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ABSTRACT

STRUCTURAL OPTIMIZATION OF CNC VERTICAL
MILLING MACHINE BASED ON SENSITIVITY ANALYSIS

ABSTRACT

CNC vertical milling machine (CNCVMC) has wide application in modern manufacturing
industry due to its versatility, ability to perform high-precision machining, high degree of
automation, and flexibility. However, due to the modern design concept emphasizes lightweight,
will take the selection of low-density materials, the structure of the solid part of the hollow
structure, or even reduce the structure of the safety factor and other means to achieve the
purpose of lightweight, resulting in a certain degree of machine tool intrinsic frequency will be
reduced. In this paper, XK 7130 vertical CNC milling machine was taken as the research target,
and modern analysis tools were used to perform finite element analysis, combined with
intelligent optimization algorithms to adjust the dimensional parameters of the machine tool to
achieve the optimization of the natural frequency.

First of all, a three-dimensional model of the machine was established by CAD modeling
software, the finite element model of each key component and the whole machine was
established by cleaning up the geometry of the three-dimensional model, selecting the cell type,
mesh division, and defining the boundary conditions, and so on. Through the static analysis and
modal analysis of the parts and the whole machine in turn calibrated its deformation and natural
frequency, to determine the weak link for the first two orders of the machine's natural frequency.

Second, weaknesses were optimized by sizing the machine. Firstly, each reinforcement
plate and wall thickness of the whole machine were selected as the original dimension
parameters, 11 key dimensions were identified as the design variables through the optimal Latin
hypercube test design method and sensitivity analysis tool. Determined the first two orders of
natural frequency and mass as the optimization objectives. By using response surface
polynomials to fit the relationships between the 11 design variables and the three optimization
objectives, three response surface approximation models were derived as mathematical models
used for sizing optimization.

Finally, two intelligent optimization algorithms were used to solve the mathematical model.

The improved particle swarm optimization based on BP neural network was run in MATLAB
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ABSTRACT

software, the particle swarm optimization algorithm solved the three objective functions trained
by the BP neural network according to the dataset to obtain a set of optimal sizes and optimal
target values. The second one is multi-island genetic algorithm based on the optimization
module of Isight software for solving the response surface approximation model, and the first
two orders of the optimized natural frequency were increased by 18.3% and 19.5%, and the
overall mass was reduced by 1.7%. Compared the two sets of optimization results showed that
the multi-island optimization algorithm was superior to the improved particle swarm algorithm
based on BP neural network, so the second set of optimization results was taken as the final
result of this study. This paper proposes a structural optimization method applicable to machine
tools and verifies the applicability of multi-island genetic algorithms in the optimization of
milling machines, provided an effective optimization scheme for the field of machine tool

structural optimization.

Keywords: Vertical milling machine; Finite elements; Sensitivity analysis; Size optimization;

Multi-Island genetic algorithm
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JEREL, SR A Ty AT A4S 2 N B A R TR R NP ER, A A
I H LS R B A BB AT B, BRIRAMR 2 TAR R, 27 vRIEH T W R a5 M ) =4k
AR, B RRAE S = #AAR B4 SolidWorks, Pro/Engineer, AUTO CAD, CATIA
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BT =@, 25 9 RER A IR oo 70 A B e 52 1 o 1) g 2Gd i b @ A
e O TR RN, EMT N SEGRTR R EEEEA L R E A, R
LN RE B R B 22 T R RGO, AE R A] LUR J5 8 1 Lo 3t gt 57kl o
BEMOARI =GR, 7E 3 N B R AT ) LA I8 BN (740l v DLGBE 46 30 70 th s, R
SRR B A TV o AR ST IR I B2 HH 7SS B A SR G B 2 A A e A, e
ATREF R O R 4 E, FIEF] ANSYS workbench #' Design Modeler(DM)#
Space Claim(SC)FEHx -5 7% B BC AR i B AE RCRAR B SRS BE AN B I i, e R %
W =@ RLAT SolidWorks SR BIEENL ABER I =4 . 37 AR I = 4ERB 4n 14
2-2 7R

y
X

2-2 3L PR = YA Y

Fig 2-2 3D model of the vertical milling machine

N =R R BN B BRTT AT A T R A e b, IR R TIAk, AE AT
Kb BRI BUBL 5 EER WA R 0 A3 R AT RE/DS, DL BRI Nl Y, R B ke S Tt
HTAFEREFELR, SEORIEEATE R AL Rl SRR 5 iR e K,
AKHER AT T AL gt 2 T SO I RCRAR N 8Os TS A RIS 22 . R, A7 R R
KeFRARAY . fRj AR TR F) S U

(1) W EEFRPERZ RN FU AT ABEAT &G S A R4, BRI, A AR e sieiAs
N TR TARR 2, LT a2 TR sl dmAl. LSRR L
2L, XEEARER . TSR T LR R EEANAS A 2R Km0, B 2
BN RIS, A LA B 5 BRI /N1 HA AL B AR A% RS, 3 B A% S el
B4 AR DN 1R IN W] e 2 L W% B NI b, RO R SERSR T B, XIS R T
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o SLALE RIS, BN AN SR 3REXE,  f TAEASRENAIEAT -

(2) W EEFPRFPEBA AR R IR AT @ = fit, PR AN E M. SEhndr
Hh 2% 18 ) 22 A 1) R ECE T2 B R X AR Z A R 2 B A b AT I A AR B, (B A O A7 AE T
SIS BEARGER T S R WL < AR LR N 7 8 77 AR R ORRE M, {BLIE A A7 A (R o7 L
FERI 7 WG I 2 77 A BN B R RO A A SR s BRAR ARG, RS R A i AR
I 2 520 3 AT S R e 4T

(3) X JUATRE AL A2 A (] LS RIS TEAT S0, X BN EE AT/ il
P BEAT TACAL B, Xt o0 A 4 2R AR BN R R A A T DL EL R R AR AL

2.32 BRTRENENT

AT A A T EEA R i B, CONE R ERR AL T2
VItE 4. 5 3D JURRRAEUARE, A FRIOBEALE — R 512 W45 5 BN A TREE 3G,
FANRITTAE —BHEN T A, BENRGWA—RYRAEN R R, SR
BE TXRERTER . MBS E TINEAT . QR FAT SR R . R @B
KR B, HAERBSEIESN, EFETRITFZH MKMW T, S5 UTEE.
FOCRAIABE IR . ook e e . TR EVERY, LRI AL RS, &
SEAPRITHIP IR R

(1) FABHY

ANSYS T A G0 B AS [\ @ AR A SCREA B I S S A . e, £
SolidWorks % 37 [ = 4k JL M B BL AR R AE N G N “x_t” BISCHF, WI{E ANSYS
Workbench [ JLfr] 45 #4) 146 10 < Ak B 482 5 A\ 2 Design Modeler(DM)&% Space Claim(SC)f& 3k
AT PR, WA s “x t7 SR s & BL SolidWorks ZERC A B B R A7
() 1E # 4% 2.SLDASM E{E M S EAEHI.SLD A& R E SN ANSYS 1, ik
ANSYS SR T CAD BLE & BEAR AT, 164% SolidWorks T [#) Workbench I H%
1, wtAEK . SLDASM 5 A\ %] ANSYS.

(2) JUiE#

BRI SNSG, B (R AEE A FEFS B RS B AN VT BC 55 () - S0 LA AR A 2 HY 301
R oElh. pElia. B, &R, EEMESER 8, XKEnEFEES
JE A BERIE T . AT LLE I Space Claim(SC)FTH 45 M4 Hh (16 2 T LA AR Th EAS:
AR REAFEAT 1R, Space Claim(SC)IRIME R UiRE, I B H 2% H Bk il 345 70 ok 2k
R Thee, (RIS $& At R PR T B DLVE bR & i 2 (A A T B XL —— i & 2 f5, E—
186 5 5t % AT ORASE AL P TE A AN S22

(3) MEHEMEE X

FERAR T BT LA E, 5 SRR SLBRIG Ol E X TR, SR Ll R R
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(3PP JEE o ASURIIF 78 BB BRI & AR B5 8k 200 8644,  HT200 A2 — Fh i B 4 (1 85 b
kBl BA®HEMEG . BIRERILR . SRS WEEGER A, FEMTHEERS .
IR RN SL S 7R 2R 2 B IR SN 4. IKEEEL 200 MBS MIRIKE
E=135GPa, #J¥ p=7200kg/m3, JAKAELy=0.31.

(4) BIuRMIkF

IR FRIESE I A JURIRRE. 52 31500 DL K T 75 ORGP R S R R ik
o AIRIoH Mol ik B o R B A FE 2 5 0 (Beam) AT 5 G(Link) B 5 7T (Plane).
FEHLI0(Shell)s = H70(Mass)s NI G(Rigid)55 2 F 2 . F 5 0(Link) (X B8 & 2K,
M. K77, MARSZEBEERNGET: Booor DukEE. KRS, 5%
FILHH T 7R S5 M, 5 Z G AT Hse A B, RN T LU B s AR AR 454, il
FEMEREROR o AT TG BRI ALIR B AT DY Th0 A 58 e Kl 43, DU T AR B0 0 50 52 24k 435 4 3 I
U, AT DAPRE AR A

(5) PRI

WA K1) o A ST PR O AR I (A% T 55 22—, AR 1) 0 TR R & 58 S5 A 8 1) 5 B
PEFIJG SE A 5 RIRE W B AR B 2L, fE AT AR R 0 ih, TREZEMASEE . M H
B AR R DA S BR C R SR R 2 . AR B H I 2 /0 B 0 R BT R AT RS
— RGO RS K H B 2 RS RS iR S H R N TR Rt 2, BRI TR
R VL S HHLME RS, ROZE£EE I 1) WA RT A G & A3 E o AEARAERINT
T R A T Ak R 2 8 /) DXL s RO e 8 X s DA DR B 8 SR RS A R . AR DR TR 31 %
FE AT BEAEAEAS [RIRE 2 B AR TR, e B3P M RS (0 I A P A B kAT R 43, R JRE L IR
AR TAES AR RS A 20mm VYA, BT EMMESHEAER, *
BhAELN 5> 10mm B DU AR IS o Kl 53 5 BINLIR 8 22344 S B4 1A 4 sCESORT B e 2
T

R 2-1 AT R BN RO e H

Table 2-1 Number of nodes and cells of model parts and complete machine

T W REH FITHH

ERiL ] 328898 210551
ST 125683 73053

TEE 40650 22402
HEE 3 54573 33316
= 98597 58457
S 129230 70873

WL 777631 468652
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(6) Bl ENE

N TR A RS G M, AR T 2 ER AR u g2 S
WEbRe FH AT DUARSE WA BTSSR AT o iR 2 5 R, — R L N 24

(DElement Quality: FrifEe oA AAK 2 th, i b, ZEMEr 1, Bk
MKz LRI 1, S5 &Rk

@Aspect Ratio: X T =AML MR R UL, PBELLET 1 RomzMik S &l
“MILERIET T, RIS R, KR s AE 2 1o HSEFRK 53 WA 41w
LA R 1, B — R LA KT 5 RIS LIk R

(®Jacobian Ratio: EHLIGNL, e mUARHERT LLRFEAT 21 202 5 oK A8 5 e /ME Y
FCAR . FH ORI 5T () SE B IR 5 HoAR e IR AR B ZE AR L, H i K e o= A Bk
BUEAN | B Ros R, HEn] LA KT 40 #AE AT 520 H N .

