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ABSTRACT: To address the shortcomings of conventional permanent magnet synchronous motors (CPMSMs), such as the inability to
adjust the permanent magnet field and a narrow speed control range, this paper proposes a variable leakage flux permanent magnet
synchronous motor (HPM-VLFM) based on a hybrid series-parallel permanent magnet configuration. This motor achieves a variable
leakage flux permanent magnet motor (VLFM) by designing a magnetic barrier on the g-axis, and further realizes the HPM-VLFM by
designing ferrite permanent magnets with a series-parallel magnetic circuit. First, this paper introduces a rotor topology of the proposed
motor and establishes its equivalent magnetic circuit to elucidate its operating principle. Second, sensitivity analysis and response surface
analysis are employed to investigate the relationship between parameters and response variables, and an optimal solution is obtained
based on the given constraints. Finally, based on two-dimensional finite element analysis (FEA), the electromagnetic characteristics of the
proposed motor were analyzed in detail, including variable flux leakage characteristics, no-load characteristics, inductance characteristics,
and torque efficiency characteristics. The results indicate that the HPM-VLFM has a wider speed control range and higher efficiency

than VLFM.

1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are widely
used in electric vehicle traction motors due to their high ef-
ficiency, high output torque, high power density, and excellent
dynamic performance [1,2]. However, because the permanent
magnetic field of the PMSM rotor is fixed, increasing torque
density typically requires applying a large direct-axis demag-
netizing current to generate reluctance torque. This leads to in-
creased losses and reduced efficiency, resulting in certain lim-
itations in speed control for conventional PMSMs and making
them unsuitable for high-speed drive applications [3, 4].
Currently, unlike traditional PMSMs that rely on direct-axis
demagnetizing currents or hybrid excitation windings to ad-
just the magnetic field, Variable Leakage-Flux Permanent Mag-
net Motors (VLFMs) regulate the air-gap flux by altering the
saturation level of the rotor’s leakage flux path. This makes
them suitable for applications requiring wide speed regulation
and high reliability, such as in electric vehicle traction sys-
tems [5,6]. Ref. [7] investigated the flux barrier topology for
regulating VLFMs from the perspective of harmonic compo-
nents in air-gap flux density. By appropriately configuring the
flux barrier of the VLFM, the power factor was improved by
35% under rated conditions, while maintaining a wide speed
range. Refs. [8] and [9] conducted a comprehensive analysis
and evaluation of VLFM topologies. As the ratio of magnetic
resistance torque in VLFMs increases, the risk of load demag-
netization also increases. Therefore, during the design phase,
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the trajectory of NdFeB permanent magnets should be evalu-
ated when demagnetizing currents are applied to avoid local
irreversible demagnetization. Ref. [10] proposed a series hy-
brid permanent magnet variable flux motor using a combination
of low-coercivity and high-coercivity permanent magnets. The
proposed motor features a wide range of magnetization states,
low magnetization and demagnetization currents, and a low risk
of demagnetization.

Although VLFM can regulate the air-gap flux, the config-
uration of a magnetic bridge on the stator axis and an air-gap
magnetic barrier on the rotor axis increases the magnetic circuit
resistance and reduces the effective air-gap flux, resulting in a
decrease in VLFM torque [11, 12]. Therefore, it is necessary to
explore methods to enhance VLFM torque.

To increase the torque of PMSMs, many researchers have
employed blends of different permanent magnet materials
to form distinct magnetic circuits and enhance torque [13].
Ref. [14] embedded ferrite in the rotor slots to replace part of
the heavy-rare-earth permanent magnet material, achieving
greater magnetic resistance torque and enhancing the ferrite’s
resistance to demagnetization. Ref. [15] modeled a parallel
configuration of ferrite and NdFeB magnetic circuits, thereby
improving the utilization of the NdFeB permanent magnets.
Refs. [16] and [17] proposed a series-parallel permanent
magnet motor with an asymmetric magnet structure. By
employing a special asymmetric rotor topology, they improve
the utilization of permanent magnets and reduce superposition
and coupling losses in the permanent magnet torque.
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FIGURE 1. Motor topologies: (a) CPMSM. (b) VLFM. (¢) HPM-VLFM.
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FIGURE 2. The rotor structure of CPMSM evolves step by step to VLFM and HPM-VLFM rotor structure.

