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1. NUMERICAL CONTROL

Numerical Controtechnology as known today, emerged in thiel-20th century. It can be
traced to the year of 1952, the U.S. Air Force, Massachusetts Institute of Technology in
Cambridge, MA, USA, and the name of John Parsons ¢2903), who is closely associated with
the invention of numerical control. It was not appliegroduction manufacturing until the early
196006s. The real boom came in the form of CNC
the introduction of affordablmicrocomputers

In manufacturing field, and particularig metal working, NumericaControl technology has
caused something of a revolution. Even in the days before computers became standard fixtures in
every company and many homes, machine tools equipped with Numerical Control system found
their special place in many machine shops. refegively recent evolution ghicroelectronicand
the never ceasing computer development, including its impact on Numerical Control, has brought
enormously significant changes to manufacturing sector.

A. DEFINITION OFNUMERICAL CONTROL

The majority of all he known definitions can be summed up into a relatively simple statement:

AAINumerical Control can be defined as an operation of machine tools by means of specifically
codedinstructions to the machine control system

The 'specifically coded instructionsre combinations of the letters of alphabdigits, and
selected symbols, for example, a decimal point, the percent sign, or the parenthesis symbols. All
instructions are written in a logical order and in predetermined form. The collectiah of
instructons necessary to machine a single part or operation is call&CaRArogram, CNC
Program,or aPart Program Such a program can be stored for future use and used repeatedly to
achieve identical machining results at any time.

NC and CNC TechnologWC standa for the older and origindlumerical Controtechnology,
whereby the abbreviaticdNC stands for the new&omputerized Numerical Contrtdchnology
- a modern successor to its older relative. However, in everyday prdchiceis the preferred
abbreviation. To clarify the proper usage of each term, look at the major differences between NC
and CNC systems.

Both systems perform the same tasks, namely manipulation of data for the sole purpose of
machining a part. In both cases, the control systéenrial design contains all logical instructions
that process the input data. At this point the similarity ends.

The NC system (as opposed to the CNC system) uBesdalogical function those that are
built-in and permanently wired within the controliuThese functions cannot be changed by the
part programmer or the machine operator. Because of the fixed wiring of control logic, NC control
system is synonymous with the teérh a r d wWrhersgstré can interpret a part program, but it
does not allow anchanges to the program at the control (using the control features). All required
program changes must be made away from the control, typically in an office environment. Also,
NC system typically requires the compulsory use of punched tapes for inpu¢ prdgram
information.

The modern CNC system (but not the old NC systeses an internahicroprocessofi.e., a
computer). This computer contains memory registers storing a variety of routinesathat
manipulatelogical functions. That means the part programmer or machine operator can change
any program at the control unit (at the machine), with instantaneautsréshis flexibility is the
greatest advantage of CNC systems and probably the key element that contributed to such a wide
use of the technology in modern manufacturing. Typically, CNC programs and the logical
functions are stored on special computepshassoftware instructions;ather than used by the
hardware connections, such as winghjch control the logical functions. In contrast to the NC
system, the CNC system is synonymous with the tesno f t. wi r e d 6
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When describing a particular subject thratates to numerical control technology, it is
customary to use either the term NC or CNC. Keep in mind that NC can also mean CNC in
everyday talk, but CNC can never refer to the older

technology, described in thigital bookunder the abbreviation of NO'he letterd Csbands
for Computerized and it is not applicable to the hardwired system. All control systems
manufactured today are of the CNC design. Abbreviations sucl&@sor C 6 n d@ehot correct
and reflect poorly on anybody that uses them.

B. CONVENTIONAL AND CNCMACHINING

What makes CNC machining methods superior to conventional methods? Are they superior at
all? Where are the main benefits? While comparing CNC and conventional machining processes,
common general approach to machining a typicaly#iremerge:

Obtain and study the engineering drawing
Select the most suitable machining method
Decide on the setup method (work holding)
Select cutting tools and holders

Establish spindle speeds and cuttiegd rates
Machine the part

This general appexh is the same for both types of machining. One major differermanis
various data are input. feedrate of10 inches per minute (10 in/min) is the same in manual or
CNC applications, but the method of applying it is not. The same can be said abolara-adt
can be activated by physically turning a knob, pushisgitch, or programming a special code.

All these actions will result in coolant rushing out of a nozzle. In both kinds of machining, a certain
amount of knowledge by the user is requirédter all, metal working, and metal cutting
specifically, is mainly a skill, but it is also, to a great degree, an art and a profession of large
number of people. So is the applicatiorCafimputerized Numerical Contrdlike any skill, or art,

or professbn, mastering it to the last detail is necessary to be successful. It takes a lot more than
just technical knowledge to be a CNC machimpgratorpor CNC programmer. Work experience,
intuition, and what is sometimes called @y-t1 & ,eate énuch needesipplements to any skill.

In conventional machining, the operator sets up the machine and moves each cutting tool, using
one or both hands, to produce the required part. Design of a manual machine tool offers many
features that help the process of maclgrarpart levers, handlegearsand dials, to name just a
few. The same body motions are repeated by the operator for every part machined. However, the
word6 s a m thi8 context really mears s i mratheathat® i d e nHumansadretnot capable
to always repeat every process the sarat is the job of machines. People cannot work at the
same performance level all the time, without a rest. All of us have some good and some bad
moments. Such moments, when applied to machining a part, are diffiquiedict. There will
always be some differences and inconsistencies within each batch of parts. Parts will not always
be the sameMaintaining dimensional tolerances and surface finish quality are the most typical
problems encountered in conventionakimaing. Individual machinists may have their own 'time
provend methods, different from those of thei
factors create a large field of inconsistency.

Machining under numerical control does away withstinconsistencies. It does not require
the same physical involvement as manual machining. Numerically controlled machining does not
need any levers or dials or handles, at least not in the same sense as conventional machining. Once
the part program has beeropen, it can be used any number of times over, always returning
consistent results. That does not mean there are no limiting factors. Cutting tools do wear out,
material blank in one batch is not identical to the material blank in another batch, setwasymay
etc. These factors should be considered and compensated for, whenever necessary.
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Emergence of numerical control technology does not mean an ingtapiven a long term
demise of all manual machines. There are times when a traditional machethngpis preferable
to a computerized method. For example, a siropktime job may be done more efficiently on a
manual machine than on a CNC machine. Certain types of machining jobs will benefit from
manual, semiautomatic or automatic machining, ratm@n machining under numerical control.
CNC machine tools are not meant to replace every manual machine, only to supplement them.

In many instances, the decision whether certain machining will be done on a CNC machine or
not is based on the number of ragdi parts and nothing else. Although the volume of parts
machined as a batch is always amportant criterion it should never be the only factor.
Consideration should also be given to the part complexity, its tolerances, the required quality of
surface fnish, etc. Often, a single complex part will benefit from CNC machining, while fifty
relatively simple parts will not.

Keep in mind that numerical control has never machined a single part by itself. Numerical
control is only aprocessor a methodthat enables a machine tool to be used in a productive,
accurate and consistent way.

C. NUMERICAL CONTROLADVANTAGES
What are the main advantages of numerical control?

It is important to establish which areas of machining will benefit from it and which are better
done the conventional way. It is absurd to think that ahargepowelCNC mill will win over
jobs that are currently done on a twenty times more powerful manual mill. Equally unreasonable
are expectations of super improvements in cutting speed$eaddatesover a conventional
machine. If the machining and tooling conditions are the same, the total cutting time will always
be very close in both cases.

A list of some major areas where CNC users can and should expect improvement includes:
Setup time redudion

Lead time reduction

Accuracy and repeatability

Contouring of complex shapes

Simplified tooling and work holding

Consistent cutting time

General productivity increase

Each area offers onlymotentialimprovement. Individual CNC users will experience different
levels ofactualimprovement, depending on the product manufactured, CNC machine used, setup
methods applied, complexity of fixturing, quality of cutting tools, management philosophy and
engineemg design, experience level of the workforce, individual attitudes, and many others.

Setup Time Reduction

In many cases, actual setup times for CNC machines can be reduced, sometimes quite
dramatically. It is important to realize that setup is a manuahktipae, greatly dependent on the
performance of CNC operators, the type of fixturing and general machine shop practices. Setup
time is unproductive, but necessaiyis part of the overall costs of doing business. To keep setup
time to minimum should behe primary consideration of any machine shop supervisor,
programmerand operator.

Because of the design of CNC machines, real setup time should not be a major problem.
Modular fixturing, standardized tooling, fixed locators, automatic tool changingigahd other
advanced features, make the setup time more efficient than a comparable setup of conventional
machines. With good knowledge of modern manufacturing, productivity can be increased quite
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significantly.

The number of parts machined in a singg¢up is also important, in order to assess the actual
cost of setup time. If a great number of parts is machined in one setup, the setup cost per part can
be rather insignificant. A very similar reduction can be achieved by grouping several different
opemtions into a single setup. Even if the setup time is longer, it may be justified when compared
to the time required to setup several conventional machines and operations.

Lead Time Reduction

Once a part program is written and proven correct, it is reathe tused again in the future,
even at a short notice. Although the first run lead time is usually longer, it is virtually nil for all
subsequent runs. Even if an engineering change of the part design requires program modification,
it can be done usuallyuggkly, reducing the lead time.

Long lead time, required to design and manufacture several special fixtures for conventional
machines, can often be reduced by using simplified fixturing.

Accuracy and Repeatability

The high degree of accuracy and repeatshif modern CNC machines has been the single
major benefit to many users. Whether part program is stored on a disk or in the computer memory,
or even on a tape (the original method, now obsolete), it always remains the same. Any program
can be changed atill, but once proven, no changes are usually required any more. A given
program can be reused as many times as needed, without losing a single bit of data it contains.
True, program has to allow for such changeable factors as tool wear and operateargtienes
it has to be stored safely, but generally very little interference from the CNC programmer or
operator will be required. The accuracy of modern CNC machines and their repeatability allows
high quality parts to be produced consistently, time &ftes.

Contouring of Complex Shapes

CNC lathes and machining centeen contour large variety of different shapes. Many CNC
users acquired their machines only to be able to handle complex@aots.exampleare CNC
applications in the aircraft and amotive industries. Any use of some kind of computerized
programming is virtually mandatory for attyreedimensionatool path generation.

Complex shapes, such as molds, manifolds, dies, etc., can be manufactured without the
additional expense of makingnaodel for tracing. Mirrored parts can be achieved literally at the
switch of a button. Storage of part programs is a lot simpler than storage of paper patterns,
templates, wooden models, and other pattern making tools.

Simplified Tooling and Work Holding

Nonst andard and O6édhomemade6 tooling that cl u
conventional machine can be eliminated by using standard tooling, specially designed for
numerical control applications. Mulsitep tools such as pilot drills, step dritembination tools,
counter borers and others, are replaced with several individual standard tools. These tools are often
cheaper and easier to replace than special andtaodard tools. Costutting measures have
forced many tool suppliers to keep a lomeven a nonexistent inventory, while increasing delivery
time to the customer. Standard, -tfe-shelf tooling can usually be obtained fastesn non
standard tooling.

Fixturing and work holding for CNC machines have only one major purgoskold thepart
rigidly and in the same position for all parts within a batch. Fixtures designed for CNC work do
not normally require special jigs, pilot holes and oti@eslocating aids.

Cutting Time and Productivity Increase

Cutting time on a CNC machine is comanly known as thecycle time- and is always
consistent . Unl i ke a conventional machining,
fatigue are subject to changes, CNC machining is under the control of a computer. Only a small
amount of manual wk is restricted to the setup and part loading and unloading. For large batch
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runs, the high cost of unproductive time is spread among many parts, making it less significant.
The main benefit of a consistent cutting time is for repetitive jobs, whereqirod scheduling
and work allocation to individual machine tools can be done very efficiently and accurately.

One of the main reasons companies often purchase CNC machines is strictly ecanigraic
serious investment with great potential. Also, hg\ancompetitive edge is always on the mind of
every plant manager. Numerical control technology offers excellent means to achieve significant
improvements in manufacturing productivity and increasing the overall quality of manufactured
parts. Like any meato an end, it has to be used wisely and knowledgeably. When more and more
companies use CNC technology, just having a CNC machine does not offer the extra edge
anymore. Companies that grow and get forward are those where the use of technology is managed
efficiently, with the goal to be competitive in the global economy.

To reach the goal of major increase in productivity, it is essential that users understand the
fundamental principles on which CNC technology is based. These principles take many forms, fo
example, understanding the electronic circuitry, complex ladder diagrams, computer logic,
metrology, machine design, machining principles and practices, and many others. Each discipline
mustbe studied and mastered by all persons in charge. Idithial book the main emphasis is
on topics relating directly to CNC programming and understanding the most common CNC
machines- Machining Centersand Lathes (sometimes called’urning Centers Part quality
consideration should be very important to every mgogner and machine operator and this goal
is also reflected in theigital bookapproach as well as in numerous examples.

D. TYPESOFCNCMACHINE TOOLS

Different types of CNC machines cover rather large variety. Number of installations is rapidly
increasingand the technology development advances at a rapid pace. It is impossible to identify
all possible applications, they would make a long list. Here is a brief list of some of the groups
CNC machines can be part of:

Routers

Water jet and Laser profilers
Cylindrical grinders

Welding machines

Benders, Winding

Spinning machines, etc.

Mills and Machining centers

Lathes and Turning centers

Drilling machines

Boring mills and Profilers

EDM wire machines

Punch presses and Shears

Flame cutting machines
Without a doubt, CNC machining centers and lathes dominate the number of installations in

industry. These two groups share the market just about eqBatftye industries may have a higher

need for a particular type of machines, depending on their needs. One must remember there are

many models of lathes available and equally many different models of machining centers.

However, the programming process fovextical machine is similar to the one for a horizontal

machine or even a simple CNC mill, for example. Even between different machine groups, there

is a greahumberof general applications, while the programming process is generally unchanged.

For exampe, a contour milled with an end mill has a lot in common with a contour cut with a wire

on an EDM machine.

E N I |
E

E. LATHES AND TURNING CENTERS

A CNC lathe in its basic form is a machine tool with two axes, vertical X axis and horizontal Z
axis. The main feature @f lathe that distinguishes it from a mill is that the part is rotating about
the machine center line. In addition, the cutting tool is normally stationary, mounted in a sliding
turret. Cutting tool follows the contour of the programmed tool path. ManyemadNC lathes
are much more than just turning centessith a simple milling attachment, trso-called live
tooling, the milling cutter has its own motor and rotates while the spindle is stationary. More
complex designs incorporate afénter milling, doble spindles, double turrets, part transfer, and
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many other efficiency improving features. These machines are generally calledllthen
centers or sometimes than-mill centers.

Modern lathe design can be horizontal or vertical. Horizontal tyfer isiore common than
vertical type, but both designs have their purpose in manufacturing. Several different designs exist
for either group. For example, a typical CNC lathe of the horizontal group can be designed with a
flat bed or a slant bed, as a bardychucker type or a universal type. Added to these combinations
are many accessories that make a CNC lathe an extremely flexible machine tool. Typically,
accessories such as tailstock, steady rests or falfovests, part catchers, pullduigers and a
third axis milling attachment are popular components of CNC lathes. A CNC lathe can be very
versatile- so versatile in fact, that it is often called€®&C Turning CenterAll text and program
examples in thigligital bookuse the more traditional ter@NC lathe yet still recognizing all its
modern functions.

F. PERSONNELFORCNC

Computers and machine tools have no intelligence. They cannot think, they cannot evaluate a
situation in a rational way. Only people with certaiillsland knowledge can do that. In the field
of numerical control, the skills are usually in the hands of two key peoptee doing the
programming the other doing the actusgdtupandmachining Their respective numbers and duties
typically depend on aapany preferences, its size, as well as the product manufactured there.
However, each position is quite distinct, although many companies combine the two functions into
a one, often called @NC Programmer/Operator

CNC Programmer

CNC programmer is usually person who has the most responsibility in the CNC machine
shop. This person is often responsible for the success of numerical control technology in whole
the plant. Equally, this person is also held responsible for problems related to CNC and related
operations. Although duties may vary, the programmer is also responsible for a variety of tasks
relating to the effective usage of one or more CNC machines. In fact, this person is often
accountable for the production and quality parts from all CNC opesation

Many CNC programmers are experienced machinists who have had a practicalprnands
experience as machine tool operators. They know how to read technical drawings and they can
comprehend engineering intent behind the design. This practical experidmemain foundation
for the ability to6 ma c haipart & @n ofimachine environment. A good CNC programmer must
be able to visualize all tool motions and recognize all restricting factors that may be involved. The
programmer must be able to collect, gaal process and logically integrate all collected data into
a single, cohesive and safe part program. In simple terms, the CNC programmer must be able to
decide upon the best manufacturing methodology in all respects.

In addition to machining skills, thENC programmer has to have a good understanding of
mathematical principles, mainly application of equations, solution of arcs and angles. Equally
important is the knowledge of trigonometry. Even with computerized programming, the
knowledge of manual prograning methods is absolutely essential to deep and thorough
understanding of computer output and to assure control over such output.

The last important quality of a truly professional CNC programmer is his or her ability to listen
to other people the engiees, CNC operators, managers. Good listening skills are the first
prerequisites to become flexible. Any professional CNC programmer must be ftexalfler high
quality in programming.

CNC Machine Operator

The CNC machine tool operator is a complemenpasition to that of CNC programmer. The
programmer and the operator may exist in a single person, as is common in many smaller shops.
Althoughmostduties performed by a conventional machine operator has been transferred to CNC
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programmer, CNC operatorsal has many unique responsibilities. In typical cases, the operator is
responsible for tool and machine setup, for changing of completed parts, often even for-some in
process inspection. Many companies expect quality control at the machine and the opangtor
machine tool, manual or computerized, is also responsible for the quality of work done on that
machine. One of the most important responsibilities of CNC machine operator is to report findings
about each program to the programmer. Even with thekbesvledge, skillsattitudesand good

i nt ent i onpggram dae always benirapkroded. CNC operator, being the one who is the
closest to actual machining, knows precisely what extent such improvements can be.

G. SAFETYRELATED TOCNCWORK

On thewalls of many machine shops may hang a safety poster with a simple, yet very powerful
messageT he first rule of safety is to follow all safety rules

The heading of this section does not indicate whether safety is oriented at the programming or
the machimg level. There is no reason for-isafety is totallyindependentlt stands on its own
and it governs behavior and activities of everybody in machine shop and outside of it. At first
sight, it may appear that safety is something related to machiringachine operations, perhaps
to the machine setup as well. Thatrigebut hardly presents a complete picture.

Safety is the most important element in programming, setup, machining, tooling, fixturing,
inspection, shipping, angbu-nameit operation witln a typical machine shop daily work. Safety
should never be compromised and cannot be overemphasized. Companies talk about safety,
conduct safety meetings, display posters, make speeches, call experts. This mass of information
and instructions is preseqdtéo all of us for some very good reasons. Quite a few are based on past
tragic occurrencesmany laws, rules and regulations have been wriitsrause oinquests and
Inquiries into serious accidents.

At first sight, it may seem that in CNC work, safetya secondary issue, not as important as in
manual machining. There is a lot of automation in CNC, a part program that iscpsatedly
tooling that has been used in the past, a simple setup, etc. All this can lead to complacency and
false assumptionhtit safety is taken care of. This is a wrong view that can have serious
consequences.

Safety is quite a large subject but a few points that relate to CNC environment are very
important. Every machinist should know the hazards of mechanical and eleatncadsd The
first step towards a safeorkplaceis with a clean work area, where no chips, oil spills and other
debris are allowed to accumulate on the floor. Taking care of personal safety is equally important.
Loose clothing, jewelry, ties, scarfs, un@cted long hair, improper use of gloves and similar
infractions, is dangerous in any machining environment. Protection of one's eyes, ears, hands and
feetarestrongly recommended.

While a machine is operating, protective devices should be in place amavimay parts should
be exposed. Special care should be taken around rotating spindles and automatic tool changers.
Other devices that could pose a hazard are pallet changers, chip conveyors, high voltage areas,
hoists, etc. Disconnecting any interlockother safety features is dangereasdillegal, without
appropriate skills and authorization.

Modern technology has brought machines that may have nine or more axes, tight work areas,
special tool indexing, part transfers, etc. While these featuresaticaity increase company
productivity, they also require additional safety trainiragnd practicing all safety rules.

In CNC programming (manual or computer based), observation of safety rules is equally
important. Atool motion can be programmed in mangys. Speeds and feeaistbe realistic,
not just mathematically o&écorrecto. Depth of
have a profound effect on overall safety in the shop.

All these ideas are just a very short summary and a demihat safety should ladways taken
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2. COORDINATE GEOMETRY

One of the first major steps towards basic understanding of CNC principles and geometrical
concepts is thorough understanding of a subject known in mathematics agstbe of
coordinaes The most important of these principles are those that can be applied to CNC
technology of today. In various publications on mathematics and geometry, these principles are
often listed under the headings such agé¢aénumber systemnd therectangula coordinates

One main key to understanding rectangular coordinates is understanding of basic math
arithmetic,algebraand geometry. The key knowledge in this area is knowledge méahrumber
systemWithin the real number system, there aredeailable numerals (digits), 0 to 9 (zero to
nine), that can be used in any of the following groups:

Zero integer 0
Positive integers(with or without sign) 1, 2, +3, 10, 12943, +45

Negative integergminus sign required) -4,-381,-25,-77

Fractions 1/8, 3/16, 9/32, 35/64
Decimal fractions 0.185, 0.2, 0.546875, 3.5, 15.0

All groups are usedaily. These groups represent the mainstream of just about all applications
of numbers in modern life. In CNC programming, the primary goal istowselmer s t o Ot r a|
engineering drawing based on its dimensioimso a specific cutter path.

Computerized Numerical Controieancontrol by the numbers using a compu#dt drawing
informationmustbe translated into CNC program, using primarily numbers. Numbers are also
used to describe commands, functions, comments, and so on. The mathematical concept of a real
number system can be expressed graphically on a horizontal or a vertical line headig@chiber
scale where all divisions have the same lengiigure 1

Figure 1:Graphical representation of the Number Scale

Length of each division on the scale represents the unit of measurement in a convenient and
generally acgoated scale. It may come as a surprise that this concept is used every day. For
example, a simple ruler used in schools is based on the number scale concept, regardless of
measuring units. Weight scales using tons, pounds, kiloggnais,s,and similar units of mass
are other examples. A simple household thermometer uses the same principle. Other similar
examples are available as well.

A. RECTANGULARCOORDINATESYSTEM

Rectangular coordinate system is a concept used to define a planar 2Dwmohtr{ensions),
using the XY coordinates, orspatial 3D point (three dimensions), using the XYZ coordinates.
This system was first defined in the 17th century by a French philosopher and matheriRateian
Descartes (1594650) His name is used as alieanative name of the rectangular coordinate
system, it is called th€artesian Coordinate SysterseeFigure 2.



Figure 2: Rectangular coordinate system = Cartesian coordinate system

The concepts used in design, draftamglin numerical control are over 400 years old. A given
point can be mathematically defined on a plane (two coordinate values) or in space (three
coordinate values). The definition of one point is relative to another point as a distance parallel
with one of thee axes that are perpendicular to each other. In a plane, only two axes are required,
in space, all three axes must be specified. In programming, point represents an exact location. If
such a location is on a plane, the point is defined as a 2D poing, tloraxes. If the location is
in space, the point is defined as a 3D point, along three axes.

When two number scales that intersect at right angles are used, mathematical basis for a
rectangular coordinate systeis created. Several terms emerge from te@Eesentation, and all
have an important role in CNC programming. Their understanding is very important for further
progress.

Axes and Planes

Each major line of the number scale is calledan It could have either vertical or horizontal
orientation.This very old principle, when applied to CNC programming, means that at least two
axes- two number scaleswill be used. This is the mathematical definition of an axis:

An axis is a straight line passing through the center of a plane or a solid &guneg which
the parts are symmetrically arranged

This definition can be enhanced by a statement that an axis can aldm&def referenceln
CNC programming, an axis is used as a reference all the time. The definition also contains the
word 6 p | aAnmade.is a term used in 2D applications, whilesalid objectis used in 3D
applications. Mathematical definition of a planeAsplane is a surface in which a straight line
joining any two of its points will lie wholly on the surface

From thetop viewmint of the observer, looking straight down on the illustratagure 3,a
viewing directionis established. This is often calle@wing a plane

Y -axis

Figure 3: Axis designation viewing a plane
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Mathematical designation is fully implemented in CNC

A plane is a 2D entitythe letter X identifies its horizontakis;the letter Y identifies its vertical
axis. Such plane is called tK& plane Defined mathematically, the horizontal axialwayslisted
as thefirst letter of the pair. In drafting and CNC programming, this plane is also known as the
Top Viewor aPlan View Other planes are also used in CNC, but not to the same extent as in
CAD/CAM work.

Point of Origin

Another term that emerges fnothe rectangular coordinate system is callegthet of origin
or justorigin. It is the exact point where the two perpendicular axes intersect. This point has a
zeracoordinatevalue in each axis, specified as planar X0YO spatialX0Y0Z0 - Figure 4

X-axis

Figure 4: Point of origin- intersection of axes

This intersection calledrigin has a rathespecialmeaning in CNC programming. This origin
point acquires a new name, one typically calledottogiram reference poinOther terms are also
used:program zero, part reference point, workpiece zero, part,zand probably a few others
all with the same meaning and same purpose.

Quadrants
Viewing the two intersecting axes and the new plane, four distireas can be clearly
identified. Each area is bounded by two axes. These areas arejoalients

Mathematically defineda quadrant is any one of the four parts of the plane formed by the
system of rectangulaoordinates. Isuggestsour uniquely &fined areas aguadrants Looking
down in the top view at the two intersecting axes, the following definitions apply to quadrants.
They are mathematically correct and are used in all CNC/CAD/CAM applications:

Quadrant | UPPER RIGHT
Quadrant I UPPERLEFT
Quadrant Il LOWER LEFT
Quadrant IV LOWER RIGHT

Quadrants are always defined in toainterclockwisdirection, from the horizontal -éxis and
the naming convention usB®man not Arabic - numbers normally used.
COORDINATE GEOMETRY

Numbering of quadrants always starts at plositive side of thehorizontal axis. Figure 5
illustrates the definitions.
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Y -axis

Quadrantl Quadrant
X-Y+ X+Y+
X-axis
Quadrantll QuadrantV
X-Y- X+Y -

Figure 5: Quadrants in the XY plane and their identification

Any point coordinate value can be positive, negative or zero. All point coordinates are
determined solely by theiocationin a particular quadrant and individual distances along an axis,
again, relative to originFigure 6.

. . Coordinate
Point location

X-axis | Y-axis
Quadrant + +
Quadrantl - +
Quadrantll - -
QuadrantV + -

Figure 6:Algebraic signs for a point location in plane quadrants

IMPORTANT:

If the defined point lies exactly on theaXis, it has the Yalueequal to zero (YO)

If the point lies exactly on theakis, it has the Xalue equal to zero (X0)

If the point lies exactly on both X aivdaxes, both X andvalues are zero (X0 YO).

X0YO0ZO is the point of origin. In part programming, positive valuesvaiteen without the plus
sign- Figure 7.
Right Hand Coordinate System

In all illustrations ofnumber scalequadrantsandaxes theorigin divides each axis into two
portions. The zero pointthe point of origin- separates thpositivesection of an asi from the
negativesection. In the righband coordinate system, tipesitive axis starts at origin and is
directed towards theght for X-axis,upwardsfor Y-axis andowards the perpendicular viewpoint
for Z-axis. Opposite directions are always negativ

Y+ P3
== -
P2¢ :
T [
[
[
P6 [
X- ——4— - X+
I 1 P1 |
! [
I 4
I P4
b ——————
P5
ty.




P1=X0.0 Y0.0 P4 =X4.0 ¥3.0

P2 =X0.0 Y4.0 P5=X%5.0 Y-4.5

P3 =X5.5Y5.0 P6 = %5.0 Y0.0

Figure 7: Coordinate definition of points within rectangular coordinate system

Point P1 = Origin = X0YO

If thesedirections were superimposed over a human right hand, they would correspond to the
direction from the root of thumb or finger towards its tip. Thumb would point in the X+ direction,
index finger in the Y+ direction and middle finger in the Z+ direction.

CNC machines are normally programmed using sbealled absolutecoordinate method,
whichis based on the point of origin being X0Y0ZO0. This absolute programming method follows
very strictly the rules of rectangular coordinate geometry and all concepte@avehis chapter.

B. MACHINE GEOMETRY

Machine geometrgefines the relationship of distances and dimensions befiixeenpoint of
the machineandselectable point of the parfypical geometry of CNC machines uses tigét-
hand coordinate system. Positive and negative axis direction is determined by an established
viewing convention. The general rule foraZis is that it is always the axis along which a simple
hole can be madfed with a single point tool, such as a drill, reamer, wire, laser bearhrigice
4-8 on the next page illustrates standard orientation of planes for XYZ type machine tools.

AXxis Orientation

A typical machining center has three controlled axes, difsexaxis, Y-axis, and Zaxis. X
axis is parallel to the longest dimension of machige; Y-axis is parallel to the shortest
dimension of the table andakis is the spindle movement. On a vertical CNC machining center,
X-axis is the table longitudihairection, Y-axis is the saddle cross direction, andxXs is the
spindledirection.

+2

~Z

Figure 8: Standard orientation of planes and CNC machine tool axes

Axis Orientatiorn Turning

Standard CNC lathes have two axes, X and Z.dviaxes are available, but they are not
important at this point. Special additional axes, such-asi€and ¥axis, are designed for milling
operations (live tooling) and require unique version of a standard CNC lathe.

What is much more common for CNC lathin industry, is the double orientation of XZ axes.
CNC lathes are separated fasnt and rear lathes. An example of a front lathe like the
conventional engine lathe. All slant bed lathe types are of the rear kind. Identification of axes in
industry lave not always followed mathematical principles.
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X+ Rear lathe 7+

Z+ X+  Front lathe

Z+

X+ Vertical lathe

Figure 9: Typical machine axis orientation for various CNC lathes

Another lathe variety, a vertical CNC lathe, is basically a horizontal lathe rotated 90°. Typical
axes for horizontal and vertical machine axes, as applied to turning, are illustriaigareo.

Additional Axes

A CNC machine of any type can be designed with one or more additional axes, normally
designated as the secondargr parallel - axes using the U, V and W letters. These axes are
normally parallel to the primary X, Y and Z axes respectively. For a rotagnandexing
application additional axes are defined as A, B and C axes, as being rotated about the X, Y and Z
axes, again in their respective order. Positive direction of a rotary (or an indexing) axis is the
direction required to advanceright-handedscrew in the positive X, Y or Z axis. Relationship
between the primary and supplementary axes is showigume 10.

X Y / |l Primary

axes
U V \/\/ |« Secondary
axes
| J K |« Arccenter
vectors
A B C |« Rotary
+ * * axes
X-axis Y -axis Z-axis
related related related

Figure 10: Relationship of primary and supplementary machine axes

Arc center modifiers (sometimes called arc center vectors) are not true axes, yet they are also
related to primary axes XYZ. This subject will be describbedthe section onCircular
Interpolation

14



3. CONTROL SYSTEM

A machine unit equipped with a computerized numerical control system is commonly known
as a CNC machine. In an analogy of the machine tool beingptiyof a CNC machine system,
the control unit igts brain, its nerve center. There are no leversknobs,and no handles on a
CNC machine the way they function on conventidiasthes. All machine speeds, feeds, axes
motions and hundreds of other tasks are programmed by a CNC programmer and controlled by a
computer that is major part of the CNC unit. To make a program for a CNC machine tool means
to make a program for the contsylstem. True, the machine tool is a major consideration as well,
but it is thecontrol unitthat determines the prograormat, its structureand itssyntax

To fully understand CNC programming process, it is important to understand not only the
intricacies of how to machine a part, what tools to select, what speeds and feeds to use, how to
setup the job and many other features. It is equally important to know how the computer, the CNC
unit workswithout the need to be an expert in electronics or a comgcitntistfigure 11 shows
an actual Fanuc control panel.

BANUOL \ e LED lamp indicator of
& = T alarm
; E 3 .
o Power on Switch o 2
o Power off Switch J ¢ 1947Colordisplay

7 v e Horizontal & Vertical

¢ Emergency Stop by
soft keys

button : H EEEEEEE o

e Jog/ Cutting feed :

override M. 0 e Full QWERTY

Keyboard

e Manual pulse EEEE SEEE EEE
generator acher fackahe

EEE GUES e Machine control panel

Figure11: A exampleof a Fanuc control panelactual layout and features will vary on different models

Machine manufacturers add their own operation panel, with all switches and button needed to
operate their CNC machine and all its features. A typical operation pahedtimted in Figurd.2.
Another item required for the systethe handlewill be described as well.
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Figure12: A operation panel of a CNC machiningctual layout and features will vary on different models

Feature Description

ON / OFF switch Power and control switch for the main power and control unit
Cycle Start Starts program execution or MDI command

Emergency Stop Stops all machine activity and turns off power to the control unit
Feed hold Temporarily stops motion of all axes

Single Block Allows program run one block at a time

Optional Stop

Temporarily stops program execution (MO1 required in program)

Block Skip

Ignores blocks preceded with a forward sl@8hn the program

Dry Run

Enables program testing at fast feed rates (without a mounted p4

Spindle Override

Overrides programmed spindle speed, usually withirl20% range

Feedrate Override

Overrides programmed feed rate, usually withi2@0% range

Chuck Clamp

Shows current status of the chuck clamping (Outside / Inside
clamping)
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Feature Description

Table Clamp Shows current status of table clamping

Coolant Switch Coolant control ON / OFF / AUTO

GearSelection Shows current status of working gear range selection

Spindle Rotation Indicates spindle rotation direction (clockwise or counterclockwis

Spindle Orientation | Manual orientation of the spindle

Tool Change Switch allowing a manual toohange
" Switches and lights relating to setup of machine, from reference
Reference Position position

Manual Pulse Generator (MPG), used for Axis Select and Handls

Handle (MPG) Increment switches

Tailstock Switch Tailstock and/or quill switch tmanually position the tailstock

Indexing Table
Switch

MDI Mode Manual Data Input mode

Manually indexes machine table during setup

A. GENERALDESCRIPTION

Even a brief look at any control unit reveals that there are two basic compepeastss the
operation panelfull of rotary switches, toggle switches and push buttons. The other component
is thedisplay screemvith a keyboard or a keypad.programmemvho does not normally work on
the CNC machine will seldom, if ever, have a reason to use either the operation panel or the display
screen. They are available at the machine to the CNC maaphenator andised for machine setup
as well as to control the agties of the machine.

Should the CNC programmer be at least interested in the machine operation? Is it necessary for
the programmer t&nowandunderstandall functions of the control system? There is only one
answer to both questionslefinitely yes

The control unit

The CNC systemcontains features that only work in conjunctiith the program, it does not
do anything useful on its own. Some features can bearggd the program itself supports them.
All switches and buttons and keys arged by the machine operator, to exercise control over
program execution and machining process.

Operation Panel

Depending on CNC machine type, the following table covers the most typical and common
features found on modern operation panel. There are solé differences for operation of a
machining center and a lathe, but both operation panels are simitaalways a good idea to
double check with the manufacturer specifications and recommendations. It is common that many
machines used in the shop kaome special features.

Even if some features may not be listed, virtually all of those in the table are somewhat related
to CNC program. Many control systems have unique features of their own. These features must
be known to the CNC operator. The progrsupplied to the machine should fiexible, notrigid
- it should be 'user friendly'.

17



Screen Display and Keyboard

Feature Description
AUTGOmode Allows automatic operations
MEMORY mode Allows program execution from memory of the CNC unit

Allows program execution from an external device, such ¢

TAPE / EXdr DNC mode desktop computer (DNC) or a punched tape

Allows changes to be made to a program stored in CNC

EDIT mode memory

MANUALMode Allows manual operations during setup
JOG Mode Selects jog mode for setup

RAPID Mode Selects rapid mode for setup

Memory Access Key (switch) to allow program editing
Error Lights Red light indicating an error

Screen display is the 'window' to control operation. Any active program canewed,
including the control status, current tool position, various offsets, parameters, even a graphic
representation of the toolpath. On all CNC units, individual monochrome or color screens can be
selected to have the desired display at any time, tisnigput keys (keyboard pads and soft keys).
Setting for international languages is also possible.

Keyboard pads and soft keys are usethput instructions to the control. Existing programs
can be modified or deletetiew programs can be added. Usireylhoard input, not only the
machine axes motion can be controlled, but the spindle speel@ethdateaswell. Changing
internal parameters and evaluating various diagnostics are more specific means of control, often
restricted to service people. Keyboartl screen are used to set program origin and to hook up to
external devices, such as a connection with another computer. There are many other options,
particularly for multi axis machines. Every keyboard allows the usstefs digits,andsymbols
for data entry. Not every keyboard allows the usalloélphabet letters all available symbols.
Some control panel keys have a description ob@eration rather than a letter, digit or symbol,
for exampleReadandPunchKeysor theOffsetkey.

Handle

For setup purposes, each CNC machine has a rotary handle that can move one selected axis by
as little as the least increment of the control system. The official Fanuc name for the handle is
Manual Pulse GeneratoAssociated with the handleAsis Selecswitch (often duplicated on the
operation panel as well as on the handle) and the range of increment (that is the least increment
X1, X10 and X100). The letter X in this case is the multiplier and stands fones! One handle
division will move the selged axis by X times the minimum increment of active units of
measurement. Handles with digital display on a small screen are also avail&ueirél3 and
the following table are details of a typical traditional handle.
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Figure 13:An example of a detached handle, called the Manual Pulse Generator (MPG), with a typical layout and features

Layout and features may vary on different machine models.

hyS KIFIyRES RADAER:

Handle multiplier

for metric units

for imperial units

X1 0.001 mm 0.0001 inch
X10 0.010 mm 0.0010 inch
X100 0.100 mm 0.0100 inch

B. SYSTEMFEATURES

CNC unit is nothing more than a sophisticated special purpose computer. The 'special purpose’
in this case is aomputer capable of controlling the activities of a machine, ®ath as lathe or
machining center. It means the computer has to be designeddypany that has expertise in
this type of special purpose computers. Unlike many business types of computers, each CNC unit
is made for a particular customer. The customer is typically a machine manufacititiee, end
user. The manufacturer specHfieertain requirements that the control system has to meet,
requirements that reflect uniqueness of the machines they build. Basic control does not change,
but some customized

features may be added (or taken away) for a specific machine. Once a cotgralisysold to
the machine manufacturer, more features are added to the whole system. They relate to the design
and capabilities of the machine.

A good example is a CNC unit for two machines that are the same in all respects except one.
One machine hasraanualtool changer, the other has amtomatictool changerTo support the
automatic tool changer, the CNC unit must have special featuresnhtiiat are not required for
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a machine without the tool changer. The more complex a CNC system is, the more expensive it is.
Users that do not require all sophisticateduess, do not pay a premium for features they do not
need.

Parameter Settings

Information that establishes the bartconnection between the CNC control and the machine
tool is stored as special data in internal registers, caljstem parametersSome of the
information in thisdigital bookis quite specialized and listed for reference only. Programmers
with limited experience do not need to know system parameters in a great depth. Original factory
settings are sufficient for most machining jobs.

When he parameter screen is displayed, it shows the parameter number with some data in a
row. Each row of numbers represents bygte each digit in the byte is calledb@é. The wordbit
is made from the wordBinary digit and is the smallest unit of a parasreénput. Numbering of
bits starts with 0, read frothe rightto the left

Number| #7 #6 #5 #Ha4 #3 #H2 #1 #0
XXXX 0 1 1 0 1 0 0 1

Fanuc control system parameters belong to one of three groups, specified within an allowed
range:Binary codes . INpUts, s Values

These groups use different input values. bimary inputcan only have an input of a O or 1 for
the bit data format, O to +127 for the byte typnits inputhas a broader scope units can be in
mm, inches, mm/min, in/min, degreesillideconds, etc. Avaluecan also be specified within a
given range, for example, a number within the range®8,r 099999, or +127 tel27, etc.

Atypical example of dinary inputis a selection betwedwo options For instance, a feature
calleddry run can be set only asffectiveor ineffective To select a preference, an arbitrary bit
number of a parameter hasenset to 0 to make the dry run effective and to 1 to make it ineffective.

Units input for example, is used to set the increment systiedimensional units. Computers
in general do not distinguish between imperial and metric units, just numbersp Itoishe user
andthe parameter setting, whether the control will recognize 0.001 mm or 0.0001 inches as the
least increment. Another example is a parameter setting that stores the mée@urate foreach
axis, the maximum spindle speed, etc. Such gaiuest never be set higher than the machine itself
can support. An indexing axis with a minimum increment of 1,wvatbecome a rotary axis with
0.001° increment, just because the parameter is set to a lower value, even if it is (fssibée.
settingis wrong and can cause serious damage!

To better understand what CNC system parameters can do, here is an abbreviated listing of
parameter classification for a typical Fanuc control system (many of them are meaningful to the
service technicians only):

Paraneters related to Setting

Parameters related to Axis Control Data

Parameters related to Chopping

Parameters related to the Coordinate System
Parameters related Eeed rate

Parameters related to Acceleration/Deceleration Control
Parameters related to Servo

Parameters related to DI/DO
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Parameters related to MDI, EDIT, and CRT
Parameters related to Programs

Parameters related to Serial Spindle Output
Parameters related to Graphic Display Parameters related to 1/O interface
Parameters related to Stroke Limit

Paameters related to Pitch Error Compensation
Parameters related to Inclination Compensation
Parameters related to Straightness Compensation
Parameters related to Spindle Control

Parameters related to Tool Offset

Parameters related to Canned Cycle

Parametes related to Scaling and Coordinate Rotation
Parameters related to Automatic Corner Override
Parameters related to Involute Interpolation
Parameters related to Udirectional Positioning
Parameters related to Custom Macro (User Macro)
Parameterselated to Program Restart

Parameters related to Hipeed Skip Signal Input
Parameters related to Automatic Tool Compensation
Parameters related to Tool Life Management
Parameters related to Turret Axis Control

Parameters related to High Precision Contoontrol Parameters related to Service €
and other parameters

Quite a few parameters have nothing to do with daily programming and are listed only as an
actual example. All system parameters should be set or changed only by a qualified person, such
as arexperienced service technician. A programmer or operator should not modify any parameter
settings. These changes require not only qualifications but authoriaatiwell.Keep the list of
original parameter settings away from the control, in a safe plesten case.

Take care when changing control systeanameters!

Many parameters are periodically updated during program processing. CNC operator is usually
not aware that this activity is going on at all. There is no real need to monitor this actinty. T
safest rule to observe is that once the parameters have been set by a qualified technician, any
temporarychanges required for a given work should be done through the CNC program. If
permanenthanges are required, an authorized person should be assigde them nobody
else.Some parameters may be changexy carefully- through the program

System Defaults

Many parameter settings stored in control at the time of purchase have been entered by the
manufacturer as either tloaly choicesthemost sitable choicesor themost common selectians
That does not mean they will beepreferred settingsit means they were selectbdsed ortheir
common usage. Many settings are rather conservative in their values, for safety reasons.

The set of parametgalues established at the time of installation are calleddfailtsettings.
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The English worddefault'is a derivative of a French wotdefaut, that can be translated as
‘assumed' When main power to the control is turned on, there are no set yahseed to
parameters from a program, since no program has yet been used. However, certain settings become
active automatically,without an external program. For instance, a cutter radius offset is
automatically canceled at the control system startup. édsceled are the fixed cycle mode and

tool length offset. The contréhssumesthat certain conditions are preferable to others. Many
operators will agree with most of these initial settings, although not necessarily with all of them.
Some settings araustomizable by a change of a parameter settings. Such settings will become
permanent and creatanaw 'default’.

Always document any changes madpaoameters!

A computer is fast and accurate but has no intelligence. People are often slow amdrarake
but have one unique ability they think.A computer is just a machine that does assume
anything, does notonsider does notfeel computerdoes not think A computer does not do
anything that a human effort and ingenuity has not done during the gesiggss, in form of
hardware and software.

When a CNC machine is powered, its internal softwarecsetsinexisting parameters to their
default condition, designed by engineers. Blosystem parameters, ondgrtain parameters can
have an assumed catidn - a condition that is known as tdefault valugcondition).

For example, a tool motion has three basic moedesapid motion, alinear motion and a
circular motion. The default motion setting is controlled by a parameter. Only one setting can be
active at the startup. Which one? The anstegrends on the parameter settiany parameters
can be preset to a desired state. Onlyapél or linear mode can beet as default in the example.

Since rapid motion is the first motion in most programs, it seems to make sense to make it a default
- but wait!

Most controls are set {mear motion as the default (GO1 command) to be in effect at the start
- strictly for safety reasonsNhen machine axes are moved manually, the parameter setting has no
effect. If a manual input of an axis command value takes place, either through the program or from
the control panel, a tool motion results. If a motion command is not EkdNC system will
use the command mode that had been preset as the default in the parameters. Since the default
mode is linear motion G01, the result isearor condition,faulting the systerfor the lack ofeed
rate! There is no cuttingeed raten effect, which the GO1 requires. Had the default setting been
rapid motion GOO, a rapid motion would be performed, as it does not need progréeectheate

It is beneficial to know the default settings of all controls in the shop. Unless there is a good
reason to do otherwise, defaults for similar controls should be the same.

Memory Capacity

CNC programs can be stored in the control memory. Program size is only limited by the control
internal capacity. This capacity is measured in variety of ways, origiasithe equivaledéngth
of tapein meters or feet, lately as thember of bytesr the number o$creen pagesA common
minimum memory capacity of a small CNC lathe control may be 20m of tape (66 ft). This is an
old-fashionedmethod that somehow per&d in staying with us. On CNC milling systems, the
memory requirements based on the same criteria are generally larger and the typical minimum
memory capacity is 80 m or about 263 ft. Optionally, larger memory capacity can be added to any
control systemThe minimum memory capacity of a control varies from one machine to another
always check control specifications carefully.

Modern methods of measuring memory capacity prefer tdyssas the unit, rathethana
length of an obsolete tape. A byte i® tbmallest unit of storage capacity and is very roughly
equivalent to one character in the program.

Memory capacity of the control system should be large enough to store the longest CNC
program expected on a regular basis. That requires some planning thefdNC machine is
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purchased. For example, inreedimensionalmold work orhigh-speedmachining, the cost of
additional memory capacity may be very high. Although any cost is a relative term, there are
reliable and inexpensive alternatives, well wadoibking into.

One alternative is running the CNC program from a personal computer. An inexpensive
communication software and cabling is required to connect the computer with the CNC system.
The simplest version is toransfera CNC program from one comput® the other. More
sophisticated possibility includes software and cables thaturatine machine from a personal
computer, without loading it into the CNC memory first. This method is often cdtipefeeding'
or 'bitwise input' When operated from @ersonal computer, the CNC program can be as long as
the storage device capacity, typically the hard drive.

Most CNC programs will fit into the CNC internal memory. Latest Fanuc controls show the
available memory as the numberfi@e screen display pages

In cases where the available memory capacity is too small to accept large programs, several
techniques are available to minimize the problem, for example, eliminating leading zeros or
removing all or some block numbers.

C. MANUAL PROGRAMINTERRUPTION

If a program needs to be interrupted in the middle of processing, control system offers several
ways to do that, using the machine operation panel. The most common features of this type are
toggle switches or push buttons fosiagle blockoperation,feed holdandemergency stop

Single Block Operation

The normal purpose of a program is to control the machine tool automatically and sequentially
in a continuous mode. Every program is a series of formatted commands or instrustibies
as ndividual lines of code, calletllocks Blocks and their concepts will be described in the
following chapters. All program commands in a single block are processeihggeanstruction
The blocks are received by the control system in sequential natartop down and in therder,
they appear in the program. Normally, a CNC machine is run in a continuous mode, while all
blocks are processed automatically, one after another. This continuity is important for production,
but not practical when provingreew program, for example.

To disable continuous program executiorgiagle Blockswitch is provided on the operation
panel. In the single block mode, only one program block will be processed each ti@ycline
Start key is pressed. On the operation pamaigle block mode can be used separately or in
combination with other settings that make program proving faster and more accurate.

Feed hold

Feed holds a special push button located on the operation panel, usually closeGgctae
Start button. Whernthis button is pressed during a rapid, linear or circular axes motion, it will
immediately stop the motion. Such action applies to all axes active at the time. This feature is
convenient for machine setup or first part run. Some types of motion restfietdt holdunction
or disable it altogether. For example, threading or tapping modes make the switch inoperative.

Activating Feed holdat the machine will not change any other program valuewill only
affect axis motionFeed holdswitch will be illuminated (in red light), as long as it is effective.
CNC programmer can overridleeed holdrom within the program, for special purposes.

Emergency Stop

Every CNC machine has at least one special mushroom shaped push button, redwhicblor,
is inan accessible place on the machine. It is marked &ntleegency Stopr E-stop When this
button is pressedll machine activities will cease immediatelihe main power supply will be
interruptedand the machine will have to be restarted. Emergeopyssvitch is a mandatory safety
feature on all CNC machines.
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Pressing the emergency stop button is not alwaysaster even th@nlyway to stop a machine
operation. In fact, the latest controls offer other features, far less severe, designed toapreven
collision between cutting tool and part or fixture. Previously discuesed holdoutton is only
one option, along with several other features. If the emergency stop must be used at all, it should
be used only as tHast resorf when any other actiowould require unacceptably longer time.
There is no need for panic, if something does go wrong.

For some machine actions, the effecEafiergency Stojs not always apparent. For example,
the spindle requires a certain time for deceleration to stop.

D. MANUAL DATA INPUT - MDI

ACNC machine is not always operated by the means of a program. During part setup, the CNC
operator has to do a number of operations that require physical movements of machine slides,
rotation of spindle, tool change, etc. There are nohaical devices on a CNC machine. The
handle(Manual Pulse Generatoris an electronic, not a mechanical unit. In order to operate a
CNC machine without conventional mechanical devices the control system offers a feature called
Manual Data Input or MDI.

Manual Data Inpuenables the input of program data into the sysieeprogram instruction
at a time. If too many instructions were to be input repeatedly, such as a long program, the
procedure would be very inefficient. During setup and for similar ggegp, one or a few
instructions at a time will benefit from MDI.

To access MDI mode, the MDI key on the operation panel must be selected. That opens the
screen display with the current system status. Not all, but the majority of programming codes are
allowed in the MDI mode. Their format is identical to the format of a CNC program in written
form. This is one area where CNC operator acts as a CNC programmer. It is very important that
the operator is trained at least in the basics of CNC programming, bettaihe point of being
able to handle the setup instructionsNManual Data Input

E. PROGRAMDATA OVERRIDE

All CNC units are designed with a number of special rotary switches that share one common
feature- they allow the CNC operator tverrideprogramned spindle speed or programmed speed
of an axis motion. For example, a 15 in/rf@éedrate inthe program produces a slight chatter. A
knowledgeable operator will know that imgreasingthefeedrate ordecreasinghe spindle speed,
the chatter may be atinated. It is possible to change feedrate orthe spindle speed by editing
the program, but this method is not very efficient. A certain 'experimentation' may be necessary
during actual cut to find the optimum setting value. Manual override switcimes © theescue
becauséhey can be used by trial during operation. There are four override switches found on most
control panels:

Rapid feedate override(rapid traverse) | modifies the rapid motion of a machine tool
Spindle speed override modifies the programmed spindle r/min
Feedrate override(cutting feed rate) modifies the programmed feed rate

Dry run mode changes cutting motions to a variable speed

Override switches can be used individually or together. They are available conthal to
make work easier for both the operator and the programmer. Operator does not need to 'experiment’
with speeds and feeds by constantly editing the program and the programmer has a certain latitude
in setting reasonable values for cuttifegd ragés and spindle speed. The presence of override
switches is not éicenseto program unreasonable cutting values. Overrides are fine tuning tools
only - part program must always reflect the machining conditions of the work. Usage of override
switches doesat make any programhanges bugives the CNC operator an opportunity to edit
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the program later to reflect all optimum cutting conditions. Used properly, override switches can
save a great amount of valuable programming time as well as setup time at Chiema

Rapid Motion Override

Rapid motions are selected in the CNC program by a preparatory command without a specified
feedrate.If a machine is designed to move at 985 in/min (25000 mm/min) in the rapid mode, this
rate will never appear in the prograimstead, the rapid motion mode is called by programming a
special preparatory command G0O. During program processing, all motions in GOO mode will be
at the manufacturerods fixed rate. The same pr
motion rating then on a machine with a low rapid motion rating.

During setup, the rapid motion rate may require some control for program proving, when very
high rapid rates are uncomfortable to work with. After a program had been proven, rapid rate can
be appliedat its maximum. CNC machines are equipped witamd override switchto allow
temporary rapid motion settings. Located on the machine control panel, this switch can be set to
one of four settings. Three of them are usually marked agditoentageof the maximum rate,
typically as 100%, 50% and 25%. By switching to one of them, the rapid motion rate changes. For
example, if the maximum rapid rate is 985 in/min or 25000 mm/min, the actual reduced rates are
493 in/min or 12500 mm/min at the 50% setting 24@& in/min or 6250 mm/min at the 25%
setting. Each of the reduced rates is more comfortable to work with during setup.

The fourth position of the switch often has no percentage assigned and is identified as an F1 or
by a small symbol. In this setting, thepid motion rate is even slower than that of 25% setting.
Why is it not identified as 10% or 15%, for example? The reason is sirophérol system allows
acustomizedelection as to what the setting will be. It may be a setting of between 0 and 100%.
The default setting is also the most logicasually 10% of the maximum rapid traverse rate. This
setting should never be higher than 25% and can be done only through setting of a system
parameter. Make sure that all persons who work on such a machaeaaeeof the changes.

Spindle Speed Override

The same logic used for the application of rapid rate override can be used for the spindle speed
override. The required change can be established during actual cutting by usipigdte speed
override switchlocated on the machine control panel. For example, if the programmed spindle
speed of 1000 r/min is too high or too low, it may be changed temporarily by the switch. During
actual cutting, the CNC operator may experiment with the spindle speed oveiiticiets find
the optimum speed for given cutting conditions. This method is a much faster than 'experimenting'
with the program values.

Spindle speed override switch can be continuous on some controls or selectable in increments
of 10%, typically within he range of 5120% of the programmed spindle speed. A spindle
programmed at 1000 r/min can be overridden during machining to 500, 600, 700, 800, 900, 1000,
1100 and 1200 r/min. This large range allows the CNC operator certain flexibility of optimizing
spindle rotation to suit given cutting conditions. There is a catch, however. The optimized spindle
speed change may apply to only one tool of the many often used in the program. No CNC operator
can be expected to watch for that particular tool and switcépibed up or down when needed. A
simple human oversight may ruin the part, the cutting tool or both. The recommended method is
to find out the optimum speed for each tool, write it down, then change the program accordingly,
soall toolscan be used at tH##0% spindle override setting for production.

Comparison of the increments on the spindle override switch with the increments on switches
for rapid traverse override (described earlier) andfelee rateoverride (described next), offers
much more limitedange. The reason for the spindle speed range of 50% to 120% is safety. To
illustrate with a rather exaggerated example, no operator would want to mill, drill or cut any
material at O r/min (no spindle rotation), possibly combined with a hiesdyrate

To change the selected override setting into 100% speed in the program, a new spindle speed
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mustbe calculated. If a programmed spindle speed of 1200 r/min for a @lalagsset to 80%,
it should be edited in the program to 960 r/min, then used at I0®84ormula is quite simple:

VR
pTT

Y
Where:

S =Optimized-or NEWr/min

S =Originally programmed r/min

p = Percentage of spindle override

Overriding the programmed spindle speed on CNC machines should have only one purpose
to establistspindle speed rotation for the best cutting conditions.

Feed rateDverride

Probably thenost usedaverride switch is one that changes programfeed rats. For milling
controls, thefeed rateis programmed inn/min or m/min. For lathe controls, thé&edrateis
programmed inn/rev or in mm/rev Feed ratger minute on lathes is used only in cases when the
spindle is nototating,and thefeed rateneeds to be controlled.

The newfeed ratecalculation, based on the overriddeed ratesetting, is similato that for
spindle speed:

Where:
F.= Optimized - or NEW- feed rate
F,= Originally programmed feed rate

p = Percentage offeed rateoverride

Feed ratean be overridden within a large range, typically from 0% to 200% or at least 0% to
150%. When thdeed rateoverride switch is set to 0%, the CNC machine wsitipthe cutting
motion. Some CNC machines do not have the 0% percent setting and start at 10%. This can be
change by a system parameter. The maximum of 150% or 200% de#drgtewill cut 1.50r 2
faster than the programméekd rateamount.

There are situations, where the use fdel rateoverride would damage the part or the cutting
tool - or both. Typical examples are various tapping cycles and single point threadesg Th
operations require spindle rotation synchronized withf¢lee rate In such cases, thfeed rate
override will becoméneffective Feed rateverridewill be effective, if standard motion commands
GO0 and GO1 are used to program any tapping or tloiidg motions. Single point threading
command G32, tapping fixed cycles G74 and G84, as well as lathe threading cycles G92 and G76
havefeed rateoverride cancellation built into the software. All these and other related commands
are described later ihe digital book in more detalil.

Dry Run Operation

Dry run is a special kind of override. It is activated from the control panel bRprh&un
switch. It only has a direct effect on tfeed rateand allows much highdeed rate¢han that used
for actualmachining. In practice, it means the program can be executed much faster than using a
feed rateoverride at the maximum setting. No actual machining takes place when the dry run
switch is in effect.

What is the purpose of the dry run and what are its isfdfs purpose is to test the program
integrity beforethe CNC operator cuts the first part. Benefits are mainly in the time saved during
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program proving when no machining takes place. During dry run, part is normathounted in

the machine. If thegrt is mounted in a holding device and the dry run is used as well, it is very
important to provide sufficient clearances. Usually, it menaasging the tool away from the part.
Program is then processed 'dry’, without actual cutting, without a cooldnt jbe air. Because

of the heavyfeed rats in dry run, no part can be machined safely. During dry run, the program
can be checked for all possible errors except those that relate to the actual contact of cutting tool
with the material.

Dry run is a veryefficient setup aid to prove overall integrity of a CNC program. Once a
program is proven during dry run, CNC operator can concentrate on those sections of the program
that contain actual machining. Dry run can be used in combination with several atbeedeof
the operation panel.

Make sure to disable dry run beferachining!

ZAxis Neglect

Another very useful tool for testing unproven programs on CNC machining camitetlies)
is a toggle switch located on the operation panel caHaxis Negletor Z-axis Ignore As either
name suggests, when this switch is activated, any motion programmed feaxie\vdll not be
performed. Why the Axis? Since the X and Y axes are used to profile a part shape (the most
common contouring operations), it wduhake no sense to temporarily cancel either one of these
axes. By temporarily neglecting, thatdssabling the Zaxis temporarily, CNC operator can
concentrate on proving the accuracy of the part contour, without worrying about depth motions.
Needlessd say, this method of program testing must take place without a mounted part, and
normally without a coolant as weBe careful herelt is important toenableor disablethe switch
at the right timelf the Zaxis motion is disabled before tGgcle Starkey is pressed, all following
Z-axis commands will be ignored. If the motion is enabled or disabled during program processing,
the position of Zaxis may be inaccurate.

Z-axis neglect switch may be used in both manual and automatic modes of operstiomakiu
sure that the motion along theaxis is changed back to tlemabledmode, once the program
proving is completed. Some CNC machines require resetting ofélxesposition settings.

Manual Absolute Setting

Some older CNC machines had a toggle d@witientified asvlanual Absolutewhich could be
set to ON or OFF position. If installed, its purpose is simjdfl@ manual motion is made during
program processing, for example to move a drill to inspect a hole, work coordinates are updated if
the switt is ON, but they araot updated if the switch is OFF. In practice, this switch should
always be ON and for that reason, most controls do not have this switch anymore.

Sequence Return

Sequence Retulia a special function controlled by a switch or a keythe control panel. Its
purpose is to enable the CNC operator to start a program from the middle of an interrupted
program. Certain programmed functions are memorized (usually the last speed and feed), others
have to be input by thdanual Data Inpukey. Operation of this function is closely tied to actual
machine tool design. More information on the usage can be found in the machine tool manual.
This function is very handy when a tool breaks during processing of very long programs. It can
save valuabl@roduction time, if used properly.

Auxiliary Functions Lock

There are three functions available to the operation of a CNC machine that arégpitiafy
functions'group. These functions are:

Miscellaneous functions loc| Locks 'M' functions

Spindle functions lock Locks 'S’ functions
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Tool functions lock Locks 'T' functions

As described later in this chapter, auxiliary functions generally reldaézhmologicalaspects
of CNC programming. They control such machine functionsspisdle rotation, spindle
orientation, coolant selection, tool changing, indexing table, pallets and many others. To a lesser
degree, they also control some program functions, such as compulsory or optional program stop,
subprogram flow, program closinganthers.

When auxiliary functions are locked, all machine related miscellaneous functions M, all spindle
functions S and all tool functions T will be temporarily suspended. Some machine manufacturers
prefer the nam®ST Lockrather thamuxiliary Functiors Lock MST is an acronym of the first
letters from the wordMiscellaneousSpindleand Tool, referring to the program functions that
will be locked.

Applications of these locking functions are limited to job setup and program proving only and
are not use for production machining.

