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ABSTRACT

Thrust weight ratio is increasing and thin casing structure is widely used in the modern
aero-engine, which has a great effect on the dynamic characteristics of the whole engine for the
coupled vibration between rotor and stator. The dynamic characteristics mainly include critical speed
analysis, whole system’s response mechanism and mode coordination between rotor and stator. It is
significant to improve the safety and reliability of aero-engine by controlling the vibration of the
whole engine and optimizing engine structure in the design stage. Some methods can be provided to
control vibration, such as studying the mechanism of rotor-stator coupled vibration, building a more
scientific quantitative evaluation index of whole engine vibration, developing advanced and efficient
structural optimization methods by combining modern machine learning methods and artificial
intelligence technology. This paper focuses on the topics of coupled vibration of whole aeroengine
structure system and its intelligent optimization. The main contents are as follows:

1) The finite element model of an aircraft engine rotor tester with casing was built, and the modal
test of the whole tester was conducted. Due to the asymmetrical stiffness in the horizontal and vertical
directions, the modal test of the entire tester was performed in two directions. Based on the modal test
results, the support stiffness and the mounting stiffness of the tester were identified intelligently by
the method, combining the support vector machine and genetic algorithm. Using the identified
stiffness, the harmonic response of the tester was simulated in the horizontal and vertical directions,
and compared with the measured frequency response of the testing points. Each testing point had been
achieved satisfactory consistency, which verified the effectiveness of the identification method.

2) The single ring equivalent modeling method for aero-engine rotor blade model was improved,
and a multi-rings equivalent method was proposed. The two-ring equivalent method was verified by a
simple disk shaft system with blades. The blades were simplified by two-ring equivalent method. The
modal analysis was performed on the original model and the simplified model. Then the results were
compared with experiments. The free vibration modes of the first 4 orders (excluding the first 6 rigid
body modes) were consistent, the natural frequency error was within 1%, and the errors of the first
three critical speeds were within 0.5%. The number of elements was reduced by 34.8%, the number of
nodes was reduced by 38.5%, and the calculation time was reduced by 44.8%. This method was
applied to a certain large bypass ratio double-rotor turbofan engine, and the finite element model of a
certain engine was established. Free modes of the high pressure rotor system, the low pressure rotor
system, stator system and the dual rotors system which includes the high and the low pressure rotors,
were analyzed. Critical speeds of the high and low pressure rotors without stator system were

analyzed, and critical speeds of the whole engine including the mounting and the stator also were
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analyzed. The results showed that compared with the dual-rotor system, the order of critical speeds
and the speed value of the whole engine had been changed. The mode shapes of the rotor system were
approximately same.

3) Based on the existing aero-engine structure design guidelines, a critical speed risk coefficient,
a rotor strain energy risk coefficient, and a cross-section rotor-stator rubbing risk coefficient were
proposed to evaluate quantitatively the coupled vibration of the aero-engine. Rationality of the three
indicators was discussed. Using the proposed indexes, coupled vibration of the aero-engine rotor
tester with casing and a certain large bypass ratio double-rotor turbofan engine were evaluated and
analyzed. The calculation methods of these three coefficients were presented. Rationality and
effectiveness of evaluated coefficients were verified.

4) Based on the proposed three evaluation indexes, the mechanism of coupled vibration of the
aero-engine rotor tester with casing was studied. The influence of the support stiffness and mounting
stiffness on the first three critical speeds risk coefficients, the rotor strain energy risk coefficients, and
the rotor-stator rubbing risk coefficients of the key cross-sections, were analyzed. The generation and
variation factors of the static coupled vibration were explored. The analysis showed that the defined
index parameters can reflect accurately the dangerous degree of the critical speeds of the tester, the
strain energy of the rotor at rotor-stator rubbing cross sections.

5) Based on the proposed three evaluation indexes, the whole engine coupled vibration
mechanism of a certain large bypass ratio double-rotor turbofan engine was studied. The critical speed
risk coefficients, the rotor strain energy risk coefficients, and the cross-section rotor-stator rubbing
risk coefficients at five key sections, such as fan section and the first low-pressure compressor section,
were analyzed. The influence of each support stiffness on the coupled vibration was investigated. The
results showed that the impact of each support stiffness on each index was extremely complicated.
The design of support stiffness was affected by many factors, and the mutual constraint relationship of
each index needed to be satisfied. It was difficult to optimize the aero-engine support stiffness.

6) A multi-objective intelligent optimization design method for aero-engine bearing stiffness was
proposed. And the support stiffness of a certain large bypass ratio turbofan engine was optimized.
Taking the support stiffness as the design variable, the sampling method was used to extract the
sample stiffness combination in the stiffness variable space. Sample data of “stiffness-design index”
were calculated. Using support vector machine regression to get a computational agent model of the
"stiffness-design index", the NSGA-II (non-dominated sorting genetic algorithm-11) was used to
optimize, and ‘Pareto’ stiffness was obtained and filtered. Finally, the required design stiffness was
obtained. The results showed that the coupled vibration of the whole engine can be optimized by this

method. Three sets of results were chosen as the final optimization results. The first set of solutions

v
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reduced the critical speed risk coefficient by 5.79% and the rotor strain energy risk coefficient by
9.36%, the cross-section rotor-stator rubbing risk coefficient was reduced by 8.6%. In the second
group, the critical speed risk coefficient was decreased by 2.95%, the rotor strain energy risk
coefficient was decreased by 13.12%, and the cross-section rotor-stator rubbing risk coefficient was
reduced by 7.13%. In the third group, the critical speed risk coefficient decreased by 4.80%, the rotor
strain energy risk coefficient reduced by 17.25%, and the cross-section rotor-stator rubbing risk

coefficient decreased by 2.94%.

Keywords: Aeroengine, whole engine vibration, critical speed, rotor strain energy, rotor-stator

rubbing, multi-objective optimization, genetic algorithm
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AT, AR s R s HLis TS5, BR2T 6 B NI aRE, oAl 4 B B dit
S 3.6 Fras. mEAIHL FrHLE ARSI L E 2 =MRIE: R,
NI PRI B DL R R S 4 e

e

I

) '.’ "jﬁ ol
ﬁ_i_mw:{ e

—
(@) SNEHLIE = . (©) ANENLE=K  (d) SMEAHLE I
1675 % el e

Pl 3.6 RN T Al K AHLER T 454 H PRSI L 20
RAENIRAE AT B OIEPIVIRS) . RSN LB A S R GRS, AR KA
CASE M4 T i R SR AR U AR T o AL, WPEENLBS T 5, ki RS IR ALE WA LA e
X WA 3.7 Fros. B3.7 () N Ras T 8% 7 AN a5 A A B, BARIRES
N FERERRREEIAIN; B 3.7 (b) 2R AT A R A A SO B 3.7 (o)
B ERE T HLUE R AR AL, KRR, B 3.7 (b (o) MfEHLRT LA H
P H A H B

(a) FIRES (b) ¥y Migh 5 AHXTE 5] (c) HLEARRAEAR
K 3.7 A T s S

S HH BT AR S R, R O TR T 47 1 5. 76 R I B
th T TEIHAN S T WL RO TSI, L TR T 45K MRS B R 1 3.7 (b)
TR ST 0 B 60 502 T 277 e T R T4 I L 2 2. Y A A
T AR ORI IR O TS, W 3.8 O A, 768 | MBESIRA, | ik
T TSR G O B FHLE LA Os AMAR (33), Ry=E, S0,
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T Ry -8y =0,=1 -1 » |Rij'3ij|=|ﬁ‘@|=\il(y1'Yz)2+ (72 -
s Z

Os(y2,22)
Or(y1,21)

»

0(0,0) ¥

K 3.8 # TR F I OAXTE SR B K

HofF =R, W] DA R ER P ALIE A AR, nT DA BER O B R R . R
0] DLSRASHERA PO AN i SR L N R BT LIS A RS RS o SR = 4
RERHAT TR, XFREAIN (3.3), HUREANH ISR AT SRS e 6 B R AL 715
ﬁ&ﬁﬂ&%ﬁ%,ﬁﬁ%ﬁ%%%ﬂﬂ@ﬁﬁm%mr%,W%E¢%¥ﬂ%¥wﬁﬁ%
%%k@%mﬁﬂ,ﬁAﬁﬁ(&@,ﬁ%ﬁﬁ%ﬂﬁﬁﬁ%ﬁﬁ@ﬁ@%ﬁo
3.4 FHEHEFREFBE ARSI TENS BT
3.4.1 IR RBEABITE

MR 4 28 — 2 @ S A ML RO 2 R BN LS ik 28, THE s S . BTk s Rk
BE R TARR®E, e HAZ 2 Wi=1000rpm, I&MHiFE W.=4000rpm, f K
W3=10000rpm, 45 TH5LA Bl FaE AR BE CRIAT|C—w| g D, E A9 38045 B I T i

