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Abstract

The column of a three-axis direct drive vertical milling machine was as research object. Adaptive
growth method was adopted to optimize the layout of stiffeners of machine tool column, aiming at
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maximizing the static stiffness and natural frequency. In order to improve the anti-vibration abil-
ity of the machine tool synchronously, several modes which were most sensitive to the machining
accuracy were selected as the target modes, a multiple TMD system was arranged on the column
and its optimal installation position and tuning parameters were determined. The dynamic and
static simulation results of the machine tool show that the column structure maintains the original
dynamic and static stiffness performance while the weight is reduced by 8.7%. Moreover, the vi-
bration response of the structure is effectively suppressed at the target mode, which verifies the
design feasibility of the stiffener-TMD composite structure.
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Figure 1. Model of three-axis direct drive vertical milling machine
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Figure 2. Statics analysis results of machine tools
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Figure 3. Column main rail deformation under cutting force
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Figure 4. The first six modes of machine tool
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Figure 5. Frequency response curve of cutter tip under harmonic load
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Figure 8. Iterative process of stiffener layout optimization
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Figure 9. Stiffener layout of column

9. MRS

Table 1. Cutter tip displacement under cutting force

F 1 IEIIMER T IR R

X J51)/um Y 75 1A)/pm Z J71A)/um S /um
JR G54 3.62 27.6 4.89 28.29
AL fE 3.60 27.4 4.57 27.97
Bl —0.6% -0.7% —6.5% -1.1%

11‘80 260 4(;0 660 860 1060 1260 1460 1660 1860 2000 9O 260 4(;0 6(I)0 860 1060 12‘00 1450 16I00 1860 2000
FEHKE (mm) FFHAKE (mm)
(a) ESFUY AL (b) EFH Z J5 A 2k

Figure 10. Deformation curve of column main rail
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Table 2. Comparison of straightness error in the normal direction of the main rail
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Figure 11. The natural frequency change of the machine tool after optimization

1. RUERENE AR

5. FHERF Bk

AR R Bh A B 75 B RN 25 R ) NI B R BH e ae, Al SC@E s nss A /it i, YR
ERER R EES T 5 S REEMR, T sebrin TR iE R R F IR, w8 A 4584 4
22 B RV R FH e 2% R AN URIR AL A AN FIRE e P BE, AT SEEL S S5 M) PR 3 A 2l .
5.1. ARV - FHEs3 AR TEE

AR A A e AT R BN o 1 B R E, 1 12(a), TR Mo, WIRE Kob BELJE Gy 3K
ok, BRI KA 0 A TMD, A MR SRR my WU &y BLUE ¢ (= 1, - n)k&s,
RS - LR % RS0  BUSN IR Fe™ I i L3R T 7

e

() - A AR (b) 2 A A A

Figure 12. The diagram of box-TMD model
& 12. fE#-TMD BEUREE

DOI: 10.12677/m0s.2023.123217 2370 R ()


https://doi.org/10.12677/mos.2023.123217

TR

M iy + Cyiiy + Kt —i[(uo —u, )k, + (i i, )e, | = Fe™ ©
mii, +(d0 —L'tj)cj +(uO —uj)kj =0
o, ug A 73 BN SR MEE j 4> TMD fI6282, o J9SiRImiER .
FEAT BRIy, BB JE 25 1) 22 B0 AR AR R T B I S 5, AR A e S AR 25 R n 1] 12(b),
F LM - BLJE RGN EE R R K 555 R0 B M5 b R 454 5 BELJE 25 4% 1 R B 4 25 49 38, i R 454
(FIBHJEAHXS TMD Ifi 5 T 2 AN T, R RH JE 25 1) BHLJ8 6 B B AT A B AR RO BH B HE R . 3R G 1) PR R
RRUT
K=K°+K"
M=M+M" (7)
c=c’

Erb i K5 5 M Oy RS NI S e FERE , FO B bR R IE SR A PR TR B 5 K 5 M
SRR B IR EE S e AR, X TS5 P AEAE n ABHBERAVIEBL,  SRANBE B &5 10 & P R Ay a7 S )
XFRFERE, (@) R

KP:|:kj _k]i|

Tk K

-7 ®

5.2. fHEsEEHil

TIMD FE 1 IS 15 34 R SRR I O - WUEE — BELJR 3R, FUPRBE Rt 5 45 OO0
SHIRCIEHISS IRAIERE, R BT ASIRAN RE R AL ST RE R TMD 0 /(L7 B0 JEIE
BELJR HEAT R, AT GEBELJR 4515 2 M O SRR T MBI, 3 75 B8 B LRI
R DI BB, o i BOKRR R M R SRR AR
fEX TMD HORE R S HORATORAL 2 00, 456 5 B3 TMD RO it MOR B %S0 . LARER
B R GO I, RURIIO AR TMD IR FELR S MO, T2 T %
e FXT SRR R EA17). A TR TMD G, 7 LU 50(9) e BL IS 28 R A MO r B
A ISR R Rt M
M, =— & —Amy, )
W, -
St o, Bl o) 4RI ELHIMINARS R RATRS - OB, TG RN, MR B St r RS
ORRBUS AR AL, MU0 M, o, SRR IS 5 I L2 28 55 O L K
ASBIRAR A R e I L A7 1 T BLTE), 7 0 S o B SRR EARBLSTT &5 0,
FEIT 8 ) TD (%4 5 BRI Rl R (201, RS TR IR FLARASEas t B0 s IBL 4 o B
TMD (R BRI, LRI MR TR, RO SULIR A B B2 S8 K121, (RSN I
i T il 2 A 5 MOBEASHSR IS 010, TR AE SRR LR et TMD 570450 0 i L —

DOI: 10.12677/m0s.2023.123217 2371 e RSE TR


https://doi.org/10.12677/mos.2023.123217

AR

£ 0.005~0.03 2 [8], ASCHIS AL E B RLN 6 I, #EF S B ARSI B #3830 KG.

