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Design and Analysis of Wide Speed Regulation
of Variable Leakage Flux Reverse Salient-pole
Motor

Xiping Liu, Siting Zhu, Dabin Liu, and Jianwei Liang

Abstract— In this article, a new variable leakage flux reverse
salient-pole motor (VLF-RSPM) is raised to widen the speed
range. The innovation is to realize both reverse salient-pole
characteristics and variable leakage flux characteristics by using a
method of adding magnetic bridges and magnetic barriers. Firstly,
the evolution of the topological structure and working principle of
the motor are introduced. Secondly, based on 2D Finite Element
Analysis (FEA), the electromagnetic properties and noise of the
motor are analyzed in detail, and the electromagnetic properties
are contrasted with that of the conventional V-type synchronous
motor (CVTSM). The results show that VLF-RSPM has the
advantages of small torque ripple, strong magnetic weakening
ability, low noise, high efficiency, and low risk of permanent
magnet demagnetization under different conditions. In addition, it
is verified that the proposed motor extends the speed range.

Index Terms—Reverse salient-pole, Variable leakage flux, FEA,
Wide speed range.

[. INTRODUCTION

N order to solve the serious energy crisis and environmental

pollution caused by fuel vehicles [1], electric vehicles (EV)
have been developed rapidly. The key to the high performance
of EV lies in the drive motor, among which the most widely
used drive motor is the permanent magnet motor, mainly
because of its high efficiency, high-output torque, high power
density, and good dynamic performance [2], [3]. However,
because of the inherent properties of permanent magnet (PM)
material of permanent magnet synchronous motor (PMSM) [4],
it is difficult to adjust its internal magnetic field, causing the
speed regulation range of the motor in the field weakening area
is narrow. To expand the speed range of motor operation, a
large d-axis current (id) is usually injected into the d-axis to
weaken PM. However, adding id will inevitably increase
copper loss and increase the irreversible demagnetization risk
(IDR) of PMs [5]-[7].
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In recent years, many scholars have proposed variable
leakage flux motors (VLFM) to expand the operating speed
range. In [8]-[10], a hybrid excitation motor is proposed, which
can flexibly adjust the PM magnetic field by changing the
amplitude and current angle of the added excitation current,
thereby expanding the speed regulation range. In [11], [12],
scholars have proposed the memory motor, which mainly
degaussed and demagnetized PM by injecting pulse current for
a short time, thus realizing flux control and achieving high
efficiency and wide speed range. The pulse current regulating
the magnetization state of PM is generated by the DC
magnetization coil [13], which is more convenient to control
the magnetization state. Professor R. D. Lorenz of the United
States proposed a flux-enhanced permanent magnet
synchronous motor (FEPMS) [14], [15], which can reduce
g-axis inductance (L,) by adding a reasonable magnetic barrier
on the g-axis of the rotor and increased the d-axis inductance
(Lg) by adding a magnetic bridge on the d-axis of the rotor, to
obtain reverse salient-pole characteristics (Ls > L,). Due to the
large L4 of the FEPMS, the id of the FEPMS is small when it
runs at high speed, which can effectively reduce the IDR of PM
[16]. Meanwhile, when it runs at low speed, id is positive
because of the Ly > L, characteristics, it has a flux-intensifying
effect on the air gap magnetic field, which reduces the
irreversible demagnetization risk and enables wide speed
regulation [17]. In [18], scholars proposed a controllable flux
leakage permanent magnet motor (CLF-PM), which can
expand the speed range by changing the rotor topology and
adding one or more flux leakage paths.

A new variable leakage flux reverse salient-pole motor

(VLF-RSPM) method is proposed in this paper. VLFRS-PM
has the advantages of both the FEPMS and CLF-PM. Mainly by
designing the topology of the motor rotor, the reverse
salient-pole and variable leakage flux characteristics are
realized. Then, a detailed analysis of each performance of the
designed motor is carried out. The calculation results show that
the design method can improve the expansion speed (ES)
ability of the VLF-RSPM, but also sacrifice a lot of output
torque.

