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ABSTRACT: This paper proposes a novel less-rare-earth variable-leakage-flux reverse-salient-pole motor (LRE-VLF-RSPM). The pro-
posed motor achieves the reverse-salient-pole and variable-leakage-flux characteristics by reasonably arranging three layers of arc-shaped
flux barriers between adjacent magnetic poles. Furthermore, it incorporates ferrite magnets to reduce the usage of rare-earth permanent
magnets by one-third while maintaining torque output, thereby fulfilling the less-rare-earth objective. First, the paper introduces a rotor
topology and operational principle. Subsequently, it employs two-dimensional finite element analysis (FEA) to compare the electro-
magnetic performance — including torque, flux-weakening capability, constant power speed range (CPSR), and high-efficiency region
proportion — among a conventional V-type synchronous motor (CTVSM), a variable-leakage-flux reverse-salient-pole motor (VLF-
RSPM), and the LRE-VLF-RSPM. The final results demonstrate that the proposed motor reduces rare-earth usage by one-third compared
to the benchmark motor and exhibits superior flux-weakening capability, a wide constant power speed range, and a large high-efficiency
region. These findings verify the effectiveness and feasibility of the proposed motor.

1. INTRODUCTION

n response to the call for energy conservation and emissions
Ireduction, the number of pure electric vehicles (EVs) con-
tinues to increase, and they have become a major component
of new energy vehicles [1,2]. Due to their advantages in ef-
ficiency and power density, permanent magnet synchronous
motors (PMSMs) are often adopted as the traction motors in
EVs [3,4]. However, Interior Permanent Magnet Synchronous
Motors (IPMSMs) have certain limitations in speed regulation.
To increase torque density, a considerable d-axis demagnetiz-
ing current is typically required to generate significant reluc-
tance torque, which leads to increased losses and a substantial
reduction in efficiency [5, 6].

In recent years, many scholars have proposed various
variable-flux motors to meet the multi-operational demands
of EVs. Refs. [7-9] propose a hybrid excitation motor. By
applying different DC or AC currents to the excitation winding,
a wide speed range can be achieved. However, the presence
of the excitation winding adds a heat source, imposing certain
requirements on thermal management. Motors where the
internal magnetic field can be adjusted by changing the mag-
netization state of low-coercivity (low-Hc) magnets are known
as memory motors. Since this type of memory motor uses only
a low-Hc permanent magnet, its magnetization state is easily
affected by the load current and can undergo uncontrolled
changes [10,11]. Mechanically adjustable flux motors are
another feasible approach. These motors use mechanical
devices to change the air-gap flux without additional losses,
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but they rely heavily on moving parts and have a slower
response speed than electrical control [12, 13].

The reverse-salient-pole motor is also an important research
direction. Its main characteristic is that L, is greater than
L, Under low-speed operating conditions, it generates
positive reluctance torque through a flux-enhancing effect,
improving load capacity. At high speeds, due to its larger
d-axis inductance, a smaller d-axis current is sufficient to
weaken the main magnetic field, thereby extending the speed
range [14, 15]. Refs. [16, 17] propose a variable-leakage-flux
permanent magnet synchronous motor (VLF-PMSM). By
designing rotor leakage flux bridges and g-axis flux barriers,
the saturation level of the leakage flux paths varies between
light load and rated load, achieving the purpose of variable
air-gap flux. Given the good compatibility between reverse-
salient-pole and variable-leakage-flux characteristics, many
scholars have combined them to propose variable-leakage-flux
reverse-salient-pole motors (VLF-RSPMs) [18]. These motors
feature carefully designed flux barriers between adjacent
poles, possessing both reverse-salient-pole characteristics and
variable leakage flux capability. They offer advantages such
as low torque ripple, strong flux-weakening capability, and
high efficiency [19-21].

