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-1- MACH NE#%¥COL The present invention relates to a nachine tool for
cutiting, shaping, grinding, boring or poIigEing a Kk cing a
nachlnlng tool relatively to the workpiec e sp |caII Y, the present
invention relates to a nachlne t ool equipped with a control systemwhich is
capabl e of correctlng an.~errar - in positioning due to thermal defornations
of machi.ne conponents. |n general, wheL a machi ne Hin for cuttlng -shapi ng

grindi ng, boring or pollshlng a morkplece especi al gpﬂece'rnto
of a rmve e el ement

a desired profile, requires. theyasgtN@Rt®orP0osi ti oni
~such as a machining tool or a WOTKpIece Dei ng nachlned t he wor kshop is

nalntayned at a'constant tenperature, for exanple, by neans of an air
. conditioner to prevent - -thermal deformations including thernmal expansion and

The present invention relates to a machine tool for
'.cutting, shaping,'grinding, boring or poliehing a workpiece
diéplacing a machining tool relatively to the-workpiece: ﬂbre
specifically, the present invention relates to a machine tool
equipped with a control sYstem wﬁich is'capable of correcting an .
error in positioning due to thermal deformations of machine |

components.

In general} when a machine tool for cﬁtting, shapihg,
grinding, boring'or pelishing a workpiece, especially metal
workpiece into a desired profile, requires the ecéurate
-positioniné_df a moVeable element such as a machining tool oxr a
workéiece being machined, the workshop is maintained at a
constant temperature, for example, by means of an air conditioner'
to prevent.thermal deformations including thermal expansion and
contraction .of machine components{ Nevertheleés} a machine bedy
of the ﬁachine toolimay be wholly or partly affected by the heat
emitted by-otherﬁmachines installed nearby and the variation'in
the outs;de temperature. Further, the machine body itself has
.heat emlttlng parts which may cause thermal deformations of
lmachlne components, which in turn may result in an error rn

. positioning a moveable element.
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“‘contraction®of machi ne conponents. Nevertheless a machine body of the
maehi ne tool may be wholly or partly affected by the heat emtted by other
machi.nes installed nearby and the variation in the outside tenperature.
Further, the nmachine body itself has heat.emtting parts.which may cause

t hermal deformati ons of machi ne conponents, which in turn may result in an
error in positioning a noveable elemeny. =~ -2- It is difficult to :
~accurately estimate and correct such positioning error when thermal

def ormati ons of a PEutaldiffisfulinchi Accovapohedstisatie andacbrdect sothum
and a head cause the positioning error since the magnitude of thernal
def or mat iRAFIFSLEARIORTF P ‘Eiere thegmAdt e farmakionsthian@lagapdtgnefand t he

machine'component§ such as a bed, a column and a head cause the
positioning error since the magnitude of thermal deformation
depend on the size and material of a machine compénent and the
‘directions of thermal deformations may be different frém each

other.

L4

An object of the present invention is to provide a
-machine tool equipped with.a control system which can accuratély
correét an error due to thermal deformatiéné of machine
components in positioning the moveable element such as a
machining tool and a workpiece to be machined.
Another object of the present invention is to pté&ide ;
machine tool equippéd with a control system which can infer
. thermal deformations.of machine components based on seﬁsed
temperatufes of the machine components suitably fér the
circumstances where the machine tool is installed.
-Additional objects and advantages and novel features of
'the invention will be set forth in part'in the descripﬁion which
follows, and in par£ will become aﬁparent'to those skilled in the
art upon examination of thé following, or may be learned gy
- practice of the invention. The objects and advantaggs.of the
invention may be realized and éttainea by meaﬂ; of the
instrumentalities and combinations particularly pointed out in

the appended claims.



‘directions of thernal deformations may be different fromeach other. An
obj:ect of the present invention is to provide a nmachine tool equipped with
a control systemwhich.can accurately correct an error due to thermnal

def ormati ons of machi ne conponents in positioning the noveabl e el ement such
. as a machining tool and a morkpiece‘f%'be-nachined. Anot her object of the
present invention is to provide a machine tool equipped with a control
‘system whi ch can infer thernmal deformations of machine conponents.based on

sensed t emper at Ur g, Qe NGB A RIRYN SRRSO PR e day L

ci rcunst ances where the machine to I nsta tiona ObJECtS and
‘advant aggscHhmY i thedhlr parfdsd ux 'Hh\ée?Ebglénw {hvdiee s, oy dhpoaseart in
Wi

the description which follows, and in par becone apparent to those
skill ed amd theoally desereyadi natd i), &f makaihel towl nfbr aladmnike laear ned by
workpiece into a desired profile using a tool which is moveable
relatively to the workpiece, is provided, comprising a numerical
controller for providing a drive signal to move the tool
relatively to the workpiece along an axis and
thermosensors for sensing temperatures of a plurality of
components of the machine tool of which thermal deformations may
cause an error in positioning_the tool in the direction of the
axis. The machine tool further comprises an inferring section
including a plurality of neural networks each of which receives
temperature signals indicative of the sensed temperatures and
provides respective thermal deformations of the mechine |
components in the direction of said axis, and a correction value
calculator for providing a correction signal indicative of a
correction ralue in the direction of the axis based on_ the
inferred values of thermal deformations so that the numerical
controller can correct the positioning error due to thermal
deformations by combining the drive signal and the eorrection
signal.

In_addition, a macﬁipe tool for machining a workpiece
into a desired profile using a tool which is moveable relatively
to the workpiece, is provided, comprising a numerical controller
for providing a drive signal to move the tool relatively to the
workpiece along an axis ana thermosensors provided at the

different positions on the machine tool for sensing a plurality
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‘practice of the. invention. The objects and advantages of the invention nay
be «realized and attained by neans of the instrunentalities and combi nations
particularly pointed out in the appended clains. -3- To achieve the
foregoi ng and ot her objects, and in accordance with the purpose of the
present invention, as enbodied and broadly descri bed herein, a machine tool
for machining a workpiece into a desirned profile using a tool which is
noveabl e relatively to the workpi ece, is provided, conprising a nunerical
controller for providing a drive signal to nove the tool relatively to the
“wor kpi ece along an axis and thernosensors for sensing tenperatures of a
pluralityfftemperatures of the machine tool. The machine tool further

comprises an inferring section including a neufal-network which
receives temperature. signals indicative of the sensed
temperatures and provides an-errﬁr in positioning the.tool in the
direction of the'axis, and a correction value'célculator for
providing a correction signal indicative of a correction value in
the direction of the axis based on the inferred positioning error
so that the numerical céntroller can correct a positioning gfror
due to the variety of temperatures by combiﬁing the drive signal

and the correction signal.

The accompanying.drawings, which are incorporated in
and form a part of the specification, illustrate embodiments of
the present invention and, together with the.descfiption; serve -
to explain the princiﬁles of the inventioh. In the drawings:

FIG. 1 is é block diagram illustrating a control system
of a machine tool embodying.the_present invention;

FIG. 2 is_a schemgtic side.view of a machine-body

"incorporated with the control system of FIG. 1; -

FIG. 3 is a schematic front view of the machine body of
FIG. 2;

FIGS. 4(A) ~ (F) are diagrams illustrating an input(s)
and an output of each of neurai.networks of the inferring section
showﬂ in FIG. 1; |

FIGS. S5(A) - (C) are schematic side views of ‘the

machine body;



‘conmponent's of the machine tool of which thermal deformations may cause an
error in-positioning the tool in the direction of the axis. The nmachine
tool further conprises an inferring section including a plurality of neural
net wor ks each of which receives tenperature signals i-ndicative of the '
sensed tenperatures and provides respective thernmal deformations of the
machi ne conponents in the direction o said axis, and a correction val ue
cal culator for providing a correction signal'indicative of a correction
‘value in the direction of the axis based on the inferred-val ues of therm
deformati ons so t t he .nuneric cong! I can correct _the positionin
error due to therna(;defﬁfnﬁt?ﬁﬁg HV‘@B %n?ﬁm ??t%fr v%eglgﬁa Yand the |

CorreCt'Qﬂe§ﬁ£E@ﬂsoﬂ§1ai@d?&b@@eda machi ne tooI for machining a workpiece’
into a desired profile usfng a tool which is nmoveable relatively to the
wor kpi ece, is prowmed7 GeNAr§sapw &my&lf&hgcﬂh_e ciitdr@dd®value of
thermal deformation of the column' to the measured value; |
FIG. 8 is a graph comparing the inferreé value of
thermal deformation of the head to the ﬁeasdred value;
FIG. 9 is a graph comparing a corrected efror in
positionihg aléng Z-axis to an uncbrrécted one;
FIG; 10 is a schematic view illustrﬁting the locations -
‘of measuring electrodes and pins; and
FIGS. ll(A) - () ére diagrams illustrating inputs and
an output of each of neural networks of another inferring |

section.

