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SUMMARY

| Subiject

A Study on the Optimization of Surface Grinding Machine

Design through the Sturcture Analysis of Spindle System.

2. Object

With the development of electronic industry and the expansion
of production automation, high precision machining becomes the
most critical basic technique and thereby the demand of grinding
machines are increased rapidly.

However, according to the KIMM's report on the inspection
of home made grinding machines, the inferiority ratio in 1984
reached 26.3 percents which surpassed the average inferiority
ratio of machine tools, 9.4 percents. And it is pointed out that
this higher inferiority ratio is mainly due to the lack of
design ability and assembling techniques of spindle system.

In this study, therefore, we aimed at presenting the effective
countermeasures to improve the accuracy of grinding machines

through the analytic and experimental study of spindle system.

3. Scopes and Contents

For home made and foreign made surface grinding machines,

we studied:



o Static deflection and stiffness of spindle

O optimum design of spindle system maximizing the static
stiffness of spindle

o natural frequencies of spindle only

0 dynamic characteristics of spindle nose in assembled state

o temperature distributions and variations to the operation
time

0 displacement of spindle nose by thermal deformation

0 error motion of spindle

With the above theoretical analyses and experimental
results, this study

0 modified the home made spindle system and tested it

o presented the optimum design principle of spindle system

o presented the general data to design and assemble the

spindle system.

4. Results and suggestions

1) The calculated static deflection of spindle nose was
/.78um when bearing stiffness was supposed to be linear, and

9.43¢m when nonlinear, and measured value was 14.0um.

The difference between calculated and measured wvalues

is considered to be occured because of neglecting the assembling



clearances and estimating spindle diameter as average value in

computer program.

The optimum bearing span was 163.6 to 186.9mm, and it

turned out that the studied home made spindle had been designed

under the assumption of bearing stiffness to be linear.

2) The first natural frequency of spindle only by transtfer
matrix method was 5050H,, and the second was 17750H,,» which was
far above the operating speed of grinding machine.

Impact test on spindle nose in assembled state showed

that the first peak appeared at 610H;, the second 1360H,.

3) Temperature variation at the bearing housing was
stabilized after 60 minutes operation. Maximum temperature
increase was 25°C in original spindle, and 20°C in modified
spindle.

The relative displacement between the table surface and
the center of spindle nose was 48um in original spindle, and 3Lum
in modified spindle. These results showed that the thermal

deformation was considerably reduced by modifying spindle design.

4) Radial error motion was 2.35~3.10#m in original spindle,

and improved to be 1.45~2.35¢m in modified spindle. Axial error

motion was 4.30~12.6¢m in original spindle, and improved to be

4.0~10.0#m in modified spindle.



Distortion appearing on error motion graphs indicated
that machining the spindle and assembling the peripheral parts

had some defects and the thermal deformation of spindle occured

in one direction.

5) The above analyses and results indicate that thermal
deformation and error motion of spindle have close relation
with the selection of spindle bearing and assembling fits among
bearings, spindle and housing.

Several characteristics of spindle were improved by
modifying spindle design. Therefore, the examples of the design
and machining tolerances of spindle system and housing presented

by this study can be applied to design and assemble surface

grinding machine in the field.
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Table 2 -2
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Studied spindle.

Mechanical properties & chemical compositions of spindle

Mechanical properties

Chemical Compositions

.
material SM 45 C C 0.41 - 0.48 %
young’s modulus | 2100 kg~ mm? Si 0.15 - 0.35%
density 7.8 X 107°% kg /' mm? Mn 0.60 - 0.90 9%
Poisson’s ratio 0.275 P - 0.03%
yield stress 60 kg / mm? S - 0.035 %

i |

Table 2-3 Spindle bearings » B_’l

[ r { \

JIS | D, | D, B
k- ——— / 7 r
Front Bearing 0200 | 62 | 30 | 16 7T
/l —-
— 1D D
Rear Bearing 6205 | B0 | 25 | 15 ’
Y.
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gt , BFfIEES f£&y wlojel o2 <elulx oF  Angular contact ball
bearing 3 Al&5txz Ao, AT &+ dHlAH L HHNST e T4
cng AY AEHA wE T ofHH MELMFEMHLET &3

3kt whelba, 2 o 4o A+ Angular conlact ball bearing -5 t}4|

.ol #RRIMES FZASEE ol o 9] o3y S Table. 2-40] EFY A

t}. ( chap 6 2§ ) o
Table 2-4 Modified spindle bearings r7/

sl
JI1S|D, |D; | B |al°) ) Wrarer

B _ — l —— Du' Du

Front bearing |7206C| 62 | 30 16 | 15

Rear bearing |7205C|50 | 25 | 15 | 15 ¥

2-4-2 mwHI%E BR 2 MR R

Edh el Rt HBR Ye & Fi1g.2-5¢ JErugoes o

A WEETE Fig.2-60f YERY gl

_____________
L

% 1 ~6 : dial gage

Fig 2-5 Measurement of . i

static deflection. ;
Fig. 2- 6 Feacture of me-

asurement
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static deflection (#m)