FRAEE LT T LUK ARSI N IR RS #AE 0 HARBLAS, BT R TMD, HIX 4x S 8@ 1 it
T &3 5 DL K TMD 2 J8) 2235407 B B T30 0 . Bhah, B S5 44 AR B NG TMD S, EsR%
PRI R M B 2 R AR Mg N, (B PR TMD ERRCRM R FR[21], FLEf
H BRI 87 485 45 52 B 10 308 0010 5 0 e v DRSS BEAT 40 o AAIEL 5 D S5 5 A0 i e 7 23 B o el DA 81,
SPHLPR =N J7 1] R0 kS B 5l f Y 3 HL5 S AR AR DR IS N 88— (50.2 Hz) 538 (83 Ho) i, Al
Pk FLgE RSN S B AR, A BARSESECE A TMD, HILHA TMD [N 15 KG. R4
ROFHE, P TMD (222350 B 13 s

BoHRENE

BHREANE

Figure 13. Installation position of TMDs
B 13. TMD Z&R N EREE

FERIE TS MR E G, FEX TMD KRIEZ. BES Rt T HIEIAL, DIERBt b2

AR T OVEIR B AR IR« BHJE SN, 4R Hoofft Ak i ) (BBe /M IR BN R B KA
HEAT VRV I PRl R A A Kt R (10) s,

® 2
kr:mr( y )
1+7

3r
8(1+7)

(10)

c.=2m o,

Hh o, NXFES r B BRSSPI EG R m NS r B H PSSR TMD Jfi&; ¢ 8 TMD 5 £ 458 1) &
oo EXFT 2 Al R AR A R e, IR 1% IR A L SEBR T R e i i 2 80, Rk
i BAERENUA PR OB R F BUE LSRRI BE . BB S8 BUE SR AR A 791 — ORI %
(SQPYEHATRALTHE, SEMARI B AR I -

find £, ,c,
. Jmax
min J; (11)
stk <k <k,
leﬂ — Tr T Tmax

W, TR EGEE BAEES TR KRBIRE, B0t R UENTE N & 5 o MWIIR{E,
LIBE G HH B 358 B A O L T DA R b 52 A e R AR AL T A3 1 25— 2H T™MD WIFE 9 3980 N/mm,
FHJE N 0.85 N*S/mm; 2 —2H TMD W24 9100 N/mm, FHJEA 1.41 N*S/mm.

14 2% TMD BTS00 JI9R S R L, ) DUE BI7E @ TMD 555 —B 5 28 I s s kAT

DOI: 10.12677/m0s.2023.123217 2372 e RSE TR


https://doi.org/10.12677/mos.2023.123217

TR

PRBNINH 5, 50 Hz F1 83 Hz Ab HIALF M LA A8 T B R 784k o B8 — B BT 6 R AR S A 25 il AR T 3=
B J)E Z J7 M ARSI AL RSN, 7E %2 %% TMD Jo Hma NG E A 4.5 pm FEARZE 3.5 um, Y 77 M 085
Wi 7 1,52 Fo2 0, E 50 Hz Ab M 3.4 pm FRAKE 2.9 pm, 11032 505 BB 2556 N [ 7 A HH 6 A8 T 5 i e K 1)
X 75 AL A Wi S 4R U AN 23.6 pm FEAK A 14.6 pm, 177 FL A AT R 0 57 A% mig 17 W1 T 94 A5 & 26 BH 8 ) AR 4L

Fri ¥ TMD 1ER 35 FEAK 1 H ARBLAS (7% e S U6 1D [5] Bt A (i S A R AR AT S . H it
AL, SEETENURSLAE |23 TMD SR8 S T IR 3l S gE AT S0 (0 7 8 2 BT 47, BRI BE e 2%
X AL BELJE 1 e 1 58 A 7T 5 35080/ 70 BAE SR B (4 5082 i SR, AN T ARG 2244 00 T 1) 3R THRFDRS %

35
30
25
E
Zo20}
E
.n]z
3@ 15
i>_|
10
sl
o . ‘ . . ‘ . . ‘ o . . ‘ . ‘ ‘ . ;
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
#HiE (Hz) iR (Hz)
(a) X FIaxtth (b) Y 77 %t b
10 T T T T T T T T
ol E%ﬁ] |

—

A1 W S (um)

20 40 60 80 100 120 140 160 180 200
BFE (Hz)

(c) Z FFTAIXf bt

Figure 14. Comparison of cutter tip displacement response before and after optimization
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