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1.1 AHROER
1.1.1 EEMEINET 2 BEhE

HEYH 87 CiE, HERIRRE(LRS 1L OBLE D BBV CO, PEHHIHI 2 4 E Toffk LT
%, ABKiE, BHIERE~OFEREIISCTA T 4 70T 9 CAFE #iil
[L1IZHEALTEY, BKINIE 2020 4 FE TITHED COHEHE% 95g/km LLFIZ3 % EURO
BHI[1.2]2BAL TWD, 26 OHBNCHET 272012, BBEA =B IO 77 (v
L, 2 ETHx Y H (ICEV : Internal Combustion Engine Vehicle) (2%, #5 HE)EH
(EV : Electric Vehicle), /4 7 U v NEEX HEIH (HEV : Hybrid Electric Vehicle), BAEHE
HEHBEE (FCV : Fuel Cell Vehicle) 7¢ &, KAMA RHE— % OhE T — % ZRENHET— ¥
(FHE—%) & LCHIA LBREXSEOREZIEL TH Y, Fig LIICRIND XD
(22035 DM R OIFEEEIL 2018 FELL T 7.6 5L 72 5 RiIARTH H[1.3], BlxIE, ER
HEYE (EV) ONRFETHL AEY — 7 IXRFHIGE AR — L 72 2830 TEE THIZL
TWB[1.3], 4%, BRIRFBAESICHTIZED AT, SeEEEICE £ 5 2 L RERRA v
Rl Thiibansg & PHISN, TG0 CBREMSHEOHS MM G IR+ 2 s L
Th b,

— 5T, BEEROT VA MIKABARME—2 2wz VU T, A
X1, T, %% OBLENOATT U 707 L—%7 CICiE SN 5 Btk <
T ADOEMEBHEA TWDH, Fig. 1.2 12, BEVHEICHEES I N D Hilfigs 27 L2 5R~T
[1.4][1.7] . EHEEZEAET DU =277V o 7 OEMEIC L O IERDOME AT —2FT TV
7L LT 3 %D BRE A B CE B[LT[1.8], AA VKR T OFEERICL Y =Y
MEIEFTCTHMEZHETE D707 A RU VT ANy TRAREL 720 15% DR H L%
HMETED[9], 7L—F AT AL TCHEET L—F2IEH3 %5 2 &L T, HEVX EV
ORE (BE) A LESE TS, 20X DI, HEMHEY 2T AOEBBLITRE DM
IR ThHT 5,
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Fig. 1.1 Global market of cars[1.3].



—___ Electrical Power Steering (EPS) [1.6]

(/ﬁ
\gb = &i;;;

Electrically- Driven
Intelligent Brake [1.4][1.5]

Electrlcal Oil Pump (EOP) [1.7]
Mechanical Brake

Fig. 1.2 Car auxiliary component.
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ARIETIE, 3T —XEREIS AT A~DBER & HITENRIZ OV TR L7 t%, ik
E—HEREN S AT AAOER AT I OWCTEET 5,

1.1.2.1 EHE— X BT R T A~DER & BB

AT Tk~ 7= HE . (EV : Electric Vehicle), /4 7'V v NEX HE)H (HEV : Hybrid
Electric Vehicle), #XEFEM HEH (FCV : Fuel Cell Vehicle) 72 & OBEExf I ELIE, Mifoe bk
DIERDT=DIZ ANy T URT ¥ U ER e LN T%ﬂfwéo_ﬂ%mﬁﬁﬁmﬁ
Ny T VR VU RERREICL > Ty VU b — ANSLHENOBHRZERIHRI N H 5
7o d, BREERHIG BERE)H O T — Z BRE) > 2 7 A TIE, N - nmu”jjmﬂk?sb bivd, M
2T, WifeEEEE DR OB O FHE — ZEBRE S 2T AO@EmFEED RO D, T
T—SEEEN AT LE LT, A mHT) s SRR A EN T L7201, TE—FOD
N=RT =27 DOLRICEDFELHINC LD FED 2 2B H 5,

T, TE—HON—FUV =T DLRIZLDFIEIOWVWTERDS, E—FDN—Fv =7
DLTRIZEDFIEE LTI, FBIRE U CTRARBA TSI DR R A Y LA OB, [F
#5 7 OBAELE O TR L DRI R ZEMIEDOIERIC I DY Z 7 2 A MV OIER, &
AL A 28T 5 ml Bl b, SFERZ W BT 5 ARORM, RENRD D,

KABEATRIIE — 213, € OBARE & R ORERRIE AR SV < DO TERUT 7
FAHZENTE D, HlIX, REICHAZEE L-REEA% T —4% (SPMSM : Surface
Permanent Magnet Synchronous Motor) , [El#5 NS IZ A DS DA - LA A R = — &
(IPMSM : Interior Permanent Magnet Synchronous Motor) , ZE23F 1, FRCZ8H#E I &
DAV HALTUV S, Table 1.11Z, SPMSM & IPMSM D kil A 773, SPMSMI%, U 77 ¥
YA RV N QBRI T O A TE DI A V2 IREID/NS WLV D TR &
55T, BAPEEEFREICEL L TS 7280, B E OIS & Sl RS T E 7
WIRED N 8 D, IPMSMIZRE A Z A 18K 0 CTPIRFEF T X 5728, SPMSM & Hifik L Cmdmlfs



WAREL 725, BIZ, MKEEHEKE TRTH5Z2LT, w7y M MAZICMATY 2
HBUA RNV BIEHATE 5720, FHE—ZEREIT 2T AOEHEELNATREE 72 5,

KA TREE — 2 O@mFE D=0 E & LT, SEEOM a1 R
b, ERESIROERLRERH L, TOoH T, SEEOM ELEa =y Moz EB
HIEHE L TEROABERH Y, BRHEBOHNNZ NS T Y v FETEIEA SR
TV 5, SCHER[L13] TIEE#MR 2 I b ARRICEE T 5 2 & THBEEA64%70° 580.5%(Z [\ I
L, {K#E[EHE (1,000rpm) T3.7%, mek[Elz (9,000rpm) TL.1%3h3E % [\ b &8 7= F41 0543
NENTND, ZOHEFILIMNE S AMRE T LIZIPMSMOBAFE S A B # A — B K4ETHEd
5 TVWAH[LI5][1.16], —H T, TRl T2V b— ANOBFZEMIIRB N H D
TATDOETNAICHEABED Y — 772 COBXHBEIE (EV) [ZAMRTIER L, MBI
HahTtnsg,

HIENC & 2 FiEE, 10 2l 2 & e 2R S-S E B E O mEE R ER D D, A
> 3—% 13X PWM (Pulse Width Modulation) 12 & 0 BT 2 = AHO ARG E I A # L
TV, BARHBEL, Ny T VKo CEREENFIRINDE—FEE)I> 2T AICE
W CIELE R 2> D = AB A AR O 2SR I 38 % 6] 9~ 2 Hil 8 C & 5, Table 1.2 (28257
HIEIEAN & EIRELERHER, ERBOMRE RS, RmsCTiE, (L DIZR T E R E R
FKIIMNT, RAVNTRTERRE AN Tilam T 22 & & 15,

EREEMAR = (REBEOENE) / (ERFEE) oo (1.1)
EPRR= FHBEDOE—ZH) / (EEEE,/2) cveoreerreeeeieaeeieaiieinens, (1.2)

W ZEFREAERPL SV AN K > TRREBEO SRR EINT 5 b DD, FAR RSy D
BEZ11%M ETE, miti/fbzEBTE 5,

F 72, IPMSM72 & DX ARA REE—# 13T —Z [Alfistk o EFICHE] L CRE BT %
AL, RIERERCR D & M ZICTHESTHEMAEET 2 2 ENREE 70D, 2D,
590 FREHIE (55 DRAHIE) Ko CHEBELMEIL, E—FEZHEHT 2, FEOK
TERNY T VELEOHFFIOB ARG, Ny T U &AL N"—2DODCH & DFIZDC-DC= /N
— X &, HIREEZR LT 22 EnfThi, s EEBR L TW5, FEEEOH
R bbb L, E—F2OEmEEbaERTE 5700, E—FICL2REELEL A
FEICHIBE T D47V v RERKHBIH (HEV) 7774 147U v NEXKHER
(PHEV) 72 ETHAII TV,

ZHIVE TRV BREE IS HIZ T 5 E — & O End BRI K 5/ - & 74k & Sl
£ D @I DILRO—FIE, Table 1.3 127379 b 3 % BB EHKASHR O T Y 7 2 (Prius)
BT DT —2BE S AT LADHBRTRD Z LN TE B[1.17],

UbEXY, FHE—FEREI 27 AL LTI VLA ZMEH L2 IPMSM % HW,
PWM 10 2 SR 250 U 7= @i [mER S K> TNV - S b2 - TV D 2 8234y
N5,



Table 1.1 Comparison of IPMSM and SPMSM.

SPMSM IPMSM

Rotor structure

Effective magnetic flux

Field weakening control

Reluctance torque

Core eddy current loss

Torque ripple

Magnet weight (thickness)

Destruction strength

>|>|O|> > > O
OO 000>

Table 1.2 Over modulation control technique.

