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Abstract

This thesis presents the mechanical design of the prototype of a planar three

degrce-of·frccdom parallel manipulator with revolute joints and the design and impie

mentation of a closed-loop control circuit which controls the motors of the constructed

manipulator.

Mechanical de.,ign here is understood as the decision·making process involved

III tasks snch as: material selection, structural design and drive selection. In this

study the aforementioned tasks for the three degree-of-freedom parallel manipulator

are ck'Scribed in detail and their conclusions are used for the construction of the

manipulator.

Finally a motor speedfcontrol system for the the control of the selected motors,

to fOrln a complete microprocessor-controlled DC motor servopositioning system, is

designed. The final application circuit which includes additional hardware as weil, is

implementccl, connected and t.csted with the motors of the constructed prototype.

ln addition an introduction to parallel processing and an interface proposai are

made as a first st.ep towal'ds the next phase of this project.
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Résumé

Ce mémoire présente le concept mécanique d'un prototrpe planaire parallèle, à

trois degrés de liberté, avec joints rotoides. De plus, nous y retrouvons le design et

l'implantation d'un circuit il. coutre-réactiou pour controler les moteur du manipula

teur construit.

Le concept mécanique tient lieu de centre décisionnel concernant: la sélection des

matériaux, des st.l"IIctures et la sélection des cont.roles. Les étapes menant à la sélection

des éléments précités sont détaillées dans ["étude, et les conclusions s'appliquent à la

construction du manipulateur.

Finalement, lm systèmE' de controlE' de \'itesse il. courrant continu et servodirection·

ne! est conçu, complétant le controle par mini·puce du moteur sélectionné également

construit.

L·applic.'\tion finale du circuit incluant les connections entre les circuits et les

résultats dE'S tests sur le moteur du prorotrpe construit, sont également présentés

dans ["étude.

Enfin. l'introduction trait ant du processeur parallèle et de l'interface constitue

une "remièœ étapE' dans la poursuite du projet.
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• Chapter 1

1.1 Introduction

Introduction

•

Most common robotic actuators are configured as a single open seriaI kinematic chain,

i.e., the degree of connectivity betwccn manipulator links is less than two. The end

effector (gripper-hand) is connected to only onl' link. Whether the motion betwccn

the links is provided through rotation or through prismatic actuators, the advantages

of such a robot are:

• There is a certain conceptual relation betwccn a human manipulator (arm-hand)

and the robot, which is an advantage in programming.

• Complete independence (within tolerance due to construction) bet.w<.'Cn ail the

joint actuators.

• Relatively simple to build.

• The direct and inverse kinematics and the dynamics hiLve bccn analyzed for

many cases.

The disadvantages of such a construction are:

• If the joint. actuiLtors are located iLt the link connections, the inertia of the whole

robot will be large due to the mass of these actuators. This means that:

1. The constmction of the links must take the additioniLl mass into account,

i.e., rigid, heavy links,

2. The links must be over-designed to limit the f1exibility of the system,

3. The velocity of the end-cffector is limitcd if accuracy and precision are

required,

1
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4. If the joint actuators are gathered together, e.g., at the base plate, a means

oC transmission (dJains, belts, cables) must be incorporated Curther reduc

ing the relative accuracy and precision oC the end-effcetor location. Even

though one can design light but sufficiently strong links, the resulting f1ex

ibility oCten leads to possible instabilities iC the arm is moved rapidly. This

problem is currently under investigation i.e., Cyril [10].

Parallel manipulators have bccn the subjcet oC intensive research Cor the past two

decades. They are characterized by an architecture in which the gripper is attached

to the base via several kinematic subchains leading 1.0 a configuration with multiple

doscd kinematic 100ps.

Parallel manipulators fcature a number oC advantages over seriai manipulators,

namely:

1. By allowing ail their motors, or at~east the heavier ones, 1.0 be fixed, i.e.,

mounted on the base, larger amounts oC power are available whithout increasing

the inertial load, t.hus increasing the load carrying capacity and the speed oC

operation,

2. By designing t.heir links lighter, accuracy is increased and production costs are

lower, and

3. By elimination of cable transmissions, accuracy and reliability are increased.

Morcovcr, parallel robotic architectures naturally appear in manipulation tasks

requiring nltllt.i-fingered hands and iu alternate tasks such as f1ight simulation and

locomotion.

Until no\\' the number of investigations on manipulators with dosed kinematic

chains is limited \\'hen compared with the ones that exist Cor manipulators oC the

seriai type. The Stewart platCorm [51] is constructed by connecting two plates 1.0

six adjustable legs and is a six degree oC Creedom 6-SPS platform mechanism (S and

P denote spherical and prismatic joints respectively). 11. was originally designed as

an aircraCt simulator and was also suggested for machine 1.001 applications, space

2
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vehicle simulators, transfer machines, etc. Hoffman and McKinnon simulated aircraft

motion via this type of platform by applying an SAP-VI finite element program (20).

McCailion and Truong [40) uscd this device as an automatie aso-.embly table.

In his book Hunt [22) adopted the Stewart platform as a mechanism for a robotie

arm. Following his idea, Fichter and McDowell (14) presented a review and sorne pre

limin"ry design concepts on this type of manipulator. Recently Hunt (23) undertook

a systematic study of an in-parallel-actuated robotic arm in which Many possible

applicable parallel structures were reviewed. The Stewart platform is included.

In many instances, it may be desirable 1.0 use a parallelmanipulator with a degree

of freedom greater than the number of Cartesian coordinates required by a certain

task, the manipulator t.hereby becoming redundant. Hence a manipulator can be

redundant. for cert.ain tasks, even if it is nonredundant for others. Recent inves

tigations of criteria t.hat can be optimized over the extra degrees of freedom have

bren published. This includes ohstacle avoidance (Maciejewski and Klein 1!J85 [38]),

energy minimization, keeping joints within their mechanical limit.s (Liergeois 19iï

[33]) and increasing dynamic l'esponse (Hollerbach and Suh 1985 [21], Salishury and

Abramowitz 1985 [4i]).

The manipnlator un<!er stndy in this work, wa.. first introduced by Hunt [23] and

can be considel'ed as a typical example of a planaI' multiloop mechanical system. In

recent years this t.ype of manipulators has attracted the attention of many researchers.

Liergois [33], Klein and Huang (24) and Baillieul [6] among others have lookcd into

the inverse kinematic problem of this type of manipu!ator, consi<!ering varions types

of approaches and optimization criteria. An optimum design method was presented

by Gosselin and Angeles in 1988 [9). Studies on inverse kinematics and dynamics of

paralle1 manipulators similar t.o the one under study were reported hy Lee and Shah

[32), Stoughton and Kokkinis [29] and Ma and Angeles [3i].

This study is part of a larger project which is prP.5elltly being pursued in McRCIM

(McGill Reseal'ch Centre for Intelligent Machines). The project's main objective is

to achieve real time control of the three degree·of-freedom parallel manipulator. The

control of this type of mechanism dilfers fundamentally from that of the seriai ma-

3
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PC with Transputer

Network

DC Motor

Control Circuit

Interface

Figure 1.1: B10ck diagram of complete project

3-DDF

ParaUel
Manipulator

Prototype

•

nipulator, hence an application of parallel processing is required. Parallel processing

is achieved by introducing transputers, which are one chip microcomputers with their

own memory and communicatiou links for connecting one transputer to another.

A block diagmm of the complete project is presented in Fig. 1.1. It consists of

the followiug phases:

1. De.<ign and manufacture of a three degree-of-freedom parallel manipulator with

revolute joints,

2. Selection, design and implemcntation of a c1osed-loop control circuit for the

aduators iustalled on the manipulator,

3. Developnll'ut of a tl'ansl'ut.er program to control the manipulators trajectory

and solving singularities that occur wheu following a specified path,

4. Design and implementation of an interface to achieve total bidirectional corn·

munication betwccll the mallipulator and the transputer network.

4
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This study has t.hree objectives which cover the first two phases of the project. The

first objective is 1.0 design and build a prototype of the thrce degree-of-freedom parallel

manipulator with revolute joints. The second objective is 1.0 select, install and test

the proper actuators and shaft encoders of the prototype which will permit accuracy

in controi. The third objecti\'e is 1.0 design, implement and test a control circuit for

the actuators and the encoders 1.0 achieve closed-Ioop controi. After accomplishing

these three objectives the manipulator will be ready to b,· controlled when the two

last phases of the complete project will be terminated. These phases are prcsently

under research by Helmy [IS] and Felton [16].

1.2 Thesis overview

This thesis cousists of 5 chapt.ers.

Chapter 1 Introduction.

This chapter gives an iutroduction 1.0 the background and history of parallcl ma

nipulators. Il. includes a literature survey for the manipulator under study and a brief

description of the subjects to be studied in each of the subsequent. chapters, in order

1.0 l'l'ovide an overview of the aforementioned objectives of the thesis.

Chapter 2 The three degree-of·freedom parallcl manipnlator.

In this chapter, the kinemat.ics and dynamics of the parallcl m.mipulator Ululer

study are presented. They have been clearly and thoroughly analyzed and described

in the works of Gosselin [S] and Ma [:16]. The singularities of this type of m'LIIipulator

arc presented. They are classified, based on their nature, into thrce categori<-'S which

are architecture, configumtion and formulation singularities.

There are several applications for this manipulator, including pick-and-place op

erations over a planaI' surface, machining of planar surfaces, mobile base for a spatial

manipulator and moving platform for a terrestrial vehicle simulator.

Chapter 3 Designing the manipnlator.

In Chapter 3, the mechanical design and construction of the three degree-of·

freedom parallcl manipnlator prototype is presented.

5
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Throughout the chapter the author explains in detail how material selection, struc

tural design, actuator selection and shart encoder selection were made. The chapter

concludes with a description of the current prototype manufactured in the Machine

1'001 Laboratory of the Mechanical Engineering Department of McGill based on the

previous selections.

The design philosophy differs from the one employed by Jacobsen et al. [27] in the

design of the UTAH/M.I.T dextrous hand, where it was stated that convenience of

Itc'I"isitio" Iwo.' "Dt bcc" " s"fficitmt TeiL.'On for inelllSion of s"b-optimal eomponents

in the systcm. The emphasis of this study is closer to that of Salisbury et al. [48],

where the eomponent selection was b....ed on finaneial and operational objectives.

Chapter 4 Controlling the parallelmanipulator.

In this chapt.er. t.he cont.rol of the three base motors of the manipulator and the

eledronics involved in t.he hardware design of the control circuits are discussed.

The adllators, sdect",d in t.he previous chapter, were permanent magnet DC mo

t.ors. A I1mthematical mode! for t.he moto1'5 is presented and a control circuit is

selected. Three chips (L2!lO/!Jlj92) together form a microprocessor-controlled DC

mot.or servoposit.ioning system that is both fast and accurate. These chips are dis

cussed in ddai\ed and t.heir in1l,lement.ation along with additional hardware to fonn

t.he final cont.rol circuit. is shown. Tests of t.he implemented circuit are performed to

prove that. it. operat.es .... desired.

ln addition, the control circuit is connected to the constructed manipulator and

interfaced wit.h a microcont.roller and experiments are perform<.-d. The results of these

experiment.s are presented and discussed.

At. t.his point. t.he objectives set al. the beginning of the study are completed.

The aut.hor however introduccs the concept of parallel processing using the existing

transput.er net.work in McRCIM. In addition an interface proposal has been made.

The interface in qlwst.ion is unidirectional and only open 1001' control can be achieved.

This interface can be t.hought of as a first step towards the final interface design which

will achieve total bidirectional communication between the manipulator plant and the

6
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transputer network.

Chapter 5 Conclusions and fnrthcr rescarch

The resu)ts of this research \\"ork are summarized in this chaptcr. Based on thcse

resu)ts and the experience obtainccl from this rescarch. a fc\\" snggestions for furthcr

research are proposed.

7



Chapter 2

2.1 Introduction

The three degree-of-freedom Parallel
Manipulator

The planaI' thrce degrce-of-freedom (3-00F) paraileI manipulator with revolute ac

tuators uscd in this problem, WiL' first analyzed and described by Gosselin [8]. It

consists of thrce c10scd 1001' kiuematic chains, Fig. 2.1. The advantages of such a

manipulator are:

• The drive mot.ors arc fixed to the baseplate, therefore the links of the robot are

light.cr. lu addition the motors do not contribute 1.0 the inertia of the links.

• As the end efrcctol' is controllcd by three actuators, il. is possible 1.0 cancel out

vibrat.ious.

• Accuracy, repeatabilit.y aud velocity of the end effector can be improved.

• The load carryiug capacit.y-vs-mass of the robot can be greatly increased.

• The ca1culation of thc iuverse kinematics becomes trivial, allowing for explicit

solutions.

The disadvant.ages of this t.ype of manipnlator are:

• Limited wOl'kspace.

• Existencc of many singularit.ics in the workspace.

• Simultaueous cont.rol is l'cquired for ail drive motors.

• Din'ct. kinemat.ic ca1cnlat.ions, required for online dynamic control, are difficult.

The planaI' parallel manipulat.ol' repl'esented in Fig. 2.1, has revolute joints and is

composed of sevcn movable links and nine revolute joints. The motions of ail links are

limited in one plane parallel 1.0 the base. The three links connected to the base are

8
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considered as input. links, while the one with three joillts is the end e!fcctor, which

undergoes a :3·00F plallar mot.ion. The mauipulator is driven by three motors.

MI. M2 and M3 which arc located at the three fixed joints connccting the input

links to the base. Hcnce, the thrcc joints in question which arc the actuated joints.

arc independent while the others, which arc the unactuated joints. arc dependent

This means that once t.he variables associated with the Cormer arc assigned, those

associated with the latt.er arc fixcd. The kinemat.ic chains with the tl\l'cc closed loops

The manipulat.or st.udied here will be asked to arbitrarily position and orient t.he

end·efCector in the plane oC motion, Collowing a certaill t.rajectory t.hat. will be ta.<k

dependent. Hence there should not. he any preCerred general orientation Cor which the

manipulator would have bet.ter properties. This requircs t.hat the manipnhLtor should

he symmetric. TherefOl'e, the mot.ors will he located on t.he verticcs oC an equilateral

triangle all<l t.he I<'ngt.hs oC t.he liuks will be the saille Cor each leg, i.e.,

l ' "i=/i=/i whc!'c : i=I,2,:1 (2.1 )

•

This a.<smnpt.ion will be used throughout. In addit,ion t.he distance between any

two oC t.he mot.ors will be set eqnal to unity Cor normalization purposcs.

The potent,ial applications oC :his manipulator inclnde pick·and·place o(",rations

over a planaI' surface, machining oC planaI' surfaces, a mobile biL<e Cor a spatial ma

nipulator and as a moving plat.Corm COl' a t.errest.rial vehicle silllnlat.ol'.

2.2 Kinematics

Manipulator kinematics is the study oC the l'c1ationship hetween joint and end·c!fector

motions, disregarding t.he causalit,y issues oC these motions. The two major problems

in manipulator kinemat.ics Me:

• The direct kinematics, were the motion oC each actuated joint is given and the

corresponding motion of the end·effector must he determined, and

9
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/']

...

B ...............~.:L .
/2

A

F.t:J'--_~_...;.:~/C
1"
2

~;;.:.:::.:.::~==::..~~ .
Ml /] M 2

Figure 2.1: The three degree·of·freedom parallel manipulator with revolute
joints

• The inverse kinematics, were the motion of the end-effector is given and the

corresponding motion of each joint must be determined.

