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Abstract: The rotor of a permanent magnet-assisted synchronous reluctance (PMA-Synrm)
motor mostly adopts the structure of a multi-layer magnetic barrier and multi-layer ferrite,
which leads to the design parameters of this kind of motor increase with the increase in
the number of magnetic barrier layers. A large number of design parameters are coupled
with each other, which makes the optimization design of a permanent magnet-assisted
synchronous reluctance motor particularly difficult. In this paper, a 7.5 kW, 1500 rpm
permanent magnet-assisted synchronous reluctance motor is taken as the research object,
and the optimization design of parameter dimension reduction is studied. The rotor
structure of the motor is a combination of five layers of magnetic barrier and five layers of
ferrite. By using the parameter dimension reduction method proposed in this paper, the
number of parameters involved in the optimization is reduced from 26 to 7, which greatly
improves the optimization efficiency of this kind of motor and realizes the comprehensive
global optimization design of a permanent magnet-assisted synchronous reluctance motor.
This paper provides a reference for the optimization of a permanent magnet-assisted
synchronous reluctance motor.

Keywords: permanent magnet-assisted synchronous reluctance motor; electromagnetic
property; temperature; finite element analysis; optimal design

1. Introduction

A permanent magnet-assisted synchronous reluctance motor combines the character-
istics of a synchronous reluctance motor and a permanent magnet synchronous motor [1].
It has higher power density and a wider speed range, and the performance of motor power
factor and efficiency is second only to permanent magnet synchronous motor [2,3]. How-
ever, the manufacturing cost of a permanent magnet-assisted reluctance motor is much
lower than that of a permanent magnet synchronous motor [4,5] because it only uses ferrite
to assist magnetism. Therefore, a permanent magnet-assisted synchronous reluctance mo-
tor has become an important research object for the development of motor to “no rare earth,
less rare earth”. At present, a permanent magnet-assisted synchronous reluctance motor
has become a research hotspot and has been applied in household appliances, low-voltage
industry, electric vehicles, and low-speed high-torque fields.

At present, the research on a permanent magnet-assisted synchronous reluctance mo-
tor is mainly aimed at the analysis and design of rotor structure and the optimization design
of the motor. In terms of rotor structure, the effects of the number of rotor magnetic barrier
layers, the position and shape of the rotor magnetic barrier, and the proportion of rotor
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magnetic barrier on the main performance of a permanent magnet-assisted synchronous
reluctance motor are studied. The basic design rules of a permanent magnet-assisted syn-
chronous reluctance motor are summarized [6]. In [7,8], the influence of different magnetic
saturation degrees on the performance of a synchronous reluctance motor is studied. In
addition, the electromagnetic performance of the synchronous reluctance motor before and
after inserting the permanent magnet is compared and analyzed. The anti-demagnetization
research of a permanent magnet-assisted synchronous reluctance motor is also a hot spot.
Refs. [9,10] proposed a new rotor structure. Several bypass ribs are opened in the ro-
tor magnetic barrier to provide a path for the demagnetization of the armature winding.
Finally, the effect of reducing the output torque ripple of the motor and improving the
anti-demagnetization ability of the motor is achieved. There are also many studies on
ferrite design in a permanent magnet-assisted synchronous reluctance motor. These studies
mainly focus on the influence of permanent magnet placement position, permanent magnet
layer number, and permanent magnet insertion position on the electromagnetic perfor-
mance of a permanent magnet-assisted synchronous reluctance motor [11,12]. In addition,
many scholars have adopted an asymmetric rotor structure to improve the performance of
a permanent magnet-assisted synchronous reluctance motor [13,14]. In general, the current
research on the rotor structure of a permanent magnet-assisted synchronous reluctance
motor is more detailed, which has great guiding significance for the design of such motors.