An embodiment of the invention is described hereinafter .
in detail with reference'to the drawings.

FIG. 1 is a block diagram illustrating a control system'
of a méchine tool. FIG. 2 is a schematic side view of a machine
body of a maéhiné tool. FIG. 3 is a schematic front view of the
machine body of FIG. 2. |
. Turniné first to FIG. 2 and 3, an électpic‘discharge
‘machine, which is one of machine tools, for méchining a .
electrically conductive-workpiece using a tool électrode by means

of electric discharges induced in a spac1ng between the workplece

and the tool electrode will now be described. This electrlc



“for providing a drive signal to nove the tool relatively to the workpiece
al eng an axis and thernosensors provided at. the different positions on the
machi ne tool for sensing a plurality -4- of tenperatures of the nmachi ne
tool. The machine tool further conprises . an i-rnferring section including a

- neural network which receives tenperature signals indicative of the sensed
tenperatures and provides an error imépositioning the tool in the direction
of the axis, and a correction value calculatar for providing a_correction .
signal indicative of a correction value in the direction of the axis based
on the I 3igLhalo0ORLLALI T L1 QpP0ai NInddiRRUNR HEAL ARIAR 1l can

? die B T 5Pt @ f

correct a positroning error e variety nperatures b cgbnbining
the drivgndl gR@ludes a bed 10, a column iG{ a ram 18 and a servo head 24.
| The column 16 is provided on the bed 10. .An X-axis
table 8 is slidably provided on the bed 10 in. front of the column
16. A work tank 6 is pro#ided on the X-axis table 8 for
. ,containing a dielectric fluid. The workpiece 4 is securely
mounted on an appropriate table fixed on the X-axis table 8..

An X-axis ball screw 12A equipped with a nut 14 is fixedly

~

provided on the bed 10. Thg nut.14-threaded1y engages with the
X-axis ball screw 12A and is coupled with the X-axis table 8.
The X-axis ball screw 12A is rotated'by an X-axis drive motor 12 -
to longitudinally move the X-axis table 8, in other words, the
workpiéce 4 in the direction of an X-axis. A dfive signal X2
from a control system 32 is applied to the X-axis drive motor
equipped with a position detector such as an enéoder, which
senses an angular displacement of the X-axis drive motor and
provides an encoder signal X1 indicative of the sensed-
displacement to the control system 32. -

The ram 18 is slidably.moveable on the column 16. A
Y-axis ball screw 20A equipped with a.nut 22 is fixediy prowvided
on.the column 16. The nuf 22 threadedly engages with the Y-axis
ball screw 20A and is coupled with the ram 18. The Y—axié‘ball
screw 20A is rotated by a Y-axis drive motor 20 to longitudinally
move the ram 18 in the.direction of a Y-axis. Thé servo head 24
is slidably moveable on the ram 18 in the direction of a Z?axis
orthogonal to a plane défined by X~ and Y-axes.. A Z-axis ball

screw 26A equipped with a nut 28 is fixedly provided on the upper



and the correction signal. The acconpanyi ng.drawi ngs which are

I ncorporated in and forma part of the specification, illustrate

enbodi ments of the present invention and, together with the description,
serve to explain the principles of the invention. In the drawings: FIG 1
Is a block diagramillustrating a control- system of a machi ne tool
enbodyi ng the present invention; FIG_,2 is a schematic side view of a
machi ne body incorporated with the cohtrol systemof FIG 1; FIG 3 is a
schematic front view of the machine body of- FIG 2; FIGS. 4(A - (F) are
diagrams illustrating an input(s) and an output of each of neural networks

of the igharihnehsettddt pak@Wari Bh&l fam 118 .Fl Ghe HUA) 28 (;E}e@d&mfhermt i c:
side views of the nmachi ne body;
engages with the Z-axis ball screw 26A and is coupled with the
servo head 24. The Z-axis ball screw 26A is rotated by a Z-axis
drive motor 26 to longitudinally move the servo head 24 in the
direction of a Z-axis. The Y-axis and Z-axis drive motors 20 and
26 are also equlpped with position detectors such as encoders,
prov1de encoder signals Y1 and 21 to the control system 32, which
applies drive signals Y2 aqd %2 to the Y-axis and Z-axis drive
motors 20 and 26, respectively. A hoide? chuck 2A is provided on
theilower end of the servo head 24 for holding a tool holder (not
illustrated) en.which a tool electrode (not illustrated) is
..rigidly mounted. The toel electrode advances from the above

toward the workpieee 4 contained in the work tank 6 filled with a
dielectric fluid to induce electric dischargés in a spacing
betweenethe tool electrode and tHe workpiece while a train of
power pulses are supplied across the spacing.from an appiopriate
power source (not illustratedj. |

- In the illustrated'embodiment; nine thermosensors 30A
-30I are provided on the components of the ﬁachine body.
Thermosensois 30A, 30E and 30G are located near the Z-axis ball
screw 26A, the Y-axis ball scfew 20A and the X-axis ball screw
'12A, respectively. A thermosensor 30B is. located in the middle
of the vertical direction of the sexrvo head 24 and elthermoseﬁsor'
30C is located at the lower ehd of the servo head 24. A
thermosensor 30D isilocated at the-leﬁer front of the ram 18 and
a thermoseﬁsor 30F is located at the lower back of the fam 18. A

thermosensor 30H is located a little above the upper part of work -



*-5- FIG 6 is a graph in which tenperatures sensed by thernosensors are
pletted; FIG- 7 is a graph conparing the inferred val ue of thernal

def ormati on of the columm - to the neasured value; FIG 8. is a graph
conparing the inferred value of thermal defornation of the head to the
measured value; FIG 9 is a graph conparing a corrected error in

p05|t|on| ng along Z-axis to an uncor+gected one FIG 10 is a schematic view
illustrating the | ocations of measuring el ectrodes and pins; and FIGS.
11(A) - (O are diagrans illustrating inputs and an out put of each of

neural networks o nother inferrin
V\% % £ ahermosensor 30I 1gs located in the middle of an X-axis

direction of the bed 10 under the column 16.
As best seen in FIG. 1, the sensed temperatures by the
' thermosensors 30A - 30I are supplied to the control systém 32.
The control system 32 is computerized with a number of .
microprocessors. |
‘The contrxol system 32 includes a'temperatute detector
38 and a memory 40. The te.mperatﬁre. detector 38 has an am.plifier
34 for amplifying'the values from the thermosensors 30A = 30X and
an-analog-to-digital converter 36 for convertiné output signals
of the amplifier 34 to digital ;ignéls. The memory 40, which is
made up, for example, of a RAM, receives and storés oﬁtputs of
" the .analog-to-digitél converter 36. |
The control system 32 further.includes a tumericﬁl
controller 44, which furnishes drive signals X2, Y2 and zzlto X-,
" Y- and -Z-axis drive motors 12, 20 and 26 in ac:'cordanée with a
prescribed program to causé displacements of the workpiéce 4 or
the tool electrode relative to the other aloné.x-, Y- and Z-axis.
The drive signals indicative of required angular displacéﬁenté of
motors are applied to drive motors frém the nﬁmérical-controller
‘44 and then the encoder signals Xl, ¥l and. Z1 indicative of
actual aﬁgular displacements of motors are féd back to the-
numerical controller 44. By u51ng the encoder s1gnals the
numerical controller 44 controls drive signals so that the
' requlred displacements ang the actual.dzsplacements are always iF;
-agreementl There is no need to describe the numerical.controller ~

44 as it has a well-known construction.



