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This thesis presents the design, analysis, and

performance evaluation of a polar based contouring system.
¥

+ The system consists of a contour digitizer and an NC

.operation a conventional NC’/system.

machi'ne. 'I'he ‘contour d1g1tlzer may Ppe a templ)ate digitizer
or a software digitizer. The comb1nat1on of\the template
digitizer a“nd‘NC mac};ine (TD/NC machine) operates as a
copying machine. While thé combjination of the software

digitizer and NC machine (SD/NC machine) résembles in
L
Al “‘v

The polar contouring system-employs an open loop

digital control scheme that does not require an on-board.

computer, ‘ .

The system offers a number of desirable features over

€

both conventional copying machines and NC systems/. Speed
scaling, andq@caliné af contouring speed without the neekdﬁfbf

reprocessing the contour information: are among these

‘

N
I‘ .
features. Furthermore, when operated as an Sﬁ/NC machine,

the sKstem is capable of tracking a contour with constant

o .

speed .



-
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A detailed description of thé polar contour ing’; system

and the salient features--of the prototyp’es"of the template.

‘and software digitizers, and of the NC machine that -has been

built is presented. An analysis of the ééntouring error due

I3 ‘.u o
to the incremental approximation of the contour is carried

out, An optimization procedure that locates the contour

pole with respect _.ﬁo\°§ge~machine pole for aminimum area error

is outlined. Test results of ,l1ocating the poles of three

test contours for a minimum area error are also presented. A

A

dynamic analysis of the NC machine that includes the ‘type of
) .
contour , the ‘type ang.magnitude of 'the 1loagd, and _the

contouring speed is presented. The results’of the analysis
- e

4

indicate that in general, increasing the magnitude of the

load or the contouring speed increases the-torque required

o
-

from the axes-driv s. It is also shown that the torque
«vl\ \ s h

-
4 e vr '

increases rapidly with“the decrease of “the radius of
L3 - ' v

- ;‘.\,P ] g .
curvature of the”“&dntour. - Thewmaximum. allowable. 1oad and
‘:\ . i . -
contouring speed are shown to be a function of the location

A

of"the-contbur—ppi-e—wit}r\fes,peet to—the-machine pole. An
‘ g o .
optimization procedure to locate the contour pole relative

to the machine pole is presented for maximizing the

"allowable limits on load and on contouring speed. A

R . A
procedure using composite graphs is provided for rapid

calculation of the mdximum torque required and available

»

from. the axes-drives in different contouring operations.
By R . \

¢
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~ecCelération of the N€ machine'carriage
“along the tangent to the contour.

area error between the contour\and its
approximaggng éurve in the i-th angular
resolution. | ’
agceleration of the‘NC machinevcarraage.
aqcéleration Gf the NC machine carriage
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" rotor.

et s ran. bbb ot




- xxvi - ;

»

total resistance of the stepping motor
coil and drive circuit.
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nondimensional value with respect to the
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thickness of the template.

.radial displacement of the center of the
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radial displacement of a po}nt (P) oh
the contour from the NC macﬁine pole.
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carriage from the contour pole. 1
pull-out torque of a stepping motor.
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pull-out torque of the radial and

. 3, 0!
angular stepping motors respectively.
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torque required from the radial and
angular axes respectively.

time.

voltage.

‘constant velocity of a point along the

tangent to the contour.
velocity of the machine tool along the

X- and Y-axis respectively.

velocity of the tracking roller at the

N

center of the carriage and its nondimen-

sional value with respect to 2V,
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velocity of the pressure roller
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tangential to the contour.

angle between the radial vector from the’

caoantour pole and the tangent to the con-

tour, at a point (P).

inclination of the grinding force to the
work-piece surface. o
anglular displacement of the machine

pole from the contour pole.

angle between the machine arm and the

tangential vector at a point'on the con-

tour; measured from the arm.
template digitizer and NC machine
N

angular resolution

template digitizer and NC machine radial

-
’

and angular stepping indrements, respec-
tively.

length on the contour corresponding to

‘an angular or radial step.

area error between the éontaur and its
approximating curve. ‘

deviation error between the contour and
its approximating curve.

angular displacement of the template

digitizer or the NC machine arm.

¢

angular displacement of a point'on the

contour with respect to the NC machine

pole. ‘ .
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angular displacement of the center of,
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lead of the power screw helix.

equation simplification parameters,
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' grouping parameters.
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angle'of inclin;tion of the . velocity
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angular velocity of the radial and
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measured in electric degrees.
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CHAPTER 1

INTRODUCTION ) .

l.1 Genmneral

. Contouring is defined as an operation -of followfing or
tracing the silhouette of an obj'ect. This operation is
frequently uséd in many aspects of engineering and
manufacturing practices.

Contouring systems are found incorporated into ma-
chines that are intended for a wide variety of applica-
tions. Some examples where such systems are utilized are:

,;-—Haterial removal: In the manufactur iné* of turbine
" .
blades, cams and a host of similar products turning,
milling, and grinding machines are equipped with con-
teuring systems that guide the tool over the required
contour. |
- Non-contact cutting: Var ious non-contact cutting
methods like flame or plasma cuttipg rely on a con-
touring system to guide the cutting ngzzle over the
cutting 1line.

drafting machines is relatively new. With the advent

of computer~-aided-d:>sign (CAD) these machines have

become a necessity in\r;\odern design offices. In these

by

. . . \ .
machines thé contouring system guides the drafting pen

to produce the required drawing. - T

~Clothing industry: In the clothing industry, sewing m}~

i

st mh
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chines are equippediwith contouring systems to guide
the sewing head over the sewing line (e.g. sewing of a
shirt collar) .

i In general, contouring can be classified as:

a) spacial (3D/2iD), where a set of three axes is required

to define any point on the contour, and

b) planar (2D), where a set of only two axes is needed.
Spacial contours may i)e produced by a séries of paral-

lel planar contours each incremented from the previous one

o

along the normal (third axis) to the planes with the tool

tilted such that its tangent plane at the cutting point -

coincides with the tangent plane of the contour. This type
of operation, shown in Figure 1l.l.a is known as 3D (three
dimensional) contouring. Warped and double curved surfaces
are examples that reguire such contouring o.perations. -
less complex operation which approximates the 3D is commonly
known as 2% D, and is shown in Figure l.l.b: 1In this
operation the tool is indexed along the tpird axis with no
tilt adjustment. This operation can be easily perforrfged

using planar contouring (2D, shown in Figure 1l.1.c) by

~providing it with an indexing drive along the third axis.

The latter three of the above examples are typical of planar

contouring.

Some 2D contours can be produced by means of linkage
mechanisms. Circles, for example, can be produced by one
end of 2 rod constrained to move with the other end Fixed at

a point in the plane. References [l] and [2] present a

AT € ks R
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larée number of such mechanismé for producing a variety of
contours., In general, how2ver, such mechanisms are very
complicated in construction. Furthermore, each of these
mechanisms is specialized to produce a single family of con-
tours and in gener;l cannot be easily adaeted to produce
other families. Thus, for a single system to produce any
arbitrary contour, it cannot make us; of these linkage

mechanisms.

A latge number of general purpose contouring machines

have evolved over the years. These machines require as
input‘some form of information about the contour they have
to produce. Depending on the form of input, thes2 machines
can be categorized as: a) Copying machines, and b) Numarical

control (NC) machines.

1.2 Copying machines

These machines utilize a template of the required con-
tour for their operation. The pantograph copier shown in
Figure 1.2 is a pioneer system belonging to this category.
With reference to the.figure, in {ts primitive form, the
tracer pin is manually guided over a template. By virtue of
the design of the pantograph links, the tool traces a curve
geometrically similar to the template. The reproduction
scale depénds upon the positioh of the tool on the tool arm.
The main application of the pantograph copier is in engrav-

ing. When large forces are encountered by the tool, as in

metal removal applidations, high power electric, hydraulic,

st e L g
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or electro-hydraulic copying machines have to be used.

(4]

Figure 1.3.a shows a schematic diagram of such a machine .

The machine consists of two machine beds, one sliding along
the X-axis, the other alSng the Y-axis., The machine tpol is
linked to a template follower either ditectly or through a
force amplifier., With reference to Figure 1,3, and with no
loss of generality, the template follower may be one of the
following types:

a) Passive-t'ype., as shown in Pigure 1.3.b, in which the
template follower is simply preloaded against the template
along the Y-axis. . Moving the template‘ along\ the X-axis
causes the Y-axis bed to move back and forth in accordance
with the template profile thus producing the copying action.
Pasgive ‘followers can be used only within a small range of
templ'ate slope angles, the range of angles being a function
of the speed of template travel along the X-axis.
Reference (3] dgscribes 2D and 23 D copying machines
utilizing such followers. The machine described in the
reference utilizes hydraulic servo-controelled ampliéier
between the tool and the template follow\er. )

b) Active-type followers, shown schematical ly in
"Figure 1.3.c, carry a set of two force transducers arranged
r}ormal to each other. The trénsducer signals are utilized
to control the X- and Y-axis bed movements. '.I'he')beds are
controlled in such a way that the fol]:‘ower is always kept in
contact with the template. .

c) A third type of follower utilizes an opto-electronic
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sensor to follow a line or edge (silhouztte) type template.
Reference [4) dascribes a flame cutting copying rpachine that
uses such a follower. One such sensor is detailed in
Reference [5] and shown schematically in Figqure 1.3,d. The
sensor consists of a circular array of photo-diodes and a
single diode at the centrd. Thre control element of the
copying machine uses the iﬂnformation from the circular array
of sensors to guide the central photo-diode over the
silhouette. p

d) Powered-type followers are mainly 2mployed in applica-

tions where the force opposing the tracking action is low.

The clothes manufacturing industry is tha largest ussr of

this type of follower. An industriai sawing machine
utilizing a powered follower is described in Reference [6] .
Figure 1.3.2 shows a sch=2matic of a pow2red follower—-cim ar-
rangement, The followser is the shaft of an electric motor
thqt.is kept in conta.ct with a magnetized steel template.
References [7] to [10} describe a gyroscopic tracking

mechinism wheve the gyro spin ax’is acts as a powered

follower. The spin axis adheres to the template du= to"the.

gyroscopic action. Detailed analysis of the mechanism is
given in the references. References (9] and ([10] report

prototypes that has been satisfactorily tested:

1.3 NC machines. .

u " In its broad meaning, a system, is termed numerically

controlled if it  operates automatically according to a set

-
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of coded instructions fed to it. Ref2rences [ll] and [12]

report the first NC matchines to have appeared during thes
18th century : the Falcon (1728) and Jacquard (1800) looms.
According to Reference ([1ll], for the next 150 y-=ars the only
descendants of !haese machines were the piano and the barrel
organ glayer. Modern NC machines first appeared around the
year 1942, and were developed' simultanaously but sa2parately
by the Bandix corporation, and by Massachusetts Iﬂstitute of
Technology in collaboration with I.B.M. and Cincinnati
Milling Company. The 1942 machines were computer con-
trolled. In\the last three decades, due to the iapia
\\\f?Nelopmént in computers and related technologies, NC ma-
chines have proliferated all over the U.S.A. Europe, and
Japan, and the term "num2rically controlled" has becomé
synonymous with computer controlled machines. ?igute 1.4
shows a schematic of an NC machi}e. These machines look
simila£ to copying machines with the exception of the
absence of the template foliower, and the presenc2 of a con-
trolling computer. Literaturé on NC machines is abundant.
References [l3] to [L6)] are conference proceed?ngs of
engineering societies devoted to tﬁe subject. Th>2se
\greferences report,advances in both the hardware and software

H

-0f NC machines.
%S

NC machines differ from sexvo controlled machines in
o

that they move in preset increments or resolutions on each
of their axes. The axes-drives, however, may themselves be
1 4

controlled through analog servos. The machine can index

o} -
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only to those points on its axes that are multiples-of the
resolutions.. Servo controlled machines, however, have an
infinite resolution and can m;ve to any loction on the axes.
Depending on the capability of NC‘machines they are
classified as: a) Point—ko—point, b) Straight path, or c¢)
Contouring NC machines.
a) Point-to-point NT machines are by far the simplest ané
the most common of the three classes. Here the tool cannot
operatg while the machine beds are in motion. Thz machine
acts aé a positioning table for the work piece and also per-

forms some control functions like tool change and operation.

Point~to-point NC machines are mainly us=2d in applications

- like drilling, tapping, reaming and the like,

b) Tne tool of a s;raight path NC machine is in continual
operation while the machine be@s are in motion. Thsa
controller for this type of machine is more complex than
that for the previous cype, and is capable of coordinating
the axes-motors 50 that the work-pizce can move in a
straight lin2 in any direction. Recent. improvements on
the2se machines allow them to follow circular paths,
Reference [1l1].

c) In the case of NC contouring machines the contour infor-
mation i; in the form of coordinate set§ of points on the
curve., A large memory is required to store this informa-
tion. The curve distance betwgen the given points on the
contour are much larger than the machine resolution. The

controller has to interpolate between the supplied points in
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order to smoothen the curve. Furthermore, the controller
has to coordinate the velocit§ of the axes-drives in order
to produce constant contouzing speed. These two mathemati-
cal tasks together with auxiliary control functions, like
tool change and oper;tion,\necessitate a powerful
controller. These controllers are usually built around pow-
erful hicroprocessor units, and although the ratio of cost
+to power of microprocessors is dropping rapidly, the cost of

controllers is not decreasing appreciably yet. This is due

to the high development cost, th2 small number of ,units

built, and th2 expense of good control softwaré.

In almost all contauring applications, constant speed
of ‘travel along the contour is a highly éqsirable feature.
Reasons for such preference are specific to each applica-
ytion. In flame or plasma cutting applications, for example,
constant speeds of traQeI along the cutting line allow
precise gauging of the power required, resulting in savings
in cutting encrgy. For metal removél applications like
milling or grinding, the constant contouring speeds would
result in a better surface finish and extended tool life.
lIn some contouring applications, as in the clothing
industry, speeds of travel along the gewing lin2 must be
constant to insure equal stitch lengths. Such a homoge-
-neous stitch is essential both for the strength, as well as
for the aesthetic appearance of the product. Some otnﬁr
contouring applications are rather insensitivé to the speed

of travel along the contour. Drafting pens for example have

[

"
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reached such a maturity of design that aliows them to oper-
ate over a wide range of travel speeds. Consequently, there
is no constraint of constant contouring speed along con-
tours in drafting applicgtions.

All the commercially available contour féllowing
systems utilize a Cartesian system of coordinates for their
oéeration. Referring to Figure 1.5, constant contoﬁring

spéeds\would be achieved if the following mathematical

relation is satisfied at every point on the contour:

v =~[V2 + vz]i = constant , 1.1
y =~ X

To satisfy the above relation, the tangent to the contour at

every point must be known. In the case of copying ma -

chines, finding the tangent direction involves complicated

instrumentation which substantially increases the cost of

the system. For NC machines, however, the controller

approximates the velociéy relation to keep the tracking
velscity within acceptable tolerance - In the powered type
follower systems, the follower is driven at a constant ro-
t&fional speed and supplies the motive power. Undef ideal
conditions of no slip, this translates to constant tracking
speed along the magnetized template.

Reference [(17] describes the prototype of a plotéet
that utilizes polar coordinates. A photograph of the pro-
totype is shown in Figure 1.6. The plotter consists of a

semicircular bed (A). An arm (B) hinged at the centre of

0w
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the semicircle is powered by means of a cable (C) and pulley
arrangement, The arm swings around the hinge (D). A

steppfng motor (E) drives the cable (C). The arm carries a

Vca:riage (F) fitted with the plotting pen and driven’by

anotlier stepping motor (G) through a cable and pully system
(H) . The configuration of this system is shown to be

suitable only for plotting applications. No anaiysis or

study of the mechanism is reported.

This the;is is concerned with the planar class of con-
touring systems, and for the purpose of brevity the terms
"contours" and "contouring" will refer to the planar clasé
throughout the text, unless otherwise specified.

The thesis presents a contouring system which utilizes
polar coordinates for its operation. The system is com-
prised of a contour digitizer and an NC machine. Two types
of digitizers are discussed: a physical template. itizer,
a prototype of which hag been built and tested, and a
software digitizer which requires as iSput a mathematical
representation Br points on the cantour. The software
digitizer uses a computer which is not on-board the NC ma-
chine and does not control its operation on real time basis.
The output of both digitizers can either be transmitted
directly to the NC machine or cam be recorded on magnetic
tape fo;§?epetitive, or later, use. A prototype of the NC
machine has also been built. The machine controller is
simple and does not utilize any microprocessors for its

.

operation. The machine is dedicated for contouring appli-

o
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cations. Some auxiliary control functions, however, can be

~added without complic%?ion.

x
oy

1.4 Thesis outline ' ! '

The thesis discusses the overall philosophy of/ a polar
coordinate based contou;}ng system, The main operational
aspects of the system are studied in detail. The study
includes synthesis, analysis, and design of the contouring
system. A detailed study of the syétem under kinematic and
dynamic conditions is given. Two methods are presented, one
for optimally }ocating a contour within the work spacé in
order to minimize thé digitization error, and the other to
evaluate the limit of the contouring speed of the system
under load. Other studies, concerned with the structural
rigidity, vibration, and similar aspects have nof been
included.

Chapter 2 of the thesis presents first the different
config&rations of the system. This is followed by a de-
sgription of two different methods used to digitize con-
tours: the template digitizer, and the software aigitizer.
brototypes of a template digitizer and an NC machine have
been built. Detailed description of both prototypes, as
well as the software digitizer_that has been &onstructed is
also presented.

Chapter 3 discusses the main featurel’of the polar con-
tou fhg system., These features as well as the advantageé

and shortcomings of the system are itemized and compared

A

h 4
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with those of commercially available contouring machines. A
summary of the salient points is given in the form of a
tabulated comparison at the, end of the chapter. Due to the
nature of polar coordinates, the system resolution is not
homogeneous within the operating area, as a.result, an error
analysis which is of paramount importance is studied in this
chapter.

In Chapter ; it is shown that an area error criterion
is more stringent than the traditional deviation error
criterion. A study of this error shows that its'magnitude
depends upon the position of the contour with respect to the
machine pole. The' calculation of the area error\is too
lengthy a process to be used as an objective function in an
sptimization routine for minimization. An alternate objec-
* tive function, formulated in Chapter 4, is fast to calcu-
late and is suitable to inéorpprate in an optimization
routine. The results of optimization and some sample
célculations of area errors for three test curves are also
'presegtéd in this chapter. !

Chapter 5 deals exciusively with the kinematics and
dynamics of the NC machine. The dynamic study is used to
ldetermine the load capacity of the machine. The load on the
axes-drives depends upon the machining forces as well as on
the contour being processed and the contouring speed. The
effect of these operational parameters on the torque

requirement of the axes-drives is also studied in this

[

chabter. " Furthermore it is shown that for a given set of
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operating parametefs the load on the axes-drives vagjes with
the position of the contour bole relative to the machine
pole.

Im Chapter 6 a detailed analytical study is conducted
to evaluate the effect of variation of operating‘parameters'
on the torque of the NC machine axes. An objective fun-
ction is formulated for minimizing the total torque of the
NC machine and equalizing the load imposed on the two
axis drives. The objective function is'incogporated within
an optimizationalgorithm to locate the relative location of

the machine pole from the contour pole. Based on the
|

results of the optimization, a procedure is outlined to

increase either the contouring speed or the~allowable load
on the machine. e

In Chapter 7 a graphical procedure is also presented‘by
which both the torques reqqiréd and available from the two ,

drives can be easily found.

The thesis concludes by outlining the salient featureé'

of the contouring system. A summary of the investigations

as well as the important findings are given. Recommenda- «
tions on the future studies towards development of a second
generation prototype and eventually, of an industrial sys-

tem are outlined.

\
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CHAPTER 2
- CONCEPT AND OPERATION

. OF THE CONTOURING SYSTEM

2.1 Introduction

The configuration of the polar contouring system allows
it to operate as a copying system or as an NC system that
has very little on-board signal péocessing. Figure 2.1
shows é block diagram of the contouring system in its 4if-

ferent configurations, as well as the flow of signals be-

£
tween the variogjyigﬁpaﬁahts. The system is composed of two
parts, a contour digitizer and an NC machine. As shown in
hthe figure, the digitizer can be either a template digitizer
or a software digitizer. When the contouring system is uﬁed
for copying, it is configured as a templéte digitizer/NC ma-
chine (TD/NC machine), while whén used as an NC gystem it is
configured as a software digitizer/NC machine (éD/NC ma-
chine). Cqntour information for the template digitizer is
provided by means of a template of ;pecial form. Two forms
of templates intended for precision and non-precision work
will be discussed later. The software digitizer utilizes a
computer to digitize the contour, witb the information being
in equation form or a§ a number of discrete points qg the
.contour. The control\sisnals from a digitizer can be
directly channeled to the NC machine or recorded on magnetic

tape for later use. Recording the control signals prior to

use has a number of advantages that will be.discussed in
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detail later. Some of these advantages are:

a) Ease of scaling the contouring speed by altering the tape

E

I

playback ipeed,
b) A single template digitizer can be u§ea to prepare rec-
orded control signals for more than one NC machine, and
c) Recording contrq}_sfgnals rather than directly channel-
ling them to the NC machine allow softwarg diéitizers to run
in BATCH mode on computers.) In addrtion, recorainq the
control signals allow small computers to be used as hosts’
for the digitizer sihce no speed constraint is imposed'on
the computation. Furthermore, computer resources are not
tied down executing the same commands repeatedly, and can be
available for othe; processes.

For recording and playback of the control signéls, a

conventional stereo, reel or cassette tape recorder can be

used. The speed control circuit on the tape recorder can be

modified to allow for variable speed -and thus providing«

speed scaling. Some commercially available recorders are’

built with such a feature. The output signals frot the two
recorder channels are conditioned gefore feeding to the NC
machine. .

'The NC machine éccepts the control signals and uses a
simple hardware logic circuit to direct them to the
appropriate axis-drive.

Prototypes of the various components of the system
shown in Eigure 2.1 have been built and tested. Detailed

)

descriptions of prototypes of the three main components in

e SRR S

e der s i iR e
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\

the figure, namely, the template digitizer, the software

digitizer, and the NC machine'are p"resented below.
. &

U S
% ~

2.2 Prototype template digitizer

£

A schematic diagram of the prototype template digitizer

'

and corresp‘ondingly labelled photographs are shown in
FPigures 2.2 and 2.3 respectively. With reference to the

figures, the platform (A) constitutes the working area of

A
the digitizer. An arm (B) is keyed to a shaft (S) at one

v

- end and free to swing within the limits marked by the stops

7
(C) and (C') (not shown on the photographs). The stop (C

on the right, marks\the arm's home position or the referghce
of thg angular axis. A digital shaft encoder (D)
translates shaft positions to electric signals is fixed on
the shaft in order t;) indicate the angular position of the
arm. A ”ca’rriage (E) is mounted on the arm and can slide
over it. The fully retracted position of the carriage

corresponds to its home position, or the reference position

of the radial axis. Th2 . carriage carries another shaft

encoder (F) and a pair of tracking rollers (G) and (G'), of

equal radii. These rollers are designed to provide high
friction between themselves and the template. Both rollers
are powered in order to equally distribute the driving force

and reduce the possibility of slip while rolling over the

- template. The rollers are driven through a power train by

)

—r

two,,p’iecision, variable speed, DC motors (H) and iH') that

are mounted on the carriage. The motors are wired in such a

. iy
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way so as to produce a mechanical differential effecté. The
shaft encoder (F) has a friction roller mounted on its
shaft. The roller rolls on the arm, and the signals from
this encoder indicates the position of fhe carriage along
the arm.

Assembly drawings of the major components of the tem-
plate digitizer are included in Appendix [A-1]. |

Figure 2.4 shows two types of templates. -The template
shown in Fiqure 2.4.a'is formed out of a flexible L-section
strip which is fixed along its edge to the working area of
the digitizer by means of screws. This type of template is
less suited for precision work. The template shown in
Figure 2.4.b consists of a raised'Mrack .machined out of a
solid plate, made of metal or otherwise. That side of the
track over which th’{e roller (G) rolls is the actual contour
that will be produced by the NC machine énd must be accu-

rately formed. For no slip between the template and the

A%

raller (G), the contouring speed should be difectly propor-

tional to the rotational speed of (G).

The rotational speed of the rollers‘ (G) and (G') may bet
controlled in either of the following two ways:
a) the rotational speed of (G) can be kept constant through
the use of a spged sensor and a feed-back control 1loop, or
b) the sum of the two rollers speed is kept constant through
the use of a feed-back controller. ,
Although the former cas‘e‘is preferable, the controller is
complex. The controller in the latter case is simple, how-

N

[
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ever, depending on the contour being tracked, the contour-

" ing speed may vary slightly. Detailed analysis of the

variation in the contouring speed and the parameters
contributing to it are discussed in Section 3.5 of fhe
thesis.

The arrangement of the two rollers is shown schemati-
cally in Figure 2.5. Roller (G) is located at the centre of
the carriage. An arm (I).swings about the axis of (G) and
carries the second roller (G'). Roller., (G') can slide on
(I) and is spring-loaded against the roller (G) by a spring
(J). The tracking roller (G) offsets the centre of the
carriage from the template contour by a distance equal to
its radius. I1f the template cor;tour is to bé repr oduced,
the diameter of the roller (G), and (G'), must be identical
to that of the working diameter of the tool used on the NC

machine. .

In order for the carriage to be able to follow closed.

contours, the arm (I) has to be able to rotate through a
full revolution around the axis of roller (,G)“ . The power
train for the rollers is designed. 80 as not to interfere
_with arm (I). A perspective drawing of the roller and powér
train arrangement is shown in Figure 2.6. The arrangement
consists of two concentric shafts located at, the centre of
the carriage. The inner shaft extends beyond the outer one
on both ends and has a worm.gear (T) and the roller (G)

&
fixed to its upper and lower ends respectively. The outer

\

shaft also has a2 worm gear (T') fixed to its upper end. On

et a3 e . gt e
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Figurelz.s: Schematic Diagram of the Roller Meghapism.
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Figure 2.6: Pictorial Diagram of the Roller Mechanism.
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i

its lower end, however, a pulley (X) is mounted followed by
the arm (I) as shown. The a¥rm igs free to rotate around the
o‘uter shaft. A slider (V) slides on (1) and ‘E:arries anoth-
er pulley (X') on top and the roller (G') on its bottom
side. The roller (G') and the pulley are fixed to rotate
together by a short shaft (not shown). The slider is
spring-loaded so as to bring the two rollers together. »,
belt (W) transmits motion between. the pulleys (X) and (X').
An idler roller assembly (2) provide tensioq on the belt to
avoid slip. The worm gears (T) and (T') are meshed to two
worms Whi'ch are driven by two DC motors as showr; in the fig-
ure. ' The motor shafts carry two optical shaft encoders (U)
and (U') which are used for speed feedback of the rollers
(G) and (G').

The two DC motors are series-connected and are powered
by a variable voltage power .supply. The electro-mechanical
relationsh-ip of the two motor system is derived in
Appendix [B] and rese:nbles in function a ¢onventional gear
‘differential. The importance of driving the rollers through
a differential arrangement can be best demonstrated by means
of a schematic diagram. Figure 2.7 shows the rollers
tracking two possible templates. In Figure 2.7.a the path
of roller (G) in the section labelled a-b on the template is
shorter than the path of roller (G'). Since both rollers
are constrained to move together, the difference in speed

resulting from the unequal path lengths is taken up in the

differential arrangement thus preventing the rollers from

o e e
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slipping. The need for the differential here is analogous

\
L ad

to that in the case of the driving wheels of a car when ma-
noeuvring curves. For the template shown in Figure 2.7.b,
assuming (G) alone was powered, when the rollers reach the
position indicated as (1) , the direction of the driving
force is such that it does not allow (G') to.manoeuvre
around the curve and result in wedging and slipping of the
roller system. 1In the event of (G') alodone being powered, a
similar situation would occur at the position marked (2),
with (G) and (G") i‘nterchanging their roles. The presence
of the differential arrangement allows (G) at position (1)
and (G') at position (2) to come to a full-stop while the
other roller negotiates the curve.

Each of the éhaft encoders used in the prototype
generate two logic signals as shown in Figure 2.8. The hor-
izontal axis of the traces represent shaft rotation. With
reference to the figure the upper and lower traces indicate
Clockwise {(CW) and Counter clockwisz (CCW) indz2xations re-
spectively of tl:he encoder shaft. These t:do signals are
combined into one as shown in the figure in order to permit
recording the signals from one encoder onto one of thz two
channels of a commercial stereo tape rei:order. The encoders
are arranged such that the motion of the carriage away from
the pole and rotation of the arm in the CCW direction
generate positive going pulses as shown in the figure. The
reverse of the above mentioned directions of motion result

in negative pulseg, The time rate at which the pul'ses are
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generated for the t;ace in Figure 2.8 corresponds to the
speed of motion of the axis. Since the encoder output
signals have a pulse width of 2 us. which is unsuited for
tape recording, the pulse width is first increased to 10 us
using monostable multivibrators before prccess;ng. An
operational amplifier circuit shown in Figure 2.9 is used to

carry-out this process of signal addition. Cne of the

o

.encoder channels is connectéﬁ‘to an inverting amplifier and

the other to a non-inverting one. ‘Since the CW and CCW

signals cannot occur simultaneously the output of both

-

~amplifiers are simply connected together as shown in the

figdre. One such circuit is provided per axis-drive.

The operation of the digitizer is as foliows:.the
rollers {G) and (G') are forced apart and Ehen released so
as -to squeeze the raised track of the t?mplate in between

them. Powering the DC motors through a speed regulator cir-

s

cuit -causes the rollérs, and hence the carriage, to track
the template. As the cartiage moves along the template; the
shaft encoders generate two geries of signals through their
as;ociated Circuitry;;éach series cbrresponding to an axis.

The specifications.of the template digitizer prototype

are as follows: N

Radial resolution : R=2.54x10") cm. (0.001 inch)

’

Angular step : .=3.,927x10"" radians

-

Angular resolution : varies linearly with the radial

displacement from the machine pole, and given by:'
\

L ¥
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AA = rASé

Work area . : i1s'a section of an annulus
subtended by an angle of 2.8 radians, and inner and
outer radii of 7.62 cm. (3 inch) and 33.02 cm,
(13 inches) respectively. - 1
v H
: }

. 3
2.3 Software digitizer ;‘ ?
* The software digitizer, Shown in Figure 2.1, is made up %
of two computer algo%ithms. The first one is a digitizing
algorithm written in the FORTRAN lanquage. The second, an
output*algoritﬁm, is an ASSEMBLER routine responsible for . x
transfer of the data generated by the digitizing algorithm

> -

to the output device. As shown in Fiqure 2.1, the

»

digitizing algorithm requires ' the cdéntour information, ,the

tracking speed, as well as information about the tool to be

used on the NC machine. AThe algorithm'generates a file that

is a numarical image of(the signals that wéuld be generated

by the template digitizer if é template Af the same contour

was being tracked. This file can be either transferred to a

mass storage device or stored in data m=amory. K
When the file representing ﬁhe whole contour has been

generated, the output algorithm is initiated. The output

algorithm receives the information from the data file in

memory and synchroniﬁes their delivery to the odtput port.

+ s
with time signals provided by the real time clock of the

computer. An electronic circuit is used to combine the in-
- ]
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formation from two bits on the data lines of the output port
into two signais similar to that shown in Figure 2.8.

The digitizer algo:ithm.runs uaaer BATCH mode on
time-shared computers, as well as on small and slow comput-
ers. The output routine, however, runs under REAL TIME
conditions, thus precluding time-shared computers from
hosting the algorithm. The file generated by the digitizer
can be accesséd from the data memory of the time-shared ma-
ch}ne through a direct memory access device (DM&), thus
eliminating physical memory duplication. Alternatively,
the file can be transferreq entirely to thé m=2mory of the
computer hosting the output algorithm. bescription of the
two algorigh@s are given below.

Diéitizer aléorithn:

This algorithm is written in FORTRAN and thus is ma-
chine independent. The algorithm solves the geometric
relation§hip of the NC machine as the axes are indexed by
one resolution at a time, subject to the constraints imposed
by the contour r1=r1[el) and contour pole location (C,ég).
The time interval required to cover one Egpolution on either
axis is calculated from the contouri;; speed and the path
length corresponding to the resolution. Figure 2.10 shows a
schematic diagram of a tool of radius Rr tracking a curve
r1=r1{61}’whose pole(Ofis related to the machine pole (0)
by vector (C,Lﬁ). Two geometric expressions camn be

formulated, for the point of/ contact (P) between the tool

and the curve, to relate the angular orientation of the arm

'
i
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and .,the radial displacement of the center of the tool r to

12

the angular position of (P) as follows:

rlshﬂe—el)—Csnﬂe—B)-Rrcosm-6+61)=0 2.1

r- [c"+x\c2 - 2Cr cos(ec-B)]‘;‘ = 0 . 2.2

N

where,

. (dr - ~ ‘
- -1 1 l‘
a = cos [EET //rX] . \

N 'S 2 _ 3
r, [rl + Rr 2 r, Rr COSa]

and,

= - il
Gc 0, sin [Rr cosa/rc]

The distance travelled on the contour (As) thaq results,

due to indexing of either of the two axes by one resolution

" is given by: )

( 8, (£inal) R \
r, {6,} d¢, For R-axis movement].

