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ABSTRACT

A microcomputer based machine controller which is
intended for contouring machine applications is
presented. The sampled data controtler is based Iargely
on standard hardware and was developed by using FoRTRAN
as the main programming language. The flexibility
provided by the high level programming language
conlreniently allowed the use of digital compensation and
real time path modification to significantly improve the
performancè of the controller. Some experimental results
åre presented which underscore the effectiveness of the
presented control scheme.
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CHÀPTER 1

INTRODUCTION

1.1 Historlcal Backqround

The introduction of Numerical Control (NC) ln the

early 1950s ushered in a new era in automatlon.

Numerlcally controlled machlne tooIs, typlcally lathes

and milling machines, offered significant cost savlngs

over traditional hand operatlons. These cost savings

were reallzed largely by a NC machlners ablLlty to

consistently produce complex parts with high accuracy.

In the early days of NC, a large lot slze was required

to justify its cost. However, this minimum economical

lot slze has been reduced steadily by the lmprovement

of NC technology. A.ssumlng a part of moderate

complexity, the production of a single part will offer
cost savings over traditional methods when NC technology

is used in conJunctlon with a CAD/CAH computer support

package.

NC equipment has been defined by the Electronic

Industrles Associatlon (EIÀ) as:
It A system in which actlons are controlled by the dlrect

insertion of numerlcal data at some polnt. The system

must automatically interpret at least some portion of
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thls data.rr EarIy or pre-computer controllers r.tere

constructed wlth sophlstlcated hard-wlred control

circuits. These circuits largely depended upon a

circult known as the dlsc¡ete differentlal analyzer

(DDA). The versatility of such circuits was sufficient
that entlre control clrcults, includlng 11near,

clrcular, and parabolic interpolators, could be

constructed ln a hardwlred manner. The clrcults were

complex and, with the advent of mlcrocomputers in the

early 1970rs, numerlcal control became computer

numerical control (CNC). The computer nas used

originally to replace part of the hardwlred clrcuitry

of the controller in order to improve reIlablIlty.
The degree of sophlstlcatlon of modern CNC

controllers varies greatly. Some systems stiII use a

microcomputer whlch merely mimics the hardwired

circultry. On the other hand, other modern controllers

have lncreased the dutles of the computer to lnclude

essentlally all the control tasks.

1.2 Classification of NC Machines

Numerically controlled machines may be classified

into varlous categories accordlng to tll:
1) the type of machlne, point-to-point versus

contour 1ng,
ii) the structure of the controller, hardware based

NC versus CNC,
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ili) the programmlng method, incremental versus
absolute i ox

lv) the type of control loop, closed versus open
loop control.

A polnt-to-polnt machlne ls one ln whlch only the flnal
location of a programmed move is important and not the

complete path. Machlnes whlch do not perform materlal

removal during motlon can faII into this classiflcation.
A drill ls typlcal of a polnt-to-polnt machlne ln which

the NC controller moves the table to a prescrlbed polnt

for the drilllng operation. Most machine tools, however,

are the contourlng varlety where the whole path of

motion is important because material removal occurs

durlng all the motlon. A mllllng machlne or ä lathe, f.or

instance, represents a contouring type machine.

The classificatlon of a machine tool as NC or CNC

depends purely on whether a computer is employed.

Furthermore, the term NC is often ambiguous because it

is frequently used instead of the more precise term,

CNC. It is possible to further subclassify a machine

controller by the type of control scheme adopted. These

subclasslflcatlons will be detailed later.

Machine tools can be programmed by using

incremental or absolute (or sometimes both) programs. -

Àn absolute program references all dimensions from a

defined starting point whereas an incremental program

defines the endpoint of the present move from the



endpolnt of the previous move.

Àn open loop controller does not receive a feedback

signal to determine the actual position of a machÍners

axes. Thls type of controller has low performance and

typically uses stepping motors for actuation. CIosed

loop controllers, conversely, are much more common and

utilize feedback techniques for higher accuracy,

feedrates, and accelerations.

The remainder of this thesis will be concerned with

the development of an inexpenslve, closed-Ioopr

contouring CNC system. This classiftcation of machlnes

offers the greatest versatility and the highest

per formance .

1.3 Structure of a NC machine tool
As shown in Figure 1.1, an NC or CNC machine tool

contains a Machine Control Unlt and the Machine Tool

ItseIf. the control unlt contains alI the 'intelligence'
of the system and cont¡ols the actuators, usually
elecÈric motors, of the machine tool. Such a unit
contains two main components, a Data Processinq Unit
(DPU), and a Control Loops Unit (CtU).

The fundamental task of the Data

is to provide a seguence of reference

function of time, for each axls. The

Processing Unit

speedsr äs a

references are
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chosen to specify the machine toolbit's desired path

with due regard for the chosen feedrate (toolbit

movement speed) along the contour. In general, several

axes must move in a coordinated manner to obtain a

desired toolbit motion and this process of producing a

contour by component axis motlon is called

i nterpolat i on .

The deslred toolbit path is provlded by a

Part Proqram. The data program specifies the toolbit

path required to produce the desired part. The

toolbit's path Is specified by codes representlng an

ordered set of linear and circular arc segments. Each

tlne of the program is called a block. Figure L.2

portrays a simple cutter path geometry and a partial

program. Each program line specifies the endpoint

location of a Iinear or circular cutter motion and the

rGt code merely specifies the path between the present

position and the motionrs endpoint. The motion of the

cutter is expressed as integers in the dimensions of

Basic Lenqth Unlts (BLUs) For example, a motion of I

inch would be represented by 10000 BLUs on a machine

with a BLU size of 0.0001 inches. A BLU may be

considered the minlmum resolution of rnachine toolblt

motion.

The Control Loops Unit drlves the axes motors so

:Ê
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Bnacketed values represent the absolute coondÍnates
of the motion segment endPornts'

(0.0. 0.0)

-__->

(r.s, 1.4l

N01
N02
N03
N04
N05
N06
N07

GOl X
GO1 X
GOl X
GOT X
GO3 X
Gor x
GOl X

X

The N cocles speclfy the pant prognam lÍne numbeP'

The G codes specifY the cutter Path:
: - - oor imþries linean motion.
: Gõä imþÍies ðroãÈwise cir-cular'motion' alg
: Góã impiies ðõuñterctockwise circul'an motlon '

TheXandYValuesspecifythecuttenendpoin.tpositions
åËðoïuEä-"ooroinateã-iñ tne dimensions of BLUs' For the
Ëiãäpiã-tõõipãiri-èñã'nñ:' thã mãcrrlne has a BLU si'ze or
0-0001 inches.

The I and J values Îepresent the absolute values of the
of f set f no¡n the iniliãi-õoiñt-or a.cincular arc motion to
the centre of the å;;:- ihé I and J panametens ane only
used fon circular motion.

I

(1 .5, 0 .3)

04000 Y
15000 Y
15000 Y

09000 Y
04000 Y
04000 Y
00000 Y

03ooo 100000 J00000
03000 100000 J00000
14000 r00000 J00000
rgooo 100000 J00000
14000 100000 J05000
03000 100000 J00000
00000 100000 J00000

FIGUFE 1 .2 CUTTER PATH PROGFAMMING
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that the machlners toolbit travels along the path

specified by the Data Processing Unit. The Control

Loops Unit uses the speeds passed by the Data processing

Unit to provlde reference posltions. In order to
intercept the reference positions, the CLU receives

feedback slgnals from each axis and uses them to
determine the actual position of each axis. The actual
positlons are compared to the reference positlons.
Differences between the reference and actual axis
posltlons are used as speed reference signals by the

axls motor ampliflers. Notlce that the descrlbed

differences represent the positlon errors of the system

and, hence, the motor ampllfiers may be consldered to
be posltlon error drlven. Thls error drlven aspect of

the axis drives indicates that each axis of the drive

system may be consldered a tradltional error-driven
closed loop system.

Performance Ilmitatlons of a machine drive are

linked directly to the error driven nature of a closed

loop servo system. Às the moÈors of a system may be

considered to be drlven by the difference, or error,
between the reference and actual axfs positlons,

a flnite position error must exist whenever the axis

motor is in motion. The use of classical control theory

provldes a vray of predicting and mlnimlzlng thls
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posltlon error.

1.4 Modern Hachlne Controllers

Modern machine controllers are generally dedicated

to a particular type of machlne tool. Conseguently,

they offer very llttre frexibillty because a user cannot

customize the machine tool for a given application. It
would be more desirable, ln prlnciple, to have an 'opent
design which would allow the user to completely change

the controllerrs personality to suit the application at
hand. Thereforer âD ldeal controller should allow the

use of dlfferent control schemes, varying from simple

contouring to adaptlve or optimum control capabllltles.
Such flexible controllers could be programrned in unusual

coordinate f rames like those in robots f.zl or in more

traditional Cartesian coordinates.

It is possible presently to purchase commercial

controllers which have limited flexibility. These

controllers ate intended typically for retrofitting
hand-operated milling machines for CNC use. The rnajor

limitation of such control units is their expense and

lack of flexibility. These devlces are targeted

directly at the traditional machine tool market and

offer limited flexibility for use in traditional rnachine

appllcatlons. Furthermore, manufacturers of these

I*-.
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retrofit control units construct the hardware and write

the software for thelr own cornputer system. This, rfrom

the ground upr approach tends to add to the final
purchase cost because of high development costs. (It

would be cheaper to use existing software development

tools and standard hardware when developing a machine

control unit. )

1.5 Thesis Goals

The goal of this thesis was to deslgn and construct

a machlne control system which offers flexible machlne

control at a cost below 56r000, excluding the servo

motors and ampllflers. To mlnlmlze the cost, conmon

off-the-she1f hardware was utilized as far as possible.

Existing computer languages and compilers vrere adopted

to maxlmlze flexlblllty yet minlmlze the software

development time.

Softr¿are vtas lmplemented largely ln the high leveI

language of FORTRAN to allow simple prograrnming and the

use of FORTRÀ}Irs powerful mathematical capabilities.
Unfortunately, FORTRÀN does not have powerful interface

capabilities and low level input output support was

provided by ÀSSEMBLER subroutines. Both the FORTRÀN and

the ÀSSEHBLER software developed lrere compatible,

allowing the two languages to conìmunlcate easlly.

.,ì
ììi
,r ì

ìtt

ilr ì

ì:1 l
;1,

); tii

,ì.:I
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The control urrlt was baseci on a conmoll IBM PC or

compatible microcomputer, supported by an InteI B0BB

central processor and InteI 8087 math coprocessor.

Although ä genuine IBM PC was userl for the experimental

apparatus. any true compatible could easily be used.

The IBM microcomputer wäs chosen because of the

compLementary wide array of support software offered for
this unit which sells for less than s2500 excrurling the

reguired interface cards. The choice of FORTRAN allowed

the control program to employ real time, fLoating point
arithmetic with the B0B7 support. Floating point
calculations not only simplified the programming of the

controller but also signiflcantly increased its
versatil ity, The IBM microcompr:ter requirerl only one

custom interface card to cohtrol two axes of motion.

Future refinements would allow the same two cards to

cotrtrol a total of forrr axes of motion. Most machine

control systems use multiple processors in which a

single processor is dedicated to each axis and a master

pr(lcessor exlsts to coordlnate the motl.rns along the

axes. The developed control unit operated by using only

a single processor, än InteI B0BB, for all system tasks.

Thls hardware slmpllflcatlon was posslble by lncreaslng

the software sophisticatlon of the system beyond tLrat

whÍch is normally found in machine controL

11
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un1ts. Thls sophlstlcatlon included innovative

mathematical techniques (r¡hich significantly improved

the drlve systemrs accuracy) and a thorough treatment

of the practical aspects of servo system lag.
It is important to understand the intended market

for the deslgned control unit. This controller nas

intended as an inexpensive unlt for custom machine toor
or retrofit applications. Costs were mlnimized by using

advanced contror techniques to offset the performance

limitations offered by non-custom hardware. ÀIso, the

use of commercial languages offered maximum ftexibility
wlth least development time.

Chapter 2 of. thls thesls wlIl lntroduce the

techniques employed ln the drive control and will
present detalls of the mathematical control modeI.

Chapter 3 wiIl elaborate upon the actual construction
of the designed controller. It should be noted,

however, that the controller h¡as lmplemented, for
demonstrative purposesr ëts a two axis controller on a

small milling machine. Performance tests will be

described in which the validity of the control scheme

was determined.
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CHAPTER 2

DIGIIAL-A¡IÀLOGUE CONTROL LOOPS FOR NUI{ERICÀL CONTROL

2.1 Introduction

This chapter will provide a general introduction
to two major control technlques commonly used for
machine axes control. In addition, the advantages of

sampled data drlves wl11 be highlighted and a detailed
mathematical analysis of a sampled data drive wiII be

presented. The analysis will indicate the advantages

offered by a control scheme which requires the

controller to use real-tlme, floating-point rnathernatical

calculatlons.

The chapter will present the theoretical basis for
the machine drivets control. The theory has been based

on several inherent assumptions. The most important

assumptlon is that the mechanical machine drive, itself,
is ideal and does not suffer backlash, or the dynamic

consequences of structural flexibitity. This assumption

is generally acceptable for a good quality machine tool.
However, Eox completeness, Chapter 5 will provide a

short discusslon on the control of non-ideaI machines.

::
1,:

:

I
:)

13



2.2 Introductlon to ControL Schemes

2. 2.1 Performance Considerations

It ls lmperative that a CNC controller be able to
maintain a specified accuracy over the entire cutting
speed range of the controller. Hence, accuracy is the

major conslderatlon ln evaluatlng the performance of a

machine tool controller t31. The performance of a closed

loop machine drive controller may be described

effectively by two types of error, position Errors and

Path Errors.

Position errors are caused by the error driven
nature of a cLosed loop controller and by the finite
response time of an electro-mechanical servo drive. They

are not usually of great concern because position errors
often do not contribute to the inaccuracy of the

cutterrs path. For instance, consider a steady state

line motion in which the reference position sirnply leads

the actual position by a finite steady value. ÀIthough

the cutterts actual position lags behind the reference

position, the actual position still lies on the desired

path.

Path errors are position errors in which the cutter
is off the desired path. These errors are caused

typicalty by different response characteristics of

t{
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lrrterrelated rnotor*, Far euample. c(rnÉ1cler Flgr;re 2.I
where it is desired to äccelerate a cutter along a 45

degree path from rest to some desired feedrate. If the

motor rlrlvlng the X,rxls rnotlon responrìs mure qr:lckIy

to the reference speed than that for the y axis, a path

error will be generated as shown. Typically, if the

interpolation routines are assumed accurate, most path

errors can be attributed to a mismatch in relaterl axis

servo systems t3l. Chapter 4 will provide a discussion

of the errors caused by the mismatch of interrelated
axes servo systems. This Chapter will focus primarily
orì indivldual axls errors.

There are two major techniques employed in machine

tool control. The oldest technique is the reference

pulse technlque whlch is a byproduct of the hardwired

logic, NC machlne tool. The other major technlque is

the sampled data one in which use is made of sampled

data techniques tor the control- of the machine axes.

The following sections will focus on these two

techniques and wlII outllne their respective advantages

and disadvantages.

2.2.2 Reference PuIse Techniques [ 1 ]

F1gure 2.2 shows a block diagram of a single axis

..i:L

15
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CNC system which employs the Reference pulse Technique.

The mlcrocomputer contains a control program which

provides a seguence of reference pulses to the up/down

counter for each axis. The upldown counter also receives
a series of feedback pulses from the optlcal encoder

mounted on the axls motor. The optlcal encoder outputs

a known number of pulses per revolution. The

accumurated difference between these two pulse streams

is equal to the position error for the axis. The error
is converted to a voltage by the axis DÀC. This voltage

serves as a speed reference for the servo motot's

amplifier and will cause the motor to rotate and reduce

the position error. For a single axis and a given,

constant steady state reference pulse frequency, the

motor will turn at a constant speed with a finite
position error between the reference and actual
position. Furthermore, this position error will be

related Iinearly to the reference pulse frequency. The.

position error will be just sufficient to cause the DÀC

Èo produce a motor speed which results in a feedback

pulse frequency of the same frequency as the input

stream.

The interpolation algorithms used in the Reference

Pulse Technique are based upon an iterative strategy and

18
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they are controlled by an external interrupt clock. A

single iteration of the routine is executed at each

lnterrupt whIch, dependlng upon the deslred feedrate,

may or may not provlde a single output pulse to the axis

motor. Each iteration can provide only a single pulse

or no pu1se. The maximum speed of the axis is reached

when every iteration produces a reference pulse. Thus,

the maximum speed along any axis is restricted by the

frequency of the interrupt clock which, in turn, is

constralned by the time required for the mlcrocomputer

to perform a slngle iteration of the lnterpolatlon
routine. This speed constraint will be shown to be

partlcular to the Reference Pulse Technique.

The Reference Pulse Technique exists as a

carry-over from NC technology which was popular before

the introduction of microcomputers 1n machine tool
control. Traditionally, hard-wired circuits would

perform the interpolation calculations by using discrete

digltal analyzers. References L1-t4r5r6l provlde details
of interpolation algorithms for reference pulse control.
Reference pulse interpolation has been restricted to

linear, clrcular, and parabolic lnterpolations because

of the limited algorithm types which may be implemented

in hardwired logic.
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The major drawback of the Reference pulse Technique

Iles in the llmitations imposed by the microcomputerrs

iterative speed. The maximum speed along an axis is
constrained by this iterative speed because each

iteratlon can only cause a single pulse to be output.

For example, to obtaln a feedrate of 30 lnches per

minute on a machine drive with a BLU of l0-4 inches,

300000 interrupts per minute are required. This

feedrate corresponds to an interrupt frequency of

300000/60 or 5000 Hz. Interrupt frequencies of this
order prevent complex mathematical computations being

calculated in real time by present day microcomputer

hardware. Thus, although a microcomputer has more

computational porrrer than a discrete differential
analyzer, merely mimicing the hardwired Iogic does not

offer an attractive solution because the Iimited
intersample time, affered by the Reference Pulse

Technique, precludes complex real time calculations.
This deficiency imposes a practical Iimit on possible

interpolation capabilities. The Sampled Data Technique

will now be lntroduced and compared to the Reference

Pulse Technlque.

20



2.2.3 Sampled Data Techniques

Figure 2.3 represents the major components of a

singl.e axis, CNC system which employs a Sampted Data

Technlque. Such a CNC system uses the mlcrocomputer as

part of the control loop. The upldown counter of the

Reference Pulse Technique is replaced now by a

software-hardware counter. À smalI external counter is
used to count the encoder pulses in a given sample

period. (À single pulse is generally considered to be

equal to one BLU t1l even though lt w111 be shown later
that an integer multiple of pulses equal to a single BLU

is much better. ) For the purpose of the present

dlscusslon, the traditlonal view wiIl be considered in
which a single encoder pulse equals a single BLU.

The number of pulses transferred from the external

counter to the microcomputer represents the incremental

posItIon change, Ap, f.ot that sample perlod. The

microcomputer accumulates these increments and compares

the accumulated posltion with the reference position

determined by the interpolation routine during each

sample period. The difference between the reference and

accumulated positions represents the error in the drive
position. The ensuing error word is scaled, passed to

the DÀC and causes the motor to rotate in a direction
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whlch reduces the error

Flgure 2.4 shows a flowchart of the software

requlred to implement a sampled data controller for a

single axis. The Data Processing Unit reads a single
block of the part program from a mass storage device,

usually a tape or a disk drive, and passes the requested

move to the appropriate interpolator. The interporator
carculates the corresponding feedrates for the axes and

passes the reference speeds to the Control Loops Unit.
The Control toops Unit waits for an external interrupt
and, when it occurs, the CLU loads the incremental

position changes for each axis and adds them to the

current axis positlon accumulators. New reference

positions are calculated from the requested axis speeds

and the resulting posltion errors are used as speed

reference signals for the servo motorrs amplifiers.
The sampling freguency, fs, employed in the Sampled

Data Technique is considerably slower than the interrupt
frequency oE the Reference Pulse Technique. The maximum

rotational speed of the motor is not limited by the

sampllng frequency because each iteration outputs an

entire error word and not just a single pu1se. The

sampling frequency ranges typically between 10 and 100

Hz and is considerably slower than the interrupt clock
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frequency of the Reference Pulse Technique. The longer

intersample time allows a comparatively complex

interpolation scheme to be implemented in real time. The

only dlsadvantage of the Sampled Data Technlque ls that
the drive is sampled at a much lower frequency than the

Reference Pulse Technique. This reduction causes the

dynamic performance of the servo control system to be

degraded slightly in comparison to the Reference Pulse

Technique. However, this slight decrease is overshadowed

by the advantage of having a significantly longer

interrupt period. One important advantage is that the

control loop is closed within the microcomputer. This

lmplles that the mlcrocomputer has avallable internally
the axes position errors which can be used ln the

control calculatlons. Recall that the control loops are

closed outslde the mlcrocomputer ln the Reference Pulse

Technique so that the actual angular orientations of the

differenÈ axes are unknown to the microcomputer. The

ability to observe the actual orientations r¡ill be shown

to be extremely beneficial from a control viewpoint.

Hence, the Sampled Data Technique was chosen for this
proJect and the correspondlng mathematical model will
be developed next.



2.3 Sampled Dat.a Control of ,r Slnqle Axls

2.3.1 System Model-

Figure 2.5 presents d detalled blr_,ck diagr.enr of d

single axls, samplerl rlata control system. Each element

of the system will- be considered tn turn. The

nticrocomputer compares the actual position, p, r+ith ilre
reference position, R. The resulting position error
pulse count is scaled by a proportional factor, Kp,

before being passed to the Digital to Analogue converter
(DÀC). The DAC converts the error into an analogous

voltage with a gain of Kd Vo1ts,/pu1se error. The DAC

outputs this vortage to the motor dr lve v,¡hlch accepts

Ít as a speed reference signat. The motor drive acts

as a low pass f i lter anrl can be mode 1led, there f ore ¿ äs

a first order block wlth a tlme constant equat to that
of the loaded dr ive II,7 J. By convent i on t I ] , the t ime

constant shown ln Flgure 2.6 ls the perlod requlred for
the ltrertially loaded nrotor rlrlve to attaln 63.2t oi .i

requested step change in speed. The gain of the motorrs

rlrlve system Krn, otì the other hanrl, Is represented lrr

units of Rads/sec/vot.iu. The encoder produces pulses

with an encoder gain of Ke pulses/rad. Such pulses are

accumulated ln a sma1l external counter durlng the

intersample per lod. At each satnpl ing lnstant, the
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external counter v,rIr-te/ ¿ir. Is

accumulator and then the exter

Thus, the absolute accumulator

position count. This process

lncremental prtsltion changes i

by an integration.

arlr:ler-l t rl a tì ,1bË u I r-tt e

nal counter is cleared.

contains the absolute

of accumulating

s represÈnted essent ial ly

Figure 2.7 presents the machine drive's block

diagram. The first orrler representation of this system

contains severar approximations which must be considered

separately. Typical servo amplifiers have internal loops

whÍch generally include a tachometer, a current limiting
loop (to prevent demagnetization of the motor), a

dynamic braking 1oop, and compensation loops to improve

the speed response of the motor. I./ith the exception of

the current llmltlng loop and the braklng 1oop, all
loops tend to 1lnear lze the response of ilre rnotor over

small reference speed changes. Large speed changes,

however, tend to cause the current limitation Ioop to
produce a disproportionately greater response time which

is .f non-l inear ef f ect. AIso the dynamic brak ing Ioop

forces the motor to generate electrlcity when a request

1s made f.or the motor to slovr rlown, This electricity is
converted to heat through a resistance so that the

brak irtg introduces another non-I inear ef f ect i¡rto the
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control system. These effects undermine, but do not

fnvalidate, the usefulness of the linear drlve model.

The effect of extraneous external loads on the

motor is another aspect which must be considered when

constructlng tire drlve's rÈpresentatlon, cr.rttl¡lg [(]rceS

and the friction of the leadscrews are fed back as

torque loads to the motor through the gearbox. As these

forces change, different motor current requirements

result. The forces are referenced through ð gearbox so

that all the cutting forces are reduced by a factor of

N, såy, where N is the gearbox reduction factor. The

value of N depends upon the specific application but

a value of 10 was chosen here f or the exper iment.rl

system. A1so. the motor 1s subJected to lnertial Ioads

which depend upon the weight of the workpiece being

moved on the machine tool's table. Fortunately, these

lnertlal l,rads are rerlucerl by a factor of N;'by the

gearbox t11. For a lightly loaded ml11, the external

Ioads wiII only cause smaII variations in the time

constant of the loaded servo drlve system.

The non-Iinearities of the amplif iers and

unpredictable nature of the external loads prevent an

exact determlnatlon of the machlne drlve's transfer

function. Fortunately, a simple first order model



r:onslYtlng nf.

cons idered an

forward-path

dr ivers servo

,1Ì'i Integrator anci

acceptable model

transfer function,

system may be wri

,l l ow parr

1.7,9i. The

Gf, of the

tten as:

f1 Iter 1r

open - 1 oop,

mach i ne

Gf=
KdxKmxKe

Kpx
s (1 + Ís)

(2.1)

Kd = DAC Gain (Vo1ts,/pu1se)
Km = Motor Gain (rads/sec volt)
Ke = Errcoder Galn (pu1ses,/rad)
Kp = Proportional Gain (unitless )

s = Laplace operator
r(' = Loaded Motor Time

Constant (secs )

where:

The various gains of. the machine drive system may be

gathered simply into a single term Kt where Kt = Kp x

Kd x Km x Ke.

System parameters are found easily from the

harrlware specifications of the equlpment or from

straightforward experiments. An encoder of l-00

pulses/rotation was used experimentally and this value

corresponds to an encoder gain, K€, of 700/ 12xpi) or

15.92 pulses,/rad, The DAC prorluced l0 VoIts fullscale
whÍch accords to an error word of I27. Hence the DAC

galn, Kd, is L0/Lz'l oy 0.078 Volts,/pulse. The motor

rotated at ä constant 3000 RPM for ü reference voltage

32



of 10 Volts so that the rnotor's ga1n, KrTì. 1s

3000/ (10*60)*(2xpi) or 31.42 rads/sec volt. The

proportlonal factor, Kp, Is not hardware specific and

it is chosen by the designer for a rlesired damping

factor of the system. By temporarily assuming Kp to be

unity, the overaLl system's total galn, Kt, wor-r1d Lre

merely the product of the various gains or Kt = 1.0 x

0.078 x 3L.42 x 15.92 = 39.02 sec--1, À loaded motor,s

time constant may be obtained experimentally by

providing a reference step speed to the motor's
amplifier. The time required f.or the motor,s speed to
reach 63.2t of the requested value represents, by

convention, the time constant of the drive. For the

experlmental system, the publlsherl motor time constant

was 0.030 seconds and tests to be detailed ln Chapter

4 will verify this value for smaII reference signaì.

changes .

