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Fig. 1.1 Classification of typical NVH (Noise, Vibration and Harshness) phenomena in automobiles.
([9], HEhEEANE)

AIE TR _7= L 380, BRI 5 MBD OB E &S T HEMERE 2 B ROV 7 &
T A~HERR LR DT D52 ETHDHN, K121 7RT Lo, IBEBRTFHRIIAT, &
B, INEDOENENOFRHEOENT &b TH 0 [9], Z OEBICITIAFHPHOIRE) - FEYR R
PEEEETDIVEND D20, H5F T2 AT h~OBRER YIRS Tl £72, AT
HHIMRERIZT L U rov ¥ U —7 LG 0, KRS - KBRS L 21T 5 7oz Eh
ZhUCxt L, RAELEET 25 70 & RGP O IRE) - SEYRERE A B O TERET 21T 0 WER &
5. Bz, K13@iRTLole, =vvy, hFUrAIvvay, PARC v g Ul
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Fig. 1.2 Typical transfer path of NVH (Noise, Vibration and Harshness) phenomena in automobiles.
([9], A B HHANTE)
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b) A numerical simulation model including engine, suspensions, tires, body frame and seats for
,ucmg eng pen: Y
pitching vibration of a vehicle.

Fig. 1.3 Examples of subsysmtems and a NVH numerical simulation model including sevral
subsystems in automobiles. ([9], H B HH L)
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HENEIIZZHOY T AT ANHY, = PO 7 A via VODIRIE MV
7 RMEHEEL, AR v a VO AMERE, TNENDOYT T VAT ATITERMERED
HHH, HM13bICAT LI, flZIE, 'OLOHOFMAEZ B E LIcEEO Yy F 0 7R
AT 5720121, 2O TOVT VAT LEETT /MET H0ERH 5[9].

oI, BH - BEOTRNCITARESRE (FEM) OEREFHEE (BEM) 72 & KB
CAE &7 VIS HL & 70 DT Pk a AT 2856034 <[10][11], ID-CAE7Z2ED v 7L
RETNAVEROERNA#ELOVORBRTH S, £, 20X ) ICIEEEREH SO MBD 1%
BHETH D720, MOVEREE WNLT 2 2 & NREERG AR L. ZDed, =0 VU BRD
MBD T b ek st RS C HIE DO F i MERE 2 2 T~ DGR A2 155 Z LN TE 3, ZOEN %k
BERGEE PSR DI SN D Z E NV [12]. L -> T, $PEREOFHMICIZE T > AT
L a2 THAE T2 RAER W O EZBRBREES R IR Th 2235, SAEIOMRGERPE Tkl thaE D
SCBICITEAMEE O TR MEE L L7356, IREMGEFBRA R TRV E L 72V, MBD
DILNTH DB R EOEBIZE A E/G LR LT 5.

O X)W AEERET 521X, PIHET LA TE A ITEHBEORGHITSIT TB L&
BRGHD. TnEERTLHEO—2L LT, BEORR CH-IEIER S BRI 55
MDY — LR BE SN TWD[12]. fEk, ZD X5 RBRC AT IERmTchy, M
N THIFINENE SO TELD, IF, FEIROT—LEHZTND AIREDT
— Z BB DT 7 a—F RN B CIEH S UG TR Y, FERED MBD BRFEIZI VT
ZOIERPIIRFEND.

LI LMD, 20k 2 RBoOBEECEMIT—2>OSNTIEARETH 58, 774
Y EDOIFITH L. T7bh, 3774 YIMERDEMESCRBRICIE SN TH TV 2T L%
FFL72E LTh, ZOY T VAT APER SN D HEHEORMH 5 M TR EDF DA T
I L TV 2D TIERWO T, FEEEHZICHEMEROMENEELL TFERDY &8 D
Y& & 5[13]. Ak SURIAWASE 2.0 #4812 0 X 5 el Z FlEST 5 Z E RO —
OTHDLN, ZOLIRMAORLY LV ITFEFERLTWDE EEZEZRVOBEIRTHS.
FHELEH L OMBERTIL, BEEAT V2 — L ORIERBENICENS 2D, REAREER5.
L= T, ¥ T4 I e o TUE, 73 27 LD BRR B C B HEE % O 5l M RE 4 HE
ETEHTENREFE L.

YTV AT APNERIHER SN BCRAT DR - BE A HET 2 HIEE LT, BER
FEAEAT (Transfer Path Analysis, TPA) [14] & #EFHHYT %L —f##T (Statically Energy Analysis,
SEA) [15] BT HvD . WL H ASKD HITIRE) « BEEIR D 5 M 3% O EE A mmEik i
EHREE L, KIRBMLOEH 252 2 TH LM, V7 VAT APNEREICHER Sz BIo R84
THIRE - BE AT T2 LARETHDH. TPA 2V DA TIE, V7V AT LHEED
FEMT &> 2 WIEFEBRIZ K D TV AT ADOFEGH N DAEIND N1 %KD, FEHEDIRE « 0 E
FetE2 - U5 2 LI K 0 FHEERORE) - BRE 2 #E T 5. —F, SEAZHWHHET
1%, T URT LABEUROINT S 2 WIXFERIC X D IHRIRO /ST — %KD, FEHOD SEA €5
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JNIANT 2 Z LIk EREEFFORE) - BEEZ2HETE5. Lo TELLS [HT
VAT LN DANFE] & THEHETAOIGERL] &) ZOOFIRIEF T TH 523,
SEA TIXFIET HANRT =N TV AT LAEAOETHDDIK L, TPA TIXFRET S
NE, T VAT AORERPOARESND N THY, ¥ 7L AT AEAGOHE TRV, Z
AU, FEEHNDIRZESND NN, AT DM OIRENVEFIETS T T2 <, [miZE SN DR OHRE)
FEEIC B IRTFT 2720 Th 5D, 37205 TPA TiE, HAEHANLBEINDININY T VAT
DO BRGRBR & FEHPARU O EBREBR TR 570w, RPN ORE) - BEE 4 BRI
ELSHEET D2 Z LM TERN. ZZTHEHNDIRESINDNORDYIZ, YT AT 4
[ A5 @ Blocked force [16]% H\V 7= TPA 2324 X 417-[17]. Blocked force I 7 A7 LD HL
R & SRR F O EBRBRR TR CTh 5720, FEHEEEERFOURE) - BR 2 i E
LS<HEET D EMNTED. 728 Blocked force 1%, V7 v AT ADOFEAH #5728 KT D
BEDTITHY, RITTITET VAT 2 2 ENTEIIESITRDEN DA, @, TR
THEZEMICHET S Z LERETH -0 bnD Z b ioTlz. LarL, Blocked
force % f#ZAYIZ[RIE T 5 In-situ blocked force #E[18][19] D452 L ¥, Blocked force & & 5
WZRODZERFHREE 72D, TPA ~OEH b AlE L 72 o 7e.

L2>L72 235, In-situblocked force £ & TPA O LG HE THE L LTV 5 DIEEE T
BEThY, HRETIHREICESRUBITENGTENLILGAITTEATERVWEFESbR TS
[17]. G ET DB AT DA NIRIENE E0 D IR S 27 & L NHRIEA & 72
WEZBIV AT A D235 L&, RS AT AL SN ENELBIEE TH
0, ZEN AT LB SN EREREIEE CTh L. Pz ) A ADE,
YUV ESEBH SN TART 0 RNEEZR L TCADHIZE S ERERBITETH Y,
TV Uy Nt UTHREISNIZIRENC L0 &5 O S s EREREIEE T
L. LIeRo T, HENOEZ THEZHEL THLAO N TmMEOEREENDL EEBEZDL
DT80, =P ) A X2 LTI In-situ blocked force 15 & TPA OFAE & w7
HILEMTERNZ LIRS, £z, ZERUsIEEZNE L TRHMET 29728 SIN 3w
A%, ORIEHIEOF A% In-situ blocked force i & TPA DFAAEHRITIENT Z LR T
X 72\, L7232 T, In-situblocked force i & TPA DfLAA O E 2 ZERIEFICEATE 5
Lo, ZoOEMEHEIERTHZ ENTES.

ULk, AFZEDE R E LT, BEIEZEMIZHRTERE OB TR 1T 2 I OW TR~ 7z,
KEITIL, ZOfPRTFIETEH S TPA, SEA, In-situ blocked force IEDFEM & 2 D SEATHITEIC
DNTIRRS.
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1.2 %R

1.2.1 {=ERERAEMT (TPA, Transfer Path Analysis)
ARETIE, £7 TPA OREFEREARBLRE X FITOWTHH L9 2T, £OHATHIRE
BB L ULHEREIC BT DRI OV TR 2.

1.2.1.1 TPA OHE

ATE Tk ~72 & 512, TPA OARD B BYITHRE) - BEETR H 5 W T E O FE R RERE & Fr
ETDHZLICHHN, BE - BEFRERET 2 kS LT, <M (ze—L
ARKT) BV S LT E 7. MBI, —oODEBD I oA RRY ML EFAFENDS
U—AX7 MVEFIA LT, AMHICEIT H5REBROESZFHLHETHL. Ll
IS HAEEDANT)B VTR E S > TWDGE, FHBEMT CIZED AT L 2N K&
WDEFRD ZENRTERW. BIZITHEIES S DU DIEBIORE, oY~y
h &I UCIRE) - BEE0 R 7 A4 N—{ b2, mOMEFIZFREICTHY K~ 7 v FDOIEH)
WZIIHBEDR B D720, FIAN—IBZEINLER - BEICBNTED~Y T FORENRK
EVNEFARD ZENTERV. Z 2 THEO ANE 5% EFBET % CSA £ (Conditioned
Spectral Analysis) [20] [21]MEE I N7-. ZOHEE, HOCHT 2 EEEAITL L TEHEA
INTT 7 &b, LD T v 7 ODATE 1 DIER, (ERIRE S a2 1L5I< Z &I
Lo TAMNMEEAEMBELTS. LL, ZO/LBIFERNR S 9 2T % o7 O HEHE
DREEL W) REDBD D, Z T TEREINTZON VSA £ (Virtual Source Analysis) Td 5
[20][22]. ZOHIETIE, HEATID T 8 ARARYT NAATHIO R BAE 3 F 2 FIH LT ERIZ
A3V, RS BT & ORI 24T o THREBE AN KT WA RRD 5 HIETH
L. WTHIL B RS E B ECCIRAREIC ) E B O WA REE TE D03, AT B
B D BRI IZ RN D E WO EN D 5.
ZZTCANEERBLT 5 Z L RS AT DO EEGZRHDHiEL LTERINTZON
TPA TH Y, FOWMENRIICEESNIZOIZHBIEOZ Y ) A REKEHE B L L
R MVIEIT[23]E BTN A[24]. 2O TIZ oY r~T 0 b EN L TUBESND
1 FDIRERE AT MVTREL, ENENLORT MO FMNRRDL XISy
VROV NEEETAHI TRV A RERBT LI EERLTHDLN, Lot
B, =0 P UNICB T 2 EBRONIREO F 5 EZ 5T 50 Tldkl, Y AT A2k %
DRI () LZEAl (BR) (201 THE R, HEROMAH (Y~ h)
ENLTBESNDGNOFESELZ ST HMEICEES R -2, £ LTED) & I5ER
BENENERR ENHEETLR7 MLE LTHTADYE, SAMoZznEERAED
ZLETHNAOBREERE LI THD. D%, 1980 HENICBIET HAFZEN % < FEi
ST, FRTZERY, TPA & U CEMBEENRICHER I NTZDIX 192 FD L5 ThH D
[25]. LAF T, &0 TPA DIEABERIZ OV TR,
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TPA OHEEX 2 X 1.4 1273, TPA TR ETHRE T DR 2T L BKREZ IR 2T
2 (Active subsystem) &5 @) A7 A (Passive subsystem) D D243 5H. DL X, &
B ONRIFIIIIRIE S 2T D OIITEEA, ZET AT DTIRFER S ENRVE D IZ
THIE, EZTHITHRW. LLaenb, HH L TWRWIHREZZE > AT AMIEE
Mo L, EBITITZ ORHERANHE SNRWEENE L, TPA 2T 2 L TORER
LB, ZEN AT ANOHG S D EIXEIRIRIEE  (Structure borne noise) & FEIEAL,
IR 27 LB U S0 FIE225 1T (Airborne noise) & FEITN D . BEARRIEFIC
KLU TIE, MHREY AT AEZE)T AT AOFREEH CTIREIN D ) & ZORGH» OB
MK Target) £ TOMEERE (LU, HZYEEEI%L, Vibro-acoustic transfer function)
O &5 Z L2k, BlAOFEZRET L. @H, ZONTRHEMIT LICERL3T5
MAEBEL, BERERELRIENBNELRD. v, 20X I L TRD D ERMEIEEIX
MRETHZE AT AOEAREL L OEORET— F25H 2 L1250, B
R CRETE RVIERMERBIRILE N, —JF, BRUBIEEFICR LT, IR
AT DAORENAEBEOEFIRDBDHT D EAE L, £ OREIROERRHEE E 72 1T FENE
FE LB E CORERE (LT, B8M5ERL, Acoustic transfer function) OFEMZ & 5
ZEIZkY, BROBEEARIT LS. @, Wiz aTERG DY TROEE & B
THEHBEE LIS EZ T 5 Z LIk o TEIRBIEEE & 2R BIEE 0O EET LV (BT,
TPA E7 V) ZRRFEL, £D I X THKIDFGEIIRATT D Z LTk s,

TPA OHEAFIE LT, =2y ) A AONHFERZXK 1.5 12-9714]. 1.5(a) i) S
THE LIBEE LUl TPA BT WIS EVEHR LIS E 2B L TV 2, 2o X5 Ig,
FTHEDO LSNP RE LN L AR L TG, HE LT TPA 7 L OZ 4% MG
T5. OXIC, L5(b)RK 1.5(NIR T KO ICH I ERB O T HEELRRL, TFHEDE
W 2 FrE L T BB L VRIBOBEHIE 5. X 1.5(b) TlIsifhs = > 2 o ElisE
Lo TWDHA, —EBERTORIER R Z B U TRl 2 JR S e 755606 5.
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U Acoustic transfer functions
g; - Volume velocities
N

[ Active subsystem )
;{)Im&talson —t {’:% Airborne
\ % noise
\
= ® Target

fi 1> Transmittin

3 Structure
forces

borne
noise

Passive subsystem

g, : Vibro-acoustic transfer functions

Acoustic or ) _ )
structural load X | Transfer function | = | Receiver
Airborne noise
Acoustic loads Acoustic Sound
(Volume velocities) X transfer functions = >°un pre;sure
g; [m3/s] u; [(Pa-s)/m?)] Pt air j [Pa]
Structure borne noise
Structural loads Vibro-acoustic Sound
(Transmitting forces) x transfer functions — ©0UNC Pressure
fi « [N] g« [Pa/N] Pt str « [Pa]

pt = pt_air + pt_str
=2 U+ g T

Fig. 1.4 Outline of the TPA concept.
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(c) Relative contribution of main components.

Fig. 1.5 Conventional results of TPA. ([14], Auweraer et al.)
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12.1.2 BEREIEEDETIVE

DXL, TPA 7 V% FEBRIITRD 5 B B W TR~ 5. T EERERIEE 0%
B, MRS AT A EZB Y AT AOFEEH ClaEsNDs 1 (LT, 8iEH) 2RET 55
KR FEN Z2d 5. ZDO—o0% THiTHE (Mount stiffness method) | TH 1, 1.6(a)
IORTHBHEZ U~ hOBIO X 12, IHERY AT A EZ8 Y AT AOESH %
XL E 2z, XAFigOEHNGHRE LIXRE M L IZhoEBEEZE L 5 2 L T
FaRD D, F I FERRE BB [PANNIZHOWTIE, K 16N T X DA 7L A IET
ROLODPBEMT/NINWANR—ATHERTE 570, AX—RIIREDH L5565 13
Wt BRI TEE rTRE 70 IR 2 RV 2 3 ERRZ 2 /NS TELDOTEE LY. 20
E O U THERERBANET S & ICHEET L, M 17@IaT X518, IRREY
AT DNEZ@ AT AP RONTRERNHLZ L THDH. 2k, K170 T X 91T,
IR > 2T LA RO AT 72 FRGH 2 RS 25 &R L TW 2 & & I3RoRE & 50
ORRE B MK SN TLEL, ELWEEBKERMDAKRD NN THD. LnLeib,
IERIR > A 7 LOEY 4 LIRIER IS TR 256032 <, EIRRY A7 L& HY
AT ELWEBREMKAIETCERVWEGLHD. LEER-T, ZOMEORRBERIT
TPA % FHid 2% 9 XA COREZRIFEHD—HDTH H.

IGEI RO DY 9 —D>DFEAMN 72 J51E1L, 11175115 (Inverse matrix method) | Toh 5.
ZOHFETHE, M1 ITRTHEHEE— R/ A XOHIO X 51T, AR T g OGN
LZMEETOEEDA T —% U Am/(N-sH] % TOREIE (K 1.8() LTEE, TO#ELL
ITHNCERBENREE (Z OFITIXEBIEO ETIREE) CHIE LZIREINSEE 28T 6hE 5 2
& T, MR TOEIEN ZRD D (X 1.8(b). RHROFERERS & FRkIC, £ F—F A
ZRODEIIRIR S AT L&Y 4 LIDREE TG T A MR T 2 0 ERHHH, v — R
A RDY, Y AR g UERS LTDRBETITEE A AL TE 202, EEOMEEH
ZERTHINCE Y A7 &, R RRIEN LB D, B, K L8eIET AR v g D
FE AT B BINLE F COFEBEERBONE 2R~ 0, JEICLEREEH O MR
1.8@) L [A—THv, i@%E, X 1.8(a)& X 1.8(c)IIFAMFIZET 5.
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a, _ a,

fi(w) =k (@) X
TIM — o’

. Transmitting force

: Mount complex stiffness

. Acceleration at engine side
. Acceleration at body side

9]

Wiz
g4
<=
n
o o~

o

li % Body frame

(a) Direct force determination using mount stiffness method.

iw‘k_/

(b) Measuring vibro-acoustic transfer function by impulse test.

Fig. 1.6  TPA for structure borne noise from an automotive engine using mount stiffness method.
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(a) Measuring vibro-acoustic transfer functions by impulse tests
without an active subsystem (correct way).

Target
Wrong path arge

(b) Measuring vibro-acoustic transfer functions which contains wrong paths
by impulse tests with an active subsystem (wrong way).

Fig. 1.7 Measuring vibro-acoustic transfer functions for structure borne noise TPA.
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(a) Measuring inertances by impulse tests under the static condition

-1

h41 h42 a4

(b) Measuring accelerations at reference points under the operational condition.

(c) Measuring vibro-acoustic transfer functions by impulse tests
which is possible to be conducted at the same time with (a).

Fig. 1.8 TPA for structure borne noise from road & tires using the inverse matrix method.
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1213 ZEREIEFBOETIVIEE HREIZK DEEBRBOAIE

ZEZURITHE D TPA TT NV OLGEIZONT Y, [FERICFTTHNEE W TRE L7 S B TR D

AT 7 IR E 2RO DH &N TE 5. ﬂ19iiyyyﬂ%@wbﬁfﬁ%ﬂ
RLLIFITH DD, ETIE LT R EIRONLE AR5 IR A a5 L, 8P &
BB O~A 7 aky (BREA) £ TOEBSERE(Pa-s)m 2 HIET S (X 1.9a)).
L CEBERE (Z0fITlE= o P OBENREE) T2RAICBIT 28 r%MELfa%m
B OB TINICHADE D (K 1.90b) Z LT, TNENOREIRICE T 2 KFEMNE
RO ENTES. £, BHANETOFTBMEREE (X 1.9c) 1%, EMRMzEF 0%
Rk, BE, SRAE TOEFERERK (K1.9(a) LRRCHIET 5.

%ﬁ@ﬁowfi 4 1.10a) Ok S ICEORHmEZRERIL L, ZNENOEREIZEIT D
RN - REEA R LD RENE TRDODLHZEHTED. %ﬁmbt%ﬁﬁ JRE TR
DL TWDHEEZDZ LICRded), BIREOFEELRD D I-DITITARED OB
FCOFBREBEBNME L7250, T 20T, Ilm@)ﬁio , BREIAEE

TR PE NS 2 5 8 9 2 EHREITIN Z, WIS BLI A W%EPM%w%Témﬁ&%%wT
KHDHZENTED. K1.100b) ITRT LIS Wﬁ&i%@®747mf/ﬁz% %
HLOD, —FEOFHITENNE CORTOFEBREREEZRDDL Z ENTEXS.

L TAT, BT AT A EROZERIRIEE OFHBIZIE, @F, BB — L~ NG
AR, ROk 91T, ZZRUBIEHE O TPA T 7 /L ClIARHEE & 585 3B O C8l
MR OEEZRBRTH. ZOHBO—DIZIIMBENEBR L TWD. K111 IR T LI
KRS IR CEEBIIEA1T S 2 L2 kb, mﬁ&%%wfﬁwmfﬁﬁ%wm?%é
[26]7=TH Y, llmm)@El_rﬁﬁﬁwﬁth%@@EEHﬁ:,ELM@)m%
FTEBRIEE OB EBRERENE L EMTE 572D ThH H[27]. 72, K 1L ITITMER S
AT A THDHTY D EFRRLTWDN, BIROEY, HEEE R E R 555 1R
VAT LOENLBRETHY, ZHTHKEZHWEGA LRI THD. iz, FHRIED
H ) = DDFFIZAR—ZADOMBETH D, MR AT L EZE Y AT AOREEH O E M
ZA SV AR ZAT 9 AR—AN 7206, K 1.11(b) (TR T K DI & P 25k E
LCHIEZHWD Z LIk, FERERRANET 52N TED. £, 1.12(a)
(¢) \ZRT X DI THNEZ A T 556 3B R £ COFBRIERM D 2 VIX T B R E
B ORE & FIRFICS A E COBREBBAERET S Z N TE LD, K 1.12(b) IZ7-7T &
DN E BB E RSSO ET B R RS A KIE TR 256, SRAE TOMEREZ[FIFIC
*w%n&m:kk&é.Lkmof,E@%kﬁﬁ&@wﬁh%ﬁwé#ﬁ,ékaf
DITHHEE L TRODMLEN B D, S 6T, KRR ORI, M A Iz X
OB, (KB T OIEBIEIEIC L > THREEDS RNL Len 2 &, @@V@ﬁ%mﬁ&
TRODGATEEREICIBNTT SN R KIBIMENT D28, v A7 vk ALEORE
RMEEE YO T TA A el FEIREZIT O LAk 2 2filEBET O 6ES
& % [28]-[31].
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ZEZARIEE O TPA ET VICHEBHEEN VLN DS 5 —DOBIE, SEHOEIZK
WHER S 556, T8 ANT — LA ERE SO O BRI ET D12 L, BREERE AR
R (XA F IR & BB O BB AR AT LW 2D T B [32][33]. LA LR D, F ot
ZRFFICEBEXZ D5A, IMEAA Y= 2 REmICHRET D 2 & X Chfimo e
IR TE 5720, WEHEORDV ICHERE Y —HWnzflb & 5[34]. 7235, X 1.10 (TR
L7e KO ICBERBE L2 i m O IREFH A FIH L CTEERU — L UL %R 5 ik
ISO/TS 7849 IZHE SN TRV ([35], ¥ A 7 akR Al X2 FEHZFAT 25605 EX
JIS Z 8732-8734 ° 1SO 3740 ¥ U — XZHIE SN TWD. E£7z, JISZ 8736 X°1S0 9614 ([ZH
ESNTWDLEIICHEEAS T T sHZFIAT 2 HELH Y, RIS U TR E
HERODIEDBARETHDHEZZLND.

Fiz, ZBRUBIEE D TPA 7 VL, RBEREZRET 5720, REHEHF I TRED
MUK D RAETDENEF LR LETDLIENTE S, BELH36]TIE, HEE- Vv
DR AT LD RAET DERT & ) ANVOFEE ) DIsE I N5 ERRIEE, / ALk
I ORI K - THUR SN HZEEURIEE, WROZENE (BREBEE) O 3224000, £h
zhva [#hdak), HRENE), EEITINE] VTR TWD. 7o, &Iz E)
VAT ADLIEF SN ERRIEE E L CET MET A2 LI TERVOT, B
IR Y AT DD EN D BZBIETEE L LTET MET 2H0ERSH Y, 215 5%
ESELYT VAT LAENMERY AT LE LTI LERD .
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@ Target

(b) Measuring sound pressures at reference points under the operational conditions.

(c) Measuring acoustic transfer functions by acoustic excitations.
which is possible to be conducted at the same time with (a).

Fig. 1.9 TPA for airborne noise from an automotive engine using the inverse matrix method.
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qa_1= VaJ SaJ' [m3/s]

P P ; VOIUTE veloci]:[y
/E” g g | v,  [m/s] rom a planar surface

B0 Y o

%é“ %6” %é“ Vibration velocity {}
%/ﬁ( %65 %85 of a planar surface ._./l
Vo =8, /0 [m/s]&_j /
Vibration velocities

measured by accelerometers

Sa | [m2]|
Planar surface area
(a) Measuring volume velocities from discretized surfaces

using vibration velocities.

Sound pressure [Pa]

volume velocity of
Acoustic transfer functions

acoustic excitation [(Pa-s)/m?]
[(Pa-s)/m?]

Acoustic transfer functions
[(Pa-s)/mq]

volume velocity of

acoustic excitation [md/s]

Sound pressure [Pa]
X XL
Q
—

| e e > |
e >
: s nﬁ";?'/ : i
Direct method

Reciprocal method

(b) Measuring acoustic transfer functions by acoustic excitations
with direct and reciprocal methods.

Fig. 1.10 TPA for airborne noise from discretized surfaces using each surface vibration.
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Sound pressure [Pa]

Force [N]

{?k/ = [m?]

(a) Impulse test (direct method).

Acceleration [mvs?]

\Volume acceleration [m?/s?]

¢ = [m?]
N

(b) Acoustic excitation (reciprocal method).

Fig. 1.11 Measuring vibro-acoustic transfer functions with direct and reciprocal methods.
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Possible to conduct
a7 at the same time
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(a) Measuring transfer functions to

(b) Measuring transfer functions to
the target of structure borne noise and the target of structure borne noise and
airborne noise with direct method. airborne noise with reciprocal method.

Possible to conduct
at the same time

e

Reference
points

WM ()
RN \/

(c) Measuring transfer functions to reference points for determining

structural and acoustical load by the inverse matrix method.

Fig. 1.12 Measuring vibro-acoustic transfer functions with direct and reciprocal methods
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1.2.1.4 {mZEEBCAE & ANREDSREL

PLED X 51z, TPA 7 /WL BRI £ TOBERBONIE] & REOHH
WER EOANFE] DOER SN TEY, 205 ORSE MRS OfE B2 K& <L
FT 5. DD T b OEREEGIZET 284 25 TN T&E 7. AETIIZNHOD
FATFFRNZ DN TR B .

FT, BERAMANET 256, WERZEZKIKT 2 72 DII3E IR ORI E % F2hi L T
BT 2 00— THD. L L, BEIREIEE OZEREEIE T D8, 1 v v ANy
~ THMRT 5 LT M A HRIEZ2 D PICHEMETLTLE S 72D, T X LIRS A
HEZe IR 2 N2 5 DS FE 2 R CT& % 2 & % Hendricx 5[37] MR LTV 5. L L,
IR S AT b & By Y 2T DOFEE I3 IR AR—= AR WAL, INEOINRE T
FFDRT XN F—Z R TERVWREDHIRR D D720, A SV AN~ ZHNTTT
MRWGELH 5.

FTo, BEBRRIEEOBZENTITE AL PO EENDN, A L7V AN < RNEME TE
— AL MIBEZITD Z L IXREETH L7280, @E, T—A L NOREIIELAINS. LvL,
SR E L CHRAMIIEZRIRT 5 2 Lok ) ZoERIRE S, IbICsRaos
IET 2 OKD 2 FULEETHZLICLVREEELZM ETE52 &% Mas 5[38]
DB LTS, Thbb, NTHIE] I2BWT, MRS AT A LT8R T ADFEE
HIZNZ, ZOFAEE R ETZE) V2T A EONEEZSEAE LTRATLZ LI
£V, BENORERMEZN ETEDEOHRETHDLN, TO2 5LV BFITITE 7R
RIS 201 TiEe <, ERICIDBBRORBIETH D, £, ZRAIZEL > THEH %
IR U7 BRORRE DN R 573, BENEWSREDESZHAMITT 52 Lic k> TRE
FEIELIZMESELZENTELZZILLMELTWD. 2B, ZREOHEFRET DA
NOEEY 2L T5Z L1, BFITITMOR LY b HBRROB AL T5Z 812720,
BELEITHE RO D Z & TR N _RIEIC LV AN EFRETHZ LI/ 5.

AR D X 912, TPA TITHIk > 27 AR Z MRS AT L EZE)S AT LD D25
i, ZE AT ATFIREDRE ENRNE ST OMERDH LS. L, FEMH RIXZ O]
A ZMET D5 ENHELL, 2R 2T 2R A3 Thihv &z, At
S39]1E, HENETOIMKERE LT P P2y a b 0RBEZRY I, #
neER Mtk & sk ZHWTREZENEZFREL TV D, TRbBIMRRY A7
AN Zob b, ZRSTHE LIZIEINITEWICH T ORENREG TN TLEY, IELL
BENERET D ENTERV. 22 THIE LSRR OIRENN O R 75y & 7 LT
<FIE (Residual F) ZiEMH L CANREZ SRKE/LTWD. BAERMIZIE, =ovr~
T ¥ N ORI RN 2O o Y OB Y AN v 3 OB EZ TN LB
Z, WEEY [#hiXhaik) 2HWTZr VUBERENEZFRE L, SRAOERHNO =V UAR
O EE R &, ZRIWTEREN D TWTHNE] 2 HWTH AR v a MRES ZAE
L7z, ZOHESR, TPA £ T /LTt L7 L~ L L HENTHE L72GE L oEE/ha<
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THLZENAEEE o T

DFEATENE] ZHWTANRET 256, JEEEm AR U T s EREA T8 O BT TS
ZRDDMEND DD, ZIUITREESRAFIRT 2 Z &3 2V, 2O, (5T
DZM%L (Condition Number, fe/INRFEAIE IS KT 2 e REFREO L) 23 KIZ 7 5 JEHEE T
TXERRZENER S, FERENE LIRTT 22 ERMHITWD . ZAUIELLYITS
BV TRREOYENSREORER RICHTAEDLENDL D TH Y, FEFHIT/NI ek
BAEOWHITIEFICREVE L 2 VBRENIEKRT 5 &V O BiiFHE LofETE & 5.
Martens H[40] (X, ZefF4050 LR ITREE BAF, Se401000 L RIZRE AR & L CHZ 2R
L, EDICZOMAEMRIZRT DR E LTS 2R BAE 2 b U <4t % ik nic
IINE L U TAN A AT 2 FIEERE Lz, 7ok, Wb D FrREOREHIEL L
TIE, BTOBEET—ER, —EDRMELLT, HKRFFRMEIIS T 2 —EFHEGLLTO 3 20
RENT. —F, ZOBEIIMEERBCS R OBRERBRICER L b7, JIEREY
UL T DR R 2 RO D& & LT, Thite 5[41] 1ZHIET — % OREARERAEIC IS
CHEARELTEY, MEILT VX LREE 52X THEEZRGEL T D, 7238, Z0O/h
S 7 BB A T 2 07 iEIE TRERME D RIC X DATRIDIR T > 7 3Tl) & bIFEh, B
T OEMFCHAROHIFICERA STV DA, TOILFEE L U I T8 %2 1#%
T 2 R RAE O B R/MOEIE N HW BTV 5[42]. F 72 Thite 5431, FRRM /M TII72
<, I/ 7OEANLE AW ANREEZRE L TV D, FERES R VT2 35612,
SHEFFHIIR < 722 b OO RIER ECHEBRZEICKTT 2 182 MER ET 5L LTS,
INSWERRAEDOIEZNCTF A 7 7 O EANKIE, WIS SRR TH L ESMCBIT S
BIERBAEDIER Z BRI D72 DICH R FIETH LD, Bt T 28 REORIER & o]
TA—HERRNIRD DUERDH Y, ZO/RT A —F EBRET HAMREEIAESET, o
DIEDO— AT A H OB LEEX B2 5.