*section. An enbodi nent of-the invention is described hereinafter in detai
with reference to the drawings. FIG 1 is a block diagramillustrating a
control systemof a machine tool. FIG 2 is a schematic side view of a
machi ne body of a machine tool. FIG 3 is a schematic front view of the
machi ne body of FIG 2. Turning firststo FIG.2 and 3, an electric
di scharge nmachi ne, which is one of machine tools, for machining a
el ectrically conductive workpi ece using a tool electrode by neans of
el ectric discharges induced in a spacing between the workpi ece_and the tool
el ectrode will nowThe geaerebewstehi 32 fudhercincludes a thermal :

deformation calcqlator 46, a memoxry 48, an inferfing section 42
and a local controller 50. The thermal deformation calculator 46
receives error signals X3, Y3 and 23, which indicates errors in
positioning in the directions ofix—,'Y;‘anq Z-axis, to calculate
thermal deformations of machine components. The errors in -
positioning are sensed at given-time intervals changing the room.
temperéture. The memory 48, which is made up, for example, of a
RAM, reéeives'and sfores fhe output signals of the thermal |
deformation calculator 46 indicafive of thermal deforﬁatibns of
mgchine componenés.related to the sensed temperatures.

The inferring section-42 includeé neural networks each
of which include a number of layers including an-input layer for
receiving signa;s from an external of a‘neural nefwork and an
output layer for broviding'sigﬁals to an external qf the neural
netvwork. 311 of the layérs are independent of.each other, .and
each of which can receive signa;s only from a precedihg'layer and
include neuron{(s), all of which execute nonlinear signal |
processing. According to a bonding strength between neurons,

" -which can be adaptively chahged-by learning, a signal is
weighted. ‘ - |
- The temperature signals indicative of'feméeratures from
the.membiy 49 are supplied to the inbut lgygrs of the inferring
section 42. ?urther; the sigﬁ#ls indicative 6f£therma1
deformations of méchine components related.to the tempefatures
ére supplied to the output layers of the inferring ééction 4i as

Eéaching signals. Based on the temperature signals and preset



- “di scharge nachine has a typical construction of a nmachine tool and includes
a bed 10, a colum 16, a ram 18 and a servo head 24. The colum 16 is
provi ded on the bed 10. An X-axis table 8 is slidably provided on the bed
10 in. front of the colum 16. A work tank 6 is provided on the X-axis
table 8 for containing a dielectric fluid. The workpiece 4 is securely
nounted on an appropriate table fixed on the X-axis table 8. An X-axis bal
screw 12A equi pped with a nut 14 is filgedly provided on the bed 10. The nut.
14 threadedly engages with the X-axis ball screw 12A and is coupled with
the X-axis table 8. The X-axis ball screw 12A is rotated by an X-axis drive

not or 12 todLongigudin@%ly nove the X-axis table 8 in other words, the
- wor kpi ec@CRIRIt AT GRY ERT i RFTWSE R REREQRF 5 OUERIHYG \Ad WiadiFalRrR2 Obtaimed cimt T Ol

system 32,i.S Le o the. X.axi.s_ drive notor. equjipped . with a position
detector%gﬁcﬁgggh%n %#ﬁ%ﬁkﬁflgﬂ% CRESERLRY S§CHRIuI4A &%§5Pa88ﬁﬁﬁﬁ of the

X-axis d%ﬁ%ﬂaﬂgtgfeagﬁkpared to the teaching signals, respectively. The
inferring.section 42 corrects bondihg strengths between neurons
so that the output signals obtained in the outéut layers will
agree with the teaching signals. The inférring section 42
repeatedly carries out this learning prdtocol.

~ When displacing a tool electrode relatively to the
workpiece 4, the inferring sectiop 42 infers the thermal
deformations of machine compbnents based §n sensed temperatures
using the neural networks with the corrected bonding sfrengths'
between neurons. The inferring section 42 provides the inferred
thermal deformations of machiné components, basea on which, a |
correction value calculator 52 qalculateé éorrection values along
x¥, Y- and Z-axes. The signalé X4, Y4 and Z4 indicative of the
correction values.along X-, Y- and Z-axes are supplied to the
numeric?l confroller 44. The numerical controller 44 combines
the drive signals-xz, QZ and 22 and the correction signals X4, Yé
and %4, respectively, to correct errors in positioning along X-,
Y- and Z-axes due to thermalhdeformations. |

Operation of the machine tool, which can be largely

dividéd into three processes, will now be described. A first
process is to measure and store thermai deformations of the
machine components and temperatures of machine components sensed
;t the ti@e when the thermél deférmationé are measured. In a
second process, neural networks_in the inferring éection 42

carries out the learning by means of an appropriate software,



‘prOV|des an encoder signal Xl indicative of the sensed displacenent to the
control system 32. The ram 18 is slidably noveable on the colum 16. A
Y-axis ball screw 20A equipped with a nut 22 is fixedly provided on.the
colum 16. The nut 22 threadedly engages with the Y-axis ball screw 20A and
Is coupled with the ram 18. The Y-axis ball screw 20A is rotated by a
Y-axis drive nmotor 20 to IongitudinaL%y_ane the ram 18 in the direction of-:
a Y-axis. The servo head 24 is slidably noveable on the ram 18 in the
direction of a Z-axis orthogonal to a plane defined by X- and Y-axes. A
Z-axis ball screw 26A equipped with a nut 28 is fixedly provided on the

- upper bagedeod tnettmnﬁémﬁuqmﬁhtefammetlreamamdefd'heamnszs ﬁihrtbadédl y

process is to measure temperature data of -machine components,
which is supplied to the inferring section 42, and to infer
thermal deformations of machine conponents, based on.which,
correction values along X-, ¥- and Z-axes are obtained.
" In this embodiment, measurement of thermal deformations

which cause an error in positioning along a Z-axis are described
- as an example.

FIG. 10 is a schematic view illustrating the locations
of measuring electrodes and pins for meaeuring thermal .
deformations in the direction of an Z-axis. A measuring
electrode K1 is mounted on a tool holder 2B, which is rigidly
attached on a holder chuck 2A. The holder chuck 2A is provided7
on the servo head 24. It is preferable that ﬁhe other measuring
eleetrode K2 is positioned on the same level as the nut 28 of the
Z-axis ball screw 26A. For illustrative purpose, the measuring
electrode kz is shown on'ehellower end of the servo heed 24.
Workpieces W1l and W2 are securely mounted on an appropriate
table. Measuring pins KWl and XW2 are attached .on the workpieces
Wl and W2, respectlvely. | :

The temperatures of each of machineé components have
stabilized in a room temperature regulated to 21°C. Then,
the measuring work is carried out powering thelmaehine tool. ~
Firstly, the electrode Kl is aligned with the center of the pin
%Wl and the contact is made between the electrode K1 and the pin

