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Abstract

In this article, we propose an equivalent 2-D finite element analysis (FEA) process consid-
ering the 3-D flux of an outer rotor permanent magnet synchronous motor (PMSM). In
the motor, 3-D flux such as axial leakage flux (ALF) and overhang fringing flux (OFF) are
influenced based on design variables. Three-dimensional FEA is required to consider the
components of 3-D flux. However, 3-D FEA is inefficient to use during the design process
because of time-consuming. Therefore, we propose an equivalent FEA that considers the
3-D flux. First, the effects of ALF and OFF according to design variables such as rotor inner
and outer diameter, stack length, and overhang length. Second, the 3-D flux is converted
into a coefficient. Finally, it is applied to 2-D FEA. Using the proposed process, motor
performance considering 3-D flux can be quickly predicted. The proposed performance
prediction process is verified through simulation and experiment.

Keywords: equivalent method; 3-D flux; permanent magnet synchronous motor (PMSM)

1. Introduction
The permanent magnet synchronous motor (PMSM) is widely used in home appliances

(HA), such as air conditioners and fans, to improve energy efficiency [1–4]. To achieve
high power density, rare-earth magnets are commonly employed in PMSMs. However, the
cost of rare-earth magnets continues to rise due to limited production areas and supply
instability. As a result, researchers in the HA field are actively exploring the development
of relatively low-cost, rare-earth-free motors to enhance price competitiveness. Non-rare-
earth magnets exhibit weaker magnetic strength, and consequently, rare-earth-free motors
suffer significant performance degradation due to leakage flux. One approach to mitigate
this performance degradation is to apply a rotor overhang structure. The rotor overhang
structure effectively enhances the air gap flux and power density by leveraging fringing flux.
To accurately account for axial leakage flux (ALF) and overhang fringing flux (OFF), 3-D
finite element analysis (FEA) is required. However, 3-D FEA is computationally intensive
and inefficient for use during the early stages of the design process. To address this,
previous works have proposed equivalent magnetic circuit (EMC) and empirical scaling
approaches [5–8]. In [5,6], the leakage flux path was arbitrarily assumed to construct the
EMC model. In [7], a mathematical formulation was applied for the design of a magnetic
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gear. Reference [8] introduced a 2-D lumped magnetic circuit model to efficiently analyze
the overhang effects in surface-mounted permanent magnet machines, and its accuracy
was validated through 3-D FEA and experimental results under various design conditions.
However, these methods often rely on simplified assumptions or general coefficients, which
may not fully capture the interaction between key design parameters and 3-D flux effects.
Although EMC enables rapid performance estimation, the required modeling time depends
on the desired level of accuracy. Furthermore, since the flux path is difficult to model
precisely, several assumptions are often introduced, which may lead to inaccuracies in
predicting the impact of ALF. EMC has the advantage of quickly predicting the motor
performance, but the time required for modeling depends on the precision of the results
desired. Additionally, since it is difficult to consider the path accurately, assumptions are
made. These assumptions may lead to errors in predicting the impact of ALF. Previous
studies [9–13] did not consider ALF generated by the motor, while [14] proposed an ALF
path for a surface-mounted PMSM and applied it to 2-D FEA. Various approaches have been
explored to improve motor performance. In [15], leakage flux was entirely eliminated using
plastic injection molding. In [16], the leakage flux path was reduced through alternating
multi-core stacking. In [17], motor performance was improved by applying a combination
of rotor overhang and alternating stacking. Existing studies have focused on the design
and analysis of inner rotor surface-mounted PMSMs and spoke-type PMSMs. However,
there are a few analysis methods that simultaneously consider ALF and OFF in relation to
design variables, and some studies have neglected them.

