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Study and Experimental Performance Evaluation of
Flux Intensifying PM Motor with Variable Leakage Magnetic Flux

Masahiro Aoyama*a), Member, Toshihiko Noguchi**, Member

(20174E7 H2 B5AF, 2018481 H 6 H H54))

This paper describes a flux intensifying PM motor with variable leakage magnetic flux. The unique feature of this

proposed motor is the ability to passively adjust the magnetic flux linkage into the armature windings in proportion to

the armature magnetomotive force and/or armature current phase. The magnetic circuit topology of the flux intensify-

ing PM motor and the passive variable leakage magnetic flux are determined through FE analysis. Then, the driving

performance is experimentally elucidated through comparison with that of a reverse salient pole type (flux weakening)

PM motor without variable leakage magnetic flux.
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Table 1. Comparison of synchronous and asynchronous
motor.
Induction Synchronous
motor motor (PM-type)
Iron-loss under no-load Good Bad
Torque density Bad Good
Efficiency e
(~10 %-load) |  Middle~
High speed Good Bad
area
Low ~ middle
Efficiency speed area Bad Good
(10 % ~ Middle ~
50 %-load) High speed Bad Good
area
Low ~ middle
Efficiency speed area Bad Good
(60 % ~ Middle ~
100 %-load) High speed Good Bad
area
Adjustable speed drive area Good Not bad

B % EHTE D, —H T, WIKCEFIRCIIR AR
WER L8 L) IM L) DR E 2 ), SR
DOEARHEIS CILIFO RBEHREIC L) F v v 7RISR E
CELZETHIEIMMLTIM L) QEIRE L5,
FRLOBEIZEA T, I, PMSM OERIEE L) 7 &
Tk % BRI ZEFREE — 7 ORI A T bR TV
%o Fig. 1 OWZEILE— % DRT MVITRY &) ICREA
Wl W, S22 % 2 L CRE TSR OMEICL 2



AR RO FHE PM £— % (FILEXK, 1)

g-axis g-axis
JjoLsglsq | . JoLsglsq | .
JeLsdlsd oo Fin JoLsalsd o
sls sIs
Vs Vs
IsW Mg Iy e .
| -~ | o
Isa ¥ deaxis Id B | draxis

i
In low-speed area In low-speed area |
i

i

g-axis 'g-axis

Jjedsqls

JoFn J@lsdlsd| Nﬂ)% :<::>3
'RsIs AN
| Variable
s Vs [
-} Tig gL
‘ o
il d-axis Isd ’5!&,1 d-axis

In high-speed area In high-speed area

(a) Constant-magnetized (b) Variable magnetization

Fig. 1. Effects of variable magnetic flux technique.
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Fig.2. Concept of proposed flux intensifying PM motor.
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Fig.3. Concept of variable leakage magnetic flux.

Table 2. Specifications of prototype.

Benchmark I Proposed
Number of rotor poles 8
Number of stator slots 48
Stator core outer 200 mm
diameter
Air-gap length 0.7 mm
Axial length of core 108 mm

Maximum armature
magnetomotiveforce
Number of armature

1060 ApnsT (28.1 App/mm?), 60 s

. 12
coil-turn
Armature w-mdlng 2 series-4 parallel
connection
Armature winding 12.76 mQ/phase
resistance )

Core material 35H-EA (Nippon steel & Sumitomo metal)
N39UH N52AS-GF

(Shinetsu chemical) | (Shinetsu chemical)

Magnet material

(a) Proposed motor

(b) Benchmark

Fig.4. Cross section diagram.
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(a) Proposed motor
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Fig.6. Magnetic flux lines.
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Table 3. Permanent magnet flux.

Permanent magent flux Benchmark Proposed
Environmental temperature
afemp 59.3 mWb 21.6 mWb
(20 Celsius degrees)
180 —
150 o 30 AmsT]]
120 —e— 150 AmsT
—— 300 AmsT
90 i —=— 450 AmsT
7 © poA 600 Ams T |
£ 5 —— 750 AmsT
g 0 r
g 30 .
o
= 60 y
90
120
150
80

-1
290 -60 -30 0 30 60 90 120 150 180 210 240 270
Current phase (deg)

(a) Proposed (Magnet torque)

180 -
150 o 30 AmmsT ]
—e— 150 AmsT
120 —o— 300 AmsT|
90— —e— 450 AmsT|
z oSO, 600 Ars
—+— 750 AmsT|
Z 30 :
o on
ER
Z 30
£ 0
-6
90 \\_M
-120
-150

-1

80
=90 -60 -30 0 30 60 90 120 150 180 210 240 270
Current phase (deg)

(b) Benchmark (Magnet torque)

Fig. 12. Current phase-vs.-torque characteristics.

