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Vibration Characteristics and Analysis of
Small PMDC Motor for Automotive Applications

Dong-Ho Youn

Department of Interdisciplinary Program of
Acoustics and Vibration, Graduate School

Pukyong National University

ABSTRACT

The small Permanent Magnet Direct Current (PMDC) motor for automotive application is
almost brush type and uses ferrite magnet. Basically, depending on its application, brush type
motors are from 1,500rpm to 10,000rpm, and in the view point of vibration characteristics, those
motors have distinctive noise and vibration characteristics, related with the system. Especially,
some applications, which need high torque and low rpm through a worm gear, have different
characteristics each other.

Recently, due to the increasing demand on comfortable circumstances in the car, reducing
noise and vibration play a more important role than ever before in the development of motors for
automotive. Therefore, vibration and noise characteristics of the PMDC motor for sunroof were
analyzed through diverse experimental measurement in this paper. Also, based on finite element
method for rotating shaft rotordynamic behaviour of the motor shaft was analyzed. Model
parameters used in finite element analysis were updated using optimization scheme. Furthermore,
bush bearing parameter was identified using measured modal parameters, Finally, rotordynamic
analysis was conducted using updated model parameters and identified bearing parameters. The

results from this research will be directly used in the design of next model for sunroof in industry.



AR Y A F 25 7](Permanent Magnet type Direct Current motor, PMDC
moto)& LHAE FT+ AAE AHESt FHANAZIAHZ 2UE o] 83
TAE AZNAY sz, AVAY] z2= AR WIS AFAHoZHN
g e] v, FAFo g IAFY S HAAII= AF7Iolt Fx29 FF 9d
7b Bln A gEta, AP st oz ko] Fhsdte, A A ojrt §olstd
Aojg FF7IZA olF 8 5EA4S VA Jom=, Jg FH o
FEolA de AMEEHA Atk 53] AFAHE 2o #(wiper), X -(window),
Qtel\(antenna), A(seat), AT E(sunroof) 59 TFE WFEE FTANY
AFAE77F AHEEH ST

a2y o] AF7Ie F&£F B Al(brush)9t g FAHcommutator)ol] 2} 7 7]A|
A HA o] B, old WE AgH IF YAl & FHA JAF7]H H
3 doiFHoez & AFol Ut

AE719 AFH &5 A JAVIFH 493 71AFA 99 a8 F
7] 933 A SLeg FEHEH, ol T AAVIH Z JIAFHA dddd o
F L AF7Y AT dgd Ve Ao F 2EFHeE Y & gl 8%
oltt. FTAXE AHEEE HF AFZIAME HATFHA AAd o3 IF
ol ZIAZAA Aol AT ARG FHoeE Foh EF AFAE £33 AF
AE719 AS, A YAZA7L glenz YA 4229 94 1BH
A et "2t JAF71Y AT H &3 AR dAde B8 71AAY IAF
7 AagE e st U

AFAAY ATEL F2 AFIl AA 2 44 F FQ Bele W
#AzHo) gk =, AEvle] A4 T4 4 EA vl Aoz 7F A 7]
23 ol4el 2 VEL WBSE BEV1Y QY BA © A¥o] F2 B
Agen, 2225 402 dAHE 2 $ES AN HA%E 49H B
Yol 2 ARHAS. a2y Hoo ZF3h, 1883}, Axd, AJNEHY
87 A&y AAHRE df§3tr] AMAe AL F FE dEY B0l



obd HA dAA 14T BAE FFHA A Ade =9lo] Fas}
=

metx] B dye JAFEZ(sunroof) § FAF HAF7 AE &5 54
¥ M9 APL T3t BAHHPoH, 53 IJAFZAL FFas
2dg o] g3td A9 53 AT S AT A A= AL 93A
F8 fdas AHvEHES FAH3 /Y-S 0] &3t s (update)st ATt a4
Hog 1 FEAEL Hotsly] ozl FAl(bush) HoH e BAAFE AEH
o2 FHA ARAFFS ANY FFe4 wde o|&3d FAHIRYTH JH
FTHoZ MY FFL RS ol &3t IHAAFTHE S FRAC



2. PMDC A5719 #+x 2 42& -5 94 7|4

JTAN ARAFE AEF SZE, 34 AqFoolH, g} @z, 2
S 4E Solx, ATZ 3} B2 AT $Fo) U AgAL o5 28
3 AFAEL 905G AFRY &4 FPNA APk AAHA 2g3 A
Fol 2 leiget AF/NY A8 AFWe] N Le ol AF]
¢ % AF A9 AZSHA A% PAe A7sted BEHod AF)
£g3 AFL ARSI A% ARAA AW AP Az, AgFE2Y
A9 L FEAAE AARE Rolth ATV 2YW FREY 2} AF
AHQ 7283} AF719 54T BART oFME AFAW 28
55402 AVSHT AF/1E AAshe 72Ee 9Fe wAHA %
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21 A8 PMDC AF7]9 +x

AFE AFZ AFrle A AVAUAE JAAUAE viHFE A5
H29 olg 743 AFZ ATy FF 3 B9 JAFE HEA
AFE 719 FE22 YrojZ. ofulFoj(armature), B A] ¥ FFA Fol
AF 715 &3, € H(worm wheel)} 31 <A 7]of(pinion gear) 5 7]ojF
o &%} Fig. 2.1 £ 479 oz ALgd AFE JAF= AF7Y F
ZE, Table 212 A7 HE AF719 4 8458 YehiiH



Ring Magnet

Fig. 2.1 Schematic of sunroof motor

Table 2.1 Element of PMDC motor

* Permanent magnet (Ferrite) DC brushed motor

* Brush holder of plug-in style with interfaced electrically to PCB
* EMC filtering/suppression

* 2 Pole magnetic ring for communication with Micom. and System

Worm shaft and wheel for Speed and Torque change

Zn Gear Housing
Plastic housing of ECU
Pinion Gear for operating the system

Fig. 2.2% 23.5:5T, 13.5Vocol| A 2] AE7] 715 A% S Vet dutzo
2 AFAFVY 453AL JH 59 EA9 AFANE 1 A4S 23
3, AEZE AF7|9 2L FRY A5 H8rodA 13 #&S 53 1t
A YUgirlol 7IFeg I Asol Aodd. Table 2.2 Fig. 228 I9j
g WES Feste vebd Aoln, Table 234X £ A7 Y IF719
EAL Ao
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Fig. 2.2 Standard performance curve of PMDC
motor(13.5+0.2Vpc)

Table 2.2 Basic specification of motor (13.5+0.2 Vpc @ 23.5T)

No load speed 132 + 10% rpm
Rotational speed at 1.5 N'm 105 + 10% rpm
Rotational speed at 4.0 N'-m 56 = 10% rpm

Stall torque 7.0 £ 10% N-m
Stall current 20A Max.

Table 2.3 Characteristics of PMDC motor

Teeth No. of worm wheel 72

Gear housing material Zinc
Pinion gear direction(CW) Sun-roof closing
Pinion gear direction(CCW) Sun-roof opening

Operating speed range applied in

sunroof (opening/closing) 3,876 ~ 4,032 rpm




22 PMDC d57]9 £& 2 AF @A 7|7

221 2599 A9329 5489

PMDC AF7|= F2 A7 97422 4" FAA 2A sh+A%
FHE R4 A0 2dFA 3A FAHde oulFoR FAHE(Fig 2.1 F
Z). A7 3939 shtel] #3d BA EFHAA TEHT T8 obv
Fole kA A Hojge s AAEG. B olupFold 1Y
g AFAS Toto 9F =M UF 2= AFE wisk=H A HE
Foo gz AHgdrh A71FdeA AR 9 A=A AFHzA dAde
E3d 93 JAxE dFHoR P A= YTES ZL I8N
43} 7lo] &L 28 EAE FFAL 29 £EE F0]7] g8t AR
tt.

