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ABSTRACT

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

INTRODUCTION

1.1 Historical Background
The introduction of Numerical Control (NC) in the

early 1950s ushered in a new era in automation.

Numerically controlled machine tools, typically lathes

and milling machines, offered significant cost savings
over traditional hand operations. These cost savings
were realized largely by a NC machine's ability to

consistently produée complex parts with high accuracy.

In the early days of NC, a large lot size was required
to justify its cost. However, this minimum economical
lot size has been reduced steadily by the improvement
of NC technology. Assuming a part of moderate

complexity, the production of a single part will offerx

cost savings over traditional methods when NC technology
is used in conjunction with a CAD/CAM computer support
package.

NC equipment has been defined by the Electronic
Industries Association (EIA) as:
" A system in which actions are controlled by the direct

insertion of numerical data at some point. The system

must automatically interpret at least some portion of




this data." EBarly or pre-computer controllers were
éonstructed with sophisticated hard-wired control
circuits. These circuits largely depended upon a
circuit known as the discrete differential analyzer
(DDA). The versatility of such circuits was sufficient
that entire control circuits, including linear,
circular, and parabolic interpolators, could be
constructed 1n a hardwired manner. The clrcults were
complex and, with the advent of microcomputers in the
early 1970's, numerical control became computer
numerical contrel (CNC). The computer was used
originally to replace part of the hardwired circuitry
of the controller in order to improve reliability.

The degree of sophlstication of modern CNC
controllers varies greatly. Some systems still use a
microcomputer which merely mimics the hardwired
circuitry. On the other hand, other modern controllers
have increased the dutles of the computer to include

essentially all the control tasks.

1.2 Classification of NC Machines
Numerically controlled machines may be classified
into various categories according to [1]:
i) the type of machine, point-to-point versus
contouring,

ii) the structure of the controller, hardware based
NC versus CNC,




iii) the programming method, incremental versus
absolute; or

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

A point-to-point machine is one in which only the final
location of a programmed move is important and not the
complete path. Machines which do not perform material
removal during motion can fall into this classification.
A drill is typical of a point-to-point machine in which
the NC controller moves the table to a prescribed point
for the drilling operation. Most machine tools, however,
are the contouring variety where the whole path of
motion is important because material removal occurs
during all the motion. A milling machine or a lathe, for
instance, represents a contouring type machine.

The classification 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
subclassifications will be detailed later.

Machine tools can be programmed by using
incremental or absolute (or sometimes both) programs. -
An absolute program references all dimensions from a
defined starting point whereas an incremental program

defines the endpoint of the present move from the




endpoint of the previous move.

An open loop controller does not receive a feedback
signal to determine the actual position-of a machine's
axes. This type of controller has low performance and
typically uses stepping motors for actuation. Closed
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 inexpensive, closed-loop,
contouring CNC system. This classification of machines
offers the greatest versatility and the highest

performance.

l.3 Structure of a NC machine tool

As shown in Figure 1.1, an NC or CNC machine tool

contains a Machine Control Unit and the Machine Tool

itself. The control unit contains all the 'intelligence'
of the system and controls the actuators, usually
electric motors, of the machine tool. Such a unit

contains two main components, a Data Processing Unit

(DPU), and a Control Loops Unit (CLU).

The fundamental task of the Data Processing Unit

is to provide a sequence of reference speeds, as a

function of time, for each axis. The 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 motion is called
interpolation.

The desired toolbit path is provided by a

Part Program. The data program specifies the toolbit

path required to produce the desired part. The
toolbit's path is specified by codes representing an
ordered set of linear and circular arc segments. Each
line of the program is called a block. Figure 1.2
portrays a simple cutter path geometry and a partial
program. Each program line specifies the endpoint
location of a linear or circular cutter motion and the
'G' code merely specifies the path between the present
position and the motion's endpoint. The motion of the
cutter is expressed as integers in the dimensions of

Basic Length Units (BLUs). For example, a motion of 1

inch would be represented by 10000 BLUs on a machine
with a BLU size of 0.0001 inches. A BLU may be
considered the minimum resolution of machine toolbit
motion.

The Control Loops Unit drives the axes motors so




Bracketed values represent the absolute coordinates
of the motion segment endpoints.

NO1 GO4 X 04000 Y 03000 I00000 JOOOOO

NOZ2 GO4 X 15000 Y 03000 100000 Joogoo
NO3 GO4 X 15000 Y 14000 100000 J0oo0o0oo
NO4 G041 X 09000 Y 43000 100000 Joo0oo
NOS GO3 X 04000 Y 14000 100000 J05000
NOG GO1 X 04000 Y 03000 I0000C J0aooo
(0.4, 1.4) (1.5, 1.4) NO7 G041 X 00000 Y 00000 I00000 J00000
The N codes specify the part program line number.
The G codes specify the cutter path:
. G041 implies linear motion,
. G02 implies clockwise circular motion, and
- \/ /\ G603 implies counterclockwise circular motion.
The X and Y values specify the cutter endpoint positions
absolute coordinates in the dimensions of BlLUs. For the
example toolpath shown, the machine has a BLU size of
0.0001 inches.
- The I and J values represent the absolute values of the
- offset from the initial point of a circular arc motion to
V: the centre of the arc. The I and J parameters are only
// 0.4, 0.3) (1.5, 0.3) used for circular motlion.
Y 4
s
| /
l e
L
|,
l/
/
(0.0, 0.0) %:

FIGURE 1.2 CUTTER PATH PROGRAMMING




that the machine's 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 provide reference positions. In order to
intercept the reference positions, the CLU receives
feedback signals from each axis and uses them to
determine the actual position of each axis. The actual
positions are compared to the reference positions.
Differences between the reference and actual axis
positions are used as speed reference signals by the
axis motor amplifiers. Notice that the described
differences represent the position errors of the system
and, hence, the motor amplifiers may be considered to
be position error driven. This error driven aspect of
the axis drives indicates that each axis of the drive
system may be considered a traditional error-driven
closed loop system.

Performance limitations of a machine drive are
linked directly to the error driven nature of a closed
loop servo system. As the motors of a system may be
considered to be driven by the difference, or error,
between the reference and actual axis positions,

a finite position error must exist whenever the axis

motor is in motion. The use of classical control theory

provides a way of predicting and minimizing this




position error.

1.4 Modern Machine Controllers

Modern machine controllers are generally dedicated
to a particular type of machine tool. Consequently,
they offer very little flexibility because a user cannot
customize the machine tool for a given application. It
would be more desirable, in principle, to have an 'open'
design which would allow the user to completely change
the controller's personality to suit the application at
hand. Therefore, an ideal controller should allow the
use of different control schemes, varying from simple
contouring to adaptive or optimum control capabilities.
Such flexible controllers could be programmed in unusual
coordinate frames like those in robots [2] or in more
traditional Cartesian coordinates.

It is possible presently to purchase commercial
controllers which have limited flexibility. These
controllers are intended typically for retrofitting
hand-operated milling machines for CNC use. The major
limitation of such control units is their expense and
lack of flexibility. These devices are targeted
directly at the traditional machine tool market and

offer limited flexibility for use in traditional machine

applications. Furthermore, manufacturers of these




retrofit control units construct the hardware and write

the software for their own computer system. This, 'from
the ground up' 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 design and construct
a machine control system which offers flexible machine
control at a cost below $6,000, excluding the servo
motors and amplifiers. To minimize the cost, common
off-the-shelf hardware was utilized as far as possible.
Existing computer languages and compilers were adopted
to maximize flexibility yet minimize the software
development time.

Software was implemented largely in the high level
language of FORTRAN to allow simple programming and the
use of FORTRAN's powerful mathematical capabilities.
Unfortunately, FORTRAN does not have powerful interface
capabilities and low level input output support was
provided by ASSEMBLER subroutines. Both the FORTRAN and
the ASSEMBLER software developed were compatible,

allowing the two languages to communicate easily.

10




The control unit was based on a common IBM PC or
compatible microcomputer, supported by an Intel 8088
central processor and Intel 8087 math coprocessor.
Although a genuine IBM PC was used for the experimental
apparatus, any true compatible could easily be used.
The IBM microcomputer was chosen because of the
complementary wide array of support software offered for
this unit which sells for less than $2500 excluding the
reqguired interface cards. The choice of FORTRAN allowed
the control program to employ real time, floating point
arithmetic with the 8087 support. Floating point
calculations not only simplified the programming of the
controller but also significantly increased its
versatility. The IBM microcomputer required only one
custom interface card to control two axes of motion.
Future refinements would allow the same two cards to
control a total of four axes of motion. Most machine
control systems use multiple processors in which a
single processor is dedicated to each axis and a master
processor exlsts to coordlinate the motlons along the
axes. The developed control unit operated by using only
a single processor, an Intel 8088, for all system tasks.
This hardware simplification was possible by lncreasing
the software sophistication of the system beyond that

which is normally found in machine control

11




units. This sophistication included innovative
mathematical techniques (which significantly improved
the drive system's accuracy) and é thorough treatment
of the practical aspects of servo system lag.

It is important to understand the intended market
for the designed control unit. This controller was
intended as an inexpensive unit for custom machine tool
or retrofit applications. Costs were minimized by using
advanced control techniques to offset the performance
limitations offered by non-custom hardware. Also, the
use of commercial languages offered maximum flexibility
with least development time.

Chapter 2 of this thesis will introduce the
techniques employed in the drive control and will
present details of the mathematical control model.
Chapter 3 will elaborate upon the actual construction
of the designed controller. It should be noted,
however, that the controller was implemented, for
demonstrative purposes, as a two axis controller on a
small milling machine. Performance tests will be
described in which the validity of the control scheme

was determined.

12




CHAPTER 2

DIGITAL-ANALOGUE CONTROL LOOPS FOR NUMERICAL CONTROL

2.1 Introduction

This chapter will provide a general introduction
to two major control techniques commonly used for
machine axes control. 1In addition, the advantages of
sampled data drives will be highlighted and a detailed
mathematical analysis of a sampled data drive will be
presented. The analysis will indicate the advantages
offered by a control scheme which requires the
controller to use real-time, floating-point mathematical
calculations.

The chapter will present the theoretical basis for
the machine drive's control. The theory has been based
on several inherent assumptions. The most important
assumption is that the mechanical machine drive, itself,
is ideal and does not suffer backlash, or the dynamic
consequences of structural flexibility. This assumption
is generally acceptable for a good quality machine tool.
However, for completeness, Chapter 5 will provide a

short discussion on the control of non-ideal machines.
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2.2 Introduction to Control Schemes

2.2.1 Performance Considerations

It is imperative 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 consideration in evaluating the performance of a
machine tool controller [(3]. 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
cutter's path. For instance, consider a steady state
line motion in which the reference position simply leads
the actual position by a finite steady value. Although
the cutter's 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

typically by different response characteristics of

14



Interrelated motorz, For example, conszslder Filgure 2.1
where it is desired to accelerate a cutter along a 45
degree path from rest to some desired feedrate. 1If the
motor driving the X axls motlon responds more quickly
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 related axis
servo systems [3]. Chapter 4 will provide a discussion
of the errors caused by the mismatch of interrelated
axes servo systems. This Chapter will focus primarily
on individual axis errors,

There are two major techniques employed in machine
tool control. The oldest technique is the reference
pulse technique which is a byproduct of the hardwired
logic, NC machine tool. The other major technique is
the sampled data one in which use is made of sampled
data techniques for the control of the machine axes.
The following sections will focus on these two
techniques and will outline their respective advantages

and disadvantages.

2.2.2 Reference Pulse Techniques [1]

Filgure 2.2 shows a block diagram of a single axis

15
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FIGURE 2.4 CONTOUR ERROR CAUSED BY SERVO MISMATCH
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CNC system which employs the Reference Pulse Technigque.

The microcomputer contains a control program which

provides a sequence of reference pulses to the up/down

counter for each axis. The up/down counter also receives
a series of feedback pulses from the optical encoder

mounted on the axis motor. The optical encoder outputs

a known number of pulses per revolution. The
accumulated 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 DAC. This voltage
serves as a speed reference for the servo motor'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 linearly to the reference pulse frequency. The.
position error will be just sufficient to cause the DAC
to 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




they are controlled by an external interrupt clock. A
single iteration of the routine is executed at each
interrupt which, depending upon the desired feedrate,
may or may not provide a single output pulse to the axis
motor. Each iteration can provide only a single pulse
or no pulse. 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
constrained by the time required for the microcomputer
to perform a single iteration of the interpolation
routine. This speed constraint will be shown to be
particular 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 in machine tool
control. Traditionally, hard-wired circuits would
perform the interpolation calculations by using discrete
digital analyzers. References [1,4,5,6] provide details
of interpolation algorithms for reference pulse control.
Reference pulse interpolation has been restricted to
linear, circular, and parabolic interpolations 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
lies in the limitations imposed by the microcomputer's
iterative speed. The maximum speed along an axis is
constrained by this iterative speed because each
iteration can only cause a single pulse to be output.
For example, to obtain a feedrate of 30 inches per
minute on a machine drive with a BLU of 10~% 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 powexr than a discrete differential
analyzer, merely mimicing the hardwired logic does not
offer an attractive solution because the limited
intersample time, offered by the Reference Pulse
Technique, precludes complex real time calculations.
This deficiency imposes a practical limit on possible
interpolation capabilities. The Sampled Data Technique
will now be introduced and compared to the Reference

Pulse Technique.

20




2.2.3 Sampled Data Technigues

Figure 2.3 represents the major components of a
single axis, CNC system which employs a Sampled Data
Technique. Such a CNC system uses the microcomputer as
part of the control loop. The up/down counter of the
Reference Pulse Technique is replaced now by a
software-hardware counter. A small external counter is
used to count the encoder pulses in a given sample
period. (A single pulse is generally considered to be
equal to one BLU [1] even though it will be shown later
that an integer multiple of pulses equal to a single BLU
is much better.) Fbr the purpose of the present
discussion, the traditional view will 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, for that sample period. The
microcomputer accumulates these increments and compares
the accumulated position 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 DAC and causes the motor to rotate in a direction

21
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which reducesvthe error.

Figure 2.4.shows a flowchart of the software
required 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 interpolator
calculates the corresponding feedrates for the axes and
passes the reference speeds to the Control Loops Unit.
The Control Loops 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 position accumulators. New reference
positions are calculated from the requested axis speeds
and the resulting position errors are used as speed
reference signals for the servo motor's amplifiers.

The sampling frequency, fs, employed in the Sampled
Data Technique is considerably slower than the interrupt
frequency of the Reference Pulse Technique. The maximum
rotational speed of the motor is not limited by the
sampling frequency because each iteration outputs an
entire error word and not just a single pulse. The
sampling frequency ranges typically between 10 and 100

Hz and is considerably slower than the interrupt clock

23
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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 disadvantage of the Sampled Data Technique is 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
implies that the microcomputer has avallable internally
the axes position errors which can be used in the
control calculations. Recall that the control loops are
closed outside the microcomputer in the Reference Pulse
Technique so that the actual angular orientations of the
different axes are unknown to the microcomputer. The
ability to observe the actual orientations will be shown
to be extremely beneficial from a control viewpoint.
Hence, the Sampled Data Technique was chosen for this
project and the corresponding mathematical model will

be developed next.
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2.3 Sampled Data Control of a Silngle Axls

2.3.1 System Model

Figure 2.5 presents a detalled block diagram of a
single axls, sampled data control system. Each element
of the system will be considered in turn. The
microcomputer compares the actual position, P, with the
reference position, R. The resulting position error
pulse count is scaled by a proportional factor, Kp,
before being passed to the Digital to Analogque Converter
(DAC). The DAC converts the error into an analogous
voltage with a gain of K4 Volts/Pulse error. The DAC
outputs this voltége to the motor drive which accepts
it as a speed reference signal. The motor drive acts
as a low pass fllter and can be modelled, therefore, as
a fiist order block with a time constant equal to that
of the loaded drive [1,7]. By convention [8], the time
constant shown In Flgure 2.6 1s the perlod required for
the inertially loaded wotor drive to attain 63.2%'o£ a
requested step change in speed. The gain of the motor's
drive system Km, on the other hand, 1s represented in
units of Rads/sec/volt. The encoder produces pulses
with an encoder gain of Ke pulses/rad. Such pulses are
accumulated In a small external counter during the

intersample period. At each sampling instant, the
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external counter value, Ap, lz added to an absolute
accumulator and then the external counter is cleared.
Thus, the absolute accumulator contains the absolute
position count. This process of accumulating
incremental position changes is represented essentially
by an integration.

Figure 2.7 presents the machine drive's block
diagram. The first order representation of this system
contains several approximations which must be considered
separately. Typical servo amplifiers have internal loops
which generally include a tachometer, a current limiting
loop (to prevent demagnetization of the motor), a
dynamic braking loop, and compensation loops to improve
the speed response of the motor. With the exception of
the current limiting loop and the braking loop, all
loops tend to linearlize the response of the motor over
small reference speed changes. Large speed changes,
however, tend to cause the current limitation loop to
produce a disproportionately greater response time which
is a non-linear effect. Also the dynamic braking loop
forces the motor to generate electricity when a request
is made for the motor to slow down. This electricity is
converted to heat through a resistance so that the

braking introduces another non-linear effect into the
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control system. These effects undermine, but do not

invalidate, the usefulness of the linear drive model.
The effect of extraneous external loads on the

motor is another aspect which must be considered when

constructing the drive's representatlion. Cutting forces

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 a gearbox so
that all the cutting forces are reduced by a factor of
N, say, where N is the gearbox reduction factor. The
value of N dependé upon the specific application but

a value of 10 was chosen here for the experimental
system. Also, the motor is subjected to inertial loads
which depend upon the weight of the workpiece being
moved on the machine tool's table. Fortunately, these

inertial loads are reduced by a factor of N¥ by the

gearbox [1ll. For a lightly loaded mill, the external
loads will only cause small variations in the time
constant of the loaded servo drlve system.

The non-linearities of the amplifiers and
unpredictable nature of the external loads prevent an
exact determlnation of the machine drive's transfer

function. Fortunately, a simple first order model
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conslstling of an Integrator and a low paszz fllter i=
considered an acceptable model [7,9]1. The open-loop,
forward-path transfer function, Gf, of the machine

drive's servo system may be written as:

Kd x Km x Ke

Gt = Kp X -—-===-nmmm—— (2.1)
s (1 + Ts)
where:
Kd DAC Gain (Volts/pulse)
Km Motor Gain (rads/sec volt)

Ke Encoder Galn (pulses/rad)
Kp Proportional Gain (unitless)
s Laplace operator

Loaded Motor Time
Constant (secs)

T

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
hardware specifications of the equlpment or from
straightforward experiments. An encoder of 100
pulses/rotation was used experimentally and this value
corresponds to an encoder gain, Ke, of 100/(2%*pi) or
15.92 pulses/rad. The DAC produced 10 Volts fullscale
which accords to an error word of 127. Hence the DAC
galn, K4, is 10/127 or 0.078 Volts/pulse. The motor

rotated at a constant 3000 RPM for a reference voltage
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of 10 vVolts so that the motor's galn, Km, is
3000/(10*60)*(2*pi) or 31.42 rads/sec volt. The
proportional factor, Kp, 1s not hardware specific and
it is chosen by the designer for a desired damping
factor of the system. By temporarily assuming Kp to be
unity, the overall system's total gain, Kt, would be
merely the product of the various gains or Kt = 1.0 x
0.078 x 31.42 x 15.92 = 39.02 sec~*, A loaded motor's
time constant may be obtained experimentally by
providing a reference step speed to the motor's
amplifier. The time required for the motor's speed to
reach 63.2% of the requested value represents, by
convention, the time constant of the drive. For the
experimental system, the published motor time constant
was 0.030 seconds and tests to be detailed in Chapter
4 will verify this value for small reference signal
changes.

The procedure for determining the transfer function
of a drive system has now been introduced. Egquation
(2.1) will form the basis of a mathematical analysis
which uses classical control theory. A simple
proportional analysis will be presented next which will
serve later as an introduction to a more advanced

analysis.
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2.3.2 Proportional Analysis

It is generally accepted that a system can be
considered essentially continuous if its inputs and
outputs are sampled sufficiently quickly. While various
authors [7] disagree on the degqree of quickness, a
sampling frequency 5 to 10 times the system's bandwidth
will capture the relevant spectral information. To aid
in understanding why the continuous approximation of a
discrete series is reasonable, consider a situation in
which external forces are causing a machine tool's
toolblit to vibrate with large deflections at a 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
will not respond at the desired frequency. Hence, the
drives' bandwidth represents the only frequency range
of interest. Thus a sampling frequency for the
controller of 5 to 10 times the highest frequency should
not only assure a fair approximation but it also safely
satisfles the Nygquist Criterion [10].

The forward path transfer function of the machine
drive considered previously and the single integration
in equation (2.1) indicates that the drive corresponds

to a type 'l' position control system [8,11]. Knowledge
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of the system's type allows the steady state behaviour
to certain specified inputs to be predicted. The two
types of inputs of interest here are step speed and ramp

speed changes. These inputs correspond to constant

feedrates and steadlly changlng feedrates, respectlvely.
On the other hand, the step and ramp speed inputs
correspond to ramp and parabolic position inputs,
respectively. Fortunately, the behaviour of a type '1l'
system is well-known for these inputs [11l] and may be

summarized, with reference to Figure 2.8, as follows:

Veloclty Input | Corresponding | Speed | Position
| Position | Error l Error
[Input Variation]| f
I | I
Increasing or | Parabolic |  1/Kt * A | Increasing
Decreasing | ! I
Ramp l I |
l | |
Constant | Ramp | Zero | 1/Kt * V
Step | | |
| l I
Kt = 5ystem Galn
V = Speed
A = Acceleration

TABLE 2.1 - TYPE '1' SYSTEM BEHAVIOQUR

Notice that the errors shown in Table 2.1 are inversely
proportional to the overall machine drive's galn, Kt.

