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Abstract

This thesis investigates the issues of dynamical modelling. control and load dis-
tubution for coordinated multiple robot manipulators  An analysis of the load distribution
problem for / coordinating robots handling a single payload 1s carried out and an optimal load
sharning algonthm s developed  The algonithm calculates the minimum norms of the joint
torques and the contact forces The algonithm is based on an optimization scheme which min-
imizes a quadratic cost function associated with the joint torques and contact force vectors
for the coordimating robot arms with the constramnt of robot equati ns for a given trajectory
of the pavload The developed algorthm s found to be very efficient n terms ot computa-
tional requirements in comparison with the existing load distribution algorithms Some of the
comgparative simulation results are provided The developed scheme is very attractive for real

time applications

The theory of positton control for coordinated multiple maioulator 1s studied
Here, the coordination among / robots 1s achieved by controlling each ot the robot arm n
a non-conflicting way as they control the position of the object First, the desired position
stibspace for the control of the object 15 defined (the trajectory of the payload) Then a PD
control law embedded with the developed optimal wad distribution algonthm s designed to
assure the stability and trajectory control of the robot arms for a given trajectory of the payload
The main objective of this study 1s to develop a multiple aim load charing (with minimum
norms) position controller The two important aspects of this controller are (1) optimal load
sharing, (1) the apphcation of optimal joint torques and contact forces while maintaining an
accurate position control  The effectiveness of the developed position control strategy with
optimal load distribution for coordinated motion of the robots performing Strawman Tasks
(1e altting task) s checked by a digital computer stimulation |t 1s noted that the controller
with the optimal distibution scheme 1s very effective and the Investigated control architecture
has a very important and desuable teature from a computational point of view, since 1s well

suted for a distnibuted computer architecture




Resume

Cette these porte sur les systemes de controle et la modelasation dynamique 4 un
robot 3 manipulateurs multipies Une analyse de la distribution de charge pour « manipulatenrs
coordonnées est présentee de méme qu'un algonthme de distnbution de charge optimale
Cet algorithme, basé sur une jonction quadratique des torques aux joints et des vecteurs
forces produits par les 4 manipulateurs sur I'object, dédmt les torques nunmums et les foroes
optimales De plus. l'algornithme proposé a 'avantage d etre plus rapide que le majonte des

methodes existontes et est donc particulierement appropné pour les applications en temps reel

Par la suite, le théore du contrdle position est appliquée aux A mamipulatears 1o
la coordination du robot est assurée par un controle indwiduel et coherent des mampulateurs
D'abord, la position désirée et les forces a exercer sont obtenues Far la simte les forces o
les torques 3 &tre exercés par chaque manipulateur sont abtenus par optimisation 1 objecti
de cette méthode et donc d'obtenir la position et les forces exercées sur F'object et les jomts
L'efficacité de cette méthode de controle pour un mouvement “petit-a-petit” des mamipulateurs,
pour des taches telles la levée d'objects est obtenue par simulation itormatique  La strategie
de contrdle proposée s'est avérée trés efficace et est particulierement bien adaptee o une

architecture destribuée
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Chapter 1 Introduction

1.1 Preliminary Remarks

There 1s growing interest v the development of coordmated muoltiple manipulator
systems Many tasks can be performed with the use of such systems that would be impossible
to perform using a single robot manipulator The coordimated mampulator systems promise
to bring about significant new developments in the area of ass-mbly tasks m automated
manufactunng deep sea explorations and space apphicaucns  Some o*her applications may
include assembly and transfer of large, heavy or non-rigid loads in the Space Station Program
Two or more arms will be necessary to handle comphicated and dexterons tasks skafftully for
the construction of the Space Station construction However, many techmcal issues have to
be :«solved before practical applications can be developed Such 1ssues are divided into « ree

subareas

Motion planning, obstacle avoidance, and sensing in the coordinated multiple manipulators

(CMM),
Dynamical modeling and control sysiems in the CMM’s

Software and artificial intelhigence in the CMM s

In the following an overview of the ‘Dynanical Modelling and Control Sys

tems in the CMM’ 1s provided
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1.1.1 Dynamical Modeling and Control Strategies in CMM’s

The dynamical modeling and control of CMM systems represent a varnety of re-
search problems The current knowledge on these topics 1s 1n its infancy, although it i1s grad-
ually starting to emerge The important research issues on dynamical modelings and control
strategies for CMM systems are closely related to the trajectory planning and kinematics of
the entire system The following list 1s 1n such an order that the subjects considered as high

prionty research topics are listed first

1.1.1.1 Important Research Issues

(a) Modeling and Simultaneous force/position control of CMM's

When cooperating manipulators grasps a common object, the dynamical
model of the system changes from unconstrained to constrained dynamics Indeed,
when two or more manipulators hold a common object, a closed chain i1s formed It
imposes nonholonomic and/or holonomic constraints in the system dynamics, which
usually results in a loss of degrees of freedom The positions of the grippers of the
CMM's are constrained Moreover, the interacting forces (torques) exerted by the co-
operating manipulators are related The additional dynamical constraints must be taken
into account when control strategies for each indiviqual cooperating manipulator are

determined The overall problem needs to be investigated thoroughly

Research topics which are closely related to the aforementioned subjects but
are more specific include the systematic determination of the forces and torques acting
between the common load and the gnippers of the manmipulator should be studied These
research tssues which are limited to the modeling and control of the CMM system need
to be studied in great detail Urgent studies on these topics are needed in order to make

the CMM system suitable to any applications
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. (b) Parallel algonthms for control of CMM systems While parallel control algorithms and
parallel computational architectures are important research issues tor 1obotics in general.
they take on added sigmficance in the CMM context The iicrease in complexity ansing
from the use of multiple arms and potential decrease 1n total number of degrees of
freedom will place a major additional strain on conventional computational structures
More effort Is required on the development ot decentralized ard parallel archited tures

which are suitable for this class of problems

(c) Adaptive Control of CMM Systems A particular application deternunes the autonomy
of individual manipulators and the degree of centralization; decentralization of the con
trol iIn CMM systems The available sensory information needs to be integrated nto
the control algorithms Research s needed to make control svstems utilize the environ
mental information 1n an intelligent manner, and thus make the system adaptable and
flexible to various situations, for example to those occurning in Hextble manutactunng,
The application of CMM systems to different manufacturmg process will be enhanced at
the researcher has demonstrated the practicality of adaptive control schemes to multiple
manipulator systems Basic studies on the control of redundant CMM systems shouid

be undertaken to shed light on the advantages and disadvantages to this virgin areq

1.1.1.2 Other Research lIssues

Research issues in dynamics and control which concern not only CMM’s but in

many respects also single-arm manipulators include

a Planning and reflexes in case of collisions (contact control)

b. Hand Control (fine motion)

¢. End-point sensing and control
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d Control of flexible arms (flexible links and flexible jomnts)

e Actuator dynamics and hmitations inciuding multiple degrees in spatial actuators

f Specialized architecture of multi-robot control

g Computational speed specifications for direct dynamics, force distribution and overspec-

ified systems

h Control of mobile robots

1 Fault tolerances, reliability

1.2 Literature Review

The literature review 1s carried out based on the nature of the system or of scientific
development rather than chronological sequence This approach is believed to be more suitable
for describing where the spots of difficulty lie, thus what this thesis must really attack. A survey
of the literature shows that, there is a vast body of work published in the area of control of
coordinated multiple manipulator It 1s not possible to discuss every paper in detail However,
some of the publications directly related to the subject of thesis pnimary concern will be

discussed to put the present work in perspective

Position control schemes were proposed by Alford [1984] and Fujii [1975]. In this
scheme " master slave” coordination strategy 1s adopted One arm is assigned as the master
and follows a preplanned trajectory. The other arm, the slave, follows a trajectory which is
derived from the trajectory of the master arm The slave arm is required to satisfy a set of
kinematic constraints, which are directed by the grasped object. The master arni 1s position

controlled, the slave 1s also position servoed to comply with the imposed kinematic control
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scheme as the forces generaied by the deviation of one arm with respect to the other 1s totally
ignored The success of this scheme depends heavilv on the precise knowledge ot the mdividual
arm kinemattcs the grasped position of the object and the pertect synchromzation of each arm

