can he obtained easily, by integrating the absolute value of the thrustcl's

command 1l. '.l'he stability definition can be applied qualitatively by looking at this

fuel~consumpt;ionCUl've and imagining a continuolls curve that fits this CUl've. If the

slopc of Ulis continuous curve becomcs flat after a while, as the one in Fig. 3.19(a)~

l.his menns that the rate of fuel consumption is neaI'-zero, and that the system is

stable. If this continuous curve has a non-zero slope, as in Fig. 3.19(b), then the

system is said 1.0 be unstable. The type of unstable behaviour can be determined

by cXi:\I1lining the error phase plane of the spacecraft to see if the motion diverges

ë\S in Fig. 3.19(c), 01' l'~aches a large limit cycle that. is not contained between the
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Figure 3.19: Examples of stability detcl'minatioll. (a) Fuc\-commlllpt.ioll CllrVI~ or
a stable system, (b) Fuel-consumption CUl've of an unst.able Hyst.em, (c) Spaceeral'l,
error phase plane when the motion diverges, (d) Spacccraft. el'I'Ol' pha.'ie piano whcll
the motion reaches a large limit cycle.

switching lines, as in Fig. 3.19(d).
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Chapter 4

Analysis and Discussion

4.1 Introduction

ln Chapt.crs 2 and 3, t.hc analysis t.ools and control models required 1.0 study the

problcm fOl'lllulatcd in Scction 1.3 were introduced. The analysis of this problem

is now adresscd in this chapter 1.0 allow us draw design guidelines and conclusions.

Ilcalistic parameter valucs are first pl'Oposed for the models. These values are next

nscd in a parametric st.udy done using the describing function method. Simulation

rcsnlts are also produced 1.0 show t.he reliability of this approximate method. Con

c1nsions and discussion of this st.udy follow and, finally, the importance of hysteresis,

noisc and pcrturbed mass propertics are studied in the last tlll'ee sections.

4.2 Numet'Ïcal Application

'1'0 pcrform a parametric study using the describing function method, and 1.0 simulate

t.hc llIodcls prcsented in Section 3.6, numerical values are chosen for ail parameters

rcqnircd. Using t.he approximate charactcristics of the CANADARM-Space-Shuttle

syst.cm, the natural frequencies of the system are also obtained.
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4.2.1 Determination of Parameter Values for the Modcls

In order t.o perform t.llt' parametric ,t.ud)'. rl'alist.ic pal'anl<'l,'\' valu," IIn"t. 1", cllo"'n

for the model, fOl'll1l1lat.ed in Sed.ion ;Ui. Som,· par;l\I,,·\.Pr, lik(' acc..h·mt.iou, I.iull'

dclays, minimllm operat.ing t.ime of t.lle t.hrll,t...r,. ('\.c, art' t.ak'·11 l'rom Il,,, Spa('('

Shllttle system as indicat.ive of Clll'\'''Ut. space t. ..chl1ology.

Plant Parameters

Despite the faet that the CANADARM-Spaœ-Shul.t.le 'y,t...nl i, oft.,'u t.ak,," '"

referencc, this t.hesis does not foclIs on some palticular syst...m. Tlll'r<'fo\'(', t.h,' U1:'"

of the spacecraft MI cau be ehosen arhitrarily, al1d i, cho,en as 500 kg, \l'hic\: i, 'luit...

small compared 1.0 the mass of the Space Shut.l.le. 1I0lVevel', t.he import.ant. pniut. i,

1.0 lise a system aeccleration that is reasonable; h)' a Pl'Ollel' choin' nI' t.h .. fOI'ce l..v<'1

of the thrust.ers, this ean be attained, and thlls, similal' bclmviolll's al'.. nht.ain..d. Ily

ehoosing a small mass for the spaeeerafi., IVe show t.hat. 0111' aualysis is not. \'('st.I'ict.,'d

1.0 the Space Shllt.tle system, and hence, il. ean apply t.o any sp,u:.. l'Obol,ic syst."lu.

The manipulator is assumed 1.0 have a lIegligible mass, and sinœ t.he IlmxilulIlU pay-

load rating for the CANADARM is abOlit. ao% or the Illass of t.he Spaœ Sbul.t.le,

the ratio of the mass of the payload over the nmss of the spaceerafi., (i, is assuu",d

1.0 vary between 0.01 and o.a. For the manip"lator, t.he fonr configurat.ious st.udi.."

arc shown in Fig. 4.1. The eonfiglll'ation in Fig. 4.I(a) is that corresponding tn 1.\",
highest first resonance frequeney expeeted for a specifie payload, while t.he config

uration in Fig. 4.1(d) corresponds 1.0 the smallest frequeney for t.he saUle payload.

Configurations in Figs. 4.1(b) and (e) yield intel'luediate freqlleueies. 'l'he secoud

order structllra! damping ratio (was obtaiued experimentally for the CANADARM,

as reported in (Allen, D'Eleuterio and MacLean, 19!)4), and is equal toO.OliS. It. is

also possible 1.0 extract this parameter l'rom the simulation results of Singer (1 !)S!)),

which give approximatcly 0.05. ln this thesis, wc also use ( = D.OS. As luent.ione"

in Section 3.4, the time delay for the l'clay operation is negleeted since it. is sumll

compared 1.0 the sensor time delay. This sensor delay is chosen ;L~ T = D.I s, wh ich
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Figure 4.1: Manipulator configufé:~tions studied.
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is inside the range of cnlTent delays for span' s,'nsors, md,'r of ~o Ins 10 :1ll0 Ins. :\s

example, the Space Shntt.le sensors have a delay of T = 0.:112 s (l'l'nchnk, Ilal.t.is and

Kubiak, 1985).

Controller Parameters

Current on-off thl'llsters l'an develop varions force 1,'\'('ls Il, UIl' choin' of I.hl'

rcqnired force being dependent npon the systenl. For this thl'sis, a fi N fOITl' is

assumed ta be available l,a translate the systelll either in 1,111' pllSitivl' or Ill'gativl'

direction and is chosen as the nOlllinal value, while, for the pal'alnl'tl'ic stndy, tlll'

thrusters arc assumed ta range 1'1'011I 0.1 N ta 10 N. IVloreover, the deadballli attitnd,'

limit J, iô also system-dependent. Here, 0.01 m is chosen as the nonlinal vainc I(lI'

J, while the range for the stndy is l'rom 0.001 III tu 0.1 nI. The ncgat.ivc im'ersl' of

the slope of the switching lines, '\, is assumed ta vary frolll 0.1 s 1,0 lOs, and UIl'

minimum operating time for the thrusters is chosen as ~'I;nin =., 0.1 s, which is of

the same arder of magnitude as that for t.he thrustel's of the Space Shnttle, O.OSO s

(Nakano and Willms, 1982; Hattis ct al., IfJ82).

State Estimator Parameters

Some of the state estimator parameter values have already bcen ddined in Snb

sections 3.5.1 and 3.5.2. These ,u'e

W,e = 0.251:3 md/s

(,e =0.707

(J =0.707.

The cutoIT frequency of the filters wJ is varied l'mm 0.251:1 md/s 1,0 ~ md/s. The

same range is choseH for the pole placement using the gain k of the aSYlllptotic statc

estimator. Two pales are placed on the negative l'l'al axis at, the chosen freqnency

Wa,y,", while the two othm ones are placed symmctrically abont, the ncgal,i ve l'cal axis

for the same frequency, but with a damping coefficient (a,y", uf 0.707-sce Fig ~.2.

Ali these parameter values are summarized in Tables ~.1 and ~.2.
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, lm

r~:';

-'~

He

li5

Figlll'e 4.2: l'oies placement of the asymptotic state estimator.

1 M, [=-;jl"] ( 1 T 1 ~~llill 1 W,. 1 (J 1 (.. 1 (a.ym 1

1500 kg 1135° 10.05 10.1 s 1 0.1 s 10.2513 radis 1 0.707 1 0.707 10.707 1

Table 4.1: Fixed-paramcter values.