1
>2.3

9, (initial)

s = ¢ r, (final)

8, {r,} dr, ¥or ©-axis movement

r, (initial)

\ | | J

The time required to cover this length is given by:

[ et e e ———
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A E
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t = As/’v’t 2.4

A simplified flow-chart of the digitizer algorifhm is
shown 1n Figure 2.11, and a computer listing of a software
implementing the flowchart is given in Appendix [C-L}. With
reference to the flow-chart, the algorithm consists essen-
tially of two loops, each corresponding to an axis in the
polar system. Starting with one of the axes as determined
by IFLAG; say B8, it is indexed by A6 in a direction deter-
mined by the‘required direction of rotation. Using ths neow
valuaz 0 Equation 2.1 is iterated to solve for 6,. 1If no
convergence is achieved, the direcéion of indexation of 8 is
reversed and the iteration process restarted. Once 8, is
foﬁnd, the value of r is calculated from Equation 2.2. The
change in r is svaluated, and if found greater in ﬁégnitude
than the AR, the § loop is abandoned and the radial axis
loop is started. For a change less than AR, the loop
continues Ey calculating the length of the contour curve in
the interval A9 using Equation 2.3. The time required to
cover this interval is then calgulated using Equation 2.4.
Information about the tim=2, the direction of indexation and
the axislindexed are written into the output file.
Conditions for the end of the contour, i.e., the stop

‘
criterion, are then evaluated and the loop is restarted if
the end of the contour is not reached.- The loop for the

radial axis is eaxactly similar to that of the angular axis

with the axial parameters interchanged as can be seen from
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the flow-chart. In this loop, however, th2 radial dis-
placement rvis indexed by AR and Equation 2.2 is iterated to
solve for 9.

In this algorithm, the contour information can be
supplied in =2quation form or as discrete points on the con-
tour. In 'the latter case, more points are generated in be-
tween those given by using the Cubic Spline interpolator. A
d :scription of this interpolation technique is'given in
Reference [18). 1If the analytical expression of the con-
tour r {6,} and the first derivative of r, with respect to
6, are known, then an iterative procedure for finding the
solution_ of Equations 2.1 and 2.2 are carried out using the
Newton—RaphSon root finding techniquz (181]. If the first
derivative cannot be obtained easily, then the Secant root
finding technique (18] is used. Both thz above-mentioned
root finding techniques require initial guesses to start the
iteration process. The immediate-previous values. of points
on the contour.are used for such guesses. The integration
of Equation 2.3 required to evaluate the length As is
carried out numerically using a Guassian Quadrature,

Reference [18]. The integrand is approximated by a Laguerre

-~
2

Polynomial, whose weights and roots are given in
Reference [19]. \

The generated output file consists of multiple records
of two entries each. The first entry is the time required
to cover the resolution, and the second indicates the axis

indexed and the direction of indexation. The second entry
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in the record occupies only two bits in a computer word,
Qith the least significant bit indicating a radial or angu-
lar resolution if it is 1 or 0 respectively. The other bit
indicates positive of negative direction of indexation, if
it is 1 or O respeckively. Simultaneous indexation of both
axes is entered as two successive records with zero time
period in between them. For excessively long contours the
§enerated data file is divided into a number of smaller ones
with cumulative time entries inserted at their boundaries.
These small files are processed one at a time. The
cumulative time signals are used to synchronize the
appending of these files together,
Output algorithm: .
Figure 2.12 shows a flow-chart of this-algorithm. The
ASSEMBLER code is best suited here due to the high execution
speed required and to .the simplicity of the algorithm.
Computers that can host this algorithm should have access to
a real time clock. As shown in PFigure 2.12 the algorithm\is
composed of one simple loop. The loop starts by reading the
first entry, which is a fime entry, from a record }n the
data file generated by the digitizing‘algorithm. The time
value is transferred to the ciock regisfer. The clocgk is
started, and interrupts the centrgl processor when the
time period loaded into its register lapses. The processor
then transfers the second entry in the record, axes infor-
mation, to the output port. The end of file condition is

checked and if records still exist on file the loop is re-

¥4
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started.

Appendix [C-2] lists a fully documented sample progrép
that has been implemented and tested on a Tﬁ—990/189 single
board micgoéomputer. The program is based on the
above—illu;trated flowchart. A full description of the mi-
crocomputer {s given in References {20] and {21]. The com-
puter is a 16-bit machine, which allows packing of the time
and axis entries in a record into one word, thus making full
use of the available memory. With l14-bits available for a
time entry, a time period ranging from 9 seconds up to

approximately 0.5 sec in steps of 33 yussc can be achieved.

“"The axes information in the two least significant bits are

decoded using the circuit shown in Figure 2.13 into two
signals similar to those of Figure 2.8. The cizcuit uses a
2-to-4 decoder and four AND gates to trigger a bank of four
operational amplifiers as shown. The outputs from each pair

—of amplifiers corresponding to one axis are then summed.

2.4 Prototype polar NC machine )
A schematic diagram and labelled photographs of the
prototype NC machine are shown in Figures 2.14 and 2.15.
With reference to the figures, the prototype resembles the
-template digitizer described earlier. It consists mainly of
a work area (A) and-an arm {B) keyed at one end to a shaft
(s). The‘shaft is driven by a stepping motor (C) via a

worm-and-gear train (D). The arm is stentially a cantile-

ver pivoted at one end and supported by a unit (E) at the

;
!
H
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overhanging e2nd. A carriage (F) travels on linear bearings
along the length of the arm, beipg driven by another
stepping motor (G) mounted on the arm. The drive force is
transmitted to the carriage via a split nut and lead-screw
arrangement (H). Within the context of polar coordinates
the arm position provides the angular axis while ;he dis-
placement of the carriage along the arm provides the radial
position. The carriage carries the tool. -The tool is a pen
in the demonstrated prototype. The motion of the.arm is
limited by the two stops (I) and (I') (not shown on the
photograph;). The right stop (I) i@rks the home position of
the arm or the angular axis reference. The location df (1)

‘corresponds to the home position of the arm of the template

ﬂigitize;. The position at which the carriage is at its

minimum displacement from the shaft (S) marks its home po-

Fition, or the radial axis reference. This réfergnce also
is identical with the Borresponding reference on the tem-
plate digitizer.

Subassembly drawings of the prototype Né machi&e are
included in Appendix [A-;]. A hardware logic circuit (not

shown) uses threshold comparators to decode the two compos-

ite incoming signals before channelling them to the two

motor drive circuits. Eigure 2.16 shows a schematic of the
logic cir;hit used. The two Btepping motors can also be
driven directiy from the encoder signals. J

The stepping motors are energized .in a "wave" schemé,

also known as "“half step" scheme, aB3 opposed to the commonly

4 .

e o P <t . bR
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used single and double phase schemes. Description of this

mode of operation as well as the general description,
operation, and characteristics of electric stepping motors
can be found in References [22] to [29]._ A brief descrip-
tion of the motor is outlined in Appendix (F.l]. The drive
circuits required for the wave scheme are more complex than
those gequired for the other two schemes. Further‘, the_:
output tbrque of the motor is only 60% to 70%. of that
attainable when employing two phase energization. Th2 wave
mode of oper'ation is used, however, since it offers two
impor tant advantéges over the other two: the step angle of
the motor is half its normal one thus resulting in finer ma-
chine resolutions, and secondly, resonance problems inher-
ent to stepping mo to’rs are drastically reduced,

~

Reference [(22] (pp.328) .

The resolution and the size of work area of the NC ma-

. /
chine are identical to those of the template digitizer.

*\3’{-‘1;;[
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r CHAPTER 3
SALTENT FEATURES, ADVANTAGES .

AND DISADVARTAGES OF THB. POLAR CONTOURING SYSTEM

3.1 Introduction

Commercially a.vailabl:a contouring s‘ystems “are either
copying :nachinés having analog sérvos as their controlling
element and using a template as a source of contour infor-

4

)matiori or they can be NC machines relying totally on an
on-board computer for control and utilizing info);fnation in
the form of numzrical data, The system proposad in this
thesis occupies a distinct space in-between these two types
of'machines. It is numer ically controlled, but rathsr than
using an on-board computer for control, it uses a simple
hardware logic circuit and timing signals implicit within
the contour data. The contour information can originate
from a template or from an off-board computer. In th=
latter case the information is recorded on magnetic tape and
then supplied to the machine as described earlier in
Chapter 2., Since the system is digitally based, it makes
use of recent advances in digital electronics to handle and
manipulate the flow of information betwez2n its various
éomponentg. The configurati;n of the system allows it to be
more versatile than copying machines. The system may be

equipped with an on‘-boérd computer which would make it as

versatile and flexible as conventional NC machines in

<

. -
o ’ AA

general applications.

Y
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In strict contouring "applications, 'the system offers a
number of advantages over both types of conventional ma-
chines. It should be noted also —that the system has some
drawbacks, but the advantages outweigh these drawba#ks. An
itemized comparison between the proposed contouring system
and the conventional machines follows, At the end of this
chapter a tabulated summ‘ary of this comparison is provided

in Table 3.11.

3.2 Method of supplying contour information

The method by which the contour information is supplied
to the 'proposed system is among its most outstanding
features. As mentioned earlier the system can operate both
as a copying machin2 or as an NC machine. This flexibility
allows the system to be used as an NC machine, in applica-
tions where the required contour is too complex to he put in
template form or where a higqh degree of accuracy 1is
required. If a template is available, the system may be
used as a copying machine. This flexibility is not shared
by available. systems.

Another outstanding feature of the syste}n is the ease
with which digitized contour signals car'\’ be recoréed and
then played back to produce dupiicates of the digitizad cbn-
tour. This feature is particularly useful in large volume
production where one tapéd set of dita can be duplicated so

as to operate several polar contouring machines. Although

‘/

this ability is shared by commercial NC machines, they have

A et e e b i bl
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the drawback of requiring one.computer per machine in order

to reprocess the data supplied to produce a single contour.

3.3 CQ-plex;ity of controller .

Although the complexity of the controller is
transparent to the user it is reflected both in the cost of
the system and i;a its serviceability.

Analog servos in copying machines usk complicated pre-
cision components for their operation. These servos have
reached such a maturity of design that their performance and
reliability can be fairly well‘ptedicted. Because- of their
complexity only experienced and w‘ell trained personnel can
service servo systems. NC machines are by far the most com-
plex contouring machines available. The controlling com-
puter is specially designed for high instruction execution
speed and large data st;orage space. They are also’'equiped
in the majority of cases, with hardware arithmetic units and
simil‘ar hardware devices to expedite the execution of the
interpolation and axes control tasks.

The p}oposed system~controller is less complex than
those available on commercial contouring machines as evident
from the descriptions given in the previous chapter.
Althougl} no experience has yet been accumulated ‘concerning

its reli?bility and serviceability it is believed that its.

simplicity should give it an advantage in these areas.

Q ]
. .
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3.4 vVersatility ,

NC Ipach_ines can in general perform more varied tasks
than available copying machines or the proposed contouring
system. Tool change, cohtrol of cooling fluid in metal
removal applications, set—up of the work-piece, and the liki
are examples of such task\s that can be carried out. More ™
advanced NC machines are even capable of adaptive control, .
that is, the modification of parameters in the control pro-
grams to compensate for changing conditions like tool wear
or work-piece temperature rise,

Both conventional copying machine\s and-~the proposed
cont‘Quring system are confined only to contduring applica-
tions. Since the proposed system is digitaXYy based it can

\
be equipped with a small computer controller to carry out
auxiliary tasks similar to those mentioned above.
3.5 Contouring speeci

Most of the available copying macﬁinés cannot track a
contour at a constant speed. This is mainly due to the lack
of information about the direction of the tangent at the
poin/t; of contact betwzen the template and tha tool. An
'exception to this is the type of copying machines employing

N -
powered fo_ll“owers which are mainly used in the clothing

industry. NC machines track a contour at approximately con-

stant speed, Reference [12] (pp.25). Depending upon the

«
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Fa
percentage 6f speed regulation, this control process could
be the rﬁost time demanding task that engidges the ma\chine
controiler. )

The proposed system has the capabiljiﬁy of tracking a
contour at a constant speed when operated with a software
digitizer. Since digitization and imbedding of the
time-reference into the signal is done prior to the con-
touring operation itself, the digitizing software is not
affected by production time constraints. When the‘se data
are recorded and played back on commercial, stereo, magnetic
tape recorders with typical tape speed regulation of 0.07%,
the t‘naximum contouring speed fluctuation resulting will not
exceed 0.14% peak to peak. |

For the TD/NC machine, the contouring speed depends
upon the control scheme of the tracking rollers (G) and (G')
as mentioned in Section 2.2. Using the coptrol scheme
whereby the sum of the speeds of the two ro/llers is kept
constant, results in possible variation in the contouring
speed as the réller mechanism tracks a contour.” This
variation depends upon the radius of curvature of the con-
tour at the point of contact with the roller, the radius of
the roller, and the thickness of the te:nplate. The relagtion
between these par\?meters is derived as follows: Figure 3.1
sr?ows two rollers :ach of radius R_ joined together by the
link (I) and tracking a contour of uni\form thickness H. The
rollers contact the two sides of the template at (P) and
(P') and are spring loaded against the template. Assuming

a
Y, )
"
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Flgure 3.1: Schematic Diagram of the . Roller Mechanism
1n cOntouring
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negligible friction in the roller bearings, the equilibrium

position of the link (I) is along the normal to the tangent
at (P) and (P'). This position is also collinear with the
d‘irection of the rar:iius of curvature p at (P). The instan-
taneous direction of motion of the rollers is around the
centre of curvature, With referénce to the figure the
following kiqematic relation can be derived:

’ v(p + H +'Rr)

v 1] = - ' 3'1
G p Rr

where v and VG' are the velocities of the rollers (G) and
(G') respectively. The roller differential arrangement is
driven at a constant angular velocity that would result in

“
the following equation:

2Vt=v+v 3.2

'
G “

Substituting Equation 3.1 into Equation 3.2 and

rearranging yields:

* R*
vk = z 3.3a
J 20 + 1 ¢
*
« P *R -
vo= * \ 3.3b
2p =1 o)

Equatioﬁq! 3.3.a and 3.3.b are for the Sf_é"és where the cen-

-

ter of curvature of the contour and the roller (G) are on

the same side of the contour or on opposite sides respec-

)
/ ’
v

L

i ettt o e
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tively.
where v* is the nondimensional contouring speedd
with respect to ths s=t speed Vt and ds
®Jiven by: vk=v/vVy,

R* is the nondimensional roller radius with
respect to the template thiékness and is
given by: RZ=R_/H,

and p* is }he nondimensional radius of curvature

with respect to the template thichness
and is given by; p* =p/H. p* has a

minimum value of R¥*,
x ] &

Reference (30], (pp.l7-1-5), gives the radius of

curvature p for a curve r_=r . {6_.} in polar coordinates as:
- RN

1

7/ 213/2
[{12 + (dr, /48 )) L
sz +2(dr,/de,)? - r, (dzrl/(deﬂl))z]

Figure 3.2 shows a plot of the percentage variation in 2

the contouring speeds for different values of R; and p*.

The figure shows a hiqh rate of decrease in the percentage

'

error in contouring speed with the inzrease of
P*, particularly so at small R; values. Thé fiqure also
shows that when the radius of curvature of the contour
equals the .rolleré diamster, the error in contouring speed
increase to 100% and 200% for the cases when tHe center of
curvature and the roller (G) ares on the game lside of the

(3 . . .
contour and when they are on oppositg sides respectively.
- eem 4

’ 1
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}
- .

[N . . - - ]

3.4 Yl




- 64 -

. oY
«0 snsasap uouhm paadg mcﬁu:on...cou, tz'c ainbra , -
g L9 . . | s .
. . i
00T 08 09 ob 02 —_— >
g . - - \\\\c\moa !
L) ﬁ .
!
. _ =
3 ‘,vv.
- % .
)
1
M5 001 e

hzoucoowommu_mcufmoaaoco m ncmm ||I..
iNOluUoD jO 8pis swes uo Jly pue — . - -




v ' , - 65 - | N

For moderately undulating contours, and practical

rollers diameter and template thickness , the‘variation in
- ? <

\

N R .. N o
y contouring speed is within acceptable Timits. For example,

* in the case of the prototype template digitizer with rollers

‘. ‘diameter and temﬁlate thicknegs of 0.3175 cm {1/8 inch),
speed varies by less than 10% for a F% ius of Eurvatute §s
low as 5 cm (2 inches). !ijﬂg |
. ' e
Three templates were digitized on the prototype Fem_
plate digitizer. The signals from' the encode;s and the time
‘peréod between them were collected using a hybrid comﬁuter
as e¥plained-in appendix [D]. The three templates are shown
in a %hotograph in Figure 3.3. The cirgular tem?lqte rep-
resents tge case of constanft radius of curvature, while the
line templape has an jinfinite radius of curvature. ' The
rectangular, template has an infinite radius of curvature
\ along its linear segments and a radius\Jf curvature ;ery
close to the radius of the rollers at the corners. An
analysis of the collected da?a showed that upon‘switching
the power supply on, that is #o say apglying a step velocity
input, the contouring speed oscillates for avshért length on
the template be%ore stabilizing. Imperfections, in the form

-

* of indentations, on the rectangular template caus2 the con-

~ " template.:

~

3.6 Scaling of conto&iinq'speed , -
Wheri a contour is digitized, the gengrated signals are

e

touring speed to oscillate adain for a short length on the’
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Yy v

timed so aé to reflect a constant contouring speed.

Recording these éignals on magnetic tape, and thén'using a

~different playﬁack speed other than that used for record-

ing, results in a proportional change in the time periods
between the signais, Qnd hence in scaiing the contouring
speed. Scaling of the contouriné sveed has practical ap-
plications in cases where tbe contodring speed needs to be

changed after a contour has been digitized. It also can be

. made use of as explained ' in Appendix (D] to collect time ~

period information between the two encoder signals. The

précedure consists of recording the signals at a high tape

1 -

speed ahd then playing it back at a slow speed. Tnis.ailows

more accurate measuring of the time periods between the
- . \ g :
0 N . le
signals. . - .

)

N

3.7 Size scaling N
The majority of commercial copying machines are not
capable of producing a contour of different size other than

that of the generating template. \Copiers that are capable

of size scaling are expensive. Available NC machines can

' generally be programmed to track a contour of different

scale than that of the supplied information. In the

proposed machine, however, up or down-scaling of the size

can be very easily,achieved by simply scaling the radial
axis only. The angular resolution in polar coordinates is

given by:

by

ot e na Absisen aena ww =
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. AA = rAO® -
T ‘ 3.5
; nR AR AQ N
| N
Mwhare  $AA is tha angular resolution,
. ‘ . 2
A® is the angular sted,
h
AR is the radial st2p (alss the.ralial res-
olution);,
and Ny is an integer équal to the number of

radial resolutions from thes machin= pole

to the carriagz= position.
Thé éi%plicity of scaling here [is attributed to the fact
LA !

that the angular resolution is ovroportional to the radial
) .

-

reso}ut}on, and scaling the radial resolution caus=s an .

equivalent scaling of the angular on=.

Scaling the radial resolution is achieved »y de2signing

a

v

the system such that one radial rasolution on the N2 ma-
éhine is 2quivalent to m résolutions on the Jigitizar.,
Using a presettabge logic'counter to ﬁhtercgnt the radial
signals to ‘tha Ncinachine, and s=tting it so as to signal
the radial axis after every %X incoming signais inst=ad nf
after'the usual m, where both m and k are inted=2rs, results
in scaling th=-contour by a factor of n/k. %Egyre }.4.3
shows a simple example wha2re the digitizer radial re§olu—
. .
tion is four timas Emall;; thah that of the NT machins. T2

counter signals that would result in doudbling th2 contour

size as w=2ll as those that would halve it.,are also shown.

W1

B
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Figure'3.@/éz Logic Circuit for Size Scaling.
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Figure 3.4.b shows a single counter'chip connected so as to

,

producé scaling factors ranéiné ffom 114.down to 4:1 when

/
e

used with the above mentioned example. The circuit is

h— ’ - T
introduced here to emphasize the simplicity of achieving

size scallng ‘ "
in metal removal applicatdons.’ The original contour is

scaled down after every pass to compensate for the metal

removed during that pass. Furthermgre, when combined with |

speed scaling, higher machining speeds can be used for rough

cutting passes and lowet ‘ones for ffﬁ\fhing cuts. These

4

*

speeds dan be produced with thsa same taped'signals.

4

3.8 Accuracy of contourihg . \\C

The accuracy of copying macﬁines depends upon the

£} . .

analgQg servo used to control them, as wel} as on the load on
PN
,4" w4

the axes~drives. NC machines Have preselectea resolutlons,

and when operated ‘within-their 1dad carrying capacity,.the
- ’ N ~ - .

Size scaling-is a very préctv%;é_feature partlcularly

¢

“ .
Cartesian based NC machines usually have equal resolu-
|‘(
tions along both axes. The resolution is homogeneous within

) p , c '

i the work space. The proposed contourirg machine has a con-
stant resolution akong the R-axis. However, the angular
. axis resolution varies linearly with the radial position

within.theéfork space. This variable angular resolution,
o % .

although a drawback simplifies siza2 scaling as mentiodned.

earlier. T

ot
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. -
The upper accuracy bound of a.contour produced on the

polar NC machine is equal to the maximum angular resolu-

tion, and occurs if-the contour is machined at the extremity

.0f the work area.

3.9 Work area ) .
Cartesian coordinate based NC machines allow more work

argf than those using polar coordinates for the same overall

machine size,

3.10 Power utilization of the axes-drives

Available copying machines as well as the majority of

. NC machines utilize feedback loops fo guard against errors,

-This allows the machines to operate at near full torgue

capacity of the axes-drives. Thk proposed contouring sys-
tem operates with an bpen,loop, and thus a reasonable factor
of safety on loading must be imposed.' Alternately, a method

for determining the exact torque reqdired for a given ap-

_plication may be used. By varying the machining paramé-

ters, the torque reqﬁired by the axes-drives is kept below
that available from them. A simple method. for determining
such a required torquz will be presented in a subsequent

chapter.

~ '

3.
3.11 Reference positien

T
—

The homogeneity of the resolutions in Cartesian based
&
systems allow a contour to be generated anywhere on the work

\
]

@ N Th
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space from a given set of information. The reference posi+ -
tion is simply transferred to the new position. This
fl'oating referénce feature simplifies setting up ‘of a
work-piece for macbhining. . | ) . -

Ithhe prdposed. polar system, a contour can be produced
only from the same radial diépilacement used for digitizing
it. The reference pogé\ition of the angular a;{is, however,
can p’e floating. Setting up c;f a w\or]g piece at the radial

-

reference is a simple task and can be automated.

3.12 Cost

Present trends towards digital controls, inspifed by

’

.

rapid advances in tha .field of digilﬁal electronics are con-
tinually reducing the costs of digital systems hardware.
This trend, however, is countarbalanced by an ever
iné’reasiﬁg cc;st of driver sof.tware required for these

c\ontrollers. The type of software required for these

. controllers is very specialized due-to the complexity of the

control task and the high execution speed required to keep
up with contouring speeds dictated by pro@uction praé:tices.
The proposed contouring system =2liminates the need for suc'h
software since the axes-drives are not ;:ontrolled directly'
by a computer even when a software digiltizer.is employed.

This results in a lower cost s;ystem. Contouring systems

J
,

utilizing analog controls are inherently more expensive than

the proposed system, owing to the cost of the high preci-

. . i
sion components required. . .

-~
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A comprehensive cost study would have to inclide - dther

ES ki C,
- economic aspects "such as production time savings, and main-

tenance costs., For the production of a large batch of the

-

same contour, the production times fqor the three systems is

expected to be identical. However, as both the ratio of the

contouring time to tfhe setting-up time and the number of
\ . t - A, .

required parts in a production"ba,tc\b decrease, conventional

NC machines would prove more economical. Production time

.savings by factors as high as 4 or 5 times for such ’apg;l i-

f

cations have been r‘eported,in Reference ([11].

The cost of maintenance of conventic;nal NC machines
would be higher than those of the other two systems due to
the complexity of their controllers. 'The maintgnance costs
of available copying machines would be still higher than
those for the proposed system, due to the complexity and

’

precision of servo controllers.

™~
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CHAPTER 4
CONTOUR LOCATION FOR MINIMUM

CONTOURING ERRORS ON THE POLAR MACHINE

0

v
o

4.1 1Introduction.

"The digitizer signals received by the polar NC machine

causes 'the axes-drives to move and trace a curve which’

approximates the digitized contour. The rate of incoming

signals determines the contouring speed. If this rate.is

slowed down such that the xesponse timeg of the axes-drives

“{that is to say, the time required to execute a signal)

became comparatively "negligible, the traced curve would be

composed of linear segments along the radial axis joined by

.short circular arcs using the -machine polée as_a center.

Such a contouring process is termed quasi-static.

Figure 4.1 shows a contour and a curve approximating it
i

produced by a point tool,*R=0., Referring to the figure,

‘there is a discrepency between the contour and the

approximating curve produced under quasi-static conditions.
fhis discrepency is indicative of' the contouriné accuracy.
This chapter will show that the accuracy of the con-
touring proéésg in the.polar c0ntoufing system depends upon
the relative location between the contour pole and the ma-
chine pole. A method for ingreasing the contouring accuracy

will be also presented.

~

I
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X N
4.2 Contouring error criterion

s

/

Thae absolute value~of the max imum deviation between the

machine generated contour and the- reference contour can be

used as an error cz:i,terion.

For NC machines, the deviation error'is generally limited to

\ ~

one resolution. 1In the case “of the proposed NC machine also
the deviation error is limited to one resolution. Howeﬂver,
due to the inﬁrease of the angular resolution with radial
‘displacement, the deviation error is given as:

Ag o for r ¢ -ﬁ—g ,

€, = ‘ N 4.1

AA for > AR

ol

where AA is the angular reﬁolutior’z. ~
' Another way of expressing the bontouring error is to
use the sum of the absolute values of th’e areas bounded by
the contour and its approximation curve. " This error is
indicated in Figure 4.1 by the hatched areas. Thg§ error:
area criterion is more stringent than th'e‘ one based on the
deviation (er.ror. " This can be typically portrayed as shown
‘ in Fiqure 4.1 where a small deviation error, sustained over
a long length of the contour, results in a largs area error.

The area error criterion will be used in this thesis as the

basis for estimating the contouring errors. ' Figure 4.2 is a
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% magnification of one part pf Figure 4.1 with some salievgt

; . ‘ geométric parameters indicated. Referring to Figure 4.2,
- the total areawe'rror is given by:
- - o “)!m
n .
¢ g, = o at 4.2
\ i=1 ' ‘ ‘
3 ’ . - v
s - , -«
~ where n - is the number of the angular steps
. - requited to represent the contour.
b , The individual area errors a(l) fora contour r=r{6} can
by ‘ . . ‘ .
., - be calculated from Figure 4.2 as follows:
S AN ¢S ‘
oo (1) 1‘ Y ). o (]2 (i)
S “a =-5-l [r{e}]de-‘[r ](v -60)+‘
- ’ . e(kl) R » * . 1}4
- v . 4
i+
. . 6‘(1‘ 1) ,
‘ . ° Il/ -[r {e}] de -
~ \ Q@ 7 o V ’
. ﬂ R . ) , . -
- i 27 (1i+ - (i { .
E S \ [r(l»)] (a4 ,.1),-\,‘_1’)l £=1,2,...n . 4.3
"‘ i ! ’ e . ‘, . ot - . 6‘ .
’ where, ’ oL et
i .
‘, ' > ' I " ‘ . “ . " ’ » "‘:‘:
‘ o) 2 (0 y (1o1) g
R T ARt 'S SR ' ‘
. Li+l) (i-1)
= 3 -T {6 1— r
?c integer - [ 7 iR ]
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: 3
‘e(.l')a for e(i) < e = e {r(l)} < e(i+1)
v(i)°= ‘ '
~..and, ° 3 -
\‘\
\\
0 for v(i) = 6(i+l)
I =

S

1 | for ot < VAL . e(i+1)

- r(0) and 9(0) are the first radial and angular grid

lines intersected by the contour. Equation 4.3 and

consequently Equation 4.2 are very difficult to evaluate
analytically, and thus numerical evaluation has to be
empioyed. :
4.3 Factors affecting the area error
Perhaps the easiest method to reduce the area error and
contouring errors in general, is to reduce the machine res-
olution. However, beyond é certain limit, the cost of
‘4freducing the resolution escalates faster than the henefit of
error reduction. A further ill-effect of this reductjon

would be to reduce the maximum contouring speed that can be

attained. -

A. close examination of the equation for the area error

S
“

shows that this error depends upon the contour\representa-

. tion with respect to the machine pole, or 'in other words, on

ey e+
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the location of the contour within the work area. For the
same resolution sizes, a reduction in the area error could

be achieved by a careful selection of contour location.

-

4.4 Anqoptnization problem for area error minimization
' The evaluation/of the exgct path of tpé approximating
éontour‘is, in normal operation, a dynamic problem where
factors such as resisting forces, inertias, and contouring
speed would be involved. For the purpose of finding the
optimal location of the contour for minimum reproduction
error, the assumption of gquasi-static operationais justified
due to the following reasons:
a) Such a condition resuits in the maximum deviation of the
approximating curve from the origina} contour and thus
v |

results in an upper bound for error. A

Y

b) A contour location that wguld minimize the'errpr for
qdasi-static'operatioﬁ would also entail minimizing the
error_gor condition;\of normal operation. This poidt can be
further explained with the aid of Figure 4.3. The figure
shows four curves: (A) the original contour, (B) an
approximating curve that would be produced under
quasi~-static conditions, and two dynamic curves (C) and (D)
that would be produced in normal operation. The underdamped
oscillatory trace (C) represents the case of a predominant-
iy inertial load; and the overdamped grace (D) represents an

application where large dissipative forces; such as in metal

grinding, are involved., The area error bound by traée (C)

.
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Possible Tool Paths

A
. ™~

(C) - (B) (D) (A)

N\ A N Cpey

Contour

Direction
of
Contouring

¥

Figure 4.3: Different Tool Paths When Tracking a Céntour;
' {
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and the original contour can be shown to beﬁeqpal,ﬁor all

4 .
practical purposes to the area error for fhe quasi-static
case. The area error for trace (D), however, is smaller
than that for the quasi—staéic case. This discussion can be
carried further to include other stépping situations.

As outlined previously, the J;ea error varies with the
location of the contour and can‘be calculated from
Equation 4.3. Due to the compltexity and discontinuous
nature of the area error expression, énalytic methods cannot
be used to locate the contour within the work area for
minimum efror. Hence, numerical optimization techniques have
to Se employed. For the problem of minimizing thé& area
error, the normal approach would be to use the area error
expression from Equation 4.2 as an objective function. The
most efficient and commonly used optimization techniques
belong to either of the following: two categories [311]:
direct search techniques and gradient search techniques.
Although gradient techniques are the more efficient of thd
two’ schemes, they require the derivative of the function
with respect to the optimization parameters.‘ For the area

error minimization, such a derivative cannot be evaluated.

. . . . ~
Hence, the less efficient direct search techniques have to

be used. For thjs problem, the use of direct search tech-
niques requires large computer time, (several thousands of’
central processor seconds for one run usin

s

due to the time required to evaluate the

‘a CDC CYBER 835)
aea error and the

large number of function evaluations req ireq. Furthermore,

o
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the problem becomes unmanageable in cases where a narrow

-

R AW N
ridge is encountered in the objective function and the

i

number of function evaluations required to yield a solution
‘ i

become prohibitively large.

4.5 Selection of an alternate objective function
Another approach to deal with this optimization problem
]

is to find an alternative objectiv# function that is faster

to evaluate and at the same time quantitatively duplicates

e

BN

ihe relationship of the area error function with respect to
the machine pole. That is to say, the extrema of the
alternative objective function would coincide in location
~
with those of the area error function. In the search for an
alternate obsective function, one approach that would result
in a reduction of the area error, is to reduce the resolu-
tion of the polar machine. This approach in effect
increases thé number of radial and angular steps repre-
senting the contoux, It is possible, however, to alter the
number of radial and angular steps representing the contour

by simply changing the location of the contour pole with

respect to the machine pole.

\\_ﬂ/f* To study thez§flation§hip between the number of steps

and the area error, an algorithm is formulated to alter the
location of.a contour and to calculate the area error, and
the radial and angular steps representing the contour. A
straight line path is chosen as a study case. The reasons

for this choice are three-folds: first, the calculation of

N
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the area error for a straight line is much simpler than that
for any other contour, a factor of paramount importance due
to the large number of evaluations tequired to study the
desired relationship; secondly, a straight line template can
be accurately and easily machined for digitization and
testing on the prototype template digitizer; and lastly, any
cont?ur could be approximated by a number of straight line
segments, an approach which is practical ia dealing with a
gener;l curve. Proper choice of the line segments repre-
senting the contour can result in an advantage of simplicity
which would oqueigh the disadvantages of resultant errar
due to the approximation, This piecewiie linear
approximation is usad later in this chapter. .

The number of radial and angular steps representing a

straight line are combined together to form two functions

which are formulated as follows:

Cojsider a straight line of length L which is divided
D

"into n nimber of small segments of length &, thus

i . :
N be the number of radial and anqular
steps reg/istered in tracing the ith segqment. Then, the

fir
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/ .
2 (i) (1) (1) (i)
igl Np + Ng for.NR < Ng
Feum T < 4.5
| (1) ‘ (i) "}: (1) (i)
igl aNR | + N@' -R; for N’ > Ng

I

wHE?E\~K\\ is the ratio of the radial to angular

step size, AR/AB, and has the dimension
e ‘ . { of length,
.and R ///is the radial displacement of the
mid-point of the line.
Thfs funcpian needs to be maximized in order to increase the
number of steps :epreéenting the contour.
The second function is formulated with the objective to
prevent the dominance of either thé radial or angular steps

over the other, and is given by: \

e -

B oy

' n : .
v,,;E-l« Nél) - Néi)l / for Nr({i) p Nél)
Fair © < 4.6
o (i) (1) K " (1) (i)
{ ’ t ;21\ Np™' - Ng '§; for Np > Ng

\

Minimizidg F i

qif causes the number of steps taken by both

o
L ]

e~
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axes-drives to be close to sach other.'

