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Introduction

Computer numeric control (CNC) systems
have traditionally utilized closed architecture
controllers. In such systems the controller
hardware consists of a special purpose computer
with unique hardware structure. Such controllers
have custom software which provide control as
well as the user interface.

Due to the customized design of the hardware
and software, such systems were available only
as one complete package. There was no way for
the user to separate their functions, and certainly
no way to change them. An open architecture
system allows the user to modify the hardware,
software, or both.

The last decade has seen major changes in the
areas of personal computers and motion
controllers. Today, it is possible to perform the
CNC function with a general purpose personal
computer and a general purpose motion
controller, thereby allowing the use of open
architecture CNC systems.

These new systems have two major
advantages: cost reduction and flexibility.

Since general purpose computers and controllers
are manufactured in large quantities, they are
available at a significantly lower price than a
closed architecture dedicated computer system.

Flexibility is achieved through the
development of a user interface and control
software which is independent of the hardware.
Thus specific features needed for customs
systems can be included and modified.
Furthermore, the control software may take
advantage of improved capabilities of new
motion controllers to create CNC systems with
increased performance.

In order for such systems to function propetly,
it is necessary to define the functions
of all the elements and the interface between
them. The following presentation describes such
a system. In order to keep the scope of the paper
manageable, the discussion is limited to CNC
systems of a vertical milling machine, and the
discussion is limited o a minimum set of
functions. The presentation is aimed at forming
the structure that can be expanded to cover
additional types of CNC systems.



Open Architecture Controller
Definition

A controller whose architecture is said to be
open, is one which implies the following to be
true,

The controller is comprised of modules that
allow the mixing and matching of various
compatible hardware and software components.
The hardware and software components may be
from different manufactures. The modules will
lend themselves to be readily modified to meet a
required application. The modules will be
adequately documented to expedite the
modification and implementation process.

The controller software code is written in a
high level language such that it may be readily
revised to the latest version, without having
adverse affects on the operation of existing
software and hardware combinations.

The controller is designed to conform with
existing up-to-date controller industry design
standards.

The controller interactive communication
Tanguage will be one which complies with, but

not limited to, the industry de facto: EIA RS-274.

Reasonably achievable standards must be

adhered to, in the design of such a controller, in

order to protect the health, environment, and well

being of the user.

A 3-Axis Milling Machine
In order to achieve an understanding throughout

thiS paper, the machine tool which will be
discussed, is the 3-axis and spindle milling
machine as shown in figure 1. This machine tool
is defined by ANSI/ EIA-267-C.

The x-axis shall be horizontal and parallel to
the work holding surface. It shall be the principal
axis of motion in the positioning plane of the tool
or workpiece.

The y-axis direction shall be in the direction to
make a right-hand set of coordinates.

The z-axis shall be vertical on a single column
machine with rotating tools, positive x direction
shall be to the right when looking from the front
of the machine to the column.

Clockwise spindle rotation shall be in the
direction to advance a right-handed screw into
the workpiece when looking into the negative 2-

axis direction.
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Figure 1
Vertical Mill Machine



The System Elements
The finctional elements of a CNC system are

illustrated in Figure 2. The first two elements,
the user interface and the G-code translator are
software programs performed at the personal
computer level.

The third element is a general-purpose motion
controller with firmware capable of receiving
commands from the PC and controlling motors
and processing inputs and outputs.

The user interface is the program which
receives the inputs from the user and displays the

information as required. This program varies
significantly between different CNC systems and
depends on the purpose of the specific machine.

To allow interface between various user
interface programs and a variety of motion
controllers, it is best to use a standard
programming language, such as that defined by
EIA RS-274 or commonly referred to as G-code.
Such a language aflows user interfaces of
different forms with the same output. The desired
motion is defined by a G-code file of standard
instructions. Since motion controllers operate
with different instructions, it is necessary to
translate the G-code instruction to the controller
language. In most cases the motion program is
available as a file that must be translated. In other
cases, the instructions may be manually entered
one at a time into the controller and must be
interpreted. In either case such a translation
program is required between the user interface
and the motion controller. The translation
program may reside as part of a user application
Or as a separate program incorporated into the

overall control package.