(3 0.01 < (3 ~ 0.3
..\ 0.1 s < ..\ < 10 s
B 0.1 N < B < 10 N
0 0.001 m < 0 < 0.1 m
q3 -135°, -90°, _45°, 0°
.Jj 0.2513 radis < WJ < 4 radis1-- ... -

0.2513 radis < wa• ym < 4 radis\.(:~; ym

Table 4.2: Free-parameter values.
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4.2.2 First Natural Frequency Evaluation of the CANA

DARM-Shuttle System

The natural freqllencies of t.he manipulator are dep,'nd,'nt llpon t,Ill' payload and

the configuration of the manipulator. Equat.ion (2. IGa) l'an Ill' nsed t.o approxilllatl'

the first natural frequency of the CANADAHM mount.ed on t.he Spart' SllllUIe· iu

a specific configuration aud for a particular payload. The approxilllat." eharact.,·ris

tics of the CANADARl\'I-Space Shuttle system are used 1.0 derive t.h,' nlo,"'\. 'l'Ill'

CANADARM, a 6-DOF manipulat.or, has two long flexible links. Ir 1.11<' ehill'ael,er

istics of the whole manipulator arc Illmped around t.hesl' \,wo f1exibl,' links, '"1l1 t,l1<'

Space Shuttle is assumed to be the base, wc obtain t.he approximat.e pal"llllders given

in Table 4.3. These paramdel's were obt.ained as follows: t.he lengt.h or t.he t.hree lirst.

links of the CANADARlVl (6.6 m, 7.1 m and 1.8 m, respeel.ive!y) al'e t.al",n fl'Oin

(Singer, 1989) and their corresponding mass (140 kg, 8r) kg and!l5 kg, respedivdy),

from (Cyril, 1988). The second and thircl links arc assumed 1.0 be rigidly COIIIIl'ct.ed

as a single link, which corresponds to the second link of our nlodc\. Thel'erOl'e, t.h,'

centre of mass of this link is at 5.9 m from the beginning of t.he link. The moment, of

inertia of the first two links of the CAN ADARM, \Vith respect. to t.heir cent.re of nwss,

is approximated by the moment of inertia of a llniform t.hin rod i.e., 1 = ml" / l '2.

As weil, the moment of inertia of the last link of the CANADAHM, wit.h I·espect. 1.0

its centre of mass, is approximated llsing the moment of inert.ia of a cylinder, i.e.,

1 = m(r2/4 + [2/12), and by assuming a radius of l' = 0.25 m. These calclllat."d

values are 508 kg m2, 357 kg m2and 27 kg m2, l'espect.ivcly, for the first l,hl''''' links or

the CANADARM. The moment of inertia of the second link of 0111' 1Il0dcl, with 1',,

speet to its centre of mass, can thercfore be obtained frolll the second and thi,·d links

values of the CANADARM. Now, considering a point lIlass payloacl of (hl/.Il kg, where

(3 is the ratio of the mass of the payloacl over the mass of the spacecmft, as defined

in Eq.(2.56), the properties of the second link of our modcl arc modified as follows:

the centre of mass of the link becomcs Xc = (1062 +8.!J(3mll)/(180 +(:Jmll) , its nHL~s
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~ lj (III) 1 1'i (Ill) 1 mi (kg)Body

0 l 75,000 1,635,937
1 :J.a 3.:~ 1/10 50S
~ .1.!J :3 ISO 127:J

~+Payl()ad :tc 8.9 - .1:c 180 +(imo 127:3 + ISO(;rc - 5.9)2+
Pmo(S.9 - :1:c)2

Table /l.:~: ShuLtlc, simplificd 2-link manipulator and payload parameter values.

/1/2 = IS0+f3/1/o and it.s Illolllentofincl'tia /2 = 1273+180(xc-5.9)2+Pmo(S.9-xc)2.

For the Spacc SImUle, a mass ma = 75, 000 kg sccms reasonablc, since its dry

weigth is abolit 68,000 kg (Lyndon 13. Johnson Space Center, 1976). Finally, the

1II0Jl\cnt. of inertia of the Spacc Shuttle was approxilllated by considering a 37 m

long cylindcr \Vith a radius of 3.5 m, and using the formula 1 = m(1·2/4 + [2/12).

The Icngl.h of :17 III is the adual length of the Spacc Shuttic (Lyndon B..Johnson

Spacc Center, 1976) and the radius of 3.5 In is an approximate value.

The rirst t\·/o natural frequcncies for thc CANADARM in the configuration (fI =

I:HlO amI f!:J = 0°, without payload arc, as mcntioncd in (Singcr, 1989),

WI = 271"(0.32) radis

W:/ = 271"(3.2) radis

(4.1a)

(4.lb)

Subst.ituting Eqs.('1.1) in Eqs.(2.l6) with the use of the parametcrs in Table 4.3 and

Holving for kl and k2 , two sets of solutions are obtained

kit! = 137,086 Nm/rad (4.2a)

k2,1 = 295,547 Nm/rad (4.2b)

or

k l ,2 = 1,228,961 Nm/rad (4.3a)

k2,2 = 32,967 Nm/md (4.3b)
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The first. set. or solut.iou. "l.I aud 1.'2.1 or Eqs.C!.:!). is ronsid,,\'t'd in till' r,)lloll'inl': anal·

ysis because t.he t.ll'O spriug st.ifrn."ss"" "1 aud "2 al'<' or t.h,· "anH' ol'<kr or In"l':nil.lld,·.

whieh makes more scusc. "inl'C t.1l<' t.ll'O rOI'l·""IHllHiinl':joint." or th" (':\N;\Il:\Il~1 al'<'

similar. Thcrcrorc valucs or Eqs.('!.:!) ran h" u""d in 1;:q".(:!.I(i) t.o obt.aill I.h,' n!allip

ulat.or uat.ural rrcqucncics l'or ail coufigurat.ion". Som" l'<·,,ull.,, l'or t.h" CA N:\ Il:\ Il M

arc available in (Singer, lD8!J), alld displaycd in Tabl" ,1..1 wit.h r,'"nlt." obt.ailll'd u,,·

ing Eqs.(2.16). Wc sec lhal lhe el'l'or is quile "mali, all<l, d""pit.e t.h" l'art. t.hal. 11'"

lumped ail flexibilily al lhe joinl,s, lhe modcl giv"" good agrœment. wit.h t.ll<' "xlll·r·

imenls. Thererore, lhe paralllet.er" giveu by Eq".('!.2) will be Il,,,,d in ronjllnrt.ion

wilh Eqs.(2.16) t.o oblain lhe config11l'at.iou-depcudent. re"ouml"" rrequ,'nri"" r()(' 1.1l<'

manipu!ator under sludy.

ql (deg) q3 (dcg) First. nal. rreq. (lh) Firsl ua\.. freq. (Ih) 11~rrol' eXI)
CANADARM Using Eqs.(2.l!i)

135 0 0.;12 0.;12 0
135 -45 0.35 0.:1'1 :\
135 -90 0.'15 UA:l '1

1135 -[:35 0.8 O.H5 I!)

Table 4.4: First resonauce rrequency cOlllparison.

Using Eq.(2.16a), the set. of first. uat.ural rrequencies, l'or t.he ra.nge or fi and t.he

specifie eonfiglll'atious q, and q3 used in t.he paramet.ric st.udy, are given ill Tahle 'l.!i,

where the ratio of the highest freqllency 1.0 the low"st. one is 5 t.o 1. Ma.king lise

of 1.1"; damping rat.io C, these frequencics arc sllbst.it.ut.ed ill 1;:qs.(2.'1!)) and (2.50)

1.0 obtain the required spring stirrness k and dalllping coefficient. (; l'or t.he silnpli!i ...d

model formu!ated in Section 2.3.

4.3 Results of the !?arametric Study

A parametric study, using the describing function techlliqlle,i:; next perrol'lned 1'01'

ail three models considered in this thesis. System stabilit.y is invest.igat.ed '"~ dOlle in
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0.01 0.2:;:; 0.\70 0.\ :3G 0.\27
0.0:; 0.\28 O.o!JO 0.075 0.071
0.1 0.o!J7 0.072 0.OG2 0.05D
0.15 0.08:l 0.OG5 0.057 0.054
0.2 0.07G O.OGI 0.05'1 0.052
0.25 0.071 0.058 0.0.52 0.050
O.:.l 0.OG7 0.0.56 0.05\ 0.049

1 (i ~ '/'1 - -1 :1:;° l '/'1 - -!JO° l '/'1 - _:1:;° ] '/'1 - 0° 1

Table '1.5: First nat.nral frequency l'valuation (Hz).

t.he t.ypical examples of Subsecl.ion 3.7.2.

