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Abstract — This paper presents a novel asymmetric
rotor permanent magnet-assisted synchronous reluctance
motor (NAR-PMa-SynRM) designed to enhance torque
output and reduce torque ripple by employing uncon-
ventional methods compared to traditional approaches
where permanent magnets are embedded within mag-
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netic barriers. In this design, tile-shaped permanent mag-
nets are embedded along the rotor d-axis, coupled with
an asymmetric magnetic barrier structure. To stream-
line the motor design process, a nonlinear equivalent
magnetic network (EMN) model tailored to the dis-
tinctive structure of the NAR-PMa-SynRM is proposed.
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However, modeling the complex magnetic barrier struc-
ture poses a significant challenge in magnetic network
modeling. To address this challenge, an effective method
for representing the magnetic barriers equivalently is
proposed to enhance modeling accuracy. Finally, the
effectiveness of the proposed equivalent barrier method
and magnetic network model is validated by comparing
air gap magnetic flux density results obtained from finite
element and magnetic network simulations.

Index Terms — Equivalent magnetic network, finite ele-
ment analysis, permanent magnet-assisted synchronous
reluctance motor.

L. INTRODUCTION

In recent years, global initiatives such as ‘“car-
bon neutrality” and “peak carbon emissions” have
driven advancements in carbon reduction technologies,
among which high-efficiency, high-power-density elec-
tric motors play a pivotal role in sectors like new energy
vehicles, industrial drives, and compressors [1-3]. Rare-
earth permanent magnet (PM) motors have emerged as
key solutions in this context; however, their sustainabil-
ity is constrained by the volatility of rare-earth supply
chains and associated cost instabilities, given rare-earths’
strategic resource status [4].

To mitigate reliance on rare-earth PM materials
while maintaining performance and reducing costs,
synchronous reluctance motors (SynRMs) have gained
attention. Characterized by rotor structures free of wind-
ings and PMs, SynRMs generate torque exclusively
via reluctance effects enabled by their multi-layer air
gap design, offering advantages such as low manufac-
turing costs, temperature insensitivity, and robust tran-
sient overload capability [5-8]. Nevertheless, their inher-
ent limitations, including low torque output and poor
power factor, often restrict their applicability in high-
performance scenarios.

To address these drawbacks, permanent magnet-
assisted synchronous reluctance motors (PMa-SynRMs)
have been developed by strategically embedding mod-
erate amounts of PMs within the multi-layer air gap
structure of SynRMs. This integration combines PM-
derived electromagnetic torque with reluctance torque,
achieving a balance between low cost and enhanced per-
formance [9-11]. Notably, PMa-SynRMs exhibit excep-
tional power density in high-speed applications through
optimized structural design, alongside improved effi-
ciency and reduced torque ripple; attributes that make
them well-suited for electric vehicle propulsion [12—14].
Extensive research has further validated their effective-
ness in such applications, yielding significant technical
information [15-18]. In [19], the SynRM of the rotor
structure with flux barriers is proposed, and the two types
of rotors are compared using 2-D finite-element analy-
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sis. The results show that the rotor structure with flux
barriers is more effective in generating torque and sus-
pension force. Reference [20] highlighted the suitability
of external rotor PMa-SynRMs for hub motors in elec-
tric vehicles, successfully integrating them into the two-
wheel drive systems of electric cars.

This paper introduces a novel asymmetric rotor
permanent magnet-assisted synchronous reluctance
motor (NAR-PMa-SynRM), which integrates embedded
surface-mounted permanent magnet motor (Embedded-
SPM) and SynRM technologies in a coherent manner.
By employing mechanical rotation and an asymmetric
rotor structure, the motor effectively harnesses both
electromagnetic torque and reluctance torque. In this
configuration, tile-shaped PMs are embedded on the
rotor surface, akin to surface-mounted PM motors.
The rotor core features an asymmetric design of mag-
netic barriers, where each layer of barriers can be
independently designed in terms of angle and length.

The work presented in this paper is at the prelimi-
nary design stage of the NAR-PMa-SynRM. A equiva-
lent magnetic network (EMN) model tailored to the spe-
cific structure of NAR-PMa-SynRM is proposed, along-
side a simplified equivalent method during the model-
ing process. Results from the EMN model align closely
with finite element analysis (FEA) results, validating
the effectiveness of the proposed equivalent method
and the accuracy of the EMN model. Based on the
EMN model, an initial electromagnetic design of the
motor is conducted. FEA results indicate that com-
pared to Embedded-SPM, NAR-PMa-SynRM demon-
strates superior output capability. In section II, the struc-
ture and key parameters of NAR-PMa-SynRM are pre-
sented. Section III outlines the modeling and computa-
tional methodologies of the EMN model and equivalent
methods tailored specifically for NAR-PMa-SynRM.
These approaches are aimed at accurately capturing the
motor’s electromagnetic characteristics. Validation of
these methods against FEA results demonstrates their
reliability and effectiveness. In section IV, the struc-
ture preliminarily designed based on the EMN model
is implemented in a finite element model, where both
no-load characteristics and rated output performance are
analyzed. Finally, in section V, a summary of the paper
is presented.

