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Preface

This book has been written as a result of the favourable com-
ments made about its companion volume over the years: Advanced
Machining — The Handbook of Cutting Technology, published jointly
by IFS and Springer-Verlag, in 1989. It follows a similar and
successful format and considers possibly the most prolific
metalcutting machine tools used by industry today: turning and
machining centres. First, in the opening chapter we will consider
how these machine tools have evolved and developed to their
current level of sophistication, try to explain how such equip-
ment is constructed, and discuss the various elements necessary
to ensure quality workpieces occur. Furthermore, this chapter
will help those not too familiar with this technology to gain an
insight into the operating mechanisms. Chapter 2 is especially
important as a thorough working knowledge of the latest cutting
tool technology is crucial if we are to capitalise upon the poten-
tial productive capacity offered by such machines. It has been
written to complement and not to supersede the information
given in the previous book; the same could also be said about
chapter 3, on cutting fluids.

Obviously, an important consideration for any machine
tool is how we are to restrain and locate the workpiece in the
correct orientation and with the minimum of set-up time. With
this in mind, chapter 4, on workholding technology, was in-
cluded. However, it is by no means meant to be an exhaustive
account of this important and often misunderstood technological
application.

Chapter 5, on CNC programming, has been written in con-
junction with a major European supplier of controllers, so that
the reader gains a more consistent and in-depth understanding
of the logic used to program such machines. The chapter is
by no means a comprehensive appraisal of the subject of pro-
gramming, more an indication of how, why and where to
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xii Preface

program specific features of a part and build them up into
complete programs.

Finally, chapter 6 considers the method by which a company
justifies the purchase of either cells or systems and illustrates
why simulation exercises are essential if a company is to gain
a clear understanding of these complex and associated tech-
nologies in a real-time simulated environment, prior to a full
implementation and commissioning of the plant. Communica-
tion protocols and networking topologies are discussed, how-
ever, I have refrained from mentioning the latest and somewhat
controversial research activities of “‘neural networks”” and ““fuzzy
logic”, as they have still to make an impact in a “workshop
hardened” environment — being just at the development stage.
In the closing pages, I have mentioned the important activities
underway in many machine tool companies concerning high-
speed machining developments and the drive towards ultra-high
accuracy/precision. These developments are being forced upon
the machine tool builders by a market which requires higher
stock removal rates per kilowatt of power drawn by spindles
and the associated benefits, together with greater and greater
accuracy as companies work at the current limits of the process
capabilities of today’s machine tools.

A list of company addresses is given so that more in-depth
information can be gained by the reader. Lastly, my final
thoughts are to you, the reader, as this book has taken three
years to write — with frequent up-dates to sections as topics have
changed during the writing — I hope you will have found it of
use and I would be pleased to hear your thoughts on the book as
a “vhole, or in part.

Graham T. Smith

West End
Southampton
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Chapter 1

The Development and Design of
CNC Machine Tools

1.1 Historical Perspective — the Early Development of
Numerically Controlled Machine Tools

The highly sophisticated CNC machine tools of today, in the vast and diverse range
found throughout the field of manufacturing processing, started from very humble
beginnings in a number of the major industrialized countries. Some of the earliest
research and development work in this field was completed in the USA and a mention
will be made of the UK’s contribution to this numerical control development.

A mrjor problem occurred just after the Second World War, in that progress in all
areas of military and commercial development had been so rapid that the levels of
automation and accuracy required by the modern industrialized world could not be
attained from the labour intensive machines in use at that time. The question was how
to overcome the disadvantages of conventional plant and current manning levels. It is
generally acknowledged that the earliest work into numerical control was the study
commissioned in 1947 by the US government. The study’s conclusion was that the
metal cutting industry throughout the entire country could not cope with the de-
mands of the American Air Force, let alone the rest of industry! As a direct result of
the survey, the US Air Force contracted the Parsons Corporation to see if they could
develop a flexible, dynamic, manufacturing system which would maximise produc-
tivity. The Massachusetts Institute of Technology (MIT) was sub-contracted into this
research and development by the Parsons Corporation, during the period 1949-1951,
and jointly they developed the first control system which could be adapted to a wide
range of machine tools. The Cincinnati Machine Tool Company converted one of their
standard 28 inch “Hydro-Tel” milling machines to a three-axis ““automatic”’ milling
machine for this contract, having removed the contouring equipment. This machine
made use of a servo-mechanism for the drive system on the axes, which controlled the
table positioning, cross-slide and spindle head. The machine can be classified as the
first truly three axis continuous path machine tool and it was able to generate a required
shape, or curve, by simultaneous slideway motions, if necessary.

At about the same time as these American advances in machine tool control were
taking place, Alfred Herbert Limited in the United Kingdom had their first NC
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2 CNC Machining Technology

machine tool operating, although Ferranti Limited produced a more reliable con-
tinuous path control system which became available in 1956. Over the next few
years in both the USA and Europe, further development work occurred. These early
numerical control developments were principally for the aerospace industry, where it
was necessary to cut complex geometric shapes such as airframe components and
turbine blades. In parallel with this development of sophisticated control systems for
aerospace requirements, a point-to-point controller was developed for more general
machining applications. These less sophisticated point-to-point machines were con-
siderably cheaper than their more complex continuous path cousins and were used
when only positional accuracy was necessary. As an example of point-to-point motion
on a machine tool for drilling operations, the typical movement might be: fast traverse
of the workpiece under the drill’s spindle and after drilling the hole, another rapid
move takes place to the next hole’s position — after retraction of the drill, of course.
The rapid motion of the slideways could be achieved by each axis in a sequential and
independent manner, or simultaneously, if a separate control was utilised for each
axis. The former method of table travel was less costly, whereas the latter was faster in
operation. With these early point-to-point machines the path taken between two
points was generally unimportant, but it was essential to avoid any backlash in the
system to obtain the required degree of positional accuracy and so it was necessary
that the approach direction to the next point was always the same. The earliest
examples of these cheaper point-to-point machines usually did not use recirculating
ball screws; this meant that the motions would be sluggish, and slideways would
inevitably suffer from backlash, but more will be said about this topic later in the
chapter.

The early NC machines were, in the main, based upon a modified milling machine,
with this concept of control being utilised on turning, punching, grinding and a whole
host of other machine tools later. Towards the end of the 1950s, hydrostatic slideways
were often incorporated for machine tools of higher precision, which to some extent
overcame the stiction problem associated with conventional slideway response, whilst
the technique of averaging-out slideway inaccuracy brought about a much increased
precision in the machine tool and improved their control characteristics.

The concept of the “machining centre” was the product of this early work, as it
allowed the machine to manufacture a range of components using a wide variety
of machining processes at a single set-up, without transfer of workpieces to other
machine tools. A machining centre differed conceptually in its design from that of a
milling machine, in that the cutting tools could be changed automatically by the
transfer mechanism, or selector, from the magazine to spindle, or vice versa. In this
manner, the automatic tool changing feature enabled the machining centre to pro-
ductively and efficiently machine a range of components, by replacing old tools for
new, or preselecting the next cutter whilst the current machining process is in cycle.

