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Self-Excited Wound-Field Synchronous Motors

MO 1E5h

Masahiro SEGUCHI

IPM rotors with neodymium magnet are widely applied for HEV motors. However, the neodymium magnet
material has a big impact on motor cost and there is supply chain risk. On the other hand, a wound-field
rotor does not need magnets and can achieve equivalent performance to an IPM rotor. However, brushes
are requierd in order to supply current to the winding coil of the rotor.This may cause insulation issues on
HEV motors. Therefore, a motor system which supplies electric energy to the rotor field winding coil from

stator without brushes was developed.
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Table1 Parameter for wound-field motor study
IPM Wound-field
Voltage (DC) 280V —
Current (Arms) 150Arms —
MAX Torque 60Nm —
Torque Ripple +=10% @ Max | <
torque
Stator 0.D D120 mm —
I.D D80. 2 mm —
Rotor 0.D D78.8 mm —
Magnet Nd -
Coil turns - 250 X 56T/pole
Current - 16A/mm’*
density
Space Factor | — 60%
cooling - Liquid cooling

DENSO TECHNICAL REVIEW Vol.24 2019

3. O—9RHMERADIRESLE

KICEMABR CHEIC L 5> TL 20— ~OER
AT DWTHET 5. Table 2 122D FH 5k
DOPHeZIRT. BN OIFEMIGET, ZOHTH
TIVER) T Y TR HEN RN TH 5.
L, 4 E k7% m B TG EE RS D,
TICHIH A2 ERT 5 L EHEEO M CHED%S. RIS
B B E LA RO AN S5 HEAE 2z oh
5. 7a—R—VHRTEHMMEINTVDA, FEEsHi
EAT— VIR Z BT 2HhH O — 5 23T
MV RFBESELZD, Fryy THEIENTS. B
CHBRE) € — & OBRICE WBRATER S B 54
FHTRLH T — & T OB L F v 7 MK
T¥rEEZONA. HIZ, HET—F BIRRHZA
BMEE 2 B 720 —MERE 2 M2 9 &35 & RH% UP &
VHEEZONS.

Z 2 CHEMMBEIEZONLY, T Y AEFH
L CH R 2 225 Hikid A L T2 £ 100W DL ko
BB LEE 20, BRI GER 7 —
5 Lu— % OB LEE 72 ) R UP & 742 5.

ZZCHEE SIIBBARIC LRI =% & 25—
RN T v ARESHERL SN HEZFHLTAT —
&bl E — 5 REERE T 5 Fe it 2
Ll ZExohp3EELTIE, MrmesE
LMREFBTH 5.

Table 2 Comparison for Wired and Wireless power

supply method
TWired powes wupely
Brush | Sap rng | Baals B
skl
Fis
Now peedi
Tl
o= —
Caa Ty
—_—
i g s | "o
- A o = (=] &
5 = o ey | s S -
erp—— . [ o o
Lo E | s ] o
trip “-.l__-__ & (-] Q

88




89

4. O—9 REERADOIEEMERRE

EHEO— SR TEE LCOERARN L% 2 % Fig. 2
WRT. RICRWTRT—% L u—5 ORI L %
NENOBHRETE T Y ADPHEE I N TV L HENG
b, AT — Y OEREBERICEHMEL T2 EELT,
O — ¥ AR L Ca— 7 REERICHE S &
U— ¥ JEERICEREFEL YA+ —FIckh)—J
MERICERL, FEERs LTHHT A, 2024k
Wru— e LCTable3122200F 2 &R

Rotor Direct Excitation by Stator

Rotor Currend I,

Fig.2 Basic concept of direct excitation method with
using base current and harmonic current

O — & SR 2 BRI 2 ISR VT, ER
BRI WTRE L CIMGER 2 A S u— ke L
T 2B % ORISR EO
FHEELIRT. e LTRIRABEHRESH L0
Hehimlla v 7 o — o —i & e L E 74 o+ —
FO—UllHfed 50—y Bihg e L2FTH 5.
C ORI XY a0 — & FEAEBO K IICFET 5 EIE
ZaryFrHh—oREEAHT 5 HTHRRIIEES
®, 00— 5 REEROEEE B LkRZ LS ¥
2YTH5.

