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Fig. 1 Topology optimization result of maximizing
fundamental eigen frequency of one cantilever beam and its

first mode (23]
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Fig. 2 Schematic figure of condensation points
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Fig. 3 Condensation points to which node a attached
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Fig. 4 Planar four-node quadrilateral element
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5 (a), (b) Ml (c) Al ENA BRTTRY, W X, Y, Z J5 1485143 24 20, 30, 40 IFFF1 10, 15, 20 B #EESR sl A0 &
Fig.5 (a), (b) and (c) are, respectively, the finite element model of the entire machine tool, distribution of condensation points

when the model are divided into 20, 30, 40 and 10, 15, 20 divisions along X, Y, Z axis

R1 BIBEMREMRER

Table 1 Eigen frequencies of the condensation model of the entire machine tool

Eigen frequencies ANSYS 20, 30, 40 divisions along XY, Z axis 10, 15, 20 divisions along X, Y, Z axis
order Condensation model Error/% Condensation model Error/%
1 72.17 72.18 0.01 72.19 0.03
2 75.69 75.69 0.00 75.69 0.00
3 161.34 167.01 3.51 158.10 —2.01
4 165.25 163.09 —1.31 171.87 4.01
5 188.27 173.29 —7.96 187.20 —0.57

(a)
6 (a), (b) Ml (c) XA W REATIRGGHERY, oY X, Y, Z J7 153 5%l 10 6, 12 WEAN1 8, 6, 10 IHEER w231

Fig.6 (a), (b) and (c) are, respectively, the finite element model of the saddle, distribution of condensation points when the model

are divided into 10,6,12 and 8,6,10 divisions along X, Y, Z axis

R2 REBEMEERER

Table 2 Eigen frequencies of the condensation model of the saddle

Eigen frequencies ANSYS 10, 6, 12 divisions along X,Y, Z axis 8, 6, 10 divisions along X,Y, Z axis
order Condensation model Error/% Condensation model Error/%

1 378.29 378.20 —0.02 378.22 —0.02

594.52 595.69 0.20 595.97 0.24

2

3 830.87 828.45 —0.29 828.27 —0.31
4 1064.10 1005.73 —5.49 990.51 —6.92
5 1397.60 1381.25 —-1.17 1367.47 —2.16
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Fig.7 (a), (b) and (c) are, respectively, the finite element model of the headstock, distribution of condensation points when the

model are divided into 15, 17, 20 and 10, 12, 15 divisions along X,Y, Z axis

R3 FHEREMERRRER

Table 3 Eigen frequencies of the condensation model of the headstock

Eigen frequencies

15, 17, 20 divisions along X, Y, Z axis

10, 12, 15 divisions along X, Y, Z axis

ANSYS
order Condensation model Error/% Condensation model Error/%
1 697.65 683.57 —2.02 683.79 —1.99
2 77477 751.50 —3.00 751.79 —2.97
3 992.69 957.05 —3.59 958.91 —3.40
4 1130.91 1128.70 —0.20 1120.98 —0.88
5 1162.26 1114.99 —4.07 1114.17 —4.14
3.2 it it 4 4 ®

X LG AT PR CAR R G S e 2 R RO TR T 1,
SRR B3 R AL T A7 PR e,
I FBEER s vl LAY S 0 A, 3K AE— e R gk 1
NI i4b, nTLUOE R X, Y, Z ) 204 4
LGN EAE, IXFAERER R H 2 IO, AT
INEARTEE L BRI X IR B 2R A, TR A
AR TEAS W S ) DX A PR 58 3R o, 30— 20 By f AL A
TURDRS LRI, GIAAENUAR RIS AE AL  REG A H (1
PRAL LK TR RO RTAL, A T B A A A R A

MBI AT L, B S KB AT LALEAT R TR
R R D — N, R, KERE AR
SCHR PR B i AT R I B 208, ) DA o
BEALR S et ) SO AR 17 PR RRASE

ML, 2, 3R, BT ZEBESR SHE LA
PR AR s AR E H D IR Z S L, AR SR
H R TR EE R AT 5 B RFE(E S ANSY'S R
SKARAG BR TCAS AL A3 2 AR AT 5 B RFAE AR AR 358 22 3 AR 1)
16 5% LA, RIS 1, 2, 3IIF T A SCH (R
TR R PR E A

