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The present invention relates to a controller and a
method for optimization of _mgtal-working on CNC-operated
machine tools., especially on CNC-operated milling machines
and machining centers.

While CNC-operated machine tools have existed for
years, their efficiency and usefulness has been limited by -
their incapability to take into account many factors in the
programming stage which influence production efficiency,
inclﬁding_: number of .workpieées in a run, operating cost,
tool replacement time, tool cost, etc. In addition, the
rigidly ‘deterministic nature of CNC-operated machine tool
programming is incapable of allowing for unforseeable
changes in real-time cutting conditions such as depth and
width of metal cutting, tool wear, non-uniformity of
workpiece blank, etc. e

It is one of the objects of the present invention to
overcome the 1limitations and disadvantages of today‘é
CNC-operated machine toois and to provide an opiimizing'
controller for machine tools, in particular for CNC-operated
milling machines and machining centers, which calculates the
optimal cutting modes according to production efficienc-y
criteria, and autdmatically provides adaptive feed and
spindle speed control responding to real-time cutting
conditions, maintains a constant and presettable spindle
torque and/or tool 1life, ensures optimal machining
6per'ation, prevents tool breakage and indicates <tool
status. .
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wor kpi ece bl ank, etc. A recent developnent in the field of CNC operated
machihe tools provides for apparatus for controlling a machine tool as a
function of torque load on a cutting tool when the torque | oad respectively
exteeds or falls below-a predeterm ned upper or lower critical torque |oad. "’
For exanple, US Patent No. 4,237,408 describes critical torque |l oads
including, inter alia, a catastrophic t2oorque Iinmt relative to the machine
structure, a catastrophic torque limt relative to a particular tool and a
mnimumtorque limt that should be present if a cutting tool is in contact
with the workpiece. It is one of the objects of the present invention to
overcone the |iyddsdiens @Bd dnzadviaiieagesnof thday' 4sCNGcbpeved edbgachi ne

;g?{ fcﬁrgrﬁro ‘rdoé\ggq gapg.?cg{) Eg:ll 'e'%cl rE%rcOori;[t'.r.;i.(rjnlilzs'\att:i]::»(z?xr orPi(r:nQaltr.]a -twgg_icfngl On

" CNC-operated machine tools, having a main drive powering the
tool spindle of said machine tools and feed drives powering
the feed mechanism of said machine tools, said feed drives
being controllable to produce a feed rate determined either
by a predetermined setting of the cutting torque produced by
said tool spindle, or by said controller overriding said
setting in a teaching mode of said controller, comprising a
fiist unit for monitoring the torque of the main drive of
said machine tool to .establish the actual, instantaneous
cutting torque; a second unit for setting the rated cutting
torque in said teaching mode in dependencer on said
main-drive torque as monitored; a third unit for calculating
the feed rate required to maintain said cutting torque at a
‘constant level and controlling the feed drive of said
machine tool; a fourth unit responsive to said monitored
main-drive torque énd providing feed rate limiting siénals
to said ﬁhird unit for protecting the tool against'breakage,
characterized in that said unit for calculating said feed
rate is addressed by a'compensator unit responsive, on the
one hand, to signals from a comparator unit comparing said
torque as set with the actual, instantaneous torgue as
indicated by said first unit and, on the other hand, to
signals from an .identifier' unit calculating the
instantaneous cross-sectional area of the cut in response to
signals from both said £first, main-drive torgue monitoring
unit and said feed-rate calculating unit, said compensatof
unit facilitating a high-precision stabilization of said
torque.

The invention furthermore provides a method for

optimization of metal-working on CNC-operated machine tools

having a main drive powering the tool spindle of said



mlling machines and machining centers, which calculates the optimal

- cutting nodes according to production efficiency criteria and automatically
provi des adaptive feed and spindl e speed control responding to real-tine
cutting conditions, maintains a constant and presettabl e spindle torque
and/or tool |I|ife, ensures optimal machining operationprevents tool
breakage and indicates tool status. ~ Actording to the invention, this
'is achieved. by providing a controller for optimzation of netal-working
on CNC-operated machine tools, having a main drive powering the tool
spindl e of said nmachine tools and feed drives powering the feed nmechani sm
of sai d nmaghthR&ntobbsls saidl femil diriwes powering the feed mechanism of

said machine tools, said feed drives being controllable to
produce a feed rate determineé by a predetermined setting of
the cutting torque produced by said tool spindle, or by said
controller overriding said setting in a teach:.ng mode of
said controller, comprlslng the steps of monitoring the
torque of the main drive of said machine tool to establish
the actual, instantaneous cutting torque; setting the rated
cutting torque in said teaching mode in dependence on said
main-drive torque as monitored; calculating, in a feed rate
calculating unit, the feed rate required to maintain said
cutting torque at a constant level and controlling the feed
rate of said machine tool; providing feed rate limiting
signals to a feed rate calculating unit . for protecting the
tool against breakage; comparing, in a comparator unit, said
torque as set, with said actual, instantaneous torque;
calculating, in an identifier unit, the instantaneous
cross-sectional area of the cut in response to siénals
produced by both said main-drive forque monitoring unit and
said feed rate calculating unit; feeding the signals from
said two units to a- compensator unit, and feeding the
signals‘ from said compensator unit to said feed rate
calculating unit, thereby achieving high-precision
stabilization of said cutting torque.

The invention will now be described in connection with
certain preferred embodiments with - reference to the
following illustrative figures so that it'may be more fully -
understood.

' With specific reference now to the figures in detail,
it is stressed that the particulars shown are by way of
example and for purposes of illustrative discussion of the

preferred embodiments of the present invention only, and are



bei ng controllable to produce a feed rate detern1ned either by a

. predetern1ned setting of the cutting torque produced by said tool-

spi ndl e,

or by said controller overriding said setting in a teaching node of said
controller, conmprising a first unit for monitoring the torque of the main
drive of said machine tool to establ i_sh the actual, instantaneous cutting

t or que;

a second unit for setting the rated cutting torque in said

t eachi ng node in dependence on said main-drive torque as nonitored;
unit for calculating the feed rate required to maintain said cutting torque

at a constant |evel: and .controlling_the fe of _s ol; a
fourth uni PHESEES V@ (S F3H%fon toPEﬂvﬁé?‘ﬂg ﬁ\%g E‘or%ﬁglgﬁd&pﬁgvﬁt’%l ng
feed rate IldHE thogr Sugefhs tadsajeghdidivr dum:mrstmd pdeseripticn hef t bhe

agai nst breakage . eharagt erhzedellt iRpettisd diithd Anvedksbhat tRguRaEd feed

athird

regard, no attempt is made to show structural details of the
inverition in more detail than is necessary for a fundamental

‘understanding of the invention, the description taken with

the drawings making apparent to those skilled in the art how
the several 'forms of the invention may be embodied in

practice.

In the drawings:

Fig. 1 is a block diagram of a first embodiment of the

controller according to the invention;

Fig. 2 is a diagram .illustrating the effect, on the
feed-rate values and the torque values, of the

compensator unit;

f‘ig. 3 is a block diagram of a second embodiment of the

controller according to the invention; and

Figs. 4 and'S illustrate a third and a fourth embodiment,

respectively, of the controller according to the

invention.

The principal input parameters of the first and second
embodiments of the controller according to the present

invention are one or more of the main-drive parameters which

are proportional to the cutting torque M. The principal

output parameter is a signal determining the feed rate F as:

a function of M, the task fulfilled by the invention being

_to maintain this torque at a steady 1level determined_ in

dependence on the properties of the specific milling cutter
used. The required values can be found in appropriate
tables.



rate |s addressed by a corrpensator uni t

signal's froma conparator unit conparing said torque as set with the

act'ual , instantaneous torque as indicated by said first unit and,
ot Irer hand,

to. signals from an identifier unit cal cul ati ng

responsi ve, on the one hand, to

on the

t he

instantaneous cross-sectional area of the cut in response to signals from
both said first, main-drive torque nonitoring unit and said feed-rate
calcul-ating unit, said conpensator unit facilitating a. high-precision
ion of said torque. The invention furthernore provides a nethod
for optimzation of netal-working on CNC-operated nmachi ne .t ool s haV| ng

stabilizat

mai n drive

powekiaiient hEOonCest spitndtdf REFLNT 1nvention  1s
teaching mode in which, instead of the maximum rated cutting

torgque M., a maximum torque .Mo‘ is determined during the

machining of one or several of the first identical
workpieces. The teaching mode is particularly effective for
large runs of identical workpieces.

Another important parameter used by the controller
according to the invention is p'[mm-z'], designating the
cross-sectional area of the cut (for short, area of cut),
which' is the product of the cut width (b) and cut d'epth

(h).