II. TOPOLOGY AND PRINCIPLED OF MACHINE

A. Machine Topology

The comparison motor selected in this paper is shown in Fig.
1 (a), a conventional V-type synchronous motor (CVTSM).
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The VLF-RSPM based on a comparison motor is proposed as
shown in Fig. 1 (b). Their stator windings have the same
structure with 8 poles and 48 slots, and the rotor structure is
different. Fig. 2 shows how the rotor structure of CVTSM
evolves step by step to a VLF-RSPM rotor structure. Firstly, an
arc-shaped magnetic barrier and trapezoidal magnetic barrier
are added to the g-axis magnetic circuit to form two leakage
flux paths, blocking the downstream path of the g-axis, thereby
reducing the self-magnetic flux leakage of PM. Meanwhile,
they play the role of reducing L, and providing paths for flux
leakage variables under different working conditions. Secondly,
segment PM to get a magnetic bridge that can increase the L.
Finally, three magnetic barriers parallel to the d-axis are added
to reduce the torque ripple, which vibration of the motor during
operation, and also prevent the cross-coupling of the d-g axis.
To sum up, through a series of innovative designs above, gets
the target motor VLF-RSPM.

Stator

Windings

Windings

(a) (®)
Fig. 1. Topologies diagram. (a) CVTSM. (b) VLF-RSPM.
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Fig. 2. The rotor structure of CVTSM evolves step by step to a VLF-RSPM
rotor structure.
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B. Operation Principles

In order to better distinguish the difference between the
VLF-RSPM and the CVTSM, and better clarify the advantages
of VLF-RSPM, the d-g axis magnetic circuits of the
VLF-RSPM and the CVTSM are simplified as shown in Fig. 3
(a) and 3 (b). Since the magnetic circuit of VLF-RSPM has two
more magnetic leakage paths and a magnetic bridge, it can be
seen from the simplified magnetic circuit that VLF-RSPM has a
leakage flux resistance in parallel with the d-axis magnetic
circuit compared with CVTSM, and a leakage flux resistance is
connected in series with the g-axis. Therefore, the L, of the
VLF-RSPM increases and the Ly decreases.

First, analyze Ls > L, characteristics; According to the
simplified circuit diagram, while ignoring the influence of
magnetic saturation and angular position, L; and L, can be
expressed as

NZ
R +R, +R; (R, +R,)
2
I N
* R+R,+R, +R +R,

L,

(M

The number of turns of winding is N, and the resistances of
the stator, the air gap, the leakage flux path, the PMs, and the
magnetic barrier are Ry, Rg Rs, Rn, R R, respectively.
According to Equation (1), the characteristics of Ls>L, can be
realized by adding magnetic bridges and magnetic barriers.

Finally, analyze the characteristics of variable leakage flux.
According to Fig. 3 (b), the magnetomotive force of the PM,
d-and-g-axis is Fp,, Fg and F,. the magnetic fluxes of the PM,
stator, magnetic flux leakage path, and g-axis is @Ppm, @5, Ds,
and @, respectively. The variable leakage flux can be
expressed as:

©,] 1 [R+R+R, R, |F, @
®, | detR R, R +R, || F,
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According to Equations (3) and (4), it can be found that @5
depends on R;, that is, the @; depends on the size of the flux
leakage paths. Furthermore, variable flux leakage
characteristics can be obtained only if @:>0. The key
parameters of the VLF-RSPM and the CVTSM are shown in
Table I.

-

D-axial maguetic circuit T

D-axial magnetic circuit Q-axial magnetic circuit

(2 (®)
Fig. 3. Simplified equivalent circuit diagrams of a d-¢ axis. (a) CVTSM. (b)
VLF-RSPM.

