N .
—— ¥ oruu

FI XA K TR, i, Tk, 5 B THRBFFIEAIHE 0] 25 H S AL 3 ARBFZ[I] AR HIEH R, 2022, 65(6): 62-67, 75.
SUN Yewang, CAO Ye, SUN Songtao, et al. Structural stitffhess general optimization technology of machine tools based on
modal analysis[J]. Aeronautical Manutacturing Technology, 2022, 65(6): 62—67, 75.

v
»

BT RS R R ILK S R E &2
R AR R

FNVEREE 2, B 4, AVREEC, RE Y, e
(1. PERFRELBEARAFARIAAITET RBERLT T EEEZET, LK 100190;
2. W T RS, 47w 100081 ;
3. P BA KM E 32368 3FIA, L% 100190;
4. JesF i AHCEEA FRAE) LR 100028 )

3k

[HE ] AFHUR & RUERACE I o B R P, 5 T AURZE M B 440 R T 4R F- B0 AR L RARACI 3 547 R
R A LK T 8 A AL 0 SR, R A TR S 5 AT Ao i BB S 5 T AR5 &0 7 R ATAR B 2 X TP S e 2,
ITAE SR FHLR 25 H1 3h S R EARAL G, 28 R KA, & M ALALR 25 #9132 3 81 44 M) L PR 3 3R 25 A o9 1 0L T, AL
IR TR AL S 9 AT 25 RAE B EITHAB THUR S M09 3 5451, SH S SRR BE S AT 48 R, R B R BUE A a9 B S A
B A TRAE B S, — T IR FHAURE M SR EH B X, FILE M A AR 2 X T Ao 77 42

B RAKINR 5332 TF 10% F= 40% VA b B4 T AL 7 ik L AUIR 25 M EAL IR T AT i A2 69 B 4738 J
IR A AT AN B Akt AR FEM ) ; AL
DOI:10.16080/j.issn1671-833x.2022.06.062

PN
BRIEN FERARR, ARS
B AR REHIER AR

62 AiZHIEEA - 20224 65 % 6 ll]

BILIR 84 30 285 M B2 R oo 2 e it
AU 2 1%L B AR, 1 32
o W B2 B TR SE T LA B IR
PEFIRG ARG E L, RIS LR Bl 28 i M
J& FZAARBLHLIR A3 47 20 285 00 13 01
PRI i IR S ) 245 i R AROR JEE
SETE 5 SR, HILPREE F4) B Sl 2 13
il ZE T HUR R A Sh AR, T LA
REAS S WAL IR 1517 20 25 R P O A2
SRR LRSS B W E 5P )
BTN . AR LT
BRI BRI UAR X R il i
RS M A S5 AR BT R & B A
SHASHIEE SRR, A A RIS

oI AR AR NI e Bt Ay
RUKTT I HURSE T 5 i it
i K AT A IR BE AR BT
HASEZS 7 M7 i v S LR o 2B HE A T
AOERYT 5 Rl B e 2 LR
ZERR A BT G T 5388,
AP 8 0 AR e s SIS A A
BORAIATR 5 e PR RE RN BE AR
PRUEZSR  ARHLARBLS SHidg6 77 ik
ST AT AE BT X% 3t
IR MTTIEATLI B , A
LIF 3 A[afi el

(1) A2 1Rt 6 A0 30 oK o
A )T Sk Z AT, S EOR AR

*EETH: MK HARFEAE (51805035 ) 5 INAREEKLT(2017CXGC0801 ) 5 HE A5

4> (2017M620634 ) .



Future Machine Tools ﬂeﬂemﬂ{

73 T4 SRASBE R A 3 75 58
R R AT AR

(2) S KR 5 A IROT L
TE TR AFAE ORI DL BB 5, 4
S iz Bl B S 23 A 20 R IE
TR TR, 20 TR T kA
DT EIITAS R B MR ZE , A BEVER
BB B SRR

(3) R BB TR TR R
GEo3HT, T AL AT i AR AL 2
THRAERG RGN TER,
TR T AR A LAl SRy R S 0 B
PRI PR R L, 25 5 5 B0k 7 T
ARG I AN BEBF LIS
FB SR o