AICITTE NI S it T 52880 ) 2 B
B (K0T Be, R ORI i a5 A Bl 5 SCRFAEAEL 1)
Bk B I (] SCRFAEAR R8RS — AR 81 5 ity
B SCRFALE AR 1) 7L R R g i AL, K L83 ) i) il
(RIE H 5 BT OG0 10 5 R R A R K AT IR). XA AR
I R T 5 DL

(1) H &R SCRFAEfEL TR R A FE 2% I [7) T
HOHER I IR LA LA LS, A SO IRAE Y
AREFLP AL B 8], DRSS T m BAAE—
SERESE BT S M T SCRAE AR i ) SR A 1)

(2) i 5 IR IMEAL BT AR R TE G, X
RS M R R rh A il — IR A ) R, T
BB AL (). 340, B ) i i R
(R Jad #8 F EL R 307 21, 45 21 110 fg AL L HAT W 1)
HEX.

(3) VHELHL A Bl e Mt B 25 R IR I 4, IF
825 52 P B 2 P 03 3 K 5 A AT BROK G,
RHETTIAY il B B2 L, R P A B0 B R
AEATAT BR CAR TR i D A BRSO E SR i, TR T3P
55 BT LA S I 5 R R I PR B SR i, e R R



gH

2

RSEAR G HE T Jud Bl AA (L ) 465 ) 3 ) B B Ty ik

349

e T NT T

(4) HIFTREER R A R HIAT BROK BTG EHE 1), m]

LA vt 250 W A7 R TS 2R i (7 BT AR B R 5 2R
BRI RE LA A I SEALI

A
=)

10

11

12

13

ATPFARGE Dy ARG AT FRICTL . o RS 1555 4
FEII A I LE UM T R, P iR ARG

2 £ X W

Qu ZQ. Model Order Reduction Techniques: with Applications
in Finite Element Analysis. New York: Springer, 2004
SRARE, PR, G RE) AR RE: RIEM TR R
1, 2007 (Zhang Yahui, Lin Jiahao. Fundamentals of Struc-
ture Dynamics. Dalian: Dalian University of Technolgoy Press,
2007 (in Chinese))

Guyan RJ. Reduction of stiffness and mass matrices. AJAA
Journal, 1965, 3(2): 380

Kuhar EJ, Stahle CV. Dynamic transformation method for
modal synthesis. ATAA Journal, 1974, 12(5): 672-678
O’Callahan J. A procedure for an improved reduced system
(IRS) model. In: Proceedings of the 7th International Modal
Analysis Conference, Bethel, CT, Society for Experimental Me-
chanics, 1989

PRAHER, WET7. —PhEoRs sl AR, HUBRGRE, 1998, 20(3):
230-232 (Qu Zuqging, Fu Zhifang. A high accurate method for
dynamic condensation. Journal of Mechanical Strength, 1998,
20(3): 230-232 (in Chinese))

MRS, XUBFRE. — Tt R R AR S ik, 1A SR, 2006,
28(2): 71-72 (Yang Qiuwei, Liu Jike. An imporved method
for structural finite element modal reduction. Mechanics in
Engineering, 2006, 28(2): 71-72 (in Chinese))

BT, BRI — R OR AL MR AR 1) A AT, D2,
1992, 24(2): 239-242 (Hu Ning, Zhang Ruqing. A parallel al-
gorithm for eigenvalue problems of large-scale structures. Acta
Mechanica Sinica, 1992, 24(2): 239-242 (in Chinese))

Ong JH. Improved automatic masters for eigenvalue econo-
mization.

3(2): 149-160

Finite Elements in Analysis and Design, 1987,

Cho M, Kim H. Element-based node selection method for re-
duction of Eigenvalue problems. AIAA Journal, 2004, 42(8):
1677-1684

Bouhaddi N, Fillod R. A method for selecting master DOF
in dynamic substructuring using the Guyan Condensation
Method. Computers & Structures, 1992, 45(5-6): 941-946
Kim KO, Choi YJ. Energy method for selection of degrees of
freedom in condensation. AIAA Journal, 2000, 38(7): 1253-
1259

LA, WA, 96 AT At IO BRI B
55T, 2009, 36(4): 18-20 (Bao Xuehai, Chi Maoru, Yang

14

15

16

17

18

19

20

2

=

22

23

24

25

Fei. Research on the selection method of master degree of free-
dom in substructure analysis.