In the mid 1960s, a UK company, Molins, introduced their unique “System 24"
which was meant to represent the ability of a system to machine for 24 hours per day.
It could be thought of as a “machining complex” which allowed a series of NC single-
purpose machine tools to be linked by a computerised conveyor system. This con-
veyor allowed the workpieces to be palletised and then directed to each machine tool
as necessary. This was an early, but admirable, attempt at a form of Flexible Manu-
facturing System concept, but was unfortunately doomed to failure. Its principal
weakness was that only a small proportion of component varieties could be machined
at any instant and that even fewer workpieces required the same operations to be
performed on them. These factors meant that the utilisation level was low, coupled to
the fact that the machine tools were expensive and allowed frequent production
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The Development and Design of CNC Machine Tools 3

““bottlenecks” of work-in-progress to arise, which further slowed down the whole
operation.

The early to mid-1970s was a time of revolutionary advancement in the area of
machine tool controller development, when the term computerised numerical control
(CNC) became a reality. This “new” breed of controllers gave a company the ability to
change workpiece geometries, together with programs, easily with the minimum of
development and lead time, allowing it to be economically viable to machine small
batches, or even one-offs successfully. The dream of allowing a computerised nu-
merical controller the flexibility and ease of program editing in a production environ-
ment became a reality when two related factors occurred. These were:

the development of integrated circuits, which reduced electronic circuit size, giving
better maintenance and allowing more standardisation of design;

that general purpose computers were reduced in size coupled to the fact that their
cost of production had fallen considerably.

The multiple benefits of cheaper electronics with greater reliability have resulted in
the CNC fitted to the machine tools of today, with their power and sophistication
progressing considerably in the last few years, allowing an almost artificial intelligence
(AI) to the latest systems. Over the years, the machine tool builders have produced a
large diversity in the range of applications of CNC and just some of these develop-
ments will be reviewed in chapter 5.

With any capital cost item, such as a CNC machine tool, it is necessary for a
company to undergo a feasibility study in order to ascertain whether the purchase of
new plant is necessary and can be justified over a relatively short pay-back period.
These thoughts and other crucial decisions will be the subject of the next section
which is concerned with the economic justification for CNC.

1.2 The Economics of CNC
1.2.1 The Importance of a Feasibility Study

It is normal for a company to embark on a feasibility study prior to the purchase of
any capital equipment such as a CNC machine tool. This study fulfils many functions,
such as determining the capacity and power required together with its configuration —
horizontal/vertical spindle for a machining centre, or flat, or slant bed for a turning
centre. Many other features must also be detailed in the study, encompassing such
factors as the number of axes required and whether the machine tool should be loaded
manually, by robot, or using pallets. An exhaustive list is drawn up of all the relevant
points to be noted and others that at first glance seem rather esoteric, but will affect
the ability of the company to manufacture its products. It has been shown time and
again that many mistakes have been made in the past when companies rush into the
purchase of new equipment without considering all of the problems, not only of the
machine tool itself, but of the manning and training requirements together with its
effect on the rest of the shop’s productive capability. Often the fact that an advanced,
highly productive machine is now present in the shop could affect the harmonious
flow of production, causing bottlenecks later, when the purpose of purchasing the
machine was to overcome those problems at an earlier production stage. Machine
tools have even been purchased in the past without due regard for the components
they must manufacture, or without correct assessment of future work. This latter
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4 CNC Machining Technology

point is not often considered, as many companies are all too concerned with today’s
production problems rather than those of the future. Taking this theme a little
further, in a volatile market a feasibility study should perceive not only the short and
medium term productivity goals, but also the long term ones, as it is often the long
term trends of productive capability which are the most important if a company is to
amortise their costs. When highly sophisticated plant such as an FMS is required, it
can be several years from its original conception before this is a reality on the shop
floor, and a company’s production demands may have changed considerably in the
mean time. If, for any reason, the wrong machine/s has/have been purchased, or
more likely, something has been overlooked during the feasibility study, then the
“knock-on effect” of this poor judgement is that it will have cost the company dearly
and, at the very least, any future study will be looked on by the upper management
with disdain and scepticism.

A _company should plan and discuss their products and systems to be implemented
in the future with an eye on the production equipment of the present. This is very
relevant, as any responsible production engineering company will invest in manu-
facturing equipment which has reached a reliable level of maturity, yet at the same
time allow for further growth over a foreseeable time, and in such a manner, maintain
and strengthen the competitiveness of the enterprise. Fig. 1.1 graphically illustrates
the relationship between product maturity and level of utilisation of production
technology today. In recent years, the labour overheads have reached almost the same
level as the direct labour costs and this has meant that methods employed using
conventional production have clearly slipped into an “ageing phase”. This is also true,
to a certain extent, for NC technology, as this has shifted from maturity to a particular
level of ageing and in the medium term, will offer no further competitive oppor-
tunities. Obviously, planned investments must embrace the growth area technologies

|
| | |
| l NC l conv.
| | [ l
78]
w | l |
wy
r | | |
=] | CNC l
s l I
= |
p | oN l
5 FMC | |
= IFM
5 I
CAQ |
AF l | |
DEVELOPMENT. GROWTH. MATURITY 0BSOLESCENCE.

MATURITY LEVEL.
Fig. 1.1. The degree of maturity and utilisation of manufacturing techniques currently on offer. conv.,
conventional manufacture; NC, numerical controlled manufacture; CNC, computerised NC manufacture;
DNC, distributed numerical control (note: not direct numerical control in this context); FMC, flexible
manufacturing cell; FMS, flexible manufacturing system; CAQ, computer-integrated quality control; AF,
automated factory. [Courtesy of Scharmann Machine Ltd.]
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The Development and Design of CNC Machine Tools 5

(Fig. 1.1), but these sophisticated technologies — although they create conditions for
optimum utilisation of the plant — mean that capital equipment is more costly to
purchase. Whenever high cost equipment is purchased it is usually the intention of a
company to maximise their financial outlay by reducing the pay-back period to a
minimum, using second and possibly a third shift. This strategy has the effect of
lowering the hourly machine rate drastically, or to put it another way, these systems
are over-compensated by more intensive utilisation, so that despite the higher amount
invested, a better utilisation and in most cases higher machine performance will
achieve a reduction in costs.

In the high technology-orientated former West Germany, a recent survey concluded
that only about 12% of the machine tools installed were less than 5 years old. That
is to say, many conventional machines are still actually in use and must be supple-
mented, or replaced in successive small steps by replacement and/or expansion
investments. Continuing this theme, of current average age of the machine tool
compared with its utilisation level, it can be seen (Fig. 1.2) that it is precisely in this
area that the largest amount of manoeuvring space for entrepreneurial decisions
occurs. In the early 1980s, a review regarding machine tool utilisation was conducted
and the results showed that on average only approximately 700—-800 hours per annum
were spent actually doing “cutting” work. If one refers this to the theoretically
available annual loading time for the machine tool of 364 X 24 hours per day, this time
will represent approximately 8% and this is shown in Fig. 1.2. This graph also
attempts to show the individual blocks of time which cannot be used for actual
production and it illustrates just how little influence any small idle time improvements

L 100 % theoretical capacity. TIME LOSSES FOR MEDIUM SIZE PRODUCTION
(the effective cutting time remaining is only

8% of the theoretical capacity)

28% Weekends & work's-holidays.

