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Abstract : The IPMSM is primarily used within industrial fields of mobility, where high output, efficiency, and a wide
operational range are crucial, depending on the driving conditions. IPMSM’s electrical characteristics vary based on the
winding method. Short-pitch winding exhibits lower torque ripple, a lower total harmonic distortion(THD) of back
electromotive force, and reduced leakage inductance at the end-turn than full-pitch winding. However, the average torque is
small. Therefore, this study aimed to improve the average torque of IPMSM using short-pitch winding. Specifically, the
objective function was to maximize the average torque. The torque ripple, the THD of the back electromotive force, and
efficiency were set as constraints. Sensitivity analysis was conducted to select optimal design variables. The experiments
were designed using the orthogonal array technique. The metamodel was performed by applying 11 metamodeling
techniques and predicted R’, and the optimal point was determined by combining the most accurate metamodel and hybrid
metaheuristic algorithm. Finally, finite element analysis(FEA) was conducted on the optimal point to confirm the validity of
the metamodel-based optimal design.

Key words : Optimization(Z 2] &}), PMSM("I 1 & 724 -5 71715 71), Short-pitch winding(tH4 ), Metamodel(™]
B} 2, Mobility(5.12 2] E])

Nomenclature 1. M2
IPMSM : interior permanent magnet synchronous motor 874 o 2 7|3 wst upe} 247t~ AES
SPMSM : surface permanent magnet synchronous motor 93t A A 3R Qe AAeA dx, A7) F A4
THD : total harmonic distortion ul 9l ghy fofel 2 HHIFE] Fok: 7|E9] QX
HMA : hybrid metaheuristic algorithm 7IHke] G5 Al ~Hlo| A A E57]E o] &8k 3k A
Back-EMF : back electromotive force 7] & Ao R g1 Ik
FEA : finite element analysis S E] Eof= 3 W 8l At me} A& e
Ao LA 7] wiiel & g g oy
22 2 9 E 2t dE7)7  asieh?
11913 A2 HE71(IPMSM)= 3] A} Yl el g
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(b) Coil location of each phase by short pitch winding

Fig. 1 Shape of PMSM model by short pitch winding

Table 1 Specifications of initial model

Items Unit | Value
Continuous output power kW 40
Required
edutre Continuous torque N-'m 242
spec.
Rated speed rpm 1575
. Electrical steel - | 35IN440
Material
Permanent magnet - N45SH
) Continuous current A 120
Electrical
Current phase angle ° 48
Outer diameter of stator mm 200
Outer diameter of rotor mm 120.6
Mechanical -
Air-gap mm 0.7
Lamination mm 195
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Table 2 Range of design variables

Design variables Unit | Initial | Lower limit | Upper limit
DV1: Barrier Outer ° 4.65 2.63 4.65
DV2: Barrier inner ° 8.43 8.04 9.3

DV3: Magnet fixture | mm | 0.81 0.81 1.56
DV4: Center bridge | mm | 1.79 0.6 1.79
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Fig. 3 Design variables
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Fig. 4 The minimum and maximum shapes of design variables
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Table 3 Predicted R? results of metamodels