3 harmonics injection Over modulation control 1 pulse control
control
DC voltage
utilization rate 0~0.69 0.69~0.78 0.78
( Vlinerms/ E )
Modulation factor
(Vhase(E/2)) 0~1.15 1.15~1.27 1.27
Line voltage and || | -] ] —N ,
fundamental e, luf - -
component 1l _ il ‘\v }I’
0.8 0.8 0.8
0.6 0.6 0.6
FFT results 0.4 0.4 0.4
of line voltage 02 02 0.2
0 _— lJ Il =1 1 0 B on B0 DN e ww 0 II BN mm mm mm =
1 4 71013161922 252831343740 1 4 7 1013161922 25283134 37 40 1 4 71013161922 252831343740

Table 1.3 Main motor of Prius of Toyota Toyota Motor Corporation[1.17].
Prius 1 | Prius 2 | Prius 3 I Prius 4
Motor IPMSM (Interior Permanent Magnet Synchronous Motor)
Magnet Neodymium magnets
Maximum rotation speed 5,600 6,000 13,500 17,000
Power 30 50 60 53
Power density
(Power/Stator/Stator Iron core 59 10.6 222 24.1
volume)
500 650 650
Voltage (V) 288 (Boost) (Boost) (Boost)
. . g - Square wire with
Winding Round wire with distributed winding distributed winding
Control PWM control

Improving control of
DC voltage utilization rate

34 harmonics
injection control

1 pulse control




1.1.2.2 FSE— BB R T A~DER &L HITEIW

RIZ, WRE— BB 2T A~DER EFE I OWVWTIR RS, T — ZBRE) > 27
DFI= P — AN SN D 7o), FRE—ZERE) T R T A LRI, N O
KB\, Fo, HENEEROE AL 2020 & THI[LISISALTER Y, 2024 LD H #hiE
HRL LD BRI TR T ANOWHERD AENEIR Y AT ANEBEIND X120 D,
DD, MERIZS BT A ASPERIE~BETE R 5720, it — 2Bl 27 A
DOEEHEILOERNFICEEDL L EZONTWS, —FH T, HENEROILKRICEE S &EHE
LIZ K o THIR L 72 B R 2 A ~ B2 2 & N L2 wd, SR B O HIENS K 5
Ko A MEbRFHZER SN D, LLETIRR7=L 912, Mgt —ZBRE v 27 AT, /b
Rz 2 b - SEEESAROOND, MEE—ZEB X7 LLE LT, ZThHDERE
BT AT, E—FDON— R0 =27 OLRICE D FELHENC L2 FED 2 o013 H 5,

FPF, T—HDON—FRT 2T OLTRIZLDFEICOVWTHERD, E—FDNN—Ru=T
DLRICEDTFIEEL LTI, IR E U CRARA TRAIDITRO R A LA OEH[1.19]
X, BIPVNENHEODEA A N7 =T A MEAOEM[1.19], ML HEOFS X L)
B AR OB TR (710 —R) IZaAVEEEE L TEP L TORWEEMEFEDORA
[1.20], #%— 2 v IO T RIC X 288455500 E[1.21], RERH D,

HE— & TlX, EERTORBIRE L TEME—F L RO XAV ABAITMZ T, K
I A MEOBENG T =74 MEAbHWSLND, 7= T4 MEAITLZMTIEIH D HDD,
TRVR—FEN R AT LA L LT 1/10 FREE /NS W Te®, T—F RO KAULFR
e D,

AT —H OBHITWNER LY FHE— X 2 ECEEH SN TV D EMIT o S 74k
FASCOAE[1.12]1 L0 b, IANBIRR Y TN TaAf oy RREWZEMRE RS <
BEHENTWA[113][1.14], T TIEZ OEMEFE L F I REBE HEETE LIS L
H %<, UBETEARLIZBN TS ZORMEFEREZETELIESZ L L35, Table 1.4
(2, BRTIEICHE B Loy i U Caa9[1.13][1.14],

BITIEIZER L2 BICBWTE, SABIIEEOT 4 —RZBW T a A VA RIA
Fh, AT =X a7 O TRRDLHEO A NBRGF B LG RTERZVED, TD
7o, aANTY RRKREL LD EWVIHE EOXRRERFON, AT —XITXoTERS
D ARSI IR < 722 0, RN 720 @ b OEIRE) - KBRF L Voo AU
FR®H D, ERE (EHETE) 1T 1 SOT 4 —AEF L TEINDIEET, AT —4
AT DI TR DO AL NV EERY GV, TDH, aA LTy RP/NELE—
Z OERULFIREIRDITINZ, AT —2 D7 4 —A%nHEIL TaA v Epk LA s b
LaEBOORMIT L T, MLFTERHES LRV IEa A MUIZEBRTE 5, 207D,
e — 2 TIE, P& (SEmETE) O PMSM OFARZ W,

BRI oo 13, BEABEROBAFN RO — R REEE LTHWS TR Y, IR
ky & AR ka & FHOTR(13) TR END,



K™k = K e e (1.3)
FERE kp 1IMRE > F 1, —FEERRE Y TR W &2 H W T (1.4) THR S 41, Table 1.5 (a)ll
AR A vy MY 1 OB T, W=1,7207T, k=1 L72%, Table 1.5 (b)I/R
TR A 0y NS 2 OBEIETIX, W=5/61,72D7T, k,=0966 & 725, 721, Table
1.5 (b)DZEME A § M 12 Ay hE—HF T, W=2317 THY, k,=0.866, Table 1.5 (c)

ZERREE R 10 12 A1 hE—X TlE, W=5/67, THY, k,=0.966 £72%,
k, = sin (:_V%’) ....................................................................................... (1.4)

7
—, OAMRE kalX, SAEOSE, HE m, EEEEA Ty Mg 20 TER(1.5) TR
S, Table 1.5 () TlE, m=3, ¢g=172D7T, ky=1, Table 1.5(b)TlE, m=3, ¢g=272D T,
ka=0.966, &725,

G OO
kd—q, () (1.5)

2mgq.

2L, fMfim, BEEFAT Y MO, BxEip ZHNT g 1ZkATRSIND,

SRS RRRRRTORR (1.6)

2mp

ZERGEE R D SR koL, 8HE 12 Ay hE—X AR LD 2a v hOBEAIT 1 725,
10/ 12 2y N EohAn y hOBAEIL 1 TIERl 0, BAETAHIHBEEENERA
30 EFICWBHD, XKANTEREDL L IIZk=0966 L7825,

q:

kd:M A0 (0,066 -+t e ettt (1.7)

Ko T, BRI b X DEIE - EFED 2/ 6 Ay ME—FN 1 HFEREL, VT,
(b)EEE « SAERD 2 i 12 A vy hE—#%(2P12S) & (A)ZEMBEFHD 10 M 12 A v bE
— 2, ()M D § M 12 Ay hE—ZDIECT/IEL 725, T, 2k Eh
BO2M6 Ay hE—H XA LTy RBRE WD/ PMMYEREK 2 2 MEIZRRE TH
D12, FREFED 10 M 12 2uy hE—XORAICE > T, T—Z O/« G -
K= 2 MEICEBRCTX %,



Table 1.4 Winding of PMSM stator[1.13][1.14].

(a) Concentrated winding

(Salient pole concentrated winding) (b) Distributed winding

Winding concentrated on one armature tooth Winding over multiple armature teeth
Core c
| U Phase 10 e
“' ! V Phase 1 1
S “ L~

W Phase

Teeth i

I” [”
Concentrated \Coilend / Distributed \ Coilend 7~

winding coil winding coil
Merit: Small coil end — Small copper loss and thinning Merit: Big torque, small noise and vibration
Demerit: Small torque, high noise and vibration Demerit: Big coil end — Big copper loss




Table 1.5 Comparison of winding coefficient

between distributed winding and concentrated winding [1.22].

[Recent definition]
(i) Definition by winding

Winding arrangement (Upper) and

Distribution factor

Pitch factor

[ Conventional
definition (Table lnélle[tlh(l)g][l 14]) gap magnetic flux (Lower)
[1.121] (i1) Number of slots per Winding factor
pole per phase (NSPP)
Stator teeth
[SASRCACHCNC]
@) S / | g‘ N | S Pm/:(h falctor
i . . . . . N ‘ | N p =
F“u P! teh(i)(b) D{s_trlbutefi winding : t, (=n) i \ Distribution factor
winding (i1))NSPP: 1 Permanent —* >} =1
Distributed | (Integer slot winding) magnet Rotor Win di[rll factor
winding (2P6S) B L £ X
| Bp,max‘ X,
- l2 2 )r
Statdr teeth
U U+ JW-
U+ W-| [W-|
Sh rt(-b) fi S| N Permanent N Plttcilofgztg)r
ort-section (i)(b) Distributed winding S magnet S N S L
winding .. ) : : Distribution factor
L (ii)NSPP: 2 ; e (=m) | AN u
(Distributed (Integer slot winding) e p > Rotor ka=0.966
winding) & & ‘ B ; Winding factor
(2P12S) I B kw=0.933
Bp,max
, , XT Xl’
- 7r/2 0 n)Z ‘ T
— Stator teeth
L G
(i)(a) Concentrated N Pitch factor
(c) winding N / | S ‘ N ky=0.866
Concentrated (Salient pole : 2al3 Distribution factor
. . 1. Permanent : ' —
winding concentrated winding) magnet | | : ka=1
(8P128S) (i))NSPP: 0.5 B Winding factor
(Fraction slot winding) 6 [ w =0.866
Bp,max
I xr
7 l2 2 x
Stator teeth
WAL
1)(a) Cpngentrated 5 | N | S | N | 5 Pit(%l factor
(d) winding N /] S N S N ky=0.966
Concentrated (Salient pole / L1 (=n)t \\ Distribution factor
winding concentrated winding) ﬁgr?g‘ef‘t : ! Rotor ka=0.966
(10P12S) (i))NSPP: 0.4 ¢ 1B Winding factor
(Fraction slot winding) - kw=0.933
IBp,max
I I I Xr
o1 - o[ = 2




WIS, HEOTRICE D FEICOWTIEAD, MET—ZBEEIC 2T LD L= A b
BORIZIE A 21201, KARA R T — 2 25842 OIS 8 72, ZAE & BARALE O
WTNE LIEmME O 2B 2L TRaA MEaEBR LTV,
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Fig. 1.3 Principle of DC bus current detection[1.23][1.24].



Carrier period > Pulse shift width T p (2TW min)
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Fig. 1.4 Pulse modifying technique[1.23][1.24].
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Table 1.6 Clarification of position sensor-less control.

Zero and low Middle and high

Speed

speed speed

Stator (0-10%)) (10-100[%])
Saliency structure (Z)iﬁzz??gg'cs (1) Back

J electromotive

. force

eali (3) Neutral point

No-saliency structure detection method (Back EMF)
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Fig. 1.5 Structure of power module and motor[1.29].
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ﬂ: Radial force L i
Case vibration Noise

: Circumferential force
= Oth mode Axis vibration T i\\

*» 4th mode Circular ring §

3 © vibration PMSM

Inverter
DC voltage = PMSM
(Battery) *G 42}“‘42}
— = |
A

o of 3 phase AC

£ | DC voltage S voltage

S p

Time
Fig. 1.6 Vibration and noise generation mechanism of permanent magnet motor

Table 1.7 Examples of vibration and noise countermeasures of technical field.