B AR A Pl A A R AR MO S R R S R 0K 3.1 Bl
* 3.1 BUR S BB S HOE a5 R AL

ik i C, /rpm |Ci - |/WJ Min {w} S,
Wi S Wa st W L
1 2294 1.294 0.427 0.7706 0.427 0.573
2 2780 1781 0.305 0.722 0.305 0.695
3 6777 5.777 0.694 0.322 0.322 0.678

HIR 3.1 ITHR S RATCLE Y, 3 Bl AR i T8 25 8L S KB AR 2K
T 0.2, #Prim A EEGER R EIADT 0.8, FFE GBI ESRHEN

3.4 2 TNTRERKRANITE

FE BBl F 0SB RS T BEAT 1 NARRE T T, AR RE 70 A AT AR IZ L 13 T R G
RER A /AT 0, MSRAIIBT HY 2 G A 393875 . UG48 BT 3 Bl 5 T RS HR Y Hh e 7
BTy S SORMAT a2 NARRE A bR 3.2 fows, A By 25 1B AR N Y
FEAIRAL AN USRS RE, B Ron 5 i B im S id N BRI 1 AR REFT &5 L], R

63



J S R ENHUENLIR SRR S LER 0 A S S50 8 BB VT DT IR 5T

NIZI e T AR RE SR R AL
2% 3.2 W8 4 B AR e AT

R4S 5 L A11%
B i E,; /) :
B, BT MY R RSOk & 7K
1 28848 1.38 0.81 0.77 40.03 8.65 48.36
2 42389 2.40 0.53 6.51 4.33 80.93 5.30
3 251870 97.75 0.02 0.39 0.05 0.74 1.05

M 3.2 FITHELAE R AT DS 0 T 45

D 2 1P A T RS IRA R IO T, #8 T I0R0, Wk 3.9 P, iz
& Fer NARRENL 1.38%, G NARREMUE R . AL fE E BT TR RN E SOK,
B S AZRER 88%, T ER TR IR FL T i e v A T R AN R A T RO TR
2, JESORMG ZEAT VT4 IR e, R RIS, 0 H TR SOKIRER,
XHE SRR T € R E R AR I AR, 5 EE R R SOR MR 2 BT,
L GG 3 57 75 1 o

3.9 55 1 Bl e AR
2) 55 2 [ili S AR T RS IR R BN e 713, B SUm e 1A B0K, Wk 3.10
PR ZI S, BT RIARREAN 5 2.40%, FFERARRERMLE oK. NIARRE T EAR TS
A, BLENARRER) 80.93%, I EE R TZBHRM AL T IR SN IREIEOR,  HAT 2N
FER R, AR ME, MEE R TERT SR TEIZMIG S, 75 B R R0 SR BT &
LA H R 57 75 i o

K3.10 25 2 fifm S Al AR S R T
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3) B 3 I S R IS IR R IO T, s 311 R ST, BT
AZ T M NAEREM 97.75%, T EANRFA BT RERE oK o 1M SR R AN
WHEUR, For b, EHE RS, WREBNZNIGT, 1EW TR UL F]
5000rpm, £E 5000rpm i L& A BRIRS), Blge dHfE Ul I 28 3 Bl S .

K 3.11 % 3 Bl S A SR

3.4. 3 BRI ERK AYITE

SR AR DR B A T 8 P 1 Pt 2R RS WL 7 B KOS A%, i 15545 8 25 T Ak
(K0 5% 7 AT LI 0 B MR RS o ASCHR A5 EE 2 AN Sttt RIDY IS Ltm Am e
. A (3.3) TR AR N S AL RS fE S R 8L R 3.3 . R
AT 1 A0 2 2359 9 e S LA A A AR T
R 3.3 1A I e AR R S G AR AL

Max|Ry [+ R - i Ty
Wi i :
Maxs;| AT 1 i 2 i 1 i 2
1 20.826 0.454 0.942 0.0218 0.0452
2 14.736 0.753 0.137 0.0511 0.00927
3 14.667 0.154 0.077 0.0105 0.00523

H13% 3.3 MITHELAE R AT LIS 0 T 4518

D 2 1 Prim A EGE RS IR N, U AR SRS ), LAl S e 6 2% Bt
/N, WA EE R/ o TR AOME P S S AR BN T Lk i e, 2R e T
ZHHRALS, IR TIRSEUR, BT IRSIBUN, AR E R IR AN R S BN

2) 5 2 i AR R, IR U AR A AL AR UK, HLAL AL E A R AT
TR s, EERM TR T, SR T IRSEOR, S Tt A%
BRRIVA, IRENAER AN, SBOZIIRM T, 1A L EE S 5 AR MR

3) 55 3 Wil A AR T, R SO LA R b e AT A AT LA PN, AT
(1, 2 AT R EE SE RS/, FUR AL EE fE B SR BB . R I Tz IR v
T, 2 MR AL E L AL E, RSBV, S TER LT ARSI
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il R BNV LIRSS S AL M7 S S5 R i J7 i 7t

FAOE R A B /)N
3.5 MAEELL N TR 52 E AR AN T BN BT
3.5.1 e R EBRABITE

AR 55— T AT 30 1 HE R IR LU XU -0 B K SR A T, o S B S
WEE CBA|C -W| ), EmiR B Il S R A b, e L BONRE R T
H ZAmERET, Hln C BIUAS | IMICERE T IR S8, Cn BIUOREE | B % I S
TR, AR . Wy RRERE PR HE Y 1151rpm, Wa RN T8 i i
4358rpm, Wiy %555 T 5 KHE4A 4794rpm, Wik Won Rl Wap 23531 9 i R 45 718 4
TR KR E, MKIKA 9879rpm. 14022rpm 1 14510rpm.s 25 v e I 7 4 3ok fe 6 22 B50fn
et I 72 ok e o R B B AR S 45 Rk 3.4 FIEE 3.5 e

3.4 BRSO BNNL S WG I FHe e b 2R 8

[5197¢ C_/rpm |CiL W |/WJL Min {—|CiLV\;WjL|} SiL
WL o War X WaL J I
1 2755 1.394 0.368 0.420 0.368 0.632
2 2881 1.503 0.339 0.393 0.339 0.661
3 3034 1.636 0.304 0.361 0.304 0.696

R 3.5 AL R BN v I e S e T 6 2 K

~ |C“" ~Win |/WJ'H , |CiH - jH|
ik G,y frpm Mjln SR Siy
*F Wi *F Wan X7 Wan H
1 12384 0.254 0.117 0.147 0.117 0.883
2 12512 0.267 0.108 0.138 0.108 0.892
3 12669 0.282 0.096 0.127 0.096 0.904

Hi# 3.4 F13 3.5 (THHE A R LIS 4 R &5

1) 3 WMIRH e T Ilm S AR TR 25 . KR A R T 0.2, &P il 4%
WA REE /T 0.8, FrA G iy T ZRUEN

2) 3 B e e B A AR T8 R AR KT 0.2, I FAEH GRS R4V T 0.8,
FER IR 5 KA (AR BE R/ T 0.2, I SR fE e RECK T 0.8, HAJLHLAEE 3 prm /&
e S BN R, I AR R REOAF) 0.9, H 2 AN AEBNAL H iE— D IIE.

3.5. 2 ¥ TNTREBIKAKITE

FE BBl S8 L AR S T 3EAT 1 AR RE T, B AZ RE 70 A1 i) AR MUZ T N R G
REBLA AT 0, MORAIIBT Y 2R GRS A7 o AR URN T 8 2 Bvili 7 o 5 v IR U B9
1 Bl S R SO RS 7 5 2T N AR RE 7 B IR 3.6 o, Ho Ewi 2

66



R AT TR R A 22 AR S

551 Bl AU N BORESR B DL RAR B, Bil R A i Bl AR T ORGSR AL IR R
ey NARREPT S EeB,  RIDIZIMIC S5 1 AR R fa b R E, [ BE Biw o2 i rllm SR T
AR iR TR P v s P M AR RE S 6 AR 3
3.6 M K EHLE B NAZRE > Al
N2 AZ BE LE /%
wi 1Y T iz 1% 25 35 4% 5%
B By T

BT R LK SR SOk Ok SR

1 24106 7340 6.38 1.36 0.11 0.12 1.58 080 1.63 0.65 13.99

=
=
m

2 45433 5144 011 1013 1.67 0.02 24.08 1213 0.07 0.05 0.31
3 551032 24.07 2189 1469 459 0.53 0.21 0.03 1227 20.06 1.66