Machine Lock

Machine Lockfunction is yet another control feature for program proving. So far, we have
looked at thZ-axis Neglectunction and locking of the auxiliary functions. Remember thaZthe
axis Neglectunction will disable the motion of-Axis only and théuxiliary Functions Lockalso
known asMST loch locks miscellaneous functions, spindle functions and tool functions. Another
function, also available through the control panel, is caladhine LockWhen this @inction is
enabled, motion cdll axes is locked.

It may seem strange to test a program by locking all tool motions, but there is a good reason to
use this feature. It gives the CNC operator a chance to test the program with virtually no chance
of a colligon.

When machine lock is enablemhly the axis motion is lockedll other program functions are
available, including tool change and spindle functions. This function can be used alone or in
combination with other functions in order to discover posgbdgram errors. The most typical
errors are syntax errors and the various tool offset functions.

Practical Applications

Many of the control features described in this chapter, are usedjunctionwith each other.
A good example iBry Runused in conjaction with thez-axis Neglecor theAuxiliary Functions
Lock By knowing what function are available, CNC operator makes a choice to suit the needs of
the moment. There are many areas of equal importance on which the CNC operator has to
concentrate whegetting up a new job or running a new program. Many features of the control
unit are designed to make operatords job easi
rather than the complexity of the whole program. These features have been toaesstonable
detail, now is the time to look at some practical applications.

During initialization of a new program run, a good CNC operator will take certain precautions
as a matter of fact. For example, the first part of the job will most likely dtedtevith a rapid
motion set to 25% or 50% of the available rapid rate. This reduced setting allows the operator to
monitor the program integrity, as well as specific details. These details may include items such as
a possibility of insufficient clearandeetween tool and stock, checking if the toolpath looks
reasonable, and so on.

CNC operator will have a number of tasks to perform simultaneously. Some of these tasks
include monitoring spindle spedded ratetool motions, tool changes, coolant, etc.aketul and
conscious approach results in building the confidence in the integrity of a CNC program. It may
be the second or even the third part of the job when CNC operator starts thinking of the
optimization of cutting values, such as spindle speed atidgteed rats. This optimization will
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truly reflect the ideal speeds and feeds for a particular part under given setup.

Production supervisor should not arbitrarily criticize an override setting less than 100%. Many
managers consider the CNC programaasunchangeable and perfect document. They take the
attitude that what is written is infalliblewhich is not always true. Often, the CNC operator may
have no other choidaut to overridegprogrammed values. What is most important, is modification
of the pogram that reflects the optimized cutting conditions.

Once the machine operator finds what values must be changed in the program itself, this
program must be edited to reflect these changes. Not only for the job currently worked on, but also
for any repation of the same job in the future. After all, it should be the goal of every programmer
and CNC operator, to run any job at one hundred percent efficiency. This efficiency is most likely
reached as a combined effort of the operator and the programnuet.GAC programmer will
always make theffortto reach 100% efficiency at the desk and then improve the program even
further.

F. SYSTEMOPTIONS

Optional features on a CNC system are like options on a car. What is an option at one dealership,
maybe a standafdature at another. Marketing strategies and corporate philosophies have a lot to
do with this approach.

Here is a look at some control features that may or may not be classified as optional on a
particular system. But some important disclaimer first:

This digital bookcovers subject matter relating to the majority of control features, regardless
of whether theyare sold as a standard or an optional feature of the system.

It is up to the user to find out what exact options are installed on a particulen cystem

Graphic Display

Graphic representation of toolpath on the display screen is one of the most important, as well
as sought after, control options. Do not confuse this option with any type of conversational
programming, which also uses a graplbiaipath interface. In the absence of a computer assisted
programming (CAM), graphic display on the control panel is a major benefit. Whether in
monochrome or color, the convenience of seeing the tool mdiefoseactual machining is much
appreciated by CNC operators and programmers alike.

A typical graphics option shows machine axes and two cursors for zooming. When the toolpath
is tested, individual tools are distinguished by different colors, if available, or different intensity.
Rapid notions are represented by a dashed line type, cutting motions by a continuous line type. If
the graphics function is applied during machining, tool motions can be watched on the display
screen- very helpful for those CNC machines that have dirty, oily aftdn scratched safety
shields.

Upwards or downwards scaling of the display allows for evaluation of a tool motion overall or
for detail areas. Many controls also include actual toolpath simulation, where the part shape and
the cutting tool can be setdtr then seen on the screen.

In-Process Gauging

During many unattended machining operations, such as in manufacturing cells or Agile
manufacturing, a periodic checking and adjusting dimensional tolerances of the part is imperative.
As the cutting tool wearout, or perhaps because of other causes, the dimensions may fall into the
‘out-of-tolerance' zone. Using a probe device and a suitable prolyrd®npcess Gaugingption
offers quite a satisfactory solution. CNC part program forlthBrocess Gaugingption will
contain some quite unique format featureswill be written parametrically andavill be using
another option of the control systenthe Custom Macrogsometimes called theser Macro$,
which offer variable and parametric type programming.
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If a company or machine shop is a useineProcess Gaugingption, there are good chances
that other control options are also installed and available to the CNC programmer. Some of the
most typical options are probing software, tool life management, madmsThis technology
goes a little too far beyond standard CNC programming, although it is closely related and
frequently used. Companies that already use the numerical control technology, will be well advised
to look into these options to remain compeditin their field.

Stored Stroke Limits

Definition of an area on CNC lathes or a cube on CNC machining centers that is safe to work
within, can be stored as a control system parameter cttleed stroke limitThese stored stroke
limits are designed tprevent a collision between the cutting tool and a fixture, machine tool or
part. The area (2D) or the cube (3D) can be defined as ertabledor the cutter entry atisabled
for the cutter entry. It can be set manually on the machine or, if avaitgbke program input.
Some controls allow only one area or cube to be defined, others allow more.

When this option is in effect and the CNC unit detects a motion in the program that takes place
within the forbidden zone, an error conditi@sults,and the machining is interrupted.tpical
applicationmay include zones occupied by a tailstock, aufixt a chuck, a rotary table, and even
an unusually shaped part.

Drawing Dimensions Input

An option that seems somewhat neglected, is the programming method by using input of
dimensions from an engineering drawing. The ability to input known coordinagisises,
chamfers and given angles directly from the drawing makes it an attractive option. This ability is
somewhat overshadowed by poor program portability. Such an option must be installed on all
machines in the shop, in order to use the programmeuarésagfficiently. This is not a common
feature and is not covered in thigital book

Machining Cycles

Both milling and turning controls offer a variety of machining cycles. Typical machining cycles
for milling operations are callefiked cyclesalso krown ascanned cyclesThey simplify simple
point-to-point machining operations such as drilling, reaming, boring, back boring and tapping.
Some CNC systems also offer cycles for face milling, pocket milling, various hole patterns, etc.

CNC lathes also havmany machining cycles available to remove material by automatic
roughing, profile finishing, facing, taper cutting, grooving and threading. Fanuc controls call these
cyclesMultiple Repetitive Cycles

All these cycles are designed for easier programnmmdgfaster changes at the machine. They
are built in the control andcannot be changed®rogrammer supplies the cutting values during
program preparation by using an appropriate cycle call command. All processing is done
automatically, by the CNC system. Gdurse, there will always be special programming projects
that cannot use any cycles, at least not effectively, and have to be programmed manually or with
the use of an external computer and CAM software.

Cutting Tool Animation

Many of the graphic toolphtdisplays defined earlier, are represented by simple lines and arcs.
Current tool position is usually the location of a line or arc endpoint on the screen. Although this
method of displaying cutting tool motion graphically is certainly useful, there waoe t
disadvantages to it. The cutting tool shape and the material being removed cannot be seen on the
screen, although toolpath simulation may help a bit. Many modern controls incorporate graphic
feature calledCutting Tool Animationlf available on the cdrol, it shows the part blank, the
mounting device and the tool shape. As the program is processed, CNC operator has a reasonably
accurate visual aid in program proving. Each graphic element is identified by a different color, for
even a better appearandée blank size, mounting device and tool shape can be preset for exact
proportions and a variety of tool shapes can be stored for repetitive use. This option is a good
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example of CAD/CAMike features built into a staralone control system.

Connection t&External Devices

CNC computer (control) can be connected to an external device, usually another computer.
Every CNC unit has one or more connectors, specifically designed for interfacing to peripheral
devices. The most common device is calledR3 (EIAstandard), designed for communications
between two computers. Setting up the connection with external devices is a specialized
application. CNC operator uses such a connection to transfer programs and other settings between
two computers, usually for stga and backup purposes. Devices other thar2¥Sare also
available- check with the machine vendor.
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4. CNC TURNING

Conventional engine lathe or a turret lathe is a common machine in just about every machine
shop. A lathe is used for machining cylindricalamnical work, such as shafts, rings, wheels,
bores, threads, etc. The most common lathe operation is removal of material from a round stock,
using a turning tool for external cutting. A lathe can also be used for internal operations such as
boring, as welas for facing, grooving, threading, etc., if a proper cutting tool is used. Turret lathes
are usually weaker in machining power than engine lathes, but they do have a special holder that
stores several mounted cutting tools. An engine lathe has oftgrooelor two cutting tools
mounted at &ime buthas more machining power.

Typical lathe work controlled by a CNC system uses machines known in industryGiNGhe
Turning Centers or more commonly CNC lathes

The term'turning center'is rather unpopalr, but an accurate overall description of a
computerized lathe (a CNC lathe) that can be used for a great number of machining operations
during single setup. For example, in addition to the standard lathe operations such as turning and
boring, CNC lathe @n be used for drilling, grooving, threading, knurling and even burnishing. It
can also be used in different modes, such as chuck and colletoaof&ederor between centers.

Many other combinations also exist. CNC lathes are designed to hold sewdsaint special

turrets, they can have a milling attachment (live tooling), indexable chuck;spse, tailstock,

steady rest and many other features not always associated with a conventional lathe design. Lathes
with more than four axes are also coonmWith constant advances in machine tool technologies,
more CNC lathes appear on the market that are designed to do a number of operations in a single
setup, many of them traditionally reserved for a mill or machining center.

A. TYPESOFCNCLATHES

Basically, CNC lathes can be categorized bytipe of desigand by thenumber of axesThe
two basic types are\grtical CNC lathe and &orizontal CNC lathe. Of the two, the horizontal
type is by far the most common in manufacturing and machine shops. gav&hIC lathe
(incorrectly called a vertical boring mill) is somewhat less common but is irreplaceable for a large
diameter work. For CNC programmer, there are no significant differences in programming
approach between the two lathe types.

B. NUMBER OFAXES

The most common distinction of different CNC lathes is by the number of programmable axes.
Vertical CNC lathes have two axes in most designs available. The much more common CNC
horizontal lathes, commonly designed with two programmable axes, are alsblawaith three,
four, six, and more axes, thus adding extra flexibility to manufacturing of more complex parts.

A typical horizontal CNC lathe can further be described byytheof engineering design:
FRONT lathe: an engine lathe type
REAR lathe: a unique slant bed type

Slant bed type is very popular for general work, because its design allows cutting chips to fall
away from the CNC operator and, in case of an accident, forces the part to fall down into a safe
area, towards chip conveyer.

Between the categories of flat bed and slant type lathes, front and rear lathes, horizontal and
vertical lathe designs, there is another variety of a lathe. This category describes CNC lathes by
the number ofaxes which is probhly the simplest and most common method of lathe
identification.
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C. AXESDESIGNATION

A typical CNC lathe is designed with two standard axes one axis is#xesXthe other axis is
the Zaxis. Both axes are perpendicular to each other and represent tla tyjoiaxis lathe
motions. Xaxis also representsoss travelbf the cuttingtool; Z-axis represents itengitudinal
motion All varieties of cutting tools are mounted in a turret (a special tool magazine) and can be
external or internal. Because of thissign, a turret loaded with all cutting tools moves along both
X and Z axes, which means all tools are in the work area at all times.

Following the established standards of milling machines and machining centers, the only

machine axis capable ofaking a hole by methods of drilling, boring, piercing or punching, is the
Z-axis.

In CNC lathe work, the traditional axis orientation for a horizontal type of latiaardsand
downwardsamotion for the Xaxis, andeft andright motion for the Zaxis,when looking from the
machinistodéos position. This vi ewigures3lsigwedn i n
2,andFigure 33.
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Typical configuration of awo-axisslant bed CNC latherear type
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Figure 32
Typical configuratbn of a CNC lathe with two turrets
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Figure 33
Schematic representation of a vertical CNC lathe

This is true for both front and rear lathes, and for lathes with three or more axes. Chuck face is
oriented vertically to the horizontal spindle center limealbhorizontal lathes. Vertical lathes, due
to their design, are rotated by 90, where the chuck face is oriented horizontally to the vertical
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spindle center line.

In addition to the X and Z primary axes, the mablis lathes have individual descriptioofs
each additional axis, for example, theakis or Y-axis, used for milling operations, using the so
calledlive tooling. More details on the subject of coordinate system and machine geometry are
available in the next chapter.

Two-axis Lathe

This is themost common type of CNC lathes. The work holding device, usually a chuck, is
mounted on the left side of the machine (as viewed by the operator). Rear type, with slant bed, is
the most popular design for general work. For some special work, for exantpéepetroleum
industry (where turning tube ends is a common worKpthedis usually more suitable. Cutting
tools are held in a specially designed indexing turret that can hold four, six, eight, ten, twelve and
more tools. Many such lathes also have twoets, one on each side of the spindle center line.

Advanced machine tool designs incorporate tool storage away from the work area, similar to
design of machining centers. Tens and even hundreds of cutting tools may be stored and used for
a single CNC ppgram. Many lathes also incorporate a quick changing tooling system.

Threeaxis Lathe

Threeaxis lathe is essentially a twaxis lathe with an additional axis. This axis has its own
designation, usually as a-#&is in absolute mode (Bixis in incrementamode andis fully
programmable. Normally, the third axis is used for cragbng operations, slot cutting, bolt circle
holes drilling, hex faces, side faces, helical slots, etc. This axis can replace some simple operations
on a milling machine, reducintpe setup time for the job. Some limitations do apply to many
models, for example, the milling or drilling operations can take place only at positions projecting
from the tool center line to the spindle center line (within a machining plane), althoeg aitfler
off-center adjustments.

The third axis has its own powssurceput the power rating is relatively lower when compared
with the majority of machining centers. Another limitation may be the smallest increment of the
third axis, particularly on #hearly three axis lathes. Smallest increment of one degree is certainly
more useful than an increment of two or five degrees. Even better is an increment of 0.1, 0.01, and
commonly

0.0010n the latest models. Usually, lathes with three axes offenafine radial increment
that allows a simultaneous rotary motion. Those with low increment values are usually designed
with an oriented spindle stop only.

From the perspective of CNC part programming, the additional knowledge required is a subject
not dfficult to learn. General principles of milling apply and many programming features are also
available, for example, fixed cycles and other shortcuts.

Fouraxis Lathe

By design, a fouaxis CNC lathe is a totally different concept than a tarae lathe As a
matter of fact, to program a foaxis lathe is nothing more than programmiwg twcaxis lathes
at the same timeThat may sound strange at first, until the principle of a-éougs CNC lathe
becomes clearer.

There are actually two controls and teets of XZ axes, one for each pair (set) of axes. Only
one program may be used to do #xternal- or outside- diameter roughing (OD) and another
program to do théside- or internal roughing (ID). Since a fouaxis lathe can work with each
pair of axesindependentlythe OD and ID can be machined at the same time, doing two different
operations simultaneously. The main keys to a successéxis4lathe programmingre
coordination of the tools and their operations, timing of the tool motions anceeogsrsense of
healthy compromise.

For several reasons, both pairs of axes cannot work all the time. Because of this restriction,
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special programming features such as synchronized waiting codes (typviatigllaneous
Function), the ability to estimate o much time each tool requires to complete each operation,
etc., are required. There is a level of compromise here, becausmespindle speed can be used
for both active cutting tools, althoudged ratas independent for both pairs of axes. This ngea
that some machining operations simply cannot be done simultaneously.

Not every lathe job benefits fromakis machining. There are cases when it is more costly to
run a job on a-axis lathe inefficiently and it may be very efficient to run the sameijod 2axis
CNC lathe.

Sixaxis Lathe

Six-axis CNC lathes are specially designed lathes with a twin turret and a set of three axes per
turret. This design incorporates many tool stations, many of them power driven, as well-as back
machiningcapabilities. Programming these lathes is similar to programming aahkiedathe
twice. Control system automatically provides synchronization, when necessary.

A small to medium size siaxis CNC lathe is popular choice of screw machine shops and
industies with similar small parts and large volume applications.

D. FEATURESAND SPECIFICATIONS

A look at a typical promotional brochure describing a CNC machine tool is very useful in many
respects. In most cases, the artwork quality is impressive, the priptiogographs, paper
selection and the use of colors is equally well done. It is the purpose of the brochure to make a
good marketing tool and attract the potential buyer.

However, there is more in a promotional brochure than just attractive illustratioriact, a
well-designedorochure offers a wealth of technical information, describing the machine tool in
many details. These afeaturesandspecificationghe CNC machine tool manufacturer considers
important to the customer.

In the majority of brochws, there are practical data that can be used in programming a
particular CNC machine, a lathe in the example.
Typical Machine Specifications

A typical horizontal CNC lathe, with two axes and a slant bed design, may have the following
specifications (takefrom an actual brochure):

Description Specification

Number of axes Two (X, Z) or three (X, Z and C)

Maximum swing over bed | 560 mm- 22.05 inches

Maximum turning diameter | 350 mm-13.76 inches

Maximum turning length 550 mm- 21.65 inches
Spindlebore 85 mm- 3.34 inches
Bar capacity 71 mm- 2.79 inches
Number of tools 12

Tool size square 25 mm- 1 inch

Tool size round 40 mm- 1.57 inches
Indexing time 0.15 second
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AXxis travel in X-axis 222 mm- 8.75 inches

AXis travel in Zaxis 635 mm- 25inches

Rapid traverse rate-Axis 16000 mm/min 629 in/min

Rapid traverse rate-Zxis 24000 mm/min 944 in/min

Cuttingfeed rate 0.01- 500 mm/rev 0.000119.68 in/rev
Chuck size 254 mm- 10 inches

Main spindle motor AC 15/11kw AC 20/14.7HP

Spindle speed 35-3500 rpm

Minimum input increment | 0.001 mm- 0.0001 inch

Motorized head:

Number of rotating tools 12

Rotating tool speed 30- 3600 r/min

Milling motor AC 3.7/2.2 kW AC 5/2.95 HP
Collet size 1-16 mm-0.04- 0.63 inches
Tapsize M3 - M16 metric #5 5/8 inches

It is very important to understand all specifications and features of the CNC machine tools in
the shop. Many features relate to the control system, many others to the machine tool itself. In
CNC programming, many ingptant decisions are based on one or several of these features, for
example number of tool stations available, maximum spindle speed and others.

Control Features

The last item in understanding the overall description of a CNC lathe is a look at@oinu
features unique to lathes and how they diffenta typical milling control.

At this time, some features and program codes may not make much feggare included
for reference only. Common and typical features are listed:

X-axis represents@ameter, not a radius

Constant surface speed (CSS)so known as cuttingpeed CS)- is standard control feature
(G96 for cutting speed and G97 for spindle speed)

Absolute programming mode is X or Z or C
Incremental programming mode is U or W or H

Thread cutting of various forms (including taper and circular) can be performed, depending on
the control model

Dwell can use the P, U or X address (G04)

Tool selection uses-digit identification

Feed rateselection (normal) is in mm/rev or in/rev
Feed rateselection (special) is in m/min or in/min
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Rapid traverse rate different for X and Z axes

Multiple repetitive cycles for turning, boring, facing, contour repeat, grooving, and threading
are available

Feed rat@verride is common from 0 to 200% in 10% incremsgon some lathes only from O
to 150%)

X-axis can be mirrored

Tailstock can be programmable

Automatic chamfering and corner rounding using C and R (or | / K) addresses in GO1 mode
Thread cuttingeed rateavailable with sixdecimal place accuracy (forah units)

Thread cuttingeed rateavailable with fivedecimal place accuracy (for metric unitseldom
needed

Least input increment in-éxis is 0.001 mm or 0.0001 inches on diametere half of that
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5. PROGRAM PLANNING

Development of any CNC program st always begin with a very carefully planned process.
Such process typically starts with an engineedrayving (also called @lueprintor atechnical
print) of the required part, released for production. Before any machining process can be
completed, sveral stepsnustbe considered and carefully evaluated. Placing a greater effort into
program planning will yield better program and better machined part.

A. STEPIN PROGRAMPLANNING

Individual steps required in program planning are generally determintbe Imature of part to
be machined. There is ho magic overall formula available for all jobs, but some basic steps are
quite common and should always be considered carefully:

Initial information provided / Machine tools features
Part complexity Evaluation of machining features
Manual programming / Computerized programming
Typical programming procedure / Program structure
Part drawing / Engineering data

Methods sheet / Material specifications

Machining sequenceOperations / Tool order

Tooling séection / Cutting Holders / Inserts / HSS Tools
Part setup / Part holding / Fixtures

Technological decisions / Cutting conditions

Work sketch and individual calculations

Quality considerations in CNC programming

All steps in the list are suggestions onlhey areguidelines Individual steps should always
be flexible, so they can be adapted for any job and its unique requirements.

B. INITIAL INFORMATION

The main purpose of most engineering drawings is to define the part shape, individual
dimensions, and rdianships between part features. Some drawings may also include data about
the initial blank material (stock), such as type, size, and shape. In CNC programming, good
familiarity with various materials is important. For programming purposes, materialstaused
machine a part are evaluated by their size, type, shape, condition, hardness, etc.

Part drawing and material data are the primary sources of information about a specific part to
be machined. They define the starting point of program planning. Thdiebjetsuch a plan is
to collect all available data and use all initial information for one purptsestablish grounds
for the most efficient method of machining, along with all related consideratiow@nly part
accuracy, productivity, safetgndconvenience.

Drawing and material data provide much of initial information, but they are not the only source.
A great part of what is needed to develop a part program is not found in the drawing directly, but
in other documentation. For example, a prosgset (routing sheet) provides many engineering
requirementsiot coveredn the drawing, such g&e- andpost machining operations, grinding
allowances, assembly features, requirements for hardening, next machine setup, and many others.
Collecting relevant information from all available sources provides enough groundwork to start
planning a CNC program development
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C. CNCMACHINE FEATURES

No amount of initial information is much useful if the selected CNC machine suitablefor
a particular job. During program planning, CNC programmer concentratgsaoticallar machine
tool withaparticular CNC systemThesewo major parts of a CNC machine are alwegsnected,
and they must always be considered in any single CNC machine definition. It is just not enough to
select a special fixture or a special setthe CNC machine itself has to be suitable to handle any
required setup.

Modern technology offers a large number of special features that can be purchased as options
for the selected CNC machine. These options are too numerous to list, but any manufacturer's or
dealer's web sites specify all details. When a CNChin& is purchased and delivered, the
machine shop needs and requirements should be satisfied, at least for a few years. Very few
companies go and buy a new CNC machine just to suit a particular job, although that is not an
uncommon situation. Yet, suchses are rather rare and happen only if they make strong economic
sense.

Machine Type and Size

Possibly the two most important steps in program planning relate tgpdbandsizeof CNC
machine, particularly itevorkspaceor work area Other features, eqily important, are machine
power rating, spindle speed and

feed raterange, number of tool stations, tool changing system, available accessories, etc.
Typically, small CNC machines have higher spindle speeds and lower power rating, large
machines have logr spindle speeds available, but their power rating is higher.

Control System

Control system is the heart of a CNC machine. Being familiar with all standard and optional
control features available is a must. This knowledge enables using a variety of eadvanc
programming methods, such as different machining cycles, subprograms, macros and other time
saving features of a modern CNC system.

A programmer does not have to physically run a CNC machine. Yet, part programs will become
better and more creative wigfood understanding of the machine and its control system. Program
devel opment reflects programmer 6s knowl edge o

One of the main concerns in program planning should be how the CNC openraieiveshe
part program. To a tge degree, such perception is quite subjective, at least in the sense that
different operators will express their personal preferences, often in opposite terms. On the other
hand, every operator appreciates an enex, concise, well documented and pssionally
prepared part program, written is a consistent way, one after another. A poorly designed program
is disliked by any operator, regardless of personal preferences.

D. PARTCOMPLEXITY

When all initial information, such engineering drawingterial stock, available tools and CNC
equipment are evaluated, the complexity of programming task becomes much clearer. How
difficult is to program a given part manually? What are the machine capabilities? What are the
costs? Many questions have to bewered before starting actual program development.

Many simple programming jobs may be assigned to a less experienced programmer or even to
a CNC operator. It makes sense from the managepaegpectiveand it is also a good way to
gain valuable experierc

Difficult or complex jobs will benefit from a computerized programming system. Technologies
such agComputer Aided DesigfCAD) andComputer Aided ManufacturingcAM) have been a
strong part of the manufacturing process for many years. The cost of &LBRKIBystem is only
a fraction of what it used to be only a few years ago. Even small shops now find that benefits
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offered by modern technology are too significant to be ignored. Several programming systems are
available and can handle virtually any jolorFa typical machine shop, a Windows based
programming software can be very beneficial. Atypical example of this kind of application is the
very popular and powerfllia s t e r ar BdgeEamThere are several others. All major software
vendors offer threaxis milling, standard lathe, muléixis milling, turning with milling axes (live
tooling), five axis machining, wire EDM, etc.

E. MANUAL PROGRAMMING

Manual programming (without a computer) has been the most common method of preparing a
part program for many ywes. The latest CNC controls make manual programming much easier
than ever before by using fixed or repetitive machining cycles, variable type programming, graphic
tool motion simulation, standard mathematical input and other time saving features. In manua
programming, all calculations are done by hand, with the aid of a pocket caleulatoomputer
programming is used. Programmed data can be transferred to CNC machinesnesimgy g card
or via acable using an inexpensive desktop or a laptop compé&i¢her process is faster and
more reliable than other methods. Short programs can also be entered manually, by keyboard entry,
directly at the machine. A punched tape used to be common media of the past but has virtually
disappeared from machine shops.

Disadvantages

There are some disadvantages associated with manual programming. Perhaps the most common
is the length of time required to actually develop a fully functioning CNC program. Manual
calculations, verifications and other related activities imua& programming are very time
consuming. Other disadvantages, also very high on the list, are a large percentage of errors, the
difficulty in making changes to a program, a lack of tool path verification (simulators are available,
such adNC Plot), and may others.

F. CAD/CAM AND CNC

The need for improved efficiency and accuracy in CNC programming has been the major reason
for development of a variety of methods that use a computer to prepare part programs. Computer
assisted CNC programming has been aroundhémy years. First, in the form laihnguagebased
programming, such a8 P TBrComp ac.t SilnEce the | ate 19706s,
significant role by adding visual aspect to the programming process. The acCARITAM
meansComputer Aided Desigand Computer Aided Manufacturinghe first three letter€AD -
cover the area of engineering design and drafting. The second three IE#ds cover the area
of computerized manufacturing, where CNC programming is only a small part. The whole subject
of CAD/CAM covers much more than just design, drafting and programming. It is a part of modern
technology also known under yet another acronyiiM - Computer Integrated Manufacturing.

In the area of numerical control, computers have played a major ra@ddng time. Machine
controls have become more sophisticated, incorporating the latest techniques of data processing,
storage, tool path graphics, machining cycles, etc. Programs can now be prepared with the use of
inexpensive computers, including sopiuated graphical interface. Initial cost should no longer
be an issue, even small machine shops are able to afford a programming system in house. These
systems are also popular because of their flexibility. TymoaiputerbasedCNC programming
system dog not have to be dedicated only to programmia related tasks, often done by the
programmer, can also be implemented on the same computer. For example, cutting tool inventory
management, database of part programs, material information sheets, setigpasia tooling
sheets, etc. The same computer could also be used for uploading and downloading CNC programs.

Integration
The key letter in acronym CIM isintegration It means putting all elements of manufacturing
together and work with them as a seghit and more efficiently. The main idea behind successful
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integration is to avoid duplication. One of the most important rules of using a CAD/CAM computer
software (and CNC) is:

NEVER DO ANYTHING TWICE!

When a drawing is developed in CAD software (sasAutoCAD), then done again in CAM
software (such aslastercan), there is duplication. Duplication breeds errors. In order to avoid
duplication, most of CAD systems incorporate a transfer method of the design to a selected CAM
system to be used for CNCagramming. Typical transfers are achieved through special DXF or
IGES files. TheDXF stands foiData Exchange Filesr Drawing Exchange Filesand thelGES
abbreviation is a short form diitial Graphics Exchange Specificatidites. Once the geometry
is transferred from CAD system to CAM system, only the tool path related process is added. Using
a post processofspecial kind of formatter), the computer software will prepare part program,
ready to be loaded directly to the CN&@chine.

In most cases, both DXF and IGES methods have been replaced by direct translators, when
CAD/CAM vendors provide a facility in their software to import a native file, without converting
it first.

Future of Manual Programming

It may seem that manuptogramming is on the decline. In terms of actual use, this is quite
likely true. However, it is necessary to keep in perspective that any computerized technology is
based on the alreadyell-establisheanethods of manual programming. Manual programmang f
CNC machines serves as gmurceof new technologyit is the very elementary concept on which
computerized programming is based. This knowledge base opens doors for development of more
powerful hardware and software applications.

Manual programming ay be used somewhat less frequently today and eventually will be used
even less but knowing it well- really understanding it is and always will be the key to harness
the power of CAM software. Even computers cannot do everything. There will alwaysriee
special programming project that no CAM software, regardless of price, may handle to absolute
satisfaction. If machine control system can handle such a project, manual programming is the way
to have ultimate control, when any other methods may nstiibeble or practical.

Even with a well customized and organized computerized programming system, how can the
generated program output be exactly as intended? How can a CNC operator change any program
entry at the machine, without knowing its rules andcstre?

Successful use of computerized programming requires understanding of manual programming
methods.

G. TYPICAL PROGRAMMINGPROCEDURE

Planning a CNC program is not much different than any other plan@ingome, at work, or
elsewhere it must be apprazhed in dogical and methodicalvay. The first decisions relate to
what taskdhave to be done amwdhat goalshave to be achieved. All other decisions relateaw
to accomplish these goals in an efficient and safe manner. Such a progressive methaach app
not only isolates individual problems as they develay,it also forces their solutiobeforeany
next step can be taken.

The list of following items forms a fairly common and logical sequence of tasks to be done in
CNC programming. All items arésted ina suggested ordeanly, offered for further and deeper
evaluation. This or any other order should be changed to reflect special conditions or working
habits. Some items may be missing from the list altogether, others may be somewhat redundant:

Study of initial information (drawing and methods)
Material stock (blank) evaluation
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Machine tool specifications

Control system features

Sequence of machining operations

Tooling selection and arrangement of cutting tools
Part setup on the machine

Technological data (speedeed rats, etc.)

Tool path determination

Working sketches and mathematical calculations
Program writing and preparation for transfer to CNC
Program testing and debugging

Program documentation

There is only one goal in CNC pr@gn planning to provide all instructions in the form of a
program that will result in an erréiree, safe and efficient CNC machining. Individual steps in the
suggested procedures may require some changesexample, should cutting tools be selected
before or after the final part setup is determined? Can manual part programming method be used
efficiently? Are any working sketches necessary? Do not be afraid to modigo@ajledideal
procedure either temporarily, for a given job, or even permaryeil order to reflect a particular
CNC programming style.

Remember, there are no ideal procedures

H. PARTDRAWING

Part drawing is the single most important document used in CNC programming. It visually
identifies the shape, important dimensions, tolerarseeface finish and many other requirements
for the completed item. Drawings of complex parts often require many sheets, showing different
views, details and sections. CNC programmer first evaldtesawing data first, then isolates
those that are relewmt for a particular program development. Unfortunately, many drafting
methods do not reflect the actual CNC manufacturing process. They reflecttsei gner,06 s t hi
rather than the method of manufacturing. Such drawings are generally correct inaiesbnse,
but they are harder to study by the programmer and may need tb lbet e rtgbe af ang whlde
in CNC programming. Typical examples are methods of applying dimensions, absence of a datum
point that can be used as a program reference painthanview orientation in which the part is
drawn. In the CAD/CAM environment, the traditional gap between the design, drafting and CNC
programming must be eliminated. Just as it f
intentions, it helps the designto understand the basics of CNC programming. Both, the designer
and the programmer have to understand each ot |
the whole process of design and manufacturing coherent and efficient.

Title Block

Drawing titleblock- Figure 61 - is typical to all professional drawings. Its purpose is to collect
all descriptive information related to a particular drawing.
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No. Date Revision By

Part Name:

Scale: Material:

Dr.: Date:

Chk.: Drawing number:

App.:
Figure 61
A title block example of an engineering drawing

The size and contents of a title block vary between companies, depending on the type of
manufacturing and internal standards. It is usually a rectangulapbsitipned in the corner of a
drawing, divided into several small boxes. Contents of the title block include such items as the part
name and part number, drawing number, material data, revisions, special instructions, etc. Data in
the title block supply ercial information for CNC programming and can be

used for program documentation to make easier cross referencing. Not all title block
information is needed iprogramming buimay be used for program documentation.

Revision dates in a drawing are associatdith the title block. They are important to the
programmer, as they indicatew currentis the drawing version. Only the latest version of a part
design is important to manufacturing.

Dimensioning

Part drawing dimensions are eithemmetric or imperial units. Individual dimensions can be
referenced from a certain datypoint, or they can be consecutive, measured from the previous
dimension. Often, both types of dimensions are mixed in the same drawing. When writing a
program, it may be more convenientrtanslate all consecutiveor incremental dimensions into
datum- or absolute- dimensions. Most CNC programs benefit from drawings udatgm or
absolute dimensioningSimilarly, when developing a subprogram for tool path translation, an
incrementalmethod of programming may be the right choi@nd any choice depends on the
application. The most common programming method for all CNC machinesabsetute
dimensioning methodFigure 62, mainly because of editing ease within the CNC system (at the
machine).
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Figure 62
Program using ABSOLUTE dimensions

Only a single change in the program is necessary

With the absolute system of dimensioning, many program changes can be done by a single
modification. Incremental method requires at least two modifications. The differences between the
two dimensioning systems can be comparedrigure 62, using theabsolte dimensioning
method, and ifrigure 6-3, using thencrementaldimensioning method. The wondcrementals
more common in CNC, in drafting the equivalent word wouldetetive Both illustrations show
thea) figure before revision, and thwg figure after revision.

\ 60 "7 50 7 60 I

- F - lag 60 -

b

Figure 63
Program using INCREMENTAL dimensions
Two or more changes in the program are necessary

Fractions
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Drawings (particularly older drawings) dimensioned in imperial units often contain fractions.
A fractional dimension was sometimes used to identifigsa importandimensional tolerances
(such as £0.03 inches from the nominal size). The number of difjas/iing decimal point often
indicated a tolerance (the more digits specified, the smaller the tolerance range). These methods
of usingimplied tolerancesare not an ISO standard and are of no use in CNC programming.
Fractional dimensions have to be chahgeo their decimal equivalents. The number of decimal
places in a program is determined by the minimum increment of the control system. A dimension
of 3-3/4 is programmed as 3.75 without rounding, and a dimension-1df/& inches is
programmed as 5.1719ts closest rounding. Many companies have upgraded their design
standards to the ISO system and adhere to the principles of CNC dimensioning. In this respect,
drawings using metric units are much more practical.

Some dimensioning problems are relatedato improper use of CAD software, such as
AutoCAD. Some designers do not change default settings for the number of decimal places and
every metric dimension ends up with three decimal places and every imperial dimension with four
decimal places. This is aopr practice and should always be avoided. The most professional
approach is to specify dimensional tolerances for all dimensions that require them, and even use
Geometric Dimensioning and Tolerancirgjandards (GDT or GD&T). GD&T establishes
relationship between two or more features of a drawing. For example, GD&T dimension will
define concentricity of a hole with a surface. Before GD&T became part of design drafting, written
messages and instructions cluttered the drawing. These drawings$ canform to international
ISO standards.

Degrees

Angular dimensions should always be specified in decimal degrees (DD), according to modern
standards. Older drawings will often contain angular dimensions specifeehgneesminutes
secondg§DMS or D-M-S). To convert

DMS to DD:

DD = Decimal degrees

D = Degrees (as per drawing)

M = Minutes (as per drawing)

S = Seconds (as per drawing)
Tolerances

For high quality precision machining work, many part dimensions are specified within a certain
range of acceptable deviation from their nominal skzer example, imperial n i tolesadce of
+0.001/0.000 inches will be different from metric tolerance of +0.1/0.0 mm. Dimensions of this
type are usually critical dimensions and require special attention during CNC machining. It may
be true in many companies that CNC operators &éreatkly responsible for maintaining required
part sizes within tolerances (providing the program is corrdatit it is equally true, that CNC
programmers can make machine operatords task

Drawing dimemsion specifies a certain size as 75+0@05 mm.What actual dimension
should appear in the program?

Programmer has several choices here. High side of the dimensional range may be programmed
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as X75.0, low side as X74.9B.middle value of X74.975 is alsan option. Of course, any other
dimension between high and low value is also a possibility, although not a practical one. Each
selection is mathematically correct. A creative CNC programmer looks not only for mathematical
aspects, but for technical aspees well. Cutting edge of a tool wears out with more parts
machined. That means the machine operator hiasettune part sizes by usingpol wear offsets
available on most CNC systems. Such a manual interference during machining process is
acceptablebut when done too often, it slows down the production and adds to overall costs.

Properly focused programming approach can control frequency of such manual adjustments to
a great degree. Consider the 75 mm mentioned earlier. If itagtamaldiameterthe tool edge
wear will cause the actual dimension during machining to become progressigely In case of
aninternal diameter, the actual dimension will becosmealleras the cutting edge wears out. By
programming X74.95 for the external diametert{m limit) or X75.0 for the internal diameter
(top limit), the cutting-edgewear will moveinto the tolerance range, rather thaway from it.
Manual tool offset adjustment at the machine may still be required, but less frequently. Another
approach is teelectmiddle sizeof the tolerance rangethis method will also have a positive
effect,but more manual adjustments may be necessary during machining.

Surface Finish

Precision machined parts always require a certain degree of surface finish qualityd Rela
drawings indicate desired surface finish quality for various part features. Imperial drawings define
surface finish quality irmicro incheswherel mi cr o i n ¢ .hMetrc dawiry® O 0 1 0
surface requirements expressedierons,wherel micron =

0.001 mm Symbol for a micron is the Gred#tter. Some drawings use standard symbols
Figure 64.

63

Figure 64
Surface finish marks in a drawing:
Metric (top) and imperial (bottom)
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The most important factors influencing quality of surface finish are spindle dpeediate
cutting tool radius and the amount of material removed. Generally, a larger cutter radius and slower
feed rate contribute towardfiner surface finishes, whiléghe opposite is equally true. Overall
cycle time will be longer but can often be compensated for by elimination of any subsequent
operations such as grinding, honing or even lapping.

Drawing Revisions

Another important section of part drawings, often acxa@kked by CNC programmers, shows
engineering changes (known esvisiond made on the drawing up to a certain date. Using
reference numbers or lett§Rigure 65), the designer identifies such changes, usually with both
values the previous and the new \eldior example:

48.5 le
‘ R19
b |
\ ——— 140
1 07- Aug -08 wasR20 PFS
No. Date Revision B%
—

Figure6-5

Drawing revision example

Only thelatestchanges for each dimension are important to CNC program development. Make
sure such @rogram not only reflects the current (latest) engineering design, but also is identified
in some unique way to distinguish it from any previous program versions. Many programmers
keep a copy of the part drawing corresponding to the stored program, ¢évesitprg possible
misunderstandings later.

Special Instructions

Many drawings also include special instructions and comments that cannot be expressed with
established drafting symbols and are therefore spelled out independently, in words. Such
instructionsare very important for CNC program planning, as they may significantly influence the
programming procedure. For example, a certain part element is identifiegt@sna surface or
diameter. Drawing dimensions always showftheshedsize. During programdevelopment, this
dimension likely has to be adjusted for any grinding allowance necessary. Actual amount of such
allowance is selected by the programmer and should be written as a special instruction in the
program. Another example of special instrucsiaelates to any machining done during part
assembly. For example, a certain hole should be drilled and tapped, and is dimensioned exactly as
any other hole, but a special instruction indicates the drilling and tapping must be done when the
part is handledluring assembly. Operations relating to such a hola@rprogrammed and any
overlook of small instruction such as this example, may result in an unusable part.

Many drawing instructions use a special pointer called@er. Usually,it is a line endig with
an arrow, pointing towards the specific area that it relates to. For example, a leader may be pointing
to a hole, with a worded caption:

12REAM 2 HOLES - 20 DP
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This is a requirement to ream 2 holes to the full depth of 20 mm with a reamer thatrhes
diameter.

. METHODSSHEET

Some companies have a staff of qualified manufacturing technologists or process planners
responsible for determination of all manufacturing processes. Their responsibility is to develop a
series of machining instructions, detailing the exact route of gathhrough the manufacturing
process. They allocate work to individual machines, develop machining sequences and setup
methods, select tooling, etc. Their instructions are writtemiethods sheéalso called aouting
shee} that accompanies the p#inrough all stages of manufacturing, typically in a plastic folder
(or as a computer file). If such a sheet is available, its copy should become part of CNC
documentation. One main purpose of a methods sheet is to provide CNC programmer with as much
information as possible to shorten turnaround between programs. One great advantages of methods
sheets in programmirayetheir comprehensive coverage of all required operations, both CNC and
conventional, thus offering a complete overview of the manufactyingess. High quality
methods sheet will save a lot of decisienkit is made by a qualified manufacturing engineer,
who specializes in work detailing. The ideal methods sheet is one where all recommended CNC
manufacturing processes closely match essladdi part programming methods.

For various reasons, many CN@achineshops do not use methods sheets, routing sheets or
similar documentation. CNC programmer acts as a process planner as well. Such an environment
offers a certain amount of flexibility budemands a large degree of knowledge, skills and
responsibility from one person at the same time.

J. MATERIAL SPECIFICATIONS

Also, important consideration in program planning is evaluation ofrthterial stock Typical
material is raw and unmachined (a daliet, plate, forging, casting, etc.). Some material may be
already premachined, routed from another machine or operation. It may be solid or hollow, with
a small or a large amount to be removed by CNC machining sikleand shapeof material
determins the setup mounting method. Ttyge of material (steel, cast iron, brass, etc.) will
influence not only the selection of cutting tools, but the cutting conditions for machining as well.

A program cannot be planned without knowing the type, size, shapeaadlition of the
material

Material Uniformity

Another important consideration, often neglected by programmers and managers alike, is the
uniformity of material specifications within a particular batch or from one batch to another. For
example, a castingr forging ordered from two suppliers to be used forsdu®e parimay have
slightly different sizes, hardness and even shape. Another example is a material cut into single
pieces on a saw, where the length of each piece varies beyond an acceptabldhignge.
inconsistency between blank parts makes programming more difficult and time consuming. It also
creates potentially unsafe machining conditions. If such problems are encountered, the best
planning approach is to place emphasis on machining safetytharachining time. At worst,
there will be somair cutting or slower than needed cuttifiged rate but no machining cuts will
be too heavy for the tool to handle.

Yet another approach is to separate -nniform material into groups and makeparate
programs for each group, properly identified. The best method is to cover all known and
predictable inconsistencies under program control, for example, using the block skip function.
Machinability Rating

Also, very important aspect of material sgecation is itsmachinability Charts with suggested
speeds and feeds for most common materials are available from major tooling companies. These
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charts are helpful in programming, particularly when an unknown material is used. The suggested
values are good starting point, and can be optimized later, when the material properties are better
known. Segage 523For some very basic and general suggestions.

Machinability rating in the imperial units is given in units calieet per minutéft/min). Often
the termssurface feet per minute, constant surface sge€&85),cutting speedCS), peripheral
speedr justsurface speedre used instead. For metric designation of machinability ratiatgrs
per minutglm/min) are used. In both cases, sipindle speg(r/min) for a given tool diameter (for
a mill) or a given part diameter (for a lathe) is calculated, using common formulas. For imperial
units, the spindle speed can be calculateéwolutions per minuté&/min):

12ft / min
r/ min

D

For metric calculations, the formula is similar:

1000m / min r / min
D

+wher e € ¥ Revolutions per minute (spindle speed S)

12 = Converts feet to inches

1000 = Converts meters to millimeters

ft/min = Cutting speed in feet per minute
m/min = Cutting speed in meters per minute
(pi) = Constant valwue of
D = Tool diameter (milling) or

MACHI NI Part diameter (turning)in inches or mm

NG SEQUENCE

Machining sequence defines the order of machining operations. Technical skills and machine
shop experience do help in program planning, but a good quantignohonrsenseapproach is
equally important. Machining sequences must have logical erfderexample, drilling must be
programmed before tapping, roughing operations before finishing, first operation before second,
etc. Within this logical order, further specification of the order of individual tool motions is
required for a particular tool. For exala, in turning, a face cut may be programmed on the part
first, then roughing all material on diameters will take place. Another method is to program a
roughing pass for the first diameter, then face and continue with the remainder of the diameter
roughirg afterwards. In drilling, a spot drill before drilling may be useful for some applications,
but in another program a center drill may be a better choice. There are no fixed rules, no absolutes,
which determine which method is bettereach CNC programmingssignment has to be
considered individually, based on the basic criteria of safety, quality, and efficiency.

Machining sequence must follow logical order

Basic approach for determining a machining sequence is careful evaluation of all related
operations.In general, program should be planned in such a way that the cutting tool, once
selected, will do as much work as possible, before a tool change. On most modern CNC machines,
much less time is needed for positioning a tool than for a tool change. Aoottsgleration is in
benefits gained by programming all heavy operations first, then the lighteir finishingor
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finishing operations. It may mean an extra tool change or two, but this method minimizes any shift
of material in the holding fixture while mhining. Another important factor is the current position

of cutting tool when a certain operation is completed. For example, when drilling a pattern of holes
in the order of 412-3-4, the next tool (such as a boring bar, reamer or a tap) could be progtamme
in opposite order of-8-2-1 to minimize unnecessary tool motioriSigure 6-6.

'-III-Ol = Spo/T02 =Drill | TO3 =Tap
i

Hole 1 Hole 4 Hole 1
Hole 2 Hole 3 Hole 2
Hole 3 Hole 2 Hole 3
Hole 4 Hole 1 Hole 4
Figure 66

Typical machining sequence fihree common hole operations

This machining sequence may have to be changed after final selection of tools and setup
method. Although practical in many cases, the reverse machining sequence may not be practical
when stored as subprograms. This importabjesu starts opage 383.

Program planning is not an independent execution of individual stepsis a very
interdependent and very logically and coherent approach to achieve a certain goal.

K. TOOLING SELECTION

Selecting tool holders and cutting toolsaarsother important step in planning a CNC program.
Category of tooling, their selection and usage, includes a lot more than just cutting tools and tool
holders- it covers an extensive line of accessories, involving numerous vises, fixtures, chucks,
subtales, steadyests, tailstock, indexing tables, clamps, collets and many other holding and
auxiliary devices. Cutting tools require special attention, due to the very large variety available
and their direct effect in machining.

Cutting tool used for the [pis usually the most important selection. It should be selected by
two main criteria:

Efficiency of usage
Safety in operation

Many supervisors responsible for CNC programming try to make the existing tooling work at
all times. Often, they ignore the facthat a suitable new tool may do the job faster and more
economically. A thorough knowledge of tooling and its applications is a separate technical
profession the programmer should know well all general principles of cutting tool applications.
In many @ses, a tooling company representative may provide additional valuable assistance.

Arrangement of tools in the order of usage is also a subject of serious consideration in CNC
program planning. On CNC lathes, each cutting tool is assigned to a spe#fictation, which
requires consideration about ttistribution of tools- how they are arranged between short and
long tools (such as short turning tools versus long boring tools). This is important for prevention
of a possible interference during cugfiar tool changing. Another concern should beditter in
which each cutting tool is called, particularly for machines that do not havdigettional tool
indexing. Most machining centers use a randigpe oftool selection, where the order of tools is
unimportant, only the diameter of the tool and its weight has to be considered.

All tool offset numbers and other program entries should be documented in a form known as
the tooling sheetSuch a document serves as a guide to the operator during joblsshqguld
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include at least some basic documentation relating to the selected tool. For example, such
documentation may include the tool description, its length and diameter, number of flutes, tool and
offset numbers, speed and feeds selected for thadoother relevant information.

L. PARTSETUP

Another decision in program planning relates to the actual part-sletwpto mounthe raw or
premachined material, whaupportingtools and other devices should be used, how many
operationsare required to complete as many machining sequences as possible, where to select a
program zergetc. Setup is necessary and it should be done efficiently.

Some types of machines are designethédke the setup time more productive. Multi spindle
machining centers or lathes can handle two or more parts at the same time. Special features, such
as tool offset settingbar feedefor a lathe, an automatic pallet changer or dual setup on the table,
also help. Other solutions can be added as well.

Setup Sheet

At this stage of program planning, once the setup is decided, makitymsheet a good
idea, particularly for jobs with many tools and/or operations. A setup sheet can be a simple sketch,
desgned mostly for use at the machiméyich shows part orientation when mounted in a holding
device, tool offset numbers used by the program, datum points and, of course, all necessary
identifications and descriptions. Other information in a setup sheeldstedate to some unique
requirements established during planning stages of the program (such as position of clamps, bored
jaws dimensions, depth of clamping, limits of tool extension, etc.). Setup sheet and tooling sheet
can be combined into a single soel of information. Most programmers use their own various
versions.

M. TECHNOLOGICALDECISIONS

The next stage of CNC program planning involves selection of spindle speeds, fagting
rates, depth of cut, coolant application, etc. All of the already coreidfactors will have their
influence. For example, the available range of spindle speeds is fixed for any CNC machine, size
of the cutter and material type will influence speeds and feeds, power rating of the machine tool
will help determine what amountf enaterial can be removed safely, etc. Other factors that
influence program design include tool extensions, setup rigidity, cutting tool material and its
condition. Not to be overlooked is the proper selection of cutting fluids and lubridghets too,
are important for overall part quality.

Cutter Path

Main core of any CNC programming is the precise determination of cutter kadkvn as the
tool pathor toolpath This process involves individual cutter movements in its relationship to the
part.

In CNC programming, always look at the cutting tool as being moved arounebtié
THIS PRINCIPLE APPLIES TO ALL CNC MACHINE TOOLS

The key factor for understanding this principle is to always visualizéotiienotion, not the
machine motion. The most noticéaldifference between programming a machining center as
compared to a lathe program is the cutter rotation as compared to part rotation.

In both cases, the programmer always must think in terms otitte¥ moving around the part
- Figure 67.
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Figure 67
Contouring toolpath motionas intended for milling or turning

Toolpath for all contouring tools always has to take into consideration the i@adbes (tool
nose radius for turning and boring), either by programmingogdistant toolpattior the radus
center or by usingutter radius offsetalso known agutter radius compensatioor tool nose
radius compensation)CNC machines for milling and turning are provided with rapid motion,
linear interpolation and circular interpolation, all as standeatlifes. To generate more complex
paths, such as a helical milling motion or program rotation, a special option has to be available in
the control unit. Two groups of typical toolpaths are used:

Point-to-point also called Positioning
Continuous also caled Contouring

Positioningis used for goint location operatigrsuch as drilling, reaming, tapping and similar
operationsgontinuous patlgenerates a contour (profile). In either case, all programmed data refer
to the cutter position when a certain nootis completed.

This position is calledbol target positiont Figure 6-8.

End

Figure 68
Contouring toolpath motiontarget positions identified
The contourstartsand end positions are identified and so are the positions for each contour
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change. Each target position is called twtour change pointwhich has to be carefully
calculated. The order of target locations in the program is very important. Based abyotiee
illustration, it means that toglosition lis thetarget position commencing at th®tart point,
position 2is thetargetposition beginning at point position 3is thetargetfrom point 2 and so
on, until theEndposition is reached. If the contois for milling, these targets will be in X and Y
axes. In turning, they will be in X and Z axes.

Most contouring operations require more than just one cutting motion, for example, roughing
and finishing. Part of the programming process is to isolagsalat need roughing. Can one
cutting tool do all operations? Can all tolerances be maintaibed8the tool wear a problem?

Can the surface finish be achieved? When programming noncutting rapid motions, take the same
care as with cutting motions. A panlar focus should be to minimize rapid tool motions and
ensure safe clearances.

Machine Power Rating

Machine tools are rated by their power, as one important specification for CNC programming.
Laws of physics define that heavy cuts require more powarlidfat cuts. A depth or width of a
cut that is too large can break the tool and stall the machine. Such cases are unacceptable and must
be prevented. CNC machine specifications list typically identifies power rating of the motor at
machine spindle. Thisating is either irkW (kilowatts) orHP (horsepower). Several formulas are
available for calculations relating to various power ratings, establishing metal removal rates, tool
wear factors, etc.

One of the more useful formulas is the comparisokMéandHP (based on 1 HP= 550 feot
pounds per second):

1 kW =1.341022 HP or ~1.3HP

1 HP =0.7456999 kW or ~0.75 kW

The topic of power and forces in machining can be complex and is not always needed in
everyday programming. There are publicatidegoted to this particular subject. Work experience
is often a better teacher than formulas.

Coolants and Lubricants

When cutting toolcontacts,the material for an extendqueriod great amount of heat is
generated. Cutting edges get overheated, becothamdlian insert or the whole tool may break.
To prevent such possibilities, a suitabtelantmust be used.

Water soluble, biglegradable, oil is the most common coolant. A properly mixed coolant
dissipates heat from the cuttiadge and it also acts aslubricant. The main purpose of lubrication
is to reduce friction and make the metal removal easier. Flood of the coolant should aim at the tool
cutting edge, with a flexible pipe or through a coolant hole built into the tool itself.

Never use plain wateas coolant it may severely damage the machine tool

CNC operator is responsible for a suitable coolant in the machine. Coolant should be clean and
mixed in recommended proportions. Water soluble oils should be biodegradable to preserve the
environment and properly disposed of. CNC programmer decides wipeagiam coolant and
when not. Ceramic cutting tools are normally programmedwdtiiput a coolantSome cast irons
do not require flood coolant, but air blast or oil mist may be allowed. These coolant functions vary
between machines, so check the machaference manual for further details.

Flood coolant may be used to cool down the part and gain better tolerances. It can also be used
to flush away chips from congested areas, such as deep holes and cavities.

The main benefits of cutting fluids far outwhitheir inconveniences. Cutting fluids are often
messy, the cutting edge cannot be seen during operation, operator may get wet and sometimes old
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coolant smells. With proper coolant management, all problems related to coolants can be
controlled.

A coolantrelated programming issueghento turn the coolant ON in the program. As the
coolant ON function M08 only turns on the pump motor, make sure the coolant actually reaches
the tool edgdeforecontact with work. Programming coolant ON earliebatter than too late.

In summary, using coolant on CNC machining centers and lathes serves three major purposes:
to dissipate heat from cutting edge and part

to lubricate area between tool edge and part

to flush away chips

N. WORK SKETCHAND CALCULATIONS

Manually prepared programs always require several mathematical calculations. This part of
program preparation intimidates many programmers but is a necessary step, even for simple
operations. Many complex contours will require more calculations, but not ashkessore
complex calculations. Almost any mathematical problem in CNC programming can be solved by
the use of arithmetic, algebra and trigonomettpat'sit! Advanced fields of mathematics
analytic geometry, spherical trigonometry, calculus, suréateulations, etc: are required for
programming complex molds, dies and similar shapes. In such cases, a CAD/CAM programming
system is necessary.

Those who can solvergght-angletriangle can make calculations for almost any CNC program.
At the end of his digital bookis an overview of some common mathematical problems and
applications. When working with more difficult contours, it is often not the solution itself that is
difficult, it is the ability to arrive at the solution. CNC programmer must hageability tosee
exactly what triangle has to be solved, what formula to use, what approach to select. It is not
unusual to do several intermediate calculations before the required final coordinate point can be
established.

Calculations of any type oftdrenefit from a visual (pictorial) representation. Such calculations
usually need a working sketcA.simplesketch can be drawn by hand and should be done in an
approximate scaleLarger sketch scales are much easier to work with. Making the sketch in at
least approximate scale has one great advantagecan immediately see various relationships
what dimensions should be smaller or larger than the others, the relationship of individual
elements, the shape of an extremely small detail, etc. All thditthare is one purpose a sketch
shouldneverbe used for, regardless how accurate it is:

Never use a scaled sketch to guess unkrmibmvansions!

Scaling a drawing is a poor and unprofessional practice, that creates more problems than it
solves. It is a sig of either laziness or incompetence, commonly both.

Identification Methods

A sketch used for calculations can be done directly in the drawing, or on paper or even using
CAD software. Every sketch is associated with several mathematical calculahegsnake the
sketch necessary in the first place. Using color coding or point numbering as identification methods
offers benefits and better organization. Rather than writing coordinates at each contour change
point in the drawing, use point reference numberscreate a separate coordinate sheet form using
the reference numbers, as illustrate#igure 6:9. A printable sample of a coordinate sheet is also
included on the enclosed CD.
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Position X-axis Y -axis Z-axis

Figure 69
Coordinate sheetxample blank form (no data)

Such a sheet can be used for milling or turning, by filling only the applicable columns. The aim
is to develop a consistent programming style from one program to anothar.afiNalues, even
those that do not change.

A completed coordinate sheet is a better programing reference, as sHegure6-10.

Position X-axis Y -axis Z-axis
START X57.0 Y126.0
P1 X45.0 Y105.0
P2 X108.258 Y105.0
P3 X146.156 Y79.6
P4 X146.156 Y50.0
P5 X173.156 Y23.0
P6 X238.0 Y23.0
END X238.0 Y62.0
Figure 610

Coordinate sheet exampldilled form for a milling toolpath

O. QUALITY IN CNCPROGRAMMING

All parts machined on CNC equipment are evaluated by their qualgyally after they are
machined. Quality inspectors check many featui@® the dimensions within tolerances? Is the
surface finish up to standard? Is there a consistency betweerepaftsylodern CNC equipment
provides optional inspection related features during machining process, for exanpptegess
gaging Many machine shops require their CNC machinists to be quality inspectors while the parts
are being made. One subject thatdgsially important, yet not very often mentioned, is quality in
CNC programming.

CNC programming starts with a plan. Although number one quality of a CNC programmer is
knowledge and skill, there are at least two related and equally important considéngtragsam
planning- programmer'personal approachndprofessional attitudeHow the CNC programmer
approaches a certain job, assignment or project will have a great influence on the final outcome of
parts produced by the CNC operator. Programmeitsdes have significant influence on program
development and final results. They also have significant influence on the CNC op#isjost
human nature.
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Ask yourself some questions. As a CNC programmer are you attentive to detail, are you
precision nnded, are you well organized, are you concerned if something is not done right? Do
you ‘cut corners'just to have the job done? Can a program you just developed, or an existing
program, be improved further to make it safer and more efficient?

CNC programguality is much more than writing an error free progratinat is the absolute
prerequisite and goes without saying. Quality in programming includes concern as how a program
effects the CNC operator, machine setup, and actual part machining. Qualitygranpmuing
means constant effort at improvement and desire to make the next program even better.

Consistency in programming is one the best ways to achieve high quality programs. Once a
certain method or process been found superior to others, stick wieithe same method again
and again. CNC operators like nothing less than programs that vary in structure.

Part complexity should never stand in the watyis only related toyour knowledge level and
willingness to solve problems. It should be a persgaoal to make a program every prograthe
best program possible.

Set your quality standardsgh!
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6. PART PROGRAM STRUCTURE

Typical CNC program is composed of series of sequential instructions related to machining a
part. Each instruction is specified ifamat the CNC system can accept, interpret and process.
Each instruction must also conform to machine tool specifications. This program input method can
be defined aan arrangement of machining instructions and related tagkigen in the format of
a ONC system and aimed at a particular machine tool.

Various controls may have different formats, but most are similar. Subtle differences exist
among CNC machines from different manufacturers, even those equipped with the same control
system. This is commongnsidering the specific demands individual machine builders place upon
the control manufacturer to accommodate many original and unique machine design features. Such
variations are usually minor but still important for programming.

A. BASICPROGRAMMINGTERMS

The field of CNC has its own terminology, special terms and its jargon. It has its own
abbreviations and expressions that only people in the field understand. CNC programming is only
a small section of computerizatachining,and it has a number of itsva expressionaviost of
them relate to thstructureof part programs.

There ardour basic termsised in CNC programming. They appear in professional articles,
books, papers, lectures and so on. These words are the key to understanding general CNC
termindogy:

Character Word Block Program

Each term is very common and equally important in CNC programming and deserves its own
detailed explanation.
Character

A character is the smallest unit of CNC program. It can have one of three forms:

Digit

Letter

Symbol

Characters are combined into meaningful OM@&ds This combination of digits, letters and
symbols is called thalphanumericalprogram input.

Digits

There are ten digits, 0 to 9, available for use in a program to create numbers. The digits are used
in two modes- one forinteger values (numbers without a decimal point), the otherréad
numbergnumbers with a decimal point). Numbers can hao&tive or negativevalues. On some

controls, real numbers can be used with or without the decimal point. Numbers applied in either
mode can only be entered within the range that is allowed by the control system.