•

For seriai manipulators, direct kinematics can be solved recursively and on-line

because the relative motions of ail joints are independent and given. However inverse

kinematics has been a rather challenging research topic. It is now weil developed as

scen in the literature. i.e., McCarthy [41].

For parallel miLnipulators, the direct kinematics problem is not as simple as that

of seriai manipulators. Both the inverse and the direct kinematics are nonlinear prob

lems, their cOlllplexities varying widely from manipulator to manipulator, depending

on their architecturps. III general, the direct problem is more difficuit than the in

verse one because of the presence of unactuated joints whose relative motions are

dependent and Ilot given.

On the other hand the im'erse kinematics of parallel manipulators cau be consid

ered to have the sarne complexity as that of seriai manipulators, because the problem

10
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can be solved independently within each iudividual kinematic loop and hence, the

methodology of inverse kinematics of seriai manipulatC':':l ~<Ul be applied directly [37].

In recent years, because of their typical kinematic architectures related to parallel

manipulators, Stewart platforms have attracted the attention of many researchers.

Fichter [15] built several Stewart platforms and proposed their inverse kinematics

and inverse dynamics models as well as a discussion on singularities. Merlet [42]

studied direct kinematics and singularity problems while intensive studies have been

presented on inverse kiuematics and inverse dynamics by 00 and Yang [12] and by

Lee and Chao [31].

The kinematics of the 3·00F planar manipulator with revolute joints, which WIIS

introduced by Hunt [22] and can be considered as a planar example of the well known

Stewart platform [51], was described and analyzed in Gosselin's work [8].

Ma Ou and Angeles [:J7] studied the direct kinematics and dynamics that were

applied to a three degree-of-frecdom parallel manipulator and ovelcame the direct

displacement problem using the method of virtual removal of kinematic constraints

and a technique of four bar linkl.ge performance evaluation to solve the problem

efficiently.

2.2.1 Inverse kinematics

The problem of the inverse kinematics of the 3-00F parallel manipulator consists of

determining the angle values of the actuated joints, Oh O2 , 03 , for given values of x, y

and tP, where x and y determine the position of the centroid of the end-effector and

angle tP defines its orientation as shown in Fig. 2.1 and Fig. 2.2. It was shown in [1],

that the solution to this problem con! ains eight different branches, i.e., two branches

per leg since the solution for the input angles Oh O2 and 03 are completely uncollpled.

Moreover the solution to each of these angles can be obtained from th" input-output

equation of a planar four bar linkage for each leg, which leads to a quadratic input

output equation, which thus contains two solutions, as shown, e.g., in Angeles and

Bernier [1].

In Fig. 2.2 we can see one of the legs of the manipulator. We can see from this

11
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y

x

Figure 2.2: Allalysis of the first leg

figure that when wc have specified Cartesian coordinates (x,y,if» wc can consider the

chain cADM1 as a four bar linkage for which the position of the input link, 6, is

given. Angle 01 can then be computed if wc use the input-output equation mentioned

above.

Due to the reclulldant nature of the robot the inverse kinematics, i.e., the calcula

tion of the actllating angles from the desired position, can be described through the

following algebric eqllations:

where:

0; = (1; ± ,p;, i=1,2,3 (2.2)

•
and:

(2.3)

(2.4)

12
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Angle ,pi is being chosen on the main branch of the inverse cosine function, i.e.,

o:5 .,p :5 To". Coordinates X2i and Y2; are definecl as:

X2i = X - /a cos tPi - XOi

Y2i =y - /a cos tPi - YOi

where angles tPi are given by:

. . 1i Sr 'Ir T
<Pi = (<p + -6' tP + -6' tP - ;;)

) ) -
and:

1 T
XOi =(0,1, 2)

V3 T
Yo; = (0, 0, 2)

are the positions of the centres of the motors.

2.2.2 Direct kinematics

(2.5)

(2.6)

(2.i)

(2.8)

(2.9)

•

As mentioned in the beginning of this section, the direct kinematic problem for parallel

manipulators is more complex than the inverse problem. Based on a thcorem shown by

Hunt [23], that says that the solution of the direct kinematic problem for the planar

three-degree-of freedom parallel manipulator leads to a m'LXimum of six different

branches, Gosselin [9] solved the direct kinematics of the manipulator under study

using the following procedure:

Due to the redundant construction of the manipulator, the values x, y and 4> can

be obtained from the measured angle Oi (Fig. 2.2)

First he calculated the position of the points D, E and F (Fig. 2.1) from the angles

13
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B

D

Figure 2.3: Planar fonr-bar linkage

Oi and the lengths of the linkages li. The coordinates of point C cao he expressed hy

the points 0 and E and by t.he angle t/J (Fig. 2.3). As Gosselin proves in his work

thcre cxists a mil.'l:inllllll of six solutions.

The posit.ion of point C of the considered four bar linkage which is shown in

Fig. 2.3, CélU he writtcn as:

•

wherc:

!le = !ID + /2 sin("1 + .,p) + J3/a sin("1 +a2 +0)

[
YE - YD]"1 = at(m2 ~_.::.::..
XE - xD

(2.10)

(2.11)

(2.12)

(2.13)

14



2. The thrcc degree-or.frcedom Parallel Manipulator

• and:

In eq. 2.14 we have:

and:

where:

O _.) -2 [B ± .jB2 - AC]
\.2 - _tan A

B = sin t/J

C = 1111 + 1112 + (m3 - 1) cost/..

(2.14)

(~.15)

(2.16)

(2.1 i)

(2.18)

(2.19)

(2.20)

(2.21 )

Therefore Gosselin ellc1ed up with a nonlinear eqllatioll that had to be solved:

(2.22)

•

Equation 2.22 has been solvec1 llsing the secant method. The range over which eq.

2.22 has real solutions is c1etermined by the positive semic1efiniteness of the quantity

under the square root in eq. 2.14.

(2.23)
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Which leads to, with the help of eqs. 2.15, 2.16 and 2.17:

where:

x = cost/J

(2.24)

(2.25)

Since the left hand sicle of eq. 2.24 reperesents a parabola with negative curvature

everywhere, the roots of this parabola will give the limits of the range of validity of

X from which the range of valiclity of t/J can be found. Due to the cosine function

involvecl in cC(. 2.25 it may happen that wc obtain two distinct ranges of validity for

angle t/J both of which shoulcl be consiclered. The roots of the parabola can be written

as:

mlm3 + m2 ± Jm~ + ms + m~ms + 2mlm2m3
=

-ms
(2.26)

Once the range of the valiclity of t/J is known, wc can use the secant method to

obtain the solution for .,p angle.

2.2.3 Velocity Inversion

Since the inverse kinematic problem is easier to solve than the direct one the Jacobian

matrix will be clefinecl in terms of inverse transformation, i.e.,

(2.27)

•
where è is the vector of Cartesian velocities, given here by è = [x, il, ~JT and ë is the

vector of joint rates given here by 0= [0., 93, (3)T.

The Jacobian can be obtainecl by differentiation of equations 2.2 - 2.6 with respect

to time. This leads to the following:
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2. The three degree-of-freedom Parallel Manipulator

•
where, for i = l, 2, 3:

J=

al bl CI

dl dl dl
a2 b2 C2

d.. d. d••
a3 Il; C3

d3 d3 '[3

,

(2.28)

b; = y - Yo; - II sinO; - 13 sin ,p;

(2.29)

(2.30)

(2.31 )

(2.32)

Il. is obvious that the computation of the Jacobian matrix requircs that the inverse

kinematics problem be solved first.

2.2.4 Acceleration Inversion

The relationship betwccn the joint anel Cartcsian accelcrations was e1crived by differ

entiation of cq. 2.2; and t.he rollowing was obtaincd:

(2.33)

•

where ë = lx, y, ~lT anel ij = [Oh O2 , 03]T. The other quantities arc assumcd 1.0 be

known from the velocity inversion. The only nndefined matrix in the above equation

is the derivative of the .Jacobian denoted as j. Differentiating eqs. 2.28 ta 2.32 we

gel.:

17
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AI BI CI

j = A2 B2 C2

A3 B3 C3

where, for i = l, 2, 3:

(2.34)

A- _ dili; - n;li.
1 - tE '

•

and:

d·i,· - b·,j·
B. - Il • 1

• - tE '
•

diê; - Cidi
Ci = tE

•
(2.35)

ë. =13~[(x - Xo;cost/J; + (y - Yo;) sin t/J.] +13[:i:sint/J. - ycOStPi]

+ 1113(1ji - ~i) cos (O. - ~.)

li. = -/IO[(X - XoiCOSOi + (y - Yo') sin O.] -ld:i:sinOi - y cos O.]

+ 1113(Ô. - ~.) cos (O. - ~.)

This completes th.. accclcration inversion.

2.3 Dynamics

(2.36)

(2.37)

(2.38)

(2.39)

•

If we want to control a nllLnipulator, we ncecl to calculate actuator forces. While inves

tigating its performance and simulat.ing its motion, we require the dynamic equations

of motion. A manipulator with closed kinematic cllains, as the one under study, is a

holonomic clynamic system in which the dynamics are not as easy to handie as are

the dynamics of a simple open chain.

Recently several works ha\'e appeared on the direct and inverse dynamics of closed
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chain maniplilators. Wittenburg [53) treated a closcd chain mechanism as if il. were

eut open al. one joiut 1.0 virtually fonn a general open chain with a trcc structure.

Although the linal objective in the inverse dynamics problem is different, the

general methods for formulating the problem are similar to those used in the direct

dynamics problem. Luh and Zheng [34) aud Kleinlinger and Khalil [28) set the torques

applied 1.0 the passive joints to zero and the torques applied 1.0 the active ones are

found by a linear system solution. Nakamura and Ghodoussi [43) derivcd the torques

applied at the active joints by projecting the geueralized torque vector of the un·

constrained tree-structure system using a linear map incorporating the Jacobian of

the passive joints with respect to the active joints; this is delined by an appropriate

constraint map null space basis. The method was applied to a 5-bar planar linkage

for robotic lingers. Angeles and Lee [2) proposed a formulat.ion which makes use of

a special basis of t.he null space of the velocity constraint map, delining a natural

orthogonal complement. of t.he constraint space. They applied this formulation to

the 3-00F fully parallcl planar 'mu under stlldy. They later gave a more detailcd

exposition of the met.hod with applications to open-chain robot arms and lower pair

single degree-of-freedom mechanisms [:lI.

Ma and Angeles [3i] investigat.ed and solved the inverse and direct dynamics

problem of t.he three degrec-of-freedom parallel manipnlator nnder study, using the

method of t.he natural orthogonal complement. that was intro,luced by Angeles and

Lee. In this work we will be using these reslllts, as we will be lI<.'Cding them 1.0

control the manipulator lat.er 011. 111 the two followillg sectioll we will outline Ma's

and Angeles work 011 the inverse and direct dy"amics of the manipulator.

2.3.1 Dynamics Modelling

The manipulator ullder study cOlltaillillg nine joints, naturally requires nine gener

alized coordinates, grouped ill a !J-climensional vector q, t.o represent the kinematic

relationship bet.we,·n inclividuallinks. Each generalized coordinate represents the ro

tational displacement. of a joint. Because of the presence of closed kinematic 1001'8,
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2. The tluee degree-of-freedom Parallel Manipulator

• sorne generalized eoordinates depelld on others. Henee, q cao be partioned as

q=[::] (2.40)

where q" = [(/1. '12, (/3)T eonsisting of inc1ependent generalized eoordinates, which are

associatec1 with the aetuated joints, and qu = ['1., .••, '1gJT being a 6-dimensional veetor

of depenc1ellt generalized eoorclinates assoeiated with the unaetuated joints. These

generalized eoorc1iuates are subjectec1 to kinematie eonstraints whieh cao be deseribed

by a set of holonomie eonstraint eqnations of the general form:

(2.41 )

The unmber of inc1epeudent eOllstraint equations shoulc1 be equal to the dimension of

q\h t.e., SIX.

For the dyniLlnie llloc1elling of the manipulator, a 3-dimensional veetor of twist, th

and a:3 x :J extellc1ecl ""'.... W(t/.,';;r:, Mi, of the i'" link of the manipulator, for i = 1,

2, ... , ï, WOlS first c1efinec1 as follows:

I; 0 0

[ W; ] Mi=tj = éj , 0 nl.i 0

0 0 mi

(2.42)

•

wherc mi and 1; arc the Ill,L<S anc1 the polar moment of inertia about the mass center

of the ill• link, respecti"e1y. Morco"er a 3-dimensional veetor of inertia wrench, ft, of

the i'i. link W'L< c1efinCll as:

(2.43)

After a<selllbling ail the ti vectors in a single 21-c1imensional veetor t and ail the

ft vectors in a 21-dimensional "cctor f", Ma and Angeles obtained the veetors of gen

cmli=ctl tt/li..t and gCllcmli=ctl illertia force of the manipulator, whieh are respeetively:
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• tl C"1
t= C" = (2.44)

t,; C':•

It the was shown that, for auy holonomic mechanical system, the fol1owing set of

twist constraint eC(nations hold:

nt = 0 (2.45)

For the manipulat.or under study, n, defiued as the tmï..t cOlI..lr";lIt matrix, is a

18 x 21 dimension Illatrix and configllration-dependent. Il. w,,,, also shown that t is

a linear transformation of t.he vedor of genemli~ed velocitics, cjn, i.e.,

t = Tcjn (2.46)

From eC(5. 2.4.5 and 2.46, it was shown t.hat nT = 0 and hence the 21 x a matrix

T was termed t.he 1wt'lt1"ll1 orthogmwl complcmclIt of matrix n. Vedor t cau also be

expressed as a linear t.mnsformation of t.he vector q, i.e.,

t=Kq

From eC(5. 2.46 and 2.47 as weil ,~< cC(. 2.41, it was dcrivcd thal.:

(2.47)

(2.48)

where K n and K" arc t.ermed velocit.y Jacobian matrices while J n and J" arc dï.,·

l,laccmellt J"cobitt1l mat.rices, which wcre defined 'L<:

•
K _ iJt( q, ëj)

n - ôcj" '

J
n

= Ô?(q) •
i)q"

K
_ ôt(q, q)

" - ôei"
J" = ôtP(q)

ôq"

(2.49)

(2.50)
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If TA denotes the ;J·dimensional vector of driving torques, supplied by the three

actuators of the manipulator, ;r. and ;r" denote the power supplied by the actuators

and the power associated with the generalized inertia force, respectively, then il. was

shown that:

• T"Cl =qn Ta,

From the conservation of energy of t.he whole system, the following holds:

I.e.,

(2.51)

(2.52)

(2.53)

(2.54)

By definition, ail components of qn are independent and hence, the following was

derived from cq. 2.54:

(2.55)

which is t.he dynamics mode! of the manipnlator. In this formula, the authors did

not. consider gravity forces. If frict.ion is considered, the power dissipated by friction

forces, torques, must he includcd in eq. 2.53, which leads 1.0 the following dynamics

modcl:

or

TTC" RT fTa =.- - T

(2.56)

(2.57)

•
where Cf is a 21-dimcnsional vcct.or composed of ail friction wl'enches exerting al. each

links mass center, while Tf is a 9-dimensional vector composed of ail friction torques

cx<,rtcd on cach joint.. Mort.'ovcr, R is a 9 x 3 joint velocity Jacobian matrix, which
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\Vas defined as:

(2.58)

where l is the 3x3 identity mat.rix.

50 t.he final dynamics 11l0dels Ma and Angc1e.< derived arc given by eqs. 2.55, 2.56

and 2.5ï and arc rl'ady t.o be nsed for solving t.he inverse dynamics problem.