& AT, FrRESFRZ BT D/ SR REOENMECT A 2 7 OERIIE, EH 5 B
ERZEIT CTRSHIE LR E KD Z L1220, ZORE, BH LEBHAOISED L
AB/INS L I8 % . % Z T Moorehouse [44] 1ZZNENDOTFIEITK L, TEHHERZIZ /L ABE
ELZBWE S HERAE R LD Z L2 EL TN D.

FT/IR[45] 1F, Bk X5 IR RAESFRIZ I T B/ S e R B E O BN LoT R S T D
EAMETIEWT R OB ENLER AT A =L OIEENRFAE TH VR GIH S Z LN TE
T, F iz, WIEBREMERT 20T MEZ S Z LR THL E LT, AT —F 217
FIOWEATEHI T 2 BVE RATH 2 JIE CESEMII RO D Z &2k 0, EER R/ T 2
— 2 AT TICHERZOILR Z B < L ([BEEE) 2321 T0h5.

(WATHNE) \C AT 22 IEOIRENE, M o CTHIEST 5 2 &3 Tl b i
ECTH DD, IRENILEEE O FHAN L A O RV R, AR X 5127 LTWh72uvin
RN & 2551132 OFEEZR 2T 5. £ 2T Shiozaki H[46] 01k 5[47] 1%, JEE
KOOTHtE P EHNTND. OTHA~OEEIIRAT ThH D720, OO E %
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ZUTEEL, FMEEIC AR EREBATH O R MEDIMEL 220 G- ORLR OFEEHE -

DREFELZRIRT H 2 ENTE D, 208, TPA IXEMEER FCEIND Z ENLVNR, =
OFZETITRFFEE ETER L TWD . fEHn 02 RAE TOREREIIA L 2R
EREE L, ZRATE LG 5 ORAIBEY L B AR FE 2 Ei T 5 Z L2k, A
FTRERLBLIN S DISE R L LTHEIHT 22 &8 T 5.

[EhiZhik) CREAEZRET DHE, AR X 5@ %H T~ 7 > Mk ORE & (28
W2 AW T RZEZ RN T 50, BEICIE~ U Y MRRIERT 2 038R0 5137Th
%. % Z T Sottek ©[48] 1%, ~ 7 v NOFHEEZEIMIME—D>D AN FETH X 5D TIE /<,
B4 1.13 (TR T K D1, BIRIRBIOE A BE L7724 SO, v — X 2L LTEHZ,
~ Uy MR CTERT 2 03872 % 2 L 2 RKBLATHE7: [Four pole method ] Z#EZEL7-. &6
2, L4 IR T R 00T, AIRERMTCERZRB T~ U v OB, v —F A &K
W, X 1.151 _m'ﬁ‘ﬁiﬁﬁi/‘//%*‘%ﬁ’ L7 > X = L—& % T Four pole method %
FEBRANIRGE L TWA[49]. 72k, =Yy ~U» NOFENELT D L, BT 1 RO
RNET TR, Zo P MIDREI ) b BT 08, = VU BROBI A B — 2 R
K> Free velocity I3Z5b L 72V, & 2 THIBA v B —X U ADERR L oD~ v M HWe
BRI LD PO DU EIROB A > B — 4 2 A & Freevelocity Z#[AE L THE, b
W~ FEBURT A MO A =X 2 e HbEsZ LTy Uy MIERT 27
EEHT D HELIRE L72[50]. Free velocity 1%, MRS AT A&EZEL AT A0 Y)Y
HEL, ERA B THEE ST & BT HEHOIRENHE ThH v, Blocked force & Mt %
RANRIE S AT AEADETH D5, FHMICOVWTIL 123 HTIRRD.
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ZS (source) Vv, | four-pole Vy| Z, (load)
0| I S—
Fi) _(Zn Zin|(v
Fa) \Za1 Zp Y

Fig. 1.13 A four-pole system with source and load impedance [48].

input load 1N
head _
;::;:pmg surface is connected i
with the input load
additional mass for mass § I, .__—"":-'
rubber compensation of screws N \ p /
mount § .
g V
ﬁxmnng " QTOUnd E == testrig meajuremen
e FE . simuilatjon
base plate harmonic response analysis: 1 e —
mx+dx+kx=F frequency F[Hz]

Fig. 1.14 FEA simulation of a mount model and comparison with test-rig measurement.
([49], Sottek et al.)

- < e
Pl

— reference measurement
= simulation using FEA

100 FIi] fiHz 500 1000 T

Fig. 1.15 Frequency spectra of the measured sound pressure and a synthesis using FEA simulation of
a mount model. ([49], Sottek et al.)
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12.1.5 EEH TPA L BEIL

IR OHEIEREC AN ORIEHEUSNORIBEE LTI, TPA TF /LVOBEICET S
TEOLZEINFET LN, FRHZ, BERzIETO TPA TF LA MHEET D ERICIE, MRS A
T LESZE AT ANGED A UTREEO IR CEEME A NET A2 NERH LD, O
VE2ITFERIC TR 5. B2, =P OFEIMMEIEE O TPA 2 EE+ 5121, FHl
I VB FALTHOLAY Y U TR EONMIRIC XV EZERERZET 2 HLERNHH.
FLRRO L ST, 7m— R/ A AOFEIFFRNTH AR v g VR BRI AT LER S
L0, ZOEEZFERBDPNL720 TR, BRB BN TERL R D TOROAE T
HENET, MET DIREBENERE L LD TLEI EWIHIMELHSH. T2 TERS
AUTZTFEDS, BEAT G [51] [52] 0338 K U 72 MR =R K AT (Operational Transfer Path Analysis,
OTPA, F7-13FEHAE) TPA) THD.

OTPA TIZ, NMHREIR S AT L& HLY 4 L72IRRE TOMIRIC X DA BB ONIE 2 L35 &
7T, RbVig, K1L16ICRT LI, EEINREDT —F 7 HIniESR (Transmissibility) %
[FET 5. BHEO TPA THWAEEREL, S oW 72 EOBAANNTKT 5 FED
ISETHDHDITKEL, OTPA THWARERY, EMEILEOHSIISBAONEE (£
) L2 —7y NEEORR, ZRABEEOHAIISREOEEL Y —7 v NEEDORH
& 720, B LINEORRIZ D, LinL, FEBREIRAE TRl &N 5 IREE— NILERS:
RIS CTE L, FRELINEOBBRTHLBER LT L. £ 2 ChrEREFRET
B2 DOFERET — X 132 RIERSETHE L, £ TORET— F &b L2 BNk
RERERET DI ENLE LD, FEERE, K L16 R T Lo, sk &
[Fl UHET, EERBEISFICBO TR SN DBHROETE L JE Lo EEDOZED B FEF
WENZTIe D X OGRS ND. 77205, I8E LINEOBRPIEST 5 X 95 I B
EINDN, ZZICHER—2H L. WEENEHWEERGEREORKE LboTob L
T, BERLLTEETDLD, MOEERKEOEERTH-TLEIZ L THD. BFHOD
TPA D6, FARERIE D AN ZFES T CBIISOIGE AR L, 20 afllELT-HGE L
el 45 Z & T TPA T VOZUMERFET D Z LN TE 58, OTPA DAL Z ORGE
EATH ZEMTER. Fo, BSRADINEITROEBN & 2 58 I3 IRER K O FHE-
FEEIE LT TERWEDOHE L H DH[53]-[55]. FIATINT I 20N % i sk B A Sy &
£ % % & OPTA (XiBH O TPA L[R5 & G, FHEORIENER D001, IS E AR
T 50, ZALE BIEE AT 2K T 5 O TE L OME[56]H H 523, OTPA OFEFD
B HBNITFEEDLETHD.

—J7, OTPA OEBENT —Z NOREREZFEET L LW I B HIL, RO TPA O EE
BICHIFH SN TS, ZO—f#lE LT, Sottek H[57] N ¥ v D ERMIEF (2w H L7
FRNZFTFOND. = Py ORRMRIEF IS L CEaid o T8k v TsE %
[FET DI ENZVD, ZiuL Tmr Y=y hOMIMEITRT ¢ & E_THKLS, 5iE))
DIREIZ B 72 = o AU DIREN IR T 4 M2 5 DAELDFEEZZ TIZ W 72O TH
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L. LInLaens, o~y MNEICB T 2= VU lOEENIT EWVICEEE KIELE
TWBIEETTHY, ZORBIEBEIN TR, RT BRI DO AT 1175135 %
WHUE, B~y MEOERRIIEZE T2 Z ENTE D0, TR T~ vy N ORMEERE
BEETDHIENTERY. =V OBEREIEE KT 21213~ U > b OIRE R ESF
PR BT 5 ERNRTH L2, TPA OB W T~ 7 v h OIRENE ER A2 &
BT 52 EMEE L. £ T Sottek H1F, K 1171ZR-T X1, TRT 14l mL
o NEEFEO THTHE) CREL, D2EIZK 118 IZr-T L9, AT Ml fmES
5ﬁkIyVyM@%QMﬁW@EL%ﬁ%(HM\@E%M%%®T£?%?~&#%H
ETHZET, 2V UAMHRENOERR E ~ T v N OIRBYREREDOZE 2 W S, 7
bbb, TENIRE] & NETANE] ORI EZER -7 [GR0E] S5, BRiy7e 7 e
AL LT, £7, Ov vy FORT ¢ Z MR L CERELE £ TOFERERE & SRR
EFTCOAFT—=F L AZAET D, DT, QFEBHHRBR CSHAORIINFEEZREL, 1
f~&VX&AbﬁT@ﬁﬂ% EORT A MNAERT 21BN EZRET S (K1.17). &

Z, @RE LTcfsi#E ) & = o ¥ MU ORENILEE 2 OTPA DERIKICAS LT, =¥
w@%%MEﬁtTT4@®m = OBV BRMAFEICRkD D (K1.18). £L T, @
TEOFBHRRIC LY = AORENINEE 2 WE L, BVE &R L O 2 R
BAaEFLT, BHSAOGEELZRIMET 5. EH O TPA X° OTPA IZHA_T T 2 & A TZL VR,
~ Uy FOBEFRABR I IEMICIRIREREZNET 22 L b AMETH Y, kK0 d
FEENEWE LTV,

28, O —oO0OHFlE LT Janssens H[58] OMFIEAZET L5, Janssens & OWFFE TIX
WL DD NTG A =B N TRENCEREEREDOATET VEBEL, %ﬁ@*#@%
BENZ B W THIE LS MOIREIL R EROEELHNT, Z0ORT A= ZHEHINIC
KD D, MRS A7 Az B0 S LIREE CORERBIFGIE S LB Tldd 578, ZRE O
ZRIGIZHIE L CH A ORERESHAR TE, k0 TPA XV & KIEIC TH A HI T %
HELTWAD.
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Target sound pressure
\

_— Transmissibility

~._ Vibration accelerations
as transfer paths

P, 8., @,
} P, _ a, a4, '{tstr_l(f)}
tstr_Z(f )
Vehicle running test 2 P, & 5 8,
[ ]
[ ]

Opn

Str 1
/ str 2

Vehicle running testn

a17n azfn p7 n

A
9!
ol

Identified Measured Measured

ptZZtstr_]a +2talrkpk

p: :Synthesized target sound pressure [Pa]

a; :Measured vibration acceleration of j th structure-borne transfer path [m/s?]
px :Measured sound pressure of k th airborne transfer path [Pa]

ty ; - Identified transmissibility of j th structure-borne transfer path [(Pa-s2)/m]
tair k- Identified transmissibility of k th airborne transfer path [Pa/Pa]

Fig. 1.16 Overview of Operational Transfer Path Analysis (OTPA).
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passive inverted indirectly determined
side inertances forces (IFD)

Fig. 1.17 The first step of calculating effective mout transfer functions is synthesizing indirectly
determined forces. ([57], Sottek et al.)

active indirectly determined
side force (IFD)

reference

Fig. 1.18 The effective mount transfer functions (MTF) are calculated from operational data using
the active-side acceleration and the indirectly determined force. ([57], Sottek et al.)
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12.1.6 TPAIZCKDEFLANILDHE
AR D X 912, TPA DA D B BYTIRE) - B 5 2 WIXE O EB R RERK A RET 5
ZEIZH DN, WA@mﬁm%%wfm%ﬁV27A$%®ﬁ%%5wiﬁﬁV::V%
T a VOFERD OIS AT A RROFEBRENRBICBIT BT LAV ERHEET S B
%?%55%{].&EVAw%m®%¢%@7ntztbfm,i#lll%@Lmﬁi
2N, MRS AT LBEARORBR S 5 VMIHE S X 2 b—3 3 VS TERRIEE DEED)
RELRBIEEOEEEE A FRET D, DI 1.19(0b) IZ7-T X OIZ, B A7 L2 KD
FEBRBREIC TEBEIEE OBFERERALSER BT T OB REREERD S, £ LT
4 1.19(c) (Z-T K DIT, (miE)) & ERURE B ORE I X OVRFEE & S8Rz O
ﬁ X0, BHSACOBEEEHET L LR TED. ﬁ%k#ém%ﬁ/zTAﬂ%%¢®
HlX, MOV T VAT LABFIE LIRW T OIS 2T A RROERENRRICE T 5 B8
mr%@%%@m ERI A RO DRV, %m@ﬁuﬁéﬁﬁmwmvxrA%ﬁﬁk
L CGERIZRER S L-UUHEEN TE 5. £72, MR LTS AT LADBBEICIEET D56
I3, ﬁﬁkﬁﬁ®#bé%m/z7A RO FERRERER TII72 <, IRIE S 27 L O BEARG
BR TR S A T LR D FERREIRREICH T D E LIV AT 5 2 &N TE 5.
it,%EVAw@%m%E%&ﬁé%A ZRWTH, [REREOHIER AT FIE O &k
JEAES TPA &7 /L OAEELICE T 5 THOHIBA B L 72 5. KR, THRES A7 LOFS}
LAZOWTIE, MHEE Y AT AR ORI kwf%%ﬁifwm R A HES 55
a L, B AT 22RO EBENREBICE W TEHELE £ COEBRERKLZIET 256
T2MAMEE 720 S HICTENE A 5. Bk X 912, MRS A7 2H0 48 Lo TH D
M-I OWTIE, OTPA AN EB 2 biLd. 37205, M 1.20(@) ([T X 5 IR >
x?A@%%ﬁ%?F ERONME LB IHATE DO FEZHE L, M 1.20(b) (2R3 & 5 12
EQVALL T 28k o A 7 AR O EBENRIE Tlo@ER 2 [FE L, ¥ 1.20(c) 1T XL 9 ITR
BN E SBEROBME RS Z &2 X 0, BUSTOSEEZERIICHEET 5 2
EINTED., LDLRDB D, B AT LARRDBBECAAE L, HARER & 25EaER TH
DIRIR S AT LRE—Th o7z & LT, HRER & ERENER TRy 27 LD
RSN R 5720, WsBRIZIS T 2 IREILEE G EIT R 5133 CTH Y, OTPA Tl
HERAICIE LWEBRE L-AHEEZIT H 2 LN TE 20, £ 200E, @% O TPA DA
LY TEED. Thebb, B L EBEEER CIINMRER S AT A O X FiEEN R 572
D, MRS AT K035 ORI JOREHE 225139 CTHh Y, BEERIICIE LWBERE L
NAEEZATO Z LT TERY. BEE L-ULHEEIZIZ OTPA LV & TPA OB E L TV D &
DHE S HDH[62]53, WTILHIEE R FETH L7280, BERIICIE LW IEOREEEN RS
Thb.
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Volume velocity

~
Active subsystem
in development )

e V)
L,
<

Transmitting force

Passive subsystem for testing

(a) Component test of an active subsystem for

determining volume velocity and transmitting

force.

Acoustic
transfer functions

A
“é‘“/

Vibro-acoustic
transfer functions

Existing active subsystem

Existing passive subsystem

(b) Alternative test of an existing mechanical
system for determining transfer functions.

b

Passive subsystem
" in development

. Actlve subsystem
: in development

) Airborne noise

Structure borne
noise

(c) Estimating airborne and structure borne noises
of a mechanical system in development.

Fig. 1.19 Schematic view of virtual prototyping for estimating sound radiation using TPA.
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Condition1 |

Existing acti
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Pa n

Vibration
source

ve subsystem

o,

6

C

Passive subsystem for testing

Existing passive subsystem

(a) Component test of an active subsystem
for determining acoustic and structural loads.

(c) Estimating airborne and structure borne noises

25

" in development

Condition n

Pi_n

Passive subsystem

)

N
)

(b) Alternative test of an existing mechanical system
for determining transfer functions using OTPA.

Airborne noise

Structure borne

noise

of a mechanical system in development.

Fig. 1.20 Schematic view of virtual prototyping for estimating sound radiation using OTPA.
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122 #HETMI T RILF—FEHT (SEA, Statically Energy Analysis)
ARIETIE, £THEHI =1L F—MHT (SEA) DEEAR72E 2 FIZHOWTHBI L9 2T,
TPA & DR 24T o T SEATHIE & BE S L ~HEE ISR T 23 OV T~ 5.

12.2.1 SEA O#E

IR - BRE OfT 72 FIE, ID-CAE 2 DY 7R eT N CliL <, AIREHRE
(FEM) 52 R E 1L (BEM) 72 E O KB CAE BT VR L 70 D L5 1 B Tih~ Tz,
LnL22iss, Zibolikg, EESKE XA TH L o0, HAE— RORIRITIE
CTAyvahd ZEMNTHMERDL720, ET VBN EKE /> TLE D EHE
WA T 5 2 L I3EE L.

Tkt LC SEA IF, B AT AEKRE W ONOEHRIT/HE L T EHEOIREE G
TR F =Y — Pl A fEE IR D ) D 72D, i)/ N R T L T R IR K
OENT N FEETH H. SEA OFENTET VL, K 121 1R T X 91, TOED = JERE
B Aw 1T L, BANOSKEREANEND T —P, FEHZENTER SN D /NT —Py, 55
FMTOEBEEIND/NT =Py O/NT — Rl U THEE I N AH[15]. 2 2 TR AT — & ix
BN — T, HROREFET XLF—E; & HLERE o 3 X OWEELE 5, (Internal Loss
Factor, ILF) & 723 K3 5, (Coupling Loss Factor, CLF) Off& L TERINSH. LN
> T SEA ET /VOREE L 1, FEHFD ILF & FEHEM O CLF ok hvsk~ MY v
JAERET DI EHEWRL, TILLEMITHG 5 WITERIICKRD D Z Licd. HE~
FU w7 ARKENE, ARV —%25252 LIk BERORGHFE- LY —2H
M2 ENEELRY, FLEFERORIEE-RNLXF—2 5225 Z LITL Y IHREO
MLENT — L ZDREREOFGEZ DN T O ENAREE R D, IHIT, VTV AT A
HRD SEA 7 IV TRENTEI S D WVIEEBRINIC T AT N T —ZFRETIUE, e 27 248
KD SEA ET VAN THZ L2k v, 72 2T AOBRIEERS TEBEENIRIED IRENER
TR —REE LNV EHET DL ENAREERD.

723 SEA 1E, 1960 4EUZ 1 7 b7 & O 5 BB O IRE) T 72 & 4 HRYIZBRF S vz,
YWD SEA 1L, HLETOIRETHZEELE L TEY, LER/NT A= EZHmAcENT5
AT SEA & PRI H[15]. fEHT SEA ITXIR & T 2IRITIR AL, E— REEEAMER VE L
W IZE M TE 2203, ID-CAE & Al U < BRETOWHIBPE CIEH T & 2 2 L VR & 2281
T 5H[63][64]. —J7, WMEIR/NT A—H & FRINITKRDO 2 DONFEE SEA TH Y, #IEMR
EOIRIRE) - RERELITIER T 5 2 LN TED[65] (K 1.22). WL SARJE AU O R
RN ERRETHDLN, EEHEA L TR WERZEICHES T D = R X —5Fi
7 /L (Energy Distribution, ED E7 /L) |ZX W IFENLET 5 2 & BAHE STV 5H[66].
E7o, HOBICFEM 28T 5 2 L1280, BEHREIRAZ B E LTz CLF SLEFEN OIRE) 710
[671[68]<°, FTED CLF % FH4 25 BHHEIR[69][701% 1% D = L A TE % FEM-SEA HIEE X
nctnb
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pll P, l P, l
P Pas

%1 |—up| =22 —2= ] =%3
E, «— E, — E,

P21 P32
IDdll Pd2 l Pd3 l

Power balance equation Basis equation of the SEA
Pl = Pdl + P12 - P21 P s, 1 0 E,
P2 = sz + P21 — P12 + P23 — P32 |:> Pl=w| —ny, n,+0,+1, 73 |E
P, =P, +P,—P, P, 0 T Ms+M || B

U
Pi=o[L]{E]

[L] : Loss factor matrix

Internal loss power

Pa= @ ni E;

n; * Internal Loss Factor (twice of damping ratio, #; =2¢).
E, : Average energy of an element in a frequency range.

« : Angular velocity at the middle of the frequency range.

Transmission power

Pij: @ njj E;

n;; - Coupling Loss Factor (from O to 1, a specific parameter of SEA).
E, : Average energy of an element in a frequency range.

o : Angular velocity at the middle of the frequency range.

Fig. 1.21 Basics of the SEA. ([15], KEF5)
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4. rear cover

5. laser scanner cover

6. laser scanner stay

2. left frame

1 T 1 1 1

1. right frame

Apparatus of a test laser printer 7. center plate

T T TTT

8. base plate

Connection

Energy

(e

@ 33dB
Power Flow
71d8
= 38dB
Input Power
’ 71dB
= 38dB

Power flow at 500Hz octave center frequency during printing

45 ¢
8 |
3 40 | . s
6 : ) oy ;R
4 : BN =
] KL B ¢ G Lo
2 .0
8 30 ¢ ot Ofiginal
a 2% -§3- - Countermeasure
;e

8888858888888 8F 28
113 octave center frequency [He]

Comparison of sound pressure levels with and without countermeasure

Fig. 1.22 An example of SEA for a laser printer. ([65], L& &)
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1222 SEA & TPA MDLELE

AR D X 512 SEA 1E, s AT AR HIMEROMLESC/ ST —DRE, ZOIRER
HROF G EOSHT, TRH) - BEE Lo TllZe L, TPA LRIBROHETHWON D, Lol
G, MFEOEZFIFIRESEZRY, EHETOREHERD. £ TSEA & TPA ©
FEATAE 2 LEie U 7P SR [71]-[74)1 2 3512, RO a2 X 1.23 I2F &7, BUF, £iZ
NOHEBEIZOWT FREICFEMZ IR~ 5.

(1) J) - "U—DANFRGE & %5z ONT
EHLLDOTETHREDMEERD D Z ENTE DD, SEA TIHIMERN® 5 EHE DT *
X =PI R TRWG A2 EICB W TAN AR =R AEE 2D ELRETE RV
ENRBHDH. ZHUIxtL TPA X, ANZEFRETE RN L3 BE BB RV, AT
TRONLEDER T 5 LR H 5. JlbD K 912, TPA 31T 2 [BERBIEE O AR E T
RIS AT B EZE T AT OGN & T 205, FEBRIZITIER L TWRWIHRIR Y 52 8)
VAT DMIFET DHENEL, B /A X7 THRENMETT 28560820, Fiz
TPA DEUREILE CRIET D DIE, MHRIEO ) Tlide <, IHRRS AT L0628 27 A
IBEEIND NTHY, ZONIZEY AT AOFEBFECHIETET 5. T70bb, MHER
AT AOHEARRER & AT AR CIIRE S NS I3RS, —J5, SEA T
IRIRE A DASIRT —%FETH I ENTEDLZ ERFETH DA, ZITIIRFEIF
T DEEOVEHRETH Y, HIDOIRIRALE £ CIXFRFETE 20,
FLFHEIZOWTIE, HAIRRRD 2 &N EBET D NG 0E OB L0 Hij
RHBIITE T, MFELRET 5700 FHEEOFHEXPREI N TV H[72][73]. D
ARSI I NEW FE CHEE SN F G EIIHREIE L7250, WORRICRIGED
HY, TERIZFE—OFRREELITRERN. £HE S SEA TlE, WTFRDDOERTRLF—(C
FHlAENEEND LR O T, A&, P RICKT 5K EHRE T R/LFX —=X° ILF, CLF O
RO, EOEEOD ILF 2 RKIELH &), EOEERMO CLF 22 H T _XEI0%ERD 5
L2 DN, ILF RS RS ERICHEET S CLF 22 THIERWE I8 T LS
RV FHEIIA IR &S A 7e TPA I3\ Tl bl e fEAh B CH vV, SEA T
IS 2T A RO CUET REAT T - T ERFEELEILND.

(2) BEE OFAMGIZ ST

AR X512 TPA TIINAHZB[E L TR CRMEIT 572, TONMLEND LA L2721
Tl b RE < EDD. FHlRT REMEDNPIEICED SN 255 ITIEE L 2257208,
Wy 27 AR ZFHCT D2 E N EMOSAEIXFEMALE ISR L Tr N2 MERE W
SEADHNELTNDHEZEZLILD.

(3) AMEHIFIEIT SV T
TPA CIRFHCHIRAS 72 < R CORBK CHTTRE Tl 575, BB AR E ~—2 &
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THFRETHDHD, ab— LU ARNKR BB EE CREMETT 5. #iZ SEA
1, SRRSO REE TS, REEBORORE MRV, ZhiE SEA 28, BEAE— R
HOTRLX— T ENBEFELY, BREOZR AL —LHIEDE— R HELWRED
RETHALL THRY, T— FEENEWERBEICEN R TH L7 TH Y, F7ARER
BTIXEAET— ROBIRNKEL, TOHERIBER IR LT —PES AZTLED
72O ThD.

(4) REHEFHZSWT

AR D X 512, BRI E > TORWERGHIIII B> & rleE72 028 SEA TH Y, #UE
s S FERK L 722 121E FEM Z 0FH L CTIRIRO S B 2 MEf i T 5. ZHUIUTKT L TPA I, L
FREHTEEL <, BIEMTER L2 RICHEM TR TH H. Lo LA BRI & 72 2 /56 ET
EEDFHMDFEDHTH Y, TEROWRIZ OV TREHER R  TE 220

5) FEREIREOEEEHEIC OV T

IHRIR S 2 T 25 O HARGER D> OB S 2 7 2 k0 FEBEENRBIC B 1 HIRBIR T & H#EE
TO8%6, TPA CTITHAGARRE T b EBREINE T ORI 27 AORY S LISIEFIZF
B2 5 7%, BARRER TOANRIE & EBEENIRRE OB E TR E 2 FRIE DD
gy, —J5, SEA OHE1E, MHRIES A7 AOY 4 LIZHE RN b D0, HLIRGKER & 5
BEREOW S TRED SEA TTNVEWMETLLER LY, HFIZFRDDPNLLEZD
N5, BRCHHEE S 25 ANEROE T AL MEE b 72 58413 FEM 72 E OB AR A X T
by, SBIZFEBNPND.

ETZHTRO & 512, SEA TIEHMHRIA S AT LEA D AT ST —Z [FES D OICH L, TPA
TRIET 2 OITIRIR Y AT A OZB Y AT A~ORETH Y, HERBICET 5
IR Y AT A OXFHEEDORBITIKT T DETH L. LIh > T, EEBREICEIT 515
HHEITRR D70, HERIICIELHET HZ LN TERNWEWIMERH 5.

Lk, TPA & SEA ZN KR ERENH D72, HELRIUTIE T THEWIT D 2
EMMEETH D, KETIEL, XEHHIHIERE O TRIORIE S TEME O FHRF, MRS A
T AEREFRT LIV E WV I AT SEA BV TE Y, IEMLERE, AT
WROFHEZHHE L TR OMZ Y ToWGE L TPA AN Tnb E&Ex bhvd. £z,
AIEM TR IS EBENRBOR S LNV 2 HET 2581, I ROAMEDSAEICE D 5
AVTIRIR S 2T L EZ8 Y AT DRI T 5D 72 B TPA O BRHWTEY, £
I TRWEAITE SEA BMWNT WD EB X bivd. £721%, TPA OWATHIE THG EDAsE
N#EFEL, Tk SEA ODASIET 52 & CTERREEICHEE L7-BIAR & 2 23[75], IREUZIE
CCZDEIRNAT Iy FROFELHEHTHDLEBEZ DN,
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TPA

SEA

(1) Input
force/power
identification,
Contribution
analysis

Accuracies of force identification
and contribution are high because
excitation positions are known as
transfer paths, but true source
forces and positions are unknown.

True source’s averaged powers,
positions and contributions can be
identified if appropriate element-
breakdown and sensing positions are

given, but cannot in some cases. (e.0.

CLF is negative.)

(2) Target
evaluation

Robustness is low because target
is evaluated by the sound pressure
or vibration at a point.

Robustness is high because target is
evaluated by space average of the
power

(3) Frequency

All frequency range is applicable,
but generally low accuracy in the

Middle or high frequency range is
applicable. Low accuracy in low

characteristic | high frequency because of low frequency because of low modal
coherence. overlap factor, global mode.

(4) Usability Cannot to be applied in the early Small analysis-model in the early

for design stage. Possible to identify the stage by Analysis SEA and detailed

study connection which need to be CAE model for improvement by

improved after prototyping.

FEA-SEA are possible.

(5) Estimation
of noise under

Obtained forces and volume
velocities depend on test bench
property, but low effort to obtain

True source powers which are
independent from test bench
property, but high effort to obtain
SEA models of both the test bench
and the entire mechanical system.

22%?&?2 al them and transfer functions of the
entire mechanical system.
Structure
Passive borne noise
subsystem

oy

—=

T 3
%ﬂ/
Active Q

s
= Airborne <= .
subsystem #1 #H2 T #3
noise P,

Outline of TPA Outline of SEA

Fig. 1.23  Feature comparison between TPA and SEA.
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1.2.3  In-situ blocked force i&

RTECHl~_72 X 912, SEA TIHIMRIE Y AT LEAGDAF Y —Z[FET DD L,
BEARRIEEFIT6 LT TPA CTRET 2 DITIRIE S 2T A BB AT A~DIRES ) Th
D, RSN TR BT DRI A T 5O X FHEE I KET DI TH 5720, TPA
TIXEBEREICB T 2 IR ST Z2HmOICE LHET S Z LN TE RV, I TER
S 7= D HS Blocked force % U 7= TPA [17]CT& 5. Blocked force (FNHRIF > A7 AREH O
ET&®H 57, Blocked force %\ 7= TPA TIXHEBENRIEIZI T 2 IRENR S 2 PRimAOIZ1E
LHEET D2 MM TE D, F72Z @D Blocked force % F 7= TPA 1L, FEREENIRAE T Blocked
force % [HZAYIZ[RIE T X 5 In-situ blocked force 1D EG[18][19)Z L - THIBE L 7p o 7= Hik
Th 5. RHTIE, Blocked force 33 & TN 4L & Bkt % B% 7 Free velocity (2 DWW TEEB L72 9
Z.C, Blocked force & Free velocity (2 & % BB ILE OFHMIZEE 3 2 452X In-situ blocked
force YEDFEM & A& HIWZFZEIC DN TR R 5.