Technique Vibration and noise countermeasures Prototype
(1) Torque ripple reduction control
Motor control (2) Higher carrier frequency )
(1) Number change of poles and slots
Motor design (2) Rotor skew o
(3) Rotational unbalance adjustment
. (1) Sound absorbing material
Mzce};?nrllcal (2) Strengthening of mechanical component o
g (3) Anti-vibration rubber
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Fig. 1.7 Doctoral thesis story (Japanese version).
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Introduction (Demand for low noise and vibration in motor drive systems
for automobile products of electrification acceleration)
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T —"
ETE

[Section 1]

Research and Issues to achieve low noise and vibration
of motor drive system for automobile products

——

Issue in previous . . .
SR Solution Effectiveness Features of this paper approach

Noise and vibration caused by fundamental current

[Section 2]

Paper [.1'34] Drive with the vibration minimum  To reduce electrical angle The relationship between the dg-axis
The relationship between : nd g ibrati d the el icf
g —— - curve based on theT correlation 2"d degree vibration curr_ent and the el gctrorpagnetllc orce was
; between vibration and caused by derived. By applying this relationship, the
current is not clear o A -
. motor control current fundamental current vibration and noise is reduced with load
(Section 3)
Noise and vibration caused by carrier harmonic current
Paper [1.35]
Generation frequency It was clarified that the carrier

electromagnetic noise of the inverter

and vibration mode of : €
is generated by the electromagnetic

carrier electromagnetic

=
(]
>
[
>
(2]
)
=
=
©
S
s . .
g ESE £ ek Qe ® To specify the carrier force of the space order Ot of f.+3f,.
electromagnetic noise . .
c i .
< (Section 4) Rererationifequency Carn’er glectromagnetlc
(] 4 noise is reduced by
(%] ® To change the carrier =% AN
© frequency not to match et
c Paper [1.36] h f mechanical resonance n o
T  The effect of the inverter efiesonanceiteqency It was clarified that the vibration and
S  voltage update cycle is of the mechanical component noise of the carrier frequency are
g not clear generated by PWM voltage update timing
= (Section 4)
5
>
Paper [1.37] ) .
. . Carrier electromagnetic
Core Seclonagnelc  Curentdetzcion mtradto  nosesredcedto 1o M Bseon snage of e
0 voltag + reduce high frequency voltage =  achieve the desired ~ =» P i p
pulse modification X ¥ L . is detected by using the current command.
(With rotational position sensor) current detection . N L
to detect DC bus current performance Carrier electromagnetic noise is reduced.

(Section 5)
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Fig. 2.2 Torque ripple reduction control.
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Introduction (Demand for low noise and vibration in motor drive systems
for automobile products of electrification acceleration)

st
T —
g

[Section 1]

Research and Issues to achieve low noise and vibration
of motor drive system for automobile products

—~————

Issue in previous . . .
research Solution Effectiveness Features of this paper approach

Noise and vibration caused by fundamental current

[Section 2]

Paper [:.L34] Drive with the vibration minimum  To reduce electrical angle The relationship between the dg-axis
The relationship between : nd g ibrati d the el icf
e g L —— > curve based on theT correlation 2nd degree vibration curr_ent and the el gctrorpagne{lc orce was
AT S R EEET between vibration and caused by derived. By applying this relationship, the
motor control current fundamental current vibration and noise is reduced with load

(Section 3)

Noise and vibration caused by carrier harmonic current

Paper [1.35]
Generation frequency It was clarified that the carrier
and vibration mode of electromagnetic noise of the inverter
carrier electromagnetic is generated by the electromagnetic

: ® To specify the carrier force of the space order 0t of f, % 3f,.
noise are‘ e electromagnetic noise . . ¢
(Section 4) generation frequency Carr{er glectromagnetlc
® To change the carrier =% no'sceolrs]srizglr'if]ed by
frequency not to match X 9
Paper [1.36] h f mechanical resonance - -
fuejfesonancejireqiency It was clarified that the vibration and

The effect of the inverter

voltage update cycle is of the mechanical component noise of the carrier frequency are
not clear generated by PWM voltage update timing
(Section 4)

Vibration and noise in motor drive system

Paper [1.37] ) )
(Gl GlleiemE i To be focused on advantage of the

Circzli;isgtzgr\?;?: e:c Current detection method to noise is reduced to osition sensor, the current of one phase
o voltag ¥ reduce high frequency voltage =%  achieve the desired = P l p
pulse modification o : s p is detected by using the current command.
(With rotational position sensor) current detection . : L
to detect DC bus current performance Carrier electromagnetic noise is reduced.

(Section 5)
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Fig. 3.1. Frequency analysis of radial vibration acceleration.
(525rpm, 0Hz-1000Hz, 1,~1,=0, Conventional method.)

34



Table 3.1. Constants of the under test motor.

Motor structure SPMSM with concentrated winding
Slot combination 10 pole 12 slot

Phase resistance [Q] 0.029

D-axis inductance [¢H] 37.0

(-axis inductance [uH] 37.7

Induced electromotive force constant [V/(rad/s)] | 6.68x1073 (Relative transformation)

Electrical angle: 360 deg
/ Electrical frequency: 43.8 Hz

45000 {30 deg |
NN O

40000 A ; 7
35000 [\ N 7 YAY 7 NN
30000 ’X{ ‘:\,‘/")7 AN, ‘) -\ SN FOA AL

25000 oo b L L U
0 0005 001 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055

Time[s]
Fig. 3.2. Electromagnetic force for each tooth.

Electromagnetic
force[Pa]

V+ s+ ,Stator

Electromagnetic Ellipse deformation
force

"X Teeth
Fig. 3.3. Ellipse deformation resulted from electromagnetic force.
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(1) dihEERE, qBhEERE, KABCAIZ K VA CDBEDARIIMSI L CRAEL, ZNEUE
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() AL ROBRELE 0 LT 5
Z 2T, diENR L q  ERIE, —RISE—FOXT MVEEITTHER SN D B O & [RER
L, =HERE = *H*—ﬁ‘ﬁﬁ?ﬁ%i(}@iﬁr T L CET 5,

323 REREEOEH
AR OIREN) LY, UHHORT BRI E B (1%, KABAIZ LY AU DRHEE
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PR E q e LT A,

BdU+(t)=k1|_d|d15in(wt_%ﬂ+9j .................................................................. (3.4)
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BqU+(t):lequISIn[wt+g7[+(9j .................................................................. (3.5)
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X(3.7)D Fx, Fu, Fa, Fao, Fg, Fp 3 X0 Fu 2 3(3.8)72 H R (3.14)IZ77 7, Table 2 (23(3.7)
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Fig. 3.4. Relationship of motor rotor and stator on /=0.

Table 3.2. Generating factors of 2nd radial electromagnetic force.

Generating factor Proportional | Equation
Fy | Magnet K. Eq. (3.9)
Fa1 | D-axis current 1y Eq. (3.10)
Fx | D-axis current 17 Eq. (3.11)
Fq1 | Q-axis current I Eq. (3.12)
Fy | Q-axis current 17 Eq. (3.13)
F4y | D-axis current and Q-axis current L1 Eq. (3.14)

37
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NG T RS MBI DEKA 2 AT Fu, Fa, Fo, Fp, Fpi~X7 MUVKT
PRS2, Fig. 3.512X7 MV Z/RT, Fig.3.5 O MUV, HEEZ o i, piaihe 3
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JIDOERA 2 R FIE L, qilIEn L ELT H8hé 3%, Fig. 3.5 @ dq #ill3E S 201
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Fig. 3.5. Vector diagram of 2nd radial electromagnetic force.

3.2.6 FEHMERBMERS) DS
NGB LT T7 T BRENIR /) % SR SURAT I 55D <l K v i 5k 35, :(3.7)
W LT BT I EEREANIR T I EE 7T D Fag 2 BRE dBEI DA b L < 13 q BhE O A DB
Lo TND, ZDTD, Fa3/hSWETHL, Fig. 3.6 12737 & 912 d HHFE (/IL%JZU\qQ‘iEH
BIA/NTA—H L LTENESEDHZ LT, R NOESLEIT-To, BRI
IMAG Zfifl L, &—#|ZId Table 1 {2773 SPMSM % W5, Al X 720rpm & L, d
HREE TR L O q i A A b Sz, Bt EARE L U= EZE L Lz, XG0T
[ B ) D St 7 = —I13 Step 1 275 Step 3 CHERK S LD,
£, Fig.3.6 ® Step 1 TiL, d#hEFZ 0 ICHEL, qEREZZLSED, [1]d @ER
D0 DOEESRMELY, XGB.7)DHE dlERICEST HIH Fa, Fo, Fa |l $EFTX %, Fig. 3.7
ZdEHEWLO 0 DFEESRMITINA T, q B2 2 b S &7 R0 CEBIMNT L= R 2R

38



T, [21Z P Fig. 3.7 DEBIFMNT OFEREHND Z & T, FpldH T& %, Fig 3.7 DERE
SHRHT ORERIZ DWW TR IR T 5,

RIZ, Fig. 3.6 D Step2 T, Step 1 LIAERIZ, [1] qEHERD 0 DFEESRMLY Fu, Fp,
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RO Fyu+Fx & DFEERD %, Fig. 3.7(b) (XD %777, Fig. 3.7(c)IZ, Fig. 3.7(b)DiE R
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Step 1 14=0, I is changed Step 2 1,=0, 4 is changed
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[2] 14 is changed. (Fig. 6) [2] 14 is changed. (Fig. 7)
—>Fq2—0 qu =0 —>Fd2:0, qu =0
F=FK+FR+F, F=F+F, +F,

| S Step 3 14 is changed, |4 is changed : I
F=FR+R +F,+F,

Fig. 3.6. Simplification of the radial force equation.
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KEINTRTEBREN D, T—F D ML 7% U CTREISCRR T % /M2 T 2 B E A
T, EEEROREICLIHERSND T 77 0P aORERKEZAVELRT S5, KGB.22)I2
T—HX MVY THRT, Pyl Th 5,

T :g P, {Ke +(Ld -1, )|d1}| gL T (3.22)

REANDOBERRE iy, 1), KGB.22)DE—4% bI K% gy I)EBE, X@B.23)IZZ
2 B R R, K@E2DICBWT, KGA)DOREBRKOREONEE s, I)NWHH LT,

£, 14)= (oK, + 2k Ly Iy, + (2K, L1, f

17q gl

g<|d1|q)=gPM{Ke+(Ld —Lq)ldl}lql—T ...................................................... (3.23)
KGB2Z, REFRBLAZEAL, 7l LITEHLRT,
F(|d, |q): f(|d, |q)_,1g(|d, |q) ................................................................... (3.24)

af/aldl—/af/alql =0 Ziii7=T L9 A 2HET DL, KGR TERI MERIES OESA
2 WA K D IREV A AR 2 EREVE R B SN D, T OEREERIT La & L, 23 #72
é@@uaﬁ”ﬂﬂ;ﬁfc»«ﬁ (LLF IPMSM &%) DA, (Is, 1)) = (-KelkiLa, 0) 218 % 2 YRR
DMHFE L 72 D,