2.3.2 Direct Dynamics (Simulation)

For t.he formulat.ion of the direct. dynamics, let M denote the 21 x 21 IJ,,"crtlii=cti

cxtClltiCti mllss /lUlt,.;X of the manipulator, delined as:

(2..59)

Subst.itutiug e'ls. 2.4:~, 2.45 and 2.46 into eq. 2.5.5, the "qnat.ion of motion explicitly

in tenus of actuat.ed joint accelel'1lt.ions wa.< delined 'l< fo11ows:

(2.60)

where t. denot.es time and T is t.11<' d..rivative of matrix T, dclined 'l<:

(2.lil)

where:

(2.1.12)

(2.63)

•
Equat.ion 2.60 is a t.ypical dynamics model suit able for direct dynamics. The term

\Vhich appears on t.he left hall<l side, TTMTq." consists of the inertia torques \Vhich

are independent of joint vc1ocit.ies. The first term on the right hand side, T( t), consists

of the driving tor'l'l<.'s, which arc given in the direct dynamic problem. The second
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term, TTM'Ï'cin, consists of the cwtrifuglll:lJld Coriolis torques, which are nonlinear

in joint displacements and ve1ociLies, but independent from joint a.ccelerations.

2.4. Singularities

When studying the kinematics of mechanical systems we often have to fa.ce the prob

lem of singullLr configurations.

AIgebraiclLIIy, 1L singu!arity is defined as a special configuration in which the Ja·

cobilLn matrices involved Lccome rank deficient while, geometrically, a singularity is

observe,l wh"n the manipulator loses or gains extra degrees of freedom.

ln the pllLl",r thrce degrec-of·freedom parlLIIei manipulator under study, three

types of singlliaril.ies occur.

2.4.1 First type of singularity

The first type corresponds to the limit of the workspace, i.e, the determinant of the

.Iacobian matrix tends to infinity. This condition is encountered here when one of the

denominators involved in the expression of the Jacobian tends to zero.

If we ddine K = J-I then:

(2.64)

Also:

(2.65)

So when: K = 0

•
it is delLr that this corrcspol1'ls to:

d; =0 i = 1,2, 3
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• which, from eq. 2.65 leads to:

sin ,pi = 0 i = 1, 2, 3

This type of configuration is r",~ched whenever the links II and b of one of the

legs are aligned. The limit of the workspace is defincd by the set of points for which

the quadratic equation oC the ill"erse kinematics willlead to only one solution. This

leads to the following condition in eq. 2.2:

,pi = ± nT." n = 0,1,2 1 - 1,2,3 (2.66)

Equation 2.66 is eqnivalent t.o sint/>; = O. In this type oC configuration the i'" leg is

fully ex! "nded or foldee! t.hus t.he set. oC vclocities cannot be producec\.

2.4.2 Second type of singularity

This type of singularit.y is local.ed inside the workspace and occurs when the determi

nant of the .Jacobian mat.rix t.ene!s 1.0 zerc'. Here the motor rates are not independent

anymore and there exists a set. oC Cartesian vclocit.ies ë which are mapped into the

zero veetor by J. These Cart.csian vcIocities arc then possible cven when the rates of

ail mot.ors are zero. These configurat.ions can be inCerree! Crom the .Jacobian matrix

of the manipulat.or by imposing the linear independencc oC the columns oC matrix J,

I.e:

•

For SOllle l'cal valuc", oC kt. k~. k3 Cor whkh

Ikl # 0

where:

l = l, 2, :J (2.67)

(2.69)

25



•
2. Tbe tbrce dcgree-of.frcedom Pa.raJIcl Manipulator

M2

Figure 2.4: An exanJl,le of the second type of singularity tbat occurs in
tbe :l·DOF pafanel lIIanipulatof

Examining cq. 2.67 and eqs. 2.29 - 2.32, we can see that two cases that satisfy the

condit.ion given by 2.67 can be identifiec1:

1. This case is obtainec1 when the lines along each of the three links of 12 intersect

al. the centroi,l of the enc1-effect.or. In this case we have:

(2.70)

•
So equation 2.67 is satisfiec1 if kt =kz = O. A configura.tion of this type is shown

. F' 'J 4111 Ig. _••

2. This case is o1>tained when the three links of length lz are pa.ra.lleJ.
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Deline a set of two-dimen~ional vectors:

(2.ïl)

•

where V; is a vector along the two joint centers of the links of length b. When

the three links of length I, arc parallel, we have:

VI =± V2=±V3

and the second column of the .Jacobian matrix J is a multiple of the lirst one.

2.4.3 Third type of singularity

This type of singnlarity is characterized by the indeterminacy of the Jacobian matrix.

ln other words, some of the qnant.ities involved in the exprt.'Ssion of matrix J take on

the fOrln ~. According to Gosselin [8], [9], these singnlaritics are architecture depen

dent and OCClll' when choosing certain lengths for links one, two or thrcc. Iùcently,

however, Daniali [Il] showed conclnsively that the tlncc types of singularities are

qllite independent of archit.ect.nre.

This type of singlliarity wa.' avoided in the design of the manipulator's prototype,

thus it is of no int.ercst. in onr st.llcly.

A brief overview of the t.hree degrt.'C-of·freedom parallcl maniplliator under investiga.

tion wa., presenlecl in !,his sect.ion. In the next charter, the design of a prototype of

snch a manipnlat.or shall be det.ailed.
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• Chapter 3

3.1 Introduction

Designing the manipulator

•

In this chapter, the design of the prototype of a three degree of freedom parallel

manipulator will be present.ed. This prototype has been designed at the McGill

Research Centre for Intelligent Machines and has been constructed at the Machine

1'001 Laboratory of the MechanicalBngineering Department of McGilI University.

MechaniclLI d,,,,ign here is understood as the decision-making process involved in

tasks such as:

• The material selection.

• The structural design of the robot, consisting of the design of mechanicallink

ages and joint.s capable of various movements.

• The selection of the power unit(s) that will drive the robot which can be hy

dmulic, pneumalic, elect.rical, or their combination, with or without mechanical

lrallStnissiotls.

• The control system selection or design, which can be of fixed or servo type.

Rohots with lixcd control systems have fixed mechanical stops, limit switches,

etc., for positioning and informing the controller. Servo-controlled robots cau

he either point-to-point (PTP), where specified point coordinates are under

control and not t.he path between them, or continuous path (CP) controlled,

t.hus achie"ing a smooth transit.ion hetween the critical points.

The design philosophy of rohol.s has heen extensively discussed in the literature, i.e.,

Rodenacker [46], Pahl and Beitz [44]. Furthermore mechanical design of different

robotic manipulatol"S has been examined an analyzed by, e.g., Williams [52], who

worked on the DIESTRO manipulator and Angeles and Lopez-Cajun [4]. In this
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thesis. the author describes the final interaction of the mechanical design cycle for

tl", I.h,,'(' d"gr('l'·of·fl'l'f'dolll parallel manipulator.

It \Vas dcsir('d to design each joint of the manipulator for a maximum rat(' of 2

rad/sec and a maximum acceleration of 9 rad/sec2 • As the manipulator is a prototype

designed for experimental purposes. the ma:<imum payload that the end·eff('ctor could

handle was decided to be 100 g.

The volume and shape of the workspace are very important for applications since

th('y del.('rmine the capahilities of the robot. These issues will not be discllss"d here

as they are <k-scribed and determined in detail by Gosselin [81.

It was howe\'er desired that the prototype would have a non·vanishing workspace

for ('\'''ry angle o. thus it should satisfy Gosselin's condition e"uations whirh art':

(3.1 )

and

(3.2)

•

This was accomplished be choosing the right link lengths during the design.

The manipulator presently consists of three motors mounted on a base. known as

the base motors, During the design the probability of further improvements was also

considered. (n that spirit three additional motors were also selected, called auxiliary

lIlotors, Thcse motors wcre not used in this study however they were considcred

during thl' dl'Sign of 1h.· prototype. They will be mounted on the unactuated joints

oi the end·effcctor of the manipulator and help to pass through singularities during

II", cont 1'01.

As in the case of the DIE5TRO design, Williams [52], and the UTAH/M.I.T

hand. Jacobsen et al.[2i]. much of the design of the prototype is based on intuition.

7<lany ar"a.' in robot. operation are under active research. For instance. ncxibility

effects in manipulator d/'Sign and inertia loading, Atkeson ct al.[51. were not rigorously

addrl'Sspd by this author. How""er decisions regarding thcsp subjects weI''' mad<, ba.,,,d

on sound engineering judgemenl. Modifications will be m<\de to the robot based on
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Figure 3.1: The three degree-of-freedom Parallel Manipulator prototype.

operation. A picture of the three degree-of-freedom parallel manipulator prototype

is presented in Fig. 3.1.

3.2 Structural material selection

In manipulator structures, the largest deflections are induced by inertia forces. There

for the stiffness-to-weight ratio of a link is very i.nportant, Rivin [45]. Having this

in mind, the structura! materia! to he 5(';eC"tE'd must be stiff ar.d light, so that the

manipulators static deflection is reduceci a':.~ its structura! natura! frequency is in-
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creased.

Hh'in [·1.'>] di~clI~~l'S a nnmber of new materials for the construction of manipulators

lloai \\,·rt' ,,,'i "'1II,id,"','d in lloi~ \\'urk bl'callse of there high cost. i.e.. bl'ryllillm. fiI,,'r·

rt'infurcl'd mal<'riab "1", While ceramics are very light and temperaturc rl'Si~tant.

1hey havI' problems of brilliencss. difficulty of manufacturing long links and joinin~

them with metal parts.

Henessey [19] approached the problem of minimizing the weight of a robot using

composite materials. which olfer further weight reductions for certain key structural

"'''n1<'nlS, Thl' romposit" mat<'rials us"d were based on a graphite fiber embedded

in 1111 "pox)' rc",in malrix. It was l'Stimated that a 10 to 30 % weight rec1uctioll w.,,;

rl'alizI·c1. 'l'Il<' probll'nl witlo composite materials is the complex manufactnring proCf'SS

ill"oh·ed.

From the conventional materials the most interesting one which is widely used. is

structural aluminum. lt is light, stilf, available. inexpensive and highly machinable.

which is al~o a "C'Q' important criteria of selection.

Slrlll"l'"'al , ..",' i, nul il' li)1,101 as alllln;lIl1m but it ha, Ioigl ...r slilfnl'ss lloan .. III'

IlIinlllll and also ha, tlo<, ach'anlages that were mentioncd above (for strllctllral alu·

millllll1 ).

The shafts that connect the links of the designed prototype arc short and must be

very stilf to avoid del1ection, Theil' wcight is not sa important because the signifieant

amollnl of Ihe robut weight will be in the links.

From t hl' above. Ihc' 51 ruclural material of choice for the manipulator shafts was

,11"11<"1111'.11,11"'1. For Il... links tlll' lIlal<'rial of choice was aluminum. as th"ir \\l'ight

"\;'." an imporlant roi,' on th<, milnipulalor's performancl'. TI... IllCl" f"CIlllIlI,mly

available alloy that has the highest stiffness is 6061 T6, This alloy is availa!>l" in a

,'ariety of shapes and sizes. therefore it was chosen for the construction of the links,
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3.3 Actuators

Actuators are the devices that llIake robots move. There is a number of sucb devices

in the fjeld and we will restrict our attention 1.0 hydraulic, pneumatic and electric

actuators. We will examine their advantages and disadvantages and decide whicb

one is most suitable for the designed prototype.

3.3.1 Hydraulic actuators

Hydraulic systems make use of an incompressible f1uid, oil, whicb is forced under

pressure into a cylinder. This cylinder has a piston which moves in response 1.0

pressure on the f1uid. Two kill<l of hydraulic actuators are available: rotary and

prisTntttic ones. In robot applications requiring high power these are the actuators of

choice and were initial1y very poplllar il: manipulators.

They can prodllce enol'gh force 1.0 dri\'ejoints and do not need a reduction system,

as they are generally slow.

These actuators are lIsed fol' robots that must move large or heavy loads. Sucb

loads rarcly nced 1.0 be placcd with extreme acclIracy, Le., paint spraying and gluing.

Hydraulic actuators are also safe in explosive environments.

Ullfortunatcly hydraulic systems are highly nonlinear. These nonlinearities make

il. more dilficult 1.0 implcment sophisticated and delicate control systems, unlike when

using clectric ch'ives.

In addition hydraulic actuators require a great deal of C'!u;pment such as pumps,

hoses and SC1'\'O valves. They also tend 1.0 be messy becallse of f1uid lea.ka.ges from

the connections.

This type of aduator WiLS therefore considered unsuitable for the three degree-of

ffl.'Cdom parallel maniplliator.

3.3.2 Pneumatic actuators

III pncllmatïc cont.rol syst.ems, a compressible f1uid, air. is used 1.0 drive a piston.

Compressible air Cali be found in allY workshop at low pressure, usually not exceeding
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10 bars. It is simple to use and is conveyed through small and flexible pipes. As in the

case of hydraulic actuators, an electrical signal controls a valve which in tum controls

the f10w to a cylinder. Because the lIuid is non·corroding, problems of airtightnes.~ are

not so important therefore low cost components can be used. The power-to-weight

ratio lies between those of e1ectrical and hydrau1ic systems.

Pneumatic actuators are often used for bang-bang control. They are used in simple

robots and wcre a1so adapted for the UTAH/M.I.T dextrous hand, Jacobsen et al.

[2i].

Pncumatic actuators havc thc following advantag(.'s:

1. High speed and relatively high powcr·to-weight mtio.

2. Very lo\\' cost.

3. Simplicity of control.

4. Noncontmnination of workspacc (nnlike an oilleak, a Icak in a pnellmatic system

causes no mess).

There are howevcr some disadvant.agl"s which did not suggest their selection for

the manipu1ators drive. Basically thcir dynamic performancc is pOOl' in comparison

with electrica1 servos. This pOOl' pcrformancc is attrihuted to the compressihility of

the lIuid and to the sluggish timc delay.

Operation is ofteu uoisy, espccially whcn the comprcssed air is frcely releascd into

the atmosphere. In addition t.he systcm alwl'Ys contains a certain amount of water

vapor and any resu1t.ing condensation can he difficult t,o c!iminatc and could cause

damage.

3.3.3 Electrical actl1 'ltors.

E1ectric actuators are the most popu1ar actuators for small to medium sized manip

u1ators. Less than one ha1f of ail commcrcial robots are drivcn by clcctrica1 cnergy.

There are many advantages in thcir use:
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1. Th.. IlI'ccssary energy is ddivered easily in a con\'enient form.

2. ConLrol is accurate, uniformly reliable and easy.

3. There are no problems of leakage or pollution.

Th.. only "isadvantag.. h"re is th" weight factor, but recent improvements, as the

'l''' "f l'ill''' ('arlh lIIagll(·ls. ha\'" h"lped the torque-to-weight and torque·to-volume

ri1t in~ illcrt"(t:-;c',

As a r('Sult of thcse recent impro\'ements, a number of motors now ha\'c much

better rotational charaderistics, at low speeds, that leads to even more accurate

positioning. In addition electric motors are widely available in the market, in ail sizes

alld typ.""

( .... IIl'ill'..c1 ",it h h.\'c1l'illlli(· ail" l'IICIIlIlatic a("tuaLors and having in mimi that the

c1.",i!!:I,,~1 lIIallil'nlator r"'I"ir<.", strength and accuracy, it was concluded that c1ectric

1110tors I",s\. ,,'rv..d th.. manipulators power requirements.

