
ARCHIVES OF ELECTRICAL ENGINEERING VOL. 74(1), pp. 85 –103 (2025)

DOI 10.24425/aee.2025.153014

Design and optimization of an improved hybrid
permanent magnets Vernier machine with

less-rare-earth and high torque density
HUI LIo B

School of Intelligent Manufacturing and Materials Engineering
Gannan University of Science and Technology

156 Hakjia Avenue, Ganzhou, Jiangxi Province, China
e-mail:B Lihui_gnust@163.com

(Received: 26.07.2024, revised: 31.01.2025)

Abstract: This paper proposes a novel improved hybrid permanent magnet Vernier machine
(IHPMVM), which is characterized by less-rare-earth (LRE) and high torque-density. The
proposed machine features a hybrid magnet arrangement, which adopts both rare earth (RE)
and LRE magnets in one magnetic pole simultaneously. The proposed improved design
can reduce the consumptions of RE materials by employing low-cost LRE magnets in
place of RE magnets. Besides, the hybrid magnet arrangement design has a good magnetic
flux-concentrated effect, resulting in high torque density. Particularly, dummy slots are
introduced to achieve a flux modulation effect. This unique design effectively reduces the
inevitable leakage flux, thereby further improving the utilization of PMs and torque density.
Firstly, the machine configuration and its improved design are introduced and investigated.
Then, a multi-objective optimization is carried out to obtain the optimal design of the
proposed machine considering comprehensive performance. Furthermore, the preliminary
electromagnetic characteristics of the proposed machine are compared and analyzed using
finite element (FE) methods, which verifies the effectiveness of the optimization. Finally,
the demagnetization risk of the LRE magnets is evaluated. This paper is expected to provide
a technical reference for designing LRE machines.
Key words: flux modulation effect, hybrid magnets, less-rare-earth, multi-objective opti-
mization, Vernier machine

1. Introduction

Permanent magnet machines (PMMs) are widely used in wind power generation and industrial
applications due to their advantages of high torque density, and high efficiency [1–3]. However, con-
ventional PMMs are usually paired with mechanical transmission devices, resulting in reduced effi-
ciency and redundant structure. Thus, direct drive PMMs have been developed gradually thanks to
their excellent accuracy and high efficiency, eliminating the mechanical transmission devices [4,5].
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Recently, permanent magnet Vernier machines (PMVMs) have attracted widespread research
and attention due to their simple structure and high torque density at low speeds, which are
considered promising candidates for direct drive systems. [6–8]. The PMVMcan achieve high toque
density through the flux modulation effect, and numerous harmonics in the air gap magnetic field
are serving as working harmonics [6]. Over the past decade, various PMVMs have been investigated
and studied [6–14], including structures [9–12], theories [6, 7, 13] and control strategies [14], with
current research primarily concentrating on topology design and improvement of power factor. For
example, a dual-stator PMVM design is proposed in [11], which enhances the air gap magnetic
flux density, thereby improving the torque capability. Besides, a hybrid excited PMVM is proposed
in [12], in which a mixed excitation structure uses auxiliary DC excitation on the stator side.

On the other hand, various PMVMs with different magnet arrangements have been extensively
studied, such as dual PM [15, 16], interior PM [17, 18], and consequent-pole PM configura-
tions [19, 20]. To enhance the air-gap flux density harmonics, certain dual-PM Vernier machines,
presented in [15, 16], demonstrate a bi-directional flux modulation effect, contributing to rich
harmonics for torque generation. Additionally, interior PM Vernier structures, such as V-shaped
PM [17] and spoke-type PM configurations [18], have been developed to enhance the concentrated
flux effect, resulting in higher torque capability compared to the surface-mounted PMM. Nonethe-
less, the spoke-type PMs act as barriers to air flux for low-order working harmonics, creating a flux
barrier effect that compromises electromagnetic performance [18]. To address these issues, propos-
als include non-uniformly distributed auxiliary teeth [19] and alternating flux barrier designs [17],
offering a magnetic path for low-order harmonics and thereby enhancing torque capability com-
pared to conventional approaches. Moreover, the consequent-pole PM Vernier machine, due to its
asymmetrical air-gap field distribution [19] and doubly salient structure [20], exhibits significant im-
provements in low-order working harmonics. Generally, to obtain high torque density, conventional
PMVMs usually adopt magnets with high coercivity force. However, high coercivity magnets typ-
ically incorporate rare earth (RE) materials [21], which are costly and subject to supply instability.