KW1l. This contact position is defined as a datum point DI1.
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‘engages wWith the Z-axis ball screw 26A and is coupled with the servo head
24: The Z-axis ball screw 26A is rotated by a Z-axis drive notor 26 to

| ongi tudi nal ly- nove the servo head 24 in the direction of a Z-axis. The
Y-axis and Z-axis drive notors 20 and 26 are al so equi pped with position
“detectors such as encoders, provide encoder signals Y1 and Zl to the
control system 32, which applies drivez2signals Y2 and Z2 to the Y-axis and
Z-axis drive notors 20 and 26, respectively. A holder chuck 2A.is provided
on the | ower end of the servo head 24 for holding a tool holder (not
illustrated) on which a tool electrode (not illustrated) is rigidly -
mount ed. The tool &eeerdhyie imd\heceame mannere 4sbeveleotrede t4He ifor kpi ece 4
contained in the work tank 6 filled with a dielectric fluid to induce

el ectri c aliigordr yd&hi the, cptamginébacRiP (e 88l the ceertRR: hiffFHese
1o KDL S A LA o ! pBH) BB a2 B LSRRI BoRELRY 1O
| is defined as a datum point D2. ' : . :
Thirdly,_in the same maﬂner, the electrode K2 is
aligned with the centér of the_éin KW2 and the contact between
the electrode K2 and the pin Kwé is made. This contact position °
is defined as a datum point D3. |
‘The temperatures sensed at the time of méasuring work
by the nine'thermosgnsors 30 A - 301 are supplied to the
temperature detectorl38. Tﬁe sensed temperatures are amplified
in the'amplifier 34 and converted to digital signals in the
analog-to-digital converter 36. The digital signals are supplied
to and storea in the memory 40. )
After a given'time, for example, two minutes later, the
meésuéing work is again carried out. . .
The numerical éontrpller 44 supplies error signals Z3,
which represent deflections of datum points at the first‘round of-
; méasuring work from datum points of second round'of measﬁring
work, to the thermal deformation calculator 46. The thermal
deformation'calculator.46 calculates thermal déformations of
machine components, which are  stored in the memory 48. Also, the
memory 40 stores detected'températures at the second round of -
measuring work.
i.Hereafter, at the given time .intervals, the same

measuring works are repeated while temperatures and errors in



.

‘In the illustrated enbodi ment, nine thernosensors 30A -30l are provided on
t he conmponents. of the machi ne body. Thernosensors 30A, 30E and 30G are

| ocated - near the Z-axis ball screw 26A, the Y-axis ball screw 20A and the
X-axis ball screw 12A, respectively. A thernpsensor 30B is located in the
m ddl e of the vertical direction of tg servo head 24 and a thernosensor

30Cis located at the lower end of the’servo head 24. A thernosensor 30D

is located at the-lower front of the ram 18 and a thernosensor 30F is
| ocated at the | ower.back of the ram 18. A thernosensor 30H is |ocated a

littl e apoyetibfinppere Pidred iWOkkKe merdciiK 406and therm@s®nsors aRlkeils

| ocated in the mddle of an X-axis direction of the bed 10 urder the colum

16. As bere seewors rbdddhme konshantensed tenperatures by the

. ' Next, an example of calculation of the -thermal

deformation calculator 46 will be described. Here, as an
example, thermal deformations of machine compohents which resuit
an error in poéitioning in the direction of an Z-axis will be
calculated since the positiéning in the direction of an Z-axis: is
subﬁect to the most cémplicated thermai deformations. | |

Firstly, a déformation (AL) of the Z-axis ball screw

26A is obtained using the following relationship:
(aL)=7-AT-L

' ,.Here, 7 is thermal coefficient of expansion of the ball
screw and AT is a temperature rise above an iﬁitial temperature.
The thermal deformation calculator 46 can obtain the temperature
rise by receiving data of the initial temperature and the curren£
femperature from the memory 40. L is a length f%om the fixing -
part, whe_ré the Z-a;{is ball screw 26A is fixed on the ram 16, to
the nut 28. _

Secondly, a deformation (Aﬁi'of'a'head part from the
nut 28 to the lower end of the electrode K1 is obtained using the

following relationship:

(AH)=P2-P3-AL2+AL3



“t hermosensors 30A - 301 are supplied to the contr ol system 32. The control

system 32 is conputerized with a nunber of m croprocessors. The control
~system 32 includes a tenperature detector 38 and a nenory 40. The

tenperature detector 38 has an anplifier .34 for anplifying the values from

t he thernosensors 30A - 30l and an anal og-to-digital converter 36 for
converting output signals of the aani{ier 34 to digital signals. The
menory 40, which is nade up, for exanple, of a RAM receives and stores
outputs of the analog-to-digital converter 36. The control system 32

further

I ncludes a nunerical ~controller 44, which furnishes drive signals

X2, Y2 and Z2 to XP2 i tired dZfamtsidnio® qmuar poidt 09 srdgh Hreceding
accordance with a prescribed programto cause ‘di spl acenents of the

wor kpi ecdlafugr pehBt iR  dkdisr the defladtion oft Hetvmhpoint @17y £xXom Y- and
‘The drive signals indicative_ of required angul ar di spl acenents of

Z- axi s.

preceding datum point D3. AL2 is a thermal deformation of the
ball screw when the electrode K1 is contacted with the pin KW2.
AL3 is a thermal deformation of the ball screw when the electrode
K2 is contacted with the pin Kw2. |

Thirdly, a deformation kAC’ of a column part including
the ram 18 and the column 16 is obtained using the following

relationship:

ALL+(P] -P3-ALI+AL3)
(WI/W2-1)-P2

(AC)=

Pl is the deflection of datum point D1 from preceding
datum point Dl. ALl is a thermal deformation of the ball screw
when the electrode K1 is contacted with the pin KWl. 'W1 and W2

are the di;tances from the upbér surface of the work table to the

.top of the pigs KWl and KwW2.

* The obtained thermal deformations of the Z-axis ball .

“screw, the head part and the column part are stored in the memory

48.

The infgrring'sec;ion 42 ca;ries,out a learning using
data stored in the memory 40 and the memory.48.

Thé local controller 50 instructs the.memorf 40 to
supply signals indicativé of a set of the detected temper;tures

to the input layers of neural networks of the inferring section

42. The local controller 50 also instructs the memory 48 to



‘nmotors are applied to drive notors fromthe nunerical controller 44 and

t hen the encoder signals X1, Y1 and. ZI indicative of actual angul ar

di spl acenents of notors are fed back to the nunerical controller 44. By

usi ng the encoder signals the nunerical controller 44 controls drive

"signals so that the required displacgggnts and the actual displacenents are
t

al ways in agreenent. There is no need~to describe the nunerical controller

44 as it has a well-known construction. -9- The control system 32

further .includes a thernmal deformation calculator 46, a nmenory 48, an

inferringuﬁﬁgiiélbﬁ%&sa&ddicbﬁwﬁé'dEMthOEhetméildefﬂxmaﬂmahﬁakemetednadion
4

cal cul at or receives error signals X3, Y3 and Z3, which indicates errors

in the set of the detected temperatures to the output layers of
neural networks of the inférring section 42. Then, the local
controller 50 instfucfs the inferring section 42 to start the
learning. The inferring section 42 compares output signais of
the output layers to teaching signals, i.e., the signa;s from the
memory 48 aﬁd corrects bonding strengths between neurons so that
the output‘signals of the output layers will agree with the
teaching signals. In the same manner, the local controller 50
controls the'memory 40, the memory 48 and the inférrihg secgion
44'for a further learning. '

After the.leérnings of the neural networks are
compieted, the inferring section 42 infers the thermal
deformations of machine components.using the neural netwérks with
the corrected bonding.strengths betwegn neurons. .

