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Abstract 

Issues as'loeiated with dynamieal modelling and control of a spaceeraft-mounted 

rohotie manipulator capturing it spinning satellite are investigated in this research. 

The formulation of UH' post-eaptur.:! dynamical equations of the system was carried 

out by writ.lIlg the indlvH!ual Lagrange's equation for the mother spacecraft, the 

t,wo-link robotic fIl(Ulipulator, and the eaptured payload. These equations were then 

assemhled to oht,lin the cow>lrain('d dynamical equations of the system as a whole. 

This mcthod, IlOw('ver, illtroduces the non-working constraint forces and moments 

which suhstantially comp!icate the dynamical analysis and therefore have to be elim­

inated. A !love! techll ique that involves the use of the natural orthogonal complement 

of the vclority-constraillf. matrix was used in order to obtain a set of unconstrained in­

depcndent. ('quat.ion~. A computer code was written using FORTRAN and the IMSL 

sllhroutine DIVPAG was uscd to integrate the equations of motion. The pitch angle 

of tht' Illother spacecraft, t.he joint angles of the manipulator, and their rates just 

after capture wel't> calcu\ated hy solving the inverse kinematics prob\em and using 

impact dynamics principles. Thcse were then used as initial conditions for the post­

capture dYllamics. A dynamical simulation of the system for the uncontrolled case 

was carricd out to study the cffecl of the disturbance, resulting from the capture of 

tlw satellite, on tilt' spaC<'craftjmanipulator system. In light of the results correspond­

ing to t.JH' IlllcontlOlled sy~teJll, a control algorithm, whose objective is to produce a 

St't of ft'('dbMk-lillt'arized, homogeneous, and uncoupled equations, was designed and 

implt'Il\t'nt,ed. The effe,t of structural flexibility in the robot links on the response of 

the system was also investigated for both the uncontrolled and controlled cases . 
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Résumé 

La présente recherche a trait aux problt'Illt's que posent la mndt'iisatioll l'l Il' 

contrôle d'un robot manipulateur, port{· par un véhicule slMt lùl, ut.ili~l· pour la saisie 

d'un satellite en rotation. La formulation des t-quatiolls dyllamiq\H's du ~yst.t·nlt' a.prt·s 

la saisie a été effectuée en établissant S('pc\rt~nwl\t I('s ('qU<ltÎolls dt' L.\gr.\IIpp curre 

spondant au véhicule porteur, au robot n1ctnipulateur à dpux (~léll\(,Ilt.S .\rticull·s t'I. ;\ 

la charge payante. Ces équations Ollt été, par la suit(·, d~~l'lIIhll,('s a/il: d'oht.(·nir h·s 

équations dynamiques de contrainte du systi'IlH' dans SOli (·llst·mhlp. (~t't.tt· 1lI(~thodt' 

introduit des forces et dt's momt'nts de contraint.e 1':1l:>sifs qui compliqut'Ilt Ctmsidèra­

blement l'analyse dynamique, raison pour laquelle el\('s ont. (·t{· /'Iimin('('s \lm' 11011-

velle technique, qui consist.e à appliquer le complément orthogoual1/at IL!'..! dt' la ma­

trice vitesse-contrainte, a été utilisée afin d'ohtcllIr ulle !>éri(' d'équcLt.iolls indi!pen­

dantes non contraintes. Un code informat.ique a été élabor{' avec FOlfrH AN (·t 

le sous-programme DIVPAG d'IMSL afin d'intégrer les équations d.· 1Il01lVt'IJ}(,Ut., 

L'angle de tangage du véhicule porteur, les angles d'articulation dll mallipula.teur el. 

leur régime immédiatement à la suite de la saisie 011t {-té calcl1l(~s apri·s avoir n'!solu h· 

problème de cinématique inverse et appliqué des principes dt' la dyllallliqu(' des chocs. 

Ces données ont été retenues à titre de conditions initiales pour la dyn,Lflliqul' appli­

cable après la saisie. La simulation par ordinateur dll systi'me hors-contrêJI(· ,l p(~rfllis 

d'évaluer l'effet de la saisie du satellite sur le système véhicule' spatialjmétrliplllate·ur. 

Vu les résultats non contrôlés obtenus, un algorithme de contrôle a ètt'! COHC;II ('1. adoptf. 

en vue d'obtenir une série d'équations rétrolin{'airt'I>, hornog(!rles et. d(·collpl(·('s. L'dfd 

de la flexibilit.é structurelle des articulatiolll> du robot sur la p('rfoflll'Ulce du syst(!rne 

a également été examiné dans les cas tant non-contrôh~s que contrêJh~s_ 
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Chapter 1 

Introduction 

1.1 Space Robots 

In recent years there has been an increasing interest in space as a new application 

field of robotics. Space rohots are expected to play an increasingly significant role 

in future space operations. They will be used for the assembly and fabrication of 

space structures required for the construction of the proposed Space Station and a 

multitude of other tasks in space. 

Extensive research is eurrently being conducted to further improve and develop 

new technologies in the area of space robotics. The objective is to minimize the 

IlL>ed for astronaut Extra VehiculaI' Activity (EVA), whieh would greatly reduce both 

mission costs and hazards to the astronauts involved. 

Space robotie systems are typically eomprised of one or two eooperating robot 

manipulators and can either be mounted on a free-flying spacecraft sueh as the spaee 

Shuttle or on a Space Station'8 platform. The Canadian Remote Manipulator System 

bt>tter kllOWll as CANADARl\'l shown in Figure 1.1, is frequently used in conjunction 

with the Space Shuttle, and represents the only operational space manipulator system 

1 
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Figure 1.1: Schematic of CANADARM mounted on the Spaœ Shuttle 

available. Ot.her advanced space manipulators currently beiug c!t>v(·lopt·d arf' thc~ 

European Hermes Robot Arm (HERA) and the Japanese ExpefÎllwnt. Modlll(~ HClTlotc 

Manipulator System (JEMRMS) as outlined by van Wocrkom éLlld de' HOPf (WU2). 

A more advanced version of CAN ADARM is the projccte<1 Mobile Spfvicing SyH­

tem (MSS) which is currently being designed to be the Canadian cOlltrihutioll to 

the international Space Station, Freedom, whose construction is schcdllh'd tu com­

mence in 1995. The Space Station projcct is the large!'>t of its kind and Îs designed 

to be a permanent inhabited orhiting lahoratory, where observations of Earth and 

space will he done and experimellts, which can only be performed in a microgravity 

environment, will he conducted. The pwposed MSS is projc·cted to indude a large 

manipulator arm which will be known as the Spacc Station Rcrnote ManiplJlat.or Sys­

tem (SSRMS), a smaller, two-armed, dextcrous rohot known as the Special Purpose 
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Dextrous Manipulator (SPDM), as weIl as sensors, controls, artificial intelligence and 

other techuologies which make up the fully integrated system. 

Due to the microgravity en .... ironm~nt in space, space robots are able to manipulate 

a payload whose mass if'> substantial compared to the mass of the spacecraft on which 

the manipulator is mounted. For example, the CANADARM which has a mass less 

than 480 kilogram is rated to manipulate payload masses of up to 30,000 kilogram in 

space. However, it cannot lift its own weight on Earth. The proposed more advanced 

SSTlMS will be able to lift more thùll 100,000 kilograms in space, manipulating even 

the Space Shuttle itself when it berths at the orbiting station and could still handle 

valuable small loads with care and high precision. 

1.2 Dynamics 

Space robots have different kinematic and dynamic features than their counterparts 

on Earth and consequently the dynarrilcal analysis is far more complex. One major 

characteristic of space robots, which distinguishes them frorn ground-fixed ones) is 

the lack of a fixed base in a space environment. That signifies that the modelling 

techniques used for Earth robots have to be modified in order to account for the 

moving platform on which the robot is rnounted. 

1.2.1 Rigid Robots 

The lack of a fixt'd-base for space robots causes the internaI dynamics, i.e., the dy­

namic coupling bet.ween the system's components, to become quite significant and 

must !w properly account.ed for in order to achieve sorne favourable results. In a 

sparc envirollment, the commanded motion of the robot manipulator set to per-
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fOfm a specifie task produces reaction forces and rcadion moments 011 the SI uUlt' 

(platform) through the robot 's base. These induced forces and mOIlH'llts prodllCt' a 

translation of the centre of mass of the platform and a rotation about its ("ell ,rl' of 

mass. As a result of those same forces and moments, tht' robot joint angles that 

would normally be commanded to produce a prescribed robot. end-t'fft'ct.or posi tioll 

and orientation will cause the end-effector to miss the targct. Thus, the tip positil'n­

ing of the manipulator will affect the motion and control of th{' platform. Likcwis( \ 

the motion of the platform will affect the manipulator control. Sueh int.eractions 

have been recently investigélted by several researchers sueh a.<; Umetani and Yoshida 

(1989a). These movements, which could be large depending 011 thl' f('latiw mél.SS('S of 

the system's eomponents, are undesirable sinet' they may involw CL la.rg(· ('IH!-t'ff('dor 

motion and an attitude drift of the spacecraft. It was found by Vafa, and Duhowsky 

(1990) that the md.nipulator's workspace will be reduced as weIl. 

1.2.2 Flexible Robots 

There is a large number of literature available on flexible manipulators. However, 

only those considered to be most relevant to this work will be cited in the following 

sections. 

1.2.2.1 Link Flexibility 

One of the major problems facing ground-based industrial robots is their excessive 

weight. Heavy links require large actuators to move them which will in turn consume 

more power. As a resuIt both the manipulated payluad c:apacity and the speed of 

operation will be adversely affected. AIso, the transportation of heavy rohots from 

one location to another would be more difficult and very costly. 
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In a space environrnent, the excess in weight becomes critical and space robots 

should he dt'sigllcd a~ light as possible in order to eut down on the costs of launching 

them inta ~pace. This could Le achieved by using aluminum alloys and composite 

lIlat.erial., tu wll~truct the rooot'~ links. This would result in lightweight links that 

are strong ill compression, hut rclatively weaker than industrial robots in bending. 

Space robob arc also de~igned to be very long and slender in order to improve the 

efficiclIcy, enlarge the workspace, and extend the reach. However, the large spatial 

dimensions and the large manipulated payload assoeiated with space robots make the 

flexihility, which results in suhstantial structural vibrations, an issue of eoncern even 

if the mallipulator is operating at a low speed. 

The structural flcxiLility inherent in sueh manipulators introduces a noticeable 

and und(~siraolc modification of the traditional rigid-body manipulator dynamies. 

This is a result of the strong coupling between the non-linear rigid body motions and 

the lineaT clastic displacemcllts of the links during the manipulator's motion. Flex­

ibility of tht' robot links has been a topie of investigation in the roboties field sinœ 

the }970's, by such resparehers such as Gevarter (1970) and Hughes (1979). It was 

found that ib t lrd t hecumes significant when manipulating large payloads, and/or 

operatlllg at high speeds and neglecting flexibility will resuIt in gross inaccuracies in 

the positioning of the end-effector. Consequently, the induced vibrations resulting 

frolll tht' fll'xibility cou Id be so substantial that they might tumble the spacecraft on 

which the manipulator is Illounted, as suggested by Longman (1990a). The incorpo­

ratioIl of structural fl('xiLility of the links in the dynamicai modei poses a challenge 

to rt'sl'archt'rs. Therefort', man}' rt'searchers have simply ignored the flexibility of the 

robot's 1mb t'ntilely and tn'att'd tht' system as rigid. However, this will le ad to a sub­

stalltial detl'rioration in trackillg accuracy, especially a& the flexibility becomes more 
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significant. Other researchers sueh as Baruh and Tadikonda (198ï) treated the flex­

ibility effect as a determînistic disturbance on the rigid body motion. Consequently, 

the flexible motion could be treated similarly ta the way gravitational, Coriolis, and 

centrifugaI effects are treated. 

1.2.2.2 Joint flexibility 

Another equally important concern is the flexibility in the joints of the manipulator. 

As far as the overall dynamical stability of the system, recellt studies, surh as thost' 

done by Chi ou and Shahimpoor (1984), have shown that the joint flt'xibility has a 

similar contribution as the link flexibility. The inclusion of the flcxihilit.y in boUt 

the joints and links in the model complicates the dynamical equatiolls of motion 

substantially. Therefore, very few researchers have addressed t.he effect of including 

both flexibilities on the behaviour of the system. It was found by Yang and Donath 

(1988) that the inclusion of bath joint and link flexibility cuts down on the total 

deflections, but increases the oscillatory behaviour of the links. They have shown 

that both the flexibility in the joints and the links, are sources of trajectory tracking 

errors and undesirable oscillations of the end effector. 

1.2.3 Flexible Payload and Platform 

Sorne researehers have investigated the possibility of eithcr having a flexible platforrn 

or a flexible payload. Chan and Modi (1991) concluded that the vibrational wsporJse 

ofthe flexible platform is su bstantially affeded by the location of the manipulator and 

the time history of the slewing manoeuvres, wllich, in tUrIl, could have a sigtlÎficant 

influence on the microl!;ravity environ ment at the Space Station. Flexibility of the 

payload was also addressed by Carton and Chrétien (I989) where they have considef(!d 
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payloads with flexible appendages . 

1.2.4 Cooperating Robots 

The dynamics associated with two cooperating robots have been addressed by a few 

researchers. Murphy et al. (1991) simulated the dynamics of two cooperating robots 

mounted on a moving platform which forms a closed kinematic chain. They have 

concluded that the equations of motion are identical in structure to the fixed-platform 

cooperative manipulator dynamics. A good example of cooperating robots is the 

proposed SPDM discussed earlier which will be equipped with two manipulator arms, 

each two metres long. The two arms are designed to cooperate in performing delicate 

tasks such as replacing components and working on the Space Stations's electrical 

connections. 

1.3 Control Schemes 

Control of space manipulators has been investigated hy many researchers, but most 

of them assumed that the manipulator's base is stationary, i.e., the conventional con­

trol sehemes for ground-fixed manipulators could be directly implemented. However, 

if the translation and rotation of the platform is to he considered, then a modified 

seheme that estimates the platform's position and attitude has to be designed and im­

plemented in order to achiew effective control. With the ahove-mentioned condition 

and by avoiding singularities, Papadopoulos (1991) suggests that nearly any control 

algorithm that can be used for fixed-based manipulators can also he implemented to 

free-floating space robots . 
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1.3.1 Control of the Spacecraft 

Several schemes for the control of the mother spacecraft have been propost'd and can 

be classified in three major categories. In the first category, ft'action wheds and/or 

jet thrusters, as suggested by Dubowsky et al. (1989), are used to ('Outrol tht' spa('('­

craft 's attitude and position by compensating for the forœs and moments eXt'rtt'd on 

the robot base (spaeecraft) as a result of its motion. I1owevt'r, ft'action jets may nHl­

sume large amounts of expensive attitude control fuel and heure limiting tilt' IIst·ful 

life of the system (Torres and Dubowsky, 1991). On the other hand, thanks to tlH' 

inertially-fixed base, a solution to the relatively simple inverse kinematics problcm 

is only needed and control laws designed for Earth robots coult! ht' din·ct.ly implt'­

mented to systems in this category. The second category addrCliSl'd hy Longmall d al. 

(1987) proposes an active attitude control system (ACS) that mailltains tlH' spaCt'­

craft's attitude relative to its orbital frame, which is achieved by applyillg appropriate 

corrective torques. The spacecraft 's centre of mass however, is still free to translate in 

response to the force disturbances of the robot and its payload. The control of these 

systems is considerably more complicated than those of the first catcgory. However, 

the control could be simplified by using a technique ca\led tlH' virt.ual manipulator 

(VM) developed by Vafa and Dubowsky (1990). The third category, which involves 

free-flying spacecraft, has been proposcd in order to conserV<' expensiV<' fud and to 

avoid possible collision of the robot 's end-effcctor with the payload about to be cap­

tured. However, sinee the Attitude Control System is off for system~ in this category, 

this mode is only feasible when no external forces and torques affect the system and 

when its total angular momentum is negligible (Papadopoulos 1991). The control 

of sueh systems is the most complieated of ail the aforementioued categories cl ue to 

the fact that the platform is floating and therefore the inverse kiuetics rather than 
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kinematics problem has to be reckoned with. Longman (1990b) iutroduced a method 

that ohtain!!> one fcasiblc solution among an infinite number of solutions to the inverse 

kinetics prohlcm. The virtual manipulator (VM) method, which only applies to rigid 

manipulators, could be used as weil in order to generate a more practical numerical 

approach to solving the inverse kinetics problem. Umetani and Yoshida (1989b) in­

troduced the Gcneralized Jacobian matrix (GJM) concept and suggested that its use 

will enable the implementatioll of the conventional control method for ground-fixed 

ma.nipulators to space robots. 

1.3.2 Position Control of the End-Effector 

The cont.rol of space manipulator systems is complicated by the non-linear nature of 

its equations of motion. In the absence of vibrations of the manipulator's links due 

to structural flexibility, i.e., when the system could be treated as rigid, satisfactory 

accuracy of the cnd-effector positioning could be achieved. However, in the case of a 

flexible system the control is further complicated by the strong coupling between the 

rigid and flexible degrees of frcedom. Therefore, accuracy in the positioning of the 

end-cffector of the fleXible manipulator and the avoidance of its oscillations due the 

structural ficxihility pose a big challenge to the control designer. 

