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LinuxCNC Introduction
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This handbook is a work in progress. If you are able to help with writing, editing, or graphic preparation please contact any
member of the writing team or join and send an email to emc-users @lists.sourceforge.net.

Copyright © 2000-2012 LinuxCNC.org

Permission is granted to copy, distribute and/or modify this document under the terms of the GNU Free Documentation License,
Version 1.1 or any later version published by the Free Software Foundation; with no Invariant Sections, no Front-Cover Texts,
and one Back-Cover Text: This LinuxCNC Handbook is the product of several authors writing for linuxCNC.org. As you find it
to be of value in your work, we invite you to contribute to its revision and growth. A copy of the license is included in the section
entitled GNU Free Documentation License. If you do not find the license you may order a copy from Free Software Foundation,
Inc. 59 Temple Place, Suite 330 Boston, MA 02111-1307

LINUX® is the registered trademark of Linus Torvalds in the U.S. and other countries. The registered trademark Linux® is used
pursuant to a sublicense from LMI, the exclusive licensee of Linus Torvalds, owner of the mark on a world-wide basis.
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Chapter 1

User Foreword

LinuxCNC is modular and flexible. These attributes lead many to see it as a confusing jumble of little things and wonder why it
is the way it is. This page attempts to answer that question before you get into the thick of things.

LinuxCNC started at the National Institute of Standards and Technology in the USA. It grew up using Unix as its operating
system. Unix made it different. Among early Unix developers there grew a set of code writing ideas that some call the Unix way.
These early LinuxCNC authors followed those ways.

Eric S. Raymond, in his book The Art of Unix Programming, summarizes the Unix philosophy as the widely-used engineering
philosophy, "Keep it Simple, Stupid" (KISS Principle). He then describes how he believes this overall philosophy is applied as
a cultural Unix norm, although unsurprisingly it is not difficult to find severe violations of most of the following in actual Unix
practice:

* Rule of Modularity: Write simple parts connected by clean interfaces.

Rule of Clarity: Clarity is better than cleverness.

* Rule of Composition: Design programs to be connected to other programs.

» Rule of Separation: Separate policy from mechanism; separate interfaces from engines.'

Mr. Raymond offered several more rules but these four describe essential characteristics of the LinuxCNC motion control system.

The Modularity rule is critical. Throughout these handbooks you will find talk of the interpreter or task planner or motion or
HAL. Each of these is a module or collection of modules. It’s modularity that allows you to connect together just the parts you
need to run your machine.

The Clarity rule is essential. LinuxCNC is a work in progress — it is not finished nor will it ever be. It is complete enough to
run most of the machines we want it to run. Much of that progress is achieved because many users and code developers are able
to look at the work of others and build on what they have done.

The Composition rule allows us to build a predictable control system from the many modules available by making them con-
nectable. We achieve connectability by setting up standard interfaces to sets of modules and following those standards.

The Separation rule requires that we make distinct parts that do little things. By separating functions debugging is much easier
and replacement modules can be dropped into the system and comparisons easily made.

What does the Unix way mean for you as a user of LinuxCNC. It means that you are able to make choices about how you will
use the system. Many of these choices are a part of machine integration, but many also affect the way you will use your machine.
As you read you will find many places where you will need to make comparisons. Eventually you will make choices, "I’ll use
this interface rather than that” or, “I’ll write part offsets this way rather than that way." Throughout these handbooks we describe
the range of abilities currently available.

As you begin your journey into using LinuxCNC we offer two cautionary notes:?

!Found at http://en.wikipedia.org/wiki/Unix_philosophy, 07/06/2008
2Found at http://en.wikipedia.org/wiki/Unix_philosophy, 07/06/2008
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* Paraphrasing the words of Doug Gwyn on UNIX: "LinuxCNC was not designed to stop its users from doing stupid things, as
that would also stop them from doing clever things."

