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F1E F ]
1.1 [XCHIC
BURD A% DEFFICHEARRR RS THEIH L WO ROV PITIT~ L LT, &DWIERGN
& LT, EITHRETST Tl SERBEMERET WA U1, IAME, RN 82 < OZRDMES . £
D 9 BREMCRAMICE R A 5.2 535 & L'CNVH (Noise, vibration and harshness ; #E8, 5%
T, RO BNFETHND. L ICHBEMEEOREITHENEZFIE L, REOFED LHIZE
REBREELEZ D700, ARBEBETERININE DO THLH()Q). HH, =Y ORE
LU VIR S, BEEOFBEMHIZE L<mELTWa., Zo—hTtoihEFTzrvv
BEREICEIoTIAF 73N TWer— R A AREG) ) B EOEEENEN2L D271,
PSRRI D — AR TETWD. 7205, BUETITENT AT 5l 2 D F D
BN MCPEEDOFREEA LY D E NI ZETHHB). LnL, 9 LI EBEKIT
L CHMIUCRIR 20 L T 721 Tl a2 MOEEOBINA X, #5012 A Bh# MR
L LCOMMfEZRA D ATREMR 5. L7 > T, HBIBOSERRESE OIREER S 2 AT
R U7z B¢, sl AR CRIEICEHMET 2 Z E BN EETH D, £, BUED HEHEERIE CASE
(Connected, Autonomous, Sharing & Services, Electric ; iB{EH#AE, HEhiEds, v =7 U7 &Hh—
B R, Elhl) SEk A ETHIC 100 42— OER 7R 25 & W, BRENRO BB LA 1L Lo
MR OZLNBEICHEA TV D, Z D72, HEEOBREEYE T 9 L2 kcshis L
BEREY O ENEEE ZRREN R ST, FHEBAT O EEEHE LTV D,

1.2 BREFRZEH LUE— FETEAVREISH

HENE AL U8, Wk ORI T 250348 HICE D ETEA{ThILTEHY, B
DENIETHD EF 2D, FHIRENE S 2 W IHREMAERES & 72 b 2 VR —x > MBI 5 HF
2135 <, BIZIERA —LDBEE), 7L —FDBE(5), AT a(6), TP —T
— LEFIEEN(T), A 7T L—A =T T =) EMNETF LS. ) LIZHEEBEAZIILD L
T25H0O3 VOB TR, MiLEb0Ick I D EHCERGTEDERLEOSHTLTHIC CAE
(Computer aided engineering) & FHEN D =20 ¥ 2 — & THEFAF N MLER TR IR G D & 72> T
%. CAE IZFEBCHGOPYECTERZIT AN, T Ea—2 & AW EBFHEIC X > THERE
RWHEAZ VI 2L —F 526 THY, 29 Ly o b—y a3 I ORIECHER O %
WOE B0, RABEICET S a2 PBLOMBOEMFICEHIRL TWE. T o5, Mo
PEENEFE ORI I TATRZESTE  (Finite element method ; FEM) 8 X OVNE— RN A< WS 1L



% . BUROHEIEHENT IRBIRYT, BEHT, 2 LRI £ DIERE L 72> TV B ARSI,
B LI O XS, HEmafisn (/— 1) CHRShIHROER =LAV 1) THEIL, 5
BILIAT LA FOTRS LOBIEE / — FIZBL L TEFMEET5 9). [ 11 507
HEIHRT  DEFATHY, =9 LIARER CHM SN E7 N & HIRERET L LITA.

Fig. 1.1 Simplified finite element model of an automobile body structure.

AIREFEIZ X o> Tl S NEESHIEZ 7 — R 2 & IAT8IIENTR LI b O 0VE &1 75
BROMMWEATSIE 72D, Z 9 L CHRI SN EEITH & RIMEATSZ o — R E A E R 2 e
RECFHNREL Z L TETAVOEAE— FBLOEAIREE L W ol — FReER R E S, 20
912, ETMEIC K> THRHEDOHBEZ RO TET AV E/ERK L, NFERFEERICH > THEET
JAZZEHL L, BUERMRINC K o THEAIRBIECCEA T — N &R 2 515 E Bl e — N & FES.
—J5C, IRBIERER THIE LIRS & B DFERT — 2 25501 5 Z LI L > TE— REFEZ [
BT D FIEIZERT — MENT & EEN510)(11). T — RARYT ORI AR E B 0% % /M
FEE O RIZEFRNCHE/ N2 Z EMMFIRET, ZAUC K D EEISE L W o ft i A2 2 b T
NRINATA D Z ETHH2). Lo, 29 L THEEVOREFHEZ [EA T — FOERQEGHE
TETE— FERIEOREEL, BAT2E— MICELESNTLE S 728, EREERMNT AT D
(IR R e — RO L, SHRAM AR SO 0ERH o7, ZHITK L, Hansteen (3
BWET DERE— ROFBEMET L2 Lk, AT— REEMZ o0, HBEZ M L&
WD HEERE LIZ(13). 61T, B, HELITEROE— RIET TR ARKRDOE— RHERKET
XHE— FEBIELZIRRE L, JEAWREUSERAT-CREEE AT ICE A L 72(14)(15)(16)(17).

ZD L) BRARERERET— M AHAGDEL Y I a2 L—y 3 VIZHBIHEICRLTH 5
D DAL O FHBARICIA VO TE2(18). L, Z 9 LI AN K LisoT-
VNI Ea—FOFERE L, 7 /UL TIIT CE 2 A4 ARLAHREICHIRR H -T2, £
D7, K 1.1 DX ISR TT N AT, 525\ WIERESRE Z 1251 T
EFTMEL (ZNBEDREMS), BN LI Gk L TEERE (Thb ek



EMES) OIREWVEFIEZ N2 FIEDR RO TV, 29 LE=TEOHIE LT, KiE, EfRblx
R CIRBIRNT 21T > TR BN D EAE— Ra—fR(LEBIE & L CRRICxT 2 I8 i ez
YER% 3 5 X5y — KA k% (Component mode synthesis ; CMS) #4252 L72(19). RK4yE— RERK
ECIEEROEMEE D ROBEEE— REHOTETOT, £2RLD BIFDINTNSWVHBHET
RERIT 21722 Z EMFLETH o1, BIbIE, ZhETHVWLR CWEEAT 17Ty
7 15(20)78 EOFE LR U THOEARIE EFRLQ21), T s G RiEE AW OIRE)fiE
MrREZ IR L TE72(22)(23)(24)25)(26)27)(28). LML, Zi b D HETIHEREE DO E R
DFE— RIZEIT DREEARRNZET A, ROAZFHRIERET & D X S ICRIEE R OMT 24T 5 i
ETH T,

LWLBRE, 29 LIcET VORI UITEEOZFMITITE N TH 7272 9(29), FFED
%L AR E O ARIRICE BT 2IRETICAEH Th o7, file LT, LA I3 SaEin
DEBEZZDOEEIC, TNLUISOFIRZHM L TN 2T — X V20 ME1E(30)(31)(32) & 12
R U7z, E£T, W HI38ROIRE) HARE A 729~ & 43 R OIREN R & M A 7 ERIZFHN
T2 FEEERLEG3), R OITARERTT /M EREIC X oMM L, IR
INTRENL & 2 OFRHINRIWERE % ZhER00 R 2 Bk G FIE A1 L12(34). M o1k S h
T EATH E N e — ROELZRE L, EBRBIGE IR 55— NE5E LG L 72
(35)36)(37)(38).

PHETIE T U E 2 — 2 PERERRH RN OM Fic X > T, 2POMMEE TS L00, X120
KO ZREE O CHRBUE HEL A L, 3HH X SO 0D HIRERET /L CHMTH KX
AREL 7R ol ETo, 9 LICMTE T VOB LI L OB IR, ZivE THIH L)
Sfer—HNRE—RHEEBND LT, FH TS ERBERICR T 2 BT — M
(=FEAHE— FEE) 2 EA Lz, —BIC, BEIXER T3 x ofEAE— RIoxt LTTH OB8F
NTHDHI0, EAT— FEEOBIMITRICET D EEE L R OB R EHE <.

Fig. 1.2 Detailed finite element model of an automobile body structure.



ZOX D R L, EORE R A AW EAE— RO 7 V=00, IWEIC T o %
5.2 5RET— RO &, Mabd B & 72 58— M &2 ABRICHE S L CIREIROBFL%
B e S TWA. [ERE— RE2 7V —71bT 5 5EOEI L LT, FIHbiTv ) ¥ 7nm
v 7 B BUTE— RIGROFLEIC IS W2 B2 1T0N39), /MR BITHEEREROEE E— RIZ
K50 REAA T — NOREEZ I L= — ROMEEAIRE L TV DHE0). Mz T, RFEE—
RORHIEOH] & UC, A b ITRRRE /MR %8 U RIS S 0 2EIE Om O REE 2 i
T2 ERSIE— ROPE1)S0, BROT— Rk 5 o iE o a7 55 4 E B RHES 2 071k
ZIRELTNDHE2). THHOHEND, E— RO 7/ — 7 bCRE SR IR D R A 2 IRE AT I
BN ToHDHZEPRENTWNDS. Lo, T ODOFETIIREME M Z B L TH LY E
OIRENEE LN &0, RFET— FIHICE S £ Tloc it R TR 2 L 20N S 5 7= 0fif
WHEDOEH L 2D L Vo MERZT 2 TV 5.