The complC'xity of th(' control schemc used for the positioning of the robot's end­

('ffeetor is highly dependcnt on w hether the spacecraft control system is turned on or 

off. In the case when it is off, it was shawn by Lindberg et al. (1990) that the position 

of tilt' robot t'nd-effector is no longer just a function of the present robot joint angles, 

but rather a function of the whole history of the joint angles. On the other hand, in 

situations whcre the ACS is 011, the end-effector position is purely a function of the 

final robot joint rates. 
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In the case of a single link robot manipulator the control could bl' simplifil'd by 

treating the flexible manipulator as a linear system. Cannon and Schnitz (1984) ust'tl 

a series of feedback control schemes with sophisticated SCllsor systems. Sakawa l·t al. 

(1985) presented another closed-Ioop control algorithm based Oll a dt'tailt'd analytical 

model of the link and an alternative sensor system. 

In a multi-link case however, neglecting the 1l0nlillCar terms may lt'ad to suh­

stantial errors in the respouse of the system. Many researchers have ust'd f('('dhack­

linearization techniques in order to control such systems and achif'v(' an accurat.t' 

end-effector position. Baruh and Tadikonda (1987) trcat the fl{'xihility t'Ift·cts as a 

deterministic disturbance and implement the feedoack-lilll'arization control law hy 

means of spatially distributed sensors that measurc the elastic motlOIl. Bayo (1988) 

developed a procedure to calculate the torques rcquired to move the t'ud-(·f[t,ct,or of a 

multi-link robot through a specified trajectory whilc avoiding tip oscillations. 

Experimental studies are also being condllctf'd to study the t'[('ds of fll'xibility 

on the positioning of the end-effector usiIlg Radius (Buchan ('t a.l. 1989). Carusone 

and D'Eleuterio (1991) have shown that the implementation of a trajectory tracking 

contro11er is vastly superior to a PID controller; the manipulator end-point followed 

the desired path more closely without any large oscilla.tions. 

1.4 Payload Capturing 

There is very little work done on the collision and capture dynamics of a robot ma­

nipulator. Umetani and Yoshida (1989b) through experimental studies have shown 

that a spacecraft-mounted manipulator is capable of properly cha..,>iug aud capturing 

both a standing and a moving target (satellite). This is in spite of the cornplex space-
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craftjmanipulator dynamical interactions. Yoshida et al. (1992) used the Extended 

Gcneralized In(~rtia tClIsor (Ex-GIT) and the virtual mass concepts to formulate the 

collision problcm by focusing on the vclocity relationship just before and after the 

collision without aIl actual sensiug of the impact force, but considering the momen­

tum conservation law. However, they have not presented any simulation results that 

reveal the effeds of impact on the system. Chapnik and Heppler (1991) have stud­

ied the effect of impact on a single link flexible manipulator and concluded that the 

defIection of the beam after impact is very small and could be ignored, however the 

defIt,ction rate is significant and cannot be neglected. 

Capturing a payload in space is a complicated procedure because dynamics and 

control issues of the different phases that constitute this particular task have to be 

dealt with. The phases could Le summed up as follows: 

1) Chase and app1'Oach of the target which involve the application of appropriate 

joint torques that will lcad to the desired approach trajectory. 

2) Impact bctween the payload and the robot's end effector. This phase is highly 

sensitive to the initial conditions of the payload and the configuration of the 

spacccraftj manipulator system just before impact. 

3) Gmsp of the payload by the manipulator's end effector. 

4) SUpp7"fSSlO7l of any residual motion of the payload by applying appropriate joint 

torques . 
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1.5 Objective and Motivation 

The primary objective of this research is to develop a methodology for tilt' formulation 

of the dynamical equations of motion of a spacecraftjmanipulator systt'Ill ('(\pt.urin~ a 

satellite and to study the impact dynamics. A simulation of the post-('apt\lll' dynam­

ics will be carried out in order to evaluate the t'fft'ct of sudl a ta.sk on tht' systt'Ill's 

various degrres of freedom, i.e., spacecraft attitude, joint angles, and tIlt' orientation 

and position of the captured payload, and their rates. Of great intt·ft·st in t.h(· pru­

posed research is to evaluate the efft'ct of the inertial propertit's (lllitSS and IIlt'rtla) and 

the pre-capture dynamical properties (initial vclocity and spin rate) of tht' illlpacting 

body on the post-impact behaviour of the system. Hence, ca.S{·S involving 1>oth slIlooth 

and hard impacts resulting from the berthing of the spacecraftjmanipulator syst('1Il 

and the payload will be illvestigated. Structural flexibility in the robot's links is of 

great concern as weIl, and an appropriate modelling technique has to be impl(·Illt'llted. 

Control of the system just after impact is also of importancc. Th(· ohjt·ct.iv(· of a COII­

trol scheme is to suppress any residual motion of the payload and maintain sl.ability 

of the system's components, i.e., the spacecraft, robot maniplllator, and payload. 

The motivation behind this research is the lack of analyflcs that Mlclress the dfed. 

of an impacting body on the behaviour of the spacccraft/mauipulator system. Most 

of the previous research conducted in the area of robot Indniplliators mOlllltl'<l 011 a 

free-flying spacecraft iIlvc~tigated the cffect of the dyuarTllc coupliug lH'tW('('1l cl. rohot 

and its base on the positioning of the' end-dfector as it p{'rforrns a œrtain t.ask. A very 

small number of researchers actually investigated t.he ef[('d<; of capturing d 1!a.I.t'llite 

and those who did were oIlly concerned with the approach dynamics associated with 

capturing a payload; collision was brieR y considered by Yoshida et al. (1992), hut 

the post-impact dynamics was not simulated. 
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1.6 'rhesis Organization 

In Chapter 2, the research prohlem is c1early statcd and a schematic of the space­

craft/manipulator system under study is presented. The generalized coordinates of 

the system are dcfined and the extended position and velocity vectors are introduced. 

Definitions of rotation matrices and r(>cllr~ive relations I)f the joint position vector 

and t.he allgular velocity and thcir rates are also derived. Chapter 3 starts with 

expressions for the kinctic and potential energies for each one of the individual bod­

ies constituting the system. Next, the individual equations of motion are derived 

using the Lagrangian formulation. The unconstrained equations of motion of the 

system arc then derived millg the Nalural Orthogonal Complement, whose objective 

is to cancel tht> l1oll-working constraint forces. In Chapter 4 the collision dynamics 

resulting from the capturt· of a payload by the spacecraft-mounted manipulator is 

dcrived, and a Illcthodology to determine the post-capture numerical values of the 

generalized vclocities is outliu<"ll. In Chapter 5 various control schemes used for 

spact' manipulators are bri(>f1y introduced. The control method used in the thesis 

for both th(· ngid and flcxzblc cases is then laid out in dctails. In Chapter 6 the 

dynamical simulation results, after solvillg the equations of motion of the system, are 

presented and discu~sed in ll'ngth. The method used to calculate the post-impact 

initial conditions of tilt> system is also presented. Finally, Chapter 7 concludes the 

tlH'sis by ~ulllmarizing ail the results obtained and outlining sorne recommendations 

for future work . 
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Chapter 2 

Kinematics of the System 

2.1 Introduction 

The system under study is illustrated in Figure 2.1. It is c:'omposed of a main body 

(hereafter referred to as mother spacecraft) that serves as a platform on which a 

two-link robotic manipulator is ll1ounted, and a payload. It is irnportallt to point 

out that, although the manipulator shawn in the figure consilsts of t,wo links, the 

formulation developed in this thesis is applicahle to tlH' general casc, i.e., for a Illulti­

link manipulator. By defillition, the orbital Crame shown in the Figure rotatcs about 

Earth while the system frame, sometimes referred to a.c; the' hody-fix('d frame, is 

engraved on the spacecraCt and rotates and translatps with il. At. a giwn instant in 

time, the orientation of the system frame (Xl, Yb Zd relative to tlH' orbital frame 

(Xo, Yo , Zo) defilles the spacecraCt's attitude, repre~ented hy tbc piteh, roll, and yaw 

angles. The angular velocity of the orbital frame with respect to the iI)('rtial fr;uJl(~ 

(XI, YI, ZJ) located at the Earth's centre, is denoted by O. 

In Figure 2.1 the orbital and system frames are located at the spaœcraft's ccntn! 

of mass Cs. This is because, in practice, it is the trajectory of tlH' mother spaœeraft, 

14 
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rather than that of the system's centre of mass, that is maintained. However, the 

problcm of orbit maintenance is not considered here. In any case, due to the fact that 

the mother spacecraft usually has the most substantial contribution to the total mass 

of the system, the centre of mass of the system is very close to that of the mother 

spacecraft Cs. 

"-

Yi E 

Figure 2.1: System un der study 

\. Body 1 
(Mother Spacecraft) 

Both the platform and the payload are modelled as rigid in this study. However, 

the mallipulator's links are modelled as flexible and the effect of the flexibility on the 

spacecraftjmanipulator system is investigated. On the other hand, the joints of the 

manipulator are modelled as rigid and they are aIl chosen to be revolute for simplicity. 

At first, the killcmatics of an individual body, say body i, will be discussed and 

thell the kinematics of the elltire system will be presented in terms of rotation matrices 

and r<'cUfsivt:' rdations. A suitable set of coordinates that describes the motion of a 
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• rigid body will be described next. For the case of a flexible body, the flcxibility 

is modelled by usillg either a finite-element model or beam eigenfunctiolls and the 

flexible body motion will be simply superimposed on the rigrd body moti'lll. 

2.2 Generalized Coordinates 

The vector"p contains the independent generalized coordinates for an N -body system. 

It is defined as follows: 

(2.1) 

where the vector "pl represents the spacecraft's attitude degrees of freedom, narncly, 

pitch, yaw, and roll. It ('an he written as : 

(2.2) 

These angles will be modelled as the angular rotation of three separate joints. The 

actual formulation will use the quaternions discussed in section 2.3, however, for 

physical interpretation of the results quaternions will be converted iuto pitch, yaw, 

and roll angles because they are more easily interpreted in f1ight mechauics. ln t.he 

planar case, a would be the same as 01 whi\e {3 and "( are hoth zero. 

For the remaining (N - 1) bodies, the generalized coordinatcs, which will dcpe:l<l 

on whether the body invo\ved is rigid or flexible, could be writteu as follows: 

if body i is rigid 
(2.3) 

if body i is flexible 

where, 

(2.4) 

• contains the m generalized coordinates associated with hending in link i, and 0, 

(Figure 2.2) is the angular rotation of joint i as a rcsult of the actuator. For a 
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rigid link it represents tlle angle between X, and X,-t, measured along the positive 

direction of Z,. For a flexzble link the angle between X, and X'-l is the sum of ()I 

and the angle of rotation of the tip of link i - 1 which results from the structural 

flexihility. 

2.3 Coordinates of a Rigid Body 

The motion of a rigid body i, could be fully described by the position and orienta­

tion of its hody-fixed frame (X" Ya, Z,) with respect to the orbital frame (Xo, Yo, Zo) . 

The position of the origin of (X" l-';, ZI) can be described by the position vector Pi, 

while the rotation can be described by the rotation tensor QI' The nine elements of the 

rnatl'ix QI are the direction cosines which describe the orientation of the body-fixed 

frame (X" y., ZI) in (Xo, Yo, Zo) coordinates. There exist only three independent 

parameters within the nine clements, i.e., there exist six constraint equations, which 

are due to the orthogonality property of QI! i.e., 

(2.5) 

where 133 is the 3x3 identity matrix. The independent parameters could be rep­

reselltt'd by either the Euler angles or by a four-parameter set such as the Euler 

paramet('rs or linear invariants. The four-parameter sets, of course, will be subjected 

to il constraint. A mort> detailcd description of these two four-parameter sets could be 

found in (Cyril 1988). Cyril has shown that the choice of Euler parameters or linear 

invariants is immat('rial bt>cause they do not appear in the final dynamical equations 

of the system. 

The 7 -dimensional extended position vector, Qi, contains the position vector of any 

point on a rigid body i and tht' orientation of the body. Meanwhile, the 6-dimensional 
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• extended velocity vector, W Il contains the velocity of any point on a rigid i and the 

angular velocity of the body. This could be written as follows: 

[ -T A T]T ql = PI,ql (2.6) 

-T TT 
W I = [Vi 'W I ] (2.7) 

where q, represents the quaternion formed by either the Euler paramcters or thc 

linear invariants w hich are extensi vely d iscussed by Cyril (1988). 

2.4 Coordinates of a Flexible Body 

The motion of a flexible body comprises of two components: 

i) The rigid body motion described in Section 2.3. 

ii) The flexible motion resulting from the structural elasticity inherent in the links. 

The flexible motion of body i could be represented by m generalized coorùinat{~s 

hi! where m is the number of modes chosen to discretize the beam. IIcnce, the 

(7 + m)-dimensional extended position vector and thc (6 + m)-dimclIsional ext{md(~d 

velo city vector, q, and V" respectively, could be written as: 

[ -T AT b]T ql = p, ,ql' , (2.8) 

-T T' T 
W, = [v, ,W, ,b,] (2.9) 

where qi and w, contain, in addition to the components of a Tigid body dcscriIJed 

in the previous section, the vectors h, and hl containing the elastic coordinatcs and 

their rates, respectively . 

• 
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• 2.5 Modal Discretization 

The dlSplélCf'lTlent of any point on body i is a continuous function of both the 

location and time. In order for the Lagrangian formulation to be applicable, the 

displaccment:; are discretized so as to ohtain generalized coordinates that are fUllctions 

of time only. 

The motion of link i can he expressed in terms of two components: 

i) a ngid body compouent descrihing the motion of a Hne that is tangent to the 

beam at thp joillt (which is considered to he clamped ta a rotating hub) which 

is referrcd to as nommai motwn, 

ii) a flexible body component descrihing the elastic deflection of the body from 

this tangent liue sshow in Figure 2.2, which depicts the planar case for clarity, 

which can essentially he superimposed over the nominal motion. 

t 
link (i+l) 

1 --.... ~ Xi 

Imk i 

• Figure 2.2: Motion of a flexible Iink 
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Let r, be the position vector of any point l' on the flexible body with respect 

to (X" y;, Z,) axes. A set of unit vectors x" y" z, arc choscll to he parallel to 

(X" y;, Z.) axes, respectively and x" y" z, are the coordillates of a point in the frame. 

Vector r, could be written as: 

(2.10) 

where #li represents the deflection of the beam due to bending, shear, and axial 

shortening. The components of l'. projected on X" y;, and Z, axis respectively, art· 

pi(t), Il'(2), and Il,(3)' The component Il,(l) results from an axial shortcning ('ffect, 

which is also referred to as centrifugai stiffening. Meirovitch (1967) f(·lat.t's 1"(1) to 

P'(2) and Il.(3) as: 

1 jX' [( 8P'(2) )2 + (8Il ' (3) )2]d 
P,(l) ~ -- -- -. - x 

2 ;=1 8x âx 
(2.11 ) 

the in-plane and out-of-plane deflections. The negative sign in cquation (2.11) is a 

result of the shortening of the link. In this thesis the shortening effcct will be ignored 

because the links will be moved at low speeds with rates that are considerably smaller 

than their first natural frequencies. On the other hand, if the links are operating at 

high speeds, the centrifugai stiffening has to be accommodated for in the model as 

done by Likins (1974). 

The two other components of l', namely, l',(2) and Il,(3}! ar(~ given in thcir dis-

cretized form as: 

m 
Il.(2) = L tP,,(x,)biJ (t) (2.12) 

m 

Il.(3) = L tP,;(x,)b,(mT1)(t) (2.13) 
J=l 

where <f>,j(x,) are the shape functions used for discretization, corresponding to body 

i with j = 1, ... , in and m = 2iil.. 
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Effect of Shear 

When shear cffect is included in beam vibration, the flexibility of the beam is in-

creascd, conscquently, the generalized stiffness is decreased. 

Effects of Rotary Inertia 

Rotary Inertia is the inertia associated with the angular acceleration of the beam sec-

tians. In the absence of shear, these sections, always remain plane and perpendicular 

to the longitudinal axis of the beam. 

If shear is present then the above does not apply and the siope of the beam's axis 

has to be re-defined as follows: 

(2.14) 

(2.15) 

1 ()~1(2) ()~.(3) t t d 1 1 1 f . b w lere x' x' 1,.(2}! 1,1(3), 7J.(2}! an 71.(3) are t le tata ang e 0 rotatIOn a out 

the y'-axis, the total angle of rotation about the Z.· axis, the angle of rotation about 

the }~-axis dut:' to bending, the angle of rotation about the Z.-axis to bending, the 

angle of distortion ahout the Y;-axis due ta shear, and the angle of distortion about 

the Z.-axis due to slH.'ar, respectively. 

Th(' displacement vector l'. can be written in the compact form: 

l'.(x,, t) = B.(x.)b.(t) (2.16) 

where B.(x.) is a 3xm matrix of shape functions associated with bending of link i 

and is defined as: 

0 0 0 0 

B.(x.) = 4>.1 4>im 0 0 (2.17) 

0 0 l/Jil l/Jim, 
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• As mentioned earlier, the Euler-Bernoulli beam theory will he ust"d to model the 

structural flexibility in the beams. Hence, the total rotation of tht" beam will only 

depend on hending resultil1g from the flexibility. The rotation of the tip of link i with 

respect to (X" y., Z,) is denoted by 0, (Figure 2.2) and is defined as: 

h'1( I) 

Si - h'. (2) = Di(l.)b, (2.18) 

h'.(3) 

where, 

0 0 0 0 

DI(I,) = 0 0 -cP:I (li) -tbim (1.) (2.19) 

cP: 1 tb:m 0 0 

and ( )' represents differentiation with respect to Xi, while c5i(lh 0,(2), and Oi(3) repre-

sent the x, y, and z components of Oi, respectively. 

