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ABSTRACT

. This project is the design,-implemehfation aﬁd_evalua-
- tion of a control system for a robot manipulator. It ie
initiated as a foundation research in robotics in the
Electrical Department, University of Tasmenia. The Tasrobot0
is the first'robot arm bgilt in the Department. The design.
ihcludes al; the necessary electroqic hardwares as well as
softwares for the controi of the manipulator.
A complete robot system is a multi—varieble,;interact—

ing and non-linear system with time-varying parameters. As
'Hewit has pbinted out: "no applicable corpus of control
theory exists eo-deal with systems possessing such a
" combination of problematic features", the design of suifable'
‘controllers is impossible without making aesumptions to
simplify the system. |

“As it is'still in the_developing stage, the size and
'weigﬁt of the Tasrobot0 manipulator is far less than
cemmonly encountered working robots. The interactions
between fhe manipulator links are-smali. The joint systems
are'thﬁs assumed eo be mutually independent systems, with
'time*vafying pafameters resulting from changes in fhe arm
configuration. With a suitable controller, this time-varying
_effect was shoﬁn to be insignificant in the ciosed-loop
.dynamic'response of each join# syStem._ | |

I'A trajectory planning technique was develoéed to
ge@erate cubic spline segment functions which interpolate

between specified joint coordinates. This technique offers



vi

optimality in the éense that it defines the shortest curve

passing thfoggh'the specified points while at the same time

"‘satiSfying the velocity and gcceleration contraints.'Inbthe.
‘opefaﬁion mode, command signals ére generated in real time
froﬁ segment fﬁnctibns derived for eéch joint to control its
 @6tion..This helps smoothén jerky'mbtions and reduce the
 de§iations of the executed path fron tpe planned path.

Tﬁe design and developed‘téchniques.havé‘been tested

-and are in use today cbntrolling TasrobotO.
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CHAPTER ONE
INTRODUCTION

1.1 CONTRIBUTIONS
The contributions of this thesis are:

ODeveldpmentnof a technique for modelling and control-
ling small and light weight robot arms.

4Development of a trajectory planning technique which
~guarantees continuity in joint velocities and acceler-
ations of a robot manipulator. The technique also
ensures the joint velocities and accelerations are
within the mechanical limits of the manipulator.

4Development of a system identification software pack-
‘age for identifying third order systems. The package
is ‘also applicable to higher order systenms upon minor
modlflcatlons.

¢Development of a technique to convert transfer funct-
ions from discrete-time model to contlnuous tlme model -
-with zero-order- hold data extrapolator.} '

¢A paperlkaﬂ] On the identification and control‘system
design of a robot manipulator was accepted by the
'IASTED for presentation at the 15th IASTED
International Conference on Applied Simulation and
Modelling, held at Santa Barbara, California USA on
"May 26-29, 1987. ’
¢Two papers, one on the identification and control of a
robot manipulator, one on the technique of trajectory
planning of a robot manipulator, were accepted for
presentation as poster papers at the IREECON '87.

Regretfully, these papers have to be w1thdrawn due to
"lack of Department travel funds.

1.2 THESIS OUTLINE
This thesis is an account of the design‘and implémehta—
tion of hardware and software control system for a robot

manipulator.



Chapter 1 starts ﬁithvthe contributions and thesis
outline, continues with'a brief_description of a robot
;system and ends with a review of the programming methods
commonly encountered'in robot‘systems. | |

Chapter 2 describes the mechanical structure and the
control schemes of the TasrobotO manipulator.

Chapter 3 summarizes the hardware design implementing
tpe control schemes discussed indchapter 2. Hardware inter-
face-to the IBM/PCvmicrocomputer,'the host computer of the
TasrobotO system, is also included. | |

Chapter 4 descrlbes the model bulldlng technlque for
the joint systems; Also ‘detailed are the theorles, technlq—
ues and results,ofdthe identificafion of the model |
parameters. |

| Chapter 5 contalns an ana1y51s of the results in
vchapter 4. A complete model of each 301nt system is estab—‘
lished to fa0111tate controller de51gn. Non—linearities and
tlme varylng parameters of the 301nt systems are also |
'addressed. |

Chapter 6 describes techniques for prajectory planninQ
dand‘path execution.

Chapter'7 reviews the software design of the control'
~system of TasrobotO. It contalns detalled descrlptlons of
developed softwares for robot programmlng, trajectory
planning and path execut;on.v -

Chapter 8 summarizes the contrlbutlons and glves'
'p0551b1e exten51ons to the work as motivation for further

work.



1.3 DEFINITION OF ROBOTS
In order to distinguish a robot frqm many Single—
pﬁrpose’machinés, which have some_featurés makiné thém look
liké robots, a clear definition is important. The definition
developed by the Robotics Interﬁational Division of the
SOCiety'of Manufacturihg Engineers (RI/SME) is as fqlloﬁs:—
"A robot is a rep;ogrammable multifunctional
manipﬁlator designed to move _matérials, parts,
tools, or specialized devices through variable
programmed 'mOtions for the performance of a
vériety of tasks."
Reprogfammable in the definition means that the méchine can
be programmed repeatedly to perform a new or different.tast
- The definitidn alSo'emphasizes multifunctional which means
that the machine must be able to perform many different
fdnctions, dépending on the program and fboling used. By' '
this definition, most singie—purpose méchines are not
classified as robots since they\are usually_hot progfamﬁable
and can only berform single function. Even though tele-
' opéfatoﬁs look like rqbots; they cannot be classified as
robots according-to_the robot definiﬁion because they
require human operatof to pefform'a task at a distaﬁce and

are hotvprdgrammable.

1.4 THE ROBOT.SYSTEM
. At present, industrial robots are aétually mechanical
fhandling devices that can be manipulated under,compﬁter

control. A basic robot system is iliustrated in Figure (1.4-



1). The system includes a manipulator, a computer and a

power source.

ROBOT
POWER
SOURCE
ROBOT ' - ROBOT
COMPUTER ' MANIPULATOR

Figure (1;4-1): A Basic Robot System

(a) Robot Manipulator

A robot manipulator, which does the physical work of a
robot systeﬁ, is_a_mechanical-deviée driven by electric
motors, pngumatic devices or hydraulig actuators. In
general, the structure of a robot maﬂipulator consists of an
arm, a wrist and.ah end-effector. An gnd-effector is located
at the end of a manipulator where a working tool is attach-
ed. The motion of the arm of the manipulator controls the.
position of the end-effector while the motion of the wriét
éontrols the orientation of the end-effector with respect to
a work piece. Typically, an arm as well as a wrist consists
of a sequence of mechanical links connected by joints. Each
joint is driven to provide liﬁear or rotational motion bf a
driving.element which is either a prismatic or rotatory
actuator. A working tool attached to the énd-effecﬁor can be
a.welding_head,“a spray gun, a machining tool or a gripper |
with open-close jaﬁs, depénding on the applicatioﬁs of the

robot.



ELBOW EXTENSION
VRN

' SHOULDER-(/'
 SWIVEL
BODY SWEEP

Figure (l1.4a-1): A Typical
Structure of An Arm of A
Manipulator

. The positioning of an
endfeffectdr in épace reduires
motion of at least ghrée}»
degree—bf—freedom ahd'is
controlled by.the hotion of

the manipulator arm. A typical

. structure of an arm consists

of three links as shown in

Figure (1.4a-1).

. Robots can be classified into four basic groups

according to the characteristics of arm motion or their

geometric principles. The_basic geometries include

rectangular, cylindrical, spherical and revolute as shown in

Figure (1.4a-2). Regardless of the type of robot, an armvof

RECTANGULAR

© SPHERICAL

CYLINDRICAL

REVOLUTE

Figure (1.4a-2): Four Basic Geometries of A Robot



.e robot_typically consistsvef tﬁree-movable-jointeQ The .
combined motion ef these three joints enabies the
" manipulator to mcvebto reqﬁired position within its work
space. | o |

The prientetion of the end-effector is contrelled-by
the motion of the manipulator inst. The wrist motion is
often1a.sequence of axial foﬁations which provide three-
degree-freedom motion for orientation of the end-effector.
The two types of angles most frequently used to describe
orientation of the wrist motions are the.Euier angles and
the Roll-Pitch-Yaw angles as shown in Figure (1.4a-3). A
combination of these axial rotations enables the end-
effeetor to take any arbitraryborientation in space.
Nevertheless, there are fobots whose wfists are cepable of
only two or even one degree-of-freedom motion. These types

of robots, however, have limitations in their app;ications.

(a) ROLL-PITCH -YAW .
" .ANGLES l

(b) EULER 'Zi;:}

ANGLES

Flgure (1 4a-3): Two Typ1ca1 Types of Angles descrlblng
erst Motions

(b) Robot Computer

A robot computer is the source. of 1nte111gence of a.
_robot system. Its presence d15t1ngu1shes a robot from a

teleoperator. The function of a robot computer is to control



'thé mofiﬁn of-a manipulator..It'sénses signals from sensors
on the ﬁanipuiatof'and generates appropriate command signals
 to drive the maniﬁulatpr,ﬂ-

A robot computer block can be divided into two”units,
tﬁe.inteliigent unit and the controller unit. The'
intelligent hnit is often called the;host computer, whoge
functions are to.communicate ﬁith robot users, to store
necessary inforﬁation of a:task, to plan trajectories for a
tésk, to process signals from sensors and, in some advanced
fobofs} to make decisions according to stimuli:from the
environment. The controller unit is essentially a pgth
controlling unit which receives comménd signals from the
host computer and, in turn, generates appropriate signals to
.drive the m&nipulatoff

| The controlleré uéed in the coniroller unit may be

servo or non-servo. A serﬁo-confrollér unit may be as simple
as_a-positibn féedbéck controller. However, a position |
feedback controller can only result in a basically point-to-
- point %obot. A more sophisticated.servq controller unit can
receive command signals containing infofmation'such és
required Caffesian position and orientﬁtion as well as
de31rable velocity of the end-effector of the manlpulator._'
iSultable 31gnals to control the manipulator joints are then
generated such that the end-effector w111 move to the
requ1red p051t10n and orientatlon w1th the desired veloc1ty.
'A-controller of thls_type-ls requlped for contlnuous-path

'robot;J



.(;) Robot quer'Sourcé

There are.three primary powef sources most'comﬁonly'
foﬁnd.in,robot systems in driving a robot manipulator. They
'_are,lnamely, hydreulic,'pneumatic and electric peﬁee
 system§.

A basic hydraullc power system is 111ustrated in Figure
(L.4¢c-1). The principle of a hydraullc system is to force
"high-pressure incompressible oil into a hydraulic actuator
which converts hydfaulic energy inte mechanical energy. The
motor-driven pump provides oil at high pressure for the
‘system from the oil tank while the motor-controlled-four-way
. ﬁalve switches the direction of flow df_the high pressure
0il into or out ef.the ectgator thus_coﬁtrolling the

direction of motion of the driven actuator.

OIL. TANK
AND
'RESERVOIR
PUMP MP ' FOUR-WAY HYDRAULIC
MOTOR Py ! VALVE - ACTUATOR
VALVE-MOTOR =
CONTROL ————— (%%L]YREOL
SIGNAL - “MOTOR

~ Figure (1. 4c—1)° A Basic Structure of A Hydraullc Power
System _

An advantage in u51ng hydraullc actuator is that it has.
a very 1arge power to size ratio and thus is capable of
handling large loads. However, the hlgh cq;t in equipment,
f_the:oil leakage problem and the high'haintenance cost tend
to-outweight its advantage{ |
" The basic coﬁpdnenﬁs in a pneumatic drive system is

- same as those in a hydraulic system. A majof difference is



»that power is being-transferred py gas, usually air,:under
pressure rether than by oil. An.obvious advantage of this,
system over a hydraulic system is that system leakage does
not cause contamination problem to the work area. Also, the
total cost for a pneumatlc system 1s less than that for a
hydraulic system. However, using pneumatic drive system
npresents difficulties in achieving feedback control to
provide proportional operation and multiple stops due to the
:properties'of:the compressed gas. Therefore, in most
pneumatic robots, the acutators are driven against fixed.
stops at extremes of travel.

The electric system includes a source of electrical
power and an electric motor. In most applications, the
motors used are servo motors, but Stepper motors are also
used in some robots where the-paylosd.is small. A major
disadvantage of stepper motors in.robot applications
concerns the load torque to allowable speed characteristics
of a stepperymotor, The driving speed of a stepper motor, at
large 1oads, cannot be too high;_otherwise;_lossiof steps
’willlresult. This ioss_ofisteps cannot be detected and wili
' result in permanent pOSltlon errors. To aliOW'variations.of
1oad_torque,-the driving speed of a stepper motor 1s usually
kept:lowr Consequently, the motioniof the drivenilink is
slow. |
| 'Servocmotors are usuelly-d.c‘,motors although a.c.
rmotors.are also used in some'robot'applications. An electric
motortprovides an excellent‘source of rotational torque
»either directly, or indirectiy through gearings, and'is most

commonly used in dr1v1ng revolute 301nts Linear joint
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motion can a1so be achieved’by using ballsérewAdfive which
is ahaldgoﬁs'to’bothana?nut operation. The advantéggs of
sérvo motors, particulafly,d.c. motors, are their excellent
speed regulation, high torque and high»efficiehcyfahd-are

therefore ideally suitéd_for control applications. -

1.5 TEACHING METHODS

In general, é'robot computer in a robot system involves
a control program and a task pfogram. The control progrém is
provided by the robot‘designer to control each joiht of the
manipulator. The task program is provided by the robot
operator to specify the required manipulator motions.for>a
particular job.

The way of generating a task prograﬁ depends on the
method of teaching or programming employed in a robot
sjstem. There are two methods of teaChing a robot: off-line

programming and on-line programming. -

(a) Off-line Programming 
In off-iine programming, the robot operator“makes use
of commands set by the robot designer to specify conditions

for.a jbb} such ‘as required pdSitions and ofientétions of
the end-effector, its velocity and accelefation'for eacgv
specifiéd point in épace. The method.is characterized by
commands which inform the robqt what to do, but the robbt
itself is nof used during the programming stage.'

 This method provides a quick way.in programﬁing when_
. the fequired Cartesian:poiﬁts in space are relétivély-easy
to_accéss and méasure. In practice, hoﬁever, specifying:

orientations of the end-effector with respect to a work



piece can be tédioué. Also, it io.not easy to visnalize~the
necessary rotation for each wrist joint nor the work limit
of thé manipulator. User-specified points may not be
accéssible.by the robot and thus have to be'checkod”before a
task patn can be planned or executed. Moreover,.in céses
where- the location of the robot manipulator is frequently

changed, off-line method becomes undesirable.

" (b) On-line Programming

Teach-by-showing is referred to as on-line programming
and the robot itself is used during the programming stage.

During the programming stage, the operator moves the
robot arm through a set‘of required points or a desired path
in space by means of some teaching aids such as a teaching |
pendant, a control handle or a joystick. When a required
point is-reacned; the operator presses a memory button and
the system will “remember' the joinﬁ coordinates at that
instant. These joint coordinates are normally recorded so
that the ropof will aware of its physical working environ-
ment and avoids collision with obstacles during the éxecut—
~ion of a task.

| The additional teaching aid requirod for robot systems

using on-iine programming may seem to be a disadvantagé but
the softnare required during the programming stage is far
simpler than that required by off-line programming method
Besides, oritiCal‘points are easily realized by operator
~during teaching stage. Depending on the teaching éid
employed, on-line programming can be subdivided into

indivioual—joint teaching or lead-through teaching.
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(i) Individual-joint Teaching

in individual-joint teaching, a teaching pendant
(teaching’box) isAused.'Thé pendant consists of>pﬁsh buttons
aﬂd teaching is done by'pressing appropriate butténé to
’.fotéteveach joint of the robot uhtil the combination of all
joint'positions'andvorientatiqns vields the desired position
:_and;orieﬁtation of the end-effector in space. Then the
operator stores the joints coordinates of the robot at that
instant by pressing a memory button. The process is repeated
fof each required point in space until the task program is
~completed. This teaching method demandS patience in adjust-
ing all joint axes, one by one, every time in giving a
fequired point setting of the end-effector in space. A large
amount of time is thus.normaliy required in teaching the |
robot.

There are also teaching pendant which, instead of
controllihg_a number of jo;nt positions separately,-can
directly manipulate the.pOSition and orientation of the end-
effector in space. During the teachingvstage,vthe tool tip
vof‘the robotrcan'be'moved.in a straight line and rotated
about fixed.axis in space. Although this solves the prébIém
of adju§ting oﬁe joint axis af a ﬁimé,vthe software requifed'
for ﬁhis-typé of teaching pendant is more complicated and
iﬁvéiVes lengthy mathematics fof required transformafions
ffom‘Cartesian-to jqint-coo:dinateé and vice versa. The

resulting motion is, thérefore,_usually very slow.

(ii) Lead—through Teaching

A better way of teaching a robot is perhaps by grasping

the robot's end-effectory‘leading it through a desired path,



13

énd simultgneousiy recording the joint positions at dééireda
points. Although tééching éid ié ﬁot required in this method
while thé same,robqt arm is used for teaching, the fact ﬁhat
‘»large forcesrare'required to move the arm against;iés

"~ driving and transmission eleﬁenté pre§ents_this method ffom

being ideally used in praqtice.

A better approach is to use a teaéh arm.which is
‘similar to the actuai manipulator but with fér simpler
structure. A teach arm may be equipped with position
transducers on each joint, but with no driving elements nor
transmission elements so that it can easily be moved to take
any.configurations. During teaching stage, the actual arm
follows the configuraﬁion of the teach arm; desired posit-
ioné and orientations of the actual arm can be input by push

buttons on the teach arm.
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CHAPTER TWO
THE TASROBOTO SYSTEM

The Tasrobot0 system is the first robot arm systenm
built in University of Tasmania. Similar to most robot
systems, it has three basic éomponents:'the robot

manipulatof, the robot computer and the robot power source.

‘2.1 THE MANIPULATOR

The TasrobotOfmanipulator belongs to the class of
Vrevolute coordinate robot and has five axes'of rotation. The
end-effector of the manipulator is a permanently attached
open/close gripper,with two movable jaws.vThe arm has threef
degree-of-freedom for positioning and two-degree~of-freedom

for orientating the gripper with respect to a work piece.

(a) Ihggégm

Positioning of the gripper is controiled by motipn of
three revolute»joints which are denoted'as body joint, )
shoulder joint and elbow joint. These three jbints connect
four links of fhe manipulator to form thé major physical
structure of the manipulator. The four links ére,denoted as
base, bbdy, shoulder and élbow as shown in Figure (2.1-1).

The motion of each joint is provided through direct
. gearings by én actuator which is a péfmanent magnet dc
motor. The position of each Qf-therthree‘jointé is indicated

by a positidn transducer mounted on respective rotating
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Figure (2.1-1): 'The Tasrobot0 Manipulator

'Figure (2.1a-1): Range

shaft of the joint. The body joint
has a verticallaxis of rotation and
its motion range is 270°. Each of
the shoulder jbiht and elbow joint
has a horizontal axis of rotation

_aﬁd-a m9tiqn range of 90° as éhéwn
in Figure (2.1a-1).

The work envelope of the
of

Hanlpulator

in.Figure (2.;a—2).

reach of the robot, is illustrated

A'rélatiﬁely small range ot_motion‘of“

the elbow joint compared with other robot systems accounts

for the small side-view envelope of the Tasrobot0

manipulator.
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- ZEOR POS!ITION SCALE: 1mm= 10mm
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(a) TOP VIEW

SCALE: 1 mm=10mm

(b) SIDE VIEW

Figure (2.l1a-2): Work Envelope of The Tasrobot0 Manipulator
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The wrist of the Tasroboto manlpulator consists of two

™S _—1 '~ axes of rotation for control-

STEPPER '
MOTOR .
GEAR
BOX :

ling the orientation of the

STEPPER . - o
moToR gripper with respect to a work
G : .

EAR
BOX .
dl e __prenaxs Plece. Two stepper motors are

used to give pitch and roll

rotations as shown in Figure

GRIPPER - ,
(2.1b-1). The lack of yaw

gi. _ rotation does not allow the

ey gripper to reach objects not

Figure (2.1b-1): Gearings For
" The Wrist Rotation

Pitch rotation is achieved by rotating the two stepper

aligned with the arm.

motors in same direction;_Roll rotafion_results when the two
stepper motors are stepping ih different directions. The

~ range of motion for roll rotation is physically unlimited,
while the range of ﬁotion for pitch rotation is limited to

140° as shown in Figure (2.1la-1).

(¢) The Gripper

The end-effector of the Tasrobot0 manipulator is a
gripper. It consists of twajaws, each 6f Whiqh is a two-
bar—linkage structure. Normally, the jawslare closed by the
.action of a compressidn spring énd can be obened by pulling.
Iagalnst the spring. The pulling force is pr0v1ded by a dc
-.motor wlth gearlngs. The whole conceptual structure of the_
_ grlpplng system is 111ustrated 1n Flgure (2.1c- 1).
- To reduce the effect of welght of the grlpplng system
_ on the joints of the manlpulator,-the gripper dr1v1ng unit

is installed in the body link. But then the steel string has:
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to péss through all links of the-hanipﬁléhdr'and the
effecﬁive 1éngth_bf the'steél string has to depend.on the
configuratibn“of the'arm; As a fesultg the'amount;of
rotation.reﬁuired for the gripper ﬁotOr to rotateﬂtg open or

close the gripﬁer depends on the configﬁration-of the arm.

~ - ORIPPER DRIVING UNIT . GRiPPER
! | i WO BAR !
I " A

] . .
: l_[—|| ROTATING X : ) Ii 1
! T : STOPPER! o
]

e |
: I_t:. l 1 : MOVING !
! ! 5 ) HEAD |

. FIXED ENDI X

| oF THESTEEU ' cguoh.fcma!

)
: T TT I T r?—l‘v‘-‘“ﬁ ' STRING : | 1
| : N\ -1 COMPRESSION S !
! GEARINGS | 1 SPRING TWO BAR |
! . 1 LINKAGE !
L X

! I
! GRIPPER Lh X | !

Figure (2.1c-1): Conceptual Structure of The
Gripping System

A position transducer is used.to record the amount of
rotation required for opening the gripper in a specific arm
configuration awared during the teaching stage. The shaft
position for the g;ipper to be fully closed is assigned in
such a way that the-éffective length of the steel string is
long enough for the gripper to_stay closed in ény arm |
configuration. Howevér, an attempt to drive the arm ﬁith.a
fully oben gfipper-may result in closing 6f furthér'dpening
of the griﬁpér.-Althqugh the forme;.causeé nd serious
problem, further 6p¢ning‘of tbe_grippér will cause damage to
the gripper or even Ehe arm as thelforce'resuited from the
.tenSioh of the steel string acts on the'joints.df'the' |
“manipulator. | - |

In normél ﬁperation, the gfipper wiil fem#iﬁ élosed'

unless instructed_td open when comes to a target object.
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VThefefore, the change of arm cenfiguratioﬁ is usuelly small
during'the»peribd-when the gripper is_open; Moving the
manipulator»with an epen gripper hae been dealt with ih
designing eoftware control and the-poseibility of'oecurrence

of previously mentioned cases are eliminated.

2.2 THE ROBOT COMPUTER

(a) The Host Computer

The host computer for_the TasrobotO syetem is an IBM/PC
microcomputer. The computer uses an intel 8088 16-bit micro-
processor and e 4 MHz clock. The computation speed of the
host computer is greatly improved by installing the intel
8087 arithematic.co—processor. It is. also equipped with a
commercially available interfaeing board called Lab-Master
Board provided by the Scientific Solution Inc.. In addition
to the conventiona; enalog-to—digital converter (ADC) and_
digitaleto-anélog converter (DAC), the Board provides timing
>signals through the AM9513 System Timing Controller and
digital interface throﬁgh:the 8255 Progfammable Parailel
Port Interface (PPI). .
The board_cén be'progfammed by using the accempanied
_software peckage —vthe Labpac’sﬁbroetines - from the Tecmar
Inc., which are specially written to handle the hardwares in
the Lab—MasterrBoard.,However,-the.Lab—Master Board provides
only two-éhannels for D/A conversion, which are obviously
not enough to edntrol thevfive-axes motion'of'the
manipulator; hence, part of the hardware interface were

designed and built.



20

_The Labpac'software provides'dnly 1éfbit input and 8-
bit output in,the digitai—to-digi£a1 interface subroutines
.and éanhot be used'for cohtrolling’the additiOnal hardwares.
Software inferfacing subréutines in 8088 aSsembly'lénguage
wefe.developed to control the additionihardwares and to
‘provide special functions in manipulatdr control. These

subroutines will be discussed in Chapter 7.

(b) The Controller Unit

Iﬁbthe controllef unit, two.types of controllers, servo’
and nonFséfvo, are u§éd. Here, the positioningvof the joints
ahd the‘gripping action.of the gripper are monitored by the
command signals recieved from the host computer.

Thfee position feedback controllers are used in the
Cdnt:oller unit fof coﬁtrolling.the positions of the three
joints.1Trading off with its simpler circuitry and much
lower price, pbsition feedback contfoller hasvdisaévantagé
of no controi in'the m¢ti§n veloéity of the joint and will
result'in a basically point-to—ppint robot.

The gripper controller'is c1assified-as-non-servo. The
}feedback'signal from the gripper motor does not'go direcgly
into the controllerAitselff'instéad, it is sampled by the
host_computer which then generates_suitabie:éommands to
_ control fhe gripper motor as shown in,Figure (2.2b-1). The
overall control of the'gripping action is however closed%':_'
1609; although it apbeafsvﬁo be open-loop inAthe controller
v'Uniﬁ.:. | | |
Comménd signais from the hosf‘éombutér; controlliné the

- gripping action, consists of two bits. The controller will



21

react to these two bits to turn the motor on in onélor-the

_other_direction or to turn'the motor off.

d 4

c [4
HOST signals. JOINT | ot HOST signals GRIPPER GRIPPER
COMPUTER "1 CONTROLLER . . HOTOR COMPUTER CONTROLLER MOTOR

POSITION  FEEDBACK - POSITION FEEDBACK

Figure (2.2b-1): Contfql System of (a) Joint (b) Gripper

The pitch and the roll rotations are provided'by motion
of two stepper ﬁotors as shown in Figure (2.1b-1). Positioﬁs-
of the two wrist rotation axes are absolute prbvided that
the robot arm is properly Set.to the reference position
béfore commencing. Command signals_for each axiél motion are .
position codes of 12 bits. Although there is no feedback
signal in the wrist controller, its principle of operation
‘is similar to servo type controllers in which the.axial
motion depends on the.resulting érror sigﬂa1.

The feedback-signal for each wrist axislis-provided by .
a 12—bi£-counter wﬁich acts as aidynamic memory device and
stores the previous positioﬁ of that_wrist-axis-in code.lThe
magnitude of the error-signal'generdtes ﬁhe_ﬁumbef_of )
clocking pulses-required'to move the current position of the
) wfist joint ﬁo a desired position whiie.tﬁe_sign_of the

error signal éontrols the directioh of,fdtatibn of the
.motioh; Clocﬁing signals_for driving the stepper motofs are
also uged'to renew the counters simuitadepusly;
~ However, when the controller unit is first energized,
‘the contents 6f the cbuntersfare arbitrary and so are the

positions of the two wrist axes. In order that the contents
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of the ébuntefs can répresent ihe pésiﬁions of the wrist
joints, the wfiSt.joints must be moved té'pre-definedv
positiéhs, caliea feference positiéns, and fhe Contents'of
the counters must be aséigned”pre—defihed values,!célled
referencevcodes,'corresponding to the reference positions.
Since there are no sensors mounted on the actual rotating
shafts of:the wriét joints, the computer cannot identify the
reference bositions; The réference positions of the wrist .
joints will have to bevset manually before setting the
contents ofAthe counters. When the reference positions and
reference codes are set,.the counters will function 1ike-
absolute shaft encoders of the two rotating wrist axes
- provided no loss of steps of.the stepper_mbtors occurs.
'Since the two stepper motors must be energized to
pérform one axis' of rotation( the controller unit is
designed so that only one axis of rotation is implemen;ed at

a time.

2.3 POWER SOURCE
| The power source of thé Tasroboto.arm are electric
acﬁuators{ There are fdur permanent hégnet dc hotqrs and'twol
stepper motors. |

Three of'the dc motors are used ;ovdrivé the positién-
ingvjdints and the'othér is to ﬁrovide-gripping action.'Thé:
high speéd but 1ow'torque charactérisﬁics of dc motors d§esv
" not make them'pfevalent for driving loads directly. Ih
praCtice; higher_driving torque is achieved by tréding off
the high speed of'the’motor through speed,reduétion

gearings. Thus, the torque used for driving a load is N



times tﬁat defeloped from motor, bﬁt the driving speed is
‘reduCed to 1/N times the motor speed.

The stepper motors used'are 7.5°'5tepper motors each
having'four 12v d¢ windings and permanent mégnet fofor
construction. Each motor is equipped with a gea} box which
reduces the output step angle to 0.6° and decreaseg the
ﬁaximum step rate-to about 20 steps/sec (or 12°/sec) to

achieve a maximum output torque of the motor.

2.4 PROGRAHHING THE TASROBOTO MANIPULATOR
The programming of the Tasrobot0 manipulator is done

through the use of a teach arm as shown in Figure (2.4-1).

POTENTIOMETER
FOR ELBOW AX1S In teach mode, the

POTENTIOMETER . .
For PITCH XIS configuration of the actual

GRIP SWITCH arm will follow that of the

&

POTENTIOMETER ~ POTENTIOMETER )
FOTENTIHETER  FoR ROLL AXIS teach arm. Therefore, grasping
AXIS .

| r———:qj— R . the end-effector of the teach
\. POTENTIGMETER

' FOR BODY AXIS . .

! Figure (2.4-1): The Structure
of The Teach Arm of The
Tasrobot0 System

arm will be similar to grasp-

ing the end-effector of the
actual arm, better still, ;he teach arm can easiiy.be moved

- to take.any_configuratibn. Desired configufation of the
actual arm can be recorded by_pressing a memory switch
locaied at the'end—effector of the teaéh arm.

| : The;e are five potentiometefs and two microswitches in

the teach arm. One potentiometerlis inétalled'in each
rotatiﬁg joint to indicate the position of that joint. The

. GRIP-sﬁitch is to signal the robot computer - to open or close
the gfipper. The MEMwswitch is to signal the robot computer

to record the current joint coordinates.



During teaching.stagé,-the robot’qomputer Samples
signals from sensors on the teach'arﬁ‘and drives the actual
manipulator accordiﬁgly at thehsame time. The GRIP-switch
has two functions, Not only does it tell the comp;tér to
open or ciose the gripper of the actual arm, it also allows
the user to indicate how much the gripper motor must be
turned to 6pen the gripper in a‘specific arm configuration
with respect to how long the,GRIP—sﬁitch is held pressed.

Programming a robot for a task using a teach arm ;s
simple aﬁd cqnvenient,since the operator does not need to
measure the Cartesian coordinates in space as required by
off-line programming, nor to worry about the position of
each individual joint of the robot as requifed in manual ‘
teéching using teach pendant. In éddition, the control
prbgram for the teaching process is much simpler as no

mathematics for coordinate transformations are required.

24
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CHAPTER THREE
HARDWARE DESIGN OF THE TASROBOTO CONTROLLER UNIT

The hardwares for the controller unit cohsist of three
prinﬁed circuit boards (PCBs) and a'power rectifier unit;
The three PCBs are ideﬁtified as the analog control board,
the digital control board and the interface éircuit board.
The analog éontrql'board mainif controls the analog
devices, i.é; the four dc motors of the manipulator. The
digitél control board controls the two stepper motors. And
the interface circuit board provides communication between>
the éontfél boards and the>host computer.. The dc power
required by each board is brovided by the'fectifier unit'
" which converts 240V ac mains power to unregﬁlated dc |
' voltages 6f ;20V and +11V. Regulated dc power required by
active components used on eéch board is provided by its |
onboard regulators. Figure (3-1) illusfrates a schematic
structure of the Tasrobot0 controller unit.

| The complete circuit diagrams for the controller_unit:
with pin-té—pin configurations are shown in Appendix A. The
designed éiruits wefe built and used as the control hard- |

wares of the Tasrobot0 system.

3.1 THE ANALOG CONTROL BOARD
The analog control circuit ﬁas designed to control the
four dc motors driving the Tasrobot0 manipulator, three of

which control the motion of the three positioning joints and
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Figure (3—1)': Schematic Diagram of The
: Tasrobot0 Controller Unit
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one controls the gripping action of the two-jaw gripper. The

former are ciosed-loop control while the latter is closed- .

loop control via the host computer. Figure (3.1-1)

il%ustrates a schematic layout of the board.

] ONTROLLER ACTUATOR
SHOULDER  NEFERENCE CLOSE L00P | SHOULDER
I CONTROLLER}
ELBOW REFERENCE: CLOSE L00P ELBOW
r CONTROLLER
OPEN: LOOP
_ GRIPPER SIGNALS CONTROLLER MOTOR
ANALOG
CONTROL
.BOARD

Figure_(B.l—l):

BODY FEEDBACK

ACTUATOR TSHPU"DE“ FEEDBACK

ACTUATOR —|—-ELBOH FEEDBACK

GRIPPER [ o GRiPPER FEEDBACK .
T0 (OMPUTER

Schematic Layout of The

Analog Control Board



"{a) The Closed-loop Controller
The three'closed—loop_coﬁtrollers cloéely resemble each '
other and their typical structure is illustrated in Figure

(3.1a-1).

_ . . CLOSE-LOOP_CONTROLLER _ _ _ __

' 1
REFERENCE —pirrepentiaL | [ compensATION POWER 1 actuaton
FEEDBACK — = AMPUIFIER NETWORK AMPLIFIER [

Flgure (3 la-1): A Typical Structure of A Closed~ 1oop
Controller of The Tasrobot0 System

The differential amplifier block was implemented by aﬁ
" instrumentation amplifier as shown in Figure (3.l1a-2). By
choosing R1=R§=R3=Rq: Rs=R7=R and Re =AR, the outbut of the
amplifier Becpmes: |

Vo = =(Vrer1-Vrerz) (1+2/A) (3.1a-1)

¢,
| L
1N
! ‘R
R
Vo1 [
11 — Vo2
G4

Figure (3.1a-3): The
Figure (3.1a-2): An ' Compensator Circuit
Instrumentation Amplifier

TheicoﬁpenSation'hetwork block is a simple one-pole—
one-zero compensator and was implemehted as shown in Figure
(3.1a-3). The input/output relatiénsbip is:

Voz —(SRC1+1) | B

= ' _ (3.1a-2)
Vo1 (SR_C: "‘1_)
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The pcwer amplifier block was implemented by a type 1651

Power Op-amp and the circuit is shown in Figure (3.la-4).

R

1K '
—
. ’V(C :
| ke Dy
CINPUT o] AN _
{ from compensator RB[] \ e QUTPUT
1.0n
—— , (5

| ] 0a22pF
ok 1

Figure (3.la-4): A Power Op-amp Circuit Using
Type 165 Op—amp

These three circuits form the closéd—loop controller

for the positioning joints of the Tasrobot0 manipulator.

(b) The Opeh—loop Controller

The gfipper'ﬁotor is controlled in closed-loop Qia the
host cqmputer. Command signals from the host computer
direcﬁly Eontrollthe motibn of the'gfipper.motbr. A-2-ﬁit
sighal is used for controlling tﬁe three possible states:
_rdtating_forward, backwgrd or stop. The implementation of
'thelcbntroi scheme ﬁerely reqhifes a suitable power
.amplifier to drive the motor correspond to the 2-bit command
. signal.: | - |
The cbntfollcirbuit fbr the gripper motdr is shown in
' Figure (3.1b-1). A general.purpose light emitting diode |
(LED), ﬁith a voltagé drop'of ;bbut 2V acroés; was used to
ptbvidé reference to the 2-bit TTL command signéi from the

host computer. A gain of 10 in each amplifier.allows_the
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output to be pulled up to its maximum or minimum saturation

voltage,'thus enabling highef initial torque and faster

ll

" operation of the motor.

A0V

I
T

Flgure_(B.lb—l}: The Gripper Control Circuit

Table (3.1b-1) summarizes the action of the gripper in -

reiation to the status of the two command'signals (BITO and

BIT1).

BIT¢|BIT1 | GRIPPER MOTOR GRIPPER  JAWS

0 0 UNENERGIZED NO ACTION
0 1 |CLOCKWISE ROTATION| OPENING JAWS
1 0 ANTIELOCKWISE ROTATION | CLOSING  JAWS
1 1 UNENERGIZED NO ACTION

Table (3.1b-1l): Actions of Gripper Motor And Gripper Jaws
" With Respect To The States of The 2-bit

Command Signal

3.2 THE DIGITAL CONTROL BOARD
| The digltal control circuit was designed to- control the
two stepper motors whlch drive the two wrist rotatlons of
the TasrobotO ‘manipulator. The control schemes for the two
wrisf rotations are similar in structure and iS illustrated
-in Figure (3.2-1];

'Unlike the dc eervo motor controller, the_wrist

controller does not have feedback directly ftom corfespondf



ing moving shaft. The feedback signal is from a position

register which simulates a shaft encoder.

coMmanD | | controL STEPPER STEPPER
SIGNAL COMPARATOR SIGNAL MOTOR MOTOR
- GENERATOR DRIVER ACTUATOR

POSITION

REGISTER

Flgure (3. 2 —-1): Block Diagram of The Control Scheme For A
Stepper Motor

Initially, this 9051tion register is assigned a value
corresponding to a ce:tain position of the rdtatinglaxis.'
When a step is sent to rotate the corresponding shaft clock-
wisely, the position registef will be ihcremented by one.
Similarly, if a step is sent to rotate the shaft anticlock-
wisely,.the position register will be decremented by one.

