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Vibration Isolation Analysis and Optimization Research of

PHEV Powertrain Suspension System

ABSTRACT

The powertrain suspension system is a crucial subsystem affecting the
Noise, Vibration, and Harshness (NVH) performance of the entire vehicle,
with its vibration isolation performance directly influencing driving
stability and ride comfort. According to the "Research and Application of
Key Technologies for Vibration Reduction in New Energy Vehicle
Powertrain" project established by a certain automotive component
company, the powertrain suspension system of a specific Plug-in Hybrid
Electric Vehicle (PHEV) is taken as the research object. Detailed analysis
of its vibration isolation performance is conducted, and the Grey Wolf
Algorithm is employed to optimize its vibration isolation performance. The
main research tasks are as follows:

The current status of development of plug-in hybrid electric vehicles
is elucidated, followed by a detailed analysis of the NVH issues faced by
PHEV powertrains. By reviewing both domestic and international research

materials, the research status of powertrain suspension systems is
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summarized in three aspects: optimization design, performance simulation,
and performance testing. Based on the fundamental functions and design
requirements of powertrain suspension systems, a six-degree-of-freedom
suspension system model and a thirteen-degree-of-freedom vehicle
dynamics model are established using the Lagrangian method. To
investigate the vibration isolation effect of the powertrain suspension
system in hybrid electric vehicles, evaluation metrics such as
transmissibility, natural frequency, modal decoupling, and suspension
support reaction forces are summarized.

Using ADAMS software, simulation models for both the six-degree-
of-freedom powertrain suspension system and the thirteen-degree-of-
freedom whole vehicle are established. Modal analysis is employed to
calculate the system's natural frequencies and decoupling ratios. The
calculation results indicate unreasonable distribution of the natural
frequencies and some modal decoupling ratios are excessively low. With
the optimization objective of minimizing the amplitude of suspension
support forces, the left suspension X stiffness, left suspension Z stiffness,
right suspension X stiffness, right suspension Z stiffness, and rear
suspension X stiffness are selected as design variables, and an optimization
model for the powertrain suspension system is established.

A method for optimizing the powertrain suspension system based on
the Grey Wolf Algorithm 1is proposed. Initially, the Orthogonal

v
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Experimental Design is employed to assess the impact of five design
variables on the optimization objective. Subsequently, based on the data
obtained from the orthogonal experiments, the Response Surface
Methodology 1s applied to determine the second-order response surface
between the optimization objective and the design variables. Finally, the
Grey Wolf Algorithm is utilized to compute the minimum value of the
second-order response surface. A comparative analysis is conducted on the
powertrain suspension system before and after optimization. The analysis
results indicate that after optimization, the distribution of the natural
frequencies in the system becomes more reasonable, and the decoupling
ratio has significantly improved. The amplitudes of the left and right
suspension support forces in the Z direction decrease by 25.9% and 25.5%,
respectively, while the amplitude of the rear suspension support force in
the X direction decreases by 29.7%.

Based on the optimization design method of the powertrain
suspension system, stiffness parameters were calculated and used to
produce suspension samples, followed by modal tests on actual vehicles.
To evaluate the vibration isolation performance of the powertrain
suspension system, vibration accelerations on both the active and passive
sides of the system were measured. Taking the idle condition as an example,
the isolation rates of the vehicle were calculated for three gear positions:
Drive (D), Neutral (N), and Reverse (R). Experimental results show that

v
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the isolation rates for different gear positions are all greater than 17 dB,
meeting practical engineering requirements, thus validating the
effectiveness and practicality of the optimization method. The proposed
optimization design method for the powertrain suspension system based on
the Grey Wolf Algorithm provides effective technical support for
suspension system development and contributes to improving the NVH

performance of hybrid vehicles.

KEY WORDS: powertrain mounting system, vibration isolation perf

ormance, optimal design, grey wolf algorithm, response surface meth

odology, orthogonal experimental method
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b T OBSIRER: m, NRGREFEEE LTI 1 ua; A NRGH i

I IRZE:  (A4),~(4), 9 A BIER kD ITTERMER T Te R

x100% (2-50)

234 ¥RN

&= BRGSO IIRIE RN E VG R G RRRIEREIL 25 10— D EZE N $64R, EH
IR T RIS 1 SR R IR SE AR . BRI IR T, N KRR
AR A AR ) A3, WA RO B ] e 7S Kkl T3l ) B s
B AGHEEEARER R L, WRAEE 1 L s o MR SZ BE T L A
2 P B QUK S ER I Bh A D fir , 38 w] REINJRI 25 B = ML e 2 R A R 2R B
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RGHIIREN, AR T EWATR PR AR EF G VRS . MREIRAEE, &5
SCRITR/ANTT LA SRS ARS8 15 00, G B 8 AL SOR i RIE RN, T ELA
R BN ) 3 0 IR B 1) 2R SR ) A i, S L) pR B RIA A ON -

J =Nk JF'F, (2-51)

KA K NIRREG FRNEIADEER SR T.
FEARBN 7 S B m) 2 By A% 1 1) 0 51 AR IR A Bl T3 2 B o naid Ve . 78
[ 5 WU AE T, X NIRIE S BB RGN i R E A . @ AT B
M, tHEHEBEEEZLAFE T PSR 1, A& INBEESR G EdE, 153
—N AR B B RANRINALIBRCE RS, SRR E RGP BB IR R,

2.4 KREINGE

ARE L T AT NS B ARG EEA TR S BT 2R, M 1 R al 7y AR
A RO bR N H S E RS, M EON RN B A+ =a hE
MR, JRERS TS SN IR OB AR Rk B H Uk, S
PR RSN TR, DRI A SO BT R 1 ISR B SR
BEAk, A TIRAB TR G SIS S e B R G I RIRTERE, A48 7 A
AR BT RS RRAN S B SO E N OGP R AR, R SR R SR
edR it 1 B B AR SR
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EIEFE PNEAZERGMUERE

271l B ARG AR AL BT 2 A B T et I TH LR, Xt &
GEEAT O FAS R AR SR B 0 A, H A2 SEDL AR SEPEREAT 45 M i) A T S 0T
W H RN D RERNURAR S 3D A AR BON R 2%, AT IR RIS 1,
£ ADAMS BAFHdsrah 7y 8 ke B AR St /N B AR R+ = 5 i R JA
R, XA FLAE RBEAT 7 7800,

3.1 2ERFIRASY

3.1.1 RESHIRE

FERA S0 T3 ) B S B RS E AR 5 B S8 AR
FORELE, SEAIREREM. X T %5 PHEV 2805, K3l ameaE
RYGCRHA T =30 et A A0 PRSI R AR T AR . FEIX — A
Jir, fiAi BB RIS IRE, 15 BB W 5T B B ) SRR e, FAE
AR T HUE R 1A B 5 e R R SH RS ) Ak B R ] LA R
HVEMERE, 290N 211.2 kg A1 1183.8 kg, BANAFEH 4R SR EFR BN 22
kgo H1T3) /1 B EGE B RG B AH LT TARFIAEbRHEAC R, (015 B3I & 4 5))
WAV SHUNAE, TR E— R AN E RIS H . AR REA R
HRIE RGN E HEFIERA A, 5 RIS HIREEE
T T — SR R BN R R M NIR Z 1 2400 &, 8 R A =
LRHARYE, &R E K 3-1 Bs.

K 3-1 =2 R

B O-XYZ N ARG TS H IR R, AR s O LT & E ARG G
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T TRER AR 22 18 5L

A&, B AT RN R T 48 mUR SHFLE Aoy X 4l EE W EN Z
B, Y RARYE A TN ETARR, W LRSI AL M R AT O ks
OA ML & 1, v LUEE AR H -

— 2 2 2
I =1, cos"a+1, cos” f+1_cos"y

(-1

~21_cos ficosy —21_ cosacosy —21,, cosa cos f
Rt [ 1. I -SBH AR R 1. 1. 1 —FIRT S5k
BHER: o fo y N OA BIM B S AEKRZ X Ve Z HIJES .

Pl 23 1) A1, S S 0 5 30 R T 2 e A0 L 2
55 AR R IR, BT LA I SR AR L 77 R AL 2 30 7 AR B
HEPERR,

= ARSI, BB A RN 3-2 s, T e A
= A KRR A BT , 5525 B RAE B 1R i — AR &,
FEAE AR AL 2234 =AM LR FL ORI, o =4 IR 4 Akl B
3R R B G LR BUE G, W 32 o). eI
TR RS T, RFR A IR AR bR A S = b D2 e . AR
(30 1 28 R = e T LB A7 W RIS T o Fh P R B4R 10 330 0
SURIEE R RGR . 7RISR, FESE R I 6-10 MR
HA, HEEER T FAA B LRI, B, RIS % i B ISR
R A SR O 7 DA 2, T 2 30 0 B PR 8
R 1930 0 3 R B I 4 B S MO 341

(a) LRI E (b) =&
3-2 ZERBIEBIES
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% 3-1 I E S S (kg-m?)

XTJ‘ % I xx I,\J" I zz 1 xy 1 vz I Xz
BNk 13.19 5.57 14.30 -11.70 -1.45 0.36
% = 453.79 995.15 1167.44 4.28 0.35 -41.93

FERHT B B o e bR e R AR b, FOAT B R B2 32 B ) BB B AR (52
AR PRIE G 1 3 AU T SRR B RSN 5 A B NI RE S G R5RA 2 00
B BB G BE G O DL e B e A ST R AR AR R T AR AR IR 3-
2 FiR .

32 BRI T RS B B AR R T A B (mm)

AR ZIVANSY PN L2 SN ERE HEE ISR+
X -155.8 1280.0 -114.1 -175.6 106.7
Y -14.5 0.0 -470.3 485.5 -75.8
z 187.3 257.9 301.0 364.2 -83.5

NT I EEERGWE AR, 7R BT = NI .
R R E o, HESNIEEMIE =2 7E MTS k50 & EdE T, BARERAE
I, KB B TR N R R E 5, 1B GG N E R, [N E s
i 4% ) WU B 9 1 B B IO T 2 M AL RS HE , T 2 ) S5 AR IR 0% At
2, PRI E TR BT AF KA ARG AS . 2 B A AF / AS B
NN . BRI AR & Bt R 3-3 fos. T2 & o EARZhE
BAEH NS NIEAAAEZE R, BREETMNAFL N 1.4, SEENVILSG
=1 EENIEZ IR 3-3 x. FEFCWIEWREN 180N/ mm o %2 HEH 2 3ehL

v AN 3-4 fw.
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ZRUCRE R L 2 A S

—

K 3-3 & Eult R R B %
*® 3-3 ZBEMVIIRSERIEE

E NI (N/mm) ZHAIEE (N/mm)

=E
Ku KV KW Ku Ku KW
rEEB 109 116 167 153 162 234
HEE 114 106 150 160 148 210
FEE 146 10 10 205 14 14

R34 BREN A E . NIEATRE

BN RR R T AL ER M1l HENE

=5

X/ mm Y /mm 7/ mm N/ mm N-s-mm™

JEHT & 50.0 -780 20 26.1 1.7
T 50.0 780 20 26.1 1.7
iy =bss 2750.0 -780 15 23.0 1.1
VSN = 2750.0 780 15 23.0 1.1

3.1.2 EBHERMBRETE

A LA a1 e e BRGNS M, £ ADAMS fi A
TS RGN HAREAY, AT R G A R PR AT B SR AT o A T B AL AR
AT EA 7 R R S Sl D VA D Pl A DS 5 A i K S N T 7S R =
[8]75 E HEE PR RIAAAR T, 3 i 1 3 i & e ELAR Y BT 7 (K LA S 8 xR
g, B A JE =B TSI B 7l s S 2R .
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ST E S BACE ESEA THEE RGHATVE, MBS NBE O Z 1
YRF1, W 3-4 Fi@). (b)s ().