Letters (Addresses)

All twenty-six letters of theEnglish alphabet are available for programming, at least in theory.
Most control systems will accept only certain letters and reject others. For exampleadswo
CNC lathe control will reject the letter Y, as theaXis is typically unique to milling merations
(milling machines and machining centers). On the other hand, many CNC lathes with milling
capabilities will accept the letter

(address) Y, if the Yaxis is available. Capital letters are normal designation in CNC
programming, but some controlscapt low case letters with the same meaning asuppgrcase
equivalentlf in doubt, use capital letters.
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Every control accepts CAPITAL letters but not all controls accept low case letters
Symbols

Several symbols are used for programming, in additidhd ten digits antiventy-six available
letters. The most common symbols are dieeimal point minus signpercent signparenthesis
and others, depending on the control options. Their use in a program is strictly defined. Decimal
point is used for vakes expressed in mm, inches or degrees. Minus sign is used to identify a
dimensional value as negative, percent sign is used for file transfers, and parentheses are used for
program comments and messages.

Word

A programword is a combination oélphanumercal characters, creating a single instruction
to the CNC. Each word begins with a capital letter, followed by a number representing a program
code or actual value. Typical words indica®es positionfeed rate speed, preparatory
commands, miscellaneofisictionsand many others.

Word is the unit of instruction to the control system

Block

Just like one word is used asiagleinstruction to the CNC system, program block is used as
a multiple instruction. A program entered into the control system consistedividual lines of
instructions, sequenced in a logical order of processing. Each diakked asequence blockr
simply ablock- is composed of one or sevevardsand each word is composedtafo or more
characters

In the control system, eaclolbk must be separated from all others. To separate blocks in the
MDI (Manual Data Inputimode at the control, each block has to end with a sgeatOf-Block
code (symbol). This code is marked as EOB on the control panel. When preparing part program
on a computer using a keyboard, using Hrger key will terminate the block (similar to the old
Carriage Returnon typewriters). When writing a program on paper first, each program block
should occupy only a single line on the paper. Each program bbmt&ins a series of individual
instructions that are executed simultaneously.

Program

Part program structure may vary quite a bit for different controls, but the logical programming
approach does not change from one control to another. CNC program usmgillg with a
program numbeor similar identification, followed by sequenced blocks of instructions in a logical
order. The program ends withstop codeor a program termination symbol, such aspkecent
sign - %. Some controls also require tletop ®©de at the program beginning. Internal
documentation and messages to the CNC operator may be located in strategic places within the
part program. Programming format has evolved significantly during the years and several formats
have emerged.

B. PROGRAMMINGFORMATS

Since the early days of numerical control, three formats had become significant in their time.
They are listed in the order of their original introduction:

Tab Sequential Format  no decimal point available ... old NC systems only

Fixed Format no dedmal point available

... old NC systems only

Word Address Format decimal point available

... typically used with CNC systems

Only thevery earlycontrol systems use thab sequentiabr fixed formats. Both of them
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di sappeared i n t mewobsaletd. Vheylh@vé Beénsreplacediby mucle more
convenientWord Address Formalts greatest benefit is using addresses for words and decimal
point format when necessary.

C. WORDADDRESSFORMAT

Theword address formas based on a combination of one letted one or more digitd=igure
7-1.

Characters
6 F . i
Words

F 2 7 5 [ 0 G 0 1 N 5
Block

N5 GO 1Y - 6. 48 F 2 75 . 0
Figure 71

Typical word address programming format

In some applications, such a combination can be supplemented by a symbol, such as a minus
sign or a decimal point. Each letter, digit or symbol represents one character in the program and
in control memory. This unique alptmumerical arrangement createward, where the letter is
called the wordcaddressfollowed by numerical data with or without symbols. The waadress
refers to a specific register of the control memory. Some typical words are:

GO01 M30 D25 X15.75 N105 HO1 YO S2500%14 F12.0 TO505 T9/M01 B180.0

The addresg(letter) in the block defines the wordeaningand must always be written first.
For example, X15.75 is correct, 15.75X is not. No spaces (space characters) arewifibined
word- X 15.75 isnot correct- spaces are only aliedbeforethe word, meaning before the letter,
between words.

Dataalways indicate the word numerical assignment. This value varies greatly and depends on
the preceding address. It may represent a sequence number N, a preparatory command G, a
miscellaneos function M, an offset register number D or H, a coordinate word X, Y feed,
ratefunction F, spindle function S, tool function T, etc.

Any oneword is a series of characters (at least two) that define a single instruction to the
machinecontrol unit. The above examples of typical words have the following meaning in a CNC
program:

GO01 Preparatory command
M30 Miscellaneougunction
D25 Offsethumberselectioamilling applications

X15.75 Coordinateword-as positive value

N105 Sequenceumber block number
HO1 Tool length offset number
YO Coordinateword-as zero value

S2500 Spindle speed function
Z-5.14  Coordinateword-as negative value
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F12.0 Feedrate function

T0505 Tool functionturning applications

TO5 Tool functionmilling applications

/MO1 Miscellaneous functidblock skip symbol
B180.0  Indexing table function

Individual program words are instructions grouped together to form logical sequences of
programming code. Each sequence that will process one series of instructions simultaneously
forms a unit called aequence bloatir program blockor - simply ablock The series of blocks is
arranged in a logical order that is required to machioenapletepart or acompleteoperation is
called apart programalso known as &NC program

The next block shows a rapid tool motion to the absolute position of X13.0Y4i6 witlient
units setting and with a coolant turned on:

N25 G90 GO0 X13.0 Y4.6 MO8 where . . .
N25 Sequence or block number
G90 Absolute mode
GO0 Rapid motion mode
X13.0 Y4.6 Coordinate location
MO8 Coolant ON function

The control will always procesmy single block as one complete wnitever partially Most
controls allow a random word order in a block, as long as the block number is specified first. Many
programmers follow an unofficial but recommendedrder of various words in a block. For
example, Gcodes are listed first, followed by axes d#ét@nall remaining instructions.

Block number must always be specified first

D. FORMATNOTATION

Each program word can only be written in a specific way. The number of digits allowed in a
word, depending on the address and maximum number of decimal placssbhystise control
manufacturer. Not all letters can be used. Only letters with an assigned meaning can be
programmed, except in a comment. Symbols can be used in only some words, and their position
in the word is fixed. Some symbols are used only in cust@uaros- control limitations are
important. Symbols supplement thiggits and letters and provide them with an additional
meaning. Typical programming symbols are the minus sign, decimal point, percent sign and a few
others. All symbols are listed in eta on page 47.

Short Forms
Control manufacturers often specify the input format in an abbreviated féignre 7-2.
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Number of digits
after decimal point

Decimal point allowed

Number of digits
——= before decimal point

Positive or negative
= value possible

= Described address

Figure 7-2
Word address format notatiernX axis format in metric mode shown

Describing the full format description for each meaning lkcae unnecessarily too long.
Consider the following complete amdt abbreviated description of address As a coordinate
word that is used in metric system:

Address X accepts positive or negative data with the maximum of five digits in front of a
decimal point and three digits maximum after the decimal podgcimal point is allowed

Absence of decimal point in the notation means that decimal point is not used; the absence of a
plus/minus (£) sign means that the address value cannot be negatlaek of sign means a
positive value by default

These samples of format notation explain the shorthand:

G2 Two digits maximum, no decimal point or sign
N4 Four digits maximum, no decimal point or sign
S5 Five digits maximum, no decimal point or sign

F3.2  Five digits maximum, three digits maximum in front of the decimal point, two
maximum behind the decimal point, decimal point is allowed, no sign is used

Be extra careful when evaluating shorthand notations from a control manual or other source.
There are no industry standards and not all control manufacturetiseusamanethods, so the
meaning of short forms listed may vary significantly. Typical lisivofd addresses, their format
notation and descriptioareshown in the following tables. They contain address notations based
on typical Fanuc control systems.

Note:

The presented format notation concept is often applied by CAD/CAM software developers fo
CNC program output using post processors

Address | Notation Description

Q5.3 (Q4.4) | Depth of peck in fixed cycl€s73 and G83

Q5.3 (Q4.4) | Shift amount in fixed cyclé76 and G87

R R5.3 (R4.4) | Retract point in fixed cycles Arc raduessignation
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S S5 Spindle speed in r/min
T T4 Tool function
X5.3 (X4.4) | axis coordinate valudesignation
X X5.3 Dwell function with GO4 only
Y Y5.3 (Y4.4) | Y axis coordinate value designation
Z Z5.3 (Z4.4) | Z axis coordinate valudesignation
A A5.3 Rotary or Indexing axigunit is degrees used about the X axis
B B5.3 Rotary or Indexing axigunit is degrees used about the Y axis
D D2 Cutter radius offset number (sometimes uses address H)
F F5.3 Feed ratdfunction - may vary
G G2 Preparatory commands
(G3 for extended @ode set)
H H3 Offset number (tool position and/or tool length offset)
Arc center modifier for X axis
15.3 (14.4) | Shift amount in fixed cycles (X)
Corner vector selection faxis(old type controls)
Arc center modifier for Y axis
J J5.3 (J4.4) | Shift amount in fixed cycles (Y)
Corner vector selection for axis (old type controls)
K K5.3(K4.4) | Arc center modifier for Z axis
K (L) K4 (L4) Fixed cycle repetition courBubprogram repetition count
M M2 Miscellaneous functiofM3 for extended Mfunction set)
N N5 Block number or sequence number (N4 for older controls)
O 04 (05) Program number (EIA) or (:4 or :5 for IS®@t common)
P4 Subprogram number callustom macro number call
b P3 Work offset number used with G10
P53 Dwell time in milliseconds
P5 Block number in main program when used with M99

Milling System Format

Address descriptions vary for many addresses, depending on theimigutlThe table below
lists metric format descriptions (imperial format is in parenthesis, if applicable). Listed are format
notations for milling units.

Some addresses have additional meaning when used in special applications

The first column is the addss, second column is the format notation, third column is the
description:

Turning System Format

Similar chart as for milling, this one is for lathe systems. A number of definitions are the same
and are included only for convenience. Notation is in th&icnrmat, imperial notation is in
parenthesis, if applicable to the address.
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Some addresses have additional meaning when used in multiple repetitive cycles of the G70

series

or special applications

Address| Notation Description
A A3 Angle ofthread for G76Angle for direct drawing input
c C 5.3 (C4.4) | Chamfer for direct drawing input
C 5.3 Absolute axis rotation in degrees
D4 Number of divisions in G73
D . . .
D53(D44) Depth of cut in G71 and.G,7I2eI|ef amount in G74 and
G75 Depth ofirst thread in G76
E E3.5 (E2.6) Precisiorfeed ratefor threading
F F3.3 (F2.4) Feed ratdfunction- may vary
G G2 Preparatory command&3 for extended @ode set)
H 5.3 Incremental axis rotation in degrees
Arc centermodifier for X axis
Taper height in X for cycles
5.3 (1 4.4) | X axis relief in G73
Direction of chamfering
Motion amount in X in G74
Arc center modifier for Z axis
Taper height in Z for cycles
Z axis relief in G73
K K 53 (K4.4) Direction of chamfering
Motion amount in Z in G75
Thread depth in G76
K (L) K4 (L4) Subprogram repetition count
M M2 Miscellaneous function
(M3 for extended Mfunction set)
N N5 Block number or sequence number (N4 for older contro
O 04 (05) Program number (EIA) or (:4 orfd¥ ISO- not common)
Subprogram number call
Custom macro number call
P4 (P5) Offset number with G10
P Return to block number with M99
Start block number in G71 and G72
P53 Dwell time in milliseconds
Q Q4 (Q5) End block number in G71 and G72
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R R 5.3 (R4.4) |Arc radius designation Arc radius for corners

S S5 Spindle speed in r/min or ft/min

T T4 Tool function

U U 5.3 (U4.4) |Incremental value in X axis Stock allowance in X axis
U5.3 Dwell function with G04

w W 5.3 (W4.4) |Incremental value in Z axis Stock allowance in Z axis

X 5.3 (X 4.4) | Absolute value in X axis

X
X5.3 Dwell function with G0O4 only
Z Z 5.3 (Z 4.4) | Absolute value in Z axis
Multiple Word Addresses

One feature that is noticeable in both tables is the abundance of different meanings for some
addresses. This is a necessary feature of the word address format. Theretaentybix letters
in the English alphabet but more than that the number of emisnand functions. As new control
features are added due to technological advancements, even more variations may be necessary in
the future. Several addresses have such an established meaning (for example, X, Y and Z are
coordinate words), that giving threany additional meaning would be confusing. Many letters, on
the other hand, are not used very often and their multiple meaning is quite acceptable (typical
addresses are |, J, K, P, Q, for example). In addition, the actual meaning of addresses varies
betveen milling and turning systems and even between manufacturers.

The control system has to have some means of accepting a particular word with a precisely
defined meaning in the program. In most cases, the preparatory command G will define its
meaning, abther times it will be an M function or a setting of system parameters.

E. SYMBOLSIN CNCPROGRAMMING

In addition to the basic symbols, Fanuc can accept other symbols for different applications. The
following table describes all symbols available on Fanuccanapatible control systems:

Symbol|Description Comment

Decimal point Fractional part of a number

+  |Plus,sign Positive value oadditionsign in Fanuc macros

} Minus sign Negative value osubtractionsign in Fanuc macros

* Multiplication sign  |Multiplicationsign in Fanuc macros

/ Slash Block skip function symbol alivisionsign in Fanuc
(Frontslash) macros

() [Parenthesis Program comments & messages

% [Percent sign Stop code (end of program file)
Colon Programnumber designation (rare)
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, Comma Used only within comments

[] |Brackets Calculations in Fanuc macros

NonprogrammabldndOf-Block symbol (screen displa
only)
Variable definition or call in Fanuc macros

: Semicolon

# Sharp sign

= Equal sign Equality symbol in Fanuc macros
The table above lists typical standard and special symbols available on most control systems.

Special symbols are used only with optional features, sucustemmacrcoption These
symbols cannot be used in standard programming, as they would cause an error. Typical standard
symbols are found on the computer keybo&ll, ShiftandAlt character combinations are not
allowed in CNC programming.

Plus,and Minus Sign

One of tle most common symbols in mathematics is an algebraie pigaor minus In CNC,
any data in a motion command can be either positive or negative. Virtually all control systems
allow for the omission of a plus sign for all positive values. This featuserngetimes called
positive biasof the control system. This is a mathematical term indicating assumed positive value
of a number, if no sign is programmed. In CNC, the implied positive sign is alftershe
address (letter) in a word:

X+125.0 isthesane asX125.0

For negative numbers, the minus sign symbol must always be programmed. If minus sign is
missing, the number automatically becomes positive, with an incorrect result value, in this case, a
possible tool position:

X-125.0 Negativevalue €signis necessary

X125.0 Positivevalue fio sign meanspositive valug X+125.0 Positivevalue sign is
ignored

Symbols supplement letters and digits and are important part of CNC program structure. Not
all symbols are used in every prograin fact, aly very few are normally used.

F. TYPICAL PROGRAMSTRUCTURE

(BLANK LINE MAY BE NECESS¥RY SYMBOL)
00701 (ID MAX 15 CHAR$PROGRAM NUMBER AND ID)
(SAMPLE PROGRAM STRUCTURE FOR FIXED CYCLES) (BRIEF PROGRAM DESCR
(PETER SMID7-DEC2008)  (PROGRMMER AND DATE OF LAST REVI
(BLANK LINE)

N1 G21 (UNITS SETTING IN A SEPARATE BLOCK

N2 G17 G40 G80 G49 (INITIAL SETTINGS AND CANCELLATION!

N3 TO1 (TOOL TO1 INTO WAITING POSITION)

N4 M06 (TO1 INTO SPINDLE)

N5 G90 G54 GO0 X.. Y.. S.. MO(T01 RESTART BLOTE2 INTO WAITING

T02 POSITION)

N6 G43 725.0 HO1 M08 (TOOL LG OFFSELEAR ABOVE WORK
COOLANT ON)
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N7 G99 G82 X.. Y.. R.. Z.. P.--~(FIXED CYCLG82 USED AS AN EXAMPLE]
CUTTING MOTIONS WITH TO(

TO1--) ...

N33 G8@25.0 M09 (CYCLE CANGEILEAR ABOVE PART
COOLANT OFF)

N34 G28 Z25.0 M05 (HOME IN Z ONtSPINDLE OFF)

N35 MO1 (OPTIONAL STOP)
(T - BLANK LINE-)

N36 T02 (TOOL TO2 INTO WAITING POSITEGDNECK
ONLY)

N37 M06 (TO2 INTO SPINDLE)

N38 G90 G54 GO0 X.. S.. MO3 (T02 RESTART BLOTE3 INTO WAITING

TO3 POSITION)

N39 G43 Z25.0 H02 M08 (TOOL LG OFFSELEAR ABOVE WGORK
COOLANT ON)

N40 G99 G81 X.. Y..R.. Z.. F.. (FIXED CYCLG81 USED AS AN EXAMPLE]
(----CUTTING MOTIONS WITH

TOOL T02-) ...

N62 G80 Z25.0 M09 (CYCLE CANGEILEAR ABOVE PART
COOLANT OFF)

N63 G28 725.0 M05 (HOME IN Z ONLBPINDLE OFF)

N64 M01 (OPTIONAL STOP)
(T - BLANK LINE-)

N65 T03 (TOOL T03 INTO WAITING POSITGBNECK
ONLY)

N66 MO6 (TO3 INTO SPINDLE)

N67 G90G54 GOO X.. Y.. S.. MO(T03 RESTART BLOTHL INTO WAITING

TO1 POSITION)

N68 G43 Z25.0 H03 M08 (TOOL LG OFFSELEAR ABOVE WORK
COOLANT ON)

N69 G99 G84 X..Y..R.. Z.. F.. (FIXED CYCLG84 USED A8\ EXAMPLE)
(----CUTTING MOTIONS WITH

TOOL T03-) ...

N86 G80 Z225.0 M09 (CYCLE CANGEILEAR ABOVE PART
COOLANT OFF)

N87 G28 Z225.0 M05 (HOME IN Z ONELBPINDLE OFF)

N88 G28 X.. Y.. (HOME IN XY ONLMAY BE OMITTED)

N89 M30 (END OF PROGRAM)

% (STOP CODEND OF FILE TRANSFER)

Although it may be a bit early to show a complete program, it will do no harm to look at a
typical program structure. In the next two examples, a typicaitymé structure is shownone
for fixed cycles, one for other machining:

The XY value in the bldc N88 should be theurrent positionof the X and Y axes. If the
absolute position is unknown, change the block to the incremental version:

N88 G91 G28 X0 YO

If a tool has to be repeated, make sure not to include tool change block for the current tool.
Many CNC systems will generate an alarm if the tool change command cannot find a particular
tool in the magazine. In both preceding examples, tool repeat blocks will be N5, N38 and N67.

The program structure examples are for a vertical CNC machining center with random tool
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selection mode and typical Fanuc control systesmme minor changes are to be expected. Study
theprogram flowrather than its exact content. Note the repetitiveneskoks for each tool and
also note a blank line (empty block) between individual tools for easier orientation.

(BLANK LINE MAY BE NECESSNRY
SYMBOL)
00702 (ID MAX 15 CHARS) (PROGRAM NUMBER AND ID)
(SAMPLE PROGRAM STRUCTURE FO(BRIEF RFGRAM DESCRIPTION)
MILLING)

(PETER SMD7-DEG2008) (PROGRAMMER AND DATE OF LAST RE\
(BLANK LINE)

N1 G21 (UNITS SETTING IN A SEPARATE BLOCK

N2 G17 G40 G80 G49 (INITIAL SETTINGS AND CANCELLATION

N3 TO1 (TOOL TO1 INTO WAITING POSITION)

N4 M06 (TO1 INTO SPINDLE)

N5 G90 G54 GO0 X.. Y.. S.. MO3 T02  (TO1 RESTART BLOTB2 INTO WAITING
POSITION)

N6 G43 Z25.0 HO1 M08 (TOOL LG OFFSELEAR ABOVE WORK
COOLANT ON)

N7 GO1 Z.. F.. (FEED TOG@LEARANCE OR DEPTH)

(----CUTTING MOTIONS WITH TOOL-F

) ...

N33 G00 Z25.0 M09 (CLEAR ABOVE PARDOLANT OFF)

N34 G28 Z25.0 M05 (HOME IN Z ONISPINDLE OFF)

N35 M01 (OPTIONAL STOP)
(T - BLANK LINE-)

N36 TO2 (TOOL T02 INTO WAITING POSITEHNECK
ONLY)

N37 M06 (TO2 INTO SPINDLE)

N38G90 G54 GO0 X.. Y.. S.. M03 T03 (T02 RESTART BLOTS3 INTO WAITING
POSITION)

N39 G43 725.0 H02 M08 (TOOL LG OFFSELEAR ABOVE WORK
COOLANT ON)

N40 GO1 Z.. F.. (FEED TO Z CLEARANCE OR DEPTH)

(----CUTTING MOTIONS WITH TOOL-F

) ...

N62G00 Z25.0 M09 (CLEAR ABOVE PARDOLANT OFF)

N63 G28 Z25.0 M05 (HOME IN Z ONLBPINDLE OFF)

N64 MO1 (OPTIONAL STOP)
(T - BLANK LINE-)

N65 TO3 (TOOL T03 INTO WAITING POSITGHNECK
ONLY)

N66 M06 (TO3 INTO SPINDLE)

N67 G90 G54 GO0 X.. Y.MR3 TO1 (TO3 RESTART BLOTSL INTO WAITING
POSITION)

N68 G43 Z25.0 HO3 M08 (TOOL LG OFFSELEAR ABOVE WORK
COOLANT ON)

N69 GO1 Z.. F.. (FEED TO Z CLEARANCE OR DEPTH)

(----CUTTING MOTIONS WITH TOOL-F
).
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N86 GO0 Z225.0 M09 (CLEARBOVE PARTOOLANT OFF)

N87 G28 Z225.0 M05 (HOME IN Z ONEBPINDLE OFF)

N88 G28 X.. Y.. (HOME IN XY ONLMAY BE OMITTED)
N89 M30 (END OF PROGRAM)

% (STOP CODIEND OF FILE TRANSFER)

Each program block is identified with a comment as brief explanation. In practice, the two
versions shown are combined in a single program. Actual meaning of the content will be explained
in subsequent chapters in thligital book

Program Structure Beriesf

Developing a solid program structure is absolutely essential for one simple réasayoing
to be used all the timé&ractical benefits are numercubey include ease of reading the program
(on screen or on paper), starting with any tool isseasnportant default settings are defiradtér
tool change (for example, G90, G54, G00). All these (and other) benefits result in fewer errors and
increased productivity at the CNC machine.

Well-designegorogram structure is worth the time spent develgpi

G. PROGRAMHEADER

Examples above showed a typical program structure for milling machines and machining
centers. At the beginning of a typical program, there is usually a block or two of comments that
provide general information. Various comments andiessages may be placed in the program,
providing they are enclosed in parentheses. This kind of internal documentation is useful to both
the programmer and operator.

A special series of comments at the progtamis defined as th@rogram headerwhere
various program features are identified. The next example is a rather much exaggerated sample of
items thaimaybe used in a program header:

(FILE NAME .....oovvvveeren. 01234.NC)
(LAST VERSION DATE .............. ODEC-2008)
(LAST VERSION TIME ......cveveenn.. 19:43)
(PROGRAMMER .....ovovveeennn. PETER SMID)
(MACHINE ...ooovoeveerereern, OKK VMC)
(CONTROL ..o FANUC 30i)
(UNITS oo, METRIC)

(JOB NUMBER .....oovveverereene. 4321) (OPERATION ....ooovvreven DRILBORETAP)
(STOCK MATERIAL ............... H.R.S. PLATE)
(MATERIAL SIZE .............. 200 X 150 X 50)
(PROGRAM ZERO ................ XOLEFT EDGE)

( YO - BOTT EDGE)

( Z0 - TOPFACE)

(STATUS oooeeee. NOT VERIFIED)
B03800800800000800000800800800803809)

Tool Comments

Some CNC programmers like to list all tools at the program beginning, also as comments. For
example:
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(=== TO1- 100 MM DIA FACE MILL ===========x)
(=== T02- 25 MM DIA END MILL -4 FLUTES ===
(=== T08- 10 MM SPOT DRILL ===============x)
(=== T15-7 MM DRILL - LONG SERIES =======x)

Within the program, each tool may be identified as well, using the same comment at the
beginning of each tool:

(=== T08- 10 MM SPOT DRILL ===============x)
N15 TO8

N16 M06

N17 G90 G54 GOO X.. Y.. S.. M0O3 T15 N18 ...

Other comments and messages to the operator can be added to the program as required, such as
operation description or special action required.
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/. PREPARATORY COMMANDS

The program address G id#igts apreparatory commanadften called a-code This address
has one and only objectivehat isto presetr to preparethe control system to a certain desired
condition or to a certaimodeor astateof operation. For example, address GO0 presetpid
motion mode for the machine tool but does not move any axis, address G81 presets the drilling
cycle but does not drill any holes, etc. The common tereparatory commandahdicates its
meaning a G-code willpreparecontrol unit to accept the pragmming instructionfllowingthe
G-code, in a specific way.

A. DESCRIPTIONAND PURPOSE

One block example will illustrate threeed formpreparatory commands in the following program
entry:

N7 X13.0 Y10.0

Even a casual look at this block shows that the coatelinX13.0Y10.0 relate to the cutting
tool end positionwhen block N7 is executedd., processed by the control). Block N7 does not
indicate whether the coordinates are in absolute or incremental mode. It does not indicate whether
X13.0Y10.0 are in meitr or imperial units. Neither it indicates whether the actual motion to this
specified target position is a rapid motion or a linear motion. If evaluation of such a block cannot
establish the meaning of its contents, control system does not have enargiatioh. The
supplied information in such a blockirecomplete therefore unusable by itself. Some additional
instructions for the coordinates are required that define their full purpose.

For example, in order to make the block N7 a tool motiaajd mode (G00) usingbsolute
dimensiongG90), all these instructions or commands must be specifietheforethe block or
within the block:

Example A:

N7 G90 GO0 X13.0 Y1@ ExampleB:
N3 G90

N4 é

N5 é

N6 €

N7 GO0 X13.0 Y10.0
Example C:

N3 G90 GO0

N4 é

N5 é

N6 é

N7 X13.0 Y10.0
Example D:

N2 G90

N3 G0O

N4 €

N5 é
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N6 é
N7 X13.0 Y10.0

All four examples have the same machining result, providing that there is no change ef any G
code mode between blocks N4 and N6 in the examples B, C anec@de&s that can beritten
once and stay in effect until canceled or changednagal G-codes, divided into logical groups.

One Gcode in a modal group replaces anothezode from the same group

Modal and normodal Gcodes will be described shortly. Each control systemitissown list
of available Gcodes. Many &odes are very common and can be found on virtually all controls,
others are unique to the particular control system, even the machine tool. Because of the nature of
machining applications, the list of typical€@des will be different for milling systems and turning
systems. The same applies for other types of machines. Each groupode§& must be kept
separate.

Check machine documentation for availableddes!

B. APPLICATIONSFORTURNING

Fanuc lathe controls use threecGde group types A, B and Type Ais the most common; in
thisdigital book all examples and explanations @&gge Agroup, including the table below. Only
one type can be set at a time. TypeandB can be set by contreystem parameter, but ty@eis
optional. Generally, most-Godes are identical, only a few are different inAlandB type groups.

Most of the preparatory commands are discussed under their individual applications, for
example, GO1 will be explainednder Linear Interpolation G02 and GO03 undeCircular
Interpolation etc. In this section, ©odes are described in general, regardless of the type of
machine or control unit.

C. G-CODESIN A PROGRAMBLOCK

Unlike miscellaneous functions, known as Mduncionsand described in the next chapter,
several preparatory commands may be used in a single block, providing they are not in a logical
conflict with each other:

N25 G90 GO0 G54 X6.75 Y10.5

This method of program writing is several blocks shorter thasingde block alternative:
N25 G90

N26 GOO

N27 G54

N28 X6.75 Y10.5

Both methods will be identical during continuing processing. However, the second example,
when executed in aingle blockmode, each block will require pressing tbgcle Startkey to
activate each block. The shorter method is more practical, not omly ength, but for the logical
connection between individual addresses within the block.

Some rules of application and general considerations applyctmd&s when used wittther
data in a block. The most important of them is the subjectoofality

Modality of Gcodes

Earlier, the following exampl€ was used to demonstrate the general placement of several G
codes into a program block:

Example C- original:
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N3 G90 GO0

N4 €
N5 é
N6 €

N7 X13.0 Y10.0

If the structure is changed slightly and filled widalistic data, these five blocks may be the
result:

Example C- modified (as programmed:

N3 G90 GO0 X5.0 Y3.0

N4 X0

N5 Y20.0

N6 X15.0 Y22.0

N7 X13.0 Y10.0

Note the rapid motion command GOGow many times does it appear in the program? Just
once- in block N30. In fact, so does the command for absolute mode; @99 once. The reason
neither GOO nor G90 has been repeated in every block is because botaratsiremain active
from the moment of their first appearance in the program. Theneralis used to describe this
characteristic.

For a command to be modal, it has to remain in a certain mode until canceled by an equivalent
mode

As most (not all) Gcodes are modal, there is no need to repeat a modal command in every
block. Using the earlier exampl€ once more, control system will make the following
interpretation during program execution:

Example C- modified (as processed
N3 G90 GO0 X50.0 Y30.0

N4 G90 GO0 X0

N5 G90 GO0 Y200.0

N6 G90 GO0 X150.0 Y220.0

N7 G90 GO0 X130.0 Y100.0

This program example does not represent any practical application by moving from one location
to another at a rapid rate, but it demonstrates the modality of preparatory canifia@anain
purpose of modal values is to avoid unnecessary duplication of programming maeles@re
used so often, that writing them in the program can be tedious. Fortunately, the majorty of G
codes can be applied only ongeoviding they are modaln the control system specifications,
preparatory commands are identified as modal and unmodal.

Conflicting Commands in a Block

Preparatory commands are used in the program, to select from two or more possible modes of
operation. If the rapid motion command GO0O is selected, it is a specific command relating to a tool
motion. As it is impossible to have a rapid motion and a cuthiagion activeat the same timet
is impossible to have GO0 and GO1 active at the same time. Such a combination ceafies a
in a block. If conflicting Gcodes are used in the same block aftter G-code will be used by the
control (system errosialso possible).

N74 GO1 GO0 X3.5 Y6.125 F20.0
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In the example, the two commands GO1 and GOO are in conflict. As GOUJast¢hene in the
block, it will become effective. Thieed ratdas ignored in this case.

N74 GO0 GO1 X3.5 Y6.125 F20.0

This is theexact opposite of the previous example. Here, the GOO is first, therefore GO1
command will take precedence and the motion will take place as a cutting motion at the specified
feed rateof 20.0 in/min.

Word Order in a Block
G-codes are normally programmatthe beginning of a blockfter the block number, before
other significant data:
N40 G91 GO01 20.625 F8.5

This is a traditional order, based on the idea that if the purposecoti€s is tqrepareor
presetcontrol system to a certain condition, thegaratory commands should always be placed
first. Supporting this argument is the fact that only-ponflicting codes are allowed in a single
block. Strictly speaking, there is nothing wrong with rearranging the order to:

N40 G91 £0.625 F8.5 GO1

Perhapaunusual, but quite correct. That is not the case with the next method of positioning a
G-code in a block:

N40 Z-0.625 F8.5 G01 G91

Watch for situations like thidVhat happens in this case is that the cutting motion @&ed,
rate F and depth Z will be cobined and executedsing the current dimensional modgthe
current mode is absolute;akis motion will be executed as an absolute valoean incremental
value. The reason for this exception is that Fanuc allows to mix dimensional valuesamihe
block. That can be a very useful feature, if used carefully. A typmakct application of this
feature can be illustrated in this example:

(G20)

N45 G90 GO0 G54 X1.0 Y1.0 S1500 MOES90)
N46 G43 0.1 HO2

N47 GO1 20.25 F5.0

N48 X2.5 G91 Y1.5 (G90 MIXED WITH G91)
N49 &

Blocks N45 through N47 are all in absolute mode. Before the block N48 is executed, absolute
position of the axes X and Y is 1.0,1.0. From this starting position, the target location is the
absolute position of X2.5 combined with theremental motion of 1.5 inches along thes.

The resulting absolute position will be X2.5Y2.5, making a 45° motion. In this case, G91 will
remain in effect forll subsequent blocks, until G90 is programmed. Most likely, the block N48
will be written n absolute mode (still active):

é

N48 X2.5Y2.5

é

Normally, there is no reason to switch between the two modes in the same block. It can result

in some very unpleasant surprises, and some controls may not support this method. Yet, there are
some occasionghen this special technique brings benefits, for example, in subprograms.
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D. GROUPINGOFCOMMANDS

Earlier example of conflicting €odes in a single block brings one issue to the forefront. It

makes sense, for example, that motion commands such as G00,02GnNd3G03 cannot eexist

in the same block. Such distinction is not so clear for other preparatory commands. For example,
can the tool length offset command G43 be programmed in the same block as the cutter radius
only? The answer

offset command G41 or G42ven in thep y

why.

i s

yes,

Fanuc control system recognizes preparatory commands by separating them into arbitrary

groups Each group, called th8-code group has a Fanuc assigned arbitrary avgit number.

The main rulegoverning the caxistence of Godes in a single block is very simple. If two or
more Gcodes fronthe same groupre programmed in the same block, they are in conflict with

each other.

Group Numbers

G-code groups are typically numbered from 00 to 25. This range varies between different
control models, depending on the features. It can even be higher for the newest controls or where

more Gcodes are offered by the machine control. One of these grédlu@snost unique one and

perhaps the most important as wa#l theGroup 00

All preparatory commands in Group 00 aret modal, sometimes using the descriptions
unmodalor nortmodal They are only active in the block in which they were programmed. If

unmodal Gcodes are to be effective in several consecutive blocksntiisibe programmed in

eachof those blocks. For majority of unmodal commands, this repetition will not be used very

often.

For example, a dwell is a programmed pause measured in naifideclt is needed only for

the duration within specified time, no longer. There is no logical need to program dwell in two or
more consecutive blocks. After all, what is the benefit of the next three blocks?

N56 G04 P2000
N57 G04 P3000
N58 G04 P1000

All three blocks contain the same functiamdwell- one after another. The part program can
be made much more efficient by simply entering the total dwell time into a single block with
identical results:

N56 G04 P6000
The following groups are typical for Fan control systems. Applications for milling and

turning controls are specially distinguished byNhandT letters respectively, in tHEypecolumn

of the table:

Group Description G codes Type
G04 M/T
G09 G1G511 M/T
G27 G28 G2630 G31537 M/T
G45 G46 G47 G48 M/T

00 UnmodalG codes G52 G53 G65 M/T
G51 G60 G92 M
G50 T
G70 G71 G72 G73 T
G74 G75 G76 T
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Motion Commands GO00 G01 G02 GO03 M/T
01 Cutting Cveles ’ G32 G35 G36 T
9ty G90 G92 G94 T
02 Plane Selection G17 G18 G19 M
. . G90 G9a1 M
03 Dimensioning Mode (Uand W for lathes) T
04 Stored Strokes G22 G23 M/T
05 Feed rate G93 G94 G95 T
06 Units Input G20 G21 M/T
07 Cutter Radius G40 G41 G42 M/T
Offset
08 Tool Length G43 G44 G49 M
Offset
G73 G74 G76 G80 M
09 Cvcles G81 G82 G83 G84 M
y G85 G86 G87 G88 M
G389 M
10 Return Mode G98 G99 M
11 Scaling Cancel, G50 M
Mirror Image G68 G69 T
12 Coordinate G54 G55 G56 G57 M/T
System G58 G59 M/T
. G61 G62 G64 M/T
13 Cutting Modes G63 M
14 Macro Mode G66 G67 M/T
16 Coordinate G68 G69 M
Rotation
17 CSS G96 G97 T
18 Polar Input G15 G16 M
24 Spindle Speed G25 G26 M/T
Fluctuation

The group relationship makes a perfect sense in all cases. One possible exception is Group 01
for Motion Commandand Group 09 fo€ycles The relationship between these two groups is this
- if a G-code from Group 01 is specified in any of the fixed cyGl®up 09, the cycle is
immediately canceledyut the opposite is not truén other words, an active motion command is
notcanceled by a fixed cycle.

Group 01is not affected by Gcodes frontGroup 09 In a
summary ¢é
Any G-code from a given group automatigaeplaces another-@Gode from the same group

E. G-CODETYPES

Fanuc control system offers a flexible selection of preparatory commands. This fact
distinguishes Fanuc from many other controls. Considering the fact that Fanuc controls are used
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worldwide, it aly makes sense to allow the standard control configuration to follow established
style of each country. A typical example is the selection of dimensional units. In Europe, Japan
and many other countries, metric system is the standard. In North Ameeigagrtimon system

of dimensioning still uses imperial units. As both markets are substantial in the world trade, a
clever control manufacturer tries to reach them both. Almost all control manufacturers offer a
selection of the dimensional system. But Fanod aimilar controls also offer selection of
programming codes that were in effeeforeFanuc reached the worldwide market.

The method Fanuc controls use is a simple method of parameter setting. By selecting a specific
system parameter, one of two or #@code types can be selected, the one that is typical for a
particular geographical user. Although the majority efdgéles are the same for every type, the
most typical illustration are ®odes used for imperial and metric selection of units. Many earlie
US controls used G70 for imperial units and G71 for metric units. Fanuc system has traditionally
used G20 and G21 codes for imperial and metric input respectively.

Setting up a parameter, thed@de type that is the most practical can be selected. Such a
practice, if done at all, should be done only once and only when the control is installed, before any
part programs have been written for it. Change of o type at random is a guaranteed way
to create organizational nightmare. Keep in mind thdtage of one code meaning will affect
the meaning of another code. Using the units example for a lathe, if G70 means an imperial input
of dimensions, you cannot use it to program a roughing cycle. Fanuc provides a different code in
that group. Always stawith the standard @ode type. All Gcodes in thigligital bookuse the
default group of th&ype A and also the most common group.

G-Codes and Decimal Point

Many latest Fanuc controls include a G code with a decimal point, for example, G72.1 (Rotation
copy) or G72.2 (Parallel copy). Several preparatory commands in this group are related to a
particular machine tool or are not typical enough to be described idita book
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8. MISCELLANEOUS FUNCTIONS

The addressM in a CNC program identifies mniscellaneus function sometimes called a
machine functionNot all miscellaneous functions are related to the operation of a CNC machine
- quite a few are related to the processing of part program. The more suitabheiseaitaneous
functionsareused throughoutis digital book

A. DESCRIPTIONAND PURPOSE

Within the structure of a CNC program, programmers often need some means of activating
certain aspects of machine operation or controlling the program flow. Without availability of such
means, any part program would be incomplete and impossibletorant Fir | et 6 s | ook
miscellaneous functions that relate to the operation of a CNC ma¢ham&guemachine functions

Machine Related Functions

Various physical operations of a CNC machine must be controlled by the program, to ensure
fully automatednachining. These functions generally use thaddress and include the following
operations:

Spindle rotation CW or CCW

Gear range change Low / Medium / High
Automatic tool change ATC

Automatic pallet change APC

Coolant operation ON or OFF
Tailstock or quill motion IN or OUT

These operations vary between machines, due to the different designs by various machine
manufacturers. A machine design, from the engineering point of view, is based on a certain
primary machining application. A CNC riilg machine will require different functions related to
this type of machine than a CNC machining center or a CNC lathe. A numerically controlled EDM
wire cutting machine will have many special functions, typical to that kind of machining, including
thosenot found on other machines.

Even two machines designed for Hane typef work, for example, two kinds of CNC vertical
machining centers, will have functions different from each other, if they have a different control
system orsignificantly different options. Various machine models from the same manufacturer
will also have certain unique functions, even if the CNC systems are identical.

All machine tools designed for metal removal by cutting have certain common features and
capdilities. For example, spindle rotation can have thraed only three possible selections in
a program:

Spindle normal rotation
Spindle reverserotation, Spindle stop

In addition to these three possibilities, there is a function called the spireiéaton, also a
machine related function. Another example is coolant. Coolant can only be controlled in a program
as being either ON or OFF.

These operations are typical to most CNC machines. All are programmed wittiLenctddn,
typically followed by wo digits, although some control models allow the usetbfeedigit M-
function, Fanuc 16/18, for example.

Fanuc also usethreedigit M-functions in several special applications, for example, for
synchronization of two independent turrets on a raxis lathe. All these and other functions are
related to the operation of CNC machines and belong to the group collectively known as
miscellaneous functiorm simply as théM-functionsor M-codes
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Program Related Functions

In addition to the machin®inctions, several Munctions are used to control the execution of
a CNC program. An interruption of a program execution requires -@nnktion, for example,
during the change of a job setup, such as part reversal. Another example is a situation where one
program calls one or more subprograms. In such a case, each program has to have a program call
function, the number of repetitions, etc-fivhctions handle these requirements.

Based on previous examples, using miscellaneous functions falls into two noags goased
on a particular application:

Control of machine functions
Control of program execution

This digital bookcovers only the most common miscellaneous functions, used by the majority
of controls. Unfortunately, there are many functions that Vetyveen machines and control
systems. These functions are calledchine specific functiongor this reason, always consult
documentation for the particular machine model and its control system.

B. TYPICAL APPLICATIONS

Before learning any Munctions, notethe type of activity these functions do, regardless of
whether such activity relates to the machine or the program. Also note the abundameway
toggle modes, such &N andOFF, IN andOUT, Forward andBackward etc. Always check your
manual first- for reasons of consistency, all-fdnctions in thisdigital bookare based on the
following table:

Applications for Turning

Function Description

MOO Compulsory program stop

MO1 Optional program stop

MO02 End of program (usually with reset, newind)

MO3 Spindle rotation normal (CW for R/H tools)

MO04 Spindle rotation reverse (CCW for R/H tools)

MO5 Spindle stop

MOQ7 Coolant mist ON  (usually an option)

MO8 Coolant ON (coolant pump motor ON)

M09 Coolant OFF (coolant pump motor OFF)

M10 Chuck open

M11 Chuck close

M12 Tailstock quill IN

M13 Tailstock quill OUT

M17 Turret indexing forward

M18 Turret indexing reverse
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M19 Spindle orientation (optional)

M21 Tailstock forward

M22 Tailstock backward

M23 Thread gradual putbut ON

M24 Thread gradual putbut OFF

M30 Program end (always with reset and rewind)

M41 Low gear selection

M42 Medium gear selection 1

M43 Medium gear selection 2

M44 High gear selection

M48 Feed rateoverride cancel OFF (deactivated)

M49 Feedrate override cancel ON (activated)

M98 Subprogram call

M99 Subprogram end

Special MDI Functions

Several Mfunctions cannot be used in a CNC program at all. This group is used in so called
Manual Data Inpumode exclusively (MDI). An example of such functions s&epby-steptool
change for machining centers, used for service purposes only, never in the program. These
functions are outside the scope of tthigital book

Application Groups

The two major categories, described earlier, can further be divided into several emqus
on the specific application of the miscellaneous functions within each group. A typical distribution
list is contained in the following table:

Group Typical Mfunctions
Program MO0 MOL
g MO02 M30
. MO03 M04 M05
Spindle M19
Tool change MO6
Coolant MO7 M08 M09
M10 M11
M12 M13
Accessories M17 M18
M21 M22
M78 M79
Threading M23 M24
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Gear ranges M41 M42 M43 M44

Feed rateoverride M48 M49
Subprograms M98 M99
Pallets M60

This table does not cover all-finctions or even all possible groups. Neither does it distinguish
between machines. On the other hand, it does indicatyyplksof applications miscellaneous
functions are used for in everyday CNC programming.

Miscellaneais functions listed in this chapter are used throughout the book. Some of them
appear more often than others, reflecting their general use in programming. Functions that do not
correspond to a particular machine control system are either not used cedwed.rdowever, the
concepts for their applications are always similar for most control systems and CNC machines.

In this chapter, only the more general functions are covered in significant detail. Remaining
miscellaneous functions are described in tha@esttovering individual specific applications. At
this stage, the stress is on usage and behavior of the most common miscellaneous functions.

C. M-FUNCTIONSIN A BLOCK

If a miscellaneous function is programmed in a block by itself, with no other data sepplegn
it, only the function itself will be executed. For example,

N45 MO1

is anoptional stop This block is correct an M-functioncanbe the only block entry. Unlike
the preparatory commands (G codes), amiye M-function is allowed in a block unless the
control allows multiple Mfunctions in the same block (some latest controls only), a program error
will occur.

More practical methoaf programming certain miscellaneous functions is in a block that
contains a&ool motion.For example, turning the coolant on andt the same timenoving the
cutting tool to a certain part location may be required. As there is no conflict between these
instructions, the actual program block may look something like this:

N56 GO0 X252.95 Y116.47 MO8

In this example of block N56, the precisme the M08 function will be activated is not very
important. In other cases, the timing may be very important. $3&+thactionsmustbe in effect
before or after certain action takes place. For example, look at this combiateaxis motion
is applied together withrogram stodunction M0O in the same block:

N319 GO1 £62.5 F200.0 MOO

This is a far more serioustuation, and two answers are needed. On&viat exactlywill
happen, the other ishen exactlyt will happen, when the MOO function is activated. There are
three possibilities and three questions to ask:

Will the program stop take place immediately, whlea motion is activated at the start of
block?

Will the program stop take place while the tool is on the wdiyring a motion?
Will the program stop take place when the motion command is completéiae end of block?

One of the three optionsill hgppen- but which one? Even if a practical purpose of these
examples may not be apparent at this stage, it is useful to know how the CNC system interprets
blocks containing tool motion combined with a miscellaneous function.

Each Mfunction is logically deigned- it also shows a great deal@dmmon sense
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The actual startup of any Jinction should be divided inttwo groups- not three, as the
guestions might suggest:

M-function activates at the start of block (simultaneously with the tool motion)
M-function activates at the end of block
(When the tool motion has been completed)

No M-function will be activatedluring block execution, there is no logic to it. What is the
logical startup of coolant ON function M08 in block N56 above? The correct ansteat ithe
coolant will be activated at tlsame timeas the tool motiobegins The correct answer for example
block N319 is that the MOO program stop function will be activafeat the tool motion has been
completed. Makes sense? Yes, but what about the other functions, how do they behave in a block
with motion?

Let s InomK at t he

Startup of MFunctions

Take a look at the list of typical ¥unctions. Add a tool motion to each and try to determine
how the function is going to behave, based on the previous notes. A bit of logical thinking provides
a good chance to arrive atethight conclusion. Compare the two following groups to confirm:

M-functions activated at the START OF A BLOCK

MO3 | Spindle rotation normal (CW for R/H tools)

MO04 | Spindle rotation reverse (CCW for R/H tools)

MO6 | Automatic tool change (ATC)

MQ7 | Coolant mist ON  (usually an option)

MO8 | Coolant ON (coolant pump motor ON)

M-functions activated at the END OF A BLOCK

MOO | Compulsory program stop

MO1 | Optional program stop

MO02 | End of program (usually with reset, no rewind)

MO5 | Spindle stop

MQ9 | Coolant OFF (coolant pump motor OFF)

M30 | Program end (always with reset and rewind)

M60 | Automatic pallet change (APC)

If there is any uncertainty about how anfiyhction will interact with tool motion, the safest
choice is to program the ffinction as aeparate blockThat way, it will always be processed
beforeor after the relevant program block. For majority of apations this is a safe solution.
Duration of MFunctions

Knowledge ofwhenan M-function takes effect is logically followed by another questibaw
long such a function will be active. Some miscellaneous functions are active only in the block they
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appear.Others will continue to be in effect until canceled (replaced) by another miscellaneous
function. This is similar to the modality of preparatory commandsdes; howeverthe word
modal is not usually used with Munctions. As an example of a function duration, take
miscellaneous functions MO0 or MO1. Either one will be activeof@block only. The coolant

ON function M08, will be active until eancelingor analtering function is progammed. Keep in

mind that any one of the following functions will also cancel coolant ON mdt{®, M01, M02,

MQ9 and M30. Compare these two tables:

M-functions completed in ONE BLOCK
MOO Compulsory program stop
MO1 Optional program stop
MO2 End ofprogram (usually with reset, no rewind)
MO6 Automatic tool change (ATC)
M30 Program end (always with reset and rewind)
M60 Automatic pallet change (APC)
M-functions active UNTIL CANCELED or ALTERED
MO3 Spindle rotation normal (CW for R/H tools)
MO04 Spindle rotation reverse (CCW for R/H tools)
MO5 Spindle stop
MO7 Coolant mist ON  (usually an option)
MO8 Coolant ON (coolant pump motor ON)
M09 Coolant OFF (coolant pump motor OFF)

Above classification is logical and shows good designcamaimon sense. There is no need to
remember each Nunction and its exact activities. The best place to find out for certain, is to study
manuals supplied with the CNC machine and watch the program run right on the machine.

D. PROGRAMFUNCTIONS

Miscellaneous dnctions that control program processing can be used either to interrupt the
processing temporarily (in the middle of a program) or permanently (at the end of a program).
Several functions are available for this purpose.

Program Stop

MOO function is defied as arunconditionalor compulsoryprogram stop. Any time CNC
system encounters this function during program processing, all automatic operations of the
machine tool will stop:

Motion of all axes

Rotation of the spindle
Coolant function

Further progr am execution

Control settings wilhotbe reset when MG@unction is processed. All significant program data
currently active are still retainedegéd rate coordinate setting, spindle speed, etc.). Program
processing can only be resumed by activatingGiiele Startkey. MOO function cancels both
spindle rotation and coolant functieeither one or both have to be reprogrammed in subsequent
blocks.
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Miscellaneous function M0OO can be programmed as an individual block or in a block containing
other commandsjsually axis motion. If MOO is programmed together with a motion command,
the motion will be completed firsthenthe program stop will become effective:

MOO programmedfter a motioocommand:
N38 GO0 X189.5 N39 MO0

MOO programmedvith a motioncommand
N39 GO0 X189.5 MO0

In both cases, any motion command will be completed fiostore the program stop is
executed. Actual difference between the two examples is apparent only in single block processing
mode (for example, during a trial cut). Thevdl be no practical difference in auto mode of
processingQingle Blockswitch set to OFF position).

Practical Usage

Program stop function used in a program make
for many jobs. One common use is a pamp@tsion at the machine, while the part is still mounted.
In program stop mode, the part dimensions or tool condition can be checked. Chips accumulated
in a bored or drilled hole can be removed, for example, before another machining operation can
start. Blnd hole tapping is a good example. Program stop function is also necessary to change the
current setup before the program is completed, for example, to reverse a part. Any manual tool
change also requires M0O function in the program.

Program stopunction MOO is used only for a manual intervention during program processing

All control systems also offer aptional program stop M0O1, described next. The main rule of
using MOO is the need ofraanual interventioror everypart machined. Manual toochange in a
program qualifies for MO0, because every part needs it. A dimensional check may not qualify, if
Is infrequent. In this case, MO1 function will be a better choice. Although the difference between
both functions is slight, the actual differenoecicle time can be significant for large number of
parts.

When using MO0 in a program, always inform the openatorthe function has been used and
what its purpose is. Make your intent known to avoid a confusion. This intent can be made
available to the@perator in two ways:

In setup sheet, refer to the block number that contains miscellaneous function MOO and
describe any manual operation that has to be performed:

BLOCK N39 ...... REMOVE CHIPS

In the program itself, issue a comment section with the messary information. Comment
section must be enclosed in parentheses (three versions shown):

N39 M0O (REMOVE CHIPS)

N39 X189.5 MOO (REMOVE CHIPS)
N39 X189.5 MOO

(REMOVE CHIPS)

Any one of these methods will give the CNC operator all necessary informatam. &l
options, the comment section [A] or [B] in a program is preferable. Theiburstructions can
be read at the control panel display screen.

Optional Program Stop

Miscellaneous function MO1 is amptional, conditionalprogram stop. It is similato MOO
function, with one difference. Unlike MOO function, when MO1 function is read by the control,

34




program processing willot stop without operator's interference. Thptional Stogoggle switch

or a button key located on the operation panel can lie sgher ON or OFF position. When M01
function in the program is processed, current switch setting will determine whether the program
will temporarily stop,or processing continues without interruption:

Optional Stop switch setting| Result of MO1

ON Processingvill stop

OFF Processingvill not stop
In case there is no MO1 function programmed, the setting dDgti®nal Stopswitch is not
important. Normally, it should be set to OFF position for production work.

When active, MO1 function behaves exactly as the M0O function. Motion of all axes, spindle
rotation, coolant function and any further program execution will be temporarily interrtptsdl.
ratg coordinate settings, spindle speed setting, etc., areg@t&arther processing of the program
can only be resumed by pressing @yele Starkey. All programming rules for MOO function also
apply to M0O1 function.

A good idea is to program MO1 as the only entry in the last block of each tool, followed by a
blark line with no data. If there is no need for program interruptionQgteonal Stopswitch will
be set to OFF position and no production time is lost. If there is a need to stop processing at the
end of a tool, the switch will be set to ON position anolgpsim processing stops when MOL1 is
processed. Any time loss is usually justified under the circumstances, for example, to change a
cutting insert or to inspect important dimensions or surface finish quality.

Program End
Every program must include a special function definingahéof active program. For this
purpose, there are two-inctions available the M02 and M30. Both are similar, but each has a
distinct purpose. M02 function will terminate tpeogram butwill cause no returrio the first
block at the program top. Function M30 will terminate the program as well il tause a
returnto the program top. The woddr e tiusr m& t en r e p k & o e ldishkldeftovdar h e wo |
from the times when a retd-reel tape reader was common on NC machines. The tape had to be
rewoundwhen the program has been completed for each part. M30 function provideshiinid
capability.

When control system reads the program end function M02 or M30, it cancels all axis motions
spindle rotation, coolant function and usually resets the system to the default conOiticasne
controls the reset may not batomatic,and any programmer should be aware of it.

If the program ends with M02 function (usually old programs only)ctimtrol remains at the
program end, ready for the n&&ycle StartOn modern CNC equipment there is no need for M02
at all, except for backward compatibility. This function was used in addition to M30 for those
machines (mainly NC lathes) that had tapelers without reels, using a short loop tape. The tape
trailer was spliced to the tape leader, creating a closed loop. When the program was finished, the
start of tape was next to its end, so no rewind was necessary. Long tapes could not use loops and
requred reels and M30. So much for the history of M@st ignore its existence.

Is MO2 the Same as BD?

On most modern controls, a system parameter can be set to make the M02 function with the
same meaning as that of M30. This setting can give it the devaipabilities, useful in situations
where an old program can be used on a machine with a new control without changes.

In a summary, if the end of program is terminated by M30 function, the remiihdbe
performed; if the M02 function is used, the rewimitl not be performed.

When writing a program, make sure the last block in the program contains nothing else but M30
as the preferred end (sequence bliscklowed to start the block):
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N65 . ..

N66 G91 G28 X0 YO

N67 M30 (END OF PROGRAM)

%

On some contrgl the M30 function can be used together with the axes maliefimitely NOT
recommended!

N65 . ..

N66 G91 G28 X0 YO M30 (END OF PROGRAM)

%

Percent Sign

The percent sign (%) after M30 is a spestalp codeThis symbol terminates the loading of a
program from an external device. It is also calledehdof-file marker.

Subprogram End

The last Mfunction for a program end is M99. Its primary usage is in subprograms. Typically,
the M99 function will terminate a subprogram and return to the processitige gfrevious
program. If M99 is used in a standard program, it creates a programoagtind- such a situation
Is often called arendless program loopVi99 should be used only in subprograms, not in the
standard programs.

E. MACHINE FUNCTIONS

Miscellaneoudunctions relating to the operation of machine tool are part of another group.
This section describes the most important of them in detail.

Coolant Functions
Many metal removal operations require that the cutting tool is flooded with a suitable coolant.
To control the flow of coolant in the program, there are three miscellaneous functions usually
provided for this purpose:

MO7 | Mist ON

MO8 | Flood ON

MO9 | Mist or Flood OFF

Mistis the combination of a small amount of cutting oil mixed with compressed air. It depends
on the machine tool manufacturer whether this function is standard for a particular CNC machine
tool or not. Some manufacturers replacertheture of oil and air with air only, or with oil shot
only, etc. In these cases, it is typical that an additional equipment is built into the machine. If this
option exists on the machine, the most common miscellaneous function to activate the oil mist or
air is M07.

Function similar to MO7 is M08, coolafibod. This is by far the most common method in CNC
programming. It is standard for virtually all CNC machines. Coolant, usually a suitable mixture of
soluble oil and water, is premixed and stored inrttaehine coolant tank. Some machines also
need an Mfunction for coolanthrough the spindleFlooding the tool cutting edge is important
for three reasons:

Heat dissipation
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Chip removal
Lubrication

Primary reason to use coolant flood aimed at thengu#dge is to dissipate the heat generated
there during cutting. The secondary reason is to remove chips from the cutting area, using coolant
pressure. Finally, the coolant also acts as a lubricant to ease the friction between cutting tool and
material. Luorication helps to extend tool life and improves surface finish.

During initial tool approach towards the part or during final return to the tool change position,
coolant is normally not required. To turn off the coolant function, use the M09 fundomhant
off. M09 will turn off supply from coolant tank and nothing else. In reality, the M09 function will
shut off the coolant pump motor.

Each coolant related function may be programmed in separate blocks or together with an axis
motion. There are subtlaut important differences in the order and timing of program processing.
Following examples explain the main differences:

Example A- oil mist is turned ON, ifvailable:

N110 MO7

Example B - coolant is turne®N:
N340 M08

Example G coolant is turne®FF:
N500 M09

Example D- axis motion and coolai@N:
N230 GO0 X11.5 Y10.0 MO8

Example E axis motion and coolai@FF:
N400 GO0 Z1.0 M09

All examples show the differences in program processing. The general rules of coolant
programming are:

Coolant ON or OFF in a separateblock becomes active in the block in which it is
programmed (Examples A, B and C)

Coolant ON, when programmedwith axes motionbecomes active simultaneously with the
axes motion

(Example D)

Coolant OFF, programmedwith axes motion becomes effective only upon completion of
the axes motion (Example E)

The main purpose of M08 functiontis turn the coolant pump motor ol does not guarantee
that the cutting edge receives any coolant immediately. On large machines gitoddent pipes,
or machines with low coolant pump pressure, some delay is to be expected before coolant covers
the distance between pump and cutting tool.

Coolant should always be programmed with two important considerations in mind:
There will be no codant splashing outside of the work area (outside of the machine)
There will never be a situation when the coolant reaches a hot edge of the tool

The first consideration is relatively minor. If the coolant function is programmed in the ‘wrong'
place, the @sult may be just an inconvenience. Wet area around the machine may present unsafe
working conditions and should be quickly corrected. Even more serious situation happens when
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the coolant suddenly starts flooding a cutting tool that has already entenealténial. The change

in temperature at the cutting edge may cause the tool to break and damage the part. Carbide tools
are far more easily affected by temperature changes than high speed steel tools. Such a possibility
can be prevented during programmibg,using the MO8 functioa few blocks aheaaf the actual

cutting block. Long pipes or insufficient coolant pressure on the machine may delay the start of
the actual flooding.

Spindle Functions

Beginning onpage 81 details of all aspects of controllirhe machine spindle in a CNC
program are covered. Miscellaneous functions that are available for spindle conspinaite
rotation andspindle orientation

Most machine spindles can rotate in both directialeckwise(CW) andcounterclockwise
(CCW). The direction of rotation is always relative to a standard point of view. The viewpoint is
established from the spindle side as direction along the spindle center line towards its face
CW rotation in such a view is programmed as M03, CCW direction(as Mssuming the spindle
can be rotated either way.

Both drilling and milling types of machines use this established convention quite commonly.
The same convention is also applied to CNC lathes. On a CNC milling machine or a machining
center, it is more pictical to look towards the part from the spindle side rather than from the table
side. On a lathe (slant bed horizontal type), the more practical vieemsthe tailstock towards
the spindle because that is the closest to how the CNC machine opetatds sn front of the
lathe. However, M03 and M04 spindle directions are established the same way as for machining
centers. A further complication is the fact that left hand tools are used in lathe work more
frequently than in the work for milling applicans. Make an effort to study the instruction manual
for a specific machine carefullyalso see related details describegage 82

Spindle function to program a spindle stop is M05. This function will stop the spindle from
rotating,regardless of theatation direction On many machines, the miscellaneous function M05
must also be programméeforereversing the spindle rotation:

M03 (SPINDLE CW)

<... Machining at the current location ...> ...

MO5 (SPINDLE STOP)

<..Usually,a t ool change €& >
M04 (SPINDLE CCW)

<... Machining at the current location ...> ...

MO5 function may also be required when changing gear ranges on CNC lathes (if available). A
spindle stop programmed in a block containing an axis motion, will take gtesehe motion
has been completed.

The last spindle control function is function M19, calledgpmdle orientationSome control
manufacturers call it the spindle key lock function. Regardless of the description, M19 function
will cause the spindle to stop in an otish position. This function is used mostly during machine
setup, seldom in the program itself. Machine spindle must be oriented in two main situations:

Automatic tool change (ATC)
Tool shift during a boring operation
(G76 and G87 boring cycles only)
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WhenAutomatic Tool Chang@ATC) function MO6 is used in the program, there is no need to
program spindle orientation for the vast majority of CNC machining centers. This orientation is
built into the automatic tool changing sequence and guarantees the posigohing of all cutting
tool holders. Some programmers do like to program M19 with machine zero return motion for the
tool change position, to save a second or two of the cycle time.

Spindle orientation is necessary for certain boring operations on milling systems. To exit a
bored hole with a boring tool away from the finished cylindrical wall, the spindle must be stopped
first, the tool cutting bit must be oriented, and then the ¢aal be retracted from the hole. A
similar approach is used fback boringoperations. However, these special cutting operations use
fixed cycles in the program, where the spindle orientation is built in. For more detailpages
84 and210.