This paper investigates and designs a variable-flux-magnet
permanent magnet synchronous motor with a hybrid permanent
magnet structure (HPM-VLFM) and conducts performance
analysis. While broadening the speed range, this motor also
enhances the output torque to a certain extent by designing a
series-parallel magnetic circuit composed of ferrite and NdFeB
permanent magnets. The main contributions of this paper can
be summarized as follows:

1) A novel VLFM is proposed, and its operating principle is
elucidated through equivalent magnetic circuit analysis.

2) Based on the novel VLFM, a series-parallel hybrid per-
manent magnet VLFM is further proposed. By establishing and
analyzing the magnetic circuit, the mechanism by which series-
connected and parallel-connected ferrite magnets enhance out-
put torque is systematically elucidated.

3) A genetic algorithm optimization method for enhanc-
ing the output torque of the series-parallel hybrid permanent
magnet VLFM was developed and validated. This method
combines finite element (FE) modeling with two-dimensional
equivalent magnetic circuit modeling to optimize the series-
parallel ferrite configuration and variable leakage flux bar-
rier structures, thereby achieving an increase in motor output
torque.

The structure of this paper is as follows. Section 2 discusses
the shortcomings of traditional bar-type PMSMs and VLFMs,
and based on this, proposes a series-parallel hybrid perma-
nent magnet VLFM; simultaneously, equivalent magnetic cir-
cuit models for the three motors are established to elucidate
their operating principles. Section 3 conducts multi-objective
optimization for the series-parallel hybrid permanent magnet
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VLFM topology and compares its performance in other aspects
while enhancing the motor’s output torque. Section 4 veri-
fies the reliability of the proposed motor through finite element
analysis. Section 5 summarizes the entire paper.

2. MOTOR TOPOLOGY AND OPERATING PRINCIPLE

2.1. Motor Topology

Based on the conventional bar-type permanent magnet syn-
chronous motor (CPMSM), this paper designs a variable-flux
permanent magnet motor (VLFM) with a rotor incorporating
bar-type neodymium-iron-boron permanent magnets. To en-
hance the output torque of the VLFM, a hybrid permanent mag-
net variable-flux permanent magnet synchronous motor (HPM-
VLFM) is further developed by designing ferrite permanent
magnets in a series-parallel magnetic circuit, as shown in Fig-
ure 1. The stator winding structures of all three motors are iden-
tical, featuring an 8-pole, 48-slot design; the only difference lies
in the rotor structure. Figure 2 illustrates the step-by-step evo-
lution of the rotor structure from the CPMSM to the VLFM and
HPM-VLFM.

First, because CPMSMs have a relatively large leakage flux
path, arc-shaped and semicircular magnetic barriers are incor-
porated into the g-axis magnetic circuit of the CPMSM to cre-
ate two leakage flux paths, resulting in a VLFM. The leakage
magnetic paths of the VLFM block the downstream g-axis path-
way, thereby reducing the self-leakage flux of the NdFeB per-
manent magnets; simultaneously, this design reduces the g-axis
inductance (L) and provides a pathway for leakage flux varia-
tions under different operating conditions. Second, to increase
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FIGURE 3. Diagram of the HPM-VLFM magnetic circuit and the magnetization directions of its permanent magnets.

the output torque of the VLFM, ferrite permanent magnets are
added in series and parallel to strengthen the main magnetic cir-
cuit of the VLFM, resulting in the HPM-VLFM. Additionally,
since the HPM-VLFM features spoke-type ferrite permanent
magnets on the g-axis, this further reduces the g-axis induc-
tance and improves the HPM-VLFM’s reverse convexity ratio.
To more intuitively demonstrate the effect of adding ferrite per-
manent magnets on the HPM-VLFM, a schematic diagram of
the HPM-VLFM magnetic circuit and the magnetization direc-
tions of each permanent magnet were drawn, as shown in Fig-
ure 3. In summary, through the aforementioned series of inno-
vative designs, the target motor, HPM-VLFM, was ultimately
achieved.