1.2.3.1 Blocked force & Free velocity

4 1.24 O XS5 ITHHRIE S AT 5 EZB Y AT LD BIER SN S AT 5705 IHRIR
VAT LAEUIVEEL, TOMAEMEEEERICLIEGGICBIT DA ORED Free
velocity TV, F7-Z DA% BEME LIZGEAICB O TIMERY AT A EA IS
2% 117 Blocked force T 5. L7223 -> T, Blocked force & Free velocity IR AT A
BEEDETHY, ZEY AT DMAMEFELR2VMETH D, £z, WH TR DREIZET S
ETH D, BxtOBEFRIZH Y, Blocked force X7 kL% fy, Free velocity X7 kL% vy,
NHRIR & AT L OFEGIINZ I T DHIRA » & —F 2 1T5% Z, &30, X (1.1) OBk
DD Z LM BILTUVA[16].

fbl = Z(l * VfT (11)

ZIT, KM1251RT KT, MHERY AT AEEE me, 1ZREAWE k, WERE D 1
HHEEET LV E L, HREOME & U TESIZHHFIINIED = F e MERALTWS &3
AU, Blocked force fiy & Free velocity v 1XZ L2 (1.2) & (1.3) &2 5. 7vd, ilE
HEECHAL, o ITAIREVEL, I1IREZ 2R,

iwcy + kg

= Fe™iwt 1.2
Jou —w?mg + iwcy + kg s¢ (1.2)

Fe—iwt
S
'Ufr =

(1.3)

iom,

Fio, A L E—F U RIET61E VD L, FroRE R ch b, K (1.4)
WRT LT, XU OA v =T Rz, EIXROEBA VB —F Rz, B R LA
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bELZEIZEY, FoRbiZREabEIEgA L E—H R z, a GBS, EHIT,
B R EZRITE R EEINCER > T b7z, R (1.5) 1ITRT LIS, BROEE Y T 4
Vam EXNEITRDOEE) T 4 yoark R LEDLELE, | HHETAVREOELY T 1 y,
b, ZoWHE LD L, K (16) [TRT LS, 1 HHEET VREOEMA > v —
U R za VRO BIND.

kg iwcy +kg

Zack =ZgctZgp =Cqt+ E o (1.4)
+ 1
Ya =Y y =
a am a_ck Zam Za_ck
(15)
1 N iw  —w'mg+iwc, +k,
Tiwm,  iwcg +k,  (iwmy) - (iwc, + kg)
1 iom,) - (lwc, + k
2y = — = (iomg) - (iwcg + kg) (1.6)

Vo —w2mg+iwc, + kg

S XL, K (1.3) @D Free velocity vy & 3 (1.6) DR A > BE— X R 2, 2R U5 & (1.2)
® Blocked force fiy £ E L <720, & (1.1) LRFEDK (1.7) BRNLT D Z EDBMHERTE D,

fo1r = 2aVpr 2.7)

& Z AT, [Blocked force & Free velocity DBfR] 1, 126 1T L 91, EBEXREIKIC
BT D TBHBGEE & EAERORESR) SMREMERH L Z &ML TVD[16]. EREIFIZ
BIFD//—rroE#ET 7T rOERICENT, EEOERFKITHE—ONEERI L £
DOEBEMBEREZIIEEEERICE S bh, ZOEREBRKICAN S L EHLOEG
B, FAERECIIRAREEEZHNTRD L Z N TE 5. FERIC, B A7 Ak
2= OFEMY AT LET T F O AT AT, EEDOIRE S AT LD
B %5 1k X 5184 0 |Z Free velocity & 7213 Blocked force # 5- 2 TH Y, ZE AT L LD
FEEERIZ T DIRENHE O E & AT Lm0 D F71E Free velocity & 7213 Blocked force
EZRAWTRDLZ ENTED.
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Active subsystem

source

5

o)

Vibration

<

noise

—

P

[~ Transmitting force

Airborne

#—O
v

Connection

velocity

Passive subsystem

Structure
borne noise

)

(a) A mechanical system under
the operational condition.

Active subsystem

gww>))

¢

T/l Free velocity

(b) An operating active subsystem

while the connection is free.

Active subsystem

U 4

)
pe )

l\\ Blocked force

TITT7 077777777

(c) An operating active subsystem
while the connection is fixed.

Fig. 1.24 Blocked force and free velocity of an active subsystem.

Ca

Blocked force

Xa_bl

Vfr = Xa_fr

Free velocity

Fig. 1.25 Blocked force and free velocity of a 1-DOF model.
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M1 G
Electric circuit Mechanical system
—O Active
Black box is : Short-circuit subsystem Vi, : Free velocity
current Z, : Mechanical
@ R; : Internal resistance {g impedance
Power V, : Open voltage Vibration fy : Blocked force
sources  |—o sources
V0:Ri is be:Za Vi
e s %
1R | 7
: ] | : I RL . iS g ft - Uf-r
L o il O (e
| | R; g Zq
| e 7 Ve
L —0 A Z
Norton’s equivalent circuit Norton’s equivalent system
(Mobility diagram)
LA AN : p _
B VA, \r—T. 7
| Rio V= 4 ’ﬁ f, __Jm
(v VS TIIR| 2 | T A&
ANEAS . R |7 Zp
: : AL [
| : ]
i : O é LVC o

Thevenin’s equivalent circuit

Thevenin’s equivalent system

(Mobility diagram)

Fig. 1.26  Analogy between electric circuits and mechanical systems.
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1.2.3.2 Blocked force & Free velocity |2 & % BYAE (X O FF1fl

ANED X 91T, ERMEIEFIFZE S AT ANOHFEENETHY, T8> AT AOIRE)
RO BEEZ T 5. T7hbbh, MERV AT ARE—OEETYH, ZEY AT AR ARED
L, BEREEEORE ZIIEMT 5. L LD 6 EREIEE OIIRFIIINIER > 2 7 A
OHNEIZH DT, MRS A7 HZEAORE CEBMRIEE 27 TE 2 2 EREE L.
% Z T, Blocked force X Free velocity IZERRIXH OFHEFERE LS L THWD Z LN TE 5 &
Ezob. L, KEZH S AT 5O Blocked force <X° Free velocity % BRI E T
HZEIIREETH D720, PRI RBIE FIEDS G S V72 [77]. % LT Free velocity (220
<, 1.27 IZRT K 9 (TR S AT A & BME SCRF O R B 2 AU & L CHIES 2 HiER
FEIRRHAE & 72> 72[78]. L L7236, Free velocity 1Z A 7 & Tl 72\, FEH EOFE
ML Z % L TR WA E S L 1TV 2 72V, % Z T Moorhouse [79]13% Free velocity &
Blocked force ®NFE% CP fii (Characteristic Power) & L CE®, T & ERRILE OGS
L35 EERE L. 723 Blocked force X, NIRRT AT AOMWA B — X X%
Ko, A (1.1) 1ZRT X 91T Free velocity 2> HHE T IUIT RV E LTV 5. F7- Heo H[80]
%, VelERHAR > 7 O EMIEE OFHFERE & LT CP H A W23, 128 {Z" 9 &K 9D
\Z, Free velocity 132 A UE THi5H L THIZE L, Blocked force (Z DWW TlEr— R/ ZHA
THEHEMIZHE L.
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L\g

. ®0.
L—~x

S Suppart
N N /
\ \ \
SO A — Accelerometer
I o -
-

-
[*]

Accelerometer ———

~———— Isolator

Z G /////

Foundation

Figure 2 — Position of the accelerometers for measurement of L,, and L,

Fig. 1.27 Measurement of velocity at the contact points of machinery when resiliently mounted for
characterization of structure borne noise. ([78], ISO/TC43/SC1/WG32.)

Pump

Force Sensor

Inertia bed

(a) Measurement of blocked forces.

(b) Measurement of free velocities.
Fig. 1.28 Experimental setups for measuring blocked forces and free velocities of a water pump.
([80], Heo et al.)
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1.2.3.3  In-situ blocked force & & Z D[RR

ATIE Cik~_7= X 912, Free velocity & Blocked force IIMIRIR T AT AMIBEHDOETH Y,
BRI E R T DRI EEE DN T A= L LTHRETHSH. LL, EINZIB7e
FIEREHE HECTHET 272 OIITHH ORI A LETH Y, FEFITFRDB 05,
% ZC Elliot ©[18]l%, Blocked force Z FEHEENRFE TRIET 5 HiEABR L T-. BAEMIZIT,
Blocked force & Free velocity DR CTH 50 (1.1), 1.26 IZ/RT /) — Fr OFEMT AT A
BT BRI (1.8) 206 (1.10), FEAMBICBIT AR AT LDOEFEE Y T 1 Yee o &5
B AT LDOFE YT 4 Yo, BEOIMHER S AT L L ZB L AT AfES LTIZREOEE Y
T 4 Yee DBRA (1.11) @ 420X 5K (1.12) ZEH -,

Va = Ver + Yec o (1.8)
Vr = Yee pfr (1.9)
f,=f, =—f, Vo=V, =V, (1.10)
Yoo = (Yeiy + Yeia) (1.12)
for = Yoo " Ve (1.12)

ZIT, Ve [TIMRES AT L LZE T AT Laiie SETOREICE T 26 5 OIRE)NH L
Thd. $7bb, X (1.12) 1F, #Hiks 27 L OEREIRIEIZEIT S HEC K - T Blocked
force NAETE D Z & & EWT 5. 723 Elliot H 1%, 2 DDIE Y ZALEH 7 IRERD Blocked
force #7. (1.12) IZL > TCHIEL, xR (1.1) IZfRAT D Z &1Z &> T Freevelocity %
ke, S L7z Free velocity & i 5 Z 12k - T (1.10) OFDMEZEZIEFEL T 5.
S BT, FUED 2009 4, Moorhouse [1911F30 (1.12) ZILEEL, FEEHEIT TRIZEI T R
7 A EOEEEINCH T 2N X > TH Blocked force #[RIETEAHZ &R L. ZD
FEE, MR > A7 L&A O Blocked force Z 1t > A 7 A O ERBENREE (in-situ) TOH|
EICEVIFAET D ENvD, In-situ blocked force approach ¥ 72 (3 In-situ blocked force method
EREENTWD. £ ZTARGLTIE, ZDJFE% In-situ blocked force 15 & FESZ 12T 5.
L ZAT, HIED L 51T, Free velocity (XA ELHY 72 E LN ERRHAE & 72 o T2 23,
Blocked force IZ DWW TG SN =FENEBIL IR0y o 7=, LA>L, In-situblocked force
EOBRSGIT LY SO LdviEim S 4L, T4, [EEHR & L THIE S uz8ll.

—7J7, RO 2010 45, Klerk 5[82] & In-situ blocked force %D JFHE % Bl D & Xk TR
L7z, ZoEHAABIT Elliot HIZE > TREINTEHD XY HlETH Y, In-situ blocked force
EOFRBARM L G\Wew, LUT, ZoER k% Hv T In-situ blocked force {£EDFER-DUNT
WD
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X 1.29(a) 1E, MHRIES AT A EZE T AT ABRFAE D SV L A T A OEBENIR
E& T, RS AT ZANEICIRIRS Y, ZOIRD £ X - TR A7 A& m
PIRED L, ZZRBIEE N SN D, £, MHENTEEE 28 L TZE v AT A bisE
N, ERBRIEE DS S b . 2 OREOME S 27 AoiEE AR (1.13) 1TR7.
X (1.13) O Z 13 A7 L 2RO A v —% 0 2975 % R L, K (1.14) 1ZZ£ DK
3T MRS AT AL S8 AT AOFEA LA *%kkof%%?é%@&
?5&,#A%%mﬁbtk%@ﬁ*K@EKT%5%W4/EH&/XZM 53 1
BRIED 1 D Th DAREREA IE83) 2 W5 &, %n%n#$%®%é®ﬁzaﬁbm
TRSLD.

Vay  (f,
z{vc} _ {0} 113)
Vo 0

Zaa Zac 0 Zaa Zac 0
7= an ch Zcp = an ch at ch ) Zcp (1.14)
o z, 7, 0 Z, Z,,

X (1.13), (1.14) IZBWT v ZHET DL ve & v, DBRZ T (1.15) BEoinsd.
&ﬁ,waw¢0f@ﬁﬂaaiﬁfﬁékﬁmbt

- ~1 \Y -1
[ZCC Zﬁifaazac ;;Z]{‘;} _ {—Zcifaafs} (1.15)

F2K 1.290b) 1, NMRIES AT 2OHLZHRY L, fiaEaseaEE L CrEh sk
BERT. e Z2 2B E T D BRICEETHICE 25 7103 Blocked force fy THY, Z D&
ZONMIRIES AT LOREEE v,y &35 L, ZOWRBICHT HIIRE S X7 LOES) S
BRI (116) L7 5. **ft(lm)%ﬁﬁfék IRIE S A7 L NSO INERIR LS
X B INiE7] £, & Blocked force £, DR Z /x4 (1.17) BMEHRD.

Zaa Zac ] Va_bl { fs }
= 1.16
[an ch_a { 0 } _fbl ( )

fbl caVa bl = anzaéfs (1-17)

I HICH 1.29(c) X, MIRP T AT A% B 3712, Blocked force fiy & [RE O S Iz
I o ZREETRT - 2 TR REA R L, 2 (1.18) (X2 DIRBBIZIUT D8 A 7 A DTER) 72
Kzar7. K (1.18) 1IZBW TR (1.19) 12XV £, % f I ANV X THBIRIE S AT A0
RENEE v, oo ZTHEL, I (1.17) ZHNW T 2EET S &, (1200 BHEHN5.
X (1200 &30 (1.15) 2T 25 &, X (1.21) BEMIND. Thbb, NRFRY AT A%
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BB ST ITHEA TS EMINIR ) & 5 2 TRBBIC 31T 528 o A7 A DIRBIVZFEN, FE
VAT AOEBRENRBICB T AZEY AT LAOREIEEN LR — L2 5. LR -> T, MR
VAT LEBE LRWIREETREAHZNIRT 5 Z L1k o TR (1.20) 1S9 > B —
B AR, FERIRIE TG LOSEI v A7 AOREEE 2 1E L <X (1.21) B
FOR (1.20) IZRRAT 22 &2k D, [H#HAYIC Blocked force 3K Hiv 5.

Va eq 0

B Ml I s (1.18)
Vp_eq 0

foq = fu (1.19)

ZcC_anZ(;;Zac Zcp Ve eq _ (e _ {_Z Z-1f }

[ ch pr {Vp_eq} - { 0 } - Cao aans (120)

Ve (Veeq

ol=tvo (1.21)

ETAT, K 1.29(d) IEFEEHZEeBEm E LIRS A7 A2 BB S H 7 REE R~
Z DIRBEDFE ST OIRENIEE vy 23 Free velocity ToH Y, MR AT L DOIRENEEL % v, 4
&5 LEFRHEATA (1.22) Lan, X (1.22) o6&, LA (1.23) & (1.17) X
YV, Free velocity & Blocked force D BRI (1.24) &L 5.

Zoo Zg ] {Va_f T} fS

= 1.22
[an ch_a Vrr {0} ( )
(chfa_zcazz;z%zac)vfr + anzaéfs =0 (1.23)
fp = (chfa_zcazaézac)vfr (1.24)
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velocity

(@) A mechanical system under
the operational condition.

Active subsystem

f W
: %Vibration

source
fbl

Va_bl

Blocked
forces

(b) An operating active system
while the connection is fixed.

Active subsystem ‘ ))> Airborne
noise
f, oW,
ﬁVibration Va
source
L ~ Transmitting
l forces
4,
7O
v v Structure
C .
) borne noise
Connection
velocity ))>
Passive subsystem ‘ A Surface

Active subsystem L )))

a_eq

<

q - Equivalent

forces
feq: fbl
Y

Passive subsystem (-LC

p_€q

(c) A mechanical system under an
equivalent condition that the active
subsystem is not operated and
equivalent forces are applied to the
connection.

Active subsyj:\n;\’\w )))

f
g:% Vibration | Vatr
source

%Vfr —_— Free velocity

(d) An operating active system
while the connection is free.

Fig. 1.29 A mechanical system emitting structure borne noise under the operational and equivalent

conditions.
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1.2.3.4 In-situ blocked force ;%I & % EAGITE DEE L NILHETE

Elliot 5[18] <° Moorhouse[19] 7% In-situblocked force (&5 #£ L= & & D HIIL, MHRIR
VAT LEAFDETH S Blocked force & EBENRAE TSRO L L THY, D%, Free
velocity X° CP i & ERRENIREE TR D 5 FFIEITHLGE L72[84][85]. Uk L Klerk H[82]1%
IRIE S A7 A (ZOSCHR[S2] CIXHBIED U 7 7 7 A L) O HAKRERFE T Blocked force 72
[FIZE L, TPA EHAGHE DI &0 EBRENREIZ T 2 ERRIEE ORE L~ 2 e
HTZ EHERE LTV, ZDO7) Klerk 51 Z D Fk% Component TPA & FEFR L, F7-H
RO SR 2nE 20— FE AL TEHEIEL, ROTMBENEZMEL T
Blocked force %EK&'), S 512 Z @ Blocked force % HVCTHEE L 725& & L ~UL % In-situ blocked
force EDHH LT 2 2 LICk > THREL 2. £72, Klerk H DK &[4, Elliot &
Moorhouse © & In-situ blocked force % & TPA MFHAH % In-situ TPA & FEFR L, Klerk & & [A]
KRIZBRE LUV OREE 56 A L[86][87], T DH X HIZHFHE/HISS[17\CbiEA L T\ 5.
In-situ blocked force ¥ & TPA OfLAF DI L 2 BBMEIXHE OHEE 7 =& AT, 1.30 12
TT K IITHE O TPA DIFEGLIFLEA LR LU THD. B 2M0%, THERS AT A OHK
R CTHZRET 255G (K 1.30(a) & EBENMRE CEERERELIET 2586 (X
1.30(b)) IZFB W T, IR S A7 A DHLY %Lb)?%f&)é EDHTHD. HED L DI
TR D TPA Z HIWTZBEE L~V HEE DR & 2RI, 2 ORI AT LMY 4 Lo
FM &% UTRE LIABE D IR /7\7‘»&.7@@1@“( TN Z ETHLDOT, ZD In-
situ blocked force 1£1L 2 @ 2 DORIEA iRk LT 5. % Z T In-situ blocked force 1% I3 4k~
77V r—va AEM SN, ARMEORGEEM TN,

i 21X Seijs H[89][901[9111%, HENEH AT T U o 7' ¥ ¥ % %52 Component TPA % i [
LTBEE L L a2H#E L, BHARBRECTH ST ORI LZZ b EThbRESND
Blocked force IL[RIFREE L7205 Z L 72 E &8 L T 5. F 72 Lennstrom 5[92]1%, HEHH
T —=F R T OR L AAHEEITEN U, BARGEREE O SRS 2 R ENIREE &[RRI
952 & TRENM LT 5 Z &<, In-situ blocked force 74T Blocked force ZHEET 5 503
Free velocity & [HHEANZHET 256 X0 b ENE R I 2R L, b1 7Y
y REROEH I 77 7 ZAVITbEAL, fMaEnb 2 —ry bE TOFERRERHO =
E— LU ANKEEICRESEET L Z L2 T 5. £7- Leivens[93]1%, VaiiEikz &Wic
A L5 BIC B D EIMAEE OHEE 2% L, Blocked force 2 EIEAVIZHIE S 2 BB 134
EaiRT D1 DICE—RA L FOEAM M2 EEBOBEREZZET LUNERD DR,
In-situ blocked force 7% % F T Blocked force % [F1E 9" % 355G 1 LHEE T A1 D A 0D B H B CHREEE
DR TE D EHBRRTND., E—A 2 MEEE Liﬁb‘k?&ﬂéfﬁrﬁ)ﬁ?ﬁ"é & DOHE
[94]H & 53, In-situ blocked force 1 TE— A NDOR 3 ZRIET 5 2 DICITfEAH %2 T —
A2 MET2HERH Y, T— A2 MHEXRETSH 5720, @] ?UEUE!’J ZIEAZ 3 J5W
DHNBREZIDH. Lennstrom D K 9 IR S AT O BARGRER 23517 5 S % £R5
FRAE & [FARICT 2 2 & TlTRRRZEDSERT 5728, FEBRIITREREITRIT 5 2 &8 T
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T, HERAYICIEME7: Blocked force KD 5 Z CIINEETH H7-0, AR 1% Wiz
EOSID 1 S EEZDHZ LB TE D, F£7- Valk H[96]i%, In-situ blocked force D% % J5 %
PE FJRE OREEMEHTICE ] LT 5. Blocked force I3RS « S MEAT IS 1T B HIH IITAEY
T 570, IMRIES AT LD 7 )VET N THHR ) 2 —EIZTEERE L, 2 0%OFREITNIRIR
VAT ADETNEFGESETZE AT AMSHEE L, ROZMEDE/BEWMICEZ D2
Sk, FHEax FEREEL TV,

— ~
Active subsystem Existing active subsystem
in development

Vibratio

source § ‘7-7%‘
L Target

4 +V "
==y

Blocked forces of

the active subsystem - .
Vibro-acoustic

transfer functions

Passive subsystem for testing Existing passive subsystem

(a) Component test of an active subsystem for (b) Alternative test of an existing mechanical
determining blocked forces. system for determining transfer functions.

_______________________

1 Active subsystem
' in development

’

'Vibratio

'source 'é ‘l%k
N 2 et Target

o

Passive subsystem Structure borne
\ in development noise

(c) Estimating airborne and structure borne noises
of a mechanical system in development.

Fig. 1.30 Schematic view of virtual prototyping for estimating structure borne noise using the in-
situ blocked force approach.
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1235 #& TPA FEEDLEER

7Y Tl In-situ blocked force 7 & TPA OFLAHITx L TEDFHR A2 R ~7=2%, 121 THT
W72 L DI, TPAIZIFZ DM S EEDO FiENRH D, Seijs H[97]1F, In-situ blocked force
& TPA OFAE DR EE D, TPA OFEE & O BEENFIEOE NSOV TE LD TND
N, RIETIE, THLENORMEZHERICE L DT

# 11128 WT, TPA OFEfEE L TENDIEIZ, BT, WITHE, F23E TPA, Gk
1% (Effective mount transfer function method [57] & OPAX [58]), In-situ blocked force ¥ & iifT
FNEO A GO GEFTIE Insitu TPA) Z28F72. FF—2HOfEE LTE, (DRI
VAT LEZEBT AT LOREGH TH DU FOIREMEREN ST O 5. ®idaik
X, BICHEBEORT D=y FOFREESIT SARES N DR KB T 5720105
RINEFETHY, ZRUTELTWD. —F, HTFNEE, =Y ~7 Y ORERHE
FBETERVHOD, QR LERKTLEMEGMOTFEZ BT 52 LR THS.
F 0T, BNERIEIIS B AHOFR G E BRI T 5 2 LR TE RV, ZHUTK LARK
HEix, R OFREBNLEEHOICABINT-FIETHL. LoLanb, Bidhlk, ¥
11505, GRIETWTL L, Q)YERABAERET S & EITNRIES AT L L ZE) D AT A
DYV EELBLETH Y, WHICKLERTENRSZ N ERRETHDH. 0B, BiEhikico
WTIE, w7 v N ORIPER ) N S WIGEICHEAT 5 5ETH Y, BERIEREONE T
W 1.7 R T BRI~ DR 0 A B/ NS W T2, IIHRIE S AT A% ERD 4k S 720 CEHE S
NHHEEbH 5. DEDOFEBRM TPA 1L, MRFES AT L EZEB T AT LOUVEEL 215
RTINS D72 DICERENT-TIETH LD, v U ORIBER L ZE T
RN EITNZ, GEERMGEREZREE L CLEI AREERSHSH. 2Tk LT In-
situ blocked force ¥ & TPA OFAEDOEIL, (1)~ vV MOIEMERERTEEZZEB T2V 0
D, QG)DIZKRAIFTRL, SHIT, ORI AT AEH O Blocked force & V57280,
INARIE > A 7 D BAKGAER D DI S A 7 AR O TR I 1T 25 E L~V OHEEIC
WL TWa. 22f, BiFaik e aaiilE, Eiko X 51~ v > N ORIPED )N S WS
WZHEHT 5 HIETH Y, MRS AT 2O BRI TR DAL, ks 27 A2k
EBRBRBROLE L RERENRNEEZLZD. O, (OMREFY AT L0 6EPEK
&5 ERURIEEFITHOWTIE, WATHIE, FERM) TPA, S RIEDSHIG LTV H DI L,
1.1.2 T TiR~7= X 91T, In-situ blocked force 15 & TPA OfAELEIZEHATELRWESD
NTWD. TPA OHEIE, (QFEREOFGESNT, (0)F5FENRKE W OXIR G IA
O, (ONMHRIRE S AT LEARORER) LRI S A T L 2RO FZRE R IT D5 L
INOHEETH DD, (IZRIIE, fieb A %72 FIET In-situ blocked force V£ & TPA DFLAH
HObETHY, ZREEFICHEHATE RNV ENZOFECB T IME—DORATHDLES X
5. WEITHRR5 X912, RUFZED BAIIL Z D In-situ blocked force i & TPA OFAEH % iT
PICEREEFICLEHTHL L2 RT 2 THY, RITRT LIS, BWHAA X
MOSMRETHEMA TA] 1275628 Thb.
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Table 1.1 Feature comparison of TPA methodologies.
Mount
TPA methods stiffness Inverse Effective | In-situ TPA
method . mount TF [17]-[19],
matrix OTPA
[25] method | [517[52] | [27! [86]-[88],
Features 4 pole [25] OPAX [981,[100],
method [58] [102]
[49] [50]
(1) Consideration of mount
property at the connections O % % O %
of active and passive
subsystems.
(2) Cancelation of cross talk
bet.ween the cor.mections of x O O O O
active and passive
subsystems.
(3) Time and effort to
measure transfer function by < % O v O
disassembling the active
subsystem
.(4) Awakening of missed O O x O O
important transfer paths
(5) Theoretically correct
estimation of structure borne A X X A O
noise by component test
X
(6) Cgpab}llty tjor analy21.ng % O O O ! .
or estimating airborne noise A (This
research)
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13 AHIEDOER

RIEI T, 7 2 A7 LD ERE TR o 2 7 A RO FERENIRIEICI T D IRE) - BE
FHEET HFIEE LT, TPA & SEA I L O In-situ blocked force % & TPA OFHAA >t % HL
0 B, FOHEATHRIZ OV T~ 7=, TPA & SEA IZDW\WTIE, 1.222 IHTik~7= X 5 1T,
ZRENUCHE L REDH D ORI U THEW ST ALETH 50, RIEMLTEREIC
FEBRERBOREE L~V A HEET 2561F, FHEAOALED BRI E D & 7L TR > A
TAEZE AT AEHMIZDT O 751X TPA O RENTWDS EEZbND. £
1235 THTHR_7= K 9512, HWEKD TPA [TV S OFEENH 553, BRE L~V OHEEIC
KL T DIMRIES 27 L0 A LICHED THOZ S| & TEEREREOREK L L] ©
MG T 5 TR 720, 2SR L, Bzl &% STz In-situ blocked force % & TPA d
MAGHOE (1.1 O Insitu TPA) X, WG EZMRTE S 9 2, MRS AT L0 HERGER
2BV TR > 2 T D 2R D FR@N L [7]— D Blocked force % [FET 5 Z & CTHGRAIZIE
LLERE LV EHETE DME—DFIETH .

& ZAM, In-situblocked force IEIFZEMMBIXEZT DAERR L LT FIETHY, EXEEHF
WEENLHEAIITHEATE RNV EEDNTWA[17][88]. ZHITX 1.29 128\ T, £k
RAED (a) & SRR AE D (o) TIREVZEEN N FEAMIZ /2 5 DITFE A 2 F X AT A Th
D (V& Ve ey ViVp og) » DRI AT L OIRENZEENTIRIR D (VaF Ve o) 12D THD. L2L
D, 112 HTHRBRXE 21, fIRITHEEHEO v ) XeHET H56, B
WO EZTHEEZUE L THEBRIEE L ZRUBIEEOH T NG END EE 2 B, In-situ
blocked force 15 & TPA DA EHOHEDRKE RS AIENT T ENTE 720,

Z 2 TAMIZETIE, In-situblocked force V£ 4 28 XURIEE OHEEIZEH L7 HEITAE T L0k
PHEERE A 2 FERIICH M2 L, 2 OIREIHEERR 2D RO HE & i L CT/h s <2 5 54
fEIZIW\ T, In-situblocked force 151 KV ZEXURIEE A TUHNCHEE T2 FIEZIRET H 2
&, FLUTCHUEMT S LOFEBRICE Y, ET D2 FEORAMEZEETH 2 L2 HE L.

ZOBRREERT AT-DIZ, £, In-situblocked force 15 % 225 An X H OHEE I L 7=
BAELDEPHEERZO A EH Lz, £ LT, 85 Lr e o — ks
T2 282Xy, mEHEEREN NS D &2 R L. £, AFFBER RO
WRENHUR 5 A k5 & U 7o BB iRt C IRk ae & MR D 22 R mITF A i35 =
LIk TC, BT FHEOAAMERIELZ. &5, HBEAEH NV —RTT7 VU 7
VAT ANORETDHT MAFEMNRE LT, TORERBRICEVHEE LERET L L E
FEBREREBORBRT 2D b HEBOETHBRCRHE LG a LT 5 2 212k - T, #%
T 5 FIEOH MM A REEL 7.
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1.4 FRimIXDIEK

1w T <%, £, BEEORE) - BEEEE G L LT 7 v 27 LORFERE
IZBW T Y AT A2 ROEBRERIEICR T 2IRE) - BELAHET 52 Lo EMZ2§E
FL, ThaEHRTLHITHEE ZOMBIZ YW TR, REh - BRS 2 e T 5B L
TIZ TPA, SEA, In-situblocked force 7 & TPA OflAAid LY BT, BIEMTEMREZIZE
D HARGR CH > A 7 A RER ORI IE I 1T 28R E LSV EHEET 2551, In-situ
blocked force i£& TPA OMAEDLENHE B L TVWHEBELE L. L LARAL, In-situ
blocked force IEIZEMBRIETHF ZXIRE LI HETHY, EXURIEFITITEMAT 52 LA TE
W EEbITWA. & I CAMFSE T, In-situblocked force 1 % Z25n X5 O HEE 12w H
L7=35A O EREZ HRIICH O N L, TOEBHEERRZEN KD HE & g LT
INE L T2 DEMITINT,  Inssitublocked force VAIZ & Y 285X & T RIS HEE 3 2 Tk
ERETLHZ L, LU THIEMIT S LOERICE Y, IRET L2 FEOGHMEFERETH 2 &
ERHME Lz 2 & k7.

55 2 % [In-situ blocked force 1512 & 5 ZEKURITE O PHEE FIEDRRE L E AR ~DE H |
TiE, £, In-situblocked force ¥ & TPA D#AE O & 22 5UAIEE OHEE @M L7256
2B DI ERAZO XA B L TnD. 2 LT, HE LS LUV ORI EN ATEE
ThdZLrprd &ebil, Bl AT AR BEAIRBECT 23\ T Z O P E A
ZEDAHRANS NS 0D Z L 2R L, B AT L 2RO EAREIBIZ T HIRE 2 3
BLE) & 72 25612 L, In-situ blocked force 74 % HW\ TZ2EXURIEE 2L LRI HEE 35 Fik
ERELTCND. IHIS, BIRS AT L 2RKEER— IR —Z O3 FHREET L E L
BEllBWT, R LEHETFIEC LT LV ORUHEERZICHE T 2EE LT, E
BB AE & NIRRT IS I 1T D IR S A 7 AOIRB#EHE 2= 2R L, BENKE <0
ONMHRIR S AT L OE & LR ZE S AT A L i LU Tiig i/ S < R b 558 2R X,
BEARBBOLFICB N T ZOENNSLS D 2 a2 R 28I Ly, BELLHEFIED
HUM M BREEL TWD.

753 B NEGHA~OmE M LT PHEE R E RS 5 FEORE] TlE, ROZHEBET
TIVOBAEMHTIC L HMEEE LT, FEM IZ X2 b3 OIREMENT L O R F bR
R OIRENG ST AT > T RIS OV TR TN D 3, AR B30 OIREENT TI,
REHIEY 2RI AT L5 L ZE S AT LAFO 01253 1F, ERMERRE & SR
RBICBIT52ZE U AT LAOIREINEGGEY —23 25 H DD, Blocked force 125 FiH E—72
IEEEOREBEELTIE, A v v at A X7 EOET MR E DN IREY OGRS I 5T L CTRU&IC
7252 &R LTV, £ LTHE DI EAROIRE U BT Tlk, RARIC A B EERF
WA NMIREIR Y AT L35 L Z B8 AT LD — 22431, Blocked force % [ELEEHNT R D 7= 455
& In-situblocked force {512 & W HHEINZ R D T-GA TV T, EREMEIREE & SMNRIRREIC
BILEKEBIEEOEELR L L, AR DEREREEOE A REE ClxmE o E3 I
PNCE LS RD e 2R T 28Ik, ELCHEFEOZEMEEHIEL TS, &5
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\Z, Blocked force |27 £425 & — 7 TfE O JE A CIXHIEDOIEPHEEREDNRKEL D T &
Z}54% L, Blocked force % [HI#EHIIC R D D & & DA F— & o ZDEELIATHIFHEIZFIA L7z
R BAR RIS\ T, BUEFHA EDRRZE 2 KR ATRE 72 /N S WK ELAE o S50 (b A3 i (DUHE 2 7R
ZOERBICH AN THL ZLarmL, ThERBHEREDEHFEL LTREL TN S.

w4 E (BERU—RTT IV VATADT NS S L LBl £ TRBRICL S
EBRIRRGE] T, 2 LIHEFIEOFERMBGEE LT, ABHEAEEH SV —2 77U v
7" A7 I (Electric Power Steering System, EPS) @D 7 h L5 & %52, HEETRERIC LD
BELET MEFEERETDOIFECIVME LT MEZK LRI OV TIRRT
Wb FT, 2T AN T ETa— VERVA LN RAVOHRICv A 7 R ARE LT
BIEZMEL, FEE7 4 VZIZLVEPSO T MERSEZHHTE L2 2R LT 5.
ZLT, @ILREBITLHEMON <Y 7280, EPS DFEETHNL X —F v M &b
YRR DYA 7 R E TOEEEERE L A RAITHE Lo IREINEHE & ¥ %
TOAFT—F U A%PELTRERERL TS, O, BElETHERICE D E LTS
MOIRENIGERE & A F—# A2 XV Blocked force % [R]7E L, TEKERE A HITADLE
HZEITED EPS OF M EERHEE L, HmAETRER CIRE) & FRICHE LT FLrE &
i LT 5. B ETRERCHIE L7RENCIZ = ¥ v 2 SO MR O NS £
TLlEo7eeEZxDN, HELLT MEOBELVVTAE LG EEIY b RE ko
72, A =5 2 2D T OF I T, Bk O/ W RERAEO b A8 L7z
LA, WHEOEE LAVVRRIEEME R B L2 s ARl Iic kY, RELHET
EOZYVEZREEL TV 5.