In concluson, M19 miscellaneous function is rarely used in the program. It is available as a
programming aid and to the CNC operator for setup work, using MDI operations.

Gear Range Selection
Virtually all programmable gear range selections apply to CNC lathem&dhining centers,
spindle gear range is normally changed automatically. Most CNC lathes have two or more gear
ranges available, some more powerful lathes are equipped with up to four selections. The basic
programming rule is to select the gear range basadachining applications.

For example, most roughing operations requireptheerof the spindle more than the spindle
speedIn this case, a low range is usually a better selection. For finishing work, a medium or high
range is better, because high siignrotation can be more beneficial to metal removing process.

Distribution of gear related miscellaneous functions depends entirely on the nungiear®f
ranges the CNC lathe has available. Number of ranges is 1, 2, 3 or 4. The following table shows
typical distribution of Mfunctions, but still check the actual commands in your machine tool
manual.

Ranges M function Gear Range
1 available N/A None programmed
: M41 Low range High range

2 available Ma2
M41 Low range

3 available M42 Medium rangeHigh range
M43
M41 Low range

4 available M42 Medium range 1
M43 Medium range 2 High rangg
M44

Simple rule of thumb is that the higher the gear range, the more spindle spessilite and
less spindle power is required. The opposite is also true. Normally, the spindle rotation does not
have to be stopped to changgear butconsult the lathe manual anyway. If in doubt, stop the
spindle first, change the gear range, then restart thdlsp

Machine Accessories

Mostmiscellaneous functioreseused for some physical operation of machine tool accessories.
From this group, the more common applications have been already covered, specifically coolant
control and gear changes. The remainMefunctions in this group are described in detail
elsewhere in thidigital book so only a short description is offered here.
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The most notable of machine relatedfiluhctions are:

M function Description Type
MO6 Automatic tool change (ATC) M
M60 Automatic pallet change (APC) M
M23 M24 Thread gradual putbut ON/ OFF T
M98 M99 Subprograntall / Subprogranend M/T
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9. SEQUENCE BLOCK

Each line of a CNC program is calladblock.In the terminology established earlierblack
was simply defined assangle instruction processed by the CNC system

A sequence block, a program bloctir simply ablockis normally oneéhandwrittenline of the
program listing, or a line typed in a texdlitor and terminated by tHenter key. This line can
contain one or more program wordgords that result in the definition ofsangle instructiorto
the CNC system. Such a program instruction typically contains combinations of preparatory
commands, aardinate words, tool functions and commands, coolant function, speeds and feeds
commands, position registration, offsets of different kinds, etc. In plain English, the contents of
one block will be processed as a single beitorethe control processes yafollowing block of
instruction. While a CNC program is being processed, the control system will evaluate individual
instructions (blocksps one complete machine operation stéach part program consists of a
series of blocks necessary to complete gagemachining process. The overall program length
will always depend on the total number of blocks and their size.

A. BLOCK STRUCTURE

A single block allows as many program words as necessary. Some controls impose a limit on
the number of characters in onedk. There is only a theoretical maximum for Fanuc and similar
controls, irrelevant in practice. The only restriction is thator more duplicatedvords (functions
or commands) cannot be used in the same block (with the exception of G codes). For,example
only one miscellaneous M function or one coordinate word for the X axis in a single block are
allowed. Most recent controls allow up to threefinictions in a block, providing they are not in
conflict with each other. The order of individual words withiblock follows a fairly free format
- that means the required words may be in any order, providing the sequence block (N address) is
written first. Although individual words are allowed in a block to be in any order, it is a standard
practice to place wds in alogical orderwithin a block. It makes the CNC program easier to read
and understand.

A typical program block structure is very dependent on the control system and CNC machine
type. A typical block may contain several instructions, suggesteceiortter of entry. Not all
program data are necessary to be specified in each block, only when required (to switch from one
mode to another, for example). A block typically includes:

Block number N

Preparatory commands G

Auxiliary functions M

Axismotioncommands X Y Z A B C U V Wwe
Words related to axes I J K MNachihe @rtool function SFT

The contents of a program block will vary between machine tools of different types, but
logically, general rules will always be followed, regardless ®@NC system or the machine tool.

Building the Block Structure

Each block in a CNC program has to be developed with the same thought and care as any other
important structure, for example a building, a car, or an aircraft. It starts with good planning.
Dedsions have to be made as to what will and what will not be part of the program block, similar
to a building, car, aircraft or other structure. Also, important decisions have to be made as to what
order of commandsor instructions- are going to be esthghed within the block, and many other
considerations.

The next few examples compare a typical structure of blocks for milling operations and blocks
for turning operations. Each block is presented as a separate example.
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Turning block examples:
N67 GO0 G42X50.0 Z2.5 T0202 M08 (EXAMPLE 1)
N23 G02 X75.0 228.0 R5.0 F0.125 (EXAMPLE 2)

In the lathe examples (also metric), block N67 illustrates a rapid motion to an XZ position, as
well as several other commandthe tool nose radius offset startup G42, aciwvabdbf the tool
offset (T0202), and the coolant ON function M08. The example in block N23 is a typical circular
interpolation block with &ed rateof 0.125 mm/rev.

B. PROGRAMIDENTIFICATION

A CNC program can be identified by its number arah some contragl- also by its name.
Identification by the program number is necessary in order to store more than one program in the
CNC memory. Program name or a brief description, if supported, can be viewed on the control
screen display.

Program Number

The first blo& used in any part program is commonly a program number, and must be specified
in the program, if the control system requires it. Two addresses are available for the program
number- the capital letter O for EIA format, and the older coldrfor ASCII (ISO) format. In
memory operation, the control system always displays program number with the letter O. Program
number block isiot alwaysnecessary to include in the CNC program and often it is better to let
the CNC operator make the selection.

If a programdoes use program numbers, they must be specified within a certain range.
Programs for older Fanuc controls must be within the range {3999, program number zero
(O0 or O0000) is not allowed. Newer controls allowli§it program numbers, in range Ofl -
099999. Neither a decimal poinbr a negative sign is not allowed in any program number.
Leading zeros suppression is normédr example, O1, 001, 0001, O0001, and O00001 are all
legitimate entries, in this case for a program nunoiper

Program Nme

On the latest Fanuc control systems, the program name can be intiuaédition to the
program numbemot insteadof it. Program name (or a brief program description) can be up to
sixteen characters long (spaces and syndrelsounted). The programame must ben the same
line (in the same block) as the program number:

01001 (DWG. A124D IT.2)

There is a distinct advantage of displaying the program number along with its deseription
makes the directory listing more descriptive and useful.

Watch carefullywherethe description is written. If the program name is longer than sixteen
characters allowed, no error is generated, but only the first sixteen characters will be displayed.
Make sure to avoid program names that can be ambiguous wipdgyds Consider these two
program names, they both appear to be correct:

01005 (LOWER SUPPORT ARM- OP 1)
01006 (LOWER SUPPORT ARM- OP 2)

Since the control screen display can only showitkesixteercharacters of program name, the
program names wilbe ambiguous when displayed:

01005 (LOWER SUPPORT AR)
01006 (LOWER SUPPORT AR)
To eliminate this problem, use an abbreviated description thawithis the sixteen characters
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and still contains all significant informatierior example:
01005 (LWR SUPPARM OP1)
01006 (LWR SUPP ARM OP2)
If a detailed description is required, it has to be divided over one or more comment blocks:
01005 (LWR SUPP ARM OP1)
(OPERATION 1 - ROUGHING)

Specified comments in the block or blocks following the program numbenetiippear on
the directory screen listing, but still will be a useful aid to the CNC operator. They will be displayed
during the program processing and, of course, listed in a hard copy printout.

Programnamesshould be short and descriptivéheir purposes to assist the CNC operator
when searching for programs stored in the control memory. Any suitable information could include
a drawing number or a part number, shortened part name, operation, etc. Descriptions not suitable
in such blocks include machimmo d e | contr ol system, programm
company oOor cust omer 6they naa beepartaohppogram headér,adescridea t a
earlier- see page 50.

On most controls, when loading part program into the memory, CNC operator nuifst thee
program number, regardless of what the actual number is in the pré&ygram number entered
at the control alwaysupersedethe programmer specified numbércan be a number that just
happens to be available (unused), or it can be a nuhmitends a unique meaning, for example, a
unique group (for example, all programs that begin with the O10xx belong to the group associated
with a single customer). Subprograms are differéiméy must always be stored using the number
specified by the CN@rogrammer. Innovative use of program numbers may also serve to keep
track of programs developed for each machine or part.

C. SEQUENCENUMBERS

Individual program sequence blocks can be referenced with a number for easier orientation
within the program. The pgram address for a block number is the letter N, followed by up to five
digits - from sequence 1 to sequence 9999 or 99999, depending on the control system. The block
number range will typically be N1 to N9999 for older controls and N1 to N99999 for newer
controls. Some rather old controls accept block number ithtkedigit range only, N1 to N999.

The N address must always be fiingt wordin the block. For an easier orientation in programs
that use subprograms, there should be no duplication of blatkers between both types. For
example, a main program starting with N1 and a subprogram also starting with N1 may cause a
confusing situation. Technically, there is nothing wrong with such a designation. Rpfayeto
387for suggestions on block numirgy in subprograms.

NO and N negative or with a decimal point are not allowed

Sequence Number Command

In the table below, the first column represents sequence numbers used normally, the second
column shows the sequence numbers required in a faotaptable to the machine control
system, as applied to a CNC program:

Increment First block number
1 N1
2 N2
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5 N5

10 N10
50 N50
100 N100

Using sequence numbers (block numbers) in a CNC program offers two advantages and at least
one possibleisadvantage:

On the positive side, block numbers will make any program search much simplified
during editing or tool repetition at the machine. They also make the program much easier to
read when displayed during processing or read on paper. They mean bothe programner
as wellasthe operatorbenefit

On the negative side, block numbers wilfeducethe available control system memory
storage. That means a fewer number of programs can be stored in the memory, and long
programs may not fit in their entirety

Sequence Bt Format

Block number program input format notation, using the N address, is N5 for the more advanced
controls and N4 or even N3 for older controls. Block number NO is not allowed, neither is a minus
sign, a fractional number, or the use of a decimaltpbmimum block increment number must
always be an integer smallest integer allowed is one (N1, N2, N3, N4, N5, etc.). A larger
increment isallowed,and its selection depends on your personal programming style or standards
established within company.

Typical sequence block increments ottiemone are:

Increment| Program example

2 N2, N4, N6, N8§, ...

5 N5, N10, N15, N20, ...

10 N10, N20, N30N4O0, ...

100 N100, N200, N300, N400, ...

Some programmers like to use increments of 5, 10 or even more. There is nothing wrong with
this method, but the CNC program will become unnecessarily too long, too soon, and possibly
difficult to manageBlock numbers do occupy memory space.

In all cases of block increments other than one, the intent is the-3arma#ow for additional
blocks to be filleein between existing blocks, if such a need arrives. The need may arise while
proving or optimizing the program during test run, where an addition to the existing program will
be required. Although all new blocks (the ones inserted) mailbe in the order of an equal
increment, at least they will be numerically ascending. For example, a face cuttioa &ith a
single cut(Example Awas modified by the machine operator for two ¢isample B)

Example A- single facecut:

N40 GO0 G41 X85.0 Z0 T0303 M08
N50 GO1 %1.8 FO.2 N60 GOO W3.0 M09
N70 G40 X85.0

é
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Example B- Example Amodified for two facecuts:
N40 GO0 G41 X85.1.5T0303 M08

N50 GO1 X%1.8 FO.2

N60 GO0 W3.0

N61 X85.0

N62 Z0

N63 GO1 %1.8 N64 GO0 W3.0 M09

N70 G40 X85.0 ¢é&

Note the change in block N40 and added blocks N61 to N64. Preferencediyitiailsbookis
to program in increments of one and if an addition is needed, the added blocks wilbHawek
numbers at al{check if the control system allows block numberbe omitted, most do).

Example G single facecut:

N40 GO0 G41 X85.0 Z0 T0303 M08
N41 GO1 X1.8 F0.2

N42 GO0 W3.0

N43 G40 X85.0

Example D- Example OQmodified for two facecuts:
N40 GO0 G41 X85.1.5T0303 M08
N41 GO1 x1.8 FO.2

N42 GO0 W3.0

X85.0

Z0

GO01 X1.8

GO0 W3.0

N43 G40 X85.0

Note that the program is a little smaller and the additional blocks are quite visual and noticeable
when printed or displayed on the screen.

Leading zeros may (and should) be omitted in the block nunfbeexampe, NOO008 should
be written as N8. Omitting leading zeros will significantly reduce the overall program length.
Trailing zeros must always be written, to distinguish for such similarities as NO8 and N80.

Use of block numbers in a part program is optioasishown in the earlier example. A program
containing block numbers is easier to read. For a CNC operator, search and edit functions in
program editing are also easi@&fote some programming applications depend on the block
numbers, for example, lathe rtiple repetitive cycles G70, G71, G72, G73. In this casé&ast
the significant blocks have to be numbersek(page 324

Numbering Increment

Fanuc block numbers in a program can be in any physical eatrending, descending or
mixed - they can alsde duplicated or missing altogether. Some programming practices are
established as preferable, because they are logical and make sense. Having a mixed order of
sequence numbers in a program serves no useful purpose and neitheslidate sequence
numbes. If a program contains duplicate block numbers and a block number search is initiated,
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the control system will only search for thest occurrence of the particular block number, which
may or may not be the one expected. Any further search will hawe tepeated from the string
found last. The reason for such a generous latitude in sequence block numbering is to offer
flexibility to CNC operatoafter the program has been done and loaded into the control.

Block sequence number does not affect the ooflggrogram processing, regardless of its
increment. Even if the blocks are numbered in a descending or mixed order, the part program will
always be processed sequentially, on the basis of theddoténtsnot its number. The increment
of 5 or 10 is themost practical, since it allows for insertion of up to 4 to 9 blocks respectively
between any two original blocks. That should be more than sufficient for the majority of program
modifications. Normally, thigligital bookuses block increment of one (N¥2, N3, ...).

For those CNC programmers who ussmmputerbasedrogramming system, just a few words
relating to the programming of sequence numbers. Although the computer programming system
allows the start number of the block and its increment to alamgstombination, adhere the
start and increment numbers of o1, N2, N3, ...). The purpose of @mputerbased
programming is to keep an accurate database of the part geametihe cutting tool path. If the
CNC program is modified manually, tharp computer database is not accuigmore Any
CNC program change should always be reflected isdheceof the program, as well as its result
- never in the result alone.

Long Programs and Block Numbers

Long programs are always difficult to load into a CNC memory with limited capacity. In such
cases, the program length may be shortened by omitting block numbers altogetvamobetter
- by programming them only where really needddr all significart blocks.Significant blocks
are those that have to be numbered for purposes of program search, tool repetition, or other
procedure that depends on program numbers, such as machining cycles or tool changes. In these
cases, select increments of two or fifepr t he operatords conveni el
sequence numbers will increase the program length, but for a justifiable reason.

If all sequence block numbers have been omitted in the program, the search on the machine
control will become rather diffult. CNC operator will have no other option but to search for the
next occurrence of a particular address within a block, such as X, Y, Z, etc., rather than a sequence
block number. This method of search may unnecessarily prolong the search time.

D. END OFBLOCK CHARACTER

Because of the control system specifications, individual sequence blocks must be separated by
a special character, known as #metof-block character or by its abbreviation EOB oEB. On
most computer systems, the EOB character is gesteby theEnterkey on the keyboard. When
a program is input to the control by MDI (Manual Data Input), EOB character key on the control
panel terminates the block. The emidblock symbol on Fanuc controls appears as a semigglon

The displayed semitmn symbol is only graphic representationf the endof-block character
and is never entered literally in the CNC program. Under no circumstances it should be included
in the program itself. Some older control systems have an astétisis[the displagymbol for
the endof-block, ratherthan the semicolon[;]. Many controls use other symbols, that also
represent the end of block, for example, some use the dollar$jigim [any case, remember such
symbol is only aepresentatiorof the endof-block haracterpotits actual character.

E. STARTUPBLOCK ORSAFEBLOCK

A startup bloclk{sometimes called safe bloclor astatus blockis a special sequence block. It
contains one or more modal words (usually preparatory commands of several G groups) that prese
the control system into a desirgttial or defaultstate. This block is placed at the beginning of
each program or even at the beginning of each tool and it irshélock processed during a
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repetition of a program (or a tool within a program)CINC program, the startup block usually
precedes any motion block or axis setting block, as well as the tool change or tool index block.
This is the block to be searched for, if the program or the desired cutting tool is to be repeated
during machine operatn. Such a block will be slightly different for the milling and turning
systems, due to the unique requirements of each control system.

Earlier in thisdigital book(see page 23ne topic covered state of the control system when the
main power has beearned on which activates theystem defaukettings. A CNC programmer
should never count on these default settings or conditions, since they can be easily changed by the
machine tool operator, without progr athener 6s
programmed settings witlot correspond to those suggested by the machine tool manufacturer or
the engineers who designed the control system.

A careful CNC programmer should always adopt the attitudesaffeprogramming approach
and will not leaveanything to chance. Programmer will try to preset all required conditions under
the program control, rather that counting on the defaults of a CNC system. Such an approach is
not only much safehut it will also result in programs that are easy to usendwetup, tool path
verification and tool repetition due to tool breakage, dimensional adjustments, etc. It is also very
beneficial to the CNC machine operators, particularly to those with limited experience.

In all applications listed, startup block wilbt increase the machining cycle time in any way.
Another benefit of a startup block is that the program is more transportable from one machine tool
to another, since it does not count on the default settings of a particular rremhircd
combination.

The namesafe block which is another name used for a startup blodkes not becomsafe
on its own- it must bemadesafe. Regardless of the name, this block should contain all control
settings for the program or cutting tool that start the prograanind c | eandé st ate. The
entries that set this initial status are the dimensioning system (metric/imperial and
absolute/incremental), cancellation of any active cycle, cancellation of active cutter radius offset
mode, plane selection for millinfged ratedefault selection for lathes, etc. Examples presented

here show some startup blocks for both milling and turning controls.

At the program beginning (for milling), a startup block may be programmed with the following
contents:

N1 GO0 G17 G21 G40 G5 G64 G80 G90 G98

N1 block is the first sequence number, GOO selects the rapid mode, G17 establishes the XY
plane selection, G21 selects metric units, G40 cancels any active cutter radius offset, G64 sets a
continuous cutting mode, G80 cancels any acikedfcycle, G90 selects the absolute mode, and
G98 will retract to the initial level in a fixed cycle. These conditions apply only when the startup
block is processed as tlfiest major blockin CNC program any subsequent program changes
will become effetive only with the block in which the change is applied. For example, if GO1
command is effective by default, any subsequent usage of GO0, G02, or GO3 will cancel the GO1
command.

At the beginning of a CNC lathe program, the startup block may contag@esdes:
N1 G21 GO0 G40 G99

N1 is the first block number, G21 selects metric units, GOO selects the rapid mode, G40 cancels
any active tool nose radius offset, and the G99 sefleetsratgper revolution mode. Reference to
absolute or incremental systesrusually not required, since lathe controls use addresses X and Z
for absolutedimensioning and addresses U and W ifmrementaldimensioning. For lathe
controls that do not support the U and W addresses, the standard G91 code isinsetfental
values in X and Z axes. As in the milling example, any of the words programmed in the safe block
can be overridden by subsequent change-ocb@es.
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Some controls systems do not allow certaied@es on the same line. For example, G20 or
G21 maynot be programmed with other-Gdes. If you are not sure, place theseo@es in
separate bl ocks. I nstead of &

N1 G21 G17 G40 G49 G80

€ two or more blocks can be safely used:
N1 G21

N2 G17 G40 G49 G80

F. PROGRAMCOMMENTS

One or more program comments and sages can be included within the program body as
separate blocks, or as parts of an existing block, mostly in cases when the message is short. In
either case, the message must be enclosed in parenthesis (for ASCII/ISO format):

ExampleA:

N330 MO0 (REVERSEPART) ExampleB:

N330 MO0 (REVERSE PART / CHECKTOOL) ExampleC:
N330 MO0

(REVERSE PART / CHECK TOOL)

The purpose of a message or comment in the program is to inform the machine operator of a
specific task that must be performedery timeprogram reachethe stage of processing where
such message appears. Comments are also useful for understanding the program at a later date and
can be used for documenting the program.

Typical messages and comments relate to information about setup changes, chip removal f
a hole, dimensional check, cutting tool condition check and many others. A message or a comment
block should be included only if the required taskas clearfrom the program itseKno need to
describe what happens in each block. Messages and cumsi®uld be brief and focused, as
they occupy a memory space in the CNC memory.

From practical perspective, short series of messages and comment blocks can be provided at
the beginning of each program, to list all significant drawing information andgtbls required
for the job. This subject has been covereghage 50 here is just a reminder:

01001 (SHAFT- DWG B451)
(SHAFT TOOLING - OP 1-3 JAW CHUCK)
(TO1- ROUGH TOOL - 1/32R- 80 DEG)
(TO2 - FINISH TOOL - 1/32R- 55 DEG)

(TO3 - OD GROOVING TOOL - 0.125 WIDE)
(TO4 - OD THREADING TOOL - 60 DEG)
N1 G20 G99 N2 é

If the available memory space of CNC unit is limited, using comment blocks in this manner
may prove impractical. It will be better if the messages and comments are listed insgtaper
and tooling sheets, with all required details.

G. CONFLICTINGWORDSIN A BLOCK

All instructions in a program block must be logical and reasonallet impossible. For
instance, the first block of a program contains the following words:
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N1 G20 G21 G17
What the block contains is simply not logically possible. It instructs the control to:

60Set the imperial system of dimensions, al so

pl aneo

Definitely not possible, but also not realistievhat will actualy happen and how does the
control interpret such a statement? The-p#ne is all right, but what about the selection of
dimensions? Obviously, both selections are not possiile block containsonflictingwords-
opposite dimensional units. Some cofg may give an error message, Fanuc systems will not.
What will happen? The control unit will evaluate the sequence block and check for any words
within the same group. Distribution of-€&de groups have been described in the section dealing
with preparéory commands G codes gee page 55

If the computer system finds two or more words that belong to the same group, it will not return
an error message, it will automatically activate lg&t word of the group. In the example of
conflicting dimensional election, it will be the preparatory function G2%election of metric
dimensions- that becomes active. That may or may not be the selection required. Rather than
counting on some kind of elusive luck, make sure there are no conflicting words in argnprog
block.

In the example illustrating the metric and imperial selection, the preparatory command G was
used. What would happen if, for example, the address X was used? Consider the following
example:

N120 G011 X11.774 X10.994 Y7.056 F15.0

There are two X @dresses in the same block. Control systathnot accept the second-X
value, but it will issue an alarm (error). Why? Because there is a great difference between
programming rules for a-@ode as such and for coordinate system words. Fanuc controldallow
place as many ®©odes in the same block as needed, providing they are not in conflict with each
other. But the same control system will not allow to program more than one coordinate word of
the same address for each sequence block. Some other ruledsmaypply. For example, the
words in a block may be programmed in any order, providing the blesdtdxess is the first one
listed. For example, the following block is legal (but very nontraditional in its order):

N340 Z0.75 Y11.56 F10.0 X6.845 GO1

As a matter of good programming practices, be sure to write the entries for each sequence block
in a logical order. Block number must be the first word and is usually followed-tydé€xs),
primary axes in their alphabetical order X.., Y.., Z..), auxiliarkes or modifiers (l.., J.., K..),
miscellaneous functions and words, andféteel ratevord as the last item. Select only those words
needed for the individual block:

N340 G01 X6.845 Y11.56 D.75 F10.0

Two other possibilities exist that may requirgpadal attention in programming approach. For
example, how will the following block be interpreted?

N150 GO1 G90 X5.5 G91 Y7.7 F12.0
N151 (INCREMENTAL MODE IN EFFECT)

There is an apparent conflict between the absolute and incremental modes. Most Faoigc cont
will process this block exactly the way it is written (check first). Thaxi6 target position will be
reached in absolute mode, but theaXs will be an incremental distance, measured from tool
current position. It may not be a typical approacht ibwffers advantages in some cases.
Remember the sequence block following block N150 will beimerementaimode, since G91 is
specifiedafter the G90 command!
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Another programming application to watch for, is in a block programmed while circular
interpolation mode is active. Section dealing with this subject stapage243andspecifies that
an arc or a circle can be programmed either with arc vectors |, J atep&nding onvhether a
milling or a turning control system is used). It also spectfes a direct radius input, using the
address R, can be used. Both of the following examples are correct, resulting amcavdth a
1.5inchradius:

With | and J arwectors:

N21 GO1 X15.35Y11.348

N22 GO0O2 X16.85 Y12.848 |1.5 JO N23 GO1 e
With the diect radius Raddress:

N21 GO1 X15.35Y11.348

N22 GO0O2 X16.85 Y12.848 R1.5 N23 GO1 ¢é

Now, consider how the control system will process block N22, if it contsitis the | and J
vectors as well as the radius input:

N22 G02 X16.85 Y12.848 11.5 J0 R1.5
or
N22 G02 X16.85 Y12.848 R1.511.5 J0

The answer may be surprising both casesthe control will ignore the | and J values and
only process the amount of radiusAtual order of address definition is irrelevant in this special
case. The addressiRs a higher control priority than | and J addresses, if programmed in the same
block. All examples assume that the control system suppewdsliRs input.

H. MODAL PROGRAMMINGVALUES

Many program words are modal. The wonddalis based on the worchode'and means that
a specific command remains in this mode after it has been used in the program once. It can only
be canceled by another modal command of the same group. Without this feature, a program using
linear interpolation in absolute mode withfeeed raé of 18.0 in/min, would contain absolute
command G90, linear motion command GO01 éeed rateF18.0in every block With modal
values, the programming output is much shorter. Virtually all controls accept modal commands.
The following two examples illustta the differences:

Example A- withoutmodalvalues:
N12 G90 GO1 X1.5Y3.4 F18.0
N13 G90 GO1 X5.0 Y3.4 F18.0
N14 G90 GO01 X5.0 Y6.5 F18.0
N15 G90 GO1 X1.5 Y6.5 F18.0
N16 G90 GO1 X1.5Y3.4 F18.0 N17 G90 GO0 X1.5Y¥3.4Z71.0
Example B- with modalvalues:
N12 G90 GO1 X1.5Y3.4 F18.0
N13 X5.0

N14 Y6.5

N15 X1.5

N16 Y3.4
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N17 GO0 Z1.0

Both examples will produce identical results. Compare each blo&xample Awith the
corresponding block dExample B Observe that the modal commands rasenecessaryo be
repeated in CNC program. In fact, in everyday programming, many program commands used are
modal. The exceptions are those program instructions, whose functionality starts and ends in the
same block (for example dwell, machine zero return, certaimimag instructions, such as tool
change, indexing table, etc.)-fdnctions behave in a similar fashion. For example, if the program
contains a machine zero return in two consecutive blocks (usually for safety reasons), it may look

like this:

N83 G28 Z1.0M09
N84 G28 X5.375 Y4.0 M05
G28 cannot be removed from block N84, because the G28 commaotariedal and must be

repeated.

sequence

N560 GO0 Z5.0 M05

EXECUTIONPRIORITY

There are some special cases, mentioned earlier, wheeddreof commands in a block
determines the priorityn which the commands are executed. To complete the subject of a
bl ock,

N410 GO0 X22.0 Y34.6 S850 M(Gand

|l et 6s

| ook

at

anot her

situat.

In the block N410, rapid motion is prognaned together with two spindle commands. What
will actually happemluring program execution? It is very important to kivelenthe spindle will
be activated in relationship to the cutting tool motion. On Fanuc and many other controls, the
spindle functiorwill take effectsimultaneouslyvith the tool motion.

In block N560, Zaxis (Z5.0) motion is programmed, this time together with the spindle stop
function (M05). Here, the result will be different. Machine spindle will be stopped only when the
motion isone hundred percent completdebr more details relating toflinctions used with tool
motion, see tables grage 60

Similar situations exist with a number of miscellaneous functiongufitions), and any
programmer should find out exactly howarticular machine and control system handle a motion
combined with an Munction address in the same block. Here is a refresher in the form of a list
of the most common results:

Functions that will be executeimultaneouslyvith tool motion are:

MO3

MO04

MO7

MO8

MOO

MO1

MO5

M09

M98

Functions that will be executedter the tool motion has been completed are:

Be careful here if in doubt, program it safe. Some miscellaneous functions require an
additional condition, such as another command or function to be active. For example, MO3 and
MO4 will only work if the spindle function S is in effect (spindle is rioigt. Other miscellaneous
functions should be programmed in separate blocks, many of them for logical or safety reasons:

MO2

MO6

M10

M11

M19

M30

M60

M99

Functions indicating the end of program or subprogram (M02, M30, M99) should stand on their
own and not be combined with other commands in the same block, except in special cases.
Functions relating to machine mechanical activity (M06, M10, M11, M19, MB&@uld be

101



programmed without any motion in effect, for safety. In case of M19 (spindle orientation), the
spindle rotation must be stopped first, otherwise machine may get damaged. Ndéuaditigns

are listed in the above examples, but they should peavigood understanding of how they may
work, when programmed together with a motion. The chapter describing the miscellaneous
functions also covers the duration of typical functions within a program block.

It never hurts to play it safe and always progthese possible troublemakers in a sequence
block containing no tool motion. For mechanicafiyhctions, make sure the program is structured
in such a way that it provides safe working conditiath&se functions are oriented mainly towards
the machine sap.
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10. INPUT OF DIMENSIONS

Addresses in a CNC program that relate to the tool position at a given moment aréhealled
coordinate wordsCoordinate words always have a dimensional value, using currently selected
units- metricor imperial. Typical coordinatevords are XY, Z, |, J, K, R, etc. They are the basis
of all dimensions in CNC programs. Tens, hundreds, even thousands of calculations may have to
be made to develop a program that will do what it is intended totalaccurately machine a
complete patr

Dimensional entries in a program assume two attributes:
Dimensionalunits € | mp erMetac
Dimensionalreferences é A b s @i Increnmeental

Unit of dimensions in a program can be one of two kindstricor imperial. The reference of
dimensions an be eitheabsoluteor incremental.

Fractional values, for example 1/8, are not allowed in a CNC program and have to be converted
to their decimal equivalent. In metric formatillimetersandmetersare used as units, in imperial
format it isinchesandfeetthat form the basis of units. Bardless of format selected, the number
of programmed decimal places can be controlled, suppression of leading and trailing zeros can be
set,and decimal point can be programed or omitted, as is applicable to a particular CNC system.

A. IMPERIAL AND METRICUNITS

Drawing dimensions can be used in a program in eittegric or imperial units. Thisdigital
bookuses the combined examples of both the imperial (English) system, still common in the USA,
to some extent in Canada, and one or two other countries. thie system is common in the rest
of the world. With economy reaching global markets, it is important to understand both systems.
The use of metric system is on the increase even in countries that still use imperial units of
measurement, mainly the Unit&dates.

Machines that come equipped with Fanuc controls can be programmed in either mode. Initial
CNC system selection (known as thefaultcondition) is controlled by a parameter setting of the
control system butcan be overridden by a preparatory comchavritten in the part program.
Default conditions are usually set by the machine tool manufacturer or distributor. Often, it is
based on engineering design decisions, as well as the demands of their customers.

During program development, it is imperatiteeconsider the impact of control system default
conditions on program execution. Default conditions come into effect the moment a CNC machine
has beeturned onOnce a command is issued, in MDI mode or in a program, many default values
may be overwritterand will remain changed from that point on. Dimensional unit selection in the
CNC program will change thaefaultvalue- that is the internal control setting. In other words, if
metric unit selection is made, the control system will remain in that motleam imperial
selection command is entered. That can be done either through the MDI mode, a program block,
or a system parameter. This applies even for situations when the power has beeofftamskd
thenonagain!

To select a specifidimensional input, regardless of default conditions, a preparatory G
command is required at the beginning of CNC program:

G20 Selects imperial units (inches and feet)

G21 Selects metric units (millimeters and meters)

Without specifying the preparatoryromand in the program, control system will default to the
status of current parameter setting. Both preparatory command selectiomlatevhich means
the selected G code remains active until the opposite G code is prograsomaeétric units will
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be ative until the imperial system replaces it and vice versa.

This reality may suggest a certain freedom of switching between the two units anywhere in the
program, almost at random and indiscriminatdliyis is not trueAll controls, including Fanuc,
are baed on thametric system, partially because of the Japanese influence, but mainly because
the metric system is more accurate. Any O0swi
necessarily produce any real conversion of one unit into the othendraly shiftsthe decimal
point, not the actual digits. At best, only some conversions take place, not all. For example, G20
or G21 selection will convert one measuring unit to anothesoame- but not all- offset screens.
Many controls will convert alsettings, but even then it it recommended to mix thgvo-unit
systems in the same program. Following two examples will illustratentteerect result of
changing G21 to G20 and G20 to G21 within the same program. Read the comments attached to
each blak - you may find a few surprises:

Example 1- from metric to imperiaunits:

G21 Initaluni t s 6(metricle ct i on
GO0 X60.0 Xvalueis acceptecas60mm

G20 Previousvaluewill changeinto 6.0inches

(Realtranslationis60mm=2.362204%ches)Example2 - from imperial to metrianits:
G20 Initialuni t s 6(imedriad)c t i on

GO0 X6.0 Xvalueis accepted as.0inches

G21 Previousvaluewill changeinto 60 mm

(Realtranslationis 6.0inches=152.4mm)

Both examples illustrate the possible problem caused by switching between two dimensional
units in the same program. For this reason, always useonelyimensionaunit in a part program.
If the program calls a subprogram, the rule ex¢aiodsubprograms as well:

Never mix metric and imperial units in the same program

In fact, it is illadvised to mix them, even if the results for the control system are predictable
and full conversion is available. The selection of dimensional systemrmakié a great difference
how some control functions will work. The following functiowdll be affected by the change
from one system of units to the other:

Dimensional words (X, Y, Z axes, |, J, K modifiers, etc.)

Constant Surface Speed (CSS)

(Known ascutting speed, used by CNC lathes)

Feed ratefunction (F-address)

Offset values (H and D offsets for milling and tool preset values for lathes)
Screen position display (number of decimal places)

Manual Pulse Generator- the HANDLE (value of divisions)

Some control system parameters

The initial selection of dimensional units can also be done by a system parameter setting.
Control status when the power has been turned on is the sanveaasat the time of last power
shut off. If neither G20 nor G21 isggrammed, the control accepts dimensional units selected by
a parameter setting. If G20 or G21 is included in the progitserprogram command will always
take a priorityover any control system parameter setting. Programmer makes all deeigiens
cont ol system is only interpreting them, but
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Dimensional units setting should always be in a separate ltdefieany axis motion, offset
selection, or even setting of a coordinate system (G92, G50 and G54 te iGB®)er words, it
should be in the first program block. Failure to follow this rule may produce incorrect results,
particularly when frequently changing units for different jobs.

Comparable Unit Values

There are many units available in both metric and mapgystems. In CNC programming, only
a very small portion of them is used. Metric units are basedwhimeteror ameter depending
on application. Imperial units are based ionhesand feet again, depending on application.
Commonabbreviations for different units are:

Millimeter mm
Meter m
Inch in
Foot ft

Many programming terms use these abbreviations. The next table shows comparable terms
between théwo-dimensionakystems (older terms are in parentheses):

Metric Imperial

m/min (also MPM) ft/min (also FPM  or SFPM)
mm/min in/min (also IPM  or ipm)
mm/rev in/rev (also IPR or ipr)
mm/tooth in/tooth (also IPT or ipt)
kw HP

B. ABSOLUTEAND INCREMENTAL MODES

A dimension in either input units must haaespecified point of referenc&or example, if
X35.0 appears in the program and currently selected units are millimeters, the statement does not
indicatewherethe dimension of 35 mm has its origin. Control system needs more information to
interpret dimensional values correctly, aended.

There are two types of references in CNC programming:

Reference to acommon pointon the part

€ known as the origin for ABSOLUTE input
Reference to grevious pointon the part

known as the last tool position for INCREMENTAL input

In the example, X35.0 dimension (and any other as well) can be measured from a selected fixed
point of the part, calledrigin, orprogram zergor program reference pointall these terms have
the sane meaning. The same value of X35.0 can also be measured fra@ret@isposition,
which is always théasttool position. This position then becomes thierentposition for thenext
tool motion. Control system cannot distinguish one of the two passibifrom the X35.0
statement alone, and some other description must be added to the program.

All dimensions in a CNC program measured from ¢benmon poin{origin) areabsolute
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dimensions, as illustrated figure 111, and all dimensions in a prograneasured from the
current position(last point) arencrementaldimensions, as illustrated igure 112,

3

D

2
O
~
N

1 o

}

]

R4
a
ORIGIN

Figure 1%1
Absolute dimensioningmeasured from part origin
G90 command will be used in the program
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Figure 112
Incremental dimensioningmeasured from the current tool location
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G91 command will be used in the program
Absolute dimensions in a program represent target locations of the cutting tool from origin

Incremental dimensions in a prograepresent the actual amount and direction of the cutting
tool motion from the current location

Since the dimensional address X, written as X35.0, is programmed the same wilyeior
point of reference, some additional means must be available to thamprogr. Without them, the
control system would use default system par amé
intentions. Selection of the dimensioning mode is controlled by two modal G commands.

Preparatory Commands G90 and G91

There are twgreparatory commands available for the input of dimensional val@é® and
G91- to distinguish between two available modes:

G90 Absolute mode of dimensioning

G91 Incremental mode of dimensionir

Both commands are modal, therefore they will canceh eslter. The control system uses an
initial default setting when powered on, which is usuallyittteemental modeThis setting can
be changed by a system parameter that presets the computer at the power startup or a reset. For
individual CNC programs, syem setting can be controlled by including the proper preparatory
command in the program, using either one of two available comm#&@i3 or G91.

It is a good programming practice to always include any required setting in the CNC program,
and not to count on any default control system settings. It may come somewhat as a surprise that
the common default control setting is theremental modeatherthan the absolute mode. After
all, absolute programming has a lot more advantages than incremental programming and is far
more popular. In addition, even if incremental programming is used frequently, every program
still starts up in the absolute mode, 8w question igshythe incremental default? There is a good
reason for it as in many cases of defaultsiachining safetyFollow this reasoning:

Consider a typical start of a new program loaded into the machine control unit. Control had just
been tuned on, part is safely mounted, current cutting tool is at the home position, offssdt are
and the program is ready to start. Such a program is most likely written in more practical absolute
mode. Everything seems fine, except that the absolute G9andhis missing in the program.
What will happen at the machin&hink before an answer and think logically.

When the first tool motion command is processed, the chances are that its target values will be
positive or have small negative values. Becausedamgnsional input mode is missing in the
program, control system a s s uhmensdé as being incremental, which is the normal default
value stored in a system parameter. The active tool motion, generally in X and Y axes only, will
take place to either thwrertravel area, in the case of positive target values, or by a small amount,
in case of negative target values. In either case, the chances are that no damage will be done to the
machine or the part. Of course, there is no guarantee, so always prognssafety in mind.

G91 is the standard default mode for input of dimensions

Absolute Data InputG90

In absolute programming mode, all dimensions are measured frgooititeof origin.Origin
is theprogram reference poinglso known agprogram zeroActual motion of the machine is the
real difference between the current absolute tool position and its previous absolute position.
Algebraic signs [+] plus or-] minus refer to the quadrant of rectangular coordinatesthe
direction of motion- see page @ for details.Positive sign does not have to be written for any
address. All zero values, such as X0, YO or Z0 refer to the tool position at program reference point,
not to the tool motion itself. Zero value of any axis must be written when such totbpasi
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required.

The preparatory command G90, selected for absolute mode setting, remains modal until the
incremental command G91 is programmed. In absolute mode, there will be no motion for any axis
that is omitted in the program.

Probably the main advéage of absolute programming is ease of modification by either the
programmer or CNC operatdk.changeof one dimension does natfectany other dimension in
the program.

For CNC lathes with Fanuc controls, the common representation of the absolutes riiwe
axis designation as X and &ithoutthe G90 command. If available, rotation axis uses the address
C in absolute mode. Some lathes may use the G90 command, but not those with Fanuc controls.

Incremental Data InputG91

In incremental mode of prograning, also called eelativemode, all program dimensions are
measured as departure distances into a specified direction (equivabedt itos -to-g 0 ah e¢he
control system). Actual motion of the machine is the specified amount along each axis, with the
direction indicated as positive or negative.

The signs + of specifydirectionof the tool motionnotthe quadrant of rectangular coordinates.
Plussign for positive values does not have to be written, but minus sign must be used. All zero
input valuessuch as X0, YO or Z0 mean there will be tool motion along that axisnddo not
have to be written at all. Ifzercaxisvalue is programmed in incremental mode, it will be ignored.
The preparatory command for incremental mode is G91 and remains umiididhe absolute
command G90 is programmed. There will be no motion of any axis omitted in the program block.

The main advantage of incremental programs is their portability between individual sections of
a program. An incremental program can be caltatifferent locations of the part, even in different
programs. It is mostly used when developing subprograms or repeating an equal distance.

For Fanuc controlled CNC lathes, the most common representation of the incremental mode is
the axis designation &sand W (for X and Z respectively), without the G91 command. If available,
rotation axis uses the address H in incremental mode. Some lathes may use the G91 command, but
not those with Fanuc controlsCombinations in a Single Block

On most Fanuc controls, absolute and incremental modes can be combined in a single program
block for special programming purposes. This may sound rather unusual, but there are significant
benefits in this advanced application. Normally, a block is in oogenonly- eitherin absolute
modeor in incremental mode. On many controls, for any change over to the opposite mode, motion
command must be programmed in a separate block. Such controls, for example, do not allow
programming incremental motion along anes and absolute motion along the other athin
the same block

Most Fanuc control systento allow programming both modesithin the same blockJust
specify G90/G91 preparatory commadmeforeeach significant address.

For lathe work, where G90 and®Gare not used, ttehangeovers between X and U axes and
Z and W axes. The X and Z contain absolute values, U and W are incremental values. Both types
can easily be written within the same block. Here are two typical examples:

Turning example (G20 in &fct):
N60 GO1 X13.56 W2.5 F0.013

This example for a CNC lathe shows a tool path motion, where the cutting tool has to reach
diameter of 13.56 inches andt the same timehas to move 2.5 inch&sto the negative Z axis
direction, represented by incremtal designation address W. G90 or G91 is not normally used,
whenGroup Aof G codes is used (this is the most common G code groupdd& groups are
described ompage 55
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Anytime there is a switch between absolute and incremental mode in a CNC prpgram,
programmer must be careful not to remain indhe r onmdedonger than needed. The switch
between modes is usually temporary, for specific purpose and may affect one or more blocks.
Always reinstate the original program setting. Remember that Hsiblide and incremental
modes arenodal- they remain in effect until canceled by the opposite mode.

C. DIAMETER PROGRAMMING

Every X-axis coordinate programmed for CNC lathes can be enterediasetervalue. This
approach simplifies lathe programming andkes the program easier to read. Normally, the
default of virtually all Fanuc controls is setdmmeter programmingControl system parameter
can be changed to interpret theaXis as a radius input:

GO0 X45.0 Diameter dimensioné w h esatby parameter
GO0 X22.5 Radius dimension é w h eetby parameter

Either value is correct, with the appropriate parameter setting (actual parameter number varies
for different controls). Diameter programming is easier to understand by both the programmer and
operator, becae drawings use diameter dimensions for cylindrical parts and measuring diameters
at the machine is equally common. Exercise certain cauifidine diameter programming is used,
all tool offsets relative to »axis must be treated as applicable toghr diameter not to its single
side (radius value).

Another important programming consideration is the selection of absolute or incremental mode
of dimensional input. In diameter programming, where thaxi$ amount represents part
diameter, it is much moreommon to program in absolute mode. In those cases, when an
incremental value is required, remember that all incremental dimensions in the program must also
be specifiegper diameternotper radius. In incremental mode, the intendeax¥s motion will be
programmed with the U address, specified as a distance and direction to trdiaeheter

For example, both sections of the following metric programs are identioé that they both
startin absolute mode and only the diameter inputs appear differen

Example 1- Absolutediameters:

GO0 G42 X85.0 Z2.0 TO404 M08 (ABSOLUTE START)

GO01 Z-24.0 FO.3 X95.0

Z-40.0

X112.0

Z-120.0 X116.0 GOO ..

Example 2 Incrementabiameters:

GO0 G42 X85.0 Z2.0 T0O404 MO8 (ABSOLUTE START) G01-24.0 FO.3

U10.0 Z40.0 (X95.0)
U17.0 (X112.0,
Z-120.0

U4.0 GOO .. (X116.0;

Absolute mode start is necessadistance is not known.

D. MINIMUM MOTION INCREMENT

Minimum increment (also called thieast increment) is thesmallest amount of an axis
movementhe control system is capable of supporting. The minimum increment is the smallest
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amount that can be programmed within the selected dimensional input. Depending on the
dimensional input selection, the minimum axis moiiecrement is expressed eithemillimeters
for the metric system or imchesfor the imperial system.

Un i dysetn Minimum increment
Metric 0.001 mm
Imperial 0.0001 inch

In the definition of minimum increment, the most common increments are 0.001 mm and
0.0001 inches for metric and imperial units respectively. For a typical CNC lathe, the minimum
increment for the Xaxis is also 0.001 mm or 0.0001 inches but is measurdteoiemeter- that
means a 0.0005 mm or 0.00005 inches minimum increment per side. Fine tuning for machining
precision is much more flexible and precise in metric system than in imperial system of units:

Minimum increment| Converted
nuivalent

0.001 mm 0.00003947 inches

0.0001 inches 0.00254 millimeters

For high precision work, using metric units should be the preferred dimensional system for part
programming. In fact, the metric systemlB4% more accuratthan the imperial system, which
makes the imperial system almé€L63% less accuratban the metc system.

E. FORMAT OFDIMENSIONAL INPUT

The year of 1959 is often considered to be the first year when numerical control technology
was first used in practical manufacturing. Since that time, several major changes have taken place
that influenced programmg format of dimensional input. Even to this day, dimensional data can
be programmed in one of four possible ways:

Full address format
Leadingzero suppression
Trailing zero suppression
Decimal point

Tounderstand the format differences, looking bawke years may be beneficial. Older control
systems (mainly the old NC systems as compared to the modern CNC systems) were not able to
accept the highest input level of dimensiedgcimal point format but all newest controls accept
all earlier program drmats, even when the decimal format is most common. The reason is
compatibility with existing programs (old programs). Since decimal point programming method
is the latest of four available, control systems that allow decimal point programming can also
aacept programs written many years earlier (assuming that the control and machine tool are also
compatible).The reverse is not true.

This is a very important issue, because knowing how the control interpratslzer that has
no decimal points critical far all tool motion commands arfeed rats.
Full Address Format

The full format of a dimensional address is described by the notation of £53 in metric units and
44 in imperial units. That means all eight available digits have to written for the axis Xyords
Y, Z, 1, J, K, etc. For example, metric dimension of 0.42 mm, when applied to the X axis, would
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be programmed as:
X00000420 ...eightdigit format
Imperial dimension of 0.625, also when applied to the X axis, would be programmed as:
X00006250 ...eightdigit format

The full format programming is applicable only to tteey earlycontrolunits butis still correct
even today. The programmed axis was usually wrikt@hout the axis designation, which is
determined byositionof the dimension withithe block. For modern CNC programming, the full
format is obsolete and is used here only for reference and comparison. Yes, this format will work
qguite nicely in modern programs, but dondét wus

Zero Suppression

Zero suppression concepta great improvement over the full programming format. It was the
adaptation of a new format that reduced the number of zeros in the dimensional input. Many
modern controls still support the method of zero suppression, but only for reasons of compatibilit
with old and proven programs.

Zero suppression means thather the leading or thetrailing zeros within the eighdigit
dimensional input do not have to be written in the program. The result is a great reduction in
program length. Any default setting done by the control manufacturer, although it can be
optionally set by a system parameo n 6t make any changes without

Sinceleadingzeros suppression ameiling zeros suppression are mutually exclusive, which
one is more practicabf addresses without a decimal point? As it depends on parameter setting of
the control systeror status designation by the control manufacturer, the actual control status must
always be known. This status determines which zeros can be suppressed. dtzaeyeb at the
beginningor zeros at thendof a dimension without a decimal point. These zerodbafere the
first significant digit orafter the lassignificant digit. In the extremely unlikely event that a CNC
system is equipped with zero suppresdieature as the only mode, programming with decimal
point will not be possible. To illustrate the results of zero suppression, earlier examples will be
used.

The metric units input of 0.42 mm, also applied to the X axis, is programmed with leading zeros
suppressed, as:

X420
The same dimension of 0.42 mm with trailing zeros suppressed, will appear in the program as:
X0000042

If the imperial input of 0.625 inches is to be programmed ledking zero suppressidarmat
in effect and applied to the &is, it will appear in the program as:

X6250

The same dimension of 0.625 inches wviitliling zeros suppressedill appear in the program
as:

X0000625

Although both examples above illustrate only one small application, the impression that leading
zero sppression is more practical than trailing zero suppression is accurate. Many older control
systems are indeed set arbitrarily to actéegting zero suppression as the defaodicause of its
practicality. Here is the reason whygtudy it carefully, althogh today the subject is more trivial
than practical. On the other hand, if even one decimal point is omitted (forgotten, perhaps) in the
part program, this knowledge becomes wesgful,and the subject is not triviahymore

Preference for Leading Zer&uppression
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Minimum and maximum dimensional input the control system can accept consists of eight

digits, without a decimal point, ranging from 00000001 to 99999999:

Minimum:

0000.0001 inches or 00000.001 mm

Maximum: 9999.9999 inches or 99999.999 mm

The decimal point isnot written. If the program uses zero suppression of either type, a

comparison of input values should be useful:

Input value comparisonMetric units (millimeters)
Decimal point Leading Zeros Trailing Zeros
suppression suppression
X0.001 X1 X00000001
X0.01 X10 X0000001
X0.1 X100 X000001
X1.0 X1000 X00001
X10.0 X10000 X0001
X100.0 X100000 X001
X1000.0 X1000000 X01
X10000.0 X10000000 X1

Leading zero suppression is more beneficial, because it supports numbers with the more
practicalsmallfractional part (fine sizes) rather than those with a large integer part.

For imperial input, the results will be similar:

Input valuecomparison Imperial units (inches)
Decimal point Leading zeros Trailing Zeros
suppression suppression
X0.0001 X1 X00000001
X0.001 X10 X0000001
X0.01 X100 X000001
X0.1 X1000 X00001
X1.0 X10000 X0001
X10.0 X100000 X001
X100.0 X1000000 X01
X1000.0 X10000000 X1

Even if programs always use decimal point, knowing the effect of zero suppression is important.
For example, what will happen if the programmer forgets a decimal point in a motion address or
the CNC operator forgets to punch it in for an offset entry? &hes serious and common
errors that can be avoided with some care and good knowledge.
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To complete the section on zero suppression,

letter butnot as a coordinate word dwell command is suitable for explanation. Startingpage

175, all details relating to dwell programming are covered.riewv, just use the basic format and

one second dwell time as the unit. The dwell format is specified by the dwelling axis X, as being
X5.3. This format tells us that the dwell can be programmed with the X axis, followed by the
maximum of eight digits, alwaypositive. If the control system allows decimal point input, there

is no confusion. If leading or trailing zeros have to be suppressed, the programmed input is very
important.

For example, a program requires dwell lasting 0.5 of a second (one haltcohd)sén various
formats, the program block containing #esecdwell will be:

Full format X00000500

No leading zeros X500

No trailing zeros X000005
Decimal point X0.50r X.5

Note that logic behind the format is the same for dwell as for the coordinate words. The
programmed format will always adhere to the address notation. Incidentally, in several fixed
cycles, the dwell is expressed by the P address, vdtel notake a deienal point at all and
always must be programmed with leading zero suppression mode in effect. Half a second dwell
will be equal to P500. More on using dwell in fixed cychee page 183

Decimal Point Programming

All modern programming will use the decihpaoint for dimensional and some other input.
Programming decimal point, particularly for program data requiring very accurate measurement,
makes the CNC program much easier to develop and to interpret at a later date.

From all available program addresskat can be used, not all can be programmed with the
decimal point. Those that can are those that specify data in millimeters, inches, or seconds (some
exceptions do exist).

The following two lists contain addresses where the decimal point is allowedgraprs for
both milling and turning controls:

Milling control programsiX, Y, Z, |, J, K, A, B, C, QR Turningcontrolprograms:
X, Z,UW, I,K,R,C,E, F(alsoBandY)

Control system that supports the decimal point method of programming, can also accept
dimensional valuewithouta decimal point, in order to allow compatibility with older programs.
In such cases, it is important to understand the principles of progrgnfanmat using leading
and trailing zeros. If they are used correctly (see earlier explanations), there will be no problem to
apply various dimensional formats to any other control system, old or new. If possible, always use
decimal point as a standard apgch.

This compatibility enables margng-time users to load their old programs into newer CNC
controls - but not the other way around usually with only minor modifications, or no
modifications at all.

Virtually all modern CNC units do not have theldapito accept a paper tape because they have
no tape reader. To convert any tapes that contain good programs, there are twe opaphave
someone to install a tape reader in the control, if possible and justified (probably not). The other
method igo store the contents of a tape in a personal computer. This method is very inexpensive
and offers much better storage options than a paper tape. With suitable software and a portable
tape reader (that is the catch), the task is not impossible. Keematsiad that there are few
companies specializing in this kind of work.
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Dimensional data in the metric system assume 0.001 mm minimum increment, while in the
imperial system the increment is 0.0001 of an inch (leading zero suppression mode is in effect as
adefault)- therefore:

Y12.56 isY125600 ...forimperial unitsY12.56 isY12560 ...for metric units
Programmed values with and without a decimal point can be mixed together in the same block:
N230 X4.0 Y-10

This may be beneficial for extreme conservation of system memory. For example, the X4.0
word will require fewer characters than the word X40006 the other hand, the-XO is shorter
than the decimal point equivalent ofOY0O01 (both examples are in immja units). If all digits
beforeor afterthe decimal point are zeros, they do not have to be written:

X0.5=X.5

Y40.0 = X40.
Z-0.1=2.1F12.0 =F12.
R0.125=R.12% et c .

Any zero valuanustbe written- for example, X0 cannot be written as X only. histdigital
book all program examples will use the decimal point format, whenever possible. Many
programmers prefer to program zeros as in the left column of the example. This method does add
a few characters into the system memory, but program datauateeasier to read. They are also
easier for learning.

Input Comparison

Differences in the input format for both metric and imperial dimensioning can be seen clearly.
One more time, the same examples will be shown, as before:

Metric example input of 0.2 mm:
Full format  X00000420
No leading zeros X420
No trailing zeros ~ X0000042
Decimal pointX0.42or X.42
Imperial example input of 0.625nches:
Full format  X00006250
No leading zeros  X6250
No trailing zeros X0000625 Decimal point X0.6@5X.625

F. CALCULATOR TYPEINPUT

In some specialized industries, such as woodworking or fabricating, the majority of dimensions
(especially metric) do not require decimal parts, only whole numbers. In these cases, the decimal
point would always be followed with a zerFanuc provides a solution to such situations by a
feature called thealculator input Using this feature can shorten overall program size, often
significantly.

Calculator type input requires setting of a system parameter. Once the parameter is set, neither
the decimal point nor the trailing zeros have to be writtey will be assumed. For example,
X25 will be interpreted as X25.a@ptthe normally expected X025 (mm) or X0.0025 (inches).

In case the input value does require decimal point, it can be written as usually. This means all
values with a decimal point will be interpreted correctly and numbers without the decimal point
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will be treated as major unitsily (millimeters or inches). Here are some examples:

Standard Input Calculator Input
X345.0 X345

X1.0 X1

Y0.67 Y0.67

Z7.48 Z7.48

Normally, the control system is set to leading zero suppression mode addaioal values
are interpreted as theumber of smallest units. For example, Z1000 in G21 mode will be
equivalent to Z1.0 (mm), in G20 mode as

Z0.1 (inches).
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11. SPINDLE CONTROL

Both types of CNC machines, machining centers and lathes, use spindle rotation when
removing excessive material from arp Spindle rotation may be that of the cutting tool (milling)
or the part itself (lathes). In both cases, activities of machine spindle and wimdehgateof the
cutting tool need to be strictly controlled by the program. These CNC machines resjuiretions
that relate to the selection of a suitagppeedf machine spindle and a cuttifeed rateor a given
job.

Thereare severalways to control machine spindle and cuttfiegd rateand they all depend
mainly on the type of CNC machine and therent machining application. In this chapter, we
look at thespindle controland its programming applications.

A. SPINDLEFUNCTION

Program command relative to spindle speed is controlled in the CNC system by the &ddress
Programming format of the S address is usually within the range of 1 to 9999 for standard machines
and no decimal point is allowed:

S1to S9999

For manyhigh-speedCNC machines is not unusual to have spindle speed available up to five
digits, in the range of 1 to 99999, within the S address range:

S1to S99999

Maximum spindle speed range available in the control must alwaygrdater than the
maximum spindle speedmge of the machine itself. It is quite typical that virtually all control
systems support a much greater range of spindle speeds than the CNC machine allows. In
programming spindle speeds, the limitation is always caused by the machineotiby, the
control system.

Spindle Speed Input
The addressS relates to machine spindfanction andmust always be assigned a specific
numeric value in CNC programs. There are three alternatives as to what numeric value (input) of
the spindle function may be:

Code number old controls only - now obsolete
Spindle speed r/min
Cutting speed m/min or ft/min

On CNC lathes, both modern alternatives may exist, depending on the control system. For CNC
milling systems, cutting speed is not applicable (except for edionk), but direct spindle speed
is. Spindle speed selection by special code number is an obsolete concept, not required on modern
controls and not discussed here.

Spindle speed designation S is not sufficient to be programmed by itself. In additi@n to th
selected spindle speed address, certain additional attributes are necessary as well. These are
attributes that control spindle function environment. For example, if the spindle speed is specified
as S400 in the program, programming instruction is notptete because the spindle function
stands by itself. It does not includk information the control system requires for spindle data. A
spindle speed value that is set, for example, to 400 r/min or 400 m/min or 400 in/min or 400 ft/min
(depending on acal machining application), still does not contain all necessary information,
namely, the spindle rotatiadirection.

Most machine spindles can be rotated in two directicloskwise or counterclockwisg
depending on the type and setup of the cutting teetluSpindle rotation has to be specified in the
programjn additionto the spindle speed function. There are two miscellaneous functions provided
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by the control system that control direction of the spindle

B. mo3 ano M0o4. DIRECTIONOFSPINDLEROTATION

Thinking in terms ofight andleft, upanddown, clockwis@ndcounterclockwiseand similar
directional terms, is thinking in terms that aedative to some known reference. To describe a
spindle rotation as clockwise (CW), or as counterclockwise (CCWije &stablished and standard
reference method is needed, in this case a reference point of view (reference viewpoint).

Direction of spindle rotation is always relative to the point of view that is established from the
spindle side of the machine. This paira machine that contains thgindle ands generally called
the machine headstock. Looking from the machine headstock aréaamtioection along spindle
center line and towards its facestablishes the correct viewpoint for defining CW and CCW
rotaion of the spindle. For CNC drills, milling machines and CNC machining centers, the
reference point of view is quite simple to understand. For CNC lathes, the rules are exactly the
same, and will be described shortly.

Direction for Turning

A comparable appach would also seem logical for CNC lathes. After all, the operator also
faces the front of a machine, same as when facing a vertical machining Eguter.122 shows
a front view of a typical CNC lathe.

Although descriptions CW and CCW in the illigton appear to be opposite to the direction
of arrows, they are correct. The reason is that there are two possible points of view, and they are
both using spindle center line as the viewing axis. Only one of the viewpoints matches the standard
definitionand is, therefore, correct. The definition of spindle rotation for lathesiglythe same
as for machining centers.

To establish spindle rotation as CW and CCW, look from the headstock area towards the spindle
face

The first and proper method will ebtash the relative viewpoint startirag the headstoclirea
of the lathe. From this position, looking towards the tailstock area, or into the same general area,
clockwise and counterclockwise directions are established correctly.

The second method of viemg establishes the relative viewpoint startaghe tailstoclarea,
facing the chuck. This is ancorrectview to establish spindle rotation!

Compare the following two illustrationsFigure 123 shows the view from the headstock,
Figure 124 shows thesiew from the tailstock and arrows must be reversed.

CCW = M04
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Headstock

CW Turret

CCW Tailstock

Figure 122

Typical view of a slant bed two axis CNC lathe.

CW and CCW directions only appear to be reversed Figw@ 12
Spindle rotation direction as viewed from the headstock

CW = MO03 CCW = M04

Figure 124
Spindle rotation direction as viewed from the tailstock

Direction Specification
If the spindle rotation is clockwise, MO3 function is used in the progr&spindle rotation is
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counterclockwise, M04 function is used in the program.

Since spindle speedisthe program is dependent on the spindle rotation function MO3 or M04,
their relationship in a CNC program is very important.

Spindle speed address S and spindle rotation function MO3 or M04 must always be accepted by
the control system together. Onehvatit the other will not mean anything to the control.