AHLEFMEL, Fig 120~ 74y b bV LT 5, &
Z T, Fig. 12 13k — ADEHIKIREEZ 65°C —EI12 % b
ENCF I —CHRERHBLTBY, BETERA 250 A,
DL EEBHRBEN 19.8 Apng/mm? TdH 5, [AEHES X O
BHMREDE—FINT DV I DE—F Z@FIFEH L2 &

EOREED S, MV IIRSEEY G 22k, BIED S EFIR
RIZRY, 20 1 BB TI0RFEY L TF—% 2l
T 5 BICREAIRE A5 80°C~100°C 127 % L Fll S5,
X oT, BAIRED 90°C O & X ORELRE & LU F OFEER
T¥l L T Table 3 OREATREH QWL IERE 2 H T L T
HLEEIEICH WS Z L I2T 5,

MANNER #0757 L X — % %\ CRAIRE % JEF:
THET 5 2 & CHERSEZHE % /NI 2 CBUZERER 12
KEBEEDI WL HITL, BWER BOREDWUE %17
I o WHUKIREE 2250 L CRA & 20 CELCFAIREEIC 2 5
T CIRAGERL L, MEMRECHEREEZWE L2, 22T
TUA— Y OFFE) v 7 THRIBT A2BEORE 2 fERT 5
728, B — % [O#EEE % 5000/min 12 LT/ 4 XEEDF
BHVNS 2D X)L Tl R 4T o 720 Fig. 13 2R AR
BEill e S 2ot U 725 PER 2 7R L, Fig. 14(a) \REATIREE &
BEEE LTAT =% 24 VIRERERE, Fig. 14(b) 127
AR 5 A FRREE Vipean % 789 o Fig. 14(b)
VRS &) IR OBl AL R A SR L CRE A T
AT B AR RELEOMGRE ROz, B, —flL L

505

(a) Magnet with ther-

(b) Rotor with
telemeter
Magnet temperature measurement with telemeter.

(c) Telemeter receiver
mocouple

Fig. 13.

2
8
g8

90 ‘ o Measured

| | Linear fit
— 120 . :
Sal =~

P

Magnet

40 .
Stator coil-end
I

Temperature (°C)
2
Induced voltage (Vmean)

100
010 20 30 40 50 60 70 80 90 100 110 120
Magnet temeperature (‘C)

20
0 2000 4000 6000

Time (s)

8000 10000

(a) Measured results of magnet (b) Magnet temperature-vs.-induced
and stator coil-end

Fig. 14. Measured results under no-load.

voltage characteristics

180
150
120 Measured (30 AmsT)
90 Measured (150 AmsT)
E 60 Measured (300 AmsT)
Z 3 Measured (450 AmsT)
S
g Measured (600 AmsT)
g oF Measured (750 AmsT)
ﬁ -30 o— Calculated (30 AmsT)
0 \\s/ {—e— Calculated (150 AmsT),
—2— Calculated (300 AmsT)|
90 |—=— Calculated (450 Am:T)
-120 ——C (600 AmsT)
150 {—*— Calculated (750 AmsT)
-180
290 -60 -30 0 30 60 90 120 150 180 210 240 270
Current phase (deg)
(a) Proposed (Magnet torque)

180

150

120 Measured (30 AmsT)

20 s Measured (150 AmsT)

_ o -

£ 60 Measured (300 AmsT)

Z Measured (450 AmwsT)
< 30

o Measured (600 AmsT)

% o o Measured (750 AmsT)

ﬁ 30 L —o— Calculated (30 AmsT)

60 N (—e— Calculated (150 AmsT)

—2— Calculated (300 AmsT)

«

20 e ol \—=— Calculated (450 AmsT)
-120 (—o— Calculated (600 AmsT)
-150 —+— Calculated (750 AmsT)
-180

290 -60 -30 0 30 60 90 120 150 180 210 240 270

Current phase (deg)
(b) Benchmark (Magnet torque)

Fig. 15. Current phase-vs.-torque characteristics.
(Comparison between measured and calculated).

