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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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Fig. 3. Iron loss distribution and separation 



IPMSM─☻♥כ♃ ─ PWM  

 4 IEEJ Trans. ừừ, Vol.ừừ, No.ừ, ừừừ 

↓↓≢  w│ ≢№╢⁹⌂⅔ ☻◦Ⱪ▬ꜝ♪♃כ⸗

♥ⱶ╩│∂╘≤∆╢ ▪ⱪꜞ◔כ◦ꜛfi≢│ ⸗

♃כ ⅛╠╖√ ╟╡╙ ─ ⅜ ⇔╛

∆™(8)(23)√╘ ⌐│▬fiⱣכ♃─ ╩

∆╢⁹ 

4⅛╠╦⅛╢╟℮⌐ PWM─ │

│ ∂ ≢№╢⁹⇔√⅜∫≡ ─ ─

│ ⌐│ ╙⇔ↄ│ ≢№╡ ⱥ

ⱪכꜟ☻◦ꜞ♥☻ ⌐│ⱴ▬♫כꜟכⱪ⅜ ╕╣⌂™(8)⁹↓

─ 4 ─╟℮⌐ ─ ≢№∫≡

╙ improved generalized Steinmetz equation (iGSE)(24)(25)╩

∆╢↓≤≢ ╩ ≢⅝╢⁹iGSE≢│ №√╡

─ ─ PV│ ≢ ⅎ╠╣╢⁹ 

0

( )1
( )

T
a

V i a

dB t
P k B dt

T dt

a

b a-= Dñ  ........................................ (7) 

↓↓≢ ΔBa│ ─Ⱨכ◒Ⱨכ◒ ≢№╢⁹╕√ ki

│ ≢ ↕╣╢⁹ 

2
1

0
(2 ) cos 2

i

k
k

d
p aa b ap q q- -

=

ñ
 .......................................... (8) 

↓↓≢ k, a, b│ ╢№≢♃כ♦◓꜡♃◌─

⅛╠ ≢⅝╢ ≢№╢⁹(7) ╩ ⌐ ⇔

√℮ⅎ≢ PWM ─ ⅛╠ ╩[0, p/2]⌐⌂╢

╟℮⌐ ⅝ ⅎ╣┌ (7) │ ─╟℮⌐ ⅝ ⅎ╠╣╢⁹ 

2

0

( ) ( )

2

a a
V i

B dB
P k d

d

ab a
p

a q
w q

p q

-D å õ
= æ ö

ç ÷
ñ  ................................ (9) 

(9) ─ ─Ⱨכ◒Ⱨכ◒ ΔBa│ PWM ─

⅛╠ 2Bamax≤⌂╢⁹ (9) ─ │ (6)

≤ ∆╣┌ │ ∂≢ (vuv=Edc)─

⅝( 4)⅜ ╟╡╙(dBa/dq)a-1 ↕╣√≤ ⅎ╢↓≤⅜≢

⅝╢⁹⇔√⅜∫≡ ─ │(6) ≢ ↕╣╢ Bamax╩

(dBa/dq)a-1 ⇔√ ⌐⌂╢( │ 1 ─↓≤)⁹⇔√

⅜∫≡ (9) │ ─╟℮⌐ ⅝ ⅎ╠╣╢⁹ 

1

max
max

1

1

max

(2 )

2

2
2

uv dc

a a
V i a

v E

dc
i a

B dB
P k B

d

E
k B

NS

a
b a

a

a

a b a b a

w
p q

w
p w

-
-

=

-

- + -

å õ
= æ ö

æ ö
ç ÷

å õ
= æ ö

ç ÷

 ........................ (10) 

