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(a) Axial flow fan (b) Centrifugal fan (c) Cross flow fan

Fig.1-1  Classification of fan motor ¥
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Fig.1-2  Classification of fan motor 2
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Fig.1-3  Range in application of fan motor -
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Fig.1-4  Vibration of fan motor
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Fig.1-5  Apparatus of projector *# Fig.1-6  Xenon Lamp cooled with cooling fan
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Fig.1-7  Projection image for inspection
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Fig.1-8  Apparatus of precision measuring machines and instruments



Fig.1-9  Eigenmode 120Hz of exhaust duct

Fig.1-10  Eigenmode 300Hz of exhaust duct
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Fig.1-11  Mobile phone Fig.1-12  Telecommunication equipment
base transceiver station
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Fig.1-13  Wind power generator Fig.1-14  Solar power generator
(Wind farm) (Solar power farm)

Fig.1-15  Power conditioner Fig.1-16  Inverter -
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Fig.1-17  Fan motor speed control by BIOS

Fig.1-18  Data saver with fan motor

Fig.1-19  Fan motor ¥ Fig.1-20  Invertor ©9
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Fig.1-21  Fan motor installed on AC power source
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Fig.1-24  Vibration of frame and plate with or w/o obstacle
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Motor Impeller  Scroll

(]

Fig.2-1  Apparatus of fan motor

Motorcase

4 Shaft

Fig.2-2  Structure of three-phase induction motor and cooling fan
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Fig.2-3  Appearance of induction motor %%

Rotor slot (skewed)

Bearing

Fig.2-4  Structure of three-phase induction motor %
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Fig.2-5  Structure of three-phase induction motor %%
Table 2-1  Specification of tested motor
Parameter Value
Rated output 70W
Number of pole 2
Rated frequency 50 Hz
Diameter of stator 100 mm
Length of stator 30 mm
Number of stator slot 24
Diameter of rotor 50 mm
Length of rotor 30 mm
Number of rotor slot 18

Air gap

Less than 0.2 mm
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1 coil / pole / phase 2 groups of coil / phase 3 .
K—/7 - U phase coil group

B N I —— o «— V phase coil group
1 T ¥~ W phase coil group
1 1
1 1
I ]
" I

:,.____b.{_ll __________________ 3\ ________ ||_______________/£_.

Teeth No.24 Teeth No.1 Teeth No.12 Teeth No.24

(a) Sample No.

1 (1 coil / pole / phase)

4 coils / pole / phase i 2 groups of coil / phase
% [ ———7 | |+ Uphase coil ow
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Teeth No 24 Teeth No.1 Teeth No.12 Teeth No.24

(b) Sample No.

Fig.2-6

4 (4 coils/ pole / phase)

Wire diagram

Table 2-2  Specification of wire diagram

Sample Specification
No.1 Distributed winding, 1 coil/pole/phase (Double winding)
No.2 Distributed winding, 2 coils/pole/phase (Single layer winding)
No.3 Distributed winding, 3 coils/pole/phase (Single layer winding)
No.4 Distributed winding, 4 coils/pole/phase (Single layer winding)
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1 coil /pole / phase (U phase)
1 coil /pole / phase (V phase)

Slot L Teeth £1 coil /pole / phase (W phase)

(@) Sample No.1 (1 coil / pole / phase)

~4 coils /pole / phase (U phase)
7l \

NN

Slot Teeth

(b) Sample No.4 (4 coils/ pole / phase)

Fig.2-7  Experimental samples
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Coefficient of electromagnetic

force distribution [1/U]

—2— No.2
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Fig.2-12  Time variation of magnetomotive force
(1 coil / phase / pole)
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Fig.2-13  Time variation of magnetomotive force
(4 coils / phase / pole)
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Fig.2-14  Coefficient of magnetomotive force distribution

at electric angle Odeg, 15deg and 30deg.
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Fig.2-15 FEM model

Fig.2-16 ~ Mesh model and vector of electromagnetic force
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(b) Sample No.2 (2 coils / pole /phase)

Fig.2-17  Time wave of electromagnetic force of the node on teeth.

Table 2-3  Total electromagnetic force (100Hz) on teeth

Sample Electromagnetic force [N]
No.1 (1coil / pole / phase) 685
No.2 (2coils / pole / phase) 369
No.3 (3coils / pole / phase) 197
No.4 (4coils / pole / phase) 163
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DEWZ RIS 2 2 L &2 BN E Liziz, S B iR RS
ZHZHEELRN (FE—F 07—, T—FTT7Y, AT —H) KDL L LB, 7
T UERDO IR & AL URRRE A2 RS LT, Fig.2-19 ICFEBED 7 7 v — X DL
Wik A, Fig.2-20 (Mt T L7230 ignk, Fig.2-21 IZf#tir£7 /L, Fig.2-22 T A
vV a T NERT . ITET VITT 4 — R LS Okt S 1124 €5V & L7-. Fig.2-
21 \ZHM A & AR 7 1) & RENCoRd™. DRI T ¢ — A, IERJT e Jrm &
L, &2 COHERUCHERMWENEND L ICHE Lz, fEIXER IR TR O - H

(Table2-3) Z i KfEL L 100Hz OFffrE (IEsXEOmE) & LTHEX, £—47
— 2N EER O RS 2 IR EE TR D=, ZOfER % Table 2-4 127”7,

Motorcase

Stator

Motorcase

Stator

Motorflange

Fig.2-19  Actual Model Fig.2-20  Analysis Model
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Fig.2-21  1/24 FEM Model Fig.2-22  Mesh Model

Fig.2-23  Vibration response due to electromagnetic force
(Sample No.4 4coils / pole / phase)

Table 2-4  Simulation result of electromagnetic vibration

Sample Vibration [m/s? (rms) ]
No.1 (1coil / pole/ phase) 0.67
No.2 (2coils/ pole / phase) 0.35
No.3 (3coils / pole / phase) 0.18
No.4 (4coila/ pole / phase) 0.16
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Fig.2-23 I[Z&AHAEM 4 2 A VDG O BRI IRIRE OIRENE — K & iR INEE o
I KAE (Peak fB) Z%5EmsrX TR . Z ORFOIRE) O JER T 100Hz THRENINH®E O
e KMENE 226.4mm/s? Td % . Fig.2-21 (X R AT E 7 /L D LR O [E A #5503 4.16kHz

HIRBIG O AT 72 <, Fig.2-23 |IRT XN E—FFr—R AT —H a7 nNEH
# 100Hz TR MICIEEN T 5 E— K272 > T\ 5. Table 2-4 (25 FHEMR 1 224 L,
2 a4, 3 a4 NBLO4 A VORI OF R R EZ FME ORI, KHE%
WD a4 NV ESL L, BRSO E /NS T2 2 8T, BREAMERENT/N X
<725, Fig.2-24 (TR S5 mifesk (Fig.2-14) L EREIIFMHEIRE) (Table2-4) % Lk
LR ERT. EHLLHEMERL 2/ VOEEEEEE LTHTRLTNS. £
FREABRD 2 A VOB N ERE I RIRE NI T 5 2 L3 B TX 5. 2
FERND, BRI A 9 5 2 & CERIMERES 2 KT X, Mmoo
WAL Z I R T2 6 D BRI IRIRE O IR R &, &R AR B HHERIFTRE T b
HEWZD.

1.5 .
--&- Magnetomotive force different from sine wave

_ —@—Electromagnetic vibration
- 1
P
=0.5
'

0

1 coil 2 coils 3 coils 4 coils
Number of coil / pole / phase

Fig.2-24  Comparison between electromotive force different from sine wave and
electromagnetic vibration.
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2.5 FEBRIZ X DR 5078 DFERE
25.1 WA

TR BT DRS00 AT e GE LT, BRI EEERE T 2 2 S Lo, i
BN X > CRAETDRIERZZRY oA 3L FD CHIE Lz, ERIF, &R ¢ ORI
IF—MAICRA TR SN D.

¢=F - P (2-16)

ZZTPIEIN—=ITATHS. I (2-16) LV, EBF, & BHR ¢ 1T HAIBERIZH
D128, WA K0 W) OFHmAS FRE & 72 5.