TRYF Y= DERERLTVREDPIREE—FIZBWVT
b EREDERREIT o 720 Fig 14 £ V), Ry F~v— 27130
TREE DS 20°C 2 549 90°C I2IRE FH+5 2 &£ THEE
FED# 6.6%ET 52 0bhb, FRICHIE L 7L,
P-RETIVIEK 20°C 5 90°C ISR IREL LAT45 2
ETHBBIEN 68RILT T 5, oTC, ¥7 v b
7 OHLEFIERRIZ Table 3 OREAREAIIHT L TNV F v —
7130.934, BET—5130.932 DIREMIERBZ#T 5,
Fig. 1512 Table 3 & (1) XOAAE _H,rH~ 74 v b b
V7 RHLERME L, Fig. 120~ 27 % v b bV o L L7

IEEJ Trans. IA, Vol. 138, No.6, 2018



AR O S PM £ — % (FILEK, i)

AT g-axis
75 Magnctic flux
density 20 (T)

18
16 o
14 1
12 L8 7f }
10 LT
08 ] Ly
06 ]
04 J‘
02 l-axis
00 o E

(a) Magnetic flux vectors (Current (b) Vector diagram
phase: 0deg)
Fig. 16. Magnetic flux vectors and vector diagram un-

der high-load and current phase 0 deg. (Benchmark).

g-axis

d-axis

Righ &

(b) Vector diagram

(a) Magnetic flux vectors (Current
phase: —30deg)
Fig.17. Magnetic flux vectors and vector diagram un-
der high-load and current phase —30 deg. (Benchmark).

“H77 Magnetic flux q-axis
2.0(T)
18
16
14
12
1.0
V,
08 0
06
04 ¥,
02 ¥, 1, Lj, d-axis
00

(a) Magnetic flux vectors (Current
phase: —90 deg)
Fig. 18. Magnetic flux vectors and vector diagram un-
der high-load and current phase —90 deg. (Benchmark).

(b) Vector diagram

RERT, FME )Ny F~— 27 3HLEEHEE R & 20
EAFIT—HL T2, BETEEIIESNESIZETO
MAEVRONLHLUTO 28 ) OMHEDEZ 5D, FEIZ
BILAA Odeg D & XL Fig. 16 \I/RT £ 912, AWK ¥,
CHEART % g BhERE TR Lyi, O RE CRGGERIRIC
£ o Td MOBSIEITAHIM L CTREEER L, MOl v,
WP T %o ZOFER, [ (b) DEMHRZ MVK (P, D
WAEEZR L) DOFERNT VA (P, DS EED )
LT %, 22T, B— S NEANCD Lyi, BT
B Y, DI NOEGEPR N0, BHEEHTERLL
TV,

—7Ji, BIAAEA Odeg LSt & &, —fBi& LT Fig. 17
2R —30deg DHAEIE V FUCHAREL & L 7Rk A O 4
(Right) & /=Ml (Left) Thlied FahFAEL ), Fig. 18 12
R EIAAN —90deg DA D d B3t L CTHRAHA LA
Lho 22TV, DWMMIIZA A=Y TH b, ¥, 12 q il
BT B Lyi, %8 LT d SOBSIPIA NS 2 2
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Magnetic flux g-axis
density
20(T)
I 18
16
14 v,

Left
04
02 L)
y 00 o Py L, d-axis
Right Right

(a) Magnetic flux vectors (Current
phase: —90 deg)

Fig.19. Magnetic flux vectors and vector diagram un-

der high-load and current phase —90 deg. (Proposed).

(b) Vector diagram

Magnetic flux ‘q-axis
density
Left I 20 (T)
18
16
14 Lj,
12
' 10 I,
08
\| | ¢ N\ A L,
(4 04 N\
Fi A I 02 N\ . 1
o VW oo ¥, d-axis
Leakag.e - Ldia
magnetic flux Right Right

(a) Magnetic flux vectors (Current
phase: —60 deg)
Fig.20. Magnetic flux vectors and vector diagram un-
der high-load and current phase —60 deg. (Proposed).

(b) Vector diagram

g-axis

—
' d-axis

(a) Magnetic flux vectors (Current (b) Vector diagram
phase: 0 deg)
Fig.21. Magnetic flux vectors and vector diagram un-

der high-load and current phase 0 deg. (Proposed).

W Magnetic flux
e densi
Sltyz.o (T)
l 18

(a) Magnetic flux vectors (Current
phase: 30 deg)
Fig.22. Magnetic flux vectors and vector diagram un-
der high-load and current phase 30 deg. (Proposed).