Consequently 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 will be used after first
completing the mathematical analysis of the control
system.

The previously described control scheme represents
a basic proportional control in which the system is
driven simply by the position error scaled by a
proportional constant, Kp. Generally, all published
work on servo systems use proportional control. The Kp
is chosen to yield a selected closed-loop damping
factor. High gains 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 desired with a high
gain. Much research has been published considering a
system's stability as a function of the gain. A damping
ratio of 0.707 is considered to provide the best
trade-off between system stability and gain (3,9]1. It is
possible to calculate the damping factor, zeta, for any

specified gain by using the following formula [91]:

zeta =  —ommmmmmmmmemmee (2.2)




where:
zeta = damping factor

Kt = overall system gain
T = system time constant

The preceeding analysis is based on a continuous
model of the system so that the sampling rate should be
at least 5 times the system's bandwidth. By examining
equation (2.2) it can be seen that, for the specified
zeta of 0.707, the overall gain Kt is purely a function
of the drive system's loaded machine time constant,?i
Having determined Kt, Kp can be specified from equation
(2.1) because the remaining gains, Kd, Km, and Ke, are
all hardware specific. Equation (2.1) yields a Kt value
of 16.7 for the experimental system employed. This value
of Kt implies that Kp must be 16,7/39.01 or 0.428 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 DAC and, hence, produce the
minimum speed reference to the motor. It is found by

determining:
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Pulse#mi» such that Pulse# * Kp >= 1 (2.3)

The error is system dependent and, for the constructed
machine drive with a simple proportional scheme, the
Pulse#mi~ was 3 pulses. This value of Pulse#min
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 resolution of the drive was finer than its
desired accuracy. To maintain real accuracy, the machine
drive's resolution must be finer than the programming
resolution (expressed in BLUs) and, thus, a BLU should
preferably consist of multiple encoder pulses. A factor
of 10 is a convenient multiple because it allows the
conversion between a system's 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
wi marked on the abscissa equals l/T'where‘T is the time

constant of a loaded axis drive. Given T; the correct
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total gain, Kt, of the machine drive system can be
chosen by using formula (2.2). Once the Bode plot has
been determined, the crossover frequency, Wc, will be
identical to Kt because the slope of the Bode plot is
-45 degrees at this frequency. Consequently the
frequency and gain axis intercepts are then identical.
(Note that formula (2.2) ensures that the corner
frequency 1/7 is beneath the abscissa which is the
requirement for equating the numerical values of Wc and
Kt.) The crossover frequency, Wc, in Figure 2.9 allows

the system's bandwidth to be estimated from [12]:

Bandwidth = Wc/(2*pi) (2.4)

where:
wc

pi

crossover frequency
3.14159

For the experimental system, if a proportional control
scheme was used, with a crossover frequency of 16.7
rads/sec, the bandwidth would be 2.66 Hz. At 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 [12].

2.3.3 Compensation

The accuracy of a machine tool is linked directly
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to the gains of the position axes. It would be
beneficial if a drive system's gain could be increased
without affecting its stability. An unstable or
marginally stable drive system is unacceptable because
of oscillations or 'hunting' which would occur whenever
the cutter was disturbed. Formula (2.2) indicates that,
for a proportional control scheme, an increase in the
control gain will always undermine the drive's
stability. However, if the simple Kp block in Figure 2.7
is replaced by a compensation block Gc, the gain could
be increased without damaging the drive's stability.

Consider Figure 2.10, 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. This value is representative
of the drive system used in the experimental tests of

the controller.
G, is the original system with a gain of 16.7,
Gz is the original system with a gain of 200,

Ge is an improved overall system.

The G, has been calculated to correspond to the ideal
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zeta of 0.707. The G=, on the other hand, would produce
an unstable system. Now, G» 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» would offer an increase in gain from 16.7 to about
200. 1If this drive system was available, it would offer
a reduction by a factor of over 12 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 system's response time. The Gs drive system
would be significantly more accurate than the G: systen.
The advantages of a compensated system should not be
minimized even though a computer search did not reveal
any literature 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 floating
point programming unit. The actual realization of this
compensator will be demonstrated next.

Consider the forward path transfer function Ga=
which is merely 'read from' the Bode diagram by using
the asymptotic approximation [11,121]:

200 (1 + s/8)

Go = =mmmmmmm e . (2.5)
s (1 + s/1) (1 + s/235)
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The unstable and uncompenszated origlnal drive syzten
(with a gain of 200) has a transfer function of:

Ga = —mmmmmmm—m—mm——o . (2.6)
s(1 + $/33.3)

Using the techniques of Bode plot subtraction [121,
formula (2.6) implies that the cascade compensator
transfer function must be:

(1 + s/8) (1 + s/33.3)

6c = el ZUTTITE : (2.7)
(1 + s/1) (1 + 5/235)

The last formula represents a standard lag-lead
compensator function [11,12].

Although the lag-lead compensator could be realized
by using an analogue network, a cheaper and more elegant
implementation is possible. The analysis to this point
has approxlimated the control system as continuous but
the system is, of course, a sampled-data control system.
This implies that the compensator can be actually
realized computationally by using digital control
techniques.

By using the techniques of pole-zero mapping (131,
the compensator function of formula (2.7) wmay be

transformed in the z-domain as:

0.413351 (z - 0.923116) (z - 0.716770)

(z - 0.990050) (z - 0.095369)
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The above form of compensator may be implemented simply
by using direct digital compensation [14]. Details of
this transformation and direct digital programming 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 machine's
control. Now that the basic control theory and software
techniques have been examined, principles of the

interface hardware will be introduced.

2.4 Blectronic Interface

The drive interface allows the microcomputer to
monitor and control each axis of motion. An axis
interface must contain a Digital to Analogue Converter
to provide a voltage speed reference to the drive's
electronics. 1In addition, an 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 accomdéggg\ggth clockwise and
counterclockwise motions of the motor. Furthermore, the
counter must have a sufficient word length to contain
the pulse count associated with the motor's fastest
speed. The pulse count and word length required may be

calculated from:

Mv x Lc ™

PCR =  ~====~-- X ﬁ ] (2.9)
60 x Fi \\ﬂ/

WLR = Nrnin where 2N >= PCR (2-10)

where:
WLR Word Length Required (bits)
PCR Pulse Count Required (BLUs)
Lc = Encoder pulses/motor rotation
(BLUSs)
Maximum motor speed (RPM)
Sampling frequency (Hz.)

Mv
Fi

The above formula can be substantiated straightforwardly
because the numerator represents the highest number of
possible encoder pulses per minute and the denominator
represents the number of samples (and consequent zeroing
of the counter) per minute. The factor of two in
formula (2.9) 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 interface because it is imperative that the
counter is able to operate unhindered while the computer
is reading the counter's contents. This requirement is
necessary because the motor will often be rotating
during a sampling instant. It is also necessary to clear
the counter after every sample in 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
2.11 outputs two pulse streams which have a 90 degrees
phase difference. Channel A leads channel B for encoder
rotations in one direction and, for the other direction,
channel B leads A. Outputs from the encoder are 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 Flip-Flops of Fiqure 2.11. These

Flip-Flops require both channel A and B of the encoder
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to change states before a pulse is accepted as valid.
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 Flip-Flops also direct the pulse
stream to the appropriate terminal of the cascaded

counters. The counter outputs are buffered by a latch

and are connected to the microcomputer. A control line

must exist to 'strobe' the latch in order to load the

counter's contents. Immediately after loading the

counter, the 'strobe' must also clear the external

i

counter.

The described interface is very basic and a more
elaborate interface, with improved features, will be
introduced in Chapter 3. References [1,15,16] provide
an excellent treatment on the use of incremental optical

shaft encoders.

2.5 Chapter Summary

This chapter has introduced the mathematics and

basic hardware and software which is required 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 Technique and a
floating point unit are necessary to implement digital

compensation. Chapter 3 will provide details of an
experimental control system which uses the described

techniques.

51




CHAPTER 3

EXPERIMENTAL SETUP

3.1 Introduction

A two-axis contouring machine controller was
developed and installed on a small milling machine to
test the control scheme discussed in Chapter Two. The
mill, Model LC30A manufactured by the Long Chang
Machinery Company Ltd., was originally a manual machine
but was modified for use as a CNC machline.

Figure 3.1 shows the modified milling machine.
With reference to Figure 3.1, the handwheels of the
table's leadscrews were replaced with couplers. The
milling machine's leadscrews were of such a pitch that
a complete rotation of either of the table leadscrews
produced 0.1 inches of translational motion for 1its
respective axis. The output shaft of a tenfold gear
reducer was attached to each coupler and the axls servo
motors were mounted on the gear reducer input shafts.

A reduction factor of 10 was chosen in order to get the

desired torque-speed range for the mill. Rotary optical

incremental encoders were mounted on the ends of the




Figure 3.1 Photograph of Modified Milling Machine




motor shafts. The encoders produced 100 pulses per
revolution and their mounting position provided a
resolution of 1/100 of a rotation of the motor's output
shaft. Thus, the final resolution for the gear reducer
on the output shaft was 1/10 x 1/100 or, 1/1000 of a
rotation. Considering that a single complete rotation
of the axis leadscrews produced a translation motion of
0.1 inches, the basic machine drive's resolution was
0.1 inches/rotation x 1/1000 rotation/pulse, or 0.0001
inches per pulse. At this resolution, the speed range
of the machine varied from 100 BLUs/second to 4000
BLUs/second, corresponding to 0.010 inches/second and
0.400 incheé/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, hencé, uncorrectable by the
control system. Normally, it is desirable to close the
control loop around as many of the drive components as
possible. However,‘to fully test the control scheme's
accuracy and isolate the backlash of the milling

machine's leadscrews, the encoder was mounted on the
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motor shaft. For discussion purposes, references to
accuracy or position error assume that the drive line
components beyond the motor shaft are 'perfect' and do
not contribute to the position errors.

An 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 commercial input-output
(I/0) 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 was to implement machine
control by employing software techniques. To ensure
flexibility, FORTRAN 77 was used for all the
sophisticated manipulations. However, FORTRAN has
extremely limited input-output capabilities so that all
low level input-output was performed by ASSEMBLER
subroutines which were linked to the FORTRAN mainline.

The Sampled Data control technique adopted relied on
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sampling at constant time intervals. Normally, this
technique is implemented by using an external clock
which interrupts the computer at a constant frequency.

However, the IBM PC has an internal time-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 gquite high
sampling frequency of 100 Hz. was 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 system's
bandwidth.

The main program was constructed by using modular
programming. Named common blocks were 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 will be
considered in turn. Appendix III contains documentation

and listings of the control programs.
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3.2.2 The Data Processing 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 invokes the appropriate
interpolation subroutine for that given block.

Linear and circular intérpolation routines were
implemented as part of the Data Processing Unit. These
two interpolation profiles define the minimum
interpolator set for a contouring machine. Othex
interpolators, such as parabolic or spline fit
interpolators, could also be included because the
Sampled Data Technique was used for the machine control
system. (Recall 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 interpolation involves the
approximation of a desired curve by linear 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 arc 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 is proportional to the feedrate and
inversely proportional to the sampling freqguency. 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 'tail' of the vector moves
along the desired curve and the vector always 'points'
in 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 wvalue
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
linear segment. On the other hand, delta is the
incremental arc distance between the initial and final
points for circular interpolation. After calculating the
toolbit's 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. vThe area under the
trapezoidal speed profile represents the distance
travelled and, for the purpose of subsequent discussion,
it will be subdivided into the areas one, two and three
defined in Figure 3.2.

For a given motion, the feedrate and toolbit's
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final abaolute poszition are szpeclfled by the part
program. The present position of the toolbit is known
so that the incremental path distance, delta, which the
toolbit must travel for the next segment can be
calculated easily. After determining delta, the

interpolators must determine the number of sample

periods, Ptl, Pt2 and Pt3, that the toolbit must
accelerate, travel at the prescibed feedrate, and then
decelerate. However, a problem can arise because the
part programmer specifies only the feedrate and
endpoint. It is guite possible, for instance, that a
teedrate could be.supplied which makes it impossible for
the toolbit to accelerate to the prescribed feedrate and
decelerate to a stop without overshooting a given move's
endpoint. This possibility must be considered by the
speed profile algorithm. A calculation procedure will
be detailed in the following paragraphs which considers

this possibility.

With reference to Figure 3.2, the acceleration and

deceleration times are calculated as:

Ptl = feedrate/acl
Pt3 = feedrate/decel (3.1)
where:
feedrate = prescribed feedrate (BLU's/interrupt)
acl = acceleration rate (BLU's/int/int)
decel = deceleration rate (BLU's/int/int)
Ptl = time to accelerate (ints)
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Pt3 = time to decelerate (lnts)

Note that acceleration acl and deceleration rate, decel,
are not speclfled by the part program so that they can
be 'hard coded' as particular values in the Data
Processing Unit. The acceleration rate, acl, was chosen
experimentally to produce a fast speed change which did
not severely saturate the motor amplifiers. Then the
deceleration rate, decel, was selected as half this
acceleration rate. Although 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 ptl and pt2 from equation (3.1) and
the feedrate (from the part program) allows the
determination of the total distance travelled while
accelerating, Areal, and decelerating, Area3. These
distances are given by:

Areal
Areal

1/2 * ptl * feedrate (BLUs)
1/2 * pt3 * feedrate (BLUs) (3.2)

nou

Consequently, Area2 can be calculated from:
Area2 = delta - Areal - Area3 (3.3)

where:
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delta = total incremental path travel (BLUs)

Areal = toolbit travel while accelerating (BLUs)
Area?2 = toolbit travel while at feedrate (BLUs)
Area3 = toolbit travel while decelerating (BLUs)

A negative Area2 implies that the prescribed feedrate

is too high for the given delta. Under these
circumstances, the program automatically chooses a new
feedrate at 90% of the present feedrate and recalculates
the three areas. This procedure continues until the
feedrate can be reached in at least a single interrupt
period.

It was mentioned previously that the deceleration
period, pt3, is precalculated. Consider the typical
reference and actual speed profiles shown in Figure 3.3.
Recall the behaviour of a type 'l' system introduced in
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 employed advantageously to compensate for
the response time of the axis drive system. (A computer

literature search on the topic of machine tool control

63




%9

SPEED
(BL.Us/Sec)

SPECIFIED
FEEDRATE

Zero Steady State L'*'— Reference Speed Curve
Speed Error with a ‘ Actual Speed Curve
Finite Position ‘ [
Error.

A Finite Speed Error
which leads to an

increasing Position
Error.

TIME
(Intercupts)

FIGURE 3.3 A COMPARISON OF ACTUAL AND REFERENCE SPEED CURVES




|
|

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 full 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 drive's actual speed curve. Chapter 4 will provide
a detailed explanation of this deceleration adjustment
and will present experimental results demonstrating its

usefulness.

3.2.2.3 The Linear Interpolator

The linear interpolation subroutine receives the
final desired position of the toolbit as well as the
cutting feedrate from the decoding subroutine. The
toolbit'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 'points' directly from the toolbit's present,

instantaneous reference position to the desired final
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toolbit position. The magnitude of the feed vector is
provided by the previously described trapezoidal speed
algorithm. At each sample instant the 'tail' of the feed

vector advances to the previous reference position and

the Cartesian components of the feed vector are utilized
as the speed inputs to the Control Loops Unit. These
inputs are used by the Control Loops Unit to calculate
the new 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 Interpolator

As mentioned in Section 3.2.2.1, the process of
interpolation involves approximating a curve by a series
of linear segments. At 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 point to the next specified point and, thus, the
motion between the two interpolated points on the curve

is represented by a linear segment. When considering
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linear Interpolation, this segmentization 1s not of
concern because each reference position and segment lies
exactly upon the desired line. However, during clircular
interpolation, these segments do not lie exactly on the
desired arc. Fortunately, it 1s possible to easily
calculate the effects of the linearizatlon. For the
experimental apparatus, the maximum segment length was
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
tangential line segment and E represents the maximum
contour error during the sample. Straightforward
calculations indicate that the contour error, E, will
not be greater than 1 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 mill, line segments which represent circular arcs
will not contribute noticeable contour errors. The
detalls of the interpolator will now be presented.

The developed circular interpolator was deslgned

to accept standard EIA codes. These codes require that
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all circular arcs must start 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,
iii) a code defining whether the toolbit movement should
be clockwise or counterclockwise, and
iv) the desired feedrate along the path.
When used in conjunction with the toolbit's (known)
present position, the information provided in the part
program provides enough information to perform the
clrcular interpolation. The basic information that is
required to begin the interpolation process is:
i) the arc's start point,
ii) the arc's final point,
iii) the arc's centrepoint, and
iv) the desired feedrate.
The present toolbit position is available within the
microcomputer and the desired final toolbit position and
feedrate are given by the part program. The arc's
centrepoint may be calculated from the i and j codes.
These codes represent the absolute values of the X and

Y component offsets of the arc's centrepoint from the
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present toolblt positlion. The interpolation subroutlne
must determine the signs of i and j. This is
accomplished by finding the 1 and j sign combination
which produces an arc's centrepoint that is equidistant
from the toolbit's present position and the required
final position of the toolbit. After determining the
above mentioned information, the circular interpolator
determines the start angle and the final angle. These
angles are determined easily by using the arc's
centrepoint, the toolbit's initial point and the
toolbit's final position. The knowledge of these angles
and the arc's radius enables the interpolator to
calculate the 'delta' used in speed profile calculations
described in Section 3.2.2.2. After establishing the
speed profile, the interpolator has enough information
to begin to drive the wmotors.

As mentioned previously, to better understand the
circular interpolator, it is useful to consider the
circular motion of the cutter as being represented by
a feed vector. This vector moves tangentially around
the circular arc, such that its 'tail' remains on the
arc and at each sampling instant, its 'tip' establishes

the new reference posltion for the axes. (Actually, it

is the components of this vector which provide the axes




speeds for the Control Loops Unit which, in turn,
establishes the new reference point.) At each sampling
instant, the feed vector changes position, direction,
and magnitude. The magnitude of the vector is provided
by the trapezoidal speed profile. The direction and
position of the vector is given by the interpolator such
that, at 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 equal time increments,
during a circular interpolation. The magnitude of the
vector is greatly‘enlarged for clarity. It is provided
by the trapezoidal speed profile. The vector's
magnitude can be seen to increase gradually over the
initial portion of the arc and then decrease during the
final portion of the arc. These portions correspond to
the toolbit's acceleration and deceleration phases,
respectively. The procedure for determining the
direction of the feed vector will be detailed next.

The interpolator performs the feed vector's
movement by establishing a position vector from the
arc's centrepoint to the toolbit's present position.
This poslition vector is updated at every sample and

moves around the arc radil to its final position at
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thetar. The subroutine establishes the feed vector 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 components are
used as axis speed references by the Control Loops Unit
which, in turn, updates the reference position for 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 implemented as
a subroutine which, with the aid of ASSEMBLER
subprograms, has access to the digital to analogue
converter and encoder counter. The subroutine is driven
directly by the interrupt clock at the sampling rate of
100 Hz in the following manner. When invoked, the
subroutine receives the required axes speeds. It then
waits for an interrupt from a background assembler
subroutine to set a variable which serves as an interrupt
occurrence indlcator. After the iInterrupt has occurred,

the computer accepts the incremental position change
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from the external counter and adds it to the position
accumulator. A new reference position is determined
from the passed speeds so that the current position
error can be calculated. This error may be scaled and
used as the output to the digital to analoque
converters. However, as explained in Section 2.2.3, it
would be beneficial from the viewpoint of the machine
drive's performance to implement a lead-lag filter. A
_direct digital realization of a sampled data compensator
was utilized to improve the machine drive's performance.
The compensator example, represented by equation (2.8)
in Section 2.2.3, was implemented by employing direct

digital programming.

3.3 Interface

Section 2.3 introduced the basic requirements for a
drive interface for each axis of a CNC controller. However,
a more noise Immune interface was designed and
constructed for this project. The major advantage of
this interface was that 1t utilized a third signal from
the optical encoder. This signal was an index pulse
which occurred only once every rotation of the encoder

for unidirectional rotation. It was used to ensure that

the contents of the position accumulators did not drift




from the correct values. Each time the index pulse
occurred, cilrcultry on the interface stored the counter
value at that instant. When the next sampling period
was reached, a flag notified the software that an index
count was available. The index count was used to align
the counter and then the 'regular' (ie. the entire
sample period count) was loaded to calculate the
location of the axes. This technique realigned each
axis every 100 encoder pulses, essentially confirming
the machine position every 0.01 inches of toolbit
motion. Appendix IV details the required drive

interface hardware.

3.4 Chapter Summary

This chapter has introduced the actual environment
under which the control algorithms developed in Chapter
2 were tested. A detailed description of the actual
milling machine was not provided because the thrust of
this thesis was towards controller flexibility through
software sophistication.