Furthermore, for permanent magnet motors, rare-earth per-
manent magnet materials are a crucial component, and the price
of rare-earth elements has been rising in recent years [22].
Refs. [23, 24] propose a less-rare-earth permanent magnet syn-
chronous motor (LRE-PMSM). This motor aims to reduce the
cost of PM machines by minimizing the use of expensive high-
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FIGURE 1. Topologies diagram. (a) CTVSM. (b) VLF-RSPM. (¢) LRE-VLF-RSPM.

grade rare-earth magnet materials without compromising the
associated high performance. The performance degradation
caused by the reduced rare-earth magnet content can be com-
pensated by adding low-cost ferrite magnets, achieving signif-
icant cost savings through minimizing rare-earth content and
enhancing the saliency of the rotor structure.

This paper proposes a less-rare-earth variable-leakage-flux
reverse-salient-pole motor (LRE-VLF-RSPM). This motor
combines the advantages of the reverse-salient-pole perma-
nent magnet motor (RSPM) and controllable-leakage-flux
permanent magnet motor (CLF-PM), realizing both reverse-
salient-pole and variable-leakage-flux characteristics through
a designed rotor topology. Moreover, by incorporating ferrite
magnets to reduce rare-earth usage, it achieves cost savings.
The motor is validated and evaluated using the finite element
analysis (FEA) method. Calculation results indicate that
this motor can broaden the speed regulation capability and
maintain nearly unchanged torque output even after a reduction
of one-third in rare-earth usage.

2. MOTOR TOPOLOGY AND OPERATING PRINCIPLE

2.1. Motor Topology

This study selects the CTVSM and VLF-RSPM as benchmark
motors, both utilizing 100% rare-earth magnets, and further
proposes the LRE-VLF-RSPM. The stator structure and wind-
ing configuration are identical for all three motor types, featur-
ing a double-layer winding with 8 poles and 36 slots, with the
primary distinctions residing in the rotor structures; the topolo-
gies are illustrated in Fig. 1. As shown in Fig. 1(a), the CTVSM
has its d-axis magnetic circuit formed by V-shaped permanent
magnets without a specifically designed g-axis magnetic path,
resulting in L, > L4 which exhibits salient-pole characteris-
tics. Fig. 1(b) illustrates the VLF-RSPM, whose d-axis mag-
netic circuit also employs V-shaped permanent magnets but
incorporates trapezoidal flux barriers between magnets of the
same polarity to effectively prevent inter-pole self-leakage flux;
additionally, an elliptical flux barrier and two arc-shaped flux
barriers are added to the g-axis magnetic path, significantly re-
ducing g-axis inductance to achieve Ly > L, and thus realize
the reverse-salient-pole objective. Simultaneously, these added
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barriers form two leakage flux paths, achieving the variable-
leakage-flux purpose. Fig. 1(c) presents the proposed LRE-
VLF-RSPM. Compared to the VLF-RSPM, its g-axis flux bar-
rier design remains unchanged, while in the d-axis circuit, the
usage of V-shaped rare-carth permanent magnets is reduced by
one-third with a rectangular ferrite magnet added below to com-
pensate for the diminished flux, thereby achieving cost savings.
Through this series of evolutionary steps, the final LRE-VLF-
RSPM designed in this paper is developed.

2.2. Operating Principle

Compared to CTVSM, VLF-RSPM possesses two distinct
characteristics, enabling better flux-weakening speed regu-
lation and offering advantages such as a wider speed range.
Building upon this foundation, this paper proposes LRE-VLF-
RSPM. To better clarify the distinctions between the motors,
the d-q axis magnetic circuits of the three motors are simplified,
as shown in Figs. 2(a), (b), and (¢). The d-g axis magnetic
circuit of the CTVSM is simple, consisting of air gap, stator,
rotor cores, and permanent magnets connected in series. In
contrast, the VLF-RSPM, due to the added flux barriers in the
g-axis, effectively introduces a parallel leakage reluctance in
the d-axis and adds a series combination of leakage reluctance
and barrier reluctance in the g-axis, achieving the purpose
of increasing L4 and decreasing L,. Compared to the VLF-
RSPM, the LRE-VLF-RSPM further reduces rare-earth usage
by incorporating a rectangular ferrite block. This is equivalent
to adding the magnetomotive force and reluctance of the ferrite
block in series within both the d-axis and g-axis magnetic
circuits.  Consequently, it achieves the goal of reducing
rare-earth permanent magnet usage without compromising the
reverse-salient-pole and variable-leakage-flux characteristics.