D000 === - - m o S oo ‘
15000

1000.0

Force (newton)

500.0

00 .
00 05 10 15

Time (sec)

(a) B E Z In3 e S 4

D000 === == - F e ool ‘

15000

on)

10000

Force (newt

5000

00

0.0 05 10 15
Time (sec)

(b) HEE Z xS

150.0

100.0

on)

Force (newt

500

0.0 :
0.0 05 1.0 15

(c) JFEE 7 5% Sy
K 3-4 #%EHE Z MYk
ME 3-4 ATLLEH, £ERE Z TR R IIF A 1050N, H2E Z 77

SRITF, N 961.3N, Ja B Z MBS F N 59.4N. fe A i i & & o &
HEY BB R, fFEEATTIRER IR, e E RS
SR . BN R = ANEE ) Z WS R 1SR, A 2070N, Qi 3-5 i
IR R E Z WSO TN 2. 3l S BT R 211.2 kg, 2908 2069.8N,
S5RGETEARE 7 HRSE RIS REEARMSE, WIE T # 3 SR R E R
Gi7N H H BERR B v
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00,0 7= - - oo oL |

3000.0

2000.0

Force (newton)

1000.0

T (se0)
K3-5 BB Z M RIIZHM
TERA PR ST HERf I 25 Al |, @3S ADAMS/Vibration R, {AE 5 /1 1I1E
XT3N S e B RS 7S B H R T IR /i - 1H A 2 & B RGN
[ A7 SRR, W3R 3-5 P
% 3-5 7N HHERGIAHR (He) LfERZE (%)

[i5] 5 AR 5.46 7.81 7.32 14.84 8.93 13.26

FERM Y TS XAersh  ZHEersh XEEsh Y Misl 7 sl

it # X 86.88 82.00 91.97 89.20 47.92 66.14
7 " Y[ 1 [ T[] il et AR T

M 3-5 ATLLEH, SRR N Y HrP s S HEN 5.46 Hz, i
FNMMG X B S A2 14.84 Hz, (HIE FFIRE A RS /N T 1 Hz.
WHETEILT, BRI T RIREE & H T 85%, MAARZES S HE
P 2 IR AR AR L IA B T P RO ks . FH3R 3-5 AT, iZ R GUE Y ksl Z
LSRR BN 47.92%F1 66.14%, IR TR, FRIFRS R L™ =
o VREATHOS AR, EEZ B IRIFISENT . — =3 o= A e — 2
S TELT PR AP P R Ih o B E E B 2% A R 3R T B TN B SR R BN ZE AR K
PRI PR . BRI, Bl 70 s A R AR R BN I e AR A5 B N R 2

N T I RS ) S R B R GRS, AR B 2-3 = E
)RR ST R, 7ERE RGN H LR AL b, BB R IR
U R 3R (IS 3 DL S ) L A USEE S, HR T RS R0 I A ZEAT
BP0 2 = [ ER AR o AR - R B IR ER NI & DA S48, iR
TR = 1 E B h gy s P S B [ G AR S AS R 2R, 45 SRk 3-
6 FT7
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T TRER AR 22 18 5L

% 3-6 +=H H B EAHF (Hz) KR (%)

kA X y z Rx Ry Rz
EEspriks 7.82 5.49 9.47 14.99 8.79 13.28
R R 83.68 87.24 52.38 90.36 43.78 66.80

ONHBE =W

Re I 326
Ry I 1276
Re I (44

z [ 676
y [ 5.46
X s
20 16 12 8 4 0 4 8 12 16 20

Kl 3-6 [FAMZE (Hz) Xt
W NH®E =gl
Rz [ 66.14%
Ry [ 47.92%
Rx [ 89.20%
z  91.97%
y [ 86.88%
X [ 82.00%

100% 50% 0% 50% 100%

1 3-7 MR H

it LG B 3-6 HRRS[A] R BE AR (1 30 0 8 R AT A%, AT LUE H, RGN H R
JEREA TR 1 B 7 s T A AR 1 = ) R AT T B A 1 ) [ A9 T i
Ji FAFTE 2.1 Hz 25, HAh 5 A7 mp G SR T A B A — 5, ) [
A H AR E R, FEEFZ B T/5 HHEEE REEAE 4L SR
RITRIAREA A 3-7 spa] DUE HE, 75 EREAT = ) B B TE A % R
KEFSNEETTH, BREEDHIN 91.97%H1 52.38%, HE AR H LS REA
TRIF—EL.
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M AR ST AT R R AT SRR SRIASCT L+ = E R AR A
REMS AR GE 17N B i BEAS Y, ELAEASEARY 1) 52 BE A I 6 B0 2 T 1 S I 3 2
P, SEIE M TR EIRSI B R 0 AL 7 .

3.1.3 IRIOHE

MEBRIR ARG, BB SR IIT LU S A5, iR 430 7 i
TAERF, 7ERE TOF IS R = AR R Ty, FEIa) 4 B AR B0 AR .
PR, AT DA A R B SR T MR IR RN, BT UM B0 7 el IR 3l
IEESui

I3k AT 28 ADAMS/ View 18, X7 1477 BB AT Il 1
REN |51 N7 2 s W 71 X e v A Y R B 3 P NS R DG B = SVAL T <
= H ) ) e R R G AT 07 B T B LR ) & B SR T
I RS L. CLAB I L N I E n=777 r/min, ¥IREA £ =259Hz, 1F
21 77 S 5T C A N % it 2 1] R AR B 70 R R L AR g B AR
WEEN AN 1.5s, HKEERN 500, EPERSTGHHTIE. EERE
W R AR A, A RIEA . A FEAERE XL Y. Z AR
TSR 2R, aifE 3-84 3-9. 3-10 FR.

59.75
58.0

56.25

F/IN

545

52.75

51.0
0.0 03 0.6 0.9 12 15

/s

(a) X [A1 5T g ek i 2%

F/N

0.0 03 06 0.9 12 15
t/s

(b) Y [A1 3 I S 25
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1065.0

1057.5

1050.0

F/N

1042.5

1035.0

1027.5
0.0 03 0.6 09 1.2

t/s
(c)  Z A3 Sy i 25
3-8 R T /e = SR ST

50.0

45.0

F/IN

40.0

35.0

t/s

(@) X SRS IIH 2¢

FIN
P

0.0 03 0.6 09 12
t/s

(b)Y IS I 2k

970.0

960.0

F/N

950.0

940.0
0.0 03 06 09 12

tfs
(¢)  Z MR I Ih £
B 3-9 QI T A B B = n) 5 i ek 28
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-80.0

-85.0

-90.0

FIN

-95.0

-100.0

-105.0
0.0

F/N

03 06 09 12
t/s

(@) X SRS IIH 2¢

59.0

58.25

575

F/IN

56.75

56.0

03 0.6 0.9 1.2
tls

(b)Y IS I 2k

55.25
0.0

03 0.6 0.9 12
/s

(¢) Z MR I Igh £

K 3-10 B LA T 5 B =10 SR g gk i 25

MK 3-8, 3-9. 3-10 ATLAE H, IRENMINAEYIIGI BN R, EEEMmT
ARG H Bz 5 R IaRENERR AN ZI B I RCR, JREHZEa T, 2R
15078 7008 ST RSN FFEEAFAE, 10 B IR IR IR i 28 IR B0R
MEE TR R R, 2 Ay JE=ARER Y SO Ip@/ e, Al
BB SCEERAE M . e AEEN Z SRR TREEMN Z M3 %1, 7=
PRBH %3 1) E BT A o & B SORTIIARIE RN T & B RGBS IRICR K — A
FHRIR, MU RS R IRPE RGBT . A BB TR, WIA63 S E E AR
SUNEATRERIIAE, SR ERIIRERKR, EhEERGRIRECR, &
Bam i A BT AT G .
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32 BEARGMIIEE

BN )1 B B R GEIR AL BT, 7 2P A BARP JE R R . —
JiT, AT B R R BRI S BRI AL, & B IO A 8 R IR T R
FaGESCHE . 3 —Jr L N T MRS E IR, BB A B A
RAIMIEE K, SEBUA R R YR. B, 7E& 8 RG I seitn, &EEE%E
XA, SERLNIEE G 24 T . eAh, S EITIFRI RN B M % E
RIVE A -

32.1 It =E

RTINS, [ e AN RIS ERR A TR &, B, 3h77 8R4
MIBROALE . IRESHEE N BT, SN R E, RIRAERT
IR A B 8 4 R BE AR AL I — RFMSZ S H IR 3 ) S SOEOR M 4 A RS,
B IR PR FFS) J) SR S Rr I (BT B E M) RS 85AA
FATIR N, R RERGSH . KO B ENIE . 230 8 E 54
BEAT 73 AT BIE 5T

ST G AR IR G 30 1R 4, RETET X80 708 s B R AT A
BeUh, MAN G4 BEAR G R AT AR AT B o ARA AR, B RSB oA R i A
A G T 2RI TE, xh & BRI A B 7 ), RIS He 3 o B
A REBEAT P8 o T~ B B T NI EE T Od it AN R L 255 ikt AT i L 5 T
oA, DRI AR R e R A A B E T X Y Z =R  E E
FRT DI B2 B RN o 3 I %A 2 B I DI BE A R/ IMYE R P T B IR e i AR e, BEARAIE &
B EA R RINIEE, AR S O T AER AT AR SR B A R HIAE 1o
VRIS P ol b 07 A R SR TR S R4 i, U BB X N
JEK,~ KRB ZHNEK, . A2E XAREK, . AEE ZHNEK, . 5
B X MWK, X 5 ANIESEAE R B bR s Bt it A &

3.22 ik BER

WPEAE AL B br 23T RGBT AT S o ARIEAS R APt i, W]
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CIRGEE 2 FEI H AR ER 0, AT DR PR 0T 7 SR PERE IV o ZE R THIT KB
TIEREE RGNS RS, ST s BT RS A SRR AR R AL
SRTIT R T SIS A (R BRI SOR, , 38 75 L — D PR B o 42 By Bl ) S s 1
73, FEHERRAIME I A =T 10 . STt IR B SR I B AR AU B T
RGN G FARRATEE LRI, I BEARAE 7 (04 33 0 23 A 17 150 S 3L B e 2K
B CEEE

BERAER A B S A3 b 0] TR T R SRR AR P AR 28 O B B, DR DB ) s T
o BlUE % 12 B #1023 52 B8 B A5 B ) PR B R RS I o e g (R AR, Rk
A6 B1) 7 K 5 A 1 1R AR AR RN, R ARG R B R SR B
o WA SO U E SR IR RN A B bR, @A H AR RN

E=w fitwy - foAwy - w4 ws - ), (3-2)

X FNEBESRITANME: fin fin fon fon fo 3 BINEE SR ATIRIE RN
Wi Wn Win Wys Wy 2 BRI R 4

IR 2 1 S R B R GRS B KA — A AR FR B3], 1551 H dx b
AR08 1. 024 0.33. 0.25. 0.5.