I1. DESCRIPTION OF NOVEL
ASYMMETRIC ROTOR PERMANENT
MAGNET-ASSISTED SYNCHRONOUS

RELUCTANCE MOTOR
The NAR-PMa-SynRM integrates elements from
Embedded-SPM and SynRM. Unlike conventional PMa-
SynRM, the NAR-PMa-SynRM adopts a configuration
where tile-shaped PMs are embedded along the rotor’s
d-axis, and the rotor core’s magnetic barriers feature an
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asymmetric design. These innovations aim to enhance
torque output and minimize torque ripple. Figure 1
depicts a two-dimensional cross-section of the NAR-
PMa-SynRM rotor structure. Here, the radial direction
with the least reluctance is identified as the d-axis,
whereas the radial direction along the centerline of the
magnetic barrier is termed the g-axis. A mechanical
angular offset of B/P is present between the PMs and the
rotor’s d-axis.

The design criteria for the NAR-PMa-SynRM are
outlined in Table 1, taking into consideration the power,
spatial, and voltage requirements of electric vehicle drive
systems. Given constraints on enclosure size and instal-
lation space, the stator core has an outer diameter of 175
mm. Moreover, the power system mandates a 380 V DC
bus voltage to accommodate the machine’s high-power
output needs. Table 2 presents the principal parameters
of the PM synchronous motor designed in accordance
with these specifications. The machine features 36 slots
and 4 poles, maintaining a rated current density of 10
A/mm? in preliminary designs. Initial design simulations
using this current density suggest compliance with the
requirements specified in Table 1.

&%

q-axis
d-axis
p/p
Yom
Fig. 1. Rotor structure of NAR-PMa-SynRM.
Table 1: Design requirements of the machine
Parameter Value
Rated power (kW) 5.5
Rated speed (r/min) 3000
DC bus voltage (V) 380
Efficiency (%) 90
Outer diameter (mm) 175
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Table 2: Main parameters of the NAR-PMa-SynRM

Parameter Value

Slot/Pole number 36/4

Stator outer diameter (mm) 175
Stator inner diameter (mm) 93.5
Core length (mm) 50
Conductor diameter (mm) 0.8
Rated current density (A/mm?) 10
Turns 16

The stator core and rotor core are assembled using
stacked laminations of M350-50A silicon steel, known
for its excellent electrical conductivity. NdFe35 magnets
are utilized for the PM material. The stator windings
employ 0.8 mm enamel-coated wire, with 16 turns per
slot, utilizing a short-pitch winding configuration with a
coil span of 8.

III. EQUIVALENT MAGNETIC NETWORK
MODELING

Due to the motor’s structural symmetry about the
origin center, an EMN model of a I-pair pole, 18-
slot motor is established to reduce computational com-
plexity and enhance computational speed. Based on the
motor’s flux distribution, three typical equivalent mag-
netic conductivities—axial, tangential, and radial—are
determined. Diagrams illustrating these three typical flux
directions are presented in Fig. 2, accompanied by their

respective magnetic conductivity calculation formulas:

A
Guaial = 25", (1)
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Gradial = 2)
In—
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Radial
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i

Fig. 2. Schematic diagram of typical flux directions.
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where G, 1s the axial permeability, G444 1s the radial
permeability, Gyangenrial 1S the tangential permeability, /
is the axial length of the unit, r, is the outer diameter,
r; 1s the inner diameter, A,, is the area of the unit, 0 is
the arc of the center angle of the unit, i is the relative
permeability.

In the magnetic network method, the calculation of
equivalent magnetic potential sources for magnetic field
sources is divided into two parts: the armature reaction
magnetic potential source generated by the current and
the PM magnetic potential source generated by the PM.
For the unloaded operation of a PM SynRM, only the PM
provides the magnetic potential source, as the armature
current is negligible (0 A) and does not contribute to the
magnetic potential source. Thus, the calculation focuses
solely on the equivalent magnetic potential source of the
PM. Figure 3 depicts the model diagram of unit perma-
nent magnet magnetic network.