There are at least two correct ways to program spindle speed and spindle rotation:

If spindle speed and rotation are programmed together in the same block, spindle speed
and spindle rotation will start simultaneously

If spindle speed and rotation are programmed in separate blocks, spindle will not start
rotating until both the speed and the rotation commands have been processed

Spindle Startup

The following examples demonstrate a number of costaets for spindle speed and spindle
rotation in a program. All examples assume that theve &ctive settingf spindle speed S, either
through a previous program or througlanual Data Inpu{MDI). On CNC machines, there is no
registered or default sple speed when machine power is turned on.

Example D- Turning application with GO:
N1 G20
N2 G50 X13.625 Z4.0 T0100 N3 G96 S420 M03 (SPEED SEROTATION STARTS) N4

This is the preferred example for CNC lathes, if the older G50 setting methadiiBesause
the spindle speed is set as cutting speed -OS&stant Surface Speedtie control system will
calculate the actual revolutions per minute (r/min) based on the CSS setting of 420 (ft/min) and
the current part diameter at X13.625. The next giark is correct but not recommended (see
caution box above).

Example E Turning application with GO:
N1 G20
N2 G50 X13.625 Z4.0 T0100 MO3 (ROTATION SET)

N3 GO0 X6.0 Z0.1 (NO ROTATION) N4 G96 GO1 ZO F0.04 T0101 S420 (ROTAT.
STARTS) N5

Example F Turning application without G0:
N1 G20 T0100
N2 G96 S420 M03 (SPEED SETROTATION STARTS) N3 GO0O ...

In this more contemporary example (G50 is not used as a position register command anymore),
machine spindle speed will be calculated for a tool offset vstioied in theGeometry Offset
register of the control system. Control system will perform the calculation of actual r/min when
the block N2 is executed.

These examples are ortlychnically correcimethods for a spindle start. All contain selected
rotation at the beginning of a program and cover both, milling and turning applications. The
example forbeginningof a program has been selected intentionally, because for any first tool in
the program, tlre is no active speed or rotation in effect (normally carried on from a previous
tool). However, the control unit may still store spindle speed and rotation from the last tool of the
previousjob!

Any tool following the first tool will normally assume thgrogrammed speed selection and
rotation for the previous tool. If only the spindle speed command S is programmed for the next
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tool, withoutrotation direction, the tool will assume tlastprogrammed rotation direction. If only
the rotation direction cadMO03 or M04 is programmed, spindle speed S will be the same as for
the previous tool.

Be careful if a program contains program stop functions MOO or MO1, or the spindle stop
function M05. Any one of them will automatically stop the spindle. It means abs@utely sure
as towhenthe spindle rotation will take place and what it will be. Always program spindle speed
selection and its rotation in the same block andefach tool. Both functions are logically
connected and placing them within a single bladk result in a coherent and logical program
structure.

C. SPINDLESTOP

Normally, most work requires a spindle that rotates at a certain speed. In some cases, a rotating
spindle is not always desirable. For example, before programming a tool change s& aepart
in the middle of a program, the spindle must be stopped first. Spindle must also be stopped during
a taping operation and at the end of program. Some miscellaneous functions will stop spindle
rotation automatically (for example, functions M0O, M0/102 and M30). Spindle rotation will
also stop automatically during certain fixed cycles. For a total control of a program, spindle stop
should always be specified in the program. Counting on other functions to stop the spindle is not
a good programmingractice. There is a special function available in programming, to stop the
spindle.

In order to stop the spindle rotation, use function M05. M05 will stop both clockwise and
counterclockwise spindle rotation. Because M05 does not do anything else ¢timéikéunctions
that also stop the spindle, such as M00, M01, M02, M30 and others), it is used for situations, where
the spindle must be stopp&dthout affecting any other programmed activities. Some typical
examples include reversal in tapping, tool mtio the indexing position, turret change position,
or after machine zero return, depending on application. Using one of the other miscellaneous
functions that automatically stop spindle, the M05 function is not required. On the other hand, it
does no han to program exactly what is required, in a particular order.

This method may result in a slightly longer program, but it will be easier to read and maintain
it, mainly by CNC operators with limited experience.

Spindlestopsfunction can be programmed aseparate block as well, for example:
N120 M05

or in a program block containing a tool motion, such as in

the next example:

N120 Z1.0 M05

Tool motion will always be completed firdhenthe spindle will be stopped. This is a safety
feature built into thecontrol system. Always remember to program MO3 or M04 to reinstate
spindle rotation.

D. SPINDLEORIENTATION

The last Mfunction that also relates to spindle activity, is M19. This function is most commonly
used to set a machine spindle into an oriented posi®ther Mcodes may be valid, depending
on the control system, for example M20 on some controls. Spindle orientation function is a very
specialized function, seldom appearing in the program itself. When M19 function is used, it is
mainly during setup, iManual Data Inputmode (MDI). This function is

generally common for milling systems, because only specially equipped CNC lathes will
require it. M19 function can only be used when the spindle is stationary, usually after the spindle
has stopped. When tleentrol system executes M19 function, the following action will result:
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The spindle will make a slight turn in both directions, clockwise and counterclockwise, and
after a short period, the internal locking mechanism will be activated. In some caseskitig |
that takes place is audible. The spindle will be lockedoireeiseposition, and rotating it by hand,
will not be successful. The exact locking position is fixed and is determined by the machine tool
manufacturer, indicated by the setting angfégure 125.

—— -

A | Spindle orientation angle

Figure 125
Spindle orientation angle is defined by the machine manufacturer and cannot be changed

In normal CNC operation, M19 function enables the machine operator to place a tool into the
spindle manually and guarantees a properhotuler orientation. Later chapters will provide more
details about spindle orientation and its applications, for example, in single point boring cycles.

WARNING - An incorrect tool holder orientation may result in a damage to the part or machine

Many CNC machining centers (not all) use tool holders that can be placed into the tool
magazine only one way. To achieve this goal, the tool holder has a special notat, it
matches the internal design of spindkegure 126. In order to find side of thieolder that has the
notch, usually there is a small dimple or other mark on the notch side. This design is intentional.

Holder notch

Figure 126

Built-in notch in a tool holder used for correct tool orientation in the spindt& all machines
require this feature

For tools with several flutes (cutting edges), such as drills, end mills, reamers, face mills, etc.,
the orientation of cutting edge relative to the stopped spindle position is not that important.
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However, for single point tools, particularly boring bamemtation of thecutting-edgeduring

setup is extremely important, particularly when certain fixed cycles are used. There are two fixed
cycles that use theuilt-in spindle orientation G76 and G8% in both, the tool retracts from the
machined holevithout rotating In order to prevent damage to the just finished bore, the tool
retraction must be controlled. Spindle orientation guarantees that the tool will shift away from the
finished bore into a clear direction. An accurate initial setup is necessary!

Those machines that allow placing tool holder into the spindle either way still require proper
setting of tools that shift when G76 or G87 fixed cycles are programmed.

E. SPINDLESPEED- R/MIN

When programming CNC machining centers, designate the spindle speed dimestbjutions
per minute(r/min). A basic block that contains spindle speed of 200 r/min, for example, will
require this data entry:

N230 S200 MO3

Such format is typical to miltig controls, where no cutting speed (peripheral or surface speed)
is used. There is no need to use a special preparatory command to indicate the r/min setting, it is
the control default. The r/min setting must have a minimum increment of one. Fractional or
decimal values are natlowed,and the r/min must always be set within the range of any machine
specifications.

A few machining centers may be equipped with the optioncfedspindle speed selection
direct r/min and cutting speedIn this case, as &ll as for all lathe programming, a proper
preparatory command is used to distinguighich selection is active. G96 is used for cutting
speeds, G97 for direct specification of r/min. The distinction between them is discussed next.

F. SPINDLESPEED- SURFACE

Programmed spindle speed should be based on the machatedal and thecutting tool
diameter(machining centers), or theart diameter(lathes). General rule is that the larger the
diameter, the slower the spindle r/min must®@ndle speed should navbe guessedit should
always be calculatedsuch a calculation will guarantee that spindle spedilastly proportional
to the programmed diametein incorrect spindle speed will have a negative effect on both tool
and part.

Material Machinability

To calculate spindle speed, each work material has a suggested machinability rating for a given
tool material. This rating is either a percentage of some common material, such as mild steel, or a
direct rating in terms of itsutting (peripheral) speedlso known asurface speedSurface speed
is specified irfeet per minute (ft/minh imperial units, and imeters per minute (m/mim metric
system. An older abbreviation used fomin is FPM, meaningFeet Per Minute Amounts of
surface speeds indicatee level of machining difficulty with given tool material The lower the
surface speed, the more difficult it is to machine the work material.

Note the word® g i v e n t o bolmaka alltcanparisohsdneaningful and fair, they must
be made with theame type of cutting tool, for example, surface speedsdbrspeedsteel tools
will be much lowetthanthose forcobaltbasedools and, of course, for carbide tools.

Based on the surface speed and the cutter diameter (or part diameter for lathesg spawdle
speed can be calculatedrevolutions per minuteusing one mathematical formula for imperial
units system and another when metric units are programmed.

Surface speed will increase for soft materials and decrease for hard materials
High speedsteel tools will run slower than carbide tools in the same material
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Spindle Speedmperial Units

To calculate spindle speedrifmin, the surfacespeed of the material for the cutting tool type
must be known, as well as the part or tiaimeter:

12ft / min
r/ min

+ where . . .

r/min =Spindle speed in revolutio
r minute

12 Multiplying factor - feet tc
= thes conversion

ft/min Surface speed in feet pe
nute

Constant 3.1415927

D Diameter ininches (cutter

= imeter for milling, or pa
umeter for turning)

Example:

Surface speed for selected material is 150 ft/min, and the cutting tool diameter is 1.75 inches:
r/min = (12 150) / (3.14151.75)

=327.4

=327 r/min

Many programming applications can usesteorter formula, without losing any significant
accuracy:

382. ft/ min
r/ min
D

For less demanding calculations, the 3.82 constant may be rounded to 4 and used as an easier
calculation without a calculator. The measuring units musafgdied properly, otherwise the
results will not be correct.

Never mix imperial and metric units in the sapnegram!

Spindle SpeedMetric Units

When metric system is used in a program, the logic of previous formula is the same, but the
units are diffeent:

1000m / min
r/ min
D
+ where . . .
r/min = Spindle speed in revolutions per minute 1000 = Multiplying factor -
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meters to mm conversion m/min = Surface speed im/min
= Constant 3.1415927
D = Diameter inmm(cutter diameter fomilling,
or part diameter for turning)
Example:
Given surface speed is 30 m/min and the cutting tool diameter is 15 mm:
r/min = (1000 30) / (3.141515)
= 636.6
=637 r/min

A shorter version of the formula is an acceptable alternative and almost aste@sithe
precise formula:

3183. m/ min
r/ min
D

Again, by replacing the constant 318.3 with constant 320 (or even 300), the r/min will be
somewhat inaccurate, but most likely within an acceptable range.

G. CONSTANTSURFACESPEED

On CNC lathes, machining process is different from milling process. Turning tool has no
diameter and the diameter of a boring bar has no relationship to the spindle speed.gdaiis the
diameterthat is the diameter used for spindle speed calculationtheAgart is being machined,
its diameter changes constantly. For example, during a facing cut or during roughing operations
the diameter changesee illustration irFigure 127. Programming the spindle speed in r/min is
not practicat after all, whichof the numerous diameters should be selected to calculate the r/min?
The solution is to use trearface speedirectly, asablock entry in the lathe program.

To select surface speed is only a half of the procedure. The other half is to communicate this
sdection to the control system. Control has to be set tati@ce speedode, not thespindle
speed (r/minjnode. Operations as drilling, reaming, tapping, etc., are common on a lathe and they
require the direct/min in the program. To distinguish betere the two alternatives in lathe
programming, the choice alurface speedr revolutions per minutenust be specified. This is
done with preparatory commands G96 and (@@ioy to the spindle function:

G96 S.. M03 Surfacespeedselectedm/minor ft/min) G97 S.. MO3  Spindle
speed(r/minkelected

For milling, this distinction normally does not exist and spindle speednm is always
assumed.

By programming the surface speed command G96 for turning and boring, the control enters
into a special mogl known as th€onstant Surface Speed CSS.In this mode, actual spindle
revolutions willincreaseanddecreaseutomatically, depending on the actual diameter being cut
(current diameter). Automati€onstant Surface Spedéature is built in the contfesystems
available for all CNC lathes. It is a feature that not only saves programmingptihieglso allows
the tool to removesonstant amount of material all times, thus saving the cutting tool from
excessive wear and creating a better surfacghfin

Figure 127 shows a typical example, when a facing cut starts at X6.2 #6dfaces the part
to machine centerline or slightly below. G96 S375 wsead,and 6000 r/min was the maximum
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spindle speed of the lathe.

375 ft/min
6.20 = 231 r/min G96 S375

@6.00 = 239 r/min -
—— ©5.50 = 260 r/min ?noaoxq ggﬂ'&e
— 5.00 =286 r/min | speed
— @4.50 = 318 r/min
——— @4.00 = 358 r/min
——— @3.50 =409 r/min
——— @3.00 =477 r/min
— 2.50 =573 r/min
Y @2.00=716 r/min
— 1.50 = 955 r/min
— ©@1.00 =1432 r/min

—— 0.50 = 2865 r/min
——0.25=5730 r/min
©0.00 = 6000 r/min = spindle max.

Figure 127
Example of a facing cutsing constant surface speed mode G96

Although only selected diameters are shown in the illustration, along with their corresponding
revolutions per minute, the updating process is always constant. Note the sharp increase in r/min
as the tool moves closty machine centerline. When the tool reaches X0 (0.0), the speed will be
at itsmaximumwithin the current gear range. As this speed may be extremely high in some cases,
control system allows setting of a certain maximum, described later.

To program a gtiace speed for a CNC lathe, there are several options. In the following three
examples, the most important ones will be examined. Gear change functions (if available) are
omitted for all examples.

Examplel:

Surface speed is set right after the coordirsatting is read frol@eometryoffset:
N1 G20

N2 (GEOMETRY OFFSET SET TO X16.0 Z5.0) T0100

N3 G96 S400 MO3 ...

In this common application, the actual spindle speed will be based on the preset diameter of 16
inches, resulting in 95 r/min in block N3. sgome cases, this will be too low. Consider another
example:

Example2:

On very large CNC lathes, geometry offset setting of thexiX diameter is quite large, say
24.0 inches. In the previous example, target diameter of the next tool motion was nedmtnpor
but in this case it is. For example:

N1 G20
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N2 (GEOMETRY OFFSET SET TO X24.0 Z5.0) T0O100
N3 G96 S400 MO3 N4 GO0 X20.0 T0101 MOS8 ...

In Example 2the initial tool position is at X24.0 and the tool motterminateat X20.0, both
values are diameters. This translates to an actual motion of only 2.0 inches. At the X24.0, the
spindle will rotate at 64 r/min, at X20.0 it will rotate at 76 r/min. Tif&etence is very small to
warrant any special programming. It is different, however, if the starting position is at a large
diameter, but a tool moves to a much smaller target diameter.

Example &:

From the initial position of 24.0 inches, the tool wilbve to a rather small diameter of 2.0
inches:

N1 G20
N2 (GEOMETRY OFFSET SET TO X24.0 Z5.0) T0O100
N3 G96 S400 MO3 N4 GO0 X2.0 T0101 MO8 ...

Spindle speed at the start of program (block N3) will be the same as in previous example, at 64
r/min. In the nexblock (N4), the speed calculated for 2.0 inch will be 764 r/min, automatically
calculated by the control. This rather large change in spindle speeds may have an adverse effect
on some CNC lathe work. What may happen is that the cutting tool will rea2tOtihrechbefore
the spindle speed fully accelerates to the required 764 r/min. The tool may start removing material
at a speed much slower than intended. In order to correct the problem, data in CNC program need
to be modified:

Example ®:

Program modifiation takes place in block N3. Instead of programming constant surface speed
mode, program directmin for the target of 2.0 inches, based on 400 ft/min surface speed. Actual
r/min has to be calculated first, then the CSS setting will be programmed segsient block:

N1 G20

N2 (GEOMETRY OFFSET SET TO X24.0 Z5.0) T0O100
N3 G97 S764 M03

N4 GO0 X2.0 T0101 MO8

N5 G96 S400 ...

In the example, at 24.0 (X24.0 offset), the actual speed would be only 64 r/min. At 2.0 (X2.0
in N4), the speed will be 764 r/min. fling toolmayreach X2.0 position before the spindle speed
has accelerated to full 764 r/mihit is not calculated and programmed earliesee block N3.

This technique is only useful if the CNC lathe does not support automatic time delay. Many
modernlathes have a buiih timer, that forces the cutting tool to wait before actual cutting, until
the spindle speed has fully accelerated.

Older CNC lathes used G50 position register command, and the initial position was part of the
program. For example, itesad of geometry offset set to X24.0 Z5.0, program would contain G50
X24.0 Z5.0.Geometry Offsegetting is much more flexible, as it is done at the machine.

Maximum Spindle Speed Setting

When CNC lathe operates in th®nstant Surface Speetbde, the spidle speed is directly
related to the current part diameter. The smaller the work diameter is, the greater the spindle speed
will be. So, a natural question iswvhat will happen if the tool diameter zerd It may seem
impossible to ever program a zerameter, but there are at least two cases when that is exactly
the case.
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In the first case, zero diameter is programmed faceaiterline operationgAll drilling, center
drilling, tapping and similar operations are programmed at the zero diameter (x&ye T
operations are always programmed in the direct r/min mode, using G97 command. In G97 mode,
the spindle speed is controlled directly, r/min does not change.

The second case of a zero diameter is wheimg offa solid part all the way to the centerline.
This is a different situation. For all operations at X0, the cutting diameter does not change, because
a direct r/min is programmed. During a face cutting operation, the diameter changes all the time
while matera | removal continues wuntil the tool reac
the formulas explained earliehny calculation with a diameter in the formula being zero, will
result in error! Rest assured, there wiibt be O r/min at the spindleenterline- or an error- in
G96 mode. Return tBigure 127 for illustration.

Whenever the surface speed spindle mode is active and tool reaches spindle centerline at X0,
the result will normally be theighestspindle rotation possibl&ithin the actie gear rangelt is
paradoxical, but that is exactly what will happen. Such situation is acceptable when the part is well
clamped, does not extend too far from the chuck or fixture, tool is strong and robust, and so on.
When a part is mounted in a spediature, or an eccentric setup is used, when part has a long
overhang, or when some other adverse conditions are present, the maximum spindle speed at the
centerline may b&o highfor operating safety!

There is a simple solution to this problem, usimgayramming feature available for Fanuc and
other controls. Surface speed mode can be used witrsat highest limispecified inrevolutions
per minute Program function for maximum spindle r/min setting is normally G50 or G92 on some
lathes. This maxnum setting is sometimes call@laximum spindle speed clampirigo not
confuse this G50/G92 with its other meaning, position register preset. Here is an example of G50
as a speed limiting command:

01201 (SPINDLE SPEED CLAMP)

N1 G20 T0100

N2 G50 S1500  (1500R/MIN MAX)

N3M42  (HIGH SPINDLE RANGE)

N4 G96 S400 M03 (CSS AND 400 FT/MIN)

N5 GO0 G41 X5.5 Z0 T0101 M08

N6 GO1 X-0.07 F0.012  (BELOW CENTER LINE)
N7 GO0 Z0.1

N8 G40 X9.0 5.0 T0100 N9 MO1

What actually happens in program 012017 Block N1 selects imperial units of measurement and
TO1. The critical block N2 has simple meaning

G50 S1500
... means..
Do not exceed 1500 r/min in G96 surface speed mode

Block N3 selects the spindle gear rangerk N4 sets the surface speed mode, using 400 ft/min
surface speed. Spindle rotation MO3 is called in the same block. In block

N5, the tool makes a rapid motion towards 5.5 and the part front face. During rapid motion, tool
nose radiugffset,and coolahfunction are activated. Spindle speed at 5.5 will be 278 r/min, using
formula described earlier in this chapter. Next block N6 is the actual facing cut. At the fadting
rateof 0.012 in/rev, the tool tip faces off the blank part to the centerlinesdliity, the cut end
point is programmed on the other side of spindle center lif&@X).
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Tool nose point radius size must be taken into consideration when programming with the tool
nose radius offset (G41/G42) and to the machine centeflipecialsection later explains what
exactly will happen during this cuseepage 27&or further details.

Block N7 moves the tool tip 0.100 inches away from the face, at a rapid rate. In the remaining
two blocks, the tooWill be rapid to the indexing position Wi a cancellation of radius offset in
N8 and an optional program stop is provided in block N9.

Now, think of what happens in critical blocks N5 and N6. Spindle will rotate at the speed of
278 r/min at the 5.5. Since the CSS mode is in effect, as thepdates off the part, its diameter
is becoming smaller and smaller while thain is constantly increasing

Withoutthe maximum spindle speed limit in block N2, the spindle speed at the centerline will
be equivalent to theaximum r/miravailable withinM42 gear range. Atypical range may be 4000
r/min or even higher.

With the preset maximum spindle speed limit of 1500 r/min (G50 S1500), the spindle will be
constantly increasing its speed, but omhyil it reaches the 1500 preset r/min, then it valinain
at that speedor the rest of cut.

At the control, CNC operator can easily change the maximum limit value, to reflect true setup
conditions or to optimize cutting values.

Spindle speed is presebr clamped- to the maximunr/min setting, by programminthe S
function together with the G50 preparatory command. If the S function is in a block not containing
G50, the control will interpret it as a new spindle speed (@38nin), that will be active from
that block onThis error may be very costly!

Use @aution when presetting maximum r/min of gndle!

Maximum spindle speed can be clamped in a separate block or in a block that also includes the
current tool coordinateetting. Typically the combined setting is useful at the beginning of a tool,
the s@arate block setting is useful if the need arises to change the maximum spindle speed in the
middle of a tool, for instance, between facing and turning cuts using the same tool.

To program G50 command as a separate block, anywhere in the program, gishésu
preparatory command combined with the spindle speed preset value. Such a block with have
effectwhatsoever on any active coordinate setting, it represents just another meaning of G50
command. The following examples are all correct applicatio@b6fcommand for both, thad-
stylecoordinate setting and/or the maximum spindle speed preset:

N12 G50 X20.0 Z3.0 S150Double meaning
N38 G50 S1250  Single meaning

N15 G50 X8.5 Z2.5 Single meaning

N40 G50 Z4.75 S70Double meaning

If the CNC lathesupports old G92 instead of G50, keep in mind that they have exactly the same
meaning and purpose. On old controls, G50 command is more common than G92 command but
programming method is the same.

Part Diameter Calculation in CSS

Often, knowing atwhat dianeterthe spindle will actually be clamped can be a very useful
information. Such knowledge may influence preset value of spindle speed clamping. To find out
at what diameter th€onstant Surface Spewdll remain fixed, the formula that finds the r/min at
a given diameter must be reversed:

D 12ft / min
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r/ min

+ where . . .

D Diameter where CSS stops
= :hes)

12 Multiplying factor - feet tc
= :hes conversion

ft/min Active surface speedfeet pe
nute

= Constant 3.1415927
r/min =Preset maximum spindle spe
Example- Imperialunits:

If the preset value in a program is G50 S1000 and the surface speed is set as G96 S350, the CSS
will be clamped when it reaches the 1.3369 inches:

D = (12 350) / ( 1000)

= 1.3369015

= 1.3369

Theformula may be shortened, as before:

3.82ft/min ___ r
1N

D

Formulas based on the imperial system, can be adapted to a metric environment:

1000m / min
D
r/ min
+ where . ..
D = Diameter where CSS stops (in mm)

1000 = Multiplying factor meters to mm conversion m/min = Active surface speméters
per minute

Constant 3.1415927
Preset maximum spindle speed

r/min
Just like in its imperial version counterpart, metric formula may be shortened as well:

3183. m/ min

r/ min

Example- Metric units:

If the preset value in a program is G50 S1200 and the surface speed is set as G96 S165, the CSS
will be clamped when it reaches the 43.768 mm:
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D = (1000 165) / ( 1200)
=43.767609 = 43.768 mm

Cutting Speed Calculation

Constant Sdace SpeedCSS)- cutting speed is required for virtually all turning and boring
operations on a CNC lathe. It is also the basic source of cutting data, from which the spindle speed
is calculated for virtually all machining center operations. Now,idens very common scenario:

CNC operator has optimized the current cutting conditions, including the spindle speed, so they
are very favorable. Can these conditions be applied to subsequent jobs?

Yes, they can and should provided that certain criticaequirements will be satisfied:
Machine and part setup are equivalent

Cutting tools are equivalent

Material conditions are equivalent

Other common conditions are satisfied

If these requirements are met, the most important source datassridke speed actually used
during machining. Once the spindle speed is known, the cutting speed (CSS) can be calculated and
used for any other tool diameter, providing the requirements above are met.

In a nutshell, the whole subject can be quickly sumupgely categorizing it as@utting speed
calculation- calculation ofConstant Surface Speed (C38)en the tool or part diametandthe
spindle speed are known.

From there on, it is a simple matter of formulas:
To calculateCutting Speeth imperial unts:

D r/ min
ft / min
12

EXAMPLE:

A 5/8inchdrill works very well at 756 r/miawhat is its cutting speed in ft/min?
ft/min = (3.14 0.625 756) / 12 = 123.64
To calculateCutting Speeéh metric units:

D r/ min
m / min

1000

EXAMPLE:
A 7 mm end mill works very well at 1850 r/mirwhat is its cutting speed in m/min?
m/min = (3.14 7 1850) / 1000 = 40.66

The major benefit of using this method is a significant reduction of time spent at the CNC
machineusuallyrequired to findand ‘finetune' the optimum spindle speed during setup or part
optimization. Knowing when a particular cutting speed can be applied is one of several optimizing
methods available to CNC programmers.
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12. FEED RATECONTROL

Feed ratés the closest programmingmpanion to spindle function. While the spindle function
controls spindle speed and spindle rotation directesd ratecontrolshow fast the tool will move
usually to remove excessive material (stock). In thastal book subject ofrapid positioning
sometimes called eapid motionor rapid traverse motionis not considered a trdeed rateand
will be described separately, startingpage 147.

A. FEEDRATE CONTROL
Cuttingfeed ratds the speed at which the cutting tool removes the material by cutting action

A cutting action may be a rotary tool motion (drilling and milling, for example), rotary motion
of the part (lathe operations), or other action (flame cutting, laser cuttingr yeq electric
discharge etc.)Feed ratdunction is used in CNC program to select corffeetd rateamount,
suitable for the desired action.

Two feed rataypes are used in CNC programming:
Feed rateper minute - mm/min or in/min
Feed rateper revolution - mm/rev or in/rev

The most common types of CNC machines, machining centers and lathes, can be programmed
in eitherfeed ratemode. In practice, it is much more common to usddbd rateper minuteon
machining centers and tlieed rateper revoluton on lathes.

There is a significant difference in-€ddes used for machining centers and lathes.

o Turning Turning Turning
FEED RATE | Milling
Group A Group B Group C
Per minute | G9%4 G98 G94 G94
Per revolution G95 G99 G95 G95

G-codeGroup Ais the mostommonly used on Fanuc controls and also in this publication

Another type of specidked ratdas called thanverse timdeed ratelt is used in some rotary
applications only.

B. FEEDRATE FUNCTION

Calling address for #eed rateword in a program is the addreSsfollowed by a number of
digits. The number of digits following addreBsdepends on théeed ratemode selection and
machine tool application. Decimal place is normally allowedded ratgprogramming.

Feed ratgperMinute

For milling applications, all cuttingeed ratein linear and circular interpolation modes is
programmed imillimeters per minute (mm/mioy ininches per minute (in/minJ.he amount of
feed ratds the distance a cutting tool will travel in onénoite (60 seconds). This value is modal
and is canceled only by anotheiafidress word. The main advantagdesd rateper minute is
that it isnotdependent on current spindle speed. That makes it very useful in milling operations,
using a large varietgf tool diameters. Standard abbreviationsféad rateper minute are:

Millimeters per minute ... mm/min
Inches per minute ... in/min (or older ipm / IPM)
The most typical format fdieed rateper minute is F5.1 for the metric system and F5.1 for the
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imperial system.

For examplefeed rateof 15.5 inches per minute, will be programmed as F15.5. In metric
systemfeed rateamount of 250 mm/min will appear in the program as F250.0. A slighfrelift
programming format may be expected for special machine designs.

One important item to remember ab&egd ratas therangeof availablefeed ratevaluesFeed
raterange of the control systeatways exceed$at of machine servo system. For examfgded
raterange of a CNC machine with Fanuc CNC system is typically described in metric units, for
example, 30000 mm/min may be the maximum for a machine with 60000 mm/min rapid motion.
Minimum cuttingfeed ratedepends on the machine buildé@rcouldbe 0.1 mm/min or 0.1 in/min
or a totally different amount.

In milling, programming command (Gode) forfeed rateper minuteis G94. For most
machines, it is set automatically, by the system default and does not have to be written in the
program. For latheperationsfeed ratgper minute is used very seldom.@moup A G-code for
feed rateper minute is G98, faGroups BandC it is G94. CNC lathes use primarilged rateper
revolutionmode.

Feed rateper Revolution

For CNC lathe workfeed ratas not neasured in terms of time, but as the actual distance the
tool travels in one spindle revolution (rotation). Tieed rateper revolutionis common on lathes
(G99 for Group A). Its value imodal,and anothefeed ratdunction cancels it (usually the G98)
Lathes can also be programmedead rateper minutemode (G98), to contrdeed ratevhen the
spindle is stationary. Two standard abbreviations are uséelefdrateper revolution:

Inches per revolution in/rev (or older ipr)
Millimeters per revolution mm/rev

The most programming typical format fteed rateper revolution ighreedecimal places in
metric system, andour decimal places itmperial system. Metrideed rateexample of 0.42937
mm/rev will be programmed as F0.429 on most controls. In imperial ufésdaateof 0.083333
in/rev will be applied in the CNC program as F0.0833 on most controls. Many modern control
systems accefieed rateof up to five decimal laces for metric units and sikecimalsfor imperial
units.

Be careful when roundinéeed ratevalues. For turning and boring operation, reasonably
roundedfeed rats are quite sufficient. Only in tapping and single point threadindetn rate
precisionis critical for a proper thread lead, particularly for long or very fine threads. Some Fanuc
controls can be programmed with up to six decimal pléess rateprecision for threading only.

Programming command féeed rateper revolution is G99. For mokithes, this is the system
default, so it does not have to written in the program, unless the opposite command G98 is also
used.

It is relatively more common to progranfieeed ratgper minutgG98) for a CNC lathe program,
than it is to program feed rateper revolution(G95) in a milling program. The reason is that on a
CNC lathe, this command contrdéed ratevhile the spindle isiotrotating. For example, during
abarfeedper ati on, a part stopper is uecuckdr@a Opus
collet, orapuliput f i puglelrbardotdhRapid feed would be too fast dedd rateper
revolution is not applicablé-eed rat@er minute is used instead. In cases like these, G98 and G99
commands are used in a lathe program agimed, Both commands amodal,and one cancels
the other.

C. FEEDRATE SELECTION

To select the begeed rate one that is most suitable for a given job, some general knowledge
of machining is useful. This is an important part of programming process anid steodone
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carefully. Afeed rateselection depends on many factors, most notably on:
Spindle speed in r/min - revolutions per minute
Tool diameter [ M] or tool nose radius [T]
Surface requirements of the part
Cutting tool geometry
Machining forces
Part setup
Tool overhang (extension)
Cutting length motion
Amount of material removal (depth or width of cut)
Method of milling (climb or conventional)
Number of flutes in material (for milling cutters)
Safetyconsiderations

The last item is safetyalways a programming responsibility number one, to assure the safety
of people and equipment. Safe speeds and feeds are only two aspects of much wider safety
awareness in CNC programming.

D. ACCELERATIONAND DECELERATION

During a typical contouring operation, the direction of cutting motion is changed quite often.
There is nothing unusual about it, with all the intersections, tangency points and clearances. In
contouring, it means that in order to program a sharp comer part, the tool motion along X
axis in one block will have to change into a motion alorgx} in the next block. To make the
change from one cutting motion to another, control retegi the Xmotionfirst, thenstart the ¥
motion Since it is imposble tostartat a fullfeed ratenstantly, withoutaccelerationand equally
impossible tostopfeed ratewithout decelerationa possible cutting error may occur. This error
may cause sharp corners on the part contour to be cut with an undesiratileay@aticularly
during very highfeed rate or extremely narrow angles. It only occurs during a cutting motion in
GO01 mode, as well as in GO2 and G03 modesnbtin rapid motion mode GO0O. During rapid
motion, motion deceleration is automat&nd avay from the part.

In routine CNC machining, there is a small chance of ever encountering such an error. Even if
the error is present, it will likely be well within tolerances.

If the error does need correction, Fanuc controls provide two commands thee gaed to
correct the problem:

G09 Exact stop (Oneblock only)

G61 Exact stop mode (modal)

Exact stops increase the cycle time. For programs used on older machines, they may be required
in some cases.

FEED RATECONTROL

Exact Stop Command

The first of two commands that control tfeed ratewhen machining around corners is G09
command- Exact Stop This is anunmodalcommand and has to be repeated in every block,
whenever it is required.
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In program example O1301, there is no provision tmekeration and deceleration. That may
cause uneven corners, due to the rather feigth rateof F90.0 (in/min):

01301 (NORMAL CUTTING) ...
N13 GO0 X15.0 Y12.0

N14 GO1 X19.0 F90.0

N15 Y16.0

N16 X15.0

N17 Y12.0 ...

By adding G09 exact stop command in thegpam, the motion in that block will be fully
completedbeforethe motion in the other axis will star©1302:

01302 (G09 CUTTING) ...
N13 GO0 X15.0 Y12.0

N14 G09 GO1 X19.0 F90.0
N15 GO09 Y16.0

N16 G09 X15.0 N17 Y12.0 ...

Example 01302 guaranteestzarp corner at all three positions of the part. If only one corner
is critical for sharpness, program the GO9 command in the block that terminates at that corner
01303:

01303 (G09 CUTTING) ...
N13 GO0 X15.0 Y12.0
N14 GO1 X19.0 F90.0
N15 G09 Y16.0

N16 X15.0

N17 Y12.0 ...

G09 command is useful only if a handful of blocks require deceleration for a sharp corner. For
a program where all corners must be precise, constant repetition of GO9 is not very efficient.

Exact Stop Mode Command

The second command thedrrects an error at sharp corners is G&kact Stop Moddlt is
much more efficient than G09 and functions identically. The major difference is that G61 is a
modalcommand that remains in effect until it is canceled by G64 cutting mode command. G61
shotens programming time, but not the cycle time. It is most useful when G09 would be repeated
too many times in the same program, making it unnecessarily toe (@H804.

01304 (G61 CUTTING) ...
N13 GO0 X15.0 Y12.0
N14 G61 GO1 X19.0 F90.0
N15 Y16.0

N16 X150

N17 Y12.0 N18 G64 ...

Note that program example 01304 is identical in resujpsdgramO1301. In both cases, exact
stop check applies tall cutting motions- unmodally in program 01301, modally in program
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01304. Also note an additional block N18. 28 G64 commandnormal cutting modeNormal

cutting mode is the default setting when machine power is turned on and is not usually
programmedFigure 131 illustrates tool motionwvith andwithoutG09/G61 command. The large
overshoot amount shownesaggerated only for the illustration, in reality it is very small.

lf OVERSHOOT + | {_’9 —
AN |
@ = + | \.\
b
* “Target point
1 \Target point " @

+) +

G09 / G61 NOT USED G09 / G61 USED

Figure 131

Feed ratecontrol around corner Exact Stop commandbe overshoot is exaggerated for
clarity

Automatic Corner Override

While a cutter radius offset is in effect for milling cuttdegd rateat the contour change points
is normally not overridden. In a case like this, the preparatory command G62 can be used to
automatically override cuttinfiged rateat the corners of agpt. This command is active until G61
command (exact stop check mode), G63 command (tapping mode), or G64 command (cutting
mode) is programmed.

Tapping Mode
Programming in tapping mode G63 will cause the control system to ignore any setfew of
rate override switch except the 100% setting. It will also cancel function ofRbed holdkey,
located on control panel. Tapping mode will be canceled by proginag G61 command (exact
stop check), or G62 command (automatic corner override mode selection), or G64 command
(cutting mode selection).

Cutting Mode

When cutting mode G64 is programmed or is active by the system default, it repneserats
cutting moe. When this command is active, exact stop check G6hatilhe performed, neither
will automatic corner override G62 or tapping mode G63. That means motion acceleration and
deceleration will be done normally (as per control systemjedirateoverrides will be effective.
This is the most common default mode for a typical control system.

Cutting modecan be canceled by programming the following commands: G61 (exact stop
mode), G62 (automatic corner override mode) or G63 (tapping mode).

G64 command is nasually programmed, unless one or more of déemt ratenodes are used
in the same program. To better understand G62 and G64 modes, compare illustr&tigasein
13-2.
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Figure 132
Corner override mode G62 and default Gi#ting mode

E. CONSTANTFEEDRATE

Beginning onpage 243 the main topic igircular interpolation In this chapter are detailed
explanations and examples of maintaining a constant ctig@wrateor inside and outside arcs,
from thepractical point of view. At this point, the main focus is on actuglderstandingf the
constanfeed raterather than itapplication.

In programming, normal process is to calculate coordinate values for all contour change points,
based on the padrawing. Cutter radius thaproduces theenterlineof a tool path is typically
disregarded. When programming arcs to drawing dimensions, rather than to the cutter centerline,
feed rateapplied to the programmed arc always relates tptbgrammedadius,not the actual
radius cufat the cutter center.

When cutter radius offset is active and the arc tool path is offset by cutter radartutidarc
radius that is cut can be eitrsmalleror larger, depending on the preset offset amount for cutting
tool motion.

It is very imporaint to understand tha&ffectivecutting radius willdecreasen size for all
internalarcs,and it will increasein size for all external arcs. Since the cuttiagd ratedoes not
change automatically during cutter radius offset miaeayist be adjusteith the program. Usually,
this adjustment is not necessary, except in cases where the surface finish is of great importance or
cutter radius is very large. This consideration applies only to circular motions, not to linear cutting.

Circular MotioriFeed rées

Settingfeed rates for circular motions is generally the same as for lifessa rats. In fact, most
programs do not chandgeed ratefor linear and circular tool motions. If part surface finish is
important, so called 'normdéed ratanust be adjusteldigheror lower, with consideration of the
cutter radius, the type of radius cutting (outside or inside arc) and cutting conditions. The larger
the cutter radius, the more reason the cutfeed ratefor programmed arcs will need some
correction.

In case of arc cutting, the equidistant tool pa#iter applying cutter radius offsetmay be
much largeror much smallethan the arc programmed to drawing dimensions.

Feed ratdor compensated arc motions is always based on the currengyaprmed linear
motion feed rate Look for a more detailed explanation page 253 with an illustration and
examples. First, here is the standard formula for calculating a feesrate
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R r/ min n

+ where . . .

F = Linearfeed rate(in/min or mm/min) r/min = Spindle speed (revolutions per minute) F
Feed ratger tooth (cutting edge) n = Number of cutting edges (flutes or inserts)

Based on the linedeed rateformula, arcfeed rateadjustments are influenced by thiele of
machired arc- outsideor inside arc. Linearfeed rateshould beincreasedfor outside arcs and
decreasedor inside arcs.

Foroutsidearcs, thdeed ratds generally adjustedpwards to a higher value:

F(R 1
FO

+ where . . .
F = Feed ratdor outside arc
F = Linearfeed ratgnormalfeed ratdor the tool) R = Outside radius of part r = Cutter radius
FEED RATECONTROL
Forinsidearcs, thedieed ratds generally adjustedownwardgo a lower value:

FR 1
F

+ where . ..
F=  Feed ratdor inside arc
F = Linearfeed ratgnormalfeed ratdor the tool) R = Inside radius of part r = Cutter radius

F. MAXIMUM FEEDRATE

Maximum programmable cuttinged ratefor CNC machines is determined by the machine
manufacturer, not the control manufacturer. For example, maximum cdiéttg rateon a
particular machine may be 10000 mm/min, although the CNC system can suppedt rate
several times greater. This is éipable to all controls, but there are additional programming
considerations for CNC lathes, whéeed rateper revolutionis the main method of programming
motion velocity of a cutting tool.

MaximumFeed rateConsiderations
Maximumcuttingfeed ratgerrevolution is always restricted by theogrammed spindle speed
(r/min) andmaximum rapid traverse ratg a CNC lathe. It is quite easy to progréeed rateper
revolution too high without even realizing it. This problem is most common in single point
threading, where cuttinfged rate can be unusually high.

ACNC machine cannot deliver heavieed rate than the maximum amount it was designed
for - threading results would be unacceptable. When unusually Heedyats and fast spindle
speeds are comied in thesameprogram, it is advisable to check whether the adiesl rate
does not exceed the maximdeed rateallowed on a given machine. It can be calculated as the
maximunteed rateper revolution,according to the following formula:
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max

Fmax r/ min

+ where . . .
Fmax Maximum feed rate pel

= rolution (units/rev)
Rmax Lower of the maximumfeec

= e selected between X and
es

r/min =Spindle speed in revolutio
r minute

Rraxis set either immm/minor in/min, depending on the input units selectedge 35%overs
more details relating tfeed ratdimits for threading.

G. FEEDHOLD AND OVERRIDE

While running a program, the programnfedd ratemay be temporarily suspended or changed
by using one of two available features of the control system. One is céléstidnoldswitch, the
other is afeed rateoverride switch. Both switches are standard and allow the CNC operator to
manually control prgrammedfeed rateduring program execution. They are located on the
machine operation panel.

Feed hol®bwitch

Feed holdis a push button that can be toggled betweeed holdON and Feed holdOFF
modes. It can be used for bdded ratenodes eed rateper minuteor feed rateper revolution.
On many controlsi-eed holdwill stop not only a cutting feed with G01, G02, G03 in effeitt
will also stop rapid motion GOO. Other program functions will remain active durifeed hold
state.

For certain machinig operationsfFeed holdfunction isautomatically disable@nd becomes
ineffective. This is typical for tapping and threading, using G84 and G74 tapping cycles on
machining centers and threading operations using the G32, G92 and G76 on CNC lathes.

Feed rag Override Switch

Feed rateoverride is normally controlled by means of a special rotary switch, located on the
control panel of the CNC unitFigure 133.

Figure 13-3
Typicalfeed rateoverride switch
This rotary switch has marked settings or divisions, indicatingpéineentage of programmed
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feed rate A typical range of &eed rateoverride is 0 to 200% (or 0 to 150%), where 0 may be no
motion at allor the slowest motion, depending on the machinégde200% settingloublesall
programmedeed rats. Programmedeed rateof 12.0 in/min (F12.0) is 100%eed rate If the
override switch is set to 80%, the actual cutfieed ratewill be 9.6 in/min. If the switch is set to
110%, the actual cuttinfgedratewill be 13.2 in/min.

This simple logic applies to metric system as well. If the prograniesetiratas 300 mm/min,
it becomes 100%. An 80%ed rateoverride results in 240 mm/min cuttifged rateand a 110%
feed rateoverride setting is equivaletd 330 mm/min for the cutting tool.

Feed rateoverride switch works equally well for lathes afeskd rateper revolution.For
example, the programmdded rateof 0.014 in/rev will result in the actuéted rateof 0.0126
in/rev with 90%feed rateoverride and 0.0182 in/rev with 130féed rateoverride. If a very precise
feed rateper spindle revolution is required, be careful with override settings. For example, a
programmedeed rateis F0.012, ininches per reolution A change by a single division on the
override dial will eitherincreaseor decreasethe programmed amount by a full 10 percent.
Therefore, théeed ratewill be 0.0108 at 90%, 0.0120 at 100%, 0.0132 at 110%, etc. In most cases,
such preciséeedrateis not required, but keep in mind that soi@ed rats will not be accessible,
for example, deed rateof 0.0115 in/rev, because of the fixed 10% increments on the override
switch.

In single point threading mode G32, feed rateverride switch islisabled Feed rat®verride
is also disabled for tapping cycles G84 and G74 on machining centers, and for single point
threading cycles G92 and G76 on lathes. If the tapping mode is used for milling systems, with the
command G63, botlieed rateoverride and Feed holdfunctions are disabled through the
program!

Control system offers twieed rateoverride functions for cutting motioregher thantapping
or threading cycles. They are M48 and M49. Thesgargrammabldgunctions butmay not be
available fo all controls.

Feed rateOverride Functions

Although thefeed ratefunction uses address F, two special miscellaneous functions M can be
used in a program to set tfeed rateoverride ONor OFF. On the machine operation panel, a
switch is provided fofeed rateoverride. If the CNC operator decides that programfaed rate
has to be temporaripcreasedr decreasegthis switch is very handy. On the other hand, during
machining operations, where the cuttfegd ratanustbe used as programmed, thewide switch
has to be set to 100% only, not to any other setting.

A good example are special tapping operatigitiBoutcycles, using GO1 and GO0 preparatory
commands. Functions M48 and M49 are used precisely for such purposes:

M48 Feed rat®verride cancel function is OFF, which me&erd rateoverride isactive

M49 Feed rateverride cancel function is ON, which medesd rateoverride ignactive

M48 function enables the CNC operator to use féezl rateoverride switch freely; M49
function will causdeed rats to be executeds programmed,egardless of theeed rateoverride
switch setting on the machine panel. The most common usage of thdaadtians is for tapping
or threadingwithouta cycle, where the exact programnfedd ratemustalways be maintained.
The following example shows a typical programming method:

N10 S500 M03 (USING TAP 12 TPI)

N14 GO0 X5.0 Y4.0 MO8
N15 Z0.25
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N16 M49 (DISABLE FEED RATE OVERRIDE)
N17 GO1 £0.625 F41.0 M0O5

N18 20.25 M04

N19 M48 (ENABLE FEED RATE OVERRIDE)
N20 GOO X.. Y.. MO5 N21 MO3 ...

The tapping motion occurs between blocks N16 and N19 arfdébeateoverride is disabled
for these blocks.

H. EADDRESSIN THREADING

Some CNC lathes with older controls (like Fanuc 6T) fegel rateaddres<E for threading,
rather than the more common address

Feed ratéunctionE is similar to the= function. It also specifies the thread leadessl rateper
revolution in mm/revor in in/rev, but it has agreater decimal place accurac®n older Fanuc
control system model 6T, for example, the range for thread lead is:

English- Fanuc 6Tcontrol:

F = 0.0001to 50.0000 in/rev E = 0.00000tb 50.000000 infev Metric - Fanuc 6Tcontrol:
F=0.001 to500.000 mm/rev

E = 0.0001to 500.0000 mm/rev

On the newest control models, -B$ to Fanuc 30T, the ranges are similar (there is no E
address), but the safest way to find the available ranges is to lookup the specificatians for
control system.

The E address is redundant on all newer controls and is retained only for compatibility with
older programs that may be used on machines equipped with newer controls. The available
threadingfeed rateranges vary between different contsgstems andepends othe type of feed
screw and the input units used in the program. Virtually all controls now aHladdfess with
extended precision, when applied to threading.
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13. TOOL FUNCTION

Each numerically controlled machine using an automatic tool changer must hacahbtspk
function (T-function) that can be used in the program. This function controls the behavior of the
cutting too| depending on the type of machine. There are noticeable differences between T
functions used on CNC machining centers and those use@Nfh lathes. There are also
differences between similar controls for the same machine type. The normal programming address
for the tool function uses the address T.

For CNC machining centers-flinction typically controls théool numberonly. For CNC
lathes, the function controls indexing to tteel station numberas well as th&ool offset number

A. T-FUNCTION

So far, the tool function was covered as it applied to CNC machining centers. CNC lathes also
use the tool function T, but with a completely diéfet structure.

Lathe Tool Station

A typical slant bed lathe uses a polygonal turret holding all external and internal cutting tools
in special pockets astations Thesetool stationsare similar to a tool magazine on machining
centers. Typically, theiraekign accepts 8, 10, 12 or more cutting tedlgyure 147.

Figure 147
Typical view of an octagonal lathe turret (tools 1 to 8)

Some CNC lathe models start adopting the tool changer type similar to machining centers, with
many more toolavailable and away from the work area.

Since all tools are normally held in a single turret, the one selected for cutting will aavays
alongall other tools into the work area. This may be a design whose time has passed but it is still
very commonly ged in industry. Because of a possible interference between a tool and the
machine or part, care must be taken not only ofttitere cutting tool, but also odll other tools
mounted in the turret, while considering all possible collision situations.

Tod Indexing

To program a tool change, or ratheirtdexa cutting tool into its active position, theflinction
must be programmed using a proper format. For CNC lathe, this format calls for the address T,
followed byfour digits - Figure 148.
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il
Tool offset number

is tool WEAR offset number

Tool station number
is GEOMETRY offset number

Fioure14
Structure of a 4igit tool number for CNC lathes

It is important to understand this function well. Think about the four digtts@pairsof (two)
digits, rather than four single digits. Leading zeros within each pair may be omitted. Each pair has
its own meaning:

Thefirst pair (first and second digi}, control the tool index station and the geometry offset.
Example:
TO1xx - selects the tool mounted in position one and activates geometry offset number one

The secondpair (third and fourth digits), control the tool wear offset number used with the
sekected tool.

Example:
Txx01 - selects the wear offset register number one

It is customary, but not mandatory, to match both pairs, if possible. For example, tool function
T0101 will select tool station number one, geometry offset number one and thetadsmo
wear offset register number one. This format is easy to remember and should be used every time,
if only one offset number is assigned to the tool number.

If two or more different wear offsedse used for the same tool, it is not possible to nitadt
pairs. In such a caseyo or more differenmivear offset numbers must be programmed and applied
to the saméool station number:

Example:
T0101 for turret station 01, geometry offset 01 and wear difsExample
TO111for turret station 01, geonrgtoffset 01 and wear offset 11

The first pair is always the tool station numiagid the geometry offset number. The latter
example assumed that tool wear offset 11 is not used by another tool. If tool 11 is used with offset
11, another suitable wear oftseimber must be selected, for example 21, and program itas T0121.
Most controls have 32 or more offset registers for geometry offsets and another 32+ wear offsets
registers.

All offset values are applied to CNC lathe program by first registering thieievantooffset
registers

B. TOOLOFFSETREGISTERS

The wordoffsethas been mentioned already several times with two adjectiveth the
expressiorgeometry offsetind the expressionear offsetWhat exactly is anffse®? What is the
differencebetween one offset and the other?

On the OFFSET display of a typical Fanuc control, there is a choice of two screengrigoth
similar in appearance. One is called @Beometry Offsedcreen, the other is called M&ar Offset
screen.Figure 149 and Figure 1410 show examples of both screens, with typiceg.(
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reasonable) sample entries (impeuah i inpst)d

OFFSET- GEOMETRY
No. X-offset Z-offset Radius Tip
01 -8.4290 -16.4820 0.0313 3
02 -8.4570 -14.7690 0.0000 0
03 -8.4063 -16.3960 0.0156 3
04 -8.4570 -12.6280 0.0000 0
05 -8.4350 -16.4127 0.0000 0
06 -9.8260 -13.2135 0.0313 2
07 0.0000 0.0000 0.0000 0
Figure 149
Example of the GEOMETRY offset screen display
OFFSET- WEAR
No. X-offset Z-offset Radius Tip
01 0.0000 0.0000 0.0313 3
02 0.0000 0.0150 0.0000 0
03 0.0036 0.0000 0.0156 3
04 0.0000 -0.0250 0.0000 0
05 0.0010 -0.0022 0.0000 0
06 -0.0013 0.0000 0.0313 2
07 0.0000 0.0000 0.0000 0
Figure 1410

Example of the WEAR offset screen display

Geometry Offset

Geometry offset numbealwaysmatches the turret station number selected. Machine operator
measures and enters geometry offsets for all tools used in the program.

GEOMETRY offset amount is always measured from the machine zero position

Distance from machine zero position will reflect the distance from tool reference point to part
reference point (program zerdjigure 1411 shows a typical measurement of geometry offset
applied to a commoexternaltool.

All X settings will normally haveliametervalues and are stored asgativefor a typical rear
lathe of a slant bed type-akis settings will normally be also negative (positive values are possible
but impractical). How to actually measure geometry offsea subject of CNC machine tool
operation training, not programming. Manual and automatic methods are available for this
purpose.
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Figure 1412 shows a typical measuremer
of geometry offset applied to a common

- Geometry

i offset Z
internaltool. T0101

Tool tip detall

¥

Geometry

I_i% offset X (@)

L

One last possibility relating to geometry offset is illustrateffigure 1413. It shows geometry
offset applied to any tool used on the spindle center line (always at X0 position). These tools
include center drills, drills, taps, reamers, etc. Theaffset setting will always be the same.

_Wear Offset

In CNC program development, many dimensions used will be those in the part drawing. For
example, a dimension of 3.0000 inches, is programmed as X3.0. This figure does not reflect any
implied dimensional terances. Program entries X3.0, X3.00, X3.000 and X3.0000exaatly
the same result. What is needed to maintain dimensional tolerances, particularly when they are
tight? What has to be done witwarn-outtool that is still good enough to cut a few mqarts?
The answer is that the programmed tool

Figure 14-11  nath must be adjustefine-tuned to match the machiningpical geometry offset for
external (turning) toolsconditions. Program itself will not be changed, butesar offsefor theselected
tool is applied.

Geometry
Tool tip detall offset Z

-

TO606

!

!
Geometry
¢ offset X (@)
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- Geometry
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|_ Geometry
WEAR offset amount is the differenc & offset X (@)
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Figure 14-14
Figure 1414 illustrates the principle of tool wear offset, althoughdbale is exaggerated for

emphasis.
Figure 1412
Typical geometry offset for internal (boring) tools

Programmed tool path and tool path with wear offset

Actual wear offset setting has only one purpesecompensates between the programmed
value, for examie that of 3.0 inch, and the actual dimensa&@nmeasureduring inspection, for
example, 3.004. The differential value-6f004 is entered into the wear offset register. This is the
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offset number specified éise second paiof tool function used in therogram. Since the program

uses diameters for the-a«is, offsets will also be applied to diameter. Details on this kind of
adjustment are more useful to CNC machine operator, but any part programmer will benefit from

them
Figure 1413 as well.

Typical geonetry offset for center line (drilling) tools

Wear Offset Adjustment

To illustrate the concept of wear offset adjustment on ayparoflathe, T0404 in the program
will be used as an example. The goal is to achieve an outside diameter of 3.0 indbés @amok
of 0.0005. Initial setting of the wear offset in registax04will be zero. Relevant section of the

program may look something like this:

N31 MO1

é

N32 TO400 M42
N33 G96 S450 M03

N34 GO0 G42 X3.0 Z0.1 T0404 M08

N35G01 41 . 5

FO.

012 N36 ¢é

When the machined part is inspected (measured), it can have only one of three possible

inspection results:
On-size dimension
Oversize dimension
Undersize dimension

If the part is measureoh size there is no need to interfere. Both tool setup and progire
working correctly. If the part isversizeit can usually be recut, if machining amtsidediameter.

For aninside diameterthe exact opposite will apply. Recut may damage the surface finish, which
should be a concern. If the partusdersize it becomes a scrap. The aim is to prevent all
subsequenparts from being undersize as well. The following table shows inspection results for

all three existing possibilities:

Measurement External diameter Internal diameter
ON size Size OK Size OK
OVER size Recut possible SCRAP
UNDER size SCRAP Recut possible
Letds go a little further. Whether the

done to prevent this problem from happening again. Common action to takastng the wear
offset amountAgain, the emphasis here is that this is an elawipanoutsidediameter.

part

External diameter X3.0 in the example may result in 3.004 diameter measured size. That means
it is 0.004 oversize on diameter. CNC operator, who is in charge of offset adjustments, will

change the currently set 0.0000 valuethe X-register of the wear offset 04 t6.0040. The

subsequent cut should result in a part that will be measured within specified tolerances.

If the part in the example is undersize, say at 2.9990 inches, the wear offset must be adjusted
by +0.0010 in th&X-positive direction. Measured part is a scrap.
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Principle of the wear offset adjustment is logical. If the machined diamdteges thanthe
drawing dimension allows, the wear offset is changed intmthasdirection, towards the spindle
center lineand vice versa. This principle applies equally to external and internal diameters. The
only practical difference is that an oversized external diameter and undersize internal ciameter
be recut (see the table above). Several practical examples othesingar offset creatively are
described opage 306

The R and T Settings

The last items are the R and T columBg@dmetryandWeal). Both offset screen columns are
only useful during setup. THe columnis the radius columnl columnis the tool tip olentation
column Figure 1415).

2 ; ; T1
T6
i/ T5
T9
RADIUS
T3 § - { T4

Figure 1415

Arbitrary tool tip orientation numbers used with tool nose radius compensation (G41 or G42
mode)

The main rule of using R and T columns is that they are only effective in tool nose radius offset
mode. If no @1 or G42 is programmed, settings in these two columns are irrelevant. If G41/G42
commandis used, noreero values for that tool must be set in both columns. Teelmn
requirestool nose radiusf the cutting tool, the -Lolumn requiresool tip orientdion numberof
the cutting tool. Both are described page 275in more detail. The most common tool nose
radiuses for turning and boring are:

1/64 of aninch =0.0156 or 0,4 mm
1/32 of aninch =0.0313 or 0,8 mm
3/64 of aninch =0.0469 or 1,2 mm

Tool tip numbers are arbitrary and indicate the tool orientation number used to calculate the
nose radius offset, regardless of tool setting in the turret.
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14. REFERENCE POINTS

In the previous chapters, the basic relationship between machine geometry and partsetup wa
covered. CNC programmers work in a fairly precise environment, and several mathematical
relationships are of extreme importance.

There are three major environments in programming that require an established mathematical
relationship:

Environment Rel ationship consi st
Machine Machine tool + Control system (CNC unit)
Part Workpiece + Drawing + Material

Tool Holder + Cutting tool

Each environment by itself is independent of the other two. If the relationship is not apparent
right away, consider th&ourcesof each environment:

MACHINE TOOL is made by a company specializing in machine tools, usually not
controls or cutting tools

... this environment is combined with . . .

CONTROL SYSTEMis made by a company specializing in the application of electronics
to machine tools. They do not normally manufacture machine tools or cutting tools

PART (workpiece) is a unique engineering degn developed in a company that does not
manufacture machine tools, control systems, or cutting tools and holders

CUTTING TOOLS are a specialty of tooling companies, which may or may not make
cutting tool holders. These companies do not manufacture machineols or CNC systems

These sources inevitably converge when customer buys a CNC macharéainengineering
design (part), must be machined on a machine tool from one manufacturer, using control system
of another manufacturer, cutting tools from yebthier manufacturer, and tool holders from a
fourth source. These sources are similar to a musical quafiestaflassmusicians who never
played together. In both cases there is a need to create perfect harmony.

By itself, each environment is not very usefumachinewithout tools will not yield any profit;
a tool that cannot be used on any machine is not going to benefit the manufacturing either. A part
cannot be machined without tools.

The common point here ithat all three environments cannot be useful without some
‘teamwork They have to work togethethey have to interact.

For programming purposes, these relationships and interactions are based on one common
denominator oeachenvironment a reference point.

Reference point is a fixed or selected arbitrary location on the machine, on the tool and on the
part. A fixed reference point is a precise location along two or more axes, designed during
manufacturing or setup. Some reference pointsestablished by the programmer, during
programming process. In these three environments, three reference points are-naeeled
reference point for each of the available groups:

Machinereferencepoint .. Machine zeroor Home
Part reference point.. Program zero or Part zero
Tool reference point.. Tool tip or Command point
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In a typical machine shop language, these reference points have somewhat more practical
meaning.Home positioror amachine zer@are synonymous terms farachine reference point
Program zerq or part zerq or part origin are terms commonly used instead of the more official
termpart reference pointAnd the namewool tip andtool command poirdre commonly used for
thetool reference point

A. REFERENCHEPOINT GROUPS

The first group coves the CNC machine toolbbr CNC machinefor short, which is the
combination of machine proper and the control system. Numeric values that relate to the CNC
machine tool include a variety of dimensions, specifications, parameters, ranges, ratings, etc.
Whena part is set in a fixture on the machine table or mounted into a lathe chuck, collet, face
plate, or other work holding device, there is a second group of numbers to consider. ey are
considerationssuch as its size, its height, diameter, shape,tbat are unique to each job. Finally,
the third group of numbers relate to theting tools Each cutting tool has its individual features,
as well as features that are shared with many other cutting tools.

All available numeric values have a meanirthey are not merely numbershey are actual
valuesor setting amountthat programmers and operators have to work with individually as well
as together.

Reference Point Groups Relationship

The key to any successful CNC program is to make all threggtouvork in a coordinated
way. This goal can only be achieved by understanding the principles of reference points and how
they work. Each reference point can have one of two characteristics:

Fixed referencepoint
Flexible or floating referencepoint

A fixed reference point is set by the machine manufacturer as part of the hardware design and
cannot be physically changed by the user. A CNC machine has at least one fixed reference point.
When it comes to deciding the reference points for the part outtiegctool, CNC programmer
has certain degree of freedom. Part reference point (program zero) is always a flexible point,
meaning its actual position is in programmer 0
can be either fixed or flexibleggending on machine design.

B. MACHINE REFERENCHEPOINT

Machine zero pointpften calledmachine zerohome positionor just machine reference
position is the origin of machine coordinate system. The location of this point may vary between
machine manufacturers, but the most obvious differences can be found between individual
machine types, namely vertical and horizontal models.