While pitch and roll rotation cannot occur simultane—-
.6usly; the cohtrdller logic unitlwill only aiiow one
rotation at a time with priority given to pitch rotafion.

The'contrpl scheme can be implemented by software
. technique tﬁ:ough computer programming or_by hardware
: technigque through di§1t31 électronic circuits. The fdrmer
_tgchnique_was not used because-its resulted ﬁrist rotations
are comparatively slow and hence substantial amount:of |
computer ﬁiﬁe willibe reduired to generate wrist.rotatidns.
Aiso, during such.wrist rotatiohs, the computer would not be
able to generate commands for motion of the other joints;
Iandlvery slow overall motion bf_the manipulator will be
N expected. Althouéh software technique was.not used{ the':

flow-chart of the control algorithm shown in Figuré_(3.2*2)



helps illustrating the hardware dgéign of the control

scheme.

. [nimiauize  posmon  reisTeRs |
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DECREASE nOLL
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Figure (3.2-2): Flow-chart of The Wrist
: Control Algorithm

Iﬁ thé implementation of the stepper motor control
- scheme, thé control blocks shown in Figure (3.2-1) were
réplaced By hardware functionél 5locks shown in Figure
(3.2-3). |

'Sincé a'step angle for the sfepper motor is 0.6°, a
minimum of 600 discrete levels or a 10-bit decoder is
required to unambiguously represent the position of the
wrigt joint shaft,.-Iﬁ this desigp, é 12-bit decoder  was
used to provide greater adaptability of the circﬁit.'For

example, if the step angle is now changed to 0.09° to



pfovide larger output torque, about 6 times that of 0.6°,

Al

the same circuit can be used without modification.
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Figure i3;2-3): Hardware Block Diagfam ef The Digital
Control Scheme
The position register block in the control scheme was

implemented by a 12~bit Up/Down counter.-Commend data from
the ?ost computer is compered with the counter output, the
latter fepresents.the shaft bosition of the corresponding
wrist joint. Compared results wé?e used to sienal the |
controi iegic ﬁnit to generate'appropriate signais to drive.
| the stepper motors and to update the'counters. The control
iogic unit also distinguishes pitch or roll rotation and

gives priority to the former.

(a) The 12-Bit Cqmpgggtor

~Two 12-bit comparators are required, one for each wrist

32

retatiqn. Each comparator was implemented by cascading'three'

-74085 4-bit magnitude comparators and is illustrated in

Figure (3.2a~1).
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' B ' 3 BIT COMPARED RESULTS
' TO CONTROL LOGIC UNIT -
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Figure (3.2a-1): A 12-bit Magnitude
_ Comparator

(b) The 12—bit Up/Down Counter

. "The control scheme requires two"lz—bit.up/dOﬂn countf'
ers,lone for each‘wrist rotétion, The counters act like
position indicators of the current shaft positions. Pulses
generated to move-the stépper motors also update the
cﬁunters‘iﬂ such a way that the counter'outputs will be
.__COunted ﬁp or down towards the value of the command position
codés; To enablé the position referehcé_da:a to be set, the
counters'mugt bé presettablé and therefore; 74LS191 Preset;
téble 4?Bit Binary Up/Down Countérs were uSed.'Three.74L5191
édunters were cascaded to giﬁé a 12-bit counter aﬁd is shown

- in Figure (3.2b-1).
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Figure (3.2b-1): A 12-bit Up/Down Counter

(c) The Stéppggﬁﬂotor Driver

A'sudgested stepper motor driver IC for the stepper
motor is the SAA1027. A typical.circuit for.the driver is
‘shown in Figure (3.2¢-1). A Low-to-High transifion on the
-STEP pin turns the motor by oné sfep. The sequence of outbut
:siénqls and the direction of_rotation of the motor depend on
';he,signal level of the Direction pin (DIR).

It is important to note that logic high level of the
ISAA1027.islfepresented by a volfage level betweén 7.5V to
12V and low is represented by a voltage level between OV to

4'5V.
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Figure (3. 2c—1}. C1rcu1t Diagram For The Stepper Motor
Driver SAA1027 -

(a) The[Control Logic Unit

The control logic unit is the heart of the control

scheme. It genefates TTL logic level voltages to update the

counters. It generates appropriate logic level voltages to
control the steppér motor drivers in driving the stepper

motors, with reshect to the six resulting signals from the
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two comparators. The six input signals are arranged in two ’

groups of three, one group from one comﬁarator.

~* There are fﬁur pairs of output signals in the control
logic unit. Each pair.of output_sigﬁals consiéts of a
" clocking signallahd a diréétion control signal. Two pairs of
output signals are TTL logic level voltages for controlling
the two 12-bit counters. The other two pairs of output
~signals are special logic level voltages for controlling the
two stebper motor drivers. Figure (3.2d-1) shows the sources
3gdf_tﬁe input signéls and the destinations of the oﬁtput
sidnals. The symbols used in the figure will Cafry.their
méénings throughout the rest of ﬁhis séctiﬁnf
| Figure (3.2d-1) also illustrates the_internai structure

of the control logic unit. Functionally, the unit can be



divided into three parts, namely,
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the clock generator, the

' pulse generator and the direction signal génerator.

‘The clock generator outputs a continuous TTL clock

' Hsignal with a constant frequency.

This clock signal is fed .

into the pulse generator to provide clocking signal to the

two counters and the stepper motor drivers. The clocking

frequency is about 20Hz providing'maximum working torque for

.the motors. The direction signal generator generates

'appropriate signals to up-count or down-count the counters

and to rotate the stepper motor in either directions.'

12-BIT
PARATOR

GT €0 LT

12-BIT

=
)

MPARATO
L

12-BIT
1 COUNTER

p

o ——————

DG Dy Y% P 0 & 03 Uy Py
(OKTROL LOGIC UNIT
13 1
ik ]
i lcenenaton| -
1 1
: i :
H =P
: . + )
b 1] PuLsE  [r—=—p
1| cenerator | i
£y = ——=sTEP
L ’ -
i 03 —— Uo
0, + | omecTion -y
0 SIGNAL oin
o T |eenEnAToR -
Dy —e=— DIR L

STEPL DIRL STEPR DIRR

Flgure (3.2d-1): Block Dlagram of The Input Sources And
. ' Output Destlnatlons of The Control Logic

Unit

(i) The clock generator

The clock generator of the control logic unit is a

freé-ruhning multivibrator as illustrated in Figure -

(3.2d(i)-1).

With Ri=Rz=R4=R;

I osciil'a-tion fosec

fosc

can be shown as:

= 1/1.386RaC

R3>>Rs and Rsé(R, the frequency of

(3.2d(i)-1)
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| Resistor Rs was selected as 22k and C as 1.5uF, and the

resultant fréqueﬁcy of oscillation is about 22Hz.

v

Figure (3:2d(i)—1): The Clock
Generator Circuit

(ii) The pulse generator
- The main functions of the pﬁlse generator are to

provide non-TTL signal, STEP, to the stepper motof drivefs
" to drive the stepper motors; and to provide TTL signals, Po
and P;, to activate the counting function.of the two
counterév _ |

The non-TTL signal, STEP, will be activated unless both
"fhé EQ signals from the two comparators are high. Therefore,
only the input signals( Eo and E:1, of the cpntrol_légic unit
are'required'to implement clockihg control of the stebper
motors. | |

The clocking sburce of the pulse generator is the.élock
génerator. By enabling or diséblingvthe'clockihg sdurce, thé
"outputs of the pulsevgeneratof, Po and P:, wili actiVaté or
deactivate counting function of the qountérs. Since only one
'type of rqtatibn is allowéd at a time and higher priority ié

giveh to pitch rotation, clocking signal for roll rotation



- counter, Pi, will-only be ehabled when the specific pitch.

"rotation has completed.

INPUTS || OUTPUTS | NOTE:
T 0 = LOW LOGIC LEVEL

Eg | &y [CHK1P [Py Sre? 1 = HIGH LOGIC LEVEL . <°€

ololoflola|o]|s HGHLOGE LEVEL 1S «12V AND XS . :
LOW LOGIC LEVEL IS OV 'd

of ol afv 1] 1] eacik is THE SiGNAL FROM THE £ 00 01 11 10
OUTPUT OF THE CLOCK GENERATOR

opryopofrye . 0 {010(010|111[100

AEIEE ERERERE o . _

tjojofgrjele URRARERRARARERED

AER ERERE
R ERER KN
AR EREREEE Figure (3.2d(ii)-1):

_ Karnaugh Map For The :
Table (3.2d(ii)-1): Truth Table: Output Signals PoP: STEP,
- For The Outputs of The Pulse of The Pulse Generator
Generator - :

The requlred truth table for the 51gnals Po, P1 and
STEP is shown in Table (3. 2d(ii)-1). The karnaugh map for
the output 91gnals is 111ustrated in Flgure (3 2d(ii) - 1)
The 1ogical expression for each output is:

Po = Eo+CLK (3.2d(ii)-1}

Pi = Bo+Ei+CLK . (3.2d(ii)-2)
STEP = EoEi; +CLK. , (3.2d(ii)-3)

The circuit for the pulse generator is shown in Figure

(3.2d(ii)-2).

PULSE GENERATOR

ool

Ey

o

10K m=STEP R

: . _
i o o

| D

: . .
! =—STEP L

Figure (3.2d(ii)-2): Circuit Diagram of
: The Pulse Generator
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(iii) The direction signal generator

The direction signal generator provides two types of

.signals: non-TTL type signals, DIRL andlDIRR, to control the

type of rotation, pitch or roll, as well as its direction;

~and TTL type signais, Uo and Ui, to control the counting

direction of the counters.

DIFFERENTIAL

GEARINGS
Ry Ry b2 INPUT
—Hel — P & —ep==—F - —SHAFT
1 AXIS
EFT
oy Gt WOl LEFT b e finAUPEiaer| ourpur swaFr Morion
STEPPER SHAFT ) I SHAFT STEDF,}%%R | MOTION | MOTION
MoTon ouTPUT Ly R, |PTcH cLockwise
SHAFT
Ly R, | ROLL CLOCKWISE
i Ly Ry | ROLL ANTICLOCKWISE
v '
T L3 R, | PITCH ANTICLOCKWISE
- Figure (3.2d(iii)-1): Motions " Table (3.2d(iii)-1): Types And
of The Input Shafts And The . Directions of Motion Referring

Output Shaft of The Wrist . to Figrue(3.2d(iii)-1)

‘The axes of rotation of the two stepper motors are
aligned in one axis with differential gearings as §hbwﬁ in
Figure (3.éd(iii}-1). Two non-TTL signals, DIRL and DIRR,
from the direction signal generator, control the two stepper
motor_drivgrs. With two possible directions of motion for
each motor, the output shaft has four different types of
resulting mqtion. Taking Li, Lz, Ri and Rz to be the |
directions of motion of the two input sﬁafts as shown in .
Fiéure (3.2d(iii)-1), the resulting motion of the output
shaft is _shown in Table (3.2d(iii)-1). The definitions of
directions_of pitch and roll rotations are shown ih Figure
(3.2d(iii)-2). The requiréd DIRL and DIRR signals to achieve

various wrist motions are shown in Table (3.2d(iii)-2).
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The additional requirement to give higher priority to
. pitch rotation is achieved by generating the two direction

I'cpntrol signals, DIRL and DIRR, for pitch rotation first.

ELBDﬂ \
\
_ A DIR L DIR R WRIST MOTION
CLogkise 7 OYITOH ROTATION - Yy A : —
ANTICLOCKWISE 0 0 PITCH CLOCKWISE
‘\\ ompen 0 1 ROLL CLOCKWISE
1 0 ROLL ANTICLOCKWISE
"\ROLL ROTATION
) 1 1 PITCH ANTICLOCKWISE
2%
A Table (3.2d(iii)-2): Wrist

Rotations With Respect To The

. ‘ %
F 3.24 -2): : ;
igure ( (1i1)-2) Direction Control Signals

Definitions of The Wrist .
Rotations '

The truth table for the signals DIRL and DIRﬁ is shown
in Table (3.2d(iii)-3). The karnaugh maps for the two

' signais DIRL and DIRR are shown in Figure (3;2d{iii)-3)} and
the logicallexpressions for the two signals are:

~ DIRL = Do+DiDz N (3.2d(iii)~-1)
) DIRR = Do+DsDi : (3.2d(iii)-2)

Two TTL type signals, Uo and U;, are genérated by the
direction sigﬁal generator for controlling counting direct-
ion df the two counters. Unlike the non-TTL signals, Uo and
ﬁ; are not governed by the priority requirément. This allows

.thé signals Uo and Ui to be generated iﬁ a simpler scﬂemé

. as: _

Uo = Dl_' o (3.2d(iii)-3)
Ur = D2 | (3.2d(iii)-4)
Thé overall circuit diagram for the direétion sidnal'

generatdr‘is shown in Figure (3.2d(iii)-4). Open-collector
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NAND gates are used to provide non-TTL signals, DIRL and

DIRR, with a high level of +12V and a low level of OV.

D3 {D, [0y |0y || DIRL |DIRR REMARKS
ojojo|o X X BOTH ROTATIONS COMPLETED
ofojotf 1 1 PITCH ANTICLOCKWISE ROTATION
L O ] 1 0 0 PITCH CLOCKWISE ROTATION
oo x X [|DO NOT OCCUR ’
o|j1j01]o0 1 0 MOLL CLOCKWISE ROTATION

|0 1. L ] 1 1 {PMORITY) PITCH ANTICLOCKWISE ROTATION .

0] 11710 0 0 [[(PRIORITY) PITCH CLOCKWISE ROTATION °

[ T AR N} X X || DO NOT OCCUR

1]ofolof o 1 [{ROLL ANTICLOCKWISE ROTATION
1{ofo]1 1 1 [[tPRIORITY) PITCH ANTICLOCKWISE ROTATION
vfolr el o.| o [emomtveitcn cLockwise roraTion
tofr ]| x X .

1l )oefof x X

1 o1 x x [ oo not occur

tfr]v o x X

v [ x X

NOTE: “1" = LOGIC MIGH LEVEL
"0"= LOGIC LOW LEVEL
. . X = DONT CARE _ :
Table (3.2d(iii)-3): Truth Table For The
Control of The Wrist thations

8 o
90 00 01 1110
00| X 1 X 0 v
01| 1 1 X 0
1 X [ X | x| X 01-—>0-
10/ 0] 1| x| o 02 '
000 (a) o Do-——--
JONL00 01 11 10
00| X 1 X] 0
01f 0 1 X 0
11 X | X |-X X
1of 1 [ 1] x]|o Uo
_ (b) _
 Figure (3.2d(iii)-3): Dy E>C' _ _ U,
- Karnaugh Maps For Figure (3.2d(iii)-4): Circuit
(a) DIRL Signal And , Diagram of The Direction Signal

(b) DIRR Signal Generator
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3.3 THE INTERFACE CIRCUIT BQARb

In the Tasrobot0 system, thé majof hardware inteffacing
was done bf a commercially availableAinterfacing board{ the_*
Lab Master Board, from_the Tecmar Inc.; The board; iqcated
at'addresses 0710H to 071FH, provides three major types of
ihterfacé, namely, analog—to—digital, digital—to-analog.and'
:digital—tofdigital ihterfaées. Each type of inferfaéé can be
initiated by writing appropriaté_signals_to its correSpénd?b
| ihg address shown in the manuallka?J, Software subroutines
written for the board were provided.by a commercially
available package, the.Lab—pac Subroutines, from thé'
Scientific Solutions'Inc.. Each of these subroutines was
written for a specific function as described in the
manuallk331] |

The analoé—to—digital interface of fhe Lab Master Board
‘consists of an 8-bit multiplexer, giving 256 possible analog
input Channeié. The DAC installed has a resolution of 12
Sitg. With the aid of the Lab-pac Subrbutines, the input
channels can be sampled at regular intervals with maximum
sampling frequency as high as ikHz. Reguiar sampling can be
achieved by hardware interrupts generated by the SyStem
:  Timing Controller AM9513. All the analog input interfécing_
féf the Tasrobot0 system was‘done>through thevLab Master
'Board using,Lab—pac.Subroutihes.'

vHowever, the Lab Master Board prévides oniy two
digital—to—analog channels which are not”endugh for cohtrol; '
ling the three dc servo motors of the Tasrobotl manipulator._'

Three digital-to-analog channels were designed. Each channel
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is accessed through the data bus using the 8255 Programm-
able ParallelAPort Interface (PPI) in the Lab Master Board.

The digital-to-digital interface of thevLab Master
Board is provided by the 8255 PPI. The PPI occupies four
addfess locations, one for command.régister and three for
datavregisters. There are 24 programmable input/output
channels in the PPI. The command register, located at 071FH,
"allows each of the 24 channels, which are arranged in three
8-bit ports: portAL portB and portC, to be prdgrahméd as
either input or output channels. The input data or output.
data can be read of written through the data registefs
located at 071CH to O071EH for porta, porfB énd portC
respectively.‘

PortA, the upper 8-bits of the 24vbits, was programmed
as input port for manipulating digital input signals. At
pfesent, there are three one-bit digital input signals, one
from the MEM-switch and one from the GRIP-switch, both
mounted‘on”the teach arm. The third signal is from the +5V
power supply rail so that the pbwer supply for the
eleqtronics in the Tasrobot0 controller unit can be
examined.

| PortB and pbrtc which oécupy the lower 16 bits of the
24 bits were programmed #s oﬁtput ports. Since there are six
outpuﬁidevices, four dc motors and two stepper motofs, tb be
controlled, six fegisters are required to latch dafa to
appropriafe devices. The upper 4 bits of the 16 bits output
from the hosf éomputef were used to initialize one of the

six registers using a 3-to-8 decoder, and the lower 12 bits

were used as data bits. The interfacing circuit of the



Tasrobot0 system thus consists of six 12-bit data registers,

one-3-to-3 decoder and three DACs as shown in Figure (3.3-

: '—f-ﬁ' SPARES

1) -
INTERFACE  CIRCUIT BOARB
CITTE e e e ]
0 :
o if 3:8 i
ROBOT "Dy, | |DECODER ;
" {compurer |12 ' _ ;
M '
! B ] [ opy
2. oaa 12 8
"] REGISTER — _DAC csolrg;n:fn
: — :
E 12 i SHOULDER
1201 DaTA / 1
" 7| REGISTER _DAC : CONMAND
: 12 O | ELpow
2:1 oata 0 ‘
| REGISTER . DAC ‘cf:z::f”
P ;
: 12 E ‘A‘RISI IPITCH
12i] para 2
"1 nrecister| ? : tg%g:rﬂ
S el I :
[ pata - 12 ' \:%l:'r‘mu#
" vl REGISTER ¥ 0
E E SIGNAL
P ' _,__i_ﬁmppm HoToR
12:[ oata 12 ' CONTROL SIGNAL
"] REGISTER Y

Figure (3.3-1): Layout'of The
Interface Circuit Board

(a) The Decoder and The Data Register Circuit

" The 3-to-8 deqode: and the six 12-bit data registeré
form.the.addresses of the output devices. Three of the data
registers iatch data for the three DACs to control the
positioning motion 6f the manipulator while the remaining
thfée pr&vide digital control on the stepper motofs and the
gripper motor. The data signals for the five joint motors
are 12-bit. The grlpper motor only requlres 2-bit data
1131gna15 and 10 bits are spare in its data reg;ster.

Of the 16 bifs from the computer data bus, four bitS 
three of which

are used to generate the chip-select-signals:

decode the address of the six output devices and one enables

the decoder.
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' Tﬁe 74L3138'3-to-8 Decoder was used in.the désign; It
'décddes one-of—eight lines based on the éonditions of the
~ three binary select inputs: A, B and C: and the three enable
ihputsﬁ Gi, Gz2a and st,.ﬂhén the decoder is enabled, one of
tﬁe.eight outputs is pulled down to 1ow 1eve1 according fo
the levels on the select inputs as shown_in Téble (3.3&—1). 
| '.Two 74LS174 Hex D Flip—Flopé were used to fofm a data
register circuif. Six registers are driven by the decoder,
all having similar circuits as shown in Figure f3.3a—1) but

~driven by different output of the decoder as indicated in.

Table (3.3a-2). 3:8
' : DECODER
INPUTS OUTPUTS _
ENABLE | SELECT D 6y Yq pb—
G, | [B A%l ]¥ [y - 5 - :6“‘"“
L {X{X|[X|H|H[H|H|[H|H[H[H {ﬁé“asj"'r_“m YE'
H JL{L{L{L]JH|{H]|H|[H{H|{H|H of data |p Bg Y5 ———
H JUJL|H|/H|L|H|H|H|H]H|H| = bus 13 = Yaz___
H o [L[H|L|H[H|L|H]{H{H|H|H - ;¢ .:1:7—‘
RN OERE Goa  Gop Y0
H [R{L|L|A|A|A|A|L|H[H]H L_L_'
H |[H{L[{H{H|H[H[H|H[L[H|H| =
H [H|H[L|R[H[H[n|A][H[L[H DATA _REGISTER_ L,
Ho{H|H|H|H|H]|H|H|H|H|H]|L L g
_ - v 1.
NOTE: "™ = LOGIC HIGH . - - « fclear (LK RN
"L* = LOGIC LOW (D —D +—
*X* = DONT CARE o ‘"'—i—'Dg th gg ;
) Gp AND Gog ARE HELD LOW. _ ) : ' Di, 5 . ﬂg, |
Table (3.3a-1): Truth Table of ""E—D3 3' - Q3 w:—
The Decoder 74LS138 —0, & Qe
SELECT INPUTS . : . : ] : -hbi
DEUKEMA E’Eﬁin :::Pécnmsrm 5-?;’; A ?V ]——- ! rlﬂt( hed
: ; o output.
LitiL] v 800Y dafab E clear CLK o
LILIH] Yy [wmsTipimcH '—:—'06 ._d. 6"‘"i—'
LIH[L] Yy [snouwen 7 35 = g‘i T
LiH]H Yy WRIST I ROLL : D; ﬂ Q; '
HIL|L| Y, |ELBOw ) ""—E—FDZ I:"i 02—‘;—
HIL|H| Y5 [onipeen notor ' (Do Dy Q, ____,__: J
1 1
_H HiLL Y% NOT USED ' . ' A T
Hinlu| v |- Figure (3.3a-1): Decoder And A

o . - . — - - Data Register Circuit-
Table (3.3a-2): Data Register gist :

Enabled With Respect To Select

Inputs of The Decoder 74LS138
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In order to avoid erronous decodingldue £o transient
Istatgs of the signals on the select inputs, decoding is done
in a sequence of three steps. Firstly, the 3-bit chip-select
signals are sent to the decoder while-the outputs of the
decoder are disabled by holding Gi low. Secondly, G1 is
changed to high with the select signals unaltered. This
céuses the corresponding ﬁutput to go low. Thirdly, G: is
switched back to low and a positive-going triggering sigﬁal_j
_Ifor an appropriate data register is generated. The enab;e
éignal, Gi, and fhe 3-bit chip-select signals were generatéd
Iin this sequence by softwares which programmes tﬁe 8255 with _

8088 assembly language and will be discussed in Chapter 7.

(b) The DAC Circuit

Three DACs are required to provide analoé signal
commands to the three positioning joints. The three DAC
circuits are identical, eéch consisting of an AD7541 12-ﬁit'
- Monolithic Multiplying DAC plus external circuit to convert
.the-binary weighted output currents to thé equivalent binary
- weighted voltages. |

| Fof full foﬁr—quadrant multiplying D/A conyersion,-the
AD7541 can be connécted-with two op-amps as shown.in Figure

(3.3b-1). The output voltage can be expressed as:

Vovra = (1-2D)Vref | (3.3b-1) -
where
~B11 Bio . Bo .
D= — + + oo + — (3.3b-2)
2 22 212

The code and voltage output.relationship is shown in

- Table (3.3b-1) which is an offset binary coded conversion.
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Rrks

i
o Lour[— _El>_
P V I ' &
DaTA —=" -
J.

AD7541

VReF

. -10V _

Figure (3.3b-1): Circuit Diagram For Bipolar
Conversion of Offset Binary Codes

DIGITAL INPUTS | NORMINAL ANALOG QUTPUT . - DIGITAL INPUTS | NORMINAL ANALOG OUTPUTS

vt vyl - 0999512 Vg oti1rr vl 999512 v
100000000001 '-0.000488 Vpgr ' Tooooooooooor L83 mv
~[toooooo000000 0 ' 000000000000 0 v
010000000000/  0.500000 Vper 110000000000[. - 5.0 v

ooo0oO0O0OOQOODOQROCO 1000000 Vpee 100000000000 -10.0 A

Table (3.3b-1): Offset Binary Table (3.3b-2): Two's Complement
Code Conversion Code Conversion With Vrer=-10V

IThe offset binary code is a patural_conéequehcé'of the
structure of the DAC. However, the two's complement code is
pfeferred for'binarg mathematics. TheIDAC-can easily 5e
.étrﬁctured to convert the two's complement code to its
equivalent voltage'by inverting the MSB of the digital
signal before.ip is connected to the MSB pin {Bxxf qf-phe.
DAC. The output volﬁage expression for-the.two's complement

conversion can be written as:

Vour = (1-2F)Vretr - (3.3b-3)
where,
: Bi1 Bio Bo
F=—+—+ "+ + — (3.3b-4)

2 22 212
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The code and voltage output relationship is shown in

Table (3.3b-2).

3.4 THE POWER SUPPLY CIRCUIT DESIGN

The design circuit boards discussed so far have their
own voltage regulators on board. Unregulated power are
-supplied to eéch board so that each piece ﬁf circuitry has
ah individual regulated supply. This arréngemenﬁ has an
advantage of avoiding disturbation to regulated supply via
‘inevitably noise-voltage affected leads-whiqh increases the-
-_ ripple factor of the regulated supply. |

The power required by each circuit board and the
'regulatoré ﬁSed are shown in Table (3.4-1). Circuit diagrams
g fbf.cohnecting these regulatorslare standardized. The pin-

to-pin configurafions and the full board circuit diagrams

are shown in Appendix A.

| REGULATED |TOTAL MAX POSSIBLE|SELECTED  |UNREGULATED
CIRCUIT BOARD |6/ TAGE  |CURRENT REGULATOR {BUS
415V 1.5 A LM 340T-15 | BUS2
ANALOG -
-15 v 1.5 A LM 3207-15 | BUS3
CONTROL -
| +10 V 10 mA LM 78L- 10A| BUS?2
BOARD -
“10 v 210 mA LM39L- SA| BUS3
DIGITAL +12 V 1.0 A LM 340T-12| BUS?2
CONTROL —t
BOARD | + S V 280 mA LM 340T-5A| BUS1
o S5V | 12 A LM 340T-15| BUS?2
INTERFACE _
CIRCUIT. 10V 6 mA LM-79L-5A | BUS3
BOARD —-
_ o . 5V 240 mA LM 340T-5A{ BUS1

.Table (3.4-1): Power Requirement For Each Circuit Board And
: The Regulators Used
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The power supply circuit for the three circuit boards

is illustrated in Figure (3.4-1). Three unregulated voltage

buses are provided, they are BUS1, BUS2 and BUS3.

BUS1 has nominal voltage of +12V and provides power for

+5Vv reguiated supply; BUS2 and BUS3 have nominal voltages of

+20V and -20V respectively and provide power to *15V, +12V

and 10V reguldted supply in the circuit boards.. The current

supply requirement for each regulator is also shown in Table

(3.4-1).

A C
MAINS

TRANSFORMER
T1

BUS1 (+12V)

CENTER-TAPPED
TRANSFORMER ¢ =~ -

TZE -l/r;

[ BUS2 (+20V)

SMOOTHING

—1— CAPACITOR

&

€2

—— SMOOTHING
—1— CAPACITOR

3

[ . e BT B

A

!

_BRIDGE
RECTIFIER

BR2

BUS3(-20v)

Figure (3.4-1): Power Supply Circuit For The Hardware

Control Boar_ds

The minimum requirements of the passive components used

in the power éupply circuit are shown in Table (3.4-2).



SELECTED C (allowin

50'% variation on C 8952 pF 1432 pF
MINIMUM o '
REQUIREMENTS RIPPLE FACTOR .:. % 8 %
ON _
SMOOT HING Vrippyg PK) AREAN EERRLE

- CAPACITORS 1 (allowing 100 %

. vitiatton on C) k-5 A 0-72 A
N Ic(AV) | DIODE 1.25A 0.25 A
"MINIMUM ,

REQUIREMENTS ON gy ! DIODE ' 7.5 A 1.5 A

_BRIDGE RECTIFIERS
(PER DIODE ) I¢ (RMS) / DIODE 2.5 A 0.5 A
" lgupge/DIODE | 60 A .5 A
' ' 18.74 V 0.6 V

. MINIMUM Vsec (RMS) :

REQUIREMENTS Rg 0.5 PN

ON TRANSFORMERS

" - VA RATING 66 VA 7-5 VA

Table (3.4-2): Summary of The Design Process of The :

' . Unregulated Voltage Supply Buses And The
Minimum Requirements of The Elements Used In
The Power Supply Circuit
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CHAPTER FOUR
IDENTIFICATION OF THE MANIPULATOR SYSTEM

A.;ombleteirobot manipulatof system is a non-linear
multi—vafiabie system. Upon analysing the dynamics of a
robot manipulator’ﬁging Lagrangian mechanics{R11], thé torque
acting on a manipulator ‘joint ié_due'to a combination of
~effective inertia and viscdus friction of the joint and the
effect of motion of other‘jointﬁ. The'latter includes
coupling inertia, centripetal acceleration and coriolis
acceleration. However, the Tasfoboto arm is oniy a test
robot arm. Its size and weight are far less than commonly
encountered working fobots. The interéctions between links
are thus small. The effects due to coupling inertia,
.centripetal acceleration And cofiolis accéleration-can be
1neg1ected. The torqueiacting on a Tasrobot0 manipulator
joint can Be épproximated-asidue to éffective inertia and
viscous friction of:thé joint only. Forva horizontél joint
éystem; the_extra torque'due_to the weiéht 6f the 1ink§ and
-the carried load can be included as a disturbance torque. |

Thé TasrobotO»is a robot manipﬁlator‘system'with'five»
degrees of freedom.-The,roil,and pitch rotations of the
:'wris£ joints are controlled by stepper ﬁotors. The rotatiohs
ofbﬁhe body;, shéulder— and elbéw—joints are controlled byv
dc motors with cqhstant‘fieldvekcitation.,Tovcontfol-the |
latter ﬁhree'jointsvahd'ﬁrovide sérvb opéraﬁion, analogue

controllers were designéd. To facilitate the design, models
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for the three joint systems and their unknown parameters'

were built and identified.

4.1 MODEL BUILDING
Although the models of respective joint systems have
' different'parametric values, their structures are identical

as shownlin.Figure (4.1-1).

COMMAND _ AMMATURE

SIGNAL FRERENTIALL KOMPENSATION | POWER | [ CONTROLLED GEAR 0
- | ampuriEr NETWORK AMPLIFIER 0. ¢ [T]RrepucTioN LoAD
MOTOR
POSITIONAL

SENSOR

Figure (4.1-1): Block Diagram of A Joint .
System of The TasrobotO0 Manipulator

In the model building stage, the differeﬁtial amplifier

~and the power amplifier in each joint system are grouped
together and,modelled as an amplifier with contréllable gain

_A.'Since the compensator used is a simple one-pole-one-zero
compensator, the compensation network is ﬁodeiled by a
trahsferﬁfunction.ccahp(s) with pole at s=~1/Tz'aad zero at
é*l/Tt: ” | |

sT1 +1

'I-Gcom]:.o (s) = (‘_1.1-1}

sTz+1
'The_dg servo motor, tﬁa redﬁctibn gear box,.the load
.andlthe ﬁosition sensor tbgether_are considered as a
subéysfem._The pﬁfsital_madel.of this dc motor'subsyateﬁ is
illustrated in Figure {4.1—2). Tha symbols iisted below:are'
: used in Figure (4 1 2) and w111 be used in the derlvatlon of
the transfer functlon of the dc motor subsystem model

~va- = voltage applied to the motor armature
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ia = armature current
Ra = motor armature resistance
La = motor armature inductance

N ='geér reduction ratio of thé gear train'

Ju = effective inertia of the motor

Bm = coeficient of viscous friction of the motor
JL_?'effective inertia of the load

BL

coefficient of viscous friction of the load

Om (t) = motor shaft angular displacement |

oL (t) load shaft'angular displacement

position of ...._"f.‘,'l's':r““'
load shaft indicator

Fzgure (4.1-2): A Physical Model of A Joint
System of The Tasroboto Man1pu1ator

Considéring the motor side of theldc motor subsystem,
'the elecﬁrical terminal équatiqns of-thedconstaht-field
armature?contrplled dc servo may be obtained by equating the .
-_ vqltage drop a:ouﬁd”the arﬁature loop as: |
: e
. Va(t)-Kvem(t}-= Ra ia (t) + La;;ia(t} . 5 (4.1-2)

Iwhere Kv is the béck e.m.£f. constant of the motor.

- The tOrque.lTn(t}, genéraféd_by an armature.con;rdlled.
,dc-servp is propbréional tq_the-a;matdre current, is,'andlis_
given by: -_ _I |
| Ta (t) = Kria (t) . (4.1-3)

where Kr is the torque constant of the dc motor.
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On the load side, the motor is geared down to drive the-

load_with gear feduqtion ratio N. Assuming an ideal gear
- box, the torqﬁeloh the 1péd is N times the driwving tofque
_and.the.drivihg shaft velocity is N times the léad'velocity.
If J is the total inertia and B is.the resultipg coefficient

of viscous friction acting on the motor shaft, then:

J = Ja + Ju/N . (4.1-4a)
B = Bo + BL/N2 (4.1-4b)
On (t) = No(t) ' (4.1-5)

_The last terms of equétions (4.1-4a) énd (4.1-4b)
represent respéctiveiy'the reflected inertia and the |
reflected coefficient of viscous friction of the load on the
motor shaftT If T. is the resultinglload torque acting on
the motor shaft due to these inertia and viscous friétion,
then T. can be expressed as: |

TL (t) = BOa(t) + JGu(t) (4.1-6)

Iq some cases ﬁhére the axis of rotation 6f the joint
is not vertical, there is an additional torque acting on the
joint due to the weight-of-its driven links. This additicnal
torque, caused_by thé'gravity loading effect, vill'bé
modelléd és a distufbance torque and designated by Tg. If T
is the';otal load torque acting on the motor_sﬁaft,:then

T(t) = Bda(t) + JBa(t) + Tg (t) o (4.1-7)

This total load torque required is provided by the
motor generated tordue, T-(t); Thereforé, equating equatibns
(4.1—3);and (4.1-7)'and régrfanging;.one gets: |

Kria (t) = Tg (t) = BOw(t) + JOa(t)  (4.1-8)
If Vo is the voltage from the position'sehsbr haViﬂg a

proportional constant Ko, then
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Ve (t) = KvO(t) (4.1-9)
A model for the dc motor system can now be established
acéordihg’to équations-(4.1~2).to (4.1;9i and is illustrated

in Figure (4.1-3). - , .
| m : : 8 et \/
1!(RnosLu)h| Ky —(g— 11(Bes TS e Vs ke

K

v

Figure (4.1-3): Block Diagram of The DC Motor Subsysteﬁ

In ﬁractice,'there are non—linearities that cannoplbe
ignoréd_in_thé system. Thé most commonly encountered non-
linearities are the saturation non-linearity due to
saturation of amplifiefs and the dead-space non-linearify
due to static frictioh betﬁeen sliding surfaces of the
joint. The parémeters for the éaturatidn nén—linearity model
can be determined by direct measurements. But the parameters
"of the dead-space non-linearify ﬁodel are usually time-
varying as tﬁe honflineérity is caused by:the coefficient of
static friction which changes with joint position;

If v and_Vz'represenf.the ﬁositive_and negative
sagu;ation§ of.the amplifier_used, and D1 and D2 represenf
the characteristics of the dead-space non-linearity; then
'thetmodel-structuré of a joint system can bé.iilustrated in

 Figure (4.1-4).



56

"Figure (4.1-4): Block Diagram of A Model Structure of A
o Joint System

4.2 PARAMETERS TO BE ID]?;NTIE;IED-

Since the dc motor subsystem contains most of the
parameters of the model, the'identification'is'mainly a
construction df an optimum transfer function for the dc
motor subsystem. -

The pqstulated model shown in Figure (4.1-4) is closed-
"loop. There are two ways to identify the parameters of the
subsystem.lEither, the.c1osed loop transfer function of the
system is identified ahd then the model of the subsystem is
derived from the identified parameters. Or, the open-loop
transfer function of.the system is identified directly by
opening the feedback path. The iétter'method_was use@ in
order to éliminaté-ﬁhe effect of aﬁplifier saturation on the
model paramEters. - - |

If the parameters of the dead space non-linearity model

"'.are_sméll_and can be linearized, the appromixated transfer

functiqn for the dc motor éubsystem followed from Figure
(4.1-4) can be writtén-as:
K

- G(s) = —™m—— | (4.2-1) -
s (s2 +as+b) '



where | K =
. S JLa

"Re B

a= — + -

La - J
RaB + KvKt

.b =
JLa

4.3 IDENTIFICATION TECHNIQUE

~The model to be identified. is a thlrd order continuous-
time transfer function denoted by G(s). The. type of
technique'ﬁsed for solving the parameter'estimation pfoblema
. is calledlgeneralized mbdelfadjustment technique as

illustrated in Figure (4.3-1).