The magnitude of the equivalent magnetic flux
source of the PM and its intrinsic magnetic conductivity
is expressed as follows, with the PM’s intrinsic magnetic
conductivity assumed to be linear:

Gtangential =Hu

CI)pm = Bermlpma €]
.uO.u-mepmlpm

Gy = HOHpmWpmlpm 5

» o &)

where ®,,,, is the PM equivalent flux source, G, is the
self-permeability of a PM, B, is the residual magnetic
density of a PM, wp, is the width of a PM, [, is the
axial length of a PM, h,,, is the thickness of a PM, pg
is the vacuum permeability, Lo is relative permeability
of a PM.

Fig. 3. Model diagram of unit permanent magnet mag-
netic network.
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A. Magnetic barrier equivalent method

In the rotor structure of the NAR-PMa-SynRM, the
magnetic barriers are dual-layered U-shaped, with slight
variations in angles between the layers and between
left and right sides. During magnetic network model-
ing, ensuring accuracy for the barriers and surrounding
magnetic resistances poses challenges. Therefore, this
paper proposes an effective method for barrier equiva-
lence, significantly enhancing modeling precision, and
meeting modeling requirements primarily through equa-
tions (1-3).

For simplifying the magnetic network modeling of
the rotor structure, this paper equivalently models the
magnetic barriers, central column, and surrounding iron
core sections as sector-shaped structures. Each central
column of the magnetic barriers per layer is taken as the
equivalent center, transforming the same layer of mag-
netic barriers into sector rings around the motor’s center
circle. The schematic diagrams of the magnetic barriers
before and after equivalence are depicted in Fig. 4. The
specific calculations for equivalence are detailed as fol-

lows:
Rp_r1+Rp2

Ro1 = — 5 (6)
Ri1 =Roi—1p1, @)
p1— _ 190x2 ) 8)
7 (Ro.t +Rit)
=y +1p,+ribwl+1 g - cos(al)
+1p_pr1 - cos(a2)), )
97:091:”1’[*;”1-91, (10)
R,» =R, 1 —t_core, (11D
Ri2 =Ry2—1p2, (12)
gr— _ 180x2 (13)
T (Ro2+Ri2)
12 = (I 12 + Ly vo + rib-w2 + Iy 12 - cos(3)
+ 1y - cos(ad)), (14)
08 =002 = ”'bl*zwz .62, (15)

where R, ; is the outside radius of the first layer of mag-
net barriers, R; 1 is the inside radius of the first layer of
magnet barriers, Rj, | is the radius of the inner side of
the transverse barrier, R}, ;- is the radius of the outer side
of the transverse barrier, ¢_core is the thickness between
the first layer and second layer of magnet barriers, rib_w 1
and rib_w?2 are the widths of the first- and second-layer
center columns, respectively, 817 to 68 are the radians of
each part of the magnetic barrier.

In the research on rotor magnetic barrier equiva-
lence, [21] focuses on multi-layer flux barriers in sym-
metric SynRMs, adopting a topology partition method
to decompose barriers into fan-shaped subdomains and
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integrating an equivalent current method to simulate sat-
uration, though its partition process is relatively com-
plex and primarily suited for symmetric structures. Ref-
erence [22] targets two-layered rectangular barriers in
symmetric delta-type IPM motors, reconstructing them
into equivalent spoke-type magnets via magnetic equiv-
alent circuits and equivalent air-gap functions, which
relies heavily on material parameter calibration. In con-
trast, this paper addresses dual-layer U-shaped asymmet-
ric magnetic barriers in NAR-PMa-SynRM by equiva-
lently transforming barriers, central columns, and sur-
rounding iron cores into sector rings centered on the cen-
tral column. This method directly preserves the original
asymmetric structural features, with validation showing
good consistency in back-EMEF, air-gap flux density, and
their harmonics with the initial model, achieving a bet-
ter balance between simplicity and accuracy, especially
in adapting to asymmetric structures.

The equivalent rotor structure of the NAR-PMa-
SynRM, as shown in Fig. 4, can be modeled using sec-
torial units for the entire rotor section in magnetic net-

(b)

Fig. 4. Equivalent schematic of the rotor magnetic bar-
rier: (a) before equivalence and (b) after equivalence.
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Fig. 5. Back-EMF waveforms of the motor before and
after equivalence at rated speed (3000 r/min).

work analysis. Figure 5 depicts the no-load back elec-
tromotive force (EMF) waveforms of the motor before
and after equivalence at rated speed (3000 r/min). Specif-
ically, the amplitude of the line back-EMF prior to
equivalence is 158 V, while that after equivalence is
152 V, resulting in an error of only 3.8%. In terms
of harmonics, the 3rd and 5th harmonics are slightly
reduced, while the 7th and 9th harmonics are slightly
increased. It is observed that the amplitude of the
equivalent EMF decreases slightly, while maintaining
good sinusoidal characteristics. Figure 6 presents the
Fourier decomposition of the no-load EMF before and
after equivalence, revealing a reduction in fundamen-
tal, 3rd, and 5th harmonic amplitudes after equiva-
lence, with an increase in seventh and ninth harmonic
amplitudes.