* Likewise the words of Steven King: "LinuxCNC is user-friendly. It just isn’t promiscuous about which users it’s friendly with."
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Chapter 2

LinuxCNC User Introduction

2.1 This Manual

The focus of this manual is on using LinuxCNC. It is intended to be used once LinuxCNC is installed and configured. For
standard installations see the Getting Started Guide for step by step instructions to get you up and going. For detailed information
on installation and configuration of LinuxCNC see the Integrator Manual.

2.2 How LinuxCNC Works

The Enhanced Machine Controller (LinuxCNC) is a lot more than just another CNC mill program. It can control machine tools,
robots, or other automated devices. It can control servo motors, stepper motors, relays, and other devices related to machine
tools.

There are four main components to the LinuxCNC software:

¢ a motion controller (EMCMOT)
¢ a discrete I/O controller (EMCIO)
« a task executor which coordinates them (EMCTASK)

* and one of several graphical user interfaces.

In addition there is a layer called HAL (Hardware Abstraction Layer) which allows configuration of LinuxCNC without the need
of recompiling.




User Manual V2.6.2, 2014-08-09
6/212

Power supply

Linux PC

Stepper Stepper
drives motors

Figure 2.1: Simple LinuxCNC Controlled Machine

The above figure shows a simple block diagram showing what a typical 3-axis LinuxCNC system might look like. This diagram
shows a stepper motor system. The PC, running Linux as its operating system, is actually controlling the stepper motor drives by
sending signals through the printer port. These signals (pulses) make the stepper drives move the stepper motors. The LinuxCNC
system can also run servo motors via servo interface cards or by using an extended parallel port to connect with external control
boards. As we examine each of the components that make up an LinuxCNC system we will remind the reader of this typical
machine.

2.3 Graphical User Interfaces

A user interface is the part of the LinuxCNC that the machine tool operator interacts with. The LinuxCNC comes with several
types of user interfaces:

¢ Axis, the standard GUI interface.
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Eile Machine View Help
g S Y '
@fﬂf D@r ' 211 NN, IEIN IEIX-JB@ &5
Manual Contrel [F3] | mDI [F5] Preview | DRO
Axis:
Feed Override: 100 %
Jog Speed: 16 infmin
Max Velocity: 72 infmin
{ AXIS "splash g-code" Mot intended for actual milling )
( To run this code anyway you might have to Touch Off the Z axis)
( depending on your setup. As if you had some material in your mill... )
{ Hint jog the Z axis down a bit then touch off )
{ Also press the Toggle Skip Lines with "/" to see that part )
{( If the program is too big or small for your machine, change the scale #3 )
(font: fusr/share/fonts/truetype/freefont/FreeSerifBoldItalic.ttf)
(text: EMC2*S*AXIS)
ESTOP No tool Position: Relative Actual

Figure 2.2: Axis GUI

* Touchy, a touch screen GUI.
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Z: 1.2063 Z: 0.0000 Z: 0.0000
Power
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Estop Reset Machine On Override Limits
MV: 100
Estop Machine Off
Jogging
Homing —
X
Home All Home Selected
Y
Unhome All Unhome Selected
[ Fd
Startup MDI Manual  Auto  Status  Preferences

Figure 2.3: Touchy GUI

* NGCGUI, a subroutine GUI that provides fill in the blanks programming of G code. It also supports concatenation of subroutine
files to enable you to build a complete G code file without programming.
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Positional Parameters|

1|.6 |Fiadiu5A
2|04 hanms_b
3100 |Mednﬂe

Feed Override: 100 %) I 0
Jog Speed: 16 in/min | I —
Max Velocity: 72 in/min | |y |[Curtk for key bindings
1: [ AXIS "splash g-code" Mot intended for actual milling ) :é
2: [ To run this code anyway you might have to Touch Off the Z axis)
3. ( depending on your setup. As if you had some material in your mill... )
4: ( Hint jog the Z axis down a bit then touch off )
S: [ Also press the Toggle Skip Lines with "/" to see that part )
{ If the program is too big or small for your machine, change the scale #3 )
3. (font: fusr/share/fonts/truetype/freefont/FreeSerifBoldItalic.ttf)
(text: EMC2+#5+AXIS) i