The procedure for determlnlng the transfer function

of a drive system has now Þeen introducerl , Equatlon

(2.1) wl11 form the basls of a mathematlcal analysls

which uses classicaL control theory. À simple

proportional analysis will be presented next which will
serve later as an i.ntrorluctlon to a more .tdvanced

analysis.



a

2.3.2 Proportlonal Analysls

It Is generally accepted that d system can be

considered essentially continuous i t its inputs and

outputs are sampled sufficiently quickly. lrrhile various

anthors t7J disagree Ðtì the ,legree of quickness, a

sampling frequency 5 to l_0 times the system's bandwldth

will capture the relevant spectrat information. To ai<l

in understanding why the continuous approximation of a

discrete series is reasonable, consider a situation in

which external forces äre causing a machine tool's
toolbit to vibrate with large rieflectlons at c1 frequency

more than twice the control system's bandwidth. It is
impossible for the control system to correct for such

an external forcing frequency because the machine drives
wi l l ¡rot responri at the rles l rerì f reque¡lcy, Hellce, the

drivesf bandwldth represents the only frequency range

of interest, Thus a sampling frequency for ttle

controller of 5 to 10 times the highest frequency should

not only assure a fair approximation but it also safely
satlsf 1es the Nyqulst Crlterion t l_0 L

The forwarrl ¡rath transfer fr.rnction rlf the m.rchine

drive considered previously and the single lntegration
ln equatlon (2.L) indicates that the drlve corresponds

to a type '1' position control system [8r11]. Knowledge
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of the system's type allows the steady state behaviour

to certaln speci f ied inputs to be pred icterl ' The two

types of inputs of interest here are step speed and ramp

speed changes. These inputs correspond to constattt

feedrateg and steadlly changlng feedratesr, respectlvely.

On the other hand, the step anrl ramp speed inputs

correspond to ramp and parabolic position inputs,

respectively. Fortunately, the behaviour of a type 'l'
system is well-known f or these inputs t l-l- I and may be

summarized, with reference to Figure 2,8¿ äs follows:

Veloclty Input I

I

I

coY.Y espond I ng I

Position I

Input Variation I

Speed
Error

Pos it ion
Error

Increasing or
Decr eas i ng
Ramp

Parabol ic

rl

I/Kt * À I ncreas i ng

Cons tant
s tep

I Ramp I

tl
ZeY o I

I

I

I/KI * V

Kt
V
A

system Galn
Speed
Àcce lerat i on

TABLE 2.1 - TYPE 11I SYSTEM BEHAV]OUR

Notice that the errors shown in TabIe 2.L are inversel-y

proportlonal to the overall machlne drlve's gaIn, Kt'

Conseguently a high gain will reduce axis position
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errors. Knowledge of the behaviour of the control system

to a step or ramp input is advantageous because a

typical servo movement contains both step and ramp

signals. This knowledge wlll be used after first
completing the matheroatical analysis of the control
system.

The previously described control scheme represents

a basic proportional control ln which the system is
driven simply by the position error scaled by a

proportlonal constant, Kp. GeneraIly, aIl publlshed

work on servo systems use proportional control. The Kp

is chosen to yield a selected closed-loop damping

factor. Hlgh galns tend to reduce the errors of the

machine drive but they also reduce the stability of the

drive. These two tendencies are contradictory, of

course, because a stable system Is deslred wlth a hlgh

gain. Much research has been published considering a

systemrs stabllity as a function of the gain. À damping

ratio of 0.707 is considered to provide the best

trade-off between system stability and gain [3r91. It is
possible to calculate the damping factor, zeta, for any

specifted galn by uslng the following formula t9l:

zeta = (2.2t
2 (Kt *T) L/'z

l_
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where:

zeLa = damping factor
Kt = overall system gain
T = system time constant

The preceedlng analysls ls based on a contlnuous

model of the system so that the sampling rate should be

at least 5 times the systemrs bandwidth. By examining

equation (2.2 ) it can be seen that, fox the specified
zeta of O.707, the overall gain Kt is purely a function
of the drive systemrs loaded machine time constantrf.
Having determined Kt, Kp can be specified from equation
(2.L) because the remaining gains, Kd, Ktn, and Ke, are

alI hardware specific. Equation (2.L) yields a Kt value

of 15.7 for the experimental system employed. This value

of Kt implies that Kp must be L6.7/39.01_ or O.4ZB for
a zeta of 0.707. Knowing Kp, it is possible to determine

the smallest correctable position error of the machine

drive. This error is calculated by considering the

minimum position error that would set the least
significant bit of the DÀC and, hence, produce the

minimum speed reference to the motor

determining:

It is found by



Pulself-r- such that Pulself * Kp )= 1 (2.3)

The error is system dependent and, f.or the constructed

machine drlve with a simple proportional scheme, the

Pulse#-r- rdas 3 pulses. This value of Pulse#-r-

indicates that it is impossible for the constructed

drive to maintain a position accuracy greater than 3

Pulse units when using a proportional scheme. The

corresponding position error would be acceptable only

if the resolutlon of the drlve was finer than lts
desired accuracy. To maintain real accuracy, the machlne

drivers resolution must be finer than the programming

resolutlon (expressed ln BtUs) and, thus, a BLU should

preferably consist of multiple encoder pulses. À factor

of 10 is a convenient multiple because it allows the

converslon between a systemfs resolution units and the

programming units to be performed by merely shifting the

decimal point. The next step in the mathematical

analysis will introduce the benefits of compensation.

Consider the Bode plot of the open loop, forward

path transfer function presented in Figure 2.9. The

Bode form shown Is typical of all machine drives. The

wr marked on the abscissa equals I/T vhexe T is the time

constant of a toaded axis drive. Civen Ç the correct
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FIGURE 2.9 A TYPTCAL OPEN LOOP TRANSFER FUNCTÏ.ON
FOR A SERVO MACHTNE DRTVE SYSTEM
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total gain, Kt, of the machine drive system can be

chosen by using formula (2.21. Once the Bode plot has

been determlned, the crossover frequeñcy, lfc, wiII be

identical to Kt because the slope of the Bode plot is
-45 degrees at this frequency. Consequentl-y the

frequency and gain axis lntercepts are then identical.
(Note that formula (2.21 ensures that the corner

frequency l/T is beneath the abscissa which is the

requirement for equating the numericaL values of Wc and

Kt. ) The crossover f requency, I{c, in Figure 2,9 al1ows

the systemrs bandwidth to be estimated from t12l:

where:

Bandwidth = þlc/ 12*pi) (2.41

lfc = crossover frequency
pi = 3.14159

F'or the experimental system, if a proportional control

scheme was used, with a crossover frequency of. L6.7

rads,/sec, the bandwidth would be 2.66 Hz. Àt this point,

the system designer has enough information to estimate

the step response of the system including the response

time, time to first peak etc. These estimations can be

reasonably based on a closed loop second order model t L2 I .

2.3.3 Compensation

The accuracy of a machine tool is linked directly



to the gains of the position axes. It v¡ould be

beneficial if a drive systemts gain could be increased

without affecting its stability. Àn unstable or

marginally stable drlve system is unacceptable because

of oscillations or fhuntingt which would occur whenever

the cutter rras disturbed. Formula (2.21 indicates that,
for a proportional control schemer êrr increase in the

control gain will always undermine the drivers

stability. However, if the simple Kp block in Figure 2.7

is replaced by a compensatlon block Gc, the galn could

be increased wlthout damaging the drivers stability.
Consider Figure 2.l-0 , for example, which shows

three Bode magnitude plots of the forward path transfer
functions of three different drive systems. The various

gains were chosen for a drive system with a loaded time

constant of 0.030 seconds. Thls value 1s representative

of the drive system used in the experimental tests of

the controller.

Gr.

G=

G:¡

1S

is

1s

the original system with a gain of 16.7,

the original system with a gain of 200,

an improved overall system.

The Gr has been calculated to correspond to the ideal
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FIGURE 2.IO THE EFFECT OF COMPENSATION ON THE
DRIVE
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zeta of 0.707. The G.=, on the other hand, would produce

an unstable system. Now, Gs represents G= when

compensated with a damping factor of 0.7 - a value which

is close to the ideal value of 0.707. The realization
of G:¡ vrould of f er an increase ln gain f rom L6.7 to about

200. rf this drive system was avairable, it wourd offer
a reduction by a factor of over L2 in the steady state
speed error from a ramp input. In addition to the

greater gain, the bandwidth would be widened which would

improve the systemts response time. The G= drive system

would be signlficantly more accurate than the Gr system.

The advantages of a compensated system should not be

mlnimlzed even though a computer search dld not reveal

any Iiterature which examined the role of digital
compensation in machine tool control. On the other hand,

this technique does need the use of the Sampled Data

Control Technique and the availability of a ftoating
point programming unit. The actual realization of this
compensator will be demonstrated next.

Consider the forward path transfer function Ge

which ls merely rread from, the Bode diagram by using

the asymptotic approximation [1J-r121 :

200 (1 + s/8)
þg (2.51

s (1 + s/L) (1 + s/2351
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The unstable and r-ulcorrrper]rated or l g1naI c1r lve systern
(with a gain of 200) has a transfer function of:

200
G:;r = - (2.6)

s(1 + s/33.3)

Using the techniques of Bode plot subtraction l72J I
formula (2.6) implies that the cascade compensator
transfer function must be:

(1 + s/8) (1 + s/33.3)
Gc (2.7 )(1 + s/L) ( f + s/235)

The last formul-a represents a standard lag-1ead

compensator function t 11, l2 I .

Although the lag-lead compensator could be realized

by using an analogue network, ä cheaper and more elegant

Ímplementation is possible. The analysis to this point

ll.ls approxlmaterl bhe control systern as contlnuor:s brrt

the system is, of course. a sampled-data control system.

Thls implles that the compensator cän be actually
realized computationally by using digital control

techniques.

sy uslng the technlques of pole-zero mapplng [13],

the compensator function of formula (2.7) may be

transformed in the z-domain as:

0.413351 (z - 0.923116) (z - 0.716770)
Gc*(z) = ----- (;-_-;:;;;;;;t-,;-_-;:;;;;;;;-----. 

( 2. B )



The above form of compensator may be lmplemented simply

by using direct digital compensation t141. Details of

this transformation and direct digital progranming are

given in Appendix I. However, real time floating point

calculations are required and the actual machine drive
position must be available for the calculations. The

actual machine drive's position is only available if the

Sampled Data Technique is used for the machiners

control. Now that the basic control theory and software

techniques have been examined t principles of the

interface hardware wiIl be introduced.

2.4 Electronic Interface

The drive interface aIlows the microcomputer to

monitor and control each axis of motion. Àn axis

interface must contain a Digital to Ànalogue Converter

to provide a voltage speed reference to the drivers

electronics. In additionr åtr encoder interface is

needed to determine the position of the motor. The

feedback pulses from the optical encoder must also be

decoded to determine the encoder's direction of motion.

These pulses are used to increment or decrement a small
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external counter which is cleared at every sample

instant. The external pulse counter must be

bi-directional to accomóá;ì\oth clockwise and
\\counterclockwlse motlons\f the motor. Furthermore, the

counter must have a sufficient word length to contain

the pulse count associated with the motorrs fastest
speed. The pulse count and word length required may be

calculated from:

MvxLc
PCR =

t{LR =

60 x Fi

Nrnr n whef e

lz )

2N

(2.e I

(2.10))= PCR

where:
ttLR = lford Length Requlred (blts)
PCR = Pulse Count Required (BtUs)
Lc = Encoder pulses/motor rotation

( BtUs )
Mv = Maximum motor speed (RpM)
Fi = Sampling frequency (Hz.l

The above formula can be substantiated straightforwardly
because the numerator represents the highest number of

possible encoder pulses per minute and the denomlnator

represents the number of samples (and consequent zeroing

of the counter) per minute. The factor of two in

formula (2.91 exists because an extra sign bit is needed

to separate positive clockwise and negative
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counterclockwise movements. A latch is required as part

of the lnterface because it is imperative that the

counter is able to operate unhindered while the computer

is reading the counterrs contents. This requirement is
necessary because the motor wilI often be rotating
during a sampling instant. It is also necessary to clear
the counter after every sampre ln order that the counter

not overflow. These requirements are most fundamental.

A circuit which would accomplish this procedure is shown

in Figure 2.11.

The digital optical encoder illustrated in Figure

2.LL outputs two pulse streams which have a 90 degrees

phase dlfference. Channel À leads channel B for encoder

rotations in one direction and, f,or the other direction,
channel B leads À. Outputs from the encoder ate passed

through a simple low-pass filter in order to filter
unwanted high frequencies. The bandwidth of this filter
should be chosen so that pulses with durations shorter

than the fastest encoder pulses are filtered. This

precaution prevents extraneous noise from triggering the

circuitry and avoids false counts. Schmitt triggers are

employed to reshape the pulses. The reshaped pulses are

used as inputs to the F1ip-Flops of Figure 2.L1. These

Flip-Flops require both channel A and B of the encoder

{8
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to change states before a pulse is accepted as va1id.

This procedure effectively rejects false pulses caused

by mechanical vibration from the machine which, in turn,
causes the encoder to vibrate around a channel

transition point. The Frip-Frops also direct the pulse

st¡eam to the appropriate Èerminal of the cascaded

counters. The counter outputs are buffered by a latch
and are connected to the microcomputer. A control line
must exist torstrobetthe latch in order to load the

counterrs contents. Immediately after loading the

counter, the rstrobet must also clear the external

counter.

The described interface is very basic and a more

elaborate interface, with improved features, witl be

introduced in Chapter 3. References [1r15r16] provide

an excellent treatment on the use of incremental optical
shaft encoders.

2.5 Chapter Summarv

This chapter has introduced the mathematics and

basic hardware and software which is reguired for the

implementation of a sampled data, machine drive

controller. Digital compensation techniques have been

shown to offer significant improvements in drive

",
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performance, The Sampled Data control Technlque and a

floatlng polnt unlt are necessary to lmplement digital
compensation. Chapter 3 will provide details of an

experimental control system which uses the described

techniques.
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CHAPTER 3

EXPERIMENTÀL SETUP

3.1- Introduction

A two-axis contouring machine controller was

rleveloped and installed on a smaII milling machine to

test the control scheme discussed in Chapter Two. The

mi11, Model LC30A manufactured by the Long Chang

Machinery Company Ltd . , \i/as or iginal Iy a manual machine

l:ut was rnorllf ied for use as a CNC machlne.

Flgure 3.1 shows the modified ml11ing machine.

with reference to Flgure 3.1, the handwheels of the

taL-rIe's leadscrews vrere replaced with couplers, The

milling machine's learlscrews were of such a pitch that

a complete rotatlon of either of the table leadscrews

produced 0. I inches of translational motion for lts

respectlve axls. The output shaft of a tetrfold gear

re(ll.rcer was attached trl eacli c(lupler and tlte axls servo

motors were mounted on the gear reducer input shafts.

À reduction factor of l0 was chosen in order to get the

cleslred torque-speed range f or the rnl11. Rotary optlcal

Incremental encoders were rnor-ttrterl on the ett,ls of tlte
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motor shafts. The encoders produced 100 pulses per

revolutlon and their moug,ting position provided a

resolution of L/L00 of a rotatlon of the motor's output

shaft. Thus, the final resolution for the gear reducer

on the output shaf t vtas L/LO x L/L00 or, L/ 1000 of a

rotation. Considering that a single complete rotation
of the axis leadscrews produced a translation motion of

0.L inches. the basic machine drivers resolution I'¡as

0 . I inches,/rotat ion x 1/1000 rotat ion,/pulse, or 0 . 0001

inches per pulse. Àt this resolutionr the speed range

of the machine var ied f rom 100 BLUs,/second to 4000

BLUs/second, corresponding to 0.010 inches/second and

0.400 inches/second, respectively. The speed could be

adjusted between these two extremes in increments of

0.010 inches,/second.

It is important to note that the positioning

control loop was closed at the motor shaft. This means

that any backlash or other errors in the machine axes

would be undetectable and, hence, uncorrectable by the

control system. NormalIy, it is desirable to close the

control loop around as many of the drive components as

possible. However, to ful1y test the control schemets

accuracy and isolate the backlash of the milling

machiners leadscrews, the encoder ttas mounted on the
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motor shaft. For discussion purposest têferences to

accuracy or position error assume that the drive line

components beyond the motor shaft are 'perfectr and do

not contribute to the position errors.

Àn IBM PC microcomputer was used as the control

computer. To provide the computational throughput

required by the Sampled Data Control Technique, a 8087

mathematical coprocessor and a comnercial input-output

(T/O) board were installed in addition to a custom made

encoder interface. The hardware specifications for the

computer system are detailed in Appendix II and the

major components of the machine control unit will be

considered separately next.

3.2 Software

3.2.1 The Software Structure

The focus of this project lrtas to implement machine

control by employing software techniques. To ensure

flexibitity, FORTRÀN 77 vtas used for all the

sophisticated manipulations. However, FORTRÀN has

extremely limited input-output capabilities so that aI1

Iow leveI input-output r¡as performed by ASSEMBLER

subroutines which vrere linked to the FORTRÀN mainline.

The Sampled Data control technique adopted relied on
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sampling at constant time intervals. NormaIly, this

technlque is implemented by using an external clock

which interrupts the computer at a constant frequency.

However, the IBM PC has an lnternal tlme-of-day clock
which is interrupt driven. This clock is assigned

permanently to the highest-priority interrupt of the

computer. It was possible to reprogram the computer to

ensure that this highest priority interrupt drove the

control program. This technique guaranteed an exact

sampling frequency. A somewhat arbitrary but quite high

sampling freguency of 100 Hz. rrras chosen to test whether

complex interpolation schemes could be implemented in

real time. This frequency met the requirements of being

at least 5 times higher than the drive systemfs

bandwidth.

The main program rrras constructed by using modular

programming. Named conmon blocks \dere utilized to

minimize the passing of parameters between the code

modules. Data was separated into convenient categories

such that each subroutine was granted access to the

common blocks needed. Each major module wiIl be

considered in turn. Appendix III contains documentation

and listings of the control programs.
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3.2.2 The Data Processinq Unit

3.2.2.1 Introduction

As described previously, the Data Processing Unit's
function is to provide speed reference signals for the

Control Loops Unit. The Data Processing Unit consists

of a decoding subroutine and all the interpolation
subroutines. The decoding subroutine uses the part

program as input and lnvokes the appropriate

interpolation subroutine for that given block.

Linear and circular interpolation routines were

implemented as part of the Data Processing Unit. These

two interpolation profiles define the minimum

interpolator set for a contouring machine. Other

interpolators, such as parabolic or spline fit
interpolators, could also be included because the

Sampled Data Technique $ras used for the machine control

system. (Reca11 that the Reference Pulse Technique

provides only limited interpolation capabilities. ) The

interpolators do not directly drive the motors but only

provide a stream of reference speeds for each axis to

the Control Loops Unit. The Control Loops Unit employs

these speeds to calculate the reference positions of the

axes. For each axis, the difference between the actual

and reference positions is used to drive the
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corresponding motor.

The process of lnterpolation lnvolves the

approximation of a desired curve by Iinear segments.

This segmentization is caused by the sampled data nature

of the control scheme whereby the speed of the axis

motors can be adjusted only at the sampling frequency.

Thus, a circular àrc is approximated as a series of

segments, each segment length being the distance that

the toolbit travels in a single sample period. The

segment length ls proportlonal to the feedrate and

inversely proportional to the sampling frequency. This

segmentization will be explained in more detail later,
but first it is useful to introduce the concept of a

servo speed profile.

3.2.2.2 Speed Profile

Chapter II indicated that the drive response time

and interrelated servo mismatch was the major source of

contour errors. To minimize the possible contour error

due to response time mismatch, it is desirable not to

request instantaneous speed changes from the machine

drive. For this reason, accelerations and decelerations

were used at the beginning and end of each move.

It is useful to consider that each interpolator
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produces a moving feed vector to better understand an

interpolation function. The rtail' of the vector moves

along the desired curve and the vector always rpointst

Ín a direction tangent to the curve. The speed profile

provides the magnitude of this vector. For both the

linear and circular interpolators, trapezoidal speed

profiles were used as illustrated in Figure 3.2,

To determine the speed profile, the absolute value

of the toolbit travel, delta, must be calculated for a

given segment of motion. For linear interpolation, delta

is given by the incremental distance between the initial

and final points of the toolbit motion for any given

llnear segment. On the other hand, delta is the

incremental arc distance between the initial and final

points for circular interpolation. Àfter calculating the

toolbitfs total travel, a series of pre-motion

calculations are made to determine the speed profile of

the toolbit based upon the incremental distance,

acceleration and deceleration. The area under the

trapezoidal speed profile represents the distance

travelled and, for the purpose of subsequent discussiont

it wlll be subdlvlded into the areas one, two and three

defined in Figure 3.2.

For a given motion, the feedrate and toolbitfs
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fitr,ll ,ebsol'.rte po=1t1,rn arË ¡f-'ec1f1ed Ì-ry the Lr.1Ít

program. The present position of the toolbit is known

so that the lncremental path distance, delta, which the

toolblt must travel for the next segment can be

calculated easily. After determining de1ta, the

interpolators must determine the number of sample

periods, Ptl-, Ptz and Pt3, that the toolbit must

accelerate, travel at the prescibed feedrate, äñrì then

decelerate. However, a problem can arise because the

part programmer specifies only the feedraLe and

endpoint. It is quite posslbIe, for instance, that a

feedrate coulrl be supplied which makes it imposslble for
the toolbit to accelerate to the prescribed feedrate and

rlecelerate to d stop without overshoot ing a given move's

errdpoint. This possibllity must be considered by the

speed protile algorlthm. A calculation procedure wilI
be detailed in the following paragraphs which considers

this possibility.

!'¡ith ref erence to Figure 3.2, the acceleration and

rleceleration times are calculated as:

where:

Pt1 = feedrate /acl
Pt3 = feedrate,/deceI (3.f )

feedrate = prescr ibed feedrate ( BLU ' s,/interrupt )

acl = acceleration rate (BLU's,/int,/int)
decel = deceleration rate ( BLU's/ int/ int)

Ptt = time to accelerate (lnts)

5
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Pt3 = tlme to deceler,rte (Ints)

Note that acceleration ac1 and deceleration rate, dece1,

,rr'= not epec I f le,1 by tiie ¡.,rart progr.lrtr se tliat tliey c.rtr

t¡e rhard codedr as partlcular values 1n the Data

Processing Unit. The acceleration rate, ac1, was chosetr

exÞerlmentally to produce a fast speed change whlch ,Cid

not severely saturate the motor ampLifiers. Then the

deceleration rate, decel, was selected as half this
acceleration rate. ÀIthough the factor of a half is

somewhat arbitrary, it does give a deceleration rate

which is less than the acceleration rate, This, in

turn, tends to alleviate toolbit overshoot by reducing

the speed error, and subsequent position error, during

the deceleration ramp.

Knowledge of pt1 and pt2 from equation (3.1) and

the feedrate ( from the part progrdm) allows the

deterrnÍnation of the total distance travelled while

acceleratltrg, Areal,,itìrl rleceleratitrg. Area3. These

distances are given by:

Area I
Area 3

Consequent ly,

= L/2 x ptl x feedrate (BLUs)
= 1_/2 x pt3 * feedrate (BLUs)

Àrea2 can be calculated from:

= delta - Areal - Area3Area2

(3.2)

(3.3)

where:
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delta = total incremental
Areal = toolblt travel whi
Area2 = toolbit travel whi
Àrea3 = toolbit travel whi

path travel (BLUs)
1e accelerating (BLUs)
le at feedrate ( BLUs )

1e decelerating (BLUs)

À negative Area2 implies that the prescribed feedrate
is too high for the given de1ta. Under these

circumstances, the program automatically chooses a new

feedrate at 90t of the present feedrate and recarculates
the three areas. This procedure continues until the

feedrate can be reached in at least a single interrupt
per iod.

It was mentioned previously that the deceLeration

period, pt3, is precalculated. Consider the typical
reference and actual speed profiles shown in Figure 3

Recal1 the behaviour of a type I l- I system introduced

Section 2.3.2 in which the steady state behaviour is
known for both ramp and steady speed references.

Consider the speed overshoot at the beginning of the

deceleration ramp. Such an overshoot would cause the

actual distance travelled by the cutter to be larger

than the prescribed distance. However, the consistent

and, hence, predictable nature of the actual speed

profile can be ernployed advantageously to compensate for
the response time of the axis drive system. (À computer

literature search on the topic of machine tool control

.3.

in
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did not produce any description or treatment of motion

speed profiles.) To compensate for both this overshoot

tendency and digital quantisization or noise errors

which may have accumulated at the end of the fuII speed

portion of the curve, the deceleration rate is modified

slightly and area3 is recalculated based on the actual
distance left to travel. This technique greatly
improves the control program's ability to compensate for
the drivers actual speed curve. Chapter 4 witl provide

a detailed explanation of this deceleration adjustment

and wlll present experimental results demonstratlng its
use fulness .

3.2.2.3 The Linear Interoolator
The Iinear interpolation subroutine receives the

final desired position of the toolbit as well as the

cutting feedrate from the decoding subroutine. The

toolbitf s present position is known because it is

readily available from the position common block in the

microcomputer. The linear interpolator uses the moving

feed vector technique which was introduced earlier. This

feed vector changes in magnitude and position and the

vector rpointsr directly from the toolbitrs present,

instantaneous reference position to the desired final

.\
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toolbit position. The magnitude of the feed vector is

provlded by the previously described trapezoidal speed

algorithm. At each sample instant the 'tai1' of the feed

vector advances to the previous reference position and

the cartesian components of the feed vector are utirized
as the speed inputs to the Control Loops Unit. These

inputs are used by the Control Loops Unit to calculate
the nevr reference position for each axis. Thus, at each

sample, the feed vector advances along the desired curve

by the amount specified by the feed vector of the

previous sample. This procedure continues with the feed

vector moving along the curve until the end of the

motion segment is reached.

3 .2.2,4 The Circular Interoolator

Às mentioned in Section 3,2.2.L, the process of

interpolation involves approximating a curve by a series

of linear segments. Àt each sampling instant, the

interpolator specifies the next point to which the

toolbit should move during the next sample period. The

Control Loops Unit drives the toolbit directly from the

present polnt to the next specified point and, thus, the

motion between the two interpolated points on the curve

is represented by a Iinear segment. l{hen considering

65



llnear lnterpolatlon, this segmentization 1s not of

concertì because each reference posltion and segment lies

exactly upon the desired line. However, during circular

interpolatlon, these segmetrts do not 1ie exactly on the

desired arc. Fortunately, it is possible to easily

calcr.rlate the effects of the 1l¡re.rrlzatlotr. Fr)Ë tlte

experimental apparatus, the maximum segment length v/as

0.004 inches which corresponds to the maximum feedrate

of 0.400 inches,/second with the chosen 100 Hz. sampling

frequency. Figure 3.4 shows a single linear segment of

a circuLar interpolation in which the endpoint of the

segment corresponds to the reference position for the

sample. The circular arc gradually separates from the

tangentlal line segment and E represents the maximum

co¡rtour error during the sample, Straightforward

calcr.llatlons tt'trllcate that tlte c()tltor-lr errr)r¿ E¡ t¿l1l

not be greater than l- BLU or 0.0001- inches for arc radii

of more than 0.080 inches at the maximum feedrate. This

vaLue of E indicates that, under normal operating ranges

of the mi11, line segments which represent circular arcs

wl11 not contrlbute noticeable contour errors. The

detalls of the lnterpolator wl11 now be presented.