M 3.6 [HTHELAE R AT AR H a0 4518

D ARJEBRI S 1 il 5% (N1=2755rmp, N2=12384rmp) | AR LR BN
JEREFRIE 12, ARERIRERAHN, R, ik 3.12 s, ST, 73.40%[1
AR GEAE TR R 5% b, SR BB I 5 bR, 1224 B I i APt o UK,
(R R A2 il PO IR B0 e 7O B AR A5, 7E— @ AR R BB G 1 4007, (L2 75 B b 4%
I HIRBMEAR, 70525 R 1% 55 F- i, 7E 5 MR TSR b R AT R — B A .
W, ZMRE Y, 5 S IURIINASRELLEIAF] 13.99%, FEE B TR BAEEARTE RS
WM SFEA, A8 B R % SRR AR 9% 55 5 i o

K 3.12 BRI R BB 1 il S AR AR Y

2) ARJEBIAIEE 2 Bl AL 458 (N1=2881rmp, N2=12512rmp) T IRAL 3 BRI
NRUR, & 3.13 s, NASREST 51.44% % TARIEHE T, 1 B0 A AEAR B KU 54 1
b EINEEEST, RS T AR U, Bk R T R RB R . Hk 1
SRR T 24.08%. 2 S RARZ T 12.13%MINARRE, EiZ BT, KT RIRE
TR TR A I GE AL SR FE S 5 S R B A . (A RS, BT 4AESZ T 10.13%11
FARRE, FERBT 15XRM 2 S3IREF T4 L, RET —SRatEfks, £ RE
SRR TARE R TR 1, 2 SIOKMAEEE T, AR TR MRS R E M.
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L RSN LIRSS S AL B S S5 K B Be it I iE AL

K 3.13 R R BIHLE 2 Wil S A AR Y
3) R IR S E (N1=3034rmp, N2=12669rmp) N HIRLATRRL R I KR 1
2 rash, MCHEBRERANT, SRR, W 3.14 Fin. M T, 24.07%0RAR
RefErh TMRERE T, 21.89% S T kT, SRS 1A LI Sl %1 AR e
KT 20%-25% I EER . IEAN3F 12.27%F1 20.06% 50 i T 3 53K 5 4 5 30K; X—Hid
AYRB T B G 30K 3 ISR 4 A IZMNREYH, 457K T 14.69%01 N AR RE,
SAi TN AMNEILE, TE— R LR T e+ SOOI Z 8.

K 3.14 FRITA R BIHLER 3 Fril A i Ak Y
3.5. 3 BiHFLFI ERM ABITE

PRI AR T 5 1 2R B I AL IR A7 BB PRI ASEAS S B8 , DMIG HR  —  IAe A A T o
MGERN LS R MBESAIAE N 1, XHEAMREL AT I — 4k v 545 30 & AR A 1 3 1
I R AL A B NMEX AL . RSO 5 AN G, BV BEA S RS R 5
AN Hh 3 RS SRS B KA R TS IR UL RS B K E R, 42 IR A0 (3.3) T H &4
AR T S (5 SR BE S I R, 3% 3.7 Fra. R 1-5 20 B 9 RUE A . 45 1
PRI 5 1 Gom R R ANV RGN 2 4 SRR IR AT, S E
& 3.15 fios.
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w2 A 3 il 5
K 3.15 JERUXUHE Tl A s Lo s A 1 B
2 3.7 KR R A LA e AL A S S AR KL

% MjaX|Rij|+ |Rij 'Sij| Ti

ke
T Max|sy| w1 w2 M3 M4 MES MWL RE2 M WE4 RS

1 59.388 0.601 0277 0.286 2860 1.021 0.010 0.005 0.005 0.048 0.017
2 4.805 0.653 0366 0.025 0.097 0.072 0.136 0.076 0.005 0.021 0.015
3 221.873 8.112 6555 27.438 20.757 17.328 0.037 0.030 0.124 0.094 0.078

HIER 3.7 JEAUNIA A S WU Fe sl BE fE B R TH SRR, T DA Bt i N 458

D) 5 1Bl FHEEE 0 B T i Fe AR s AR 7l 125, [N iy I s 7 IR A Frg
AIRAT, I 4 A S bl EE fa i R BB, RUIZIN IR T, m SR Ae A 4
AR o S AR T e T L B S P R P s, AT B IR AR AIE

2) 55 2 Bl FHE T B PR XU AR A R, AT 1 ANARTET 2 B il R S e A o
ey RWIZIRAS, R S5 1 B8 1 0 e A o 1 R TR S R R R R, 7T
LI IR

3) 55 3 il A L ) e TR ARR R T 2 B R IR ISR T
BT 3 MBI 4 el BE fE 6 R B, RWNZARALT, 58 1 Jm s e SO LAsi A s Lk e e
T BT AR EE S R A R B, AT A B IR AR AE

3.6 KEE

AEN A TSR BB RN, MBS A SHLBETHHER, S T 3 A S
RANVEBENUIR B AN 30 71 22 M R AR S BT Te N S K. DA LI A 2 R S LS 7l
3 SR RIRAE PO TR R sh BN B, BB T 3 NSRS P A TR S &
BEBEAT 1007, SR 3 NS HO IG5 AL K SN R 18 ) A RS B HREAT T PRAE AN
it ARESEIERNSEHON G SN K AILE I D AL BEE 1 2EAit .
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J S R ENHUENLIR SRR S LER 0 A S S50 8 BB VT DT IR 5T

BT THEMAMT % sl Fit i S a iRantlE M=

Ll

4.1 5|F

A BT 5 BN IAALIE FRAT2 R SRS 7B g A IR TRE A, DRSS = J R
BHLE AR S IR T RN S ORI S R S IRSLELREAT 47, LGRS/ it 24
JEH A & WU 55 75 5 VA B8 1) SR B 22 2875 DI X ot o BE M LR S IR sh (RS2 e LR AR
FEABAZK- I 1o ) S AP R 22 25 I B B EAT 1 23 e it WY, 3 L7 ol M R 2 BT 7 i
GEIGTE
4.2 ZETINESHHEE IRENEFHIERISNE 24
4.2.1 ZERTERFZ XS BRI 247

FEH WA A K AN VBEN LIRS o, 2 A AR BN R [ 2 T 5o L3R
T A AR WA HLE AT R S il ds 2 B S 8, —ET, NEM LR
A5 2O T EENUIRSIRAE IR 2K, R AMEAS W FC I 1A . AT 55 7 ulie 4 (10 e 7
SCR-WUR- 2 TR G 3 /1 A IR T, BEIT 1 AN R 22 5 2O BN U S R sh (52, A
TR 3 AT 1D BT 2) FERRIAT: 3) MR, Rk
TRA—EMNIE.

4.2.1.1 BEHRHRE LR

AERLZIGTNIERR, 2R ELAR, £EHHZRAFT, HE R EILE 1
Rk, ZERAT 6 BriIARs, 530S AT 3 Bt iR LR aA 4.1 Fror.

(a) % 1M (55.06Hz) (b) %5 2B (56.02Hz) (¢) %5 3/ (112.97H2)

K41 B HR23RA T 3 B R
M LR AT LU H

D % 1 BrEA DY 55.06Hz, 5 NRMIRE, TR, S0
A # 7SR RBIIE 5 5T A

2) 55 2 BriE ARy 56.02Hz, HTBACTR), AN RIERS KT iR, TR
SNUE T AL BERE T RN o 57 5 K IR B BEAR X 56 5 AN vl 2

3) WA MEY 112.97THz, Her kA LA h, i T 450 ) L7k
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R AT TR R A 22 AR S

AYREN.
4.2 1.2 EEREKILR

RIS AT A 2R BN LR, 22T B e lmE, tHER RIS A AT 3
PR, BRASIRALANIE 4.2 B o 75 VR H Al A Sh UL = 4R M h o L

(a) B 1M (42.59Hz) (b) % 2 Fr (47.09Hz) (¢) % 3 (112.97H2)
4.2 [f 58 305 R AT 3 RS IR
MITHEERATPUE H

D 21 EA MR 42.59Hz, JREONE T, T2 AAIRE.

2) 2 MEASERN 47.09Hz, F RS, T AEAARE.

3) 9 3MrEIAMEN 112.97Hz, 1 L&, #r AR AR .

FEHT 3 BHRAY , 7 SRR T 5 T a5 MRS By, 32 R RO 23 B A 4R
BRI T B AR . 55 1 B0 BBS IR SIS R L, # - 4 IR R AER
Bithok, JFHE 1 i BB ARG, EEFEREH TEREAGEAR, 5 1 SRR
R, RS MRE .

4.2.1. 358 MRIEHR

% L& 2T HAT — B MINIEE, KA COMBINL4 33 B TRl 2 1T WIE, 5 &K AN
e BT 18] NI BEAS SR, 50 B A2 25 157K J7 Rl NI BE kax 9 10X 208 N/m, 5 B 77 7] I B kay
10X 108 N/m, J5 Z22E i 7KV )7 MINIEE kax 9 4.1031X 108 N/m, TEH 7 FINIEE ke 5X10°
N/m., THEAFRRIGE AT 3 A, BUSIRALWNE 4.3 Fivs.