In this study, we propose a novel performance prediction method for outer rotor
PMSMs that integrates 3-D flux effects (ALF and OFF) into an equivalent 2-D FEA frame-
work. The method generates flux correction coefficients based on design variables, enabling
accurate and efficient prediction of no-load back electromotive force (BEMF). This work
differs from existing EMC and empirical approaches by incorporating 3-D flux dependency
into a 2-D analysis structure through systematic coefficient extraction and design variable
linkage. The proposed method allows for rapid prediction of motor performance while
accounting for ALF and OFF, considering key design parameters such as rotor inner and
outer diameters and stator/rotor stack lengths. First, the effect of ALF and OFF on outer
rotor PMSM performance, according to changes in design variables, is investigated by
comparing the results of 2-D and 3-D FEA. Through this comparison, design variables
affecting ALF and OFF are identified. Second, this study introduces the performance pre-
diction process using equivalent 2-D FEA. To confirm the accuracy of the proposed method,
the results are compared with 3-D FEA results. Finally, the effectiveness of the proposed
method is validated through testing on a fabricated prototype of the outer rotor PMSM.

2. Design Variables Affecting 3-D Flux
In this section, design variables influencing ALF and OFF are identified based on their

relevance to the motor’s electromagnetic characteristics. The selected variables, including
the inner and outer diameters of the rotor and the stacking lengths of the rotor and stator,
serve as fundamental parameters in determining the motor geometry and flux path [18,19].
Subsequently, these variables are used to define the geometry ratio and the overhang
ratio, which quantitatively represent the structural configuration affecting ALF and OFF,
respectively. This formulation provides a basis for systematically analyzing the impact of
design variations on 3-D flux phenomena and motor performance.

2.1. Axial Leakage Flux (ALF)

ALF is caused by the difference in magnetic vector potential between rotor cores.
Figure 1a illustrates the structure of the outer rotor, where the rotor cores are separated by
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permanent magnets, creating a significant magnetic potential difference between adjacent
rotor cores. Since permanent magnets have a permeability similar to air, magnetic flux
tends to leak along the axial path between rotor cores. As a result, axial leakage flux is
generated through the motor’s axial air path, as shown in Figure 1b, between adjacent rotor
cores. Such leakage flux does not pass through the air gap, thereby reducing the effective
air gap flux, which in turn leads to degradation of motor performance. In particular, the
reduction in effective flux due to ALF results in a decrease in one of the key performance
indicators of the motor: the no-load BEMF. The total magnetic flux passing through the air
gap is a combination of the effective air gap flux and the leakage flux caused by ALF. The
relationship can be expressed as follows:

Φg = Φtotal −Φalf (1)

where Φg is the effective magnetic flux through the air gap, Φtotal is the total magnetic
flux passing through the air gap, and Φalf is the leakage flux due to ALF. The decrease in
effective magnetic flux caused by ALF results in reduced BEMF, which is given as follows:

E = N
dΦ

dt
(2)

where E is the BEMF, N is the number of turns in the coil. When ALF is present, the BEMF
is reduced because the effective flux is smaller, which leads to the following:

E = N
d(Φtotal −Φal f )

dt
(3)

 
 

(a) (b) 

Figure 1. Motor shape and flux path: (a) outer rotor PMSM; (b) axial leakage flux path.

The increase in BEMF due to ALF can be quantified as follows:

∆Eal f = N
dΦal f

dt
(4)

where ∆Ealf is the reduced BEMF caused by ALF.
This reduction in BEMF directly results in a decrease in output power, which is given

as follows:

∆P = ∆E× I = N
dΦal f

dt
× I (5)

where ∆P is the decrease in output power, and I is the current supplied to the motor.
In conclusion, ALF, induced by the magnetic vector potential difference between

adjacent rotor cores, leads to a reduction in the effective air gap flux. This diminished flux
subsequently results in a decrease in both the BEMF and the output power of the motor.
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2.2. Overhang Fringing Flux (OFF)