F(|d, |q): f(|d, |q)_,1g(|d, |q) ................................................................... (3.24)

L,(K, +kL, |d1){|<e N (|_d ) } kL2 ql( Lq)lql 0 e (3.25)

F72, Lk LyPMIEE—ET % SPMSM 054, R((3.25)1T (3260 & 720, R\ F/h& 72

L BIMENEAIT d BB —EDEMR L 2D,
Ke
Idl:_kL ............................................................................................ (3.26)
14

Fig. 3.10 12, X(3.25) B LU (3.26) #EMENES L TH DT, SPMSM DO EFRENMER
I, *E@ﬁ@d%%om@%ﬁf’ﬁﬁfﬁéOD ZXPL, IPMSM OFEFEMESRIY, dEERE q
HHEE i O ENEIZIIM T 28ER TH D Z 0300 b, ZOBREIEROE T
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PSMZINZTY 7 2 A MV BRFEL, =0 ZHT 50 Tidel, LEAIZEEL
TofEIC, [Rl—OEWRICKT DK V7 BIRET D,
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LLEX Y, SERAMA 2 WD OIRENZ KT 5 720121, SPMSM IZEB W TIE—EDHAD d
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WZ e o T,

IPMSM SPMSM
Equation (25) Equatlon (26)
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| —
di led
Fig. 3.10. Current active point minimizing radial electromagnetic force.
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Fig. 3.11. Experiment setup.
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Fig. 3.13 {ZB W TEIFAIEMNNIR 1 D EZ A 2 KA 88.8 %l 45 Z & B L=, %
7o, BRMA 4 WRDIFEEM L= 0D, Z O/ qEERE ML THE K L2V D
q TEZ@E L 2GS I B T X, SRNTEE LT,

B4\, Fig. 3.14 12, AIEMEERF OB MIREINEE 2 ~7, Fig. 3.12 &V [, =0 D & &
BHMIEE N RN E 70D Ip =—7.35A ClHEEHEEZZ(LS T, I =—735A DL &,
2,000rpm L O ILIR AUV TR RS %2 66% K TE Tk Y, BRAL V&N
D REMEECD RITHIBE R AN TH D Z E MR TE 7,

| X Experiment ~ ——Equation | %
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Fig. 3.12. Radial vibration acceleration. (D-axis current changes and Q-axis current is zero.)
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Fig. 3.13. Frequency analysis of radial vibration acceleration.
(525rpm, 0Hz-1000Hz, 1,~-7.35, 1,=0, Proposed method.)
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Fig. 3.14. Radial vibration acceleration. (Revolutions per minute change.)
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q B 5, 10, 15, 20, 25, 30A &K SHI-AMRFORIT M BRIE S OEX A 2
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Fig. 3.15 (2, q #hEEWE 2 [E&E L, d BER A2 HIN L7 & & oG I IEERIER R A2 R~
Fig.3.15 LV, B dWERZEET 5 2 & T, BHMEBINIROEKA 2 RS OIRE)
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Fig. 3.15 (23T Fig. 3.10 O£ [ BRI /) O FER A 2 45712 K % SPMSM O H) v
INBIZ DWW T B A W THERR T 5, Fig. 3.10 ISR AT T O/ E1E d BT — & DR
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Fig. 3.15. Radial vibration acceleration. (Q-axis current changes.)
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B2 mTIHRARI L SIS, KABARIYE—% (LLF, PMSM L5 (28B1F 2RE - B
X, E—XHlE, %, WESEBEICKTZ L THRAET DS, PMSM OFRENEEEICIE, B
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W THDLNNNVABEEZRESE L0, v U T7EEOREEICER LB 3584
T 5, ZOBEWIIOEREEBEOEAREIOEREE DGR LGS, WIRTRKE IR
g - BEE (BLN, SEMERE &%) 2RAT LH4.1),

ZOEIERA =2 L HEREEE (LT, vV 7 ERRE S X, hETE
<®iﬁf¥%%i@%ﬁﬁ@ﬁéﬂfk@,m%%~§(HTJM&%%¢MBMT@ﬁ
@ﬁﬁf%<@T7D~?ﬁﬁéhfwémﬂ¥unﬂﬂm1IM%%%&L%PWM%
X TRAET DIREE— FOERI[4.1], malik T & 5 H O fH BBk 2 S BE %I &
FEAM[4.2], 2SRRI & 2 R S 2 BT D 1Et4.3], PWM FEUSER L 7o ERGEE &%
WO IR N —F LN LD ICF v U 7 AR A SEIRT 5% v U 7 i [4.4][4.5]
REMFEINTND, LnL, & PMSM O L 5 RFEDOET—XICEALT, v U7
BEEOREEKE E— 2 OEEREE K, BRHIICERERS OB & ORGME, BIEES
DX A v 772 Lol & oRFRME, IBBOE— FREIZOW TS E W RFT ST
YRR

AKETIE, 4% PMSM Z x4t L, PWM HNOR &R U7z EEEE & 7
HIEE) « B ORAEF W E, AT —% —na—XMOBHEE % AV BEme AR L O
PR R O BREEAT CAIRERE) K0EHL, X V7 ESOREKEBRHORE KL
ORfRMEE BT 5, FIZ, REIOT— N5 X ORI OFR AR EIC DT I CREE
5o

42 Fx V7T EREERICER L7225 mERINIR S OFRA R B OE RT3
42.1 FER N7 ZHHETRO B LEMAET

FP, ¥ U T EHERT I S S ENS ORI AR 572012, EHT
BIE ST v U7 @il a5t MER A BT 2, Table 41 12, xt&%E L
PMSM BiEEh o A7 ADFEITLE T, xtFE Lz PMSM IZHELARLATL (LR, IPM &S @
A 8 fR 48 A1 N PMSM T v, fie i [ml#R% 12,000rpm, fk kL2 190Nm, 77 90kw
Thb, 20O PMSM OREIEDFRHERIL, £ — % OBEHEE L BRNZEREZFIH L hry
REN KR 185 C & 5 [4.8].
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Fig. 4.1 () |2, FEW SNz =HERZ 7T, Tabled2(Z, FESM%73, Fig 4.1(b) |
ZAHEIRD 5 B O U FEFE D BB EAEATHRE R 2 ~7, Fig. 4.1 (b) X v =S 7= U FHER D
H{Eiﬁﬁﬂﬁf X, JEBEL foafy, fo2f, fofy, 2fcxfL OEFIEERD XERITH D Z &350

o —IREINC, FEARPEEEVELAAN O ERAB IR Q) E R R k1) fi (k0 BIREL, f FEARREE
{Eii}ﬁ) DEFPEERE Q)T v V T JEEE O n a8 T oEmdaEn (LT, vV
T A G L IE) IZKB SN D, RETHGRE Lok v U 7 EMEETOERK L 251207
NDHX v U7 mFREIE, JEE 4, f£2f, 26 xH A XERITHL Z ERINETOD
BRI S0 53> T D 25 [4.13), JEEEL fof OF v U 7 S BBt O R AEZNIT 530> > T
pinolz, £IT, BERTOERZA I ZITERL, Bl

Table 4.1. Specification of test PMSM.
Number of poles/slots 8/48
Winding Distributed winding
Magnet type Interior magnet (Neodymium)
Output power 90kW
Maximum motor rotation speed 12,000rpm
Peak torque 190Nm

Table 4.2. Experimental condition.

DC voltage (Epc) 300V
Motor rotation speed 6,000rpm
Motor torque 20Nm
Modulation factor 0.56
Carrier frequency (f2) 8.5kHz
Voltage reference update timing 1/fe
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(b) FFT results for 3-phase current.

Fig. 4.1. Time history of and FFT results for three-phase current.
(6,000rpm, 20Nm, modulation factor 0.56.)
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%9, Fig. 4.2 (b) 12, BERSOEHRZA I 7N 1% U 7RO 126 DA D
#ﬁuﬂi & IE & g, BEAZ, Fig. 4.2()IC Fig. 4.2(a) & (b) D& BALARHTHRE R 27 97, Fig. 4.2(c)
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Modulation Wave

Carrier wave
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(c) FFT results of (a) and (b)

Fig. 4.2. FFT result difference of voltage reference update timing.
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Fig. 4.3. Time history of UN phase voltage.
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72 %% ¢ U 7 JEEUE D O BINR T & BERRIZEIR T 5, N4 ERRDIREZ =T,

By, 1(0, )=Bpy cos(p6-2af,1) , B, | (6, =By Sin(pO-20f,1), A, =Agreeeeeeoeooosssssssssssscvinin (4.4)
T, p ik, f 3SR ER OB, Br (30— F OBABR OIAPE ST, Bst
LA T — ZBERDFERPE Sy, AolF/3— 7 U AR OB Th b,

423 BREEEDOEREERS OHEIESHT

(2, BREEEO BT OFIEZE S8 L=, Fig. 4.4@)755 ()i, NEIZ(a)F 3 Wik
ZEIAILC, %A 115 FTHALZ L0 ML ﬁﬁ&%%&(mummﬁ7 Lg—
h%%,@vmwi?wA&w%%ﬁ,@Wﬁ@iTwAh~M%a@wV®ﬁW@F&
BEARW RS ThH D, ¥ U TET ecldFx U 7RI f (Fod2r, o F ¥ U 7 HHE)IC
THRE I, BHOEFE ew, e, ew TEERTIVREIND, UV RIOFREEE D JE K
BTG R SCHR[4.13] 2 2512 L TR (4.5)~(4.8) TH 2 b b,

. 4E, 4,
Viv(@ct,o)=MEsin (601f+7f/6)+n—242 1L Tnsa, 44 L . s1n?cos{ (wct+§) +n (601”%)}

L 4E A
dzz .41 Zn +1,43 L%COS?S]H{ (a)ct—|—7§r) +n (wlt_l—%r)} ................................... (45)
4E ) oo Ap, T T
Vi oct,01)=ME;sin (ot-m/2) + — X0 5 1 X0% i wa, 170 s1nzcos{ (wcf+§) +n (wlf'g)}
L 4E A,
dzz .41 Zn £1,43,L - COSlen{ (a)ct—|—7§r) +n (wlt_g)} ................................... (46)
_ . 4E ) oo +oo Ay . nm T 57
V(@ t,0)=ME;sin (w1t+57r/6)+72m=1, 3L Dnos2, 14,1, SIS COS {m (wct+ 5) +n (a)lt+ ?)}

41501200_2 D TR . COSZsm{ (wct+§) n (wlﬁ%’f)} ................................. 4.7)
izl
A=) T2+ D SO D)
=

vi=m Mr/\3, Vy=m Mﬂ/6\/_ ...................................................................... (4.8)
ZZT, M(EVw/Eg) : EIEFMAE, Jiv) : Xy LB TH S,

(4.5 bR@4.7) 2 T, FEERBO K EEOMNAEL I LT, Zi% Table 4.3
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\RT, Tabled.3 K0, JEARWEE, FWE fL—2A, fitfi, fitdfi, 26—5f, 2L+fiDF v

U7 B ELEIZIEAEU-V-W)T, B A4, A, fo2A, 2f—fi, 2L+5ADF Y
T IR B L (U-W-V)TH D Z gD, IEMOERIZE—Z Ol SE &R CH
AN EHERE S A AR U, WA OEBIFE I —Z Otz a & K3t o 5 mlZ [mlisR: R 4 ARk

50

Fig. 4.4. Time history of UN phase voltage.