1.3 ABFRDODEH

ABFFETIIM 13 17" T & O RIEEMOEA T — RICH LD OO ERIREIIRICER T 5.
—DIX 1.3@IIRT & 9 S OB KT 7 L—LAFEOMW (U Yy R7) g (Ihg
TR EMES) ITERT HIRENT, ZhatiEakikE) (Global deformation) &5, & 9 —J7i
X 1.3(b)D L TR EMINT D IFNVEDOFR LN (T LT NR) 8K (ZHEER L
&) ORFTRIZRET, i BEHRE) (Local deformation) & IS, HENHIRT ¢ D X 9 2kt
HIOEAT— KT, 25 OIREFIRANEE L TR OIS, MEESIRENT EAR DML 4
PEICRE BT D720, RGBS TOXMREZ T 2015 L, FEHRENT Y 7ohiliR o
N E W o TR EH R HIBRPS COISRRILE THRLATRE TH 5. 2D XK 91T, ZHDIREEIRIT
KPR OB EST 7 a—FINBIp 5728, ZLh —DOIREFEIR 2 BRI ) D IEfEICHE TE
(THHZRIRBS RN FATCE 2. 7z, MEERERIEE) & REIREINER T 256 OIREIRRICIT
TREWRICYTD, VP Rt L 7 LR U T IVREM O 23T o A L MisRd 5 8
WD, B L DH 2 ETIOBRIIOWCHIT D, D Linb b, BREED ORI R
IZR W T E SRR X OVGEIRE & 20 255 5 F R LONERICH T2 D & 48
YD ENEETHD.



AWFFETIZZDEZ DL L, ar ¥ a—X L2 HENREE T2 LS LT, FEAE—
R E DR BEZE S E D X 9 18R L THRE) L TV D032 20RO IEMEIZ R U, Sl % 3
HREERETD.

(@) Global deformation (b) Local deformation
Fig.1.3 Examples of global and local deformation shapes.

1.4 REMRESHBEE

TT VO, T OWREMERETH & OBA SR Ko TIREFHENZT 5. iz
fHERRET L TYH, FRD RO D), [EE KRR OISR BI R 72 D)
12 & o THEAIRECHEAT— RRER D, L > T, Mo EOIRENRAE 2 s ISR
HITIE, JEPRZR N UAEE IR L OB A ZBET D2 0NERH 5. TOHIED—D& LT, fjHT
kG &3 D ER G LIS O FEIR ORIME 2 HEk0 U CRRHT SR OREITHNATINT 5 Guyan OFffE
INB)BDD. TIUTK ST, FHE ISR B E CIRET 2175 b oo, JEFHORINE
EBE LT 217D Z LR TE D, RIRDARE L5 HE S KIE44) Tl Z @ Guyan O
fi/ A W TET VOB RITH & MWEATH 26/ U Te b CIREFIT 217 > T, 29 L7z JEH
& DBRMEE & DFEEEZRE LT HIETIE, EHEE BUAR CIREIIRIT 217V, ZORERE SR LT
BROIRENRHEZ KD HIEROITHE L AR TERE— FOBIWGENSE L. LrL, Z0)
ETEETELDITHWEDZTH 5720, HBPEDIERMEROE— R TIIEEDR RN b O
D, EHEHDEENTRL 725 RO EROE— R CHTRENBENE E Th o7z,

FekD X HIZ, FETEa Y Ea—2OFMRERAINM L2 & T, KEBRHELFT5E
T THEGEEC ST TICRROE EMTNFREL le o7, ZAUTKY, K0BERET VA
MWD Z & CERERIREIFIT 21T 5 X 91257, LinL, 29 Lol CREIB 7 v
TlEe = VRIREHG O HEL SN D720, fER & LTI R & L TR BN DT — REAHIN



L, FENTRER OB ATV D, 20728, TS OIREHRFE A R 3 2 (I AT A3
BE— R—DO =D& A LRTFIUIR LT, REBIR T = —XEHOEEL 2> T 5.
DX R REEE A, AT TIE, ARERET VEROEA T — R bR HIE D IRE),
RIS IR OIREY T b D M SRR &, 56 O RFTH 722 IRE) C b 2 RS 4 71 FrEHRIC
FEASWTHBET 2 RIREV D BEE A 1R E L. REiRE EHE T, 7407 L—AEE 3+
R, PRIV EER & LT, ERIRMEB 2 TR DA & TIUTRRT H0EROFRENL, S
REA AT — N EMERRIRT D2 L LT LA IEROIRE & EXT 5. Zhicky, bk
IR Guyan DN A L RS R IIRE) & JRiiREh & 2 [EF T — R b E#EimE T 2. £
DT, TS RIED X 5 12% 60 U T /L 2SI X Y] > TEBIN [E AT 5
TiiE L AT, EROF— FTHRE R < E0MEDIRBIIR 2 0 ANTHIH T & 2 Z L 23R
RNV YEEEDORE TH 5.

1.6 Dx—JLvy FERERAVV-REOHTFE

R L FERE DL 2 50, B0 FEIITENET LV OMZTR L, EOMMiAE
RBDDNENER L L TOREIZH D D2 L TWD 2 EDRRHETH T, £ I T, ABZET
1329 LIz FR00ER & WV o IS AR 22356 T b, ST O ARRSCRBITIK & 37 B Bhi o h
ERART) & RIRBI 2 A5E L, ERINICEHE T & 2 FEOBFICIY MLA T, AIFF Tl
SRR I G IR 4 5 ZEME R BMEWIREIR T 5 olcxt L, SRR ITET L0
— T DA B RBIR TH D Z LICER Lz, 22T, SRR RIS
NS ORETR Z ST B FEE LTy =—T Ly MEBROFIHZRA 5.

Ux—7 Ly NEHL (Wavelet transform) (35752 REH] (F 7213220 Sl & J8) e S5 pdnk < Je B
T 515 FAELFILETH Y (45)(46), Morlet 23 AMEEICH W Z & 23ISR ICRE LT
(47)(48)(49). 155 % A IBEEB D MR T 2 7 — U 2B ClIRbn DR Z v = —7 L
v NEBUIRFFCE D LW O RHBERED, ZHUC Lo TEER o (F20) ) [P AZREREK
Ktk ) 2R o0 E LS TED. LER-ST, va—7 by MEHIT T — U =TI ©
X 7RV B A BRED A N 2 T D4R T 22 K OfF SAERIZ B W TR Y — L 2 D,
Vrx—7 Ly MERUEE Y = —7 Ly bV DEE Y 2 — T Ly MEHRE EE T = — T
Ly e TH#ERBILTRONLEE Y = —7 Ly FEAWLRER Y = —7 Ly NEHE DR H D
P, AT EICHER Y =—7 Ly NEAR S . U= —7 Ly MBI REHE RO
T —ZJEME, BLELR SICHWLND. BIxIE, BEERASVAEEOY = —7 Ly NEHIZ



X o TH LN D BHRENE A VT IR A Tk 7 ERRE SN TRV (50)(51), 77—V =&
HATITIE T OHNDNEDIFRPHEEDIZ BT 2 KON E R TH L Z Lo TnD. %
Te, V=T by NEHAD T ¢ L2 & L TOREZ WD TR OB E I & gt T2 Lo
TR BT TWND(52). S HIT, WA CIXTEZ & Ol 2 “ROe il B E I A
TERTCHER T — & L BRI UG, B Y = — 7 by NEMAE TIROTITHRER U R OCHER Y = —
Ty MEBHWSIA(53). 29 LB Y = —7 Ly MNEHLAE W B ER TG T —
H DIEMERR ) A Rk, v VIR FHE N, Fx BEERPOHW TS a B a—4
DOHFTH HIFHNATON T DB TH H. Z 5 Lo mGLELE T 2 W iFE $ 24 1T T
BY, FIZITMZEGTE) @G & HEE S 2058540, ERRGICBW T v POk
W &0 FFEENL 2 AR T DRGSR ENED LI TWD. £, B = —7 Ly b
BHII SR DA T 7 — #1217 T/, XI MT—ZOfEFTICE VLTS, fFilZiE, &L
Jii7e EOWRIRGE6)(5T)RC, EEADA(58), [ET —Z (S DMHTEIZHISH SN TWD. BT
=—7 by MEWLE S BIZ=IROTICIRIR LT =R oelEf Y = — 7 Ly NEWAD T —%T 7 F %
DIFFAR(60)° Weeks(61) HIC K> TIRESNTZZ & T, ZRITHENT — 2 DTN AIREL 720,
ZWTThld (R Y 22— L7 —4) xR e LIiFEn % <D Hi T 5. 4l 21X MRI (Magnetic
resonance imaging ; ZREKILIGEIGRIE) 72 & =Rt O (62)<°, —RocEhE (CRoTEBR O
REZE L) DIER63), WA ANDEIEREDA VT 7T NA A= (ZHARE LT EigT —
2) OIER(64)(65)(66), —IRICHEEE—T 1 7 (B HWBRZBIOWERIZ/20O LS ED
BGALIREA) (67), ZIRITET VIR DFFHT(68)(69)(T0)(T1)(72)(73)78 EMZET H LD .