3.2.3 AREH

FESHARACI IR, H AR R B R 75 BEAE — R VA R R % R e LT
ATRRZS AN REAT o 383 203 mT DARR CR AR AL B B R BOARRNE, SR 2 T
PEAG IR o AR SC LA BE T AR B I LA (1 AR A R AE BT A0 30 I BE 14 £ 30% (114
RZW, WK 3-7 PR,

#* 37 WOt ARBRLRGKM ERR

NI (N/mm) TR R
K 107 198
K, 164 304
K, 112 208
K 147 273
K 144 267

=
=
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3.3 KENE

A B AR AR bR HE BRI DL B 38 T S oA 2 e R 3 7 e s B AR S i)
LM, WHRRESA. THESHL NES . £ ADAMS 2 /150 HrikfF
FENL T BB R E RGN B AR = A R AR, X RGN E A
BRI R R R XS b, SRR W] REMIEAT IR AAGE, LA
PSR AR AR . R IGAIE 13+ = A X T3 ) B E B R G i i
THEN B i R T B S 38 T 0 B A A AR 8 B S ) R sl A7 O 3 A
e LA B SO TIRIE RN NI H s, & E X FRIE. 288 Z [FNE.
AEE X NI, ARE Z FNE. EEE X WREENRTRR, @)
BRREE ARG,
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#48 ETOREENHNRRBERAEMRUIZT

AL 7O H bR Bt AR R AR FA AT T, B E Re L
IR IR ERRAT BAR R BRI . B e 21 T ARG BORIR R SRR, N
Ja B EE TR R B BE A . SRR R BUE SR IR BT A B A Ak H AR S 2 ]
UL AR 2 8] (R RIBCRF AL, P FH i B T 9 57 H b 5 A B 5 2 8] ) — Ik %
IO FRY o L TR AR AR o i i s SR AR AR BRI X6 ik A A 58 6 IE PR AU 7Y BEAT 5110 5K A
I 58 AL HT & 45 R o

4.1 IRFEE
4.1.1 RIREEKIR

FEVR R R S 2 — RN B AR S AE AT U I R e A U i, il 43 A
FURLE AP R AT B, R EEAH N BOERR, T e ok e A A 4 =)
AR IR 535 (Grey Wolf Optimization, GWO){# ez —, HR
SR AR R VR B R R 1 SR AIAT . 20144F, Mirialili%E A\l i W 5%
FARMRFAEAT R, iBEE. BEEGEEY), 1R T —8E, 2R
T IR 24T 2 5B B B A VRS54 HLE], e T B AR A b O e B

VRN 56 4 (R A A7 SRS
HARTH, WM ER Y, — MBS 1230 RA R RN A e S

— BRI E R AR R, 15 R IR AL 1 = R DA B I AT T 2
St o s HUGR RGP 5 IRIERP LR 6 5 BIRENZEEEE 2 KRR
R KMFELRRII MR T HEAWE, WmE4-1P7R.
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At

B4-1 DRl S5 2 1 B s T
L AR AL: 2> G AR T )2 U o AR, $H 255 RSRE I A0, AR (A A
SRS AIAT B 5 A B PEAOHR SAF - BBEHR A2 AR, HAE i1
WP, AMUESSIENHAT, 0TS T ERAEREIE, JFRA LI
ERGEHAL. H=0E 6 R RN 4 W R KRIR AR, X AT RE AT
AR Ak Bl A, R G U AR L O R A o 95 35 R 5 ) BT AE
1 5 J6JZ 1K) o IRAG RS T ARAE (2R, B AR T AL S I R v, (EAEEFF AR

SERIPAT 235 R 45 38 AN m] Bl i) £ 0,

4.12 MIRELIRIE

IARFIEAEEE T BRI IRBER N LR R ST R0, @i @ s
H I 1) 77 ORBEAVIR B G AT N o ZRIRBERTE TG BT 23 R DL BRER L Ll I
VAT A o IXERAT NP SR I SO RO, BNRE TN o JRAEEAL
PR SRIE RN E F I o S SIRIIMIE AW ER A ORI E, kI HREMM
[86]
— M IARFRFE MG FE B R A, R AEY AR R, S A
AR AR SRR R
D= ‘C’-)?p(t)—)?(t)‘ (4-1)
X(t+)=X ()-4-D (4-2)

A DAFRBAMESEYZ BIEER: X, A EARh B e AR GET
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RUHG X RKREMCERE; A4 CAWERSuE, FikRwF.

A=2a-F

\l

—-a (4-3)

C=2n (4-4)
A WA T G IUE R 2 AR A0, P Tt 3R Ve i B AR
HOE AN R 2SR N B0 7 A7 2 [0,1] Z M RBEALF &, T3 R bt
L.

EHMBAHATH BATEIN, o REAE SRS RE e f Y, 97591 %
IRBEEATATS). BEERYOE RS, IR SRR, KRS
SIPUE, FLYNVOEE, D ORI R GBS AT
A ORI E. $er AT gy

!
!

. =[G X, (=X (@)
D,= }-)?B(t)—)?(t)| (4-5)
:|C X (t)—)?(t)|

XA D Dy DyET v fo S EMER o0 ZIRIMEEES: X« X, X, 50 0IRE

av Br SMHIHFINIE; Cn Cpn C A BIFR/R0-22 A HIBEHLEL

|

=X, ~4-D,) (4-6)
X,=X,-4,-(Dy) (4-7)
X,=X, -4, (D) (4-8)

X (t+1)—m (4-9)

3
A X X X, RRKIEHALE s X(+1) 8 TR+ 105 o RINALE .

N 4-2 R B B s T
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Kl4-2 BOARFFFALE s 2 K

PORBEAAEG BRI, EERHTRE LEN S o, g o R
Db, RIRERE, B GZ I0£ A HOTR, §KTEE # E T, R
A, WRE RS, SERRAR R . ESORGIEN, AR B
PR (1,10 2 FEIBEHLERS , P 23R 0 S IR, 3 TR 2@ HL AT 40
Ko BHBYA[> 1, BRI KRR, I REL OB, AR,
PRI AR, 10 2 PR30 8 260 2 BRI BRI 6 . 7570
o, BEHLI C 1031\ 2 R AR 5 M50 2 ) ) BB B P o O 2,
(R 1 R 00 R AR N SR, 7 BT 4R A R A

4.2 IERRIE

R T (Design of Experiment, DOE) j& —# RGAL AR ZHE 7%, BAE
T AR 2 FRR AL 0 DU R S B e AR H 1 o — AN A FRIRIG BT AR
B A AR S I (ERIE S D R R4 E/ T AR S SR = 10 T ey B S K
PR A M E S B T RIS BT R 8 A Bt 4 28 PR IG R R (AR 8D,
sl 2, WIMENS W71, PR a) EseBl IR s R A, JIf
R AT REZ I RO EE . [z, — MARHERRIG TR S BN 2
BEIRIR P o
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42.1 IEXIRL

E L Wi L T EAT B AR AL A A& 2 AT, 1 e i SR HUE AR 1 A
TR A 10 328 5 A T g A\ AR B PR e AL HEAT T B, DASRASAH NI Wi S A
AT - i S8 T AR TR () 2 e 1 IR A IR iR Dy — R 2 AR IR AT T 5
FEARIG A — A RBEHOR . BRI & BT m A B I P R, s k%
— B> BATARGRIE M IR R BEAT 70 M, AT s e At R 30 o X vk
G 7 A BB, B R R T A ReR S A s ) ) 2 A R
A2 PRI PRI o HR RS v T R — M R R A4, HoRy m2 il 8k
Bb HRe U 2518, G T ARt 2 Nl L e
HAchE, BRRB B E HREBOVE 2%, EMAIIERRKNAMN, nT R
WIS, EH T2 RRNLEEG . EUH 7 MM ER G, E
AZRIG BT AT LU T E14-3 B2 iR 90 I R B kAT F 7890

(iﬁ%é@ﬁﬁ‘]%%ﬁ?)

A 4

52 IR AR

A 4

R EKP

A 4

MR AIEI IERER

A 4

e W8T &
AT W8I i x

A 4

Wz o prik i R

K 4-3 BRI B THRFE
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422 IERFRIEIT

FERAT RIS B THI, 6 R AR TP — R R REAWECE e iR .
ST 2R, TFEMRIERIGN B, &R AR B R AR R
A BAr T, WA RE X MRIEK, . ARE ZMRIEK, . A58 X1
WIFEK,  AEEZ MNEK, . JEEE X FNIE K, X5 D3RR AR
ZIEI 5 LG A+30% ) B 1 00, B IEASRIS ¥eit o 5 Z 5 K7, £
HIEZ RIS HUK PR 4-10 ARG R R EORKF 4L, 78 GOREE 25 B 3 F 8k
EEE W IEAS R R, AR 5x5 IERIRR L MNE 4-2 Fis.