Algorithms for the various interpolators were
introduced and the 'moving feed vector' mathematical
approach was described. In this latter approach, a

speed protile provides the magnitude of a feed vector
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and a directlion algorithm establishes the position and
angle of the vector. The approach allows the
interpolator designer to specity any curve in two or
three dimenslons. Specificatlions are simplified because
only a unit tangent vector need be calculated because
the magnitude of the curve is provided by the speed
profile. The speed profile calculation requires only
knowledge of the total curve length.

Chapter 4 will provide the details of tests which
were performed to determine the accuracy of the milling

machine's control system.
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CHAPTER 4

PERFORMANCE

4.1 Introduction

Accuracy is the main criterion used in the
evaluation of a machine drive system. Chapter 2
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 will 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 axes' accuracy.

An examination of path errors which result from the
interrelation of axes will be considered. Previously,
a detailed examination of the trapezoidal speed profile
was introduced. 1In this Chapter the overshoot |
correction scheme, implemented by compensation of the
trapezoidal speed profile wiil be detailed. Note that
this reference signal compensation is not the classical
lead-lag compensator which was implemented in the
Control Loops Unit. It is a further level of

compensation which is necessary due to overshoot of the
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toolbit's speed during deceleration. This overshoot
must be corrected to prevent an error in the toolbit's
final position. As an introduction, tests which were

performed on the CLU will be detailed next.

4.2 Performance of the Control Loops Unit

The mathematical analysis of Section 2.3.2
indicated that the drive system of the motors is a type
'l' control system. It was indicated further that, for
a constant feedrate speed, there will be zero speed
8rr0Y, Cawmcwmtwep> = 0, wWith a finite position error
(equal to 1/Kt x speed) in the steady state. Thus, if
the toolbit 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 system's gain.

A type 'l' 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,
€SScramp> = 1/Kt X (constant) acceleration in the steady
state. Thus, the position and the speed errors which
arise from a given constant or linearly varying speed

are no worse than inverse functions of the system's

gain, Kt. Consequently, it is clearly advantageous to




employ high gain machine drive control systems.
Performance experiments began with a verification
of the mathematical model and subsequently determined
a qualitative measure of the motor-amplifier's
non-linearities. Except for the loaded drive system's
time constant, all the system parameters were found
easily from hardware specifications of the
manufacturers. To find the unknown time constant, the
motor's amplifier drive was 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 mill. Various input step voltages were
introduced independently to the reference speed terminal
of the motor's amplifier and the resulting speeds were
recorded. Overall results are presented in Figure 4.1la

whilst the important details of the initial portions of

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

were found by using the method described in Section
2.3.1. There the time required for the motor to respond
to 63.2% of a step value represents the loaded time
constant of the motor. The various time constants are
also shown in Figure 4.1b. All the initially varying
speed portions of the plots have approximately the same

slope which indicates that the motor's acceleration
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remained approximately constant for all input voltages.
A truly linear behavior, on the other hand, would be
reflected in accelerations becoming higher with

larger inputs. This feature, however, is not present

in Figure 4.1b which suggests that the current

limitation of the amplifier 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. Consequently, a time
constant of 0.03 seconds was 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-amplifer's manufacturer. It should be also
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
nonlinearity 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

loop was reconnected and the control program was run

with direct digital compensation by using step inputs




wlth various magnitudes. The overall results are shown
in Figure 4.2a with initial details amplified in Figure
4.2b. Closing the loop of the control system reduced * -
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», whereby the compensated drive system had a
slightly higher crossover frequency, Wc, in Figure 2.10.
Unfortunately, a comparison of Figures 4.1 and 4.2
indicates that the closed loop 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. 1Indeed, for step speed changes up to

10 BLUs/int the system appears well behaved because the
actual motor speed reaches the set speed quickly with
little overshoot or oscillation. Tests were 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 1/3 second
after the start, the motor's speed became steady and
followed the reference speed without error.
Corresponding position errors (ie. the lag of the

cutter's actual location behind its reference position)
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are tabulated in Table 4.1 along with the position
errors predicted by the mathematical model in which a

gain,Kt, of 200 sec™* was employed.

| Speed Il Theoretical | Actual Error |
| ( % of || EBrror (BLUs) | BLUs |
| maximum) |(/Gain=200 sec~* | Gain=200 sec-1 |
| 100 | ] 20 ] 20 I
| 87.5 {1 18 | 18
! 75 I 15 1 16 |
| 62.5 |1 13 | 13 |
! 50 1 10 | 11 |
! 37.5 {1 8 ! 8
| 25 ] 5 | 6 I
| 12.5 i 3 | 3
| 5 {1 1 [ 2 |
| 2.5 i 1 | 1

TABLE 4.1 STEADY STATE POSITION ERRORS FOR DIFFERENT
CONSTANT SPEEDS OF THE MOTOR DRIVE

The invariably close agreement between the
theoretical and actual position errors in Table 4.1
indicates that the compensator was performing as
expected. Furthermore, it is interesting to compare the
theoretical errors for a reduction in gain from 200
sec™* to 16.7 sec™* in order to underscore the
importance of a high gain for the machine drive system.
(Recall that 16.7 sec™* 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
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that an uncompensated position would lag behind the
reference position by 240 BLUs or 0.024 inches at 100%
of full speed. A compensated system, on the other hand,

would lag by only 20 BLUs or 0.002 inches.,

| Speed Il Theoretical | Theoretical ]
I (% of il Error (BLUs) | Error (BLUs) |
| maximum) |1Gain=200 sec~* [Gain=16.7 sec—* |
| 100 1 20 | 240 l
| 87.5 il 18 | 216 |
| 75 | | 15 i 180 |
! 62.5 1 13 | 156

| 50 |1 10 | 120 |
| 37.5 1 8 ! 96 ]
| 25 {1 5 I 60 |
] 12.5 I 3 ] 36 ]
| 5 11 1 | 12 |
| 2.5 | | 1 | 6 !

TABLE 4.2 A COMPARISON OF THE STEADY STATE POSITION ERRORS
FOR DIFFERENT CONSTANT SPEEDS OF AN UNCOMPENSATED AND
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 was adopted because it approximately
matched the experimental values for the small signal
changes likely in practice.

b) Closing the loop of the drive slightly improved

85




its response speéd although the effects of the
non-linearities were exaggerated.

c) The designed lead-lag compensator produced the
predicted system gain of 200 sec™?*.
Verification of the behaviour of the Control Loops Unit
established a basis for evaluating the performance of

the Data Processing Unit.

4.3 Compensation 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 all
efforts to maximize the performance of the Control Loops
Unit because the Unit would then follow an erroneous
signal. Fortunately, the sophisticated calculating
power and floating point precision offered by FORTRAN
allowed the Data Processing Unit to provide accurate
reference speeds. 1In addition, the Data Processing Unit
provided a further level of compensation to the Machine
Control Unit. This compensation will be detailed next.

Section 3.2.2.2 indicated that the position error

is predictable during a steady state motion. Thus, the

position error is known before the controller begins to




decelerate the toolbit near the end of a cutting motion.
During the deceleration portion of the move, however,
the actual position of the cutter overshoots the
reference position. Furthermore, the position error
consistently increases and, hence, is greatest at the
end of the move. Thus, the cutter will overshoot its
desired final location and this is generally
unacceptable. The overshoot was shown experimentally to
be repeatable and, hence, it could be tabulated
straightforwardly for various feedrates. Table 4.3
provides a sample list of the average overshoots at
various speeds. It can be seen from this table that
overshoots can be quite significant, especially for

speeds higher than 12.5% of maximum speed.

[ Speed I Overshoot |
I (% of || (BLUs) [
| maximum) || ]
! 100 [l 45 |
| 87.5 | 42 |
| 75 ] 42 ]
| 62.5 { ] 41 !
| 50 11 41 |
| 37.5 | 32 |
| 25 i 22 I
| 12.5 i 10 ]
| ) | 1 |
| 2.5 [ 0 !

TABLE 4.3 TOOLBIT QVERSHOOT (BLUs) FOR VARIQUS SPEEDS




To correct for the overshoot, each feedrate was checked
experimentally and its corresponding overshoot value was
entered into a software data table. This table was used
by the program to modify the deceleration phase of the
interpolation to automatically compensate for the
overshoot at the endpolint. Speciflically, the
deceleration loop timer counter, Pt3, was recalculated
to cause the cutter to travel a distance which was
exactly 'short' of the required distance by the
tabulated overshoot value. This technique was
successful in greatly reducing or eliminating the
overshoot. 1Indeed, this real-time technique reduced all
overshoots to less than 10 BLUs, which gave an accuracy
better than 0.001 inches of toolbit motion.

A series of overshoot tests were performed in order
to determine whether the cutter load would undermine the
overshoot compensation. An aluminum block was cut with
a 1/4 inch endmill, a spindle speed of 1400 RPM, and a
depth of cut of 0.050 inches. The feedrate was varied
between 0.05 and 0.300 inches per second. The mill was
programmed to cut at angles of 0, 45, and 90 degrees,
with the bit remaining in the block during the entire
test. The overshoot of the endmill was found not to vary
more than 0.0003 inches from the no-load to the

full-load test. The maximum overshoot error during the




test waz 0.0009 lnchesz and, thus, the deslred 0.001 inch

accuracy was not violated. Now that the integrity of the
mill's end position has been determined, the contour

tests willl be detailed.

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 all the controller's inaccuracies
included.

Section 2.2.1 Introduced the concepts of path and
position errors. Path errors were described as position
errors in which the cutter's actual location was offset
from the desired reference curve. The tests described
previously in this Chapter focussed upon the behaviour
of a single axis to evaluate individual axis errors. The
tests which will be described next were directed towards
the errors which result when interrelated axes are
mizmatched.

Section 2.2.1 indicated that path errors can occur
due to the mismatch of the time constants of two

interrelated axes motors. These errors are noticeable
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whenever the motor 1= In a translent state - for example
when it is accelerating initially. On the other hand,
during a steady state motlon when the cutter is at the
prescribed feedrate, a time constant mismatch will not
cause significant path errors [3]. However, it can be
shown [3] that, In a steady state motlon, szervo galin
mismatch is the major contributor to contour errors.
Ideally, it would be beneficial if all related axes had
perfectly matched gains and time constants.
Unfortunately, this is not generally possible in
practice due to effects such as amplifier drift. The
effects of gain mismatch will be described for both
linear and circular interpolation.

Figure 4.3 shows how a galn mismatch causes path
errors during linear interpolation. Figure 4.3
illustrates the corresponding motions along the X and
Y axes, as a function of time, for a steady state,
constant speed, The Y axls servo has a lower gain than
that of the X axls servo so that the toolbit's projected
toolblt motion has a path error. Note that if the Y auxls
servo had the same gain as that of the X axis, each axis
would have individual position errors but the projection
would =2tl1ll 1le exactly upon the deslred path. Poo et
al [3] indicate that the maximum path error will occur

at a 45 degree contour for linear motion.
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Figure 4.4 shows the effect of gain mismatch during
clrcular motion. Each axis has a finite position error
which is inversely proportional to the axis speed.
Furthermore,‘the error grows with an increasing angular
speed around the contour which implies that high
feedrates and small arc radii will lead to the highest
path errors. The gain mismatch causes the position
errors to be different along each axis and this, in
turn, results in an X-Y contour which is roughly
elliptical. The maximum path errors occur at the
midpoints of motion for each quadrant of motion.

Considerinq'the source of error, it is easily seen
that increasing the individual axis gains would reduce
the path error because each axis position error would
be correspondingly smaller. Also, circular arc
interpolations at small radii should be made by using
slow feedrates 1In order to lower the anqular speed, and

resulting contour errors, associated with the motion.

4.4.2 Linear Contour Tests

In the performance of the linear contour tests, the

microcomputer was programmed to detect path errors
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during any movement. These path errors represent the
perpendicular distance of the cutter's actual position
from the desired line segment. The toolbit was
programmed to move at angles of 0, 22.5, 45, 67.5, and
90 degrees to the milling machine's X axis. This choice
of angles produced a mix of contributions from the X and
Y axis movements. Also, speeds were chosen to correspond
to 12.5%, 25%, 37.5%, 50%, 75%, and 100% of the
machine's feedrate maximum for every angle 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 combinations with the errors further subdivided
into those which occurred during the acceleration, full

speed, and deceleration portions of the motions.
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| Speed | Angle |
I (% of | (degrees) 0 22.5 45 67.5 90 |
IFull Speed)| |
| | Acceleration | 1 1 1 1 c |
| 12.5 | Full Speed |1 1 1 1 1 |
I | Deceleration | 1 1 1 1 1 |
| | Acceleration | 1 1 1 1 0 |
! 25 | Full Speed P01 1 1 1 1 I
! | Deceleration | 1 1 1 0 1 |
J | Acceleration | 1 1 1 1 1 |
l 37.5 | Full Speed Pl 1 1 1 1 |
| | Deceleration | 1 1 1 1 1 I
| | Acceleration | 1 1 1 1 0 |
! 50 | Full Speed I 1 1 1 1 |
| | Deceleration | 1 1 1 1 1 |
| | Acceleration | 1 1 1 2 1 ]
| 75 | Full Speed 1 1 2 1 1 |
i | Deceleration | 1 1 2 1 1 ]
| | Acceleration | 1 1 1 1 1 |
| 100 | Full Speed [ 1 8 7 3 1 |
| | Deceleration | 1 1 2 6 1 |

TABLE 4.4 - PATH ERRORS FOR LINEAR MOVES (BLUSs)

An examination of the data in Table 4.4 reveals
that all the contour errors were less than 10 BLUS3
which corresponds to a toolblt accuracy of better than
0.001 inches. As expected, path errors are more
apparent for movements along both axes, particularly at
the highest speed. They arise primarily from the slight
mismatch between the gain of the two drive system's time

constants.

4.4.3 Circular Contour Tests

Circular contour tests were performed in a similar




manner to the linear contour tests.

The error in the

radial position was recorded for a combination of speeds

and circle radii.

measured as described previously.

Speed
(% of
Full speed)

12.5

Radius
(inches)

<

Acceleration
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Acceleration
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TABLE 4.5 - PATH ERRORS FOR CIRCULAR INTERPOLATION (BLUs)

Table 4.5 gives the errors which were

A comparison of the results in Table 4.4 and 4.5

indicatés that circular interpolation is much more prone
to contour érrors than linear interpolation. As expected,

at high feedrates,

speeds),

the contour error is gquite severe

(which correspond to high angular

particularly at the smallest radii of motion, 0.5

inches.

Note that,
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the smaller



the radii, then the higher is the anqular speed of the

axes. Table 4.5 indicates that for an arc radius of 1.0
inch or lower, the chosen feedrates should be less than
75% of the maximum feedrate to provide accurate control

of the cutter.

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. Firstly, the non-linearities of the drive
system can not be truly represented by a linear model,
no matter how cohplex. Hence, experiments are required
to optimize a drive system's performance. Secondly, the
error driven nature of a drive system suggests that high
overall system gains will improve the overall
performance of the drive. Compensation is a viable
method for increasing the gain of the drive without
sacrificing stability.

Interrelated axis gain mismatch is seen to cause
path errors. Fortunately, a high gain servo system
tends to reduce the path errors caused by gain mismatch.
Accepting that a small servo mismatch is inevitable in
practice, 1t is desirable to reduce the speed of the

cutter whenever high accuracy is desired. Lower cutting
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gpeeds should be used with cuts of small arc radius.

It was suggested in Chapter 1 that, although the
designed controller was only used for two axes of
motion, the hardware could be expanded easily to a total
of four axes. To verify this capacity, 1t ls lmportant
to understand how much of the computer's capaclty is
utilized. To obtain a quantitative knowledge of the
computer's utilization, a test was made in which the
computer's 'wait states' were monitored during
interpolation. This process was accomplished easily by
programming the computer to turn on an input-output
(I/0) line whenever the control program was waiting for
an lnterrupt pulse. The I/0 line was monitored by an
oscilloscope. It was determined that the computer was
waiting approximately 0.005 seconds out of every
0.010 second interrupt period. This observation implies
that the computer's utilization was about 0.050/0.010
or 50%. Such a simple test indicates that it would not
be unreasonable to use this controller to drive three
and possibly four servo motors. To ensure sufflclent
intersample time, it would probably be necessary to
reduce the sampling frequency to, say, 75 Hz. This

frequency change would not undermine the system's
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gtabllity becausze 75 Hz. would s3till bhe at least S times

the bandwlidth of the machine drive.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

5.1 Conclusions and Discussion

An inexpensive microcomputer based, sampled data
machine control system has been introduced. The choice
of off-the-shelf components and standard development
software packages helped to achieve a low cost. The
controller was developed by using a high level language,
FORTRAN, and a low level language, ASSEMBLER. The use
of a floating point coprocessor gave the microcomputer
the computational throughput required to implement real
time floating point calculations. This real time
capability allowed the machine's control unit to be
programmed straightforwardy by utilizing the
computational sophistication associated with FORTRAN.
The ASSEMBLER portion of the control software performed
the low level input/output work between the machine
drive system and the microcomputer.

The advantages offered by real time floating point

calculations are significant. The ability to perform

digital compensation was shown to have obvious




performance advantages by allowling the controller to
have a slgnificantly higher galn without undermining the
system's stability. Also, floating point capabilities
allowed actual speed curve compensation by using the
system's known behaviour to prevent final position
overshoots.

Simple tests have been detailed which indicated how
the implemented compensation techniques improved the
system's overall performance. It was demonstrated that,
due to the inherent non-linearities of the machine
drive, it is unwise to rely totally upon a linear
mathematical model. (A procedure which is generally
followed in the relevant literature.) While a

mathematical analysis is extremely useful, it should be

supplemented with experimental tests to enable the
designer to allow for, or be aware of, the effects of

transient responses and non-linear effects.

5.2 Design Viability in the Commercial Market

The developed controller was built with a certain
market niche in mind. This market is the machine
retrofit or custom machine tool market. The flexibility
of the controller could possibly make it extremely

attractive. All the interpolation and control routines
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were written In readily modified code whilst programming
expertise for the IBM compatible microcomputers is found
easily. Thus, it would not be too difficult for the
control software to be modified for just about any
application within the capability of the controller.
The computer utilization test described in Chapter
4 led to the conclusion that the microcomputer had the
computational power to drive four axes for a sampling
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 include most
machine tools. Thus, it appears that the controller
could be used as a retrofit device on most typical
machine tools. Under certain situations, such as a
non-orthogonal Coordinate system on a specialized
machine tool, it is guite conceivable that the
interpolation calculations might exceed the
mlcrocomputer's capabilitles. Assuming that the
sampling frequency was at the boundary of 5 times the
system's bandwidth, it might be concluded that the IBM
(Intel 8088 based) microcomputer controller was
inadequate. Fortunately, the control programs are
written in standard languages and, thus, they are

largely portable to more powerful microcomputers. For
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example an Intel 80286 microcomputer has at least three
times the computational capability of the 8088 and an
Intel 80386 has at least 10 times the capability! This
indicates that microcomputer power should not be a
concern for most applications bécause a more powerful
microcomputer can be chosen when required. This concern
will become correspondingly less important as technology
advances.,

Certain enhancements would be necessary if it was
desifed 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 developed to allow the users
of the equipment to customize the software to their own
machine environment. Essentially, the developed
controller could be modified and customized for almost
any application because of the flexibility and power of

the software control scheme.

5.3 Control of Non-Ideal Machine Tools

It was mentioned early in this thesis that all
references to accuracy assume that the machine's drive
system 1s ideal beyond the servo motors. This implies

that there is no backlash or nonlinearity in the
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mechanical components which comprise the machine axes.
While 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 described
project, the feedback encoders were mounted directly on
the servo motors which are used to drive the axes. If
linear encoders were mounted directly on the machine
table, it would be possible for the computer to be aware
of the table's actual position with all the mechanical
errors included. This modification would allow the
computer to compensate for backlash and non-linearity
in the machine axes. The purchased experimental mill
was inexpensive and simple tests quickly confirmed the
severity of the axes' backlash. A scanning microscope
was used to measure the cutter backlash on simple,
single axis repetitive back and forth linear motions.
It was found that the mechanical backlash for the tested
axls was 0.020 inches! This machine tool would have
definitely beneflted from the installatlion of linear
encoders. However, it is necessary to consider the
effects of this backlash on the machine's control model.
Considering the control model developed in Section

2.3.1, mechanlcal backlash would be reflected as

hysteresis. This hysteresis would lower the overall




control system's stability, the degree of
destablllizatlion dependling upon the amount of backlash.
At first glance, it would appear that this backlash
would undermine the controller's effectiveness.
Fortunately a simple solution ls possible.

By using the flexibility of the control software,
it would be simple to include software subroutines which
would 'take up' the axes' 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 untll the encoder began
to register a table motion. This technique would not
affect the stability of the controller and would

significantly reduce the errors caused by the backlash.

5.4 Recomnendations for Further Work

In Section 4.4.1, the importance of interrelated
axis gain match was introduced. Considering the
importance of matched gains, it would be useful to add
the capability for the controller to automatically match
the gains of the interrelated axes. This could be done

by performing a calibration program. The computer would
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apply a known error word to each axls and monltor the
actual speed of each axis motor without attempting to
correct the motor speed. These actual speeds could be
normalized and used to adjust the software gains of each
motor to guarantee that the gains of the motors were
matched accurately.

Another area of possible 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.