RO aA VB, BB oA vz BRI AT Lo EEE (LT, MAEE
EWEEL) ZMIET L HETHD. Table2-2 TRLUTZY T Ad 5L, BEE AR 3
FRICBRE I LT A K MHEM L 3 A V& 2 A WISkt LIRGEE T o 72, ENENE
KA 0 L300 OMEELEEZHEL, TORMENSHEARETLOZER A (LLF, #R
A EEED) IZk &, BERE R 5Am & ik LT,

2.5.2  FERES) Gy AR E A R

Fig.2-25 IZHR Y a4 V& 7. RV A VEELE 0.03mm O~ 7Ry T A Y& H
VY, K& ZHHE 25mm, £ 5mm T, BHIEL 10 ThDH. Fig.2-26 [T A L &ZJEY
T 7%, Fig2-27 IZBE O T O RK 2 R~T. 74— R 24 FEHTD H b,
He5 0D 12 HATICER Y a A L&tk T — 7 CHEE L7z, Fig.2-28 |2 EBRIEE O %,
Fig.2-29 IO EBRIEE DM OMF 2R, 77 o 2—X I E L L7707 —R%
BELE. Y a A VOBKRETFIZA Y e Aa—7TRIE LNV 3 2V IAATR.
FruAa—=TFOF ¥ URAVBOHIRNG, 1EIORIETT 4 —A2A 20 %HIEL,
[FIREICHE LB — X OBERE 2 EREE 5 L LTET — X OO & GO BEHR Y
IS E Lo, BIREWRE 50Hz, T—F OHNIB—EIR2D LI ANEEEZH
L, JURBOME#ELEE 2800r/min &SRt L L=,
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Magnet wire Coil Fan case Sensor wire
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Insulation tape

Fig.2-25  Search coil Fig.2-26  Search coil installed on stator teeth

Fig.2-27  Enlarged view of search coil installed on stator teeth
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I Motor case
ukp=ll
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Fig.2-28  Experimental setup of fan motor to measure magnetic flux

Oscilloscope Fan motor

Power meter

FFT analyzer

Power supply Tachometer

Fig.2-29  Appearance of experimental setup

52



B D 24 LT BRI RAET D HREE B 1Y, KR TRIND 2P,

E, =24B,S,N,, (2-17)

¢, FOFEEAERESE (50Hz), B X7 ¢ —AOKHELE GEEHE 1T RE), S
X7« — RbumE OFEifE (78 X10°m?), N, iZtEr U A vk (10 #—2) T,
0.25V REDOFHEBEL (RKMHE) MNHEETD.

Fig.2-30 ([ZHIERS R (v v A a—T7 o) O—fFlZRd. Em—B XA ER
FCHDLE—FDANNELERE, —BEHE =BEBIXFRRCHE L 2ERO7T 1 —A
DGR FEIE ORI T, #lhI LR (0~0.1s) THh 5. Fig.2-30 OREH TP 1213 840Hz
DIRFNEE L TWD. 77 - EB—F DORELEE N 2800r/min ThHhHZ Lonb, 1 [H
i 1A L UTRAET DIRBIZEE 1 IRy &9 5 &, T OJEBEEIE 46.7Hz & 72
4. ZOREEB A6 THZ IZn—Z DA w y NI 18 A HNT -6 DA 840HZ TH A Z &
5, IRENIn —XEERETHD. DD, Fig2-31 [T ke —_A7 41

% (LowPassFilter (LPF)) THuY B\ /= @0, BIRELEOBEXAITHIET Db EE
DROFGOFE LT, Fig2-30 ICE—Z ANBELEDOEKMAN 00 &L 90° 2RI HHE
DORPNE R Z T

Fig.2-32 [IZ B AHEMR L =2 A1 JL, Fig.2-331C 2 =2 A /L DRLHR 43R O SR % B A 0°
30° ONARNETRT. BRENIA T « — R 24 (&P, X IERL L7-BREBER T,
W10 OB ERE 2 EHAAaEX L7, Fig2-32 (a) & (b) [T RLEZEMHSmRL a1 L
DEERES) 5340 OPEFRAEIXETZ T CTRERL S 4L, BBRADETIZ DAL T L UL LR
243 5. Fig.2-33 (a) & (b) (Z/° LIz BHRKAR 2 =1 A /L DRLREE ) 5346 O BRI
K800 TEMANE, EXA30° TE—IRNT Ty MBI (LT 5. Fig.2-32 &
Fig.2-33 (/"9 K 912, FERE TH DB /340 THRIERDOWIE L R A TH H 2 &
INHERTE 5. IERREIBICR T A RER DA D 75% A TFNIF- TR TE LI b O Z ks /)
I3RS & FRRIC TRER AR ER ) &« L, Fig.2-34 ([ZEXMA 0° L 30° ICkIT5
BB L A V& 2 A VORI ARER D FERE 2 E L) 3 AR IR D PR fE & &
BRI REL D PR AE & WA ARER D FERME D 71X 0.06 A1 > FEL
T EIEFIT S BRS040 O PERE & ERIZ I T DB A O ERIEIE— T 2
ZEVHERTETLE VR D,
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Fig.2-31  Time wave of magnetic flux with low path filter
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2.6 FEBRIC X 2 BRI EHRIRE) O Gk
26.1 AT —X OEAIREEK
BIRE 20 50Hz o4, R (2-9) TR L7z X 95 (B FIHREIRE) O FEA 8 3
(X 100Hz L 72 %. 7 7 8 — X OFABERBICEREEZME L, B EiEIRE) 100Hz (&
*p4 B HIRB G DB & 7. Fig.2-35 (CFEBRIEE 4/~ §. Fig.2-35 (a) 2SR A,
(b) BIGERTHD. 77V E—XTRTHDHL, 74— AMAENIINEE Y v 7 T v
TERROAMTINESEL, £ v AN~ (LUF, NrvEiEil) TE—HX 7 —A
T 2 227 BN E U 7=, JE B i iao N~ TR C& % 8kHz £ T & L7-.
Fig.2-36 2% O AR BUSE BB OMEM R 2 R~T. 77 o E— X OEFIRESHKO L —
1349 4.4kHz T, ERZIRIEE) O JE £ 100HZ 126 L TR E S HEN TR Y, LR
BGDOWBNIPNT ENHERTE D.

(b) Response point

Fig.2-35  Experimental setup
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Fig.2-36  Frequency response function of fan motor

2.6.2 ERSIHIRIEENC X 2 T — & OISE IR

BABARNTIZ K0 JEEUSE B % & BRs 1 bR IRE) 100Hz DISE RT3 T 2 4 [
HE— NOFHERERYD, BHEIIIRIREOISE TR L ISE IR 5 % HA T —
RO A MEE L=, BUEFHHICIE MSC/NASTRAN % vy, 3 RITIERIE A REE S
EDPENSERRNT (B — k) 12 &0 8 BOGE B & s 1 bRk E) 100Hz D
BRI T 2K EHE— FORFSRERD 0, HEE— ROFGRIL, HDHH
DIEIZH L TCENETNDOEAE— RN EOREOEEGTHLE L TWDEINERT D
DTHD.

Fig.2-37 2T T /L & Z OEpAERR I L O RS, Fig.2-38 1A v 2ET /L
Y. RN RITEMIREN R Y 52 5 FEHS (E—F 07—, E—FT7 T
Y, AT—H) Il DHEEBIT, 7T UUEOIR B B LS E A ARs L=, T
L, T®=HFr—RALT7 T PONT 70, IEOEm e —2E (n—4, v
¥ 7N, W) BEASN, T—F T —RELT T VEDRNTND. ZDH, 1
—ZEEEM LRV ELT, F—F T —RET T IDONTT U TEHEEZNEN
PR L. R ETNOET—Fr—ALE—RTTUVETNVIFADAN, AT —
Z a7 IXEMRE Lo, R — 213 2 BFEHK CH D DT, PR MIC 1807 xt
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M L7=J5mC7 4 — AR A MER T 5. 20729, Fig.2-37 IZRFIT/RT &
INTIBRENT 2 DT 4 — A & L, IO 4 C OB ST 7 B A
MHEIICRE L. £7-, BEREEIIL 8kHz £ T& L, 10Hz 50 8 EG 2 %
Z R,

Stator Motorcase

Fixed Load

7

\Motozﬂangg Fixed

Fig.2-37  FEM Model

¥

Fig.2-38  Mesh Model
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Fig.2-39 (ZJE I BUGEMAT C R oD 72 I BUGS B B DFHRAE R %2, Fig.2-40 (THER%
TR ED O FEA I H L [ U 100Hz OJSE IR O ERE R4, Fig.2-41 (2 [ A i fif
Froskdi-®— PR AR

EAEfRATIE 10kHz £ TOHPET 10 o EAE— FE2FHE L, Fig.2-41 1TI1TxH#x
T— RFZR< 6 HOEAET— RZ2 R LTW5D. Fig.2-41 (a) (2259 993Hz (X —4 /7
— AR &7 T 2 DD IT AN [FNARZE B 9 2 IREE— K, Fig.2-41 (b) (2”9
23KHZ | ZE— 4 —A KM & 7 7 VB mNIRE) (B7m) 7 5#KEE— I, Fig.2-
41 (c) \Z/~7 3.55kHz |3E— 4 & — A HMED AR RT3V TR I AT AR C
EE T S IRENE— R, Fig.2-41 (d) 127”9 4.38KHZ 13E— % 7r— AR 4 HiFER O
RENE — N CHRBEIERICB W TR I FNAR CHES T 2 IREE— K, Fig.2-41 (e)
IZR T 4.98kHZ X E— X 7r— AR & 7 7 VHDOZNLEINDHE DOXET D IMEER D
il 5 [ 2 WALAE CIEEN - D IRENE— R C, Fig.2-41 (f) (Z/~kd 9.93kHz 1% 4.38kHz @
A FHIMBROREE— N & Ak 6 HiMHER ORI E— N TH 5.