40% Incomplete use of the
second & third shifts.

| Y6% Machine down - fimes.

I :7% Setting & Clamping,

I :7% Tool changing.

4

] 4% Loading, unloading & idle times.

!

Fig. 1.2. Time loss constituents in medium batch manufacture. [Courtesy of Scharmann Machine Ltd.]
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6 CNC Machining Technology

\ TURNING _ OPERATION.

SET-UP TIME (cost)
f NUMBER IN BATCH.

Fig. 1.3. Cost comparison against batch size. This shows clearly the advantage of using a CNC machine.

will achieve on the machine, when compared with the enormous potential of incom-
plete utilisation. Obviously, improvements during the last 20 years in the cutting
capability of machine tools and their performance have shown increases averaging
505% and further drastic savings of time have been achieved in the area of idle times —
where higher rapid traverse rates and automatic tool and workpiece-changing equip-
ment have been developed. It nevertheless remains a fact, that even though these are
impressive productivity gains, they are a “drop in the ocean” when seen from the
overall view of the plant utilisation throughout the year.

So far we have been concerned with the likely problems that face a company
embarked on a feasibility study for the purchase of new equipment. Let us now
discuss the advantages to be gained from the purchase of the “correct” plant. One
of the main purposes in using a CNC machine tool is to increase the productive
throughput with this equipment — but this, as Fig. 1.2 has shown, can only be
effective when the other time-loss constituents have been minimised. Although high
volume production can occur using CNC equipment, it is not alone in this area and
under certain conditions can be surpassed by using more conventional technologies,
such as, single and multi-spindle lathes, or plug board machine tools, as illustrated in
Fig. 1.3. However, even here most of these controllers are now being sold with CNC.
The major feature of a CNC machine tool is its ability to cut down drastically the lead
times for similar components manufactured by a different plant (as depicted in Fig.
1.4) and this has meant that an economic batch size is one! Even complex double-
curvature component geometries can be quickly and successfully programmed by a
trained employee using on- or off-line programming methods, but more will be said
about this in chapter 5. The real advance in machine tool design and monitoring
systems has meant that accuracy and repeatability of a component’s dimensional
characteristics can be confidently predicted, thus time and again uniform work results.
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TURNING
MANUFACTURING TIME FOR ONE BATCH

USED

, —————— ———————
FORMERLY. | | T00L ! IDLE TIME, ILEAD- !

:UTILIZATION TIME, | (rapid traverse time , :TIME.}
CONVENTIONAL I (cutting time) : indexing time,etfc) I % 1
TURNING M/C. \1
2-AXIS CN.C

TURNING M/C.

v

CUTTING TOOL

v

N
~
/

TECHNOLOGY.

NOW, KSET-UP/SETTING
SIMULTANEOUS TIME CONSTITUENT
TURNING WITH \d V/J ASSIGNED TO

4-AXIS CNC. BATCH.
TURNING M/C.

Fig. 1.4. To illustrate how cycle times have reduced with advancing CNC turning technology. [Courtesy
of Gildemeister (UK) Ltd.]

This repeatability has the added bonus of reducing inspection, assembly and fitting
costs by the virtual elimination of re-work and scrap. Storage of the part program and
its retrieval also has the effect of decreasing the lead times over the more conventional
manufacturing methods still further. As a consequence of this feature, the skill level is
retained by the company and does not leave when the employee moves on, or retires.
Other indirect, but crucial advantages accrue through the application of CNC tech-
nology and include: the precise processing of changes to the part with the minimum
of disruption of production, improved planning and scheduling results, repeat orders
are easily undertaken, plus many more attractive benefits. The results of these im-
provements of reduced tooling requirements and inventories together with the ad-
ministration benefits can be summarised graphically by the simple profit and loss
statement against time, shown in Fig. 1.5. Any machine tool is only making money
when it is cutting material (Fig. 1.6) and it is important to maximise this fact by im-
proving the machine’s utilisation over second/third shifts and by other non-productive
machining time advances, as clearly indicated in Fig. 1.2.

This section has tried to show that positive advantages occur when a company
embraces the current CNC technology, but only, hopefully, after an exhaustive
feasibility study. Let us now consider how and why CNC machine tools are designed
and constructed and then go on to look at their systems of machine control.
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+ CNC. MACHINE.
CONVENTIONAL MACHINE.
PROFIT
&
LOSS TIME.
STATEMENT.

Fig. 1.5. Tooling lead-in time for a new product. NB: There is a definite period of loss before the product
reaches the market and using CNC the “cross-over”” comes sooner and profit is higher.

1.3 The Design and Construction of CNC Machine Tools

With the development of CNC machine tools from the earlier NC machines, this
meznt that they were able to impart a degree of flexibility into programming and
more particularly editing. These controllers mean that program input and editing has
drastically reduced lead-times, making the acceptance of CNC technology to a whole
host of machine tools a more attractive proposition. Together with the great advances
in CNC electronic developments, the major machine tool casting designs have also
been rationalised and in many cases designed around ““modular concepts”. More will
be said on this topic later in this chapter.

1.3.1 Developments in the Design and Cast Structure of the Machine Tool

The structure of a machine tool must fulfil several requirements if it is to allow an
accurate and efficient cutting action to take place. The primary requirements for any
CNC machine are that the structure should be: torsionally rigid, thermally stable and
have adequate vibration damping capacity, in conjunction with precision and accuracy
to the moving elements. Torsional rigidity is required to overcome the flexures that
result from forces generated by the cutting action. The structure must be thermally
stable to overcome the heat generated — not so much by the cutting action, but more
particularly as a result of heat generated by bearings, motors and ballscrews, which
might otherwise distort the structure through differential expansion/contraction. This
factor of thermal drift is becoming a major problem for machine tools when used close
to their process capability and in themselves can be the cause of scrap occurring. Any
machine tool must dampen the vibrations set up by the cutting action quickly,
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Fig. 1.6. The turning centre with driven tooling considerably reduces work-in-progress, compared with
conventional manufacturing methods. [Courtesy of Gildemeister (UK) Ltd.]

otherwise they will have a disastrous effect on the tool life and on the workpiece
surface finish generated.

The secondary requirements of the machine tool structure are that the workpiece
and tooiing are easily accessible to the operator, so that care is taken by the designers
to allow ease of access to a machine, which in turn reduces operator fatigue, a major
factor attributed to scrap workpieces. Until recently, all of the larger parts of a machine
tool’s structure were built using cast iron, although some companies have produced
partially steel fabricated (welded) with cast iron assemblies fitted into them. Some
years ago concrete was employed instead of the welded bases; but although it has
been shown to give excellent results, only a few companies have chosen this route. In
fact several machine tool builders having tried the welded/cast structures for a number
of years, have reverted back to their original cast iron castings because of their
superior ability to dampen the tendency for self-exciting vibrations which can attend
the machining operation. It should be stated that all machine tool elements have
both static and dynamic vibrations present, but the cast iron structures have shown
superior vibration damping capacity to the partially welded and cast versions and are
less prone to flex under the higher forces generated by the latest cutting tool materials
and higher powered drive motors used of late. The very latest material to be used is
“Granitan”” which is a mixture of crushed granite and a thermosetting mixture to cure
and bond it together; this is cold-set and has very high thermal stability, whilst
offering much greater damping capacity over cast iron.