AW CIE =T A RERET LV OEAGE— R & ZRoehiiT —4% (R 2—L7—F) T8
W 52 & TR Y = — 7 Ly NEBEEHT 5. MY = —7 Ly A FV AR
PSRIE(T4°, AMREREETT NV ORMES 2 —IRockilk T —# & L TR O WITE(TS), v=—T L
v N IO T RS IS B B RFZE(T6) IR =R IC H DA, AIRERET VOEBEN %
MR, B =—7 Ly ME#Z W TREEIRICE B L ORIT L7l o E Tz, K
WA A DFETH D, KX TIE, AREFRETNVOEEE— REREIERLIZRY 2— 57
—ZITH L C =Rt Y = — 7 Ly NEBAZ R L, 22 ERRED MR WS S ARE) &, 22
JERREER DS e\ N SRR ED 2 B BRI 0BT 2 7o AR AT FIE AR R T D . ARFSE Tl D22
JEEBMERNETE & 5T — F2ARBEECE— R, 2R S WETE 2 B TE— N & Eik
BE— N ERES. RFEIZ L DMTIETT VOWMEEDTERAZ ZBEET, EMEREOAE B
LU CIREN 2 0 BET 5. 2078, FREFRED X 5 12T VO %E T OfNTE DS EME L CF



SR, BTNV EASE LTar B a—# N HEICHE S SRS & RRIRE) & 1285
ZENAREL D,

1.6 BEERT—FIR

SWRICHER Y = —7 Ly AT K o TOE LR ECE — R X OWAREE— Fidd
< ETHEFE— ROLH TEMBEREIMEOS L@V ESHEL 72720 Th Y, 2hEh
IZED XD RIBEZIRN EOBREE N DO E TITEHMECTE 2V, 2 b OHRICIIER % Rz
RNH DR, F7p 2E— FHCHEET 2IRERZF> b D, —DDF— NHEEOHM DIRE)
TR E RO S DA EMNRIEL TN D, & 2T, ABFFECIISel Lz =ty =— 7' L v ME
B Lo THEAT— R OB 2 IRERECE — R EREEET— RE2 I HICERB L OMER
HROE— NIZoitT DR ER T — a4 T 5. ATETIHRER T — FB X OR/E
T — RICHEREH(TT) 4 R L5 2 & T, Ll 2RIk EZERN, kL, H—
DIRETAR DA E T 5 E— RICBERNRT 5. 20 L%, TRICHE SN DGR 24
T5E— FEERE— R, (ERBEROFEFIRE &£ 0F — FEERET— R, St TR
TWHRE— NEMES. Fiz, EFIECTEEIIHEONIZEIATIOEEND, FEAE— FRE
ORERLEEFR OBRRIC K > TR STV D 0 E RANCEHE CTX 5.

1.7 ZAFRICDIERL

AR, AT SO 2 LU R IR

£, F2ETIIAR L THW AT ET UZHOWTHAT 5. ZOETI/UTHBIERT O
AL LA IRERET L TH Y, BT L— A & FR A BT AT 5 23 kLR B
SIS NG . RET/VOBEAMHMITICE Y, 7 L— AMESIER T 5 S SRS & SR LER
M O R HRE & SNRIET HEA T — RGOS, £ 2T, iSRS & RTiRE O IR 41K
B D72 Offip 2 ~d. 20L&, MERKRE L RERESFERICAET S (ERT %) £
— RCUL, W5 OREEARIT L TT A L LSHfiiRE L7 &z o TIREN SRS 256703
bbb EERT.

#3 E T, ARERET NVAEROEAT— RO bERERIRE) & REIEE 2 BT 2 /5
HIREN T HEEC DWW TIR RS . RFEITET /BT 5B E G 2 355, M 2 0ER &
EF L, MIERRRE 2 1R DLW L LR R DIEROEN L BT D Z & THHEFR
IZEASWTHBET S, £z, HBEERE AW THERE— N2 2R SRR 72 E— R,
JREBIREN N ST 72 B — N, MRS R ARIRE) & JREREI D NER T D — FICHET 5.



B4 BT, =00t Y = —7 Ly NEHZ O TEIREN M BEFEIC DWW TR RS, AFET
“RTCHARERET NVOBEAE— N2 ZRcltBlE 5 (RNY 2 —L7—4%) [Z8# L7z ET=K
TCHERL Y = — 7 Ly NEHAZ T L, A AR IREN 2 25 RO WA (REE e — ),
JRFRERE) 2 22 EREOS S OVE TR (BEEEE— ) L LCaBET 2. Zhicky, E7A0E
FRVER E VS T BN BT ENEIR L2 0, T L 0OWEE2BE L2 0 508 < HEIIC
Wi 2 5HET 5.

55 BT, 54 = OO LTAREEREE— R X OEEEREE— R D, EFR0UERE VS
TABRR B AR D T — N2 fifET 2 THEIC OV TR S . KA TIHREREEE— FB X OEE
WAE— ROARFEBINCAE B LT BAE A K > TR BUR DT — Rl 5. 72, Z
o L TR ESRBURDE— RIZffFT 2 O FEE £ & D THERERT— R LIRS S5
12, MERREFE— RORO T 0t 2 & ERILT 5 2 LT, HEAT— FICEHREROREN &
DREEZEND ONEEEICHITE 5 2 & 4T

%6 HETIIAME TR O R i iE T 5.



E2E @BIEETIL

ARECTIEIARGRNTBOTIRETIEOT T A b L—y 3 VICHOW D ITE T MOV TRt
T5. £, 2.1 HiTHITT T L OTERCHIIEICOW TR, RIZ 22 HiCHITTT L OEA T
— R, 2.3 #iCHITET L ORPEEIEICONWTIRR S, Z LT 24 ST T Lok s
RIEER XL OVREHRE), & L CliE ORI ~OXIR T 7 10— o0 Tk, B E RS
TIHRB X RICEREAET 5 Z LI W THIAT 5.

2.1 BFTETILIZDONT

RFL T, HBNET U H—RT 4 D7 v 7 OFIRERSE LI ARER T T VAT ET L &
LCTHWTIREFELHNT 5. K 2.1 EF/VOSER, (b2 Z DR % ik & 277
R HTE T L OAERCES K OM#MTIE SIEMENS #OREEMHT 7 R 7 =7 T % Simeenter Femap with
NX Nastran ZFH LTV, 3095 HD /— R & 3336 HOFHET L— hERI BRI LT
5. Fiz, ATRFOMEAEENIET VORETHAEZ Y fil, SR OER A Z e UCGRET
L. ENTET VSR 22U R TV ¥y RARHZET L— AL, 2 B2 T Sz
R T LT T VIR SRVEM D DR S LS. BT VPIRERD b RAVIRIZ S ¥ 7 RS
HEML AR LTV, X 23@IcK 7 L— LD 4 &, K 230K SRV DM 4 R
T T L—AIZOWTIL, FkO 7 L— Az iEmm o THND AL, A2, FOT L— 3R
Do THFRINA B BITIEIC Bl, B2, B3 & L, HOLETFHINGRICIAIC B4, B5, B6 L4417
5. FT, KEOHEGOO T L—LIAPDIAIC CL, C2 £ LT, R RN DED 7 L— A%
FHIN D DI, D2, D3 E4AH1F 5. ST OWTHHD L H I, 7aTEOE 7 Dr3xL
IZP1 "B P8 &L, R DKED/SRVL T 7D T6 EFESZ EICT D, K211
L—LEE, #2213V DR S IB LU E A R~ RET IV CIEE AR08 5 AlE7R
FRY 2 < OIREPIRZ AT T2 2 L 2 BIEIS, M OEIITIISSE 2R TV 5. NEE
IZOWTIE, ETOEMTY L 752059 GPa, R7 Y 03, HE 8150 kgm® &3 5.

10



100 220 60 220 320 220 60 220 100
le ke el | Je Jele N

300

(b) 2D figure and size of the model.

Fig. 2.1 Figures and size of analysis model.

(a) Frame structure and its components (b) Panel components

Fig. 2.2 Structure and components of the model.
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(b) Labels of panel components

Fig. 2.3 Labels of each component in the model.

Table 2.1 Thickness and physical property values of frame components.

Label of component Thickness Young’s . - Densi
(Color of comBonent) (mm) Modulus%GPa) Poisson ratio (kg/mg
Al (Green) 11
A2 (Green) 1.2
B1 (Blue) 0.9
B2 (Blue) 1.0
B3 (Blue) 1.1
B4 (Blue) 0.9 205.9 0.3 8150
B5 (Blue) 1.0
B6 (Blue) 1.1
C (Yellow) 1.0
D1, D2 (Purple) 2.0
D3 (Purple) 15

12



Table 2.2 Thickness and physical property values of panel components.

Label of component Th('r%lm)e 53 M ozj{lj)llllfsl%,(_‘iP 2) Poisson ratio 5(3?2%
P1 1.0
P2 0.66
P3 0.89
P4 0.72
PS5 12
P6 1.38
P7 0.98
P8 056 205.9 0.3 8150
T1 1.25
T2 0.65
T3 15
T4 14
T5 0.9
T6 15

2.2 BFETILOEFE—F
ARG S TIE 0~200 Hz Z A e R BUBI SR E 5. 2 OFEPHIRHE N O FF MO PRE
REREELRITT ORI S 0 OB FEIICH7=5(3). fEITET /MK L
CTHEAEMRITZAT 5 LHEE— FEBRE, MAESREREIRNT 1 K225 18 IRETO 18 fHD
AT — F2F 545, NX Nastran O [ A EEHTHERE
EAE— FEREZ 24 1277, X 24 FOFRBIEET VOFRIERFOMNEELZR L TND. FFHTIC

blc-> THERIIDMEEZ VTV,

13

AN THE - AT &7 L OE AR &



9" mode (136.0 Hz) 10" mode (139.0 Hz)
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17" mode (186.7 Hz) 18" mode (198.8 Hz)

Fig. 2.4  Characteristic mode shapes and natural frequencies of the analysis model.