2.2. Equivalent Magnetic Circuit Analysis of Electric Motors

The excitation source of the HPM-VLFM consists of a series-
parallel circuit formed by neodymium-iron-boron permanent
magnets and ferrite permanent magnets. Additionally, the ro-
tor is designed with a magnetic barrier to introduce a leak-
age flux path and reduce the cross-axis inductance. To more
clearly illustrate the advantages of the HPM-VLFM, this pa-
per establishes equivalent magnetic circuits for the CPMSM,
VLFM, and HPM-VLFM for analysis and comparison. Each
main magnetic path consists of a magnetic potential source, a
magnetic barrier with equivalent magnetic resistance, and an
air gap, thereby enabling simplified modeling of the magnetic
circuit, as shown in Figure 4.

Variable-leakage-flux motors actively regulate their internal
magnetic circuits through controllable leakage flux paths. The
variation in their inductance directly reflects the regulatory ef-
fect of the leakage flux paths on the magnetic circuit, and di-
rectly determines the weak-field speed control capability and
the proportion of reluctance torque. Therefore, based on Fig-
ure 4, this paper calculates and analyzes the dg-axis inductance
and flux characteristics of equivalent magnetic circuits for dif-
ferent motors to illustrate the advantages of the HPM-VLFM.

As shown in Figure 4(a), for a CPMSM, the dg-axis induc-
tance is expressed as follows:

| —
d = R.+Ry+Rpm+R, 1
. o (1)
4 = R.+R,+R.
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Here, Lq and L, represent the dg-axis inductances, respec-
tively; I, is the stator equivalent magnetic resistance; R, is
the air gap equivalent magnetic resistance; I, is the perma-
nent magnet equivalent magnetic resistance; and R,. is the ro-
tor equivalent magnetic resistance. The electromagnetic torque
of a PMSM typically consists of two components: permanent
magnet torque and reluctance torque. Since the inductance Ly
of a CPMSM is less than L, its reluctance torque is reduced,
thereby decreasing the electromagnetic torque. The formula for
calculating the electromagnetic torque is as follows:

T = 2 i+ (La = Lo)iaiy &)

As shown in Figure 4(b), compared to the CPMSM, the
VLFM incorporates two additional leakage flux paths and two
magnetic bridges. In this configuration, the VLFM includes a
d-axis leakage flux resistance (Rpq) in parallel with the d-axis
magnetic circuit and a g-axis leakage flux resistance (Rp,) in
series with the g-axis magnetic circuit. Consequently, the d-
axis inductance L, of the VLFM decreases, while the g-axis
inductance L, increases. Assuming that magnetic saturation
and the rotor’s angular position are neglected, L and L, of the
VLFM can be expressed as:

L N?
d = R.+Ry+(Rpm+R)Roa 3)
_ N2
Ly = Rs+Ry+R,+Ripq

When the VLFM operates at high speeds, the g-axis current
increases. Due to the saturation of the magnetic barrier, the
magnetic resistance increases significantly, and the inductance
decreases, resulting in Lg > L,, which increases the torque
to some extent. At the same time, the increase in magnetic re-
sistance also increases the magnetic flux to some extent. The
permanent magnet flux and armature flux of the VLFM can be
expressed as follows:

¢s o Ld Fd
[cﬁpm} - NQ'A(R){FW] @
¢bd = ¢pm - ¢s (5)
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FIGURE 4. Equivalent circuit analysis: (a) CPMSM. (b) VLFM. (c) HPM-VLFM.

where, Compared to the VLFM, using Thevenin’s equivalence theo-
) Rog rem, the series-parallel permaner.lt magnets ?n the.HPM-VI?FM
A(R) = T Rpm+Rr+Roa ©) can be equivalent to a single series magnetic resistance with a
Rpd _ RstRy+Roa magnetic field:
Rym+Rr+Rya Rym+Rr+Rya
Compared to CPMSMs, the leakage flux (®,4) of VLFMs is F, = (Fpm—=Fe1)Rea+Fea (Rpm+Re1)

related to the leakage magnetic resistance (Rpq); therefore, by { ! Fpm+Reit Hea ®)

appropriately designing the leakage magnetic resistance to con- Req = (Rpm + Re1)|| Rez

trol the leakage flux, the air gap flux can be regulated. To fur-

ther increase motor torque, the HPM-VLFM employs a series- Here, F¢ represents the equivalent magnetic flux density of the
parallel arrangement of ferrite permanent magnets to alter the series-connected ferrite permanent magnets, and F¢, represents
dg-axis inductance and flux. The L4 and L, of the HPM-VLFM the equivalent magnetic flux density of the parallel-connected
can be expressed as follows: ferrite permanent magnets. After applying the Thevenin trans-
formation, the equivalent magnetic circuit resembles the VLFM