2.6 Rotation Matrices 

The rotation matrix describing the orientation of body i- fixed axes (XI' Ys, Zi) with 

respect to the orbital frame (Xa , Yo , Za) is defined as follows: 

(2.20) 

where, RI describes the orientation of body i-fixed axes (XI! Y., Z,) , wit.h respect 

to body (i -1) fixed axes (XI-l, Y.-I'Z,-.), The rotation matrices RI and R'+1 are 

respectively defined by: 

1 0 0 cos 'Y 0 -sm'Y cos et sznet 0 

R I = 0 cos [3 -sm(3 0 1 0 -smo COl~et 0 (2.21 ) 

• 0 sm{3 cosf3 sm'Y 0 cOS'Y 0 0 1 
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and 

1 0 0 COSOi(2) 0 - Sinoi(2) 

Rt+1 = 0 cosoi(l) -sino,p) 0 1 0 

0 sino.(1) COSOi(l) Sinoi(2) 0 COSO'(2) 

(2.22) 

COSOi(3) Sino'(3) 0 COSO,+l -sinOi+l 0 

- Sinoi(3) COS 0,(3) 0 sin(}i+! COSOi+! 0 

0 0 1 0 0 1 

for i = 1, ... , N - 1, w here (a, f3, 'Y) are the pitch, yaw, and roll of the mother 

spacecraft (body 1) described earlier. 

AIl deformations resulting from the flexibility of the links are smaU enough so 

that their trigonomctric functions could be linearized. Therefore, the rotation matrix 

R.+1 could be re-written in a simpler form as: 

1 -8,(3) -0,(2) cosO,+! -sin(},+! 0 

R'+1 = 0'(3) 1 -6i (l) sin(}._l COS(}i+l 0 (2.23) 

0,(2) Oi(l) 1 0 0 1 

for i - 1, ... ,N-1. 

2.7 Recursive Relations 

The position of thl' origin of (X" Ys, Z.) with respect to that of (Xo, Yo, Zo) is defined 

by the following recursive relation: 

(2.24) 

for i = 2, ... , N. It ls obvious that Pl is equal to zero, because it is defined as the 

distance between the origins of the orbital and system frames. 
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• Differentiating equation (2.24) with respect to time, the inertial velocity of the 

frame (X" y., Zd would be readily obtailled as: 

(2.25) 

Similarly, the acceleration vector can be obtained by difTert'ntiating equation (2.25) 

with respect to time as follows: 

+2W'_1 X it'-l + {t'-l' i = 2, ... , N (2.26) 

The angular velocity of the system frame (X., }) ,Zd with respect to the orbital 

frame (Xo, Yo, Zo) in terms of the orbital rate n and the angles dt'scrihing the 

attitude of the platform could be obtained as follows: 

COS",! 0 -sin",!cos(3 f3 

Wl= o 1 sin(3 (2.27) 

sm",! 0 cosïcosf3 

The angular velocity of (Xi,}'i, Zi) with respect to (Xo , Yo, Zo) is defined as 

follows: 

(2.28) 

where i = 2, ... , N. Differentiating equation (2.28) with respect to tirne, an expres-

sion for the angular velocity of body i is obtained as follows: 

. . 
+(W'-l + 6'-1) X 8, (2.29) 

• 
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Chapter 3 

Dynamical Equations of Motion 

3.1 Introduction 

ln this chapter the unconstrained equations of motion of an N (= n + 2)-body dynam­

ical system (rder to Figure 2.1) composed of an n-link robot manipulator, a mother 

spaœcraft, and a payload, will be derived. The Lagrangian formulation rather than 

the Newton- Euler formulation will he used, bccallse the former is simple to implement 

and is directly applicable to systems with kinematic loops and flexible bodies. This 

will uo doubt make th<=, derivdtion straight forward, however on~ bas to pay the priee 

of lengthy partial differentiatious. 

The lIsual practice in Lagraugian Dynamics is to eonsider the dynamieal system as 

a wholl', i.e., expressions for the system's potential and kinetic energies are ohtained 

and art' USl'd to derive tht:> equations of motion for the whole system. In this thesis, 

however, thl' formulation is carried out by writillg the Lagrange equations governing 

the motion of each individual body. The individual equations will thcll be assembled 

and re-arranged to obtaill the c01lstmmed dynamical equation of the wbole system . 

This pron'durt' makt's the derivation much simpler, however, it introduces the non-

25 
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• working constraint forces and moments as in the case of tht' Newtonian approach . 

These conslraint forces and moments, which are not rCI('Vallt t<, the computations dom' 

in this thesis, complicate the dynamical system by introducing additional variahl('S to 

the equations of motion. Hencc, a novel technique that illvolv('s the llatul'lll m·thogonal 

complement, described by Cyril (1988), will be mwd to elimillatt' thos(' lIon-working 

constraint forces tü produce a set of independent dYllamical equatiol\s of motion. 

In order to obtain the individual equations of motion of each body, expressiol\s for 

both the potential and kinetic energies have to be obtained first. ThpSl' art· pn'st'Iltt'd 

in the following two sections. 

3.2 Kinetic Energy 

For all practical purposes, the orbital and the attitude motions of a body in space 

could be studied separately. Hence, expressions for the kinetic energy ft'sulting Crom 

the orbital motion and that from the attitude motion could be ohtain('c\ illd('p(·lIdt'lItly. 

It is worth mentioning that the attitude motion of the body could pt'rturh it.s orbital 

motion, however titis perturbation is lH'gligiblc alld thus, it is assullH'd Il<'rc tbat t.he 

orbital motion of the mother spacecraft is prcscribed. From 1l0W on, the phrasl' killctic 

energy would imply kinetic cnergy associatcd with attitude alld htrudllral dYllamic:s. 

The kinetic energy of an individual body l, dCllotccl hy '[~, can IH' writtt'H ill terms 

of its extcnded velocity vector, Wll and its extelld('d lIIass f1létt.rix, MI, as follows: 

(:1.1) 

The derivation is car ri cd out by obtaining an expression for the velocity of a point 

• 
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• P, on body i as follows: 

v,(x) = { 
if body i is rigid v, + W, x r" 

(3.2) 
v, + W, x r, + r" if body i is flexible 

In the following suhscctions, expressions for the kinetic energy of each body of the 

system, i.e., the mothcr spacecraft, the 2-link robot manipulator, and the captured 

satellite will be derivcd. These expressions will then he used in the Lagrangian 

formulation to obtain the individual equations of motion. 

3.2.1 Kinetic Energy of the Mother Spacecraft 

The mother spacecraft (body 1), which serves as a platform for the robot manipulator, 

will be modelled as a rigid body for simplicity. Its kinetic energy, Tl could then be 

written as: 

(3.3) 

where, 

(3.4) 

Where Wl represents the angular velocity of the mother spacecraft and includes the 

orbital angular velo city n. 

Now, equation (3.3) could he rcwritten as (its detailed derivation is in appendix 

A): 

(3.5) 

where Il is the inertia tensor of the spacecraft about its centre of mass. AIso, VI 

represents the velo city of the origin of the system frame relative ta the orbital frame, 

which is Zt'ro in the pn\Sl'r~ case. 

• The ext.t>ndC'd mass matrix of the spacecraft Ml could be readily obtained from 
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• equation (3.5) as: 

OJx3 ] 

Il 
6x6 

(3.6) 

3.2.2 Kinetic Energy of the Links 

In this thesis, a flexible body i will be modelled as a beam. The killetic energy of a 

beam, in general, can be written as follows (Timoshenko 1955): 

(3.7) 

where the subscript i was and will be dropped from now on for brcvity and p, 1\., III, 

and M are the mass pel' unit length, the radius of gyration of tJ)(' cross-sc>ction Laken 

about the neutral axis of bending, the 1mb moment of incrtia, and the conccnlmted 

mass (if any) at the tip of body i, respectivcly. The first t.erm in cquatioll (3.7) 

corresponds to the rzgzd body motion of Iink i, the second t.errn represf'lIts t.ht· ki!H't.ic 

energy of mass M Iocat.ed at the end of body i, the third tprrll is t.1U' kindic ('lIcrgy 

of the hub, and the last two tenus are associated with th(' Încrtia due to the allbular 

acceleration of the beam sections due to bendillg in the in-plane and out-oC-plane 

directions, respectively. The links considered in this thpsis are long and shmder, i.(·., 

their cross-sectional dimensions are small compared with their lengths. Tlwrdorc, 

the effect of the rotary inertia can oe neglected as suggested hy TimoslH'lIko (19,1),1). 

This allows the use of Euler-Bcrnoullz beam tlwory to moch-I t}w ('Iastl(' Iwhaviol1r 

of the links. In the event that the heam ib shorter or thicker, Timosill'Il ko IU'am 

theory, which accounts for the transverse shear and the rot.ary illert.ia (·fff·ds in the 

• model, has to he used. Another assumption in this the:>is is titat the geometric and 

physical properties of the links remain con~tant alollg its leugth alld that its T)('utral 
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axis coincide!> with the centroidal axis. Also, the effects of centrifugaI stiffening could 

be neglected because the links will be rotated at relatively low speeds. 

Next, starting from equation (3.7), a more convenient expression for the kinetic 

energy of each flexible body z will be derived, from which the extended mass matrix 

corresponding to that body will he extraded. The terms v;(x) and v;(l) in equation 

(:1.7) can he easily evaluated from equation (3.2) (suhscript i has been dropped for 

convenience), and are found to be as follows: 

v 2(x) = y2 + 2yT(wxr) + (wxrf(wxr) 

+2y T r + 2(wxrf j- + j-2 (3.8) 

Equation (3.8) can be re-written in terms of X and U, the cross-product tensor of 

x and l', respectively. The resulting equation, whose detailed derivation is given in 

Appendix A, is as follows: 

v2 = ,,2 _ yT(2xX + 2U)w + 2yT l' + p2 

+W
T (x 2(1 - x ® x) - x(x ® l' + l' ® x) 

+(1'21 - l' 0 l' )]w + w T (2xX + 2U)jt 

Similarly, an expression for v 2(l) can he obtained as: 

v 2(l) = y2 - yT(21X + 2U(1»w + 2y T 1'(1) + p2(l) 

+W
T (l2(1 - x ® x) - l(x 01' + 1'(1) ® x) 

+(1'2(1)1 -1'(1) 0I'(I»]w + wT (21X + 2U(I»jt(l) 

(3.9) 

(3.10) 

The symbol 0 used in the above equations denotes the tensor product of two vectors. 

Upon the substitution of equations (2.16), (3.9) and (3.10) into equation (3.7) 

and integrating, the kinetic energy for a flexible link i, could be written as (refer to 
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Appendix A for the detailed derivation): 

2T = vT[m + M]y - yT[p(2T2 + 12 X) + 2M (U(l) + IX]w 

+2yT[pT l + MB(l)]b + w T[2p(T4 + XTs) + 2M(U(l)B(/) + IXB(/))]b 

T[ (/
3 

T +w P '3TlO + 2x T sl'l + IH - T 6 - T 7 + TB) 

+M(l2TlO + 21xT B(l)1'1 - I(x ® 1'(1) + 1'(/) ® x) - 1'(/) ® 1'(/) + Tu)]w 

(3.11 ) 

In equation (3.11) the terms xTTs and xTB(l) could be set to zero if the axial 

shortening effect is ignored, i.e. Ut = O. The terms Tl! T3 , T 4 , T s, T 61 TrI TB, T U1 

and T 10 are defined as follows: 

Tl = l'Bdx 

T3 = fo' BTBdx 

T4 = fo' UBdx 

Ts = fo' xBdx 

T6 = fo'x(X01'+1'0 X )dx 

T 7 = fo' (1' 01' )dx 

TB = l'T T 31'1 

T lO = 1- (x0x) = _X2 

and T 2 represents the cross prod uct tensor corresponding to Tl b . 

(3.12) 
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The extended mass matrix, M, can he extracted from equation (3.11) and is given 

by: 

(6+m)x(6tm) 

where the components of M are as follows: 

Mdd = (M +m)l 
[2 

MdO = -p(T2 + 2'X) + M(U(l) + IX) 

Mdb = pT} + MB(l) 

[3 
Moo = p( "3TlO + 2xT T sI'1 + IH - T 6 - T7 + Ts ) 

+MWT lO + 21xT B(l)1'1 -l(x ® p,(l) + 1'(1) ® x) 

-1'(1) 01'(1) + T 9 ) 

MOb = p(T4 + XTs) + M(U(I)B(l) + lXB(I» 

Mbb = pT3 + MB(lfB(l) 

(3.13) 

(3.14) 

and the subscripts d, 0, and b correspond to the displacement, rotation, and bending, 

of the body, respectively. 

3.2.3 Kinetic Energy of the Captured Payload 

The spacccraftjmanipulator system has the capahility of capturing a payload as men-

tioned carlier in Chapter 2. For such a case, the extended mass matrix of the captured 
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payload will be derived in this section. The payload was assul11ed to have an an ini­

tial spin rate of W n about its axis of syml11etry and \Vas l110delled as a. rigid body for 

simplicity. The position of any point, Pn on the payIoad ('ould bt' written as: 

Pn = PCn + r n (3.15) 

where r n is the position of any point Pn on the payIoad l11easured from the centre of 

mass and PCn is the position vector of the payload's centre of mass measured from 

the orbital frame and is defined as follows (subscript n will be dropped for brevity): 

Pc = il + rbc (3.16) 

where rbc is the position vector of the payIoad's centre of mass C measured from the 

origin of its hody-fixed frame 8 which coincides with the tip of the last link of the 

manipuIator (see Figure 4.1). An expression for the velocity of any point on the 

payload couId he readily ohtained from equation (3.15) as: 

v = Vc + wxr (3.17) 

and, 

v 2 = v~ + 2v~(wxr) + (wxrf(wxr) (:U8) 

After performing the integration and re-arranging, the killetic energy of the payload 

is obtained as follows (please refer to appendix A for its detailed dcrivation): 

(a.19) 

where ~ is the inertia tensor of the payload about the origill of its body-fixcd frame 

and v represents the veIocity of the payIoad's body-fixecl axes relative to tbe mother 

spacecraft. 
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• The extended mass matrix M of the payload could he readily extracted from 

equation (a.lg) and could he written as follows: 

(3.20) 

where, 

Mdd = (m)l 

3.3 Potential energy 

The potential t'ncrgy correspollding to body i, denoted by U., is a function of the 

cxtended position vcctor ql alone. It consists of two parts; one due to the gravit y 

gradient and the other due to the elastic strain energy stored in the flexible body. The 

cffect of the former is much sm aller than the latter and is neglected here. Renee the 

potential energy for a 7'igid body is equal to zero. The potential energy for a flexible 

body eould be written as: 

(3.21 ) 

where E, 1, Gand l\ art' the 1110dulus of e1asticity, the area moment of inertia, the 

shear modulus, and the shear constan(, respectively. Again, the subseript i has been 

dropped for convenience. The first two terms on the right hand side of equation 

• (a.:ll) art' thl' strain energy of the link due to bending, and the last two terms are the 
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strain energy due to shear deformation. As mentioned earlier the links considen'd in 

this thesis are long and sIen der, therefore the effect of shear dcformations muId he 

neglected without losillg generality. After droppillg the tenus re1ated to sht'ar and 

performing the illtegration in equation (3.21), the potential energy could be re-written 

as (refer to Appendix A for a detai\ed derivation): 

1 T 
U = '2E1b Tub (3.22) 

where, 

Tu = 10' (B")TB"dx (3.23) 

and 

0 0 0 0 

B" = 4>" 4>"- 0 0 (3.24) 
il ln 

0 0 -4>~'1 -4>"-1" 

3.3.1 Structural Damping 

The energy dissipation caused by cyclic stress and strain within a structural ma-

terial is often referred to as structural damping. Experimental studies have showll 

that the energy dissipation per cycle for metals such as aluminurn and steel, which 

are common structural materials, is approximately proportional to the S(I\Jan~ of the 

strain amplitude but is essentially independent of frequency (Kimball, 1 ~J29). 

By incorporating structural dampillg in the mode}, the ('nergy (li~~ipated hy the 

flexible links in the deformatioll process is accounted for. Structural darnping collld 

be modelled by replacing the modulus of elasticity, E, by the complex ITlodulus of 

elasticity, E* defined as follows: 

E* = E(l + v~) at (3.25) 
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• where v is a loss factor resulting from the normal strain lagging the normal stress 

during sinusoidal motion. 

The new modulus of elasticity, E*, is substituted in equation (3.22) replacing E 

and a new expression for the potential energy is obtained as follows: 

(3.26) 

3.4 Equations of Motion of an Individual Body 

The dYllamical e<[uatioIls of motion of body i can be derived using the Lagrangian 

formulation, which is given by the foIlowing expression: 

(3.27) 

where x. is a vector containing aIl the non-wnservative generalized forces (dissipative, 

external, and constraint forces) acting on body i. 

The kinetic and potential energy expressions obtained in sections (3.2) and (3.3), 

rt'spectively are suLstituted in equation (3.27). Due to the length of the derivations 

of the equation~ of motion for cach illdividual body they will not be presented in this 

thesis. I1owcver, it could be found in Cyril (1988) where the body equations were 

express(>d in tenns of displacement, rotation, and bending dependent terms. 

