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Abstract : This paper optimizes a permanent magnet synchronous motor(PMSM) with hairpin winding technology to
enhance efficiency and reduce torque ripple, thereby improving driving range and reducing Noise, Vibration and
Harshness(NVH) in electric vehicle traction motors. Target specifications were defined, and multiphysics analysis was
conducted to identify key design variables through sensitivity factors. Using the optimal Latin hypercube design method, 30
experimental points were selected, and finite element analysis(FEA) was performed for each. Eleven metamodeling
techniques were employed to approximate the objective function and corresponding constraints. A hybrid metaheuristic
algorithm was then used to derive optimal solutions, which were validated via FEA. The optimization method achieved a
0.87 % improvement in efficiency, and a 2.39 % reduction in torque ripple while satisfying all constraints, thus
demonstrating the effectiveness of the proposed metamodel-based optimization approach for eco-friendly vehicle traction
motors.

Key words : Permanent magnet synchronous motor( A 57|%1°57]), Hairpin windings(3l|o]3 HA4), Finite element
analysis(3-3F 2 A3l 4]), Metamodeling(HEF 2 3), Optimization(Z] 24 3}H
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Fig. 1 Shape of initial model (1/4 model)

Table 1 Specifications of the initial model

Items Unit ‘ Value
Motor Type Outer rotor type PMSM
Continuous output power kW 5
Required -
Continuous torque N-m 54.2
spec.
Rated speed rpm 880
. Electrical steel - 35PN440
Material
Permanent magnet - N45SH
. Continuous current A 140
Electrical
Current phase angle ° 0
Outer diameter of stator mm 253
) Outer diameter of rotor mm 276
Mechanical -
Air-gap mm 1
Lamination mm 47
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Table 2 Comparative analysis of efficiency improvements

Items Unit | Initial model | Hairpin model
Copper loss w 352.9 161.2
Core loss w 199.9 166.0
Eddy current loss w 98.1 79.3
End turn loss W 127.4 12.7
Total loss w 650.9 419.2
Torque N-m 54.2 56.9
Speed rpm 880 880
Output power A\ 4993.9 5250.1
Input power W 5772.3 5669.3
Efficiency % 86.5 92.6
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where Iy : rms of current
Aol : area of coil

Agot : area of slot
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Fig. 2 6 layers winding and 8 layers winding (1/4 model)

Table 3 Performance of the initial model

Items Unit 6 layers 8 layers
Average torque N-m 57.25 75.98
Torque ripple % 8.89 8.34
Line-to-line voltage \'% 48.12 64.13
Efficiency % 92.6 93.5
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where Vi ms : rms of the fundamental wave

Vhums : rms of the harmonic wave
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Fig. 3 Induced voltage
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where T : maximum torque
Tinin : Minimum torque

Taye : average torque

Table 4 Property of materials (35PN440)

Items Unit Value
Density kg/m’ 7,700
Young’s modulus MPa 195,000
Poisson’s ratio - 0.25
Bulk modulus MPa 130,000
Shear modulus MPa 78,000
Tensile yield strength MPa 273

Fig. 6 Stiffness analysis result (1/2 model)

222 24 SN

s)-dAte] 72 sl Aol AR A =g 213 Table 4
oF A} 3 £ e 7] o] S]] 1,300 pm e
2 e A, mEE S Ak 457
MPal 2 QPAIF7} 17,552 - 27 Uebstth. o)
1Y ds7le] et T2 S vikE Al
=, G WY BldEr]sh 2ol )iy 5714
71 SRAel | T S ot a4 P
ol ek, o= Mk Ql FaA A FhoR Ol
ozt wA 2 dsrle] A s drks 9
A w48 E7IdE 7)ol vel e HATE 7
710l v A3tz 1]l

h,

ﬁL

1r

leéirzir

223 & 34
4B FER e 2719 A

‘3‘1 Flg 7JJr 7L°] Workbench —Li
a4 Ax}e} Steady-State thermal 322 <323}
1241& aetqdth o] % Fig. 83 o] -57]7}
7)ok HEG FE A UF dolew A4

~N
o

ol

g Xl AR

T o
OH

Transactions of the Korean Society of Automotive Engineers, Vol. 33, No.9, 2025 733



YYe - Y| - o|5H - R84

Table 5 Thermal conductivity of materials

Material Thermal conductivity (W/m + °C)
35PN440 50
Material Copper 400
N45SH 7.6
Region Air 0.026

Project Schematic
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Table 6 Range of design variables

Design variables | Unit le':r Initial [ljiilj;r
Slot open (X1) mm 0.6 3 3.8

Shoe width (X2) | mm 0.5 1.2 1.2
Slot width (X3) mm 43 45 5.5
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Table 7 RMSE test results of metamodels
Metamodel RMSE test value
Torque Torque ripple Line-to-Line voltage | Demagnetization Efficiency

PRG (Backward step) 0.2037097023 0.0072324294 0.2604679301 0.0868614791 0.1345678071

PRG (Simple cubic) 0.2202951801 0.0063308537 0.2298976090 0.1077710944 0.0983955326

PRG (Forward step) 0.09717034216 0.0065863944 0.2505100362 0.2005945959 0.0889887164

PRG (Simple quadratic) 0.3625845713 0.021177669 0.2165339107 0.1205580929 0.0925317512

PRG (Full quadratic) 0.2634970880 0.0076064192 0.1536526489 0.07870122899 0.0970772298

PRG (Linear) 0.3701261492 0.06481866 0.0411435188 0.2173080498 0.0286493367

MLP 0.366102089%4 0.058100666 0.0699626326 0.0123734849 0.0286480590

Kriging 0.09890677042 0.017991871 0.0526838538 0.1489927436 0.0449487775

RBF (Regression) 0.197411244 0.012113086 0.2402461502 0.0598349272 0.6393507390

RBF (Interpolation) 0.323414518 0.022671422 0.3032002130 0.1288042335 0.0449487775

EDT (Hybrid) 0.09245805961 0.038349699 0.0813543619 0.1211756477 0.0552138522
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Table 8 Optimization results

Items Unit | Initial model Optimal model Relative error

Predicted (HMA) | Verified (FEA) [ %]
X1 : Slot open mm 3 0.6 -
Design variables X2 : Shoe width mm 1.2 1.2 -
X3 : Slot width mm 4.5 4.87 -

Objective Efficiency % 92.61 93.72 93.48 0.26

function Torque ripple % 8.77 6.26 6.38 1.92

Design results Torque N-m 57.25 57.79 57.48 0.54

Constraint Line-to-Line voltage \% 48.12 4891 46.92 4.07

Demag % 0.47 0.36 0.27 23.40
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