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Fig. 6-4 Mesgh for FME of maching center
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ating condition at 1400 rpm spindle speed

Aztel ZAzs} tlEo] WEsn E VAU THEY &
£ mat 2R E Azl TARERE EW

& BFAoeg A7d dgo] Wslsls WAL Bl
k. Fig. 6-159& 19754 A=H Vertical MCH

14

Lxded A E EASL givh. °] MCE T7.6ton
o2 NS A58Ag Ho% Column 459 €
e A ZFusith, X o] MCe Double Col-
umn FEO|EE L& £¥E FdHo R Hoj 9,
a#, F&9] Slide® F=27F QAo Hof A Ze
D2 FE2 YE Le Ay 2 EHdrt egdch
z7]18 MCH $ieiMEe %2 Bearing® =24 Taper
roller bearing® AH&stn A &8% e B0}
go, ol A% $ERE FUAAAA 42 +
1CEER ControllstB2A HmA igstA €93
AAE 4 A}et. 2EY, 29 47} APHE
A FE2ME 9% g8 Fudt. TEFE 3
A4} 5/2% wHEA Fdgch  o]RAE Yt
H kAl %9 Energy’t B adA #f  meb
Bearing2 Grease® &8AI7|1 dA3o]E (Air oil &
3 Al2) Bearing 949 Housing®l Jacket& F2
ate] YL Beln 2x Aojshe el AHHA
A4k, o] Jacket® £¥, 1&o] FEAME FEI
Z ¥ S gt 2o AA ofFA Holrt
T 9ot FEEA Jacketd TEE BFIAAGE &
gg] 240l Astd 990] Pt Okushima™7t 2
gt AE MC % Headd %% AE3Y 22475
o HHg BEFFE V& gz FH HEFRY A
& TolFe Yyelth (Fig. 6-16) ° WL 1x4
2Ql HATE sk Wyelth. o] IfdA He
A2 B3 (Compensation network) & B8} &
x9 AE2E 598 94 (Thermocouple) 2 A&
A& FeedbackAlA Y& Wao 2 Positiong EFA
71e Aelth o] EANEE ) e iyd &
&m % 714 Network7t 7Fs8lth Al (Broken
line) 2.2 9 AL Analogue 2R ]2 AD(Con-

COMPENSATING KETWORK

Borozs DU, HNESS  weusiR
L] A

: o, (oo o, m
o ~ 1
_\EI- TAMLE

20
‘ gv Pevivy
il

POSITION FEEE BAZK LOOP mk I

Fig. 6-16 Compensation network used in correcting
thermal displacement



BT F e A 4127 A9E (19959 99)

verter) & F7t2 Systeme] ¥&¥ AL Digital
FAX7E HE Aod, Fig. 6-17 A%e 7184
HEo] SUE gol WAYd dslA Holegl Profiled
Center $177] Watx e A& Holx jlovt, 1§
2o A =Compensationd % Hole Centerd 93]
7t MHE 91 9 AL H9 F1 itk Fig. 6-
181M% ¥ 717 3R &xojro] LEA4%7 Spindle
9 A7t AAEE BAZ BAG Aot e FA
ol A% ez Aok Fig. 6-19% A<d 24
AAE A48t Spindled] WL 6AES A
AN dojzl Aol 243 A9E FHY dhEde 4
A Adgolry, BEAZ oA gow HYst A 90m
J z2stgAT B nEA FF 10wme] 2 12 WY
E 2444 F dde A& Eo9F1 Y}, Fig 6-
202 H&8 diel o] Analogue signal® Z4% 2
Hold] Fig. 6-199 A9 FLaivde AL ¢ + U

6-8, Y Ao olg 2 Py

Sata™7t A7 A& BR, FAVAY 24 EE
TT9 EUNE ATY AdIHez FEMSE AH
st gFetn JACRA ofn ZdAsdA e

Compensated

(b)

Fig. 6-17 Surlace profiles of the cylindrical holes
and the shift of their centers at 1400 rpm
spindle speed