The motion controller, amplifiers and motors
are standard components that are routinely used
in motion control. The controller generates an
ouiput signal, typically an analog signal in the
range between -10V and 10V. Such a signal is
sent to the servo drive which, in turn generates a
signal which is fed back to the controller,
typically in the form of encoder counts in
quadature, to allow closed-loop position control.

The motion controller may also incorporate
non-motion features, enabling the user to
manipulate external equipment such as pumps,
valves, switches, solenoids ...

The following section illustrates a typical set of
requirements for a vertical milling machine, and

shows how the interface is accomplished.

Motion Control Requirements for a Milling

Machine

A vertical milling machine is a system where a
spinning tool moves along a certain trajectory
and cuts the material, typically metal, to the
desired form. To accomplish this finction, the
requirements are stated in terms of the elements.

To accomplish the required motion, the
controller must be capable of generating three-
dimensional motion along a straight line and a
two-dimensional motion along circles.
Furthermore, the generated motion must be
accomplished at a programmable feed rate. In
order to accomplish some auxiliary functions,
such as tool selection, the controller must have
the capability of reading some digital input
signals and generating some output signals.
Although the numbers of these lines vary greatly,
a total number of 500 lines is typically sufficient.




The Functional Elements
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Functional Elements

The motion contrcller must also have the
ability to read some auxiliary signals. These
include the feed rate, which is usually set by a
potentiometer or a multi position switch. The
feed rate must be programmable and overridden
by a potentiometer or multi position switch. The
motion controller must also read the position of a
hand wheel used for the position adjustment of

the various axes.

The Controller Motion Requirements
Programmable motion control is the primary
purpose of any CNC controller. The following
functions are specific to the motion controller
hardware and are the entity of the firmware.

Tablel Motion Functions:
Abort motion
Acceleration rate
After distance trip-point
After motion trip-point
After absolute position trip-point
After relative distance trip-point
After elapsed time
After at speed trip-point
After vector distance trip-point
Begin motion
Circular segment
Deceleration
Define error limit
Acceleration feed forward
Find edge
Home
Jog Mode
Position absolute

Position relative



Servo Here (miotors on)
Slew Speed (axis velocity)
Stop Motion (stop program)
Vector acceleration

Vector position

Vector speed

Programmable timer (dwell)
Independent time constant for smoothing
Linear interpolation end
Linear interpolation distance
Linear interpolation mode

Vector deceleration

Required Commands
G-code and M-codes are often modified and

augmented by CNC manufacturers. Most G and
M codes include instructions that are specific to
each machine. In order to limit this discussion,
and limit the scope of this example, we restrict
the requirements to the following instructions :
G, M, S, F, H, and T codes which are uniformly
agree on by EIA / RS-274.

Interactive Language
G-code as defined by EIA / RS-274 is the

industry standard for CNC machine tool
controllers and will thus be the standard applied
to a vertical milling machine using an open

architecture motion controller which is PC based.

The interactive language will be comprised of G
words, and M words. Other words in the format
will be as follows, End-of-block word, O word, S
word, T word, F word and H word.

Tables I1, 111, and IV provide a listing of those
words which are designed to provided the basic

code to accomplish interactive communication

with an open architecture controller and operator.