(a) % 1 (38.23H2) (b) %5 2 ffr (46.34Hz) (c) %5 3 (112.96Hz)
4.3 FPELCRIA T T 3 MR
MIHSEEE R AT LR

D 2 1 EAHFRN 38.23Hz, HEIRBVENAIRIRRE, #7141 aif k4
MEIRSD, Hr o, w4,
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J S R ENHUENLIR SRR S LER 0 A S S50 8 BB VT DT IR 5T

2) % 2 BriEfT ROy 46.34Hz, BUSIRENNIAIRE, RIUNETT73), §F it
AR -

3) B 3SR 112.96Hz, H7 R LB, #raitEAAIRS).

SRR 2T TN TSRS B 0 [ AT MR AR S IR A R g 2 R SRR, A AR Az
KA SEPr ol FER M T2 S THLEREE Y dmm, AR R A R I R 5,
T SR A B AN T A5 A 2 R AE R S RN, AE/KT 05 1] BT HLIE (IR sh 2 |1 32K 15 1A
Ja ZHTAL SR Z 2R G, BIES 1 B RIARE SR R 106 A 1 222 J5 AUB R

NFE PECRL 22 2T S B IR L L, 0 USRI B 22 5 1 223 J e itk
BRIDFT, e ulia ST 3 Bri SRS, R EIERE )T — (iR 5 S R A 2t
ATVA—AL, EEA R T 26 AR XT A SR . AT 3 IR A2 U B 4.4 B

05 B e - e s deh 0.35
04F 0.30
03 025p
R o2l ‘ 2® :
5 02k ___. ?.; 0.20 | .
= 01 = S e
@ ﬂ 0.15f
== 0.0 £
0.10
-01+F
02 0.05f
03 | L L L L L | L > 0.00 T T N T N T I T
05 -04 -03 02 -01 00 01 02 03 04 -05 -04 03 -02 -01 00 01 02 03 04
B a7 & /m A 57 8 /m
(a) = 1B (b) 22/
05
0.3} )
B ool )
:-H 1 A
=H ] o
E 01} LN W
" a
L§
0.3F o o
Sp g

05 | L I L I L | L
-05 -04 -03 -02 -01 00 01 02 03 04
B r & /m

(c) F3Mr
Bl 4.4 ANEZHORA T 7 B AR
H1 & 4.4 A5
D R 1 MBS IR Z 23RS IR K. A EZFORE TSR LG
FEEERMAR K. fEA B ZIN R T, RIUNEFIHN, 5 5% RN, s
RS, e BT, B 1ESIRIEI N, B0, # X THTRRN,
R SR AR, B RN, B LI RSIRED Y, B TIR, # T SR T EAR T,
AR, AR 505 1 MBS IR .
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R AT TR R A 22 AR S

2) KA 2 PSR 2 L RORES RN AR ZEIRE T, FripriREAR
—8, PRIV TR, AR RIAAT, BRI, @1 1rs, MEREE.
58 LRI F T, RINF 713, 8 rEAAND), MEREK. SR EaR T, RN
Fey-ra, rx TR IRV, AR, 56 2 Brdi SR AL

3) WIRAS A 3 MBS IR L P AR LR . B BB a 5t b€ i FoAn s
PEZRGA T T AR SRR K. ARSI T A TR R AR &, AR
M —8k. EEEERGE, ¥ LSt R B RSOk, ZIREL T, Brikah
i g i1 S RS AR A R

4) [H5E ZHLF N, W 3 Wi T IR AR AN, A T T A R O LT B R
), R G AR IR MBS IR A, E55 1 BB AR, g TR
R, AR T3 IR RS CATT S o [ 2B 5T, WL SE A RSN — B RE S 4
BRI, FEWF TR TR A BRSNS , RS 3 4R TE IR AR A RS & IR 3l
JEH RN SRR -

HIEAT I, I3 50 1 TSR R S TR L R, SRR IAR K. 5 2 ikt
IR SRR, 2B FAEUN . 2 3 ISR ST AR FAR, JLTPAR %
BERAFRON o 2SR T HE AR S R P e RS IR L R BOK o LT U RS R AR S IR LI
VA& e LR 5 U o

4.2.2 ZETRENBIIRF IR L IGT R ER R HO T
4.2.2.1 ATR TN E X TN I 42 1R M in F 55 R e L R A= o4

FEFATE BN PR, WOE ki o~ 1.1008X 105 N/m,  kiy A 0.9408 X 108 N/m, ko« /v 1.1208
X 108 N/m, kpy 4 0.464X 106 N/m,, ka4 10X 108 N/m, ks, 79 10X 108 N/m, kax /¥ 4.1031 X
105N/m, kay 9 5X 105 N/Mo B0 kax, THEANRI 64 T 1050 25 (1 HT 3 B ok S i i
fal Z2 Wk 4.5 fis, Horig FESEE R R B THEONETER 3.4 . B, GO
Bl T, Wi NS | A AR, b Woe Woo Wa 20 5IDNEE 1 A TARRGE (184550
1000rpm). %5 2 D LAERGE GRAEE 4000rpm). 55 3 AN AR (& K E 10000rpm),
SioNER i MG AR AR R A BRI 1 OREXED. X2 GRAAXED . X3 (%
S, 3R Wi Wao Wa I fE BRI S L 2 s i IR R s LB T U 22Kk,
F Wl SRS SOV IR A XAk, G SR A Tt AR IR X3, 12 A R R (1
I 5 ok e b R HOK KT 0.8,
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L RSN LIRSS S AL B S S5 K B Be it I iE AL

12000 0.75
10000 | 0.70 - ...,.o-oocnoooaou-o<
0....
8000 + - v P -
= = C e (o} W, W, W, ol s,
E 6000} . . 5,
S| 0.60 5
Hy 4000 fo oo
—]—I—II.-I—'—I—H—.—.—.—.—.—.—.—.—.—
mll.l...............l
2000 F S SSSSEEEEEEEEEEEEE] 0.55
O 1 1 1 1 1 1 1 1 050 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
kg, /10° (N/m) kg, /10° (N/m)
(a) IIm e (b) Il ek fa b R 2

Bl 4.5 Tl 22T 7K1 J5 U EE ke X i 54 8 5 W e s o 28 00 1 2 i A

K 4.5 AT/ R0 T 4518

D BEE kax KGR, WRIRERAT 3 Pl SR RVE AR 1. 2 e IX8k 3, Bl e
GRS RN T 0.8, Hll FACEIIFT S R BB HENIZOR .

2) Colii kax IS RARANK, 5 Wo X B2 X 35 2 BB BT, B kax 1R RIS GGE I Wos
S15% C1 5 W 52, B ke HOBE RIS TIIG Ko Ml 222 5 K107 ) W BE 0 56 a8 55 1 Bl 57
P MU, T2 KT 5 TR I BE AR A AN 2 (12 B i T S A R e P A A R AR A
FER T IRE A, BT E S AT A IREIYA R, BHIE ke X Co Fl Sy 52
MANK o

3) i kax/INT 155L0N/m I, Co il ko UG RIS ATHE K, 5 Wo XS X 35K 3 i
AT, B kox RIS RGBT FEUL W2, S2 52 Co 15 W B2, B kox RIS KITTHE K 24 kax KT 1510°N/m
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1) SR LRI ko %55 2 Bl 5563 T IS PE TR AR B, X280 1Fry 20 3 Firilm ot
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K DUNRETH 3. I 4 MR 5 AR F AR EE R AR A Bl ko 39K, 28 1 F A 3.
U] 4 AT 5 R AR EE G B R O, 5 3 FAif 3. ATHT 4 ANAIH 5 AAE IS fa
ES (UM

2) ST 2 WL ko XH 2R 2 Bili S B T R (S PP R AR IO, X5 1B 56 3 il At
P e S 6 AR B e AR R S S AR BB 1 AT 2 PR AT i il B S o 2R i AN
Ko AN 3. A 4 MR 5 RO e AL EE S s 2R A BB ko BEOK, 2R 1 AT 3.
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FER I S BT MARRE L AR T AR IR PR B BOR IR . & B AT A B
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A TTERE] “SH-Hbr” HRACERR, JeF NSGA-IL CHAFE L R A A PRI AR 3 e HE
P8R Hik, PEMFEERE Pareto UG, AT LSRN RSB SR NI fefl
B MBS 2T AT T R RSGAIE o [, 1207 vkt n] AR B A s, B —E 1)
eSS

6.1 A= RN &N E St ikt 757
6.1.1 FERIE

A SO LIRS B H AR IS KBV SORNIEE 2 BRI T5 1%, FE AR HE
KRR N &6 o, EE 7 LN IR

D RAEAT R EWBTHEN, e s S A b R A T RIATRR R R A
JEE fE 6 REEEMA S HAE A RAL H F5

2) SrHTEENIAEH, EESTAIREENLE) SRR, B e TR B A AT IR SO B SR
JERE TG ;

3) RABHMAETE, fEndE (nATEERAHISTRAN O 2208, HH NI AR A S,
AEAHEE M B2 2 15 359 50 il 786 R A~ T

4) Gy BIKAEARE A s B AR SR NI EE AN BN IR TR AT T3, 1 545 31 &
JEHEG TN N ZA HARSH, Bim S s fa i R e 7 RIAS R G R B e ml e fa s
FUERAE bR B, TR NIE G A A S HX R B S8R AR S S

5) XfEEASE, FHSCHFFRERIE, SRICEWI AR RIS S HmBoc R, Wi
SVMit SR ;

6) FIHINSGA-IGE, FTRR|MTHEAEEA, 32 —2HParetofk AR

7) XFE| Pareto AUARBEAT 7 Mk, ANA RITCBRLEAT THEL, 045 20 25 Rtk
ATIRAIE,  E 2N 2R SR .
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y | ETRAEREER RS K2 EE —

well - ﬁzﬁ%ﬁﬂmmﬁﬁi; ORI !