Fig.2-40 33 X UV Fig.2-41 {2779 X 912, 100Hz DTNk (Fig.2-40) & Fig.2-39 @
=7 AR TH D 4.38kHz DF— FIEIK (Fig. 2-41 (d)) 1%, £H6H T£—44
BEDS MR AR RIS B W TR IR TEE T 2K T—HLTWD. ZhbDE
— NI, =R OIIR E 2 S OMESGRMEN KB TH D DT, FEM £7
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Fig.2-39  Frequency response function of fan motor
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LTI, Fig.2-37 12T X D ICHERERELC 7 7 ki 280 LTV 505, lIEDE
2 —ZEORDVIZT T VONT T TR LTz, FEBRTIL Fig.2-35 (a) 1278
TEICTT T U UEITRER L TR0 D, E— REROMFMEND, ZnbDE— K
R TIEREBOET MALOE N ZZITIZS WEZ 2 OND. ZORE, FETRD
TR ES A B (Fig.2-39) & EBR TR O - AH IS E S (Fig.2-36) O —7
WA (4.4kHz) 1XZIE—FHLTW5. FRkIC, FEBRTIX L A0E (Fig.2-35 (a)) T,
BUAEMAT TIE 2 SME  (Fig.2-37) THDEWNRH D DT, 1 AIEDOEAIL Fig.2-41
(c) TR I — 2 AMED A AR RS 8 TR I BN 9 5 F — RHZIR (3.55kHz) |
MRS D LW 9 BWEH 5705, ERIRIRE) CRIE L 725 4.38kH OE— FIE
W (E— 2RI ERERIZB W TR CTHEET 2K 12860 0MERIETH
FEL, BEEISEWRZR Y. £, ERICHWMEE— 2 O u — 2okt
LC, FEM E7 /L TlE Fig.2-37 (2T L 2 ICHEER 7 7 Vi A EiE L T 7 7
YODNT DT ERE L, ARO LD ICR UEEEERL TSI E LD,
ETMEITEY ThHoT B BND.

Fig.2-40 (2759 100Hz DA IR &, Fig.2-41 (d) 12779 4.38kHz D& — RZIRIL,
Ebob [B— 2 M PR RIC RO CRIF I [FF CHESh & 2Rk T8 L
TWo. ZOF— FBRDNERIRENICR BEELZ 5 TWLLEZXLND. TDD,
BRAEEN O AT EL 100Hz DINETIRICH T 2K BEHE— ROFGEEEZD.

Fig.2-40 Vibration response at 100Hz
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a) at993 Hz

b) at2.30 kHz

c) at3.55kHz

Fig.2-41 (1/2) Eigenvalue of fan motor
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e) at4.98 Hz

f) at9.93 kHz

Fig.2-41 (2/2) Eigenvalue of fan motor
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Table 2-5 | ZFERE ) b HRIREN O FEAE I 2% 100Hz DISETRICK T 2 & FEAE— K

DHFHH %Y. 993Hz DAL 21%, 4.38kHz DFHFEHHRN 69% THY, ZD "5
DE— FNKEMTH D, Fig.2-46 (a) (239 X 912 993Hz D F— RFIRITHL 71612
EET 2 b OT, BELFFIIMRELIZGE, ARBELRWETTHD. 2k, #
ELEORKINO AT —FNE—Fr—AFLDICEEIN TV RN D LB 6D,
Fig.2-40 |27~ 3 BB b R B) O FEA JE I $L 100Hz DILE IR & Fig.2-46 (d) (2~
4.38kHz OE— FIBIRIE, £ —F 7 — 2l 2 H TR TH S a BT M R
FICEE T 52— RiZe > TWa. 72720, IRERICH L CH RN EWIEAE—
RO 4.38kHz | XFERE )RR O FEARIRES 100Hz 123 L TR & < Hfiv T
D2 LD, N HRRE) O FAE I E 100Hz OSBRI X B ) 23 EICHER L
BB OIERRIGELITE D Z 2 b 5.

Table 2-5 Modal fraction of fan motor

No. Natural[ ll‘rHeg]uency F[’gggle Modal fraction
1 0.993 -0.21 0.21

2 4.38 0.06 0.69

3 4.98 0.07 0.04
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2.6.3 RN IRIRE) O EERAREE

Fig.2-42 |C EBEEE O %, Fig.2-43 ICEBEE OO T2 /R8T, 77 v E—
ZuEATHDHLTCHEHEL, BE—=XOMNN—EIZRD L I ATIEEZHHE L PR
B [RIEAHE 2 2800r/min ([CRE L, F0 & X DIEEAZRE Lz, HIEEITILER S
DB LE —FZ T HE—F7r—AMAllm & L, EEE v 77 v 7 THIE L IR
FFT 7T A4 P CREESNT L, T—X %Y 3 B AALTE. IEEE 7T

Fixing strings

Fan motor —

TYaXis

FFT analyzer PC

Acceleration pickup

e' Z axis

Fig.2-42  Experimental setup of fan motor to measure vibration

Fig.2-43  Appearance of experimental setup
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Table 2-6  Measurement direction of vibration

Axis of pickup Direction of measurement
X axis Tangential direction of motor
Y axis Axial direction of motor
Z axis Radial direction of motor

v 71X 3l & 2. Fig.2-42 & Table 2-6 [ZIRENORE H M Z~d. MEEE Y 7 7
v 7O X #h & T — X ORI, Y AT — X OfJim, Z#EE—XORGmE L
2. ZORROELXD T 7 o —H2IL, T—HFNEET Ty FTEHET D LN
— R TH D720, ZOEHSOIRBNBEEE 725, 207w, IRE)OREIERIZE—
L LT-.

Fig.2-44 |2 — % O#ERRITIH (X J710]), Fig.2-45 2 — % O#l 56 (Y J71H), Fig.2-
46 \ZE— X OSm (Z FHm) ORBPERRZ, Fig.2-47 (ZHIE 5 M5 &EE 1
IRE) (100Hz) ZSHHAMD 2 A VPRI AT, KRB DO K& I 2 NEE O T E T
FKLHENIT ms2 THDH. KT O~—h— LB HERE O 100Hz & v —% OIES
BT K DR\ D 840Hz Z 7R3, OFNIAASR 1 =214 /b, XENZ2 =10, AR
3aAf), AN 4 a4 Ths. EWIIMRIEE (100Hz) IR FRTRELTE
D, BAEMRL 2 A LV THEICRE L, aAVEMEZ DIFE/NEREL o TV 5.

77— LTER IS B —Z I LA RSO AR5 (LU, m—F O
REIEV EBEFE) Ok 213 6.3 8% (JISB0905) T, AMFZEDMGERSO H ) 100W
REDOE—Z ORFIIRE) (0 — % OREEVIRE) I3 e — 2 OREIE VW LR T 1 m/s?
FRETHY, KX T —MAREHRICEH SN 2HEORELEZ X 5. EEKET
[THEITIS U TE I LWRE) ERES MLEIC /5. BFESR 1 2 A /L OIREMEIX
1M EBZTNDDOT, FEEHESICHER SN 256 TR U RIRE{E A 2
IR 5.

Fig.2-44 & Fig.2-45 |Z/r9 K 9o e — ¥ D@ I X 2EH) (840Hz) 1L#h 5w &
P T CRAEL TS, ZORBIIEMAEMR L 2 A V72T CRERIBHNHAEL T
BY, 2aA VLR E/NSIMEERD. 21EL, FHEAM L a2/ LB NTDH
EEVME S LTI 0.3m/S I/ VWMETH D, RIS 840HZ L@\ 2 &b, 1EH
T L DIRENIFTE L (372 5720 LV Th D,
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Fig.2-46  Vibration of fan motor (radial direction)
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Fig.2-47 Vibration of fan motor (depend on number of coils)
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2.7 FLBET)53AT & FERE ) bR HRED O FLE AR RIE

Fig.2-48 |2, HHAEM L AL, 2 a4, 3aALVBLN4 oA VBT 5T
AR (BEmfE) & BRI IRIRE) (GRRIE) & bl Lok 2 7. &
¥ (GRME), BRBMRIES) (GEHE) & b1, BHEEMm 1 21 L2 LI ER L
LTW5D. B TH D2 BFEMmD 2 4 VEUIT3E LT, B H0AatRE & BERE b
RIFENIEMEMICE ) Z LR TE 5. 25 HlCB W TCERMIM AL 2 =AD&
184 7 bR AR Bh 2 ) A3 AT AR B> D AR AOICHERI C & 2 2 & 2Bl fifir Con L7273,
EERBREEICB W T HLHERIFRETH D Z 2R 2 ENTE 2.
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Fig.2-48  Comparison between coefficient of magnetomotive force and
electromagnetic vibration
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BAEREAT & ERBREEZ 1TV, AT ORI Z 157,

1) BAEMEAT OREFIRAT & AEIEMATIZ L 0 B & BRI IMRIEEY 2 ke, K&
D A VL DENZ LY B & B IRIEEN N 2T 5 2 L b,

2) BAEMEHTIZ LV, BAHBSMBO a4 VEE LT 213 E, &) /570 & ERRI BT
DI H T ENTE, BERIMEERE CERAFM) 2/ S<Mrxb &N TESH. [
BRI, B Z T RT 5 2 L ClERIMEICER T 2B 2/ S <MA5 2 &R
T& 5.

3) EMANAOENE ERIMITHIEL LT, EEEEDOEELZARMEFIRTE
L7z DRI AR E 2 EF L CERT) OB A TN L 7ok R, BMHEMmo a1
VDD TR &) D22 M 3 A IR E DR 2 bIE R & ER o AmfREch K&
SBHZ Enbhrolz.

4) ERET AR ER & BB ARATIC X 0 RO 7= BRI R IRENCFIB D & 5 = & 03 iR
TET.

5) ¥RV 3 A JEIC K DR & £ ORI O RIERS K> AR TR RIS
X0, BRHARIC L DBE DA EEEILL, TOEWEZHEICTHZ ENTE .