(b) Vector diagram

& THWREER T 5%, BARHRE~N 7 MvEFK (GO 5
e hm) O dMERTRAEM Lyiyg YEREAT52 LT
CCW HEEZD A, Right HlOfA DD Fag a5 < % 5,
2%, dg BB OBBEPTHL TWAE I EIERLTEY,
COREIN), QRTEBIN TRV OKEET IV
LEMECHAERAE L TWA, 4B, Fig 16~Fig. 18 D%
T =PI XA =T THIANT VS,
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(c) Current phase +60 deg

Fig.23. PM-flux vectors with respect to current phase.

KIREE—2 BT <7 4 v b bv o OFLEEHER
R EFRE L DERIZOVWTELRZ1T) o Fig. 15(a) 13 (3)
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AR E 26T %o Fig. 19 205 Fig. 22 [ZEIAAH & 24
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T2, TOHRE, B O) 07 = —HFRIZBNT,
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T ETEMRNRT PVIZELT %,

—75C Fig. 23 \ZBRF#RITY 7 7 =7 (JMAG ver. 15)
DFPIENTHEREZ VT — ¥ NOBEGRER DA% FR L
7% RS [ (a), (b) (Z/RT &) IZEMMAH B 2% +d
W25 +q BUTIANSE T B I, BRARLHS R IZ%T 72
BB 12 & o TRANTRY & ) SIS L Tw
<o =77, BB () 1Z/RY &9 ICEBMAA B 2% +q #hA 5
—d WTNIZHES S A (550 FEETEIR) 129EV, Fig.5(e) 12
THUL7Z2EBY, —d WA X > THO A DR
WA BRI L, BRI OEMEZ 7257

DUF, IhongBEHICERL TV Q)R&LD, |
=00k & gWEE v, 13 @) RIZh b,

Vq = w(Ldid + l//m) = w(//o .......................
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Fig.24. Air-gap magnetic flux density with respect to
armature current at current phase —90 deg.
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TRABE CIEHL L TR 72 d BA R X 5500
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= (B -90deg © & X DMETIEH L) OB
FED FBNIR T . ML ) R F~— 713550 FLRE
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¥ DX vy THREEOBRMARE (Fig.25 oR~7'2 v
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—— Proposed
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Fig.25. Air-gap magnetic flux density with respect to
current phase.

Magnetic flux density (T)
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Fig.26. Leakage magnetic flux with respect to current
phase.

Fig.27. Magnetic flux contour and vectors at current
phase 0 deg without PMs.

EWTED, F72, —d WEETRAIC X 2 RIR L —d
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BILAAEAT 0deg & 0 HISHES L CTHIO FLREAHINIC 22 5 &
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LY LR EL L7720, RUEHEN DT 5,
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Fig.28. Magnet torque comparison between measured
and calculated by Eq. (9) under 750 A T.

Table 4. Permanent magnet flux.

P 20.2 mWb
¥ (90 <B <0) 44.7 mWb
¥ (90<B<0) 21.9 mWb
Y-, (0 <P <90) 41.8 mWb
¥y  (0<B<90) 3.29 mWb

olj, g-axis
o,
d-axis

Fig.29. Vector diagram of PM-motor.
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BT REHIE & B IR Wreakage |3 Fig. 26 & A% BET
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W3t L CHZER 2 BT 5 2 & CEIMISGEVWEFE TV
DB ENTELUREEDLH L EFT R 5o

(4-4) dq#EEEM  AETRRERE-—FLXVT
~ =7 O dq SEEFEMN O E LT 5 2 & TEREhR
MEDEE#T) o Fig.29 D7 MVEIIRT X 9 IZBERL
o DEAHLAIE, (10) LD vy, v, EKD D EHT
&5,

vg=-=Vising, v,=

IEEJ Trans. IA, Vol.138, No.6, 2018



AR O S PM £ — % (FILEK, i)

i e

Voltage (V), and Current (A)

U-V line voltage
U-V line voltage (Fundamental)
|—— U-phase voltage (Fundamental)
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Fig.30. Measured voltage and current.
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Fig.31. dg-axis voltage ellipse under 600 A, T at
500 r/min.

Lyiq 3

(a) With PMs (b) Without PMs

Fig.32. Magnetic flux vectors under flux weakening.
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Table 5. dg-axis inductance under 600 A,sT around

MTPA point.
Benchmark Proposed
L,(mH) 0.25 0.55
L, (mH) 0.51 0.35
800

—=— Maximum voltage ellipse (3000 r/min)
700 [ |=—*—Maximum voltage ellipse (4000 r/min)
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[ Maximum current vector circle []
=—O—Vector locus under MTPA control

6000 r/min
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Fig.33. Vector locus under MTPA control.
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