B S E IBHNRU—RATT YT VAT LADT MG LRGSR E LU BRI X % EBR
FIRREE] TiE, EPS O HLKRER T Blocked force % A€ L, Hiif D HERE RIS A2 H T &b
HLHZELICEDT MEEHEL, ZHEEWETHRBRTHNE LT bE LT 52
XY, MBEUHE FEEBIE LRI OV TR TWD . £7°, BB OTEE
R 578, Hm O IREER & FEhi L 72/ RIS OV TR LTV 5. Bifi 2 $01EL 7 R
T DM LA T PNTIRT 2 %6 TR EZIT o7 & 24, REAF MRS 25&FICE
WCDHT MVEBRZ OGNIZZ Lnb, #A41y ROt EPS 7 FLFIZK
BlRY & B 2, BRRBR CIZZ A 7y RO ORI TR L, #ElETRICET S
IREINEE 2 8 L7 ROV TR LTV A, XD, EPS O BARRERIEIC VT, #ik
LIZREED N~ U 7 CTRIE LTz EPS OFEEENOESREETOA T —F A, Bl
SHTORRECTHIE LSS OIRBIILERE, s 2 T5EIC A ) LCHE L7z Blocked
force Z/RLTWAD. LT, &4 BCROLFEREEEZHITISGDOELZLIZEV T
NEZHEE L, ElETRBR CHIE LT ML L LT 5, BARRER T, BT
BRI 2 2 A4 vy RO RREINEE OBEEEN A+ Thololod, #ELLZT
MV EHE L2 T LGOS LAULVEERTIE 1T R 22 5208, BRE L~ Rl RS &
RoleZ bhRTIEICEY, RELEMEFEOE YA MRIEL TND. IHIZ, YaA
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> MBS B2 2 BRI o2 W THEEGERIZ LY 7 M EaHEL, diE
TR CHE LT PAVE S LR REZ R LTS, BIKRBRTHE A2 A 7y Nl
057 HRENINER L 23 i EA TR O 2 & Big > TWeled, 7 M BEORE L-VIT R
HRER L IR oT2, TODOPREENC XD T FAVE OBRE L UL T ERGAER & HL TR
BRCRIF L R0z Z 8 2md 2 LIChY, BELCHEFEORYMEAHRIEL TV D.

%6 5 Tffim] Tld, AR THRLNIZMmE £ &0, SROPELREIZONTE~T
Wo.
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% 2 % In-situ blocked force 1512 K 5 55U & OITEHETE TIEDIRE & E AR ~DiE H

F2E
In-situ blocked force ;52 &K A ESIGITE
LHEFENDRELEARAD ?ﬁﬁﬁ

21 # &

5% 1 B TR_72 X 912, In-situblocked force i & TPA OfEAE X, V7 v A7 ADRFE:
Ve CTHEI S 2 7 L BIARD ERENRBICR T 25 E 2 HGmAICIE LSHEETE 5725, £ 0%t
BLIIZE T AT AN ENHERREIETEDOHATH Y, MHRRS AT A bEE &S5
EEBEENEENILAICITEATE W ES b TWa. 722U, i 27 20
FEBENREE & FMIRIRE A i 5 &, 2B AT LOREZFEHI—HT 500, Ik
iy AT LOIREZBENIR R D720 L EDNTND.

T ZCARETIE, £F, ERERE & SMINRKEBIZI T 2 IR S A7 L OIRENZEH) D
728 L In-situblocked force 74 & TPA @n‘ﬂﬁ/*\zb’éf XY ZERURITE 2 HEE LG a s8I
DT ERR A O — A BN Lc. ZoRUT LU, IRR S 27 L O HRRERIC L 0 #HE
ﬂibf_if&W/XT»’A RO FEBBIRIEIZBIT 2BELZMMET DI ENARETH LN, Z0D
FHIEAE % 3R D 5 72 DITIXFEF 122 < @Iiﬁt%ﬁg‘?é ZeExRLI. — T, ZolEPHEER
7213, *&W/XTJA EROBAIREEGIFICB W TEDN/ NS WE B X BT &b, g
AT WK O E A IREYEL DRy 8 L) & 72 D55 ATk L, lEIFATH 771 In-situ blocked
force i & TPA DA & W TERURITE 2 UMICHEE T 2 FEEZRR L. £ L TH
W AT LDRREER—Xh—2 "0 3 AREET VL LESGAIZRENT, %%@“53&
UHEE FRIC L D885 L~ VL O UHEE RIS 3 5 & L CHEBEINGE & MRk

BT DIIRIE S AT LOWREHEEZFH L, Bk 27 A Wﬁ)lﬁﬂ?@biﬁﬁ%
BOWTIE, BEAKE S DOMERY AT LD E & MMENZE S 2T & & ik L TR
NS BRDGEERE, ZOENNSLKRDTEERT LR, MELEHEFED
2 ME 2 RRIE L 72 [98].
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% 2 % In-situ blocked force 1512 K 5 55U & OITEHETE TIEDIRE & E AR ~DiE H

2.2 In-situ blocked force ;512 &K A ERIGITE DT LI TE FEDIRE

22.1 EMHEEFEDOERIEIL & FIE

In-situ blocked force {% & TPA OFAAGENELRRILE OHEEIZITEHA TE V& 5T
WAHE T, X 1.29 RA—VIZHE) I2BWT, g AT A 2RO ZEENIRE®Q) & S
INERAR B (c) THRENZE B S FAMIC 2 2 DITFREEH 2B OZE L AT LA TH Y, MRS AT
LOIREEIIE LS. bbb, A (1.13) &30 (1.18) IZBWVT, Ve=Veeq, Vp=Vpe C
DD, Vi F Vaog THD.

Vo) (f,

Z{Vc} = {0} (L.13)F-48
Vp 0

Zaa Zac 0 Zaa Zac 0
7= an ch Zcp = an ch at ch D Zcp (l.l4)ﬁ?%
0 ch pr 0 ch pr

fp = _anva_bl = _anza(%fs (1-17)E*‘%
Va_eq 0

Z {Vc_eq} = {feq} (1.18)F-f8
Vp_eq 0

foq =T (1.19) 548

ZTT Ve & Vo o HEBERICHET 5. 2 (1.14), X (1.17), X (1.19) AW, KX (1.13)
ERX (L) #ENnENERTHE, X (2.1) & (22) BELND. &big, X (2.1)
EX(22) DEDEFDEZNENTESE Lula DEAATINC /25 Z & B ET L
X (23) DE DT VL& Vo og DG HILD. In-situ blocked force V£ & TPA @#ﬂ/\ﬁ_‘f)ﬂt’k
BIEXFICEATE 20 E SNHEBEIE, K (2.3) 107 T Ve & Vo DEICER L TRD B

B2 IRIEFICRAENE L DT THD. B, det(Zyy)#0 5> det(Zee— Zep Ly Zpe) #0 T
B, WITHND 2" & (Zee—Lep Ly Zpe)  IIAFIET D H D LRGE LTz,

_ -1
[Zaa - Zac (ch_chzmlzzpc) an] Vg = fs (2-1)
_ -1 _ -1 _
[Zaa - Zac (ch_chzmlzzpc) an] Va_eq = Zac(zcc_chzpézpc) anzaéfs (2'2)
Vo = Vo eq = Zgafs (2.3)
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% 2 3  In-situ blocked force {£1Z K 2 ZE&UnlE E DI PHEE FIEOFRR & B SR ~D1#

Active subsystem ‘ ))> Airborne
noise
f, oW,
ﬁVibration Va
source
L ~ Transmitting
l forces
4,
7O
v v Structure
C .
) borne noise
Connection
velocity ))>
Passive subsystem ‘ A Surface

velocity

(@) A mechanical system under
the operational condition.

Active subsystem

f W
: %Vibration

source
fbl

Va_bl

Blocked
forces

(b) An operating active system
while the connection is fixed.

Active subsystem L )))

a_eq

<

q - Equivalent

forces
feq: fbl
Y

Passive subsystem (-LC

p_€q

(c) A mechanical system under an
equivalent condition that the active
subsystem is not operated and
equivalent forces are applied to the
connection.

Active subsyj:\n;\’\w )))

f
g:% Vibration | Vatr
source

%Vfr —_— Free velocity

(d) An operating active system
while the connection is free.

Fig. 1.29 A mechanical system emitting structure borne noise under the operational condition and

under an equivalent condition. (Reprinted)

58



% 2 3  In-situ blocked force {£1Z K 2 ZE&UnlE E DI PHEE FIEOFRR & B SR ~D1#

EZAT, K 1.29 OEHMRIREECIZB N T, il 27 A 2RO EAIREEUIIFER
FRFE@) EF—TH Y, BEAREETE T v & Voo DIENRE 25, L, K (2.3)
DA TIEAREETF IO TULT LHEBRELS R LT, Vo & Voo DAETAHHIT v,
EVaeg FVINE 2B, Thbb, B AT AOBARIETEICBNT, Vgl T &
IERIIZE LW EB X BND. & 2 CAMIETIE, MEICL 2 HBREZR S, BEAREED
B DS B & 7e DGEIT %L, 1.2.34 H TR B BIEH 056 & RO FIET In-situ
blocked force 152 L 0 ZEXUnIEHF 2 HEET D FIEERET D,

7%, A (1.14) ITRTHE S 2T LA RIROBIA o ©— & o 24T 0I75RIE, 7 ey
74781 &35 2 T det(Zp) 70 732 det(Zee— Zep Ly Zpe) 70 EARE L T D Z & B FET UL,
X Q4) ODEHITETZLENTES. LER-T, REEDOBEAITET Ak 2T L DK
PEFREAUI 25) THY, X (25 X Q1), X 22) ZHETDE, vk v DR
BATHIOFFHN NI IR ASTE CBE AT E 72D, Vo & Vo og DIENKE L 725 Z & BH
fRCED.

Zaa ZaC 0
det(Z) = det Loy Z. Zcp
0 ch pr
~ o (TZaa zac'_'o] 1y 7 )
—det(pr) det(_an y 2 I i [pr] [ pe]
[Z Z,. [ 0
= det(Z -det( aa Lac| _ _]o Z )
( pp) _an ch. .ZCPZPI% [ pc] (2-4)
[Z Z,. [0 0
= det(Z -det( aa - ac) _ _ D
( pp) .an ch .0 ZCPZPI%ZPC
—Zaa ZaC
=det(Z -det( _ D
( pp) .an ch - Zcpzm%zpc
_ -1
= det(Z,,) - det(Zec—ZepZppZpc) - det|Zaq — Zac(Zee—ZpZippLpe)  Lca
d [z —Zo o (Zyo=Z 0y Z337,.) " Zoy| = 0 25
et|Zqq ac( cc " bcplpp pc) ca| = (2.9)
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% 2 % In-situ blocked force 1512 K 5 55U & OITEHETE TIEDIRE & E AR ~DiE H

OEND, BERMBIEE & ERBIEHE O 5 2 & TS L~ % In-situblocked force #%(Z
HETHFIEEZX 2.1 BLOLLTFICRT.

O K 2.1UZrT & o1, BRT O 27 & LFELLOIRENRFE Z & SR O Rk >
AT DMTBWT, MHREY AT A2 BFE) S0 REE THREA &2 INE L CIRIRS 2
F AN H RS ENDELURITE L ZE)Y 2T A0 6 B S5 BEEIEEO N %
GleX—7y FOFEZFHIL, TOFEBIERIER 8oy = Guir og + Gotr oq [PA/N]ZHIE T
L. BE O TPA ZHW55E, K119 IR LI XS ITIRIES 27 L EZ8) v AT
LGN L TORIE B S AT A OREG IR A IR U CE B B A T E T 5 A3,
In-situ blocked force i & TPA OFAE TIINIRIAS AT A EZE AT AEFEA LT
WRETHEGIMZ MRS 5 Z LKV RET 5.

@ X 210)ZRT X 51T, BT ORI S A7 L OBARBIICB T, O&FED
J1E TR B%M%LTW%EE& BT 2B H DS IR THRENVINEEE [my/s*] & FHHI
L, ﬂﬂ?)ﬁﬁb%?“’%ﬁ@ BETDAF—F LA Hy o MN-s?)] ZRET D, E7- Rk

IRIR S 27 2380 B S5, BAGBRIEO 7 L— 2o (ROZEV X T L) LG
L7oRBEETHRGEZ MR L T h, o 2HET 5. 7235, HHRD In-situblocked force {0
ERALCITHRENEEE 2 223, FEERIC i%%M@F%@m?éﬁﬂ@@f%@ 3
HONMEEE o EHWND ZENZW. F28 1 ETHRAZ LI, FEEHITmAT
’A%kHﬁULwﬁﬁ%%%ﬁ&Lf%waﬁﬁmkf%ﬁﬂﬁé_&:;m
HERAZRNTE D[38]. T7bb, HEREZIRBT DITIZFRET 55D 2 5L
FOZREPVLETH D, EFTMREEZTDEE, A S A~ L0 SIHRE R
A DR 2 N S AERR 22 /NS5 Z LR ARETH D [37), 7@
1 7 FHC O EEAR 3 HFMENEL CERENDA F—F L AR ETD.

@ B 2.1(cyrT LT, BIFHF OMRRY AT A% BARRER CHE S H7oRE TS A
OIEE) a, ZPE L, @THE LA F—F 2 2175 Hy, o & W THITHIIEIC
Blocked force fy #[FET 5. 72kBH 1 ETHR7 L 512, HIT5 i%ﬁefﬁﬁj\ﬁfﬁﬁ bl

;D%mﬁé LTI D03, R (B NP BB X3 2 e KPS D FE) SR &
WEAICB W THEFHFE EORRENKE L b, & 2 THRELFITINZ I 5/ S 7k
ﬁﬁ%w<o#ﬁ%kﬁé$&mmmﬁﬁﬁ/7@Ewm_ VRZEZ IR 5 F
154312 W5

@ K21dIZmTE o1, @THLEMMIZS) £, (= Blocked force fy) & O T HE
JREEPEEL gog DINFEZHRY , BHFE T ONRIR > AT LSRR S 2 T M AIA E 472
B OREREIEE LEBRIEEON G 2 G2 —7 y NOFEEp 2HET 5.
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% 2 % In-situ blocked force ¥EIZ K 2 Z254s1E ITUHEE TEDIRE & B AR~ D

PLEOFIAE, B 1.30 (FEICHEE) ISR LIEEIRMBIEEDOAOLGA EFREETH Y, R
2 OIEK 2.1(a) IZBWTZERURIET OFBIEERI guir g ZBE L TV NENDHTH
. Lnl, BRBEEEORZHGETH5ETH, IMRFES AT LARKED L EIBS Lk
WE DA L THRPRWIRY HEREE R OREIZHB WD TEZERBITE D gur oo b E10
% . Z U In-situblocked force 1512 K 2 EARILE OHEE 1T I1T 5 ME— D PRERAY 2 RR A2 2L K]
EINTWENTID, EAREE OS2 3ER ThH 255 1XE DORREN/ NS 25720
BEHRMRIEEZ AR ET L5100, AR TRET LD FETAREEALND.

s ; )
Active subsystem Existing active subsystem
in development

Vibratio

N Y U

Blocked forces of
the active subsystem

Vibro-acoustic

Passive subsystem for testing Existing passive subsystem transfer functions

(a) Component test of an active subsystem for (b) Alternative test of an existing mechanical
determining blocked forces. system for determining transfer functions.

Actlve subsystem

i in development

Vibratio

source § V%A
R 2 R Target

Structure borne

Passive subsystem |
noise

\ in development

(c) Estimating airborne and structure borne noises
of a mechanical system in development.

Fig. 1.30 Schematic view of virtual prototyping for estimating structure borne noise using the in-
situ blocked force approach. (reprint)
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w0 =

In-situ blocked force 712 K % Z25ds1E

I PHEE FIEDOIRR LB R A~ DI

Existing
active subsystem

Existing
passive subsystem

(a) Measuring vibro-acoustic FRF.

Active subsystem
in development

|brat|on

sourg )%l

%

Passive subsystem for testing

Vibro-acoustic BT GUs
FRE in development
gair_eq
Target
&\ geq: gair_eq
+ gstrfeq
gst‘r_eq
Vibro-acoustic
FRF Passive subsystem for testing
< Sametime o () Measuring inertances.
{ Active subsystem ]
1 in development i Airborne
noise
'\/bratlon‘{i}—\!\f\f\f\’\".
i sour:g }%A E
[ JSR £ N Target
fbl‘ pleqap :& 1 : : { ]
',’—__L—‘ _______ _~\\| t:
s, " o e
+ Passive subsystem ' noise
«in development %
feq:fbl

(c) Identifying blocked forces.

Fig. 2.1

(d) Estimating sound pressure.

Procedure of estimating airborne and structure borne noise from a developing mechanical

system using the in-situ blocked force approach.
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222 ERHEEREDMESE

ATECIR 7= L 512, ZRIBIEEEZE 0545 TH In-situblocked force 1512 & 0 I LRI %
TV EHEET D ENTRETH DA, ZORBHEEREAMHIET S L b WRETH 5.
ARIETIEE O EFIEICDON TR D,

BRE LV P ERR 2T, X (2.3) IR K 9IS, FERIREICR T 2 IRIE S 27 A
DIRE) v, & EMINIRIREBICIBIT DRI S A T A OIS v, o, DZEITERT 5. K (2.3) 13,
X (1.17) 128V T det(Zea) #0 THATH Zeo DAFET D L F0UE, X (2.6) DX HITER
TZ5. 7, X (116) o 11TEZHVIUE, K Q7)) OLOIICLEETE D, T7hbb,
Btk o 2 7 AR O FREERGE & MBI ARSI 1T 2 IIRIR > A 7 LA DIRE O, N
RIRA T AR EFESH TR L2 O BEE SERBICE T A IEE L 5 L.

[z 2] 05 = 1) @104
for = —ZcaVapt = —ZcaZzafs (1.17) 7545
Va = Vaeq = Zaafs (2.3)Fie
Vo = Vaeq = —Zgify = —Z31,, (2.6)
Va = Vaeq = Vant (2.7)

SN, F—F v MBI ABREBLOFORLHEREL KD D, £T°, B 27 L
PROERENIREBICB T 5% —7 v NOFE p X, BERRIEEFICL D E)E pow & Z5UBIE
FIZEDEIE pra DFIE LT (28) DX HIcHES.

Pt = Pestr T Pt air (2.8)

EARMRIEE D pror (\ZOWTUE, FINBDIRE CZEN S AT AT 5 FIC L o EEL
LLVWOT, fEEHNSZ—7 Y N ETOFTERBERE gw o & In-situ blocked force 1512 &
03RO DEMMIES £, VTR (29) DX HIcFEES.

Pestr = gstr_eqfeq (2.9)

—J5, BRBIEFIC L DEE prai lTOWTUE, IHRIR Y A7 A0 EHE B L, &S
WRBIC BT D& RHEOHEN T IRBNEE Z vo, REEE s, FRENOHY—F v FETO
FERZERE w &7 0UE, X (2.10) 1THO L D ICFRE, SMMERKEO A7 RS
HWEE Ve o &7 0UE, N (210) 2THOXDIZEETE S, 22T, iHeld~7 o
KEHEFRTLZHADED T X~ — I FEE TR L, seove (ZNHRIRS AT LD 2 (A 0E B
7 R VEIRT.
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D¢ air = UWair (Saova)

(2.10)
= Ugir (Saova_eq) + Ugir [Sa°(Va - Va_eq)]

b6z, A (2.10) 2 THOAEDE 1 THIL, ¥ 1.29(c) RR—VIZHEE) ITRT L9102
FAMINIRARIE THIRIR S AT L3 BT 5 FIC L2 EELFLVOT, K22 IR THEER
PRI war & BB E R @i o DRR D, X 2.11) DL HIZEETE S, bbb, K

(2.11) 1%, RijHE T2 L 7= In-situ blocked force 1512 & » TUTHAIICHEE T 5 BRI F I
ct 5 g ‘_‘b‘ P4 ]\ @%Ep*t_air %i—“j‘

[o} —_— — *
ua(sa Va_eq) - gair_eqfeq - pt_air

(2.11)
o pt_air = uairqa = gair_eq feq
: Target sound pressure [Pa]
eq air = M : Acoustic transfer function [Pa/(m3/s)]
: Vibro - acoustic Q.

transfer function

[Pa/N] v, : Volume velocity from planar surface [m3/s]

— s, : Planar surface area [m?]

v, : Vibration velocity of planar surface [m/s]

foq 1 Equivalent force [N]

Fig. 2.2 Transfer functions among equivalent force, vibration velocity and sound pressure.

bz, KX (29, (2.10),

(2.11) Z#HVWT 2.8) =2&£ET5 LK (212) 11TEE
b5,

ZEN AT DO EEIELBARL gur o ENIRIR S AT DO EEIEPEBARL uir g 1ERIRFIZ
METELOZOME g, &L, X (2.6) BLOKX (2.7) 23 (2.12) 11THIZMRATH

X, X Q.12) 29 TEB L3 TARE LN, X 2.13) [T X, X (2.12) 21T

HI L3 1TH O 1 X In-situ blocked force 112 & - TUHTBIIZHEE T A BREIE
L BERIEEIC LA FIETH LD T, HiIOF 2 HIZFOMPEEAETHY, ZNAFHIEHEL
LTMADZE TEDOBEENHETEXDLZ E2EERT 5.

~

De = gstr_eq feq + gair_eq feq + Ugir [Sao(va - Va_eq)]

= Begfeq — Wair[Sa°(Z2dfeq)] o (2.12)

= geqfeq + Ugyr [Saova_bl]
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In-situ blocked force ¥E1Z K 2 2255 IE T DT EHEE FEOIRE L B R R ~D i

pi = Pestr + p;_air = geqfeq

Active subsystem ‘ ))> Airborne
noise
f, oW,
ﬁVibration Va
source
L ~ Transmitting
l forces
4,
7O
v v Structure
C .
) borne noise
Connection
velocity ))>
Passive subsystem ‘ A Surface
velocity

(@) A mechanical system under
the operational condition.

Active subsystem

f W
: %Vibration

source
fbl

Va_bl

Blocked
forces

(b) An operating active system
while the connection is fixed.

(2.13)

Active subsystem L )))

a_eq

<

q - Equivalent

forces
feq: fbl

Passive subsystem (-LC

p_€q

(c) A mechanical system under an
equivalent condition that the active
subsystem is not operated and
equivalent forces are applied to the
connection.

Active subsystem

f
g:% Vibration | Vatr
source

%Vfr —_— Free velocity

(d) An operating active system
while the connection is free.

Fig. 1.29 A mechanical system emitting structure borne noise under the operational condition and
under an equivalent condition. (Reprinted)
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& Z AT, In-situblocked force {£1Z X BB H L~V OHEE TITHEEERO A HE DA% HLY
W72, ZOMIEEZ RO D 72O, EfeiR Th DAMHRIE S 2 7 LF i OB /22
LD FEBRMICZOMIEET YA, £TXK23() IZRT L 51, Bk L-&REICY
A7 R ERBEL, ¥—7y MIBICTEEMEL THEIEZX W EREND X —F v
MZE £ CTOEBRERE u 23Rk 5. DEICK 2.3(b) (TR K9 IZ, BiHUk L7c&FKm
DOHFYLUNEE Y V2B £HF, MHRE S A7 ARG ZINIRET 5 Z 212k > T
AF—=Z A TH Hea ZWET D, 2D L&, FEEIBITIEG 2 TR LSO TIHMER L 72
WE, MCHA TR ELTIMRRY A7 2% ARREBICT 208 H 5. £ L CREICHE
L CWDEMINIR ) £, 2 C 5 2 & T, BB L7ZIHRIR S 2 7 A O & FK i OIREN N EE
a, p ZHH L, BEEE v, o [T 5. SOICKEERICE LR s, ZF L, ROFTE
R wy & ONFEZED Z T, X (2.12) O24TH 7L 3/TH AL 2 THIRT
WIEIEZRD D Z ENTE S, £720F, K 1.290b) ([RT X 912, MRES AT LEKZ R
AECoE AT LIOREE CTHRE S, BEBL LRI OEE v, p ZEEICHIET D2 &
kv, X 2.12) 3ITHOLERE 2 HIRTHIEHEARD DL Z N TES. 27EL, 20
BAIIIER Y AT AOFEAHMOLFAIMEEZ TE 2720 E< L, EaROBEARIEICUT
ST LNENRDD.

ULED X 51z, MiEHZ KD 2 72 DITITIREN T 5 K OBERL S BB & 7 273, Ak, IR
B9 5 KD DS S D 22RBITE & FERRINIZR O 2121, 1SO/TS7849 THUME LI T
W5 KD, REDEEBIEASLETHS. ZOXIICLTERFL-VULEARIE LZEIEH S
[36]23, Z DOFIEIFHARETCOMENRNETH D H 2, 2O~ A 7 ok LCMdEE
YRMETHY, FHIO TEITIEFICZ V. £ TR TIE, e 27 22 R0 EA IR
BB DIREA AN L A2 DA L, ERRoMEX ThT, X (2.13) [RTED
\Z In-situ blocked force EIZ & 0 LIS HEE T 5 FIEZIRET 5. RFIEIL, EkiEIck~
HEFIEETH D720 T, TERITHENRETH > - EHERIRBI R ) D DZEKBIE
FICb#EAREEE X bND.
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q : Volume velocity of acoustic excitation
|:I] for measuring the acoustic transfer functions.

: Acoustic transfer function
from mth surface to the target.

P - Sound pressure of mth surface
by the excitation.

(a) Acoustic transfer functions between a target and discretized surfaces measured by acoustic
excitation.

a,,: Vibration acceleration of mth surface by the excitation.

'S
& g

a
Reqmn =—— © Inertance _
n  from nth connection
to mth surface.

f, : Excitation force of nth connection

for mearing the inertances.

Ag_pl _ Hcafeq
w B w

-1 — —
an feq - Va_bl -

(b) Inertance from the connections of active and passive subsystems to the discretized surfaces
of the active subsystem.

Fig. 2.3 Measuring transfer functions for estimating airborne noise from discretized surfaces of an
active subsystem.
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23 BR-—ER—4F2/ 03 BHEETIL~ADEA

231 BE—FEh—4F/\O3BEHEEETI

AT CHERE L7 B R B IEE O EFEZ K 24 \ORTHER—FR—F 20 3 BHf
EETMZEATS. 20 3 BRETSTVIIMERY AT L EZ8B AT ARSIz
IR S AT A RROFRFENIRREIZFY L TR Y, MRFEY AT STE & me, 1 ERRAME &,
WEEK D 1 HHEEFLE L, SV ZAT LAEHE m & my, [THRAME k& &k, B
Zfccl c, D2 BHEET NV ET D, ETE R may, me, my DENLEEIVEI Xay Xe, Xp &
L, MRS AT DO ma \Z IR ONIRI NS T2 f BERHLTWA &35 L,
03 HHEET VOEE HENTA 2.14) L0, BfEE RO T Zna g (2.15)
BEHNS. XFOK] X3 BHEET VOEBRPETHITHY, KX (2.16) 1TZ DT ZR
3. £, X 217) EX (2.18) 1ZENENK|DOITHIA & WITHZ R~ T.

Fig. 2.4 3-DOF mass-spring damper model of a mechanical system under the operational condition.

majéa + Ca(jca - xc) + ka(xa - xc) = fs = Eseiwt
myxX, + c (%, — %) + CC(J'CC - Jkp) +ko(x, —xy) + kc(xc - xp) =0 (2.14)

myx, + cc(a'cp — xc) + kc(xp — xc) + cpxp + kpxp =0

X4 F,
Xe =mr{ﬂ (2.15)
Xp 0

[K] =
—w?mg +iwcy + kg —iwcg — kg 0
—iwcg — kg —w?m, +iw(cy +c.) + kg + ke —iwc, — k.
0 —iwc, — k. —w?m, +iw(c. +¢,) + k. + ky

(2.16)
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In-situ blocked force 512 L 5

225U DT PIHETE FIEOPR SR & B R~ D ]

det[K]

—w®

mgmem,

+iwS[mgmy,(cy + ¢) + me(mgc. + myc, + mycy)]
+o*[(mg +m, + mp)cacc + (mgcq + mecg + mocp)e, + mame (k. + kp)

+m,(mg + mkg + mampkc]

—iw?[(mg + me +my,) (kg + cake) + (Mg + m)(cpkq + cokyp)

+iw(cpkake + cokcky + cokpky)
+kg

(K]~

2

w*m.m, — iw?

+ ma(cpkc + cckp) + cacccp]
—w?[(mg +m, + my)koke + (Mgky + mak, + mekyk, + ¢, (cckg + coke)

+cg cckp]
kck,

_ 1
~ det[K]

mc (CC + cp)

me (k. + k)
+m,(kq + k)
+CaCc +CcCp + CpCy

(CC + cp)ka

+iw | +(cp + cq)ke

+(cq + cky

thgk, + keky + kykg

—iwimyc,
—a)z[mpka + ca(cc + cp)]
" [ca(kc +ky) ]

+(cc + ¢cp)kq

+ko(ke + k)

—w?c,4cC,
+iw(c.k, + cgke)
+k k.

+m,(cq + cc)

i3
—lw*myc,

—w?[myky + cq(ce + )]

i [ca(kc +ky) ]
+(c. + cp)ka
+ko(ke +kp)

w*mgm,

—iw?[mg(c. + ¢,) + mycy]

2 [ma(kc +ky) + myky

+ca(cc + cp)
+iw[ ca(ke +kp)
+(c. + cp)ka
+ko(ke +kp)

—iwdm,c,
_wz(makc + cqcc)
+iw(cgke + coky)
+k k.
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(2.17)

—w?c,4cC,
+iw(c kg + cike)
+k k.