ESTOP |Mu tool

Figure 2.4: NGCGUI GUI embedded into Axis

¢ Mini, a Tcl/Tk-based GUI

Position: Relative Actual
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Program View Settings Info [~ Editor v Backplot [~ Tools T Offsets Help
X-Y | X-Z | Y-z | 3D | HideSetup |
X-29.500]3
[ ]
Y 6.050
rot-x -16
Z-13.378 ]
. rot-y 17
. —ﬂ
Feed Override: 100 rot-z 30
| A i o
- MESSAGES - i
—ﬂ
1 - Program file is
/home/john/emc2-dev3/nc_files/30_ Refresh
Chips.ngc
vdEd | = Reset
Open... Run | Pause | Resume Step Verify I running

e TkLinuxCNC, a Tcl/Tk-based GUI

NPLOLT [(F<ysldilea™ s F3/ | L(F<Lsidie>-10.5/3)

NOL71Y [#<yscale>*7.237] Z[#<zscale>*-15.482]
MILBLY [#<yscale>*6.237] Z[#<zscale>*-13.677]
NI19LY [#<yscale>*4, 7371 Z[#<zscale>*-11.229]

NO201Y [2<yscale=*4. 2371 Z[#<zscale=*-10.475]

N92‘11‘r’[#<yscale>*3.23?2[#{25:319:»‘-9,204]
NO221Y [#<yscale=*2. 737 Z[#<zscale>*-8.696)
N9231Y [#<yscale=*2, 237]Z[#=<zscale=*-8, 264]

Figure 2.5: The Mini GUI
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File View Settings Units Ulilities Scripts

MIST OFF SPINDLE OFF >

MAMUAL FLOOD OFF BRAKE ON

Tool: 0 01 d 20,0000 Y0.0000 Z0.0000 (inch)

Work Offsets: G54 X0.0000 Y0.0000 Z0.0000

X 0.0000 .

_) machine

Y 0.0000 e

* world

Z continuous
. -

Linear Jog Speed (inch) /min:

Spindie speed Override:

GEB0 G17 G40 G20 GI0 G924 G54 G49 GI9 GE4 GIT7 G91.1 GB M5 M2 M4E M53 MO FO S0
Program: none - Status: idle

| Open... Run Pause Resume | Step Verify | Optional Stop

Figure 2.6: The TkLinuxCNC GUI

* Keystick, a character-based screen graphics program suitable for minimal installations (without the X server running).
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F1 Estop On/0fF Fo HMDI Mode

F2 HMachine Ons/0fF Fb Reset Interp
F3 HMarual Mode F7 HMist OnsOfFF

F9 5Spndl Fud/0OFf  ESC Aborts Actions
F10 Spnd]l Rew/OFf  TAB Selects Params
F11 Spndl Decreasze END (uits Display

F4 Auto Mode F8 Flood OnA0FF F12 Spndl Increase % Toggles Help
MAMUAL SPIMILE STOFPED -—— HOMED
Over+ide? 100 LUBE OFF BRAKE 0OM # SELECTED
Tool: Q LUBE 0K MIST OFF Speed: B0,0
Of fzet: [, Qo FLOOD OFF Ihcr: continuous

__E__
Relative Act Pos: [, QICI0

01, 000

—————————————————————— EMC-HAL-SIH-KEYSTICK EHC

yersion

Figure 2.7: The Keystick GUI

e Xemc, an X-Windows program. A simulator configuration of Xemc can be ran from the configuration picker.

* halui - a HAL based user interface which allows to control LinuxCNC using knobs and switches. See the Integrators manual

for more information on halui.

* linuxcncrsh - a telnet based user interface which allows commands to be sent to LinuxCNC from remote computers.

2.4 Virtual Control Panels

* PyVCP a python based virtual control panel that can be added to the Axis GUI or be stand alone.
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Feed Override: 100 %
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MDI Commands

Rapid to Home

ESTOP No tool Position: Relative Actual

Figure 2.8: PyVCP with Axis

* GladeVCP - a glade based virtual control panel that can be added to the Axis GUI or be stand alone.
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Figure 2.9: GladeVCP with Axis

See the Integrators manual for more information on Virtual Control Panels.