3.3.4 Electric motor criteria selection

Throrl'tica l1y any typ" of motor could be used, but generally ollly direct current

1Il0tnrs allcl sl ..ppillg 1Il0lors al''' ns"d in rcbotics. These were the motors that w"re

(,ull:-oie !t're>f 1.

SYllchl'OIlOllS lIlotors ha\'e Ilot becn used widely and will not be consideretl bccause

of thl' difTklllt.y in (,()lItrol1ing them.

Thrt'C main motors, mounted on tr.e base of the manipulator and three auxiliary

on.",. mallllt",l on tht'.plat .. that play~ the l'ole of the end·effector were required,

Il is dcsil'ahic' t hat t h..St· Illotors:

• 11" capable of \'ariabl,~ specds.

• Be able to fundion al low speed and have smooth low speed rotation.

• Hav" smooLh acceleraLion and deceleration.

3-1



•

•

3. Designing the manipula.tor

• Have minimum rotor inertia..

In addition the three auxiliary motors must be lightweight 1.0 avoid deflection of the

end-effector due 1.0 the motol' weight.

3.3.5 De Motors

DC motor makes use of thc fact t.hat a wire carrying a current in a magnctic field

experiences a force. In a OC motor, the windings wrappec1 arounc1 a rotating armature

carry the current. An arrangement of commutator scgmcnts and brushes ensures that

the OC current is always in thc samc direction relativc 1.0 thc llIagnetic field, thus

resulting in a constant. force c1ircct.ion, i.e., torque.

The principal variation among dilfcrcnt types of OC motors lies in the mechanism

u~ed 1.0 develop the magnetic field. As an cxalllple, in a permanent llIagnct OC motor,

which is most. uscd in robotics, thc field is developcc1 by pcrmanent magncts.

Dircct CUl'l"ent motors have th" important ac1vantage of provic1ing torque that is

virtually indepcnc1ent of the position and specd of thc motor, dcpcnding only on

c:.': field coils anc1 ill·matmes. If t.he field coil is l"Cplaccd by a magnct, torquc is

proportional to I.he CUl'l"enl. in the armaI.ure and specd dcpcnds only on supply voltage.

The OC mol.or cannot be used in positional servocontrolling without the following

accessofles:

I. Positional sensors.

2. Possibly I.achomel.er gelwml.or.

3. Possibly stcp-down gcars.

There are I.wo large fmnilies of OC motors, the intcgral horse powcr types having

power ratings of one horse power or morc, anc1 the fractional horse power motors, with

power ratings of less than onc horse powcr. Fractional horsc powcr OC motors can he

subc1ivided into self-cxited anc1 permanent magnet motors. Self-exited motors utilize

electromagnets which are encrgizec1 in conjunction with the armature, 1.0 generate the
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sI "1 or 11I"/;11"1 il- fi"I,!. wlll"rl'''s 1h.. p..rmanent magnet type requires no external power

ill III<' si "Ior slructllr".

l'~I IIlol.ors off,'r "'\"'r,,1 a,h,,,"t"ges. Perhaps th" mosl ohviolls on" is 1h"l "'''C·
trical power IIccd not be snpplied ta generate the stator magnetic !lux. Sin.:e the

con""rsioll of "'"cl rical pow..r 10 mechanieal power takes place in the armature wind

ill~. Ih,' (lO\\('r sllprly ln Ih" field winding results mostly in an (2R loss (heal. lo~s) in

Il,,, willdilll1, ils,·If. l'Il<' l'~I motor thus simplifies power supply requirements. while

~1 Ill<' S" Ill" 1iIll<' il r"'1" ir"s I"ss cooling.

:\lIol.her bCllefit of the PM motor is a reduced frame sizc for a given output powcr.

Becausc of high coerei,'c strength of permanent magnets their radial dimension is

typicallyone fonrth of that of the wound·field motor for a gi"en air gap.

Th" si~nifiranl ad"anla~"sof PM motors over wound-field types are summarized

", (ollows:

• I.ill(·ar lor<(l1C' sp('('c1 CbrHitC1C'rÎ:.:tics.

• lIigh si "II (acc..lcralillg) torque.

• No IIcccl for c1cctrical power to gencrate the magnetic flux.

• :\ smail,'r franl<' and lighl,'r motor for a gi"cn output power.

Two ;\'(l'" o( 1,,'rn'''''''"1 map,n"l molors W('l"" consid"r('d in onr motor , ..I"rlion :

"i1"pl,,'r "'01 ors i",,1 D(' ICIr'l"" mol ors,

Stepper Motors

Th.. st"pp('r motor i, a c1"\'ic(' which translates elcctrical pulses into mcchanical move

1I11"1I1s. Th,' 01111'111 sh"fl rolal", lhrough a fixed angular rolation for each incoming

l'"I,,' or "XCil"l;oll. Th,'''' (>111,,'s 1\1",' controlled by a comput..r or a programmable

....lIlroll,·r w"id, ,,',"ls <'OlIllI:a,"I, 10 an incl..);"r which ""ncls p"ls"" 10 a cl ri \'('. 'l'Il<'

dr;""r 1h"11 "',"1, cn'T"nl 101 h,' st"pper motor. By counting these pulsl'S th" positioll

and spccd of stepper motors can be round, without the nccd of positional or velocity
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MOTOR DC STEPPER

CHARACTK'USTICS MOTORS MOTORS

Peak Torque HIGH LOW

Inertia HIGH HIGH

Power Rate VERYHIGH HIGH

Torque - speed Curve LINEAR NONLINEAR

Power - to - weight
Ratio HIGH LOW

Table 3.1: C'lllll'arisoll of Motor Characteristics

fcedback. Three main disadvantases wc'rc considered and this type of motors was

therefore not. chosen:

• Lack of availahilit.y of il varicty of step allgles. Step motors have fixed step

angles. which lIlay not always fit given applicat.ions. A change in step angle

requircs anot.her mot.or.

• These motors are in concept synchronons motors and this implies certain dis

advantagcs, i.e. torque depends on position, pnll out. torel'Ie and stahility.

• The t.orqlle-t.o-wdght ratio is low when compared with a continllolls De motor.

If we compare l.he peak tOl'l,lIe of a continllolls De motor with the peak torqlle

of a stepper motor, we will sce that t.he peak torque of a De motor is higher. Bath

peak torque and t.orejlle ri l'l'le are import.ant in roboties specially for low spcecl robot

operations as in Lh·: case under study.

Summarizing the advantage.~ of the OC motors, we sec that the OC motor is

lighter than the stepper motor, the peak torqlle is higher and the torque ril'l'le al. low
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speed is mllch smaller (Table 3.1). For these reasons continuous OC motors were the

choice for our manipulator.

3.3.6 More details on De motors

ln thdr effort 1.0 improve the performance of servo mechanism actuators, designers

have continual1y sought lo producc motors with higher torque and lower moment

of inertia. As a rcsult sorne basic trends in the design of OC low inertia motors

"ppe..red. One was the smal1 diameter iron core armature, operating in very high

magnelic flux levels. The mor~ refined style of this design featured conductors bonded

1.0 t',,· ar"!il.lure cort> surface: lhe so-calk.l sint/es..' armature design. This design has

greal medmnic;.1 strcngth, high torsional rigidity and is reasonably efficient; but il.

surfers frolll two principal drawbacks \\"hich disqualified them for our application:

• lnduct:.nce. As a rcsult ils electrical time constant is high; and

• The armature rcsislancc and lhe torque constant are small, requiring very high

armature currcnts and lo\\" voltage power supplies, making the transistor am

plifier unneccssarily complex and expensive.

The other desigu trend, which has since gained almost universal acceptance, is

the 1II01.i1l9 cail concept. The arma'·ure structure hcre, is supported mainly by non

magnctic mat.erials and the active concluctors are therefore moving in an air gap with

a high magnetic flux density.

Motor dema/?;netization conlll1only occurs when the motors in an application re

'luire a 1,1119 ,·etJe.sal. A plug reversai means a suclden switching of the polarity of the

applied voltage 1.0 achieve a rapid reversai of motor rotation, or perhaps a quick stop.

Whell a motor is plug reversed, il sees not only the voltage applicd 1.0 its terminais,

but also the armature ge·\erated voltage as voltage sour~t:S. As motor reversai occurs

frt.,<\uently in robotics a lIIotor mnst be chosen \\"ith little danger of demagnetization.

Moving coil motors arc general1y not as susceptible 1.0 demagnetizing peak currents

a.< iron core motors because of their significant air gap and special pole shoe design.
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The moving coil motor is characterized by the absence of rotating iron on the

armature. Since the conductors are operating in an air gap the armature features low

electrical time constant- typica\ly less than 0.1 ms. The absence of iron also brings

about another benefit: there is no reluctance torque effect, i.e, no magnetic cogging,

and the motor weight is significantly rednc.P.d.

Summarizing we Ci.n say that the OC brush commutated motor characteristics

are:

• Motor torque is a !inear fundion of m"ll.or current.

• 1\'lotor speed is a linear fUll(;tion of load torque when operated at a constant

voltage.

• The no load speed and stail torque arA directly proportional to the applied

voltage.

• The motor direction of rotat.ion is reversible by reversing the power supply

polarity.

• The motors al'e capable of operating over a wide l'iLnge of voltage speed and

torque,

13rushless mol,ors were also considered for the threc degrec-of-freedom parallcl

manipulator. The problem was t.he limited range of brushlcss motors on the market.

The designed prototype, iLS wc.; l11enl,ioned in the beginning of this chapter, will

very often be operating at rclativcly low speeds. As a result preference will be given

to 1110tors with rated lower no-load specds, during the motor selection. In addition

gearheads will be used with the selected motors so tuaI. the appropriate speed and

torqup. values can be obl,aincd.

3.4 Sensors

Robots nced a wide l'ange of sensors to obtain information. Sensors in gcneral pro

vide fcedback to the contro\lcr containing information about the robot's action or its
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TI... srlc'("1,'C1 Sf'n,;ors IIIl1st br l'~Jl~hlr of <l'''''l'ling r"lar~' moticm an<l pro\'i"in~

h,,' h \"('Iol'ity '111<1 position l'on1l'al. ï h,' Sf.'nsors nmsidt.·rcod wt're:

• Po"·ntionlt'lt'rs.

• Opl ical <'ncod<'rs and

:\ l'0lc'ntiolll<'I<'r is a rotalional. 1Ill'<"h~nÏ<"~II." varia!>I,' r~i,..t()r. Shaft rotation

1II0\'C'S a l'onlact across a r,,,,islor prooncing a \'oItagt' proportional to tht' angnlar

position, Pol ...ntiollleters arr rdati\"l'Iydl<,ap and silllpleallo can have almosl infinite

resol Il1ion (Fig. :J.:?); th...ir a"l'lIracy is limitl',llIIore by non-linearity and noist',

(a) 10 actual
output characteristic
voltage
(volts)

S

offsetT~_--,--::~__~
o 180 360

angle (degrees)

Figure 3.2: C'haraclerislics of a potenliolllcier (infinite resolulion)

Pott'ntiOlllelt'rs art' rart'!y ust'd in rohols, .-\pal't from their Iinearity nol bring

good t'nollgh for 1he highC$1 accuracic>s. 1h"." nl.'l'd more inc!h'idual calibrat ion 1han

olh...r Iransclucl.'rs. An addec! weakn<'>'s is Ihat 1hl.' output \'oItagt' is proporlionaJ 10

th<' supply \'oItagt'. whkh musl th... rtoforl.' hl.' pXlrt'lIlely welll'egulalt'd.

Opl kal t'ncoc!t'rs arl.' digital d('"icl'S which ns" a photoelect1'Ïc 1ll"1 hod 10 dPtl'CI

th.. mon'ment of an inll'l11al disk. Thp.sr "ll<"od"rs o!ft'r IIU01el'OIlS a,h'antag<'S. They
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~ stator coUs
at90°

1

L
Figure 3.3: Prillcipal o(le-ratioll of rcsoh'ers

are ver.}" Iight, have ver~' good accurac)' and in many motor t}·pes they are directly

1Il0unted. thus occupy (ess space than other de\·Îces.

Resoh'ers are transformers ha\'ing two fixed windings and a rotor winding; Fig 3.3

shows the basic form. The rotor coil carries an a1ternatiog current at a few kilohertz.

The amplitude of the a1ternating voltage iDduced in the static coils depends on the

rotor angle. The amplitude of the \'oltages in the two coils is proportional to sin 8 and

cos 8, respectively, where 8 is the shan angle. The signal is harder ta convert ioto a

digital measure of angle than that of other transducers. but resolvers are robust and

the signal is resistant to interference. As with potentiometers. /inearity is more of a

/imit on accuracy than resolution. A~ailable resoh'crs are also hea\'ier than optical

encoders. An additional disad\'antage of potentiometers and resolvers is that their

measurements are analogue and susceptible to gear backlash and shaft vibration as

they are usually mounted to the /ink shan and not directly to the motor shaft.

Greater resolution.Jess weight and the ability to be mountE'd directl~' to tbe motor

shaft werE' the ad\'antages that lead us to $E'lect opt ical enCodE'TS for the motion control

of the t hrE'e degree-of.frE'edom parallel manipulator. In addition optical shaft encoders

are nou"contact tbus the)' Jo not burden the s)'stem \~ith added inertia and friction

ancllh..re high encoding spE'E'd offE'rs hig!: noi$(' immunity.
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Figure 3.4: AblOlute ahart encoder uaîng Gray code

3.4.1 Optical encoders

They are two basic types of optical shaft encodera, absolute and incrementa1 ones.

An absolute encoder gives an angular reading that corresponds ta its specific

position. Since encodera are sensitive ta noi~ ab50lute encodera often use A speciaI

output code called the Gray code. This code (Fig 3.4) has been designed to ensure

that only a single bit changes value for each increment of the ab50lute encoder. Thus

absolute encodera are less susceptible to errors in determining position. The drawback

of absolute encoders is that they neeci il. photocell and pattern ring on the disk for

every bit in the word, 50 a 12 or 14 bit encoder is a complex device and it aIso

needs a cable with many conductors and large connectors. In addition compared to

incrementaI encodera they are hea.vier and much more expensive.

IncrementaI encoders are more wide1y used in robot tecbnology. There are two

typP.S of them available: one-channel and two-chaIÙle1 encodera.
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One-channel incremental encoders have one track of disk slots, making these en•

coders suflicicnt for velocity control but not for position control. Although they are

available in small sizcs, when compared with two-channel encoders thcir resolution is

signilicantly less. In addition single output encodera cannot determine the direction

of rotation.

ThereCore most robots use two-channel encoders, aIso known as biphase encoders.

The biphase ercoder providcs control signais to a counter, which records a.ctual dis·

placement. These count.up and count·doWD signais are obtaincd by decoding the

transitions of two input signais, Sl and Sa, produced by two LED/phototransistor

pairs which stradd!e a disk, consisting of a single row of holes or slots on the circum·

ference as shown in Fig 3.5. The two sensors, circumferentially scparated by 2Nn :l:

~ cycles of the land/gap sequence around the disk's periphery, yield Sl and Sa out

puts ÙOWD in Fig. 3.6. The transition of the signais Sl and Sa provide displacement

increments with sign, i.e., positive or negative position quanta.. A transition from

state 0 (00) to state 2 (10) is a forward (c1ockwise) rotation, while that from state 0

to state 1 (Dl) is a backward (counterc1ockwise) displacement.

s._

Figure 3.5: Biphase encoder hardware
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Figure 3.6: Bip1a"sc cncodcr output

Sincc

• High resollltion,

• Low weight,

• Low cost and simple implcmentation,

were desircd for the thrce dcgree-of-freedom parallel manipulator the two channel

incrcmcntal encoder was selccted. Absolute encoders were discarded because of their

wcight and thcrc cost while singlc output incremental encoders were undesirable be

causc they wcre unablc to producc direction information.