First, the Ly > L, characteristic is analyzed. Neglecting
magnetic saturation effects and angular position, the following
expressions can be derived from the given simplified magnetic
circuit diagrams:

N2
" Ry + Ry + Rs||(Rom1 + Ry + Ry)
N2
L =
" Ri+Ry+Rs+Ry+R,+R,

Lq
(1)
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FIGURE 2. Simplified equivalent circuit diagrams of a d-q axis. (a) CTVSM. (b) VLF-RSPM. (c) LRE-VLF-RSPM.

where N is the number of winding turns; R,, Ry, Rs, Rm1,
R,, R,, and Ry, represent the stator reluctance, air-gap reluc-
tance, leakage-flux-path reluctance, NdFeB magnet reluctance,
ferrite magnet reluctance, rotor reluctance, and flux-barrier re-
luctance, respectively. From Equation (1), it can be seen that
the addition of flux barriers in the g-axis achieves Lqy > L,
resulting in the reverse-salient-pole characteristic.

Second, the variable-leakage-flux characteristic is analyzed.
As shown in Fig. 2(c), the magnetomotive forces (MMFs) of
the NdFeB magnet, ferrite magnet, and d-axis are denoted as
Fomi1, Fpn and Fy, respectively; the magnetic fluxes of the
NdFeB magnet, ferrite magnet, stator, and leakage flux path
are denoted as ®p,,1, Ppp, s and P, respectively. Thus, the
variable-leakage-flux can be expressed as:

q)pml + q)pn 1 Rs + Rg + R§ R(;
[0 det R Rs R, + Rs
Fom + Fon
p lF P Q)
d
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where
R;+ R R R
detR = + g M 0
Rs R, + Rs
= (Rs+R,)R.+(Rs+Ry+R,)Rs  (3)
(1)6 = ( pml + (I)pn) - (bs
_ (R + R ) ( pml + Fpn) R"‘Fd (4)
detR

From Formula (3) and Formula (4), it can be concluded that
the magnitude of ®; is related to R, Iy, 12, and Rs. However,
when the motor’s stator and rotor dimensions are determined,
the first three parameters are constant; thus, it can be easily
derived that @5 depends on Rs, where @5 is determined by the
dimensions of the leakage flux path. Additionally, it can be
inferred that only when ®; > 0, does the motor exhibit the
variable-leakage-flux characteristic.

Finally, the less-rare-earth characteristic is analyzed. Specif-
ically, the d-axis magnetic circuit conditions of the LRE-VLF-
RSPM and the VLF-RSPM are compared. For the VLF-RSPM,
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the magnetomotive force (MMF) and the permanent magnet re- iL]
luctance are denoted as Fj,,, and R,,, respectively. The per- o £
manent magnets in the LRE-VLF-RSPM consist of two parts: S
NdFeB and ferrite. Consequently, their respective MMFs and - 9 = I ~
reluctances are denoted as Fjp,1, Fpp and Ry,q, Ry, From the < Q‘\T ) [ /Te g,u/] B
simplified magnetic circuit diagram, it is readily derived that 2 %

satisfying Equation (5) and Equation (6) achieves the less-rare-
earth characteristic.

Fpm =
Ry, =

Fpml + Fpn
le + Rn

®)
(6)

In summary, this section analyzes the d-q axis inductances,
leakage flux, and magnetomotive forces of the proposed LRE-
VLF-RSPM, demonstrating the feasibility of achieving the
reverse-salient-pole, variable-leakage-flux, and less-rare-earth
characteristics, thereby providing sufficient theoretical support
for the proposed motor. The key parameters of the CTVSM and
the LRE-VLF-RSPM are listed in Table 1. The specific param-
eters of the VLF-RSPM are identical to those of the CTVSM
listed in Table 1.