Table 3 Concepts for direct excitations

Previous Method

g

Proposed Method

Geometry

Maln -
Pole

Rotor
Cail

Rectification Rotor Codl

Diode
Rotor Circuit T

Rodor Rotor
Rectification ¢oi 1 coil2

IR

Resonance Condenser

Main Pole Excitation

Rotor winding

Rotor field flux

Fig. 3 Pattern diagram of flux flow design

%9 Fig. 3120 — ¥ REEROBEHERTEICOW
Tt 2 9 5. 1 — % FE&EH 2 ks 5 mitix
Fig. 325 B RRICHEARBEEBIRICL VAT D AT
— & MRS L 90 BN AL EICEH S ¥ A5 B H
A& 5. Fig. 43z 0 u— 5 BRI H OB T,
FERPEE =27 55 90 8 & &7 0B I Wike ) 72 S iRk
B EEHEE LTEHEE 5. Fig. 51320 &EH%
EARBICEEL-BRTHS. COBREAT— T4
BCIELB— 7 SR Z L e — ¥ FEER%
FEHESETMV I 23ESE5.

Ik T % CAE b TR L 72 # R % Fig.
6I/RT. T Z Tl Table TIZ/R 4 HAEMIZH L
ZORAEMELRT. AT =7 BRI R D IRIEKD
BREAESE LMV, AEERLTY v 7 vk
WCHEMEIZKRE LB RV, 2 TCIoRERERELE
2, ATRLICHIEDS D 5 Dh, HETL-OALTTORE
&, BREREZRALZ.

AARKA A ‘[ . A
P W L P L
BTRVATAY Y A __|, A

Eecrm Ange [iog

E a P e
At —

*
l

. T -

Fig. 4 Harmonics waveform for design

¥
—
H =1
H =
=t
=
L ilel 1]
|
—
| = ||

Fig.5 Harmonics superimposed waveform of design



DENSO TECHNICAL REVIEW Vol.24 2019

Fig. 7 (24 O SRS T — 7 O Al i O BEn

Main Pole Excitation
Geometry ETON EREARPCEE L 2w ko AT 2R
m T BB ICH LE— s BN BIEHORS LT
a lm YRR ER bR, FREROERE ISR
= - o Target
& oo ZC CAE IO RSP & BT 2720, A
ST A MSHT 2N F RS HIRE TR L. 0%
Current | A { E“:LII’R:"“"T‘_" “-:"- ol by
wave | s | |0 RER O RNE:RULA & BURSEIETY & CAE MR % LT 5 & CAE i
' 160 <150 TR TR BIE D H NS WER S D. 22T
Torque | Nm > B0 O P OT — 7 EBRATAIRETWLOZHM
e | B - - #5720 Fig. 8 V7 L7 BRIc 10— & Rk 2 573
Voltage | V. 350 <280
= . LCZERZNDO AL VOBIE, Biir#ELL.

ZOR$E Fig. 9 IR Y. 2 2Tl Fig. 8 O R
W1 ERBEBR 2 ICHRETAEEEZRL TSR, &
NENOBEENBEVWOEBLEZFHLAEIRITEEL

Fig. 6 Calculation results on previous method

BN TVRHAIND.
LE = LR
& % DF ) REER =7 VRIS ZOANIH 725 5
44— FilismEE (Fig. 9) L&A L TwiRWwikIC
ESRITNIOTAC ANPUE Harmonic Output WA B0, FUEBH 1 LB 2 1IIEEn L) 27k
:'l'l'ﬂm slator 'l\.l‘ll"ldll'lgl {irto rotor MMII’}Q]
Tumn ratio conwerfon [CAETesult DRELBENEEL, TOITEAEDPWERM TH
WVoltage waveform \ﬁ:ul:aggr wmﬁwm Z
' ' ; WENTVLHERLTVRS, ZOMBESNTWLE
ém‘rﬂnlwam'furm lCurmntwamfm:{ } J % )) S <$'Jﬁfjﬂj§|€ﬁli 'JZ‘%&U—' 7@@%(}%%’]‘

ERAT— YV ERERRCTHERTELLEZS.