2 4-1 BERIEELRBINSHOKT

K
FSEN
1 2 3 4 5
K, 107 130 153 176 198
K, 164 199 234 269 304
K, 112 136 160 184 208
K, 147 178 210 241 273
K, 144 175 205 236 267
42 5x5 IERSRIE R
FEEN
JF5
K Ix K Iz K rx K rz K hx
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 1 5 5 5 5
6 2 1 2 3 4
7 2 2 3 4 5
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43R 4-2 5x5 IERRIER

IS

e

le Kl er Krz Khx
8 2 3 4 5 1
9 2 4 5 1 2
10 2 5 1 2 3
11 3 1 3 5 2
12 3 2 4 1 3
13 3 3 5 2 4
14 3 4 1 3 5
15 3 5 2 4 1
16 4 1 4 2 5
17 4 2 5 3 1
18 4 3 1 4 2
19 4 4 2 5 3
20 4 5 3 1 4
21 5 1 5 4 3
22 5 2 1 5 4
23 5 3 2 1 5
24 5 4 3 2 1
25 5 5 0 3 2

R EIEIER R Ja, RIERLBT A S BOKF, #5825 7
&, BRPNET 1. 2. 3. 4, 5 ZRRENBEERRTEEAER, UEEX
KAV R, K EET 26 Aikse, Hrb o Hikle v wiaa S A, 5310
R RN IER P HTENR— 51, 2HIE RN IERZR L, (5%) WK 4-3 fios.
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#* 43 IERZRI T EE R

iEE S
7 PR fiR
le K]z K x K rz Khx
0 153 234 160 210 205 9.873
1 107 164 112 147 144 8.250
2 107 199 136 178 175 8.469
3 107 234 160 210 205 9.593
4 107 269 134 241 236 10.760
5 107 304 208 273 267 11.969
6 130 164 136 210 236 9.468
7 130 199 160 241 267 10.631
8 130 234 184 273 144 9.650
9 130 269 208 147 175 9.468
10 130 304 112 178 205 9.648
11 153 164 160 273 175 9.512
12 153 199 184 147 205 9.296
13 153 234 208 178 236 10.455
14 153 269 112 210 267 10.201
15 153 304 136 241 144 9.673
16 176 164 184 178 267 10.337
17 176 199 208 210 144 9.333
138 176 234 112 241 175 9.509
19 176 269 136 173 205 10.646
20 176 304 160 147 236 10.500
21 198 164 208 241 205 10.341
22 198 199 112 273 236 10.520
23 198 234 136 147 267 10.352
24 198 269 160 178 144 9.272
25 198 304 134 210 175 10.494
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WIS R, RN IR AT A 2 R B B AT A B, AfHfe A B2 R kAT HE

B BT ARG, 45 R Ml B R AR 7 B A5 22 73 APl
B BOREHR RS I BUE, TR R T v, (BRI ESRE T B0, A
P BRI 2R E A B o BT AT SRRV B 0 Ais s DAL fT v
ks e 8 2 N TS R 5 A S iR BE AL B 0 A iR R 4-4PR .
Ra-4 RIGIRATILZE 73BT 45 R

b, 5B

NP7 (B

RIS
K/x K/z er Krz Khx
R 48.041 46.907 47.127 46.866 45.176
P, 48.865 48.248 48.607 48.182 47.451
P P, 49.136 49.557 49.508 49.088 49.524
P, 50.324 50.347 50.536 50.913 51.703
P, 50.978 52.281 51.566 52.296 53.490
B 16.013 15.632 15.709 15.622 15.058
P, 16.288 16.082 16.202 16.060 15.817
P P, 16.378 16.519 16.502 16.362 16.508
P, 16.774 16.782 16.845 16.971 17.234
P, 16.992 17.428 17.188 17.432 17.830
WZ R 0.979 1.792 1.4795 1.809 2.771
ZHFRT E>D>B>C>A
2R 4-4 TP P SRR R S A R LE AR T HREEE, P 2%

R P PFME, e R ESCNFE—SIZHOKT N S e S R E M 2
18, ek 7 ESEUK-F A RE it is e br v Bl . BURIIRZER IS H0K
AR AR R A 2 AR . I AR TP s, T RAE S 2SR
W ARbR 2 IR B SR HRARE s IR € 2% DX 3 T b s i AR O B VR . 45 2RR B, 3
MR IR 45 b (1 £ K E S BTy E>D>B>C>A, Hp, JERE X NI AR
WK, el Z MRS BN
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4.3 Mo EE
4.3.1 Mo R mEZHR

AR 7 il e R IA A A (B A2 ) S A& (R4 &)
1535 A7 2 TR DL TR I U, b A i i S T 5 V5(RSM) 5 B
PR (Kriging) 77 1A M4 1) 5 o £l (RBF) 77955, AFIJTVEWR S AE AN FRS R

DU AR o ) I ALAARE AR 18 S SR A T G ] VR B b A 75 T2 R 5 Wi L PR R K &R
P AR S R AT LA it A I AR R AR B T 4-4 s 2,

FARIRRAE ) S | s, sfitk

—————+(:E%%£% ) 2:::::::i> RSM. RBF. Kriging
A 4
S I S— ¥oy(x)

A 4

ORI :> Average. R-Squared

H.
E

T

\

(iies

l4-4 SOV RY Ky iR

Wi B [ (Response Surface Methodology, RSM) & — s szig & it M 45 it
ARG G IECEE AL I, e HGeorge E.P BoxMTK.B.Wilson® W i, HA%
OTEF A — N Er H SO0 SE, T ARSI S B0 A, SRl (=13 75 R 4
PAA AR B 5 N H bR 2 18] BRAOC R o R SRR R AL 8 IS B A
M 7 TRV 7E A B A M o RN (7t SR OK TR RE 0, FOR 26 T SRRE SRS L AL A 4
T TR Tff P AR 6 R SR AR B PR S5 o BB IR0, BRI, 1205 2 i85t — R AR E
i, LA 2B AT R OR F R R SORAS R . Sl AL AN T,
NI R 5 S SR A SR ARG R, H A X 2 T U A R T e B SE
MR FORAS B2, BRI B — A5 SEFRUL I 15 72 /N A

M 7 TV S 37 002 AR (1 o o e — ol et A AL St SBR[ 7572030, 3%
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R 7 AT LU (- 10) s :
n=f(x6,%) (4-10)
A XX it E: O X, X B AAREGL R E: 7 oy HARME.
X TE] S R B REH — D2 T &, N RS R A R A
PER A, WAl — B R N U fE, B
Y=, +Ax +4x,+-+ 4 x +A (4-11)
2N A AR R AR R AN I LR, T8 7R EER A b 2
WACHEAT ARG A AT . PRI, JFAN S 2 TGP O s s, A5 g
NIRT & RECHEE RN TRESCh R A 20, n@-12)0

7N

Y=12 +Z/1x +Z i, +ZZ/Ilexj+A (4-12)

i=l j=l+1

Kb A A A, 2000 F R, —Br. I RFIN REG 2, RS EARH R
n AW RRREE: X X (4, =1,2--n)WEIERR; YRRHBREE: A
BTN BRI AURSE R (R 7

W) S TV SR A A 22 T e /N Ry BB 3 HH SR 1), JHL S5 At e o Bt 3R 47 I
AN IREAN G, R SRS T A R i R (E 5 1R B Ok AR ) B ek B R A
Xo Bhn MR E NIRRT R w0, 3T m ke, 53 —4Huat
BRI QLA

Y[y, ¥, o v (4-13)
Y5 5(4-13)5 BB FETE 38
Y, 1L x, x, .. x,|%4 A,
y=| B ||l e e X A A (4-14)
AR PN

Bl e ERIABI AT R R N: Y =XA+A .
ARHNZRECK FH e/ 3Ry Al 5
A=(X"X)'XTY (4-15)
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AR 0 7 T R R e A kB TR, 5 ABRMN(0,0)) IEZ S0, Al AR
RIfIAS e, 4 X, =X, 0, =X A1xy, = XX, A Jg 2 o SR
Y= A+ A X, + 2%, + X Ax, +A (4-16)
R EZ R K 43 i, KEERGATAEABE X MNIEK, . £EE Z
NIEK, . AaBE XHNEK - AREZHANEK, . JF&E X RREK, EN
BV &, ) o L THTASE 2Ry

F=2"u (4-17)
X FREBEXRAIMBEE: MV oREAE; w AR E;
;V:[Aaizaﬂz"%zoﬂlzlf (4-18)
u=(LK,.K..K,.K K, K. K. K K K,
K.K..K.K,.K.K._K.K,KK,. KK,._, (4-19)
K.K,.K.K_ KK,.KK,.1I

4.3.2 W Ry TR

R (4-15) Z2 TR PR B 7 VA AL, 45 20w B TSR (1) SR 8. =
TR«
F,=5.957+0.133K, +0.287K, +0.089K_+0.259K _+0.548K,_

+0.0115K2 +0.0069K2 +0.0137K> +0.0189K> —0.0225K 2.
+0.0027K, - K, —0.0032K, - K. —0.0255K, - K, +0.0052K, - K,
~0.0073K, - K, —0.0232K, - K, +0.0152K, - K,

R FEASZR AN IERR: K~ K K.~ K+ K, 300N EEE X FNIE.
ERBEzZRE. AEE X FNE. A8 Z  NE. FEE X HRE.

AT NSRBI BCA R B IER I, 5 R B OC R B R VAN 7 i, Rk
A5 L T P00 5 BE L6

(4-20)

_SSR _, _SSE (4-21)

SSY SSY
A SSY ynie A 50 B RF-J5 s SSE Dy REAE 5 AR Al THE 22 1)
Ji s SSR Wi AR5 Wi R I 22 ISP T AT, RIE I AN

R2
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mn _ m _ T 2
i=1 i=1 m
SSE = S(F,— FY =(F-Xp) (F-Xp)=F F-f'X"F (4-23)
i=1
T 2
SSR=SSY-SSE=pB"X"F _@LE) (4-24)
m

HI@4-21) 4% R* =0.9897 . Jirh, R*EGEIEL T 1, FUI0E L A A A
PRI By, B TS 2R 7E S0V FRORG B S PR N R B T {5 B2, JF ELRg
HERAI th F AR bR B B A B2 () M NG 2R o 3 IR T4, 2 L A A i
B R R P RS T AL SR Y, DRI P] AR, T R G LA o
s

4.4 BETIIRE AN

441 MUHEXIEH

GE6 Z AT B = E BB ) R B R G A R DL R s i TR A8
B8 VT R A S T ST PR R R SR B T R SR
TERNEPAT IR, FEAFELL T E PR,
- WA ESE, BENLAR R BRI AR R, IR BOE BORIE IR
PIR KA S
2. VFEOERIEE: PPAL AN ARG N B, AR AR R AOR PG BRI
ENEIRas pr S
3. BEHALE: ERIOENRT, RIENEE o o SRIINE, FKIE
X BEAR PR A7 B ST o IR L
4. AR EE BRI, RRGEAER AR 2w A R A DU R K
RINLE . BEAEEAWAWTBEAT, 2B S e i A B
5. SO FEIA B R IEAR B Bl R R e A RIS L T, Sk
25
g% W R AR R . SRR R4S
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IR AL B

fige = [ i Y
it PIR. SR

R

THEE N A

HOHARRA
AL E

l

BT HOE N A

TR o
Bl S

i i A DUAE

A 4

CAPS TN

K4-5 IRFETRE K

442 MMILERDR

£ Matlab "9 5 AR FLIRE X6 Wi B TR AR TSR, e BT Ia i
HARRHEN 30, E KIERIRECN 500, BATKRFIZATEFF RS2 4-6 Pr
AN SEIEACKR I M 28 o PEAL R M2 & I W EEAEL S R AR I B X L Ik 4-5

o
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H i

2210 1 L 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

AR
Kl 4-6 IIEDRAE
HE 4-6 \TLLE H, ZREELE 35 REERE1R 20 B b5 R 0 s i
-200.39. 7E HARBUS SARME S, 15 2% 2808 & 1) NI AR 5 WT4R W REXS tL in sk 4-
5 fhR e
* 4-5 ARALHT S RIS EEE
BWIEME (N/mm)