24 TR LIZEAT— FIZITET VORMBEENIREH L TWDE— R, —5OEM (FI28
FIV) DRFTHNZHRE L TWAE— R, £ LTl GFOIEIMAHERE L TWDHE— RANEEL TV D
Z e,
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2.3 BIETILORBEBEE

AREICIXET VO LT 2.5 [ZREICRT, 7S Vil EE e Z 7l g ) % 5
AT A ORI E R RO D, RiSUTRD DIEE, SRR I8)CH 5T 5/ x V&Gt
ET VAR COREN A S 0IFHET 25 B CREROWHEEE —Ff & 55, LT CILET L
D JERHBUERE % 3R 2 FHEIRRRIZ DV TR 5.

\/
Excitation point t

Fig. 2.5 Excitation point on the model.

IREME w OFANS I AMER S 2 saiiRE) OEE) TSI ATR S5 . eI SRR 2 5
AHbDL L, HEMIEM, WWATIZ K, ZN~7 Mk, STRENY Fvae F, 1
RS G, EEEAZ & B<.

Mz + iGKx + Kx = Fe™' (2-1)

ZoLE, sfiHREE L L TORMIEEZ, IRIE~Z L X 20 TRaETERT.

x = Xe' (2-2)
X (22) 2K 2-1) ITRALERT S k%2155,

[—w’M +(1+iG)K| Xe*' = Fe (2-3)

X (23) £V, FREFREN 3 2 ZNEEHRE X 1 F5RHIS DIREE o DRI X (w) & L TR
{THEND.

X(w)=[-w’M +1+iG)K| F (2-4)

ZIT, BAIREIF (2-2) TEEINDHOT, HERE v Ik TEINS.

v=2=iwXe" (2-5)
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L7eio T, MENEIREV (Zw OB L L TkATRIND.

V(w) = iwX(w) (2-6)

ZIT, IWENRT MV L ONSSRFIEATAIORITIY, /7 — NN & BB (e 3 B iR+
[FldiE 3 HEOF 6 HEE) 2R/ UEHTHD. 2095, KL THOW A IEIEEHSICBIT D
At 3 B RS (2,y,2) HED 2 FFOBE LTS, Lo T, n&EH/ — KDy, i
5y DB 2 FISERIRE 22|V (W), [V (W) Vi (w)| & LTwkckT

Vi) =Re V/(w) " +Im V(w) ’

n n

VI (w)* =Re V!(w) * +Im V(w)* (2-7)

n

VAW =Re Vi(w)* +Im Vi(w)*

n

m

AFRSCCIER D 2 BEBUSE Hw) 22 (2-7) 1280155005 & m O IS A RIE O fFn &
L CRATHEIT 5.

HW) =3 V@) + V@) +

n=1

V() (2-8)

FHEICHWZ RT A= D A3 23 ITRT. £ 23 TRTNRT A= ZHWCEH L7-A
BOSE %R 2.6 12T, K26 FOE—7 FORTFIIEAET— FOREAERT. 22T, 8 KA
HE—ROE—271NEL, FEBSEOH TN TN S.

Table 2.3 Parameters for calculating frequency response.

Parameter Values

Excitation force 100N
Excitation frequency 30~ 200 Hz

Structural damping coefficient 0.005
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Velocity response (mz/s?')
)
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Frequency (Hz)

Fig. 2.6  Frequency response of analysis model. The peak of 8" mode is lower than other modes thus it is
hidden in the graph.

2.6 NARARFRIGF O FIRBISETH Y, LLFTIEZ O EISE DS OB X » TIEEh R
Wa Rt 5. F72, FEITESIES, RO NRT A =2 ILIBELFELC SO HNW5.

2.4 BELWFIREEBBERS HIUEMRS~DREE

fETET VOBRAE—FD 5L, M24 1 TRTIRER & L TRIERARIREN) AR /€ — R T
% 1IRE—F, JHEHREIN ALRRE— R TH D 4 Re— F, £ L TEERRE) & JRitiRE)
WL TWDE—RTHD 2WE— L 3WE— Faextge s LIEIREIXIRZ ENTNE 2 5.

- =
G
Lol _:_.-

(c) 2" mode (d) 3" mode

Fig. 2.7 Reinforce target modes for demonstration of vibration reduction treatment.
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2. 4.1 BELKIRED EMLT— FISHT DRI R

BANZ, K 2.7(@I R HEE R AIREN 72 1 IREAE— FORBXIREZEZ2 5. 22T
I3 Simcenter Femap with NX Nastran DS IfifrRE 2R A L, 1 REAE— FOZEERFO I —F
AN OREMEIToT-. I—BRIGHOGMiE a2 —KTRLZLOZEK 28@)IIRT. X
28@) kY, ETNND RO MIIENBEFR L TND Z ENHEETE D, ZORERND,
X 2.8(b) DA TRT 7 L— LAEROMINE (72 72 EREMIELRER) & 2 ST DHiTRETT .
Z DRI & B R EUNE D LA 2.8()IIRT 28R NT, EHIAMTRIF O JEIE
HOSE, IR O B EUSE 2. MiTRAT% ORI E 2T 5 L, IRBv—2 0
XT3 T E T2, 2D K 5 ITHBE RRHREN A STRLH 7228 — NIt LU IR L Afish &
Mg = & TREMEBTE S LB HND.

; \ 5 x10° |
7 ; 2 = Unreinforced
Yy & : % & f N:6 i \,_|—Reinforced
== % P . o~
& i Es5¢
| 2 4l
(a) Mises stress contour 5
73
o3
—
3‘2
e | 2
3 =1
”. | 0
’- : 35 40 45 50

Frequency (Hz)

. c) Frequency response
(b) Reinforce target elements (¢) Frequency resp

Fig. 2.8 Reinforcement for 1* mode. The response peak of 1 mode, where global deformation is
dominant, is reduced by reinforcing stress-concentrated elements.

2.4.2 FBEMIREIDIRENEE— FICH T HIREI* %

WIZ, WEERREZITE A A ST, JREMREIN SRR 2.7(0) R 4 IREAE— RIZ
T HIRERIRAEEZ D, 2 CTIIREER L QD850 P8 ICKIL, X 2.9(b) CREAITRT
“X” HIOBEROMWEE 2 512 DHBRET 5. WIRATH% O T VO JEEEURE % X 2.9(e) R
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T AR R RS L, MRBICE— 7 OIR FOAMER TE 2. LIeo T, 2SR E B IRED
T 25— Rkt LTINS i% S VIcHisR 2 i3 2 & CIREMKE fRETH 5.

200

I —Ur;;é-inforced
- Reinforced

[—
W
(e

W
e}

Velocity response (m 2/sz)
o
[e)

0 L L
90 95 100 105
Frequency (Hz)
(b) Reinforce target elements (c) Frequency response

Fig. 2.9 Reinforcement for 4" mode. The response peak of 4" mode, where local deformation is
dominant, is reduced by reinforcing vibrating panel.

2. 4.3 BELKERE L RIIRBASERT 5 E— FIZxT SIREIXE

eV THEERAIEED & JREIEEN 2SR L T 5, [X2.70)B X ONAITRT 2 kB L O3 REH
T— N 2R R EZ B 2 5. 2IREBL O3 KEAET— FIL7 L—2A0 1 KA LTI L D
TEERIEE) & XL P8 D RFTHEEINHEE LT — R ThH Y, ZOEWIEREEOMAIBR TH
5. ZZCIEETREERMRE~OIREIXR L LT, 241 HEFERRICI —BRAIN N E25E
& LTAHIREAT 5 . IS SIEHT OFRERIN G, IS DENT 5 B 2.10(b)IZ AR TR 7 L— LB D
WIMEZ 2 5129 DR EAT 5. X 2.10(c)\ AHIRATHE O IR E 277 . £ — FOISEE—7
ERDE, 2WE— NIMRIC L > TE—=2ME TN L2, 3RE— FTIRflce— 27 283K L
7. DEVMIRICE > T—FHDE— R TENZ - THEEID KT HFER & 72 o7,

—.
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- 4 x 10 |
7 2 = Unreinforced
N: 5 - Reinforced
(‘\!\ i
! é 3 \
1 =
(a) Mises stress contour 2
22
a
5]
- 3
2
» 31l
~ 2
(D]
» 0
x 70 80 90
(b) Reinforce target elements Frequency (Hz)

(c) Frequency response

Fig. 2.10 Reinforcement for global deformation of 2™ and 3™ mode. One of the two peaks of coupled
modes increases when only frame structure is reinforced.

I, JREHRE L TV D83 T 2R e B 2 5. 2 2 TiE 242 HE RERIC RHHRES

D3 PATK LT 2.11()D L 91T “X” FIOFEROMIWEZ 2 52T oM EIT>72. 20
BEOREEGE 2K 2110 Y. T2 TIE3RE—ROE—Z MK FLIZb D0, 2 KE—
ROE— 71302 > TR L, MEERMIRENC R L TR 21T 72356 L ARk — O — RiX
REVEH SN2 b OO, i oE— N TIHEE AR L.

