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Abstract: Permanent-magnet-assisted synchronous reluctance motors (PMA-SynRMs) are widely
used in modern industry as a kind of electromagnetic energy conversion device with high out-
put torque, high power density, high efficiency, and excellent speed regulation. In this paper, an
asymmetric-rotor PMA-SynRM combined with a Halbach array is proposed based on the conven-
tional PMA-SynRM without modifying the amount of permanent magnet. With the finite element
no-load analysis, it is proven that the permanent magnet arrangement of this method can achieve
better flux focusing effect and magnetic-axis-shift (MAS) effect. A significant increase and shift of the
air-gap magnetic density has also been observed. Meanwhile, the load simulation demonstrated that
the proposed model possesses higher utilization of permanent magnet torque and reluctance torque
compared to the conventional model. In addition, a multi-objective optimization has been performed
for the rotor structure of the proposed model, and the optimized model improved the average torque
by 25.32% and reduced the torque ripple by 76.92% compared to the conventional model. Finally,
the constant power speed range (CPSR) performance and anti-demagnetization performance have
been analyzed for the three models. The results showed that the proposed and optimized models
performed better on constant power speed range, and all three models of permanent magnets had
good anti-demagnetization performance. The maximum demagnetization rate of the optimized
model is reduced by 13.84% compared to the proposed model at an operating condition of 200 °C
and nine times the rated current.

Keywords: PMA-SynRM; torque; asymmetric rotor; MAS; multi-objective optimization

1. Introduction

Recently, due to the increasing consumption of rare earth resources, the prices of
various raw materials such as rare earths have been increasing [1,2]. Since rare earth is a non-
renewable resource, in order to reduce the dependence on rare earth resources, permanent-
magnet-assisted synchronous reluctance motors (PMA-SynRMs) are gradually entering
into the public’s view [3]. The PMA-SynRM combines the advantages of permanent
magnet synchronous motors (PMSMs) and synchronous reluctance motors, characterized
by high output torque, high power density, high efficiency, and good speed regulation
performance [4,5]. A multilayer flux barrier structure is generally applied in the PMA-
SynRMs to maximize the utilization of their reluctance torque [6,7]. Only a small amount
of permanent magnets remains in the flux barrier structure of the PMA-SynRM to assist the
excitation [8,9], which provides permanent magnet torque for the PMA-SynRM. The PMA-
SynRM typically utilizes fewer permanent magnet compared to PMSM for the same volume
of PMA-SynRM [10,11]. Therefore, the cheaper price and better performance give the PMA-
SynRM a wide range of applications in the field of variable speed drives for electric vehicles,
water pump compressors, household appliances, medical devices, etc. [12-17].
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Currently, the research for PMA-SynRM topology is centered on the design of the
flux barrier structure, permanent magnet, and magnetic circuit [18,19]. In the design
of the flux barrier structure, a variety of flux barrier structures such as U-shaped flux
barrier, V-shaped flux barrier, and arc-shaped flux barrier have been proposed [20,21]. N.
Bianchi’s team [22] at the University of Padua effectively reduced the torque ripple of
the PMA-SynRM by axially combining two rotors with different flux barrier angles. In
terms of permanent magnet design, different numbers, volumes, shapes, arrangements,
and magnetization directions of permanent magnets have been proven to have an impact
on the torque performance of the PMA-SynRM [23,24]. Huaicong Liu et al. [25] in Korea
investigated the effect of different arrangements of permanent magnets within the flux
barrier and found that the PMA-SynRM had the smallest torque ripple when the permanent
magnets were all located in the middle of the flux barrier. Chengwu Diao et al. [26], from
Shandong University, China, designed a pole-biased PMA-SynRM to enhance the torque of
the PMA-SynRM by varying the angle between the permanent magnet flux linkage and the
d-axis, so that both the permanent magnet torque and the reluctance torque are maximized
at the same current phase angle. Ying Xie et al. [27], from Harbin University of Science
and Technology, China, similarly improved the utilization of the reluctance torque and the
permanent magnet torque by mixing NdFeB and Ferrite permanent magnets of different
sizes, which resulted in an offset of the permanent magnet chain.