The developed circular 1r¡terpolator was deslgned

to accept standard EIÀ codes. These codes require that
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àI1 circular arcs must st,trt and finish in the same

guadrant. The codes include:

i ) coordinates defining the final toolbit position,
ii) a pair of numbers, i and j, which define the

absolute offsets of the centrepoint of the arc from

the present toolbit position,

i i i ) a code def ining whether the toorbit movement shourrl

be clockwlse or counterclockwise. and

iv) the desired feedrate along the path.

Ifhen used in conjunction with the toolbit's (known)

present position, the information provided in the part
program provides enough information to perform the

clrcular lnterpolatlon. The basic information that is
rerluired to begln the interpolation process is:

i ) the arc rs start po i nt,
ii) the arcf s final point,

iii) the arcrs centrepoint, ânrl

iv) the desired feedrate.

The present toolblt position is available within the

microcomputer and the desired final toolbit position and

feedrate are glven hy the part program. The ärcfs

centrepoint may be calculated from the i and j codes.

These codes represent the absolr-rte values of the X.1tìrl

Y component offsets of the arcf s centrepoint from the



Frtr-.-Ëtit to¡lblt porltloti. ThË lnter¡rol.rtlon rr-lbrçr.rt1rre

must determine the signs of i and j. This is
accomplished by finding the i and j sign combination

which produces an arc I s centrepoint that is er¡uidistant
from the toolbit ' s present posiLion and the required

final position of the toolbit. After determining the

above mentioned information, the circul_ar interpolator
rletermines the start angle and the f inal angre . These

angles are determined easily by using the arcrs

centrepoint, the toolbit's init iaI polnt ,rhd the

toolbit's final position. The knowledge of these angles

and the ,lrcrs radius enables the interpolator to

cal-culate the 'delta' used in speed profile calcuLations
rlescribed in Section 3,2.2.2. Àf ter establishing the

speed profile, the interpoi_ator has enough information

to begin to rlr ive tÌte rnotors.

As mentioned previously. to better understand the

c ircular interpolator, it is useful to cons ider the

circular motion of the cutter as being represented by

a f eerl vector , Thls vector moves tangent ia 11y arorrncl

the circular arc, such that its rtailr remains on the

arc and at each sampling instant, its 'tip' establishes

the new reference posltlon for the axes, (Actual1y, 1t

ls the comp()11etìts of this veLrtor whlch provl,le tlie,r.res
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speeds for the Cotrtr,:I Lo(rps IJnlt wiilc:h, 1n turn.

establishes the new reference point. ) Àt each sampling

instant, the feed vector changes position, direction,
and magnitude. The magnitude of the vector is provided

by the trapezoidal speed prof i1e. The direction antl

position of the vector is given by the interpolator such

that, ät each sampling instant, the vector is

established tangential to the desired reference arc.
Figure 3.5 provides a conceptual diagram which shows the

movement of the feed vector, at equar time increments,

during a circular interpolation. The magnitude of the

vector is greatly enlarged for clarity. It is provided

by the trapezoirlal speerì prof i 1e . The vector's
magnitude can be seen to increase gradually over the

initial portion of the arc and then rlecrease.luring the

final portion of the ðrc. These portions correspond to

l;he toolbit's acceleration and deceleration phases,

respectively. The procedure for determining the

directlon of the f eerl vector wiIl be detailed next.

The lnterpolator performs the feed vectorrs

movement by establishing a position vector from the

arcrs centrepoint to the toolbit's present position.
Tltis posltlon vector ls updateri at every sample and

nìoves around the arc radi1 to its final position at
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theta' . The subrontlrre establ lshes the f eed vectc_.,r at

right angles to the position vector in the direction
which will drive the toolbit to the desired final
position. The time varying Cartesian components of the

feed vector represent the desired X and y speed

components for the axis drives. These crtmponents çìrÊ

used as axis speed references by the control Loops unit
which, itt turn¿ uprl.ìtes the reference position f.or the

axes .

3.2.3 The Control Loops Unit

The Control Loops Unit (CLU) drives the axes motors

in response to the speed reference signals generated by

the interpolation routines. The CLU is implementerl as

a subroutine which, with the aid of ASSEMBLER

subprogrLlms, Ìras access to the riigltal to analogue

converter and encoder counter. The subroutine is driven
rlirectly by the interrupt clock at the sampling rate of

100 lIz in the f ollowing manner. I{hen invoked, the

subroutlne receives the requirerl axes speeds. It then

waits for an interrupt from a background assembler

subroutlne to set ä variable which serves as an interrupt
occurrence lndlcator, After the lnterrupt has occurred.

the computer accepts the incremental position change
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from the external cor.rnter ätìtl ,ldrls it to the poslti()¡l

ðccumulator. A new reference position is determined

from the passed speeds so that the curre¡rt position
error can be calculated. This error may be scaled and

used às the output to the digit.el to analo(lue

cor'ìverters. FIowever. as explained in section 2.2.3, it
would be beneficiat from the viewpoint of the mactrine

cìrive's performance to implement a lead-1ag filter. À

direct digital realization of ,t samp).erJ data compensator

was utilized to improve the machine drive's performance.

The compensator example, representerl by equation (Z.B)

in Section 2.2,3, was implemented by employing direct
rligital progr.rmmlng,

3.3 Interface

Section 2.3 introduced the basic requirements for a

rlrive interface for each axis of a cNc controller, However

a more noise lmmune interface was designed and

cor'¡structetl f or this pro ject. TÌre maJor .ldvantage of

thig lrrterface v/as that it utlllzed a third signal from

the optical encorler. This sign,rl was atì index pulse

which occurred only once every rotation of the encoder

for unidirectlonal rotation. It was used to ensure that
the contents of the position accumuLators did not drift



f rorn the c:orrect v.llue¡. Eacli tlme tlie lndex pr-r1s*

occurred, circuitry on the interface stored the counter

value at that instant. t{hen the next sampling perioci

was reached, a flag notified the software that an index

count v/as available. The index count was used to align

the counter and then the 'regularr ( ie. the entire
sample period count) was loaded to cal_culate the

location of the axes, Tliis technique realigned eaclr

axis every 100 encoder pulses, essentially confirming

the machine position every 0.01 inches of toolbit
motion. Appendix IV details the required drive

interface harrlware.

3.4 Chaoter Summarv

This chapter has introduced the actuaÌ environment

under which the control algorithms rleveloperl i¡r Chapter

2 wer.e tested. A detailed description of the actual

milling machine was not provided because the thrust of

this thesis was towards controlLer flexibility through

so f tware s oph I st icat i on .

Algorithms for the various

lntroduced and the 'movlng f eerl

approach was descrlbed. In thls
speerl prof ile provlrles the rn.egnl

interpolators vrere

vector' mathematical

latter approach, a

tr-rde of a feerl vector

ttr



and a dlrectfon algorithm est.rblisires tlie p(rsltlrin ,:nrl

angle of the vector. The approach allows the

interpolator rlesigner to specity .rny cr.trve in two (rr

three dlmenslons. specif icatlorrs are slrnplif lerl because

r:nIy a r"r¡rit tangent vector neerl be carcr.llaterl becar:se

the magnitude of the curve is providecl by the speed

profile. The speed profile calculation requires only
knowledge of the total curve Iength.

Chapter 4 wilI provide the details of tests which

were performed to determine the accuracy of the milling
machine rs control system.
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CHAPTER 4

PERFORHÀ¡¡CE

4.1 Introduction

Àccuracy is the main criterion used in the

evaluation of a machine drive system. Chapter z

indicated that there are two toolbit motion errors to
be considered, path errors and position errors. In this
Chapter, the expected performance of individual machine

axes wiII be considered based upon the mathematical

model developed earlier. The performance predicted by

the model will be compared to data from experimental

tests in order to assess the drive axesr accuracy.

An examination of path errors which result from the

interrelation of axes wilI be considered. previously,

a detailed examination of the trapezoidat speed profile
was introduced. In this Chapter the overshoot

correction scheme, implemented by compensation of the

trapezoigal speed profile wiIl be detailed. Note that
this reference signal compensation is not the classical
lead-lag compensator which rrras implemented in the

Control Loops Unit. It is a further leveI of

compensation which is necessary due to overshoot of the



toolbitts speed during deceleration. This overshoot

must be corrected to prevent an error in the toorbit's
final position. Äs an introduction, tests which vrere

performed on the CLU wi1l be detailed next.

4.2 Performance of the Control Looos Unit

The mathematical analysis of Section 2.3.2
indicated that the drive system of the motors is a type
I l- | control system. It vras indicated f urther that , for
a constant feedrate speed, there will be zexo speed

error, €--,:*{,*F,> = 0, with a f inite position error
(equaI to I/Kt x speed) in the steady state. Thus, if
the toolblt travels in a line, for Instance, the

reference position is expected to lead the actual
position by a constant distance which is inversely
proportional to the control systemrs gain.

A type I I ' system also has a known behavior to a

ramp speed signal (which forms part of the trapezoidal
speed profile). The speed error will be a constant,
ess(ram¡r) = I/Kt x (constant ) acceleration in the steady

state. Thus, the position and the speed errors which

arise from a given constant or Iinearly varying speed

are no worse than inverse functions of the system's

gain, Kt. Consequently, it is clearly advantageous to



employ high gain machlne drlve control systems.

Performance experiments began r+ith a verification
of the mathematical model and subsequently determined

a qualitative measure of the motor-amplifierrs
non-linearities. Except for the loaded drive systemrs

time constant, all the system parameters \rrere found

easily from hardware specifications of the

manufacturers. To find the unknown time constant, the

motor's amplifier drive vras isolated by disconnecting

the control system so that the encoder was used merely

to measure, and not correct, the speed of the axis motor

mounted on the mi1l. Various input step voltages h¡ere

introduced independently to the reference speed terminal-

of the motorrs amplifier and the resulting speeds rdere

recorded. Overall results are presented in Figure 4.1a

whilst the important details of the initial portions of

the plots are given in Figure 4.1b. The time constants

\i/ere found by using the method described in Section

2.3.1. There the time required for the motor to respond

to 63.2t of a step value represents the loaded tirne

constant of the motor. The various time constants are

also shown in Figure 4.Ib. À11 the initialty varying

speed portions of the plots have approximately the same

slope which indicates that the motor's acceleration
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remained approximatery constant for al1 input vortages.
À truly linear behavior, on the other hand, would be

reflected in accelerations becoming higher with
Iarger inputs. This feature, however, is not present

in Figure 4. lb which suggests that the current
limitation of the amprifier prevented the greater surge

of current required to further accelerate the motors.

Now a machine drive would not be subjected to a step
change in speed under normal use. conseguently, a time

constant of 0.03 seconds v/as chosen for the loaded motor

time constant because not only did it correspond to a

low step but it also matched the time constant specified
by the motor-amprifer's manufacturer. rt shourd be arso
noted in passing that the demonstrated nonlinearity
highlights the inability of any linear control
idealization (no matter how many poles and zeros are

used) to accurately model such a system. Indeed, the

nonl-inearity indicates that a linearized mathematical

model alone is insufficient for design and the linear
model is best utilized in conjunction with experimental

methods.

After verifying the time constant, the feedback

Ioop was reconnected and the control program was run

with direct digitar compensation by using step inputs



wlth varlous magnttudes. The overall results a¡e shown

in Figure 4.2a with initial details amplif ied in Figure

4.2b. Closing the loop of the control system reduced 2','

slightly the time constants of the drive. This reduction

represents an improvement in the response speed of the

control system. It was predicted by the compensated Bode

plot, G.r, whereby the compensated drive system had a

slightly higher crossover frequency, Wc, in Figure 2.f0.

Unfortunately, a comparison of Figures 4.1 and 4.2

indicates that the closed Ioop system was less stable

(higher overshoots) for large step inputs. Fortunately,

the machine tool will not be required to instantaneously

change speed because the interpolators use trapezoidal

speed profiles. Indeed, for step speed changes up to

l-0 BLUs,/int the system appears weII behaved because the

actual motor speed reaches the set speed quickly with

litt1e overshoot or oscillation. Tests t/ere also

performed in which the toolbit was moved in a line for

a move and the steady state values of the motor speed

and position were recorded. Approximately L/3 second

after the start, the motorrs speed became steady and

followed the reference speed without error.

Corresponding position errors (ie. the lag of the

cutterrs actual Iocation behind its reference position)
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are tabulated in

errors predicted

gainrKt, of 200

Tab1e 4.l- along with the

by the mathematical model-

sec-1 was employed.

position

in which

Speed I

( % of I

maximum) I

Theoret ical I

Error (BLUs) I

Gain=200 sec-r I

Actual Error
BLUs

Gain=200 sec-l
100 ll 20 20
87.5 I 18 18
75 ll 15 15
62.5 I r 13 13
50 I I 10 LL
37. s ll t8
25 ll
L2 .5 tt 3 t3

ll
2.5 il

TÀBLE 4.]- STEÀDY STÀTE POSITION ERRORS FOR DIFFERENT
CONSTANT SPEEDS OF THE MOTOR DRIVE

The invariably close agreement between the

theoretical and actual position errors in Table 4.I
indicates that the compensator \rras perf ormÍng as

expected. Furthermore, it is interesting to compare the

theoretical errors for a reduction in gain from 200

sec-' to L6.7 sec-1 in order to underscore the

importance of a high gain for the machine drive system.

(Recall that L6.7 sec-1 was the gain for the

uncompensated system having approximately the same

damping factor as the compensated drive system.) This

comparison is given in Table 4.2, It can be seen there



that an uncompensated posltlon would lag behlnd the

reference position by 240 BLUs or 0.024 inches at l-00%

of ful1 speed. À compensated system, on the other hand,

would lag by only 20 BLUs or 0.002 inches.

Speed
(%of

ll Theoretical I Theoretical
I I Error (BLUs) I Error (BLUs)

maximum) IlGain=200 sec-1 lGain=l-6.7 see--1
100 il20 240
8't .5 I L8 2L6
75 ll 15 t-80
62.5 ll l_3 l- 55
50 ll l_0 ]-20
37.s ll I 96
25 ll 60
L2.5 il 36

L2
2.5 |

TÀBLE 4.2 .A, COMPÀRISON OF THE STEÀDY STATE POSITION ERRORS
FOR DIFFERENT CONSTANT SPEEDS OF AN UNCOMPENSÀTED ÀND

COMPENSATED MOTOR DRIVE

The results of the tests performed on the Control

Loops Unit may be summarized as:

a) The time constant of the servo drive system was

found to vary due to the non-linearity of the

amplifier-motor. The time constant specified by the

manufacturer vras adopted because it approximately

matched the experimental values for the smaIl signal

changes 1ikely in practice.

b) Closing the loop of the drive slightly improved

il



its response speed although the effects of the

non-linearities were exaggerated.

c) The designed lead-Iag compensator produced the

predicted system gain of 200 sec--1 .

Verification of the behaviour of the Control Loops Unit

established a basis for evaluating the performance of

the Data Processing Unit.

4.3 Comoensation and Performance of the Data Processing

Unit

The Data Processing Unit is required to provide

accurate reference speeds to the Control Loops Unit.

Errors in such reference speeds would invalidate a1l

efforts to maximize the performance of the Control Loops

Unit because the Unit would then fo1low an erroneous

signal. Fortunately, the sophisticated calculating

power and floating point precision offered by FORTRÀN

al-lowed the Data Processing Unit to provide accurate

reference speeds. In addition, the Data Processing Unit

provided a further level of compensation to the Machine

Control Unit. This compensation will be detailed next.

Sect ion 3 .2,2.2 ind icated that the pos it ion error

is predictable during a steady state motion. Thus, the

position error is known before the controller begins to

::.:l

¡:l
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decelerate the toolblt near the end of a cuttlng motion.

During the decelerati,rn portion of the move, however,

the actual position of the cutter overshoots the

reference posltlon. Furthermore, the positlon error
consistently increases and, hence, is greatest at the

enrl of the move . Thus, the cr.ttter wl I I overshocrb i t:;

cies ired f inal locatlon and thls is generally

unacceptable. The overshoot was shown experimentally to
be repeatable and, hence. it coul-d be tabulated

sträightforwardly for various feedrates. TabLe 4,3

provides a sample list of the average overshoots at
var ious speeds. It c,an be seen f rom this table that
overshoots can be quite significant, especially for
speeris hlgher than L2.5,ø of. maximum speed.

speed I( t of I

maximum) I

100 I

87.5 ll 42
75 I I 42
62.s I 47
50 lt 4T
37 .5 ll 32
2sI aaL1,

L2 .5 il 10
ll

,)C ll

TABLE 4.3 TOOLBIT OVERSHOOT (BLTJS) FOR VARTOU.q SPEEDS

ove r s hoot
( BLUs )

45



To correct f or the overshoot, each f eedrate \¡/as checked

experlmentally anrl lts corresponrilng overshoot value was

entered into a software data tabre, This tabre was used

by the program to modify the deceleration phase of the

interporation to automatically compensate for il-re

()versho,>t .ìt tlie errd¡iDlnt, S¡_rer_:lf lc--ally, the

cieceleration loop timer counter, pt3. r./äs recalculated
to cause the cutter to traver a distance which wäs

exactly 'shortr of the required distance by the

tabulaterl overshoot value. This technique v/as

successfuL in greatly reducing or er iminating the

overshoot. Indeed, thls real-time technique reduced arr
overshoots to less than 10 BLUs, which gave an accuracy

better than 0.001 inches of toolbit motion.

A series of overshoot tests h/ere performed in order

to rletermine whether Lhe cutter road would undermine the

overshoot compensatlon. An aluminum block was cut with
ä L/4 inch endmi1l, a spinrile speed of 1400 RpM, and a

clepth of cut of 0.050 inches. The feedrate wäs varied

between 0.05 anrl 0.300 inches per seconrl . The mllr was

programmed to cut at angles of 0r 45, and 90 degrees,

with the bit remaining in the block during the entire
test' The overshoot of the er¡drnllt wüs fc.¡und r¡ot to vary

more than 0.0003 inches from the no-load to the

fu11_-load test. The maximum overshoot error during the



teÉt waF 0,0009 lnches atrd, thus, tlie clcslred 0.001 lnc:Ìr

åccr.1räcY wå3 tiot vloIate,l' Now tlial the tntegrlty of the

millrs end position has been determined, the contour

tests wI l l be deta i lerl .

4.4 Contour Tests

4.4.1 Contour Errors

Contour tests provide the definitive measure of a

controller's accuracy. These tests examine the motion

of. the toolbit with aI1 the controllerts inaccuracies

inclurled.

sectlon 2.2.I lntroduced the concepts of path and

position errors. Path errors './ere described as position

errors in which the cutter's actual location was offset

f rom the des Irerl ref erelìce cLlrve . The tests descr lbetl

previously in this Chapter focussed upon the behaviour

of a s ingle axis to evaluate inrlividual axis errors ' The

tests which will be described next were directed towards

tÌle errors which result when interrelaterl axes are

mlsmatched.

Sectlon 2.2.I indicated that path errors can occur

due to the mismatch of the time constants of two

interrelated axes motors. These errors are noticeable

89



whenever tFie nrotor 1r 1n a trans lent state - f ox ei:arnple

when it is accelerating initially. On the other hanrl,

durlng a steady state motlon when the cutter is .ìt the

prescribed feedrate, a time constant rnismatch will not

cause significant path errors t3l. However, it can be

shown t 3 i th.rt. ln '1 stearly st,rte mr-itltlrì¿ sErv(l galrr

nrismatch is the major contributor to contour errors.
IrleaI1y, it wourd be be¡reficial if aII rel.rterl dxes tr.rrl

perfectly matched gains and time constants.

Unfortunately, this is not generally possible in
practice due to effects such as amplifier drift. The

effects of galn rnlsmatch wl11 be descrilred for both

l1near and circular interpolation.
Figure 4.3 shows how a galn mlsmatch causes path

errors durlng linear interpolation. Flgure 4.3

ill-ustrates the corresponrìing motions along the X anrl

Y axes, äs a function of time, fox a steady state,
c(lÌlstant speeti, The Y axls g.lrvo Ìias .1 Lrlwer g.rln tli.rn
that of the X axls servo so that the toolblt's projected

toolblt motlorr has a p.rth error. Note that lf the y ,rxls

servo had the same gain as that of the X axis, each axis

would have individual position errors but the projection
would st111 11e ex.1ct1y upon the deslred path. poo et

aI t 31 indicate that the nraximum patlì error will occllr

at a 45 degree contour for linear motion.





Flgure 4.4 shows the effect of galn mlsmatch during

clrcular motlon. Each axis has a flnite position error
which is inversely proportional to the axis speed.

Furthermore, the error gro\./s with an increasing angular

speed around the contour which implies that high

fee,lrates and smarl , rc rarlii w11I Iearl to the highest
path errors. The gain mismatch causes the position
errors to be differenL along each axis and this, in
turn, results in an X-Y contour which is roughly

e1llptica1, The maximurn path errors occur at ilre

midpoints of motion for each quadrant of motion.

Considering the source of error, it is easily seen

that increasing the individual axis gains would reduce

the path error because each axis posltlon error would

be correspondlngly smaller. AIso, clrcul_ar arc

interpolatlons at smal1 radii should be macle by rrstng

slow feedrates 1n order to lower the angular speed, and

resulting contour errors/ ässociated with the motion.

4.4.2 Llnear Contour Tests

In the performance of the 1

mlcrocomputer was programmed to

inear contour tests, the

detect path errors
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FIGURE 4.4 THE EFFECT OF GAIN MTSMATCH ON CONTOUR ACCURACY DURING CIFCULAF INTERPOLATION
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during any movement. These path errors represent the

perpendicular distance of the cutterrs acLual pos ition

from the desired line segment. The toolbit was

programmed to move at angles of 0, 22 .5, 45 | 67 ,5 | anrl

90 degrees to the milling machine's X axis. This choice

of angles produced a rnlx of c()ntributlons from the X and

Y axis movements. A1so, speeds v¡ere chosen to correspond

to L2.5%, 25ot, 37.5%t 50%, 75%t and 100% of the

machiners feedrate maximum for every angJ-e listed. These

30 combinations provided a sufficiently wide spectrum

to indicate the accuracy of a supposedly linear path.

Table 4.3 provides the path errors for the various speed

- angle comblnatlons with the errors further subdivided

lrrto those whiclt occurred riuring the acceleratlot't, ftrll"

speed, and deceleration portions of the motions.
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5 ¡reerl
(% of

FUI I Speerl )

L2 .5

AngIe
( degrees ) 22.s 45 67 .5 90

Acceleration I l-
FuIl Speed I I

1l-l_0
11lt
1l-l_1llDecelerationll

I

l2s
I Acceleration I f
I FulI Speed I I

I
1
I

I
1
I

10
11
01llDecelerationll

I

I

I

37.5
I Accel-eration I l-
I FulI Speerl I 1

I Deceleratlon I 1

i_

I
1

l-
I
.l-

1
I
t-

t-

I
1

I

I 50
I Acceleration I I l-

I ruI1 Speed I I I
t_10
111
111I I Deceleration I f I

I

I 75
I Acceleration I 1 i- 1 2 7
I Frrll Speerì I I L 2 1 I

I I Deceleration I 1- L 2 1 1

I

I l-00
I Acceleratiotr I 1

I Ful1 Speed I 1
lllr
8731
L26lllDecelerationll

TÂBLE 4.4 - PÀTH ERRORS FOR LINEAR MOVES (BLUs)

An examination of the data in Table 4.4 reveals

that all the contour errors !^/ere less than 10 BLUs

whlch corresponris to å toolblt accuracy of better thatr

0.001 inches. As expected, path errors are more

apparent for movements along both axes¿ pårticularty at

the highest speed. They

mismatch between the gain

constants.

arise primarily from the slight
of the two drive systemrs time

4.4.3 Circular Contour Tests

Circular contour tests were performed ln a s1ml1ar



manner to the llnear contour tests, The ettox in the

radial position was recorded for a combination of speeds

and clrcle rad11. Table 4.5 gives the errors whlch were

measured as described previously.

Speed
(% of

Rad i us
( I nches ) 0.5 1.0 2.0

FUI} Speerl )

L2 .5
Acceleration
FUII Speed

0
1
1

0
l_

1

I
I
1_

Dece 1er ation

25
I Acceleration I

I FuIl Speed I

t_

2
I
L

I
L
2

2

L

i-
t
L
2

2

n

37 .5
Acce lerat i on
FUII Speed
Deceleration

1
3
3

50
Acceleration
Fu11 speed

2
5
3

1
2
3

t-

2
2Dece ler atlon

75
Acceleratlon
Fu I I Speerl
Deceleration

1
9
4

Ã

5
4

1
3
2

100
Acceleration
Ful I Speed
DeceleraLion

1
20

4

I
10

4

I
c
a
L

TABLE 4.5 PATH ERRORS FOR CIRCULAR TNTERP OLATION ( BLUs )

A comparlson of the results ln Table 4.4

lndicates that circular lnterpolation is much

to contour errors than linear interpolation,
at high feedrates, (which correspond to high

speeds), the contour error is quite severe

partlcularly at the smallest radii of motlon,

itrches. Nrrte that , f.or a given teedrate, the

and 4.5

more prone

Às expected.

angular

0.5
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the radii, then the higher is the angular speed of the

axes. Table 4.5 lndicates that for an arc radius of 1.0

inch or Iower, the chosen feedrates should be less than

75t of the maximum feedrate to provide accurate control

o f the crrtter .

4.5 Discussion of overall Controller Performance

Certain key conclusions about the performance of

a machine drive's control system can be drawn from the

test results . FirstIy, the non-I inear ities of the dr ive

system can not be truly represented by a linear mode1,

no matter how complex. Hence, experiments are required

to optimize a drive systemrs performance. Secondly, the

error rlr iven nature of a dr ive system suggests that h igh

overall system galns w111 lmprove the overall

performarìce of the rlrive. compensatlon is a vlable

method for increasing the gain of the drive without

sacri f icing stabi I ity.

Interrelated axis gain mismatch is seen to cause

path errors, Fortunately, a high gain servo systern

tends to reduce the path errors caused by gain mismatch.

Acceptlng that a small servo mismatch is inevitable in

practlce, lt ls deslrable to reduce the speed of the

cutLer whenever high accuråcy is rlesired' Lower cutting



Ëpe'lds shonrd be r-lsÉr:l wlth cr.rt* of ,srûalI arc radlus.
It was suggested in Chapter 1 that, although the

designed controller was only used for two axes of

motion, the hardware could be expanded easiry to a total
of f or:r axes. To verlf y ilr1s capaclty, 1t l-q lmp,1¡t.:nt

to understand how much of the computer's capaclty is
utilized. To obLain a quantitative knowledge of the
computer's utilization, a test was made 1n which the

computer rs r wa i t states r were mon i tored dur ing
interpolation. This process hras accomplished easily by

programming the computer to turn on an input-output
(r/o) line whenever the control program vras waiting for
än lnterrupt purse. The T./o rlne was monitored by an

oscl1loscope. rt r¡,ras determined that the computer was

waiting approximately 0.005 seconds out of every

0.01-0 second interrupt period. This observation implies
that the computerts utilization v/as about 0.050/0.010

or 50"ó. such a simple test lndicates that it wourd not

be urìreasonabre to use this controller to trr ive three

anci possibly four servo motors. To ensure sufflclent
intersample tlrne, It woulrl probably be tìecessary to
reduce the sampling frequency tot sãyt 75 Hz. This

f requency change wor.rld not un(lermlne the systern's



stahl i lty becar.l*e 7F

the bandwldth of the

Hz, wor.rlrl stlII

machlne drfve,

þe .rL le;:st 5 t lirie;=



CHAPTER 5

CONCLUSIONS ÀND RECOMMENDATIONS FOR FURTHER T{ORK

5 . L Concl¡:s i ons and Discuss i on

An inexpensive microcomputer based, sampled data
machine control system has been introduced. The choice
of off-the-sheIf components and standard development

software packages helped to achieve a low cost. The

controller was developed by using a high Iever language,

FORTRÀN, and a 10w level language, ÀSSEMBLER. The use

of a floating polnt coprocessor gave the rnicrocomputer

the computational throughput required to implement real
time floating point calculations. This real time

capability allowed the machiners control unit to be

programmed straightforwarrly by utilizing the

computational sophistication associated with FoRTRAN.