OB 2 3P L) B HHMNT 572012,

d — y‘”"v Z AN ig. Z

Fig. 7 Waveform of input and output on previous TRTROE =y RESHIHP 2T E Fig. 101

method AT AROEFVTIEZ DU — & RBERILE B

A NVOMERT =Y DMMTEIL VDL V57 5

m“‘ Rotor YADEDD.

gymg ; X RO RN TR 5 4
Rotor
‘ Coit2

I |
L

Vb, &4 F7 5 2 AFRTHET 2 EIEF AN —
PECTIHIES, RHPICELLTw2EEZON%. §
Fig.8 Circuit model WCARETFNVO bT v ATIEEMEREORAM & L TR

BRPFERICL D EEZON, REBRNTHEIC
BIEEZFHE LA > CREBEEXIRIKT 2L E 25N 5.

......

Rotor o0

Coil 1 [V] =;.;“nﬂ;f'f;.; YETAA'S (Fig.10 CASE2, CASE3)
T o o 2 2 CHIHRE T %0 Table 3 T L7 HUC i
COil 2 [V] _jen! | mi] s || oo | | ok MR R OB A 2T S0 A7 — S flIC
Dode = = VREER 1 &2 TROREER 2 ORI Y 7Y
o S D i PR HGL, 3Ty —ofbiE s A A —
- CHEEET B, 29T AFTHM LA BOBES 0
Fig. 9 Voltages of rotor field windings IAMF—% CIZ¥E L (Fig. 1), BRHRIZD -

90



FEECTE (Fig. 12) +5. 2080 LICE ) R
i & W 2 AR S LS.

CASE i 2 3 4
E3
2= .
IR ERE
S 2
T ;% .
$3deg| 1 [ ||
L]
Tatal Voltage s ML | Increas-
ing cancallation ing
E:Pree:\dl!cd Large small Small Large
Valtage Canver- | (O b = ]

siom Efficiency

Fig. 10 Electromotive force in rotor field winding

CASE 2

v g m~
ngrg #

Fig. 12 Circuit operation of case 3

Series resonant circuit

L1 S8 - ; - —le

¢ ey # T | I

ulsqi D1 ehegeogstt L2

X - : n it Y Ava.

B ;i e T 2 S Ve
lzv —

Fig. 13 Action and Current wave of series resonant
circuit

Parallel resonant circuit

— e

- (I}
cD1 8% 1 ..‘ - . t 1 le
T I Avg.

Fig. 14 Action and Current wave of parallel resonant
circuit

HROE 2N &Y 0= REEROBRBEIES )
AR ERIE R 2 PR, A7 — 5 BRICE
By 5 BMIETIRIRE S Ok, TRIZED b

20y TIWVEPBEAT— ¥ BEZRFHKS.
WIS Z TEATRR A AR O RIS Z 0 —i & Bt
LzaryF o9 —oiEkClE, REER1IDOL V¥
77 ALl IR ER 204 v 57 5 AL2T
SARM Rk S L2 55, CORELL & Cl
TSR L CTHEFNC 2 - T % O TG LR R
%, 12 & ClLIZWHN % > T B O TIHI IR A # A
WS EEZOND. ZOROLILRE OB
L ZOBICHN S B OMT % LT Fig. 13, Fig. 14
R, X, Ao LIRE R E R T E TR A

B IR,
F1 = 1./ 2xnx (L1xCl1) %) FA
F2 = 1/ Q2xax (L2xC1) *) A B

Fig. 13 TA 7 — ¥ Ei#idkx L1 & Cl O IR WK
& B HTHEFLIRMIFEIZEIL 1, = 1o, 255, X,
Fig. 14 CTHid R B % L2 & C1 o LRM M H L
T 2 CTHHN RO BB 1, = 1o, 259N 5.