3.5 Manufacture

The detailed mechanical designs of each part of the three-degree-of·freedom parallel

manipulator prototype, are presented in Appendix A.

ln Fig. 3.ï we can scc the shear and bending moment diagrarns of one of the

branches of the manipnlator. Due to the symmetry of the design these diagrarns are

the same for the other branches. Bec....use of the small link lengths and the small
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MOMENT

SHEAR

Figure 3.7: MOllwnt ",,,1 shear diagrallls, of olle brand, of the manipnlator

forces that are applied 011 them we assume, for these diagrams, t.hat linkl and link2

are acting like a uniform cant.ilever beam with a fixed end.

The calculations of the bending moment, the shear forces, the bending stress and

the deflection Were bilSed on the principle of superposition and the following formulas

were used:

ln the following formulas the notat.ion that has been used is:

Mi ", : The ma.'l:imum bending moment.

Vi ", : The maximum vertical shear.

•
Sib : The bending stress.

1 : The moment of inertia of the cross-sectional area of the beam.

c : The distance from the neutral axis 1.0 the most distant point

of the cross section.
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Yi",..: : The maximum dellection of the beam.

E : The modulus of Elasticity.

p2 : Load caused from mass of the auxiliary motor.

P3 : Load caused from mass of payload divided by three.

L : Totallength of beam equal to LI +L2 •

For the calculation of the total maximum bending stress and deflection the fol

lowing procedure was used:

1. For tlle distributed load:

(3.3)

where:

W = wL = bC1t711 weight x gl"ilvity acceleraticm x total lenght of link (3.5)

and:
h

c= -
2

For the dellection in this case:

bh3

1=
12

(3.6)

•

-1 WL3
Ylma", =S x El

2. For the concent.l"at.ed load (P = P2 +P3 ):

S"~ = M2c
u. 1

whcre:

.~12ma'" = -P x L

and c and 1 are as in t.he first case.

For the dellection here:

-1 PL
Y2mar =3'" x 3EI

(3.ï)

(3.8)

(3.9)

(3.10)
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Finally for total stress and del1ection we have:

and:

Ymflr. = !lh.uJ,Z + Y'2rrulZ

(3.11)

(3.12)

•

The values found using the above equations for the constructed manipulator were

substantially below the proportional limits for aluminum, therefore the maxilllUm

del1ection observed is acceptable.

The threc base shafts that connect the main drive motors with the first links carry

ail the thrust and a.'(ial forces that are produced. This was the reason that a special

support Wil.' designed for t.hese shafts. Thrust ami nccdle bearings \Vere placed in the

designed support to minimize the aforementioned forces.

Ail links were connected to each other with angular contact bearings to achieve

the proper link rotations.

Due to the proper material sclectiou, construction and size of the prototype, the

bending moment does not cause any deflection in our prototype.

Data from a numher of compauies were evaluated for compatibility with the ma

nipulators requirements (Appeudix B). Ma.'(on Precision Motors Inc. (Maxon Preci

sion Motors Inc 1990 [:l9) offercd the motors, gearheae!s and encoders that were most

suitable for our prototype amI that were finally usee!.

The gearheae!s used with the \llot.ors are planetary gearheae!s, where thrcc or more

gears carry the torqne instead of oue iI.' iu spur gearheae!s. For this reason they have

higher torque ratings t.han spur gearheads of similar physical sizes. In other words

the planet.ary gearhead will leae! t.o less shaft deflection aud lighter motor-gearhead

units.

Details of the design, compoueut selection and coustruction of the three degree

of-freedom para.llc1 maniplliator were presented in this chapter. In the next chapter,

Chapter 4, the control of the constrllctee! prototype will be e!iscussed and further

analyzed.
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• Chapter 4

4.1 Introduction

Controlling the parallel manipulator

•

ln this chapter the control of the OC motors of the 3 degree of freedom parallel

manipulator will be discnssed and further amùyzed.

Thc control of this type of mechanism differs fundamentally from that of seriai

manipulators, hence an application of parallcl processing is required. Parallel pro

ccssing can be defined as a technique for increasing the computation speed for a task,

by dividing the algorithm into several sub-tasks and allocating multiple processors

to execute thcse sub-tasks simultancously. To achieve parallel processing for the case

undcr study a transputer network was introduced and the following steps were taken:

1. Installation of transputer network in a PC,

2. Programming the transput.er network,

3. Interface design and implemcntation,

4. OC mot.or control hardwnre design and implementation.

The installation and programming of the transputer network that will he used, has

alrcady bccn describcd and analyzcd by Helmy [18]. The main consideration in this

work \Vas thc dcsign, implemcntation and testing of the OC motor control circuits. In

addition l'('Su1ts from thc pcrformcd experiments are presented. In conclusion to this

chaptcr, ail int.crface proposai has been made. This proposed interface cau he thought

of as a first st.cp towards t.he final interface design which will achieve total hidirectional

commnnic...tion bet\Vccn the manipulator plant and the transputer network.

For thc cont.rol of OC mot.ors, there arc t\Vo major categories: feedhack or closed

1001' control and opcn-Ioop contl'ol.

A typical control systcm has thc feature that sorne output quantities are measured

and comparcd \Vith t.he desircd output values, and the system's output is corrected
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j by using the resulting errors from the comparison. This sy~tem is ca.llt"d feedback

control system. A block cliagram of the feedback control syst~m is shown in Fig. 4.1.

UT
~

OUTP
OINT

COlvTROLLER SYSTEM

e

1

+ . SENSOR

1 ,

SET
p

Figure 4.1: Fe<'dback Control System

In some cases, it is also possible t·o control the system in an open-loop manner,

where feedback is not usecl. Such a kincl of system is prcsentecl in Fig 4.2

DES/RED

OUTPUT 1 1 _1 1~UT:UT
- CONTROUER 1---_L...-_S_YS_T:_E_M__.

Figure 4.2: Open-Ioop Control System

Feeclback control is wiclely used in robotic systems. The reason is that, by using

feeclback, the designer of the robotic system is often able to use inexi'Cnsive and

inaccurate componenf s, while t.h~ system is capable of achieving precise control in

the presence of measul'Ïng errors and unpreclictable clisturbances.

4.2 Modelling of a DC motor

•
The actuator tested and selected for this project was a small permanent magnet (PM)

DC motor. In the previous chapter we saw that PM motors l'osses linear speed·torque

characteristics and l'l'ovide high output torque over a wide range of speeds. The DC
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motor, alor.g with an approprillte OC amplifier system and either position or velocity

f<.-edback, provides the power element in many guidance and control applications.

The general modeling equlltivns of a OC motor are obtained by writing the voltage

C<luation for the armature circuit and tbe torque equation. The armature has an

inductance L. and a resistance R .. The velocity of the armature shaft is represented

by w. Ti le electrolllagnetic torque provides tbe load torque TL, the torque lost in

friction and windage Tf, the eddy cUl'rent damping torque Ta which is proportional

1.0 speccl and the t"rclue uecessllry 1.0 atcelerate the inertia Tj.

VOLTAGE: V D' L di V.=''a'+ .-1 + ed
(4.1)

where v" is the rot.ational back e.m.f and is equal with:

\~ =K e x W

where Ke is the dect.ricili const.ant of the motor.

(4.2)

At any inst.ant of timc, the developed torque, Tg, must be equal and opposite to

the sum of the torques necessary 1.0 overcome friction, viscous damping, inertia and

the load tOl·qne. Thus:

TORQUE: (4.3)

•

where K,jw = T.l IInd t.h,· incrtia t.orque is represented by the product of the moment

of iuertia .1 aud t.he lIugular IIcceleration '~~, and J is the total moment of inertia of

tlll' rot.or IIlIll t.he load r...fe!'l'cd t.o the motor shaft. Kt represents the torque constant

of l.he mol.or and ['01 rcprcSl,nl.s t.he damping coefficient. Here the field flux is constant

and unalre.-ted by armatlll'e l'l'action.

Equations 4.1. 4.2 and 4.:1 constitute a basic set of equations that model the DC

mot.or .>nd from which I.ransfer functions for the OC motor operated in various modes

may be obtaind. Taking the Laplace transform of both sides of tbese equations and

rearmnging t.hl'm leads t.o:

50



)

T(s) + t (s)

4. Controlling the parallel lII:mipuL'\tor

J

~-1 R, :LI M 1 !l(s) 1 ~~ -
Js+K" s

Ve Ke

~(s)O
~

+

•

Figure 4.3: 13I0ck diagralll

(M)

(4.5)

(4.6)

(4.7)

The block diagram rC"pl'l'sC"nt.at.ioll of thes" h'L,ic e'luat.iolls is showlI in Fig. 4.3.

The block diagl'ilm of Fig. 4.a l'C"pl'csellt.s a t.wo illput system wit.h the output. bcing

either the angulal' velocity w or the allgular position 0, or both. From Fig. 4.a the

output velocity of the syst.em is writtell a':

•
(4.8)

in which:
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(4.9)

when V(s) = O.

The voltage vclocity tmllsfer fllnction GI (s) is:

C
' ( .) _ n(s) _ K, Km
1 .- - - - - --:;-:--::;---:-0:-V(s) (L..s +R.. )(Js +Kd) + K,Ke OS2 + (3s + 1

where:

j ' K,
\"'=Rj' j'j'·.. \d+\'\e

Q = R j' j' j'
·0 \d + \t \c

fi = R.. J + L.. Kd

R..Kd +K,I\e

(4.10)

(4.11)

E'IlIatioll ·1.11 representoS the voltage tmnsfer fllndion of the motor, under the

a""'lllllption tltat 7i and TL arc zero. This eqllation can also be expressed as:

•
when":

L.. 1 . l .T. = -R = c cc/nCtL tUTie ctmstlLnt..

(4.12)
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T". = ~ = mecllltnictli time constant
Ad

If tl}e armature voltage is very small, the e1ectrical time constant can be neglected

and eq. 4.11 becomes:

(4.13)

where:

(4.14)

The load torque transfer runct.ion G2 is giveu by:

which, if armature inductance is negligible, reduces to:

TS + \

(4.15)

(4.\G)

This motor must rotate a \0;"\, which consists of some inertia .h and a constant

opposing torque TL, through a given angnlar trajecLory 01•. The 'orc(lle/spced ra.tio

of t.he mol.or ca!, be modilied, with modest additional !os~, hy coupling the motor

shaft through a geaI' train tù the load.

If N is the geaI' ratio, then motor torque will become:

•
T. - ( J _I_J \ ,k.J .... ~T

9 - • + N2 L· ,it . N L

and motor angular position becomes:

(4.17)
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(4.18)

Given the parameters of the clc motor and specifications of the load to be driven,

the required control voltage cali be easily calculated. Further detailed analysis of the

DC motor can he found in [30), [13) and [49J.

4.3 The L290/L291/L292 DC motor speed/position control

system

The DC motors moullted on the base of the manipulator are digitally controlled

by the L2!)0/91/92 DC mataI' speed/position control system. The L290, L291 and

L292 together form a complete microprocessor - controlled DC motor servopositioning

system that is bath fast and accurate. These chips are primarily intended for use with

a DC motor and optical encoder in the configuration shawn schematically in Fig. 4.4.

This system is conl.rolled by a microprocessor, or a microcomputer, which determines

the optimum speed profile for each movement and passes appropriate commands

ta the L2!Jl, which conl.ains the system's D/A converter and error amplifiers. The

L291 generates a voltage cont.rol signal ta drive the L292 switchmode driver which

powers t.he mot.or. An opt.ical encoder on the motor shaft provides signais which are

processed by the L290 I.achometer converter to produce tacho voltage feedback and

position feedhack signais for the L291 plus distance/direction feedback signals for the

control mina.

The system operat.es in two modes ta achieve high speed and accuracy: closed loop

speccl control and closed loop position contro!. The combination of these two modes

allows the system ta t.mve1 rapidly tO\vards the target position then stop precisely

wit.hout oscillat.ions.

lnitially the syst.em operat.cs in spced control macle. A movement begins when

the microcompnt.cr applies a spL'Cd demand ward ta the L291, typically calling for

m...."imum Spt.el!. At this inst.ant t.he motor speed is zero sa there is 110 i acho feediJa.ck

and the system operal.cs elfectivcly in open loop mode. ln this condition a high current
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Figure 4.4: The L29D/L2!Jl/L2!J2 DC motor control system

•

peak - up to 2A - aCCl'lel'ates t.he 11101.01' mpiclly to ensure a fast. start.

As the 1110tor acce1emt.es I.he t.acho volt.age riscs and the system operatcs in close

loop spccd mode, 1110ving forwards t.he t.arget position. The microcol11puter, which

is monitoring t.he optical encoder sigmlls (s'luarec! by the L2!lO), reduccs the spcccl

demand wo1"<1 gradually when t.he t.arget position is close. Each time the spccd demancl

word is reduced the 11101,01' is brakecl hy the sJlced control loop.

Finally, when the spcccl code is zero and the tllrget position extreme1y close, the

microcomputer cOl11l11ands the systel11 to switch to position mode. The motor then

stops rnpidly at the ck'Sired posit.ion and is he1d in an e1ectronic detent.
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4.3.1 Optical encoder

The optical encoder selected ancl used in this system was the Maxon 3416 encoder,

which has 100 slots. This means that it produces 100 counts per one rotation of the

encoder disk.

Light sources ancl scnsors are monntecl 50 that the encoder generates two quasi

sinusoidal signaIs with a phase clilference of ± 90 deg. These signais are refered to

as FTA ancl FTB. The frequency of these signais indicates the speed of rotation and

the relative phase clilference inclicates the direction of rotation.

Both technical clata ancl the external circuit implemented so that the encoder cao

J>l'operly operate are inclndecl in appenclix C.

4.3.2 The L290 tachometer converter

The L290 tachometer converter processes the the optical encoder signais, FTA and

FTB to genemte a tachomet.er voltage, a position signal and feedback signais for the

microprocessor. It also generatcs a reference voltage for the system's DIA converter.

Analytically t.he t.acho genemtion function can be expressed as:

TACHO= tlV,IS x FTA _ tlVAA x FTB
dl. IFTAI dt IFTBI

(4.19)

•

In the L2!lO (block cliagram Fig. 4.5) this fundion is implemented by amplifying

FTA ancl FTB in Al ancl A2 to procluce V,IA ancl VAS. VAA ancl VAS are differentiated

by ext.el"l1iL1 Re networks t.o give t.he signal VAIA and VAIS which are phase shifted

and proport.ional in amplit.ude t.o the speecl of rotation. VAtA and VAtS are passed

to mult.ipli"rs, t.h" s"cond input, of which are the sign of the other signal before

di rrerentiation.

The sign (I~~~I or I~ZI) is provicled by the comparators CS1 and CS2. Finally

the multiplier ont.pnts arc summed by A3 to give the tacho signal. Fig. 4.6 shows the

wa','eforms for this pl'Ocess.

This sccmingly complex approach has tlnee important advantages:
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Figure 4.5: L2!JO I3lock diagrmn

• Since t.he peaks anellltills of CSA auel CSB tenel to cauccl out., t.he ri l'l'le is very

smalI.

• The ri l'l'le fre'lueucy is the fourt.h harmonic of the iuudamental so it can he

filtered easily without limiting the b'LIIdwiclth of the speed 1001"

• It is possible to aC'luire tacho information much more rapidly, giving a good

response time and transient resJlonse.