—iw3mgc,

—w? (makc + Cacc)

+iw(cgk, + cckg)
+k k.

wrmym,

3 [malcq +c0)
+m.c,

mq(ka +k¢)

—iw
—w? [

+iw(c kg + cik.)
+kyk,

+m.k, + c,C

(2.18)
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O, K258 T XL, MEFRY AT MY T2 1 HREESTAZBAH CrEe
BE L7RRE (LLF, BERE) 2% 25, X (2.19) 132 OBEERREICE T 5 iES) LK
Thv, Figz AT Inz2MFiE (2.20) 2355415, Blocked foree fi 1 & 4 [E &
THICEEMHERT 2 HThHY, K (220 ZHWDZ LK, MES L EOREKRE
AT (221) BELND. K 2.61%, THRFES AT A LSBT AT ARG ST
W AT Bkt L, Z OFEE I EAMINIE ) % 5 2 72 SRR EE 2 R L, 2 OZmANIRR
RElZR ) HEE) HFERIE (2.22) L7ed.

majéa_bl + Caxa_bl + kaxa_bl =f; = F:seiwt (2.19)
Fseiwt
=X lwt — 2.20
Ya_bl abl® —w?mg + iwc, + k, (2.20)
v iwca + ka iwt iwt iwt
for = CaXap1 + KaXa 1 = ot +ioe Tk Fse'™ = Fpie'®" = Fpqe (2.21)
a a a
Xa_eq 0 0
Xceq = [K]™! {Feq} = [K]™* {Fm} (2.22)
Xp_eq 0 0

Xa bl

Fig. 2.5 1-DOF mass-spring-damper model of the active subsystem.

feq
Phug
L,
Xc_eq

Fig. 2.6 3-DOF mass-spring-damper model of a mechanical system under the condition that
equivalent force is applied to the connection of the active and passive subsystems.
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FEHENRBOET) FRATH LA (2.15) LEMRKEOEE) A TH 5 (2.22)
12X (2.18) AT DL, (223) X (224) (RT LIS, EEIIREICE T DENE
e Xay X, Xp & SRR AE I 361T 2 ARG Xa o o Xe oqs Xp og RO BILD . 725N
RIRRED (2.24) I2BWTE, KX (221) ZHAWT, SMED DR F., 2EE LTESE
DRBLFE L. R (223) LR (224) BHETDE, Xe=Xe o, Xp=X, g THD LMD,
ZE)Y AT BT & o TEMMBIRBITERIRE L FM L 20 Z L AHEETED. —H, X,
E X g DREERT D ER(225) (226 L2y, WlzZznEThELGIC &, X (Q2.7)
WY T2 227) BMEond. SHICHEOLERD &, K (228) BNELND. Rk
X det[K]ZBRS LT ER—THDHDT, det[K]=0 DL & XX, =1 L7025, Tibb,
Btk > 2 7 L REROBEAREIEL (det[K]=0) 1IZBWTIE, IHRFR S AT [ E > TH MmN
RARRBIXEBEENRAE L TRIMICE LD 2 bbb,

fa)4mcmp —iw? [mc(cc + cp)+mp(ca + CC)]

)
|
E | —w?[m(ke+ ky) +my(kg + ko) + cace + cccp + cpcal $
|
)

X =

T detlKT | Lk (e + ¢p) + ke(cy + ca) + kplca + c2)]
\+hake + kel + kykg

(2.23)

F;
X, = Jet[K] (iwcg + ka)[ w?my, + iw(c. + cp) +k.+ kp]

F
X, = det[K] (lweg + ko) (iwe, + k)

Foq —iw®my,c, — w?[myk, + co(ce + )]

det[K] | +io [c, (k. + k) + (cc + cp)ka] + Kalke + k)

X, aeq =

F, —iwdmyc, — w?[myk, + (e +¢p)]

det[K] | +io [, (k, + k) + (cc + cp)ka + Kalke + )

( iwcy + kg )

—w?mg + iwc, + kg

¥ _ Foq
c-eq det[ ]

—— (—w?m, +iwc, + ka)[—w my, + lw(cc + cp) + k. + kp] (2.24)

F,
= detEK] (iwcg + k) [—w?m, + iw(c. + ¢,) + ke + ky|

F
Xpeq = det[ ] —— (—w?m, + iwc, + ky)(iwc, +k.)

s .
= Jet[K] (iwcg + ko) (iwe, + k)
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w4mcmp - iw3 [mC (CC + Cp)+mp (Ca + Cc)]
—wz[mc(kc + kp) +my, (kg + ko) + cqee + cecp + cpca]

+iw[ka(cc + cp) + kc(cp + ca) + ky(cq + cc)]
+koke +koky +kykg

(—w?mg, +iwc, + kg)

det[K](—w?m, + iwc, + kg )

—wmgmem,,

+iwS[mgmy(cy + ¢) + me(mgc. + myc, + mycy)]

ot [(ma +m, +my)cac. + (Myc, +mec, + myc)e, + mgme (ke + kp)]

+my,(mg + mk, + mem, k.
o [(ma +me +my)(cckg + coke) + (Mg +m)(cpky + cakp)]
+mg(cpke + ccky) + cacecy

—w?[(mg + m + my)koke + (Maky + mak, + mekok, + ¢, (ccka + coke) + caceky)

+iw(cpkake + cokeky + cokpky)

+hgk.k,

+w*myct — iw?[2myk,c, + c2(c. + ¢p)| — 02 [mykZ + 2¢,(cc + ¢, )ka + c2 (ke + ky)]
i |2¢aka(ke + ky) + (co + ¢, 2] + Ka (ke + k)
s det[K](—w?m, + iwc, + kg)

det[K]

+w*m,c2 — iwd[2mykqcy + c2(c. + ¢p)] — w?[mykZ + 2¢,(c. + cp)kg + c2 (ke + ky)]
_ 40 [2eaka (ke + 1) + (e + cp)it] + i e + )
B det[K](—w?m, + iwc, + kg)

N

(2.25)

—iwdmyc, — w?[myk, + co(cc + ¢p)]
+i00 |cq (ke + ky) + (cc + € )ka | + Kalec + )
- det[K](—w?m, + iwc, + k)

(iweg +kg)

w*m,c2 — iw®[2mykqacy + c2(c. + )] — w?[myk2 + 2¢4(c. + ¢p) kg + c2(ke + k)]
_ i 2eakaliec + k) + (cc+ )| + K (ke + 1)
B det[K](—w?m, + iwc, + k,)

N

(2.26)

Fs

X —X = =
@ Tl —w2my +iwcg + kg

Xa b (2.27)
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Xa_eq _

w*m,c2 — iw®[2mykyc, + c2(c. + ¢p)]
—w?[myk2 + 2c4(ce + cp)kg + c2(ke + k)]
i [2¢,kq (ke + ky) + (co + ¢, k2] + KE (ke + k)

det[K]

+wrmy,ci — iw3[2mpkaca + cczl(cc + cp)]
—w2[mykZ + 2¢,(c. + ¢ )ka + c2(k. + ky)]

i | 2¢, kg (ke + k) + (co + ¢ ) k2] + KB (ke + k)

(2.28)
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232 RBEUIRBUCEREBOLERIZ & HiaLHERZE DT

X (2.12) TRLEEY, ZRURIEE OEHEERRZES, FERIIREE & MR om
IR AT AOIREREE AL, AIEC/RLE 3 HHEET VTR 24 DoX, &X
2.6 DXy g DAY T H. ZZTARIETIE, THENEZIES F, TBRLZEE U 74
OXa/Fy & 0OXy of/Fs Z2 LT 5 Z 212X 0, ERIHEE RS A2 EBAICIHET 5.

be = gstr_eqfeq + gair_eqfeq + Ugir [sao(va - Va_eq)]

= geqfeq — Ugir [sao(zgc}feq)] ¢ (2.12)@?%

= geqfeq + Uy [saova_bl]

K21 TAOOFEMTERLEEE Y 7T 0 2K 2.7 K 210 1277, 7ok, BEL
LT, K25 R TEERBD 0Xo 5 /Fs LZET AT DEHDEE Y T 4 X, /Fs & oXe /Fs b
PEECR L, #itEio dB ZEHEIL 1X10° [m/(N-s)| & L7, F7=, HRBPREEE[99]1 %2 0E L
1 ROE— NG &2 5 2 TR (229) 12X 0 WA ZRDI. £2LLF, FEBEER
BE & AR EE 2 &bt T TREAIRIE) & FRT.

2 2 2 Cq C. C

F9, X 2.7\ Case 1 OZEAMINIRIKAE & FEREENIRIEA i 25 &, AiROEY, 3
DDOEAIRENEL D B — 7 1BV TE, FlINIRIRAE & FERENRED L~ RIFF L <, B
W AT DARITARYS T2 3 B HEEE T /L O EAIREEGTEF 12350 T, In-situ blocked force
FICL Y ERBEE IR HE CE S 52 5. Lo, ZiMEIRREIZIX 800HZ f+
W=7 035 5 NEBRIREBIIZIZ O =27 0372 <, ZOE— 7 iE TR L e
IEEEREE L L. T bbb EMIRKEBICS T2 2o —2713, MRS A7 X HEIZ
Y92 1 BREST LVOBEEREBICE T EAGEDZTHY, X (2.20) (2777 Blocked
force IZEHENDE—27 ThDH. £, X 227) IZBWIE, TN D EETRDD
IR > A 7 DR O E IR BIC 351T 2 BEAIREEIC IV T, EMNIRIREE & EREhik e
DENKEL 0D T ENHRTE 5.

iwt
Fe

—w?mg + iwc, + kg

(2.20) 1545

— iwt _
Xa bt = Xa_pi€ =

Fs
—w?mg + iwc, + kg

Xq — Xa_eq = = Xa_bl (2-27)ﬁ*’%

2.8 |27 Case 2 1%, NHRIRS AT LAD'E & m, 8 X OWIPE k, %2 Case 1 (2% LT 0.02
fEL7RMETHY, MR Y AT LI & - THEEIRAE & EBEINREN MR D K D m, &
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ko 5N ELFTHZ LT, FEAWRED 2 ROEAFHREEE [E & IREEO B REE &
—HIHETWD. ZOME, M 28@)TiE, X 2.7@) & 1x8ey, EMNKEE & EEhk
RBICBIT 2= FROERN 2 2oz, Lo T, EERE L A IRIEDOE A IR
NER DAL, FMNBRREBIIEBRIIRE L MRRE L 25 B2 6D, 8B, 3RO
E— 7 HEOBENKE LR L0, 1R 2RO E— 7 [ZHAHEHEN /NS <, BRE L~L
(ST 54— "—F =l (LT, OAfE) IZx¥ 2T/ hsneEZLND.

[ 2.9 127”7 Case 3 1%, Case 2 IZ8I1F 5 1 IROE— REELE 0.01 205 0.1 1IZK&E L
T THD. WENKREL BROTZIDENETNOE— T BN D—FT, Kb L
JVDEN 2 RO E— 7 23T 2 EMERIRRE & ERERED L~L 213K 20dB TH D, i
WHREOIREN I E LW EIELE 270\, ZAU, AR TIRE LB R 7o HEE FIEIL, @
WK & FMHRIR BB DWW HUIZ I T b BERES B R  [BEA IR BV B0 712 6 W TR
VAT AOEHPREL DI EEFIHEE LTEY, HENSRKREWGAIEFLT L 2N
AL L7 B HD.

% Z T 2.10 |Z7”" 7 Case 4 TlE, Case 1 IZ8IFT 2D 1 ROE— REELE 0.01 705 0.1 (12
K& L& Z A, SIRREICBW T 2RO E—7 BHK L TWDER, Z0O L-YLEfHE
HETHY, 2, BBV OEWIROE—I7 BA%ETH L. LIen> T, BEARKE
BE CTHINRIE S A7 A OB & & PSRN E < AR uE, Lol o @b EAIRENE
(R W THEMIMRIKRERI X EZRIRE L MRFRFE L 2D LEZ2 605
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Table 2.1 System parameters of 3-DOF model.
Case 1 Case 2 Case 3 Case 4

Mass of the active subsystem

2 0.04 0.04 2
ma [kg]

Mass of the passive subsystem at the connection side 5 5 5 5
me [kg]

Mass of the passive subsystem at the fixed side 5 5 5 5
my [kg]

Stiffness of the active subsystem
5X107 | 1X10° | 1X10° | 5x107

ka [N/m]

Stiffness of the passive subsystem ; ; ; ;

o 5X10 5X10 5X10 5X10

at the connection side k. [N/m]

Stiffness of the passive subsystem
at the fixed side &, [N/m]

Undamped eigenfrequency of the active subsystem

5X107 | 5X107 | 5X107 | 5X107

796 796 796 796
0/(2n) [Hz]
Ist und d eigenfi f the total syst
st undamped eigenfrequency of the total system 354 476 476 354
01/(2m) [Hz]
2nd und d eigenfi f the total syst
nd undamped eigenfrequency of the total system 097 204 204 997

£,/(2m) [Hz]
3rd undamped eigenfrequency of the total system
0Q3/(2m) [Hz]

1st modal damping ratio

1433 1288 1288 1433

0.01 0.01 0.1 0.1
$1
2nd modal damping ratio
¢ 0.0069 | 0.0062 | 0.0623 | 0.0692
2
3rd modal damping ratio
c 0.0025 | 0.0038 | 0.0377 | 0.0247
3
Damping coefficient of the active subsystem
111 2.47 24.7 1110
ca [(N*s)/m]
Damping coefficient of the passive subsystem
o 111 123 1234 1110
at the connection side ¢, [(N*s)/m]
Damping coefficient of the passive subsystem
111 123 1234 1110

at the fixed side ¢, [(N*s)/m]
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120

100

]
o

SN
o

Mobility wX,/F,
[dB, ref. 10°m/(N-s)]
D
o

Mobility [dB, ref. 105 m/(N-s)]

—— Operational condition
e E (Uivalent condition
- - - - Blocked condition of active subsystem

1000 1500 2000
Frequency [Hz]

(a) Active subsystem

1000 1500 2000
Frequency [Hz]

(b) Passive subsystem

Fig. 2.7 Mobilities under the operational, blocked and equivalent conditions of Case 1.
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120 :
! —— Operational condition
| = Equivalent condition
100 [-------------1----| - - - - Blocked condition of active subsystem

(0e]
o
h
1
1
1
1
1
1
1
1
1
1
i
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1
1
1
1
1
1
1
1
1
1
1
|
1
1
1
1
1
1
1
1
1
1
1
1
1

I e

Mobility wX,/F,
[dB, ref. 10-°5m/(N-s)]
D
o

L e A R T
20 {f---- At N A RRRREEEEEEES
0
0 500 1000 1500 2000
Frequency [Hz]
(a) Active subsystem
100

(R T ———

Mobility [dB, ref. 10°m/(N-s)]

0 500 1000 1500 2000
Frequency [Hz]

(b) Passive subsystem

Fig. 2.8 Mobilities under the operational, blocked and equivalent conditions of Case 2.
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e Oper'ational condition
100 h---------—---i__| === Equivalent condition
- - - - Blocked condition of active subsystem

40

Mobility wX, ! F,
[dB, ref. 105m/(N-s)]
D
o

20

0 500 1000 1500 2000
Frequency [Hz]

(a) Active subsystem

©
=)
T
1
1
1
1
1
1
1
1
1
1
1
1
[ T
1
1
1
1
1
1
1
1
1
1
1
1
1
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e ]

Mobility [dB, ref. 10°m/(N-s)]

0 500 1000 1500 2000
Frequency [Hz]

(b) Passive subsystem

Fig. 2.9 Mobilities under the operational, blocked and equivalent conditions of Case 3.
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120 | | |
100 N oo oo demcmemoo oo dememmmoo o
— —— Operational condition
R 80 .| === Equivalent condition o
~ P Blocked condition of active subsystem
=
S
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=
5%
o
=
=
0 500 1000 1500 2000
Frequency [Hz]

(a) Active subsystem

Mobility [dB, ref. 10-5m/(N-s)]

0 500 1000 1500 2000
Frequency [Hz]

(b) Passive subsystem

Fig. 2.10 Mobilities under the operational, blocked and equivalent conditions of Case 4.
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ZZTHOEIL, Case 1ITKT D ma & ka DfFER%E 0.01 5205 10 f5E TRL S, F721
WOE— RBEEE % 0.001 205 03 ETEESHT, 1K, 2 RBLO 3 KROEFIEEEK
(BT DEMMMIRIRE & ERIREO Y — 7 HEoEZFEM L, KX (230) IZRT X, 3
BENRIEEDO U — 7 IS 22 FIH L2/ R 2 M 2.1 226K 213 1RT. ok, £hE
NOXHIZ Case 1, Case2, Case3, Case4 ZXrL7=. ZNHDKIY, HENKE I,
ONHEIR Y AT LA OE R EAIVENZE Y 2T AT/ NS S BA2ERE, Hiiy
AT DEEOBEAREEIZ IV CEMANBRIRAE T ERBNIRGE & T EICELWEE R 5.
F72, ma, ke B LG DFRT A — X B[RRI L S TEMMIRINEE & EREENIRIED OA
EDZEZFEHL, X (2.31) (TR T X 9 ITERIKRIED OA IS Dbz Rt Lok e
214 12777, K211 5K 213 OFER LT 5 &, BEN/NSWIEER m, &k OfF
FPRIH N E < ARWGERIZH BV THIRENKEWND, 2L, X 2.7(a)R7d Casel D
X 21T, ZFEMANIIRAE CTiX Blocked force (2 ENHE—ZICEDEDRKENTZOHTHY,
IHRE > A 7 D BLURO[E R AEIZ 31T 2 EAIRBEUIC VT, SElMRIRE & FRRmhik g
DENDRENTEOTHD. £, K 2,14 1[2BWT, FHMRIRGE & FZBEENIRIED OA fED
EME TR 5586800 570, Zid Blocked force (28 D B — 272X 2855 &, Hi
TR OWRERNEIE > AT AOE F ERPEDEAIZ K 2D 3BT 284 b ThD.
7B, X214 OXHE T OSEBRIE SN TIZ ARV, HE LK TAOEIC L e
& Z 5, Blocked force 125 FNDHE—ZIZLDBEENRKE NI LIZED Y X720,

Yp_eq — Yp_op

€peak = T x 100 (230)

Yoseq =Y
Con = ———0 X 100 (231)
Yoa_op
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0.1}

Modal damping ratio of 1st mode

_10—3
0.01¢
-104 -10°
-10-6
0.001
0.01 0.1 1 10

Mass and stiffness ration of the active subsystem

Fig. 2.11 Difference rate of 1st peak value between the equivalent and operational condition [%].

0.1

0.01

Modal damping ratio of 1st mode

0.001
0.01 0.1 1 10

Mass and stiffness ration of the active subsystem

Fig. 2.12 Difference rate of 2nd peak value between the equivalent and operational condition [%].
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-60

;

0.1

/

i

0.01

|
o
[ERN

V7

Modal damping ratio of 1st mode

-0.02
-001

0.001
0.01 0.1 1
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Fig. 2.13 Difference rate of 3rd peak value between the equivalent and operational condition [%].
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202020
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L e (BRI
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Fig. 2.14 Defference rate of overall value between the equivalent and operational condition [%].
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w0 =

In-situ blocked force 152 K % ZE5UnIEE DT PHEE THEOTRE & E AR ~Dw#H

24 $ B

ARE

T, BERRIEEOHEE DRI TE 5 & S5 In-situ blocked force ¥ & TPA

DI E LR EZBRURIEEOHEEIILMICHEATE 22122 L 2HHE LT, £

DT

1)

()

©)

B 708 SRR IR 3 2 B L L O EHEERRE IS DWW TR L, LT OFERE 172,

RERBA BHEIZE S W TR Y A7 A & S8 AT ARG Sz A7
LEEOEE TR Z R, KRS AT AR EBREIREICE O TINRE Y 27
LAREDOHH SN D EZBIEHFICLSER L, In-situblocked force I3 %5 & 95
ERMIRIRRBIC B T 2 B E L DEE — K TRD T,

(HIZHIT D2 EEDOZEO I AL, FERRMIRIE & EMINRIR A D& E 21 miE
R AT LOBERBRTRD D Z L MRARETH U, In-situ blocked force 1 THEE L 72
2RI E EMIET D Z LN THH Z L AR Lz, Thbb, IHRFEY A7 40
BARGERMIZ In-situ blocked force 74 7% 1 A L C Blocked force % K& % & [RIRFIZ Z D
MIER %R, BiR AT LR EERERIE & Blocked force ZH#MTHHHED Z
EWZE TR =7y FOFEEMIET D2 LI2L - T, BEEHMIZIE L ZEX
BB EHET DN TEDL a2 L. LNLERD, ZOMIEREZRD L7
DIZHE R TEIIIEFITEZ . —FH T, ZOMIERT, s 2T 22RO A IRE)
BOLPHZBWTHEE T A MEICx L THX I/ hEWE B X bivd. £ 2T, Hims A
T ARROEAREENC BT 2 IRBN LI L 2 55 AIC L, ZOMIEX THhT,
In-situ blocked force 52 & D iITIMIIC BRI BT A HEET D FEEZRE L.

RIS AT LB S —1ZhR—F 0 1 BRETSTVEL, 72, BV AT L%
[FERIC 2 BHRHEET LV E L, 2O 22 GbE ol A7 LA2K% 3 BHEET
Ve LIEGAICENT, ELEFEICLABE LNV OB ERAICHY T 5
il & U CIRRMIRAE & MR BB I 35T D INIRIR o A 7 L OHRE L D 722 % F
L, s AT ARROBAIREBEGIEICB O T, BENSKE < D OIHRFEY AT
LOEEEMIMENZE Y AT AL L TR/ S D B8 ERE, Z0EIT
RKODMEEEE L TRINWZ L &R L, B LHEE FIEOZ LM BEE LT
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FIE
ERANDER LU ERE ZER
T HFEDRSE

3.1 # &

In-situ blocked force 15D K X 72 K581, FMINRIREIZE T 2582 27 LA ORE) ZEE) 3
EBENREICBIT A ENE—HTHZ L THDH. FrIT, Blocked force (213 —7 ([EEIRAE
2B DRI AT LD A IREEICHEY) 235 575, Blocked force Z AR /1 & LT
IHRIR Y AT B L Z8 Y AT AOFREHIZE 2 TH, T AT ACRBIGEICITZO Y
— 7 BB SIFBRED. K27 (RR—VICHEE) IR LEES—Eh—4 o
3 HHEEET L~OmEAR T, FMMNRREICIS T 2R 2 7 2015 (K 2.7()lC
B HHEAOKH) 121X, 800Hz MUTIC B — 27 23D DITK L, iRk igIcR I 5% 8)
VAT LD (K 2.7(b) 12 800Hz fTIC B — 271372, 22T, X (224) O Xoo &
Xy og RAA—VICHES) O 1ITHZMRT DL, ZORERICIIILEORBEERH Y,
X (2.21) 127”77 Blocked force (IRX—VIZHHE) OBV —27 LHHELTHDZ Enbnsd.
AR TG E T D DITNRE S AT AL SN ERIBIEE TH 03, O
TERAEZ RATEC RT3 2121, FTHWDAET LTI ORMNREI TE 5 Z L 2R
LLERDD.

ARETIE, ATELY bEROZEHREET VERWREEE LT, @R ORENT 512
AR TIRRE LEHEFELEN L RIC oW TR 528, FPFITEMAEg ke LT
W &2 Fro— R FEHIL 0 280 B, 0T IRE 2 %I 5U SERER R & SR
WREDOMHT 21T\, In-situblocked force IEDFHE 2 KB TE H BN EMERT D, £TD I %
THEFBLHAROIEE) - FEHEFENTIZHE M L, In-situ blocked force {5 DR A KRB TE 5
SN ERER LT 9 2 C, BEOREEHERZZ EENICFHMIT 5. S 512, Blocked force
DRECIT DA F—& o ZATHN OHEAELEATHIE R Re BB 5 i 2 VS, /D S 70 ke B 2
ML 5 Z LI Ko GERHEERZ AT 2 FIEEZRE L, TOZYME - A HAMEZ iR
9 %[100].
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120 w ‘ 100
—— Operational condition i
100 f-------- ——Equivalent condition ) —eXplPs L
o ---- Blocked condition of active subsystem ——wXc/Fs
S, 80 ‘ ‘ : Q ;
Y 60
><(U
€ 40
2
=20
o
Z : : ‘ ‘ ‘
0 500 1000 1500 2000 0 500 1000 1500 2000
Frequency [Hz] Frequency [Hz]
(a) Active subsystem (b) Passive subsystem
Fig. 2.7 Mobility in each condition of Case 1. (Reprinted)
Foq —iwdmyc, — w?[myk, + cq(c. +¢p)]
X =
a_eq det[K] +iw [Ca(kc =+ kp) + (CC + Cp)ka] + ka(kc + kp)
F, —iwdmyc, — w?[myk, + ca(cc + ¢p)]
det[KT | +iw [c, (k. + ky) + (cc + cp)ka] + kalke + k)
( iwcg + kg )
—w?mg + iwc, + kg
Feq 2 . 2 .
Xeeq = F[K](—w Mg + iwe, + kg)[—w?m, +iw(c. + ¢p) + ke + ky) (2.24)15%5
. 2 ,
= F[K](lwca + ka)[—w my, + iw(c. + cp) + k. + kp]
X, ., = e 2mg + iwc, + ko) (iwc, + k)
peq = F[K](_w m, + iwc, + k) (iwc, + k.
. .
= det[K] (iweg + ko) (iwe, + k)
iwcg +k . . .
fbl = Cajca_bl + kaxa_bl = d a Fe“”t = Fblelwt = Feqelwt (221)%*’%

—w2my +iwcg + kg °
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32 FHbBEY OREET~DEA

¥ 3.1 {2789 K & 1,000mm, 18 50mm, EX 10mm OFFFHIE0 IS L, AREREMEE
figtt >~ 7 b7 =7 MSC Nastran Z VN C, MHEA 2 REFE A v aH A X 2mm OFETH
Ay a2z, B 7,860kg/m’, MEHMELRE 205GPa, AT Y b 03, E— R
0.01 LFEL, IN—EDREEEFHETH 5 MR % B BEOw AWFIC 5 2 CofifiliREh
fENT 24T 72, 7235, HHGHR X O G R e Zniifkm & L, M2t v o)
BEOHERILITED L HICL

T3, K 3R T X DT, MHRFRY AT DAY T 250 0 FFFbid v O IREENT %2
TV, Blocked force & L CREEMICIEMT ¢ AW /1 & dhiiFfE— 2> N % 500Hz & TiHHE
L72fER %X 3.2 1287, 723, Blocked force (ZITURHEICTRE R RO )R LY £— A
N2 EMDORR S 5D, ZADITEEF ERA R TN S S EBIRIZ E A LRV
WEMG L=, AL dhiFE— X2 b® Blocked force [ZIXFNFIL2 2O — 7 R3H 5
25, ZAUEE 3SR TR D o IREN O 1 R E 2 RO E A IRENICER T 5.

OXIZ, K3ANIRT LI, ZoHAW) LT E— A N EZEMINES & LTniE
P AT B & Z @ AT AEROFEGTIC G 2 T SRR ABIZ 31T D Xe gy Xa eq DEEY
T4 R EL, M3 1@ T EBENREEICRBIT D x, x. DEE Y T 4 L LR EZX
33 AT, E 33N AT B, o DF U T ¢ (ZERARIE B ICHY) (2350 Tl 320Hz
1312 Blocked force [IZHER T 5 B — 27 238% 2 DIZxE L, K 33@ISRTHEGER xc g DEE Y
T 4 (ERRIEFITHYE) BT ZOE =2 BF LA EHEL TS Z ERbh5. /N
ENWE—Z B> TWEN, AREHZEFLVOBRIICERT 28ELEZOND. BB
50Hz {112 % % Blocked force D &' — 7 (32K D EAIRENF L EHe > TEY, X 3.3(b)D x4 o
IZIXZ DFEND LIE> TODEH, K 33@)D Xe o [TITHENMTIEALERNZ L D0D.

S HIZ, Blocked force 95 5, M 320l AWM DR ZEMINIET) & LTRSS
BRI G 2 T2 A INIRIRBEIC BT D Xe egy Xaog DEEV T 4 23R L, K 3.1(ITR T HE5E)
WHBIZIBIT D xe, xa DFEE Y T 4 LB LZHER 2 3.4 1 0RT. X 3.4@UTTRTHEAEB X o
DOEFEEVU T LIZBWTH 320Hz FHTIcE—27 3% 1, Blocked force D B — 7 DN F -
TWDZENRbNL. Thbb, SlMRREICE T 2F5EHOES (FARMRIEEIZFHEY)
X, AR E i — X > b @ Blocked force 23MEF% T A Z LT LD, 33@IZTRT LD
ICE—27 BNHR L2 812725, AROEY , fIEOE R — - X /30 3 BHEET L
TIE RO RENFF: & Blocked force D B — 27 M L7-D T, Z DIV OEFHAET L
CER—IER—F O3 HHETT L TIRE — I BNEKT DA D= XN R s, £z,
3.3(a)? 320Hz f}T1Z1% Blocked force O &' — 27 OFENRNME NI -T2 2 £ 25, Blocked
force [Al LM D HGOFFREEICH L, T MEORENEURIZ/R D B2 L.
L7223 o T, BAEMHTIZ VT In-situ blocked force {EDRHEZFIHAT 25 E1E, BET D
Blocked force °E T /L DOREEIZIFEET HMLERH L EEZHND.
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Fixed-end

Rigid cross-section X

Excitation force 1N

Rigid free-end

(a) A cantilever beam corresponding to
a mechanical system under the operational condition. A

Blocked force

Fixed-end

Excitation force 1N
Xa_bl

Rigid free-end’ oo™
(b) A cantilever beam corresponding to the operating active subsystem

f Fixed-end
’ Equivalent force

Rigid cross-section

c_eq

Rigid free-end Xa eq

(c) A cantilever beam corresponding to @‘
a mechanical system under the equivalent condition. 5

Fig. 3.1 Procedure to verify the analysis approach of simulating passive system vibration behavior
under the operational and equivalent condition.
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Shear force [N]

0 100 200 300 400 500
Frequency [Hz]
(@) Shear force

Bending moment [Nm]

0 100 200 300 400 500
Frequency [Hz]
(b) Bending moment

Fig. 3.2 Blocked forces of shear force and bending moment at the fixed-end in the Fig.3.1(b).

10t , : : :
T ) S— S S @ Operational
Z 10 g T —— Equivalent
|§| 102 ........................................................
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E 103 N e e
S 104
S 10 e S B | A A

105 ' : :
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Frequency [Hz]
) (a) Responses of x, and X

10 - -
= . : : e Operational
2 100 foemrmmeeeee T T ——Equivalent
E
2
%
o
= . . . .

10-5 H H H H

0 100 200 300 400 500

Frequency [Hz]
(b) Responses of x, and X, ¢,

Fig. 3.3 Responses of x. and x, under the operational condition in Fig.3.1(a) and x. ¢, and x, ¢, under
the equivalent condition in the Fig.3.1(c).
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—_ 101 .
» 100 - @ Operational
Z E M
< ——Equivalent
é 1
2
E
o
=

10° | d H H H

0 100 200 300 400 500
Frequency [Hz]

(@) Responses of x, and X; ¢,

esms Operational |_|
—— Equivalent

...................................................

Mobility [m/(N-s]
S

0 100 200 300 400 500
Frequency [Hz]
(b) Responses of x, and X, ¢,

Fig. 3.4 Responnses of x. and x, under the operational condition in Fig.3.1(a) and x. ¢, and x4 ¢

under the semi-equivalent condition in which only shear force is applied at the connection
of the active and passive subsystems in the Fig.3.1(c).
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33 AELEMEROIRBIMFNEHBET~DER

OENZ, FRLHE R E RS AT 5L E 2, T OREFEEMITIC L V2T 5 Fik
ZRREET 5. X 3.5@Ird KoL, EEmM e Ao o200, EnEhad iy
AT HNENHRIR Y AT L ET 5. ZZTIIAFBR IO OAE T D0 7203, IR
EDIIRIR S AT ADORTEHEEND LD ICT UL, EZ T2 TH RS, HEREIC
B L. ZLTC K35bITRT LIS, IHERY AT A0HERY H L THEAEE
R L7z & X ITHEENICHER T % 119724 5 Blocked force & ZEAliiNE /) & L C, X 3.5(c)lT
AT LI, R AT ABEROREEEI/ER S 7 ZMNERIREIC B W TR > 2 7
LD S D E % FERBIREICHBIT 220 (BREIEE) LT 5. SMnRRiEC
BV TEAmANE /) & L TH %% Blocked force 1%, X 3.5(b)IZ/RT L 9 (CEBM 72 FETRD
TSNz, FEHEENRBIZEB T 2528 v 27 LA OIRE)Z T In-situ blocked force {512 &
D IR 72 T TRO TG AITB N TH T 5.

3.3.1 IRENFEMTIC & B RRE DT

B IREFEREEMANTY 7 b7 =7 MSC Nastran & VT, F S B AR OIREMRNT %2
Fhti L7z, X 3.6 1EX 3.5(@)\n T AR BB EAR ONRIES AT L &8 AT ARG
SNTREIR S AT LD EBRENRIEICHY) OFRERET VEARL, K 3.7 13K 3.50b)I2w
TRHEFBHIE VAR ONIRIR S A 7 L BYR 2 TR E) S B0 23 O #5685 CRElE L7 IREBICHY) @
ThExT. FFFBE S =500mm, §8 w=300mm, JEX ¢,=5mm, & p=7,860kg/m’,
PRI E=205GPa, R7 Y b v=03, E— FJEL =0001 £ L, Ay iaiF U0k
2.5mm OENMHMR 1 REFEL L=, LEN-T, K3.6 DFRERET VICEKIT D H SR
1$ 201 X 121 X3=72,963 TH v, [X] 3.7 DZFLIT 101 X121 X3=36,663 TH 5. L= MHEJHT A
T AONRPRE LT, K3.6 12777 HHSOEA AL Z J5H T IN —E O BEREEERNETH 2 IR
HzehG il EREERL T Z2WRK 3.7 HFREETH S.
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Excitation
Free-end force

Free-end

(a) An excited cantilever rectangular plate corresponding to a mechanical
system which consists of active and passive subsystems under the
operational condition.