'FIGS. 4(A) - (F) illustrates an iﬁput(s) ana an output
of each of neural networks for inferring thermal deformations of
machine components as an examplé.. FIG. 4(a) indicate; that a
thérﬁal deformation.of a column part in the directién of Z-axis
is inferred baséd on the.tgmperaturés sensed by thermosensors
30, 30D, 30E and 30F. FIG. 4(B) indicates that a thermal

.deformation of a head part in the direction of Z-axis is inferred
based on the temperatures sensed by thermosensors 30a, 30B, BQC i
and 30H. FIG. 4(C) indicates that thermal deformations of the
ram 18 and the bed 10 in the direction of Y-axis are inferred
based on the temperatures sensed by thermosensors 30D, 30F and

30I. FIG. 4(D) indicates that a thermal deformation of the



« positioning in the directions of X-, Y- and Z-axis, to cal cul ate thernal

def ormati ons of nmachi ne conponents. The errors in positioning are sensed at
given tine intervals changing the room -tenperature. The nenory 48, which
is made up, for exanple, of a RAM receives and stores the output signals
of the thermal deformation cal cul atori146 indicative of thermal "deformations
of ‘machi ne conponents related to the sensed tenperatures. The inferring
section 42 includes neural networks each of which include a nunber of

| ayers including an input Iayer for receiving signals froman external of a
“neural néRFAR gﬁblaﬁFﬁﬁnrﬂﬁ infearefobasrdwniithe $PERAratuxe sSensedebial of
t he neural netmnrk of the | ayers _are independent of each other, and

each of Vitech Eﬁﬂo?"e‘&%‘?%e’@i'gngl@ ofi(§) fﬁ"&f’rﬁc&tﬁﬁeGEBFn@ thg@aland | ncl ude

(oo bondisig=BePLAb 4 DRt HEUPOR, SHTEi o TR B SRRt 901G Ehnged by
learn'ngteﬁp@kggaielﬁénsed by the thermosensor 30F. FIG. 4(F) indicates

that a thermal deformatlon of the X-axis ball screw is inferred

based on the temperature sensed by the thermosensor 30G.

During machining, the thermosensors 302 - 30I sensee
teméeratures, data of which are provided to the temperature
detector 38, which'supplies the digital signals indicative of the
temperatures to the meﬁory 40. The local controller 50 supplies |
instrucficn signals to meﬁories 40 and 48 and the inferring
section 42 at given time intervals. Responsive to instiuction
signals from the local controller 50, the memory 40 provides
signals of tempefatufes, based on which the inferfing.section 42
infers thermal deformations of machine coﬁpenents"ﬁsing the
neural netwo;k with corrected bonﬁing.strengths ﬁetweeg neurons.

As shown in FIG. 1, the‘inferred £herma1 deformations
of machine components are provided to the correction value
calculator.SZ which calcelates correction values in the X-, Y-
end Zeaxie directions considering directions of thermal |
'deformafions.

FIG. 5(a) indicates that an error due to thermal
deformations in positioning a tool along an X—axis,'which is
mounted on a tool holder (not iflusiratedf held‘by a holder chuck
2A at the p051t10n S, is obtained based on a thermal deformatlon

(Bx) of the X—aXIS ball screw 12A. FIG. S(B) 1nd1cates that an

error due to thermal deformatlops in positioning the tool along a



‘wei ghted. The tenperature signals indicative of tenperatures fromthe
merory 40 are supplied to the input |ayers of the inferring section 42.
Further, the-signals indicative of thermal defornmations of nachine _
conponents related to the tenperatures are supplied to the output |ayers of
the inferring section 42 as teaching signals. Based on the tenperature
signal s and preset -10- bondi ng stT ths between neurons, out put
signals are obtained in the output layers of the inferring section 42,

whi ch out put . S|gnals are conpared to the teaching signals, respectlvely

The inferglpg;se %aﬁ%e%ogggg{ihogogst&%nﬁéygn ths#;_)et NEEL NS 4L SO t hat

the output signals al ned e ou
Y-axis ball screw 20A and a thermal deformation (Cy) of the ram

18 and a thermal deformation (Ey) of the bed 10. FIG. 5(C)
indicates that ah érror.due to thermal deformations in'
pos;tlonlng the tool .along a Z-axis is obtained based on a
thermal deformation (Bz) of the Z-axis ball screw 26A and a
thermal deformatlon (Hz) of the head part and thermal
deformations (Cz) of the ram 18 and the column 16; In othér_
words, correction values in the X-, Y;.and Z-axis directions are

obtained using the followihg relationships:

X-axis correction value = -(Bx) ‘
Y-axis cor;ection value = - (By+Cy+Ey)

Z-axis correction value = -(Bz+Hz~-Cz)

The co;rection value calculator 52 provides correc£ion
signais X4, Y4 and z4, which, respectively, represents the'
obtained X-axis, Y-axis and Z~axis correction values to the )
numerical controller 44. The numerlcal controller 44 comblnes
the drive SLgnals X2, .¥Y2 and 22 and the correction signals X4, Y4
and Z4, respectively, to correct errors in positioning along X-,
Y- and Z-axes due to thermal deformations. |

Sinée the neural network pr&cesées the temberature data
sensed at each of machine components, the thefﬁal deformations of
machine coﬁponehté which complicatedly affect those of the other
machine components are accurately grasped to correct errors in

positioning due to thermal deformations of machlne components.



<agree with the teaching signals. The inferring section 42 repeatedly
carries out- this learning protocol. Wen displacing a tool electrode
relatively to-the workpiece 4, the inferring section 42 infers the thernal
deformati ons of nmachi ne conponents based on sensed tenperatures using the
neural - networks with the corrected bondi ng strengths between neurons. The
inferring section 42 provides the inferred thermal deformations of machine
conponent s, based on which, a correction value cal cul ator 52 cal cul ates
correction values along X-, Y- and Z-a8es. The signals X4, Y4 and Z4
i ndi cative of the correction values along X-, Y--and Z-axes are supplied to
the nunerical controller 44. The nunerical controller. 44 conbines the drive
signals X2, Y2 and Z2 and the correction signals X4, Y4 and Z4, - '
respectively, to céPrEéFSerfcﬂsﬁdrﬂﬁﬁﬁﬁrﬁﬂoﬁgﬂﬁm%}C#EFQGWatﬁpnén&nﬂ-axes due

o thermy, SeLONMIHLNg: SBELALR H°pTRERES (A maY Ahei aEs
of the graphs denotes the number of measurement which is taken
every two minutes.

FIG. 6 is a graph in which temperatures sensed by
thermosensors BOA ~ 30H are plotted. 1In advance, a room
temperaturé is maintained at about 28°C using an appropriate
"heater. At time Pl the heater i# turned off and the cooler is
turned on to reduce the rooﬁ temperature. Then, at time P2 when
a room temperature drops to -about 13°C, the cooler is’turhed off
and the heater is turhed on again to increase the room
temperatﬁre. The graph of FIG. 6 indicates that the temperature
sensed by the thermqsensor 30H,-which is located a little above
the upper ?art of work tank 6, follows changes ih the room
temperature qpiet closely. Further, the temperatures senﬁed by
the thérmosensors 30E, 30F ahd 30é are found to bé somewhat

_behind the changes in the room £emperature and the températures
;ensed by the thermosensors 30A, 30B, 30C and 30D ére found to be
very much behind the changes in.the room temperature.

In FIG. 7, measured thermal deformation of the ‘column
in the direction of a Z-axis-aﬁd thermal deformation thereof
inferred by the neural network 42 are plqttedf In'FIG. 8,
measured thermal deformation: of the héad in the direétion of a
Z-axis and thermal deformatién thereof_inferred by .the neural
network 42 are plotted. Both FIGS. 7.And 8 show that the

measured value and the inferred value, although these values



- divided into three processes, will now be described. Afirst process is to
neasure and store thermal deformations of the machi ne conponents and

t enperatures of machi ne conponents sensed at the tinme’when the thernal
deformati ons are neasured. In a second process, neural networks in the
inferring section 42 carries out the | earning by neans of an appropriate
sof t war e, based on the tenperature data and thermal deformations. A
third process is to neasure tenperatgig_data of machi ne conmponents, which
Is supplied to the inferring section , and to infer thermal defornmations
of machi ne conponents, based on which, correction values along X-, Y- and
Z-axes are obtained. In this enbodi nent, neasurenent of thermnal

ggg g ' Imgte idgms;hms,c Be€aHE s afrdi liichi BtRES| i1l YPars,2heBUnSrd-GXi fes Gn
~agreement.