TABLE 1. Main dimensions and parameters of CTVSM and LRE-VLF-
RSPM.

Ttems CVTSM LRE-VLF-RSPM
Rated output power (kW) 6 6
Rated current (A) 28 28
Air-gap length (mm) 0.75 0.75
Rated speed (rpm) 1200 1200
Out diameter of stator (mm) 269.24 269.24
Out diameter of rotor (mm) 110.64 110.64
Numbers of turns 7 7
Slots/Poles 36/8 36/8
NdFeB width/thickness (mm) 16/5 16/3.3
Ferrite PM width/thickness (mm) / 9.5/8.5
Use of NdFeB per pole/(mm*)  13331.2 8798.6

3. DESIGN OPTIMIZATION

Based on the aforementioned design and analysis of the LRE-
VLF-RSPM, in order to achieve an optimal balance between
rare-earth usage and torque output, as well as to optimize per-
formance aspects such as torque ripple and reverse-salience ra-
tio, it is necessary to optimize both its rotor topology and the
proportion of the two permanent magnet materials. As shown
in Fig. 3, the parametric model of the LRE-VLF-RSPM is pre-
sented. Firstly, the required design variables and their variation
ranges are determined. Secondly, a sensitivity analysis of these
variables is conducted relative to the optimization objectives
to identify the primary sensitive variables. Finally, a multi-
objective optimization algorithm is applied to the selected sen-
sitive variables to obtain the optimal design scheme.

3.1. Optimization Objectives and Parameter Design

The optimization objectives are defined as follows:
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FIGURE 3. Parameterization of the proposed LRE-VLF-RSPM rotor
structure.

(1) Maximize the average torque, 7Ty, under Maximum
Torque Per Ampere (MTPA) control.

(2) Minimize the torque ripple, Ty, which is defined as:

Tmax - Tm

% 100% (7

Tripple =
avg
where Tiax and Tii, are the maximum and minimum torques,
respectively.
(3) Maximize the reverse-salience ratio, K,.;, which is de-
fined as:
= I
Based on the parametric model of the LRE-VLF-RSPM pre-
sented in Fig. 3, the key parameters are selected as design vari-

ables for the subsequent sensitivity analysis. The specific de-
sign variables and their variation ranges are listed in Table 2.

Kys ®)

TABLE 2. Design variables and variation ranges.

Design variables ~ Variation Ranges

0 (deg) [70-80]
T (deg) [0.5-1.5]
T1 (mm) [7.5-10.5]
T> (mm) [9-12]
T (mm) [3-4]
Ly (mm) [1-3]
Ly (mm) [1-2]
L3 (mm) [1-2]
o (deg) [35-45]
oz (deg) [45-55]

3.2. Sensitivity Analysis

Given the parametric model of the motor described above, there
are numerous variable parameters, and the influence of differ-
ent variables on the optimization objectives varies significantly.
To effectively distinguish the specific degree of impact each
variable has on the respective optimization objectives, this pa-
per employs a sensitivity analysis method. The sensitivity in-
dex is expressed as:

V(E(F/z:))

D;
S =5 = v

)
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TABLE 3. Optimization results of LRE-VLF-RSPM.

Items Initial values ~ Optimized values
0 (deg) 75 72
T (mm) 1 1.2
T> (mm) 11 9.5
T5 (mm) 3 33
Ly (mm) 1.8 2.5
Tvg (Nm) 304 342
Trippte (%0) 10.8 8.2
K 1.2 1.4

In the equation, x; represents the input parameter; F' denotes
the optimization objective function; F'/x; signifies the value
of F under the condition where z; is fixed; F and V represent
the expectation and variance of the function, respectively; D;
is the output variance caused solely by the variation of param-
eter x; itself; and D is the total variance of the optimization
objective function F'. The sensitivity indices of each variable
relative to the different optimization objectives are shown in
Fig. 4. The magnitude of the index value indicates the degree
of influence a variable has on an optimization objective, while
the sign (positive or negative) indicates whether the correlation
between the variable and the objective is positive or negative.
As can be seen from the figure, 6 has the greatest influence on
torque magnitude and shows a negative correlation; 75 has the
greatest influence on torque ripple and shows a positive correla-
tion; 7" has the greatest influence on the reverse-salience ratio
and shows a negative correlation. This demonstrates that the
influence of different variables on the various optimization ob-
jectives differs significantly and can even be conflicting. Deter-
mining the optimal values for each variable cannot be achieved
by sensitivity analysis alone; it requires balancing the relation-
ships between the variables and the optimization objectives to
obtain the optimal solution.

