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Abstract:The axial-radial flux type permanent magnet synchronousmachine (ARFTPMSM)
can adjust the main magnetic field by controlling the axial flux, so it can overcome the
problem that the flux of the permanent magnet synchronous motor (PMSM) is difficult
to adjust. Due to the existence of the axial device in the ARFTPMSM, the finite element
method (FEM) is used to establish a three-dimensional model for analysis. By analyzing the
magnetic density distribution of the rotor, it is found that there is a serious magnetic leakage
phenomenon at both ends of the tangential permanent magnet. The rotor material at the end
of the tangent permanent magnet is replaced by non-ferromagnetic material to reduce the
magnetic leakage. On this basis, the influence of thewidth of the non-ferromagneticmaterial
on the performance of the motor is compared. By Fourier decomposition of the back-EMF
waveform, the total harmonic distortion (THD) rate of the back-EMF under different axial
magnetomotive force (MMF) was calculated. Finally, the eddy current distribution and
the eddy current loss of the rotor are analyzed, and the variation law of the eddy current
loss is summarized. The conclusion can provide reference for the optimal design of the
ARFTPMSM.
Key words: ARFTPMSM, rotor structure, three-dimensional model, magnetic leakage

1. Introduction

The difference in excitation methods in motor design makes the output characteristics, power
density, and efficiency of the motor very different. The electric excitation motor can easily
adjust the air gap magnetic field by changing the excitation winding current, thereby realizing a
wide range of output voltage regulation or speed regulation characteristics. However, due to the
existence of excitation loss, the efficiency of the motor system is relatively low, and it is difficult
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to achieve high power density [1]. The permanent magnet motor has no excitation winding, which
eliminates the excitation loss and improves the efficiency of the motor [2, 3]. However, due to
the inherent characteristics of the permanent magnet material, the air gap magnetic field of the
permanent magnet motor is kept substantially constant. When the permanent magnet motor is
working, it is often only possible to inject a large direct-axis current component through the
armature winding to achieve the field weakening control, which limits the speed range of constant
power and the application of the motor in some wide speed control fields [4–6].

Hybrid excitation motors (HEMs) strive to combine the high-efficiency and high-power den-
sity of permanent magnet motors and the convenience control of electric excitation motors, and
become a focus in the field of motor research [7]. The HEM has two kinds of excitation sources,
including electric excitation and permanent magnet excitation. The air gap magnetic density can
be adjusted by controlling the magnitude and direction of the current in the electric excitation
coil [8, 9]. Compared with the traditional magnetic adjustment method, the magnetic adjustment
method of the HEM is simpler and more direct. When the magnetic regulation fails, the magnetic
regulation method of the HEM will not damage the device such as the frequency converter and
will discard the complicated calculation [10, 11]. In recent years, many scholars have in-depth
research on the HEM. Professor Hua uses the hybrid excitation method to introduce the excitation
winding into the flux-switching permanent magnet motor, which makes the air gap magnetic
density of the motor adjustable [12]. Professor Wang added an axial stator to the axial direction of
the PMSM to achieve a wide range of magnetic regulation by controlling the current component in
the armature winding and axial winding [13]. Compared with [13], the ARFTPMSM is provided
with a DC winding in the axial direction, and the main magnetic field is regulated by controlling
the direct current, which simplifies the flux regulation method. There are many researches on
optimization of magnetic the flux leakage of PMSM in the world, but there are relatively few
researches on optimization of magnetic flux leakage of HEMs [14,15]. This paper focuses on the
optimal design of ARFTPMSM magnetic flux leakage.

In reference [16], the rotor structure of the ARFTPMSM is analyzed, and the blocking effect
of the radial permanent magnet on flux regulation is studied. On this basis, the flux regulation
characteristics and eddy current loss of the motor are analyzed when the rotor only retains the
tangential permanent magnet. Compared with reference [16], this paper focuses on the magnetic
leakage of the permanent magnet in the rotor. By optimizing the leakage region at the end of the
tangential permanent magnet, the utilization ratio of the permanent magnet is greatly increased,
and the field adjustment range of the motor is increased to a certain extent.