Pae s ta e | e

| l il SRS
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| fi=fitkike ke | Model 1 ﬁgi ggjg fi I IR *ﬂﬂ

| feflkikek) | Model 2 fRE L p e ‘

ﬁﬂ‘ [k| ka,vee k)

i en san 3 § e ‘_
[ feftkikeooky | Modelm

K 6.1 fiss kzﬂ*ﬂiﬁ%miﬁw@ % Hbr AL J7 3 S AARHE B AT SR AR
6.1.2 A
6.1.2.1 &EF LovT g9ikie it

IR AR B RS P2 R R HOR BE BT R B E T, B R G AR Y
IS iR FH R URE SN, TRGE T BT RS h AN ORI 6 p 1) 23 8] AT G 100 o ISR, e
T B R A A AR R A8 A R R S A o TR R T — N B A RO R A i A

SRR R T A 5], AESHCR R R B AR 7 RIREAS R FEFE AR — 30, A R TR] B AE NS B
BEMEEAAHE, JE HAEA SR 2040 R0 2 5 1 R, RIREAS SN “BEANE S, AR
R AN SO A H B RE A R T SZ 7 RE (Latin hypercube sampling). CVT

(Centroidal Voronoi Tessellations, H.0ZefkZ L) AR, LCVTE®! (Latin Centroidal
Voronoi Tessellations, #7 T B OZRARZIUIE) EHhFE 7%

R T RESLITHIRE R —Fh 2 4153 SR 7 o B HE 3 8] 1) — 4 IR S S5 0 73 A
nANXIE . F4ERCY m, RS EEE S ARRI 7 B m>Xn AN LG, FERES B0 A R LI EURE
A, IF HARIEAE B 25 (BB —4E 00 n A XA, A XA BAE — M S . Xl
FRE 7 U IRE A S E HAT B A 5 501, (H R AE 2N 8] B A S A PRz (]
6.2 (a)). CVT HilFE2H m 4E8dE A= A%I 70 n AR R, USR] B B S —
CVT s, PRIz R meE, RARGRAE A, (HRILAEAIRH B2y
Sz, HEAMBSUAILES (E 6.2 (b)), LCVT HlkER —Fh e B 187 7 ikt
J7EAN CVT TV SRR T 2 BB AR AR, o SRR A 2 1 2% (B 4R 48 m RIS
A R n FEHERE S AR R4 CVT U8R, SR PR HRRL TR SZ 7 R e b g — M
A RV AR AT BRI . LCVT FRESS & 1 T BESL 7 Al CVT SRR Bt B
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%
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(c) LCVT Hlike
6.2 ANEHHE 7 ik 423 (B0 100 AMFEAS SRR AT L
HE 6.2 7J%0, LCVT HhiFEIE Ik 1 H T - TTfiRE I kA CVT SlAE TV R A,
523 [6]35) 5 BE RN A% 535 S PR IR I B (I i . ARSCRA LCVT BEXT 4 Ml
AR SRR B JEAT 4 425 [ 4hAE .

6.1.2.2 T HEEVTERIERELE

A B AR TR A IR Z, WA N DA M, Krigingf 28y, SO
EHVEASE . o, SCRe I ENUR AR ARG 2% S BB A B R SR — PR e o107k, W)
DU R R/ REAS . AR A 4R IR S S B ) . HAT BB S8 4%« @ VEsR. )Rl
s YIRS A S Ao SRR IR B 53 N SCRE RN A ML (support vector regression, SVR)A!
SCREIP RN, SCRERIALIE & H T4 BRIC T ET R A R G B8 REAT R HIE T, A
SCGINSCHE ) B[R] URAE A B HEAT IR AR, 15 3047 BRI THSRC ) B AR s 88U 5 % 3¢
7R DI FEE (1 [ U oy R, Y m i T AR AR A S A A J S8 ¥ . R TN SVRBEAT ] 2L
Jr-egeosl,

X T45 8 PINERFEA (X, Y3) i =1.2,...n} » XoNERN IRV, yidhy 5 2 08 IS0 1o T 28 4t i
SVMH — AR g S N ) B B — NS 4B RFAE S /), JFREAT AR, FLlalH
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HON:
f(X) =weg(x)+b (6.1)
Ref, w, bABIRLA BRI, wed(x) Hols g(x) MR, I L LR B ME
M.
XA H bR R HORARAR -

mmamﬁ+c§x;+§)
i=1

yi—f(x)<e+g (6.2)
st f(x)—y;<e+& (i=12,..,n)
&.& =0

A, CHETIRT, SEBLLELLR RS E S VG B 14, e AN BUR R H0nT DL R %
AR MR, FNFRER R MERAERT Sz RN, &, & AsEE.
Kfgw, b

SIANFAE B H R, X (6.2) W DEEOASRIBRAS IR T o, o IIXHER . SCRF
[ra) B[] AR SR A% ) A B BRBF, - )

K(xi,xj):exp{;/|xi —xj|2} (6.3)

H, y NZERESE FIRZBRECK (- xg) REACABUE S, n] DSl b IR 4E 2 ) 2 = 4E 4
(VPRI SRS, DT A IR 2 2 ] ) I e e i A A Oy i 4 2 1] ) e i AL
SINZEEUE, Ptk B FreR A i

max Yy, — ) o3 ) Y o)y - K
i=1 i=1 | =1,j=1 (6.4)

S.t.iZ;:(ai —ai*) =0,0;,0; € [0,C]

AFNE R TR0 B AR oy
f(a,a*,x):zn:(ai—ai*)K(x,xi)+b (6.5

i=1
EAEAMMI (6.5) HUAT AL SR A R [
SR AR F5e /MR SRR 18] B [ A 00 T 3%, ZE AR B ARAE 1 /IMEEAR 22 2] T RS2
eRETs. BRI, EBUETEREGHEIEL T, SYMBRERTIAZKINZGREA, At dEiiE
AR R EL

6.1.2.3 EF NSGA- || 9% BErL1L

NSGA- IR “HFEE R " Foy A “Jistine” maraN, M T i,
UERF T RPREI 2R s SRS SRS, 7R AL 2 PR SARRIE A T (ORH R 56, — il
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S GRELERNE TS, REERL R Pareto RS EK, ZEEBK T 2B HE 4L
BOEME AN, BAAZATHEEER, Pareto AR USRI a1, SRRy HoAh 2 H AR
BOAMHE NS, = H AN RS 2 M2 HAREELSSL, RS LN N HE R

1) Z HFsfAL Pareto SCHEK R

(1) Pareto ¥ it <&

%2 HARRAL IR SR ARAS B — 4 AT #E, FRCOh Pareto sefifif, WFCHIESCRCAHE, BI
Pareto s P AFAE T K B — AR A Bk FABE SIS . FHIEL 3 N HARRREL, 4 4E AL & R
fif R Pareto SR &5 Pareto fif .