Referring now to the drawings, there is seen in Fig. 1
a block diagram of a first embodiment of the controller
according to the invention, comprising a housing 2
attachable to a CNC-operated milling machine and
accommodating the wvarious units of the controller,-.dnd a
panel 4 which is accessible to the operator.

On the pahel 4 is located a switch 6 for selecting:
initiation of the Teaching Mode (TM) ("Initiate"); "Run" for

M. settings determined in the teaching mode, and operation

with predetermined M, settings ("without TM"). In the’
latter, the value for M, is set on the selector 8. Other
elements on panel 4 include a starting button 10 and a tool
status indicator 12 which lights up, or provides, .e.g._,. an

acoustic warning, when the tool is worn beyond a certain .

limit.

There is seen a monitoring unit 14 in which the
instantaneous main-drive cutting torque M (as applied by the

"~ milling cutter) is monitored.

a



machi ne tools and feed drives powering the feed mechani smof said machine
~tools” said feed drives bei ng controllable to produce a feed rate
det er mi ned by a predetermined setting of the cutting torque produced by
safd tool spindle, or by said controller overriding said setting in a
teachi ng node of said controller, conprising the steps of nonitoring the
torque of the main drive of said nmachige.tool to establish the actual
I nst ant aneous cutting torque; setting the rated cutting torque in said
teachi ng node i n dependence on said mai n-drive torque as nonitored;
calculating, in a feed rate calculating unit, the feed rate required to
mai ntain said cutting torgue at a .constant Ievel and ntrollin the feed
rate of said nmaPfi ﬁégf’ﬁgl AR 9y PRRECPLART | Yt ﬁg $FghEfs o 2 feed
rate caIcuhmbengoﬂnmthénnuqmuﬁeuﬁ|ﬂm; tthatroller:

a} the unit 16 for setting the rated cuttlng torque M,
for appllcatlon in the teaching mode;

b) ‘a tool protectlon unit 18 which supplies feed rate
11m1t1ng signals to a feed rate calculator 20;

¢) a unit 22 for identifying the instantaneous value
of #, also addressed by the signal from the feed

rate calculator 20, and
d) a comparator unit 24 which compares the set torgue
M, with the actual, instantaneous torque M.

. According to the position of the mode switch 6, a logic
element 26 prqvides the comparator unit 24 with the M, value
as determined either by unit 16 or by the manual selector 8.

The controller also includes a self-diagnostic unit 28
interposed between the start button 10 on the panel 4 and
the feed rate calculator 20. When the button 10 is pressed,
the unit 28 performs a test of the entire system and, if the
latter is found operational, provides an enabling signal to

. the feed rate calculator 20. '

The heart of the controller is constituted by a
compensator unit 30 in cooperation with the
already-mentioned o-identifier unit 22.

The following is an explanation of the considerations
underlying the compensation principle.

The feed rate is determined by the difference 2M
between the set value M_ or M,'and the actual value M.



t ool agai nst breakage; conparing, in a conparator unit, said torque as set,
wi t h“ssai d actual, instantaneous torque; calculating, in an identifier unit,
t he i nstantaneous cross-sectional area of the cut in response to signals
prroduced by both said main-drive torque nonitoring unit and said feed rate
calculating unit; feeding the signals fromsaid two units to a conpensator
unit, and feeding the signals from said conpensator wunit to said
feed rate calculating  unit, thereby ~ achieving. high-precision
stabilization of said cutting torque. The invention will now be descri bed

I n connection with certain preferred enbodinents wth reference to
the following illustrative figures so that it may be nore fully understood.
Wth specific r&her emtaireutuinhepreerses(ff @@hic process) “can

represented by the expression:
M = AFYDY

where:

)+
H

= the alteady-mentioned area of cut;

F = feed rate, and _

A, v, y= coefficients depending on tool type and metal-
working éonditions.

Seeing AM as the error of cutting torque stabilization,
. it can be defined as:

' KA
AM = M, -M = (I- )
I + KiKcd,
'where:
Ko = OCNC gain (static), and

K, ‘= current monitor gain.

waever, in real-life maéhining, p <<1/K,K.A, as a
result of which 4M = M., or M = O, making it impossible to
achieve cutting torque stabilization with - medium and
small p-values.

In order to secure for M independence from changes
of ¢, it is necessary to provide a compensator unit with
variable gain K,:

Ke = —————

with B being a constant. -

-
BaquTmﬂ
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it is stressed that the particulars shown are by way of exanple and for
pur poses of illustrative discussion of the preferred enbodi ments of the
present invention only, and are -4- presented in the cause of providing
what is believed to be the nmost useful and readily understood description
of the principles and conceptual aspects of the invention. In this regard,
no attenpt is made to show structural detdails of the invention in nore
detail than is necessary for a fundanental understanding of the invention,
the description taken with-the draw ngs naki ng apparent to those skilled in
the art how the several fornms of the invention may be enbodied in

To calculate K, it is thus necessary to determine o at

.every instant throughout the cutting process, which is done
by unit 22 according to’ the assumption that p is
proportional to the ratio a M/F°, where « is determined for
each material to be cut.

The effect of the compensator unit is shown in Fig. 2,'
in whlch the solid curves 32 and 34 indicate the values of F
. and M/M, as functions of  (specifically, of the cut height
h) with compensation, and the dashed curves 36 and 38
indicate the same values F and M/M_, without compensation.

The feed rate of the machine tool is obviously
controlled by the output F of the feed rate calculator 20.

Fig. 3 shows another embodiment of .the controller
according to the invention. This embodiment diffe;s from
the previous embodiment in that the controller is
inaccessible to the operator, being addressed only by the
CNC program. _Added elements in this embodiment are a
program interface 40 1linking the controller to the CNC
program and a memory unit 42 for the rated torque M, of a
number of different tools N {as marked MN, - MN..) to be
used in the machining process, with MN, and MN, signifying
selection of the teaching mode and MN. - without teaching
mode. The rest of the unit is identical with the units of
the previous embodiment and operate in the same manner.

The embodiment illustrated in the block diagram of Fig.

4 is intended for the optimization of machining operation on
the basis of elther one or the other of two criteria:
1) - maximum metal.removal per unit time (mm>/min);

2) minimum ‘cost of removal of unit volume of metal

($/min). |



practi.ce. In the drawings: Fig. 1 is a block diagramof a first enbodi nent
of the controller according to the invention; Fig. 2 is a diagram
illustrating the effect, on the feed-rate values and the torque
val'ues, of the conpensator unit; Fig. 3 is a.block diagramof a second
enbodi nent of the controller according to the invention; and Figs. 4 and 5
illustrate a third and a fourth enbodirent, respectively, of the
controller according to the invention. The principal input paraneters of
the first and second enbodi nents of the controller according to the present
I nvention are one or nore of the main-drive paranmeters which

it is possible to select a compromise between these

criteria.

The embodiment  of Fig. 4 comprises all the units
described in connection with Figs. 1 and 3 (except for the
panel 4 and its elements), as well as some additional units
to be described further below.

While the first criterion is taken care of by the
"F-loop" comprised of units 20, 22, 24 and 30 (Figs. 1 and
-3) and is conditional upon M = M., the second criterion
requires the introduction of an additional unit, 44, which
constitutes the operative part of an "“S-loop", inasmuch as
it is ‘meant to control the speed (S) of the tool spindle.
This - unit consists of a calculator 44, which realizes the

expression:
Aj
S =
F=32 0 ¢4T°°=5

where:
Az = coeificient dependent on the specific tool

used; |
€2, %4, 5 = coefficients depending on the material
| machined; | '
d = area of cut,' supplied by the identifier

unit 22,
F _ ' = feed rate, and
To = tool service 1life required for selected.

optimization criteria.

The first criterion is conditional upon the relationsnip:



are proportional to the cutting torque M The principal output paraneter
is a signal determning the feed rate F as a function of M the task
fulfilled by the invention being to maintain this torque at a steady |evel
deferm ned i n dependence on the properties of the specific mlling cutter
used. The required values can be found in appropriate tables. - 5-
Anot her concept of the present inventiogn is the teaching node in which,

i nstead of the nmaxi mum rated cutting‘tépqﬁe [err], a maximumtorque [err]
is determ ned during the machining of one or several of the first

I denti cal

1

T, = (— - 1) 7.
m

The second criterion is conditional upon the

relationship:

1l D

Tgo = {o—m = 1) T + —)

m B
where: o : o
m = coefficient depending on the specific tool used and. - -

material machined; _

t = auxiliary or idle time (min);
D = cost of tool (5);
B = cost of machining per min ($/min).