Table 4.3. Phase sequence of voltage harmonics.

Frequency (Hz) Phase Sequence Magnetic Field
fi Same direction generated from
U-V-W
f.-2f1, f +fy, fo +4f, 2f. -5f1, 2f. +1 the fundamental current
) ) i N Opposite direction generated
fo-4f, fo-fy, fo +2f1, 2fc -, 2fc +5 U-v-w from the fundamental current

fc: Carrier frequency, fi: Fundamental frequency of the current

4.2.4 BJ5RIEBINIRS] OBERAENT
K@ AT —F DENT DB E 2T,

Bsta,f;ﬂfl (6,0)=Bs 4 sin{p0$2n(fc +4f, )t}
Byay 01, (6.0=Bs 1oy, sin{po=2x(f +2f, )1}
Btag 41, (6,0)=By S, sin{p&?Zn(fc + )t}
Byuaop s (0.0=Bsar i sin{poF2x(2f +f, )1}
2E, AT —H ORI B | ZLL T OX(4.6) THZ BN D,
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Bsta :Bsta,l (‘9’ t) +Bsm,fc-4f1 (0: t) +Bsta,f€-2f1 (0: t) JFBSme_fl (0, t) +Bsm,f6+f1 (0: t)
+Btaf 421, (0.0 FBiag +ar (0.0 By op 1 (6.0 By 7 11 (6.0)

K(4.4), (4.9 L (41002 K@) AT D E, BHMERIMNIEDOHE 0 kD 1ER(4.11)
THz b5, FiZ, BGMERIMEDOMER 2p kS 1EIX@.8) T2 bbb,  (p: Mkl
)

F.o(6, t)NBRlA (B 21 7Bs. 41, ) sin{2(1, -3 )+ (B s, Bs. o ) sinf2n()) i
(Bs,fﬂf} Bs 1y, ) sin{2n(£+31, )4+ (Bs, 7,47, B, 21, ) sin 22(21, )]
Frp) (6, z)~BmA |Bs. 4 sin{2p0-22(1 -5, )1} + Bs, oy sinf2p6-2a(f o, )1}
+Bs 1, sin{2p0+2x(f,-2f, )1} + By fth sin{2p0-20(£,421)y (4.12)

+Bs 1o sin{2p0+2x(f.+f, )t} + Bs, 144, sin{2p6-2x(f +5f, )1}
+ By o7 sin{2p6+21(2f 2f; )1} + By, o1y sin{2p6-21(2f 1, )r}]

Table 4.4. Spatial mode and frequency of a distributed winding PMSM driven by a PWM

inverter.
Spatial mode m Frequency (Hz)
0 fe£3f1, 2fc (PWM harmonics), f. (Voltage update timing)
2p fokfi, o221, £ 55, 2fe£2f (PWM harmonics)

Table 4.4 |2, PWM 5= CHEEN X312 5348 PMSM O v U 7 EREER 5 O BRI & J8 1%
BT, FERMBRREIL PMSM ORSHEIKET 2 Z E 00D, MEERE m ROE
BENHE T & - THRAET 2IEENIM BRI m D 4 Fe m* IS HF LTS 5 [4.16]2 & 25,
R DR E WNE— X DA, JEHEK 236, T, 2f OBEMNHE IR Li-% v U 7 EEER
FENLEAITHD Z EN oz,

43 “IREARERELX AW F mEREINR S O EREF T
4.3.1 ENTRIGR L UM FE

AHEITIE, ZWOTABREFREEZ FWT, A CEM L7z BB CERME I35 AET 5
AT Lto %5 & L= PMSM I Table 4.1 @ PMSM & L7z, BIEOEHFZ A I 711
X U T AR E 13 U T ABMON 3 126)0 2 5L Uiz, Tabled.6 (2, Mgtz r~
9, EBRIRRNT~AT) L7z ZFAER T Matlab/Simulink % F N7z,

432 EREFRNTRER

Fig. 4512, EEOEHFA I 721X ¥ U TJEAMUL)E L ED UFHERDO X v U
7 EARER AT, Fig. 4610, BEOEH LA I 7 &2 1%y U T EBOYy02f)E L
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XD UMMEROX v U 7 @ik EREZ~d, Fig.45 & Fig. 46 LV, EEOEHZ A
V7% L%y UT RO Q2f) T H L, R L OX v U T ERREE IR LR
WZ L3I D, Fig 4712, BE— X OREEENEI LT L 0¥ v U 7 mafilk ik o 8 K

BT, B— X OFERGEEE ORI, X U T @R ER OB ST AR L 2f
ZHIMIIRD > TV T NG5,

Table 4.5. FE analysis conditions.

Motor torque 20Nm
DC voltage 300V
Motor rotation speed 500-6,000rpm (By 500rpm)
5 foafl
4 b fc-2f1
< e fC-1
= 3 —se— fo+fl
g 5 —+— fcr2fl
5 —o— fo+afl
© 1 —x— 2fcf1
0 —0— 2fc+fl

0 1000 2000 3000 4000 5000 6000
Motor rotation speed [rpm]

Fig. 4.5. FFT results for three-phase current. (Voltage reference update timing 1/f..)

fc-4f1
o et fC-2f 1
X —o—fcfl

= —a— fc+fl

== fct+2f1

e —o— forafl

=X 2fc-f1

S0 O 2fc+l

0 1000 2000 3000 4000 5000 6000
Motor rotation speed [rpm]

Current[A]

o B N W B~ O

Fig. 4.6. FFT results for three-phase current. (Voltage reference update timing 1/2f..)

10500

N —=— fc-4f1
= 9500 —n— fc-2f1
O omO=S =] —0— fc-f1l
§ 8500 o= ST, forfl
S 7500 —t— fc+2f1
T 6500 —O— fCc+4f1

0 1000 2000 3000 4000 5000 6000
' 18000
=
& =X 2fc-f1
o 17000 Cr=Q
=5 —O— 2fc+fl
L
L

16000
0 1000 2000 3000 4000 5000 6000
Motor rotation speed[rev/min]
Fig. 4.7. Frequency of current harmonics. (f.:8500Hz).
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WIZ, 2 WITEBEFRNTY — /L IMAG % VT, 05 FEREINE ) 2 REF 7 )3 KOV
MAMIC 2 B — U =B L, §ifi ClRA_ RN AT 50 MER L1z, Fig. 48 (12,
6,000rpm, 20Nm @ & & O SFAEERNINIR 0 2 B — 1 =8 #fE R 474, Fig. 48 LV,
MER 0 ROLBITABRINE S, [0lds 48 Yk(12f) & Bk f,, f+3f, 2f TREL, MR8
WOV BRIEINE, AW o, fo£2f, fox5h, 2f+2f THRAET D, ZhbORER
VIETEI CEGREOIEH L7z Table 4.4 OFRE L —83 5 Z L 2R TE 5,

Fig. 49 ICEEDOHF X A I V% 1% ¥ U T AWMU & Lz & ORI mmERINIES O
MER 0 Rpksyr %, Fig. 41012, BIEOHEH XA I 7% 1 X v U T EMO a2 ) & Lz &
T O MERANEIOMER 0 IRy %7~ , Fig. 49 B X UVFig. 410 XV, B\EDOHEHH X
AT % L Xy VT RMONEGARE)E T 52 LT, JEEE f ORI RIERINE ) 0354
LARNWZ LAMERTED, Lo T, ~A 2 OHAAMIIRBND AL, BEOFHZ
AT % 1L Xx UTEMON5Q26) 352 LT, JEREE fo DX v U 7 ERERE A K
THIENTED,

Radial
electromagnetic
force[p.u.]

i1 /
Sk o 10k 15k 2f,
Frequency[Hz]

0
20k

Fig. 4.8. 2D Fourier transform of radial electromagnetic force driven by current with PWM
harmonics (fi=400 Hz, f.-=8500 Hz, Voltage reference update timing 1/f.).

— 3000

N =X fc-3f1
L

> 2000 —_—c

c

S 1000 —O0— fc+3f1
&) 0 M —O— 2fc

0 1000 2000 3000 4000 5000 6000
M otor rotation speed [rpm]
Fig. 4.9. Radial electromagnetic force of spatial 0" mode.
(Voltage reference update timing 1/f..)
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- O :
3% ey g_g_.:gj :i —o—2fc
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0 10002000 3000 4000 5000 6000
M otor rotation speed [rpm]
Fig. 4.10. Radial electromagnetic force of spatial 0" mode.

(Voltage reference update timing 1/2f..)

— 10500
I; 9500 —n— fc-3f1
o
S 8500 E=X —o—fC
>3
5 7500 —x— fc+3f1l
L 6500
0 1000 2000 3000 4000 5000 6000

= 18000
jusy 2f,
>
(&)
$ 17000 > —x= 2fc
>
o
Lo

16000

0 1000 2000 3000 4000 5000 6000
Motor rotation speed [rpm]

Fig. 4.11. Frequency of radial electromagnetic force driven by current with PWM harmonics.
(f=8500 Hz).