FEEme MES 10k fo FE5 ol &3o] g o HEME B
%%l programeof 2 gt A 4R E Fig 2-T o] JERH S}
2 ‘:k__'_x
X
_ - X spindle length(mm)
) —
50 100 00 250 300
~Z
-4
A ! bearing
6 A ' linear stiffness(computed )
© . noninear stiffness(computed)
-8 X ¢ measured
-10 ;
-12
- 14 4

Fig 2-1T Static deflection Curves-computed & measured

Fig2-Toj A Hzo EEEZ AA4Ax B =mA ez Qo

Clearance ) ¥ #hatel @
2 sx  ekgty] W Eq Ao webmch mak wolzg o

Ky

b= A w aA vEsd e #EERY A ®

IBEE> 7.7 pmE G Bzl 57.6 % 5 A F) o

eSS 9.43 pmz Edh g M Eol  47.5 %= == 35}

45 EHBE@ERel AAskE Al gol A ol KA
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ofgt LmiEpe Pk oL WEETL Honrath b FHa weisl o

Al ska Qo

fhiel REBEEIHE 95 R=a¢2 E&#S3Z R
of ®Htel] wE f#emY HA vy, Figdlo]sy B Ay , B}
of HAy, ZH Y=y22+y.2+y.2d "3E el Aol o}

Fig. 2-8 &. -

L

7
/Q
v/
12 Y-:yfz +y92+yﬂ2 /// {__,/
(x10-2) - /
., ___.--U
8 Te -7 /0 e
~ 4 Y min /7"
] _ _ 2
~ 0 ~3 : e e ———— |
2 0.4 0.6 0.8 1.0 1.2 R= a/ /¥
S —4 :
3 5
— 8 a 4
Yf min \.A\
— 12 A

Fig. 2-8 Determination of optimal bearing span - linear bearing
stiffness

of e wlolHMtkel HHANS ded Aoz y = G4 7
i)

aokal e yes R=0.42 4 &Kz =

w3, EEA LY HE oy, = R=0.52014 YE R=0.5104

i

BANE Sl olwl EE Wel® AL Az Ly =163.6m, £, =

168.5 mmo| ¢}

S, EHREKESE vy = R=047T = g, =181.0m, Y= R=

0.46 5 Lo = 186.9mmZ  etyko o[ 4o 47X AR HLH &

%3: 3|5{ﬂ4%%0ﬂ A‘] Y¢ Qq— Yfﬂ};__?g -":l" +§ _1?__34 a}ti E’]‘E 7_]94

{E: l
»y
ro
e
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Hl 2 gt Holz Ydeow YE Y H mREHE 97t A
A Be & 4 A wmd, FREPS zedsd mEMmEel o 10%
Ax A Yegwar doo, K HEERY oy FFF - 165.0 m
2R @pez Az 4AF @pde ¢+
st , F#higel o EE OF O wody FEHFZola, BY
A2 D, 4itk wWolHEM C,,C, b @HI%E R @@l gopto] o
X+ <8 Table 2-5,2-6 % 2-To e Sk
Table 2-5 Influence of a on gopt,yr &Y ( unit :mm)
T Jopt, y.(X107%) /opt, ; Y ( X 107%) ]
’ L N.L L N.L L N.L L N.L”
60 180.1 198.0 . 0.46 0.53 185.7 | 211.9 0.22 0.35
70 173.2 189.6 0.57 | 0.71 177 .5 200.4 0.33 0.52
50 166.7 184.0 0.70 0.85 172.1 190.6 0.50 0.75
90 162.0 178.1 0.85 1.02 166.5 183.5 0.73 1.06
100 158.3 173.4 1.02 1.21 160.3 178.0 1.06 1.49
Table 2-6 Influence of D, on gopt,ys &Y ( unit : mm )
| 5 Jopt; | v, (X107%) i g.opt, Y (X107* )
o L | N.L L |N.L L N.L L N.L |
25 103.3 | 108.6 1.68 1.88 | 107.2 115.9 2.84 3.58
30 136.3 | 145.5 1.03 | 1.20 140.7 156.2 | 1.08 .50
35 171.9 | 191.1 0.72 0.88 175.4 | 195.4 0.54 0.80
40 215.1 226.5 0.4 0.69 215.1 226.5 0.30 0.49
t | |
L linear bearing stiffness
NL ! nonlinear bearing stiffness
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Table 2- 17 Influence of C,, C, on gopt ¥r &Y ( unit : mm )
| C, (kg mn) r C, (kg mm)| gopt, ] y.( X 10‘2)‘ 40pt, Y (><10“4i
5000 6000 186.9 0.95 191.1 0.90
8000 6000 162.1 0.78 168.5 0.62
11000 6000 150.7 0.70 156.2 0. 50
14000 6000 143.1 0.65 148.1 0.44
9000 2000 191.1 0.83 200.0 0.76
9000 5000 162.1 0.76 168.5 0.59
9000 3000 153.4 0.74 156.2 0.55
9000 11000 g1 | 0.7 150.7 0.53
1 . ]
$] A Tableo] /] & 4 = vkt Fo| {iH =5 %ol azt 7
L3S, B @A 2 Do FbEaE, sy Mkl S S £
el Wi S 7bE o
ek, LEEIES voHEitSE HEroeE Ewrst o AXH,EE Y
olg 71Ad L HEH s HHEHe vy ids YIS myEdd o A
gy Qo
b, Al REEEYH FH@MEXRSY Bl 1 SHAYHE JlT-oexE v
2 Yo wslE A Akske]  Table.2-8 o YERU Gt
Table . 2-8 Influnce of a D,,C,,C, ony; &Yy
Yt Y
L | N.L L N.L
a + 1.8 + 1.6 + 5.7 + 4.9
D. - 3.5 - 2.9 - 14.1 - 10.5
C, - 0.3 - 0.6
C, - 0.03 - 0.10
i 1 .
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A= AL FyuAE D.olw ool {iik mEF Aol a il o