1'11(· gt'ncral fonn of the individual equation of motion of body i is: 

(3.28) 

whcrt" vedor cP~ contains ail the generalized external forces and moments acting on 

body i sueh as the onf'S arising due to the applied joint torques, vector cP~ contains 

ail tht' position and velocity dependent generalized forces and moments in addition to 

• the dissipativt' forces, and Vt'etor 4>7 contains the generalized constraint forces vector 

arisillg dut' t.o tlll' killt.'matic velocity constraints. 
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3.5 Equations of Motion of the System 

Upon assembling the equations of motion for each body, the system's constrained 

equations of motion can be written in the form : 

(3.29) 

where, 

is the generalized extended inertia matrix of the system. Vectors w, cpE, cp"', and 4>c 

represent the the generalized extended acccleration vector, thc gCllpraliz('d cxtendcd 

external, system, and constraint forces, respectively and are <l<'filled as follows: 

W} cpf 4>f cpf 

Vi= 
W2 cpE = 

cp~ cps = 4>~ cpc = <p~ 
(3.30) 

WN cp~ <p~ cp~ 

3.5.1 Elimination of the Constraint Forces and Moments 

The system's dynamical equations of motion given by e<[nation (:1.29) contain t.he nOJl­

working coustraint forces and moments vcctor, <IF, that. is a n'suit of tilt' couplillg 

between the adjacent componentfo of the system. That. V<'ctor int.ro<Iu('(·s a<lditiollitl 

variables to the dynamical equatiolls, and hcnce makes tlw simulatioll mOf(' cornpli­

cated. Therefore, a method has to be implelllcutcd ill orùer to e1imillat(~ the V(~ctor 

cpc from the equations of motion and will he presented next. 

The linear kinematic velocity constraints of the system and the natuml orthogonal 

complement associated with the matrix of constraint coefficients will he d('rived finit. 
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An expression relating the natural orthogonal complement N, the generalized extended 

velocity vector, VI, and the generalized coordinates of the system can he ohtained 

(Cyril et al. 1989) as follows: 

(3.31) 

and 

;Po = [51,0, ... ,0] 

where 51 is the orbital rate of the system and ;p is the vector containing the generalized 

velocities. 

An expression for VI coulù be readily obtained as follows: 

(3.32) 

ft was shown by Cyril et al. (1989) that the result of pre-multiplying the constraint 

vector ljJc by NT is zero, i.e., 

(3.33) 

This is cquivalent to saying that vector ljJc, which contains the constraint forces and 

moments, docs no work, which is in accordance with the principle of virtual work. 

Hence, the ualuml orthogonal complement N will be used to eliminate ljJc. 

Up011 pre-multiplication of equatioll (3.29) by NT, substitution of equation (3.32), 

and utilization of equation (3.33) the illdependellt dynamical equations of motion of 

the system bccome: 

whl>re, 

M=NTMN 

c = NT[tj>s - MN(.,j, + .,j,o)] 

f = NTtj>E 

(3.34) 
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Let N' be defined as N + mn. In the above equation, tht' (N'xN')-dillll'llsional 

1\1 is the generalized extended mass matrix of tht' sysh'm, which is symmctric and 

positive definite. Vector f rcpresents the aclual external forCt's and mOIllt'nt.s d.pplil'd, 

and vector C contains aIl the non/wear Coriolis, damping, alld centrifugai tt'rms. 

It is more couvenient, for simulation and control purposes, to partition t'quatioll 

(3.34) iuto rotational and elastic coordinates-dt'pt'Ildent matrices c'\.nd vt'ctors, dl'notet! 

hy the subscripts () and b, respectively, as follows: 

[ 
~oo ~Ob] [ ~ ]_ [ Co ] + [ T ] 
M bO Mbb h Cb 0 

(3.35) 

where, 

(3.36) 

and 

(:1.37) 

where hl was previously defined in equat\on 2.4. The upper part of the' gencralizpd 

external force vector is equal to T which corresponds to the nominal joint torques, i.t'., 

the actual joint torques applied, and has the dimension of N. The (nm )-dilllcnsional 

lower part, however, is Boted to be equal to zero, which implies that. actuat.ors a.n' only 

present at the joints and separate distributed gellcraliz(·d forœs cannot IH' applied to 

explicitly control the flexible modes. It is important to 1I0t(· that tllf' abov(' ('cluatioll 

and ail subsequent aues only apply under the two followinl!; ccmditiolls: 

i) The orbit of the spacecraft's centre of mass is maint.ailled as was rnentioncd in 

the introduction of Chapter 2, i.e., the system frame is al, the ceutre of rnass of 

the spacecraft. 

ii) Only motion in the orbital plane is allowed. 
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Chapter 4 

Dynalllics during the Capture of a 

Satellite 

4.1 Introduction 

One of the tasks space robots are designed for is the retrieval of satellites in orhit for 

either periodical maintenance or repair of a malfunction. Dynamics and control issues 

associated with the capture of a satellite have to he resolved, and an efficient method­

ology has to bp devised for simulation purposes. There are three stages involved in 

tilt, capture of a satellite, namely: 

1. Approach DYll<llllics: which is the pre-capture stage and involves trajectory 

pla.nning of the f'lld-effeclor in order to chase and arrive at the target. 

2. Cont.act. Dynamics: the clld-effedor latches ooto the payload and it rigidizes 

the cOll\l{·ction. 

3. Post-Impaet Dynamics: which involves the hehaviour of the system following 

the capture. 

39 
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Researchers such as Umetani and Yoshida (198gb) have studit'd tht' approach 

dynamics, others such as Yoshida et al. (1992) presel\tt.>d the forrnuldtion of tht' 

collision dynamics using the Generalized Inertia l'ensor and t1l(' "irt ualmass COI\('t'Pt. 

However, none of the researchers whose work has bet'Il revit'wed inVl'~\.ip;(i!.t·d tllt' dft'ct 

of the impact resulting from the capture of a payload on the post.-capture bPi\éwiour 

of the system. Thus, a Il1ethodology will be presentt-.d in this chctpt('r that propt'rly 

accounts for the impact effects and obtains the pitch rate of tht' Illot.ht·r spart't'faft 

and the joint rates, immediately after impact. These will tht'n bt.' ust'cl as initial 

conditions for the post-impact dynamical simulation. 

4.2 Impact Dynamics 

Let us suppose that a spacecraft-mounted robot manipulator is preparing to rapture 

a payload by means of its enel effector. It is assUlllf'd that the payload 's mass, m", 

and inertia tensor about ils cent.I e of mass, Ip, are knowll befof(·haJl<l. Also, at. t1U' 

instant of capture, the payload is expectcd to have a liut'ar vdocity of ils ccntrt' of 

mass vp and angular velocity w p (Figure 4.1). 

Before a dynamical simulation of the post-capture system is carriecJ out, the joint 

rates of the manipulator and the S!ldCCcraft 's pitch rate just aCter capture havf' t.o 

be determined. In other words the effcct of capturi Ilg a sat.('llitf' 011 Uw spa.c ('­

craftjmanipulator system has to be cvalual{'d. I1cllœ, ail ('xprc'si>ioll that could 1)(' 

used to calculate the post-impact rates has to })(' d(·rived. Th is is carric'cJ out by 

writing the equation of motion of the spacecraftjmanipulator i>y~tf'1ll alld th.d. of t.h(· 

payload prior to contact betweell thelll. In the dprivatiow, to follow, aIl tlw IlOdies 

involved will be modelled as ngid for simplicity. I1owcycr, the pOi>t-impad joint rat(~ 
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• obtained by the method of this section would be used for the dynamical simulation 

of a system with flexible bodies; the initial rates of the elastic coordinates will be 

given sorne rea.c,onahle values, which implies that the pre-impact rates of the elastic 

coordiuates are unspecificd but in principle, can be calculated, 

The equatioll of motion of the spacecraftjmanipulator system can be obtained 

by setting al! the elastic-dependent terms in equation (3,35) to zero, and adding the 

term J1'fJ that reprcsents a vector of forces and moments associated with the impact 

force. The rc::.ultillg cquation could be written as: 

-" , T 
MooB = co(B,B) + T + J fI (4.1 ) 

where J represents the (6xN) Jacobian of the system and could be written in the 

followiug form: 

J = [ ~: ] (4.2) 

where 

J) = [e)x[') , .. eNxrNbxN (4.3) 

and 

J 2 = [el" . eN]3XN (4.4) 

Bere r. represents the distance from joint i to point B on the end effector of the robot 

manipula.tor, a.nd el is CL unit vedor along the axis of rotation of joint z. 

Similarly tlll' cquation of motion of the impacting body, which is modelled as rigid, 

during collision could be written in the following fonn: 

(4.5) 

wlwre w p and cp represent the extended velocity vedor of the payload, and a vector 

• containillg the llon-linear Coriolis, dampillg, and centrifugai terms, respectively. AIso, 
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Body 3 
(link2) 

Body 4 
(satellite) 

Figure 4.1: Capture of a payload. 

M" represents the generalized mass matrix of the payload, and is defined as follows: 

= [(m,,)l 0] M,,_ 
o 1" 

(4.6) 

The term AF r on the right hand side of equation (4.5), represents a vector contain iug 

the forces and moment acting at the payload's centre of mass, associated with the 

impact force fr. Finally A is a non-singular transformatioll matrix defined as follows: 

( 4.7) 

where Rbc is the cross-product tensor of rbc which reprcsents the position vcctor of 

the payload's centre of mass C as measured from the point of contact B, and is ddined 
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as follows: 

o -z y 

z o -x (4.8) 

-y x 0 

The impacting force fi resulting from the collision could be easily eliminated from 

the two equations of motion, i.e., this formulation will only consider the velocities 

before and after impact without the need for sensing the actual impact force. fI 

could he eliminated upou the pre-multiplication of equation (4.5) by JT A -1 and 

adding the result to equation (4.1), the equations of motion could then be re-written 

as follows: 

(4.9) 

Note that A is non-singular and A -1 exists. 

Next, equation (4.9) is integrated over the period of the impact TI, with the 

assumptioll that there are no joint torques T applied du ring the impact. The resulting 

equation after integration is as follows: 

T 1 - • . rI T 1 
J A - Mp(WpJ - wp,) + Moo(O J - Oi) = Jo (C + J A - cp)dt (4.10) 

where the subscripts i and f signify pre-impact and post-impact values, respectively. 

The impact force fi during a collision between two bodies is usually very large 

and acts for a very short impact time of TI . Thus, one can say that: 

TI - O(t),t« 1 

0, w",fJ,rbc - 0(1), (4.11) 

fJ,w p O(!) 
t 

Clearly, the left hand side of equation (4.10) is 0(1). The integrand (C+JA -lep) 

on the right hand sidt> is also 0(1); however, the value of the integral is O(f) and 



• 

• 

CHAPTER 4. DYNAMICS DURING THE CAPTURE OF A Sr\TELLITE 44 

therefore could he neglected. Thus, equation (4.10) could be re-written as: 

T -1 - . . 
J A Mp{W"f - wl',) + Moo(Bf - B,) = 0 (4.12) 

Equation (4.12) could be applied to all kinds of collisions ranging from plastic ones, 

where the payload is rigidly attached to the end efft'ctor of tht> rohot manipula.tor 

after impact, to the elastic ones, where the payload rebounds with no loss of C'ncrgy. 

However, of interest here is the case where the payload is successfully captun-d (plastic 

Cà.se) and the consequent behaviour of the spacecraftjmanipulator system. ln such a 

case the extended velocity vector of the payload after impact, w"J' could be writtcn 

in terms of J, R bc , and 6 f as follows: 

(4.13) 

wltere, 

(4.14) 

By suhstituting equations (4.13) and (4.14) into equation (4.12) and re-arranging, 

the following is obtained: 

(4.15) 

where 

(4.16) 

( 4.17) 

from which, for the planar case, the pitch rate of the mother spacecraft as weil as 

the joint rates of the manipulator just after impact could be solved for in tenns of 

the pre-impact extended velocity vector of the payload, alld Ut(! joint rat.~s of the 

manipulator, W p• and 6., respectively. Thcse rates cou}cl thclI be used as the initial 

conditions for the post-impact dynamical simulation of the system. 
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Chapter 5 

Control Design 

5.1 Introduction 

There are generally two objectives of the control of a robot manipulator system. The 

first involves trajectory planning of the arm where it is moved via an actuator torque, 

calculated using a PlO controllaw, to a desired configuration. The other objective is 

simply to maintain stability following a disturbance by applying appropriate control 

torquesj t'.g., capture of a spinning satellite. The captured satellite in this thesis is 

considered to be a deterministic disturbancej i.e., the inertia and dynamic properties 

are presumed to be known beforehand. However, in a realistic situation there could be 

some parallH'tc:'r uncertaintics and some noise in the system which might complicate 

the control design and undennine its effectiveness. 

In this thcsis, the control scheme developed will only be concerned with the post­

capture behaviour of the system, i.e., appropriate joint torques will be calculated and 

applied to achieve the desired final values. The computed torque method, which will 

be used to cakulate to control torques, is presented next . 

45 
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5.2 Computed Torque Method 

This method will be used to calculate the appropriate control torques necded to 

achieve the specified final values of the rotation-dependent coordinates of the sys­

tem. Due to the highly non-lillear nature of the equations of motion in this thesis in 

particular and in multi-body dynamics in general, they are first lincariz('d via appro­

priate feedback. Therefore, this control method is sometimes referrt'd to as fl't'dback 

linearization control. The torque calculations are carried out by tirst ohtaiuing tIlt' 

values of the spacecraft attitude, the the joint angles, the tip ddlectioIls, and tlH'ir 

rates which are measured by collocated sensors at the joints and possibly at th(' t'lId­

effector. The required torques that achieve control cou Id then he calculatl'd bascd ou 

these sensors' measurements. This control method assumes that ail the statt' variabl('s 

are available. The actuators needed to apply the torques, which are generally motors, 

are located at the joints, except for the spacecraft wbere the control is achievcd hy 

means of jet thrust.ers or reaction wheels. 

In the Collowing subsectiolls the feedback linearization control torques will he cal­

culated by first assuming that the manipulator is rigid. Next, the effeds of flexihility 

will be evaluated and they will be included in the control design. 

5.2.1 Control of the Rigid System 

For rigid link manipulators, the joillt angles and thcir rate!-> arp obtailled frorn t}w 

measurements of collocated sensors at the joints. By s(!ttillg all t1H' f1('xibility rdat('d 

matrices in equation (3.:35) to zero, the equation of motion for the ng~d :.ystern cau 

be written as: 

(.1.1 ) 
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The actuator torque~ required ta suppress the disturhance resulting from the cap­

ture of a payload can be calculated using the following: 

(5.2) 

where, 

Dl = diag(2()wI, 2(2W2, ... , 2(NWN) 

D 2 = diag(w~ ,w~, ... ,w~) 

are diagonal mé'trices contailling the control gains, and Bd contains the desired final 

values of the joint angles. It must be noted that vector Ce in equation (5.2) represents 

the nonlinear cornppnsatioll term. 

By suLstitllting equation (5.2) iuto equation (5.1), a set of linearized, uncoupled, 

and hOlllogt'lleous equations of motion are ohtained and could be written as 

(5.3) 

5.2.2 Control of the Flexible System 

Control of flrxlblr Illallipulator sy~tems is far more complex than the rigid case. This 

is a l't'suit of tht' coupllllg betwet.'n the rotation and bending coordinates. A different 

control strategy altogether has to be followed in order ta attain the desired results. 

Another complication in the control of flexible manipulators arises due to the more 

invol"t'd l11('a~l\ll'll1('nt of the joint rotation angle. The angle between two consecutive 

links r('pr(,~(,llts the Sllm of tht:' joint rotation due to the actuator of the current link 

amI tl\{' dl'flt,ctioll due to flexlbility of the previous one (see Figure 2.2). 

Therp can he basit'ally tl1fee possible approaches used for flexible system control, 

the)' are as fol1ows : 

1) The e1astÎc dfects are ignored; i.e., the equation of motion is assumed to he as 

in equatioll (5.1). By th is Illt'thod the flexzble system is treated as a rigid one. The 
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• computed torque by this model wou Id give good results only if th~ elastic effeds du~ 

to the links' flexibility are negligible, otherwise it may result in gross inaccuracies in 

the positioning of the end-effector. 

2) The elastic effects are included in the mathematical model, and their amplitudes 

couM be determined from the sensor readings by means of an cstimator. This modet 

accounts for the flexible degrees of freedom in the calculation of the torques and trcat:.-. 

them as known disturbances but does 110t explicitly control th('l11. Thcrt'fore, SOlllt' 

residual oscillations in the tip deflections of the links art' expectcd befof(' they an' 

damped to zero as a result of structural damping Înherent in the matcrial of tht' links. 

3) Active control of both the rotational and bcnciing courdillatt's, which is achit>wd 

by applying both torques and gent>ralized forces. Such control is ollly possiblt, if 

actuators capable of applyillg trallsver~c forces to the links are }>f(·sent. 

The approach presented in (3) is still in the experimcntal stages and has Ilot 

been used in an actual situation. Therefore, the only feasihle 1110<1(,1 that could he 

implemented at the present time is the one that treats the elastic dt'formatiolls as 

known disturbances, but cloes not explicitly control them, narncly (2). 

The ben ding coordinates can be solved for in tcrms of t!\(' rotational coordinates 

and equation (3.35) could be re-arranged as: 

MO = ê(1jJ,,;p) + T (5.4 ) 

where, 

The feedback linearization control torque that produces an equatÎon of eontrolled 

motion similar to equation (5.3) is givcn by: 

• uu)) 
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The ab ove torque calculation~ ;tre based on the true parameters of the system . 

Bence, it is assumeù that band b could he estimated, possibly by means of an 

acœlerometer located at a point close to the tip of the link. This will ohtain b 

which coulù oe casily integrated ta obtain the values band b. The robustness of the 

controller has not Leen evaluated because it is heyond the scope of this thesis. 

The control torque vcctor T in equation (5.5) is of the same order as the rigid­

hody degrecs of frcedom, consequently a control strategy similar to that used for the 

rigid manipulator, can he used for the flexible manipulator as weIl. 