In conclusion, the flexibility of the control
software offered by the use of a high level programming

language ensures the controller's versatility.
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APPENDIX I

Details of Digital Compensation

Pole Zero Mapping

The exact relationship between the continuous time
s-plane and the discrete time z-plane is well known [13]
as

A eunt‘ (A-l)

where:
sample period
2.718282
Laplace Operator

The pole-zero technique simply translates critical
frequencies from the s-plane to the z-plane. The corner
trequencies of the transfer function are chosen as the
critical frequencies. Also, the dc gain of the digital
filter is matched to the dc gain of the continuous
system.

Given a rational function G(s), the pole-zero
mapping technique is performed as follows:

1) Each pole and finite zero of G(s) is calculated
and transformed into the z-plane according to
Equation 1,

2) Each zero of G(s) at s = infinity is mapped into
z = -1,

3) The filter gains are matched at dc, so that G(0)
= G*(1).

Example: Consider the following lag-lead compensator:

(1L + s/8) (1 + s/33.3)
(A.2)
(1 + s/1) (1 + s/235)

This can be mapped for a sample period of 0.01 seconds
as follows,

The zero at s = -8 is mapped into
Z = emEE?..CI)CC).t:!j.Z) = 0.923116




The zero at -33.3 13 mapped Into
T = @ @BM.Mcn.0i = 3 716770

-1 is mapped into

4]
"

The pole at s

z = ert-@co.010 = (§,990050
The pole at s = -235 is mapped into
z = ewﬂﬁﬂﬁO-Di) - 00095369

Thus,

K (z - 0.923116) (z - 0.716770)
Gec™(Z2) = ——-mmmm s (A.3)
(z - 0.990050) (z - 0.095369)

but,

Ge™ (1) 2.41925 ¥ K = Gc(0) =1 (A.4)

Hence,
K =1/ 2.41925 = 0.413351

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

0.413351 (z - 0.923116) (z - 0.716770)

(z - 0.990050) (z - 0.095369)

Direct Digital Programming

A physically realizable discrete-data transfer
function Gc(z) of a digital controller may be written
as [141:
Em(Z) bO + blzml + b'.'E:Zm.':;2 + « e e + bmzwm
Gel(z) = ----- S S (A.6)
E:(2) = @ao + a:1z27* + @127 + ... + amz™"

where ao and be must not be zero, m and n are positive
integers, and E.(z) and Ez(z) represent the z-transforms
of the input and the output of the controller,
respectively.

To conduct a direct digital programming of Gc(z),
a cross-multiplication is performed and then the inverse
z-transform of equation (A.6) is taken. Solving for

A2




e="(t) will show that the present value of the output
ex="(t) depends upon the present and the past values of
the input e.™(t) as well as the past information of the
output. This implies that data storage will be
required.

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

Ez(2z) 0.413351 z® - 0.67785 2z + 0.27350

Ei(z) 2% - 1.08542 z + 0.09442
Dividing both the numerator and denominator by z% and
rearranging yields:

Ex(2z) 0.413351 - 0.67785 z~* + 0.27350 z—=

E.(z) 1 - 1.08542 z—* + 0.09442 z—=

Taking the inverse transform and solving for E= yields:
Ex=(t) = 0.413351 E. - 0.67785 E.(t-T) +
+ 0.27350 B2 (t-2T) + 1.08542 E=(t-T) (A.9)
- 0.09442 B (£-2T)

This formula is easily programmed whereby:

E:. = position error at the present sample.
E.(t-T) = position error at the previous sample.
E.(t-2T) = position error at the sample period two

sample periods prior to the present sample period.

Ex(t) = compensator output at the present sample.
Ez(t-T) = compensator output at the previous error.
E=(t-2T) = compensator output at the sample period two
sample perlods prior to the present sample period.

A3




APPENDIX I1

Computer Hardware Specifications

The specifications for the computer system are as
follows:

1) Microcomputer - The microcomputer must be an IBM Pc,
or XT, or a true compatible. Any monitor with
accompanying video card is acceptable. Two floppy
diskettes and at least 256K of memory are recommended.
If the computer is going to be used for control program
modification, a fixed-disk Is recommended. The computer
must have an Intel 8087 math coprocessor installed.

2) Commercial Interface Board - The experimental
apparatus used a commercial input output board. This
TECMAR™™ BASEBOARD consisted of four 8255A I/0 chips
with appropriate decoding circuits. Each axis of motion
required 8 output lines for the DAC and 8 input lines
from the external counter. 1In addition to these basic
16 I/0 lines, 5 control lines were required. The 8255A
provided 24 lines of completely programmable I/0 and,
thus, a single 8255A had the capability of providing the
capability for an entire axis of motion.

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

Software:

The software was developed by using Microsoft
FORTRAN V3.3 and Microsoft MACRO ASSEMBLER V1.27. The
programs were run under the PC-DOS 2.1 operating system.
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PROGRAM LISTINGS




Page 1

11-29-86
20:08:03
D Lined | 7 Bicrosoft FORTRANZ7 ¥3.30 March 1985
1 $nofloatcalls
2 $nodebug

3 $storage:?

4 $linesize:80

3 $pagesize:dd

6 $title:'FORTRAN Driver for MILL Control’
7 $subtitle:?COMMON BLOCK DEFINITIONS’

8 $page




FORTRAN Driver for MILL Control Page 2

COMMON BLOCK DEFINITIONS 11-29-86
20:08:03
D Lined | 7 Nicrosoft FORTRANT7 V3.30 March 1989
9
10
1
12
13
LIP30 20200308020860800880080800008¢60030¢69008083868380088083¢00¢¢3000044
151 b
16 % PROGRAM: Mb b4
17 % AUTHOR: C. 6. GADSBY 4
18 ¢ DATE: November 29, 1986 b4
19 % b
20 % This program, in conjunction with the {wo assembler b
21t subroutines BASEG, and GETKY, provide a software b
22 % environment for the path control of two axes of b
23 % aotion, The program requires a two interface cards, b4
24 % a commercial 1/0 card, and a custom encoder interface, b4
20 % These cards servo to marry the servo motor hardware to 4
2 3 the control software. b
27t %
28 % |
9% %
30 % H
K} 4 b4

KRR 22202 00steevttoteettsetetteedssidtststootsostiottetetsttessssssssted
33 $page




FORTRAN Driver for MILL Control
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36
37
38
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33
36
37
38
39
60
61
62
63
b4
b3
66
67
&4
69
70
"
72
73
74
73
76
77
78
79
80
a1
8z
82

X
b4

4
b4
b
b
b ¢
b¢
3
b4
b4
b4
b
b4
b4
be

b
X
b4
) 4
X
4
b4
b4
X
b4
b4
b4
X
X
b

/PROG/  Part Program Common Block

thnum - total number of blocks in the part progranm,
n(} - N code array.

g} - G code array,.

x() - X code array.

y() - Y code array.

2() - 1 code array.

i} - I code array.

jO = J code array.

k() - ¥ code array.

f() - F code (feedrate) array,

s() - § code (spindle speed) array.
t() - T code (fool) array.

n() - M code (miscellaneous) array.

/POS/ Position Common Block

px, py Actual X-axis and Y-axis position respectfully.
rx, ry Reference X-axis and Y-axis position respectfully,

/ASSEMB/ Assembler Subroutine Variables.

intflag This is the 'flag' vhich indicates that an interrupt
has occurred. Under interrupt condition this integer

variable changes from a value of 0 to 1.

flag0  This variable indicates that an X-axis encoder index
pulse has occurred, [f it is non-zers, which signals

that an index has occurred, it contains the

incremental position change to the intersample indey

occurance,

flagl This variable is similar to FLAGO except that it
reports the status of the Y axis encoder.

errd

errl  These are the error word values for the X and Y
ayis servo drives respectfully.

count0

»NNN-»1-w+<~N-;4-N-‘N-N-NN-)1-'N-N-NNN*“N"“nn“u“un*n*n*“*%peﬂ*ﬁ*““*
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84 £ & X
85 ¢ count! These integer variables are the incremental count b
86 X values. They correspond to the change in position b
a7 1 for each axis in a single interrupt period. b
88 ¥ b4
B9 Fom oo e e e e e b
90 1
EIN ¢ /DYN/  Dynasic Variables,
921
93 % ke This variable contains the encader count in lines
94 1 {or pulses) per revolution,
95 ¢

96 1 exl, eyl
97 1 ex2, ey
98 ¥ ex3, ey3 These are variables required by the digital

99 lead-lag filter. They represent the filter

100 % cutputs (X and Y) at the previous three samples
101 % ex! and eyl are the most recent filter outputs and
102 % ex3 and eyd are the filter outputs three samples
103 ¥ ago.

104 %

105 £ qxl, gyl
106 ¥ gx2, qy2
107 ¥ gx3, qy3 These are variables required by the digital

108 2 lead-lag filter. They represent the filter

109 & inputs (X and Y) at the previous three samples
110 ¢ gx1 and qyl are the most recent filter inputs and
111 % qx3 and qy3 are the filter inputs three samples
112 & ago.

13 %

114 %

P Pt PE e Pt P Pt b PE BE PE Pt P P M 3 Pt e P e P Fe PE e PE Pe

REIRteoetsetiessecesottorostessastotesoetesotrettesstessesissesvessisasess
{16 $subtitle:"MODULE: MAIN?
117 $page
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118
[RRIR 2392240838058 08038800¢8000000008008880800008¢4853008¢0803480840000¢03¢1
120 ¢ b
121 % MODULE: MAIN 4
122 % ¢
123 % This is the main module for the Mill controller. Its major b
124 ¢ function is to control program flow by invoking the correct 4
125t subroutines to perform the requested tasks. This subroutine b
126 ¥+ also installs the assembler subprograss into memory and removes ¥
127 % them at the end of the program to ensure a correct return to X
128 ¥ DOS. ¢
129 ¢ %
130 ¥ COMMON BLOCKS ACCESSIBLE: %
3% /pprog/ b4
132 % Ipas/ b
133 % /assenb/ b
134 ¢ /dyn/ b4
135 ¢ b
136 % ' b
137 ¢+ LOCAL VARIABLES: %
138 ¢ H
139 % cnt - Dummy index variable, b
140 ¢ acod - ASCII code of a pressed key., This variable is b
141 % returned by the GETKY asseabler subroutine. 3
142 ¢ scod - Scan code of a pressed key. This variable is 3
143 % also returned by the GETKY asseabler subroutine. b
144 ¢ %
143 t  jogdelta - This variable contains the number of BLUs that b
146 ¢ the toolbit vill move when a toolbit jog request b
147 is made by the user, 2
148 % b4
149 ¢ b4
1P eooee3e0200000000000880000000000000000000¢00000000000000080080000000¢]
151

152 $page
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155
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160
161
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163
164
163
165
167
168
169
170
17t
172
173
174
175
176 251
177
178
179
180
181
182
183
184
183
186
187
188
189
190
191
192
193
194
195
196
197
138
199
200
201
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program CNCMILL

integerx2 tbnum, n(230), g(250}, 1(230), j(250), k(2301, f(250),
ks(230), £(250), =(250)

integer¥d4 x(230), y(250), (250}

comson /pprog/ tbnua, n, g, x, v, 7, i, j, k, f, 5, t, a

integer¥4 px, py
real rx, ry
CORRON /pos/ pX, TX, Py, Ty

integert2 intflag, flag0d, flagl, err0, errl, count0, count!
common /asseab/ intflag, flag0, flagl, errd, errl, count0, count!

real exl, gxl, ex2, gx2, e¢3, qx3

real eyl, ayl, ey2, qy2, ey, qyd

integer%2 ke

common /dyn/ ke, exl, gxl, ex2, gx2, ex3, qx3,

keyl, ayl, ey2, gy2, ey3, qy3

integer2 cnt, acod, scod
real jogdelta

jogdelta = 1000.0
call setup(intflag, flag0, flagl,err0,errl,count0,count!)

call video(0,5,1)
write (%,100)
write (%,101)
yrite (x,100)

continue

call video(1,16,38)

write (1,102) jogdelta/10000.0
call video(1,2{,46)

write (%,103) real(px/10000.0)
call video(1,22,46)

vrite (1,104) real{py/10000,0)

S FIANOT IR 253389080000 00000000000000000¢5¢308000800¢000000 LD
format (lx,/,
¥10x,'Use the CURSOR far jog control’,//,10x,"function keys:', !/
%10x,"FL Sets Zercpoint F2 = 0,000 inches’,!

10y, F4 = 0,010 inches',/
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203 410x,'F5 Buits Progras F6 = 0,100 inches’,/

204 %10y, F8 = 1,000 inches’,/

205 410x,"F3 Runs Program F10 = 5,000 inches',/

206 &10x,’ Jog Currently Set at: ',//)

207 102 format (1x,F6.3," inches')

208 103 format (lx,’X position’,f6.3,' inches')

203 104 format (Ix,'Y position’,F6.3,' inches’)

210

211 #xi = 0.0

212 gx! = 0,0

213 ex2 = 0.0

214 gx2 = 0.0

215 ex3 = 0.0

216 gx3 = 0.0

217 gyl = 0.0

218 gyl = 0.0

219 ey2 = 0.0

220 qy2 = 0.0

224 eyd = 0.0

222 qy3 = 0.0 :

223 call getky(acod,scod) '

224 if (scod .eq. 60) then

223 Jjogdelta = 10.0

226 endif

227 if (scod .eq. 62) then

228 jogdelta = 100.0

229 endif

230 if (scod .eq. 64) then

231 jogdelta = 1000.0

232 endi f

233 if (scod .eq. 66) then

234 Jjogdelta = 10000.0

235 endi f

236 if (scod .eq. 68) then

237 jogdelta = 50000.0

238 endi f

239 if (scod .eq. 67) then

240 goto 200

241 endi f

242 1f (scod .eq. 63) then

243 goto 324

244 endi f

243 i1f (scod .eq. 39) then

246 px = 0

247 py = 0

248 ry = 0.0

249 ry = 0.0

230 ands !

251

232 if (scod .eq. 730 then
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233 1f (jogdelta .1t. 1000) then

254 rx = rx - jogdelta

235 . call moton

256 call tweak

257 call motoff

258 else

235 call linear{int4{rx-jogdelta),intd(ry),40.0)

260 endif

261 endif

262 if (scod .eq. 77) then

263 if (jogdelta .1t. 1000) then

264 TX = rx + jogdelta

265 call moton

266 call tveak

267 call motoff

268 else

269 call linear (intd(rx+jogdelta),int4(ry),40.0)

270 endif

21 endi f

272 if (scod .eq. 72) then

27 if (jogdelta .1t. 1000) then '

274 ry = ry + jogdelta

275 call moton

276 call tveak

7 call notoff

78 tlse

279 call linear(int4(rx),int4(ry+jogdelta),40.0)

280 endif

281 endif

282 if (scod .eq. 80) then

283 if (jogdelta .1t, 1000) then

284 ry = ry - jogdelta

283 call moton

286 call tweak

287 call motoff

288 else

289 call linear(int4(rx),int4(ry-jogdeltal,40.9)

290 endif

291 endif

232 goto 23

292

294 200  continue

293 ,

296 call video(0,1, 1}

257 zall fileread

292 call video(0,1,1)

299

300 L m e e e e e e e

301 ¢ Write out the file on the screen:
302 write (X, 196)
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203 do 2, cnt = 1, tbnum
1 304 write (1, 103) n(cnt), glent), x(ent), ylent), z(entd, ilcnt),
1305 Yjlent), kent), flontd, stent), tlont), alontd -
1 306 2 continue

307 106 format(ix,/)

308 105 format (1x, 'N', i3, lx, '6', i2, Ix, 'X', i, Ix, 'Y', i6, Ix,

3093 w1, i6, Iy, 1Y, 16, 1x, "7, i6, lx, X', 06, lx, 'R, 14,

310 Lix, 'S, i3, 1k, 'T, 2, Ix, 'M', 12)

3t

312 pause 'Strike Enter to continue . . !

K} Scii

K B ettt

315

316 call video(0,1,1)

7 call decade

318 call clsup

319 goto 251

320

321 334 call clsup

322 stop "END of MAIN'

Kyl end '

Name  Type Offset P Class

ACOD  INTEGER:2 690

CNT  INTEGER$2 694

COUNTO INTEGERY2 10 /ASSEMB/
COUNT! INTEGER®2 12 /ASSENB/
ERRO  INTEGER32 6  /ASSENB/
ERR1  INTEGER%2 B /ASSEMB/
ERRCNT REAL 12

EX1  REAL 2 /DN
EX2  REAL 10 /DYN
EX3  REAL 18 /D
EYlt  REAL 26 /DYN
EY2  REAL 34 /DYN
EY3  REAL LYRR L) | )

F INTEGER¥2 g302  /PPROG /

FLAGO [INTEGER%2 2 /ASSEMB/

FLAG! INTEGER%2 4 /ASSEMB/

§ INTEGERS2 $02  /PPROG /

I INTEGERX2 4002  /PPROG /

NT4 INTRINSIC
INTFLA INTEGER%2 0 /ASGEMB/

I INTEGERY2 4302 /PPROG /
JOGDEL REAL 16

¥ INTEGER®2 3002 /PPROG /
Ke INTERERE2 A .
| INTEGERYL 7002 /PPROG /

b

— e e e

M i
N INTEGERY2 2 /PPROG /
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. PX  INTEGERt4 0 /POS /

PY  INTEGER:4 8 /POS /

o1 REAL 6 /DN /

9X2  REAL 14 /DN /

913 REAL 2 /DN /

aYl  REAL 30 /0N

ayz  REAL 3/ /0N

Y3 REAL 4 JOYN

REAL INTRINSIC

RY  REAL 4 /P05 /

RY  REAL 12 /p0s /

§ INTEGERY? 6002  /PPROG /

SCOD  INTEGERX2 632

T INTEGERK2 §502  /PPROG /

TENUM  INTEGER$2 0 /PPROG /

X INTEGER®4 1002 /PPROG /

Y INTEGER$4 2002 /PPROG /
l INTEGERY4 3002 /PPROG /

324
325 $subtitle:"MODULE: SUBROUTINE DECODE’
326 Spage
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338
339
340 £
341 %
342 ¥
343 %
344 %
345 1
346 ¢
347 ¢
348 £
349 2
350 %
3518
352 ¢
3331
354
335
356
357
358
339
360
361
362
363

acy
Nlohs

363
366
367
368
369
370
37

279
SiL

373
374

27e
e
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¥
SUBROUTINE DECODE

This subroutine accepts the part program as input and invokes
the appropriate interpolation subroutines for a given block.
The subroutine invokes one of the interpolators for each

block of the part progras.

COMMON BLOCKS ACCESSED:
/dyn/
fpos/
/pprog/

LOCAL VARTABLES

bnue - index counter for part program block nueber.
junk - dummy input variable for manually moving the
z - axis of the milling machine,

NOTES:
This subroutine zeros the digital cospensation
parameters at the beginning of each segment of
aotion.

Pt PE e Pt Pt PE 6 PE P P JE P 3 M e PE e P I PE e FE e P e

PRSI0 000603000800030000580038800883840030030008300000080000008400¢444
subroutine decode

integerx2 tbnum, n(250), g(250), (250}, (230}, k(230), f(230},
ks(250), t(230), m(230)

integer$4 x(250), y(230), z(250)

common /pprog/ tbnum, n, g, X, y, 2, i, j, k, f, 5, &, »

integerx4 px, py
real rx, ry
cosmon /pos/ px, r%, Py, Ty

real ext, gxJ, exZ, qx2, ex3, gx3

real eyl, qyl, ey2; qy2, ey3, gyl

integer¥2 ke

coamon /dyn/ ke, exl, gxl, ex2, qx2, exd, qx3,

Yeyl, qyl, ey2, gy2, ey3d, qy3
integer?2 bnum

data bnua/i/

do !, bnhum = 1, thnuam
ex. = 0,90
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1 377 gx! = 0.0

t 378 ex2 = 0.0

1 379 gx2 = 0.0

{380 exd = 0.0

{38t gx3 = 0.0

1 382 eyl = 0,0

383 gyl = 0.0

I 384 ey2 = 0.0

389 gy2 = 0.0

1 386 eyl = 0.0

12387 qy3 = 0.0

1 388 call video(l,1,60)

1 389 write(,"(1x,i3)") n(bnum)

1 39 call video(!,22,30)

1 39 write(¥,'(1x,’"X POSITION = '',i8,"' Y POSITION = '*,i8:")

1 332 X px, py

t 293

1 394 if(g(bnum) .eg. 00) then

1 395 call linear(x(bnum},y(bnum),40.0)

1 3% endi f

t 397 1f(g(bnun) .eq. 01) then

t 398 call linear (x(bnus),y(bnum),real (f(bnum)))

399 endi f

1 400 1f ((g(bnum) .eq. 02) .or. (g(bnum) .eg. 03)) then

1 401 ¢all circular(x(bnus), y(bnun), intd{i(bnun)),

1 402 & int4(j{bnun)), real (f(bnum)), g(bnum))

1 403 endi f

1 404 if(g(bnun) .eq. 20) then

1 405 call video(1,1,20)

I 406 write (%,'(1x,""Move 1 - axis to '',16,'" inches'")")

1 407 & z(bnua)

1 408 call video(1,3,20)

1409 write (¥,'(1x,''Strike ENTER to continue,'')")

1 410 read (¥,7(BN,IS)!) junk

141 call video(1,1,20)

I 412 write (%,7(Ix,"! tnn

I 5] call videa(!,3,20)

P44 write (f, ' (1, "! i

1 415 endi f

1 4161 continue

417 return
418 end

Nage  Type Offset P Class

BNUM  INTEGER%2 838

£X PEAL 2 /DN

EXZ  REAL i} |

£X3  REAL | IDYN

eyl REAL 26 /IWN
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EY2  REAL

EY3  REAL

3 INTEGERY2
g INTEGER$?
I INTEGER%2
INT4

J INTEGER®2
JUNK  INTEGERIZ
K INTEGERS2
KE INTEGERY?
N INTEGERS2
N INTEGERY?
PX INTEGERX4
PY INTEGER*4
aXy REAL

@X2  REAL

8X3  REAL

avt REAL

QY2 REAL

8Y3  REAL

REAL

RX REAL

RY REAL

S INTEGERS2
T INTEGERY2
TBNUM INTEGER%2
X INTEGER%4
¥ INTEGERY4
1 INTEGER$4

419
420 $subtitle:'MODULE:
421 $page

34
42
3502
302

4002

4302
902
3002

6002
6302

1002
2002
3002

/DYN
/DYN

Page 13
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/
!