6) FEHIE T &b D HEA D AAREL & FEERIE T b 2 BB AR OFBRRN D, Eik
(BT DM DAITEGRME S 1FE KT D 2 LR TE .

7) BRI IMRIRENXE— X MmO R THRAELTEY, FHEmO 2 A VR
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RO 7 7 o — 2, WEREE L FEREZ R D, 2ol IR Th
52 &b, @mEELSN/INVOE AL EOBKMEANCASEH S TWND.
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Fig.3-1 & Fig.3-2 {2 — 7R e END 7 7 B — & OAEL & DONE I EZ R~ T .
HERAET VDT 7 B —FIIRE I 120 O T, 77 o7 b— AL E—
A THDHLAT =2 a—F bl SND. AT =23 NT P ZIZRY T 6
U, B—ZIZIEPIR N EE SN TR Y, 208l CREESNTVWSD. Fig3-3ic
sz OIMBL A, Fig.3-4 (ZHS OIS & HERGH M OV 2R T WiRIEI =7 F 2 T RE
EHISZ T, PRFRRHIRIIRERL, — xRy 4 T ORIERTH .

WX, N ZITAMmEIN, v— X IZEE I ¥ 7 MR R
T FEO] S, FTRICEDZEESFXNTHAMICTEEZ X TWD. iz EA
EEST LEMETEGRNUCTIVUE, 7Ly FUrTEZSZENRTE L0, Z0W
ARXDT 7 =X CTIHXEBMALCUIZED A N T2 BET 52D EETE
HREZHEM LTS

AT —ZZEREWRT EEESERNAE L, KABAREE I TS a—2 PR
MEEE L, JEANHEN DA TS, ZDE &, MZIITPENEN»>TND
7o, Wilimldflh & —FEIZEEs L, SMgliI o o o ZIZEE S ERE L2V, 72720
Wi & T T ERIXOOTZ D, WisOE) X 23S OEREIAZ T L TOMRIZAR
DYOREPAELD.

Fan frame - —l Elade
—
f ~#
.' . | Rotor
|
Spring Stator
f
Bﬂ]l bEﬂI‘iIlg [ Bﬂll bEﬂI'iIlg
Shaft "
# — e e e — -
Fig.3-1  Appearance of fan motor Fig.3-2  Structure of fan motor
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Grease Ball Outer ring

Fig.3-3  Appearance of ball bearing Fig.3-4  Structure of ball bearing
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Fig.3-5 [ —fRAIC AN A X 71 —7 L K 2 ibaghir C2 2r9. Z ook
AR R, e IR T, R O iR R o2 X 5 - O FamE
LT3, ®EoHFmE, FICRGLORE EOXRMIZL > THRAEL, FEORRE L &
HATHIER DD LT THIIESIM ), FICRBRFERIC L DHIET, FFFOR
WZBAIE D 2oy TEFSH IR, FICEREWE T 72 ERED AR E— NIC X Dl
T, KRIORE & & I L T TERSEDIF 726705, 22T, MHFEK
10 FEM VD DIE, BEFEMEICE D £ TORRIAN 10 AL ETHE LD Z & T
HD.

— | > 1 11 > il -
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period period period
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=
T
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Fig3-5  Bathtub curve
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FHRBREE CO 7 7 B — 2 OIS RER 2 FEfi L 7. Fig.3-6 |Z#URAT Ol o
SMELE BB, Fig.3-7 ICEBRME (6 DRERIMY) 23, EBHO b Fig3207 7
R AEMIZB W TRAITRLERBNT, 207 7 =2 DL NT D
T DIFH BT E NI A — I — OHESE DR KIETH D 19um TH 5.

Fig.3-7 & 0 A O/ E B BEFE 3B A L T D 2 E03HERR TE 5. Fig.3-8 12
UV T EEREER O T MK & . ERNCO THA TR AN Vv 7 OEEFER (52
& D) OWrEIR 2 TRRER CRIE L, FRICZDT 0T 7 A v zrRmd.
U 7 OEFEHIIAMm O S MRS L= L TWD DT, SMmnNy Y IR
DX 72 B 22 Ko TEERENFAE L TV D LHEITX 5.

Shaft

Flame \Housing | Outer race Abrasion powder

7 A}
Inner race Seal
Fig3-6  Structure of ball bearing Fig3-7  Abrasion powder caused by
section of fan motor fretting corrosion
vd |

E

Fig3-8  Across section of flame housing
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341 FEHRIEE

33 Hi TR LTIV T OEFEOFRER RN ZFET 572012, BRI IS 1T 2l
= OYREE — N & EBREENT Cked 7z, [AlHEEE X 3300r/min Toh 5. Fig.3-9 |2 FHR
EEOHR A, Fig.3-10 IZHEBREEOFHP O 27T, 77 U E— X ZRIEGED L
IZEEL, FMge 7 L—A0RE % 38 LDV THIE L, TOMREE FFT 774 Y
THLEL L TRy 2 TR AL FEREfENT L=, 3 fi LDV 13/ NEF g S Lv-1720 &
¥, FFT 75 7 A Vid/NEFl gl DS2000, FEBEENTY 7 M AT L7 7 Al
ME’scope ®* Zffi [ L7=. Fig.3-9 [Z/R"T X Hig, 77 E—FOliim% Z &, &7
M X @B LY fiie Lz, Fig3-11 27 7 v B— X EDIERK %, Fig.3-12 ([Z#ih3Z
EOPLRK A ~T . Fig.3-12 (- T RBADREEFT TH 5. Sima 8 &, SimoEh =
W D720 DR IERBIE L L TOMROAMUICH T2 7 L— 2% 8 i, Bl 16
MAERE LTz, — I 16 EATE TOREIX TE oWz, Fig3-11 1T XL ic7 b
— LS O AR~ RIRE 2 IR E Yy 7 7 v 7 THIE L, ThakEEse+52 &
THEPEDNAE B e G5,
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FFT HPC

. : = .',f'._' "
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—2 £

G bm— X axis
; ////////////////////////////////// %/ Air damper

Fig.3-9  Experimental set up
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Fig.3-10  Appearance of set up
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Fan motor

Fig.3-11  Experimental sample of fan motor

I Laser light

A8 T Measurement point
/ of fan frame

e Measurement point
: of ball bearing

Fig.3-12  Measurement points
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ERRNT OFE R, 55Hz L 278 Hz ® S OIEEfE— ROER TX 7-.

Fig.3-13 |2 55 Hz ® 3 RotRENE— R&/~"7. JIE R No.1~8 7234w, I i No.9
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#54y) 1% 18ms T&H 5. Fig.3-13 (a) (Zt=0ms, (b) T t=9ms ((\7fH 180°, ©—# 1/2
[Al#54y) OIEET— K&, Fig.3-14 1L Fig.3-13 % 2 kot (X-Z i) TRLZH D
Thb.

Fhim ORNE A No.b 13 t=0ms D & X T Z #ilify N, t=9ms D & X2 Z il LA &7
D, t=18ms T Z ik FRIZE Y, SMmOSRIERIL U8 ik (45°) OAAMHET, Z
G ANCIRE LT D, 7272 L, A BRI RS WIS EN VTR 57, IRENDEE
BT AHESICEE E LTSN TWAIEITThs. £, ZORKIXEELZL TV
B NEROIRILE D 12 X D IRENEE MRV, T ORETHE b IRENRE)I T 5 72
bEEZLND. OFEY, ARENTDCUTOMOT Ly F 2 FEEREE, [BlEE LTV
% N OFEENEB M50 0, SN RERE 75 2 L TRAELTVWD EEZ DL
o, ZOMEF CORBOEEITE - um TH Y, 7Ly F U TBEREOKRK & 720
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B
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of bearing No.1
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Fig.3-13 3D mode shape at 55Hz
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Z axis of frame
Z’ anis of ball bearing 7’ auis of ball bearing

No.5 (Ball bearing) £~ No. (Ball bearing)

=0 ms h I 4
\./
Mo.l13 [Fﬂ.tlf'fﬂﬂlﬂ} . ------------- sEEsmEEEE sESEEEEEEEEEEpEEEREENE .}-:DQ [Fmﬁme}
=0 ms "{ I \"'
No.5 (Ball bearing) . No.1 (Ball beating)

Fig.3-14 2D mode shape at 55H

3.4.3 sz AN O I HEHRE)

Fig.3-15 (2 278Hz @ 3 RotiREE— R& ~9. 1 AHIX 3.6ms Th 5. Fig.3-15 (a)
2 t=0ms, (b) (2 1/2 FHAHEAT t=1.8ms D & & DIREIE— KZ R L TW5D. Nl
HE A No.1~No.8 DIEMENA T1E S TWVD D TEHEEMRX DA TR > TWAHD, [H
NARCTOMEETH 5. Fig.3-16 1%, Fig.3-15 & 2 kot (X-Z Vi) TRLEZBDTHS.