The research on the optimization design of a permanent magnet-assisted synchronous
reluctance motor is also gradually deepened. Ref. [15] proposed to optimize the perma-
nent magnet-assisted synchronous reluctance motor by establishing a simplified analytical
model. The analytical model can quickly calculate the optimal end angle of the magnetic
isolation bridge to achieve the purpose of reducing the torque ripple of the motor. However,
only the influence of the end angle of the magnetic bridge on the output torque ripple is
considered. As shown in ref. [16], through a series of mathematical formulas commonly
used in motors, the calculation formula of output torque is derived, and various param-
eters affecting the calculation formula of torque are constrained. Then, the torque of the
synchronous reluctance motor is maximized by a genetic algorithm considering a set of
mechanical, thermal, and efficiency constraints. In the optimization process, the selected op-
timization parameters do not involve the structural design parameters of the synchronous
reluctance motor rotor. Ref. [17] optimized the design of a switched reluctance motor.
The optimization parameters include motor body design parameters and motor control
system parameters. According to the sensitivity of the parameters, the 10 optimization
parameters are divided into three layers, and the multi-objective genetic algorithm is used
for hierarchical optimization design. Ref. [18] proposed that the multi-objective genetic
algorithm is used to optimize the design parameters of seven stator and rotor structures of
a three-layer magnetic barrier permanent magnet-assisted synchronous reluctance motor.
In the selection of optimization parameters, only some parameters that are considered
to have a greater impact are selected, and the full-parameter influence of the permanent
magnet-assisted synchronous reluctance motor is not considered. Refs. [19,20] shows
that the optimization design of an asynchronous starting synchronous reluctance motor
adopts the optimization method of the response surface. There are only three optimization
parameters selected in this paper, and there is no clear explanation for the selection of
optimization parameters. Only a few optimization parameters can achieve the optimization
design when considering all the parameters. Ref. [21] optimizes the design of a three-layer
magnetic barrier permanent magnet-assisted synchronous reluctance motor. Among them,
the multi-objective genetic algorithm is used to optimize the rotor magnetic barrier of
the permanent magnet-assisted synchronous reluctance motor. The nine magnetic barrier
design parameters are divided into three levels according to the parameter sensitivity to
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optimize them respectively. The influence of parameters such as magnetic barrier thickness,
permanent magnet length, and magnetic barrier bridge thickness is not considered in the
selection of optimization parameters [22]. The multi-objective genetic algorithm is used
to optimize the design of a permanent magnet-assisted synchronous reluctance motor
with three-layer magnetic barriers, mainly to optimize the design parameters of magnetic
barriers and permanent magnets. Eleven design parameters were selected for optimization,
and the influence of magnetic bridge thickness was missing in the selection of optimization
parameters. In addition, 11 optimization parameters will make the optimization process
cumbersome and lengthy.

It can be known from the above literature that the current research on the optimiza-
tion design of a permanent magnet-assisted synchronous reluctance motor is mainly the
exploration of optimization algorithms, and the optimization parameters selected in this
literature are only a few, which is incomplete. The rotor design parameters of a permanent
magnet-assisted synchronous reluctance motor are very many, and the parameters are
coupled with each other, which jointly affect the performance of the motor. Therefore, it
is not enough to select only a few parameters when optimizing the permanent magnet-
assisted synchronous reluctance motor. The optimization of a permanent magnet-assisted
synchronous reluctance motor should take into account comprehensiveness and globality.
In this paper, the influence of rotor design parameters of a permanent magnet-assisted
synchronous reluctance motor on the main performance of the motor is considered, and
a parameter dimension reduction optimization method is provided. The optimization
parameters are effectively reduced from 26 to 7, and the comprehensive global optimization
of a permanent magnet-assisted synchronous reluctance motor is realized.

In this paper, based on a 7.5 kW, 1500 rpm permanent magnet-assisted synchronous
reluctance motor, the research on parameter dimension reduction optimization is carried
out. In Section 2, the performance index of the permanent magnet-assisted synchronous
reluctance motor and the initial design scheme and performance data of the motor are
proposed. Section 3 mainly describes the process of the parameter dimension reduction
optimization method and the optimization design of a permanent magnet-assisted syn-
chronous reluctance motor using this method. The experimental test of the prototype
is in Section 4. The summary of the full text is in Section 5. The work shown in this
paper provides a certain reference significance for the optimization design of a permanent
magnet-assisted synchronous reluctance motor.