When a straight line passes through the machine pole,
and the pole lies at éf{ther end or beyond the length of the
line, no angular steps woulé be required to represent the

line, and the magnitudes of the two functions reach an

extrema value:

“ ~

\\
F = if = L/AR 4.7

sum Fd
When the machine pole lies somewhere on the line, in

betw=2en its two ands, the two function values from

Equation 4.5 and Eguation 4.6 respectively become:

F

0 4.8
sum L/AR 2w /40 ‘

F L/AR = 27/A0 4.9

dif
Figure 4.4.b and Fiqure 4.5.b show plots of Fsum and
Fdif versus the angular orientation of a straight line for
different minimum raditi Rmin' The’plots have been normal-
ized with respect to the values Fsum and Eﬁif obtained when
the line forms an equilateral triangle with respect to the
machine pole and has a height equal to 7.62 cm. (3 inches).
Plots of .the actual area error for the straight line caléu—
lated based on Equation 4.2 and normalized in a magner
similar to that described above are shown in Figures 4.4.a
and 4.5.a for comparison purposes. In the plét of the area
error, it should be noted that at Y equals zero andT

radians the area error §s zero. However, for a small per-

turbation in y about zero or m radians the area error

. ]
¥ -
i
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¢ N

reaches a maximum valu=2, Th=2 m=2thod us=d for calculating
the two functions‘and‘the area error, as waell as thn

algorithm implementinc the m2thod are given in Appendix ([E}.
‘ 3

Figqure 4.4 shows .that-the Fsmn function does not
i

duplicate the relationship of the area error, although both!

have their maxima at approximately 1.3 radians. Th= Eéum

function also 2xhibits two regions of minima on 2ither side
\

of its maxima, similar to the area =rror function. The
location of the two minima, however, do not coincid= in

location with thos2 of the area arror function.

~

The bzhavior of Fdif as portrayed in quure5{.5 is

similar to that of the area error. However, ~omparing th=

minima for different values of R there is a considerable

min’
spread in the function value Fy,. in contrast to the area

error. Also the valuz of thz function Fdif it the 7inina,

decreases with increasing Rmin’ and exhibits a reversz trend

to that of the area srtor, Bacause of thase factors, other

types of objective functions which are combinations of Fs

3

um
and Q§if wnere examined.for their* effectivenass in emulating
the area error nlodts.

s\

Two such fun:tiéns that are combinations of Fsum and
Fdif are:

P, = Fdif/FSum . \ 4.10

F, = Fdif + l/Fsum '4.11

Experimantation with both functions show=d that the

function in Equation %.11 becomes progressively insansitive
\ .
[

-
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increases and Fdif becomes dominant. The function

in Bquation 4.10 was found suitable and hence is chosen as

-thé'objéctive function fotr optimally locating the contour

-3

pole with respect to the machine pole.

Figure 4.6 shows a plot of this objective function cor-

$
,responding to the functions Fsummand F of Figure 4.4 and

gif

q&thure 4.5 respectively. Again, here, the area =2rror is

provided for comparison. Figure 4.6 shows that the objéc-

tive function F, behaves very similarly to the area ertor,

and has

its maxima and minima coinciding in location with

those of the area error, and thus can be used as an objec-

tive function to predict the optimal location for minimum

error, .
It should be mentioned here that the factor K/R, is
introduced in Fgum 2and Fgj¢ as a penaLEy factor.

Figure 4.7.a shows the effect of this penaltwaactér on the

function F; in contouring a line segment. The line sesgment

under consideration is shown in Figure 4.7.b with some

.salient geometric parameters indicated. Refering to

Figure 4.7.b, the ratio of the number of angular to radial

3

steps is given by:

N

R

where .

and

-1 *) 2 _ + *y 2 4 Yok
= cos™ (c*) 1 2(rY) 2 r*c K 4.12
2 r¥*c* + 2(r*)? . c*L e e e
La v
c* is a nondimensional parameter,
r* is the nondimensional radial displace-.

¢

Y
RN

‘ment.. '* - ~
Y P

o mhee i

So = e}
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k)

The parameter c* is indicative of the ‘in}clination of the
line on the radial axis. At c*=1, the line segment is
collinea’r with the axis. The plot.s in Figu;:e 4.%.a show
that below NG/NR=1 and as c* tends towards unity, t‘\he slope
of the function F, decreases rapidly, especially at large
radial displacements. For small radial displacementsy the
slope increases slightly in the region very close to c*=1,
The solid lines on the curves show the objective function F,

including the effect of using the above-mentioned penalty

factor. The dashed lines show the trend in F; if the

penalty factor was not used. With reference to the figure.

the penalty factor steepens the plots in the region where it
Operates. Thisr)action causes the function F, to react

L3 , V
faster to small changes in the position of the line within

this region. The parameters r* and c* are functions of the

relative location between the contour pole and the machine

pole, (C,/B).
4.6 Experimental verification of the objective function F,

In order to verify the calculated objective function
L

and to evaluate the performance of the template digitizer, a

template of a straight line has been manufactured and was
digitized on the prototype template digitizer. The data

were collected as described in Appendix (D], using a hyb}:id

computer, for five different pole locations of the template'

contour. Substituting the experimental data in

Equations 4.5, 4.6, and 4.10, the objective function for the
k3

"

i
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five locations is calculated. These experimental results
are shown in ‘Figure 4.8 together with the theoreticaliy cal-
culated objective function.

The plot shows that, for such a line at the given
radial displacement, only one minimum exists ané is .at an
‘angular orientation of 1.35 radians (77,3 deg.). The fig-
ure also shows correspondance betweea the theoretical and
experimental results.

The good correlation between the axperimental and
theoretical results also provides implicit verification of
the performance of ths template digitizer.

B »
4.7 PFormulation of the optimization nroblem

The evaluation of the function F, at every iterative
step in the mﬁﬁn&zation requires the calculation of the
number of radial and angular steps representing the contour
segments. For contours that has equations characterizing
their geometry, the function F, can be simplified by

substituting;
NR =/dr/AR . 4,13

Ny =jd0/A9 - 4.14

into Equation 4.10,

In general, if a contour is represénted by a piecewise
linear approximation, such that the line segments join
.successively all the stationary points on the contour, at

the least, then the objective function F, calculated by
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combining Equations 4.10, 4.13, and 4.14 reduces to:

fax| _ [[fas]
R A0

il | gor lazl Llss)
n dr +|[de|; -'AR ' A0
2 'U_—LAR X
i=1 ,
F, *® | 4.15
s | Uazl _ Lfge] X
2 IR 58 R ,
i=1 . for Ldr| , 1/a8]
g dr . a6 _K_; AR ;)
.:i.=l. AR AQ Rm
where n is the number of line segments repre-
) senting the contour,
(N P '
and \
’ ‘ 14
‘r”k‘c_i_:_; = - i)[cose + m sin6] - . S ‘ 4.16
- 48 [sin® - m cosf]? ‘

calculated from the equation of a'ustraight line in polar

coordinates:

LI

r = b/[sin® - m cosé] ‘ 4,17
where b is the intercépt of the line in the
Y-axiS..
and m is the slope of the line.

The optimization problem for locating the contout with

' respect to the machine pble‘cax\m be mathematically repre-~

B

‘gented ag:




2 e e

minimize F, (Equation 4.15)

subject to; \

s

a) Work area constraint of the template digitizer or NC ma-

chine and given by:

-
v

7.62 " cm. (3 inch)< r < 33.02 cm. (13 inch)
0 <8< 2.8 (in radians)

>

b) A constraint that would not allow the placement of the
machine pole inside a closed contour due to geometrical

limits imposed by the construction of the template

digitizer. i’

S

.

4.8 Optimization algorithm

An-optmization routine having as obj\ective function F,
of Equation 4.15 was constructed, Th= routine is based on

the direct search algorithm proposed by Hooke and Jeeves.

0 -

Tha algorithm is composed of two sections, an exploratory
move section, aﬁd a pattern move section. In the
exploratory move, thz objective functio’n is evaluated at
equal and orthogonal vectors that originmate in all direc-
tions from a base point. The resultant vector that cause an
improvement in the objective function value is then calcu-
lated from these vectors. If no improvément is found, the
algorithm scales down the 6rthogona1 vectors, and the
exploratory process restarted. In the pattern move, the

- .
algorithm transports the base point along the resultant
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vector and beyond its length. A detailed description of

this algorithm can be found in Reference (31] (pp.69).

4.9 Case study results on the suitability of the objective
function in predicting the location for minimum area error
In order to evaluate the effectiveness of using the
above mentioned objective function, a number of contours
were selected and their positions within the polar
coordinate grid was optimized te give minimum area error. To
verify how closely the oObjective functiSn F, simulate’the
trends of the area error, another computer program was
consgructed to digitize the contours and thé actual area
eXror was ’galculated. Listings of both algorithms are given
iﬁ Appendix [E}J. Three curves are chosen as test contours.
Th=2se curves represent open, closed, and shar.ply' undulating
types, and are as follows: J

1) The Witch of Agnesi given by:
y = 8a’/[x? + 4a?] 4.18
2) The Limacon of Pascal given by:

r = b + 2a cos® 4.19
ﬁ" The Serpentine curve given by:

y = abx/[a? + x?] ' 4.20

¢

Figures 4.9,' 4.10, and 4.1]1 show these curves as well

bd

as their topographical contours of the objective function.
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Figure 4.9: Topographical Plots of the Objective Function .

F, for the Witch of Agnesi Contour.
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The topographical contours in these figures represent ma-
chine pole locations where the values of the objquive fun-
ctions are equal.\\'l‘he topographical contours numbered

from 1 to 9, with higher numbers indicating larger objec-
tive function F; value. The topographical contours are not
part of the optimization procedure and are introduced here to
give a visual image of the behavi;)r of the objective fun-
ction, and hence of the area error. The procedure consisted
of running the optimizationroutine with the objective fun-
ction (Equation 4.15) and finding the location of the pole
for minimum area error, The algorithm that calculates the‘
exact area'error (Equation 4.2) was then used to evaluate
the error for a number of randomly selected locations within
the neighborhood of the optimally located pole position
based on the objective function F;, . The locations of the-

pole for the minimum area error found using the randomly

. selected locations are also shown on the topographical

plots.
The test contours parameters, as well as numerical
results of the study are tabulated in Table 4.1.

For the "Witch of Agnesi" and the "Serpentine" curves

.the optimization routine was able to identify the location of

the pole for minimum error accurately, as can be seen from
Figures 4.9 and 4;11. For the "Limacon of Pascal" the opti-
mization routine identified a point very close to that of
the actual minimum area error. The percentage difference in

area error between the identified and the actual locations
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in this particular case is 0.96 %. ’

0
i

o - M

4.10 Summary v ¢

In this chapter it was sh?own that fér.evaluating the
. .

. G
performance of the contouring process, an area error
criterion is more stringent than the deviation error. It

was also shown that the area ‘error is a function of the

relative position of the contour pole from the machine pole.

Thus by varying the location of the contour pole, the area

error can be minimized. The calculation of the area error

is lengthy and cumbersome, and using it as an objective fun-

-

ction for optimizationpreoves impractical.
%
An alternate objective function is formulated based

upon maximizing the ratio of Fd'f' defined as the dif ference
i )
between the number of radial and angular steps representing

the contour, to F defined as the shum ‘6f the radial and

sum '’
angular {steps representing the contour. It is shown in this
- chapter that the alternate uobjec"tive function duplicates the
trends of the area error, and is easy Fo use. The al ternate
objective function is incorporated in an optimization rolutine

to locaté the contour-pole for minimum area error. Test

results show that the optimizationalgorithm is able to ac-

!

curately identify the minimum area location.,

This chapter deals exclusively with the case of a point

tool. And although it is difficult to formulate'

analytically the objective function in cases where the tool

hasg a finite diameter, reason suggests that the technique
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presented in this chapter is'eqdally applicable to these

cases,

minimization method is based on the numper of radial and an-

y . L ,
gular steps representing -the contour and is independant of

S

This is because the formulated area error

the tool diameter.
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CHAPTER 5
DYNAMIC ANALYSIS

OF THE POLAR NC MACHINE

5.1 Introduction

| The NC machine operates in an open loop control schame
as has been described earlier. This scheme has the
advantage of reduced complexity of the NC controllef. Open
loop control, however, does not have the capability of

detecting the failure of af, axis-drive to respond to a

command (loss of synchronism) and compensating for the

failure. fhe loss of synchronism would occur if the torque
imposeq by the load exceed the torque capacity of the drive.
The upper limit of the(torque that can bg imposed oﬁ a
stepping motor without loss of synchronism dec;eases as the
rate of incoming step signals increases. The to;que as well
as the r;te of step signals of each of the radial and
angular axes stepping motors depend on t;e contour as well
as such operating conditions ag machining forces and con-
touring spéed. %ﬁénges in the torque required and torque
available . from the axes-drives as the maéhining conditions
hhange should be ghoroughly understood. This knowledge
wéuld be used to identify the operating limits of thé NC
machinﬁ‘for a given set of machining conditioms: beyond which
synchrBQismffailure may occur.
The study of the torque changes in the NC machine

/

axes-drives is a dynamics problem that deals with the

-~

-1

S i e e s tn. e S —

Ny

e s o
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dynamics of motion along the contour and not with the
dynamics of a single step. In this study it is assumad that
thz signals genasrated by thé digitizer have been properly
processed to insure constant contouring speed as has .been
discussed in Chapter 2. Thz kinematics of the arm and
carriage mechanisms is studied with a tool moving at a
constant speed and producing a contour according to the
signals received from the digitizer. The instantaneous
velocity and acceleration of each axis are calculated and
used in the dynamic analy;{g in order to determine the
toréue required from the steéging motors. The velocity of
each axis is further used to determine the limiting toérque
available from the corresponding stepping motor.

5.2 Kinematic analysis of the NC.machine arm and carriage
mechan?sm‘

Figure 5.1 shows a vecéor repesentation of the
prototype‘%C machine. The figure shows the machine pole (0)
displaced from the contour pole (0,) by a vector (C,ZE) and
a-tool of radius Rr touching the Fequired c?ntour r,=r,{6,}

at a point (P).

With reference to the figure, for machining operations’

requiring no tool offset (i.e. Rr=0) like plasma or flame
cutting, the tool centre coincides with (P) and moves along
the contour. This case of no todl offset reptesents the
simplest configuration of the vector diagram and will bé

studied first.

ek mem

o

e e o e e -
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Figure 5.1: Vector Representation of the Polar System
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AN

Tool with no offset (zero radius)

With reference to Figure 5.1, for the case of no tool

offset, the vector rl,/eﬁqoincide with (r,/8). Hence, th2

velocity vector of the centre of the tool and the éarriage

can be expressed with respect to the machine pole (0) by:

Ve

|

Resolving the velocity equation in the radial and tangen-

tial directions give: -

r
§

where,

=

Vt cosY 5,2
(Vt sinvy) /r 5.3
-1 Ay A, 4
cos " ’ 5.4
; A2 - r AIAu

dr

[rc ~-c cds(ec- e)} 5+ r_ C sin(8_- 8)

|

dec c

C%2 + 2r C cos(8~RB) + r?

r + C cos (8- B)

C sin(6 - B)

¢

a

The acceleration of point (P) is obtained by differen-

tiating Equation 5.1 with respect to time as follows:

-

5.1.

o Rt 28 . RS S
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[+
1]
[+
o
[}
B2
+
(1'%
<
-
o
[}
-

- r(3) 2 &3® 5.5

v

Since 1t is d2sired to miintiin a constant ~ontouring

spead along tn2 contour,it follows that th= 3ccolaration »

S g

C

of point (P) tangantial to th2 contour is ida2ntically z-ro. ?
R2solving Equition 5.5 to its compon=nts alonjy *h> 2rm

and ' normal to it, yizlis:

Ay =,Vt ¢ sinY
= # - r(d)° 5.6 '
+ .
a =V & cosy ’
cn t ‘ . ;
=r § + Zi é ) 5.7 o

In Equation 3.6 tha® term r(é)2 is th2 centrinmz2tal :cz-
c2leration of the carriage and its direction is 3aluaiys
towards th= polz2, Th2 t=2rn 28 of Ejuikion 5.% is 12
Coriolis accaleration ani has a direction normal to th: 1rn '
in th2 s=ns2 of the angular velocity or opposing i% for
casas of positive or negative radial velocities ra2soactive-
ly.

‘The time rats of change of the vealocity vactor dirac-
tion é is giv®n by: -

¢=Vt/p ‘ - ,/{’5.8

-

-
-

where p is the radius of curvaturs at ooint (P),
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and is calculated as shown 1in

Equation 3.4.

5.2.2 Case 2: Tool with fiﬁite radius

in contouring applications wheré a tool of finite
radius is used, s in grinding and milling operations, the
tool offsets the centre of the carriags from the required
contour by a distance equal to its radius. Let the loci of
the tool cantre be dasignated r=;{9}. With refarence to
Figure 5.1, for a point (P) on the contour f1{91}r given r,
or 9 , r and 8 can b2 solved for implicitly from the fol-
lowing equations:

%
r = {ré + Cc? - 2r_ C cos(ec-s)]

= [»2 4+ p2 - ingl? ‘
rc [.rl + Rr 2rlRr smna] 5.9
8 = 6 - sin~ [f— sin(G—B)]

A c

The kin=matic relations for this casz can now b2 for-

mulated by substituting for r, rc,'ec and dr,/d6 from
Equation 5.9 into the kinematic relationship for the case of

no tool offset. The derivative drc/dec is given as follows;

dr - AR :

c 56
5 - 5.10

where,



-

o b e we v memr e e am—

- =113 -

- dr, dr, o4 da
[r1 as, - a-g-l- R_ sina R r, cosa d_é-l—]/ r,

A = lrr = 'n]/[rr-r si +
6 PR rcRr sina T cRr ina

. da
Rrrc glna 38_;]

»

=
n

. ‘ : da
- + _—
) Rr cosa/[rcr1 ‘\rcRr sina Rrrc sina 381]

and,

5.3 Dynamic analysis of the polar NC machine
The focus ha2re is on the calculation of the dynamic
forces that must be overcome by the stepping motors. All

components of the NC machine will be considered as rigid
) ¢

‘bodies.

a) The swinging arm,

b) The worm and wofm~gear::educet,
c) The“carrﬁage!'dnq ‘
d) Tha2 poﬁer screw and nut assembly.

Figure 5.2 shows pictorially the arm and carriage mech-
ﬁnisms of the polar NC ﬁachine with saliant parameters
indicated.

Tha frée body diagram of thesaz components and the

forces acting on them are shown in Figure 5.3. In devel-
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Power Screw

e

Carriage
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Figure 5,3, Free, Bogy Diagram'of the NC Machine. i
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oping thz free body diagram, %a2 mass mom=2nt df in2rtia of
the worm-gear, the lead screw, and the radial axis ste;bing
fotor are lumpad with that of th= arm. Alsn, =12 mMiss
> o ’

! nom=nts of in=rtia of th= pow2s scraw and th2 radial axis
stepping mnotor are reflect2d to the mass of the carriaga-nut
assembly. Thes pow2r scraw ind nut ass»mbly is considesred to
be 3 transformer with friction loss=2s only R213ction forceas

to ground and machine body are not shown sinc2 thay Jdo not

contribute to th2 torquz equations. With refarancn to the

free body diigram, the balance of forc2>s ani mown=2nts
equations for the four componz=nts of th> N7 machinz are »s

follows:

L

\ : ——
For the arm:
T, = Jp 6 + Fp ¢+ Fg Ly ’ 5.11
whare JA' " is the aquivalent mass £§m\nt of inartia
of thz2 arm.
TA is the sﬁm of all the torquz2s that act on
‘the arm, \
Fn is th2 force ttansmittad,fr§m tgef
, i carriage normal to the arm, ‘ ,
and J Ff "is the friction force of th2 arm sudoort.

\ 4

For the worm and worm-g=zar reducer:

~

1

e et A 3 = (A
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L v e g

Ky |Ta 8 * Pt + Fg LA] 5.12
J
;s Mg
A Rle
J is the mass moment of inertia of the

angular axis motor and the worm combined,

he torque magnifi-

cation dus to the gearing, and the friction losses betwean

-

(pp.545)

K =

1

where

For the carriage:

the worm and worm-gear, and is given by Ref2rence [32]

as:
, /

R, [cosg sin} + n, cosi]
ﬁ; [W, sink - cosg cosx] .
RW.Ré‘ are the pitch radii of the worm and

‘ worm-gzar respectively,
& is the pressure angle of the gear system,
A is the lead angle of the worm~§ear,
u, is the friction coefficient between the

ﬁorm and the worm—gear.‘

3

TN -

o
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‘ A
-~ F_=M + F
r c %er * “er
' 5.13
+ .
Fn = ﬁb an \Fcn .
where Fm 'Fm is the sum of all ¢t e radial and normal, {
2 : ' forces acting on the carriage respec-
: . \ .
tively , \
For the power sgrew and nut assembly:
=
27
= —p— + '
TR JM qcr KzFr - :
' |
= + . !
. ; K, [Mc a_, Fcr] 5.14 }
Yy
where, N
: 2nJ
M
= t 4 . \ -
Mo = Mg 1K, ( ‘
O \
| . ’ 3
. | o
N ‘ K, is the torque to fogce transformation factor of the
t ’ \
; power screw and nut assembly. This factor also takes into
account the friction losses. K, is givenlin Reference [(33]
; |
v (pp.3-42) by: |

1
(v + ﬁnRs u,sect (1-siny s%n&)il

K, = Ry

[ZnRs - t u,sec (1-siny sing) 1]

P

where Rs is the mean radius of the thread »

1 is the lead,
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Qw X . 1
M, is the friction coefficient qgtween the
) nut and -power screw, |
and Y, ¢ ‘are the helix and Fbrea@ angles respec- -’
-~ ‘ .

tively. .

Combining Egquations 5.1l1 - to 5.14 yiz2ld the torques

required from the angular and radial axes stepping motors as

- '

‘follows:
= +
Tp * K, [Mc a,,. Fch | | 5.15
= . + . + ) N
Ty = K, [JAG Fonf + Fe Ly + M x acn} ‘ 5.16

As the tool travels 'along the contour, the torque
required from the stepping motors as given by Eguations 5.15
and 5.16 varies. Each stepping motor has to b=z able to
provide. a torgus at least equal to the maximum required
torqu=.

‘»\
'5.4, Torque speed relationship of a stepping motor

As mentioned in Section 2.4, the wave eﬁﬁrg{zation
scheme is used for driving both the radial and angular step-
ping motors. Although this scheme is not commonly used, the
5uétification for using it here has been given earlier.
Pull-out torque-speed characteristics of stepping motors
operating with wave energization are not comﬁonly available
from the manufacturers. Pull-out torqu= curves (Tp versus
steps/s) show for a given speed (steps)sacond), thz limit

1

torqua at which missing of steps start to dccur, Testing

B et . e b
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f 4

the motors in order to obtain these characteristics is a

’

lengthy and complicated procedure. A description of ‘the

procedure is given in Appendix [G]. Appendix [G] presents a

% N

derivgtion of the characteristics for the pull-out torqus of

!

a stepping motor operating with the wave energization

scheme. The relation is given by:

~ 1.17632 Vv KT EV w Ra KT
R S T B R >
g [Ra. v a]« s a .w a)
' . ~ .
where KT'K§ ﬁre the torque and voltage constants of
the stepping motor respectively,
Ra'La are the motor winding resistance and

inductance respectively,
v is the power supply voltage,
and w is"the‘angular velocity of.the motor (in
2lectric radians/s) .
The angular ;el?city of each of the stepping motors can
be found from the reépectiv? axes velocity r and é givaen in

N

Equations 5.2 and 5.3 as follows:

e

wp = 27N kg 5.18

R

5.19

Do

.wa = 2ng ke‘

Substituting Equation§ 5.18 and 5.19 in Equation 5.17

v

4
3

result in the pull-out torques T

PR PO

and angular’ axes as follows: ‘ \

and T for tﬁe radial

)
t
N
H
i
!
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. . l.'17632 v KT‘ o Kv wp Ra K‘I‘ 5. 20
PR 2 T 24 .2 .
[R ‘"RLa] Ng (R +w L ) .
‘ .
R o
. _ 1.17632 Vv K,T _ K‘V Wy R K s 21
PO 2 2.2 2 )
. +
. [Ra nga] Ns (Ra+w@La) “

5.,5"Effec£~ of thexgntouring speed, load, and c¢ontour on
the axes-drives torque

A parameter called "to-rque%ratio", and defined as the
quotient of the torque r:equired/i)rom an axis-drive to the
_pull-out torque available from the respective drive, is used
'as‘a measure of the _success or foailure' of a contouring op-
eration. A torque ratio larger than unity means that the
torque required from a stepping motor exceed;s that which it
is able to deliver, and hence missing of steps.

Equations 5.15 and 5.16 show that the torques required
from the two axes-drives are function of the load as well as
on the kinematic relations for the axes. E'quations 5.1 to
5.10 show explicitly the dependence of these kinematic
relations on the contouring speedwas well as on the contour,
and its location from the machine pole. Furthermore, the
pull-out torque available from the axes-drives, and given b)H

Equations 5.20 and 5.21, are also functions of thzse kine-

matic relations.

@
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The load on the NC machine consists of the inertia of
the tool and its accessories, and the fo;ce acting on the
tool. This load varies from one application to another.
For example in the c;se of metal. removal by griﬁding, these
loads are predominantly dissipative, while in the case og
plasma or flame cutting it is predominantly inertial, where
the cutting nozzle and assocciated metering instrum=ants

1

provide the added mass on the carriage. y

A computer algorithm implementing the dynamic analysis
has been formulated in order to evaluate thes effect of
different loading conditions and contours on the torque
ratio. Four curves shown in Figures 5.4 to 5.7 are used as
test contours, these are:

5) a circle,

b) a Witch of Agnasi,

c) a Limacon of Pascal,. and

d) a Serpentine curve.

These cur;es are chosen to cover cases of profiles
having symmetric, open, and closed contours. A straight
-line, however, was not chosen as a3 test curve since its
radius of curvature is at infinity, and with reference to
-Bquations 5.6, 5.7, 5.8, 5.15, and 5.16 inertial load on the
mechanism* has no effect on the axes-drives when the radius
of curvature is of infinite length,

Inertial as well as grinding operations are considered

for the above-mentioned test contours in order to study the

effect of the load, the contouring speed, and the contour on

H
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x° + 4a
a= 21.59 cm (8.5 inch)
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Figu've 5.5: Test Contour : Witch of Agnesi.
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the axes-drives 'torque. The system parameters and operating

conditions are listed in Table 5.1. “

5.5.1 Inertial load

For the case of inertial loads, f?‘igures 5.8 to 5.15
show plots of the torque ratios versus the tool location on
the contour for different values of mass on the carriage.
Plots for two contouping speeds are also shown for each
contour.. The machine pole in each case is situated as ghown
in Figures 5.4 to 5.7. Plots for the circular contour will
be analyzed first, the reason being that the contour is sym-
metric around all its axes and has a constant fadius of cur-
vature. Because of the aforementioned two features of the
circular contour, it is possible to study the isolated
effect of the machine load on the torque ratio. All obser-
vations concerning the torque ratio plots for the circular
contour are common to all the other contours.

In Figure 5.4, the regions of positive and negative
values of axes accelerations  and velocities for the circular
prafile are ider‘n:ified and will be frequently referred to

subsequently.

- Case (a): Circular contour

The plots in Figures 5.8.a and 5.8.b for the circulat
contour show that for th’e radial axis, the torque ratios are
symmetric about 6=m/2. The reduction in the magnitude of

the torque ratio while the tool is tracki_ﬁg the part of the

N
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EFigure 5.8: ’Radial Axis Torque Ratio Plots for Circular
Contour (Inertial Load). M, is in kgs.
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circle furthest away from th/e machine pole, ABC, is due to
the fact that the inertial force due to the radial acceler-
ation and the centrifugal force are ir; the same direction as
the force due to radial axis stepping motor anq thus re-
duces the torque demanded of the motor (refer to the part
ABC of the circle in Figure 5.,4). For the part CDA of the
circle, the force due to the radial acceleration and tie
centrifugal force oppose cach other, and depending on their
magnitudes, they may =2ither reduce or increase the torqus
demand from the radial axis motor.

At the two extreme positions of the arm, at 6=1,32 and

0

1]

0=1.82 radians, the radial axis torque is zero, since r
and é=0 att the positions indicated A and C as shown in
Figure 5.4.

The plots also show that the torgque ratio increase with
2ither the increase of the contouring speed or the mass on
the carriage.

The plots of the torque ratio for the angular axis,
shown in Figure 5.9.a and 5.9.b @axhibit similar character-
istics of an increase in the peak value of the torque ratio
for the increase of either the contourng soeed or the mass
onlthe ~car:r:iagi—:. The lack of symmetry about 8=mw/2 is at-
tributed to the change in the direction of the Coriolis ac-
celeration due to the change in the direction of the radial
veloci.t:y in the four segments of the circle. Furthermore,
in both figures the torque ratio plots are biased away in

the torque ratio axis by a constant amount. This shift is

T it et

ey S s o o o - e s Aot
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Y Figure 5.9: Angular Axis Torque Ratio Plots for Circular
Contour (InertiaI,L Load).
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v

du2 to the friction torque resulting fxrom the arm support

and is comparable to the inertial t‘orqu-a at low speeds,.

Th(is bias causes the torque ratio for the angular axis to

decrease for the circular parts F:lC and DA and increase for A
the parts AB and CD with the increase’ of either the con-
touring speed or the rﬁass on the carrirage. The "node" s=en
on the&plots at 8 =m/2 occurs due to zero inertial torgue at
+that point. This is due to vanishing transverse accelera-
tion of the carriage at that point resulting from zexo
values for theyradial velocity and angglar accel eration.
For both low and high contouring spesds, the magnitude of
the torque ratio is the same at the location of the node.
The sudden chan?e in the magnitude of the torqus ratios at
the extrem2 positions of the arm results du-» to tha Coulomb
friction force of the arm supporf when the arm changes di—l

;:ection of motion. ‘ ~

Case (b): Witch of Agnési con tour

The torqus ratio plots for the Witch of Agnesi in
Figuras 5.10 &nd 5.11 are symme tric about 0=T/2 for the
radial axis, but are asymmetric for the anqular axis. This
asymmetry is due to the change in the dirasction "of the
Coriolis acceleration. The vanisl:'xing ef fect of tha inertial
torque on the angular axis cam be seen at 8 =7/2 i"n’ -
Figure 5.11, and results in a node at which all plots fot
different masses on the carriage pass. The magnitude of the

torque ratio at the node corresponds to the friction torque
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of the arm support.

The torque raéios for this contaur are smooth due to
the slow and gradual change of both Y and the radius of cur-
vature along the contour. Since the arm did not change di-
rection while the tool is tracking the contour, there is no
sudden jump in the torque ratios that would result due to

the Coulomb friction in the arm support.

Case (c): Limacon of Pascal contour

In the case of the Limacon of Pascal, the plots shown
in Figures 5.12 and 5.13 are similar to those of the
circular contour. Both the raéial and angular axes plots,
however, show some small jumps between 8=1.67 and 06 =1,72

.

radians due to the change in radial acceleration which
results from the indentatiom in the curve at 6,=7 (refer to
Figure 5.6). The angular axis plots show the same disturb-
ances at the above ment}oned angles, the disturbances here

however, are more accented by the Coulomb effect of the

support friction force. The plots here are slightly

lopsided and shifted from 6= T/2 as a result of the

* l‘\t—-’/
relative location between the machine pole and the contour

pole as can be seen in Fiqure 5.6.

Case (d): Serpentine contour
For the Serpentine profile, the torque ratios experi-
ence a sharp change in magnitupes at approximately 6 =1.5

and ©6=1.66 radians as can Pe seen from the plots ih

(
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Figures 5.14 and 5.15. The sharp change results when the
tool leaves the smooth part of the curve and starts tracking
that part of the curve that has‘an asymptote inclined at ap-
proximately 1.4 radians to the contour axis. The trénsi—
tion between one part of the curve to the other is fast,
that is to say, the change in vy and in the radius of curva-
ture is fast, and causes a sharp increase in the magnitude
of both the radial and angular accelerations, and hence the
required torque.

The torque ratios for both axes increase with‘either
the increase in contouring speed or mass on the carriage.
The increase due to the masé on the carriage, however, is
not apparent from the plots in Figures 5.14 and 5.15 since
all‘the curves for the different cases coincide.

The torque ratio plots, in Fiqures 5.15.a and 5.15.b,
for the angular axis show that for the major portion of the
conéour the torque rat@o is more or less the same. The
torque ratio at each of the two spikes (at 6=1.5 and 6=1.66
radians) changes magnitude from above the nominal valu= to
below it, when the motor degelerates the arm and carriage
rapidly. This is caused by the decrease of the angular ac-
celerafion when the tool is tracking the asymptote.

5.5.2 Grinding application

For the case of a grinding application the magnitude
and direction of the cutting force F and a_, respectively

c c
are given in References [34] and (35] by:

e oS
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F, = K, V, . 5.22
4, . tan”' (c,) 5.23
- dw
K, =k [1+cﬂ*
¢ ¢ . tool

where a. ¢ is the angle of inclination of the
l cutting force to the surfacé,
c, is the ratio of the normal to tangential
forcesxéo the surface,
kg is a constant that depends on the
materials of the workpiece ;nd the
' grinding wheel, )
o .
d is the depth of cut,
w is the width of cut, *
and Vtool ) is the peripheral velocity of the

\

grinding wheel.

The ratio ¢, varies between 1.5 and 3 [34] (pp. 548),
with larger values corresponding to la;;er depth of cut aﬁd
bigher grinding wheel peripheral velocity.

The plots for the torque ratios while grinding the four

contours are'shown in Figures 5.16 to 5.19. 1In each figure,

the torque ratios are plotted for different feed rates.

Case (a): Cixgulat contour

Figure 5.16.a shows that for a circular contour, the

F S

et 1 208 st
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torque ratio in the radial axis have no symmetry similar to
the case of the inertial load. This is due to the dominance
of the cutting force over the inertial force acting on the
mechanism, and due to tﬂ!‘inclination ac of this force on
the tangent to the contour. The locations where the torque
ratios are equal to zero are shifted from the max imum swing
angles of the arm at 6=1.327 and 6=1.824 as can be seen from
the figure. This shift which does not occur in the case of
inertial application, Figures 5.8.a and 5.8.b, Tesults due

to the inclination a_ of the cutting force on the contour

c
tangent; For a contouring speed of 1.52 cm/s (3 ft/min) the
torque ratio exceeds unity and indicates that for the
machine settingé corresponding to this plot, the contourjing
operation*will fail.