/PPROG /
/PPROG /
/PPROG /
INTRINSIC
/PPROG /

/PPROG /

/DYN

/

/PPROG /
/PPROG /

/P08
/P0S
/DYN
/DYN
/DYN
/DYN
/DYN
/DYN

T e e e e

/

INTRINSIC

/P0S
/PO§

/
/

/PPROG /
{PPROG /
/PPROG /
/PPROE /
/PPROG /
/PPROG /

SUBROUTINE LINEAR?
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461
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464
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This subroutine perforas linear interpolation.
This subroutine is invoked by DECODE during automatic

program control and
aperations.,

by module MAIN during jogging

COMMON BLOCKS ACCESSED:

RECEIVED VARIABLES:

xfinal -

yfinal -

rate -

LOCAL VARIABLES:

costheta -

sintheta -

decel -

areal -

/pos/

this specifies the desired absolute
final x value of the cutter for the
aotion segment at hand.

this specifies the desired absolute
final y value of the cutter for the
notion segment at hand.

this parameter specifies the desired
saximum feedrate along the line.

this variable represents the cosine
value of the present theta angle.
This variable is used to preveat

repeated calculations of the same value.

this variable represents the sine
value of the present theta angle,
This variable is used to prevent

repeated calculations of the same value,

this value represents the acceleration
of the foolbit in units of BLUS/INT/INT
where INT = period of sample.

this value represents the deceleration
of the toolbit in units of BLUS/INT/INT
where INT = period of sample.

reprasents the distance travelled while
the toolbit s accelerating,

b4
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477
478
479
480
431
482
483
484
485
486
487
488
489
430
491
492
493 ¢
494 1
435 ¢
496 ¥
497 ¢
498 1
499 ¢
300 %
301 %
502 x
503 ¢
304 %
305 &
306 ¥
507
508 %
309 &
10 %
il
512 ¢
133
514 %
15 ¢
516 %
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areal? -

areal -

pt2 -

pt3 -

fudge -

delta -
dettax -
deltay -

theta -

vel -
VY -

Yy -

Page
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represents the distance travelled vhile
the foolbit 1s at the maximum feedrate.

represents the distance travelled while
the toalbit is decelerating, This area
is modified by 'fudge' to allow for the
expected overshuot of the cutter during
deceleration.

the number of interrupt periods at the
acceleration rate acl required to bring
the toolbit speed from zero to the
desired feedrate,

the number of interrupt periods at the
specified feedrate required to cause the
toolbit to travel a distance of area2,
the nusber of interrupt periods at the
deceleration rate decel required to bring
the toolbit speed from the specified
feedrate to zero,

tabulated value of expected toolbit
overshoot as a function of feedrate,

total distance to travel
x conponent of total distance to fravel
y conponent of total distance to travel

angle of line on the aill table with
reference to the mill’s coordinate system

2.141592 . . .
desired reference velocity for the toolbit
x component of vel

y component of vel

PP e BE Pt PE I M e PE 2 P Bt PE 2 P B P e PE e PE P PE B PE Ph TE B P e P 36 PE FE e P PE e Pt FE Pt e P g

RIRAR 20503003008 0302205¢590500002908850098058080805308800080080¢080008008849¢
subroutine lin=ar(xfinal, yfinal, rate!

[se]

(A B I I A
3 R e
- BN

¥

integerdd xfinal

yfinal

real rate, costheta, sintheta

real acl, decel, areal, areal, aread, vy, vy, el

3
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942
543
344
545
346
247
348
549
330
351
332
533
554
REN]
336
357
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360
361
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363
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€74
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integer%d pt1, pt2, pt3, 1
real delta, deltay, deltay
real fudge

integer¥4 px, py
real rx, ry
common /pos/ px, rx, py, ry

real pi, theta

acl = 2,00

decel = 1,00

pi = real(3,1415926535)

c e e ——

¢ Set up the initial parameters.
C
¢ Determine the angle of motion.
¢

Page 16
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deltax = real(xfinal) - rx

deltay = real(yfinal) - Ty

if ((deltax .eq. 0) .and. (deltay .eq. 0)) then
return

endi

delta=sqrt(deltaxxt2+deltayxx2)

theta = atan2(deltay, deltax)

tostheta = cos(theta)

sintheta = sin(theta)

delta = abs(delta)

10 areal = 0.5 & rate t rate / acl
aread = 0.5 % rate ¥ rate / decel
area2 = delta - areal - areal
1f (ifix(area2/rate) .le. 1) then

rate = rate £ (.9

goto 10
endi f
if(ifix(rate) .eq. 40) fudge = 45,0
iflifix(rate) ,eq. 39) fudge = 44,5
if(ifix(rate) .eq, 38) fudge = 44,5
tflifix(rate) ,eq. 37 fudge = 42,0
if(ifix{rate) ,eq. 36 fudge = 44,0
Hifix(rate: Leq, 35 fudge = 42,9
tiifix(rate) .eq. 34) fudge = 43.0
tifixirate) .eq, 22) fudge = 43.0
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373
374
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575

376
377
378
579
380
381
382
i3
384
585
386
587
588
389
390
391
392
393
594
393
336
397
598
399
600
601
602
603
604
603
606
607
608
609
610
611
612
613
614
613
616
617
518
13 ¢

20
1
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o
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if(ifix(rate) ,eq. 32) fudge

if(ifix(rate)
fGifix(rate)
iftifix(rate)
flifixirate)
If(ifix(rate)
if(ifig(rate)
Iflifix(rate)
Hifix(rate)
1f{ifix(rate)
If(ifix(rate)
iflifix(rate)
1fifix(rate)
1flifix(rate)
if(ifix(rate)
Hifix(rate)
iflifix(rate)
iftifix(rate)
if(ifix(rate)
1f(ifix(rate)
if(ifix(rate)
If(ifix(rate)
ififix(rate)
if(ifix(rate)
if(ifix(rate)
iflifix(rate)
iftifix(rate)
iflifix(rate)
iftifix(rate)
iftifix(rate)
if(ifix(rate)

.eq.
.eq.
veq.
eq.
.8q.
“ 8.
8G.
.eq.
€0,
.£q.
6.
.eq,
.eq.
.eq.
.eq.
. €4,
.84,
.2q.
.eq.
. 80,
.eq,
.eq,
.8q.
.eq,
.eq.
.20,
.eq.
.eq.
.8q.
.84,

30
30)
29)
28)
20
26}
23)
24)
23)
22)
2D
20
19)
18)
7
16)
19
{4)
13)
12)
tn
10)
09)
08)
on
06)
05)
04)
03)
02)

fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge
fudge

if(ifix(rate) .eq. 01) fudge

ptl = intd(rate/acl)
pt2 = int4(area2/rate)

vy = 0,
vy = 0,
vel = 0.0

1] u

0
0

call aoton

de 2, i=!, att

vel = vel + acl

VX = vel¥costheta
vy = vel¥sinthata
call varttvy, vy, 0

cantinue

do 3, 1=1, ptZ

vel = rate

Page {7

11-29-8¢

20:08:03
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= 43,0
= 42,5
= 42,0
= 43.¢
= 43,5
= 42,0
= 44,0
= 41,5
= 41.5
= 40.0
= 42,3
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{622 vi = vel¥costheta
1 623 vy = velXsintheta
b 624 - call wait(vx, vy, 0
{629 3 continue
62 aread = sgri{real ((xfinal-int4(rx))¥12+(yfinal-intd(ry)1132)) +
627 brate/2.0 - fudge
628
629 decel = 0.5 ¥ rate ¥ rate / areal
630 pts = intd{rate/decel)
831 do 4, 1 =1, pt3
1 632 vel = vel - decel
1 33 vx = vel¥costheta
1 634 vy = vel¥sintheta
1 &35 call waitlvy, vy, 0)
{536 4 continue
637 goto 3
638
639 3 confinue
640 vy = 0.0
641 vy = 0.0
642 rsx = real(xfinal)
643 ry = real(yfinal)
844 call tweak
43 call notoff
646 return
647 end
Name  Type Offset P Class
ABS INTRINSIC
ACL  REAL 904
AREA! REAL 940
AREA2 REAL 948
AREAI REAL 944
ATAN2 INTRINSIC
s INTRINSIC
COSTHE REAL 932
DECEL REAL 908
DELTA REAL 524
DELTAX REAL 316
DELTAY REAL 920
FUDGE REAL 952
i INTEGER®4 37%
IFiX INTRINSIC
INT4 INTRINSIC
PI REAL 912
T INTEGERT4 356
P1z INTESERY4 364

P13 INTERERYS 788
PY INTEGERY4 ¢ /POS v
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PY INTEGERY4 8 /POS /

RATE  REAL 81

REAL INTRINSIC .

RX REAL 4 /POS /

RY REAL 12 /p08 /

SIN INTRINSIC

SINTHE REAL 336

SORT INTRINSIC

THETA REAL 328

VEL  REAL 372

VX REAL 964

VY REAL 968

XFINAL INTEGER¥4 0%

YFINAL INTEGER¥4 i1

648

649 $subtitle:"MODULE: SUBROUTINE CIRCULAR'
630 $page
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631
632
633
634
653
636
657
£38
639
660
£61
662
1%
664
£65
666
667
668
£R9
670
67!
£72
673
674
675
676
677
678
679
£80
681
682
683
684
£835
£86
887
688
£83
630
891
892
533
£34
835
59¢
597
£38
£39
700
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FI2822502000008008390008800¢38440020020003030034333334800600842200000041
b 4
% SUBROUTINE CIRCULAR ¥
b by
be This subroutine performs circular interpolatian of the b4
¥ toolbit, bt
] b
¥ RECEIVED VARIABLES: b4
b X
t pt2i, pt2j - represent the X and Y coordinates which b
b specify the desired coordinates of the %
b arc endpoint. b
b %
1 i, j - represent the absolute values of the gffset b
H values of the arc centrepoint from the toolbit's %
1 present position. b4
4 %
b rate - specifies the desired feedrate along the contour. i
b b
b code - represents the 6 code (802 or 603) which b
b specifies whether the direction of motion is 3
b clockvise or counterclockvise. b
b b4
b4 ¥
¥ LOCAL VARIABLES: b
4 b
b vel - present feedrate. b
b b
3 vx, vy - component velocities of vel. These velocities b ¢
b change in a sinusoidal manner as the toolbit b4
1 travels around the desired arc. b¢
b b4
t radil - distance from the arc centrepoint to the present 1
b4 toolbit position. b4
b b
b radi2 - distance frow the arc centrpoint to the toolbit's &
4 desired final position. (radi! should equal radi2) %
b b4
b thetamod - specifies the angle of the feedvector with respect ¥
b to the angle of the position vector, thetastart, £
H b
¥ thetastart - this angle specifies the angle of the pasition b
H vector at the start of each sample pericd, b
4 X
b4 thetab - this angle specifies the initial angle of the X
b4 circular arc segment. b
X %
b4 thetaf - cpecifies the final angle of the circular arc X
X segment. b
1 t
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701 % k - local counter. b

702 % b

703 +  top, bottom -~ numerator and denominator for ARCTAN calculations. t

704 % b

JUINRRE$200938383038 3040580008 002000008388¢00909$8¢8030006640600¢000030000044

706 subroutine circular(pt2i, pt2j, 1, j, rate, code)

707 integertd ptli, ptlj, pt2i, pt2j, ptii, ptdj, 1, j

708 real rate

709 integer¥2 code

710

711 Integerd px, py

712 real rx, ry

713 common /pos/ px, rx, py, ry

714 real vx, vy

715

716 real radil, radi2, thetastart, thetamod, pi

717 real acl, decel, vel

718 real areal, area2, area3, delta

19 integer3d ptl, pt2, pt3, k

720 real thetab, thetaf, fudge

721 real top, botton

122 ¢

723 ¢ Establish the initial parameters:

724

723 pi = real(3.1415926535)

726 acl = 2,00

727 decel = 1.00

728 ptii = intd{rx)

729 ptlj = intd(ry)

730 ptai = ptli + i

731 pt3j =ptlj + ]

732

733 ¢ radil and radi2 should be equal if the I and J of the part program are
734 ¢ 0K,

733

736 radil = sgrt(real (pt1i-pt3i)Xe2+real (ptij-ptI L)

737 radi2 = sqri(real(ptZi-ptdi)Xx2+real (ptZj-pt31x2)

738

733 1f(abs(radil - radi2) .ge. 3) then

740 ptai = ptli - i

741 radil = sqri(real (ptli-pt3i)¥x2+real (ptlj-pt3jI¥s}
7412 radi2 = sqri(real {(pt2i-pt3i)3¥2¢real (pt2j-pt3j)1i)
743 iftabsi{radil - radi2) .ge. 3) then

744 pt2j = ptlj - j

745 radil = sgri(real (ptii-pt3i)X¥2+real (ptlj-pt3 syl
745 radi? = sqri(real (pt2i-pt3i)Xt2¢real (pt2j-pt3jrigls
747 1flabs(radi! - radi2) .ge. 5) then

743 pE3L = ptii + i

74% radil = sgrifreal (ptii-ptlid¥¥2+real (ptl)-pt3;ifs2)

73t radiZ = sqrt(real (pt2i-pt3i)¥32¢real (ptZ)-pt3; iy
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731
752
753
75
7335
736
757
738
739
760
761
762
763
764
763
766
767
768
769
770
m
172
m
174
778
776
7
778
779
780
781
782
783
784
783
786

787 €

788
789
790
731
792
733
734
793
736
797
738
793
300
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iflabs{radil - radi2) .ge. 9) then
call video(1,10,10)
write (%,7(1x,a\}") 'Invalid ! and J parameters '
gotu |
endif
endif
endi f
endif

1f (code .eq. 2) then
thetamod = -pi/2
else
thetamod = +pi/2
endif

top = abs(real{pt2j - pt3;j))
bottom = abs(real (pt2i - pt3i))

if (bottom .le. 0.001) then
thetaf = pi/2
else
thetaf = atan{top/bottom)
endif

top = abs(real (pt1j - pt3j))
bottom = abs(real(ptli - pt3i))

if (bottom .le. 0.001) then
thetab = pi/2
else
thetab = atanttop/bottom)
endi f

delta = abs((thetaf-thetah) £ radil)
call video(1,10,10)

0.5 ¥ rate ¥ rate / acl
0.5 trate f rate / decel
delta - areal - areal

areal
aread
area2

if {ifixfareaZ/rate) .le. 1) then
rate = rate 1 0.9
goto &

endif

tf(ifix{rate) .eq. 40} fudge
Uflifix{rate? ,eq. 39} fudge
tftifiviratel .eq. 3B) fudge =
iftifixtrater Leq. 370 fudge

ars

Pflifixirate) .eq. 36! fudge

" u
g3
own

SR
oo

1
4
£

o

4

oo
£ E
oGl g
o

o
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801 1f(ifix(rate) .eq. 25) fudge = 43.66
802 1f(ifix(rate) .eq. 34) fudge = 44,14
803 if(ifix(rate) .eq. 33) fudge = 44.22
804 1f(ifix{rate) .eq, 32) fudge = 44,38
803 1f{ifix(rate) .eq. 31) fudge = 43.84
g0 tiifix(rate) .eq. 30) fudge = 45.0¢
807 1ftifix(rate) .eq. 29) fudge = 43,09
80a if(ifix(rate) .eq. 28) fudge = 44.24
809 if{ifix{rate) .eq. 27) fudge = 42,92
g10 iflifix(rate) .eq. 26) fudge = 43,73
811 1f(ifix(rate) .eq. 23) fudge = 42,51
812 1fifix(rate) .eq. 24) fudge = 43.33
813 if(ifix{rate) .eq. 23) fudge = 41.62
814 if(ifix(rate) .eq. 22) fudge = 41.99
813 if(ifix(rate) ,eq. 21) fudge = 41,24
316 1flifix(rate) .eq. 20} fudge = 40,87
817 if(ifix(rate) .eq. 19) fudge = 38.13
818 if(ifix(rate) ,eq. 18) fudge = 38,98
819 if(ifix(rate) .eq. 17) fudge = 37.58
820 if(ifix(rate) .eq. 16) fudge = 35.82
B21 iftifix(rate) .eq. 13) fudge = 33.87
822 iftifix(rate) .eq. 14) fudge = 33.50
823 if(ifix(rate) .eq. 13) fudge = 31.23
824 if(ifix(rate) .eq. 12) fudge = 29,32
823 iftifix(rate) .eq. 11) fudge = 26.47
826 if(ifix(rate) .eq. 10) fudge = 23.80
827 if(ifix(rate) .eq. 09) fudge = 22,21
g28 if(ifix(rate) ,eq. 08) fudge = 18,36
829 iftifix(rate) .eq. 07) fudge = 16.52
830 if(ifix(rate) .eq. 06) fudge = 12.69
83! if(ifix(rate) ,eq. 05) fudge = 10.52
832 if(ifix(rate) ,eq. 04) fudge = 07,12
833 if(ifix(rate) .eq. 03) fudge = 05.22
834 if(ifix(rate) .eq. 02) fudge = 01.91
835 if(ifix(rate) .eq. 01) fudge = 01.09
836
837
838
839 ptl = intd{rate/acl)
840 pt2 = intd(area2/rate)
B41
842 ¢
843 c-emmmm e Bttt
844
845
846 vy = 0,0
847 vy = 0.0
g48 vel = 0,0
843 call moton
830
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851 do 2, k = 1, pt!
1 832 top = real(ry - pt3p)
t 883 bottor = real(rx - pt3i)
I 834
I B3 thetastart = atan2(top,botion)
{836
Y ry = real (pt2i) + cos(thetastart)radit
{838 ry = real(pt3j) + sin(thetastartifradil
1 839
i8R0 vel = vel + acl
1 86l vx = vel ¥ castthetastart + thetamod)
1 Bk2 vy = vel X sin(thetastart + thetamod)
I 863
1 864 call waitlvx, vy, 0J
{3632 continue
866
867 do 3, k = 1, pt2
! 8e8 top = real(ry - pt3j))
1 889 hottom = real(rx - pt3i)
1 870
1 8N thetastart = atan2(top,bottom)
1 an ‘
t 873 rx = real{pt3i) + cos(thetastart)dradil
{ 874 ry = real(pt3j) + sin(thetastart)tradil
1 875
{ 876 vel = rate
1 877 vx = vel ¥ cos(thetastart + thetamod)
1 878 vy = vel ¥ sin(thetastart + thetamod)
1 879
1 880 call vait(vx, vy, 0)
1 8813 continue
882
883
884 top = abs(real(ry - pt3j))
883 bottom = abs(real(rx - pt3i))
886
887 if (bottom .le. 0.001) then
383 | thetab = pi/2
889 else
830 thetab = atan(top/botton)
891 endif
892
493 aread = abs({thetaf-thetab} ¥ radil} + rafe/2.0 - fudge
834 ¢ Have calculated the new areal.
395 decel = 0.3%ratefrate/areal
996 ptd = intd(rate/decel}
897
898 do 4, k=1, pt3
L top = realiry - pi3j)

1306 bottow = realtry - pidll
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901
I 902 thetastart = atan2(top,botton)
F LA rx = real (pt31) + cos(thetastartifradit
1 304 ry = real (pt3j) + sin{thetastart)iradil
I308
1906 vel = vel - decel
I 307 v = vel ¥ cos{thetastart + thetamod)
1 908 vy = veél ¥ sin(thetastart + thetawod)
L1309
1 310 call watt(vy, vy, 0
191l 4 continue
912
913 vs = 0.0
914 vy = 0,0
313 ry = real(pt2i)
516 ry = real (pt2j)
17 call tweak
918 call motoff
919 1 return "
920 end
Nage  Type Offset P Class
ABS INTRINSIC
ACL  REAL 1000
AREA1 REAL 1056
AREAZ REAL 1064
AREA3 REAL 1060
ATAN INTRINSIC
ATAN2 INTRINSIC
BOTTOM REAL 1040
CODE  INTEGER®2 20 %
cos INTRINSIC
DECEL REAL 1004
DELTA REAL 1032
FUDSE REAL 1068
[ INTEGERYS g1
IFIX INTRINSIC
INT4 INTRINSIC
] INTEGER*4 12 ¢
K INTEGERYY 1092
Pl REAL 396

FT1 INTEGERY4 1072
FTIT  INTEGER4 1008
FT1J  INTEGER%4 1012
PT2  INTEGER¥4 1976

PTZ1  INTEGERY4 01
PT2]  INTEGERK4 LR
P13 INTEGERT4 1108

PT3I  INTEGER%4 1016
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PT3]  INTEGER%4
PY INTEGER1Y4
Py INTEGER%4
RADI! REAL
RADI2 REAL

RATE  REAL

REAL

RX REAL

RY REAL

SIN

SORT

THETAB REAL
THETAF REAL
THETAM REAL
THETAS REAL

T0P  REAL

VEL  REAL

VX REAL

VY REAL
921

1020
0

8
1024
1028
16

4
12

1048
1044
1032
1100
1036
1088
1080
1084

922 $subtitle:'MODULE:
923 $page

¥

Pos
/pes  /

INTRINSIC
/FRE /
/P05 /
INTRINSIC
INTRINSIC

SUBROUTINE WAIT!