The conventional PMA-SynRM permanent magnet arrangement is less efficient in
utilizing the magnetic force of the permanent magnets. Without modifying the amount
of permanent magnet, an asymmetric-rotor PMA-SynRM model with magnetic-axis-shift
(MAS) effect is proposed in this paper in combination with a Halbach array. This permanent
magnet arrangement not only enhances the permanent magnet auxiliary excitation effect
of the PMA-SynRM but also offsets the permanent magnet chain. The permanent magnet
torque and reluctance torque of the proposed model can reach their maximum value with a
similar current phase angle, and the total torque is significantly improved.

Firstly, the stator-rotor topology of the conventional and proposed models is presented
in this paper. The torque characteristics of the two models are theoretically analyzed by
building a simplified analytical model of the two models, with core saturation and cross-
coupling neglected. The two models are also simulated and analyzed under no-load
conditions as well as under load conditions based on the finite element method. In this
paper, all models are simulated by using JMAG finite element analysis software (v.21.0).
Under no-load conditions, the permanent magnet flux linkage of the proposed model
is significantly shifted compared with the conventional model, and the flux aggregation
effect of the permanent magnet arrangement combined with a Halbach array is significant.
The air-gap flux density and the back electromotive force (EMF) are significantly shifted
and increased compared to the conventional model. The torque decomposition of the
conventional and proposed models is conducted using the frozen permeability method
under loaded operating conditions. The proposed model has the MAS effect, and the
permanent magnet torque and the reluctance torque can be maximized at similar current
phase angles. Compared to the conventional model, the proposed model has higher
permanent magnet torque utilization and reluctance torque utilization. Next, this paper
optimizes the rotor topology of the proposed model based on the FAST multi-objective
optimization algorithm in modeFRONTIER. The optimized model has higher average
torque and lower torque ripple than the conventional and the proposed models. Finally, the
constant power speed range (CPSR) performance and anti-demagnetization performance
are analyzed for the three models. The comparison results of CPSR performance show
that the proposed model and optimized model have better CPSR performance. In the anti-
demagnetization performance analysis, it is shown that all three models have good anti-
demagnetization performance. In comparison, the permanent magnets of the conventional
model have better anti-demagnetization performance, while the permanent magnets of the
proposed model have worse anti-demagnetization performance.
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Due to the low average torque of conventional PMA-SynRM, in this paper, an asymmetric-
rotor PMA-SynRM motor model combined with a Halbach array is proposed based on
the above study. The sections of the article are organized as follows: In Section 2, the
conventional model as well as the motor topology of the proposed model are presented. A
comparative analysis of the two models at no-load and load conditions is also carried out to
demonstrate the torque characteristics and torque improvement of the proposed model. In
Section 3, the torque performance of the motor is optimized by changing the rotor topology
of the proposed model, and the optimal design, sensitivity analysis, and multi-objective
optimization are carried out. In Section 4, the CPSR performance and anti-demagnetization
performance of the three models are analyzed. In Section 5, a short summary is provided.

2. Motor Topology and Simulation Analysis

The topologies of the conventional and proposed models are presented along with
the specification parameters. The two motor models were also analyzed by finite element
simulation under no-load and load conditions.

2.1. Motor Topology

In this paper, a conventional PMA-SynRM model is used as a conventional model and
an asymmetric-rotor PMA-SynRM model combined with a Halbach array is the proposed
model. Both models are eight-pole, 48-slot PMA-SynRMs with a three-layer U-shaped
magnetic barrier and roughly the same amount of steel sheets. Meanwhile, the stator
structure and winding configuration are the same for both models. The windings are
configured as distributed windings. The amount of permanent magnets inside the rotor
is also consistent between the conventional and proposed models. The topology of the
stator—rotor for the conventional and proposed models in this paper is shown in Figure 1.
The direction of the black arrows in Figure 1a,c indicate the direction of magnetization of
the permanent magnet. The specific parameters of the two models are shown in Table 1.

Magnet Stator core Windings Magnet

Rotor core L .

Flux barrier

o

Rotor core

(b)

Figure 1. Stator and rotor topologies for the conventional and proposed models. (a) The rotor
topology of the conventional model. (b) Stator and winding topology. (c) The rotor topology of the
proposed model.