@Warping Factor: 11 & FICHASER R = B 28 dHth REORFHE N0, (EHBK
W I 70 A P A

®Parallel Deviation: H.yTX 11k & U FH AR SZEAT s KR M . s LEZ 0,
YEIPRT A TAT, 150° HNfeEr ERR.

®Maximum Corner Angle: HITHHRKM. =MEH 60° i, UibH =M RN5FE
W= VA 90° mit, UERAPIAE &Y.

(DOrthogonal Quality: .7t H A7 B B4R e AL B m &, A H5 R ITH A Az
BASAEPAE. BUEEE &2 0-1, ERN oM ERE, ®EE 1.

AW FTEIEEH ANSYS Mechanical FH1H] Mesh T 14 51 S LTG0 i = 34T
THLE . A BT PRSI R0, R R s OKE Y 0.99997, ~F-EIMEN 0.837; Xf
PR LB TR A, FIMEN 1.46; PR HIAERT LU MBS 1, ~FIIMEY 0.957; ™
& I s R0 A A B M2 67.33° , H TR DY TR A& R 73 1, 6T = A T I
WKL 60° /I LA E, AR S e K00 A A AR R s X WA IR I 22 ot kAT e
7, ERAERKMEN 0.991, FHMEN 0.931. @ nf kR ST A, R
B A PR R, WA PR TCEE AN i R A R A R B

(7)) DFFAE L

WS 7 R Ny oo fE B, IEAREEAT 0, AR TEEN G — 2
B SAFLIR . AT AR TSN R EAE R, DRt B AR 4 SE Bt Ol
177E S0, ARBIFFEEE TR B SEBR TAE 15 S0 AT 58 e i 3 75 A A% S35 1 T 1) ]
2.

SERCCA AR ER, HURENLA R e @A e 5, AN B s
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L ]
0,000 0.500 1.000 m) p4
I a0
250 0750 '

K] 2-3 3L VB R A (R o Y

Fig 2-3 Finite element model of vertical milling machine
2.4 IR BIEGERRIER D4R

A IR TTIEIE IR 5 RE R AL BRAS B TR Al L, I AR B BT (1 1 B AN &
SR BEAT 73 BRI SRt o IXAh 7R W] DA R4 g/ v SRR a], I HLAT DR il 52 % i) @,
il 45 SR B I AERA AL AT 5

2.4.1 B ARt & Al

Bt K d )5 B 1 UM ST I AR o AT BRITIR 3R A
oy T A, PR B B AT RV S 1 o BB R ACYIMA TG 1R & — MESHAE,
ED AT AT B 7 i BE A A, JESETT 3, B ST AR 5, RIS SI e A E D)
RA, HYPEPE R AIAAA LE . S AN SV E AR S A 2 O AR AR IO A TR T A2 Ak . XA
PE 5 A A2 S T S el P MBSk D S B AR R AR L R AR TR AR I 5
R 32 N 3 2 18] ) A AE R B o

w1 Mt Fe Sl M AE 20 5 1 0 A /R LR BOMR R, AT RA2) N ERAE 7t A Lt 5y
B, K2 B AR ) UE R 2 R 2 M s REAS BRI R A5 R, o M (0 H I A2 1 5 254
HIN g NAE. ARIBLESH. § 1 Msi 1 ARK— kg SR G 4R
BB EER, AR R X B3 iR, I 7720 A I s S R R DL R 32 BEL
TR EERIA G YT o R AE— G54 11 5 R AW BARIB AN Issh iR, H L
% HH AR RB TR

15



ALK 7K HL R 2T - 2 A3 1 S

[ml{u(®} + [cl{u(®)} + [k{u®)} = p®)} (2-1)

oo {ult) Rk ik S i

(O R 2 ok i 5 B

WO VRAE AR

[rm] R 8/ s 28 o e 5 6

(] M6 Ak 22 O FELJE 4

[k ]R3/ s 28 1 9 K

POV RIS

B ALK BB TR, 1T 3 40 Wi T 2 S R i A2 B B
OB, BRI R 9 207 2 2t R

[K1{u(®)} = (D)} 2-2)
SS9 B O [ B JE S [ S

242 B¢ N ints

AW SR HLIARAE SE PR B0 T BAF 2K 52 B r bt N CENLIR |, A SR Z XA LR %
A LA BENLIEAT & 7 20 b AR 0 M R0 Ak S AT e o BE WL 70 20 4 SR BE AN K
PR BEAS I FEAN X 2 e VR B AT 0 S0 M AR U = B ik = BT U
I T I i S AT b o

2421 REEBNTIHER

IKE 8 T BRI AR A, B THURKRAE, AEBAHE A TIESG DR ST
VEG Z PR, TR E SRR EIEIR S b, IR B 158 B 0% R HLAR N
THIREEE, XPEEMHUR AR s B R E B EH . AWFALER & 5 SR
IR ST AN T A S PTR 5561N,  AEPR B BN AR & AIE d% 1) iR 3140N,  FFn
VIR A SMED), HIRMENELW, B8RRI T2 R ) FAR T AT KA
KGN Bl A B 2-4. 2-5. Bl 2-4 7750, RN I8P TEIR & 5574
R b, KR I8 2.04MPa. IR & & T8 BARBR N 33 KT AT sz e KB g, Rt
WK B SR BERT A K
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A: Static Structural

E: = e

AR M (fon-Mizes) Beh
B Pa

A 1

20245484 2223

2.0363e6 Bk
18107e6
1.58358e0
1.3576eb
1.1313e6

452505
2.2634e5
49, 594 Fi

K 2-4 KN 1 =
Fig 2-4 Stress cloud of the bed

B 2-5 (a) AI%0, RS KA IE S ISR A%, &RMEN
6.57um. HE 2-5 (b) AIH1, REFE X 7R BRI RAEIE 2 1.28um, KAEFIKE 5L
FEEREE b WIS 2-5 (o) ATH1, IRETEY 7 ERs KB R AN ESTE X7
Il AL E R, SRR b, SR 1.07um. I 2-5 (D) AT, RETE
ZJ5 1 E R KA TGS 0.17um,  KAETESIAF AR NIA I EE o 28 Bl AR & 7R
FEIER T BRI

(a) A:static Structural (b) A:static Structural
Total Deformation EEEER
R Sarf: SR PEIERAGH)
Bfim B m
TRk 1 Global Coordinate System
20248454 2225 FHiE: 1
2024 444 2226

6.566%e-6 B

La3T2e-6 1.2785e-6 BX
510762-6 10227e-6
437796 :-?g;ie-;
3.6483e-6 - e
299866 255067
-5.0252e-10
21896
1.4593e-6 -2.5667e-7
S 512537
T.2965-7 3 T
08

-1.0243e-5 B
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(c) A:Static Structural (d) A Static Structural
SERTER 2 TEmIER 3
SR SEmER v R EETERAZHD
i m BB m
Global Coordinate Feten Global Coordinate Syst

KA 1
20244444 2225

B 1
20240404 2229

1.068e-6 BB 1.7162e-7 BX
8.3061=-7 -56314e-T
Loi2e7 -1.2979e-6
3.5579=-7 20327 e-6
1.1838=-7 L2767 4e.6
-1.1903e-7 -3.5022e-6
-3.564de-T -4 2560a-6
-5.09355e-7 49717 e-6
-8.5126e-7 -5 T06d -6

-1.0687e-6 B -6.4412e-6 BB

K 2-5 IKEiie =
(a) BB REL (b) XA RE; (o) Y M EE; (d)Z i s K
Fig 2-5 Deformation clouds of the bed
(a) Total deformation cloud; (b) X-axis deformation cloud; (c) Y-axis deformation cloud; (d) Z-axis

deformation cloud

2422 TIEERBAOTHER

TAEG B THIURRIZ A, THBER T/ES B, HomBE R TN TR
FERIR & . ARFURAZ BEEA T TAEGRRE, #H SN E L.
R BN B RE R, TEGR B B EWE 2-6. 2-7 B,
H& 2-6 AT, TAFEG&Z RN JIMERN 0.36MPa, H I ERIERFLAE . KYE
TR BARBR N Syt KT sz s K g, BRI TAE & s B R 5 22K .

A: Static Structural
aehpyh

W (on-Mises) Fh
B{7 Pa

FrA: 1
20244404 2259

3.6137e5 BBk
3.2123e5
281085
2.4094e5
200795
160855
12055
E0360
40215
§9.983 Bih

2-6 TAEGN A=
Fig 2-6 Stress cloud of the table
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M ITAEGMLE - 2-7 (a) "R, mARREKEETIEGTEMCE, RAE]
N 0.39um. B 2-7 (b) WA, TARS X7 EFHEARAELN 0.08um, ALEAER
FRPT AR T . I 2-7 (o) WAL, LAES Y THEKZIERZ 0.09um, K4E
FETH . Mg 2-7 (&) W, TAEGLE Z J7m BRI 2 0.38um, 7EH & f7
B GRE Tl RUSASECN, DI AE G NI B A2 2K

(a) A: Static Structural (b) A: Static Structural

Taotal Drefarmation EmER
2R BER: AR PELERAOGH)
By m B m
B 1 Global Coordinate 3
20241404 2300 e 1
2024/4¢4 2300
3.8791e-7
J4d51e-T 7.6587e-8 B2 X
0Te-7 j?;g;e:
2.5861e-7 . -
248095
2.155e-7 N
1724e-7 . e
-1.00452-8
1.293e-7
8.6202e-8 -2.7308e-8
. - -4.4595e-5
431018 o0
O

-7.9348e-8 Bh

(C) A: Static Structural

(d) A: Static Structural
SEfETER: 2

EEER 3
SR SREERAOIE) 2T SEIER D
Efirm Birim

Glabal Coording
fi: 1
20244474 2301

Global Coordinate System
Rt 1
20247484 2301

9.0241e-8 B2 3.2305e-7 B X
T 1358 3395377
£.2418e-8 2987e-7
3.3507e8 265202e-7
145955 20854e-7
1.6466e-7
-4.3165e-9
1.2098 -7,
-2.3228e8
421428 773058
Poleny 3.3625e-8
-61051e-8

-7.8963e-8 B

-1.0054e-8 Bh

2-7 TR
(a) BB EE: (b) X SE: (oY BB (d)ZHii#Es
Fig 2-7 Deformation clouds of the table
(a) Total deformation cloud; (b) X-axis deformation cloud; (c) Y-axis deformation cloud; (d) Z-axis

deformation cloud

2423 NIHER IR

SEAE R A B R AR 5 R B St R SR, Fumil il SIS A SR, AR
P& RS E AR I T A e M. W B SR TN LR, R AR S A I
JiMEIN F AR E R 1536N, FHURIISIAE E S E Ty, AT iE LR A R, @
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T SR A e s FLPT R B AR TEBEAT KAl o SLAERE I B i = BBl 2-8. 2-9 F.
HIPE 2-8 WA, SLAEAE/KAZ H B BRI LSRG B I B s KN /12 3.346MPa, K
L IE G IR S R IR ALAL . ST KRB ERPGEIE, 3.35MPai/INTARIR N Fy, W om

AT & EOR

A: Static Structural
k= 5w

2T ;e (Won-Mizes) Feh
BB Pa

fiE: 1
20244525 1509

3.345%6 B4
29741 e
280240
223060
155550
14571e6
1.1153e6
7.4354=5
3.7175e5
12.148 Bh

K 2-8 RN 1K

Fig 2-8 Stress cloud of the column

HE 2-9 (a) AI%1, SEAEMER R HEER S R A EEN SIS, & RME
N 6.59um. HE2-9 (b) Wl SCAEAE X 71 BB KA TE N 5.96um, KAMALE L
BB RN E 3. WEE 2-9 (¢) WA, NATE Y Jia LrH R HBLTE ST
A —AN SR o, oK 0.98um. HIE] 2-9 (d) A%, SCAEAE Z 51 )
RS 2.88um, KAETEFEUITG . S5 E AT AT KNS/ A 7R 28R DL /R R

EIHD.