%10

N

= Unreinforced
2 I —Reinforced

I

Frequency (Hz)
(b) Frequency response

W

—

o

Velocity response (m 2/sz)
[\

(@) Reinforce target elements 0

-
S

Fig. 2.11 Reinforcement for local deformation of 2" and 3™ mode. One of the two peaks of coupled
modes increases when only local component is reinforced.
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VUEE Y, EERENE — NIk U TS R ARIRE) £ 72 1 3REHREIN O &6 B[ T DA LT
MisRafE LT, —HDOE— RTIRBAERT /R L Rode. ZaBE x, Ak L7z 2 F%E
DRz R T 5525 2 5. K 2.10b) RIS SAIEENC k5 7 L — AR iE T &,
211U RERIREN 63 5 7 SR AR TR G T ORI 2 Z 32K 24 (TR T 2 DO/ E—
(2B DIEROMAG O TR Z ET. ZIUC X0 MR E1T o TR A X 2.12 (1R T

Table 2.4 Patterns of multiplying factor pairs for reinforcement.

Pattern A B

Multiplying factor of reinforcement for 18 14
global deformation ' '

Multiplying factor of reinforcement for 14 18
local deformation ' '

x10
—~4 !
N@ =——Unreinforced
NE ——Reinforcement pattern A
23 ——Reinforcement pattern B [
2
g
2.2 3 1
)
—
21 1
)
=
[5)
~ 0 ‘
75 80 85 90
Frequency (Hz)

Fig. 2.12  Frequency response for each reinforcement pattern. Although reinforcement pattern A
decreases both response peaks of the coupled modes, pattern B increases one of the peaks.

212 XV, Mg 2 —2 A TEmE— FORE & — 7 MR TE 720lTxt L, i/ S 2 —
VB T2 RE— ROE—7 PN DR e o T

WAL, EAIRENE — ROl v — 7 2K S & 5 MU 22 Mk & & LA F O FIETRAET 5. £ 2.4
(R LIRS 2 — OB D L 912, 2.10(0)ZRT 7 L— AL O ARG R &
2 @I TSR VL OMIRGTR A Z N1 150D 2 £5OHIFAT 0.01 52Nt 5.
FARRE T2 RBL N3 RE— FOIRE LR L, KRR OIGEN DO EZRD 5. £
TR EII1T DISE ©— 7 O A TR Z TN 2.13() & 2.13b)ICRT. MO
e x 7 L— DELOMIRATE, AL SR VI ORGSR 2 RS (X 2.13 DIKEGOFEIT
ZNENDET— FIZBWTHIRIC L > TUSEE—27 @3 L, IREMEH S o % — Th
HZ LAY RPOFERITER 24 1ICBTF 537 —2 A, REIFT —2 B OffiifaE &£ 7.
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Panel reinforce ratio Panel reinforce ratio

(@) 2" mode (b) 3" mode

Fig. 2.13 Effective reinforcement patterns for reducing vibration of each coupled mode. In the 2" mode
the reinforcement pattern B is out of the effective reinforcement area.

213 1R LTeAE— FORENREGES A EREhE2 LM 2.14 2155, X 2.14 TIEX 213
& [RBRIZHERNIE 7 L— S EALORRIRATER, BT SR VL OMBRAGE AR L, JKEAOEEIXH
F— FOREIDMER SN2 & 2T 214 ORI T vy N HIEE, HITERGE Z &0
F— FOIGEE—27 OZALEORZIY , EOEOLEITME— FOMRENER S 11, ADLEIT
— i OF— ROWEDHA LI EHET L T0D. ZHUIK 213 2B hbnd L R0, WizoT
— ROIRENDIFIRF ZHE T D Aisa N — 3\ T2 8, 2L EOFENIE THIUTMH T — RARE)
B SNTE eV ETHD. K214 £V, 2R E 3ROME— FOIRENDMEIATRE 7 filiRER
EIIRENTH D72, TOMBICITEEZET 5.

1.5

Frame reinforce ratio

1

1 1.5 2
Panel reinforce ratio

Fig. 2.14  Effective reinforcement patterns for reducing vibrations of both coupled mode. The figure
shows that effective reinforcement patterns are limited for coupled modes.
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PLEZ Y, #REN T — N OIREHNH I3 & A IRE) & JRIRE O 5126 L Cable N7
Y ATHIIRT D LN H Y, AEY)ZAHR TIIASKRO B E) & 13 IRBISME RS 5 2 L3 Hh»
D, ZOZ LD, MERERE) & RTIREINRE S IS T, FEAE—-NZEERD T
NENOIRBPIR 2T D5 Z ENEETHD.
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FIE RIBERRESEE

2EIZBWNTC, T —2EEDO LSRR Uy NG &L e AT 5 3Rk VDL 57T L ¥
ST IVALE D B 72 D HEER OIREI IO T, K E AT — RIS D Wi OHRE) 2 iz 4
D2 EBREIRO ECTEETHD Z LB 2O EnD, SRR IRExIR AT O ET
¥ B EAE— R G REEN R R T — N, EEEEZIT L A CH ST REHER )
IR — K, WA DERIREN T 2 — RICOET 5 2 EERTH L. ZNHITEAEE—R
DT ORTWHIGENTED OO, K0 EHETIHERRET /MR 5 L EAE— REEN
BRL, D5 SIZRLERITFRD D035 L, TEORES AR LS. 22T, AWIETIE
B DEFT— REERINET D FEE L CREHRBIBHE 212 R L C& - AFETIXZ
D REIRE L L, JREREN S BEE 2 -2 BT — ROBETECOW T 5. AFIET
IAEAE— R DR RAIRE) & RIRE 2 0B L, /0B L7 IRESE A E— RICEORES
EFNDHDEZRAX—BLEE KO OFHMIT 5. U kv, FEAE— Rick T
G SRR S XA E 5 2 HBId 5 2 & THIAET— RONMEETT ). T OFREE, Gk
REZ b2, HDWIETE TRWERE— N2 RfiiREe— N EET 5. —77, MEs
RIREY S SRR E— RO H b, REHRE) &8 2 BAE— NaEdREt— FEERL, B
RN &R T RS RRE S A TR T D EA € — RAMERMIREIT— L T T 5.

3.1 BEMEENGEEAIC DT

JREBIREN Sy B3 AR BRI B D W THEAT B — R b B E IR IRE) & R IRE) 4 5y Bt
TOMEFETHS. 16k, MOMEEROIREZIRZS 2 I ES LD L 512, AR
BHRET VOB BATHIRCHINEITSZ 8 57> Uik L TE — Mg 217 5 HFIEBS VW LT
7Z(4). LU, BT VORSREERAROE EITH L WIMEATSZ B0 L, ooErsy 2 B4 L CIH
BIEMNT 24T 5 &, JAPHOER & OFMARIR Z L AT 5 Z LITR DTN EL 70 5.
Z T, MRS & T DR EIE LS OF oy DEBATHI L MIMEATS % Guyan OFfE/N (% A)
@)z AW THHE L, #oE0E &7 L HIMATYICAT G Lo BIZEAER T 292 2 & T
FEATFREEE 230 BT Z L3 b LTV D, ZOBE2 ZIGH L, REIRE S TIRET V20
A BT CE O L EAE— R 68 BT 28 ORE 2 B0 3 0Il2 Z OfffiREHE 251
ERAR
AFEOHEBREZNAT S, AREZTTVOEEIIIE M, BIEIT % K, B2 b
N g & LR H BB O 8 7 XA Ut
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Mi+Kx=0 (3-1)

FRHT R & T A E kS A ZIRFa, TOMOENE B 2T TRTZEICT5H. oL X,
X 3-1) OEEBHFEAOKEEL A L BIZFITTERTEROEY THD.

Z, K, K,

Kba Kb

wa

+ =0 (3-2)

Mba Mb

. T
mb b

l Mﬂ Mu, b

22T, X (32) oEFHRERICBT 2RI Th HIEMEEZA TS &, X (B2) 1%
WDOEDERTE D, o (THOHEE A ICBIETHND B OFEN (FHRMIEATR) &R
BNIRT MIVTHD.

m(l

=0 (3-3)

Kl)a Kb

a:bs

IKG K,

R (33) b, @ FRDE D ICHES,

mbs = _Kllebawu (3_4)

Lo, EAMEA DY, ZRUCHE T N5 B ORENE bbE T, 15 L,
o, KA TRE NS,

1

L
1
_Kb Kba

a

z, =T (3-5)

ab @

T, =,

bs

X (3-5) THIE MG A DHBE LR CRTa2AT DRI THY, T 275 LI
S SR IREV S EEREIL (3-5) OB TIE T VEROEAE— NIt L CEE#EHT 5 2
&C, BB LOEREZ MO T EEA T — R OEESAIRE) & iR 2 o8t 5.

BARMZIE, X 3-5) OEOHEE A OEM~Y Mg 12, BEHE— K7 MLOEHSHEE A
ST D A RAT D2 L TIT 9. B2 r RE— ROREMREN S BEZTT 5 %6, r RO
HE— KXY MV X(r) 230 A &2 OMOENL B IZRIST DEMZIRO K5 125310 5.

(3-6)

# (35) D IR TrkE— K7 MO A DR X, (r) 2RAL, Katic k- Tt
SEEB%E HTE— R ML X (r) B3RS,
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X,(r)=T,X,(r) (3-7)

EAAE— F~7 MLV X(r) 530 (3-7) TER LIBERRIRE X (r) 22 LI\ IZEAL 2 &
HREY x () & L, KATIERT 2.

X, (r) = X(r) = X,(r) (3-8)

X G-7) BEOA 3-8) IZX>THEFET— FT ML X(r) D SHEERAIRE) X (r) & RIED
KB X (r) ZHECTE .