(10) ⌐⅔™≡ Bamax╩ ↄ ≡─ │ Ɽꜝⱷכ♃╛

─ ≢ ╕╢⁹∕─√╘ Bamax─ ╩ ∆

╢╟℮⌐Ɽꜟ☻Ɽ♃כfi╩ ∆╣┌ ╩ ≢⅝

╢⁹⌂⅔ ╩ ∆╢√╘─ ≤⇔≡│ Bamax
b-a+1

≢│⌂ↄ ⌐ Bamax─╖≢ ≢№╢√╘ ≤⇔

≡│(6) ≢ ↕╣╢ Bamax╩ ™╢⁹(6) ─ UV vuv

│ U ⌐ ⇔≡ │ 30 ╪≢™╢↓≤⅛╠

√⌐ ⌐⅔↑╢☻▬♇♅fi◓♃▬Ⱶfi◓bk(k=0, 

1, …, 2m+1)╩ ∆╢⁹√∞⇔ b0 = 0 b2m+1 = p/2≤⌂╡

V ⌐⅔↑╢ 90 ╙ ╕╣╢√╘  p/3 rad─♃▬Ⱶfi

◓≢╙☻▬♇♅fi◓∆╢⁹⇔√⅜∫≡ 0 p/3 p/2 rad

─☻▬♇♅fi◓│∆═≡ai ≢ ╘╠╣ (11) ⅛╠(14) ≤

⌂╢⁹ 

6 6
k i i

p p
b a a

å õ
= - <æ ö

ç ÷
.................................................... (11) 

6 6
k i i

p p
b a a

å õ
= - >æ ö

ç ÷
 .................................................... (12) 

6 3
k i i

p p
b a a

å õ
= + <æ ö

ç ÷
.................................................... (13) 

5

6 3
k i i

p
b p a a

å õ
= - >æ ö

ç ÷
 ................................................. (14) 

─ │ 0 < bk < p/2⌐⅔™≡ ▬fiⱣכ♃─

Edc⅛ 0⌐⌂╢⁹⇔√⅜∫≡ │(15) ≢ ∆

↓≤⅜≢⅝╢⁹ 

1

1

( ) :

0 ( ) :

dc k k

uv

k k

E k even
v

k odd

b b b

b b b

+

+

< <ë
=ì

< <í
 ................................ (15) 

╕√ ↔≤─ ─ │(16) ≢ ↕╣╢⁹ 

1 1 1

1

( ) ( ) :
( )

0 ( ) :

k

k

dc k k k k

uv

k k

E k even
v t d

k odd

b

b

b b b b b
q

b b b

+ + +

+

- < <ë
=ì

< <í
ñ  ... (16) 

⇔√⅜∫≡ (6) │(16) ╟╡(17) ⌐ ⅝ ⅎ╠╣╢⁹ 

1
2 2 1

1

max

0 0

1
( ) ( 1)

k

k

m m
kdc

a uv k

k k

E
B v d

NS NS

b

b
q q b

w w

+
-

-

= =

= = -ä äñ  ............. (17) 

↓↓≢ Edc/NSw│ Ɽꜟ☻Ɽ♃כfi⌐╟╠∏ ≢№

╢─≢ (17) ╩ ⇔ Ɽꜟ☻Ɽ♃כfi∞↑≢ ∑┌

─ fi│ ≤⌂╢⁹ 

2 1
1

0

( 1)
m

k

i k

k

f b
-

-

=

= -ä  ........................................................... (18) 

(18) │ (8)─ PWM ♃כ⸗╢↑⅔⌐

─ ≤ ⌐ ⌂ ╩ ™╢↓≤⌂ↄ

☻▬♇♅fi◓♃▬Ⱶfi◓⅛╠ ↕╣╢ ─ ≢ ↕╣

≡™╢⁹⇔√⅜∫≡ (18) ╩ ≤⇔≡

(8) ⌐ ╩ ≤⌂╢╟℮⌐∕╣∙╣─☻▬

♇♅fi◓♃▬Ⱶfi◓╩ ╘╢↓≤≢ ╩ ≢⅝╢⁹ 

3.  