Flux leakage optimization is an important aspect for motor improvement, which can improve
the utilization rate of magnetic flux and save the consumption of the permanent magnet. In the
optimization of HEMs, many scholars have made great efforts in the optimization of flux leakage
and increasing the range of flux regulation. HuWenjing studied themagnetic flux leakage problem
of HEMs and obtained the optimal flux density distribution [17]. By optimizing the axial air gap,
Professor Zhang Zhuoran increased the field adjusting range of the HEM [18]. On the basis
of optimizing the magnetic flux leakage, this paper compares the changes of the magnetic flux
adjustment range of the motor, and the results show that the optimization measures can not only
effectively improve the magnetic flux leakage of the motor, but also increase the magnetic flux
adjustment range of the motor to a certain extent. In this paper, the problem of rotor magnetic
flux leakage was studied, and non-ferromagnetic materials are used to optimize the phenomenon
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of rotor magnetic flux leakage. The three-dimensional finite element model of rotor structure is
constructed, the air gap magnetic density and the back EMF of the three rotor structures under
different excitation magnetic potentials are compared, and the magnetic adjustment range is
determined. On this basis, the variation of harmonic content and eddy current loss under different
axial magnetomotive force (MMF) is studied.

2. ARFTPMSM structure and working principle

Unlike conventional PMSMs, ARFTPMSMs add axial excitation devices at both ends of the
PMSM. The structure of the ARFTPMSM is showed in Fig. 1. The ARFTPMSM consists of
three parts: a stator part, a rotor part and an axial excitation part. The stator part includes a stator
core and an armature winding. The rotor part is composed of a rotor core, a permanent magnet
and an NS ferromagnetic bridge. The N ferromagnetic bridge and the S ferromagnetic bridge
are composed of five claw poles and a ring, respectively. The claw poles of the N ferromagnetic
bridge and the S ferromagnetic bridge are staggered on the rotor, evenly distributed on the N and
S poles of the rotor and rotate with the rotor. The axial excitation part includes an end cap and
an axial excitation coil, and the axial excitation coil is placed in the end cap. The main air gap
magnetic density can be adjusted by controlling the magnitude and direction of the direct current.
In addition, because the two axial excitation devices are located at both ends of the motor, the
direction of the current should be opposite when the air gap flux density is adjusted together.

21 3 4

8

7 5 6

Axial excitation part
（Stationary）

Rotor part
（Rotating）

Stator part
（Stationary）

Fig. 1. Structure of ARTFPMSM: 1 permanent magnet; 2 rotor core; 3 S ferromagnetic bridge;
4 N ferromagnetic bridge; 5 axial excitation coil; 6 end cap; 7 armature windings; 8 stator core

The working principle of the ARFTPMSM is shown in Fig. 2. When there is no current in
the axial excitation coil, only the magnetic field generated by the permanent magnet exists in the
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motor. The permanent magnet flux forms an axial closed magnetic circuit and a radially closed
magnetic circuit in the axial/radial direction, and the specific direction is as shown in Fig. 2(a).

Axial magnetic 
circuit

Radial magnetic 
circuit

(a)

Forward 
current

Reverse
current

(c)

(b)

Fig. 2. Magnetic flux paths: (a) permanent magnet magnetic circuit; (b) forward current
magnetic circuit; (c) reverse current magnetic circuit

As shown in Fig. 2(b), when the current in the axial excitation coil is positive, the electric
excitation coil generates axial flux. The magnetic flux direction of the magnetic circuit is opposite
to the axial magnetic circuit of the permanent magnet flux, which is consistent with the radial
magnetic circuit of the permanent magnet flux. Then the radial flux is enhanced and the axial flux
is weakened.