3.3. Multi-Objective Optimization Based on Key Sensitive Vari-
ables

Based on the sensitivity analysis above, the primary sensitive
variables are identified as 8, T, T», T3, and L+, with their vari-
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FIGURE 5. Results of optimization.

ation ranges consistent with those in Table 2. This paper em-
ploys Evolutionary Algorithms (EAs) for the multi-objective
optimization design, with the specific constraint conditions as
follows:

Tavg Z 30Na Tripple S 12%; Krs > 1.2 (10)

The optimization results are presented in Fig. 5, where the
optimal operating point is marked. The finally determined op-
timal values of the key design variables are listed in Table 3.

4. ELECTROMAGNETIC PERFORMANCE ANALYSIS
AND COMPARISON

4.1. Magnetic Field Distribution and Variable-Leakage-Flux
Characteristics

The flux distributions under no-load conditions for the three
motors are shown in Fig. 6. Fig. 6(a) depicts the no-load flux
distribution of the CTVSM, where it can be observed that due to
the flux barriers at both ends of the magnets, being extremely
close to the rotor edge, only a small amount of leakage flux
exists. Figs. 6(b) and (c) illustrate the no-load flux distribu-
tions of the two variable-leakage-flux motors. As both designs
incorporate carefully arranged flux barriers between the mag-
netic poles, forming two distinct leakage flux paths, a signif-
icant amount of leakage flux can be seen flowing along these
two paths towards adjacent poles. Fig. 7 presents the flux distri-
butions of the three motors under rated load conditions. From
Fig. 7(a), it is evident that the CTVSM still exhibits minor leak-
age flux under rated load, indicating that its leakage flux shows
only a small variation. In contrast, Figs. 7(b) and (c) show
that for the two variable-leakage-flux motors, the flux passes
through the air gap to the stator side rather than the leakage
paths under rated load due to the saturation of the leakage paths,
thereby achieving the variable-leakage-flux characteristic.
Furthermore, to better analyze the variable-leakage-flux
characteristics of the VLF-RSPM and the LRE-VLF-RSPM,
the variation of their d-axis flux linkage with the g-axis arma-
ture current is investigated, with the results shown in Fig. 8.
When the ¢-axis armature current is small, the saturation level
of the leakage paths is low, resulting in higher leakage flux
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FIGURE 7. Variable flux leakage property of loaded condition. (a) CTVSM. (b) VLF-RSPM. (¢) LRE-VLF-RSPM.
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FIGURE 8. Relationship between d-axis flux linkage and g-axis current.

and consequently a smaller d-axis flux linkage. When the
g-axis armature current exceeds 28 A, the leakage paths tend to
become deeply saturated, with almost no leakage flux, allow-
ing the d-axis flux linkage to reach its maximum. The figure
indicates that the variable-flux ranges for the VLF-RSPM and
the LRE-VLF-RSPM are 28.2% and 29.4%, respectively.

4.2. No-Load Back-EMF

The no-load back electromotive force (back-EMF) of the three
motors is analyzed. Their back-EMF waveforms at the rated
speed of 1200 rpm are obtained, with the results shown in Fig. 9.
It can be observed that the back-EMFs of the VLF-RSPM and
LRE-VLF-RSPM are similar in magnitude, but both are lower
than that of the CTVSM. This is because, under no-load condi-
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tions, the leakage flux paths in these two motors exhibit a low
saturation level, resulting in greater leakage flux and a conse-
quent reduction in the air-gap flux density.