4.4 FEBHRER
441 BBRERER X OERSEM

Table 4.6 1T, % VU 7 EHER T O A JENE A TR THERET 2 12O O EBREN 2777,
FRNC X 2% U 7 ERERS ORI, )T — 2B F L QUMEBED 2 SO MERIER %
Az, (1) &— 2R B FIE—EEEERORENE — FARIET 7Oz, LaL,
DE— B FCREEZHET 256, AME—F DEEN ALY, e — & Bk
TORGENET L2 LR CH D, 22T, kT —F LR U —F 284# L= kBhE
ZRWTHx v U 7 EEEE 2 H1E LT,

Fig. 4.12 |2 —Z R~ T ORBMER -, Fig. 4.13 10— ¥ B T ORI 471~
T AT — 2 OF — AREIIIB S AN IEXPRC 13 8O I EFHPCB #HHY, ﬂ&@ﬂm
HE 0.5 Hz~10 kHz, &% 10.2 mV/Pa)3 X iE S 41, IREIOE— RRBAERIETE S5 L D1l
W5, Table 4.1 ITHERE—HX DT A —H ERT, v 2L DOERK :%Jﬁ%{&?@?#éf:&bl’
BEOEHIA I 7 &2xr U7 EM (Uf) & LT,

Table 4.7 (ZRABRHE DMK Z, Fig. 414 (ZHIRO B Y7 A b OH Y ) o HA LI L7
BREE DI AT, RBRELX, A A— FE—T 4 TV RT A AR EHEROE—%, [«
VR—=H, Ny TV EBHLTEY, TOFTE—H &AL 3—X T Fig. 4.12 ORI E
26N O ERRCHINIFRE O EMEH LTS, JEMT GKN K794 771V
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NUMREHROLDOE AV, 7L —R T ANA— b E—T (4 TV AT L ARSI D
A7 L — 2 ORI A IV 72[4.17), Fig. 4.15 (CBR S ORI EREE 2R, BRE 4 ET
L~A 2 (PCB 8L, J&EE /D iREE 3.75 Hz~20 kHz, &L 50 mV/Pa)% = ¥ )L— LirfE

CRxE L7,
Table 4.6. Drive conditions.
Load Load motor and inverter
DC voltage 300V
Motor Motor torque . 20Nm
bench 500 and 51:2)%04.15-17 d
Motor rotation speed anc >, oY rbm (Constant speed)
Fig. 4.18
100 rpm/s acceleration to 6,000rpm
Load Test vehicle
Test DC voltage 300V
vehicle Motor torque 20Nm
Motor rotation speed 100rpm/s acceleration to 6,000rpm

| Datalogger

Power meter

188w anbio | |---

&
Loadmotor | | &
o
~and 3
inverter o
14

Motor e\
13 accelerometers

Test
Inverter
A [(Torque
control)

(b) Position of accelerometers

»
“ T".\Q\

\. 1

Fig. 4.13. Phtograph of measuring system.

Experimental setup of motor bench.
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Table 4.7. Specifications of Test Vehicle [4.17].

Vehicle weight 1,250kg
Maximum speed 140km/h
Drive system Front Motor Front Drive
Motor Same motor as that in Fig. 4.12
Inverter Same inverter as that in Fig. 4.12
Battery Li-ion Nominal 350V
Reduction gear Single Reduction Ratio 9
Brake Electric Boost Cooperation Regeneration

b
-
—

__;__l

" Test inverter

Test motor & - -~ \Mlcrophone \

Fig. 4.15. Experimental setup of microphone.

442 FT—FRBEXUFICBITHRBAIERER

Fig. 4.16 |2, & — & [E]#5£¢7% 500rpm & 5,000rpm O & & OF—Z /7 — AL HAREN O JE 5K
fE ARG % w9, Fig. 4.16 T3, [H1#5 48 ¥k (12f) OIREINEE A 1 & L THRSEL TV 5,
Fig. 4.17 |2, 500rpm & 5,000rpm O & & O JEEEL fo3f, e, 2fc 1231 DIREE— R & 7~§, Fig.
417 XV, JEEE fE3M, f, 2fe THERKIEORDOELE— FERT 22N TE L, £o
T, B—X OWHEN 8 WLl LED/3Aikk PMSM D354, 07 1M ERINIE S DOMER 0 5523
TEHITH D Z L AFEIFTET,
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WIZ, B—%OEHRENEL LT & & OIREE O L& MERd LT-, Fig. 41812, £—
X OEHREE N LT & & OIREIO B D& & 7~¥, Fig. 418 LV, E—X O 8
WiLL_E D434 PMSM O34, B fo£3f, f, 2f OIREINNKEHITH D Z & 2R T
7=

4 120 T 2f, 12f, fe 2
; 0.1 EE— : ; ;
35 1 f.-3f, f.+3f; 6 ' ' i
- 0 / _ - : -
3: 3 1 | S 5 T R I :
= i 0.05 ™ a Standardized !
- 25 = 4 1+ vibration :
8 ! g !
® 2 L = \
g L5 : 0 1 b L E 3 fan
g 7500 8500 9500 8 2 !
< i < Lol st
1 ke E— _ - [
02 _.II ““-“.“r b 0 P sl L .,.LL.,., uul I.I.|. | | | | I
0 5000 10000 15000 20000 0 5000 10000 15000 20000
Frequency[Hz] Frequency[Hz]
(a) Motor rotation speed 500 rpm (f,=33.3 Hz) (b) Motor rotation speed 5000 rpm (f;=333 Hz)

Fig. 4.16. FFT results for motor case vibration (experimental results).

13 Accelerometers 13 Accelerometers

(@) 500rpm (f;=33.3Hz) (b) 5000rpm (f;,=333Hz)

Fig. 4.17. Spatial mode measured by experiment.
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Fig. 4.18. FFT results for motor case electromagnetic vibration.

443 REBREIZRITIBEHERRE

T, BB CX v U 7 ERERS ZHE Lz, Fig. 41912, =2 Y b— MEfRIcET
bITe~A 7 THEINT=F ¥ U 7 ERERE OB R4 ~7, Fig. 419 kv, E—
2 DRI 8 MRLA D53 A PMSM D56, AL fox3f, el LU 2f OF v U 7 dEHEER
ENZEHTHDH Z ENm0 D, 2k, Fx U 7 ERERE ORAERBES S LR
JAR R A HEE T D 2 ENTE, MEIEL R D h0E 2 v U TR R AR cE 5 ko1
D, AKIRE) - KBRS e T — BB AT AEET HZ LN TX 5,
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Fig. 4.19. FFT results for microphone near engine room.

45 £&®

55 4 T [PWM L [R D FRE[H i f CHs A3 2 2041 & PMSM O v U 7 B 5 & DK
T, BERA =20 PWM HADOE &S X - THAET HIRE) - BEE IOV TR
~NJz, PMSM [TEERA =5 D PWM HFATE#E S D Z LnZW, BERA X —
2 D PWM H X B LS EZ L AEZEFH(PWM: Pulse Width Modulation) CH D L, AT
DRPREL « AR EFD, 2O PWM HFXTIZ UV ARE 1T 5% v U 7 B ERICER
L CHREFEMRE CH L Xy U TEREERSEEL, T—X OFEMS L 720 IRE) - 55
%,

ZOX ¥ ) TEMEEONRE LTUIREL ST T 3 250, OF ) 7 EAEMOEE
Wk, @Fx U TEEERE T X LIERTLHX v V7 AT N7 ARG, @%F v
U 7 EREER T O JE W H A M O SR EI ) BT R v U T RGN B D, OORRE
XA = F DIBRIKRITHED A V= F OBAMEREDOILICER L a2 F T v 73 H
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5, QOFEE L UEEEOERE OMRMENEL LN Z ERFTF b D,

ING3DOREOHFT, A MR LRWVEHIEINCIIT 53K E LTB)F v U 7 HEi

B O JE R B O AR E S HBET ¥ U 7 EEEGREHIER Lo, RETIE, *
?JTH&@%@#?% 2Tz o> TEEZR, X U 7RSO L T — % OlRl)E R

, BREREREER S O L ORRNE, BERSOEHZ A I 7 Lol & D
%@,%@®%~b&ﬁ_owf@* S, BN, FEHED 3 S OMIE THE LTz,
AU LD, A PMSM IZEBIT 5% v U T ERERE OR AR X OYRENE— R2VH
L, B 21X 8248 A 1 D K 9 2 k03 FEER I K & /3 AT 8 PMSM CIE A £ e 3A

(v U TS S, T2 EREEEA), fo 2 OFBRRE0 ROE— FRE)H SZBHY)
ThHZEEWLMNI LT, B, BFAERAEIABLV2LOF v V) 7 ERET XYV T
TR BTSN U CHAE L[4.18], A £ DX ¥ U 7T EMERS LA 3 — X OEL T
AAITITERKR U TRET L4192 LB LN E o T,

AREOHFEIZL > THLNDF ¥ U 7 AR ORI 28~ %, Fig. 4.20 ()iX* v U 78
WA fo % 8.5kHz IC—TE & Liz & X DX x U 7 BER S O A REE A RS, AETHE L
L7z 90kW D73 PMSM D36, MERKEL 0 RO IR IS TkHz ISHFET 5, D
7o, Fig. 420@UZnT L 218x v U 7 JEHEHAE 8.5kHz T—iEL T 5L, E—& R
7,500rpm  (FEAEZ JE AL /i : S00Hz) CJEEK fo— 3/ A3 I BRRER 0 Ik D L8R I 4K TkHz &
—EH L, ¥ TEMERETNKE 2D, Fig 4200)2, AEOMAIZHESEHRT LI-F v
U7 BN IAS < ¥ v U 7 EEER S OF TR 7R3, Fig. 420(0)1%, MERKEL 0 kD

IRFE R v UV 7B OB E B L2nE oL, ¥x VT EEREE—FD
[R50 26 U C 8.5kHz—5.0kHz—7.6 kHz & BEfEAIC 28 (b & H 5,

ZOLOIT, —EAICHIBIC XA F v ) TEMERST OREIMNARET S Z & T, KRS - K
RS — 2 AT DEMETE 5,

65



10000 __—8.5kHz

0 2000 4000 6000 8000 10000 12000
Motor rotation speed [rpm]

—Speed fc-3f1 fc fc+3f1 —2fc Circlre ring Oth

(a) Carrier frequency design (Carrier frequency constnat 8.5 kHz).
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(b) Carrier frequency design (Carrier frequency change 8.5—5.0—7.6 kHz).
Fig. 4.20 Carrier frequency design.
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Fig. 5.6 Carrir high freque-nt currents when motor resistance is ignored.
Table 5.1 Constants of the under test motor.