As shown in Fig. 2(c), when the reverse current is in the axial excitation coil, the direction
of the flux generated by the electric excitation coil is the same as that of the axial magnetic
circuit of the permanent magnet, and is opposite to the direction of the radial magnetic circuit.
Then the radial air gap magnetic density is weakened and the axial air gap magnetic density is
enhanced. Table 1 lists the basic parameters of the ARFTPMSM. Table 2 shows the materials

Table 1. Parameters of ARTFPMSM

Parameters units Value
Rated power kW 3.5

Rated speed r/min 250

Rotor axial length mm 50

Stator inner diameter mm 140

Stator outer diameter mm 230

Slot number – 12
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of each component of the motor. It should be noted that considering that the rotor should have
good axial permeability and mechanical strength, the solid rotor is adopted, and the rotor material
is m20.

Table 2. Material of each part of the ARFTPMSM

Component Material

Stator core DW310

Rotor core m20

Ferromagnetic bridge m20

End cap m20

Permanent magnets N35

Armature winding copper

Axial excitation windings copper

3. Optimization and comparison of rotor structure

3.1. Magnetic flux leakage optimization design
The magnetic pole structure of the ARFTPMSM is a hybrid magnetic pole arrangement. The

hybrid magnetic pole arrangement can increase the air gap magnetic density of the motor and
increase the overload capacity. The magnetic pole arrangement structure is shown in Fig. 3.
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Fig. 3. Magnetic pole arrangement

If the magnetic flux leakage in the rotor is serious, it will affect the utilization of the permanent
magnet. As shown in Fig. 4(a), it is the magnetic density of the rotor when the axial MMF is 0 AT.
It can be seen that the original rotor structure has a large magnetic flux leakage phenomenon at
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both ends of the tangential permanent magnet, which causes the flux saturation at both ends of
the tangential permanent magnet and reduces the utilization rate of the permanent magnet. In
Fig. 4(b), by replacing the rotor material at the end of the the tangential permanent magnet with
non-ferromagnetic material in the ARFTPMSM, the leakage flux of the permanent magnet in the
ARFTPMSM is reduced, and the flux utilization rate of the permanent magnet is also increased.

Fig. 4. Rotor flux density at 0 AT excitation potential: (a) original rotor structure; (b) improved rotor structure

The optimized scheme for reducing magnetic flux leakage is shown in Fig. 5. The thickness
of the non-ferromagnetic material at the end of the tangential permanent magnet is set to 5 mm.
In the optimal design of the motor rotor, the non-magnetic material can be replaced by resin. In
order to ensure the reliability and safety of the motor, carbon fiber with a thickness of 1 mm can
be wound on the outside of the rotor.
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Fig. 5. Magnetic flux leakage optimization scheme
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3.2. Comparison of rotor structure

Based on the above analysis, the optimized structure is compared with the original rotor struc-
ture. By establishing a three-dimensional finite element analysis model, the magnetic regulation
performance of the ARFTPMSM under two kinds of rotor structures was compared. Fig. 6 shows
the air gap magnetic density and no-load back EMF of the two rotor structures under different
axial MMF. Fig. 6(a) shows the air gap magnetic density of the machine under different axial
MMF. It can be seen from the figure that the flux density increases significantly after the optimized
magnetic flux leakage, and the adjustment range of the flux increases by 0.06 T.

Fig. 6. Variation of air gap magnetic density and no-load back EMF under different axial MMF

The air gap flux density directly affects the no-load back EMF of the motor, and there is
a positive correlation between them. Fig. 6(b) shows the no-load EMF of the machine under
different axial MMF. It can be seen from Fig. 6(b) that the variation law of no-load back EMF of
the motor under three rotor structures is consistent with that of air gap flux density, which proves
the correctness of the analysis law of air gap flux density. Under the 0 AT axial MMF, the no-load
back-EMF after the motor optimization is 21.4 V higher than the original structure.
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3.3. Effect of non-ferromagnetic material width on motor performance
Through the above analysis, it is found that the application of non-ferromagnetic materials

not only improves the utilization rate of permanent magnets, but also improves the magnetic
adjustment range. In order to explore the influence of non-ferromagnetic materials on the change
of magnetic regulation, the influence of the width of non-ferromagnetic materials on the range
of magnetic regulation was studied. Table 3 shows the change of air gap magnetic density under
different axial MMF. In order to verify the accuracy of the change of air gap magnetic density,
Table 4 lists the change of no-load back EMF of the ARFTPMSM.