FREoOMYELCEIE GEAM) BRABEML I
& 1, AFig. 15 ORRICIERICA 71y b &N 5.

DIFic e — & R a v 7 v — 2 ke LR
Il & 3 2 RILZE A R T 5 i % T O CAE fEHT#5 R
%759, Fig. 16 1& 1500rpm T DR i % O A7 1 %
R MERBITIIHE NV 2ERT A0, AT
— Y EBICKE AmEEEEL, 00— RBEHIC
HEEORhREE G, bV 27 & 5K 2 2SR ET O
Vo TWVIEKREL, BRIV IV TVERELS.
W, AT — 5 BRCLERBED FHITE  ANEE
(280V) # KX EiloTWAHENGRE. ZHITH
LIREFLETEREIA VNTIHH LG o TWZEIE
G (BH) a7 o=k W ARFHLER TS
ERON, AT — 5 EHMEEROWRE/NTH AR
U — & (R & S ok, BT MLy SR
TW5.

i A ket
L e VR Iy

7 {22 V= d s VY o Iz
o e WS
r 4 '-.__.ll L ; A’U’g,

BEEo58E
N

Fig.15 Field winding current by resonant effect



1500rpm at MAX Torque
Previous Method Propased Method
Uphase U phats
,u.'-_;geil,' Sy i W N'E“ase?ﬂ Ty
et Camammsas s 150Amms
it nl'::-r:n:-.s e I S N
Rl TR 5
weiry | RIS . |
curment [A] . ¢ 4] % il i
T mn.i Bkim
gl | Torued  §
Fipple [Nm] * = Riggle Nm]
Fig. 16 Calculation results at 1500rpm in PWM
domain
J000rpm at MAX Torque
Previous Method Proposed Method
Uphsse & Uphase 5
voltge V) = oy | i =t
ophase I: Pty p wlaty 0 glob Bioee 1m
wm!l‘l ..1:1..-. .lh...: :_m- I;e- mﬂqu"'] Tl 4 e - =
Ay Rl A
wolng & T, wedng |
aument J4] B qument [4] = 1 :
forqued R i £
e il "0 = Riggle [N
Fig. 17 Calculation results at 3000rpm in PWM
domain
U Phase Y Phaso Tyt putse VY Phasa
S —
E = ' s
E s o
[ o L 3P %
T~ i =
v

=1
Tlecuris Angle [aep]

Fig. 18 Conceptual diagram of exciting current

Fig. 17 12 3000rpm TOHRAHI R TORBABI 2R
AT — % Ol B 2 IR —E I TER S &
% FTHERAZLL TH FEEDOREIHFE LN TN S
FOMERNK L. X, ERBETEORIEAS, JEARNE
FEDIRIFIZINMETH Y .o T A O iERHES.

WA ST A S8 T ORGSR LT, 4l F-i&
R L 20 EEHRT 5. Fig. 31CRVT, VM
MAX BHFEIC U MICIETER, W AHICEAERASENH
FAUIFBEEIR % Bz ok 2 H 25725, Fig. 18 I2%
DNREERDA A — VR ZRT. 3HEREO VD
MAX BHOKEIZ U MHIZIED 7OV ZEiE, WHIZE D

DENSO TECHNICAL REVIEW Vol.24 2019

7SV A B TS NLBEA TR TH 5.