D-axtal magnetic circuit Q-axial magnetic circuit

TABLE I
KEY DESIGN PARAMETERS OF THE TWO MOTORS
Items VLF-RSPM CVTSM
Rated output power (kW) 9 10
Rated phase current (A) 30 30
Air-gap length (mm) 0.75 0.75
Rated speed (rpm) 1000 1000
PM material NdFe30 NdFe30
Stator inner diameter (mm) 161.9 161.9
Active stack length (mm) 83.82 83.82
Numbers of turns 21 21
Slots/Poles 48/8 48/8
PM width/ thickness (mm) 18.5/4.5 18.5/4.5

C. Design Parameters

To better analyze the VLF-RSPM, the VLF-RSPM is first
optimized to obtain the best performance. Fig. 4 shows the
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main parameters of the VLF-RSPM, where W, and W, are
the widths of two magnetic flux leakage bridges. L, L; and L3
are respectively the lengths of three parallel magnetic barriers,
and T'is their widths. L,,,; and L,.> are the lengths of segmented
PM. T; and T are the widths of the magnetic bridge at the PM
and d-axis, respectively. In addition, considering the
performance of high torque, stability, and large speed
expansion range required by the proposed VLF-RSPM, the
torque, torque ripple and reverse salient ratio rate (Ls/L,) is set
as the optimization objectives.

Fig. 4. Design variables of VLF-RSPM.

Since the number of variables is relatively large, and the
influence on each optimization objective is different, to more
effectively distinguish the relationship between each variable
and each optimization objective, the sensitivity analysis
method is applied in this paper, where the sensitivity index S(x;)
is expressed as:

Vu(E(g(x) /%))
V.(g(x,))

Where E(g(x;)/ x;) is the average value of optimization
objective g(x;) when variable x; is constant, and V.(E(g(x;)/ x:))
and V, (g(x;)) is the variances of E(g(x;)/ x;) and g(x;). The
sensitivity index of each variable to each optimization objective
is shown in Fig. 5, where the value determines the influence of
the variable on the optimization objective, and the positive and
negative value represents the positive or negative correlation
between the parameter and the optimization objective. From
Fig. 5, Wj,1 has the greatest influence on the torque, followed by
Lym1, and the relationship between L,»,; and torque is positive.
Lym; has the greatest influence on torque ripple, and their
relationship is positively correlated. L,,; also has the greatest
influence on the reverse salient ratio rate, but their relationship
is negative, followed by L;. It is found that each variable has
different effects on each optimization objective, and they
influence each other and also have conflicts. Therefore, it is
difficult to determine the optimal design value of variable
parameters by using the results of the sensitivity index. It is
necessary to balance the relationship between each
optimization objective to get the optimal result.

Based on the above sensitivity analysis, the main variables

S(x) = (5)

were determined, namely L;, Lz, Lymi, Wpi, and T;. The
parameter ranges of the main variables were designed

according to the rotor structure, as shown in Table II.
Workbench and Maxwell co-simulation were used to optimize
each variable.

In this paper, sequential nonlinear programming (SNP) is
used to solve the optimal solution. Firstly, the boundary
conditions are set as follows: torque greater than 80Nm, torque
ripple less than 15%, and reverse salient ratio rate greater than
1.2. According to the constraints, the optimal solution can be
effectively obtained by using SPN, as shown in Fig. 6. Table 11
shows the value of each parameter of the optimal point.

. Wi
To;'que Torque ripple LJL

Fig. 5. Sensitivity analysis of design variables of VLF-RSPM.
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Fig. 6. Optimization results.

TABLE II
THE OPTIMIZATION RESULTS
Ttems Variation Initial Optimized
parameters values values
L; (mm) [8.5-11] 10 10.68
L; (mm) [6.5-8.5] 7 7.8
Ly (mm) [6-12] 9 8.52
W1 (mm) [77-79] 78 78.5
T; (mm) [0.75-1.25] 0.9 0.8
Torque (Nm) - 80 88
Torque ripple (%) - 16 8
Reverse salient ratio rate - 1.3 1.4