In order to study the MAS effect of the proposed model, a simplified analytical model
of the conventional and proposed models neglecting core saturation and cross-coupling
is developed based on the single-pole planar expansion of the rotor shown in Figure 2.
From Figure 2b, it can be seen that the permanent magnet flux linkage ¢, of the proposed
model has been shifted, and ¢}, forms an angle a with the d-axis. The simplified vector
diagram built from Figure 2 is shown in Figure 3.
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Table 1. Dimensional parameters of the conventional and proposed models.
Item Unit Conv. Model/Prop. Model
Pole/Slot / 8/48
Stator outer diameter mm 120
Stator inner diameter mm 80
Rotor outer diameter mm 79
Rotor inner diameter mm 30
Air-gap length mm 0.5
Motor axial length mm 140
Permanent magnet / NdFeB
Permanent magnet volume mm? 52640
Steel sheet / 50JN1300
d-axis
w;wu ‘pr, m

(a) (b)

Figure 2. Single-pole planar expansion of the two model rotors. (a) Conventional model plan view.
(b) Proposed model plan view.
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Figure 3. Simplified vector diagrams of the two models. (a) Conventional model vector diagram.
(b) Proposed model vector diagram.

From Figure 3a, it can be seen that the d-axis magnetic flux linkage generated by the
current in the stator is in the opposite direction to the permanent magnet flux linkage.
Based on the constant coordinate transformation of the magnetic potential, the magnetic
flux linkage in the conventional model with respect to the d-axis and g-axis can be expressed
by Equation (1) [27].

{ Yg = lppm + Lgig = lppm — Lyissinf )
g = Lgig = Lgiscosp

where P, P4, and ¢, are the permanent magnet flux linkage, the d-axis linkage, and the
g-axis linkage, respectively; L; and L, are the d-axis inductance and the g-axis inductance,
respectively; iy and i; are the d-axis current and the g-axis current, respectively; is is the
current in the stator; and B is the angle between the current is in the stator and the d-axis.
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According to Equation (1), the torque formula for the conventional model can be
obtained as shown in Equation (2).

T = %P(l/)diq — Pgia)

= 5P(Ypmig+(La — Lg)igiq) %)
= %pt,l)pmiscosﬁ+%p(Lq — Ly)i2sin(2B)
= Tpm1 + TrE1

where Tr1, Tppm1, and Trg; are the total torque, permanent magnet torque, and reluctance
torque of the conventional model, respectively, and p is the pole-pair number.

Since the proposed model is an asymmetric rotor, in this particular arrangement of the
permanent magnets, the permanent magnet flux linkage ¢, shifts and forms an angle of «
with the d-axis as shown in Figure 3b. Based on the constant coordinate transformation of
the magnetic potential, the magnetic flux linkages in the proposed model with regard to
the d-axis and g-axis can be expressed by Equation (3) [27].

{ Wa = Ypma + Laig = Ppmcosa — Lyissin 3)
Yq = Ypmqg + Lgiq = Ppmsina+Lgiscosp

where ¢4 and Ppmq are the d-axis and g-axis permanent magnet flux linkages, respectively.
According to Equation (3), the torque formula of the proposed model can be obtained
as shown in Equation (4).

Tpp = %P(#’diq - ll’qid)
= %p(#’pmdiq - lr’)pmqid‘f'(Ld - Lq)idiq) (4)
5 Ppmiscos(B — a)+3p(Lg — La)igsin(2p)
= Tpm2 + Tre2

where Try, Tppz, and Trg are the total torque, permanent magnet torque, and reluctance
torque of the proposed model, respectively.

By analyzing Equation (4), it is found that the permanent magnet torque and the
reluctance torque of the proposed model can reach their peak values at the same current
phase angle when the angles  and « satisfy the following equations. The relationship
between angle 8 and « is shown in Equation (5).

s
v=p =1 ®)
Substituting Equation (5) into Equation (3) yields the theoretical peak torque formula

for the proposed model as shown in Equation (6).

Teomax = %Plppmis + %P(Lq - Ld)ig (6)
= Tppmomax + TrReamax

where Teopmax, Travemax, and Treapmax are the theoretical maximum total torque, perma-
nent magnet torque, and reluctance torque of the proposed model, respectively.

By comparing Equations (2) and (5), it is found that the permanent magnet torque
and the reluctance torque of the conventional model can never both reach their maximum
values at the same current phase angle. The proposed model with the MAS effect can
theoretically maximize the permanent magnet torque and reluctance torque at the same or
a similar current phase angle, resulting in a higher total superimposed torque.