If vibration were the only problem when machining then this could easily be
remedied, but, the cutting action induces high forces within the cast structure and if it
is not robust enough to withstand them, then it may twist and distort slightly
promoting poor geometrical and dimensional characteristics to the workpiece. In order
to minimise the torsional and distortion problem, a rib, or box-like structure is usually
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Fig. 1.7. The rib and boxlike construction of the castings. [Courtesy of Cincinnati Milacron.]

employed on the casting as shown in Fig. 1.7. With the advent of unattended
machining which CNC allows, the structure of machine tools could be radically
changed giving better access and easier swarf removal. Typically, the slant bed on
turning centres has evolved which allows for these problems to be more-or-less
overcome and is considered superior to the flat bed construction found on conven-
tional lathes. When the lathe bed is slanted, tooling can be more easily reached by the
orerator, as is true in the case for the workpiece. Swarf build-up has always been a
problem area when cutting certain materials and this has been completely overcome in
turning using a vertical bed — which is often protected completely by shrouds from the
swarf. When cutting long, stringy materials, the use of chip breakers allows the swarf
to drop freely away from the cutting region to the bottom of the bed where it is
disposed of efficiently.

Recently, many machine tool structures have become rationalised designs and are
based upon the ““modular concept” philosophy. This “modular” design (Fig. 1.8)
allows the machine tool builder the opportunity to standardise certain features over a
range of machine tools, benefiting the manufacturer and consumer alike in reducing
the development and purchase costs whilst allowing more attention to be given to
each “module” in the machine. The same column, or table, may be common to a
variety of machines and this trend may be seen across the whole product range of a
machine tool company in certain instances. A typical modular concept philosophy can
be appreciated throughout the design of the major component parts shown in Fig. 1.9.

A critically important feature of any CNC machine tool is the accuracy/precision of
the bedways which provide a datum from where all subsequent workpiece accuracy
emanates. This feature must be rigorously assessed as, if inaccuracies are present in
the base casting, as other axes are added this accumulation will compound the
problem of workpiece inaccuracy. Fig. 1.10 shows nicely the slant bed Z axis, with the
X axis assembly mounted in-situ and it can be appreciated that a single large casting is
used for the bed with the bearing areas spaced widely apart for extra stability to
minimise flexure — which is an important feature to note when purchasing a new CNC
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Fig. 1.8. The modular construction of machining centres. [Courtesy of Cincinnati Milacron.]

Fig. 1.9. The optional equipment and modular concept for a turning centre. [Courtesy of Gildemeister
(UK) Ltd.]
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Fig. 1.10. Partial assembly of a turning centre’s slideways. [Courtesy of Cincinnati Milacron.]

machine tool. Bedways have always been hardened in the past by using an induction
hardening technique, or similar methods, but a more common feature now is to bolt
fully hardened steel ““ways” directly onto the casting. In particular, in recent years, the
major advancements have been in increasing slideway response and overcoming the
stiction problem which is present in most conventional bedway designs. As rapid
speeds on machine tools have increased to 30 m/min recently, it was imperative that
stiction was minimised by reducing the coefficient of friction levels considerably.
Slideways are often given treatment such as “’stick-free” coating — typically “Turcite”.
This minimises the “stick-slip” effect and has tended to be used on the lighter cast
machine tool structures. When heavy workpiece loads are to be coped with, then
hyZrostatic slideways are the only choice, as these “oiled” solutions are the only
viable alternative on extra large machine tools. With many of the machine tools
carrying intermediate loads, a different solution is on offer to the machine tool
designer and this utilises the so-called “frictionless’ systems. A typical linear bearing
assembly has a combination of either rollers or needle rollers assembled into hardened
guides and bolted onto the casting and these run the whole length of the axis travel.
When the axis travel is particularly long or loads are higher, then the “Tychoway”
system might be used (Fig. 1.11). This assembly is in the form of continuous rollers
which are situated in the moving members and they bear onto the fixed member
either directly, when the surface is hardened, or onto a hardened strip let into the
casting’s bearing faces.

1.3.2 The Recirculating Ballscrew

Almost without exception, when the machine tool’s slideway requires motion, this is
transmitted via an assembly known as a “recirculating ballscrew”. Fig. 1.12 shows a
partially cut-away diagram of just one type of ballscrew assembly mechanism. The
assembly shown in Fig. 1.12 has the flanged nut attached to the moving member and
the screw to the “fixed” casting. Thus any rotational movement of the screw will
displace the moving member’s slideway in the desired direction. These recirculating
ballscrew designs can have ball cages of internal or external return, but all of them are
based upon the Ogival or “Gothic arch” principle. This geometry ensures that a point
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Fig. 1.11. “Tychoways” situated strategically along the hardened way of a machine tool for efficient
transmission of loads and motions. [Courtesy of Cincinnati Milacron.]

Fig. 1.12. A typical arrangement of a recirculating ballscrew assembly for efficient transmission of motion
of slideways without “backlash”. [Courtesy of Cincinnati Milacron.]

contact occurs between the ball, its nut and the screw, giving low friction with over
90% efficiencies. With the ultra-fast “rapid” motions of some of the latest CNC
machine tools being around 30 m/min, some ballscrew assembles are of the two-start
Ogival type and are needed to cope with such high translations of motion. As
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expected, the accuracies of such ballscrews are high, in the region of 0.005mm over
300mm being possible and on large machines these ballscrews may be of considerable
length with high values of stiffness, up to 2000 N/pm.

The traditional Acme thread used on conventional machine tools has efficiencies
ranging from 20% to 30%, but although this is significant, it is not the main reason
why ballscrew assemblies have superseded them. The real reason for their universal
acceptance by machine tool builders, is that they can be pre-loaded in-situ and in such
a manner overcome any backlash which might otherwise be present in “normal”
thread assemblies. Ballscrew assemblies vary in their method of achieving zero-
backlash and are available as either single, or twin-nut designs with such features as
vernier adjustments in the more expensive designs for accurate pre-loading level
adjustments. These vernier systems can be precisely set to the required pre-load level,
whereas the other ballscrew systems require a ground spacer to be fitted between the
two flanged nuts. These hardened and ground ballscrew assemblies require little, if
any maintenance during their working lives once “torqued-up” and set. Every ball-
screw, however accurately ground it is, will have errors in its pitch present. This
inaccuracy is removed upon laser calibration at the final assembly stage when align-
ment errors are assessed and these pitch errors are fed into the machine control unit at
precisely displaced intervals (Fig. 1.13). This means that despite pitch inaccuracies
occurring, the controller adjusts — in other words, compensates for — the slideway
position to eliminate this error and move the axis to the command position given by
the CNC program.