'1'0 validate t.he resnlts obtained by the describing fnnetion method, a large I1lIlTI

ber of simlliations have becn performed using Si11l1llink, a l'vIal/ab package. More

att.ention was given to critical points, which differentiate unstable from stable be

Imviour. In general, simulation results confirmed those obtained by the describing

function method. However, for some conditions, the conclusions based on the de

scrihing fnnction method were false. In those cases, simulations for conditions near

t.he ones that gave false results gave results that were in agreement with the describ

ing fnncl.ion predictions. Since wc arc only conccrned with the general trends and not

wit.h accurate values, conclusions based on describing functions rcmain acccptaLie.

ln t.he following subsections, the results of the parametric study arc discussed

with t.he results of one simulation for each of the three models studied. The tlll'ee

simulation cases studied arc typical of the three possible types of behaviour described

in Subseetion 3.7.1. In ail simulations reported in this chapter, an initial error of

0.05 m was assumed for both the position of the spacccraft and the position of the

payload. The controller was then used to try to bring the spacecraft within the

deadband limit.s.
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4.3.1 Case 1: Model with Position and Velocity Filt.ers

70

The resulLs of the desnibing fnudion analysis for 111l' ullldei wil h position and \'("

locity filLers, which is shown in Fig. :l.I:l, are slll11111arized in Tables ·l.li, 'I.ï alld ,I.~.

[n Lhese Labies, "U 1" means an unsLable syslem of Iype-I, "li:!" an IlIlst.abl(· sysl"ul

of type-2, and "s" a sLahle system. For this mode!, 1.11<' Il,'xibility l''vel in t.11<' syslelll

does not play an imporLanLl'Ole in stahility dctcrmination. [f a syst.,'m is sl.ablt· for a

high-frequency case, iL is also stable for a low-frcqucncy case, for th,· saul<' pa 1"" 11<'1.('1'

values. This conclusion is also valid for an unstahle system. Therd'on', t.11<' reslllt.s

displayed iu Tables 4.6, 'I.ï aud '1.8 arc valid for t.he wholc range of li and '1:1 vailles

studied.

,\ (s)

WJ (rad/s) 0.1 0.5 1 2
.,

'1 5 ï IIIJ

0.2513 U1 UI UI UI UI UI \JI LJ2 li2
OAïOO UI UI UI UI \JI LJ2 LJ2 U2 UT
0.6911 U1 UI \JI UI \J2 \J2 U2 lJ2 U2

1 \JI UI III U2 LJ2 U2 LJ2 U2 1J2
2 UI UI U2 U2 \J2 U2 U2 .U~ U2
3 U1 UI/U2 S S S S U2 'U2 lE"
4 UI S S S S S S U2 112
10 U1 S S S S S S S S

where U1 =Type-I iustability
U2 = Type-2 instability
S = Stable system

Table 4.6: :;tabilityas a functiou 01''\ and wJ (/3 = 5 N, tl = (l.OI Ill).

lu Table 4.6, the', :')fCC level /3 of Lhe thrusters and Lhe deadlmnd limits <> arc

fixed 1.0 5 N and 0.01 m, respectively. Wc Can sec thal" for a giveu cntolr fre'lueucy

wJ smaller or equal 1.0 2 rad/s, the system is uustable for ail ,\ vaincs, eil,her by a

type-loI' a typc-2 instability. A small ,\ resulLs in type-I instabiiity, while a larger ,\

-l'esults in type-2 instability. Moreover, the greater wJ' the smalier the ,\ scparatiug
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I~.5 (Ill) 0.1 0.5 ] 5 JO

(l.00 1 UI Ul UI UI UI
0.01 UI U] UI UI U]
0.05 UI UI UI UI UI
0.1 UI U] U] UI UI

where UI = Type-I instability

Tahle '1.7: St.a.bility as a fnnction of Band'> (wJ "= 0..17 rad/s, À = 3 s).

I~o(m) 0.1 0.5 1 5 la

0.001 S S U2 U2 U2
0.01 S S S S U2
0.05 S S S S S
0.1 S S S S S

where U2 = Type-2 instability
S = Stable system

Table 4.8: Stabilityas a functioll of Band 0 (wJ = 3 rad/s, À = 3 s).

ïl
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the type-! and type-:! instability zones. If wJ is in''I','a'<'d furth!'r, i.•'" if "'J > :!

rad/s, a stable system for intermediate vahl"s of ,\ l'an 1", ohtailH'd. ~lon"l\"'I', t.IH'

range of allowable ,\ values for stability inereas.'s as "'J incn'asl's. Th.'rd')r!', I"c tlH'

model with position and velority filters, "'J should IH' gn'.\l.l'r than :! rad/s l'or a

possible stable behaviour, as large as possihle 1.0 inne'lSe 1.11<' possihility of ohtaillinp;

a stable system. Howcver, filters arc designed 1.0 elinlina.te high-freque,u'y uois.'; il'

the eutofr frequeney WJ is too large, noise will pass through the Iilt.'rs aud th!'y will

not be crrective. The proper ehoicc of wJ will t.hus depend upon 1.1l<' qualit.y of t.11<'

avaHable sensors and t.he nccd for filt.ering.

From Table 4.7, where WJ is fil'ed t.o OA7 rad/s and ,\ t.o :\ s, it. is not.!'d t.lmt

the variation of B and li has no crrect on t.he stabilit.y of t.h,' syst.enl. In ail ,,,,'<,s,

t.he system el'hibits a type-l instabi!ity. However, in Tablc -I.S, wc l'an Sl'e t.hat.,

for a lm'ger eutorr frequeney, say, wJ = :3 rad/s, I.he syst.em is st.able fOI' low vaines

of B, as el'pected. The stability zone is also el't.enderl by t.he choice of a lal'gl,r

deadband limit. li. TherefOl'e, li sl10uld he chosen as large as possible, b<>ing iimit.cd

by the amount of attitude error that is allowed in the syst.em. 'l'Ill, t.hrust.er forcc

B should be chosen as small as possible, withoul. bcing saturat.ed hy basc rcadion

forces induced by possible motions of the nHulipuiatol·. In ot.hel· words, IJ shoulrl hc

high enough to compensate for ail base-re~.ction dist.nrb"_nees.

A simulation has been eonàuded using the parame\.ers of Tables '1.1 an" 'U)

for this model, the results bcing shown in Fig. 4.3. From Figs. 4.:I(b) anrl/\e), we

can sel' that the thrusters are firing continuously, which res'dt.s in a high !ot.al fnel

consumption of 478.9 fuel units, and a non-zero rat.e of fuel consnnwt.ion. Therefon"

the system can be c1assified as unst.able. Moreover, by looking at. the phase plmle

trajectories in Fig. 4.3(a), the instability is said t.o be of type-2, sinre a Ihnit. eycle

that is not contained inside t.he switching lines is reached. Hence, t.his agrees wit.h

the describing function results of Table 4.6 for WJ =O.6!JlI rad/s and ,\ = :1 s.
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1# ~I 8 1 W n 1 Wj 1
~ 0.01 ln 12iT(0.255) radis 1 0.(j911 radis 1

Table lU}: Frce-paramctcr values for êt typc-2 instability.

(n)

-0.1-0.05 0 0.05 0.1
O(ITI)

lb)
500

400

0.5
'~300

:l 0 =
-0.5

~200

-1

-1.5
0 100 200 300 400

Timo (s)

(c)

100 200 300 400
Timo (s)

Figure '1.3: Simulation results for a type-2 instability. (a) Spacecraft error phase
plane, (h) 'l'hrustcr command history, (c) Fllcl consumption.
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4.3.2 Case 2: Mode1 with a Ve10city Estilllator and a Po

sition Filter

If a vc\ocity est.imat.or and a posit.ion filt.l'r art' nSl'd, as for t.I,,· modd of Fig. :1.1·1. th..

flexibility levc\ in the system is very impOl·t.ant. for st.ahilit.y d,·t.'·I'nlination. Sin('(' tlll'

conclusion about the stability of a syst.em for a part.icular s<'l. of ,11 and 'la valu,'s t'an

be dilferent t.han t.he conclusion about t.he st.abilit,y for th" sanlt' syst'''ln, hut. wit.h

another set of (3 and fla values, it is not. possible t.o present. t.he r"sult.s in t.h,· saill"

form as in Subsection 4.3.1. In this case, ail free paramet.el·s iU'" st.udi,·d s""arat.,·ly

with the aid of a stability mal'.