2. Motor Performance Index and Initial Design Scheme
2.1. Performance Index of a Permanent Magnet-Assisted Synchronous Reluctance Motor

In this paper, a 7.5 kW, 1500 rpm permanent magnet-assisted synchronous reluctance
motor is studied. The performance index of the motor is shown in Table 1. The proposed
performance index is standard IE5 energy efficiency level, which is of great significance for
the research of a permanent magnet-assisted synchronous reluctance motor.

Table 1. Performance index of permanent magnet-assisted synchronous reluctance motor.

Parameter Name Value
Rated power (kW) 7.5
Rated speed (rpm) 1500

Rated voltage (V) 380
Rated torque (Nm) 47.8

Power factor >0.9
Efficiency (%) >94

Torque ripple (%) <5
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2.2. Initial Design Scheme of Permanent Magnet-Assisted Synchronous Reluctance Motor

Figure 1 shows the cross-sectional view of the initial design scheme of the permanent
magnet-assisted synchronous reluctance motor. It can be seen from the diagram that the
rotor of the motor is composed of five layers of magnetic barrier and five layers of ferrite.

stator core

stator
'winding

Figure 1. The 1/4 cross-section of the initial design scheme of permanent magnet-assisted syn-
chronous reluctance motor.

Table 2 shows the basic design parameters and some electromagnetic properties of the
initial design scheme. In the initial design of a permanent magnet-assisted synchronous
reluctance motor, the basic size parameters of the motor can refer to the same power
asynchronous motor. The finite element analysis of the initial design scheme shows that the
torque ripple of the motor is as high as 15.6%, which does not meet the design requirements,
and further optimization of the design of the motor is needed.

Table 2. The basic design parameters and performance of the initial design scheme.

Parameter Name Value
Stator slot 36
Rotor pole 4
Stator outer diameter (mm) 210
Rotor outer diameter (mm) 135.2
Stack length (mm) 180
Airgap length (mm) 0.4
Iron core material 50BW600
Ferrite material Y30
No-load back EMF (V) 85
Torque ripple (%) 15.6
Efficiency (%) 93.5
Power factor 0.92

3. Parameter Dimension Reduction Optimization Design of the
PMA-Synrm

The permanent magnet-assisted synchronous reluctance motor studied in this paper is
a rotor composed of five layers of magnetic barriers and five layers of ferrite, and the rotor
design parameters are as high as 26. As shown in Figure 2, all the rotor design parameters
of the motor are clearly marked. Table 3 mainly explains the rotor design parameters of a
permanent magnet-assisted synchronous reluctance motor.
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Figure 2. Design parameter diagram of permanent magnet-assisted synchronous reluctance motor
rotor. (a) DH1-DH5, QH1-QHS5 and Rid. (b) h1-h5, h6-h10 and L1-L5.

Table 3. Interpretation of rotor design parameters of permanent magnet-assisted synchronous
reluctance motor.

Symbol Meaning of Parameter
DH1-DH5 Thickness of d-axis five-layer magnetic layer
QH1-QH6 Thickness of g-axis five-layer magnetic layer
h1-h5 Thickness of d-axis five-layer magnetic barrier
h6-h10 Thickness of g-axis five-layer magnetic barrier
L1-L5 Length of five-layer ferrite
Rid

Length of circumferential magnetic bridge

3.1. Exploration of Parameter Dimension Reduction Optimization Method

It can be seen from the previous section that the rotor of the motor has 26 design
parameters, and these design parameters are mutually coupled and influenced by each
other, which is very unfavorable for the optimal design of the permanent magnet-assisted
synchronous reluctance motor. Therefore, this section explores the parameter dimension
reduction optimization method.

Figure 3 shows the influence of d-axis five-layer magnetic layer thickness (DH1-DHS5),
d-axis five-layer magnetic barrier thickness (h1-h5), g-axis five-layer magnetic layer thick-
ness (QH1-QHS5), and g-axis five-layer magnetic barrier thickness (h6-h10) on the output
torque of the motor. It can be seen from the figure that the influence of each design param-
eter on the torque is not the same, but the change in the output torque is not more than
1.5 Nm, so the influence of these 20 design parameters on the output torque is small.
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Figure 3. Cont.
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Figure 3. The influence of rotor design parameters on the output torque. (a) DH1-DHS5. (b) QH1-QH5.
(c) h1-h5. (d) h6-h10.