120
¢ 1400 rpm (const.)} ,
100~ = 1000 rpm{mean } -
£ - s
80t ) /
£ - 7
o 60} - -
- o
%—: /// o
G460} e
= -~
g |
5 20f - =
’ - B
O 1= L | R L j J
0 2 4 & 8 10 12 14 16
Temperature elevation °C

Fip. 6-18 Relationships between the temperature

100

elevation of point A and displacement of
the spindle

Displacement pm
o~ o
2 & 8 3

(=

]
B

Time

hour

Fig. 6-19 Absolute and compensated relative dis-

placements by digital compensation at
1400 rpm spindle speed

120

100

m

Displacement p
~ [42] oo
o o o
T T T

L]
[=]
T

L=

o

Fig. 6-20

15

X
en
ce™
5\5‘9\3
o\\}“.e
o7
Compensated_ relative
displacement
— et 1 L
1 2 3 4 5 6
Time hour

Absolute and compensated relative dis-
placements by analogue compensation at
1400 rpm spindle speed



a4

U E dZ&35te] 1 g2 Controllertt Feedback®
£ ¥ 71Ad 948AH Compensationdte WH<
AANSE itk F7Y E9% a5 EF QS AT ¢t
o g2 BASE v 2

a =1(Q,.t)

Fig. 6-21¢] HAEHE 4 QuF Qu’t F3&

B L% 0, ()% 6,()7F APk o e 22
TA o] YLt

051(t_ tl) n A
le(t'- tl) - esl(t_ tz) in B
8, (- tl)_eﬂ(t- t2)“"952(t_t3) m C

TAN emg O BE FIRAE 4& F ok
a A=fQ,,t-1) in A
a B=f(ant_ tl)_f(Qsl’ t- tz) in B

aC=f(Q51’t‘t1)"f(Qsl’t_tz)"’f(Qsz:t'ts) in C

&
g -
.g § Q52
g
v o
&s &
22
ig
Y=
o e
g g da
=2
L “%
Al t2
(I— | .8
Fig. 6-21 Relation between amount of heat genera-

tion and the thermal expansion of tool

Thermal Expansion of Toal

Lta N

o g A e

)

§

: Machining Error on

li Surface of Norkpiece

Time

~2Ax

Machiping Error

Mevement of Tool
-30X

=64 -

Fig, 6-22 OQutline of compensation

16

INC Commanp I
NPUT
I [npuT ConTROL ProGram l

AnaLYS1S PRoGRAM
oF
Tugamal DEFORMATLON!

CurTinG
ConpITlON
CONPENSATION Dara
PROGRAN THERMAL Fre
DISPLACEMENT
FuncTion

I

QurPut ConTrOL PROGRAM l

Qurput

CoMPENSATED

NC Tare

Fig. 6-23 Blockdiagram of compensation system

T

T f . 0.1 mifrey +ﬂ v = 100 m/min
a=T1.5mm

40
g L

Therma) Expansion of Too)

L
" 4 Machining Errer ?‘f Workpiece
E
-

1
g
2
;:: Mavement of Tool Compensated
25

A Measyred Value without
Compengation

* Measured Value with
Compensation

T T T T T T T 1

L] Bn 160 240 azs
Length of Workpiece { mm )
Fig. 6-24 Comparison between machining error with
compensation and that without compensa-
tion

-10
o

olgf 2 f[AE HEo}E FTo €L @
AazAsN A 2 (Estimate) ¥ 4 k. Fig. 6-
229 Fig. 6-23914 & & $1Ro| 7bF oab= €9%
o W2x FTAXNY HE] 2] ] s &
4 (Thermal Displacement Function)<A @A
A%E ¥4 =239 (Compensation Program)

=
P



= 2 e A A 128 A 9& (19951 99)

n
o

Displacement ,um
&

|
i
i

~2% 3 2+ 35 4% 89 Iz

Time hour
{a) Belative dsplacenwnt slong Y axis

e 20
2
AL i
8
E
1)
I
a
%‘-IE' —— L xperiment
E ........... Computation
~28;—77 27 36 48 89 72
Time, hour
{b) Relative displacement along 2 axis
D
o
“L
=
x
g
2
'g —zsF Experiment
= E ------------ Computation
[+)
S ST e 36 48 B8@- 72