Guyan DOffE/NTIE, X (3-5) OEHUTHIT, 2T 3-1) OEE) TR OA A Z H oo H
A OEBEICHEERT 5. BIZIERO 7 L— 2 EE oS A & LT ZOBREEZIT, ik
LU 7o s FRRAUTK LT — M#T 21T 9 2 & CHREERIRIREI 215 5278, ZOFEIZIEN S
OPMBENTET D, —0I1%, HHEEZHN L2 ETE— MEfr 242080350, M
Lo TLEIRTHS. —DOHIL Guyan OFRfE/N CliEE FREOBRHEZEK L, B D
BTN DI TEH D L WD I EIT> TWDH 20, [RIROE— RE2EET IR E /e
B L2 B0, EROE— RIZHEAT 5 &, ZOMi/NBFRIC X5 ZNKRE 72D, Kb
FETIRE LI RIRE D BEA LT 7 VR OEAA T — F) b EEEE R RIRE) & iR & 5y
BT 5720, ZNOOMEEEBTE 5.

3.3 REMRENDEEEE AV -EELFIRE) L BRREID S E#

AT 7 M SR ERIRE Bl A 8 T L, & OIREN A HE R AIRE) & R IREN BT 5. T E
TIZENT, FHEEZER T 2720, K3 ITRETRT, 7 L— A 5E & SRV O
BEBONE A Ry 2 s A ICRET 5. 22T, HoE A lCEM RSO A
HE DA Z AT 2 HEEIE, B 2G0T 2R BEEZED 5 L mROT— RICRO TlEdiEzs
AL RS D50 N e R REI DS REE S AIRINCEE L CLE S 2D Th L. Tt 7 LT3 5
JEREY BEE DOV A, 2 IREFE— REFICK 32 10577, KEAE— RIZBWT, ok
& A CRE L7, — FOWEERR 2K (3-6) DX, &L, TOMOEMEIZE X, £B<.
ZNENDEN GRS DEIMATIN DRy 23K (3-2) BE O 3-3) DL 23T 1T,
X (B-7) AL, WERERE X, LRBREX 2R0%.
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Fig. 3.1 Joint regions of components as component A.

Original 2™ mode Extracted deformation Global deformation Local deformation
of representative area

Fig. 3.2 Calculation flow of local vibration separation method.

fEtTET LD 1~18 ROEAE— NIt U CREBREI D BEE 2@ 1 L Tl L 7o R
#) & REHREIOTIR A X 3.3 1RT. X 3.3 TIEESNITHIERMAIRE), A5 RERE 2R LT
W5,
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(5a) Global deformation of 5 mode (5b) Local deformation of 5" mode
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(10a) Global deformation of 10" mode (10b) Local deformation of 10" mode
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(15a) Global deformation of 15" mode (15b) Local deformation of 15" mode
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(18a) Global deformation of 18" mode (18b) Local deformation of 18" mode

Fig. 3.3 Extracted global and local deformations of each characteristic mode.

3.4 HEELEEBICERL-ERE— FOSE

33 HICBWTC, EREMREVIBLEND, T LVOEBMRZ RN T HHE 2R
B & GERITEEIN T 2 R EbIREN B L 7. AREICIE 3.3 BBl R 2 AV CE AT — R 3
RPBETIREI T 28— FREL, TR EIERDERIRET 25— FEHOERIICHET 5.
£, FEAT— FOO08E LSS RIER ORIEO R E S27HE L, &SRz A3
%E— N EREERRREINNE L A Ll — RICRBIT 5. 2 2 TilkelE AV TGRS
DRE S ETHT 5.

E,(r)=X,(r)" MX (r) (3-9)

9

X (3-9) TiEr KEAT— N oML T-HERKIRE) X (r) DIRIBORE SE2ET7VOE &
1T5IM %9 U7z 2 WER O TV F—MICEHET 5. 21U kY, ASRITHEN ORI 50
WAL L AR A RIRFICEMECX 5. £ — TR (3-9) #EELEREAX 34 1077
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2.10 DFERITH LT k-means (N L D7 T AX V7 E21T0, HEERKIEE 2 A4 5 L HE)
FNHB S NTZE— REBATRL TS, 7 T AX Y V71T — 2 OEE WL OOt
B (TR ICHETDHTETHY, k-means IEITRENRIEREBI 2 7 2% ) v 7 FEO—
DCTH 5. k-means 1ElE, K7 TAXIZBNTT TAZNOT —X L7 TAZOEL (FTAHK
NT—% OFHIE) & OEBEORTIN TN 725 X 9 7253E81%4T 5 (182 B) . k-means LG
(21X MATLAB @ kmeans Ba%t% IV 72, kmeans B CIIAIEO ROV T LREZIN A 72 k-
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Fig. 3.4 Amplitude of global deformation derived from each characteristic modes by means of proposed
local vibration separation method. In this figure, orange-colored modes which have large global
deformation is automatically selected by means of k-means clustering.
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Table 3.1 Result of calculated relevance between 5 global deformations.

(7,q) 1 2 3 7 10
0.031919 | 0.100086 | 0.08595 | 0.107066
0.000384 | 0.026176
0.0223 | 0.088187

0.031919
0.100086
0.08595 | 0.000384 | 0.0223
10 0.107066 | 0.026176 | 0.088187

£330, 2WkE 3K, THRE 10 ROEAT— RIZELT  HESAIEBZ AL, 1 KRE—
ROA T OHEEEIRENT EDOE— FOMERFRE & bHE LN Enbnd. 2ol
1, 3.1 OREFISH L TH O k-means {EIC L 57 T AX U 7 %ATH Z & TERMICH LN
T&E5. ZIT, 1 RE— FOFT HHEESARIREI AN I CHIE L, ISR DS A IRS)
ERFOT— ROEELARWHERE & LTE, 1RE— RIZERTHD 7 L— LG B CIRE) L
TWLE—RENLTHD. — 5T, 2IRE3KR, TIRE 10RE— RO LD 1@ HiERAE
REIDEETAHAE LT, TR THLH 7L —LEEL, IERTH L0V L CTHRET
HNHTHDH. ZOZEEM24 BLOK 33 NG LR TX 5.

LLEIC R, R RE B ol L7 RBIRICE B 75 2 81280, I~18 ROEFE—
R &S A RIRE S KB /e T— R, REHREIN AT — R, % L CHEGERMRE) & Bk
ANERT HE— RD 3 DD/ N —FITERMIZHFATE, ZORMRITR32DHEY TH5.

Table 3.2 Result of mode classification using local vibration extraction method.

Global mode Coupled mode Local mode
1 23 | 7,10 4,5,6,8,9,11,12,13, 14,15, 16,17, 18

Z I T, REMREISEEAC Ko THlE LIS 2 AIREh IS L OVREHRE) 2 ARE OBLN TR
5. MEEfRER L ORSRB ORI, V1Y =122 L TRATRD 5.

-

1 \/Xg (KX (r)
T

27 Xg/l(r) MXg/l(r)

ray ,(r) (3-11)

X G-11) TREDOHNLA V—FITHY, X (r)Er RE— NOMERARDE (FIRX )
FFFIED (FRAT) 2879, K34 BIOEI2OEENS, 1R, 2K, 3Kk, 7K.
10 IROFEERAIRENIS KO8 2 k~18 IRD JREMIREIOIREE 2 RO T ik %, BT /L OE A IRE)
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Bl bbby TEIZIBLOKISITRT. X3.5 0 FEICIXEAGIREE, BTSSR IRE),
HFENZIZREREI O LA U —pgic X 2 REMG 2~ U, Silh2 Bs & U7-E0Eip ol <Tu
5. ZIZIBLOK3S G, BIRMNELPIL TS 2% E 3R, 7TRE 10 ROEESEIES) & 5

HHREN IR, ZAUS K> TEBIRBIAELTC TWD LB X HILD.

Table 3.3 Natural frequency and calculated frequency of global and local deformations.

Characteristic mode Global deformation Local deformation
Order | Frequency (Hz) | Order | Frequency (Hz) | Order | Frequency (Hz)
1 38.4217 1 38.5355
76.9346 2 79.7708 2 82.4410
3 82.5878 3 78.1277 3 80.7930
4 95.0540 4 93.7358
5 99.8184 5 98.4946
6 114.4123 6 113.7828
7 128.9810 7 131.7312 7 132.9298
8 134.2530 8 134.2026
9 136.0309 9 132.6610
10 139.0160 10 128.8165 10 134.0153
11 143.2999 11 141.9433
12 155.8328 12 155.3557
13 156.0719 13 155.9034
14 156.8093 14 156.3661
15 168.6129 15 168.6744
16 175.9092 16 176.0332
17 186.68549 17 186.2926
18 198.7577 18 198.9461
15t 2nd 3rd 7,10
Global deformation - L o o0
214,31 4,50 g 7100 11M]2~14015,16,17,18"
Local deformation ® oo [} ® e ©®© o0 o o
Ist 2nd 3rd g4 5t pth gt 11t 2~14h15,16,17,18h
Characteristic mode - L] oo oo ° o®mee © o 0 o o
0 20 40 60 80 100 120 140 160 180 200

Frequency (Hz)

Fig. 3.5 Natural frequency and calculated frequency (as Rayleigh quotient) of global and local vibration.
The figure shows that Rayleigh quotients of global and local deformations of 2™ and 3™ mode is
close thus they consists coupled mode.
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Fig. 4.2 Conceptional image of two dimensional wavelet transform. A discrete two dimensional data is
decomposed into 4 level components which have 1/2? size of former level.
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Fig. 4.3 Conceptual diagram of 3D discrete wavelet transform. A volume data at level 7+1 is divided into
8 elements.