5.3 Modified Control for Improved Positioning of 

the End Effector 

The control method descriLed in the previous section controis the joint angles 

and would produce good position control of the end effector provided that the tip 

cleflections of the links, due to structural flexibility, are small. For those systems 

where the elastic deformations and their rates are not smaU, a modified control law, 

that accounb for their ef[ects, has to be designed and implemented if a better accuracy 

in tht· po~itionillg of the cnd-effector is sought. Otherwise, the deflections will cause 

tilt' cnd-ef[t,ctor to oSClllate and the accuracy in its positioning will he substantially 

af[t'cted, possibly causillg it to miss its target. 

By incorporatillg the rotations of the links resulting from the structural flexibil­

ity iuto tht> control law a better positioning of the end-effector, without having to 

cxpliritly control the plastic coordillates and their rates, is expeded. This could he 

t'xplained hy 1 ecallillg that the vector 8, used in the control aigorithm of the previous 

st'clion, cOlltaill~ the angles 0, 's. For a body i, 8, is defined as the angular rotation 
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of its X-axis, X" relative to the X-axis of the previous body, namely X.- 1o measured 

along the positive direction of Z.. Those axes, which wert' defiued in st·ction 2.5, 

correspond to the ngzd body motion ollly. Thus, they do not ac('oullt for the flt'xible 

motion resulting from the elastic deformations. Therefore, wdor 8 in equdtioll (5.5) 

could be replaced by iJ = 8 + ~8 where, ~8 is given in the following ta.ble: 

~ 
Rigi~ Flexible 

Body(i-l) 
--

Rigid 0 'P. 

Flexible -<.p.-l CP. - ,;,.-1 

Table 5.1: Adjustments needed for O. 

Here 'Pi, which is the slope of the Une joining the origin of link i's body-fixed frame 

to its tip (see Figure 2.2), is defined as: 

t -1 (/-l.(2)) 
CP. = an -1-

• 
(5.6) 

where /-l.(2) represents the in-plane tip deflection of link i and l, represents tlU' )('ngth 

of link i. Renee, it could be seen from table 5.1 that the proper adjustnH'llt of O. will 

depend on whether the current and the previous bodies arc 7'igid or Jlr·xzble. A similar 

adjustment has to be done to iJ. 

Finally, the modified vectors il and il, obtained hy applyillg t,)w prop('r adjust-

ments, according to table 5.1, to vectors 8 and il, ('ould }H' IIS('<I to achi('ve position 

control of the end effector. The modified control torqu(' to he irnpl('IIJeuted could he 

written as: 

(5.7) 
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5.4 Attitude Control of the Mother Spacecraft 

Til(' ohjective of this schcme is to control only the altitude of the mother space­

eraft followillg a Jisturbancc, c.g. capture of a satellite, without controlling the 

manipulator joint angles and thcir rates. The attitude of the mother spaceeraft must 

be maintrl,ined, othcrwise it will affect the orbit maintenance manoeuvres, sinee the 

thrusters will fire along incorrect directions. 

Before calculating the totque required for such control, one has to obtain an 

equation of motion of the mother spacccraft that does not contain any coupling tenns 

with tlw joint accelcrations. This is achieved by the pre-multiplication of equation 

3.34 by Il M- 1 a.nd eOllsiderillg only the first equation. The following uncoupled 

equatioll ean be obtained: 

(5.8) 

wh cre /) reprcsents the moment of inertia of the spacecraft about its centre of mass, 

and ê is a linear combination of the components of vector c, which contains the 

non-lin car tt>rms and is dcpendent on () , h, and their derivatives. 

A PD control torque, which hnearizes the equation of motion, can be applied to 

achieve spa('Pcraft attitude control. It could be presented as: as: 

(5.9) 

wherc (1 and w) are appropriatr control gains. 

Dy substituting equatioll (!l.9) into equation (5.8) the feedhack-linearized equation 

of motion of the spacecraft can he' written as: 

(5.10) 

which is a linear, uncoupled, homogeneous equation whose response will depend on 

tht' va!tws of the gains (1 and Wl' 
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Chapter 6 

Simulation Reslllts and Discussion 

6.1 Introduction 

In this chapter some simulation results are presented with the purpose of dt'lJ)ollstrat­

il1g the effects of capturing a satellite by a spacecraft/manipula.tor system. Th(, dfpd 

of flexibility on the system is also investigated and it~ effccts on t]w performance of 

the system are evaluated by comparillg the results that mode! the Imks a.s ngul with 

those that model the links as flexIble. 

In the dynamical simulatioll carried out, the shapp fUllctiollS lIspd for fJI()(!f'lling 

the elasticity of the links were a5sumed in advallcc, hello' tlH'y an' ref('rred lo as tlH' 

assumed modes method (MC'irovitch 1 U87). That Ilwthod llsually involws cltoosing a 

set of admissible functiollfl tbat adequately rcpresellt tilt' llllk shapl's aud satihfy at 

least the geometric boundary cOlHlitiol15. The adllllhsibl(' fuuctIons could lH' chosell 

from any of the following: polynoll1ictls, harmollie functi(JIIfl, splillt'S, 01 cig(,llfuuctious. 

In this model eigenfunctioIl5 of a clctmp<,d-frec beam an' (bo~(~u a~ adllli~~ihl(· furlf tiow; 

because of their orthogollal properties. Cetillkunt and Book (1 !JH7) conclud(!d arter 

thorough experimental alld tbeoretical investigations that the dlOice of eigenfuuctioTls 

52 
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of a clampcd-free beam provides the hest approximations possible of a flexible link. 

The initial-value prohlem to be solved involves a set of highly non-linear, coupled, 

stiff, ordinary differential equations It m<tY be noted here that a system is cons id­

ered stifr if the ratio betwcen its largest and smallest eigenvalue is large (Gear 1971). 

Therefore, the numerical integration method used should be able to handle stiif sys­

tems that have slowly and rapidly changing components at the same time. One of 

the bcst availahle multi-step scheme, that is based on Gear's method, is the IMSL 

suhroutine DIVPAG and was used in this thesis to integrate the differential equations 

of motioll. 

6.2 Data Used in the Simulation 

The simulation of a spacecraft-manipulator system as it captures a payload (Figure 

2.1) was carried out for the planar case only. The relevant parameters of the various 

compollcllts of the system are shown in Table 6.1. 

Body 1 m El /zz 

(111) (kg) (Nm2
) (kgm2 ) 

1 NIA 10000 NIA 40000 

2 8.1 :3 20 8.81xl03 440.65 

3 8.13 20 8.81xl03 440.65 

4 NIA 1000 NIA 500 

Table 6.1: Parameters of a 4-Body System 



• 

• 

CHAPTER 6. SIMULATION RESULTS AND DISCUSSION 

The moment of inertia lzz for bodies 1 and 4 is about the body's centre of mass, 

and that for bodies 2 and 3, which are links, is about the joint of that lillk. As was 

mentioned earlier, the payload was assullled to be illitially spiuning about an aXIs 

normal to the plane of orbit, better known as the orbit HomMl. 

The flexibility in the robot's links is Illodelled by olle mode. lt was found, through 

simulation results, that the contribution of the highcr modes \\I,tS lIegllglhll' alld using 

t,··o modes yielded results that are very close to those using 01\(' mode ol\ly. lIeuet', 

the total number of degrees of frl'edom of the system to Lw ~illllllatt'd is (i, of which /1 

are rotation-dependent and 2 are flexibility-dependcnt. Fillally, the tolcféUlCt' input, 

which reReets on the magnitude of the simulation errors, is of the ordt'r of 10-8
, and 

the integration step size is equal ta 10-4 • 

6.3 Calculation of the Initial Conditions 

When a payload is eaptured by a spaceeraft-moullted robot. with an impact, tl\(' 

generalized velocities will be affected. Hence, the post.-capture valtH's an' ollght 1.0 1)(' 

ealculated and are subsequently used as initial conditions for a dymmllcal simulation 

of the system. It is assumed that the effect of c<lptllrillg a payload on t.IH' slMcpcraft 

pitch and joint angles i~ negligible dut' ta the small impa.ct dur<üiou, IU'II("(' t.lU'ir P('('­

capture valuf>s could be dlIcctly u!,>pd for the po:-,t-raptlll<' ~lIlllll,t.t,IOIl. 011 the otlwr 

hand, the ~pacceraft's pitch rate, and joint Iét.t{·s of tlH' ma.IIIIHllator's llIlh will IH' 

substantially affected and are ~olved for u~illg eqllation (4.15). TI)(~ v,tlues calculal,('d 

here are crucial because they will gOV('fIl the subscc!lWIlt behavlour of t1u' systf'Hl, 

hence they ~bould Le fairly ace urate in order for the ::,illlllldtiofl r('slIlts 1,(1)(' ('(·alistic. 

The caIculations of the po~t-impact initial conditions, as ~een in eCjuatioll (4.15), 
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will depend ou the inertial (mass and inertia) and dynamical (linear and angular ve­

locity) of tlH' paylüad, the initial configuration of the system, and joint rates of the 

robot mauipul,.t.tor prior tü Lerthing. In order to proceed with the calculations, the 

J.m·-impact lilll'ar and angulcLf vclocities of the payload must be accurately known be­

forehand. TluJ'M' values are used in order to calculate the velocity of the manipulator's 

hand at. the point of contact. One would like to achieve a smooth capture, i.e., at the 

instant of capture there is uo impact, or in other words there is no relative motion, at 

the point of contact, between the body to be captured and the manipulator's hand. 

In a l't'alistic :-.ituatlOIl, llOwever, a velocity mismatch between the end effector and 

tlH' payload is boulld tü occur because one could only estimate approximately the 

magnitud(' and direction of the payload's velocity. Hence, the resulting capture will 

Ilot lJe sl1looth. Tbe ('!rl'ds of a velo city mismatch on the system will be investigated 

Ly comparillg tIlt' correspondillg results to those associated with a smooth capture. 

After the extt'nd('d vclocity vedor of the hand, Wh" which contains its linear and 

allgular wlocitit's, is dett'rmined, tht' pitch rate of the mother spacecraft and the joint 

raü·s of themallipulatol..slinks.represelltedbyvector8 .. couldbecalculated.This 

is carri('d out hy sülving tilt' inverse kinematics problem of the manipulator according 

t.o tht' following relation: 

(6.1 ) 

wIWf(' J, which i:- d<.'f1ued in equations (4.2-4.4), represents the Jacobian of the system 

and subscript 1 signifies the pre-capture paramcters. Finally, the vector containing 

t.ht· mother :.pact'craft's pitch rate as well as the joint rates of the links, iJ f ,just after 

capture is calculated by solvillg equation (4.15). Those rates will then be used as the 

initial conditions for the post-capture simulation of the system . 



• 

• 

CHAPTER 6. SIMULA.TION RESULTS AND DISCUSSION 56 

6.4 Results for the Uncontrolled Case 

6.4.1 Srnooth Capture 

A dynanûcal simulation of the uncontrolled system after a smooth capture, was first 

carried out. The payload is assumed to be cylindrical in shape with a radius and 

length of 1 m each. Its initial angular velocity, w p, is ~ rpm about tilt' IH'g.üiVt' 

direction of the orbit normal, and linear velocity of its celltrt' of ma.<;s relativ(' to tilt' 

mother spacecraft, vp , is assumed to be zero at the instant of contact. TIlt' wlocity 

of the hand, Vh, is taken as 0.052 m/sec in the direction shown in Figul't, 6.1, which 

matches the payload's velocity at the point of contact, Vu, in both magnitttt.!(, and 

direction, i.e., smooth capture is achieved. The corrt>spollding mt.t·s of t.\1t' mallipllla­

tor are then calculated, as explained in section 6.:3, and us(·d as tlH' init.ial conditions 

for the post-capture simulation. Material damping was illcorporat.f'd in tilt' mod('1 in 

order to make it more realistic; this also has the effcct of dampillg out tilt' oscillations 

resulting from structural flexlbility as explained in sllb~('ctioll :J.:!.l. 

Figures (6.3 & 6.4) show tht> 1 esponse of the spacccraft 's pitch 01 aud joint anglc·s 

()2' ()3, and ()4 and their rates, respectively as a n'suIt of capturing a spinlling saf.c·l­

lite. It is found that, without any control, the spacecraft's pitch wmains IH'gligible 

until about 45 seconds, after which it suddenly starts to inrreas(' sharply at a ratc' 

of 0.05 deg /sec. At the samc instant the elld cff(·rtor's joint angle, 04 , f{'adH's a 

maximum rotation of 120 deg, which is Iwyolld tlw capahility of the joint and would 

probably cause breakage, and Its rate rever~es direction. It is inleresting 1.0 flO!.t· that 

both behaviours coincides with the installt at wltich the joint angle 0 j (corr(,~polldillg 

to the rotation of the second lillk with respect to the first one) lwcomes zero, i.e., 

the two links of the manipulator become co-linear. The configurations of the post-
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Body 3 
(link2) 

Body 4 
(satellite) 

Figure 6.1: Velocities corresponding to smooth capture. 
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capture system, in which ail bodies where modelled as rigid, are shown in Figure 

6.8. Olle can see that, just after the manipulator's links become co-linear, the pay-

load, whos(' tl'ajectory i5 represcnted by the dashed :ine, starts to move towards the 

mothel' spacl'craft. This result is 'luite significant because it implies that the captured 

paylo,ul cOllld be J't·t.rieved to some extent without the application of any joint joint 

torques which can saY(' sOl1le energy and extelld the life of the joints and actuators. 

The lip ddl('dion~ of the links resulting from the elasticity, and their rates (Figure 

(i.5) an' quill' Teasonahle and tht' oscillations damp out fairly quickly due to the 

incorporatioll of a st.ructural damplllg ratio 7/ of 0.01 in the model. The incorporation 

of dampillg 1S very t'sselltIal because Il aCcoullt for the energy lost in the links as 

they dt·form t'lastically. Otherwise, the tip deflections and their rates will have an 

oscilla tory lwha\'iour as shown in Figure 6.6 . 

III order to validate the model used and ta show that the results obtained are 



• 

• 

CHAPTER 6. SIA1ULATION RESULTS AND DISCUSSION 58 

realistic, the total energy of the system was plotted versus time. As C'ould be seen 

from Figure 6.7, the total ellt'rgy is virtually constant with 110 Iloticeablt, variations. 

6.4.2 Hard Impact (Velocity Mismatch) 

As mentioned in section 6.3 in order to achieve a smooth C'apturt' the lilwar and 

angular velocities of the impacting body have to be accurately knowll lH'fol'('ha.nd. 

However, in a realistic situation the velocities could ollly be estima.ted and t.!ten'fore 

a velocity mis match between the payload and the manipulator's end t'Il't'dol' is hound 

to occur. This in turu will result in a harder impact on the spacecraft/mallipula.tor 

system. In this simulation, the parameters of the payload a.n' t!H' salll(' as in tltt' 

previous section. However, the velocity of the halld, Vh was chosen as 0.1 m/scc in 

the direction shown in Figure 6.2. 

Body 3 
(link2) 

Body 4 
(satellite) 

Figure 6.2: Velocities corresponding to a hard impact. 
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Figures (G.9-G.II) compare the effects of a soft and a hard impact on the post­

capture behaviour of the system. Jt can be concluded from the obtained results that 

the type of impact could be quite crucial and that a soft impact will have the least 

adverse effect~ on the &y&tcm .. For the case of a velocity mismatch (hard impact) the 

spacecraft pitch angle at the end of the simulation period is 1 deg higher than that 

of the smooth capture case. AIso, it is found, from the particular case studied, that 

the elastic deformations and their rates corresponding to a hard impact are almost 

double that of their counterparts for smooth capture. These results emphasize the 

importance of having a good estimate of the payload's velo city before impact in arder 

for the capture to be as smooth as possible. 

6.5 Results for the Controlled case 

6.5.1 Feedback Linearization Control 

ln the abs('llc(-' of control, the mother spacecraft experiences an attitude drift, the 

links C(lll IIl1dergo iarge rotations, and the payload rotates beyond the capacity of the 

end dfector's joint. Thus, a control system is needed to prevent this. A control law 

is Ils('d based 011 f('edback linearization in order to obtain a set of uncoupled, linear, 

and hOIllop,('npous ('<jllations of motion for the closed loop system, as was shown in 

Chapl{'r 5. TI\t' control torque T applied depends on whether the components of 

tilt.' system art' treated as 1'iglli or fit'Tlble. The torque applied in the case of a rigid 

systt'Ill is !>l'('s('nted in cquation (5.2), alld that for the flexible system could be found 

in equatioll (5.5). A simulation was carried out using the aforementioned joint torques 

and th(' 1't'~I1lt.s obt<tined art' shown in Figures (6.12-6.15) . 

'l'hl' nominal joint. control torques and thrusters corresponding to the rigid sys-
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tem (solid !inc) (Figure 6.12} are active for only about 20 seconds wIth a maximum 

magnitude of the order of 10 Nm. After that thl' joint torques approach zero. which 

means that the desired joint angles and rates w<'re at.tttint'd. On tlu' other hand, 

the same figure shows that the applied torques for thl' jlfl'tblf ra~l' ,ln' suhst,\.Iltially 

different and have an oscillatory hehaviour. This could hc cxplaint'(1 by l'('callinp; that 

those torques were desigl1ed to compcnsate for the llonlilll'ar terlll~ which. ,l.ftt·r tilt' 

rotation coordinates are controlled, are depelldcnt on tht· flcxihh' coordilHÜt's only. 

Therefore, the oscillations in the control torques persist as long a.s th<, osciIlations in 

the links are present. It may be recalled that the flexible ll10dl'S Wt'\'t' not cont.rolll'li. 