Time,hour
{€) Relative inclination in Y-Z plane

Fig. 6-25 Comparison of computed with experiment-
ed result

< £33t NC Controld 24314 Compensation®]
APHE Aoy, FEM= ©| &34 Thermal defor-
mation of tool ANBAT AT A%} B3} 4
A7b & AL e AL BALH Fig. 6-24004

T ture rise .
Tetnperal Thetmal displacement

Ram
\bottom end)
Ram (top) Displacement
. in Y axit
Ram (middle) Displacement
Tin Z axis
gam (bottom) Inclination
Coluznn {top) in Y-7 plane

Fig. 6-26 (8) Neural network model

Adg7tA d¥e A F & M E AfEET.
Compensation® 82 %2 Toolel W47t 40m3l A
o H8l Compensation® A& & 10mZ A&A]Z
T 9L BoFa itk

Moriwaki= WAd AE ¥y AFL Wy
7] HalMe FHEAY 2T A7t = YA ¥
dddalA wAgAE Fe 84, MC & %9
THEs A7)d wEE dHge 483 FEME <%
3 A dwE PEA HdE § ou itk &
I} Table Atele] ZdiH4le} 71&7]9] AR 49
& Hng AL Fig. 6-2594 B 4 god dxs}
& AEGol A ¢+ A ‘

Moriwaki® Zge¢] 47¢ AL BW, 7/F 7
F, BAEZH] A 4HRE VA 7 2o &k &3
AR wHA o 8 d2o 2FdE e
#y¢S Exog Neural network® 343t
Vertical MCE 402 #5& F35} 3d4794
A JdFL 814 F¥d. 1 ZF 3F Neural
network model& AHg3te Y& Wk, 7% WU 2
23 Y-7 Bdde 71€7 5 A vk BYEE 43
go] 7psdeH Bdd JtEzdse] 49 ddg
FAlo] AM&dle] Networkd & 3 45 FA=E
gD B} ope) g SA ¢ 249 WNF
9 4= 715dte Aol B ¥sfd. Neural net-
work: HAAZZE Aty Machanisme 2R3 3
BAE Axgloly vhee] 9E# e 83 An
e B T2 ggd ded A& F ke
EAE 7 n vk, X olEHer F4FY Units
2 A3d) A9EEAN 339 Netwok® AHgdte] ¢
99 FrE 22 £ dvks AL YL itk
714 A28 Neural networke 2@-& Fig. 6-26

o

tle rle

@ 2 £ dew 4F £x9 ZHHEE Fig. 6-26

Column (top) =~ Ram (top)
/,// Ram (middle)
Overarm Ram (bottom)
Ram (bottom end)

]

(b)
Fig. 6-26 (b) Measuring points



4y

¢ 28 £ 2@
: 2 ¢
4 16 E T-14
e ! asam=wzd

b mm T T R TR ————
5 ¥ + M 5]
" ]
L “I
-~ ~18f ——- Exporiment Z-lef
by === Prediction I
o - & ~30
=] 2@2 i 3 3 [ aua

Time,hour
{a) Displacement in Y axis

@
L 5@
——— Experiment 9
==~ - Prediction < 25 3
f & Blvme e
o
c ~25¢ Experiment
S -sB [ - ==~ Prediction
2 3 £ -] i 2 E]

Time,hour

(b) Displacemant in Z axis

Time,haur
{¢) Inclination in Y-Z plane

Fig. 6-27 Comparison of predicted with experimentea results

O}l AT A AEE AR 1 F o
A AL Fig. 6-27eA A= A4 HH%HE
d&3 #3 A4 SHE g vTegen o Wye
2 L MCe E¥F d3Fc] slsditte o] 5%
Atk o] g Qe dFEAIN) x93 o
I HEHAY Ho] Compensations B# Piezo-elec-
tric element o|&dte] FA7|AS d¥FE BHYF
= 3EY  g2l3:, Touch-probe sensergt &5t
£ o] g8l MCO 9% S sl AFo] Uk ™