•
Feeelback signais fol' the microproccssor, STA anel STb, arc gener..teel by squaring

FTA anel FTB. Posit.ion feeelback for the 1.291 is obtained simply from the output of

Al.

The L290 also geuemtcs a reference voltage for the L291'. DIA converter. This

reference is eleriveel fl'Om V,IA and VAB \Vith the function:
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Figure 4.6: The waveforllls that illnstrate the generation of the tacho volt·
age in the L2!lO.

(4.20)

Since the t.acho volt.age is also derived from V,IA and VAS il. fo11ow5 that the system

is sclf compensating and can t.olerate variations in input levels, temperature changes

and componcnt aging with no deteriorat.ion of performance.

4.3.3 The L291 D / A converter and amplifiers

The L2!1l shown in Fig. 4. j, links the syst.em 1.0 the micro and contains the system's

main error amplifier pins a position amplifier which allows independen. a.djustment

of the <.haract.cristks of t.he position 1001'.

•
The L2!l1 contains a 5 bit DIA converter accepting a natural binary code and

generat.ing a bipolar ontput currellt, the polarity of which depends on the SIGN

input. The amplitude of the output current is a multiple of a reference current I ToJ'
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Figure 4.7: The L2!H D/ A converter and position alllplifier

The maximum output cmrent is:

(4.21)

•

Table 4.1 shows the "alue of l" for e!irferent input COe!L'S. Note that the input bits

are active 10IV •

This D/ A convert.er h'L~ a maximum linearity error equal to ±~ LSB (or ± 1.61

% F'JLL SCALE); t.hat gu;,rant.<x'S its monotonicity.

The main error amplifier sums the D/A converter output ane! the tacho signal to

produce the mot.or drive signal ERRV. The position amplifier is provided to allow in

depene!ent. adjustment. of t!le position 1001' gain characteristics and is switched in/out

of circuit to select the mode. The final position mode is actual spced plus position

but since the tacho voltage is almost zero \'!hen position mode is sele<:ted the effect

of the spcee! 1001' is negligible.
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DIGITAL INPUT WORD
OUTPUT

ses SCI
CURRENT

SIGN SC4 SeJ SO
MSS LSS 1ft

L L L L L L - 31 /
16 ref

L H H H H L - 1 /
16 ref

X H H H H H 0

H H H H H L 31
+ 16 /l''PT

H L L L L L + 31 /
16 ref

x = DONTCARE

L = LOW

H = HIGH

Table 4.1: Valllc, of Olltpllt Cllrrcllt for dilfcrent input codes

4.3.4 The L292 switchmode motor driver

The L2!)2 can be considered 11.< a power transconductance amplifier which delivers a

motor CUITent. proportional to the control voltage (ERRV) from the L291. It drives

the motor efficiently in swi1.c1nllode and incorporates an interna! current feedback

loop to en'lIre that t.he motor current. i, always proportiona! ta the input contrai

si, The input. signa! (sec black diagram in Fig. 4.8) is first shifted ta produce a

un' .ou:ar sipl.,1 (t.he L2!)2 ha.< a single supply) and passes to the error amplifier "here

it is sumrwd with the current fœdback signa!. The resuiting error signa! is used to

modula!.c nI<' swit.ching pulses that. drive the output stage.

Extel'llal sense resistors mouitor the load current, feeding back motor eurrent

information t.o t.he error amplifier via the eurrent sensing anlpiifier. The L292 ineor

porates its own "oltage rcference and ail the funetions required for c1osed-ioop eurrent
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Figure 4.8: The L292 black diagram

•

control of the mot.or. Further, il. fcat.lll'cs t.wo enable input.s one of which is useful to

implement a power on inhibit. function.

The L292's ontpnt. st.age is a bridge configurat.ion capable of handling up 1.0 2A

al. 36 volts. A full bridge was ehoscn because it allows a snpply voltage to the motor

effective1y twice the voltage allowed if a half bridge is used. A single supply was

chosen to avoid problems a.<sociat.l·d with pUl'1p-back encrgy.

In a double supply configuration, sueh as the examplc in figure 4.9a, currcnt f10ws

f'.r most of th" t.ime thwugh Dl and QI. A cert.ain amount of power is thus taken

from one supply and pumped back into the ot.her. Capacitor Cl is charged and its

voltage can rise exccssive1y, l'Ïsking damage 1.0 the associated e1ectronics.

By contrast, in a single supply configuration like Fig. 4.9h the single supply ca

pacitor participates in both the conduction and recirculation phases. The average
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Figure 4.9: Douhle and single bridge snpp!y configurations

current is such that power is always taken from the supp!y and the prob!em of an

uncontrollcd incl'ease in capacitor voltage does not arise.

A problcm associated wit.h the system used in the L292 is the danger of simulta

ncons conduction in both legs of the output bridge which could destroy the device.

To ovcrcome this problclll the comparator which drives the final stage consists of

two separate comparators. Bol,h l'eceive the same V., the triangular wave from the

oscillator signal, but on opposite inpnts.

•

i
l'

v,

l-+-L.-L--O r,,6

•
t

Figure 4.10: The L292's final cOlnparator which consists actually of two
cOlllparators.
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Figure 4.11: Final application circuit

The other two inputs are driven by VTH , the error amplifier output, shifted by

plus or minus 141' (Fig. 4.10). This voltage shift when compared with li; rcsults in a

delay in switching from one comparator to the other. Consequently there will always

be a delay between switching off one leg of the bridge and switching on the other. T~e

delay T is a function of the integrated resistor 14 (1.5 k!1) and an external capacitor

Cl i connected to pin 10 which also fixe, the oscillator frequency. The delay is given

by:

T = 14 x Clï (4.22)

•

4.4 Final application circuit implementation and testing

The final DC motor co~trol circuit is shown in Fig 4.11. It consists of the three chips

described previously h, detail and additiona! components that ensure security and

proper operation of the control circuit. In appendix D Table D.1 indicates the values

of these components and also explains their purpose.
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The circuit was impl"mented in the Measurement Laboratory of McGill University

and analogue tests were performed to ensure that it operates as expected. In these

tests, high andlow signais (1 's and O's) were provided to the DIA converterinput data

lines, the direction line and the speed/position mode select Hne. Depending on the

signais the chip was providing, themotor was rotating as expected an~ the position

feedba.ck signais, coming from the L290 chip, were detected on the oscilloscope. After

the test was performed, three l'rinted circuit boards were designed and manufactured.

The next and final step of this research was lo perform experiments involving the

control circuit interfaced with a microprocessor and connected with a base motor of

the manil'u\a1.or.

4.5 The experiments

4.5.1 Introduction

The main objectives of the following experiments were to demonstrate the ability of

the cont.roller 1.0 moYe an ac1..I<L1.ed link of the manipulat.or to a specific point and

back, fCt,ding t.l ... mo1.or wi1.h constant or variable voltage and to compare the actual

motion and vdoeit.y of the link wit.h the ideal ones. The manipulator as mentioned

in the beginning of this research is symme1.ric. The cont.rol circuits, motors and shaft

cncoders used for tllL' ac1.ua1.edlinks are identical. For these reasons only one actuated

link W'L' l.cs1.e<1.

The control algorithm <1evd0l'ed fol' the cxperiments was programmed into the

1"'101.01'01.. GSHCui'iKI lIlicrol'roccssor. This microprocessor is equipped with an ln

C;rcllit Simu];d.ion Kit (M6Sl1CïOi'iKICS; [35].

4.5.2 The MG8HC705K In-Circuit Simulator Kit

TI·c l\1liSHCï05K ln-Circuit. Simulator Kit consists of a small printed circuit boa..·d

(01' pod), the IC:;;05K in-circuit/standalonc simulator software and the IASM05K

...'scmblcr. This kil. wOl'ks with any PC and has a DOS-compatible parallel port.
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4. Contro\ling the parallel ma.nipulator

The kit forms a full non-real time simulator and an 1/0 emulator for the 68HC05KI

device. The pod may be connected to a desired hardware and actual input.~ and

outputs of this hardware can be used during simulation. With the kit, the hardware

and code are tested.

Assembler

The machine code is writt.en and cùmpiled with the i1ssembler. Synta.'C errors such ilS

unknown identihers are noted. The manual Understanding Small Microcontrollers [sol
explains the manner in which the processor works and the ;nstruct.ions required for

use. Text is eilsily copied or moved to ot.her places in t.he program. After compiling

the code, t.he assembler creates a file wit.h t.he hexadecimal code which can be written

in the memory of the processor. This file is nsed in t.he simnlator.

Simulation of the microprocessor

The microprocessor is simulat.ed hy t.he computer and t.he 1'0<1. The system is verified

in a st.epwise mam"'l·. The simlllator is able t.o generate fault messages ot.her than

those det.ected previously by t.he IIssembler, i.e, when t.he processor reads unnt.ilized

memory locat.ions, t.he sinmlat.or will give a fanlt. message. The processor ha.~ a RAM

of 32 byt.es which is used for t.emporary data and the stack. Carefnl progr'L1nming is

required t.o make opt.imaluse of the RAM.

The ICS05K main s('!'t'en consist.s of I.en primary windows The vailles in the cru
(accumulat.or, X-regist.el, st.ack point.er and program count.er), the vaIncs of t.he 1/0

port.s, t.he memor)' of t.he sinllllat.ed processor, the sour"" code and the instruction

window are viewe<1. In t.he inst.l'Ilct.ion window the user can communicate with the

simulat.ed Pl·ocessor. The user can lIl'L1lipuli,te mcmory placc'S, 1/0 ports, breakpoints

etc. In additio'l t.he simlllat.or allows olle te- sec the adual proc<$S oc<:urring inside

the cont.roller (IC).
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1/0 Port function

There exist ten bidir~ctional pins which form two llarallell/O ports, port A and port

B. Each 1/0 pin is programmable as an input or an output. The contents of the

data direction registers determin" the data direction for each 1/0 pin. Port A is an

8·bit general purl'0se bidirectional 1/0 port while port B is a 2·bit bidirectional 1/0

port [li].

ln a typical system the L2!JO/1 /2 system is connected to the control microcomputer

through nine 1/0 lines: seven outputs and two inputs. The outputs are all connected

to the L2!Jl D/A converter and consist of the five bit speed demand word, SIGN

(which sds t.he direction) and t.he specd/position mocle select line. Position feedback

fol' the micl'O comes from the L2!)() tacho converter and consists of the signals STA,

STa (t.he squ:ll'e <'ncoder out.put.s).

ln tlll' fol1owing el'perimcnt.s port A will he provicling the seven outputs to the

contl'OI circuit while port. a will 1", acccpting the two inputs from the implemented

circuit,

4.5.3 Control Strategy

Two dirferenl. el'periments are performe,1. In the first el'periment the mot"r is required

1.0 move the act.uat<'d link from an initial position to a specifiecl final position and

hack and the voltage provicled is constant. In the other el'periment the same motion

is required but the voltage pruvided to the motor by the controller changes.

The control algoril.111n of the orst ca.'e (whir.h is part of the control algorithm of

the nel't c.",c), can he di\·j,bl into four '11?in parts: Start motion, continue unti!

reaching desir,·,( posit.ion, r<'Verse direction a\lcl ,top when reaching initia! position.

ln t.he sc'cond case 1.\1<' control algorithm is suhject to I.he following requirements:

1. Start motion with ma."imum speed,

2. At a <'ertain position dccreasc specd and continue motion unti! desired position,

3, Revers" direction with maximum speecl,
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4. Decrease spccd at a certain position,

5. Stop motion whcn reac11ing initial position.

NO

NO

'Iar CW fa."1

mml (1 pli .'i~." III

END

•

Figure 4.12: Flowrhart of th" fOlltrol algorithm for "xl'"r;,,"'"t N02

In Fig. 4.12 1.1", f1owchal't of this cont.rol algorithm is presented. The control algo

rithm is writ.tcn in assembler. The list.ing of the two progrmns used in the expe"iments

(source code and machine code) is givcn in Appendix E.

The experiments were setup and perfnnned in the Measurcment Lahoratory of

McGill University. A photograph of the set.up is shown in Fig. 4.13.

In the !irst experiment. il. WiL' desil'ed to move the link from 0 to 45 degrccs

and back wit.hont. changing t.he voltage that \Vas provided to the control circuit via
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Figure 4.13: Photograph of experiment setup

the microcomputer. The time needed for this experiment was 2.12 seconds. The

ideal motion and velocity profiles of the a.ctuated link were found using the cubic

polynomial, for a single cubic segment which starts and ends at rest. This cubic

polynomial is further discussed in (7).

In the second experiment the same motion was desired but the voltage provided

was changing. The time needed for this experiment was 3.6 seconds. The ideal motion

and velocity were calculated the same way as in the first experiment.

The following set of graphs (Figs. 4.14 to 4.19) and (Figs. 4.20 to 4.25) are the

results of the a.ctual motion and velocity, the ideal motion and velor:ty and their

comparison for both experiments.
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4. Coutrolling the par:ùlcl manipulator

In Figs. 4.18 and '1.24 bath actunl and clesired trajector)· are plotted -vs- time.

In both el'periments, as showll in these figures, the actual displacement Co11ows the

desired trajectory very closely. Dcsirecl versus actual vclocity is shown in Figs. 4.19

and 4.25. The actual velocity was found by dilferentiating the actual mOlion. Varia·

tions Crom the desired velocity "'cre el'pectecl ancl can be sccn in the aforementioned

figures. The motion of the act.nated link, in tlll.'8e experiments, was smooth. These

results can be improved if the i>imcl",iclth of the dcsignecl cont.rol circuit is improved,

50 that the Creqnency rcsponse of C,l' system is improved.

At this point the project cut.ers a ne", phase. ln order ta o1>tain l'cal time con

trol the Pl'Ot.ot.ype mnst, now bc int.cl-faced wit.h the el'ist.ing transpnt.er ncLwork of

McRCIN! t.o achiew pamllcl proCl'ssillg. In t.he nel't and l'L,t, section of this stllcly, ar.

introclllctioll t.o paralld processillg is prcscllt.ed and an illt.crfacc proposaI is made 'L'

a first st.ep towanls t.he next. ph'L,e.

4.6 The transputer

4.6.1 Introduction

ln arder t.o makc compul.el'S ["<L'l.er, t.here arc 1."'0 clilfcl"<'nt. apl'roaches:

• Make t.he compolI"lIt.s of which the comput.er is built f'L,t.er. Thc problc'Il

with t.his appl'Oach is that. illdnstry is gettillg cluse t.o f,ul<I'L1llent.al physical

limit.s, which means that oll\Y dimillishing ret.llrJ1S ill sp""d of operat.ioll may be

el'pected fl'Om lIew genemt.ions of int.egrat.ed circuits.

• Increll-''' t.he number of pro<:<'8sors, working in parallel. Recent. aclvances in

bot.h semicondnl"l.OI' .md complll.er techllologics have enablcd l'arallclism ta be

used as a viable technique to oLtaill high performance at a mo,1<.'8t cast, in a

wicle range of compnting syst.ems. The prohlelll here is that tl", <:ummnnication

overheacl can cause a saturation or even a decrease oC calculating sl'eed as the

number of l'roressors il:<:re'L,e 1.00 lIluch.
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Figare 4.26: r a.<ic trallspllter architecture

A solution for the problcm of the communication overhe...1 of pa'<l.l1el processing

is fouud with 1.1", introduc1.iou of tl'lllI$lllttcr$. The transputer family is a family of 16

aud :12 bit single-chip micl"Ocomputers that have their own memory and communicat

tiou liuks for comll'cting one tmusputer to anot.her. Thus, the transputer combines

proœssiug, memory aud interconnections in a single VLSI chip. The big advantage of

trausputers is that. tl", t.ransll\ltcr architecture is deve10ped in order to service paraIJe!

proœssing. becanse the t,·,,,,sput.ers have links and on·board memory, they 00 not

have 1.0 sha..., a common bus or memory with other processors. This is a big advan

tagl', b"c,"lse 1.11<' common bus is the cause of most t.rouble in conventiona! paral!e!

computers:

• With liuks 1.11<'...· is no contention for the communicat.ion system.