The response of the spacecraft's pitch, the joint angll's, and tllt'ir rat.t'S is wry 

good and cau be found in Figures 6.13 and 6.14 TIlt' sIMn'Cf.tft's pit.( h is lIl<tint.aiued 

almost at zero throughout the simulation perÎod, whil(' the t'ud-t'fft·ctor rot,lt.l'S a llIert' 

7 deg before the rotation is red uced to zero. This compa.res with, in t.ht· a.hS(·IICt' of 

control, a total rotation of approximately 3 deg for the spacecraft. and l:W dt'g for the 

payload. The links' joint angles and rates re<L<:h st!'éldy htat.t· failly quiddy, a.nd t.h(· 

configuration of the system after control 18 idl'lIt.ical t.o lIl<' IH('-nlpt.un· CHW, t.hilllks 

to the position and velocity tracking aVdil,tble iu the control a\gorithm. FlgUIf' fi. 1.1) 

shows the oscillatory lH'haviour of the Iink tip d('fI('ctiolls aile! t1wir r.lI,c·~ which we\'(' 

excited due to the application of the joint torques. The PXplilll,üioll h('l!illd tllls is 

that the flexible modes are only accollllted for in th(' cout.PJ) algorit.hm hut. an' ilOt. 

explicitly cOlltrolled. The links' oscillatIons take ci whi)(' tu dit' clOWIl )wr(i1I~e t.lw oll\y 

kind of damping incorporated iu the PlOdel is t11f' OIW ill!H'I'PlIt ill t1H' matt'rieLI of t/If' 

links, which is quite ~llldll. III practin\ the eff('ctiv{' damplllg w<Juld )w I.ugc·!. Ac tiVl' 

control of the elastic gelleralized coordinate~ could cmly )H' ae hlC'v(·d hy applyillg 

transverse control forces along tlle links by means of distrihlll,c'd actua.torh or HIC' 
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1IIl/'gration of piezoelectric rnateriah. within the links (e.g. van Poppel 1992) . 

Tlw ;w<,ition of the robot'~ elld effector relative to the mother spacecraft is plotted 

in Figuft> fj Hl, w})(~re t}w cm'les and stars represent the position at each time step for 

tl\(' n.flld alld jlc.llblc controls, respectively. One can see that, if the links are rigid, the 

{'nd-effector po&itioll i& rnaintained after about 20 seconds. However, for the flexible 

case, the position i~ &hOWll to be o~cillating in a region represented by the framed 

box, for tinw greater thau ~o seconds. These oscillations are undesirahle because 

thc'Y fench'r the manipulator inaccurate and rnight cause the end effector to miss its 

target. The figure abo shows the importance of modelling a link as flexzble in order 

tu ohtain realistic I('~ult&. A jle.rzblc link could only he modelled as rigzd if the elastic 

defOlllld,t. iOIl& ,li (' V('l y & III cl Il alld neglecting them will have a negligihle effect on the 

}>ositioninp; of tht> end ('[cetOl'. 

6.5.2 Modified Control for Better Positioning of the End 

Effcetor 

In cas('s wlwf(' t.!tl· t'ffl'ct of t.he flexibility in the links is substantial, a modified joint 

control torqlH' ha& to 1)(' applied in order to achieve better accuracy in the positioning 

of tilt' t'Ild-t'fft'ctor. Details of the scheme are presented in section 5.3. The modified 

control t()rql1('~, ShOWll in Figure 6.n, implement.ed are found to be slightly higher 

thau t.ho~(· ut'('dt'd to achicw joillt control. lien ce, the effect of the modified control 

t.orql1(, ou tilt' link tlJ> ddIt-ctlons ami their rates is minimal as seen in Figure 6.20. 

Tht' only ~llb~tallt ial dIlft'fl'nce l>etw('('n the two control schemes can be seen in the 

lt'~ponM' of tilt' joiut angle!> and their rates in Figures (6.18 & 6.19), respectively. 

Tllt,y art' foullli to dt'lllon~tratt> an oscillatory behaviour similar in nature to that of 

tIlt' link tip tlt't!t'ctiOlIS, and theÎr rates. This kilH! of response is expected because 
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the rnodified angles and their rates art> designed to account for, in addition ta tht' 

ngid rotations, the tip rotation of the links due ta the struc1ur,ll flexibihty. This 

ensures a better accuracy in the positioning of the end dft'rtor. Tht' t·tft·ctiWlIt·ss of 

the rnodified control method i8 validated by Figure 6.21 will'rt' tilt' pO:-'ltioll of tht> 

end effector relative to the Illother spacecraft i8 plottt'd. After about. :W st'contls tIlt' 

position, represented by the framed box, is shown to converge ta il point Vt'ry close 

to that prior to the capture (t=O). 

6.5.3 Spacecraft Attitude Control 

In sorne situations only the attitude of the rnothcr spacecraft is llN'ded to ht> mntrollt'd 

at all times in arder ta maintain its trajedory. Therdore, wil,h tltal, objt'dive iu 

mind, a simulation was carried out by implementing a control tOl'qlll' that C'Ul ht> 

calculated using equation (,5.9). That control torqu(' on tlw motllt'r ~pM('('Iaft. r('<juin'c! 

ta maintain its pitch a5 close as possible ta zero i8 prc5cuü'U in Figuf(' (;'22. It is found 

that the spacecraft's torque is ouly active for about 15 5econds with a maximulII vahl{' 

of 6 Nm, while no torques are applied ta the manipulator's joints. The illlpl('IlI('lItatioll 

of the control torque i5 very effective' as seen in Figure 6.2:J wlH're tlte ~Jlan'('raft, drift~ 

by a mere 0.07 deg compared to :3 d('g for the ullcontrollt'd C<l.S('. It. IS al~o f011l1d from 

Figure 6.24 that the spacecrdft 'h pitrh rate rcspollds qlllt,(· wdl to Ut(' l'Cmt,101 t,orqu(' 

where it only reacbc5 a maximum of 0.01 dt'g Iser comparc'd 1.0 a ~tt·d.dy vahl(' of 

0.06 deg Isec in the ullcontrolled case. Due to the srnall magllit,lld(· of tlw (olll.roi 

torque and iu, ~hort duratiol1, it~ effect on tilt' joint allgle~, lillk l.ip dpfl(·(,tioIlS, and 

their rate~ i., ncgligiblc. Thi~ can Iw seen by comparillg Flguf(!~ 6.2:i, G.24, and (j.2!) 

to Figure~ 6.3, GA, and fi)>, respf'ctively . 



CIIAVJ'J~H 6. S'jMUl~ATION RESULTS AND DISCUSSION 63 

• 3 

i 
2 

'-' 

~ 

0 
0 10 20 30 40 50 60 70 80 90 100 

Tlme (sec) 

140 

120 

~ 100 
N 

<:b 
HO 

60 
() 10 20 30 40 50 60 70 80 90 100 

Time (sec) 

sa 

• î 
0 

~ -50 ~ 

-100 
0 10 20 30 40 sa 60 70 80 90 100 

Time (sec) 

0 

~ 
~ 

-150 
0 10 20 30 40 50 60 70 80 90 100 

Time (sec) 

Figure 6.3: Spacecraft 's pitch and joint angles corresponding to the uncontrolled 

systell1 with rnatcrial damping incorporated (- rigid .... flexible). 

• 



CHAPTER 6. SL\lULATIOS RESULTS AND VIsel 'SSION 

• 006 

-"----~--

'Û' 004 
~ 
~ 

... 0.02 
'''1) 

0 
0 10 20 30 40 50 60 70 80 90 100 

Tlme (SI!' '\ 

2 --,------.--

'Û' 
1.5 

i 1 

N 
'''1) OS 

0 
0 10 20 30 40 50 60 70 80 90 100 

'l'IOle (sec) 

1 

0 

• 'Û' 

i -1 -~--.,....-

-2 
(") 

'''1) 
-3 

10 20 30 40 50 60 70 80 90 100 

Tlme (sec) 

2 

-'-~~ 
'Û' 0 
~ 
~ 

~ ... -2 
'''1) 

-4 1 1 

0 10 20 30 40 50 60 70 80 90 100 

Tlmc (sec) 

Figure 6.4: Spacecraft's pitch rate and joint rates corresponding tü the lIJ1eontrolled 

system with material damping incorporatcd (-- - rigid .. , flexible) . 

• 



C'lIl\jJ'J J',H (j SJMUtA'J'JON IU~SULTS AND DIS'CUSSION 65 

• 01 

U 05 . ,'\ 
.--. . . 
&. . . ' \ 

o < ~.::_: - • - - •• - - - - -. _. - - - - - - - - - - - - --
-_ .... - , ~~~----_ .. _ ...... , ,.-

~ 
, . , . , 

·005 \.,.' 

-01 ----
0 10 20 30 40 50 60 70 80 90 100 

Time (sec) 

0.1 

. , 
() 05 , . , . , .--. . . , 

B , , , , 
_ .. - .. " \ '-' 0 .=-=--:~ -N 

_ ... _____ w ____ .. _ 

~ 
\ ,.' 

_.-. , , 
\ . 

-005 . '" 
, 

" 
-0.1 , , 

0 10 20 30 40 50 60 70 80 90 100 
Tlme (sec) 

() 1 

'U () 05 -• M .' S . " _ ...... , ,- ......... 
~ o --'~ 

\ 1 
"C , 
A. ' ' , : 
t== -0 OS \, .. -

-0.1 L...-

0 10 20 30 40 50 60 70 80 90 100 
Tlme (sec) 

01 

'U 005 -

~ " 
I-~ 

,"'\ , ..... '"'- .. 
~ 0 , , 
~ 

, , 
~ : c:>. \ : . t== -005 
" ~. 

-01 L-_ 1 

0 10 20 30 40 50 60 70 80 90 100 
Tlme (sec) 

Figure 6.5: Link tip dcflectiolls and thcir rates corresponding to the uncontrolled 

sy~t('m with matcrial damping incorporatc~ (- rigid .... flexible). 

• 



• 

• 

• 

CllAPTEH () S1.\lULATIO.\' HESULTS A.\'[) DlSClT8S10S titi 

-g -s::o.. 
~ 

.-.. 
5 -<"1 s::o.. 

e.::: 

'Ü' 

~ 
~ 
-.:l 

-a. e=: 

0.1 

0.05 

0 
, .......... ...- ..... ..-'" .. 

-0.05 

-0.1 
L-__ -'-__ --'"--__ -'-__ --L. ___ -'-___ -'-, - _ __''--__ ..L.... .• __ ...L ___ ...... 

0 10 20 30 40 50 

Tune (sec) 

60 70 MO 90 

0.1 ,.-----,-----,---..,.----,----.,.------,.----r---,----,-----

0.05 

0 
........ ," 

-0.05 

L-__ -'-__ --'~ ___ -'-___ --L ____ -'-__ .~ ___ ~ ____ _L _____ ~ __ __ 

100 

-0.1
0 10 20 30 40 50 

Tlme (sec) 

60 70 80 90 too 

0.2 ,.-----,-----,---,----_,----,------,.----r------r--- 'r---

0.1 

0 

-0.1 

-0.2 '--___ ......I-____ __''--____ .... ___ --'-___ .L-____ -'-___ .l.-____ '---_--' __ 

o 10 20 30 40 50 60 70 80 90 
Tlme (sec) 

0.2~---r--~r----_._---_,---,_--_,---._--_r_ 

01 
• 1 

l '. o f " 

-0.1 

\ " l , , . 
'.' 

,'\ . , , , . , 
• 1 

" : , . 
1 • 

'.' 

" t, . , . , 
: 1 

\ ,., 
\. 

,., . , ,', . , 
,,, 

_02L------&-------'-------'------...L-----~------'~----~----~-
o 10 20 30 40 50 

Tlme (sec) 

60 70 80 

---.--

90 

100 

}Oo 

Figure 6.6: Link tip deflections and thcir rates corresponding tü the urlt:Outroll(!d 

system without matcrial damping incorpürated (- - rigid .... flexible) 



CI/Al'T}';/( fi SIMUlATION RESULTS AND DISCUSSION 67 

• 
0.75 

0.74 

0.73 ....... -

0.72 .. . ........ ~ 
,-.. 
~ g 0.71 .... "1'" .............. . 

0 
~ 0.7 ... 
0 

Jj 
'3 0.69 

• 0 
E-o 

0.68 

0.67 

0.66 

0.65 
0 20 40 60 80 100 

Time (sec) 

Figure 6.7: Total Energy of the System . 

• 



CHAPTER 6. SI.\fULATION RESULTS .-\.\'V D1SCUSSIOS 

• -,- --,-------~-- ----- 0 

~ 
~ 

0 
0 
N N 

" 
1 

U 
11) 
CIl 

0 ....... l!:l 

Il ...., 

~ 

\,) Il 
~ ...,;> 

lt:l 8' C'I OÇI ....... 
Il j 

0 j ..... 
1 

• N .... 
1 

L-___ -I-____ --L1 _________ 1 _______ 1 _____________ L 

N 0 ~ "'t 
00 

------~ ....-4 

'9' 
_ (ru) OlUU!pJoo:>-X 

Figure 6.8: Configuration of the post-capture rigid uncontrolled system . 

• 



ClfA[J'/'l~U (j SIMUtATION HES'lJCfS AND DISCUSSION 69 

• 4 

.~_-r1''''_.'''' 
,,' 

3 ,,' .' 
.,. .......... -- ........ -" 

~ 2 
" ' 

~ 
,,' 

0 ..... & .... _~- ... 
-------~- ... - .. -

-1 
0 10 20 30 40 50 60 70 80 90 toO 

Tlme (sec) 

140 

-_ ... -- ----_ ............. -----___ .of-----
120 _ .... - ""--,,,--

", 
,,-

~ 
,,-", 

-' 100 , " 
" C'4 

" q:, .. - .......... : ... 80 
.... --

60 
0 10 20 30 40 50 6t 70 80 90 100 

Tlme (sec) 

50 --40_ ... _~ ... )oo~ ... ---

• l 
0 

~ -50 - ... -...... -......... _- ... - ........ -..... _---- --- ... _--
-100 

0 10 20 30 40 50 60 70 80 90 100 
Time (sec) 

50 
,,- _.-

................ -...... 
............. 

-" 

~ ,-' 
.. .oC ..... -

,,-

-,' 
,.' 

.... ' ,.-
~ " 

-150 1 

0 10 20 30 40 50 60 70 80 90 100 
Tlme (sec) 

Figure 6.9: Efft'ct of a hard impact on the spacecraft's pitch and joint angles corre-

spollding to the uncontrollcd system (-- soft impact .... hard impact) . 

• 



• 

• 

• 

CHAPTER. t> SU.,fULATION RESULTS AND DlSCUSSIOS 70 

0.08r-----~----,_----~----_.-----T----~-----~------r_----r_--~ 

006 t ~~ ____ -~- •••• ~h~~~.--~~-- __ ~-·-t-·----·-~---,-.-
l""- -" --
: , 

.. / 

u 
~ 0.04 

4.> 

S 0.02 .... 
'<;b o _________________________ .-

-0.02 
0 10 20 30 40 50 60 70 80 90 100 

Tune (sec) 

2.5 --,--~-.--._,------

,' .. \ 
2 ,/ ~ 1 , . 

î ' . , . 
1.5 ' . : \ 

J ' , , , 
" " 1 ~ ... ' ) 

.o:l: 
.,-

05 -.. ~-- ......... -..... _--- .. 
0 _......L-

0 10 20 30 40 50 60 70 80 90 100 
Tune (sec) 

008 ..,.. ,-

u 
~ 0.04 

0.06 1 ~~ __ ---.~~.,,-~-~~~---~--------,- -----~~-------

/"'-- ---_. ---
: 

:8. 0.02 
.~ ,,/ 

O~------------~-__ ~_~.-~~-----
-------~-------------

-0.02 ~ 

0 10 20 30 40 50 60 70 80 90 100 
Tlme (sec) 

2.5 
,'''\. , . 

2 ; ~I 1 

U / \ 

~ 1.5 ' . " ~ , . , . 
4.> " .... S 1 ~ .. ' , 

"" .. ' --
'<;b 

0.5 
------- - ........... _--

0 
0 10 20 30 40 50 60 70 80 90 100 

Tlme (sec) 

Figure 6.1 0: Effect of a hard impact on t.he spacecraft'5 pitch rate and joint rates 

corresponding ta the unconlrolled system (- - soft impact .... hard Îlllpt1ct) . 



CIlAVl'LH {] SIM U/,AT/ON HESr lI/l's AND DiSCUSSiON 71 

• 02 

0.1 
, \ ]: , , 

" 0:---------.- , ... "''''" ;;.;;:-~_ .. , .... 
\~, 

....... - ..... ---_ ... '" 
c::L. ~,' 

.:::: . 
-0 1 

-02 
0 10 20 30 40 50 60 70 80 90 100 

Tlme (sec) 

0.2 ----,.-

() 1 l' 
1 • 

l ' ---. . ' . 
~.P l! , , 

a -- ......... \ .-1 

~ : , ," 
-0.1 ' 1 " 

-0.2 
0 10 20 30 40 50 60 70 80 90 100 

Tlme (sec) 

0.1....--,--

~ ~ ,-, t"" . -:;- - -=---• ~ 0 :1...... '. : 
Ê : · , . 
~ , . , . 
"0 ' . · . P.. -0 1 :1 -
!== .. 

-02 
0 10 20 30 40 50 60 70 80 90 100 

Time (sec) 

0.1 

- ~ " ,' ... ,. ... 

~ 
, . 

... -' , ,- - -~ 0 · · · ~ · . , , 

il ' . · . -0.1 · . -" !== .' 
" ., . 