FE7125H wEHe 250 AT F8 42 BHAS A{A Atol9
FE A8, 7o) REY 54 R HoZH oivtF o] Fo FE FLe JAF
o A28 7Y ofnpFold FEshe AAVH(EA)IL, ol ARF
JF(AFAAA bare] & x F IJAFIF)E AFIT opuiFolg HF V]
%3 FF 5ol ALse dATIH Y 3N JEL ol AN
o] F4dl HAAIskA e I YT o] WY HEL 25 AFU 3
¥ otviso] A AR FHgoA FHST HRLF J& ofvtFo] £
ol A} EATT. THHL B FFA AtojdlA e, FF F3t
TolA HFIT. vpFH(frictional force)2 B AIe} FFAL AolollA 283}
i, F A% FF FHgFdA AFdh 7o) 2HE HH(gear meshing force)2
71olst d FFZoA 7|0} REH FI(gear meshing frequency, 31 F= x 7}of
HAFHRRZE F T O A AduH T FAloly viEY, AET F
ol A2 ) AduojgH FAtole FAF(impact force), HlO|F FEE Fol
710 F, BeHE ARA BHoR v 2ZPYo| xPdth. Fasd F
e ofutgo] HMFHaet I 23 ¥ (harmonics), FFFIe O 238
4, 2 710 EY Fieet O ZRAPECIH AE7] UM HE 3
(fluctuating force)2 #HAE HF7] 2204 FE o718 & A AS7HA
A oY F39 AF7 dFEE2 §719 B9 ARE B7) Ao d¥
(sealing)o] ¥o] 913, AF7] &5 ATV A2 RH HEHe IF
Aoltt. £F% JEd 2 d¥8 FEFE 25 el Fig 235 2o



Fig. 2.3 Noise and vibration sources and transmitted paths

Fig. 24+ AA7IH 4&F IAF el SA8RIEEA, HAGA AN A
F9 4%& AdlA FAEol = A5 FH Z2Y AA =HAdH J@AASG A
AAatole] FS8YE AASH, 7 EZ(Cogging torque)®t B 293
(switching)oll FA == AAJAES YT

i Airgap oM 8 AHH2 X | ] Cogsging Torque O 2%t A ZXE

| Becentricity Magnet | —— i P

(o] e

‘ Brush and Slot Ratio ]-—~

™~ | Brush Contact Condition |

Winding type

N. S Magnetic
balance

Undercuting for
balancing

[ Unbalanced Magnetic Pull Force ] ! Commutator o 2|8} electrical noise

Fig. 2.4 Electromagnetic noise factors
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Brush ¢ Commutator < B ! Armature Aass’y 9} Shaft Bending ¥
2y weeE Spherical bearing 9 9%

Fig. 2.5 Mechanical noise factors

222 AF7 £x9 ¥

AE7l =9 EZC dig AFAFT7] HAH o2 REH, AF7Y S99
Ede 74 X*%}i’% ofulFo] AFol HH T|&Ao] Ut} ofupFoo Q73
= AR/t 2&€5F 29 Edvc wolA, As7e £8L dopd Aol
%i%—«l 23 94RAF A5)E A5 £59 T3 949 EF EA A
2l @] At fFAMEE HiFo] HME7] £x9 EF A4 disto 7=
th HF HEe AAHA Fass AR TS O PR AP HeE
BE .

ofutFo] 9] BHIEH T Y 7oj9 FAHQ dFo dFe F,
Ao #AE AHsn, 97 7o REH AL oiupF o] F9 HIEY A
o 4F& £ 4 Atk vEY AF AAA fdge FHAYG B W
o] wiF A4 &S ndh vEF JF HEe AFHE AE7Y A
¢} 2719 £ H3}-(operating load point)#} FA wWFgch gy HIEY
AEsFoFe oo A Fof(ole EZ 7o) HEY Fug)d de

o

2 ot |
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Ao g AFHUY. ol§ AAEL ovlFoly JASEE A FAHA
gede & Ut ARFas@EEEHe JAA7Y T A9 HEH
AFe HAFHFAM e aATEL Az E gon, olE olujFo] ©A
o] & wFoloh

223 B A9 AHA

BYAY FAFrAe FE AMHo =24 & de &3,
(harshness)7} @ e F8 AL, 2 F2E BY, &25¢L& B
F4 ZANA vhEA(bouncing)dtes A2 AL, BejA} HFA Alo
o] ¥F, BHAIZE AFA A vHeR)E AT u EgAUt e 49

A2 oo}

Fig. 2.62 AFAF 9olAe] BEAl9 7153 AF =8 el Aol &
2 BEAIZE AFACA M oAz g Fobx 2L A H4,
O AL FAAdriver)®] Al A& e L= A &=t A, AF
A REAY d#F A AAE a73te AFSS BHYA 9 BHA] Aol
azjar AFAA L] FAHclearance) AN X FEE 7FA7] wjieol, E7IH3HA
ol @] vELE + Ut

£

' / Brush
3o--- Brush Holder
—

™~~~ Commutator

It niakes commutator treq.{1x)
dand 2X 3X

i
[ ------- ] T . ......

Fig. 2.6 Vibration mode of brush in brush holder

AHAY AU S (roundness)= BEHA| AL 4L vxe v F23 <l
Zpolil, AA Ea BofoA dlo] I X|(high pitch) A&E oF7ste F89Q
9 sttt AFAAM 53] uler up Apoldlx el G FF(profile
waviness)2 HZA] Bl tdl J4FS vt FZHL vl AlojolA] HA]
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b €% 4 Wit BEAet FFRA AboldlA AT Fig. 272 ¢
AA=EE 7= F ARAY 34 veidd. JAHY d57] 25849
M 6 ~ 7dB zpo|7t F BFAAIOIAA dojAt. © MAE ARA JAL=(E
= O FH2 Hprtold] A wizhe BYA &3 AAAY HAF7 £25E F
d F At AFAY Jdee FTFT WolF AdAAY ofnfFo Fo Y
=9 daHo] g oA ARAVF 7hEE W ofvlFo] Fol FFH A
A AAH7] WEoln. ofupFo] = AoM ¢ A JAdxe 53
F 84 Wy, AFAe Jdx B ope} oY &8-S FaAUY
B3]

o
278

(a) Roundness 2.60pum, slot to slot 1.20um
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(b) Roundness 5.00um, slot to slot 3.70um

Fig. 2.7 Example of surface shape of commutator

E3E ofppold] U&= #dol U ofniFole] I A
A wshgezn 239 5 Qo 9 AAEEI 5
H ¥& &0l oldn X5 Alole ¢ &8 349 = AFA
& A A(high spots)& A& F7Hel F8 Aol

PhET 278 MEe £BY BIYPA &84 9% U £ Aok BAd
Hgste whAHe BA AR, B A, ARA BREY, BPA 22
B 4E, &= ada B} FRAe A Sx9 ddAdG. HA % A
FA Abel9] vhE #gaE LEEH ALSS Asta Az BEA &89
e Bt FFAAbele] vl e YT F& FU(graphite) B4
A8 gl ofs] AFHAT Fig. 282 He{Al9 &0 Bk} wlasg
Fig. 2.9 B9 2 iFs A A AACAN /8¢ 4FZ AFAF
718 Adste HA F AFS S o AF HEE M vnd b
olglolth. HI& 1 FF AAE 2 ~ 3dB Aol slriels, Ay AR £7)
2 BA AFol 7HE ALEE UG w2t Be Axg 5L 7
e 7HA7bs Alo] i EHCAME P 2 ReE ekt stARL
Aoz J%A AAT F fls Aol #tE W74 (durability)d A= 7] o

woll, A& Fotof .
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4o agade By AFAA Y uF 22 E Fedh X, &
AE2E  AFAEF7IY AFIAAL a1 FE&3 2dd "=, 74
(specification) o £33, Hg|A] AZAHmaker)ol] Wt 3 ~ 5%2] HIMA =
= 840 wE 1 HEge 23] Edth H2 SolAdE BEYA AFRSo]
A7 woludts, FAFES A3l AFIAH F E4AY Y HAVbske
A4= Ut

._;_ ; ¥_v ,
A brush B brush C brush

Fig. 2.8 Comparison of material hardness

(%)

.; o |' . '[
A brush B brush C brush

Fig. 2.9 Comparison of copper content
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AE718 7] +EFA BEA A9 L A (high spots)T 7HEFE FF A
€ B, BA ¢ a3 ortFold] AFE ord 5 At ol =
< AMEL 27 7E(pre-running) Foll AAE Holx o & (28 ¢ <t
d) HF Wl BF9 wEg A Lol B AHE Fx
(seated-in brush) §FE FFA AFEHEL 71 AF7)d 3l &5 A%
< ¢ Yolxn A

224 7loi%}t o
Z1jst § Fae 29 28 WFa Y EaE IV A8 Al
o, A& EolZA A= ZE, EYF YZE, 09 ANE, MEZ FT& 3

o PMDC A&7|dA tEAez de AHgdrt 3 v&3} 74, aga
258 93 Ed2 Age dE A8dd Eo2g vlole 289 w2
HEFE) 243 =2 UiF FA5H4e2 st AA(steel) 7Ioitt o A
3 ¥e 53 A4 F2 92T FEHT dF F& A 7o o
B 71o] BAd 2 HEE o71¥ 4 Atk E2H AR oj#y FA W
o 23E 7)o Az, A} T TAHI L o2, ¥ HA(tooth spacing)

def B)e 25y Fad adez oprjdd.