The calculator 44 has five inputs: )

a) coefficients A, for the tools N3-N25 (from.memory
46 addressed by input MN,-MN.s);

b) coefficients «,, =,, =5 for four different groups
of materials (from memory 48 addressed by input
MN26-MN28) ;

c) signal F (from calculator unit 20);

d) area of cut p (from the identifier unit 22), and

. e) projected tool service life T, (from unit for
calculation of T.). '

Input MN_, initiates the teaching mode and input MN,
runs the teaching mode for all tool diameters. '

The outputs of the controller of this embodiment are
the same as with the previous embodiment (tool status and
feed rate control signal F), with the addition of the speed
control signal S. -



wor kpi,eces. The teaching node is particularly effective for |arge runs of
i dentical workpi eces. Another inportant paraneter used by the controller
according to the .invention is p[mierr]], designating the
cross-sectional area of the cut (for short, area of cut), which is the
product of the cut wdth (b) and cut dgﬁih (h). Referring nowto the
drawings, there is seen in Fig. 1 a bl di agram of a first enbodi nent of
the controller according to the invention, conprising a housing 2.
attachabl e to a CNC- oper at ed mlling . machine and accommodati ng
the various.units of the controller, and a.panel 4 which is accessible to
t he operator. OTheheephoéimdnis repmgsshtedwinchFégf orSsdhast ialg: the

initiatiOnf%%th@%sT%ﬁ%@fﬁiégx¥h(Eﬁ@ E;é@iéﬁét%i}ée"EHﬁgd&ﬁEnts, with
the addition of two further features, namely, a circuit
suppressing machine tool vibrations and chatter, and a
circuit facilitating the £inish machining, at high
précision, of thin wall sections of workpieces.

The first of these features comprises a vibration
analyzer 50 addressed by any suitable transducer 51
responding to vibrations and chatter of the machine. The
output of the transducer 51 is analyzed by unit 50, which
produces a signal fed to the feed rate calculator 20 which,
in response, modifies the feed rate F to the degree required
to suppress the vibrations, returning it to the original
rate once this has been achieved.

The problem with thin sections is their elastic
deformability under the cutting pressure of the .milling
‘cutter. Thus milling an aluminum wall of a thickness of,
e.g., 2.5 mm and a length of 200 mm, taking a cut of a depth
of 0.5 mm at a feed rate of 500 mm/min, a cutter speed of
1000 rpm and a tool diameter of 12 mm, will produce an error
of 0.04 mm, while milling a section of a thickness of 10 mm
at identical cut‘ depth, feed rate, speed and  tool will
produce an error of only 0.005 mm. This difference is, of
course, due to the "“giving in", and sﬁbsequent spring-back,
of the thin section, necessitating.a reduction of the feed
‘rate when the milling cutter -arrives_ at such a thin
section,

This not only complicates the CNC-program, but it is
also difficult to determine at which point, after a heavy
section, the thin section effectively begins. Alsc, a worn



[err] settings determned in the teaching node, and operation with
predetermned [err] settings ("wthout TM). In the latter, the value for
[err] is set on the selector 8. Qher elenents on panel 4 include a
starting button 10 and a tool status indicator 12 which lights up, or

provi des, e.g., an acoustic warning, whéent% he tool is worn beyond a certain
limt. There is  seen a nonitoring ~unit. 14 in which the instantaneous
~main-drive cutting torque M (as applied by the nmilling cutter) is

- moni t or ed. -6- The signal Mfromthe nonitoring unit 14 is fed to a

: cutter will increase the deforming force which, with a new

cutter, would be much smaller.

It is <the task of the present embodiment to
automatically reduce the feed rate the moment wall
deformation is detected.

It was found that certain harmonics of the feed-drive
current are reduced during the milling of thin walls, due to
the. change of frequency characteristics of the electrical-
mechanicallloop of which the thin section is a part. Thus,
based on a dispersive analysis of feed-drive current
signals, it is possible to form special signals indicating
the effective beginning and ending of a thin section. These
signals are used to reduce the feed rate during the
machining of such thin sections, thus increasing the
a¢curacy of the machining operation.

Thé added circuit of the embodiment of Fig. 5 cdﬁprises
a suitable sensor 52 responsive to the feed-drive current,
feeding an analyzer 54 for analyzing the harmonics of the
feed-drive current, which analyzer addresses a signal
transducer 56 producing signals that, fed to the feed rate
calculator 20, modify the output signal of <the latter,
reducing the feed rate whenever the sensor 52 and analyzer
54 indicate the effective beginning of a thin section, and
restoring the previous feed rate when the sensor 52 and
analyzer 54 indicate the ending of this section.

The embodiment of Fig. 3 is particularly suitable for

- CNC- operated machining centers using a pre-programmed
sequénce of different tools, and is more efficient than the
previous embodiment, particularly due to the provision, as



nunben of other units of the controller: a) the unit 16 for setting the
rated cutting torque [err] for application in the teaching node; b) a tool
protection unit 18 which supplies feed rate limting signals to a feed rate
calculator 20; c) a unit 22 for identifying the instantaneous val ue of
[err], also addressed by the signal fraomthe feed rate cal culator 20, and
d) a conparator unit 24 which conpares *he set torque [err] with the. '
actual, instantaneous torque M According to the position of the node
switch 6, a logic element 26 provides the conparator unit 24 with the [err]
val ue as determned either by unit 16 or. by the_napual selector 8. The
control | ershpwpd FRAcFibes3a 98| thdi MGROEY| Bnihﬁl f2o8highep bRipR RS it t he

start buttgeedOr8nrédér p@ﬂ@'cd’n@ﬂﬂlar each time a tool is changed.

It will be evident to those skilled in the art that the
invention is not limited to the details of the foregoing
illustrated embodiments and that the present invention may
be embodied in other specific forms without departing from
the spirit or essential attributes thereof. The present
embodiments are therefore to be considered in all respects
as illustrative and not . restrictive, the scope of the
invention being indicated by the appended claims rather than
by the foregoing description, _and all changes which come
within the meaning and range of equivaléncy of the claims
are therefore intended to be embraced therein.



the feed rate calculator 20. Wen the button 10 is pressed,
perforns a test of the entire systemand, if the
operational ,

provi des an enabling signal to the feed rate cal cul ator

the unit 28

The heart of the controller is constituted b4uuﬂ F ﬂﬂ un umt
30 in cooperation with  the afready-nenti fie
unit 22. The following is an _explanation he consi derations underlylng

t he conpens ﬁﬂgfmﬁ¥§%0 det ernined by the difference

[err] M between the set value [err] or [err] and the actual value M -

WHAT IS CLAIMED 1S:

1.. A controller for optimization of metal-working on CNC-
6perated machine tools, having a main drive powering the
tool spindle df said machine tools and feed drives powéring
the feed mechanism of said machine tools, said feed drives
being controllable to produce a feed rate determined either
by a predetermined setting of the cutting torque produced by
said tool spindle, or by said controller overriding said
setting 'in a teaching mode of said controller, comprising:

a first unit for monitoring the torque of the main
drive of said machine tool to establish the actual,
instantaneous éutting torque; ' '

a second unit for setting the rated cutting torque in
said teaching mode in dependence on_Said main-drive torgque

as monitored;

a third unit for'calculating the feed rate required to
maintain said cutting torgque at a constant level and
cohtrolling'the feed drive of said machine tool;

a fourth unit responsive to said monitored main-drive

"torgue and providing feed rate limiting signals to said
third unit for protecting the tool against breakage,

characterized in that said unit for calculating said
feed rate is addressed .by a compensator unit responsive, on

‘the one hand, to signals from a comparator unit comparing

saild torque as set with the actual, instantaneous torgue as
indicated by said first unit and, on the other hand, to
signals from an identifier unit calculating the
instantaneous cross-sectionéi area of the cut in response to

signals from both said first, main-drive torque monitoring -

unit and said feed-rate calculating unit, said compensator
unit facilitating a high-precision stabilization of said

Torque.

-7-
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The et al -cutting process (as static process) can be represented by the
expression: M= [err] where: [err] = the already-nentio

cut;. F = feed rate, and A, vy, [err]= coefficient t ool
type ahd netal - working conditions. Seeing [err]Mas t F m ,"rg
torque stabilization, it can be defined as: -[err]M— [ ers n

where: [err] = CNC gain (static), and [err] = current nonitor gal n.
However, in real-life machining, [err] << [err] , as a
2. The controller as claimed in claim 1, wherein said feed

. rate calculating unit also provides signals to a tool status

indicator.

3. The controller as claimed in «claim 1, <£urther
comprising a self-diagnostic unit for testing the system of
said controller and providing an enabling signal to said

feed rate calculating unit.

4. The controller as claimed in «claim 1, <Zfurther
comprising a control panel accessible to the operatér of
said machine tool and including first means for manually
setting said cutting torque and second means for selecting
either said manual setting mode or said teaching mode.

5. The controller as claimed in claim 1, wherein said
contr_oller is provided with a program interface to enable’
said controller to be addressed by a CNC program.