Inherently, assumed in this scheme is that precise trajectory tollowing can be accomplished

This 15 not possible as kinematic and dynamic uncertamties tor each manipulator exists In the
case of low compliance generated because of the relative error between the two arms this may
cause the part to slip in the gripper or even damage to each arm In conclusion. one may say

that the master slave 1s not robust and may even be unrehable in many practi al apphcations

Zheng [1985 a] developed the kinematic constraints between two arms carrymg,
a common load Given the motion of the master arm in terms of position velocity and
acceleration, they could determine the motion of the closed chain formed by the two 4rms
and the load Zheng {1985 b] also proposed a dynanuc control scheme to solve for the joumt

torques of the two arms in the context of master slave dual arm coordmation

Tarn [1986] developed a robust control scheme based around exact nonlinear out
put feedback Their simulations show the control srheme 1s robust to robot arm parameter

uncertainties of 20 %

A force control scheme was proposed by Ishida [1977], in this scheme the master
arm s position servoed and follows a preplanned trajectory The slave arm is also force servoed
to balance and accommodate any interaction force that may anse If high speed operations

are desired a nominal trajectory Yor the slave arm may also be specitied

In Hybnd force/position control scheme, forces are controlled m the directions
normal to the contact surtace, position 1s controlled in the direction tangential to the contact
surfaces (Mason [1981]). When the Hybnd force/position contral scheme 1s appled in the
dual arm robot system, a number of problems may anse FErrors in programming, modeling
or implementation may result in conflict between the force servo goals which could lead to
undesirable motions of the object Since interaction forces must also be accommod ited even
along the directions of mot:ons which are assigned as position controlled directions Mason

[1981] suggested that dual arm coordinated comphant motions may be achieved by manipu-
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lating each gnpper in a manner such that it 1s comphant in a suitable frame In a non ideal
environment such a method may lead to a conflict between each arm As large forces and

torques may have to be overcome in the so called position controlled directions

In order to minimize the conflict between individual arms Hayat) [1986] suggested
the deviation of complance constraints to swt the multi arm task specrfication A mults
arm dynamic coordination schemed to implement a hybnd force/position control 1n cartestan

coordinates has also been addressed by Hayat

Uchiyama [1987] has shown that Hybnid force/position control schemes can be

apphed to dual arms and an experiment to support this have been performed

Zapata [1987] addressed the issue of performine an assembly with two arms, he

addressed the issues of kinematic exchange of parts and path planning

Ozguner [1987] proposed the apphcation of vanable structure system (VSS) to
multi arm coordination control In presence of dynamic uncertainities VSS s robust and would
be important to deal with any parameter or intesaction force variation A decentralized control
inethodology was also proposed to reduce the complexity of programming a multi arm control

task

Nakamura [1987] considered the problem of manipulating an object with multiple
fingers, 1n such a case each tinger may apply a force on the object They devised a scheme to
minimize the internal forces on the object while still manipulating the part, but they did not

consider the dynamics of the individual fingers in the overall control scheme

In the area of software and hardware systems for muiti arm controi much work is
under progress In a paper Zheng [1987] described the software and hardware architecture of
their expenmental dual rebot control system A multiple 68020 microprocessor based multi arm
robot control system has been developed by Guptiti {1988] An operating environment based
around UNIX and C support this multiprocessor based hardware The operating environment
allows high level language constructs in terms of transforms and sensory processes to direct

the coordination of two or more arms
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Raibert {1981} utilized this iheory and developed the so called Hybnd Force
Position Control” techmique In this method, force and torque information 1s combined with

position able to achieve the desired position and force in 4 test related form

The coordinated motion of two planar robots was studied by Laroussi [1988] 1 he
contact forces were estimated from knowing the trajectoiy of the load and the mput torques

Only linear state feedback was needed for stabilization and control of the system

On the other hand. Takase {1985] suggested tor three mampulators to control two
positioned variables of each arm by position control and one positional variable and three
ontentation by a robot hand, Hanafusa [1977] proposed to grasp an object i such a way that

the potential energy stored in the elastic fingers should be mininmzed

Sahsbury [1982 3].{1982 b] discussed the contact condition between fingers and an
object, and suggested that the internal forces should be determined so that they have positive

magnitude in the inner normal direction at the contact points on the object

Hanafusa {1983] and Kobayashi [1985] clarified a kinematical necessary and sut-
ficient condition to manipulate an object arbitranly by considening the degrees of ficedom ot

fingers and contact points

Hanafusa [1985] defined the magnitude of grasping forces vectors of three fingers
and proposed a performance criterion to determine the optimal internal forces based on the

magnitude and the static frictional constraints

On the other hand, Kerr [1986] approximated the frictional constraints by linear
constraints, and proposed to determine the optimal internal forces for the constraints and the

Jjoint torque constraints by a linear programming method

Fredenic [1988] discussed an approach to the problem currently under investigation
based upon the use of force/torque transducers In thewr approach, each arm will contain a
separate transducer Each force/torque unit senses the forces of corstraint created by the

above enumerated errors, environmental forces created by the object coming into contact with
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its environment  dynamic forces which are a reaction to the acceleration of the arm. and the
force of gravity when the robot 1s earthbound  The claimed that by properly modeling the
sighals available at each sensor. 1t 1s possible to distinguish each of the above components and
by the utiization of constramt force signals, the magnitude and dinection of error is determined

and o compensation scheme is synthesized to ehminate them

In the paper by Suh [1988], a new method 1s developed to coordinate the motion
of dual robot arms carrying a solid object, where the first robot grasps one end of the object
ngidly an the other end of the object along the object surface while supporting the object It
1s shown that this flexible grasping 1s equivalent to the additional one more degree of freedom,
gving the second, robot more maneuvering capabilities  The Icad distribution problen for
two coordinating industrial robots handling a single object 1s studied by Zheng [1938] The
redundant degrees of freedom are used to optimize certan kind of performance Optimal

algonthms are proposed for load distribution with minimum exerted torces on the object

A symmetnic non master/slave hybrid position; force coordiated control scheme
s presented by Uchiyama [1988] A set of static and kinematic operations for the system
is developed and the control scheme 15 considered as a mutual extension of the hybrid post-
tion force control scheme for a single arm robot A new architecture for comphance control
of two cooperating robots is investigated by Kazeroon [1988] using unstructured models for
dynamic behaviors of robots In their paper each robot end point follows its position n-
put command vector “closely” when the robots are not in contact with each other When
two 1obots come in contact with each other, one robot controis the posttion of the contact
pomnt. while the other controls the contact force The unified approach of modeling robots 1s

expressed in terms of sensitivity functions

Necsuiescu et al [1990-1991] simulated dual arm motion coordination with a
string ‘blanket and a vibrating structure type of payload This study also investigated the

aspects of the collision avoidance problem




1.2 Purpose and Scope of the Investigation

From the literature review, 1t s clear that the contiol of coordinated multple
manipulators 1s a complex and challenging problem and has many aspects  The state of the
art in the control of multiple interacting manipulators i1s not very advanced  1his thesis mainly
deals with the dynamic modehing and control strategies in {simultaneous minmmal norm of
force-positton control) in coordinated multiple manipulators When cooperating mampulators
grasp a common object the dynanncal model of the system changes from unconstramed to
constramned dynamics  Indeed, when two or more mampulators hold o commoen object g
closed chain is formed It imposes nonholonomic and or holonomic constramts m the system
dynamics which usually results in a loss of degices of freedom  The positions of the grppers
of the CMM's are constrained Moreover, the interactng forces (torques) exerted by the

cooperating manipulators are related

This thesis studies aforementioned important researc bissues i detal In particular
the following carried out, In chapter 2, robot mampulators, kinematics and dynamics are
studied and the dynamical model 1s deveioped As a first step the dynamical equations aie
obtained i one general mating form for all tobot architectures and mampulators mcludsng the
payload object The force vector exerted by the mampulators on the object 15 incorporated