I PROCESS. ... .

: NOISE ,n(t) !
1 1]
TEST INPUT _}{ PARAMETRIC : QuTPUT
Xt E E MODEL Gis) \_} i Y(t)
I . o
MODEL

-

hemmmmemeeememmcmemeemameaemeenn

ERROR , elt}

Flgure (4.3-1): Block Diagram of The Generallzed
Model-AdJustment Technlque

The Blocks Fo ,Fi,....Fa and Go,Gi,....Ga are operators
such asilinear transfer function, non-=linear operators etc..
These blocks, togéther with the 'potentiometers’

ao,uz,....an and Bo ,B1,....Bn and the summer, form a



.Qéﬁeralized,modgl' of-the.procésé.'Tﬁe ﬁoise, n{t{,
l represents the measurément érror of,£he output, y(t): and
eft) repreéents the equation errof;'An estimation scheme
mihimizing-the sum sqﬁares-of'thé equatiﬁn error with
respect to values'ao,axﬁ....an and Bogﬁl,}...Bm was used.
For implementation of the technique in a digital computer, a
- discrete model rafher than an analog model was édbpted; The
parameters in the identifiéd_model are thus discrete-time.

The interfaée between_the analog model and the
computer is-thrOugh a digital latch and a DAC which can be
- modelled as a zero-order hold data-ektrapolatqr having a
transfer function: |

S l-e-sT
Gzon (8) = — : (4.3-1)
s : :

‘where T is the sampling interval

The resulting transfer function of the process
_inéluding the zero-order hold data-extrapolator, G* (s), can

be written as:

G* (s) = Gzon (s)-G(s)
R l-e-sT K '
s s(s?+as+b)d S
Applying the Z-transformation, one obtains:
| . .- B*o*‘.B"‘12‘1+B*2Z‘2+B*sz.:"3_' Y (z) '
G* (Z) - . - = ) (4.3-3)
: 1-A*yz-1-A*22-2-A*32-3 X(z) _

- where G* (z) represents an ideal discrete-time transfer
function of the dc motor subsystem; Y(z) and X(z) are the Z-
transforms of the corresponding sampled output signal, y(t)

‘and input signal, x(t); and A*,, A*2, A*a, B*o, B*1, B*z and
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B*3 are the ideal discrete-time parameters_of’the_process

‘and can be found as:

E"o'

B*1

é*z

B*3

A*y
A*2

A*3

~and, - o =

D =

0

‘-Ra(l-a)/b? + KT/b + Dt

-Ka(B-1)/b2 - 2aRT/b - 2De |
-Ra(a-B)/b? + BKT/b + Dt | (4.3-4)
(20+1) o |

- (2a+8)

B

e~ 9T coswT

e-20T

e-9TsinwT _ : (4.3-5)
a/2

- Vb=0o?

K(a-b*d)/bzw'

This process model can be identified using discrete

model-adjustment téchnique as shown in Figure (4.3-2).

SO BROCESS ... ,
i NOIj,\NIZl !
1) 1]
1] 1]
: ' I DISCRETE - TIME i
TEST INPUT ™1 PARAMETRIC - u ; QUTPUT
X12) b {Mooee 6% H ¢4
: een ' - I
MODEL

ERNON, E(2)

Figure (4.3-2): Block Diagram of The Discrete
' Model-Adjustment Technique For Identifying
Joints of The Tasrobot0 Arm

Frdm_Figure (4.3-2), the discrete equation error E(zlf_

can be expressed as:
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E(z) = X(z)Biz-! + X(z)Bzz-2 + X(z)Baz-3 - Y(z)
- Y(z)Aiz-! - Y(z)Azz-2 - Y(z)Asz-3 (4.3-6)

Denoting the ktt sampled value of the output as'yx, it
follows from the_Z-fransform theory that:

Y(z)z-no

L}

Yk-n ' - : (4.3_7a)
Similarly, '
X(z)z-® = Xg-a (4.3-7b)

Therefore equation (4.3-6) can be expressed in matrix

form as:

yx=[Xk-1 Xx-2 Xx-3 Yk-1 Yk-2 Yk-3][Bi] + ex (4.3-8)

: : B2
‘| Ba
Ay
Az
| 2a

For a large number of input and'output measurements,

k=1,2,ﬂ....n; equation (4.3-6) can be written as:
(ya] [xs %2 x1 v yz y1 ] [Bi] [ed
¥s X4 X3 X2 Y4 Y3 ¥2 B2 es
=1 : - : : Bs| +|: (4.3-9)
: : : : As :
: : 2 : Az :
| Ya Xn-1 Xn-2 Xn-3 Yo-1 Yo-2 Yun-3 | Aa| | €n)

the [nx6] input-output matrix;and © is the [6x1] unknown
parameter-vector. Equation (4.3-10) can also be written as:
E=Y-HO ' B (4.3-11)

If §p is the best estimator such that the sum of
squares of the error vector components is minimized, then
the cost function J can be expressed-as:

I = KYHOT(-HE (4.3-12)

For a hinimum J with respect to Q;'it requires that:

oJ - |

— = -HT (Y-H- @) =0 (at ©=8s)  (4.3-13)
20 B
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-.Solving equatiqn.{4.3-13) gives.the least squates
estimate of the parametér—veétor,-éu, as: )
b = mewty o (4.3-14) :
" where Pa=(HTH)-!. | R |

If there is an additional set of measurement: Xis+: and

Yk+1, the refined best estimator can be written asl(R261:

Buvi = Bu + Koot (Yari-Hor18a) (4.3-15)

" where Kos+1 = P;anii+Hn;1Pan-1')‘ll - (4.3-16)

| Pas: = Pa - Kav:1Hae1Pa ~ (4.3-17)
o _ _

[Xo Xn-1 Xn-2 Yo ¥Ya-1 Yn-2] (4.3-18)

System identifibatidn ﬁsing recursive least squares
method can be initiated with: |

either.(i} a dafa block of say, k=10, and éomputing 810
ahd Pio . | | |
| or (ii) an initial'estimate for Go aﬁd'a P;matrix of

large diagonal values.

4.4 TEST INPUT

| The test éignai usedlto energizé a joint system for.
idénfification proceséiis é 12-bit maxiﬁal length pséudo-
random binary séquence (PRBS). It can be easily generated

’

~using a digital'computer and is reproduciblé. its bandwidth
_can be.gdjusted so that all frequehcy modes of thé system

_ undef test can be excited. |

The principle.of generatioﬁ of the test sighél;has béenl
”jdescribed_élsewherelkls-itﬂl. In the case of a 12-bit PRBS, |
the géheration scheme is illustrated in Figure (4.4-1). The

input to the shift register is from a clock generator'with

frequency fc. The PRBS is bbtained from the 12t» stage
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output'of the shift register; The actual test signal is
| generated by converting the two logical'levels'of the PRBS
into corresponding voltage levels using a comparator as

‘shown in Figure (4.4-1).

12 -BIT SHIFT REGISTER

DRIVE == BIT | BIT | BIT | BIT | BIT | BIT | BIT | BIT | BIT | BIT | BIT | BIT
SIGNAL 1 1 3 L 5 & 7 8 9 |10 1M |12

COMPARATOR PRBS

1
EEEDBACK EXCLUSIVE OR

Figure (4.4-1): The Principle of Genefating A 12—
Bit Maximal Length PRBS Test Signal

A discussion of the nature of the test signal will be
followed. For the sake of convenience, the two states of the
binary sequence are assigned values +1 and -1 . A typical

section of the PRBS test signal is shown in Figure (4.4-2).

T o
1wyl

Figure (4.4-2): A Typical Section of A PRBS

The corresponding autocorrelétioﬁ function, ¢x (1), of

‘the PRBS signal is shown in Figure (4.4-3) and is given

by(r131;
-1 L+l o S - .
#x (1) = — + — I g(7-kLTe) - (4.4-1)
where L = 2N-1. |
N = number of bit in the shift register (=12)

Tc =1/fc = period of clock driving the shift register



g(T) = pr(T+Tc) - 2pr (T) + pr (T-Tc)

where pr(T)-is a unit ramp function.

# it . ' o
' : . -

S

, _ tz§-=n1‘

Figure (4.4-3): Auto-Correlation Function

of A Maximal Length N-Bit PRBS

The function consists of an infinite series of triangular
spikes centered at T1=kLT: for k=—w,.;,-1,0.1,..w.

Th.e power—-density spectrum, &x (£), of the PRBS can be
found from the Fourier Transform of the periodic auto-
correlation function; ¢x (1), in equation (4.4-1). The

transform relation for the discrete spectra, with

fundamental frequency 1/LTc Hz, is given byikR131:

1 w L+l sin(rn/L),%2 r '
ox (£) = Uo (£) + I [s - ]Uo(f- —) (4.4-2)
L2 "::'0“’ L2 (rn/L) LT

-whére Uo (£-r/LTc) is a unit impulse function'centered at-
f=r/LTc . |

The shﬁpe-of.the power¥densi£y spectfﬁm ox (f) is a
discrete sinc? fuﬁétion and is shown in Figuré (4.4-4). It

should be noted that because of-the'veryhsmall dc component

in the PRBS signal, the'poﬁer densiﬁy spectrum at féO is

63

- very small and has value 1/L? . The bandwidth of the éignal _

is equal to the driving clock frequency, 1/Tc or fc. It can

be varied by simply varying the driving clock frequency.
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P 1 envelope = %sin:z(ﬁ'_;-)

—1
Ny T,

Figure (4.4-4) : Power-Density Spectrum
of A Maximal Length N-Bit PRBS
However, from.equation (4.4-2), thé number of line spectra
within the bandwidth of the teSt'signal is constant for a
_ fixed number of bits of the PRBS and is equal to (2¥-1). If
the bandwidth of'the-signal is increased, the fﬁndamental

frequency of the discrete spectra will also be increased.

475 IMPLEMENTATION OF THE.IDENTIFICATIbN PROCESS

The identification proéess was implemented off-line by
~a series of prqgfams written in.Fortran*77 language. Details
of the programs can be found in Appendix D. The prégrams,can
be arranged in_a series of three main stages. Thé first
stage is the generation of a 12-bit maximal length PRBS
- whose two states are‘repreéented by ﬁser—specified voltage. -
levels. in.thevsecond_stage, the generatéd_PRBS is used as a
‘:tést signal to excite a joint system’and the_resultingv
dﬁﬁputfis sampled and stored._The ¢1ock,frequency generating
-the'PRBS is.uéer—specified; In the third stage, the PRBS
_'déta gene;ated and the cofresboﬁdiﬁg'output'déﬁa sampled are
" used tolestimate thevéaraheters of the discrete model usihg
" the téchnique discuséed in section 4.3. The’recuréi?e least

" squares method is applied starting with an estimate fdr the



upknown'parameter—vectof-and a.E ﬁatrix withllerge diagonal.
‘values; | o - | o

'During the»idehtificatichvof a joiht'sySteﬁ, the'
eéuivaleﬁt.voitage levels and the driviﬁg'elock ffequency of
the PRBS must be carefuliy selected. When the Qoltage level
is too Small, the deéd—spece non-linearity cannot be
oﬁerceme; where»if it is too iafge,'the amplifier becomes
saturated. Aleo;;the clocking frequency fo:'thevPRBS nmust be
high enough to excite.ali modes of a joint system.*Bﬁt the
higher the clockihg frequency is, the largef»the fundamentai
:frequehcy of the PRBS disgrete—spectra will be. When the
signal passes through e low pass system, the power eutput
decreases es the fundameﬁﬁel frequency of the_signal
discrete spectra increases. While most mechanicalvsystems
have low pass characteristics, the output power of a joint
system excited by the PRBS input will be degraded as the
clqcking frequency of,the‘PRBS increases;»This reduces the
output signal—to—noise'ratio and thus lowers the accuracy of
the identified parameters. | .

Y_Owing to the ihtegrating'nature of,e dc. motor
subsyetem,van excited joint mayvmove ouﬁ of ite limits
”during identificetion end'cause demage to the ‘gearings. The
idehﬁificationiprocese is'programmed:to terminate.itselfv
whenever theejoinﬁ limits are 1likly to be exceededeby the
excited,joint. :' ’ | | |

_The sheulder»joinﬁ and the elbow ﬁoiet'of'the_TaerobotO
‘'system heve'horizontal axes of retation. To eliminate the
gravitatien.effect on'the paraﬁeters, the'joint axie was

~aligned with the vertical in the respective identification
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process. The gravitational effect will be discussed in next -

‘chapter.

’the'three joint systems are assum§d~to be mutually
indébéndent. Only oneljoint_will be excited durihg each»
Aideﬁtification process.‘However,.the»effective_inertia of a
joint depénds on the configurétiqn of the arm. It_is,wéll—

; knowﬁ in feedbéck conﬁrol theorylﬁhat the varigtion of open-
.loop parameters will haQe little effect on the closed-loop
dynamic_respénse of a system if the loop gain is
suffiéiently large. In Figure (4.1—4), provided’aaequate
loob géin is allowed-fbr, the two feedback loops will reduce
the effect of the varying’effective'inertia of a joint
caused by chénges in afm configuration. It is, therefore,
assumed that variation_bf joint effective inertia is

" negligible for any joint system of the Tasrobot0. This
‘assumption will be checked in néxt chatper. |

Under this assumption, the arm configuration becomes
insignificant in .the controller design for the thrge_dc
- mot§r joints. In the identification process, the links7ar¢
confiéufed SO»thét the moment of inertia of a joint system
is set apprOximatély ﬁd the average value of any_likély

values.

4.6 CONVERSION FROM DISCRETE-TIME MODEL TO CONTINUOUS—TIME
MODEL _ ' ' S , o

 vSinée a diééréte'time model'has_beeh,adopted! its
;trahsfer functidn muét:bé translatéd t§ avcofrespohding
continubus-time tranSfer function to enhance the design of
an_analég compensator. The-approximafed discrete-time

transfer function is in the form:
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Biz-!+B22z-2+B3z-2?

G(z) = — - (4.6-1)
1-A;1z- 1 =-Az22zZ2-2-A3z-3 :

" In order to convert this form into a-corrésponding'
cdntinﬁbus;time transfer_fuﬁction, equation (4.6-1) must
first be converted from z-domain to s-domain by taking
inve;se Z-transformation. The resulting form in s-domain is
theﬁ factorized into two continuous;time transfer functions
- one for the_éero-brder—hold data extrapolator.representing
the DAC and the che; for the dc motor subs?sfem.

For a third order system with transfer fﬁnction shown
in equation (4.6-1), there are four poésible cases of
conversion depending on the natﬁre of the roots of the
denominatorlpolynomiél. These four cases are analysed and

shown in Appendix C.

4.7 RESULTS OF IDENTIFICATION ON THE THREE JOINT SYSTEMS

In applyinglthe recursive leaét squares method, the
initial estimates for the modellparameters.are zero and the
diagonal elements of matrix P are éet to 100.

For the body-joint system,'ﬁhe equiﬁalent voltagé level
andlthe clock period of the PRBS input_test signal were setl
to O;5§ and 0.05 seconds respectively. 4095 input/output
measurements were obtained. From fhese daté, the unknown
;paramefefs of the body-joint discrete-time-model were
deduced. The transfer fuﬁction of thé'model} Ge(z), can be
expresséd as: - |

0.0250785122+0.0363311§z+0702122747'

Ge (z) = — (4.7-1)
‘ (z-0.9999464) (2z-0.0972323) (2z-0.3817543)
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The variations Qf parametefs for the last 500 estimates.
is shown in Figure (4.7-11. Littlelvariations can be seen iﬁ
the parameters in their.estimation procees; The final:vaiues
ef-the diagonal elements-of.the_P matfix'are in the order of
10-9 to 10-3. Hence,-the parameter—-vector eonverges. From.
Figure (4.7-1), the petcentage variations of fhe numerator
coefficients are larger than that of.the &ehomiatof
coefficients in the discrete-time function. These-vafiations .
account for the presenee of zeros in the traﬂslated
- continuous-time transfer funcﬁion and'will be'discussed_in

‘next chapter.
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{a) numerator  coefficients ' {b) denmﬁnnlor_ . mffitlen.ls

- Figure (4.7-1): Varlat1ons of Parameters For The Last 500
- Estimates of The Body-joint System

For_the shoulder—:oznt system, the same PRBS.teet.
sighel was*ﬁeed as input and 3133 input/putpﬁt measurements
were obtaine&. The transfer funcfion, Gs (z), can be
expressed as:

0. 0850529823+0 154957002+0 08702245

Gs (z) = (4.7-2)
(2-0.9998622) (2-0.2744630) (2-0.1776742) |

For the elbow-joinf system, a slightly modified PRBS
input test signal was used. The equivalent voltage.level and

thé'qlock period of the PRBS test signal were set to 0.5V



and 0.02 seconds respectively._The higher frequency PRBS
input enﬁanceS'a largerlc011ectidn of data within a shorter
time before the elbow jdint is terminated forjtenddncy fo
exceed its limits in the open .loop identificafion process..
1426 input/output-measurements were obtained and the
transfer function.-Gs(z), can be expfessed-as:
0.1250489022+0.1ﬁ4205702+0{05432743

Ge (z) = (4.7-3)
. - {(z-0.9990688) (z-0.5215821) (z—-0.0080810)

The variations of the parameters for the shoulder- and

"~ the elbow~joint systems are as minimal as that for the body-
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joint system. The final values of the diagonal elements of

the P matrix for each case are also in the same order of
magnitudes.

The acéuracy of the discrete-time model is checked by
comparing the actual outputfof the joint system with the
model outpﬁt as shown in Figures (4.7-2). From these
figﬁres,_thé variations of the model_outputs ére same.as the
actual outputs but there are significant drifts in the body-
and shoulder-joint cases. Since the employed 1east-$quarés
method minimizes only the equation error, the. output error
haslnot been emphasised. The relatiohship between the
equétion érrér, Eeq (z), and fhe output error, Eout (z), can
‘be Shown-aé;.

Eout (2) 1

: = - - (4.7-4)
Eeq (2) 1-A;Z'1‘A22f2“haz'3

where 1-A1z-'-A2z"2-A32z-? is an approximated denominator
polynomial of an identified system. Owing to the existence
of an integrating element in each identified system, its

equation error is also integrated. If the equation error has



POSITION(deg) - , T T e
'Do N ) . .

15

50

25 } ) \ . ) ) - _ actual
188 265 38 482 533 GED 768 68 %63 (880 4188 1208 1380 14%0 1580 166D 17EA- 188 1580 Z88i 2180 2288 2388 2480 2508 2689 2768 7080 2300 3m08 3ise 3zed 3we\vfise Liem das 808 3383, 4nee

-25 ' ' '

modelled

(a) BODY

POSITION{deg)
40 .

30
20
10

-3

(b) SHOULDER _ (c) ELBOW

Figure (4:;:2): The Modelled Outputs And The Actual Outputs’
: Variations of The Three Joint Systems

0L



71

‘a non-zero mean, the:Outpuﬁ érror will éccummulate. This

V-aCCOﬁhtS for.the.drifts in'the’body4.and thelshbulder—joint-
éystems. | | .

A_stéepest—déscent méthod using the least squareS"

estimafes.as the starting point was also used to minimize
the sum Qf the squares of the output érfor. However; the
optimum'parameter values obtained differ only by about 2%
from the least squarés estimatés and there was no signifi-
cént impfovement'in the degree of match.

" Each of the discrete—time transfer functions contains a
pole very close to z=1, which is as expected since each
joint system contains én integrating element. Formula (C-7)
and (C-9) shoﬁn in Appendix C were @sed and the correspbnafA
ing‘continuous—time transfer functions for the dc.motor
subsystem can be found as: )

0.141(0.000423s2+0.01055s+1)

Gs (s) = _ — | (4.7-5a)
-  $(0.02145s+1) (0.05192s+1)
. 0.493(0.000394s2-0.01240s+1) |
- Gs (s) = (4.7-5b)
| | 5(0.02893s+1) (0.03867s+1) :
10.692(0.000304s2-0.007725+1)

Ge (s) (4.7-5¢)

' 5(0.01038s5+1) (0.07682s+1)
where subscribfs B, S and E are designated for the body-,
shoulder—.and_elbow—joint systems respectively. These
tianslated fransfefvfunétions will be analysed in next.

chapter. .



CHAPTER FIVE
MODEL ANALYSIS AND COMPENSATOR DESIGN

5.1 ANALYSIS OF IDENTIFIED MODELS
After the identification of the discrete-time pulse

transfer function, the transfer function is translated into
'its;corresponding continuous-time form. Each dc motor
subsysteﬁ obtained is a thirdlorder system'havihg one pole
ét s=0 and generélly two zeros. The form of the translated
transfer function, Gi(s), from the identification and the
translation processes can be written as:

ki (bzsz+bys+1)

Gi (s) = (5.1-1)
: s(sT3+1) (sTs +1) ' :

where ki represents the velocity constant; bzsZ+bis+l

represents the numerator polynomial; and -1/T;_and -1/Ts .
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represent the poles of the continuous-time transfer function

of the dc motor subsystenm.
Thg_conversion process in Appendix C shows that the

poles of the tranélated continuous-time transfer function

depend on the poles of the identified discrete-time transfer

function only. But the zeros of the translated continuous-

time transfer function depend on both the zeros and poles of

the identified discrete-time transfer_function in a complex.7

fashion.

For a system having no zeros, the translated values of

‘bz and by will only vanish when the following conditions are

valid:
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(i) Fi = (asFz+azF3)T (5.1-2a)

(ii) (az+as)F1 = azas (F2+F3)T (5.1-2b)
B:1 +B2 +B3
where Py =

(Cz-1) (Ca-1)

‘B1C22+B2C2 +Ba

F =

(C2-1)2 (C2-C3a)

By C32+B2Cs +B3
Fa = :

(Ca-1)2 (Ca-C2)
az = -1lnl[Cz21/T

as = -1n([C3]/T
where B:, B2 ﬁnd Bs are the identifiéd zeros; C: and Cs; are
the identified poles; and T is the sampling period. Because
of erfors in model structure and the finite word 1eng£h
repfesentation of numbers in digital computers, the
coefficients bz and b: do not normally vanish. While in this
case, tﬁe resulting translated coefficients bz and b: are
smallﬂ and the 6figina1 continuous—-time transfer function
has no zero, the non-zero values of bz and b: can be
considered as parametric errors introduced in the
identification aﬁd the translation processes and will be

neglected.

5.2 E_-FFEC'II'S OF SATURATION NON-LINEARITY ON STEP RESPONSE
From the previous aéSumﬁtionS'and analysis, a 5oiﬁt
system‘can be schem&tical}y repreéented 5y the block diagfam

shown in Figure (5.2-1). |
The symbols used in Figure (5.2-1) are related by the
following equatibns: -

Ce(t) = r{t) -c(t) (5.2-1)
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Ae (t) for -Q<Ae (t)<Q (5.2-2a)

u(t) ={Q for As(t)>Q (5.2-2b)
1-Q - for Ac(t)<-Q {5.2-2c)
C(s) = U(s)G(s) ' (5.2-3)
| LIMITER
af— . APPROXIMATED TRANSFER X
CoMMAND _cli)e™) Bt AMPLIFIER: GAIN U (HEGNCTION OF 0.C. MOTORF—
) | L, SUBSYSTEM __ GI(S)

Figure (5.2-1): Block Diagram of A Joint System
Suppose at t=0 and c(t)=0, a step input r(t}=R_is
applied. The step response of a joint'systém can be divided
into two stages. In the first stage, the amplifier is
saturated and the-system output is the response of the dc
motor subsystem, G(s), subjected to an input step of Q (or
-Q) volts. In the second stage, the amplifier becomes
unsaturated_and the system output is eqﬁivalent to the
' closed-loop response of the system subjected to the step
input R. If ty is the.time whén the amplifier becomes
unsaturated, then_the step response of a joint system can be
expressed as: . |
¢(t) = L-1 (G(s)R/sI  for Oststs (5.2-4)
wherelﬁ‘f is the iﬁversé Lapiaée transform operator. For
ty <t, theloutput'time-response, c(t), can be obtaiﬁed:by
solving fﬁe appropriate differential equations shownlin.
| Section 4.1 with initial cqnditions equal to the end point
conditions of equation (5.2-4).‘ |
In the analysis, the step fésponse is assumed to be
over-damped. For ﬁnder—damped response, the two stages will

be occurring alternatively. It is important to realize that
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the end*point_boundary conditions of oﬁe stage becomes the
'_initial point bounda;y_coﬁditions of the next stage.
"'If'the'éain of the amplifier is large, the trénsient
response of a step input to a joint systém will be dominated
by the step response of the dc motor subsystem; G(s), which
cén be exﬁressed in the form: | |
cls) "

" G(s) = = | (5.2-5)
Ul(s) s(sTa+1) (sTb +1) :

where Ta, T» are poles of the transfer function.
When the amplifier is saturated, the input to the dc
motor subsystem is a step ofimagnitude Q. The transient

response of a joint system can be expressed as::

kQ ' :
C(s) = - (5.2-6)
s2 (sTa+1) (sTy +1)
or, '
- ' kQTa 2 _ kKQT» 2
c(t)==-kQ[Ta+Tb] + kQt + e-t/Ta 4 e-t/T8  (5,2-7)

Ta —Tb ' ‘Ta ~To

If Ta and Tb are small compared to the transient pefiod
of fhe response, the transient output of § joinﬁ system,
c(t), can be aﬁproximated as:

c(t) = kQt (5.2-8)

Q fepresents the saturation voltage of the amblifier
and is unaltered once the circuit is built, while k is the
velocity constant pf theldc motdr subsystem and is an
 assumed épnstant. Hence, thé tr;nsiént resbonse of a joint
system can be_approximated by a ramp function with slope kQ.

From the anaiysié of the process of éranslating
‘transfer function from discrete-time to continuous—time, it

has been shown that the translated felocity constant of a dc

motor subsystem is subjected to relatively large'errors
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compared with the translated poles. Futhermore, it has also

been shownlR41 that the velocity constant is affected by the

dead-space and the backlash non-linearities of the joint

systems. Equation (5.2-8) offers another approach to obtain

the velocity constant of a dc motor subsystem by measuring

the transient behaviour of an actual step response of a

joint system. Thus, the accuracy of the translated velocity

constant can be investigated.

The actual step responses of the three joint systems

are shown in Figures (5.2-2) and the'transient_response

characteristics are listed in Table
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Figure (5.2-2): Actual Step Responses of The Three Joint

Systems



JOINT |APPLIED | LINEAR PORTION | PERCENTAGE | FIGURE
SYSTEM | STEP/v|{SLOPE  VISEC | OVERSHOOT | SHOWN
BODY 5 - 2-2 ' ~0 % 5.2-3a
| -5 - 273 - 0% 5.2-3b

5 8.0 6.2% 5.2-
SHOULDER ' > L
-5 - 8.3 2 4% 5.2-3d
5 11.0 0 % 5.2-3e

ELBOW

-5 -12.5 8.2% 5.2-3f

Table (5.2-1): Step Response Characteristics of The Joint
Systems Deduced From Figure (5.2-3)

the slopes of the transient responses and the saturation
voltages of the amplifiers, the velocity constants of the
three joint systems can be found from equation (5.2-8) and

are shown in Table (5.2-2).

o e veger [t L, T VR g
| SYSTEM|CONSTANT , K +VE_ -VE___[from 4ve step|from ve step] AVERAGE
BODY 0.149 12.00V [ -12.25V [ 0.183 [0.187 | 0.185
SHOULDER|  0.493 12.30V | -12.50v | 0.650 [0.665 | 0.658
ELBOW 0. 692 1175V [ -12.80V | 0.936 |0.976 | 0.956

Table (5.2-2): Predicted velocity constants of The Three
Joint Systems . :

,Sinceléach joiht system is controlled by . discrete
signal commands from-the host compﬁter, the step response
~characteristics of each joint system is of the utmost
impbrtant..;n order that the transfer functions of each
joint_system can represent the step response of the acutal
system more accurately, the velocity cdnstants are replacéd
by those deduced froﬁ'the actual step_responSes using
'equation t5,2-3}. The modified_fransfer functions for the dc
motor subsystems of the tﬁree joints are:

| - 0.185

Ge (s) = - (5.2-9)
s(0.02145s+1) (0.05192s+1)
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0.658
Gs (s) = (5.2-10)
: s(0.02893s+1) (0.03867s+1) '

0.956
Ge (s) =

. (5.2-11)
5(0.01038s+1) (0.07682s+1) '

IUsing these modified transfer functions ,the step
résponse of éach joint system can be simulated.'A technidue
very siﬁilar fo anélog computer technique ﬁés used in -

_ siﬁulating a joint'system in digital computer. fhis
tééhhiqué is provided by a commercially évailableﬁsimulation
package - TUTSIM - from Meerman Automation(®R211, The

functional blocks used are shown in Figure (5.2-3).

7 Z — B 7 '
_ . SIMULATED
1storoer | | 157orpeR
STEP SUMMER GAIN oUTPUT

- GAIN
Mi -ond TION-
GENERATOR - LIMITER K FUNCTION Fl.fNC1 10N

1 —
STped STh+t

' Pigure (5.2-3): Functional Blocks of A Simulated Joint
System - ' -

The results of the.simulated step respdnse for each
Jjoint syéteﬁ are shown iﬁ Figure (5.2-4a) to (5.2;4f). The
'déduced sfep response charactéristics ére listed in Téble
(5.2-3). |

By comparihg the characteristics of the simu;ated step
reSpOnses with those of the.aCutal'resbonses,‘the modified
" transfer function can be used to prédict the behaviour'ofl
the actual systems. The three modified traﬁsfer'iuﬁctions
shown in equations (5.2-9).to (5;2—115 aré ﬁsed to _
appro#imate the actual systems and to help;design'suitable

compensators for the three joint systems.

\
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Figure (5.2-4): Simulated Step Responses of The Three Joint

Systems

JOINT LINEAR REGION SLOPES V/SEC | PERCENTAGE OVERSHOOT = %
SYSTEM +VE STEP - VE STEP +VE STEP <VE STEP
BODY - 2.12 - 217 1.0 % 1.0 %
SHOULDER 7.60 - 8.50 L8 % L.8 %
~ ELBOW 11. 09 -11.09 1.2 % 7.6 %

. Table (5.2-3):

Step Response Characteristics of The

Simulated Joint Systems

- k L
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5.3 EFFECTS OF DISTﬁRBANCE TORQUE
During thé identification process and the step response
anglysis,'gravitationéi disturbance had been eliminated by
aligning the joint axis with the verfical. However, in
pfactice, rotating axeé for shoulder and elbow joints are
horizontal. The weight af the link and its neighbouring
' links, plus the load carried, impose.a torque onto the
joint; | | |
This torque is time—varying in nature. It varieé with
the configuration_of the arm as well as the load carried.
The effect of this disturbance torque'on a joint system can
be seen in Figure (4.1—4).Iit can also be represented by aﬁ
equivalent voltage, Va, applied at the input of the motor

subsystem as shown in Figure (5.3-1).

EQUIVALENT
DISTURBANCE
VOy TAGE
LIMITER f
AMPLIFIER - APPROXIMATED D.C.MOTOR
GAl — ,  SUBSYSIEM TRANSFER FUNCTION
o o _
COMMAND___+ : 1 +
SIGNAL A - G(S) = QUTPUT
. —1V,

Flgure (5.3-1): Block Diagram of A Joint System With
' Disturbances

Ffom Figure (5L3-1), it can be seen that the
disturbance will inérease the steady state errqr in a sﬁep
respoﬁse.since ;here ﬁu;t exist an error voltage t§
compensate for the disiurbance~voltage, Va. The disturbance -
also affects the shape_of the transient responsé of a step
input as it alters the actual voltage input to the dc hotor

transfer function('G(s). The latter effect enables the value
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of Va to be estimated by comparing the transient responses
of a joiht system with and with@ut the disturbance effects.

Thé responses without the disturﬁance had beeﬁ shown ih
Figures (5.2-2a) to_(5.2-2f} and in Table (5.2-1). The
resbonses ﬁith disturbance effects were fbund by setting the
shoulder and elboﬁ to operate in normal'positions{ i.e. with
horizontai axes of rotation; The stép response of the joints

are shown in'Figures'(S.B-Zé} to (5.3-2d). It can be séen

»b.883mV x&.883mV

1888 1888

[ ] -1 ]

[ ] (%]

L] 4B8

m T {x5msec)
e 58 188 28 11} l“lmm L R m.sn
=488 - .

-5 -5

-0 ~ghe

-1 ~teee

(a) SHOULDER — +vE STEP . (b} SHOULDER —— -VE STEP

*6.8830V o _ . ' x4.883mV

1289 T : )

e 1888

e [ )

™ (2]

" ) s .

= N {»Smsec) m (xSmsec)
sl ASA 88 258 38 3@ 488 454 BA8 8 150 My oI5 38 38 4 450 se8
=488 : - . s .
B e

-as -89

1608

-1
=188

(¢} ELBOW — «VE STEP (d}  ELBOW — -VE STEP

Figure (5.3-2): Actual Step Responses of The Shoulder And
The Elbow Joint Systems In Normal Positions

from Figures (5.3-2)_£hat the transient Slopes;are also
constant in the responses withldisturbance effects. This
squests that the time—varying effect of the disturbance

torque caused by changes of arm configuration is small and

can be neglected. Vq can}'thetefore, be approximated by a

constant. By measuring the transient slopes and by using

equation (5.2-8), the effective values of the input step 

‘applied to the dc motor subsystem can be éva;uated. Va for
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each joint can be calculated from the difference between “the

-effective_step input and the saturation voltage of the

amplifier. The results are listed in Table (5.3-1).

Table (5.3-1):

JOINT STEP  |SLOPE DEDUCED|ESTIMATED Vg4 FIGURE
SYSTEM |  APPLIED/V VISEC v SHOWN
SHOULDE R 5 6.96 -1.73 5.3-2a
-5 -10.19 -2.98 5.3-2b
+5 11.11 - 0.34 5.3-2¢

ELBOW
-5 -14.30 -2.26 5.3-24

Results of Step Responses Under Disturbances |
For The Shoulder And The Elbow Joints

Simulation results with disturbance effects are shown

in Figure (5.3-3a) to (5.3-3d4). The responses agree to the

actual responses, and the slopes predicted are accurate to

within 8%.
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The steady state error, &1 (in degree), due to the
effects of the disturbance torque (or the equivalent
diéturbance voltage, Va, is illustrated in_Figure (5.3-4)
and can be expressed.as:-

Va . '
€y = — {5.3-1)
" AKbpb
where Ko is the position transducer constant ‘in v/deg.

Hence, the steady state error, &1, can be reduced by

increasing the amplifier gain A.

APPROXIMATED D.C.MOTOR
SUBSYSTEM TRANSFER FUNCTION

' : : STEADY STATE
Vg G(S) ) ""ERROR, €5

AMPLIFIER GAIN
A

Figure (5.3-4): Block Diagram of A Joint System Due Only To
The Effects of Disturbance At Steady State

However, the éctual steady state error depends on the
sophisticaiion of the mechanical structure of a joint, such
as the amouni §f backlash in'the'gearings and the rigidity
of the arm structure. As with the TasrobotO_arm which
mechanical-structure.hés_not been emphasized, the error
tolerance is selected to be about 1 degree;_To reduce the
effect of thé'diéfurbance torgque on the steady state error
Ito achieve this error tolerance, the minimum amplifier gains
: required for the shoulder and_the elbow jojnts can be' |

‘calculated from equation (5.3-1) as 13 and 10 respectively.
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5.4 EFFECTS OF DEAD-SPACE NON-LINEARITY
The'dead-space.non-linearity is caused by static
friction in a joiht. The parameters for this non-linearity

modéi can be estimated by diréct measurement.

As static friction in a joint is not constant, a
syﬁmetrical_dead—space.characteristics is assumed and the
maximum magnitude of the dead-space voltage is measured and
adopted-as the model pérameter. If D is the maximum |
magnitude of dead-space voltage meésﬁred, the steady state

error, ¢z (in degree), due to the dead-space voltage D can

~be found as:

D

"AKb

Ez2 =

(5.4-1)

Equation (5.4-1) is similar to equation (5.3-1) and tﬁe'
error due to dead-space non-linearity can be reduced by'
increasing the amplifier gain A. For an error tolerance of 1
degrée, the minimum amplifier gain required to reduce dead-
space non-linearity effect on the steady state error can be

found using equation (5.4-1) and is shown in Table (5.4-1).

JOINT [ B MEASTEED | 1oTAL FEEDBACK | TOTAL RANGE | FEEDBACK EL”F,!::EER GAIN
SYSTEM | Voirace (v) | VOLTAGE (V) |oF MorioN (9|CONSTANTIVI e aiireD

- BODY 4.6 20 270 0. 07274 62
SHOULDER 8.0 20 90 0. 22222 18

ELBOW 8.0 20 90 0. 22222 18

Table (5.4-1):.The Measured Dead-Space Voltages, Feedback
' Constants And Minimum Gains of The Three
Joint Systems For An Error Tolerence of One.
Degree. :
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5.5 DESIGN OF CONTROLLERS

Because of_Iimiped accu;aéy of,measurehents,lvariétions
of disturbance torque and variations Oflsystem parameters,
the steady'state érror tolerances for the joints may not'be
achieved if the minimum required amblifier gains are used;
Also, the total maximum steady state error is the sum of the
error due to the disturbance torque and the error'due_to the
dead-space non-linearity. To ensure_the steady state error
to be within the error tolerance, amﬁlifier gain larger than
the minimum required will be used. Table (5.5-1) shows the
amplifier gain used fo;.eaéh jbint and their resultihg

maximum steady state errors.