6. The controller as claimed in «claim 1, further
comprising. a memory unit for the storing therein cf rated
cutting torgque values for different tools to be used.:

7. In a controller for a CNC-operated machine tool having
a main diive_powering the tool .spindle of said machine tool
and feed drives for powering the feed mechanism of said
machine tool, an improvement consisting o6f a circuit for
high-precision stabilization of the torque of said tool
spindle, comprising a compensator unit responsive, on the
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result of which [err]M= M, or M= 0, naking it inpagssible to- achieve
‘cutting torque stabilization with medium and SM
order to secure for Mi ndependence from changes of [ﬁﬂ" necessary
to provide a conpensator unit with variable gain [er Hﬂ’f I@! gmbel ng

a constant. -8- To calculate [err] it t8& Thus necessérytt
[err] at every instant throughout the cutting process, which is done by
unit 22 according to the assunption that [err] is

one hand, to signals from a comparator unit comparing t_he

tool spindle torque -as set, with the acr.uz_xl; instantaneous

torque as indicated by' a unit monitoring the torque of said

main drive and, on the other hand, to signals from an unit

calculating the instantaneous cross-sectional area of the °
cut’ in response to signals from both said main-drive torgque

monitoring unit and a feed rate calculating unit.

8. A controller for optimization of metal-working on CNC-
operated machine tools, having a main drive powering the
tool _spindle of said machine tools and feed drives powering
the feed mechanism of Said machine tools, said feed drives
being controllable to produce a feed rate determined either
by a predetermined setting of the cutting torque produced by
said tool spindle, or by said controller overriding said
setting in a teaching mode, comprising:

a first unit for monitpring the torque of the main
drive of said machine +tool to establish the actual,
instantaneous cutting torque; |

a2 second unit for setting the rated cutting torque in
said teaching mode in dependence on said main-drive' torque
as monitored;

a2 third unit for calculating the feed rate required to
maintain said cutting torgque at a constant 1level and
controlling the feed drive of said machine tool;

a fourth unit responsive to said monitored main-drive
torgque and providing feed rate limiting signals to said
third unit for protecting the tool against breakage, said
unit for calculating said feed rate being addressed by a.
compensator unit responsive, on the one ‘hand, to signals
from a comparator unit comparing said torque as set, with
the actual, instantaneous torque as indicated by said first
unit and, on the other hand, to signals from an identifier

_\
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~proportional to the ratio [err] MF , where [err] is determined f or each
material to be cut. The effect of the conpensator unit is shown in Fig. 2,
in which the solid curves 32 and 34 indi-cate the values of F and M[err] as
functions of 1T | of the cut__height h) with conpensation, and
t he dashed c”“t“ﬁﬂ]ﬂil"lmﬂ"mb i ndi cat® the same val ues F and [err] w thout
conpensati on. Thé féed®rate of the nmachine tool is obviously controlled by .
the output F of the feed rate calculator 20. Fig. 3 shows another
enbodi ment of the controller according to the invention. This enbodi ment
differs froontihe calceniating aheodinstantaneoushatrossresecidmnadl lagea icf
I naccessi bl o] oper I ng . adde o] b 4 m
. Added el emge}ﬁ%s EP% ?I[?II ?egé’r%%%i ngr?t g%g@éig. ?%%Ta%%ﬂr?ferg%lggepfﬁ?'nki'n'g.
t he control maintrgrive Ckiorgue monitoring uni and said . feed rate

calculating unit, said compensator unit facilitating a

high-precision stabilization of said torque, said main-drive
controllable to achieve, for a particular job, maximum
productivity or minimum cost of machining, or any
combination of these criteria, and/or preselected tool
utilization, further comprising '

a fifth unit for calculating the speed of said tool
spindle, said unit fdr calculating the speed of said tool
spindle being addressed by a CNC-program via a first memory
unit supplying said calculator unit with a firs't. coefficient
relating to the tool to be used; by said program supplying,
via a second memory unit, at least one second coefficient
relating to the material to be machined, said unit for
calculating the speed of said machine tool spindle being
addressed by a special unit calculating the optimal tool
life necessary to achieve an optimum for the selected
critéria or any combination thereof, and by $aid identifier
unit supplying said instantaneous values of the area of cut,
éaid calculator unj.'t" producing a speed-conti*olling signal )
enabling said controller to. optimize operation of said
machine tooJ... .

9. In a controller for a. CNC-operated machine tool having
a main drive powei'ing the tool spindle of said machine tool
and  feed drives for powering the feed mechanism of said
machine tool, an improvement consisting of a circuit for
controlling the speed of said tool spindle to obtain either
maximum productivity or minimum cost of machining, or a
combination thereof br preselected tool -l:ife, comprising a
unit for calculating the speed of. said tool spindle', Said

e

(1T
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programand a nenory unit 42 for the rated torque [err] of a nunber of
different taools N (as nmarked [err] - [err]) to be used in the machining
process, with [err] and [err] signifying selection of the teaching node
and [err] V\l m de. The rest of the unit is identical w't
the units of Ilmymmm ﬂ di rent and8operate in the same manner. The(1
embodi ment illUsttat'ed™ n®the block diagramof Fig. 4 is intended for the.

optim zation of machining operation on the basis of either one or the other
of two criteria: 1) maxi num netal renoval per unit tine (nmierr]/mn); 2)

m ni mum cosfn9f HeiRYaladdrediels VIO) UBE W Bicrdm/ ¥1d) a first memory

unit supplying said calculator unit with a first coefficient -

rélating to the tool to be used; by said program supplying,
via a second xhemory unit, at least one second coefficient
relating to the material to be machined; by a logic element
supplying said rated cutting torque; by said program
supplying the projected tool service life, and by said
identifier unit supplying said. instantaneous values of the
area of cut, said calculator unit producing a
speed controlling signal enabling said controller to
optimize operatlon of said machine tool.

10. A controller for optimization of metal-working on CNC-
operated machine tools, having a main drive powering the
tool spindle of said machine tools and feed drives powering
the feed mechanism of said machine tools, said feed drives
being controllable to produce a feed rate determined ei{:her
by a predetermined setting of the cutting torque produced by
said tool spindle, or by said controller overriding said
setting in a teaching mode, comprising: |

a first unit for monitoring the torque of the main
drive of said machine tool to establish the actual,
instantaneous cutting torque;

a second unit for setting the rated cutting torque in
said teaching mode in dependence on said main-drive torque
as monitored;

a third unit for calculating the :‘Eeed rate required to
maintain said cﬁtting torgque at a constant level and
controlling the feed drives of said machine tool;

~ a fourth unit responsive to said monitored main-drive
torgue and providing feed rate limiting signals to said
third unit for protecting the tool against breakage, said
unit for calculating said feed rate being addressed by a
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It is possible to select a conprom se between these criteria. The
enbodi nent of Fig. 4 conprises all the units described in connection with

Figs. 1 and 3 u“ wl:lm panel 4 and its elenents), as well as sone
addi ti onal | ﬁ“ﬁm“ m ed further 18el-ow. Wiile the first criterion
I's taken care of by % he® "FE-18op" conprised of units 20, 22, 24 and 30

(Figs. 1 and 3) and is conditional upon M= Merr], the second criterion
requires the introduction of an additional unit, 44, which constitutes the

operative pagbmgbndftos hﬁQP" reSPRHEIGR a5kt the NBAOT hhAd CORb! oglgtnfaqsereed
(S) of the tgol spindle. This unit consi sts of a, galculator 44, whi ch
‘realizes thef geﬁrggéygﬁmrﬁgpp]unit comparing said torgque as set, with .

the actual, instantaneous torque as indicated by said first
unit and, on the other hand, to signals from an'identifier
unit calculating the instantaneous cross-sectional area of
the cut in response to signals from both said fifst,

main-drive torgque monitoring unit and said feed rate
calculating unit, said compensator unit facilitating
high-precision stabilization of said torque, said main-drive
being centrollable to achieve, for a particular job, maximum
productivity or minimum cost of machining or any combination.
of these criteria, and/or a preselected tool life, further
comprising _

a fifth unit for calculdting the speed of said tool
spindle, said unit for calculating the speed of said toel
spindle being addressed by a CNC-program via a first memory
unit supplying said calculator unit with a first coefficient
relating to the tool to be used; by said program supplying,
via a second memory  unit, at least .one second coefficient
relating to the material to be machined, -said unit for

_ calculating the speed of said machine tool spindle being
addressed by a special unit calculating the tool 1life
required for selected optimization criteria,. and by said
identifier unit 'supplying said unit for calculating the
speed with values of the cutting area, said calculator unit
producing a speed-controlling signal enabling said
controller to optimize operation of said machine tool, and
that said unit for calculating said feed rate is further
addressed by a signal transducer unit responsive to an
analyzer unit for analyzing the harmonics of the torgque of
said feed drive in response to the sensor unit monitoring

said torque, said analyzer unit in conjunction with said

\
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'mhere:,[err] = coefficient dependent on the specific tool used;

[err] = coefficients dependi ng on the material nachined;

[err] T cut, supplied by the identifier unit 22, F
= feed rat%u“ H“Hﬂ“ ﬂ"lﬁ“" = tool- service life required for

el ected optkm zattomcrsteria. The firsg0 crlterlon I's conditional upon the
relatlonshlp - 10-

sensor unit and said signal transducer unit facilitating
precision machining of thin workpiece sections.