The stability mal' st.udying the crfect. of t.he cutoll' l'requency Wf or t.h" posit.ion

filter is presented in Fig. 4.4(a) by setting A, 13 and tl eqnal t.o :1 s, 5 N and (Uli m,

respective!y. Each CUl'Ve in t.his stabilit.y mal' represent.s a st.ahilit.y houndary "li' a.

given Wf. The region above a st.abilit.y boundary is a wne or inst.ahilit,y "il.h"r hy

type-loI' type-2, while the region bc\ow the bonndary is a mne or st.ahilit.y. W"

can sec t.hat the st.ability zone is 'lugment.ed hy increasing Wh sin"" t.h .. st.ahilit.y

boundary moves up. Fol' wf ~ 1 rad/s, t.he syst.em is stahle for ail (j and 'la values

st.udied. Therefore, wf should be chosen as large as possible, while I",eping in luind

the noise reduction problem.

ln the stabilit.y mal' of Fig. 4.4(b), paramet.ers Wh A and tl are fixed t.o 0.'l7

md/s, 3 sand 0.01 m, respectivc\y, ta study the ell'ect. of the forcc levd B d"vdol",,1

by t.he thrusters. For 1011' force, i.e., B = 0.1 N, the syst.em is always unst.a.!>le

(fol' (3 :2: 0.01). However, fol' a small increase in 13, 13 = 0.5 N, t.h .. st.ahilit.y zou..

is increased significantly. This stability zone is subsequently rednced if /1 fUl'l.h"r

increases, and, finally, maintains the same level fOI' 13 ~ 5 N. In t.h is C;L~e, t.h,) hesl,

parameter choice is probably B ~ 5 N, since al, lower fOl'cc levcls, t.hel'e is a jllllll'

between stability and instability zone. This kill(\ of jnmp phenomena shonld h,)

avoided ta eliminate the possibility of instability in iL l'l'al physical syst.em.

The eITect of the negative inverse of the slope of t.he swit.ching lines À is st.ndied
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ill th" stalJility Illap of Fig. '1.'1(c). For this stlldy, the parametel's WJ, IJ and Sare

fix"d 1.11 0.:17 rad/s, :) N and (l.01 m, respectively. For À ::; 2 s, the system is always

IIl1stabl" alld the stability zone is enlarged with ail increase in À. For À 2: 5 s,

1.1", "yst""1 becomes stable for ail cases studied. Therefore, an obvious choice is 1.0

sdect a large À, which mealls that the velocity feedback is more weighted, 1.0 obtaiu

stability in ail possible configuratious and payloads.

Finally, the stability map of Fig.'1.:1(d) presents the cfrect. of the deadband limits

cl by set.ting wJ, À and 13 to 0.:17 rad/s, 3 saud 5 N, respectively. As observed with

the mode! studied in Subsect.ion !1.~1.I, the stability zone increases with a lat'ger cl.

1I0wever, for the fixed-parameters of wJ> ,\ and 13, it seems impossible to obtain a

full stability area while keeping cl in a reasonable range, because there is no cl for

which the system is r.Lways stable for ail configurations and payloads.

II. is impOltant to now that the maps of Fig. 4.4 are approximate, since only a

few fi and q:l values were studied. lt should be possible to obtain more precise maps

by reducing the interval of variation of the parameters for each stability analysis.

1I00\'evel', the conclusion would be the same, since we arc only examining the trend

of increasing a certain parameter value and not specific point values.

The free-parameter values of Table 4.10 have been used, with the fixed-parameter

vaines of Table 4.l, to run the siIlIld,ttion mode!. The results obtained are displayed

iu Fig. '1.5. By examining the phase plane portrait of Fig. 4.5(a), we can see that the

amplitude of the motion is diverging since the initial error was 0.05 m. This behaviour

is t.ypical of a type-l instability. !l'ioreover, we observe from Figs. 4.5(b) and (c) that

the thrusters are fiI'ing continuously and that the total fuel consumption is very high,

namely, '16(L5 fuel units. A conclusion about stability can also be drawn by looking

aL the slope of the fuel-consumption curve in Fig. 4.5(cl. Since the slope is non-zero,

wc can conclude that the system is unstable according to the stability definition of

Subsect.ion a.7.1, which is the same conclusion reached with the describing function

mcl.hod, looking at Fig. 4.4(c) for À = 2 s.

•

•
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Figure 4.5: Simulation rcsults fol' a type-l instabilit.y. (a) Spacecl'êlft. error plm:->{~

pla.ne, (b) Thruster command history, (c) Fuel consumpt.ion.



4.3.3 Case 3: Model with an Asymptotic State Estimator• Chapt.C'r·'1. Ailalysis and Discussion 7\1

The use of an asymptotic state estimatol'. as iu th,' nlOd,'1 of Fi!\. :1.1;,. !\il"'s \'('l',\'

intel'esting l'esults. Using the desCl'ibiug funl'\.ion technique, il. ll'as found thal. th,'

system ll'as almost always stable fol' ail {1 and 1[:< vahll~s, and fol' ail fl'<"'-l'i\l·l\Illl'l.,·,·

values studied. Only a l'cil' illstability cases II'l'l'<' obtaincd al. 1011' values of .\. '1'11\'1'<'

fore, the performance of the l'eadion control system is iUCl'l'asl'd si!\nilirantl,\' ll'ith

the use of this mode!. Ali the stable cases studied are l'epol'ted in Table ,1.11. II'hil,'

the unsl:able cases in Table 4.12. Fol' cases in Table '1.11, the stability conclusiou is

vaHd fol' ail (3 and 1[3 values studied in this thesis. The l'l'sults of Table :1.12 cau also

be illustrated with the stability map of Fig. Hi, nsing wJ = O./2:111 l'ad/s, /1 = fi N

and 0 = 0.01 m.
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1 1 1 1 1 1

- 1 -e- Â,=O.I s -
1
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Figure 4.6: Stability map fol' the modcl with an asyrnpl.otic state estilllal.ol'.

•
The system was simulated using the parametel's of Table 4.la, again wit.h t.he

fixed-parametel's of Table 4.1. The results arc iIlust.rat.ed iu Fig. 4.7. 1'1'0111 Figs. 4.7(a)

and (b), il, can be seen that a smalliimit cycle t.hat is contained betwecn t.he switch

ing lines is 'reached, corresponding 1,0 a stable case. One can note that. t.he motion
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1 <'<:f (rad/s) 1 IJ (N) 1 tl (Ill) 1 ,\ (s) 1

0.251a 5 0.01 :1
O.72:lD 0.1 0.01 :3
0.7230 0.5 0.0 1 3
0.72:10 1 0.01 :3
0.72:30 5 0.01 :3
O.72aO 5 0.0 1 0.15
0.72:30 5 0.01 0.5
0.72:30 5 0.01 1
0.72:30 5 0.0 1 2
0.72:30 5 0.01 :3
0.72:30 5 0.01 4
0.72:30 5 0.01 5
0.7230 5 0.01 7
0.7230 5 0.01 la
0.72:30 5 0.05 :3
0.7230 5 0.1 3
0.7230 10 0.01 3

1 5 am :3
2 5 0.01 3
3 5 0.01 3
4 5 0.01 3

Table 4.11: Stable cases for the mode! \Vith ail asymptotic state estimator.

0.7230 5 0.01 0.1 > 0.15 -135
0.7230 5 0.01 0.1 > 0.05 -90
0.7230 5 0.01 0.1 > 0.05 -45
0.7230 5 0.01 0.1 > 0.05 0
0.7230 5 0.01 0.12 > 0.1 -90
0.7230 5 0.01 0.12 ~ 0.05 -45
0.7230 5 0.01 0.12 > 0.05 0
0.7230 5 0.01 0.13 > 0.1 -45
0.7230 5 0.01 0.13 > 0.05 0

1 wf (rad/s) 1 B (N) 1 tl (m) 1 ,\ (s) 1 (3 1 q3 (deg.) 1

Table 4.12: Unstable cases for the model \Vith an asymptotic state estimator.•
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Figure 4.7: Simulation rcsults fol' a. stablc system. (a.) Spacect'aJt. el'l'o!' phase plallt~,

(b) Spacccraft crror phase plane (zoom), (c) 'l'hrust,cr comllHtlld histary, (d) Fut!!
consumption.