BH BRI &N F = (f,(X), ,(X), f;(X)) » AR E PR R X, = (X, X, Xg) Xg) 5
Xy = (X, X, Xa0 Xg) » XY ) AL T 4 HER 7]

M ALY, W Vie{l2,3), #A f(X)<f(X,), MEK X, L/ X,

MEAH, WFViel23), B (X)<f(X,), HEDHFE—A jelL23), i
f,(X) < £(X,), IR X, 853 X, «

MEAMNY, WFViel23), f f(X) < (X)), FBAAFE—D jell23), 4
f(Xy)>f;(Xy)» WIFR X, 5 X, Z 8 HAHA SR

(2) Pareto fflfiE

Pareto LM E SUN: HEREEUR & F = (f,(X), £,(X),..., £,(X)), i=1,2,..m, X}
TN X, = (X, %, %) € R, 2 HACY, AAFERTEE X, eR", t=1, [ F(X))
W F(Xy) > B Vie{L2mp, £ (X)< f(X)ATiefL2 - m}, (X )< (X)), & X A
Pareto i

2) KERH:
(L PodE SR HE

NSGA-IUR KR SIN T P ARSI HE P 5%, ORI/ TR S8, $m 1t
BB WAENIIGWRIREZ G, FhBEREEAANME p B BC T IANETE, —AN2 Sy H)
IS ER, RN p STICIIRRINSE S 75— np, WIAAMN 0, RoRSTH/MA p 1)
fift CRUEL p &Ffff> M B e BIFEE A np=0 IAMAE, HEAHEES — A2
Fuorp, 0 FrEEIIRANME o, BT E AT CICRIREE S KEREE Sq IR AMA K 1 il
20 1, W ne1=0, NWPHEZMEFIESE A2 Fo b, DU, A BAMAMEIHE —
AN ECEE R i, =12,...,nSE AR SCIEHEFF «

(2) HHFRE

GEEE R CHETRED & SO H AR R 20 () B0 — £ [F) S A 4R R R TRTR B AR T 1

KFTERA, i 6.3 iR, FIRN idistance

118



R AT TR R A 22 AR S

K 6.3 #IFHEL AR E
BN AR JRARSCRCREE, | AR | I NG AR | PRI | IS R AR
EBN 0o X TR HAREL FEE m A B bs R BUEREAT ARSI Y,

oo, i=lori=|

I [ Tgistance :{ - . - iny : (6.6)
Hilgistance + (10 +Um—1[i —=1m) / (f & — £, i =2,3,...,(1-1)

(3) HHHF A T
PSR T < R B AR A ME T BB A B JF SRS 2
rank~ TH%FICEE% idistance o E)‘(ﬁ/l\f)ﬁﬁ?/zt;)”\ﬂ

i<, j» ifirank< jrank OF irank = jrank and idistance > distance (6.7)
B, B PIANRAE SRS A 20, A miFJE S S R T/ (R L) BIff: iR
MEAESCBCEEBARIR], B2 A T 3 5% 0 B K A
3) Yl EFE TN, LR
(1) Zwhth: BEXPASCHEFE M A, KA Sesgmiy, Wikl 6.4 fow, B RAJ7EARR
—ANERAL. ki Ron 15 ENIEE, ke R 2 53RN, ks 3Rom 3 530KNIE, ks 5
GIRNIFE. fL Ron BARREL 1, 2 R8 HFRREL 2, f R HARikigl 3. R Rz tafgk (4
) RIS, D Fonizgefk (MR JETEEES.
ki | ke | ks | ks | o | . | s | R | D
6.4 Bt fkgmpt Jr =
(2) ¥ RH ZIobRFET 0k,  RIAERNFREE e LIE B S AN R A4,
RN MBS ERAE, R E SR /N (PR WIfRENT — WM
AMEAESCRC S JAH R, BB B KN T — A
(3) AZX: KA SBX (Bl bl B fi e ), HAEN MR
X{ 5 =05x| (1+7;) Xy ;O +(1-7;) X5, O ]

X35 =05x] (1-7;) Xy ;O +(1+7;) X5, O |

(6.8

Hep, X (i =12) R PIT 2 ERIEZ GBI TACMARIE j A2, X (0G0 =12) For
ZH5 XX HEENIRDIEKE jAERE, t Rt E. HF,
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7. +1 X "
7= . . u; €U0y, n AR
,u; >05
[2(1—U1)J77c+1 !

(4 5. KHZHALRE T, HAENMT:
Ck = Pk +(pll<1_pll<)5k (6.9)
Hr, oo BRI k DNISRRERR, p R SRR kK MR RERE, py

1 p 73 BIF R SR S PR AR BB ) LSRR 5L, 5, 2 2T i HAR R S
B, HE AR

1
el
5k{ (2R)" ™ =1 1 <05 (6.10)

1
1-[2@-r)]m=, 1, =05

Hr, noRfE (0, 1) Z[EAERMIBENIEL g NEF SRS
4) NSGA-Il Bk ERife
NSGA-II ERFEUE 6.5 Frow.

A BT A BEHE P Pte1
o | [ ]
Pt = | I | I
F3
______ el ] e——— = ____.

Rt

K 6.5 NSGA-II ZJifens &K

(1) RASEmiG, FEPIIEAARFEE P (t=0), FHEER/INA No SRR I BT A A
PRBEAT A SR HE R BT EE B 20 BT, BRI E IR, RO E AR SRS S S
irank AT EE S ldistances

(2) XFOEE PobAT e FE . A X AR A AR Qu FHEE R/ N;

(3) HGACARFIHE PRI FAFIEE Q& HH AFEE Ry A/ 2N, HoF ReEAT AR S L HE
F?;

(4) HH R E—IEXEIE Fi(i=1,2,.. )T MERREEE R (IR,
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(5) S5 —ARILIZ Fu I MM BONE R SCACRIHE Py o, BRI BEAT I, 0
R FEERNMAEEANT N, MRS Pu HEHINN —NEZER F M, BBCRARSL
BeJZ T3 BN INE] Peg I, FIHE Pra ORIV T N, A8 A BUR BT BE LERLE 55 Fs A
PRBEATHIETIE BT, A Fa T (N =[Py |) MAMA,  SEIE Pua, SAJE X Pua BEATUERE. 22
X AR AT Quas FIHER/INA NG

(6) HEWIE (2) ~ (5) BATIEM, EHBIAAURECEE B ALK

6.2 FRAUNZS LRI SRNE B R SE 1

P R B HLI e 5 AN 1 R AT, AR 3 2 B PR RE SR PR RE R E o XL
TR AWLEIIR B e A R HL e B A mT St P ) RV SORMIEEARAK « DS — B g 37 g S R XY
¥y miiE i B RSO B, AT SORRIBE AL BeT s 3 L3R 7 i AT iR A e,
LA R Eh LB TR 5 %

6. 2. 1 KB & ol SARIE MU S B R B ARiEF

1 ARt

SRS KA BR oA 55 — 3%

2) SERIHT S NI A B

FERIRUE - IORRTE LI i R BIHIE A 5 AR, IR 7R 0-2-1 R T %, 31X
B SORTE PSS L, AR 1. SOK 20 SO 5. 15 SOARCRHBRZR, RS2 Hia fifs
W, 2 515 5 5 3RRHREMA, (UKZERAEMN. mEET30khN 1-0-1, 1
15 3 S3EM 4 530K, 3 5 IRNRMREIK, SURKIERT4 L, 4 53RN SUK,
KA AR, SORTEMRE RSN b, 3 Sk 77 245 R STl i) RO~ 48

XL KB, S 4 NI SR, 2SRRI R, LIEIR, Z 2 MR 2,
HRMNFEEEE L NRRNGEEM, ERT AR 4 TR EEREE AR A ECEE
W&, EHERUOSHEON K 1. K 20 L& 3 MSCK 5. B ke N
2x10'N/m~1<108N/m « ko HU{H ¥u [l A 2xI0'N/m~1x<108N/m . ks HY { va [l % & K
610"N/m~2x<108N/m, ks BB HE 5 8 210"N/m~1>108N/m.

3) Ak Hor e

RICAURH 2 B AR TT B8 Uit 2 K ENHL SR NI EER AL B TR . — RIS, HARER
Hoid 3 M 2 HARRAL I AR E s 4 2 HARAb o) 8. W5 HAR4ER 8, =42 H
P A 1) R 1 3k 2 U T P10l 3 FSRAS Il AR S B 4 SR et . B AT 4% B
NIRRT Y R G EE SRV EO) 7

ZIRW A KAWLBCTHHEN, 35 =R IR BT R T 3 N EAE B FR bR,
53 N S S SRS SR B, T AR R S R A DA S AR T O RIE R A B R . AR EAULE S
58 LR FR S HO HE AL 2 R ZHUI SR NI EEREAT AL, B TR RBIWLAS 2 Mg H T

121



L RSN LIRSS S AL B S S5 K B Be it I iE AL

YRR RS B N AFAE Z B I P, 384T 27 MRS, (R IR k. sl
B FA A DR AT 22 R SIS AR MDA 8, AR SO T 545 B A 4R R b AT 1 R HURALPE . 1685
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I FRIRFEAR S, A AR T REAS AR B i) 2
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HREAR 2N BT H AT BURIREAS RS G AT AT SVR R 5C T H bR R fu (I Z0RE
A, FEARRT HARRE f A f3 YIGRAEAR . XREARBER ST, RS NI EA S
SR H bR R BN REAR S o XA AR, 193 400 MEA, FEAKHES 1-4 71
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6.2.3 FEF SWM U ERIBFERIFREY
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il R BNV LIRSS S AL M7 S S5 R i J7 i 7t

ks ks) AlAaILE (fiy fou fo) ZIAIIRREC R, WIRIR9:

fl = fl( kl’ kzy k3’ ks)
f,=f)(ky Ky kg ko) (6.11)
f3 = f3( k]_} kz, k3’ ks)