AMEm O E S No.1 & No.5 13X t=0ms D & X2 Z #ilife T4, 1/2 B A 72 t=1.8ms D
X 2ol ERE 72V, t=3.6ms T Z i FAUSED. S DA RIE ST 4 TR
FIC, MR Z 7 RS L T\ bE— R ThHD. ZOHIER TOIRIEIX
Bum BRETH VRO FRNHE SR THL Z LN 7 by F o FEEFEITRAE L2
EEZBNS.
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of frame No.13

A
A\ Asis of frame andball bearing

Measurement points
of frame No.9

Measurement points

of beanng No.3
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of frame No.13

Measurement points
of beanng No.1

(a) t=0ms

Z
A\ Axis of frame andball beanng

Measurement points
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Measurement points
of bearing No.5

Fig.3-15

Measurement points
of beanng No.1

(b) t=1.8ms
3D mode shape at 278Hz
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Z axis of frame and ball bearing

No.3 (Ball bearing) m.éa/ No.1 (Ball bearing)
=1.8 ms ' -
- | -
Mo 13 [FE.ﬂfIH.‘ITI.E} .-------- llllll-l-l-l-l-l-l-l-l-l-nil-l-l-l-l-l- ------------------ .}JDQ [FEI]ffEJ']"lE
=0 ms |
® : o
WNo.3 (Ball bearing) ! MNo.l (Ball bearing)

Fig.3-16 2D mode shape at 278Hz
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3.5 FEBRIZ X D Hhsz S R IR E) O Gk
35.1 XA i DO FEEIRE)

TR AENT OFER DS, 55Hz D #h AR IREN XN iR O AZALE] 0 1T R T 5 FREE
BTHDZENbotz. ZOw, BiZORE S, HRMEL AT V0 THEDR
[# (LT, Z0HWIRM L), 2 —X OAREEWED 3 FEHOK 2k L Tl
SR E) & o BfR & REE L 7.

Table 3-1, Table 3-2 33 XU Table 3-3 IZENZENHIZORE X ([HE), 1ZDHWV
[H, REIGVEOEKMELZRT . BISZIIIMRE RN R 2 2 T, (13 &b BRI X
% No.1 1Tk LT 3 /K¥E, #1352 No.2 (Zxt L C 2 k¥, B —X OREEWIE 3 KHEEZ KR
AEL7z. FTo, ZOHWEREIC T U A Z B L72GEOMR BIGE L2, 13D H VR
[, REA WV EB L OYZEHEB OREMEIC OV TR AEEL 1 & LTESMELTEL
TS, 1T DV & FREREI O A — % — 138+ um, REIEVEITHE mg TH
%. FEERTIX, Fig.3-9 & Fig.3-10 (278 L 7= FEBM@figsT & [ CHIER &2V, LDV T
55Hz @ Z #ilJ7 R Eh A Il E L7z,

Table 3-1  Specification of ball bearing

Sample Outer diameter Height
No.1 13 mm 4 mm
No.2 16 mm 5mm

Table 3-2  The level of fitting clearance (gap) between ball bearing and housing

Level Ball bearing No.1 Ball bearing No.2
1 1.0 0.74
2 0.61 0.52
3 0.37
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Table 3-3  The level of rotor unbalance

Level Unbalance
1 1.0
2 0.79
3 0.53

Fig.3-17 (ZEHZ A X 2 FEFEIC KT L C, 130 H VR 22 2 1258 O KBS B4R
T AFEVEITETLIUWUITH 5. 130 H VR & s S m iR 8 X BRIz H v,
TOHWEREZ /NS <5 L AmiRE /NS < b, £, A XORE W
No.2 DA OEilsz S miEENL, #5Z No.1 12t L CR—FRH T 30% /N S VMl & 72 -
7=. Fig.3-18 IZ#i13Z No.1 IZOW T, RAVWEEE X A0 EREREZRT. £
DD B VRN LT, REEVVE & iz AMRIREN I GIBRICH D, REE Wi
NS T D LR S /NS <7D,

Fig.3-19 & Fig.3-20 (24 w2 77 U R & 845 L 7= 45 O EERAE R4 7~k 3. Fig.3-19 (i
ZHA X 2RI LT, F0HWRMEEE X 2SS OERGER T, RIGVWEIIE
T THS. Fig.3-20 1%, 5z No.1 I1Zx L TAREE W EE LA 2 7256 O 5 &
Y. BRTORMBIZENT, 7V A2 8BMT 52 & TRz 1/3~1/10 KT 5 =
EMTEDLZ ENbholz. ZOEIRERITES SR E VR, 1305 VBRSNS
LU,
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Wibration displace ment £1./1J)

Wibration displacement (1 /1)

05

0.5

-------- —®— EBall bearing Mol
— - -&-- Ball bearing Mo 2 /,.
r's -~
pl A
.-'-f_-i_
O 01 02 03 04 05 06 OF 08 0% 1 11 12
Gap 1/1)
Fig.3-17  Vibration related to gap
-------- — B - Gap 0.4 010)
| --&- Gap 06 (1/U) —
........ - Gap1|:1J'IrU:| /
_Ff”'"’df — -
o |
o 01 02 03 04 0B 06 OF 08 05 1 11 12

Unkalance (1/1)

Fig.3-18  Vibration related to unbalance
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1 —®—Ball bearing Mol
”;:: | --i - Ball bearing Na?2
et 1 —=—Ball bearing Mol with greaze
+ 1 | . . /,/.
5 | --&-- Ball bearing Mo2 with grease
=
g >
% D5 .’,/ ] A
S A e
Jo
= 0 L L 1 B‘T_'_TE.'_'%_I A L L 1
o 01 02 03 04 0 08 OF o o5 o1 11 12
Gap (1./U)

Fig.3-19  Vibration related to gap coated with grease

15 4 —® -Gap 04 (1/U)
{ -~ Gap 06 (1/U)
—&— Gap 1.0 (1/U)
-3 -Gap 0.4 (1)) with grease
--A-- Gap 06 (1/U) with greasze

=

=

E " &— Gap 1.0 (1/U) with erease _,/”’

3

z — A

905 ®.

= .- — = - %

I e i

5

= o I E‘-._1__"‘_."L___'I Sl Bl R '—T'—'-ﬁ ]
o 91 02 03 04 0B 08§ OF 08 05 1 11 12

Unkalance (1AU)

Fig.3-20  Vibration related to unbalance coated with grease
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ELlzEEZEZBND.

ZOH, PR (m—%) OFREEVE 6.3 (JISB0905) Ziifidd 2 X 5 Iii
L7cth o 7V aER L, Fig.3-11 TR LTEIEE Y v 7 7 » A2 X 5 EREZ AW T,
7 A RE) & R EIRE A2 HE Lz, 20 L X OREVEIT 0 — X AMERAE TR
200mg TH 5. WICTH T ND—DZHOWTPRZHLY frE, REEWEITPR 2 B
DERSATE R CIZ7e 2 K O ICHFasE L, @y miRE) & 705 k) 4 & L7z,

Fig.3-21 (ZHIERE R 4 9. A7 RS, #thi 3T MIREIT, &b 5 bix
Kz 1 & LTESRLLTWS., o7 A~H D 8 Z /TP =3 7
v (LUF, PRAEY LIRS T, TOFROY VB (OH) OB E R RV
® (LLF, PURMEL EW55E) 2 M) (Bw/oblade) T/RL7=. PRAEV OV 7D
WENE, M bERAFMBIZERTSHVDMHEIZR > TWA. FHUCx LT, FIHRIE

1.00 ooy - ._E

5 KT o,
= : : : ] OB
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E I X
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Fig.3-21  Vibration related to blade
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X7 Ly F U TERORKRERVEDL L~ Tho T

3) WHEIRENE, (TDHWVRHARE S THIRBIFIH pm THY, 7L v F o T EFED
JRIR & 1722 720 ZOJRKITPIROHES ) LB BN D.
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41 (ZL®HIT

B xR0l b E BIC, 77 V=X EA =X THE S, BAMIZIE T
THRIERPIRE CTHEE T2 2R RN ER>TND. ZOLEA U RN—=FD
PWM 18 (Pulse width modulation control) 15 =5 23R & 72 > THRAET 2% v U TJH
B %% (Carrier frequency) % JEARJE NS L 3 58 kHz UL EO @ BB ORE) (LLF, &
JE I IR IR ED & WERD) (SR T 2 M OB AENEE 72 5. Z OEEIE, 4—
—A—/L (Overall (OA)) (LA'F, OA LI&F) %5l & BT DI ERE IERWDS, F
TEDJEARBDBEL > TRELSRDIZDIZHED IZEL, AVIZWD ATeba ANRICL
TLE).

PWM illiNE ST & %3 v U 7 s 2 AR & 3 % m A iR Eh 2 M 2 %
W2, MRICHT 57 7 =2 O/ DINEL/NSLTHLTENREIRD. B
RAJZe%R & L ClE, HRBIRZBET 5720127 7 U — % OFEL O E A IRE A
A N =Z OIMRERE G532 &, MmEIRIC IV BAET LR LT D
TeDIZERE DM Z B 5 2 ERIRERIZ LV ISERIREEZ D Z & ENET
HILDED, EH60OHETS ERMIRE TORE S OIREIE — R DU R
MLLTRD.

ZOK, fFIEROEMTHL 7 7 07 L—LRF—FDEH M THIE, 77 F
— X Z ) S W TOREE T O IR AT O R < IRBVE— NBIRZR M T 52 &
INFIRETCTH D703, @R THIES LTV D PR 72 EDORIECHEEIZIR OB HHEE LU,
1) REIEITITIREE >y 7T v TR — KD 525, MEREY Y 77 v 7

HT X CTHEEEEHO ARG WVREINEAELTCLE Y. 20O, HIEED/NS7

EBS—VICKDEINE R EEFH LT e b0,

2) FHEL CWAPIRDEFEFE, AU v 7Y 7EZ2I L TR ROBERRIZ S

ETDOMERD LD, AV v TV TIXEOEENS ) A ARFEELLT .