JOINT |AMPLIFIER GAIN|ERROR DUE TO |ERROR DUE TO |TOTAL MAXIMUM ERROR
SYSTEM USED DEAD SPACE , £, [ DISTURBANCE,E, €+ &7
BODY 124 0.50° 0° ' 0.50°
SHOULDER 70 0.51 ° 0.19° 0.70°
ELBOW 54 0.67° 0-19° 0.86°

Table (5.5-1): Steady State Errors Due To Dead-Space Non-
Linearity And Disturbances For The Three
Joint Systems

After éelecting the amplifier gains to ensure that the
open—-loop gains for the systems are adequate for accﬁracy,
_it will often be found that the system transient performance
is not satisfactory without modificationf In order for the
~ system to meet the requirements of stabilifj and accurécy,
certain types_qf compensator must be added to the system.

In the compensator design, sipcé each joint system
recieves discreté signal commands’ from the host computer{
tﬁe step response charactefistic#'of.the joint system will
mainly be concerned. The coﬁpensator required fof each joint

system will base on stability and step response of the
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sfstem. Moreover, the ﬁransient behaviour of the step
response of each joint system will also be éoncerned to give
~short and smooth transient and low percentage overshoot. .

Because of the présence of non-linearities in the joint
systems, classical linear feedback control theories cannot
be used directly. However, using those classical linear
theories as.guidelines and‘bésing on the simulatéd step
respénSe of each coﬁpensated system; suitable coﬁpensator
can.be.designed.

The bode plot of each joint éystem is showh in Figure
(5;5-1). From these plots, the phase margin and the gain
margain for each joint system can be estimated and are shown

in Table (5.5-2). The bode plot of the shoulder joint shows

0 ) ' - []
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Figure (5.5-1): Bode Plots of The Uncompeﬁsaped Joint
' Systems :



S#%'T“gﬂ PHASE MARGIN | GAIN MARGIN ?LM;%'DT; f,"l'_%";" ;L%U\ﬁ
BODY 19 ° 6 dB STABLE 5.5-1a

" SHOULDER - _ UNSTABLE 5.5-1b
" ELBOW 14 ©° 5 dB STABLE 5.5 - 1¢

Table (5.5-2): Phase And Gain Margins of The Three

that the shoulder joint is unstable. Although the body and
‘elbow systems appear to be stable from the plots, their low

phase- and gain-margins indicate relatively low degrge of

stability.

Uncompensated Joint Systems

Using the simulation technique discussed before,

simulated step responées of the three joint system without
compensators aré showﬂ in Figures (5;5—2) to (5.5-4). From
these figures, the step response chéracteristics of each .
joint system can be estimated and are shown in Table (5.5-
3). The simulaﬁed-elbow joint system is unstable because the
velocity and acceleration, as shown in Figure (5.5-4b),\are-
in constant amplitude oscillations. The simulated shouldef
joint sYstem is stable. Although these mightlbe caused by

the effect of saturation non-linearity and truncation errors

during the simulation process, these'figures reflect

‘critical stability of the two systems.

~All joint systems'héve time-varying moment of inertias.

To reduce the effects of these open-loop time-varying

parameters on the dynamic response of the closed-loop

systems, phase-lag series compensators were designed to
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allow sufficient gain- and phase- margins. The timeevérying-

effects of the parameters on the responses of the

compensated systems will be investigated in next section.
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JOINT |STEPINPUTMAXIMUM [MAXIMUM [MAXIMUMIPERCENTAGE] - TTRANSIENT FIGUR

SYSTEM [APPLIED |ACCELERATNIRETARDATN [VELOCITY JOVERSHOOT |1ee TME0SCILLATION TiME SHOL{wEa
y °/SEC2 °oJSEC2 °/SEC % SEC

BODY | +5 . 311 311 30 1.1 2.4 -0.5 [55-2a-b

SHOULDER| +5 573 >675 32 3.8 0.8 >4.2 5.5-3a-b

ELBOW [ +5 >675 | >675 49 5.8 0.5 >4 .5 5.5-4a- b

Table (5.5?3): Step Response Characteristics From The
Simulation of The Three Uncompensated Joint

Systems . :

The bode plots of the compensated joint systems are

‘shown in Figures (5.5-5a) to (5.5-5c). The compensator pole
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Bode Plots of The Compensated Joint Systems

and zero designed for each joint sYstem and the resulting

phase- aﬁd gain-margins ‘are shown in Table (5.5-4). The

simulated step responses of the compensated joint systems

afe shown in Figures (5.5-6) to (5.5-8). The step response

characteristics deduced are shown in Table (5.5-5).
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JOINT  |COMPENSATON TRANSFER | PHASE GAIN STABILITY FIGURE
SYSTEM |FUNCTION, G (S) MARGIN MARGIN SHOWN -
BODY (0.47S+1) 1 (S+1) L ° 12dB STABLE 5-5-4a
SHOULDER (S+1)12.25 +1) 22 ° 5dB STABLE 5.5-4b
ELBOW [0.47S+1) /(1.5S +1) 30 ° 15dB STABLE 5.5-4¢

Table (5.5-4): Compensators Designed And The Corresponding
Phase And Gain Margins of The Three Joint

Systems
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JONT | RPUT  GCELSTATONrETATDATION VELOCITY  [ovensoor [*SE,TMELoSc, Time | FIGURE
A 9ISEC °ISEC °/SEC Yo SEC

BooY + 5 155 237 28. 6 2.8 2.9 1-0 5.5-6a-b

[SHOULDER|  + 5 180 319 21.8 3.9 1.3 2-1 5.5-7a-b

ELBOW + 5 155 3N 27-8 9.1 1.0 3.1 5.5-8a-b

Table (5.5-5):

joint systems,
Figures (5.5-9a) to (5.5-9c).

response characteristics are estimated and shown in Table

Joint System With Designed Controllers

Step Response Characteristics From Slmulated

When the designed compensators were implemented on the

(5.5-6).
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From these figures,

the actual system responses are shown in

the step

semtsamzumﬂmam

S 1 15 3 20 3 ISE A 450 S
{=x10msec)

{c) ELBOW

Compensated Joint Systems

SHOULDER

| F1gure (5. 5-9). Actual Step Responses of The Three

{x Smsec)



92

TRANSIENT

~ [PeErcENTAGE
JOINT RISE - TIME FIGURE
sysTeM |OVERSHOOT[M>cp T |OSCILLATION TIME|  spowN
% SEC
BODY | -1.0 2.5 1.5 5.5-9a
SHOULDER| 3.4 1.3 0.4 5.5-9b
ELBOW 1.1 2.0 1.3 5.5-9¢

Table (5.5-6): Actual Step Response Characteristics of The
Three Compensated Joint Systems

The characteristics values and shapes of the actual

responses and the simulated responses match, yet overall

actual responses exhibit slightly less overshoots,

transient time,

less

and faster response.

The design of compensators were based on positive step

responses.

However,

the actual systems are also stable in

negative step responses except that the responses are a

little different from the positive step responses due to the

different disturbance effects.

The negative step responses

for the actual joint systems are shown in Figure (5.5-10a)

to (5.5-10c).
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Figure (5 5- 10)' Actual Step Responses of The Three
Compensated J01nt Systems With Negative

Step
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5.6 EFFECTS OF VARIATION OF EFFECTIVE INERTIA

It has been assumed that variations of joint effective
inertia has negligible effect on the dynamic response of the
closéd—loob éystem. To chéck this assumption, the discretef
time pulée transfer functions of the joint systems having
links 6onfigured to give the maximum and the minimum moment
of inertias were identified using the same téchnidué |
discussed in the chapter. | _

Fof the body-ﬂoint system, the identified.pulse.
transfer function were found to be:-

0.041965722+0.039375022+0.0131784

Gemin (2Z)= (5.6-1)
23-1}33750322+0.35202892+O.03551132

0.0186832422+0.050406912+0.63426383

Gemax (Z2)= :
. 2%8-1.45809822+0.51691292-0.05875563

(5.6-2)
where the subscripts max and min.designate.the pulse
transfer functions corresponding to the maximum apd the
minimum moment of inertia respectively.

The designed controller for the. body joint waé
cbnvértéd into discrete-time using bilinear-transformat-
~ionl®23) ., The step responses in discrete-time were thgn
simulated and are shown in Figure {5.6—1); Similarly, the
step responses for fhe shoulder jqint under maximum and
minimum moment of inertias were simulated‘as.shdwn in Figure
(5.6-2). As the variations of effecﬁive inertia of the elbow
' joint system is onlf due to the position change of the small
and light ﬁeight ﬁrist, the amount of Qariationlcén be

neglected.:



From Figures (5.6-1) and (5.6-2),
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it can be seen that

although the body~joint-and the shoulder-joint are subjected '

to quite large variations of moment of inertias,

the effects

on closed-loop performance of the joint systems have been

significantly reduced by the designed compensators which

give large phase- and gian-margins to the joint systems.
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CHAPTER SIX
TRAJECTORY PLANNING

In most robot applications, it is necessary for a
fmanipulator to follow a planned path;-in some cases, the
manipulatqf is reqqired to follow the shape of an object on
which it is working, in other cases, it has to avoid
obstacles during the execution of a task. Iﬁ 6rder.to define
_the path for a manipulator such thaf the robot will
accurately follow the shape of an object or will safely
aQoid cbllisions with obstacles; critical points along the
desired path ha?e'to be specified by the robof operator.

| Positiﬁnsvand orientations of an attached working tool
of a robot arm‘at any point in space can be specified in two
different ways. Either, one can specify directly snch
'ﬁositions and orientations pf the working tool in a
coordinate syétem iﬁ which the robot users can'Visualize and
measure,»such as the Cartesian coordinateé system. Or, one
can specify‘the respéctive joint pqsitions at fhat ins;ant
such fhat'particulaf positions and orientations of tﬁe
wofking tool can be produced by a combination of the join£
positions.

Following the ways the critical points are specified,

" there are two methods of planping a trajectory. The first
method is to plan ;he trajectory in space coordinates so
that the workihg tool can move aldng a path containing all

the specified point coordinates. The second method is to



96

plan a tfajectory for eacﬁ joint so that each joint will,
arrive at»its specified corresponding.joiht positions
simultaneously.

The first method fesults in Cartesian codrdinate motion
which is a natural consequence of Cartesian coordinates. The
manipulator will mové aiong straight lines and rotate about
fixed axes in space. This method, however, has a numbervof
" disadvantages. It has the burden of converting between
: Cartesian and jéint cqordinates during each sampling period.
This is necessary because'to calculate the errors in the
Cartesian path, current joint positions must be converted to
fheir equiValent.CarteSian coordinates using Jacobian
transformationsi{®t] (direct kinematics problem). To
determine the equivélent errors in joint coordinates, one
has to use the inverse Jacobian transformations which
éonverts the current Cartesian coordinates into their
equivaleﬂt joint positions (inverse kinematics problem).
V-Thén, necessary torques for the joints are calculated,usiﬁg
the robot's dynamic equations. The compiexity of these
caléulétions seve;ely limits the sampling frequency of the
robot controller. Also, it is impossible to predict whether
"a trajectory sggment for Cartesianlmotion-will involve
excesgive joint rates of change before it is executed. It is
difficult to estimate motion times and accelerations as
Cartesian Qeiocities and accelerations are related to the
limiting joint velocities and aécelerations in a compiicated
manner, and depend on the configurations of ‘the manipulator.

" The second method, planning the trajectory in joint )

coordinates, results in joint coordinate motion. This type
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. of motion is comparatively less expensive both in
computation time and effort since complicated
,trapsformations are not required during motion execution.
Joint accelerations and velocities can be checked against
théir'limits before‘the_motion is executed. A disadvantage
of this methdd is that the.resulting Cartesian motion is not
defined and straight line path charécteristicé cén noilonger
be attained. Nevertheless, deviations from a desired
- Cartesian path can be reduced by specifying more points.
Becauée of the efficient algorithm, trajectoriés can be
planned aﬁd ihplémented in real_time. This secohd method is
used ﬁo implemént the actual motion of the TasrobotO system.
-Although the plahned trajectory is based on speéified
jqint coordinates, specified pdints can be input by an
operator in Cartesian coordinates, which will theh be
converted into functionally equivalent path in joint
’ éoordinatés using inverse Jacobian transformation. Hoﬁéver,
a more direct method is to input ﬁhe spécified points in
joint coordinates. This method of specifying data is a
natural consequenég to robots requiring direct teaching, as
in the case of the fasroboto system. During the teaching,,
process, the robot cémputer wiil record every joint position

specified by the operator.

6.1 PATH APPROXIMATION

In order to approximate a Cartesian path by functions
iﬂ joint variables, mvapproximation functions are required
for an m-joint manipulator - one for each joint. The

' approximation function for a particular joint must pass



throﬁgh'all the specified joint coordinates. Also, the
function mﬁst'be continuéus in position, velocity and
acceleration in order to remain within the physicai
'limitations of the robot. These conditions can Be_met by
dériving a single polynomial ﬁhich passes'through all the
'specified points; but such a function will‘beigompiex énd'
"diffiéult to fit. In addition, it is likely to contaiﬁ.
>extfem§ betweén spécified points. Thése extrema would have
Ato bé checked agaihst the limits of the robot. |

A better approach is to'define'a separate polynomial
j§iﬁing‘two cdnsecutive specified points for each joint,
with fhe constraiﬁt that specified corresponding joint

"coordinates must be reached at the same instant of time.

Therefore the corresponding Cartesianlpath will, at least,

‘pass through ail the specified_coo:dinates} This method of

© connecting data points with smooth curves is widely used in

the'fiéld of computer graphics. These curves, known as’
spline.functions, have been thoroughly studied and
‘investigated and found to'provide the shortest path which

- satisfies the continui;y_constraints['ﬂl.

Terms, which are frequently used during the derivations

and disscussions of the method are defined as follows:-
Point - a,joint coordinate data spécified by operator.
. Goal point - point specified by operator at which the arm
o : must be temporarily stopped, for example, to
open or close the grippers. '
Intermdeiate point - critical point in between goal
: : . points.This point must be reached
during the motion. '

Sédment - a path joining two consecutive points.

.End segment - a path joining one intermediate point and a’
' goal point.

98
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Intermedlate segment - a segment joining two consecutlve
1ntermed1ate p01nts.

'Section - a path joining two goal point possibly passing
through a series of intermediate points.

In general, the motlon of the robot may con51st ‘of
| several seotiohs. Each sectlon must contaln at least two
'-ﬁoints, i.e. the start and the end points of a section. For
| a'section consistiog of ﬁ points, where n z 2, thefe afe (nj
'1) segments and (n-2) 1ntermed1ate p01nts. o

For a sectlon w1th n 901nts, the followlng notations
ere used:- -
X1 - starting position of a joint in e section.
ﬁg - intermediate k!'® position of a joint within a seotion.
Xa - end position'of a joint in a section.
&k +1 — parametric variable wieh vaiue denoting the time
' interval taken for a joint to go from 9091t10n Xk- to

position Xk+1 .

: xTa} - position of a joint as a function of «a, “where
' OSGSC(ku. . .

X'k - veloc1ty of a Joint at position Xu..

: x‘{a) - velocity of a 301nt as a function of «, where
OSGSGkil. .

'X“k_- acceleration of'a joint at position Xk .

x" (a) - ecoeleretion of a joint as a function of a,
' where 0 £ o £ ak+1 . ‘

6.2 SPLINE FUNCTION FOR EACH SEGMENT
Cubic splines were used to join all the intermediate

boints. For the end segments, there is an additional

| 'reqﬁirement that the velocities and the accelerations”at the

;eﬁd points of a section must be zero. Thus, a fourth order

_ polynomlals are required for the end segments.
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The_propdSed method of fitting spline functions to the
specified points requires at ieast five points ﬁo define a
seétiop,'tﬁo goai points and three intermediate points. For
cases where only three or four points are specifiea for a
séction, additiongl pointé'are inserted to satisfy thié
‘requirement. The generation of the édditional points are
included in the designed software which éill be discussed in
~next phapter. waever,'in some épplicatibns, the rdboﬁ may
onlf be required to go from one point to the other poiﬁt,
such as:in pick-aﬁd—place operétibn in a clear environment.
t.Breakiﬁg the-two specified points into five or more.points
in order to satisfy the :eduirement is unnecessary and leads
to slow motion.-Therefore, a two point section is also
.included. For a section with two peoints, a fifth-order
polynomial is used to approximate a £w0*point-section to f
Isatisfy the siﬁ boundary conditions: two positiohs.specified
by operator, zero veloqities énd accelerations at the two
~end points.

For the sake of.simplicityr the tréjeétory planning
method for a single-joint manipulator is first considered.
'Thé method-extended to a milti-jointed arm and will be

described later in this section.

(a) Cubic Splines For Intermediate Segﬁehts

The equatibn of a cubic spline between two intermediate
"points Xk and Xk+1,'where 2 £k < n—é, of an n—poiﬁf -_.
t;ajectory,-whgre n > 5,Iconsisting'of (n-2) Qpline |
segments, may be written fpr a single joint as :

x(a) = By + Bza + Bsa? + Bsa® ~ (6.2a-1)

The boundary conditions for this segment are :



x(0) = Xk
x'{0) = X'
x(ok+1) = Xeea

X'{ok+1) = X'k

(6.2a-2)

Solviﬁg for B's and expressing in matrix form gives:

|

Bi ] 1 - - 0 0 0
Bz | 0 0 1 0
=] -3 "3 -2 -1
Bs :
Qk+12 Ok+12 Ok+1 Ok +1
2 -2 1 1
Ba -
| Ok+1% Ok+1® Oks+12 Ok+12

Xk

Xk +1

X'kt

J

(6.2a-3)

In order to calculate the cubic spline coefficients,

ax+1, X'key and X'k+1 must be determined. The value of ax+1

is governed by the velocity and acceleration constraints of

the joint. For a system with multi-degree of freedom, the

' _wvalue of ax+1 must be the same for every joint in order for

the tool-tip to reach'the specified position in space. The'

‘value of oks+1 also depends on the velocity'énd acceieration

constraints of other joints. Its value must be chosen so

that the maximum velocity and acceleration of each joint in

each segment is within the physical limit of that joint.
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However, the maximum velocity and acceleration of a joint in

a segment can only be determined after the spline function

has been established for that joint. Therefore, the value of

ak + 1

must first be expressed in some unit of time to be

determined'afterward. The value of ax+: is made equal to the

norm of (Xk- Xk+1) as :

Qk+1 =

where the summation is taken over all the joints.

[E(Kuss=Xu)?2 1%

(6.2a—4)



- The value of X'k and X'k+1 can be determined by the
'_acceieration continuity cohstfaint at'the intermediate
ﬁoiﬁts.'For two consecutive segments joining three

consecutive intermediate'points Xk, Xk+1 and Xk+2, the

~ acceleration at the end of one segment must be equal to the

acceleration at the beginning of the next segment.
For segment joining Xx and Xn+1,;the,acce1eration at

the end point.of the segment can be written as :

1 |6(Xk—Xk+1)
x"(qkel) =

+ 2X'k + 4X'Qii (6.2a-5)
ak+ 1 ok + 1 : ’ " ' :

Similarly, for the segment joining Xk:+1 and Xk+2, the

- acceleration at the beginning of the segment can be written

~

as :

- 2X'k+1 - X'k+z- . (6.2a-6)

, 1 [3(Xk+2-X'"k+1)
-x"{O}-=- - -

Qk + 2 dkiz
Equating equations (6.2a-5) and (6{2a-6),_and reérranging
‘terms gives :

ok+2X'k + 2(ak+1+Ok+2 )X'ke1 + Ok+ 1t X"k42

3

- [thtz(thz-Xk+1} + ak+22 (Xk+1-Xx )| (6.2a-7)
C Ok+1QKk+2 : ' . ‘ ' : ’

Expressing -equation (6.2a-7) for all intermediate

segments in matrix form yiélds :

(a4 2(os+aa) @@ 00 ... 000] [xa2 ]
0 as 2(ca+as) o O .. .0 00| | X's

0 .....2(Cn-a3+0tn-4) Gn-3 O | X'n-2|
| 0 ..ff}anfl -2(cn-z2+an-1) an-2 - | X'o-1)

102
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3 : -
[Gsz (Xa=X3) + oa? (Xa—-Xz )]

x4 Q3

3

[dqz (X5 -X4) + as? (Xa-Xa )] _ - (6.2a-8)
a5 A4 ' ' )
' [Gn-zz(Xn—l-Xn-z) + on-12 (Xp-2-Xn-3)

' .Gﬁ-ll On -2

-_rEquation (6.2a-8) represenﬁs a system of (n-5)
algebraic equations'with (n-3) unknowns. In order to obtain
a éolutionlto equation (6.2a-8), it is necessary to state

“the boundary conditions at the end points of thec:ubic
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spline functions. These end point conditions are provided by

the two end segments and will be derived in the ﬂ?llowing
subsections.

({b) Fourth-order Spline For The Beginning And End
Segments : _ :

For the first and last segments of the trajm:tory;
additional ¢onstfaints of iero velocity and zero
acceleration are'reqﬁired'at'the end points (goal points),
i.e.

X'1 = X"y =X'a = X" =0 |  (6.2b-1)

Thiﬁ requires a fourfh-order spline segment of the
form: .

- x(ax) ; By + Bz + Bsc_'(2 +-B4aa + ﬁsa" (6.2b-2}

For the first segment, the boundary conditions are:

x(0) = Xu

x(tz) = Xz

x'(0) =0 (6.2b-3)
. x'(tz2) = X'2

xu(o} = 0
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Solving fof B's in the first segment, gives:

By = Xy : (6.2b—-4)

Bz =0 (6.2b-5)

Bz =0 (6.2b-6)
4 1 : '

Bs = —(X2-X1) - —X'2 . (6.2b-17)
az 3 az 2

, 3 1

Bs = — (X1 -Xz2) + —X'2 . (6.2b-8)
az 4 @23 . -

The acceleration at the end point of the first segment
may be written aé :

12 6

x"(qz) = — (X1 -X2) + —X'2 ' (6.2b-9)

az 2 _ az
The initial acceleratioﬁ of the second segment can be
writpen as :
2 [3(Xs—Xz2)

x"(0) = - 2X'z - X'a (6.2b-10)
a3 [o £

From.the acgeleration continuity qdnstraint, the
acceleration at the end point of the first segment must
equal to the-éCCeleratiqn at the beginning of the éecond
sggmént, andlhence: |

(2az +302 ) X'2 + GzX'a-

-3

[Gzz (Xa -X§ ) + 2a32 (X2 -Xa }] (6.2b-11)
- Oz a3 ' _

Similgrlf,‘for_the.last segment, the boundary
conditions are: |
| x(0) = Xn-;
x{oa) = kn
x'(0) = X'a-1 _ (6.2b-12)

X'{om) =0



x" (an-) =0

Solving for B's in the last segment givesﬁ

By = Xn-1

Bz = X'n-1

- 1 ) . ;

Bo = —[6(a-Xa-1) - 3K'a-rc
an - . J
1 ¢ \

Bs = —[S(Xn-l-XD) + 3X'n-1€!n
Gn 3 ’
1 ' .

Bs = —""'[ 3(Xa~-Xn-1) = X'a-10Qn
and : . |
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(6.2b-13)

(6.2b-14) .

" (6.2b-15)

(6.2b-16)

(6.2b-17)

Again, from the acceleration continuity constraint, the

acceleration at the end point of the second last segment

. must be equal to the acceleration at the beginning of the

last segment, and it can be shown that:
nX'n-2 + (3ca-1+20n)X"'n-1
3

-————-[zan-lz(xn-xn-1} + aaz(xn-l-xn-z)]
Qn -1 Cn ’ .

(1

(6.2b-18)

Combining the results of equations (6.2a-8), (6.2b-11) and

(6.2b-18) allows the;hnknown intermediate.point velocities

X'2, X'a,;+....X'n-1, to be solved; and these (n2) equations

- can be expressed as :

[ 2(az+3a3) a2 0 aee... 0
x4 2 (a3 +a4 ) o3 0 .... 0
o - as 2(aq +as ) 4 .o 0
0 ..... 2((‘."11-3'_"(!1:-4) On -3 ) 0

o Qo -1 étaq-z+an-1} G - 2

0 - s " 4 8 8 0 dn

(3cn-1+20m )
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[022(1{3-){2) + 2&23(X2 -Xi1 )]
az a3 '
3 S
[qu{xa -Xa) + axz24 (Xs-Xz}]
Q3 X4 ' .
3 : |
: [cxz“ (Xs -Xa) + a2% (Xa-Xa )] _
= | @a Qs ' o
(6.2b-19) .
3 . . . | :
- [dn-zz(Xn-i-Xn-z) + an-13(Xn-2-Xu-a)]
On-2Qn-1 '
3 _ '
] [zc‘n-lz(Xn"‘Xn-—l) + anz(Xn-l"‘Xu—z)]
| On -1 Cn o
Or, symbolicaliy:

[A1[X'] = [D] ' (6.2b-20)

where [A] is an (n-2)x(n—2) matrix
[X'] is an (n-2)x1 matrix

[D] is an (n-2)x1 matrix

[X'] can be obtained by solving the system.of linear'

algebraic equations shown in equation (6.2b-19). Since the

[A] matrix is a tridiagonal matrix, there is a very

efficient algorithm for solving this pafticular typelof

'.system'of equations{®29], Given the equations:
bizi + c122 = d: ,

azz1 + bzzz + c2za = dz,

: : : (6.2b-21)
_@n-1Za-2 + ba-1Za-1 + Co-1Za = da-1,
anzZo-1 + baza = dn,-
operators ux, vk and wk can be formed such thatﬁ
| Uk ='akVk-1 + bk, ( ?o =0) (6.2b-22)

vk = —ck/ux, (6.2b-23)
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wi = (dx - axwk-1)/uk,  ( wo = 0 ) (6.2b-24)
for k = 1,2,3,....,n. o |

SuecessiQe elimination of z1,22,.....,2n-1 from 2nd,
Bsd;f....,_nth equatioss yields the equivalent system
equatien:' .

Zk = VkZk+1 + Wk , for k =1,2,....n-1 I- k6.2b—25)

Zo = v S (6.2b-26)
"whence Zo ,Zo-1,++...21 can be successively evaluated.
for ﬁatrices with dominant main diagonal, this_
ﬁp}ocedure is stablel®2¢] in the sense ;haﬁ alllerrors
' rapldly damp out ( 0 < ck/ux < 1 ).

Solving equation (6.2b-19) allows coefficients of the
spline'functiohs for each segment to be found. These results
for a single joint system can be extended to a muiti-dedree-
of freedom system with m joints simply by duplicating the
spline function generation procedure for each joint and
using the same valueslof Ok +1 . The.[A] matrix for multi-
joint system wili be unaltered, and:[X'] end [D] matrices
will become (n-é)xm.matrices. A path through n points for a
fobot with m joints will censist of 2m unique fourth-order
spline functions and mx(n-3).unique cubic spline functions.

The efficient alogorithm discussed above forlsolving
.single—join; systems‘is_also applicable to.muiti-joint |
, systems. Since equations'(G 2b—22)-and (6. 25—235 do not
depend on the d s in equations (6 2b- 21) and tﬁe [A] matrix
is unchanged the 1ntermed1ate ve10c1t1es for other JOlnts
- can be evaluated u31ng ‘the same alogrlthm and the same
velues of uk and vk. Only the values of wk are renewed for

each joint.
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(c) Fifth-order Spline Function Fof A Two-point

For a seqtion with only two'définihg points, i.e. only
the goal points} there a}e six boundary conditions to be
satisfied A fifth order spline.fdnction is required to
specify the secfion. The form of the fifth-order spiine is
given by: |
© x(a) = By + Bz& + B_a'cxz‘ 4+ Bsa® + Bsa* + Bsad (6.2¢c-1)

The boundary conditions required are :

x(0) = X1

xfa2) = X

x'(0) = 0 .
Xx'(xz) =0 --. | (6.2c-2)
x"(0) = 0 |

x"(az) = 0
Substituting equations (6.2¢c-2) into (6.2¢c-1) and
éolving-for B's gives : |

Br = X1 | ‘ o (6.2c-3)

Bz =0 - o  (6.2c-4)
Bs = 0 ' ' (6.2¢c-5)
10(Xz2 X1 ) o ) o
Bs = ——— | (6.2c-6)
- _ -

-15(X2 -X1) _ )
By = —mm —— (6.2¢c-7)
_dz“_
6 (X2 -X1) S .
Be = ' (6.2c-8)
' az 3 .

6.3 TIME SCALE FACTOR
Once the spline functions are defined'tor all

-'manipulator_joihts, the parametric variable o defined in
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équation (6.2a-4) must be aSsoEiated with some unit of
physicai time. Thié één be done by replacing the parametric
variablé a in the spline ségments by t/S, where t is the
elapsed physical time since the beginning of the spline
segment and S is a scale faétorhto determined.
Witbout loss of generality, a cubic spline segment is

considered: |

x(a) = By + Bza + Baa? + Baa® a (6.3-1)

Replacing « by t/S in equation (6.3f1); gives :

x(t) = Ci + Cat + Cat? + Cat? . (6.3-2)
where Ci1 = Bi - o |
“ Cz = Bz/SI
Ca = Bs/S% . (6.3-3)
Ca = Bg/S3

‘The scale factor, S, must be assigned one value for
each section, such that S is large enough to prevent the
maximum velocity or adceleration'to be exceeded by any.of
.Ehe rébot's_joints during the execution.of the section.
Alsoc, it should be_aé smﬁil as possible in order that the
motion of that section could be completed in a reasonable
sho:t_time. Thereforé, the maximum value of S necessary to
stay within the phyéical liﬁits of the fobot's joints. must
be £ oﬁnd . ’

The real time velocity can be ekpressed as :

x' (o)
x'(t) =

_ . (6.3-4)
s x=t/S .

In order to sfay within the velocity constraint, the
real time velocity for a joint must stay below the velocity

constraint, V, of that joint during motion. Hence, S must be
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greater than or equal to x'(a)/V. To stay'within the

velocity consifaint{ the minimum value of S, Sv, is given

by:

MAX [ﬁaxX'td

i

Sv = MAX (6.3-5)
3 \£i '

where haxX';; represents the_maximum velocity of the jth
.spiine segment for the jt* joint, and V; represents-thél
velocity constraint.for the jth join;.'. |

Similarly, the real time acceieration‘for_a joint can
be written as :

x" ()

X" (t) = '_(6.3-6)

S2 cx:_US
To stay within the acceleration constraint, the minimum
value of S, Sa, is:
MJ.-\X [ma:_ch"l J] 1/2
i _

Se = MAX _ ' (6.3-7)
J - Ay '

where maxX"i1j represents the maximum acceleration of the ith
spline segment for the j'ﬁ joint; and A, represents thel
acceleration constraint for the jth joint.

In gengral,-reﬁolute joints, particularly fhose ﬁith
horizontal axes of rotation, have different velocity
constraints in different direction of rotation. Their
acceleration and retardation constraints are also different
due to the effects of external torques. Therefore, there are
two values of velocity constraints - one f§r each direction,
and two values of acceleration constraints - one for
.acbelefation and one for retardation, for every revolute

joint. This results in four values of S necessary to stay



within the constraints ; twdlfor veiocitg constraints,
denoted_by Svi and‘szland two for acceleration Eonstraints
denoted by Sa: and Saz.

In some cases, there may élso be time constraint in
addition to velocity and acceleration COnstraints.mentioned
above. This time constraint is mainly to adjust the motion
execution time so that the robot can be synchronized with
the working environment. In the case of the Tasroboto
syétem, the time constraint is introduced to synéhronize the
positioning process of the body-, shoulder- énd elbow-ﬁoints
with the orientatioﬂ process of the pitch and the roll
'rdtations. These two processes in the Tasrobot0 system are
coﬁtrélled individually but carried out at the same time.

If Tij repfesents the minimum time required by thé ith
'segment of the j'® joint to ca?ry out its motion, then the
mihimum value of S necessary to give the required amoupt-qf
~time, Sr, is: |

T1

St = MAX { MAX|— ' (6.3-8)
3 i (o141

In somelapplications, the time conétraint may only be
imposed on the total time taken for the motion of a section.
Eo: example, during pick—and-place Qperations,-for stepper
:motor controlled wrist joints, only the wrist joint
positions at ﬁhe end points of a section_ére essential. That
is, only the nuﬁper of steps for each wrist joint from
.ihitial position to final position of a section will be

required.

111



112

If Ty represents the minimum time required for the jt®
joint to complete a section, then the minimum wvalue of S
necessafy to give the required amount of time, Sr, is:

T '
(6.3-9)

St = MAX
j I a1+

- During the trajectory planning process, either equation
(6.3-8) oc equation (6.3-9) can be used to specify the time
constraint. |

The desired'minimum value of.the scale factor S can be
cbteined by choosing the maximum value amoung che five
~ constraints, i.e. |

S = MAX{Svi,Svz,Sa1,Saz,St}. ' (6.3-110)

Once S.is evaluated the spline'fﬁnctions in real time,
t, of each segment for each 301nt can be re—-established, as
shown in equatlons (6.3-2) and (6.3-3). Although only third
- order spllne functlons are shown, the fourth- and the flfth-
c:der polynomial functionslare similar.
6.4 EVALUATION OF MAXIMUM VELOCITY AND ACCELERATION FOR

SPLINE SEGMENTS

The evaluation of § requires maximum velocity an&
acceleration to be evaluated for each spiine segmenc_of each
joint within-e specified section. To find the maximum
velocity cr acceleration for each joint, the parametric
.variable, Qmax , at which maximﬁm velocity of acceleration
occurs should be decermined first. In cases where the
"calculated amax falls outside the a-range of a spline
segment; the maximum value will occur aﬁ either_end points

of  that spline segment.
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Maximum ve;ocity océurs within the « ;ange'of the i‘h-.

segment for the j'h'joint'ban be expressed as :
| maxX'is = x'1y (@) lazavaax (6.4-1)

where avmax 1S the parametric variable, o, At which velocity
is maximum and 0 € Qvmax S O1+1

Similarly. maximﬁm acceleration within the i'!? segment
 for the j‘hljoint'is given by : -
maxX"1y = x“fj(u)%u=uamax (6.4-2)
_where Qamex 1S thefparamefric variable, o, at which
acceleration i# maximum and 0 € amax S A1+1.

Table (6.4-1) shows the values of ovmex and Camax for

each segment of a section.

ith INTERMEDIATE FIRST LAST TWO - POINT
SEGMENT SEGMENT SEGMENT SECTION
tvmax -B3/38B -B,/2Bg B3/6Bg tp tpl12
t amax Vit - By, | 4Bg - By, 14Bg -%{I-J%}tz

Table (6.4-1): Equations For Maximum Velocities And Maximum
Accelerations To Occur In Segment Functions

6.. 5 METHODS OF IMPLEMENTATION.

The trajectory control process can beldivided into two
stages. Thelfirst stage, which'is the trajectorylplanhing
stage, is to design a desired path from the sbecified pointsl
by calculating fhe necessary éoefficieﬁts of each spline or
: polynomial'segment funétion for each joint. The second stage
is to implemen; the desiréd path, i.e. the péth execution
- stage.
~ The first stage is implemented off-line. That is, a

desired path is plénned after all the spgcified points for a
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vpath are ihput. The design of a pﬁth for a given section
using the discussed tecﬂnique can be summarized by a series
~of stebs. Fifstly, the parametric value «, as shown in
equation (6.2a—4f,_is caluclated. Secondl&, the intermediate
velocities, as shown in equation (6.2b-19), are evaluated-so
that the cbefficiénts of each approximating segment function
can be éaléulated;:this step is nét required for a tw0fp9int
éection; Thirdly, thé.maximum velocities and accelerafions
are.calculated'from_the évaiuated‘segment-functions so that
“the time_scalevfactor cén be determined.vThen, from the
detérmined time scale factbr; the real time required to
vkéxeéute each segmehtvfunction can‘be'found;'; nd the ségmeﬁt
functions can be converted into real time functions. These
steps can be summerized in the flow—chart.shoﬁh in Figure
(6.5-1).

The spline segment functions-for a desired path -
§btained from the tréjectory planning stage are real time
fuhctidns. Although the functions are continuous.in natufe,
‘the representation of.the functions bj digital computer.can.
.onlyvbe in discrete points. Tﬁe mofe the poinﬁs are used,
'thé more acéurate.the approximated function will be.
However, the more points used, the more memory for storihg
the points are required. As an example, for a three—joint-
system, 9 additions and about 15 multiplicétions are |
requifeé to compute a set,bf joint data. The 8087 numeric
pfocessor unit, which is installed in thé host éomputer of

, the:TasrobotO system, can compute an’addition in aboﬁt 21
"_micfosegondS'and a multiplication in 24 microseconds. The

tbtal time required to calculate a set of joint data for the
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THE SECTION HAS Y
ONLY TWO POINTS. '
EVALUATE  INITIAL
LENGTH OF TIME
BETWEEN_CONSECUTIVE POINTS
EVALUATE INTERMEDIATE
VELOCITIES AT
SPECIFIED __POINTS
EVALUATE COEFFICIENTS OF
INITIAL  SEGMENT
EVALUATE TINES FOR
MAXIMUM VEL. & ACC.
\ EVALUATE MAXIMUM VEL.ZACC.
- |FOR INITIAL SEGMENT
I
1 _
EVALUATE_ COEFFICIENTS FOR CEALUATE JNITIAL
NEXT INTERMEDIATE SEGMENT O e e poINTS
EVALUATE TIMES FOR
| evaLuate coerricients Fom
HAXIMUM  VEL. & ACC. S th ORDER POLYNOMIAL
EVALUATE TIHES FOR
EVALUATE MAXIMUM VEL. & ACC.