250l 7lo] BEY FH O ZSPRANA FUHE By olye, 7)o
252 AFFHFd a1 2IJAPENN SHFT HAF7] 284 dF 7ol
e Qe Fo5d9E 29T 7)ol BEY FH5o RHEE] A
250l RAFFo X o, THoF Q& o L 2L Hwo| WAF
F Utk o] A5E ANV HlAE 7]o] ojwa BA Wy A, Jlojs)
H F9| H¥, TA(equidistance) E ¢4HF AMWFE P HE A 2
A7 9a3dith. 71oj9 9 Alole] HZFd|(contact ratio)s F7HA71E AL A
Z ZRHAAMTEH ZF ol#e JE FYHA & F UL By ollE, o B
& ol L &F S TYUIA EEATIAL 7jof oj@H = WY S A
A 4 U

AE ¥HZ(modulation)= F 289 A7 ANE} Eu4 AHEY
AN BRAG of W Wz £ Az el F7leyclic) 289
01‘3} A" A5EAL AF7] 259 Hx 4% Ugd. oAL& 53

FRAEFFAA o &Y Fard 2 2R FHAA o AT
ZEH‘E! d E(sidebands)?] & E Jepbdct. o] 7Aoo #(tooth spacing error)
£ aod 289 499 4 Utk 9 29 wYe slols Y Alole] y @

)



Y AH(E7HE SAAIDE olste Wzxd £58 weEH

2.2.5 wjo] g 3} o}u}zof

=3 Hlojg o HsAEL IA7ANN £25H IFY F8 4 FTH 3
tiolt}. ofulFo] %2 7l 2 3(laminations), #d(windings), FFA % WO
2 FAHZ, F odoigd o3 AAdd. B 2L AHduo]PL ojulFoir} H]
W L S5 pmE A3 AFAA F2 AMEEGD

olu} 30} 9] E3 F(unbalance)2 FAF7] FFY F8 A F9 shvolth. A
717 AE719 JAFas R0 1 B2 1/PFFE HAE T
ZEd AYEHUE b A= 25H JFE oF & Utk A2"HE £
B wolzd A gs F3 woly Apolol FHMIEAE)E ¥ F AE
o, ol HAAMZ F9o AFSs FAFoZN IAF 5 Utk FFHL A
T AR AFS LAANZE F Atk ° Y& 5 FHFIN(FAANA
03} 180% 2%)e= AFH 288 93 #ZaAd + ok

HlolH ol X FAE FYOEN ojufFo] BEHFP 3t THS &Y F
Ak 2 AE7Y 4287 JFL vojgde ALdEF B} 9zt 3
AEF S vpgo] FUME A3 WP d5S FAAE 5 U2 F3 Wy
Ateld] e IS AN F Ao AFFHFAAY 2T Hojzgo] 3
AEAS o vz wojgo] FAHA GAS o ARFHFAAN 2AF]
FEZEh Holy FBEFL ofuFort Aok vl 39 F&
Hojgd YR o7|F 5 A ok T4 ARNE Holge wetd AAY
o Arl= F7I¥Y. o] FRBFL HAAZ olulFo] ZHd AL d31F
(preload)ol] 9J3td Fdulolg o AL F7HAIZIY O 2 Holyg AL
BEAgt ARAY] F3FEo] HolFdE 53 HE7] FeA o 7 HAG
g 5 JxE o vtFYd o3t A&z AV HAEn 583
FEagae o 2R 15945 AFA APBEF 3t &S] F7}
gttt Abs 2AHE B wolyo] AFEFY 28S £V Add FHEG.

226 39 AFogyyY 428 B

T=F e 22 T8 td 947 71 #E AFvl d¥HA +=x
AF7] A 719 A9 2709 F8 A S 7HFY. AEF7) 3%
L A71EAE Ao AAZ wEo A3, Vo AL AYHoF &F
1g, ol FTE Zgxgoz FAIY. ol F 5 FFHA 44
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(dynamic coupling)S 77} vl & <fsict. ¢4 IRFAFFSY 1 REe
Z1AAA FHA @Y EE o83t SHE & Uk AT l 7 A5 dLH
9} Z& F&o ddtdq "Eo] Hojdx, AHRFH< Z::%?: 39ASs B3
AE7] gRE Addrt 394 L 713 ddsty &S 7HA 2 71 F9

+old BEG AT 2eh} 349 AF AFL 150 AW Fis
203 @ o, 159 THASFNAN FZ ook THAFH 1
=YL AE7] £ 2HEFON Fo WA} FAYLL ¥
—r7g4 TZE WAL LFAFTSE HIANAD S$9AY PILSS BN

GESIEE ERE

74 At Av@ibsyt BE AT 2gre] AT szl AEY) S
Aol 2748 4 A 24 A Ade 598 wnd e AFFAA
a2 HARFASHNAN 394 15 Fole Rolr. ABE F2 743K
2 2R LFAFFE o|BAVL, 2% A% AEL Ak
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s 4¥s #3988 714 2T 32 dY AF7d AE 2/IAFFE
Hetstrl A AL, ols +MFY WilM HE7IY nFAFFe} 7HAF
7F A FF(resonance)el] 2j3f FF FNFo] ST RE Q] H5H
AL LEEie ZHY A 2 7S A3 AsAF7] dEolt. a8
2 AEF71e AA A FA3Y HAZ 275, ol Z¥(mass)t 7HA
(stiffness)®] Q1 AE719 AHFAFFE ATV FFLA FA5 =2 F
& 7RAFIE JEF LAEA =T dAse S wdt

AE7] 2AA 54e #HAdsrl e FRa 2d035v, IJUd
CW/CCW 3]3) 2@ MFE closingd} opening®] F31Z7(13.5V)d] th3dlod AF
< SA3%Y AHIR Fas AHEYS BARYT dFV] FAARE
Campbell A& FAJst] FASAH. ©ol& #st] FF7IE FHst 23
M9~ 17VE IV S92 JHAgE dAUA Fae 2d9ERY] 378
AR AfAETE S8 (impact hammen 2 AF7] @F o o »

AE BAst F95 SUFFE FHOZA Sofatgnh

30 A9 A% 2 By

3.1.1 A gxA

AR AR AeEdA e AFZ AF7] A2 g AU A8 ARAT)
71 f3iAE 7R Ao A REAHA &L ©F AHCA AFIIE E 7
o]Ro} F& HFT HFIIE olFE F8 HEEY 4 FoFd & &S
712 g AAZOZ 43 ol Z} Aol AA FAGHdA oEA I
FE weEA ZAME vt Jrh o] F Y MFZ HEVY ¢FE AEE o
=3 o] HAE4T

Table 3.1 JAEZA ] ALLE AvH|E Vel a, Table 3.2 At AE7)4)
et 48 Mgk =7l dg3ste AR FHEEE e
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Table 3.1 Vibration measurement equipments

* Accelerometers Dytran 3225F (9.6mV/g)

Amplifier(conditioner) Dytran 4103C
Data recorder Sony PC204Ax
Frequency analyser Zonic Medallion 2300

Table 3.2 Relation of rotating speed with input voltage (no load, CW)

10 11 12 13 14 15 16 17

3,501 | 3,860 | 4,219 | 4,577 | 4,935 | 5,294 | 5,652 | 6,011

94EF AFEE M A AYU3.5V) F5-3 oA AF7] vt <t
f7tA] AR HAFepm)E FIA ATl o] W(aging)S AT F

P3Pt 4 AA = Fig 3.19] Hol= ARG o] =Y F9 o)
rear Hjo]g B, AV|ZE AT Y 45FH AU _F(yoke) H,
MolFe front Mol ¥ L 22 Wt slole] WEY AHAME of
AF )34 A Aol

g
13
ol
¥

>
Ko o oo

o
1 e mlo

A

Fig. 3.1 Acceleration measurement points

AN ATE AF7] A2 O U £ BA|S(structure-bore
__/}:

noise)o] = glolth. o] A& & Fubg A KA AFE AF7] ALH
o 93 AFo] g AANE e AGHEZ, AFJd 4% AFY F3
Fob A A% Fagr 9HE BAE 2A Bk 23 GF e AF

_20_



79 2 RE O AU £29 JdE A4S HANA Fhs 24
XS, 1 AR FAs7] AN F $Fol A% 15 NEFHSE B
ofshelo} g},

B AGINE BF Aol 2 $Eo] @ o2 EFAsT} A
2 AZ NN Z IS A% Y AFFY s Auste AR
o dledoz HIRAE BHs.