6-9. JZEI|A FHo| MR Yzt

Spindled] 438l Rolling bearingd Ar&-dhe=
SpindleAlel ¢l Spindled] T3} Bearing &
do] ZA7 Hed &3 WEE Bearingd
Burning® €¥HE WA Ae2A Ceramic
ball bearingelt Air oil #&UH < o] &d9A
Bearing®] #¥%< A% W, Jacket cooling
o8 ZYES AASE Iyl dATHoAgh gy
o] Jacket ¥Z¥H-& WHFH o] A Housing ¢
Fo EdFE UF A Ho Bearing W
Ring9 %7} Bearing %9 2&HT} FolaAl
Bearing®] W% Ringe] 4W® 22 993 (Thermal
expension) °l ¥oiYt Burninge] TAE 4Po] 2
o, WE Jacketd] WAEHE FAEY 2x4E
% 274 439 Spindle A9 AA $ oF
Adoe 471 28I o] o]fEZA Built-in
motor7t BFHol 7k 3ol weh B 2471 AR
7txn glh, o] Ao = &g WASH Hrie
2eg 99, Koreta®”52 475 53kod Ther-
moelectric cooling(R# Wzh) & Al&sxa &
Bearing®] @] 23|A ogte] AR Frlate

18

Mechanism< FEME o439 Simulationdte %
oz sdstaet I #3EA Jacket cooling™
ARG wESE dGF7tE AT A5
#AE BF5AF)A SHA Spindled] e WYE
AActe WEE AFEA HAD  Addage
Thermoelectrice] ¥t= & f24 F £89 &2
o] F¥HL & W o F T/ AL HFE
2 58 o APFe Fo] FFHAYT ddo] R
grte A g ol gste Wolrh, Fig. 6-2801A B
E el Zo] Biy, Tegg AAZ 3 P N Mt=AE
a8 go] MEdty AYE FH FEWHAA €gd
oz golgo] ARt wddd FEWY &
dH AL M AFEm, FIHE PG A &
5 Y FEWe T0l8ke] AL 222 & + 3l
op2 FEH Wzl & gAeE WMAANE ¥
& ERHC R F4E 5 k. Koretaw A¥FAZ
A Fig. 6-29(a) 9 22 +22 4ASEY.  Front
= Angular contact bearing® A3l 27|49
0.5kN, Reart Roller bearinge A& Tolerance
¥ 0mZ T34t Spindle F¢91= Fig. 6-29(h)
9 L AR P FAE Adsty A Y7 FAg
TEEE YH2 Bger, &% 249 4xe

Hieat absorption l l l lll ll Semiconductor
== (BisTes)

I

i
=

Electrical insulating
aterjal

Copper plale

L

Heat radiation
_.|+

Fig. 6-28 Principle of thermoelectric cooling



F2FA D2 oA A12W A9E (19954 9%)

Themoeleclric device

Angular bearing Rotier bearing

Spindle 5.1/ Temperaryre 0:1 /b-]
X /[-‘ ds
TAZ 3
[ Sinver_copper pips A4 AS
Sensor {B-1 B2 B3 l-ll g5

- 7 =
Ouler copper pipe :';

Tesl bar N2 Jucket cooling” V-3 [2-4
c-

(3) Construction of spindle head

B a1l e,
—— A5 0 .
-81 -9 1
30 - B4 *  Room temperature
& A Truvunggy %
A R A 8
2 MRV AMAS

Tempera fure
]

Dwe
Dﬂga-.“l““.“m“
o Qo00RD0NnOEopana |

(] 20 40 60 8 100 120
Time min

(a) Temperature of structures

) SV W Y S S S —

Displacement fm

i L A 3
0 20 40 - 60 80 100 120
Time min
(b) Axial displacement -
Fig. 6-30 Temperture and axial displacement change

caused by thermoelectric cooling (experi-

ment)
c* Thermoelectric device
Jackei Angular Jacket cooling
cooling bearing B* Roller bearing
A* A*
l
AN Copper absorbing heat
Spindle by thermoelectric device