Ag F9% BxE £@ A2e AAGE Zloiw ool HiES
Z3 7ol 24 o/t TR Eso Zdol g HAWd A HuF B

o] A+o] AT ¢ Sled FEHE program-S fPsEd o o] programg- A}

CEh R it BE A e A RSk &Et =7

23t 718 TIEHM
Ao Al HE bz doletwtoe R E#E&AVE oot s S ol of 9

flow chart & Fig. 2-90o} v}elul gl ch
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(1) Spindle deflection (2) Optimum design

=]
L 1 |
Read spindle data J
& Bearing data | R, = (f‘_). .
De, E,P C,,C, | }é’ |
iotr besr € en I _ T ]
| | B Bearing Reaction
R] ’ R?. h
‘ _ | J. , |
' ] 'R .
| Det. Bearing Reaction R;,R, | | Det , yf., Yo » YEJ l o 41
{ | Y —ar Yfz 'I_ yez+y|92 I>R1 :Iff +ARI
bearing deflection ¢;, d, i ~
T - yes ‘
Y
X
| no
o -
¢ | N = “]
Det. Bearing deflection y, {
Spindle deflection y, t Det Min (Y , - Y, ) 4|
Total deflection l Det #Zopt —:]
— |
y Y1+ ¥ | 1

Ri!ﬁBS!gRErYfﬂ!Yg! gl

PLOT
.

Optimum value J

Fig. 2-9 Flow chart
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3. x®mib2 FHEIE

TAEEMA KES SdA dd=t #@fit Enk obd el Fdh
( spindle - bearing system ) & #HH) #itho & FHF= o

53], Lol w4l 6} Chattering & T /EHme HEY F@pe
Bt ttol  AM o2 JQldeh addl, BEIES A Aol A%
st LEHEM HE T2 Fafdd HuEHds vl Aidliddgs A
= A4 =7tsstH 9 2t odamd Mardd el sk damping b T
dskzl A #E 7] ol Dol o
TR Aot A KEHS Bkt Hll AT BEAEREBHE, HRE mo-
de, chatter fliif o 3 dF7F ARyt FEhEKl o ) A = beari-

i

ng o] damping #ttol ol Y Es ot A ol oloud Pt &

ZlekAl o delsr & 4 9}
o]

B ( transfer matrix met-

P
3
i
2
|
g
[
N

A HRel AT BMERAES E#Td st o Zaodg o &
st kel EAE MATE Shlvh =@ kol FAEY mud 3
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3 -2 EjWItE MITE R

3-2-1 F#ipe HEBM ZE

of  7VA A gehrta

ol Himiel 2 AR

Mo |\, Ao, HE

Fdpgel M EdS Fig . 2-2(a)] Ve Aok ol 2] 3k R

del MEahe] IREMEHT s fI5he [HEmatrix v ( transfer matrix method)

oteld 9k Fig.2-2(a)9 E#e Fig.3-1 #
2 HEM EERZ Uy olE HEEY K

ol EMGREEY R HES YBmol  F

b

Q3= ik f) ( shearing force ), 3l 2 9=l E ( bending moment ) , Z] 3

( deflection ) , =l AR

dul T

29 A foly mEEEEsd B G s A4

Fig. 3-1 Modeling of spindle

Fig.3-2

Forces and monents on i-th segment.
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A EERY #, A, $RESAE 2 @wE A 9 #A A

_ / £
XI T Xi*1+gi@i‘"1+ ( 2EI)1 M i=1 ( GEI.)iSi_l
@ . .+ ( ¢ Y M ( £ ) S
i i~1 i-1 " i1
EI 7, O O (3-1)
M; = M- "‘ei Si—1 T My,
Si — Si—I+ZFKi
y - z o] o 5}
¢ 2 7 3
yi — Yi—l_i_gisbi-—]_{_ ( 2:_‘;1-)‘Ni-1 -( 2EI ) Qi—i
¢ L2
Sbl - (rbi-l + ( Bl ) _Ni—l - ( 2._‘_‘1"). Qi-y e (3-2)
N; = N - “giQi—l‘l'Nki
Q; = Qi +2F y;