A5 dolHY AL ode Fas 4RSS AE B4 A A5 A
2ol gol@ HY(Haming) 713X S AHESHAh HolE AS 2 Fus Y
Z A& Table 3.39] el At

Table 3.3 Condition of data aquisition and frequency analysis

Data sampling time 1.0667s

No. of data sampling 8,192(= 2'Y
Max frequency 3,000Hz
Frequency width 0.9375Hz
Window function Hanning window

D ARE AEslY g Fus

NEx AEs A2xde PR ARFseE 2 aEsle @ed
4,554 ~ 4,614rpm(75.9 ~ 76.9Hz)¥} 3,792 ~ 3.828rpm (632 ~ 63.8Hz) . & A=
At 3] Az} assembly’} 133 & dj £ 1xH(order, 1X)2} 319, AFT AF
e ARA €% 571 8122 HHA assemblyrt 158 ¥ W meAE 8
deHol 8xBX) A&l dAdo MUl ARA FAFs 6072 ~
615.2Hz (63.2x8 = 607.2)2 HZH T} Table 34E ASZ AF7|e 7|2 A
£7058 Felstol ey

Table 3.4 Basic vibration frequency of PMDC motor for sunroof
(13.5Vpc, no load)

Rotational frequency (1X) 4,554 ~ 4,614rpm (75.9 ~ 76.9Hz)
Rotor frequency (8X) 607.2 ~ 615.2Hz
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48(617.8 Hz)o] B3E & & At 2 1X9 ZJAHRE] WL A<
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Front #Wjoj ol X 8X /3 #(608.4Hz)e| ZFo] wj-¢ A1, o] &9 FFe IX
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At} Fig. 329 33914 HFF(1X)7 M2 e AL FH S CW W
3t 5 WHoez ol RS ARV HiEelth Jlo] d¢-Ae =HE
HS BH, 8X A 1 AR 16X7F ZA JEbdh ol 26X F2
AN FAFH 12 2IJPEESC] FdHL e AL B 5 U0 B
Fig. 3.2} 3.39] Rear #}o18, 93 3 front v|o]y & 7|0} 3$Ae] RE &
A2olX FRA F0 8X AEo] A s Ut
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Campbell A=+ 33 7154S A7) 93t AHeH e dubAQl By
2A, & FA&ETA F8 FH5 AE9 A7 HHse doE2A JAFY
4718 et} o] AxoMe 7138 Fu4E A e, 7138 F3
Fol A& HE 9o zRY HYAE FJHoE FHAL F, 1IX AL Ix&F4
23 A F94) 7HRE vehla, 8939 Aee 7Hd AF557 SAFs
71 9. A8 T8 PMDCYIA9 8X He ARA €% g3 AFFHs
(commutation frequency)E UEpITh 3 2XE I AF o4 2v] AR 7R
8 Z42 Jehls, 3 E P(misalignment)d} -2 71AZo] o] I
th geog BAHE A% 277 43 ST Eolse 99L 332
2 gyHE RRoin, AGGUdlA ol Rio] EAY e, 1 =7
el g8 AL F4o] FHAY, A48 Hee AHAT} o|Foi Aot &
o.

7HEEe At 99 9 o] REYe A oA 3-A(Fig. 3.10)°]
A FAst4ch

Accelerometer

Fig. 3.10 Acceleration measuring point of motor
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Fig. 3.11 Campbell diagram (no load, CW)
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g5t A9 &viE Dytran 5850A modelo]®, =+ 100mV/Lb, FHdj
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Fig. 3.15 Hammering point to PMDC motor and measuring position
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Fig. 3.16(a)%} 3.18(a)c APFoz 73 Fo5 FTHFFFERFHE Yehln,
A0 @ 7tEx STHE Jehie A4 d X(accelerance)o|th. 242 R
A9 HAX7 JegA e vaE 2 72 A Hasoe] M Ae &
o Y49 WslxE &4ud Holg ol AFUF FHAAHI|EGE Z
AFR A HHE EX g Aoz FAAY. Ztze] AN A4
o] £ 90°0|¥, ZtZte] HAaxe LFAFTFA ATt HFI AT 2
A HAge 2%]8]—‘34 gk 179Hz, 535Hz, 728Hz ¥ 3,160Hz7} A FAFFYUY S
¢ F Uug. A, HAXE ol & AFAFTY HUL L/FAFFT} ok F
A3 e Afde AF3A g £, 4749 1{AFFN e 2=
& J(mode shape)o] metA], A Yol g€ == F(nodal point)oll A F24-& 7}
& ¢ FRFIA 337 F YA & 497 7] dEo & d7olA
= 7HA9A19 FAAE GFsA dstATIEA ST Table 3.50004 =
FRF, 3|4, 719% 4 2 F3 &9 F4535S F7/3o 713 234
wet FAME AE57)Y /AT FE YT

Table 3.5 Natural frequency of PMDC motor by impact hammer

Impact point | Frame end | Rear bearing End fix Brush
190 179
550 535 560
Natural 735 728 730 740
frequency 1,130 1,180
3,000 3,000 3,060
(Hz) 3,190 3,160 3,170
3,320 3,350
3,630 3,700

Table 3.6 Harmonic frequency of rotor assembly of PMDC motor

Harmonic 1X 2X 8X 16X 24X
Freq. (Hz) 76.15 152.3 609.2 1,218.4 1,827.6

ol Al " HZ7o] 75 AL 13.5VelA] 3 A=} assemblys] &
T ¢ 75.16Hz(1X)°]t}. Fig. 3.11 2 3.139] Campbell AE oA B
A

1Zo] Hwad & 35 ARSL 1X, 2X, 8X, 16X, 24X Fo|t}.

Z A
G =0l

4 A
| =y

> J\-)' >

5
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Table 3.691X= AF719 2 Ao did Fa& Uehdth 53] 8Xe A/
A Fu4, 16X 2 24XE AFA FH59 v ARSI FEAAE T3
EZAT 1/HAF5(Table 3.5)¢} A5 7] 3| AA assemblyo] w5l 93 &
3 HAE = Ave FHF7F A FEol A=A ARE wdd dav)
Ao, 53], Juygoz AFgdo] & F35QA 1XY FAFA FHSFBX,
609.2Hz) 52 FE 3yt Ho] o|FojAol gt AP AEE AF
718l AL, LAEE 76.15Hzl M E 1X 2 AFA F357 243559 3
A dAEA & AeE vEEY. a8y 7jF 2 A At closing %
opening £ EFoA $AEE 703HzolA 1X AE(703Hz), 8X A
(562.5Hz), 24X AE(1687.6Hz)0o] LHAFTFYd ZHT FAF9L FHslx
ASS & F Utk <=2 8X AE 7k F94(562.5Hz)7} 560HzS] 31731
59 AL doy|a, £AEE 8823Hzol A= ©]9 8X 7}A A ¥(705.9Hz)
o] 728 ~ 740 Hz9] I /F-AFTF FAE oA FAZo| IA He AL B2
o}

Table 3.7 Exciting frequency and natural frequency of PMDC motor

Operation speed Exciting frequency Resonant frequency
64.3Hz 16X (1,029Hz) 1,130Hz
1X (70.3Hz)
70.3Hz
8X (562.5Hz) 535Hz, 550Hz, 560Hz
88.23Hz 8X (705.9Hz) 728Hz ~ 740Hz

Bgol thstel ATZ AFVIE CW 2 CCW HAY m SH3Ah Fig. 320
& AF719 28¢ FPE Aol
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3, 320079 ol}FuErE A ER Frgo FEFS 09375Hz2 EEE
t}.

Fig. 3212 AEF7IE 135Ve dHA%e s 75 o, F53 9 CW Iy
A AxAANN SAHE AW LDFY &FS BHF Aolth Fig 32109 F
g 2HEYS BRYE IHAA FHALEE(IX, 73Hz) Wi 8X(583.1Hz)%}
16X(1,167.2Hz) o] §¥3tA vetdth 2 o= AR JAEx] HF
Fa]l 8X o]de 1A wiFAEEC AA YEdES ¢ 4 Ut Fig
3200y 8X 3919 F35E Foistd dehidnh ages 387 AR
shol A4ush QS F3H ARl @A vehtm gtk Fig 32190 A
E AE7) 289 AHES Jehia lEd 001365s £ AR 7L 134
shet 2 Agola o9 G4t HAAY HAZHH=TH} Bk 28
o] 8Xe} 16XAE-S AR F S BT FRlo] 7Msdtd], Fig. 3.21(c)oll A
A2 18- F7]o st 83 € 163]9] Fo] AL JSE HITY
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(c) Time waveform

Fig. 3.21 Noise from cover side (13.5VDC, no load, closing)
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(b) Time waveform
Fig. 3.22 Noise from pinion gear side (13.5VDC, no load, CW)

Fig 32205 357 JUQRF] 28135V, 25, CW)e FA5G o)
A e Folth ARA FHFEXSG T AR E6X, 24X, 32X, 40X)°]
MaH =27 debde & 4 ik Fig 321% 3228 vas ¥ o, $98 2
AN TURGe] £go] ARG 2g00h § & Aoz B