FOR___THAT SEGHMENT

EVALUATE COEFFICIENTS FOR
La\ST' SEGMENT

EVALUATE TIMES FOR
MAXIMUM VEL. & ACC.

EVALUATE MAXIMUM VEL. & ACC.
FOR LAST SEGMENT

r

EVALUATE MAXIMUM VEL. & ACC.
OCCURRED WITHIN SECTION

|

L
EVALUATE TIME SCALE FACTOR
FROM KNOWN VEL. & ACC.

|

CONVERT  CALCULATED
SEGMENT FUNCTIONS INTO
REAL TIME FUNCTIONS
USING THE DETERMINED
TIME SCALE FACTOR

(@)

Figure (6.5-1): Flow-chart of The Trajectory Plannlng
Process
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three—joint system is about 549 microseconds. For a job
requiring 30 seconds»to complete, the total number of data
calculated is more than 163,000. A large memory space wiii
be required to store the necessary joint data for that job
if off—line method is used. On the other hand, if the path
,execntion stage is implemented on-line, only the
coefficients of the segment functions required to be stored
and generating a command data set in 549 microseconds is
sufficiently fast for controlling nost medhanioal systems.'
Therefore, thevpath'execution stage is implemented using on-
line method.
| ‘The implementation of‘the_path execution stage requires
a'reel time clock which provide;reel time values. Upon
execnring each segment function, the clock is reset and
started. Joint'position data are then calculated by reading
tﬁe real time values from the clock and substituting into
the corresponding reai time segment function. The data
caloulated’is'output to that joint. A flow-chart of the path
execution process is shown in Figure (6'5-2)’. |
' 'Figures.(6.5fi) and (6.5-2) only summarize the
technique of the trajectory control process.-A more detailed
account for the actual implementation of the process will be

discussed in next chapter.
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i

SET COEFFICIENTS OF

1 st SEGMENT FUNCTION
& TIME LMIT

RESET REAL TIME CLOCK
& START CLOCK

READ REAL TIME DATA RENEW COEFFICIENTS OF

SEGMENT FUNCTION ~
FROM CLOCK 1 L& TIME uimMiT

TIME DATA
_READ

TIME
= umir

?

EVALUATE POSITION DATA EXIT
REQUIRED AT THAT TIME

OUTPUT POSITION DATA
TO CORRESPONDING JOINT

1

Figure (6.5-2): Flow-chart of The Path Execution Process




CHAPTER SEVEN
SOFTWARE CONTROL OF THE TASROBOTO SYSTEM

The softwére control of the Tasrobot0 system consists
of eight main programs written ih Furtran—77 language. Thése
programs can be executed on the host computer of thé
TasrobotO sjstem, which is an IBM/PC microcomputer. The
prégramS'are interconnected bf a batch file called
 TASROBOT;BAT, to fofﬁ the software control systeu of ‘the
Tasrobotb manipulator.

In additioh ts the Lab-pac subroutines,.sevenvpublic
subrsutines wfitten in 8088 assembl} language and Fortran-77
language were dévelopedAto,acsess to hardwares in the IBM.
microcomputer and hardwares in the Lab Master iﬁtefface

board, and to increase program execution speed.

7.1 SUBROUTINES

There are six assembly language subroutines: STPORT, |
DIGOUT, POSITN, WRIST, ARMOUT and BEEP; and one‘Fortran |
subfoutine, SELFADJ. These subroutines will be_discusssd_in
this section. The Lab-pac subroutiues will not be discussed
as they'are detailed in its user' guidelR32]1_, There are
specifiC'procédures required in}the assembly language
subroutines for.linking with the eight Fortfan main.prbgrams

are discussed in the Microsoft Foftran Complier User's

. -GuidelR341
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The listing of these subroutines can be found in

',Appendig B.

~ (a) The STPORT Subroutine

~ This subroutine reprdgrams the 8255 parallel port in-

4

.the Lab Master Board so that its 24.I/0>pins can be re-
»farfangedvas 8‘bitfwide input port'and 16 bit-wide output

port. This call is necessary to override the initialization’
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call of the Lab-pac subroutihes which uses 16 bit-wide input

port and 8 bit-wide output port.

(b) The DIGOUT Subroutine

The gubroutihé call is in the fﬁrmat DIGOUT(CMD,LATCﬁ).
CMD is a iz—bit integer command signal to be‘oufpﬁt to
control the mbtion~of a joint. LATCH is a'3-bit intégér
address of a joint‘register as shown in Table (7.1b-1).

The two input wvalues, CMD and LATCH, are concatenated

into a iG—bit data'sﬁch that the lower 12 bits (bit0O-bitll)

ébntains the command signal and the upper 3 bits (bitl2-

bitl4) contains the address signal. The latch enable signal

for a specifiéd register must be in'theICOrrect,sequeQCe as
described in section 3.3a. Figure (7.1b-1) illustrates the

flow chart of the DIGOUT subroutine.

(c) The POSITN, WRIST and ARMOUT Subroutines

The functions of these subroutinés are very similar to
'funétions of the DIGOUT subroutine except that the command
éignals for these subroutines are in integefvarra& form. The
POSITN subroutine call is in the format POSITN (CMDP), where

CMDP is an integer array of three elements reptesenting the
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LOAD CONTENT CF MEMORY LOCATION

LATCH | ENERGIZED . OF CMD TO AX REGISTER

NO. JOINT : ) . [

0 BODY LOAD CONTENT OF MEMORY LOCATION
OF LATCH TO OX REGISTER

1 WRIST | PITCH !

MERGE LOWER & BITS OF DX

: . REGISTER INTO THE UPPER &
2 SHOULDER BITS OF AX REGISTER

i

OUTPUT AX REGISTER TO DATA
REGISTER OF PARALLEL PORT

4 ELBOW T

SEND LATCH ENABLE SIGNAL TO

S GRIPPER » .- |spearien atcH

|

Table(7.1b-1): Joint Energized Figure(7.1b-1): Flow-chart of
Corresponding To Latch Number The DIGOUT Subroutine

3 WRIST/ ROLL

» coﬁhand signal for the body-, shoulder- and elbow-joints
respectively.

The wrist subroutine call is in the format WRiST(CMDP).
where CMDP is an integer array of two elements representing
»the command signals_for the pitch and roll rotations
.respectively. | | | |

The ARMOUT subroutine call is in the format
ARMOUT(CMDP),_where CMDP i§ an integer: array of five
elements representing the command Signal for the body-,
shdulder—vand elbpw-joints as weil as the pitch and roll
rotationsvrepectively«

Thejméin purpose of these subroutines is to-reduée the
time in outputing command signals. Since, in many cases,
more than‘oné'jqipt afe energized at a time, these éubrout—
ines reéuce the need of calling the DIGOUT subroutine

recursively.

(d) The BEEP Subroutine
. The subroutine BEEP accesses the sound generating
'_hardwares inside the IBM microcomputer. The subroutine call

is of the format BEEP(DELAY), where DELAY is an integer
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constant or integer variable representing the duration of

the sound in multiples of O.lsec. |

This subroutine is used in programming or teaching

stage to acknowledge the operator that positions and

orientations specified by the operator-are stored. It is

also used to remind the operator that the memory assigned

LOAD CONTENT OF MEMOMY LOCATION
OF DELAY TO BX REGISTER

SET TIMER-2 OF 8253 TIMER TO

GIVE CLOCK FREQUENCY OF
1 KHz OUTPUT

t

| unn seeaker on |

F______

[wair ror 100 msec |

!

: IPECI'\'EASE BX BY ONEl

@ N

Y

[ rurs speaker oF ]

Figure(7.14-1): Flow-chart of
The BEEP Subroutine

for storing joint data are
rﬁnning low 6r full; Audio
signal is considéred to be
more effective tﬁén.visuai
display during teaching stage.
since the opératér can-devoté'
his time ih,adjusting proper

arm configuration without

" having to scan the screen

fréquently_for warning
signals. Figure (7.14-1)
illustrates the flow chart of

the BEEP subroutine.

(e) The SELFADJ Subroutine -

This_subroutine is written in Fortran-77 language. It

brings the manipulator from its currént position to a

- specified position. This function is required in both

training mode and operating mode. In training mode, the

manipulator has to be aligned with the teaching arm. In

operating mode, the manipulator has to be brought to the

stérting position of a specified_task.iThe SELFADJ

subroutine implements the trajectofy control algorithm,

discussed in Chapter 6, in real time.
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_The subroutine'call is in the format SELFADJ(F2), where

F2 is an'integer variable array containing specified

" positions of the fivé manipulator joints. The current

‘position of the arm is obtained by sampling the posifion

sensors mounted on the manipulator.

SAMPLE GRIPPER'S MOTOR POSITION
SENSOR  POT

<s GRIPPER OPEN.
. ?

CLOSE THE GRIPPER

SAMPLE JOINT POSITIONS TO ESTABLISH
STARTING POSITION DATA

STARTING
POSITION

SPECIFIED
END POSITION

| PLAN TRAJECTORY
EACH JOINT

1

[EXE(UIE TRAJECTORY I

1
: r RETURN : |

[ QUTPUT SPECIFIED
WRIST POSITION DAY

RETURN

Figure(7.1e-1): Flow-chart of

- The SELFADJ Subrqutine

7.2 MAIN PROGRAMS

Owing to
dependence of
length of the

string on arm

the inherent
the effective
gripper steel

configuration,

as discussed in section 2.1lc, .

the subroutine will always

ensure that the gripper is in

closed posi;ion before any

- motion is executed. Figure

(7.1e-1) illustrates the flow

chart of the SELFADJ

subroutine.

The'eight main programs for the software control of thé

 TasrobotO manipulator can be divided into six stages,

namely, the initializing stage, the programming stage, the

- compiling stage, the executihg stage, the intermediate stage

and the idliﬂg stage.

‘The initializing stage enables the manipulator to be

o programmed for a specific task. Data épecified in the

' programming stage will be trimmed'and processed in the

S compiling_stage to generéte executéble.data“for the

exequtiﬁg stage. After the cdmpletion of a task, options are
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provided in the intermediate stage to re-direct to one of’
thé stages; When the robot is not intendéd tb be used in a -
short period, it cah be put in to_the idling stégé. Then,

: the robot will not response, but the power for the. |

electronics will be maintained to enable the system to be

- reactivated without going
T mn“ﬁum 7 through the initializing
__J' .
[ ProGramming ] stage.

Each stége consists of
[ compiuing ] :

: I one or more main programs and
[ execunng ) :

h the ending of one stage can

INTERMEDIATE |

L trigger the starting of next

by an autoexecuting batch

file, called TASROBOT.BAT. By

T _
running this batch file, each
(Exi1 10 DOS Sysien) of the eight programs will be

Figure(7.2-1): Software
. Control System of The
Tasrobot0 Manipulator

initialized in a sequence

jllustrated in Figure (7.2-1).

(a) The Initiéliiing Stage

This stage consists of program ALIGN. This program
:providgsustep by step ihstructions for'sétting the referencé
'_pésitibﬁs of the pitch and roll axes of ﬁhe wrist which'are"
'shown in Figure (7;2a—1). These reference settings are
'important to produce.absolute position éédesi
The pitch rotation has a rénge pf.mptioﬂ of 140° and

the foll rotation has a range of motign'of_270° asHshown in
: vFigure7(7.2a42). Since each:stepper motbf;has étép angle of

0.6°, the pitch positionfcan be discretized into 234 levels
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and the roll position into 450 levels, with each level
equivalent to one step angle as shown in Table (7.2a-1).
After the reference positidns are set, the codes 100
decimal and 150 decimal are sent to the pitch and the roll
registers respectively. It is important that these codes are
.sent after the registeré are powered; otherwise, these
signals_will be lost. Therefore, the power ON signal will be
_chécked before the reference position éodes are Sent. Flow

chart of the ALIGN program is shown in Figure (7.2a-3).

(b) The Programming Stage

The programming 6f the Tasrobot0 manipulator is throujh
on-line methdd_using a teaching arm which contains five
positioﬁ sensors and two switches as shown in Figure (2.4-
"1). During programming étage, the manipulator will follow.
 theAconfiguration of the teaghing arm. A specific arm
'configuration can be recorded by pressing the MEM-switch,
and the gripping function of the manipulator is controlled
by the GRIP-switch.

The programming.stage consists of two programs, OPFILE
and LEARN. The program OPfILE is to enable users to specify
.a global filename for storing specified data'points which
méy be required'by other programs in the other stages.‘
'Before a file with.a specified filename is opened, the
.existence of a file with the same name willvbe checked to
ensﬁre-that the existing file will not be overwritten
leading to loss of déta in that file. If a filé with the
same'filenamé exists, options are provided to re-spécify a

filename or to allow the existing file to be overvwritten.
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| SHOULDER LINK | |
-Figure(?.za—l): Reference Positions of The Wristhoints'

REFERENCE POSITION
(DOTTED LINES)

(a) PITCH ROTATION AXIS '

Figurek?.za—z}i Definitions of The Wrist Positions .

(b) ROLL ROTATION AXIS

INFORMING USER TO POSITION
WRIST T0 REFERENCE MARKS

i

INFOMMING USER TO PUT ALIGN
SWITCH T0 ON POSITION

|

Figufe(?.za—B}é Flow-chart of
The ALIGN Subroutine

-
INFORMING USER 10 TURN ON
POWER OF ROBOT ZERO REFERENCE HAX!{‘IUM
- . POSITION [POSITION | POSITION
. COoDE (ODE CODE
o ITCH '
_ S 0 100 242
Y ROLL : e
SEND REFERENCE CODES TO AXIS . 0 150 30.0
PITCH & ROLL REGISTERS ;

Table(?.Za—l):'POSition Codes
of The Wrist Axes
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‘The actual programming process is implemented by the
. program LEARN. To track the configuration of the teaching
arm, the five pqsition sensors in the teachiqg arm are
_sampied. Since the body-, shoulder- and elbow-joint sensors
in the teaching arm are the same as those in the
ﬁanipulator, the sampled'position codes are used aé control
codes to drivé these three joints'of the manipualtor.
However, the sampled positidn codes from the wrist sensors
in the teaching armlare different from the control codes for
controlling the manipulator wrist. Therefore, |
'tfansqumations are required to convert the sampled position
codes to the control codes for controlling the wrist mofion.
Thé transformations are:

WP = (WPPOT + 1242)/10.23724 : (7.2b-1)

WR = (WRPOT + 1856)/8.066 (7.2b-2)
where WP ana Wk are integer constaﬂtS'represénting the
control codes for the pitch and the roll rotations
respecﬁively: and WPPOT and WRPOT are'integer constants
representing the sampled position codes from the pitch and
the roll axes of the teaching Qrm. Because of sampling
‘errors and rounding offlerrors. the transformed wrist
confrol code may vary by plus or minus one unit e&en if the
wrist positions of the teaching arm reﬁéiqs unchanged. This
resuits in oscillation of the wrist rbtations. The problem
is solved by energizing the wrist rotations only when there
~are more than one unit of change. in the convéfted control
codes. It is also importantlthat the contfol codes are

positive to ensure correct operation of the magnitude
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~comparators used in the wrist control hardware. The algor-

ithm of the transformation is shown in_Figdre (7.2b-1).

SAMPLE WPPOT & WRPOT OF
TEACH ANMM

w. o WPPOT . 1202
P 10. 23724
WRPOT « 1856
p = SREOL. 1836
8. 066

| I
DWP = 1wp-w,,¢ iV
DWR = | Wp  Wp9" |

PUT WRIST COMMAND POSITION
CODES Wp & Wp

* NOTE: INIIALLY Wpé & Wpe ARE SET TO ZERO

Figure(7.2b-1): Algorithm For Transformlng Sampled Wr1st
Values To Wrist Command Codes

During the execution of the LEARN program, the status
6f ;he'two switches in the teaching arm are also examined.
The coptrol.¢odes of the five joints are recorded to the
.Ispecified file when the MEM-switch is pressed. When the
- GRIP-switchlis pressed, the state.of the gripper.wili be
checkéd._If_the gripper is opeﬁed (or closed).the gripper"
motor will bé energiéed to close (or to open) the gribpér.
Because df.the-méchaniSm of the Qripper as discussed in-

section 2.1c, the amount for the gripper motor to turn to
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open or cldse the gripper depends on the arm configuratidn.
Therefore, during the opening of the gripper, the grippér
motor will be énergized as long as the GRIP-switch is
pressed. The amount of opening by the gfippér motor in'a
specific.érm configuration is recoraed. To close the
gfipper, the gripper motor is rewinded to the pre-programmed
position at which the gripper is closed regardless of arm
configuratioh. The routine when a GRIP-switch is pressed is
shown in Figure (7.2b-2). | |

WHEN GRIP SWITCH
IS PRESSED

“

Y

SAMPLE GRIPPER MOT
TURN GRIPPER MOTOR POT, GPOT
T0 OPEN GRIPPER

Y_[runN GRIPPER MOTO

GRIP SWITCH
TILL PRESSED

I;T 0P GRIPPER MDTOﬂ

[ STOP GRIPPER Mouﬂ
1 SET GRIPPER DATA T0 ¢

& GMODE = ¢
SAMPLE GRIPPER MOTOR'S
POT AS GRIPPER DATA

1
Lsn GMODE =1 1
|

. @ GMODE IS THE STATUS OF THE GRIPPER
GMODE = 1 WHEN GRIPPER IS OPEN

GMODE = 0 WHEN GRIPPER IS CLOSE
INITSALLY GMODE IS SET AT ¢

?igure(7.2b—2): Flow-chart of The GRIP-switch Subroutine
The program provides a maximum‘of 50 sets of data to be

recorded to the specified file. Each set of data is recordéd
:whenever the MEM-switch or fhe GRiP—éwitch is pressed and is
acknowledgéd by a shprt beeping'soﬁnd. The teaching pfoceés
'can be terminated by pressing_the;ESC—buttdn on the
keyboard. When 45 sets of daﬁa are'recorded;'the user will

be warned by a beeping sound of about 5 seconds. When 50
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- sets of data are recorded, the usér will be informed by a
long béeping sound of about 10 seconds and the teaching
process will be terminated. At the same time, options are
provided to re-start the programming process or to carry on
to the»next stage.

In many robot applications, it is neceséary for the
.manipulatorAto return to its starting position after i;
finishes a specific job so that the Jjob can be repeated.
When a teaching'process is terminated, the firsf specified
data and the iast'speéified data.are compared,»If-the ;wo
data are thelsame,'thg prqgramming stage‘will be completed.
Otherwise, options are provided to allow user to adjust the
end péints in four'different ways. The first way simply to
ignores the différence between the first and the last
specified daté. However, this will prevent the'manipulator
from repeating the job druing the executing stage. The
second way is to replace the last_data by thg first data.
This will usually be used because it is usually more
difficult to bring the teach arm back to‘the samé initial
_Ipoinf. The third option allows the manipulator to gé back‘to
: thévstarting position by'insérting the first data set to the
end of the record; The last option enable the manipulator to
avoid thé same obstacles when the arm is on its way back to
the starting position by duplicéting the same specified set
of.data'in reverse order. This option also doubles the
membry available for storing speéified data. For example, if
50 sets.of data are specified, the actual file will contain

99 sets of data. -



Before teaching process starts, the hanipulator is
éligﬁed with.éhe teaching arm. This is carried out by the
subroutine SELFADJ as described in section 7.le. Before the
'LEARN program terminates, the gripper will be ensured to be
closed. The overall function of the LEARN program is

‘'summarized by a flow chart shown in Figure (7.2b-3).

ALIGN MANIPULATOR WITH TEACK ARM
BY CALUNG SUBMOUTINE SELFAD)

|

[sarpe soT positons oF Teacn anm |

CONVERT SAMPLED WRIST POSITION (OOES
10 WRIST POSITION COMMAND (ODES
USING TRANSFORMATIONS

IOUTPIJT DATA TO ORIVE mmm]

Eﬁ@@iﬂl

peano ﬁmn SPECIFED FiE |

ANST . LAST 7
DATA © DATA

-@n OPTIONS 10 ADJUST LAST OATA|

ADJUST DATA ACCORDING 10
SELECTED OPTION

-
1
i)

Figure(7.2b-3):. Flow-chart of The LEARN Program

(c) The-Compiling Stage
The éompiling stage processes data obtained in the
-  programming stage so that these data can be interpolated by

segment functions as described in chapter six. This stage
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consists_two main programs, TRIM and SMOOTH. The TRIM
program processes the data obtained in the programming stage
to ensure conditions required in trajéqtory planning, as '
deséirbéd in chapter six, to be satisfied. The SMOOTH
'program implements the frajectory pianning process.

In Tasrobotb, a typical task may be defined by a few
sections. Each section consists of a number of ﬁser—defined
data séts.rEach date sét consists of the five joint control
_cbdes andva gfipper motor.position code. To implementvthe
tréjectory planning technique, the data set must satisfy two
conditions. First, a section must consist either two data
sets~6r at léast five data sets. Second, no two consecutive
data sets‘can have identical control codes; Thé TRIM program
ensures the first criterion.to be achieved 5y inserting
additighal daﬁa séts'to the specified data file; and satisfy
the sécqnd criterion‘by'deleting one of the data sets when
two‘conéeéutiVe data sets are identical. The flow chart of
the TﬁIM program is shown in'Figure (7.2¢c-1).

Data'processed by the TRIM progrém are recorded back to
~the specified file. In addition to the ﬁroéessed data, the
recufsiﬁe nature of the data, which is indicated by the
identical data séts at the béginning,and end of fhe record,
will be stored at the beginning'of‘the file in a flag. This
ihformatibn Will.pass on to the program SMOOTH to help
idenﬁify a processed data file, and to_geﬁerate'executable
vdata for the executing stage.

The program'SMOOTH evaluates approximating'functions

for_joining specified data points. Since a programed task
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READ 1ST DATA FROM . RECORD LAST DATA T0
SPECIFIED DATA FILE TEMP. FILE :

STORE READ DATA IN
REGISTER oOLD

i

READ NEXT DATA FROM

WRITE 'F° TO SPECIFIED
DATA FILE

WRITE ‘T° TO SPECIFIED
SPECIHED DATA FILE & . DATA FILE

STORE READ DATA IN
REGISTER NEW 1

MORE  DATA
~U
v )

READ A SECTION OF DATA
OLD NEW

FROM TEMP. FILE

RECORD DATA BACK 10
SPECIFIED FALE INSERTING]
TWO MORE DATA SETS,
ONE BETWEEN 1ST & 2ND]
DATA SETS AND ONE
BETWEEN 2NOD & 3RD
DATA SETS

SECTION HAS
3 DATA SETS

RECORD REGISTER OLD
10 TEMP. FILE

L

RECORD  DATA BACK TO
SPECIFIED FILE INSERTING
ONE MORE DATA SET [
BETWEEN 2ND & 3RD
DATA SETS :

SECTION HAS
4L DATA SETS
?

RECORD ALL READ DATA
T0 SPECIFIED FILE

t
Figure(7.2c-1): Flow-chart of The TRIM Program

usually consists of several sections;'the program identifies

eaéh_sections'in a task and performs trajectory planning.
‘The édefficiehts of ﬁhe segment functions for each
section'are evaluated by the subroutine, SPLINE, of the
program. The evaluated coefficients of each segment
functions are stored in an executable data file called
BUFFER.JOB. No specific new filevis géneréted for stqring

the evaluated coefficients of. the segment functions for a

‘specific task because such a file occupies a lot more space
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‘than a file containing only joint coordinates. Also, in many

robot applications, once the executable file is generated,

it wili be.used for a period of time. The time required to

generate an executable file is usually relatively,shdrt

compared to the "lifef time of the executable file.

\

vTherefore,»it is preferrable to store the specified joint
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_coordinates for a specific task, altﬁough it'requires
'replanning of a trajectory,before the tasklcen be executed.

= Two options are provided in programming the orientatien '
of.the gripper during taek execution. First, the wrisp
joints ere:progra@med to rotate to ail specified posiiions.
However, in some robot application, euch as in piék-and-
place operation, the acfuel wrist orientetion is only
+ essential et.the time when the robot stares to pick or to
blace an objecf. Thelsecond option provided will ailow_the
maniﬁulator to ignore the intermediate ﬁrist positions and
"only wrist positions for the gripping or releasing'eill be
impiemeﬁted during the_execution of a task. h

The flow chart of the SMOOTH program is shown in Figure
(7.2¢c-2).

|I‘£CCI'ID Ft.ENN'lE 10 F.lli BJFFER.JUBJ

]

READ REPEATABILITY INDICATOR' FROM
SPECIFIED FILE

MWRITE SELECTED OPTION & NEPEATABILITY
"|INDICATOR TO BUFFER. JOB

fre0 151 007 0aTa P4 sPeceD P

lM'ITE 15T JOINT DATA TO BUFFER.JOB I |

WRITE 1 10 BUFFERJOB |

!
i~

READ A SECTION OF JOINT DATA;
FROM SPECIFIED FILE

Y

EVALUATE COEFRIUENTS OF SEGMENT
FUNCTIONS FOR SECTION & STORE

COEFFICIENTS IN BUFFER.JOB BY
CALLING -SUBROUTINE *SPLINE '

1
Figure(7.2c-2): Flow-chart of The SMOOTH Program




The subroutine call, SPLINE, of the SMOOTH program uses
the technique discussed iﬁ Chapter 6 to evaluate the
coefficients of segment functioné, In this subroutine call,
the number of points in a section is checked to ensure that
only two-point or at least five points are in a section. For
.a-two point section, the coefficients of the required fifth-
order polynomial function are evaluated for each joint by
initializihg a routine. For a section with more than or
equal to five defining points, another routine is |
initialized to evaluate the necessary coefficients of the
segment functions for each joint. To reduce the dynamié
memory required and hence redﬁcing the size of the exectable
program, the initial coefficients of the segment functions

are temporarily stored in a scratch file. They are converted
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into coefficients of real time functions when the time scale

factor is evaluated.'The subroutine call SORT evaluafes_the
makimum velocity and acceleration'of each jpint Within a |
segment to give‘the time scalé faétor of the section. The
subrégtine call RENEW converts thé appfbximating functions
into real time functions using the evaluatéd time scale

factor as discussed in section 6.3. Figure (7.2c-3) shows

the flow chart of the SPLINE subroutine.

(d) The Executing Stage

The executing stage executes a programmed task -through

a pre-planned path. This stage consists of the main program

GO. This program reads information from the exectable file -

. BUFFER.JOB, and generates commands, in real time, to the
controller unit of the Tasrobot0 system to drive the

actuators of the manipulator.

'



STORE BT GRIPPER DATA & NO. OF
DATA SETS IN SECTION T0 BUFFER. JOB

i
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i

EVALUATE INITIAU LENGTH
OF TIME BETWEEN THE |
WO DATA SETS

EVALUATE COEFFICIENTS Of
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t
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1

" |EVALUATE COEFFICIENTS OF SEGMENT

RENEW COEFFICIENTS INTO

PROGRAM FUNCTION FOR EACH JOINT & STORE REAL TIME COEFFICIENTS
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REVISE MAXIMUM VEL. 8 ACC. FOR EACH STORE (OEFFKIENTSIUHIf
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TO BUFFER.JOB

[evaware TiMe scae Factor |

f

EVALUATE REAL TIME LIMIT FOR EACH
SEGMENT FUNCTION OF EACH JOINT

[EVALLATE TOBLTivE REreD Fon SECTIN

RENEW (OEFACIENTS OF SEGMENT RUNCTION
BY CALLING SUBROUTINE "RENEW’

i

WRITE COEFFICIENTS & TIME LIMIT
10 BUFFER. JOB

Figure(7.2c-3): Flow-chart of The SPLINE Subroutine

When the progranm GQ is executed, it first aécesses the
default executable fiie ; BUFFER.JOB, and identify the data
filename from which the executable data are generatedﬂ.
Options are provided to allow other executable filesvto be
spgéified. | |

Before the specified task is executédi the arm is

brought to the starting position of the task by calling the
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. subroutine SELFADJ. If the task is a repeatable type, the
user can also specify a desirable number of times of
»repetition.

.The task is executed by sending position commands to
»the joints of the manipulator. The commands_are generated

from real-time segment functions formed dufing the
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‘trajectory planning process. The real-time data are obtained

from the real-time elock provided by the Lab Master Board
end from the subroutines provided by the Lab-pac softwares.
'The‘pregram GO hes been designed to increase‘es far as
possible the rate of generating position commands, since the
higher the'rate‘of generating the commande, the cioeer.the
actual path to the desired path_wili be. During execution,
the ESC—key pfovides emergency stop fuhction. Before the
progfam_is'terminated, the gripper will again be ensuredvto
be closed. |

The flow chart of the program is shown Figure (7.24-1).

(e) The Intermediate Stage

The intermediate stage allows users to go to one of the
"five stages excluding the intermediate stage itself.‘In'
additions, this stage also enables users to return to the

DOS system. -

This stage is oniy required when the batch file is used

- to exchte the eight main programs. Since batch file

: commands do not broﬁide pfoper eommunicetion between the
',computer and the user,'the program - SETFLAGS - is usedvto
'Hdisplay a list of options for the user to Select ene'set

appropriate flag to initialize the~required stage. Figure

(7.2e-1) shows the flow chart of the program SETFLAGS.
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Figure(7.2d-1) : Flow-chart of The GO Program
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R

IDISPLAY OPTIONS FOR USER TO §LE('IJ

STAGE
? .
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STAGE .
?
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60 ToPrOGRAMHIND~,_Y
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OPEN A FILE CALLED FLAGS.SHJ——
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Cexit )

RETURN TO 0OS
?
N

Figure(7.2e-1): Flow-chart of The SETFLAG Program

(f) The Idling Stage

The idlihg stage is to temporarily shut down most of
the funétions of the robot systgm. This stage may be
energiied when the programmed task is completed and the
manipulator is not required to berform any function for a
short_period of time. This stage has two main functions.
'Firs;, it preserves. the absolute position codes for the
wrist joints. Seéond, it retains the software control system
on the.compuﬁer. In othér word, the computer’will still be
the.host computer oﬁ-the robot system.
| The program SLEEP is used in this stage. It-eqsures the

_ power supp;y‘ﬁo the electronic hardwares of the manipulator
'vis maintained so that thé absolute posifion codes of the
.‘-wfist joints are valid. if the péwer supply is'switched off,
tﬁe software control system of TasrobotO will be terminated.

During the idling stage, the ESC-key can be pressed to
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_retrieve full control of the manipulator.'Figure (7.2£-1)

shows the flow chart of the SLEEP_program.

DISPLAY COMMAND TO RECOVER
(ONTROL ON MANIPULATOR

[OPEN FILE FLAG6, SET J

Figure(7.2£-1): Flow-chart of The SLEEP Program

7.3 THE SOFTWARE CONTROL BATCH FILE

With the use of batch subcommands and conditional

execution of commands, the eighp main programs can be
interconnected to fofm the ngtwork of the software control
'system of the TasrobotO system. The software control is
‘initialized by using the TASROBOT batch file.l
Beforejexecuting the first main program, the eight main
programs are examined. When all the main programs are found
énd all files that are used as flags in the intermediate
:stage are removed, the batch file will proceed. The flow

chart of the batch file is shown in Figure (7.3-1).
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](umc DISTENECF 8 munqu
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Figure (7.3-1): Flow—-chart of The TASROBOT Batch File
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CHAPTER EIGHT
CONCLUSIONS AND FUTURE WORK

‘8.1 CONCLUSION

- Tasrobot0 is a robot manipulator systém'with five
degrees.of freedom. Thé roll and pitch rotafions of thé
wrist joints.are driven by stepper motqrs; Thé rotations of
fhe body-, shoulder- and elbow-joints as well as thé
gripping jaws are driven by dc motors with constant field
excitation. Three types of control scheme.were designed and
built to drive -different joints of the maﬁipulator according
to the types and functions of the actuators used.

A complete robot arm system is a non-linear multi—'
variéble time—varying system. For a small and light weight
robot'arm, the'control system can be simplified to a
combination of several individual single-input-single-output
joint'systems with time—varying.parameters.vAnalogue
,contrqller were designéd for the.three joint’systéms. The
éffecfé of'time—varying pafémeters on their closed—lbop
dynamic responsés are significantly reduced. Their stéady—,
sﬁate positioh errors also fall within‘ohé degree accuracy

A technique on tréjectrby planning was developed fo
' generate spline segment functioné which interploate between.
S§ec;fied jdint coordinates. This cubic spline trajectory
planning technique was applied to the body—, shoulder- and
élbow—joints of the Tasrobot0 manipuiatér énd the

performénce is best illustrated.by Figure (8.1-1), which



shoﬁs repeated motioﬂs of'the three joints with respect to
the same set of command sighals. It shows that the
_controlied variable ef each joiﬁt follews the desired
_trajectory and the repeatability of each controlled 301nt

system is excellent.

POSITION TRANSDUCER
8 | VOLTS

SHOULDER
¥

%20 SECONDS

- Figure (8 1) : Tlme Responses of The J01nt-system After
. Training

The manlpulator in operation is shown 1n Figure (8 1-2)

..ahd the complete Tasrobot0 system is shown in Figure (8.1-

L 3).

8.2 FUTURE WORK

Tasrobot0, which is the first version of Tasrobot

manipﬁlator, marks the beginning of research in robotics in

the-EleCtrical'Engineerihg Department of University of

,Tesmenie; Based on the study of Tasroboto,_there are a
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FIGURE ( 8-1-2 ) : The Tasrobot0 Manipulator In Operation

FIGURE (8.1-3) : The Tasrobot0 System, From Left To Right : Manipulator
Controller Unit, Teach Arm And Host Computer
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number of ideas and suggestions to future development of

»Tasrobot-arms'and further_investigation'in robotics.

(a) On Manipulator Structure

As'the_TasrobotO»manipulator is sﬁili in the developing
stage,_the §ophistiéatioh‘of mechanicél»structUre_of
Tas:obot0 has nOt.bégn emphasized; There'are a number of
.'suggestions to the next version of the arm:

e The physicalvsize of the arm should be incfeased to
éxtépd the accessible distance of the_érm,
| The élbow_joint shouidvhave 1argér_fange of motionvt¢
increase “the work envelope of the arm.
The wrist motion should be redesigned to réplacé
-stepber motors by.dc servo-motors and to provide yaw;
rotatibn.
The inppef motof should be located as élose toithe7
.gfipper'as_possible_to eliminaté the dependence bfvthe
~effective length of the connected steel stfing'on arm

configuration.

(b)iOn Controller Design
As the level of sophistication of Tasfobot arms
impfoves, mofe:COmplex controllers willlbe required._There
ére.é humber of cqntrpl methods to be inQestigated, such as
ﬁdecéntfalized c§ntro1 suggeéted by Prof;M.Vukobrotovic,'PID
control, compﬁted torque methods, resoled réte'ahd'
écceleratipﬁ.method, as well as adaptiie_contrdl teéhnique.
'  vaof.M.vukobraﬁovié pointed out: 'the complexity of the |
,icpnﬁroller would_depehd on the level of sdphistication and -

Aﬁtonbmy of the robot under consideration'. A suitable



controller should be selected according to the mechanical

sophistication of the arm.

(c) On Trajectory Planning

_Command signals are generated from real-time segment

functions By the host computer. Du;ingvpath execution, the

145

.host computef can afford no time to perform'other'functions.'

Since the generation of command signals involves only
additions and muitiblications which are eesier ahd fastef to
do’byipre—ﬁired hardwares, numeric_processoreor
'_micropfocessor. If a mieroprocessor unit is used as a
eommand generator, the host computer will only need to

output the_coefficients of the segment functions. The host

computer_ean then spafe»to monitor other sensor signals like -

~ force sensor signal'or'vision.sensor signal during path
e£ecutionf This will certain imbrove the control of the
.Tasrobot}arm ahd widen the scdpe.of the Tasrobot sYstem.

| Ae Pfof.Saridis has poinﬁed out: fthe manipulator
ccntfoi problem hasvnot been successfully reSolved',
solutien'to control probiem on'robetics:ﬁill rely.on further

research in this area.
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" APPENDIX A

CIRCUIT DIAGRAMS OF THE CONTROLLER UNIT
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APPENDIX B

SOFTWARE CONTROL PROGRAMS



(SRR RERE RSN RN RSN SE ]

; PUBLIC ASSEMBLY SUBROUTINES
i

SRR RS RN RN D]

DATA
DATA -
DGROUP

. CODE

-PUBLIC
STPORT

STPORT
CODE
END

DATA
DATA
DGROUP
CODE

PUBLIC
DIGOUT

DIGOUT
'CODE
END

SEGMENT PUBLIC 'DATA®

ENDS

GROUP DATA

SEGMENT 'CODE’

ASSUME CS:CODE,DS:DGROUP,SS:DGROUP
STPORT

PROC  FAR
PUSH. BP

MoV BP,SP
MOV DX, 071FH
MOV AL,090H
ouT DX, AL
MOV SP,BP
pop BP

RET

ENDP

ENDS

SEGMENT PUBLIC °‘DATA'

ENDS

GROUP DATA .