Distributed o
blocked force Excitation

Free-end

(b) An excited cantilever rectangular plate corresponding to a fixed active
subsystem under the operating condition.

Distributed
equivalent force

Free-end

94

Structure borné

(c) An excited cantilever rectangular plate corresponding to a mechanical
system which consists of active and passive subsystems under the condition
that the active subsystem is not operated and equivalent forces are applied to
the connection.

Fig. 3.5 Procedure to verify the approximate estimation method for airborne noise from a cantilever
rectangular plate using the in-situ blocked forced approach.
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Fig. 3.6 FE model of a cantilever rectangular plate corresponding to a mechanical system which
consists of active and passive subsystems under the operational condition as illustrated in

the Fig. 3.5(a).

xcitation force

Fig. 3.7 FE model of a cantilever rectangular plate corresponding to the operating active subsystem
under the condition that the connection to the passive subsystem is fixed as illustrated in
the Fig. 3.5(b).
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FP, X3.6 £1X3.7 OFREFRET L% VT 600Hz LL T OB A IREIE & 2 O T —
REHELZ., ZhZhofREE2K 3.8 LK 3.9 1rT. KEE— FRROKTIE, &AL
firz 1 & LCTERMEL, 77— _"—TrRT L HICEMIIL L Tar b3, ZhEho
XL, Wb EAMEEIS B RIRENE— IR TH D Z L bnsd.

DEZ, M 37 IR A RERET L CREIRBIAENT 217\, e O fis (BT 121
X3=363) IZBITFAFH S IHRIR S AT LD Blocked force (ZFHY) Z R 7=. 3.10 1%
D—HEHTHY, 37T HLE BB IOHELR CITBIT 5 X, Y, Z FRFRE IO JEH E A~
7 MTHhHD. B —7 FEEEIEK 3.7 IR T ARERE T VOBAREE TH 5. X 3.10(a)
(15 B) &[X3.10(b) (His C) DFEHZLET D &, RIFIZFELCTHY, AAHIZONT
X Z FRMRENAE, X, Y FIANZOW I TH D Z LR bnd. 3hbbh, WOEES
ECIXEA T O AW ), Y liE 0 ofiiFE—2 2 b & X @iEY 0l hE—R 2 kR
ER LTV, &5, ROEAHED X, Y, Z AR %X 3.6 D X=1/2 DM (IER
VAT KL Z® Y AT AOFEGEICMY) EolES R &R X S5 AE USR5 iR
ZEAINGR ) & U Ch 2 CTEMINIRIKAE O FRFIREIEAT 217\, £72[4 3.6 D FERERENRRED
SREIREEIT  Ef L 7=, Z0dH &, BT EMITICEIT L CTHREBIZ BT 5 225UniTE & bt
g5 Z LB, AETIEE T 3.6 (RTEIS A O Z SFIAEENINEE & g Lo
T, TORMFEZH 311 ITRT.

B 3.1 IZBWTHKE DI TRT E—2 1T 3.6 [T ARERET LVOEAREE T
HY, ZOFEEIZI T 5 FERENREE & EMMINRIRE DO IRE) L~ 3R Ly, X 3.6 (12
AT HIR A THIRIE S AT AO—ICHS T 50T, FEAREE CIImkEBOEURITE
HLNRELWEEXLND. AIETIEINEZER—ITR—Z /30 3 AHEET L CHRIE
L723, ARETIEEROZAHEET NV THEET 52 LB TE .

& ZAT, M OREDHHRITIX 3.9 IR TEAREE TH Y, FMMRIICEEND E—
7 OB TH S, 3.1 Hi T2 L 51T, FMARIRE O ARE)SE TlX 2 O JEEIC v —
I INH DN, EBRENRECILZ OBEEICE— 27 23 e,
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Fr
ee Free

(a) 17Hz (b) 62Hz

(c) 105Hz (d) 207Hz

Free

Free Free

() 291Hz (f) 330Hz

(9) 411Hz

(i) 586Hz

Fig. 3.8 Vibration mode shapes and eigenfrequencies of .the cantilever rectangular plate in the
Fig.3.6.
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(a) 68Hz

(c) 146Hz

(e) 380Hz

(9) 440Hz

(i) 556Hz

Fig. 3.9 Vibration mode shapes and eigenfrequencies of .the cantilever rectangular plate in the Fig.
3.7.
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(a) Blocked force at the node B.
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(b) Blocked force at the node C.
Fig. 3.10 Frequency spectra of calculated blocked forces at the node B and C in the Fig. 3.7.
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104

103

102

101!

Acceleration [m/s?]

101 Operational

—— Equivalent
10—2 T
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Frequency [HZz]

Fig. 3.11 Frequency spectra of calculated vibration accelerations in the direction of Z at the node A
in the Fig. 3.6 under the operational and equivalent conditions as illustrated in the Fig.
3.5(a) and (c). Open circles indicate eigenfrequencies of the full plate in the Fig. 3.8 and
dashed lines indicate eigenfrequencies of the half plate in the Fig. 3.9.
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332 MREERBTIC & ZELHERE QA

ARIETIL, BTTE TR AR O EIMEBI O FENTAE R 2 FIV TS 23153 L, Egahikie &
EMAIRIRAEIC R T 2B R COFEL LT 22 LIk, BET L FEICL 2 EDHE
ERREZ T 5.

3321 BEDFHEAE
32T KDL, FEOERIA P OEREZ (12, w/2, ho), EARD Z J57 A HRENINEE O

IRIE ENAHZED i & A(x,y), P(xy) & L, T OIRENC K0 SR B S ETRA A0 5 L IE
FHUE, FHIE p() 1 TR TR I H[101].

\

p(t) = ffs ZEZZ:, y)A(x, y) cos[wt’ — @(x,y)]dxdy

o d(x,y) b (3.1)

Vair

t' =

d(x,y) = \/(x—l/Z)2 + (@ —-w/2)?+c?

Julg

ZIZTC, AR EDOEEOS R B P OHEE, pur (TEKOBIE, v 1TZEKF O
W, o TEOAEEE, ITREFTH .

S BT, AIEID X O ITHERIE U7 AR BB 7 123800 2 IREVINEEEIRIE 4, (2AH72 &),
BRMEAE s, B P £ TOHEd & EORW T = 2n/0 Z2AVIUE, FEDENE poms 1E

X 32 DLHITKRDEND.

1
1 T /2
Prms = {Tf [p(t)]z dt}
0

Y
1 T air 2 2
= {Tfo U[s P A(x,y) cos[wt’ — @(x, y)]dXdY] dt}

2nd(x,y)
2 Y,
_pair 1 T A]S] (l)d]
= Tfo cos | wt Q)j dt

) (3.2)

Vair

J

J
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P (172, w/2, hy)

Fig. 3.12 Sound pressure at the point P is calculated on an assumption that point sound sources are
distributed at the whole plate surface.
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3322 BELANILOLE

BIEDOBH S P & RO IEHE h, = 800mm, ZERDEE pur=1.29%kg/m’, ZZKH DOEFHE var
=331m/s & L CHEBINREE & SRR EIC T 2 BERMEIEE & 25UnIEEOTE L~
R LT AER A 313 1T, AR o@ b, ERMEIEXE & LTI X102 OFERE RS
B SN2 EREDYE, BREEETIIX>12 & L. £ 311 ERERC, AkE
DA TRTE— 27 FX 38 IR T EARBETH Y, MO 3.9 [T BEA RS
ROLEMMENNCEENLE—7 OFEHTH 5.

77, K 3.13(a) R TEBMEIEFOFE LV AT 5 &, fiE TR LzERE D,
FARBEICIBIT 2 FEL LN TITE L 25 Z AR TE 5. 708, X 3.13(a) D&M
PRRBEICITAHR T/ 380Hz & 440Hz (Z/NSWE—27 BB D0, ZHUIARERET LD
Ay ath A RTER L CTEMIMNENCEENLIE—7 ORERK Tl ZExbb.
3 HICHATZEY, FRBHILY OREMENT CIX, ZMNiE N E L Th a8 AW ) &S
E— AV IPHET LI LICL ST, FMIMRIREBIZHIT2ZE S AT LAOREIND B —
7 BHEK LD, AEOFRIZBNTH, HAWD, #HiFfE—A2 b, ALY E—A KL
L TERT 2Z5MIME ) TN o v — 7 OFERHBZEIND Z L1272, ©—27iFHET
IHERERET VDA v ¥t A TR KT 5 MR O RERR AN HE L~ L O
KSR L CHURIC T2 B2 BD. LavL, Z0 380Hz & 440Hz DB — 27 L~ULiL
HBH/ NS WO T, ARBFZETRET 2 FIEORGECH T2 A v a4 XOZET/HEWN
EEZLND. FT2, ARE DI T/RT 62Hz, 207Hz, 411Hz OEAFREEKICE T H8—27 O
LAULAVNEND, 26 OIREIE— RRIZ, K38 IR T L9518, EEOEN A P MAL
B D Y=w2 OFHEIZK L THMAHTH Y, WlOZERBIA P IZBWTHEIND
HTHD.

DEINZ, K 3.13(b) ([T T HREBICH T 2 ERUBIEEOFEE LV AT 5 &, 4311
& FERIS, AR R MR /1 0 & — 7 JEEECCIEMRRBE DO L~V D ZER K E VI,
A& ORI TRTEFIRBEGI BV TIEELSVZEN NS WD ERbns. Lien
- T 3.11 OIREEHTICHE S, X3.13(b) OHBSEMITICIB N TS, ik 27 LR oHE
A IRBVECGLF 2 W CHEBENRRE & MK BB O 22 R s F I EICE L D 2 &
HEE T X /2.
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(b) Airborne noise

Fig. 3.13 Frequency spectra of calculated sound pressure levels at the point P in the Fig. 3.12 of
structure borne and airborne noises under the operational and equivalent conditions as
illustrated in the Fig. 3.5(a) and (c). Open circles indicate eigenfrequencies of the full plate
in the Fig. 3.8 and dashed lines indicate eigenfrequencies of the half plate in the Fig. 3.9.
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3.3.3 In-situ blocked force i%& & WU & R4 (2 &k 5 T {BUHE RE 3R 2= oD 5T

HITTE ClX, Blocked force % [ELEERIIZR YD, Z LA ZMANNR 1 & U CEAMMNIRIRAE D &
EHE L. Lo, 3.1HICR_7Z@Y, SEEEOSEER CTIIE#Er 72 7715 T Blocked force %
HET D2 i3 —RICAS TlERV., 2 TRIETIE, FIEOARESEET VI In-situ
blocked force £ % 1 ffl L C Blocked force % [HH209IZ3K D, Z vz MR /1 & L CEMINE
REEICB T A NS E5HET 5. 3.14 1%% @ Blocked force #3RKH 5 71t X &R,

F£ 7, Blocked force & [HRIF S AT L & Z#) 2 2T LAOFEEEITHYET 5 X=12 L% 10
0y LTe#or o4 (X 3.14(a) @ Impact points) (Z/ERT 25 Z HmOEFRE] EIRE
L, BRZNMER L LT ZHFRICHEAIER L7z & & O MUS (4 3.14(a) D Reference points)
BT D Z HFEORBIEEIGE (=2 R) 2RDD. Z0 L5 2 CEIXFERIC
In-situ blocked force (£ AW H T HERICHME L2 5. FIZIX, BT AT LD T 27 A
BRI Mk S D 2 EBE A3, [Blocked force 13 Z OffifkE O IELAS 3 HFEI/EA T 5
EREL, Z Ok A EAS 3 HFMIZHE LT Blocked force % [Fl7E 7" %. Blocked force |Z
FE—AY FOESLH DD, THERDDT-OICITHETEE— A 2 MIET 52485
HD. T AL MIHRIEES Tz, E4Z 3 HI DI Blocked force 723 EFH
THERESND. LTen->T, [REINIZER 3 HHO Blocked force 1%, E—A 2 M
IRHIT > CRE L7235 S DEAS 3 J7h1D Blocked force & IIfENER Y, T— AL FOHE
DINBR SN E 72D, BRI, K 3.140) (IR T X1, ZEU AT A RICBITS
X=U/4 ORIy % 20 Z53 LI NZN O SICEE Lz, B AT A RIS ZRLE L
TeDlE, 1 E TR XIS, SlMERIRE & SSBEIREN— T 201X, MHREFE > A7
LA TEH L ZE Y AT LAORENZEFHOT-O TH 5. F7-, Blocked force DE % 10 & RE L,
SWS DO E 20 & Liol=, 5HRET 54 F— 2 0 A0HEIT 10X20=200 & 72 %. [X] 3.15(a)
I3# OIMRERZIE LS OHE/ETH L. WIThICh 9 2 OE—7B3H5, i
HIEM 38 IR THEARBE CH SH. ok, AMRERET /UL Y FINIZ 120 3F L THY,
BRI L OB RAICH SNBSS LTV 5.

SOXIZ, K3.14(b) DX I, FEEEREIZEIT 2K A ORENEE 2 KD 5. AiA
ERERIS, MHRIEONLE XX 3.6 27T HHGOHIR A THY, ZFHMTIN —EDEEEK
Btk & LCH 272, X 3.15(b) 138 SIS DIREINEEISEOFHFERKETHY, 9
DOE—27 1FX 38 IR T HARBE TH 5.
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Reference points —|~

i
(a) Obtaining FRFs from impact points to reference points.
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Excitation point —

10606000000 00000060000
N y

Reference points
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(b) Obtaining response of reference points under the operational condition.
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Forces of these points
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/ \
L ad oo}
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(c) Obtaining blocked forces by inverse matrix method.

Fig. 3.14 Procedure of obtaining roughly discretized blocked forces by means of the in-situ blocked
force approach.
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Fig. 3.15 Frequency spectra of calculated inertances and accelerations as shown in the Fig. 3.15 (a) and (b).
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(a) Inertances in the case that impact point is #1.
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(b) Accelerations of reference points from #1 to #10.
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I51Z, K3.14(c) DEIIZ, ROIA TF—% 2 A L ERBENRIEDIRENINEE (20 T511E
[40]% 3 L C Blocked force ZH 9%, # OMIRSZNIRE L7ZEED #k OB ROIRNE T
DA T —H A% hpy, FEHEIIRRBIZEBIT D #h OB S OFIBFENREIC BT D IR S
% apnk 35 &, # ONIRFIZIIT % Blocked force fi) (FHEELLVTTH 2 F W CRERE BRI
A (3.3) THETEA. 7oR, X 34 1%, X (3,3) LD Blocked force X7 F L% fy,
FIADIRER T Sy A F—2 2975 ZFiEila & HICEESHZ .

[ h(l,l) h(l 10) 'l ( a(l) \
foin) I heay ™ heao I I a(z)
: =| P { : (3.3)
fbl(10) [ h(19,1) h(19 10) | la(19)
ho1y - Reoa0) a(zo)}
f,, =H%a (3.4)

T, AFT—Z U ATH HIXEFITINE 72 B0, SRS OIRBIIIEE XY FLa D
E?%%Ubﬂnﬁé Blocked force fy DEFE LV b L\ & &, L (3.4) 5HIE/ /L Aja-H 1
DN E R DIRDBFLND . FEEOFHPTIIS RO % RET 5 Blocked force DD 2
U EET D2 LICK Y RERELIELTE D L OME[38]H3 8 5D T ZAUTHEY, MR
DA 10 & L7=DIZxt LA OE % 20 & L.

LA D X 51ZFH5 L7z Blocked force DJEIREL A7 L% [ 3.16 (Z-7. [XH OREDH
BRI, 3.9 I RTEAIEESHE THY, Blocked force AD ' — 7 B THDH. Kd/-
Blocked force DJEFEE AT MDY —7 & Z OMEHRO JEWEE A kg3 2% &, 380Hz &
440Hz (Z—ET 228, BATRTE—Z IR OEEHE —B L T ianZ ER3bnb.

— #2
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— #b

— #6

— #7
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Blocked force [N]
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Frequency [HZz]
Fig. 3.16 Frequency spectra of calculated blocked forces by means of the inverse matrix method as shown in

the Fig. 3.14. Dashed lines indicate eigenfrequencies of the half plate in the Fig. 3.9 and filled circles
indicate peaks caused by small singular values of the inertance matrix.
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ZZTET, RO AR 68Hz, 146Hz, 556Hz (Z B — 7 BNARNZ LIZOWTELRT 5. |
HTHRATZE Y, SRR O 225U IEE P IS S T D IRE O JH A~ F L
VXEEMANE /)3 724> 5 Blocked force (23 415 B — 27 BB DA, 3.11 OHREYTILMmRR
TRTETOFEE TE— 7 NEHETHDDITH L, X 3.13(b) DF TILZE DFENEEE R
DX 380Hz & 440Hz D °— 7 DI T, 68Hz, 146Hz, 556Hz D ¥ — 7 [3/N . 146Hz & 556Hz
ZXT D ZoBHE, K39 T LIS, oD — 7 OREE— RERIL, HFEOH
HIA P DMIET D Y=w2 OFHEICK L CHENARTH Y, B OF ISR 2 i o8
DR INDT-OTH D, EIRET— NP FEMAETH 5 68Hz (2O T, 3.81C
ARTNARO B A IR 62Hz TfFICH Y, ZORBEEZ -0 EEZLND. LN
- C, [X 3.16 (27~ 7 Blocked force |28V T, X 3.14 (2R T X D ITHIHEA & S A Z Y=w/2
W2t U CRFRICELE L7272, A T —& v 2 & SRS OIRENEE O BN MR &
AL C 68Hz, 146Hz, 556Hz D B — 7 BWHK LT B2 HLD. 2O, IREIFE— RIARICIE
CTHERESNARNE Y, BIREIZT VA LARBEICTAZENFELWEEZEZOND.

DXL, BIT/RT 40Hz, 114Hz, 285HZz ST D 3 DO E— 7 [ ZONWTELETH. Zb D
E— 7 OFFEEE, K38 I RTEARES E —H L2 2 Lh D, FERENREO RS INE
FFallGENsE—7 OFBETII/R. LER-ST, 2D =231 F—X 2 Z{T7HD
BTN T DIEORE VSRR T 51X TH 5. & 2 AT, AW CTITHELLYIT
FIOWFEEE LT (3.5) IR TREME R Z NS, A F— 2 0 2 TH DR BAED
I NEWGE, TORFREOWEIIFEFICREVEL 725720, A T —% U 2 {THI O
LLFATINCB N THEDO R E WS BNAE LD Z L2/ d. LI > T, BALT/RT 40Hz, 114Hz,
285Hz 5D 3 DO —7 b A F—Z U AITINTE F 5 IEFIT/N S 7 R BB IR 35
EEZEZOND. ZOBRGITIITINEC T 2HIERRE LofRzEE LTambi, &8 (&
R BBk 2 e REFRAE D) OKR/INRZEDORRZED B L STV 5. RENINEE 4 KR
THE L2 A, TOREBRENZDORSICE > THEREND Z LI 5.

fbl = H+a (34)%*%
o, 0 0 Vv
0 o :
: ~ 0
H* = {[U][S][VI'}* =<[Ul|lo .. O ay|lVI}
0 .. .. O
o . . o (35)
Ve 0 0 0 0
v © e : vy’
| o 0 g, 0 0]
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PLE®D & 5123k 7= Blocked force & AN /) & LT 3.14(a) DA R 5 2 72 Al
DIFRARHE & X 3.6 DERENIRAE & Hled 5 72018, BIMEIEE & 225l Fic L 5 3.12 0
BA P COFELNVEFHELIHEREAX 3.17 177, HPOAKEONTRTE—2
R 38 IR THEAIREE CTH U, MEOMHRILE 3.9 12~ T B A IREET 725 Blocked force
AKOE—7 HEHTHS.

7, X 3.17(a) OEMMRIZFZ LT 2 &, X 3.13(a) & RBRICHERRREDFE L~Li
B —HLTWBZ ERBbnd., Lo T, 3318 T/ X 912, AFD Blocked force
WZiX, TABMICIMAEFE—A Y FLRA LY ET—RA 2 NOR DN ERRIZ 0AT 503,
Blocked force % 10 s8D Z HFIMEFME LIE L7HATYH, T— A FOEENMNK S
7= Blocked force 23[R X415 72, In-situblocked force 15 CEIMRIE T 2 HEE T HZ LN T
xprLEZBND. Lo L, Blocked force DNLE & A Z sk LimE 2 &, Nk mE
BT D EBEIEF IXERERE L ORBENRRERDEEX B2 5. ERIIC Blocked
force RO DHLGHITENTH, TONME L HFAERET HENHHD, KO Blocked
force & VN THEE L7z [EURBIELTE D WIS BN S 2 7 5 OIREY S EBREHRAE CEBHIE L
56 EENS LVDOEND D NS 5 Z & T, & L7 Blocked force D& & J5 D
HE AR T D LN TED.

DEIZ, K 3.17(b) DZEXUAILE % ik 5 &, Blocked force % [HHEEAIIZ R D 721X 3.13(b)
EFBRIZ, AR E O TRTEAREEUICKIT 2 IIREDOFE L VOIS, LIz
- 7C, In-situblocked force LA L7235AICH8 W TH, T AT A2 O B IREEGT
PRI T EBEENIRAE & FINIRIRE O ZERUR IEF AR E L 725 2 L PMRGE T X
7o, 728, X 3.13(b) & AERICEBINRIRAED 380Hz & 440Hz (Z351) 5 B — 7 1B\ Tk
PRAREEDHE LV DN KR E WD, EOMORGHR T3 I W T HEE LD
ZENNE L, R VIZEATRT 40Hz & 285Hz T B — 7 IZB W TEE L ~ULOZERK
TV, ZHUFETR DA F—F o AITINCE £ D /NS IR ERAEIZ K % Blocked force D B —
7 DRETHD.
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(b) Airborne noise

Fig.3.17 Frequency spectra of calculated sound pressure levels at point P in the Fig. 3.12 of structure
borne and airborne noise under the operational and equivalent conditions. Sound pressures
under the equivalent condition were estimated as illustrated in the Fig. 3.5 using the in-
situ blocked force approach. Open circles indicate eigenfrequencies of the full plate in the
Fig. 3.8, dashed lines indicate eigenfrequencies of the half plate in the Fig. 3.9 and filled
circles indicate peaks caused by small singular values of the inertance matrix.
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3.4 SELPEEREZRRT SFEDIRE

AT E TOMFHT LY, B 27 A2EOEA IRV BOL 2380 CTEBRENKAE & 10
IRIRAE D ZEGAR T E XU EARIIZEE L 728, In-situ blocked force 512 & W EXRIEE 25
T LIV EEHICHEETE S B2 65, LovL, IHRIES AT ABK A5G T
B E L7256 OEAIREIE (Blocked force AR D & — 7 JEJEH) oA F-— & o Z{THIDFFE
ENE L R DB BNV TUIEEDOEPHEETRZENRE L D, e LV HEE
BEDOIKTIZEND Z ENBREIND. L 2AT, 204 FT—% U A{THIOF RN /N E <
72 DG A EOHEEREEE N T35 & 9 [BEIX, In-situ blocked force 4 % 28 &R 1X 5 125
AT 2H5EICRE T, AROERIRITEFIC Fﬁﬁﬁ?‘é%fi\i:% WCTIEED. ZoRKE LTUL
RSz /N S WTT B0 < O ERNES 5 F7IE[4018F BTV D, Z ORI RE 5 R
X DATHNDIRT > 7l & S ETH, BT — 2 LT 272D bR shTng. =
DN X DfEEZ R TIRIE L LU TE, BHELETH 2 M 2 Fr B o B # RO EIE 2 1
WH N 5H[42]. BARICIE, NEORRIEAZRSA F—2 24752 L, K (3.6) 1TRT
B o Z VT M (<N) EOREREIC & 0 BHEWATH Z R 5 .

fbl = H+a (34)@?%
'1/(71 0 =« 0 -« 0 - 0]
0 : :
H* = [v]| ¢ You [ur*
0
: 5 e (3.6)
L0
1- Zar/ S(p<1—Zar/Zar

Z ZTARMERIZBN TS, ZOFEERHNTA F—F o 27RO RIEN /NS L 72 58
B LELEOEEHERZZ/ NS TEDI0ENERRT. £7, X (3.6) ORIH
¢%mn&Lk4%~&/xﬁﬂ®FUEﬁﬂ%%wTkwkmmmde%nsm:ﬁ%
.38 X 3.16 LT H L, MEBY BATRT 3 SO =7 DENP/NS 72> T
W5, L22LZD 35D —7 7217 Tld7r<, Blocked force AR D —7 TH 5 380Hz &
440Hz ([ZBWTHEN/NE L RoTWnD. BIT/RT E—727 & Blocked force AROD B — 7~
IARBENITR R D08, A F—2 2 ZATHN O/ S 7o R BAE BRI TINC B WD TR E VM
LD T EITERT D W) BIRTIIFRNICFECTHY, /J\é&%i@%ﬁﬂé?ﬂm‘é z
L2 XY, Blocked force KRDOE—7 DIEH/INS L Ipolz B2 b5, EWEIZ
A F—=F 2 ZITHNC BT D/ SR REIT T A O PMENZ EEERL, S A /75>1£Eb\71
WA =2 U ADPERZEDENREL 2556 L, AT —2  ADWERZETITRL,
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MR OIRE T — RN HDHENDH DL LEEZ L XD, NS WVERRIEO B IL, HIERED
WENKREWVREIT— FERANT 256 &, RERORET— NERAT 256060, K
3A8 IR T M T/RT E— 2 & Blocked force AKKD v'— 7 OIX MZZNZEIITKHET D &
EZohb.

ETAT, BIRD XA F—% U AT O/NS TR BAEIC X DB R EoiEDH
L LTSS LN, /NSRRI E BT 2R ICB T 240 7 — &
ZATHND G4 & A TH 2 W pk U 72 Fr A D $ A X 3.19 1R 7. £974 3.19(a) T,
INS TR RAE DO BEIEIZ Ko THRUEZ KIBIZ/NE L TETWDL I Enbnnd. /NS 7k
BAEZ TN T 2RI ORMEIIT AR E DAL TRTE—I BB 50, 2 b OEREERITX
38 ITRTEAEIKE B L TW5., —RICEAEDETEC O T B R IR T —
R 1 ©DToHY, ZOREE— FITHY T 2RFEENLRE < RDT-OFRMFHICE— 27 M8
nNoEEZLND. 728, K 3.18 IZBW TR TR LIz BEEIIISG Mo v —2
MRV, ZIUD OJEEEIISE R IR — NI YT 2 RERFREN W & B
AbD. L LINLDEERTHRMIEOEEDO b DITREL, K317 ITRT LR
BEOI IR EEAICE N T2 EZBND. £72K3.19(b) TiX, /NE R R Mmoo 8L
ATE 10 Th > R BE DI & A EDOFEEHITIBNT 2, 3 I TWD Z &3
L. BT E R T DR RO E LTI T E5 B2 6NN, 4 F—% AT
FNOWFRZE L LTI 0.1% (9=0.001) ToH 0 FH EIFRER V. 2 2 TIERFFBEB R
&V I S A KR E LT A7, BEIE— ROBER D7, EKEET—
R OFEEMNE 2> TOD IR EE P OIRE) L~ LN S, 23D 70 O R B Tk
R A =2 U 2ATHIOESATH Z R TE 2B LB 6 5.

102

Regularized blocked force [N]

Frequency [Hz]

Fig. 3.18 Frequency spectra of calculated blocked forces by means of the inverse matrix method as
shown in the Fig. 3.14 with regularization of the inertance matrices (¢=0.001). Dashed
lines indicate eigenfrequencies of the half plate in the Fig. 3.9 and filled circles indicate
peaks caused by small singular values of the inertance matrix.
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Fig. 3.19 Condition number and number of singular values which compose the inertance matrices
with and without regularization (¢=0.001) for indirect determination of blocked forces
using the inverse matrix method.
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PLED £ 5123k 7= Blocked force Z 2N /7 & L CIX 3.14(a) OINIRSIZ G 2 7= MmN
RIRFE & X 3.6 OFERBENRREL LT 572012, BIRMzIEH L 2Z2&REIEFICL DX 3.12 ©
BUNSE P COFIE L~V EFHE LR EXK 320 (237, [X3.17 ERERC, MPoAKRE
DITRTE—7 LHEOIEFRTZN TN 3.8 LK 39 IR TEAREEKTHS.

F7°, X 3.20(a) OEMBRIEFELET S &, X 3.17(a) & FERICERIRREDF T L~ 1
B —&LTEY, NERFFREZ BT 28T LA LR\, Fi2, [X3.200b) D%
RABIEFEIZOWVTS, ¥3.17(b) & FERIC AR E ORI TR EAREEIC T 2 mkEO S
JELASAOET/NE L, E BB TR/ SRR RMEIER T 2 285Hz D B — 27 %,
fili# T/~ 380Hz & 440Hz @ Blocked force AR D B — 7 12BN TH, HIEL~LDZEBME
WL TWDZ ERbhd. Thbh, HEMNHRIREIC T 5225 RIEFITIE, Ak, 380Hz
& 440Hz ICE— I R HHXETH LN, EREHREBOLESRITE ZHEET D &9 RS
O HEMICR LT, NSOWFEREO R EIZ LV Blocked force AKD V' — 7 HA{KF T
L2 ENHETHY, FMAREEICKIT 2 FELT TR, 2R E R E TS OAfH
OHEE S AIRRICAR D EF 2 biD. £z, B TRT 40Hz LfFOE — 7 IZOWTIETHEEL
RNUDENRHE VRSN TS, NERFEREEZ S 5D LESET 5 2 EICL VK
WTExHLEEZLND.

ZZTHEIEL, X (3.6) OBHE ¢=0.5 & LIZSHAICET D508 & R a0z X 3.21
2, HELVLVER 3221277, £9K 3.22(b) OZERARIEFITEBWT, X 3.20(b) (230
THEIN TR U/ S 72 REICER T 5 B — 7 ff#t ©7x L7z Blocked force A D B — 7
ICRDBITHE L TWD. LER-T, ZTNHLDORBEILHHEE LIV OEZKET 2 2
T EBEZDDIE, MEIIREVWERENEEZZHND.

LML, A —% 2 ZTHNDOITEREZEIL 50% & K& <, X 3.21(b) (Zo~d75@ Y B Pli{ 14
ERERT DREMITIT E A EDOREHIZBWNT 1 DL, K 3.2 1R TEY, AkRE
DA TRTEAIRE D B — 7 1B TR E & EREREOFE L~ L D770
INS VA, ZHUTATROE Y, k5 & LT DRI AR OB REIT — R ORENE
S TV D JEEEHEIFH OWRE) L~/ & <, BEAREBICHE W THRE[E 1 DTHER A
=& U AFTHN DL T AR CE D10 E B bRD. EEOERIZEB O TIAR
BE— ROEENERS>TVDHED, ZOXHICHE ¢ 2 KEL T2 EEEFREOL—
JIZBITHHEELVSVDOENRKRELSRDEZEZLND. £, MEXHEITNSWEDOD, B—
7 DS OJE I 35 1T 2 AT IR AE & ERTREOFIE L~V OENHNLD. Zh
NS W RE 2 BRI IESME Lce B2 b5, ThbbEIE ¢ 2HF 0 K&LT
% & AP IBER D A — " —F— )Vl (LLF, & OA ) OirUHEERAEITSIIREL 8D
EEZLND.
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(b) Airborne noise

Fig.3.20 Frequency spectra of calculated sound pressure levels at point P in the Fig. 3.12 of structure
borne and airborne noise under the operational and equivalent conditions. Sound pressures
under the equivalent condition were estimated as illustrated in the Fig. 3.5 using the in-
situ blocked force approach with regularization of the inertance matrices (¢=0.001). Open
circles indicate eigenfrequencies of the full plate in the Fig. 3.8, dashed lines indicate
eigenfrequencies of the half plate in the Fig. 3.9 and filled circles indicate peaks caused
by small singular values of the inertance matrix.
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Fig. 3.21 Condition number and number of singular values which compose the inertance matrices
with and without regularization (¢=0.5) for indirect determination of blocked forces using
the inverse matrix method.
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Fig. 3.22 Frequency spectra of calculated sound pressures at point P in the Fig. 3.12 of structure
borne and airborne noise under the operational and equivalent conditions. Sound pressures
under the equivalent condition were estimated as illustrated in the Fig. 3.5 using the in-
situ blocked force approach with regularization of the inertance matrices (¢=0.5). Open
circles indicate eigen-frequencies of the full plate in the Fig. 3.8, dashed lines indicate
eigen-frequencies of the half plate in the Fig. 3.9.
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L85, B ¢ ICIZEIE OA O IHEIHERE S & i/ NRIC T 5 720 0 Bl 45 17 7E
THLEXDND. © I CEMNRIEE L EEIMEDOEE OA HOEITxT 2k L L
T3 (7)) BAV, B x5 ZOEOBERAE. K (37 BT p R (3.2)
THE LA BRI B A BEPa O ENEE R L, IRFED op XLEBHIRE, eq 1155
DR HRE %7

Errorrate of overall value = (|Z Déq — Zpgp /Z pgp) x 100 (3.7)
H BAE 2 8L L7 WA B L OBIE ¢ 2 104,103,102, 0.1,0.5 & L72BA&ICBWT, 2
RBIEE LEREEEENTRICB T A 3.7) O & FUBORKIEZEK 3.23 1TRT.
FPEIBRIEFICONTIE, BE ¢ 2/ NS WIEEFIE OA Eo M EREN NS L, M
EEREL LTENLT 2R REOR A HOTIZ LR ERZEN KR E <D, Lo Ll
WOEY , EEEOERTIL, WERE L BRAFIHIC X2 BT 5703/ S 7
Froififia do DRI 2 MERH Y, HE L UTEREEA 50 LLT 22 62 0203+
N ENEDOREMAOIRDH D, Fo, 9=05 L EHEEZRE LT EL EEHOBAFE—F
ERBLLENZ2L 0, TEHERET - ERELSRDEZZIOND.