41



Original signal Level N Level N—1 Level N—J

f(z,y, 2)=—>fy(2,y,2 f\ (x,y,2 . f\ S(xy,2)

Low-frequency component

High-frequency component

Fig. 4.4 Conceptual figure of multiresolution analysis using three-dimensional discrete wavelet
transform. Orange area indicates low-frequency component and blue area indicates high-

frequency component at level N-J.
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Fig. 4.5 Conceptual flow diagram of proposed vibration extraction method using three dimensional
discrete wavelet transform.
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Fig. 4.6 Conceptual flow of creating volume data. A volume is first created to cover whole FEM model
and then divided into voxels.
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Fig. 4.7 Shannon entropy value in each low spatial frequency mode and decomposition level of 3D-
DWT. The highest value in each mode is marked in the figure which also represents the optimal
decomposition level for vibration separation.

Table 4.1 Decomposition level of each mode determined by Shannon entropy.

1% Lv.1 7 Lv.l 13" Lv.0
2" Lv.0 8mn Lv.0 14" Lv.0
3 Lv.0 ot Lv.l 15" Lv.0
4n Lv.0 10M Lv.l 16" Lv.0
5t Lv.0 110 Lv.0 17" Lv.0
6t Lv.0 12t Lv.0 18" Lv.0
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5" low spatial frequency mode (Lv. 0) 5™ high spatial frequency mode (Lv. 0)
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7" low spatial frequency mode (Lv. 1)

10" low spatial frequency mode (Lv. 1) 10" high spatial frequency mode (Lv. 1)
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15" low spatial frequency mode (Lv. 0) 15" high spatial frequency mode (Lv. 0)
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18" low spatial frequency mode (Lv. 0) 18" high spatial frequency mode (Lv. 0)

Fig. 4.8 Low spatial frequency mode shapes and high spatial frequency mode shapes derived by
proposed mode separation method using 3D-DWT.
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2" low spatial frequency mod 3 low spatial frequency mode

Fig. 5.1 2" and 3" low spatial frequency mode shapes for demonstration example of decomposing to
main component mode.

Global deformation gathered mode Global deformation eliminated mode

Fig. 5.2 New mode shapes derived by orthogonal transform of 2™ and 3™ low spatial frequency modes,
with their global deformation gathered and eliminated at the same time.
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E, (p) = X[ (p)" MX (p) (5-7)
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—_
1

I L arge amplitude
I Small amplitude

<
o0

e @
> o

spatial frequency mode EL(p)
<
()

Amplitude of extracted low

o

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18
Order of extracted low spatial frequency mode p

Fig. 5.3 Modal kinetic energy of orthogonalized low spatial frequency modes. Orange bars show the
modes which global deformations are gathered, whereas blue bars show the modes which global
deformations are eliminated by orthogonal transform.

15 main component mode 2" main component mode 3 main component mode
Fig. 5.4 Main component modes. Main component modes represent primal global deformations.

53



5.2 ftRE— FO#H

AETIEERT— RO & RERIC, BARZHIC X > TEEEEECT — RSB OEM O )R
HRE AT 5. ARFETITIT COIREIREI S E T 288k (LUF, RHiRBiEE) 2 5E
L, RICHFE LT fEl 2 L I COREERSE— N CHBEIAIY , BERAEHATT . AREiCiE—

Y OFETRMIEBEROFFEZIT Y. 5.2.1 HTIE k-means E& AV 271k, 522 HTIX
DBSCAN  (Density-based spatial clustering of application with noise) & FEEILD 7 T A% U o 7 Fik
RO HEIZOWTCIAT 5. £70, ZNEND 1L TRE LT REiREhfEk 4 £52 L7216R
F— FOHMHIZOWT 523 THTHRAS.

5.2.1 k-means k% RA\L\-BiREERDOEE
SR IRENEI 2 R E T DI HT-0, F7 p=1~18ROKEEEEET— FIZBWTET LD
— RREFOEMOKE SRR TEEITYIM 20 L2 —RIEXTRD 5.

€ (p) :Xi,H (p)TMXi,H (») (5-8)

X (5-8) DX, (p) 1Fp ROBEABEHE— R X, (p) PO H, TETNVDiEKH /) —RD 6 HHED
DENDHEFEL, D ) — ROE 0 & LIe_T MATHY, e(p)ITETLDiIFEHR/ — K
PROBMORE S ETRLF—HIR LI LD THD. T LVDOETHD /) — RTe(p) 2KD,
e,(p) ZAATBLF % e(p) LH5<

Z T, JEEIRESEISRARET RN, 1 IREEEEE—F (K 4.7) O XD ITREMRENE L
A ETE LenE— RERICHERT 5. Zhuaidsll (425) lIoRLizv vy /vy bbb —H %
AW 5.

K 425 T, ESle(p) Dy v/ vxmr hut—H(e(p)lL, e(p) WMICHMUBERFIET D54

IIRVMEZ Y, WICRAINERE NS TRBEEOETHIUTRHWMEZ RS, Len->T, Rk
B2 R0 BT — R CIMEAMEL 72 0, JEiRE) 2 Rz 72\ s B ECE — N CIE A & < 72
B 728, k-means IEIZ KD 7 T ALV 7N K o CREMEB 2 F- A O R e — R 2 HEY
ICHEBR T & 5. A REENEE— R TH(e(p)) 2715 LA R %X 5.5 1R 7. k-means 12X -
TH(e(p)) MRENEHBISIZF— R S5 ITBETRLE 1 IRE— ROBBRFEYE Lz, =
OFERDG, 1 RO BEEREEE — RITRERSNZ & A v & BBINIZHRI S 72, Lo
DR TIRZ 0T — RE ekt 5.

54



—_
\S)

—_
(e
T
|

Shannon entropy

(=] [\ N @) [ee]
I

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Order of high spatial frequency mode
Fig. 5.5 Shannon entropy of each high spatial frequency mode. It is assumed that 1% mode does not have
local vibration due to its higher value.
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e
16" high spatial frequency mode

e e

18" high spatial frequency mode

Fig. 5.6 Result of applying k-means clustering to array e of each high spatial frequency mode.
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121 area

11" area

13" area

Fig. 5.7 Local vibration areas. These areas are determined by grouping nodes which have large
amplitude, evaluated in energic point of view.
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Fig. 5.8 Result of applying DBSCAN clustering to array e of each high spatial frequency mode (Green:

cluster 1, light blue: cluster 2, blue: cluster 3, purple: cluster 4, red: cluster 5, dark red: cluster 6,
black: noise).
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Fig. 5.9 Local vibration areas determined by DBSCAN.
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Fig. 5.10 Amplitude of each orthogonalized high spatial frequency modes evaluated energetically.
Orange graph shows the modes which is automatically grouped as high-amplitude modes by
means of k-means clustering, blue group as vice versa.
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13" sub component mode 14" sub component mode 15" sub component mode

Fig. 5.11 Sub component modes derived from high spatial frequency modes by means of proposed mode
decomposition method using k-means clustering.
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Fig. 5.12  Amplitude of each orthogonalized high spatial frequency modes evaluated energetically. Same
as Fig. 5.9, Orange graph shows the modes which is automatically grouped as high-amplitude
modes by means of k-means clustering, blue group as vice versa.
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13" sub component mode 14" sub component mode 15" sub component mode

Fig. 5.13  Sub component modes derived from high spatial frequency modes by means of proposed mode
decomposition method using DBSCAN.
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Fig. 5.14 Absolute values of each element in 4 matrix. Each value indicates how much the main/sub
deformation is included in each characteristic mode. It is visually and quantitatively shown that
2" main component mode is coupled with 1* sub component mode, and 3™ main component
mode is coupled with 6™ & 7™ sub component modes as well.
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Fig. 5.15 Smoothed component modes derived by orthogonal transform of original characteristic modes.
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Table 5.1 Frequencies of main and sub component modes approximated by characteristic modes.
Order of mode Frequency Order of mode Frequency
1% main comp. mode (m1) 38.4 Hz 7" sub comp. mode (s7) 137.0 Hz
2" main comp. mode (m2) 78.3 Hz 8" sub comp. mode (s8) 145.5 Hz
3 main comp. mode (M3) 131.9 Hz 9" sub comp. mode (s9) 156.7 Hz
1% sub comp. mode (s1) 81.2 Hz 10" sub comp. mode (s10) 157.9 Hz
2" sub comp. mode (s2) 95.2 Hz 11" sub comp. mode (s11) 163.8 Hz
3" sub comp. mode (s3) 99.7Hz 12" sub comp. mode (s12) 168.6 Hz
4" sub comp. mode (s4) 119.6 Hz 13" sub comp. mode (s13) 174.4 Hz
5% sub comp. mode (s5) 134.4 Hz 14" sub comp. mode (s14) 1745 Hz
6™ sub comp. mode (s6) 135.5 Hz 15" sub comp. mode (s15) 198.8 Hz
ml m2 m3
Main component mode |- L] ° L]
sl §5~7
Sub component mode - e oo e @ o ®ooe L]
1st ond 3rd 7~10th
Characteristic mode |- L oo o0 o oo © o0 o o
0 50 100 150 200

Frequency (Hz)