Items Motor A (Ferrite magnet) | Motor B (Neodymium magnet)
Motor structure SPMSM with concentrated winding
Slot combination 10 pole 12 slot
Power [W] 480 (12V, 40A)
Outer diameter [mm] 84
Magnet type Ferrite magnet Neodymium magnet
Thickness [p.u.] 2.1 1.0
Phase resistance [Q] 0.029 0.015
DC inductance L, [uH] 102 (2.2) 46.8 (1.0)
AC inductance Lqs [uH] 1.7(1.2) 1.4 (1.0)
Back electromotive force [p.u.] 1.2 1.0
NT curve 12 (p.u.)(Torque)
1 [ [ = Motor A
0. (Fe)
0.6
0.4 Motor B
0.2 (Ne)
0 . |
0 02 04 06 08 1 (pu)

Fig. 5.7/ VUV AEER At #EE LT E O U TR £ ROOxx Y 7 &EE

BT OYRNE, Fig. 5.7 DI/ LV AEIER 10us & L7z & SO ZMoDxx U 7 & B ERE =~
T, % VU T EENEROERIL, AohA &0 2 ZAONEE L, OWEZ B L, Motor

B (AT ARA) ORIEIL Motor A (7 =74 Mf) EHEEL T 22 fFERKEV, Ziuk
Table 5.2 IZ/RT L 912, ¥+ U7 &EIERIL, BRELEBLOVVULAETESE At 3 [E T
Yitr, AhA X7 B ADNYIEE Ly DWEN BT 272D Th 5,

Fig. 5.7 (W 1 ABY 720 DERhA B0 B ADYE L, X E LI-RDOF v U 7 & &k
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< 15 —e— Motor A
E 1 ——o— Motor B
5
O 05

0

0 5 10 15 20 25
Pulse modifying width [ps]
(a) Relationship between high frequency current and pulse modifying width.
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Fig. 5.7 Parameter Sensitivity of high frequency current.

Table 5.2 High frequnet current comparison of motor A and motor B.

Items Motor Motor A Motor B
(Ferrite magnet) | (Neodymium magnet)
(1) High frequent current I, (I,<E / L, XAt)

DC inductance L, [p.u.] 2.2 1.0
Pulse width Az [p.u.] 1.0 1.0
DC voltage £ [p.u.] 1.0 1.0

High frequent current 7, [p.u.] 0.45 1.0 (*2.2)
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531 BRICXDER)ORAEFE

AT, B TR~ F v U7 mEEEROMGRE R RS T, A ENRR Y FH
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FRIOBHREETH S,

5.3.2 RFWBREIENZRW=% % VU 7 ERSDESTH
WIZ, BIEI TR EMIRINC L D%y ) TEM OS2I LY T 5

BRI MEMINEN 28T 5126720, LD 3 SOREE W,
(1) BHAEMINIE T e — & ODVEDMEHRFEE By & AT — % DVEDWHEE Bya DFEIZEE
B4 %,
(2) v — ¥ ORGHIFEFEITIEARW R D BRI & L, FERPBE R DWAREE By DA% BfET
60
(3) Duty 50%Dx ¥ U 7 &EJEKEREZ G E LT, AT —X DIEDBAEEITZX v ) 7 &/E
W IR OIRNE I (Bl %,

D DGEE WD &, BRGTMERINIRINEZLL T ORGB.21) TR LD,

FLOCB, o X Byyy OF By X Iy veveeereeee e (5.21)
01— & DA E & AR D X v v 7 O SRR E D HE T 5 &, MotorA 17 =
TA MEADTZ 0.41T E/hE <, Motor B IZRA Y LA DT 1.03T & 2.5 fFRE0,
£ o, Table 5.3 12789 & 9 12 Motor B D7 M1 EBRENNHE 71D Motor A 76 DO FE451% 14.9dB
LTSNS,

Table 5.3 Theoretical estimation of carrier electromagnetic noise

of radial electromagnetic force (Pulse modfying width: 10ps).

Items Motor Motor A Motor B
(Ferrite magnet) | (Neodymium magnet)
(2) Radial electromagnetic force F,1 (Fy1°cB,x1I;)

Magnetic flux density B, [p.u.] 0.40 1.0
High frequent current /; [p.u.] 0.45 1.0
Radial electromagnetic force F,1 [p.u.] 0.18 1.0 (+14.9dB)

5.3.3 BEREFHAE D 72 DF T Ae TG HEAE

g & OMEZFHMIT 21213, BEBRAIDEAET L0 —F — AT —FZHOFX v v 7 REM
DBENPRAIRTHD, £ 2T, BHMEMINIRS) (B Pa) IZF v v 7R\ (BAL
m?) &R LR mER S B N) &9 Fie it 2 8 A9 5, Table 5.4 IX, Motor
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B (XA TV AEA) ONT A =251 LRI LIZE XD, R— SV AEERIZET5F v
V7 EROHETEH D, Table 5.4 X0, Motor B (A4 AéA) O fidt i 7S 719 Motor

A (7 =74 M) MHOHFITFEESHEE Y 8.5dB L P& D, KREITIE, ZHET
TR AT B 53T D 24 M A BRI CHERR T D,

Table 5.4 Theoretical estimation of carrier electromagnetic noise
of radial electromagnetic force (Pulse modfying width: 10ps).

Items Motor A Motor B
(Ferrite magnet) | (Neodymium magnet)

(3) Radiation area electromagnetic force F,, (F;2¢ F1xX2mrxL)

Radial electromagnetic force F,1 [p.u.] 0.18 1.0
Gap radius 7 [p.u.] 1.0 1.0
Thickness / [p.u.] 2.1 1.0
Radiation area electromagnetic force F,» [p.u.] 0.38 1.0 (+8.5dB)

Table 5.5 Analysis conditions.

Items Value
Carrier frequency (fc) 10.0 kHz
Motor rotation frequency 0 Hz
Electrical angle 0 deg
Current Current theoretically calculated by 5-2
DC voltage (Epc) 12V

53.4 fRETERMR X U#IT A

PNV AMEEEITER LT v U 7B 2 ROt AREZRE (2-D FEM) (2 K % RS
HriZ & 0 Etd %, Table 5.5 [T &b 2R3, 52 B L [AER, v U 7 k¥4 10kHz &
L7z, B—ZEfEHET orpm (BE) & L, o—F OMEIXESA 0 [ddEhm) & L,
Table 5.1 {2779 PMSM @D Motor A (7 =7 A MiA) & Motor B (A Y LRA) &RV,
“MOFx ¥ U7 mEEEERIT (2-3) THEmIE LA VW5, FHE LB JTmERN
WAL, MR E RHIREIC 2 EHY — U =i L7z,
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Il oth
Il 2nd
[ 4th
[ Ié6th
[ I8th
B 10th
Il 12th

Radial electromagnetic force [kPa]

Circularring
mode

Frequency [kHz] 20
(a) FFT result of radial electromagnetic force of high frequent current.

Il oih
B 2nd
[ 4th
[ J6th
[ 18th
Il 10th
B 2th

Radial electromagnetic force [kPa]

Circularring
mode

Frequency [kHz] 20

(b) FFT result of radial electromagnetic force of high frequent current
(Enlargedfigure (a)).

Fig. 5.8 FFT result of radial electromagnetic force of high frequent current.

53.5 Xx U 7 ERES OB R

Fig. 5.8 (a)lZ, Motor A {27V AEIER: 10us D Y VU 7 & B BT 2 FUIN L 72 B o £ 516
TR ) D228 5347 % 7~ d°, Fig. 5.8 (b)i Fig. 5.8 )DHMHHDILKK TH 5, £— X DlA|
HR2008 Orpm Cdb D728, RREHO AR ER 13 v U 7B £ (10kHz)D % U 7 )45
BRI I BL) & 72 5, FIBRIRBUT ESZIE BB EINRE & RIS, 0k, 2Kk, 10K, 12
WAL DI XEEHI & 72 %

Fig. 5912, REMBRHRE— R FEBREOET VIRIRE LITRT, ENLi, (@)lEMHEO0
RE—F, OIEME 1 KE—F, OIFIME2KRE—F, ()IFHER4KE—RFTHD,
Fig. 5.8 L O AREiCxi& & L2 10 1 12 A2 v b PMSM O34, HERREIIFE M IRIZZE
BT DEMEE 2 KE— RBEL LTHRAETH[5.13], HBREENKEL 2D L, BRINES
W2 K AIRENILH] LT3 55141728, LUTF Tl Fig. 5.9 O(c)MER 2 IRE— RORES
[ FERINIE I BT 5,
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@) Circula"r. g Oth mode (b) Circular ring 1th mode

(c) Circular rlng 2th mode  (d) Circular ring 4th mode

Fig. 5.9 Deformation resulted from electromagnetic force.

Fig. 5.10 {Zffifili 2 SV ZEIE & & L7z & =D Motor A, B2 ARG mEKINEIOM
B 2 IRy & 773, Fig. 5.10 £V, B BRI 1T ZAMEEREDIEINT IR
L, Motor B OERNNIETIIE Motor A & bE#E L C 15.3dB KE VY, ZAUIERNC BRI ICE
H U 7= FBRINIE 71 OS5 T3 14.9dB (Table 5.3) L7475 0.4dB TXL< —E L7z,

Fig. 5.11 (CA#l 2 SV AEERE L Lz & & O Motor A, B (28T 2 i EM ) &2~
S R S b 27 M BEREINIR 7 & RIRRIC 7SV ZMETE &R HEINT 52 >N K L, Motor B
DT FERE 71T Motor A & LL#E L C 8.9dB K &\, FRNCHGHAVICE H U 7= i i B

4> T 8.5dB (Table 5.4) 1%, 7472 0.4dB TL< —FH L7, LLELD, maﬁ%wiﬁ
HE—HZDOFX ) TEHIE, BAREOBEERE B, v V7 &EEERORRE LIZE-
TTPHTE D Z & ZBHAMATIC X - THERE L 72,

WEIZBWT, WLV AEIEIEIC L A% v U 7 @EEEREFETHIE L, 52885
X U7 EEEEROBERHRERE —HT 20 ERT 5, I, LV AEEEICHE) T v
U 7 RS & 7 AR C b 2 R R OB AT L, MM E A MRGET D,

© 1400
2 1200
j=2]
g 1000
S& g —O— Motor A
o
% g 600 58 —&— Motor B
= 400 (+15.3dB)
E 200 D_D_D_D_D__D_D-D-D—D—D-D

0

0 5 10 15 20 25

Pulse modifying width [1s]
Fig. 5.10 Radial electromagnetic force pressure

at carrier frequency fc 10kHz of circle ring mode 2nd component.
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N

—0— Motor A

—e&— Motor B

TSI

Radiation area
electromagnetic force [N]

o = r
o Uk U N O

0 5 10 15 20 25
Pulse modifying width [1s]

Fig.5.11  Radial electromagnetic force at carrier frequency fc 10kHz

of circle ring mode 2nd component.