2.2. Simulation Analysis for No-Load Condition

In order to verify the MAS effect and the flux aggregation effect of the proposed model,
the simulation analyses of the two models were carried out under no-load conditions.
Figure 4 shows the flux line distribution of the conventional model and the proposed
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model under no-load condition. After comparison, it is found that the permanent magnet
flux linkage ¢, of the proposed model is shifted and forms an angle of a with the d-axis.
The proposed model utilizes a permanent magnet at the center of the rotor single-pole to
achieve the magnetic field deflection inside the rotor, shielded from flux by a connected flux
barrier on the right side of the rotor single-pole. By comparing Figure 4a,b, it is found that
the inner flux line density of the rotor of the proposed model is lower, while the flux line
density in the stator is higher, which is consistent with the properties of the Halbach array.
The proposed model incorporates the permanent magnet arrangement of the Halbach array,
which makes the permanent-magnet-assisted excitation more effective. The higher density
of flux lines in region A of Figure 4b for the proposed model indicates that the proposed
model has a better flux aggregation effect.

2 R ——
‘ ﬁ

Figure 4. Flux line distribution plots for both models under no-load conditions. (a) Conventional
model. (b) Proposed model.

Figure 5 demonstrates the comparison of the no-load air-gap flux density between
the conventional model and the proposed model. According to Figure 5a, it can be seen
that the air-gap flux density magnitude of the proposed model is higher than those of the
conventional model, and its air-gap flux density RMS is improved by 32.43% compared
with the conventional model. Based on the air-gap flux density waveforms, it can be seen
that the proposed model produces a certain offset angle compared to the conventional
model. According to Figure 5b, due to the asymmetric structure of the proposed model,
the higher harmonics in the harmonic decomposition of the air-gap flux density are larger
compared to the conventional model, and there are obvious distortions. The no-load back-
EMF waveforms and harmonic decomposition of the two models are shown in Figure 6.
Consistent with the air-gap flux density waveforms, the magnitude of the back-EMF
waveforms of the proposed model is higher compared to the conventional model, and there
is a certain offset. From Figure 6b, it can be seen that the high harmonics of the back EMF
of the proposed model are still larger than those of the conventional model, and distortions
also appear.
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Figure 5. Comparison of no-load air-gap flux density for the two models. (a) Air-gap flux density
waveform. (b) Harmonic decomposition of the air-gap flux density.
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Figure 6. Comparison of no-load back EMF for the two models.
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(b) Harmonic decomposition of back EMFE.

2.3. Simulation Analysis for On-Load Condition

(a) Back-EMF waveform.

The torque of the PMA-SynRM consists mainly of permanent magnet torque and
reluctance torque. In order to verify the torque characteristics of the proposed model after
the MAS effect, the torque of the two models is decomposed using the frozen permeability
method. The torque distribution of the two models at different current phase angles for
a current RMS value of 2A is shown in Figure 7. It should be noted that in Figure 7, the
orange markers are the components of the permanent magnet torque and the reluctance
torque at the maximum total torque, and the green markers represent the components
of the permanent magnet torque and the reluctance torque at the maximum total torque.
The maximum total torque of the proposed model is improved by 22.3% compared to the
conventional model. As seen in Figure 7a, the components of the maximum permanent
magnet torque and the maximum reluctance torque of the conventional model have a phase
difference of 45 degrees. In Figure 7b, the components of the maximum permanent magnet
torque and the maximum reluctance torque of the proposed model display only 15 degrees
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of phase difference. Permanent magnet torque and reluctance torque utilization can be
expressed by Equation (7).

Trm

gPM = TP MAX X 1000/0 (7)
gRE = TRE—IE\EAX x 100%

where {py and g are the permanent magnet torque utilization and the reluctance torque
utilization, respectively; Tpys and Tgg are the permanent magnet torque and the reluctance
torque components at the maximum total torque, respectively; and Tpy-pmax and Tre-pmax
are the maximum permanent magnet torque component and the maximum reluctance
torque component, respectively.

9 P B6IN-m ! = Total torque 1 o 10.53N'm = Total torque
g CT32NIm ‘.-‘\l\-"-'l.i - —®—PM. torque 10 8.79Nm .-}’N»-. ® PM. torque
, S | ,:‘. = A REtorque 0 - R‘” ® 2~ RE. torque
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Figure 7. Comparison of the torque characteristics of the two models. (a) Conventional model.
(b) Proposed model.