≢│ ─ ╩ ∆╢√╘ ▬fi♄◒

♃(17)⅔╟┘ IPMSM(26)-(28)╩ ™≡ ╩ ∫√ ⌐

≈™≡ ═╢⁹ ⇔√ │ ╩ ╘⌂™

≢№╢⁹∕─√╘ ─ │

dcE

maxaB

b1 b2 b2m-1

2

p0
b

vuv

b3

2

p0
b

B

a dcdB E

d NSq w
=

 
Fig. 4. Relationship between line-to-line voltage waveform and magnetic 

flux density waveform. 
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⅜ ∂ꜝfi♄ⱶ⌂ PWM╩ 12Ɽ♃כfi

⇔ (18) ≢ ↕╣╢ ≤ ≤─

╩ ∆╢↓≤≢ ⇔√⁹╕√ ─ │

(a) ◐ꜗꜞ▪ PWM ◐ꜗꜞ▪─♀꜡◒꜡☻

≤ ─♀꜡◒꜡☻ ⅜ ⇔≡™⌂™ PWM (b) ◐
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─♀꜡◒꜡☻ ⅜ ⌐ ⇔≡™╢ PWM (c) 

PWM ⅜ ⌐⌂╢╟℮⌐ ⇔√ PWM─ 3≈
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∆⁹▬fiⱣכ♃│ 2 ꜠ⱬꜟ▬fiⱣכ♃╩ ™ ☻▬♇♅fi
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6⌐ ⇔√▬fi♄◒♃─ 1⌐ ╩

∆⁹2 ⌐ ╩ ⅝ PWM ─ 1 ≤
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Fig. 5. Configuration of the system to measure iron loss of test inductor. 
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Fig. 6. Photograph of inductor. 

 

Table 1. Specifications of test inductor. 

35JN440

95cm2

0.52mm

262cm3 (1.9kg)

Core material

Cross sectional area

Gap lenght

Core volume (weigh)

21Number of turns
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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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√ ◐ꜗꜞ▪ PWM ◐ꜗꜞ▪ PWM⌐⅔™≡│

9Ɽꜟ☻─ PWM≢№╢─⌐ ⇔≡ PWM│◦ꜛכ♩
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╩ ⇔ │ ⌐ 30 ⅛╠ 35 ─

Table 2. Switching patterns of carry-synchronous PWM and 

proposed PWM in test inductor 
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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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⌐ ╕╢ ≢ ∫√⁹ 

11⌐ ≢ ™╢ ─♃כ⸗ ♃כ⸗⌐3

Ɽꜝⱷכ♃╩ ∆⁹ ∆╢ │ 3 kW

12000 r/min ─ IPMSM≢№╢⁹╕∏ V/f
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≢Ɽꜟ☻Ɽ♃כfi╩ ─ PWM Ɽꜟ☻Ɽ♃כfi⌐ ╡
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12Ɽ♃כfi─ꜝfi♄ⱶ PWM ≤ (18) ⅜ ⌐⌂╢╟

℮⌐ ⇔√ PWM╩⸗כ♃⌐ ⇔≡™╢⁹ 12(a)

⅛╠ ≤(18) ⌐╟╢ │ 0.982≢№╡

⌐ ™ ╩ ∆╢↓≤⅜╦⅛╢⁹⇔√⅜∫≡
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≢Ɽꜟ☻Ɽ♃כfi╩ ⇔≡⅔╡ 2 4⅛╠╦⅛╢╟

℮⌐ ∂Ɽꜟ☻Ɽ♃כfi⅜ ↕╣√√╘≢№╢⁹
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Fig. 11. Model of test motor: concentrated winding IPMSM. 

 

Table 3. Specifications of test motor. 
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4 Nm

7200 r/min

6Armature pairs of poles

Maximum power

Maximum torque

Base speed

12000 r/minMaximum speed

0.389 mH
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0.0189 Vs/radBack-EMF coefficient

d-axis inductance

q-axis inductance

0.0557 WWinding resistance
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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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App. Fig. 1. Comparison graph of the Eq.(6) and the integral term of Eq.(9). 
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App. Fig. 2. Analyzed current waveforms with carry-synchronous PWM. 
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App. Fig. 3. Analyzed B-H curve with carry-synchronous PWM. 
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