K (3-1),(3-2)o4 #5 XEF,, EF, & Ydutd oz HE, 9%,

i H ol H RN 3k $lY FoE HY ngz 7bo|l & =

9) et

X (3-3 Dol A Fpy, Fpy & FEl@&#e]  iwlsg @god ALsE R
Wl 92 unbalance == FEREITo  niko] 3 miEheo=E o
S-3 7ol T A EH ¢}
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Fgxi = - Fgj sin (V¢ Bii)
Fgyi = - Fge; as (V¢ + B,;)

o 714, V= ws/w

w., - bﬂi&%g
wolEho (ol

w = W,

_ __ 2
Frii = Fgoj P; m;w
1811 — ﬁZi: {

A7l A, ey RO ROAE

{ny

gt | wlol& K f) FpeFpy &= Fig. 3-30] uehll 3EAo wek

gol o3 BT xp,ve O L EIE Xy vp o FoB e ol
L & 9
Y \ g ¢ ~ v Y
Fgy T’FBx 1,’Cn C xBj dy; dpo| | Xs
— +
HFB};Ji \C21 Cm) YB ] \dzl dzz,\YB)i
, 9714 Cmn (m,n=1,2) o3 EIPEGRE
FBX Xg » Xp
dmn( m,n=1,2) : wo| & A3 (REf
Feuolg e mHEHMe Be AP &
e ZE JHAFEEE
YB! }-’B
Fig. 3-3 Coordinate of rolling Cip = Cy =20
bearing

b5 a0 Cy,Coie 2-2-3 o) A 9F 7o} A3l



d;; =0.001 C,/w, dey= 0.001 Cqp/ w

MW E wx  (pEstv WY iR AE

ol wpaewl B ( state vector ) + i3 7ol

K
]
S
i)
_{:}L
s
N

Z={x, vy, ¢, ¢, M, N, S, Q} T

#(3-1),(3-2) % gEHEHSY 9 (i-i)3 L2d (i) My

'y

A, ( transfer egnation )o| ™ JI#E ] Fgy, Feyi e A 1283} 7 &+

3}, Pil {#i¥matrx & 88 matrix ot}

coheb A, EEES] o Ao raEM E] Ato] o A = b3 ol
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1
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-
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blig Fdh o] g RS stz A= e & Z

)] R = 0o
#( 3-9)% Eo]oF 3} ojw nontrivial ®E 7}z 7] Y3l 4 = ma-

triv (A]12% Determinant 7} Q7 =zlojok 3tk [A) &S 2 BHEE
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Fig. 3-4 Measurement feacture of vibration
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4. WA ZHI1&

4-1 F i

AT LIEEWl A< B8 EEsl oJi%e, HALH A vt
o0 HEEI olwd TEMEZE EReEo, webA AP ¥ R
@7 @ - mEEEES WA THmES mLEAs] A% EES M
M2 O 55 o 2ot

J.Peklenik!® 9] H 7o k3l , FBEM Tol o] WA= TEHR
A gl o3t #art W0~T0%F AAFHZ e EF, G

Spur & H.Fisher'? & 3 Fo =2 #@lEelzts W A& sko]  EMIH

off o) st TFEm & HE MEdl Jsked W4tz
TIEEEY #8Fd H3 HEEAE, EEERE % HE/KRE E
23 &Z#Ee BEIEE, B8 d #HE, #8E #HE M
B2 7hA FdiEgd e FHITde ABAFHE HHSIY HREZRE
of o3k #EE il H|I BHEI FHEHES o FoAAz
TFme &8P 2 BE7 S4stz 43 BJEY #HE

g o =< Fig.4-1o FEirgh whebzbo]  T{REMRSA a3t AEHHA

Bt mfekA g Ao R drolAe, FH O ARMKORAE

A, weld, FaA, #4HAEe BF ek oldd Aol HEC

T HExe KHEWY wWEEA{4} S ArA Sl o LxmAEdu
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Fig.4-3 The Relative Deformation
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Grinding wheel Fig. 5-13 Zo]

1) 8 FHm e = (radial motion )

2) @ m 2 2 (axial motion)
3) el HLRd g AEL
( angular motion) & 130 x| o}
ol Fo|l ez BAEY REC
Fig. 5-1  Error motion 5w o M S REREER
of spindle EH5 o}
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¢, ¥ sensitive F|-E boring MY A TLE7 @E@EsHA
2 Sk S A = (TAMER ), EElY ASe LA
BE=el Aorz JdAsA Ao (LE EER ). RS 45
v+ THE<: H@Estay glod MILARS ¥ F  sensitive RO
BlE=o Joermz TFY REBRosr T F+ Jvh —WPoE B

Rezto 71 & HES vixv AL FE  sensitive F e #HEHO
Z OHEIMIY A5 CFEMNILAAE FEEHME #HBjolw  EBrmimILA
DS ®hhmaEge] = o