Based on the above analysis, two motors are designed, as shown in Figure 4. Figure 4a
shows the motor models with different values of DH1-DH5, QH1-QHS5, h1-h5, and h6-h10.

Figure 4b shows the motor models with equal DH1-DHS5, equal QH1-QHS, equal h1-h5,
and equal h6-h10.

(a) WA (b) WB

Figure 4. Cross-sectional view of two motors. (a) The values of DH1-DH5, QH1-QHS5, h1-h5, and
h6-h10 are different. (b) DH1-DH5 equal, QH1QHS5 equal, h1-h5 equal, and h6-h10 equal.

The above two motors are excited by the same current source, and the calculation
results are shown in Figure 5. It can be seen that the output torque of the motor with
the same thickness (WA) is only 0.2 Nm different from that of the motor with different
thicknesses (WB), but the torque ripple of the motor with the same thickness (WA) is only
10.6%, which is 9.5% lower than that of the motor with different thicknesses (WB). In
addition, the difference in the rotor saliency ratio between the two motors is only 0.05.

70
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- Torque ripple:10.6% s WB _ 120} \\\
= as)
B} 5

[§ _ g 60+ \

I [ = ol §

300 120 240 360 480 600 720 0 %§
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() (b)

Figure 5. The torque characteristics and inductance characteristics of the two motors. (a) Torque
characteristic. (b) Inductance characteristics.
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According to the analysis of the influence of DH1-DH5, QH1-QHS5, h1-h5, and h6-h10
on the output torque and the finite element analysis results of the above two motors, the
hypothesis and the realization process of the parameter dimension reduction optimization
design of the permanent magnet-assisted synchronous reluctance motor can be proposed,
as shown in Figure 6.

DH1-DH5=h,
QHI-QH5=h,
h1-hS5=w,
h6-h10=w,

Figure 6. Parameter dimension reduction optimization flow chart.

Step 1: Assume that the thickness of the five magnetic barriers of the D axis is equal to
wy; it is assumed that the thickness of the magnetic layer between the magnetic barriers
on the D axis is equal to hy; suppose that the thickness of the five layers of the Q-axis
magnetic barrier is equal to wg; suppose that the thickness of the magnetic layer between
the magnetic barriers on the Q axis is equal to hq ;

Step 2: Define C1, G1, D1, where C1 = w,/wy; G1 = hy/hg; D1 = hy/wy. Then, wy,
hy, and hq can be expressed by w;. The optimal values of C1, G1, and D1 are obtained by
optimizing the synchronous reluctance motor;

Step 3: Combined with the optimized C1, G1, D1, and w,, other magnetic barrier
parameters can be expressed. The final parameters of the permanent magnet-assisted
synchronous reluctance motor are only wy;, L1-L5, and Rid.

3.2. Multi-Objective Optimization Design of Synrm

Figure 7 shows the synchronous reluctance motor model. From the diagram, it can
be seen that after the hypothesis and the exploration of the relationship between the
parameters, the design parameters of the synchronous reluctance motor are only wy, C1,
G1, D1, and Rid. Considering the processing technology, the Rid is constant at 1 mm.

Figure 8 shows the effects of G1, D1, and G1 on the electromagnetic performance of
the motor. From Figure 8a, it can be seen that with the increase in C1, the output torque of
the motor decreases continuously; with the increases in G1 and D1, the output torque of
the motor also increases. Among them, G1 has the greatest influence on the output torque
of the motor, and the variation range reaches 4.5 Nm. In Figure 8b, with the increases in
C1 and D1, the torque ripple of the motor increases continuously, and the increase is close
to 10%. However, with the increase in G1, the torque ripple of the motor decreases first
and then increases, with a minimum of only 7% and a maximum of 33%. Therefore, G1
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has the greatest influence on the torque ripple of the motor. From Figure 8¢, it can be seen
that with the increases in C1 and D1, the power factor of the motor changes little; with the
increase in G1, the power factor of the motor increases from 0.78 to 0.81, and G1 has the
greatest influence on the power factor of the motor. The change in motor efficiency with C1,
G1, and D1 is shown in Figure 8d. With the increase in C1, the motor efficiency decreases
continuously, with a decrease of 0.2%. With the increases in G1 and D1, the efficiency of the

motor increases first and then decreases, and G1 has the greatest influence on the efficiency
of the motor.