K[x Klz er Krz K}u
AT 153 234 160 210 205
A 5 115 296 128 147 144

MK 4-5 aTLEH, DUAL)E it 22 R s R EAE S UL ATAAE B B 1 22 57
BEAh, Xt H bs s BOEAT AL R RIS, 7 2 s 7 e e B A G i [ A 3R 23 i
B DAL R SRR R RE 68 2B e (1 AR AR AE L o K5 D0 AL i 1) I EE B AT e i
TR =a R RS 5, SR 4-7. 4-8 Jras [ A A A g 2
PR JE X LA
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m fRfknf ks
Rz [
Ry I 12.79
Rx [, 14.99

z sy
y [ 549
X R )

20 16 12 8 4 0 4 8 12 16 20
K 4-7 REESPRAALRT Ja R L
AT R
Rz [ 66.80%
Ry [ 43.78%
Rx [ 95.08%
z [ 5238%
y [ 95.65%
X [ 92.68%
100% 50% 0% 50% 100%
K 4-8 AR AL AT e X L
TR B 4-7 T AR R S BB A G AT LU SRR SR R H
PR BOHEAT AR, AL S BB 4+ = B el AR L [ A 45270 A 5-16 Hz
2 18], I HBh 1 ilE BRGNP SR 2 [A) AR 2 KT 1 Hz BIIAIRE, 4
G ARG ARSI Wi 4-8 s AR ET S RS0 LU
WA I RGAERANTT MR R A Pt Tt. HhEE RS Z [-Fa) LR
MRIETE T 69.8%, st Y M. Z BT RIFESNHIMR R R GETTE 86.92%A1
92.14%.
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A
68.0 — s

59.5 ;

55250

FIN

t/s

K 4-9 g E X s AIALRTJE XL

- EALHT
1070.0 — s
1060.0 f

105004

FIN

1040013 |

1030.017]

1020.0
0.0

t's

4-10 £&E Z W33 E X

Al
50.0 — s

FIN
5
o

00 03 06 09 12 15
t/s

K 4-11 AEE X WS xt bt

- EALHT
980.0 — s

970.0
9600 [\
z :
o .
95001}/
940.0
9300
00 03 06 09 1.2 15
t/'s
4-12 HEE Z 73 IALHT fE X
-80.0 — s
8001/ :. .
£ 1000
-110.0
41200
0.0 03 06 09 12 15
ts

Bl 4-13 JEEE X 30 RAIRALTHT SRS L
K 4-9~ &1 4-13 73 Bl & LA AT ANOUAL J5 8 B SO AT ISk 2% . S i et
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HER ATk E, A8ER X, Z M3 IIRIET HIBFK T 24%. 25.9%,
AREMN X, Z WS AIRIE S AFEAC T 24.4%. 25.5%, JEEE X 03 Rk
EREAR T 29.7%. & B S 4RI N 2 B #8A AN FRIRR FE RN, R B
J1 I B AR AL B 1 FI B R R, B E IR TE T RAMIBRIRACR . B4t
I BN S B A B AR SE T ZEHERS E L H FR R B ATHE T, R AT RORE
XA I8 i B R AR R TTAT I TR R T RAMREIRME RS, Bt
—IBIGAE T AT BN )y R B R R AT B R RS

4.5 KREING

RERE T — P T HOREE I3 )1 R B R R T 7% B SR
IEA RIS 5 AN BT B R B AR IR o SR 5 ARYE IR e B, A
e 7 T2 SR AR AL H AR S BT AR B B ma B . e, R BOREE T
N 2 T ) 5 /ML o A5 DEAK BT S 130 70 e e BB R GUithAT 6] HL A3 bT o 29 M7 485 SR AR B
PACSE RGE G IR AL G, R A T HESEE. £, AR E R IIIRIE
T2 Z 173 AR T 25.9% 25.5%, JasE R IIIRIELE X [FIBE(IK T 29.7%. 4
R T B E SR R . R, AR T BB R A kR IRTERE, AR
TARTF AL M ETE
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£ 55 HHERBEERFIRS K EREIHR

ESCENL TR E e B ARG N B R = Al R, SRl
iz AR R 7R & B A SRR IRTEREBEAT T IR A DT ALAL . (HIX 4 3=
FRA T U FARS I BT, WA S e B RGBSR . PRI, LI
BRRIARLE XS SE PR R G TRIAL, I HL R Ge i) S AR S5 W] B fi 125 BEABAL (14 73 A
KM, RIBHBUE M & 5 LR RAAAEE W Z . ORI AT I HERE, A E E 2
BEAT B 77 R BRI A 2 A AR 2R R L R BB AR AN, i e B kA 5
177 L 53HT R T SR ROAR A SR W PR 2k

5.1 BhH B HREERFESIHE

BRSPS EIBOR T B, Tz BT TR, H TR B4
RIZHASAT N, SRR R SR BN 4R 5l [ (R A ok o X8RS 7 At —
Fofr e e SI o I 8 SRR N 45 R A 25 25 B 5 92 o IR 2 70 32 EE I R AR H AR
AN s IR BN 5 R RER B AIAE 5 SRR H 254 (1 43000 R 250, o A0 R AI2EA T
SN, B B BES S R SR R RS L IR BESE ST,
N T SEHERA I S R AR AR B ) 5 R B R A SE PR RS AT RS N I H SRS I, I
Pl AR EN B0 73 S AT BE R A AN, PRI H ARG B 7 S e B R G AT R
TIRZS TSI . IS I rid R an 51

. I M UL
(:}——» R 0 2B R4 $Qﬁ@@31———+<:>

IR Lol
-—— -
I | [
(Ve st HFF .
I %s BN R4
o wE Rk

K5-1 g rifke

5.1.1 &7 EG

AR 2R & 3 DR B ) SR E R G I Fixt &, BT R
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WRE T I NARESARIE 47 o AETF ARSI R R T, I s A B FE %
SRS LR NEAIE, JF0fh DR Ptk 1) 5 (2 BE 6 A7 Rl 32 220 71 B SRR BUAFAE . —
FicAn B A5/ EORE ST 8 NI L B, SR T LK B 0 B R ES AT — AN BN 5E
B UfrliE . WL IXFERIATE,  RENE TSI T B ) B RS RS P A R
N J B AR 8 B I8 S PR kil o AR VR AE Test.Lab B PH# GEOMETRY Hi i
ST AR RGN B 5-2 Fr

Bl 5-2 37 LA

FEREAE KA N RT B ) SR , 2 i il & B n e AR R AL
Xt CLSEIL AN 0 a B RS H s it o, s EE B RS 2 S SE
X fhesnl fe = 5 E T AR SIS, M0 e 7 1) B IR i AR X 55
N T AR 1 B BAESAS B BT 1 AW, 75 24T 22 75 170 1 =) i
Wi o AESEFERURN RN, N2 RS RE USRS ANl R, [ I T 8 A 2 R AN AR R
.

BEATRIG I, KR E TP a3, DISEI MRS . MRS
B QA 5-3 Fl o OB J7 320y 1 R DRI DX 3T 2 W08 1) 2 T UL P s 1) 0 4%
AR 8 o IR RE T, ERRFFEJOIRE, BUHBRE S a2 R g n] fe™
ARARE T BB B RS ERFA SRR AN AL N T 2R ARG
IRBNFFIE  AEB) 7 B B AR B =N IIR 35 o I 2 1 2 AT R W 1 5-4 B
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l54mﬁﬂm&ﬁ%%ﬁﬁﬁﬁ

5.12 RSN R DR

ARSI EOE R P AT B & R LMS S0 R4 S£E PCB =[N
AR IR JIRES . IR AR DL R DR TBOR 4555 . LMS Test.Lab 5& —Fh &R &1k
B, LTRSS N Bl RS 70 A . 1% & e RN AL R B 2
AMBIEEEE, FFRERIE T PAT R R I JE A BERAE . MK REh, Joff K

SRR RIS 5, s R A s Tl S 2 3 s IR sl i 8,
BT B EE RGN 6 B NIARLZES S 7E 30Hz Yl A, AR AR

RN EN 64Hz, KR 128Hz, WELEHEE N 512, MR PERN
0.125Hz, MK AT 2R EE VY. 18 RN 2 )1 S st A7 Ueh,
FHAH R (R AR AR Sl 1o P A% SR 28 AT B IR R, K D& ) B AT AP, ok
HWOH A 8 PolyMAX BT RES 70t , BRIBERES T 10 sEE &

Ll 6 P At &R .
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A A5 1 B0 71 A 2 AR S e B W 1 5-5 o, b 2040y
FRF i i 57 i 25, St i 2 R 2 i oR B 8 I W0 A3 o £ P 25, e B
FITUAS D 2500 ) AF ] R 5 it 24 PR Ve 2 S, R BORDET . Hal 1 e
B ARAGIRIAE IR AT AE 5-16 Hz XA N, 5B Hr )& B R G A
HAYIE .

2306

A .
o
B
i
I (SR S S
2 g
anplitude N

10. 0676

P 5-5 0 A B A 1)
X RAE HEE AL By, 15 BB ARES T 30 ) s BURIA RS IR B ] 5-6
Frw, REASWEASEE B DL R FEIRM, Wk 5-1 Jis:
F 5-1 BERETH PHEV 378 iR AR &

PR [E A 47 (Hz) BELJE EE(%) PRALAAY
1 5.56 8.01 Y W% 5)
2 7.02 5.08 X [A# 3
3 9.37 3.33 Z 3]
4 10.62 4.37 B¢ 7 Wi sh
5 12.04 4.20 Y RN
6 15.48 4.77 5¢ X e sh
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(e) ZHLFriasRAY (f) AR IRE
K 5-6 3B NIl AR A R 2
MRS AT IR AR R, AR 4IRS R AT I se 22 ki 3 7 2
Jiloa B AR GRS 73 A B AR 1 AR RO EE IR o SE Bl MBS IR 7 A A 5-
16 Hz 2 [f], - A5ZA0R 2 18] (R BEREAT 1A 20y K, R TIRIIR 53] 1
ARG, RERMMICRA TR . Sl 5 B LA TH B AR, W]
& B RGNS R B AL IS T FUY L
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5.2 hHEEE RGIREIREIRIG
5.2.1 PetfrE Mt it ik