N2 . . o .
Li= g m A R R T o model. Based on this, in addition to adjusting the inductance
I N2 ™) and magnetic flux by varying the size of the magnetic bar-
97 Ret+Ry+RrtRog+Rer rier, the precise design of an enhanced-output-torque variable-

leakage-flux motor can also be achieved by varying the size of
the ferrite permanent magnets. The key design parameters for
CPMSM, VLFM, and HPM-VLFM are shown in Table 1.

Here, R, represents the equivalent magnetic resistance of the
series-connected ferrite permanent magnets, and R., represents
the equivalent magnetic resistance of the parallel-connected
ferrite permanent magnets.
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TABLE 1. Main dimensions and parameters of CPMSM, VLFM, and
HPM-VLFM.

Items CPMSM VLFM HPM-VLFM
Rated Current (A) 30 30 30
Air-gap length (mm) 0.6 0.6 0.6
Rated speed (rpm) 1000 1000 1000
Out diameter of stator (mm) 190 190 190
Out diameter of rotor (mm) 123.8 123.8 123.8
Effective laminate length (mm) 100 100 100
Number of slots/poles 48/8 48/8 48/8
Use of NdFeB per pole/(mm®)  6052.5 6052.5 6052.5
Use of Ferrite per pole/(mm?) 0 0 4082

3. MULTI-OBJECTIVE OPTIMIZATION

For the proposed hybrid permanent magnet synchronous motor
with variable leakage flux (HPM-VLFM) using a series-parallel
permanent magnet configuration, the design of the stator and
windings is primarily based on conventional bar-type perma-
nent magnet synchronous motors (Table 1) and classic design
formulas for permanent magnet synchronous motors. To better
analyze the variable leakage flux characteristics of the HPM-
VLFM, modeling results of the equivalent magnetic circuit in-
dicate that, to achieve variable leakage flux, the rotor magnetic
barrier and permanent magnet dimensions must first be opti-
mized to obtain optimal performance.

Figure 5 shows the main parameters of the HPM-VLFM, and
the specific design variables and their value ranges are listed
in Table 2. Furthermore, considering that the HPM-VLFM
should possess high torque, stability, and a wide speed regu-
lation range, the average torque (Z.g), torque ripple (T ),
and Reverse-salient ratio (Ly/L,) are set as optimization ob-
jectives.

*Tb

-~

ﬁTb"

‘§§§f'h b ™~
\‘* J/

FIGURE 5. Key specifications of the HPM-VLFM.

~
~

Based on the parameterized model of HPM-VLFM shown
in Figure 5, this paper uses sensitivity analysis to examine the
extent to which each variable influences the optimization ob-
jective. The sensitivity indices are shown in Figure 6; these
values indicate whether the influence of each variable on the
optimization objective is positively or negatively correlated.

As shown in Figure 6, R; has the greatest influence on av-
erage torque and torque ripple, while T}, has the greatest influ-
ence on the back-convexity ratio. The results indicate that the
degree of influence of each variable on the optimization objec-
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FIGURE 7. Optimal solution for HPM-VLFM.

tives varies significantly. Therefore, this paper selects high-
sensitivity parameters for response surface analysis. The re-
sponse surfaces for average torque, torque ripple, and Back-
Reverse-salient ratio of the HPM-VLFM are shown in Fig-
ure 8. By examining the response surfaces, the relationships
between the parameters and the response variables can be de-
termined, and the response variables can be predicted within
specific ranges. Finally, an evolutionary algorithm (EA) was
employed to perform multi-objective optimization design, and
the optimal solution was obtained based on the constraints, as
shown in Figure 7.