Required G and M Codes

Table II
Instruction
GO0
GOl
G02
GO3
G04
G17
Gl18
Gi9
G20-32
G40
G41
G42
G43
G50-59
Gd4
G64
G70
G71
G72
G73
G74
G75
G8I-89
G90

G952
G%
G95
G96

The G Words:

Definition

point to point positioning

linear interpolation

arc clockwise

arc counter-clockwise

dwell (wait)

XY plane selection

ZX plane selection

YZ plane selection
unassigned

tool offset cancel

tool offset left

tool offset right

cutter offset, inside corner
reserved for adaptive control
cutter offset, outside comner
continuous mode

inch programming

metric programming

circular interpolation-cw
circular interpolation-ccw
cancel circular interpolation
select circular interpolation
fixed cycles

absolute dimension input
incremental dimension input
define relative origin

in - mm per minute feed rate
in-mm per spindle revolution

constant surface speed ft.-meters




Table IIT The M Words:

MO0 end of program

MOl pause

M02 end of program (subroutine)
MO03 spindle cw

Mo04 spindle ccw

MO5 spindle off

Mo6 tool change

Mo7 coolant #2 on

M08 coolant #1 on

M09 coolant off

M10 clamp tool

M1l unclamp tool

MI9 Oriented spindle stop
M20-29, user definedI/0
50-57, 60-89

M30 end of data and rewind
M98 execute subroutine
M99 end of file

TableIV  Other Words:

End-of-block represented by the semicolon ()

O word first word in a program and
assigns the programs number

S word sets the desired spindle speed in
RPM as specified in the set-up
parameters

T word sets the tool magazine in position
for the next tool change
operation: M06

H word sets the desired tool length and
radius compensation with the
tool selected using a T word

F word sets the desired feed rate as

specified in the set-up parameters

User Interface Requirements
The user interface program allows the user to

specify motion requirements, and displays
information for monitoring motion. In most
cases, motion requirements are specified prior to
execution of motion and are available as a G-
code file that can be stored on a disk. An
alternative method is one where the operator
specifies motion requirements and edits the G-
code program through the user interface.

Displayed information varies according to the
purpose of the machine. As a minimum, the
display illustrates the position of the three axis.
Often the display inciudes the spindle speed and
the G-code instruction which is being executed.
As well as displaying position, absolute, relative,
Distance to go, and machine coordinates, which
are set-up during horning.

Controller Non Motion Requirements
During the operation of a vertical milling

machine it is necessary to have capability to

operate and utilize features that are not directly

controlling motion. These features are required to
monitor as well as control devices which are
external to the machine tool, but are essential to

the fabrication process.

Controller Setup Parameters
Prior to operating a machine fool such as a

vertical milling machine, the integrator must
setup each specific operation with relation to the
machine tool mecharics. Features available at the
graphical user interface must also be setup with
respect to the functionality of the interface
program. These GUI features should have the




flexibility to be implemented by the userif so

desired. This setup procedure is easily
accomplished through a window with editing
capability. The following setup parameters are a

listing to be included in such a window.

TableV Required Setup Parameters

Counts to the inch x-axis
Counts to the inch y-axis
Counts to the inch z-axis
Counts to the inch spindle
Maximum vector feed rate
Homing Speed

Maximum x-axis traverse
Maximum y-axis traverse
Maximum z-axis traverse
Maximum spindle speed
Maximum spindle speed
Maximum jog speed
Maximum x-axis distance
traverse (stroke)
Maximum y-axis distance
traverse (stroke)
Maximum z-axis distance
traverse (stroke)
Minimum x-axis distance
traverse (stroke)
Minimum y-axis distance
traverse (stroke)
Minimum z-axis distance
traverse (stroke)

Limit switch's present
Limit switch forward x-axis
Limit switch reverse x-axis

Limit switch forward y-axis

Counts / inch
Counts / inch
Counts / inch
Counts / inch
inches / minute
inches / minute
inches / minute
inches / minute
inches / minute
counts / minute
RPM

inches / minute

inches

inches

inches

inches

inches

inches

yes/no

yes /no

yes /no

yes/no

Limit switch reverse y-axis
Limit switch forward z-axis
Limit switch reverse z-axis
Home switch's present
Home switch present x-axis
Home switch present y-axis
Home switch present z-axis
Motor polarity x-axis (reverse
polarity)

Motor polarity y-axis (reverse
polarity)

Motor polarity z-axis (reverse
polarity)

Motor polarity spindle
(teverse polarity)

