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Study of the Reduction of Torque Ripples for Multi-pole Interior
Permanent Magnet Synchronous Motors using Rotor Saliency
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'Department of Electrical Engineering, Hanbat National University
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Abstract The paper reports an improvement method on torque ripples of multi-pole interior permanent magnet
synchronous motor (IPMSM) applied to a traction motor for hybrid electric vehicles. In the case of multi-pole
IPMSM, the magnetic flux generated by a permanent magnet tends to leak through the bridge of the rotor without
a link with stator windings. The slit design on the rotor surface was proposed to reduce torque rippling and increase
the output power by reducing the leakage flux. Two design parameters for the slit are suggested for optimal design
using the response surface method. As an analysis method, the 2D finite element method (FEM) was applied to

consider magnetic saturation effect.
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[Fig. 1] An Orlginal model of IPMSM for 2D FEM

[Table 1] Specifications of IPMSM

Parameter Value Unit
No. of Slot 18 -
No. of Pole 12 -
Stator Outer 260 [mm]
Rotor Outer 1839 [mm]
Current Limit 190 (Al
Voltage Limit 100 [Vims]

Parallel Branches 6 -
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[Fig. 2] Flux distribution of Original Model
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[Fig. 3] Back EMF of Original
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[Fig. 4] A method for the reduction of linkage flux
(a) A mimetic diagram of Original model (b)
A mimetic diagram of modified model with
slit (c) The B-H Curve of steel on the stator

[Fig. 5] Parameters for Response-Surface Methodology

[Table 3] Values of the slit parameters for RSM

Parameter Min. Max. Unit

L 37 43 [mm]

Thetas(&) 245 25 [deg]

Alpha(yq ) 15 -
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[Fig. 6] Results of RSM on the slit parameters
(a) Torque (b) Torque Ripple
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[Fig. 8] Comparison of Flux Line at 1,000rpm(No load)
(a) Original Model (b) Modified Model
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[Fig. 9] Comparison of magnetic flux density at
1,000rpm(No load)
(a) Original Model (b) Modified Model
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[Fig. 10] Comparison of Back EMF at 1,000rpm(No
load)

37t U5EE FLsH A7kete] fatasshy
gatark A 2o Eae R ®

46% 4 16314Nm7} H“@ﬁ}oﬂ@% =AEE
6% aseltt. Jilad 2] a5 IHE
28] Aol
SFAA R, -3 x}iﬂ —ﬂi 016H u}:uﬂ“J Eiﬂ
ol 7kt ®

BRI

o
A& Table 45 &
I

N

[Table 4] Comparison of the parameters at rated
speed(@1,313rpm)

Parameter Value Unit
Torque 15594 163.14 [Nm]
Output Power 21.44 2243 [kW]
Torque Ripple 23.27 17.18 [%]
Phase Current 190 190 [Amd]
Current Angle 345 345 [deg]
Line Voltage 9756 B.27 [Vims]

No load magnetic flux

. 0.05839 0.06408 [Wh]
linkage

d-axis Inductance 0.25% 0.25% [mH]

q-axis Inductance 0.4099 0.3924 [mH]
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[Table 5] Comparison of the parameters at rated

speed(@2,000rpm)
Parameter Value Unit
Torque 102.32 104.60 [Nm]
Output Power 2143 2191 [kW]
Torque Ripple 4055 2362 [%]
Phase Current 190 190 [Ams]
Current Angle 63 63 [deg]
Line Voltage 99.87 96.02 [Vims]
No load magnetic flux linkage | 0.05839 0.06408 [Wh]
d-axis Inductance 0.2921 0.2863 [mH]
q-axis Inductance 0.4652 0.4448 [mH]
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[Fig. 11] Comparison of Torque waveform at each speed

o} IPMSMe] E12)E Aj8 Slshel 314 2
| §3le qed LIRALAR ok Gule
Az, AAR sEe 72 i
LANE FoEA s EEa

E2] slste] mARe] Ao HuALE F7H47
T ANGE A HI0H 538 A

& b 59 48
AaAA Bz Ea] A
b Aol S7ksl0l BT £

f

Y
-&HJM

]

=7
E

>

o]

e

d
i

0O
N
N
[
,

A= =]
v, T

6274



FAR EF EAE o8 o5 WYd A FVIHEVY ESRE AR A7

”iﬂﬂ%7“’§ﬂﬂ%q~ 2 7| EHKKi-Chan Kim) =B

¢1998 2¢ : gdigw kel
27188 7]€§141*})
References 01998 29 ~ 2005 19 : o
! 7174]‘471‘?4_—? AddTd
[1] K Wang, Z. Q. Zhu and G. Ombach, “Average Torque 02008 2¢ : Fekstu diEgd
Improvement of Interior Permanent-Magnet Machine A7) AR5 A
020099 1¢¥ ~ ?‘;ZH s gt

Using Third Harmonic in Rotor Shape” IEEE Trans.
Industrial Electronics, vol6l, no. 9, pp. 5047-5057, Sep.
1990.

ANt 2

<HEAREOP>
DOL: http://dx.doi.org/10.1109/TTE.2013.2286085 717171, A7

[2] K. Yamazaki and H. Ishigami, “Rotor-Shape Optimization
of Interior-Permanent-Magnet Motors to Reduce
Harmonic Iron Loses” IEEE Trans. Industrial
Electronics, vol.57, no. 1, pp. 61-69, Jan. 2009.

DOL http://dx.doi.org/10.1109/TTE.2009.2025285

[3] S-K. Lee, G.-H. Kang, J. Hur, and B.-W. Kim, “Stator

and Rotor Shape Designs of Interior Permanent Magnet

Type Brushless DC Motor for Reducing Torque
Fluctuation” IEEE  Trans. Magn., vol48, no. 11, pp.
4662-4665, Nov. 2012.
DOL http://dx.doi.org/10.1109/ TMAG.2012.2201455

[4] K. Yamazaki, Y. Fukushima and M. Sato, “Loss Analysis
of Permanent-Magnet Motors With Concentrated
‘Windings—Variation of Magnet Eddy—Current Loss Due to
Stator and Rotor Shapes” IEEE Trans. Industry
Applications, vol.45, no. 4, pp. 1334-1342, Jul/Aug. 2009.
DOL http://dx.doi.org/10.1109/TTA.2009.2023393

[5] Z. Azar, Z. Q. Zhu, and G. Ombach “Influence of Electric
Loading and Magnetic Saturation on Cogging Torque,
Back-EMF and Torque Ripple of PM Machines” IEEE
Trans. Magn., vol. 48 no. 10, pp. 2660-2658, Oct. 2012.
DOL: http://dx.doi.org/10.1109/TMAG.2012.2201493

6275