P E B R G R R E RE A R T2 BRI B AN & B SR IRIE KN
SR, FESEHEM AR, X% B & B RG0S MBI e It 72T
RESCE T, 38 SR I 1 B B0 7 e RS A0 2 B i (R IR 8, PR o s 4
= EEIRE, DU & B R GRIRVERE I TE bR . £3h 1 B e E R G
PEASAERE I DL, RS HR AT AL — D MAL 8 B RS R Gt MRS
TENB B R GRRIRICR I S TR bR, XTI S ERSMMERE R REZL, HH,
& Bl SORER S B RS 5, S ARSI, 3778 ks 3
ZhMo BR IR AT T IRE DR i 5 Bt PR B 2 18] A P AR . — R S 4
MR E B st 3 AN J7 RS 2 okt R R IR TERE . FRiR
= SN /NS WA R

a
Z#::ZOIg%;i% (5-1)

e T RoRMIRE KA ayn a, RN E RGN B 2R IIRS)
TN -

AR BRSO, R & B AR IRV RERT . TARE E H EOR R R
KT 20dB, FonaEBERGBEWREE 90% KRS, A ft Ui BRIk R 40 B A BT 1)
BRIRBOR, HRRAE A B B0 ) 8RR T Bl i % i3 21 4 B 4 2 i FAD AN 32 2 2 Ok
10 fFRAE. —BUEOL R, EREBEMIRBENED AN RIRFAZ T 20dB &
HEB R AR, RBER AT e e mifR iR A . 72 TR, Wi\ Rk 2/ g
KT 15 dB A Be AT O B AR S8R o DRI R = 1 ok 5 e g 23 UK 25
AaEIulE =TT FRIRRIR R, JFHAES) 77 A s A 2 B i ) = [F) 0 A% s
REfgiia B, AR am e K 5-7. 5-8. 5-9 s,
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522 BRIREMINIXILLE R

KRB IRFNAR S LMS B REACE . PCB Nk 2 A% B 45
LMS. Test.Lab #4fi b F 0 A8 o 560 APRENA B & HEATIERE . R &R T %
PR, B OR B TR AL T IR 8 1 LA .

ARI I 32 H e SR AEAT B TN B8 B R GRS N B AT A
FEVRZEAT SRR oy, S AR 2L 50T BB LEAT N S8 B0 LI 23 T B RS
BRIRM EE T — o BARUIRES J7 RW F R e B TOL T, RS ZERSfr
SrpUHEER] D BS. R A N SRR ZEEA RO T RATERES, 2 EHRE
FEAF R AT W0 B = ZH 5 R UE 25 (vl R R mT SN 22, BLYE DN i
il i 2=/ D AEFF 208 I TR), 22 J5 R Bl 45 80 280 BEAT 70 B AL PRAS ZUAS RIS AL &
BEMBIREWRE 52, 5-3. 5-4 fiR.

# 5-2 BiER R AR ERIRE

=HE T JitAl F3M (m/s?) el (m/s*) B4k %< (dB)
X 1.449 0.041 31.0
g Y 0.114 0.015 17.6
zZ 0.154 0.034 20.1
X 1.292 0.034 31.6
HEE Y 0.194 0.010 25.8
z 0.521 0.024 26.7
X 0.673 0.009 37.5
JaRE Y 0.158 0.022 17.1
zZ 0.345 0.032 20.7
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% 5-3 A N EERRIER

=sE T 77 I7) FEM (m/s?) B (m/s?) kF ik % (dB)
X 1.037 0.022 33.5
haf Y 0.098 0.012 18.2
Z 0.125 0.02 19.9
X 1.029 0.024 32.6
HEA Y 0.153 0.006 28.1
z 0.423 0.014 29.6
X 0.587 0.007 38.5
JaEE Y 0.126 0.017 17.4
Z 0.305 0.029 20.4

% 5-4 QR DMEERRIER

=sE T 77 I7) FEM (m/s?) Bl (m/s?) ki % (dB)
X 1.398 0.028 34.0
g Y 0.167 0.022 17.6
zZ 0.177 0.030 21.4
X 1318 0.031 32.6
HEE Y 0.190 0.011 24.7
z 0.532 0.022 27.7
X 0.839 0.015 35.0
JaRE Y 0.185 0.023 18.1
z 0.420 0.042 20.0

M 5-2. 5-3. 5-4 IR EE RORE, AESLHAT 2 UL R A4, N AL,
D M #& B ool X 7 A ks Ik F ik 2 30dB L LA, & & B IolF Z Ak
PRFAR 2T 20dB AU E, = EIufEi Y MEIRRIRER ZEAL T 17~25dB
), RYT QE LN AR RRIRF AT 15dB il 2 LRESLPR 7K
H St U B B0 77 R IRIIR B 488 B AR G A% 3 1 2 RN SR 1 2 06 22, PR IIR ROR AL
4f o [RIFSGAIE 1 A SCHITHR H DAL SR BE W% T 2 Xt 18 1 B s B AR G Bt
RISEBR TAERR K, M SR T2 30 K e AL (Y A i AR 56 o
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53 RENEE

RE G S B IRGE NBh B RE B ARG T 1RSI A . B I A P
AIAE RS SRS KRS M R e, R Ll i e 545 2 8 B R Sralf
IR BSIRA. LB LRSS B, W LU EM 1 R 25/ MRS RS,
A BT BRI I 2 ST )7 FAS Y v PE A T SEME, AT SR m AR T aE ). N T
Mkzh 71 Bk B ARG MRIRIERE, R RS B Rs IR Z . PLRE T
GUNG], THESCZELE D RS N RS, R B =R T RIRRIRR . 45 REW]: AR
NS BERIREYIKT17dB, &8 B Iulhxt 130 71 8 lift ik 2 4 5 s 7R 2811
BB REMS A RO, KIRENE N 2 TAESERR T R BRIk, A5 5 i 5k
WSS & RNE, AT B REE ARG ILE B, AMER DR RRCE, 1
Hur s sh 718 e B A G BT R A, 52— FRkaE . a2 o &+
B
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FoE BREFREE

6.1 B&5

AR SORIE I Z AT 2 =L B BE IR 30 /0 B URHIR SR B BRI R
LN IH , DSEGE B R G 3l IR B /S R E B RGN T B fE
REAH IR SCERAIRIAIT R AOFEAIE b, S B0 70 B o BRI B A AT AR B A
Zia T IRR AT & B R g A BeE SV ERE /0 A . i, XS B
PALHT SR D B R, 45 G IS 7 b KRRk g af R, 58 1 X 3l 7108 &
BRGSO TME, 508 VB ERGRMRIRIER, =TT TIRGNIIINE
NVH VEGE. 2T N3N 15 AR B AR GEAE S b TRE AU i) T A AT B rh R it —
ENS%, BARFNTRESEME. XM EETEANFMLGERIT:

D) RIESN 18 lE B ARG REA B THEOR, @SR AN E B
=HEARGE A MRESNNBHESERGHEM, B MEEANE R
B E T =ARERA, FERNT FS. 228, RIS, Wl N
1% B H A 1 P RN AN R B B R SRS R Jr RE Dyt — B I Jr i N2
B BE 7870 B FL Al . R TR S B VR 80 1 BOla B R SRR R BOUR
S AR AR RS IER b R B SR ISR AR . R BRI i
T BB R R KT

2) £ ADAMS Bl /15 Mgt i Sr il B i R e JEAL . tF 5y
s EEAN R ) p EERE R B A AR L R . SRR RGUIIEIAT R 7 A AN
HE, LSS AR AR R IR, R SE 7B 4 = 8 X T8 E k&
B ARG TN B i AR B 38 I R AR A e S T R
S WA L 3 AT B E DA B SR RIE RN IUE B bR, DL B E X RN .
B Z NI, AEE X MR, A8 Z NE. FaE X RNIEE YK
AR, @A) E R E RS

3) R T MR T IROREE B B GE B RGO T H R
IEAREAE TS 5 Dt AZEX AL B AR . SR R AR IR A2 g0 4, N
Wiy B2 VA SRAR AL H bs 5 3T A i it o e, A AR SIRTHE By
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M 7 1T P9 852 /ML o A RAL T J5 (80 70 e e B R GEEAT 6T e oA o 2 W 46 SRR P
WALSE RGEAG IR E S, R VRS, £ AR EIIRE
1E Z [ 739> T 25.9%. 25.5%, Ja & BSURJRIEIE X [ 29.7%. 4551
R TR E AL IR L, ARG T R E R RRIRNERE, AR T
PRI IRAL I AT IEE

4) HRHES) )R B RGBT TR R RN EE S B IR 1B BT,
FHEAT 7SRRGB ) S S E RS RRIRTERE, 2 RE W
AN AIRBIIEE o DURE T, tHESEAAE D RS NS R BS=FRSAL T
IRRR . IR LS TR AFERIAL T %2 BRRIRE ISR T 17dB, 32 Lk TR
TR, IR T AR IR AT AR S I M . $R RS T AROR FIR I B B R E
RGMMMHRTTNEREE RGIT RS T A BB, A TRIHE &G
7R7E NVH 6.

6.2 RE

HI AN B 7K P AR TRIAT BRSSO T30 77 4 2 B R LI FEAFAE
A EZAL, A JE AT RAE B = A5 T T R S N4 A A FERR R -

D RGBS 3 R 2%, A SRR T ST (R AR At A — Al ] A R A
20 T BANHROTI, JaeEn] LU BN 5E 8 8l 7 e BB A, S0
SE PR B AR BPIRAS BEAT NVH FRPERI TR 70

2) EEE AR T 2 TR O 0, 458 AR PR AT T AN 25 37 N B
(R R SZ , A A BR T A9 70 A D7 6 P 2 R AN 3 1 AT S An o4 ity e T )
IIMTAIETE, SRAG S A N 2 BAR LS AT NVH P BE .

3) KM Z H AR BN e 20 8 e st AL A AT IAL, ] 5 R 2 F
EHTR L, S RE VR E TS, 3R EE R A2 MERETR bRk BB
fitt o

70



g WY N R el VA7

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

S22 3Rk

MUEIAR, Mplss, T HIR. R BOR I A 58 eI 4E ™ bk e 2k T
FESRGMAD]. P EEFEE, 2023, (11): 38-53.

MDY, PREET, BKE S R R SR R G5 S AR RT AT 0]
H 71 TRERR, 2022, 41(01): 173-179.

Larusdottir E B, Ulfarsson G F. Effect of driving behavior and vehicle
characteristics on energy consumption of road vehicles running on alternative
energy sources[J]. International Journal of Sustainable Transportation, 2015, 9(8):
592-601.

BAKE, RRImHR, D5eds. IR &3 J1 R BB 22 W 28 92 F T 55 )
HEERI]. SR ARE 2R B, 2023, 51(12): 1949-1958.

m A, BT, UKL T o R LR RE YR S5 R T B s ],
JE K2R (B AR, 2023, 59(04): 671-680.

Liu Z, Hao H, Cheng X, et al. Critical issues of energy efficient and new energy
vehicles development in China[J]. Energy Policy, 2018, 115: 92-97.