·0.2 
0 10 20 30 40 50 60 70 80 90 100 

Tlme (sec) 

Figlll'c 6.11 : EfTcct of a hard impact on the link tip deflections and their rates corre-

spollding to the uncontrolled system ( -- soft impact .... hard impact). 

• 



• 

• 

• 

CIlAPTER il SI.\1 ULAT10N HESt' LTS ASD D/SCl'SSlO;\' ... ) 
1-

ê 
~ 

~ 

~ 
~ 

-e 
6 
~ 

20~----~----~-----.-----.~----.------r-----.-----.------.------~ 

la ," /t\ 

~
' .... :', 
,'~ : " 

a ~ ~. : ' 
",' ': 
'.,' \ / 

-10 ',./ \ ... 

, . . . 

.­
l " , . · . · , · , f , 

, . . , . , . 
.' 

.', 
l \ . , , , : . f' l' 

1 • 
f ' 
f ' 

, .-, , , , , . , .. 
.~ 

,-· . · , · . . . , 

\ " , : . , 
'.' 

" , . , . . " 

,-, 
f , , , , , , , 

! . ' , : '., 

. , , , .. 
'" 

., 
l '. , . , ' , ' , , ' . , 

'.' 

.t .... 
, ' . ' , ' , ' . .. . , , . 

'" 

.. ' , , 
1 

-20 
L_ ______ ~ ______ ~ ______ ~ ________ ~ ______ ~ ________ L_ ______ ~ ____ • __ _L_____ ___ L_ ____ __ 

0 10 

20 

10 

, . 
-10 

20 30 50 

Tune (sec) 

60 70 HO 90 100 

-20 
L_ ______ L-______ L_ ______ ~ ______ J_ ______ ~ ______ ~ ______ ~ ______ ~ _____ ~ ___ 

0 10 20 30 

20 

10 

-10 

40 50 
Tune (!>ec) 

60 70 80 90 100 

, , 

-20 
L-______ ~ ______ -L ______ ~ ________ ~ ______ ~ ________ ~ ____ ~ ______ ~ _______ _4_ __ 

0 10 20 30 

20 

10 

0 

-10 

40 50 
Tlme (sec) 

60 70 80 90 tO() 

-20 
L-______ ~ ______ -L ______ ~~ ______ J_ ______ ~ ________ L_ ______ ~ ______ J ____ ____L__ ____ _ 

0 10 20 30 40 50 
Tlme (sec) 

60 70 HO 90 too 

Figure 6.12: Joint control torques applied corresponding to the fœdback Iirwari7.tl.tioll 

control (- rigid .... flexible). 



GIIAPTEH G. SIMULATION RESULTS AND DISCUSSION 73 

• 0.05 

~ 0 
... 

<:t:; 

-005 
0 10 20 30 40 50 60 70 80 90 100 

'rime (sec) 

70 

69 

Ê 
68 

N 67 
<:t:; 

66 

6.5 
0 10 20 30 40 50 60 70 80 90 100 

Tlmc (scc) 

462 

46 

• Ê 45.8 

1") 45.6 
<;t) 

4.'54 

4.'5.2 
0 10 20 30 40 50 60 70 80 90 100 

Time (sec) 

2 

0 

V ~ -2 

~ 
-4 

-6 -
-8 

0 10 20 30 40 50 60 70 80 90 100 
Tlme (sec) 

Figure 6.13: Spacecraft 's pitch and joint angles response to the feedback linearization 

cont.rol torques (-- rigid .... flexible) . 

• 



----------------------------------
CHAPTEH 6. SIMLTl.ATIOS RESULTS ASD DISCUSSION ï4 

• 0.05 

i 
~ 0 

.... 
'<:2;) 

-0.05
0 10 20 30 40 50 60 70 80 90 100 

Tune (sec) 

0.05 -,---

'û' 

~ 
S 0 

N 
'<:2;) 

-0.05 
0 10 20 30 40 50 60 70 80 90 100 

Tlmc (sec) 

0.4 r-

0.3 

• 'û' 
~ 0.2 : 01 '-' 

CO? 
'<:2;) 

a ----
-0.1 

0 10 20 30 40 50 60 70 80 90 100 

Time (sec) 

1 

0 

i' -1 

~ -2 
,~ 

-3 

-4 1 1 -'-
0 10 20 30 40 50 60 70 HO 90 100 

Tune (sec) 

Figure 6.14: Spacecraft's pitch rate and joint rates rcsponse to tlH! feedback lilleariza-

tion control torques (-- rigid .... flexible), 

• 



• 

• 

• 

Cl! \]11 J H /i Sl\ll 1 \ 110.\ J{/ ..... ( 1 1" \ \ Il JlI',( '( "Sln\ 

Ê 
~ 

0.. 
t-= 

4 --- -,. ------,------- l- -- -,. -

:2-

- ' , . , 
-. , . " .' 

() -".·...:------7 ....... -
.' " 

-_ ....... _- ... ---- '* 

-2 

-4 -­
o 

4 ---

2 

a 

-2 

, 
, , . 
" 

1 \ f' \ 

\ .' . , 
'-' 

10 

, . . . , 

" 
1- ______ 1 

~n 40 50 

l'Ilne (~t<_) 

.. -, 

, ' 
.~. 

-4 ------- L 

o 10 20 30 40 50 

2 

a '-'" ," , 

-4 
0 

4 

2 

la 

-,-

, , 
'.' 

. , . , 

20 

, , 
,~ 

, , , , . , 

-2 

-4 L. __ -,- ---'---
o la 20 

-L _____ L _______ .1- ____ 

30 

, ' , , 

" " 

30 

40 SO 
Tllne ( ... cc) 

---,---- -1---

,-, 
, \ #, 
", . \ 

of • __ ..!-._~ __ 
,t--T

, " • 

'.# \ ... ' 

----1 ______ ..J. _ 

40 50 

1 Il Ile (,e(.) 

fccdback Il !lf'cll izatlOn cOlltlO1 torqu('') ( ng}(j 

, 

. -~ --\ 

70 

,''''. 
:~. 

, 

. ' 

L 

70 

, ' 
- ... ,~-- -~pI " 

-, -- , 
60 70 

-- , - -, -

. , 
, -', 

-, 
60 70 

, . 
'.' 

" 

so 

kO 

'. 

HO 

--

/" .. , 

KO 

, ,) 

,...... ~ .. 
" 

'ID IIHI 

(l() IIHI 

90 100 

. \ 

: 

(JO JOO 



• 

• 

• 

('} 1 \ 1"1 LU li 1.-;1\1/ J" \'J JO \' U Lor., /' U ,r.,' L\ f) lJl.'-;('( S)'jO_\ 

l'i 02 

1501 -

15 -

-
§ 

14 <)9 
~ 

'"' C 

-0 
1-a 

14 9R -0 
'-;, 

;..-. 

1497 

1496l 1495 -
-0.1 

,--- -- ,- ---- -,---------,----,-----,--------, 

, 
• 
, 

, 
1 

,: 

, , , 

l >2(hcc 

, 
,: 

" , , . 
, 

, 
1 

, , 

, , 

-~ ()8 -006 -0,04 -0,02 

X-coordinalC (01) 

o 002 0.04 

'jG 

he.u((· ti,W, Pm ·tl·)Jl of the ('nd cffector corresponding to feedback linearization con-

Lllll ( IIp,lll fl('xlblc ). 



• 

• 

• 

Cil \]>1 LN (i SI\1L L\ 1 lU.\' li /" ... ;{ II"" i.\ il PIS( '1 SSIU\' , , 

'2() --------,.--- ---,----- --, - -- - ~ --

10 

\/\/\/\/\/ Ê 
b () 
ç 

-10 

Ê 
é 
ç 

Ê 
6-
ç 

Ê 
b 
~ 

-20 o 10 20 30 

20 -~-- r- - ---,-- - --- 1 -

40 50 70 \(lU 

10 

0 

-la 
\J\J\!V\/W\/\/\/ 

-20 
0 

20 

0 

-20 
0 

_____ l-______ L- __ ..L ____ _ L_ 

10 20 30 40 "i0 

TIlIIC (~cL-) 

-------r--------,- -----1--------,---- - -- - r-

---" 
10 20 30 40 50 

l'Hile (sec) 

7ll HO 'l() 1 (lO 

\J\f\/\/\ 
60 70 HO 90 \()() 

20 r-----.,.----.-----,-----,-----'T------r----- '"f----

10 

a 

-la 

-20 
0 10 20 30 40 50 60 70 HO (JO 100 

'l'II Il c «.CC) 

Flgule 6.17' Mudified joint COllt roI t()Jque':> iippll<'d for lwttcr pO:-'ltlulIllli!, uf Llw ('lId 

effcdor (- - joint control .... modificd control) . 



• 

• 

• 

('II '\/' Il ,f( Il ~'I \1 ( L \ I fU.\' lU ..,.,: '. < S . \,\ f) nI,'j(.,! ,'-,''''IO.\ 

":o'~ 
' .... T., 
~ .. 

v.ll 
<J 

-cl 

N 
Q::, 

bJj 
llJ 
-.:: 

'" <.L 

Il (J '" ' 

(J 

(J () '" 
() 

(, l ') 

(,7 <'l 

f,"' ~ 

(,-, 2 

(,7 1 
() 

<'l(, :'\ 

<16 

-1') :'\ 

JO 

, 
\ : 

10 

" , . 

20 

20 

" , ' . ' , .. 

T------, - ---,-----" ---r---

..J_ ~ _ ____ -l_ _ _ _ ~J. _~ _ ___l __ 

JO 40 50 

Tllne (<;c<-) 

---,. -- --- -,- -- - -1 

.-, 
, 1 

, 1 , , .' , ' 

70 HO 90 100 

---,---" -- ,.----,---, 

" , , 

,,- .. 
:/\.. " " 

__ ." _ .. ____ -4 __ --:-- \- .--- /"""',- --~''-'''r, --:'----'.-..... '--'"'"::-"::"---.. ~' 
" 1 

'-' 
l ' 

'.' , , , , , , , , 

. , , 
! , , . ' '.' 

__ ---.-..l ____ -1.. _______ ...J. ____ -L. _____ --J-___ "---__ 

30 <'l0 50 

Tune ( ... cc) 

60 70 80 90 100 

------.J. _____ --.J _____ L_" 

JO 20 30 40 50 60 70 80 90 100 

Tune (scc) 

:2 -- - -, ----,-----,----,---,------,.---.,----,----,.-----, 

() -

-H 
o 10 

___ ~ ____ __L ___ -L ___ ~ __ ~ ___ ~ __ ~ ___ ~ __ ~ 

20 30 40 50 

Tuuc (sec) 

60 70 80 90 100 

Flglll!' (; 1 S' Sp(\('('( r.1Jt.'s pltch and joint angles lcsponse ta the modificd control 

!t)lqllt'~ ( JOlllt (()Iltrol ... 1ll0dlficd control) . 



• 

• 

• 

-'<::J::> 

N 

'f - -- ---,. -

0----- --------- - --- ----

_() 05 ----- -'-- -- --'------- l_ 

U 10 20 30 

o 1 

005 

. , . , 
" 

-------,----- - --,-- ----..,. -

_1 _ 

40 "ll 

J'IIIl" ("CC) 

, . 
, , , , 

l ' t- - ': 

'._/ 

70 

, . 
" -. 
, " 

'<::J::> -005 

, . ' .' " 

-0 1 '--___ -'-____ J ___ --- --'------'--

30 40 50 o 10 20 

o 4 --- --,--------,------,.---- -y -- -

o 
, 
, . , 

'\ 1 \ ,-, •• 

'\, /\ /\ /\ 
, 1 • " l' 

I---+--t-~--.;---~ -- 1 
~,' \.' ", " \ 1 

" ," 1 1 
'1 " ., " 
\,' \./ ',,,' ...... 

,'. , . 

(lU 

-;-

" 

, 

. -
" 

70 

. . . 
~-. , 

" 

30 
-02 '---.:.... '--' _'--~'--_'___ ____ ___1 _____ .1-___ L _______ -'- - - ____ ..J....... 

70 50 

llmc (\cc) 

(JO o 20 

, 

1 ~---r--__r_---~---_r--- - -,.--- - - - T -- - --- -r--

HO 

" 

HO 

.-

\ 

.. 
, 

" 

HO 

=-...., . - - -, - <='-=-~ ... _ .. ___ • -~.:--~~ .. ~~":-:J.-... ::;_.r_-;.,...--- _ __ .... 'l_ .. , 

'Û 
~ -1 

Ob ., 
::3-

.... 
• ct> 

-4 
L-___ L-___ .L-___ L-___ -' ____ ---1_~ _____ J. _ _ ..J...... 

0 10 20 30 40 50 

Tlruc ( ... cc) 

{JO 70 HO 

,'1 

')() IOll 

.. 
\ 

'10 Il)1) 

,', 

1 
i , 

" " 

!JO 100 

_ ..... _. 

!JO IO() 

Figure 6.19: Spdcecraft's pltlh r,tle and JOlllt fitt('~ IC~I){Jl1~(' 10 lh; 1I1()(ltfi('d (IJ/J!,IIJI 

turques (- joiIlt control .... rnodified (oTltlUl) 



8U 

• ·1, , - --- l - -- ---T- - --r---- ---".- ---,.----, Y---l 
2 

JV'VÎ\;V\ 
t-: . , 

(J 

c-
f=-: 

2 

-1 - '-- - --- - ____ 1 ___ ~ _-1. ___ 
~ 

0 JO 20 "1 \ -1ü 50 60 70 80 90 100 

lllne ('>L'C) 

-1 -, - -,- - -- --- ,---- --r - -- ---,.-- -----r-------, -

2 

V\J\/ [= 
';;. 

() .. , 
r ... 

~-::: 

-1 --
____ ---i-- _____ --1... ___ -----.L ___ 1 -- , 

() 10 20 30 ,10 50 60 70 80 90 100 

THne (sec) 

-1 --- --,------- ,--- -----1 --

'J 2 -• y. 
Er 

V~/'\/ ~ () -
-0 

0. 

~ -2 -

4 --
______ L ___ ___ ..i-_ 

() 10 20 30 40 50 60 70 80 90 100 
rune (sec) 

4 -- - - ----r -------,- --,--- ----.--

'U' 2 
Y. -6 
,~ 0 

~ 
0. 

~ -2 

-4 
_ l ____ -L-

-L , 
0 10 20 30 40 50 60 70 80 90 100 

Time (sec) 

1\I',1I1(' t; '20 Lillk tip defiections and tllPir rates induced by the application of the 

IIlllddit,d (,olltlOl tOlques. ( --- joint control . lllodified control) . 

• 



• 

• 

• 

Cll.\PTFl? 6 -îL\tl L.\l j(n lU , .... '1 1 rs \ \/l PI. ... ;('l.,·:SJO\ 

......... 
E 
'-' 
u 
~ 
c 
-6 .... 
8 u , 
>-

1502- .. -- -,-- . ---, -

1501 

]5 

1499 

14.98 

14.97 

14.96 

1>20"'0 0 
/ t--.~ 0 ~('( 

14.95 L-. __ '--__ ....J'--_--'--._ .. __ .L ___ ••• __ L _ .. 

-0,1 -0 08 ·0.06 ·0 04 -0 02 0 0 02 

X-coordmatc (m) 

~\ 

(J 04 

FlgU1C 6.21' PositioJl of the end cffcctor cO[J(',,(HJIldlllg Lü t!w lJlodlfier! (oll!,rul. 



('If \ Il II, f( l, ,'-;1\11 I.:\'J [O.\' HLSL Lï S :\.\ [) J)IS'(TSSIOS 

• 
- - - ----1 -~ -----,- -----,----

o -- -- --~~-

-1 

,-... -2 
E 
% 
'-" 

ç 
-3 

• -4 

-5 

-6 
0 20 40 60 80 100 

Tlme (sec) 

Flgllre () '2'2 Apphed torqlle that c\chievcs attitude control of the mothcr spacecraft. 

• 



• 

• 

• 

(' Il \ P Il- H (i ,'-,'1,\ It L \l JO.\ li rs [ J J S \ \ j) il /...; ( '1 ,,' ,>' 1 (l \ 

() OH 

() nt) 

'ë?, o (J,l 
<U 

-a 

~ 
o O:! 

0 

'J'" .// 
--- .. -------- --~~---

-002 
___ --'--__ -L-_~ __ __L ____ l __ _l. _____ l __ 

0 10 20 30 40 50 Ml 70 HO lOO 

lllne (~l'C) 

1-10 ----.--------,- - T - --- - --T - - - l--

120 --_ .. -"'-
-"'.,-_ .. ---_ .... 

---en .u 
3 

N 
~ 

'CD .u 
3 

M 
'l::> 

'CD 
:3-
~ 

100 

80 --60 
0 10 

50 

0 

-50 

-100 
0 10 

_.--------~--*--
.,...~~--

------~ 
_ -'-- _______ i __ ___ 1 __ 

20 30 40 50 hO 70 HO <JO 

'l'mie ( ... ec) 

L ____ L--- ___ ~ _____ .i ______ ....1 __ , 

20 30 40 50 

Tmle (sec) 

60 70 HO 90 

0 ~-----.----.--~--~---- ---, -~ - - -- r--- ---r--- - 1- - 1 

-50 

-100 

-150 
L--__ ---L ___ -'--__ ~ __ ___L ____ --1-.......- ___ ....L-______ L_~ 

0 10 20 30 40 50 

TUllC (.,cc) 

60 70 
_J._ 

HO <JO 

100 

100 

J 
100 

FIgure 6,23: Spacecraft pitch dnd jOlllt aIlgle~ /('~pOll:)(, to tlH' ,üt itlldf' (IJ!ltlOl t(Jf(I'J(' 

(--- rigid .. flexible) . 