Fig 3239 3245 2zt 25719 Aws} sUAe] FR2g] g Fo5
2AEYR AZHPS dehd Rolth AN AUALF BRI FRAF
F5@X)0] gl gdstth FUDMEY Lol Aupiael s 8X ¥
2 AdsHmE A LA WEIX, 12X, 16X, 24X F) HEAM viny &
& A%e naw.
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(b) Time waveform
Fig. 3.24 Noise from pinion gear side (13.5VDC, no load, CCW)
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4. AST g A% FAY HAA 595 HA

AZIANA BAsE VTS AAFLE HY e 4537 HiA s,
AR F9 AT S vAE E &S FF3) 43l Ao B3
olt}. Fig. 4.10] AFX HF7] FAJ FL3le FES AFHoE el
t}.
A AR ZEee PoZA e wlo]H(bearing)o| A o] Wt oz AN, ZE 3
ASAE 54 wWoHolzta e 7IALAE 7HAY, 1 JHeTS 483
A FEA UeA Y B A{FEE FEHEATE 98E 34 et F9 AF
of welx wolHolMe FA wigo] F&3HA Hu I wEg 5 wHed H
Aate A8 BAASF v ZHAFEAN 2dF 39 A4S S A
o] dutxolr}. B4 WP Y 2 AHAFE IAFZAY AsE 2AHA
olF F8% Q4FAN 1 FEAS ddte AL JAFHHAAN ofF Fa
Azt 9 shvtolty. B HAFZ AHF 7] FA A AHE-E bush HojH e FE
AL g FoA A S dH3eFE 3ot
T WAE, FAHste ZHAA F4 FAEste Rl EHIYHo A, AFy
Z4Y Al dAst= I 5 gl 5% J(unbalance), F FAFAS AL 3
A EAEHA Ha AL AFd vlstd d4d8oz LA dg. ISO
59 AAAME FJAHVIAY FH w2 ol EBF A9 A@AE
BA3IL Qom, o] 7IF ZAZ}A HFF 7 (balancing)E FH = Fo] A
HH3 o] t}.[6]

Al ARE, 2 AF7] SANA FAL3h= A A7) 2 (electro-magnetic force)
o2AM, & AT EZE YNNI ¥R, §3] DCH FHF7
Axe E718F Ea #Fol B HEY 5 /HAAIIE 7123
2ol "ot 3 Fo] fE FgYPoz A3 HPFE o, AF7] IHAE
2 F5 oA HARAA =Hu, of W HA| g AA7He AL3A At

v HA FEHezes, AF7] Zol(core)dll ALE FH3e BeX¢ HF
AAtoloj A A3l HFHOZ A, o] PMDCAA #HAde AF AHgd
T8 92 F suelAR, FEY AAe IA &7 dEdd, dtFeE £9
Agd FAHZoE 9FS AE 84F olvH, &2 AR i SHF
o2 uesojol & Alglolr}

ntxjeto 2, 7|o|g(gear force)> HFIZ HF7] A9 s 718 A

oz & fr
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I VAL 22 F9 stolth. AAAA FAAG JITFEA F710IA
o & Z&Hel g8 FolE % FFAT 9§ Bwom whee)o] FH WY =
£ ARl oJsd wAEe A Fol BsA wAse, 1 A§YL
383 2457 goltA gk

B d7e 48 AV F4sE A4 A§ASS vP TBHQ
AAREAS] A A7A, AHYAE 4RLLRDY FPste] wo]Y
o 5542 dolatn ARAFAYT BHY) @ FAAFNY AAE 5
Peigich. ALY A4S $887] Astl HAH VneAEe HEH
#2892 2de AHupdat)Ach bush WolYel EEHS FR3 A
Sad A9 249 Azsgon, 248 LAAEFG AME FRas o
MNedg ofgstel YL (critical speed map)E ANshe) ol 2
% o #3340k

- Brush force !

Electro-magnetic
force

Unbalance force I ‘ A

Unbalance force | ms)

h Bearing forcol

Fig. 4.1 Applied forces to rotor of PMDC motor

4.1 G384 vdg

411 A5 AF7] FAY FILL: 24
Fig. 42 3 242 B8d AFE AF7] 4 24 ey, FEF
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A AXE M 5 I=EF F 279 FF8AE FEIAY A5V 29
JAAE 22 IAF BYRNEE e 49 dudisk) 842 7Y
39021, brush ring?} ring magnets YW 842 I AFANYRAEY FAH
o AFstd Agse Aoz REdFY A7) £ AFZ AFU|Y ALESd
Wolge 9ol FFo]l EHAQF ‘bush’ Hlo]zd o2 XA, bush HE 1A=
gazy Fol o3 1 B L FHERE olE&FH2z HoEr)st §oldA
gormz HAYPAQJ FAHWHE ol&3}Fhon Hoyg F5AF s A 4
e o oA AAs A

Q000 .

| TTT 1T

Fig. 4.2 Finite element model for the rotor of geared motor

412 A4 394 24 A (FE model updating)

FHLAHE HAAY FA4 = B9 53 As W 2A & T
H 19 WA E53HA 11]13}7‘] i, 6}141 Ade A A% At dA
3t @E A9/ £F 243G ol 4 Edd XFE 2 Xerror) W E0]
H,

D s mdo] HA mde] EF AT FH3 RA3}A Xz 7
Qe 2l 7 X
2) &AL AA FERES o8t ¥ # 83 Afer HHA ¥F
o2 A3 29 X4 23
3) N nde HsiAg dule e FXHY gpEol FHFA oo}
HAste 24 vevlE 23}
2 TEEY 3o 3Fsn Y 2do] A &FS ] AYE +
ATHH, o232 A&7 FAHE §F/ Atold] Aole AAl A= etulH
e ex2 WA AUt dqRRolth. ol gvHEY 4 2 )
g % 71¢S F35 =Y 7§ d(model updating)o]2}ar FHtt[8]

2d Y 2= dolEl(modal data)E ZFH o|&3l=  FHH(direct
method)¥?} B = ol ¢} FHFPHY Ho|HE o]&7ts3sn HHEHos R
d el E A 9HEY(iterative method)©. 2 E-FHCTH[9] B AF A
t Nl gfozAy FHIT FE Adwtd dE ol&H1 Je HFH
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(optimization) ¢ T F & o83t RdE AHste 7ME ol&siHt

) HA3 duES o]&F 2d 7] M(model updating)

A3 71YE ol &% 249 g AHde EFS Fig 439 YeEhAL
o, 9& /44 e E dFs 27 REAS Ay 8L Y-S
FHT ¥, 5P (objective function)E 2|53t ofo we}l 4 HolHE
grc dukow AHd ol g gtH Mo o3t g zolE HA
3} BIEF WHEAHo 2 wu|HE AAHEA AFA A 7 7k A A
£ A& 249 gvEE I, o] HAe HH3t s o
AgHoz FPHch

£ PMDC 2H 9 A%, A FAFE 2o Zdol ZAA 7] W&
7+ A 3H(homogeneous) 842 TAHPF & glow, T FFAL A 7
5 FHAHo g AFEAE TPANE & AAT 2 Ao 9SS FHF
2 B{rtetr) oyt wetA o] AR FolRE A AL MAFHAA
oFd ¢4 mEvHE JHEH AT

B Ao A3 HAH3 g5 HGASA(Hybrid Genetic Algrithm &
Simulated Annealing)Z24], 1 EAA3 A5 FaFdAd Z o} o [10] o]
HA3g dadES #3384 &z H(Genetic Algorithm, GA)F A& o|El=
o}'d ¥ (Simulated Annealing, SA)®] 3 & Adstn ZFIJA3 71U AEY
ZH(Simplex method)S =3t HA3} A7) A9 HFs e Y& &
FAZ G FLZ, Fig 449 1 3E=E Yelidch 94 fdx4 g1
E8 4313} FAC(function assurance criterion) Ztoll ¢J3|A] GAZ} £EHI1
GAS HZF g ZVIHSE ARl SA ¢ug o] FPHET SA &ugF
o] ¥ E Fot A FHHF3} ¢l EQ Simplex method7} 3 5o )
o AxE I F Z2aYo] FeHTH
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( START )
v
Selection of
updating parameters
v

Initial model

Updated
model

4

Finite Element Analysis

»

[ Experimental

i Evaluate Objective function
| (Analysis 7 Experiment)

Change parameters
according to

optimization strategy

=3

N T
4—\/ Converged?\/

~ e

e
( END

~ S

\ Data

Fig. 4.3 Flowchart of model updating using optimization scheme
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Fig. 4.4 Flowchart of HGASA

2) AFZL AF7] F 79 Z= Al F(modal test)