In-FIG. 9, a gréph A illustrates an error in
positioning along Z-axis without any correction and a graph B
illustrates an érror in positioning along'z—axis.with correction
of the present invention. Though an error in-bositioning due- to
thermal deformations fluctuafes Qidely, it becomes more or less
constant when it is corrected. |

_ . As will be appreciated by the Ertisan, error signals
X3, ¥3 and 23 from the numerical controller 44 may be directly
supplied to and stored in the'memory 48 removing the thermal
deformatioh calculator 46. In this case, errors in positioning
alohq X-, ¥- and Z-axes may be measured u;ing a laser measuring
device. The error signals stored in the memory 48 are used as
teaching signals, based on which, the inferring section 42
adaptively changes bonding strengths between_neproﬁs.

| FIGS. 11(a) - (C) illustrates inputs and an output of
each_of‘neuial nefwo:ks for inferring errors in positioning aloné
X~, ¥- and -Z-axes as an example. FIG. 11(A) indicates that an
erroé in positioning in the direction of Z-axis is inferred-based
on the temperatures sensed by thermosensors 30A, 30B, 30D; 30E,
30F and 30H. FIG. 11(B) indicates that an error in positiohipg
in the direction of Y-axis is inferred based on the temperatures
sensed by thermosensors 30E, 36D, 30F, 30H and 30I. FIG. 11(C)
indicates that an errxor in pdsitioning-in the direction of X-axis
is iﬁférred based on the temperatures sensed by thermosensors

30G, 30H and 30I. The inferring section 42 supplies signals



*as an exanple. FIG 10 is a schematic viewillustrating the |ocations of
measuring el ectrodes and pins for neasuring thermal deformations in the
direction of an Z-axis. A neasuring electrode KL is nmounted on a tool :
hol der 2B, which is rigidly attached on a holder chuck 2A. The hol der chuck
2A is prOV|ded on the servo head 24. It is preferable that the other
measuring electrode K2 is positioned on the sane |evel as the nut 28 of the
Z--axis ball screw 26A. For illustrative purpose, the neasuring el ectrode K2
is shown on the |ower end of the semZ®-head 24. Wrkpieces W and W2 are
securely nmounted on an appropriate table. Measuring pins KW and KW are
attached on the mnrkpieces WL and W2, respectively. The tenperatures of

ave st abil i zed in a yoomt ature regul ated

h of hi
_tegc[e?r]g‘?‘ﬁb‘lf"ﬁ eit‘%'grgr%g r?ﬂ Wk FEEE FPeW%h?lmig;D fie machi ne tool .

correction value calculator 52. The correction value calculator
52:supplies signals indicative of correction values along X-, Y-
and Z-axes for correcting e;fors in positioning to the numerical.
controller 44. |

The foregoing.description of a preferred embodiment of
the invention has been presented for purposes of illustration and
description. 1£ is not intended to be exhaustive or to limit the
invention to the precise form disclosed and obviously many
modifications and variations are possible in the llght of the.
above teachlng. For example, instead of using the nine
thermosensors, more thermosensors may be used to infer thermal
deformations more accurately. It is-intended that the scope of

the invention be defined by the claims appended hereto.



Fi}stly, the electrode K1 is aligned with the center of the pin KA and the
contact is nade between the electrode K1 and the pin KW. This contact

position is defined as a datum point DI1. -12- Secondly, in the sane
manner, the electrode K1 is aligned th the center of the pin KW and the
contact between the electrode K1 and“the pin KW is nade. This contact

position is defined as a datum point D2. Thirdly, in the same manner, the
el ectrode K2 |§thﬁ%ned with the center of the pin KW and the contact

" between the el rode K2 and the pin_ KW is made. This contact position is
defined as a dat-um poi ntApmachine teedefar (pachisdmged Yerkpiese pinty a

measuring work desired profile using a tool which is moveable relatlve to
said workpiece, said machine tool comprising:

5 - a numerical controller (44) for providing a
drive signal (X2,Y¥2,22) to move said tool relative to said -
vworkpiece along an axis;

thermosensors (302-301I) for sensing temperatures
of a plurality of components of said machine tool;

10 inferring means (42) for inferring thermal
deformations of said components in the direction of said
axis; , _

wherein said inferring_means includes a.
plurality of neural networks having a number of neurons

15 each of said neural networks receiving temperature signals
indicative of the sensed temperatures and providing
respective.thermal deformations of said components in the

"~ direction of said axis; and

a correction value calculator (52) for providing
20° a correction signal (X4,Y4,%4) indicative of a correction
value in the direction of said axis based on the inferred
values of thermal deformations wherein said numerical
ccontroller combines said drive signal and said correction
signal’to correct an error in positioning said tool due to

25 thermal deformations.

2. The machine tool of Claim 1 further comprising a
first memory (40) for storing said temperature signals
wherein said inferring means receives said temperature

 signals from said first memory.

30 3. The machine tool of Claim 2 further comprising a
second memory (48) for storing measured values of thermal
deformations of said components wherein signals indicative
of said measured values are supplied to said neural
networks as teaching 51gnals.

35 4. A machlne tool for machining a workplece into a

-
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' by the ni ne thernnsensors 30 A - 301 are supplied to the tenperature
detector 38. The sensed tenperatures are anplified i'n the anplifier 34 and
converted to digital signals in the anal og-to-digital converter 36. The
digital signals are supplied to and stored in the nenory 40. After a given
time, for exanple, two mnutes |ater,-22he neasuring work i s again carried
out. The nunerical controller 44 supplies error signals Z3, which represent

deflections ofgdlpirun orftﬁeahstﬂﬂ@ hi EéleHI'éh 0f s TRAPAH BT W&V d¢ ifverp dat um
poi nts of second roun nmeasur to the therma] deformation

|
cal culator 46.% %rn?%%mplﬁgﬁorﬁﬁgfioﬂ%g%ﬁlﬁ?‘& YR TS es t hernal
def ormati ons of machl ne « oumerdiaiad, cohteblaer 6440y efbi rpxtdmdmfg)ra/ 48.

A20, e it 0 S «i°hp gegla&awgag; HEERe Bl L8 SEGOULIQULS

measuri ng wor K. r erva
S ° along an axis;

thermosensors (30A—3OI) provided at the
different positions on said machine tool for sensing a
plurality of temperatures of said machine tool;
. . 1nferr1ng means (42) for inferring an error in
10 . positioning sa1d tool in the direction of said axis;

' wherein said inferring means includes a neural
network having a number of neurons said neural network
reéeiving temperature signals indicative of the sensed
temperatures and providing the positioning error in the

15 ' direction of said axis; and
a correction value calculator (52) for providing
a correction signal (X4,Y4,24) indicative of a correction
value in the direction of said axis based on the inferred
ﬁositioning error wherein said numerical controller
20 combines said drive signal and said correction signal to
correct an error in positioning said tool due to the

variety of temperatures.