(a) A: Static Structural
Tetal Defarmation
MR DR
BB
i 1
2024/331 10:37

6.5872e-6 5k B

585536
5.12534e-6
439156
3EE06e-6
292766
21957e-6
1.4638e.-6
T31Me.7
QB

(b) Az Static Structural
EfEER
AR ERIFRED
Bfym
Global Coordinate System
FHAD: 1
202443/23 1510

5.9599%-6 B X
5 286e-6

461226

3938e-6

3264 e-6
25901e-6
19162e-6
12422e-6
5.8524e-T
-1.0572e-7 Bih
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(C) A: Static Structural (d) A: Static Structural
SEREER 2 SEREER 3
R FEmEERA IR R EEIFRATED
BB m B m
Global Coordinate System Glokal Coordinate System
AED: 1 FeiA: 1
2024/3/23 1510 202443425 1517
2.8292e-7T BXx 2.2751e-6 B
2144727 25407e-6
E4802e-7 22065e-6
477577 18718e-6
309117 1.5374e-6
1.4066e-7 1.2029e-6
-2.7788e-8 8.8351e-7
196247 53407=-7
-5.6400e-7 19964e-7
-5.3314e-7 B -1.348e-7 Bl
i WY Al AN —
Kl 2-9 S AEALFE = K

(a) BB (b) XBRBEZE: (oY B (d) Z ik =
Fig 2-9 Deformation clouds of the column
(a) Total deformation cloud; (b) X-axis deformation cloud; (c) Y-axis deformation cloud; (d) Z-axis

deformation cloud

2424 EHFEBZ N NER

PFURK LR RS 222388 T RAE B, Hoh—imilad S5 A E NS B E T b
Nigzh, X RS BAIHLIRS) R B TR BTN T, HERS R R AR G
REZMIN THE AR IR . AR08 5 ISR iR LI B N e AW,
SR g E Ty, WA B AR NN RIALRS R A% FEOR T . 32 HhAR 1 Y
D BN RE = B 2-104 2-11 Fizs. B K] 2-10 AT 50 = R BT 32 50 K8 18 4.42MPa,
A F T [ 5 A B IR AR AL AL o B R ) H AE B AL 1 5 R AT R AR R A —
Ui SRR ERE, MY T BB RN, (HlT EMAAKERE, MRV R
N 200MPa, FIT 528 KN 13 /INT 200MPa, 1A A =5 Sl A 0 56 B 45 1

A: Static Structural
Heprh

AR mEr (Won-Mises) B
BT Pa

ReHiED: 1
2024f3731 1045

4421426 BB A
319302e6
343026
29478 es
245666
196536
147416
9.820e5
491635
A462.07 Bl

K 2-10 505N 71

Fig 2-10 Stress cloud of the spindle box
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HeAE KA AR 2 227 1 3

ST BRI = B 2-11 () AIED, 32 50AR 1 SR AR I R AR LR T A i 254k
wKAEN 2.73um. @IS Al 2-11 (b) mIER, EHFE X 7 E s CKEN 0.16pum, fi7
B SIREEM  R . BHE2-11 (o) wl%n, EHA Y KRN 0.10um,
B S ER MW b W 2-11 (D w50, E5AE Z 77 A 1 K2 0.95um,
FETR I S A MIAL = A o Z5E 50 ) 0 E PR 1) S B TR RN

(a) A: Static Structural (b) A: Static Structural
Total Defarmation ERTER
2T BIER it e e 2]
B m B m
i 1 Global Coordinate System
2024/3/23 1613 szl":j‘;:ﬂﬁ 050
2.7251e-6 B X 1 _
2422326 1'15:’;”‘3?'7
2119528 ?.43958-3
181676 3.21539-3
. a-
1.5135%e-6 1056908
10589
1.2111e-8 5333700
90835e-7 ETded
80537 1388227
302787 1815627
a8 -2.243e-T Bh
(C) A: Static Structural (d) A: Static Structural
RPN 2 SERTER 3
R IR AR ERIERATHD
By m iy m
Global Coordinate Systern Global Coordinate System
FRAl: 1 FiAEL 1

202445723 1611 20244323 1611

1.0226e-7 B 2.4607e-T BA
-18489e-7 7.6409e-7
-49164e-7 55821e-7
ST8559e-7 40012e-7
-105855.-6 21813e-7
-1.3825e-6 3614328
-1.6794e-6 -1.4584e.7
-1976de-6 -3.2783e-7
.2.2733e-6 -50982e-T

-2.5703e-6 BRih -6.218e-7 B

Bl 2-11 ERFE LR = &
(a) BB EE: (b) X SE: (oY BB (d)ZHii#Es
Fig 2-11 Deformation clouds of the spindle box
(a) Total deformation cloud; (b) X-axis deformation cloud; (c) Y-axis deformation cloud; (d) Z-axis

deformation cloud

2425 tUREBNRBRDDIRER

FURBENLSE T2 TS &, E il TAAELS & LK AR 8- Z [ A2 A
HAEM, B REA S5 T A T MmN BN A0 LA AL E B E N
TAERR PR B, R 2 98 Jo o B By 4 20 ROBEADL 5 1 T 1 5 PRPIR s, X BEHLAE B B L)
TER T IR AR IR AT 70, TR L5 B o SRR BEAT SR AR, 15 HH ALY
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N7z BV = B 2-124 2-13 Fs e W I B 2-12 AlAS H i 52 oK 108
2.98MPa, HBLEERFE S I HEMER AL . VUREBN UM KGRI, OB VR B /73
KT T RS 5 LA A P2 BB RN 77, RPN LIRTURIA B BE 700 -

A: Static Structural
- Sixwel
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Bhfir: Pa .
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B 2-12 HUR R ) 2= ]
Fig 2-12 Stress cloud of the machine
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A, R TII R M A E. HIE 2-13 (b) 741, HURE X
J A BRI RN 11.45um. HE 2-13 (¢) AJHL, HURTEY 4 LR EN 11.81um.
HE 2-13 (D "5, UK Z FRFAERREAR 1.53um. L5650l JIEEPL AL

/N,

(a) A: Static Structural (b A: Static Structural )
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(C) A: Static Structural (d) A: Static Structural

Directional Deformation 2 Directional Deformation 3

R EEERAED ‘J/ 2 B BT ' z
B{F:m > x B m :

Global Coordinate Sy: - i . Global Coordinate Syst

e 1 fried: 1

2024444 22:15 20247474 22:15

7.6914e-8 B X 1.5273e-6 X

-1.244e-6 1.2392e-6
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-20098e-7
-45902e-7
-1.7707e-7
-1.0651e-6 B2/

Kl 2-13 HURGLF = A
(@) B b)) X (o) Y S (d) Z i K

Fig 2-13 Deformation clouds of the machine

-7.8486e-6
-9.1695e-6
-1.049e-5

-1.1811e-5 B21h

(a) Total deformation cloud; (b) X-axis deformation cloud; (c) Y-axis deformation cloud; (d) Z-axis

deformation cloud
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ST IR R S5 B A TR LK SR 2% ) RS T R AT A, 5B Hissh )y
RE, 38 I SR A 05 RE AR ARFALE AR ik 7] R SR At 3 28 8 S B AR IS (R AR S iR 7
BRSO HT B AT S M RS S H, DU LR R U AT IR BN RF I IR AR TT .
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BAPIRES, XFFAT B BIRSPIRZE B0 245 0 >k 1 B JE 3 1% 25 /g sz i /N3 v DLZRS, FE4
S 428 A P 038 Bh 2 1k 4 T R A AT DA fRT Ak A T 7 e
[ml{u(®)} + [k]{u(®)} =0 (2-3)

Foobe {u(e)} R 2 ik e
(WM R R i
[ R B/ s 25 B I T4
[k R B/ s 25 0 9 R
B U RN R LA 1 RS HOY R = Uest Wu = UeSHRAR (2-3)
RARAE BT
([mls? + [kD{U} = {0} (2-4)
FR4E Cramer Mt a A RRZARRI a 675 KA PE I 4R 10 5047 ISR AR 0,
FRLREEM, T (2-4) WIREFE N E TR R, R,
|([mls? + [kD] = 0 2-5)
AR RAL L T TR, SRARAERE ([m]s? + [Je]) 7 75 3L A (L RVERAE 111 8,
PR (B AN B ACHE RS 2 5 W B R 1P 77, R AR R S R

252 1RSSR

SEPR TARE TP RS54 Ji T el W R L IRER), BALH A AHME, FIEE
WHIETHr. R, RARIRES T SELWNIZEL, Bl TS LR &S sn]
CARNAE 254 (80 0 SR VS . ARBIE S P 22 R i SRV AR 4 S e 7 22 IR SR B A F T T
ANE AR B HAE S AL AR S AL IR A 7S B 40 OB 25 R 20 A AL DA K O i 2 A A (1 [ A 5
PE o EH 2 PR AN B B 2% 3 BT 45 RSN K, DR A BT 22 e R i AR S AT
AL