3 (6.11) BRSNS H bR sk ) SCRF ) & [RDABA . B8 S50 st & BA s
B, WEK6AF~. H, WAL, 2. 3Rk ko ks ks5fia fon BHIR RS
£ 6.1 XFFMESH LT RE

R BESH y A TC #RIH Teps TR 2%
1 0.1574 58.9649 0.001 0.013
2 0.7267 16.6264 0.001 0.24
3 0.4454 59.4606 0.001 0.015

AT SR SR M AL 2545 B AR i HERR M, 7EEUE ZS Al BENL AN 10 NI A,
I3 AN BB FEAT B A R BB T, 1 B A PR 07 30 2 NI B R 1 H b R BUE AT T
B, iRk 6.2 o, Hb, FHXHRZEZ DA R THE 45 B o8 A e AT R R, B

A =Lf' i=12,..10;, j=12,3 (6.12)
ij
A, f N5 | ANIELLE 2 BRI BIES | AN HFRsREUE, £ 05 | 4LRIBEE N
BN IR AR RIS | A HARBREURE, Af 958 | ANIEEALE T 5 j A H Fr ek EUE )
FHRFR 2
F 6.2 SCHRFIA) B[] AR A B IE 2

-

HeAAZ 5/107(N/m) T2 3 AR JTiH 54 R HARTR Z1%

ki kz ks ks fa f, fs fia fi2 fis Afip Afiz Afiz

Jo

1 29 568 179 450 0904 0.741 0.141 0.893 0.732 0.138 123 123 217
2 671 69 195 646 0936 0802 0135 0923 0.793 0.132 141 113 227
3 853 379 879 883 0913 0.823 0.137 0910 0.810 0.141 033 160 -2.84
4 731 28 101 413 0891 0.707 0.132 0.898 0.711 0.135 -0.78 -056 -2.22
5 372 881 168 997 0922 0849 0.147 00913 0.839 0151 -099 119 -2.65
6 920 835 141 814 0931 0827 0.121 0926 0.821 0119 054 073 1.68
7 541 668 111 742 0880 0816 0.139 0.882 0.813 0136 -023 037 221
8 476 444 605 223 0835 0543 0.180 0.836 0551 0.177 -0.12 -145 169
9 824 979 129 567 0914 0.781 0.135 0917 0.779 0.133 -033 026 150

10 261 271 144 334 0862 0.637 0.156 0.865 0.626 0.158 -0.35 176 -1.27

IR AT, DAARE = 25 A LOZL NI EE il iaAR SR AR bl 2545 21 (A AR HLdE AT Ft
B H AR e B PN 45 2R 5 e P IR TS A R W) S 8L, IRERIIRT 3%, 4 T #E— PRk
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fl = fl( k]_’ k2; k3’ k5)
SEHISCRF A SRR B 3 f, = f,(kyy Ky Ky k) HEAT RS HURAI 2 H ALK AR
f3 = f3( kl’ kzy ks! ks)

B8 AR ke BUETEDL, B kv Kav ks AAIAENIEE(E BAE B FRL R P A A, B
R4 BRI SEGERRS, i ko HERIEEN[2>107, 1x108], Kov ks ks FRIEU{E Y 5331
N[6.17x107, 6.17x107], [12x107, 12x107], [4x<107, 4x107]. 1L LA ky ZBAk P53 B X fh 7
%, HAMRIEE S B RIIGAE 775 LA . NSGA-II S50 B N HER 0.9, B RAMH
0.1, FhfEA/NA 100, HRHELACECN 100, HRARZEIIBN 2, & X Amtesoh 20, &5
TN 20, 40k 100 kAR, 1HEMUA ko400 Pareto BIVATH, 41K 6.13 (a) fiw, K
6.13 (b). (¢) Al (d), 7 AIRAE T A ko AT AT RS 2 HARBREUA fo. f2 A1 f3 RIS RIOC R
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6.13 (XA ki AT SN EE NSGA- TT At ah 3
H P 6.13 AT AN, A ko ZBFLA, BRI NSGA- I SEFE P AT LA 2R 3 4550 ke (AT 47
fift, FLBEEERDBNOTATAE ke B3GR, XTI BARBREUE fiv 0 f3 5 ko BAGHS fro
fo FlI f3 FARAL AR —30 (LI 6.10 (a). M 6.11 (a) M 6.12 (a)). L LTIk, Fif
NSGA- Il FVEARFAEAUA ko ABAGI, REWSIRIE & H AR R G RBIFTA ATATHE, SRR AT
FAAN, FRE R Koy ks 22 ks BUEER AT, 233 100 JGEAR, A4S S5 lin
Kl 6.14. I 6.15 A1 6.16 ATw.
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0.93}
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0.5 .
1, e / kg 1107(N/m)
(a) pareto RV (b)) ks 5 1 (R0 B G 2R
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e \
worh / 045
~ e S~ \
S
/
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2 4 6 8 10 2 4 6 8 10

ks /10'(N/m)

() ks 55 f2 (IR RIS AR

ks /10"(N/m)

(d) ks 5 f3 FRIXHR 2K 2

K 6.16 XA ks LA S 7K NI EE NSGA- T AL45
H14 6.13~&] 6.16 A%, FSHCRNS, FrR A NSGA- 1L SEEAE Fr 5 e R 232 1k
WIEE S5 A8 AT R, HBEE RS BRI NIEE S ECTAT R 3G 0K, X R2 0 % H AR s B
fro f2 A 3 AR AR G Z NI BE S H00 % B b s BUE e B (LA 6,10, 18] 6.11 A1
6.12). £ LFTR, BTN NSGA- I HEFEFIEMA ki Kov ke Fll ks ZBAGI, $5REMEARYE
% HAR R B RENFTE AT, SORET.

6. 2.5 AT & BN SRNIE % BARE R EER 54
KHI NSGA-I 5%, o RS SO ) AL 7 V2 S B A IR e TS A e B A k47 22 H
PROCAER AR, RISK A,

min f,(k, Ky Ky Kg)
min f,(ky, Ky kg Kg)
min f3(ky, Ky Ky ko)

(6.13)

NSGA-II ZH% B AL XA 0.9, BRMEH 0.1, FhfER/N N 1000, FHAHMRECH

1000, HRARFEHN 2, & NAATERCH 20, A S AnTe %y 20, 43d 1000 Vs, 153
FHMNfY) Pareto s fILff4E, Wi 6.17 Fis.
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0.35

B \\
0.25

o

€ 6.17 NSGA-1l = H #xfliAk Pareto f A fifde

K 6.17 fTnIf) Pareto S (R AFRI A NSGA- TTRALIS 21K 3 > H bR R UE M A 4. £
HIREAAE — A MR, B “IEBARRERIC 7. H T2 H bt 0] 8 e A2 1 e B %
Bo—MbrdE, &4 Pareto AR IAIEA 4xt IR 52 57, Bea M4 FRIE T 1384t
H A5 BT o

1) BT fmbF k£

X131 Pareto SALMRRIE XA H Az s B i 6T TR, ket 3 Wi,
55 1 AR H AR R AL 1, BIGESE fOONmCIME A 58 2 R LF H bRk % 2, BIE#%
fo f/MERIRE: 56 3 Al H AR k%L 3, BIIESE f s/ IMA MR K 3 LHLARXT R (1 3K
WIEERN R ZIHIA BT AT IR T B, A48 R

* 6.3 fin, i, AHXHRZ R UUA RG4S BN AT T, TR R IR
(6.12).

R 6.3 HTMUT MR B4

NS

i AL A E:/107(N/m) Paretofx fILfiF BRI H R AHRT R %1%

k1 kz ks ks f,

fi fia fi2 fis Afip Afiz Afiz

J

[y

2.000 2.000 6.000 2.000 0.8027 0.6770 0.2020 0.8015 0.6715 0.2057 0.15 0.82 -1.80

N

10.00 10.00 6.000 2.000 0.8283 0.4679 0.2076 0.8247 0.4592 0.2111 0.44 189 -1.66

10.00 10.00 6.000 6.953 0.8927 0.7983 0.1302 0.8912 0.7892 0.1319 0.17 115 -1.29

w

HIZR AR, 754 Pareto S UM 547 FROTTHSEAE R EORIR 20 1.89%, S5 RARH KL,
55 1 ALRIEE 2 MR TSI fo. R 4508, RV SR 1~ N AR BRIt AL, HE f3
FERT S v, RVABLIH e L PR R VM R I 2 o 55 3 2L £ eI, BT e i e JBE IR B I, ELE
fo 0 f B0, I S ORI T AR BRI AL AE SRR LR, TR O T i #E.