Cl=wy/wq
Gl=hg/h,

Figure 7. Cross-section of synchronous reluctance motor.
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Figure 8. Influence of optimized parameters on motor performance. (a) Torque. (b) Torque ripple.
(c) Power factor. (d) Efficiency.

According to the above analysis, it can be seen that wy, C1, G1, and D1 have an impact
on the performance of the synchronous reluctance motor, so wd, C1, G1, and D1 are selected
as the optimization parameters. In addition, according to the arrangement space of the

magnetic barrier on the rotor, the variation range of w;, C1, G1, and D1 is determined, as
shown in Table 4.
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Table 4. Optimization parameters of synchronous reluctance motor and its value range.

Symbol Parameter Range

wy (mm) Thickness of d-axis magnetic barrier [3.5,5.5]
C1 The ratio of g-axis and d-axis magnetic barrier thickness (w;/w;) [0.55,0.88]
G1 The ratio of the thickness of the d-axis and g-axis magnetic layers (i;/hq) [0.45,0.74]

The ratio of the thickness of the d-axis magnetic layer to the thickness of the

b1 d-axis magnetic barrier (h;/w;)

[0.45,0.74]

Figure 9 shows the sensitivity of the four optimization parameters to the motor per-
formance. It can be seen that w; and G1 have the highest sensitivity to the main output
performance of the motor, followed by C1 and D1. On the whole, these four parameters
need to be optimized in the next step to obtain the optimal value.

30

25t Torque 7
Torque ripple;

20F N
o \ Power factory
S sl E&rowe
= \ Efficiency,, K
2 10} N x
g \ Core loss B &
NIX 7 EH o g
> N 7 " H =
B =N 2 N % A K H N E
=
2]
a
)
75}
“15+¢
_20 1 1 1 1
Wq Cl1 Gl D1
Parameter

Figure 9. Sensitivity of optimization parameters of synchronous reluctance motor.

The optimization goal of the synchronous reluctance motor is shown in Formula (1),
which requires the motor to achieve the highest efficiency and minimum torque ripple.

Efficiency: Efficiency is one of the important performance indicators of the motor. In
this paper, the amount of efficiency is calculated as the ratio of the output power of the
motor to the input power, which is also a commonly used calculation method for motor
efficiency testing.

Torque ripple: The torque ripple of the motor will directly affect the stability of its
output torque and the vibration noise. In this paper, the calculation method of motor torque
ripple is the ratio of the difference between the maximum and minimum output torque to
the average output torque.

. Jmax(n)
Objectives : {min(Tﬂ) 1)

where #; is the efficiency of synchronous reluctance motor; T, is the torque ripple of
synchronous reluctance motor.

The constraints of synchronous reluctance motor optimization are shown in Equation (2).
The motor is required to achieve the rated torque, and the power factor should be greater
than 0.8.

Output torque: The output torque is the primary parameter of the motor. When
evaluating a motor, it is first necessary to make the motor reach the rated torque, and then
look at other performances of the motor.

Power factor: Power factor is also an important performance index to evaluate the
motor. For the permanent magnet-assisted synchronous reluctance motor, the power factor
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is proportional to the salient pole ratio of the motor rotor, which can reflect the design of
the motor.
Ty > 47.8Nm

()
cos @1 > 0.8

Constrains : {
where T; is the output torque of a synchronous reluctance motor; cos ¢, is the power factor
of a synchronous reluctance motor.

The multi-objective genetic algorithm is used to optimize the synchronous reluctance
motor, and the optimization results are shown in Table 5.

Table 5. Optimization results of synchronous reluctance motor.

Symbol Optimal Results
wy (mm) 4.27

C1 0.625

Gl 0.589

D1 0.599

3.3. Multi-Objective Optimization Design of PMA-Synrm

The cross-section of a permanent magnet-assisted synchronous reluctance motor is
shown in Figure 10. In the figure, it can be seen that the design parameters of this motor
are d-axis magnetic barrier thickness wy, five-layer ferrite length L1-L5, and circumferential
magnetic bridge Rid. Among them, the synchronous reluctance motor is optimized in the
previous section, and the optimal values of C1, G1, and D1 are obtained, which are 0.625,
0.589, and 0.599 respectively. Therefore, w;, h;, and hy can be represented by C1, G1, D1,
and w,.