From Table 2, it can be seen that the utilization of both permanent magnet torque and
reluctance torque is higher in the proposed model compared to the conventional model.
This proves that the proposed model with the MAS effect can shift the permanent magnet
torque and reduce the phase difference between the permanent magnet torque and the
reluctance torque. Figure 8 shows the flux density cloud diagrams of the conventional and
proposed models under load conditions. From Figure 8, it can be seen that the flux density
of the proposed model is significantly higher than that of the conventional model in flux
circuit B.

Magnetic Flux Density
Contour Plot : T

Magnetic Flux Density
Contour Plot : T
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Minimum: 0.0010 Minimum: 0.0029

(a)

Figure 8. Flux density cloud plots of the two models under load conditions. (a) Conventional model.
(b) Proposed model.
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Table 2. Comparison of torque characteristics of the conventional and proposed models.

Item Unit Conv. Model Prop. Model
Tpm N-m 6.65 8.65

TPMfMAX N-m 7.32 8.72
Epm % 90.85 99.20

TREfMAX N-m 2.42 1.89
CRE % 80.99 99.47

3. Multi-Objective Optimization of the Motor Topology

Firstly, a multi-objective optimization design was carried out. Secondly, a sensitivity
analysis of the parameter variables involved in the optimization was carried out. Finally, a
comparative analysis of the optimized results was carried out.

3.1. Multi-Objective Optimization Design

In order to obtain better torque performance for the proposed model in this paper,
the average torque and torque ripple of the proposed model are optimized by changing
the rotor topology of the proposed model. Figure 9 shows a parametric diagram of the
single-pole topology of the proposed model rotor. Figure 10 shows the flowchart of multi-
objective optimization. The optimization objectives of this multi-objective optimization are
average torque and torque ripple. The definitions of average torque and torque ripple can
be expressed by Equation (8).

n

LT
— 1=
Tave = Tin . (8)
Tyip = ——" % 100%
ave

where Ty and T4, are the average torque and torque ripple, respectively; 7 is the number
of steps of the motor in one operating period; T; is the torque at the 7 step; and Tyax
and T),;, are the maximum torque and minimum torque of the motor in one operating
period, respectively.

Figure 9. Parameter diagram of the single-pole topology of the proposed model rotor.

The average torque and torque ripple are taken as the optimization objectives, and the
optimization objective function can be expressed by Equation (9).

O1= max(Type)
{dzmme ®
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where O; and O, are the average torque optimization objective and torque ripple optimiza-
tion objective, respectively.

Select optimization
variable parameters
i
Sensitivity analysis of
variable parameters

[S(T,,.)|>0.10r
S(T,,,)]>0.1

rip
Yes
Set the optimization objectives

of maximizing average torque
and minimizing torque ripple

Optimization of variation parameters Keep the initial
based on FAST algorithm parameter values

l

Output the results of all iterations

Select optimization results
and output parameter values
[

v
Obtain optimized
model rotor topology

End
Figure 10. Flowchart of the multi-objective optimization.
The constraint function in multi-objective optimization can be represented by Equation (10).

20 <60, <25,k=1,2,3,4,5,6
0<6;, <90
st 1<w<?2 (10)
C1 =Tawe—1052>0
C=Tip—-01<0

where 0 is the flux barrier angle; 67 is the deflection angle of the rotor’s single-pole-centered
permanent magnet; w is the width of the connected flux barrier; and C; and C, are the
constraint functions for the average torque and torque ripple.

3.2. Sensitivity Analysis

The Pearson correlation coefficient was used as a measure for this sensitivity analysis.
The Pearson correlation coefficient captures the strength of the linear relationship between
two variables with a coefficient interval of [—1,1]. When the absolute value of the Pearson
correlation coefficient is closer to 1, it means that the correlation between the two variables
is stronger; otherwise, the opposite is true. Let a set of random variables be (A,B), the
Pearson correlation coefficient is calculated as shown in Equation (11) [28].

(11)
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where 7; and b; are the average of the random variable A and the average of the random
variable B, respectively.

Using the Latin square sampling method, 100 sets of data were extracted for correla-
tion analysis, and the results are shown in Figure 11. Variation parameters with absolute
coefficient values of less than 0.1 will be removed in subsequent multi-objective optimiza-
tion, and the original parameters will remain unchanged due to their low relevance to
the optimization objective. From Figure 11, it can be seen that the absolute values of the
correlation coefficients of 8, and w with the average torque and torque ripple are less than
0.1, which means that these parameters will remain constant.