Error limit x-axis

Error limit y-axis

Error limit z-axis

Error limit spindle

Off on etror

Off on error x-axis

Off on error y-axis

Off on ervor z-axis

Off on error spindle
Backlash compensation per
direction x-axis

Backlash compensation per
direction y-axis

Backlash compensation per
direction z-axis
Proportional gain x-axis
Integral gain x-axis
Derivative gain x-axis
Proportional gain y-axis
Integral gain y-axis
Derivative gain y-axis

yes/no
yes/no
yes/no
yes/no
yes/no
yes/no
yes/no

normal / reverse

normal / reverse

normal / reverse

nommal / reverse

counts
counts
counts
counts
yes /no
yes/no
yes/no
yes/no
yes/no

counts / rev

counts / rev

counts / rev

real number
real number
real number
real number
real number

real number




Proportional gain z-axis real number
Integral gain z-axis real number
Derivative gain z-axis real number
Proportional gain spindle real number
Integral gain spindle real number
Derivative gain spindle real number
Integrator gain x-axis real number
Integrator gain y-axis real number
Integrator gain z-axis real number
Integrator gain spindle real number
Controller address real number
Activate input bits yes/no

Activate output bits yes/no

Controller Graphical User Interface
The Graphical User Interface ( GUI ) is the

element in the open architecture control system
which allows interaction between the operator
and the vertical milling machine. This software
element consists of programs that reside in the
Windows environment, and make use of
Windows features. This type of stucture permits
incorporation of third party interface programs,
such as diagnostics and tuning. The GUI is
programmed in a high level language for example
visual basic, and visual C++.

The GUI is comprised of graphical images that
simulate specific tasks that are normally carried
out by hardware in a CNC type controller. These
windows may be designed to emulate
commercially available controllers. A graphical
user interface should include the following

minimum set of windows.

Main Window:

The main window makes use of standard
Windows features such as, icons, toolbar, point
and click, drag and drop, pull down screens ect.
Parameter Window:

To expedite the integration process, a parameter
window will incorporate machine tool setup
parameters from a table menu.

Jog Window:
A jog window will permit manual axis jog,
homing, and incremental positioning.

MDI Window:

The machine data input window enables part
creation, editing, program search, program load
as well as program execution.

Multi Position Window:

A numerical position display window should
include: actual, absolnte, machine distance to go
and relative positioning information.

Execution Window:

The execution window will provide, part
programs, cycle start, cycle stop, feed hold,
rewind, program display, current line display,
program search, program load and execution of
these features.

Status Window:

A highly desirable feature, is a window with live
confroller querying capability.

Tool Selection Window:

A table menu will display user definable
characterized tools which are numerically
assigned. This window simplifies, tool to part
program compatibility process.




Toolpath Display Window:

Real time graphical toolpath display easily
allows the user a method to test part programs
prior to actually cutting material { Dry Run).

On-line Help Window:

An on-line user manual window makes
available to the user information normally
contained in hard copy.

Controller Environment

Hardware:
e AnIBM compatible PC with 486 DX
microprocessor at 66 MHz
( the Intel Pentium microprocessor
is recommended )
A hard disk with a space of 200Mb
A minimum of 8 Mb of RAM memory
(16 Mb of RAM is highly recommended)
e A 3.5inch high density floppy disk
o Industrial quality SVGA monitor
e A Galil DMC 1000 series motion controller
supporting 3 axes of motion, spindle and 72
input bits and 40 output bits

® A touch screen is recommended

Software:

e  Microsoft Windows 3.1, Windows 95 or
higher operating environment

e  Microsoft DOS 5.0 or higher

o  Galil WSDK ( Windows servo design kit )

¢ CNC for Windows Zero M

»  Visual Basic ver. 3.0

e QGalil VBX (Visual Basic developers kit )

Benefits

Benefits attainable through the employment of
an open architecture CNC system include : cost,
flexibility, maintainability, and ease of use.

