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Abstract

In this study, to analyse the dynamic characteristics of a machine-tool spindle system,
the spindle is mathematically represented by a Timoshenko beam including the internal
damping of beam material, and each bearing by four bearing coefficients; stiffness and
damping coefficients in moment and radial directions. And the dynamic compliance of
the system is calculated by introducing the transfer matrix method, and the complex modal
analysis method has been applied for the modal parameter identification. The influence
©of the bearing coefficients, material damping factor and bearing span on the dynamic
characteristics of the system is parametrically examined.
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Fig.1 Model of spindle-bearing system

i - 1R ““—l'_'lﬂ_—'_ .

AEFH57} wd Aol Ne Haungst A
CUYS) EHE Al FEas0) $5IHAE
stelsh zko] Fojick,

-pax = 92 ©

il @10)

jPIﬂ)Z(P = Q +

A71N A%t Ie #2840 GAHY GABVYR
dE, 323 pe FFAFS Wxold. z& Mg
FARE, 7ot 0 W99 FYURAE Y 7)1 g7
& 247zt ojn|gc.

E@ FHAR] R EE T8d, T84
oMo SYRHE M3 AeY Qe e gol ®
gk

60

_ d(p
M=£T 2 an

0=xG"AE-q 12

A7|H BARAGASE £*eF BAAGAS CHof)
R G El 609 50 Aol E¥=E(1+)
&), G*=G(1+jdc)lth. 2 #= FHQ A0
@AY #AE Timoshenko A4 "8 o)u
89, Poisson®|7} volx, &% D,of )& WA D,
] ¥z} 7l A thsjMe oo} o] FojR
1=

X = ‘ 6(1+v) (1+‘f)2
(746v) (1+7)% + (20+12v)¥

4(9), (10), (11), 28x (12)& & ¥ zof
g w3 E4E H(13) % o] Ag 4 AUtk

2
4z, ("”)?ng -@-mx=0 3

WA Le FHa29 Yol omgelt =L,

_pAL'w?
ET

ol

H(13) 8] Awteie offst o] Fojxr)
x(€)=A, cosh(A &) + A, sinh(A, &) +

A, cos(A,8) + A, sin(A,£) (14)

A7IM 4, 4,, A% AE AASEelD,

A= \/,/B +—(n-r)

aEgAM 41498 4(9), (10), (11), zgdx
(12) ol chA3t, Fefdle] B(§)=(z(§) 9(&) M




(&) Q(O))"S ASME A=(, 4, 4, 4)7e] BA
7} olefs} o] <lojmh.
BE)=PE)A 15)

H(15) X 9] P(§) e & o] FolA = 4X4
ot

C C.
PE) = : ,
M+Ay) m+2)
AL 2 AL “
L) L ()
E’l L2‘ C, El LZ' C,
4 4
-E'l——; ‘33c2 E'1— ﬂ3c1
i AL AL
C, C,
(n-k;) c s 7\-2)
R VAR
m@CEﬁw
L
4 4
-E'T iqu E'I—-B—3C3
AL

7] C,=cosh(A,§), C,=sinh(A,§), C,=
cos(4§), C,=sin(Af)elth

dAH o2 i-194 FH849 YBAAQ i-11
A A3 i A ol i Fef el Ete) BAE of Y
s} Zo] A& 4 Utk

—TnlBul

B, = P_(1) . (0) B, (16)

2(16) M 9] TE YPERS) Fagro] B A

egd=A oen Fo] EHHAET

T AFTHRA] AM8A A2: 1991.6

T=[ D,-nD, L{D,-(m+1)D,)
ﬁ
L b 02
E * 4
BL2 p, El(w @Dy
4 e
|3 ET ) BET D
L 3 L2 2
LzD . 134+ ) -
Et[ 2 1 TI )D3}
L D D, L’
1 ¥ E‘I 2
Dy1D, L{-D +(m+t)D,)
4
B
TD3 Do-'l']I)2 i

047])4' D, = A[J\; cosh(A,) + lf cos (lz)j,

2 2
A
ZH=M%“WM+im“W'

D, = Af{cosh(d,)) - cos(A,)},
= AlLsi -l
D, = A{ A, sinh(}.,) . sinA)},

1 (-]
}:-f-li ]q.