For the angular axis plots in Figure 5.16.b, the torque
'}esulting from the cutting force dominates over both the
inertial and friction torques. The friction torque howev-
er, can still be seen at 8;1.327 and 6=1.824 radians as a
small jump in the torque rafio values. )

The positions where the angular axis torque ratio is
equal to zero, shift along the 6-axis with the change in the
contouring speed as can be observed aro&nd 8=1.46 and 6=1.67
radians in Figure 5.16.b. This occurs at the points of
equilibrium between the ineftial force and the sum of the
cutti;g and frictional forces.

The plots in Figure 5.16 also show that the maxima of

‘the radial axis torque ratio and the minima of the angular
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axis torque ratio, and vice-versa, occur at almost the same

angular locations. At these locations, the dominant cutting .

force is either aligned with the arm (for maximum radial
torque ratio) or is perpendicular to it (for maximum angular
torque ratio).

i

Case (b): Witch of Agnesi contour .

For the Witch of Agnesi contour, Fiqure 5.17.a shows
that for the radial axis plots, the torqué ratios are asym-
metric about 6=m/2 (unlike the case of the inertial 1load iﬁ
Figure 5.11). This is due to the inclination o, of the
cutting force to the contour tangent. For a contouring
sp;éd of 1.52 em/s {3 f£t/min), the torque ratio. exceeds
unity, thus indicating contouring failure. The absence of
the node (refer to the case of an inertial load) is also at-
tributed to the dominance of the cutting force over the
inertial and friction forces and due to its inclination to
the contour surface,

The ploté in Figure 5.17 show that the peak value of
the torque ratio in one axis occurs at the same. location
where the minimum value of the torque ratio for the other

axis occurs.

Case (c): Limacon of Pascal contour
The Limacon of Pascal plots in Figure 5.18 bear no re-
semblance to those of the inertial application in

. Figures 5.12 and 5.13. The plots of the angular axis show

S rr chn o e
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3

the éffect of the Coulomb friction at 6=0.88, 6=1.67, and

8=1,.72. Also the positions where the torque-ratio is equal
to zero, change with the change in contouring speed. The

effect of the indentation in the contour is apparent in both

4 L4

plots between 6=1.67 and 6=1.72.

~

Similar to the previous two cases, the torque ratio
plots show that the peaks on one axis coincide in location

|
with that of the minimum values on, the other axis.

Case (d): Serpentine contour )
Figure 5.-19 show the ‘tor:q\;e ratio plots for the
Se‘entine curve. Both plots for the radial and angular
axes show large jump in the magnitudes of the téorque \L:at'io
at.9=1.5 and 8=1.66 radians. K These jumps occur at the same
angular orienta‘t;ion as in the case of the ine¥tial load.
For this  contour als;o, the peaks of the toz:‘que ratio on

A

one axis coincide in location with that of the minimum
[ T

values on the other axis. ‘ \ﬁ

-

’

5.-6' Effect qf rélative location between the cont;our pole
and’ the nachine. pole on th; torque ratios

In the study outlined in Section 5.5 the results are
pfesented for several contours with ‘the contour"pole located

at a partidular point with respect to the machine-pole. The
g by

radial and at{guIar kinematic relations, ant consequently the ’

axes torgues, have beeéen shown to depend upon the contour as

well as the relative location between the contour pole and

-

.t +

[

i
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the mathine pole as evident from Equations 5.2 to 5.10.
Hence it is neclessar'y to study the effect of the relative
location between the contour pole and the machine pole on
the torque ratios. For this purpose, the analysis wa's
carried oit for both the inertial load and the grinding op-
eration with the machine pole loca?ted at a point where the
contouring error is minimum. It should be noted that this
location for each contour is the same as that found in the
study in\Chapter 5. I'I'his study is conducted only for 'the
-Witch of Agnesi, the Limacon of Pascal, and the Serpentine

e

contours. ’ : 'y

Figures 5.20 to 5822 show the results for the case of
inertial load. |

i

I For the Witch of Agnesi contoNr, Figure 5.20, the

.radial axis plots show some resemblance to those of

Figure 5.,10.b. The magnitude of the torque ratio, however,

v is lower. The angular axis plots show that the torque”ratio

,. Aecreases with the increase of mass on the carriage. The

relativg bosition of the contour pole with respect to .the
machine pole is such that the torque due to the carriage ac-
g:eleration in the transverse direction, ay décréases with
\t,h;a increase in the mass on- the carriage. |

‘The plots in Figure 5.21 show that for.the Limacon of
Pascal , the torque ratios ar'e éonsiderably larger with the

L3

»machine pole at the minimum area error 'location than those
' ‘ > '

&.’\ N ' \ <

P
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in Figures 5.12.b and 5.12.d. The machine pole in this case
is lLocated within the contour and hence the angular orien-
tation in Figure 5.21 extend from 6=‘0 to e=21r7 Furthermote,
the shape of the plots bears noresemblance to those in the
previous study.

" The Serpentine contour plots in Figure 5.22 show that
the radial axis éorque'ratio does not seem to be affected by
the change in mass on the carriage. However, the ai;xgular
axis torque ratio is considerably larger than that in

Figure 5.15.b.

5.6.2 Grinding application

For the case of a grinding application the torque ratio
plots are shown in Figqures 5.23 to 5.25 for the three
contours.

For the Witch of A;;nesi contour, Figure 5.23, locating
the machine pole at the position of minimum area error
causes the maximum value of the radial axis torque ratio not
to exceed unity for the contouring speed of 1.52 cm/s (3
ft/min) , contralry ts the earlier case presented in
Figure 5.17.a. The maximum value of the angular axis torque
ratio, however, has a larger value than that of the previous
case (Figure 5.17.b)*.

The torque ratio plots in Figure 5.24 Jfor the Limacon
of Pascal contour sﬁow that the 'x,qagnitude of the maximum
radial axis torque ratio remains eJSentially unchanged from
those in the preﬂous case shown in Figure 5.18.a. However,

e

N

’

‘I
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the max ivmum value of the angular axis torque ratio decreased
by approximately 50% in comparison to the t'orque ratio in
Figure 5.18.b, By comparing Figures 5.24.b and 5.18.b, it
can be seen that the angular axis plots do not exhibit the
sudden jump in the torque ratio resulting from the Coulomb
friction. This is dua to the fact that the machine pole is
located.within the contour, which ‘causes the anqular axis £o
move only in one direction.

The plots for the Serpent‘:ine contour in Figure 5.25

show that at the new machine pole location, the rad ial axis

torque ratio is comparable to that of the previous pole’

location (Figure 5.19.a). The angular axis torgque ratio,
however, is'marginally lower than that of the previous case

shown in Figure 5.19.b. -

S.7 Summary
This chapter deals with the dyriamics of the polar NC
machine, The kinematic analysis shows that the velocities

of the arm and thedcarr-iage at any point on the contour are

3

functions of the contouring speed V, and the inclination of
the contour tangent to the arm Y. The acceleration of the

arm and the carriage are also functions of V. and Y, howev-

er, are jinversely prop’ortional to the radius of curvature p

of the contour at the operating point. The role of Y in thé

kinematic relationships is to proportion the total velocity

. and acceleration over the two machine axes.

In the dynamic analysis pre'aented in this chapter, it
N, ~ At A
» ) - “

~1 ) ————

[T
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is assum=d that the components involved are rigid. The

analysis results in relationships for the torque required
from the radial and angular axes-drives of the NC machine
for inertial and grinding type loads.

The stepping motors used in the prototype NC machine
are energized using the wave energization scheme. Wave en-
ergization results in a finer resolution and less resqunance
during operation thén the other energization schemes. - The

N
pull-out torque—speéd relationship fpr S tepping ‘ﬁotors
operating with ths wave energization scheme is derived in
this chapter.

The quotient of the torquz required from an axis-drive
to the pﬁll-out torque availablé from that drive is d=2f£fined
as the torque ratio. This rlat%\/determines the success or
f:ailure' of a cgﬁtouring operation. A ratio larger than
unity indicates more torqus }:equired from ‘the axis-drive
than t}le torqua available from that drive, her;ce contouring
failure.

The effects of the nature’of the contour, the type and
th2 magnitude of the load on the NC machine, the contouring

|

speed, and the relative location between the contour pole

and the machine pole on the torque ratios arge also studied

.in this chapter. The study shows that in general, an

. . . )
increase in the contouring speed or the magnitude of the ma-

chining load causes an increase in the torque ratio.

/ )

Fur thermore, $harply undulating contours result in 3 higher
. 30 , .

torque tatio%ﬁan smooth contours. The loads in a grinding

{

>
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torque ratios. ~
\\ .
~ . ,
~ ~
. ~_
&)
‘- LY
‘ L. J ) >
¢ M )
n v ‘\'\
. i . i
. ? 1 ’ ; . B
“ ‘II “
o / .
e » ‘ ’ i ¢ v‘ // -
\ . :
-
v - L
AN )
\»\ '
‘\.\: N [ ¢
L
N LN (Y
. .
. j / -
N N )
- ~
r N “ .
3
L33
- ©
' 3
U o e .

i,




g ernmrs o =

b

‘results of the parametric.study are then util

- 163 -

- CHAPTER 6

NP
) ANALYTICAL
\ - L
STUDY FOR PARAHETR}C\VARIATION »f !
4 A

. AND OPTIMUM LOADING OF THE NC MACHINE

[

6.1 Introduction - ,
In Chapter|5, the effects of the tyoe of load and its
© X N . ‘ ﬁ

magnituda2, the contouring spr=2d, the type of contour, as

o .

wall as the, relative location betw2en the contour pole and
the machine polbk on the torque ratios have b2en studied. In

this chaoter, 2n analytical study is carrizd out to evaluat=
”

. the isolated effect of each of the above parameters g@n the

v

magnitude of the torque ratios. The =2ffect of these param-

»

ek2rs on tha location of the maximum value of thz torque

along the contour is also studied. The study in Chapter 5

also snowad that the magnitude of the maximun axes torques

change with the change in the relative location, betwaen tha

contour pole and the machine pole. Based on this fact, an

“h

objective function for optimization is then formulated

s

wnich, when minimized, results in a location for the contour

- e h 3 . . . 1
pole where the peak load on the axes drives 1s minimum. The
. A

ized to salec-
tﬁvely increase the machine settings (i.e cgptouring spe?d
and loads), so as to utiliz= the mechanism to its full
capacity.

.Throughout this chépter, 3 """ will be usad to indicate

the maximum values of torgue and torgis ratio along a
\ o

-

’
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coatour. 'Furthermore, the sup®rscripts (I) and (G) will be

A 3

used to indicate inertial and grinding casss respectively.

\\ A )
6.2 Bffect of inertial load
6.2.1 Variable inertial loads with constant contouring
speed
For the case of pure inertial load there is no force
. L3
ggting on the tool. How:var, ‘2xtra mass is added and is
lumped with that of the carriage. Th=s torqu=*ratios are
hence éiven by:
“ g (,-.‘/
T(I) a K, ,
R =M, —=— /6.1
PR . :
. A ‘
2
IS (1) (JAS + Fe LA)‘K1 a_n r‘,'K1
Te T + Mc T 6.2
PO PO

Equations 6.1 and 6.2 show -that the torque ratios ate
© directly proportional to the mass on the carriage.

The radial axis torque ratio piotsofor the inertial”
case shown in Chaoter 5 verifies this étoportionality. As
an example the Limacon of Pascal plots in Figure 5.lLl.b show
that at 6=7/2, the torque ratio is linearly proportional to

\“/,;he &ass on th2 carriage.
For the angular axis, the results in Chabte} 5 do not
" readily show the proportionality as per Equation §.2. This

is du2 to the intercept in th=e torqu= ratio axis.

]
[ NS

BRU ek bt LA LG Wid T ot sttt 3%
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,

. . o , (
(Equation 5.2) given by the first term in thé R. Q\§ ;- ‘
. ' . {\ / sy P RN ¥

e 4 :

6.2.2 Constant inertial lead 'with variable contoﬁring

speeds o ~ . -
- Isolatmg the contourmg speed in Equatxons 6.1 and 5.2 ’ NE
/) ) \ s »
yields: a
. NgVp + AV | ) \
i) = 5 - 6.3 ‘
2 .
[AIO + A11 t] - A Vt
- o . 2 « L}
‘T(I) - ; A15Vt + Axsvt N ’ 6.4 ,
"0 2 2 2 |3 )
[A o ¥+ A17Vt] - ALth , ) *
. , .
4 A ¢
where, 0
}
, I p
= 2 gy .
A, = [Mc K, R SlnY]/p
Koo 2 far
/e 8[ZTrNS kR La cosY] Ra . .

ko= 1.17632 v Ky R,

Al{\\.-. A, [Zst kR L, cos*,r]/Ra o \‘
= lg, 21r kl; cosrr:L \
_Ala’[An 111;} -V o

Alk, Ra FfLa Kl s

Py

t

e 2 cosy _ sin2y r cos ] »
A= RaK, [T, )+ mg L |
Y

rp r?

a

K, [(FfLA 21rNs ke L, sinY)/r]




h o T cosy _ sin2y r_cosy
A= % [JA< )+Mc p }x

3

\ o ‘ [(-?'Ns- k@ Lé sinf)/r}
. \ % o . " , ‘
1= Ay (?"Ns k@_ Ly siny)/ (Ra r) : .

A= K;V R, Ko ~2;rk@ siny)/r

- 2 2 2 i'_
- [Alto +A17Vt] AlBVt

rp ﬁi_Z

=
h

-—

¥
.Equations 6.3 and 5.4 show that the torquz ratio -for both

Y o
axed. is a guartic polynomial in the contouring spaed, V .

o
Dif ferentiating Equations 6.3 and 6.4 partially with respect
to the contouring speed gives tg\e sensitivities I‘E({I) and
e ) : . 3
o) as: 5 e
. ' »
[+
,(I) BTR ) 3 .t p
FR ﬁ_a‘_’; .= _2 Ath + .4 ASVt - TR (3A13/3Vt)]/1\13 6.5 )
l Tl T B
(I) c] y !
Tg ='8—\7:= _2 AyVe + 40, Y
‘ N
'r@,.(a/al,/avt)]//\19
where; B

S —
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3A13 2 2 2'- 2 .
av, = [10 +A11Vt} AoVe ~ A B ‘
« -
MR- P 2 2 _27-}% 2 y
"5'{;': [10 +A17Vt1 Al'lYt Ayq

Figures 6.1 and 5.2 show plots of the sén?{tivity pa-
) .

rameters Flgn and I’éI respectively. The plots are ‘obtainad
. "

for values of Y=T/4, r=7.62 cm. (3 inch) nd p=2.54 en? (1

inch) . The plots indicate that both torque ratios increase

\'m\?noto'nically and rapidly with the ineréase in contouring

ss;Eed. For examplef consider the torque raﬂtio" plots for the
circular contour. At Y=T/4 the value of 9=1.77, and occurs
on:the lower part of the circle, CDAsin Figure'h.4. For the

L

radial axis referring to, Figure 5.8, at 82=l<77 on the path

E? . -
CDA' the torque ratio increases by approximately 10 t¥mes for
b
“"“\l \
an increase of 3 tlm':S in the contouring speéé ‘ 3

t
For thﬂe angular axis, Figure 5.3, at 6=k.77 @n the path

CDA, the torqﬁe ratio increases by ap;;roxxinTaE*Ie Y .23% for an
[ u . NS h ;\

increase of 200% in the contouring spe=d. Hownever, at the
N A R

®
same angular location on the path. ABC of the circle,

Figure 5(‘9 shows a decrease in the torqup ratlo with an-

/k

increase "in the contourmq speed ThlS is due to the fact

that patt of the inartial force acting on the carriage
resulting £from the Corpiolis - acceleratxon helps the angular

ax1s stepping motor t%overcome the frictional forczs of the

o
~)

arm support and the inertial force resulting from the

o
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angular acceleration of the arm. »

~

6.3 Effect of dissipative load (Grinding application)

i
>

.

1

6.3.1 Variable dissipative loads with constant con-
touring speed

For the case of the grinding aopplication, the cutting
(’ ’ [

force given by Equations 5.22 and 5.23 can' be, insorporatd in
the_torhue ratio 'relationships in Equétions 5.15 and 5.156,

The factor K, which d=termines the magnituds of the cutting

-~

force can be isolated out to give:

v

(G _ M, a., K, .k K,V cos(y-ac) . 7
. R Tog c Tpr - . (
T(G) = (JAG"'MCr acn+Ff LA)Kl +
0 *po
KV, r sinf{yr-a
K 1 t ( c) h 6:8

c TP@

In 'grinding applications, the machining foxce dominates
over the inertial and the frictional forces. Thus w}th
reference to Equations 6.7 and 6.8, tha first two.terms in
th; right hand side of both equktions can be neglected.
Then, both equations become line%rly proportional to the
méchining force. This proportionality can be readily se2n
test contours,

in the torque ratio plots for the four

Figures 5.16 to 5.19.
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6.3.2 Constant dissipative load with variable contour-
ing speeds . S .
Rowriting Equations 6.7 and 8.3 so that the contouring

spead can be isolated, yields:

2

. 3 W
[A\“Vt4+ A Ve + A,V + Agvt]

(G), -
T V= 6.
' R (A2 + a2 v2]E - v ’
10 11t 12 t
LY - * Z?D ’
: \ 2 3 4 °
) T(G) - [Alu + Azzvt * Al s'Vt + A“Vt * Axsvt] 6.10
0 2 .. a2 y2 |% _ °
[Alo + Ax7vt] Alevt' '
’ . )
vhere, / 4
2 - i
A,, = R, K, K, cos (y-ac)'
A, = ' 2 '
2 = Ko K, [21TNS k}R L, cosy] cos‘.(y -ac)
2 _ ' , s ]
A22 =R, K K1 SJ‘I,‘(Y— 0'c) y .
o
Aza = Azz [2“Ns kR La COSY] /Ra

¥ .
Equations 6.9 and 6.10 show that the torque ratios in this

case are also rep:esénted by a guartic polynomial in the

o o (G (e
contouring speed, V_.. The sensitivities, T'}(,\) and I‘é)) are

e
calculated by taking the partial der ivatives of

-

Equations 5.9 and 6.10 with respect to V., and are given by:

aT r \ R
(G) —_ R — 2 3 _
FR - F\Tt' - [Azo. * 2Asvt + 3A21Vt * Msvt
TR(aA”/th)]/Ala : s’.11

A ) ¢

IR

ars Fekemn et TP 1T

et by

i




I‘(G) :329_ [A.':.z/\ v *+ 30 vl +4A V) -
0 Vt— 22 . 15 t 23 t 16 t

L To (A, [ov )1, , . eaz

e e v

Figuras 6.3 and 5.4 show plots of Equations 6.11 4nd 6.12
rgsp\ectively, for,“{=7r/4', r=7 .62 cm. (31 in~h), and
p=2.54 cm . (l,inc‘h) . Th= plots indicate that, 1n this;
case, the torque ratios increasz almost linsarly and a't a
very sl;)w rate with the increas= in t:he’ contour iﬁg speed.
axperimentation with differ‘ent,x}alues*c;f Y, as well all
the‘ anqular axis torque ratio pléts in Chapter 5, i'n'd icate

that the above mentibned trend is true for all values of ¥y.

6.4 Effect of changes in the parameters on tuhe location of- '

T

the maximum .torques and torque ratios along the contour
In this study the location of the maximum torqus and
‘ 4
torqua ratios along the contour is given in terms of the

angle y. The angleY is us=ful as a parameter for solving

. the equation set, 5.4. 5.9, and 5,10 in Chapter 5 in order

to obtain e
'Substituting Egquations 5.6, 5."_7, and 5.8 in
Equations 5.15 and 5.16 yields the torqu: =xpressions for

)

both axes as:

.
- 2 gin ' . = , '
Tp = MK VS —lp + KKV, cos(y o) . 6.1;3

{ |
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kV: - 2K1V2
cosy [Mcr + JAfr} -

siny cosy +
r

1Fela +KKVtsin(Y-a) ﬁ\:
¥

6.4.1 Inetfiql load

ES

In the:case of in=2rtial loads, the machining force

coﬁponents given bylthe last term in Equations 6.13 and 5.14

-are identically zero. 1In order to find the location along

the contour, of the maximum radial axis torquse,

‘
n

Equation 6 13 is differentiated partially with respect to Y

. ' Ny
and the derivative 1is equati? to zero. The result of this

, ‘ I , .
operation showaﬁthat the value of Y( ) for maximum torque in
11

tha radial axis is a constant and equal to T/2. That is to

(

say, the maximum radial.axis torgue, and hence its maximun

torqua ratio, occur ‘always at the. sam2 location 8 on the

3

contour irreSpectiv%~of the chang=2s in any of the parame-
ters. This conclusion can be verified from the torqu= ratio

plots of the radial-axis, for the case of in=artial load shown
in sactions § 5.1 and 5. 6 1. ' .

For the angular axis, differentiating Equation 6,14

partlally with respect to Yy and Dquatlng the result to z2ro

'ylelds a quadratlc equatlon in sin vy. Solving for the" value

(I)

that QIVPS the maximum angular axis torque, yields:

_of Y
(A - W%+ 0.5p%)%
YéI) = gin~! l-zu (.2“ ) }
. ¢ ) o]
. | A L <ycar 61S

-

T e b0 AR T o B
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&
A, =‘[ﬁcr’ + I r]/&

Equation 6.15 shows that Yéx)”changes with the change

in the inertial load Mc. The contouring speed, however, has
no effect on the location of the maximum torque along the

o,

contour. In order to find thz2 sensitivity of ¥y
changes in M., Equation 6.15 can be differentiated with

respect to M, and gives:.

%
(1)
Y :
e e 2 2 i - 2
—-s'ﬁ-c-:— = {[A2“+0..5p :| 7\2,.} r3/A25
- 2 a2 2
A, —8{“2{+m5pﬁTZA“+2A“(Mu+

o.§p2)5+o.5p2]}5 . , , 6.16

Al

The radius of curvature, p in Eguation 5.16 can be

’

expressed as (30]:

dy _ ds/de _ .
ds o 1 : ' 6.17

Equation 6.17 shows that in general the sensitivity of v
with respect to 0 is inversely proportional to p and is
directly proportional to ds/d6. The derivative dY/d6 is a
function of the inclinat&on Yy 8f the gangenF on the'radial
vec£o;, and has .a value f zero for cases of Y=T/2 or
Y=3ﬂ/2,‘and ; value of infinity for cases of Y=0 or Y=2T,

Solving Equations 6.16 and 6.17, for the anqgfar axis,

L

~ ’ v




o oM, A, . (ds/d8 - p)
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the rate of change in angular location of the maximum torque
on the contour, due to a change in the magnitude of the mass
LY
[v]
on the carriage is given by:

s\

(1) . 2 2] 7,2 3
26 ={[A“ +0.5p2] A“} rip -

25

Figure 6.5 shows plots of d8/dM  versus p for different
values of the mass ‘on the carriage. The plots are obtained
for typical values of the prototype paraméters, given in
Table 5.1, and for r=20. 32‘ cm . (8 in<ch) and
ds/d68=2.54 cm/rad (1 inch/rad). With reference to
Figure 6.5, for all ;alues of the mass on the carriage,
dé/dM approaches zero for either_small or large values of
P.. This indicates that for small or large valu=s of p, the
maximum torque will occur at the same angular location on

~tﬁ; contour irrespective of the magnitude of the mass on the
carriage. fhis conclusion can be confirmed from the results
shown in Figures 5.13.a and 5.13.b at'8=l.67 radians whén
ths}mecha -sfi=kS tracking the indentation in the Limacon of
Pascal,4and in Figures 5.15.a and 5.15.b at 8=1.5 and 0=1.66
when theg.mechanism is negotiating the tight curve at both

o~

ends of the asymptote of the Serpentine curve.

For values of P in a narrow region around P =27 ;Q, the
value of deél)/amc deviates from zero dépeﬁding upon the
magnitude of Mc. This region occurs when the térm dsfd@:p

in the denominator has a magnitude in the neighborhood of

i S, et
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38 _
M r = 20.3 cm,- ds/dQ = 2.54.cm/rad
c
0.274
¢
0.206 +—
0.137 i
M_ = 18.69
4
9.79
\
0.89
0.068 -
’ |
R P <‘f”‘ &
0.0
* 1
0.068 -
0.0 12.2 24.4 36.6 48.8

Figure 6.5: de/nd Versus p for the Maximum Angular Axis
Torque for an Inertial Load.
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v

Z2ro. ‘However with reference to Equa:ion 6.17, this
condition occurs when changes in Y are negligible du= to
\changgs in &, and results in a wide region in which tha
magnitude of the torque cpangés“marginallyL The change in
magnitude of deél)/nd indicates that the maximum torque
shifts its locatdoﬁ along the contour within this region of
P valuz2s, as the magnitude of th2 mass on the ca}riage
changes. This shift can be seen in the case of the Witch of
Agnesi contoyr (Figur=z 5,11 a and 5.11.b) because of its

radius of curvature falls within this region. The magnitude

of the change, how=ver, is small.

6.4.2 Grinding application ; .

Fo: the case of a grinding application, the second term
in Equation 5.1l4 is insignificant in comparison with the
.torque due to the dissipative force and can'be ignored. The
location on the cohtour at which the maximum <orquz for the
two axes ocmnm‘, is found by#sdifferentiating

Equations 6.13 and 6 .4 partially with respect to Y and

equating the result to zoro. Thus:

y M V

(G) _ =1 c ¢t .
Yg =~ = tan K cos + tana, 6.19

c c

. V..M +J /r] .

(G) -11 't ( c A
Yo = cot K cosa - tanac 6.20

c c
. e (G) (G) .

To find the sensitivity of Y and N@ to changes in
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th2 contouring speed and the machining factor K,

e

|
|
Equations 6.19 and 6.20 are differentiated pattiaylly'vfith ]

respect to V_ and Kc. The results of this operation gives:

t

For V,; : (/ ‘

(G)
ayR _ Mc p Kc cos ac 6 21
Ve -(MV “+ 20K M V., sina_+ (p%_)’ : .
c t) PR MV sind. (p C)
3Y(G)
0 _ .
Vo TR (M + 3, [r] cosag [A,, o
A, = [v ra 2 I“
e = tx(Mcr A/r” -20K v, (Mr +
]
k] N . 2 °
., JA/r) sina, + (ch.) ' 6.22 P
’ i
. H
For Kc, . . ;
.ay(G’ M, V_ p cosa
R _ _ c 't c - 6.23
3K 2 .
C (Mcvt) +2chMth s:.nac+ (ch) .
N\
3Y(G) ,
9 - :
ﬁ:— th[Mcr+JA/r} cosa /Azs 6.24

Combining Equation 6.l7 with each of Equations 6.2l to 6.24,

gives a set of =squations that relate the rate of changs of
e ‘ -

the maximum torque location on the contoyr to the change .in

Vt and-Kc. These are:

Ll il S E L e AT, b enbin MBS % e m o A, (S A N— S — o

For V

ks o

&7

e
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L3 - v
Y - 181 - b d
(G) -
30, ) M, p? K_ cosa_ ¢ s
3E 7 : — :
v [(Mcvt) +20K MV, sina, + (0%, )*]las/ae - o]
A
- ;{?
‘f
8 (G) 5 ‘
366 _ p? KC [Mcr + JAlrl 2
(4 . .
Ve A, [ds/de - o]
For K.;
(G) 2 SZ
aeR o M, V., p" cosa, ’
oK S 2 ) ) X
c ) BMth) + 2chMc\{t sina, +(p1fF)][ds/de - p] 6.27
36 {G) v pz[M r+J r] v
. == = = 2 6.28
9K A,, lds/de = pl

- " \

In Equations 6.25 and 5.26 the denominator is 13
quadratic polyromial in V., Th= constant term (ch)2 in the
pélynomial contains the grinding force factor and 1is
typically much larger in comparision to all the ther terms
in general grindig&lapplications (an approx@mate ratio of
ospgﬁillioh in the grinding case under consideration). Con-

sequently changes in the contouring speed do not affect the
v

location where the maximum torgque occurs on the contour.

x\_),/’*This conclusion is confirmed from all the torque ratio plots

for the grinding application, shown in Chap:errs The
effect of the term ds/d6-p in this case is similar to that
in the case of the inertial load discuss=zd ébove, with the
exception that the region in which deéG)/dvt ani deéG)/dvt

change is very narrow.

it it a1 ot At P
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Equation 6.27 and 6.28 shows that the change in loca-

tion of the maximum “orque along the contour is inversely

proportional to the square of the machining force factor Ko

for both the radial and angular axes. Since typical values

of the force factor Kc in grinding applications are large,

it can be seen from Equations 6.1!9 and 6.20 that only

marginal change in the location of the maximum torqus alogg

-

the contour will occur.

6.5

Highlights of the analytical parametric study

The above study shows the following: “

6.5.1 Inmertial load

The radial and angular axes torque rsgios vary linearly
with the change in magnitude of the mass on the
carriage.

Tn2 radial axis torque ratio vary as a quartic

polynomial in V. and always increases as V., increases.

The ;ngular axis torque ratio vary as a quartic

polyhomial in V. It may increasa or decrease

depending upon the magnitude and direction of motion of

‘the carriage.

The location on the contour where the maximum radial

axis torgue, and hence the radialwaxis torque ratio,
: )

occurs does not change with tﬁe‘change in the value of
9

the mass on the carriage, or the contouring gpeed.

For the angular axis, the location on the contour where

iy e AL B

!
?
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the maximum torque, and hence its torque ratio, Qaries
with the chaqge'in the magnitude of the mass on the
carriage. The contouring speed Vi has no e2ffect on
thi% location,
6.5.2 Gtinding'applicatibn ~ ot

- The radial and angular torque ratios vary linearly with
the variations in the macﬁinihgrforcé factor K,.

.

- Tha radial and angular torgue ratios vary as a gquartic

s
- —

polyno%ial in ?hg contouring speed. The variation,
however, approaehes a linear relationship.

- The location on the congbur where the-maximum torque,
and hence torque ratiof/does not change with either the

change of the contouring speed or the mass on the

carriage.

6.6 Optimum loading of the polar NC machine )

In the previous Ehapter it was shown that a change in
the relative location of the conjguf pole from the machine
pole results in a change in the shape and magnitude of the

torque ratio plots. This feature is used here %p fidd a lo-

cation for the contour pole that would give a minimum value

for the total torgue on both axes for a given machining

operation. The minimization process in effect increases the

load caEryinq capacity of the NC machine. After carrying -

ot the minimization process, the load imposed on the

machine can be increased further up to the limit when either

T ot M AN 1A RO

e,

i e SRS b s
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of the torque ratios have a value of unity.

3 - s
, 6.6.1 Total torque required on both axes in contouring
~ '
operation
The torque required by the two axes during a machining

operation is given by:
TT = TR *\m@\ ) 6.29

where TT is the total torque of the two axes
Y
This total torque varies as the tool travels along the

contour. It is important to know its exact characteris-

.tics, and cHange in magnitude for parameter variations.

L
Figures 6.6 to 6.19 show plots of the.sum of torques Top

versus angular location on the contour.

Fog, an inertial load
The figures are organized as follows:
Figures 6.6 to 6.9 are for the case of the contour poles
located as shown in Figures 5.4 to 5.7,. '
Figures 6.10 tq 6.12 are for the cése of the contour pole
location coingiding with that of minimum area error given in
Chapter 5. 'The élots are given for one contouring speed of
1.52 cm/s (3 ft/min).

From the figures, it can be seen that for all the test
contours and for the two cases of contour pole locations,

the maximum total torque occur at exactly the same location

on the contour irrespective of the ®contouring speed or the

s

LR
i Y At N5 o, SPNRL 3 SRR L
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4.65 -
: (a) Vv, = {0.51lem/s

mN.m
13.55
(b) v, = 1.52cm/s
-l M. =|43.8
10.84 ~§5‘
N\
N
T,I(,I) M =29.2] N\
-——--K. \
8.13 - ‘\
M, =14.6| \. \\
:;.\“\ \b\ oo
5.42 : — .
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0.0
1.3 1.6 1.8

8

Figure 6.6: Sum of Torques Versus Angular Locatioﬁ for
the Circular Contour (Inertial Load). M, is

in kgs.
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- M, =14.6
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3.53
0.5 1.5 2.5
6
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Mc = 43.8
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Flgure 6..7: Sum of Torgue Versus Angular Location for the
Witch of Agnesi Contour (Inertial Load). Mc
is in kgs.
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* Figure 6.8: Sum of Torque Versus Angular ,Locatj,én for the
Limacon of Pascal Contour (Inertial "Load).
P _ M, is in kgs. ’
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Figure.6.9: Sum of Torque Versus Angular Location for the
Serpentine Contour (In%rtial Load). M
kgs.
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Figure 6.12: Sum of Torque. Versus Angular Location for the

Serpentine- Contour, Pole at the Location for
Minimum Area Error (Inertial Load). M, is in
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mass on the ca}:riage. This group of figures also show that

the magnitude of the total torque changes with the changie in

the contour pole location., For example,- the total torgue
for the Limacon of Pascal changas from 'I‘T=l.l5 N.cm
(0.85 lbf.ft) to TT-,-6.l N.cm (3.24 o0z.in) for‘ a change of
contour pole location from that shown in Figure 5.6 to that

of minimum area error respectively.