Figure 7 illustrates the air-gap flux density of the
motor before and after equivalence at rated speed (3000
r/min). The waveform of air-gap flux density remains
largely consistent before and after equivalence, with a
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Fig. 6. Harmonic component of back-EMFs.
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Fig. 7. Airgap flux density of the motor before and after
equivalence.

slight decrease in flux density amplitude after equiva-
lence, within acceptable error margins. Figure 8 shows
the Fourier decomposition of the air-gap flux density of
the motor before and after equivalence.

In terms of the harmonic distribution of the over-
all waveform, the equivalent model and the initial model
show a high degree of consistency in harmonic trends (a
decrease in low-order harmonics and an increase in high-
order harmonics). Combined with the controllable atten-
uation degree of the fundamental wave, it further verifies
the effectiveness of the simplified modeling method in
preserving the core characteristics of the magnetic net-
work.

Figure 9 presents a cross-section of the magnetic
network model of NAR-PMa-SynRM. Figure 9 illus-
trates the magnetic circuit connections of selected mag-
netic network units.

It is evident that the magnetic circuit structure of the
stator core is relatively straightforward, whereas that of
the rotor is more intricate. The PMs are not perfectly

1
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Fig. 8. Harmonic component of airgap flux density.
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Fig. 9. Schematic representation of the cross-section of
the EMN model.

aligned with the rotor d-axis, resulting in certain mag-
netic bridges being in close proximity to the air gap.
This complex magnetic barrier structure causes signifi-
cant differences in the magnetic paths of the rotor in the
radial and tangential directions. The EMN model is built
through three key steps, with clear boundary conditions
defined for credibility:

(1) Break down continuous magnetic flux paths into
distinct segments. (2) For each segment, calculate mag-
netic reluctance based on its length, cross-sectional area,
and material permeability. PMs are treated as equiva-
lent magnetomotive force sources. (3) Construct the net-
work using nodes (junctions where flux paths meet) and
branches (combining reluctance segments and magneto-
motive force sources). The network follows basic mag-
netic laws: flux is conserved at nodes (incoming flux
equals outgoing flux), and the total magnetomotive force
in a closed loop balances the magnetic “drops” across
reluctance segments.

Flux remains continuous at material interfaces (e.g.,
between iron cores and air gaps). Nodes within high-
permeability iron cores are considered equipotential
(minimal magnetic potential variation). Symmetry con-
straints (if the system is symmetric) simplify the net-
work by enforcing balanced flux distribution at symme-
try axes.

The principles of the EMN circuit were employed to
develop a corresponding DC circuit model in Simulink
for computing the two-dimensional EMN model, as
illustrated in Fig. 10. During the no-load condition of
the motor, an iterative method was employed to cal-
culate the magnetic flux through each magnetic reluc-
tance, thereby determining the operational state of the
entire motor magnetic circuit. The approach involved ini-
tially assigning predefined values to each reluctance and
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Fig. 10. Flow chart of EMN model method calculation.

subsequently allocating these values to the correspond-
ing resistances in the Simulink EMN model. Through
Simulink simulation, the flux through each reluctance
was computed, and these values were returned to the
MATLAB workspace as predefined flux values. Using
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these flux values, the magnetic induction intensity of
each partition cell was calculated, followed by redefin-
ing the permeability of each unit through interpolation
of the magnetization curve.

The reluctance values of each partition unit were
recalculated and assigned to the corresponding resis-
tances in the Simulink EMN model. Subsequent sim-
ulation through Simulink computed the flux through
each reluctance and returned these values to the MAT-
LAB workspace. The computed flux values were com-
pared with the predefined values, and if the difference
fell within the specified reference range, the computa-
tion met the requirements and thus concluded. Other-
wise, the magnetic flux was iteratively adjusted using
the Atiken acceleration convergence algorithm until the
desired accuracy was achieved.