FEIE IR (2 2 07OV A i & AT S 3 % BT
DENM % Fig. 19 12777, Fig. 19 IR 382 U #
® OFF W12 ON iR 2, W 4o ON fifH
[ZH OFF I 2317 2 FHCTUME WAHIZIEAD
B SV AR 25 S D KRS,

Fig. 20 {2 3 #H D HIE W D Fs 5 0 BARN 7 I H EIE
POV AT ORERE RT. I ED VI MAX Bt
s VAHO ON W2, U OFF Bl ok v
A& WAH ON Wl o3V ZEESHEK S h
TWDLDOWHN5. IEEA7 OV ZBENMEIX V] ON #
B & R R BN AL BT 225, AR B
BRI LIIRGENEAL, OV AERRIZRE
WD EERPN T LB R WO TIZ L A EENDTAE
LZzv. Zhig, Fig.20 ®% A 3 ¥ 7T Fig. 3 Ol
A RE 2 LB IF BRI SOV A &2 i AR S,

Rt D# 2 J % UM KO W AH O IE R MAX B2
LCE, BICAER MAX BRI LT AR
T & %729 Fig. 20 OFRICEET 6 78V A BhEASH] g &
% %. Fig. 20 @735V A BIE & FVN L 72356 O @47 1
% Fig. 211278 F. S 2 CHMORFEHIZ T — & R
B IR 2 > 7 2 — 2B A L AR E OB T
EeRHL72GET, EMERHLZVWEETH 5.

HiFL Fig. 20 (2R L2 RE D BT 7SOV 25t %2 B
FIRRICEDIN L 3 AHE G IE R OB HE OV A5 A IF AR IS
HEHRENTVLHERG 05, RREEHEFETIEZO
IOV A X TR S M7z R S IR M I X -
THIRSNKELRABWERE 2o TWEY, HERFE
TIHENEICE T > TV, ZORKERETL VY
DAREFETIIRIFEIM ELTW 5.

U phase voltage

[ ]

O

Positive pulse voltage

W phase voltage

e

ON OFF'=-=- ON

Fig.19 Pulse voltage technique applied on
rectangular wave

92

fiF 2 © W Ed




- - ——
L) e | v : i
i : |
- B! : :l I
1 [ 1 |
u | ' |
- PN - ] ; : |
gl = B |
vooama |t ] t
sen 4 M8 S IEE E _
il P HER ¥ |
ol -} P : |
' 1 | : P i |
arn i o S |
A = i : ¥ : -l
= T M
. . il |
i 1 ' : ] |

Fig. 20 Rectangular Voltage Wave

Previous Method Proposed Method

U phaus wodtage|¥] U phana valtageiv]
pi* r
it =
yf»:'-:..,.- aEy EEEE A AFr LET
'Iglg_hmvdhm-hfl ¥ phase voltsga{V]
T s
!::"._._ wany pank LTS - BT
\I‘I.‘s:h-llivdllnhll 'QJLMHH-II*E'I'I
¥ =1 33
ikl 2 znm - =i en rn
™ Thies
e huse cumsttlil et taramn o e sl e 6
g it 303 15 -cap v
— s
Tirld windieg currmmt{A] ey Figpld winding curmsni{a} Currant 24.8A
" m Vo "

- LT Bl “na s
Tormus & Ripple{hm} ? srum. v B Raple(lim) Toamue S18im
] arque -]

E "

]
™ am . nay -

Fig. 21 Calculation results at 6000rpm in rectangular
domain
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Fig. 23 The prototype test condition
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Fig. 24 Calculation results at 1500rpm by proposed
method
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Fundamental Wave at 6,000rpm_280V(High-Frequency at 2. 4kHz)
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Fig. 26 Calculation results at 6000rpm by proposed
method

Fundamental Wave at 6,000rpem_280V_00" (High-Freguency at 2.4kMz)
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Table 4 Summary of calculation and evaluation

results
PWM Domain Rectangular Domain
Spead [rpm]) 1500 6000
Field Winding Field Winding
M cag  actual | ™™ caE Actua
Current [Arms] = <150 150 150 <150 135 130
Torguie [Nm] >80 (1] 54 > 50 50 40

Voltage [Vdc] <280 280 280 <280 | 280 | 280
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