5-2-2 [EWHBE AXEZX

AR EE HlEste FHELE oAzt dod EEARLE

dls
M

T  FEBEAR#ENLL 3+ (noncontact displacement transducer ) 2} (% E 7}

obF £ 3k (master ball) & fEMAc  @He Tl o @%

< T EZEY Hol & (table) ol BEAA TSRS 8Ll k7
H =

= ®WRBGHRE HESstn oldZ #WEAA K@EE #4

s Sotd 24AZALFE (osailloscope) bol MREEE F A3t

HEsle EKE ARE FS 4% BE 2o 5

gol Fod YwHOoZ 0.1pm e AL AL Hau Yok =

£ 2 E
N
>
p

g, #{75t+ capacitive type (% eddy current type & Z & A}&3H

ol o] HWHMWMIES Y =% (preamplifier) = &F&3+c})

o, FEHE W @R RERES BAGHel RS AFHF
=, AERES 239 ¥8HE #HS HEsd a1 EF T B
2}

A, EREHSE BAEAN= FHkoexzvs (1) BOXKG A% BAHR

o7 Azxlst 2/M8 BMHE ol L3l EWE HEH (2) syncrore-



solver U  rotary encorder o] &3t BRI sine P& BHE AN T H
ol gow #HFEFY Jitkel EEHS HESL Fdn EHAH U,

5-2-3 EIWEE WX

Ee] MEEEL EEED Jdehiedl, olk EMEHEES  FHAA
Gebd A9 @ih0o EEEE mIe EEE SO MRkEEs AN HE
A7 4 9rl wwoldt =R, HAREZ Jehd BHSdE £4% DERE
Sholl , BRe Bl FEYE Ho BA: HbozH @bEOH)  FO
i WEBES Lastd BEEZ Jdegdw olE £4d @

== A o+ e dAdel Ad JAEEYW, Fig.5-2& M

of el vy EE@RES A

O—Eé- =s IR~ of HL}_-Z]% RQ} %

BB Hel AdA =Hog 28,

Wiert fFEdgd WAERE 2

e FAHHA 008 eqkmg o

T S5kl 0’7k HEch was, O E
Tskzlak stH RLREYS T3 A
Fig. 5-2 Basic circle and x5 FEHAZLA £ dd olw, £
eccentricity f
4 REHR L AEHE OEHE
-~ wh AddFLFEHZE (MZCRW) =2, 0 (M.Z.C : minimum zone

center) & Lo BHFPY KAk 9 BAEERY E2 FHAh o

o 2 Z A2 MZCE TFEte Aol FAs HEW ol:  template
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1~ _center of the gfglo] X Qo FE4£E AHAAEEFE
“ - twO concetric

N circlest=mzc) HHA 2 FUe| EEEA B

' this space ismin.  @H, EHA EBEEE ROE
e ol WA Yorm B O

=

Fig. 5-3 Derivation of the MZC #0222 3 I}F9 mK ¥ m

N g 25, mEE OB
¥ 8% (PCRW) E E&EHch o3 WY H@ERES, S35 Xl
sl ol FFulel® (rolling bearing) d A+ HEHME] A9 o=
2 % [HELSE delued 249 KK ¥ ENMEE A HE

st= Aol safgAsio

5 —3. Fihel EHEzE BEA RN

2| F 72 @iy B wAe 29 EEAEI 0 HERE
BAEFRA 33 P ddoed BE O LE#EKA A AKEal A
FEhkel EEEZE Acddd st HEA> A2 AL Yo AS
7hz) oAl EEEZE BLAFRLS A BERA BRHRRENSE Y
T 4 do BWERS EEhe BEEEC otFu Hel: RIEKgM. RBEs
nlxl e BFRE, FE FEITA fFEsSte A4 BEX BHRRZE, A+ &
=2 9 HMuvBRE S JlstdAd REQ BE, #EREH HE 2> A
=% 59  Dbalancing, alignment & £ 7% 2ol 7] gl gk B9 R N2

FHhke MEd el AA=E R 5, T BRAIHA 2

.._88__



AA == AHoly, FHh dlofHol F+Edod (rolling bearing)¥d 7

T olE A#EstH s A

(fh, vl AW
. g =2l WAREZE | 874 (housing) T4,
o BT ERE e Aoz Mg
o = )
r ¥ il 2 f
0] 4 4 ¢ BER 24+ EBE [EHHHE ;I —E—'aﬂ%‘ﬁ%—*
) A S
19 4 [ l \ unbalance
gt o \ 73 %E — alignment r 400 B
A ) e — ¥4k 2] 4= {unbalance
890 & ¢ T
B j B2 A
e B 45 ¢
=3, XS FEFRQ FHEhvoAzg, TS 2 Fihed fFIEstH

v MHEXE AdLestd sHe3 2o

F—c.il-r
il
&
r-\o
I"E--

1) +E4o]8 (rolling bearing ) of 2|3

o WEFA B|EAL U AESRE
-~ @mEE 457 ASE
~ @ BEme mhEE
~ PN BLEES B EE
~ WAE BLEES R

o WK Bl
- BBE BREE
— PISE BUEES R
~ PSR BUHES R

- BEEY @0l HAE B2
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2) Xw&E) LA A