. Cost savings are achieved through the
utilization of components which are mass
manufactured and sold at competitive prices.

. Flexibility int this type of controller
allow 1t to adapt to changing demands and
requirements in the manufacture of products.

° Maintainability can easily be
accomplished by having integrated software
tools such as tuning and diagnostics. Up-grading
this type of CNC controller system through
software revisions will keep the machine toolina
competitive state with minimat effort.

. Ease of use is perhaps this CNC system
most valuable attribute. This CNC system
minimizes training time by making use of

‘Windows environment.

Example
To illustrate the feasibility of an open architecture

CNC system, consider the following case. A
typical 3-axis milling machine with spindle is
refitted with an Austin 486-33 PC incorporated
with a Galil DMC-1040.

This system includes standard hardware
components: motors with position sensors,
motor amplifiers, limit switches, E-stop and other
such components. This controller consists ofa
Microsoft Windows 3.1 environment, Galil servo
design kit, G-code translator and part programs.

The graphical user interface is CNC-PC for
Windows, which emulates the Fanuc 0 CNC

machine tool controller.
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Figure 3
3-Axis Milling Machine

The PC based platform has enhanced this
machine tool to a system that is state of the art.
This system employs a well-supported array of
hardware and software products that give it
flexibility, and computing power at a low cost.

The PC based open architecture CNC system
can easily be customized and expanded. More

memory may be added, latest versions of

The jog panel provides joystick capability

Figure 4
CNC-PC for Windows Dlustration

software can be installed and if desired, the
machine tool may be put on a network with other
machine tools or communication systems. CNC-
PC for Windows, Fanuc 0 emulator is comprised
of screens some of which are displayed below.
The screens are shown in the 2-axis format, in
actual practice the screens display 3-axis of

information.

PERES AT i N

RSN e iy~



=
TR s
p {0002 Maximum Veotor Fead Rete SERREE o e PR REIEY
Rapit) Rete X 11l — h+- “
i 0004 u--mmn-pmn.uz i eeaxpiisiinidll
H nnos Mawimum Jog Bpeed 1 y T
oo & . NN
’-J,m P Spesd Feotor R, '3%
=R 3822 baRi
EA TP ATRREN T A
Eibnin : o
l. ': } ¥ :l[
S Oty nd $oth 4 44 19 44 vy
e 4 4310 - 2L
1 S Hess
" {14 deadd P
. : 4 JHHe 4
[ e THEEHIHE

A% i Leliidsaad it HH
b it i 4 4 B 3 - T
€ ——_—— o — -~ —————— s m—

— — — -

ACT.E. J0AS e e +3 JECAD: <3 5 vALE) P s, L L v i MAIIAL MASE

The parameters window, permits parameter set up

CHC 4 (iieme Maded Zeow 1]

i

3

B
n-..u-mannm; o
Arem.Y -
uswe ; 3
b1, i
N { Spande OFF )3 P
e o - L e
# T °

~ACT.F; 2000 iscretvingme__ 1231 13 S| QITRP  + 115 » RRCGRAMMCTE

The main panel provides program execution

Figure 5
CNC-PC for Windows [llustrations

Summary
In this paper, an alternative solution to the

traditional CNC machine tool controller has been
introduced. Software and hardware modules
have been described and their incorporation in a
CNC control system has been outlined.

This type of CNC machine tool controller
demonstrates that technology is accessible and

can be readily implemented into an open

architecture machine tool controller. Benefit to
the user is greater controller flexibility, while
being economically achievable.

PC based, motion as well as non-motion
features will provide flexibility through a
Windows environment. Up-grading this type of
controller system through software revisions will
keep the machine tool in a competitive state with
minimal effort. Software and hardware modules
are mass produced permitting competitive
procurement and incorporation.

Open architecture CNC systems provide
diagnostics thus enhancing maintainability, and
machine tool up-tims.

A major concern of traditional CNC systems
has been operator training time. Training time
can be greatly minimized by making use of
Windows environment features.
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