Predicted R*
Metamodel
Torque Torque ripple THD of the Back-EMF Efficiency
PRG(Backward step) 0.000000 0.985316 0.997329 0.000000
PRG(Simple cubic) 0.99739%4 0.984898 0.995393 0.995512
PRG(Forward step) 0.999071 0.989424 0.996194 0.998770
PRG(Simple quadratic) 0.997820 0.978967 0.996261 0.994465
PRG(Full quadratic) 0.997394 0.984898 0.995393 0.995512
PRG(Linear) 0.986528 0.838409 0.987001 0.994142
MLP 0.983024 0.882747 0.970031 0.994412
Kriging 0.998822 0.991191 0.997067 0.999646
RBF(Regression) 0.997548 0.985311 0.995553 0.924688
RBF(Interpolation) 0.998311 0.951315 0.967351 0.586319
EDT(Hybrid) 0.991148 0.980592 0.867313 0.997677
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Y
o] o5 el tie A& s kel AEolH : :
S 2 S B3l o 21 Items Unit | Initial Optimal | Optimal
o 2 @)= 5ol g el Tk (HMA) | (FEA)
DV1: Barrier outer ° 4.65 3.88
Desi
& N 8 | Dv2: Barrierinner | © | 843 8.07
(y(xl) -y (xi ) variables
9 i=1 DV4: Center bridge | mm | 1.79 1.03
Rprr’d 1= nEXP (2)
2 (U(z )71—/)2 Torque N - m|249.97| 255.89 | 255.86
= e Torque ripple % | 951 | 952 | 959
esi
&n THD of the
results back-EMF % 8.13 8.15 8.27
~(—i . ack-
47)M y(z,) = i dA AR AA g 5 (2) = . -
‘:ﬂﬂﬂ E]U-ﬂ ﬁ]% Z].ﬂ O]—ﬂ :I'L ?:51' ‘%1‘94 ZHJEH )\E]t—éano] Efﬁc1ency % 94.97 95.11 95.11
gk o3 gl y = A ghel Hatolth
Predicted R*= &3t 24} gh5 Al gt 7159 FE = A A okl fdo s Fdete] el
AP EHA o7 7 Tho| 4] Rank-iMDDE(Improved constrained defferential

7}
=3y a8 grlsic}l 17 913
=

g 719 R* HU

Predicted R 03} 12] ARIGES 7
Q=F7}F 751%% eI &

H RS 3} A A el Fhe]

_,d
=
~
N
o
S
e i

2 W AAE 11784 HEFL D 9] Predicted R 7S
Table 39l A2slith H =5 PRG(Forward Step)
71, 97142 ] THDE PRG(Backward Step) 71%, &

A &Y §82 Kriging 78S

AR ) veh e

o Baes} Vg Satel A4 vetnay o

AR AT

2.6 MER=ZH 7[tto] 2|H

24

%a W5 2 welrdy 7jHo g A wE

o Ao A=Al Fara]=<9] HMAS} 7“; 174 =

A3

At we Sy o

784 HAASABeAE =2 A32A H10S, 2024

evolution), 3] A ol 41 += MCS(Modified Cuckoo Search)
71 & AHEste] HA S E 3= W o]tk Rank-iMDDE

= MCS 7|39

A A sh dare]sol vls w7
ATED FH A A7 A 3= Table 40 LER2UTE HMAS

Fa =E9 oS53 FEAQ] A Fkoll gk
3 A} B 0.01 %, B &S
1.47 %, EEE 0.0 %= d= A5 ¢
HERR ]S F13

2] o] THD:

o=

RAE H A A2 TR

O O
== a1l

0.74 %,

Atk 71 €] THDE] =
& 8.15 %R A oF 2710l 8.13 %= Z3a}
2l PIANO®N A 3185 +=
a8 + 0.3 %A= Ak 21

whetth B4 252 7] 29l tiv] 9.51 %ell A

=2 0.08 % 571 A TE Aok Z=7121 10 %

g}

o1& AFste] ALgEY] Wl the

HAA P2 S

oS

47]%

_,_

'r?L )

=
=

o5}

A iss U

9.59 %

[e] =
v Ehe

=
-



T B3 gYs oleh SHEA YUY 7Y S7[US7(9] 21t vl2jo] Y 2|3 A

280 - T T T T T T
—=— Initial model
280 - —=— Optimal model

MV MWWV W W]

Average Torque [N-m]
[\ (%) %] [ [*]
W I o [:] |
(=] o Q i=] (=]
L 1 L L

220 .

210 T T T T T T
0 1 2 3 4 5 6 T 8

Time [ms]

Fig. 6 Torque waveforms

(a) Initial model

(b) Optimal model

Fig. 7 Shape of Initial model and Optimal model

17]712 9] THD= 8.13 %ol 4] 827 %= 0.14 % 57}
sl om o= DV4ZL EojEo] A&l Fdo= %
Hell whet 35 245 Aot wstelgl ] wido|th a8
£ 9497 %ol A 95.11 %= %7] EEr Tt A
54 Sl Hot BT 7] B9 UiH] 24997 N - m
o4 255.86 N - m= 2F 2.3 % 73t} Fig. 62 %71
eyl HA wde] P B vbg o] AL Fig, 70l

e R4S Bl Ha B 7P 9 v =
7| W7 Center Bridge (DVAH QS & 5= A T) L3
H 2 A7 A72] Table 45 X1 Center Bridge (DV4)7}F
712 1.79 mmol A4 1.03 mm= A7 & < 5= 2t} Fig.
82 x7] ey} A Relo] 2k ot 7] BEl
HA mdlo] 2p& AEE v ek A Relof A 2}