2) T

FEAREN 44 Pareto FIATMAEH, X & HARBEAT Ik $, JEHC 3 4> HAR R AUE S B
Mg NI i R, JF B HARN RSN IR TSI TH A, TS 45 RNk 6.4 P,
H, AARIRZE I TR A IRTCTH RO EEER, THEEIE (6.12),
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R 6.4 FT H AR AT T iR IE RS

% PEA AL 5/107(N/m) Paretof {12 AABRTTTHH SR HEXH R 72 1%
5 ki k2 ks ks f, f, fis fia fi2 fis Afip Afiz Afiz
1 2000 8749 7.370 3.029 0.8562 0.6691 0.1257 0.8517 0.6653 0.1243 0.18 053 1.13

N

2.896 9.845 7.852 2.685 0.8701 0.6435 0.1259 0.8773 0.6377 0.1263 -0.82 0.91 -0.32

w

2.356 8.881 10.04 2.000 0.8634 0.6103 0.1330 0.8606 0.6074 0.1320 0.33 048 0.76

H13% 6.4 W51, %4 Pareto iAUIE 5A IRTCHH R SR BGREDON 1.13%, 45 RAFF %
.

K Pk P NI EEH & T 5545 20 10 H b ek BUE S 0086 BT NI EEE T 194 H AR el BB BEAT
L PS4 R 6.5 s, RS 0 AINIZA S VIR BT NIEA S, RPIABCRH
THER DTG B NI EE AL G v S HE T, S 0N

Af; = , 1=123 j=123 (6.14)

S,y MR £ 005 | A FARBRACEL, f, 028 | SRS & R 9% § A F bR
Hell, Af R R P AN H BB AR
£65 HACR

AL A2 §/107(N/m) A PR CAE R A 45 R AR %

ki ka ks ks f, f, fa f1 f2 f3

0 3.960 6.170 12.00 4.000 0.9040 0.7340 0.1360

1 2.000 8.749 7.370 3.0292 0.8517 0.6653  0.1243 -5.79 -9.36 -8.60

2 2.896 9.845 7.852 2.6849 0.8773 0.6377 0.1263 -2.95 -13.12 -7.13

3 2.356 8.881 10.04  2.0000 0.8606 0.6074  0.1320 -4.80 -17.25 -2.94

HI5K 6.5 R, JET 8 H bR ek ECHT T k805 20 NI BE2H & vt 545 201 & H AR ek BB A
LSRRI A, BH T —@ MRS, BHIRNE ST —E b, 55 1 A 7t
GRS REFK T 5.79%, 7 NAFRERAK T 9.36%, A L Al AR fa S R ALK T 8.6%-
8 2 MARAT I S G REURAR T 2.95%, BT RiATRESGI RECFIL T 13.12%, ALk
A P s or RGP T 7.13%. 28 3 ZH AR fiim SRl e bor REGPEAC 1 4.80%, 1 NiARRE %
IR T 17.25%, A FE 0t PR fa e REEAK T 2.94%.

6.3 KE /G

TR T — R DUBEHLIR S 69 B AR RIS R SNSRI B 2 H AR sE ik
Jrid, JFUGERRUE RSB, 25 = 5 A BEHURS SRBIVE 4R e 12 R A K 5l
PURISARIBEREAT 104G, JEXPEIRBEAT TURAE, Z59RBW], RMIZINE, ATUX NS
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BEAN, Z I AR TR R SHSORRIE et el U et S Hom it
HARBIILA o FEEAT SRR T V5B N, PTRR A 75 2o 0 b 2 MO E AT %, AR TASC
KA LCVT SiFEJris, ke S8k B H T 50A — 2 AREATHEN, =5 BRI B it
fgels, e —E B . B, RECHFACBBAN, Tk AR T AR
FREENL, WA PUR IR Mg G M Tk . RIIAT %, Zead— kit T S8 2 A rT17
fEAEJutit %, B AR B R AT
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7.1 B&5

na=

bt AT A S B L AT i, DA BENLIE S5 A )2 R, Fe 7 A1 2
[ PR £ IR B R Xt BB AL I 57 T2 e A 4IR Z lp ) LA S By 2R 12 10 52 i R ek
Ko BIFME KL FR S IRSIVLEL, LR 2B UIRSE B ek R, 458
BUCHLE A S N TR BEROR, JF R Seit M e e 7 ik, AEBvH i Buk AT R ahpLAi
Petl, SEEVEBNURSIER], X5 as R s pL < e EAT ] SE bk BAT 208 3. AL H S
Pl R BNV L A F) 2R SRl S ksl LR EOU AL IR T AT 7T, RS 1 0 R T ST R

D W TR RSB SRS € B TE bR, BT A AT A S As # BT
HEN, SR Tl AR S R R BT AR RESE IS AR B AR e L A S R A N VRN 1R
b, FUAE VST KB BEIUR S RS, JEot 17 3 Mats & . 45658 it
TR CieHLIE AT RSP Tk 38 3 ) AU 7R R ahbl GREARLGRITE EEXUE 1
FERENHLD A T IRbR I BAR TS5

2) 7T TR EINVBIUR S IRBIPLEL . B TR PN SR ES, ot TR TR
ZHL Cs HLIE R 2 R SRS 716 as ) AUOSUR T R sl HL CREBYRIRIE B 1 e
L) VBN S IREINLEL . IR DT T 25 SR NI EEXT &R R R IR e, IR
FIT 1A NIEEXT SRR R AR . A5 RR I, WU R BIHLI 2T SOR R AL )i
HE ok, ZZANBIRILFEIER], HA5E 2 S MR EHIZ), =& RE 2 J it
i)

3) fH TR RS SORIIEE (2 B BT i%, IR DI R s BN Bl
PAASCHR H R BB LIRS AN FE AR08 H AR, X5 HSORNIEEREAT T 2 HARAL, AL )E S3ahnie
PACHTEA T BRI, 1207k 7 Bt R, o TRR MR iyad FEfst, AL 2
M ERIRETUR N T3 25 @k, AT LG22 AT & TR R IE SO0, TR
i) MRS e B AT BUGE AL S, AT oAt E S A IS AR R . %75 R
Je N B AL E A S E LA 1]

4) FEH T AT T R S LB LE SRR EE R T, X LI A
KA 7150 AR AT 1 SOR I EEAN 223715 NI A BE R, X B 1 16 55 0 B T s
Wi N7 BRI, B0 T RS AR DL T 12 A R A% 5 1 SRR I LS A 5
R T A R S LS A R M LURRE ) TR AL, R R P 2 B R ML
10552 MOER RN AR R, BAT — € IR A

5) it VIR KB T R SR RIS, 1R B AR ML . SR TR S
AR GIAIE T AR - SRR AR T AR AR PR AT e TR 1 5 i A AT AR 2R — Sk
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IR T BRI A, SR A B v B KT AL AT A R, SRR A EAR KT
FTHLIE AR, R AL A R IRt 1% 75120 P 28R IR L XU 10l A S ATL
FEA, AL T R AR S LA BR TR,

7.2 REE

ASCWETE TS KBV R GRS GRS, &S0 T ARSI E B fads, 7t
Feaih b, $RH T — M RS UVREHUR S R BE AL T 1% AR HILIE B 25 R S L ik 56
A AL R IR PO U i B A S LN B, b 7 R BE TR &% FE AR sz i LR, M A 3
MR B Ir i, MRERNT A R SORRIEE #EAT 100t BUS TR IRCR . (22, £
LU W Seiaa s 2P NI

1) RERSAERA I ) R . R ST T R R TE B SRS it e R B PRI, TGk
Z B R RS R B S, R A S AR W HETR A IRITERL, A S B s ) 2R
AT SR BLEAT XS FLIGAIE . ASCULIZAE RN, (AT I3 I T, JoikiB R 5 5L bn
GNP A RV o ot 8

2) P EbRIE R — e . AR T 3 AN MEEEHUIR SN [ A R A R R .
FH b, BRI RSN RE T, B TR RS A A, [, RS AR R
HLIRBNME N [R5 OB KR bR, DLZE B IENRIR A R

3) BEAKH R ASChICi2 % BRI 00 R EHE NI B REH IR TT %, 1ERH]
SVM BEATHERYIZRIN , EAFAE NSRS H I R . ARSI H SR, KGR EA T
AREFE S A FEAR D, WSt SVM BERIZRRCR 7, 3t — B Rema i AL g
WER . HANEBA AR EM U E AR H, RSN, &2t PRI,

4) A2 BArie Tk, FEABRT R RS SOR NI RIAEAE,  tal B+
HEw it S Bt BARKITLAL . FEEAT R T e U, AT AR HE 75 22 3 ) b 2 F oy itk
TikEE, ARTASCRAM LCVT k5%, SRBUHEABEBRE, THAt AR A
MBSCRF RN, BRT DR AR Mg St 5 . JeSeimt serd, I i8Iy e 21
FAt etk ZHRIAL, JERT L2l dn R R % . SRBUH BRI B 2 H AR
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