III. PERFORMANCES ANALYSIS AND COMPARISON

A. Magnetic Field Distribution

The magnetic field distribution of the CVTSM and the
VLF-RSPM when the iz is 30 A and the i, is 30 A, respectively,
are shown in Fig. 7. When the i, is added, the magnetic lines of
force passing through the stator are reduced, and the magnetic
field is weakened, to achieve the purpose of expanding a wide
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rotational speed range. Compare Fig. 7(a) with Fig. 7 (b), most
of the magnetic field lines of VLF-RSPM pass through the
leakage flux path to reduce the magnetic field and have better
magnetic flux weakening ability. When the i, is added, a large
amount of PM flux passes through the stator, thereby
generating torque, and it can be found from Fig. 4(b) that the
magnetic field lines of the VLF-RSPM have no flux leakage
under the condition of i,=30 A, thus improve the PM torque.
However, due to the design of VLF-RSPM, its maximum
torque is smaller than that of CVTSM.

¥ %
;,'_)@ o, e
Vo™ 2, .

==y |
D-axis current (high speed) Q-axis current(low speed)

(2 (®)
Fig 7. Magnetic field distribution. (a) CVTSM. (b) VLF-RSPM.

In addition, to better analyze the variable flux leakage
characteristics of the VLF-RSPM, the change of d-axis flux
linkage with the increase of its i, is analyzed as shown in Fig. 8.
See from the figure, that when i, = 0 A, many magnetic field
lines pass through the magnetic leakage path, and the flux
linkage of the d-axis is the smallest at this point. As the i,
increases, the magnetic flux of the d-axis also increases
continuously, but it reaches the maximum when the current
reaches 30 A, and then decreases with the increase of the i,.
Where A% is the initial d-axis flux leakage, A¥, is the
maximum variable flux leakage, and Kv is the maximum
leakage flux rate of 24%.
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Fig 8. Relationship between d-axis Flux Linkage and g-axis current.

B. Back-EMF and Air-gap Flux Density

The air-gap is the main way to realize energy conversion of
the motor, so it is very necessary for motor analysis. Fig. 9 (a)
compares the air-gap flux density of the VLF-RSPM and the
CVTSM, where VLF-RSPM has a slightly higher and sharper
air-gap flux density peak. The no-load back-EMF of the
VLF-RSPM and the CVTSM at a rated speed of 1000rpm in
one electric angle cycle is shown in Fig. 9 (b). The back-EMF
of VLF-RSPM is smaller, mainly because the magnetic leakage
path of VLF-RSPM reduces the air-gap flux density. In
addition, the harmonic analysis of no-load based on Fourier

decomposition is shown in Fig. 9 (¢), the VLF-RSPM has small
harmonics of order 1, 3, 5, and 7, which indicates that the
waveform of VLF-RSPM back-EMF is more sinusoidal. The
air-gap flux density with more sinusoidal and smaller harmonic
amplitude can reduce the torque ripple of the motor, which can
effectively reduce the vibration and noise of the motor, improve
the output torque, efficiency, and PM utilization of the motor,
and is beneficial to control of the motor. and the more
sinusoidal no-load back-EMF waveform is beneficial to motor
control.
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Fig 9. No-load performances. (a) Air-gap flux density. (b) Back-EMF. (c)
Harmonic analysis of the back-EMFs.
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C. Inductance Characteristics

Inductance plays an important role in the output torque,
speed range, and flux attenuation of the motor, so it is necessary
to analyze the L; and L, of the VLF-RSPM and the CVTSM.
The inductance of the VLF-RSPM and the CVTSM under
different current conditions when the current angle is set to 0
are presented in Fig. 10. It can be observed that the Lyand L, of
the VLF-RSPM and the CVTSM both decrease with the
increase of the current, and the Ls decreases slowly, while the
L, decreases more rapidly. It can be seen from Fig. 10 (a) that
the Ly<L, characteristic of the CVTSM and the difference value
between Lq and L, become smaller as the current increases. Fig.
10 (b) shows the VLF-RSPM motor achieves the characteristics
of L;>L,, and at the same time, L, hardly decreases when the
current is less than 20A and has the same decreasing speed as L,
when the current is greater than 20 A. By comparing the
inductance of VLF-RSPM and CVTSM, it is found that the Ly
of VLF-RSPM is larger than that of CVTSM and the L, of
VLF-RSPM is smaller than that of CVTSM, which is due to the
magnetic bridge and magnetic barrier added to VLF-RSPM.
The results show that adding magnetic bridges and magnetic
barriers can realize the characteristics of Ls>L,.
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Fig. 10. Inductance characteristics. (a) CVTSM. (b) VLF-RSPM.