•

appears ta be concentl'atcd at the Icft side of li'ig. if.7(b) in a spimllllot.ioll. lIowcvel',

if the simulation is l'un for a largcr pcriod, thc right swit.ching line will eventually

be reached and thus, a fhing will OCCUl', thcn l'cactiving the small Iimil. cycle. This

longer simulation mn was not pcrformcd in arder t.o rnainta.in consistency in the

rcsults presentations and, sinee the veloeity is vcry small, the time reqllil'cd can he

quite significant. Figs. 4.7(c) and (d) arc also typical of a stablc SYHt.CIll, silice t.he

thrusters are not firing continuously and the fllel-consumption curvc is nat, t,hcrchy

resulting in a neal'-zcro rate of fuel consumption. ln this ca.<;c, the t.otal fucl (;011

sumption is very small, \Vith only 7.6 fuel units.
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Conclusions and Discussion of the Describing

Function Studies

•

The conclusions of the parametdc study of Section 'I.a are the same for ail three

Ill(,clels s\.udied. They are sunllnarized bdow:

1. t.he cutoff frequency wJ for the low-pass filters should be chosp.n as large as

possible to avoid instabilitYi

:l. a small velocity gain>' can result in instability in the system; therefore, a large

,\ should be selected. However, one must be careful, since a large>' may lead

ta a typc-2 instability fol' case l, where the model with position and velocity

filt.ers is used;

a. the force level B of the thrusters should be chosen small fol' stability. Unstable

types of behaviour arc more likcly ta occur fol' large B. However, one must

be careful because the system can be unstable fol' a very low thrust levcl as,

fol' exmnple, in the case of the modcl with a velocity estimator and a position

filter (always unstable when B = 0.1 N);

4. deadband limits 0 should be chosen as large as possible ta avoid instability in

the system.

Physical interpretations of these conclusions are given below.

A filter is designed ta reject the noise in a signal. If a low cutoff frequency is

chosen, t.he filtering elfects will be better, but lag will be introduced in the system.

This lag can have similar elfects ta delays, Le., it can change the effective slope of

the switching lines-see Section 3.3.3. If this lag becomes sa significant that the

slope of the switching lines becomes positive, then an unstable behaviour of type-l

is obtained, since the amplitude of the motion will always increase. Lag elfeets ean

also explain the inerease of type-2 instabilities with an inerease of wJ. When lag is
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presept, more and longer firings arc Il('rl'ssary t.o hring 1hl' syst.,'m III "'1nilihrinnl.

Since the natmal frequenries arc t'at.her 1011'. long,'r firing \ll'rio<1s Ciln nlll1'l' l'asily

excite these modes. As lI'ell, lI1an)' firings al'e 1I10\'(' likely 1.0 ,'xcit.,· Ih'xihk \l\o<1,'s

than a l'cil' firings. Therefore, t.he first. wndnsion of t.he dl'scrihil\g fnnrt.ion anal)'sis

seems 'luite reasonable ph)'sically.

The first part of the second conclusion l'an be cxplained h)' similar argnment.s.

11''\ is small, i.e., if the slope of the switching lines is large, a small lag ran dwngl'

this sIope to a large positive value, thereby resultiug in an uust.ahle syst.em of t.ype-I,

Increased chance for a type-2 instability wheu ,\ is uot very small sccms also 'luite

reasonable. When'\ is large, which correspouds to a snmll slope of t.he sll'it.chiug

line, the chattering phenomenon Î!ltroduccd in Snbseet.ion a.a.:1 is more likdy t.n

become significant, thereby resulting in more subsequent firiugs, aud, therefore, iu

flexible-mode excitation. However, this condnsiou is not valid in case 2, where 1.11<'

model with a velocity estimator and a position filter is studied. In this case, when

,\ is increased, there are less possibilities of obtaining a type-2 instahility. This

is contradictory and means that other phenomena play a more signilicant, role in

the system. No eX!llanation is cmrently available: more research is re'luircd to

understand this phenomenon.

The third conclusion on the effect of the force levcl 13 of the lhl'llstm's can also he

explained physically, When the thrnster force is large, a single impulse of thrnslel's

is more likely to excite the flexible modes of the system, since the impad. is more

profound. However, the l'casons why instabilities can result with very 1011' force levels

are lessobvious. A tentativeexplanation is that, if the force is 1011', lhen the thrusters

have to fire for a longer period. These longer jet firings can lead lo 1011' frequeney

excitation, thereby resulting in an instability of typc-2.

Finally, the fourth conclusion l'an be easily explained. If lhe deadband limits

are larger, then there is more off-time between firings, therefore resnlting in less

subsequent firings. It is thus more unlikely to excite the flexible modes in the system.
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Throllghollt. t.his section, it. was shown t.imt. t.he t.rend of t.he parameter values

olJt.ained hy t.he descrihing funct.ion ana!ysis make sense physically. This physical

lIn''''rst.anding is significallt. when est.ablishing confidencc in t.he approl'imat.e met.hod.

Sinlltiat.ion resnlt.s were also report.ed; t.hese confirmed the rciativciy good accuracy

of t.he Inet.hod for behaviol1l' prediction.

4.5 Importance of Hysteresis

ln t.he describing function plots of Subsedion a.7.2, no hysteresis was included in the

cont.rollers. HO\'lever, if 20% of hyst.eresis is added t.o the controller of the el'ample

for a t.ypL~2 illstabitit.y, which means that Q. =0.002 m (Fig. a.5), the plot of Fig. 4.8

is obl,ained, where subscripts cl and iL refer to the l'clay without and with hysteresis

respectivciy. The describing fundion representing the l'clay without hysteresis is

al50 inclllded for comparison. We can sec that the illterseeting points correspouding

t.o t.he t.wo curves, with and wit.hout hysteresis, are very close and correspond 1.0

t.he same amplitude for the predided limit cycle, i.e., A = 0.la9a m. The major

dirference is that, if hysteresis is present, there is no possibility for a stable system,

white st.able responses were possible in the case without hysteresis. However, as

el'plained in Subseetion a.7.2, the system is considered unstable because there are

possibilities for lInstable responses. Therefore, the conclusion on system stability is

t,he same and independent of the presence or lack of hysteresis.

Intuitively, the same conclusion is drawn by considering that hysteresis is adually

included in the control system 1.0 avoid excessive firings of the thrusters, as explained

in Subsedion a.3.3. However, when a large limit eycle is reached, the thrusters are

fil'ing for quite a large period and, hence, the hysteresis does not play an important

role. Since Wc are only concerned about system stability, il. is not necessary 1.0 include

hyst;eresis for the research conducted in this thesis.

'1'0 verify this conclusion, the same mode! that was simulated in Subsection 4.3.1

using the parameters of Tables 4.1 and 4.9 was simulated including 20% of hysteresis
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Figurc 4.8: Descl'ibing functioll plot with and wiLilout. ilyst.el·csis.

ta thc controllcr. The rcsults, illustratcd in li'ig. '1.9, arc almost. t.he saille ilS t.hosC'

of Fig. 4.3 fol' thc casc without hysteresis. The total fud COilsUlllp1.ioll is slighl.ly

higher in thc case where hystcrcsis is included, i.e., '18:3.9 fuel lIuit.s ills1.(~ad of '17S.9

fuel units. Again, this shows that, for thc problclll al, Imll<.1, hyst.el·(~sis dom; 1101. play

an important rolc. Since this situation is typica.1 of ail cases sl.u<1ied, ilyst.el'esis wa.."

not included further in this thesis.