Three dimensional rotational and translationa! dynamics of object 1s also investigated

In Chapter 3, optimal(minimum) joint terques and constraint forces are obtamed
through predeterrmined tasks of object trajectory [he comparnison of these values with the

existing literature has been done and the performance of optimization scheme is investigated

fn Chapter 4, the multiple arm load sharing position controller 15 developed  Two
important objectives of this controller are discussed (1) load sharing, (n) the appheation of
forces and torques to the object while maintaining accurate position control  These objectives,
are achieved simultaneously by mmmuzing an interactive force, torque vector  Fhe sumulation
results are presented, discussed and compansons with other control strategies are provided

Some closing comments and suggestion for further work are given in Chapter b



Kinematics and Dynamics of Coordinated

Chapter 2
Multiple Manipulators and Payload.

fn this Chapter, the equations governing the general dynamics of coordinated mul-
tiple manipulators and payload are derived by Lagrangian formulation. Expressions for kinetic
energy T and potential energy V of the whole system are obtained and substituted in La-

grange's equations

Before staring with considerations on kinematics and dynamics of coordinated
multiple manipulators, the mam parts of robots and manipulator architectures available today

should be shortly described in order to study a very genenc dynamical model

2.1 Main Parts of An Industrial Robot and Manipulator

Architectures

The maimn parts of an industnal robot are shown in Figure 2.1 in form of a block
diagram These parts are the arm, the drives including the gears, the control computer, the
gripper including the gnipping device, internal sensors or the position measurement system and

external sensors

In this thesis, 1t 1s assumed that robot manipulators consists of ideal, ngid links

which are connected sequentially by joints Each joint allows the connection of two links and
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the relative motion between the two links occurs only at the joint A joint actuator such as
an electric motor coupled directly or indirectly through gears tor example. inttiates motion by
applying a fotce or torque at the joint In turn the links are accelerated  The resulting ot
motion 1s quantified but assigning a joint coordinate at each jomnt and then measuring the
displacement, velocity and higher dernvatives Measurement ot all of the joint coordm tes or

translational coordinates of each joint describes the motion ot the entire manipulator

There are two types of joints for robot manipulators and they are labeled as either
revolute or pismatic In the case of revolute joints. the motion is rotational and the generalized
joint coordinate represents angular displacement In this case, the generalized force that s
exerted by the actuator at the joint s reterred to as the torque For the case of prismatic jomts
the motion 1s transiational and the generahzed joint coordinate represents hinear displacement

and the associated generalized force 1s linear force or simple the force

For reaching any point in the working space with a prescnibed onentation ot the
gnpper at least six degrees of freedom are necessary Three of them are usually reahized by

arm These can be either translational (T) or rotational (R)

In figure 2 2 scme industrial robot mampulators are lustrated  The Hnunation
PUMA 600 and Cincinnati Milacron have only revolute joints  On the other hand, the Stantord
mamipulator has one pnismatic joint  Other manipulators exist with various combiations ot

revolute and prismatic joints called Cartesian, cylindncal, spherical or revolute manipulators

2.2  Coordinated Multiple Robot Manipulator Dynamical Equations

The system under consideration consists of multi-robot arms gripping a single ngid
object. A schematic drawing of a multi arm cooperating robot affecting a single object is shown
in Figure 2 3. The maim assumptions associated with the derivation of the equations of motion

are listed below,

(1) the robot arms are ngid

1
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(1) the contact between each of the grippers and the object 1s rigid
() the nommal gnp points on the object are known

(1tv) some nformation about the object’s geometry is available, but its mass distribution 1s

precisely known
(v) the nominal trajectory of all gnp points 1s known, and

(vi) the object may be moving in a gravity field

The free body diagram analysis of the payload (object) shows that each robot
arm exert force on the object Thus each robot arm can be studied independently taking
Into account the constramt force, torque exerted on the object For all robot manipulators,
the dynamical equations may be wnitten on a general matnx form, regardless of whether a

manmipulator has revolute or prismatic joints

Since a robot manipulator consists of a sequence of joints connected to ngid hinks,
each joint-link pair represents one degree ot freedom Associated with each joint, there I1s one

generalized coordinate descnbing the relative motion between the links

Reterring to Figure (2 5) the assignment of the ordening of the links begins with
the base or inertial link, us the 0'" link The conesponding 0'" frame of reference is embedded
in the 0'" link  Note that the 0" link 1s ngialy attached to the "world” and therefore the
0" reference frame 1s detined to be the inertial frame The ordering of the links and therr
corresponding reference frames terminates with the " link or the end effector Therefore,
for each hink 1. there 1s a corresponding, embedded. link reference frame1 Note that each link

1S 1Invanant (motionless) in its corresponding reterence frame

The hink reference coordinate frames depicted in Figure (25) are described as

orthonormal Cartesian coordinate frames represented by the unit vectors (X,.9,-2,) At each

12
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jomnt 1 the joint coordinate 1s labeled as either ), describing the relative rotational motion or
, describing the relative linear motion between link 1 and ink « 1 Note that the generalized
coordinate vanable ;, represents either i1, or «/, By using one vanable «, to denote motion the
notation does not become cumbersome in the dynamical system equations  Since the hinks
are invanant in their corresponding coordinate trames link 1 and its reterence frame move with
respect to link 1+ - 1 and coordinate frame | - 1 when ot 1 Causes motion By convention

assume that when joint 1 causes motion link 1 moves with respect to link 11

For most current manipulators there are at least six degrees ot treedom with mither
prismatic or revolute joints The link reference frames can be determined and established
for each link of any manipulator with any number or type of joints However, to estabhsh 4
consistent set of reference frames for all of the links in any manipulator 4s opposed to arbitrary

placement of the reference frames. the following three rules must be ubserved as given in | ee

[1982],

1) The :,_} axis lies along the axis of motion ot the /" jomt

2) The r,_| axis 1s normal to the .,_| axis and pointing away from it

3) The y, axis completes the right hand coordinate system

Note that these rules do not restrict the location of the ongin of the base (0"
frame) as long as it 1s located along the =g axis The same holds for the 5" (end effector)

frame

There are four parameters that are associated with each joint-hnk pair of 4 manip
ulator These four parameters describe the geometry of joint 1 link 1 and its frame of reference
with respect to link (1 - 1) and its reference frame Note that the kinematic description of link
115 always given with respect to link (1- 1) As it will be shown below these four parameters

specify the D-H (Denavit and Hartenberg) transformation matnx completely The geometric
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parameters associated with each joint 1 and link 1 pair are #/,, /,, v, and «, The link param-
eters o, and o, describe the structure of the link and are alwayvs constant The parameters
t, and «, describe the motion or the position of the link 1 relative to hink (1 - 1) and either
), or d, 1s constant depending on whether joint 1 1s prismatic or revolute respectively These

parameters are defined 1n Lee [1982]