2009, 36(4): 18-20 (in Chinese))
BETIN, BRI SRARA BRIT A o R ALy R AL IR R 4 Ty
Vi J2EfEAR, 1987, 19(3): 259-268 (Liang Naigang, Chen
Qiye.
of equations in FE analysis.
19(3): 259-268 (in Chinese))
WAL, BRESE, EORP. BT S sl 1 5 R T ik .
J12E 3R, 2004, 34(3): 289-303 (Xiang Shuhong, Qiu Jibao,

Machine Design & Research,

Extracting-condensation method for solving large sets

Acta Mechanica Sinica, 1987,

Wang Dajun. The recent progresses on modal analysis and dy-
namic sub-structure methods. Advances in Mechanics, 2004.
34(3): 289-303 (in Chinese))

Wilson EL, Yuan MW, Dickens JM. Dynamic analysis by di-
rect superposition of Ritz vectors. Earthquake Engineering &
Structural Dynamics, 1982, 10(6): 813-821

Gu JM, Ma ZD, Hulbert GM. A new load-dependent Ritz vec-
tor method for structural dynamics analyses: quasi-static Ritz
vectors. Finite Elements in Analysis and Design, 2000, 36(3-
4): 261-278

S, Ve, AR SR SR RS IR NI A i B T AR
itk k. TR 1%, 2007, 24(10): 25-31 (Liu Bin, Ding Hua,
Shi Zhongmin. A model reduction method for dynamic anal-
ysis based on deformation modification and local rigid body
mode. Engineering Mechanics, 2007, 24(10): 25-31 (in Chi-
nese))

HOBUK, THE BT ASBAE IE R BRI A B g BERY fR A g ik
J12 5528 2008, 30(6): 31-34 (Zheng Shufei, Ding Hua. A
model reduction method for dynamic analysis based on defor-
mation modification and local rigid body mode. Mechanics in
Engineering, 2008, 30(6): 31-34 (in Chinese))

Saad Y. Numerical Methods for Large Eigenvalue Problems.
Manchester: Manchester University Press, 1992

Sleijpen GLG, van der Vorst HA. A Jacobi-Davidson iteration
method for linear eigenvalue problems. SIAM Review, 2000,
42(2): 267-293

Xu JC, Zhou AH. A two-grid discretization scheme for eigen-
value problems. Mathematics of Computation, 2001, 70(233):
17-25

TR, G2 MERERAL Be vk S AU R G BT T RO BT (1
Tz, KRiE: KEB T K%, 2010 (Wang Bin.  Multi-
performance optimization of structures and its application in
[PhD Thesis].
University of Technology, 2010 (in Chinese))
SR, X, ok ML B N . 2Rk RE, 2000,
39(1): 1-36 (Zhang Xiong, Liu Yan, Ma Shang. Meshfree

aeraospace structural design. Dalian: Dalian

methods and their applications. Advances in Mechanics, 2009,
39(1): 1-36 (in Chinese))

Cook RD, Malkus DS, Plesha ME. Concepts and Applications
of Finite Element Analysis. New York: John Wiley & Sons.,
1989

(Frishdd: x4 E)



350 1 2 i 2012 4F 3 44 &

g

STRUCTURE DYNAMIC MODEL REDUCTION TECHNIQUE BASED ON
LOCAL INTERPOLATION Y

Deng Jiadong Cheng Gengdong?)
(State Key Lab of Structural Analysis for Industrial Equipment and Department of Engineering Mechanics,
Dalian University of Technology, Dalian 116024, China)

Abstract Based on complex structural finite element model, a new reduction method of structural dynamic
model using local interpolation is proposed in this paper. The displacement of a node in the finite element model
is obtained through interpolation of the displacements of the condensation nodes it attaches to. Every entry of
the dynamic condensation matrix is formed by interpolation functions. To improve accuracy of the reduction
method, the shape function of the non-conforming element is adopted as the interpolation function to lower the
reduced structural stiffness after condensation, and the eigenvalues and eigenvectors are ameliorated through
inverse iteration on the finite element model. To enhance efficiency of the reduced method, regular grids which
just encompass the structure are employed to generate the condensation points. Due to the regularity of the
grids, we can easily determine the condensation points to which a node in the finite element model attaches.
Finally, mode analyses of three machine tool components demonstrate the effectiveness and the feasibility of

the reduction method proposed in this article.

Key words model reduction, local interpolation, non-conforming element, inverse iteration
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