4.6 Effects of Noise

In the describing function analysis of Section 4.3, il, \Vas not possihle 1.0 inc!lIde noise

in the system. Therefore, ta complete the study, the cffect of noise is inves1.iga1.cd

in this section by introducing white noise into thc sensor l'eadings of the simulatioll

models. Since we are not dealing \Vith any particular system, the alllOtlnt of noise

is not known, because this is dependent upon the quality of the scnsors. For this

reason, we assume sorne reasonable values for the parameters of the noise. White
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Figure <I.n: Simulation l'csults for a type-2 instability \Vith an hysteretic controllcl'.
(a) Spacecraft Cl'l'or phasc plane, (b) Thrustcl' command history, (c) Fuel consump~
tian. '1'0 bc comparcd with Fig. '1.3.

noise is assull1cd: titis means that the noise is normaIly distl'ibutcd with a variance

Un(li~t~ and a 7.ero mean ltnoisc = 0 m. The Sim1tlink whitc noise generator block \Vas

used to genera\'c thc noise into the modcls. The noise variance \Vas selected to be

20% of the variance of a stablc systcm motion, which is quite a large noise lcvcl,

sincc t.ypical values arc of the Qt'dCl' of 10%. For deadband limits from 8 = -0.01 m

\'0 (~ = 0.01 Ill, the val'Ïancc of the stablc motion becomes

(0.01) - (-0.01)
Umolioll = 6 = 0.00333333 m .

Thc variance of the noise is thus chosen as

Unoisc =0.2Umolitnl = 0.00066666 m .

(4.4)

(4.5)

•
If thc frcc-parameter~of Table 4.14, corresponding ta the most Oexible case stud

icd, are chosen for the model with a velocity estimator and a position filter, the

resulting motion should be stable according to Fig. 4.4(a), sinee WJ ~ 1 rad/s, and



• Chaptcr '1. Analysis and DisL't1s:-\Îon

~(\I ~'" [~'JI
~ 0.01 m 1 :!;r(O.IJ.Hl) radis 1 ;; l'ad/s 1

Table '1.14: Frec-paramdel' values fol' tll<' noisy st.ahl" syst."1I1.

s-, ,

•

a small limit cycle is expected. The simulat.iou mod'" was l'IIn usill!\ 1.1I<'St' pa 1',11 11

eters aud white uoise of variauce O'"oi." = O.IlOOlilililili m was add"d t.o t.h,' sYSt."1I1,

The results showu in Fig. 4.\0 iudicat.e a st.able syst.em. A!\aiu, fol' l"llllsist."lIcy. t.11<'

model was mn for only 500 s, resultiug in mot.ion nem' t.he ~l'm v"locit.y at. t.h,' l'i!\ht.

of Fig. 4.10(b). Howevel', a small Hmit cycle is expeded if t.he 11Iot.ion is l'lin fol' a

longer period. Wc can sec that even if thc cut.olr frc'lucncy of t.he li 1t.el· is "hOH"n

large, i.e., wJ = 3 rad/s, which results iu pOOl' liltcring e1fect. and a fm,t. l'esponSt',

the motion is also stable with the additiou of noise, This rcsult. is t.ypical of ail

results obtained and indicates that. it is not ncccssary t.o have a large lilt.el'inp; t.o

obtain a stable system. Howevcr, iu the case 2 where the mode! with a v"'ocity

estimator and a position IiIter is used, the position signaI used t.o o"tain an <'stilllate

of the ve10city must be filtered sincc a diffcrentiator is used, which would l'esnlt, in

a very noisy estimate. This comment explains why the att.i\,ude controller of the

Space Shuttle uses a very small cu torr frequency of WJ = 0,251:1 l"ad/s fol' the l"ate

estimator, while using basically the unfiltered measurement values t<lI" the al,t,itude

(Sackett and Kirchwey, 1982). In this kind of nonline<tl' system, nnfiltel'ed signais

can still give good performancc because they do not pass thl'Ough the cont,mllel' as

in a !inear system. The controller, which only Ims till'ee output vaines, eithel' +l, Il

or -1 is, therefore, a very good filter as far as the noise redudiou is couccl'lleel, ami

thus, always has a clean output signal.

For the case 1 where the mode1 with position and ve1oc:ity filtel's is useel, il.

was shown in Subsection 4.3.1 that the system was always unstable fol' low cuton'

frequencies and can be stable for high cutolr frequencies. Bowevel', al. the lirnit, if

the filters are completely removed, a stable system is possible even in the presence of
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•

noise. Simulation results fol' such cases are included in Fig. 4.11 using the parameters

of Table tl.15. The resulting motion neal" the cquilibrium is obviously very Boisy,

but still the system behaviour is stable, as seen in Fig. 4.1l(dl, by considering the

fllcl-collsumption curve. Thcl'dore, the mode1 with position and ve10city filters can

still be useful, and posscsses intcl'csting performance, even if it \Vas almost always

1I11stable in the study of Subsection 4.3.1. Howevel', one must be cal'eful with this

modcl, because, if the noise lcvcl in the sensor readings is more significant, let us

sa.y, if thc variance of thc noise is 50% of the variance of the stable motion, i.e.

O"lIoi~c = 0.00166667 m, the same system can become unstable, as shown in Fig. 4,12.

Hence, it is always mOl'e secure to use filters, even with a large cutoff frequency, to

climinate high-frequency noise. The actual usefulness of this model will depend upon

the quality of the sensol'S available.
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4.7 Perturbation in the Model with an Asymp..

totic State Estimator

ln Snbsection 4.3.3, it \Vas observed that the model with an asymptotic state esti-

mato)' \Vas almost always stable. However, for this model, adynamie rcprescntation

of the plant is rcquil'cd; it was assumed previously that this was perfectly known,

ln this section, thc cffcct of pcrturbing the plant and adding noisc in the system is

addl'Csscd,

•

1'0 pCl'turb t;}1C system, wc will assume that the aetual mass of the spacecraft is

M tp = 250 kg instead of MI = 500 kg, as in Table 4.1. For the payload, its mass is

incl'cascd by 50%, giving 1\f21J = 1.5{3M1• Thesc pel'turbations are not realistic since

thc Illass propertics are usually wcll known in space system, but are chosen to show

the robustness of this systcm to unmodelled uncertainties. The parameter values

of Table 4.13 are uscd to l'un the samc case of Subsection 4.3.3, while employing
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thc pCl'tl1l'bcd ma~s('s fol' thl' plilnt.. llsill~ Eq.l~.lliil), 1.1\1' lirsl liaI lll'ai fl'\'qlll"lll'~' is

(.w"1l = 2rr(O.O·'I!») l'ad/s, which is Lll<' Silll\(' ils 1'01' t1H' nOIl-IH'I'l.lIr!lt'd raSt'. \\'hit (' IIPisl'

wit.h Cl "ari,U1cc of O'lloi.~[· = O.OOIH){)(i()li !Il is "Iso ilddl'd \.0 tlll' SYSll'lll. 'l'hl' silllll1.ll,illll

l'csults of this pcrl.l1l'bcd-noisy sysl.<'lll an' p\'('s('lll.l'd in l''i~. ·1.1:L Il. 1S ll\lll'd th.1l t,hl'

systcm is st.ill stablc bccallse the rak of ful'11'0I1sumpt.ion is t~l'ar Zl't'll. 'l'hl' l,tlt,d 1'1I1'1

cOllsumpt.ion has incl'easec\ somcwhat. l'rom t.h<' 1l0tl-pl'l'l.lIl'lH'd Syst.l'IlI, l,l'.. :!ll.~ l'lit ,1

units instead of i.G fuclllllÎts (Scctiotl :l.a.:l). 110Wl'''(,I', l.11I· illlpOI'I.alll. l'OIH'llIsioll is

that thc systcm rcmains stable e"cII \Vit.h "l'l'Y pert.lIl'lwd llIass P1\)I)('I'1.i('s alld llOisl'

addition.
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The performance of the asymptol.ic state cstimator is 1.11115 very gond and cOII:>id

erably improves the stability zonc of the actual cOl1l.l'ollcr lIscd on the Spaœ Shlll.t.le.

Using this state estimator, the likclihood of actually cxciting t.he flexihle modes of

the manipulator is smal1, even when assuming large errors in thc ma:>s propcl'1.ics.

Sinee a11 these mass propertics are Imown precisc1y bcforc scnding ail abject. in spaœ,
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•

t11C' 1H'l'fonllallce call1lot he wOl'se thall that stlldie,l . lis section. 'l'hcl'efol'c. the

rllocld with ail aSYlllp!'ot.ic state eslilllator provides very good control cilaractcl'istics

alld is pn,fel'I'cd Ol'Cl' those stlldicd ill this thesis.
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Chapter 5

Conclusions and

Recommendations

5.1 Conclusions

This thesis examined the possible dynamic interactions bct.weell t.he at.t.it.ll"e Coll

troller of a spacecraft and the llexible modes of a space IlHtlliplllat.or moullt.e" 011 it..