With these rules the orthonormal reterence coordinate frame are established for
each link and the geometric parameters relate the kinematics of adjacent links in a consistent
manner The consistency of such an approach allows for the precise specification of the
D-H matnx transform More importantly, a consistent set of matnx transforms allows the
kinematics of all of the links 1n a robot manmipulator to be related to one another by use
of linear algebra A procedure outliming the specification of the assignment of the reference
frames and the determination ot the four parameters of the D-H transform matrices 1s given
by Lee [1982] in a step-by-step algonthm This procedure will not be repeated here The
links, the coordinate frame and the geometric parameters are illustrated in Figure (25) An

example ot the application of these rules to a PUMA 600 robot manipulator 1s shown in Figure

(20)

Once the coordinate systems and the geometric parameters are established a D-H
transformation matnix can be written that relates the ' coordinate frame to the (1 ~— 1)!h
coordinate frame Any point described by ¥, expressed i the /" coordinate frame can be

th

expressed as a point ¥,y in the (+ — 1)’ coordinate frame This can be accomplished by

performing the following 4 successive operations

a) Rotate about the z,_| axis by an angle of #, to align r,_ axis with the r, making

them parallel

b) Translate along the z,_| axis a distance of , to make the r,_; axis comncident to the

r, axis

¢) Translate along the ¢, axis a distance v, to make the ongins coincident

14
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d) Rotate about the i, axis an angle of o, to brng the two coordimate systems imto

coincidence

These 4 operations are neatly summanzed in the D-H transtorm matiix as

cos(l,) —cos(a,)sin(0,)  ~en(a,)sin(0,)  u, cos(d,)

v sin(0,)  cos(a,)cos(#,)  —sin(a,)cos(,) , sn(1),) .
Bt 0 sin(«v,) cos(alpha,) d, (-
0 0 0 1 !

relating a point in inertial space represented by the vector p; m ' coordinate frame and the

same point represented by the vector p;_1 in the (+ — 1)'" coordinate trame

Pi—1 = _1,_,p, (")

where

Therefore, using the 1! | transform matrix, any pomnt p, at rest and expressed in

coordinate frame 1 coordinates in link 1 can be related to the coordinate frame 1 - 1 coordinates

Since erther ), or «, can be vanable representing joint motion for any D-H muatrix
;. the generalized coordinate ¢, will be used instead The remaining parameters of _{/ 1

are constant. Therefore, A’ | 1s a function of 4, and it will be written as
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Sor=40(a) (2.4)

The kinernatic transformation for a sequentially linked chain which relates a point
P, described in coordinate frame ) coordinates as a point P, in coordinate frame i coordinates

IS given as

where

7 :-_.\.:+1“"+2.~_l,+3 \/ (2 6)

= =141 +2 —j)—1

For the case of 1 = J, 1/ 1s simply the 4 by 4 1dentity matnx, 1

-— =

if1=0and j =6 fora
six degree of freedom manlpulator.lg relates any ves:tor in the end effector frame to the base
frame or inertial coordinates Note that the 3 dimensional position vector ¥, is expressed in

homogeneous coordinates p,

2.2.1 Differential Kinematic Relationships

The motivation for reviewing the differential kinematics is that the differential
forms are used in the Lagrangian form of the dynamical equations of a robot manipulator.
The advantage of the Lagrangian form as will be seen is that this form yields a simple matrix

closed from description of the manipulator dynamics

16
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In the systematic D-H notation each D-H transform matnx _{’ _ describes motion
of the (&, y,. z,) frame with respect to (r,_j.y,_1.:,_) trame The ! _y transformations
were set up in a manner such thatin the case of a revolute joint the joint variable ¢, corresponds
to a rotation about the =, | axis the = axis of the (: - 1)!” coordinate frame The same 15

true in the case of prismatic joints and the prismatic jornt vanable «/, These tacts can be

easily explorted in the same systematic manner to develop differential kinematic relationships

between the coordinate frames

Consider a given D-H transformation matrix, 1y from coordinate frame 1 to
coordinate frame (1 - 1) and a differential transformation change o_1i_ 1 The complete trans-

formation with the differential change can be expressed as

i:_l -+ ~\_‘_:_1 = I’I'IHIN((\(/,)/))()/(c\/)f)_\j 1 (2 7)

where

Trans(8d,) 1s a transformation representing a differential translation, &d, along the -, |

axis of the (1 — 1) coordinate frame

Rot(80,) 1s a transformation repsesenting a differential rotation &/, about the z,. | axus

of the (i — 1)!" coordinate frame

and the differential transform 64! _, is given as.

O 1 = (Trans(od,)Rot(80,) — 1) 4, (2 8)

The differential translation and differential rotation matrices are written as
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1009 0 1 —a0, 0 0
, o1 o0 e, 1 0 0
/ll/u\(t“l/,) =10 0 1 s | HU/(:V),) = 0 0 1 0 (29)
0 0 0 1 0 0 01

Instead of dealing with two types of vanables, «, and #/, representing motion, let us
revert to using the generalized vaniable ¢, Since each joint allows either translational motion
or rotational motion let a general differential matrix be represented as Al_;andletod]_; be

defined in terms of A as

LAV VIS VIS LLF (2.10)

Therefore, the partial denvative of the transformation TIJ with respect to the

generahzed vanable ; 1s given as:

a1’
Y & L J
= I+1 . Ak__lflk__l PR “1

o VR (2.11)

Clearly i the sequence of D-H matnx transformations defining T:’, differentiation
of the transformation 'I'lJ with respect to ;. results in a premultiplication of x\lk‘:__l by the

matnx Ai"_l in that sequence with the proper selection for pnsmatic or revolute joints.

2.2.2 The Lagrangian Form of the Dynamical Equations

The Lagrangian L is defined as the difference between the kinetic energy T and

the potential energy V of a system as;

18
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[(8.4) = I'(&.d) -\ (@) (212)

In application to robot manipulators the kinetic and potential energy of the system can be
expressed in terms of generalized coordinates ¢, for / = 1 1 where 17 1s the number of
degrees of freedom of the robot manipulator The dynamical equations in terms ot q, ate

denived from the Lagrangian as

d JdL M.
A S (2 13)
dt g, oy,

where the ¢, are the generalized coordinates in which the kinetic and potential energies are
expressed, the ¢, are the corresponding velocities and 7, 1s the _orresponding generahzed force
including the censtraint forces through the object The force -, 15 a hnear torce or a torque
depending upon whether ¢, represents translation or rotation respectively The nght-hand side

of equation (2 13) represents the applied force There 1s no restriction on the apphed forees

| that excite the system The left-hand side of equation (2 13) represents all of the intrinsic
l forces to the robot manipulator system
|

2.2.2.1 Kinetic Energy

Given a stationary point position P, described in the /" frame its position 1s

described in the base or inertial frame as.

Po = Z.Oﬁl (2.14(1)

19
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Since P, 1s a stationary point in the /! frame its velocity with respect to the inertial frame s
a resuit of the velocity of the generalized coordinates, 4, Its velocity, in the inertial frame 1s

given as

dpq STTE
- = {JZ W'U}P: (2.15)

The magnitude of the velocity squared is:

Ip dpg dpg’!
1P T,.,,,,((_IP_Q Doy

dt dtdt (2.16)
Substituting equation (2.15) into equation (2 16) yields
Ip ()T NT )
1‘ 02 T;acc(z Z p,pl =2 )" ¢in) (2.17)

dJdq, G,

J=lk=1

Using equation (2 17) the kinetic energy for link 1 may be computed. The kinetic energy of a

particle of mass i, located on link 1 1s*

Iy . . pd(TH)7T
dT, = —1 /acc(z Z (()—0" p -(——————)—-qjqk)(lm, (2.18)
=1k=1 4 lk
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Integrating both sides, the kinetic energy of link 1 1s