For a grinding'application
The figures are organized as follows:
Figures 6.13 to 6.‘16 are for cases of the contour p'ole lo-
cation as shown in Figures™.4 to 5.7.
Figures 6,17 to 6.19 are for the cas2s of the contour po‘e
locat‘:ion

The plots in E;igutes 6.13 to 6.19 show that for all the
test contours, the total torqu=z increases linearly with the
increase'in the contouring speed. Tedt results (not
presented) snow that T,, also varies linearly with variation

T

in the machining force factor Kc' Furthermore,» the loca-

tion of the maximum total torque along the contoutr does not

change with the change in contouring speed or with Ko

The plots also show that the change in contour pole lo-

cation results in a change of the magnitude of the maximum

total torqu=. v

6.6.2 Formulation of the optimization problem

The objective here is to find the location of the

N
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Figure 6.19: Sum of Torque Versus Angular Location for the
Serpentine Contour, Pole at the Location for
Minimum Area Exrror (Grinding Application),.

Vt is in cm/s.
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contour pole (C,L@) for a given contour, that will give a :
minimun value for the maximum total torque. Normalizing the .

value of axes torques by the available torque from the te-

spective stepping motors, the objective function for

minimizatlion can be formulated as:

4

TT = TR-+ TG " maximum along the contour 6.30

In order that both stepping motors carry equal shares.
of the load, the objective function in Equation 6.30 can be

modified and the optimizationhp:oblem can be stated as

follows:
Minimize; y

T

= (7 1) 1]

Subject to;

a) Work area constraint of the NC machine and is given by:

7.62 cm, (3¢inch)< r <33.02 em. (13 inch)

0<6 <2.8 (in radians)
b) A -~onstraint that would not allow the placement of the
machine pole inside a c’losed 'contoKur dﬁe to gzometrical
limits imposed by the construction of the\ NC machine.

The Hooke and Jeeves optimization techﬁiqt;e used
esarlier, and described in Chapter 4 is also used here. Upon
convergenca of the optimizatibn, the program returns the
max imum Val;ms of torque ratios found along the contour, .

During the optimization process no constraint is

\ .

i P e g+
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imposed on the magnitude of the radialg¢and angular torque
ratios and their values can exceed unity., Eliminating this
constraint was found to speed up the optimization process
d{ramatically. The torqu'e ratio valuzs returnsd by the op-
timization routine are subseguently scaled to unity by
modifying the load on the mechanism or the.contougrinq speed.
Equations 6,1l .to 3.12 3re used to carry out the scaliﬁg.
Changing the load on the NC machine or the contouring speed
was shown, earlier in this chapterq,wto have no effect on the
lo;ation where the maximum térqué's occur . Th=a scaling

procedure in effect increases the load carrying capacity of

the NC machine. -

6.6.3 Results of loading optimization for f'our test
contours

Th2 algorithm is tested on the four test curves used
earlier namely, a) a circle, b) a Witch of Agnesi, c) a
Limacon of pPascal, and 4) a Serpentine curve.

Results for two inertial loads of 43.77 kg (3 slug) and
145.9 kg (10 slug) are given in Table 6.1. Tha results show
that the magnituds of the inertial load has no bearing on
the pole location for optimal loading, and an extremely
large mass can be accommodated before the mechanisn is o-
verloaded.. However, the contouring speed ca‘n be increasad
only up to 1.74 cm/s (3.44 ft/min), This is du= to the fact
that the mechanisp is geared towards dissipative type ap-

plications and the axes drives reach their maximum stepping

*w

-

e At
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P

1

rate before the contouring speed is_high =2nough to cause

-

*large inertial torques.
o _Foi dis;@pative éype loads the grinding application is
Again used as an example. - Rzsults for loads correséondi%g
_to depth of cuts of 0.254 mm (0.0l inch) and 0.508 mm
(0.02 -inch) are shown in Table 6.2. Here also the magnitude
of'the‘load has no effect on ihe'position of the contour
pole for optimal loading. For the contours (a), (b), and
(d) above, the results show that with a contouring speed of
1.016 cm/s (2 ft/min) the depth of cut can be increased
beyond 0.508 mm (0.02 inch), while for the Limacon of Pascal
a depth of cut bf 0.457 mm (0.018 inch) cannot be exceeded.

The table also shows that for the smaller load the cortour-

ing speed for all four contours, can b2 increased to

&G ’

1.74 cm/s (3.44 ft/min), which corresponds to, the maximum
stepping rate of the axes drives. For the larger load the
cbntouring speed can be increased for contours (a), (b), and

-

(d) but must be decdreased for contour (c) .

<

A
>

B T A
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CHAPTER 7
GRAPHICAL PROCEDURE
FOR EVALUATING THE LOAD AND B

THE LOAD CARRYING CAPACITY OF THE NC MACHINE

7.1 Introduction

In a practical environment, where production,

constraints such as shorter machining time and optimal

machine load are considered, it is desirable to utilize the

»

machihery to its full capability. With an open loop
cont;leer used on thg NC ﬁachine, it is7necessary to know
the magnitude and type of the machining load, as well as the
capability of the machine in order to aveoid overloading the
NC machine. ’ - )

In a controlled and automate@ environment where
computer capability is available, che analyses presented in
Chaptérs 4, 5; and 6, may be usad to prevent overloading the
NC machine. In cages where decisions concerning the
operating parameters have to be made on a machine shop
floor, or in the absence of computer capability, a simple
method to determine the load imposed By the machining
opefation and the load carrying capacity of the NC machine
would prove helpful. |

Iﬁ this chapter, a graphical procedure is outlined for
ease of evaluation of the load and the maximum load carrying

capacity of the NC machine. The procedure is essentially a

graphical solution of the torque equations, Equations 6.13

R e
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gnd 5.14, of the two axes. The qrgphical solution is
presented in the form of cqmpogite plots of the torques
varsus the different contour and the .operating parameters.

' To use the graphical procedure, a user must know the
minimum radius of curvature of tn2 contour befng tracked,l
and the relative location between the radial displacement of
the point of minimum radius of curvature from the machine
pole. " Using this information, together with the informatién
on the desired operating patametetrs, the maximum torque
imposed by the machining operation on‘both axes and thz
respective stepping motors pull-out torque can be founa. ' :

Iy

7.2 Description and organization of the'composite'graphs
7.2.1 Inertial load

For the radial axis:

Th2 maximum radial axis torque for the case of an

(1)

inertial load was shown in Chapter 6 to occur at Yp =T7/2.

1

Substituting for y in Equation 6.13 and srtting the force

. factor Kc to zoero yields:

»(I) ‘ : ' .
To = Mo T, _ 7.1 -

- 2
T Kth/p

The torque available from the sta2pping motor is found by

substituting Yé1)="/2 in Equation 5.20. Figh%e 7.1 shows

R N ——— s 5 AN A enier . e - - — e v e e e e e
f I,
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M, =.40 kg

~(I)
T .
0. . 2 0.1
l | . |
I R I
Tor
. —r—(0. 5
—tn1.0
adny 5
— Ve (cm/s)
1} —

Figure 7.1: Torque Required and Available from the

<\

Radial Axis-Drive (Inertial Load).
¢
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' ~ (1) )
the composite graph used to solve for T_, and for the torque

R
’ .
available from the stepping motor TPR' This graph 'i1s set up

as follows:

Quadrant I: 7, versus R for different Vg‘

Quadrant II: TéI) versus T, for different Mc.

Quadrant III: T versus V

-

PR t”

-

For the angular axis

The angle Y at thch the maximum angular axis torque

occurs is given by Equation 6.15. This value YéI) ‘is

substituted in Equation 6.14 so as to obtain the maximum
torque on the anéular axis. The constant torque of the arm

support, given by KCF is transferred with a negative
-

th’
sign to the stepping motor pull—outntorque equation.
Furthermore, the force factor Kc is set to zero. Thus:

»~

~(I) _ 2 .
TG = 2K1Vt T, . 7.2

>

where;

T, = [51‘3 - \}Tj + 0.~5‘] X
([Q.S - Zré +’2r3V 12 + 0.5]§

3

'ra = rz/p

T, = A, =r[ M, r3¥+ Ta r]/@ ' -

. )
The torque available from the angular axis stepping motor is

found by substituting for Yén in Equation 5.21,

\l

_,._._...._._._k.._‘

PRV
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. o ~ (1) (I)
Figures ‘7.2 and 7.3 are used to solve for TO and TPR' The
. figures are organized as follows:
°  Figure 7.2:
e Quadrant I: T, versus I for different Mc;
‘Quairant II: T, versus T, for different p.
Quadrant II{: T varsus T3 for different r.

Quadrant IV: T I) versus T, for different Vt

"\
\ N
-

Figure 7.3: ~ ) ) »
Quadrant' I: rs versus T, for different rc'
o (I)
T, = sin v4 /r .

=T, - [Tz ; 0.5}5

r

Quadrant II: T versus 1 for different V

PO t

¢ 7.2.2 Grinding application .

i

The maximum torqu2 for th= radial and angular drivas

occurs at angles yéG)and YéG)

given by Eguations 6.19 and
6.20, respectively. Substituting th2se valuss in
- Equations 6.13 and 6.14, respectively, results in the

max imam torques required from the axes drives while tracking

a contour. 4

For the radial axis

The maximum torqu=2 is given by:

e el gt o iy 4 ot e

Rt R e 1T 1

et s st ae e e e &
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2
\ .
|
6
4
i M, = 40 kg
p =2 cm
' 25
10,
7.5 . 5.0 2.5 . 30
] e’ _ - r (cm)
v ITa / - | “ ]
/ - . . . .
30 Ol\ OZT(I)034Nm
) ]
20
i r = 10 cm -T~ . Vt = 1.5cm/s

§ 1.0
| 1 0.5
{ T
{ . 4
i .
, Figure 7.2: Torgue Required and Available from
: Angular Axis-Drive (Inertial Load). Part
{ 1l of 2. '
Ti - ‘
;
\ ’

-
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_— s ‘
N {“
\
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\
o——y .\\
\
_r =10 ecm )
) 20
30
Tog N.m ' T,
L 1 e —]
0.3 0.2 0.1 0

2.5 . 0.5 - 7.5

&

Figure 7,5: Torque Required and Available from the

-Angular Axis-Drive (Inertial Load). Part
2 of 2.
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T, = K2 [Mcr7 siny + cos(Y-ac)]

T, S Ve T

,-i
i

. l/(ch)

»

AN

The p'ull—out torque of thc;?ial axis steovping motor
(G)

is found by substituting YéG from Eguation 5 19 into

.20.

(V)]

Euntfbn

Tha grapﬁs to solve for the maximum torgque required
from Ehe radial axis-drive, and the pull-out torqhe of the
stepping motor are organized in Figures 7.4 and 7.5 as

follows:

Figure 7.4: Py

Quadrant I: T, versus p for different Kc.'

Quadrant II: T, versus T; for differeqt Vt

Quadrant I1I: T, versus T, for differeht‘ac.

Quadrant 1IV: T, versus T, for different Kc.

0

' . Tl ..
b

Figure 7.5
Quadrant I: YéG) Jersus T7 for different 0o
ngdrant IT Tpg versus‘YéG).ﬁdr dif}arent Vt.
Quadrant III- %éG) versus T, for different V _.

N .

C @
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0.004 0.002
T
I 7 I
- R
—
K
C
ac= 45°
63.5° 1T
71.5°
Ty
Figure 7.4:
' Part 1 of 2.
;

o}

K =
(o]

1200 N.s

(cm)

10

goo|

1200

Torque Required and Available from the
Radial Axis-Drive (Grinding Application).
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30
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@
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i
) a, = 71.5°
) 680—_
63.5°
' 570 wmpem
\\ x\
\\\
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0.004
1
Ty
Y
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Figure 7.5:

Torque 'Required and Available from the
Radial Axis~Drive (Grinding Application).
Part 2 of 2. '
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For the angubar axis

The constant torque due to the friction force of the

arm support in Equation 6.14 is transferred with a negative

sign to the relation of the(pull—out torque of th2 angular

axis stepping notgr.

Furthermjore,

for a grinding

application the second term of Equation 6..4 is negligible

in comparison with the other two terms as meantidoned

previously.

The =2quation for the maximu“ toﬂque acting on the

angular axis is hence given By

~(G) _
T@ = Ve T,

wheare;

A
I

11 T/IO cosy+31n(y—ac)

o

+
10 Ts {Mcr JA/r]

-
L]

)

1

.
3
)

v
1

at

7.4

The2 pull-out torque of the angqgular axis stepoing motor

is found by substituéing YéG)

Equation S5.21.

The graphs for this axis are orgaﬁizgd in Figures 7.6

and 7.7 as follows: :

Figure 7.6: s

Quadrant I: T,,

Quadrant II: T versus T o

11

from Equation 5.

t

n

i
1

!

for diifferent ac

versus T, for different r.

.

20

——— e %

into

2y
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Figure 7.6:

r

Torque Réquired and Available from the
Angular Axis~Drive (Grinding Application).
Part 1 of 2. , : ' e

‘.\ \ .
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20
. 0
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. ‘ 0.004
' 400 0 0 Oq%
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’ !
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K, = 1200 N.s ' ‘
L 4
~40
T
12




R R e R S

bes moa

-
R e .

" ap e

o v

. & = 45°
12 > c
. 4 &
. 63.5°
- LR N i
. “7.5°
- 0.005 0.01
. 10
7.5 5 2.5
-’ ’
b \—
L S, ’0
) Figure 7.7: Torque Required and Available from the
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Quadrant III: T,, versus 'r“
Figure 7.7: ¢ -
q o ,'?
Quadrant I: T,, versus Ty,
. _(G)
= in T
. Ty, ¥ 8% ‘IG/
L Quadrant 11I: T,, Versus 113.
T, rla/r
K ”~
Quadrant III: TPO versus T”
Quadrant (G) T, 2

The solution procedures for -the load

Iv: TNj:SUS

S
Description of the qrapkljlal procedure

for different K.

for

for
8

for

. for

different o .

4

Adifferent r.

different V

different V
r 'J‘

t

t-

carrying capacity of the NC michine axes are presented

‘flowchart form as follows.

H

¢

-

and the load

in
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" 7.3.1 Inertial Load !
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»

*For the radial axis
With reference to Figure 7.1

Quadrant I
-Find 1, for the smallest radius of

curvature p on the contour and for

the choosen contouring speed Vt“

Y ‘ ®

Quadrant II . '
Find Tél) for T, and for the iﬁertial i
load M- <7

!

Quadrant III
For the chosen contouring speed, find

the torque available from the stepping 4
motor T

rs

PR’

.

reduce Mc or V.

Check the angqular axis.

s — .

I < amrme o Yy

o st o i
0y
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For the angular axis
ﬁath reference to Figure 7.2

]

|

Quadrant I°
Find T, for tﬁe radial displaceTent
corresponding to the smallest radius
‘of curvatﬁre.on the contour and for

the total mass on the carriage'Mc.

. T

Quadrant IT

Find"r3 for 7, and for the smallest f

radius of curvature p on the contour.

. t

Quadrant III

Find T, for T, and for the radial

displacement r corresponding to the
smallest radius of curvature.

1 -

Quadrant IV
For 1, and the contouring speed Vt’

(
S)

y I).
=

find T
Go to Figure 7.3.

With reference to Figqure 7.3

Quadrant I

Find 15 for T, and the radial displacement

r corresponding to the smallest radius of

‘curvature.

s
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®

Quadrant II
Find Tpo corresponding to T, and the
contouring speed Vt'

reduce Mc or

Machining forces due to the chosen
operating parameters are within the
éapability of the NC machine.

J——— L .. . o s
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7.3.2 Grinding Application

For the radial axis _
With reference to Figure 7.4 ‘ ' o

.

Quadrant I

ror KC and for the smallest radius

of curvature p on the contour, find

Tsi

-

‘Quadrant II
Find T, for 1, and for the required

contouring speed V

Quadrant IIT
Find T4 for 71, and fpr the angle of

&

inclination a, of the grinding force

|

Quadrant IV -
Find .T4 for 1, and for the grinding

-

Go to Figure 7.5

on the contour.

force factor Kc .

With reference to Figure 7.5

Quadrant 1 !
(G)

Find Yp corresponding to T, and o

R SR



4
!
H
¢
:
|
E
|

§peed Vt' -

Quadrant II /

(G)

Find TPR for YR and for the; contouring .

!

Quadrant ITI
. - (G) .
Find Tp™' for 1, and .]t

reduce Kc or V

t

-
L

Check the ,angular axis.

.z

= g y—




o cddsrs———

-.224- -

For the angular axis
With reference to Figure 7.6

!

Quadrant I ,
Find T,, corresponding to T, and the
‘radial displacement r.

!

Quadrant IT

inckination o of the grinding force

on the contour.

Find T,, for T,, and for the angle of

Quadrant III

i T
Find T,, for T, ,

force factokr K.

and for the grinding

~
~

~

1

Go to- Figure 7.7

With reference to Figure 7.7

Quadrant I
For Ty, and a, find T_,.

!

Quadrant II
 Find T, for T,, and for the radial

displacement r.

S

+ e Nt s+ 8 bt W e e o
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®

Quadrant III
for 7,, and for the contouring

Find Tpg
- speed Vt'

{.

Quadraht Iv

. “(G) .
Find Te for T, and Vt.

A

4 S

E—

reduce Kc or V

Machining forces due to the chosen
operating parameters are within’the
capability of the NC machine.
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CHAPTER 8
CONCLUSION

AND RECOMMENDATION FOR FUTURE WORK

8.1 Conclusion and major highlights

Tnis thesis presents the design, analysis and
per formance evaluation of a polar based contouring system.
Th= system is coméosed of a digitizert and an NC machine,
The digitizer can be either a template digitizer (TD) or a
software digitizer (SD). The systém can thus be operated as
a TD/NC machine or a SD/NC machine.

The template digitizer uses a uniquz method of tracking
a template. The tracking mechanism consists of two rollers
powered by 2lectric motors which are connected in such a way
so as to produce a mechanical differential effect. The two
rollers aie preloaded against each other and together track
a ribbon-like template which is positioned in between them.
The rollers are mounted on a carriage which in turn is
mounted on an arm, The arm swings around a pivot and
represents the angular axis of the polar set. The position

A

of the carriage on the arm represents the radial axis. Two

L

encoders, mounted on the arm-pivot and on the carriage,-

supply data on the anqular and radial position. Due to the
roller-differential arrangement, nearly constant tracking
speeds are possible. Two types of template intended for
accurate and non-accurate contouring have been described.

The software digitizer is composed of two parts, a

AR LA o b B
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:
digitizer algorithm and én cutput algorithm, The digitizer
algqrith;n can run under‘ BATCH mode on time-shared computers,
and it generates the positional and ltime data tetquired for
contouring. The output algorithm is short and simple, and
its function is to transfer the data generated by the
digitizer algorithm to the output device. This algorithm
require real-time computing. The accuracy of the tracking
speed for tha sd‘ftware digitizer depend upon the resclution
of the real-time clock of the output computer. Typi&cal
resolutions for s_uch clocks are within 10 to 30 sec. The
control signals from either digitizer can be recorded on
comrr.lerci'al stereo tape recorders for later use or may be
supplied directly to the NC machine,

The NC machine is composed essentially of an arm and
carriage arrangement similar to that of the template
digitizer. The machine operates with an open loop
controller. Stepping motors operatjing with a wave
enefgization scheme are used to drive both the radial and
angular axes. \

Prototypes of both digitizers as well as of the NC
machine have been built and tested. The configuration of
the polar based contouring system offers a number of
operational features as well as some advantages over
commercially available copying or NC machines.

One of the important features of the system is that it

can operate as a copier (TD/NC machine) or as an NZ systenm

(SD/NC machine). When o¢perating as a copier, th2 contour

e e, Attt e
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.

information is in the form of a physical template, and the
template digitizer is used to translate the given template
into numerical data. When a software digitizer is used, tbe
system resembles the commercially available NC systems but
with no on-board computer. |

An important advantage of this system over a
Cartesian-based system is the ease with which size scaling
is achieved. For a polar-based system, scaling is
accomplished solely by radial axis scaling. A simple method
for carrying out the scaling has been described in
Section 3.7. When the NC machine is operated with
prerecorded digitizer gata, speed scaling can be achieved by
altering the play-back speed. Chapter 3 discusses and
tabulates a number og other features and advantages of the
proposed system over the cbmmercially available systems.

The major drawback of the polar system is the
dependence of the angular resolution on the radial
displacement. The variation of the angular resolution
necessitates optimal location of the contour with respect to
the machine pole in order to reduce the errors due to the
digitization of the contour. An area error criterion has
been "developed in Chapter 4 and has been shown to be more
stringent than the traditionally used deviat}on error. It
was also shown that the area error generated under
qu&éi—static conditions is a conservative representation of
the error generated during actual operation. It was also

shown that the area error is a function of the relative
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location of the contour pole from the machine sale, \Thus by
varying the location of the contour pole, the area error can
be minimized. The calculation qf the area error is lengthy
and cumbersome, and using it as an objective function forv
optimization proves impractical. An alternate objective
function has been éeveloped and was shown to duplicate the
behavior of the area error. Tnis alternate function can b?/
easily and rapidly calculated. Comparative tests carrie§
out on three test contours show that th= élternate objective
function can be used to accurately dJdetermine the contour
location for minimum area ertor.

A dynamic aﬁalysis of the NC machine has been
presented. The analysis takes into account the contour
being tracked and the diameter of the tool used on the NC
machine. The analysis is used to calculate the tﬁrqug
required from the axes-drives during the contour ing process.
These torques have to be less than the pull-out torques
available from the stepping motors powering the respective
axes. The torque ratio is defined as_ the ratio of the
torque required to the pull—out~torque f the stepping
motors.

Th=2 effect of the type and magnifude of thé\\oad and of
the contouring speed and of the type of conto4ir has beén
studied. In general, in inc¢rease in the magnitude of the
load or of the tracking speed\Fauses an increase in the
torque ratig for all/;anggLsx“'Furthermore, it was shown

that the toprque required from an axis-drive, and

N e h maves p ok - /
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3

consequently the torque ratio, increases rapidly with the

decrease of the radius of curvature of,the contour. The
study also showed that the magnitude of the load or of the
contouring - speed has no =2ffect on the location, along the
contour, of the maxiimum value of the sum of torques required
from 'both axes.

During the course of the study it ‘was /observed that the
change in the location of the contour causes a change in the

-

torque-ratio. This phenomenon is utilized as shown in

Chapter 6, in an optimization routine to locate the contour

relative to the machine pole such that the maximum value of

the sum of the tor\que ratios is a minimum. Results of a
parametrbic study, conducted in Chapte~r‘ 6, are subsequantly
utilized in order to- find the limiting mach'iﬁe set ting
beyond which failure would ocgur.

In Cnap.t.er 7, a procedure using composite graphs is
prov:ided for rapid calculation of the maximum torque
required and available from the axes-drives in different
contouring operations.

8.2 Recommendation ft;r future work
The studies conducted in this thesis prove the

feasibility of the polar-based, contouring system. They also

_point out to a number of desirable features inherent to the

polar axis system, as well as others that ®¥esult from the

configuration of the system. )

%
In order to advance the concept to a commercially

R —
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viable stage, further studies should be conducted. A
dynamic analysis of the template digitizer mechanism should’
be carried-out in order touimp:ove the design. Such a s;udy
would also prove ﬁelpful in eliminating or reducing the
oscillations of the digitizer rollers that have bee; found
to occur at the beginning of the tracking of a template.

The effect of size scaling on the contour pole location
for minimum area error éhoufs 51so bé investigated.

The dynamic analysis that has been conducted on thé NC

S

‘machine is geared towards estjimating the load on the machine

-
-

axes. The scope of the study should be expanded to include

such areas as rigidity and vib;ation effects of thg arm and

car;iage mechanism, |
A cﬁﬁtrol concept of ﬁodifying ;henfimiﬁg of the

original. control data in order .to coﬁpensate for positional

errors at higher contouring sﬁeeds or loads shpuld-be

’ )

studied. T6 perform such a modigication, a dynamic médel
that inéludés th; behaviour of the system within a step must
.be developed. Finally, to enhance the performance of tﬁe
contouring system, adshallion-boara microcomputer may be
eniployed té carry out the auxiliary functions that may be
réquiied during a machining operation. The interaction

between these functions and the contouring process should be

” carefully coordinated.

4

The possibility of implementing the proposed concept in

&
]
! ‘Z‘a ¢
' L. b
I

a 23D and 3D contouring system shoul% be considered.
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APPENDIX B

ELECTRIC DIFFERENTIAL MECHANISM

4

A mechanical differential is a power transmission

B.1l Introduction

- mechanism that is used to distributee powa2r from on2 input

shaft to two output shafts. This is dones in such a way that
the sum of the rotational speeds w;, and w,, of th=2 two
output shafts is =2qual to the rotational speed of wi of thg

input shaft, or a constant multiplier of that speed, that is

-

to say

-+ w B.'l

Wi = Yo 20

*

. 1
Furthermore the torquz 'I‘i of th2 input shaft is equally dis-

tributeed to the t&o output: shafts, thus:

T, = Tio* T2o J

where T,,,T,, ire the torgques of th2 two output shafts.

A mechanical diff=rential is 2ssentially composed of

linkages and gears. In som2 cas2s, physical constraints do .

not permit th= use of a mechanical differential. also whean
a mechanical differential is to be usa2d, and the output
shafts have to be far apart, a 'arg= number of.additional
power transmission componants have to be utilized to
transmit power.

Two direct current (DC). permanent magnet (PM),

alectric motors connected in series were found to duplicate

B.2,
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’
the. function of a differential mechanism. This 3arrangement
will be referred to as an "electric differential m2chanism".
In applications whare a machainical &ifferential is
cumbersome, or impossible &o us2, an .2lectric differential
mechanism can be used. When an =lectric motor is utilized
as th= pow2r source, the use of an, 2lectric differ=ntial
machanism would simplify th= dasf@n considerably. A typical
exampla2 of such a 2as2 is the driving mechanism of thea
roller arrangement on the‘prototype template Jligitizer. In

‘this case the two output shafts have to b> concentric, and

elactric motors have to be used as the powar source.

»

3,1“ Analysis of the electric differential mechanism \
For a Dé~PM motor operating bzlow its magnztic

saturation level,. -h2 voltage relation can be approximated

by: .
= + == +- - } B.3
Vs R;i La 3t Kv w u .
where Vs- o is the applied voltage,
LRy are the motor winding inductance and re-

sistance respectively,

i~ ~is the ‘current passing in the motor
winding,
Ky _is éhe motor voltagz constant,
_and w is the motor shaft rotational soeed.

The relation’ between the torqu= generated by the motor and

the windings current is given by:




i ————— Y i 6 man

f - B.3 -
q4
/ T =Ky i - B.4 \
where T is the torque gesnarated, : -
and K is the motor torqu= constant.

T

Figure B.l shows a schematic diagram of th= circuit of
the 2lectric differential mechanism. With reference to the

figure, the equatdions of the circuit are derived as folM™Mws:

Subscripts 1 and’ 2 ref>r to th2 first and s2cond motor

respeactively.

’

-

. VS =2V, +tV, . ¥ B.5
Tt =T, *+ T, B.6
o= i, + 14, B.7
where Vg is the power supply voltage,
TE is the total torqu= of the motors, » !
, ‘ ‘ | ' .
¢ and i is the current passing through the mo-
: . tors. ]
E For identical motors, the equations are-given by: -
§
| di
= i 4+ —_—
: v, R,i La 3E K, v B.8
§ N
. T, = KT i ‘ B.9
R ’ ai , o - y
f \+ e + .
- v, = Rai ’La 3t Kv W, . B.10
% T, = KT i B.1l1l
| ’ ‘
' Solving Equations B.5 to B.ll simultareously give:.

EESORRPI " - - PR e b atmont €
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3

o di . . - '
.= + = + + .
Vg (2R,)1 (2n,) 3 K, (w, +w,p) B.12
T, ='T2 = Tt(z . B.13
o Equations B.l12 and B.l13 r2sz2mbies thosz2 of an

[

equivalent«motor with th® following parameters;

L Winding resistance =2R, >
) Winding inductance =2L,
Voltage constant =Ky - \
.Torquéfconstant . =2K& | . ;\ ‘ .

. . P
The 2quivalent motor has a rotational speed given by:

-

il O - | | B.14

ations B.1l3 and B.1l4 of the motor arrangement in

ol

*Figure B.1l ;esembleé those of the mechanical differential

'

given by Equations B.2 and B.1l respectively. ~

: 4 . ,
.B.3 Performance of the electric differential

&
-~

Tne torques generated by the two motors in Figure B.d

“ . .are equated to the load torques on the notors as follows: R
¢ L
Ty = Tpp ¥ Jw, +T, +B W, B.15
13 ! .
T, T, t T W, + Ty +Bu, : B.16
- . where ‘TLl' TLZ are the load torquas on the two motors
' reapectivél, ’
) ¢ J. is the combin=d load and motor inertia, 2
C , ‘ . ’ '
T T is ‘the frictional torque of the motor,
.and B _.is the-motor damping. ) ’
o . ’ " \
\t \ A
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PRS-

. vy - e
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i

. - B.6 - e

. Solving Equations B.15 and B.l6 with Equ{tions (8.9‘, B.11,
and B.12 simultaneous‘ly give: #

At steady state 4i/dt=0, thus;

¢ -+ +
, [KVKT 2R, B] e ,Y_g_ZRa (Trq * Tp) 5 19
K‘.’KT 1 3 K\i ] K KT -
+ + '
w, + [KVKT . B] S Wi Tl L
2 -
Ky Ky K

p

- -~

Equations B.17 and B.18 are solved simultanesously to

evaluate the two output shafts speeds of the 2lectric.dif-
‘§

) ferent\al mechanism at different loading conditions.
The measured and calculated param2ters of the PM-DC mo-
tors used to drive the template digitizer rollers are®listed

in Table B.l.
\ .
Figare B.2 shows the theoretical and the ecxperimental

3

torque-so.2ed characteristics of the electric differential © N
- *
The 2xperimental results where obtainad by
~

loadipg both mators to thﬂéir total torque.setting such that

mechanism.

Th2 rotational

-

they are operating at dif}-ferbnt speeds.

Sy speeds"of the two motors as well as th= sum .0of theesspeeds

are indicated on the figure. The figure shows an excellent

’

agreement betwean thea theoretigal and the experimantal

results..

L ]

B.4 .Contyol scheme for the electric differential mechanism

The rollers (G) and (G') of the template digitizer are
N .

A

» ) ' ® s .
/N : '

P - ~ - <



Table B.l:
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Data of the Motors Used in the
Electric Differential Mechanism

, Sta;l Curre

»

[

No Load Speed

Stall Torque
Eriction Torque Tp
Inertia . J

Maximum Voltage V

Voltage Corstant Ky
Tbrque Constant KT
\CoiliResistahce R

Coil Induétance L

= * 804 rad/s —
. .
= 35.79 mN.m '5.07 oz in
- 2.47 mN.m 6235 oz in
= 4.66 gm cm? 3.44x107 'slug
= 24 v -

1.4 A

. p
27.32 mN.m/A

0.0273 V/rad/s

3.87 oz in/A

a 17.15 @ — 4
a = 8.62 mH —
= 0.113 A —

No Load Current
-

r

Te

.

-
2 4 2 A 2
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800

600

rad/s

((ul + ow,)

200

‘ R

- B.8 ‘..
P I
A w1
B wy Expimental
[ ] U1 ¢ U2 - )
‘ \ )
N ‘/Theoretical
A
N
—
s Fy
A
« A
. “
| ] A ,
[ ]
‘m .
.7
‘8 12 16
mN.m
=
M.
A’v

Figure B.2: Torque-Speed Characteristics of an Electrlc

Differential Mechaniam.
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¢

_powered through the electric differential mechanism as
.described in Section 2.2. Furthermore, thz analysis in
Section 3.5 shows that in order to maintain a constant
contouring speed, a controller utilizing speed feedback from
roller (G) has to be used. The controller required to
regulat? the speed of (G) is complicated in design. This is
because it has 'to be able to vary the speed of roller (G")

from infinity to zaro while the roiler mechanism is tracking

certain contours d&s shown in Figure 3.7.b at sections (1)

and. (2) respectively

For moderately undulating contours, such ‘a control
sScheme can be implemented successfully by utili=zing
conventional feedback controllers, or phase lock 1loop con-
trollers, i ‘

A :;luch simpler control scheme to‘implement, would
entail holding the sum of the two motors speeds ‘constant.
This can be implemented by utilizing sveed feedlzack from
both rollers. Alternatively, negative impedence 7circuits,
with impedenées m.atche‘d to those of the equivalent motor
shown in Section B,2, may be used. This control schene
result in small fluctuations in the gontouring speed as

shown in Section 3.4. The magnitude of the fluctuations is

subject to the nature of the contour.

B
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B S T e i Tt

C THIS PROGRAM KINEMATICALLY RESEMBLES THE INPUT PART
C OF THE POLAR TEMPLATE DIGITIZEG SYSTEM.

C THE PROGRAM PRODUCES A FILE CONSISTING OF AXES

€ INCREHENTATIDN UERSUS T{_HE.

C THE DUTPUT FILE CAN BE TRANSFERED ON MAGNETIC

C TAPE USING THE QUTPUT ROUTINE WHICH IS PROVIDED

g FOLLDWING THIS PROGRAM.

30y

COMMON/CURVE/ RI,EPS,RR.BEB,AA

COMMON/PAR/ PY,ROOT(4) -WE(4) NN :

COMMON/OPR/ FUN

DATA KKK/ 1/

DATA R1.EPS.RR,AA,BB/5.0,70.0,0.125,2.0,3.0/

DATA RCOT/2%0.3399810435849,240. 861136311594/

DATA WE/2#0.8521451548625,2#0.3478548451374/, IK/1/. 1L/ L/

e T I I T T L Y X P I - L 3 -
I I T I it i s i ittt ittt ittt st e e i 2 1 2

A

oo

_NTER CONTDURING SYSTEM RESOLUTIONS, RADIAL THEN ANGULAR
PRINT *#, 'ENTER RADIAL THEN ANGULAR RESGLUTIONS ‘
READ #, DELR DELTH

ENTER NUMBER OF ITERATIONS BEYOUND WHICH SEARCH OR THE

C ROOT 1S INITIATED IN THE REVERSE DIRECTION

v EE&ST**&’;ENTER MAXINUM ALLOWABLE NUMBER OF ITTERATIONS’
14

C
C ENTER OPERATING PARAMETERS:
C RI =CONTOUR POLE RRDIAL DISPLACEMENT
(é Sgs ¥8gzuanP0LE ANGULAR DISPLACEMENT
PRINT #, ‘ENTER CONTOUR POLE RADIAL AND ANGULAR DISPLACEMENTS'
READ #,RI,EPS .
PRINT #. ‘ENTER TOOL RADILS
READ *,RR
L
C

ENTER CONTOUR PARAMETERS
PRINT %, ‘ENTER CONTOUR PARAMETERS'
IF Hgg‘E‘DPZRg:E?ERS ARE REQUIRED TO EXPRESS THE CONTOUR. AD
T UR,
THEM TO THE COMMON BLOCK. "CURUVE". ?