Figure 10. Section diagram of permanent magnet-assisted synchronous reluctance motor.

Table 6 shows the range of these seven optimization parameters. Due to the limited
area of the magnetic barrier and ferrite arranged on the rotor, the value range of each
parameter can be obtained according to the analysis.

Before the optimization design of the permanent magnet-assisted synchronous reluc-
tance motor, the sensitivity analysis of the main optimized parameters is carried out by
means of the finite element model, and the correlation coefficient of each optimization
parameter to different optimization objectives is obtained. In this paper, the Pearson cor-
relation coefficient is used to represent the influence of each optimization parameter on
different optimization objectives. The specific results are shown in Figure 11.
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Table 6. Optimization parameters and range of PMA-Synrm.

Symbol Parameter Range
wy (mm) Thickness of d-axis magnetic barrier [3.5,5.5]
Rid Length of circumferential magnetic bridge [0.5,2]
L1 Length of the first layer of ferrite [30,40]
L2 Length of the second layer ferrite [30,40]
L3 Length of the third layer of ferrite [25,35]
L4 Length of the fourth layer of ferrite [20,30]
L5 Length of the fifth layer of ferrite [15,25]
100 /) Torque Torque ripple
80 | : Noload-back EM Power factor

__ 60 Efficiency Core loss

c\: a0k Ld Lq

=

(0]

B

=

=

(9]

95

-100 L L

Rid w; 11 12 13 14 15
Parameter

Figure 11. Sensitivity of optimization parameters of PMA-Synrm to motor performance.

Figure 12 shows the response surface fitting curve of the seven design parameters of
the permanent magnet-assisted synchronous reluctance motor on the main electromagnetic
performance of the motor. Among them, the width of the circumferential magnetic bridge
Rid has a great influence on the performance of the motor. The main function of the
circumferential magnetic bridge is to prevent magnetic flux leakage, so it needs to be
designed emphatically. The increase in the thickness of w; will increase the salient pole
ratio of the motor and improve the performance of the motor, but when it is too large, it will
lead to serious magnetic saturation of the motor and reduce the output torque, efficiency,
and power factor of the motor, and will increase the torque ripple. L1-L5 is the length
of five layers of ferrite. The increase in length means an increase in ferrite content. In a
certain range, it can provide a stronger magnetic field to help improve the output torque,
efficiency, and other performance of the motor. However, when the increase is too large, it
will also lead to serious rotor magnetic saturation, which will increase the iron loss, reduce
the efficiency of the motor, reduce the rotor salient ratio, and reduce the power factor of the
motor. The influence of L1-L5 on the torque ripple of the motor is different. The increase
in L1, L2, and L4 will make the torque ripple decrease first and then increase, and the
variation range is 3%, 5%, and 4%, respectively. The increase in L3 and L5 will make the
torque ripple decrease continuously, and the change ranges are 11% and 6%, respectively.

The optimization objective of the permanent magnet-assisted synchronous reluctance
motor is shown in Equation (3). Similarly, in order to achieve the performance index of the
motor, the maximum efficiency of the motor and the minimum output torque ripple are
required to ensure the stable operation of the motor.

| max(n)
Objectives : {min (T,) (©)

where 17, is the efficiency of PMA-Synrm, and T, is the torque ripple of PMA-Synrm.
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Figure 12. Response surface fitting results of optimized parameters on motor performance.
(a,b) Torque. (c,d) Torque ripple. (e, f) Efficiency. (g,h) Power factor.

According to the performance index required by the motor, the constraint conditions
for the optimization of the permanent magnet-assisted synchronous reluctance motor can
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be set, as shown in Formula (4). It is necessary to reach the rated torque of the motor, and
in order to design the margin, the power factor needs to be higher than 0.91.

T, > 47.8Nm

4
cos ¢y > 091

Constrains : {

where T is the output torque of PMA-Synrm, and cos ¢ is the power factor of PMA-Synrm.

