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ABSTRACT

This paper presents a dynamic analysis of the high-speed spindle system for vertical machining

center using finite element techniques. The computed natural frequencies are compared with the
measured frequencies obtained from experimental modal analysis. The results show that the bending and
twisting deformations of the spindle housing dominate in the lowest modes owing to low dynamic
stiffness of the housing structure. The design parameters used in the analysis are: (a) panel
thickness of the housing, (b) height of the housing, and (c) spindle-to-column distance of the

housing. Through sensitivity analysis and optimizing simulation considering design constraints, an

optimal design of the spindle system has been obtained.
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Table 1 Specifications of the high-speed spindle system
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Table 2 Mechanical properties of materials

Elastic modulus Poisson’s Density
Material B 3
(GN/m”) ratio (kg/m)
GC30 95.1 0.27 7300
SM45C 206.0 0.30 7870

Table 3 Radial and axial stiffnesses of bearings

Radial stiffness Axial stiffness
Bearing type

(N/ pm) (N/ pm)
7013CE/HC P4A QBC 785.3 184.0

7011CD/P4A 143.2 70. 4
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Fig. 1 Idealized model of the spindle housing
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Fig. 2 Idealized model of the spindle



54 siMAl Lot 7t A8 J|AY 4UL Table 20 L}
bl wlel zZron wojme] wbpUy A 3wy
Table 3efl Llepd ulel o] SKPALENE AHgu
FAE 1AM 02 ZAEle] Tt

AR AENO iy o] B Fig 13} 2o Y
ebd whel gk REF ool MUY AFeE o 7iA| A
5EE ZYF dE e B F2BolL} iRRel zjdo)
SM45Co| B2 FRMGA Tt Fotbulis sMsCH T 7S Al
B3tednh ©b ofo] M Y ojgele HEx APo) 16.2 kegol
BE o228y HAUSE A4stdrt. E3 ofo] A oM
AT WlolAdt BEZ Ay glon Azly Hey
/M8 2ZYPow AYERo rh ole FFHUHA W
AYSE = 37HS @3tsly] fl3 prE Azele] 7y
1.78 kg/mno] 2 oAU F 53.4 kgo| LIk E o
olMe 2323 ofgfvkel &3 g BAL}/| ofenz
18 #AYge = 7pgstgch

F&FHo] HAHE UAY 2B (SI-2B4306KH, Mitsubishi
Aol mAAret HEARE AZH Fae] Ydo] AAUE
BENRA Feloles 24 ANE TSt Az xvrg a3y
sl magalsielnh ey A2 Hog 5 d¥e Bl
T ZEURY F&o 2RAF4+EE ALY Fegd
Axsted Rele] Ayt AY HI B9 ohz} Ay
Arle 74 'AE /RS FHHor FHsgch oepy 2
dpollMe g Fol MUY UWAY REHI £ 243 54
S22 ERREASE 21.3 ONe’E JHEsE on Folgulg) W
S SM4sCet FUE gk AHE3igich

=]
B8

3154

el
e

2

4

2
2

=]
[
-

8L

4

[+]

-

A=
T

3.2 fEtas 2yl

YA 2 JA FZREC Ui BH, §F B2 T2EY
71stety Bate] EaE4a SUY FAZRD ¢ By 43
ol THE o|F(RM) AEY AY Fo=2 Usle iy B¢
olEFal o] EVEIBE RUPLLWE ol8Y £
Al WU Algel Brhuslth £ dreldE Aay upyg
22 olA3} Y Bl LS SDRC/I-DEASY A|Edold BE
= AHg3t) FEHAC cigt 713E mala) fyas By
& FHstdrt

e RY2s BAL Fig. 3o 2AIY vie} Yol A
L2e F& F2EY FE AAHY AN AREE

s 483 49 24 F A1gste mdalsigo

p)
B o
N

FHe Aft 4,2309970, 242 2 10,050 7fo]
AFL 267 kg2 2 R 235Y f3e2r =

F2 Fig. 4ol Uehd wie} got 8dA 6WA 245 483}

-960-

gon & HAL Al 1,82097, K49 Ml 124097
oln Ak 28.5 kgl 2

sheg et ANETE

8782 sHE wlolol 2EAA Bl s A,

3.3 3% ¢ 3%

iy F2E slde] 713 Ay LanczosP L AMg3te] &
57§8] AR ETE F3leden ol Table 4o iiEhidch

zpzte] R AZL0] 3 REi= Fig. 50 EAI3F v}

Fig. 4 Finite element model of the spindle

Table 4 Computed natural frequencies of the spindle system

Mode Natural frequency(Hz)
Ist 177.3

2nd 198.3

3rd 290.0

4th 364.7

5th 453.5




(c) Third mode (d) Fourth mode
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Fig. 5 Computed mode shapes of the spindle system
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Fig. 6 Schematic diagram of experimental setup

for modal testing

(a) Spindle housing (b) Spindle

Fig. 7 Pictorial views of experimental setup
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Table 5 Measured natural frequencies and damping ratios

of the spindle housing

Mode Natural frequency(Hz) Damping ratio

Ist 546 1. 10***
2nd 671 1.95

3rd 839 2.88

4th 1014 1.24

Table 6 Comparison of measured and computed natural

frequencies of the spindle housing

Mode Measured(Hz)  Computed(Hz) Error(%)
Ist 546 603 10.4
2nd 671 731 8.9
3rd 839 1008 20.1
4th 1014 1120 10.6
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Fig. 8 Frequency response functions of the spindle

housing for bolt and spring joint cases



(a) First mode

(b) Second mode

{d) Fourth mode

Fig. 9 Comparison of measured and computed mode

shapes of the spindle housing
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Table 7 Measured natural frequencies and damping ratios

of the spindle

Mode hatural frequency(Hz) Damplng rat]o
lst 401 4.73
2nd 1029 1.09

3rd 1968 2.57
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Table 8 Comparison of measured and computed natural

frequencies of the spindle

Mode Measured(Hz)  Computed(Hz) Error(%)
1st 401 426 6.2
2nd 1029 1141 10.9
3rd 1968 2224 13.0
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Fig. 10 Comparison of measured and computed mode

shapes of the spindle
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Preliminary design
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(b) Improved design
Fig. 12 Recommendations for design change
Table 9 Comparison of natural frequencies between the

preliminary and the improved design

Preliminary Improved Increasing
Mode

design(Hz) design(Hz) rate(%)
ist 177.3 183.6 3.6
2nd 198.3 216.6 9.2
3rd 290.0 322.0 11.0
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Fig. 15 Effect of the spindle-to-column distance on

natural frequencies of the improved design
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Table 10 Improvements in the natural frequencies through

design change
Preliminary Improved Optimal
Mode
design(Hz) design(Hz) design(Hz)
1st 177.3 183.6 356.3
2nd 198.3 216.6 380.3
3rd 290.0 322.0 426.7
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