&410) 6] F7hsHgla AR} A1 9] A A Rk 74

i)

¥

S

(b) Optimal model

Fig. 8 Magnetic flux lines of the initial model and optimal
model

S5 o = Qltk Fig. 95 %7) 2dly} H% nae] g
2 B, viavE B glgoln 4 o] np
vE B3} 371l whet dA B2t S8 S8
& = Utk whebA vl e]of o] FEjrL Aol 3
3}A WHE3L Center Bridge(DV4)e] Zol7} &

A4S JFAA B el 2 J &g v)3int

L
elel Ak ok EE:E HAH A5 F

|
l

a do
WAy e o

r
o go 3 fo mo S ot n

1

ol

B
=(I){=:
X
)
1o
o
_)#l
fitlo
o
o
N
i=)
-
[o
i
i
)
¢
B
i)

A et DY 7Y T 7P Rt vk 2 Y 7Y
AAsh= Zo) A5 el %3t vetR S A4

= F&etths Ae & AT

RS

Transactions of the Korean Society of Automotive Engineers, Vol. 32, No. 10, 2024 785



Daehan Kim - Yongmin You

350 T T T T T T T T T
- ® - Reluctance Torque_initial —s— Reluctance Torque_Optimal
300 - - & -Magnetic Torque_Initial  —w— Magnetic Torque_Optimal |
# - Total Torque_Initial <— Total Torque_Optimal
+3 3
250 | 2 =3 Ty 1
* %
- * "
T2001 434 3 1
= ” ~ A Y- N
= A \1‘_ : ! L. .
2 150 4 ~I W 1
g P ;‘:{- 3 <. A
= 100 > By &, 1
g LN |
y 4 Ry
50 ¥ 3 E AL .
i g R
r 3
04 P g * 1
e
2
=50 T T T T T T T T T

Current phase angle [deg]

Fig. 9 Reluctance torque and magnetic torque waveforms of
the initial and optimal models
3.2 E

=R A= WE R suke] HA HAS
YA F71AE7e] B3 AE wjeo] ¢

E)
o
==

02 ol
i\
)

o o

5 i o Fl'E

I
Y i)
N )
o4
ol é
ol
38 )
vl S
o N
> 3
N )
e
o g
ik S
o 12 5
o
=)

o

1

ML

1

o folr ol M
oy oft o Sk mo

e 2
I
)
i)
-
fo
2
12
N
Y
Jo
o
=)
ot
il
X
rE
-

—
—

7} 9] UﬂE]r‘j a7y
©l Predicted R*S &85} &2
FHElRd Y VHE =& o

2)

ol
3@ r°*' n:E

by

{1 ]10['

O
-

3) A9 A28 S0P Z HMASH A E e
Agetel A2 4AE At

%%
okzﬂoﬂ HEss H A AS 5

786  HAASABeAE =2 An2A A0S, 2024

7|

O] =2 2024 = RS, AR 9] Al
o= S ATFAEE] 7]2ATAIEMNo.2021R1T1A3060525)
b S s M RS l 1S ol e Aed
(P0020536, 20243 2+ 821 1 A1 A3 G2 AAFSD).

T

References

1) J. Park, C. Kim and T. Kim, “An Analysis of the
Research Trend on Smart Mobility: Topic Modeling
Approach,” The Journal of the Korea Institute of
Intelligent ~ Transport Vol.21, No.2,
pp.85-100, 2022.

2) G. Jeong, C. B. Park, H. W. Lee, S. D. Lee and J. Lee,
“A Study on the Design of a 130kW-class IPMSM for
Propulsion of Tram-Train,” Journal of the Korean
Society for Railway, Vol.19, No.4, pp.427-435, 2016.