3) ZOK, HIRHRBIZL LRI TOHNIHBIRERESZHOLNLDOTAY v 7

Vo TEIZRD ) A AORELZTIZ WA, BfilIREI OGS IIE S/ WO T

JARXDEELZZITTLED.

89



FAETIE, A =X ERE) 7 7 o F— X OPURIZBWNT, A 73— D PWM
B PIIRIR & 72> CTRAT D5+ U 7 JEE A AT &3 2 @ E o
R X 0 RAET DPUROEHEHEENC KT LT, #AREEE KXo 2 v 7V v 7o
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ARETH D Z & MGk Lo A~
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& EIRT

WUNT, BAEMEHTIZ LY 2kHz DISETEIRDS TR O J1 -~ 7 K 23 il 7 1) SR
B AEHE—F] THHZLE2RDD. ZORBEEIIC, BINEEZHMA LI EEE
FERT 24TV, FERRICEIER LTV D PR DJRE TR DN BUEfETE® Y Th D Z & i L,
AUN—=ZEEE LT 7 7 =X OPRIZEBNT, A 2 /3—% D PWM HlEE 5230
BWIRE 72 o CRAET DX v U 7RIS E FEARE S & 3 2 @83 5o PR o @ il iR
ENCOWT, B—H U axy ¥ EfH L EINEIC X 2 EB@AET @A ATRETh D
N N A

OFEC, BUEMATIC X D R BUSE RN 2 T, 2kHz DJRETEIRIC K32 & [
AE— FOTFEREZRD, 2kHz OIRETRRITKT 5B EAE— FOZELP 60
L, ISERIRCEN I A B FE I DA ekt T — % L7 D 2 L B

90



42 FERIZE DT 7 o — X OB M
421 77 b —X

Fig.4-1 & Fig4-2 17 7 v E&—HX L A L X—F DIl %, Tabled-1 & Table4-2 (27
7R Z LA URN=ZDOHRERT. 77 B2, BB EUTRE S5 200mm
A CEZMD 900mm, E—FEiL AC AN ZAHFEEE CH NN T0W ThDH. F

7=, A X=X DEKHIIIE 200W TH 5.

Fig.4-1  Appearance of fan motor

Fig.4-2  Appearance of invertor

Table 4-1  Specification of tested fan motor
Parameter Value
Fan size 200 x 90 mm
Number of pole 2
Rated frequency 50 Hz
Rated voltage 200V
Rated output 70W
Phase 3
Air volume (Max.) 13 m¥min
Static pressure (Max.) 220 pa
Rated speed 2850 r/min

91



Table 4-2  Specification of inverter

Parameter Value
Max. applicable motor capacity 200 W
Rated frequency 50 Hz
Rated voltage 200V
Phase 3

A U= 2T AR TH O, ATIES ORI AR E LT BT L
7135, Fig.4-3 lZ—)7e PWM HIENC & 2 AR O E RS, A v 3—H 13
TUNR=FIE A L R= IO E NS, BED L ITBEROATERIZA 3
—H DAL N=ZER L o TEREIGIZEBR S, RIS, A 23— ZF0 PWM 4
& 2T, BE LT R A £ o 7o BB 70 IESKIE TS S M S LT I & 72 > CTHED)
Ed 4V Figa-4 124 =2 O PWM HlNC X 5 A2 77, U 7 EK
Ba_X—2L LT, A vFr 7o) (ON-OFF) HFREAGIHE L, EXBEICHYS
LW EZM T 5. IEREIEONS D RN NV ICHTE D EEO/NSWE Z AT
ON Bz <, WEMEDORKE WL Z AT ON B2 EL T 5.

Z OHAPE AT RV RI0AG & LIRS IR 72 503, EBICIXHER R O &E
AA Yy F T ThHDHI, BE LTI B A & T 2 BRI, Fv
U7 JEW R AR T o MmN EEIND. TOREE LTH v U 7 EEK
ZEARJERE L THIRE) LR (B 28475, 2oL EXr U 7R
+kHz £ BT HIER Z 212K KRB0, A, v F o 7OEENPREL R, g, F
X U T EEE N kHz LR IUEA A v F o T OBRIINS L 250, HEDIZELT
2 JE BRI D EIT 2 D
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AC input (sine wave)

A

»

@ Converter

@ Inverter

PWM control

Equivalent to sine wave

a

»
>

Fig. 4-3  Waveform of PWM control
A Actual current output
7
o

1/Career frequency

Ipc

Targeted waveform
(Sine wave) t

Lt
41
.
R,
A ‘

(

~—

bl el A L LD L

1/Driving frequency
< >

_[D(-'

Fig. 4-4  Current waveform based on career frequency
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422 LT vXTNTRER

Fig.4-5 (2B & HIE DR %, Fig.4-6 IZEBILE OGO 2777, 77 U E—X
TR THDODLTEEL, BREIEX7 7 E—XOWVIAZAND Im OALEIZ~ A 7 1
TAEHELFFT 777 A P CRBE L TR MLERDTZ.

Fixing strings

Fan motor

Im ¥

'\—v FFT analyzer—PC
Inverter M

icrophone

Power supply

Fig. 4-5  Experimental setup

Microphone

Fanmotor

Inverter

Fig.4-6  Appearance of setup
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Figd-7I1C7 7 v E— X DEEE%2 NT vx v 700 “? LR 47R7. 3D FmRd
SRS N T o X TN ORER T, KOMELE RS 0~20kHz, RS L
~L0~70dB (A) #F5 L, AEBILEELEE 200~3200 r/min Z7~9". KOLEHOPr
YRR T 7 138 50Hz DERE L~ D A2 kL, FEOTARE Y T 7 1Al
J& 2510r/min DJFRE AT "V THDH. ZDOA 83— Z X EHHEE IS T TH v U
T WA 2 DH AT TR Y, B A 1600 r/min UL E T v U 7 ER £
1L 15kHz £ 72> T 5.

Fig.4-7 OREREFIZ-D T 1600r/min LA L [Rl#E RO L CRGEES 5. 3RisiE

B L& PWM HIlEHE BRI T 5 %+ U 7R E 15kHz % BARJERE & 9 2 5 S 03 5%
ALTNDZ EDPHRTE 5.
ROEIE PR O RN EE T DEROENEMIT L - THAL, £OREBILEES
W XOPREE B ) THLOT, BHSEHEICEKF L CEBT 5. 72L& x1F, [
WEE7)S 1800r/min o & & D FE @ OO )8 #1X 1800/60 X 5 #=150Hz, 3000r/min @ &
XX 250Hz & 720, RSO EFIZS U CEEERGmL< 25, £, EHiliEgixm
53 2 PR O N EENRR T 2 72 DEESEE NSO NIENEH b KE b, &
DOFER, BE L~ K& <25, Figd-7 I RT XL 910, BliETs I XEEs®E o A
W CTABEEL L RELS o TS,

PWM {5 B- 2L K9~ 5 15kHz OBRF1E, [BIEEEHEIZ L 59 v U 7 JE A —
ETHDHI LD, BEOEEKRL —EELRD. £7o, FHGHED FAIZ X - THR
DOAMBENT D2 LD, TG TS, =X OH N R&EL< 720, BilikE
CRBRICBRE DO L~V REL 2D, LvL, PWM HIEUE 51 X B HE IR 12
K& <, [AlRHEE A —FALV Y 1600r/min 7> 5 3200r/min & T 4T O [alfRiE FHk 2
WTHEBBEET IV BREL > TWVD., ZZIrRT X O, PWM HlEHE BN
HERE Y, [PESEEIC X O PTEEEN —E T, & COREREER TR X bR NRAE
LTWAHZENERTE S,

o
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4.2.3 BREHIER R

422 HDO N7 v F TN LR CHEBGR EERFMETY 7 VE— X OFRE L~L
ZHELE., ESIZ T 7 o B—ZOWUNALZONS ImO#iEE L, ~f 7 a7+
Y THIEL, FFT 777 A WO U TR EHIPH 20kHz £ TT 1B A7 Z#—T7 1\
NIZE & o7,

Table 4-3 127879 K 912, FEBRZSEM: No.l1X 7 7 v E— X BT, No.2 & No.3 1I1 v
N BB EDETESGEEL, A 3= DOxx U THEEEIZZENEN 2kHz,
15kHz & L7z, 7z, PR OEELEH L X 2800r/min & L, FEERSM: No.l IZ A EE %,
FEERSA No.2 & No.3 1A >/ \— & DOIEdRE W (Driving frequency) % %% L CE—
2 DAMMBECIZR Aoz L.