— 1) WL
= -[ I(I(f(v \ : [/ t/m](—v—iwnj,«/‘) (219
2 _;——-‘11\_—‘ duy Tk thyy

The integral in equation (2 19) 1s referred to as the pseudo-inertia matnix  Note that the

evaluation of the integral i1s with respect to coordinate frame 1 established w link 1 The
pseudo-inertia matnx [,, 1s given as
L, = / f)ﬁ, din (220)
link
f v2dm J y, 0, [, <l | /
Jhink 1+ % Jtonk Yty lnk o Lesthl Lenk o Pt
[ = fllnk ,~l'z.‘/1‘/'” /lm/c ! '/12(1”' /lmk ! 1,2 IIIIIA i g,
= . . b) .
f['.n/c l‘l.’:'(lm /hnk ! ’/':1(/”' ’l/ul / :;’/"' ,llnA : :"/m
Jlmk ! rydm )Iln/\ 1 y,dm ]lmlc ! Sl ,l/nA : din
Finally, the total kinetic energy T of the robot manipulator 1s given as
T3 =333 ) e (b (221
Jy, =g o

1_11 1r=1
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2.2.2.2 Potential Energy

The potential energy of a robot manipulator system 1s considered only for a gravity
field (elasticity of the links are ignored) If the acceleration due to gravity is given as g with
respect to the inertial frame then the potential energy of an object of mass m and whose

center of mass is given as pg,,, 's

V=-mgoy . o, (2 22a)
8o,

5o = | B0y 2220

&0 o, ( )
0

The total potential energy of the robot manipulator is then

V==Y mg i, (2.23)

where the link mass s /1, and the link center of massis p,,,,, given with respect to the W th

ink reference frame coordinates

2.2.2.3 The Dynamical Equations

The Lagrangian L, for robot manipulators has the form.
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noo
NS
VA

1) / ‘)(—O)

\‘ S oy
1)1/1 -/ iy " go i (2 24)

1"‘-1

[‘I'll((( :/,«/,)

"
]
[+

~
It
—
-
)
-
i
—_

From the Lagrangian, the forces, 7, at the joints are readily computed using equation (.7 15)
considering the effect of other manipulators. i1 e, constraint forces Straght forward differen

tiation of the Lagrangian yields the following resuit

()Ij l)(__l_'{))[

Jyy —J iy,

)‘/r'

"
T ::,Y‘Y‘ /ltll((

J=t :~1
noJ J 2 oy
v = () I (} ]
+ Y v \ Iy (( =0 _]_j (—0) )‘/l‘lm
3-; !L:‘l 1:1 (}’/")‘/lu oy,
J
it I()[
_ V mJgo pl:m (2 2%)
=

Equation (2 25) can be rewritten in standard natrix form as

with
H=QC(@)3

The elements D,, of D, the elements, (", of (', and the elements, (7, of G are gven as

L J1y rh )(Lg)l
D, = Z ],”(((()’IJ L=, ) (2.27)

p=mar{i.})
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" Uzrln,; ()( .[1/))]
(= I'r e 2.28
1)1 Z /”(’(()’/J(}’/'.-J ’)‘/I ) ( )
p=mas(t jr)

' n _, (}Lg—
o= mgf o Bre (2 29)

II:I

with

St L
~

ot

~ o~

O Ot

Yy

(=]
~
(=100
o

~

and

and the ordering of the elements of 7 and q are.

1
F=1: (2.30a)
n
1
qg=1| : (2.30h)
In
5 =T +J7F (2.31)
2 T T

where ./, is m x n manipulator Jacobian matnx for the /' robot while F; isan m x 1 force

vector that the /" manipulato: exerts on the object.
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Standard robotic terminology defines the terms in equation (2 26) as tollows
D(§) mertia matnx(positive definite symmetnic)
H Coriolis and centrnipetal force vector

G(q) force vector due to gravity

applied torque and force vector (external and constraint)

q Joint coordinate position

o

- force vector exerted on the object (constraint force)

The main feature of matrix /) is that it 1s always positive definite symmetric The
submatnces of (. (', are symmetnc  Finally, note that the elements of /) (" and G are
bounded functions of joint position § For revolute joints the functions are sums and products
of sine and cosines of joint position For prismatic joints the joint varables merely add or

subtract linearly Finally, the excursion of prismatic joints i1s bounded (a physical joint can not

extend to infimty)

2.2.2.4 Equations of Motion ot the Object

The rotational and translational motion of the object 1s obtained by Newtoman
and Euler Method and the details of this work is not given here for the sake of brevity These

equations are given below

The translational equation of motion of the object 1s
I
MX+mG = — F, (2 32)
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and the rotational dynamics of the object 1s obtained by

Voi+Z - INE =0 (2.33)

where - denotes the cross-product. }/ 1s a 3 3 diagonal matnx whose non-zero elements
denote the mass of the object [\ i1sa 3 . 3 inertia matnx U s a3 « 1 constraint moment

vector exerted on the object by manipulators

Now, the equations of motion have been derived, the next step is to study these
equations, obtain optimal joint torques and contact forces which will give us the desired

trajectory of the object
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Chapter 3 Optimal Load Distribution

The load distnbution problem for multi(/) coordmating robots handling o <ingle
object ts studied in this chapter When / robots grasp a single object a closed cham mechantsm
ts formed For a closed chain mechanism, the degrees of freedom are less than the total number
of jomts Since for industrial robots i general every joint 1s nstalled with an actuator the
number of the actuators will be greater than the degrees of freedom As a result, there are

infinitely many choices of determiming the joint torques for a particular load of object

It follows that constraints need to be introduced to optimize certain kind of per
formance such that the joint torques can be uniquely vetermined The load that an object
imposes on the robot end effectors can in general be represented by a three dimensional force
and a three dimenstonal torque The force and torque which are generated by the L coordinat
ing robots effect the desired motion of the object The load distnbution problem then reduces

to the control of the force/torque distribution of the 4 coordimating robots

The main objective of this section 1s to develop a methodology which determmes
the mimimum norm of torques and payload-contact force distnbution for each robot once the
manipulator dynamics 1s known(identified calculated rmeasured) This methodology includes
the constraints associated with the total required torques and the total contact force for the

payload

Consider I coordinating robots holding a single object as shown in Figure 2 3 The

robot arms are denoted by subscript + - 1 1 Denote the force the /" arm exerts on the
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object by an 1 1 vector F, Then the following dynamic equation 1s true for each of the &

robots

D(@)a+HA@E.a)+6@) =T +2'F, =1 & (3.1)

where §, 1s an 1 - 1 vector denoting joint positions of the robot. T, 1s an 1 « 1 vector denoting
its Jomnt torques, and /, i1s its v < n manipulator Jacobian matrix, mm < n  Note that the
i

subscript 1, refers to the /" robot arm Here, we assume that 4 robots have the same degrees

ot freedom 1 with 1 >

Referring to the equations (2 32) and (2 33) the rotational and translational dy-

namics of the object can be rewrntten as follows

(% _QL> (f)+<w ,/61\';v>+(“66>=“i?r (3.2)

where - denotes the cross-product,M 1s a 3 ~ 3 diagonal matrix where non zero elements
denotes the mass of the object, and [.V is a 3 « 3 general motion matnx of the object X
denotes the position of the object in the inertial frame, = 1s the angular velocities of the
object about its three principal axes and G = (0 0 y)r with g being the gravitational

acceleration

For a given motion of the object, X, =, and & are all known (defined trajec-
tory) Therefore, the left side of equation (3 2) can be calculated by the utilization of inverse
kinematics  For the purpose of convenience we denote the left side of equation (32) as F,
F = Sf‘:l F, Furthermore we assume that there is no relative motion between the object
and the end-effectors Since the motion of the object is predefined, using inverse kinematics,

the motions of robot joints are determined It follows that the left side of equation (31) can
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be calculated and so does the mampulator Jacobian matnces Let the left side of equation