Page ZG
11-29-86
20:08:03
Microsoft FORTRANTT V3,30 March 1989
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EPLIR 208830 33¢04383002038080083800304380000¢3000000¢88¢004004008000000085¢41
925 ¢ 1
926 + Subroutine WAIT acts as the high level scftware interface between %
927 % the interface hardvare (DAC and ENCODER counter) and the FORTRAN %
328  interpclation subroutines, b4
323 % i
330 x The loop is normally in mode 0 which is the velocity loop., Mode | X
331 ¥ restablishes the loop as a position loop whereby the loop becomes t
932 t critically damped for position changes. This mode is used by the I
333 t subroutine TWEAK to ensure that the position of the toolbit is ¥
934 ¥ within 0,0005 inches of the desired segment endpoint. X
935 % %
936 ¥ NOTES: %
937 ¢ The seemingly infinite loop driven by variable testflag 4
938 will not cause the progras to "hang’. Testflag is an ¥
339 ¢ interrupt driven variable which provides the timing for b
940 % the control loop. b
941 % b
942 ¥ COMMON BLOCKS ACCESSIBLE: b
943 3 lpos/ X
944 ¢ /dyn/ b '
945 % /asseab/ b
946 % 3
947 ¢ b
948 ¢ LOCAL VARIABLES: b
945 pode - determines if loop is set as a velocity %
930 ¥ or a position loop. %
951 ¢ b
952 % vx - requested velocity in X direction (BLUs/int).X
ENKIR S b
954 ¢ vy - requested velocity in Y direction (BLUs/int).%
935 # b4
956 % erx - actual X axis position error (BLUs). b
957 # ¥
358 % ery - actual Y axis position error (BLUs), b
339 ¢ b4
960 2 gx - X axis coupensated error. ¥
361 ¥ b
962 ¢ gy - Y axis coepensated error. 1
963 % ¥
EI TR 8838250008 80808388800038830890004080850408080804005¢800008088084880891
963 subroutine waitivy, vy, mode)
966
367 integer¥d px, py
368 real rx, ry
969 coMRON /pos/ px, rx, py, ry
370
971 integerxZ intflag, fiagl, flagi, ers2, erri, countd, countl
EN conean /asseab/ intflag, fiagl, flagl, errl, ervi, countd, count!
37
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974 real ex!, gxl, exZ, gqx2; ex3, qx3
975 real eyl, qyl, ey2, qyl, ey3, qy3
976 integer¥2 ke
377 cosmon /dyn/ ke, exl, gxl, exZ, qx2, ex3, qxJ,
378 Yeyl, qyl, eyZ, qyZ, eyd, gy3
979
980
981 integer¥? wmode
182 real vx, vy, erx, ery, gx, gqy
383
984 if (intflag .ne. O) then
383 goto 3
986 endi f
987
988 ¢ Assuwing an overrun hasn't occurred, vait for interrupt.
389
390 call showon
991 4 if (intflag .eq. 0} then
992 goto 1
993 endif
994 if (intflag .eq, 2) then '
995 ¢ A key has been pressed.
996 call motoff
997 ¢ call EMERGENCY STOP  [FUTURE SUBROUTINEI
998 return
999 endi f
1000
1001 § intflag = 0
1002
1003 ¢ Interrupt made - send out the new velocity reference.
1004 call shovoff
1003
1006
1007 1f (flagd .ne. 0) then - -
1008 px = px + intd(flag0)
1009 px = nint(px/real{ke))tke
1010 endif
1011
1012 px = px + int4(count0)-int4(flagl)
1012 rX T TY O+ v
1014
1013 if (flagl .ne. 0) then
1016 py = py + intd{flagl?
1017 py = nint{py/real{ke))Xke
1018 endif
1019
1020 ay = pv + intdlcount i) -intd{flagl)
1021 YY T ory oty

0

22
1022 flagd = 2
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1024
1025
1026
1027
1028
1023
1030
1031
1032

1033 ¢

1034
1033
1036
1637
1038
1033
1040
1041
1042
1043
1044
10435
1046
1047
1048
1049
10350
105t
1032
1033
1054
1035
1056
1057
1038
1059
1060
1061
1062
1063
1064
1063
1066
1067
1068
1069
1070

!

[
C

¢

-

1070«

107z

1073

SUBROUTINE WAIT 11-23-86
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flagt = 0

erx = rx - real{py)
ery = ry - real(py)

If the mode flag = 0, the loop is set as a velocity loop.
[f the mode flag = 1, then the loop is set as a pusition
centrol loop.

The following code represents a Direct Digital Realization of
a pole-zero transformed lead-lag filter.

if (mode .eq. 0) then

qe = 41333 %ery - (677849 ex] + ,273439%ex2 + 1.035419
& ¥gxl - ,094420%qx2

ex2=ex]

exl=erx

qx2=gx!

gxf = gx

qy = .413351%ery - .677B49%eyl + .273499%ey2 + 1,085419
& fqyl - .0944202qy2
ey2=eyl
eyl=ery
qy2=gyl
ayl = gy
else
gx = erx-0.990%ex3+qx3
ex3 = erx
gx3 = gx

gy = ery-0.990%ey3+qy3
ey3 = ery
qy3 = qy

endi f

1f {mode ,eq, 0) then
qx = gx ¥ 5,081
qy = gy ¥ 3.08!

else

gx ¥ 0.2174

gy 1 0.2{74

gx
qy
endif

err0=int2(qx)
errizintigy!

*.3% 1imit the ervor to within the capability of the DAL,

ifCerrd .gt. 277 then
err0 = 127
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1074 elseiflerr0 .1t. -127) then
1075 err) = -127
1076 endi f
1077
1078 1flerrt .gt. 127) then
1079 errl = 127
1080 elseiflerr! .1t. -127) then
1081 errl = -127
1082 endi f
1083 return
1084 end
Name  Type Offset P Class
COUNTO INTEGER¥2 10 /AGSEMB/
COUNT! INTEGER:2 12 /ASSEMB/
ERRO  INTEGER¥2 &  /AGSEMB/
ERR!  INTEGER®2 8  /ASSEMB/
ERY  REAL 116
ERY  REAL 1120
EX1 REAL 2 /DN /
EX2 " REAL 10 /YN /
EX3  REAL 18 /DN /
EYt REAL 26 /DYN )
EY2  REAL 34 /DN
EY3  REAL 42 /YN
FLAG0 INTEGER%2 2 /ASSEMB/
FLAGL INTEGER32 4 /ASSEMB/
INT2 - INTRINSIC
INT4 INTRINSIC
INTFLA INTEGER%2 0 /ASSEMB/
KE INTEGERX2 0 /DYN /
MODE  INTEGER%2 B3
NINT INTRINSIC
PX INTEGER$4 0 /POS /
PY INTEGER3Y 8 /POS /
ax FEAL 1124
an KEAL & /DYN 7
8X2  REAL 14 /DN
BX3  REAL 22 /0N /
py REAL 1128
av! REAL 30 /DN /
QY2 REAL K1 1) L
aY3  REAL 46 /DN /
REAL INTRINSIC
7l REAL 4 /POS /
=Y REAL 12 /P08
L REAL T i
vy REAL 4%
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1086 ‘
1087

1088 $subtitle:’MODULE: SUBROUTINE VIDED'
1087 $page
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IR $$£00903002000830$033083038¢90308000940090000089080044030¢0080¢83¢880¢91
1091 % X
1092 ¥ Subroutine VIDED performs rudimentary video functions for the b
1033 ¢ CNCMILL progras. The available functions will clear the screen X
1034 x or position the cursor, b4
1095 ¢ b4
1096 % b4
1097 + NOTES: b4
1098 ¥ This subroutine makes use of D0OS's ANSI terminal emulation S
1093 £ video driver. This driver, ANSI.SYS, is a DOS file which t
1100 ¥ aust be loaded on the root boot directory of the system %
1ol x In addition, the driver sust be declared in the CONFIG,SYS H
1102 X parameter file, also found in the root boot directory, X
1103 1 b
1104 ¥ COMMON BLOCKS ACCESSIBLE: 4
1105 % NIL b4
1106 ¢ b
1107 + LOCAL VARIABLES: %
1108 % flag - determines if screen should be cleared, b
1109 ¢ 3 0 clears the screen, ¥
1110 % b '
SRR ¢ rov - deternines the screen row to be positioned %
1112 % to (1 - 24). ¥
1113 ¢ b4
1114 x column - determines the screen column to be b
113 ¢ positioned to (1 - 80), b
116 ¢ b
JRRPRD22222002868008000080800000800600008882880800000838000003¢000000000080000041
1118
1119 subroutine video(flag, row, column)
1120 integer32 flag, row, column
1121 1f(flag .eq. 0) then
1122 vrite(%,'(1x,a,a\}") char(27}, '(2]!
1123 endi f
1124 if(rov .1t. 10 .and. column .1t. 10) then
1123 write(¥,'(1x,a,3,i1,3,i1,a\}"} char(27},
126 ] Yo, Ty column, TR
127 elseif(row .ge. 10 .and. column .1t. 100 then
1128 write(y,"(lx,a,a,12,3,i1,a\)") char{Z7),
1124 Y 'Ot raw, 'yt coluan, THY
1130 elseif(row .1t 10 .and, coluan .ge. 1Q) then
1131 write(x,’(ix,a,a,i1,4,12,a\1") char (27},
13z % "[Tyrov, ! column, TR
1133 elseif(rov .ge. 10 .and. column .ge. 10} then
1134 yrite(¥,'ix,a,a,12,a,i2,a\)') char(Z7},
1135 % Trowy 'y column, Y
1136 endif
1137 return
1138 éng
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Name  Type Offset P Class

CHAR INTRINSIE

COLUMN INTEGER%2 8%

FLAG  INTEGERX2 01

ROW INTEGERY2 4%

1139 $subtitle:’MODULE: SUBROUTINE FILEREAD!
1140 $page
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IBEIIR¢e88205330006308805800008830999033008383959030288603000020000000008d¢¢1
1142 % ¥
1143 * Subroutine FILEREAD loads in a part program for use by the X
{144 ¥ DECODE subroutine, k1
1145 % b
1146 ¥ NOTES: b
1147 3 Due to FORTRAN's limited character string manipulation capability £
1148 T this subroutine makes use of core-to-core /0 fechniques to b4
1149 * reduce the loaded ASCII character strings to numerical arrays. X
1130 % X
1151 ¥ This subroutine requires that every word of a block line nust %
1152 t appear in a specific forkat. X
1153 ¢ H
1134 1 b
1135 + COMMON BLOCKS ACCESSIBLE: b
1156 % /pprog/ ¥
1137 % H
1138 ¢ LOCAL VARIABLES: X
1139 ¢ chrpos - character position within the 80 b
1160 % element BLOCK character string. t
{161 2 b
1162 % filenane - desired ASCII part program file, %
1163 % b
1164 ¢ block - this buffer holds a single line (block) %
1163 * of the part program. b
1166 ¥ 1
1167 % buffl - core-to-core 1/0 temporary buffer, b
1168 1 b
JPILIR222¢340882400884400208000000800000084880000208088404080080000000¢80000001
1170 subroutine fileread
Hn
1172 integert2 thnum, n(230), g(250), i(250), j(250), k(250), f(250),
173 ks(230), £(250), »(230)
1174 integer¥d x(230), y(250), z(250)
1173 common /pprog/ tbnum, n, g, x, y, z, i, j, k, f, 5, t,
1176
1177 integer¥2 chrpos
1178 character fnamef20, block%80, buffixtd
1173
1180 call video(4,20,1)
1181 write (%, (1x,a\}') '(ENTER] the filename; '
1182 read (¥,70a\)') fname
1183
1184 spen i1, file = fname, status = 'old', access = 'seguential’,
1183 bforw = ' formatted’)
1186
1187 thaum = |
1188
IR conbinge
1130
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1191 read (I, '(aB0)', end=10, err=11) block

1192

1193 do 2, chrpes = 1, 78
bo1134
{1195 1f (block(chrpos:chrpas! .eq. 'N') then
11136 write (buffl,'(ad)") block(chrpostlichrpos+d)
1 1197 read (buffl,’(bn,i3)") n(tbnum)
U113 elseif (block(chrposichrpos) .eq. 'A') then
11199 write (buffl,’(a2)") block{chrpos+lichrpos+d)
[ 1200 read (buffl,”{bn,i2)") g(tbnus)
1 1201 elseif (block(chrposichrpos) .eq. 'X') then
vz yrite (buffl,’(ab)") block(chrposti:ichrpos+6)
11203 read (buffl,?(bn,18)") x(tbnum)
11204 elseif (black(chrposichrpos) .eq. 'Y') then
11205 write (buffl,’"(aE}") block(chrpostl:chrposte)
b1206 read (buffl,'(bn,i6)') y(tbnum)
11207 elseif (block(chrposichrpos) .eq. 'I7) then
{1208 write (buffl,’(a6)') block(chrpostl:chrposts)
1 1209 read (buffl,’(bn,i6)') z(tbnum)
t 1210 elseif (block(chrposichrpos) .eq. 'I') then
1 1211 vrite (buffl,’(ab)') block(chrpostl:chrpos+h)
11212 read (buffl,?(bn,i6)") i(thnun)
1 1213 elseif (block(chrposichrpos) .eq. 'J') then
11214 vrite (buffl,’(a6)’) block(chrpostlichrpostb)
1215 read (buffl,’(bn,ib)") j(tbnum)
I 1216 elseif (block(chrposichrpos) .eq. 'K') then
112 write (buffl,’(ak)') block{(chrpos+lschrpos+s)
1 1218 read (buffl,?(bn,i6)') k(tbnum)
1 1219 elseif (block{chrposichrpos) .eq. 'F') then
bo1220 vrite (buffl,’(ad)') block{chrpostiichrpos+d)
11221 read (buffl,?(bn,i4)') f(tbnum)
1 1222 elseif (block(chrpos:chrpos) .eq. 'S') then
1 1223 write (buffl,’(a2)") block(chrpos+i:chrpos+d)
11224 read (buffl,’(bn,13)') s(tbnum)
1 1223 elseif (block(chrposichrpos) .eq. 'T') then
{1226 write (buffl,’(a2)") block(chrpostlichrpos+2)
o read (buffl,’(bn,i2)") t{tbnum)
11228 elseif (block(chrposichrpos) .eq. "M'} then
11229 write (buffl,’(a2)?) block(chrpos+lschrpostZ)
11230 read (buffl,'(bn,i2)") a(tbnum)
1231 endif
Y1232 2 continue

1234 thnua = thnus + |

1233 n{tbnum) = n{tbnup-1)

{236 gi{thnue) = g(thnum-1)

123 y(tbnua} = x(tbnua-1)

(3 Jitbnum) = y(tbnum-1i

1234 1ithnum) = z(tbnum-!)

1240 ithnuel = 1lthnum-:
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1241 j{tbnuw) = j(tbnum-1)

1242 k(tbnum) = k(tbnun-{}

1243 f(tbnum) = f(tbnum-1)

1244 s{tbnum) = s(tbnum-1)

1245 t(tbnum) = tithnum-1)

1246 a(tbnum) = a(tbnua-t)

1247 goto 1

1243

1249 10 continue

1250 tbnum = tbnum - |

1251 tlose (1, status="keep')

1232 write 4, " (Ix,a)?) "File successfully read !

1253

1254 return

{2535

1256 11 stop 'File reading error in unit FILEREAD'

1257 end
Name  Type Of fset P Class
BLOCK CHARX80 1152 '
BUFF1 CHAR%10 1234

CHRPOS INTEGER$2 1232
F INTEGER$2 3502 /PPROG /

FNAME CHAR¥20 1132

& INTEGER®2 302  /PPRDG /
I INTEGERY2 4002  /PPROG /
J INTEGERS2 4502  /PPROG /
K INTEGERS2 3002  /PPROG /
M INTEGER%2 7002  /PPROG /
N INTEGERS2 2 /PPROG /
§ INTEGER%2 8002  /PPROG /
li INTEGERY2 6302  /PPROS /
TBNUM  INTEGER%2 0 /PPROG /
X INTEGER*4 1002 /PPROG /
Y INTERER®4 2002 /PPROG /
{ INTEGERX4 3002 /PPROG /

1253

1259

1260

1261 $subtitler"MODULE: SUBROUTINE TWEAL!
1262 $page
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V(KR 333320990 009002000008000300¢302880800008¢080030004008008¢¢9708344¢4
1264 ¥ X
1265 ¥ Subroutine TWEAK ensures that the error between the actual X
1266 ¥ and reference positians at the end of a move are within a H
1267 ¥ specified tolerance, b
1268 b
1269 t NOTES: X
1270 ¥ This subroutine makes use of the WAIT subroutine in mode 1. X
1271 ¥ Mode ! adds an extra integrator to the control loop to ensure ¥
1272 % a theoretical zero steady state step position error. ¥
1273 % b4
1274 ¥ COMMON BLOCKS ACCESSIBLE: b
1275 % /poas/ b
1276 % b4
1277 % LOCAL VARIABLES: b
1278 ¢ okent - number of consecutive interrupt b4
1279 £ periods within the specified tolerance. *
1280 ¥ b4
1281 spectol - specified tolerance in BlLUs. b
1282 ¢ b
1283 ¢ specper - specified period in interrupt periods 2
1284 ¢ that the system must hold the axes b
1285 ¢ vithin the spectol to ensure that the &
1286 axes have stopped precisely. b
1287 % b
IVELIR 20038053800 0000080000000000000058000080000000080085080008800083883 8¢
1289 subroutine fweak
1290 integer¥d px, py
1291 real rx, ry
1292 cosmon /pos/ px, rx, py, ry
1293 integers2 okcnt, spectol, specper
1294
1293 spectol = §
1296 specper = 2
1297 okcnt = 0
1298
1239 62 1if ((abs(px-intd{rx)}) .gt. spectoli.ar.labsi{py-int4(ry)) .gt.
130¢ Espectoll) then
1301 okent = 0
1302 endif
1303
1304 call wait(0.0, 0.0, D)
1303 okint = okant+l
1306 if {okent .le. specper) then
1367 goto 62
1308 endi f
1309 return

LRAR N
L

end
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Name  Type Offset P Class

ABS INTRINSIC

INT4 INTRINSIC

OKCNT  INTEGERX2 1272

PX INTEGER%4 0 /POS /

FY INTEGER®4 g8 /p0S /

RX REAL 4 /pOS /

rY REAL A A S I

SPECPE INTEGER%2 £270
SPECTO INTEGERYZ 1259

Nawe  Type Size C(lass
ASSENB 14 COMMON
CIRCUL SUBROUTINE
CLsue SUBROUTINE
CNCMIL PROGRAM
DECODE SUBROUTINE
DYN 30  COMMON
FILERE SUBROUTINE
GETKY SUBROUTINE
LINEAR SUBROUTINE
HOTOFF SUBROUTINE
MOTON SUBROUTINE
POS 16 COMMON
PPROG 7502  CONMON
SETUP SUBROUTINE
SHOWOF SUBRGUTINE
SHOWON SUBRDUTINE
THEAK SUBROUTINE
VIDED SUBROUTINE
RALT SUBROUTINE

Fass One No Errors Detected
1310 Saurce Lines
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830000000000 0000000030¢0000¢00¢000000000080000050000000¢00¢00401

PROGEAM:  BASES
AUTHOR:  C. 4. Gadsby

These asseably language subroutines are used
by the FORTRAN mainline progras called M6,

A description of the routines follows on the
next few pages,

b
b4
b4
H
b4
S
b4
b4
b
b4
b4
b4
X
b4
H

2825030087 00050850803088000820308088308008808009000000080030891

€ P Pt Pt Pt P D¢ e PE P P B P Pt P P e
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This code is the second generation code used
to drive the TECNAR BASE BOARD and the
custom encoder interface.

This code must perform several functions:

SETUP:

1) The interrupt servicing routins aust be installed,
the systes clock must be reprogrammed to interrupt
at the desired frequency and the TECNAR BASE BOARD
aust be initialized, [At a future date, these
initialization tasks will also include the clearing
of all the registers and the clearing of a failsafe
aechanise. ]

CLSUP:
2) Provide closing services, ie. after the program has
run, 3 subroutine must restore the operating systea
DOS to its original state. In this instance the
systes clock must be reprogrammed to its original '
speed and the original BIDS interrupt vector must
be reinstalled.

The interrupt service routine ISRO is the heart of the
servo system. It must provide the lov level servicing
of the velocity reference for the servo systes. The
system consists of two distinct sections, the velocity
reference section and the encoder feedback section.