4. ANALYSIS AND COMPARISON OF ELECTROMAG-
NETIC PROPERTIES

4.1. Analysis of Variable Leakage Flux Characteristics

Figure 9 shows the magnetic field distributions of the CPMSM,
VLFM, and HPM-VLFM under no-load and loaded conditions,
respectively. During no-load operation, all three motors ex-
hibit significant stray magnetic fields. During loaded opera-
tion, when an inter-axis current (i, ) is applied, most of the mag-
netic flux lines in the VLFM and HPM-VLFM pass through the
stator and are attenuated via the stray magnetic path, thereby
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TABLE 2. Design variables of the HPM-VLFM and their ranges.

Parameters Introduction Value range
D Distance between the center of the magnetic [31-35]
" barrier and the inner diameter of the stator

R The distance from the first ma.gnetic barrier [10-12]
to the center of the circle

R, The distance from the second rr?agnetic barrier [16-19]
to the center of the circle

R The distance from the third me?gnetic barrier [21-25]
to the center of the circle

Ty Magnetic bridge thickness [4-5]

Ty Thickness of the second magnetic barrier [1-2]

Tys Thickness of the third magnetic barrier [2-4]

L Length of a series-connected permanent magnet [11-13]

L, Length of a parallel-connected permanent magnet [6-9]

D, Distance between the parallel-connected permanent [7-10]

magnets and the stator inner diameter
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FIGURE 8. High-sensitivity parameter response surface analysis: (a) Average torque response surface analysis; (b) Torque ripple response surface
analysis; (c) Back-reverse-salient ratio response surface analysis.

providing superior weak-field capability and generating greater Furthermore, to conduct a more in-depth analysis of the
torque. A comparison of Figures 9(b) and 9(c) shows that the variable leakage flux characteristics of the VLFM and HPM-
magnetic flux density is significantly enhanced due to the ad- VLFM, this paper investigates the variation of the axial mag-
dition of series-parallel ferrite permanent magnets [18]. netic flux with the g-axis current, as shown in Figure 10. As can
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FIGURE 9. Magnetic field distribution under no-load and loaded conditions: (a) CPMSM. (b) VLFM. (¢c) HPM-VLFM.
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be seen from the figure, when ¢, = 0, the magnetic flux lines of
the VLFM and HPM-VLFM pass through the leakage flux path,
and the axial magnetic flux is minimal. As 7, increases, the
magnetic flux along the vertical axis continues to rise, reaching
a peak when the current reaches 30 A. When ¢, > 30 A, the mo-
tor’s leakage flux gradually approaches saturation; therefore, as
14 increases, the magnetic flux along the vertical axis decreases.

4.2. No-Load Characteristics Analysis

Figure 11(a) shows the no-load back-EMF waveforms of the
three motor types. It can be seen that, due to its variable leak-
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age flux design, the no-load back-EMF amplitude of the VLFM
is higher than that of conventional motors. Furthermore, due
to the ferrite permanent magnet design of the HPM-VLFM, its
no-load back-EMF amplitude is higher than that of the VLFM.
A Fourier transform was performed on the no-load back-EMF
to conduct a harmonic analysis, with the results shown in Fig-
ure 11(b). The results indicate that the total harmonic distor-
tion (THD) value for the CPMSM, HPM-VLFM, and VLFM
are 11.87%, 8.81%, and 10.47%, respectively, demonstrating
that the no-load back-EMF waveform of the new motor is more
sinusoidal. The air gap is a core component for energy con-
version in motors, making its analysis crucial. Figure 12 com-
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FIGURE 14. Analysis of average output torque and current-angle relationship.

pares the air gap magnetic flux density of the CPMSM, VLFM,
and HPM-VLFM, showing that the HPM-VLFM has the high-
est peak air gap magnetic flux density.

4.3. Inductance Analysis

Inductance plays a critical role in the motor’s output torque,
speed control range, and flux decay characteristics. By im-
plementing a differentiated topological design for the L; and
L, of a PMSM, it is possible to effectively optimize the mo-
tor’s torque density, operating efficiency, and high-speed per-
formance; therefore, it is necessary to analyze the motor’s in-
ductance.