L bl

st~ B

o AZY AuH TH—
o A=® Mo

3) Fuhel FiEste KA
o Filel unbalance

5-4-1 ® & &k 8

A WA HEEE JEe Ly BE#Ef ek B

Hslg o oo MEES Fig. 5-4¢ JEbu ot

master ball

kS / vibration transducer
o S = o ) K P
X T[4
-~

o

€1 €2
generatio Preampli-
of Rsin g i T
T Power
Supply
out
Idetacorder F’:
e T R-esmg RC1+¢€)smd |
i
Rsin ¢ Oscillo
Rsin g . scope
, e Reews §
i_l_?smﬁ 9_;}hase multi- additioner ‘
shirtter ¢ : _ X = .
nlier R ( 1+ € )osd a4X18§
Reos 6
Fig. 5-4 Schematic diagram of error motion measurement



Fig. 5-4 | 4 FlhsLumo A4 EHE =S 13.5mm, ERE 0.2

pme ZZ Aggon Filhd nAHAZ A (RHOLEES 5 um oy

2 5t JEEEfMm#EfIit= Capacitive vibration transducer ( MM 0004 )

= A& g ow ole] WEEH (%S Microphone Preamplifier (2619)
= ol8Bsld SEZQZHct =3, old| e EEL Microphone Power
Supply (2804) & &3 @#tis o

Fig. 9-9d JlERZ5FS eI Yo

Fig., 5 -5 Feacture of error motion measurement

b, Kol iRBpel =g BALFHS] HOEE mAL MRl K
Eirs ARSeklth ®mlA MAEEFE Mk REI F ORBAE
e ke EAY A WEEFE KIStz XRE RESIH, 2L
e Foll 4 BEfrGte] HMOERE 242 23X 444 RESH
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5-4-2 Rl X [B] B

Faho| A o 13AGe kel B SIS

HE3n ol HWE A A Hsted Fig. 5-69 .

FAYt o W oAzarzZo iy 3 yE ANE oS

R sin @ R e o6

2
|

R(14+e) sing

E, = Rsméd + Resnd

R {(l+e) smé@

°of & AJel s AMT A& deH

E=4 E2+ E2? =+ (R(1+e)as60)}? + {R(l+e)sn §)?

= R(Cl+e)

2 Ho sz« 4R FHA ZswHEAE AA sl oh

_92._



10K

Rsin 8

1uF 10K

100K
+15

741

10

—15V

100K
+10V

741

10

—15V

Fig. 5-6

=15V +15V

7.5K 27K |

10K ' I

N

—15V
3K 3K '

1l K MCl495L | | | !

[

10K

13 S1X

y — 10V

—I5V +15V
- —0

I -

X —15V

MC 149
% 2
Py
4+ 10 Ve
2K

L m
40K
OKi 10K
K| 15K __ ey
P, 2K

10K
10K
D+15
10K
100K &6—15V
10K
10K
+15
10K
10K
—15V

Circuit of error motion measurement
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5-5. R H T

Wi 2 sE BUY BEYIEe el 4 o 8 m#@srel R Fm M
W2 EEFEY wel Fig. 5-T¢d uJelygos o9 1 |45
S Fig. 5-8¢ Jelu o BES 2w FEHEY @HEmEXL F

BHptol oL Ax o3Fsd: AL o 4 gow HFEY ks

LER

ok F ok F sk

Fig. -9l ®Hm@S 8EE,Y [EEES, Fig. d-ld & 1[0
@2 JEtW AT EAHRS REEEE BBMe] FgFEHEEd PR
JuwA Jeld s gt Fig. 5-89 Fig. 5-99 1 @#@S5S AHR
qOFEFTESY HERE F O RHS @M el RES o )
2 ¥lE (cycle) &= ofF Eo. 458, AEL AT+ @AY kB
H oo 602 4

] yur |

ol dAF dE Holn glesd I dHEE 1@

Bbubx Sl dbsel BE2 obF S AskA dEtdm
FEHE HEEEe HEEHEAS HAE Fig. 5-11e,  @hjmE e
ol A4 Fig. 5-12¢ el Ao SHES A5 FEHME [OI8EFHE
+ 1.20~1.45pym 2 A AAse HEL 2.35~3.10mm 2 &
Mol AdAgd oel A Srtste A¥FE Holn U WILF
< 2 MELZ 2.35~3.10pmzZ AL dAR AIFs Holm I
ey a2 AdAR= FEHMEA Hsld Z2wAE=R Fof ’FH, BE
< KBRS A =2k 2A dwixRlan glows 4.30~12.6 pm of
23 U
ol 4ol AAET AHEW BEESY REBREEs SMEA Hsted  of 2
o of 4 tudAl et a o —eE FEulel ¥ (rolling bearing)
S AFS3d HHHIESY EEREEsL 2~5 pmyd S mHIY o HEL A

YT L
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BE (MZCRW: 2,35 um) 4% (MZCRW: 1,20 pm)

(a) after 10 minutes

-----

BIE (MZCRW: 2 .51

——i,~ J
pm )