11. The controller as claimed in claim-lo, wherein said
unit for calculating said feed rate is further addressed by
‘ a signal transducer unit reéponsive to an analyzer unit for
analyzing the machine tool vibration and modifies the feed
rate F to the degree regquired to suppress the vibrations,
returning to the original rate when this has been achieved.

12. In a controller for a CNC-operated machine tool having
a main drive powering the tool spindle of said machine tool
and feed drives for powering the feed mechanism of said
machine tool, an improvement consisting of a circuit
facilitating the finish machining, at high preéision, of
‘thin wall sectioms of workpieces, comprising a sensor
responsive to the feed-drive torque, feeding an analyzer for
analyzing the harmonics of the feed-drive torgue, which
analyzer addresses a signal transducer producing signals
that, fed to a feed rate calculator, modify the output
signal of the latter, reducing the feed raté whenever the
sensor indicates the effective beginning of a thin section,
and restoring the previous feed rate when the sensor
indicates the ending of this section.

13. A method for optimization of metal-working on
CNC-operated machine ﬁools having ‘a main drive powering the
tool spindle of .said machine tools and feed drives powering
the feed mechanism of said machine tools, said feed drives
‘being controllable to produce a feed rate determined by a
predetermined setting cf thé cutting térque produéed by said

—_—
This Sheet 4

i i I ii”



‘[err] The second criterion I s conditional upon the relationship:
D[err] where: = coefficient depending on the specific

t ool, used and na F“ auxiliary or idle tinme (mn); D= cost of
tool ($); B Hmlmullrmmmﬂ H per mn ($/ mn). The cal cul ator 44 has
five inputs: a) coeffiients [&rr] for tdhe tools N3-N25 (from menory 46
addressed by input [err]); b) coefficients [err] for four different

groups .

tool spindle, or by said controller overriding said setting
in a teaching mode of said controller, comprising the steps
of: . -
monitoring the torgue of the main drive of said machine
tool to establish the actual, ihstantaneous cutting torgue;
setting the rated cutting torgque in said teaching mode
in dependence on said main-drive torgue. as ~monitored:
calculating, in a feed rate calculating unit, the feed rate
required to maintain said cutting torque at a constant level
and controlling the feed rate of said machine tool;
providing feed réte limiting signals to a feed rate
calculating unit  for protecting the tool against breakage;
comparing, in a cpmparator unit, said torque as set,
with said actual, inStantaneoqs torque; calculating, in an
identifier unit, the instantaneous cross-sectional area of
the cut in response to signals produced by both said
main-drive torque monitoring unit and said <feed .rate
calculating unit;
feeding the signals from said two units to a N
compensator unit, . '
and feeding the signals from said compensator unit to
said feed rate calculating unit, thereby achieving.
high-precision stabilization of said cutting torgque.

14. . The method as claimed in claim 13, further comprising
the steps of calculating the tool spindle speed and
modifying the spindle speéd accordingly, in order to achieve
maximum productivity or minimum cost of machining, or any
combination thereof, or a preselected tool life.

-\
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of materials (fromnenory 48 addr essed by i nput M\26- M\28); c) signal F
(fromcalculator unit 20); d) area of cut [err] (fromthe identifier unit

cal culati on of |6 llﬁlll lllllﬁﬂl "ﬁﬂ”lll i tLapgs.the teachi ng mode and i nput

[err] runs the teachih *all tool diameters. The outputs of the
controller of this enbodlnent are the sane as with the previous enbodi nent
(tool status and feed rate control signal F), with the addition of the
speed control

l::'s.i gna]!‘hes'method as claimed in claim 13, further com;irising
the steps of: ' | '
. monitoring the harmonics of the torque of said feed

drive; N

analyzing said harmonics as monitored;

forming a signal produced by the anaiyzing of said
_ harmonics, and |

feeding said signal to said feed rate calculating unit,
in order to facilitate machining of thin workpiece
sections.

16. The method as claimed in claim 15, £further comprising
the steps of: .

monitoring machine tool vibration;

analyzing said vibration;

forming a signal produced by the analyz:z.ng of said
vibration;

feeding said signal to said feed rate calculating unit
in order to suppress the vibrations, and

returning to the original feed rate once this has been
achieved. ' ' '

\'
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The enbodinent represented in Fig. 5 has all the features described in the
previous three enbodiments, with the addition of two further features,
nanely, a circuit suppressing nmachine tool vibrations and chatter, and a
circuit facilitating the finish nachining, at.  high precision, of
thin wall sections of workpieces. The fist of these features conprises a
vi bration analyzer 50 addressed by any g&ifable transducer 51 responding to
vi brations and chatter of the nachine. The output of the transducer 51 is
anal yzed by unit 50, which produces a signal fed to the feed rate

cal cul ator 20 whi ch, incbﬁ@%Bﬂﬁﬁk el dice vy Pr@Teeefiab BT RE Frédug he degree

required to suppress the vibrations, returning it to the original rate once
this has been achieved. The problemwth thin sections is their elastic

ABSTRACT:

A controller for optimizatiqn of metal-working on
CNC-operated machine tools, includes a first unit (14) for.
monitoriﬁg the torque of the main drive of the machine tool
to establish the actual, instantaneous cutting torque, a
second unit (16) for setting the rated cutting torque in
the teaching mode, a third unit (20) for calculating the
feed rate required to maintain the cutting torque at a
constant level and controlling the feed drive, and a fourth
unit (18) responsive to the monitored main-drive torque and
providing feed rate against breakage. The unit for
calculating the feed rate is addressed by a compensator
unit (30) responsive to signals from a comparator unit (24)

_comparing the torqué as set with the actuai, instantaneous
torque as indicated by the first unit and to signals from
an indentifier unit (22) calculating the.instantaneous

cross-sectional area of the cut.

Figure 1 to accompany abstract upon publication.
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the mlling cutter. Thus

deformablTlty under the cutting pressure of
2.5 mmand a .l ength of

mlling anTﬁLSHEhtﬂﬂﬂBmRbplﬂﬁd a thickness of, ‘e.g.,
depth of 0.5 mnat a feed rate of 500 minin, a

200 mm tak

cutter spee nd a tool dianeter of 12 mm wll produce an -

error of O. emlllngasectlon of a thickness of 10 nm at

| dentical cut depth feed rate, speed aid tool will produce an error of

only 0:005 mm This difference is, of ¢ rss due-—'tothe "giving in", and
subsequent sp‘u_ng back, of the th| n section, nece23| tati nga reductlon of

the feed rate when the nmilling cutter arrives at Quch a thin section. This
not only conmp{D¥ates the CNC-program but it is &Pso difficult to determi ne

~at which poi E after a heavy ggction, the thin s‘t‘Fctlon effectively begins.
Al'so, a worn \ .
'(9 =
Cyoc2D ' S T
Z5Z20 F5°
—1 27 =2 o
_ <
2 b ad
'_
’_
3
S I
E E S
= =~
g'z.o S
05 =~ h
Sk S
! <
O
2-:} © |
I 2 u
O w :
= = 38 -
T E Ei o @ o
-
= oz Bk T
— =T = 0 L
: © Eo zZz = o
(=] w o o L
> (D*_ = 9.
O
o O
O 4 7
O
= o« N
L
. >
- r\ z
S &5
® 5
©o © O
o
= _ o
olo =
V' -~ Sis 58
o wz
[=) . 1N leo)
_ = < N
1 o
0‘4




cutter wll increase the deform ng force which, with a new cutter, would be’
muchssmaller. It is the task of the present enbodinent to
automatically reduce the feed rate the nonent wall deformation is
detected. It was found that certain harnonics of the feed-drive current are
reduced during the mlling of thin walls, due to the. change of frequency
.characteristics of the electrical- nmechafféal | oop of which the thin
section is a part. Thus, based on a dispersive analysis of feed-drive
‘current signals, it is possible to formspecial signals indicating the
effective beginning and ending of a thin section. These

Fig.2.