(3 1) be denoted as é, As a result, one obtains the following equations

JIE + T, =B, e 1 (

-
.
—

and

1

The above (k + 1) vector and matrix equations represent(kn + ) scalar equations, but
contamn (kn 4 km) unknowns, T, and F,, + = 1.1 Thus equations (3 3) and (3 4) are a
set of under-specified equations, which have infimtively many choices of the joint torques and

forces

Here, we must decide how much each arm should contnibute to the motion of the
object This solution can be achieved by positioning the mass and inertia tensor of the object
into A parts The redundancy in the force and torque subspace is resoived by mnimizing the
magmtude of the vector of desired forces and torques subject to equations of motion of A

robots and the object as the following,

where 7 1s the functional to be minimized, and

™
N~
™
-
-
—~
-
N~
-1
T
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3 Optimal Load Distribution

Al s a1+ hn vector, known as Lagrangian multiplier, and G s a kn ~ 1 constant vector
composed of equations of motion of £ robots and the object while {1sa (An+km)x (An4km)
weighting matrnix which gives us the freedom to select different minimahty condition to each

force and torque subvectors

Jﬁ"=,+?,-f3,) ()
= ! L . o o (3.6(1)
(e )= (3

;, 0 0 0

g W, 0 .. 0
A= 0 Iy 0 0 (3.60)

Optimality condition of functional follows that, the partial denvative of r with
respect to each force and torque vector and \ vector must be zero An inventory of unknowns
and total number of equations show that, totally we have A equations from denvative of r
with respect to force vector and k1 equation for denvative of r with respect to torque vector
and another (A n + m) equations by the denvative of T with respect 1o \, thus (2kn 4 (k+1)m)
equations |f we consider number of unknowns, k1 unknown torques and A force vectors and
(kn 4 m) unknown Lagrangian multiphers X, 1e (2kn + (k + 1)m). So now, the number of
unknowns and the number of equations are equal and form a set of linear algebraic equations
one can use very efficient linear system solution to obtain optimal torque and force values
without any complexity But here the only proklem is the size of matnx, i e. (2kn + km+ m)
and in the case of coordination of more then 2 robots, the solution of this system, especially
in real time causes some problem To this end, we seek some other solution which may reduce

the size of system matnx

Referring to equation (3 4) one may solve for F,. as the following;
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A-1
Fi=F-) K (37)
=1

The substitution of this vector into functional 7 and reordering 1t, eiminates F; n S vector,
and now the size of the system matrx will be (A + Am — 1), (1e number of unknowns)
This 1s superior form of optimization to previous approach as far as the number of Hoating,

point calculations (computational time) are considered

After some algebraic manipulation, one can obtamn

k=1
o =0 F+ W) F -Fl+(0 /, 1)V =0 (38)
()F, o
w0 0.1 )% b (39)
():"."" tr vy ¥ 4
-f)TT-:Q"zﬁ (3 10)
3,
where
. JTF, +T, -8B, i
* =1 =1. k-1
&= (1 ITIE Sl R+ T, - 5)=(3)
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and fromn equation (3 9), one can solve for \,

1

i
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2 (3.11)

T,

by substitution of \ into equations (3.8) and (3 9), one can rewrite these equations as the

following,
PY =R (3.124)
where [’ 1s
(W +Wp) Wy Wo =Ll 0 0 LWy
i (Wpp+ M pp) W 0 —LolWpp 0 LMy
P= JT 0 0 0 1 0 0 0
0 J3 0 0 0 1 0 0
~d ~JF =47 -l 0 0 0 1
(3.12h)
YT =(f Fy .. By T T, ) (3.12¢)
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The solution of the system given above will give us optimal (minimum norm of all force and

torque vectors) and by changing the weighting matrix one can modify these optimal values(see

Figure 3.1).

3.1 Case l: A Simplified Two-Arm Robot

The two robot system with its parameters, shown in Figure (3 2) 1s made of two
identical manipulators The equations of motion of the robot are described by two simular sets

of nonlinear equations The state of the system consists of angles and angvlar velocities

and

G=(0; 0y 0y 04)7 (3 13h)

The input to the system are four torques acting on the joints

F=(ry 1, 15 1)7 (3 14)
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let

F=(Gy I3 Gqg )T (3.15)

Combining the two sets of equations of motion in matnx form yields to overall dynamic

equations of the robot

D&+ 8§ +6 =0+ JF (3.16)

The robot holds a rectangular load with mass M, and width ;. To simply the
analysis somewhat, it 1s assumed that the load does not rotate around its centre of mass and

each robot i1s in contact with the load at one point

3.1.1 Digital Computer Simulations

The point-to-point motion control is achieved first by defining the desired trajectory

of the centre of mass of the load (Figure 3 3) in the x-y coordinate system-

—50/3
vg=2rp+ (v, =rf)e 501

503
g =uyr+ (y, - yf)( Sof
J .

rg = -150(r, — I‘f)f2t -s0r3
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) 3
Yo = -150(1/, - ;;,)/' h0!

‘ 3
rg = ~150(r, = ¢, )20 15007 ho!

)
ug = —150(y, — up )20 15017y OO (317)

where (1,.4,) 1s the imtial coordinate of the foad and (1 #,) 1s the final coordinate of the
centre of mass of the load The whole trajectory of the state from its imtial to its final value

can be computed and (s needed as input to the _ontroller

The trajectory of (/) and y (/) 1s shown in Figure (34) At first using mverse
kinematics, all joint variables (including angular positions, velocities and acceleration of each

robot) are calculated and plotted in Figures 35 -37

The point-to-point motion of the orniginal nonlinear system 1s sumulated, and the
optimal desired torques and forces are calculated by the utilization of matnx equation (3 12)
Matlab Control Libraries are used to solve this set of algebraic equations and the results are
plotted in Figure (38) ,(39) and (3 10) No actual manipulator dynamics are included -
only the desired manmipulator dynamics 1s considered in this section Section 4 U stresses the

problem of control of actual manipulator dynamics (Fig 3 1)

The varnation of nominal value of optunal torque at joint 1 s plotted with time
in Figure (3 8a) A non zero starting value shows the static equihbnum optimal torque value
Stmilarly m Figure (3 8b, ¢, d), nominal optimal torque variations are plotted The magumitudes
of joint torque are very impressive A similar Iifting operation was investigated by | arousss
[1988] The comparnison of joint torques for the given same trajectory and robot parameters

shows the effectiveness of the developed optimization scheme, (Table 3 1)
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The vanation of nomwnal optimal constraint torce of robotl and robot2 in the
x and the y direction versus time are plotted in Figures (3 9a-b) and (3 10a-b) The total
constraint force vector is equal to inertial force vector of the object due to the acceleration in
the x-direction since there 1s no other force field in this direction On the other hand, along
the y-axis of the object, gravity force and inertial force will be effective and constant force will
oppose gravity field as well as balance the inertial force due to acceleration in the y-direction

of trajectory

3.2 Case ll: A Simplified Spatial Two-Arm Robot

Consider two coordinating robot holding a single object in 3-D as shown in Figure
(311) Let us name one of the two robots as the leader, whose motion 1s determined In
accordance with the required motion of the object. while the other as the follower, whose
motion is programmed from the motion trajectory of the leader together with the constraints

between the two robots, {Zheng [ 1988])

For the configuration shown 1n Figure (3 12), the joint angles are q; = 90, ¢y =
330, 43 = 30 for the leader, ¢4 = 90, q5 = 195, ¢ = 207.8 for the follower, and the payload
1s 5 kg Utihzation of equation (3 12), optimal jJoint torques and constraint force vectors are

obtained

Fi=(-288 -18 -2373)7

Fi=(284 183 -2532)7

and F = F{ +Fy) = (0 0 -49.05 )T N, which 1s equivalent to gravitational force in

z-direction The corresponding static joint torque vectors'