SEGMENT 'CODE’

ASSUME CS:CODE,DS:DGROUP; SS:DGROUP
DIGOUT

PROC = FAR

PUSH BP

MOV BP,SP

LES BX,DWORD PTR [BP+10]
MOV AX,ES: [BX]
OR - AX,O0F000H
LES BX,DWORD PTR [BP+6]
MoV DX,ES: [BX)
MOV CL, 4

ROR DX,CL

OR DX, 00FFFH
AND AX,DX

AND - AX,07FFFH
MOV DX,071DH
ouT DX, AX

OR AX,08000H
ouT DX, AX

AND AX,07FFFH
oUT -+ DX,AX

MOV Sp,BP

POP BP

RET 08H

ENDP

ENDS

DATA

_DATA

DGROUP
CODE

PUBLIC
POSITN

POSITN
CODE
END

DATA
DATA
DGROUP
CODE

PUBLIC
WRIST

SEGMENT PUBLIC 'DATA'

ENDS

GROUP DATA o
SEGMENT 'CODE' S
ASSUME CS:CODE,DS:DGROUP,SS:DGROUP

POSITN
PROC
PUSH
MOV
LES
MOV
MOV

‘OR

AND
ouT
OR
ouT
AND
ouT
MOV .
OR
AND
ouT
OR

. ouT

AND
out
MOV
OR

AND
ouT
OR .
ouT
AND
ouT
MOV
POP
RET
ENDP

ENDS

FAR

BP

BP,SP :
BX,DWORD PTR [BP+6]
DX,071DH

AX,ES: [BX]
AX,OFO000H
AX,O00FFFH

- DX,AX

AX,07FFFH
DX, AX
AX,ES: (BX+2)
AX, OF000H
AX, 02FFFH
DX, AX
AX,08000H
DX,AX
AX,07FFFH
DX,AX
AX,ES: [BX+4)
AX, OF000H
AX, 04FFFH
DX, AX
AX,08000H
DX, AX
AX,07FFFH
DX, AX
SP,BP

BP

04H

SEGMENT PUBLIC 'DATA’

ENDS

GROUP DATA
SEGMENT 'CODE’
ASSUME CS:CODE,DS:DGROUP,SS:DGROUP

WRIST-
PROC
PUSH
MOV
LES
MOV
MOV
OR

FAR

BP

BP,SP

BX,DWORD PTR (BP+6]
DX, 071DH

AX,ES: [BX]

AX, OF000H

PST



" AND AX,03FFFH : : . ouT

DX, AX
ouT DX, AX . } MOV, . AX,ES:[BX+6)
OR AX,08000H - : OR . AX,O0F000H
OUT = DX, AX : . AND  AX,Q3FFFH
AND AX,07FFFH OUT = DX,AX
our DX, AX : OR AX,08000H
MOV AX,ES: [BX+2] . ouT DX,AX
" OR AX,OF000H - AND AX,O07FFFH
AND AX, 01FFFH : , oUT - DX,AX
ouT DX, AX T MOV AX/ES: [BX+8]
OR " AX,08000H ' : OR AX,O0F000H
. .ouT DX, AX AND AX,01lFFFH
AND AX,07FFFH : o our DX,AX
ouT DX.AX . : : OR _ AX,08000H
MOV SP,BP . . ouT DX, AX
POP BP : : AND AX,07FFFH
RET 04H . ouT DX, AX
WRIST ENDP ‘ ’ HOV SP,BP
CODE ENDS i POP BP
END , - RET 04H
. ARMOUT ENDP
DATA .  SEGMENT PUBLIC 'DATA' . . ' CODE ENDS
"DATA ENDS - : END
DGROUP GROUP DATA -
CODE SEGMENT 'CODE' _ DATA  SEGMENT PUBLIC 'DATA’
ASSUME CS:CODE,DS:DGROUP,SS:DGROUP ’ DATA ENDS
PUBLIC ARMOUT o DGROUP GROUP  DATA
ARMOUT . PROC FAR CODE SEGMENT 'CODE'
PUSH BP ASSUME CS:CODE,DS:DGROUP,SS:DGROUP
HOV . BP,S5P PUBLIC BREEP .
LES BX,DWORD PTR [BP+6] BEEP PROC FAR -
MOV DX,071DH PUSH BP
Mov AX,ES: [BX]) MOV BP, SP
OR AX,0F000H LES BX,DWORD PTR [BP+6)
AND AX,00FFFH MOV AX,ES: [BX]
_ouT DX,AX MOV BX,AX
OR "AX,08000H MoV AL,10110110B ;SET TIMER-2,LBS,MBS BINARY
.ouT DX, AX OUT 43H,AL ;WRITE THE TIMER MODE REG.
AND AX,07FFFH MOV AX,533H :DIVISOR FOR 1000 HZ
our DX,AX _out 42H, AL ;WRITE TIMER-2 CNT-LSB
MoV AX,ES: [BX+2]) MOV AL, AH
OR | AX,0F000H ouT 42H,AL ;WRITE TIMER-2 CNT-MSB
AND AX,02FFFH IN AL,61H iGET CURRENT SETTING OF PORT B
ouT DX,AX MOV AH, AL ;SAVE THAT SETTING
OR AX,08000K OR AL,03 ;TURN SPEAKER ON
ouT DX,AX ouT 61H,AL
AND AX,07FFFH MOV CX,01999H ;SET CNT TO WAIT 50MS
ouT DX, AX Ll: LOOP Ll ;DELAY BEFORE TURNING OFF
MOV AX,ES: [BX+4] DEC BX ;DELAY CNT EXPIRE?
OR AX,O0F000H JNZ L1 _;NO-CONTINUE BEEPING SPEAKER
AND AX,04FFFH KoV AL, AH ;RECOVER VALUE OF PORT B
ouT DX,AX OUT. 61H,AL
OR AX,08000H MOV SP,BP
ouT DX, AX POP BP
AND AX,0TFFFH RET

GST



BEEP
CODE
END

ENDP
ENDS

c
c
c

BAARARAAR AR R AR AR R AR AR AR

PUBLIC FORTRAN SUBROUTINE

AAAERNARRARRANNRAARRRA R RN

SSTORAGE:2
SNOFLOATCALLS

50

60

70

SUBROUTINE SELFADJ(F2)

INTEGER F1(6),F2(5), CHNRAY(7)
DIMENSION F(3),VCMX(3) ,VCMN(3)}, ACHMI3) ACHMN (3)
DIHBNSION 81(3] B4(3), 35l31 36{3)

SBTTING UP CHANNEL POSITIONS.

CHNRAY (1) =6

CHNRAY (2)=7

CHNRAY (3)=8

CHNRAY (4) =3 '
CHNRAY({5)=4

CHNRAY (6)=5

CHNRAY (7) =999

RECORDING PRESENT ARM POSITION BY SAMPLING.
CALL INTRON

CALL ADSWST(CHNRAY,1,F1,6,1)

CALL INTROFF

CLOSING THE GRIPPER IF IT IS OPEN.
IF{F1(6) .NE.O) THEN
CALL DIGOUT(2,5)
CALL ADIN{5,F1{6))
IF{F1(6).GT.0)GOTO 50
CALL DIGOUT(0,5)
ENDIF

CONVERTING WRIST PITCH & ROLL VALUES TO NO. OF STEPS.
F1{4)=NINT{(F1(4)+1242)/10.23724)
IF(F1(4}.LT.0)F1{4}=0
F1(5)=NINT((F1(5)+1856)/8.06333)
IF(F1(5).LT.0)F1(5)=0

COMPARING POSITION DATA TO SEE IF DATA ARE MATCHED.
DO 60 J=1,3 .

IF(F1{J) .NE.F2(J))GOTO 70
CONTINUE

OUTPUTING WRIST ORIENTATION IF POSITION DATA MATCHED.
CALL WRIST(F2(4))

RETURN

~ SETTINT 6TH ORDER SPLINE COEFFICIENTS TO JOINT THE 2 POINTS.

IF POSITION DATA DO NOT MATCH.
DO 75 J=1,3

96T



F(J)=REAL(F2(J)-F1(J)) ~ - : ' : TS=T4*T

' : v o - DO 110 J=1,3
3 ggggéng(l)..2+p(z)..2*p(3,..2) . : . ) . FZ(J)-NINT(Bl(J)+Bd(J)‘T3+BS(J)'T4+36(J)'TS)

VCMX (1) =574 - : o 110 CONTINUE _
VCMN(1)=-574 . ' - : CALL POSITN(F2(1))
VCMX(2)=1140 _ T . : R : GOTO 100
VCMN(2)=-3280 - : Lo ' : . ' 126 CALL TIMST(O)
VCMX(3)=1200 : : '
vcnn{3;=-1aoo ' . : ' 130 CALL TIMRR(O,TMSEC)
ACMX(1)=2332 : o CALL M2ISQQ(TMSEC,T) _
ACMN(1)=-2332 _ ' IF (T.GT.TOUT)GOTO 200 -
ACMX(2)=8497 . i ‘ T3=T**3 - : o
ACMN(2)=-11015 - ] _ T4=T32T
ACMX (3)=7596 ° ‘ . : S R T5=T4*T
_ACMN(3)=-7452 . DO 140 J=1,3
§=0 , . pz(a)-NINT(B1(J)+34(J)~T3+35(J)-T4+BS(J)-T5)
TVM=T/2 .

140 CONTINUE \
" CALL POSITN(F2(1))
GOTO 130

TAM=0,788675%T
DO 80 J=1,3 ,
B1(J)=FLOAT(F1(J)) , o v :
B4 (J)=10*F(J) / (T**3) : v 200 RETURN
B5{J)=-15*F(J) / (T**4)
B6(J)=6*F (J) / (T**5) . END
VMAX=3%B4 (J)% (TVM**2) +4*B5{J) * (TVM**3) +5*B6 (J} * (TVM**4)
. AMAX=6#Bd (J) *TAM+12+B5(J) * (TAM**2)+20B6 (J) * (TAM**3)
"IF (VMAX.GT.0) THEN
SV=VMAX/VCMX (J)
ELSE
SV=VMAX/VCMN(J)
ENDIF
IF (AMAX.GT.0) THEN
SA=SQRT {AMAX/ACMX (J) )
ELSE
SA=SQRT (AMAX/ACMN(J) )
ENDIF
ST=ABS ( (REAL(F2(4)+F2(5)~F1(4)-F1(5)})/(20*T)) ..
: -S=MAX(SV, SA, ST, S)
" 80  CONTINUE
- §=1000%S
TOUT=T*S o o v i
DO 90 J=1,3 :
BA(J)=B4 (J)/(S**3)
BS(J)=B5(J)/(S**4)
B6(J)=B6 (J)/ (S**5)
90  CONTINUE

OUTPUTING SPLINE FUNCTION IN REAL TIME.
. CALL WRIST(F2(4))
_IF(TOUT.GT.30000.0)GOTO 120
: CALL TIMST(0)
100 CALL TIMRD(0,ITMSC)
' T=FLOAT (ITMSC) ' ) v
IF (T.GT.TOUT)GOTO -200 . B : : . : ;
T3=T**3 _ . o _ ' o ' :
T4=T3*T : :

LST



SSTORAGE:2
SNOFLOATCALLS

50

60
65

70

_PROGRAM ALIGN

. IMPLICIT INTEGER(A-Z)

INITIALIZING THE LAB-PACK SUBROUTINES.
CALL INIT

CALL INTROFF
CALL STPORT

"WRITE(*,50) '
FORMAT(/////,10X, 'PLEASE FOLLOW THE INSTRUCTIONS BIICTLY AND',

#//,6X,'BE SURE EACH STEP DONE BEFORE RETURN-BUTTON PRESSED.'
111117

PAUSE ' BRING THE GRIPPERS TO THEIR REFERENCE POSITIONS.'
WRITE(*, " (///)")

PAUSE ' SWITCH THE ALIGN SWITCH TO ON POSITION.'
WRITE(*,"(///)")

PAUSE ' SWITCH ON THE POWER SUPPLY OF THE ARMS.'
WRITE(*, ' (///)}")

'CALL DISTAT(0,7,POWER,0)

IF (POWER.EQ.0) THEN
WRITE(*,60)
FORMAT(//,' NO POWER IS DETECTED.'

* //.' PLEASE CHECK POWER SUPPLY.'.//)
CALL DISTAT(0,7,POWER,OQ)

IF (POWER.EQ.0)GOTO 65

ENDIF )

CALL DIGOUT(100, 3)

CALL DIGOUT(150,1)

PAUSE ' SWITCH THE ALIGN SWITCH BACK TO OPERATE POSITION.'
WRITE(*, ' (///}") .

WRITE(*,70)

FORMAT(///////,16X,' ALIGNMENT PROCESS FINISHED.',////1/1)

END

$STORAGE: 2

50

- 60

70

80

PROGRAM OPFILE
CHARACTER FNAME*11,RKEY*1

" LOGICAL OLDFILE

WRITE(*,60)

FORMAT(///.' PLEASE INPUT A FILE NAME, xxx DAT, WHICH DATA',
*/,' ARE TO BE STORED & MANIPULATED.',

*//," [NOTE: XXX MUST BE LESS THAN 7 CHARACTER.]',/)
"READ(*, ' {A) ') FNAME

INQUIRE (FILE=FNAME, EXIST=OLDFILE)

IF(.NOT.OLDFILE)GOTO 80

WRITE(*,70}

FORMAT(//,' WARNING: FILE WITH THE SAME NAME ALREADY EXISTS.'
*/,' DO YOU WANT TO SPECIFY ANOTHER NAME? (Y/N) ')
READ(*, ' {(A) ') REY

IF (REY.NE.'N')GOTO 50

OPEN{5,FILE="NAME.JOB', STATUS="'NEW')

WRITE(S,'(A) ' )FNAME

CLOSE(5)

END

8sT



SSTORAGE: 2
SNOFLOATCALLS

c

30
35

39

41

PROGRAM LEARN

IMPLICIT INTEGER (A-Z)

DIMENSION DATRAY(5),JOINT(6,50), CHRAYI(SI
CHARACTER FNAME*1l1,REY*1l

LOGICAL OLDFILE .

INITIALIZING THE LABPACK ROUTINES
CALL INIT :

CALL INTROFF

CALL STPORT

CALL STTIMEB({2000)"

SETTING CHANNEL NOS.
CHRAY1(1)=0
CHRAY1(2)=1
CHRAY1(3)=2

CHRAY1 (4)=3.
CHRAY1(5)=4
CHRAY1{6)=999
DATAS=0

DATA4=0

TRYING TO READ FILE NAME.JOB
INQUIRE(FILE='NAME.JOB',6 EXIST=OLDFILE)
IF(.NOT.OLDFILE)GOTO 30
OPEN(50,FILE="NAME.JOB')
READ(50, " (A) ' ,ERR=30) FNAME

GOTO 41

REQUESTING FILENAME TO BE USED FOR STORING DATA
WRITE(*,35)

FORMAT(' PLEASE INPUT FILENAME, XXX.DAT, TO nnrcn ',
#/," JOINT DATA ARE TO BE STORED.’

*//,' [NOTE: XXX MUST BE LESS THAN 7 CHARACTERS. ]',!1
READ(*, ' (A)"')FNAME

WRITE(*,'(///)")

CHECKING INPUT FILE IF ALREADY EXIST.
INQUIRE(FILE=FNAME, EXIST=OLDFILE)
IF(.NOT.OLDFILE)GOTO 41

WRITE(*,39)

FORMAT(//,' WARNING: FILE WITH THE SAME NAME ALREADY EXISTsS.',

*//,' DO YOU WANT TO SPECIFY ANOTHER NAME? (Y/N).')
READ(=, ' {A) ' }KEY

WRITE(*,"'(////1")

IF(EKEY.NE.'N')GOTO 30 '

ALIGNING THE ACTUAL ARM WITH RESPECT TO THE SIMULATED ARM.
CALL INTRON

CALL ADSWST{CHRAY1l,1,DATRAY,S5,1)

CALL INTROFF

50
55

57

‘60

70

DRTRAYCG)BNINT[(DRTRiY{dl+1242)/10.23?2dl

" IF (DATRAY(4) .LT.0)DATRAY (4)=0

DATRAY (5)=NINT( (DATRAY (5)+1856) /8.06333)
IF(DATRAY(5).LT.O)DATRAY(5)=0

CALL SELFADJ {DATRAY)

OPENING A FILE FOR STORING DATA TO THE SPECIFIED FILENAME
OPEN (5, FILE=FNAME, STATUS="NEW"')

-INFORMING USER WHILE THE SYSTEM IS READY AFTER INITIALIZATION
PAUSE ' THE ROBOT IS READY TO BE TAUGHT.'

WRITE(*,57)
FORMAT(//////////,17X,' ROBOT IS NOW BEING TAUGHT.'

*//,7X,' PRESS ESC-BUTTON WHEN FINISH TEACHING PROCBSS.
‘///l!/l/l////l

INITIALIZING THE FLAGS REQUIRED
M=1

GRPMOD=0

MEMODE=0

DETECTING WHETHER ESC BUTTON IS PRESSED FOR TERMINATION
CALL ESC(PRESSED)

IF(PRESSED.EQ.1)GOTO 140

SAMPLING 5 A/D CHANNELS WITH SAMPLING RATE 1000 SAMPLES/SEC..
CALL INTRON

CALL ADSWST({CHRAY1,1, DATRAY 5,1)

CALL INTROFF

CONVERTING WRIST PITCH & ROLL VALUES TO NO. OF STEPS
OUTPUTING ONLY IN THE INCREMENT OF 2 STEPS.
DATRAY (4)=NINT( (DATRAY{4)+1242)/10.23724)
IF (DATRAY{4).LT.0)DATRAY(4)=0
DATRAY (5) =NINT( {DATRAY(5)+1856)/8.06333)
IF (DATRAY(5) .LT.0)DATRAY(5)=0
DELTA4=DATRAY (4) ~DATA4
IF{ABS (DELTA4) .LT.2)THEN
. DATRAY(4)=DATA4
ELSE _
DATA4=DATRAY (4)

ENDIF
DELTAS=DATRAY (5} -DATAS
IF(ABS (DELTAS) .LT.2) THEN

- DATRAY (5) =DATAS

-ELSE

DATAS=DATRAY (5)
ENDIF

DETECTING WHETHER GRiP OR MEMORY SWITCHES ARE PRESSED
CALL DISTAT(0,0,GRIP,0)
CALL DISTAT(0,1,MEMORY,0)
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' OUTPUTING THE DIGITIiﬁD VALUES TO THE ACTUAL ARM . : WRITE(*,138)

CALL ARMOUT (DATRAY) 138 - FORMAT(//,' DO YOU WANT TO TRY AGAIN? (Y/N) ',///)
] . : : READ(*, ' (A) ' )KEY
OPENING/CLOSING THE GRIPPER WHEN GRIP SWITCH IS DETECTED IF{KEY.NE.'N')GOTO 50
IFIGRIP.EQ.0)GOTO 100 ’
IF(GRPMOD.EQ.1)GOTO 90 ) ’ ' ) GOTO 500
OPENING THE GRIPPER . '
CALL DIGOUT(1,5) . : 140 HM=M-1

85 CALL DISTAT(0,0,GRIP,0) _ WRITE(*,150)M
" IF{GRIP.EQ.1)}GOTO B85 : . 150 PORH&T{I//.' LEARN PROCESS TERMINATED.'

CALL DIGOUT(0,5)

i *//,' NO. OF POINTS RECORDED =',14,//,)
CALL ADIN(5,GPOT) - .
GRPMOD=1 ) S ) ) c DETECTING IF ENOUGH DATA ARE RECORDED
GOTO 110 IF(M.GT.1)GOTO 190
CLOSING THE GRIPPER WRITE(*,160)
90 CALL DIGOUT(2,5) - . 160 FORMAT(//,' DATA RECORDED WILL NOT BE ENOUGH FOR A JOB.'
95 CALL ADIN(5,DATA} . *//,' PLEASE TRY AGAIN.'//}
IF(DATA.GT.0)GOTO 95 . ' . . REWIND(5)
CALL DIGOUT(0,5) GOTO 55
GPOT=0 ' )
GRPMOD=0 c STORING DATA TO FILE SPECIPIED

GOTO 110 190 DO 200 I=1,M-1

_ - : : WRITE(S, ' (IS,5110,15) )1, (JOINT(J,I),J=1,6)
STORING JOINT POSITION DATA WHEN MEMORY SWITCH IS DETECTED. 200 CONTINUE

100 IF{MEMORY.EQ.0)}GOTO 60
IF(MEMODE.EQ. llGOTO 70

110 MEMODE=1 B . [ "DETECTING IF END POINTS ARE MATCHED
CALL BEEP(1) i DO 205 J=1,5
JOINT(1,M)=DATRAY (1) IF(JOINT(J,1) .NE.JOINT(J, H}lcowo 210
JOINT{2,M)=DATRAY (2) . E 205 CONTINUE
JOINT{3,M)=DATRAY (3) ’ . WRITE(S, ' {15, 5110 I5)°*)M, (JOINT(J,M),J=1,6)
JOINT (4,M)=DATRAY (4) . L=H .
JOINT(5,M)=DATRAY (5) GOTO 400
JOINT(S.HI=GPOT .
210 L=M
ADVANCING TO THE NEXT MEMORY LOCATION AND LIMITING THE sroazn WRITE(=*,220)
DATA TO 50 SETS _ . 220 FORMAT(' THE FINAL POSITION DOES NOT MATCH WITH THE INITIRL.
M=M+1

i . *//,' DOES IT MATTER ? (Y/N)')
IF(M.GT.50)GOTO 130 . . :

READ(*, "' (A) ') KEY
. IF{M.NE.45}GOTO 70 IF{KEY.EQ.'N')GOTO 310
CALL BEEP(5)

: . 230 WRITE(*,b240)
WRITE(*,120) 240° FORMAT(//,* PLEASE SELECT THE FOLLOWING OPTIONS:-'
. 120 FORMAT(' WARNING: ONLY 5 MORE MEMORIES LEFT.',) _ '/I.Sx,fl = ADJUSTING THE END POINT TO MATCH THE STARTING POINT.',
GOTO 70 . *//,5X,'2 = USING AN ARBITRARY ROUTE TO JOINT THE END POINTS.'
. : *//,5X,'3 = FOLLOWING THE SAME ROUTE BACK TO THE STARTING POINT.®
130 M=50 : ) . /)
CALL BEEP({10} . READ(*,* ERR=230) IBACK
WRITE(*,135} . . : ' IF((IBACK.LE.O).OR. {IBACK.GT.3))GOTO 230
135 FORMAT(///,15X,' MEMORY FULL! LEARN PROCESS TERMINATED.', ) + GRIPER=0
=//,' DO YOU WANT TO KEEP THE DATA ? (Y/N)') GOTO(260,270,290) IBACK
READ(=", ' (A} ')KEY
IFP(KEY.NE.'N'}GOTO 190 260 . L=M _
© WRITE(*,137)FNAME WRITE(S,'(I15,5I10,15)"')M, (JOINT(J,1),J=1,5),JOINT(6,M)
137 FORMAT(//,' THE FILE ',A,' IS DISCARDED.'//) GOTO 400

CLOSE (5, STATUS="'DELETE'}
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270

280

290

300

10

400
410

500

510

LeM+l : o
WRITE(S, " (I5,5110,15) ')H, (JOINT(J,M),J=1,6)
IF(JOINT(6,M) .NE.O) THEN
DO 280 J=1,5
JOINT(J,2)=JOINT(J M) +2
CONTINUE
WRITE(S, ' (I5,5I10,15)")L, (JOINT(J,2),J=1,5) ,GRIPER
L=M+2
ENDIF T

WRITE(S,'(I5,5I10,15)')L, {(JOINT(J,1),J=1,5), GRIPER
GOTO 400

DO 300 1=1.M
' L=M+I-1
K=M-I+1
WRITE(S,'(I5,5I10,I5)"')L, (JOINT(J,K),d=1,5), GRIPER\
CONTINUE
GOTO 400

L=M

WRITE(S, ' (I5,5I10,I5)")M, {JOINTIJ M) ,J=1,6)
GOTO 400 R

WRITE(*,410)FNAME,L

FORMAT(//.' ALL JOINT DATA ARE STORED IN THE FILE:- ',A,
*=//,' TOTAL NO. OF RECORD =',I4,//)
CLOSE(5)

CLOSING THE GRIPPER IF IT IS OPEN BEFORE EXITING THE PROGRAM.

CALL ADIN(S,IPOTS)
IF{IPOTS.GT.0) THEN
CALL DIGOUT{2,5)
CALL ADIN(5,IPOT5)
IF{IPOT5.GT.0)GOTO 510
CALL DIGOUT({0,5)}
ENDIF .
CONTINUE

- END

50 .
60

70

15

80

90

100

SSTORAGE:2
SNOFLOATCALLS

PROGRAM TRIM

IMPLICIT INTEGER(A-Z) . !
DIMENSION TRIMDAT(100,6),DATA{6),0LDDAT(6) o
CHARACTER FNAME*11l,KEY*1l -

LOGICAL OLDFILE,CYCLIC,LAST

COMMON TRIMDAT

CHECKING IF FILENAME HAS BEEN SPECIFIED
INQUIRE(FILE="NAME.JOB' ,BKIST=OLDFILE}
IF{.NOT.OLDFILE)GOTO 50
OPEN(50,FILE='NAME.JOB")
READ(50, ' (A) ' ,ERR=50) FNAME

GOTO 70

'REQUESTING A FILENAME HAS IT NOT BEEN SPECIFIIED
WRITE(*,60)

FORMAT(//,' PLEASE INPUT A FILENAME, XXX.DAT, IN WHICH',
*/,' DATA ARE TO BE TRIMMED.'

*//,' [NOTE: XXX MUST BE LESS THAN 7 CHARACTERS 1.7
READ({*, "' {A) ') FNAME

CHECKING IF SPECIFIED FILE IS A NEW FILE
INQUIRE(FILE=FNAME, EXIST=OLDFILE}
IF(.NOT.OLDFILE)GOTO 200

WRITE(*,75)
FORMAT(//////////,20%, 'DATA IS BEING TRIMMED.',
//,11X, 'ANY DUMMY DATA DETECTED WILL BE REMOVED.',////////1////)

OPENING FILE-5 DEFINED TO BE THE SPECIFIED FILE
OPEN (5, FILE=FNAME)

SETTING COUNTERS. N FOR DATA & I FOR TRIMMED DATA
N=1
I=1

READ(S, 80, TOSTAT=IOCHK,ERR=160) (DATA(J) ,J=1,6)
FORMAT (5X, 5110, I5)

N=N+1

DO 100 J=1,6 )
OLDDAT (J)=DATA(J}

CONTINUE

READ(5,80,END=130) {DATA{J),J=1,6)

COMPARING TWO CONSECUTIVE DATA

" DO 110 J=1,3

IF{OLDDAT{J}.NE. DATAIJI)GOTO 115
CONTINUE
GOTO 90

191



115
120

130
132

134

136
138

140
142

144
145
500

146

STORING THE OLD DATA IF TWO DATA DO NOT MATCH.
DO 120 J=1,6
TRIMDAT(I,J)=0LDDAT({J}
'CONTINUE
I=I+1
GOTO 90

STORING THE LAST DATA.
DO 132 J=1,6

TRIMDAT(I, JI=OLDDLT(JI
CONTINUE

CHECKING DATA SET TO SEE IF CYCLIC, AND WRITE TO THE FILE.
DO 134 J=1,5

IR(TRIHDATII.J].NE.TRINDATII.J)]GOTO 136
CONTINUE
CYCLIC=.TRUE.
GOTO 138
CYCLIC=.FALSE.
REWIND(S)
WRITE(5, "' (L5) ") CYCLIC

NeN-1
DUMMY=N-1

INSERTING DATA TO A SECTION APPROPRIATELY.
DATINS=0

LAST=.FALSE.

JBASE=1

J=1

IGRIP=TRIMDAT(J,6)

. IDATA=1

15}1&1una?{a+1 ,6) -NE. IGRIP)GOTO 145
+
IF(J.EQ.I)GOTO 144
IDATA=IDATA+1
GOTO 142
LAST=.TRUE.
WRITE(5,500) (TRIMDAT (JBASE,M),M=1,6)
FORMAT (5X,5I10, I5)
IF({IDATA.GE.4) THEN
" DO 146 K=1,IDATA-1

WRITE(5,500) ({TRIMDAT (JBASE+K,M) ,M=1,6)
CONTINUE

ELSEIF (IDATA.EQ.3) THEN
WRITE(5,500) (TRIMDAT {JBASE+1,M) ,M=1,6)
JBASE1=JBASE+1
CALL INSERT(JBASE1)

WRITE(5,500) (TRIMDAT (JBASE+2, H) M=1,6)
DATINS=DATINS+1

ELSEIF(IDATA.EQ.2) THEN
CALL INSERT({JBASE)

WRITE(S,500) (TRIMDAT{JBASE+1,M) ,M=1,6)
JBASE1=JBASE+1

148

© 150

152

155

160

170

180

190

200
210

215
217

220

50

CALL INSERT{JBASEl)
DATINS=DATINS+2

ENDIF

IF (LAST)GOTO 150

JaJ+1

IF{J.EQ.I)GOTO 150

JBASE=J

GOTO 140

WRITE(5,500) {TRIMDAT(I,M),M=1,6)

CLOSE(5)

WRITE(*,155) FNAME, N, DUMMY, DATINS

FORMAT (//,20X,' TRIM PROCESS TERMINATED.'

*//,10%,"' NO. OF RECORD IN ORIGINAL FILE:-',A,' = ',I4,.
#//,10K,* NO. OF DUMMY DATA DELETED = ',Id4,

*//,10X,' NO. OF DATA INSERTED = ',14, 110

GOTO 220

IF {IOCHK. NB 0)GOTO 180

WRITE(*,170) FNAME

FORMAT(//,' THERE IS NO DATA IN FILE ',A)
GOTO 215

WRITE(*,190) FNAME
FORMAT(//,' FILE ',A,' IS NOT IN APPROPRIATE FORMAT.')
GOTO 215 .

WRITE({*,210) FNAME
FPORMAT(//,' FILE ',A,' DOES NOT EXIST.')

WRITE(*,217)

FORMAT(//,' DO YOU WANT TO TRY ANOTHER FILE ? (¥/N) * AN
READ(*, ' {A) ' ) REY

IF (KEY.NE.'N')GOTO 50

CONTINUE

END

SUBROUTINE INSERT(J)
INTEGER TEMP(5),TRIMDAT(100,6)
COMMON TRIMDAT
DO 50 I=1,5
TEMP (I)=(TRIMDAT (J,I1)+TRIMDAT (J+1,1))/2
CONTINUE
WRITE(S,'(5X,5I10,1I5)") (TEMP(I},I=1, sl ,TRIMDAT{J,6)
RETURN
END
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SSTORAGE:2

SNOFLOATCALLS

c

30

40

c

48
49

PROGRAM SMOOTH

REAL VCMX(3),VCMN(3),ACMX(3), ACMN(3)

INTEGER BODY({50), SHODER(50),ELBOW(50},WPITCH{50),WROLL(50)
INTEGER GRIPER(2) .

CHARACTER FNAME*1l,0PMODE*1

LOGICAL OLDJOB,FAST,CYCLIC

COMMON BODY, SHODER, ELBOW, WPITCH, WROLL, GRIPER, N, TSUM
COMMON /BLK3/VCMX,VCHMN, ACMX, ACHMN

DETECTING WHETHER FILENAME HAS BEEN SPECIFIED
INQUIRE (FILE="'NAME.JOB', EXIST=0LDJOB}
IF(.NOT.OLDJOB)GOTO 30
OPEN(50,FILE="NAME.JOB")
READ(50,'(A}',ERR=30) FNAME

GOTO 46

~REQUESTING A FILENAME FROM WHICH DATA ARE TO BE SMOOTHED
WRITE(*,b40)

FORMAT(‘ PLEASE INPUT A FILENAME, XXX.DAT,
*/,' DATA ARE TO BE CURVE-FITTED.'

*//,' [NOTE: XXX MUST BE LESS THAN 7 CH&RACTERS. 1.0
READ{*, ' (A) ' }FNAME

FROM WHICH',

CHECKING THE SPECIFIED FILE IF IT IS NEW |

INQUIRE{FILE=FNAME, EXIST=0LDJOB} i
IF(.NOT.OLDJOB)GOTO 120 i i

SETTING UP VELOCITY & ACCELERATION CONSTRAINTS.
VCMX (1) =574
VCMN(1}=-574
VCHX(2)=1140

VCMN (2) =-3280 " . - -

VCMX (3)=1200
VCMN{3)=-1800
ACMX (1)=2332

_ACMN(1)=-2332
ACHMX (2)=8497

ACHMN(2)=-11015
ACMX(3)=7596
ACMN(3)=-7452

SELECTING OPTIONS.
WRITE(*,49)

FORMAT(//,' PLEASE CHOOSE ONE OF THE FOLLOWING OPTIONS:-

-*//,5X," K = KEEP ALL THE WRIST POSITIONS AT SPECIFIED POINTS.',

*//,5%,' A = KEEP ONLY THE WRIST POSITIONS AT.THE GRIP POINTS.'
*1/)

READ(*, ' (A)')OPMODE

IF(OPMODE.EQ. 'K'}FAST=.FALSE,

IF (OPMODE.EQ.'A")FAST=.TRUE.

'y

[N+

50

60

70

75

IF{(OPMODE.NE."'A') .AND. (OPMODE.NE.

'K'))16OTO 48

OPENING THE FILE-5 DEFINED TO BE THE SPECIFIED DATA FILE
FROM WHICH DATA ARE TO BB READ

OPEN(5,FILE=FNAME)

. READING DATA TO SEE IF DATA SET IS REPEATABLE.
READ(S, ' {LS) ' ,ERR=180)CYCLIC

OPENING THE FILE-20 FOR STORING SMOOTHED DATA
OPEN(20,FILE='BUFFER.JOB',STATUS="'NEW')
WRITE(20, ' (20X,A) ') FNAME
RECORDING SELECTED OPTION.
NRITBI20.'I2L5) }FAST,CYCLIC

© SETTING THE POINTER-N TO 1 FOR THE FIRST READ DATA AND
. START READING DATA FROM THE SPECIFIED FILE

TIME=0

MSECTN=0

N=1

READ(5,50,END=160, BRR!ISO)BODY(N’ SHODER (N} ,ELBOW (N} ,WPITCH(N) ,
*WROLL(N), GRIPER(lI

FORMAT (5X, 5110, 15)

WRITING THE INITAIL DATA POINTS TO BUFFER.JOB.
IHRITE(ZG,'{5110)'}BODYlll.SHODER(l};BLBD“(I].ﬂ?ITCH(I);UROLL(l)

SETTING ACTUAL IGRIP & READING THE SECOND DATA

IGRIP=0

IF(GRIPER(1) .NE.0)IGRIP=1

HR§T3{20 '(110) }IGRIP

N=

READ(5,50,END=140,ERR=180) BODY (N} , SHODER {N) , ELBOW (N) ,WPITCH (N},
*WROLL (N) ,GRIPER(2)

DETECTING STATUS OF GRIPPER. IF CHANGED, THE FIRST READ
DATA UP TO THE DATA JUST READ ARE TREATED AS A SECTION.
IF{GRIPER(2) .NE.0)GOTO 70

IF{IGRIP.EQ.0)GOTO 80

CALL SPLINE(FAST)

IGRIP=0

GOTO 75

IF(IGRIP.EQ.1)GOTO 80
CALL SPLINE(FAST)}
IGRIP=1

SETTING THE BND POINT OF THE LAST SECTION AS THE INITAL
POINT OF THE NEXT SECTION.

BODY (1) =BODY (N}

SHODER (1)} =SHODER (N}

ELBOW (1) =ELBOW (N)

WPITCH(1)=WPITCH(N)

WROLL (1) =WROLL (N}
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80
85

90

100

110

120

130

140

150

160
170

180
190

200

GRIPER(1)=GRIPER(2) -
MSECTN=MSECTN+1
TIME= (TIME+TSUM)

N=2

GOTO 85

N=N+1

READ(5, 50, END=90) BODY (N} , SHODER (N} , BLBO“(N} WPITCH(N) NROLLINI.
*GRIPBRlzl

GOTO 60

DETECTING NO. OF DATA READ WHEN END OF SPECIFIED FILE IS
ENCOUNTERED. IF NO DATA IS READ, THE PROGRAM WILL BE TERMINATED.
N=N-1

IF(N.EQ.1)GOTO 100

CALL SPLINE (FAST)

MSECTN=MSECTN+1

TIME=TIME+TSUM

CLOSE (5}
CLOSE(20)

CONVERTING TIME INTOQ SEC.
TIME=TIME/1000.0

WRITE(*,110)MSECTN, TIME

?OkHATtIIIIIIIIII 20X, 'SMOOTH PROCESS FINISHED.',

*//,10%, 'DATA ARE PUT TO BUFFER AND READY TO BE USED.',
*//1,21X, 'NO. OF SECTIONS = ',I2,

*//,21X, "TOTAL PATH TIME REQUIRED = ',FS5.1,' SEC.'./////////])

GOTO 200

WRITE{*,130)

FORMAT(' FILE NOT FOUND. PLEASE SPECIFY ANOTHER FILE.', "
/GOTO 30

HRITE('.!50!FN&HE :

PORMAT(//,"' DATA IN FILE ',A,' IS NOT ENOUGH ?OR A JOB.'
. */,' PLEASE TRY ANOTHER FILB. S

GOTO 30

WRITE(*,170) FNAME
FORMAT(//,' THERE IS NO DATA IN FILE ',A,' .',

*/,' PLEASE TRY ANOTHER FILE.',//}
GOTO 30

WRITE(*,190) FNAME

FORMAT(//,' DATA IN FILE ' A,"'IS NOT IN APPROPRIATE FORMAT.',
*/,' PLEASE TRY ANOTHER FILE.',//)

GOTO 30

CONTINUE

END

101

40

THIS SUBROUTINE IS TO EVALUATE SPLINE FUNCTIONS FOR EACH
DATA SEGMENT FOR EACH JOINT.
SUBROUTINE SPLINE(FAST)

REAL U(50),V(50),W(50)

INTEGER H, BODY(5D' SHODER (50) ,ELBOW(50} ,WPITCH({50) , WROLL {50)
INTEGER GRIPER(2)

DIMENSION T(50),F(50,3),FDASH(50,3)

DIMENSION VMX{3),VMN(3) , AMX (3}, AMN(3),VCMX(3),VCMN(3) ncuxtaf

DIMENSION ACMN(3}
LOGICAL FAST -

COMMON BODY, SHODER, ELBOW,WPITCH,WROLL,GRIPER,N, TSUM
COMMON /BLK1/Bl1,B2,B3,B4,B5,B6

COMMON /BLK2/T,VMX,VMN, AMX, AMN

COMMON /BLK3/VCMX,VCMN, ACMX, ACMN

© INITIALIZING MAX. & MIN. VELOCITIES & ACCELERATIONS TO ZEROS.