Table 3. Change of air gap magnetic density

Width
Axial MMF (AT) Variation

range of flux
density (T)–900 –450 0 450 900 1350 1800

0 mm 0.72 0.721 0.732 0.80 0.86 0.88 0.90 0.18

1 mm 0.89 0.90 0.91 0.96 1.0 1.04 1.05 0.16

3 mm 1.0 1.01 1.02 1.04 1.11 1.17 1.20 0.20

5 mm 1.05 1.06 1.08 1.12 1.15 1.22 1.29 0.24

Comparing the data in Table 3 and Table 4, it can be found that as the width of non-
ferromagnetic materials increases, the magnetic leakage phenomenon is more significantly re-
duced, the magnetic flux utilization rate is improved, and the air gap magnetic density and no-load
back-EMF become larger. However, the addition of non-ferromagnetic materials does not neces-
sarily increase the magnetic regulation range of the motor. When the non-ferromagnetic material
is 1mm, the magnetic regulation performance of the motor will decline. Then with the increase
of the width of the non-ferromagnetic material, the magnetic adjustment range becomes larger.
When the width of the non-ferromagnetic material is 5 mm, the magnetic adjustment range is
increased by 0.06 T compared with the original structure, and the magnetic adjustment range is
increased by 33%.

Table 4. Change of no-load back EMF

Width
Axial MMF (AT) Variation

range of no-load
back EMF (V)–900 –450 0 450 900 1350 1800

0 mm 64.48 64.83 69.0 70.2 77.2 79.36 80.76 16.28

1 mm 73.9 73.32 75.19 78.11 83.27 85.58 87.75 13.85

3 mm 85.0 85.02 87.0 87.8 93.0 99.0 103.04 18.04

5 mm 87.0 89.0 90.44 93.71 96.05 103.0 107.0 20

The working state of the motor under load is particularly important, so the power factor of
the motor under rated load is compared. Table 5 lists the power factors of motors with different
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optimized structures. As can be seen from Table 5, the power factors of different rotor structures
are close to 1 when the motor operates under rated load, and it is in a good working state. This
indicates that the motor efficiency is higher under different rotor structures.

Table 5. Power factors of motors with different optimized structures

Width 0 mm 1 mm 3 mm 5 mm

Power factor 0.95 0.96 0.96 0.96

The optimization of rotor flux leakage region affects the magnetic field distribution in the
motor, and then affects the torque ripple of the motor. In order to compare the motor output torque
under different rotor structures, the torque fluctuation coefficient was compared. The calculation
formula of the torque fluctuation coefficient is

Kmb =
Tmax − Tmin
Tmax + Tmin

× 100%. (1)

When the motor works in the third quadrant, the load is set at 27.1 N·m [19]. According to
the calculation formula of the torque fluctuation coefficient, the torque ripple coefficient under
different rotor structures is obtained. The specific results are shown in Table 6. Fig. 7 is the torque
waveform under different rotor structures. Combined with Table 6 and Fig. 7, it can be seen that
the torque fluctuation coefficient of the motor is large, which is mainly due to the winding mode
of the centralized winding and the shunt effect of the axial excitation device on permanent magnet
flux, which makes the air gap magnetic density of the motor uneven, thus affecting the torque
fluctuation. It can also be seen from Table 6 that after optimizing the flux leakage area, the torque

Fig. 7. Torque waveform under different rotor structures
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ripple coefficient of the motor increases, and with the increase of the width of the optimization
area, the torque fluctuation coefficient begins to increase. Therefore, the optimized width and
torque fluctuation coefficient of permanent magnets should be considered in practical design.