2.52.1 RERESTIER

AW FEAN IR F AT AT AL, R R & 1 H B . 1RBURSHT 12 B
PR bR LR FAE N F MR, BRESH E BB RS ETSHIRE = E
Kl 2-14. HE 2-14 () w1, IREM—PEAHZN 134.89Hz, REHASE X %
3. HE 2-14 (b) ATH1, KEH B EEMZEN 302.2Hz, KEIE Y BAKFRS. W
K& 2-14 (¢) WHI, KE=MEAGMEN 317.68Hz, KHUEE X MKV ETES. 2
P 2-14 (D w751, REBIVURTIE A2y 455.96Hz, IR & Fl5e X M ERZ. HE
2-14 (e) ATHN, KRG MM EAA SN 565.98Hz, KRG A umE Y K TR . XK
2-14 (O FHATHOI RN, KRB BINHE A HIE R 678.6Hz, K& X ML Rke). —
B G50 1) [ G R SRR V&, (BTl KRS . IR & 3252 K3 i e
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JRAE X 7 s LES T, SRR A X BEgs ALY 10N « m, BRI AR
N 46Hz, 1R S FI[E A SR K THARMR,  rIRR S A5 kAR

(a) A: Modal (b) A: Modal
Total Deformation Total Deformation 2
B PR AT B
413489 Hz %3022 Hz
Bfnm B m
2024¢3/23 1108 20244523 11:10
[-REFEEE - 0.18054 B%
013 M 016835
011475 014822
0038413 0.12708
0052077 010589
0065735 0084733
0043393 0063572
0033051 0042411
0016709 002125
0.0003666 Bl B.B7e-5 5l
A Madal A: Modal
(C) Total Deformation 3 (d) Total Deformation 4
2R ARG T BAgER
e 317,68 He ;45596 Hz
Blrm Birm
2024/3/23 11:10 20244323 1111
0.11267 Bk 01496 X
010201 013301
0059343 011642
0uTEaIR 0093323
nued0ay 008323
DO51367 008EsaT
0038706 2050044
0026045 0033451
0013354 0016358
000072386 Buh 0.00026458 B4

A: Modal A: Modal

(e) =i (f) PR 2
R B AR SR
i SEE0E Hz Y 678.6 Hz
Bfrm BfEm
2024£3/25 1112 20244323 1112

0.22385 BX 4.2144 Bk
0.19559 019065

017413 016891

014927 014316

01244 011942

0099548 0095673
0074656 0oriszs
0049826 0048152
0024966 0024437
000010583 Baph 400069174 B

2-14 KRG HIAHHR =& (a)-(): —ZEA IR A
Fig 2-14 Clouds of the first six modes of vibration of the bed

(a)-(f): Clouds of the first to sixth modes of vibration

2522 TIEBIRES T IhLE

TAEG ARG R E LR Ja, ANHMAMBE AL R, 4 TAE S I E hs
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AL 835.74Hz, BARUTE X A Y HKFRS). XHE 2-15 () #4750,

TAE G DUR AT MR N 934.17THz, RIUNTAEG#T X Hirzh. HE 2-15 (e) K1, T
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fEE R A MF )y 981.88Hz, TAFGSEE X fikah. K 2-15 (O alx, TES
RIZNB AT AR 1323.4Hz, ARG 58 X fildedkah. s TIEGAE Y T Risslf#
U A RN 46Hz, 7] A1 TAE A G AR

(a) A: Madal (b) A: Modal .
Total Defarmation Total Deformation 2
2R Drfe AR BAFR
dde: 29301 Hz 454112 Hz
B m = ]

202445423 1220 2024£3423 12:21
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0.23207 019238
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0.17411 014474

012093
0.14513
011615 0.087107
0087169 0073288
0055158 0.04347
0.025651
0029207
000022622 Bl 00018328 Bh

A Modal A: Modal

(C) Total Defarmation 3 (d) Total Deformation 4
2T DR AR DIER
;83574 Hz Ui 95417 Hz
B m BB m
202443423 12:22 2024£3/31 11:25
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015363 0.15233
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0.0002167 Bih 000079996 Bl

A: Modal A: Modal

(e ®
=k R 2
R HAER AR Ar R
Mg 95188 Hz 4id2: 13234 Hz
=T B m

2024f3f23 12:22 202443f23 12:23

047861 BX 0.25904 B3

042555 0.25043 )
037255 0.20192

0.31952 017335

0.26643 0.14473

0.21346 011622

016043 003766

01074 0.059097

005437 0030533

00013321 Buhh 00012688 Bih

Kl 2-15 TAEGRIABHIRE 2K (a)-(): — 2R RME A
Fig 2-15 Clouds of the first six modes of vibration of the table

(a)-(f): Clouds of the first to sixth modes of vibration

2523 MRS THESR

AR ERRESHECY 12, AR S R H BB, BREEIEER
B, REFIASHAERES . R ANHRE = B 2-16 . #HE 2-16 (a) 7]
H, SEAER YA SR 275.97THz, AERESEE Z MRS . o 2-16 (b) A
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Hl, SCAE) A AEEN 291.09Hz, SAESE Z B . HIE 2-16 (o) A1, AR

=B EE AR 427.65, HifGPIEERIZE A PRRE SIS X AT Y BOKCPIRS . HIE 2-

16 (d) w40, SEAEMVUR FEH RN 472.59Hz, RINIEE Y $Fsh. B 2-16 (e
LD, SEAERI AN E AR 572.23Hz, KIS Z fERSh. BB 2-16 (O WAl
SCAERIZSHE A A A g 582.5Hz, FHSE X ALY FKPIRSN . A 32 B2 0k AN 2 HhAR TR

Z 577 MR S AL, THRE Z mlikgs LR A 15N« m, B FIEERMIE N 50Hz,
AJRINAE AN 5y AL [ A5 A0 4 R A %6 B 5 1 = A R 4R

(a) AModal (b) A: Modal
Total Deformation Total Deformation 2
EE: FIFER AH: CIrR
4 27597 Hz 4% 29109 Hz
B m B m

2024£3£31 1131

202443423 1140

012373 BL 0.15657 Bk
on 013918
0096266 012179
0082532 01044
0063738 0087011
0055064 006062
004133 005223
0.027595 003454
0.0135861 0017449
000012714 B 5.8772e-5 B
A: Modal A: Modal
(C) Total Deformation 3 (d) Total Deformation 4
R SAv R R STE
#hg: 42765 Hz 4% 47250 Hz
Bifrm i m
202473/23 1141 2024/3£23 11:4
0.11846 Bk 0.23338 85
0.10539 020747
018154
009232 015500
0079248 P
0D6E175 010377
0035103 0077845
00400 51 005192
0026933 0025596
0013886 7.1692e-5 B
0.00081394 B
. A: Modal
(e) %;; ! (D) sare 2
R PR ER SRR
457225 Hz 45825 Hz
BfFm Bafiim

202453523 114 202443/23 1141

010997 BX 0.2188 B
0.097924 0.19455

0.085879 0.1703

0073534 0.14805

0061759 012181

0.049744 0.097559

0037699 0073511

0.025655 0.049063

001361 0.024515
0001565 & 0.00056664 B

B 2-16 SLAERTASHH R B (2)-(f): —ZEAPHRE =]
Fig 2-16 Clouds of the first six modes of vibration of the column

(a)-(f): Clouds of the first to sixth modes of vibration
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2524 FINFEIESOIER

X R HAR A PR A AT S B 2 e, AN N A SR A £ B L AR A AT R
fifto ¥l RALSIM AR E N 12, BEGHT LM P Ea BB, SRIGT AP E R
2| E ARSI R = WK 2-17 Fioc. /il 2-17 (a) al%n, TR —M A
WA 743.14Hz, RINBRE S Z M09z 700 2-17 (b) AIA1, FHIGER —
B[ A 32N 1127.4Hz, #RIFIAFHAEIEE X M-Fsh. HE 2-17 (o A7%n, 5
=M EEEAN 1199.6Hz, RIS Y #KTIRS. 287 2-17 (D A%,
AR B VU [ A R 2 1228.8Hz, AWUAHINE Y MAK-FIRSN. 70 2-17 (e) 7]
B, EHAE LA RN 1273.1Hz, ARGE Z RS, mE 2-17 (O AIA,
FHAR IS A RN 1344.4Hz, RENKIUNGE Z MHIIRZ. BT9R3017]H 1)
H LA S T8 Y 3000rpm,  BKIN AR AR O 50Hz, 1117 32 4lAH Y [ 5 A3z 5 T 50Hz,
AR R RS TR TAE R AN 5 R A L8R

>

(a) A: Madal (b) A: Modal
Total Deformation Tetal Defarmation 2
AR DR AR Dl
imE: 74314 Hz % 11274 Hz
E{i: m BBy m
202:4¢3£31 1148 202443423 12:38
0.20841 B 048327 Bk
018528 042966
0.16214 g-::i‘;
0.139 )
0.11587 gjﬁiz
0.092731
oo
0046438 0054353
0023322 00007495 B
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(C) A: Modal (d) A: Modal
Total Deformation 3 Total Deformation 4
R SIFR ER S
4 1199.6 Hz Umdr 12288 Hz
B m B m
2024f342312:39 202445825 12:39
0.36455 B 0.30086 B
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020296 QAETTT
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0081768 0067953
0041371 0034631
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© e (0 3
AR AR 2R DIE
U 12731 Hz 5913444 Hz
B m B m

20244331 11.50 2024£3/23 1240

0.25221 Bx 031323 B %
022453 0.27927

019635 024451

018817 0.20994

014149 017528

011381 014062
0056125 010596
0.055444 0ov1292
0030763 0036629
0003082 B 0.0019665 B

B 2-17 EHFERT AR S (a)-(): — 2SR = K
Fig 2-17 Clouds of the first six modes of vibration of the spindle box

(a)-(f): Clouds of the first to sixth modes of vibration

2525 HREBHIRSSTHER

MURA PR TG R FE e 2 Je s AR S B A R ATL R 25 6 i 31 162 B N A 20 3R
W HE BRRSMECN 6, WML RS HAT 00, IREGT A S EdE, 152108
HURTS 2 B 2-18 Atz . B 2-18 (a) R, MUK —BY A 53N 65.5Hz, HLIK
b7, SEAEA A EIN S Y B RS . I 2-18 (b) ATEN, LR WA 4
HKON T5.4Hz, FIUASLFER E 5046 R X A A R IERSh . HE 2-18 (o) A%, Ml
IREI =B B E )y 144.19Hz, IRENIFRIMNE S Y WA HRS). & 2-18 (d) 7]
A1, HUREIVURY A 5502368 157.83Hz, RICHIEKRREISe Y Hid R30I, HE 2-18 (e)
ALEL, MR I G AN 211.68Hz, A4 i X BKSFIREN. I 2-18 () WA,
NURII B B3N 226.38Hz, RIA FHF WA LAIE X BoKPIRS), (A R
B A s X o P50

(b) B: Modal

(a) B: Modal
Total Deformatio
2R HEf
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B m
20244444 2207

f

QOTESET
0089555
0081123
0052391
004366
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0026196
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o8
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0.041355
0.033084
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(c) B: Madal
Total Defarmation 3
AR DIFRE
imde: 14419 Hz

Eafi: m
20244484 22:10

411362 B X
0.101

0082371
0075747

0037873
0.025249
0012624
0 B

(e) E: Modal
ETER:

Mid: 21163 Hz

Bfi: m
20247444 2211

0.31116
0.27659
0.24201
0.20744
017287
013829
010372
0089147,
0034574
08

(d) B: Moxdal

(f) E: Modal

Taotal Defarmati
R SHFF
ifde: 157.83 Hz
Bfim
20245444 2211

0.0s0105 B
0053427
0046745
0.04007
0033392
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0020035
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0006675
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PEER 2

R BIER
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20240484 2211

0.1685 BX
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0053812
0074585
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on1gr2e
0 Bip

A 2-18 HURIERL = (a)-(f): —ZEAIREL =K

Fig 2-18 Clouds of the first six modes of vibration of the machine

(a)-(f): Clouds of the first to sixth modes of vibration
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EF B R EAZ B R R S UEEA T2 MM, TR eRE. 2
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o
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BT R N SR A R VG P9 IR A8 A it 45 SRR s, T 4 R R BORE 43 b U %
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SRS IARAL B AR AL ER A R, DA O HUARR FH 22 R REUE 73 #r
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dF(D) (3-2)
al;

X G RRESRBEE: X (3.2) XRWr REE.
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[RISRAE, AT LABE AT 1 ff 2R 40 B TR0 B B W B o 06F 23 380 [R) AT SR Al 22
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XTI e RGOS HRHE I X 38, /MU S, A BT S X Il AT B
EHIRAE; R MEAR B H A S B/ MBS, BB TR R T A
RGBSR R BRI G s A& F TRZE =S (8], I6 0T DAY & 215 4E
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Fig 3-1 Latin hypercube sampling Fig 3-2 Optimal latin hypercube sampling

AR FER A S B T N7 B et AR B AR AT R AR, ISR DU TR ST ¥
TR E Z ARSI E S 5158 1 2R DL R AN RACT, AT 70 Al e R R
e Jof 35 ) [ AT B 3 R o B A S M) O AL 2% 2 B AP A A5 5 DA B B T, LR 25 & #s 1

35



ALK 7K HL R 2T - 2 A3 1 S

S AR BB DA R B JEL R ST S ) g P an B 3-3 B, 8 RSH S 806 N A BUE Y [ an R
% 3-1 oo

Lyz(Lag. Lys)

3-3 HUAR S R r & 1

Fig 3-3 Sketch of the position of each dimension of the machine

31 RSS2 TER
Table 3-1 Range of variation of dimensional parameters

ey ZH 4 HIHAE (m) B 3 [l (m)

5 e A0 Bt JEL Ly, 0.02 (0.012 0.028)
B JE— i AR E Ly, 0.016 (0.0096 0.0224)

HEpE bR Lyis 0.025 (0.015 0.035)
e R AR R L4 0.016 (0.0096 0.0224)

IR 5 AR S Ly 0.04 (0.024 0.056)
PR B e i B JE Ly, 0.018 (0.0108 0.0252)

PR B A () B J5E Lys 0.025 (0.015 0.035)
TAE G EE = L3, 0.022 (0.0132 0.0308)
TAEE TR Lss 0.022 (0.0132 0.0308)

TAEE— Btk )& Lss 0.015 (0.009 0.021)

THES ZHRE L3 0.015 (0.009 0.021)

TAEG =HitR)E Ls, 0.015 (0.009 0.021)

ST e N B JE Ly 0.025 (0.015 0.035)
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EA S ZH 4 HIG1E (m) HUE Y6 el (m)
SLAE— AR R Lay 0.02 (0.012 0.028)
SRR R Lys 0.05 (0.03 0.07)
SLAE SRR Lag 0.02 (0.012 0.028)
SEAE AR Lys 0.02 (0.012 0.028)
FAhAR TR JE Ls, 0.018 (0.0108 0.0252)

AR 18] g AR Ls, 0.02 (0.012 0.028)
FAhAE AR Lss 0.02 (0.012 0.028)
T AR I R Lgs 0.025 (0.015 0.035)
= A AR AT )R Lse 0.018 (0.0108 0.0252)
T A O JE L, 0.018 (0.0108 0.0252)
T 82 AR Le 0.03 (0.018 0.042)

PEAERAYER FAE RIS S A KIBEALREAS, X R AT DU R B4~ R 3R B AN /K-
#HF R HRE, W W TTERMEHRT J78 (Latin Square) FIEIAR .

3.3 RPE DER

RIS 2 B Bl T A A2 B X HLPR T RE F bn oM () R U o ASHIE Fe i
F Isight SATLPR 5 2235044 1) G B 3 A JEL B A0 BE JE 0T AR AL H AR 1) R BURE HEAT 40 B, AN 24
RSP SRR o Isight 320t 7o R RBUZ 04 TR, HIT/ERMTE 3-4 B

Ao
°o——§ —)-E-—bl

SolidWorks AMSYS Warkhernch
Simulation

Kl 3-4 REBUZ M TAER

Fig 3-4 Sensitivity Analysis workflow

FEAS ] TIsight AT REUZEHHTRT, BB EARA, BT B s Hofh TR
FIEE AT, anlEl 3-4 B, e drid #2 7 75 2 F 21 SolidWorks A1 ANSYS Workbench,
WAt AL T AL 7RI W75 B A BN R = AEE N SolidWorks HHATLER J LRI 1R 7R fig )R <F
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BT LA R AT S, BRI E R T N Workbench ", R ¥E I 4] 1) X 4% K
43 R G A6 A B E U B BT PR [ AR S AR, X P ERETH Isight X) PN 4K
AT R TERL, TAE SolidWorks HH EH 2 B 5\ Workbench T2 7£ PR AN A4 58
FRAE R AT HE N REAT o 6HA5 21 (14 DR 22 A8 R ) )97 B0 B0 AT 45 0 RIS r b, 1S EE R
Wk 3-5. 3-6. 3-7 fios.
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Fig 3-5 Thickness dimension contribution plot to first-order natural frequency

0.6
0.5
0.4
03

0.1
Illlll -

Frequency 2

(@]

-0.1
-0.2
-0.3

H23m[2]1m[4]1 =430 3112w |44 m36m22m[33m1]1m[37
H61mS5m 45057 m42m 14 m|53m 5] m|35m13m56m52
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Fig 3-6 Thickness dimension contribution plot to second-order natural frequency
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Fig 3-7 Thickness dimension contribution to mass

AT L EoTEk I, TS R RSP — . o [ AR R
8, W% 3-2 Fim.

R 32 RPx—Fr. —FrEA RN R R REEE

Table 3-2 Sensitivity values of dimensions to first and second-order natural frequencies and mass

AL —WrEE AR R BT A R R R Joi & R
Lyq 0.045 0.152 0.138
Ly, 0.214 0.285 0.113
L3 -0.080 -0.018 0.219
Ly -0.027 0.030 0.182
Ly 0.228 0.416 0.775
Ly, 0.302 0.170 0.216
Las 0.208 0.514 0.135
L3y 0.221 0.294 0.118
L33 0.148 0.163 0.146
Lss -0.084 -0.013 0.104
L3e 0.308 0.229 0.058
L3 0.072 0.091 0.201
Ly 0.216 0.395 0.557
Lyz 0.059 0.056 0.109
Lys 0.459 0.370 0.340
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32 (8
T 24 F5 —B AR REE B AR R o B R A
Lyg 0.182 0.234 0.245
Lys -0.002 0.078 0.137
Lsy -0.075 -0.009 0.248
Ls, -0.166 -0.184 0.147
Lss 0.033 0.027 0.045
Lss 0.076 0.086 0.155
Lse -0.039 -0.064 0.225
Ls, 0.243 0.070 0.075
Ley 0.098 0.088 0.091

REBIEEA LA, REUENIEERRIEE R RS R KB, P REdabr A
I B A E ), RISCIEAR G SRR Dy G U W B 25 5 58 RUST A 488 K il )N, g
TEbRB/ N g R, R SG . AR 3-2 BRI, RS %Lz Lagn Loz Lsyo
Loy X — B [ A B g o sk Ok, e i RO RISER, HURI—BrE A s o, R
N'Lais Lags Loz Lyan Lsp X I BASERA GTBRIK T T Lag Lass Loz~ Ls7s Lags
Horp —Br AR B L3y« Lag~ Loz~ Lag BISE KM R B RS Lo, KIRNTITFEAR . 70
T [ SR DT rT A, RS2 8ULosy Ly~ Lags Lag T P IE A AR (1 5Tk
Ko BEERSFRIEER, HURH B BIA MR BN R L3y Laas Lzgn L MUK
B A R B DTHRIR T R Los~ Lyt~ Lag~ Lags RS Lygy Lags Lag5 B A0
HIRAEA R s RF Lsp 5 B A SR A 5K o 383 73 B RO S HO LA 5 & (1 T ik
FERTRL, RFLypy~ Lag~ Ly MHURBRE R DTHREE AR, BEE RGT BB R, LRI B &
WK RSP Lsys Laa~ Lo HURBUERITTBREE R, HHURBTE IEA K.

AW T LA A 2 20 A 45 Hh RO BTL PR T 55 24 49 1k BE 48 s B — B A i i A % O
FHbR, (HFRIN ZRE PR R R AR K, EAENLR S 5B AE & B B A T — A —
Bris A ARIE B R, A HBUEREE, SUEIEHUR Ly v Laay Lass Lag~ Lo
Lyt~ Lazs Laa~ Ly~ Lsps LsgTENIREAUAL T HIRBE RS, BE— B X Gt 47 R
.