Fig.4-8 ITh& & L~V OMIER R 2747, BfihE 13 47 Z — 7 /3 RO HLEEREK

(BAF, HL @i E & I&E0) & OA T, fMtllIha L~ (HUEHTE A FriE) Th 5.
TR No.2, No3 X Nol IZxfLC, ZhENnDxx U TJEEHRTH S 2kHz &
15kHz 23& F 402 HL R B 2kHz & 16kHZ O ChR L~ L v K& < 72> TV 5.
RRZFEBR SR No.2 TS+ U 7 2kHz 7217 T, 20 2 fEo@miilkcd b
4kHz DEFZH L~ t 3dB LA ERE < o TWnD. ZTHHIT 0A 25| & LiIF 513 8K
ZIEWVR, Z OB 2kHz <0 4kHz HHSIE AN E S B 09 W\WZ b,
FREANIC D HFEV ITE U 5. FEERSMF No.3 13 H0JE 5k 16kHz HHm D BgE L~ L
REWVD, FEBRZEM Nol, No2 EDZEF 1B UL FTHY, Fiz, fhoEEEcm XL
D HEEE LUV BERBMELS, 20, AR OAHEFE ORI TH % 20kHz 12V D T,
HHEANC L BRED IR U5 2 L1720,

U EDZ LG, v ) 7R 2kHz © PWM HIEHE SR L TRAET 25
LoyUCxt L TRZ D 2 E DA TH D, £, T+ U T JEBE 2kHz 1% 15kHz

W2k LT PWM HII DA A » F 2 THERD/DNZINZ EnD, X U 7B 2kHz O
FEEXRETED ZLIIETRDENLHAENTHD.
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Experimental condition of setup and carrier frequency of inverter

Table 4-3
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4.3 PR O DB ORGE
431 FEBRIZ X DEEEIROMRE

ZDT 7 =L DA, v U T EE 2kHz O PWM HilfEHE 512 & D585 L
X, PWM HIEME B2 L o TR S NI PIRN S OB E T 5. PUROME 22
BL, v U7 B 2kHz O PWM S 52 & D B85 25, PR D OB ETH
B2 & ERGE LT R 2 LU RIS

DT 7 =X OPROMEE, Tabled-4 (2”7 K 924 T Al#ERALAR Y B —
A~F— b (Glass-fiber reinforced Polycarbonate) (LLF, Polyca & H&FE) T 5. Polyca
(3G SR PERIIE D72 DIT-HER X LWy, BB IC OB SN D728, IREDER S
Lo <, REQEZHIH L TLE SOMEEF .

PROMEEHIKR 7 L —FRKOKRIY 7F L7 L7 %L — | (Polybutylene
terephthalate (PBT)) (LA, il#ig PBT L M&FL) IZAE L, BEEL-UTEVWRAEL D
PMRAE L7z, HlR PBT (X7 FILITLEEH L, BENSRKEZWIET TR, REIDEER
B LI VB TR .

Table 4-4  Material specification of impeller

Parameter Value
Material Polycarbonate +GF30%
Young's module 6 < 10° [MPa]
Density 1.4 10° [kg/m?]
Poisson's ratio 0.3
Modal dumping ratio 0.03
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Fig.4-9 & Table 4-5 (ZH LS 2kHz DBRE L~ L ORIERS BA2 =Y. ME4
Polyca 7> HHfilfig PBT IZAE 95 Z & T, HULJEHE 2kHz OFEE L~V 7235K) 4dB T 728
ST,

UbozZ Ens, ¥+ U 78 2kHz O PWM HIH1{E 522N T 5585 L ~ULiT,
PR S O ERRKE L LTS Z ERNbhb.

50
<
[ad]
=)
—
L
o
_, 45
L
[ad
>
[(9p]
L
[a e
o
O l
Z
8 40
) Polyca Polyca PBT
w/o inverter with inverter with inverter
(CF2kHz) (CF2kHz)

Fig.4-9  Sound pressure level of fan motor at CF2kHz

Table 4-5  Phase difference of impeller

No Setup Carrier frequency of inverter SPL at 2kHz
[HZ] [dB(A)]
1 Polyca w/o inverter 42.3
2 Polyca with inverter 2k 48.3
3 PBT with Inverter 2k 445
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4.3.2 FEFEANTIC L D HIRB G O RGE

WIZ, BAEMHTIC LY, T U 7 AL 2kHz © PWM FI1E 512 K 2 s o33
RBEITER T 5 b O2MREE L7z, HfEFHEIZIT MSC/INASTRAN 4% & Wy, 3 kot
HIREREOBEAEMENTIC LY EEE— FE2RD7-. Fig.d-10 [ZfENTE T /L, Fig.4-11
WA Y 2T VERT.

FRATHE % Table4-6 (7”9, MENTIX, JAIEEPHA 3kHz & L, 30 fHOEAFE— K
ZEHR L7273, Table4-6 (21, PR A E < /PTE— R EXIFRE— RERS AR O
REWE— RETZ2RT. 2kHz HHEICEA T — RIZRWZ LR TE 5.

Uboz &nt, U 7EKEE 2kHz © PWM HIME 512 X 2 b33 ki 5
WCERT 2D TIERNZ ERbroTz.

Fixed

Fig.4-10  FEM model Fig.4-11  Mesh model

Table 4-6  Eigenvalue of impeller

Mode Frequency [Hz] Mode Frequency [Hz]
1 190 16 1611
3 413 18 1654
6 793 23 2270
9 878 27 2430
11 1184 29 2530
12 1307 30 2648
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433 BEMNTIC X DIEE TR OMEE

A32TEIZL VD v U 7 JAEE 2kHz O PWM HIHEE 512 & B B8 L ~UL D34 R A
TR L DR TRV Z b oo, RIS, PR O E S B & IR
A E 2kHz DINETERICKT T 2 & BAE— ROFEHEEZRD, v U 7 JEHE 2kHz
REDPIMRDISETER &, INERRICH T 24 FEA T — NORBEKRGE Lz, EiHHE
(Z1% MSC/INASTRAN % V>, 3 RoeA [RELFRE D AR BUSE MR (£ — 4 L1E) 12X
DRSS B L FERE RO, BEE— ROFSGEIZ, HHEONEICHLT
INENOEAE— RN EOBREDOEIG THE L TCWENERTHEOTHD 4.

fEMTET v, Ay aE®T VB IOPROMEIT 431 HE 43.2 TR LT Fig4-
10, Fig.4-11 B XX Table 4-4 LRI U TH 5. Figd-12 1ZR-T X HITPHRA » 7R D
PO AR L, 2O HEE MR L7256 0mR A ORISR, J8E S
3kHz £ T 10Hz TR D 7=.

Fig.4-13 (Z A BUSE BB OFRNTAE R 2 7”37, MEE O B TEMINE ) T, &
DA FEMEIZ L C [dB) TRARL TS, EAMEMAHTORER LR U< 2kHz IZ[EH £
— RiE7e<, 413HZ I RE R IRBIE N H Y, WIZ 793Hz, 1.65kHz |2/ & 7 HHRHL
RN %. Figd-14 T 2kHz (2B 2I8E TR 2R3, PURO T~ 7 Kifa 25877 )i
B ER T 2 ISR TH 5.

Fig.4-12  FEM model
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-10
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FRF [dB]

-50
0 500 1000 1500 2000} 2500 3000

Hz

Fig.4-13  Frequency response analysis

Patran 2012.2.1 64-Bit 08-Aug-15 16:10:35 7.94-04|
Fringe: MRS18_Modal_FRF, Al:Freq.= 2000., Displacements, Translational, Magnitude, (NON-LAYERED)

Deform: MRS18_Modal_FRF, A1:Freq.= 2000., Displacements, Translational, 6.89-04]

5.83-04
4.77-04
3.71-04
265-04
1.59-04
5.30-05

-5.30-05

-1.59-04]

-2.65-04

=371 —OAI

-4.77-04]

-5.83-04

-6.89-04]
~7.94-04]
v default_Fringe :
Max 7.94-04 @Nd 73694
Min 0. @Nd 95888
default_Deformation :
XNz Max 7.90-04 @Nd 73694

Frame: 1
Phase = 0

Fig.4-14  Vibration response at 2 kHz
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Table 4-7 | 2kHz DS TRITHT 5 & B A T — KD EFHR%, Fig.s-1512, Fig.4-
13 OPURDOFEEEUSE IR LT, FEHEROFWEAE— FE o8 L CHEHAEX
L7=27T 7 %%, 413Hz 78 53%, 793Hz % 12%), 1.18kHz 7% 3%, 1.65kHz 7% 36% C
&Y, 413Hz & 1.65kHz D —H>DE— RN 89% % 5O KA TH 5.

Table 4-7  Modal fraction of impeller

No. Natural[ I:rze]quency F[’ggé]e Modal fraction
3 413 -2.34 0.53
6 793 -1.47 0.12
1 1.18k 0.05 0.03
18 1.65k 5.83 0.36
0

'g —— FRF(Disp.)
> 30 NN 0~ 413Hz
~ N T~ N~ @ 793Hz
1185Hz
------- 1650Hz

-60
0 500 1000 1500 2000 | 2500 3000

Hz

Fig.4-15  Frequency response analysis
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Fig.4-16 (a) T 2kHz OISR, (b) 12 413Hz »E— KFEIR, (¢) (2 1.65kHz @
F— FEREZRT. Figd-15 FIZKHITRT L 212, 2TOIRERIR, £— FERIX
PURD A1 7R3 gz (CREVF) (S HEMICEEER T 2RI > TV 5.

L7eidoC, BREFIZ L 2IRIEE AR 2561, Z OEBZIEIT 2 L 5 2%
HAMz i k.