Figure 13 shows the inductance characteristics of three mo-
tors under different current conditions. As shown in Fig-
ure 13(a), the CPMSM exhibits an Ly < L, characteristic,
and as the current increases, the difference between L, and L,
gradually decreases due to magnetic saturation. Figures 13(b)
and (c) show that the VLFM and HPM-VLFM achieve an L; >
L, characteristic; simultaneously, due to magnetic saturation at
the magnetic bridge, the difference between L, and L, grad-
ually decreases. Therefore, by adding a magnetic bridge and
magnetic barrier structures, an Ly > L, inductance character-
istic can be achieved.

4.4. Torque-Efficiency Analysis

According to Equation (2), torque depends not only on the ap-
plied current but also on the dg axis and inductance. Therefore,
when the CPMSM reaches maximum torque, its current angle
is positive; when the VLFM and HPM-VLFM reach maximum
torque, their current angles are negative. The relationship be-
tween average output torque and current angle is shown in Fig-
ure 14. As shown in the figure, when the current angle is 42 de-
grees, the CPMSM’s torque reaches a maximum of 61.31 N-m;
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when the current angles are —9° and —4°, respectively, the
torque of the VLFM and HPM-VLFM reaches maximum val-
ues of 48.47N-m and 53.81 N-m, respectively. Therefore, be-
cause variable-leakage-flux motors incorporate magnetic bar-
riers at the rotor, resulting in lower magnetic flux density, the
output torque capacity of the VLFM and HPM-VLFM is lower
than that of the CPMSM.

In addition, torque ripple is a key performance metric in mo-
tor design. Figure 15 illustrates the torque ripple characteristics
of the three motor types. As shown in the figure, due to the ef-
fect of the magnetic barrier, the torque ripple of the VLFM and
HPM-VLFM is lower than that of the CPMSM. Specifically,
the torque ripple of the CPMSM is 10.3%, that of the VLFM is
12.2%, and that of the HPM-VLFM is 7.15%.

This paper employs a maximum torque-to-current ratio
(MTPA) control strategy to generate efficiency MAP plots for
the CPMSM, VLFM, and HPM-VLFM, as shown in Figure 16.
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As shown in the figure, due to the variable leakage flux design,
the speed control range of the VLFM and HPM-VLFM is wider
than that of the CPMSM. In the 0-2500 r/min speed range,
the high-efficiency region of the VLFM and HPM-VLFM is
broader than that of the CVTSM. Comparing Figures 16(b)
and (c) reveals that, compared to the VLFM, the HPM-VLFM
has a wider speed range and higher efficiency. This demon-
strates that the addition of series-parallel permanent magnets
in the HPM-VLFM enhances the magnetic circuit.

5. CONCLUSION

To address the shortcomings of conventional permanent mag-
net synchronous motors (CPMSMs), such as the inability to
adjust the permanent magnet field and a narrow speed control
range, this paper proposes a variable-flux permanent magnet
motor (VLFM) utilizing strip-shaped neodymium-iron-boron
permanent magnets, based on the advantages of variable-flux-
magnetism. Furthermore, to enhance the output torque of the
VLFM, a hybrid permanent magnet variable-flux permanent
magnet synchronous motor (HPM-VLFM) is developed by de-
signing ferrite permanent magnets in series-parallel magnetic
circuits. The proposed motor is evaluated using finite element
analysis (FEA), leading to the following conclusions:
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(1) By performing equivalent magnetic circuit analysis on
different motors, this paper elucidates the basic principles of
variable leakage flux as well as the principles of magnetic cir-
cuit enhancement using series-parallel permanent magnets.

(2) Through the rational design of magnetic barriers and anal-
ysis of variable leakage flux characteristics, the VLFM and
HPM-VLFM achieve magnetic field weakening via leakage
flux paths, demonstrating superior weak-field performance.

(3) Torque-efficiency analysis shows that when the VLFM
and HPM-VLFM reach maximum torque, their current angle is
negative, consistent with the principles of inductance and mag-
netic circuit analysis. Additionally, due to the variable leakage
flux and the design of series-parallel ferrite permanent magnets,
the HPM-VLFM offers a wider speed control range and higher
efficiency.
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