3.4 RE N

BT R RIT AR, BE IR AT BT A AR e gAY, A g
TR [ AL B o AN BE TG IR BG N, DRl e i o ANt ST R AL F AR BT P i [ A 00 5 A
LR R, JEIE XS LR AR R R« B RS RT AT AR AT B L H bm o I THESK
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Brds Gl I A= I B RSH RS A BAs 52, Bl TAURBMR G Mt E r, R
SSHILRZ, W 24 NRSFSEM T RBUE ST R TS T T RS R T
T B IESE, X R iE T Isight 22 1% SolidWorks 11 Ansys Workbench 5€ %,
BAGFIE N 3 ML EFRTTEREE R 11 MRSHE AR IR &, X 11 DM E 2
Lai~ Loz~ Loz~ L3y~ Lzg~ Lag~ Lag~ Lag~ Lsis Lsps Lsgo
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4 MINBIER IR Z Birfi L

gi A Sl B LS R BT S AL, DR IRy E PR RE TR AR AN L AR SRR IR B AL
MR RS AS FPCACE H 8 AL G I BCE AR an 2o PR . ARZ I R A S AL AL T
PORBHE S I PERE, X85 il W A T HOA R NSRS, B AR E BT S A N
ARG SH . S PURBEAT S5 e 2 Tl I R A S5 M K Oc i RS 28, e
FIPERESRAR AL LIRS BRI EVF 2 SEPRIa iy, EEAAEZ D iR, X
HbsrlRER EART G, BISCE D HAR A RE S S B AR M. 2 BAREiem
Hbr ik 2] —4ff, XAMAEZ D s NACRILR I, B DRy “m RITHTE
(Pareto Front)” 5 &, 52 HARUACE H @S AL SRR KBl Histliit
B EO AT A, R 2 b R R A O B R A

4.1 MU FRE

R HA T F ORI AN R R LR A AL R GBI R I R R s R A,
FRAEE UEALE. e, SHEHCAITR, MR TT R ORI SR TR 1A
FIPERETEAR AT AR B S R AR . — ] LRIE N

R
x = [x1,%2,*, Xn] (4-1)

(FRERINTIE ¢
[f COmin ZLf () I max (4-2)

W L AR AT

gix) <0, j=12,---,m (4-3)
hy (x) <0, k=12,---,p (4-4)
h (x) <0, k=12,-,q (4-5)

Horb, nZ B 2R mAERARKMEE: p A UL MEG it
HESP TS E

(1 Bt AR AP AR TIE I A i € 1 e] DS B SE AL B I 45 24
ML E R PR GER FT s B, RSP e m] DO A RS B e R R
FEARDCAL R LA IL S S rie . THR R RE T AT e 2 AT A2 4k, H br e %K
WabEE AR AT, Bt AR R ECHEE, NATHRLEXS H b ek 20
Wi R R 2 S U RS R . AT T T @ e i R rh R AR, Al R
FEr Wik i i R, B 5 TR &

(2) LYRGEAT ARG B DL DA e A2 B BRI A 56 . LEnfE g LA™
b AR SRR (RIS S ORAIE 25 1) P A1 2 B B0kt e G M A AR L Ty SR R e AR 25 E 20 0R
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ST AT B AL L RN, BT AR LR SR T A R T I B, i
TR AR a1 T R e A A

(3) ARG RN AT AT LG, e a4 AT e A e it
IS, M Ae BT T RIS AE B AR B AR B BT SEBRRE, SR T
HEIHRER KRR, WA i S8 H B o0 X R AR g i AT AL Tt
I RE R, Hbs e BT REA R A, ARIE DA AR B XE /N RT BURE H s o Kkl 20 o
B HAR R AN 2 H bRk K. AESERRIUA R A, AL B B s N 2 A ATt
FARAL TR A () H AR R B =4 HUR—Fir. B [ A SR LR b &

4.2 I EE

FEXF SEFR AR 1) R LR &S A AT AR, JE H br s BRI B 5 34 & (R
NSHOD ZIEE R R A RYER), T H R, JUHE Bt AR R N 2 A
HbsHE oL, Al H b 5B R R Z A R R — B AR LR 1, R4 A 1) 7 i N7 4
FRATY AT e 3 BUBOR T SRR, A I AT AT REEANAEAE . O VIR — R, ]
A FH S ABA 7 ¥ R PEARAR R (1 2 e, R R % el AL O BE 5 S AR BRIV 30, T 32
U FRCR AR T SR . IR AR Rtk B, A 2 G Sl (E A
BORAKIEIL F RO, IFRESR iy H AR R AL 1, A AT RIS S B e AR fE . #
FEUT UL & 07 15 7 B 4 (Kriging) RIS ML, IE22 20, i i
o S RREL ] DHEMEASIER O N AT, FE e AR, EH TR
AR AT IR, (H e LR RUAC R R 4R, TR AR S R R EE, ATRE
RUBZE; fRIAFEAP M B i KN AR MR RE 77, o] LARERAR L1 (R @, JfAE
LI OL N RENS A S A AN A T TR R R OC &R, (BRI, Al RE LT
EMA IR, BERREAAR SIS Rz AeRe Y 1252 2 WK 1R A2V ot A6 49 76 48 T3
B 2 WAy 3k R BN, TF SRR SRR AR S N R A B TR AR AR, relisdR )R E
EHIRE S, RIAEREAN 8 SO A Re BT i H ARk &, (H il e A L 2t ny,
TS AR RNEE, WTRERIIBE

4.2.1 Wi 2 VAR BY T 10 2Ll

T8 AT D B 1S AE /N 0 ] N AE GRS A e T R B, R AR R IA SR I R
R M) 7 T 30 AL ASE 25 () A 4 6N o) 7 TR U ABAYZ: S o A2 2 Tt AR = S N R R B
FellH 2 AN G, BTN 2 UK, 0 e S B o i & A A 7Y i
(BRI BR ZE B~ 7 0, DA 3G 10 07 5 sk dd B 2 TRk 5.

i Tt s AR R T AL T I AR AR IR Qe y), HEE QN & S
Qi(xi» yo), (i =12, ,n)E&TZI:
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flx) = ag+ ayx; + apx® + -+ ap;™ (4-6)

Horb, noBt R RN BAIREAYERE; mANZIABEG 0, = 0,1,2, -+, m) gAY
IIEIESE

et Q #ALECR I35 TR,
C (4-7)
5 = Z[f(xi) - yil?

(2 T 0 RIS TN % TR 44 T R By o AR, B 525 P 7 RIS % T B
o S MU L% 0,

0_5 _ 0 Xisqlf () — il (4-8)
aaj B aaj

z”: ] [(ao +ayx; + axlf + o+ a4+t apx™ - yi)z]

aa;
- j

= Y [2(ao + ayx; + azx? + -+ aqjx) + -+ apax™ — y)x!]

=0
B 5 =04-9), AN X n=4-10):

C j j+1 j+2 + (4_9)
] ] ] j+m
Z(aoxl. +a ] a4+ apad ™)
i=1
n n m n
_ j j+1 j+2 j+m
caY e Y ra Y e
i=1 i=1 i=1 i=1
n
_ J
= > (w)
i=1
%
n n 2 n m
n 21—1xl Zi_lxl i=1%i Qo
n n 2 n 3 n m+1
i=1%i i=1%{ i=1%i i=1%{ a1
X = n 2 n 3 n 4 n m+2 |lga=1\|a
i=1%j i=1%{ i=1%{ i=1%{ > 2 )
n m n m+1 n m+2 n 2m a
i=1%X; i=1%Xi i=1Xi i=1%Xi m
n
i=1Yi (4-10)
n
Yz (i)
I . = n 2
M.y iz (Y1)
n m
i=1 (™)
/\I:Ij:

Xa=y
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a=X1y
FE R Q rh s R AN _ERIAT R 22 W0 e L R B0 R
Br VA AREGE R Z I R H, B R R REVR SRR R (0 AR PR AT LUK iR %2
FITAS R RERE, 4

1 xy xg - 1" Qo Y1
1 x, x2 - x a, Y2
Xp =11 x3 x2 - xPfa=[%},y =|V3
| % 2 o xm T R

'S AT LAy LU T
S = (Xva - yr)T(Xva - yr) (4-11)
xR 2 W R 5, U5 2 1R 2177 S X & IR Ha,, K im S 2UE N 0, B
=0, MATHATHES AT
ds = d[(Xva - yr)T(Xva - yr)] (4-12)
= d[(Xva - yr)T] (Xva - yr) + (Xva - yr)Td(Xva - yr)
= [d(Xva - yr)]T(Xva - yr) + (Xva - yr)Td(Xva - yr)
= (dea)T(Xva - Yr) + (Xva - yr)Tdea
= (Xva - yr)Tdea + (Xva - yr)Tdea
=2X,a —y,)"X,da
BT S R%ETa( = 012, mEETEEY, XL TEEYH LM
[0S as\" (4-13)
ds = ; (a—ajdaj> = (£> da
IRk A 2 AR s L R B 2 T

as 4-14
= =20 X,a— X[3) =0 @19

Xnga = Xg;yr
a= (XEXU)_lxtg'yr
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TEVIZRI AT ) 2R 48 3R I R 4. = B0 0 AN DL 2 R A BB YA B2 A 15 2
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R 4-1 WP IE PR R RZ
Table 4-1 Response surface approximation model error values
B DEECETES NIRRT ES PUAR i &
R? 0.811 0.892 0.971
I LR 0.15647 0.11362 0.06789
BJiR 7= 0.19886 0.15281 0.09208
O R 0.21485 0.28493 0.27527

W ATR 41 PR ZEE, FESHRMERIE 1, HTRPARETEMIAEM
e f1, R B S PRz, BTRIRE . RRLX iR 2 RIET 44 VF
flio EE-FIIARRFZEML TR IREZE L R KEN 0.2, KA RERVFRKEN
03. WHE 4-1 KIFHAEXMNIRE . HITRIRE . KX 1R 72 HAE ]2V E N,
LA TG BBt o SR FH R N TR AS BREAS SO — B [ A A . B [ A A AL
PSR B 1 S e 55 AU RS () P A ] 4-1. 420 4-3 Fliase B 4-1. 420 4-3 FoRik
BB e AR (1) SE PR S A AL OB 2 (R 1) OC F, B bR 1 AR e it Ui BH S BR
{E-5 FRUOMIME 2 [A] () 22 e i), R I AR A A B RS T
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Fig 4-1 Plot of predicted vs. actual first-order natural frequencies
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Fig 4-2 Plot of predicted vs. actual second-order natural frequencies
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7.078E+01
7.045E+01

7.013E+01

6.98E+01

6.948E+01

—6.915E+01

~6.883E+01
T 6.85E+01
T6.817E+01
—-6.785E+01
6.752E+01
—6.72E+01
6.687E+01

6.655E+01

6.622E+01

4-4 Lyy~ Loy 55— [E A SR (4814 #h i

Fig 4-4 L,,+ L,, and the first-order natural frequency of the fitted surface
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Fig4-5L,;+ L,, and the second-order natural frequency of the fitted surface
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1.426E+03
1.419E+03
=~ 1.411E+03

— 1.403E+03

1.395E+03

1.387E+03

- 1.379E+03

—+1.371E+03
1.363E+03
1.355E+03
1.347E+03

T 1.339E+03

1.331E+03

1.323E+03
1.315E+03
1.308E+03

Bl 4-6 Lyy v Loy 55 & A4 A #h T

Fig4-6 L,;+ L,, and the mass of the fitted surface

B 1R SR Ly v Lygs Lags Lais Lags Lags Lz~ Lag~ Lsi~ Lsos LggRNN
Xiv X X3s Xgv X5 X X7s Xgr Xos X1o» X110 —PUEIESE. —FEA SERFHL
IRIRE S RN NYL s Vo vz =B R EREERE T
y1 =58+ 607.2x; — 1441.9x5 + 1310.5x¢ + 330.2xg — 1215.8x4 (4-15)
+ 3241x,x4 + 4588x;x5 — 10644x,xg — 14282.3x1x9
— 14651.5x,x,¢ + 18827.7x1x1, + 2744.5x,x5 + 5553.3x3x,
+ 20189.1x3x, + 6840.9x3x5 + 16769.1x3x9 — 14682.5x3x4
— 4373.3x? — 15628.7x3% — 5050.2x,% + 51417.1x5>
—39212.4x¢% + 42047.1x,0% — 13412.8x,,2
y, = —=5.2 4+ 1517.9x; — 835.2x4 + 2076.1x¢ + 760.4xg + 1046.3x, (4-16)
+ 505.2x;y + 641.9x,; + 8403.7x;x, — 18631.6x; x5
— 29136.4x,xg — 39606x,x9 + 9656.1x,x3 + 16114.4x, x5
—11309.1x,x, + 60455.7x,xg + 25543.9x,x9 — 36787.6x,%4,
— 45115.1x,x,1 + 24456.4x3x, + 20840.1x3x5 — 9829.9x3x,
— 21904.9x3xg — 38744.5x¢% + 5398.9x,2
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ys = 1283 — 930.4x, + 1726.3x¢ — 1331.1x, + 7943.3x, — 8334.6x,, (4-17)
+ 15294.8x,x, — 70399.1x, x5 — 12897.3x, x4 + 43652, xg
— 18640.6x,x9 — 74976.7x,x5 — 143307.5x,x5
+ 186334.9x,x9 — 119686x,%19 + 191164.8x3xs
— 45419.4x5x, + 36685.2x,2 + 117998.9x,2 + 49399x,>2
+ 18800.5x,2 — 26628.8x4% — 265975.2x9% + 64527.2%,,2
+ 250933.2x,, 2