• Links don't have a capaciti\'(' load penalty when transputers are added to the

systeul.

• 'l'Ill' communications bandwidth does not saturate as the size of the system

• The ba.<ic transput.l'l' architcct.lIl'e is shown in Fig. 4.26 .
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Figure 4.2;: U10ck diagmm aJ1l1 architectllre of the T42!; trallspllter

Transput.(·rs are clc>signecl t.o implement. t.he progralllming langnage OCC/l1II [26) v"ry

cffici'"nt.ly and alt.hongh t.b"y will also provicle dlici"nt. implemc·nt.at.ion of most. mocl"l'II

latlgUllgC:', (~0I1ClIITCI1CY ill t,nl.llsl'11t.er systelIlS is oufy availiLhl(~ t.ltrOllgh OCCiLlIJ.

4.6.2 The IMS T425 transputer

•

Tbc IMS T425 transpnt.er (Fig. 'l.:!ï) is t.bc one t.bat W'L< inst.allc·cI programlll"cI 'LIIc1

uscd t.o cont.rol t.be manipnlat.or nncl"r st.ncly. Il. ha,; 4l\hy1.es on-c.bip RAM for bigh

spcecl processing. a wnfignmhl<' Inpmor)' interface 'LI"I fonr st.al"larcl INMOS com

municat.ion links. Tbe inst.l"IIct.ion set. .u:bieves efficient. inlplemenl"1.ion of bigb levd

languagcs "ncl pmviclc's clirect. sn l'port. fur t.l", occ"m mocld uf concnrrency wbcn nsing

cither a single t.rallsplltcr or a IIctn'ork [:l':)).

It is a :l2 hit. Cl\10S micl'oc.ollll'nt.cl' cap"hlc of illstmclioll rates of :l0 MIPS pcak

and 1.5 l'vIIPS sJlstaillecl wllCn Opcl'"t.cc1 with a :l0 l'1Hz dock. Thc tr"nsputer links

al'C capable of t.mllsfcl'l'illg cl"t." at. 5, 10 01' 20 Mhits/scc, howcver only one link is
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Figure 4.28: Transpllter Iink protoeol

availahie t.o t.ransf,'r d"ta t.o LIll' mot.or eo:.\.rollcrs implclllcnt.c,!.

The t.ranspnt.cr Iink prot.oeol is "Iit.t.le-enelian" wit.h t.he lea.<t. signifieallt. hit. of t.he

lea.<t. signifieant. hyt.c \",ing sent. ont. O\'cr t.11" link first.. Each hyt.., t.ranslllit.t.ed scrially

is st.ruct.nr,·d iL< a high (011<') st.art. bit. follow"<1 hy a one bit., followcel by I.he eight.

dat.a hit.s ending wil.h a low (z,'ro) st.op bit. (Fig. 4.28). Eaeh t.ransmission must. bc

aeknowledged hy a high-Iow (onc-zero) t.wo hit. signa!.

Inl.el'llally f1oat.ing point. nnlllhers conf01"111 t.o t.he IEEE st.andard aJl(! illl.egcrs arc

reprcsent.ed in sign-Illagllit.udc mt.her I.han in 2's complcmcnt. fonn.

The exisl.illg t.r"ns)llI\.cr ndwork at. MeRCIM (McGill Res"areh CerMe For Int.d-

ligent. IVI"ehincs) cOIlt.ains on" t.ranspnkr 1Il0dn:" mot.hcrboard (t.II<' BOOS), colIIl<'ded

t.o ail IBlVI PC AT, anel \.wo t.1·allspnt.er 1Il0duk's hot.h eOIlt.aining 011<' IMS '1'42;;

transpnt.er. 011,' 1Il0dnl" eont."ins 1 Mbyt." Illcmory allCl 1.1", ot.her eont.ains 2 Mbyt(~<

memory. In bot.h modules t.11l' '''·,'nl. chanlld is ilOt. conn"dc,!. Aiso avail,,"le ;m: sorne

IMS COli link adapt.or chips. These arc IIsed t.o COIIIICC.1. I.he t.ranspnt.er network t.o

peripheral dc\'ices.

4.6.3 The COll link adaptor

The COll link adapt.or eonvert.s from the illmos seriallillk prot.oeol ta a parallel byte

wide interface. It. was useel in t.he design of the transputerjOC motor controllers

int.erface. This link adapt.or can operate ;L< eiLher a peripheral interface or a bus

interface, the forn",r mode heillg of interest here (Fig. 4.29). The standard eommu-
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Figure 4.29: The CO Il lillk adaptor block diagram

nic"t.ion specd is 10 Mbit.jscc, b'lt. t.he device can also operate al. the higher speed of

20 M)'it.s/sec. Tlll' p"r"lId inp"t. ami Ollt.pllt lines 1.0 the COll a.re fully handshaken,

wit.h only t.h,' ont.put lin,,< being used for t.his interface design. The COll is capable

of biclircct.ional st'rial communicat.ion, bllt as a first interface design step here, il. is

0111)" ta n~cdv(· dat.a.

The COll r"mo""s t.he st.art bits and the stop bit from the transmitted data and

plaCC's t.he byt.e on t.he out.put. Iines. 1'0 pcrform handshaking, the COll takes a QValid

signal high, indic"t.ing t.o the peripher"l t.h"t there is new data ta be l'l'ad. When the

peripheral h'L< pl'OCC'ssed t.11<' dat.a and is ready ta receive a new byte, il. takes the

QAck signai high causing t.11<' COll t.o place t.he high·low acknowledge signal on the

seri," liuk, inclit-ating 1.0 t.ht' t.rausp"t.t'r that the COll is ready for a new byte.

4.7 Interfadng the transputer and the motor control1ers

•

The dtaract.erist.ics of t.ht' t.rallspllt.er make il. very weil sllited ta perform calculations

f'L<t. ancl Ollt.pllt. t.11<' reslllt.s 0\','1' it.s communicat.ionlinks, sa they can be used by other

t.ransp"t.ers or by peripll<'rals. A program, which calculates the required torques that

have ta b,' ,'xerted by the tlll'ee motors of the parallel manipulator manufactured,

in arder for the maniplllat.or t.o follow a desired path, has already been written by

Hdmy [IS] and is inst.alled in t.he network.
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The torque valucs ne in t.he form of 64 bit f10ating point number,;. The program

converts the rcsults to 64 bit. signed integer valucs so that the infonr.ation can be

meaningfnl 1.0 the DIA COll\"ert...rs of the motor drive circuil..

The torque values calculat.cd are such that the motors arc in rcst position (stopped)

\Vhen zero torque is indicated, when posit.Ï\·e torque is indicated the motors rotate

clock\Vise and finally when th.. indicat.ed torque is negat.ive the motors rotate coun'

terclockwisc. Under cOllstall1. load, the torque exerted by the motors can be varÏt.'<1 by

alterillg the spced of t.he mot.ors. Therdore the torque values can he used as the spced

word inputs of the DIA cOllverters. As the torque values arc siglled integers, only

the most sigllificant hit is dilferellt for positive and lIegative lIumhers. Thercfore the

sigll of the I.orque values Cilll he used as t.he sigll hit to the DIA cOllver1.er. The spced

word illput 1.0 tilt' DI:\ COllverters cali he takell from 1.11" lIext five most significallt

bit, nf t.he t.or(1'1<O values. If the mo\.or is set up for c10ckwise ro1.at.ion \Vith positive

curr<'lIt, thell th,' six most. sig"ifi,·,,"t. bits of the torque "iLhl<'" can be inverted and

seml dircct.ly to the L1!Jl 's as illpul..

Sixty-four hit signcd illtegel's spall a large rallge (_1''3 to +2'"' • 1), If the six most

significant hi1.s of the torque values iLre I.akell a.< iupu1.s for the 0101.01' cOlllrollers, this

would meall thal. t.he t.orque ,'ah", would have t.o l',,,,ch a magllit.ude of 2'''' bcfore

the motor woult! st.iLr1. 1.0 move, h. becomes obvious t.hiLt the progr"m ha.< to SCiLle

magllit.ude of the t.orqlle viLlues be1.w",," 2,"8 . J (stop) iLlIll 2''3 • 1 (full spl.'Cd) for the

data sellli 1.0 the mo1.or cOIlt.rollers 1.0 be meiLllillgful.

011 the piLl'iLllcl miLllipuliL1.or iLre illstiLlled 1.111'<-'<' h;L<e mo1.ors iLlld thus the tmlls

puter calculiLl.cs t.hree torque values, III order t.o simplify t.he ill1.erfiLciug hiLrdwiLre iLlld

not slow dowlI diLtiL t.l'<lnsmissioll, the t.orque viLlues iLl'<, sell1. sequellt.iiLlly for motor l,

motor 2 iLllt! mot.or :l iLllt! 1I1.",,,y-, ill tlliLt order. By uot hiLvill!'; motor iLddrcsses, the

necd fol' address Iiues ill t.he ill1.erfiLce desigll is removed iLt the expellse of fixing the

desigll for thrcc alld ollly 1.hre,> mo1.ors, The IJardwiLre of the illterfiLce is syuchronized

\Vith the t.mnsputcr ciLlculiLtiolls by bcillg l'C.,set iLt stiLrt up by the triLnsputer. 1'0

remaillsynchrouized.t.het1.iLlIsput.er must iLlwiLYS output three torque values of the

proper miLgllit.ude and ill the proper order, regiLr(lIess of the n11mher of motors that
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u<.'Cd 1.0 1", lIpelat.eel.

As the liuk protocol of the trausputer calls for the lcast significant bit 1.0 be

trauslllitteel first, t.he hardware int.erface must wail. until aIl of the 3 x 64 bits of the

torqlle valllcs arc receiveel before the e1ata 1.0 the DIA converters can be updated.

4.7.1 Shift registers with output latches

The first ob\'iOllS sollltiou is t.o lise oUe large shift regist.er (or many smaller ones in

lille) with t'llOlIgh bits 1.0 hold t.he three t.orque values coming out of the transputer.

While this is a possible sollll.iou afkt' one byte is taken from the COll, il. would r'''1uire

eight. dock cydes 1.0 lIIake spaœ for t.he uext incoming byte. A design were ail eight

bits cOllld b., shifteel ill olle dock cycle presents a significant improvement. While the

desigll cau no 101lger be coun"pt.lIally thought of as one large shift register, the actual

1II11nber of bit.s n....·dcd t.o ston' t.he torc[lIe values in shift regist.ers does not increase.

If the harelware illterface is cOllccptualizeel as a matrix of data bits, then il. does not

matter how the adliai shift regist.crs are oriented, as long as the locations of the bits

are knowu and th,' bil.s u<'l,d,'d for the DIA converter are available.

The shift registcl'S uscd iu t.he design of this interface are twenty-four TI ;4L5594's.
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Figure 4.31: Bloek diagralll of lhe shil sl'ri,ù in / pamlll'! oul shift r"gislers
wilh out.put. latehes

Thcsc arc 8 hit sl'rial-ill. par,t1ld-ollt shift. rcgistcrs wit.h a storagc rcgistcr that cali

he uscd 1.0 latch the olltpUt.. Latrhillg the output is very illlporlallt ill selldillg dala

t.o lhe 11101.01' cOlltl'Ollers. The hits ill thc illtcrfarc are ollly IIwallillgful ta the mataI'

cOlltrollers aftcr t.hrec torque valucs havc heell reccive,!. If thc output. w,~, Ilot. latched

and updated ollly with c"cry:$ x (i·1 bits, thell the data ta the cOlltrollers would ch,mge

wit.h every hyt.e rcc.eivcd and would he lIIe'lIIinglcss.

The shift. rl'gisters arc orientcd such t.hat each out.pul line of the CO Il is a seriai

input into a register. The QValid signal of t.he COll is used as a clock input to shift

the bits t.hrough the regist.er. l'Ill' dl'sigll C'lIl be though of as eight shift registers in

parallel with the torque valucs snakillg across the regist.ers Fig. 4.:n .
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4.7.2 Counters

Because the data sccu by the D/ A converters cau only be updated arter three torque

valucs arc reccived from the trausputer, the interface has to keep track of the number

of byt<..,; reccived. Thrœ sets of 64 bits are seut by the transputer corresponding to 24

sets of eight bits trallsferred from the COll to the shift registers. The interface must

thell illc1ude a couliter which illcrements with each byte received, counts 24 bytes and

",uds a sigllal t.o load the storage registers \Vith the new data in the shift registers,

updat.illg the dat.a sœll by t.he 0/A cOllverters of the motor controllers.

The coullter is made up of Dual O-type flip-f1ops (TI ï4ï4) with supporting logic

1.0 coulIl. from 0 t.u 2:1 Fig. 4.:12. The QValid signal from the COll is used to increment

t.he COUIlt.. The Boolcall eCl'li,tiollS governillg the COUllt sequence are given by:

(/(1 +T) = ii(l)

1'(1 +T) = b(l) ttl ,,(1)

c(l +T) =c(l) El (b(I)' ,,(1))

d(l +T) =ë(l)· (d(l) el (c(l)· b(l) . ct(I)))

c'(1 + T) = c(l) el ((c(l) + d(I)) . c(I)' b(I)· ct(I))

(4.23)

(4.24)

(4.25)

(4.26)

(4.2ï)

•

The out.put.s of the fiip-nops arc fed 1.0 a NOR gate so that when the count is

zero (aft.er t.he t.wellty fonrt.h byt.e is l"Cceived), the output of the NOR gate causes

t.he st.orage \'t'gisl.<'rs 10 be lOilll.·d wit.h the data from the shift registers. Loading the

storage regisl,'rs 011 a zero cOlml is also useful in the event of a reset, it causes a stop

signal 10 he selll t.o t.h., molor conirollers.

4.7.3 QAck signal generator

After a byle hiL< bcell moved from the COll to the shift registers, the QAck signal

must be St'Ilt. to the COli illfol"lnillg it that the shift registers are ready to receive

allot.her byt.e. This is accomplished using a TI ï4123 dual monostable multivibrator
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logir formillg tl", COIlIlt."r

Fig.4.:l:l. The QValid signal fWIlI the COll t.riggers half of t.he i412:l. The length

of this pnlse is determined by t.l", t.illle nccded t.o shi ft. t.he data t.hrollgh the shift

regist,ers. increlllellt. t.he cOllnter amI shift information into the storage registers if

neccssary. TIl<' fidlillg edge of the firs!, pllise triggers the s('ccJlld half of the i412:l and

the output pllise is IIsed i~S the QAck sigllal sent to COll.
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Figure 4.33: B10rk diagram of t.he ï412:lllsed to gelleriLte t.he QAck signal
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4.7.4 Other hardware design

A sLandard TTL output can drive up to ten TTL loads. III this interface design there

arc several signais thiLt arc split and sent to a larger number of chips. QValid is used

as iLn input Lo Lhe shift register, the counter and the QAck trigger. The reset signal

clears the storage regist.ers, t.he shift regist.ers and the counter. The output of the

NOR giLte is used 1.0 10iLd cighLccn storage registers \Vith the contents of the shift

regisl.ers. In arder fol' t.hese signais to be strong enough to drive ail these loads, the

signais lI<)e.1 La be p'~<sed t.hrough a TI 74367 bus driver. The 74367 outputs can be

used to drive up La forLy TTL loads. If 1lI0re Lhan this is needed, the original signal

CiLn he hl'Ought. t.o t.wo input. pins 'lI1d t.hen the t.wo out.put pins will be able to drive

eight.y TTL 10iLds, iL gain of sevenLy eight..