/NG, B, Zeal. b EHT R UG L A SRR S SR TG A [T,
[EH Mk, 2019, 28(08): 61-65.

Ye Y, Zhang J, Pilla S, et al. Application of a new type of lithium-sulfur battery and
reinforcement learning in plug-in hybrid electric vehicle energy management[J].
Journal of Energy Storage, 2023, 59.

Haris A, Motato E, Mohammadpour M, et al. On the effect of multiple parallel
nonlinear absorbers in palliation of torsional response of automotive drivetrain[J].

International Journal of Non-Linear Mechanics, 2017, 96: 22-35.

[10]Li H, Yang K, Huang X, et al. Uncertainty and correlation propagation analysis of

powertrain mounting systems based on multi-ellipsoid convex model[J].

Mechanical Systems and Signal Processing, 2022(173-): 173.

[T B, £18, LR IRE B RS E& B RS RE 2 HI 7).

H3E ML E 51k, 2020, 42(07): 82-86+105.

71



g WY N R el VA7

[12] 50—, RppfE, BB SO, W ERRIREELSWARB AT AN IR3)
b, 2022, 41(05): 55-59+82.

[13]¥E AT, (T30, LIRS, T TPA FEH L HILIIEN ) S E B R Fi i
Wit[I]. $Rsh 5, 2021, 40(14): 279-286.

[14] B, ZIRIE, Mpdihds. g i shii s B AR G A R Ik B AN B 2 PEATA G 1
TR AT )], PR3 TRESK, 2023,36(03): 671-679.

[15]Qin Y, Tang X, Jia T, et al. Noise and vibration suppression in hybrid electric
vehicles: State of the art and challenges[J]. Renewable and Sustainable Energy
Reviews, 2020, 124.

[16] W%, EHT, B K. W5 iz xd b B4 LB RE IR B e R 2 i ).
JE K Z 2R (B SR BHERR), 2023, 59(04): 671-680.

[17] FNER, M3, WG B A A2 VAT FE 0] AL 5P TR 54, 2002,
(01): 40-44.

[18] SR NI 456 = FH 4 FEL SR 15 30 53R E 01970 532 8,2012,(02):9.

[1914EBern, NP5, vk, Bragdlin B BUK. MR 2R 5 e aBOREH ).
EHPFR, 2024, 36(01): 131-148.

[20] . #% bbI i 4 B QIR 5 2 37— R [0].1 4 5183)), 2014, (06):12.

[21] Yoshioka T, Sugita H. Noise and vibration reduction technology in hybrid vehicle
development[R]. SAE Technical Paper, 2001.

[22] Mosquera-Sanchez J A, Sarrazin M, Janssens K, et al. Multiple target sound quality
balance for hybrid electric powertrain noise[J]. Mechanical Systems and Signal
Processing, 2018, 99: 478-503.

[23] Chen S, Hu M. Active torsional vibration suppression of hybrid electric vehicle
drive system based on optimal harmonic current instruction calculation method[J].
Mechanical Systems and Signal Processing, 2023, 205.

[24]1 e, e, IRE3 R RSN 15 LOUHR B & BB []. BERK
2224, 2024, 47(01): 104-114.

[25] F7om, T8, T8 ST LIS R 2 1 B Aok 2% NVH PERETL 1L
[1]. MliktE3h, 2023, 47(10): 104-109.

72



g WY N R el VA7

[26] EAHE, £ RE, BATE R TBESIEMRES IR EDNTENEE R
SR FL[I]. FRBN S, 2015, 34(08): 209-213.

2714, XK, WILEE. RBE ) iR R A MRS R S R HI . 3%
HoR, 2018, (11): 27-31.

[28] i 73, B 5L, MRAEEnsE. 8w s NI 3 71 B s B AR 1 R Ak
[J]. M R3], 2020, 40(01): 74-79.

[29] Wang L R, Wang J C, Hagiwara I. An integrated characteristic simulation method
for hydraulically damped rubber mount of vehicle engine[J]. Journal of sound and
vibration, 2005, 286(4-5): 673-696.

[30] xe 5, FEMAAN, K—R. REMLEREWEE Rt EW R[], +
FEAL AL, 2020, 31(05): 535-542.

BRI, k= &, BRI 858, 2 1PIRIE A p B b 2 E R G0 5 R
A VCECAH 7T[T). ML T, 2023, 40(10): 128-135.

[32] #iEIE, fRH /), HF5. SOA ik PID &I /ERLA AL & B & Gt b ik S H 17,
HUb &5 13, 2022, (06): 33-38+44.

[33]VEMR, HAE. T otk 1 -2 S R LI & B R G AL BT[], HL
SR, 2021, 43(03): 615-621.

[34] s [H o8, I, 2555, WA EE M S & E KRG80 A0 5. UG T,
2016, 33(04): 64-66.

[35]Jeong T, Singh R. Analytical methods of decoupling the automotive engine torque
roll axis[J]. Journal of Sound and Vibration, 2000, 234(1): 85-114.

[36] Baldanzini N , Caprioli D , Pierini M .Designing the Dynamic Behavior of an
Engine Suspension System Through Genetic Algorithms[J].Journal of Vibration
and Acoustics, 2000, 123(4):p.480-486.

[37] Sirafi M, Chang Y P, Qatu M S. Robustness of mount systems for idle NVH, Part
I: centre of gravity (CG) mounts[J]. International Journal of Vehicle Noise and
Vibration, 2006, 2(4): 317-333.

[38] Peng Z K, Lang Z Q. The effects of nonlinearity on the output frequency response
of a passive engine mount[J]. Journal of Sound and Vibration, 2008, 318(1-2): 313-
328.

[39] Nariman-Zadeh N, Salehpour M, Jamali A, et al. Pareto optimization of a five-

73



g WY N R el VA7

degree of freedom vehicle vibration model using a multi-objective uniform-
diversity genetic algorithm (MUGA)[J]. Engineering Applications of Artificial
Intelligence, 2010, 23(4): 543-551.

[40]El Hafidi A, Martin B, Loredo A, et al. Vibration reduction on city buses:
Determination of optimal position of engine mounts[J]. Mechanical Systems and
Signal Processing, 2010, 24(7): 2198-2209.

[41]Kolte S U, Neihguk D, Prasad A, et al. A particle swarm optimization tool for
decoupling automotive powertrain torque roll axis[R]. SAE Technical Paper, 2014.

[42] Truong N H, Dao D N. New hybrid between NSGA-III with multi-objective
particle swarm optimization to multi-objective robust optimization design for
Powertrain mount system of electric vehicles[J]. Advances in Mechanical
Engineering, 2020, 12(2): 85-114.

[43] B IR, DHE, Juibbk. R4S B EE R R R T A T E
HUBE AL, 2003(03): 91-95+6.

[44] 7% H8, BB, SKOCHKE. BR 4280 0 a i B R GE R AR PR R 0 07 W FE ).
FAE TP R 3R (H AR R4, 2003(02): 236-241.

[45] LB SGK, 3R7, 1RIEE. VSR lE B AR SRR B T ROk
W T[], PR3 AR, 2007, (06): 577-583.

[46] Ji i rg, #HEE, RigE. BT ML T R N R LR B R G BET ).
BN 5 ik, 2008(08): 56-58+176-177.

[47] LB SOR, BRORW], mb 25 R ARG tha) ) d e B R R[], iR
ETHE, 2012, 34(01): 6-12.

[48] sz 48, HER, BRIGL 20 sl % 42 Bplah /s e B R U Bt ).
I 7 SR BN, 2016, 36(04): 108-112.

[49]1 ¥ 77, TRIEEH, TRA D55, WL E & RS 0 A &ALt (1]

A B L K Z 22 3R (H AR BEEERR), 2021, 44(08): 1009-1012+1025.
[50] Diemer P, Hueser M G, Govindswamy K, et al. Aspects of powerplant integration
with emphasis on mount and bracket optimization|R]. SAE Technical Paper, 2003.

[51]Suh M W, Shim M B, Kim M S, et al. Multidisciplinary design optimization of

engine mounts with consideration of the driveline[J]. Proceedings of the Institution

74



g WY N R el VA7

of Mechanical Engineers, Part D: Journal of Automobile Engineering, 2003,
217(2): 107-114.

[52] Eisele G, Wolff K, Alt N, et al. Application of vehicle interior noise simulation
(VINS) for NVH analysis of a passenger car[R]. SAE Technical Paper, 2005.

[53] Abedi R, Shamekhia A H, Rahi A. Optimization approach to passive engine
mounting system for reducing automotive vibrations[R]. SAE Technical Paper,
2019.

[54] Guo R, Qiu S, Yu Q, et al. Transfer path analysis and control of vehicle structure-
borne noise induced by the powertrain[J]. Proceedings of The Institution of
Mechanical Engineers, Part D: Journal of Automobile Engineering, 2012, 226(8):
1100-1109.

[S518R e, Edh. KRGS )80 B RS R IR 07 57 A 0] B AL L A%,
2014, 25(20): 2830-2834.

[S6]#iEE, ENI, G, T A%58 B AR 70 T B IBURD X I A~ I B S e [T]. B
PRE TR 2274k (H AR EEF), 2016, 30(03): 16-21.

[ST1H/NE, XIE3K, XEHR. He T3l s b LR B & B R g i 0]
R, 2021(02): 41-45+51.

[58] /%, PURf, RBE%E. R EN LS EE RG] R
S (E ARRREAR), 2022, 41(02): 93-100.

[59]Foumani M S, Khajepour A, Durali M. Optimization of engine mount
characteristics using experimental/numerical analysis[J]. Journal of Vibration and
Control, 2003, 9(10): 1121-1139.

[60] FAM 5. B 25 0 B ks B AR SRR VERE MW 7T [D]. &AL Tl K%, 2003.

[61]00i L E, Ripin Z M. Optimization of an engine mounting system with
consideration of frequency-dependent stiffness and loss factor[J]. Journal of
Vibration and Control, 2016, 22(10): 2406-2419.

[62] ZEEZE. KRR BIHLEN ) e B R G THD]. MR Tl K27, 2016.

[631 Bk oe, S6FEHE. 40N AES) )M U B R G RRARMEREIT L [0]. b E TAEHL
A2, 2021, 19(06): 492-499.

[64] iy, FAIEESC, Wkt 5%, #E4 NVH HREF K CAE HARZEARD]. IRE

75



g WY N R el VA7

TAE2EHR, 2011, 1(04):1 75-184.

[65] 35 )5 . LRG3 IR L) ) B B B R G RR R I BE T 7T [D]. & AR,
2007.

[66] B ARZL, MEFH. T 607 1EN & E RGREREMM SIE O] KETLRE,
2015, 37(02): 194-199.

[67] XIFH, PIAEHE, FREE. 3 B e E RGN AT SE Rt [J]. TP E SR TR,
2020, 31(21): 2529-2534.

(6814542, HZEM, MR T 5. KV E KBt L] IRELRE,
1983, (03):12-23.