The Latin hypercube sampling design method (LHS) is used to collect sample points;
the Kriging method is used to establish the surrogate model, and the multi-objective genetic
algorithm (NSGA-II) is used to optimize the motor. The final optimization results are shown
in Table 7.

Table 7. Optimization results of permanent magnet-assisted synchronous reluctance motor.

Symbol Optimal Results
wy (mm) 4.70
hy (mm) 2.82
wy (mm) 2.94
hg (mm) 4.78
Rid (mm) 1.0
L1 (mm) 38
L2 (mm) 38
L3 (mm) 34
L4 (mm) 28
L5 (mm) 21.6

3.4. Optimization Results and Finite Element Verification of PMA-Synrm

The magnetic cloud diagram of the motor load before and after the optimization of
the permanent magnet-assisted synchronous reluctance motor is shown in Figure 13. It can
be seen from the diagram that the magnetic saturation degree of the multi-layer magnetic
conductive layer on the rotor of the motor before optimization is high, and there are several
stator teeth close to saturation. However, the degree of magnetic saturation on the stator
and rotor of the optimized motor is greatly reduced.
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Figure 13. Magnetic density cloud diagram of motor load before and after optimization. (a) Initial.
(b) Optimal.

(b) optimal

Figure 14 shows the no-load back EMF waveform and harmonic distribution before
and after optimization of the permanent magnet-assisted synchronous reluctance motor. It
can be seen from Figure 14a that the effective value of the no-load back EMF of the motor
before optimization is slightly higher than that after optimization, but the no-load back
EMF waveform of the optimized motor is more sinusoidal. In addition, the harmonics of
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the optimized motor are mainly 15 and 17 times, and the harmonic content is much less
than that before optimization, as shown in Figure 14b.
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Figure 14. The no-load back-EMF waveform and harmonic distribution of the PMA-Synrm before and
after optimization. (a) No-load back EMF waveform. (b) No-load back EMF harmonic distribution.

Figure 15 shows the no-load radial air gap flux density waveform and harmonic
distribution before and after optimization of the permanent magnet-assisted synchronous
reluctance motor. It can be seen from Figure 15a that the no-load back EMF of the optimized
motor is slightly lower than that before optimization, but the optimized air gap flux density
waveform is more sinusoidal. As shown in Figure 15b, the no-load air gap harmonics of
the optimized motor are mainly 17 and 19 harmonics, and the harmonic content and the
amplitude of the magnetic isolation harmonics are small.
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Figure 15. The no-load radial air gap flux density waveform and harmonic distribution of the permanent
magnet-assisted synchronous reluctance motor before and after optimization. (a) No-load radial air gap
flux density waveform. (b) No-load radial air gap flux density waveform harmonic distribution.

Figure 16 shows the torque characteristics and electromagnetic performance of the
permanent magnet-assisted synchronous reluctance motor before and after optimization.
As shown in Figure 16a, the average torque of the optimized motor is 49.7 Nm, which is
0.5 Nm lower than that before optimization. However, the optimized torque ripple is only
4.8%, which is 10.8% lower than that before optimization. It can be seen from Figure 16b
that the efficiency of the optimized motor is 94.1%, which is 0.6% higher than that before
optimization. Because the optimized no-load back EMF decreases slightly, the optimized
power factor is slightly smaller than that before optimization.
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Figure 16. The torque characteristics and electromagnetic performance of the motor before and after
optimization. (a) Output torque and torque ripple. (b) Efficiency and power factor.

The temperature simulation of the motor is carried out by using the thermal module
of Motor-CAD. The motor uses the same heat dissipation method as the asynchronous
motor; that is, the casing has a heat dissipation fin, the shaft sleeve fan, and the fairing
is used to distribute the air volume to take away the heat of the motor. The operating
environment temperature of the motor is set to 30 °C. After analysis, it can be seen that the
temperature distribution of the motor before and after optimization is shown in Figure 17.
The maximum temperature of the optimized motor is only 76.6 °C, which is 2.2 °C lower
than that of the initial scheme. After optimization, the iron loss of the motor rotor is reduced,
so the core temperature of the optimized motor rotor is lower than the rotor temperature of
the initial design scheme.

(a) Initial (b) Optimal

Figure 17. Temperature distribution of permanent magnet-assisted synchronous reluctance mo-
tor before and after optimization. (a) Initial design of motor temperature. (b) Optimized motor
temperature.

