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Radial Flux Leakage Path

Younjae Hwang, Won-Seok Cha, Byeong-Cheol Bae, Jae-Hyeon Kim, and Myung-Seop Lim*
Department of Automotive Engineering (Automotive-Computer Convergence), Hanyang University, Seoul 04763, Republic of Korea

Ki-O Kim
Department of Automotive Engineering, Hanyang University, Seoul 04763, South Korea

(Received 9 September 2025, Received in final form 21 October 2025, Accepted 22 October 2025)

Axial flux permanent magnet motors (AFPM) are increasingly favored for their high torque density and compact structure.
However, their complex topology necessitates computationally expensive three-dimensional finite element analysis (3D FEA) for
accurate design. While quasi-3D modeling offers a faster alternative by representing the motor in radially sliced two-dimensional (2D)
segments, conventional methods often neglect critical phenomena like radial flux leakage, leading to significant inaccuracies in
performance predictions. This study introduces an improved quasi-3D model that rectifies this issue by calculating and integrating the
permeance of the radial flux leakage path into the analysis. Consequently, the proposed model demonstrates an improved correlation
with 3D FEA results. It provides a substantial reduction in computational overhead with a negligible compromise in precision, thereby
enabling a more rapid and reliable design optimization process for AFPM motors.

Keywords : axial flux permanent magnet motor (AFPM), permeance, quasi-3D model, radial flux leakage path, three-dimensional

finite element analysis (3D FEA)
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Table 1. Motor specifications.

Specification Value
Motor Type Single-stator, dual-rotor AFPM
Pole / Slot 8/ 12
Magnet residual flux density 141 T @20°C
Stator / Rotor core material 35PN230 / S45C
Max Current 50 A
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Table I1. Symbols and explanations.

(d)
Fig. 1. (Color online) AFPM analysis methods. (a) 3D Model (b) Equivalent linear model (c) Conventional quasi-3D model and (d) Improved

Fig. 2. (Color online) Concept of leakage flux paths.
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Type Symbol Explanation
P, Main leakage path exists on 2D domain (Wb/A)
Permeance P, Semicircular cylinder-shaped leakage path (Wb/A)

P Half annulus-shaped leakage path (Wb/A)

w Width of main leakage path (m)

Design variable d Wlfith of cyllflder (m)
h Height of main leakage path (m)
/ Length of leakage paths (m)

Relative permeability Lhe

Relative permeability applied on 2D domain
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(@) (b)

Fig. 3. (Color online) Stator flux leakage path at 50 A,,s (a) Cut plane of the 3D Model (b) Tangential leakage around the outer radius and (c)
Tangential leakage around the inner radius.
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Fig. 4. (Color online) Concept of radial leakage path, plane division, and separated area in the stator.

Axial
leakage path

(@) (b)

Fig. 5. (Color online) Rotor flux leakage path at 50 A, (a) Cut plane of the 3D Model (b) Tangential leakage around the inner radius and (c)
Axial leakage around the outer radius.
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Fig. 6. (Color online) Concept of radial leakage path, plane division, and separated area in the rotor.

Table I11. Effective relative permeability of each region.

Area 1™ Plane 1, 2" Plane 4,
1 1.373 1.447
2 1.155 1.169
3 1.140 1.140
4 1.776 1.992
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Fig. 7. (Color online) Comparison of the average torque in various
stator currents.
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Fig. 8. (Color online) Comparison of the torque ripple in various
stator currents.
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Fig. 9. (Color online) Torque waveform of each analysis method at
50 Apps.
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the induced voltage in various stator currents.
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Fig. 11. (Color online) Comparison of the d-axis and g-axis
inductance at 20 A .

Table I'V. Computation cost of each analysis method.

Analysis Method Time (s) Elements
3D FEA 2,771 361,798
Conventional quasi-3D 2-plane 21 92,617
Conventional quasi-3D 10-plane 137 496,644
Improved quasi-3D 22 92,617
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Fig. 12. (Color online) Experimental setup for AFPM.
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Fig. 13. (Color online) Comparison of BEMF at 1,000 rpm with
experimental results.
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