N (4-15). (4-16) (4-17) s F i B TE VA5 B AR AL, N — 0K AL 5
VSR A AR TR DL S A5 5 A0 H BRAE

43 ZEMMMUEE

FET BB AS I m] BE = H VP 2 R AL S AL R L, X A% e pe AL 5
B (CBiik. Raiiihss) Aeerermil el SH. 2 BAni b SE N Tk B A
2 B R BN 2 AL F) . (£ 2 HARDUAG R rh, 2 18] o AN i — N
M &, ONEEAE AR EE R N0 2 A 521K A br ek £, X8 H s e Bodk A
(7] —fife o [ I foe /ME BRER ORA TR AEAE A RFT AT, XA A B3 KA g e s
FEPTA H AR BRI BUS B AP S5 R . A RIEATEACR 1 R AR SCRC AR AR, thal 242
fige 22 18] h Jo AR B AR AR B S AE T A bn AR T EAT. 2 BRI SR IAE 55 2 AE
XANFTHT B BT R 2 (s SR, X SRS I AR AR R T BEAT I R A
fife, BB AR RYL A RITRTR RS . XRREIRNME 1 2 8 ikt A 7
2 ISR SR R TR . MM AE, I BT, AR BEA I RR L AL S R
R MERI U FEAT Dy, R 58 SR R R T A ) — A AN A AR ) R ) ¢
Weft . L PRI A AL B AN L S A R R MBI RITRTHY . XS EE AL H bs
EAEF R BARREE LT, R3] —HMEhTT 5, KHMRTT RN RIEHTE L
Wity A, RENS N R NSR I 2 FEAL AL £

4.3.1 BT BP MG SuH R FEFEZHIR T L

1986 4F, Rumelhart I McCelland FT7E IR H T ) A& R4 N 45 B BP #14:
WX 2% 31X —ER162], AN BP AR 250X — ZFR AT PASNIE, BP #2825 0] DL Ay NP AN 4 .
BP FIfh M4, BP B ek Lk, e BP HikfZt, ¥ 9ehnfh e S5 T
DR E) FRT A ZEBEAT I AR 4, DA RS IE 4 R AU E w AW B b, I8 s R i
ARZEXT BRI, SRS H IR GURE BE I O 1n) SR RLER, 80 ek 1R 22 FE R R
LR, R—MZEARMNYG . HTATEEL 7R AMG BRI LR, 52
w1 R AR R o % 28 5 S 3 TR R 15 5 AR R B M) iR 2245 7 ) 1)
BP #4825 A2 B a0 T

53



ALK 7K HL R 2T - 2 A3 1 S

N

IR 0 T 55 S5 590 01 2

] 4-7 BP #2225 I A2 1]
Fig 4-7 BP Neural Network Flowchart

wnlE 4-7 Bk, BP AMGAHEE =2, MNE. M EMREZE. SNZ &M
KRR, DTN AR AL, BT AR A SIS B MR, A
JE R RACH B N RFIE R E R Pk e s FOBUZ AL TR N E A JZ 2 18], BT SRR
AN S N Bl BORFAE, AT AT — AN e AR, AR B 2R, 1
Be= A R R R A AR IE R, AT REMAG S R, iR i
UM ZE A IR 2 45 R . BP MM 28 IR AMERAE BRI 0 N ML DI o B — IR
SKHUE 5L AR, EEREEN B, WABIREB A MA R K AL s A A
i 22 (1 2 PE AL 5 TH SRR BRGBUZ AN HY 21 s BRI N, IR BEGEUZ AN HY = 49 5
Ry L R F RS P 2R R B Y A e R PR R R 4 1 R A
Mo B ANIATSEIIR Z RIS A g, A SR AR R BL, A3 4 5% e 0T B 45 1) Tl
I 55 SEBR 2 T B iR 72, A5 B 22 T B0 5 38 2 I ) A 47 2 7 SR v SR 43R 2 B 800 Y 2 2
e CBUEANVRED RIS, e 20 HIBR RN B AR A B0 52 1) T 1 B 19X 445 FXO S AT
Z2 LIB/MR R o B BEAT 1 A A% 3800 S TR A% 4 22 e T & b 2k A, ik B B Kk AR
RBEGRZWE AT SEEL BP M M2 122 I AT 25, BP AP 28 ATy — Rt &
T2, OB I RAPL S B AN A e 2 TR) B R R R BENE A ST ROR AR RME SR R, R
R TR O S S P Bt A o, (LTI R AR X R i kLT
925 PP I N R PR IR SR vy ) ) AR A A B
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FEXT BP MR AR BT BB, BIANZ SR DRSS R I S ik
FAROCHE, HARE RN BT RE E AN, 12T B L, RS ERN
T RBE AR A2 R S I TERE . ARYE BP M4 28 A R B 1R L A,
I H N REUZ M2 0 BN TR Z S R T R B (8, R T,
BB R AP 2o S BB BE N 50, O 1S TN RE S E AR SR A G
A, ANEIEINFSNIRRE R . AT BP MM 28 AR E U 4-8 R

xl x2 x3 x4 x11

BAE11)

BR#U=(50)

BHHEQ)

P 4-8 BP fH 25 R 4 4 71 1]

Fig 4-8 BP neural network model

FEFF UG BP M2 2 1T, 5 LdEa 1 FH TR Al i s o AR i T
W%k BP #1245 I 25 A5 2 () B 4R B0 50, R AT T BENLERI 4 i 200 $di 4532047 R1 43
A BB — AR A, BRI HARE 1 80% I ZR4E, 10% 4IIREE, 5
A 10% M50 UFSE . fEMAMG IS FEd, WESTEESR 0.1, HUEEGRSH
FEHTN AR KN S KR INZRIR BN 200000 8, BIRIZE AT I 20 10 e K IEAR TS I
SRIN VR ZE BIE N 0.0001, B 268 75 I 2R 72 Hh BT 38 R 1453 2K B8 501D $5/IMEL N 0.0001
I ZRAE PR BT ) B R I GR ik, B0 R TR 5 S s B AR 0 O 22 11K T il
SV E IR VFR Z BIER, MG INGHFEZ L. & BP #EMZNT 50 A E 3T I
Z543 19 =A™ B b R E5 IR RN S BRAE O LE DL SR ZE ] 4-9. 4-104 4-11 Fiss
M 4-9~4-11 ATEAE Hi, BP #HZ EZUIZRH I =AY H bR s 00 0E 5 SE PR E A —
Vg8
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76 T T T T T T T T T

74|

0 20 40 60 80 100 120 140 160 180 200
EZNF S
K 4-9 — By i A A5 T 5 52 ronf EE &
Fig 4-9 Plot of predicted vs. actual first-order natural frequencies

95 T T T T T T T T T
90 r Q ]
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FEAF S
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Fig 4-10 Plot of predicted vs. actual second-order natural frequencies
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Fig 4-11 Plot of predicted vs. actual mass

1320

K] 4-12~4-16 &/~ TNREE . WEEE. MR DL A S AR T 25 SRR B s vl . I
4-12~4-15 FHIRIE R B R EAREID 1; diEZEETE 4-16 741, KEB/HiRZ{E A
0.02 I£fi. Z¢E UL EEGR TR, ARIRBFF A BP #2245 AR SR s, AR A
I

. YZx5: R=0.99999 3a: R=0.99982
O %k 7| o ORI &
g S P
S 05 S 05f Y=T
o
: +
e |
E 0 F ﬂ L
* (=1}
b =7
Il (=]
: Il
7 02 1 05
& =
HE
- @ : : L B . A A
-1 0.5 0 ~ 0.5 1 1 05 0 05
EF7R H &7
B 4-12 Y252 0] A K] B 4-13 Tk w1 1A
Fig 4-12 Training set regression plot Fig 4-13 Test set regression plot
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IeiE: R=0.99993 1 4 #ii: R=0.99996
O C@ (SR €
) - Ty )
= I -
S 05 =T & S
& o S
+ o‘@ +
m © & mm
Ca © -
1 ]
] & ]
- 0.5 @ S
= & =
& p =
-1 i . . .
-1 0.5 0 05 -1 0.5 0 05 1
H EE7
K] 4-14 Bl 4 [ V9 ] &l 4-15 B[R
Fig 4-14 Validation set regression plot Fig 4-15 Overall regression plot

HA 20 4> bin #ix%E EHIT H
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3 = AR -
K 4-16 ixZHITH
Fig 4-16 Histogram of error

AW TR I BP A28 P25 25 B = AN H AR s 201 ke ZE AR D DAL 1e] et 1
BRAL, GEHPRLFREENE XA R AT R A, BRI REE T BP #2828 Sudb b1 LA 55
%o ZHEPBERTPAE A, BP MMAMSKIIGET AR —NTEF, EEFART
REFERRER, HRN TR EFBOIGHIAERR, Wi Eil i mair, I%ks
H—AA By, mUERETRER . £FEFT, FUHSEOH RBEZ 2Pk
H ARSI S HL, Rom N — % = MU AR08 —BrEAE SR —FriEa
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PR FNURTTE, RN NYL V2, Vs, FEFH input A output 73 AR U SR EHE (1% A K
AR . BP MAMEIIAAR0 Birk sl B— 2 e, WHERF
R RE SN FOR AR, B ERRE PR T BRI E AR/ NE 40, #EALIREGE 1000.
BAT BT R 1 ANSE 3 AL B s &R E W 4-17~4-20 s S5 E D
F = A BRI AL st ik 4-2 Fos .