Fmm / min

M 250
Mp k

h (mm)
- 01234567 89101112131415161718 (b = 18mm)




signals are used to reduce the feed rate during the nachlnlng of such thin
secti 6ns, thus i ncreasing the accuracy of the machining operation. The
added circuit of the enmbodinment of Fig. 5 conprises a suitable sensor 52
reSponsive to the feed-drive current, feeding an analyzer 54 for anal yzing
t he harnonics of the feed-drive current whi ch anal yzer addresses a -
si gnal transducer 56 producing signal s ﬁmﬁ, fed to the feed rate

cal cul ator 20, nodify the output SI nal of the E?tter, reduci ng the feed
rate whenever the sensor 52 and yzer 54-indiate the effective

‘begi nning of a thin section, and toring the previous feed rate when the
sensor 52 and anal yzer 54 i ndi catre it he ending off this section. The .
enbodi nent of Fig. 3 is partwculamly suitable fqr CNC- operated nachining
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sequence of different tools, and is nore efficient than the previous
enbodfnent, particularly due to the provision, as showmn in Fig. 3, of
the menory unit 42 which elimnates the need to reset the controller each
time a tool is changed. It will be evident to those skilled in the art that
_~the invention is not limted to the deta%lg of the foregoing illustrated
enbodi ments and that the present invqui'ﬁ may be enbodied in other Z
specific forns w thout marting fromZhe spirit or essential attribu£es
thereof . The present e nents are t8erefore to be considered in &2

respects as illustrativelgnd not restrictive, the scope of the invenﬁgon
bei ng i ndicated by the appended cl ai nsgrather than f
O] Z [«
Zggm Q 2
0,0 %ugg p abe
Tl= E-2C oMz
0 WL ——e Z2zZ32 O
4 Qo3 o
w | " = o
(75} // _
o 3
N e
\ O
- -
3
| ==
= w ©
Slo—e| < g
O] L '\ o
O o
o L ' i
%L— £ w z
olZ2— = ZQ o H-8 -
Zl= = oQ = -
© (609< == 3:)!-— n T
Sluads o O 25 = o
e aNZZ o = ws =
CiZ=3=2(Q = £ o u
“12 —amnl Eo = 2
™ w <t Q
= ! )
x &
S w3
< TS e oo} 4 \
(4} <Z oY
- N g7 \ o«
S S — 688 | o
O Ew
= <
i @ 55
~ 0 oQ
i o . wz . --lu'
. po N no <
| |[F—N \ \ o]
LL o © D > 0
E!Im(’f; EU?Q_( T o
HOmQO ¥ 5o DE Y w2
szt ' st 0O =2




by the foregoing description, and all changes which conme within the nmeani ng
and r&hge of equivalency of the clains are therefore intended to be
enbrraced therein. What is clainmed is: 1. - A system for adaptively:
confrolling a feed rate F of a mlling cutter relative to a workpiece, the
mlling cutter constituting part of a rm@,isne tool having a main drive, the

system conprising: (a) a,i®rque m)nitorgfor moni t ori nd{An actual nmi rive
cutting torque M (b) a®@@kque conparatgr for cal cul aty AM where A
[err] - Mand [err] is &r&edeterm ned@efer’ence mai n.&% ve cutting ta@rque
established for §he gl1i cutter anduhe workpiece tdhterial; and _(cr%o a
feed rate controfl '{m efermining £ ' ~action.af ?
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further conprising a spl nél spee%%;ontrol I

er for adaptively controlling
the spindle speed of the nilling cuttefLRBMBbtain a desi rgw 'ﬂ"ﬂ'
. tool service life To. 4. The system according to an Il'm"l
. 1-3 further conprising a vibration suppression unit for mnim zing
~vibrations of the mlling cutter below a predeterm ned threshol d.
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1. "~ An adaptive controller for a numerically controlled-
machine including la machine tool, the controller comprising.:

a load monitor operative to monitor at least one torque
parameter of the machine tool; and |

a control unit operative to receive said at least one

torque paramete* ané to provide high precision control thereof.

2. - A system according to claim 1 wherein said control unit

is also operative to receive information regarding a workpiece.

3. A system according to claim Z wherein said . information
regarding the workpiece comprises a type of material from  which

the workpiece is formed.

4. A system according to any of the preceding claims’
wherein said control unit is also operative to receive iniorma-

tion regarding the machine tool other than torque information.

5. A system according to claim 4 wherein said inforrﬁation
regard__ing the machine tool compriees at least one of the
folloWing ij:ems:

| information regarding machine tool diameter;

information regarding a number of teeth an the machi'ne

i

tool; and



The -system according to any one of Clains 1-4 further corrprl si ng a feed
drive current anal yzer. for reducing the feed rate F dur4—ng-st—gek_r_ermaJ_

along a thin walled workpi ece section -15-

adaptively controlling a feed rate F of a milli ng cutter }mﬂlm,uﬂﬂljlﬂlu LIIL
wor kpi ece, the mlling cutter constituting part of a mac

mai n drive, the nmethod conprising thE5steps of: (a) nonitoring an actual
main drive cutting torque M (b) calculating [err]Mwhere [err]M= [err] -

M and where [err] |§n ﬁQr[aq:q%he .r ar%g}sf ﬁ%@gqgembgldﬁg?g cutting torque

established for the"mT111ng cu wor kpi ece erial; and (c)
determning the feed rate F as a function of AM

6. A system according to claim 4 wherein said control unit
is operative to receive information regarding the machine tool

from a CNC unit of the machine.

7. A controller for improving operatlon of a numer:.cally
controlled operated machine having a feed drive rate and a cut-
t+ing torque which at least partly dgtermines the feed drive rate,
the cbntrqller comprising: -

a feed rate computation unit operative to compute a
feed rate which ;ttg;intains the cutting torque at a constant level;
and |

- a feed drive control receiving input from the_feec?. rate

computation unit and operative to control the feed drive rate of

the machine.

8. | A controller for imprdving operation of a numeridally_.
operated machine on a workpiece, the controller comprising: .
| a .torque comparator operative to cbmpare ~a target

'torque value with an actual torque value;

an operation area identifier operative to compute the
size .‘o.f a current operation area of the workpiece on which the
machine is operating; and |

a feed rate controlling un:.t operatlve to control a
feed rate of the machlne based at least partly on output <£rom

said torque comparator and said operation.area identifier.
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charagterized in that step (c) includes calculating an instantaneous
cross-sectional area p of the workpi ece being worked on Ilm\m E“IIL
cutter and determning the feed rate F as a function of " "'lﬂlal"ly

stabilize Msuch that [err]MO0. 7. The met hod accordinf to @& ai*m 6
wherein step (c) includes calculating the cross-sectional area p fromthe.
general relationship M= AFYpY where. A y and y are coefficients dependent
on the mlling cutter and the workpi €&Ce material . 8. The et hod

according to either Caim6 or_7 further conprigsing the step: (d) '
adapti vel y?cont rol | PRESEREIS pi FRF e kg, é?ﬁ %ﬁeﬁ@t&ﬁ’ﬁ efPef o

o any ondBTRErS] HO0: BRAdTAIIRSS JBING SThd (HEIStesBIgRY (gyfterion,
nonitori n%ﬁeheaﬁ’ﬂaqfa%go%mﬂiéihneé:m I1ing cutter;
' a desired operation speed computatiqﬁ unit operative to
receiw}e at least one work situation characteristic and to compute
a desired 'operation_ speed based on the predetgrmined' criterion}
and
an oi:eration speed controller operative to adjust an
operation speed of the machiné tool to conform to said d_esired

operation speed.

10. Apparatus according to claim 9 wherein the predetér- .
mined criterion is based at least partly on enhancement of pro-

ductivity.

11. ‘Apparatus accdrding to claim 9 or claim 10 whefein the
predetermined criterion is based at least partly on reducing

operation cost.

1z2. Apparatus according- to any of claims 9 - 11 wherein the
predetermined criterion is based at least partly on enhancing

machine tool life.

13. Apparatus according to claim 11 or claim 12 wherein the.

L

" predetermined criterion is based at least partly on a combination

. of enhanced productivity and reduced operation cost.
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1)

(f) . conparing said vibrations to a predeterm ned threshold——(g) nmodr fying

the feed rate to substanti-ally suppress said vibrations belo
predetermni ned threshold; and (h) restoring the feed rate t(n)nmﬂfmmul wl ”“l
value for as long as said vibrations are bel ow t he predeter

-16- to. A nethod accordi ng td7any one of Clains 6-9 and further
conprising the steps of: (i) nmonitoring the feed drive current of the

mlling ddtter; (jAprpamodius nadeedioad dd vax 9 @leifisr 9t he I8 esdiree iof
harmoni cs i ndicative of the commencenent of stock rempval along a thin

wal | ed wéﬁkéleéé steashnonghdork situation characteristic comprises a

characteristic of the machine tool.

15. Apparatus according to any of claims 9 - 14 wherein
said at least one work situation characteristic comprises a -
characteristic of a material from which the workpiece is formed.
16. ~ Apparatus according to any of claims 9 - 15 which is

operative to optimize said criterion.