Fig. 6-31 Model of spindle head calculated by FEM

19

(b) Construction of thermoelectric device
Fig. 6-29 Testing device of spindle head

Fig. 6-29(a)el A, B, C A Group2® Adz 4
& 3% £ A A9h FA$ 4,000rpm,
Jacket cooling® ON2Z 3% 120min Running
g ZIE Fig. 6-309 Hestgen o 4837
AEHQ AL ®olm 9w}, Spindle A Bear-
ing FEA do] EA#L Inner ring, Outer
ringg 58] F&3 Jackete] gol Agso] 1 &
ZEYY AE 4ot 1 @7 Bearing, Spin-
dle, Jacketel ¥ L dozlr}, o|d Zo] dgte]
Hgge] wel BearingdlMe 2AHe] Watn ho}rt
He LE$XE v, A oEe 227t Wt

A olu AN AR Ade s@dth <%
Z& WalE Computer® Simulation stgth. ©H
o] fH&d #ete] A Fig. 6-319] EE FEM

Model& o] &8yt HEHL AR Angular
contact bearing@ %2 Roller bearingol® &¢
92 Jacket FH9 F71, Jacket ¥ 9, A
AgzARelt, W, 9 Ringd d¥Es dge] &
A FHe ABAA 27 AL AHEAAT
°] Simulationd) Algorithm& Fig. 6-32¢] EX3
Ack,  AAdZe] UF Z He] F5o Aol (-)7}
He}EA Bearing® el &71¢|gutt Ahso] 7
el Ao A%AA HA JFs AE 7t
ol BT £ vk, olgEE 9L WAy A%
o Fig. 6-33914 23+ Control method of cooling
power® wERTh o8 H¥E & 2 Spindled
Wzte AEMe Jacket coolingL®, A&ddAE
Thermoelectric coolings W &go] o A%HA
% 3£342 AAM Bearing® #4EL£ A4 #AF
2 Spindle?) Axial displacement® JAT & &



Material properties, gecmetry and
dimensions, filting tolerance of
jacket and spindle, bearing
specilication, grease wiscosity,
Initial preload, rotational
speed, calculating interval,
calculating time

S

_ Calculation of heat
generation to preioad
1

Temperature caleulation
- by. FEM

No
TR Iesignated (i

Yes

Caleulation of thermal
deformation of bearing and
structural elements by FEM

Calculation of preload ta
thermal deformation

Fig. 6-32 Algorithm of simulation

| 38¢ Bearing-spindle systemg TE 4 gloi=
el =Y

6-10. A =

1 £ =
1. 37149 AUEE FAAII7] 8 2F714 9
FEHEHE FHAde Ao w5 F83F AA AT
|4 BE7] W2 ofgjgo] sich

2. €8 BAY FAH: a7 40345 MY
of oz WS gl gk _

3. Thermal efficieny chain®l ™# Concept?}
Aedn gl

4, BAA%FY AXI= YASHANAN, FFeAd

BAd6A SdE <« vt

5. 4AFHAM B dAAZHE de AL

6. A&AF o] &3 A A& EU

7. FEA9 E54% AR Avle 2AE
g4, Ee4 @2 2 Aol Hw, 1 THES
&7fetgich

8. FA7|A €549 EAWHA A=771 YA
U = 7RlE vrd gug e F3en 248 EdE
BRuEE stk wod B 7kA] o8 S

9. ® & L FEM2 A48 Simulationd)
A Aoz d&g dto Avd & Bdshs
Holeh, B KA 48 A st

10. Spindle &< 4722 Cooling A =N 1
%, 17%E 4& F Ak 2 Wyel Axbyzhibg
o]tk

Alarm output tesminal

o amplifier

Distonnection detection o
ATarget temersture <5 o ®
G'“'""E“"ﬁ":', heat Operational -

gviatlon discrimination J
circul

:Con
temperature

le | laree deviation-
small daviation T |

N 7L " targe deviation
- Small deviation

' Phase angle operation I

and control circuit

Qvercarrent
detecticn
circuil

T
[scn ari verl Phast sugle
control_part

Coreent

|
™

+ detection

_ part T %H 5?