Table 8 compares the results of optimization prediction with the results of finite ele-
ment calculation. It can be seen from the table that the difference between the torque ripple
is only 0.2%, and the difference between the core loss is the largest, reaching 3.8 W, and the
difference between other parameters is small. From the comparison of the two results, it
can be seen that the parameter dimension reduction optimization method proposed in this
paper is feasible and effective.
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Table 8. The optimization results of permanent magnet-assisted synchronous reluctance motor are
compared with finite element results.

Parameter Name Initial Value Predicted Value Simulative Value Error

Current (A) 13.6 13.3 134 +0.1

Output torque (Nm) 50.2 50.1 49.7 —-04

Torque ripple (%) 15.6 4.6 4.8 +0.2
No-load back EMF (V) 85 77.52 77.37 —0.15

Core loss 147.6 130.4 134.2 +3.8
Power factor 0.925 0.914 0.910 —0.004
Efficiency (%) 93.5 94.15 94.1 —0.05

4. Experimental Verification

Based on the above optimization results, a prototype of a 7.5 kW, 1500 rpm permanent
magnet-assisted synchronous reluctance motor was fabricated. The prototype structure is
shown in Figure 18.

Figure 18. Permanent magnet-assisted synchronous reluctance motor rotor structure diagram.

The prototype is tested experimentally, and the data of no-load and load of the motor
are shown in Figure 19. It can be seen from Figure 19a that when the motor is running at
the rated load, the measured load currentis 13.5 A, and the simulated load currentis 13.2 A.
Figure 19b shows the curve of no-load back EME. When the prototype is running at no-load,
the measured no-load back EMF is 76.1 V, which is 1.27 V lower than the simulated value. In
addition, the optimized prediction value, finite element calculation results, and prototype
test results are summarized in Table 9. It can be seen that the three results are not much
different. It can be further proved that the parameter dimension reduction optimization
method proposed in this paper can ensure the accuracy of the optimization results while
reducing the optimization parameters and improving the optimization efficiency.
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Figure 19. Prototype test data and calculation data curve. (a) No-load back EMF curve. (b) Rated-load
current curve.
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Table 9. The optimization results of permanent magnet-assisted synchronous reluctance motor are

compared with finite element results.

Parameter Predicted Value Simulative Value Measurement
Output power (kW) 7.50 7.50 7.52
Rated-load current (A) 13.3 134 13.5
No-load back EMF (V) 77.52 77.37 76.10
Power factor 0914 0.910 0.905
Efficiency (%) 94.15 94.10 94.06

5. Conclusions

This paper is based on a 7.5 kW, 1500 rpm permanent magnet-assisted synchronous

reluctance motor. The motor rotor is composed of five layers of magnetic barriers and

five layers of ferrite. The design parameters of the motor rotor are as high as 26. The

multi-objective genetic algorithm is used to optimize the design of the motor. The specific

conclusions of this paper and future research work are as follows:

In this paper, by analyzing the influence of the design parameters of the rotor magnetic
barrier on the main output performance of the motor, considering the convenience
of the actual processing of the motor, a parameter dimension reduction optimization
design method is proposed. Using this method, the optimization parameters of the
permanent magnet-assisted synchronous reluctance motor can be reduced from 26 to 7,
which greatly improves the optimization efficiency of the permanent magnet-assisted
synchronous reluctance motor and realizes the comprehensive global optimization
design of the permanent magnet-assisted synchronous reluctance motor. The op-
timization design method can provide a reference for motor designers to a certain
extent;

At present, the motor is developing in the direction of “no rare earth, light rare
earth”. The permanent magnet-assisted synchronous reluctance motor, as a motor
only assisted by ferrite, is in line with the current development trend. Moreover, the
size of the permanent magnet-assisted synchronous reluctance motor in this paper
mainly refers to the same power asynchronous motor. After design and optimization,
the efficiency and other performance indicators of the permanent magnet-assisted
synchronous reluctance motor can fully reach the IE5 energy efficiency level. Therefore,
it is necessary to conduct more in-depth research on the permanent magnet-assisted
synchronous reluctance motor to achieve higher efficiency.
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