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Reduction of Iron Loss in Stator Core using an Optimum Pulse Pattern for High-Speed IPMSM
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Kazuki Yamane™ *, Member, Nobuaki Yamada™*, Member, Masamichi Nawa™*, Member
(20XX @ F @ A %A, 20XX ‘@ H @ H f<AfT)

This study proposes a reduction method for iron loss in stator core using the optimum pulse pattern for a
high-speed interior-permanent-magnet-synchronous-motor (IPMSM). In this paper, a simple evaluation function for
iron loss of stator core in a pulse-width-modulation (PWM) drive is introduced. In particular, the iron loss in stator
core is approximately estimated from the flux level obtained from the integral of the line-to-line voltage of the PWM
drive. In addition, the pulse pattern is optimized to reduce the iron loss in stator core based on the introduced
evaluation function. To validate the evaluation function, the correlation coefficient between the evaluation value and
the measured iron loss is calculated in 12 random pulse patterns applied to the inductor and IPMSM. As a result, the
correlation coefficients are 0.991 and 0.982 in the inductor and IPMSM, respectively. In addition, the iron loss of the
IPMSM with the optimum pulse pattern is reduced by 8.5% and 3.7% in comparison with a carry-asynchronous
PWM and carry-synchronous PWM, respectively.
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Fig. 1. Phase voltage waveforms and line-to-line voltage waveform of
synchronous PWM (1/4 cycle).
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Fig. 2. Transition modes of space vector.
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(b) Iron loss separation
Fig. 3. Iron loss distribution and separation
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Fig. 4. Relationship between line-to-line voltage waveform and magnetic
flux density waveform.

2%,
h="%-a (“x‘%j .................................................... (11)
fi=a,—¢ [a»E) .................................................... (12)
Bi=atg [“‘5) .................................................... (13)
po=>n-q, @n>fj ................................................. (14)

KRB ORIEIL 0 < S <2 IZBWT, A L /\—F DE
BIE e 01272%, LI2A->T, MHEEERXASHRTRS
ZENRTED,
NEw (Bi<B<PB) k:even
10 (B<B<B.) kiodd
F7o, HXMI L OBBBELEOR ML) TEEND,
o BB =B) (B <B<B..) k:even
& %nyw_{ : G <pes koda (10
LEnR=>T, (0 U@ﬁibaﬂﬁmg%mzanéo
NS@ZI v, (e)de— 1y

im0 A

T IC, B Ei/NSalL, 7SIV ARE — L BT —ETH
DT, INREHELL, 72T — 2 TEREIE,
BRIB OFHMBIEL f1XLA T & 72 5,

(18)=UF3CHR(8)D PWM Tz 1) 5T — ¥ @R Bt I
EOFHLBIE & FERIZ, BMERBEENWSZ L2 <, &
Ay FUTEAI VT HOHAINAEORIITREIN
TW5b, LER-T, (1) aSIETEEHMERE S LT, X
K@) ERRIS, PR E RN E 72D X o ICENEhD AL
FUTEAI T ERODL LT, SHEEPKETE S,

3. EMIRE

AHEITIE, METFIEOFEREELHRT LD, 4157
2 D% X OVEE IPMSM@O-(8) % FiCHEBR 21T - 7= R
SWVWTik~D, BE Ltﬁ%%ﬁiﬁ%%ﬁ&*b@wﬁ
HEREHMIRE SR Ch D, T 0w, FHMmBEE O LM

IEEJ Trans. ©@,V0.0@®, No0.O®, 000



I IPMSM D AT — Z S0 O EHEISH PWM (BB 4272, i)

BIEREAFIRIFENFE U T & Le PWM % 12 3% — U AERR
L, (18) U CHHE X % SRIEFHINE & S53E S=MIME & o FEBIfR
B2 & Tl Lz, £/, IREFEOFRAMIZ
(@) ¥x VU 7IERY PWM : ZAlXFrx VU T7DOER 7 o A8

LEFHESOE e 7 o 2R —F LTV PWM, (b)
Y U TR PWM: =AExy ) 7ToEa s o AR EEE
SO ARMPNFEIC—HLTND PWM, (o) BE
PWM : FHHBEE 3 Fe/MT 72 5 K HICEH L7 PWM @ 3 D
BT D Z L THERT 5, ok, A X7 ZB IR
IPMSM O 85 5 DRKREEIZEBWTEH, PWM X 9 /L 2%
WY, EIREE Ea 13 180V, T3 K 13 0.785( = A K L PWM
FRORRE YY) E LTz,

(B3-1) AVFVRIIBTBREIE X5 ICEREREZ R
T A= FT 2 L =R B, A vTF
J#T2iE, IGBT(2MBI150U2A-060, 600 V, 150 A, &
EEHAT D, A =X OBERFIIE, BIERBGHE
TEEIR(RP7951A, Keysight Technologies)Z i L, 180V (Z
BRET D, BAOPEIZ AT — A — & (PW3390, ¥
+£0.04%, ik 200kHz, HIOKD)% W\ TIT72 > 72,

X 6 \ZABHWER LicA &7 X OEH, £ 1 I1X8EER
T 2 WANCHIBI B 2B &, PWM FIINEEO 1 BT &
2 RAEIE D SEBZFR Lz, 28, @H, b7 RAEE
BRI 2 W CTRE S N 528, ARFHIE— X ICB
TSR AEBEL TS, T—F T RNICHEA SN
2 M7 PR 2 VW TEREL TV D,