1.3.3 Drive Motor Advances

Complementary and in situ with the ballscrews are the main motor drives which are
usvally of several types:

stepper motors (these will be discussed in section 1.4.1)
DC motors

AC motors

digital drives

The power of DC motors has increased the metal cutting capability of CNC machine
tools in a similar manner to that of advances in the cutting tool materials available and
their geometries over the last few years. In 1900 a turning operation on a bar of steel
100mm in diameter and 500 mm long would have taken about 105 min. By 1970, owing
mainly to cutting tool improvements, the time taken to machine a bar of the same
dimensions was down to 1.2min. Today, a time of half the 1970 value is possible, with
the added bonus that if a facing-off operation is required on a bar, a constant surface
speed could be used. With DC motors, the trend at present is to use Thyristor/Triac
controls to be fitted to machine tools. Asynchronous motors with variac controls
which were fitted to the older machine tools could only achieve a speed range of 1:4.
By using gearboxes the range could be enlarged to over 10 speed ranges in a geometric
progression. The problem with the older system was that even with the highest speed
selected, the range was not great enough to optimise the new speeds required by the
latest cutting tools and to obtain a constant surface speed requirement. DC motors
allow the advantages of higher speeds available with a better ratio between the lowest
and highest speeds and this simplifies the gearbox requirements, whilst their high
torque characteristics enable them to turn large diameter bars at low surface speeds.
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Fig. 1.13. The final test area, prior to alignment testing (laser calibration assessment). Each machine tool
is run continuously to check both electrical and mechanical performance before acceptance. [Courtesy of
Bridgeport Machine Tools.]

Metal removal rates under constant conditions of cutting speed, depth of cut and
feedrate, will keep the cutting forces constant, so that when the bar diameter is
increased the torque increases accordingly — hence the need for the high torque at low
speed. Rapid advances have occurred with high-power control technology and this
has meant that a reappraisal of DC motors for CNC machine tools has taken place.

The advantages of using AC induction motors over other types is that they tend to
be more reliable and easily maintained, yet are less costly than most other motors.
Obtaining rotation reversal of direction is simple with these three-phase AC motors
and it is possible using pole-change motors to obtain four speeds in arithmetic
progression such as: 350, 700, 1400, and 2800 rev/min, or similar. AC motors are not
usually used for driving the main spindle directly — apart from the pole-change
motors, as expensive and specialised electrical equipment is needed to provide high
power with accurate stepless variable speeds. Whenever there is a need to drive the
main spindle directly, it is usual to utilise a mechanical variable speed unit in order to
obtain spindle speed variation. By 1984, it became possible to produce speed control
and variation of AC motors, by frequency variation of the electrical supply; this
resulted in a more general adoption of the AC induction motor by industry.

Recently, digital drives have become an important addition to machine tools, par-
ticularly with the advent of machines requiring ultra-high speed spindle rotations and
more importantly rapid feedrates in two, or three dimensions. Such drives have very
fast response times and are ideal for minimising the “servo-lag” problems associated
with high speed cutting operations, “‘data-starvation” — causing problems on part
geometries and the tendency for cutter vibration, together with improved cutter accel-
erations/decelerations. However, this will be discussed in more detail in the following
chapters.
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Fig. 1.14. a A typical spindle system for a machining centre. (i) A large diameter spindle rides in tapered
roller bearings in a quill which is chrome plated and ground for smooth motion and long wear. Tapered
roller bearings have 6 times more stiffness than ball bearings to provide a net 50% increase in milling
rigidity. At speeds above 1400 r.p.m., the bearing preload is automatically reduced by 30% to assure cool
operation and long life. (ii), (iii) Quill guides provide accurate z-axis tracking. Milling clamps are
automatically energised during the milling cycle. (iv) The DC spindle drive motor is blower cooled. Filters
are easily inspected.
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‘b The construction of a turning centre headstock. The headstock is designed to minimise the effects of
thermal distortion in order to provide high accuracy over extended periods of continuous operation. The
symmetrical spindle housing is separated from the machine bed by a special insulation plate so that any
heat generated by operation will not displace the spindle centre. In order to supply the rigidity required
for heavy duty cutting, the spindle is supported by double row cylindrical roller bearings and combined
angular contact ball bearings at the front, and double row cylindrical roller bearings at the rear. [a
Courtesy of DSG/Monarch; b Courtesy of Yamazaki Mazak Corporation.]

1.3.4 Headstock and Main Spindle Design

Probably the most important element in the complex build-up of CNC machine tools
is the main spindle on a machining centre or CNC mill, or the headstock on a turning
centre or lathe. The crucial element of its design and subsequent assembly directly
affects the workpiece quality. Fig. 1.14a shows a simplified diagram of a typical
machining centre spindle system, illustrating the attendant shafts, bearings and gears,
being of robust construction. Often the main spindle is refrigerated or the oil supply is
kept at constant temperature in order to minimise the effects of thermal expansion.
Figure 1.14b shows a typical advanced turning centre headstock spindle assembly
with its sophisticated arrangement of bearings and heat resistant material strategically
positioned to act as a “heat sink’” to minimise the thermal growth and possible
distortion of the headstock assembly. If any growth due to thermal effects occurs in
the headstock its design should allow it to “grow’ axially, thus minimising the effect
on workpiece accuracy.

1.3.5 Auxiliary Equipment Fitted to Turning Centres
An important element on any turning centre when turning between centres, is the

design and adaptability of the tailstock and the ability to remove it from the cutting
zone when it is not required. Tailstocks tend to be of either the solid, partially
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programmable, or fully programmable varieties, with increasing versatility being with
the latter type. If tailstocks are of the solid casting type then their use is rather limited
to supporting the workpiece only and some simple machining operations during the
CNC program, whereas the partially programmable type can be “latched-up” to the
centre-line for work support between centres, or used for drilling etc., if mechanically
attached to the cross-slide, which is a provision most machine tool companies offer.
Figure 1.15 shows a partially programmable tailstock in the “latch-up” position
supporting a workpiece whilst locked in position on the lathe bed. By far the most
universal variety is the fully programmable tailstock which offers all the features of
the partially programmable version, but in addition has a continuous feed control
of the barrel enabling a range of hole generating processes to be achieved totally
independent of the cross-slide operation. The barrel’s oil pressure can be adjusted by
a hydraulic restrictor to give a variation in clamping force to the component; this is
necessary because small diameter work would distort or deflect otherwise.

The problem of rough turning operations is the nature and volume of swarf gen-
erated during cutting the workpieces under production conditions. The former prob-
lem of continuous swarf can be minimised by using chip-breakers on the cutting tools
(more will be said on this topic in chapter 2) whereas the volume of swarf would build
up to unacceptable levels and interfere with the cutting process if not removed. By
supplying a swarf conveyor on a turning centre, the swarf can be deposited in a
container well away from the cutting region. There are several varieties of design of
swarf conveyors, ranging from the most common chain-type to the rotating spiral

Fig. 1.15. A partially programmable tailstock supporting a long workpiece in the “latch-up” position. It
can be “latched-down” (lowered) when not required. [Courtesy of Cincinnati Milacron.]
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Fig. 1.16. Turret configurations. a 2-axis, driven/conventional tooling. b 4-axis, twin turret with driven/
conventional tooling. [Courtesy of Gildemeister (UK) Ltd.]

versions, but they all achieve the desired effect of removing unwanted swarf from the
machine.