Fig. 5.16 Rayleigh quotient of smoothed component modes and natural frequencies. The bottom column
indicates natural frequency of the characteristic mode, as top and middle columns indicate
Rayleigh quotient of main and sub component mode respectively. The figure shows that 1% mode
consists of 1% main component mode (m1), as 2" and 3™ mode consists of 2" main component
mode (m2) and 1% sub component mode (s1).
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U TR AEAZ A — ) B EER, F£72, X (C-6) DLUL GG -1 ~D D
BICIRE D 720101, f,(2) & g,4(@) PVHONL, TRDHLERAD LS IZFA—L_LDRTr—Y v
Btk o LU x—T Ly by BEAR LT IU/e 5720,

(p(z—k),(z—-1))=0 (C-16)

ik,%J@ﬁ—%ﬂ&iétﬁmﬁ,?x~7VyFwﬁF§VXV~%N?Xw5kKO
WTERZ LTI 630, 612, X (C-6) ZMVIRLIATTDL L, f(2)FRXD L HIC
DRSNS,

[i(@)=9,4(@) +9; (@) +---+g,.,(2) + £, (2) (C-17)

ORISR E DO, £V =—7 by MGy g,4(2),9,4@),....9,, () BENER
MNLTHDZEDBMETHD. LTehR>T, V=7 by MNGEEKT 2V x2—7 Ly My X
A= )VRT A —=F GIZONWTHERZ LTI bR, §7bb,

(V@ z—k),¥(@2z-m))=6,6,,. [V (C-18)

X (C-18) T v=—T Ly FEFEAZAT=—7 Ly b ERES. PL ISR A7 B A2 51
L, G a, ,, b, % o —A—NEF p q, TET. X (C9) DAL AT — 7K
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o) DNFEE LD L, BB L TUIAR 7 —1 V7B b v —2r— L BfRoX (C-3) LE
MO (C-15) kv,

j_i (22 1) (z) dz = jiZ;Tkgb(zz ~ 02z —k)dz

=] 0@ de =2 p [ o)) ds (c-19)
11—, 2

= 2all

A LT, BERMEORX (C-15) BXD (C-16) LV,

Y[ laad(@—k) + by (z - k)] o) do

= ZI_Z a_p P - k) ¢(x) do = Zal—Zk(Sk,,O ”¢||2 (C-20)

=a,[¢[

22T (C-19) BIO (C-20) 1XEMEZ2D TN LY 3L,

aq =2 (C-21)

FEkIZ, X (C9) DL E Y =—T Ly by(z) DNFEEZ LV, ERMEZFINT 2 Z & Tkt
DEFAZETS.

b= (C-22)

ZDEIT, HIREINE by — A= VBB 1%L OBRICH Y, ¢ & o OEAME VD
ZETR=Y TR D Ny — A= p DT = —T Ly D~y — R — g,
ERODDHZENTE D, ZNHDOEERRITe & o OERMEDOK (C-16) »HELNS. R (C-16)
IZBWTj=0&L, ¢ DEFRNX (C5 %2 (C-16) DLEDITRALTHEST S &,

Jiqﬁ(x - m)m dx = J:ZZPL q_lqb(Zx —2m—k)p(2x —l)dz +
k 1

. (C-23)
=S¥ naf ol-2m-R)el DL

= (C-15) oEatEL Yy,
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ZPka+2m =0 (C-24)
k

C - 6 i Cil~< % Daubechies D7 = —7 L v hTIiX, p, & ¢ 1FTREOBIRZFFO(81).
g =D pyy (C-25)

UbXY, BERERZ Y =—7 Ly FTEAT—=U U ZBEEBO ~y =27 =1 H5F p, InH T =
—F Ly b by —R TV g ERDBN, SBIT p,,q, 7SS 0, b, ZRDBID.
I HIZ, BEURE BT D ¢(x) DIER DR, by —A 7= BRO (C3) BED (C-5)
D p(z) BELOY(z) ZBIRTHZENTED. LIEB-TC, BEER Y =—7 Ly FOERIL
K — R —VHF p, & B AUTIT B ¢(z) DIEOVTE &S TH 5.

C.5 avmnY bk -YiR—F

AEITIE, 207 b HR—=FEHET D¢ &op OWEIZOWTRN, by —2 7 — /55 p,
NEBRESINTHD EE, ¢ DYVR—FERa LT N ThHDHIEERT. B f(z) DIED 0 T
WX Z f O R— F EFEY, suppf TR . suppf NARDXMITHD & &, R— hFar
NI N THDEND. My —AT—NEE p DO TRVWEFREE p (k=0,--,L) &L, TDLED
YiR— b Zsuppgp =[c,d] LB<. by =27 — AR (C3) DFEL G2z k) 1T o(2r) 2~
2120 EATBEN LI b D THD. LD > TiebAEINET 2D ¢(2r) THY, T 0T
RNT=DITIFD 72 L b reo/2,d/2] BT HERSS. Fiz, BbAICMETOR
$2r—L) THY, AW 0 TRVEDIID R Lbae|(c+L)/2,(d+L)2]p L& THS.
LD, L0 R— ML ¢/2,(d+L)/2] TH Y, ZHUREDDOYH— | & T D70 ¢(x)
DY R— MIKRAKD L S8 D.

supp¢ =[0,L] (C-26)

KIZT =—T Ly hOYPR—NMIONWTEZD. by —RAT7—n1¥Flq ® 0 THRWEREA
q(k=M, - N) 2B, Z0LEX (C5) ZHWTEFEREFIRIZE R D &, Y(z) DT R— I
WD XD,

suppey=[ M/2,(N +L)/2] (C-27)
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ZDOEINZ, by —AT—NAEBIINFRESN THIUIA T —Y) VBB LY =—T7 Ly b
DY R— NIz T hend.

C.6 Daubechies®™Hz—TJLw bk

ARHiTIE, Daubechies DAY — U » VBIMEIB LY = —7 Ly MIDOUWWTIR<%. Daubechies
DY x—7 Ly MIEERN IZE> TESDT L —EHOBE TH 5. Daubechies N D7 =
—7 Ly ME, ERZBEROKX (C-15) , (C-16) , (C-18) &V =—T Ly by D0L,...,N-1IKE
— AV RBRET 0 OFMHNPOIRESND. ZZTUx—T Ly hOnRE—AL RBN 0 &85
SAERITIRA L 72 5.

[lxnwcndx=o (C-28)

Daubechies N D7 =—7 L X, 2N fED 0 Tl b v —2 07— ¥4 p (k=0,...,2N -1)
EEBRICRBIT DA — U U T BBOME ¢(e) (2 =1,2,....,2N -2) IC k> TH 2 b5, Lo
T C+5 HiTih~_72 X 912 Daubechies N DV =—7 L hOHR—MIar 7 hThb.
Daubechies N (I N 23K & <72 DIZONTRKD RO S S AN, N >2 72 638k L 72
%. 7 Cl, C2 ITAFH L TH - Daubechies4 D b 7 — 27— /VEE p, OB & BEHUSTO ¢(z) O
EZERL, ®ClIZo(x) BLOY(z) DR E KRS 5.

Table C1 Two scale sequence of Daubechies 4.

po = 0.32580343 p1=1.01094572
p2 = 0.89220014 p3 =—0.03957503
pa=—0.26450717 ps = 0.04361630
pe = 0.04650360 p7 =—0.01498699

Table C2 Value of ¢(x) at integer point.

#(1) = 1.00716998 $(2) =—0.03383695
#(3) = 0.03961046 $(4) =—0.01176436
#(5)=—0.00119796 | ¢(6) = 0.00001883
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(a) Scaling function ¢(z) (b) Wavelet v (z)

Fig. C1 Shape of scaling function and wavelet of Daubechies 4.

86



8D  DBSCAN

DBSCAN (Density-based spatial clustering of applications with noise) (88)IZ% FEHEHLD 27 T A 4 1)
YIFETHY, kmeans IEDO L HICH O UHT T AZEERET HMENRL, BEIRICY
T AL ERIET H. DBSCAN I THREEDRIE Eps | & TG DOBIE MinPts | %6 &7 F
AV THEATH. VITAZ VTSIV U TO 2% ERT H.

T 1: Eps-itf%
p WILZEH LT — % DIZH T DIEED M x, D Eps SN, (v,) LR S, W TERT
2.
NEPS( ;)= {x eD‘d <Eps} (D-1)

X D-D BN Td(z,2,) 3Rz, 2, ROBMTH L. 3725, Eps TIN5, 7518 Eps
WNICTFET 2 ROEE Z T

EF2: ATRA Vb

XIR A 2, D Eps SIt5 N, (o) WRREMT L&, 2, a7 R A 0k EMEE,

|N Eps (23)| = MinPts (D-2)
X (D-2) 25, max, O Eps NIZHMN MinPts UL b2 & & (Rz, JERDOBEN—ELL Lo
LX), R lXarRA o Mehrs.

E%S:Eﬁ%ﬁﬂ%ﬁ%
Wi & &, W 138z, 20D IEREEPERTRE (DDR,; directory density-reachable) & 1>

7.

xjeNEpg ﬂ |NEp9 )

> MinPts (D-3)

#x (D-3) 7 Nz, D3R, D Eps SEFHZH Y, IoRa, BNAaTHRA L S ThLHHEE, R, it
B, O EEEERFETRETH S L\ ). Eh, aTEA L R TRAROBMIO =T HEA 2 R
EHEERER THLAE [FRRA N, EOaTRA v Mns b EEEERERE TR
Wik [ AR EMET D, M, BRla, DO EEEEEERE CHL5E, M, LA 13F
L7 7RIS ND. Eps -0 R aRRT OB EE# VIR LT 2L T 7 AZ ZFIR
PERL, SR TRICED Y T A2 INTWRWEE ) A & Rie T
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