X 72 PWMFEIINEED A > 2 7 & OFHEE L OEROT 4
F(THD) &, (18)=UC & 2 FHEEORE KA RT, 728, 123
& VDT A APWMELE, (1)K F/MIRD L HIC

BHLUZREPWM 24 U X7 ZICHIIML TS, 2, Z
NHOT —Z OMBERE r 2LV EE L,

D NUB I
e e (19)
YU L Y3

ZIT, nlEZT =2, (fin Pl n % B OFHME & 858,
N={IENENDOEEMEZ 7T, FHBMREIT —ARAYIZ 11
PETAUTITVIE EFBIA TR, SF 0, BB
<, BEOBOVEMERE E W R D, X 7@ 5, #E L (18)
KU & 2R, FRRIFR%EL0.991 TH Y, FEFITE\FEE
B BT5Z 0nbhd, LEB-T, R/ VLVANRY
—CEREN LB IS A > X 7 2 TRAT HEEE, (18)2»
BRHTE W25, £77, IRXDBH/NMIR D Lo icE
HLUTZIREZ PWM S, PO LA RZ—2 10 S4B/ E
W2 ERb»ND, —J, Kb 5, EiE THD & (18)=ic
& 2 R, *HE‘%{@& 0486 TH Y, IKWFERITH D, D
£V, AREHEIRTETHO A RMEREEUL, S48 &I3EE
WAHBIS S, EEE THD & IIAEBE MRV, 20 Z &k,
ARFETVEROEN THD 2RI T 5 Fik & 138735 Z &7
KOYIRYS

212X ¥ U TR PWM & H24 PWM ORI B L YEIC

_o_
DC T Vay Vour2
Supply . Test
(RP7951A Vie | mmverter S inductor
/Keysight) |
iinl *

Power meter
(PW3390/
HIOKI)

Fig. 5. Configuration of the system to measure iron loss of test inductor.
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Table 1. Specifications of test inductor.

Core material 35IN440
Cross sectional area 95¢m?
Gap lenght 0.52mm
Number of turns 21
Core volume (weigh) 262cm’ (1.9kg)
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(b) Evaluation value and current THD
Fig. 7. Correlation coefficient between evaluation value and iron loss,
current THD of test inductor.
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Table 2. Switching patterns of carry-synchronous PWM and
proposed PWM in test inductor

Switching pattern Carry-syn PWM Proposed PWM
B 0.163 rad 0.044 rad
23 0.184 rad 0.114 rad
B3 0.448 rad 0.124 rad
i 0.627 rad 0.171 rad
Ps 0.863 rad 0.876 rad
Ds 0.884 rad 0.924 rad
B 1.047 rad 0.934 rad
B 1.467 rad 1.004 rad
Po 1.495 rad 1.047 rad

P EY] H H 3 ~ 2000s/ Gy

U- phase current 20 A/d1V 200 ps/div

(a) With carry- asynchronous PWM

EE T H * 00s7 &

A a4 : : : :
U-phase current 20 A/div 200 ps/div

(b) With carry-synchronous PWM
T T T PR J EQUOU&/[EV

200 ps/div

U—'phase current 20 A/div :
(c) With proposed PWM
Fig. 8. U-V line-to-line voltage and phase current waveforms.
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Fig. 9. Iron loss of test inductor.
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Fig. 10. Configuration of IPMSM drive system.
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Fig. 11. Model of test motor: concentrated winding IPMSM.

Table 3. Specifications of test motor.

Maximum power 3kW
Maximum torque 4 Nm
Base speed 7200 r/min
Maximum speed 12000 r/min
Armature pairs of poles 6
d-axis inductance 0.389 mH
g-axis inductance 0.556 mH
Winding resistance 0.0557 Q
Back-EMF coefficient 0.0189 Vs/rad
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(a) Evaluation value and iron loss
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(b) Evaluation value and current THD
Fig. 12. Correlation coefficient between evaluation value and iron loss,
current THD of test motor.
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Table 4. Switching patterns of carry-synchronous PWM and

proposed PWM in test motor

Switching pattern Carry-syn PWM Proposed PWM
B 0.163 rad 0.044 rad
23 0.184 rad 0.114 rad
Ji3 0.448 rad 0.124 rad
yen 0.627 rad 0.171 rad
Ps 0.863 rad 0.876 rad
S 0.884 rad 0.924 rad
B 1.047 rad 0.934 rad
B 1.467 rad 1.004 rad
Bo 1.495 rad 1.047 rad

Tk P ER

T I00ST T

-phase current 20 A/dlv

200 ps/div

(a) Wlth carry-asynchronous PWM

Tl I BT

U-:phase éurrent :20 A/d:iv

200 ps/div

(b) With carry-synchronous PWM

I=F 3]

o7 div

............. PO
.......... By
AN
]
-phase current 20 A/d1v 200 ps/div
(c) With proposed PWM

Fig. 13. U-V line-to-line voltage and phase current waveforms.
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Fig. 14. Iron loss of test motor.
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App. Fig. 1. Comparison graph of the Eq.(6) and the integral term of Eq.(9).
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App. Fig. 3. Analyzed B-H curve with carry-synchronous PWM.
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