The overhang refers to a structural configuration in which the rotor stack length
exceeds that of the stator, as illustrated in Figure 2a. This configuration contributes to an
increase in magnetic flux, as the extended use of permanent magnets leads to enhanced
magnetic field generation. Consequently, the motor performance is improved. Figure 2b
presents the additional magnetic flux path that is formed due to the presence of the
overhang. The rotor overhang structure extends the magnetic flux path, enabling a more
uniform and efficient distribution of the magnetic field. In particular, the increased cross-
sectional area of the flux path and the effective utilization of fringing flux contribute to an
enhancement in the air gap flux density, which leads to improvements in both BEMF and
output torque. When the rotor overhang is applied and the effect of ALF is not considered,
the magnetic flux in the air gap increases. This can be expressed mathematically as follows:

Φtotal = Φg + Φovh (6)

where Φtotal is the total magnetic flux passing through the air gap, Φg is the magnetic flux
when the rotor overhang is not applied, and Φovh is the fringing flux caused by the rotor
overhang. Specifically, when an overhang is introduced, the magnetic flux is enhanced,
which consequently increases the air gap flux. In the presence of OFF, the BEMF increases
as the total magnetic flux is enhanced, resulting in the following:

E = N
dΦ

dt
= N

d(Φg + Φovh)

dt
(7)

 

 
(a) (b) 

Figure 2. Rotor overhang: (a) overhang structure schematic diagram; (b) overhang fringing flux path.

The increase in BEMF due to OFF can be quantified as follows:

∆Eovh = N
dΦovh

dt
(8)

where ∆Eovh is the increased BEMF caused by OFF.
This increase in BEMF directly results in an increase in output power, which is de-

scribed as follows:

∆Pinc = ∆Eovh × I = N
dΦo f f

dt
× I (9)

where ∆P is the increase in output power.
In conclusion, OFF, which arises from the additional magnetic flux generated by the

rotor overhang, contributes to an increase in the effective air gap flux. This enhanced flux
subsequently leads to an increase in both the BEMF and the output power of the motor.
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2.3. Influence of Design Variables on 3-D Flux Effects

The design variables of PMSM significantly influence its electromagnetic characteris-
tics. Assuming a constant outer diameter of the rotor in the outer rotor motor, a decrease in
the inner rotor diameter leads to an increase in the rotor’s saturation. As the stack length
increases, the magnetic flux flows more efficiently through the air gap, resulting in a higher
BEMF and improved output power. However, physical space limitations and manufactur-
ing costs impose constraints. Table 1 shows the shape, specifications, and design range
of the PMSM. The outer diameter of the rotor, inner diameter of the stator, pole arc of the
permanent magnets, and air gap length are set as constants. This article investigates the
design variables that influence ALF and OFF.

Table 1. Design range of PMSM.

Item Unit Value

Motor type - Outer rotor IPMSM
Number of poles/slots ratio - 4:3

Permanent magnets - Ferrite
Stator/rotor core - 35PN270

Maximum stack length mm 50
Stator/Rotor volume ratio - 0.3–15.6

ALF is influenced by the ratio of the rotor’s inner and outer diameters as well as the
stack length, assuming the motor volume remains constant. The design variables affecting
ALF are expressed as follows:

GR =
Lstk

(Dro − Dri)
(10)

where GR is the geometry ratio, Lstk is the stack length of the motor, Dro is the rotor outer
diameter, and Dri is the rotor inner diameter. To evaluate the impact of ALF based on
the geometry ratio, 2-D and 3-D finite element analysis (FEA) were performed. Figure 3a
compares the fundamental BEMF values obtained from 2-D and 3-D FEA simulations. It is
evident that as the stack length decreases and the difference between the inner and outer
rotor diameters increases, the influence of ALF becomes significant and cannot be neglected.

  
(a) (b) 

Figure 3. No-load BEMF differences of 2-D/3-D FEA according to design variables: (a) error according
to ALF; (b) error according to OFF.

OFF is influenced by the stack lengths of both the stator and the rotor. The design
variables affecting OFF are expressed as follows:

OR =
Lr

Ls
(11)
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where OR is the overhang ratio, Lr is the rotor stack length, and Ls is the stator stack length.
Here, the overhang ratio is always greater than or equal to 1.