0.4 0.351

0.301

0.2

(-0.064 20.076

Pearson correlation coefficient

I Torque ripple
0933 Bl Average torque

0, 0, 0, 0. 0, 0, w
B Item

-1.0

Figure 11. Sensitivity analysis results.

3.3. Multi-Objective Optimization and Torque Performance Comparison

Multi-objective optimization of the rotor topology of the proposed model is performed
based on the FAST algorithm [29] in modeFRONTIER. Several multi-objective optimization
algorithms in modeFRONTIER are compared in reference [29]. The FAST algorithm uses
Response Surface Model (RSM) to speed up the optimization process. The optimization
process is faster and the optimization search is better. Therefore, in this paper, the FAST
algorithm is chosen for multi-objective optimization.

The FAST algorithm uses a self-initialization setting and limits the maximum number
of iterations to 500. The optimized results are shown in Figure 12. In order to prevent
the occurrence of excessive low average torque and excessive torque ripple, the frontier
result in Figure 12 is selected as the optimized result through comprehensive consideration.
The selection result is visible in the partially enlarged view of Figure 12. The dimensional
parameters of the optimized model are shown in Table 3. Figure 13 shows the optimized
model rotor single-pole topology of the model. The torques of the three models are shown
in Figure 14. From Figure 14, it can be seen that the torque of the optimized model is the
largest among the three models and has the least fluctuation. From Table 4, it can be seen
that the optimized model improves the average torque by 25.32% and reduces the torque
ripple by 76.92% compared to the conventional model. After multi-objective optimization,
the torque performance of the optimized model is improved.

Table 3. Optimized topology parameters of the model rotor.

Name Item Unit Value
Flux barrier angle 1 01 degree 25.0
Flux barrier angle 2 0 degree 20.0
Flux barrier angle 3 03 degree 25.0

Flux barrier angle 4 04 degree 22.5
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Table 3. Cont.

Name

Average tofque (N'm)

Item Unit Value
Flux barrier angle 5 05 degree 221
Flux barrier angle 6 06 degree 20.0
PM deflection angle 05 degree 5.0
Connected flux
. . w mm 1.0
barrier width
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Figure 12. Results from the multi-objective optimization.
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Figure 13. Optimized model rotor with single-pole topology.

Table 4. Comparison of torque performance of the three models.

Item

Unit Conv. Model Prop. Model Opti. Model
Average torque N-m 8.61 10.53 10.79
Torque ripple Y% 31.50 18.19 7.27

Normally, in the design of the motor ontology, there is some error between the results
of finite element simulation and the experimental results. References [12,14,30,31] gave
finite element simulation results and experimental results for the output torque errors as
shown in Table 5. In Table 5, the output torque errors in all references are less than 4.5%
and the average error is 2.93%. Therefore, the errors between the finite element simulation
results and the experimental results are much lower in the design of the motor ontology.
In this paper, the average torque improvement of the optimized model is far higher than
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the average error compared to the conventional model. It can be inferred that the errors
do not have much effect on the finite element simulation results in this paper, and that the
comparison of the finite element simulation results is still reliable.
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Figure 14. Comparison of the torque of the three models.

Table 5. Output torque errors between finite element simulation results and experimental results.

Reference 12 14 30 31
Error 2.71% 0.52% 4% 4.5%

4. Constant Power Speed Range Performance and Anti-Demagnetization Performance

The constant power speed range performance and the anti-demagnetization perfor-
mance of the three models are compared and analyzed.

4.1. Constant Power Speed Range Performance Comparison

For PMA-SynRMs, wide constant power speed range performance (CPSR) is as impor-
tant as high torque, high power density, and high efficiency. Comparison of torque-speed
and power—speed curves for the three models is shown in Figure 15, and comparison of
speed—efficiency plots is shown in Figure 16. In the calculation, the peak current is set
to 7.07A. All three models use maximum torque per ampere (MTPA) control and flux-
weakening (FW) control. As shown in Figure 15a, the proposed and optimized models
exhibit higher torque in the constant torque region compared to the conventional model.
From Figure 15b, it can be seen that the power of the conventional model starts decreasing
after 2000 rpm, while the power of the proposed and optimized models starts decreasing
after 3500 rpm. This demonstrates that the proposed and optimized models have higher
power density compared to the conventional model. From Figure 16, it can be seen that
the efficiency of the proposed and optimized models is slightly higher than that of the
conventional model in the low speed range and slightly lower than that of the conventional
model in the high speed range. In conclusion, the proposed and optimized models have
better CPSR performance compared to the conventional model.
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Figure 16. Speed—efficiency comparison of the three models. (a) Conventional model. (b) Proposed
model. (c¢) Optimized model.