Table 6. Torque ripple coefficient under different rotor structures

Width 0 mm 1 mm 3 mm 5 mm

Torque ripple coefficient (%) 6.2 9.2 9.8 10.2

3.4. Harmonic analysis of no-load back EMF
The harmonic content of the back EMF has a great influence on the heating, torque fluctuation

and efficiency of the motor. Therefore, the harmonic content of no-load back EMF is further
analyzed, and the influence of different width of non-ferromagnetic materials on the motor
efficiency is obtained. The formula for calculating the total harmonic distortion (THD) rate of
back EMF is as follows [20]:

THD =

√√√√
1
T

∫
r

*
,

∞∑
n=2

En sin(nωt + αn)+
-

2

dt

√√
1
T

∫
r

(E1 sin (nωt + α1))2 dt

× 100%, (2)

where: En is the rms value of the n order harmonic back EMF, E1 is the rms value of the back
EMF fundamental content.

Fig. 8 shows the change of the THD of no-load back EMF under the no-load state of the
motor. It can be seen from the figure that the addition of non-ferromagnetic materials increases
the harmonic content when the axial MMF is 0 AT, and with the increase of the width of non-
ferromagnetic materials, the harmonic content gradually decreases. With the change of the axial
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Fig. 8. THD of no-load back EMF
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MMF, the harmonic content of the original structure increases obviously. However, in the scheme
of adding non ferromagnetic materials, the harmonic content has become smaller than the original
structure. When the axial MMF is increased from 450 AT to 1800 AT, the harmonic content is the
smallest when the width of the non-ferromagnetic material is 3 mm. Fig. 9 shows the waveform
of the back EMF when the axial MMF is 0 AT. It can be seen that the sinusoidal degree of no-load
back EMF is the best under the original structure.

Fig. 9. No-load back EMF waveform of non-ferromagnetic materials with different width: (a) original
structure; (b) 1 mm; (c) 3 mm; (d) 5 mm

4. Eddy current loss analysis

The eddy current of the rotor in the motor makes the rotor generate heat seriously, the loss
increases, and the permanent magnet on the rotor may be demagnetized. Therefore, the analysis
of the eddy current distribution of the motor is very important. Fig. 10 shows the eddy current
distribution of three rotor structures under different axial MMF when the motor is running stably.

When the excitation magnetic potential is 0 AT, the maximum values of the eddy current
density of the four rotor structures are 1.04 × 106 A/m2, 3.9 × 106 A/m2, 4.02 × 106 A/m2 and
1.18 × 106 A/m2, 2.39 × 106 A/m2. When the axial excitation magnetic potential is 1350 AT,
the maximum value of the eddy current rises rapidly, and the maximum eddy current density
of the three rotor structures reaches 2.21 × 106 A/m2, 1.33 × 107 A/m2, 1.56 × 107 A/m2, and
2.49 × 107 A/m2.
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(a)

(b)

Fig. 10. Eddy current loss under different excitation potential: (a) 0 AT excitation potential; (b) 1350 AT
excitation potential

During the operation of the motor, due to the existence of space harmonic and time harmonic
generated by stator teeth and PWM power supply, the rotating speed is different from that of the
rotor, so induction electromotive force and rotor eddy current will be generated on the rotor, which
will produce eddy current loss. The heat caused by the rotor eddy current has a great influence on
the structural strength of the rotor and the demagnetization of the permanent magnet. Therefore,
based on the finite element analysis, the eddy current distribution of the rotor is analyzed in the
steady state. The calculation formula of eddy current loss is [21]

Pe =
1
Te

∫
Te

∫
vol

1
σr

J2 dV dt, (3)

where: Pe represents the rotor eddy current losses (in watts), J is the current density in each
element (in ampere per square meter), σr is the conductivity of the eddy current zone (in siemens
per meter), Te is the cycle of time, and vol is the region of eddy current losses.