To investigate the impact of OFF based on the overhang ratio, 2-D and 3-D FEA were
conducted. Figure 3b presents the comparison of the fundamental BEMF values obtained
from 2-D and 3-D FEA for varying overhang ratios. The results show that as the overhang
ratio increases, the influence of OFF becomes more pronounced and cannot be ignored.
In conclusion, an analysis that considers 3-D flux, such as ALF and OFF, is essential for
accurate performance prediction and optimization of PMSM.

3. Performance Prediction Method Considering 3-D Flux
This section presents the proposed method for integrating the effects of 3-D flux into

the motor performance prediction process. The proposed method is divided into three key
stages, each systematically analyzing the impact of 3-D flux on motor performance and
offering an efficient approach to predicting these effects. The proposed process using the
3-D flux coefficient is shown in Figure 4.

Figure 4. The flowchart of the proposed method using the 3-D coefficient process.

First, the effects of motor design variables on 3-D flux, specifically ALF and OFF, are
investigated. To achieve this, coefficients for ALF and OFF are calculated to quantitatively
analyze how these fluxes are reflected in motor performance. To determine the correction
coefficients for ALF and OFF, at least one reference 3-D FEA simulation is required. The
coefficients are extracted by comparing 3-D and 2-D no-load BEMF results as follows:

eaxl = E3D (w/o ovh), eovh = E3D (with ovh) (12)

where eaxl is the result of 3-D FEA where the fundamental component of the BEMF is
calculated considering ALF, E3D(w/o ovh) is 3-D FEA without rotor overhang, eovh is the
result of 3-D FEA where the fundamental component of the BEMF is calculated considering
rotor overhang, and E3D(with ovh) is 3-D FEA considering rotor overhang.

The coefficients of ALF and OFF are expressed as follows:

kALF =
eaxl

enon−axl
, kOFF =

eovh
enon−ovh

(13)
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where kALF is the coefficient of ALF, enon−axl is the result of 2-D FEA where the fundamental
component of the BEMF is calculated without considering ALF. kOFF is the coefficient of
OFF and enon−ovh is the result of 2-D FEA where the fundamental component of the BEMF
is calculated without considering rotor overhang.

In the second stage, the ALF and OFF coefficients, calculated in the previous step, are
utilized to derive the 3-D flux coefficient. Given that the ALF and OFF coefficients operate
independently, the 3-D flux coefficient is obtained by multiplying these two coefficients.
The 3-D flux coefficient significantly influences the total magnetic flux and is essential for
accurately predicting motor performance. The 3-D flux coefficient is expressed as follows:

k3D = kALF × kOFF (14)

where k3D is the coefficient of the 3-D flux coefficient.
Then, the ALF coefficient and OFF coefficient are utilized to map the 3-D flux coeffi-

cient. Next, the 3-D flux coefficient is applied to the residual induction of the permanent
magnet, and 2-D FEA is conducted. The new residual induction is expressed as follows:

B′r = k3D × Br (15)

where B′r is the residual induction considering the 3-D flux coefficient, and Br is the residual
induction generally used in 2-D FEA. In this case, when residual induction considering 3-D
flux is used, this is referred to as equivalent 2-D FEA. Finally, the results of equivalent 2-D
FEA and 3-D FEA are compared.

4. Simulation and Experimental Verification
To verify the proposed method, the amplitude of the no-load BEMF fundamental

is compared through simulation. Figure 5a presents a comparison of the no-load BEMF
fundamental components obtained from the proposed method and the 2-D/3-D FEA
approaches. When the 3-D FEA results are regarded as reference values, the proposed
method yields predictions that closely align with the reference, whereas the 2-D FEA shows
significant deviations. Figure 5b quantifies the relative error associated with each method.
The 2-D FEA, which does not account for ALF and OFF, results in an error exceeding 15%.
In contrast, the proposed method maintains an error below 1%, thereby confirming its
effectiveness in accurately capturing the influence of ALF and OFF. Table 2 compares the
amplitudes and analysis times of the no-load BEMF fundamental between the proposed
method and 3-D FEA. The four cases have different 3-D flux coefficients. The comparison
results show that the error between the proposed method and the 3-D FEA for no-load
BEMF is less than 1%. Additionally, the proposed method reduces the analysis time by
approximately 30 times compared to the 3-D FEA.