DO 101 J=1,3
VMX (J}=0
VMN (J)=0
AMX{J)=0
AMN(J) =0

CONTINUE

OPENING A TEMPORARY FILE TO STORE SPLINE COEFFICIENTS.
OPEN{30,FILE="SPLINE.TMP',6 STATUS="NEW")

WRITING THE AMOUNT THAT THE GRIPPER NEEDED TO BE OPENED.
WRITE(20, ' (I10)')}GRIPER(1)

'WRITING NO. OF POINTS FOR THIS SECTION.

WRITE{(20, ' (I10)"}N

SETTING THE F MATRIX

DO 30 I=1,N
F(I,1)=FLOAT(BODY({I)}
F(I,2)=FLOAT(SHODER(I))
F(I,3)=FLOAT(ELBOW(I))

CONTINUE

CALCULATING TIME INTERVAL BETWEEN TWO DATA POINTS FOR
EACH SEGMENT
TSUM=0
DO 50 K=1,N-1
SUMSQ=0
DO 40 J=1,3
SUMSQ1=(F (R+1,J)=F(K,J) ) #42
SUMSQ=SUMSQ+SUMSQ1
CONTINUE
_T(R+1)=SQRT (SUMSQ)
TSUM=TSUM+T (K+1)
IF(T(K+1) .EQ.0)GOTO 666
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50

60

70

80
90

'CONTINUE
_DETBCTING IF TWO DATA ARB RECORDED 5-ORDER SPLINE FUNCTION

WILL BE USED.
IF(N.EQ.2}GOTO 200

IF(N LT.5)GOTO 999

SgTTIgG UP EFFICIENT ALGORITHM OPERATORS.
aN-
U(1)=2+T(2)+3*T(3)
vil)=-T(2) /U(1) .
DO 60 I=2,N2-1 -
U{I}=T(I+2)*V (I~ 11+2*(T{I+1}+T(I+213
V{I)=-T(I+1}/U(I}
CONTINUE
U(N2)=T{N}*V(N2-1)+3*T(N-1) +2*T(N!}

CALCULATING THE INTERMEDIATE VELOCITIES FOR EACH SEGMENT.
DO 90 J=1,3 )
De3=((T(2)**2)* (F{3,J)-F(2,J))+
* 2% (T(3) **2)*(F(2,J0)- Ptl J))l!(T(Zl*T{3I)
W(l)=D/U(1)
‘DO 70 I=2,N2-1
Da3s ((1(1+1)442) * (F (142, 3)~F (I+1,3))+

x (T{I+2)**2) * (F(I+1,3)-F(I,3)))/(T(I+1) *T(I+2))

W{I)=(D-T(I+2)*W({I-1))/U(I)

CONTINUE
: D=3% (2% (T (N-1)**2) *(F(N,J)-F(N-1,J) )+
* (T(N}**2) % (F(N=1,J)-F(N-2,5)) )} /(T(N-1)*T(N)}
. W(N2)=(D-T(N)*W(N2-1) } /U(N2)
FDASH(N2,J)=W(N2)
DO 80 I=1,N2-1
FDASH(N2-I, J)-V(N:-I)'FDASH{N2-1+1 Ji+nlN2—1i
CONTINUE
CONTINUE
SETTING UP THE SPLINE FUNCTION FOR THE FIRST SEGMENT

FOR EACH JOINT.
ISEG=1
DO 103 J=1,3
B1=F(1,J)
B2=0
Bi=0
Bd=4*(F(2,J)-F(1 Ji}/l?(2}**3}-?ﬂh$ﬂ{1 JY/(T(2)*%2)
B5=3*(F(1,J)=F(2,J))/(T(2)**4)+FDASH{1,J3)/{T(2)**3)
B6=0
IF(ABS(B5).LT.1E-30) THEN
TVMAX=T(2)
TAMAX=T(2)
ELSE
TVMAX=-B4/(2+B5)
TAMAX=-B4/(4*B5)
ENDIF
CALL SORT({ISEG,J,TVMAX, TAMAX)
WRITE(30,'(5E12.5) '}B1,B2,B3,B4,B5

o0

103

105

110

115

130

200

CONTINUE

SETTING UP THE SPLINE FUNCTIONS FOR THE SECOND UP TO THE
LAST SECOND SEGHENTS FOR EACH JOINT
Nl=N-1 : ' N
ISEG=ISEG+1 a
IF (ISEG.EQ.N1)GOTO 115
DO 110 J=1,3 .

31=F{ISBG J)

B2=FDASH(ISEG~1,J}

B3={3*(F(ISEG+1,J)-F(ISEG,J)) /T(ISEG+1)}-2+FDASH(ISEG-1,J)-

FDRSH(ISBG JI)ITIISEG+1)
B4=(2%(F(ISEG,J) ~F{ISEG+1, J)3IT{ISEG+11+FD&SH{ISEG-1 Jr+
8520 FDASH({ISEG, Jl)/lTlISBG*l}*'Z!

B6=0
IF(ABS(B4) .LT.1E-30) THEN
TVMAX=T(ISEG+1)
ELSE
TVMAX=-B3/{3*B4)
ENDIF
TAMAX=T (ISEG+1)
CALL SORT(ISEG,J,TVMAX, TAMAX)
WRITE(30,'(4E12.5)')B1,B2,B3,B4
CONTINUE
GOTO 105

SETTING UP THE SPLINE FUNCTION FOR THE LAST SEGMENT FOR
EACH JOINT
DO 130 J=1,3
Bl=F(N-1,J)
B2=FDASH(N-2,J}
B3=(6*F(N,J)-6+F(N-1,J)}-3*FDASH({N-2,J)*T{N) )}/ (T(N)**2)
Bd=(-8*F(N,J)+B*F{N-1,J) +3*FDASH(N-2,J}*T(N) )} /(T (N) *=3)
Bz=(3tsln ,J)=3*F(N-1,J)-FDASH(N-2, J}*T(N]}/(T(Nl'*l)
B6=0
IF (ABS(B5).LT.1E-30) THEN
TVMAX=T (N)
- TAMAX=T (N)
ELSE
T?HAX-BS/IS'BS'TIN}]
Tanax--ailt"BS)
ENDIF
CALL SORT(ISEG,J,TVMAX, TAMAX)
 WRITE(30,'(5E12.5)')B1,B2,B3,B4,B5
CONTINUE
GOTO 300

CALCULATING THE SPLINE FUNCTION WHEN ONLY TWO DATA ARE GIVEN.
ISEG=1
DO 220 J=1,3

Bl=F(1,J)

B2=0

B3=0 .

B4=10* (F(2,J)-F(1,3))/(T(2)**3)
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an

220

300

310

315 -

BS=-15*(F(2,J)=F(1,3)) /(T(2)**4)
B6=6*(F(2,J)=F(1,J)}/(T(2)**5)
TVMAX=T{(2)/2 .
TAMAX=0.788675134=T(2)
CALL SORT{ISEG,J,TVMAX, TAMAX)
WRITE(30,'(6E12.5)")B1,B2,83,B4,B5,B6
CONTINUE

EVALUATING TIME SCALE FACTOR TO CONVERT TO REAL TIME.

EVALUATING SCALE FACTOR, SVA, DUE TO VELOCITY & ACCELERATION
CONSTRAINS. .
SVA=0 .
DO 310 J=1,3
SVMAX=VMX (J) /VCMX (J)
SVMIN=VMN (J} /VCHN (J)
IF (AMX(J).GT.0)THEN
SAMAX=SQRT (AMX (J)} /ACMX(J})
ELSE
SAMAX=0
ENDIF
IF(AMN(J) .LT.0)THEN
SAMIN=SQRT (AMN(J) /ACMN(J) )
ELSE
SAMIN=0
ENDIF
SVA=MAX (SVMAX, SVMIN, SAMAX, SAMIN, SVA)
CONTINUE

EVALUATING SCALE FACTOR, ST, DUE TO TIME CONSTRAINTS.
IF (FAST)THEN :
TC={REAL (WPITCH (N) +WROLL (N) -WPITCH(1) -WROLL{1)))/20
ST=ABS {TC/TSUM)
WRITE(20,'(2I10)')WPITCH(N),WROLL(N)
ELSE
ST=0
DO 315 K=1,N-1
TC= (REAL (WPITCH (K+1)} +WROLL (K+1) -WPITCH {K)-WROLL(K)}) /20
STC=ABS (TC/T(E+1})
ST=MAX(STC,ST)
WRITE (20, ' (2110) ') WPITCH (R+1) , WROLL (K+1)
CONTINUE
ENDIF

EVALUATING THE ULTIMATE SCALE FACTOR, S.
S=MAX{SVA,ST)

' CONVERTING THE SCALE FACTOR IN THE UNIT OF MSEC.

$=1000*S

_RENEWING COEFFICIENTS OF SPLINE TO REAL TIME FUNCTION.

REWIND({30)
IF(N.EQ.2)GOTO 380

RENEWING FOR THE 1ST SEGMENT.

330

340

350

360

370

380

390
400

410

666

999

E=1

‘DO 330 J=1,3

READ(30, ' (5E12.5) ')B1,B2,B3,B4,B5
CALL RENEW(S)

WRITE(20, ' (3E12.5) ')B1,B4,B5
CONTINUE

gENEgING FOR THE INTERMEDIATE SEGMENTS.
=K+
IF({K.EQ.N1)GOTO 360
DO 350 J=1,3
READ(30,.' (4E12.5) ')B1,B2,B3,B4
CALL RENEW(S)
WRITE (20, (4E12.5)')B1,B2,B3,B4
CONTINUE
GOTO 340

RENEWING FOR TﬁB LAST SEGMENT.

DO 370 J=1,3

READ(30,'(S5E12.5)')B1,B2,B3,B4,B5
CALL RENEW(S)

WRITE({20,'(5E12.5)')B1,B2,B3,B4,B5
CONTINUE
GOTO 400

RENEWING WHEN ONLY 2 POINTS RECORDED.
DO 390 J=1,3

READ(30,'(6E12.5) ')B1,B2,B3,B4,B5,B6

CALL RENEW(S)

WRITE(20,'(4E12.5) ')B1,B4,B5,B6
CONTINUE

CLOSE{30,STATUS='DELETE"}

CALCULATING THE REAL TIME IN MSEC FOR EACH SEGMENT.
TSUM=S*TSUM
DO 410 K=1,N-1
T(R+1)=S*T(K+1)
WRITE(20,'(E12.5) ') T(R+1)
CONTINUE

RETURN

TERMINATING THE PROGRAM WHEN DUMMY DATA DETECTED
STOP 'DUMMY DATA EXIST. PLEASE REPROGRAM THE ROBOT.'

TERMINATING THE PROGRAM WHEN SECTION NO. NOT MATCH.
STOP 'BAD DATA. PLEASE REPROGRAM THE ROBOT.'

END

THIS SUBROUTINE IS TO EVALUATE THE MAXIMUN VELOCITIES AND
ACCELERATIONS ON EACH JOINT.

SUBROUTINE SORT(ISEG,J, TVMAX, TAMAX)
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- DIMENSION T(50),VMX(3),VMN(3) ,AMX(3),AMN(3)

COMMON /BLK1/B1,B2,B3,B4,B5,B6
COMMON /BLR2/T,VMX,VMN, AMX, AMN

SETTING FINCTIONS FOR EVALUATING VELOCITY & ACCELERATION.

VEL(TIME)=B2+2*B3*TIME+3*Bd* (TIME**2) +4*B5* (TIME**3)+
S*B6* (TIME**4)

ACC(TIME)=2*Bl+6*B4*TIME+12+B5* (TIME**2)+20+B6* (TIME**3)

K=ISEG+1

IF (TVMAX.GT.T(K) ) TVMAX=T (K)
VMAX=VEL {TVMAX)

IF (TAMAX.GT.T(K}) TAMAX=T(K)
AHAX-ACCITRH&X)

CALCULATING MAX. & MIN., VELOCITIES & ACCELERATIONS.

CHOOSING THE GLOBAL MAX. & HIN OF VELOCITIES & ACCELERATIONS.
VMX (J) =MAX (VMAX, VMX(J))
VMN (J) =MIN{VMAX,VMN(J)}
AMX (J) =MAX (AMAX, AMX(J))
AMN(J)=MIN(AMAX,AMN(J))

RETURN
END

" THIS SUBROUTINE IS TO RENEW THE COEFFICIENTS OF THE SPLINE

FUNCTION INTO REAL TIME FUNCTION.
SUBROUTINE RENEW(S)

COMMON /BLK1/B1,B2,B3,B4,B5,B6
B2=B2/S '

"B3=B3/(S5%*2)

Bds=B4/ (S**3)
BS=B5/(5%**4)
B6=B6/ (S**5)

RETURN
END

'$STORAGE:2

SNOFLOATCALLS

an

10

20

24
28

32

36

44

a8

40

BROGRAM GO

REAL B1(50,3),B2(50,3),B3(50,3),B4(50,3),B5(2;3),B6(1,3)
REAL TOUT(50)

INTEGER W(2,50)

DIMENSION IDATA(S)

~ LOGICAL OLDJOB,FAST,NFAST,CYCLIC

CHARACTER FNAME*11,REY*1
INITIALIZING LAB-PACK SUBROUTINES.

 CALL INIT

CALL INTROFF -
CALL STPORT

OPENING FILE-BUFFER.JOB .
_INQUIRE(FILE="BUFFER.JOB',EXIST=0LDJOB)
IF(.NOT.OLDJOB)GOTO 24
OPEN(7,FILE="'BUFFER.JOB')

READING THE FILE NAME OF THE DATA FROM WHICH BUFFBR JOB IS
CREATED.

READ(7, ' (20X,A) ' ,END=420, ERR=440) FNAME

DISPLAYING DATA FILE NAME.

WRITE(*,20) FNAME ) S

FORMAT(//.®' JOB DATA IS FROM:- ",A,/,' OK ? (Y/N)',//)
READ(*, * (A) ') RKEY

IP(REY.NE.'N'}GOTO 44

CLOSE(7)

WRITE(*,28)

FORMAT(//,' PLEASE SPECIFY ANOTHER JOB FILE NAME.',//)
READ(*, ' (A) ') FNAME

INQUIRE (FILE=FNAME, EXIST=0LDJOB)

1F (OLDJOB)GOTO 36

WRITE(*,32)

FORMAT(//,' JOB_FILE NOT FOUND.',//)

GOTO 24

OPEN(7,FILE=FNAME)
GOTO 10

WRITE(*,48)

FORMAT(//,' DO YOU WANT TO RE-ALIGN THE WRIST ? (Y/N)',//)
READ(*, ' (A) ')REY

IF(REY.EQ. 'N')GOTO 52

RESETTING REFERENCE OF THE WRIST POSITIONS.

. WRITE(*,40)

FORNAT(/!,' PLEASE FOLLOW THE INSTRUCTIONS BELOW TCO RESET THE'
/" ﬂRIST POSITIONS:- ',

*//,5X.'1. TURN THE POWER SUPPLY OF THE ARM OFF.'

*//,5X,'2. POSITION THE WRIST TO THE REFERENCE LINES.'
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50

52

.54

56

57

58

*//,5X,'3. PUT ALIGNMENT SWITCH TO ON POSITION.',
*//,5%,'4d. TURN THE POWER ON OF THE ARM ON.
*//,5X,'d. PRESS. ANY KEY WHEN ALL THE ABOVE DONE. ' 1)
READ(=, ' (A} ')KEY
IDATA(4}=100
. IDATA(5)=150
CALL WRIST(IDATA(4))
WRITE(*,50)

FORMAT(//,' WRIST REFERENCE POSITION SET.',

‘*//.,' PLEASE SWITCH ALIGNMENT SWITCH BACK TO OP. POSITION.',

%//,' PRESS ANY KEY WHEN READY.',//)
READ(*, "' (A)" lksv

READING THE APPROPRIATE OPERATION MODE. -
READ(7, * (2L5) ', BRR=440) FAST, CYCLIC
NFAST=.NOT.FAST

" _REQUESTING NO. OF TIMES THE PROCESS WANTED TO BE REPEATED.

IF{CYCLIC)THEN
WRITE(*,56)

FORMAT{//,' PLEASE SPECIFY NO. OF TIMES THAT THE PROCESS',
* /," TO BE REPEATED.'
* /,' [NOTE: ENTER 0 FOR UNLIMITED NO. OF TIMES.
READ(*,* ,ERR=54)NTIMES
IF (NTIMES.LT.0)GOTO 54
ELSE
NTIMES=1
ENDIF

1.7

- POSITION THE ARM TO STARTING POSITION.

READ(7, ! (5I10) ' ,ERR=440) (IDATA(J),Jd=1,5)
CALL SELFADJ (IDATA)

' PAUSE ' THE ROBOT IS READY TO GO.'

WRITE(*,57)
FDRHAT{II///I/I// 14X, ' ROBOT IS IN OPBRATION.

'*//,10X, 'PRESS ESC-BUTTON FOR ENERGBNCY STOP.' ./I///f///////}_

READING REQUIRED GRIPPER STBTUS AND VALUE ON GRIPPER POT.
IGSTAT=0

MTIMES=1
READ(7,"{I10)',ERR=440) IGRIP
READ(7,'(I10)"',ERR=440) IGPOT
IF (IGSTAT.EQ.0)THEN
IF(IGRIP.EQ.1) THEN

CALL GOPEN(IGPOT)
IGSTAT=1

ENDIF
ELSE
IF(IGRIP.EQ. Q) THEN
CALL GCLOSE
IGSTAT=0
ENDIF
ENDIF

60

" READING NO. OF POINTS FOR THE SECTION.

READ(7, ' (I10)',ERR=440)N .
NN1=N-1
IF (PAST)NN1=1

© N2=N-2

75
80

.80

100

110

120

130

140

N1i=N-1

READING WRIST POSITIONS. o

DO 65 K=1,NN1 ' ‘
READ(7, ' (2110) ', ERR=440) (W(J,K),J=1,2)

CONTINUE

IF(N.EQ.2)GOTO 300

READING COEFFICIENTS OF STH ORDER SPLINE FOR THE 1ST SEGMENT.
Do 70 J=1,3

READ(7,' (3E12.5) ' ,ERR=440)B1(1,J) B4 (1,7}, B5(1,J)
CONTINUE i

READING COEFFICIENTS OF 4TH ORDER SPLINE FOR THE INTER&EDIATB
SEGMENTS.
DO 80 ISEG=2,N2

Do 75 J=1,3
READ(7, ' (4E12.5) ' ,ERR=440)B1{ISEG,J)},B2{ISEG,J),B3{ISEG,J),
B4 (ISEG,J)
CONTINUE
CDNTINUB

READING COEFFICIENTS OF 5TH ORDER SPLINE FOR THE LAST SEGMENT.

DO 100 J=1,3

'READ(7,'(5E12.5)"', gnk=¢40151tu1 J),B2(N1,J),B3(N1,J),B4 (N1, T},
‘%« B5(2,J)

CONTINUE

READING REAL TIME LIMIT FOR EACH SEGMENT.

DO 110 RK=2,N

READ(7,'(E12.5) ' ERR=440) TOUT (K}

- CONTINUE

EVALUATING & OUTPUTING DATA FOR THE 1ST SEGMENT.

CALL WRIST(W(1,1})

CALL TIMST(0)

CALL TIMRR{0,TMSEC)

CALL M2ISQQ(TMSEC,T)

IF(T.GT. Tourtzilcowo 140 -

Ti=Tax3

T4=T*T3

po 130 J=1,3
IDATA{J)=NINT(B1(1,J)+B&(1,J)*T3+B5(1,J)*T4)

CONTINUE

CALL POSITN(IDATA)

GOTO 120

EVALUATING & OUTPUTING DATA FOR THE INTERMEDIATE SEGMENTS.
DO 170 K=2,N2
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150

160

170

180

190

300
310

320

CALL ESC{(ISTOP)
IF(ISTOP.EQ.1) THEN
PAUSE
ENDIF o
IF (NFAST) THEN
CALL WRIST(W(1,K})
ENDIF
CALL TIMST(0) -
_ CALL TIMRR(O,TMSEC)
CALL M2ISQQ(TMSEC,T)
_IF{T.GT.TOUT(K+1))GOTO 170
T2=T*T
T3=T24T
DO 160 J=1,3
IDATA (J) =NINT(B1(K, ai+nztx J)*T+B3(K, a)*wz+s¢(x J)*13)
CONTINUE
CALL POSITN(IDATA)
GOTO 150 ,
CONTINUE '

EVALUATING & OUTPUTING DATA FOR THE LAST SEGMENT.
IF (NFAST) THEN _
CALL WRIST{W(1,N1))
ENDIF
CALL TIMST(0)
_ CALL TIMRR {0, TMSEC)
CALL M2I5QQ{TMSEC,T)
IF (T.GT.TOUT(N))GOTO 150
T2=TaT
T3=T24T
T4=TIaT
DO 190 J=1,3
IDATA(J) =NINT (BL(N1,J) +B2(N1,J) *T+B3 (N1,J) T2+B4 (N1,J) T3+
. B5(2,J) *T4d)
. CONTINUE
CALL POSITN{IDATA)
GOTO 180

READING COEFFICIENTS OF 6TH ORDER SPLINE FOR 2-POINT SECTION.
DO 310 J=1,3

READ(7, ' (4E12.5)°', ERR-GGO)BIII J),.B4(1,3),B5(1,3),B6(1,J)
CONTINUE

READ(7, '{E12.5) ',ERR=440)TOUT(2)

EVALUATING & OUTPUTING DATA FOR THE 2-POINT SECTION.
IF (NFAST) THEN
CALL WRIST(W(1,1))
ENDIF :
CALL TIMST(O)
CALL TIMRR(O, TMSEC)
CALL M21SQQ(TMSEC,T}

- IF{T.GT.TOUT(2) )GOTO 350

T3I=Tar]
T4=T3*T

 T5=T4sT

330

50

360

400
410

420
430

440
450

600

610

DO 330 J=1,3
IDAT&(J}=NINT{BI{1 J)+B4(1,J)*T3+B5(1,J) *T4+B6{1,J) *T5)
CONTINUE
CALL POSITN(IDATA)
GOTO 320

READING & PREPARING GRIPPER STATUS FOR NEXT SECTION.
READ(7,'(X10) ' ,END=360,ERR=440) IGPOT

CLOSING/OPENING GRIPPER IF THE GRIPPER IS OPENED/CLOSED.
IF({IGSTAT.EQ.1) THEN
CALL GCLOSE
IGSTAT=0
ELSE .
CALL GOPEN(IGPOT)}
IGSTAT=1
ENDIF

GOTO 60 _ ' : ' .

REPEATING THE PROCESS IF REQUIRED.

IF (MTIMES.EQ.NTIMES)GOTO 600

MTIMES=MTIMES+1

REWINDING THE FILE TO APPROPRIATE POSITION TO REPEAT THE PROCESS.
REWIND(7)

RBAD{T.'!A"}FNAH;

READ(7, ' {2L5) ') FAST, CYCLIC

READI?.'(SIlO)‘l{IDATA{Jl J=1,5}

GOTO 58

" DISPLAYING BRROR MESSAGES IF ANY.

WRITE(*,410)

FORMAT(//,' NO BUFFER.JOB FILE CREATED. J1Y

GOTO 610

WRITE(*, 430)

FORMAT(//,' NO DATA IN FILE:-BUFFER.JOB . .//)

GOTO 610

WRITE(*,450)

FORMAT(//,' DATA IN BUFFER.JOB NOT IN APPROPRIATE FORMAT.',//)
GOTO 610

CLOSING THE GRIPPER IF IT IS OPEN BEFORE EXITING THE PROGRAM.
CALL ADIN(5,IPOTS)

- IF(IPOT5.GT.0) THEN

CALL GCLOSE
ENDIF

CONTINUE
END

THIS SUBROUTINE IS TO CLOSE THE GRIPPER.
SUBROUTINE GCLOSE
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50

50

CALL DIGOUT(2,5)
CALL ADIN(S,IPOTS)

-IF{IPOT5.GT.0)GOTO 50

CALL DIGOUT(O,5)
RETURN

END : - -

THIS SUBROUTINE IS TO OPEN THE GRIPPER.
SUBROUTINE GOPEN(IGPOT)

CALL DIGOUT(1,5)

CALL ADIN(5,IPOTS)

IF (IGPOT.GT.IPOTS)GOTO 50
CALL DIGOUT(0,5)

RETURN

END

$STORAGE: 2

30
40

50
60

100
200
300

" 400

500
550

600

PROGRAM SETFLAGS
CHARACTER FLAG*11
DISPLAYING THE OPTIONS

WRITE(*,40)
FORMAT(//,

*' PLEASE CHOOSE ONE OF THE FOLLDﬁING OPTIQNS TO CONTINUE:-',

*///,5%,' 1 = REPEAT THE JOB JUST TAUGHT.',

*//.5%,' 2 =

*//,5X,' 3 = TEACH THE ROBOT A NEW JOB.',
*//,5X," 4 = ASK THE ROBOT TO DO AN OLD JOB.',
*//,5%,' 5 = PUT THE ROBOT TO SLEEP MODE.',
*//.5X,' 6 = RETURN TO THE DOS SYSTEM.',//)

READ({*, *, ERR=50) IFLAG '
IF{{IFLAG.LE.0).OR. (IFLAG.GT.6))GOTO 50
GOTO(100, 200,300, 400,500, 600) IFLAG

WRITE(*,60)

FORMAT(//,' ONLY NUMBER FROM 1 TO 6 IS ACCEPTED.',

%/,' PLEASE TRY AGAIN.',//)
GOTO 30 -

SETTING APPROPRIATE FLAG.
FLAG='FLAGL. SET'

GOTO 550
FLAG='FLAG2.SET'

GOTO 550
FLAG='FLAG3.SET'

GOTO 550
FLAG="FLAG4.SET'

GOTO 550
FLAG="'FLAGS5.SET"'

OPEN (10, FILE=FLAG, STATUS= *NEW')
ENDFILE(10)

CLOSE(10} -

CONTINUE

END

START THE ROBOT AGAIN WITH ALIGNMENT PROCEDURE.',
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SSTORAGE:2
SNOFLOATCALLS

50

60

70

80
920
100

110

PROGRAM SLEEP
IMPLICIT INTEGER(A-Z)

INITIALIZING THE LAB-PACK SUBROUTINES.
CALL INIT

CALL INTROFF

WRITE(*, (/// /1111110 )
WRITE(*,50)

FORMAT(//,17X," ROBOT IS NOW SLBBPING.

.*//,15X,"' PLEASE DO NOT DISTURB HIM. './/.
*/," [WARNING: DO NOT SWITCH OFF THE POWER SUPPLY OF THE ROBOT.]',
*//,10X," PRESS ESC-BUTTON IF YOU WANT TO WAKE HIM UP.'

/1Y

“DETECTING THE ESC-BUTTON.
CALL ESC(PRESSED)

IF(PRESSED.EQ.1)GOTO 80

DETECTING THE POWER SUPPLY OF THE ROBOT.

CALL DISTAT(0,7,POWER,0)
IF {POWER.EQ.1)GOTO 60

OPBN{lO.FILE;‘FLaGS.SET'.STLTUS"NE"')
ENDFILE (10}
CLOSE(10}

WRITE(*,70)

PORMAT(//////////,20X," POWER IS CUT !°,
*//.17X,' ROBOT DE-ENERGIZED.',///////1//)

CALL PAUSE(10000)
GOTO 110

© WRITE(+,90)
PORMAT(////111/17.22%," ROBOT IS READY.', . /// /11111 N)

CALL PAUSE(5000)
CONTINUE
"END

REM At aasasandassanatsannnn
REM THE TASROBOT BATCH FILE

RE“ A ARANRRAT RN R AR AR R AR AR

ECHO OFF

CLs

BREAK ON .
ECHO THE ROBOT IS NOW BEING ENERGIZED.

IF EXIST ALIGN.EXE GOTO PASS1

ECHO PROGRAM ALIGN.EXE NOT FOUND.
GOTO ERROR

:PASS1

IF EXIST OPFILE.EXE GOTO PASS2
ECHO PROGRAM OPFILE.EXE NOT FOUND.
GOTO ERROR

:PASS2 .
IF EXIST LEARN.EXE GOTO PASS3

ECHO PROGRAM LEARN.EXE NOT FOUND.
GOTO ERROR

:PASS3

IF EXIST TRIM.EXE GOTO PASS4 -
ECHO PROGRAM TRIM.EXE NOT FOUND.
GOTO ERROR

:PASS4 _
IF EXIST SMOOTH.EXE GOTO PASSS5
ECHO PROGRAM SMOOTH.EXE NOT FOUND.

GOTC ERROR

:PASSS

IF EXIST GO.EXE GOTO PASS6
ECHO PROGRAM GO.EXE NOT FOUND.
GOTO ERROR

:PASS6

IF EXIST SETFLAGS.EXE GOTO PASS7

ECHO PROGRAM SETFLAGS.EXE NOT FOUND.
GOTO ERROR

:PASST
IF EXIST SLEEP.EXE GOTO PASS8
ECHO PROGRAM SLEEP.EXE NOT FOUND.

:ERROR

. ECHO ROBOT CANNOT BE INITIALIZED.

GOTO DOs

:PASS8

IF NOT EXIST *.SET GOTO START
DEL *.SET

:START
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ALIGN ECHO RETURN TO DOS
:TEACH

cLs

OPFILE

cLS

ECHO TEACH PROCESS IS BEING INITIALIZED.

LEARN

TRIM

:DO : :
CLS

ECHO DATA IS BEING FUTHER PROCESSED.
- SMOOTH - -

PAUSE

:REPEAT
CLS
GO

:SETFLAGS

CLS

SETFLAGS

IF NOT EXIST FLAGL.SET GOTO FLAG2
DEL FLAG1.SET

GOTO REPEAT

:FLAG2 _

. IF NOT EXIST FLAG2,SET GOTO FLAG3
DEL NAME.JOB

DEL FLAG2.SET

_ GOTO START

:FLAG3 -

IF NOT EXIST FLAG3.SET GOTO FLAG4
DEL NAME.JOB

DEL FLAG3,SET

GOTO TEACH

:FLAGA :
IF NOT EXIST FLAG4.SET GOTO FLAGS
DEL NAME.JOB

'DEL FLAGA4.SET

GOTO DO

:FLAGS

IF NOT EXIST FLAGS.SET GOTO DOS
DEL FLAGS.SET

CLS

SLEEP

GOTO SETFLAGSS

:DOS
DEL NAME.JOB
CLs

CLT
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CONVERSION FROM DISCRETE-TIME TRANSFER FUNCTION

TO CONTINUOUS-TIME FOR A THIRD-ORDER SYSTEM
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APPENDIX C
CONVERSION FROM DISCRETE-TIME TRANSFER FUNCTION TO

CONTINUOUS-TIME FOR A THIRD-ORDER SYSTEM

The discrete-time transfer function is in the form:
G(Z) = =——mmmm e (c-1)

Fo; the rest of this Appendix, T will be used to.denote

the sampling period.

The denominator polynomial can be factorized into three
real roots ci1, ¢z and ¢z, where ci1, ¢z or ca3 does not equal

to unity. Then, equation {Cfl} can bé expressed as:

- 0oz Fiz F2 2 Fasz
G(z) = (1-z-1) [-== + === 4 —=— 4 —-—-——]  (c-2)
, z-1 Z-Cy Z—-C2 Z-C3
. Bi +Bz2 +B3
where Fo = —-~———==————~=——=—-
(1-c1)(1-cz) (1-ca)
| Bic¢c12+Bzc1 +Bs
Fl I e o e o o ————
- " {(cr1-1)(c1—-c2) (c1-c3)
: Bicz22+B2cz2 +Bs (c-3)
F2 = ——————— e :
(cz2-1) (cz-c1) (cz2-c3)
Bica?2+Bz2c3+Bs
F3 = =—=———————— ———————

(ca-1) (ca-cz2) (cs-c1)

Taking inverse Z-transform on equation (C-2) gives:

1~é‘3' bo s2 +b1 s+bo
[ ------------------ ] (c-4)

(s-a:1) (s-az) (s-as)



where bo = aisazasFo

b1 = (aijaz+azas+asai)Fo + azasF1 + ajasFz +

ayazFs

bz = -(ai+az+as)Fo - (az+as)F:1 - (a:+as)Fz -
(a1 +az )} Fs '

a1 = -lnle:1]/T

az = -1lnfczl/T

as = -1n[c3s]/T
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(Cc-5)

This is a special case of CASE 1 when one of the roots

of the denorminator polynomial is uhity. This occurs when

the identifying system contains an integrating element.

Without loss of generality, the root ci: will be assumed to

~ be unity} Therefore, the discrete-time transfer function can

be factorized as:

T 0Z Fi12z Fzz Fzz
G(z) = (1-2-1) |-=-= + ——=——- + ——— + -“"‘"]

-1 (z=-1)2 Z-Cz Z-C3a
where Fo = -Fz2-Fs
B1 +B:2 'l;Bs
(1-c2) (1-cs)
Bi1c22+Bz cz +Bs - (c-7
F2 = ——r—oemmmm e _
(cz2-1)2 (cz—-c3a)
' " Bi c32+B2 c3 +B3
Fg = ——=————m—em e

(ca-1)2 (ca-cz)
Taking inverse Z-transform on eqdation (C-6) gives:

l-e-8T _ bos?+b; S+i:)o .
G(s) = ——-—- [; ------------ ] - (c-8)
(s—az) (s—asz)

- (C-6)



176

where_bo = aéaaF:/T

b1 = (az+a3)F1 /T - azasFz - azaaFs

bz = Fi /T - asFz2 - azFa : (C-9)
az =--lhICz]/_T

as = -inICs]/T

-ZIf two of the three roots of the denorminator
i_polynqmiaifare imaginary pairs, the deﬁorminator polynomial
'Lof_equatiqn'(c—l) can thus be expressed in the form:
1-AxZ'£-AzZ‘3-Asz‘3 = (1-Clz-l-sz'5)11-Caz‘1) (C-10)
Using partigl technique, equafion (C—l)lcan be
factorized as:. | |

Fo z Fi2z F22z+Faz o
Glz) = (1-2-1) [-—= + —=—==—= PR ] (c-11)
o z~-1 (z-Cs) 22 -C1 2+Cs K '

o - B1 +Bz +Ba
where Fo = —====—=—==-- ——————
g (1-C3 ) (1-Cy1 +Cz2)
B1Ca2+B2Cs+Bs
F1 = ——————mmmn e

(Ca-1) (C32—Cy Ca+Cz) _ (C—iZ) '
Fz2 = =Fo-F1
. C2C3Fo+Cz2 F1
Fa=s ——————- -
Téking inverse Z-transform on equation {C411) givesf
l-e-s8T - bos2+b: .S'l-blo ] | |

(Cc-13)
(s-az ) (s2+2as+a? +w?) : :
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whefe be

= as (a2+w2 )Fo
b1 = (a3+w2+2aaa)Fo + (a=+w2)F1 + aaszF2
+ azwkK’
b2z = (2a+as)Fo + 2aF: + (a+az)Fz + ﬁK_
‘as = -1n[Cs}/T : ‘ ' ' (C-14)
a = -1n[Cz1/2T
1 Ci
W = —arcos ————]
T 2VCz2d
Fa+Fze- 28T coswT
K=s ~————c——emree e
e-8TginwT
CASE 4

Again, this is a special case of CASE 3 when the real
root of the denominator polynomial is unity, i.e. Ca=1.

