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Orthogonal Optimization Method of Dynamic Stiffness of Machine Tool Joints Based on Modal Flexibility

SUN Ming-nan ,YIN Guo-fu”* ,HU Teng
(School of Manufacturing Sci. and Eng. ,Sichuan Univ. , Chengdu 610065 , China)
Abstract: To satisfy the requirements of distributing the dynamic stiffness of machine tool joints,an optimization design method for dy-
namic stiffness of machine tool joints based on the theory of modal flexibility was proposed. Weak modes that had significant effects on
dynamic characteristics of the machine tool were judged according to modal flexibility coefficients of those modes. The multi-objective
optimization mathematical model was established ,with the minimum modal flexibility of the weak modes being the objective functions.
To increase the efficiency of optimum calculations, the orthogonal experiment design and the grey relational analysis( GRA) method
were introduced. Taking a precision horizontal machining center as example ,the method was applied to the dynamic stiffness optmization
design of the linear guide,ball screw,and bolt joints of the column-spindle system. The linear guide joint in the X-axial direction was i-
dentified that it has the most significant influence on dynamic characteristics of the machine tool. The best solution of dynamic stiffness
of joints was obtained. The effectiveness and engineering practicability of the proposed method were verified by the results of numerical
simulation and experiments.
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Tab.1 Dynamical stiffness of screws and bolts
Gifri BHIRIBE(N - m ")
X [VRERZLFT. 1.17x107°
Y [RRERZZFL 1.056 x 10 ~°
1.18x107"
R 3.92x10710"

e WAk RUEE I (R4 R

HEL AT A FROCH B I AT, AR5 5
A AR E BT, [/ 3 S5 T I - EHRS
(A BROCHE R 5 25 5 0 R B

(1) AR BROTEI; (2) FRARGA ROTEIAL; (3) ERATA ROTEIAY ; (4) TRBRZAT 4SS & 384 ORI ;
(5) HESYEEEMARITERL; (6) AE - FHARGA ROGHIAL; (a) BARLEE3E; (b)Y W FHLT AW
(e) Y RIRZITH G (d) X ML FRAEE; (o) X FTRBRZATL B A,

3 i -FHRFERIEBEESHHSFETE
Fig.3 FEM of the column-spindle system and distribution of joints
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Tab.2 Comparison of predicted and experimental frequencies

Bk i ELAH/ He S {H/ He W/ %
1 48.63 49.84 2.43
2 66.55 — —
3 77.59 75.90 2.23
4 108.21 — —
5 131.30 132.60 0.98
6 164.53 166.40 1.12
7 198.52 188.10 5.54
8 215.63 202.00 6.75
9 234.82 232.50 1.00
10 236. 66 238.50 0.77
11 267.12 264.80 0.88
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Tab.3 Static flexibility and modal flexibility of the col-

umn-spindle system
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4 5.16 18.27
5 0.42 1.48
6 2.56 9.06
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10 0.26 0.93
11 0.66 2.33
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Tab.4 Influencing factors and their levels of the orthogo-

nal experiment
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Tab.5 Scheme and results of the orthogonal experiment

T i B AR AT B A

= Sy R 2 WA /(10°m-N") YSSIT Y USS
5ok ky ks ky ks (f)r f)s (f)e (f)r (fo)s Y2 Y3 V4 Y7 Vs REE y
1 1 1 1 1 1 5.32 3.38 5.13 3.74 4.39 0.33 0.46 0.44 0.34 0.36 0.39
2 1 2 2 2 2 5.01 2.41 5.06 3.70 3.95 0.37 0.71 0.47 0.34 0.49 0.48
3 1 3 3 3 3 4.88 1.96 4.88 3.65 3.79 0.39 0.95 0.58 0.35 0.56 0.57
4 2 1 1 2 2 4.58 3.22 5.44 3.78 3.58 0.44 0.49 0.34 0.34 0.70 0.46
5 2 2 2 3 3 4.49 2.72 5.25 3.76 3.50 0.46 0.61 0.39 0.34 0.78 0.51
6 2 3 3 1 1 4.29 4.01 4.65 3.54 4.39 0.51 0.38 0.83 0.36 0.36 0.49
7 3 1 2 1 3 3.54 4.46 4.96 1.63 3.68 0.81 0.33 0.53 1.00 0.63 0.66
8 3 2 3 2 1 3.72 3.79 5.18 3.41 3.55 0.71 0.40 0.42 0.38 0.73 0.53
9 3 3 1 3 2 3.79 3.36 5.11 3.64 3.44 0.67 0.47 0.45 0.35 0.84 0.56
10 1 1 3 3 2 5.09 1.88 5.40 3.70 3.54 0.36 1.00 0.35 0.34 0.73 0.56
11 1 2 1 1 3 5.19 3.38 4.88 3.66 4.50 0.35 0.46 0.58 0.35 0.33 0.41
12 1 3 2 2 1 4.93 2.44 4.86 3.70 4.10 0.38 0.70 0.60 0.34 0.43 0.49
13 2 1 2 3 1 4.58 3.23 5.45 3.81 3.62 0.44 0.49 0.34 0.33 0.67 0.46
14 2 2 3 1 2 4.39 4.05 4.83 3.57 4.22 0.48 0.37 0.62 0.36 0.40 0.45
15 2 3 1 2 3 4.35 3.24 4.95 3.70 3.85 0.49 0.49 0.53 0.34 0.53 0.48
16 3 1 3 2 3 3.86 3.82 5.46 3.12 3.33 0.65 0.40 0.33 0.42 1.00 0.56
17 3 2 1 3 1 3.89 3.36 5.33 3.64 3.36 0.63 0.47 0.37 0.35 0.95 0.55
18 3 3 2 1 2 3.30 4.31 4.56 2.67 4.03 1.00 0.35 1.00 0.51 0.46 0.66
*x6 WMENWER *8 EXMKEITER
Tab.6 Results of range analysis Tab.8 Results of orthogonal optimization design
% il W R R Bk BERE/Q0 T m N e
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ks 0. 475 0. 543 0.524 0. 068 2 4 5.16 4.61 ~10.72

ky 0. 509 0. 499 0.534 0. 035 3 7B 3.75 3.63 ~3.27

ks 0.483 0.525 0.528 0.049 3 8 By 3.74 3.43 _8.44
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Tab.7 Results of variance analysis 4 z:'Fl: i/l’}
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