PRI AT ST XK B K%
DRATSE Bl ) SRR AR TR, AL
PRAT Ml e LR FROHE % 1) 5 B R T
SEFOM TGRS G, IR TS
ST A HILIAR i W E AL A BT 4
ARBFTE o

1 NERESHRESTAR
it

RS T a5 TS 5
SR WL N8 TN Ly | S A
T I, BESAS RIHLIR & B A AR
BZH NAHURES F LA 2 A 4
HEEE IR 7,

H i, XS A 4E SIMO
MIMO Fl MISO 3 #h 5, T
575 1) 45 48] 1) 5 B B S A A0
AT DR 5 15 25 B 85 A6 el o1 108 480 /-
ORI W 7 S WL g RPN TP e
BLAR Y BHE R AR 1A 05 7 %8, AT
RIS 25 il AL R 28, AR
FEE X ALK & A R 5, R SIMO
J7 ¥, OB s 2 5 R Bl e
VRS RN e S = B o S |
Yﬁﬁﬁﬁ [10—13]O

W2 R, R AREUA
FIHLIR F2ZERT R A 25 i AT s
SR ARG RIS R LU R
M 07 R DG X5 R AR i, LAMIL
PR i R A5 R a5,

PRl A EAEHUR I ZEH ST X, 25
AR SBT3 A4 R A
DT 6 NN . TIAh, IR AN
A L AEUR A 5 I8 ) i T X [
ZPRIX,

2 ABREES

BT LR RS o A S
BT B XTIR T 1 B BEH LR RIS 2
e A TR IR LS A A, A sl 3
4 Pis

YT IR B e £ A
A IRAFAENE (ARG AR I 1
RSB 2 | BB 2 B R,
FTRAMAIR RIS A B 72
BT RRBSE LT LR RS
SE IR B e

Bl srsm TR SRS s &
Fig.1 Modal test design of vertical CNC

machine tool

B2 ZITiI AR EESRs R
Fig.2 Modal test design of gantry boring-

milling CNC machine tool

3 HEREERRTHH
FIRT, ARSI E 2R A

BRICorHr, AT & B AR S S AL

R HSEPR T UL LTSRS T, i 5

(b)) RS [ 2B
B3 ARALETI i T RIS S

Fig.3 Modal test analysis of original vertical
CNC machine tool

(b)) B F13E 2B

B4 MRARTRITESRREES ST
Fig.4 Modal test analysis of original gantry

boring-milling CNC machine tool

20224E 5565 & 55610 - RLZEHIETEA 63



N .
—— RIZ oru

16 T 7R FAATL AR G 08 b 1T 29 3R 7 T
iR FEM 854047 .

MUK FEM #8 fR) 254 A4 2]
P T ) 8 L 17 100 4 3 SR FH 50 438 )
15 i AR D 3 5 A sk
RAFLRANE T2

HE S Fre vl UL, a7 = T
I 1) 90 DA g e ] P 9 55 X
SR PUAE A A ST RS, BT LA
FEBETHILIR B F2 5 40 A S AR ok 3
Eyaiie

4 BTFESSBHEARK

Wit a4

h T AR TFEHLR G RIBE FE 1 TR
FERAE M, AR LA ZSIR I R
B IRGTi g mmyaszw) | B RN RV = ) AN
Bk DR A RN ST 1 1 WP 25 A R Ak
it I AT A B S, Gl 7~12
JIi7R o

K7 S S 2O T e 25 H W
ST Y R 26, AT
SEAELE AR AT e il A RS
B E NN E R T A TR e
BTt S an i 8 a2k A A 9 %L
HA T RS

MG S A T A )E #5
M4 S (1 8 F11 9 ), 45 4 40 Uh 45 4
Ay M B3 0 5 ), 45 5 i B0 s
e 1 R,

MR 1, 32 T i i 4
FAPEACSZER T W BE ) S 2 4 v, AR
[ A7 4R T 10% LA F, % TFHLER
() NI P R T A B 2S5
Hh, FEM B4 RS0 A 45
FARW G A B AR5,
B2 FEM fefg 4 i wil sz =X 1
D EE R W PE AR fE B B, O L FEM
F14) 375 O =5 4R SRS 4R A8 5 i g0 A S
F14) 3 560 5B R 008 A 0 1) I A D
FEM FH AR S iR 2 AL 5 17
RIS, £ EAE TG P
PRIFIRNBE G, R IR A R G AR 2 2 22
PRBATCRIE N e 2 , I AR 25
R, FEHp R S AR S AR ) Sk