QI

ROOT(2)=-ROOT(2)
ROOT(4) =—RO0T(4) .
PY=2#ASIN(1.0) ‘ ,
THE=34.50471682
GAM=GAMM=0.0
AL=0.294224337
EPS=EPS*RY/180.0
DELTH=DELTH*#PY/180.0
THE=THE#*PY/180.0
GAM=GAMM=GAM*PY / 1B0.0
ALL=INT (AL7DELR ) #DELR
10 CONTINUE -
T=TEMP o
NM=NM+ 1 .
GAMM=GAM ,
TT=TT+T
PRINT 1000, NM»T,LLL KKK, THE,ALL., GAM, FUN, TT, AL
IF(GAH .GT. 2#PY) GO TO 100
31 CONTINUE
THE=THE+IK+DELTH
GAM=GAMA (GAM, THE , AL, 0, N}
IFIN .LT. NN) GO T0 30

IK=-IK
THE=THE+IK#DELTH
G0 70 31
30  CONTINUE .
- SDaSR(GAMM,GAM) - o
T=TEMP=SD/VEL




&1

ss3==s

M=ABS (ALL-AL) /DELR

IF(M .LT 1) GO T0 10
TEMPAC=0.0

DQ 20 I=1.M

CONTINUE

ALL=ALL+IL*DELR

CAM=GAMA (GAMM , THE, ALL - 1 ,N)
IF(N .LT, NN} GO TO 40
IL=-IL .
ALL=ALL+IL*DELR

GO TO 41°

CONTINUE

SD=SR ( GAMM, GAM)

GAMM=GAM

J=6D/VEL - : ‘
TEMPAC= TEHPAC-!-T

NM=NM+1

TI=TT+T

ESIENT l.1,300, NM.T.KKK,LLL, THE - ALL,GAM: FUN TT
TEMP= TEgP-TEHPAC

G0
CON TI

ZOSEAT(IX 118, 2X,E18.10,2%,2( 11,2X) ,B(F10.6,2%})

END

FUNCTION GAMA (GAA,THE . AL, IFL1 N)

CGMHON/CURUE/ RI.EP
COMMON/PAR/ PY,ROGT
COMMON/OPR/ FUN -

C
C FOR THE FLAG "IFL" _
IFL=0 EXECUTE ANGULAR LOOP
c IFL=1 EXECUTE RADIAL LQOP
iMA=GAA
DO 4G K=1,NN
GAMA=GNA
CALL EBUA(GAMA ,FUN:DFUN,DDFUN)
%E%ASS(DFUN) LT, L.OE+39) GO TO 10 ~ ©
G0 TO 20
10 CONTINUE
IF(ABS(DFUN) .GE. {.0E-88) GO 70 30
PHI=PY/2.0
. G0 TO 20
30  CONTINUE
20 PHI=PY/E .0~ATAN(DFUN/FUN)
DPHI = (DFUN##2~FUN*DDF UN) /(DF UN**2+Fl<N**2)
IF(IFL: EB. 1) GO TO §
SINE=SIN( THE-GAMA)
F=RI#SIN(EPS~THE)-RR#*COS( THE-GAMA~PHY ) -FUN#S INE
" DF=-RR*SIN(THE-GAMA—PHI)*(1+DPHI)-DF N*SINE+FUN*COS(THE-PHI)
GO TO 80 —
50 CONTINUE
EOSPH=COS(PHI
SINPH=SIN(PHI

o st

[




i i s gt

70

- C.3 -

}Z.'ZSEUN**Z+RR**2+2*FUN*RR*SINPH ,
ALAM=ASIN(RR*COSPH/Z) TN
COSCO=COS (EPS+ALAM-GAMA) ~ AN
DZ2=2*FUN#DFUN+2#RR*DFUN#S INPH+2 #FUN*RR*#COSPH#DPHI

DA AH--(Z*RR*SINPH*DPHI+RR*CDSPH§DZZ/ (242))/
+{Z#SART (72~ (RR¥COSPH) ¥+7) )
F‘ZZ+RI**:.+2*Z*RI*CDSCO-AL**Z o
DF DZ¢.+R [#COSCO*DZ2/Z~24Z#RI#SIN( EPS+ALAH—GAHA Y% (DALAM-1) ¢

NUE
'I‘Er&ﬁBS(DF) .GT. 1.0E-85 .OR. ABS(F) .LT. 1.0E+99) GO TO 80 %\

GO TO 90

CONT INUE

GMA=GAMA-F /DF _

PRINT 1000.K ,GMA,GAMA.F,DF , DPHI
IF(ABS(GHA-GANA) .LE. 1.0E-E) GO TO 41
CONT INUE

CONTINUE

N=K

CONTINUE

GAMA=GMA

IF(IFL] .EQ. 1) GO TO 7

= SGRT(FUN-MZ+RR**2+2*FUN*RR*SIN (PHI})
ALAM=ASIN(RR*COS(PHI ) /Z)

AL= Z*SIN(EPS+ALAH-GAHA)/SIN(EPS-THE)
CONT INUE

. .

1000 ELEJRNAT(IX, 12,5(2X,F10.86))

aan

THIS ROUTINE CONTAINS THE EQUATION OF THE TEMPLATE,
AND THE FIRST AND SECOND DERIVATIVES OF THE EGUATION.
FOR DESCRETE POINT DATA USE AN INTEQ\PDLATDR.

TURN

——— - A - om A we 2SS ==sSzsEsS=zssITEnEzITs=S=xss
=== :—::---—-_—:-;-—-—------_..-..-2: IS S E=ESZ2RIS ST Z=IIS ST ZzRSISS3xss

========================33===.=====:‘:3=================‘—"======= ===2==

QOOO00000000000

THE TEMPLATE USED NOW IS A LIMACON OF PASCAL

1]

wiglelpiyiglplipglelyl

===

EEEHOE/CURUE/ RI:EPS.,RR.BB,AA
FUN=BB+AA*COSG

DFUN=-AR*SIN (GMA)

DDFUN=-RA*COSG ‘ -
RETURN

END

FUNCTION SR (GAMM, GAM)

P I I I T T I T o 1 - m——- R mmmme. T rarrn
z¥===n== .-'-‘-3-.-_-:--—--:-::S::-::-—-::—2—---:.-2:::.-:——_ ----------- -

1S ROUTINE CALCULATES THE LENGTH ON THE CONTOUR CURRESPDNDING

ONE RADIAL OR ANGULAR RESOLUTIO
ROUTINE USES GAUSS- LEGENDRE GUADRATURE FOR INTEGRATING

E
E LENGTH ON THE CONTQU

POINT POLYNOMIAL IS USED.

IR R R S SIS I I S I I N IS SRS IS AR S SRR IS S T IR IIIARIT R =SS

COMMON/PAR/ PY.ROOT(4) .KE (4) NN
SO Gt 1500 )

[ERTER——

e i

o i 2




M. Ml AR L)l

SUP_1=(GAHH+GAH) 72.0

DO 10 I=1.,4
¥=5UM+D IF#ROOT(I)

CALL EQUA(X.FUN.DFUN,DDFUN)

AI=AI+WE (1) *FUN
10 CONTINUE
( SR=ABS (DIF#AI)
. RETURN
END .
/EO! ENCOUNTERED.
t
. #
i
L ’
\
\
\\
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# .
OUTPUT PROGRAM FOR THE SOTWARE DIGITIZER.
PROGRAM IN TI-990/580 MICRO COMPUTER ASSEMBLER CODE

DATA
BIT'0

BITS 1

STORED AS FOLLOWS:
=1 TO ALLOW REAL TIME CLOCK OPERATION
TO 14 CONTAIN THE TIME PERIOD BETWEEN SIGNALS

BITS 14 AND 15 CONTAIN THE AXES INFORMATION

W»* M e

200
202
204
208

208
20A
20C

20E

02E0
O1E0
0262
0300

- LWPT >1EOQ

LI RZ,>300

LI R1Z,500
LDCR #RZ,14
S8z 0

Seo 3
LI R12>03C

IDLE
LWPI >1EQ
LDCR #R2+.2
JMP ST

— '
INITIALISE WORK SPACE COUNTER

DATA START AT LOCATION
300 IN MEMOR

START OF THE OUTPUT LOor
SET BASE ADRESS TD U10 8901

LOAD FIRST 14 BITS INTO CLOCK REGISTER

AND START THE CLOCK
SWITCH 9901 T0 INTERUPT MODE

ENABLE U10 9801 TO INTERUPT ON LEVEL 3
gETAPDIN'lI)'ER TO BIT 14 OF THE CURRENT -

PUT COMPUTER' IN IDLE STATE, TO BE
AWAKENED 8Y INTERUPT

INITIALIZE WORK SPACE, USED MERE

TO BALANCE TIMING OF THE LDOP TU MINIMUM
DUTPUT 2 BITS STARTING FROM T

LOCATION OF .THE POINTER IN THE DATA WCRD
GO TO_BEGINING OF OUTPUT LOOP

IF DATA STILL EXIST_IN MEMORY

PERIOD OF THE REAL TIMIE CLOCK
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APPENDIX D

PERFORMANCE EVALUATION

OF THE TEMPLATE DIGITIZER

D.1 Introduction
The template digitizer is tested to evaluate both the

digitization accuracy and the error in contouring speed.

The hybrid computer EALI 680/640 is used as a means of’

collecting and preprocessing &he radial and angular shaft
encoder signals. The sequence of the radial and angular
signalr's, as well as the time periods between these signals,
are recorded, 'The‘sequence;:of the signals is used to
evalyate the accuracy of the digitization process. The time
periods between the*signals are usegl to calculate the
contouring speed.

The data‘ collected on the hybrid computer is
subsequently transmitted to the CDC CYBER é‘35 Eor

processihg.

D.2 Tes;ting circuit

Figure D.1 shows a block diagram of the different com-
ponents used to extract the required information anclj the
flow of signals between these components. With reference to

the figure, the four outputs generated by-the digitizer

encoders are combined into two signals using the recording

e '

circuit. The two signals are then recorded independently on -

two channels of an FM magnetic tape recorder. A high tape
~

’
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speed of 152.4 cm/s is used. for recording. The recorded
signals are then played back at a low tape speed of
38.1 cm/s and‘fed to the san.lpler clrcuit. Recording at high
tape Speeds and then playing back at low speeds scales up
the time period between the sfgnals, and allows more
accurate time measurment. The sampler circuit processes the
two incoming signals a-nd generates two sets of digital
output that feed into the digital computer part of the
hybrid computer. One of these sets corresponds to “the se-
quence of radial and angular signals, while the other set
co’rresponds to the time period between the signals. The
digital compufer accunulates the.data in a file until the

end of the run. The file is then transferred to the CDC

CYBER 835 for analysis.

The recording circuit is shown in Figﬁr/e D.2. The cir--

o ‘

cuit is a direct implementation of the one in Figufe‘2.9.
a - -

The output of the circuit is scaled to 2 volts (p.p.) to

match the maximum input signals level of the tape recorder,

The digital components on the analog computer are

i
r

syncronized to the computer clock, consequently the accuracy
of timing between the fecorded encoder sigpals is within one

clock period, 1 us. At the beginning of each recording, an

accurate reference signal is taped and is used later for

calibration. ,

.The ,recorded signals are slowed down when played back

as has been,mentioned earlier . - The played back signals are
- ™

fed to the sampler ci,g;guit. The"“%ircuit is shown in

i

s o SR S s B 9
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s

Figure D.3. It consists essent&élly of two parts, these

*

are: .

Input part;<this part uses threshold qompafators to-reétore
.the played back signals to digital logic lévei and’shape.
The reconstructed signals are then p;ocesséd by a digital
part to give four logic'sighais. These signals indicate
either tPe radiaf~$r angular axis indexed and its diregtion
of motion. 'Tﬁe four signals are stored temporafily in a
register. |

Timing part; the &iming part of the circuit uses three

- operational amplifiers connected aS'inLngators. The input’

to .the integrators is a constant voltage. When jhe circuit

is allowed to integrate, the‘voltage on the output of the,

4

integrator is proportional to time. Three integrators are
used to circumvent the problem of the finite time required
to sample én integrator output, and reset the integrator.
The three infegrators are qperated in a cyclic order. While
one, integrator is integrating, the secoad is being sampled,
and the third is being reset. The .function of the. three-in-

tegratérs is controlled by a logic circuit based upon the

a

four signals generated by the input part of the sampler cir-
cuit. An integrator starts integrating the constant input
voltage at the beginning.of any transient indicating
indexation, and is pyt in a hold state at the occurance of
the next such transient. éhe output of the integrator is
converted into a digital equivalance using an A/D converter.

The digital equivalence of time as Wel} as the four signals
\

— et .
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from the-input part are compiled into one 16 bit computer
! K° N . N ‘

> word and transferred to the digital computer memory. The
data are transferred from the analog part of the computer to

the_digital part in INTERUPT mode of operation. Interupts

ﬁggnerated whgn‘either.the radial or ﬁpgular template

) ' .

Qigitizqr axes index. ) '
nAn ASSEMBLER~program executes on the EAI 640 and con-

trolsythe hybrid computer operation to carry out the

A

n -testing. A listing of this program is providéd at the end
!ﬂ‘ .

of this appendix. . . ~ \

+ 0y
The data collected by the hybrid ‘computer agre
A P 3

subsequently transferred in ASCII .code to the CYBER B%SJfor
analysis. Two FORTRAN programs carry out a two stage

decoding of the collected data and prepare them for
. ?
analysis. VListings.of the decoding programg are ,also

v

provided at the end of this appepdix.’
A L

D.3@xResu1ts of testing

An analysis of the collected data -showed that the tem=

| . .
s plate digitizer perfarm the contour digitization process

accurately for the three templates shown in tgézphotograph
in Figure 3.3. The data collected in tesg%ng of the line
tegplate were also used in verif;ing the ébjectiye function
for area error minimization and are shown in Figure 4.8.
The agreement between the theoretically and experimentally

calculated objective functions serve as an implicit

verification of the accuracy o@kdigitization.

3
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The analysis of the time signals collected, shows that

.

for all practical purposes the contouring speed is found to

. -

- D.9 - ' ‘ 7

-

be constant. At the beginning of motion, howevér, when
. peyér is switched on for the the roller mechanism motors, ~
the contouring speed was found to oscillate for a gﬁorﬁ ,
p ) {
LY i 4
‘ time, Furthermorg, whenev#r the roller mechanism motion is
“ disturbed by template imperfections in the form of <
indentations, oscillatioﬁ starts again but(last;&only or a /
: . V) )
short time. . _ = ;
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ACGUISITION SYSTEM MAIN PROGRAM.
—-——" ATEF

*
*
*
*
*
* VER.-!
*
*
*
%
*
*
NAME
ABS
L 3 -
# ’ ,
‘ACRUIR %GU
STA
EX
LA
E
L,I
LX
LA .
EQ
ksl
J
* - r
LENTH 0OCT
FWAD ocT
ASAMPL ADR
ASENDR ADR
BSS
BUFF - BSS
. BUFQ BSS
' EACO BSS

*%
s "

SPECIFI

l4

AT PAUSE ENTER A=#0F POINTS.

ACQUIR
‘1000

*

0 .
LENTH
FRAD

ASAMPL

LENTH
FWAD

ASENDR
ACQUIR

ED AMOUNTS

FIRST

s ok e ok Ak ol ale ok ok e ol ok ok ok ok ofe K ok ok ok ok ok kX

TO USE:

%
4

ABS

SAMPLE ADR
EQ

‘§TA

12 8ITS

.L SAMPLE

'10
s 0

FFWA

‘2000, .

- D.10 —

——— o ks o

APR. 28/.1981 DRH

ORIGINATED FROM AGE VER. 3.2

[N

SET UP REGISTER OPTIONS.

KEEP BUFF ADD. AT 1030.

e

e o

USED TO SAMPLE ADC QTDSPECIFIED RATES WITH
DIRECTED TO A SPECIFIED BUFFER AREA.

DF—KORD—TS ADC- YALLE,

. LAST 4 BITS S SL4.5L5,SL6,SL7.

7

‘

-X- CONTAINS NUMBER OF POINTS TO SAMPLE,
RANGE IS FROM

, -G- CONTAINS DATA BUFFER START ADDRESS,
NORHALLY

SAMPLER CLDCK FROM EAISBO - GP INTERRUPT 0.

1 70 15000,

2
[ <

S

BUFFER FWA TO -A-
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SUBRﬂUTINE SANPLE
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e nATG 3 0

FTn ol

.
[ S

- Dc ll - -~
EQ , . 820
E)T(X .LENGTH SAVE BUFFER LENGTH. : . - 330
v 40
-A FFWA ADD FWA TO LENGTH TO FIND END. - |
sTA BFPNT SAVE IN BUFFER POINTER. 838
LA LENGTH "GET BACK LENGTH. 8§70
-TCA i B30
sSSP FDR NEG UALUE IN =X~ - B8Q
‘ g)T(A LENGTH NEG BUEF LENGTH INTO -%=. ¢ h ‘ goo
LA DFE80 . ) - . ,.zﬂég .
- Do 53 SELECT- ANALOG CDNSULE. . 930
-LA cLoTs . A 940
DF ~F 43 - RESET CL-0.,CLZ,CL4,LL6,CLB 950
LA AGPIO - . L 9580
STA 705 SET UP INT. POINTERS. o 970
. LA AGPI1 . : - ' 880
STA™ 708 \. , - © 890
A AGPIZ 1000
STA 707 7 1010
LA NADC - , ) 1020
BFPNT WILL IGNORE 1ST SAMPLE. ) i ' 1030
STA BFPNT ) 1040
SLMASK INITIALIZE FIRST SL. READING. X 1050
STA OLDSL - * 1080
SAH START SAMPLING. %8%8
&
***********{i****m***i***{}**i**i{***{* . . %(l)gg
NADC " 0CT 177777 ) . ) . ' iiio
MSKGPI OCT 160000 ‘ ‘ Lo 1120
LENGTH OCT 0 .. » 1130
FFWA OCT 0 - 1140
BFPNT OCT 0 i . 1150
DFE80 0OCT. 40 " 1160
. CLO cT 100000 ) o 1170
INTE80 OCT 100000 - 1180
KREG OCT 1000 ! . 1190
AGPI0 ADR SERVO 1200
AGPI1 ADR SERV i . * . 1210
AGPIZ2 ADR SERV2 . 1220
CLOTB acT, . 125200 ‘ - [ N 11.%28
***-}***i**i**i&ii********-l-*{****************&**i*”% y %%go
> - Q
"SAH + EQU . 1270
LA KREG ) 1280
R ES 1290
T % INTSBO ENABLE CDNSULE 1 INTERRUPT. , - }g(l)g
LA HSKGPI ’ e 1320
Do ENABLE GPO-2 INTERRUPTS. : - - 1330
CLR ; ’ i 1340
DF © ‘B4 SELECT ADC~0 AND CONVERT. . 1350
LA CLO * @ 1380
DF T4 SET CL-0. . . 1370
RWAIT SMI . . . 1380
. J # WAIT FOR INTERRUPT. . ﬁgg
IR 0 HHEEE R0 IR I3 3 % 1410
* ; - : 1420
* SERVICE ROUTINES SERVO ,SERVY , SERVZ %ﬁg
..* . . B
+* ADC CHANNELS 0,1,2 ONLY. ' ) . 1450
* . . 1480
SERVO OCT "0 ' . - 1470 .
ocT 0 b N - 1480
CLR SET UP AD CHAN 0. : 1480
J SAMP . ' g 1500
SERVY OCT 0 . - 1540
oCT - o0 : . 1520

LA ADC1 | - . 1530

i . /

¢ 0 ~



" I - D, 12 - !
| < !
J SANP 1540
SERV2 OCT o . 1550
ocT 0 . 1560
’ LA ADC2 1570
J sAMP ) / 580
ADCL  OCT i ) 1590
QDCZ ocT 2 %g(l)g
: SAM SELECTED ADC AND COMBINE WITH SL4~7. iBZO
R ’ * 830
SAMP™ EQ SAVE ADC_CHANNEL NO. . 1640
- 81 ‘44 READ SL‘S 4,5,6,7 FOR 1650
/81 ‘45 RESET TO ZERO. , . 1660
S SI ‘48 ¥ . 1670
- / SI ‘47 ' 9, 1680
. gé ‘85 . READ CURRENT ADC VALUE(PREVIOUS CONVERT). %ggg
v N
. .. DF ‘84 START NEXT CONVERSION. . 1710
' DI ‘42 READ ALL 8 SENSE LINES. 1720
EG , 1730
AND ADMASK e 1740
OR OLDSL COMBINE DATA WITH PREVIOUS SENSE LINES. 1750
. . ggA;IX _ BFPNT STORE LATEST VALUE IN BUFFER. %;gg
AND SLMASK - . 1780
STA DLDSL SAVE NEW SENSE LINES, f 1790
LA cLomg — - 1800
— DF ‘41 TURN ON CL#0,CL#2,CL#4,CL#6,CL#8 L . 1810
’ ICX 1 1820
- J *+2 : ) 1830
J #+2 FINISHED SAMPLING. 1840
! J WWAIT WAIT FOR NEXT INTERRUPT. 1850
) LA INTE80 - : - 1860
}30] 53 DISRBLE 680 INT. - 1870
LA MSKGPI o 1880
. D6 « ‘40 DISABLE GP INT. 1890
Js1 SAMPLE  RETURN 7O CALLER AT END OF BUFFER 1900
SLMASK QCT 17 | L 1810
ADMASK OCT 177780 . 1920
DLDSL acT 17 %ggg
*nm*m*ﬂ***n»-li***u***mu*#**********ﬂ*ﬂ**** 1950
* 1960
***m«»u*******-}**uﬂ**n****m******u**u*** CIIIRY TR 1378
* . 198
# SUBROUTINE SENDER _ . : éggg
* N
# SENDS A SPECIFIC MEMORY BUFFER OF SPECIFIED 2010
) LENGTH TO DATA PHONE CONTROLLER. %8%8
* N
* 'ASSUMES THAT PROTOCOL IS 5000 TEXT MUDE' 2040
) * THEREFOR SENDS BO CHARS P 2050
* WAITS FUR LF AND SENDS AGAIN. gggg
*
# THE MOST SIGNIFICANT 1Z BITS OF SACH MEMORY 2080
} # IS THE ADC VALUE, WHILE THE LAST 4 BITS 2090
# REPRESENT THE RELATED SL SETTINGS (SA4-SL7). . 2100
J #+ THE COMPLETE {8-BIT WORD IS SENT AS 4 ASCII CHARS 2110
) # IN THE RANGE ‘301 TO ‘320 (A TO Pl. . gigg
* .
* T0 RECOUER THE 12 BIT PORTION OF THE RD. SUBTRACT 1 2140
# ' FROM EACH OF 157 3 CHARS IN EACH GRD 4 AND 2130
# ASSEMBLE THE LEAST SIGNIFICANT 4 BIT 2180
+, ERCH OF 3 CHARS INTO A 12 BIT WORD, %%gg
*' : N
% TO RECOVER THE 4-BIT SENSE-LINE WORD. SUBTRACT 1 2190
%+ FROM LAST CHAR IN EACH GROUP OF 4 AND KEEP LEAST: 2200
4 SIGNIFICANT 4 BITS OF THE CHARACTER. 221
x E . 2220
; | . 2230
* TO ||SE% : t 2240
% . o 2250

oA




* .
*
* -X~ CONTAINS BUFFER LENGTH
* -G~ CONTAINS BUFFER FIRGT WORD ADDRESS.
*
* WHEN IN TEXT MODE, START SENDING DATA
* BY ENTERING CNTRL R ON'TTY.
#*
+ ’ "’ -
* SSW A WILL SEND S CHAR TO COMM., MODULE. .
2 .
* S
ACC  OCT 0 o
‘PSH  OCT 100
. FWA  ADR BUFF
) INP  OCT 0~ : -
QuTP  OCT 0 \ ] .
i*ﬂi*ﬂ&*-}***H************H*****H*******ﬂ*
n
ROC oeT .
STA ACC .
L FSTAT  WAIT FOR WREG FROM COMM. MODULE.
LA,I  ACC -
OR # FT
DF 7130 SEND OUT ONE LINE OF DATA.
AOM ACC -
c " CR :
SE '
J =7 .
LA FLAG T
SAE o WAIT FOR LAST OUTPUT ,
gxu . INTERRUPT FLAG - COMM. MODULE.
= LS
1 ROC ' o
. s
EEEITENET S FTITTTSR RAATAT RS FLELIE T NTEEY T FRTTTET AP
s INITC OCT 0 .
: LA SFLAG - RESET QUTPUT INTERRUPT
STA . FLAG  FLAG FOR GOMM. MODULE.
LA DFON :
DF ‘30
. LA AINTC
- STA ‘674
LA ASRY
. sm ‘846
- ey INITC : R ‘
: - SFLAG ncr 0 . ,
. i *****i&l***i*-l****l******ﬁ**i**********ii*********i!
y DIAL ocT 0 '
LA g
- DF 1
: L STAT .
, LX D24
. DL1  LA.X MSG
i} | ’ -
L - STAT ,
OCX 1 -
J L1
LA 110
B % |
IJ I g%ﬁ SEND ONE TTY CHAR TO COMM. MOPULE.
: o MSG  OCT 212,215 : :
DATA  S\NI GOL ,MEDOM NO NRUT\
ocT 212,215

o ot e

L SENDER

P T,

- D.‘l3 - ¢
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- D.14 - '

Q24 DEC 24 ‘ . . 'gseg o
' . 9 N
*~l><l>*4****************iH*i********‘!l***mlv*{'-l***** 3300 )
, , ' 3010
STAT ocT 0 - o 3020 .
géA 0 : ) 3030 .
: . ’ 3040
SAE b 3050
[ J *-3 - 3060
Jr I STAT . . . 3070
1710 ocT 100012 ' ‘ . 3080
171 ocT 100016 . ) ' . 3080
CR gCT : 50015 ’ ) ) . Coee 3100~
EQT acT .. 204 s 3110
ESC gcT 33 . , 3120
* * ; 3130
ASRY ADR SERV 3140
DFON O0CT - 130620 . 3150
QINTE‘ ADR INTRC - . . o e g%gg
HRRAAFEERRRRAE SENDER FEHFR IR SR R 14 3180
* . ' 3190
SENDER EQU #* , 3200
0cT 0 3210
£Q. . GET BUFFER FIRST ADDRESS, - . 3220‘
STA MP AND PUT IN MEMORY PUINTER . 3230
EX GET 8UFFER LENGTH- - 3240
A MP ADD FIRST ADDRESS . 3250
STA ME AND SET INTO HEMDRY END- PDINTER 3260
L INITC : o 3270
LA FUWA ) o 3280
STA INP RESET IN BUFF POINTER. 3280
sTA guTP * RESET <TTY BUFF POINTER. P 3300 -
L DIAL . 3310
LA TTI . R , . 3320
- DF 2 . - 3330
LOGIN L BRIC . 3340
S5K A - - : ' . - - , 3350
. SKU , e ' : 3360
J SENDS - . ) ’ 3370
LA QUTP - ’ ) 3380
w C INP . ; 3380
SGE - . ' ‘ 3400
J TYPE 3410
P "0 WAIT FOR, INTERRUPY QUT OF P. 3420
. J LODGINH i . < ) gﬁg
*
PR 2 2E22 2 2 IRTTER S ANNITIT S SYAIS S SFATALT X S THTE ST F AR T TR AT - 3428
.* , 34
SERV 0OCT #0 , ' 3470
acT 0 g 3480
DI 2 . Co 3490
EOT . . . 3500
SNE , . \ 3510
LA ESC 3520
N - CNTR , 3530
SNE : 3540
J RREAD CODE_AND SEND L INE IF CNTRL-R-. . 3550
pDQUT EQ ¢ ) - 3560
L FSTAT  WAIT FOR COMM.MODULE WREG. 3570
EQ o . . - 3980
OR FT ‘ 3590
DF ‘30 QuT CHAR 7O COMM. MODULE. ' 3600
LA Filf ‘ 3810
STA INP ) 3620
8TA OuTP 3630
J . LOGIN ' 3640
CNTR OCT 222 ‘ ) ) : . 3690
FLAG BSS 1 . 3650
FT ocT 50000 o gggg
» ‘
L It e s St s ER T e S e At it L TR T 3690
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- : - D.I5 =
AR
. « | TYE LA TT0 -
) o mr S
)
LA QUTP, ' /
£a 3 .
P L STAT ! o
At QuTP /
. LA TTI
OF 2 S
o . J LogIv+1 .

************!**************l‘***H******H******l**l*‘l*ﬂ{ '

*
FSTAT OCT 0
. ‘STA TEMP
, LA FLAG '
' SQ{EJ COMM. MODULE READY FOR OUTPUT?
. *-'3 -
STA FLAG RESET QUTPUT FLAG.
‘ LA TEMP
Jel FSTAT
. : TEMP  BSS 1
M

- %*ﬂ\**«n»nunﬂfﬂumﬂumu**ﬂ***m*«l-«u**um*ﬂﬁ
* INITIALIZE COMM. MODULE FOR INTERRUPTS.
* -

*
- BRIC  OCT 0

ES )
gg PGH  SET UP INT. MASK.
LA " FHA INITIALIZE INPUT
g;? INP BUFFER FOINTER.
3r1 BRIC

* .
FHHHEREHHHHEEHEEHHHER R R R
* INTERRUPT SERVICE ROUTINE. COMM. MODULE.

‘y »*
' *
INTRC OCT 0
. T .0
L 81 30
i - SKP ‘ " ISRREGON ?
; ol READ ! 5
LLS 1
SKN IS WREA ON 7
J ERROR
LA DFWR RESET WREG
DF 30
LA - ONE TURN ON OUTPUT
5TA FLAG INTERRUPT FLAG.
LA INTRC+1
) , SMI .
: Jil INTRC .
; READ AND RMASK GET INPUT CHAR.
. OR BIT8 TURN . ON PARITY BIT.
‘ 5TA TEMP1
LA DFNC - RESET RREQ.
DF 30
€ LA . TEMP1
EEG.I %N; . SAVE IN CHAR, BUFFER
! C BPNT . CODING BUFFER ADDRESS
o SGE EXCEEDED ?
J 144
LA FNA ' ;
gTA “INP . RESET IN BUFF POINTER.

STA QUTP | RESET TTY BUFF POINTER.

B T [ don i e s mm———— 45~ wity gy = ® o = v a -
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~ ‘ -
, - D.16 =
B ~
.~ LA INTRC+1 . g
. §N1 .
, 11 INTRC
ERROR  LRS 1
] P 77 NOT WRE@ OR RREG.
DFWR 0T 10820 N
RMASK DCT - K :
TEMP: BSS | : *
* DFWC OCT 100620 «
BITE  OCT- 200 . '
ONE . OcT 1 :

ooc EQU ROC

***-l*********{****i****i**m‘l*************W*““*****m*
£

RREAD . A1
. BANT
.S BLBO.

LX BENT

L ROR

LA BONT '

L Doc
' L WAIT .
: i RREAD+1

H'!**-}*****-!-}***l**Nﬂﬂﬂﬂ*i*ﬂmﬂ***m**m*{**“***
AA 1T ECT 0

WA
STA INP, DUTP .
PAS P i  NALT FOR INTERRUPT. ‘
LA, I QUTP , \
AOM auTe
C (F - )
X
o PAS
L DELAY DELAY 0.3 SEC.

gl WAIT | b
LF ocT 212
SRUE ocT 0 -

***ﬂ******'l'***‘l******i**%*****ﬁ**ii*“m*ﬂ**-}-}{*****H“

DELAY UCT ) .
VNEG GIVES 0.3 SEC DELAY. .
NCNT™

R ‘
NOP -
NOP : ’/ : J
AOM NCNT
J -4
di 1 DELAY

NEG. DEC -16384 « ,

NCNT BSP L

¥

inm*uu****umﬂ*umnn&*ﬁ?u*{»{-ﬂu*****ﬂﬂ*ar**u*
ROR - OCT

§TX SvE
STX BP
. LX D20
AGN (A oM4 ) A

STA COUNT ,

LA HP. 1ST_WRD ADDRESS OF DATA BUFF.
R ME LAST WRD ADD. OF DATA BUFFER.
S EXIT

LA, I WP

AOM Mp




. [ - D 17 - ’ /
s i EQ
I
i « - -2 ¢
j ~ A K301 .
. STA,I  BP SET UP TEMP. 80 CHAR BUFF,.
. AOM 8P
. ADN COUNT ~
) J NXT ) .
x {0 1 -
. J AGN : -
- LA MCR
: .. STA.I B8P PUTS GR AT END OF BP BUFF.
, Y LX SAVE :
: y Ji 1 ROR
' B ; +
* 7 ¢ ¢ -
EXIT EGU ¥
3 LA MCR .
STA,I BP- . :
LA BPNT . .
- . L DOC
L WALT ‘
. ‘LA HETX THIS ETX CHAR, ‘CNTRL-C-‘,
3 DF GETS OUT OF TEXT MIDE.
. J LDEIN
. a *
i ****H******&****ﬂ**i*****************il*&m****************
SIS Lo
\ vour SEND S TO COMM. MODULE.
58 - ncr 323 .
- ****f}{****i***ﬁl***ﬂ{*********J******************m-l*********
* GENDS FIRST CHAR TYPED AFTER DIAE.
. *  INITIALIZES TOMM.MODULE. .
v L} v
. ! *
' . SONE  OCT 0 A
' STA ACC » X ¢,
. LA DFON
, : OF 30 INITIALIZE COMM.MODULE.
i C LA s ACC ‘ g
* DR S . w . o . - »
DF '30 ouT 18T cdxn TO COMM. MODULE. :
" ‘ Jrl SONE . 3 B .
3 L 3 st
: #anene MISC INTEGERS HRRRRFERBREREFH
*
e METX - OCT . 50003 / ,
o Bl ger . :
. - * DM20 - DEX =20 ; Lo
3 054 DEC -4 s
COUNT OCT 0
, WP ocT 0 -
ME ocT 0 : ..
_ K3ot OcT 301 - g
. - BP CT 0 »
§ . m:R ocT 15 '
v 0cT 0 v )
. BPNT " ADR/ BUFO !
.GENDXX END .  ACBUIR
.4 . .
"7 td
[}
. /

— e
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PROGRAM DECODEZ(INPUT,QUTPUT,TAPE1=INPUT, TAPE2=0UTPUT)

B o e 0 s g o o A e e Sy e b e o R S e g S A T T SR e P A4 WS R A R D N D A e e S e M Ao i
2t it A A A A A A Lt A A Rt 2 A i - b - 2 L S - S

VER 1.4 APR 13/82 DRH
DECODE VER 2.7 USED AS STARTING. BASIS.