36




3 Optimal { oad Distribution

Ti=(500 -3912 -867) \ —um

To=(-229 -7801 -1043) v -

The magnitude for T1 and T are calculated as

I:i’ll = (-‘i"]['--‘i-l)l/2 = 40 39 V- m

and

’?2! = (Tzl ?2)1/2 =78.74 N -y

and the magnitudes of constraint forces are |F,| = 23 97 N and |F,| = 2554 N

Zheng [1988] has proposed 3 different methods for optimal load distribution for two
industrial robots handling a single object, and the same configuration with the equal amount
of payload is implemented with these 3 methods The comparnison of results are given in Table
(3.1). An analysis of Table (3 2) shows that our optimization techmque 1s superior to these 3

methods (Zheng [1988]) as far as the magnitudes of the force/torque vectors are considered

Table (3 3) shows constraint force and torque vectors in 3-D and thewr magni
tudes corresponding to several weighting matnices [t may be noted that, one can adjust
force/torque magnitudes by the adjustment of these weigthing matnices (positive -detinite
matrices) according to the objective of the task Thus, these matnces introduces some new
dimensions and d.sree of freedom to the nature of the optimization problem The weighting
matrices introduce relative importance to some of the elements effective force/torque vectors

(consider multiplication of the weighting matnx by the force/torque vector) to be optimized

3




with respect to the others Furthermore, the weighting matrices could also be used as penaity

functions to limit the magnitude of certain para meters(l e torque/force vector).

In this chapter, nominal values of optimal joint torques and constraint forces are
calculated assuming the object follows the desired trajectory without any error But in practical
robotic applications this 1s not a reahistic assumption Thus a control strategy 1s required
in order to maintain the trajectory of the object (desired position) and the constraint force
(desired force) Chapter 4 investigates the theory of position control to the case of cooperating

multi-arm robots
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Position Control of Coordinated
Chapter 4
Robot Manipulators with Optimal Load Distribution

The main objective of this section is to develop a multiple arm load shaning (with
minimum norms) position controller Two important aspects of this controller are (1) optimal
load sharing (mimimum norm of Joint torques and payload-contact forces) (1) the apphcation
of optimal forces and torques to the payload while maintaining accurate position control Here
we will assume that, the contact between each of the grippers and the object 1s ngid  The mam
difference between this case and that of a single arm 1s that in the former system additional
natural constraints are introduced due to the fact that all the gnppers must be connected
firmly to a ngid object Thus, the arms can exert forces or torques on each other without the
object containing an external environment The arms must also move in harmony to induce

the desired motion to the object

The first step 1s to define a desired trajectory (transiational and rotational posi-
tion, velocity and acceleration) for the object and using mverse kinematics to calculate jomt
vartables, 1 e, angular positions. angular velocaities and angular accelerations for each joint
These will be the desired joint varnables and input to the controller(Figure 4 1) As shown in
Figure 4 1, a position controller in joint space 1s developed with on-line optirmization capability
which minimizes the magnitude of joint torques and payload contact forces A, and K, are
the coefficient matrices for joint position and velocities to guarantee stability of the motion
D 1s the inertia matnx while 'H+G" are the non-linear cornolis and gravitational torque vectors

A feed forward scheme for non-linear terms are used to decouple the equations of motions in




4 Position Control of Coordinated Robot Manipulators with Optimal Load Distribution

addition to the position and velocity feedback for control and stability view point  Full manip-
ulator and the payload dynamics are investigated The developed optimization scheme is used
to distnbute the minimum norm of joint torques and contact forces among the manipulators
while maintaining an accurate position control of the payload The constraints of the sum of

contact forces and joint torques are also satisfied

4.1 Control Dynamics of the Multi-Arm System

In this Section, the equations of motion of multi-arm robotic system will be studied

th

to develop a motion controller The dynamic equation of the /' manipulator in joint space

coordinates 1s given by

TE, =1. ..k (4.1)

T, 1s the joint torque vector and _[;[?, is the reactive force from the object

At first, we will obtain the necessary control force/torque equations for the control
input Here, "i', is the equivalent external control torque vector applied to control the rnulti-
arm robotic system while F, 1s the total constramnt force which supplies the required force for

position control

Qur objective is to determine total control input such that, the closed-loop system

15 stable To start with, equation (4.1) is rewnitten in the following form:

D@§+HE.a)+6@=7 =1 .4 (4.2)
In order to guarantee stabihity, 7, is given as:
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e

7= D+ Dh (G -§) + DN ,(8,-d) +H + G (4 3)

where H+ G is the compensation term for Coniolis and grawitational forces Upon substitution

for the right side of equation (4 2), one obtains

D@+ F(§.4) + 6(a) = Dy + DN (G, — @) + Dh (@ -@)+H G (44)

After some algebraic simplifications, one can rewnte equation (4 4) as follows

D@E—-8)+Dh,(6-d,) - Dh(@ G- 0 (45)

1) 1s the mertia matnx, it 1s a positive defimite matnx and if one multiphes by /) L yhe equation

(45),
(G- &)+ K.(8-8)+ K (a-8,)=0 (4 6)
By defining
é=4q-4§, (47)
. where @ 1s the difference between the desired and actual position of the object From the

matrix equation (4 6), we have
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é+l_\’lé+£pé:0 (48)

which indicates that the system can be made stable by selecting A, and A, matnices such

that equation (4 8) has poles with negative real parts

4.2 Motion Control

The control block diagtam of Figure (4 1) shows the overall system with control
The control architecture of Figure (4 1) has a very important and desirable feature From a
computational point of view, it 1s desirable for a distributed computer architecture Thus, each
arm can be controlled by a separate microprocessor Using the proposed method, the num-
ber of mathematical operations increases only lnearly with the number of cooperating arms,
therefore computational time does not increase much in the case of very crowded multiple-arm
coordination The stability of this system 1s given by Equation (4 8) that as long as a precise
knowledge of the mass property of the arms as well as the object 1s availlable The requirement
for knowledge of the objects mass property is not that much important if the robot arms are

much massive in companson with the object

The optimization scheme which was developed in chapter 3 1s used to distribute
torques and contact forces among the robots Therefore, optimal load sharing and the ap-
plications of optimal (minimum norm) contact forces and torques while maintaining accurate

position control are achieved by the utilization of the proposed control architecture [Figure

(4 1)]

4.2.1 Simulation

In this section, a Iift operation 1s simulated from an imitial point to a final point
with a desired trajectory by two arms (2-DOF). Figure (3 3) illustrates the two arms with the

payload The following system parameters are used
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Jy=Jy =03 = .0y =0005ky — m?(Inertias of hnks)
my = my = 3y = ng = lhy(masses of links)
ay = ap = ay = ag = 0.25m(length of links)

my = 0.50k¢(payload)

Two arms, each with 2-DOF, are holding the payload and hiting from the given

mitial configuration to a final configuration with a desired trajectory The desited traectory

of the centre of mass of the payload

-50¢

3
- 50/
Yy =Yy + (= uy)e "0

y eay)
vy = —150(r, - 1‘})121 ~501

3
ya = —150(y, — gV

= —150(r, — ;)20 - 150¢%). —50°

3
g = —150(y, — ug)(2t — 1500%) > (49)
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where (1,.1,) is the initial coordinate of theload and (1 y) s the final coordinate

of the centre of mass of the load

The main objective of this simulation is to demonstrate the effectiveness of the
position controller (i e error in between actual and desired position) and also to display the
magnitude Joint torques and contact forces (minimum possibie norm) The control parameters

and dynamics of the robots are plotted with time

Figure(4 2a,b) show vanations of positions of the payload/and effectors in the X
and Y directions Both actual and the desired trajectory are plotted with ime As shown in
figures, h,, and K, matrices are selected to guarantee stability and the actual displacements
tollow the desired trajectory very closely Figure (4 3) lllustrates the vanation of veloaity (both
in the X and Y directions) of the centre of payload and the vanation of payload's acceleration
with time The actual velocity acceleration profiles are almost identical as the desired velocity

and acceleration of the payload both in the X and Y directions

The vanations of controlled Joint angles are plotted with time in Figure(4 4) (see
the geometry of the robots - Figure 3 3). The vanations of the Joint rates (velocaity and

acceleration) are shown in Figure (4 5)