0.07

x1
x2
0.06 - x3 | A
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x7 ||
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e |
o i

0.05

0.03 g}

0.02 § hn

|
100 200 300 400 500 600 700 800 900 1000
AR B
K 4-17 280 E

Fig 4-17 Iterative graph of parameters
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Fig 4-18 Iterative graph of the first order natural frequency
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IEFRREL
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Fig 4-19 Iterative graph of the second order natural frequency
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1440
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4-20 Ji &K

Fig 4-20 Iterative graph of the mass

R 42 BT BP AR TR EIEMAL B KBTS H A KRR IMER
Table 4-2 Optimized design parameters and performance index values based on improved particle

swarm algorithm with BP neural network

JR~F SO REFE b PALHT At s
Ly, (m) 0.04 0.027
Ly, (m) 0.018 0.025
Lys (m) 0.025 0.015
L3, (m) 0.022 0.022
L (m) 0.015 0.019
Ly; (m) 0.025 0.03
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*42 (8)

RFSHORE R TR b AT etk 5
Ly (m) 0.05 0.07

Lyq (m) 0.02 0.028

Ls; (m) 0.018 0.0108

Ls, (m) 0.02 0.012

Lsg (m) 0.018 0.0108

— B & A A2 (Hz) 65.5 72.8
WA AR (Hz) 75.4 86
MUK i & (kg) 1417.7 1342.4

SIHTER 4-2 nTAn, AT IET BP 4 N 2% it R B SRR IE i LR RS S 80T
ACKIAHUR FIVERE TR bR, VLRI — B [BIA 402 M ER I 65.5Hz 150 B HLLE 1)
72.8Hz, Htim 7 11.1%; ALK E =B EE 2 75.4Hz 3 N %) 86Hz, 15 1 14.1%:;
HUPR B 5 B N JELR 1 1417.7kg /0 31 1342.4kg, YD T 5.3%. 1E 3445 B s/ i) FE At
b HURBIRTP B [ A A T RN, ENUREBARAL AT AN 5 52 B AR 1) LR
s, 7RI B AL SR I R R IGE T IX — R AL BEENUR S i TAE A
Rt

432 ET ZRIEEFFANRTMHL

g I AUE DU AN LR R BORAE T3k & R S I AEAE A ARG, JR A X
LB BN R PUIRS R I B 2R H . 2 RIRR Ak 5 7 X
PR AR, A2 A et (o) R AT iR, I RENS AT ROR M 42 R i DL
Pz s Sk BAOR K EIL . BESEER 2 Rt B, #e T ERm R
2o

BALHE (Genetic Algorithm, GA) & — MR AR REIE, R BA /R
BRI R R TR . ERAT S Y I B ARE R A BARE N s (LA, IR
i Ll SR L) RGEEIR S, A b TRENLIE bR i) 2 R 8 R T ik . BB 5E
HIBEASRAE T -

O 4, BENLA B —NATARRIEE, A A MRS R (B
SO GRS, FRARER T IR L N AR R T

@R P RS, i B B e 06 FLAE T A B R AR 25 I LAY, 1%
SR G IS I e i D £ PR A R P K 2 N R S N i R H VR

iR —E PRSI, ST 55, TIAMEE LD —
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A, FHF =BT —AFEE

@] 16 B AMRPAT 28 XA SEERAE DL A 37 AN

OF B G BT —AMEE, AN — OB AR

OENDE 2 2 5, HRWEALEIME, ERRILE G, SRR s
T, AT SR 0] 0 2 g I At B AT AU A

BRI AL BV BT 12 B AT R AF e, (R AR R BB 2 A1)
REJ1ZIR, BB R s ATl sk,

Z BB R YL (Multi-Island Genetic Algorithm, MIGA) 7& Isight 84 B H—FF
3%, B HA Doshisha K 2# 51N T2 223 M. Kaneko. M.Miki & T.Hiroyasu 25223 14
R — P e m il 2 Bst i BEH T Mo S 22 B R AL ), R 2 7 KA
R 2 A 2 SO0 IR R R I £

% Ry B T S BT oK . 7R 2 BB R EIAR R, R ARSI
FRARL, BN TE RIS AMALS), B A HR A H br ek BUE -5 29 93 511 B 7 1)
RS N R bR . E AR BREUE S BT E S, AR S N R R T . A
MEEH— MR EERRR, WRERNEIT S BRI S “07 M “ 17 F/HFm=
BER RS o IR PP B AR N AMA R "mign, I R, A R AR S AR AR
BAE, BANMERHE (—HET D # A R00, SR 5 XA HR I RN T EEAT
PEAL, B E LE AR . BB ARG T AR IR . IR AN R T E A
SR BBt 7T R AL S8 ARAE P A s AR IR A LA A IR B (AR T AR S
TAE S, fE AR AR R R AR 3 e R (A LB e, MTTAT AR — X 2 Mk . SR
A S A A X TS G € A v Al PR 2 R B AT AR T, AT — 20 B IR Ak 1 AR
S, CART RS R S I ), TR 2 Byt Sk, pi ARSI MR S B e
BRI A AT TR, XFRERERRRA "R KSR T B I s & Y
HE R AW

A TR GRBEEE, 2 BBEEIENZODRIEE T R — OB 4
WMoy RN NRTFRE, RIFTIER “87, Frf & s e B R, T &1 Fh i A 30
B — Sl kT R b AN A B BRI T AN, FEREAE R B AR RS T
B2 T WIS H: R, RIRIGTER A A RS i ARE T b, Bk
R f AN B U5 AN B G S BB B A A Hel . AR TR S s L 5%, MIGA fE T
B MNA R I T AN BT, EEEEAES R E A, R
AMEFDRERI 73 N ZAS T RREA B T30 S SR N R BB e A0 AR, 3G9 T x4 =) YO T e 4
AT, MR T USRS, H8EA T SRR AR . 2 R AR BN 5 ]
WK 4-21 iR .
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gk fe EIAFhEE

Kl 4-21 2 By AL 5L R A
Fig 4-21 Schematic diagram of MIGA

4.32.1 EMAHFRE

(1) #E B E

AW FURRSE X HLARA FR TR BEAT 70 M 45 tH MUK R85 3847, ZEXHLAR AR 2
TR I3RS X RAF 2 Bk AT R 0 13 LR S8 R v
M2 BB EANACBEAR R T &, Bl A& N:

X = [X1 Xz X3 X4 X5 X6 X7 Xg Xo X109 X11]

(2) PEL R KA

SEBR 1] A LR B RS AN T BE W TE IR AR, BRTE T4k B B0 A B ) 20 SR o A1 L

R TR A BE VS AR MUAR RS BEAT 730 B 43 th AT PRI [ A IR eI, 26—

ANLYHFAT AL R PRI A7 05 e R ) [ AT A

(3) HIrH
FEACAL T 593015 1) R I 3R Bl HLR I R, ASHIE F0B AL B A 8 1) H A bR 4

BUE NIESRHUAR B K i/ ME o
PR, H ARSI i B A A A R T
X = [X1 Xp X3 X4 X5 X X7 Xg Xo X10 X14] (4-1)
Y, > 66Hz,Y, > 75Hz;
Minimize Y5

4322 ZRBEEEEMUER

A AR Z ),

1E Isight F4E i, Optimization F1 Approximation ™ 2H44:
N AL ) o e 87 T AR TR S NG 2R A FH 22 B A Rt RO kAT AL AL, B
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WILEFIEENECH 10, SN 3, SHBARECH 10, ZA XX N 0.8, ZBFEH 0.001, 5
ZENEFELEFE N 0.01. BEAESER B IR 4-3 Fis.

R 4-3 L HBERESHRE
Table 4-3 MIGA parameterization
W & WE {1
Sub-Population Size 10 Number of Islands 3
Number of Generations 10 Rate of Crossover 0.8
Rate of Mutation 0.001 Rate of Migration 0.01
Interval of Migration 5 Elite Size 1
Rel Tournament Size 0.5 Penalty Multiplier 1000
Default Variable Bound 1000 Max Failed Runs 5

FE R PR A R R ME I A R T, SR8 B AR BUE S Bl 2 A3 WL T f

NFERAUE, RIS BT R AR A H AR e BOAACH & 4-22 s RS RRS
HUEVE R BRSO AR OB TS I TR, SRR A 200 R A Y
RIS AT BV S A RAT BT RN B S, skt i s RN iR AL
Jigte K2 Bt HRAS IR S L RS AL H b e BB 0 H 3% 4-4 Pl

@,

(b) o3

LI
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Fig 4-22 Iterative plots for 11 parameters and three responses
(a)-(k): Size parameters X, n = 1,2, ...,11; (1) First-order natural frequency Y;; (m) Second-order natural
frequency Y,; (n) Mass Y,

66



4 L AHEEBER 2 H ARl

R 44 Z BBEEEMULER
Table 4-4 MIGA optimization results
B4 wAUE
X1 (m) 0.0395
X, (m) 0.0251
X3 (m) 0.0298
X4 (m) 0.0302
X5 (m) 0.0207
X (m) 0.0231
X7 (m) 0.0636
Xg (m) 0.0263
Xy (m) 0.0128
K10 (m) 0.0126
X11 (m) 0.012
—MEE R (Hz) 77.5
ZI AR (Hz) 90.1
i (kg) 1393.4

4.3.2.3 ZEIREEEMABIRRTEE

I A 2 By s AR A SR LR RT #E AT A, AR HLR RS AE fo Y 98 B A B
() — B [5G S R K ) 65.5Hz BnE] 77.5Hz, ML T 18.3%, KGR M
J7 R 75.4Hz H9ME] 90.1Hz, ESRAIER T 19.5%, HURBIEM 1417.7kg FEAKE]
1393.4kg, SARFEAK T 1.7%. 13T BP #1225 Sedt wi B SR A0 5 HLAR I — B ]
H IR MEFI) 65.5Hz WP BLALER) 72.8Hz, - 7 11.1%; HLUAR K - &4 45 Z
75.4Hz 35N F| 86Hz, & 1 14.1%; HURIIBTE MR RE] 1417.7kg 900> 3 1342.4kg,
W T 5.3%. KPR TIERAS B A BB IR 4-5 . STHE R T 15
B R, K2 BBEEFEERAE YUK ERAD BT M %R, H2H]
PRI [ A A5 G I v T, BRI S R . AR T 2 B
X HLARBEAT A A AT AT 1

R 4-5 PR LA TT RIS RIT R
Table 4-5 Comparison of optimization results of two optimization schemes
—BrEAHE (Hz) CTHEESE (H2) iR (Kg)
PG {E 65.5 75.4 1417.7
BT BP &ML fUi)E 72.8 86 1342.4
SRR TR RV it Bk +11.1% +14.1% -5.3%
(UREAE] 77.5 90.1 1393.4

% Btk % SFH +18.3% +19.5% -1.7%
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Fig 4-23 Clouds of the first two modes of vibration of the optimized machine
(a) Clouds of the first mode of vibration of the optimized machine; (b) Clouds of the second mode of

vibration of the optimized machine
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Fig 4-24 Clouds of the first two modes of vibration of the initial machine
(a) Clouds of the first mode of vibration of the initial machine; (b) Clouds of the second mode

of vibration of the initial machine
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