The ASSEMBLER portion of the control software performed

the l-ow leve1 input,zoutput work between the rnachine

dr ive system and the micr()cotnpLlter .

The advantages offered by real time floating point
calculations are significant. The ablllty to perfr.,rrrn

digital compensation was shown to have obvious
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performance advantages by allowlng the controller to

have a slgnlflcantly hlgher g.rln wlthout un,lermlnlng the

systemrs stability. ÀÌso, floating point capabilities
allowerl actual speerJ crlrve compensatlon by us ing the

system's krrown behaviour to prevent final posttion

overshoots.

simpre tests have been detaired which indicated how

the implemented compensation techniques improved the

system's overall- perf ormance. rt r^'as demonstrated that,
due to the inherent non-linearities of the machine

drive, it is unwise to rely totally upon a linear
mathematical mode1. (A procedure which is generally
followed in the relevant literature. ) While a

mathematicar anarysis is extremery useful, it shourd be

supplemented with experimental tests to enable the

deslgner to a1low f.er, (:rr be a\./äre of, the effects of

translent responses and non-linear effects.

5.2 Desl(ltt ViàbiIIty ln the Commercial Market

The developed controller v/as built with a certain
market niche in mlntl . This market is the machine

retrofit or custom machine tool market. The flexibility
of the controller could possibly make it extremely

attractlve, All the interpolation and control routines



were written 1n readlly rnodified code wh1lst programmlng

expert ise f or the I BM compat ible microcomputers is f ou¡rri

easily. Thus, it would not be too difficult for the

control software to be modified for just about atìy

application within the capability of the controlrer.
The computer utilization test described in chapter

4 led to the concl-usion that the microcomputer had the
computational power to drive four axes for a sampring

frequency of 75 Hz. with not unduly complex

interpolation procedures. This reduced sampling

frequency is sufficient for machine drive systems with
a bandwidth of 7.5 to 15 Hz. which would incrude most

ntachlne too1s, Thus, 1t appears that the controrler
could be used as a retrof tt rievice on most typlcal
nrachine tools. Under certain situations, such as a
non-orthogonal Coorrlinate system on a specializecl

machine tool, it is quite conceivable that the

interpolation caIcuIaL ions might exceed the

nrlcrocompç¡*r'" capabtlltles. Assumlng that the

sampl i ng f requency was ,rb tlie boundary o f 5 t lrnes the

systemfs bandwidth, it might be concluded that the IBM

(InteI 80BB based) microcomputer controller was

lnadequate, Fortunately, the control programs are

wrltten in standard languages ùnrl, thus, they are

largely portable to more powerful microcomputers



example an Intel 80286 microcomputer has at least three

tlmes the computatlonal capabirity of the g0gg anrl årr

rnter 80386 has at least l-0 times the capability! This

indlcates that microcompnter power shoulcl noL be a

concern for most apptications because a more powerful

microcomputer can be chosen when required. This corìcern

will b.ecome correspondingry less important äs technology
advances.

certain enhancements wourd be necessary if it was

desired to advance the developed controller to a

marketable condition. First and foremost, the software
should be improved to be extremely user friendly, A

menu driven system could be deveroped to allow the users

of the equipment to customize the software to their own

ntachine environment. EssentiaIly, the developed

controller could be rnorlif ied and customlzerl for alrnost

any apprication because of the flexibility and pov¿er of.

the software control scheme.

5.3 co trol of Non- Ideal Machine Too 1s

It !{as mentioned early in this thesis that al1

references to accuracy assume that the rnachiners drive
system 1s ideaL beyond the servo motors. ThIs lmplles
that there ls no backlash or nonllnearity in the
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rnechanlcal comporrents whlch comprise il-re machlne ðxes,

$rhile this might be true for an expensive high quality
machine in good repair, it is generally not true for
machines of medium and low quality. For the describerl
project, the feedback encoders were mounted directly on

the servo motors which are used to drive the axes. If
linear encoders were mounted directry on the machine
tab1e, it wourd be possible for the computer Lo be av/are

of the table's actual position with all the mechanical
errors included. This modification wourd arrow the
computer to compensate f.or backlash and non-rinearity
in the machine axes. The purchased experrmentar miIl
r'/as inexpensive and simple tests quickly confirmed the
severity of the axesr backrash. A scanning microscope

Y/as used to measure the cutter backlash on simple,
singre axis repetitive back and forth linear motions.
rt vras found that the mechanical backlash for the tested
axis wàs 0.020 inches! This machine toor would have

cleflnltely beneflted from the lnstallatlon of 11near

encoders, However/ it is necessary to corrslrler ilre
effects of thls backlash on the machine,s contror model,

considering the contror model developed in section
2.3.1'. mechanlcal backrash wourd be ref lected as

hysteresls, This hysteresis worrLrl lower the overall



control system's stabillty, tlre ,legree of

rle*t'tLr 1 l l zat 1 on r-l epe n.-1 1 n9 ìlLiLln t lie .lffroLrrrt o f F.,rack 1 a= li,
At first glance, it would appear that this backlash

would undermine the controller's effectiveness.
Fortunately a s imple solut ion ls püss il-r1e .

By using the flexibility of the control software,

it would be simple to include softwarê sr.lbroutines which

woul-d 'take up' the axesr backlash. These subroutines

would monitor the motion of the cutter and, whenever an

axis reversed direction, the subroutines could advance

the cutter by a known tabulated amount. Better yet,
they would advance the cutter unttl the encoder began

to register ä table motion. This technique would not

affect the stability of the controller and would

signlficantly reduce the errors caused by the backrash.

5.4 Recommendatlons for Further trrork

In Section 4.4. l, the importance of interrelated
axis gain match was introduced. Considering the

lmportance of matched galns. it would be usefur to "rdd

the capability for the controller to automaticarly match

the gains of the interrelated axes. This could be done

by performing a callbration progråm, The computer wonld



apply a known error word to eac:Ìr axls .tltd rnonltor the

actual speed of each axis motor without attempting to

correct the motor speed, These actual speeds could be

normallzed and userl to arlJust the software gains of e'ech

motor to guarantee that the gains of the motors v/ere

matched accurate lY.

Another area of possÍb1e development would involve

the addition of adaptive or optimum control techniques

to the control algorithms. The required mathematical

calculations could be programmed easily and modified aS

required.

1n conclusion, the flexibility of the control

softwdre offeretC by the use of a high leveI programming

language ensures the controllerrs versatility'
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APPENDIX I

Details of Diqital ComDensation

Pole Zero Mappinq

The exact relationship between thes-plane and the discreLe time z-pIane is
AS

continuous time
well known tl-31

Z = etrrtt:

whe re :

(4.1)

_ The pole-zeyo technique simpry translates criticalfrequencies from the s-práne to trrã z-plane. The cornerfrequencies of the transfer function aie chosen as the
lIitlcal frequencles. Àlso, the dc galn of the digitalfirter is matched to the dc aain of the continuouÀ
system.

Given a rational function G(s), the pole_zexa
mapplng technique is performed äs follows:

t - sample period
e = 2.7L8282
s = Laplace Operator

) is calculated
according to

at s = inf inity is mapped into
are matched at dc, so that c(0)

1) Each pole and finite zero of G(s
and transformed into the z-pIane
Equat i on 1- |
Each zero of c(s)
z = -L,
The f11ter gains
= G'"(1).

2)

3)

Example: conslder the forlowlng lag-1ead compensator:

Gc(s) =

This can be
as foI loh/s,

(1 + s/8) (1 + s/33.3)
(A.2)(1 + s/L) (1 + s/2351

mapped for a sample perlod of 0.01 seconds

The zero at s = -8 is mapped into
Z = e--€3.()crj'-(:t1:' = 0.92311,6

A1



The zero

The pole

The pole

Thus,

atg=

ats=
ats=

-33.3 1s rnapped lnto
Z = g -''l:ij - íH 

': 
r:t " (:) I i

-l- is mapped into
Z = e--J " ct CC)" c'1 ) =

-235 is mapped into
Z = e"-:¿ã35r:<)-r)1) =

0.716170

0.990050

0.095369

K (z - 0.923116) (z - 0.716770)
Gc*( z ) = (A.3)

(z - 0.990050) (z - 0.095369 )

but,

Gc'+(1) = 2.41,925 * K = Gc(0) - 1 (A.4 )

He nce ,

K - 1 / 2.41"925 = 0.41335l-

Therefore, the Iag-lead compensator may be represented by:

(À.5)

Direct Diqital Proqramminq

A physically realizable discrete-data transfer
function Gc(z) of a digital controller may be written
äs t14I :

8,r,,(Z) b.: * brz--t * b.:z,Z'-n + ... + b,.,.,2"'"
Gc(z) = ----- = (4.6

Er(z) = àr¡ * ä:r.Z--r | ¿r.7--;i: + ... * ã,.2-""

where äo ähd bo rrìust not be zero, m and n are positive
fntegers, and 8,.(z) and E=(z) represent the z-transforms
of the input anrl the output of bhe controller.
respect I ve 1y,

To conduct a direct digital programming of Gc(z),
a cross-multiplication is performed and then the inverse
z-transform of equation (4.6) is taken. Solving for



e=*(t) wiIl show that the present value of the output
er'"(t) depends upon the present and the past values of
the input er*(t) as well as the past information of the
output. Thls implies that data storage wilI be
reguired.

Consider the z-transform shown in equation (A.5).
Expanding the numerator and denorninator and gathering
terms, equation (Â,.5) may be rewritten as:

E,i,(z) 0.413351 z:¡' - 0.67785 z + 0.21350
G,,,, (z) = ----- = (A.7)

E,(z) z:ì' - 1.08542 z + 0,09442

Dividing both the numerator and denominator by zä: and
rearranging yields:

8", ( z) 0.413351 - 0.67785 z--1 + 0.273SO z--ã,

El(z) 1 - 7.08542 z-'1. + 0.09442 z--z

Taklng the inverse transform and solving for
E*(t) = 0.413351 Er 0.67785 E,(t-T) +

+ 0.27350 E, (t-2T) + 1.09542 85,(t_T)
- 0.09442 8'',(t-2T)

This formula is easily programmed whereby:

E,.r yields:

(À.9)

Er = position error at the present sample.
E1(t-T) - posiLion error aL the previous sample.
E' (t-zT) = position error at the sample period two
sample periods prior to the present sample period.

E.;r(t) = compensator output at the present sample,
E*(t-T) = compensator output at the previous error.
Ez(t-2T) = compensator output at the sample period two
sample perlods prlor to the present sample perlocl .

A3
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APPENDIX I I

Computer Hardware Specifications

The specifications for the computer system are as
f ollows:

1- ) Microcomputer - The microcomputer must be an IBM Pc,
or XT, or a true compatible. Àny monitor with
accompanying video card is acceptable. Two floppy
diskettes and at least 256K of memory are reconmended.
If. the computer is going to be used for control program
modification, ä fixed-dIsk 1s recommended. The computer
must have an InteI B0B7 math coprocessor installed.
2) Commerclal Interface Board - The experlmental
apparatus used a commercial input output board. This
TECMAR-r'f BÀSEBOÀRD consisted of four 82554 I/O chips
with appropriate decoding circuits. Each axis of motlon
required I output Iines for the DAC and I input Iines
from the external counter. In addition to these basic
16 1/o lines. 5 control lines were required, The B25SA
provided 24 lines of completely programmable I/0 and,
thus, a single 82554 had the capability of providing the
capability for an entire axis of motion.

3) Custom Encoder Interface Board - The experlrnental
apparatus used two separate breadboards each of which
contained an encoder interface. Ribbon cables from each
board were connected to the BASEBOARD.

Sof tware:

The software was developed by using Microsoft
FORTRÀN V3.3 and Microsoft MACRO ASSEMBLER v7.27. The
programs were run under the PC-DOS 2.L operating system.
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84r & r
85 t countl ïhes* integer v¿ri¿bles ¿re the increrental couni I
86 t values. ïhey correspond to the change in position t
87 t for each ¿ris in a single interrupt period. t
88t I
89 r--------- --------l

/[)Yl{/ 0ynaric Variabl¿s,
I
t
t

enc,¡d*r iount in lirres tïhis v¿ri¿ble contains the
(or pulses) per revolution,

90r
9l t
92r
33 t ke

94 I
95r
96 t exl, eyl
97 t erZ, ey2

98 f ex3, ey3

I
f
t
t

t
I
t
t
t
t
I
t
t
t
t
t
t
t
t
I

99r
100 r
l0l t
102 t
t03 t
104 I
105 t
t05 t
t07 t
t08 r
t09 t
110 t
iltr
il2t
il3r
tl4 I

Qxlr

9r2r
9x3 r

qvl
qv2

qy3

These are variables required by the digital
Iead-lag filter. They represent the filter
outputs (X ¡nd Y) at the previous three sarples
exl ¡nd eyl are the rost recent filter outputs and

ex3 and ey3 are the filter outputs three sarples
e9 0.

Thcse are variables rrquired by the digitrl
Iead-lag filtcr. Thcy rrpresent the filter
inputs (I ¿nd Y) at the previous three sarples
qxl and qyl are the rost recent filter inputs and

qr3 and qy3 are the filtrr inputs thræ suplcs
¡90.

I I5 ttttrtrütïn$tüt$uütttrft$tltrr$tüttttlntltrtttrrf$rtrlrtrt
ll6 tsubtitle:'ll0DuLE: I'lAIll'
I I 7 tpage
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I t8
I l9 lttÌt#t$ltHttttttt$ltttttttttiltf tf f tttrrftttttt$ttttf tf tilttttttt
120 t r
l?1 I ll0DULE: IIAIN r
t22t t
123 t This is the ¡ain ¡odule for the llill controller. Its najor t
124 t function is to control pr0grà¡ flov by invoking the correct t
125 t subroutines to perforr the requested tasks. This subroutine t
126 I also installs the asserbler subprograss into relr,lry and rÈnllves Ì
127 I thEa at the end of the prograp tc ensure a correct return to f
128 r D05. I
t?9 * I
130 t C0Ìlll0N 810üKS ACCESSIBLE: t
131 I lpprog/ t
132 f lposl t
133 f /asse¡b/ X

134 r ldynl t
t35r r
135 t t
137 t L0CAL VARI¡{BLES: I
t38 r t
139 I cnt - Durry index variable. *
140 t ¿cod - ASCII code of a pressed key. This veriebie is t
l4l t rrturned by the ÊETKY assêrblêr subriltinr. t
142 f scod - Sc¿n code of a pressed key. this variable is t
143 I also returned by the 6ETKY asserbler subroutine. t
t44 I r
145 I jogdelta - This v¡rieble contains the nutbrr of ELlJs th¡t t
146 t the toolbit yill rove rhen ¿ toolbit jog request t
147 I is rade by thr user. t
1{8 t t
l49t r
1 50 ttttf ttttttrtttüurrrriltttttttrü*ilttrt$tltütr¡$$lütttrtltttltt
t5l
152 lpage



FORTRAtI 0river for lllLL Control
ll0DULE: tlA I N

Page 6

I I -29-86

20:08:03
llicrosoft F0RIRAN77 V3.30 ll¿rch 1985

t ,l;,l}r, tfunctiun
(i.'.ìt; i i ¡r'- f¡E 5' , ,'

0.010 inchesr, /

0 Linel
I Êt
I, JJ

154

155
r c¡
¡JO

157

158

t59

160
tcf

162

t63

164
tfe¡oJ

155

157

168

169

170

L7t
172

173

174

175

t76

t77

178

t79
180

t8r
t82

t83

184

185

t85

187

188

rB9

190

t9l
1t2

193

194

r95

196

197

t38

19;q

j()0

lri I

7

prograr CNCIIILL

integer12 tbnur, n(250), g(250), i(250), j(250), k(250j, f(250),
&s(250), t (250), r(250)
integert4 r (250), y(250), z (250)

corron /pprog/ tbnur, ñr gr rr yr ir i, j, k, f, s, t, r

integert4 px, py

real rr, ry
corlon /pos/ px, rx, py, ry

integert2 intflag, flag0, flagl, err0, errl, count0, countl
c¡¡non /asse¡b/ intflag, flag0, flagl, g¡¡Q, ertl, count0, cuuntl

real exl, qxl, er2, qx2, ex3, qx3

reål eyl, qyl, ey2, qy2, ey3, qy3

iniegerf2 ke

corron /dyn/ ke, exl, qxl, ex2, qx2, ex3, qx3,

&eyl, qyl, eyzt qyzt ey3, qy3

integert2 cnt, åcod, scod

teal jogdel ta

ke = 100

r x=0.0
r Y=0. 0

Px=0
py=0
errcnt = I
jogdelta = 1000.0

cal I setup (intf lag, f Iag0, f lagl, err0, err l, count0, count I )

call vidro(0,5,1)
urite (1,100)

rrite (1,101)

urite (t,100)

cont inue

cail video(1,16,38)
urite (1,102) jogdeltai 10000,0

call video(1,21,46)
vrite (1,103) real (pxl10000.0)

call video(1,22,46)
vrite (1,104) real (pyl10000.0)

100 fsr¡at (1x,'lÍtlllltfftlf*fftltftltÌrlrtfftltlttttffltftt*fÍlllt!)
l0l forrat (lx,/,

251

'lq

&i0i,'iJse the CURS0R f ar .¡,tg csntrl-Jl

'!10x,'f i Sets itrt,¡,:int [i =

&i{tr,' F4 =
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203

204

205

206

207 t02
':08 

r 03

209 104

2i0
2tL
2li
,)r1

214

2t5

216

217

2r8

2r9

220

22t
222

223

?24
ôâE
LLJ

226

227

228

229

230

23r

232
.t7,t

234
,tq

236

237

238

239

2+0

241

24?

/.+ J

244

245

246

?47

248

241

IJV

251

LJL

&l0x,tF5 0uits Progran F6 = 0,10ú inchest,/
&l0r,t FB = l,00il inrhestr /
&l0r,tF3 Runs Prograr FlO = 5.000 inchest, /
&10x,' Jog Currently Set at:t,//)
forrat (1x,F6.3,t inchest)
for¡at (lr,'X positiont,F6.3,' inches')
forrat (lr,tY positionr,F6.3, t inchest)

¿xl = 0.0
qxl = 0.0
exZ = 0.0
qrZ = 0.0
ex3 = 0.0
qr3 = tl.0
eyl = 0.0
qyl = 0.0

ey2 = 0.0
qy2 = 0.0

ey3 = 0.0
qy3 : 0.0

call getky(acod,scod)

if (scod .eq, 60) then
jogdelta = 10.0

cndi f
if (scod.eq.62) then

jogdelta = 100.0

endi f
if (scod ,eq. 54) then

jogdelta = 1000.0

Êndi f
if (scod .eq. 66) then

jogdelta = 10000.0

endi f
if (scod ,eq. 68) thcn

jogdelta = 50000.0

endi f

if (scod .eq, 67) then
goto 200

endi f
if (scod.eq.63) then

goto 334

endi f
if (Ecod .eq, 59) then

pr = 0

py = 0

rr = 0.0
ri'= ü.0

then
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253 if (jogdelta .1t. 1000) then

251 rr = rr - jogdelta
255 call roton
156 cal I tYeek

?i7 call n¡toff
258 ei Ee

259 call linear(:nt.{irx-jogdeÌta),rntliry),+0.0)
260 endi f
261 endi f
262 if (scod ,eq. i7) then
263 if (jogdeita .lt. 1000) then

264 rx : rx + ,¡ogdelta
265 cal I roton
266 cal I tYeak

267 call rotrff
26S el se

259 iall linearlln¡4i¡¡+jogdelta),int4(ry),40.0)
270 endi f
271 endi f
272 if (scod .cq. 72) then

273 if (jogdelta .lt. 1000) then

274 ry = ry + jogdelta
275 cell roton
276 c¿ll tyeak
?77 call rotoff
278 ¿l se

279 cail linear(int4(rx),int4(ry+jogdelta),40.0)
280 endi f
281 êndi f
282 if (scod .eq. 80) thrn
283 if (jogdelta .lt. 1000) then

284 t'l = t'l - jogdtlta
285 call roton
286 cal I tyeak

287 call rotoff
288 el se

289 call lineariint4(rr),ini4(ry-¡ogdeita),4it.0)
t90 endi'
291 endÍ f
212 goto 25

?93

29{ 200 continue

?26 call video(0,l,ii
?'J7 ,:ali fileread
?34 iail video(ú,1, 1)
':93

300 r--------
3tìl L lirite out the ir le on the sireeni
302 urrte (1,116)

,i.,:

t.
t,:

.:L-
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303

I 304

I 305

r 3062

30i
310

311
1r n

Nare Type

ACOD I}ITEÊERTz

CIIT INTE6ERT2

COUIITO IÌITEÊERI2

COUIITI IIITE6ERT2

ERRO IIITE6ERT2

ERRI I}ITE6ERT2

ERRCIIT REAL

EII REAL

EI2 REAL

EX3 PEAL

IY I RTAL

EY2 REAL

IY3 REAL

F INTE6ERT2

FLAGO IHTEGERT2

FLAGI It{TEEERI?

6 INTE6EPT2

I INTEËERI2

IiII4
II{TFLA Il{TE6IRI2

"I I ì{TE6ERT?

JCGDTL PEAL

7

do 2, cnt = lr tbnur
vrite (1,105) n(cnt), g(,:nt), x(cnt), y(cnt), z(cnt), i(cnt)'

&j(cnt), k(cnt), f(cnt), s(cnt), t(cnt), o(':nt)
c ont i nue

rYr, i6, lx,

'F" i4r

307 106 forrat (lx, /)
308 105 forrat (lx,

!rtZt, i6, lx,
&1x, tSt, i3, lx, tTt, i2, lrr r11" i2)

pause tStrike Enter tc, continue . . ,l
3i3 t
3i{ c--------
õtEJIJ

316 cali video(0, I, l)
317 call dec¡oe

318 call clsup
319 goto 251

320

321 33{ call clsup
322 stop 'EllI} of llAlll'
323 cnd

tNt, i3, Ix, r6t, i2, 1x, t Xt, i6, 1x,
tlr, i6r lr, tJt, iÊ, lr,tf',t, i6, tr,

0ffset P ClaEs

I l.l T TËERT2

Y.I. I ¡IÏEÊiPIi

/ASSEil8/

i AssEñ8/

/ASSEË8/

/ASSEItB/

/DYil I
/ oYr{ I
/ DYr{ I
/DYl{ I
/ I)Yt¡ I
/OYil I
/PPRO6 /
i AssEn B /
/ASSEnB/

/PPROÊ /
/PPRO6 /
INTRINSI|]

/ ASSE llB /
/PPR0ri /

/PPRO6 i
1TY¡I

t f ríUt) I

lPPROË /

690

694

t0
L2

6

I
IL

2

l0
l8
26

34

42
tÊ^a
JJV¿

?

4

502

4002

0

.'JV.('

16

500i

11

N

700?

!-

I NTEÈIRTI
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PI IIITE6IRT4

PY INTE6ERI4

OI 1 REAL

OXz PEAL

OX3 REAL

EY I flEAL

OYz REAL

8Y3 REAL

REAL

PI REAL

RY REAL

S INTEIJERI?

SCOO INTEIJERT2

T INTEGERT2

TBNUIT Il{TTIJER12

T IHTEÊIRI4

Y INTE6ERT4

¡ I|{TE6ERT4

/P05 t
/POS I
/I)YN I
/OYN I
/I)YN I
/ oYtll I
/OYN I
/OYl{ I
INTRIl{SIC

/POS I
/Pf]s t
/PPROû /

/PPROÊ /
/PPR[]6 /
iPPR0rl /
/PPRO6 /
/PPROG /

SUBR(IUTINE DECOI}E'

0

I
5

l4
r\n
LL

30

38

46

4

l')

6002

692

6502

0

l 002

2002

3002

J¿'t

325 lsubtitle:'ll0DULE:
326 lpagr



F ORTRAN

H00uLt:

0 Linel
1a1

328

.329

JJU
171

11J

i¡.j

JJ{
1rç

11C

337
110

t10

340

341

342

343

344

345

3{6

347

348

349

350

35r
4qô
.}.J ¿

ãc1
.l,J.)

354

355

356
âE t
JJ /

358

JJ'

360

361

36?

363

']ùT
JOJ

366
1C1

368

369

17 i

1?1

J/J

i,f,t
l7q

r 376
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SUBROUTINE DEUOOE

t7
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tttttttilt$1il*f rtllltttttttttf txfttttfi trtrf f tttf ttrfi txIf tttttttHtI
tt
T SUBROUTIiiE DECOI}E I
tt
I ïhis subroutine acrepts the part prograì as input and invokes t
I the appropriate interpolatiun subroutines for a given bl,lck. t
I The subroutine invokes one of the interpolaiors for each i
f block ':f the part progrer. I

UOÌII'IOI{ BLOCKS ACCESSEDI

ldynl
I posl

I ppr ogl

LOCAL VARIAELES

bnu¡ - inder counter for part prograE block nu¡ber.
junk - durry input variable for ranually roving the

z - axis of the rilling rachine.