64 RiZHIEEA - 20224 65 % F6ll]

Eé‘ég

h§
| M
Seeiireiibgieg
A 388 88 R 8RR B R R R

(b)2 Fifsds 37.9Hz

Baw |

(d)4 iz 82.46Hz

%“'@ i
oy
iyl
]

(e)5 K 130.4Hz

SR T HOHIR EEFEMAEZS 2 47
Fig.5 FEM modal analysis of original

vertical CNC machine tool

Y
e 7

111111

(e)5 Hrisizs 72Hz

Elo ZITERRVBHEEFEMRSS T
Fig.6 FEM modal analysis of original
gantry boring-milling CNC machine tool



Future Machine Tools ﬂeﬂemﬂe

2~4 By,

110 S e TSR R I e iy
SEF NI ST 2, E
FTSLFESS A R R 70 o0 H o AR
SR I AME A
BEIT, A 25 a0 11 12 iR,
HR A T 1 8 B PR AL AR 5 A A 40 BT 245
A LRI 5 T 6 a8
gER, B R 2R, R 2
N ARE: L S BUE kR
SCEELT R I R v A AR

SEREZEA WA
A 5E

N FE S
K

TC % e 02 . 1]
A B0 Ty BBl

PURIRESE /.
ket 5
SEAEDLA

FEFF 40% LA L, MUK i W BE 14 hE £
T %& . FEM FHL IR B4 514K
P BARAFE 225 (02 FEM BB
D S0 e A DR 1 2 R A AR Ak
HLAE, IF B FEM A9 T b 35 9% 3h 48
PO TSR RWL 0 N SR E W 1
i ST B A B D o

FEM FATAL S S 22 5% &
BRRAET

(1) ZRBFFEH FEM HLR S B
R Z W T 2545 T AR A0 3 i S B

0.500m

B7 IO EEFE
Fig.7 Optimized design of vertical CNC machine tool

SE8ta]  ims)]  ams]  ams] s Gaskms| sl a7
oos12 00373 9

150

(a) FfiR A

(b) Ak Hr

B8 AT ORISR
Fig.8 Modal test analysis of optimized vertical CNC machine tool

(a)1 HriBiZs 24.524Hz

H
it
R

FNEIEINIEIRY

(b)2 WA 41.689Hz

fan

TR 562445

(¢)3 ribizs 78.979Hz

(d)4 Btz 83.826Hz
B

PR e
Lo

(e)5 B 139.8Hz

B9 R EiIX T HOFEMIESS T
Fig.9 FEM modal analysis of optimized
vertical CNC machine tool

20224E 5565 & 55 610) - MLZEIEEEA 65



N .
—— ¥ oruu

F1 M ITAOESSHITLL

Table 1 Analysis data comparison of vertical CNC machine tools

WAL SIARRERE | STREYMRE | SIREREHL | SRS | SrAEH
1 By 2 B 3 B 4 By 5 B
PAL RTINS /He 24.41 58.59 75.68 107.42 139.16
PiALHT FEM #5525 /Hz 229 37.9 75.9 82.50 130.4
Pefbriids 5 FEM 222 /% 6.1 353 0.3 23.1 6.3
el RIS /He 26.86 75.68 87.89 114.75 136.72
fAbJ7 FEM #5525 /Hz 24.5 41.7 78.9 83.8 139.8
b5 iR S FEM 1222 /% 8.8 45 10.2 27 22
PEALHT R RIS LA /% 10 29.2 16.1 6.8 -1.75

FRAE, {87 A6 BRAR X S He fih, &5 &
TR 2 P A8 Sl R 1 1 Tk o e AR )
TR

(2) 5R R4 15 20, SR
iz ) @) 45 48 1R Ak B K, | BOHLR
HB A 401 3l 2 7R A o B £ 22 0
B .