In general terms, a CNC machine has two, three, or more axes, depending on the type and
model. Each axis has a maximumgarof travel that is fixed by the manufacturer. This range is
usually different for each axis. If the CNC operator exceeds the range on either end, an error
condition known agvertravelwill occur. Not a serious problem, but one that could be annoying.
During machine setup, particularly after the power has been turned on, the position of all axes has
to be preset to be always the same, from day to day, from one part to another. On older machines,
this procedure is done by setting a grid, on modern magchipeerforming anachine zero return
commandFanuc and many other control systems prevent automatic operation of a machine tool,
unless the machine zero return command has been performed at leastlosce¢he power to the
machine has been turned onw&lcome safetyeatures

On all CNC machines that use typical coordinate system, machine zero is locatgubaitites
end of each axis travel range. For a typical tavgs vertical machining center, look at the part in
the XY plane, that is straigliown from the tool position (tool tip). Also look into the XZ plane
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(operatords front view of the magsdevieweo)the or
machine). These three planes are perpendicular to each other and together createvgarkalled
cubeor workspace Figure 151.

Figure 151
Machine reference point and axes orientation for a vertical machine

The cubical shape shown is useful only for overall understanding of machine work area. For
programming and setup, the majority of worklasme with one or two axes at a time. To understand
the work area and machine zero point in a plane, look at the machine from the top (XY machine
plane) and from the front (XZ machine plarégures 152 and15-3 illustrate both views.

\‘%‘(f Machine z%r D

Machine
table m@;n

top area

TOPvie

Figure 152
Top view of a vertical machine as viewed towards the table

e zerop
X

Soindle centerTing M"flc\p

—

ERONT vi

14

W

Figure 153
Front view of a vertical machine as viewed from the front

Compare the two views. In top view, the upper right corner is also the spindle center line shown
in the front view.

Also note that in front view, there is a dashed line identified agdluge line.This is an
imaginary location for the proper fit of tool holder tapered body and is set by the machine
manufacturer. Inside of the spindle is a precision machined taper that accepts tool holder with the
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cutting tool. Any tool holder mounted the spindle will be in exactly the same position. The Z
motion illustrated will be shortened by the cutting tool projection. This subject of tool referencing
is discussed later in this chapter.

Return to Machine Zero

In manual mode, the CNC operator plogly moves selected axes to machine zero position.
The operator is also responsible to register this position into the control system, if necessary (older
systems only). Never turn off power to the machine, while machine slides @rgeryclose to
machine zero position. Being too close will make manual machine zero return more difficult later,
after the power had been restored. A clearance of 1.0 inch (25.0 mm) or more for efrdmaxis
machine zero is usually sufficient. A typical procedure to majsi reach the machine zero
position will follow these steps:

Turn the power on (machine and control)
Select machine zero return mode

Select the first axis to move (usuallyaXis)
Repeat for all other axes

Check the lightedh-positionindicators
Check the position screen display

Set display to zero, if necessary

Mainly for safety reasons, the first selected axis should be-th&ésZor machining centers and
the X-axis for lathes. In both cases, either axis will be moawvgyfrom work, into a clear area.
When the axis has reached machine zero position, a small indicator light on the control panel turns
on to confirm that the axis actually reached machine zero. The machine is now at its reference
position, at machine zero, or at the tmae reference point, or abme- whichever term is used
in the shop. Indicator light ON is the confirmation for each axis. Although the machine is ready
for use, a good operator will go one step further. Opdsiiondisplay screen, the actual relativ
position should be set to zero readout for each axis, as a standard practice, if it is not set to zero
automatically by the control. Typically, the POS button on the control panel selects position screen
display.

C. PARTREFERENCHEPOINT

A part ready for mduaning is located within the machine motion limits. Every part must be
mounted in a device that is safe, suitable for the required operation and does not change position
for any other part of the job run. Fixed location of the device is very importastdrisistent results
and precision. It is also very important to guarantee that each part of the job is set the same way as
the first part. Once the setup is established, part reference point can be selected.

This vital reference point will be used in a prag to establish the relationship with machine
reference point, reference point of the cutting tool and the drawing dimensions.

Part reference point is commonly knownpasgram zerar part zero Because the coordinate
point that represents program zeam e selected by the programmer almost anywhere, it is not a
fixed point, but dloating point. As this point is selectable, more details can be covexker all,
it is the programmer who selects part zero.

Program Zero Selection

When selectingprogna zer o, often in the comfort of pro
made that will influence the efficiency of part setup and its machining in the shop. Always be very
attentive to all factors that are for and against program zero selection inia pesidon.

In theory, the program zero point may be selected literally anywhere. That is not nsoaieof
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advice, although true in mathematical terms. Within practical restrictions of the machine
operations, only the most advantageous possibilities dhbel considered. Three such
considerations should govern the selection of program zetoracy of machining

Convenience of setup and operation
Safety of working conditions
Machining Accuracy

Machining accuracy is paramounall parts must benachined exactly to the same drawing
specifications. Accuracy is also important consideration in repeatability. All parts in the batch must
be the same and all subsequent jobs must be the same as well.

Convenience of Setup and Operation

Operating and setuponvenience can only be considered once the machining accuracy is
assured. Working easier is everyoneo0s desire.
of the effect the program has in machine shop. Defining program zero that is difficult iatiset o
machine or difficult to check is not very convenient. It slows down the setup process even more.

Working Safety

Safety is always important to whatever we dwachine and part setup are no different. Program
zero selection has a lot to do with safetyhe machining operation.

We look at the typical considerations of program zero selection for vertical machining centers
and lathes individually. Differences in part design influence the program zero selections as well.

Program Zere Lathes

On CNC lattes, program zero selection is simple. There are only two axes to contider
vertical X-axis and the horizontal-Zxis. Because of lathe design, theaX{s program zero
selection is always the spindle center line.

On CNC lathes, program zero for theaXis MUSTbe on the center line of the spindle
For the Zaxis, three popular methods are used:

Chuck face ... main face of the chuck

Jaw face ... locating face of the jaws

Part face ... front of the finished part
. | Stock X
.z
: Chuck face
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| Stock X

e Stock X
57 .

Part front face

Figure 1510
Common program zero options for a CNC latleenter line is X0

Figure 1510illustrates the three options. In practical setup, a chuck face offers only one benefit
- it can be easilyouched with the tool edge, using feelers to prevent tool chipping. On a negative
side, unless the part rests against chuck face, additional calculations are needed for the coordinate
data and drawing dimensions cannot be used easily.

Jaw or fixture faceq@sents more favorable situation. The face can also be touched with the tool
and is consistent for all parts. This location may benefit machining irregular shapes, such as
castings, forgings and similar parts.

Many lathe parts require machining at both<seriduring the first operation, material stock for
the second operation must always be added to every Z value. This is the main reason why CNC
programmers keep away from program zero located on jaw or fixture face, except in special cases.

The most populamethod is setting program zero on fhant faceof thefinishedpart. This is
not a perfect selection either but has many other advantages. The only disadvantage is that during
setup, there is often no finished face. Many operators add the widthrotiifeface to the setup
or cut a small face for the tool to touch.

What are the benefits of program zero at the front face? One benefit is that many drawing
dimensions along -Axis can be transferred directly into the program, normally witkgative
value. A lot depends on the dimensioning method, but in majority of cases, CNC programmer
benefits. Another benefit, probably the most important, is that a negatiaki& of a tool motion
indicates the work area, a positivevdlue is in the clear area. Dng program development, it is
easy to forget a minus sign for theaXis cutting motions. Such an error, if not caught in time, will
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position the tooawayfrom the part, with tailstock as a possible obstacle. It is a wrong position,
but a better one thamtting the part. Examples in thaigital bookuse program zero at thient
finished faceunless otherwise specified.

D. TOOLREFERENCHEPOINT

The last reference point is related to the tool itself. In milling and related operations, the tool
reference poinis usually the intersection of tool centerline and the lowest positioned cutting tip
(edge).

In turning and boring, the most common tool reference point is an imaginary tool point of the
cutting insert, because most tools have a cutting edge with arbratius.

For tools such as drills and other peiotpoint tools used in milling or turning, the reference
point is always the extreme tip of the tool, as measured alemgsZFigure 1511 shows some
common tool tip points.

Turning tools

Figure 1511
Typical tool reference points for various cutting tools

All three reference point groups are related. An error in one setting will have an adverse effect
on another setting. Knowledge of reference points is important to understasteér commands,
offsets and machine geometry.
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15. REGISTER COMMANDS

The three reference points available for CNC programming must be harmonized to work
together correctly. Having the reference points foiptme (i.e., program zero) and the cuttitgpl
(i.e.,tool tip) available, there has to be some means to associate them together, to fit them together.
There must be some mean&édi' the control system exactly where each tool is physically located,
within the machine work arebgforeit can be usedl'he oldest method to do all this isregister
the current tool position into the control system memory, through the program. This method
required a command called tResition Register

A. POSITIONREGISTERCOMMAND

Preparatory command for the tool positi@gister is G92 for machining centers and G50 for
(most) lathes:

G92 Position register command (Usedin milling)

G50 Position register command (Usedin turning)

Some CNC lathes also use the G92 command, but lathes supplied with Fanuc and similar
controb normally use G50 command instead. In practical applications, both G92 and G50
commands have identicaheaning,and the following discussion applies to both commands
equally. In the first part of this chapter, the focus will be on milling applications using G92
command, lathe applications using G50 command will be explained later.

In modern CNC programming, both position register commands were replaced by a much more
sophisticated and flexible feature called Werk Offset$G54 to G59)(see page 127 for details)
and theTool Length OffsefG43), (see page 135 for detaildloweve, there are still quite a few
older machine tools in shops that do not have the luxury of the G54 series of commands. There are
also many companies using programs developed years ago, but still running on modern CNC
equipment. In those cases, understagdire position registration command is an essential skill.
This command has always been one that some programmers and operators found a little difficult
to understand. In reality, it is a very simple command.

First, a look at some more detailed definitiohthis command. A typical description only
specifiesPosition Register Commanahich by itself is not very conclusive.

Position Register Definition
A little more verbose definition of the position register command could be expressed this way:

Positonrg i st er command sets the tool |l ocation a
program zero,

TO é the tool current position, measured al o

Note that this definition does not mentiorachine zerat all - instead, it mentions thaurrent
tool postion. This is a very important distinction. Current tool positoay be

at machine zero, but it alsnay besomewhere else, within travel limits of the machine axes.

Also note the emphasis drom-to direction. By definition, the distance is unidirectigna
between the program zero and the current tool location. The direction is &l@raysogram zero,
totool position, never reversed. In a program, the correct identification of each axis value (positive,
negative, or zero) is always required.

Position egister is only applicable in absolute mode of programming, while G90 command is
in effect. It has no use in the incremental programming mode G91. In practical programming,
virtually all programs written in incremental mode do begin in absolute modegén tr reach
the first tool location.
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Programming Format

As the command name suggests, tool position data associated with G92 command will be
registered(i.e., stored) into the control system memory.

Format for G92 command is as follows:
G992 X..Y..Z..

In all cases, the address of each axis specifies the distanterogram zero to tool reference
point (tool tip). CNC programmer provides all coordinates based on the program reference point
(program zero), discussed earlier. Any additional axis will la#se to be registered with G92, for
example the Baxis for the indexing table on horizontal machining centers.

Tool Position Setting

The only purpose of G92 command isrégister the current tool position into the control
memory- nothing more!

No machinanotion will ever occur in a block containing the G&#nmand!

The effect of G92 can be seen on #iksolute positiorscreen display. At all times, absolute
position display has some values for each axis, including zero. When G92 command is executed,
all current values of the display will beplacedwith the settings specified with G92. If an axis
was not specified with G92, there will be no change of display for that axis. At the machine, the
operator has a major responsibilitto match the actual togktting with the settings specified in
the G92 command.

B. LATHE APPLICATION

For the CNC lathes with Fanuc and similar controls, G50 command is used instead of G92
command:

G50 X.. Z..
If G92 is used for a lathe, the command is similar:
G92 X.. Z..

Either coomand has exactly the same definition and rules as for milimgndicates the
distancdrom program zeroto the current tool position along axes.

No machine motion will occur in a block containing G50 or G8@&mand!

Commands G50 and G92 are identieakept that they belong to two differento@de groups.
Fanuc actually offers three-Gde groups for lathe controls. Based on history, typical Japanese
made controls use G50, whereby typical US made controls used G92. A cooperative US and
Japanese ventiknown as$sE FanugqGeneral ElectriandFanug produces controls that are the
most common in North Americandustry andiusing the G50 command.

To program position register for lathe applications is very similar to that of G92 for mills.
However, due talesign of CNC lathes, where all tools are mounted in the turrgirafectionof
each tool (for both axes) from the turret holder must be considered. Not onlguhagssible
interference must alsbe prevented, because all mounted inactive tools rsowaltaneously
along the one that is used for cutting. In milling, all famtive tools are safely out of way, placed
in a tool magazine. Several new designs of CNC lathes are available, where tool changer on the
lathe resembles the milling type.

Tool Setup

The most important programming decision for lathe work relates to the setup. Although there
are several options to select from, some are preferable to others.

Probably the most practical approach for lathe setup will be to have the tool cbaitige for
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all tools corresponding to the machine zero position. This is a very easy position to move the turret
to, just using the control panel switches. The position register measured to machine zero does have
one major disadvantaget may betoo farfor most jobs, particularly on larger lathes along the Z

axis. Just imagine a tool motion of 30 inches or more along-d#ea@sZonly to index the turreind

thenthe same30-inch motion back to continue a cutting cycle. It is not efficient at all. Theee i
solution, however.

Much more efficient method is to select the tool indexing position for all toatkas to the
part as possible. This position should always be based olonigesttool mounted in the turret
(usually internal tools), whether suidol is used in the program or not. If there is enough clearance
for the longest tool in the turret, there will also be enough clearance for all remaining shorter tools.

A possible compromise of the two methods described is to keep tool indexing pasthien a
X-axis machine zero only (which is usually not too distant) and just establiskettie gosition.

On a CNC lathe, do not forget to keep in mind the general layout of all tools in the turret, to
prevent a collision with the part, the chuck, or thechne.

Thereis other, but less common, methods to setup a tool on the lathe using the G50 command.

ThreeTool Setup Groups
On a typical slant bed CNC lathe, equipped with a polygonal turret (6 to 14 stations), all cutting
tools reside in individual stains of the turret. During tool indexing, only the selected tool is in
the active station. Upon evaluation of the type of tools used for CNC lathe operations, it will be
clear that there are only three groups of cutting tools, based on the type of warkrtinally do:

Tools working on the partcenter line
Tools working externallyon the part
Tools working internally on the part

If the position register for each group is understood well, it will be easy to apply it to any tool
within a groupyegardless of the number of tools used.

Center Line Tools Setup

Lathe tools classified as center line tools are typically center drills, spot drills, standard twist
drills, indexable carbide drills, taps, reamers, and so on. Even an end mill can kehesegiadle
center line. All tools in this group have a single common denominator, whereby the tool tip is
always located on the spindle center line (X0), while they cut. These tools must always be setup
exactly at 9Go the work face (parallel to theaxkis).

Position register value in-4xis is from the spindle center line (X0) to the center line of the
tool. For the Zaxis, the position register value is measured from program zero to the tool tip.
Typically, center line tools will have a fairly larggerhang- that means their G50 value along
the Zaxis will be relatively small, when compared to external tools, which generally do not extend
that much.

Figure 164 illustrates a typical setup for center line tools, using an indexable drill as an
example.
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Figure 164
Typical G50 setting for center line lathe tools
REGISTER COMMANDS

External Tools Setup

For external machining operations such as roughing and finishing outside diameters, taper
cutting, grooving, knurling, single point threading, pafiftand others, the cutting tool is rather
small and approaches the part in an open space with generous clearances.

Position register value is measured from the program zero to the imaginary tool tip of the insert
(see details at the end of this chapter). eoaf tools like threading tool or a grooving tool, G50
amount is usually measured to the left side of the insert, for safety reasons.

Figure 165 illustrates a typical position register setup for an external tool (turning tool shown
in the example).

Turret at
tool change position \é}— -

T02

G50 (2)

G50 (X DIA)

A
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Figure 165
Typical G50 setting for external lathe tools

Internal Tools Setup

Internal tools are all tools that do majority of their work inside of a part, inrepohdined hole,
core or other cavity. Typically, we may first think of a boring bar,dibéer tools can be used as
well for various internal operations. For example, an internal grooving and internal threading are
also common operations on CNC lathes. Setup rules-&iZapply in the same way for internal
tools as for external tools of tisame type.

Along the Xaxis, tool position register setting must be made to the imaginary tip of the insert.
Figure 166 shows a typical position register setup for an internal tool (boring bar shown in the
example).

All three illustrations(Figures 164, 16-5 and 16-6) also show a possible order of the three
operations (drill turn bore) for a typical CNC lathe job. Note that the turret position is identified
as atool change positiomot necessarily as the machine zero position. That means G50 may be
set anywhere within travel limits of the machine, even at machine zero.
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Figure 166

Typical G50 setting for internal lathe tools

For safety reasons, no tool should extend from a turret into Z negative thates to the left
of part front face. Many CNC lathes allow tralselyondhe Zaxis machine zero (about2linches
or 2550 mm). Sometimes, this zone can be entered to msdfe #0ol change for very long tools.
However, this is more advanced programming method and requires strict safety considerations.
There is virtually no extended zone foraXis above machine zero position (only about 0.02 inches
or 0.5 mm).

Another safat concern relating to long tools is clearance in the part holding area, including
chuck and jaws. Make sure to extend only those tools where the work requires it.
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Corner Tip Detall

Typical turning tool contains an indexable insert, with a corner radiugriength and surface
finish control. When position register command is used for a tool that has a raditus, it
programmer has to know (and also tell the CNC operatbith edgehe G50 setting corresponds
to. In many cases, the choice is sim@&0 value is measured from program zero to the imaginary
intersection of tangential X andakis. Depending on actual tool shape and its orientation in the
turret, G50 setting will varyFigure 167 on the next page shows several typical settings for the
most common orientations of a tool with a corner radius, including two grooving tools.

Programming Example

The example showing how to use position register command G50 on a lathe will be very similar
to that of a machining center. First, the tool chaisgamade, followed with G50 setting for the
selected tool. When machining is done with that tool, tool has to return to the same absolute
position as specified in the G50 block. The following simplified example is for two-tdwgirst
tool is programme to cut aface;the second tool is programmed to c& &inch diameter:

=3 | EY <

T
—

bV CUU v U UL

Figure 167

Position register setting G50 for common tool tip orientatiotie heavy dot indicates XZ coordinates s
01602

N1 T0100

N2 G50 X7.45 Z5.5

N3 G96 S400 M03

N4 GO0 X2.7 Z0 T0101 M08
N5 G0O1 X-0.07 F0.007

N6 GO0 z0.1 M09

N7 X7.45 Z5.5 T0100 N8 M01
N9 T0200

N10 G50 X8.3 Z4.8

N11 G96 S425 MO03

N12 GO0 X2.5 70.1 T0202 M08
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N13 GO1 #1.75 F0.008
N14 GO0 X2.7M09

N15 X8.3 Z4.8 T0200
N16 M30 %

Note blocks N2 and N7 for the first tool, and N10 and N15 for the second tool. For each tool,
these XZ pairs of blocks are exactly the same. What the program is 'telling' the control system here
is that block N2 only regisrs the current tool position, but block N7 actually returns that tool to
the same position it came from. For the second tool, block N10 registers the current tool position,
block N15 forces the tool to return there.

Other important blocks to consider atjer are blocks N7 and N10. Block N7 istia change
positionfor the first tool, block N10 is th#ol position registefor the second tool bothtools
are at the same physical position of the turfidie difference in XZ values reflects the diffece
in the extension (length) of each tool from the turret station. All that is done with G50 command
is telling the controWhere the current tool tip is from program zeralways keep that in mind!
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16. POSITION COMPENSATION

Obsolete subjectchapter includd for compatibility purposes

Relationships between various reference points in CNC programming are always expressed as
preset numeric value®ften these numbers, these specific values, are requirethefeleactual
machine setup takes place. Duringgnamming, many dimensions are known exactly, others are
known approximately and there are also those that are not known at all. Some known dimensions
are subject to variations between jobs. Without any corrective facility available to the programmer,
it will be almost impossible to setup the machine precisely and efficiently. Fortunately, modern
controls offer many features to make both programming and machine setup an easier, faster and
more precise activity. Acumber of coordinate systems, offsets anchpensations are typical
support tools used in programming for corrective purposes.

One of the oldest programming methods available is cptisiion compensatio\s the name
suggests, using position compensation functionsathgaltool position is cormpensated relative
to itstheoreticalor assumegbosition.

It is only one of several corrective methods available to the programmer. On modern CNC
systems, this method is available for compatibility with older programs. Today, this technique is
obsolete. lhas been replaced by the much more fleXildek Offsets (Work Coordinate System)
described in the next chapter. This chapter describes some typical programming applications that
can benefit from using the efdshioned position compensation method.

A. DES(RIPTION

The main purpose of position compensation is to correct any differences between machine zero
and program zero tool positions. In practice, it is used in those cases, where the distance between
two reference points is subject to some variationssarot known at all. For example, when
working with castings, program zero taken from the cast surface will be subject to frequent
changes. Using position compensation will eliminate the need to make constant program changes
or realignment of the fixture 8g. Normally, a part is mounted in a fixture on the table and its
whole setup is compensated. For this reason, position compensation is sometimédiicaied
offsetor thetable offsetThe difference between an offset and a compensation is oftesulehy,
and for any practical purposes, the two terms are same.

In thisdigital book each term is used in the same meaning as the majority of users interpret it.
Position compensation can also be used for a very limited replacement of the cutter feglius of
this usage is not covered at all for its obsolescence. Instead, the emphasis will be on positioning of
tool from machine zero towards the part.

Like several other functions, position compensation is a programming method that requires
input of the CNC machine operator. Programmer specifies the type of compensation and the
memory register number, CNC operator enters actual setting values at the machine, using
appropriate display screens, during part setup.

Programming Commands

On Fanuc andimilar controls, there are four old preparatory commandso@es) available to
program position compensation functions:

G45 | Single increasén the programmed direction by the compensation amount

G46 | Single decreasm the programmed direction by thempensation amount

G47 | Double increasén the programmed direction by double the compensation an
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G48 | Double decreasim the programmed direction by double the compensation an

These definitions are basedpositivecompensation valuestored in the control register. If the
stored values are negative, the meaning of all definitions is valid only when the signs are inverted.
None of these four preparatory commands is modal and all are valid only within the block in which
they appear. Ifequired in many blocks, they must be repeated in any subsequent block, if needed
again.

Programming Format

Each Gcode (G45 to G48) is associated with a unique position compensation number,
programmed with the addrelds TheH address points to the contsystem memory area storage
number. On most Fanuc controls, the programmed letter can al3pwigh exactly the same
meaning. Whether thid or D address is used in the program, depends on the actual setting of a
control system parameter.

123

Atypical programming format for position compensation function is:
G91 GO0 G45 X.. H..

or

G91 GO0 G45 X.. D..

where the appropriate-Gde (G45 through G48), is followed by the target position and number
of the memory storage area (uskgr D address).

Note that tle example usaacrementalandrapid motionmodes and onlgne axis Normally,
the compensation has to be applied to both X and Y axes. However, only a single measured amount
can be stored under either H or D number. Since it is most probable that thensatign value
will be different for each axis, it must be specified on separate blocks, witHiti@eentoffset
numbers H (or offset numbers D), for example:

G91 GO0 G45 X.. H31 (H31 STORES THE X VALUE)
G45Y.. H32 (H32 STORES THE Y VALUE)

or

G91 GO0 G4 X.. D31 (D31 STORES THE X VALUE)
G45Y.. D32 (D32 STORES THE Y VALUE)

For the record, the H address is also used with another type of compensation, knowwohs the
length offsetdr tool length compensationjiescribed irChapter 19 The D address ids®o used
with another type of compensation, known as theter radius offset of cutter radius
compensation)lescribed irChapter 30.

The applicable preparatory G code will determine how the address H or address D will be
interpreted. In the examples, more common address H will be &sgalre 171.
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Position compensationgeneral concept
Chapter 17

Incremental Mode

A question may arise why the compensated motion is in incremental mode. Remember that the
main purpose of position compensation is to allow a correction of the distance between machine
zero and program zero. Normal use is when starting the tool nfatimmmachine zero position.

By default- and without any offsetscoordinate settings or active compensations, machine zero
is the absolute zero, itistbalyz er o t h e ma c hiunned ecrosntther tioitbs soOyastt e m

Take the following example of severdbbks, typically programmed at the beginning of a
program with position compensation:

N1 G20

N2 G17 G80 T01

N3 M06

N4 G90 GO0 G45 X0 H31 (NO X MOTION) N5 G45 Y0 H32 (NO Y MOTION)
NG . ..

This example illustrates a motion from machine zero (the currehptsition), to program
zero, which is the target position, along XY axes. Note the absolute mode setting G90 in block N4.
Assume that the control system is set to H312:0000 inches. Control will evaluate the block
and i nterpret intionagyo tp theoafpsolaterzere, spedfied by G98. It checks
the current position, finds that it is at the absolute zero alreadga@sdnothingThere will beno
motion regardless of the compensation value setting, if the absolute motion is progréammed
either X0 or YO target position. If G90 is changed to G91, from absolute to incremental mode,
therewill be a motion along theegativedirection of Xaxis, by the distance of exactly 12 inches
and there will be a similar motion alongaxis, in block Nb. The conclusion®Jse position
compensation commands in the incremental mode G91 only.
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Motion Length Calculation

Look a little closer at how the control system interprets a position compensation block.
Interpreting the way how the control unit manipulatembers is important for understanding how
a particular offset or compensation actually works. Earlier definition has stated that single increase
Is programmed with G45 command and single decrease with G46 command. Both G47 and G48
commands are of no caguence at the moment. Since both commands are tied up with a
particular axis and with a unique H address, all possible combinations available must be evaluated:

Either an increaseor a decreases programmed
(G45 or G46)
Axis target can have azerovalue, or a positivevalue, or a negativevalue

Compensation amount may have aerovalue, or a positivevalue, or a negativevalue
POSITION COMPENSATION

In programming, it is important to set certain standards and consistently abide by them. For
example on vertical machining centers, compensation is measumedanachine zerd¢o program
zero. That means a negative direction from t he
to set negative compensation values as standard.

4— —
N |
m
\y \ 4
q} | ¢
\ D
N

It is very crucid to understanchow the control interprets information in a block. In position
compensation, it evaluates the value stored in memory called by the address H (or D). If the value
is zero, no compensation takes place. If the value of H is stored as a @eghi®, itaddsthis

value to the value of axis target position and the result is the motion length and direction. For
example, assume the memory register H31 stores the vahié.Of inches, and the machine
current location is at its zero position ahd tontrol axis setting is also set to zero. Then, the block

G91 GO0 G45 X0 H31

will be interpreted as

-15.0 + 0 =15.0000

resulting in the total motion of negative 15.0 inches along

the X-axis.

If the setting of Xaxis target position is a nexero and psitive, the same formula applies:
G91 GO0 G45 X1.5 H31

will be interpreted as

-15.0 + 1.5 =13.5000

However, the next examplenst correct:
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G91 GO0 G45 Xx1.5 H31

Here, the motion will try to go into thgositiveX-axis direction and the result will be-akis
overtravel. Since the value of X is negative, G45 command cannot be used and G46 command
must beusedinstead:

G91 GO0 G46 X1.5 H31
will be interpreted as
-15.0 + ¢1.5) =-15.0000- 1.5 =-16.5000

G45 couldhave been left in the program and the negative offset value could have been changed
to a positive value. This could be quite confusing and definitely not consistent, but it would work
quite well. To see the different possibilities, program O1701 is natgdeery much, except
moving from machine zero to different positions and back to machine zero (G28 command refers
to a machine zero return and is explained separately, startipagenl53.

125

H98

9

H99

17

13

15

Figure 172

Positioncompensation applied to different target locations: zero, positive and negaie
01701 program example

Figure 172 shows illustration for the following program example O1701. The logic applies to
both X and Y axes exactly the same way. In is writtemétric units and has been tested on Fanuc
11M, with the H address (D would work the same way). Position compensation values H98 and
H99 were set to:

H98 = -250.000

H99 = -150.000

... for the X and Y axes respectively. Modal commands were not repeated:
01701 (G45 AND G46 TEST)
N1 G21 G17

N2 G92 X0 YO Z0

N3 G90 GO0 G45 X0 H98 (ABS X0 TARGET)
N4 G46 YO H99 N5 G28 X0 YO (ABS YO TARGET)
N6 G91 GO0 G45 X0 H98 (INC X0 TARGET)

N7 G46 YO H99 N8 G28 X0 YO (INC YO TARGET)

N9 G90 GO0 G45 X9.0 H98 (ABS XTARGET)

N10 G46 Y17.0 H99 N11 G28 X0 YO (ABS Y+ TARGET)
N12 G91 GO0 G45 X9.0 H98 (INC X+ TARGET)
N13 G46 Y17.0 H99 N14 G28 X0 YO (INC Y+ TARGET)
N15 G90 GO0 G451%6.0 H98 (ABS XTARGET)

N16 G46 ¥.3.0 H99 N17 G28 X0 YO (ABS YTARGET)
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N18 G91G00 G45 #5.0 H98 (INC XTARGET)

N19 G46 ¥1.3.0 H99 (INC YTARGET)

N20 G28 X0 YO

N21 M30

%

Control system will process each motion block individuakyther the way it was intended or
the wrong way (symbol O/T means avertravelcondition, preceded with the axis and direction
of the overtravel):

N3 G900 > G458 > 0. .. no motion
N4 G900 > G460 > 0. .. no motion
N6 G918 > G450 >0...X%250.0
N7 G916 > G460 >0...Y+O/T
N9 G908 > G450 > +...X241.0
N10 G908 > G460 >+ ...Y+OIT
N12 G918 > G450 > +...X%241.0
N13 G918 > G460 >+...Y+OIT
N15 G909 > G450 >-... X+ O/T
N16 G908 > G460 >-...Y-163.0
N18 G918 > G450 >-... X+ O/T N19 G918 > G460 >-...Y-163.0

Position Compensation Along thex#s

Position compensation feature usually applies only to X and Y axes and will not normally be
used with the Zaxis. In nost cases, the -Zxis has to be controlled by another kind of
compensation known as théool length offset.

This very current and modern method is described in detail, startipggenl135If the Zaxis
Is programmed with G45 or G46 commands, it wislcabe affected.

Using G47 and G48

In the examples, position compensation feature was used only between the machine zero and
program zero, as a method of determining where exactly is the part located on the table. Single
increase using G45 and single deseeasing G46 commands were used, because they were the
only commands needed.

Commands G47 (double increase) and G48 (double decrease) are only necessaeyyfor a
simplified cutter radius offset and are not covered in thgital book because of their
obsolescence. However, they can still be used.

Face Milling One Possible Application

In a later sectioifpage 235)the principles of face milling will be explained in more detail. In
that chapter is a very good example of how to apply position compamsatoffset diameter of
the face mill in a clear position, regardless of its size. This is probably the only possible use of
G45 and G46 commands in contemporary programming.
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17. WORK OFFSETS

Using the method diVork Offsetdor tool positioning based on machine zero is much faster
and more efficient than using the older methods of position compensation functions G45 and G46
described in the previous chapter. Work offsets are also knowvods Coordinate Systerr
even agrixture OffsetsWork offsets are much more efficient than using the position register
commands G92 (milling systems) or G50 (turning systems). CNC programmers who do not know
the meaning oposition compensatiofunctions or the meaning gisition registerrommands,
are most likely working with the most modern CNC machines only. However, there are many
machines in industry that still require these rather obsolete functions. Knowing them well will
increase the number of available programming tools.

This chaper describes the most modern methods to coordinate the relationship between
machine zero reference position and the program zero reference point. Focus will b&/orkthe
Coordinate Systerieature of a modern control, whether it is calledWWeark Coordhate System
or theWork OffsetsThe latter term seems to be more popular because it is a little shorter. Think
of the work offsets as adignmentbetween two or more coordinate systems.

A. WORKAREASAVAILABLE

Before some more detailed descriptions candsei@d, just wha a work coordinate system
- or awork offset?

5
< G54[Y]

T

Work offset is a method that allows the CNC programmer to program a part away from CNC
machine, without knowing its exact position on the machine table. This is a very similar approach
as in the position compensation method, but much more advanced ahbb flax work offset

system, up to six parts may be set up on the machine table, each having a different work offset
number. Programmer can move the tool from one part to another with absolute ease. To achieve
this goal, a special preparatory command fer active work offset is needed in the program and

the control system will do the rest. Control system will automatically make any adjustment for the
difference between thevo-partlocations.

Unlike position compensation function, two, three, or more ex@sbe moved simultaneously
with work offsets, although the-&xis for CNC machining centers is controlled independently,
using G43 or G44 tool length offset commands. Commands relating teakis dffset are fully
described in the next chaptesee pge 135

In position compensation, to switch machining from one part to another within the same setup,
the program has to contain a different compensation number from program zero of the previous
part. Using the work offset methaal] program zeros are meared from machine zero position
normally up to six, but more offsets are available.

The six work coordinate systemer work offsets that are available on Fanuc control systems
are assigned the following preparatory commands:
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G54 G55 G56 G57 G58 G59

When the control unit is turned on, the default coordinate system is normally G54, at least in
most cases.

Basically, work offsets establish up to six independent work areas as a standard feature. Settings
stored in the CNC unit are always distances nreadvtom machine zero to program zews
there are up to six work areas, up to six independent program zero positions can berigfireed.
18-1 shows the basic relationships, using the default G54 setting.

G54 [X] Machine
zero
PART
Program zero
Axes notion limits
Figure 181
Basic relationships of the work offset method

The same relationships illustrated for default work offset apply exactly the same way for the
other five available work offsets G55 to G59. Settings stored in the control system ays alw
physically measured from machine zero positoprogram zero of the part, as determined by
CNC programmer. Operator uses edge finders, corner finders and other devices to find these
distances.

The distancérommachine zerto program zero of each woarea is measured separately along
the X and Y axes and input into the appropriate work offset register of the control unit. Note that
the measurement directionfrem machine zerdo program zero, never the other way around. If
the direction is negate; the minus sign must be entered in the offset screen.

For comparison with the position register command G8fyre 182 shows the same part set
with the older method of G92 and machine zero as a start point. Notpplositearrows
designation, indicatg the direction of measuremerftom program zera@o machine zero.

—— G92[X] —* Machine

Proqram§
Zero —
Axesmotionlimits
Figure 182

Basic relationships of the Position Register command G92

For work offsets G54 to G59, a typical entry into the coordinate offset position register will be
the X-axis as a negative value, theaXis as a negative value and th@xs as aerovalue, for
the majority of vertical machining centers. This is don€byC operator at the machirfeigure
18-3 shows an example of a typical control system entry.

169



01 (G54)

X -125543 Y -
4462

y4
0.0000

Figure 183
Typical data entry for the G54 work coordinate system

By using G54 to G59 settings in the program, control system selects the stored measured
distancesand the cutting tool may be moved to any position within the selected work offset
simultaneously in both X and Y axes, whenever desired.

Part position on thmachine table is usually unknown during programming process. The main
purpose of work offset is to synchronize the actual position of the part as it relates to the machine
Zero position.

Additional Work Offsets

The standard number of six work coordinatisets is usually enough for most types of work.
However, there are jobs that may require machining with more program reference points, for
example, a mulsided part on a horizontal machining table. What options do exist, if the job
requires ten work ardinate systems, for example?

Fanuc offers as an optiont up to 48 additional work offsets, for the total of 54 (6+48). If this
option is available on the CNC system, any one of the 48 work offsets can be accessed by
programming a special G code:

G54.1P.. Selection of additional work offset, where P = 1 to 48
G54.1 P.example:

G54.1 P1 Selection of additional work offset 1

G54.1 P2 Selection of additional work offset 2

G54.1 P3 Selection of additional work offset 3

G54 1 K.. Selection of additional work offset.

G54.1 P48 Selection of additional work offset 48

The utilization of additional work offsets in the program is exactly the same as that of standard
commands:

N2 G90 GO0 G54.1 P1 X5.5 Y3.1 S1000 M0O3

Most Fanuaontrols will allow omission of the decimal portion of the G54.1 command. There
should be no problem programming:

N2 G90 GO0 G54 P1 X5.5 Y3.1 S1000 MO3

The presence of P1 to P48 function within a block will sele@dafitionalwork offset. If P1
to P48 paameter is missing, the default work offset command G54 will be selected by the control
system.

B. LATHE APPLICATIONS

Originally, work coordinate system was designed for CNC machining centers only. It did not
take long to apply it to CNC lathes as well. Tipe@tion, logically and physically, is identical to
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that for machining centers. Using work offsets for CNC lathes eliminates the awkward use of G50
or G92 and makes CNC lathe setup and operation much faster and easier.

Types of Offsets

The main differencen applying work offsets on a lathe is that seldom will there be a need for
more than one work offset. Two work offsets are a possibility, three or more are used for some
very special and complex setups. G54 to G59 commands are available on all moddatheslC
and it is quite customary to ignore work offset selection in the program, unless more than one
offset is used. That means the CNC lathe programmer depends on the default G54 setting as a rule.

Two special offset features found on thestcontrolsystems ar&eometryandWearoffsets,
either on the same screen display, or on separate screens, depending on the control model.

Geometry Offset

Geometry offseis the equivalent of a work offset as it is known from milling controls. It
represents the dance from tool reference point to program zero, measured from machine zero
along a selected axis. Typically, orskant bed CNC lathewith tool turretabovethe spindle
centerline, the geometry offset for both X and Z axes will be negdtigare 189 illustrates
reasonable geometry values for a drill, turning tool and boring bar (T01, T02, T03).

GEOMETRY OFFSET
No. X-offset Z-offset Radius Tip
01 -8.6330 -2.3630 0.0000 0
02 -8.6470 -6.6780 0.0469 3
03 -9.0720 -2.4950 0.0313 2
04 0.0000 0.0000 0.0000 0
05 0.0000 0.0000 0.0000 0

Figure 189

Typical data entries for a lathe tool GEOMETRY offset

Wear Offset

Wear offset is also known and used on milling controls, but only for the tool length offset and
cutter radius offset, not for wodoordinate system (work offset).

On CNC lathes, the purpose of wear offset is identical to that for machining centers. This offset
compensates for the tool wear and is also used to make fine adjustments to the geometry offsets.
As a rule, once the geomeinffset for a given tool is set, that setting should be left unchanged.
Any adjustments and fine tuning of actual part dimensions should be done by the wear offset only.

WEAR OFFSET

No. X-offset Z-offset Radius Tip
01 0.0000 0.0000 0.0000 0.0000 0
02 -0.0060 0.0040 0.0469 3
03 0.0000 0.0000 0.0313 2
04 0.0000 0.0000 0.0000 0
05 0.0000 0.0000 0

Figure 1810
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Typical data entries for a lathe tool WEAR offset

Figure 1810shows some reasonable sample entries in the wearreffsstiers. The tool radius
and tip number settings appear in both displays and the display in both screens is automatic after
the offset value input. Tool nose radius and tool tip orientation number are unique to CNC lathe
controls.

Tool and Offset Numbers

Just like tools on CNC machining centers have numbers, they have numbers on CNC lathes as
well. Usually, only one coordinate offset is used, but different tool numbers. Remember, the tool
number for a lathe hdeur digits,for example, T0404:

The first two digits select the tool indexing station (turret stationjand the geometry offset
number. There is no choice here. Tool in station 4, for example, will also use geometry offset
number 4

The second two digits are for the wear offset registesxumber only. They do not have to
be the same as the tool

number, but it makes sense to match the numbers, if possible

Depending on the control model and the display screen size, tool offset register may have a
separate screen display (page) for geometdyvegar offsets, or both offset types may be shown
on the same screen display. Work offset settings (work coordinates) are always placed in the
geometryoffset column.

C. TOOLSETUP

In the next three illustrations is a very similar layout as that shovpagal19, describing the
use of G50 register method (position register command used in the proG@mnpare the two
illustrations!

Setup of a CNC lathe is identical in both cases, except for the method and purpose of tool
position measuring. All illustrations the applications also match the reasonable data entered in
tool geometry and tool wear offset screens of the control.

Typical settings along the-Axis are always negative (as shown in illustrations), typical settings
along the Zaxis are usually negae. A positive value is also possible, but that means the tool is
above work and tool changing can be very dangelasch out for such situations!

The actual setting procedures are subject of a CNC machine operation training and not practical
to cover h a programmingligital book There are additional methods, also part of machine
training, that allow faster tool setting, using one toohgwimaryand setting all the remaining
toolsrelative to theprimary tool.

Center Line Tools

Tools that work on t@ spindle center line are tools that have their tool tip located on the center
line during machining. This area covers all center drills, spot drills, various drills, reamers, taps,
even end mills used for flat bottom holes. At the same time, it disesadifi boring bars, since
their tool tip does not normally lie on the spindle center line during machining. Center line tools
arealwaysmeasured from the center line of the tool to the center line of the spindle along the X
axis and from the tool tip tarpgram zero along the-@xis.Figure 1811illustrates a typical setting
for center line tools.

172



Turret at
tool change position )
TO1
GEOM (2)
<
g——f-—
<
a
H X
?I\ =
T D
[ — I
O
I D S B

Figure 1811
Typical geometry offset setting for CENTER LINE tools

Turning Tools
Turning tools- or externaltools - are measured from the imaginary tool tip to program zero,
along the Xaxis (as a negative diameter) and along taig, usually as a negative value as well.
Keep in mind that if the cutting tool insert (for turning or boring) is changed fronmamies to
another radius in theametool holder, the entered setup amount must also change. Such a change
may be marginal, but even a marginal change is enough to cause a scrap, so a good care is needed.
For turning, be extraareful about tool nose rads that changes from a larger size to a smaller
size, for example, from 3/64 (R0.0469) to 1/32 (R0.0313).
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Figure 1812
Typical geometry offset setting for EXTERNAL tools

Figure 1812illustrates a typical geometry setting for a turning (external) todFégure 18
13illustrates a typical geometry setting for a boring (internal) tool.
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Figure 1813
Typical geometry offset setting for INTERNAL tools
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_Boring Tools
Boring tools- or internal tools - are always measured from the imaginary tool tiprmgram
zero, along Xaxis (typically as a negative diameter) and aloraxis, typically as a negative value
as well. In majority of cases, the X setting amount of a boring tool will be noticeably larger than
that for a turning or other external tool.

For boring operations, same as for turning operations, also becexgful about tool nose
radius that changes from a larger size to a smaller size. It is the same as for a turning tool. Scrap
can be made very easily.

Command Point and Tool Work Offset

For various reasons, it is quite common to change a cutting insert in the middle of work,
primarily to maintain favorable cutting conditions and to keep dimensional tolerances within
drawing specifications. Cutting inserts are manufactured to very higtastEy but a certain
tolerance deviation should be expected between inserts obtained from different sources. If
changing an insert, it is advisable to adjust the wear offset for precision work, in order to prevent
scrapping the part.

Tool holders accept serts of the same shape and size but with a different nose radius. Always
be cautious when replacing an insert with an insert that has a larger or smaller tool nose radius.
The offset has to be adjusted in both axes, by the proper amount.

i~ 0.0016 i~ 0.0016
[0.040] [0.040]

R0.0156 R0.0313 R0.0469

[RO.4 ] [RO.8] [R1.2]
ﬂ ' / ‘\4
e i
0.0136 0.0136 _
[0.346 ] [0.346 ]

Figure 1814
Sdting error caused by a different insert radius in the same holder

Figure 1814 example shows the most common standard setting for a 1/32 (0.0313) [0.8 mm]
nose radius (middle), and the setting error for a radius that is smaller (left) and one that is larg
(right). Dimensions indicate the amount of error for the particular insert shown in the example.
Metric dimensions are shown in the brackets.

When changing an insert, adjust the required offset(
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18. RAPID POSITIONING

A CNC machine tool does not alwayst enaterial and 'make' chips. From the moment the
cutting tool becomes active in a part program, it goes through a number of matmmg are
productive (cutting), others are nonproductive (positioning).

Positioning motions are necessary but nonproductivéortunately, these motions cannot be
totally eliminated and have to be managed as efficiently as possible. For this purpose, the CNC
system provides a feature called tiapid traversemotion. Its main objective is to shorten the
positioning time betwen noncutting operations, where the cutting tool is not in contact with the
part. Rapid motion operations usually involve four types of motion:

From the tool change position towards the part
From the part towards the tool change position
Motions to bypass obstacles

Motions between different positions on the part

A. RAPID TRAVERSEMOTION

Rapid traverse motion, sometimes callegasitioning motionjs a method of moving the
cutting tool from one position to another position agpid rate of the mach& The maximum
rapid rate is determined by CNC machine manufacturer and takes place within the machine travel
limits.

The common rapid rate for many larger CNC machines is about 25000 mm/min (985 in/min).
Medium and smaller machines can go much higheerioff rapid motion up to 75000 mm/min
(2950 in/min) or even more, particularly for smaller machines. Machine manufacturer determines
the rate of rapid motion for each of the machine axes. The motion rate can be the same for each
axis or it can be differenfA different rapid rate is usually assigned to thexis, while X and Y
axes have the same rapid motion rate.

Rapid motion can be executed as a single axis motion, or as a compound motion of two or more
axes simultaneously. It can be programmed in absoluincremental mode dimensioningand
it can be used whether the spindle is rotating or stationary. During program execution, CNC
operator may temporarily interrupt the rapid motion by presbeed holdkey on the control
panel, or even setting tleed rateoverride switch to zero or a decreased rate. Another kind of
rapid rate control can be achieved by ding runfunction, usually during setup.

G00 Command

Preparatory command GOO is required in CNC program to initiate rapid motion Feedierate
function F isnot requiredwith GO0 and, if programmed, will be ignored during rapid motion (in
G00 mode). Such feed ratewill be stored in memory and becomes effective beginning with the
first occurrence of any cutting motion (G01, G02, GO03, etc.)esasnla new function is
programmed together with the cutting motion:

Example A {eed raten in/min):
N21 GO0 X24.5 F30.0

N22 Y12.0

N23 GO1 X30.0

In block N21, only the rapid motion will be executéeed ratef 30.0 in/min will be ignored
in this block butstored for later use. Motion in the block N22 will also be in rapid positioning
mode, since GOO is a modal command. The last block, N23, is a linear motion (cutting motion),
that requires deed rate As there is nofeed rateassigned to the motion in this block, tast
programmedeed ratewill be used. That was specified in bldgR1,and it will become theurrent
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feed ratan block N23, as F30.0.
Example B feed ratan in/min):
N21 GO0 X24.5 F30.0
N22 Y12.0
N23 GO1 X30.0 F20.0

In block N21, command GO0 becomes modal, which means that it remains in effect until it is
canceled by another command of the same group. In the example (B), command GO1 in block N23
cancels rapid motion and changes rapid mo@dihear mode. Also, ttieed rates reprogrammed
and will be at 20.0 in/min starting at block N23. In fact,féhe ratd=30.0 in block N21 has never
been used in the progranit is harmless but redundant and should be removed.

Rapid traverse motiors measured as tha&istance in current units traveled in one minute
(measured imm/minor in/min). The maximum rate is always set by the machine manufacturer,
neverby the control system or the program. A typical limit set by the machine builder is a rate
between 7500 and 75000 mm/min (~38DO0 in/min), and even higher. Since motion per time is
independent of the spindle rotation, it can be applied at any time, regardless of the last spindle
rotation function mode (M03, M04, MO05).

Depending on the CNC miaine design, rapid motion rate can be the same for all axes, or each
axis can have its own maximum rate. Maximum rapid rates for a typical machining center may be
30000 mm/min (1180 in/min) for the X and Y axes and about 24000 mm/min (945 in/min) for the
Z-axis. For a CNC lathe, the rates are very similar, for example, 25000 mm/min (985 in/min) for
the X-axis, and 30000 mm/min (1180 in/min) for theaXis. Emerging technologies allow for
much higher rapid rates.

B. RAPID MOTION TOOLPATH

Every motion in GOO maalis a rapid, nowircular motion- circular and helical motions cannot
normally be made at a rapid rate. The actual linear motion of a tool between two points is not
necessarily the shortest toolpath in the form of a straight line, although many latbsiesalo
provide such feature. On many CNC machines, a programmed toolpath and the resulting actual
toolpath will be different, depending on several factors:

Number of axes programmed simultaneously
Actual length of motion for each axis
Rapid traverserate of each axis

Since the only purpose of rapid motion is saving unproductive time (motion from the current
tool position to the target tool position), toolpath itself is irrelevant to the shape of the machined
part. Always be aware of the actwapid toolpath motion for reasons of safety, particularly when
two or more axes are programmed at the same time. No physical obstacles must be in the way of
a toolpath motion.

If there is an obstacle between any two points of the toolpath, such obhstthalet be
automatically bypassed by the control for one very simple readiom control has no way of
detecting any obstacle. It is the programmer o
motion included) occurs without any obstacles imi&y.

Some typical examples of physical obstacles that can interfere with a tool motion are:
FOR MACHINING CENTERS:

Clamps, vises, fixtures, rotary or indexing table, machine table, part itself, etc.

FOR LATHES:
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Tailstock quill and body, chuck, steady reg live center, face plate, fixture, other tool, part
itself, etc.

Additional obstacles during a tool motion may be caused by special typetupé machine
design, tool mounting method, etc.

Always watch for obstacles during rapid motion

Although an obtacle may be in the way of cutting motions in GO1, GO2 or GO3 mode (for
example a face turning towards a tailstock on a lathe), the most problems occur during rapid
motions G00, G28, G29, G30 and with fixed cycles G81 to G89, G73, G74 and G76. During rapid
motion, the actual toolpath on many machines is much less predictable than during cutting
motions. Keep in mind that the only purpose of rapid motion is to get from one part location to
another locatiomfiast- but not necessarily straight.

Inordertoby pass obstacles and still assure a safe
take a closer look at the available options while programming a rapid motion.

Single Axis Motion

Any tool motion programmed specifically for only one axis at a timr@viglys a straight line
along the selected axis. In other words, each rapid motion that is parallel to one of the available
axes, must be programmed in a separate block. The resulting motion is always equivalent to the
shortest distance between the stad and points of this motionFigure 261.

(D ﬁ
] Y-axis
X-axis POSITIVE @© POSITIVE
@
_@
) Y-axis
X-axis NEGATIVE NEGATIVE
D = Current tool position

Figure 201
Single axis motion for a machining center application (XY shown)

Several consecutive program blocks, each containing only a single axis motion, can be included
in the program to bypass obstaclesrtachining. This method of programming is preferable in
cases where only tlexactor approximateposition of certain obstacles (such as clamps or fixtures)
is known during part program preparation.

Multi-axis Motion

Cutting tool moved at rapid rate alwayses the GOO command. If this motion is a motion of
two or more axes simultaneously, the programmed rapid path between two points and the actual
rapid path may not always be identical. The result is a compound motion that-cardbeften is
- much diffeent from the theoretical programmed motidhe motion originally intended.

RAPID POSITIONING

In theory, the motion along any two axes is equivalentsivaaght diagonal motionThe real
motion, however, may or may not be a straight diagonal toolgieal. Consider the following
example inFigure 2G62.
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354 @
2.753
0.7867T@
‘ 9.452
0 236 11.812
Figure 202

Drawing sketch for rapid motion examples

Current tool position (start point) is at X2.36 Y0.787 coordinate location. The tool motion
terminates at X11.812 Y3.54 location. In terms ofemeental motion, the cutting tool has to travel
9.452 inches along the-Xxis and 2.753 inches along theaXis.

If rapid rate for both axes is the same (XY rapid motion rates usually are), such as 985 in/min,
it will take

(9.452 60) / 985 = 0.576 seconds
to complete the axis motior+ but only
(2.753 60) / 985 = 0.168 seconds

Is required to complete the-&xis motion. Since this motion is not completed umtilh axes

reach the end point, it is logical that the actual tool path witlifierentfrom the programmed
toolpath.

0.1683‘ 0.408s ‘

| 105765

Programmed
— motion

Actual X =985 in/min
motion Y =985 in/min

Figure 203
Rapid motion deviationsame rapid rate for eachxis

Figure 203 shows a combination of an angular and a straight motioneaactinal toolpath.
Tool departs at the rate of 985 in/min (25000 mm/min) simultaneoublytin

axes, with a resulting 4Botion. The total time required to reach the end position is 0.576
seconds, which is the longest time requiredeiitiner axis to reak its target position. After the
elapsed time of 0.168 seconds, thaxis target position has been reached, but there is still another
0.408 seconds left to complete theaXis motion. The target position must be reacheboitn

axes, so the tool then dmmues along Xaxis only (for the remaining 0.408 seconds), in order to
reach the final target position.

Another example, using the same location coordinates &ggure 202, illustrates a less
common situation, when the rapid rat@ierentfor eachaxis- Figure 204.
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0.191s+—0.385s

| 0.576s

Programmed
— T """ motion

Actual X'=985 in/min
************** motion Y = 865 in/min

Figure 204
Rapid motion deviationdifferent rapid rate for each axis

In this not so common example, theaXis rate is set to 985 in/min (25000 mm/jniout the
Y-axis rate is set to 865 in/min (22000 mm/min). For thaxi§, it will than take

(9.452 60) / 985 = 0.576 seconds
to complete the »axis motion (no change)ut only
(2.753 60) / 865 = 0.191 seconds

to complete the Yaxis motion. In this caséhe resulting motion will also include an angular
departure, bubotat 45, because of the different rating of rapid traverse rate for each axis. During
the 0.191 seconds (which is the common time to both axes)-#xéXnotion will travel

0.191 /60985 = 3.136 inches
but the Y-axis motion will be only
0.191 /60865 = 2.753 inches

The resulting motion is at 41.279° with a slight rounding applied. Actual departure angle is not
always necessary to be known, but it helps to calculate it for rapidmaaticome very tight areas
of a part. It only takes a few simple trigonometric functions to make sure of the true rapid toolpath,
provided the rapid rate per axis is known.

Both of the above examples illustrate an angular motion along two axes, follgwestriaight
single axis motion in the remaining axis. The graphical expression of these motions is a bent line,
resembling dockey sticlor adog legshape, which are also very common terms applied to such
a rapid motion.

Calculation of the actual moti®hape, as was done earlier, is only seldom necessary. Taking
some basic precautions, rapid motion can be programmed safletyut any calculations. If no
obstacle is within the work area (an imaginary rectangle created by the diagonally positioned start
and end point), there is no danger of collision due to the diverted rapid tool path. On CNC milling
systems, the third axis can also used. The rectangle of the above example will be enhanced by the
third dimension and threedimensionakpace must be cadered. In this case, no obstacle should
be within this spacgotherwise the same rules apply for a rapid motion along three axes as for a
two-axis simultaneous rapid motion. Note that the rapid rate for taeisZon CNC machining
centers is usuallipwerthan the rapid rate for X and Y axes.

Straight Angular Motion in Rapid Mode

In some uncommon circumstances, the theoretical rapid toolpath will correspond to the actual
toolpath (with no bent line as a result). This will happen if the simultaneous @timmhas the
same length in each axis and the rapid rates of all axes are identical. Such an occurrence is rather
rare, although not impossible. Some machine manufacturers provide this feature as a standard and
the programmer should know whether the maiclgyj center does have that feature or not. Another
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situation where the resulting motion is a straight angle, is when the rapid rating varies for each
axis, but the required length of motion just 'falls’ into the range that results in a straight angular
motion.

Both of these occurrences are rare (more or less a case of good luck) and in actual programming
will seldom happen. To be on the safe side, never take any chaniseglways more practical to
program the rapid motion without the actual calculatibtine toolpath but with safety as a primary
consideration.

Reverse Rapid Motion

Any rapid motion must be considered in termsmbroachtowards a part and theturn back
to the tool changing position. This is the way a cutting tool is normally progeamit starts at a
certain position and then returns there, when all cutting activity for the tool is completed. It is not
a mandatory method, but it is an organized method, it is consistent, and it makes programming
much easier.

So far, the subject was rapid motionbeforean actual cut, starting from the tool change
position. When the tool cutting function is completed, a rapid motion is required to return back to
the tool change position.

This consideration is more important in turning applications than in milling, due to the nature
of programming for the two types of machines. In turning, the approach motion may be along the
Z-axis first, to avoid a collision with the tailstock, aifénalong the Xaxis. The reverse motion
should be along the-4xis first,thenalong the Zaxis motion, in order to achieve the same safety
goal when returning to the tool change position.

Atypical application of this programming technique may be useful afigrg a machining
cycle (such as turning, boring, facing, threading, etc.), where the cycle starting point is also its end
point.

.-/- "y oy 5, |
B/‘ PP E— I‘\é /
e ———— ===

Figure 2G5

Typical example of a reversed rapid motion on a CNC lathe, used to bypass obstacles, for
example, a tailstock

As Figure 205 shows, rather than programming a direct motion from the turret position to the
cutting position (which would be directly from point A to point C), the tool motion was split. The
approach towards the part will be in the order of A to B to @,rapid rate. From point C to point
D, the actual cutting takes place. When cutting is donewtitidde rapid in reverse order, back to
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the starting position. Rapid motion will be from D to C to B to A. This is a necessary precaution
to bypass a poterati obstacle, for example, the tailstock.

C. TYPEOFMOTION & TIME COMPARISON

Technique of programming each axis separately in individual blocks of the program, is
recommended only for the purpose of bypassing possible obstacles during the tcoandth
strictly for safety. This method of programming requires a slightly longer cycle time than the
simultaneous muHaxis rapid motion. To compare the difference, considéhr@eaxis rapid
motion, such as a typical tool approach in milling.

As an example, an @lmachine has rapid rate is of only 394 in/min (10000 mm/min) for each
axis. Motion takes place between coordinate location of X2.36 Y0.787 Z0.2 (start point) and
X11.812 Y3.54 Z1.0 (end point).

RAPID POSITIONING

The required time for tool travel along &a&xis can be easily calculat@shsed on the initial
Figure 2G2):

X-axis time:

((11.812- 2.36) 60) / 394 = 1.439 sec.
Y -axis time:

((3.54-0.787) 60) / 394 = 0.419 sec.
Z-axis time:

((1.0- 0.2) 60) / 394 = 0.122 sec.

If all three axes amnoved simultaneously, the total time for positioning is 1.439 seconds, which
is the longest time required for any axis to reach the end point. The program block will be:

GO00 X11.812Y3.54 Z1.0

If this motion were to be separated into three individual pmogblocks, the total time would
be the result of individual times added together:

1.439 + 0.419 + 0.122 = 1.980 seconds

which is about 37.5% longer. The percentage will vary, depending on the rapid motion rate and
the rapid travel length, measured alongheanachine axis. Program blocks will be written
separately:

GO0 X11.812
Y3.54 7Z1.0

Note that the modality of GOO rapid motion command does not require its repetition in the
subsequent blocks.

D. REDUCTIONOFRAPID MOTION RATE

During part setup or while prowa new program on the machine, CNC operator has an option
to select aslower rapid traverse ratéhan the maximum established by machine manufacturer.
This adjustment is done by the means of a speamdl override switchlocated on the control
system pnel. This switch has typically four selectable positions, depending on the machine brand
and the type of control systenfrigure 2G6.

The second, third and fourth positions on the rapid motion override switch are rated as the
percentage of the actual rapid rat®5%, 50%,100% respectively. They are set by the machine
manufacturer. The first setting, sometimes identified by FO (or Fa)regpid motion rate set
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through acontrol system parametefhe FO (F1) setting should always be slower than any other
setting, typically less than the lowest setting of 25%, such as 10%, for example.

151

25% 50y
7
QQ\H/O%
(T

Figure 206
Rapid motion override switch set100% of rapid rate

Configuration of the rapid override switch varies between machines from different
manufacturers. On some machines, the rapid motion may be stopped altogether, on others, tool
will move at the slowest percentage and cannot be stoppetheitverride switch alone.

During actual production, after the program has been verified and optimized for best tool
performance and productivity, the override switch should be set to the 100% pointer, to shorten

overall cycle time.

E. RAPID MOTION FORMULAS

Calculations relating to the rapid tool motion can be expressed as formulas and used quickly at
any time by substituting all known parameters. Relationships between rapid traverse rate, length
of motion and the elapsed time can be expressed in the fofjdiai@e formulas:

L 60
T R
L 60
R T
TR
L 60
+where ¢é
T = Required time in seconds
R = Rapid traverse rate per minute for the selected-axis/minor in/minL =

Length of motion mmor inches

Units applied to the formulas must always be consistent within the selected system of
measurement in the prograMillimeters andmillimeters per minute (mm/mimust be used in
the metric systeninchesandinches per minute (in/mimhust be used with thenperial system.
For any calculation relating to the rapid traverse time, the measuring units cannot be mixed.

F. APPROACHTO THE PART
PreviousFigure 265 had an illustration of a safe tool approach as applied to a CNC lathe. For

183



CNC machining centers, ttsafety of part approach should be considered with equal care. Keep

in mind that the general principles of rapid tool motion have to be considered for any machine.
When approaching a part at a rapid rate, the cycle time can be somewhat shortened by keeping
part c¢clearances to the smallest safe mini mum.