D. Torque Production

The inductance characteristics of the VLF-RSPM and the
CVTSM have been analyzed above, and now the torque

characteristics are analyzed. In addition to the given current, the
torque is also related to the d-g axis inductance, which can be
expressed as follows

T = ﬁ[wmiq + (L, ~L,)iji, |
P ’ (6)
=2V cos(B) (L, ~ L)1 cos(B)sin(-p)

Where ¥, is the EMF of PM, I, is the magnitude of the given
current, and £ is the angle of the given current. According to
Equ. 6 and the inductance of the above two motors, the current
angle should be positive when CVTSM torque is at its
maximum, and the current angle should be negative when the
VLF-RSPM torque is the largest, which can be verified in Fig.
11. When the current Angle is -3°, the torque of the
VLF-RSPM reaches the maximum value of 88 Nm, and when
the current Angle is 40° , the torque of the CVTSM reaches the
maximum value of 102Nm. Therefore, the output torque
capacity of VLF-RSPM is significantly lower than that of
CVTSM, which is also a defect caused by the addition of
magnetic barriers. In addition, torque fluctuation is also a very
important performance of the motor [19]. Fig. 12 shows the
torque fluctuation of the two motors. It is observed that the
torque fluctuation of VLF-RSPM is less than that of CVTSM,
which is 17% for CVTSM and 8% for VLF-RSPM, mainly due
to the addition of three magnetic barriers in VLF-RSPM.

120

—— VLF-RSPM
—— CVTSM
ol (40,1020
(-3, 88)
. 80+
g
&
L
5 e}
5
[
40
20 -
0 1 1 1 1
-90 -60 30 0 30 60 90

Cuurent angle (deg)
Fig. 11. Output torque versus current angle.
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Fig. 12. Torque ripple.
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E. Evaluating the Irreversible Demagnetization Risk

At present, many scholars use simulation methods to
evaluate the DIR of PMs [20]. In this paper, the magnetization
state of PM’s working point is calculated. Fig. 13 shows the
magnetization state of the working points selected by each
motor under no-load conditions. The CVTSM selects three
observation points, and the VLF-RSPM selects four
observation points. Fig. 14 is the magnetic flux density of the
VLF-RSPM and the CVTSM at the observation points under
no-load conditions. Fig. 15 is the flux density of each
observation point when the VLF-RSPM and the CVTSM are
running at low speed; Fig. 13 is the flux density of each
observation point when the two motors rotate at 6000 rpm.

Fig. 14 (a) shows that the flux density of the three
observation points of CVTSM have a very small difference,
which can be regarded as the same, which is about 1.098 T; the
magnetic flux density of VLF-RSPM has no difference. The
flux density at observation point B reaches a maximum of about
1.06 T, and the flux density at observation point A reaches a

(b)
Fig. 13. Flux density distributions under no-load conditions. (a) CVTSM. (b)
VLF-RSPM.
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Fig. 14. Flux density variation curves under no-load conditions. (a) CVTSM.
(b) VLF-RSPM.

maximum of about 0.97 T, as shown in Fig. 14(b). It shows that
the magnetization states of the PMs of the two motors are
almost the same.