A=

3.2 Hlojge X 29

WolPel 4L vojPe /. 27, M, &%
A, 4, AAEE F3 TL A4E7HA 8
oA dFE Ted. 2Y olAW LAFEE FA
3 a2 A MoiFe] 8 =Yg At e
@38 ot

T & dTFelAe vojPe] B4 TR

61



AR, Fig. 1949} Yol Tl g w7
o e FAARG ZAASE ol g8 o Hoz
EWsSTh ddados woigel g oprlst
FYLAE AN} A AQE volFelH S 7127
st WSl ol el N ohe 3 B HYBAE 2e
o},

AM = (Ky +joCq) ¢ a7

AQ = (K, +joC,)x

7|14 K. C.& 2HE

A4, 283 K. C. & 6
HArE 42 onjFit}

18)

el Az e
e FAFe 7

3.3 FHe olgx G

A2 AT 2P AR @Y TR AY AEjr,
53 FHA9 Agdsot THI FAE AT U
. olE{t FE&A Q] AL E o|EHoE A H
e F29 AFFAT A MolY o] AFFAo]
@ Hojof ¥}

TH7NA FE5A ] bAA Aol violRPo] X3
Bt b-1A FHare] AL b-144 A}
A Hol| iy FeAAEETe] FAE 4(16),
(17), 28z (18)2 #H a3 Zol d& + %
.

B, =T, B, + Ky+joCy )M, B,

+ &, +joC )R, B, = T, B, (19

7] ME 384 8ol Tol 294 8l g3, 1}
M7 ggo] BT 02 4X488o|n], R 494 3
ol T 194 83 23, YUrA gPgo] 2% 09
4X48dolt), EF T' Hlojgh ol ggo] uald
FEH84e] AGsg ol

A FE58457F m FRAVNA FE5A 9] F
of g FefdEl B0 HAE 4(19) & ol83td
g3 Zo] & F Ut

B, =T, Ty T3 T; B= §,(n+D B, (20)

62

A (20) A9 S, ()€ idA Ak A Aol A
2YEE orlsia, oldfisl 2L 54L& BEnh

'T}x T}z -« Ty T; if j>i
S0 =< 1 if j=i
.0 otherwise

7] 1% Oe 4X4 ©998% 43PFL 247
Slabied

4(20) Nl AdsfiA FZA1o] Fdol i FefHEE
o BA7t RASE ZFE m+ 1A FolA g F
YrdEs} A2 AAAG BdAQle) F4 00)
"o 2y 1A Holl Wil P o] AXEA He A
fole 194 Holxe FYRRES AdFo] 71&
719k A9l i3 A 4 (17)F (18) oAt 2 MY
BASE 2 9. =@ 29t ge] FE5A 9 f
A ol Z83ke Zeole dedByel dYye
2 Ry oldfel e @AV A

B, =S,m)B +Sm+)B (1)

4714 B =[0 00 11,
T

Bm+1 =[xm+l (pm+l 0 0] 4

B, =[x, ¢ (Kml+ja)Cm‘)(pl

&, +joC,)x, | o]c}.
AfH o g vAFEQ FAVNA F5A 9 I
Aol et 71e7le 4(21) 2 RE ved o)
de & UAth

B' =
714

A'C 22)

. T
B=1[x, o %, 9l

C = [s/“(m+1) | Sf24(m+1)

574 m+1) S men 1"



A'=[-(5] me 14K, +joC, S} e D))
(S (m 1K, 40C, )T m 1))
; {sfl('"“)*(Kr,*j‘”Cn)s?(m*" D}

(5] D+, 470G, )t O )

- (8,2 D4 (K +j0C, ) (1)) 1 0
(ST mA 1)K +0C s )S (m+1) 0 1
- (8} (m+ 1+ K 4i0C, )S, (m+1)} O 0

- (8} 2m 11+ (K +i0C 3, )8y (m+1)) O O

o}, SUm+1)L S (m+1)olAl e} il o,
oA e 82 olu|wiet,
watd AELE 2AH FEA raA Yolzt
A, o FojAe e m+1E r2 A 2
(22) 9] 18R oz RE olefe} Fo] AojZth

G, @) = $;( B, +5,(0 B, @3

VG AFEH A #8A A23: 1991.6

714 B,=10 0 0 1)7el3, §;()E
SN 1A g ofm| Yot

3.4 IESHYNY

£ dFoMe FANA F5A ] A IF5534
AL =887 S84 Fig. 291 & AJFA & T4
stk Agedd= Fig. 13 2& 48 713
FZo] 2719 Hels 2 &juo|H (taper roller
bearing) 82 AXNHI ot JE=ddA 288
Zz3 Wolgo) did A YEL Table 137} 2014 &
S ok 23 F35A9] Az dd g e F5AHL
Table 3¢] AAR FvjE FH/AF DL o83
A &3tk