AClocy

— |

]

Fig. 6-33 Control method of cooling power of thermoelectric cooling device by input voltage control

20



FFH L2 A A 129 A9% (1995 94)

10.

rak

r.y | =]
IR

. F. Zawistowski, “Temperaturgeregelte

Werkzeugmaschinen”, Microtecnic 19,
6(1965) 336,

J.B. Bryan, ‘International status of ther-
mal error research’, Annals of the CIRP
16 (1968) 203.

(. Spur, B. Dencker, “Konstruktive Mab-
nahmen zur Verbesserung des thermis-
chen Verhaltens von Drehmaschinen”,
Konstruktion 21, 6 (1969), 205.

(. Spur, H. Fischer, “Untersuchung des
thermischen Verhaltens der Tischgruppe
einer Grosswerkzeugmaschine’, Annals of
the CIRP 16 (1968) 75.

T. Sata, et al., “Analysis of thermal
deformation of machine tool by the Finite
Element Method”, Annals of the CIRP 21,
1, (1972) 123.

H. Brauning, “Ein Numerisches Rechnen-
modell zur Bearbeitung der instationaren
Temperaturverteilung in Werkzeugmaschi-
nen, programmiert fiir elektronische
Datenverarbeitungsanlagen”, Dr,-Ing.

.Diss., RWTH Aachen 1972,

G. Spur, U, Heisel, G. Lechner, ‘Meth-
ods for reducing thermal influence on the
accuracy of machine tools’, Proc. of 3rd
ICPE Kyoto, July 1877, 10.

D. Pfeiffer, ‘Kompensation thermisch
bedingter Bearbeitungsfehler durch
prozessnahe Qualitastregelung’, Dr.-Ing.
Diss., TU Stuttgart 1987.

E. Salje, H. Gerloff, J. Meyer, “Compari-
son of machine tool elements made of
polymer concrete and cast iron”, Annals
of the CIRP, 37, 1 (1988) 381.

Y. Furukawa, et al.,, “Development of
ultra precision machine tool made of

21

1L

12.

13.

14.

15,

16.

17.

18.

19.

20,

21

22.

ceramics’, Annals of the CIRP 35, 1
(1986) 279.
G. Spur, ‘Thermal Behaviour Optimiza-
tion of Machine Tools using Design mea-
sures and Compensatory Techniques 4th
IMEC, Session 1, 1990. pp.3-21
REHZ et al, “ATHEERY M LAZR#E)
kB TYeMM BBOHICiTsHE REL
£3% Vol 60, No.6, 1994 pp. 853-857
= F i et al, “EEIMA-7 MEAIC X A TR
THROWHIET B RRS AR (CR) 59
% 538%(1991-6) pp. 2085-2091
Z F H et al, TFWMIa#ROME vV
IV A MEEOBRIEE AR TR
ST (CiR) 574 54338 (1991-11) pp. 3612-3617
Z F E et al, "TISMEEORNEARD
feb Dy i b-va v EE BAEWIEEmL
% (C#R) 57% 538%%(1991-6) pp. 2092-2099
Z ¥ B Hr-Umenl s TEEREEHROA
BRI 19904 LR RRIEAS
K. Okushima et al “Compensation of
Thermal Displacement by Coordinate sys-
tem Correction” Annals of the CIRP,
Vol. 241, 1975, pp. 327-331
T. Sata “ Improvement of working Accu-
racy on NC lathe by Compensation for the
Thermal Expansion of Tool” Annals of the
CIRP, Vol.30/1, 1981 pp.445-449
HEEE et al, "==-FARY FV-ZERLB
=vpev a0 BEERAT BAERTEERT
% (C#R) 5845509 (1992-6) pp. 246-251
FIUMZ& et al “BERTCL HITIeim ##
FREC W SETSem 57/10/1991
pp. 1780-1785
BRI et al, “#vFurylBBEFALF
RAlicwv=vy v ORERORNELTHE
BETEEE 55/9/1989 pp. 1681-1686.
RERZ et al, TIEEMOETFHI HETS
& Vol.60, No.5, 1994 pp. 652-656