Ìr0ïES:

Ihis subroutinr zeros the digital corpensation
parareters at the brginning of cach segrent of
rot i on.

t
I

t

t
{
I
t
+

I
I
I
t
t
t
I
t

I
I
t
ilrrtrtttf rr$f rttttrttttttttf ttHttürrililüïttülrtiluHrtfi rütrf

subroutine drcodr

integert2 tbnur, n(250), g(250), i(250), j(250), k(250), f(250),
&s(250), t(250), r(250)
integert4 r(250), y(250), z(250)

corron /pprog/ tbnur, ñr gr rr yr t, ir j, k, f, s, t, r

integerl4 px, py

real rr, ry
colron /pos/ px, rx, py, ry

real ex1, qxl, ex2, qx2, er3, qx3

rral ey1, qy1, ey2, qy2, ey3, qy3

integert2 ke

catton ldynl ke, exl, qxl, ex2, qx2, er3, qx3,

&eyl, qyl, ey2, qy2, ey3, qy3

intrgerl2 bnur

d¿ta bnur/iil

do l, bnua = 1r tbnur
*rl = ir ,ü
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rr)t)

tt tt)

D Linel
t 711

1 378

I 379

I 380

I 381

r 382

I 383

r 384

I 385

r 386
r 107

I 388

I 389

1 390

l 39t
l 392
I tol

I 39{

r 395

r 396

I 3J7

I 398

I 399

I 400

I 401

I 402

I 403

I 404

I 405

I 406

I {07

I 408

I 409

I 410

I 4lt
I 412

i ¡t I't
I /teI 'tLu

I 416

'il7
{1ù

l{¿¡e ïyp e

t7
qxl = t),0
ex2 = 0.0
qx2 = 0.0

ex3 = 0.0
qx3 = 0. [t

eYl = 0,0
qyl = 0.u

ry2 = 0.0
qy2 = 0.0
ey3 = 0.0
qy3 = 0.0

cal I vi deo( I , l, É,0)

urite(t,t (lx,i3)' ) n(bnur)
call video(1,22,30)
urite(1,'(lx,"X P0SITi0l{ ='r,i8¡tt Y P0SIïI0ll ='r,igj'i
Pxr PY

i f(g(bnur) .eq. 00) then

call linear(x(bnur),y(bnur),40,0)
endi f
i f(9(bnur) .eq. 0l) thcn

cal I I inear (x (bnur), y(bnur), rerl ( f (bnur) ) )

endi f
if ((9(bnur) .êq. 02) .or. (g(bnur) .cq. 03)) ihrn

t¡ll circuler(x(bnur), y(bnur), int4(i(bnur)),
int4(j(bnur)), real(f(bnur)), g(bnur))

rndi f
if(g(hnur) .rq. 20) then

call vidco(1,1,20)
urite (l,t(lx,ttllove Z - axis to tt,16,tt inchestt)t)

& z (bnur)

call video(1,3,20)
vrite (t,' (lx,ttStrike EIITER

read (1, ' (Bl{, I5) t ) junk

call video(1,1,20)
urite (f,t(lx,tt
':¿ll vide¡(1,3,?0)
urrte (*, I (1x, t t

endi f
continue
return
end

0f fset P l-'l¿Eç

to continur. tt)t)

I NIE6ERT?

REAL

REAL

PTAL

Ri.HL

838

L

1û
!o

26

/ DYN

i DYN

i OYN

iDYN
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EYz REAL

TY3 REAL

F INIEËERI2
Ë I NTT6EPI?

I INTIGERI2

I NT4

J INTE6ERI2

JUNK IIIIE6ERI2
K INTEËERT2

KT INTTüTRÍ2

II I NTEËERTz

N I NTEI]IRT2

PI I NÏE6ER*4

PY IHÏTËERI{

OI 1 REAL

gX2 REAL

OX3 REAL

OYI REAL

AY? REAL

OY3 REAL

REAL

RX RTAL

RY REAL

S IIITE6ERT2

T IITTEÊERI2

TBI¡UI1 I}ITEÊER12

I IHTEÊERI4

Y IIITE6TRT4

Z IITTEÊERI4

/DYN I
/DYti t
/PPRO6 /
/PPP,OG /
/PPRO6 /
INTRIt{SI|]

/PPRO6 /

/PPROË /
/DYN I
/PPRO6 /
/PPR0rl /
/Pos t
/P05 t
/DYN I
/DYll I
/DYN I
/DYN I
/DYtr I
/oYil I
INTRINS IC

/Pos I
/Pos I
/PPRO6 /
/PPRO6 /
/PPR(]G /
/PPROG /
/PPRO6 /
/PPRO6 /

34

42

5502

502

4002

4502

902

5002

0

7002

2

0

I
6

l4
an
LL

30

38

{6

4

L2

6002

6502

0

I 002

2002

3002

4t9
{20 tsubtitle:'l'l0DULE: SUBR0UTINE LIIIEAR'

421 lpage
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dl stance tr¿vel I ed

¿ccel¡ratrnq,

422 trilttilttf tflt$ttÍf ttt*lf ttf trtf uutf lf lttfitrtttf f t$ttiltrtf iltxf x

423 t
424 I SUBROIJTINE LINEAR t
425r t
426 f This subroutine perforrs linear interpolati,:n. l.

427 I This subroutine is invuked by DEt)[)Dt during autoratic t
428 * progrår cont¡ol and by rodule IIAIN during ;ogging t
4':9 t ,:perations. I
{30 t
131 t C0llll0ll 8L0tKS ALICtSSEI)I

432 t
433 * lposl
434 I
435 t
436 r
{37 f
438 t
439 f
4{0 I
441 t
442 t
443 I
4{4 I
{{5 t
416 t
447 t
448 I
449 t
450 T LOCAL VARIAELES:

45t t
452 I
453 t
454 t
455 r
456 t
,tJt +

458 r
45? r
460 r
.{61 r
462 r
463 t
{64 r
{b5 I
466 t
467 I
95È r

469 I
470 I
,t7i r

RECEIVID VARIABLES:

xfinal - this speci fies the deEired absolute
final x value of the cutter for the

rotion segrent at hand.

yfinal - this specifies the desired ¡bEolute
final y vaiue of the cutter for the

rotion segrent at hand.

r¿te - this pararcter specifies thc dcsired
raxirur feedrate along the line.

costhrta - this v¡ri¡ble rrpresents the cosinr
valur of the present thrtr rngle.
This veri¡ble is usrd to prevcnt

repeated calculetions of the sare value.

Eintheta - this vari¿ble represents the sine
v¡lue of the present theta angle,

ïhis variable Ís used to priv*nt
repeated calculations of the sere vaiue.

acl - this value represenis the acceieration
of the tooibit in units of BLUS/lNT/lllï
ehere INï = period of sarpl e.

decel - this value represents the deceler¿tirrn

¡f the tooibit in unitE of BLTJS/lNT/lNT

vher* Il,lT = period of sarple.

repr*sents
th¿ toslbil

are¿1
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472 *
473 r
474 I
475 f
418 t
477 I
{78 *
{79 t
480 r
{gt t
183 t
'tÕJ +

484 t
495 t
486 r
{87 r
488 t
489 r
490 r
49r t
492 t
493 r
{94 I
495 t
496 r
497 r
{98 t
499 t
500 r
501 r
JV¿ +

503 r
504 I
505 I
506 r
507 r
508 Í
509 t
5t0 r
Êt t *Jt I 4

Jt¿ +

514 r
ctc +JIJ +

5t6 r

erea2 - represents the diEtance travelled vhile
the toolbit is at the raxirut feedrate.

area3 - represents the dist¿nct travelled uhile
the tu¡lbit is decelerating. Ihis ¿rea

is rodified bytfudge' ta allou for the
erpected oversh':¡t,:f the cutter during
decelerati,¡n.

ptl - the nurber of interrupt periods at the
eccelerati,:n rate acl required to bring
the toolbit speed fron zero to the
desired feedr¿te.

pt2 - the nurber,:f interrupt periods at the
specified feedrete required to cause the

toolbit to tr¿vel a distance ':f area2,

pt3 - the nurber of interrupt pcriods at the

deceleration rate decel required to bring
the toolbit speed fror the specified
feedrate to zero.

fudge - t¿buleted v¿lue of erpected toolbit
overshoot as a function of feedrete.

delt¿ - total dist¿nce to trevel

delt¡x - r corponent of total distance to tr¿vel

deltay - y corponent of total dist¡nce to travrl

theta - angle of iine on the rill table vith
reference to the rillts coordinate syster

pi - 3.141592. ,

vel - desired refer¿nce veiocity íor the torlbii

vx - Í corponent of vel

v'/ - y corponent c,f vel

rt$*ttilllilxturrti$ttxtttilütuuxtilHrtrtrtilllltrttilttttttutt
subroutine lin*ar(xfinal, yfinal, rate)
rntegerll rfrnal, yfinai
real rate, iostheta, srntheta
r¡¿l ¿tl, decel, areal, area2, area3, vr,

517

518

5r3

520

Jr I
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i23 integert4 pil, pt2, pt3, i524 re¿l delta, deltax, deliay
EâEJ¿J reåt ludge

527 integerl4 px, py
528 real rr, ry
ï? conron /pos/ px, rx, py, ry
530

531 real pi, theta
c 1.1.Jr¿ ål I : j. 00

533 decel = 1,00
534 pi = real(3.t4l5926535)
Elq

c^f
J'jÒ

537 c--------
538 c Set up the initial parareters.
539 c

540 c Detertine the angle of rotion.
541 c

542 deltar = real(xfinal) - rx

1l deltay = real(yfinal) - ry
544

545 if ((drltex .eq. 0) .and. (deltay .cq. 0)) thon546 return
5{7 endi f
5{8

ï: del ia:sqrt (det tàxtt2+del tåytr2)550 theta = atan2(dettay, deltix)551 costheta = cos(theta)
552 sintheta : sin(th¿ta)
553 delt¡ = abs(delt¡)
554

555 l0 ¡re¿l = 0.S I r¡te f rate / acl556 ¿rea3 = 0.S t rate I rate / decel557 area2 = delta - areal - ¿rea3ctr^
JJõ

rrr tî (tf¡x(area?/rateL .le. 1l th¿n560 rate = rate I 0.,1551 gota lC
562 endi f
s63

564 i f (i fi r (rate) . eq. 40) fudge = 45, r;

565 if(ifir(rate) .eq,39) fudqe = 44.5566 if(ifixlrete) .eq.39) fudq¿ = 44,S567 i f (i fi r (rate) . eq. ?7) fudie = {3,0568 i f(i f:rirater . eq. 35) fuoie = .t1.0
56i if(iíii{rate: ,eq. 3Sr fudqe = 1?,S'r7C r i (i fi x (rate) . eq. 34) fudie = 43.05ii i f(i firir¿tel ,eq. 33) fudqe = 43.0
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DLinell I Hiirosuft572 if(ifix(rate) ,eq.3l) fudge = 43.0573 if(ifix(rate) .eq. 3t) fudie = 42.S574 if(ifix(rate) ,eq. 30) fudie = 42,0575 if(ifir(rete) ,eq. 29) fuJi* = +i.Oi76 if(ifix(rate) .eq.28) trli* = +l,S577 i f(i fix(rete) .eq. ?Z) fuiie = 42.0EtñJ/õ ¡r(rflx(rete) ,eq. 15) fudge = 41.0579 if(ifii(rate) .eq,25) fudie = 4t.S580 ¡f(ifix(r¿te) .eq. 21) tuOie = +i.S581 if(ifir(rate) .eq,23) fudie = 40.0582 if(ifix(rate).eq. t2) fudie = 42.5533 i f(i fix(raie) .eq. ?l) fuOie = lÀ.0584 if(ifix(rate) ,eq. 20) ruOie = +i.OÈôtrJUJ ¡t(lflx(rate) .eq. l?) fudge = 39,5585 if(jfix(rate) .eq. lB) fudie = 39,0587 if(ifix(rete) .eq. l7) fu¿ie = ãS,S588 i f (i fi x (rate) . eq. t6) ruOie = iÀ. S589 i f(i fix(rete) .eq. t5) fudie = 32.S590 if(ifix(rate) .eq. t4) fudie = 3l.S591 if(ifix(rate) ,eq. l3) ruai* = ii.S592 if(ifix(rate) .cq. 12) tuOie = ãZ.S593 if(ifix(ratc) .eq. il) fudie = 27.0594 if(ifir(rete) .eq. t0) fuOie = eZ.O595 if(ifir(r¡tc) .eq. 09) fudie = 20.S595 if(ifix(rate) .eq. 0B) fudie = lB.5597 if(ifix(rete) .eq. 07) tuOie = tÀ,0598 if(ifix(rate).eq.06) fudie = 12.0599 if(ifix(r¡tr) .cq. 0S) fudie = 09.S600 if(ifix(rate) .eq. 04) tuOie = 07.0601 if(ifir(r¿te) .cq. 03) fudie = 05.0602 if(ifix(rate) .rq. 02) tuUie = Oõ.S603 if(ifix(r¿te) .eq. 0l) fudie = 00.0
604

605 pil = int4(rate/acl)
606 pt2 = int4(area2/rate)
607

608 vr = 0.0
609 yy = 0.0
610 vel = 0.0
6ll
612 iai I roton
6r3

614 d,; ?, i=i, ptl
615 yrl = vel + acl

P.qe 17

I I _29_S6

20¡ 0B:03
F0F;IPAN77 V3.30 llarch tgBS

616
ctl

Ãt8

6i3 ;
Ê,20

vx=
vy=
cal I

c,¡nt inu¿

do 3, i=1,
.,.I _YåI -

veltc¡stheta
vel lsr nthst¿
vatt(vr, vy, {rr

pt?

r¿te
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vx = vellcostheta
vY = veltEintheta

- call uait(vx, vy,0)
3 cont i nue

åreå3 = sqrt (real ( (rf i nal -int4(r x) ) tt2+(yf inal-int4(ry) ) tl2) l +

&rate/2. t1 - fudge

D Linel
I E1n¡ u¿À

I 623

| 824

i OÅJ

526

6'i'7

628

630

631

I
i¡

I

I

t

OJr

634
c,]q

637

639

639

6{0

641

642

643

644

645

646

647

l{a¡e IyP e

decel = 0,5 I rate t rate / arE¿3

pt* = int{(rateidec*l)
do4,i=1,pt3

vei=vel-decel
vr = vellcostheta
vy = vellsintheta
cal I uait (vx, vy, 0i

cLlntinuÉ

goto 5

con t i nue

vx = 0.0

vy = 0.0

rx = re¿l (xfinal )

ry = reel(yfinai)
c¿ll tveek

call rotoff
return
end

0ffset P CIass

I NTRI IIS I C

904

940

948

944

INTRINSIC

INTRiNSIC

i32
908

324

316

7J¿

i7 ç,

INÏRINSIU

iNTR IHS II

ABS

ACL REAL

AREAI REAL

AREA2 REAL

AREA3 REAL

ATAll2

c0s

COSÏHE REAL

DECEL REAL

OELÏA REAL

DELTAX REAL

DILIAY RTAL

FIJDüE REAL

I I}{TE¡JTIT4
tc!v

I}lT4

PI RE¡{L

PTi I¡\iTEßTRÌ4
i'r, !rrl-tiñ*/
r i- -ßlr_lÈtl+.!

ITJ INTEIJTRI.l

PT INTTTjTRTI

1t?
]JÈ

!6tl
,ðð

0
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D Linel I 7

PY I}¡ÏE6ERI4 8 /POS I
RATE REAL 8 T

REAL INTR]IISIC

PX REAL 4 i POS I
RY REAL 12 /POS I
SIll INTRII^ISIÚ

S]llTHE REAL 936

SORT INTRINSIC

THEÏA RTAL 928

VIL REAL i7?
VI REAL 96.I

VY RTAL 168

TFINAL INTEÊERT4 O T

YFIì|AL INTEIìERI4 { T

llicrosoft

Page lr
I 1 -29-86

20: 08: 03
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648

649 tsubtitle:'lt0DULE: SUBR0UTINE CIRCULAR'

650 tpage
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Ì
I
t

iircular interpolation uf the *
ú
I

I
ù
I
ú
i

pt23 - represent the X and Y coordinai*s yhich I
specify the desired coordinateE of the X

arc endpoi nt. I
t
t
I
t
+

t
I
f
t
I
t
t
t
t
I
t
I
t
I
I
t
f
t
t
t
*

{

I
4

t
I

I

+

t

651 rf f lilÍi:tf tllt**t*ttttÍl*tf l*ttf llttf rf Htilf tfiÍt*tut#tÍHtttrxil#l
652 r
653 I SUEROUTINE CIRCULAR

65{ r
655 X ThiE su.hroutine perforos
65Ê t t,iolbÍi,
657 r
654 I RECEIVTD VARIAELES:

659 r
660 t pt2i,
661 l
6É2 r
663 r
654 r
665 r
666 r
567 r
668 r
569 r
670 r
671 r
672 t
673 t
674 t
675 r
576 r
977 *
678 r
679 t
680 r
681 I
682 t
683 r
684 r
685 t
686 r
587 r
688 r
583 r
690 r
691 r
692 r
ü Ii Á

É'l{ r
535 r
696 r
ïit' I
6'i3 t
ô93 r
700 r

thetab

thÉt¡f

r, J - represent the abEolute v¿lueE,:f the offs¿t
values of the arc centrepoint fror the toolbit's
present position.

rate - specifies the oesired feedrate along tne cont,:ur,

code - represents the 6 code (602 or 603) uhich
specifies uhether the direction of rotion is
clockyise or counterclockcise.

LOCAL VARIAELES:

vel - present feedrate.

vx, vy - coryonent yelocities of vel. These velocities
changa in ¿ sinusoid¡l l¡nner ås the toolbit
travels around the desired arc.

r¡dil - distance fror the arc centrepoint to the present
toolbit position.

radi2 - distance fror the arc centrpoint to ihe t¡,:lbit's
desired final prisitron. (radi I should equal radi2)

thetarod - 5pÈËriies the angie uÍ tne feedvectar utth respect
io the angle of the position vettor, thetastart.

thetastart - this angle speci fies ihe angle of the p,::rtion
vector at the start ¡l each sarpli ¡r'ii,:,

this anqle specifi:s th¿ inltial angle of
iircular årc segrent,

9pË,:ilies fhe

;egnent.
I r-rl
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t
¡
+

0 Linel
701

702

703

70.{

703

706

7 t:7

708

7ú9

710

711

712

/ lJ

/ II
tt t
/ lJ

7t6
7t7

it8
7t9
720

721

722
7'r.,

724

725

726

7?7

728

729

730

73t
1.ra

733

734
?tç

i36
737
110

733

740
lAl
; !1

tl.j,

1tÊ

74ú

11D

:47
fÊir

X k-localcounier.
t
I top, bottor - nurerator and denorinator for ARCTAtI calculations. t
ft
IIff*ÍrÍftrtf*titil*rtttfr:rfft*Ít*|t*rÌrxtrtHtrtt*txftttftttttttft$rf

subruutine circular(pt2i, pt2j, i, j, rate, code)
inteqer*4 ptli, ptl"i, plZt, pl?j, pt3i, pt3j, i, j
real rate
rnteqer12 code

integerll px, py

real rx, ry
corron iposl px, rx, py, ry
real vx, vy

real radi 1, radi2, thetastart, thetalod, pi

real ¿c l, decel, vel
real areal, area2, area3, delta
integer14 ptl, pt2, pt3, k

real thetab, thetaf, fudge

real top, bottor
c ------------
c Establish the initial parareters:

pi = real(3.1{15926535)
ecl = 2.00

decel = 1.00
ptli = int{(rr)
Ptlj = ¡n¡Ottt'
pt3i=ptli+i
pt3j=ptlj+i

r¡dil end redi2 should be equal if the I and J of the part progr¡r årê
0K.

radil = sqrt(real {piti-pt3i)tt2+reat (ptt¡-pt3j)tt2)
radi2 = sqrt (real {ptii-pt3i )t12+reai (ptZj-pt3j)tf2)

Í f (ebs(radi I - radi2) ,9e. 5) then
pt3i:ptli-i
radii = sqrt(real {ptli-pt3i)tt2+reat ipilj-pt3j)fl2)
radi2 = sqrt(real (pt2i-pt3i)$2rreat (pt2¡-pt3,¡)tf2)
if(absiradil - radi2).9e.5) then

pt3,¡ = ptlj - j
radil = ;qrt(real tptli-pt3i)lt2+r¿al (ptl¡-pt3j)tl!)
radil = sqrt (real (pt2i-pt3i )lt2+re¿l (pt2,¡-pt3jitf?t

i fiabs(raci!1 - radii) ,ge. 5) then
^11; - ^t!,plil : piri + I

radi I = sqrt(real (ptli-pt3r )ll2+real (ptl¡-pt3,¡)ltî)
r¿di? = sqrt(real (ptir-pt3r )tt2+reel (pt2¡-pt3;)lt2)
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751 i f(abs{radi I - radi2) .ge. 5) then
732 call vide,.r(lr l0r l0)
753 Hrite (l,t(lr,a\)t) tlnvalid I ¿nd J parareters'
i34 gotu I

155 endi f
756 endi f
757 endi f
753 endi f
759

760 i f (code .eq. 'r) then
t6l thet¡nod = _pít?

i62 el se

763 th¿tarod = +pit\
764 endi f
1fc
1ÕJ

766 ioP = abs(real{Pt2j - pt3j))
767 bottor = abs(real(pt2i - pt3i))
768

769 if (bottor .le. 0.001) then
770 ¡¡r¡.1 = pi/2
771 el se
11nttL

173

774

775

776

777

778
779

780

78r

782

783

784

785

786

747 E

788

789

790

731

712

794

795

796

7')7

r'lð

'i'1
900

thetaf = atan(top/bottor)
¿ndi f

top = abs(real{ptlj - pt3j))
bottar = ¿bs(reel(ptli - pt3i))

if (bottor .le. 0.001) then
,¡.¡.6 = pi/2

el se

thet¿b = atan(top/bottor)
endi f

delta = abs((thetaf-thetab) I radil)
call video(1,10,10)

areal = 0.5 t rate t rate / acl
¿rea3 = 0,5 I r¿t¿ I r¿te / decel

area2 = d¿lta - areal - are¿3

if iifiri¿r¿a2irate) .le. 1l thEn

rate = rate I 0.3
goto 6

endi f

tf(ifix(rate) .eq.40) fudge = 45.{8
i f(i iir(r¿te: .eq. 3tì r,tdç¿ = {1,i3
i i (i r i i (r ¿te.i . eq. 38) fuoç¿ = i+. å5

rilrfirtratei,eq, 37i iudgt = Ji.75
rfirfliirate.i .eq. 3Ér fudge = 15.å1
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7 llicrosr:ft
i f(ifix(rate) .eq. 35) fudge = 43.66
i f(i fix(rate) .eq, 34) fudge = 44, l4
if(ifix(rate) .eq. 33) fudge = 44.32
i f(ifix(rate) ,eq, 32) fudge = 44.38
if(ifir(rate) .eq, 3l) fudge = 43.84
i fii fix(r¿te) .eq. 30) fudge = 45.01

if(ifix(rete).eq, 29) fudge = 43,ü9
i f(i fir(rate) .eq. 28) fudge : 44.24
if(ifix(rate) .eq. 27) fudge = 4?,92
ifiifix(rate),eq, 26) fudge = 43,75

if(ifix(r¡te) .eq. 25) fudge = 42,51

if(ifir(rate) ,eq,24) fudge = {3.33
i f (i fi x (rate) . eq. 23) fudge = 41.62
i f(i fix(rate) .eq, 22) fudge = 41,99
if(ifix(rate) .eq. 2l) fudge = 41,?4
if(ifix(r¿te) .eq.20) fudge = {0,67
if(ifix(rate) ,eq. l9) fudge = 38.15
if(ifix(r¿te) .eq. tB) fudge = 38.98
if(ifix(rate) .eq. l7) fudge = 37.58
if(ifix(rate) ,eq. t6) fudge = 35.82
if(ifix(rate) .eq. l5) fudge = 33.87
if(ifix(rate) .eq. l4) fudge = 33.50
if(ifir(r¡tr) .eq. l3) fudge = 31.23
if(ifix(r¿te) .eq. l2) fudge = ?9.32
if(ifix(rate) .eq. ll) fudge = 26.47
if(ifix(rate) .eq. l0) fudge = 23.80
if(ilix(rate) .eq. 09) fudge = 22.21

if(ifir(r¡tr) .eq. 08) fudge = 18.36

if(ifix(rete) .eq.07) fudge = 16.52

if(ifix(rate) .rq. 06) fudge = 12.69

if(ifix(rete) .eq. 05) fudge = 10.52
i f(i fix(rete) ,eq. 04) fudge = 07.12
if(ifix(rate) .eq. 03) fudge = 05.22
if(ifix(rate) ,eq.02) fudge = 01.91

if(ifir(rate) .eq. 0l) fudge = 01.09

i--- 41fdge ¿.,

t1-29-86

20:08: 03
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ptl = int4(rate/acl)
pt2 = int4(area2irate)

l:

c ------------

vr = 0.0

'i - J¡i/
. -, - .a a
/tl _ r.',,-,

i¿il roton

0 Linef
801

802

803

804

805

8(r6

807

808

809

810

811

812

813

814
ñtEftlJ

816

317

818

819

820

B2l

822

823

824

825

826

827

828

829

830

83r

832

833

834
ô^Ê
OJJ
01E

837

838

839

840

841

842

843

Þ.t ì
845

846

a,t
õ.t ã

0.r,

830
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I

t
¡

I

I

I

I

I
I
I
I
I

I
I
I

t
I

I
I
I

1

do

Linel I

85r

8i2
ôÊîI'JJ

854

855

ÕJO

85i
858

859

860

86t

862

863

864

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881 3

882

883

884

Ito J
o0cuuu

BB7
oot

889

890

891

892

893

894 ,:

g9b

897

838
È :¡'l

90(¡
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2,k=l,ptl
top=real{ry-pt3j)
botto¡=real(rx-pt3ii

thetastart = atan2(tap, bottonl

rx = real(pt3i) + cos(thetastart)lradil
rY = rEai (pt3j) + sin(theia;t¿rtlfradil

vel=vel+acl
vx = vil I iirs(thetestart + ihetarod)
vy = vèl t sin(thetastart + thetanod)

cell vait(vx, vy,0)
ron t i nue

do3,k=1,pt2
ttP=real(rY-Pt3j)
bottor=real(rx-pt3i)

thetaEt¡rt = atanZ(toprbottot)

rx = real(pt3i) + cos(thetastart)tr¡dil
rY = rr¡l(pt3j) + sin(thetast¡rt)h¡dit

vel = rate
vx = yel t cos(thetastart + thetarod)

vy = vel t sin(thrt¡st¡rt + thet¡rod)

c¡ll u¡it(vx, vy, 0)

cont i nue

top = abs(real(ry - pt3j))
bottor = abs(real(rx - pt3i))

i f (botto¡ , le. 0,001) then

¡¡el¿þ: pi/i
else

thetab = atan (toplbottori
endi f

¿rea3 = abs( (thet¡i-thetab) L radi 1l + rate/2. (l - iud'¡e

Have,-¿lcul¿ted the nev are¿3,

derel = t'l.5lratEirate/are¿3
pt3 = int4(rate/decel )

ilf'tr r - :r pl,'j

toP = t*t1 irY - Pt3,¡l
bc,tto¡ = reài r.l,i. _ pt3r r
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I

I
I

1

I

I

I
I
I

I

I

I

Linel I

301

902

?t3
1l)4

?05

906

tù7
908

t0?

910

3lt 4

912

9t4

9t5
9t6

1t7

9r8

919 I
220

thetastart = atan2(top,bottor)
rr = re¿l (pt3i ) + cús(th¿tastart )lradi I
ry = real (pt3j) + sin(thetastart)lradi 1

vel=vel-d¿cel
vr = yel t,:osithetastårt + thetàrod)
vy = vÈl I sin(theiasiårt + theiet0d)

:ali '¡¿rt(vr, vy,0)
(Lìntinue

vr = 0,0

vy = 0,0

rx = re¿l (pt2ii
ry = real(pt2j)
cal ì tveak

call roioff
return
end

0ffset P Class

INTRIIISIC

r 000

r 056

I 064

1060

INTRINSIC

I NTRI }IS I C

I 040

20t
IIITRIHSIC

t00{
I 052

108 8

0r
]NTF:IliSIC

INTRItlSIC
t,] +

I 09:
996

t 07?