The motors are in a state of enhanced magnetic field when it
runs at low speed. Since the VLF-RSPM has the characteristics
of L&>L,, in Fig. 15, the VLF-RSPM applies a positive iy of 30
A, and CVTSM applies a negative iz of 30 A. Comparing the
flux density of each observation point in Fig. 15 (a) and Fig.
15(b), it is obvious that the PM Flux density of VLF-RSPM is
higher than that of CVTSM, which indicates that VLF-RSPM
has a lower IDR in the enhanced magnetic field state. Fig. 16
shows the flux density of the VLF-RSPM and the CVTSM
under the condition that the rotation speed is 6000 rpm
turntable, that is, the motor is in a weak magnetic state. It can be
seen fromthe figure thatthe PM density of VLF-RSPM is
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Fig. 15. Flux density variation curves under heavy load conditions. (a)

CVTSM.(b) VLF-RSPM.
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Tim(ms)
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Fig. 16. Flux density at the same speed of 6000 rpm. (a) CVTSM. (b)
VLF-RSPM.
higher than CVTSM, which indicates that the VLF-RSPM also
has a lower IDR in the weak magnetic state.

In summary, the VLF-RSPM has a low IDR whether in the
magnetic field enhancement state or the weak magnetic state.

F. Output Power and Torque Versus Speed Characteristics

The flux-weakening ability of the motor determines the
speed control ability, to broaden the speed control range of the
motor, it needs a good weak magnetic ability. To verify the
positive VLF-RSPM has a better speed expansion ability, the
flux-weakening capacity of the two motors is analyzed and
compared. The flux-weakening coefficient is defined as

kwm — Ld .Ilim (7)
pm

Yom is the PM flux, and I, is the limit current at the
maximum magnetic flux leakage. Table III shows L; and ¥, of
the two motors. According to the formula (7), the kwm of
VLF-RSPM is obviously greater than CVTSM, and it can also
be verified from Fig. 17 that VLF-RSPM has stronger speed
expansion ability.

In this paper, by comparing the performance of the wide
speed regulation performance of the VLF-RSPM and the
CVTSM, it is verified that the designed motor has a strong
flux-weakening ability and a wide speed regulation range.
From the torque-speed diagram shown in Fig. 17 (a), the output
torque of CVTSM is 102 T larger than that of the VLF-RSPM
in the low-speed operating region by 14T, and in the high-speed
operating region, the maximum speed of CVTSM only reaches
only 6250 rpm, while the maximum speed of VLF-RSPM
reaches 10000rpm, mainly because VLF-RSPM has 24%
controllable magnetic flux leakage. In addition, Fig. 17(b)
shows the output power-rotation speed diagram. In the
low-speed operation area, although the output power of
CVTSM is slightly higher than that of the VLF-RSPM, the
constant power speed regulation range of VLF-RSPM is
significantly larger than that of the CVTSM. The main reason
for this is the L>L, characteristic of VLF-RSPM.

G. Iron Loss and Efficiency Analysis

High efficiency is a very important motor performance index
of the motor, and loss is the main factor affecting the efficiency
of the motor. However, from Table I, it can be found that the
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Fig. 17. (a) Torque-speed. (b) Output power-speed.

TABLE III
THE PERFORMANCE COMPARISON

Items VLF-RSPM CVTSM
Maximum torque (Nm) 88 102
Torque ripple (%) 8 17
Maximum speed (rpm) 10000 6750
Maximum iron Loss (kW) 0.192 0.54
Constant power region (rpm) 2000-8000 /
High-speed time noise (dm) 35.32 41.08
Ls(mH) 16.2 14.8
o (Wb) 0.51 0.59
Kum 0.95 0.75

parameters of the VLF-RSPM and the CVTSM are the same, so
the copper loss, mechanical loss, and impurity loss of the
VLF-RSPM and the CVTSM are not much different. Therefore,
this section mainly analyzes the iron loss and efficiency of the
VLF-RSPM and the CVTSM by adopting the FEA.