3 Adte A FEWHS FH3td old Ui IF EAL votses AL 3
A FA g AAAFTHE s 3y] Ao AP ojFor & 7% AFPo
A3, ole A9 /s EdHd dig HF Ee Fd0E AHE
AT T8 ARE AIU AFZ A7) FA dsiA 2ol ZAAA
B2 A 2 2ol FAA Fo dFA FHAME 0|43 E=AFH(modal
test)yS TH8A. Fig. 450 AFJEE Y on, SAE A2 vido} &
H UFer F4 qHE o8 IHEE Jtste A{F AFAIIL, 3749
2% NEEAE AAS AP REAsd $HE AZFH F, E4E o] &3]
o Fubg -§F3<(frequency response function, FRF)E 139 th[11] o714
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AL Fig. 4.19] 298

= g f¥aad 71Fse] 4A43Q ). Table 4.1
2 53 A8dE AF7¢ =3

Ae)stel VeI

e Ho

,

Node 9
Impacting point:
(c?n?msw Node 15 (journal)

(a) Without coil

(b) With coil

Fig. 4.5 Experiment for modal analysis
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Table 4.1 Modal testing equipment and condition

Instruments Sensitivity Range Etc.
Hammer 100 mV/lb 50 Lbs F (222.41 N)
Accelerometer 10 mV/G 1.6 ~ 10,000 Hz 3 EA
Conditions Free-free

Fig. 4.69] o] gle 7%l dig FRFE vehdlon, ol 53 ¥ FRF
2R a{AZFE Z42z 11} 1516 Hz, 23 4017 Hz, 33 7522 HzZ2 A+
g 5 Atk = FYo] Ue Aol tid FRFE Fig. 479 Yehjglon,
O ARFAESFE 742 1380 Hz, 3792 Hz 2 7284 Hz2 EA o).
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Fig. 4.6 Frequency Response Function for the shaft without coil (continue)

_55_



FRF (g/N)
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1 L 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

0B}

Coherernce
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(c) Accelerance (Hsis) and coherence

Fig. 4.6 Frequency Response Function for the shaft without coil

FRF (g/MN}
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(a) Accelerance (Hisis) and coherence

Fig. 4.7 Frequency Response Function for the shaft with coil (continue)
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Fig. 4.7 Frequency Response Function for the shaft with coil

ik J}E}UIH

'2}11_71.@L

& ‘{5}3&_ 2dg 4A

Adse AL
geele g ddsor s,

2d AdA F8E FRoEA S
5 st E AAshe

7 we

_57_



“?‘ FEgol UmAa x4 ill-condition°ﬂ WPél o] Holdt. &

g S| AZAL FFaLe AL UE, @HASF Az BRI AFE T
91 713188 ] 2 ErtAF £ 9.‘4**E““E 5ol FE2 AL e g
ZolgE A, 53], As7] 49 A%, A7 JHAREL F2 &
e gAY A3 79 2Ee2 2PHI ojgf of JHARE Fo| FAL
AR A g8 AAA =Hel 71EEH F HF xe HAAY AP
o] &3 AL, AAe EFFH ASHE & 24 ByeA Buh B AFddA
© JHA FZole TYE XIS AL wiAT B F A 449 43
S ugo g {3ad ¥d JfAS FYstg 2d QXS A% HAH3 A
28t ol ot 2ot

(1) FHgEE -

3

Fx= -

J=1

(()—(0

j

A

71N @), @ = ztz 4YA B ojgHoT &

rN
Kl
Jo
o
off
X
2
o

(2) 7R ety

Case 1 : Y-S AAT =
1) 2 FZojRE B4 A, D(4) = DI5) = DL6)
2) fUlolRel A 2 UIEE HF, D(19) = D20) = D(21)

3) A5 THEAT, E

4) A= FE, »

Case 2 : YU X33 =
1) BE Foj{¥e B4 A7, D(4) = D(5) = D«(6)
2) 3YE ¥ Folo KA, dm@4)
3) YL XFF Folo BIAFH, dm(5)

) *&=xA
Case 1 : ZY & AAT =
8 < Dy4) < 25(mm), 52 < Dy(19) < 8§ (mm)
190 < E <220 (GN/m?), 7700 < p <7900 (kg/m’)
Case 2 : ZYS X33 =
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8 < D(4) < 25(mm)
12 < dm(4) < 50 (g), 12 < dm(5) < 50(g)
dm(7) =96.7 — dm(4)— 2 x dm(5)

2A%5E 49402 TR 1A 3AANY nFAFFt o8
FAE5Y AolE Fagse Aoz AP, Y THIFFE O]
§¢ =9 UL 743 Qo) ol&5E Wyolw, FRFE o] 83al: Wyol wls
Fe AN ol G4 A4 Y 7L ARG F A7 HFe|Th[12]
ARG BuEZE, A7) TR Z4 AR FYHAALY FaF
seteigoln, Ag BAAZE FR4ASY Y=g 498 o5 EAA
= AR 270 g diHes ANFE gl AW, XY S oI A
Aol ok 234 AolE Holy] el AN setvlez Nt

Table 4.20] Case 16] tlg =9 AW ZA#E Jehjgor, AHY 1§

S A¥A9} 2 YABG ANE HehHE AW, T0] TR PA
H74¢ 71 smmolA 1246 mmZ 75t AMHYTh ANE BYAEE
dutmoz AP ARG} o Fol7t FE & & Utk Table 430
Case 20] i3 AMR SetrEE Jehhgon, Btz APN2 T2
HAESY FEaA AATL T F Aok 53 2ol RrpABe wRol
AR 2ol FelAN AT & ARl VNN AFo] 37 W R}
Agnct 27 Holot ¥ L + Utk Fig. 487 499 F 742 Cases] i@t
234 SHFFERDE SRR} 712 HolHE A8E 29 2 A¥Y He
AEE o8 A9e FRFE st yehiglon, 2d AL S 4
Y39 2 S HE FRFE 78 4 922 ¢ 5 Ak

mlm N
=

o

Table 4.2 Updated parameters and natural frequencies for Case 1

Parameter Original Measured
Core stiffness diameter D; (mm) 8.00
Worm gear D (mm) 5.20
Young's modulus £ (GN/m?) 205
Mass density p (kg/m’) 7800
1st natural frequency (Hz) 1408.8 1515.7
2nd natural frequency (Hz) 3426.2 4017.2
3rd natural frequency (Hz) 5553.1 7522.0
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Table 4.3 Updated parameters and natural frequencies for Case 2

Parameter Original | { Measured

Core stiffness diameter Ds (mm) 1246 |

Added mass of core dm(4) (g) 24.2

Added mass of core dm(5) (g) 24.2

Added mass of core dm(7) (g) 242

1st natural frequency (Hz) 1329.9 1379.7
2nd natural frequency (Hz) 3760.6 3791.7
3rd natural frequency (Hz) 6241.4 7284.0

H13'15( Accelerance )

10 :

—— Measured

Magnitude

0 2000 4000 6000 8000 10000
Frequency (Hz)

Fig. 4.8 Measured, original and updated FRF for Case 1
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13,1‘,.,( Accelerance )

10'

— Measured
—— Original

| — Updated

10’

-l
o
~
4

Magnitude

1 1 1 Il 1
0 2000 4000 6000 8000 10000
Frequency (Hz)

Fig. 4.9 Measured, original and updated FRF for Case 2

4.1.3 Bush Wo]3) SEAX

AFA L TH ASL WY AT A S AWMAJ] FFs &
=t 2 A3z 8 PMDC HF7|o] AHS-H wlo]g -2 oilless bush Hojgjo 2
A, Fig. 41004 BHEe A o] 518 354 bushings} o] Ao 1
AT ¥ 2xygoz FAHN ot T4 Ad Hl o] FP(journal bearing)©]
U FELA HoPY Aee B2 AFE FIA S e AYEHAA A
A9k, bush wWojg o] thd F5A Hrio] dig A7+ Fotr7y] PSoh[13-15]
T3 1A w2y Ao A 54 £ B2 YA bushingAlo]o] wlEHEA
T dAF oz JIsA Fdoddte AL ARG gL =39 Qe d7E
BT 3, ol ¥ d79 ¥AE Hov=EE, io 4FFA 554 19
(identification) WH o2 HAHE FaA SHE LF/AFTFTE ol &3lX 54
AFES FH3e PHS Ao



1 hﬂl

Fig. 4.10 Bush bearing of PMDC motor

D Wols 54 49

Wolgo] i FEAHL Betalr] 95t e HPes 2HE Y
. Fig. 4110] Wolz 54 ot g 49 FAS Jehygen, 22
AR 2R3 gake} ofuliol Aoy FRA 2B AL DA
o
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Displacement