2.5 Languages

LinuxCNC uses translation files to translate LinuxCNC User Interfaces into many languages. You just need to log in with the
language you intend to use and when you start up LinuxCNC it comes up in that language. If your language has not been
translated contact a developer on the IRC or the mailing list if you can assist in the translation.

2.6 Thinking Like a Machine Operator

This book will not even pretend that it can teach you to run a mill or a lathe. Becoming a machinist takes time and hard work. An
author once said, "We learn from experience, if at all." Broken tools, gouged vices, and scars are the evidence of lessons taught.
Good part finish, close tolerances, and careful work are the evidence of lessons learned. No machine, no computer program, can
take the place of human experience.

As you begin to work with the LinuxCNC program, you will need to place yourself in the position of operator. You need to think
of yourself in the role of the one in charge of a machine. It is a machine that is either waiting for your command or executing
the command that you have just given it. Throughout these pages we will give information that will help you become a good
operator of the LinuxCNC system. You will need some information right up front here so that the following pages will make
sense to you.

2.7 Modes of Operation

When LinuxCNC is running, there are three different major modes used for inputting commands. These are Manual, Auto, and
MDI. Changing from one mode to another makes a big difference in the way that the LinuxCNC control behaves. There are
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specific things that can be done in one mode that cannot be done in another. An operator can home an axis in manual mode but
not in auto or MDI modes. An operator can cause the machine to execute a whole file full of G-codes in the auto mode but not in
manual or MDL

In manual mode, each command is entered separately. In human terms a manual command might be turn on coolant or jog X at
25 inches per minute. These are roughly equivalent to flipping a switch or turning the hand wheel for an axis. These commands
are normally handled on one of the graphical interfaces by pressing a button with the mouse or holding down a key on the
keyboard. In auto mode, a similar button or key press might be used to load or start the running of a whole program of G-code
that is stored in a file. In the MDI mode the operator might type in a block of code and tell the machine to execute it by pressing
the <return> or <enter> key on the keyboard.

Some motion control commands are available and will cause the same changes in motion in all modes. These include abort,
estop, and feed rate override). Commands like these should be self explanatory.

The AXIS user interface hides some of the distinctions between Auto and the other modes by making Auto-commands available
at most times. It also blurs the distinction between Manual and MDI because some Manual commands like Touch Off are actually
implemented by sending MDI commands. It does this by automatically changing to the mode that is needed for the action the
user has requested.
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Chapter 3

Important User Concepts

This chapter covers important user concepts that should be understood before attempting to run a CNC machine with g code.

3.1 Trajectory Control

3.1.1 Trajectory Planning

Trajectory planning, in general, is the means by which LinuxCNC follows the path specified by your G Code program, while still
operating within the limits of your machinery.

A G Code program can never be fully obeyed. For example, imagine you specify as a single-line program the following move:

Gl X1 F10 (Gl is linear move, X1 is the destination, F10 is the speed)

In reality, the whole move can’t be made at F10, since the machine must accelerate from a stop, move toward X=1, and then
decelerate to stop again. Sometimes part of the move is done at F10, but for many moves, especially short ones, the specified
feed rate is never reached at all. Having short moves in your G Code can cause your machine to slow down and speed up for the
longer moves if the naive cam detector is not employed with G64 Pn.

The basic acceleration and deceleration described above is not complex and there is no compromise to be made. In the INI file
the specified machine constraints such as maximum axis velocity and axis acceleration must be obeyed by the trajectory planner.

3.1.2 Path Following

A less straightforward problem is that of path following. When you program a corner in G Code, the trajectory planner can do
several things, all of which are right in some cases: it can decelerate to a stop exactly at the coordinates of the corner, and then
accelerate in the new direction. It can also do what is called blending, which is to keep the feed rate up while going through the
corner, making it necessary to round the corner off in order to obey machine constraints. You can see that there is a trade off
here: you can slow down to get better path following, or keep the speed up and have worse path following. Depending on the
particular cut, the material, the tooling, etc., the programmer may want to compromise differently.