According to the above calculation method, the eddy current loss of the motor is calculated.
Fig. 11 shows the eddy current loss of the rotor under different axial MMF. The data is calculated
by the FEM when the motor is running at no-load. It can be seen from the figure that the eddy
current loss of themotor is smaller when there is no non-ferromagneticmaterial for the rotor, and it
is obviously larger when there is non-ferromagnetic material. The influence of non-ferromagnetic
materials on eddy current loss is the same in different width, and the variation law of the eddy
current loss curve is the same.
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Fig. 11. Eddy current loss under different rotor structures

5. Experimental verification and analysis

In order to verify the correctness of the data analysis, the no-load back EMF of the motor
is compared through experiments. As shown in Fig. 12, it is the prototype of the ARTFPMSM.
Fig. 13 shows the test platform of the motor. The no-load back-EMF of the motor can be obtained
by driving the prototype machine at 250 r/min speed.

Fig. 12. The ARTFPMSM prototype

Fig. 13. The experiment platform
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The non-load back EMF of the prototype is measured by a power quality analyzer, and the
data is shown in Fig. 14. It should be noted that the experimental data is the line voltage. In the
experimental data, when the axial MMF is 0 AT, the maximum peak voltage of the line is 180 V,
the minimum peak value is 178 V, and the line voltage RMS is 126 V. When the axial MMF
is 900 AT, the maximum peak value is 192 V, the minimum peak value is 190 V, and the line
voltage RMS is 133 V. When the axial MMF is 1350 AT, the maximum peak value is 194 V, the
minimum peak value is 192 V, and the line voltage RMS is 135 V. The comparison between the
measured data and the calculated results is shown in Table 7. The error between the experimental
results and the calculated results is less than 5%, within a reasonable range.

Fig. 14. ARFTPMSM line-line voltage waveforms: (a) axial MMF of 0 AT; (b) axial MMF of 900 AT;
(c) axial MMF of 1350 AT

Table 7. The comparison of measured data and calculated results

Excitation potential (AT) Phase non-load back EMF (phase voltage)

Measured data (V) Calculated result (V)

0 72.7 69.0

900 77.9 77.2

1350 79.21 79.36
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6. Conclusions

In this paper, by analyzing the magnetic flux density of the rotor, it is found that the magnetic
leakage at the end of the tangential permanent magnet is relatively serious. By replacing the
rotor material at the end of the tangential permanent magnet with a non-ferromagnetic material,
the magnetic leakage of the permanent magnet is reduced. On this basis, the effect of non-
ferromagnetic material width on motor performance was further compared, and the following
conclusions were reached:

1. By replacing the rotor material at the end of the tangential permanent magnet with a non-
ferromagnetic material, the magnetic leakage of the permanent magnet is reduced, and the
utilization rate of the permanent magnet is improved. With the increase of the width of the
non-ferromagnetic material, the leakage is reduced more obviously.

2. When the non-ferromagnetic material is added to the end of the tangent permanent magnet,
the adjustment range of the magnetic field increases with the increase of the width of the
non-ferromagnetic material. When the width of the non-ferromagnetic material is 5 mm,
the adjusting range of the magnetic field is 33% higher than that of the original structure.

3. When the axial MMF is 0 AT, the THD of the no-load back EMF of the motor increases
when the non-ferromagnetic material is added to the rotor, but with the increase of the
axial MMF, the THD of the no-load back EMF becomes smaller than the original structure.
When the axial MMF is 450 AT to 1800 AT, the THD of back EMF is the smallest when
the width of the non-ferromagnetic material is 3 mm.

4. After adding the non-ferromagnetic material to the end of the tangential permanent magnet,
the eddy current loss of the rotor becomes larger than the original structure, and the variation
of eddy current loss in different width of non-ferromagnetic materials is consistent.
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