# B (MECRW : 1.45 um)
(b) after 30 minutes

PE (MZCRW : 3.10 um) HpE (MZCRW : 1.45 um)

(c}) after 60 minutes

.o =T Radial error motion of 8 revolutions



(a) after 10 minutes

=5
£t

2E A P

(b) after 60 minutes

Fig. 5 -8 Radial error motion of 1 revolution

— 0 —



’
.
H
1 i phrsssbbis asssd L

i
i
;
lm
.
{
:
4
“
;]

: 2.32 um)
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Axial error motion of 8 revolutions

7
==
=
=
+ el
(-
8o
bt
&
o
St
<

N

£ ©

H...nl,....l..\

-

Ot

o=

Fig. b5-90

BiPE ( PCRW :

._..97._



!
Pt
-
PR

(a) after 10 minutes

(b) after 60 minutes

Fig. 5-10 Axial error motion of 1 revolution
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error motion ( san)

Aol oz we Zoeg Relo HES HEEKEES JW dglo R
v dubH e Z EHEE ILEMM YA Ze T OB Wz 4
g3ln Qets A, HEY MITKEE = EEE, HEE ¥ BOEY

I\

et oWl S Az HeutzoF  olalf B  FEio] olF AW

=
=3
2 oldh E#e BMBPol olF A et M, HES motor —HEA

Fihs AFg&tam Yo, HEL motor o} HIEH LS £ 3 i o)
&l

ol e H S sdste HdeE EHlrh

O
‘ /-—-—-O"’"E 12.0 /
A |
— 10.
O © ! home made A 0 o
X . foreign made = /
2.0 8 T 8.0f o
E a/ o * home made
x/x x\x-—f-“""y\ £ 6.0} / * « toreign made
X...--—'-"“ St
1.0 E
B

10 20 30 40 50 60

operation time (min)

10 20 30 45 50 60

operation time (min)

Fig. b—11 Radial error motion Fig.b5-12 Axial erro motion

gk, &  #Fgedl 9§ gk EH Fahigol «HE (chap 6 BR)
RS HIEERS Fig.5-13 9 Fig. 5-144 Jelui g}
Fig. 5-7, 5-82 HEZ Fig.5-13% was we Ad=  #@h g

A4 AAAL L HaxAdE AY dgdeoed kE Y o HEE

A ez QAo o= #h3 dloggy 2 Housing & AHE 7Y
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8 rev, (MZCRW : 145 um) l rev.

(a) after 10 minutes

8 rev, (MZCRW: 2.0 pum) 1 rev,

(b) after 30 minutes

8 rev. (MZCRW : 2.3 um) l rev,

(c) after 60 minutes
Fig. 5-13 Radial error motion of modified spindle
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8rev ( PCRW : 4.0 um) 1 rev

(a) after 10 minutes

8 rev ( PCRW :7.4 um) 1 rev

(b) after 30 minutes

8 rev ( PCRW :10.0 ©m ) 1 rev

(c) after 60 minutes

Fig.o-14 Axial error motion of modified spindle
- 101 -



REoZ 3’ A a2 FA4oldl A fgREo] ®e] JElRHe A=

Sulgtck U EBELE 1.45~2.35 yumB AAHLS S BT}

A detga gl olg 2ddA FFHLE T FEodA AR T

M ks e A E Fig.b-15

MAH  FEAHA oihA EEERT [
I Fig.5-16¢ JEerW gk

\

error motion ( um)

of o

~
B
3

e’
P
o
=
-
o
| -
-
®

10 20 30 40 50 60 10 20 30 40 50 60

: : . gperation time (min
operation time (min) pe ( )

Fig., 5-15 Radial error motion Fig.b-16 Axial error motion
of modified spindle of modified spindle
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o4 Ao A [MEREL FE UotRs Hald ELS  EB

& BEstel  Fig. 5-17o Jetdigdeh o714 SEWOZ JEuys

Ao BES A @O EHS ALY =Moo olfoxm o

ol AAzA dEtun o BES ELY ol

B
PO HEE S EIEMBEEES JA stz e eE Kl

6o 49} o] Bz 2 Aol WE REEE T 1 uEo4s

A JEuy MIKEEAd JdIFs vz HESEEs F4s31 Ut

8} alignment o] F & g HoE Hxkic

dH, EEBERsEA weld  FEmhel #Bgol Arsd Az T B

=
)

ol 2o el w4% EEREE a4 WEm A

yrb: 53 BESY A o4 FIsA ded Aoz 2t
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8 rev 1 rev

8 rev ] rev

(b) foreign spindle

Fig. 5-17 Error motion of rotation center after 30 minutes
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6. FFERE ER

HE R S ES RHEHGIE o3 EwE MR dEd R
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2
s
i
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N
A
i
2
)
x
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-
—
s
A
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B el

jurrmil
il
Y

iy smoll fER S fiEol 10kgf Y W FdEhspme MEHL HA

iE7F dwlol® RIS HEeox AT o 7.78wm, JEHRFoZ 7HA
3 ol 9.43pm . jEFY oM

HREc 14.0pm Jop(Fig.2-1). &
BE7F A vYEd AL EER a9

ebs, gt AAHLT O E St Wi vog®W Y REA LS
of®  ZkA g WiE EE5 Aol H Ro| wlofF ElHol
“d wW R=0.52(EE7+A 163.6mm), FEHEFHY w R=047(5E7