Automatic and programmable tool changing mechanisms are an essential feature on
any turning centre and usually of the indexable turret variety typified by Fig. 1.16.
The two-axis version is normally a single type whilst the four-axis configuration has
the ability to machine several features on the same component, typically roughing and
finishing operations — known as “balanced turning” (Fig. 1.17a), or individual features
on the same component such as turning and boring (Fig. 1.17b), or to machine
dimensions on separate components, when an auxiliary spindle is present. To give the
turning centre even more versatility it is possible for most machine tool companies to
offer machines with a “driven/live spindle” to most, or all, of the turret positions if
required. This allows the programmer to specify drilling or milling operations on the
component using a rotating tool station (Fig. 1.18). This useful feature of powered
tooling requires at the very least, some form of indexing control to the headstock
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Fig. 1.17. a “Balanced turning” produces fast stock removal, or different features to be machined
simultaneously. b Twin turrets allow versatility, i.e. to turn and bore simultaneously. [Courtesy of
Gildemeister (UK) Ltd.]

spindle, allowing such features as: flats, slots, and splines, etc., to be machined
on prismatic parts. The indexing “C-axis” will clamp the headstock spindle at the
required angle via a ““shot-pin” which positively locates into an index plate slot, then
the feature to be milled, drilled, or tapped etc., can be accomplished with a degree of
accuracy and constraint.

For completely universal machining capabilities on a turning centre using the so-
called “one-hit” cutting capabilities in just one set-up, the machine tool needs to
be equipped with a fully programmable “C-axis” control to the headstock spindle
coupled to a “driven tooling” facility (Fig. 1.19). By using such a combination of full
“C-axis” control and “live tooling”, this will, in one sense, negate the need for using,
say, a machining centre to complete the part. “One-hit machining” has several major
economic benefits:
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Fig. 1.18. A “driven tooling” facility will increase a turning centre’s versatility to machine a range of
prismatic parts. [Courtesy of Cincinnati Milacron.]

it reduces capital outlay on a second machine tool

it significantly cuts down work-in-progress times

it increases the range of component parts to be machined by the turning centre

it improves the overall machine tool efficiency by increasing the productive cutting
time

higher quality parts result as the turning centre completes the parts at one set-up on
the machine

it uses less floor space, therefore only one machine tool is necessary, rather than two

NB: Although a turning centre with “driven tooling” has such versatility and the
ability to cut a large universal range of products, it is not cheap to purchase initially
but has the advantage that its pay-back period is considerably reduced and offers
better utilisation than the more “simple” turning centres. Figure 1.20 shows just some
of a whole host of cutting tool configurations of the “live tooling’” variety which can
be held in the tool turret and this increases the machining capabilities of turning
centres considerably.

Obviously a turning centre is only making money as it cuts metal; this means that
delays in the supply of workpiece material will have serious consequences on the
efficiency and overall productive capability of the machine tool. To minimise any non-
productive time that would otherwise accrue, automatic bar-feeders housing wrought
bars can be supplied to the machine (Fig. 1.21) and these feed lengths of material
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Fig. 1.19. To show just some of the cutting capabilities when a fully programmable ““C-axis”” headstock
spindle, utilising a “driven tooling” facility is available. [Courtesy of Gildemeister (UK) Ltd.]

through the headstock spindle for the manufacture of parts. Some bar-feeders are of
quite sophisticated design with “silent-running” capabilities; these also allow new
lengths of bar stock to replenish the bar-feeder when the previous one has been
consumed. When automatic bar length loading accessories are present, then an
untended machining condition is possible with large batch runs.

When it is necessary to machine either long workpieces or those requiring support
whilst either centre-drilling or boring, then a very useful accessory is the program-
mable steady. The programmable steady (Fig. 1.22) supports the part in order to
eliminate the effects of the cutting force and its subsequent displacement of the work
during machining operations — this would be a particular problem whenever it is
necessary to completely machine a long, thin bar along its entire length. Steadies are
usually of two types, those:

with a separate motion along the bedway of the turning centre,
fixed onto the turning centre turret (as shown in Fig. 1.22).
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Fig. 1.20. “Driven tooling” configurations can be quite sophisticated, ranging from (above) straddle milling
to (below) adjustable angled heads on a turning centre turrets. [Courtesy Gildemeister (UK) Ltd.]

In either case, the rolling element supports are positioned on adjustable fingers
which automatically open, or close, according to the diameter to be supported.

In order to minimise the damage to the completed workpiece an automatic part-
catcher is a useful addition to a turning centre. Part-catchers come in a variety of
designs and have different methods for catching the workpieces. As the surface finish
is often a criterion used in assessing the part quality, then any damage to its surface
once machined will obviously affect the quality attributes on the drawing and may
lead to the workpiece being scrapped. Therefore the part-catcher should collect the
workpiece and deposit it into a receptacle and avoid damage to the finished part by
gently guiding the components to their respective parts bins.

To complete this over-simplified and brief view of just some of the auxiliary equip-
ment offered by machine tool companies on turning centres, it is worth returning
once again to some other interesting tooling configurations available today. Fig. 1.23
illustrates a synchronised dual turret mechanism that has been partially cut away to
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Fig. 1.21. A “silent running” automatic bar-feeder for uninterrupted production of parts. [Courtesy of
Cincinnati Milacron.]

Fig. 1.22. A programmable steady for long workpiece support. [Courtesy of Gildemeister (UK) Ltd.]

show the internal constructional details of its assembly. As can be appreciated from
the photograph, the external tooling is held in the lower drum turret whereas the
internal tooling is located on the larger turret. This design considerably increases the
versatility and range of cutting tools available for component production. The final
tool holding mechanism, shown in Fig. 1.24, utilises an automatic tool delivery system
to the turning centre via a gantry robot. This type of tooling arrangement decreases
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Fig. 1.23. Synchronised dual turret mechanism. [Courtesy of Cincinnati Milacron.]

the amount of tooling held on the turning centre at any instant and allows “sister-
tooling”” concept (this means a duplication of much-used tooling) to be incorporated,
whilst a large tool library is held in the buffer-store of a chain-type holder. The ver-
satility of tooling configurations is increased phenomenally by such mechanisms and
they are often incorporated into Flexible Manufacturing Systems, but are not unusual
in the larger “stand-alone” turning centre applications and auxiliary equipment.

1.3.6 Tooling Mechanisms and Auxiliary Equipment Used on Machining
Centres

As with turning centre tool-carrying configurations, machining centres are just as
diverse, ranging from relatively simple geneva-mechanisms for turret indexing with a
small tooling complement, to highly complex and sophisticated tool storage and
delivery methods. Typical of the drum-type of tooling carousels is the one shown in
Fig. 1.25, where a large machining centre is fitted with twin rotary carousels holding a
considerable tooling inventory. The tool transfer mechanism is situated above the
machine’s horizontal spindle and can extract tools from both magazines by pre-
selecting the next tool to be used whilst cutting continues. These tool magazines are
bi-directional, meaning that the quickest time for indexing the carousel results from it
taking the shortest route to the tool-change position. Tool pre-selection in such a
manner means that the non-productive idle-times are reduced to a minimum. A
different approach to tool storage is shown in Fig. 1.26, where the chain-type of
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Fig. 1.24. Automatic toolchanger for a turning centre using a gantry robot. [Courtesy of SMG Co. Ltd.]