In the following milling exampldFigure 207), an approach to the part is made along the Z
axis, with a clearance of 0.05 inches (1.27 mm) in block N315:

N314 G90G54 GO0 X10.0 Y8.0 S1200 M0O3
N315 G43 Z0.05 HO1
N316 GO1 £1.5 F12.0

¥
xtooveo_ v
|
A 4
|
| Z0.05
Figure 207

XY and Z axes approach to minimum clearance directly

There is nothing wrong with such a method of programming, providing the cutting tool is
properly set and the part heightonsistent from one part to another, as it should be. The clearance
of 0.05 inches (1.27 mm) allows very little amount of unproductive cutting. On the other hand, an
inexperienced CNC operator may not feel quite comfortable with such a small clearance,
particularly during the early training stage
significant factor contributing to the overall productivity, it might be a reasonable compromise to
split the Zaxis motion into two separate motioffsgure 20-8):

I ‘..
X10.0Y8.0 | ]
r———-- DA
'
% 205
T 20.05
Figure 208

XY and Z axes approach to minimum clearance in a split motion
N314 G90 G54 GO0 X10.0 Y8.0 S1200 M03

N315 G43 Z0.5 HO1

N316 GO1 Z0.05 F100.0 N317-2.5 F12.0

In this method, the rapid motion has been first programmed to a much more comfortable
position of 0.500 inches above the part (N315). Then, the motion continued to the cutting start
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point, usindinear interpolation GO1 in block N316. Since this is stithation in the air, therefore
not productive, a relatively hea¥ged ratevas used at the same time. As may be expected in such
situations, there is@adeoft

Although the cutting time was slightly increased, at the same time, the CNC operator has been
given an opportunity to use tieed rateoverride switch for testing the first part (used perhaps in
a single block mode). Once the program is verified and debugged, thefeedvatan the non
cutting motion will speed up the operation and at the same time provide an extra safety clearance.
The program with the split-Axis motion can always be optimized later, although this may not be
the best approach for repetitive jobs, since
date. However, it may be very useful when running lotargfe numbers (several thousands, for
example).
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19. MACHINE ZERO RETURN

The ability of a control system to return a cutting tool from any position to the machine reference
position is a critical feature of all modern CNC systems. Programmers and operatstantt

the termmachine reference positicsis synonymous with thBomeposition ormachine zero
position. This ighe position of all machine slides at one of the extreme travel limits of each axis.
Its exact position is determined by the machine manufacand isnot normally changed during

the machine working life. Return to that position is automatic, on request from the control panel,
in MDI operation, or via a program.

A. MACHINE REFERENCHEPOSITION

The existence of machine reference position is faregicing purposes. In order that a CNC
machine is a true precision machine tool, it requires more thahigistjuality components, it
requires some unique location that can be considered the machine origingpperb position
a home position. Mache reference position is exactly such a point.

Machine zero is a fixed position on a CNC machine that can be reached repeatedly, on request,
through the control panel, MDI, or program code execution

Lathes

The machine reference position for two axis CN@da is logically no different from the
reference position of machining centers. An easy access by CNC operator to the mounted part is
the main determining factor. Both, the X and Z axes have their machine reference position at the
furthest distance fronhe rotating part, which means away from the headstock area, consisting of
the chuck, collet, face plate, etc.

For the Xaxis, machine zero reference position is always at the extreme limit of araagl
from the spindle center lin€or the Zaxis, machie reference position is always at the extreme
travel away from the machine headstodk both cases, it normally means a positive direction
towards the machine zerathe same as for machining centers. The illustratioRigure 213
shows machine zero fartypical CNC lathe (rear type).
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Figure 213
Machine zero position for a typical CNC lathe (rear type)

In the illustration, two arrows indicate tool motion direction towards the work area. Moving the
tool from machine zero into the opposite directiolt i@sult inovertravelin the particular axis:

Tool motion from machine zero of a typical rear lathe:
X+ Z+ ... tool motion will overtravel

Setting the Machine Axes

From the earlier sections, remember that there is a direct relationship between the CNC
machine, the cutting tool and the part itself. Work reference point (program zero or part zero) is
always determined by the CNC programmer, the tool reference point is determined by the tool
length at its cutting edge, also by the programmer.

Only the mache reference point (home position) is determined by the machine manufacturer
and is located atfaedposition. This is a very important consideration.

Fixed machine zero means that all other references are dependent on this location

In order to physic# reach machine reference position (home) and set the machine axes, for
example, during part or fixture setup, there are three methods available to the CNC operator:

Manually - using the control panel of the system

Machine operator will use the XYZ (machning centers) or the XZ (lathes) switches or
buttons available for that purpose. One or more machine axes can be activated
simultaneously, depending on the control unit

Using the MDI - Manual Data Input mode

This method also uses the control panel. In th case, machine operator sets the MDI mode
and actually programs the tool motion, using suitable program commands (G28, G30)

In the CNC program- during a cycle operation

Using the same program commands as for MDI operation, CNC programmer, not the
machine operator, includes machine zero return command (or commands) in the program,
at desired places

When the CNC operator has performed the actual machine zero return, it is always a good idea
to set the relative and absolute positions to zero onspéagliscreen. Keep in mind that the relative
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display can only be set to zero from the control panel and the absolute display can only be changed
through a work offset, MDI mode, or the part program. This topic is normally a part of CNC
machine operationdining, directly at the machine.

For the last two methods of a machine zero return, CNC system offers four specific preparatory
commands.

Program Commands
There are four preparatory commands relating to the machine zero reference position:

G27 | Machine zero reference position retaireck

G28 | Returnto the primary machine zero reference position

G29 | Returnfromthe machine zero reference position

G30 | Returnto thesecondarymachine zero reference position (more than one is poss

Of the four listed commands, G28 is used almost exclusively in two and three axis CNC
programming. Its only purpose is to return the current tool to the machine zero position and do it
along one or more axes specified in the G28 program block.

Command Group

All four preparatory commands G27 to G30 belong to the group 00 of the standard Fanuc
designation that describesn modabr oneshotG-codes. In this designation, each G code of the
00 group must be repeated in every block it is used in. For example, wheroi@2&nd is used
in one block for Zaxis and then it is used in the next block for X and Y axes, it has to be repeated
in eachblock as needed:

N230 G28 Z.(MACHINE ZERO RETURN Z -AXIS)
N231 G28 X.. Y.. (MACHINE ZERO RETURN XY AXES)

The G28 command in bledN231mustbe repeated. If this command is omitted,|#s motion
command programmed will be effective, for example, GO0 or GO1!

B. RETURNTO PRIMARY MACHINE ZERO

Any single CNC machine may have more than one machine zero reference point (home
position), e&pending on its design. For example, many machining centers with a pallet changer
have asecondarymachine reference position, that is often used to align both the left and right
pallets during pallet changing. The most common machine tool design isethleadbmses only a
single home position. To reach this primary home position, preparatory command G28 is used in
the program and can also be used during MDI control operation.

G28 command moves tispecifiedaxis or axes to the home position, always afpédrtraverse
rate. That means GOO command is assumed and does not have to be programmed. Axis or axes of
the desired motion (with a value) mastvaysbe programmed. Only the programmed axes will be
affected.

For example,
N67 G28

shows G28 programmed bigelf in the block this is anincompletanstruction. At least one
axis must be specified with the G28 command, for example,

N67 G28 Y..
which will only sendtheYaxi s t o machine zero reference po
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N67 G28 Z..
will only send the Zaxistomabi ne zer o reference position,
N67 G28 X.. Y.. Z..

will send all three specified axes to machine zero reference position. Anyaxigltnotion
requires cautiomvatch for the infamous 'hockey stick’ motion.

Intermediate Point

One of the elementary requirements of programming is the alpha numerical composition of a
word. In the program, every letter must be followed by one or more digits. The question is what
valueswill the axes in G28 have? They will be timtermediatepoint for machine zero return
motion. The concept of an intermediate motion in G28 or G30 is one of the most misunderstood
programming features.

Commands G28 and G30 must always containniieemediate poinftool position). By Fanuc
design and definition, G2830 commands havebailt-in motion to an intermediate poirdn the
wayto machine zero. An analogy can be made to an airplane flight from Los Angeles, USA to
Paris, France, that temporarily stops over in New York City. It may not be the most direct route
but it serves a certain specific purpose, for example, to refuel the aircraft.

Coordinate values of axes associated with G28 and
G30 commands always indicate an intermediate point

The purpose of the intermediate point, or position, is to shorten theaprpgormally by one
block. This reduction is so marginal that the philosophy behind the design may be debated. Here
is how the concept of intermediate point (position) works.

When G28 or G30 command is used in a progmnheast one axis must be spedifia the
block. The value of that axis is the intermediate point, as interpreted by the control system.
Absolute and incremental modes G90 and G91 make a great difference in interpretation of the G28
or G30behavior anavill be described shortly.

Machine
@ zero
7/ position

X12.0

=
T}
X

Y4.0

- Intermediate point

Figure 214
Intermediate point for machine zero returKY axes shown

Tool motion inFigure 2%4 is from the central hole of the part. During such a motion, the tool
can collide with the upper right clamp on its way to machine zero, if the motion tommhe h
position were programmed directly. Only the X and Y axes are considered in the illustration. An
intermediate pointan be programmed in a safe location, without making the program any longer.
Programwithoutan effective intermediate point can be camnstied as:

Dgpn X
GO0 X5.0 Y4.0 (MACHINED HOLE)
G28 X5.0Y4.0 ... (MACHINE ZERO MOTION)

The same programith an actual intermediate point at a safe location will change slightly:
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Ddon X

GO00 X5.0 Y4.0 (MACHINED HOLE)

G28 X12.0Y4.0 ... (MACHINE ZERO MOTION)

Earlier examples have shown the reason behind this double motion. It is very-simiyi¢o
save a single program bloekhat is all. Its intended purpose is to use one block of program to
achieve two motions, that would otherwisguire two blocks. A safe program could also be:

Dgpn X
G00 X5.0 Y4.0 (MACHINED HOLE)
X12.0 (SAFE LOCATION)

G28 X12.0 Y4.0 ... (MACHINE ZERO RETURN)
to produce the same final result, ath an extra block

For example, using the intermediate position, a tool can be programmed to avoid an obstacle
on the way to machine zero. If programmed with care, the intermediate position may be quite
useful. Normally, it is more practical to make the intermediate motjaaléo zero and move the
cutting tool to machine zero directly. This is done by specifying the intermediate poiehtsal
to the current tool position @mbsolutemode- or - by specifying aeratool motion inincremental
mode.

Zero Return for CN@&thes

For CNC lathe work, the G28 command may also be used, usually for setup. Common
application of the machine zero return is also used, when at least one axis starts and ends at the
machine zero position. This is quite often true of thax}6 but not 6the Zaxis, which may be
too far away on some larger lathe models.

Typically, a CNC lathe program will be designed in such a way, that machining of the first part
will start from machine zero, but any subsequent part will be machined from a safe tag# cha
position. This method is only practical if the program uses geometry offset, rather than the older
G50 setting. The most common method of machine zero return on CNC lathes is the direct method,
without an intermediate point, because no G91 is requinedsfore, an error is more difficult to
make:

N78 G28 U0
N79 G28 WO

These two blocks will return the cutting tool to machine zero in incremental mode, there is no
intermediate motion applied. It is safer to move thaxi§ first, using the incremental e U,
then the Zaxis, using the incremental mode W. If the work area is clear (watch for tailstock), both
X and Z axes can be returned to machine zero at the same time:

N78 G28 UO WO

Figure 216 illustrates a typical withdrawal of a boring bar frorhae, when the machining is
completed.
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Machine
2
N position
N
X4.0 —. o
Figure 216

Machine zero return from a hole deptturning application

When using position register command G50, the XZ setting must always be known for this
command. In this case, programming rules for machirere¢urn are very similar. Assuming that
the machine zero position is at the coordinate position X10.0 Z3.0, program for a boring tool can
be written in two ways one without using the G28 command, the other omih the G28
command.

Examplel:

The firstexample does not use G28 machine zero return command at all:
N1 G20 (EXAMPLE 1) ...

N58 G50 X10.0 Z3.0 S1000 (OLDER METHOD ONLY)
N59 GO0 T0O300 M42

N60 G96 S400 M03

N61 GO0 G41 X4.0 Z0.15 T0303 M08

N62 GO1 Z2.45 F0.012

N63 X3.8 M09

N64 GO0 G40 X3.5 Z0.18105

N65 X10.0 Z3.0 TO300 N66 MO1

Example2:

The second example will use G28 machine zero reference command, to achieve the same target
position:

N1 G20 (EXAMPLE 2) ...
N58 G50 X10.0 Z3.0 S1000 (OLDER METHOD ONLY)
N59 GO0 TO300 M42
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N60 G96 S400 MO3

N61 GO0 G41 X4.0 Z0.15 T0O303 M08

N62 GO1 £2.45 F0.012

N63 G40 X3.8 M09

N64 G28 X3.5 Z0.15 MO5 TO300 N65 MO1

Most CNC programmers will likely feel more comfortable with the first example and saving
one program block program will not likely be compelling enotglthange their programming
style. The second examplExample 2)an be programmed in incremental mode as well, using
the U and W addresses, but it would not be too practical.

C. RETURNPOSITIONCHECKCOMMAND

Much less common preparatory command G27 performs a checking furemiomothing else.
Its only purpose is to check (which meansaomfirm), if the programmed position in the block
containing G27 is at the machine zero reference point or not. Iftiteas;ontrol panel indicator
light for each axis that has reached the position will go on. If the reached position is not at the
machine zero, program processing is interrupted by an error condition displayed on the screen as
an alarm.

If the tool startingposition is programmed at the machine zero reference (home), it is a good
practice to return there as well, when machining with that cutting tool is fully completed. This is
quite commonly done for CNC lathes, where the tool change (indexing) normadly pgkdce in
the same position, although this position does not always have to be machine zero. Usually, it is a
safe position near the machined part.

Format for G27 command is:
G27 X..Y.. Z..
where at least one axis must be specified.

When used in a progm, the cutting tool will automatically rapid (no GOO necessary) to the
position as specified by the axes in G27 block. The motion can be either in absolute or incremental
mode. Note that no G28 command is used in the program.

N1 G20

N2 G50 X7.85 Z2.0 (OLDER METHOD ONLY)
N3 GO0 T0O400 M42

N4 G96 S350 M03

N5 GO0 G42 X4.125 70.1 T0404 MO8

N6 GO1 Z1.75 F0.012

N7 UO0.2 FO.04

N8 G27 G40 X7.85 Z2.0 T0O400 M09 N9 MO1

In the example, block N8 contains G27, but no GO0 or G28. This block instructs the CNC
machine to reirn to position X7.85 Z2.0 and check, upon arrival to this target position, if that
position is the machine zero a@il specified axes (two axes in the example). Confirmation light
will turn on, if the machine zero position has been reached. If the grosstinot confirmed,
program will not proceed any further until the cause (misposition) is eliminated.

Compare the starting position in block N2 and the return position in block N8. Assuming that
this position is at machine zero reference point in botm& 4 axes, the above example will
confirm OK position in the N8 block. Now, suppose that a small error has been made while writing
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block N8, and the X amount was entered as X7.58 rather than the expected X7.85:
N8 G27 G40 X7.58 Z2.0 T0O400 M09

In this case,the control system will return an error condition. The error is displayed
automatically on the control screen (as an alarm). Control systematglrocess the remainder
of the program, until any error is corrected. The light indicaflpgle Startcondtion will turn off
and the problensourcehas to be found. When looking for source of the problem, always check
both positionsthe start position block, as well as the end position block. The error is quite easy to
make in either block. Also note that aayisnot specified in the block will not be checked for its
actual (current) position.

Another important point is the cancellation of cutter radius offset and tool offset. G27
preparatory command should always be programmed with G40 commang@ath effect (G49
or HOO for milling). If the tool offset or cutter radius offset is still in effect, the checking cannot
be done properly, because the tool reference point is displaced by the offset value.

Here is how the first progrartExample 1l)listed earlieyr can be modified to accept G27
command. Note that G27 will only move to the coordinates specif@do any intermediate or
other point. Block N65 will become the actual check block. The control system will move the
machine axes to X10.0 Y3.0 and che¢&snfirms) whether this position is in fact the machine
zero reference point. This is the reagxample Icould be modified, but not the secdadample
2.

N1 G20

é

N58 G50 X10.0 Z3.0 S1000 (OLDER METHOD ONLY)
N59 GO0 TO300 M42

N60 G96 S400 M0O3

N61 GOO G4 X4.0 Z0.15 TO303 M08
N62 GO1 £2.45 F0.012

N63 X3.0 M09

N64 GO0 G40 X3.5 Z0.15 M05

N65 G27 X10.0 Z3.0 TO300

N66 MO1

Machine reference point return check can be done in either absolute or incremental mode.
Absolute coordinates in block N65 (in tlast example) can be replaced with incremental version:

N65 G27 U6.5 W2.85 TO300

There is a drawback to this command. A small price to pay when using this checking command
is a slight cycle time loss. Because deceleration of a tool motion is built intortireand by the
control system, about one to three seconds may be lost when G27 command is implemented. This
may be a significant loss if a large number of tools use G27 check in every program.

G27 command is seldom used wghometry offsesetting of thetools, which is the current
modern method. The G50 command is older and not used anymore on the newest CNC lathes, but
many lathes are still used in industry that do need the G50 setting.

D. RETURNFROMMACHINE ZEROPOINT

Preparatory command G29 is the exagposite of G28 or G30 command. While G28 will
automatically return the cutting tool to machine zero position, G29 command will return the tool
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to itsoriginal position- alsovia an intermediate point

In normal programming usage, the command G29 usiadlibyvs G28 or G30 command. Rules
relating to the absolute and incremental axis designation are valid for G29 in exactly the same
respect as to G28 and G30. All programmed axes are moved at the rapid traverse rate to the
intermediate position first, defd by the preceding G28 or G30 command block. An example for
a lathe application illustrates the concept:

(LATHE EXAMPLE) ...
T0303

é

G28 U5.0 W3.0

G29 U-4.0 W2.375

G29 command should always be issued in the canceled mode of both cutter radius offset (G40)
and fixed cycles (G80), if either is employed in the program. Use the standard cancelation G
codes- G40 to cancel cutter radius offset and G80 to cancel a fixed cycle, before G29 command
is issued in the program.

A schematic sketch of the tool motionillsstrated inFigure 2%7.

(©. Machine
__—© zero
B - position

i
™
N
M~
!

————— (28

G29

Figure 27
Automatic return from machine zero position

The illustration shows a tool motion from point@point B first, then to point C, back to point
B, and finally, to the point D. Point A is the starting point of thegiam, point B is the intermediate
point, point C is the machine zero reference point, and point D is the final point to- rich
actual target position.

Equivalent program commands, starting at the current tool position, which is point A, and
resultingin the A to B to C to B to D tool path are quite simple:

G28 U18.6 W6.8
é
G29 U-14.86 W7.62
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Of course, there would be some appropriate action programmed between the two blocks, for
example, a tool change or some other machine activity.

Similar to G27command, there is only a weak support for G29 among CNC programmers. It
Is one of the commands that can be very useful in some very rare cases, but virtually unnecessary
for everyday work. However, it is always an advantage to know what 'tools of trade’aglable
in CNC programming. They may come handy.

E. RETURNTO SECONDARYMACHINE ZERO

In addition to the G28 machine zero command, specific CNC machines also have the G30
command. In this chapter, and ttligital bookgenerally, many examples apply equatyG28
and G30 commands and were sometimes identified as G28/G30 to cov&dyatimat is different
in G30 and why is this command needed in the first place?

By definition, G30 preparatory command is a machine zero return commandsectralary
machire zero positionThat position must be available on the machine at the time of purchase.
Note the descriptive word secondarynotsecondIn virtually all respects, G30 is identical to the
G28, except that it refers tasacondaryprogram zero.

This seondary program zero can be the physical second, third, or even fourth reference point,
as specified by the machine manufacturer. Not every CNC machine has a secondary machine zero
reference position, and not every CNC machine even needs one. This seotaatang reference
point serves only some very special purposes, mainly for horizontal machining centers, pallets,
and similar equipment.

Programming format for G30 command is similar to the G28 command, with an addition of the
P-address:

G30P..X..Y..Z
+where ¢é
G30
P

Indicates the selection of a secondary reference position
Can be P2, P3 and P4 to identify the secondary positidin (2
XYz = Is the intermediate point definition

(Oneaxis minimum must be specified)

The most common use of a secarydaachine zero reference point in CNC programming is
for pallet changing or multi spindle machines. In the control unit parameter setting, the distance of
the secondary reference point is set from the primary reference point and is not normally changed
during the working life of the machine and the pallet changearfothemachine feature).

To distinguish between multiple secondary machine zero positions, address P is added in the
G30 block (there is no P address used for G28). If the CNC machine hiasangle secondary
machine reference position, the address P is usuatligquired in the program, and P1 is assumed
in such a case:

G30 X..Y..
is the same as
G30P1 X..Y..

In this case, setting of the second reference point is within preset pasaofetiee control
system. In respect to other programming considerations, G30 command is used in exactly the same
way as the much more common G28 machine zero return command.
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20. LINEAR INTERPOLATION

Linear interpolation is closely related to rapid positiomnagtion. While rapid tool motion is
meant to be used from one position of the work area to another pagitimut cutting linear
interpolation mode is designed for actusterial removagl such as contouring, pocketing, face
milling and many other cutig motions.

Linear interpolation is used in part programming to make a straight cutting motion from the
cutter start position to its end position. It always useshioetest distanca cutting tool path can
take. The motion programmed in lingaterpolation mode is always a straight line, connecting
the contour start and end points. In this mode, the cutter moves from one position to another by
the shortest distance between the end points. This is a very important programming feature, used
mainly in contouring and profiling. Any angular motion (such as chamfers, bevels, angles, tapers,
etc.) must be programmed in this mode to be accurate. Three types of motion can be generated in
the linear interpolation mode:

Angular motion € multiple axes
Thetermlinear interpolationmeans that the control sys

GO01 Linear interpolation (linear motion)

In GO1 mode, thdéeed ratefunction F must be in effect. The first program block that starts
linear interpolation mode must havéead ratan effect, otherwise an alarm will occur during the
first run, after power on. Command GO01 dedd rateF are modal, which means they may be
omitted in all subsequent linear interpolation blocks, once they have been designated, and
providing thefeed rateremains unchanged. Only a change of coordinate location is required for
the axis designation in a program block. In addition to a singtemgtion, linear motion along
two or three axes may be also programmed simultaneously.

A. STARTAND END OF THELINEAR MOTION

Linear motion, like any other motion in CNC programming, is a motion between two end points
of a contour. It has thstart position ad theendposition. Anystart position is often called the
departureposition, theendposition is often called tharget position. Start of a linear motion is
defined by the current tool position, its end is defined by the target coordinates of & [ckack.

It is easy to see that the end position of one motion will become the start position of the next
motion, as the cutter moves along the part, through all contour change points.

B. SINGLE AXIS LINEAR INTERPOLATION

= Horizontal motion ... single axis only

= Vertical motion ... single axis only ¥ Matian from

- 1 X0Y0

to
. . . 5 X70Y4.0
term 1s eapable o calculate thousands of mermediate coor- felnn
dinate points between the start point and end point of the 4 " _7‘
cut. Result of this caleulation is the shortest path between 3 G o
the two points. All calculations are automatic - the control 2 |G
system constantly coordinates and adjusts the feedrate for R Py
all cutting axes, normally two or three. 1 s
0— -

LINEAR COMMAND L

Programmed tool motion along armgyngle axis is always a motion parallel to that axis,
regardless of the motion mode. Programming in either GOO or GO1 mode will result in the same
programmed end point, but at differdeéd rate and with different results. Evaludtgure 221
for compaison of the two motion modes.
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Figure 221
Comparison of the rapid mode and the linear interpolation mode

For CNC machining centers and the related machines, all tool motions that are parallel to the
table edges are single axis motions. On CNC lathes, ewrynal and internal operations, such
as facing, shoulder turning, diameter turning, drilling, tapping and others, are programmed as
single axis motions. In all cases, a single axis motion can be along eithegrtival or the
horizontalaxis, within the current (working) plane. A single axis motion can never be an angular
motion, which requires two or three axes. Another name for a motion that is parallel to a machine
axis isorthogonal- horizontal or vertical only.

163
Y Motion from
A X2.0Y1.0
to
5 X2.0Y3.0
4 [ 1 | and to
G01(X) X6.0Y3.0
3 s o
2 P
1 UPY
0 —& > X
01 2 3 4 5 6 7 8
Figure 222

Single axis linear interpolation motion

Figure 222 illustrates a single axis linear interpolation motion, one aloaxiX and the other
along Y- axis.

C. TWOAXESLINEAR INTERPOLATION

Linear motion can also be programmed altwg axessimultaneously. This ia very common
situation when the start point of linear motion and its end point have at least two coordinates that
are different from each other, while in linear interpolation mode GO1. The result of théisvo
motion is a straight tool motioat an amle. Such motion will always be the shortest distance
between the start point and end point and results in a straight line at an angle calculated by the
control- Figure 223.

Y Motion from
A X2.0Y1.0
to

5 X6.0 Y3.0

4

3 *4\7‘7

2 o)

1

00— > X
01 2 3 456 7 8

Figure 223

Two axes simultaneous linear interpolation motion
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D. THREEAXIS LINEAR INTERPOLATION

Linear motion that takes place along three axes at the same time, is calleddiaislinear
interpolation A simultaneoudinear motion along three axes is possible on virtually all CNC
machining centers. Programming a lineariombdf this kind is not always easy, particularly when
working with complex parts. Due to many difficult calculations involved in this type of tool
motion, the manual programming method is not efficient enough. Such programming projects
more than justify a investment into a professior@mputerbasedorogramming system, such as
the very powerful and widely usédastercank, t hat i s based on modern
combined with machining knowow. This type of programming is using desktop computers and
is affordable by virtually all machine shops. Computer based programming is not a subject of this
digital book but its general concepts are discussed briefly in the last chaptemdadithebook

Threeaxis (XYZ) simultaneous linear motion is illusedtinFigure 224.

2

Figure 224
Three axes simultaneous linear interpolation motion

E. PROGRAMMINGFORMAT

In order to program a tool motion in linear interpolation mode, use preparatory command G01
along with one, two, or three axes of toation, as well as a cuttirfged ratgF address) suitable
for the job at hand:

GO1 X..Y..Z..F..

All entries in linear motion block are modal and need to be programmed only if they are new
or changed. Only the block instruction (word) that is affectethb change needs to be included
in the program block.

Depending on which programming method is selected, linear interpolation motion may be
programmed in absolute or incremental mode, using G90 and G91 preparatory commands for
milling, and incremental attesses U and W for turning.

LINEAR INTERPOLATION

F. LINEAR FEEDRATE
The actual cuttindeed ratefor a defined tool motion can be programmed in two modes:

€ per m/mreorin/min
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€ per spindl mm/revonidgrévut i on

The selection depends on the machine type and dimensional units used. Typically, CNC
machining centers, drills, mills, routers, flame cutters, laser profilers, wire EDM, ettegdsate
per time CNC lathes and turning centers typically tessd rateper revolution

Feed rateRange
Every CNC system supports cuttifged rateonly within a certain range. For linear
interpolation in milling applications, the typical lowdsted rateis 0.0001, either as/min,
mm/minor deg/min The lowesffeed ratefor linear interpolation in turning is dependent on the
minimum increment of the coordinate axes XZ. The following two tables point out typical ranges
a normal CNC system can support. The first table is for milling, the second table is for turning.
All units used in part programming are represented.

Minimum motion increment MILLING

0.001 mm 0.0001- 240000.00 mm/min
0.001 degree 0.0001- 240000.00 deg/min
0.0001 inch 0.0001- 240000.00 in/min
Minimum motion increment TURNING

0.001 mm 0.00001- 500.00000 mm/min
0.001 degree 0.00001- 500.00000 deg/min
0.0001 inch 0.000001- 50.000000 in/min

It may appear that the maximueed ratehat can be used is unusually high. For actual cutting,
that is true. However, keep in mind that these ranges are relative to the control sgsterthe
machine. Machine manufacturer will always limit the maximfeed rate according to the
machine dsign and its capabilities. Control system only providesthieeretical rangethat is
more for the benefit of machine designers than the actual user. The intent in this case is to allow
machine manufacturers flexibility within current technological adeands technology changes,
the control system manufacturers will have to respond to these changes as well, by increasing the
available ranges.

Individual Axi§eed rate

The subject of actual cuttifged ratger axis is not crucial in programming at #lis included
here for the mathematically oriented and interested readers only. There is no need to know the
following calculations at ali the CNC system will do them every time, all the time, accurately
and automatically. On the other hand, here dinigway.

In order to keep linear motion as thleortestmotion between two points, the CNC unit must
always calculate théeed ratefor each axis individuallyDepending on the direction of linear
motion (its angular value), the computer vsjpeed upbneaxis andhold back'the other axist
the same timeand it will do it constantly during every cut. The result is a straight line between the
start and end points of the linear contour. Strictly speaking, it is not a straight line but a jagged
line, with edges so diminutive in size that they are virtually impossible to see, even under
magnification. For all practical purposes, the remsudt straight line.

Calculations are done by the CNC system, according to the following entries, as illustrated in
Figure 225.
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END
point - X, -

Figure 225

Data for the calculation of individual axis lineéeed rate

Evaluate the following example of linear motion and try to apply the formulas listed afterwards:
G00 X10.0Y6.0  (START POINT)

G01 X14.5Y7.25 F12.0 (END POINT)

This linear motion takes place between two end points, from the starting point at X10.0 Y6.0
to the end point at X14.5 Y7.25eed ratas programmed at 12.0 in/min as F12.0. That means the
actual travel motion along each axis is either known or it caraloelated:

Xt=14.5-10.0=4.5
Yt=7.25-6.0=1254=0

The lengthL of tool total motion (as illustrated) is the actual compound motion, and can be
calculated by using theell-knownPythagorean Theorem (see page 506)

L \/X.’ Y;’ Z:

The above formula is quite common, based onstheare root of the total sum of squares of
sides, that will result in the value of 4.6703854 as travel length in the example:

L V452 1282 0 46703854

Control system wilinternally apply the formulas and calculate the actual motion aloagiX
(4.25), as well as along-axis (1.25), plus length of the motion itself, which is 4.6703854. From
these values, the computer system will calculate the X and Yfeedsrate- there is no maon
that takes place along theaXis:

X
Fx S,
L F
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Fx=4.5/4.670385412 = 11.562215

Y

F S
L F

Fx=1.25/4.670385412 = 3.2117263

Z
F. S
L F
Fx=0/4.670385412 = 0.0

In this example, there is noakis motion. If Zaxis were part of the tool motion, for example,
during a simultaneoutireedimensionalinear motion, the procedure will be logically identical,
with the inclusion of Zaxis in the calculations.

G. PROGRAMMINGEXAMPLE

In order to illustrate the practical use of linear interpolation mode in a CNC program, here is a
simple example, shown Figure 226.

For even more comprehensive understanding, the example will be presented twice. One tool
motion will start andend at the P1 location and will be programmed in the order-8f2HA3 P4
P5P6P7-P8&P1. The other program example will start at the samiedtion butwill continue
in the opposite direction PR8-P7-P6-P5P4P3-P2P1.

Chapter 22
Y
A
5
4] P3,_ P4
5 |P2 ~P5/P6
=
] —*P7
! - P1 —e T
0 — T !T% T > X
0123 45¢867 8

Figure 226
Exampléllustration for a simple linear interpolation
Examplel: (CLOCKWISE' DIRECTION FROM P1)

G90 ... (ABSOLUTE
JDE)

G01 X1.0 Y3.0 F.. (P1 TO P2)

X3.0 Y4.0 (P2 TO P3)

X4.5 (P3 TO P4)

X6.5 Y3.0 (P4 TO P5)

X7.5 (P5 TO P6)
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Y15 (P6 TO P7)

X4.5Y0.5 (P7 TO P8)
X1.0 Y1.0 ... (P8 TO P1)
Example2:
(COUNTERCLOCKWISE' DIRECTION FROM P1)
G90 ... (ABSOLUTE
JDE)
GO01 X4.5 YO.5 F.. (P1 TO P8)
X7.5Y15 (P8 TO P7)
Y3.0 (P7 TO P6)
X6.5 (P6 TO P5)
X4.5 Y4.0 (P5TO P4)
X3.0 (P4 TO P3)
X1.0 Y3.0 (P3TO P2)
Y1.0 ... (P2 TO P1)

Linear interpolation provides means of programming all orthogoneal, {ertical and
horizontal) motions, as well as angular tool motions as the shortest linear distance between two
points. Cuttingfeed ratemust be programmed this mode, for proper metal removal. Note that
the coordinate location that hast changed from one point to the next one block to the nisxt
not repeated in the subsequent block or blocks.
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21. BLOCK SKIP FUNCTION

In many control and machine manualédi skip function is also called thHalock delete
function. The expressioblock deletebffers rather a misleading description, since no program
blocks will actually be deleted during processing, but skigped For this good reason, the more
accuratedescription of this function is tHdock skipfunction, a term used in thigital book This
function is a standard feature of virtually all CNC controls. Its main purpose is to offer the
programmer some additional flexibility in designing a programmfiomore thariwo conflicting
possibilities.In the absence of a block skip function, the only alternative is to develop two
individual part programs, each covering one unique possibility.

A. TYPICAL APPLICATIONS

To understand the idea of two conflicting gbggies, consider this programming application.
The assignment is to write a program for a facing cut. The problem is that the blank material for
parts delivered to the CNC machine is not consistent in size. Some blanks are slightly smaller in
size and an be faced with a single cut. Others are larger and will require two facing cuts. This is
not an uncommon occurrence in CNC shops and is not always handled efficiently. Making two
inefficient programs is always an option, but a single program that doetir®ptions is a better
choice- but only if theblock skip functionis used in such a program and machine operator
understands it.

This challenge illustrates a situation, where two conflicting options are required in a program
at thesametime. The mosbbvious solution would be to prepare two separate programs, each
properly identified as to its purpose. Such a task can be done quite easily, but it will be a tedious,
time consuming andninefficient process. The only other solution is to writsiregle program,
with tool motions covering facing cuts footh possibilities. To avoid air cutting for those parts
that require only one cut, a block skip function will be provided in the program and applied to all
blocks relating to thérst facing cut.The 'second’ cut will always be required!

Other common applications of the block skip function include a selective ON/OFF status toggle,
such as the coolant function, optional program stop, program reset, etc. Also useful are applications
for bypassing aertain program operation, applying or not applying a selected tool to a part contour
and others. Any programming decision that requires a choicetivopredetermined options is a
good candidate for the block skip function.

B. BLOCK SKIPSYMBOL

To identify block skip function in a program, a special programming symbol is required. This
block skip function symbol is represented by a forward slakhJontrol system will recognize
the slash as a code for block skip. For most of CNC programmpigaions, the slash symbol
is placed as thirst character in a block:

Examplel:

N1 EALWAYS PROCESSED)

N2 EALWAYS PROCESSED)

N3 EALWAYS PROCESSED)

/ N4 é (PROCESSED ONLY I F BLOCK SKIP IS OFF)
/| N5 é (PROCESSED ONLY | F BLOCK SKIP IS OFF)
/ N 6PROCESSED ONLY IF BLOCK SKIP IS OFF)

N7 EALWAYS PROCESSED)

N8 EALWAYS PROCESSED)
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Onsomecontrol systems, the block skip code can also be used selectively for certain addresses
within a block, rather than at its beginning. Check control manual if stebthnique can be used
- it can be very powerful:

Example2:

N6 ¢é

N7 GO0 X50.0 / M08
N8 GO1 ¢é&

In those cases, when the control system does allow the blociskip a programmed block,
all instructionsheforethe slash code will be executed, redesd of the block skip toggle setting.
If the block skip function is turned ON (block skip function is active), only instrucfaimsving
the slash code, will be skipped. In theample 2coolant function MO8 (block N7) will be skipped.
If the block skp function is turned OFF (block skip function is not active), the whole block will
be executed ikxample 2jncluding the coolant function.

C. CONTROLUNIT SETTING

Regardless of the slash code position within a block, the program will be processed in$wo way
Either in its entirety, or any instruction following the slash within a block will be skipped (ignored).
The final decision whether or not to use block skip function is made during actual machining,

by the operator, depending on the machining requiresnEaor this purpose, a push button key,
a toggle switch, or a menu item selection is provided on the control panel of the CNC unit.
Selection of block skip mode can be eitheaetsve(ON) - or inactive(OFF).

Most programs will not require any block pkiunctions. In such cases, the setting mode for
block skip function on the control panel is irrelevant, but OFF mode is strongly recommended.
The switch setting becomesryimportant, if the program contains evesiagleblock containing
the slash symboThe active setting ON will cause all instructions in a block following the slash
code to be ignored during program processing. The inactive setting OFF will cause the control to
ignore the slash code and process all instructions written in the protyrekn b

Block skip function set to ON position means
‘Ignore all block instructions following the slash'’
Block skip function set to OFF position means
'Process all block instructions'

In the Example llisted earlier, the contents of blocks N4, N5 and N6 lallignored, if the
block skip function is ON. They will be processed, if the switch setting is OFFEX&@ple 2
also listed earlier, contains a slash in block N7. The slash symbol precedes miscellaneous function
MO8 (coolant ON). If the skip functiowdtch is ON, the coolant will be ignored; if it is OFF, the
coolant function will be effective. This application may be useful in a dry run mode, to bypass
coolant flood during program verification, if no manual override is available.

Not all controls allav the slash code in any other block position, except as the first character in
the block? N..
D. BLOCK SKIPAND MODAL COMMANDS

To understand the way how modal values work with skipped blocks, recall that modal
commands can be specified only once pregram, in the block where they occur first. Modal
commands are not repeated in the subsequent blocks, as long as they remain unchanged.
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In programs where the block skip function is not used at all, there is nothing to do. When the
block skip functionis used, watch carefully alhodalcommands. Remember that a command
established in a block using the slash code will not always be in effect. It depends on the setting
of block skip switch. Any modal command that has to be carried over from a sectionasith sl
codes to the section without slash codes may be lost if the block skip function is used. Overlooking
modal commands when programming block skip function can result in a program with serious
errors.

A very simple programming solution to avoid this poi@nproblem is available. Justpeat
all modal commands in the program section that will not be affected by the block skip function.

Compare the following two examples:

Example A- Modal commandare notrepeated:

N5 GO0 X10.0 Y5.0 22.0

/ N6 G01Z20.1 F30.0 M08

N7z1.0 F12.0 (GO1 AND M08 MISSI NG) N8 ¢
Example B- Modal commandsre repeated:

N5 GO0 X10.0 Y5.0 22.0

/ N6 GO1 Z0.1 F30.0 M08

N7-G01Z1. 0 —F12.0 MO8 N8 &

In both examples A and B, the program block containing slash code indidatasadiate Z
axis position as Z0.1. This position may be required only in certain cases during machining and
the operator will decide whether to use it or not, and also when to use it.

The critical block, identified in the examples as N6, contains seveaalal functions.
Commands GO01, Z0.1, F30.0 and MO8 will all remain in effect, unless they are canceled or
changed in any following block. From block N7 it is apparent that only tbeoZdinate position
and the cuttingdeed ratevalue have changed. Howeyd¢ne G0O1 and M08 commands are not
repeated in the example A and withit be in effect, if the block skip switch is set ON.

Both examples Aand B will produce identical results, but only if the block skip function is
inactive (OFF). The control system willlen execute the instructionsat blocks, in the order of
programming sequence.

The processing result will be different for each programming example shown. If the block skip
function is active (ON} block instructions following the slash code wilbt be processed. The
next example A yields an unacceptable result, with a fairly possible collision. Example B uses
careful and thoughtful approach with very little extra work. These are the results when block N6
is skipped:

Example A- Modal commandare ot repeated:

N5 GO0 X10.0 Y5.0 Z2.0 (RAPID MOTION)

N7 Z-1.0 F12.0 (RAPID MOTION)

N8 é

Example B- Modal commandare repeated:

N5 GO0 X10.0 Y5.0 Z2.0 (RAPID MOTION)

N7 GO1 Z1.0 F12.0 MOBFEED RATE MOT I ON) N8 é

Note that the linear motion GOfeed ratd=30.0 and coolant M08 are all skipped in the example
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A. The X and Y axes have not been updated in either example and will remain unchanged. The
conclusion is that example A will result in aaXZis rapid motion in two consecutive blocks, causing

a potentidly dangerous situation. In the correct version, listed as example B, the programmed
repetition of all commandsGO01, F12.0 and M08assures the program will always be processed

as intended. In the next section of this chapter, principles of progranm desdjfferent practical
applications will be presented.

In the summary, there is one basic rule for developing CNC programs with blocks using the
block skip function:

Always programall instructions, even if it means repeating some program values and
commands that have to be preserved

The slash symbol can be placed into the progatierthe program has been designeddoth
options. Just place the slash in those blocks that define the optional skip of all selected program
blocks.Always check program!

Any CNC program containing block skip function should be checked at least twi@N and
OFF mode

The result of this doubleheck must balwayssatisfactory, whether processed with block skip
in effect or without it. If an error is detectegen a very minor erroigorrect it first! After the
correction, check the program at letgiceagain, covering both types pfocessing. Main reason
for this special double check is that a correction made for one type of processing may cause (in
some cases) a different error for the other type of processing.

E. PROGRAMMINGEXAMPLES

Block skip function is very simple, often neglettget it is a powerful programming tool.
Many programs can benefit from a creative use of this feature. Type of work and some thinking
ingenuitiesare the only criteria for its successful implementation. In the following examples, some
practical applicatins of the block skip function are shown. Use these examples as start points for
general program design or when covering similar machining applications.

Variable Stock Removal

Removal of excessive stock material is typical during a rough cutting. Wheninmngch
irregular shapes (castings, forgings, etc.) or rough facing on lathes, it may be difficult to determine
the number of cuts. For example, some castings for a given job may have only the minimum
excessive material, so one roughing or facing cut wiludféicient. Other castings for the same
job may be larger and two roughing or facing cuts are needed.

If the program is designed in such a way that there ismmyoughing or facing cut, problems
may occur during machining of heavy stock. Programnggcuts for all parts produces a safer
program butwill be inefficient for parts with a minimum stock. There will be too many tool
motions known as 'cutting &r w the stock is minimal.

Example- Variable stocKace:

A face cutting of a stock that vas in size is a common problem in CNC work. A suitable
solution is identical for turning and millinghe program should include tool motions fwo cuts
and the block skip function will be used on all blocks relating tditsecut.

Here is a lathe emple of typical face cut, when the facing stock varies between 0.08 (2 mm)
and 0.275 (7 mm). After considering several machining options, the programmer decides that the
reasonable maximum stock that can be faced in a single cut will be 0.135 (3:-F-igore 231.
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~9- TOOL CHANGE

N13 NS
(—=e— —— X3.35
1| N9
| |
N
!\ &
=Y :‘!z :
N11l| N7 |
— =t —— X-0.05
L 7025
Z0.135
Z0.1
Z0

Figure 231

Variable stock for facing in a turning applicatiepprogram 02301
02301 (TURNING)

(VARIABLE FACE STOCK)

N1 G20 G40 G99

N2 G50 S2000

N3 GO0 T0200 M42

N4 G96 S400 M03

N5 G41 X3.35 70.135 T0202 M08
/ N6 GO1 X0.05 F0.01

/ N7 GO0 2025

/ N8 X3.35

N9 GO1 Z0 F0.05

N10 X-0.05 F0.01

N11 GO0 Z0.1

N12 X3.5

N13 G40 X12.0 Z2.0 T0200

N14 M30 %

Block N5 contains the initial tool approach motion. The next three blocks are preceded by a
slash. In N6, the tool cuts off the front face, at Z0.135; N7 moves the tool away from the face,
block N8 is a rapid motion back to the initial diameter. Therenarether blocks to be skipped
after the block N8. N9 block containdeed ratdo the front face Z0, N10 is the front face cutting
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motion, N11 is the clearance motion, followed by standard final blocks.

Evaluate the example not once but at Iéaste - it shows what exactly happens. During the
first evaluation, readll blocks, including those with slash. During teecondtime, ignore all
blocks containing the slash code. There will be identical results when compared with the first
evaluation. The onlyitference will be the number of actual cutene not two. In milling, the
procedure is very similar.

An example for a milling application usebanch face mill. The excessive material stock to
be faced varies between 0.120 and 0.315. The largest reasonable depth of cut selected will be 0.177
(4.5 mm)- Figure 232.

FIRST CUT SECOND CUT
X-3.0 X11.0
Y4.0 Y4.0
. : ! Z20.177
¢ Z0.0
Figure 232

Variable stock for facing in a milling applicatiocrprogram 02302
02302 MILLING)

(VARIABLE FACE STOCK)

N1 G20

N2 G17 G40 G49 G80

N3 G90 GO0 G54 X11.0 Y4.0 N4 G43 Z1.0 S550 M03 HO1
N5 GO1 Z0.177 F15.0 M08

/ N6 X-3.0 F18.0

/ N7 20.375

/ N8 GO0 X11.0 N9 G0O1 Z0

N10 X-3.0 F18.0

N11 GO0 Z1.0 M09

N12 G28 %3.0 Y4.0 Z1.0

M13 M30

%

Block N5 in the example containsakis approach to the first cut, at Z0.177 level. The next
three blocks can be skipped if necessary. In N6 block, the face mill actually cuts at Z0.177 position,
N7 is the tool clearance motion after the cut, and N8 rethen®0l to the initial Xposition. There
are no other blocks to be skipped after block N8.

Block N9 does not need feed ratefor a good reason it will be either F15.0 or F18.Q
depending on whether blocks N6 to N8 were skipped or notfddterates very important in
block N10. Such repetition guarantees the requieed ratds in the critical block, when actual
cutting takes place.

Both lathe and mill examples should offer at least some basic understandindogi¢hesed
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in program developmentsing the block skip function. Exactly the same logical approach can be
used for more than two cuts and can also be applied to operations other than face cutting.

Machining Pattern Change

Another application, where block skip function may be used effigieist a simple family
programming. The terdamily programmingneans a programming situation where there may be
a slight difference in design between two or more parts. Such a small variation bgiwien
parts is often a good prospect for block skipdtion. Aminor deviation in a machining pattern
from one drawing to another can be adapted in a single program using the block skip function.
Following two examples show typical possibilities of programmichange of tool pathin one
example, the emgtsis is on a skipped machining location. In the other, the emphasis is on the
pattern change itself. Both examples are in metric and illustrate a simple grooving operation. For
the lathe exampldsigure 233 is related to program 02303.

U

N
o

| X43.0

I—I — 1 X35.0

\ \ X43.0

I—I I—I X35.0

Figure 233
Variable machining patternturning application- 02303

The upper image shows machining result with block skip function set ON, the lower image
shows machining result with block skip function set OFF, usingdheeprogram.

02303 (LATHE EXAMPLE)

N1 G21

é

N12 G50 S1800

N13 GO0 T0600 M42 N14 G96 S100 M03 N15 X837-20.0 T0606 M08
N16 GO1 X35.0 F0.13

N17 GO0 X43.0

/ N18 Z-50.0
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/ N19 GO1 X35.0
/ N20 GO0 X43.0
N21 X400.0 Z45.0 TO600 MO1

Program 02303 demonstrates a single program for two parts with similar characteristics. One
part requires a single groove, theasthequires two grooves on the same diameter. In the example,
both grooves are identicathey have the same width and depth and are machined with the same
tool. The only difference between the two examples is the number of grooves and the second
groove msition. Machining the part will require block skip function set ON or OFF, depending on
drawing requirements.

Evaluate the more important blocks in the program example. Block N15 is the initial tool
motion to the start of the first groove aR.0. In tke next two blocks, N16 and N17, the groove
will be cut, and the tool returns to the clearance diameter. The following three blocks will cut the
second groove, ifitis required. That is the reason for block skip function. In block N18, tool moves
to the intial position of groove 2 at-50.0, in block N19 the groove is cut. In block N20, tool
retracts from the groove to a safe clearance position.

Milling example shown irFigure 234, also in metric, is represented in program 02304. This
program handles twsimilar patterns that have four identical holes for both parts and two missing
holes in the second part only. This is a good example of similar parts program, using block skip.

X X X ?
0.0.0
@ ‘ ‘ @ — Y75.0
6 0031 vys00
O 4 O vyamo0
1 2
X g
0 :
O O 1 v75.0
6 3
O O 1 v250
1 2

Both variations of program 02304 machine a hole pattern with either 6 or 4 holes. Block skip
function has been used to make a single program couasthgatterns. Top dfigure 234 shows
the hole pattern when block skip function is set OFF, the bottmwsthe hole pattern when
block skip mode is set ON.

02304 (MILLING EXAMPLE)

N1 G21

é

N16 G90 GO0 G54 X30.0 Y25.0 M(

N17 G43 Z225.0 S1200 M0O3 HO4

N18 G99 G81 R2.5 2.0 F100.0 (HOLE

N19 X105.0 (HOLE
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N20 Y75.0 (HOLE

/ N21 X80.0 Y50.0 (HOLE
/ N22 X55.0 (HOLE
N23 G98 X30.0 Y75.0 (HOLE
N24 G80 G28 X30.0 Y75.0 Z25

'5 MO1

Blocks N18 to N20 will drill holes 1, 2 and 3. Hole 4 in N21 and hole 5 in N22 will be drilled
only if the block skip function is set to inactive mg@¥F), but neither one will be drilled when
block skip setting is active (ON). Block N23 will always drill hole number 6.

A variation of this application is program 02305. Therefaehole positions, but the block
skip function is usewithin a block, b control only the ¥Yposition of the hole. Top dfigure 23
5 shows the hole pattern when block skip function is set OFF, the bottom shows the hole pattern
when block skip mode is set ON. The middle hole will have a differemti¥ position, depending
onthe setting of the block skip function during machining.

X X ?

o 0 >

| | |
1o} | O 1 Y75.0
5 ?4%* Y54.0
O O+ v250
1 2

X X ?

0o 0 >
O O Ot vy750
5 4 3
? ;9** Y25.0

Figure 234

Program 02304 variable machining pattern for milling application result with block skip
OFF (top) and ON (bottom)

Figure 235

Program 02305 variable machining pattern for a milling application result with block skip
OFF (top) and ON (bottom)

02305 (MILLING EXAMPLE)
N1 G21

é

N16 G90 GO0 G54 X30.0 Y2C
)8
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N17 G43 Z225.0 S1200 MO3 HO

N18 G99 G81 R2.5 24.0 F100.(HOLE 1)

N19 X105.0 (HOLE 2)
N20 Y75.0 (HOLE 3)
N21 X67.0 / Y54.0 (==>

)LE 4)
N22 G98 X30.0 Y75.0 (HOLE 5)

N23 G80 G28 X30.0 Y75.0 225.0 N24 MO1

Hole 4 in block N21 will balrilled at the location of X67.0Y75.0, if the block skip mode is
ON. The address Y54.0 in block N21 will not be processed. If the block skip mode is OFF, hole 4
will be drilled at coordinate location of X67.0Y54.0. In that case, the Y75.0 position frark blo
N20 will be overridden. In order to guarantee proper drilling at position 5, the coordinate Y75.0
in block N22 must be written. If it is omitted, Y54.0 from block N22 will take precedence in block
skip OFF mode.

Using block skip feature is the simplagay of designing a family of similar parts. These
applications are a bit limited with block skip function alone, but they offer the fundamentals of a
powerful programming technique and an example of logical thinking. Many detailed explanations
and examplesf programming complex families of parts can be found in a spéastom Macro
option Fanuc offers on most control systems.

Trial Cut for Measuring

Another useful application of block skip is to provide the machine operator with means of
measuring the pa before any final machining has been done. Due to various dimensional
imperfections of a cutting tool combined with other factors, the completed part may be slightly
outside of the required tolerance range.

The following method of programming is very @idefor programming parts requiring very
close tolerances. It is also a useful method for those parts, where the part shape is difficult to
measure after all machining is completed, for example conical shapes, such as tapers. The same
method is also quitaseful for parts where the cycle time of an individual tool is relatiely,
and all tool offsets have to li@e-tunedbeforeproduction machining.

This approach to part programming is more efficient, as it eliminates a recut, increases surface
finish, and can even prevent a scrap. In either daisé cut programming method that employs
the block skip function is used. Setting the block skip mode OFF, machine operator checks the
trial dimension, adjusts the suitable offset, if necessary, and contiragtsning with block skip
set ON.

All general concepts described in example 02306 are equally applicable to turning and milling
- Figure 236.
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Figure 236

Application of a trial cut for measuring on a lathprogram 02306
02306

(TRIAL CUT - LATHE)

N1 G20

é

N10 G50 S1400

N11 GOO TO600 M43

N12 G96 S600 MO3

/ N13 G42 X2.0563 Z0.1 T0O606 M08
/ N14 GO1 Z0.4 F0.008

/ N15 X2.3 F0.03

/ N16 GO0 G40 X3.0 Z2.0 T0600 M0O
/ (TRIAL DIA IS 2.0563 INCHES)

/ N17 G96 S600 M03

N18 GO0 G42 X1.675 Z0.1 TO606 MD

N19 GO1 X2.0 20.0625 F0.007

N20 Z-1.75

N21 X3.5 F0.01

N22 GO0 G40 X10.0 Z2.0 TO600 N23 M0O1

When program 02306 is processed with block skip set OFF, all blocks will be executed,

including the trial cut and finish profile. With block skip set ON, the only operation executed will
be finishing to sizewithoutthe trial cut. In this case, all sigi@ant instructions are retained by
repetition of the key commands (block N18). Such a repetition is very crucial for successful
processing in both modes of the block skip function. MOO function in N16 always stops the

machine and enables a dimensional khec

Selecting trial diameter of 2.0563 in the example may be questioned. What is the logic for it?
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The trial diameter can be other reasonable size, say 2.05. That would leave 0.025 stock per side
for the finish cut. It is true that a different diameteuld have been selected. The four decimal
number was only selected for one reastm psychologicallyencourage the operator to maintain
accurate offset settings. Feel free to disagpeegrammers may prefer a three or even two decimal
number insteadthe options are open.

In the next example, another trial cut will also be programmed before actual machining, but for
a much different reasorFigure 237.

Z

< Z Z

(S

| | |

45— —— k=
| — X3.875
\
-

Figure 237
Trial cut for tapercutting on a lathe program 02307

In program 02307, the part finished shape is a taper, a feature difficult to measure when
completed. Adjusting the tool offset by trial and error is not the right solution. Programming a trial
cut within the area of solithaterial,along a straight diameteenables the operator to check the
trial dimension comfortably and to adjust offeeforecutting the finished taper.

02307

(TRIAL CUT FOR TAPER - ONE TOOL)
N1 G20 G99 G40

N2 G50 S1750 T0200 M42

N3 G96 S500 MO3

/ N4 GO0 G42 X4.428 70.1 T0202 MO8
/ N5 GO1 0.4 F0.008

/ N6 U0.2 F0.03

/ N7 GOO G40 X10.0 Z5.0 T0200 MOO
/ (TRIAL CUT DIA IS 4.428 INCHES)

/ N8 G96 S500 M03

N9 GO0 G42 X4.6 20.1 T0202 M08

N10 G71 U0.15 R0.03

N11 G71 P12 Q14 U0.06 W0.005 FO0.01
N12 GO0 X3.875

N13 GO1 X4.375 Z20.73 F0.008

N14 X4.6 F0.012

N15 S550 M43

N16 G70 P12 Q14
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N17 GO0 G40 X10.0 Z5.0 T0200 MO1

Program 02307 illustrates a common situation, where a single cutting tool is used for both
roughingand finishing operations. It shows a logical wafusing the block skip function, in a
simple form. In most applications, separate tools for roughing and finishing may be needed,
depending on the degree of required accuracy. When using two cutting tools, the trial cut
dimension is usually more importafor thefinishingtool than for the roughing tool. In program
02308, the block skip function is illustrated using two cutting tedi82 is for roughing, T04 is
for finishing. Previous example Figure 237 is used.

02308

(TRIAL CUT FOR TAPER - TWO TOOLS)
N1 G20 G99 G40

N2 G50 S1750 T0200 M42

N3 G96 S500 MO3

/ N4 GO0 G42 X4.46 Z0.1 T0202 M08

/ N5 GO1 0.4 F0.008

/ N6 U0.2 F0.03

/ N7 GOO G40 X10.0 Z5.0 T0200 MOO

/ (TO2 TRIAL CUT DIA IS 4.46 INCHES)
/ N8 G50 S1750 T0400 M43

/ N9 G96 S550 M03

/ N10 GO0G42 X4.428 70.1 T0O404 MO8

/ N11 GO1 Z0.4 F0.008

/ N12 U0.2 F0.03

/ N13 GO0 G40 X10.0 Z5.0 T0O400 M0OO

/ (TO4 TRIAL CUT DIA IS 4.428 INCHES)
/ N14 G50 S1750 T0200 M42

/ N15 G96 S500 M03

N16 GO0 G42 X4.6 Z0.1 T0202 M08

N17 G71 U0.15 R0.03

N18 G71 P19 Q21 U®6 W0.005 FO0.01
N19 GO0 X3.875

N20 GO1 X4.375 20.73 F0.008

N21 X4.6 F0.012

N22 GO0 G40 X10.0 Z5.0 T0200 M0O1
N23 G50 S1750 T0400 M43

N24 G96 S550 M03

N25 GO0 G42 X122.0 Z3.0 T0O404 M08
N26 G70 P19 Q21
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N27 GO0 G40 X10.0 Z5.0 T0400 M09
N28 M30
%

Example 02308 can be improved further by including the control of taper on the width, for
example. Programming a trial cut is useful but often a neglected technique, although it does present
many possible applications.

Program Proving

Block skip function an also be useful to prove a new program on the machine, to check it
against obvious errors. Operators with limited experience may be uneasy to run a program for the
first time. One of their most common concerns is the initial rapid motion towards a part,
particularly when clearances are small. Rapid motion rate of many modern CNC machines can be
very high, well over 2000 in/min. At such high speeds, rapid approach to the cutting position on
the part may not add t o op éeappraachdsprogcammediod e nc e
close to material. On most controls, CNC operator can set the rapid override rate to 100%, 50%,
25% and slower. On older controls, the rapid rate override cannot be done.

The next two examples, 02309 and 02310, show a typiogramming method to eliminate
the problem during setup and program proving, yet maintain full rapid motion rate during repeated
operations for productivity.

Block skip function in these examples takes a less usualitoteused for aectionof a black,
rather than the whole block itseiff the control supports such a method.

02309 (TURNING EXAMPLE)

N1 G20 G40 G99

N2 G50 S2000

N3 GO0 T0O200 M42

N4 G96 S400 M03

N5 G41 X2.75 Z0 T0202 M08 / GO1 FO.1

N6 GO1 X. . FO. 004 N7 &
02310 (MILLING EXAMPLE)

N1 G20G17 G40 G80

N2 G90 GO0 G54 X219.0 Y75.0 MO8

N3 G43 Z1.0 S600 MO3 HO1 / GO1 F30.0

N4 GO1 X. . F12.0 N5 ¢é

Both examples show block skip useé single block. Design of both programs takes advantage
of two conflicting commands within the same bldtkwo conflicting commands exist in a single
block, thelatter command used in the block will become effective (exceptions exist).

In both examples, thigst command is GO0, theecondone is GO1. Normally, the GO1 motion
will take a priority. Because of tteash function, the control will accept GOO, if block skip is set
ON, but it will accept GO1, if block skip is set OFF. When the block skip mode is OFF, both
motion commands will be processed and skeondcommand in that block becomes effective
(GO1 overides G00). Watch for one drawback, already emphasized:

Block skipwithin a block may not work with all controls
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During the first machine run, operator should set block skip OFF, making GO1 command
effective. The tool motion will be slower than in rapidae, but much safer. Alséged rate
override switch of the control system will become effective, offering additional flexibility.

When program proving is completed and the safe tool approach is confirmed, block skip can be
set ON, to prevent the GO1 matidrom being processed. Both 02309 and 02310 are typical
examples of breaking with tradition to achieve a specific result.

Bar feedeApplication

On a CNC lathe, block skip function can be uselanfeedingfor continuous machining. If
thebar feedeallows it, the techniques is quite simple. Typical program halletwo ends one
will use the M99 function, the other end will use the M30 function. M99 block will be preceded
by the block skip function [/and will be placedeforethe M30 code in the part program. This
special technique is detailed page 430.

Numbered Block Skip

For most machining, block skip function is set to either the ON or OFF position and remains in
this mode for thevholeprogram.If the ON setting is required for one section of the program, but
not for another, the operator has to be informed, usually in program comments. This practice of
changing block skip mode in the middle of a program can be unsafe and possibly create major
problems.

An optional feature on some controls iselectiveor anumberedblock skip function. This
option allows the operator to select which portions of the program require the ON setting and
which portions require the OFF setting. Setting can be defogepressing th€ycle Starkey to
initialize program processing. Thisathod also uses the slash symbol, but followed by an integer,
within the range of 1 to 9. Actual selection of the mode is done on the control £8etimngs)
under the matching skip number.

For example, a program may contain three groups, each expadiifigrent setting of the skip
function. By using the switch number after the slash symbol, all groups are diefanyd,and all
theoperatorsnust do is tonatchthe control settings with the required activity.

N1 é N2

/1 N3 é (BLOCK SKIP GROUP 1)

/1 N4 é (BLOCK SKIP GROUP 1)

é

N16 &

/2 N17 & (BLOCK SKIP GROUP 2)

/2 N18 & (BLOCK SKIP GROUP 2)

/2 N19 ¢ (BLOCK SKIP GROUP 2)

é

N29 &

/3 N30 ¢ (BLOCK SKIP GROUP 3)

/3 N31 & (BLOCK SKIP GROUP 3)
é

N45 &
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Identical rules apply for selective block skip function as for the normal version. Incidentally,

the /1 selection is the same as a plain slash only, so blocks N3 and N4 above, could baen also
written this way:

/I N3 é
/I N4 é
Numbered block skip functiois not available on all controls

Programs using selective block skip function can be very clever and even efficient, but they
may place quite a burden on the machine operator. For the majority of jobs, there will be a plenty
of programming power availabby using the standard block skip function.
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22.