Motor end support

A Fo FFEEA Hotg 93t GrlojRE 9 S Q]l?— A FEHE
Fo| 1FE 0|83 49 AZY(flexible coupling). & AA3ATt 2 3}
T3S d9d nA g T AR FFeRon, AF ] € HYE

TO=
&3] Astel Aol LA

AAZE Fig 412914 ek 23 o] ofg] 7bA Aol A, thre
AN AESASL AAAE FAO AgIAR, £F LAZDL Gy
Y FAsgon, ol FH4 ool A$Y HEY Fs $HY
4% Fig 4136 vehigich B FRFS A% 9 1 442 45T W, 4%
=9 Z7bo wet ohe] Apole MolAW 13 LHAFSIE 300 Hz $3of
£AFe AEAE & Utk o) e FRFE 7o 41 B4 Aol BE $7
o ANZ 2MEFL FANE FARUG. o AYFA Azde AR
(robust) 727} ohU3 24227t Bom MAYSHS 2 abo ARR
gol EAs}7 WBol, UHP FRFE 737] ojeigon, %3 13 24
549 setole 2ol w3t
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impacting on another
shaft Impacting on the base
For case 4-8 gEa ke For case 3 ’
\ Case3~5:

\ Accelerometer 2 impacting on the base Accelerometer on
For case 2 Forcase 1 &2 the housing

Removed
coupling
For case
1~3

Accelerometer 1 R Displacement

For case 1 sensor
‘ For case 6

Fig. 4.12 Measurement setup for FRF of the rotating shaft

Impact at node 9, displacement at node 13

10 T T T T T
297

+

FRF {mm/N}

Coherence

Phase (°)

Frequency (H2)

Fig. 4.13 Measured FRF of rotating shaft
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2) Wiol® A 13

A 482 T34 7alA 1A 2/HAFST (G00HD)E ©| 88t HojH 9
AAAFE FAAG B AFAAE dF Fol AHEE 2719 bush woF
9] BEAL FYT ZoE NFsFen, 33N AME FARLEDS
A o]&3tArt.

AAZe] Wste] wEg nfAFFA}E Uehlle PS5 = (eritical
speed map)E ©| &3t 300Hz9 13} 1RV EFFE Yelle AXNZEE 73
At Fig. 4.140] /A8 AW HE o] &3] 73 AFEEAEE e
Ao, Sfd AE2RE 231,000 N/me] wlojg o] AL T3
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6 Critical Speed Map
10 - - - .

4th
3rd

2nd

10°

1st

10 1

Natural Frequency (cpm)

3
10 i 1 1 i I
10 10° 10° 10’ 10° 10° 10
Support Stiffness (N/m)

10

(a) Critical speed map

x10* ) Critical Speed Map _

18 300 Hz

Natural Frequency (cpm)
- - - - -
w 2 @ N

-
N
1

231000

-
-
T

1

L t 1 L

1 1.5 2 25 3
Support Stiffness (N/m) X 10’

-

(b) Zoomed critical speed map

Fig. 4.14 Bearing stiffness identification using critical speed map
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42 AF= A%7) 349 ASAY

) #3as {4 24
Fig. 4.15¢] A=

L™

X § PMDC AF7]9 HF fFas HHEDS Yet i
o & 237)9] /A2 FEsFo, /AE 2d dHuHE T3
€ "ev|El§ Table 4.49] Jepy it

—— Total length = 150.4 mm
—— Total mass =0.1197 kg
—— Shaft mass = 0.055897 kg

[T LTI

Fig. 4.15 Updated FE model for vibration analysis
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Table 4.4 Updated FE model data for analysis

Shaft elements (unit : mm)
Geometric Stiffness Geometric Stiffness
No. | Length . . No. | Length . .
diameter diameter diameter diameter
1 6.6 8 8 13 64 8 8
2 6.8 8 8 14 6.8 8 8
3 6.8 8 8 15 5.7 8 8
4 11 8 121 16 5.6 8 8
5 11 8 121 17 41 52 52
6 11 8 12.1 18 4 52 5.2
7 9 8 8 19 5 5.6 5.6
8 6.5 8 8 20 5 5.6 5.6
9 6.5 8 8 21 5 5.6 5.6
10 6.4 8 8 22 3.4 5.2 52
11 6.4 8 8 23 5 4 4
12 6.4 8 8
Disk elements
No. | Node dm (g) I, (kg - mm’) Iy (kg - mm’)
1 4 26.6 2176 5.16
2 5 185 2176 5.16
3 6 185 2176 5.16
4 7 33.1 2176 5.16
5 9 8 0.02 0.02
6 11 3 0.02 0.02
Material
Young’s modulus (GN/m" ) 191
Density (kg/m’ ) 7865
Poisson ratio 0.3
Bearing elements
No. | Node Stiffness (N/m) Damping (N - m/s)
1 2 231000 23.1
2 15 231000 23.1

2) HIZY &R Ax 3y

A P& /d E(critical speed mapy= T/ Wiolg o HAHE FA& A &
S BIAIAA R FF H3LE 9oyl 93] AMSEHY, dRtio R s
AA wolg e FAAFE FHIH R A7 Bk olv £3&EE
A FREF e AFAA HolFHe] FAFY FHE FHdE 3} Tl & F o=
2, AA Z7lde ofF &3 2=yt 8 & St

Fig. 4162 PMDC A%F7| ZA9] i3 vzt P& ALE A4 1
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2E AEAAE & 5 ARl 149 234 TRASFE 29 wEPo] A
gt AAGighEEol, AA A9 YolA F& w4ugol A Qe
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Critical Speed Map
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3rd natural frequencyy
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(]
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-
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. -
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-
[~

Max. operating speed|

Estimated bearing stiffness
1 03 3 1 1 1 L Id 1
10° 10* 10° 10° 10’ 10° 10°
Support Stiffness (N/m)

Fig. 4.16 Critical speed map
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—— 1st= 15476 cpm
—— 2nd = 26578 cpm
—— 3rd = 78329 cpm

Fig. 4.17 Undamped mode shape

) 24 THUES L mEHE 9

S A2d OF FALFAES A4S 2] GE AR 33
A9l 2t w7l okt HAAE WA 28 W7 vl Hoh B
A o] ErA(instability) 3 AA o] L= & AA(cross-coupled) A
2 gaAFe s BAT & Yov, oldd A4E e Ad ol
el §ATQAAA Polup Bo7kzel 98 B Wol o) 24
T A

A7A AR & SxoA HrtE A4 AFAE HAA AL
v 7Hg FAE JA=E olfstn U A AFAE Fagd FHIY
Hd 1A FHAFE Yele AFF7E Soln, o] =9 #Ed A
A AEL ¢ BEsv & 5 Ao B A{Re AFRIE Fol
W ool =9 AFd FHEE IAF 9 AT BN JAFAFe] ¥HA
< Azke Bl wet AFHoR FrHg. ¥E Ra (A9 ARt
A G At AR} 2AGE sHEte B ZleAe daEHE
(logarithmic decrement), =& Z&H], =& FFHA5(Q-factor)E o] B-alA 74
o A71E Hrhsta ALY AFHA HtE FPI-

B PMDC AEF7] ZAH0] A189 bush wojge ANEAFARE Fd3tA 947
HE Al&dde] B¢ AFL itk A #FAATE AFHoE B}
e AL FYHA APAWL, 7MAA FHEARZ FEse FAGFHY
a4 g7] Wi HuF e AHE M Aeg FPEY

Fig. 4182 #3&x Wgd me FHIRAFFE UEhd 70 Y (campbell)
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A Herdo.
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7FsAol &€ & 7 o
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x 10* Campbell Diagram

3.5 &

T

2nd

2.5}

1st

1.5-

Natural Frequency (cpm)

X
0.5 /
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0 1000 2000 3000 4000 5000
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Fig. 4.18 Campbell diagram

Fig. 4.199) £A&EE 4800rpmoA 9] 2z} 1 4RAESF @ 1 =34 Ve
WA 1xk9} 2%}, 3xke}F 43 E 539} 63 ARAETFE F9, 39 B=
ztolol e REE JHFHE & ¢ Atk 1344 32 2 /{FAFFE Fo WF
o] flv ZAR=EAS & F U1, A L/HAFTFERH @4 2= g
gt o714 Bwel Fwe 242}t backward(33) 2 forward(A3}) JEH =8
olu|gt}t. Fig. 4202 2= HAEE 339 FHIZ TS Aot 3 539
Bdol 27 MEd 2 9% AxZEAN FEE ¢ F Utk
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0,=15474.08¢cpm ,Q-factor=65.7452, Bw ,=15475.71cpm ,Q-factor=65.7682, Fw