‘Hence, equation (C-1) can be'expressed as:

. ' 0 Z Fi1 2z Faz+F3z
Glz) = (1-z-1) -2 + ——c—- 4 mm——— ] (c-15)
z-1 (z—1)2 22 -C1 Zz+Cz. :
where Fo = -Fz
 B1+B:z+Bs
T
1-Ci1 +C2
Bi (C1-2Cz )+Bz (1-Cz ) +B3 (2-C1 )" (C-16)
Fz & —mmm—— e ———————————— ' :
(1-Cy+C2 )2
. B:1 (C2-1)Cz+Bz (C1 -2)C2+Bs (1+C; 2-2C; -Cz )
! Fs: ——————————————————————————————————————

(1-C1+Cz )2

Taking inverse Z-transform on equatiqn (C-15) gives:

1-.e‘ sT . bos2+bis+bo : '
[ ] (C-17)

s (sz2+2as+a?+w2)



| where bo

b1

b2

 K

(a2+w2 )F: /T
2aF1 /T - (a2 +w2 )Fz

F1 /T - aF: + wK

.-lnICz]/ZT

1 Ci
-arcos[—--—]
T 2V Cz

Fa+Fze-2T coswT

e-3TginwT
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(c-18)

Therefore, by using the results of these four cases,

almost any discrete-time transfer function can be converted

into its corresponding continuous-time transfer function,

provided that the discretized system is apprbximated by a

zero-order-hold data extrapolator, which is the most

commonly encountered case, since discrete signals, in many

cases, are sent to analdg éystemS'through DACs which can be

approximated by a zero-order-hold extrapolator;
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APPENDIX D

SYSTEM IDENTIFICATION PROGRAMS



[g]

c Q‘llIl.‘i‘tl.iii-iilltUlll0‘l*ltlUK.l‘tll*‘t!l.‘lilttlllt‘*l!t‘ mp{;}- FKLSE-
c MAIN PROGRAM: THIS IS THE FIRST PROGRAM OF THE PROGRAM SERIES IF{TEMP{1).NEQV.TEMP{2))TEMP(3}=. TRUE.
o WRITTEN FOR SYSTEM IDENTIFICATION. DO 100 I=1,11
[ THIS PROGRAM IS TO GENERATE A PSEUDO-RANDOM : . BIT{(13-I)=BIT{12-T)
c BINARY SEQUENCE EQUIVALENT TO ONE GENERATED 100 CONTINUE
C USING 12-STAGE SHIFT REGISTER. ) BIT(1)=TEMP({3)
c 'THE TWO STATES OF THE BINARY SEQUENCE ARE ' 150 CONTINUE
c REPRESENTED BY VOLTAGE LEVELS WHICH CAN THAN -
c BE OUTPUT TO A 12-BIT D/A CONVERTER. CLOSE(5)
. ) . - CLOSE(6)
" BY: LAM H.Y.R.
: WRITE(*,160)
c i . DATE: MAY,1986. 160 FORMAT(//,' PRBS IS STORED IN FILE :- PRBS.DAT .',
*//,' PLEASE USE THE PROGRAM-SYSID2-OF THE SAME SERIES’,
C ARRARARE AR AR R AR R R R R AR R AR R AR AR R AR AR AR AR AR A AR A A A AR A AR AN R R AN ‘/" tIF AvAILLBLE’ FOR OUTPU’TING THE PRBS DAT& To b '
- */,' THE SYSTEM AND AT THE SAME TIME SAMPLING THE SYSTEM',

SSTORAGE: 2 */,' OUTPUT TO CONTINUE THE SYSTEM IDENTIFICATION PROCESS.',//)

PROGRAM SYSID1 ) :

INTEGER PRBS ) END -

LOGICAL BIT[}2).TEHPI3)
c REQUESTING PRBS VOLTAGE LEVEL EQUIVLLBNT

30 WRITE(*, 40]

40 FORHAT(/! PLEASE INPUT THE VOLTAGE LEVEL, V1, EQUIVALENT',
*/,' TO THE TWO STATES OF THE BINARY SEQUENCE, SUCH THAT:-',
*//.t V1 IS EQUIVALENT TO 1. AND"',

. -Vi IS EQUIVALENT TO 0.

*//,' [NOTE: V1 MUST BE POSITIVE & LESS THLN OR EQUAL TO 10. ]'.//)
READ(* *)V1

IF((?l.GT.D}-AND.(VI.LE.iUi}GOTO 45
GOTO 30

c CONVERTING THE VOLTAGE LEVEL INTO EQUIVALENT D/A DATA. . ;
45  IVHIGH=NINT(2047*V1/10) : . !
. IVLOW=NINT(-2048*V1/10) .

c RESETTING THE REGISTERS.
: DO 50 I=1,12
BIT(I)=.TRUE.
50 CONTINUE

c OPENING FILES TO STORE PRBS DATA & PARAMETERS.
OPEN(S,FILE='PRBS.DAT', STATUS="'NEW')
OPEN{6,FILE="SYSID.DAT', STATUS="NEW')
WRITE(6,'(F10.5) ')Vl i

c GENERATING THE PRBS DATA.
DO 150 K=1,4095
PRBS=IVLOW
IF(BIT(12))PRES=IVHIGH
~ WRITE(S,'(I10)')PRBS
TEMP(1)=.FALSE.
IF(BIT(2) .NEQV.BIT(10))TEMP(1)=.TRUE.
TEMP (2) =.FALSE.
IF(BIT(11).NEQV.BIT{12))TEMP(2}=.TRUE.

08T



AR R AR R AR A AR A AR A AR A AR R A AR A AR N R AR AN R AR R RN R R AR AR AR A N AR RN

IF( (DACHAN.NE.1) .AND. (DACHAN.NE.O))}GOTO 70
H&IN PROGRAM: THIS IS THE SECOND PROGRAM OF THE PROGRAM SERIES

: . */,' BETWEEN WHICH SAMPLING TAKES PLACE.'
DATE: AUGUST,1986 W

AR AN R AT AR A A R R AN R RN A AR R AN AR N R A AR R A AN R AR A AR AR AR AR R AR R AR AR A AR ‘/ TK‘

c

c

c WRITTEN FOR SYSTEM IDENTIFICATION, . € ' SETTING THE INITIAL CONDITION TO ZERO. -

c THIS PROGRAM IS TO OUTPUT A PRBS DATA TO A . INITL=0

c SYSTEM AND AT THE SAME TIME SAMPLE THE OUTPUT : CALL DAOUT (DACHAN, INITL)

c OF THE ENERGIZED SYSTEM IN ORDER THAT THE

[ PARAMETERS OF THE SYSTEM CAN BE IDENTIFIED o 90 WRITE (*,100)

c USING RECURSIVE LEAST SQUARE METHOD. 100 FORMAT(//,' PLEASE INPUT THE A/D CHANNEL NO. FROM WHICH',
c THE PROGRAM CAN FUNCTION UP TO 12-BIT PRBS DATA. */,' SYSTEM OUTPUT IS TO BE SAMPLED.',

c (NOTE: THE PRBS DATA MUST BE AVAILABLE *//,' [NOTE: ONLY NO. FROM 0 TO 15 IS AVAILABLE.]',//)}

c IN THE FILE:-'PRBS.DAT' PRIOR TO THE . READ(*, *) ADCHAN

c EXECUTION OF THE PROGRAM. ] _ IF ((ADCHAN.GT.15) .OR. {ADCHAN.LT.0)} }GOTO 90

c ' _ . 110 WRITE(*,120)

c WRITTEN BY: LAM H.Y.R. ' .~ 120 FORMAT(//,' PLEASE INPUT CLOCK PERIOD & THE NO. OF CLOCKS®,
c

Cc

c

[NOTE: CLOCK PERIOD IS IN THE ORDER OF MICRO-SECOND. ',
' THE MIN. CLOCK PERIOD IS 1,000 MICRO-SEC.',
*/,7K,' THE MAX. CLOCK PERIOD IS 32,767 MICRO-SEC,'

_ . . . %/,7X,* THE MAX. NO. OF CLOCKS BETWEEN SAMPLES IS 32,767.°,
SSTORAGE:2 : : . ’ */,7X,' BOTH DATA ARE TO BE INTEGERS. 1t
PROGRAM SYSID2 : . : READ(*,*, ERR=110)CLOCK, INTVAL
‘IMPLICIT INTEGER(A-Z) . . _ IF({CLOCK.LT.1000) .OR. {CLOCK.GT.32767))GOTO 110
REAL DUMMY1,DUMMY2 IF{ (INTVAL.LE.O).OR. (INTVAL.GT.32767))GOTO 110
DIMENSION PRBS{4095),¥(4095),CHANEL{2) ,X(4095) .

LOGICAL CLDFILE

_ WRITE(*,130)
CHARACTER KEY*1l |

130 FORMAT(//,' DO YOU WANT TO IMPOSE A SAFETY LIMIT ON THE SYSTEM',

*/,"' OUTPUT, SO THAT I.D. PROCESS WILL BE TERMINATED WHEN',
c INITIALIZING THE LAB-PACK SUBROUTINES. - ' */,' SAMPLED OUTPUT EXCEEDS THE SPECIFIED LIMIT.? (Y¥/N)' ¢//,
CALL INIT . ' ’ READ{*,"' (A) ' )KEY
CALL INTROFF . IF{KEY.NE.'N')THEN
135 WRITE(*,137)
c CHECRING FILES TO SEE IF EXISTS. i 137 FORMAT(//,' PLEASE SPECIFY THE LIMIT.'
INQUIRE{FILE="PRBS.DAT' ,EXIST=0LDFILE) . : - //." [NOTE: O < LIMIT <= 2047 1',//)
IF(.NOT.OLDFILE)GOTO 300 READ(*,*, ERR=135)LIMIT

~ OPEN{11,FILE='PRBS.DAT') L i ) IF(LIMIT.LE.0)GOTO 135
OPEN(22, FILE="'SYSIO.DAT',STATUS="NEW") - . . - ELSE
INQUIRE(FILE="'SYSID.DAT',EXIST=OLDFILE) i

LIMIT=3000
IF(.NOT.OLDFILE}GOTO 370 o ENDIF
OPEN(33,FILE="'SYSID.DAT") ' ' . .
READ(33, ' (F10.5) ' ,ERR=370) DUMMY1 e RECORDING CLOCK PERIOD & SAMPLING INTERVAL USED & DAY & TIME.
: o WRITE(33,'(2I20)')CLOCK, INTVAL
N=4095 ' : i CALL QTIME{IHR,IHIN.ISEC.IHUND)
. CALL QDATE(IYR,IMTH, IDAY)
c nznggng 21?! FPROM FILE-'PRBS.DAT'. : WRITE(33,'(5I10)')IHR,IMIN,IYR,IMTH, IDAY
. DO =]1,N .
READ(11, '{1101‘,skn=3zoipnns(11 ' c SETTING INTERRUPT CLOCK PERIOD.
- X{I)=PRBS(I) CALL STTIMEB (CLOCK)
50  CONTINUE
, ¢ SETTING UP A/D CHANNEL. -
c REQESTING PARAMETERS FROM USER. : CHANEL (1) =ADCHAN
70 WRITE(*,B80)

CHANEL (2)=999
80 FORMAT(//,' PLEASE INPUT THE D/A CHANNEL NO. TO WHICH',

«/,' THE PRBS ARE TC BE OUTPUT.'

«f//," [NOTE: ONLY 0 OR 1 IS AvAILABLE 1'./N ' Cc OUTPUTING THE PRBS & SAMPLING THE SYSTEM OUTPUT.
READ (*, *) DACHAN ,

CALL DASWST(DACHAN, INTVAL,X,N,1,1,0)
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143

145

200

205

210

220

230
240

146

147

150

CALL ADSWST (CHANEL, INTVAL,Y,N,0)

_ENABLING INTERRUPT OF THE LAB-MASTER INTERFACING UNIT.
CALL INTRON

WAITING UNTIL SPECIFIED NO. OF SAMPLES OBTAINED; OR SPECIFIED 160
LIMIT ON OUPUT VALUE EXCEEDED.

CALL ADSWAB(0,NBUFER)

OUTPUT=ABS (Y (NBUFER} }

IF {OUTPUT.GT.LIMIT)GOTO 143

IF (NBUFER.NE. N}GOTD 140

DISABLE INTERRUPT OF THE LAB-MASTER INTERFRCING UNIT. c
CALL DAOUT (DACHAN, INITL) . 300
CALL INTROFF 310
DETECTING IF SPECIFIED OUTPUT LIMIT EXCEEDED. 320
IF (NBUFER.EQ.N)GOTO 147 ) 330
CALL ADSWAB ({1, IDUMMY)

WRITE(*,145)NBUFER 350
FORMAT(//,' IDENTIFICATION PROCESS TERMINATED DUE TO THE', 360

»/,' SPECIFIED OUTPUT LIMIT EXCEEDED.'

*//,' NO. OF SAMPLE RECORDED = ',IS

*//,' DO YOU WANT TO TRY AGAIN ? (Y/nl'./ll

READ{*, ' (A) ' )KEY )

IF (KEY.EQ.'N')GOTO 146 370
WRITE(*,200) 180
FORMAT(//,' DO YOU WANT TO CHANGE THE STARTING POINT OF PRBS DATA

=2 {(Y/N}',//)

READ({*, " (A) ")} KEY

IF(REY.EQ.'N")GOTO 240

WRITE(*,210}

FORMAT(//,*' INPUT NO. OF DELAY OF PRBS DATA.', 500
*//," [NOTE: 1 <= NO. OF DELAY <= 4094 .1',//) :

READ({*, *)NSTART

IF{(NSTART.LT.1).0OR. (NSTART.GT.4094))GOTC 205

DO 220 I=1,4095-NSTART

. X(I)=PRBS (I+NSTART)
 CONTINUE

DO 230 I=1,NSTART

X(4095-NSTART+I)=PRBS(I)

CONTINUE

REWIND(33)

READ(33, ' (F10.5) ' ) DUMMY1

GOTO 110

N=NBUFER

STORING THE PRBS INPUT & THE SAMPLED SYSTEH QUTPUT DATA
TO FILE:-'SYSIO.DAT'.
DO 150 J=1,N
Y(3)=Y{J}+7
WRITE(22, '(2110]‘1X(Ji Y(J)
CONTINUE

CLOSE(11)
CLOSE(22)
CLOSE(33)

WRITE(*,160)

FORMAT(//,' SYSTEM INPUT & OUTPUT DATA ARE STORED IN FILE:-
*/,' SYSIO.DAT .*,

*/f.' PLEASE USE THE ‘PROGRAM-SYSID3-OF THE SAME SERIES',
*/,' (IF AVAILABLE) FOR ESTIMATING THE SYSTEM PARAMETERS',
*/," USING RECURSIVE LEAST SQUARB METHOD.',//)

GOTO 500

_ DISPLAYING ERROR SIGNALS (IF ANY).

WRITE(*,310)

FORHAT(//.‘ NG PRBS DATA AVRILLBLE Yol

GOTO 350

WRITE(*,330) . '
FORHAT(I/.' UNACCEPTABLE DATA FORMAT IN FILE PRBS.DAT .',//)

WRITE(*,360)

FORMAT(//,' PLEASE CHECK DATA PILE:~PRBS. DAT, OR',
*/,' RE-RUN THE PROGRAM-SYSID1-TO REGENERATE',

*/,' PRBS DATA.'.//)

GOTO 500

WRITE(*, 380)

FORMAT(//,' CONDITIONS FOR GENERATING SYSTEM INPUT DATA LOST.'

*//,' PLEASE RE~-START THE PROGRAM SERIES BY USING THE',
*/,' PROGRAM-SYSID1 .',//}

GOTO 500

CONTINUE

END

c8T



$NOFLOATCALLS

SSTORAGE:2

C ‘.“I““‘.‘-."l-I!‘C'.tﬁ‘.l.‘l.“.‘.;.“‘Q"t‘.*'ﬁ*ﬁ*“*‘.l.
c MAIN PROGR&“ ‘THIS IS THE THIRD PROGRAM OF THE IDENTIFICATION
c PROGRAM SERIES.

o] ‘THIS PROGRAM IS TO ESTIMATE THE COEFFICIENTS OF
[ A THIRD ORDER TRANSFER FUNCTION WITH AN

c INTEGRATING ELEMENT BY MINIMIZING THE SUM OF

c SQUARES OF THE EQUATION ERROR.

c

c WRITTEN BY: R.H.Y.LAM

c .

c DATE: MAY,1986

c AR AR AR AR AR RN RN RN R AR AR A AR AR AR A RN R A A AN A AR AR R AR R AR AR AR R R AR RN

50
55

58

60

PROGRAM SYSIDJ

" REAL XIGOBS).Y(dOQSl.TEM?P{6¢§',PIS.Gi.THET&(6¢11,H(1.BI

REAL K(6,1),TRANSH(6,1),TEMP1(6,1),TEMP2(1,1) ,TEMP3(1,6)
REAL TEMP4(6,6),TEMP5(6,6),TEMP6(1,1},TEMP7(6,1), INVDEL
REAL C{4095)

INTEGER DATAX,DATAY,CLOCK

CHARACTER SNAME*50,KEY*1

LOGICAL OLDFILE

CHECKING TO SEE IF DATA FILES AVALIABLE.
INQUIRE(FILE="'SYSIO.DAT',EXIST=OLDFILE)
IF(.NOT.OLDFILE)GOTO 220
INQUIRE(FILE="'SYSID.DAT',EXIST=OLDFILE)
IF(.NOT.OLDFILE)GOTO 280

SETTING UP FILES FOR READING & STROING DATA.
OPEN(1,FILE='PRN')

OPEN(44,FILE="SYSID.DAT')
OPEN(55,FILE="SYSIO.DAT")
OPEN(66,FILE="'SYSOUTS.DAT', STATUS="NEW')
OPEN(77,FILE="SYSINFO.DAT', STATUS='NEW')
OPEN(88 ,FILE="SYSERRS.DAT',STATUS='NEW')

. READING CONDITIONS FOR DATA GENERATION.
- READ(44,'(F10.5) ' ,ERR=280)V1 N

READ(44, ' (2I20)"',ERR=320)CLOCK, INTVAL
READ(44,'(5I10)',ERR=320)IHR,IMIN,IYR, IMTH, IDAY

DO 50 I=1,4096 _ S
READ (55, * (2110) ' ,END=55, ERR=240) DATAX, DATAY
X{I)=FLOAT (DATAX)
Y{I)=FLOAT (DATAY)

CONTINUE

N=I-1

REQUESTING NECESSARY PARAMETERS FROM THE USER.
WRITE(*,60)

"FORMAT(//,' PLEASE INPUT WINDOW FACTOR FOR THE RECURSIVE LEAST',

62

63
65

70

*/,' SQUARE ALGORITHM.'
*//,*' [NOTE: 0 ¢ WINDOW FACTOR <=1 1,/

. READ({*,*)DELTA

IF ( (DELTA.GT.1) .OR. IDBLTh LE.0) )GOTO 58

WRITE(*,62)

FORMAT(//,' PLEASE INITIALIZE THE ALGORITHM BY SPECIFYING'
*/,' THE DIAGONAL ELEMENT OF THE INITIAL P MATRIX &°,

=/,' THE INITIAL VALUE OF THE SYSTEM PARAMETERS.' .//i
READ(*, *) PDIAGL, THETAO

WRITE{*,65) )

FORHAT(I/,' PLEASE INPUT A NAME FOR THE IDENTIFIED SYSTEM.'
*//," [WARNING: NOT MORE THAN 50 CHARACTERS aas ACCEPTED.}"',/
READ(*, ' (A) ') SNAME

INITIALZING P TO A LARGE DIAGONAL MATRIX.
CALL UNIT(TEMPP,6)
CALL SCAMUL (PDIAGL,TEMPP,P,6,6)

INITIALIZING THETA TO ARBITRARY COLUMN MATRIX.
DO 70 J=1,6

THETA(J, 1)=THETAO
CONTINUE

INITIALIZING SUMS OF THET& & THBTA SQUARE.
CALL NULL({SUM,6,1)
CALL NULL(SUHSQ 6.1)

SET INITIAL BRROR TO ZERO

ERROR=0

c{1)=0

c(2)=0

c(3)=0 .

PERFORMING RECURSIVE LEAST SQUARE METHOD TO
ESTIMATE THETA MATRIX. .
DO 80 M=4,N

SETTING UP H MATRIX.

H(1,1)=X(M-1)
H(1,2)=X{M-2}
H(1,3)=X(M-3)
H{1,4)=Y(M~-1)
H{1,5)=Y(M-2)
H{1,6)=Y(M-3)

CALCULATING K MATRIX.

CALL TRANSP(H,TRANSH,1,6) :

CALL MULTI{P,TRANSH,TEMP1,6,6,1)

CALL MULTI(H,TEMP1,TEMP2,1,6,1).

CONSTA=1/ (DELTA+TEMP2(1,1))

CALL SCAMUL(CONSTA,TEMP1,K,6,1)
CALCULRTING P MATRIX.

’ CALL MULTI(H,P,TEMP3,1,6,6)
CALL MULTI(K,TEMP3,TEMP4,6,1,6)
CALL SUBTR(P,TEMP4,TEMPS, 6 61
INVDBL-l!DBLTA

€81



80

non

83

85

86

87

88

89
91

90

-~//," SAMPLING INTERVAL:

CALL SCAMUL(INVDEL,TEMP5,P,6,6)
CALCULATING REFINED THETA MATRIX.
CALL MULTI{H,THETA,TEMP6,1,6,1)
CONSTB=Y (M)-TEMP6(1,1) -~
CALL SCAMUL{CONSTB,K,TEMP7,6,1)
CALL ADD(THETA,TEMP7,THETA,6, 1)
. C(M)=CONSTB
CONTINUE

CALCULATING MODELLED OQUTPUT USING THE MEAN OF THE ESTIMATED
THETA AND STORING THE ACTUAL & THE MODELLED OUTPUTS TO FILE:-
'SYSOUTS.DAT' .

Y(1)=0

Y(2)=THETA(1,1) *X({1)+THETA(4,1)*Y(1)

Y(3)=THETA(1, 1) *X(2)+THETA(2, ll‘x(l)*TRBTh(l 11*?(2)*

. THETA(5,1) *¥ (1)

DO 85 J=4,N

' Y{JI-THETA(I 1) %X (J-1)+THETA{2,1)*X(J-2)+THETA (3,1} *X (J=3)+

* THETA{4,1)*Y(J-1)+THETA(5,1) *Y{J- 2) +THETA(6,1) *Y(J-3)
IF(ABS(Y(J)}).GT.1.0E+30)GOTO 86 .

CONTINUE

GOTO 88

WRITE(*,87)
FORMAT(//,' - WARNING: SIMULATED SYSTEM UNSTABLE.'
*/,9X,' MODELLED OUTPUT EXCEEDING 1ES0.°',

*//,' MODELLING PROCESS TERMINATED.',//)

REWIND 55
DO 89 I=1,J
READ(55, ' (10X,1I10) ', ERR-BI)DATAY
YORGN=FLOAT (DATAY)
‘OUTERR=YORGN-Y (I)
DATANO=FLOAT(I)
WRITE (66, ' (3E12.5) ', ERR=91) DATANO, YORGN, Y (I)
WRITE(88, ' (3E12.5)',ERR=91)DATANO,C(I),OUTERR
CONTINUE

CLOSE (44)
CLOSE (55)
CLOSE({66)
CLOSE(88)

WRITE(1,90)SNAME, IDAY, IMTH, IYR, IHR, IMIN,V1,V1,CLOCK, INTVAL,N,
*DELTA

WRITE(1, *{Al1)*)'1"

WRITE(77,90) SNAME, IDAY, IMTH, IYR, IHR, IMIN, V1, V1, CLOCK, INTVAL, H,
*DELTA

FORMAT (15X, "*»#*#*» SYSTEM PARAMETER IDENTIFICATION #aass’,
~////." SYSTEM: ',A,

*//," TIME °',I12,'-',12,'-',I4,5X,"(',12,':",1I2,")",
*//,' INPUT: 12-BIT PSEUDO-RANDOM BINARY SEQUENCES’,
*//,' PRBS VOLTAGE LEVEL: ({+)',F8.5,' OR (-)',F8.5,"
*«//," CLOCK: ',I6,' MICRO-SEC.',
',I16,' (CLOCKS)',

VoLT',

93

95

100

220
230

240
250

260
270

280
290

‘*//.,' WINDOW FACTOR:
*////7,38K, 'B1*2(-1)+B2+2(-2)+B3*2(-3) ",

*//.,' NO. OF 1/0 PAIRS: °',I6,
*////.,' IDENTIFICATION METHOD: RECURSIVE LEAST SQUARE',
' F5.3,

*/,' MODELLED TRANSFER FUNCTION: G(Z) -

*/,36X," 1=A1*Z(-1)-A2*Z(-2)-A3*Z(-3}")
WRITE(1,93) THETA(1,1),THETA(2,1) ,THETA(3,1),
*THETA(4,1) , THETA(5,1) ,THETA(6,1)
WRITE(77,93)THETA(1,1),THETA(2,1) ,THETA(3,1},
*THETA(4,1) , THETA(5,1) ,THETA(6,1)
FORMAT(////," ESTIMATED PARAMETERS VALUES:-', .
*//,10X, 'Bl1=" ,F15.10,5X,
*//,10%,'B2=",F15.10,5X,

*//,10%, 'B3=",F15.10, 5%,

+//,10X, *Al=',F15.10,5X,

*//,10X, 'A2=",F15.10,5X,

*//,10X, 'A3=',F15.10,5X)

CLOSE (1)
CLOSE(77)

WRITE(*,95)
FORMAT(//,"*

ALL THE INFORMATION & RESULTS OF THE IDENTIFICATION',

*/,' PROCESS ARE PRINTED AND ALSO STORED IN FILE:-SYSINFO.DAT .',

/1)

WRITE(*,100)

FORMAT(//,' ACTUAL OUTPUT & MODELLED OUTPUT ARE STORED IN',
*/,' FILE:- SYSOUTS.DAT',

*/,' EQUATION ERROR & OUTPUT ERROR ARE STORED IN FILE:-',
s/, SYSERRS.DAT',

*//.' PLEASE USE THE PROGRAM SYSID4 OF THE SAME SERIES TO',
*/,' DISPLAY THE OUTPUTS OR THE ERRORS.',//)

GOTO 500

DISPLAYING ERROR MESSAGE (IF ANY).
WRITE(*,230)

FORMAT(//,* SYSTEM INPUT/OUTPUT DATA NOT AVAILABLE.' d1)
GOTO 260

WRITE(*', 250)
FORMAT(//,' INPUT/OUTPUT DATA NOT IN ACCEPTABLE FORMAT.',//)

WRITE({*,270)

FORMAT(//,' PLEASE CHECK DATA FILE:-SYSIO.DAT, OR',
*/,' RE-RUN THE PROGRAM-SYSID3 .',//)

GOTO 500 -

WRITE(®, 290’

FORMAT(//,' CONDITIONS FOR INPUT DATA GENERATION LOST !',
*//,' PLEASE RE-START THE IDBNTI?ICRTION PROCESS BY ',
*/,' USING THE PROGRAM- SYSIDI N
GOTO 500
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320 WRITE(+,330)

330 FORMAT{//,' PRBS DATA CHANGED.'
*//.' PLEASE RE-NEW THE SYSTEM INPUTIOUTPUT BY USING',
=/,' THE PROGRAM-SYSID2 .',//)

500 CONTINUE
END

RAEA AR R AR RN A A AR AR AR R AR R AR AR R R AN

SUBROUTINES FOR MATRIX CALCULATION

MAREAR A AR AR AR AR A A AR AR AR AR N AR

O oo

MATRIX ADDITION

SUBROUTINE ADD(A,B,C,H,N) .

DIMENSION A(M,N),B(M,N),C{M,N)

DO 1 I=1,M

DO 1 J=1,N
1 C(I,J)=A(I,3)+B(I,J)

RETURN

END

C MATRIX SUBTRACTION
SUBROUTINE SUBTR(A,B,C,M,N)
DIMENSION A(M,N},B(M,N),C{M,N}
DO 1 I=1,M
DO 1 J=1,N

1 C(I,J)=A(1,J)~-B(I,J)
RETURN
END

C TRANSPOSE OF A MATRIX
SUBROUTINE TRANSP(A,B,M,N)
DIMENSION A(M,N),B(N,M)
Do 1 I=1,M
DO 1 J=1,N

1 B(J,I)=A(I,J)
RETURN
END

C SET IDENTITY MATRIX ' i
SUBROUTINE UNIT(A,M)
DIMENSION A(M.HM)
DO 1 I=1,H
DO 1 J=1,M
AlI,J)=1.0

1 IF (I.NE.J) A(I,J)=0.0

RETURN
END

C MULTIPLICATION OF MATRICES
SUBROUTINE MULTI(A,B,C,L,M.,N)
DIMENSION h(b.ni.B(Hle.C(L.Nl

DO 1 I=1,L
DO 1 J=1,N
c(I,J)=0.0
DO 1 R=1,M
1 C{I,J)=C(I,J)+A(I, K}‘B(K I
: RETURN
END

C MATRIX MULTIPLICATION BY A SCALAR
SUBROUTINE SCAMUL(S,A,B,M,N)
DIMENSION A(M,N),B(M,N)

DO 1 I=1,M
DO 1 J=1,N
1 B(I,J)=5*A{I,J)
RETURN
" END
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SNOFLOATCALLS -

20

30

35

40

SSTORAGE:2
Cc MAIN PROGRRH THIS IS THE FOURTH PROGRAM OF THE IDENTIFCATION
c . PROGRAM SERIES. .
c THIS PROGRAM I5 TO DIS?LRY THE OUTPUTS OR THE
c ERRORS VARIATIONS OF THE IDENTIFIED TRANSFER
c FUNCTION. )
c
. WRITTEN BY: R.H.Y.LAM
c
c DATE: MAY 1986
c AR AR R AR A AR AR R AR AR R AR R AR AR RN KRR R RN RN R R R A AR A RN AR R AR R R AR AR A AR

PROGRAM. SYSID4

REAL X(1000),Y1(1000),Y2(1000),XTEMP(100), YITBHPIIOO}
REAL Y2TEMP{100)

CHARACTER XTEXT*6,YTEXT*6,KEY*1

LOGICRL OLDFILE,FRAME, ANALOG , EXPAND, FILEND, FSTSEG

* WRITE(*,10)

FORMAT(//,' PLEASE CHOOSE THE FOLLOWING OPTIONS:-'

*/,5X,' 1 = PLOT THE ACTUAL AND THE MODELLED OUTPUTS.‘.
*/,5X,' 2 = PLOT THE EQUATION ERROR AND THE OUTPUT ERROR.’
READ(*, *) IREY .

IF ({IKEY.NE.1).AND. (IREY.NE.2))GOTO 5

GoT0{20,30) IKEY

A1

CHECKING THE APPROPRIATE FILE.

INQUIRE (FILE="SYSOUTS.DAT',6 EXIST=0LDFILE)
IF{.NOT.OLDFILE)GOTO 500
OPEN(55,FILE="'SYSQUTS.DAT')

GOTO 35

INQUIRE({FILE='SYSERRS.DAT',EXIST=OLDFILE)
IF(.NOT.OLDFILE)GOTO 500
OPEN(55,FILE="SYSERRS.DAT')

SETTING FLAGS TO APPROPRIATE CONDITIONS.
EXPAND=.FALSE.
FILEND=.FALSE.
FSTSEG=.TRUE.

 READING & SORTING DATA FROM FILE-SYSOUTS.DAT .
READ (55, ' (3E12.5) " ,END=540,ERR=520)X(1),Y1(1)}), Y2l11
YMIN=MIN{Y1{1),Y2(1)}
YHMAX=MAX (¥1(1),¥2(1))
REWIND(55) .
DO 50 I=1,1000
READ(55,' (3E12.5) ' ,END=60,ERR=520}X(I),¥Y1(I),¥Y2(I)}
YMIN=MIN(YMIN,Y1(I},Y2(1))
YMAX=MAX (YMAX,Y1(I),Y2(I})

50

60

65

73

75

80

82

g4

86

87

© 90

*//,' PLEASE SPECIFY MIN. & MAX. VALUES ON Y-AXIS.'

CONTINUE

N=1000
GOTO 65

N=I-1

FILEND=.TRUE.
CLOSE(55)
IF(N.LT.10)GOTO 250
NPT=N

FORMING X-AXIS & YAXIS PRARMETERS.

XXMIN=X(1)-1

XMIN=XXMIN

XXMAX=X (N)

XMAX=KXMAX

XORG=XKXMIN

NDECX=0 .

XLENGH=XXMAX-XXMIN

IF{XLENGH.LE.10) THEN
XMARR=1

ELSEIF (XLENGH.LE.100) THEN
XMARK=10

ELSE
XMARK=100

ENDIF

XTEXT='SAMPLE"

IF(.NOT.FSTSEG)GOTO 75

WRITE(*,73) . '
FORMAT(//,' PLEASE SPECIFY TEXT FOR LABELLING Y-AXIS.',
*//," [WARNING: NOT MORE THAN 6 CHARACTERS WILL BE ACCEPTED.]',//)
READ{*, * {A) ') YTEXT

WRITE(*,80) YMIN, YMAX

FORMAT(//,*' MIN. & MAX. VALUES OF Y ARE: ',F7.1,' &

W1

',FT.1,

READ (*, *} YYMIN, YYMAX

IF({YYMIN.LE.YMIN).AND. (YYMAX,GE.YMAX))GOTO 84
WRITE(*,82)

FORMAT(//,' ERROR: BOUNDARIES ON Y-AXIS TOO SMALL.'
*//,' PLEASE TRY AGAIN.')}

GOTO 75

WRITE(*,86)

FORMAT(//,' PLEASE SPECIFY MARKING INTBKUBLS ON Y-AXIS.'
READ (*, *) YMARK

YINTVL' (YYMAX-YYMIN) /YMARK

IF(YINTVL.LE.20.0)GOTO 90

WRITE(*,87)

FORMAT(//," WARNING: MARKING INTERVALS TO CLOSE TOGETHER.',
*//,' PLEASE TRY AGAIN.')

GOTO 84

YORG=0

IF(YYMIN.GT. OlYORG-Y?HIN

IF{YYMAX.LT.O0) YORG=YYMAX

A1)
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100 CALL XYFRAM (XXMIN, XXMAX, YYHIN YYHAX XORG, YORG, XMARK, YMARK, XTEXT,

105

110

115

120

130

135
140

_ NDECY=0

. FRAME=.TRUE.

*YTEXT, NDECX, NDECY,FRAME)

PLOTTING THE ACTUAL OUTPUT CURVE WITH NO SYMBOL ADDED.
NMARK=1 '
ISYMBL=-2
ANALOG=.TRUE.
IF (EXPAND) THEN
CALL XYPLOT{XTEMP,Y1TEMP, NPT, NMARK, ISYMBL, ANALOG)
ELSE
CALL XYPLOT(X,Y1,NPT,NMARK, ISYMBL, ANALOG)
ENDIF

' PLOTTING THE MODELLED OUTPUT CURVE WITH CROSSES ADDED.
NMARK=20
ISYMBL=-1 .
IF (EXPAND) THEN

CALL XYPLOT (XTEMP,Y2TEMP, NPT, NMARK, ISYMBL, ANALOG)
ELSE

CALL XYPLOT(X,Y2,NPT,NUARK, ISYMBL , ANALOG)
ENDIF

GRAPHICS PAUSE UNTIL ANY KEY DEPRESSED.
CALL XYCLS

IF (EXPAND)GOTO 115

‘OPTION FOR DISPLAYING THE PLOTS AFTER CLEARING SCREEN.
WRITE(*,110)

FORMAT(//.' DO YOU WANT TO DISPLAY THE PLOT AGAIN ? (Y/Ny*,//)

READ(*, '(A) )JKEY
IF(KEY.EQ.'Y')GOTO 100
IF(N.LE.200}GOTO 200

OPTION FOR DISPLAYING PORTION OF THE PLOT.
IF (BXPAND) THEN
WRITE(*,120)

FORMAT(//,' DO YOU WANT TO DISPLAY ANOTHER PORTION ? (Y/N)',/)

ELSE
WRITE(*,130)
EXPAND=.FALSE.

FORMAT(//,' DO YOU WANT TO DISPLAY AN EXPANDED PORTION OF',

* /.' THE PLOT CONTAINING 100 SAMPLES ? (Y/N)',(//)

ENDIF
READ(*, ' (A) ') KEY
IF (KEY.EQ.'N')GOTO 200

PLOTTING AN EXPAND PORTION OF THE PLOT CONTAINING 100 SAMPLES.

IXLOW=INT (XMIN)

IXUP=INT (XMAX)-100 .

WRITE(*,140) IXLOW, IXUP

FORMAT(//,' PLEASE SPECIFY THE STARTING SAMPLE NO.',

" %//,' [NOTE: ',IS,' ¢= NO. SPECIFIED <= ',I5,' 1',//)

‘170

200

210

250
260

500

510,

520
530

540
550

600
610

READ(*,*,ERR=135)NST
IF({NST.LT.IXLOW).OR. (NST.GT.IXUP)}GOTO 135
YMIN=MIN(YL1{NST+1),Y2(NST+1))
YMAX=MAX {Y1 (NST+1) ,Y2(NST+1))
DO 170 I=1,100
XTEMP {I) =FLOAT (NST+I}
Y1TEMP (I)=Y1(NST+I-IXLOW)
Y2TEMP (I)=Y2(NST+I-IXLOW).
YMIN=MIN{YLTEMP(I),Y2TEMP (I}, YMIN)
YHLx-qu(YITEHP(II YzTEuP{II , YMAX)
CONTINUE
EXPAND=, TRUE.
XXMIN=XTEMP (1)}-1
XXMAX=XTEMP (100}
XMARR=10
XORG=XXMIN
NPT=100
GOTO 75

.STARTING THE NEXT SEGMENT OF DATR-PLOT*ING.

IF(FILEND)GOTO 700
EXPAND=.FALSE.
FSTSEG=.FALSE.
WRITE (=*,210)

FORMAT(//,' PRESS ANY KEY TO CONTINUE OR <E> TO EXIT PLOTTING.'

*//)

READ(*, ' (A) ')KEY

IF (REY.EQ.'E')GOTO 700
YMIN=MIN(Y1{N),Y2(N))
YMAX=MAX (Y1 (N}, ¥2(N))
GOTO 40

WRITE(*, 260)

FORMAT(//,' LESS THAN 10 DATA LEFT.'
*//," PLOTTING INHIBITED.',//)

GOTO 700

DISPLAYING ERROR MESSAGES (IF ANY).

WRITE(*,510)

FORH&T(II ' DATA FILE (SYSOUTS. DRT/SYSERRS DAT) NOT FOUND.',//}

GOTO 600

WRITE(*,530)

FORMAT(//,' DATA NOT IN APPROPRIATE FORMAT.
GOTO 600

WRITE(*, 550)

FORMAT(//,' NOIDATA FOUND IN FILE SYSOUTS.DAT/SYSERRS.DAT.'

GOTO 600
WRITE(*,610)

FORMAT (' PLEASE RE-RUN THE PROGRAM-SYSID3 TO RE-GENERATE',

"IN

*/," DATA TO FILE SYSOUTS.DAT/SYSERRS.DAT.',//)

A1
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CLOSE(55)

700

END

188