DECODE 1ST 3 ASCII CHARS INTD 12 BIT INTEGER,
EACH ASCII CHAR CONTAINS FOUR BITS OF THE INTEGER.
SUBTRACT ONE FROM CHAR BEFORE DECDDING. (F=‘306=5).

NOTE THAT> CHARS ARE IN DISPLAY CODE (F='008=5).-

NOTE THAT NEGATIVE INTEGERS FORMED ARE IN 2‘S COMPLEMENT.
MUST BE CONVERTED TO ONE’S COMPLEMENT.

RESULTING SAMPLES .ON TAPEZ IN VOLTS.
VOLTAGE READING REPRESENTS TIME SETWEEN PULSES. -
(EXAMPLE! IN APR. 1982, 1 MICROSEC. = .01 VOLTS)

DECODE 4TH ASCII CHAR INTO PDSITIVE INTEGER.
RESULT ON TAPE.IN INTEGER RANGE 0-15.

Mttt ettty s st sttt r

. DIMENSION.CODE(80) . DATA(70) IDAT(20) - . /
* INTEGER CODE )

WILL READ LINES FROM TAPEL UNTIL EOF.

DLDAT=0.0

CONTINUE

READ(1, 120} (CODE(J¥7J=1,80)
FORMAT(BOR1)

IF(EDF(1).GT7.0) G2 7O 80

~ap

oW
(=)

[y

D0 S I=1,80
5 CCDE(I)=CODE(I)-1
JJ=0
DD 20 II=1,77.4
JJ=JJd+l
IDAT(JJ) = CUDE(II+3) . '
Do 10 J=1,2
CDDE(II) = CODE(II)#16 + CODE(II+J)
10 CONTINUE

CONVERT FROM TWO'S TO ONE’S COMPLEMENT.
FORM NUMBER EXPRESSED IN VOLTAGE.

IF(CODE(II).LE.2047} GO 7O 1
CODE(I1)=CODE(II). UR 777777777777777700008
CODE(II)=CODE(II)-

15 R=CODE(II)
DATA(JJ)=10.+R/2048,
IF(BATA(JJ).GE.(9.889)) DATA(JJ)=9.999
IF{DATA(JJ).LE.-9,999) DATA(JJ}=-9.899

- DATA(JJ)=DATA(JJ)+10.0
20 CONTINUE

SHIFT DATA TO MATCH WITH PROPER SENSE-LINES.

TEMP=DATA(20)
KK =20 | , ,
DO 30 I=1,18 ° . S
K& =KK-1 » ~ ' '
DATA(KK+1)=DATA(KK)
30  CONTINUE /
1

7

DATA(1)=0LDAT =
OLDAT=TEMP
KRITE(2,130) (IDAT(I
WRITE(Z,130) (IDAT(I
130 FORMAT(10(1X,i2,F5.2 .
GO 70 3 N

‘80 STOP ) '

END ~

830

S

.
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PROGRAM DECDDEZ(INPUT.TAPEZ.TAPE3)
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IS PROGRAM GENERATES A'FILE OF TIME, RADIAL. AND ANGULAR
SPLACEMENTS FROM THE DATA PREYIOUSLY DECODED BY DECODEL.

ESE_DATA E_BEEN COLLECTED BY THE HYBRID COMPUTER
?g THE _TEMPL TE DIGITIZE H

FILE IS COMPARED NITi THAT PRODUCED BY THE SOFTWARE
GITIZER FOR A SIMILAR CONTOQUR, AND SERVES AG A MEANS OF -

ForeaT

mo—
<=

P e L I T 3 i i P P -

P e G ik PR Dot ks s ks
(DO XA D WM O
OO OO OOOO

ALUATING THE PERFORMANCE OF THE TEMPLATE DIQITIZER. e

\

Aﬁrudsprnﬂru1r1ru1r:

DIMENSION TIME(10),IRT(10),5T0(336),IRS(336), ITHS(336)

DATA KK.IRP.IRNyITHP:ITHN/S*0/
TIM=0.0

CONTINUE -
+IRT(I)},I=1,10)

20

).GT.I1S)IRT(J)=2

000.0 .
12:3:12,13,12, 13} IRT ()

1THETA=
ITHP=ITHP+1 .

GO TO 200

IR=-1 : .
ITHETA=0 ' :

IRN=IRN+1 )
GO TO 200

IR=-1

ITHETA=-1
IRN=IRN+1

ITHN=I THN+1

G0 TO 200

IR=~1

ITHETA=1

IRN= IRN+1
ITHP=ITHP+L  ~
0 200

1THETA=0
IRP=IRP+1

iRP=IRP+1
ITHN=TTHN+1
0 TO 200

15 R=1

200

300

ITHETA=4

IRP=IRP+1

ITHP=1THP+1 |

CONTINUE .
KK=KK+1 .
IF(KK .GT.336) GO TO 300 '
STO(KK =TiM

IRS (KK) =IR

ITHS{KK ) = I THETA ~
G0 T0 20 :
CONT INUE

KK=0

[t ]
X2V
(a3 =l]

a3
[ I
OO

>
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. ' , - D.20 - N
. g 5 . \~\
. DO 400 JJJ=1,58 \
. WRITE(3, 2000) (STOLI) IRS(J)). ITHS(J') Jd=iJJr336456) !
} 2000 FORMAT(1X,6(F10.6,214,4X)
: « 200 CONTINUE

\ G0 1O 200
20  CONTINUE

GO _TO S0
107 WRITE(3.130)IRN,IRP
130 FORMAT(1HO,10X. *TUTAL R NEG= +,I5,#TOTAL R PDS= *,I15)
" WRITE(3,140)ITHN,ITHP
T 140 ggggAT(lHO » 10X, #TOTAL THETA NEG= *:IS:*TOTAL THETA POS= #,15)

END i
e
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APPENDIX E
ALGORITHMS USED FOR

AREA ERROR MINIMIZATION
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- E.1 =
c BLOCK DATA ' 100
SEESEIEESESS NI SIS SIS IS SIS SIS S S SSIssIsrECooszsssssssssssnses 10
E_Q§SIBNMENT OF INPUT AND OUTPUT FILES . 4 i g‘
COMMON /ID/ IN.IQUT.IDATA ' F 140
DATA IN.IOUT.IDATA /5.6.%/ 150
END 180
C 170
: ﬂ ( &
c PROGRAM CONTOUR ( INPUT,QUTPUT= 1008 TAPE7, TAPES INPUT, TAPEG=0UTPU 3?8
C MAIN PROGRAM TO CALCULATE AREA ERROR 220
e e S R L F L P T P P P T 230
* QEBUG=OUTRUT) 240
COMMON /I0/ IN.I0UT.IDATA : ) : 250
COMMON /PIE/ THOPI'PI \ 260
COMMON /PATH/ JROUTA, 270
COMMON /SYSPAR/ DR, DTHETA DRIGINR ORIGINT,TMIN, TMAX, 280
RMIN, XMAX, TYPE.DT,DX,PX, PTHETA: ISEC ' 290
2 TOTAL ,ORIGINX,ORIGINY g?g
INTEGER TYPE ’ 320
LOGICAL ENDFLG,BWT : . 330
DIMENSION RADIUS(40).THETA(40) 340,
c DATA ESCAPE.EPSI /1.0E-06.0.B8E-12/ - * ggg
C BEGIN (* MAIN ®) 370
C 380
Cs STURES(THE%:THEI) T 390
L ARRAYS (RADILS, THETA) : : : 400
PI=4.0%ATAN(1.) : 410
TWOP1=2,0%P1 ) 420
TOTAL=0.0 : 430
JROUTA=O0 : 440
c- JROUTB=0 , ggg
C INITIALIZE DATA AND GET INORMATION REGUIRED TO 470
E CALCULATE THE AREA ERROR . ) . 288
. CALL INIT “500
CALL SET(RADIUS(1),THETA(1),TYPE) 510
IF (TYPE.EQ.2) CALL FINDDX(THETA(1)) 320
IF (TYPE.EQ.1) CALL FINDDT(THETA(1)) 330
It 540
c 350
C OPERATING LOOP ‘ 560
€ - ‘ 570
© 110 =1+t ' 580
, IF (1 .GT. 40) GOTO 9999 ' : 290
CALL POINT(RADIUS(I),THETA(I),ENDFLG) 500
. IF (ENDFLG) GOTO 200 o E10
120 DDTHE DIFF(THETA(I),THETA(1)) 620
F_(DDTHE .LT DTHETA) GOTD 110 ) . §30
THEI THETA(I 640
THEZ=THETA(I) 650
IF (BWT(THETA(I),0.0,THETA(1))) GOTO 10 B60
OMEGA=THETA(1)-DTHETA : 6§70
IF (THETA(I) .GT. THETA(!) 680
i 0MEGA=THETA(1)+DTHETA 630
GJTD 20 : ' 700
10 IF (THETA(1) .GT. THETA(1)). GOTO 30 : 710
OMmzGA=THETA(1)+DTHETA 720
IF (COSINE(THETA(I)} .GE. 0.0) OMEGA= THETA(I)-DTHETA 730
GOTO 20 : . 740
30 OMEGA=THETA(1)-DTHETA 730
. IF (COSINE(THETA(1)) .GE. 0.0) OMEGA=THETA(1)+DTHETA 760
20 CALL BIND(OMEGA,RADIUS(I-1) , THETA(I=1), RADIUS(I): . 770
THETA(1),RTEMP, TTEHP) 780
IF (ABS(THETA(I)) -.LT. EPSI) THETA(I)=0, 780
LALL FINDBAS (RBASE.RADIUS, THETA, I.RNXT, TNXT) 800

CALL FINDERR(RADIUS, THETA, I,RNXT ERROR) ~ B10

———— g - . FIEvEE——
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,//:' LOGICAL ENDFLG

T0(100,.200,300,300) . ITYPE

100

200

1000
2000

3000

- E.2 -

IF (ERROR .LT. 1.0E-0Z) GOTO 240
IF (TYPE _.EG. 2) GOTO 800
H°ITE(S 230) "ERROR, PTHETA
FORMAT(" ERROR FOR SECTUR ",G14.8,5X, "PTHETA =",G14.8)

GOTQ 820
WRITE(IOUT,B810) ERROR.P

FORMAT (" ERROR FOR SECTDR ".G14.8.9%, "FX
CALL PRNT (RADIUS, THETA,RNXT., TNKT AI)

+TOTAL>TOTAL+ERROR

GOTO(440,

50,660,B660),TYPE

éF é(ggg(PTHETA—TMAX) .LE.ESCAPE) .OR. (PTHETA .GE. TMAX)} GATO 200

IF (PX.GT.XMAX) GOTD 200
GCTO 300

CDNTINUE s

| RBASE=RNXT
RADIUS(1)=RADIUS(I)
THETA(1)=THETA(I)
RADIUS(2)=RTEMP
THETA(Z) =TTEMP

1=2
BDTD(7UO 701.:120, 120}, TYPE

CALL FINDDT(THETA(i))
GOTOD 702~

CALL FINDDX(THETA(1))

HRITE(B 220) TOTAL-

L

FORMAT (204 THE TOTAL ERRERUIE » (G14.8)
FDRHAT(iX:“JRDUTA =%, 17,5X, "JROUTB =",17)"

CALL PRNT (RADIUS, THETA, RNXT TNXT. 40}

WRITE(IDUT.290) JROUTA,JRO

WRITE(IQUT,9988) PX.DX =
=",G14.8,3%: "DX

FORMAT(SX. "PX
5T0P

END

SUBROUTINE SET(RADIUS,THETA,ITYPE)

COMMON /I0/ IN.IOUT.IDATA
COMMDN /SYSPAR/ DR DTHETA,ORIGINRORIGINT TMIN, TMAX,

THETA=TMIN-DT

+ GATO 400

PR=XMIN-DX
070 400
RENIND IDATA

THETA=0. ‘ﬂ\
CALL PDINT(RID¥11ENDFLG)

F (ENDF
CALL POINT(R2,T2, ENDFLG)
IF (ENDFLG) Gﬂi
THETA DTH

HET
THETA=THETA+INT(Tl/DTHETA)*DTHETA

RADIUS=INT(R1/DR)*DR

Garas100 Izogg +3000,3000) , ITYPE

PTHETA=

RETU RN
PX XMIN+DX
RETURN

REWIND IDATA
READ(IDATA,#) SKP1,SKP2

find

a

=",514.8)

=",G14.8)
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XMIN, XMAX. TYPE, DT, DX PX. PTHETA, IGECT.
TOTAL ORIGINX, ORIGINY
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RETURN 1540
5000 HRITE (IDUT,5010) 1530
5010 FORMAT(Y  #x# [NSUFFICIENT DATA %% ") 1560
STOP 1570
END 1580
c 1590
C- 1600
c - . 1610
c SUBROUTINE POINT(RADIUS.THETA,ENDFLG) 1820
SEEEEE IR oI ETINSSIIRZSSISIITEESssszsazossssgozns 1830
C SUBROUTINE TO GENERATE THE CONTOUR DATA FROM EQUATION 1840
E OR DESCRETE POINT INPUT. 1650
B e T e T L R F e P E TP e P PP 1660
COMMON /10/ IN,IOUT,IDATA 1670
COMMON /SYSPAR/ DR7 DTHETA ORIGINR,ORIGINT, TMIN, THAX., 1680 .
XMIN, XMAX: TYPE, DT, DX, PX, PTHETA, ISECT a4 1680
2 TDTAL DRIGINX ORIGINY . , 1700
LOGICAL ENDFLG 1710
INTEGER TYPE 1720
ENDFLG=,FALSE. ) 1730
GOTO(100,200,300,400),TYPE - 1740
100 PTHETA=PTHETA+DT 1729
CALL GET1(RADIUS.THETA,PTHETA) 1780
GOTO 700 1770
209 PX=PX+DX 1780
CALL GETZ(RADIUS,THETA,PX) 1780
GATO 7Q0 1800
3¢9  READ(IDATA,#) RADIUS,THETA s 1810
IF (EOF(IDATA).NE.0.0) GOTO 500 ) 1820
GATQ 700 ' 1830
400 READ(IDATA,*) RADILS,THETA 1840
IF (EOF(IDATA).NE.0.0) GOTO 500 1850
700 CALL ADJUST(RADIUS,THETA,ORIGINX., URIGINY TYPE) 1860
RETURN 1870
500  ENDFLG=.TRUE. 1880
RETURN 1890
c END }908
c 18%0
c 1930
SUBROUTINE FINDDX(ALPHA) %ggg
e e e e e e P s e T E
C FIND THE ANGLE WITH RESPECT TO THE MACHINE POLE 1960
C FOR THE INCﬂEﬂENTAL DISPLACEMENT DX. }ggg
‘ COMMDN /ID/ IN, 10UT, IDATA 18390
COMMON /PIE/ TWOPI.P 2000
COMMON /SYSPAR/ DR. DTHETA DRIGINR,ORIGINT, TMIN, TMAX, 2010
i XMIN,XMAY, TYPE,DT.DX,PX, PTHETA, ISECT: 2020
2 TOTAL,ORIGINX, DRIGINY B
INTEGER TYPE 2040
c 2050
DATA EPSI/1.0E-Q6/ 2060
Cs STORES(ALPHAL, PXDBG) 2070
© ALPHA1=ALPHA % 180.0 / PI 2080
PXDBG=PX 2030
CALL SECUND(TSTRT) 2100
100  CALL SECOND(TEND =110
IF ((TEND-TSTRT) .GT. 5.0) GOTO So0 2%%8
, XUAL PX + (ISECT~1) * DX 0
200 - CALL GETZ(RADIUS,THETAsXVAL 2130
CALL ADJUST(RADILS , THETA, DRIGINX DRIGINY E) 2160
DTHE = DIFF(THETA.ALPHA) 2170
IF (DDTHE .GE. DTHETA) GOTO 300 2180
XVAL = XUAL + DX 2180
I1 =11 + 2200
IF (II LE. 10 ) GOTO 200 ¢ 2210
IF (DDTHE.LT.EPSI) DDTHE=EPSI 2220
DX_= DX # (B + DTHETA) / (5. % DDTHE) 223
G6aTa 100 224
00 RJJ = DDTHE/DTHETA - 2250

7

e

M it e . e < = a




- 400

* E(IOUT,450) ALPHAL,PX.XVAL, DX

#4350 FORMAT(SX' "ALPHAL =",G14.8,2X, "PX =",(114.8,

+ 1 2X,"XVAL ~ =",G14.8,2X,"DX =",0G14.8)

~ RETURN
300 1HRITE(IUUT »910) ALP#QID§XDBG rDDTHE ; XVAL,-RADIUS v
- . 91D FDRMAT(ISXy"ALPHAl\'“le4.8:15X;"PX =",G14.8+/,

1 15X, "DDTHE =":Gl4 B.15X,"XVAL  =",G14.8./,
2 15X, “RADIUS =",G14. B 15X,"THETA '“,GI4 8:/,
3 15X, "DX =",614.8

1) ‘GOTO’ 400

2) GO0TO 350
2) DX= DX/IO 0
JJ3/3.

=

IEG
IN

lLE
FLDAT(

DTU
DX ABS(XUAL-PX)/FLOAT(ISECT)

WRITE(6,530) TOTAL

530 g?R AT(Z0H THE TOTAL ERROR IS .. G14.8)
fo

SUBROUTINE FINDDT(ALPHA)

0.THE CONTOUR POLE.

3 et

160

e 200

300

- 350
I ‘ 400
‘ ' 500

L At PP A e x o gt wy

mzzcoszszsssssszassacssescssfoonroasossess sz ess=smoIIsExSaSSSSs

COMMON /10/ IN.IOUT.IDAT

COMMON- /SYSPAR/ DR, DTHETA ORIGINR,ORIGINT, TMIN, TM
XMIN, XMAX, TYPE,DT,DX,PX, PTHETA, ISE
*OTAL DRIGINX ORIGINY

INTEBER TYPE

DATA EPSI/1.0E-06/
PI=2 # ASIN(1.)
STORES (ALPHA1,RJJ,DT,PTHDBG,DDTDEG)

CALL SECOND(TSTRT)
ALPHAL=ALPHA # 180.0 / PI
PTHDBG=PTHETA # 180.0 / PI /
CALL SECOND(TEND)

%E é(TEND-TSTRT) .GT. 5.0) GOTO 500

1:
OVEGA = PTHETA + (ISECT-1) : DT. . \__ ~
CALL GET1(RADIUS,THETA,OMEG
CALh ADJg?Té??DIUS THETQ URIGINX ORIGINY,TYPE)
If (DDTHE .GE. DTHETA) GOTO 300 .
OMEGA = OMEGA + DT

I1 = II + 1

IF (11 .LE. 10 ) 6ofo 200

IF (DDTHE.LT.EPSI) DDTHE=EPSI
DT.= DT * (B * DTHETA) / (5 % DDTHE)

GOTO 100

RJJ = DDTHE/DTHETA

JI=RJJ

iF (4J .ER. 1) GOTO 400
IF (JJ .NE. 2) GOTD 350
IF (II .LE. 2) DT=DT/10.0
DT=DT*FLOAT(JJ)/3.0

GOTO 100

T
DT = ABS(ABS(DMEGA)-ABS(PTHETA})/FLOAT(ISECT)

RETURN
WRITE(IOUT,510) ALPHA1,PTHDBG.DDTHE,OMEGA,RADIUS
1 + THETA,DT '

O Sy
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C FIND THE ANGLE THETA WITH RESPECT TO THE MACHINE POLE
E ;OR THE INCREMENTAL ANGULAR DISPLACEMENT.WITH RESPECT
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510 FGRMAT(lSXH‘ALPHAl =", G14. 8, 15X, "PTHETA ="»G14.8,/,
t "DOTHE =",G14.8,15X, "OMEGA =",G14.8./,
2 15X,"RADIU =",G14.8,15X,"THETA =",G14.8,/,
3 15X, "DT =,G14.8)

Sz WRITE(E.530) TOTAL
530 ggggAT(ZOH THE TOTAL ERROR }S » G14.8)
]
END

SUBROUTINE INIT

o el e e tm e o e v B S e e e o e P e et e e L S N S L A e e v e v e T e N o= M S T o e e e S e e o S e
EE XYttt i Rttt Pt 2 A - -

C INITIALIZATION AND INFORMATION INPUT SUBROUTINE.

C NOTE "TYPE" IS PARAMETER THAT DEFINES TYPE OF CONTOUR

C INFORMATION GIVEN, AND IS DEFINED AS FOLLOWS.

C = 1 CONTOUR IS GIVEN IN POLAR COCRDIN TES

c TYPE = 2 CDNTDUR\TS GIVEN IN CARTEZIEN COORDINATES

c =3C \GTVEN S DESCRETE POINTS IN POLAR

£ CDDRDIN T

C TYPE = 4 CONTOUR IS GIVEN AS DESCRETE POINTS IN CARTEZIEN
g COORDINATES

T L L T e T e L L L L L T P L  r Y P LT T
TR E T S E I RS S SR S T T N NS N RS R R SRR I RS S S o 222

C

c

c

C THE CDNTDUR PARAMETERS ARE DEINED AS FOLLOWS

€ = SYSTEM RADIAL RESOLU

C DTHETA = GYSTEM ANGULAR RESOLUTION

L ORIGINK= MACHINE POLE LOCATION X AXIS

C ORIGINY= MACHINE POLE LOCATION Y QXIS

C TMIN = STARTING ANGULAR DISPLACEMENT OF THE CONTOUR

» WITH RESPECT TO THE CONTOUR PCOLE

C TMAX = MAXIMUM ANGULAR DISPLACEMENT DF THE CONTDUR

C WITH RESPECT TO THE CONTOUR P

c ISECT = NUMBER OF POINTS WITHIN ONE RESULUTIDN TO

c APPROXIMATE THE CONTOUR

COMMON 710/ IN,IOUT,IDATA

COMMON /SYSPAR/ DR DTHETA:DRIGINR ORIGINT,TMI
XMIN , XMAX » +DT+ DX, PX,PTHET

»& TOTAL, URIGINX ORIGINY

INTEGER TYPE

PI=4,0 * ATAN(1.)
READ(IN.#) TYPE
WRITE(IOUT,#)  TYPE
GOTO(100,200,300,400) , TYPE

N:THAR
A, ISECT .,

C FOR A CONTOUR IN POLAR COORDINATES

100  READ(IN,*) DR.DTHETA., DRIGINX ORIGINY. THIN;TMAX:ISECT
THIN=THMIN # PI / 18 9
THAX=TMAX * PI / 180

» ORIGINR= SGRT(DRIGINX**2+0RIGINY1*2)
ORIGINT=0.0
IF ((DRIGINX. NE 0 ) .OR. (QRIGINY.NE.0.0))
1 GINT=ATANZ (ORIGINY,ORIGINX)
IF (ORIGINT LT -1.0E-200) ORIGINT=2.0#4PI+
DTHETA=DTHETA * PI / 180.0

DT= DTHETA{ELDAT(ISECT)

eb

ORIGINT

PTHET
lHRITE(IOUT » 110} DR BT#E;Q DREEINR +ORIGINT» URIGINX ORIGINY.
110~ FORMAT(15X,"DR :".514 g8,15%,"DTHETA_ =",G14. 8 !
{ 15X, "ORIGINR =*,G14.8,15%, "ORIGINT =",G14.8./.
1 15X, "ORIGINX =",G14.8,13X,"ORIGINY =",G14.8,/,
2 19X, "TMIN =",G14.8, 15X, "TMAX =",G14.8,15%./,
3 15X, "ISECT =",12) -
GOTO S00
gr- - ,
C
¢
¢ y

W

MR e R e R T L T T o e s

R

n
[PPSR

USRI



- E.6 -

C
C OR A CONTOUR EGUATION IN CARTEZIEN COORDINATES
200 READ(IN,#) DR,DTHETA,ORIGINX,ORIGINY,XMIN, XMAX.DX.ISECT

m%ém =DTHETA # PI / 180.0
WRITE(IOUT,210) DR.DTHETA,ORIGINX,ORIGINY , XMIN, XMAX. ISECT

210 FORMAT{153X,"DR G14.8,15%, "DTHETA =",G14.8./,
1 15X, *ORIGINX =",G14.8, 15X, "ORIGINY ="yﬁi4.B'/,
2 15X, "XMIN =",G14.8, ISX:‘YMAX =",G14.8,15X,/+
3 15X'"ISECT =",12) ‘
GATD 5

C_.

C

C

C_ .

C OR A CONTOUR IN DESCRETE POINT FORM GIVEN IN POLAR
C COORDINAT
300 READ(IN.#) DR,DTHETA, ORIGINX ORIGINY
ORIGINR=SART (QRIGINX##2+0RIGINY*#2)
DRIGINT=0.0
IF ((ORIGINX.NE.0.0) .OR. (ORIGINY.NE,0.0))
1 ORIGINT=ATANZ (ORIGINY ;ORIGINX)
IF {ORIGINT .LT. -1.0E-200} ORIGINT=2.0#PI+ORIGINT
" DTHETA=DTHETA # PI / 1B0.0
ES%EE(IDUT.*) DR,DTHETA. ORIGINR ORIGINT

E_
C FOR CONTOUR INURHATIDN IN DESCRETE POINT FORM GIVEN
C IN CARTEZIEN COORDINATE
400 READ(IN,*) DR, DT ETA ORIGINX,ORIGINY

DTHETA= DT ETA » / 180.0

WRITE(IOUT, %) DR DTHETR DRIGINX;ORIGINY

C._.
5C¢)  RETURN
END ¢
c -
c
c

SUBROUTINE GET1(R.THETA, PHI)K '

e e e e e T ]

C SUBROUTINE TO GENERATE THE CONTOUR FROM AN ERUATION IN
C POLAR COORDINATES

C:‘ :::::::::::::::::’:::::a:::===::::::::::::::.‘:::::::::::::::::::=======
THETA=PHI
R=3.0+2.0*CUS(THETA) . /
RETURN
END

C o

C

C

SUBROUTINE GET2(X:Y,XVAL)

P T D T L L T e ——
RS RS LSS S S S s SIS S TS N N I N T S L I S I I N N S I S SR S I NI SIS IS SRS IRISS=s=e

C SUBROUTINE TO GENERATE THE CONTOUR FROM AN EQUATION IN CARTEZIEN
C CODRDINATES.
DATA AsB /0.5,3.0/
X=XVAL
Y=A#B#X/ (A**L"'X**Z)
RETURN

END

ona

SUBRDUTINE BIND(PHI,A,ALPHA.B,BETA,C,GAMMA) , B

C SUBROUTINE TG FIND THE INTERSECTION BETWEEN THE CONTQUR
g AND A GRID LINE NITHIN ONE INCREHENT.

PRSPPI N 4
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a [y

COMMON /PIE/ TWOPI.PI -
C STDRES(AX BX ALX: BEX PHIX,T1,72,73,C)
IF (ABS(PHI) .LT. PI) GOTO 10

IF (PHI .GT. PI) GUTD 20 . “

IF (PHI .LT. -PI) PHE=TWOPI+PHI
0 10

GOT

20 PHI PHI-T WOPI

10 C= * B # SIN{DIFF(ALPHA,BETA}})/
1 (A % SIN(DIFF(ALPHA,PHI)) .+ B * SIN(DIFF(PHI,BETA)})
GAMMA=PHI
T™MP=B
B=C

C=THP ‘

TMP=GAMMA -

GAMMA=BETA' :

BETA=THP &

RETURN - .
END I . \

i

' ;“f’“ SUBROUTINE FINDBAS(A,RADIUSI'THETA,LIMIT,C,GAMMA)
2=

Bttt s Attt ittt -ttt -t

COMMON /SYSPAR/ DR DTHETA ORIGINR,ORIGINT, TMIN. TMAX, h
| MAX. TYPE,DT.DX,PX.PTHETA, ISECT,
2 TDTAL DRIGINX ORIGINY

JINTEGER T

BIMENSION RADIUS(LIMIT) THETA(LIMIT)

" D0 10 I=1,LIMIT )
' C =C + INTC(RADIUS(I)-C)/DRY*DR
10 CONTINUE .
GAMMA=THETA(LINIT) ~
RETURN ‘
END

SUBRDUTINE FINDERR(RADIUS,THETA,LIMIT,B,ERRCR)

e e e e e e e e e e r e

. C SUBRBUTINE TQ SET UP THE CDNDPIIDNS AND ZONES TO
C CALCULATE THE AREA ERROR. ~

COMMON /PATH/ JRQUTA JROUTB
LOGICAL BWT,FLAGI
nxpensxnu RADIUS(LIMIT), THETA(LIMIT)

AREA=G,0
ERROR=0. 0
ANGINLTSTHETA(1)
ELAGT-(THETA(L) .GT. THETA(Z))
DO 300 K=Z,LIN - ‘
IF (FLAGI) GOTO 310
1F_(.NOT. (THETA(K) .GT. THETA(K+1))) GOTO 300
GOTO 350 vy

510 IF_((THETA(K).GT.THETA(K+1J)) GOTO 309
G010 350

300 . CONTINUE
JROUTA=JROUTA+1 o
DO _100-K=1
IF (BHT(éADIUS(K) B.RADIUS(K+1))>) GOTO 200
RR$8=?8%A+RADIUS(K)*RADIUS(&+1) # SIN(DIFF(THETA(K), THETA(K+1)))

200" CALL CALCANG(B,RADIUS(K)., THETA(K) RADIUS(K+1), THETA(K+1) , PHI)
ARSCTR = DIFF(PHI ANGINIT) *B # B
AREA = AREA + RADIU B % SIN(DIFF(THETA(K) PHI})

ERRDR ERROR + ABS(AREA-ARSCTR)/Z.

U
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ANGINIT=PHI
‘ AREA = B * RADIUS(K+1) * SIN(QIFF(PHI,THETA(K+1)
100 CONTINUE ’
ARSCTR=DIFF(THETA(LIMIT) ,ANGINIT) + B # B
ERROR = ERROR + ABS(AREA-ARSCTR)/2.0
RETURN '
350  JROUTS=JROUTB+1
DO 400 K=1,LIM )
IF (BWT{RADIUS(K),B,RADIUS(K+1)}) GOTO 500

ERROR=ERROR+CALCERR(B,RADIUS(X) . THETA(K) .RADIUS(K+1), THETA(K+1))

GCT0 400
SC0 CONTINUE

CALL CALCANG(B,RADIUS(X),THETA(K).RADIUS(K+1),THETA(K+1) ,PHI)

ERROR=ERROR+CALCERR(B,RADIUS(K), THETA(K) B, PHI)

ERROR=ERROR+CALCERR(B.B,PHI .RADIYB(K+1), THETA(K+1))

400  CONTINUE
- RETURN
END

FUNCTION CALCERR(BASE.R,T.5,Q)

ARSCTR=DIFF (@, T)*BASE*BASE

ARTRI=R*S#5IN(DIFF(G,T)) ~_\\\\

CALCERR=ABS(ARSCTR-ARTRI) /2.0

SUBROUTINE CALCANG(BASE.A,ALFHA.B,BETA,PHI)

C MACHINE POLE, FOR THE INTERSECTION BETWEEN THE CONTOUR
C AND THE GRID LINE WITHIN THE INCREMENT.

)
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C:::::::=========-=:=========:==='—'===:=====================::::::::::::
C: RSN SREERSIESESEI=ssse=as ===============::::::::2’:::::========‘-‘======
RE KAPPA !
c DA /1.0E-12/
IF ASE) LT, EPSI) GOTO 300
IF (DIFF(BETA,ALPHA) .GT. 1.0E-30) GOTO 200
DELTA=Q. \ ’
GO0TO 10

200 C=SORT(Ax%2+B#+#2-2*A*B*C0OS (DIFF(BETA,ALPHA) })
THP=B/C#SIN(DIFF(BETA,ALPHA))
IF (ABS(TMP).LT. 1.0) GOTO 100

300  DELTA=DIFF(ALPHA,BETA}/Z.0

© GOTO0 110

100  IDTA=ASIN(TMP)
KAPPA=ASIN(A/BASE*TMP)
DELTA=DIFF( IOTR,KAPPA)

110 IF (ALPHA.GT.BETA) GOTO 10
PHI=ALPHA+DELTA

RETUgN

10 PHI=ALPHA-DELTA
RETURN
END ‘

q
n
0

SUBROUTINE ADJUST{A,ALPHA.B,BETA,ITYPE)

C CODRDINATE TRANSFORMATION SUBROUTINE.

C TRANSORMS THE CODRDINATES O A POINT ON THE CONTOUR
C TO THE MACHINE POLE.