(3) HUREL AR LA Ry ] fR A AR
I HEZEHT R A T N4 B
PR ORI R B, T LR IR S 1Y
ARSI S FEM S BUEE7E
£S5, B FEM LUK TS
M ERSS AR SR —
FHW)A RS, FEM B9 )33 80 nT
PACFE M T BR 3448 F AR L1k
Bt

Fi AN, WNEE 2 fr s, FEM Al
IR B IR ZEAE PR G A7 e AR g
TN, EEAE FRAL IS MUK 1 HI
JEE 38 T, R i) 2 AR R A i 3 A S 2
TR Bl A 2, DU A 1R
ZEAETICOR, e 4 2 41 28 3 a4
KR 3~5 Biro

5 4
(D) MURBE o Hr e 720 R
i £ S A R A A T A I B
Jr G, S AL A 5
A H I E B kA IR E RS S
B, WERR A3 AT A5 A I B e 55 2R, AT
FIFHILIR S FEARAL 2 28 i 5 #a AL
66 RiZHIEEA - 20224 65 % 6ll]

N une

I Sp 77777

B0 EIIESKKREMAUTR
Fig.10 Optimized design of gantry boring-
milling CNC machine tool

(b) HEIHT

B RAERIERRREESS
Fig.11 Modal test analysis of optimized

gantry boring-milling CNC machine tool
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Table 2 Analysis data comparison of gantry boring-milling CNC machine tools
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Development of 5-Axis Continuous Fiber 3D Printer and Its Numerical
Control System

DUAN Jiaqi, HAO Minghui, QIN Ruosen, ZHANG Peng, FU Hongya
(Harbin Institute of Technology, Harbin 150001, China)

[ABSTRACT] In order to solve the difficult problem of precisely forming complex trajectory in 3D printing of traditional
3-axle continuous fiber, a 5-axis continuous fiber 3D printer with 5 linkage shafts (XYZBC) and 1 auxiliary shaft of resin
screw extruder was designed and built. Aiming at the problems of typical 3D printing control scheme, such as small number
of linkable shafts, poor expandability and poor real-time performance, the full-software open CNC system was studied
and applied in continuous fiber material increment manufacturing. Based on open-source CNC platform LinuxCNC and
EtherCAT industrial Ethernet, a full-software open CNC system for 5-axis continuous fiber 3D printer is designed and
developed. By optimizing the RT-Preempt real-time core, the HAL module integrated with IgH—EtherCAT was developed
to complete the 5-axis linkage control, and the screw extruding shaft was used as the spindle to achieve the accurate control
of its speed. The maximum dither control of user-level and core-level scheduling is tested within Sus, the maximum dither
of CNC system with integrated EtherCAT is less than 50ps, which prove that the CNC has good real-time performance.
Finally, the feasibility of the 5-axis continuous fiber 3D printing system scheme is verified by standard tensile property test
and forming experiment of space lattice structure.

Keywords: Continuous fiber reinforcement; Resin matrix composite; 3D printing; LinuxCNC; EtherCAT; RT—Preempt
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Structural Stiffness General Optimization Technology of Machine Tools
Based on Modal Analysis

SUN Yewangl’z, CAO Ye?, SUN Songta03, YANG Qiujuan4, YANG Luwei'
(1. Beijing Key Laboratory of Thermal Energy Technology of Technical Institute of Physics and Chemistry, CAS,
Beijing 100190, China;
2. Beijing Institute of Technology, Beijing 100081, China;
3. PLA 32368, Beijing 100190, China;
4. Beijing BSD Science Development Co., Ltd., Beijing 100028, China)

[ABSTRACT] Aiming at the stiffness optimization key problems of machine tools, due to insufficient analysis of
numerical iterative optimization algorithm and high cost of optimization machining test caused by complex structure and
large size of machine tool, this paper provided the method of combining finite element modal analysis and experimental
modal analysis to optimize the dynamic stiffness of machine tools including the vertical and gantry boring-milling CNC
machine tools. Combined with the modal test analysis and FEM, the results show that without considering the stiffness and
damping of moving pairs of machine tools, the simplified FEM modal analysis of the machine tool could better reveal the
dynamic characteristics of the machine tool structure. According to the weak area of the dynamic stiffness of the structure,
the low-order frequencies of the machine tools are increased by more than 10% and 40% respectively. Importantly, it is
showed that the optimization analysis method could be applied to the analysis process of structural general optimization
design.

Keywords: Modal analysis; Structural stiffness; Optimization design; FEM; Machine tool
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