—_—
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*measuring works are repeated while tenperatures and errors’ in - 13-
positioning are stored in the nenory 40 and the nenory 48 until the errors
become constant. Next,-'an exanple of calculation of th ‘“fﬁﬁfﬁﬁ%~——m—_~__

def ormation calcul ator 46 will be described. Here, as n“eb?a%le" oD EERN]
def or mati ons. of machi ne conponents which result an err i n_pesi-tv8Ri ng. ﬁ&
the-direction of an Z-axis will be cakzul ated since the posittionng-firt

di rection of é% S I's subject to the nost conplicated thernal
defornations.§§¥r§§é?, a deformation (AL) of the Z-axis ball screw 26A is

obt ai ned usi n#ACHANEQCTDOLI ng. rel ati onship: [err]

. A machine tool having a tool which is moveable
relativeiy to the workpiece to be machined along an axis,

S comprises thermosensors (30A-30D) for sensing temperatures
of a plurality'of components of the machine tool.
Responsive to the sensed temperatures neural networks (42)
infer thermal deformations of the machine components,
respectively. Based on the inferred values of thermal

10 deformations a correction signal (X4,Y4,24) is obtained
and then combined with a drive signal (X2,Y2,Z2) for
moving the tool to correct an error in positioning in the
direction of the axis. Thermal deformations of machine
components can be inferred suitably for the circumstances

15 where the machine tool is installed. '

This Sheet Has Been Reﬂ
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‘' Here, [err] is thermal coefficient of expansion of the hatFE—serew-and-AT:.is
a.tenperature rise above an initial tenperature. The thgrhdlS WeiGringt izenv |.
cal cul ator 46 can obtain the tenperature rise by receivijng daBaFptCEfe i
initial tenperature and the current tenperature fromth 0. L is a
length fromthe fixing part, where the Z-axis ball screw 26A is fixed on

the ram 16,. to the nut 28. Secondly, a deformation [err] of a head part

fromthe nut 28 to the lower end of the electrode K1 is obtained using the

followi ng relationship: [err] -14- P2 is the deflection of datum point
D2 from preceding 1/9 _ : ‘
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: datum point D2. P3 is.the .deflection of datum point D2 frem-preceti-ng-datum
point D3. L2 is a thermal deformation of the ball screw miersHe ieleceiiode
Kl is contacted with the pin KW2. [err] i's a thermal defornatﬁﬁeﬁ AtER he i,
bal | screw when the electrode K2 is contacted with the =TRrraty, a
~deformation [err] of a colum part including the ram 18 and the col um 16
is obtained using the followng relationship: [err] Pl is the deflection of
datum point D from preceding datumpoint DI. [err] is a thermal .
deformation of the ball screw wa#n the el ectrode K1 is contacted with the
~pin KW. . W and ,W2- are the distances fromthe upper surface of the work
table to the top of the pins KWM and KW2. The obtai ned thernal defornations
of the Z-axis ball screw, the head part and the colum part are stored in

t he nenory
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'48. The inferring section 42 carries out a Iearnlng u5|ng dat a stored in
the nmenory 40 and the nenory 48. The local controller 'TﬂﬁITU@t|
menory 40 to supply signals indicative of a set of the diet’s u_k;LhJ n
tenperatures to the input |ayers of neural networks of the |nf¢WWT =1
section 42. The local controller 50.also instructs the nenory 48 to

supply signals indicative of the thernal defornmations related to the set of
the detected tenperatures to the ou?ﬁ%t | ayers of neural networks of the
inferring section 42. Then, the local controller 50 instructs the inferring
section 42 to start the learning. The inferring section.42 conpares out put
signals of the output |layers to teaching signals, i.e., the signals from

t he '
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nenDry 48. and corrects bondi ng strengths between neurons_so that the
output signals of the output layers will agree with the 7e§pﬁgﬂg“s1gnais
In the same manner, the local controller 50 controls thejmeno yhﬁo Mtk
menory 48 and the |nferr|ng section 44 for a further | eatsi A %@v “Phe
| earni ngs of the neural net wor ks are conpl eted, the inferring sectron
infers the thermal deformations of machi ne conponents using the neural
networks with the corrected bondi ng strengths between neurons. FIGS. 4(A) -
(F) illustrates an input(s) and an output of each of neural networks for
inferring thermal deformations of machihe conponents as an exanple. FIG

4(A) indicates that a thermal deformation of a colum part in the direction
of Z-axis is inferred based on the tenperatures sensed by thernosensors

30A, 30D, 30E and 30F. FIG 4(B) indicates that a thernmal deformation of a
head part in the direction of Z-axis is inferred

30A

FIG.4(A) 30— G

FIG.4(B) 3% _

- 300 —_ |
FIG.4(C) 3OFX)_)CPEJ
301 |
FIG.4 (D) 30A_)O__ .
FIG-4(E) sor( ) o,
FIG.4(F) mﬁ_)Q_\ i
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=

based on the tenperatures sensed by thernosensors 30A, 30B, 30C and 30H.
FIG 4(0 indicates that thermal deformations of the ram@E8=amd=t-he=bed: 10
in the direction of Y-axis are inferred based on the tenpeftdbuitasigensed:= by' :
t her nosensors 300, 30F and 30l. FIG 4(D) indicates that 1a the?*ﬁh#w“} t
def ormati on of the --16- Z-axis ball screwis inferred ' e
tenperature sensed by the thernosensor 30A. FIG 4(E) indicates that a
thermal . deformation of the Y-axis ball screwis inferred based on the
tenperature sensed by the thernosensor 30F. FIG 4(F) indicates that a
thermal deformation of the X-axis ball screwis inferred based on the |
tenperature sensed by the thernposensor5/80G During machini ng t he

t her nosensors 30A - 30l senses
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‘tenperatures, data of which are provided to the tenperature detector 38,
whi ch supplies the digital signals indicative of. the tg fatuLes, Lo xne
menory 40. The | ocal controller 50 supplies instruction S|gn¢§§;h%;@pﬁﬁT és
40 and 48 and the inferring section 42 at given tine inkeevabs. onsivd
to instruction signals - fromthe local controller 50, the nenory 40 provides
signal s of tenperatures, based on which the |nferr|ng section 42 infers
thermal deformations of machine conpd®i@nts using the neural network with
.corrected bondi ng strengths between neurons. As shown in FIG 1, the .
inferred thermal deformations of machi ne conponents are provided to the
‘correction valqE:cgt tor 2 which cal cul ates correction values in the
X-, Y- and Z-ax consi dering directions of thernal

deformations. FIG 5(A) |nd|cates that an error due to thermal deformations
in positioning a tool along an X-axis, which is : '
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“mounted on a tool holder (not illustrated) held by a holder chuck 2A at.the
position S, is obtained based on a thermal deformation (ﬁ%(%; Qf-he, X-axis
ball screw 12A. FIG 5(B) indicates that an error due tjo theggs n
deformations in positioning the tool along a -17- Yiaxi-s—i-5ebtarned
based on a thermal deformation (By) of the Y-axis ball screw 20A and a
thermal deformation (Cy) of the ram 18 and a thermal. defornmation (Ey) of
the bed 10. FIG 5(C) indicates that an error due to thermal deformations
in positioning the tool along a Z-axi¥% s obtained based on a thernal

def ormati on (Bzrof t&;Z-a is ball screw 26A and a thermal deformation
(Hz). of the hea pz;[t d.t)f‘l?'rsmal deformations (Cz) of the ram 18 and. the
columm 16. In other. . ' :
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Cwords, correction values in the X-, Y- and Z-axis directions are.obtalned

using the follow ng relationships: X-axi-s correction Y2 an?:} _'
correction value = - (By+Cy+Ey) Z-axis correction val ug =SS 8
correction val ue cal cul ator 52 provides correction signals &m’*ﬁh
whi ch, respectively, represents the obtained X-axis, Y-axis and Z-axis

correction val ues to the nuneri cal %zéroller 44, The nunerical controller

44 conbi nes thelgx gna X2,.Y2 d Z2 and the correction signals
Y4 and Z4, resp tCt rrect errors in positioninng along X-, Y-
Z- axes due to thermnal defornations. Since the neural network processes
tenperature data sensed at each of nachine conponents, the thermal

deformati ons of machi ne conponents which conplicatedly affect those of-

- ot her nmchi ne conponents are acc t el rasped to correct errors’'in
) P SIUTI%NIN\é ERRO ALONG -AXIS ,
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‘posi ti-oning due to thermal deformations of machine conponents. ILn FIGS. -
6 + 9, neasured thermal deformations and inferred thernmal deformations are

~plotted. The horizontal axis of the graphs denotes the nunber of

measur enent which is taken every two mnutes. FIG 6 s-a-graph-tn-whigh

tenperatures sensed by ther.nosensors 30A - 30H are p 7 radlvangR, || a -
roomtegperature is maintained at about [err] using 0pLisg®? heatier.
At tine’ the heater is turned off af® the cooler i: B to Tedute

the roomtenperature. Then, at tinme P2 when a roomtenperature drops to
about [err] the cooler is turned off and the heater is turned on again to
i ncrease the room thmperature. The \gjaph of FIG 6 i ndi®ates that th

tenperature — . — i :
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sensed by the thernosensor- 30H, which is |located a little above the upper
“part of work tank 6, follows changes in the room tenpgrature gui et Tl osely.
Further, the tenperatures sensed hy the thernosensor s|| 3BELSGEhd =368 ar e
found to be sonmewhat behind the changes in the roomt rlr_per_at(}lze(]ahdjggﬁle
tenperatures sensed by the thernosensgyf 30A, 30B, 30 ‘o?ttrd"'BO'D"ar‘E"f_j_p_ig_n_df; to
be very nmuch behind the changes in the roomtenperature. In FIG 7,
measur ed t her nABSBBAGE mat i on of the columm in the direction of a Z-axis and
t hermal def or ngACBINE po@Rf i nferréd by the neural network 42 are plotted.