17. Apparatus according to claim 8 wherein said operation

area comprises a cross-sectional area.

18. - Controller apparatus for improving operation of a
numerically controlled machine and comprising: .

a vibration analyzer operative to analyze vibration of
the machine; and 0

a feed rate computation unit. receiving input frdm the

vibration analyzer and operative to compute a feed rate which

reduces the vibration of the machine.
19. . Apparatus according to claim 18 and also comprising a
feed drive control receiving input from the feed rate computation

unit and operative to control a feed drive rate of the machine.

20. Apparatus according to claim 19 wherein the-feed drive

This Sheet Has Been R,
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(k) on the detection of said harnonics, reducing the feed rate s6 as to

substantially suppress said harmonics. 17 14, Aiﬂm’lﬂﬁ!uﬂﬁﬂrﬂﬂﬂng
L s *

to any- of clains 9 - 13 wherein said at | east one work

characteristic conprises a characterisigc of the machi ne'«t 0o

Apparatus according to any of claims 9 - 14 wherein said at |east one

wor k sit uatamirahdractled SPREREHNPric e PharA® Previeupffegdnmts | ainde om

whi ch the workpiece is fornmed. 16. Appar atus according to any of
clai ns 9 vibyraihiqm hass bgger B¥PREL$IPDpti m ze said criterion. 17.
Apparatus according to claim@8 wherein said operation

21. A control method for a numerically controlled machine

operating on a workpiece having thin wall sections, the method

comprising: .
analyzing harmonics of the wbx_:‘kpiecg to .detect a thin
wall section thereof; and |
modifying at least one machine operating characteristic
so as to protect a detected thin wall section and restoring said

machine operating characteristic when the thin wall section has

ended.

22. A method according to claim 21 wherein said step of
modifying at least one machine operating characteristic comprises

the step’ of reducing the feed rate of the machine.

23. Apparatus according to any of the preceding claims 1 -

6, 9 - 16 and also comprising a machine tool status indicator.

24. - Machine tool status display apparatus comprising:
| a work situation memory operative to store work situa-
tion information including at least one machine tool. operation
characteristic and at least one workpiece characteristic;
a machine tobl status compufation unit operative to
compute a current machine tool status based on the wor}; situation
information and a previous machine fool statué ; and /

a machine tool status display operative to display
_—
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|nprOV|ng operation of a nunerically controlled nachine

a 'vi bration anal yzer operative to anal yze vibration of th

feed rate conputation unit receiving input fromthe vibration anélylerSan

operative to conpute a feed rate whi ¢gh +educes the vibration of the

machi ne. 19. Apparatus according to claim18 and al so conprising a

. feed drive, GORI¢ & rdq8ieY nBEhiAPUEcST R dies featburiti oAt i on unit and
operative to control a feed drive rate of the nmachine. 20. - Appar at us

according to claim 19 wherein the feed drive

area,conprises a cross-sectional area. 18. Cbntroller! Eﬁgaratus T

25. . A method accdrding_to any of claims 21 - 22 and also

comprising cutting the  workpiece using the machine.

26. Apparatus according to any of claims 7, 8 or 17 wherein
said operation of the machine comprises a cutting operation.
27. Apparatus_ according to any of claims 9 - 16 where'it;

said machine tool performs a cutting operation on said workpiece.

28. Apparatus according. to any-of claims 18 - 20 wherein

said machine is operative to perform a cutting operation. -

29. Apparafus according to claim 24 and alsd compri.sihg a
cutting tool. _ ) .
30. An adaptive control method for controlling a numerical-

ly controlled machine including a _machine tool, the method'.
comprising:
monitoring at least one torque parameter of the machine
tool; and
| Ireceiving saidl at least one torque parameter and
providing high precision control thereof.
31. A control method for a numeriéally cor}trolled operated

machine having a feed drive rate and a cutting torque which at
-
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‘- 18 _- control is also operative to return to a previous feem

'V|brat|on has been suppressed. 21. A control nethod '
nurr_erl cally controlled machine operating on a workpiece h m”ﬁ'" lému(l”"’
pi ea

b

sections, the method conprising: anal Ydé(ﬁg har noni cs of the*
detect a thin wall section thereof; nmodi fyi ng at Ieast one nachlne

operating; eRanaphetitpt §&tShided AR Feeal dgideteatLed ﬁt ion_and
restoring sai d machi ne operating characteristic when t. |n ma ME&tTT on
has endedjng?. A nethod according to claim21 mhereln said step of

nodi fying at | east one nmachi ne operating characteristic conprises the step
of reducing the feedompiteingf ®he feaghi pete which maintains the cutting

torque at a constant level; and

controlling a feed drive rate of the machine based on

‘the computed feed rate.

32. A controi method for improving opération of a numeri-
cally operated }nachine on a workpiece, the method ‘comprising:
comparing a target torque value with an actual .t'orque.
value_: |
._coinputing the size of a current operation area of the
_ workﬁiece on wh-ich“ the machine is operating; and
controlling a feed rate of the machine based at least

partly on output from said comparing and computing steps. )

33.. B A& method for _cbntrollin'g..the operation speed' of a
machine tool on a workpiecé based on a predgtermined criterion,
the méthod compri‘si.ng:
receiving at least one wor;k situation characteristic
and computing a desired operation speed based on the bredeter-
mined criterion; and ’
adjusting an operation. speed of the machine +tool to

conform to said desired operation speed.

34. A control method for :.mprov:.ng operation of a numeri-

cally controlled machlne and comprlslng

) analyzing v1brat10n of the machine; and
This Sheet Has Been Repla
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23. . Apparatus according, to any of t he precedi ng cI a| m 1 -

and” aI so conprising a machine tool status indicator. ml

status di splay apparatus conprising: a work si tuatlon me m’,ﬂmm W”I
store work situa- tion information inc i.ldl ng at |east one rfachine

operatioh characteristic and at |east Ghe workpi ece characteristic;

machi ne tool status conputation unit operative to conpute-a current machl ne
t ool status based oremmzting kasifeaedtrabeiwhkbeharedncandthepreibivusomacbiene
tool status; and a nmachine tool status display operative to display ~ - 19
- out put theomat%n%chl ne tool status conputation unit.

35. A controller for a numerically controlled machine

operating on a workpiece having thin wall sections, the control-

-~ " ler comprising:

a workpiece 'ha_rmonics analyzer operative to analyzé

harmonics of the wo;'kpiece to detect a thin wall section; and |
_ a thin-wall protective machine controi .unit operative
to modify at least one méchine operating characteristic so as to
protect a detected thin wall section and restoriné said - machine

operating characteristic when the thin wall section has ended.

36. A machine tool status display method comprising:
storing work situation;information including at least
one machine tool operation characteristic an‘d at least one
wo;‘kpiéce -characteristic; and - |
computing and displaying a current machlne tool status_
based on the work situation information and a prev:.ously computed

machine tool status.

37. Apparatus according to claim 18 and ﬁherein the feed

rate substantially eliminates the vibration of the machine.

\‘z ; ]
N Ny
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25.7

cutting the workpi ece usingghe machine.
any of clainms 7, 8 or 17 wherein said operam’ggs@gctthep{l@ahﬂne; pagadrTse
cutting operation. 27. Appar at us addor ding to any of cl a| m 9 -

wherein said nmachine tool perfornms a cuttiin rat.i [Saz—d“—’mrkpl ec

28.

is operative to per orm a

- ’ B’Deﬂcnptmn paged .1a7to paged ..
A met hod accordq%ls’t';é'%ny of cl i @CBimes)22: pagtdalst pagedr.iki
46" Dra'\mmgégpIE’@ii@'dug5 fac pagedi.rig

Cd

v

L

Appar at UScaGEREM B han ANC ObpiELRY ' SRS

to claim24 and gl é)c&rg;ﬁ Slﬂgv Re £t t -Bdates! to30a controA&eardamdva
contro

contr ol

net hod for

a
6

U

I ne

I hg OpératT on. ) : paratus according

a_nuneri cal - 1 ed hi udi ng
a machi ne m@’dPOdttf@ﬂmpﬁﬁémééﬁfﬁﬂ-P@ RE & OV§§8R8 Iog‘ast (E):negggl’a L%Ié1
paramet er GiadWEndBebioie,t @pecd¥ly on CNC-operated milling machJ.nes .

- programming is incapable of

and machining centers.

While CNC-operated machine tools have existed for
years, their efficiency and usefulness has been limited by
their incapability to take into account many factors in the )
programming stage which influence production efficiency,
including: number of workpieces in a run, operating cost,

tool replacement time, tool cost, etc. In addition, the

rigidly deterministic nature of CNC-operated machine tool
" allowing for unforseeable
changes J.n real-time cutting condlta.ons such as depth and
width of metal cutting, tool weay, non-uniformity of

workpiece blank, etc.