I 008

t0t2
1,x75

(il

li08
r016

NaEe ïype

ABS

ACL REAL

AREAI REAL

AREA2 REAL

AREA3 REAL

ATAII

ATA}¡2

8OTÏOII RTAL

CODE IIITEÊERI2

c0s

DECEL REAL

DELTA REAL

FUOËE REAL

I ÍliÏEIjEPIq

IFIX

IllÏ4
J I NTE6ERI4

K lt{ïErltRt4
P ] REAL

FÏI INÏEGERT4

PTII INTE6ERÍ4

PTlJ INTE6TRI4

PT? IHTEËERfl

PIî] INTEIJERT4

PÏ:J i NTEIiEFT-|.I

PT-1 iNiiËtPl4
PT3I INTE6ER14
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PT3J INIE6TRT4

PT I NIT6TRI4

PY INTEGERT4

RAOI I REAL

RAD I2 REAL

RAÏE REAL

REAL

RT RTAL

RY REAL

SIll

SERÏ

THETAE REAL

THETAF RTAL

TllTÏAIt RTAL

THETAS REåL

ÏOP REAL

VTL REAL

VT REAL

I 020

0

B

102 {
I 0i8

l6

1048

I 044

r 032

I 100

1r)36

I 088

l 080

1084

{
t2

/P0s I
/POS I

t
INTRINSIC

/POS I
/P05 I
Il{TRINS I I]

]NTRiNSIC

REALVY

92t
922
923

tsubtitle:'ll0DULE: SIJBR0UTII¡E l¡AIT'
lpage
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949 I
950 t
95t t
952 r
953 r
954 r
955 r
956 r
957 r
958 r
959 r
960 r
ibl t
952 t

Page 27

I l -29-86

20: 0B: 03

llicrosoft FORIRAltTT V3.3t) llarch l?85
924 lttttftilttilf ttttfif iltt*xlttf tf tt$ililtIti*$il*ütf f tf Htttf l***tf Í
i25t t
926 t Subroutine IIAIT acts as the high level safir¡are interface betceen t
i27 I the interface h¿rdy¿re (DAu ¿nC EllTI0f)ER counter) ¿nd the F0RTRAI{ f
928 I interpc,l atic'n subroutines. I
9?3r r
930 f The Ioop is nornelly in rode 0 yhich is the velociiy loop, llc,de I t
931 t restablisheE the loop as a position Ioop uhereby ihe Ioop becores t
93? I criiic¡1ly danped for position changes. This ¡ode Ís used by the I
933 f subroutine illEAK to ensure that the position of the toolbit i; f
934 t uiihin 0,0005 inches of the desired seqrent endpoint. I
935t r

936 r ilOTES; Í
937 t Ihe seeringiy infinite loop driven by variable testflag t
938 * will not cause the progra¡ to thangt. Testflag is an f
?39 f interrupt driven varÍable yhich provides the tiring for f
940 I the control loop, t
94lt r
942 r C0ñi0ri 8L0cKs ACCESSTBLE:

943 t
944 t
?45 r
946 r
947 t
9{8 I LOCAL VARIABLES:

lgosl
I dynl

/ asserb /

I
t
f
t
t
t
t

is set as a velocity I
I

¡ode - deterrines if loop

or a position loop.
t

vx - requested velocity in I dirrction (BLUs/int).t
I

vy - requestrd velocity in Y direction (BLUs/int).1

t
erx - ectual X axis position error (BLus). t

t
ery - actual Y axis position error (BLUs). {

qr - I axi; cc,lpensated error.

qy - Y axis corpensafed error.

,l

T

?63r f
954 t$ttttittttf ilrf tf tttilfi tttttt$tttilttütHHtttf ttiltnrrrHrtrrtti
965 subr¡utrne uai i ivr, vy, rode)

iniègerX4 px, py

reai rr, ry
iorron /pos/ px, rx, py, ry

inieger*l lntilag, flao(i,
!,:,ri3ùrr i åsse¡bi int f lag,

¡ç¡U¡li.), i junt I

errl, c':i,i;9u,
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976

')77

978
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re¿l exl, qxl, ex2, qtî, ex3, qx3

real eyl, qyl, eyî, qyi, ey3, qy3

integer12 ke

corron /dyn/ ke, erl, qxl, ex2, qr2, er3' qr3,

&eyl, qy1, ey2, qyi, ey3, qy3

979

?80

981 i ntegerli rode

i8i real vx, vy, erx, ery, qxr qy

?83

984 r f (intflag .ne. 0) then

9S5 goto 5

986 endÍ f
987

988 c Assu¡ing an 0verrun hasntt occurred, uait for interrupt.
989

990 cal i shoron

991 I if (intflag .eq. 0) then

992 goto I

993 endi f
994 if (intflag .eq. 2) then

995 c A key hrs been prcssed.

996 call rotoff
997 c cell EllER6EllCY ST0P TFUTURE SUBR0UTIIiEI

998 return
999 endi f

l 000

10015 intflag=g
1002

1003 c Interrupt rade - send out the ner velocity reference.
1004 call Ehocoff

1005

r 006

1007 if (flagO .ne, 0) then .:i-

1008 px = px + int4(flag0)
1009 px = nint (px/real (ke) )fke
1010 rndi f
t01t
l0lî pll = px i int4(count0)-rnt4(flag0)
t0l3 rÌ = rr r vr
1014

1015 if tflagl .ne. 0) then

l0lå py = py + tnt4(flagl.r
l0l7 py = nint(PY/realiiiel)lke
1018 endi f

1019

1020 py = Fy + rnt4(cuunt!l-intl(flagl)
ttt¡1 !,i = it , :\
J ili:1

lo23 flaqi: = iJ
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t024
I 025

102 6

1027

l 028

10î3 c

1030 c

¡LIJT L

I 032

¡r-/,lJ L

1034 r
l0 35

I 036

t0?7

l 038

I 03?

I 040

l0{ I
t042
1043

I 044

I 045

t046

t0{7
1048

I 049

r050

1051

l 052

t 053

I 054

I 055

I 056

1057

I 058

I 059

r 060

106 I

I 062

I 063

I 064

I 065

I 056

i0bi
r068

I 069

I 070

i0l:
i0i:
! ri?1

7

flagl = 0

err = rr - real {pi)
ety = ty - reai(py)

If the oode flag =

If the rode flag =

cantrol loop.

0, the Iuop is set as a velocity loop,
I, then the loop is set ¿s; p,:sitiun

The foilc,uing code represents a Direct 0iqital Éeali¡ation ol
a pole-zero tr¿nsfor¡ed lead-lag filter.

if (node .eq. 0) then
qr =,4l333llerr -,67784?terl +,i734'l9tei3 + t.ü85.1ti

& fqxl - .094420*qr2

ex2=exl

exl=erx
qx2=qx I

qxl = qx

qy = .4l335ltery -,677849tey1 + .2734991ey2 + 1.085419

& lqyl - .09{{20tqy2
ey2=eyl

ey I =cry
qy2=qy t
qyl = qy

el se

qr = crx-0.990¡¡¡t+qr3
ex3 : erx
qx3 = qr

qy = cry-0.990tey3+qy3
ey3 = ery
qy3 = qy

endi f

i f ímode ,eq, (t) then
q.r = qr t 5.081

qy=qytS.0B1
else

qx=qrt0,2174
qy=qyt0,2174

endi f

err0=int2(qx)
errl=iriti(qyj

T,.;i lir¡it itie err¡r to cithin the capaÞility i't ;tie lÅ[,
i f(errù .gt. i-71 ihen

err0 = 127
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1074 els¿i f(err0
1075 errO =

1076 endi f
I 077

1078 if(errl .gt.
1073 err I =

1030 elsei f(¿rrl
l08l err I :
10S? enCi f
1083 return
1084 end

ll7) then

t27

. lt, -1?7) then
-t77

I r _ I i'7 \
. ¡ I ¡ ILI l

-t2t
then

l{are

COUNTO

üOUNT I

ERRO

ERR I

ERX

ERY

EXl

EXz

tr3
tYt
EY2

EY3

FLA6O

FLA6I

II{T2

INT4

I IITFLA

KE

IIODE

tIIilT
PÍ

PY

OX

0xl
0r2

0x3

OY

QYI

0Y2

0Y3

RTAL

r.f

;t
I 085

ïyP e

I NTEÊERT2

iNIEËIRT2

IilTt6tRr2
INIEÊERT2

REAL

REAL

REAL

REAL

REAL

REAL

REAL

RTAL

INTEÊERT2

IIITE6ERT2

IIITEÊERT2

IHTE6IRT2

IÌITE6ERt2

II{TE6ERT4

INTEÊERT4

FIE AL

¡IÈAL

REAL

REAL

REAL

REAL

REAL

RTAL

0 f fset

t0

t2

6

I
1116

I 120

?

t0

18

26

34

,t

2

{

0

0

I

0

.J

11?4
c.

l4
22

1128

30

IÔ

P I]l ass

/ASSEI.IB/

/ ASSEIl B/

/ ASSEilB /
/ASSfl18/

/I}Yt¡ I
/ DYt{ I
/DYII I
/DYì{ I
/I)YN I
/ DYlt t
/A5SEñB/

/ASSEHE/

Iì{TRII{SIC

IHïRIt{SIC

/ASSEÈIB/

/DYil t
t

IHTRIIISIC

/P0s I
/POS I

/DYN I
/DYtl I

i0YilI

/DYtl I
IDYi{ I

/DYll I
iNTRItlsII]

/POS I
/POS I

f,ÊtrL

REAL

lÌCrlL

FIEAL

4

t1
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I 090

I09r

I 092

t 093

I 0i4
I 0?5

I 096

i0e7

I 098

l 0?J

1 100

1l0i
r 102

I 103

I 104

I 105

lt06
I t07

I 108

I t09

il10
11il
il12
1ll3
1114

I r 15

il16
IllT
il18
llt9
r 120

I t2t
|22
I t,ltt¡¿J

l124
I t 4F
1l!J

I I 'rt
¡¡40

n27
i 128

n?9
ll30
11'j1
't 111

t 11,)

I 134

11']J

I137

i. t']Õ

TI
rf tilf ttftfi f ltf f f tuttf f f tütf f f ilililfi f tÍf trfi tttÍttHiltxf ÍtttilttÍ
It
t
4

4

I

I
f
x

I

+

{
t
+

t
I
t
t
t
I
t
t
t
t

Subroutrne VIIE0 performs rudilentary video functions for the
tNtllllLL prógrat. Ihe avai lable functi,:ns ,¿i I I cle¿r the sirern
or position the cursor.

N0 IES r

This subroutine rakes use ¡f D0Sts AIISI ter¡inal erulation
vrdes driver. Thi; driver, ANSI,SYS, is ¿ 00S file vhich
¡ust be loaded on the rost bc'c,t directory of the systen
In addition, the driver ¡ust be declared in the l]0l{FITj,SYS

parareter file, also found in the root boot directury.

COIIìION ELOCKS ACCESSIBLE;

}lIL

LOTAL VARIAELES:

flag - deterrines if screen should be cleared,
a 0 cle¡rs the screen.

roc - detertin¿s the screen rou to be positioned
to (l - 24).

colurn - drterrines the screen colu¡n to be

positioned to (l - 80),

t
I
i

ù

I
t
I
t
*

I

t
4

t
I
t
â

I
t
t
t
t

rtrttttttuf tttttlltltttttttrütiltüuütttttt$ttt$ttrrttttüttrtttt

subroutinr video(flag, rou, colutn)
integert2 flag, rou, colutn

if(flag.eq.0) then
rrite(t, t (lx,l,a\) t ) chrr(27),

endi f
if(rov.lt. l0.and. colurn,lt. l0)

Yrite(l, t (lx,a, a,i 1,a,i l,a\)t )

& t It , ruu, t; r, Éolurn,tHt
elseif(roy .ge, l[i,and. ;,riumn,lt.

vr i te (1, ' (1r, a, a, ii, a, i l, a\ )')
& t I t, roY,t ;' , iûl uln, rHt

tlsei f(r¡u . lt. l0 .and. c,-,iu¡n .qi.
urite(1,' (lt,a, a,i 1, a, ri,a\l' J

lj t It, roY,titr,]ûlu[rnr'H'
elsei f(rou .ge. l0 . and. colurn .ge.

vrite(1,' i1x,a,a, i2,a, i2,a\)' )

c- t lt, rrrv,' ; ', i..l utn,rHt
endi f

returr,
end

r [2Jt

then

char (27),

10) then

char(27),

iil) then

ihar (i7),

l0) th¿n

char il7),
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l r -23-BË

20:08:03
llicros,rft F0RIRAN77 V3,3ù ll¿rch 19850 Li nel

ll4t
r t42
l t43

I I .t.t

I I tË
I r.tJ

I t{6
lt47
I 1{8

1149

ll50
1t5t
I tE/l¡ ¡ J4
I I qî

I t54
I tcc
I TJJ

r 156

1157

I 158

1 159

I 160

1t6l
I 162

I 163

I t5{
I 165

I 166

I 157

I 168

It69
I 170

ltTt
Lt72
ttt¿]

lL74
I t75

I 176

1177

l 173

r 173

I 180

il81
1182

ll8.r
I 185

i 186

I 187

I 188

I 190

LI

tttililtHt$tt*tttÍf Í*f f tf rxilf f tr*Httt*tttf f f tttÍtf $rttÍtttilt*f ttx
l1
t Subroutine FILEREAD loads in a part prograr for use by the I
t 0EC00E subrout i ne. t

I l{0TEST

* Due to F0RIRAN's liriied character string nanipulation capability
t ihi; subroutine ¡¿kes use of tore-to-core I/0 iechniques to
I reduce the lo¿ded ASCII character strings ts nu¡ericai arrãys.
Ì¡
I This subroutine requires ihai every yord of a block line nust *
t appear rn a specifii f¡r¡¿t. X

l¡
Ì¡
I TOIIIIOI{ BLOCKS ACCESSIBLE:
t

t
lpprogl

t L0CAL VARIABLES: I
t chrpos - character position yithin the 80 t
t elerent 8L0Cl( ch¿racter string, t
l¡

filenare - desired ASCII part prograr file. t
I

block - this buffer holds e singlr Iine (block) t
of the pari prograr. t

l¡
t buffl - core-to-core I/0 terporary buffer, t
f¡
rtttiltttf ttrtt*ttt#trrtrilr$tttlttïttntttrt$tttlsttttrttrrrüttlt

subroutinr fi lere¿d

integert2 tbnur, n(250),9(250), i(250), j(250), k(ZS0), f(2S0),
&s(250), t(250), r(250)
integer14 x(250), y(250), z(250)
corron /pprog/ tbnur, ñr gr xr yr ¡r i, j, k, f, s, t, r

integerl? chrpos
iharar-fer fnarelì0, blorkl80, buf f lÌ1ir

call video(1,20, l)
vrite (1,'(lr,a\)'l ,ttllTtPl th¡ filenå¡e: ,

read (f,t ia\ )r) fna¡e

;pen ii, file = fnarer status = toldr, access ='seqi¡errtialrr
&f cr¡ = tf '-rr¡¿tted,l

tbnur¡ = i

I ;qnlrnut

{
I
I
',
1.

4.

t
f

I

t
t
i



F0RïRAl{ Driver for lllLL Control
l10OULE: SUBR0UTIllE FILERTAD

Page 35

I r -2t-86

20: 08: 03

Ilicrosoft F0RTPANTi V3.3t) llar':h 1985

end=10, err=ll) block

tó

D Linet
1l9l
I l?i
1193

I I tt4
I ltñEI lltJ

l l t36

I lr97
t 1I,JÙ

r 1199

I t200

I t20t
i i:i:
1 1203

i 1204

l 1205

I 1206

1 1207

I t?08

I 1209

I 1210

I t2l I
I t2L2
r l2l3
I t2l4
l t2t5
I t2t6
I t2t7
r 1218

I t2t9
I 1220

L t22t
| 1222

L t223
I t?24

r 1225

t t226
r I t1't

I t.)1ã

I f1^Q

r 1230
I I ìîtI IiJ¡
\ l17nL LL¿L

r i'1i

I ¿JI
t.1ôc
I r']J

.-ii

' 1t,l

ta.lj,

l7
read (1, t(a80)t,

do 2, chrpos = l,

if (block(chrpos;thrpus) .eq.'Nt) then
urite (buf fl,' (a3)') block(rhrp,:s+[:chrp,;s+4)
read (buffl,'(bn, i3)') n(tbnur)

elseif (bl':ck(,:hrpr¡s:ihrpos),eq. tß') th*n
urite (buf f 1,' (¿2)r) black(rhrpc's+llchrpos+S)
read (buf f l,' (bn,ii)' ) g(tbnur)

elseif (block(chrpos:chrpos) .eq. tXt) then

vrite (buf fl,t (a6)') block(chrpos+l:chrpos+6)
read (buff l, t (bn,Í6)t) x(tbnuø)

elseif (blc'ik(chrpc's:chrpos) .eq.'Yr) th+n

urite (buff1, I (¿ål?l bir'ìlk(chrpss+1:ihrp,.rs+å)
r*ad (buffl,t (bn,i6)') y(tbnur)

elsei f (biock(chrpos:thrpus) .eq. fZ') then

urite (buff l,' (a6)') block(chrpos+l:ihrpús+6)
read (buffl,t (bn,i6)') z(tbnu¡)

elseif (block(chrpos:chrpos) .cq. tlt) then

urite (buffl,t (¿6)') block(chrpos+l:chrpos+6)
read (buffl,t (bn,i6)') i(tbnur)

eiseif (block(chrpos:chrpos),eq. tJt) thrn
urite (buffl,' (¡6)') block(chrpos+l:chrpos+6)
read (buff1,' (bn,i6)t) j(tbnur)

elseif (block(chrpos:chrpos) .eq,'K') then

urite (buf fl,' (a6)t ) block(chrpos+1:chrpos+6)
read (buffl,'(bn,i6)') k(tbnu¡)

elsei f (block(chrpos:chrpos) .eq. 'Ft ) then

rrite (buffl,t (¡{)') block(chrpos+l:chrpos+4)
read (buffl,' (bn, i4)t) f (tbnur)

elseif (block(chrpos:chrpos) .eq. tS') then
urite (buffl,t (¿3)t) block(chrpos+l:chrpos+3)
read (buffl,t(bn, i3)') s(tbnur)

elseif (block(chrpos:chrpos) .eq. tTt ) then
yrite (buf f l,r (a2)') block(chrp':s+l:chrp,:s+2)
read (buffl,'(bn, r2)t) t (tbnu¡)

elEeif (bloik(chrp,:s:thrp,:s) .eq,'l'1'i th*ri
rrite (buffl,t (a2)t) block(chrpos+1:chrpos+2)
reed (buf f l,' (bn,i?)' ) r(tbnu¡i

endi f
con t i nue

tbnu¡=tbnun+1
n(tbnur) = n(ibnun-li
g(tbnur) = g(tbnur-1)
r(tbnusl. r(ibnur-l)
yitbnumr = y(tbnun-lì
:ttbnuri = ¿(tbnur-ir
lltbnur) = iiibnun-l
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1¿.i I

t242
t243

1244
r 1¡E
ti.+J

r 246
t1À1

I ¿'t Lr

i?+9 10

1:50

1251
r .1 q.'!
I IJÁ

1 ¿JJ

I ¿J.t
I AEE
I ¿JJ

r256 ll
t 4ct
L/.JI

j(tbnur) = j(tbnur-1)
k(tbnur) = k(tbnun-l)
f(tbnur) = f(tbnur-1)
s(tbnu¡) = s(tbnu¡-l)
t (ibnus) = t itbnur-i )

r(tbnur) = r(tbnun-f)
goto I

qontinue

tbnun=tbnur-l
close (1, status='keept)
,lrite i.{,'(lr,a)') tFile succÈssfully read '

returri

'File reading error in unit FILEREAI)T

0ffset P Ciass

st op

end

Nare Type

ELOCK CHARTSO

BUFFl CHARTIO

CHRPOS IIITE6ERÎ2

F IIITEÊERT2

FNAHE CHARI2O

6 INTE6ERI2

I Ir{ït6ERt2
J IilTEÊERT2

K IHÏTÊERT2

}1 INTE6ERT2

il IXTE6ERI2

S INTE6ERT2

ï Ir{Tt6ERr2

Ï8l{UII INTTGERT2

X INTE6TRI4

Y I NTEËTRT4

Z INÏEGEP'4

/PPRO6 /

/PPROÊ /
/PPR[]G /
/PPROG /
/PPROÊ /
/PPROG /
/PPROÊ /
/PPRÍ16 /
/PPROÊ /
/PPRO6 /
/PPROÊ /
/PPROÊ /
/PPR0ri /

It52
1234
t n¿r.,

5502

I 132

502

{002

4502

5002

7002

2

6002

6502
ô

l 00?

?002
2rlrl'l

t?53

.l¿Jl

l:60
i?61 fsubtiti e: t I'IUD|.jLE:

i?62 tpage

SUEROUTINE TIIEAii!



F0RTRA|! Driver for llllL Control page 37

ll00uLE: SUBROUIINE ITJEAK I t-?3-86

i(rr08:(r3
D Linel I 7 ñicrosoft FORIRAN77 V3,3t) Ìl¿rch tjBS

1263 lt*tlx*tfÍfHtultft*trti*tiltfltrttilrfit#fftr*fttttfÍtftfilftft*fÍft
1264 t t
1265 I Subroutine TIIEAK ensures that the error betveen ihe artual t
1266 I and reference pasitiuns ai the end of ¿ ¡ov¿ ¿re i¡ithÍn ¿ I
1267 I specified toler¿nce, I
riû8 r Í
1269 t iiOTEST t
l?70 I ïhis subroutire ¡akes use ¡f the IIAII subrouiine in r,ide l. X

!,27 I I l'lode ! adds an extra integrator to the control lo,_rp to ensur¿ t
ti7: I ¿ theoretical zero steady state step pûsition err,:r, I
1273 t r
1274 * tì01'll10N BL0CKS ACI]ESSIFLT; t
1?75 I lposl t
ii76 t I
1277 t L0CAL VARIABLES: *
1278 I okcnt - nu¡ber of consecutive interrupt t
1279 * periods uithin the specified toler¡nce. I
1280 f r
1281 t spectol - specified tolerance in BLUs. t
1282 t r
1283 I sFêcper - speci fied prriod in interrupt periods I
128{ t th¿t the syster rust hold the ¿xes t
1285 t rithin the spectol to ensure that the t
1286 I åxes have stopgÊd prrcisely. t
1287 I r
1288 Httttl$ttlilltttttrÌrtfiltt*t#ttttilrtttrrütrrtttttüHtttilttt*ttx
1289 subroutine tueak

1290 integrrt{ pr, py

1291 real rx, ry
l?92 comon /pos/ px, rr, py, ry
1293 integert2 okcnt, spectol, specper

1294

1295 spectol = 5

1296 specper = 2

1297 okcnt = 0

1298

1?39 62 if ((abs(px-int4irx)),gt, speitolì,,:r.(absipy-rnt4lry)t .Et.
l30ti l;pectoll) then

130i okcnt = ú

i302 ¡nii f

1 303

1304 iali uait(0.0,0.0,1l
1305 okini = ú!:,:nt+l
1306 if (okcnt ,le. specper) then
l3ri7 goto 62

l3tr8 inii f
i 3ùi r eiur n

li lti *r¡C



F0RTRAII Driver for
ll0DULE: SUBR0UTIt{E

0 Linel | 7

N¿ne Type

ABS

I HÏ4

OKCNI INTE6ERT2

PT INTEËERT4

FY INTT6ERÍ4

RX FiEAL

EY RTAL

S'r'iCPE I NTEGERX2

SFT|]TO INIT6ERI2

lllLL Contr'-rl

I I{EA h

0ffsei P Class

INÏRINSII]

INTRINSi:

t272

0 /P0s I
I /P0S I
1 /P0S I

¡', rñ^õii /lLiJ

l:70
r i53

Si¿E CIass

ñ-__r cJ: iü
li-:i-tb
20; (r8: (i3

llicrosoft F0RIRAllTi V3,3t) l'1arch 1ig5

N¿¡e ïypr

ASSEII B

CIRCUL

CLSUP

ilrciltL
DEÜt]DE

I)YII

F I LERE

6ETKY

L I NTAR

IIOTOFF

Ì10I0ti

P0s

PPROG

SETUP

sH0H0F

sll0H0il

TIITAl(

VIDEO

IIAI;

l4

50

c0Hll0H

SUBROUTII¡E

SUEROtJ T I }IE

PRtlÊRAI.|

SUEROUT I }¡E

c0ñil0ll

SUBROUTIIIE

SUBROUT I NE

SIJBR{]UT I IIE

SUBROUI INE

SUBRO|J T I IIE

c0ñ110il

c0ilroil
SUBROUTII{E

SUBROUI I l{I
SUBROUT I llE

SUBROUl I NE

SUBROUT I t¡E

SUBROUT I NE

16

7502

Pass Cn: llr' Errors Ðetected

i310 5c,,¡r,:r -i'res



Ihe llicrosoft llACR0 Asse¡bler
F0RIRAN subroutine - interrupt

, Versron 1,27

0 (hard) soft 8,

Page l-l
r I -1ô _OC¡¡ JV UL

page 54, 132

IITLT F0RIRAl{ subroutine - interrupt 0 (hardj

I

soft 8.



The llicrosoft I'|ACR[] Asse¡bler
F{)RTRAN subroutine - interrupt

,

0

Version 1.27
(h¿rd) soft 8.

Page l-2
I I -30-86

påge

co¡tent n

*ltriltttlüttrtilttiltiltturf iltf tf rtililf f tilu$txÍtfi rrür
lf
I
f
I
t
t
t
+

t
f
t
t
I
I
4

$f tililtttxrttf ttttuttüttilüttf ttrturttttrttiltilttillttil

PR06RAII: BASE6

AUTH0R: tJ, rì.6adsby

These asserbly Ianguage subroutines are us¿d

by the FtlPIRAN ¡einline progrår cailed 116,

A descriptian r-rf the routines follous on the
nert fer pages.



The llicrosoft llACR0 Assenbl er
t0RlRAN subroutine - interrupt

, Version 1.27

0 (h¿rd) soft 8.

p åge

col¡ent'

Paqe I -3

I t -30-86

This code is the second generation code used
to drrve the TECIIAR BASE B0AR0 ¿nd the
iuston encoder inter face.

Ihis qod¿ rust perforr several functisnç:

SETi.JP:

1) Ihe interrupt servicinq routin* ¡ust be installed,
the syster clsrk ¡ust be reprograrred to inierrupi
at the desired frequency and the IECI'lAp BASt g0ApD

¡ust be iniiialized. IAt ¿ future date, these
initielizetion tasks rili also include ihe clearing

':f ¿ll the regist*rs end the clearrng of a fails¿fe
rec hani sr. l

CLSUP:

?) Provide closing slrvices, ie. after the prograr has

run, a subroutinc rust restora thr operating syster
DOS to Íts originrl statr. In this inst¡nm thc
systn clock rust bc rcprogrnrrd to its originrl
sperd and thr originrl 8l0S interrupt vcctor ¡ust
br rcinst¡llrd.