The dynamic model of a t.wo-llexible-joillt. plallar IlHtnipulat.or moullt.e" ou a rr",,

llying base was derived. Its natural frequencies were obl,ained usiug dat.a rl'llm t.11<'

Space Shuttle-CANADARM system. These frequencies were t.hell lise" t.o del.ermille

the corresponding sprillg stiffness and damping coefficient. of a simplified t.WO-IIIi"~S

system that reproduced the relative motion of t.he payload (cal'l'ied by t.he mallipll

1ator), with respect 1.0 the spacecraft. A c1assical at.t.itude cont.l'Olier based 011 phase

plane techniques was implemented 1.0 control t.he spacecraft. This at.t.il.llde cOIlt.rolier

was integrated with the dynamic model or the simplified system ill t.hree dirrerent.

simulation models, cases 1, 2 and 3. The first simulation model, case l, assllmed t.hat.

the position and the velocity of the spacecrart were obtained from sensor reôtdings

and the signais were simply passed through second-order filters to ciimillate high



fr,,'1"""(:y noi",. In the second model, case 2, it. \Vas a"umed t.hat. only the posi

t.ion \v'c' availahl" hy sensors and a st.at.e estimator \Vas employed, which basical1y

c1iff"re"t.iat."s t.he filtered position signal to obtain an est.imate of the velocity. This

IIlodei is similar t.o the one used on t.he Space Shuttle. Final1y, t.he last. model, case 3,

also eillploys the posit.ion data available by sensors; ho\Vever, an asymptotic state

est.imator is us"d t.o obtain an estimate of the position and the velocit.y based on this

signa.i.

Since t.he at.t.itude contl'Oller assumes the use of on-off thrusters, which arc non

linear devices, t.echniques for analysis of nonlinear systems \Vere required. The de

scribing funct.ion method was used to ana\yze the charact.eristics of the three models

and to perforrn a parametric study investigating the significant parameters of the

system. The results obtained \Vith this approximate method have been verified by

simulat.ion using Si11lulink, a J\Ia/./ab package. These results \Vere usual1y in agree

ment; \Vith t.hose of the simulation and, therefore, wc coneluded t.hat the describing

funct.ion t.echnique is a very good t.ool to analyze this type of nonlinear systems.

Hence, t.he stability of a particular system can be verified quickly and easily using

t.his method. Lengthy simulations need only be performed to examine critical sta

bility limits, \Vhich requires less elfort. Moreover, the conclnsions of the parametric

study \Vere explained physical1y. These final conclnsions are summarized below:

l. t.he cutolf frequency WJ for the low-pass filters should be chosen as large as

possible to avoid instability;

2. a small velocity gain À can result in instability in the system; therefore, a large

À should be select.ed. Howcver, one must be careful, since a large À may lead

to a type-2 instability for case 1, where the modelwith position and ve10city

filters is used;

• Chapl.f:r fi, (;ondusiolls and B.ecomIllcndatiollS 9·1

•
3. the force level B of the thrusters should be chosen small for stability. Unstable

types of behaviour are more likely ta occur for large B. However, one must

be careful because the system can be unstable for a very low thrust level as,
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for example, in the case of t.I\l' modl'i \\'it.h a ,·('Iocit.:; (·st.intalol' and a posit.ion

Iii ter (al\\'ays unstablc \\'hen IJ = 0.1 N);

'!. deadband limit.s,) should be chosen as large as possihle t.o avoid inst.ahilit,y in

t.he system.

These conclusions l'an be used as guidclines in t.he design of an at.t.it.nd" cont.l'llll<·r.

The describing funetion l'an t.hus be useful t.o rea<1ily lin<1 a st.ahilit.y margin or t.11l·

chosen syst.em.

From the three models stu<1ied, t.he case 1 wherc t.he nlodcl t.hat. assnnll's t.hat.

the position and the velocity arc available by sensors is t.he one t.ha.\. givcs t.1ll' WOl'St.

performance. Due to the use of IiIters, lag is int.l'O<1nced in t.he syst.cm, which rcsnlt.s

in an unstable system. However, when high-qualit.y sensors arc availahle wit.h a. low

noise level, the need of filters with a low cutolf frequency is less import,anl.; adeqnat.c

performance l'an then be obtained with this mode!. Il. was shown t.hat., at t.hc limil.,

when the filters are removed, a stable system is possible, l'ven in t.he presen"" or

noise. The general pOOl' performance of this system explains why velocit.y sensors

are not clll'rent\y used in accurate attitude controlmanoenvres of t,he Space Shnt.t.le.

The best performance case, ont of the three modcls stndied ill this thesis, was

obtained with the case 3 which uses an asymptotic state estimator. Il. was noted t.hat

stable systems were possible for very large parameter variations. In fact., st.ahility

problems were only present for a very low velocity gain À, which COITes ponds, t.o large

slopes for the switching lines. This estinmtor l'an be used to improve t.he performlLllce

of the aetual attitude control systems when nexibility is a major conccl'll. Even in t.he

presence of large uncertainties in the mass properties, the performance obtained W;L~

very good. However, this state estimator requires an accurate dynamic model of the

plant, even though it was demonstated in Section ~.7 that the controller performed

adequately when a significant perturbation of mass properties was introdncl'(l into

the mode!. This is not a large drawback, since accu rate inertial propert,ies of a

spacecraft can be obtained prior to its launching into space. Howevel', in the case of



il 'l''"''' ro1>ot.ic 'y,t.elll, t.he dynilmic, ciln hecome very compiicat.ed when flexihility

in t11l' link, and joint., of t.he ro1>ot., along wit.h t.he payload flexihilit.y, must be

fOn,iC\,'1"('(1. The compnt.at.ional t.ime re'lnired for t.his complicated syst.em hecoll1es

,ignificilnl., and t.he nse of models rnnning in real-t.ime can become difficult. and will

1", c\epenc\ent. npon t.he available hardwal·e. However, a sim l'1er approximat.e modcl

nmy he snfficient. t.o achieve good performance. More research is t.herefore needed on

t.he possihle ill1plement.at.ion of t.his t.ype of cont.raller.

It. was ohserved t.hat. t.he modcl wit.h a vclocit.y est.ill1at.or and a posit.ion filt.er, as

nsed on t.he Space Shnule, did not. l'l'ovide very good performance. However, t.his

observer is simple t.o implement. sincc no dynamic modcl is necessary. If t.his modcl

is seiect.ed fol' a part.icular syst.em, t.he guidelines present.ed above can be used t.o

choose t.he parall1eters t.hat. will l'l'ovide good performance in a variety of condit.ions.

It. should be mentioned t.hat. the stabilit.y of the syst.em is aiso dependent upon the

initial conditions. ln the simulations reported in Chapter 4, the system was assumed

1.0 have a large initial errorj il. was attempted 1.0 restore il. 1.0 within the deadband

limits. Since the initial elTor is large, there is a high probability of exciting the flexible

modes of the nmnipulator. In a more practical situation, the spacecraft would already

he within the attitude Iimits and il. wouId most Iikely be distmbed due to manipulator

motion, hence requiring reaction control. ln this case, the cOl'1'ecting action would

t,ake place when the error is small. Therelore, the thl'llsters would fire fol' a short

period, as fol' a rigid body limit cycle, which would not likcly excite the flexible

modes. Howe"er, the rapid commanded motion of the manipulator could incur a

larger disturbancej therefore, the chances 1.0 obtain an unstable system become more

significant. In conclusion, even if the describing function method predicts an unstable

system, a stable behaviolll' is still possible, but the motion must be executed slowly.

This is duc to the fact that in most unstable predictions, a stable system 'l'as also

possible fol' small initial Cl'rars. ln those cases, wc concluded that the system was

unstable duc to the instability possibility. The use of an asymptotic state estimator

•

•
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in these cases would allow faster motions that an' mos\. likdy t'~p,·t'l.t'd .n fntlll'"

space e~ploitation.