Ali t.he support.illg logie ill t.he design (inverters, AND, OR, XOR and NORgates)

Mc st.'L1Idanl TI 74xx serics TTL logic.
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•

This 1h,,,,is pr"s"n" 1Il<' d'",ign philosophy employed for th" construction of 1Il<' pro·

101."1'" of il tlln't' dc·p.l"c·(·.ur·fn,,·c1')111 p;:rttlll'llIlanipulator with n'vol lit .. joillts .wel 1111'

d",i~n alld illll'l"II"'Ulillioll of a c1osed·loop coutrol circllit whi..h wOllld 1)(' ahlt· 10

"olltrulll ... lIlo10rs of II ... constrll ..ted manipulator.

A prototype was dcsigned at McRCIM (McGiII Rcsearch Center for Intelligent

Machines) and constructed in the l\'lachine Tooi Laboratory of McGi11. The length

of t he links was dlos"n sllch that it would facilitate the verification of Gosselin 's [si

condil ion "quaI ions for il non'\,ilnishing workspace for e\'ery angle 0, TI\(' d,'sign

COIIC"III:-oiOI1~ '\'('1'1' 1hitt thn'(" gt.·an·cJ De l11olors with optical t"II<'oders for positioll illlcJ

" ..loci l ,\' ('01111'01. 1I101l1lIc-<I 0:1 tllf' hal'i(' uf tlw Illaniplllat.or aile! C'ulJplc'd dire·d.l} 1.0 tlw

three !lasc' joint sha(ts of the prototype. represented the optimulll ilctllator (,(lIIi;gura.

tion. In addition for further improvement in controlling the prototype, thrce anxiliar)"

geared motors with optical en~oders were also sclected and special design consid"ra·

I.iolls W"I'I' nlad" 10 ('lIahl,' Il'''se motors to be rnounted on joillt shafts (conll,·"t"d tu

Il ... '·lId·<'If,·('I ..r) ;11 II ... 1'111111'1', TI ... i,It'allink mau'rial. for Ih" workspan' ;",,1 slal;('

load :->IH'cific'ill iCJII~. "flS itllllllirllll1l whilr the idC'all1lfllf'rift! for fIl(' joint sltilfls. \\'hich

l'I'I'I'I''''II1<'d only " '"lilll a IllOI1 Il 1 of th.. robot weighl ilnd ,It'II"clioll WilS sI 1"1"'1 Il l'il 1

sleel.

..\ motor specd/position cOlltrol system was sclectcd for I.he control of th" D('

molors of Ill<' consl ru~l"d prototype. This system consisl.s of tnrec chips. uillllely:

1.2no. uni alld 1.2'12. which 10g<'lh"r fo~m a complcte microproc"ssor· colltroll"d Dr

lIl"I"!' '''l'\'''POsiliollin!: SY'I"lIl which il' bolh fast and a('Cllral", 'l'Il<' final arrli~illion

circllit which incilldt,s aclditiolla! hardware, was irnplelllcllted and conlU'ctcd with

1he hase actllators of tl", prototype, Analogue tests were pe!'forllled to "rov,' that

the circuit \\'ould function as expected. [n addition experiments were sctup and
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execut.ed and result.s of the maniplllator's actllal motion an velocity were displayed.

Th,,,;,, rcsllits were compared wit.h the desired motion and velocity profiles for both

"xperiments and il. WiL< foulld that. t.hey followed them closely.

This projcct. now ellt.ers a IICW phase. In order 1.0 obtain real time control, the

prot.ot.ype mllst. now be int.erfaccd with the existing transpllter network of McRCIM

1.0 achieve paralld processiilg. An intro,luction 1.0 parallcl processing was presented

and finally ail interface proposai was made as a first step towards the next phase.

\n t.he next phiL<c of this projccl. the following extensions could be made and are

S11g,!;cst.ecl:

• Mount. t.hc ,"Ixiiiary mot.ors on t.he prot.otype and extend the existing transputer

sort.w,,,·c so ,L< t.o act.ivat.c t.hem in order 1.0 pass thl'Ough singularities; and

• Desigll alld iml'lcmcnt. a bidirect.iollal int.erface 1.0 accomplish the desired corn·

mUlliral.ioll \",t.wecn t.he t.ransl'ut.cr net.work and the prot.otype.
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• Appendix B List of Companies for actuator selection

•

In this appendix, a list of companies that were e1iminated b"canse their motors were

unsuitab!e for the thrcc degn',,-of-frœdom parallel manipnlator are mentione,!. The

following mataI' companies w"r" diminated becanse their proelnets deviateel too from

the design criteria.

• Baldor Elect.ric

• ~\'Iolor MataI' anel Coil

• l\'!otronics CorI'

• RAE Corporation

Detailed informat.ion on 1.1", following companies was songht.. Compi,r:ng the data

of their motors with t.he Maxon precision motor data, it WiL' conclndcrl that. Maxon

precision mot.ors were smaller anel mor,' snita!>l" fol' 0111' applicat.ion.

• Clift.on Precision

• Pana:mll ic

• PMI

• Pit.t.man

• MataI' Teclmology Inc.

• Apcor

• MataI' Search Co.

• Inertial Mot.ors Corpomt.ion
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•

• Autocontrol Corporation

• NovlLt.rollics of Canada Ltd

• Precilec, France.

B. List of Companies for actuator !*!lection

lOi



• Appendix C

Technical Data

Optical encoder technical data and test
circuit

Supply Voltage: 5V ± 5%

Output Signal: TTL compatible

Output CUITent h at Ch C:!: 16m.'\

Counts pel' tlU"n: 100

Number of Channels: 2

Phase shift: 90deg ± 20deg

•

Ma.x. operating Frequency: 100 kHz

Inertia of Encoder Dis!;:: 0.12 gcm:!

Important points

• Encoder disk protected against dust

• Motor shaft, and encoder disk arc rigidly bounded

• Encoder does not require bearings

• Motor with preloaded bearings

• Output signéù: UId!Jh = v;,c - h x lOH1

• ON/OFF relationship to be trinnlled using two externa! poten-

tiometers

lOS



•
c. Optica.l encoder technica.l da.ta and test circuit

Vcc 0-\--------,

A o-+---r-----i-----------,
-- --.
1IJk!1,

,,
IOktl

I~
1__ - _

-=::::.
••t __ .... _'

KI

A

ISO 11

·CHI

R
x

CH2

•

Figure C.I: Tcstiug circuit for the encoder
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• Appendix D Valucs of COl11pOncllts of control circ.uit

•
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D. Values of components of control circuit

Componrnl Value Purpose

R,R oR .• IKn TofJt~"'Mno~onlM elle.
siRn"l

R.R5 1 Kn DiJfe,ellliaro, ne1Work

R S.6Kn $<II Ille ll'A inpul carrenl
R, 6.8Kn $<II Ille ll'A inpul carrenl
R 3.3Kn To ..el Ille molo, ..tH!ed
R SKn To adiu.'IIIIe 1/1010' ..""ed

R" 22Kn S~1 the nll.f;l;rJn /IJnn (Jain.
R I~ lOOKn 1.<;"IIII~ M.,i';nn lonD onin.
R 120Kn Sel Ille ..peed lnop gain.

Ru ISKn Sel Ille pa..ilion loap gain.

RI$ R,< S60n T •• "',. ". .
RI7 12Kn el Ille J!ain o(Ille e'r. alllPilfie,

R.. R 2.2n 'X'III~ trolLft:tJntluclDItU \~~. ........

R~ ISKn Sel Ille o.,cil/alo,f,eouetU:Y
R ~/ 33n Compensation nenvork

CI C, C lOOpF oJ"'~r,ne nolS~ on llU! en~. .,
C C IS nF DiJferentiato, ne1WOrk

C, 2.2 I1F By·pa.'" copacilo,
C7 nI I1F UJlV pa.~' jllle,JO' UIIl mpUI

C. 0.22 Il 10lV oa.~' fille, fo, lacllo ..iJ:nal

C," C" O.II1 F Supply l1y.pa.... capacÏlo,
C,: 47nF Fille' Ille feer/back current
C 47 "1" T" ' " .. .,.
C,., O.II1F Supply l1y.pa.~, capacilo,
C 470" r Supply l1y.pa.,.. capacilO'
CI7 15 "1" Sel Ille oscil/alO'frequency
C,. 1 nr Cotllpen.':ll1ion network

D, D,DP. 1 A Recirculalian diode...

Table 0.1: Valu", of additional cOIllI'0ncnts of control circuit
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IHITIALIZB PORTB AS INPlTrS

: IHITIALIZB PORTA AS OUTPlTrS

:go to subroutine CHI
:change motor to maximum Counterclockvise

speed

• Appcndix E

0200
0200
0200 A6FF
0202 8704
0204 A600
0206 8705

0208 A'lE
020A 8700
020C CD021C
020P A600

0211 8700
0213 CD0228
0216 A6PP
0218 8700
021-' 20EC

021C ABU
0211 0101P1l
0221 SA
0222 2706
0224 0001P1l
0227 CC0211
022-' Il
0228 AB18
0221) 0101P1l
0230 SA
0231 2706
0233 0001P1l
0236 CC022D
0239 81
03"
03P8 0200
03PA 0200
03Pe 0200
03PB 0200

Source and machine code of experimellt
1 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••
2 " EXPERIMEHT Il "
3 -This program is to be progranmed in a M68HC05 micro- "
4 "proeessor. The processor must provide voltage to the 
5 "controller of the parallel manipulator. IIlOve the "
6 "actuated link 45 degrees. after detecting the 45 Deg. 
7 "movement make the link change direction and IIlOve back "
8 "to the initial position. "
9 ••••••••••••••••••••••••••••••••••••••••••••••••••••••

10 "Initializing memory position and input-output ports"
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••
12 ROM EQU $200
13 ORG ROM
14 LOA I$FP
15 STA DDRA
16 LOA .0
17 STA DDRB
18 •••••••••••••••••••••••••••••••••••••••••••••••••••
19 " MAIH PROCRAH "
20 •••••••••••••••••••••••••••••••••••••••••••••••••••
21 MAIH LOA '$3E :Start IIlOtor vith maxi...m Clockvise speed
22 STA PORTA
23 JSR CHI
24 LOA '$00

25 STA PORTA
26 JSR CH2 :go to aubroutine CH2
27 LDA '$PP :Stop motor
28 STA PORTA
29 BRA MADf : start again IlOtiOD
30 •••••••••••••••••••••••••••••••••••••••••••••••••••••
31 "Subroutines CHl,CH2 detect 45 degreea of motion "
32 "counting the riaing edgea of tbe ahaft encodera outputS"
33 •••••••••••••••••••••••••••••••••••••••••••••••••••••
34 CHI LDX '$18: Load x register witb '$18
35 LOOPI BRCLR O,PORTB,LOOPI 1 If port b is low goto loopl
36 DIlCX lJ)ecrement x
37 BIO DOHI : If x • 0 goto DONI
38 LOOP2 BRSBT O,PORTB,LOOP2 1 If portb is bigb goto loop2
39 JMP LOOPI : goto loopl
40 DONI RTS 1 retum to progr_
41 CH2 LDX '$18
42 LOOPIB 8RCLR O,PORTS,LOOPlB
43 DBCX
44 810 DONBB
45 LOOP2B 8RSBT 0, PORTS, LOOP28
46 JMP LOOP18
47 DONBB RTS
48 ORG VBCTORS
49 DM ROM
50 DM ROM
51 DM ROM
52 DM ROM

Symbol Table

• CHI 021C
CH2 0228
DONK 022-'
DONBB 0239
LOOPI 021B
LOOP18 022D

JI:!LOOP2 0224------ ","'''''



"~IN~OO~ "
•••••••*••••••••••••*.*••••••• ~ •••••*••*•••••••••••

"Subroutines CHl,CH2 detect 22.5 degrees of IIIOtion "
*counting the rising edges of the shaft encodera outputS".........- .

; INITIALIZB PORTA AS OUTPUTS

; INITIALIZB PORTS AS INPUTS

;go to subroutine CHl
;change speed to maximum Counterclockvise

•••••••••••••••••••••••••••••••••••••••••••••••••••••• t.

* EXPERIMENT 12 •
·This program is to be programmed in a M68HC05 micro- *
·processor. The proccssor must provide voltage to the *
*controller of the parallel manipulator, mave .the *
*actuated link 22.5 Ceg, after detecting the 22.5 Deg••
"movement change speed, continue movement until rcaching
"45 Deg, change direction and after 22.5 Deg change *
*speed until reaching initial position and stop. "
••••••••••••••••••••••••••••••••••••••••••••••••••••••
"Initializing memory position and input-output ports *
••••••••••••••••••••••••••••••••••••••••••••••••••••••
ROM IlOU $200

ORG ROM
LDA I$VP
STA DDRA
LDA 10
$TA DDRB

•••••••••••••••••••••••••••••••••••••••••••••••••••

MAIN LDA '$20 ; Start motion vith min. clockvise speed.
STA PORTA
JSR CHl; goto subroutine CHl
LDA 1$3B ;Change speed vith maximum Clockwise speed
STA PORTA
JSR CH1
LDA '$00
$TA PORTA
JSR CH2 ;go to subroutine CH2
LDA '$20 ; Change speed to minimum Counterclockwise
$TA PORTA
JSR CH2 ; Gato subroutine CH2
LDA '$VP ;Stop IIlOtor
STA PORTA
BAA MADr ;start agaiD IIIOtion••*••••••••••••••••••••••••••••••••••••••••••••••••••

CH1 LDX '$C; Load x register vith '$C
LOOPl BRCLR O,PORTS,LOOPl 1 If port b is low goto loopl

IlBCX ;Decrement x
8BQ DONB ; If x • 0 goto DONK

LOOP2 BRSBT O,PORTS,LOOP2 1 If portb is high goto loop2
.1MP LOOPl ; goto. loopl

DONB RTS 1 return to program
CH2 LDX '$C
LOOP18 BRCLR 0, PORTS, LOOP18

IlBCX
8110 IlONBB

LOOP28 BRSBT 0, PORTS, LOOP28
JMP LOOP18
RTS

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55 DONBB

0208 A620
020A 8700
020C CD022A
020F A63B
0211 8700
0213 CD022A
0216 A600
0218 8700
021A CD0239
021D A620
021' 8700
0221 CD0239
0224 A6FF
0226 8700
0221 20DB

0200
0200
0200 A6FF
0202 8704
0204 A600
0206 8705

022A ABOC
022C 0101FD
022' SA
0230 2706
0232 0001FD
0235 CC022C
0238 81
0239 ABOC
0238 0101FD
023B SA
023F 2706
0241 0001FD
0244 CC0238
0247 81

•

•
03F8
03F8 0200
03FA 0200

56
57
58

ORG VECTORS
DW ROM
DII ROM



.' 03FC 0200 S9 DW ROH
03FB 0200 60 DW ROH

61
62

Symbol Table

CHI 022A
CH2 0239
DONS 0238
DONEB 0247
LOOPI 022C
LOOPIB 023B
LOOP2 0232
LOOP2B 0241
Ml\IN 0208
ROH 0200

•

•
Il 1