1) The velocity reference section must provide an analog
output to the velocity reference of the servoe. The error
nuaber, passed down from the FORTRAN interpolation routine
is converted to an analog signal by an B bit A-D converter.
This 8 bit A-D converter is addressed through the TECMAR /0
board.

11) The encoder count must be transferred back to the FORTRAN
sainline so that the position counter can be updated. This
transfer is fairly sophisticated in that a transparent latch
sust be triggered and the results read in via the BASEBOARD,

A special flag exists which indicates that the count to be read
is an INDEX count, An index count indicates that the shaft's
ABSOLUTE position should be an INTEGER multiple of the
encader’s number of counts per revolution.

The flow of the routine is as fallows:
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a)Turn the STROBE line on and off,
b)Read the counter in through port
¢)Check the FLAG line to see if it is an INDEX count.
Modify the FLAG returned to FORTRAN accordingly.
(The correction of the absolute position counter
vill be done at the FORTEAN level.]
d)Turn the CLEAR line on and off if FLAG vas set,
This code resets the index trapping circuitry.
2)Send out through port A the apprepriate DAC errer
signal.
j
= 0040 timer equ 40h 1IBM clock port.
!
= 0210 base equ 0210h jBase address of basebcard.
= bbctrl0 equ base
= 0211 bboc #gQu base + |
= 0212 bbOb equ base + 2
= 0213 bboa equ base + 3
= 0214 bbetrlt equ hase + 4
= 02135 bblc equ base + 3
= 0216 bbib equ base + 6§ :
= 0217 bbla equ base + 7
= 0218 bhetri2 equ base + 8
= 0219 bb2c equ base + 9
= 021A bb2b equ base + 10
= 021B bb2a equ base + 1]
= 021C bbctrl3 £qu base + 12
= 021D bb3c equ base + 13
= 021 bb3b equ base + 14
= 021F bb3a equ base + 15
iThe folloving vords, when sent to the control ports
jvill set or reset the appropriate output bits of port C.
jHence, bbcSh will set bit C5 high, and bbcSl will set
1bit C5 low,
= 0009 bbe4h #qu 000010015
= 0008 bbodl aqu 00001000b
= 0008 bbeSh equ 00001011b
= 000A bhe§l equ 00001010b
= 000D bhckh equ 00001101k
= 000C bbchl eQu 000011005
= (00F bbe7h &qu 0000111 1h
= Q00E bbeTi &qu 00001110b
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= 0083 irl3 equ 1000001 1b
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page
comment *
bP2300200830988050000880000008080000800088488301
¥ The data segment consists entirely of FORTRAN £
¥ data variable addresses. These addresses are &
¥ stored by the SETUP subroutine for use by the t
¥ other subroutines, notably ISRO. b
DO320208000098805000000008006208300830838¢800801

~

0000 data seguent public 'data’
even
0000 0000 int flag_addr dv 0
0002 0000 intflag_seg dw 0
0004 0000 flagd_addr  dv ©
0006 0000 flag0_seq dv 0
0008 0000 flagl_addr  dw 0
0004 0000 flag!_seg dv 0
000C 0000 dal_addr dv 0
000E 0000 dal_seg dw
0016 0000 dal_addr dw 0
0012 0000 dal_seg dv 0
0014 0000 count(_addr dv 0
0016 0000 count(_seg dv 0 '
0018 0000 countl_addr dvw 0
001A 0000 count] seg dv 0
001C data ends

dgroup group data
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0000

page

comment ™

code

public
public
public
public

f228202020£008882008¢50090000908388000¢9889088000942038888329991

¥The subroutine code is entirely contained in the following ¥
¥segment. The code consists of four subroutines: X
b 13 SETUP 1
4 2) CLSUP b
¢ 3) MOTON ¢
b 4) MOTOFF b
b 3) ISRO ¥
b4 6) ISRt %
b b4
YSETUP establishes the environment for the other subroutines,
ICLSUP terminates the environaent for the other subroutines, I
IMOTON ensures that ISRO is operating and connects the motor &
b amplifier speed reference terminals o the DAC wutputs.:
IMOTOFF installs ISR! and disconnects the motor amplifier X
b speed reference terainals fros the DAC and connects ¢
3 together the terminals. This stops the motor from %
b drifting in idle states. b4
$ISR0  Main interrupt procedure. This procedure outputs the §
3 error vords to the DACS via the TECMAR BASEBOARD and 1t
b reads the external counter and passes the value back ¥
? to FORTRAN to update the position accumulators. b4

feoseotsderioitotetettorsetesteeisttittitestittisosiesttrsitel

segaent 'code’

assume cs:code, ds:dgroup, ss:dgroup

setup 1Must declare subroutines public,
clsup

sotoff

poton
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comment

1330008005000 0800 3000000008030 0¢00000000000083808800891

¥ The SETUP subroutine is used to intall the interrupt %

¥ handling subroutines, and reprogram the timer which ¥

¥ interrupts the computer. b

00030050000 000080000030 0000000080080 8208000088084¢ 4

0000 setup  proc far
frame struc
0000 0000 savebp dv
0002 00 00 00 00 saveret dd
0006 00 00 00 00 count!i dd
0004 00 00 00 00 count( dd
000E 00 00 00 00 dal dd
0012 00 00 00 00 dad dd
0016 00 00 00 00 flagl  dd
001A 00 00 00 00 flagd  dd
001E 00 00 00 00 intflag dd
0022 frame ends
0000 33 push bp ;Save framepointer,
0001 §B EC mov bp, sp ;Get new framepointer,
0003 06 push es jSave extra - seq.
0004 C4 3E IE les bx, (bpl.intflag ;16et INTFLAG address.

0007 89 LE 0000 R
0008 8C 06 0002 R

;Save INTFLAG offset,
;Save INTFLAG segment.

aov intflag_addr, by
wov intflag_seg, es

;Get FLABO address,
;5ave FLAGO offset,
;Save FLAGO segment.

000F €4 3E 1A les bx, [bpl.{flag0
0012 B89 1E 0004 R wov flag0_addr, bx
0016 8C 06 0006 R aov flagl_seg, es

00t1A C4 5E 16

les bx, [bpl.flagl ;Get FLAG! address.

001D 89 tE 0008 R sov flagl_addr, bx ;Save FLAGL offset.
0021 BC 06 000A ® sov flagl_seg, es ;Save FLAGL segment.
0023 £4 3E 12 les bx, [bpl.dad 1Get DAD address,
0028 89 {E 000C R moyv Cal_addr, bx iSave DAO offsef.
0020 8C 06 O00E R aov dal_seg, &3 i5ave DAD segaent,
7030 C4 SE OF les bx, [bpl.dat ;6et DA1 address,
0033 89 1E 0010 R aov dal_addr, bx ;Save DAL offset,
0037 8C 06 0012 P mov dal_seg, es ;Save DAl segment.
0038 C4 3E 0A les by, [bpl.countl ;Get count0 address.
0438 89 IE 2014 R wov count0_addr, bx iSave countl offset,

2042 3C 06 001E R mav countd _segq, es

1Save count? segment,
f
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%
0046 C4 5E 06 les bx, [bpl.count! iGet count!l address.
0049 89 1E 0018 R acv count!_addr, by 1Save counti offsel
004D 8C 06 001A R mov count!_seg, #s iSave count! segment,
§ e oo
1 Set up the BASE BOARD for the work required:
]
; MODE 0, CONTROL WORD 3
H
; A is set for cutput flatched).
; B is set for input.
i C4 - C7 is set for output,
; C0 - €3 is set for inpul.
H
; A is DAC signai.
; B is ENCODER count.
H €5 is the strobe.
; C7 is the clear,
H £3 is the flag.
i
; Bit 7 =1 Node Setup.
; Bit 6 =0 Port A is mode O, '
H Bit 5=10 Port A is mode 0.
; Bit 4 =0 Port A is output.
; Bit3=10 C4 - C7 is output.
; Bit 2=20 Port B = mode 0.
; Bit 1 =1 Port B = input.
; Bit 0 =1 €0 - €3 = input.
0051 BA 0210 aov dx, bbctrl0 16et the setup port.
0054 B0 83 aov al, ctrl3 iGet the setup byte.
0056 EE out dx, al 1Send it out.
0057 BA 0218 aov dx, bbctrl2 ;6et the setup port.
0054 B0 83 aov al, ctrld ;Get the setup byte.
005C EE out dx, al ;Send it out.
i
0030 BA 0213 sov dx, bbCa 1Get the DAL port.
0080 RO 7F mov al, 127 1lero the DAC,
0062 EE out dx, al
n063 BA 02tB acy dx, bbZa et the DAC port,
0066 BO 7F aov al, 127 ;Zero the DAC.
0068 EE out dx, al
i
i The next few lines turn off the relay and ensure that the serves
i are disconnected from the systes.
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0069 BA 0219 xov dx, bbeivll

006C BO 08 gov al, bbodl
00BE EE out dx, al

006F BA 0218 aov dx, bbeirl2
0072 B0 08 aov al, bbcdl
0074 EE out dx, al

1-10
11-30-86

;Turn off bit C4.
;Turn off relay.

;Turn off bit C4.
jTurn off relay.

Set up the 82533-5 Timer to

Counter values:

Llock frequency to 8233 ¢
1/f =

interrupt at my frequency:

¢ = 1,193182 MHz.
7= 1.838095 nicroseconds,
Cntval = f/desired f.
0000h (FFFFh) = 18.2 Hz,

04A9h = 1000 Hz.
031Ah = 512 Hz,
1235h = 236 Hz. ‘
246Ah = 128 Hz,
2E9Bh = 100 Hz.
4803h = b4 Hz.

303Bh = 50 Hz.

0075 BO 36 sov al,00110]10b ;Timer 0, lsb,msb,mode 3 binary.
0077 £6 43 out timer+3, al

0079 B0 9B mov al,9Bh ;LSB,

0078 E6 40 out timer,al

007D 90 nop

007E 30 nop

007F 90 nop

0080 B0 2 aov al,Zth i M5B,

0082 E& 40 out fimer,zl

0084 B9 4£20 poy cx, 20000

0087 gwert:

0087 €2 FE loop quert iWait 70 msecx. for chip o accept,

i

At this point the clock is running at 100 Hz.
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H
iInstall the interrupt.

'

0083 Fh el

0084 ! push ds ;Save FORTRAN's ds.

0088 BA 0214 R mov dx, offset isrl  ;Get interrupt routine,

008E O push ¢s iPush a copy of the current ¢s.
008fF IF pop ds iPop it into ds.

0030 Be 1C mov al, ICh jWill amake it interrupt iCh,
0032 B4 25 aov ah, 23h 1Set up interrupt at dsicx,
0094 CD 2 int 2th ; DOSCALL.

0096 IF pop ds iRestore FORTRAN's ds.

0097 FB sti

1

i At this point the interrupt is installed, the timer is ticking at
i the selected frequency and the haseboard is ready to go.
}

0098 07 pop es

0039 350 pop bp '
0094 CA 0018 ret 24 sDusp six parms & back to FORTRAN.
009D setup endp
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1039

203D
009E
00A0

004l
00A2
00A3
(0AG
00A9
00AA
00AB
00AD
00AF
00B1
0082

0083
0083

0087
00B9

00BB
008C
008D

00BE
00C0

00C2
00c3

55
88 €
06

FA

13

BA FF33
BB F000
50

{F

BO 1€
B4 235
o 2t
IF

FB

Bo 36
E6 43

B0 00
£6 40

90

30

90

£E6 40
B9 4E20

E2 FE

page
comment ™

Page 1-12
11-30-86

0830008085¢4808089049000882¢500230080423080800830430404¢4
¥ The CLSUP subroufine is used tu restore the computer’s
¥ environzent to its original condition, This involves 1
¥ removing the interrupt handling subroutines and 3
X reprogramming the clock of the computer to its usual ¥
T 18,2 Hz. i
£0308200093820¢00023090390000080033¢9000480363800495203 44

clsup  proc far

push bp
aov bp, sp
push es

cli

push ds

sov dx, OFFS2h
mov ax, OFO00R
push ax

pop ds

sov al, I1Ch
aov ah, 25h
int 21h

pop ds

jSave framepointer.
1Get new framepointer.
;Save extra - seg.

;5ave FORTRAN's ds.

iRestore interrupt routine,
;Get segment.

;Put it on the stack.

;Pop it into ds.

;Will make it interrupt {Ch,
;Set up interrupt at ds:dx.
;DOSCALL,

;Restore FORTRAN's ds,

; Restore clock

to original interrupt frequency of 18.2 hz,

aov al,00110110b
out timer+3,al

nov al,0h
out timer,al

nop
nog
R
out timer,al

acv ¥, 20000

loop quertl

iTimer 0, lsb,msb,mode 3,binary.

;6et a zero.
;Send LSB.
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iThe next bit of code turns off and grounds together the servo inputs.

.
H

00C5 BA 0210 aov dx, bbctrld
00C8 B0 08 aov al, bbcdl sTurn on bit C4,
00CA EE out dx, al jTarn off relay.

!
00CB BA 0218 sov dx, bhetrlZ
COCE BO 48 wov al, bbedl iTurn an bit ¢,
00D0 EE ouf dx, al 1Turn off relay.

i

§ e
00Dt 07 pop es
0002 3D pop bp
0002 CB ret iBack to FORTRAN.

00D4 clsup endp
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page
conment “

[280333835009838080900008060000300043000303050085000809304¢
¥ Subroutine MOTON connects the speed reference terminals b4
¥ of the servo amplifiers to the DAC outputs of the interface
¥ board. The subroutine alsy installs the wain interrupt 4
¥ handler 5RO, b4

2280000000530000000003800080008380300302650800800088088080000¢¢

00D4 soton  proc far

0004 S push bp iSave framepointer,
0003 8B EC #ov bp, sp iGet new framepointer,
0007 06 push es ;Save extra - seg.

Q008 FA cli

2003 IE push ds ;Save FORTRAN's ds,

00DA BA 0118 R mov dx, offset isr0 ;Get interrupt routine,

000D OF push ¢s jPush a copy of the current «cs.
00DE 1F pop ds ;Pop it into ds,

00DF B0 IC aov al, ICh (Wil make it interrupt 1Ch,
00Et B4 25 aov ah, 25h ;Set up interrupt at ds:dx.
00E3 CD 21 int 21h ; DOSCALL,

00ES IF pop ds ;Restore FORTRAN's ds.

00EE FB sti

At this point the main interrupt, ISRO is installed.

t
iThe next bit of code turns on the servo inputs,

!

Q0E7 BA 0210 mov dx, bbctrl0
H0EA BO 09 sov al, bbcéh ;Turn on bit C4,
Q0ES EE aub dx, 2l iTurn an relay,
i
i
00ED BA 0218 nov dx, bbetrl?
00F) B0 03 sov al, bbcdh jTurn on bit C4,
00F2 EE out dx, al ;Turn on relay.
TS B
00F3 07 pop &S
00Fs 3D Anp CE
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00FS CB ret ;Back to FORTRAN,

00f6 aoton endp
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NOFG
00F7
00F 3

00FA
00FB
00FC
00FF
0100
0101
0103
0105
0107
0108

0193
01oc
010E

G10F
6112

0114

-2 -4
Ju

88 EC
06

FA

1€

BA 021A R
0E

IF

Bo iC

B4 25

b 21

IF

FB

BA 6200
B¢ 08
tE

BA 0218
By 08
EE

page

comment *
D336345843638388302088008800000380008¢3040808002806000000080¢00¢
¥ Subroutine MOTOFF disconmects the speed reference terminals &
X of the servo amplifiers to the DAL outputs of the interface ¥
¥ board, The subroutine also installs the dummy interrupt %
¥ handler ISRI. H
3080 280800000500080885000600068000058000680000008808000000444

~

aotoff  proc far

push bp ;Save framepointer,
aov bp, sp et nev framepoinfer,
push es ;Save extra - seg.
T AR RSN
; Install ISR1.
i
cli
push ds ;5ave FORTRAN's ds.
pov dx, offset isrl  ;Get interrupt routine, )
push ¢s ;Push a copy of the current cs,
pop ds ;Pop it into ds.
sov al, iCh s¥ill make it interrupt 1Ch,
pov ah, 25h ;Set up interrupt at ds:dx.
int 2th ; DOSCALL,
pop ds ;Restore FORTRAN's ds.
sti

At this point the saintenance interrupt, ISR is installed.

- we wa e

i
;The next bit of code turas off and grounds together the servo inputs.
i

sov dx, bbeirld &5
wyy al, bbcdl iTurn e St (4
out dx, al ;Turn off relay.
i
i -
mov dx, bbctrl2 de'
aov al, bbcdl sTurn gf-bit C4,
out dx, al ;Turn off relay,
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0t1s 67 pop es

0116 5D pop bp

0117 CB ret iBack to FORTRAN.

0118 actoff endp
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page

compent
1033840233508 823308s0e00000sbe0s00betsooeotecetttosectitioe:
t Subroutine ISRO is the main interrupt routine and represents ¥
t the 'heart’ of the Control Loops Unit. The routine b
t must perform all of the 1/0 functions to the external b
% encoder interface board through the custom encoder interface.®
$000808000080080000200000000000s0000000000000¢030000008000% 81

0118 isrl proc near sinterrupt routine.
(118 fB sti

0113 30 push ax

0i1a LE _ push ds

0ith 33 push bx ;Save registers used,
011C 06 push es

0Ltd S push cx

O11E 32 push dx

4
iSet up the known data segment.

011f B8 ----R mov ax, dgroup ;Get FORTRAN's data seqg.
0122 BE D8 acv ds,ax ;Stuff it in ds. :

1]

iThe next few lines of code are useful to add

ito ensure that the interrupts are really occurring.
iThis code increments a counter at 0000:0182.

; aov ax,ds:[bx+2] 16et the next address.
; add ax,1 1Add one.

; nov ds:[bx+2],ax 1Inc interrupt counter,
j

1
iSet the INTFLAG.

0124 A1 0000 R sov ax,ds:intflag_addr ;Get INTFLAG address.

0127 8B D8 aov bx,ax jMove it into bx.

0129 Al 0002 R aov ax,ds:intflag_seq ;Get INTFLAG segment.

012C 8E CO MOV 85,3 iMove it into es.

012E  26: C7 07 0001 mov es:[bx], vord ptr | jMove 1 to INTFLAS,

0133 B2 FF aov dl, OFFh iDirect Console input.

0135 B4 06 : aov ah, 06h iCheck standard direct input status.
0137 o int 21h
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0133 74 05 Jjz no_key_pressed
01 26: C7 07 0002 mov es;[bx], vord ptr 2 ;Mave a I If key pressed.
i
0140 90 no_key_pressed: nop

;5et the INHIBIT lines high for the duration of the reads,

!

0141 BA 0210 wov dx, bbetrl0 ;Get the 8235 0 Control port.
0144 B0 OF mov al, bbeTh 1Set the INHIEIT high,

0146 EE out dx, al ;Do it.

0147 BA 0218 sov dx, bbctrl? ;Get the 8233 2 Control port.
0144 BO OF aoy al, bbc7h ;Set the INHIBIT high,

014C EE out dy, al Do it.

1)

;Read the INDEX FLAG to see if an INDEX has occured, and if so

;read the latch which will contain the count at index., Pass this '
;value back in FLAGO.

014D BA 0211 sov dx, bhoc ;Get the 8253 0 C port.
0150 EC in al, dx iRead the byte,

0151 24 02 Cand al, 2 ;Check bit Cl.

0153 74 1B jz no_index ;60 ahead 1f no index,

;Read the counter value and pass it back to FORTRAN,
jCorrect the counter value for the correct sign.

0155 BS 00 ' nov ch,0 ;Clear upper half of register.
0157 BA 0212 aov dx, bbOb +Get A data for 8255 0.
013A EC in al, dx . ;6ot counter value,

0158 A8 80 test al, 80h jTest sign bit,

0150 79 02 jns posnum ;1t7s pos. go ahead.

013F B3 FF aov ch, OFFh ;5et upper bits esp. sign.
0161 posnum:

0161 8A C8 mov cl, al ;Store counter value.

0163 Al 0004 R aov ax,ds:flag0_addr ;5ev FLAGO address.

0166 8B [8 wov by, ax pRove it into by,

0168 At 0006 R mov ax,ds:flag0_seq ;Gel FLAGO segament.

016B 8E CO nOY &s,ayx iMove 1% into es.

n16D  26: B9 OF mov es:lbxd, ox ;Fass it back to FORTRAN.
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0170 no_index:

!
iStrobe the transparent latch to capture and clear the counter.

0170 BA 0210 sov dx, bbcirld ;Get the control for 8233 0.
0173 B0 0B mov al, bbcsh ;Set bit high.

0173 EE out dx, al ;Do it.

0176 BO 0OA sov al, bbcdl ;Set bit low.

0178 EE out dx, al Do it,

1
1Read the counter value and pass it back to FORTRAN,
;Correct the counter value for the correct sign.

0179 B3 00 aov ¢h,0 ;Clear upper half of register.
0178 BA 0212 acv dx, bbOb ;6et A data for 8233 0.
017 EC in al, dx ;8ot counter value.

017F AB 80 test al, 80h ;Test sign bit.

0181 79 02 jns posnua2 ;14's pos. go shead,

0183 B3 FF aov ch, OFFh ;Set upper bits esp. sign.
0185 posnum2:

0185 BA CB mov cl, al ;Store counter value,

0187 Al 0014 R sov ax,ds:count0_addr ;Get ENCODER address.

018A 8B D8 »OV bx,ax 1Move it into bx.