Thc interrupt srrvice routine ISRO is ihe he¿rt of the
servo systrt. It rust providr the Iov levcl servicing
of the velocity refercncr for the servo syster. The

syster consists of tuo distinct srctions, thr vrlocity
rcflrrncr section ¡nd thr rncodcr frcdb¡ct section.

i) ïhe vrlociiy rcferrncÊ scction rust provide en analog
output to the velocity rofcrucc of the sc¡vo. The error
nurbcr, prssrd doun fro¡ thr F0RfRåt intrrpol:tion routine
is convcrtrd to an rnrlog signal by ¡n I bit A-D converter,
Ihis I bit r{-I} convcrtrr is ¿ddrcssrd through the ltCllAR l/0
boar d.

¡il The encoder count rust be transferred back to the F0RTRAII

reinline so that the position counter can be updated, Ihis
transfer is fairly sophisticated in that a transparent latch
rust be triggered end the reEults rc¿d in vie the EASEB[)ARD,

A sprcial flag erists rhich indic¿tes that the count to be read
is an I}l0EI iount, An index rount indicates th¿t the sh¿ft's
ABSI}LUTE p0siti0n shouid be an IIITEÊER rulirple ci the
encoder's nu¡ber of counts per revolution.

lh¿ fliv irf the routine is as irrllrrusi



The l"licrosoft lllt0R(] Asserbler
F0RTRAll subrsutine - inierrupt

, Version 1.27

0 (h¿rd) soft 8.

Fage t -4

I I -30-86

¿)ïurn the STR08t lire,:n end,:ff,
b)Read the counter in through port l'3

c)Check the FLA6 line to see if it iE an INDEI c,runt,
llodrfy the FLAÊ returned to F0RIRåN accordingly.
ilhe correition of the ¿bsolute positi,in counter
Yill be done at the F0RTPAN level. l

d)ïurn the CLEAR line 'rn and ¡lf i f FLAI¡ r¿as set.
This code resets the index irapping circuitry.

e)Send or¡t through port I the apprapriate 0Arl errtr
si gr'al .

= 0040

= 0?10

= 02ll
- VÅ I ¿

= 0213

= 0214

= 0215

= 0216

= 0217

= 0218

= 0219

= 02lA

= 02lB

= 02lc

= 02ll)

= 02lE

= 02lF

= 0003

= ôñôQ

t

tirer
I

base

bbctr I0
bb 0c

bb0b

bb0a

bbcirll
bblc
bb 1b

bbla
bbctrl2
bb2c

bb2b

bb2e

bbctrl3
bb3c

bb3b

bb3¡

equ

egu

equ

Èqu

equ

equ

equ

equ

equ

equ

equ

equ

Êqu

equ

Êqu

fqu
Êqu

0qu

40h ; iBñ clock port,

0210h ; Base address of basebaard,
L---
ud5Ë

base + I

base + ?

b¡se + 3

base + {
b¡se + 5

bese + 6

b¡sr + 7

b¡sc + I
basc + 9

b¡se + l0
base + ll
b¿sc + 12

basc + 13

basc + l{
base + 15

;The folloring rords, yhrn sent to the control ports

;rill set or rcset the appropriatr output bits of port C.

;Hrnce, bbc5h cill srt bit C5 high, ¡nd bbcSl vill set

;bit C5 lou.

bb,:4h

iJUr-Ti

bbc5h

bbc5l

bbc6h

bbc6l

bbiTh

bbcii

Êqu

equ

equ

equ

00001001b

0000 I 000b

000010t tb

00001010b

= 0000

= 000C

= 00irF

= 000E

equ 00001 l0lb
equ 00001 l00b

equ

Équ



Ihe llirr,:soft llAtlR0 Asser,bler, Version 1,27
F0RTPAll subroutine - interrupt 0 (hard) soft B,

= 0083

Page I -5

I I -30-86

.t,lt
equ 10000011b



The llicrosoft 11ACR0 Asse¡bler
F0PIRAll subruut ine - rnterrupt

Version 1.27
(h¿rd) soft L

Prge I -6

I I -30-86

p e9e

collent t
il*r$ttilffi tttttf üf tt$t*ttttttilrrrrilrtttr

t The det¿ segrent consists entireiy,:f F0RTRAII t
t data variable addresses. These ¿ddresseE are t
I stored by the STIUP subroutine for use by the t
t other subroutines, notably iSR0. I

rüttttttilttilrttilt$tr*il*trilrrfi t*IIttttt*t

dai¿ segrent public'daiat
even

int fl ag_addr dv 0

intflag_seg du 0

fl ag0_addr du 0

flagO_seg du 0

flagl-addr de 0

flagl_seg du 0

d¿0_eddr du 0

da0_seg de 0

dal-addr du 0

dal_seg dy 0

countO_¡ddr dv 0

countO_seg du 0

countl_eddr du 0

countl_seg dy 0

d¡t¡ cnds

dgroup group data

t

0

0000

0000 0000

0002 0000

0004 000c

0006 0000

0008 0000

000A c000

000t 0000

0008 0000

00 I 0 0000

0012 0000

0014 0000

0016 0000

00r8 0000

00tA 0000

00tc



The licrosoft llAtlR0 Asse¡bler
F0RTRAN subroutin¡ - interrupt

t
I

I

I
t
I

TSEItJP

I|]LSUP

*t't0ï0H

f
ilr0T0FF

t
I
t
ilsRo
I
t
t

0000 code segrênttcodtt
essule c5: c0dr,

publ i c setup
public clsup
public rotoff
publ ic roton

, ''lerzím 1,27

0 (hard) soft 8.

Pag e

p¿9e

cotlÊnt "
txtt*ttttttttf tttttil$tiltttttrf tf truilÍil#ttf tttürrHtrr

*ïhe subrr-rutine i{lde is entirely cont¿ined in the fol louing
tsegrent, The code consists of four subr'-rutines;

!-l
I l -30-86

I ) STTUP

2) CLSUP

3) r10ï0N

4) ñ0T0FF

5) ISRo

6) ISRt

establ i shes the envi run¡¿nt for the other subruut i nes. I
terrinates the environrent for the ¡th+r subroutines, t
ensures that ISR0 is operating ¿nd connects the ¡otor t
aapli fier speed reference teruinals tr¡ the DAC cLitput;.1
installs ISRI and disconnects the ¡otor arpiifier Í
speed referen,:e tÉr¡Ínals froa the DAtJ ¿nd connects f
together the tertinals, This stops the rotor fro¡ t

t
*

t
I

I

I

Ì
t
I
I
t

ttttürf t$ruttttï$ttttttttrrtttl$trrlilttutttHttttiltr

dri fting in idle states,
l'lain interrupt procedure, This procedure outputs the
error uords to the DACS vi¿ the TECIIAR 8ASE8OARD and

reads the cxternal counter and passes the value beck

to F(IRTRAII to updatc the position å(curulåt0rs.

ds:dgroup, ss:dgroup

;llust declare subroutines public.



The ltitros¡ft I'lACR0 Asse¡bler, Version 1,27

F0RTRAN subroutine - interrupt 0 (hard) soft 8.

0000

0000 0000

0002 00 00 00 00

0006 00 00 00 00

000A 00 00 00 00

000E 00 00 00 00

0012 c0 00 00 00

0015 00 00 00 00

0014 00 00 00 00

00lE 00 00 00 00

0022

0000 55

0001 tg ec

0003 06

0004 c{ 5E lE
0007 89 rt 0000 R

0008 8c 05 0002 R

000F c4 5E tA
0012 89 lE 0004 R

0016 8c 06 0006 R

001A c4 5E t6
00lD 89 tE 0008 R

0021 8c 06 000A R

0c25 [4 5E 12

0028 89 tE 000c R

0rJ:|] 8ü 0t, 00ùt R

0030 c{ 5E 0E

0033 89 tE 0010 R.

0037 8C 06 0012 R

rt038 |]4 5t 0A

0û3E 99 rE C0r4 R

10{: 3i 06 0016 R

Page I -8

l l -30-85

pagÉ

com¡ent "
lf ttÍtt*#trrHxf f Htruttt#rttiltt$Hif f tttttrÌilf I

t Ihe SETIJP subroutine is used to intell the interrupt I
* handling subroutines, and reprùgr¿r the tioer yhich T

t interrupts the colputer. t
rf trtrf ttilrxf rrfitrtf utt*tilüu#tlt*tttürf truf t*

setup proc far

frane strui
savebp dY

saveret dd

count I dd

cr-runt0 dd

dal dd

daO dd

flagl dd

flag0 dd

intflag dd

fra¡e ends

push bp

rov bp, sp

push cs

I es bx, tbpJ. int fl ag

rov intflag_addr, bx

rov intflag_seg, es

les br, tbpl.flagO
rov flag0_addr, bx

rov flag0-seg, es

les bx, tbpJ.flagl
rov flagl_addr, bx

rov flagl_seg, es

le: !x, tbpl.da0
r;v Ca0_addr, br

t,lY då0_5É9, É r

les bx, tbpl.dal
rov dal_addr, bx

lov dal_seg, es

Ies br, Ibpl.count0
rov countO_addr, bx

tùv É'-1Liiii,0_9e9, e5

;Savr frarepointer.

;6et neu frarepointer.

;Save ertra - seg.

;6et IIITFLAG address.

;Save INTFLAG offset,
;Save INTFLAG segrent.

;6et FLA60 ¡ddrrss,

;Save FLAÊO offset.
;Save FLAÊ0 segrent.

;Êet FLAGI ¡ddress.

;Save FLA6l offsct.
;Save FLAËl segrent.

;Get 0AC address,

;Save lA0 offset,
;5ave DÂtl +¡oerll.

;6et DAI address,

;5ave DAI offset,
; Save DAI segreni.

;6*t i':unt0 ¿ddress,

;Save count0 ¡ffset.
;Savi iount,l;egrent.



The llicrosoft llACR0 Asserbler ,

F0RTRAN subruutine - tnterrupt 0

t4 5E 06

89 lE 0018 R

8C 06 00lA R

Ver si on I .27
(h¿rd) sc,ft 8.

Page I -?

r l -30-85

0051 Bâ 0210

0054 80 83

0056 EE

0057 BA 0218

005A B0 83

005c EE

0050 BA 0i13

0060 Ec 7F

0062 tE

les bx, IbpJ.count! ;6et countl addresE.

rc,v count!-aCir, bI ;Save':':unti ':ffE¿t,
nov countl-seg, *s ;Save cuuntl segnent.

i------------
; Sei up the BASE B0ARD for the vork required:

lloDE 0, CoNTROL HoRD 3

A is set for autput {latchedl.
B is set for input.
C4 - C7 is set for output.

ù0 - C3 Ís set flr input.

A is DAC signai.
B is El{l]0I}ER count.

C5 rs the;tr¡be,
C7 is the cle¿r.
C3 is the flag,

BiiT=l
Bit6=0
Bit 5 = 0

8it 4 = 0

Bit3=0
8it2=0
Bit I = I
Bit 0 = I

rov dr, bbctrl0
rov al, ctrl3
out dr, al

rov dr, bbctrl2
rov al, ctrl3
out dx, al

oov dr, bb0a

oov al, t?7

out dx, al

lc'v dI, bbia
rov al, !27

,:ut dxr al

llode Setup,

Port A is rode 0.

Port A is rode 0.

Port A is output.
C4 - C7 is output.
PortB=¡odc0.
Port B = input.
C0-C3=input.

;Êct the setup port,

;6et the setup bytr.

;Send it out.

;6rt the setup port.

;6et the setup byte.

;Send it out.

;6ei ihe DAI pc,rt.

;ler; the DAtì.

;rtt the DAtl P¡r t .

;Zero the DAC,

The next feu Iines turn off the relay and ensur: thaf the s¿rvr.rs

¿re disconnected fro¡ the sYster,

00Ë3

0066

0068

BA 0218

BO 7F

TE



The llicrosoft l'lAiR0 Asserbler ,

F0RTRAII subroutine - interrupt 0

0069 BA 0210

006c B0 08

r]O6E EE

006F BA C?rg

0072 B0 08

0074 EE

0075 80 35

00i7 t6 43

0079 B0 98

0078 E6 {0

007D 90

007E 90

007F 90

ùc80 B0 2E

0082 E6 40

0084 89 4t?0

0087

0087 t: Ft

Vers¡on 1.27
(hard) soft 8.

Page t-lû
I t -30-86

ruv ,1x, bbiir I(t

r':v aì 
' 

bbt 4i

out dx, al

llv dx, bbctrl?
rov al, bbrll
out dx, al

t

I

,

;Iurn ,:f f bit C{.

;Turn off relay.

; Iurn ofl bit C1.

; Turn uf f relay.

Set up the 8?53-5 Iiter to interrupt at ry frequency:

tllock f requency to 8253 Í = 1.193182 l'lHz.

1 = lll = 0.e38035 nicroseconds,

Counter values: Cntval = f/desired f.
0000h (FFFFh) = 18.2 Hz.

0{A9h = 1000 Hz.

09lAh = 512 Hz.

1235h = 256 Hz.

2464h = 128 Hz.

2E9Ht = 100 Hz.

l8D3lr = 6{ Hz.

5036h = 50 Hz.

rov al ,001 t0l l0b

out tirer+3r ¡l

rov al,9Bh
out tircr,al

n0p

n0p

n0p

rov al, ith
':ut iirer,al

¡ov ':rr 20000

I irc¡Þ QcÈrt

;Tirtr 0, lsb,rsb,rode 3 binary.

70 rsecx. for chip tc' a,-tett,

I

;At this point the clock is running at lC0 Hz.

;------------



The Iiiros¡ft ltACR0 Asserbler , Vtrsion 1.27

t0RTPAN subrautine - interrupt 0 (h¿rd) soft 8.

llf e:l FA

fJ08A l E

OOSB BA O2!A R

008E 0E

008F r F

0090 B0 lc
003? Ê4 :5

0094 cD 2l

0096 r F

00-q7 F8

;------------
; Install the interrupt'
t

cli

Page l-ll
l1-10-8É,

pop Ês

pop bp

ret 24

setup cndp

;5ave F0RTRAN's ds.

isr! ;G*t int*rruPt :'outine.

;Push a coPY c,f the current is.

;Pop it inta ds'

;llill rake it rnterruPt lCh'

;Set up interruPi et dE:ii,

; DOSCALL,

;Resiore F0RTRAN's ds'

;Durp six parls & b¡ck to F0RTRAN.

push ds

r':v drr ¡f f :et
push c s

pop ds

rtrv al, lCh

r'-,v ah, 25h

int l1h
pop dr

st i
t

;Atthrspointtheinterruptistnstalled,thetireristickingat
; the selected frequency and tht beseboard is ready to go'

]

;------------

0098 07

0099 5D

009A cA 0018

009D



The I'licrosoft liAtR0 Assecbler
F()RTRAN subrautine - interrupt

at rl,i n

'JV2U Jr

OO9E EB EC

0040 06

O(lAI FA

00A2 1E

OOA3 8A FF53

0046 88 F000

00A9 50

OOAA IF

00AB 80 tc
00AD 84 25

00AF cD 2t
00Bl lF
OOB2 FB

0083 B0 36

0085 E6 43

00BE t6 40

00c0 89 4E20

00c3

0cc3 t2 FE

Page l-ll
I 1-3f-e6

VerEion 1.27
(hard) soft 3,

p¿ge

cotlent "
ttütrrttÍttf ÌttttriltÌf Ítf tiltifi lrtttttrÍ$f tf tiltHtf

t The CLSUP subroutine is used to restore the corputer's I
I environpent to its origrnal conditron. Thls involves I
I reroving the interrupt handl ing subrûutìnes and I
* r*progranring the clock of the ionputer to its usual I
I l8,i H¡. i
tf lttltf ttrf ttttf f lf tf f lÍttrttrtttf xttrtiÍtTf *iif f *tillt

,:lsup prot f¿r

t

; Restorr clock to original interrupt frequrncy of 18.2 hz.

t

push bp

rov bp, sp

push es

.I:
Ll¡

push ds

rov dr, 0FF53h

rov ax, 0F000h

push ar
pop ds

rov rl, lCh

rov eh, 25h

int 2lh
pop ds

sti

rov al,00l10ll0b
out tircr+3r¿l

rov al,0h
out iirer,al

n0p

n0p

¡úF

ttrer,a!

aiv r r, 3000il

loap querti

; Save frarepoi nter.

; tìet nev frarepointer .

;Save extra - seg.

;Save F0RTRANts ds.

;Restare interrupt routine,

;6et segrent,

;Put it on the steck.

;Pop it into ds.

;lill rake it interrupt lChi

;Srt up intrrrupt at ds:dx.

¡D$CALL.

;Restorr FflRTRAllt s ds.

;Tirer 0, lsb,rsb,rodc 3,binary.

;6rt a zcro.

;Srnd LS8.

;Send ll9,?.

;ilal i ''.'

0087 B0 00

0089 t5 {0

00BB 90

00Bc 90

0080 90

q'rir t -:



The lli i roEof t I'lACR0 Asserb Ier ,

F0RIRI{N subroutine - interrupt 0

Version 1.27
(hard) soft 9.

F'agt l-ll
I l -30-86

00c5 BA 0210

00c8 B0 08

00.;A tE

tov dx, bbctrl0
luv al, bbc{l ;Turn on bit û4.
out dx, al ;I;rn uff rela¡,,

nov dr, bbctri2
ruv al, bbill ;'[urn on bit r,¿,

out dr, al ;Turn off relay,
l

t-

p0p es

pop bp

ret
endp

;8atk to F0RTRAN.

clsup

00c8 BA c218

C{¡r;E 80 i9
OODO EE

000 r 0i
0002 5D

0003 c8

0004



The llicrosoft l'1At]R0 Asse¡bler
F0RTRAN subroutrne - inierrupt

,

0

Versi on l, ?7

(harC) srrft 8.

påge

co¡lent "
*tllttxÍIf llt*ltrtf f ilÌtif f Íttrlf f tltltf irf tf iiÍf l:*f ttfi f t*íf

I Subroutine I'l0IOll ionneits the speed refer¿nie ierrin¿l; I
I ¡f the servo arplifiers to the DAC outputs af the rnt¿rface i
t boarC, Ihe subroutine als¡ rn¡t¿lls the s¿rn interrupt t
i h¿ndler ISP0. t

* *illilttttttHiltttfrttttutfiuiltttrrftrHtiltxurf ifitüÌt

rrlton proc far

Page l-14
I I -30-86

0004

0004

0005

0007

F'
JJ

88 trl
06

COI)B FA

ù009 I t
OODA BA OIIS R

00DD 0t
OOI)E IF

00DF B0 lc
00Er 84 25

00E3 cD 2l
00E5 rF

OOE6 FB

push ds

rov dx, offset isr0
push cs

pop ds

rov al, lCh

rov ah, 25h

int 2lh
poF ds

;5ave frarepainter,

;tìet neu f ra¡¿p':rnter.

;Save ertra - seg.

;Save F[)RTRAN's ds.

;Êet interrupt routine,

;Push a copy of the current cs.

;Pop it into dE,

;llili rake it interrupt lCh.

;Set up interrupt at ds¡dx.

; DOSCALL.

;Restore F0RTRAN's ds.

push bp

nov bp, sp

push es

t

; Instal I ISRO.

t

cli

00t7 8A 0210

00EA B0 09

O(]Ei EE

OOED BA O2I8

00F0 B0 09

OOF2 EE

sti
t

; At this point the rain Ínterrupi, ISRO is installed.
ì

,

;ïhe nert bit of code turns on the servs inputs.
I

lov dr, bbctrl0
rov al, bbc4h

,:ut dr, ¡l
I

;

lov dx, bbctrl2
rov al, bbc4h

eut dr, al

púi ÉE

;Turn on bit C4.

;iurn ;n rel¿y,

;Turn on bit C4,

; Turn on relay,

00F3 a7

tlùfi 5D



The i'licrrrsoft I'|ACR0 AsEe¡bler

FORTPAN subroutine - interrupt
, Version L27
0 (h¿rd) sofi 8,

{ rr
I - iJ

I r -30-86

;Back to F0RTPAN,

Page

00F5 cB

00F6 to t rrn

ret
endp



The ñicrosufi 11AtR0 Asserbler
F0PTRAll subroutine - interrupt

t

0

Version 1.27
(h¿rd) soft 8.

page

c0tlent'
tt$ttltilttttrf trtttttiltilrf f tilltililtHttttHllfi f ltrfi il

t Subroutine ll0l0FF disconnects the speed referen':e ter¡inals I
t of the servo arplifiers trr the DAC outputs ¡f the interfate I
t board. The subr,:utine also inst¿l Is the durry interrupt t
t handler ISRI. r

, 
lfi tHlriltttttttHrtiltrttf tffi ttf tilttf ttüfi rüf ttttttrxrr

rotoff pr'-1i får

Page l-15
I I -30-86

OOFA FA

00F8 tt
OOFC BA O2IA R

OOFF OE

0100 rF

0r0t 80 lc
0103 84 23

0105 cD 2t
0107 tF

0108 FB

00F6 55

00F7 88 tC
00F9 06

(r:c9 BA C2:0

0l0l] B0 08

OIOE EE

ûtoF 8A 0219

ti l2 B0 08

ú111 EE

push bp

rov bp, sp

push es

rov dx, bbctrl?
lov al, bbc4l

out dx, al

push ds

rov dr, offsrt isrl
push cs

pop ds

rov rl, lCh

rov rh, 25h

int 2lh
pop ds

I

; Instal I ISRl.

ì
¡l i

;Save frarepointer.

; Èet nru fralepoinier ,

;Save extra - seg.

;Savc F0RTRAH's ds.

;6rt interrupt routine.

;Push a copy of the current cs.

;Pop it into ds.

;lill raic it Íntrrrupt lCh.

;Sct up interrupt ¡t ds:dx.

; DOSCALL.

;Restore F0RTRAI{ts ds.

sti
,

; llt this point thr r¡ints¡nce interrupt, ISRI is inst¡lled.
l

;------------

;------------
;The nert bit of code turns off rnd grounds together the servo inputs.

t

rov dx, bbcirlO iç
r'uv al, bbc4l ;lurn* i:t tl{.
out dr, ai ;Turn oft relay.

ølt

;Iurn ábit C4.

;'[urn off relay,



Th¿ llitrostrft llACR0 Assenbler

F0RTRAN subroutine - interrupi
, Version 1.27

0 (hard) soft 8.

Pagi l-17

I l-30-86

0115

0ll5
0r t7
0lt8 ¡otoff

p'lp es

pop bP

ret
endp

07

5D

CB ;8atk ta F0RTRAN.



The llitroEoft l'lACR0 Asse¡bler

Ft)RTRAtI subroutine - interruPt

0118

0118 FB

0il9 50

0llA lE

0il8 53

oilc 06

0ltD 5l
0r1E 52

01tF

0t22

, Versi on 1,27

0 (hard) soft 8.

pa9Ê

c00¡ent !

Page 1-tg
I I -30-86

¡6rt thc ncrt eddrrss.

;Add one.

ilr*f HHf tlttltlitti{ltlttttttttltttltf tf txf tÍ*f lrlf ililÍtlrr
t Subroutine ISR0 is the r¿in interrupt routine and repr*sents I
I therheart'c,f the Control Loops Unit. Ihe routine I
I rust perforr all of the I/0 functions to the external i
f enioder ¡nterf¡ce board through the custor encoder interface.l
trrilllillltrrrtlltltlxlrlltrtlf trrtttltltrttttttllrttf tlrf ttt

;------------
;Set up the knovn data segrrnt.

i Er(t Pro(
sti
Push

. pir:h

Push
p ush

Push

Push

nêðr

AI

ds

bx

e5

ax

dx

rov ar, dgroup

rov d5, er

rcv àxr dst intf lag-addr

lov bx, ar

lov ar,dsl int flag-:rg
¡0v È5, ¿Ì

Bov es: IbxJ, vord Ptr

|]FFh

06h

; InterruPt r,:utine.

;5ave registers used.

;6ot FflRTRAll's data sr9.

¡Stuff it in ds.
88

8E

---- R

D8

I

;------------

i -----------'
;The nert fer lines of code are useful to add

;to rnsure th¡i thc intorrupts arr rcally occurrÍng.

;This code incrcænts ¡ counttr ¡t 0000:0182.

; ¡oY arr ds: [br+21

; add rrtl
; roy d¡: [br+Z]r¡¡ ; Inc intcrrupt colntrr '

t

.---.------
I

;Set the iI{TFLA6.

0124 A1 0000 R

0127 88 08

01î9 Al 0002 R

0l?|] 8E c0

012E 26: C7 07 0001

01 33 82 FF

0135 F4 06

ci3r iD:1

uov dl,
¡¡v ah,

int 21h

;Get INTFLAÊ address.

;llove it into br.

;Êei INTFLAG Eeqrent.

;l'love it into es.

I ;llove I to INTFLAÊ.

;Direct Console inPut

; ihei k standar¿ Olrect



lhe llirroEcft I'|ACR[] Asserbler
F0RIRAll subroutine - interrupt

, Version 1,27

il (hard) soft 8.

Page l-19
I I -30-86

0i39 74 05

0138 26¡ C7 07 0002

0r{0 90

jz no_key_pressed

roy es: Ibri, uord ptr 2 ;l'lc,ve a I i f key pressed.

t

no_key_pressed: nop

;------------

;------------
;Sei the IHHIBIT lines high for the duretion of the reads,

I

0r41 BA 0210

0144 F0 0F

0l4b EE

0r47 8A 02r8

0144 B0 0r

0r4c Et

0140 Bå 02lt
0150 tc
0t5l 24 02

0153 74 t8

uc,v dt, bbctrl0
rov al, bbcTh

out dr, al

lov dr, bbctrl2
rov al, bbcTh

out dr, al

i

;------------

;------------
;Read thr lllDEI FLAG to sce if ¡n ItDtI hrs occured, ¿nd if so

;rcrd thr l¡tch yhich vill cont¡in the count ¡t index. P¡ss this
;valur back in FLA60.

t

;Read the counter v¡lur ¡nd pass it b¡cl to FmTRAt.

;Corrcct thr cflntrr v¡lue for thr corrrtt sign.

rov ch,0
rov dr, bbOb

in al, dx

test al, 80h

jns posnun

ruv ch, 0FFh

rov cl, al

¡ov ex, ds; fiag0_addr

nov bx, ar

r¡ov ex, ds; flag0_seo

lov Ès, eI
[ov eslIbiì, cr

;Ëet the 8î55 0 Control port.

;Set the IltHIi:lT hiEh,

;tìet the 8255 2 tlontrol port.

;Set thr I}lHiBIT hiqh.

;Do it,

;6rt the 8255 0 C port.

;Read the byte.

;Chcck bit Cl.

;60 ahe¡d if no index.

;Clerr qprr h¡lf ol rrgistcr.
;6et A data lor 8255 0.

;6ot camfrr vrlue.

; ïest si gn bi t,

; I tt s pos. go ahead.

;5et upper bits esp. sign,

;Storr counter v¿lue.

;5ri FLA60 acdrèss.

;11':vt it intit br.

;6et FLA60 segrent.

;liove it into es.