32
c
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, STORES(ALPHAZ,ALPDBGZ,XA,YA)

-
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IF ((B EQ.0.0)}. ANb (BETA.ER.0.0}) GOTO 300

IF ((ITYPE.NE.1) ,AND. (ITYPE.NE.3)) GOTO 100
XA= A*COSINE(A LPHA)+B

YA=AXSINE(ALPHA)+BETA

s GOTO 200 -
100 YA=A+8 . /
© YA=ALFHArSETA \
200  A=SORT(XA**2+YA¥+2)
ALPHA = 0.0
E COXA.NEL0.0) .OR. (YA.NE.0.0)) ALPHA=ATANZ(YA:XA)
300  RETURN R
D v
C
¢
C «
. FUNGTION SINE(ALPHA)
C FUNCTIOMRTO HELP IN ELEMINATING OVERLOW OF COMPUTER
C-WORD FOR SMALL VALUES OF THE INTRINSIC FUNCTIONS = -
DATA EPSI /G.87E-15/ - : .
SINE=SIN(ALPHA) X
1F (ABS(SINE) .LT. EPSI) SINE=0.0
RETURN . . o
. END . | y
c - ) °
FUNCTION COSINE(ALPHA) . ‘
=================================================== 3 3+ it 1 i 3t 2 2 2ttt
C FUNCTION TO HELP IN ELEMINATING OVERLOW. OF COMPUTER
€ WORD FOR SMALL VALUES OF THE INTRINSIC FUNCTIONS
""" DATA EPSI /i'ézs 18/
COSINE=COS ( ALPHA -
S NG eas TR Lr. EPs1) COSINE=0.0 :
RETURN :
END
g - “ -
Tt
SUBRCUTINE PRNT(RADIUS, THETAsA,ALPHA,LIMIT)

333334522132 3 2 3 313 3 3 28 s it i 04 24 44343 2 S E 23 222 it SR Sttt g4
C_PRINTING SUBROUTINE -
Cessssmmssassmssssssmsassnsamsnsansasmssssasansassanssstsnsassasansass

MMON /I0/ IN,IOUT,IDATA

. GINENSTON RADTUS LIHITS T THETACLINIT)

DO 100 I=1,LINIT V

MRITE(IOUT, 110) 1;RADIUS(I) , THETA(T)
110  FORMATS10X,12,5X, "RADIUS =" F11.7,10X, "THETA =",F11.7)
100  CONTINLE.

WRITE(IGUT,120) A,ALPHA .
120  FORMAT (10X, "RBASE=",F11.7,10X,"TBASE =",F11.7)

RETURN ) :

© END : -

c
:
. LOGICAL FUNCTION BWT(AB.C) . .=
E RETURNS A TRUE OR FALSE VALUE DEPENDING ON WIETHER )
C_A GIVEN VALUE LIES INBETWEEN THO POINIS oRNoT "
€ BWT IS TRUE IF B IS-BETNEEN A AND C "

IF (A .GT. B) GOT

IF (B, LT. C) G010 29

50T0 3
10 IF (e GT. €) GOTO 20
8 Hirstralie. :

RETURN . . »

v ‘
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20 BWT=.TRUE.
: RETURN

9

FUNCTION DIFF(KAPPA, LAMB&A)

G ond

""EBEE&&'?FEET?&BEEPI """"""""""""""""""""
REAL KAPPA,
DIFR‘ABS(KQPPA-LAHB ' -
IF_(DIFF .GT. PI} DIFF TNOPI-DIFF s
RETURN
END
. -
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€ FUNCTION RETURNS THE VALUE OF THE DIFFERENCE BETWEEN
E.THO_ANGLES IN_THE ZONE FROH 0 10,180 DEGREES.
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PROGRAM HOKJEV(TARES, fﬁEUT =TAPES, TAPES, CUTPUT=TAPEB)

OO0O0COO

10
E:=================================================:========:=::=:::=== %'11
£ THIS PROGRAM FINDS THE, RELATIVE LOCATION BETWEEN THE CONTOUR 13
C POLE AND THE MACHINE PDLE, THAT WOULD RESULT IN A MINIMUM 14
C AREA ERROR. 15
C THE PROGRAM USES THE ALTERNATR 0BJECTIVE FUNCTION BASED . 180
C ON FSUM AND FDIF. N\ 170
C HOKE AND JEEVES OFTTNISATION ALGIRITHM IS USED FOR THE ' 180
C MININIZATION. | 180
C | 1200
C::::::::::::::::::::::::::::::::::::::::::::::::==:::====::=:=:=:=====\ 210
C \ 220
c - \ 0 \230
C THE PROGRAM IS SET CURRENTLY TO CPERATE ON THREE TEST \ ¥4o
£ CONTOURS . %50
c A g0

COMMON PI.NTP \, £70
o DIMENSION EPS(2) RK(2),8(2) (GG(2)H(Z),PC(1000,2) , URK(2) , SRK 2] 3
[ 3
C «NTe® IS AN INTEGER." IT DEFINES THE NUMBER OF DESCRETE DATA POINTS ‘300
C ON_THE _CONTOUR. / 310
C als0 USED HERE'TO DEFINE THE TEST CONTOUR IN USE. 73R
C 1=WHITCH OF AGNASI -/ 30
g 2=SEPENTINE " 350
¢ 3:LIMACON OF PASCAL 360
READ #,NTP _ 370
C- 380
o PITZHASINL.0) 390
C ENTER CONTOURING SYSTEM RESOLUTION (R=0.001,THETA=0.0225) - 410
£ FOR PROTOTYPE SYSTEM 42
C R =0.001 . © 430
C  THETA=0.0225 DEGREES C . 440
PRINT #, 'ENTER SYSTEM RESOLUTIONS, RADIAL THEN ANGULAR' 6, 450
READ #,DELR,DELTH 480
c : - o 470
.. DELTHDELTH#ASIN(1.0)/50.0 ) .
C ENTER CONTOUR PARAMETERS, -~ : 500
C S0R TEST CONTOURS THE 5
C CORVE PARAMETERS ARE (1: A=B.5 52
C 2% A=0.5 D=3.0 530
G 3% A=2,0 B=3.0) 540
E N - NUMBER OF SEGNENTS APPRDXIMATING THE CONTOLR . 556
READ #:N:K,L,ABsCsD 550
c 570
o CALL CUREVA(NK/L/A/B/C.D.PCNP) 280
C ENTER MAXIMUM NUNBER OF ITERATIONS AND FUNCTION EVALUATIONS - 500
€ SUGGESTED VALLES 510
€ NUMBER OF ITTERATIONS = 200 < 820
C  NUMBER OF FUNC. EVALUATIONS = 50 830
PRINT #, 'ENTER MAXIMUM NUMBER OF ITTERATIONS' 540
PRINT +, 'THEN NUMBER OF FUNCTION EVALUATIONS' 550
READ 3, ITHAX  NKAT : 560
C- 579
¢ 580
G- -y E90
C ENTER INITIAL GUESS (Y THEN X) . 700
PRINT *, 'ENTER INITIAL GUESS Y, THEN X’ : 710
READ *, (RK(FI),11%1,2) 720
C 7= 730
g : 7
€ ENTER INITIAL MOVE SIZE FOR EACH DIRECTION (Y, THEN X) 750
€ SUGGESTED VALUES: A 770
L Y =0.125 780
C. X.=0.125 ‘ 790
PRINT #, 'ENTER INITIAL MOVE SIZE (Y, THEN X)' 800

READ #,(EPS(JJ),1J=1,2) ., Blo

v
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.C
;
C ENTER SCALING FACTOR FOR MOVE SIZE, INCREASE THEN REDUCTION
C AND THE ERRDR DR STUP CRITERION
C SUGGESTED
C ALPHA = 1 0
C BETA = 0.5
C EPSY = 1.0E-20
PRINT #, ‘ENTER SCALING FACTORS., FOR INCREASE THEN DECRESE’
PRINT #, ‘AND THE ERROR FOR STOPPING
RERD *,ALPHA,3ETA,EPSY
c
E )
C ENTER PARAMETRIC LIMITS, Y THEN X
C PARAMETRIC LIMITS ARE GOVERNED B8Y THE SIZE (OF THE WORK AREA
PRINT #, ‘ENTER SIZE OF THE WORK AREA, XMAX: XMIN. YMAX, YMIN’
g
C ENTER CONTOUR DATA IF CONTOUR IS IN DESCRETE FURM
€ FIRST X THE Y COCRDINATES
c READ *, ((PC(J+I),I=1,2)5J=1,NP
E READ INSTRUCTTUN IS COMMENTEDR OUT FUR THIS RUN
c
PRINT 001
0u: gg?g?lélHi 1/ /20X, #PROGRAM INPUT DATA*,/20X,18(#-%))
002 ;gR:?T(/é 19X #STRAIGHT LINE APPRONIMATION CF ”JRUE* 713X, 37{(x-%)
003 ‘FﬂékﬁT(/ +SX, #POINTS ORDINATES#,3X, #POINTS ABSCISSAE#,/,2(5X, 15(*-*
D0 10 I=1.NP B f R L

10  PRINT 004,(PC(I.J¥.J=1,2) ¢
004 FURHAT(Z(SY Fig6.8)) !

100 CONTINUE :
PRINT 003,I1TMAX,NKAT
005 FORMAT(/.5X,#MAXIMUM NOMBER DF ITERATIONS AND STEP SI REDUCTIONS
$ ALLOWED RESPECTIVELY, RRE,* SN 14, %,%,[4)
PRINT Q0B,(RK(II),II={,2
006 FORMAT(/,3X,*INITIAL GLESS ORDINATES AND ABSCISSA RESPECTIVELY,ARE
$*, Z(SX Fi6.8))
CALL HOBKE RK,EPS, ITMAX,NKAT,EPSY . ALPHABETA,QD. 8, G0, W
$NP,PC,URK . SRK.DELR,DELTH)
TOP :
END-

SUBROUTINE HOOKE (RK,EPS ., MAXK.NKAT . EPSY, ALPHA, BETA, GD, G, G4,
4. NP . PC.URK, SRK, DELR, DELTH)

C THIS OPTIMIZATION ROUTINE IS BASED GNCTHE HOOKE AND JEEUEé
E ALGORITHM.

R e e et P e e e T Y e R e

gé¥§¥3é8¥ RK(2)EPS(Z),R(2),Q0(2) +W(2),PCLL000,2) ,URK(Z) ,SRK(Z)
* 001 FORMAT(1H1,//,10X,*0PTIMUM POSITION OF CURVE W.R.T. ORIGEN FOR' POL
$AR SCANING*,/,8X,57(%-#))
* PRINT 002 i
002 FORMAT(///,3),#*NUMBER OF#.6X,*0RIGEN ORDINATE#,7X,*0RIGEN ABSEISSA
$%, 7%, #FUNCTION VALUE*,/, 3%, #FUNCTION#*,/,3X, *EVALUATIONS*,/,3
X+ 11(*—*) A, 2(15(*=4),7X) 1 14(4=4)})-

KFL.
00 601 I=1,2
Q(I)=RK(I)
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WI)=0.0 ‘
501 CONTINUE

70 KLOUNT=0

WBEST=MW(2) '
%elil:xg?iii.ﬁﬂ SUM,SUM1 , SUMZ,RK , NP, PC. DELR,DELTH)
IF;(KK L WEQ. 1) PRINT 100,KK1., (RK(I),I=1,2),SUM,5UML ,SUM2

80=8UM
IF(KK1 .NE. 1) GO TO t0
GD=5UM
ACC1=SUM1
ACCZ=SUmM2
.. G070 201
10 CONTINUE °
IF(BO-QD) 11,201.12

TSRK =RK (]
RK(I)=TSRK+EPS(I)

CALL QBJECT(SUM, SUM 1 , SUNZ:RK ,NP.PC, DELR DEL TH)
KKE=KR L | ,

W(I)=GUM
IF(W(I) LT, BD) GD TRSE |
RR(I) =TSRK-EPS
CALL DBJECT(SU% SUHI SUMZ:RK » NP.PC DELR,DELTH)
KKI=KK{+1
W(I)=8UN
IF(H(I) RLT. GD) GO TO 58

K

F EB 1)G0 TO 513
(1)=W(1-1)

? B13

o o~
OIDLHW
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I
1

KOOLNT = +KCOUNT
G0 TO 55
55 QD=W(I)
/7 ACCi=suMi
7" ACCZ=SUMZ . . ,
GaCI) =RK(1) N
55 CONTINUE ;

PRINT 100.KK1.(RK(I),I=1,2),BD.ACCE, ACC2
100 FORMAT(/,3X, 15,5(5X,E16.8))
[F(KK1 .GT. MAXK) GO TO 94

IF(KAT .GE. NKAT) GO
IF(ABS(W(2)-WBEST) .LE. EPSY) G0 TD 94 .
IFIKCOUNT .GE. 2) GD 70 ZB e
D0 25 I=1,2 -
RK(I)-RK(IHALPHA*(RK(I)-G(IH
286.' CONTIN E
D025 1
G(I)=GG(I)
25 CONTINUE
G0 70 70
28 KAT=KAT+1
IF(KFLAGA.::G. 1) GO TO 202

202 KFLAG=0

203 C
204 E




80 CONTINUE .
PRINT 101,KAT
101 -EBR?AT(/.A 11X, #REDUCTION IN STEP SIZE UP TO TIME#)

PRINT _480.(EPS(]),]

94 '
t6Q FOR.)‘AT(/// 15K *FINAL S =P 5IZES USED:ARE#:SX:*Y“:FIS.8;5X'*X=*:F1

$6.8

PRINT 103,(RK(I),I=1,2)
103  FORNAT(///:3X, *ORDINATE AND ABSCISSA FOR MINIMUM FUNCTION VALUE AR
. $E,#,5X, #Y=4,F16,8,5%, #X=+F16,8)

PRINT 482,8D,ACC1,ACC2
462  FORMAT(///.5X,#THE MINIMUM FUNCTION VALUE IS,%,5X:F15.8,5%:2

$(3X.F16.8})
RETURN
END

r

SUBROUT INE GBJECT(SUP"N SUMF1, SUMFIZ2,RKK NP, PC, DELR, DELTH)

I I I R it E P T I E N T e I i T o T T T T e

i)

IS ROUTINE SETS UP THE PARAMETERS FOR EVALUATING THE
ECTél]J_EUF;UNCION OF THE LINE SEGHENTS APPROXIMAT ING

E ROUTINE ALSO EVALUATES THE "DTAL 0BJECTIVE FUNCTION
R THE CONTOUR. )

glwlvielelwlwlelep]
-4
DI%WI

e 33t 1t R S R S P

DIMENSTION RKK (2),PC(1000,2)
Pl=2 O*ASIN(I o)’

NNP=NP—
SUI11F1 SUHFZ 0.0
K=
DO 10 J=1,NNP
¥i= PC(K,i)-RKK(i)
Y2=PC(S+1,1)-RKK(1)
X1=PC(K »2)-RKK (2)
- XZ PCCJ+1,2)~RKK(2)

X1
IF XX «EG. 0,09 XX=10.0##(-B0)
SLOPE= ( Y2-Y1} /XX
. BINT=Y2-X2xSLOPE"

. THETU=ANGLE(X2,Y2)
THETL=ANGLE(X1, Y1)
IF(ABS(THETU)-ABS(THETL)) 11,10,12 |

011 ACE-T ETU

«

o

012 CONTINUE
%‘élzll. )’XI%N?LDPS 1B_(IJNTOTHETU » THETL, SUMXI SUMX2Z,DELR, DELTH. IFL)
SUMF1=SLMF1+ABS (SUMK1 )

EU?&% =SUMF2+ABS (SUMK2)

-

010 CONTINUE .

SUMN=SUMF1/SUMF2
\ SUMFI2=SUMF2

RETURN

END -
C \ .
S ‘

sSlIJE_EEIUTINE XX INTT(SLOPE,BINT , THETU, THETL,SUMX 1, SUMX2 , DELS, DELTH
g::?:::::::::=====:========:===============:::::::===:=================
C THIS SUBROUTINE CALCULATES THE UBJ‘CIIUE FUNCTION FOR THE
8 IND UXDUAL L INE SEGMENTS APPRONIMATING THE CL‘NTDLR

THETU) :
THETL) \

o
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/ 1
| |
- B. 15 -
! .
COSU=C0S ( THETU) o 2980
COsL=COS( THETL) . ‘ - 2990
AUL=BINT/ (SINU-SLOPE*COSLI) ' 3009
AL 1=BINT/ (SINL-SLOPE#COSL) 3010
ALZ={COSU+SLOPE*XSINUI/BINT 3020
AL 2= (CUSL+SLDPE*SINL)/BINT , : 3030
Al ABS((QUI-ALI)/ DELR) ‘ ' 3040
A2=ABS(ABS (THETL) —ABS(THETL))/D:LTH : 3050
IF(Al .GE. A2) AZ=ABS{(ALIZ-AL2)*DELR/DELTH##2) 3060
IFL=0 . 3070 i
IF(Al .EQ. 0.0 .OR. AZ .EQ. 0.0} IFL=! | 3080 ¥
SUMri=AL-A2 ' g 3090 K
SuMXZ=A1+AZ . | 3100 j
RETURN : . . 3110 3
END 3120 §
C 3130 g
C 3140 3
C : 3130 1
FUNCTION ANGLE (XXX, YYY) 3180 ]
E:‘-‘::::::::::::==:=========:== i it R A A S L P A 1] 3170 g
C ' 3180 g
C FUNCTION TO CALCULATE AN ANGLE BETWEEN 0 AND 350 REGREAS, - 3190
C GIVEN THE TANGENT OF THE ANGLE. 3200 i
C 3210
C::::::==:====:=::::::==:========:=:===:===:=====:=======:====::::::::: 3220 .
PY=2,0+ASIN(1,0) : 3230 i
IF (YY) 1,2,3 3240 !
i CONTINUE 3250 }
ANGLE 3.0#PY/2. O—ATAN(X)’X/YYY) g%% !
2 CDNTINUE 3280 3
ANGLE=0.0 : 3290 i
IF{K JLT. 0.0) ANGLE=PY - . . 3300
RETURN 3310 1
3 CONTINUE , . 3320 §
ANGLE=PY/2.0- ATAN(XXX/YYY) 3330
RETURN : 3340 a
END ; . 3350
C 3360 $
C 3370 ;
C 3380 :
c SUBROUTINE niNT"(SLDPE BINT, THETL,THETL SLMX1, SUMXZ,DELR,DELTH) gzgg
C 3410 i
C INTEGRATION RQUTINE TO BE USED IN PLACE OF XXINTT SUBRCUTINE. 3420 :
C AND CALLED FROM SUBROUTINE “OBJECT" ' 3430 1
ETHE INTEGRATION IS CARRIED OQUT USING GUASS- Lr.Cr.Nf)RE BLADRATLRE. %zgg 2
SrAIz=coIZsISTToCSISSIEIIISSST TISISISTSISSSSEITRSSSIRSSzsIZZST=aIEssTmss 34607 -
DIMENSION EPPS(12),KE(12) 3470
C DATA (EPPS(I),I1=1,12) : . 3480
C  $/0.084056€826:0. 19111BB575,0.3130426797 , 0.4337235075,0. 5454214714, 3480
" C 50.64809365'9:0.7401241916 0.6200019860, 0 .86641355270,0.3382745520,0 3500
C  $.8747285560,0.9951872200 3510
C DATA (NE(I),[=1,12) . 3320 .
C $/0,1279381853,0. 1258374583,0. 12 1 5704728, 0. 1155056681,0 . 1074442701, 2930
C  $0.0976186521,0.0861901615,0.0733464814, 0.0552385843,0. 04427743880 3540
~ L $.0285313886,0.01234122987 | 3950 1
AN PATh (EPPS (1)) 1= 1,3) / 3560 o
N $/0. 2388181880:0.5512093884.0.9324691542/ 3570 :
\  DATA (WE(I),I=1,3) 3580 4
$ 404678139345, 0. 3607615730,0. 1713244923/ 3590 %
| X1 (THETUTHETL ) 72..0 , 3600 I
;S X2=(THETU-THETL} /2.0 3 : 3610 )
) g B
{ ,C/ bo 10 I=1,12 ' 3840 !
- Do 10 I=1.,3 ' . , ., 3630 .
XX1:K1+XZ#EPPS( 1) ‘ 3660
CALL FUNC (XXi, BINT SLOPE.,FUNI1 , FUN2L, DELR, DELTH) 8670

éAELX&Uh(S §§E éfNT SLOPE ,FUNI12, FUN2Z, DELR DELTH) | ~ E 8588
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SUMX1=8UMX 1 +(FUN1 1+FUN12) #lE(I)

10 SUMX2=SUMX2+(FUNZ1+FUN22)*WE(]) 3710
SUMX1=GUMX 1 #X2 - 3720
EUMX2=50mY 252 3750
RETURN 3740
END . 37350

3780

. 3770

3780..

SUBROUTINE FUNC(X,BINT,SLOPE,FUNL,FUNZ, DELR,DELTH) %’égg
3810

SUBROUTINE TO CALCULATE THE OBJECTIVE FUNCTIDN. 3820
AND IS CALLED ONLY WHEN "XINTT" IS5 USED 3830
3840

T e e S S P L e P e S FPT T I TP PP P g 3850
. R11=ABS(SIN(X)-SLOPE+COS(X)) 3860

. R1=RiIm2 3870
R2=ABS(BINT*(CDS(X)+SLDPE*SIN(X) )) 3880
R=R2/R! 3890
':UNYI R/DELR > 3800
FUNY2= DEL"\’*RII/(DELTH**Z*ABS(BINT) ) 3810
FUN1= ABS(FUWI FUNYZ 3820
FLN2=FUNY1+FUNY2Z 3830
RETLRN 3840
END 3950

: 3860

3870

3980

SdBROUTINE CUREUA(N:K L-A,B,C,D, PC/NP) 2888
SUBRDUTINE "'D CALCULATE THE LI{R SEGMENTS THAT APPROXIMATE . 4010
THE CONTOUR. ‘ - 4020
4030

=;:=====:========::====:::==:::=:=====:::===::-'_-::::::::::::::::::::::: 4040
COMMON PT,NTP ‘ » 4050
DIMENSION PC(1000,2) 4060
NP=K+! #4070

. IF(NTP .EG@. 3) GO 70O 100 4080
DX=(C- B)/FLDAT(K) 4030
DO 10 I=1,NP ) 4200
PL(1,2)=sXX=B+(I1-1)+DX £110
IF(NTP .EQ. 1) PC(I,1)=B.0#A*3,0/ (XX¥XKX+4,.04A#A) 4120
IF(NTP .EQ. 2) PC(I,1)=A#D*XX/{A#Z+{K#32) 45130

10° CONTINUE ‘ : 4140
RETURN 4150

10Q, CONTINUE 4160
THE=2+PI/FLDAT(K) 4170
DO 11 I=i,NP . 4180
TH=THE#(I—1) 7 £190
COSS=C05( TH) . 4200
R=B+A*C0SS-~ 4210
PC(1,2)=R*C0SS . 4220
PC(I,1)=R*SIN(TH) 4230

11 CONTINUE , - 4280

© RETURN : 4250
END - ; § LT 4260

&
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APPENDIX F
STEPPING MOTOR
PULL-OUT TORQUE SPEED CHARACTERISTICS

N

F.l Introduction
Electric steppiné motors are electro magnetic actuators

which convert digital pulse inputs to output shaft angular
incrementations bf equal magnitudes. Stepping motors are
gaining ground in control appliéations .over conventional AC
and DC motors du2 to the following three re;sons:
a) Stepping motors are inherently discrete motion davices
and are‘ more compatible with modern digital control tech-
niq?es. , ¢
b) Positional -errors of stepping motors are non-cumulative
c) Control systems employ stepping motors in an 6pen loop
configuration, y=2t achieve accurate position and speed

control. In open loop control, ~ostly transduczsrs and feed-

back components are avoided., - Furthermore, instability

problems inherent in closed loop control systems are elimi- .

nateted.

, The stepping motors utilized in the priototypn NC ma-
ching are of the DC pet_manent mignet type. Axial and
sectional views of such motors are shown in Figures F.1 and
F.2, respectively. The most common configuration oé the mo-
tor \consists of a toothed stator with teeth spaced at a 1/48

pitch. The stator has eight salient voles with two-phase

four-pole bifilar windings. Bifilar windings are wind ings
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Figure F.l: Axial View of a D-C P-M Stepping Motor.
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wound in opposite direction to each. othér on the same pole.
Thus, instead of reversing the direction of the current in a
winding, current in~a-bifilar winding is simply switched ON
and QFF.

The stator houses a toothed rotor composed of two
toothed plates each having 50 teeth. The plates sandwich a
permana2nt magnet batwe2n them and are displaced angularly
from 2ach other by half a tooth as can be s2en in
Figures F.2.a and F.2.b.

Figure F.3 shows a‘ simplified version of the motor with
a four tooth stator and a 5 tooth rotor, A wiring diagram
of the windings of the stepping motor and its drive circuit
is shown Figure F.4. Torque develops in a stepping mo;:or
based upon the principle that, when the stator windin4gs are
energized, a magnetic flux pattern is set which interacts
with tlhe pe‘rmanent magnet field so as to move the motor and
line up th2 two fields.

‘ Three energization (switching) sch=ames are used to
drivé Stepping motors, These are: full step two windings
ON, full step one winding ON, and half step (also known 3s
wave) schemes, Table‘F.L shows the states of tha four
switches in Figure F.3 that are required to drive th2 motor
"y :
u\sing these three schemes.

E‘iéures F.5.a to F.5.ec show the alignment of the rotor
as current is sequenced according to th2 most commonly used

full step two windings ON scheme. Tha polarity of the

stator poles is indicated on each of the figures. The se-
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Figure F.3: Stepping Motor with § Teeth on ‘the Rotor.
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Table F.1l: Switching Sequences for D-C P-M
Stepping Motors  \_

Full-Step, One Winding On

Step Motor Coil Switch
Number SWl SW2 SW3 SW4'

1 OFF OFF OFF ON ¢
2 ON ___ OFF _ OFF __ OFF ‘
3 —OFF __OFF _ON___ OFF
3 7 OFF ___ON ___OFF___ OFF
1 - OFF. OFF OFF ___ ON

.Full-Step, Two Windilg_s‘ On

Step Motor Coil Switch
Number  SWi SW2 SW3 Sw4

1 ON _OFF __OFF ___ ON
2 ON___OFF ___ON___ OFF
3 OFF___ON ON____OFF
4 OFF__ON ___OFF ___ON
1 —~ ON__ _OFF _ OFF___ON
‘Half Step
Step Mdtor Coil Switch

Number SwWl SW2 SW3 SW4

1 OFF  OFF OFF ON
2 ON OFF OFF ON
3 ON OFF OFF OFF _
4 ON OFF ON OFF
5 OFF  OFF ON OFF
6 OFF ON ON OFF
7 OFF ON OFF 4 OFF
8 OFF ON OFF ON
1 " OFF OFF OFF ON
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quance of switching shown in Figures F.5.1 to F,5.%, re-
spectively, results in a clockwise x:o.tation‘ of tne rotor.'
Counter-clockwise rotation--is achiefr'ed by reve%sing t€1’1e se-
quence shown in the figure. A | )

The full step one winding ON scheme re‘5ult“s in simi’lar
stepping sequance to that shown in Figure F.5. Th2 control
logic required for such an enet‘giza'tion scheme ié less

complex than the one regquired for th> full step two wind-

ings ON schem=2, The output torque is 60% to 70% of that

provided by th= two windings ON scheme, and step accuracy .

may be slightly degraded. This mode however, requires only
50% of thz power required for the full step two windings ON
sChene. !

The half step scheme requires a more complex contrdl_
logic than that required by the other two gchemes;
Energization of the motor windings alternatés between two
windings ON and one winding ON, nence the nam= wave ener-
gization scheme, As a result of the wave energization, the

motor output torque alternates betwe=n "strong steps", when

two windings are ON, and "weak steps", when one winding only

¢~

is oN. This energization scheme pr/ovides. a2 finer resolu-

. e
tion, half the step size obtainea?/ from tha other schemes.

In addition it permits starting at Shighar stepping rates.

The alternating torque values, strong and weak steps, result
in better resonance characteristics of the steppning motor

{(21).-
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Figure F.5: Stepping Motor Rotor Positions in Sequential
: , Stepping.
‘ A - M t‘ . R . ’ ~
T ,@ . [ ~ !
s ‘ '
Ia) . +

'-F.hs" . !




[,

s s

-F.9 -
., §

_ ©
F.2 Derivation of the pull-out torque speed relationship

The phase voltage pattern for thekgave energization

Y

scheme is shown in Figure F.6. This voltage pattern can be
®
decomposed, using Fourier Series, to its sinusoidal ‘con-

stituents and are given by:

vit) ; Tfé%IY . E {Kn cos U2n+l)(mt-elﬂ +

n=o0

{1+, ) sin [(2n+1) (wt-el)]} - F.1

rJ
where, . - .

2n+l / :
)Int :Z S

Kn = (-1
. = 0 for phase A .
€, 3
- 1} for phase B
. e
where is the frequency of the stepping signals.

The drive circuit shown in Figure F.4 is a wnipolar,
low L/R type. The circuit used to drive the motor is simi-

lar to the one shown in the figure. With reference to

. Figure F.4 the voltage-time relation for the phases is given

by: . .
: i(t

\, V() = iR+ ::a‘%—l - K, sin (Nsc!—ez) F.2
where;\ ’ .“

o nonont st S
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= }I— for phase A

: = -};— for phase B '
where L, - is the motor winding inductance,
Ns is the number‘of teeth on the motor
rotor;
Ky is the voltage constant of the noto;
winding,

and o] is the angular displacement of the motor

"shaft measured from a stable position.

Stepping motors are essentially ssynchronous “machines,

thus when operated at a constant angular velocity-w the

angle ¢ can be expressed as:

o = wot -9

where ¢ is the load angle,
-and W, is the angular velocity of the
shaft.

Combining Equations F.l and F.2 and solving

sulting differential equation yields: .

»

motor

‘the re-

T T R



Bt i f Rt st

e e mr—pr—

- F.12 -

-R,t/L, e 2V /2K + 2k +1
n=o (2n+l) T/ R+ L(2n+1) mLa]2

i(t) =C0 +

cos [(2n+l) l(wt-el) + A, - A] +

K. w ' ‘
, -'—3—-9———-cos[mt+Ns¢-ez+>\l]' F.3
‘ . YRZ+LIw? .
. a a . /
where, ‘ )
» «t ’
4

Th: constant of integration CO is evaluated at t=0

where;

- v . &% . '

i00) = =+ g~ os:.n(Ns¢+ez) : ,
a a

and is given by:

w 9°‘ 2v' V2K + 2K _+1
Co -1-;1-+K§ e sin(NsdH-ez) - n n
a a n=o (2n+l) v/R;+ L{2n+1) wLa:]z .
.’ : , | .
. w
cos [)‘n - (2n+l>el- A] +—K—v—9——- cos (Nsd>+ €, + Al)
) R +w L,

The torque equation for permanent magnet stepping mo-
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tor is given [24] by:

T = -Kp i(t) sin(ut-N_o-¢,) L F.4
where K is the torque constant of the stepping
motor.

]

Solving Equations F.3 and F.4 results in a torque ex-

pression which consists of the following groups of terms:

a) Non-sinusoidal decaying components resulting from terms
in Co'with n=0, ﬁ ‘

b) Decaying sinusoidal components resulting from the
remaining teéms in C/,

c) Consta:} components resulting from terms with niz
excluding those in CO; time does not appear inuthese compo-
nents and

d) Sinusoidal components resulting from all thz remaining

terms in the torque expression.

It is of interest in this analysis to calculate. the

pull-out torque, i.e., the maximum averags torquzs {24], that -

the motor can develop at different speeds. Due to\the small
time constant of the drive circuit used, the exponential

texrms decay rapidly and can be ignored. Furthermore thes si-

nusoidal terms have an average torque of zero and can also

be ignored. Thus the remaining terms, having constant

magnitude, are: .

i o o b it T e
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(1.17632) V K

T . . 3m
T = sin(N_¢ -2, + A+ =— ] =~
. 2y v S ‘
. const VR F olL ‘( 1 4 )
a a
w_ K
KV o T sini F.5

The pull-out torque is the maximum of this constant

torque and is thus given by:

(1.17632) V K w R°K
s = —=F/—5= = - sz sz | F.6
/RZ + wLZ Ns(Ra + W La)

I

At aﬁy givan stepping frequency the pull-out torque can

be calculated using this equation.

F.3 Experimental verification of the pull-out torque rela-
tionship ' , -
Thz pull-out torqu= speed characteristics of the step-

ping motors used in the prototype NC machine were m2asured

" and compared to the published and to the calculated data.

Two tests ware conducted. Tn the first, the motor losses
duz2 to friction, windage, and damping were measured, using a
térque transducer, while the motor is being driven by
another motor.

In the second test the steppiﬁg motor is enéréized at a

constant rate. The load on the motor is then'graduélly

increased untill failure to register step commands starts to

O S 7 R
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3
%
3
!
i
2
i
3

e s i s ol S

s oA e 0 = =




—

- F.15 -

occur. The load~is varied by means of a friction brak= and
flywheel ‘discs. The torque delivered by the motor is m~a-
sured using a torque transducer inserted betwaen the motor
and the load. Failure to register step commands is detected
by calculating the theoretical motor shaft position for a
preset number of stepping commands, and comparing that po-
sition with the actual position of the motor shaft. A logic
counter is used to mérk the theoretical position on an os-
cilloscope screen. Th2 actual motor shaft position is
displayed on tﬂeobsailloscope screen by m2ans of a rota-
tional variable differential°trangformer (RVDT) coupled to
the stepping motor shaft.

Figure F.7 shows the experimental results, the

theoretical results, the manufacturer published data, as

well as the measured motor losses., Th= figure shows that‘

the theoretical torque value have a maximum deviation of 10%

from the measured torque values at very low stepping speeds.

This is mainly due to the inaccuracy in measuring the motor
loss2s at such low spveeds, and the use of a lineact
regression to approximate the losses. At high stepping
speeds there is good correlation between the theoretical and

measured data.

e
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