• 

• 

• 

(IHl"lLU l, )/\l('LA'IIO\' nESLl,'lS 4.\lJ J)IS'Cl:S'SIO.\' 84 

(JO)S 

() ()) 

'v 
:Y. 0 (Hl:') -
~1l 

?~ 0 

'::c 
o (JO') -

<.) 

~ 
ôb 
~ 

.... 
<:l:> 

() () 1 
o 

2 

) '5 

) -

05 

0 
() 

-1 

-2 

-3 -

- T -- -----T - - - -- -......,-----,-----,----,-----y----r------, 

~ -- - ----- -~~--..,.-

_~ ~ ____ L_ ____ L_ ___ J_ ____ ~ ____ _J ______ ~ ____ ._L ____ ~ 

JO 20 30 

-----
10 20 30 

40 

40 

50 

TUIlL: (st.:C) 

50 

Tmle (st.:C) 

60 70 80 90 100 

60 70 80 90 100 

-- --,- -----,~- ---r------,----,----,----..,-----,----,-----, 

-4 - -- - __ .L ____ '---__ -'-__ --'-____ '-_______ -'-__ ---''--___ -'-___ ---' 

o 10 20 30 40 50 60 70 80 90 100 

Tlme (sec) 

2 -----r--~-_,_--~-----r----._----_r----__,r----~---~----~ 

o 

-2 

-4 -
o 

. 
. . . . 
. . "'-------- ------- ----~- ----- --- .. -- ---

_--'-__ ------'--. __ --'-__ --'-____ --'-______ '--____ -'-___ -L ______ l--___ -' 

10 20 30 40 50 

TUllC (sec) 

60 70 80 90 100 

Figl\rl' (i,2·1' Spacl'craft pitch rate and joint rates response ta the attitude control 

lOlquc ( ligid .... flexible) . 



• 

• 

• 

( ï! \ P fT H 6 S l.\! 1 ï, .\ Tl 0 \. li FS l '/ r..,' \ \ Il PIS ( '1 SS /( ) \ 

01,...-----,-----,-------,----- --, 

-005 

-0 l '-----'-­
o 

-U 005 

~ 
~ n 
0.. 
~ -005 

" , , 

10 

, .' 
\,-' 

---1-___ ~ __ ~ ___ J_ _ _ 

20 30 40 50 

TUIlC (.,cc) 

.,.------ - --, --- -

:'-':~L __ "'::"~~ 

\. ./ .. .. . 

60 70 

,- ~-- - l 

_ 1 _ 

60 70 

-0 l '--__ ...L.. __ --'-___ -'-- -L _____ ..1.. _____ 1.. 

o 10 20 30 

0.1 r 
40 50 

TUllC (~cL) 

60 70 

.,-----T---- - -,----r- - -

-U 005 r 
ï 0 C'-'--" -------~r-"-"~f~:-'-·~--- ,---
~ \ ! 
$' -0 05 \! 

-01 ---'------'---------'----- ----'---- ~----

o 10 20 30 40 50 60 70 

TUlIC (.,eL) 

HO 'Ill lOt) 

-, -
HO ')() J()() 

_ l 

HO 90 1 (J() 

,-

- - 1 

HO 'JO 100 

Figure 62.5: Lmk tip deflcctions and t.heir Iate~ tnduced by Uw ttt.titlldl' (Olll./O! t,O/!jIl(' 

( - - rigid ... flcxi ble). 



• 

• 

Chapter 7 

Conclusions 

7.1 Conclusion 

This t.1H'},is wa}, cOllcPrIwd with the Lellaviour of a spacecraftjmanipulator system 

just. aft.cf JI, capt.IlICS ù payload, iu this case a satellite in orbit. The formulation was 

cclJ'rit·d out by wlltlll)!, t111' wdwlIllLal t'qulltions of lllotiC)ll for cach of the four bodies 

cUlIst.itllt.lllg tilt' },ystt'Ill, i t' tlw mother sp,L('eC!'<tft, the two-link robotic manipulator 

itlld tilt' (',tpt.uled :-lette]]l!t' Tht·:.,t' ('quatiolls were then a~semblcd and thc cquations of 

1ll0!.IOIl ur! lit' :.,y:.,IPIll .t'> wllOlt·, wllich contllined tlH' constraillt forces and moments, 

\Vere oht..llIH'd Tltest' \\'t'Il' tllt'Il elnnin,d('c1 by using the 710tuml orthogonal com­

p/Ollt 111 01 1 lit' "du( lty-C()Il-;t.I.tilll Illat l'IX 'l'Ill'> apprortCh leads to computationally 

dlit iellt .lIl-',ullI hlll'> Illr 1 jlt' dVIl,llIIic :.,illlulütlon of hoth ngzd and flr.:'czblc bodies. The 

COlllpllt.ttlollS (,li 1 lt'd ouI III ! hi}, t1lt'::'IS weil' ill thc local frame, therefore there was 

110 tH'cd t.o ! l ,II 1 ! .. ,fotIII \'t'dors and Ill,ttnn's 1.0 the int'rtial frame wlllch slIbstantially 

slIllpldi('d the d('li\'tL!JOn:.,. A computel progl,Ull wa~ writtcn using FORTRAN, and 

se\'er.\! dYIl,t111ic.d ~1Il1l1ldtlollS \Vere performed uSlIlg the Il\'iSL subroutine DIVPAG, 

,md tI\(' rt'!-oult:., \n'J(' plo!tl'd \l:"lll.c. l\IATLAB. 

86 
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('oordinatt's ,Hld IIH'll l.tk., of thl' ~\':-'\l'll1 Illllllt'dl,ttely follm\ illg tilt' 1I11\M( 1 \\ Il II ,\ 

for the po~t-( <tptlllt' ~llllllLtt Il)!) It "'cl" IOlllld 1 h.1I 1 Ill' po"\ 1I1Ip.H 1 Ilt'h.l\ 111111 uf t ht' 

Syst<>lll is highly afrt'l'lt'd by tIlt' Pll'-llllll<l( t IlIt'lt.i,d ,lIId dy lldll\l(.11 jll\lP('11 It'" of 11\1' 

payload, i,t'" wll<'lhl'r tl (' r.".;ultill,l1, IlllPùct i ... :-.oft ('1' It,lld, ,d"o tht' 1t':-'III1:-. h,I\'t' "howll 

that the prt':-.crilwd t'Ild-eff('cl.or\ Vt'Iocity ,t! tlll' 111:-.(,,1111 \lllIlIp.ld 1:-' \'('IY 11.111,11 

because il. couIt! sub~t<llltl,dly l('dll( t' tht- t'Irt'r l of 11II}hld 01\ tilt' :-.y"II'I\\ lIellt t" .1 

very gaad ('~tllllatlOn of tht' p,lylo.ul'~ llIiti,t! velo( ity htl" III \)(' ohLlIllt'd \H'fou'h,lIHI 

TIl(' Slll111l,ltlUll I('snlb (Jf ~ 1)(' :-.y:-.tl'lIl followlIIl-', tI)(' (<lj>t.lIll' of ,\ ""tt-Ilrt(" wll.llOl11. 

effector jOlllt roLLtioIl \\'d~ fOllI1d tu \)(' 1H'j'olld 1.1lt' (',Ij>'lhdlly of tilt' J()(It\, whl< Il 111 110 

doubt will came breakagl' Bt'lI( t" iL ('0111,101 ,dp,OII\,ltIlI h .. d lu 1)(' dt'~I/.',llt'd t1l1d Ill! 

plemented to !lI,lIllLtlll the ,Lttll.lIdt, of th(' llIot!lt'! ~'I),U ('( 1 tlft" }llt'V!'llt tilt' 11I1\.;;" frolll 

large rotation:-., dl}(! ~l1pj>J('S:-' .Illy n'~id1Jill lIlotlOll of tilt' p'lY!O,ld 

have showll tltal. Il wa:-. qUltt· <'Ifl'( tlV(' <1'> fal ,L'> t.1H' IlfJlIl ~,y"IC'1Il W,I" ((HI( ('IIIf'd 'l'II(' 

quickly thanks to tltt' pU:-'ltlOll illld ,,(·Irj{ ity f('('<lIM( k 111 tilt' (01lt 101 I,I.W 01\ tilt' ot./wr 

hand, the (ulltrol of the jh J'loll "y"l('lll W,l" (Olllp!Jr ,tlr·rI Ily 1I11' Iw,tvy 1 olJpllllg Iw 

tween the rotatj()JI dllt! !H'lldlIlg COOl (hll,ü('" TIll'/ dl/w, tlw (01lt /01 to/ qlJ(''>, wllll Il 

• are highly depeIld('llt Oll 1,11(· ('la"tH (oordill.d,(·~ illld tlwu r,tI,(·", ~h(jw(,d illl 0" dl,üo/y 
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bebaviour. Tho!>c o~cillatioIl<; wert' found to be damping out quite slowly because the 

ollly dalIlping avallabl(· 1'> thtit illllPrpnt in the matcrial of the links, which is very 

small The lIlcorporatiull of JOlut fflctioll ill the modcl would probably eliminate the 

()~cillat)()lls Illuch quickcr. 'l'Ill' pu~itiolling of the end-cffector could be i:nproved by 

developillg a ('olltrol algorithm wlllch will provide accuratc cnd-effector trajectory 

t.Tél( klllg. EXj)t'rimclltb, that u~(' ~uch a t'OIltroller, wcn' conducted at the University 

of Toronto (CctrUSOIW ami D'Eleulcflo 1991). The resnlts have shown that snch a 

nHitrol is ~uperior ta a PID cOlltrullcr and is less susceptible to the oscillations of the 

lillks. On OH' other h.Uld, if an dft,ctivt.' complete control is sought, the elastic coor­

dinat('!'> and tbcil r<ite!> ha\(' ta be controlled explicitly by means of collocatecl sensors 

and actuatols distrihuh'd along the flexible links and capable of the application of 

tran!'>vcI st' forces to the link~. 

From tl\(' r(,~IlIt:; obtaincd in this thesis, it could be concluded that the effect of the 

fl('xibilit.y in the ro1>ot's links has to be accounted for in most dynamical simulations, 

ot.h(·rwi~e grob!> inaccuracie<; in tht.' positiouing of the end effector will occur and will 

It'lldt'r the particular ta~k the IObot wab set to do inefficient. Only in cases were the 

t'I.tstl!' ddOlIll,ltioll~ aIt' found to be very small, the flexibility could be ignored and 

ht'llct' lht' linb coult! 1)(' modelled as rzgld. 

7.2 Recommendations for Future Work 

'l'hl' ll1att'n.d plt'~(,Iltt'd iu this tht'sis covered only a small part of capture dynamics. 

Tht'n' 1~ a wid(' rallge of furthcr lIl\'cstigations that could be do ne as an extension to 

tlll~ work; therdOlt' sOl11e suggestions for future work are outlined next. 

d) Illcorporait· joint friction dud joint flexibility in the mode!. 
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b) Extend the simulation to a 3-dimcllsiollal case as oppost'tl tu a plalh\f C,\St' 

considered herc. 

c) COllsider the approach dynamics as the spact'craftjnl<\llipulator system gOt'S to 

capture a paylo<~d. 

d) Investigatc the effeets of capturing a payload which is flexihll· or colltalIlS flt'xihlt' 

appendages. 

e) Design and implement a control torque whose purposp is lo fl·trit·V(· tilt' ("lptun'd 

payload towards the mother spacecraft. 

f) Conduct sùme robllstncss stllches, and iIlVPst.igatt· tll(' elft'ct of noise on tilt' 

system. 

g) Explicit control of the elastÏc coordinates and tllCir ratps. 

h) Implement a control algorithm for cnd-efTeclor trajt'ctory trackillg . 
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Appendix A 

Detailed Derivations of Various 

Equations 

A.l Derivation of Equation (3.5) 

By Sllh~titlltillp; ('(Pld,tion (:3.4) illto (3.3) the following is obtailled: 

(A.l ) 

B.v \Ising tht' d('finition of tht' illtt'grcUld, the equation is re-written as: 

(A.2) 

TIlt' v.dllt' of tht' IIltq~r,d n'llI('~l'nb tlte 1II0lllPrÜ t)f inertia of the spacecraft, III about 

ils n'Iltl<' of Iml..,:,. Till'Id'ort', t'quatioll (A.~) could be r~-written as: 

(A.3) 

wlllch I~ H!('lItIc,t! to l'quation (3.5) . 

• 
96 
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• A.2 Derivation of Equation (3.9) 

Hecall equatioll (3 8) 

(AA) 

which cau be re-written as: 

(A.r, ) 

Sub~tituting equatioll (:!.l 0) illto equ.ttion (A . .1) cilie! notill~ th.d, 

r = l' (A.t;) 

the following equatioll is obtailled: 

(1\.7) 

Equation (A.7) coult! tht'll \)(' J(·-writ.t(·11 in t('rlll~ of Ut(' n()~s Plodud t.('Jls()r~ X 

and U associated with x d:Hl l', 1('~I}(·ctlV('ly, tu obt,llll: 

( 1\.H) 

• It was assumed earlier that UJ(' ,lXlid !'.hortC'lllllg; ill Uw lillb l!'. l1t'/~llP;lbl(', 1 (' III = 0, 

T 2 hence the term x u ill (·quatlOll (A 1)) V,illi~be,>. AJ..,o, SIIIU' X I~ d, uuIl V('( tor, x I~, 
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~et tü 1. EqUittioll (A.H) fOuld be further &implified to obtain: 

(A.9) 

whiriJ ih id('ntIcal tn t'<{uilliun ca.!}). 

A.3 Derivation of Equation (3.11) 

TIlt' tenl1S a~so(')ated with the illel'tia due to the angular acceleration in equation 

(:1.7) al(' ip;norcd and tilt' eqllatioll hecomcs: 

(A.IO) 

Suhstitlltlllg t'quatlOlls (:3.9) and (3.10) into equation (A.lO) the following is ob-

t.aillt'd: 

'21' = p fui [v:.! - yT (2,rX + 2U)w + 2y T 1-' + jJ,2 

+w1'(.r:.!(l - X ~~ x) - x(x 01-' + 1-'0 x) 

+(/L.!l - IL C0 /L)]w + w T (2J'X + 2U)it] dx 

+A1[v i - yT ('2IX + '2U(l))w + '2yT /L(l) + jL2(l) 

+w'I'(li(l - x C\) x) - l(x 0 Il + JL(I) 0 x) 

(A.lI ) 
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• Substitutmg equallOn (2 Hi) lllto t'quation (A.11), pt'rfOlmll\~ tht·lIItt'grd.tlOll, and 

re-arranging, the equatlOll bt'CO'lll'S: 

2T = ,,1'[m + M]v - "T[p(2T1 + llX) + 2.\/(U(l) + lX]w 

+2vT [pT l + MB(l)]b + w T [2p(T .. + XTs) + 2M(U(l)D(l) + lXB(l))]b 

T [3 T 
+w [p( 3 T lO + 2x T'.J.Ll + III - Tt; - T 7 + T1d 

+MUlTlO + '2lxT B(l)J.Ll - l(x @ JL(l) + JI(/) C9 x) - JI(l) N JL(l) + Tu)]w 

(A.12) 

T 10 are defilled in chaptcr :3. 

A.4 Derivation of Equation (3.19) 

The kinetic energy of th(' payioad is as follows: 

(A.I:n 

substituting equation (3.18) into equatioll (A.l:3) yit'Ids: 

1'1 2l{ = mv~ + '2{v r xw) r dm 
m 

+w1' 1 (rll - r v) r) dm w 
m 

(A I~) 

by definition tilt· integral of the ~(,colld t('ml v(ll1isl\('~ alld il\{' \IIt('gral of t,\w last. t('rlll 

represellts the IIlOI1H'Ut of III el ti,l of th!' p,tyl(l<1d Ir ,t!lOut its (t'II1.n- of 1lI,t~S Equatioll 

(A.14) then Jwcomes: 

(A.I:') 

An expression for v c i~ readily (Jbtained froIII equation (~J.l(j) as follow~: 

• v c = V + wxrbc + rbr (A. If;) 
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• LIli' la .. <,t Lerlll of (>qlliJ.tIOII (A.If)) i., zero because it is assumed that the payload is 

"fJzd. AIl PXpi(·!".!".ic)Jl for v; (ould IJOW \)(' obtainf'J as: 

'.t -2 -"'R TRTR V C = v -1v' beW + W bc bcw (A.17) 

wlH'W R br n·present!". tlH' cro!".~ produrt. tensor of rbc, and can he written as: 

o -z y 

o -x (A.l8) 

-y x 0 

Subst.itut.mg ('C!llatioll (A.17) into equation (A.15) and re-a.rranging yields: 

(A.19) 

w IWf(' 

(A.20) 

!'l'pl('!-l(,lIts tilt' moment of IIlcrtIa of tIlt' payload about the origin of its hody-fixed 

frolll\(,. lt. muid \)(' set'll that equatioll (A 19) is identical to equation (3.19). 

A.5 Derivation of Equation (3.22) 

A!-l di!-ll"\l!-l!-lt'd in choLpt<:>r :l the effecls of ~1H'ar muId he ignored, hence equation (3.21) 

("ould \)(' J'('-Wllt.t('1l as: 

(A.21) 

SIllet' !-l\wou defollllatioll W(LS lH'glect<>d, hellce one can obtain the following from 

• (A.22) 
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• and 
') III (11(2) _ ~ 1 

~(.l) = -,-) - = L- <,,,)b) 
( .r )=1 

(A :!:n 

Therefore, 

(A.:!·I) 

Substitutiug equation A.24 illto A 21 yield!->. 

which is idelltical to equ,ttiûn (:3.22) . 

• 