In FIG 8, neasured therpmal_deforpgatio e d.ia th i lon of a
.Z-axis and thermal defor rra“t‘alcg'nmtehg?’é)%f H?‘?ﬁ"«‘e‘# :Leﬁgfhécheg?g?éﬁge R Tk 42
are plotted. Boehatiwsly tarkhe vorkpienatta the magbined 2ipng amdxim
inferred gl uecompiPosd Nt d¥erssefdor8S (30a-30D) for sensing temperatures

of a plurality of components of the machine tool.

Responsive to the sensed temperatures neural networks (42)

infer thermal deformations of the machine components,
respectively. Based on the inferred values of thermal

10 deformations a correction signal (X4,Y4,%Z4) is obtained
and then combined with a drive signal (X2,Y2,22) for '
moving the tool to correct an error in positioning in the
‘direction of the axis. Thermal deformations of wachine
components can be inferred suitably for the circumstances

15 where the machine tool is installed. '

FIGURE 1
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119-'slightly defl ects fromeach other in parts, are nore or less in

agreenent. In FIG 9, a graph Aillustrates an errorfFr=pesitioni ng airang
Z-axis without any correction and a graph B |IIustra!dés‘an er‘rOr
positioning along Z-axis with correction of the pres‘ént I nye hough
an error in positioning due to thernal deformations ifl'“-u‘z&ltu it QC\AA &@By
becones nore or | ess constant when it is corrected. AS“WTT~He" ath‘f)féCIat ed
by the artisan, error signals X3, Y3 and Z3 fromthe numerical controller
44 may be directly supplied to and stgged in the nenory 48 renovi-ng t he

t hermal .deformation calculator 46. In this case, ‘errors in positioning
along X-, Y- and Z-axes may be neasured using a | aser neasuring device..
The error sigpgl s¢strredni n e xenory 48 are used as
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teaching signals, based on which, the inferring section 42 adaptively

- chhanges bondi ng strengt hs bet ween neurons. - FI GS. 11(A)r'1 bgﬁtlﬁ LT srrares
i nputs and an output.- of each of neural networks for hg B Por s |
positioning along X-, Y--and -Z-axes as an exanple. Fl fD il(ﬂ)z i d%8bes

that an error in p05| tioning in the direction of Z-axit 2 mferr'éd"'ba*se
on the tenperatures sensed by thernosensors 30A, 30B, 30D, 30E, 30F and
30H FIG 11(B) indicates that g error in positioning in the direction of
Y-axis is inferred based on the tenperatures sensed by thernosensors 30E,
30D, 30F, 30H and 30lI. FIG .11(C) indicates that an error in positioning in

the ‘direction of X-axis is inferred based on the tenperatures sensed by

t her nosensors 30G 30H and 30l1. The inferring section 42 supplies signals
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‘-20' i ndi cative of the |nferred errors in positioning to the correction
val'ue cal culator 52. The correction value cal cul ator B2-supplies signals
indicative of correction values along X-, Y- and Z- axj F&mﬁﬁgeaLea.thigw

errors in positioning to the nunerical controller 44 he fore90|ng
description of a preferred enbodi nent of the inventio Da@.paéh
for purposes of illustration and des®i ption. It is nd@ﬁr, """ """
exhaustive or to limt the invention to the precise forn1d|sclosed
obvi ously many nodifications and variations are possible in the Ilght of
t he above teaching. For exanple, instead of using the nine thernosensors,
~ nore thernosensors may-be used to infer thernal defornmations nore
accurately. It is intended that the scope of the invention be defined by

t he cl ai ns" appended hiFEtE}(:; :3
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1 T o
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-21- CLAIM5 1. . A machi ne tool for machining a workpiece into a
desired profile using a tool which is noveable rel ati ve ft‘@TZSﬂ-‘l:d::&fﬂF-_l&ﬂl:&Qe——ﬂ
said machi ne tool conprising: 5 a nuneri cal, BERLACEN BN T C4d)r |

for providing a drive signal (X2,Y2,Z2) to nove said todl relagi dx
wor kpi ece al ong an axis; thernosensors (30A-301) for se sDzntg tbn%@@féf@s

of a plurality of conponents of said machl ne tool; 10

inferring means (42) for inferring tll}ﬁr def or mati ons of said corrponents
in the direction of said axis; where said inferring neans includes a.

3QA
FIG.4 A G

FIG.4 B

30D | '
FIG.4 C 3°F@—’ Cy-Ey
30l |
FIG.4 D 30A—>.O_... B
FI1G.4 E' SOFAO—+ By
FIG.4'F- 300—’Q—x Bx
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plurality of neural networks having a nunber of neurons 15 each of said
neural networks receiving tenperature signals indicatpe—ot—t-he-seased-
tenperatures and providing respective thermal defor tﬁgnﬁﬁ@imgaﬁ@y&gy
conponents in the direction of said axis; and a corrgction val ue cal cu
(52) for providing 20 a correction signal (X4, Y4, MpahndLthﬂﬁgmaﬁﬂa
correction value in the direction of- said axi s based ‘owthe—nierred—val
“of thermal deformations wherein said nunerical controller conbines said
drive signal and said correction signal to-correct.an error in positioning
said tool due to 25 t hermal def ob/tions. 2. The machi ne tool of
Claim1-further conprising a first nmenory (40) for storing said tenperature

signals wherein said inferring neans receives said tenperature signals from
said first nenory.
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30. -3, The machine tool of Caim2 further co I.sing a second

- menory (48) for storing neasured val ues of thermal def t-,l,Q s, D‘F**s*aF#—--
conponents wherein signals indicative of said nmeasured jval uesq&l‘rrﬁ ph’ed
to said neural networks as teaching signals. 35 4, GF ﬁﬁtoél-
for machining a workpiece into a  -22- desired proflle ool \A/hICh

is nmoveable relatively to said vvorkplge,@e sai d machi ne tooI corrprl STAgT &
numerical controller (44) for providing a drive signal to nove said tool
relative to said workpiece 5 al ong an axis; thernosensors (30A-30l)
provi ded at the -

FIG. 6

32°C
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- -

- ténperatures of said machine tool; inferring means (42) Ty JALerrTIng an

di ff erent positions on said machine tool for sensing a _plurality of

error in 10 positioning said tool in the direction {f satd™ax's: “\iRer gl n
said inferring nmeans includes a neural network having g ,.Qypbe(] D0QTevnapns; -
said neural network receiving tenperature signals indigatd Ve of T the sense
tenperatures and providing the positioning error in the 15 di rection of
said axis; and a correction val ue calﬁgl ator (52) for providing a
correction signal (X4,Y4,Z4) indicative of a correction value in the

di rection of sai? Iigbase on the inferred posiitioning error wherein said
numeri cal controll - nbi nes said drive signal and said correction
signal to correct an error in positioning said tool due to the variety of

t enper at ur es.
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