ZIAd o Ae 71X E e F W0 13 d 43
3 {1 $l7] (piezoelectric force transducer) &2,
381 AFSHE F5 F4E GAY MEEAR
235 g A Ao A FHUZTES
A3=E 7] (charge amplifier) & o|&#r 2=
391, 25HE AFEL AFEHRE F5He A/DY
#+7] (analog/digital converter) & ol€-#A tlA g

Accelerometer

#1 Charge amp. =

A/D converter

Impu]sé hammer

1 Charge amp.

l Mux.

32008X 30006X Microcomputer
M 3
i _I-— Hard disk
Printer
/{7 Plotter

Fig.2 Experimental setup for modal testing



Table 1 Specification of spindle in test model

Material $45C

Segment Outer diameter Length
number (mm) (mm)

1 320 400

2 80.0 40.0

3 70.0 10.0

4 45.0 155

5 400 95

6 40.0 40.0

7 30.0 40.0

8 30.0 720

9 300 30.0

10 25.0 12.0

11 20.0 16.0

Table 2 Specification of bearings in test model

Front bearing

32008X

outer diameter
inner diameter
width

: 68mm
:40mm

: 19mm

Rear bearing

32006X
outer diameter

inner diameter :

width

: 55mm
30mm

: 17mm

Table 3 Specification of measuring equipments

gatdet. =3 tEstd JREL FFEUA
Butterworth A @ A 31}« 1} 7] (Butterworth sine
lowpass filter) *, Cooley-Tukeyeol&°] 7]%&
EFFT® 53 22 AXESOEL AXA AR
d9o] AGPsE ALste d o]ga A

3.5 got & & ,

71AAH g2 Aol BF Fig. 14 4 1Y
o, d¥92dsE 2e F3F dgdas BAREd
Ao oA FHE Rodi¥sEs e AA8
(regeneration) & AG3}47} Fig. 3oA] v ¥ s
itk AGFGFEo] F ARt Uvhe AR 1 H
EAREHYY oA FEE EedHsES
A Age] ot W dnh, T3 APdAE 2 2
ARE=9 AFEALL IRZ=e] AFEA vlsA
I ggFo] vl FL-& & 4 X, YutHew FA
71719 AERFE L 142 JeHAHD 2HE &
dol k7] WEel, £ dFME e 24& 14
T=o F"FEAY FAUth Table 4+ dgude]
EZHIRAFES, HE, 283 BEAIFRES
HolFa Qlth

Holge] 54, FHAR &, x|
o9 1Al FEHA 9 AFFAY, &3 EPHLH
Agset Fvld vxje 9L H71Er] 45o
Fig. 15 Zo] 2Ysld FZA ¢ 3 dd 9 o]&3]
HEE Tt ol 287 F5H9 A
71t A8EY, 2 WP ASe] JEgRES
Table 1, 5 28I 6IX & & Utk 53] B4

Equipment . Specification
Microcomputer IBM-AT with 16bit microprocessor
A/D converter Labmaster with 30KHz conversion rate
Impluse hammer B&K 8202 ‘
Force transducer B&K 8200
Accelerometer B&K 4375
Charge amplifier B&K 2635
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Fig.3 Comparison of transfer functions

Table 4 Measured modal parameters (First mode)

Table 5 Material properties of spindle
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. Undamped natural frequency 739.8Hz Elastic modulus E 205.8GN/m?
Damping ratio 0.0397 Shear modulus G 82.7GN/m*
Mode shape (um/N) | x; |[90.1762 +0.5787 Material damping factor. §_= §_ 0.00149

x, | 0.0479 +50.4350 Poisson's ratio v 0.300
xg |-0.0059 - j0.0945 Density 0 7870Kg/m’
X | 0.0139 - j0.0269

Tnble'G Bearing coefficients of simulation model.