3) D. Y. Han, Y. T. Kim, C. S. Hahn and K. C. Kim,
“Characteristic Analysis of Parameters for the

Systems,

Performance Simulation of Interior Permanent Magnet
Synchronous Motor,” KSAE Spring Conference
Proceedings, p.1338, 2014.

4) M. Lee, I. Kim and C. S. Lee, “Characteristic
Comparison of Brushless Motor Type for EPS
System,” Transactions of KSAE, WVol.20, No.l,
pp-53-60, 2012.

5) R. Dutta and M. F. Rahman, “Design and Analysis of
an Interior Permanent Magnet (IPM) Machine With
Very Wide Constant Power Operation Range,” IEEE
Transactions on Energy Conversion, Vol.23, No.l,
pp.25-33, 2008.

6) J. H. Bahn, S. Kwon, S. H. Ha and J. P. Hong,
“Investigation on Characteristics of Interior Permanent
Magnet Synchronous Motor According to Pole-Slot
Combination,” The Korean Institute of Electrical
Engineers, pp.771-772, 2006.

7) J. H. Seo, S. Y. Kwak, S. Y. Jung, C. G. Lee, T. K.
Chung and H. K. Jung, “A Research on Iron Loss of
IPMSM with a Fractional Number of Slot Per Pole,”
IEEE Transactions on Magnetics, Vol.45, No.3,
pp-1824-1827, 2009.

8) M. Silberberger, D. P. Morisco, H. Rapp and A.
Mockel,
Inductance for Hairpin Winding High Power Density
Traction Machines Using the PEEC Method,” IEEE
International Electric Machines & Drives Conference
(IEMDC), pp.1-7, 2021.

9) M. Ooshima, “Analyses of Rotational Torque and

“Calculation of End-Winding Leakage

Suspension Force in a Permanent Magnet Synchronous
Bearingless Motor With Short-Pitch Winding,” IEEE



10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

Optimal Design of Rotor Barrier Shape for Interior Permanent Magnet Synchronous Motor with Short-Pitch Winding to Improve Average Torque

Power Engineering Society General Meeting, pp.1-7,
2007.

K. D. Lee and J. Lee, “Shape Design Method for
High Torque in the Flux-Weakening Range of the
IPMSM,” The Transactions of The Korean Institute
of Electrical Engineers, Vol.64, No.4, pp.629-633,
2015.

W. Zhao, F. Zhao, T. A. Lipo and B. -I. Kwon,
“Optimal Design of a Novel V-Type Interior
Permanent Magnet Motor with Assisted Barriers for
the Improvement of Torque Characteristics,” IEEE
Transactions on Magnetics, Vol.50, No.11, pp.1-4,
2014.

C. Kim, S. Lee and S. Y. Jung, “Design of Cogging
Torque and Torque Ripples Reduction for High
Precision Controlled SPMSM,” The Transactions of
the Korean Institute of Electrical Engineers, Vol.58,
No.10, pp.1923-1929, 2009.

D. Jung, “Design of Driving Motor for Small
Electric Vehicle Using Low Voltage Battery,”
Transactions of KSAE, Vol.30, No.l, pp.83-89,
2022.

S. Jin, K. -B. Park and J. -H. Seong, “Metamodel
Based Design Optimization of Railway for
Improving Vibration,” The Korean Society for
Railway, pp.1054-1059, 2012.

Y. M. You, “Shape Optimization of PMSM Based
on Automated Design of Experiments
Multi-layer Perceptron,” Journal of Next-generation

and

Convergence Technology Association, Vol.4, No.5,
pp-478-484, 2020.

J. H. Kim, M. H. Sung, G. T. Park, S. H. Jeong and
M. S. Lim, “A Study on the Optimal Design of the
Air-cooled Outer Rotor In-Wheel Traction SPMSM
Using Kriging Surrogate Model,” KSAE Spring
Conference Proceedings, pp.755-759, 2023.

M. Djami, M. Hage-Hassan, C. Marchand, G.
Krebs, P. Dessante and L. A. Belhaj, “Kriging
Metamodel for Electric Machines: A Drive Cycle
Approach,” International Conference on Electrical
Machines (ICEM), pp.251-256, 2022.