Figure 11 displays the air-gap magnetic flux den-
sity results computed by the EMN model. The ampli-
tude of the air-gap magnetic flux density is 0.643. The
initial model yielded an air-gap magnetic flux density
amplitude of 0.712, while the equivalent model produced
0.664. The error in the air-gap magnetic flux density
amplitude is within a reasonable range. However, due to
the limited number of sampling points, the fitted curve
does not perfectly coincide with the curve of the origi-
nal model. A finer sampling method would yield a more
accurate curve but at the expense of increased computa-
tional time. The above results prove the effectiveness of
the EMN model.

1.2

Initial model
0.9 | —=EMN model

0.6

——Equivalent model

Airgap flux density (1)

0 60 120 180 240 300 360
Rotor position (elec. deg.)

Fig. 11. Results of air gap flux density calculated by
EMN model.

IV. FINITE ELEMENT ANALYSIS
Building upon the EMN model, a preliminary design
of the motor’s stator-rotor structure is conducted to facil-
itate efficient parametric iterations during the conceptual
design phase. Figure 12 presents the no-load magnetic
field distribution of the motor. As visualized, magnetic
flux emanating from the stator teeth travels through the



=
T
E

| s
LT
.o:'n
nong
LT
L
0206
LT

3100007
oy
B
LI
01009

EREaFRuaaangy §

m
BiE

-

Fig. 12. No-load magnetic field distribution of the pre-
liminarily designed NAR-PMa-SynRM.

airgap, penetrates the rotor pole shoes, and converges
at the rotor magnetic bridges, where significant mag-
netic saturation occurs. This saturation arises due to the
narrow width of the magnetic bridges, which increases
local magnetic reluctance and concentrates the flux den-
sity in these regions. Given that the magnetic bridges
are made of electrical steel (with a saturation flux den-
sity of approximately 1.8T), the concentrated flux eas-
ily drives these areas into saturation even under no-load
conditions.

Figure 13 illustrates the open-circuit back-EMF
waveforms of the Embedded-SPM and NAR-PMa-
SynRM. It can be observed that both motors exhibit well-
maintained sinusoidal characteristics in their EMF wave-
forms. The amplitude of the back-EMF in NAR-PMa-
SynRM is slightly lower compared to that in Embedded-
SPM, attributable to mechanical rotation of the PMs.

Embedded-SPM

——NAR-PMa-SynRM

Back-EMF (V)
[—]

_3 00 L L L L L
0 60 120 180 240 300 360

Rotor position (elec. deg.)

Fig. 13. No-load line back-EMF of the preliminarily
designed NAR-PMa-SynRM.

CHEN, WEI, WANG, HOU, MUSOLINO, SHAMIYEV ET AL.: MODELING AND ANALYSIS OF EQUIVALENT MAGNETIC NETWORK MODEL

21.7Nm,12.4%

Torque (N-m)
by

Embedded-SPM

= NAR-Pma-SynRM

0 L L L 1
0 60 120 180 2440 300 360

Rotor position (elec. deg.)

Fig. 14. Output torque of the preliminary designed NAR-
PMa-SynRM is at the rated operating condition.

Figure 14 depicts the torque waveform of the motor
under rated conditions. Leveraging both electromagnetic
torque and reluctance torque effectively, NAR-PMa-
SynRM exhibits an average torque increase of 18.6%
compared to Embedded-SPM, with a reduction in torque
ripple by 7.8%.

V. CONCLUSION

This paper introduces a novel asymmetric rotor per-
manent magnet-assisted synchronous reluctance motor
(NAR-PMa-SynRM), integrating embedded surface-
mounted PM technology with SynRM principles to
enhance motor output performance by effectively lever-
aging both electromagnetic and reluctance torque. The
focus of this study lies in the preliminary design phase
of the motor, which includes the development of a mag-
netic network model tailored specifically for NAR-PMa-
SynRM. To simplify the modeling process and improve
the accuracy of rotor magnetic circuit equivalences, a
simplified equivalent method is proposed. The computa-
tional results of the equivalent magnetic network (EMN)
model align closely with finite element analysis (FEA)
results, validating the effectiveness of the proposed EMN
model and equivalent methods. Subsequently, based on
the preliminary design outcomes derived from the EMN
model, a finite element model is established. The results
demonstrate that NAR-PMa-SynRM achieves an average
torque increase of 18.6% compared to Embedded-SPM,
with a reduction in torque ripple by 7.8%.

This study demonstrates the substantial potential
of NAR-PMa-SynRM in terms of output performance.
Future efforts in refining the design of NAR-PMa-
SynRM will involve detailed parameterization, multi-
objective optimization, and the integration of multi-
physics coupling for equivalent stress and thermal man-
agement.
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