4.2. Comparison of Anti-Demagnetization Performance

Permanent magnets with smaller size are usually more prone to demagnetization.
Since the proposed and optimized models in this paper use multilayer and smaller-sized
permanent magnets, it is necessary to analyze the anti-demagnetization performance of the
three models. The demagnetization of permanent magnets is analyzed by examining the
changes in remanence of permanent magnets before and after applying high input currents.
The definition formula for demagnetization rate [32] is shown in Equation (12).

B/
5= (1 - B’) x 100% (12)

r

where By is the remanence of the permanent magnet after a high input current, and B, is
the remanence of permanent magnets in the initial state.

When the control temperature is 170 °C and 200 °C, the maximum controlled input
current is nine times the rated current. The maximum demagnetization rates of the perma-
nent magnets for the three models under different input current conditions are shown in
Figure 17. Figure 17a compares the maximum demagnetization rate of the three models
with different input currents at 170 °C. The maximum demagnetization rate of all three
models is less than 1%, indicating minimal demagnetization. It is shown that the three
models have good anti-demagnetization performance under extreme operating conditions.
Figure 17b shows the comparison of the maximum demagnetization rate of the three mod-
els with different input currents at 200 °C. At four times the rated current, the permanent
magnets of the proposed and optimized models start to demagnetize. Compared to the
proposed model and the optimized model, the permanent magnet of the conventional
model has a larger size and a stronger anti-demagnetization performance. In Table 6, it
can be seen that the maximum demagnetization rate of the optimized model is reduced by
13.84% compared to the proposed model at a temperature of 200 °C and nine times the rated
current operating condition. This indicates that the anti-demagnetization performance of
the optimized model is improved compared to the proposed model. Figure 18 shows the
demagnetization rate distributions of the three models at a temperature of 200 °C and an
input current of nine times the rated current.
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Table 6. Maximum demagnetization rate of three models of permanent magnets under operating
conditions at different temperatures and nine times the rated current.

Temperature Unit Conv. Model Prop. Model Opti. Model
170 °C % 0 0.98 0.44
200 °C Y% 17.21 92.66 79.84

5. Conclusions

In this paper, a conventional PMA-SynRM is used as a reference for study. An
asymmetric-rotor PMA-SynRM combined with a Halbach array is proposed using the
same amount of permanent magnets. The torque characteristics of both models are theo-
retically analyzed by establishing a simplified analytical model of the conventional model
and the proposed model, neglecting core saturation and cross-coupling. No-load simu-
lation analysis reveals that the permanent magnet flux linkage of the proposed model is
shifted, resulting in significantly increased air-gap magnetization compared to the con-
ventional model. Load simulation analysis indicates that the proposed model achieves
higher utilization of permanent magnet torque and reluctance torque utilization, leading to
anotable improvement in average torque. Furthermore, through optimal design, sensitivity
analysis, and multi-objective optimization, the average torque of the optimized model is
increased and the torque ripple is reduced compared to the conventional model. Finally,
the CPSR performance and anti-demagnetization performance of the three models are
analyzed. CPSR comparison results demonstrate that both the proposed and optimized
models exhibit superior performance. In the analysis of the anti-demagnetization perfor-
mance, it is found that at a set temperature of 170 °C and under nine times the maximum
rated current, all three models show minimal demagnetization, indicating robust anti-
demagnetization capabilities. However, at 200 °C and under the same current conditions,
the proposed model shows the most severe demagnetization rate of the permanent magnets,
while the conventional model shows the lowest demagnetization rate of the permanent
magnets. This highlights that the conventional model outperforms the other in terms of
anti-demagnetization performance, whereas the proposed model demonstrates poorer anti-
demagnetization performance. Compared with the conventional model, the permanent
magnet of the proposed model is more prone to demagnetization at high temperatures.
Therefore, in the subsequent research, the temperature rise design should be given focus to
prevent the demagnetization of the permanent magnet at excessive temperature.
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