) I

2 181 .0mm) = vreERY, Edhgim, @ Ewl 2 §ifgdo] 8 b B2

3 Bl AR m/MEsteE Avv BE 2 FEHE HH sk R=0.51

(FE7 A 165.0mm), R=0.46 (&4 186. 9nm) 2 vjeht #H%R EH 9

Hloj @ kAol 165.0mmo] B2 o] A= Wl o® HIES R o=

B JEfE ol 22 dlo® AL AAEHT 20m
niE R WA ool ERIM mRAkZE EH A

t}
= FHhAEe] HAS =
O—]

wol WHE=ZF4Hol, wiivl o @ RitE, #Il

cl
Ebtet. 56l dl o mIHEL Ewme #AKEdE A FdFE R AA R
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1T
= AL

I

v EbL} (Table 2-8) H#akstes wolPe AAL HlpER

T #EolY MBREESS s st A2 dof g,

6 -2 BHENE

HEFH EERol e HEW EY 2k (
Z o]l &3k [Egape REBWIT S 3 WHIIZEoH o= Bh 19 5 1
zAeE A EEe 11X EHEHHEE 5050Hz, 2% EERBHE
17750 Hz 2 vrebiloh, o]l 9f Zo] f£@he EHAERSE I E@EEE R
A=A dEd AL vad A2 #@hfEd it EEhI ) of
=2 o Jeldle oy LF#M EéEhe dubz &

fo

alx

kv

|

ebH, AA HEEY MR EANAMY FELm EEHEES Lolx
7l fste EAAY S Ed FEEH S 3 R A WA peak:
610Hz, ¥ = 1360Hz, A8l 1710Hz 2 Jegyror (Fig.3-5)

A A EBTRREEO A EEE R v o] ® HousingolA E®HLS HE
ek A3 610Hzol A peak & X oAgF3 Qo] WFHIE HFAEBEEEGO
Hz) ¥of A =& FEEHdAA o] Lo,

6 -~ 3 & [ ¢

@ oW uaxd sEL A ME SheAdAY HELR
2 W 25°Cel A 20°CE(HHEE : T°C), BB Sh-AollA = 20°Col Al 14°C
(ME: 8°CO= ®HEHJG. =3, HolErEAd FEgwmSs 0o HYEH
s A8pmoll A 32pm(SE: 1lem) R HEH A,

ety , Zrd Wi mEe WMEZE o3t AR ol F@ewm O

1]
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Bl ol =  Lmae MBS Ae] vl A odFe o 20%3F AAsm 9
om oy ZAHWMHKEY B FEHMMA JeddtE Ao oo

%" EER 2 MEe o3 E#Es(spindle nose) o K F
AR # i O E S Fig.6-1, 6-20 22 el gl
.---'""'"D
?3.0 0___0/0-———"0 f'é\l?.O
3. / %
- O 10.0
5 o -E 0 /'A
E 2.0 /A—V’A E 8.0 ’ /A/
5 A/ : o/ﬂ o % h d
: / : 6 0 / p ome madae
S & AR —K v / R A @ modified
XK

O/ x + foreign made

Ea
-
D

1.0

O {home made X - % X “‘/x X
o ; modified
x - foreign made

D
-

10 20 30 40 20 60 10 20 30 40 50 60

operation time(min) operation time (min)

Fig.6-1 Radial error motion Fig,.6-2 Axial error motion

o ™A He uket ol BWES E" £ mEmgEgs A
F5l MAH Ao AEd wmstd o ATV Ad ) =AU
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fictg 2 o Rlxsh 3A deEvda ged ok wEI f£#%e @
VwAel Zlelst A ez Mol pnT ok | o 8FS v X = (O RE EE
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T o34 vdEdz Aol FAC HA Sed. ols ¥ Tl A
HEo] etz dv & Fiod A% AR A4 A ali-
gnment 8] &3 LR AT g Ek#he #HEEFPo] IAFHF F L oEnl
Yotz UA5S HeEte ZHeolo.

ol A9 #HRE Hw FEEY H#E 2 HEFEC dWolwHEEH
fasdel & JdFSE wHeEds ASE 4 g dow BEHEFE OBR
sl FEd ARNE dAo. wEA, K BEel A kER  EEHES
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-
o
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3) B B B Fgho oo

of MEE7F Aoz doyg s Z2

BE HOFEEe] M rE
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x oY,
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g
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O

o (angular contact ball be-
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O
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%3 A SLRFE BEBES 2.35~3.10 gmo] A 1.45~2.35um 2.

b BlEEES 4.30~2.6umolld  4.0~10.0um 3 VEFY T,

5) Eli@FEE 29X Ao Jveld 3 oY A Nz HA
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o Wgol wHowmmt oAl vrtum Usgith
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