Dwell is a technical name forgausein CNC programs it is an intentional time delay applied

DWELL COMMAND

during program processing, at the machine. In this time pespecified in the programany

axis mdion is stopped, while all other program commands and functions remain unchanged

(function normally). When the specified time expires, control system resumes processing of

program block immediateffollowing the dwell command.

A. PROGRAMMINGAPPLICATIONS

Progamming a dwell is very easy and can be quite useful in two main applications:

During actual cutting,when the tool is in contact with material

For operation of machine accessorieshen no cutting takes place

Each application is equally important to grammers, although the two are not used

simultaneously.

Applications for Cutting

When cutting tool is removing material stock, it is in contact with the machined part. A dwell

can be applied during machining for a number of reasons. If the spindle isgutive spindle

speed (r/min)s very important.
In practice, the application of dwell during a cut may be used for breaking chips while drilling,

grooving, countersinking, counterboring, or partofff Dwell may also be used while turning or

boring, in ader to eliminate any physical marks left on the part by end thrust of the cutting tool.
This thrust is the result attributed to various tool pressures during cutting. In many other

applications, the dwell function is useful to control cutting feed dext@@ron a corner during

very fastfeed rats, for example. This use of dwell could be particularly useful for older control

systems with
machining operation to biellly competedin one block beforethe next block can be executed.

CNC programmer still has to supply the exact length of time required for the pause duration. This
time has to be sufficientneither too short nor too long.

a

possi bl e

backl

ash

Dwell command is always completed beftite next operation begins

Applications for Accessories

probl em.

The second common application of dwell is after certain miscellaneous fundtiidiasctions.

Several such functions are used to control a variety of CNC machine accessories, [sarch as

feeder tailstock, quill, part catcher, custom features, and mamgret Programmed dwell time

must allow for the full completion of a certain procedure, such as the operation of a tailstock.
During such a procedure, the machine spindle may be either stationary or rotating. Since there will

be no contact of the cuttingdbwith part material in this situation, it motimportant whether the
machine spindle actually rotates or not.

n

On some CNC machines, the dwell command may also be needed when changing spindle speed,

usually after gear range change. This applies manGNC lathes. In these cases, the best advice
as tohow and whento program dwell time is to follow the CNC machine manufacturer's

recommendation. Typical examples of a dwell used for lathe accessories are desChmgaten
44, covering the subject.

B. DWELL COMMAND

G04

Dwell command

Standard preparatory command for dwell is GO4. Like other G commands, G04 used by itself
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only will do nothing. It must always be used with another address, in this case, specifying the
length of timdo dwell (pause). Three addresses can be used for-dell are X, P or U (address

U can only be used for CNC lathes). Actual time duration specified by the selected address is either
in milliseconds or in secondsgdepending on which address was used. Some control systems may
use a different address for gramming dwell, but its main purpose as well as programming
methods remain identical.

Several fixed cycles for CNC machining centers also use dwell. This dwell is programmed
together with the cycle datapt in a separate block (G04 is not used). Onlydixgcles that
require a dwell time can use it in the same block. For all other applications, the dwell command
must be programmed as isdependent bloclwell will always remain active for one block only
and does not carry over to the next block. Dwseh ioneblock function- it is not modal. During
dwell execution, there is no change in status of program processing, only the overall cycle time
will be affected.

Dwell Command Structure
The structure or format- for the dwell time is:

X5.3 ... Allmachnes,excludingfixed cycles
U5.3 ... Lathesonly
P53 ... Allmachinesincludingfixed cycles

In any case, the typical representation is five digeireand three digitafter the decimal
point, although that may vary on different control systems.

Since milliseconds or even seconds can be used as units of dwell, their relationship can be
established:

1s 1000ms

Ims 0001. s

+where &

S = second

ms = millisecond
Examples of practical application of the dwell format are:
G04 X2.0 ...preferredfor long dwellsin seconds
G04 P2000 ...preferredfor shortor mediumdwellsin ms
G04 U2.0 ...latheonlyin seconds

In these examples, the dwell is 2 seconds or 2000 milliseconds. All three formats are shown
with identical results. The nexkample is similar:

G04 X0.5
G04 P500
G04 U0.5

This example illustrates a dwell of 500 milliseconds, or one half of a second. Again, all three
formats are shown.

In a CNC program, the dwell function may be used in the following wagte the dwell is
programmed in a separate block, between two motions:

N21 GO1 #1.5 F12.0
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N22 G04 X0.3 (DWELL COMMAND 0.3 SEC)
N23 Z-2.7 F8.0

Programs using X or U addresses may cause a possible confusion, particularly to new
programmers. The X and U addresses may incityrbe interpreted as an axis motidrhis will
never be the cas®y definition, the X axis and its lathe application, the U axis, isdthelling
axis.

X axis is the only axis common to all CNC machines

No axis motion will take place when the X, P or tideess is used with the dwell command
G04

The control unit interprets commands X or U as dwuwilt, as axis motionThis is because of
presence of the preparatory command G04, which estabiistsasngof the address that follows
it. If using the X or U adress for dwell does not feel comfortable, use a third alternative
address P. Keep in mind, that theadtdress doesot accept decimal point, so any dwell is
programmed directly as theumber of milliseconds) order to control the elapsed time. One
millisecond is 1/1000th of a second, therefore one second is equivalent to 1000 milliseconds.

Both addresses X and U can also be programmed in milliseconds with G04, without a decimal
point- for example,

G04 X2.0 isequalto GO04 X2000

Leading zero supprs®n is assumed in the format without decimal point (trailing zeros are
always required):

P1 =P0001 é 1 mi | | E0s06lsecandi
P10 =P0010 é 10 mi | | i s e0d0bsacdnsl
P100=P0100 ¢é 100 mi | | i sOelsecondd s

P1000 = P1000 ¢é 1000milliseconds =1.0second

While minimum dwell is more important than maximum dwell, each control has a limit for
maximum dwell duration. For the format using five digits in front of a decimal point and three
digits following it, the dwell range is betwe®.001 and 99999.999 seconds. That is equivalent to
a dwell range from the minimum of 1/1000th of a second, &Y toours, 46 minutes and 39.999
seconds.

Dwell programming applications using the X and P addresses are identical to both machining
centers ad lathes, but the U address can only be used in lathe programs. The selection of either
metric or imperial dimensional units has no effect on the dwell function whatsoever, as time is not
dimensional.

C. DWELL TIME SELECTION

Seldom ever the dwell time wilixeeed more than just a few seconds, most often much less
than one second. Dwell is alwaysi@nproductiveime, and it should be selected as the shortest
time needed to accomplish the required action. Any time delay for completion of a particular
machine peration or a special machine accessory is usually recommended by the machine
manufacturer. Selecting dwel |l time for cuttin
Unfortunately, some programmers often specify the dwell time too high. Aftemallsecond
seems like a very short time, but think about a typical example:

In one program block, a dwell function is assigned for the duration of one second. The spindle
speed is set to 480 r/min and the dwell is appliésDgiartlocations, perhaps dugna spot face
operation. That means the cycle time éachpart is 50 seconds longaiith the dwell, then it
would bewithoutthe dwell. Fifty seconds may not seem too unreasonable, but are these precious
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seconds necessary? Give it a little thoughtewen better calculate it. If dwell must be used at

all, make sure to calculate tmeinimumdwell that can do the job. It is easy to select dwell
arbitrarily, by guessing and without much thinking. In the example, the minimum dwell required
is only 0.125 sconds (!):

60 /480 =0.125

This minimum dwell iseight times shortethan the one second dwell programmed initially. If
minimum dwell is programmed rather than the estimated dwell, the cycle time will increase by
only 6.25 seconds, rather than the ordii50 secondsa significant improvement in programming
efficiency and productivity improvement at the machine.

Minimum dwell calculation and other issues related to it are described shortly.

D. SETTINGMODE AND DWELL

Most programs for machining centers wilefeed rateper time (programmed in millimeters
per minute mm/mirt or inches per minutein/min). Lathe applications are normally programmed
asfeed rateper one spindle revolution, in millimeters per revoluttomm/rev- or inches per
revolution- in/rev. On many Fanuc controls, a parameter setting allows programming a dwell in
either as elapsed time in seconds or millisecenoisthe number of spindle revolutiongach
application has its practical uses and benefits. Depending on system parsetteigr dwell
command will assume an incompatible meaning with each setting:

Time Setting

This is the most common and practical default setting for virtually all CNC machines. For the
elapsed timaetting, the dwell is always programmed in seconds or milliseconds, within the range
allowed by the control unit, for example, from 0.001 to 9999 $&conds, a typical range for
Fanuc and many similar control systems:

G04 P1000
€ represents the dwell of one second, equiva

Number of Revolutions Setting

For the number adpindle revolutionsetting, the dwell is expressedthe number of times a
spindle rotates, within the range of 0.001 to 99999r896lutions for example:

G04 P1000
€ represents t herewlutierofithe dpindlea(P1D00 n1.000). o n e

E. MINIMUM DWELL

During a cut, that is for operations wheretitug tool is in contact with the machined part,
minimum dwell definition is important, but the setting mode is unimportant (time or number of
revolutions).

Minimum dwell is the time required to complete one revolution of the spindle
Minimum dwell, programrad in seconds, can be calculated, using a simple formula:

60 r/

Minimum dwell (sec)

Example:

To calculate minimum dwell in seconds for spindle rotation of 420 r/min, dividérti@into
sixty (there are 60 seconds in one minute):

60/420=0.143 e c odwadlld s
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Format selection of dwell block in the program will vary, depending on the macpmesgd
and a particular programming style. All following examples represent the same dwell time of 0.143
of a second:

GO04 X0.143
G04 P143
G04 U0.143

Regardless which format is used, all dwell times in the example specify 143 milliseconds, which
IS 0.143 & a second. Dwell imillisecondscan be calculated directly:

60-1000 60000

Minimum dwellms () ) .
r/ minr/ min

It is allowed to mix both formats in a program, but such a practice does not represent consistent
programming style.
PracticalConsiderations

For practical dwell applications, the calculated minimum dwell is otiigoreticallycorrect
and maynot be the most practical to use. It is always better to round off the calculated value of
minimum dwellupwardsto getmorethan one spinel revolution. For example,

G04 X0.143 may becomé&04 X0.2

If double time is usedthen G04 X0.143 will become G04 X0.286, or even G04 X0.3 to round
off the time.

The reasoning for such an adjustment takes into consideration machining realities. It is common
that machine operator may be running a certain job with spindle speed in an override mode,
perhaps even set at its lowest setting, at 50%. Since 50% spindl @perride is the usual
minimum setting on most CNC controls, theubleminimum dwell willalways guarantee at least
one complete revolutignvithout any loss of production time.

Is there a magic dwell that can be used for most jobs? Not really, butiydund that most
dwells will be very short, usually within the range of 0.2 and 0.5 seconds. A reversal of the previous
formula calculates r/min for a given dwell:

60
r/ min

Dwell s

For example, if programmed dwell is 0.25 of a second is suitabfather slow speed of 240
r/min. In fact, the higher the spindle speed, the shorter dwell is required.

Another example is based on a particular machiopgyation for example, a spot drill. Let's
say, a spot drill is usually programmed within the spindle speed range of 600 to 1500 r/min,
depending on stock material. The double minimum dwell for 600 r/min is 200 ms, while for 1500
r/min it is only 80 ms. The practl benefit is that if you program 250 ms &y spindle speed
below 1500 r/min, the double minimum dwell will always be guaranteed. It is a compromise, but
for a few holes it may be the fastest way to program dwell for spot drilling or similar operations

F. NUMBER OFREVOLUTIONS

In the other dwell mode (selected by a system parameter), the programming format will only
appearto be the same, but its meaning will be much different. In some applications, it may be
desirable to program a delay for a certaimber of spindle revolutionsather tharelapsed time
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In lathe grooving, when the tool reaches groove bottom, dwell time may be required to clean
up the groove bottom diameter. Calculating the time in seconds (see below) would solve the
problem, but an adrnative approach could be more attractive. Many controls offer programming
the required number of spindle revolutions directly, providing a system parameter is set. For
example, to dwell as long as it takes to complktee spindle revolutionsan be prgrammed
directly, regardless of the spindle r/min.

It is normal in CNC lathe programming to usetting speedather thanspindle speedn
grooving. This situation presents a small probieime actual spindle speednetknown. Yes, it
can be calculatedhut the effort may not be worth it. Using number of revolutions will solve the
problem,even if the cutting speed is changed (optimized)

System Setting

If the control system is set to accept dwell asritber of spindle revolutiongather than as
elapsed time in seconds or milliseconds, the programming is very direct. All that is needed is to
call the dwell command G04, followed by the number of required revolutions:

G04 X3.0 ...threespindlerevolutions- directinput
G04 P3000 ...threespindlerevoluionsi directinput
G04 U3.0 ...threespindlerevolutionsi directinput

Each format represents the same resaltlwell lasting three spindle revolutions. Can we tell
from the program whether the value metme or revolution® We cannot.

Control settings have to be known for dwell

We have to knowthe control settings. One clue may be somewhat large dwell irthuée
revolutions are usually much shorter than three seconds of dwell. Note that the decimal accuracy
is still written or implial, to allow fractions of a revolution, such as one half or one quarter.

Time Equivalent

The two dwell modes cannot be mixed in one program, and even between programs, such a mix
is not practical. CNC machine system parameter can be set to only one ddeshinadime. Since
control parameters are normally set for dwell as elapsed time, rather than spindle revolutions, the
equivalent time must be calculated. The spindle spémihj must always be known in such case.

Equivalent dwell time in seconds candadculated to be equal to the required number of spindle
revolutions.

Use the following formula:

60 n
Dwell <. .
r/ min
+ where . ..
60 = Number of minutes (conversion factor) n= Required number of spindle
revolutions r/min = Current spindlespeed (revolutions per minute)
Example :

To calculate dwell time in seconds fioll three spindle revolutions, at spindle speed of 420
r/min, the above formula can be applied:

Dwellsec= 60 3 /420 = 0.429

Program block representing the required thr@adie revolutions in terms of dweiime will
take one of the following forms:

G04 X0.429 ...threespindlerevolutionsi timeequivalent
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G04 P429 ...threespindlerevolutionsi timeequivalent
G04 U0.429 ...threespindlerevolutions-timeequivalent

It may also be a good idea to work backwards and calculategthigalent of dwell time
represented as the number of spindle revolutions. Usually, the result will not be an integer number
and will require rounding to the nearest value upwartds.above formula can be easily modified
to:

r / min Dwell
DWeII rev sec
60

Example:

To confirm that the formula is correct, use the value of 0.429 from the previous example and
calculate the number of revolutions for a dwell of 0.429 seconds atMR0 r

Dwelley= 420 0.429 / 60 = 3.008evolutions

Result confirms the formula is correct. It is quite likely that the calculation will start with a
dwell that is already rounded, for example, to one half of a second:

Dwell,ey= 420 0.5/ 60 = 3.5evolutions

The dwell time based on a required number of revolutions is mostly used for CNC lathe
applications, especially when cutting with very slow spindle speeds. A slow spindle rotation does
not have the latitude of faster speeds aresdmt allow for a large error in dwell calculation. Keep
in mind that the goal is to geit least one completpart rotation in order to achieve desired
machining results. Otherwise, why program dwell at all? Consider another example:

Dwell is programmedor one half of a seconduration, with spindle rotation set to low 80
r/min. The number of revolutions for one half of a second will be:

80 0.5/60 = 0.6666667

which islessthan one complete spindle revolution. The reason for programming the dwell
function in the first place is not honored here and the dwell time has to be increased. Dwell of 0.5
seconds is therefore not sufficient. The minimum dwell has toalmeilated usng the formula
presented earlier:

60 1/80=0.75 seconds

Generally, there is not much use for this type of calculatiomsst programming assignments
can be handled very well with the standdweell per timecalculations.

G. LONG DWELL TIME

For general C® machining purposes, an unusually long dwell time is neither required nor it is
necessary. Does that mean long dwell times are not needed at all?

A long dwell time is elapsed time that is wabove the established averaige most normal
applications. Sdom ever there is a need to program dwell time during a part machining in excess
of one, two, three, or four seconds. The large range available on the control(®ysie®y hours)
is more important to thenaintenance personnghan to CNC programmerAs an example of
typical application when an unusually long dwmlhy be beneficial, is a program developed by
the maintenance technicians for testing the spindle functionality.

Consider carefully the following actual situation common to machine seraapindle of a
CNC machine has been repaired and must be tested before the machine can be released back to
production. Testing will include running the spindle at various speeds, for a certain period of time
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of each speed selection.

In a typical example,hie maintenance department requires a small CNC program, in which
machine spindle will rotate for 10 minutes at 100 r/min, then for another 20 minutes at 500 r/min,
followed by the spindle rotation at the highest rate of 1500 r/min for additional 30 minutes
Program development is not an absolute necessity, since the maintenance technician may do such
a test by manual methods. The manual approach will not beffeignt, but it will still serve the
purpose of the maintenance test.

A better choice in theseases is tatorethe testing procedure as a small program, directly into
CNC memory. The maintenance (service) program will be a little different for machining centers
than forlathes but all main objectives will remain identical.

Example- Machining Gnters- Spindletest:

S100 M03 (100 R/MIN INITIAL SPEED)

G04 X600.0 (600 SECONDS IS 10 MINUTES)
S500 (SPEED INCREASED TO 500 R/MIN)
G04 X1200.0 (1200 SECONDS IS 20 MINUTES)
S1500 (SPEED INCREASED TO 1500 R/MIN)
G04 X1800.0 (1800 SECONDS IS 3MINUTES)

MO5 (SPINDLE STOP)

For machining centers, the program starts with 100 r/min spindle speed. This selection is
followed by a 600 second dwell (10 minutes). Spindle speed is then increased to 500 r/min and
dwell time to 1200 seconds (another 20 ub@s). The last speed is 1500 r/min running for 1800
seconds, or another 30 minutes, before the spindle finally stops.

Note that in cases of especially long dwell, ussegondsather tharmillisecondsis more
practical.

Example- Lathes- Spindletest:

M43 (GEAR RANGE SELECTION)

G97 S100 M03 (100 R/MIN INITIAL SPEED)

G04 X600.0 (600 SECONDS IS 10 MINUTES)
S500 (SPEED INCREASED TO 500 R/MIN)
G04 X1200.0 (1200 SECONDS IS 20 MINUTES)
S1500 (SPEED INCREASED TO 1500R/MIN)
G04 X1800.0 (1800 SECONDS IS 30 MINUTES)
MO5 (SPINDLE STOP)

This lathe example is similar to the previous one. Initial spindle speed setting includes gear
range selection, for example, M43. Spindle rotation has been set to 100 r/min. Dwell of 600
seconds follows, leaving the spindle rotating for full 10 minutes. Then the speed is increased to
500 r/min and remains that way for another 20 minutes (1200 seconds). Before the spindle is
stopped, one more change is detige spindle speed increasesl &)0 r/min and remains at that
speed for another 30 minutes (1800 seconds).

Long dwells are for special applicatioosly andshould never be used for other purposes.
Maintain all safety rules when using long dwéthes!
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Machine WarrdJp

Another programtypically a subprogram) that uses a long dwell time is favored by many CNC
programmers and CNC machine operators, to a-upt@the machine before running a critical job.
This machine warming activity takes place typically at the start of a moshiftgduring winter
months or in a cold shop. This programming approach allows CNC machine to reach a certain
ambient temperature before any precision components are machined. The same approach can also
be used to gradually reach the maximum spindle sfpedugh-speed machining (8000 r/min and
up). As always, all safety considerations must have a high priority in these cases.

X Axis is the Dwelling Axis

The control display screen shows how much time is still left before the dwell time expires. This
can beviewed by looking at the X display of ti#stanceTo-Goindicator on the POS (position)
screen of a typical Fanuc control. This display will always be displayed as X, since X axis is the
only dwelling axis, regardless of control system, even if addréssed) are programmed. Why
the X axis has been selected as the dwelling axis and not any other axis? There is a simple reason
- becauseghe X axis is the only axis commiznall CNC machine toolsi.e., drilling machines,
mills, machining centers, flanwaitters, waterjets, lasers, and so on. They all use XY or XYZ axes.
Two-axis lathes use XZ axes (there is no Y axis) and wire EDM uses XY axes (there is no Z axis).
Other machines are similar.

Safety and Dwell

A few safety reminders have been mentioned already always exercise caution when using long
dwells, particularly for service or maintenance purposes. No CNC machine swveulie left
completely unattendedafter all, a test can fail. For long testing ¢isnp proper warning signs should
be prominently posted at the machine. If signs are not practical, personal supervision will be
necessary.

One more note the dwell function should never be programmed for the purpose of allowing
the machine operator time p@rform short manual operation while program is running. Manual
jobs such as polishing, filing, deburring, part reversal, tool or insert change, chip removal,
inspection, lubrication, etc., must always be dené& absolutely necessary during program
exealtion- as a manual operationever under the program control!

Never use dwell to perform manual operations omihehine!

H. FIXED CYCLESAND DWELL

Chapter 25covers fixed cycles for CNC machining centers in significant detail. Descriptions
of all cycles an be found there. For this chapter, here are some comments as how dwell is
programmed with fixed cycles. Several fixed cycles can be programmed with a dwell:

Normally, cycles G76, G82, G88, G89
Also cycles G74 and G84, only by parameter setting

Dwell address in fixed cycles is always P, to avoid duplication of X address in the same block.
Neither address U nor command GO4earerpr ogr ammed in fixed cycl es
into all cycles that allow it (technically all cycles do). Rules focwalalting dwell time are the same
for cycles, as for any other machining application.

Example (spot drilling
N9 G82 X30.0 Y16.0 R2.0 B.75 P300 F150.0

In the example, dwell of 300 millisecond®.3 seconds is specified by the address P. Dwell
will became effective upon completion of motion along the Z axis (actual cutting motion), but
beforethe rapid return motion.

If a GO4 P.. is programmed as a separate block in fixed cycle mode, for example, between G82
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block and G80 blockjo cyclewill be executedn that block and the value of P in the fixed cycle
definition is not updated. On the latest Fanuc controls, a system parameter setting enables or
disables this usage. If this rare method is used at all, the command G04 P.. will bbedotiwe

the toolrapid motion from the location just completed. The dwell function will always be executed
while the cutting tool is out of a hole, in the clear spabés feature is seldom required.
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23. MACHINING HOLES

Single point hole operations on a CNC lathe are muclerhigited than those on a CNC
machining center. First, the number of holes that can be drilled or tapped in a single operation on
a lathe is only one per part operation (two are rare), while the number of holes for a milling
application may be in tens, hdmreds and even thousands. Second, the boring (internal turning) on
a lathe is acontouringoperation, unlike boring on a milling machine, which igant to-point
operation.

All point-to-point machining operations on a CNC lathe are limited to thosectratbe
machined with a cutting tool positioned at the spintbaterline Typically, these operations
include center drilling, standard drilling, reaming and tapping. A variety of other cutting tools may
also be used, for example, a center cutting end(shdt drill) to open up a hole or to make a flat
bottom hole. An internal burnishing tool may also be used for operations such as precise sizing of
a hole, etc. To a lesser degree, other operations, such as counterboring and countersinking may be
programned at the lathe spindle centerline, with a special gopbint tool- not a contouring
tool. All operations in this group will have one common denominatbey are all used at the
spindle centerline and programmed with the X position as X0 in thegmmolglock.

Spindle speed foall centerline operations on a CNC lathe must be programmed in actual
revolutions per minuter/min), notin the constant surface speed mod&§, also known a€S-
cutting speed. For that reason, G97 is used for example,

G97 S575 M03
will assure the required 575 r/min at the normal spindle
rotation (at 100% spindle speed override).

What will happen if CSS mode is used with G96 command, rather than the proper G97
command? CNC system will use the given information, spindledspegress S, in the program
(given in peripherat or surface- speed per minute, as/minor ft/min). The system will then
calculate the required spindle speed/imin for the use by the machine tool.

Such a calculation is based on standard matheméticalla that relates to pasiameter If
the diameter is zero which exactlywhat it is at the spindle centerlinghe spindle revolutions
will always be thénighest r/mirthat is available within currently selected spindle gear range. This
calculationis an exception to standard r/min calculation formula, where spindle speed at the
centerline (diameter zero) would be zexes,0 r/min!

For example, if the cutting (surface) speed for a given material is 450 ft/min, the r/@th at
inches(X3.0) for the same material will be approximately:

S = #503.82) / 3 = 573 rpm

If the same speed of 450 ft/min is applied to the diameter zero (k@ program), the formula
does not change, but the resulting action does:

S ={@503.82) / 0 = results in error

Although the spindle might be expected to stop control issue an error condition, it will do the
exact oppositébecause of the control desig&pindle speed will reach the maximufmin that
the current gear range will allow. Be very careful hemeake sure that all centerline operations
on a CNC lathe are always done in G97 (r/min) modenahoh G96 mode (CSS) mode.

A. TooL APPROACHMOTION

A typical geometry offset configuration setup (or the old G50 values) on a CNC lathe often
have a relatively large X value and relatively small Z value. For example, metric geometry offset
for a tool may be X300.0 £25.0 pr programmed as G50 X300.0 Z25.0his location indicates
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a suitable tool change position applicable to a drill. What does it mean to the tool motion for a
drilling operation?

It means that machine rapid motion will complete thaxs motion long before completing
the X-axis motion (withthe quite common hockestick motion of the rapid command). Resulting
tool motion is locatedery closeo the part face (G21 mode):

N36 T0200 M42
N37 G97 S700 M0O3 N38 GO0 X0 Z2.5 T0202 M08 N39 ...

To avoid a potential collision during tool approach taigathe part, use one of the following
methods:

Move the X-axis first to the spindle centerline, then the Zaxis, directly to the start position
for drilling

Move the Z-axis first to a clear position, then the Xaxis to spindle centerline, then
complete he Z-axis motion into the start position for drilling

The first method may be practical only in those cases when the tool motion area is absolutely
clear and has no obstacles in the way (do not count on such a situation). The second method, and
probably tle most common in programming, will first move thexs close (but not too close) to
the part, say 15 mm in the front (Z15.0). Motion that follows {iaxi6 motion only- directly to
the centerline (X0). At this point, the cutting tool (such as a dsiltat from the Zaxis face. The
last approach motion will be to theakis start position, closer to part face, where the actual drilling
cut begins. This method eliminates (or at least minimizes) any possibility of collision with
obstacles along the wayhe obstacles areor at least could betailstock, parts catcher, steady
rest, fixture, face plate, etc. An example of this programming tool path method is the previous
example, modified (G21 mode):

N36 T0200 M42
N37 G97 S700 MO3
N38 GO0 X0 Z15.0 TO20M08 N39 Z2.5 N40 ...

This programming method splits the tool approach alcagiZ intotwo tool positions one is
a safe clearance for approach, the other one is a safe clearance position for the drill start. There is
a minor alternative to this motionthe last Zaxis approach will be at a cuttiiged rateG01,
rather than at a rapid motion rate G0O:

N36 T0200 M42

N37 G97 S700 MO3

N38 GO0 X0 Z15.0 T0202 MO8
N39 G01 Z2.5 F2.0

N40 ... F.. (CUTTING FEED RATE)

For the last approach motion;a%is motion ha been changed to a linear motion, with a
relatively highfeed rateof 2 mm/rev), followed by cuttinfeed rate Feed rateoverride can be
used for setup, to control the approach rate. During actual production, there will be no significant
loss in the cycle time.

B. TooL RETURNMOTION

The same logical rules of motion in space that apply to tool approach, apply also to tool retur
motion. Remember that the first motivom a hole must always be along theaXis (G20 mode):
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N40 G01 #0.8563 F0.007
N41 GO0 Z0.1 ...

In block N40, the actual drill cutting motion takes place. When the cut is completed, block N41
is executed. Therdl will rapid out of the hole to the same position it started from (Z0.1). It is not
necessary to return to the same position, but it makes programming style more consistent. Once
the cutting tool is safely out of the hole, it has to return to a toolgthg position. There are two
methods:

Simultaneous motion of both axes
Single axis at a time

Simultaneous motion of the X and Z axes does not present the same problem as it did on
approach on the contrary. zaxis will complete the motion first, movirayvay from the part face.
Also, there is no reason to fear a collision during a return motion if the approach motion was
successful and programming style was consistent:

N70 GO1 #0.8563 F0.007
N71 GO0 Z0.1 N72 X11.0 Z2.0 T0200 MO9 ...

If in doubt, or if an obstaclis expected to be in the way of a tool motion, for example a tailstock,
program a single axis at a time. In most cases, that will move the positive X axis first, as most
obstacles would be to the right of the part:

N70 GQOL Z-0.8563 F0.007
N71 GO0 Z0.1 N72 X11.0 N73 Z2.0 T0200 M09 ...

This programming example illustrates return motion with tkeexk$ programmed first. The fact
that the tool is 0.100 off the front face is irrelevastfter all, the tool started cuttirfgom that
distance without a problem.

Other, less traditional, methods for tool motion towards and away from the part are also
possible. Drilling and Reaming on Lathes

Drilling on a CNC lathe is also quite common operation, mainly as means for a hole opening
to be used with other tools, such as boring bars. There are three basic kinds of drilling, typical to
a CNC lathe machining:

Center drilling and spot drilling
Drilling with a twist drill neaeinsert drilling

Each method follows the same programmiaghniques as those described in the milling
section earlier, except that there are no fixed cycles of the milling type used for the lathe work.
Keep in mind that on a CNC lathe, the part is rotating, whereby the cutting tool remains stationary.
Also keepin mind that most lathe operations take place in a horizontal orientation, causing fewer
concerns about coolant direction and chip removal.

C. PECKDRILLING CYCLE-G74

On Fanuc and compatible controls, there is a multiple repetitive cycle G74 availabtarthat
be used for two different machining operations:

Simple roughing with chip breaking
Peck drilling (deep hole drilling)
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In this section, the peck drilling usage of G74 cycle is described. Roughing application of G74
cycle is a contouring operation aisdvery seldom used.

In peck drilling, just like in any ordinary drilling, select spindle speeds and ciiéatyrats
first, then determine the hole starting position and finally, its depth position. In addition, establish
(or even calculate) the deptheach peck. Lathe cycle G74 is rather limited in what it can do, but
it has its uses. Its format for pedkilling is:

G74 X0 Z.. K..
+ where ...

G74= Peck drilling  cycl
lection

X0 = Indicates cutting ¢
nterline

Z = Specifies the end poifar
lling

K = Depth of each pe
ways positive)

—-—0.8—-‘

!

4 & 2316

?

3/16 = 0.1875
Z-0.8563 0.1875 x 0.3 = 0.0563

Figure 26-30
Peck drilling example sample hole

The following program uses illustration igure 2630, and shows an example of drilling a
3/16 hole (0.1875) with a peck drill depth of 0.300 inches:

N85T0400 M42

N86 G97 S1200 M03

N87 GO0 X0 Z0.2 T0404 MO8

N88 G74 X0 £0.8563 KO0.3 F0.007

N89 GO0 X12.0 Z2.0 TO400 M09 N90O MO1

Peck drilling motion will start from Z0.2 position in block N87 and continue 40.8563
position in block N88. That results in a 3838 long cut. Calculation of the number of pecks is the
same as in milling.

With 0.300 length of each peck, there will be total of tHrdlelength pecks and one partial
length peck, at the following-&xis locations:

Z-0.1
Z-04
Z-0.7
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Z-0.8563

Although te first three pecks are 0.300 deep each, the first one starts at Z0.2 and ebds at Z
That will result in two thirds of the cut being in the air. Programmer has to decide when this
approach is an advantage and when another method would be more saitéideend of each
peck motion using G74 cycle, the drill will make a small retract fiyea distance. This distance

Is set by a parameter of the control system and is typically about 0.020 inches (0.5 mm). A full

retraction after each peck out of thae (similar to G83 cycle for milling controls) is not supported
by the G74 cycle.

Note that there i:0 programmed motiorout of the hole when the peck drilling cycle is
completed. This return motion is builft within G74 cycle. If a tool motion such &)0 Z0.2 M05

follows block N88, no harm is done. It may give the operator extra confidence when running the

job.

D. TAPPING ONLATHES

Tapping on CNC lathes is a common operation that follows the same machining principles as

tapping on machining centers. Thwjor difference for lathes is the absence of a tapping cycle.

There is no real need for a tapping cycle on a lathe, since most of lathe tapping operations machine

only one hole of the same typEhe absence of a tapping cycle may present somgpected
difficulties. Unfortunately, they are more common among programmers with limited experience.

Before evaluating some of these difficulties closer, it is important to know the actual tool that holds

the tap fap holde) and the tapping process GNC lathes in general.

The selected tap should always be mounted in a special tapping holder; the best type is one with

tension and compression features, knowiapg$loating holderNever use a drill chuck or a similar
solid device- it will break the t@ quickly and possibly damage the part as well.

Since there is no fixed cycle for tapping on a typical CNC lathe, each tool motion is
programmed as a separate block. To do that,
the process for a pycal right-handtap in general, applied to a lathe operation:

Step 01 Set coordinate position XZ

Step 02 Select tool and gear range

Step 03 Select spindle speed and rotation

Step 04 Rapid to centerline and clearance with offset
Step 05 Feedin to the desired depth

Step 06 Stop the spindle

Step 07 Reverse the spindle rotation

Step 08 Feedout to clear of the part depth

Step 09 Stop the spindle

Step 10 Rapid to the start position

Step 11 Resume normal spindle rotation or end program

Translated into a CNC program carefully, thispby-stepprocedure can be used in everyday
programming as a general guidgdapon CNC lathes.

Figure 2631 shows layout of a part and tool setup, used for program example O2607. Program

example 02607 faliws the eleven steps described above literally and is based on a very solid
foundation. Technically, the program O2607 is corrdxit only in theory, not practically.

Are there possible problem situations in example O266@me thoughts on what can go
wrong?
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02607 (TAPPING ON LATHES) (CORRECT VERSION - IN THEORY ONLY) ... (T02
- TAP DRILL 31/64) ...

N42 MO1

(TO3-9/1612 PLUG TAP)
N43 TO300 M42

N44 G97 S450 MO3

N45 GO0 X0 Z0.5 M08 T0303
N46 G01 #0.875 F0.0833
N47 M0O5

N48 M04

N49 Z0.5

N50 MO05

N51 GO0 X12.0 Z2.0 TO300 M09
N52 M30

%

A brief look at the program 02607 does not show that anything is wrong. After all, the program
covers all necessary motions and is, therefore, correct.

- 20 -—| ]
Ewﬁm%: ) ) Tool holder
= Turret mount
i
@12.0 L Floating tap holder
e I
]
_______ \
4'7  9/16-12 TAP

=~ 0.875 |- 9/16 = 0.5625

Figure 2631
Typical setting of a tapping tool on CNC lathgrogram examples 02607 and 02608
Yet, this program contains majtaws!

All earlier tapping steps have been carefully followed. Conducting a maiepitn study of the
program will reveal two areas of potential difficulty or even danger. The first problenamsay
if the machinegfeed rateoverride setting switch isot set to 100%. Remember, the tappfagd
rateis always equal to the thread lead (F0.0833 ideabd ratefor 12 TPI). If the override switch
Is set to any other value but 100%, the threadbeilstripped abest,and the tap broken at worst
with related part damage.

The other problem will become evident only in a single block mode run, during setup or
machining. Look at blocks N46 and N47. In the N46 block, tap reaches the end of
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Z-axis- while the spindle is still rotatinglrue, the spindle will be stopped in block N47, but
in single block mode it will be too late. A similar situation will happen during thedeédotion.
Spindle reverses in blodd48 butdoes not move until block N49 isqmessed. Therefore, the
program 02607 is @ery poorexample of tapping on CNC lathes.

These are some details usually not considered for a fixed cycle application (such as the G84
tapping cycle), when used for milling programs. For milling, all tool matiee buikin, so they
are containeavithin the fixed cycle. To eliminate the first potential problenfeafd rateoverride
setting, programming M48/M49 functions will temporarily disableftred rateoverride switch.
Even better way is to replace theden and feeebut tap motion command from the current GO1
mode to G32 mode (G33 on some controls). G32 command is normally used for single point
threading. Two major results will be achieved with G32 commarttle spindle will be
synchronizedand thefeed rateoverride will be ineffectivby default (automatically). That solves
the first problem. The second problem will be solved if the spindferMtions are programmed
in thesame bloclas the tool motion. That means joining the block N46 with d4d,block N48
with N49.

This much improved version of the tapping example is in a new prog608:

02608 (TAPPING ON LATHES) (CORRECT VERSION IN PRACTICE) ... (TO2 - TAP
DRILL 31/64) ...

N42 MO1

(TO3-9/1612 PLUG TAP)

N43 TO300 M42

N44 G975450 MO3

N45 GO0 X0 Z0.5 M08 T0303
N46 G32 £0.875 F0.0833 M0O5
N47 Z0.5 M04

N48 M05

N49 GO0 X12.0 Z2.0 TO300 M09
N50 M30

%

The block (N48 in the example) containing spindle stop function MO5, is not required if the tap
is thelasttool programmed, althoughdoes no harm in any other program. Compare this newer
program 02608 with program 02607. Program 02608 is a great dealstaite,and the
possibility of any significant problem is virtually eliminated.

E. OTHER OPERATIONS

There are many other programmiayiations relating to machining holes on CNC machining
centers and lathes. This chapter has covered some of the most important and most common
possibilities.

Somefewer common applications, such as machining operations using todisd&rboring
or block boring tools, tools with multiple cutting edges and other special tools for machining holes
may be quite infrequent in programming. However, programming thrassualoperations is no
more difficult then programming the ordinary everyday tool motioss)guordinary everyday
tools.

The real ability of a CNC programmer is measured in terms of applying the past knowledge and
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experience to a new situation. It requires a thinkirgcessand it requires a degree of ingenuity
and hard work.
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24. CIRCULARINTERPOLATION

In the majority of CNC programming applications, there are only two types of tool motions
related to contouring. One ldnear Interpolation discussed earlier, the other oneCiscular
Interpolation,covered in this chapter. Programming method otradling a toolpath along an arc
is similar to the method of programming a toolpath along a line. The method of circular contouring
Is calledcircular interpolation It is commonly used in profiling on CNC vertical and horizontal
machining centers, as Wwels on lathes and many other CNC machines, such as simple milling
machines, routers, burners, water jet and laser profilers, wire EDM, and others.

Circular interpolation is used for programming arcs or complete circles in such applications as
outside andnside radiuses (blend and partial), circular pockets, spherical or conical shapes, radial
recesses, grooves, corner breaks, helical cutting, even large counterbores, etc. CNC unit will
interpolate a defined arc with a very high precision, if the necesdarynation is given in the
program.

A. ELEMENTSOFA CIRCLE

To understand the principles of programming various circular motions, it helps to know
something about the basic geometrical entity known asdirtie. As an entity that is quite common
in everydg life, a circle has various properties that are strictly mathematical, only considered in
specialized disciplines, such as Computerized Numerical Control, motion control and automation.

The following definition of a circle and several other definitioret #ire related to a circle are
based on some common dictionary definitiefsgure 291.

A circle is defined as a closed curve on a plane, where all points have the same distance from
an

internal point called the circle center point

There are other simitalefinitions of a circle that can be found in dictionaries and mathematical
books. General understanding of a circle and its various properties as describetigitahizook
provides sufficient knowledge for most aspects of CNC programming. Addiknoaledge will
be needed for some specialized or complex programming applications. At this time, become at
least reasonably familiar with basic geometrical and trigonometric relationships for arcs and
circles.

,— Center

~Quadrant
/ point
I4
> Circle
Diameter —/ ' Radius
Figure 29-1

Basic elements of a circle
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Radius and Diameter

In the simplest mathematical terms, a circle is defined by its center point and its radius. Two of
the most important elements of a circle used in part programming are theratlicieand the
circle diameter.

RADIUS of a circle is the line segment frohretcenter point to any point on the circle
DIAMETER of a circle is the line segment through the center point of the circle and
having both end points on the circle

Center point location of the circle is also important for CNC programming. The plural form o
the wordradiusis radii, although the wort&tadiuses’has been accepted as a colloquial term and
is considered correct. In CNC programming, radiuses and diameters are used all the time, on a
daily basis for almost all contouring machinBsawings used in machine shops use radius and
diameter dimensions for even the simplest parts, with an almost unlimited number of possible
applications.

Radiuses and diameters are also used in relation to the cutting tool insert designation, they are
usedfor measuring and gauging (inspections), as well as in trigonometric calculations and various
auxiliary sketches. In programming, the actual application of an arc or circle is not important, only
its mathematical characteristics.

Circle Area and Circumfao®e
Theareaof a circle is defined by this formula:

A R?2

+where €
A = Area of the circle R = Circle radius
= Constant (3.1415927)
Thecircumferencef a circle is théengthof a circle if it were a straight line:

C D

+where &
C = Circumference of the circle D = Circle diameter
= Constant (3.1415927)

It is important to note that both the area and circumference of a circle (its actual length) are
seldom used in CNC programming, although understanding their concepts presentuaetihe
knowledge.

B. QUADRANTS
A guadrantis a major property of a circle and can be defined mathematically:

A quadrant is any one of the four parts of the plane formed by the system of rectangular
coordinates

I't i s to every pr ogndthacaneeptdfguatrants anfl thdir applcatians d e r
for circular motions in milling and turning programs.

A circle is programmed in all four quadrants, due to its nature, while most arcs are programmed
within one or two quadrants. When programming thevaators,l, J and K (described later), the
angular difference between the arc start and end points is irrelevant. The only purpose of arc
vectors is to define aniquearc radius between two points.
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For manyarcsprogramming projects, the direct radius barused with the RRddress, available
for majority of control systems. In this case, the angular difference between the start and end points
is very important, because the computer will do its own calculations to find the arc center. Arc
with the angular ifference of180or less measured between the start and end points, udes an
positive amount. Arc in which the angular differencenmre than 188 uses arR-negative
amount. There are two possilaleoicesand the radius amount alone cannot define a unique arc.

Also worth mentioning is anirroredtoolpath and its relationship to the quadrants. Although it
IS not a subject of the current chapter, mirroring and quadrants must be considered together. What
happens to the toolpath when it is mirrored is determined by the quadrant where the mirrored
toolpath is positioned. Details about mirror image as a programming subject stageof09 For
now, it should be adequate to cover a very brief overview only.

For example, if a programmed toolpath@uadrant lis mirrored toQuadrants llor 1V, the
cutting method will be reversed. That meartirab milling will becomeconventionamilling and
vice versa. The same rule applies to a programmed toolpa@uadrant | as it relates to
Quadrants landlll. This is a very important consideration for many materials used in CNC
machining, because climb milling @uadrant Iwill turn into conventional milling iMQuadrants
Il andlV - a situation that is not always desialSimilar changes will occur for other quadrants.

Quadrant Points

From the earlier definition should be clear that quadrants consist of two perpendicular lines that
converge at the arc center point and an arc that is exactly one quarter of a circle circumference. In
order to understand the subject deeper, draw a linetine center of an arc that is parallel to one
of the axes and is longer than the arc radius. The line creaietgi@ectionpoint between the line
and arc. This point has a special significance in part programming. It is often known as the
Quadrant Poim - or theCardinal Point- although the latter term is not used very often, except in
some mathematical applications. There are four quadrant points on a given circle, or four
intersections of the circle with its axes. Quadrant points locations can benbamed easier by
associating them with the dial of a common compass or a standard watch with an analog dial:

Degrees Compass direction Watchdirection | Located between quadrants
0 EAST 3 0b6cl oqlv and |

90 NORTH 12 ob6cl ¢l and |

180 WEST 906 cl ockl and Il

270 SOUTH 6 odcl ol and IV

At this point of learning, it may be a good idea to refresh some terms relating talia@ctien
definition. Established industry standard (mathematics, as well as CAD, CAM and CNC) defines
an absolute angular value as benagitivein the counterclockwiselirection andalways starting
from zero degreed-rom the above table, zero degrees correspmiitze Eastdirection orthree
0 0 c Ipasitiok of an analog clockFigure 292.
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-270° . . .
90° Positive direction

CCWwW

Positive angle
180° _ { Oo‘

Negative angle

CWwW

_Qg(?oo Negative direction

Figure 292
Mathematical definition of arc direction

There is another reason why quadrant points are important in CNC programming. In some
cases, one or more quadrant points will be used as teadpointseven if the circular cut covers
more than one quadrant. This is particularly true for many olderalsystems, where crossing
the quadrants in a single block is not allowed. Modern controls can generate arc of any length in a
single block, up to 360, with very few restrictions.

C. PROGRAMMINGFORMAT

Programming format for a circular interpolation todtpaust include several specifications,
without which the task of cutting an arc would be impossible. The most important specifications
are defined as:

Arc cutting direction (CW or CCW)
Arc start and end points
Arc center and radius value

Cutting feed amtemust also be in effect, discussed in more detail later in this chapter. Special
modal Gcodes are used for circular motion programming and additional specifications related to
the circle radius are also required.

Arc Cutting Direction

A cutting tool may move along an arc in two directiocleckwise(CW) or counterclockwise
(CCW). These two terms are assigned by convention. On most machines, the motion direction is
determined by looking perpendicularly at the plane in which the circular motion is mrogch
The motionfrom the plane vertical axiowardsthe plane horizontal axis is clockwise, reverse
motion is counterclockwise. This convention haathematicabrigins and does not always match
machine axes orientation. Machining in planes is described as a separate subject, staatijeg on
279, this chapter will only take a brief look.

In a typical program format, the first statement of a circular cutting motack is thecutting
direction This direction defines cutting tool motion along the programmed arc, which is either
clockwise or counterclockwise. The motion direction along an arc is programmed using one of
two preparatory commands in the block.
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Circudr Interpolation Block
All controls offer two preparatory commands associated with programming an arc direction:

G02 Circular motion clockwise CW

G03 Circular motion counterclockwise CCw

Both the G02 and GO3 commands are modal, thereforeréinegin in effect until the end of
program or until canceled by another command from the sagw@& group, usually by another
motion command.

Preparatory commands G02 and G03 are the key words used in programming to establish
circular interpolation mode. dordinate words following the G02 or GO3 command are always
designated within a selected plane. The plane is normally based on the avaitakiles 6 s
combinations of XY, ZX and YZ for milling or similar applications. Normally, there is no plane
selection ora lathe, although some contintlicatest as G18, the ZX plane.

Plane selection and the combination of circular motion parameters with the arc cutting direction
determine tharc end pointand the Ramount specifies tharc radius Special arc centesectors
(also known asnodifierg are also available, if the programmer requires them.

When G02 or GO3 command is activated by a CNC program, any currently active tool motion
command is automatically canceled. This canceling motion is typically GO0, GOXyulea
command. All circular toolpath motions must be programmed with a cddedratein effect,
applying the same basic rules as for linear interpolation. That mearesetheateF must be
programmedeforeor within the cutting motion block. lfeedrateis not specified in the circular
motion block, control system will automatically search forlgstprogrammedeed ratelf there
is nofeed ratein effect at all, many controls usually return an error message (an alarm) to that
effect. Cuttingeed ratemay be specified in one of two ways. Either directly, within the arc cutting
block only or indirectly, by assuming the last actiged rate Circular motion in rapid mode is
generally not possible. Also not possible is a simultaneous threeias@sr motion. For more
details on this subject, look up the subject describing helical m{ieg page 433)

On the majority of older controls, direct radius address R canrspidadfied and the arc center
vectors I, J and K must used instead:

G02 X..Y.. I.. J.. Milling program - CW
G02 X.. Z.. .. K.. Turning program - CW
GO3 X..Y.. l.. J.. Milling program - CCW
GO3 X.. Z.. .. K.. Turning program - CCW

Control systems supporting the arc radius designation by address &swidiccept the IIJK
vectors, but the reversensttrue. Ifbotharc vectors IJK and radius R are used in the same block,
theradiusamount takes priorityegardless of the order e@fords:

GO02 (G03) X.. Y.. R.. I.. J..
G02 (G03) X.. Y..I.. J.. R..

Controls that accepanly the vectors IJK will return an error message in case the circular
interpolation block contains-Bddress (an unknown address).

Arc Start and End Points

Thestart point of an arc is the point where circular interpolatimyins as determined by the
cutting direction. This poimhustbe located on tharc,and it will always be an endpoirtangency
point or an intersectionresulting in a blend radius or a paltiadius respectively. The instruction
contained in the start point block is sometimes calledé&parture commandFigure 293.
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USED IN MILLING USED IN TURNING
Figure 293

Center point and start point of an arc

Arc start point is always relative to the cutting motion direction and is represented in the
program by coordinates in the blogkecedingthe circular motion. In terms of a definition,

Start point of an arc is the last position of cutting twefore circular interpolation block
Here is an example:

N66 GO1 X5.75 Y7.5START POINT OF ARC) N67 GO3 X4.625 Y8.625 R1.125
(ARC) N68 GO1 X.. Y..

In the example, block N66 represents #melof a con tour, such as a linear motion. It also
represents thgart of the arc that follows next. In the following block N67, the arc is machined,
so the coordinates represent the end of arc and start point of the next toolpath element. The last
example block N68 represents the end point of the element that stantetthé arc. Thend point
of the arc is the coordinate point of any two axes, where the circular nesttlsnThis point is
sometimes called thargetposition.

Arc Center and Radius

Theradiusof an arc can be designated with the address R or witleaterosectors 1, J and K.
The Raddress allows programming the arc radius directly, IJK arc center vectors are used to
actually define the physical (actual) arc center position. Most modern control systems support R
address input, older controls require trc center vectors only. Basic programming format will
vary only slightly between milling and turning systems, particularly when thé R

dress version is used:

G02 X..Y..R.. Milling program - CW
G02 X.. Z.. R.. Turning program - CW
GO3 X.. Y..R.. Milling program - CCW
GO03 X.. Z.. R.. Turning program - CCW

Why is the arc center location or the arc radius needed at all? It would seem that the end point
of an arc programmed in combination with a circular interpolation mode should be suflibient.
IS never true. Always keep in mind thatimerical controlmeans control of the toolpath by
numbers In this case, there is anfinite humberof mathematical possibilities where all may
correspond to this incomplete definition. There is virtually almited number of arc radiuses
that will fit between the programmed start and end points and still maintain the cutting direction.

Another important concept to understand is that the cutting direction CW or CCW has nothing
to do with the arc center or thadius. Control system needs more information than direction and
target point in order to cut the desired arc. This additional information must contain a definition
that defines a programmed arc withraqueradius.
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This unique radius is achieved by ugithe Raddress for direct radiusput orusing the IJK
arc center vectors. Address R is the actual radius of the toolpath, usually the radius taken from part
drawing.

Arc Center Vectors

Figure 294 shows the signs of arc vectors | and J in all possiidatations. In different planes,
different pairs of vectors are used, but the logic of their usage remains exactly the same.

Arc vectors I, J and K are used according to the following definitions (only | and J are shown
in the illustration):

G02 GO03
Quadrant 10 J- - J- I- JO - J-

Quadrantl I+ JO 1+ J-

A5 I

Quadrantll 10 J+ 1+ J+ I+ JO 1+ J+

e
Ve
Ve
Ve
Ve
/

Quadrant IV - JO I- J+ 10 J+ - J+

Figure 294

Arc vectors | and J (also known as arc modifiers) and their sign designation in different qu
Y planeshown)

Arc center vector is the distance, with specified direction, measured from the start point of the
arc,

to the center of the arc, parallel to theaXis

Arc center vectod is the distance, with specified direction, measured from thepsiant of
the arc,

to the center of the arc, parallel to theaXis

Arc center vectoK is the distance, with specified direction, measured from the start point of
the arc,
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to the center of the arc, parallel to thevds

The distance between the arc sfint and the arc center point (as specified by IJK vectors)
is almost always measured as ianrementaldistance between the two points. Some control
systems, for example some older Cincinnati designs, use the absolute designation to define an arc
center.In those cases, the arc center is programmed absautevalue fromprogram zergnot
from the arc center. Always make sure how each of the control systems in the machine shop
handles these situations. Generally, it can be said that:

Arc center is measedfromarc start pointo arc center

The lack of a suitable standard in this respect creates a major difference in programming format,
so be careful to avoid a possible error. An error can be particularly likely in those cases where both
types of contris are installed in the machine shop. Thereascompatibilitybetween programs
using absolute and incremental method of the arc center.

The specifieddirection applies only to the incremental designation of arc center. It is the
definition of relative peition of the arc center from the start point, programmed with a directional
sign - absence of the sign always assumes a positive direction, minus sign indicates a negative
direction and must always be written. Arcs using absolute center definition &témaard rules
of absolute dimensioning.

Arc in Planes
For machining centers, programming an arc in any one of the three geometrical planes is
allowed- Figure 295. The correct arc vectors must be used for each selected plane:
G17 G02 (G03) X.. Y..R.. (orl..J.)
G18 G02 (G03) X.. Z..R.. (orl..K..)

G19 G02 (G03) Y.. Z.. R.. (orJ..K..)

Arc cutting direction in three planesthe axis orientation is based on mathematicalot
machine- planes

If the programmed plane is not aligned with the machine axes, or if the axes used in the program
are selected without a plane designation, circular motion will take place accordingaxishe
selection in the progranfAlways watch when the modal axis nawtiis omitted. The safest method
of avoiding this potentially harmful problem is to follow a simple precautioever count on
modal settings.

In nonstandard planes, the circular program block should always contain specificatimih for
axes as well adoth arc vectorer the R radius. Such a block e@mpleteand will always be
executed on the basis of axes designation priority. This method is preferable to the selection of a
previously defined plane. Even if the plane designation is incorrect, thigrrggool motionwill
always be correct.

D. RADIUS PROGRAMMING

Programming arc is very common. By definition, an arc is omggréion of a circle and there
are many ways to program an arc. If the arc is 360, it must be programmed with the cutting start
postion being the same as its end position. In this case, a full circle is the result. If only a portion
of the circle is programmed, only a radius is programmed. Two kinds of radii are used in CNC
programming:

Blend radius
Partial radius
Each radius mayeoprogrammed in CW or CCW direction and each may be external or internal,

244



as well as in any orientation that the cutting tool can handle.

Blend Radius

A point of tangency between an arc and its adjacent element cre&ad@dius. Blend radius
is defired as a radius tangent betwedma and an arcanarc and a ling or betweernwo arcs A
blend arc creates a smooth transition between one contour element and another. The point of
tangency is the only contact point between the two elements.

The simplesform of a blend radius is between two perpendicular lines that are parallel to the
machine axes. Calculation of the start and end points requires only a few additions or subtractions.
A little more complex calculations are required when even one liaeas angle. In this case,
trigonometric functions are used to calculate the start or the end point, or both. Similar calculations
are required for blends between other entities as well. A blend arc is also knoWwiteasr& or
afillet radius.

PartialRadius

The opposite of a blend arc igpartial arc - there is no smooth blend between two contour
elements, instead, there is an intersection. Mathematically, there are always two possible
selections, however, the part drawing should be quite clearthe ghape of any partial radius.
Partial radius can also exist betweem lines one lineandan arg or betweeriwo arcs Partial
radius can be defined as a radius where either thepsiattor the end point isottangent to the
adjacenelement buintersects it in two places. Actual calculation of point coordinates for the arc
start or end point is about the same as that for a blend arc, depending which method of
dimensioning had been used in the part drawing.

E. ARCPROGRAMMING

With a full arc cuttig, which means theomplete360° motion, the Raddress cannot be used
at all. Arc center vectors | andrustbe applied, even on latest controls.

What if the circle is 359.999? Well, at first, circireisthave 360°, therefore the word ‘circle’ is
incorred¢. Even a small difference of 0.001° does make a difference between a circle and an arc.
Although this difference is much more important mathematically than for practical programming,
the distinction is very important. In circular interpolation termsirmomplete circles nothing
more than airc.

Look at this arc a little differently. If a 98rc is made, the fddress (direct radius) can be
programmed, for example:

GO01 X2.0 Y5.25 F12.0
G02 X3.75 Y7.0 R1.75
If an arc that coversxactly180is programmed, the program will not be much different:
GO01 X2.0 Y5.25 F12.0
G02 X5.5Y5.25 R1.75

Note that the Ycoordinate is the same for the arc start and end position. Y amount in the circular
motion block does not have to be repeated, it is used hegréoomllustration.

Another example shows programming an arc of 270°, still using thddress. Are the
following blocks correct?

GO01 X10.5 Y8.625 F17.0
GO02 X13.125 Y6.0 R2.625

The blocks appear to be correct. All calculations, format, individual wdrdg,&ll appear to
be right. Yet, the program wrong! Its result will be a 90° arc, not 270°.
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Study the illustration ifrigure 2915. It shows that there is not just one, bub mathematical
possibilities when the faddress is used for arcs. The solidtoor shown is the toolpath, dashes
identify the two possible radiuses.

Programmers do not normally think of these mathematical alternatives, until they program arcs
largerthan 180° (or scrap a part). This is a similar situation to that of a full deeribed earlier.
Although the | and J vectors can be used to remedy this problem, a different remedy may be a
preferred choice. RRddress can still be used in the program, but witbgativesign for any arc
that is greater than 180°. For arcs smalent180°, the usual positive R radius remains in effect.
Recall from some earlier explanations that if there is no sign with the R word (or any other word),
the word assumespmsitivevalue. Compare the two programming examples:

GO01 X10.5 Y8.625 F17.0
G02X13.125 Y6.0 R2.625 (90 DEGREES)

=

R+

\ End point

M ~" I =—— Contour
Figure 2915
Sign of R address for circular cuttingnly the center is different
The following example is identical to the previous one, except for thddress sign.
GO01 X10.5Y8.625 F17.0
G02 X13.125 Y6.(R-2.625 (270 DEGREES)
If frequently programming arcs that cover more than

180, establish a particular programming style. If the style is well thought out, it will avoid the
costly mistakes associated with the8dress sign error.
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25. TOOL NOSE RADIUS OFFSET

All general principles and rules described so far also apply to the radius offset for a lathe
contouring tool. There are few differences, mainly caused by the shape of the tool.

In milling, the cutting tool is always round. The cutter circumference (pesiplsethe cutting
edgeand its radius is the nominal offset. Turning tools have a different design. The most common
IS a multisided carbide insert. An insert may have one or more cutting edges. For strength and
longer insert life, the cutting edge hakatively small corner radius. Typical radiuses for turning
and boring tools are:

0.40 mm (metric)or  1/64 = 0.015imperial)
0.80 mm (metric) or 1/32 = 0.0313imperial)
1.20 mm (metric) or 3/64 = 0.0469imperial)
Because lathe tool cutting edge iteof called aool nose the termtool nose radius offset
became common.
A. TOOLNOSETIP

Actual tool nose is usually a corner of the tool, where two cutting edges blend into a nose radius.
Figure 3332 shows typical corners of a turning tool and a boring.tool

to Z0 « L | Reference point
SERN
- Y~ 7!
R— l |rf o
Reference point > to Z0 <— — 8
@) -

a b
Figure 3032
Tool reference point for typical turning (a) and boring {bgar lathe

The tool noseeference poinin turning is often called theommand poinimaginary poiniand
lately, even theirtual point It is this point that is movedlong the contour, because it is directly
related to X0Z0 setting of the part.

B. RADIUS OFFSETCOMMANDS

The same preparatory commands relating to cutter radius used in milling operations are also
used for contouring on CNC latheBigure 3033:

Ga1 Offset d tool nose radius to th
EFT of contouring direction

G42 Offset of tool nose radius to th
IGHT of contouring direction
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G40 Offset of tool nose radiu
ANCEL

‘ L G4z -
IGHT
/ J
G41 -
=FT
Figure 3633

Tool nose radius offset applied to OD (G42d ID (G41)

There is one major differenedor lathes, Gcodes do not use the-&@ldress all actual offset
values are stored in tli@eometry/Weaoffset.Lathe tools have different cutting edgetherwise
they are similar to milling.

C. TooL TIP ORIENTATION

The center of a circle symbolizing an end mill must be equidistant to the contour by its radius.
In milling, cutting edges are part of the tool radius, on lathes, they are not. Lathéabale a
radius but separate cutting edges. The nose raditer ¢gemlso equidistant from the contour, and
the edges change their orientation, even for the same insert. Additional definitions are needed in a
form of a vector pointingrom the command point towards the radius centéis vector is called
thetool tip orientation arbitrarily numbered. Control system uses this number to establish the nose
radius center and its orientation from the command peigtre 3034 shows two tools and their
tip orientation.

to Z0

to X0 «—

Reference point

a

Figure 3034
Relationship between tool nosderence point and radius center

Tool tip orientation is entered during the setup, according to some arbitrary rules. Fanuc
controls require a fixed single digit number for each possible tool tip orientation. This number has
to be entered into the offsetreen at the control, under the T column heading. Value of the tool
radius R must also be entered, as they both work together. If the tool tip is O (or 9), the control will
compensate to the centérgures 3035 and30-36 show the standard tool tip nunrivey for rear
orientationCNC lathes those with X+ up and Z+ to the right of origin.
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Rear Lathe

Figure 3635
Arbitrary tool tip numbers for tool nose radius offset orientation

Figure 3036
Schematic illustration of Fanuc type tool tip numbering

D. EFFECT OFTOOL NOSERADIUS OFFSET

Some programmers do not bother using the tool nose radius offaets wrong'StudyFigure
30-37 carefully first- explanations follow.

a |CUTTING
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