;ias; it beck to F0RTRAN.

rov dr, bb0c

in rl, dr

ana at, Z. r

jz no_inder

0155 B5 00

0157 BA 0212

0r5A EC

0t58 A8 80

cr50 79 01

0l5F 85 FF

016 1

0lÊl 8A cg

0163 A1 0004 R

0166 aB û8

0168 Ar 0006 Ê

0158 8E C0

Cl6l 26: 89 0F

p0snur:



The ÌlicroEoft llACR0 Asserbler , Version 1.27

F0PTRAII subrsutine - interrupt 0 (hard) soft 8.

Page 1-:0
t I -1rr-OCI ¡ ür-, uu

no_i ndex:

;------------
;Strobe the transpatent latch to capture and clear the iounier,

t

0r70

0 170

0173

0 t75
ôr ?¿

0178

BA 0210

BO OB

EE

BO OA

ET

rov dx, bbctri0
rov al, bbc5h

out dx, al

rov al, bbc5l

oui dx, al

rov ch,0
rov dx, bb0b

in al, dr

test al, 80h

jns posaur2

rov ch, 0FFh

rov cl, tl
¡ov ¿r,d9:count0_¡ddr
rov br,ax
rov ar,ds:count0-srg
lov ês,¡r
¡oY ês: Ibrl, cx

;Get the control for 8255 0'

;Set bit high,

;Do i t.
;Set bit Iou.

;I)o r i,

;Clear upper h¿lf of rrgistrr.
;6rt â drta for 8255 0.

;6ot countrr vrlur,
;Trst sign bit.

;ltts pos. go rhæd.

;Srt uppct bits rsp. sign.

;5tore countrr veluc.

;Êrt El€00ü ¡ddrrss.

;llovc it into br.

¡6ot EilC0llER srgmnt.

;llovc it into cs.

;Prss it b¡ct to FmTRAll.

;6et the DA nurber offset.

;llovc it into br.

;6et the f)A nurber segrent.

;ìlove it into es.

;6et the I)A nurber.

;------------

;------------
;Read the counter value and pass it back to F0RTRAll'

;torrect the counter value for the currect sign.

0179 85 00

0t7B BA 0212

0r7E EC

0t7F A8 B0

0t8t 79 02

0183 85 FF

0185

0185 8A C8

0187 At 0014 R

0r8A 8B D8

0t8c Ar 0016 R

0r8F 8E C0

0l9l 26: 89 0F

;

t

I

;The folloving code vill r¿rite out the passed F0RTRAt{ ERR0 value t¡
; the 0A converter,

t

0194 Al 000[ R

0197 8B DS

0199 Al 000E R

0r9l] 8E [0
019E ?6r BB 0F

lov ax,ds:[)AO_addr

rov bx, ax

rov ar, ds: da0_seg

lov e5, ex

rov cx,es: Ibx]

;ûX should nov contain the F0RTRAN's cho:en errcr



Ihe l!irrosqlt llA|lR0 Asse¡bler, Ver-,ion 1.27

F0RTRAN subroutine - interrupt 0 (hard) soft B.

Page I -21

I I -30-86

O1AI 83 DI 7F

0tA1 8¡q 0213

clAT siq cl
()IA9 EE

adc cr, 127

r':v Ci, bb0a

rov al, cl
,:ut dx, al

;

; It rust be decuded I,rot +l- brnary to offset binary.

;ïhis decoding yill be done by adding deciral 127.

t

i

;Add c'ffset,

;riet the port.

;5tt ihe bytr,

;Send it ,:ut.

I

,

,

; SEC0llD AX IS

,

;Read the IN0EI FLA6 to see if ¡n

;rrad the l¡tch Yhich uill contain

;value back in FLAÊl.

I

rov dx, bb2c

in al, dr

rnd al, 2

jz no_i ndex2

iHI)EI haE occured, and if so

the count et ind¡r. Pess this

;6et the 8255 2 C pori.

;Rerd thc bytc.

;Check bit Cl.

;60 aherd if no index.

OIAA BA O2I9

OIAD EC

01AE 24 02

0rB0 7{ tB

0182 85 00

0184 BA 02lA

0187 EC

0tB8 A8 80

01BA 79 02

01Bl] 85 FF

()IBE

olBE 8A C8

0tc0 At 0008 R

0lc3 88 D8

0rc5 At 000A R

0tù8 8E C0

0lCA 25: 89 0F

;Rerd the counter v¡lur ¡ld prss it b¡ck to F0RTRAI.

;Correct thr countrr valur for the correct sign.

rov ch,0
rov dr, bb2ù

in rl, dr

test al, 80h

jns posnur3

rov ch, 0FFh

rov cl, al

rov ex, dsr flagl_addr
tov br, ax

lov åx, ds; flagl_seg
¡CrV É5 | AX

rov esr IbrJ, cx

;Clmr upper helf of regÍstrr.
;Êet A drtr for 8255 2.

;Ëot countrr vrlue.

;Iest sign bit.

; Itts pos. go ahead,

;Set uppir bits esp. siqr.

;Store courter value.

;Ëet FLA6l address.

;llove it inio bx.

;lìet FLA6I sogmnt.

;ñrrve it into es,

;Pass ii back to f-0PTÊ.4N,

posnur3:

I

I



The llicrosoft I'|ACR0 Asserbler
F0RTRAN subroutine - interrupt

, Version 1,27

0 (hard) soft 9,

P¿qe I-?2
I t-30-86

OICD nc, inder2:

posnurl:

rov dr, bbctrl?
¡irv ¿lr bbcSh

out dr, al
r+v al, bbc5l
out dr, al

rov ex, ds: I}AI _addr
rov br, ar

lov ax, dsr DAI_seg

lov es, åx

Èsv cx,es: Ibx]

0lcD

0lD0

0102

0tD3

0lD5

BA 0218

BO OB

EE

80 0A

IE

; !et the ;:ntr.rl for 8255 .,
;Set bit high.

;Do it.
;Set bit iov.
;Do it.

;Clear upper h¿lf of registrr.
;Êrt A data for 8255 2.

;Êot counter value.

;Test sign bit.

; I t's pos. go ahead.

;Sct uppcr bits esp. sign.

;Storr countrr Yålue.

;Gct EHC0DER ¡ddrcss.

;l'love it into br.

;6et EllC0D€R scgrent.

;ñovr it into rs.

;Pass it back to F0RTRAN.

; Get the DA nurber ; f tset.

;ñove it into br.

;6et the I)A nurber segrent.

;llove it into es.

;6et the I}A nurb¿r.

I

;------------
;Read the ccunter value end pass it back t¡ F0RTRAI¡,

;Correct the counter v¿lue for the correct sign.

0tD6 85 00

0tI)8 Bt 02tA

OIDB EC

0tl}c A8 80

oil)€ 79 02

OIEO 85 FF

0rE2

0tE2 8A C8

01E4 Al 0018 R

0rt7 8B D8

0lE9 il 00tA n

0tEc 8E c0

OIEE 26: 89 0F

rov ch, 0

rov dx, bb2b

in al, dx

trst al, 80h

jns posnur4

rov ch, 0FFh

rov cl, rl
rov ax,ds:countl_¡ddr
tov bx,ax

rov ar,ds:countl_scA
lov å5rer
loY es: IbxJ, cr

;

I

,

;The folloring code vill vrite out the passed ff}RTRAll ERRI velue to

;the [)A converter,

0lFl Al 0010 R

0tF4 88 D8

0tF5 Al 0012 R

01F3 8E C0

0lFB 26: 8B 0F

;

;CX should nou contain the F0RTRAN!-: ihLlsen errqr nu¡ber,

,

; It rust be decoded fr¡n +/- binary to affset binary,



The llicrosoft llACRO AEse¡bler , Version l.?7

f0RIRAN subrsutine - interrupt 0 (hard) soft 8.

ô-^. t-.l,]fdgi I !r

I l-30-86

be done by addinq deci¡al 127.;Ihrs decoding uill
I

I

0tFt 83 I)t 7F

c20i 8A 02lS
0201 8A Cl

()?06 EE

adc cx,127
rov dx, bb2a

nov al, cl
oui dx, al

;Add offset.
;6et the port'
;6et the byte.

;Send it out.

0207 EA 0210

O?OA BO OE

():OC EE

0200 BA 0218

0?10 B0 0E

02r2 EE

0213 5å

0211 59

0215 07

0216 58

0î17 1F

0218 58

0219 cF

02tA

02 tA

O2IA FB

02lB cF

021 c

02tc

;iorer the IilHIBIT Iines.

t

lov dx, bbctrl0
rov al, bbcTl

out dx, al

lov dl, bbctrl2
lov al, bbcTl

out dx, al

i sr0

isrl

isrl

csde

end

;Ëet the 8255 0 Control Port.

;Set the IIIl'lIBII lo'¿.

;Dc' it,

;Get the 8235 2 Contral Port.

;5ct tho Il{HIBIT lou.

;Do it,

;Rrstore rrgisters used.

; Intrrrupt routine.

t

I

pop dr
pop cr
pop 0s

pop br

pop ds

p0Í ¡x

iret
endp

proc nêar

sti
iret
endp

ends

I
l



Ihe l'litros,:ft llAûR0 Asserbler
F0RTRAN subrouiine - interrupt

StructureE and recordsr

N¿¡e

FRAIIE.

SAVTBP

SA''lERTT.

COUIIT I
TCUNÏO

, Version t',27

0 (hard) sofi 3.

Page Synbol;- i

I I -30-86

Inrti¿l

corbine class

r c0DE'

PUBTIC ' DATA'

liidth I frelds
Shift I'lidth llask

DA1.

Då0.

0027 000!

0000

0002

0005

0004

000E

00 t2
FLA6I.

FLA6O.

00 l6
00 tA

00tE

CODE .

D6ROUP

DATA

IIiTFLAG.

Segrents and grlupsl

l{e¡e

Syrbol s:

ll¡re

BAST

EEOA

Bt08

BBOC

881A

BBIB

BB IC

BB2A

882B

BB2C

BB3A

BB3B

BB3C

BBC4H.

B8t4L,

B8C5H.
0Er.ct

BBÛ5H,

F8û61.

B8C7H,

¡tõL / L,

SiIe align

O2IC PARA

ÊROUP

00tc P|RA

Attr

021 I
02t7

02t5

0215

02rB

TyPe

liurber
tuúcr
lh¡bcr
llurùrr
lfurbrr
l.lurber

lurbrr
llurùer

0009

0008

0008

0004

0000

000c

ô0rJF

000t

BAST

Val ue

0210

0213

0212

llurber 02lA

l{urber 0219

Nu¡ber 02lF
Hurber 0î I E

llurbrr 02lD

l{u¡b er

|',lu¡ber

l{u¡ber

llurb er

Nurb er

l{urber

l'lurber

Nurb e r

ät I d5QQlr0l lr



The llicrosoft llACP0 Asserbler 
'

F0RTRAN subroutine - rnterruPi 0

EBTIRL I.
FBC'TRL2.

BB|]TRL3,

CLSUP, .

COUIITO 
-ADO 

R ,

c0uilT0_sE6

COUHT I 
-ADOR.

c0uilT I _sEÊ

CTRL3.

DAO-ADDR

cA0_st6.

D,1 1 
-ADDFi

0A I _SE6.

FLA6O-AI)DR

FLA6O-ST6.

FLA6 I 
-ADDR

FLA6 I -SE6.
I NTFLic6-ADDR

IllTFLA6-SIÈ.

ISRO , .

ISRI . ,

Ë0T0FF .

Ir0Tflil. .

IIO.I ÌtDEX

IIO-IìDEI2.
IIO-I(EY.PRESSED . . .

P0sHull .

P0sllult2,

P0silui3.

P0sllull{.
ESERÏ. ,
OIERÏ2 .

SETUP..
TIIIER..

llarning Scvrrc
trrors Errors

Versron i,27
(hard) soft 8,

Nurber 0214

Nu¡ber C2 I I
Nurber 0?lC

F PROC (|OgD

L lloR0 00 t 4

L H0RD 0016

L ll0RD 00 t I
L II[]RI) OO l A

Nu¡ber 0083

L llORD 000c

L IJORD ('OOE

L IIORD

L IIORD

L IIORD

L ll0R0

L III]RD

L I]ORD

L IIORI)

L H0R0

N PROC

il PR0C

F PROC

F PROC

L I¡EAR

L IIEAR

L XEAR

L }IEAR

L TEAR

L NEAR

L I{EAR

L IEAR

L llEAR

F PROC

llu¡ber

Page Synbols-i
I I -30-86

I1ODE 6lobal Length =0037

IATA
DATA

DATA

OATA

¡ltl I rl

ulr lå

DATA

thI:l

DATA

DATA

DATA

OATA

I)ATA.0¡n

CODE

CODE

CODE

c00E

CODE

CODE

CODE

CODE

Cf)I)E

CODE

DO¡}E

CODE

CODE

C(]DE

Length =0102

Length =0002

Êlobel Length =0022

6lobal Ltngth =0022

Êlob¡l Length =009D

0010

00i:
0004

0006

0008

000A

0000

0002

0118

02tA

00F6

0004

0170

0lcD

0140

0 161

0185

OIBE

0tE2

0087

00c3

0000

0040

L



The l'licrosoft llACR0 Asserbler , Versic,n 1.27
.ûEÏKY - FORIRAtl I]ALLl{ELE AS}1 SUEROUTIl{T - 85/O?/I9'

-Ô00A

; colpiler directlvEs far progran listing
t

ÏITLT "6ETKY - FORTRA¡I CALLABLE ASII SUFROUÏINE

- 85/02/ t9'
PArit 54, 132

|]OIlIIENT \

illfitttfttrruilt#tilxtf*tt*uÍtxilf tÌttf tf rtf r*f tTrf tf itifixtttf ttf txf
Ì SUBRO|JÍINE NAIIE : (tiETKY) tìet keyboard si¿n codE t
t FILE l,lAllE : getkyl. ASll ï

It VERS I OIt

* 0AIt REVISED : 85/02/20 I
t AUT||0R(S) r 0.8, llOLFE t
f PURP0SE : This F0RTRAl{ call¿ble subroutine uses R0ll BI0S interrupt I
t l6H to re¿d the the keyboard scàn ånd exetended rodes, Eoth iodeE Ì
f ere set to default to 0 if no key has been pr*ssed. I
li
f CALLE0 BY: IlALL 6ETKY(AC0D,SC0D)

I Il{PuT: nrlne

t 0UTPUT: acod - standard IBll ascii key code

t scod - IBñ keyboard scan codê

t ,t
tttf ütttütttilrrttttttilntilttilrttnntuliltttttttütf ttttlltttttttt

\
I

; place data segrent definitio¡ here

t

I)ATA

l

; declare user

l

åc od_v¡l
sc od_va I

acod_addr

arod_segt

scod_¿ddr

scod_segt

t

utt I tt

;

D|iROUP

c00E

I

qitky

SEÊIIEIIT PUBLIC'IIATA'

defined v¿riables used in asserbler subroutine

force to even uord boundries

key code value
extended codc valuc

key code offset address

i<ey ,:'rde segrent addr eEs

Éi:ìÊnded i,:de affset address

extended ':ode segrent ¿ddresç

EII D5

I]P3UP DATA

St6llEHT 'l]0DE'
ASSUIIE CS:C0Dt, DS:OÊFl0lJP,SSrDËPOUP

PUBLIT geiky
PRT:: FAT]

Page I-l
t I -30-s5

a

t
t(000 - 255)

(000 - 255)

0000

0000 00

0001 00

0002 0000

0004 0000

0006 c000

0003 ûü0,r

tvEil ;

DBO;
080;
TVEH

Dl'l 0 ;

Dl¡ r.l 
;

0n 0 ;

Ot'r 0 ;

000{]

i) 0 r:! {j



The l'licrosoft l'!A[R0 Asselbler, Version 1,27 Page l--l
.6TTl(Y - FORTEAN l]ALLABLT ASIl SUEROUTINT - 85/Ù?/I9' iI-30-46

I

; sei up a data;tructure i¡ aciess parar'etirs ¡a:seC tl subroutine

;

FRAIIE STPUC

0000 0000 SAVEBP Dr,t

()OO2 Or] OO {]O (|O SAVERET DD

0006 00 00 00 00 PAPil2 D0

000A 00 00 00 00 PARlll DD

(}Of]E FPAIE TIIOS

;

; initialize stack by saving F[)RïRAN'S BP ¿nd ES reqisters ¡n the -rt¿il.

i

0000 55 PUSH BP ; save base púi,ri¿r r¿Qt st¿r

0001 8B EC ll0v BP,SP ; rove stack ptr tt' base ptt
00ü3 06 PUSH tS ; save ert r a ;egn*nt r eg i st tr'

i

; transfer pårareter ¡êrory segrent and offset addresses to

; user defined variables. (ie, acodr scod )

;

0004 C4 5E 06 LtS BI'tBPl.PARll2 ; ADDR PARll2 -) scod

0007 89 lE 0006 R ll0v scod-¡ddr'Bl
0008 8C 06 0008 R I't0V scod-segt'ES

000F C{ 5E 0A LES BI'tBP¡.PARl'lt ; ADDR PAR}ll -) atod

0012 89 tE 0002 R l10v rcod-rddr 
' 
BI

0016 8C 06 0004 R ll0V acod-s+gt'ES

;

; initialize defeult v¡lues for returning pararetets

i
001A C6 06 0000 R 00 llov acod-vrl,o ; default key code

00lF C6 06 0001 R 00 ll0v scod-vrl,O ; dcfrult ertended code

;

; mkr R0ll BI0S c¡l I to read keyboard

i
0024 B1 00 ll0V AHr0 ; select read ¡scii functton

0026 C0 16 IllI l6H ; call function

0028 A2 0000 R ñ0V acod_val,AL ; rove key code int¡ acod

0028 88 26 0001 R ll(]v scod_val,AH ; rove eriended t¡de int'¡ ;;¡'j
j

; rnd of *xeciltable ass*¡bi¡r subroutirrt i:,i¡,
t

; transfer returntng data frot user defined veriables tc, iht nen,-rr'7

; locations of lïe passed paraneiers,

;

002F 8B lt 0005 R fl0v BX,scod-addr ; :rtup:toC if';et ;CÉr¡:=

ir033 8t 06 0008 R ll0|/ Es,;iud_sÉgt ; :etup 5,:,)d stgire¡: ii:'.?=
C037 gA 0E 000i R lt[]v Cl,scod-val ; l;id aiiurn, ultr ; lTÌ¿ '::
00i8 ]i: 98 0F ll0v tS:tBIì,iL ; $'|ji: î': i0iTF:AN l'[fr--li a¡cr.

003E SB lE 000: R ll0v BI'acod-ADDFI ; -:::rp;'::¡ :":¿: :::''.=
C04? 8E 06 0004 q "!0!, tS, ac,-id_srgt ; :¿'-: ! - I I -;t,tir:'ri !i:'¿: :



llie lli,:r,:s,:, fÌ ilAiR0 As:eübler , Versr,-,n l.17 Page t-3
"ri[ïlY - |0PÌPAi'l IALLABLE AsH:UBFIr]UTINt - 35,'0:1ll' ll-l,J-gÊ

0()16 úA {)t 0lr{.r0 Fi

0044 i5: 83 0F

l0V fL, ai ; d_', ; ì

ll0v ES:íBIJ,iL
; l,rad accun, vith 1 b,vt* ,.1 .

i B,.rYe tç F0FrTt:AH EIT;,rlD ;'j¡",
I

; resi;'ri ti[":A|,i'! BP and ES r*grÊters ånd stack, di-:pase uf pa:ied

; parareter ¿ddresses ànd return i,: ':¿l I ir'g pr,:gr¿6,

;
()()ID Ù] POF. TS

0(r4t 5D FIF Dr

i)0{F rlA0008 i:i ! ; {lipas;edparan*ttr:
ú0:: getl.¡ tNûP ; Ènd rri -;i:br':r:î i rie
..,i.):: ri00t EliOS ; end,:f (ndÉ sig¡Ènt

:NI



Th¿ ìli,:r'::,:ft llA[P0 A:senrbl¿r,'lrrsìrr l,i7 Faqe Symb,:ls-i
"6!TftY - Fi]qTRAI'I iAi..i AILE ÅSfi ltrEli¡UIINt - 851C:/13" ll i:, iÉ

Stririurr; and r¿':,:rd.:

N a rr, e l'.lrdth *;i¿lc=
Shr f | ''irdih l'{asi .l¡itlal

FPAI'IE. i,r,l! r'iilir.i

:¡vLbl . oirilú

:1åv:l'r! l ûijûl
t'¡.9í -r ir irr:|.1'.: |.1 b

lAÊll I , il,j(iA

S*gnenis ånd qrt,ups:

N¿n' ¿ 3i¡* al iEn cLì¡bine tlåss

¡j,ci n.a,r \t¡ttl ' l¡.ñntrr,.,!,J! r'.1Ì.l- JìL;r_ ,-Ltl,:

6ROUF

Ot]t]A PARA PUBI-I'I '. 
OAÌÀ'

ri"¡ 0 t

Syrb,:l s:

N¿l*e

DriiJriF

Uñ !ñ

ÊETKY,

AÛOD-ADDR.

ACOD SIËT.

Al]00_vAL

Type Value Attr

L I¡ORD O{)O2 DAIA

L IIORD O(}O4 DATA

L 8YI: O.J'î DAIA

F PR0C 0000 C0DE |jlobal Lenqth =0052
L IJORO rJ006 DATA

L I,IORD OOOS DATiq

L BYTT OO()1 DATA

SCOD-AODR.

SC[]D SEËT,

sc00_vAL

llarning Severe

Errors Err,lrs
0ir



APPENDIX IV

Details of the Encoder Interface

The encoder interface consisted of two main parts,

the commerciaL L/O boarrl, and the custom interf ace. The

commercial I/O board lr¡as a TECMAR BASEBOARD-rM and

consisterl of four 8255 programmable peripheral interface

adapters. These chips are extremely powerful and have

many different modes of operation. Figure D1 provirles

a conceptual view of how the BASEBOARD was used. Only

a slngle 8255 ls needed for each axls drlve system. The

milling machine project only used two drive systems and,

hence, only two of the 8255 chips \./ere used.

Each 8255 has 24 fully programmable 1/o 11nes' The

8255 wäs used in mode 0 with a control word of B3t¿¿.

(Refer to the InteI 8255 datasheet for more details. )

FIgr-rre D2 provlrles,r descrl¡rtlorr of how tlie lltres were

utilized. Port A was used as a latched output and was

used to contain the output word for the axis DAc. Port

B waS programmed a3 an lnput and waS used to read the

contents of the r93 counters vla the 373 latch. Port

c was split so that bits 0-3 were input lines and bits

4-'l !{ere or;tput Iltres, Blt Cl served to lndlcate th.rt

an INDEX pulse had occurred. This pulse marked a

ìDl

ì
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complete revolutlon of the encoder and lndlcated that
the absolute position of the axes should be an integer

multiple of the encoderf s pulse count. Bit C4 rr/as used

to electrlcally connect.lnd rllsconnect the servo nìotor

amplifier speed reference terminal to and from the DAC

outputs. Disconnecting the motor prevented it from

clrif ting v/f¡enever the computer v'las not sampling the axes'

positions. The STROBE Iine v/as triggered by the

ASSEMBLER ISRO subroutine and this initiated the Ioading

of the 3?3 latch and the subsequent clearlng of the 193

counters. The INHIBIT Iine v/as used to prevent an

unexpected INDEX pulse from occurring while the computer

was reading the latch's status.

Flgure D3 shows the details of the control

circuitry used to control the encoder interface shown

itt Figure D4. Conslrler a scenario whereby the ASSEMBLER

subroutine ISR0 receives an interrupt and samples the

encoder interface. The subroutine first sets the

INHIBIT 11ne hlgh. This llne prevents lndex pulses from

affectltrg the clrc¡.rltry by effectiveì.y blocking them at

the ÀND gate in Figure D3. The subroutine then reads

the FLAG to deterrnlne whether arl INDEX pr.rlse frorn the

encoder has occurred during the previous sample, If an

INDEX sample has not occurred, the subroutine the¡r sets

the STROBE line high and then low. On the leading edge

of the ensulng puIse, the first 122 one-shot fires and

D2
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Ioads the 373 latch with the 193 counter's current

contents. The trailing edge of the pulse from the first
L22 one-shot also fires the second L22 one-shot which

cLears the counter's contents. If the index FLAG had

been set (which has been assumed false for thts
example ), the second 722 one-shot would have also
cleared the 74 Flip-Flop which would have been

indicating the presence of the INDEX count.

Now consider the more complex scenario whereby an

INDEX count had occurred during the previous sampling

per lod. The computer woulrf have been busy elsewhere.

Thus the INHIBIT line would not have prevented the INDEX

¡rr-rIse f rom tr Igger ing the clrcr-rltry. Thls INDEX ¡.rr.rJ.se

would have loaded the 373 latch with the 193 counter

valuers at the moment of the INDEX puIse.

Simultaneously, the pulse from the 1-22 one shot would

lrave set the 7 4 Fl lp-Flop, Note that the INDEX pulse

would not have cleared the i-93 counters. When the

cotnputer nÉxt samples the lnterfäce, It wor;Irl flnd the

FLÀG set. This would indicate that an INDEX count was

available in the 373 latch and the ÀSSEMBLER subroutine

ISR0 v¡ould read the latch contents vla 8255 port B

wlthout strobing the data. After rea.ling this vaIue,

the subroutine would then STROBE the counter to get the

193 counter valr.re ,rt the sampllng lnstant. Thls STROBE

,rctlon would flre thel-rrre-shrots as before and thus clear

D3
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the counters anrl the FLÀG.

D4
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Each 8255, Mode 0
Control l^lord B3rU

PORT A

PORT B

PORT C IN

PORrcour 

-iîffiili".""

<-l-Þ Flag from INDEX traP<_-

-

TO DAC

FROì4

193
COUNTERS

Each 8255 parallel Port is
subdivided into three grouPS'
A, B, and C.

For mode 0, control word B3rU

'A' is a latched outPut and is
used to contain the outPut word
for the DAC.

'Bt is an ínput and is used to
read the contents of the 193

counters via the 373 latch.

'C' is subdivided whereas bits
0-3 are input línes and bits 4-7
are output lines.

Bit Cl serves to indicate whenever
an index pulse has occurred.
Bit C4 is used to connect the servo
motor speed reference terminals to
the DAC outPut.
Bit C5 is used to strobe the counter
contents into the latch and to
start the 122 one-shots which clear
the counters.
Bit C7 is used to prevent index pulses
while the comPuter is reading the
latchts contents.

FIGUIìE D2 USAGE OF 8255 IiO LINES



ÎñDEX
from
encoder

INHIBIT
from 8255
bir c7

STROBE

from
8255
bir c5

FLAG to
8255 bir

LOAD sí

C1

al to 373

CLEAR signal

FIGURE D3 eui'l'IiÌOL CIRCUI'l'1ìY FOll

to I 93s

CLEAR 'FLAG'

INDEX _ signal from
encoder which
goes low onceT'rev.

- sígna1 from
microcomput er
which prevents
INDEX pulse from
triggering during
a read.

signal which indicates
tl.re presence of an
index count in the
lat ch .

INHIBIT

ENCODIÌR TNIEIìFAC!]

FLAG _
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Trigge rs
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