— 5, ZERARIETITONTIE, BIE ¢=0.1 DITEEITEE OA fIE D UTEIHE E R85 D fii | ME 73
boH. L, BIRMEIEEOLE L RERIC, FEEREOFEEBITI T 2 MIERRAEIE K72 S5 D
W ZROBERE— REEBET L LRERBEIIEDD B2 OND. ZOFRENGIEX
M 25EE & LT, BEE & OfE & 94T Blocked force A D v — 27 12 X 2 U HEE
MAEZ/NSLSTEDDTH DM, K 3.23 Tl ¢=107 TLELRIRIZE O HEER 20 5% &
2%, ZOEEDORMEIIKIA0 TH DN, I EROEBR RSO B 7 L.

PLEZ Y, FEEOFEBRITIT D BEOREITNER E T DM AT LA BIROREIT K
GFTDEEZONDTOMEBNCTARDLEN D D0, B EIET OB & RS EN
WRERDRWVEREICEEZ 25 XNESLSEET D Z &0, BRBIETEEOTLHEERZE
KT 5700 b b EEZ LS.
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Fig. 3.23  Estimation error rates of sound pressure overall values under the equivalent condition by
means of the in-situ blocked force approach with and without regularization of the
inertance matrices.
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e~ ] & U E RS 2 AR 5 FIEORE

e

35 ¥ 8

AREETIE, HIE CTIRZE L7 In-situ blocked force 15 & TPA OB HEIZ L A ZELSMEIEE
DI RIHEE FEOF A 2= LD & EIROERARE T W X D5l fENT THREET X<,
FEHIX 0 OIRENENT & F S B AR OIR B T 2 566 L, AT ORRE257-.

1)

()

©)

(4)

FEBIZYOHBMWUO—EMENMER AT L E L, ZRERFAET D EEMmNDOFE
D OEG RS AT AN ET DAL, MRIRE L CHBMmIC IN —E O JE MK
Rtk D N1 % 5 2 7 TEBEIRRE] 1B 2 EEHORE &, FFFBIT0 ORSEEH % #
IR L78E ORE I3 72 GIWRIR S A 7 4 @ Blocked force % FEM (2 X U =k
TREAEBIC G 2 7o TR RE ) 12 1T DG ORE SR —E 5 2 L &R L,
R DERHATE T LT D In-situ blocked force VEDELGRMNMEH TE 5 2 L 2R L7-.

Blocked force |13 B — 27 JAME N 8 575, #h AT LAOFREHIZZNE 52 TH,
A EEOZE VAT AOISEICIXZOE—7 BEARNZ EBRRMTHEZ L
ML, 7o, F2®FEo 3 HHEEET /L TIE, Blockedforce D B — 7 LR A7
LOFEGHEZ RS D & EORIIRPFHEELT 5 2 L TZHFI AT LADISEIZZOY
— 7 BB OIZ LT, EiE, ARFBIT Y ok {AET L Cl, Blocked force ™
AWM EHMITE—A L BT D2 L TRET AT LAOIREITIZZOE—I 2
Gz tERL, ZEIV AT ADIREIZ Blocked force D B — 7 D3ELALR U A
H=RBPNHEGTOET VTR D Z EEERM L.

AR BLHR AR O B B O —H 2 IRES A7 L& L, 2 e a5 EEsmR
DFEY OESY ZZE 2T K ETHEA1T6 L, FEM ([ZX Y, IEFE E L<Hhss
DA IN —EDFWERED N1 %2 5 2 7= TEB@IRIE) [2BWT, ZET 2T L5
D E SN D ERMRIEFIC LD BRS TOFE L, FRELEREROE G % &
IR U723 A O ERIZ BT 5 2HE ORI 722 b HNHEIE 2 2 5 20 Blocked
force RO TINEREEITE 272 EMMIRIRAE ) (2HBWT, ZE)T X7 AED
OB EIC L HFEBIHE COFEEL KL, MEAEMIN—BT 22 La2RT L
\Z& D, ZOHTET MIZEW T In-situblocked force IEDBLGH N EH TE 5 2 & & e
L.

A FFBIETEEAR O BUR S M3V T, TEBENIREE ) [Zh W TR S A 7 A58
S SN D ZBRARIEFIC L ABIRS TOFEL, TEMINTRIKREE] (2B TR
VAT AN OB FIC L D RBHA TOFEELE LT, FEDEREREERO
BEAAREBBOE B W THE MR BT 22 L 2R, BELLHETFIEDRY
P % KREE L7z
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()

(6)

RE DR ORI AT 25 I L, fEamcB T2 ARERETT VO—
OFIFNAERT 28 AW 3K G ERIZEIT 5 2180 Blocked force #XFETZ 5 b
DEREL, ZO—HMOHRNOZET AT & EICERE LT-EROZREE TOA
F=2 R TEBRBINE] 2B 245 MAORBINEE Z HV, In-situ blocked
force VEIZ LV, —HBOHIRIZIIT D AW/ THRE S H 72 Blocked force & KD 7-.
Z LT, Ko7= Blocked force & F#£f HHIE AR D BT T L OFEEEITIIT D% %
TR IS E 2 T TEARMIRREE) (23BN T, MHRIES 2T L6 OREEFIC L D
BUS COFELRD, 2z TEBREIRE) (T TIMRES 27 L0368 S h
DEKUBIEFIC L DB RTOFE L L, AFDER RO FEA REH0T
FIZBWTHEMER—HT 52 L AR T 2 LICLY, BELIHEFIEDOZ Y M
% FRGIE L 7=

WATHNEIZ BT DEUEFIR EORRZEAAR T 2 Fik e LT, #EITHIRH IR
B fRZFIH LTS WREREDO W O E B L3 2 FiEZ B EiF T, Blocked
force HHITEM L, Z O/NSWRERAE 2 L9 2 FIEA, T8O EFHEF =
DREFETZT 72 <, Blocked force AKD B — 7 IZRNT 55T b HIRET 5 LD
WP ERRZAZDOEIRIC A TH D Z LR L, ZH% In-situblocked force 512 K % 72
RABIEE O PHEERR A2 TR L L CTIRE LT,
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B4 EPSOT MVEEMNERE Lo dii A TR K 5 EBRARGEE

FA4E

ERNINT—RTT VI VRTLD
S hILEZERRELT:

SR ETHRERIC & 2 EERAREL

k(0]

Iml

41 # 8

ARE T, AL CTRET 2 ER/UBITH OHEEFIE L FERIITHGE L 72/ RIZ OV TR
L. JMBRITABEHERNNT —2 7T U 72 AT A (Electric Power Steering system, EPS)
D7 ~VE (rattle noise, X%, I ha hHE) THD. EPS DT MLFIE, RIS
BT LB OFERIZE > TEL, Ao VUV EOREBETRIZEBIT 2D /) A4 X
WZHERTEF LD/ EWN, 22 TAHAY RVOHRLIEFICRE LT~ A 7 kil i -
TT7 MEERETHZ L. LEBR-S T, JIET HEEFE A RADNLHN S D H
MXBLHYT, N> RV &G e EPS ZIRIA S A7 A L 30U, ZERBIEEDP B L 72 5.
7o, HROERIC LY EA RIS T 2IREIN KELIC /2D LB B, 72 EPS (X
e ShoBE7 L—2o (RE)D AT 5) LEHE L THRNS S RNEBZEZ LD D,
AW TRET L FELZEATEL LEZE2ONS. 0B, EPS A SNLHEAERT L—L%
L THNOWNER EL B SN2 P EREITE &2 5.

AW TRET D FEOHRIL, B AT DOV TP AT LERFET DHBERICENT
HARGRBR DA R DI S AT A EROERINRETORET L L2 HETLZ L THY,
7 bVEDOYE, EPS OBYRRERIZ L > THEEITROBE LV 2HET L2 L ThD.
L7eh3 o T, AR TRET 2 FiEZ FEBRICHEET 2 72 DI121E, EPS BRER ORI R 5
T MEEHEE L, EEETRICHE L2 MV ST O20EN S D, £z, 7 MLy
DOAMHRIRIE EPS WERICHI1T B SaM OE 2R T 5728, EPS HAGUERTIL, sHmAETTRRIC
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DI ) Z BARGABR CIEREIC BT 2 2 L3 L <, #EEME & PEMO 2T Z DI
ANTOBBREEIC L DB LEENTLEY. T2 TETARETIE, M4 ITRT LI,
HUH ETTRFIZ 31T 5 EPS @ Blocked force % In-situ blocked force {2 ClrlE L T Hji] 0D H 25k
FERBARLLZEICEVT MAFEZHEL, RFHCHELZT M ELEET L2 21
£V, AFEEZBGEE LR RIZOWTHE~S [102][103].
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(a) Measuring rattle noise by vehicle running test.

4

Measured noise

$ Comparison

Estimated noise

Py s

Vibro-acoustic
transfer functions

o
-----

(b) Measuring vibro-acoustic transfer (c) Identifying blocked forces
functions by hammering test. by vehicle running test.

Fig. 4.1 Schematic view of experimental verification for the noise estimation method, in which

blocked forces are identified by vehicle running test and the estimated noise is compared
with the noise measured with the same vehicle running test.
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HE, ZORKREIZEHOEITHRRICBIT ST A N RIANN—OFEF0IZ L > TTH
ns. ZotE, TANRKIANR—ILEPS DT MEFEXA XYLV EDMD ) A4 R
CHIE T DHZENTEDN, 7 MVEORE L-VIEMD ) A X & HA_RTIEFIT IS W
72®, FIAN—HEICRE LT-~vA 78R CUELEFELEND T wvﬁﬁz/\%mm
THZEFHLY. UL, T MUEEBRE D OEEICEHMET 5 729121E, 7 MLEK

DOMENRRAIRTHD. 2T~ A 7 Bk O ENME] _Ob\’Cithf AL A, K
A2/ 27T EHIE, =T AN TEY 22— /L ERY R\ AN RVOFSEFIZ~A 7 ek
EIRETHIEICKY, T MERTO SN R M ET 52 B3 0ho7z. ¥ 43(a) 1
ZOXDITHE LT EEA R 7 — U =84 (STFT) (ZXk > THthL, HEDEERE
5y DRFEEC Z2 RO TAER CTh S . B, fEh3E s, AldEE L~ LoRES %
TNENRT. T MVEFIREICEEABEREIC M L TEY, K 43(0b) ([T F X 52 300~
5,000Hz D/ R/RA 7 4 )V ZIZ X0 mEEa a9 5 &, B E, 7 VB OFT
HORNEI 425D, FZTAMETIE, M42D L5 ICHE LT~ 7R THIELES
JEMN S, 300~5,000Hz D/ RNAT 4 LB & ARRET 4 V2 THIH LG E%2 T Mg
e LCRHiT 2 2 Sl L. LER-> T, 20T hMLBEAY RANSE S5 5N
KRB THY, N FAigte EPS ZHRIES AT L4570, HIET 2 FIT2UniE
TNTEIE 5. 0B, ~A7akr b ashi v 7 he (/v RV % [ 7E 3 2 EBAL)
DOPEfEZ 15mm & U CHEEZANE L, il E178RI3 4 T 4.4 |27~$ Ford Lommel Proving
Ground IZB T HMMMDOH LT A ha—R{ZEBWT, 7 MLk b Z 2 5 85# 15km/h T
EhETHZ Ll L.

Fig. 4.2 Photo of a microphone mounted at the steelng wheel center w1th0ut the airbag module.
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(a) Original sound.
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Frequency [Hz]
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(b) Rattle noise component extracted by a band-pass filter.

Fig. 4.3 Time-frequency spectra of the sound pressure measured by a microphone at the steering
wheel center under a vehicle running test on the cobble road at 15km/h.
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Fig. 4.4 The test course of cobble road in the Ford Lommel Proving Ground.
(https://www.fordlpg.com/en/)
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MDIELTWD EHEIESN D, E6IT, TERIZBITHE—XEitE 7 M BEL T 5 &,
WD OB NE & 7R DB T MVENBET AL ERH D (REITRIEAT) 2 &
Nhd., 2k L TIX ECU IZWNER S IV TCW A EIREF O fEREIZER LT b v #ilf#E3
RLENCI2D Z E PR T2 LHERI SN DA, T ML FEOERE L-ULIZKt L TORET/
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i/ ThHY, EOEEEWIIHKRH—ETH 5. %’TiL%“%éﬁf%ibk$%%@
M7 & B A my RO ORI SITHRERZK 4.7 1273, hfEio Sy 272X 13Hz
=27 R3H 0, XAy ROEIZIIMATISHz fTice—27 03bdH 0, I/\TZ}’WDI:"»—
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( D—— Steering wheel
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)

S Steering gear
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Fig. 4.5 Schematic view of a column type EPS. Yellow marks indicate potential sources of rattle
impact.
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Fig. 4.6 Sound pressure corresponding to EPS rattle noise extracted by both A-weighting filter and
a band-pass filter from 300Hz to SkHz, I/S torque, tie rod forces and electric currents of the
motor measured by vehicle running test on the cobble road at 15km/h.
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Fig. 4.7 Frequency spectra of I/S torques and tie-rod forces which were measured by vehicle running
tests on the cobble road at 10, 15 and 20km/h.

’ Input forces to tires ‘
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Fig. 4.8 Supposed generation mechanism of rattle noise from an EPS.
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Fig. 4.10 A photo of the vehicle underbody including the sub-frame.
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Fig. 4.11 Photos of 3 axis accelerometers on the connections of an EPS system in which hammering
points are illustrated.
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Fig. 4.12 Photos of additional 3-axis accelerometers.
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1. Measure vibro-acoustic transfer functions in atthesametime | 5 neasure inertances in frequency domain

frequency domain by means of hammer impact tests. by means of hammer impact tests.

Connections of the EPS (=Impact points) Connections of the EPS (=Impact points)
on the vehicle on the vehicle
Vibro-acoustic transfer functions (measured) Inertances (measured)
Target (Center of steering wheel) Reference points around the EPS
on the vehicle on the vehicle
3. Measure vibration accelerations at the reference points | _ at the same time_| 4. Measure rattle noise from a EPS in time
in time domain under running tests with the vehicle. domain under running test with the vehicle.
e Vibration accelerations (measured) ® Rattle noise (measured) at the target
at the reference points

5. Identify blocked forces in time domain by convoluting
pseudo inverse of the inertance matrix and the accelerations.

Vibration accelerations at the reference points
Pseudo inverse of the inertance matrix

Blocked forces (identified) at connections of the EPS Comparison

6. Calculate sound pressure at the target in time domain by convoluting
the vibro-acoustic transfer functions and the blocked forces.

Blocked forces at connection of the EPS

Vibro-acoustic transfer functions

Rattle noise (estimated) at the target |

Fig. 4.13 Experimental verification procedure of the estimation method by application to rattle noise
from an EPS. Blocked forces of the EPS are identified by vehicle running test.
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Fig. 4.14 Measured driving-point ineartances and impuse forces of the hummering tests.
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Fig. 4.15 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.6 in the X-direction.
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Fig. 4.16 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.6 in the X-direction.
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Fig. 4.17 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.6 in the Y-direction.
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Fig. 4.18 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.6 in the Y-direction.
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Fig. 4.19 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.6 in the Z-direction.
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Fig. 420 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.6 in the Z-direction.
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Fig. 422 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.2 in the X-direction.
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Fig. 4.23 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.2 in the Y-direction.
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Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.2 in the Y-direction.
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Fig. 4.25 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.2 in the Z-direction.
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Fig. 426 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.2 in the Z-direction.
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Fig. 4.27 Measured vibro-acoustic transfer functions to the microphone No.7 and its coherences
whose impact positions are near the accelerometer No.1 and No.2.
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Fig. 4.28 Measured vibro-acoustic transfer functions to the microphone No.7 and its coherences
whose impact positions are near the accelerometer No.3 and No.4.
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Fig. 429 Measured vibro-acoustic transfer functions to the microphone No.7 and its coherences
whose impact positions are near the accelerometer No.5 and No.6.
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Fig. 430 Measured acceleration using the accelerometer No.6 and No.4 by vehicle running test on

the cobble road at 15km/h.
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Fig. 4.31 Measured acceleration using the accelerometer No.2 and No.10 by vehicle running test on
the cobble road at 15km/h.
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Fig. 4.32 Measured acceleration using the accelerometer No.8 and No.9 by vehicle running test on

the cobble road at 15km/h.
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Fig. 4.33 Measured acceleration using the accelerometer No.12 and No.14 by vehicle running test

on the cobble road at 15km/h.
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Fig. 4.34 Blocked forces at the connection of EPS near the accelerometer No.1 and No.2 identified
by inverse matrix method using the measured inertances and accelerations.
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Fig. 4.35 Blocked forces at the connection of EPS near the accelerometer No.3 and No.4 identified
by inverse matrix method using the measured inertances and accelerations.
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Fig. 436 Blocked forces at the connection of EPS near the accelerometer No.5 and No.6 identified
by inverse matrix method using the measured inertances and accelerations.

159



B4 EPSOT MVEEMNERE Lo dii A TR K 5 EBRARGEE

443 T MILEDOHEERREATHREOLLE

ARIETIE, X434 225[X 4.36 (2757 Blocked force & X 4.27 75X 4.29 (/R HEYRE
Bz zntnhidabd, ThozEREDLELIZ LIZL-sTH—F Yy NOFELZHEE
LA R A 7R3. 7035, Blocked force [LFRFEIEE CTH U, HEUREBIEUTE I AT F v
Thoih, ZNODEHAL L L TR CTEEZFE L, 300~5,000Hz O/ 2 /3
AT 4B ARED T o VZ TR L2 T M-SR 2 E L5 A & i LT

X 4.37(a)lE, FERIEAFEEEL S0msec & L TR L2EE L~ (JISC1509-1) ZLbig L
TefERERL, K4370)E, o7 7 SE8,192, A— =T v T 50%, N= T A
FIZ T FFT Z %0 L7/ RE2R~T. #HELZT MEEZE LGS LT 5 &, RS
LoUUZIEAK 12dB DZERNH Y, FHEBAST M ORIR bR DER L o702 £z,
ENENDT MVERSICL, Y TR 1,024, A—3—T T 50%, N=2T
Z80 S CRE R FFT 2 0 L 72/ R 2 X 4.38 1. LU s b o0, EH2ENIC
RETDHT MLBEORBIIHEE TE TWAZ ERnbnnsd. X, HELLZT MLFICBT
% No.l 7175 No.6 D XYZ R ENEFNDHFEE AR R LIEREREZRT. ZoMEY, #HE
L7=7 FVEIE, No3 25 No.b6 DFHENRKENZ ERNbMD.

PLk, #E LT MBI, WE LA LRBEOREEZHZ TV D boo, JIE L2
ALV B ULAABRRKREVFERE oo, ZORHEERERICIT, 5 3 BT ST & [F
R, AW CIRET 2 FIEICER T 2 T ER7ES° Blocked force DRIEFRZENE X D
25, WHTIXIZIND DREFEICHONWTELT D.

160



B4 EPSOT MVEEMNERE Lo dii A TR K 5 EBRARGEE

110
100
g
3 901
&
S gof
<
Jus]
= 701
|
& — Measured
601 — Estimated
50 | | | | |
0 0.5 1 ) 2 2.5
Time [s]
(a) Time histories of sound pressure levelss (7C=50ms).
80
701
'
%
o 60+ i
N
!
@ 50 )
i) I
=
= 40 |
o
n
301 — Measured ]
— Estimated |||
20| | | | | |
100 200 500 2000 5000 10k

Frequency [Hz]

(b) Frequency spectra of sound pressure levels.

Fig. 4.37 Measured and estimated sound pressure levels corresponding to EPS rattle noise extracted
by both A-weighting filter and a band-pass filter from 300Hz to 5kHz under vehicle
running condition on the cobble road at 15km/h.
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Fig. 4.38 Time-frequency spectra of the sound pressure measured and estimated sound pressure
levels corresponding to EPS rattle noise extracted by both A-weighting filter and a band-
pass filter from 300Hz to 5kHz under vehicle running condition on the cobble road at
15km/h.
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Fig. 439 Contribution of the estimated sound pressure level corresponding to EPS rattle noise
extracted by both A-weighting filter and a band-pass filter from 300Hz to SkHz under
vehicle running condition on the cobble road at 15km/h.
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Fig. 4.40 Blocked forces at the connections of EPS near the accelerometer No.1 and No.2 identified
by means of inverse matrix method with the regularization factor ¢ = 0.03.
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Blocked forces at the connections of EPS near the accelerometer No.3 and No.4 identified
by means of inverse matrix method with the regularization factor ¢ = 0.03.
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Fig. 4.42 Blocked forces at the connections of EPS near the accelerometer No.5 and No.6 identified
by means of inverse matrix method with the regularization factor ¢ = 0.03.
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Fig. 4.43 Measured and estimated sound pressure levels corresponding to EPS rattle noise extracted
by both A-weighting filter and a band-pass filter from 300Hz to SkHz by vehicle running
test on the cobble road at 15km/h. The inertances used to estimate sound pressure are
regularized with the factor ¢ = 0.03.
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Fig. 4.44 Time-frequency spectra of the sound pressure measured and estimated sound pressure
levels corresponding to EPS rattle noise extracted by both A-weighting filter and a band-
pass filter from 300Hz to SkHz by vehicle running test on the cobble road at 15km/h. The
inertances used to estimate sound pressure are regularized with the factor ¢ = 0.03.
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Contribution of the estimated sound pressure level corresponding to EPS rattle noise
extracted by both A-weighting filter and a band-pass filter from 300Hz to SkHz by vehicle
running test on the cobble road at 15km/h. The inertances used to estimate sound pressure
are regularized with the factor ¢ = 0.03.
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Fig. 446 Condition numbers and number of singular values of the inertance matrices with and
without regularization for identifying blocked forces by means of inverse matrix method.
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Fig. 4.47 Frequency spectra of the measured and estimated sound pressure levels which are part of

the data in the Fig. 4.43.
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Fig. 4.48 Measured and estimated sound pressure levels corresponding to EPS rattle noise extracted
by both A-weighting filter and a band-pass filter from 300Hz to SkHz by vehicle running
test on the cobble road at 1 5km/h. The estimated sound pressure was synthesized by OTPA.
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(b) Estimated sound.

Fig. 4.49 Time-frequency spectra of the sound pressure measured and estimated sound pressure
levels corresponding to EPS rattle noise extracted by both A-weighting filter and a band-
pass filter from 300Hz to SkHz by vehicle running test on the cobble road at 15km/h. The

estimated sound pressure was synthesized by OTPA.

177



HA4FE EPSOT MNEENR L LH il £1T

BRI K 2 FEBRAYIRGE

No.1 X
No.lY

Nodz JIIFTE TN )

No.2x (T E SRR
No2y {1

No2Z |
N0.3 X
No.3Y
N0.3 Z
N0.4 X
No.4 Y
No.4 Z
N0.5 X
sy |
NG5 Z B
No.6 X

|

No.6 Y
600 800

ALl )

ﬂ ﬂ
Il

30

SPL [dB(A) ref. 20 1.Pa]

W
n
|
i

|
W
|

No.6 Z

=

"

| AT ONAMARCY | 10 L 0
AT AL

I
WWWWMWMWWW MO
I

(MO |
[
1
11l

INL | I

|

(0 HARL T
LA
Him

IMW\MWWWWWMWWWW

I 1
WWWWWMWWWHWWW

LR
LUITE e
W LT
LI ISP
(MMM O
L ITHTHETE

3000 4000
Frequency [Hz]

6000

10k

Fig. 4.50 Contribution of the estimated sound pressure level corresponding to EPS rattle noise
extracted by both A-weighting filter and a band-pass filter from 300Hz to SkHz by vehicle
running test on the cobble road at 15km/h. The estimated sound pressure was synthesized

by OTPA.
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(a) Measuring rattle noise by vehicle running test.

v

Measured noise

$ Comparison

Estimated noise

transfer functions
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(b) Measuring vibro-acoustic transfer (c) Identifying blocked forces
functions by hammering test. by component test.

Fig. 5.1 Schematic view of experimental verification for the noise estimation method, in which
blocked forces are identified by component test and the estimated noise is compared with
the noise measured by vehicle running test.
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(c) Comparison of the operational and reproduced accelerations in the vertical direction.

Fig. 5.2 Vehicle vibration test under the condition that front wheels are excited in the vertical
direction to reproduce acceleration under vehicle running on the cobble road at 15km/h.
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(a) Measured by vehicle running test (identical to the Fig. 4.4(a)).
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(b) Measured by vehicle vibration test in the vertical direction.
Fig. 5.3 Time-frequency spectra of the sound pressure levels measured by vehicle running test on

the cobble road at 15km/h and by vehicle vibration test in which vibration acceleration in
the vertical direction under the vehicle running test was reproduced.
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(b) Accelerometer setup to reproduce vertical vibration under vehicle running test.
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(c) Comparison of the operational and reproduced accelerations in the steering direction.

Fig. 5.4 Vehicle vibration test under the condition that one front wheel are excited in the steering
direction to reproduce acceleration under vehicle running on the cobble road at 15km/h.
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(a) Measured by vehicle running test (identical to the Fig. 4.4(a).
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(b) Measured by vehicle vibration test in the steering direction.
Fig. 5.5 Time-frequency spectra of the sound pressure levels measured by vehicle running test on

the cobble road at 15km/h and by vehicle vibration test in which vibration acceleration in
the steering direction under the vehicle running test was reproduced.
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Fig. 5.6 Sound pressure corresponding to EPS rattle noise extracted by both A-weighting filter and
a band-pass filter from 300Hz to SkHz, I/S torque, tie rod forces and electric currents of the
motor measured by the vehicle vibration test in the Fig. 5.4.
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Fig. 5.7 Sound pressure corresponding to EPS rattle noise extracted by both A-weighting filter and
a band-pass filter from 300Hz to SkHz, I/S torque, tie rod forces and electric currents of the
motor measured by vehicle vibration test with sinusoidal wave at 14Hz.
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Fig. 5.8 Overview of the EPS component test bench for estimating rattle noise.
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Fig. 5.9 A microphone mounted at the steering wheel center from which the airbag module has been
removed and overview of the EPS component test bench encapsulated by wooden box with

the steering wheel.

3-axis apcelerometers on the
connections of an EPS system

° Additional 3-axis accelerometers
for indirect force determination

Microphone as the target

No.3 X
\Steering column
No.9

sub-frame

N0.12/

Fig. 4.9 Positions of acceleration sensors and a microphone (reprinted).
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Fig. 5.10 Photos of 3 axis accelerometers on the connections of an EPS system in which hammering
points are illustrated.
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Fig. 5.11 Photos of additional 3-axis accelerometers.
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() Photos of the accelerometer and the shaker (TIRA, TV50350-M).
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(b) Frequency spectra of the tie-rods acceleration under vehicle running test and component test.
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(c) Time histories of the tie-rods acceleration under vehicle running test and component test.

Fig. 5.12 Tie-rod accelerations under vehicle running test on the cobble road at 15km/h and under
component test in which the acceleration was reproduced.
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(c) Assist-motor electric currents.
Fig. 5.13 Comparison of I/S torques, tie-rod force and assist-motor electric currents under the

condition of vehicle running test and component test in which tie-rod acceleration under
vehicle running test was reproduced on the component test bench.
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Fig. 5.14 Sound pressure corresponding to EPS rattle noise extracted by both A-weighting filter and
a band-pass filter from 300Hz to SkHz, I/S torque, tie rod forces and electric currents of
the motor measured by the component test in which tie-rod acceleration under vehicle
running test on the cobble road at 15km/h was reproduced.
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Fig. 5.15
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(b) Frequency spectra of sound pressure levels.
Measured sound pressure levels corresponding to EPS rattle noise extracted by both A-

weighting filter and a band-pass filter from 300Hz to 5kHz by vehicle running test on the
cobble road at 15km/h and by component test in which tie-rod acceleration under the

vehicle running test was reproduced.
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(a) Power spectra of impulse forces for measuring inertances.
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(b) Power spectra of driving point inertances.

Fig. 5.16 Measured driving-point ineartances and impuse forces of the hummering tests.
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Fig. 5.17 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.6 in the X direction.
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Fig. 5.18 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.6 in the X direction.
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Fig. 5.19 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.6 in the Y direction.
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Fig. 5.20 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.6 in the Y direction.
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Fig. 5.21 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.6 in the Z direction.
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Fig. 5.22 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.6 in the Z direction.
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Fig. 5.23 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.2 in the X direction.
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Fig. 5.24 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.2 in the X direction.
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Fig. 5.25 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.2 in the Y direction.
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Fig. 5.26 Measured inertances of the accelerometer No.2 and No.10 and their coherences whose
impact position is near the acceleromete No.2 in the Y direction.
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Fig. 5.27 Measured inertances of the accelerometer No.6 and No.4 and their coherences whose
impact position is near the acceleromete No.2 in the Z direction.
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Fig. 5.29 Comparison of driving-point inertances at the accelerometer No.1 and No.2 on the vehicle

and on the component test bench.
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Fig. 5.30 Comparison of driving-point inertances at the accelerometer No.3 and No.4 on the vehicle
and on the component test bench.
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Fig. 5.31 Comparison of driving-point inertances at the accelerometer No.5 and No.6 on the vehicle

and on the component test bench.
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Fig. 5.32 Experimental verification procedure of the estimation method by application to rattle noise from an
EPS. Blocked forces of the EPS are identified by component test.
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Fig. 5.33 Sound pressure levels corresponding to EPS rattle noise extracted by both A-weighting
filter and a band-pass filter from 300Hz to SkHz. One is measured by vehicle running test
on the cobble road at 15km/h and the other is estimated by component test.
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Fig. 5.34 Time-frequency spectra of the sound pressure levels corresponding to EPS rattle noise
extracted by both A-weighting filter and a band-pass filter from 300Hz to SkHz. One is
measured by vehicle running test on the cobble road at 15km/h and the other is estimated
by component test.
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component test.
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Fig. 5.36 Blocked forces at the connection of EPS near the accelerometer No.1 and No.2 identified
by inverse matrix method using the measured inertances and accelerations.
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Fig. 5.37 Blocked forces at the connection of EPS near the accelerometer No.3 and No.4 identified
by inverse matrix method using the measured inertances and accelerations.
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Fig. 5.38 Blocked forces at the connection of EPS near the accelerometer No.5 and No.6 identified
by inverse matrix method using the measured inertances and accelerations.
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Fig. 5.39 Sound pressure levels corresponding to EPS rattle noise extracted by both A-weighting
filter and a band-pass filter from 300Hz to SkHz. One is measured by vehicle running test
on the cobble road at 15km/h and the other is estimated by component test. The inertances
used to estimate sound pressure are regularized with the factor ¢ = 0.001.
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(b) Estimated sound.

Fig. 5.40 Time-frequency spectra of the sound pressure levels corresponding to EPS rattle noise
extracted by both A-weighting filter and a band-pass filter from 300Hz to SkHz. One is
measured by vehicle running test on the cobble road at 15km/h and the other is estimated
by component test. The inertances used to estimate sound pressure are regularized with
the factor ¢ = 0.001.
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Fig. 5.41 Contribution of the estimated sound pressure level corresponding to EPS rattle noise
extracted by both A-weighting filter and a band-pass filter from 300Hz to 5kHz by
component test. The inertances used to estimate sound pressure are regularized with the
factor ¢ = 0.001.
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Fig. 542 Condition numbers and number of singular values of the inertance matrices with and
without regularization for identifying blocked forces by means of inverse matrix method.
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(b) Frequency spectra of sound pressure levels.