J. -G. Bu, M. Zhou, X. -D. Lan and K. -X. Ly,
“Optimization for Airgap Flux Density Waveform
of Flywheel Motor Using NSGA-2 and Kriging
Model MaxPro IEEE
Transactions on Magnetics, Vol.53, No.8, pp.1-7,
2017.

Y. M. You, “Optimal Design of PMSM Based on
Automated  Finite  Element Analysis and
Metamodeling,” Energies, Vol.12, Paper No.4673,

Based on Design,”

Transactions of the Korean Society of Automotive Engineers, Vol. 32, No. 10, 2024

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

2019.
J. Yoon, “Design of EPS Motor Applied Hair-Pin
Winding Using Rectangular Wire,” KSAE Annual
Conference Proceedings, pp.662-663, 2019.
PIDOTECH Inc., PIAnO User’s Manuals and
Tutorials, PIDOTECH Inc., Seoul, Korea, 2019.

D. H. Kim and Y. M. You, “Optimal Design of
Rotor Shape Magnet
Synchronous Motor,” KSAE Annual Conference
Proceedings, pp.1238-1239, 2023.

K. T. Chau, Electric Vehicle Machines and Drives:
st

of Interior Permanent

Design, Analysis and Application, edn.,
Wiley-IEEE, Hoboken, p.243, 2015.

H. -W. Kim, Y. -G. Min, D. -H. Jung, H. -S. Seol,
H. -J. Lee, S. -J. Kim and J. Lee, “Torque Analysis
of V-type IPMSM According to Asymmetric
Barrier for Electric Motorcycle Traction,” The
Korean Institute of  Electrical
pp.661-662,2018.

J. -M. Yeon, B. Xia and C. -S. Koh, “Barrier Shape
Optimization Design of Double-layer Interior
Permanent Motor for
Improvement of Torque Characteristics,” The
Korean Institute of Electrical Engineers, pp.72-74,
2015.

L. Liu, H. Li and D. Ban, “Multi-Objective
Optimization of IPMSM Based on Subspace
Division,” 20th International Conference on
Electrical Machines and Systems (ICEMS), Sydney,
NSW, Australia, pp.1-4, 2017.

J. W. Jung, T. Lee, J. J. Lee, G. H. Lee, J. P. Hong
and K. N. Kim, “Shape Design of IPMSM for HEV
Traction Motor to Reduce Usage of Permanent
Magnet and to Ensure Maximum Output Power,”

Engineers,

Magnet  Synchronous

The Korean Institute of Electrical
pp.607-608, 2009.

Y. Chang, C. Low and C. -J. Wu, “Optimal Design
of Discrete-Value Passive Harmonic Filters Using
Sequential Neural-Network Approximation and
Orthogonal Array,” IEEE Transactions on Power
Delivery, Vol.22, No.3, pp.1813-1821, 2007.

L. Lebensztajn, C. A. R. Marretto, M. C. Costa and
J. -L. Coulomb, “Kriging: A Useful Tool for
IEEE
No.2,

Engineers,

Electromagnetic Device Optimization,”

Transactions on  Magnetics, Vol.40,
pp-1196-1199, 2004.

B. Mulgrew, “Applying Radial Basis Functions,”
IEEE Signal Processing Magazine, Vol.13, No.2,
pp-50-65, 1996.

S. Bal and R. Radha, “Prediction of Heat Transfer

787



32)

788

Performance Using Polynomial Regression,”
Second International Conference on Artificial
Intelligence and Smart Energy (ICAIS), Vol.7,
No.1, pp.1735-1740, 2022.

D. H. Wang, J. H. Lee, S. J. Kim, M. C. Kim and 1.

st ALESE| =22 A3 H103, 2024

S. Lee, “Fault Diagnosis of Induction Motor Using
an Ensemble Method of Decision Tree and
Multilayer Neural Network,” The Journal of Korean
Institute of Information Technology, Vol.20, No.3,
pp.47-55,2022.



	평균 토크 향상을 위한 단절권 매입형 영구자석 동기전동기의 회전자 배리어 형상 최적 설계
	Abstract
	1. 서론
	2. 최적화 설계
	3. 결론
	References