Fig. 18 is the Map of iron loss of the VLF-RSPM and the
CVTSM. In the low-speed region, the iron loss of the
VLF-RSPM and the CVTSM is not much different. In the
high-speed region, the maximum iron loss of VLF-RSPM is
0.192kW at the speed of 10,000 rpm while the iron loss of
CVTSM is 0.54kW at the speed of 6,000 rpm much higher than
that of the VLF-RSPM. This is because the VLF-RSPM has a
large amount of leakage flux in the high-speed weak magnetic
field, thereby reducing the loss.
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Fig. 18. Iron loss. (a) CVTSM. (b) VLF-RSPM.

Fig. 19 is the efficiency Map of the VLF-RSPM and the
CVTSM. By comparing Fig. 16 (a) and (b) can be found that
the maximum efficiency of VLF-RSPM is 97% distributed at
0~2500 rpm, which is higher than that of CVTSM, and the
CVTSM has a maximum efficiency of 96% distributed from 0
than that of CVTSM, and the efficiency of VLF-RSPM is
higher in the overall range. Due to the magnetic flux leakage
characteristics of VLF-RSPM, the loss is reduced and the
efficiency is increased.

H. Stress Analysis

When the motor runs at high speed, a huge centrifugal force
will be generated, which will deform or even break the
relatively fragile parts of the rotor structure of the motor.
Therefore, analyzing the stress of the VLF-RSPM and the
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Fig. 19. The efficiency. (a) CVTSM. (b) VLF-RSPM.

10000

CVTSM is very necessary. Fig. 20 is a diagram of the
mechanical stress of the rotors of the VLF-RSPM and the
CVTSM at a temperature of 25° and a rotational speed of
10,000 rpm. The fracture strength of silicon steel is 450 Mpa,
which is far greater than the maximum stress of the VLF-RSPM
and the CVTSM, and the maximum stress of the VLF-RSPM
and the CVTSM are located in the magnetic bridge part. Fig. 20
(c) shows that although the stress of VLF-RSPM is larger than
that of CVTSM at all speeds, it is far less than the maximum
stress of magnetic steel, and it also shows that both motors can
operate safely within the full speed range.
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Fig 20. Stress analysis at a temperature of 25° and a speed of 10000rpm. (a)
CVTSM. (b) VLE-RSPM.(c) Stresses at different speeds.
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1. Noise Analysis

Weight sound pressure level is used as the evaluation
standard of electromagnetic noise during motor operation. Fig.
21 shows the distribution of sound pressure weight levels of
two motors at 1000Hz. Comparing Fig. 21(a) and (b), the sound
pressure level of VLF-RSPM at high speed is significantly
lower than that of CVTSM. Fig. 22 shows the variation of noise
and sound pressure of the two motors with frequency. It can be
seen from Fig. 22 (a) that noise intensity increases with the
increase of frequency, but the change in noise intensity is small
when the frequency is greater than 700Hz. Fig. 22(b) shows
that the variation trend of sound pressure is consistent with that
of noise intensity. In addition, the overall noise intensity and
sound pressure of VLF-RSPM are lower than those of CVTSM,
mainly because the magnetic barrier set by the VLF-RSPM can
effectively reduce the noise of the motor during operation. The
noise simulation of the two motors adopts the shell and stator
model as shown in Fig. 23, and the materials are structural steel.
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Fig. 21. Weight sound pressure level. (a) CVTSM. (b) VLF-RSPM.
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Fig. 23. The employed model of two motors.

IV. CONCLUSION

In this paper, a new VLF-RSPM motor is presented. The
innovation is to realize both reverse salient-pole characteristics
and variable leakage flux characteristics by using a method of
adding magnetic bridges and magnetic barriers. The
electromagnetic performance and noise of VLF-RSPM and
CVTSM are analyzed and compared by the FES. The results
show the VLF-RSPM has the advantages of small torque ripple,
high efficiency, low noise, strong flux-weakening ability, wide
speed range, and low IDR of PM. Meanwhile, it meets the
requirements of mechanical strength. Therefore, the proposed
VLF-RSPM verifies the rationality and effectiveness of the
design idea and solves problems such as the difficulty of
expanding the speed of traditional motors.
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