A recent development in the field of CNC-operated machine
tools provides for apparatus for controlling a machine tool as
a function of torque load on a cutting tool when the torque
load respectively exceeds or falls below a predetermined upper
or lower critical torque load. For example, US Patent No.
4,237,408 describes critical torque loads including, inter
alia, a éatastfophic torque limit relative to the machine
structure, a catastrophlc torque limit relative to a particular
tool and a minimum torque limit that should be present if a

cutting tool is in contact with the workp:Lecel.

It is one of the objects of the present invention to
overcome the limitations and disadvantages of today's
CNC-operated machine tools and to provide an opg:imizing
controller for machine tools, in.particular for CNC-pperated
milling machines and machining centers, which calcufates the
optimal cutting modes according to production efficiency
criteria, and automatically provides adaptive feed and
spindle speed control respondingd to real-time cutting
conditions, maintains a constant and presettable spindle

torque and/or tool 1life, ensures optimal machining

operation, prevents tool breakage and indicates tool status.



receiving said at |east one torque paranetér and providing high

preci sion control thereof. 31. A control nmethod for a nunerically
“control |l ed operated nmachine having a feed drive rate and a cutting torque
whi ch at -20- least. partly determnes the feed drive rate, the nethod

conpris- ing: conputing a feed rate whichy maintains the cutting torque at a
constant level; and controlling a feed drive rate of the nmachi ne based on
the conputed feed rate. 32. A control nmethod for inproving operation
of a numeri -

The metal-cutting process (as static process) can be

represented by the expression:

M = AFY,Y
where:
) = the already-mentioned area of cut;
F = feed rate, and

A, v, Y= coefficients depending on tool type and metal-
working conditions.

Seeing AM as the error of cutting torque stabilization,

it can be defined as:

KiK:Ap
AM =Mp-M =M [1_ 1%¢

0 [+K1KcAp
vwhere:

K. = OCNC gain (static), and

K, = current monitor gain.

However, in real-life maéhining, p <<1/K,K.A, as a
result of which- &M = M_,, or M = O, making it impossible to
achieve cutting torgue stabilization witah medium and

small P -values.

In order to secure for M independence from changes
of £, it is necessary to provide a compensator unit with

variable gain XK,:

Ky = —mm

with B being a constant.
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cally operated machi ne _on rkpi ece, the method conprising: conparing a
t ar get torquv’vmﬁﬁgt ual* torque val ue; conputing the size of a

current opera u‘ge wor kpi ece on which the machine is operating;
and contr ol lm‘\mgml‘“ﬁ““l“ *‘ f the mactli4te based at |east partly on output
from said compari n§ ahd tonputing steps. 33. A nmethod for

controlling the operation speed of a machine tool on a workpi ece based on

a predeterm’-geﬂ Cri télii.or}%3 tihse. met hod conprising: receiving at | east one
work situati ft +€—and conputing a desired operation speed based
on the predeter- mned criterion;.and adjusting an o i on,. speed of the
nmachi ne tooﬁ' to conf‘%rsYﬁ?‘?rB fgléflga‘zfé‘??)f %‘H‘%@BP&F&SW Ezl}ggd&tarmlhng cutter

relative to a workpiece, the milling cutter constituting part of a machine tool

having a main drive, the system comprising:

(a) a torque monitor for monitoring an actual main drive cutting torque M,

(b) - a torque comparator for calculating AM where AM = Mg - M and M
is a predetermined reference main drive cutting torque established for
the milling cutter and the workpiece material; and

(¢) a feed rate controller for determining the feed rate F as a function of
AM;
characterized in that
said feed rate controller calculates an instantaneous cross-sectional area

p of the workpiece being worked on by the milling cutter and determines the

feed rate F as a function of p to substantially stabilize M such that AM-0.

2. The system according to Claim 1 wherein said feed rate controller
calculates said cross-sectional area p from the general relationship M = AFY
pY where A, y and y are coefficients dependent on the milling cutter and the

workpiece material.

3. The system according to either Claim 1 or 2 further comprising a
spindle speed controller for adaptively controlling the spindle speed of the

milling cutter to obtain a desired predetermined tool service life T,.

4, The system according to any one of Claims 1-3 further comprising
a vibration suppression unit for minimizing vibrations of the milling cutter
below a predetermined threshold.

5. The system according to any one of Claims 1-4 further comprising
a feed drive current analyzer for reducing the feed rate F during stock

removal along a thin walled workpiece section.



<«

34. A—controt—method for inproving operation of a numeri- cally

controll ed na sing: analyzing vibration of the machine; and
conmputing a “&ﬂﬁ“\mmwﬁm educes the vibration of the machine. 35.
A controll n ngnerically controlled nmachine operating on a

wor kpi ece having thin wall sections, thE<control- ler conprising: a

wor kpi ece harnoni cs anal yzer oper at i ve to anal yze harnonics of the

wor kpi ece t o6 det ect t hi ﬁl?%%%”f )f}agl?ttiwei\ggpﬁﬁﬁgﬁl,gag'fgewalja e gk %.CHIMﬁlgnHChI ne

control unit“operati e™°5 hi'ne operati
charact eri stditet@eRsiveQo a workpiece, the milling cutter constituting part of 2 machlne

too!l having a main drive, the method comprising the steps of:

(a) monitoring an actual main drive cutting torque M;

(b) calculating AM where AM = M, - M and where My is a predetermined
reference main drive cutting torque established for the milling cutter and
the workpiece material; and

(c) determining the feed rate F as a function of AM,;
characterized in that
step (c) includes calculating an instantaneous cross-sectional area p of

the workpiece being worked on by the milling cutter and determining the feed

rate F as a function of p to substantially stabilize M such that AM-0.

7. The method according to Claim 6 wherein step (c) includes
calculating the cross-sectional area p from the general relationship M =
AFYpY where A, y and y are coefficients dependent on the milling cutter and

the workpiece material.

s. The method according to either Claim 6 or. 7 further comprising
the step: |
(d) adaptively controlling the spindle speed of the milling cutter to obtain

a desired predetermined tool service life Ty,

9. A method according to any onme of Claims 6-8 and further

comprising the steps of:

(e) monitoring the vibrations of the milling cutter;

(fy comparing said vibrations to a predetermined threshold;

(g) modifying the feed rate to substantially suppress said vibrations below
the predetermined threshold; and

(h) restoring the feed rate to its original value for as long as said vibrations

are below the predetermined threshold.



protect a detected thin wall sectl on. and restoring said machine operating
~characteri sti cu |" mnu section has ended. 36. A machi ne
tool status di rising: storing work situation information
including at | east one madhi ne t ool operation characteristic and at

| east one wor kpi ece characteristic; and_lc@_rrputl ng and di splaying a current
machi ne tool status based on the work situation information and a
previously conputed nmachine tool status. 37. Apparatus according to

claim 18 and merein Ahenétﬁeal a@:*oedmgb% ity ¥nkY of! CHIA 69 LA Widh& i on

of the machi ne.
compnsmg the steps of:

(i) monitoring the feed drive current of the milling cutter;

(j) analyzing the feed drive current for the presence of harmonics indicative
of the commencement of stock removal along a thin walled workpiece
section; and

(k) on the detection of said harmonics, reducing the feed rate so as to

substantially suppress said harmonics.



15. The nethod as claimed in claimi3, further conprising the steps of:

.nmonitoring the harnonics of the torque of sai'd feed drive; analyzing said
har moni cs as nonitored; form ng a signal produced by the analyzing of said
har noni cs, and feeding said signal to said feed rate calculating unit, in
order to facilitate machining of thin workpiece sections. 16. The
nmethod as clainmed in claim15, further conprising the steps of: nonitoring
machi ne tool vibration; analyzing sai€l¥+bration; formng a signal produced
by the anal yzing of said

CONTROLLER FOR CNC-OPERATED MACHINE TOOLS
ABSTRACT :

A controller for optimization of metal-working on
CNC-operated machine tools, includes a first unit (14) for
monitoring the torque of the main drive of the machine tool
to establish the actual, instantaneous cutting torque, é
second unit (16) for setting-the rated cutting torque in
the teaching mode, a third uniﬁ (20) for calculating the
feed rate required to maintain the cutting torque at a
constant level and controlling the feed drive, and a fourth
unit (18) responsive to the monitored main-drive torque and
providing feed rate against breakage. The unit for
calculating the feed rate is addressed by a compensator
unit (30) responsive to signals from é comparator unit (24)
comparing the torque as set with the actual, instantaneous
torque as indicated by the first unit and to signals from
an indentifier unit (22) calculating the instantaneous

cross-sectional area of the cut.

Figure 1 to accompany abstract upon publication.
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