Fig. 1.25. Twin rotary carousels on a palletised horizontal machining centre. [Courtesy of FMT Ltd.]
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Fig. 1.26. A 60 tool capacity chain-type magazine for a machining centre. [Courtesy of FMT Ltd.]

magazine is depicted. This type of tooling configuration lends itself nicely to the
“banking of magazines”. With the “banking” approach to tool storage, the inventory
of tools held can be increased by positioning side-by-side similar tool magazines
allowing the capacities to be increased in steps of 60. Thus with only one magazine 60
tools can be held, with two 120 tools may be carried, with three “banks’ 180 tools can
be used on the machining centre. Obviously there is a finite limit to how many
magazines can be “banked” for each machine tool and when a greater capacity is
required this means using a different approach to tool delivery. More will be said on
this topic in chapter 6. Yet another chain-type method of tool carrying is that shown in
Fig. 1.27, where two magazines of tools are situated above and below one another and
this application also lends itself to the “banking” technique, up to a maximum of three
banks — giving a total of 270 tools. As can be appreciated by observing the photo-
graph, the range of tooling carried by such magazines is immense. The tooling
inventory ranges from: small drills and endmills, to multi-spindle drilling heads,
special-purpose tooling and large side-and-face cutters mounted upon stub arbors, to
tool-sensing probes (i.e. touch-trigger probes). Clearly, when large diameter tools are
held in their respective tool pockets, then the adjacent pocket either side of this tool
must be left empty to avoid them fouling one another. This fact can be appreciated by
looking at the large diameter face mill shown in the bottom left-hand position of the
lower magazine in Fig. 1.27 and at other positions in the photograph. Whenever a
large tooling load is to be carried by a magazine it is important to ““balance’ the loads
within it, by situating the heavy tools evenly throughout the tool pockets as this
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Fig. 1.27. A 90 tool capacity auto-toolchanger magazine (chain-type). [Courtesy of Cincinnati Milacron.]

ensures that an out-of-balance effect is not created in any particular area of the chain.
This approach to ““balanced” tool loading within the magazine can be appreciated
from Fig. 1.27 where the large tool masses are distributed throughout each chain. If
out-of-balanced tooling occurs there is a tendency for high inertial effects to be present
wichin the chain and this may lead to premature seizure of the chains or tools
jamming.

When a really large scale tooling capacity is needed — often in an FMS environment,
rather than with the large “stand-alone” machining centres, then the “hive” tooling
approach is often used. This simply consists of “racking” the tools in a storage unit
and using a tool transfer mechanism to deliver them to the machine tool. This “hive”
method allows a high density of tooling to be achieved in a relatively small floor area.

It has been shown in the previous comments and photographs that great impor-
tance is given to the tool change mechanism, as this will directly affect the non-
productive idle times during the manufacture of a part. In order to achieve efficient
tool transfer the tool changer has recently been the subject of intensive design changes
by the machine tool manufacturers. Typical of a large-scale tooling complement with a
heavy-duty tool change mechanism is the one illustrated in Fig. 1.28, where the whole
assembly can be appreciated. This assembly will form the basis of an explanation in a
step-by-step manner of the actual tool changing sequence (Fig. 1.29). In Fig. 1.29a,
whilst the machine tool continues performing the cutting operations, the magazine is
rotated by the shortest route until the required pocket appears at the tool change
position — in this case a twist drill will be the next tool chosen. The machining is
completed and the double tool change arm removes the drill from the pocket (Fig.
1.29b) and slides down to the position where tool changing can begin and whilst this
is occurring the magazine rotates to the empty pocket which is ready to receive the
slot drill. In Fig. 1.29c the photograph shows how the double tool change arm has
swung through 90° and gripped the slot drill in the machine’s spindle. The double
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Fig. 1.28. Automatic toolchange using a double-ended index arm. The diagrams show the tool index arm
movements. [Courtesy of Cincinnati Milacron.]

arm then indexes through 180°, after the hydraulic draw-bar has released the pull stud
on the tool adapter and lifted clear of the spindle nose (Fig. 1.29d). It places the twist
drill into the spindle nose, then it is free to withdraw from the vicinity swinging back
to the tool chain to place the slot drill into its correct pocket, so that cutting can
recommence. Several points should be made before we dismiss this tool changer from
our thoughts. During the removal of the slot drill from the spindle nose by the
hydraulic draw-bar, once disengaged from the pull-stud on the tapered tool adapter it
has an air-blast through from the back of the tapered seating face. This blast of air
removes any debris situated in the vicinity of the spindle nose and continues until the
new tool is firmly seated in the spindle taper. This continuous air-blast will also clean
the new tool of any debris which it might have picked up, allowing a positive seating
in the spindle nose.
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b

Fig. 1.29. a Whilst machining continues, the tool is found in the magazine (twist drill). b The double arm
removes the drill from the pocket and the magazine rotates to the empty pocket ready to receive the slot
drill (in spindle). ¢ The double arm unit swings through 90° and grips the slot drill. d The double arm
indexes through 180°, placing the drill in the spindle. It then withdraws and puts the tool in the pocket
and machining recommences.
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A tool-changing sequence similar to the one described in Fig. 1.29 would have a cut-
to-cut time approaching 20s and is reasonably slow compared to some of the latest
versions offered. This is not meant as a criticism as these heavy-duty systems, and
tool loads of necessity would suffer from inertial effects if there were great increases
in speed. However, some of the lighter-duty machine tools with smaller tooling
capacities and light tool loads can literally be swung over the Z-axis of the machine’s
spindle and the cutter. It is then positioned in its correct pocket by a downward
slideway motion of the Z-axis, in the case of a vertical machining centre. The axis
travel is then reversed and the magazine is rotated until the new tool is below the
Z-axis and this tool is picked up by the movement downwards of the Z-axis slideway
and when it is clear of the magazine the whole tool carousel will swing-out of the way.
This tool change mechanism has fewer moving parts than most conventional
systems and relies on the fast up and downward motions of the Z-axis. It can
typically change tools in less than 2s, giving a cut-to-cut time of 4-5s. Many tool
changers utilise pneumatic arms for the relative motions of tool changing and it is
essential to have an adequate air supply in order to minimise pressure drops which
can jam the tool change mechanism during cutter removal. If tool change arms
become stuck, then there is a recovery sequence of button-pressing, but the whole
problem may be minimised by having enough air available to meet the demands from
all other areas of the machine shop.

Special purpose auxiliary tooling equipment is available for machining centres
and sophisticated and highly adaptable numerically controlled u-axis programmable
milling heads can be fitted, for the machining of complex part geometries. Angled and
swivel heads allow the machine tool to cut surfaces not readily accessible to the
normal tooling. This means that an extra break-down and resetting of the work-
holding equipment is reduced, as would be the non-productive idle times. Multi-
spindle drilling and tapping heads, on the other hand, give the programmer the ability
to drill, tap, counterbore, etc., a series of holes in just one Z-axis motion of the
slidcway. This has the affect of drastically reducing the machining time for a similar
part produced using conventional machining technology and becomes a useful cost-
effective addition to any medium-to-large term batch production.