Table 2. The amplitudes and analysis times of the no-load BEMF fundamental between the proposed
method and 3-D FEA.

Model
Number

kALF kOFF

No-Load BEMF Fund.
(Vrms) Error (%)

Analysis Time (hour) Number of Elements
(ea)

3-D FEA Proposed
Method 3-D FEA Proposed

Method 3-D FEA Proposed
Method

1 0.92 1.22 98.97 98.90 0.07

6.0 0.2

888,080

27,150
2 0.95 1.24 99.60 99.54 0.06 888,341
3 0.91 1.17 85.16 84.50 0.78 807,116
4 0.83 1.25 102.70 102.80 0.10 873,902
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(a) (b) 

Figure 5. Result of simulation about no-load BEMF fundamental value: (a) comparison of fundamen-
tal amplitude of no-load BEMF; (b) the error compared to the 3-D FEA.

A prototype was developed to experimentally verify the proposed method. The
specifications of the prototype are shown in Table 3. The stator-to-rotor volume ratio of the
prototype is 11.18, and the rotor has an overhang, making the rotor stack length 11.50 mm
longer than the stator stack length. The manufactured prototype and test setup are shown
in Figure 6. The test is conducted under no-load conditions at 1000 rpm. Figure 7a compares
the no-load BEMF results from the test and the simulation. Both the 3-D FEA and the
proposed method exhibit results that closely resemble the experimental data. The error
rates shown in Figure 7b confirm the reliability of the proposed method, as both approaches
demonstrate errors of less than 4%.

Table 3. Specification of PMSM.

Item Unit Value

Stator/rotor volume ratio - 11.18
Rotor/stator diameter ratio - 1.17

Stack length ratio - 1.44
Phase number - 3

Phase resistance Ω 6.30
Number of turns turn 720

Maximum current Arms 2.00
Cooling type - Natural convection

 

(a) (b) 

Figure 6. Fabricated motor and no-load test: (a) fabricated prototype model; (b) no-load test.
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(a) (b) 

Figure 7. Comparison of no-load BEMF value with experiments: (a) no-load BEMF fundamental
values; (b) error rate compared to experimental values.

5. Conclusions
This study proposed a performance prediction method for outer rotor permanent

magnet synchronous motors using equivalent 2-D FEA, incorporating the influence of
3-D flux phenomena—namely, axial leakage flux and overhang fringing flux. The method
introduces correction coefficients derived from a single 3-D FEA reference, which are then
applied to 2-D models based on key design variables such as rotor dimensions and stack
lengths. To validate the effectiveness of the proposed method, no-load back electromotive
force was evaluated at 1000 rpm and compared between the 2-D and 3-D FEA results.
The proposed model achieved high prediction accuracy, with the BEMF values closely
matching those of full 3-D simulations. Additionally, the BEMF comparison was conducted
at multiple speeds, confirming the consistency of the correction approach across various
operating points. As the analysis was performed under no-load conditions, only the BEMF
coefficient was derived and validated in this study. Torque prediction and torque coefficient
evaluation, which require current injection and load operation, are left for future work.
Moreover, potential directions for future research include extending the method to dynamic
load conditions, analyzing torque ripple, and integrating the approach into optimization
routines for early-stage motor design. Overall, the proposed method offers a fast and
reasonably accurate alternative to full 3-D FEA during the initial design phase, while still
accounting for key 3-D flux effects that are typically neglected in conventional 2-D models.
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