54 NMNVRAEBEREREIZE X% U 7T EEAKER - EREES O FEEEREE

54.1 FEBREHBIUOERFIE

Fig. 5.12 |ZFEBRIERL 2 R~9, FEBRSGMEIL Table 5.5 OBBIAMRMT & R UL Lz, b
ZEEEICH D F v U 7 EMEE ZWET 272012, T—X r—AKHED D 10cm Hf L 725
AT BRE RT 2 5% E L7z, Fig. 5.13 12, AREBRERICBIT 20 E 217,

542 Fx V7 EEARER - EREE O EHRER

Fig. 5.14 12, ¥+ U 7 @B EROFZFRFI R Z~3, Fig. 5.7(a) & [FERIZ, SV AEIEE
ORI, T U T EBEEERORIENERL, S+ U 7 &EEEEROIEIEIX, Motor
A (7 =74 MggA) 2BV T 0.13A, Motor B (XA ¥ L) 123N T 0.28A DFRZEN i
RKTHAUTZ, MEHERIE, T—FEHRGCOA L —F 2 ZADJEEEFIEEZER L TA
BB AERE L T\ LRSS,

| Oscilloscope |

CT

—D* Test *

Test Inverter| i

motor cr (Torque r
CT control) ’ 3

'10cm Noise meter
Test
motor

Fig.5.12 Experimental setup.

Load motor
andinverter
(Lock)

1918W paads
J9)8wW anbio |

8 & 8

Noise [dB]

o

3 4
Frequency [Hz]
Fig. 5.13 Background noise of experimental setup.
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WIZ, Fig. 515 I WV ABEEENEL LT & & DX v U 7 EibE & O FZRIR R %~ 7, Fig.
515 k0, & U7 EHEEE T SV AEIEENHINT 520K L, Motor B DX v U7
TEREERE 1 Motor A & LEEZ LT 10dB KEWZ L1305, Lo T, Fv VU 7 ERERE O
ML, ARECRRE LN mEER ) BAL: N) DEUchy, KEEELHNWHZ & TF
Y U 7 ERERE 2, FERGIT (R 11dB) B L OUEEmMRET (B2 1.5dB) T HIEHIE T
%6_kﬂ%ﬁféé
PNV AEEIEIZ LD % U 7 @ EIEN - ERER T IS OWTERE L, BUNICRT,
Q) v U7 @EEEERIL SV AEEEOBRIZHENEINT 5, KXo T, 7SR EIE&ENY
RKLUEYE, U 7 @EERERNSE KL, vV 7 ERES KT 5,
(2 *+ V7 EMEREZFMIT SR L LT, BHREMINIRT) (HAL : Pa) ¥ v v 7 H
FEOCEAL . m?) ZRE LodmER ) (BAL 0 N) 2R L,
(3) s EERE I 1T I AP DRI E B, % U 7 & B BT OIENE 1, 3 L OEE 124l
T
(4) SRS 2 VY, Motor A & Motor B D3 U 7 ERER S D% TR L, BRI
Hr (R472 1.1dB) 6 L OB w#RET (RR72 1.5dB) TTPHITE 2 2 & 29N LV s L7,
WHITIE, EREOFHETIEIZEE S, Motor A & g LT+ U 7 EREE S 2 10dB K&
VN Motor B %5 & LT, Fv VU 7 EMEEE 2 KT 28 LWL REEEE R L, Fi%
TE DR EREET 5,

2

——o— Motor A

15 (Experiment)

—s— Motor A

1 (Analysis)
—o— Motor B

(Experiment)

Current [A]

05
—e— Motor B

(Analysis)

0
0 5 10 15 20 25

Pulse modifying width At [us]

Fig. 5.14 Experimental results of high frequent current.

8.8usi  110.6us

—e&— Motor A

—L— Motor B

Carrier electromagnetic
noise [dB]
[¢2]
(2]

0 5 10 15 20 25
Pulse modifyingwidth At [us]

Fig. 5.15 Experimental results of high frequency noise.
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Table 5.6 Increase estimation of carrier electromagnetic noise.

Items Analysis Theoretical estimation | Experimental result
(3.2) Radial +15.3dB +14.9dB
electromagnetic force | (Error: 5.3dB) (Error: 4.9dB)
(3.3) Radiation area +8.9dB +8.5dB +10dB
electromagnetic force | (Error: 1.1dB) (Error: 1.5dB)

55 EEEMEEUVERATCE—FZBHICATLAIBITSX ¥ ) 7TERESTD
ERBFIE
551 #HB|EORE

AETIE, LI ANRRKR— e EORERIE ' T Mo 72— X BREj T AT
Laxtg b Ulc s v U 7 EEE T ORBFIEZ 53 2, Fig. 5.16(a) IZIERIED /L AE
EiE%, Fig. 5.16(b) ([ZIREEO SV AEEELZ T, REEIFEKkED 248 (Fig. 5.16 (a)
IZUMEE WHE) OV ZEETIERL, 24 (Fig. 5.16 ()X U ) O VLR EIEE LTz,
ZD®, EEFLHOAELEEZMIET 7%, MIEELENPERE & g LT 5, X
ST, X% U T EBEEER W EET 5 En RS LD, Fig. 51712, #EREETHRE LA
WG OBEROMM 7 0y 7 2T, $REEE, BEEE VA2 L 2 SICERL,
dq#hFEIRIE 52> HEEEA 0 & VY, A — = AHZ ) I U7 BRI S E TRE LT

ERAREROREEBRMECRHE L THESMEEHN TV A TDIRENLILT DT AU v
ERHDHHOD, T—HEEMEERFOF ¥ U 7 B S 2 KR TX 5,
552 RBEFIEDEEBRE

Table 5. 7(a), (b)IZ, #EZEZE W& & O Motor B IZH1F 2 EZHOF v U 7 & JEHEER &
X v V7 EMERE OFERER LT, B —F ORI A Orpm & L, H/ SV ZHEER T i
I%8.33us & L7z, Table5.7(b) LV, k& il U CHELIEILF v U 7R L sy D
¥ U 7 @A ERE 0.93A (U, V) 705 0.64A (VAH) & 03A (UM, WH) &K
L, AIEIOTHEEEY X+ U 7 EMFREZ 6dBIRH TE 52 L 2R LT,
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1 Carrier period 1, _ 1 Carrier period /i
T~ - 7 -~ — 7
O 1
Gup — Gup
Gwr N G
i
Gwe TRGL TRG2 Gwe TRG?
IDC1 (IDC2) l (IDC2)
DC bus ﬁ
Current / =
(IDC) | i
A== i
Motor __{ ! ,dx_ Iv =i lu
current__x X i AN==R1VEIY
— Pl |y Pobob AN

(a) Conventional pulse modifying technique (b) Proposed pulse modifying technique
Fig. 5.16 Pulse modifying technique.
((a)Conventional method, (b)Proposed method).

Current reconstruction  Dq transformation

dcl
>on |1
lac2 | =l 3o Vector |,
Hl | * 3P dg control VERVERVES
*
Id* dq |\l,J* z%_J‘) Iuc1 IVCI IWCT Idcv ch
lq T L 0

Fig. 5.17  Block diagram of proposed method.
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Table 5. 7 Experimental results of the proposed technique.

Method 3 phase current detected by current sensor Noise of frequency f.
(1-1) 3 phase current
1.5 Carrierperiod————
T 05 Yy —w
=R (N U /) S
R S
g 4 Ny
) 15 Time [us]
Conventional 100 200 58dB
method (1-2) FFT result of U phase current

FFT result of I,
1,:0.93A

Frequency

H
5 10 15 20 [

F

Current [A]
o
o o1 =

o

(2-1) 3 phase current

1.5 carrier period

— 1

.i:a 05 e . s —Ilu

= T

(&)

= _05 3 ‘|— ] '\, .

= v Iw

o -1 .

-15 Time [us]
100 200
(2-2) FFT result of U and V phase current
Proposed method %‘ FFT result of I, (?ggBB)

505 .

3 o l-lh'O'SOA Frequency
0 5 10 15 2 [

z 1 (| FFT result of I,

gos II'OMA

3 o h. Frequency
0o 5 10 15 2 [MHI

56 &

%5 BmO TERRETRREHE O SV AEEBEICER L% v U 7 BRSSO K
T, ERERERRL T CERE R T 5 7OICEHET 57UV AMEEBEICL > TH
AT DX )T EHEREIZOWTIRAT, ZEHOMIBE & OFE TR M E - - E
RERRAEVERR 7 X, BRI E 2 3 2 [EsfrE - v 2 BR< i@t oL 2 X
EHLABDPE T, FETREIELTWD515], LML, ZOEGERRERR L7 X%
TR~ T DI h > TR L 7o o 720y, ARFETHEY 7z UL 2EIEBEI
%X ) T EMEE ChD, HEMEE BB S AT A&/ N - S ET AT o
TT7 294 MERE—ZNORAF Y AEAT—ZICLEE LRI, 20Xy U 7 ERRE
DRIEIZHEL LTz, Z0F v U 7 EHEEE O K E W) EICR LT, AETIEET v
U 7B OF BN T BNOEBEREIL E, @1 4720 OFNA X0 % 2AOFHE L,
D%k, @/ IVAEIER At THDHZ EEFE L, KRIZ, v ) 7 EMRERYE Z3M 28
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FEL LT, BAMEMNIET) (HEAL : Pa) (X v v 7k (BAL : m?) Z3E L7 dm
W) (B N) 27 R L, IS, REDORIEL, WAt E L FE DR e % PMSM
DX VT EEREOTHNCHEA LT, TRIFRZZHGRMRS T 1.5dB, ERIGMT Tiize
L1dB IZ x5 2 & R P THR L, &ZIZ, 7OVAEIEEICHES v U 7 ERERE 2K
W DRI 2 R UTe, REHENE, [FHsIE - 22 7o' — X BREjv AT AT
HDHZLICEHLT, MERITTMEEL TW e VA BEEZ —MHOKRE Lz, ZEHEC
LT, Fx U T EEAKERE 0.93A (U, V) 726 0.64A (VHH) & 03A (UH, W HH)
~MER L, ¥y T EREE E 6dB KT D 2 & & R LT,

REIZL 5T, AV LA ORI X 286005 0B 0 BS-0 s i & Cf
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