Harmonic analysis of the no-load back-EMF is performed
using the Fast Fourier Transform (FFT) method, with the re-
sults presented in Fig. 10. The figure indicates that the CTVSM
has the highest magnitudes for the 3rd, Sth, 7th, and 9th har-
monics. The total harmonic distortion (THD) values of the no-
load back-EMF for the CTVSM, VLF-RSPM, and LRE-VLF-
RSPM are 12.2%, 8.1%, and 6.6%, respectively. This demon-
strates that the no-load back-EMF waveforms of the latter two
motors are more sinusoidal.

4.3. Inductance Characteristics

Inductance significantly impacts the motor’s output torque and
speed regulation range. Therefore, the three motors are investi-
gated under different current conditions, with the results shown
in Fig. 11. Fig. 11(a) indicates that the CTVSM consistently
maintains L, > Lg, exhibiting salient-pole characteristics. In
contrast, Figs. 11(b) and (c) demonstrate that under rated condi-
tions, both the VLF-RSPM and LRE-VLF-RSPM achieve the
reverse-salient-pole characteristic of Ly > L,. Furthermore,
the rate of decrease in the d-axis inductance is significantly
lower than that in the g-axis inductance. It is also evident
that compared to the CTVSM, both the VLF-RSPM and the
LRE-VLF-RSPM exhibit an increased L, and a decreased L,
which aligns with the theoretical analysis presented in Chap-
ter 2. These results confirm the feasibility of the proposed ap-
proach of adding flux barriers to achieve the reverse-salient-
pole characteristic.
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4.4. Torque Characteristics

Following the analysis of the inductance characteristics in the
previous subsection, the torque characteristics are now exam-
ined. The electromagnetic torque expression for an Interior Per-
manent Magnet Synchronous Motor (IPMSM) is given by:

3P

Te = — [Uniq + (Lg —

Lq) idiq]

3P

=5 (W, I, cos (B)+(Lqg—Lg) IZ cos (B) sin (—3)] (11)
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In the equation, U, represents the back-EMF linkage of the
permanent magnets; I is the amplitude of the given current;
and S is the given current angle. According to Equation (11),
under rated conditions, the CTVSM reaches its maximum
torque at a positive current angle, while both the VLF-RSPM
and the LRE-VLF-RSPM achieve their maximum torque at a
negative current angle, as detailed in Fig. 12. Specifically,
the CTVSM attains its peak torque of 40.2Nm at a current
angle of 30°, whereas the VLF-RSPM and LRE-VLF-RSPM
reach their peak torques of 35 Nm and 34.2 Nm at current an-
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gles of —5° and —3°, respectively. Furthermore, the figure re-
veals that even with identical dimensional parameters and rare-
earth permanent magnet usage, the torque of the VLF-RSPM
is still 12% lower than that of the CTVSM. This reduction is
attributed to the reverse-salient-pole characteristic of the VLF-
RSPM, which diminishes the reluctance torque. Under the con-
dition of identical dimensional parameters to the VLF-RSPM,
the LRE-VLF-RSPM proposed in this paper reduces rare-earth
permanent magnet usage by one-third through the addition of
ferrite magnets. It can be observed that the output torques of
the two motors are fundamentally identical. This demonstrates
that the proposed LRE-VLF-RSPM successfully achieves the
goal of reducing rare-earth permanent magnet usage.

Figure 13 illustrates the torque ripples of the three motors. It
can be observed that the torque ripple of the CTVSM is higher
than that of both variable-leakage-flux motors. Specifically, the
torque ripple of the CTVSM is 12%, while those of the VLF-
RSPM and LRE-VLF-RSPM are 8.6% and 8.2%, respectively.
This represents a beneficial outcome of the added flux barriers.