5.2 Recommendations for Future Work

The problem addressed in this thesis was sol\'l'd iu a "t'l'Y sinlplilit'd fOI'lIl. 'l'11l'n'

exists a wide range of fUl'ther investigations that <:ould 1)(' pt'I{ol'll\('d ilS an ,·~t'·nsion

1,0 this worle Some suggestions for futUl'e aet.i"il,ies ilrt' out.!in,·d as follows:

1. Incorporate the dynal11ics of a two-I\e~ible-joint manipulator in th,' .no,I<·ls.

instead of the dynamics of the simplified system.

2. Use an impro"ed controller with optimum switching fnnet.ions and ,,<'iocity

limits drift channel instead of the simple swit.ching lines ns"d in this tl",sis.

3. Extend the simulation modcls to a three-dimensiona.! ca5e, as opposed 1,0 1,1",

one-dimensional case considered here. i\ three-a~is eontl'Ollel' shonld therefore

be devcloped.

4. In the case where the model with a velocity esLimator and a position filter mnsl.

be used, investigate the incorporation of compensation techniques 1,0 pnsh I.he

cIosed loop poles of the system to the Icft of the complex plane 1,0 <'iiminate

lag due 1,0 the filter and, therefol'e, enhu'ge the st,abilit,y wne of the syst',n •.

5. Study the implementation of the asymptot,ic state estimator for real-tin", con

trol in the case of complicated dynamic modcls with limited compnter ti'llll

avaHable.

6. Investigate the use of a Kalman filter in the case where noise properties are

known.

7. Investigate the possibility of usillg pulse-width rnod"lation techniqnes 1,0 con

trol the position (attitude) of the spacecraft .
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Appendix A

Expressions of Coriolis and

CentrifugaI Terms

The NiAq,.,qr) expressions of Eq.(2.10) are givcn by

(i\.1 )

(i\.~)

(1\.:1)

(I\A)
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Apl)(~lIdix A. Expn::;:;ioll:; of (;orioli:; and Centrifugai 'l'Crlll:;



Appendix B

Transfer Function Derivation of

the Linear Elements of the

Simulation Models

ln this Appendix, the transfel' function of the tincal" eklllellLs of 1.I1l' t111"l'l\ 11101l.'ls

studied in this thesis arc del'Îved. This trallsfcr flllldiOlI il' 1'l~(lI'l~Hl'lItd hy (.'(.-;) in

Fig. B.l. By examining Fig. 1301, wc mil wl'itc

(J' = -y

a = -G'(s)u (lU)

where u is the output of the l'clay noniincarity, eil.her -1- 1, 0 01" -1.

Thcrefol'c, if an cquation similar to l~q.(n.l) can he oht;tillcd, l.his IIWitllS l.Im1.

the model is rcduced iuto a suitablc forlll for dcscl'Îbillg f\llldion illlitlysis.

•

Yd=O t a
- 9 u J-~ 11

+ ~X-~-X-~~I--

Figure 13.1: A nonlincar systcm.



'\IJIJI'lldix IJ. 'I"rallsrer Flilldioll 1)(lrivaliOlI• B.l

JOli

Case 1: Model with Position and Velocity

Filters

'l'he dY"'lInics of I.he pianI. in I.he Illodcl pl·esenl.ed in Fig. 13.2 is represented in

sl.al.e-space fOl'ln. 'l'he I.ransfer funel.ion deseribing I.his dynalllies ean be writt.en as

(;1 (s) = E(sI - At'b . (13.2)

Using I.he expressions of A, band E, dcfined in Eqs.(2.26) and (3.22), we obtain

(13.:3)

where CI,,(s) is defined in Eq.(2.57) and represents the plant transfer funetion.

Therefore, examining Fig. 13.2, with the use of Eq.(13.3), we ean write

fT = -y, - >'Y,

= -Cij(s)exp-T., Ci,,(s)u - >'Cij(S)CXp-T' sCi,,(S)l!

= -(1 +>'s)exp-TS Ci,,(s)Cij(s)u

by defining

(j = -Gfillcr(oS)u , (13.4)

•

Equation (13.4) is of the salTIe form of Eq.( B.I) and therefore, CifillCl'(S) is the

(,ransfer funetion of the linear clements of the model with position and velocity filters .
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r-----------------, r---------------------------,
1 1 1
1 1 1

111,=0: + li:
t t
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1 1

~-- ----- --------~ ~---------------------------conlrollcr planl

Figure B.2: Case 1: modcl with position êlnd vdoeit.y Hlll'I's.

y,

1/,
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B.2 Case 2: Model with a Velocity Estinlator

and a Position Filter

Examining Fig. B.3, we ean write

(7 = -YI - À[1I

= -GJ(S)YI - ,\(sG"e(.s)üi + ~ J:~l'lt)
=-GJ(s)exp-TS G1l(S)U

[ ( 113) 113]-À sG.,c(s) CXp-T~ G,,(s)u - 2'-\/ 'It +-~Iu
s JI 1 ... Il' 1

= - [exp- u Gl'(s) (GJ(.5) +ÀsG"c(s)) + ;,~~<; (t - G...,(s))lu
(7 = -Grale( s)u

by defining

(B.5)

•

Equation (B.5) is of the same form of Eq.( 13.1) and l.hcrcforc, Gmt,!(s) is t.he

transfer function of thc tincal' clements of the modc1 \Vith a vc1ocit.y cHtimator alld il

position filtel' .
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Figure 13.3: Case 2: modcl with a vclocity estimator and a position filter.

B.3 Case 3: Mode! with an Asymptotic State

Estimator

The dYllamics ~f the plant in the modcl prcscllted in Fig. BA is represented in statc

spare fOl'm. This dynamics is writtell in transfer fUllction form in Subscction 2.3.2,

and the tmnsfcr function representing this dynamics is given by G,,(s) which is

<IeHned in Eq.(2.57).

libr the statc cstimatol' part, wc havc

•
Wc also have

.Je = Ax +bu +k(YI - c'l'x)

7'= (A - kc )x +bu + kYl

l' [ J[U]=(A - kc )x + b k
YI

[
~l ] =Ex.
YI

(B.6)

(B.7)
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F'igme B.4: Case 3: modcl \Vith an asympt.ot.ic stat.e cst.imat.or.

In transfer function fonn, Eqs.(B.n) and (13.7) can be writ.l.cll as

[
ÛI ] , [ 'IL ].: =G2 (s)
YI YI

(IU~)

wherc

(
'1' )-1 [ ]G2 (s) =:El sI - (A - kc ) b k .

Using the expressions of A, h, c, E and k, which arc ddincd in Eqs.(2.:U)), (:t~7),

(3,22) and (3.18) l'cspcctive1y, wc obtain

( IL!))

\Vith

•
M1M2[L1sa+ (C~l +L2)s2] + (kMlfJI +cMI I.2+

kM2L3+cM2L.t.)S +kM1fJ2 + I.M2fJ <I

912(S) = --------l--~(-:-s-:-)---~------



i\ PI)/~lIdiX B. 'l'ram;fer FllncLion Derivatioll

M1M2 L2s3 + (cM1L2 - kM2 L1 +kM2 L3+

cM2.r,'I).'l2 + (kM11.2+kl\'[2L'I) s
!h.A·") =------ IJ(s)

ami

[ , (c .) 3 (k cL! ) 2]D( s) = MI 1\12 s' + ~ + /." s + ~ + -;;- + L2 s +

(kM, LI +kM2 L3 +cM! 1.,2 +cM2L.,)s + kl\1, L2+ kl\l2L'1 .
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Tite black diagmm of Fig. BA cali thcrefo!'c bc rcprcscntcd as thc onc of Fig. B.5.

Y,
C2(S)

Yr

~

Y,

•

l"igure B.5: Madel with an asymptotic statc cstimator using transfcl' functions.

Examinil1g Fig. B.5, wc can wl'itc
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a = -G'IL.;).m(.")ll

by delining

111

(Il. Ill)

•

where 911 (s), rJI2(S), rJ21(S) and rJ22(S) a!'c defined in 1~'1.(B.!)).

Equation (B.10) is of the same form of I~q.( B.I) and t.he!'cfOl'e, (1",).",(.,) is t.h<,

transfer function of the !inear clements of t.he modcl wit.h an asynlJ't.ot.ic l'st.inla!.o!'.