Front bearing | Radial stiffness coefficient K, 272.3MN/m
Radial damping coefficient C 19.85KNs/m
Moment stiffness coefficient K 67.84KNm/rad
Moment damping coefﬁcnem C 6.437Nms/rad
I
Rear bearing | Radial stiffness coefficient K, | 91.62MN/m
Radial damping coefficient C 443.4KNs/m
Moment stiffness coefficient K 38.70KNm/rad
Moment damping coefficient C 4.297Nms/rad
I




Po] AgAS M o & JF& LI AUk
3] W iake] AL ol AWE I/HAFTFR
43 RolA1 o, Fystd 1 {IATFE A
R do]ge] W e wdte] FAASF E A
of AT Ut E=F FH A FAve AR
Hojgo i RAERF FAASFV) MY 5
F48E 3 Ut FRkE o] P Ul BHEE}
o] Z4AFE LHATSFS Favlo] A gL
FA g1 AUk

Fig. 63 7elXe wolge] FAASF7E A9
IRAFFe Favlo) nXe 4¥E & 5 Utk
AntR wlojg o] g wHlEugFe] A ASI} F5t
¥ FE F5A9 TFAEFLE wokAT Qi o]

1500 +

¢ o (= oy Ju

- e
£ e
. P / .
& 1000+ /
] /.
g e
& 7
— 4 Ve
g 00T - — Ky
2 o : L
2 e Kemy
———— sz
o } } |

19?7 10" 1w0® w' 1w0* w0 w0 10f
' Neighting factor of stiffness

Fig.4 Variation of natural frequency with bearing

stiffness coefficient

10° ( ‘
--- :,L
o - —— Km;
3 107+ > o
e o)
2 N
§ 107 \.\
A -
107 } } y

1 1 L 1l
107 1w' w0° 10' 10 10° 10! 1w0°
Welghting factor of stiffness

Fig.5 Variation of damping ratio with bearing
stiffness coefficient

AL FHAS Sl 4% Wo|F ] 4 &
W2 Ao wady. =8 F5HA Faule
AR woj el h@ Ll Eare] A5l o3
A A9 AAHT Je Aoz YERT. 53] £54
o] vl Aty wo|Fd gy 2= 2
HAI57}+ Table 69 AAE 71E¢kel < 10471 &
H7tAEe o] F7letARt, 1 ol deXe 2318 3
&3 3irk o] = vojF o] gt mdd] 7]
e Aoz AR

Fig. 8% 9 FHAR] WFZH & F5A9
IHAFFS FHe mlXe %S BAFT 9
o F5AY TRAFTFE FHEAR Y R &0
g 5 24 YU k. o] Fde iRt g

1500

§ /'/

% 1000 + -/

s /

§' e . .._K:_:

§ -

T 500+ —c

3 -—

e -

——— c'“2

0 f } } ]

1 ' 10® ' 1w 10* ' 10°
Neighting factor of damping coefficient

Fig.6 Variation of natural frequency with bearing
damping coefficient

10" + — Cy
—~ o
VN )
2 4074 / \.
3 / 0
« / -~
4 / R
= / \
& 2] / N
LR A ~—
/_/ ———
10-! 3 i : §

02 10t 10 10"
Weighting factor of damping coefficient

Fig.7 Variation of damping ratio with bearing

damping coefficient



F7to) dsiA BradAsF} BadeAse dY
BEE Zol F7187] Wi o7l F59 B4
g g3te] 7]Aske Aoz wAEY. 8 F5H4 9
Fvle FEHAR WFFH &) 0.278] € w7t
Ae 2ol F718 AT, 2 ololMe .38 Fast
I ek o BY= FHe] FAsadd VA 2
#2 5. ol A ANARE RE FHIA
FHANME FHARL] WF-TS a3t g3AM &
& g A7l oJFoe HE ¢ F ok ol A
& F5A 9 BFAaTYSL F2 vo]P ] FAol o
A of7lEx ke A& vt

Hjolg o] 1Fe] FEA 9 R=rf/AFE FA
T 9%E Yisty] At ety sojPge AAe

1200 T

Netural frequency (Hz)

1
L]

3 } )
T T 1

1.0

600 b—t—t—t+—+ } t
0.0 0.4 0.6 0.8
. . Materlal damping factor

Fig.8 Variation of natural frequency with material

damping factor

0.05 1

o

=)

i~
.

o

=

@
"

e

=)

3
h

Daiping ratio -

o

o

=3
A

o.o0 L+ p—t—b—+——+—+—+
0.0 0.4 0.6 . 0.8
Materia) damping factor

Fig.9 Variation of damping ratio with material
damping factor

67

VR4 AF =] M8H A2x 1991.6

nAST, FuE vjojgel AT WAAh o]
Agole 22820 75 ol Aol AN
& Fig. 114 8] 7914, 89, 18T 9¥ls) F2 8
2ot 39k WlojPo] XY 4 UA Bk wEA
N2 WojPe] E 17me T, AAZ A
% e Mol AL Hagkol 48. 5oL, Hu)
grol 173. 5anolth,