Rapid moves also obey the current trajectory control. With moves long enough to reach maximum velocity on a machine with
low acceleration and no path tolerance specified, you can get a fairly round corner.

3.1.3 Programming the Planner
The trajectory control commands are as follows:

* G61 - (Exact Path Mode) visits the programmed point exactly, even though that means it might temporarily come to a complete
stop in order to change direction to the next programmed point.
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* G61.1 - (Exact Stop Mode) tells the planner to come to an exact stop at every segment’s end.

¢ (G64 - (Blend Without Tolerance Mode) G64 is the default setting when you start LinuxCNC. G64 is just blending and the naive
cam detector is not enabled. G64 and G64 PO tell the planner to sacrifice path following accuracy in order to keep the feed
rate up. This is necessary for some types of material or tooling where exact stops are harmful, and can work great as long as
the programmier is careful to keep in mind that the tool’s path will be somewhat more curvy than the program specifies. When
using GO (rapid) moves with G64 use caution on clearance moves and allow enough distance to clear obstacles based on the
acceleration capabilities of your machine.

* G64 P- Q- - (Blend With Tolerance Mode) This enables the naive cam detector and enables blending with a tolerance. If
you program G64 P0.05, you tell the planner that you want continuous feed, but at programmed corners you want it to slow
down enough so that the tool path can stay within 0.05 user units of the programmed path. The exact amount of slowdown
depends on the geometry of the programmed corner and the machine constraints, but the only thing the programmer needs to
worry about is the tolerance. This gives the programmer complete control over the path following compromise. The blend
tolerance can be changed throughout the program as necessary. Beware that a specification of G64 PO has the same effect as
G64 alone (above), which is necessary for backward compatibility for old G Code programs. See the G Code Chapter for more
information on G64 P- Q-.

* Blending without tolerance - The controlled point will touch each specified movement at at least one point. The machine will
never move at such a speed that it cannot come to an exact stop at the end of the current movement (or next movement, if you
pause when blending has already started). The distance from the end point of the move is as large as it needs to be to keep up
the best contouring feed.

* Naive Cam Detector - Successive G1 moves that involve only the XYZ axes that deviate less than Q- from a straight line are
merged into a single straight line. This merged movement replaces the individual G1 movements for the purposes of blending
with tolerance. Between successive movements, the controlled point will pass no more than P- from the actual endpoints of
the movements. The controlled point will touch at least one point on each movement. The machine will never move at such a
speed that it cannot come to an exact stop at the end of the current movement (or next movement, if you pause when blending
has already started) On G2/3 moves in the G17 (XY) plane when the maximum deviation of an arc from a straight line is less
than the G64 Q- tolerance the arc is broken into two lines (from start of arc to midpoint, and from midpoint to end). those lines
are then subject to the naive cam algorithm for lines. Thus, line-arc, arc-arc, and arc-line cases as well as line-line benefit from
the naive cam detector. This improves contouring performance by simplifying the path.

In the following figure the blue line represents the actual machine velocity. The red lines are the acceleration capability of the
machine. The horizontal lines below each plot is the planned move. The upper plot shows how the trajectory planner will slow
the machine down when short moves are encountered to stay within the limits of the machines acceleration setting to be able to
come to an exact stop at the end of the next move. The bottom plot shows the effect of the Naive Cam Detector to combine the
moves and do a better job of keeping the velocity as planned.

Figure 3.1: Naive Cam Detector

3.1.4 Planning Moves

Make sure moves are long enough to suit your machine/material. Principally because of the rule that the machine will never
move at such a speed that it cannot come to a complete stop at the end of the current movement, there is a minimum movement
length that will allow the machine to keep up a requested feed rate with a given acceleration setting.

The acceleration and deceleration phase each use half the ini file MAX_ACCELERATION. In a blend that is an exact reversal,
this causes the total axis acceleration to equal the ini file MAX_ACCELERATION. In other cases, the actual machine acceleration
is somewhat less than the ini file acceleration
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To keep up the feed rate, the move must be longer than the distance it takes to accelerate from O to the desired feed rate and then
stop again. Using A as 1/2 t