1.4 Principles of Control

When the early machine tools were designed there was an obvious emphasis on
manual operation with the slide positioning being controlled by human involvement.
To achieve this level of control “men” used their “sensors”” — eyes and ears — whilst
the central processing unit ~ the brain together with servos (arms and legs) — allowed
them to control machine tools by communication of all these interrelated functions
using the central nervous system. Until the advent of micro-electronics this method
for machine control was the best system of universal adaptability available, but it
suffered from serious shortcomings:

a period of lengthy training was required for the craftsman

people can easily become distracted

a person’s performance is dependent upon their physical/mental condition
their efficiency is inversely proportional to time

their speed of operation is limited
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If these obvious disadvantages could be overcome using the latest CNC technology,
how should it be developed? At the heart of any computerised machine tool is the
machine control unit (MCU); this is the connection between the programmer and the
machine tool. If a part program is written with/without the use of computer assis-
tance, it must be produced in a suitable medium for conversion by the MCU into
machine motions via electrical, or hydraulic servo-mechanisms. During the early 1950s
the numerical control units tended to be bulky, whilst today’s CNC utilises the latest
microprocessor technology. The early NC systems were “hard-wired”” — meaning that
functions such as interpolation, tape format, positioning methods of slideways and
others, were determined by the electronic elements built into the MCU. Purchasers of
early NC machinery had to specify whether they wanted the equipment to function in
an absolute, or incremental format and so on, as this considerably affected the cost of
the MCU. The advantages gained by having a large range of programming options
had to be weighed against a healthy cost penalty.

By the early 1970s electronics had become more sophisticated so that complete mini-
computers were being fitted to CNC machine tools; this meant that the previous
“hard-wired”” options were now contained within the software package. As a result
of these software options, greater flexibility of programming was possible utilising
computer logic for specifying commands in absolute, incremental and polar coordi-
nates, etc., making them infinitely more capable, but at no real extra cost. Other
bonuses directly related to computer usage included the ability to be programmed at a
later date using different tape formats, as these are within the computer logic at its
time of original manufacture. When one considers the CNC designed MCU, it can be
readily appreciated that the “‘soft-wired”” controllers are significantly different from
their older “hard-wired” cousins and have an “executive program’ allowing the
controller to ““think” as either a turning or machining centre. The company building
the CNC will load an “executive program” into it and the machine tool company will
modify it £o suit their requirements. In this manner the machine tool builder will use a
portion of the memory for such features as: interface logic, tool changer control and so
on, to give the controller the ability to be used in a specific type of machine tool.

The latest CNCs are incredibly sophisticated using a visual display of programming
parameters on the cathode ray tube (CRT), similar to a TV screen. However, the real
difference lies in the fact that the screen is often a multi-function type and can display
the full operational and parametric data together with screen graphics; more is men-
tioned on this topic later when considering CNC programming and types of con-
trollers currently available. Together with the functions concerned with actually
running the program, other necessary functions that are also displayed include:
diagnostic maintenance backup and trouble-shooting guidance together with many
other features that may be displayed on CRT.

Any CNC has an internal memory store for keeping and listing a library of pre-
viously proven part programs and until recently these were volatile in nature. This
meant that if there was no battery-backup when the machine was shut down then
all the programs were lost. This was obviously undesirable, therefore non-volatile
““bubble’”” memories have overcome the problem associated with saving the ‘‘hard-
copy” punched paper or magnetic tapes as they are often termed. These “bubble”
memories refer to the method of charging (ionising) particles to give the “sense”
of memory. The “bubble” memories can maintain and retain the part program in
their memory for many years without use and degrade very slowly. They can be
“refreshed” if called into the active memory area and then restored, if necessary, at
any time. The main draw-back with storing programs that are not used very often, is
that the available memory is soon exhausted and it is usually more profitable under
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these conditions to save any infrequently used programs in “‘hard-copy format”.
Recently, some CNC systems have been up-graded to 32-bit microprocessor hard-
ware, allowing a degree of artificial intelligence (Al) to be used to overcome and
enhance the programming of parts, but more will said about this feature later when
we consider part-programming techniques.

1.4.1 Machine Tool Control Systems

Slideway positional control systems may be classified into three different groups,
these are:

an open-loop system
a closed-loop system, with indirect measurement
a closed-loop system using direct measurement

Considering each system in turn and illustrating their mode of operation and control
using simple block diagrams will be the theme discussed next.

An Open-loop System (Fig. 1.30a)

Open-looped systems by definition do not use any form of feedback control and as
such neither the slide movement nor its velocity is monitored. With such a system,
the motor will simply drive the slideway to the desired position by means of a pulse
count electrically generated. A command signal is sent to the stepping motor and it
assumes that when the required count of pulses has occurred, the machine slide has
moved a certain distance. As no form of slideway monitoring system is present, this
method of control is relatively cheap to construct; however its real draw-back is that
any errors that are present will obviously accumulate. As mentioned above, these
open-loop systems for slideway motion and control rely on stepping motors and their
method of operation will be mentioned later in this chapter.

A Closed-loop System with Indirect Measurement (Fig. 1.30b)

Any closed-loop system has two extra elements that are not present on open-loop
systems. These are the measuring system and its comparator. The measuring head is
attached to the ballscrew assembly, so that as it is rotated by the energised drive servo
the head will begin to monitor the angular displacement then compare it with the
value required by the comparator, using a feedback signal. The command/feedback
signalling occurs continuously. If the slide movements are compared with an open-
loop system, then the whole action seems to be much more ““controlled” giving a
feeling of a higher degree of precision to the system. One problem associated with this
indirect feedback control system, is that it is prone to suffer from “‘torque effects”.
These effects are a result of minute twisting of the ballscrew as heavy cuts are taken
and this problem cannot be monitored — and hence controlled — by the comparator,
thus a small error can occur in dimensional accuracy of the part.
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Fig. 1.30. Typical control systems. [Courtesy of Sandvik (UK) Ltd.]

A Closed-loop System Using Direct Measurement (Fig. 1.30c)

Systems using a direct measurement closed-loop can be thought of as an almost
“ideal” method of control, as they measure the slideway position directly and hence
the workpiece. To obtain measurement of the slideway movements the linear mea-
suring scales are mounted along the length of each slideway. As with the indirect
feedback system, the same comparator principle is used, but because the measuring
scale runs the length of the axis travel it improves slideway determination and higher
positional accuracy results, without the effects of torque reactions affecting the read-
ings. Invariably, linear scales are a costly option which most machine tool builders
offer and they are becoming more popular as the demand for higher accuracy com-
ponents drives the pace for better quality products by the consumer. Linear scales
need protection from the machining environment, but offer elimination from back-
lash, pitch error in the ballscrew and torsional effects.
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Fig. 1.31. Designation of the machine axes.

NB: to a certain extent the pitch error can be compensated for, once the machine has
been calibrated. Calibration to eliminate the errors occurs by programming a laser
interferometer to take account of the slideway pitch errors in the ballscrew. Thus as
the program for the machining of the pa