I LELT I

m3=25432.1 2cpm ,Q-factor=36.337, Bw ® = 26717 .6cpm ,Q-factor=36.3101, Fw

—— Horizontal
—— Vertical

#"L"/é/ REANE

&

a)5=781 23.35¢cpm ,Q-factor=243.1081,Bw mc=78535.25cpm ,Q-factor=244.0998, Fw

Fig. 4.19 2-dimensional mode shape

3-D Mode Shape (4800 rpm), o ,=15474cpm ,Q factor=66.7, Bw

(a) 1st mode
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3-D Mode Shape (4300 rpm), e ,=26432cpm,Q-factor=36.3,Bw

(b) 2nd mode
Fig. 4.20 3-dimensional mode shape (continue)

3-D Mode Shape (4800 rpm), u.-78535cpm,Q-flc.tor=244.1, Fw

(c) 3rd mode

Fig. 4.20 3-dimensional mode shape

4) B9y AF 4
RE JAAEe FF AEL dod)le vk H(radial force)oll tha] 7153 Wl
A == AAEHooF it B4 XEH FH$, I1SO 19408 7|Fo2

FRZ717F Y, o] #EHL 3L IHF E% F(allowable residual unbalance)S
g 2o E A Ut

= . G : m o]
U= 9550 N (g'mm)

d71M, Ge 7149 §F& vehlln, N AALAET(rpm), mE 3| A9
AF (kg)olth. £ MM E G 2557 ol&stden, 7l ERIFLS

._74_



0995 gmm2 A A%F7] HAA Ferol WY FIY TE JAYOE Bt
o $¥& THAT Fig 4219 59 Hinphase)o 2 H7hH Ao $HE
dehiE, %7 FFeEd AWIA Ho AZe dehid eAsE
4,800rpmel  0.75me] AFL UehiH, 9 710 AMAHE 0.17me] He
AES YIS & & Utk Fig. 4228 2400pmol HY Zo) HEY AXE
BelZoh Fig 4233 424% degoz 2ARE A9 SR ASY A%
o2 Uehie, 399 27t $A402 82 APud AA Fee @
F qleh

_75_



Unbalance Response
1 . . T ; -

0.9 | — 6th node, MAJOR Max. operating speed
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04} //
o L

0 1000 2000 3000 4000 5000
Rotating Speed (rpm)

Fig. 4.21 Unbalance response for in-phase unbalance

3-D Whiding Shape (2400 rpm)

Fig. 4.22 3-dimensional whirl motion(2400 rpm, in-phase unbalance)
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Unbalance Response
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Fig. 4.23 Unbalance response for out-of-phase unbalance

3-D Whirling Shape {2400 rpm )

Fig. 4.24 3-dimensional whirl motion (2400 rpm, out-of-phase unbalance)

__77_



504 &

£ dFdME AsAE 28 9T7ANE AF S 71(PMDC motor)E thd
o2 FEANY A25H AF 5H4E Q%1 &40, IJHFAS 7
[4%98 o|g3td IHAFTHY AL FASAT AFHoE FHA 1
FAFFE o] &3t FHARE W3 oH, JAAFTHS A FA, A
FHo g FHD Fo5 SHETd HAH3} Gz F(HGASA)E ol &3
e sr dg AT
g B4 Ax, AF7] A9 AT 1 wFdE € A/A
BeEE Z7 ER FHE, 8X)8 1 v ARl M gdddth. EF
B E 72 FH45:06X)S 2 vl AujFds & 5 A,
A, AE719 2ARS AMA BFAY Ao hEALEHE A3 3
o] &Aoozt & + Ut
1% 7] 27418 AFshHel IA s 2dE AXMsn o]& AF3IL

]

M odo

fr 82 B N

Y

o

L olg olgstel dMHez 1 54 sto] olelg 4 voiYe] FHA

= H

52 434U oI5 HlHE ol§ste] WA FARANL FAH
om, AFAEFS THEE 2 BHY $FANL SYsharh

AEAE 28 AF7l0 U@ old@ dAs A7E AN AFAY A&
2 gugozd FF AUHId A2e AFAANAE FE AT hel A2
£, AAF AFE WASE ol A5Y Aoz Svan

_78__



A3 23

(1) L=, AL, 43, o83, 2002, A 2-AF olgdh AR, AJE
3

(2) Ronald L. Eshleman, 1999, Machinery Vibrations Analysis I, Translated by
NADA S&V

(3) Hongling Kang, 1995, "The Study of DC Motor Noise and Vibration," SAE
951350, pp. 2461~2467

(4) FEA, 2002, 3)A7IA9 AF, dHHA

(5) Daniel J. Inman &, o5, 4G, A, FAY 9, 2002, HAVAA
%3}, Prentice Hall

(6) Hatto Schneider, R4 o, 1994, H3 Fo] 7|&, AlLESHA}L

(7) H. D. Nelson, 1980, "A Finite Rotating Shaft Element Using Timoshenko
Beam Theory," Transaction of the ASME, Journal of Mechanical Design, Vol.
102, pp. 352-359

(8) vh&-2], utR3], 1999, “F2E FT5A WA #¥E EoF € T T2
A%-F383) ], Vol. 9, No.3~No.4, pp. 457~460, pp. 669~680

(9) J. E. Mottershead and M. I. Friswell, 1993, "Model Updating in Structural
Dynamics: A Survey", Journal of Sound and Vibration, Vol. 167, No. 2, pp.
347-375

(10) 7383, 2004, Parameter Identification of Rotor-Bearing System Using Hybrid
Evolutionary Algorithms, BHAFSHY =&, -4 )&

(11) D. J. Ewins, 2000, Modal Testing: Theory, Practice and Application,
Research Studies Press, England

(12) R. L. Levin and N. A. J. Lieven, 1998, "Dynamic Finite Element Model
Updating using Simulated Annealing and Genetic Algorithms,"” Mechanical
Systems and Signal Processing, Vol. 12, No. 1, pp. 91-120

(13) C. R. Burrows and R. Stanway, 1977, "Identification of Journal Bearing
Characteristics,” ASME Journal of Dynamic System Measurement and Control,
Vol. 99, pp. 167-175

(14) J. Kraus, J. J. Blech and S. G. Graun, 1987, "In Situ Determination of
Rolling Bearing Stiffness and Damping by Modal Analysis," Trans. ASME,
Journal of Vibration, Acoustics, Stress and Reliability in Design, Vol. 109, pp.
235-240

(15) J. H. Chen and A. C. Lee, 1997, "Identification of Linearised Dynamic
Coefficients of Rolling Element Bearings,” Trans. ASME, Journal of Vibration

_79_



and Acoustics, Vol. 119, pp. 60-69

_80_



e 2

A4 A3 29 FL o) Fo) BAHNAA, ANAFAR o) E FA)
23y 25N B3 g 283 3 3 F g, 339
Y2 AERFA HEY 259F FFF 259NN E ) 2
pAlAgks

AP VY FHHFANL 52 AYY I #F34 A5
ANAANE ) T2 A3y, A4S GYIy J3YE FA3) 9
A 5 ) E29F A5Y SM Team ¥W Y x4 =4, A3} o
2, Y2 A7, 35Y A4 E P T2 AP

A A F P A5} 22 30 2w ofF IYPoz s}
ERFR, AY T3 #}F 23T FH, AL 2NN FTH32

A ¢ YN E Y 22 =R A B 3HEH )

¥ AY

9. 232 F9, A3} A, DB AP E P22 aYdT ¢
432 A5

A> F3F scd FAGIoE YojFA ovjdH} )2 o] A}
A A X L oI 21 FE, 2F AF 2 O)VFY 5P
Fo)F R A< AY 259, FEF AR o]2F U o §
Hea P32 Agdd. 2832 A3 108 A P2 o] 34
2 FEF A0 FNANE o] 2F U] IYI ARYHT T 3}
2 Asde.

vpr)eto 2, F¥Y 259 WYY L) H3lAE Ao A o
£ olE 3237 42 23 AEe) g9 IS5, 28 o) A
F€ 213k, Y AEo] LA FY 253 3 A>E 2A)
B HEY b33 Hsg< TE o235 93 FA) Y I
.

_81_



	표제지
	목차
	초록
	1. 서론
	2. PMDC 전동기의 구조 및 소음ㆍ진동 발생 기구
	2.1 선루프용 PMDC 전동기의 구조
	2.2 PMDC 전동기의 소음 및 진동 발생 기구

	3. 선루프용 전동기의 소음 및 진동 특성 분석
	3.1 시험 결과 및 분석
	3.2 Campbell 선도 분석을 통한 공진 가능성 확인
	3.3 충격 시험을 통한 고유진동수의 분석
	3.4 소음 계측을 통한 소음특성 분석

	4. 선루프용 전동기 축계의 회전체 동역학 해석
	4.1 유한요소 모델링
	4.2 선루프 전동기 축계의 진동해석

	5. 결론
	참고문헌