Fig. 5.43 Sound pressure levels corresponding to EPS rattle noise extracted by both A-weighting
filter and a band-pass filter from 300Hz to SkHz which were measured by vehicle running
tests on the cobble road at 15km/h.
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Fig. 5.44 Comparison of vibration accelerations at the accelerometer No.1 and No.2 by vehicle
running test and by component test.
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Fig. 5.45 Comparison of vibration accelerations at the accelerometer No.3 and No.4 by vehicle
running test and by component test.
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Fig. 5.46 Comparison of vibration accelerations at the accelerometer No.5 and No.6 by vehicle

running test and by component test.
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Fig. 5.47 Comparison of vibration accelerations at the accelerometer No.§8 and No.9 by vehicle
running test and by component test.
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Fig. 5.48 Comparison of vibration accelerations at the accelerometer No.10 and No.11 by vehicle
running test and by component test.
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Fig. 5.49 Comparison of vibration accelerations at the accelerometer No.12 and No.13 by vehicle
running test and by component test.
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Fig. 5.50 Comparison of vibration accelerations at the accelerometer No.14 by vehicle running test
and by component test.
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Fig. 5.51 Comparison of blocked forces at the connection of EPS near the accelerometer No.1. One

is identified by inverse matrix method with the regularization factor ¢ = 0.03 and
vibrations measured by vehicle running test (same with the Fig. 4.40). The other is
similarly identified with the factor ¢ = 0.001 and vibrations measured by component test.

239



HS5HE EPSDT M EEXG L U BARERIC X 5 EBRAYREE
10_ — Vehicle test 50
—— Component test — ]
L, 0] R e e T
8 = (<5 . ]
5520 g 20
- .30 [t
g0 5 50]
8 % -40 X 0]
0 50 2
-60 1 -20;
500 2000 ) 0o 2 4 6 8 10
Frequency [Hz] Time [s]
(a) No.2 X
1 4
0 — Vehicle test 50:
—— Component test —_ ]
g _ 101 = Z | omennnitre e
g 'E' —_ ]
S = -201 § -20]
T 2l S .
£ g 50
% 3, -40+ < ]
50 R
-60 - -20]
100200 500 2000 10k 0 2 4 6 8 10
Frequency [Hz] Time [s]
(b) No.2 Y
10_ — Vebhicle test 507
—— Componenttest| __ 10“’%%
® -101 p
8 E [ ]
S S 201 8 -207
T a0l s
TR g 50;
% oS, 40+ < 1
0] I G
-60 1 -20]

200 500 2000 10k R 4 6 8 10
Frequency [Hz] Time [s]

Fig. 5.52 Comparison of blocked forces at the connection of EPS near the accelerometer No.2. One

is identified by inverse matrix method with the regularization factor ¢ = 0.03 and
vibrations measured by vehicle running test (same with the Fig. 4.40). The other is
similarly identified with the factor ¢ = 0.001 and vibrations measured by component test.
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Fig. 5.53 Comparison of blocked forces at the connection of EPS near the accelerometer No.3. One
is identified by inverse matrix method with the regularization factor ¢ = 0.03 and
vibrations measured by vehicle running test (same with the Fig. 4.41). The other is
similarly identified with the factor ¢ = 0.001 and vibrations measured by component test.
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Fig. 5.54 Comparison of blocked forces at the connection of EPS near the accelerometer No.4. One

is identified by inverse matrix method with the regularization factor ¢ = 0.03 and
vibrations measured by vehicle running test (same with the Fig. 4.41). The other is
similarly identified with the factor ¢ = 0.001 and vibrations measured by component test.
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Fig. 5.55 Comparison of blocked forces at the connection of EPS near the accelerometer No.5. One
is identified by inverse matrix method with the regularization factor ¢ = 0.03 and
vibrations measured by vehicle running test (same with the Fig. 4.42). The other is
similarly identified with the factor ¢ = 0.001 and vibrations measured by component test.
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Fig. 5.56 Comparison of blocked forces at the connection of EPS near the accelerometer No.6. One

is identified by inverse matrix method with the regularization factor ¢ = 0.03 and
vibrations measured by vehicle running test (same with the Fig. 4.42). The other is
similarly identified with the factor ¢ = 0.001 and vibrations measured by component test.
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HTHY, EMMRREEIE/CTELEEZOND.

5.4.1 EHEmEETHRERIC &K S EEZEDTHE

B 4 B L OHTHETE COMBRTHW - EPS fERITERE L TV AEHES (LLF, Nol) T
BTz, FERICIEEYES Th 2 BIERO HEEL (LLTF, No2) LEEIZY a A v~ ORI A
AL SO F R (LI, No3) @ 2%, IEFEIC Nol DT ABIRAT T Y
VXY EAGDE T, HlOETHRBREIT .

No.2 & No.3 Otz Ay, ZThFh T 10 RO HEm EFTRER A 5 B0 L CHlE
L7277 MEOBRE LUV EJEEEAR Y MV ERDIRER 21X 5.57 & [X 558 1ZR"T. Hi
fiE CEREERIC, o7 ) v 7AW S A 44,100Hz & L CHIE L7235 EN 5 300~5,000Hz O
WY RRAT 4Bl ARET7 4V EEHNTT bVERR 2 L, R AR E K
50msec TEEF L~ULZzZHH (JIS C 1509-1) L, ¥ 7V 7548 8,192, A—n_"—F 7
50%, N= 7 #&EMIZT FFT 230 L CHEEEMA XY MLrEasRole. TZ2hizsnT
o2 D2 b0, AEBANT MO T/NE <, BERMEDH 23RN FM T X7
EEZOND. F, TNENOREICIIT HEF L~V DOEEE K 5.59 (-7, Kk
7T 7 FENENORBRIZEB TS 10 BHEOFEHZRL, £0 10 BRI T 25 KMH & K&
IMEZTT—N—L L ORLE. ZRENEL DX EH DA, No2 & No3 ITIFABEEND
HEBZ LI, TRENOD 5 EIOYEET 1LABA)DER NG HFEFR & o7
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(a) Time histories of sound pressure levels (7C=50ms).
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(b) Frequency spectra of sound pressure levels.

Fig. 5.57 Sound pressure levels corresponding to EPS rattle noise extracted by both A-weighting
filter and a band-pass filter from 300Hz to SkHz whichi were measured by 5 vehicle
running tests on the cobble road at 15km/h with the I/S No.2.
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(b) Frequency spectra of sound pressure levels.

Fig. 5.58 Sound pressure levels corresponding to EPS rattle noise extracted by both A-weighting
filter and a band-pass filter from 300Hz to SkHz whichi were measured by 5 vehicle
running tests on the cobble road at 15km/h with the I/S No.3.
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Fig. 5.59 Sound pressure levels with maximum and minimum values which were measured by

vehicle running tests with the I/S No.2 and No.3. Five measurements were done with each
EPS.
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5.4.2 EPS B{AEABRIC & S EAZE DL EE

AT C b~ 7= il B TR ISV 2 No.2 & No.3 o sl Z Ay, B &[RRI BEAGK
BRAAT > CHEETRO T NS EHEE Lz, #E LT M EOERE L~ VR &
JERH AT VAR 5.60 12, 10 EICIS T DE8E L VEBOEEE & FoKAE, feIMi
X 5.61 \IZRT. F£iz, FNENOFEEHEZFE TR LICHEEETHRBROYA & g L7
FERZX 5.62 1ZRT. 728, X 5.62 1B B HMEITRER THIE L7-BRE L-~Lizix, s
5] > HL i A=A TRER THIE L7 P L~V O R E o/ MEZ B DETRL, 612, Hiff
BT 5 539 OFEER (No.l o Rl &R L7,

5.62 [IZTETEMNF < DIE, No2 & No.3 ZH\\ T EPS H{ARER THEE L7727 ML
DEFE LU NHEEI TR CRIE L7236 E RES R D 2 ThD. 2k, No2 &
No3 D F FMEHEE TIENo.l E[FE—D X A v N7 mIREINEE 4 BB 5 2 720
(XL, No.2 & No3 @7 FVEHIE TIXHM TSRS No.l & IA—TiERn Z & AHA]
EEZBHD. No2 & No3 OHEEESTERE, Ford Lommel Proving Ground {Z & % [F]—®
FAAEETHEIE L7223, Nod &I EABE THIE LTz, ZiZiE, No.2 & No.3 DOkl
ZFERT DRI No.l THEH LI EARNS THERTHoTE WO FHERH D, [X5.63()F%
NENOHEFEETRICIBIT 22 A 7 v ROG ST mIRENNINEE & g L7252 Th 5 23,
No.2 & No3 IR FRIETH D DIZK L, No.l IZZN b LD bENRRENZ Enbrd. =
D=, AR TR TH S TZDEARORIZR > TN EEBEZX B2 5. 7235, No.l 1
10 FPRIORE 1 BIOEFE AT S THDHDIZRL, No2 & No3 iXZ£i 10 i
HIE 5 OB OE W EART ML ThD. ZOW 7V > JEHEEKIT 44,100Hz TH Y,
Yo TN T 8,192, A N—T T 50%, N= v VI C FFT 2% L7-. £7=,
5.63(b)iE, X5.57 L 558 1R T T FAEDREEEANT bz RRRIC M LTS R
ERT

ZZTHOEIZ, K 562128V T No2 & No3 OEAEED % il 2 &, BIRRBRT
HEE L2 E DEIT1.3dBA) TH U, Bl TR CTHIE L7258 O Z1X 1.4dB(A) TH 5.
L7208, BB SHEE LT R OER X EmEFTRER CHlE L7254 L (A
ETH Y, HEETEOEBMRRGEICIEE > TORWR, EMEMICITIRE L HEE TiE 2 M
FECE T2 EEZ LN, EBREHIREORRE LT 28545 8T A —F ORBECRFHE
WOMBERTETHZ ENARRICRDEEZLND.
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(b) Frequency spectra of sound pressure levels.

Fig. 5.60 Sound pressure levels corresponding to EPS rattle noise extracted by both A-weighting

filter

and a band-pass filter from 300Hz to 5kHz whichi were measured by component

tests with the I/S No.2 and No.3.
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Fig. 5.61 Sound pressure levels with maximum and minimum values which were estimated by
component tests with the I/S No.2 and No.3.
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Fig. 5.62 Left-hand sound pressure levels were estimated at by component tests on which tie rod
acceleration measured by vehicle running test with the I/S No.1 was reproduced. Right-
hand sound pressure levels were measured by vehicle running tests with maximum and
minimum values of averaged sound pressure levels in the five measurements. The test
course used to measure sound pressure level with I/S No.2 is same as that with I/S No.3,
but is different from that with I/S No.1.
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Fig. 5.63 Comparison of vehicle running conditions by measured sound pressure levels and tie-rod
accelerations.
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5.5 iR TPA ZRAV-IETE

FEF51#) TPA (Operational Transfer Path Analysis, OTPA) (%, % 1 B CTiR~7z X 5 ITAMZET
FAWTW DGR EEENT (Transfer Path Analysis, TPA) & In-situ blocked force 15D FH A5 1o
B & FRRICRIE S AT A0V A LB AETHL EWVIFEDBH D OO, HHEHR T A
T DO KGR DRI > A T AR D EREIREBICB T 28 E LV EHEET D FiEL
LT, MHREJE S 27 AOFEGTBICI T 2 IREN 2 BARRER & ERHRBR THE LV E WS F
ZNHS L Z LD, HERMITIZIEL < 7220, L LR 5, OTPA ZB&#E L1 D
HEE I A L 72 B0 fH A b 3 ST 5[62]72 8, AEFFEIZHV T 1, OTPA % FV T EPS
BARRBROMRENOEE LAV EZHEE L, SlETHBRCTHE LG a sk 2 L1
L.

OTPA % BLflj A TRBRICHEFH L 72RO T nzEE (4.4.51H) & EPS OHLARER CHIE
L7 IREVIEEE (533 ) 28/ /EHM T, TnbzERGbEL LIk~ T
ROIZFEND, FifiE TERBEOTIETT MVERS Z I L ChEE L-L &R A
AR M VERYD, BHEETRBRCHE L2 GE & i LR Z M 5.64 (1TRT. FLBNTR
TEEE LUV OEEIZIE 10dBAREE DR B Y, F I AT FVITFFIC 2kHz
UTFIZBWTLRANRKELS BRDER LR -7, 728, K 5.65 -9 8 FFT Tk 7
MAEORETHLFTFIIRITETRY, £ 5.66 [ORTHGESH T TH No3 205
No.6 DFEETINCIIT 2 TFHERKE W & WS FHPNIAE CIRET 2 FELFETH 5.

& Z AT, OTPA IZ X BImiEROHE I, Blocked force % [FET 24 & FkkIC, X (4.1)
BLOK 4.2) 1R THITINEEZRAVTND. L - T, REIEEFTS OB T8I
B AKMEHE LOMERMESND. & ZAN, OTPA ZH5ESITICHOWAEAE, &
HEESHIZ AW D IRENNEEZ O b O MR Z 5 E T 2 IREINEEITS O —H & LTH
FFAENDTZD, K 448 TRLUIZL DI, @H, HEMEPEMIZAEE 2D, KEFE
FORBREITFEL 2B L L s, #EICHWDHLEIL, £ OHEEIZHW 2 IRENN
HE MR A FHE T D IEIINEE TN AA TN TWRWO T, BTSN 5
BAEFHE LORRZENA T H[62]. & Z THifiE TLFEERIC, X (52) ([TRTREIHE ¢ %2 0.001
ELTIREREZFHHEAEL, TOBEREZAVTRDIZEEND T MBS ML, BREE
LrL L ERE A bV RS, BRI FFT & %5002 it L7 R 21X 5.67 025
5.69 (ZoR”d. FETo, REVIEE OELLFI TIN5 T/ S 2R Re R E A4 B4 b - 2 Rz IS
BT D58 & W R REDOE 2 [ 5.70 12~

+

rdix1) 1y - Qey(n) 4ez(1)71 [(P(1))
T1x A1x@2) Q1y) - Qey(2) Qe6z(2) P
iy ai1xi) QAiy@) - QAey(3d) Qez(3) P@)
PV lix@ A1y e Gey@) Qeza)| {Pw (4.1) 44
Tey ai1xis)y QAiy) - QAey(s) Qez(s) P(s)
Tez :
(A1) A1yk) = Qey(k) ezl \P(k)/
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ZTOEIL, K567 OBEE LIV EREBANT MvERDE, PNRTEEE LD
SEEMEIZIE 15dBAREDERNH D b OO0, AT MVITIEFICHEET D558 L
2otz B X 912 OTPA 12 K D EE S L~V OHEE IFFEFHAITIE L < 22y, ABF5E T
HEEE L 7= EPS HAARFRERIE OREIE N FEER O Hl E FHEL L T v, X 544 7B 546 12 LTz
& D IZHFIT EPS FEBERORENINERE KGR L T iz e, BRE L LR A =7 v
MR-t EZ BN,
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(b) Frequency spectra of sound pressure levels.

Fig. 5.64 Sound pressure levels corresponding to EPS rattle noise extracted by both A-weighting
filter and a band-pass filter from 300Hz to SkHz. One is measured by vehicle running test
on the cobble road at 15km/h and the other is estimated by component test vibration and
transmitting function acquired by OTPA of vehicle running test.
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Fig. 5.65 Time-frequency spectra of the sound pressure levels corresponding to EPS rattle noise
extracted by both A-weighting filter and a band-pass filter from 300Hz to SkHz. One is
measured by vehicle running test on the cobble road at 15km/h and the other is estimated
by component test vibration and transmitting function acquired by OTPA of vehicle
running test.
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Fig. 5.66 Contribution of the sound pressure level corresponding to EPS rattle noise extracted by
both A-weighting filter and a band-pass filter from 300Hz to 5kHz estimated by
component test vibration and transmitting function acquired by OTPA of vehicle running
test.
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Fig. 5.67 Sound pressure levels corresponding to EPS rattle noise extracted by both A-weighting
filter and a band-pass filter from 300Hz to SkHz. One is measured by vehicle running test
on the cobble road at 15km/h and the other is estimated by component test vibration and
transmitting function acquired by OTPA vehicle running test with the regurarizaion factor
0.001.
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Fig. 5.68 Time-frequency spectra of the sound pressure levels corresponding to EPS rattle noise
extracted by both A-weighting filter and a band-pass filter from 300Hz to SkHz. One is
measured by vehicle running test on the cobble road at 15km/h and the other is estimated
by component test vibration and transmitting function acquired by OTPA of vehicle
running test with the regurarizaion factor 0.001.
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Fig. 5.69 Contribution of the sound pressure level corresponding to EPS rattle noise extracted by
both A-weighting filter and a band-pass filter from 300Hz to 5kHz estimated by
component test vibration and transmitting function acquired by OTPA of vehicle running
test with the regurarizaion factor 0.001.
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Fig. 5.70 Condition numbers and number of singular values of the inertance matrices with and
without regularization for identifying transmitting function by means of OTPA.
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56 ¥ &

ARETIE, 52 B CTHZE L7z In-situ blocked force 75 & TPA DFLAADOHIZ L D ZEXRIE
B OB HEE FE L, # 3 ECRE LCEITINEDBEMIZI T 5/ S 72 R HAE O 1)
BIZ & 2P HEERRZE OARIRFIE IR 3 2 FBRAZ2MGE S LT, EA IREME O a5 23 3B
MEEZLNDHEBEHAEE XU -7 7 UV 7 A7 A (Electric Power Steering System,
EPS) ®OF M EAXIRIC EPS OHLAKGRERIC X 2 HEEMH & #il £ TR IC K 2 e 4t

wL,

1)

()

©)

(4)

()

LI DR R 2T

HEAEITRHC IS 5 EPS OIRENZE) % HAREE CHELT 2 72D ONE L Z I E
THZEEBME LT, HME [T Z SR E TR IET 558k & feA H R iniEd %
PR ATV, FEMA T DONMIENEPS O T hVEICH L CHAEHISH 5 Z L3 boo 7=,

(2T KRNV NEETD 4D & TATT IV TXY Ny 7 ERL NEET
% 2 1) % EPS OfEAEE L, BEETRICIIT D ¥ A vy Fodl)y miRsEhhnE
JE DL IR JER I AR 7 BV Ze BARGABREE CTHEL L T Z ORSGEROEAR 3 7D
Blocked force % In-situblocked force 15 TRIE L, 54 F TR Lo GHl OB BR)E
B L zhzndhTabe, ERGbEs 2 LICio TEEAXRML, EPSOT ML
B EHEE L.

HeE LT MABEORE LU, EEETRICIE LG E LY bRE kol
P, 853 BCIRE LI e ER 2 ORI FE 2 WA U, W T5NEIC BT 5 e A
L ORRZE LHRET D FIRICE R T 2 I EHEE RS 2RI 2 FREE 0D /)N XU Rp S fE A
I LD, BEE L~V OREEM & EME DO ZEILED 0.2dB(A) & 72 0, 1R LT-HEE
FIEOZLYERT ST/ o7z,

SEUHEEREZEDOIKIRFEZ M LT EPS ORI L Y [[7E L7~ Blocked force ™
AT VIR, 8 4 O LBl ETRERIC L U RIE L7256 S —E L,
iz ER CEE L 7= Blocked force 2N %4 TdHh D Z L Nbho 7=,

VaA v MR D T2 — OO THAERBRIEIC L VHEE LZT FLED

B LAV EREOB DS, ERETRBRICKVAE LS E L 8T 5 2 L &0R
T LICRY, MBEULIHEEFIEO YL MGE LTz, #EE L7BEE L UL HERHE S,
WE LTeG B EREWERPH DN, BAERBRTEX 74 A vy N7 ARE)INH
ENBERETRBROGE L8R5 Z 2R, HRETLEMETRMNRRDL Z

EDERE LULVEROFIKTH D L HELE LT,
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6.1 AWERDFER

AKX T, £7, HEEOEKRS) - BEFIREAH & LT 7T 27 AORFBEMEIZIENT
PR S A T A BRORBENIRRIC IS DIRE) - BEF 2 HEE T 0 2 L ORBEIEEIRML, Zh
ZIBLT DATHIE L £ OBEIC DWW TR A, IR - BRE A HEET 5 FELE LTI Rk
FEMEHT (Transfer Path Analysis, TPA) , 709 = 5 /L X —fi# 4T (Statically Energy Analysis, SEA) ,
In-situ blocked force % & TPA OFHAB DD ZSZHY EIF, RIEMERE I O AR
THM S AT DR OMBREINERIC R T 2 5E L~ L2 HEE T 25513, In-situ blocked
force ik & TPA O AG DR bIE L TW\D EEL L. —J T, In-situ blocked force %
I, BREEEERLRE LEHETHY, ZXEEFICETEHATERWESbATns 2 &
\Z# H L, In-situblocked force 1 & TPA OFAG O & ZEXnIXET OHEEIZEH L7-5512
AU 2 HEERR AR — M UTR LT, D&, ZORBHEERZEL, B 27T A 2K0
B A REIBICI WV TRD D &L LT/ WD E &R L, B A7 A LROEF IR
I BT DIREN DS AL & 72 55512 %F L C, In-situblocked force 74 & TPA OfAA >+
IZ R0 ERIRIEE 2B PRICHEE T 2 FIELZRE L. £ LT, AFFBER RO U S %
RGBT 2 520 U, 4288 LT HEE FIEO S E A RTICRRGE L2, X512, HEE
HEEN T —RFT T U7 A7 i (Electric Power Steering System, EPS) 5 b /L5 & X5
& L7 HmETTRERK L O EPS O ARG ER 2 % Hi L, 28T 5 FEORYMER LOH A
e RERENICHGE L, 16k, BEMRIEE OZ23%5 & STV 2 Inssitu blocked force ¥ & TPA
DG OmEAFHZ 2SI FICE TR TE 2 2 L 2R Lic. ULk, RIFFETRELE,
In-situ blocked force 75 & TPA DOFAS HOHIZ LV ERUBIXE 2 HPMICHEE T 5 FiEICD
WTC, BN ERRREZEZNTIUILLTOLEY THS.

(1) Bt 2T A BREIRE) « BRE ORI Z & e ORI > 27 2 LRI 2 & %
RUVMAIDSZE) S AT LD D250 DAV T, MRS AT A& BR TR
SH 5 BRI In-situ blocked force 7% % 1 f L C Blocked force Z[Al7E L, F7-#rikL
TVDHER S AT DBV TR Y AT A L ZB Y AT AOFEEHH» BB E
TOFBFEREEAPE L, TPA DERLIZ LY b2 ERGDOE T, iR A7
LR EBREIRBIZ W TRE - 2RI S A7 A ORI 6 BN S5 245U
XH 2 IS HEE 3 2 FiEIE, £ ORBICHE S I ERR 2= 2 Ml IET 5 2 & 3 w]
BETHY, METIUIHEHRMICELLHEETE S 2 B¥bhotz.
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)

@)

(4)

()

(6)

INHRIR S A7 A & B E L CHMREIR S A7 AR OKREA N b AR ETO
A F =2 AEHEL, T EF()TIRE L7z Blocked force & #h i) & bH T#%
REORIIGEE A L CINAREHEICAR L, X612, R OBMAE
TOFBRERKEHE L CRO RS TN T AbE TERADESL Z &
2k, RIS HEERREOM IEM A KD 5 Hika R L.

WM RE O HEERZE DM EME 2R D 272D O THIIFEE IS <, FlomELRAE
ETLHZ LR CH DL Z L ERIEMT S5 T, ZOMIEMEE, B AT LA eERO
EAREBOEFIZ BT, RO D & LTINS WEZ 2 610 2 &
5, Bk AT A RIRO B G IRENEGIEE O RSy 5 KEL R 72 85 Akt LT, fIEA T
7, In-situ blocked forced 1£ & TPA DfHAG HOHIZ L U TP ZERUBILE 2 HEE
TELEEZEZLND.

IRERY 2T LB R —1EZh— 0 1 HREETLVE L, £, B AT L%
[FEk72 2 BHREET LV E L, ZODOEME IS A7 28k % 3 AlEE
FTHE LIEGEIZBWT, EREG) TR LEFIEIC L D5E L -UL O U Eri 74
MY 5HfEE LT, FEBREIRIEICIST DR AT A OIRENEE & In-situ blocked
force IEMXFHR E L TV D EMIIRIREEIZ IS T D IMHRIA S A 7 LA ORENHE D42 H
H L, # s 27 22RO BAIREIFCEFIZRB O T, BEEAKE < o iRE Y A
T ADOE R EMPENZE S AT L Ll LT/ N S R DA ERE, KD
fifl & Hli U TS/ N S W & 2R L, BB LT HEE TEOZ Y EEBGE L.

REHIETY 0 HHMEMO—MEZNMRES A7 A8 L, ZhEMET D EEm D7
DOy EZE AT NETHEAICR L, IR E L TH BRI —E D B EE
MDD I % b 2 To FEREIRRBIZ BT DRGTOREN &, FFRHIXY OfEE 2§ 1L
W LT=GEOME T 72 b BMER Y A7 5O Blocked force %R T Iz fEEH
(25 2 T2 EAMANBIIRAEIZ 31T DG A OIREN KT L, W& OFHEMA R R —S L
722 &5, FEM IZ X 5 @S UHERFHATE T /L OIRENIENTIZ 1 In-situ blocked force 35D
HEmPAEHTEDL Z EnbhoTe.

REBHEE RO B B O —H 2 IRH A7 58 L, T E a1 2 EEsm
DI OB AT A ETHGAEICR L, IRFEE L THRBOAIZ—ED
JEP B D ) % 5 2 T2 FERBENIRBEIZ BT, MRS AT B O i S % 22
KBEFICED2BRAETOBEESE, FRBHEBEEROEEM L FHFILRER L2550
WA 31T 5 28 A O H 1T b BRI S A7 LD Blocked force &K T Z
NEFEE TG 2 T2 SRR IRV C, RIS AT D380 6 O &Iz XL 5
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(7)

(8)

(9)

(10)

[FIBLNR TOFEZ R L7ZfiR, Bk 27 AR o BEAREETIZ BV T
FHEAR—EL, RBELCHEEFEDZ LRI BN~ 7.

ITHNEIC BT DEMEFHR L ORRGERRINT 2 Fik s LT, HBELSTTHEH IR R
R ZFIA L NS WERIEDO WL D0 E2 LT 5 FIESMLNTND 2 & &
v B, Zhz EEE(8)? Blocked force HHIZHA L, Z D/ S WEFE %2 H2h{L
T FEN, WITHNEICERT 2 E8EFE EOfEE7-1F 72 <, Blocked force A& £ —
VRN T 5829720 b ERRG) TR L FEOIPHEERZ ORI b A% Th
L Enbhrolz.

Uil
X

HEVENMME A EITT 2L ECRETLEHNNTV AT TV T VAT A
(Electric Power Steering System, EPS) @7 h/Li%1%, EPS L HIK L DA 2 & TeS
HOR OB ETIRAIZ I 1T D RE) & B (ERF I BT DG 6B BAE TOA F
— & U AZWE L, In-situblocked force {52 L VD 7 MVEIRAEREO Z OFEAEIZEH T
SIEAZ 3 J71M D Blocked force 3K, & HITHEA A BB £ TOH BRI
DORERE K & 4% Blocked force N ENEHTHDOE, ThbrEREDEDLZ LI
FoTHETE L. #HELLT PAEOREE VYU, RRICHIELZT FvE OB
FLALED bRELS o720, TORRIFE P72 8 EPS PIAMI bR
Mo ol-led B2 B, WITHNEIZE T 2/ SV RIEO Bt 2 WV THEE L
CEEETZT TR KBRS LoV ORFEE bl —8T 5 2 L AR L.

B AT 72 B QNS # 1k B O fiids O IHRBRIZ X - T, 7 huFicst L Cidfe
A DONEAN BB T D Z L& L, EPS OHERBRE T, /ey &
BT ANIINET 5 2 L2k Y, EPS 7 hMLVEFAERHZE T % Blocked force & 3K T
T MVEOBRE LUV EHEE LTz, B8 L72ERE LU, B EITRHCHIE L7255
ARV bREL ooy, IEPHEERRARBFE L EH L7CRER, S L~V OHEE
il & P EMEDFEITHED 0.2dB(A) & 72 > 7=, F£7-, EPS OHKGER C[FHE L 7= Blocked
force DAY MAFERITHETETHER CRIE LS A Ml —EHT 52 2R,

VaA v MRMD R D PR A SN E LT EPS ORARBREIC LY ZhEhn T
T MNVEDRRE LIVERE L, IOV THEBETRERICL ST FAED
BEH LAVIE 24T - TR L7ZAiR, T BB ORRE LU UERZE O 25—
THZLERL, BELCHEFEDOR Y EARGELTZ.
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(@)}
I
-

62 SHEORE

< BB ILS Blocked force 1%, NIRRT AT LAEA OFHE/NT A —4% & LTIEFIC
AWTHDLN, WENEG TRV ENLHERENDE Z EnDh oz, L)L Inssitu
blocked force (D EIFZ L » THEHA ZHE WD, ISO ITBEEEIND ETICEST2[81]. & Z AN,
In-situ blocked force {EITFEARILE OFHMEFIETH Y, BRRIEENEH TE DT E/EWN
VN D EF DL, ZUMEWVBEFOEWE DR THL. LL, RFFEOKEIZLY,
DEIR Y AT LN ZE S AT AL el U TR/ N S < R 2 582 RE, #2724
EROBEFRBEIC BT DIRHA BN THLHEIL, BREEERGTENLTHDH I LER
29 % Z £ 72<, In-situblocked force (£ Z M T2 2 LN TE L. T2bH, ZEXURIEHEIC
HEHT 225G TR, BREIEFICERT258IC80TH, AL TR LIS R
A WfrESn 5.

F7-, AKGHLTIE Blocked force % In-situ blocked force 12 & 0 FEBR TRIFZHIZRD 5 =
ERFERNRRGRE LR, B3 ETRLEL DI, BAEAMNT TIX Blocked force % [E A2
MOBGIIROD ZENTED. FEEOB A %5 & LT Blocked force % AUEMEMT TR
BTN IE KB CAE BT /VISREBNZ 25 LB 2 LD D, IRENENT T Blocked force %
RKDODHZENRTEIUL, & LITEBBNT A FNML72< &b, FRIITE BB ERIR A R,
RO T Blocked force IZHNTEHOEDHZ & T, BELNVOHENARELEZ B,
Bl 2 Z DB ICELZGIEENEEN TN E LT, Ky 2T 22RO EAIREIER Ok
MR IEHTHIUL, AFROFRERLY, HERBEEL L EAHETE 2 LHff SN 5.

S BT, AL TIL, Hi s AT A RROFE AR B & R 558455 L LT,
In-situ blocked force 1% & TPA OfAEH Z TP BREIEEEHATE A2 2R LT=25, N
IR Y AT AOFRFIRENC X 2 E3 0w L7856 OHEER 220 O A MEA I & 2
SNLHZ ENHFEEIND.

72E, 53 E TR LI PR OB Tlx FEM Z W 7228, WIENEWAITE S
WZIFHABER L2 E W) R bRy 7OMREEZHWDD, I EAWER % BHE T
TRWEROEEIEI U FY R E LT, Rayleigh-Ritz #EIC X VRS HiED & H[104]
[105]. FEMIIEHEIZT 525, 8 3 ECORLERITFZICHENEEZZONLHTH, AR
> 7 OARGE Z IV T Rayleigh-Ritz VEIZ K 0 AT 24T o 7278, FlINIRIKRE & R EIC
B OZET AT AOWENLFR 2725 & D, BlEmE D OFERB G D> 72, FEM O
FRMTAE A LA, SR ) & LTHE 2 -RAN, thife—A2 F, ALY E—A2 F
23FHF% L T Blocked force DJEIE Y — 7 38 v AT L ORENZITEHN/R L 2D L L,
XILER Yy ZOMETHE, HIFE—A L FRRALDE—RAL MDD HNMNL, AR
AN R D TV Do O SN e oz RSN D, ZOHEENELTUE, IR
U E L THAMAETEZEE L THES Z LIk BEiaE ) OofffrisEngonsd 2 &
2705, LI Ve Ry 7OREDRELMRT 52 LITEETHY, IV FY L
WOBHTIZE D TR LN END Z ERHIfSRS.
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