4.5. Torque-Speed and Output Power Characteristics

The flux-weakening capability of a motor determines its speed
regulation performance. A wider speed regulation range in-
dicates a stronger flux-weakening capability; therefore, it is
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essential to investigate the characteristics of torque and out-
put power as functions of speed. Using the Maximum Torque
Per Ampere (MTPA) control strategy, the torque-speed and
power-speed curves are obtained, as shown in Fig. 14. From
Figs. 14(a) and (b), it can be seen that the VLF-RSPM and
LRE-VLF-RSPM exhibit identical trends in their respective
curves. This once again verifies that the addition of fer-
rite magnets compensates for the performance deficit caused
by the one-third reduction in rare-earth permanent magnets,
confirming the feasibility of the less-rare-earth design. Sec-
ondly, although the CTVSM exhibits higher torque and power
in the low-speed region, its rate of decline is steeper than
that of the VLF-RSPM and the LRE-VLF-RSPM. Around
4000 rpm, both its power and torque fall below those of the lat-
ter two motors. At 6000 rpm, its power drops to only 4800 W,
which is significantly lower than the rated power of 6000 W.
These results demonstrate that the VLF-RSPM and LRE-VLF-
RSPM possess a wider speed regulation range and stronger
flux-weakening capability, which primarily benefits from the
reverse-salient-pole characteristic of Ly > L.

4.6. Core Loss and Efficiency Map

High efficiency is a critical performance indicator for motors,
with losses being the primary factor affecting it. Theoretically,
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due to the variable-leakage-flux characteristic, the VLF-RSPM
and LRE-VLF-RSPM exhibit lower core flux density in the
flux-weakening region compared to the CTVSM, resulting in
reduced core losses and higher efficiency. The core loss dis-
tributions of the three motors at different speeds are shown in
Fig. 15. Fig. 15(a) illustrates the core loss distribution of the
CTVSM, with a peak loss of 405 W. Figs. 15(b) and (c) show
the core loss distributions of the VLF-RSPM and LRE-VLF-
RSPM, respectively. It can be observed that their core losses are

(a) 40
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1000 2000 3000
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4000 5000
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comparable, with peak losses of 180 W and 225 W, significantly
lower than that of the CTVSM. This is attributed to the fact that
during flux-weakening operation, the g-axis current is relatively
small, keeping the leakage flux paths unsaturated. This condi-
tion generates substantial leakage flux, which reduces the core
flux and thereby lowers the core loss.

The higher core loss in the CTVSM indicates its corre-
spondingly lower efficiency, as shown in Fig. 16. Compar-
ing Figs. 16(a), (b), and (c), it is evident that the area where
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FIGURE 16. The efficiency. (a) CTVSM. (b) VLF-RSPM. (c) LRE-VLF-RSPM.

efficiency exceeds 96% is substantially wider for the VLF-
RSPM and LRE-VLF-RSPM than for the CTVSM. These re-
sults demonstrate that the VLF-RSPM and LRE-VLF-RSPM
offer the advantages of lower losses and a larger high-efficiency
region.

5. CONCLUSION

To address the issues that conventional V-type synchronous mo-
tors cannot meet the wide speed regulation demands of complex
electric vehicle operating conditions and the high cost of rare-
earth permanent magnets, this paper, leveraging the advantages
of variable-leakage-flux reverse-salient-pole motors, such as
a wide speed range and high efficiency, proposes a less-rare-
earth variable-leakage-flux reverse-salient-pole motor (LRE-
VLF-RSPM). The finite element analysis (FEA) method is em-
ployed to evaluate this motor, leading to the following conclu-
sions:

(1) By incorporating ferrite magnets while reducing the us-
age of rare-earth permanent magnet by one-third compared
to the VLF-RSPM, the proposed motor maintains nearly un-
changed torque output. It retains the high performance of the
VLF-RSPM in terms of variable flux capability, speed regula-
tion, flux-weakening control, and efficiency, thereby achieving
the goal of lower cost.

(2) Through rotor structural design, the proposed motor
achieves the Lqy > L, characteristic, attains a significant
variable-flux range (28.4%), and demonstrates excellent
variable-leakage-flux capability. Compared to the CTVSM,
it exhibits lower torque ripple, superior flux-weakening
capability, and a wider speed regulation range.

(3) Owing to its variable-leakage-flux characteristic, the pro-
posed motor demonstrates lower core loss and a larger high-
efficiency region than the CTVSM.
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