[69] Qatu M, Sirafi M, Johns F. Robustness of powertrain mount system for noise,
vibration and harshness at idle[J]. Proceedings of the Institution of Mechanical
Engineers, Part D: Journal of Automobile Engineering, 2002, 216(10): 805-810.

[70] Shangguan W B, Liu X A, Lv Z P, et al. Design method of automotive powertrain
mounting system based on vibration and noise limitations of vehicle level[J].
Mechanical Systems and Signal Processing, 2016, 76: 677-695.

[71] Wang D, Jiang M, He K, et al. Study on vibration suppression method of vehicle
with engine start-stop and automatic start-stop[J]. Mechanical Systems and Signal
Processing, 2020, 142: 106783.

[72] Xueqian C, Zhanpeng S, Qinshu H, et al. Influence of uncertainty and excitation
amplitude on the vibration characteristics of rubber isolators[J]. Journal of Sound
and Vibration, 2016, 377: 216-225.

(731 E AR 2e, FLIE, ThE S R R 5 )RR B R SRR R LB
I A SRENE ], 2022, 42(04): 208-213.

[74] Sendur P, Tung B. Design sensitivity and optimization of powertrain mount system
design parameters for rigid body modes and kinetic energy distributions[J]. Journal
of the Brazilian Society of Mechanical Sciences and Engineering, 2020, 42(9): 486.

[75]Xu X, Su C, Dong P, et al. Optimization design of powertrain mounting system
considering vibration analysis of multi-excitation[J]. Advances in Mechanical
Engineering, 2018, 10(9): 168781401878824.

[76] Shui Y, Wen H, Zhao J, et al. Optimization of Vehicle Powertrain Mounting System

Based on Generalized Inverse Cascade Method under Uncertainty[J]. Applied

76



g WY N R el VA7

Sciences, 2023, 13(13): 7615.

[77] LB 5, B2 E, B ORSE. KR53 B E R G Ti ik
WEFC[T). JRah S5phid, 2018, 37(08): 141-145.

[781BAF1)Y, MBS, TIH-F4%. T 24t Bl AR5 70 5 e E 2 G L T
[J]. Bkt S, 2022, (11): 228-232+238.

[79] Wang D Y, Zhao X Z, Shangguan W B. Design method for a powertrain mounting
system to decrease the vehicle key on/off vibrations[J]. Proceedings of the
Institution of Mechanical Engineers, Part D: Journal of Automobile Engineering,
2018, 232(9): 1221-1236.

[80]Guo Z, Qin D, Li A, et al. Influence of random road excitation on DCT vehicle

dynamic characteristics during starting and shifting[J]. Journal of Mechanical
Science and Technology, 2023, 37(9): 4567-4582.

[811 B F, L/HI, BAFEE. Fe T & MIEHIIRZE RS IE S O 7 Hr[J].
HEFZARGWF, 2019, 41(02): 52-56.

[821 kIR &, LB IR, Zbnz S, AR T 5h )8 BRHA RS T kD], IR
. 512 K, 2016, 36(02): 269-275+400.

[83] Ky, Fh TR AR M A 1 ] ) & B R gL i iH[D]. B KK, 2019.

[84] Mirjalili S, Mirjalili S M, Lewis A. Grey wolf optimizer[J]. Advances in
engineering software, 2014, 69: 46-61.

[85] Ozsoydan F B. Effects of dominant wolves in grey wolf optimization algorithm[J].
Applied Soft Computing, 2019, 83: 105658.

[86] Sharma I, Kumar V, Sharma S. A comprehensive survey on grey wolf
optimization[J]. Recent Advances in Computer Science and Communications
(Formerly: Recent Patents on Computer Science), 2022, 15(3): 323-333.

[87] Saleem S, Ahmad I, Ahmed S H, et al. Artificial intelligence based robust nonlinear
controllers optimized by improved gray wolf optimization algorithm for plug-in
hybrid electric vehicles in grid to vehicle applications[J]. Journal of Energy
Storage, 2024, 75: 109332.

[88] Hussein A ,Lajos B ,Peter F .Rapid prediction and optimization of the impact of
printing parameters on the residual stress of FDM-ABS parts using L27 orthogonal
array design and FEA[J]. Materials Today: Proceedings, 2023, 93(P4): 583-588.

77



g WY N R el VA7

[891 3R, XL, FMIHESE. AWK e TREFMEHESE RGN
R[], ML TS i, 2022, (01):93-96.

[90] & K. WitEan 1 B laE BRGSO 5 2 BB st [D]. i 458
iHAERE, 2024

[91]Duan D, Poursoleiman R. Modified teaching-learning-based optimization by

orthogonal learning for optimal design of an electric vehicle charging station[J].
Utilities Policy, 2021, 72: 101253.

[92] KB, BEAL WE VG, T RSM BRL I B R G WL ARAL S AR g P70 #r 1],
MU 1T, 2020, 37(08): 71-77.

[93] Box G,Wilson K.On the experimental attainment of optimum condion[J].Journal
of the Royal Statistical Society, 1951, 13(1): 1-45.

[94] Xiong Y, Pan Y, Wu L, et al. Effective weight-reduction-and crashworthiness-
analysis of a vehicle’s battery-pack system via orthogonal experimental design and

response surface methodology[J]. Engineering Failure Analysis, 2021, 128:
105635.

[95] XN 4EiE, T8k, HETESE. T u Nk S =& 8 RGP I [].97
ZETHE, 2017, 39(03): 323-327+334.

[96] Liu J, Yu F, Yan T, et al. Self-propulsion performance predictions of AUV based
on response surface methodology[J]. Ocean Engineering, 2023, 287: 115923.

[971 K. i M %2 3h 71 B s B R g IR T #E 70t 5 2 8004 [D]. 5 MR 22,
2022.

[98] Guo R, Zhou Z, Xu S, et al. Dynamic modeling and optimization for powertrain

shake characteristics of electric powertrain system with hydraulic engine mounts

[J]. Journal of Vibration and Control, 2023; 0(0).

78



g WY N R el VA7

BUEF A HAIE] & RAYFARBR

SRR :
[11 5%, LT NYE3EE RGIFEIE SR Hr[J]. R TR 55
(A RELE), 2023, 37(06): 58-65

HH:

[1] =4, — MG E LA Y) BB : CN218540539U

[2] SEVUMER, —MhkiF M RIS RIS A B F 7525 CR AR
RS : CN115152424B

[3] SBVUMER, —PhiksE BT & G M 7. CR B
FRT: CN114831290B

FHIT 3238
[1] HERE—, R RAERE R R =R

79



g WY N R el VA7

S

Mok HITK, MAMS IEE, BT mi. =80, #igigig, 1k
TRE, NTwH, REWFE, BENE, ARARUATESH, BWE
FALEH#RNERE, BIBR 2 . EXBORP IR 2 R, JR MR, 2
[7) 18 22 4 - e S R R A B 1 N Rk R B R U

LS LR, 22 O & T BT R T T T G s, TR —
AR, BRENER, B EOTRAELN, AEREWERELE, —
BRI A IR 58 B AR %, W e R SR T B . FER b,
(R 2235 BE AR IR (M 2R WM N R L T RS RE o FEARTE b, 142G T RIEMA
ERRWIE T BADCEHFRA I, FRLNERIR AR BRGHE
X AR MR RIEO, BORAGE IR TE L

R, B IR, SRS o IR A 1 A T o AT AR A A
5 By ; B B a2 5] 2 0T 3K Bl RN SRR IR R E =R A, REIRE T
SRS M TR =, BRI RIS IR SR, 47 TR
— B SELF I L ORI T A 58 = 5N H 7 BRI RS,
1A AT A AR TE R T R AR R . MR R K BT RE LA, TR I .

H, FREIRIR R R 1AL BE . R ARNT S A i R R E K, 4T
WG FM B Z M CFE . IR FZWNIERE F, L@ 2 DR, RIT82E
FIRERE TS £, HURR CRES T, A A —RATRERT o ARATR R
SR JEJE, RIATHERIED ) o B URAT JHAB AR A SCH, Bk T R B
K EHRARA -

SRR A ARG R AR, HX AR L R, e — IS . 3R
Wi B IX A, WE KK EMbAR, Searir, ZEeFROSHE. &
ARRHE RS b, A B E R, BOVREBONEKH O, 58RI A,
G, RERBIFAW, 0fF K, RSFBRAZLWHT . B RRSE
KoK, B FIRAT Y AR SR A 78 T v B2 AT B !

80






	摘 要
	ABSTRACT
	目录
	第1章 绪论
	1.1 研究背景和意义
	1.2 插电式混合动力汽车NVH问题研究现状
	1.2.1 插电式混合动力汽车
	1.2.2 NVH问题研究现状

	1.3 动力总成悬置系统研究现状
	1.3.1 悬置系统优化设计研究现状
	1.3.2 悬置系统性能仿真研究现状
	1.3.3 悬置系统性能试验研究现状

	1.4 课题来源和研究内容
	1.4.1 课题来源
	1.4.2 研究内容


	第2章 动力总成悬置系统动力学建模
	2.1 动力总成悬置系统概述
	2.1.1 动力总成悬置系统基本功能
	2.1.2 动力总成悬置系统设计要求

	2.2 动力总成悬置系统动力学模型
	2.2.1 动力总成悬置系统六自由度动力学建模
	2.2.2 整车十三自由度动力学建模

	2.3 动力总成悬置系统评价指标
	2.3.1 传递率
	2.3.2 固有频率
	2.3.3 解耦率
	2.3.4 支反力

	2.4 本章小结

	第3章 动力总成悬置系统优化模型
	3.1 悬置系统模型参数
	3.1.1 模型参数获取
	3.1.2 固有频率和解耦率计算
	3.1.3 支反力计算

	3.2 悬置系统优化模型
	3.2.1 设计变量
	3.2.2 优化目标
	3.2.3 约束条件

	3.3 本章小结

	第4章 基于灰狼算法的动力总成悬置系统优化设计
	4.1 灰狼算法
	4.1.1 灰狼算法来源
	4.1.2 灰狼算法原理

	4.2 正交试验法
	4.2.1 正交试验
	4.2.2 正交表设计

	4.3 响应面法
	4.3.1 响应面建模
	4.3.2 响应面求解

	4.4 基于灰狼算法的优化设计
	4.4.1 优化算法设计
	4.4.2 优化结果分析

	4.5 本章小结

	第5章 动力总成悬置系统模态及隔振率试验
	5.1 动力总成悬置系统模态试验
	5.1.1 模态测试试验
	5.1.2 模态测试试验结果分析

	5.2 动力总成悬置系统隔振率试验
	5.2.1 隔振率测试试验
	5.2.2 隔振率测试试验结果分析

	5.3 本章小结

	第6章 总结和展望
	6.1 总结
	6.2 展望

	参考文献
	攻读学位期间发表的学术成果
	致 谢