018C Al 0016 R aov ax,ds:count0_seq ;Get ENCODER segment.

018F 8t CO ROV 85, aX jMove it into es.

0191 26: 89 OF aov es:(bx], cx 1Pass it back to FORTRAN.

iThe folloving code will write out the passed FORTRAN ERRQ value to
jthe DA converter,

0194 AL 000C R aov ax,ds:DAC_addr ;Get the DA number offset.
0197 8B D8 BOV bx,ax ;Move it into bx,

0199 A1 000E R acv ax,ds:dal_seg ;jGet the DA number segment,
019t 8t 0 ROV €5,ax ;Move 1t into es.

019 26: 8B OF aov cx,es:{bx] ;Get the DA number,

i
1CY should now contain the FORTRAN's chosen errcr number.
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0141
01A4
0iA7
C1A3

0144
01AD
01AE
0180

0182
01B4
0187
01B8

01BA
018C
01BE
01BE
01Co
01€3
01C5
018
01CA

83 01 7F
BA 0213
84 €1

EE

BA 0219
EC

24 02
74 1B

BS 00
BA 021A
EC

AB 80

73 02
B3 FF

8a C8
Al 0008 R
88 bg
Al 0004 R
8E CO
261 B9 of

i

i1t must be decoded from +/- binary to offset binary,
iThis decoding will be done by adding decimal 127,

i

i

adc cx, 127 jAdd offset.

w0y g%, bbla ;Ged the port,
mov al, ¢l ;5et the Syte.
aut dx, al ;Send it aut,

SECOND AXIS

!

jRead the INDEX FLAG to see if an INDEX has occured, and if so
;read the latch vhich vill contain the count at index. Pass this
svalue back in FLAGL,

aov dx, bb2c ;Get the 8235 2 C port.
in al, dx iRead the byte.

and al, 2 ;Check bit Cl.

jz no_index? ;160 ahead if no index.

;Read the counter value and pass it back to FORTRAN.
jCorrect the counter value for the correct sign.

sov ch,0 ;Clear upper half of register.

mov dx, bbb ;Get A data for 8235 2.

in al, dx ;Got counter value,

test al, 80h ;Test sign bit,

jns posnumd ;It's pos. go ahead,

aov ch, OFFh ;Set upper bits esp. sign.
posnum3;

wov cl, al ;Store counter value,

wov ax,ds:flagl_addr ;Get FLAG! address.

Rov bx,ax iMove 1t into bx.,

mov ax,ds:flagl_seg ;Get FLAG! segment.

EOY £5,4dx iMave it into es.

aov es:[bx], ox jPass 1t back to FORTRAN.
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01CD no_index2:

e et e e
jatrobe the transparent latch to capture and clear the counter,
H

01CD BA 0218 wov dx, bbctrl2 ;8et the zantrol for 8233 Il

0100 BO 0B mov al, bbedh ;Set bit high.

01D2 EE out dx, al Do it.

01D3 B0 0A mov al, bbeSl 15et bit low.

0105 EE out dx, al iDo 1t.
P
S ——
;Read the counter value and pass it back to FORTRAN,

;Correct the counter value for the correct sign.

01D6 B3 00 aov ch,0 iClear upper half of register.

01D8 BA 021A mov dx, bb2b ;Get A data for 8255 2.

01DB EC in al, dx ;Got counter value,

01DC A8 80 test al, 80k ;Test sign bit.

0{DE 79 02 jns posnumd ;It’s pos. go ahead.

01E0 BS FF sov ch, OFFh ;5et upper bits esp. sign.

01E2 posnumd;

01E2 BA C8 sov cl, al ;Store counter value.

01E4 A1 0018 R aov ax,ds:count!_addr ;Get ENCODER address.

01E7 8B D8 nov bx,ax ;Move it into bx.

01E9 Al OC1A R mov ax,ds:count!_seg ;Get ENCODER segment.

01EC BE CO ROV €5, ax jMove it into es,

01EE 26: 89 OF sov es:(bx], cx ;Pass it back to FORTRAN,

1

H

S
;jThe folloving code will write out the passed FORTRAN ERR! value to
;the DA converter,

)

01Ft Al 0010 R wov ax,ds:DAl_addr ;Get the DA number ifset,

0if4 8B D8 ROV bx,ax iMove it into bx.

0iF6 Al 0012 R acv ax,ds:DAl_seg ;Get the DA number segment.

01F9 8E CO A0V €5, ax Move it into es,

0tFB 26: 8B OF acv Cx,es:bx] 1Get the DA number.

i
;CX should now contain the FORTRAN's

chosen error nuaber,

!
iI¥ must be decoded from +/- binary to offset binary,
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:This decoding vill be done by adding decimal 127.
i

1

0IFE 83 D1 7F ade cx, 127 sAdd of fset.
0201 BA 0218 sov dx, bbla 1Get the port.
0204 8A (L aov al, cl 1Get the byte.

0206 EE out dx, al ;Send 1t out.

_______________________________________________________________

!
jLower the INHIBIT lines.

!

0207 BA 0210 mov dx, bbctrl0 iGet the 8235 0 Control port.
0204 RO CE aov al, bbc7l ;Set the INHIBIT low.
020C EE out dx, al Do it
0200 BA 0218 sov dx, bbetrl? ;Get the 8255 2 Contral port.
0210 BO OE aov al, bbeTl ;Get the INHIBIT low.
0212 EE out dx, al Do 1t
i
§ mommmmmmmmmmnemnoemoesoeeseemmessososooos
0213 SA pop dx
0214 39 pop ¢x
0215 07 pop es
0216 5B pop bx iRestore registers used.
0217 1IF pop ds
0218 S8 pop ax
0219 CF iret
021A isrd endp
021A ‘ isrl proc near sInterrupt routine.
021A FB sti
0218 CF iret
021C isri endp
021C code ends

end
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Structures and records:

Naae

SAVERET. . . . . . e e
11
CONTO . v o v v s
1

FLAGO. & v v v v v v v h v h

INTFLAG. . . . . . ..o o v .

Segments and groups:
Name

CODE . . . v v v v v v v o h
DEROUP . . . . v v v v v v L
DATA . . . v v o v s o a0

Sysbols:

BASE . . . ... o o
BBOA .« ... e
BBOB . .............
BBOC . . ......... ...
BBIA . . . ... e
BBIB. ... .
BBIC . . ... .. e e
BB2A .. ... ... 0. e
BB2B . .............

BBOAL. . . . oo oo
BBCSH. . . . . .. .. e
BRCSL. o v o o e
BBOGH. . . . . oo

BBCTRLG. o v v v v o

127

Width
Shift

0022
0000
0002
2005
0004
000E
goiz
0016
001A
001E

Size

021C
GROUP
001C

Type

Nuaber
Nusber
Nusber
Nusber
Nusber
Nusber
Nunber
Number
Number
Number
Nugber
Number
Nusber
Nuaber
Number
Number
Nuaber
Nuaber
Nuaber
Number
Number
Alias

t fields

Kidth

0009

align
PARA

PARA

Value

0210
0213
0212
0211
0217
0216
02135
0218
021A
0219
021F
021E
021D
0009
0008
0008
000A
000D
000C
000F
000E
BASE

Page  Symbols-i
11-30-86

Mask Initial

combine class
NONE 'CODE!

PUBLIC 'DATAY

Attr
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BBCTRLL, v v v v v v v v s coa Nusber 0214

BBCTRL2. v v v o v v v v v v e Nugber (218

BBCTRLS., « v v v v v s e Nusber 021C

CLSUP, v v v s v v o e e . F PROC 009D  CODE  &lobal Length =0037
COUNTO ADDR. . . . .« v v v (& L WORD 0014  -DATA

COUNTOSEE . . v v v v o v v v e L WORD 0016  DATA

COUNT!_ADDR. . . . . . v L WORD 0018  DATA

COUNTY SE6 . . . . . v v v v v s L WORD 001A  DATA

CTRLZ, v v v v e v e v e Nuter 0082

DADADIR . . v v v v v e L WORD 000C  DATA

DAO SEB. v v v v v v e e L WORD 0Q0E  [DATA

DAL ADDE . . . v v s o v i L WORD 0010  DATA

DAL SEG. o v v v v i L WORD 0012  DATA

FLAGO ADDR + . v v v v v i v b s L WORD 0004  DATA

FLAGO SEG. « . . . . . « « S L WORD 0006  DATA

FLABL ADDR o . v v v v v v s v s L WORD 0008  DATA

FLAGL SEG. o . v v v v v v o v L WORD 000A  DATA

INTFLAG ADDR & » v v o v v 0 0 s L WORD 0000  DATA

INTFLAG SEG. . v v v v s v v 4 s L WORD 0002  DATA

ISRO . v v v v v e s e s N PROC 6118  CODE  Length =0102

ISRL . v e s v e e v e e s N PROC 0214  CODE  Length =0002

MOTOFF & v v v v v e o s a0 s F PROC O0OF6  CODE  Global Length =0022
MOTON. « & . v v v o v v e 0 a0 s F PROC 00D4  CODE  6lobal Length =0022
L1113 S L NEAR 0170  CODE

NO_INDEXZ., . « v v v v o v e v s L NEAR 01CD  CODE

NO_KEY PRESSED . . . . « o ¢ v L NEAR 0140  CODE

POSNUM . « « v v v v v v v e [ NEAR 0161  CODE

POSNUM2. . . . . e e e L NEAR 0iBS  CODE

POSNUM3. . . « v v v v v v o s L NEAR OI1BE  CODE

POSNUM4, . « v v v v o v 0 v o s L NEAR 0{E2  LODE

BUERT. . v v v i e e e e L NEAR 0087  CODE

GRERT2 + v v o v e v s e v e s L NEAR 00C3  CODE

SETUP. v v v v v v e s h e F PROC 0000  CODE  Global Length =009D

TINER, + v v v v v v 0 e s v s Number 0040

Warning Severe
Errors Errors
0 0
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0000

0000
0001

0002
0004
0006
2003

Q004

0000

H00G

00
00

0000
0000
(000
000

; coapiler directives for program listing

H

TITLE "6ETKY - FORTRAN CALLABLE ASM SUBROUTINE
- 85/02/19*

PAGE 54,132

COMHMENT A

bo2ooeer0s0000000000000e0edvesottetiteseititeteesessntitrcietreiresstied

¥ SUBROUTINE NANE : (GETKY) Get keyboard scan code b4
¥ FILE NAME 1 getkyl.ASH H
t  VERSIDN ! 1
¥ DATE REVISED  : 85/02/20 i
X AUTHOR(S) : 0.8, WOLFE 1
t PURPOSE : This FORTRAN callable subroutine uses ROM BIOS interrupt £
1 16H to read the the keyboard scan and exetended codes. Baoth codes X
¥ are set to default to O if no key has been pressed. b
b b4
3 CALLED BY: CALL GETKY(ACOD,SCOD) b
t  INPUT: none 1
¥ OUTPUT: acod - standard IBM ascii key code (000 - 253) ¥
t scod - IBM keyboard scan code (000 - 23%) b
b4 %
po2850000000000000850080000000800800000000000000000¢8000000000¢0000080008¢4

—

place data segment definition here
ATA SEGMENT PUBLIC 'DATA’

declare user defined variables used in assembler subroutine

s wa cms gIH S an wee

EVEN ; force to even word boundries
acod_val 0B 0 ; key code value
scod_val 0B 0 ; extended code value

EVEN '
acod_addr D 0  key code offset address
acod_segt it 0 i key code segment address
scod_addr W 0 i extended code offset address
500d_segt Dk 0 ; extended code segment address
1
DATA ENDS
!
D&ROUP GROUP  DATA
CODE SEGMENT 'CODE’

ASSUME  CS:CODE, DS: DEROUF, SS5: DEROUP

PUBLIC getky
getky PROC  FAR
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0000
0002
0006
0004
000E

0000
0001
0003

0004
0007
0008
000F
0012
0016

0014
001tF

0024
0026
0028
0028

002F
0033
9637
0028
003E
N042

0000

00 00 00 00
00 00 00 00
00 00 00 00

33
8 EC
06

4 SE 06
89 1E 0006 R
8C 06 0008 R
£4 SE 0A
89 {E 0002 R
8C 06 0004 R

£6 06 0000 R 00
€6 06 0001 R 00

B4 00

o 16

A2 0000 R

88 26 0001 R

8B 1E 0006 R
8t 06 0008 R
84 OE 0001 R
25 88 oOF

9B 1E 0002 R
8E 06 0004 &

.
t

.
H

set up a data structure to access paraweters passed fo subroutine

H

FRAME STRUC
SAVERP DN
SAVERET 0D
PARMZ 00
PARM! oD
FRAME ENDS

.
i
i
i

—-a ma e

e e -

; initialize stack by saving FORTRAN'S BF and ES registers on the stack

PUSH  BP ; save base poinfer register
Hov 8P, SP ; wove stack ptr to base ptr
PUSH  ES ;i save exira segment register

transfer parameter memory segment and of fset addresses to
user defined variables. (ie. acod, scod )

LES BX, [BP1.PARM2 ; ADDR PARMZ -} scod
Moy scod_addr , BX
Moy scod_segt,ES
LES BX, [(BP].PARN!
Mov acod_addr,BX
MOV acod_segt, ES

; ADDR PARM{ -} acod

initialize default values for returning parameters

; default key code
; default extended code

MoV acod_val,0
MOV scod_val,0

sake ROM BIOS call to read keyboard

KoV AH, 0
INT 16H
Hov acod_val AL
nay scod_val, AH

; select read ascii function

; call function

; move key code into acod

; move extended code into siod

end of executable asseabler subroutine cads,

transfer returning data from user defined variables to the memar,
locations of the passed parameters,

Moy BX,scod_addr ; setup scod offsel addres
Hoy ES,scod_segt v setup scod segaent acices
noy £L,scod_val ; load accum, witr o Syte val
Moy ES: [BXI,CL pomove SO TORTREAN KEYDID ader,
MOV BX,acod_ADDF vozetdp acod offsel ajovois
nev £S,acnd_segt pOITID 3101 3eGAent 23IVeId
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0045
044

004D
GO4E
J04F
G052

ANES
W

-

B4 OF 0800 R MoV flyaced_va
26: 83 OF MoV S HE SN
i
i reciore TORTRAN'S BP and E5 registers and

i load accum, with U bybe val.
i mave to FORTRAN EXTI0D addr

stack, dispose of passed

; parameter addresses and return to calling progras.

!
07 pap £S
sp Sl e
CA 0008 RET

getky ENDP

L0DE ENDS

END

i 41 7 passed paransters
;oend of subroutine

ioend of code segasnt
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Structures and recoeds:

..............
.............

...............

--------------

--------------

--------------

ACOD ADDR. © o v vt et

SCODADDR. « . v v v v v v

Warning Severe
Errars Errors

The Microsaft MACRD Assembler | Versiom 1,27
BLE ASM SUBRQUTINE - 8S/02/19"

0000
0002
0a0g

800A

Size
(052
GROUF
0004

Type

L WORD
L WORD
LoBYTE
F PROC
L WORD
L WORD
L BYTE

align

Fake

PARA

Value

0002
0004
0000
0000
0006
0008
0001

Fage

combine clasg

{faltin
NIKE

PuLl ¢

Attr

DATA
DATA
DATA
CODE
DATA
DATA
DATA

Length =0032



APPENDIX IV

Details of the Encoder Interface

The encoder interface consisted of two main parts,
the commercial I/0 board, and the custom interface. The
commercial I/0 board was a TECMAR BASEBOARD™ and
consisted of four 8255 programmable peripheral interface
adapters. These chips are extremely powerful and have
many different modes of operation. Figure D1 provides
a conceptual view of how the BASEBOARD was used. Only
a single 8255 is needed for each axls drive system. The
milling machine project only used two drive systems and,
hence, only two of the 8255 chips were used.

Bach 8255 has 24 fully programmable I/0 lines. The
8255 was used in mode 0 with a control word of 83.e.
(Refer to the Intel 8255 datasheet for more details.)
Figure D2 provides a description of how the lines 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 as an lnput and was used to read the
contents of the 193 counters via the 373 latch. Port
C was split so that bits 0-3 were input lines and bits
4-7 were output lines. Bit Cl served to Indlcate that

an INDEX pulse had occurred. This pulse marked a

D1




complete revolutlon of the encoder and indicated that
the absolute position of the axes should be an integer
multiple of the encoder's pulse count. Bit C4 was used
to electrically connect and dlsconnect the servo motor
amplifier speed reference terminal to and from the DAC
outputs. Disconnecting the motor prevented it from
drifting whenever the computer was not sampling the axes'
positions. The STROBE line was triggered by the
ASSEMBLER ISR0 subroutine and this initiated the loading
of the 373 latch and the subsequent clearing of the 193
counters. The INHIBIT line was used to prevent an
unexpected INDEX pulse from occurring while the computerx
was reading the latch's status.

Figure D3 shows the detalils of the control
circuitry used to contrxol the encoder interface shown
in Figure D4. Consider a scenario whereby the ASSEMBLER
subroutine ISR0O receives an interrupt and samples the
encoder interface. The subroutine first sets the
INHIBIT line high. This line prevents index pulses from
affecting the clrcultry by effectively blocking them at
the AND gate in Figure D3. The subroutine then reads
the FLAG to determine whether an INDEX pulse from the
encoder has occurred during the previous sample. If an
INDEX sample has not occurred, the subroutine then sets
the STROBE line high and then low. On the leading edge

of the ensuing pulse, the first 122 one-shot fires and

D2




loads the 373 latch with the 193 counter's current
contents. The trailing edge of the pulse from the first
122 one-shot also fires the second 122 one-shot which
clears the counter's contents. If the index FLAG had
been set (which has been assumed false for this
example), the second 122 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
period. The computer would have been busy elsewhere.
Thus the INHIBIT line would not have prevented the INDEX
pulse from triggering the circultry. This INDEX pulse
would have loaded the 373 latch with the 193 counter

value's at the moment of the INDEX pulse.

Simultaneously, the pulse from the 122 one shot would
have set the 74 Fllp-Flop. ©Note that the INDEX pulse
would not have cleared the 193 counters. When the
computer next samples the interface, 1t would f£ind the
FLAG set. This would indicate that an INDEX count was
available in the 373 latch and the ASSEMBLER subroutine
ISR0 would read the latch contents via 8255 port B
without strobing the data. After reading this value,
the subroutine would then STROBE the counter to get the
193 counter value at the sampling instant. This STROBE

actlon would flre the one-shots as before and thus clear

D3




the counters and the FLAG.
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|
‘ |
| 1 D A
' < B
| 8255 — c 0-3 TO X-AXIS ENCODER CARD
[ |
| |
| |
—_— |
| 8255 UNUSED |
\ #1 |
MICROCOMPUTER | DECODING '
I/0 BUS : LOGIC |
| ; > A
—Z B
I 8255 —< _
1 42 = c 0-3 TO Y-AXIS ENCODER CARD
l |
| !
f 8255| UNUSED !
! #3 |
|
I f
I [
|

k.
TECMAR" BASEBOARD ™

“TECMAR 1INC., 6225 Cochran Rd.
Cleveland Ohio 44139

FIGURE D1 CONCEPTUAL VIEW OF TECMARTM BASEBOARD




Each 8255, Mode O
Control Word 8316

Each 8255 parallel port is

> subdivided into three groups,
PORT A TO DAC A, B, and C.

For mode 0, control word 8316

'A' is a latched output and is
FROM ' used to contain the output word

I
PORT B §: -t — 193 for the DAC.
-t

COUNTERS

'R' is an input and is used to
read the contents of the 193
counters via the 373 latch.

o
PORT C IN EiEEEEEEEEEEEE Flag from INDEX trap 'C' is subdivided whereas bits
0-3 are input lines and bits 4-7

are output lines.

PORT C OUT g g%ﬁg%gt motor Bit'Cl serves to indicate whenever
. an index pulse has occurred.

INHIBIT index 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
latch's contents.

FIGURE D2 USAGE OF 8255 I1/0 LINES




122

; -
7 \ € "

INDEX LOAD sigpal to 373

from _J“t_

encoder

.

CLEAR signal to 193s

P [§Z>o—— —>
INHIBIT
from 8255
bit C7
122 122
— > INDEX - signal from
STROBE encoder which
from i . set It goes low once/rev.
8255 FLAG y INHIBIT - signal from
bit C5 4 microcomputer
/ which prevents
—f f INDEX pulse from
FLAG to CLEAR 'FLAG' triggering during
8255 bit Cl a read.

FLAG - signal which indicates
the presence of an
index count in the
latch.

FIGURE D3 CUN'TROL CIRCUITRY TFOR ENCODER INTERIACE




Encoder Schmitt JK Flip Flops Counters Latch

- Triggers ‘ l
J Q

Veo
igp. L 73
K Q up |
j 8 BITS OF
PARALLEL
193 373 2
| carry s DATA TO
. MICROCOMPUTIR
DV BoRRowW
R ENABLE
\

193

v 1

CLEAR | STROBE _ coNTROL LINIS
FROM
CLEAR Control Circuitry

v - ———
Motor le————  ERROR WORD
. Speed Reference 741 DACO8 . ——————
Amplifier  giopa1 for Vee PN FROM
Ground Servo amp. : 8255 Port 'A'

o<::] Motor CONNECT

signal from
Open 8255 bit C4.
Collector
Driver

A
|

FIGURE D4 ENCODER INTERFACE