Fig. 105 11618E #oj o] o] 2274 e x
fRAE5s g AE 49 € 5 Y. 72
Ao THAFSE voiPe BHel o 100za7t ¥
A Ao AYHos ZrlstAn, T ojoA
£ ot Zaske A%E YET YUtk £ 737
o] ZHule vioiPe] 2ol o 110am7t E© 7]

|
2 ol
.
g
§ s
L.
? ]
2
00 “———
0 100 200

Bearing span (mm)
Fig.10 Variation of natural frequency with bearing

- 0.06 T

o
2

Damping ratio
i=]
=)
9

03 b
0 100 200
Bearing span (mm}

Fig.11 Variation of damping ratio with bearing span



€ F43a UAT, 1 ol elMe 238 Frista
Aot mehA voj P o) FHAe] TRAES
g Zavlo] vlAEe F%E THHoE nASA H
E, Hol3Y 1FE HEF A dAse Rl F&
A9 AFE4E Adske ol fEde € 5 Atk

4. 4E

2 A7oME A A FEA) AFEAE Y
871 8N F2e Ao WRBHEN) TaY
TimoshenkoRo]go 2 Ho|ge wulEWe)w vt
Adee] BAAS) FAASE ndsAn. 75
Aol ATEHE LYY olg M olgFyoz
A4 AT, Zoeifdse) F9e M Bars
Aol EUAHAT. £ WojPo] B4, F2A4s
o R D o] o] FEA e NEE
Aol BN & 4 A4S RS By ol 2
e AHES ¢ F AATH

1) F&A e T4AF5 vl FHE vof
PRk Aue WojPo] B o o YL
Weth 53 F0R woiYol iy mulEere]
At FAAFE LRAF59 Zaulol] el
A9 dge FA Ferh

2) A9 TFAFSFE WALFe] wolgy 7
A5} AotAW A3 PolAn, IYHHE &
AEFE AR vjol Yo U 2AENee] FYA
#7t & A%l dojxm YUtk

3) AN vjojgyo] B v AL
7} & B9l Mol e ZAs Eat v, 22w
&R WREHEol S Aol T2 B8
&3 B2 F2A 9 THASSFE BA ez
it}

4) F2A ) Zaule AN vojgo g Al
Exrege) ZaASo] M Ao AR, 724
2o YRBHET SJHNE E& BUE A
olgch.

5) F&Ae AREANL AU ANE ¥lol
Yol 12¢ H5 S A dAsH:E Rol vlFA )

1. Bollinger, J.G. and Geiger, G., 1964,
“Analysis of the static and dynamic behaviour
of lathe spindles”, Int.J. MTDR, Vol. 3,
pp. 193-209

2. Elsermans, M., Hogerloot, M. and
Snoeys, R., 1976, “Damping in taper roller
bearings”, Proc. 16th Int. MTDR Conf.,
pp. 223-228

3. RIEE, #HE, W LN, FEE, 1984,

TR EER OB (H28)", B RBmE
WERSIR (CHR), 51%, 46258, pp. 417-424
4. Snowdon, J.C., 1968, “Vibration and
shock in damped mechanical systems”, John
Wiley & Sons, New York
5. Pestel, E.C. and Leckie, F. A., 1963,
“Matrix method in elasto mechanics”, McGraw
-Hill, New York

6. Peters, J. and Mergeay, M., 1976,
‘Dynamic analysis of machine tools using
complex modal method”, Annals of the CIRP,
Vol. 25, No.1, pp.257-261

7. Cowper, G.R., 1966, “The shear
coefficients in Timoshenko’s beam theory”,
Trans. ASME, J.Appl. Mech., Vol. 33,
pp. 335-340

8. Ewins, D.J., 1984, “Modal testing :
Theory and practice”, Research Studies Press

9. Otnes, R.K. and Enochson, L., 1978,
“Applied time series analysis(Vol. 1)”, John
Wiley & Sons, New York

10. Kerlin, R.L. and Snowdon, J.C., 1970,
“Driving-point impedance of cantilever beams-
Comparison of measurement and theory”, J.

Acoust. Soc. Am., Vol. 47, pp. 220-228