In Figure (4 6), the vanation of total-controlled contact force both in the X and
Y direction are plotted with time dunng the lift operation. As shown in the figure, the total
constraint force vector 1s equal to inertial force vector of the object due to the acceleration in
the X direction since there is no other force field in this direction Therefore, 1t is zero both
m / =0and / ={; On the other hand, along the Y axis of the object, the grawity force and
the 1nertial force will be effective and constant force will oppose the gravity field as well as the
balance the inertial force due to the acceleration in the Y-direction of trajectory Therefore,
it 1s equivalent to the static load (0.5 x 9 81 ~ 4.9n) in the beginning and at the end of the

simulations

The distributed contact forces between two robots are plotted with time in Fig-
ure(4 7) both in the X and Y directions These contact forces are of minimum norm and

obtained by the utilization of on-line optimization scheme (see Figure 4.1).
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As shown in the figures, the sum of the individual control torces (both separately,
in the X and Y direction) are equal to the total constraint forces The total constraint forces
are shared by the two robots in such a way that not only it satishes the total torce constrants

equation, but also the dynamic control equations to maintain the desired trajectory

Figure (4 8) shows the variations of (mimimum-norm) Joint torques with time
These Joint torques both satisfy the dynamic control equations and as well as constiamt

torque equations

In this chapter, a con.rol architecture for posttion control ot A cooperating anns
1s developed The redundancy in the force and joint torque subspace are resolved by on-lne
mimimization of a quadratic cost function of the desired constraint force and jomt torques

The control architecture 1s well sumited for a distnbuted computer architecture
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Chapter 5 General Discussion and Conclusion

5.1 Closing Remarks

Throughout this thesis, the main objective of the investigation has been the study
of modeling and simultaneous position control of Coordinated Multiple Manipulators with
mimmum norms of Joint torques and control forces From previous studies, 1t 1s noted that
there has been very little effort on the distribution of loads to the multiple arms, particularly,
the systematic deterrmination of the forces and torques acting between the common load and
the grippers of the manipulator The present hiterature 1s scarce on these topics This thesis
explored a number of fundamental issues dealing with the motion control of a multi-arm robotic
system which form a closed kinematic chain Through detailed analysis of a simple multi arm
robotic system we developed and implemented a control architecture of position with on-line

optimization scheme

5.2 Thesis Summary

During the study of thesis, it 1s seen that the control of coordinated multiple
manipulators 1s a complex and challenging problem and has many aspects The potential
knowledge level in the control of multiple interacting manipulators 1s not very advanced This

thesis mainly dealt with the dynamic modeling and control strategies in coordinated multiple
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mampulators When cooperating manipulators grasp a common object the dynamical model
of the system changes from unconstrained to constrained dynamics Indeed when two or
more manipulators hold a3 common object a closed cham s tormed It imposes nonholononuc
and/or holonomic constrains in the system dynamics which usually results in 3 loss of degrees
of freedom The positions of the grippers of the CMM's are constrained  Moreover, the
tnteracting forces (torques) exerted by the cooperating manipulator are related  This thesss

studied these afformentioned important research 1ssues

In Chapter 1, a general introduction with a literature survey is given, and the

previous work were put in perspective

In Chapter 2, robot mantpulators, the kinematics and dynamics of coordinated
multiple manipulators were studied The dynamical model including a general shape object
was developed As a first step, the dynamical equations were obtained on the general matnx

form for all (robot architecture and ) manipulators including the payload obgect

The force vector exerted by the manipulators on the object was incorporated three

dimensional rotational and translational dynamics ot object was also mvestigated

In Chapter 3, optimal joint torques and constraint forces were obtained  This
was accomphished by minimizing a quadratic function of the joint torques and force of both
manipulator while maintaining the predefined trajectory The comparnson of optimal vector
of torques and contact forces obtained in this thesis with existing work were done and the

performance of the optimization scheme was investigated and discussed

The multiple arm load sharnng position controller was developed in Chapter 4
Two important aspects of this controller were discussed, (1) load sharing, (i) the apphcation
of forces and torques to the object while maintaining accurate position control  These ob-
jectives were achieved simultaneously by optimization of certain kind of performance 1 e by
n.ntmizing an interactive force/torque vector The simulation results were presented, discussed

and companson with other control strategies were done in this chapter
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5.3 Suggestions for Future Research

The potential apphcations of coordinated multiple manipulator systems cover a
wide range extending from assembly task in automated manufacturing to deep see exploration
and service tasks in outer space  Two or more arms may be needed to handle complicated and
dexterous tasks skdltully However at this time the research ssues associated with multiple
manipulator systems are not clear  Specifically, 1t 1s not evident whether the fundamental
research questions which must be answered to bring such systems into reahty are basically the
same as those which arise in single arm manipulators or whether fundamentally new questions

anse from the need to coordinate the motion of two or more robot arms

The hist of research issues, which can be suggested for future research may be
analyzed in three groups (1) Motion Planning Obstacle Avoidance and Sensing in CMMs, (1)
Dynamical Modeling and Control Strategies in CMMs, (1) Software and Artihaal Intelligence
m CMM s Although some of the problems related to (i) (Dynamical Modehing and Control
Strategies in CMM’s) are tackled in this thesis, there are still very intetesting topics left for
future work, especially parallel algorithms for control of CMM systems and adaptive control

of CMM systems

A particular application determines the autonomy of individual manipulators, and
the degree of centrahzation/centralization of the control in CMM Systems Available sensory
information needs to be integrated into the control algonthms Research 1s needed to make
control systems utihze the environmental information i an inteligent manner and thus make
the system adaptable and flexible to vanous situations, for example , to those occurring in
flexible manutactuning process of CMM systems to different manufactuning process will be
enhanced after the researcher has demonstrated the practicahty of adaptive control schemes
to m tiple manipulator systems Basic studies on the control of redundant CMM systems

should be undertaken to shed light on the advantages and disadvantages to this virgin area
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Magnitudes |
Joint Torques (N-m) |
: — T !
' (Max ) Our Method Laroussi |1988]
| T 08 32
TQ 19 16
T; 20 40
‘.
Ty 08 18 i
Table 3.1 Companson of Magnitudes of Maamum Joint lorques

o
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Magnitudes

Force/Torque |

Different Methods

Our Method | Method 1

Method 2 '+ Method 3

~

!

Fy (N) 23.97 5339 0 2453
[ 1

| Fy(N) 2554 | 9205 | 5000 24.53

' ' | |

Ty (N-m) 4039 | 2488 | 5781 | 80.00

| | |

o, (Nem) | 7874 63.63 | 57.24 ; 53.19

Table 3.2  Companson of Magnitudes of Constraint Force and Joint Torques
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Different Welghtl;l;

~ Magnitudes Values |
- Force/Torque | 1
W, =10 I, =20 W, =100[1, =200

Fy (N) 2397 2373 2370 | 2537

!

Fi (N) 25 54 26 47 30 32 3418

. Ty (N-m) 40.39 4111 43 38 45 47
. Ty(N-m) | 7874 7848 77.49 641

Table 3.3  Effect of Weighting Matnix W
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Figure 2.3 Geometry of the System
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Variation of Angular Position of joint 2
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Optimum Torque in Joint 1
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Optimum Torque 1n Joint 3
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Optimal Variation of Constraint Force of robot2 in Y-direction
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