(a) at 2 kHz

(b) at 413 Hz (c) at1.65kHz
Fig.4-16  Vibration response

105



434 SEREENTIC X D EIRE ORGE

433 THT, FAEMHTIZ LY 2kHZ 12351 2 PR OISETERIZPR D F1 -~ 7 K 1 23 il
Jr1a (RENJF ) (AU EEER 25 Z L ¥booTe. T D, FEHOERES ([0
iR) REBICIS T DINETEIR & FEBR Chgad L7z

EBREIREOPROIGEREZWET 572D OWERE LTMEEL v 7 T v 7
WBHEZ IS, PR OEBEIRIEIZ I\ T, IR & AL OB LIIFRMHETH 5729
BT 5 2 N TEIMBE LTV, Lo, lEEY v 7 7 v 7OERICE SR
BFRVORBELaR NEEETLE, IEEY vy 7 T v 7 E2ERT D 2 L1375
RTIEZRW. 2070, IEEY v 77 v 7ORBEE L TES — V2O EIRE
LT 4P,

Fig.4-17 (a) & (b) ZEUMEARNTIC L 0 RO - NMHEE 2L 2kHz, RIMARIZE T DIt
BEIAR T DN I3 A & BoA & S mfR Cnd . Figd-17 (@) =T &9, By 7R
AR D2 BN O KRMEITH v 7HETH D0, Figd-17 (b) 1T KO ICEDOKRK
ElE, BAh g/ &R o bl < OFEEHSMNEIZR . ENENORKE & K/IMEIE
W2 B0, AR OB LIXFENAHCTH D, Lo TC, ENmzllEdsZ LT, £
N DOFHIAARETH D, BRNRFTRTHLZ L EEF—VORIREZE L, B
DATTALEIL A v TEERAMAIE U, FRFMOENPRE TE DM IChHE L.
Fig4-18 IR T HIEFHEIC L W RO IZENAEIC, EF—VOU 0 (I IEE A, B,
C@%ﬁmewK%%Kéﬁ—?%%@ﬁﬁk%yfwéﬁﬁFm¢mmﬁmf
A B, CHERVBEATHDL Z &b, EELMBIZIZERCTHL. EDD, Z0D
3RICHIT D 2kHz DEZHE L, BUHFHERERA R L.
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Patran 2012.2.1 64-Bit 03-Aug-15 16:1035 704-04
Fringe: MRS18_Modal_FRF, Al:Freq.= 2000, Di Translati jtude, (NON-LAYERED)
Deform: MRS18_Modal_FRF, Al:Freq.= 2000., Displacements, Translational, 689-04

5.83-04]
A.77-04
3.71-04
2.65-04)
1.59-04]
5.30-05)
-5.30-09
-1.59-04
-2.65-04|
-3.71-04)
=4.77-04)
-5.83-04)

-6.89-04)

~7.94-04]
v default_Fringe :
Max 7.94-04 @Nd 73694

Min 0. @Nd 95888
default_Deformation
z Max 7.90-04 @Nd 72694

Frame: 1
Phase = 0

(a) Displacement response

Patran 2012.2.1 64-Bit 08- Aug-15 16:00:36 1.02-0
Fringe: MRS18_Modal FRF, Al Freq= 2000, Strain Tensor, , , (NON-LAYERED)
8.82-0

Deform: MRS18_Modal_FRF, Al:Freq.= 2000., Displacements, Translational,
74701

611-0
4.75-0
2.39-0
2.04-0¢
6.79-0
-6.79-0"
-2,04-0
-3.39-0¢
-475-0
~-6.11-0¢
~7.47-0

~-8.82-0¢
-1.02-0!
¥ default_Fringe :
Max 1.02-05 @Nd 95887

Min 1.17-09 @Nd 96043
default_Deformation :
X Max 7.90-04 @Nd 73694
1

Frame;
Phase = 0

(b) Strain response

Fig.4-17  Frequency response function of impeller
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Fig.4-18  Strain distribution

Fig.4-19  Strain gauge on impeller
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Fig.4-20 (2 EBRIEE DAL %, Fig.4-21 ICEBEE OO 27T, 77 o E—
ZNET N I -ON—TEE Lz, PURICAE O 2R — P DE %, e UHEM
Bl 4ch v—F Jaxs g %S 24 LCBET V7 EAHZRIIZEFTE DA3SA) (ZH
VA, FFT 774 % (UNEFRIZREL DS3000) T 2kHz O E OIRNE & (AR 2 HH L7z

(4-6)‘

Fig4-22 \cu—X% Y ax 7 ¥ O4E % Figd-23 ICNitEEZ ~d. Zon—41U
F 7 ZIXARR & FRIE RO BRI R ) SO REE -2/ H LT 5. [
i ThH LoD, AV v 7Y 7 LT L HEEEA O § Ol iR LTt/ A
PR KL PERGE DV VKRR & O e g3 R 07 0L i LT+ 22 AER
FERHDHZEEER LTS, £, m—Z ) axJ ¥OF ¥ R/VEOHIRNG, 1
EIORET 2 @EETZ2REL, 1ETEEREEESLT52L T, &7 —% ONHZ LK
L7z,

Fan motor Strain gauge

Inverter FFITTTIIFTIFITT ..‘IX

Rotary connecter

AMP. FFT analyzer—{PC

Power supply

Fig.4-20 Experimental setup

Rotary
Connécter

Fig.4-21  Appearance of setup
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Stater

Fig.4-22 Appearance of rotary connecter

il BEBTT

57 (Ol & 3

A

Fig.4-23  Structure of rotary connecter 4

Fig.4-24, Fig.4-25 (ZJ& %k 2kHZ 12811 5 A i, B ROEOREREZ 7T, (a)
NEFIE, (b) BSEREOHFERTH S, BIES A, B & HIC 2kHz LLSMZE 40uStrain
UUFTHDLDIZH L, 2kHz TiX 150uStrain # 8 2 D FBEORKERENFAEL TN D.
ZOZELXY PWMEEEZMERE 5% v U 7 JEE S 2kHz 2 AR L T 5K
SRIREDBEL TV D EHERISNS.

Wiz, BES A, B, CICBIT5H 2kHz OENFEHTH 50 R+ 5. Figd-26 &
Table 4-8 |[ZHI7E 5 A-B & HIE S A-C DAREBIBOMER R A ~T. HIE R A-BHD
fiFHZEIX 5.6° , A-C HDONIAHZEIZ-5.3° TH Y, IFFFEHTH D I ERMHBTX 5.
ULEOREREID, WER A, B, C OESFIFEZEGF CTRHETHL Z L2 b,
BEIRIEDEIGE LMW RIS L A BISE T 8T 2R 2B, TO/BEND
BR B OSBRI b BRI R OIGE IR E — BT 2L EZEZ2 61D,

M
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Fig.4-24  Strain of impeller at point A
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Fig.4-25  Strain of impeller at point B
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e

Frequency [Hz]

(a) PointA-B

I\
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(b) PointA-C

2500

Transfer function

Table 4-8  Phase difference of impeller
No | Measurement Point Frequency [Hz] |Phase difference [deg]
1 A-B 2k 5.6
2 A-C 2k -5.3
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44 FL
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Constant static pressure .
(Cylindrical area between fan and blockage disk)

Test fan (n = 2500 rpm): non-slip

= f; Plenum tank: non-slip

Blockage disk:
non-slip

\l/

_ Side wall of the plenum tank:
Magnified view Constant mass flow rate

Fig. 5-2  Numerical calculation domain and boundary conditions.
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Fig. 5-3  Performance curves of the axial flow fan
(Dd/Ds = 1.05, D¢/Dg = 0.97, Dg = 136 mm)
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0.6 T % G/IDf=w  + G/D/=0.04

0.5 2 © G/Dy=0.62 & G/D;=0.04(TP.)
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y = G/Dy=0.15

0.3 !
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o

Fig. 5-4  Performance curves of the axial flow fan
(Da/Ds = 2.46, D/Dg = 0.41, Dg = 320 mm)
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(a) Time averaged non-dimensional circumferential
velocity distribution at the mid-section between fan

and blockage disk

(a) Time averaged non-dimensional circumferential

and blockage disk
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(b) Time averaged non-dimensional pressure (b) Time averaged non-dimensional pressure
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(c) Estimated pressure from the centrifugal force

Fig.5-5 Circumferential velocity
distribution between fan and disk and
pressure distribution on the surface of
disk and estimated pressure from
centrifugal force.

(Dd/Ds =2.46, D¢/Dg =0.41, G/Ds =
0.15, ®=0)

r/R;
(c) Estimated pressure from the centrifugal force

Fig. 5-6 Circumferential velocity
distribution between fan and disk and
pressure distribution on the surface of
disk and estimated pressure from
centrifugal force obtained by
numerical calculation.

(Dd/Ds =2.46, D/Dg =0.41, G/Dt =
0.15)
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(c) Wave form of pressure fluctuation

Fig. 5-7 Measured pressure fluctuation on
the surface of blockage disk (m=2)
(Rm/Rf=1.69, D4/Ds=2.46,
D./D¢=0.41, G/Ds=0.15, ¢=0.039,
f/f:=0.265, w/w,~0.13)

(c) Wave form of pressure fluctuation

Fig. 5-8 Measured pressure fluctuation on
the surface of blockage disk (m=1)
(Rm/Rf=1.69, D4/Ds=2.46,
D./D¢=0.41, G/D=0.04, ®=-0.022,
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(c) Velocity vector at meridian-plane

Fig. 5-9  Numerical results of pressure distribution on the surface of blockage disk and
velocity vectors at mid-section between fan and disk and velocity vectors at meridian-
plane (m=1) (Da/D=2.46, Dc/Dg=0.41, G/D=0.04, $=-0.022, o /s ~0.18)
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