Therefore, to alleviate the REmagnets consumptions, less-rare-earth (LRE) magnets with lower
energy product are considered as alternatives in PM machines [21–27]. Particularly, spoke-type
ferrite PM machines with flux-concentrating effect are competitive in LRE machines [23–25].
This is attributed to their unique magnet arrangements, which can generate high air gap flux
density and suffer a relatively low demagnetization risk. However, spoke-type ferrite PM machines
use considerable magnets, which limits design flexibility. Moreover, novel structures utilizing
different PM types have been investigated [26,27], reducing the cost of RE materials. However,
employments of less-rare-earth magnets usually result in a compromised torque density and
unexpected irreversible demagnetization, thereby degrading overall performance.

Therefore, to address the issues, a novel improved hybrid permanent magnet Vernier machine
(IHPMVM) is proposed in this paper. The proposed IHPMVM utilizes a hybrid magnet arrange-
ment that incorporates different types of magnets simultaneously. This design offers strong anti-
demagnetization capability by strategically placing RE magnets to counter demagnetization. Thus,
the consumption of RE materials can be reduced by using low-cost LRE magnets in the magnetic
poles, realized by replacing the RE magnets. Besides, the proposed machine can also achieve the
excellent torque capability due to the flux-concentrated of hybrid magnet arrangement and fluxmod-
ulation effect. Finally, the proposedmachine exhibits characteristics of LRE and high torque-density.
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This paper is structured as follows. In Section 2, the improved design and operating principle
of the proposed machine is introduced, and the torque production mechanism is also studied. Then,
a multi-objective optimization progress is carried out to obtain the optimal design in Section 3. In
Section 4, the preliminary electromagnetic performances are analyzed and simulated in details
using finite element (FE) methods, including open-circuit characteristic et al. Finally, conclusions
are drawn in Section 5.

2. Improved design and operating principle

2.1. Improved design and machine configuration
Firstly, an improved hybridmagnet design is proposed in this paper, depicted by its topology evo-

lution in Fig. 1(a). In the conventional PMVM, V-shaped RE magnets and dummy slots are adopted
and designed in the rotor iron. Correspondingly, LREmagnets are introduced to replace the REmag-
nets in the second-layer magnets. In the proposed design, a single-layer RE magnets are set with the
LRE magnets, forming a delta-type magnet arrangement. Such a design can achieve a good torque
capability due to the flux-concentrated effect. Besides, the first-layer RE magnets can also prevent
the second-layer LRE magnets from irreversible demagnetization caused by armature reaction.

The proposed machine adopts 24 slots and 19 pole pairs, which can utilize the flux modulation
effect to generate output torque, as shown in Fig. 1(b). The stator adopts an open-slot structure, with
each stator tooth and dummy slots serving as modulation blocks. This achieves flux modulation in
the proposed machine, with numerous harmonics in the air gap magnetic field serving as effective
components. The PM flux will flow into the stator side between the two dummy slots, and the
dimensions of the dummy slots can be adjusted to reduce cogging torque and torque ripple. The
winding configuration diagram of the proposed machine is shown in Fig. 2.

2.2. Operating principle
The proposed IHPMVM features 24 slots and 19 pole pairs, consequently, a series of harmonics

will be generated by the permanent magnets in the air gap after being modulated by the dummy
slots and stator teeth. The number of air gap harmonics can be expressed as:

Pn,m = |npr ± mNs |(n = 1, 3, 5, . . . ,∞; m = 0, 1, 2 . . .∞), (1)

in which Ns and pr are the tooth number of the stator and rotor. Thus, the rotation speed of each
air gap harmonic ωn,m can be expressed as:

ωn,m =
±npr

npr ± mNs
ωr, (2)

where ωr is the angular speed of the rotor, and the air gap magnetic flux generated by the armature
reaction will produce a series of harmonic components in the air gap through modulation between
the rotor and stator teeth. The number of air gap harmonics can be represented as:

Pu,v = |vpr ± u|(v = 1, 2, 3, . . . ,∞; u = 0, 1, 2, 4, 5, 7 . . .∞). (3)
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(a)

 
(b)

Fig. 1. Improved design of the proposed IHPMVM: (a) topology evolution; (b) machine configuration

 
Fig. 2. Windings configuration

The corresponding rotational speed of each air gap harmonic generated by the armature
reaction modulation can be expressed as:

ωv,u =



ωr, n = 0

0, n = 3h
∓pr

u ∓ vpr
ωr, n = 3h − 1

∓pr
u ∓ vpr

ωr, n = 3h − 2

. (4)
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To generate stable output torque, the following equations must be satisfied (5).

ωr =



npr ∓ mNs |=| vpr ∓ u

∓npr
npr ∓ mNs

= 1, n = 0

∓npr
npr ∓ mNs

ωr =
∓pr

u ∓ vpr
, n = 3h − 1

∓npr
npr ∓ mNs

ωr =
∓pr

u ∓ vpr
, n = 3h − 2

. (5)

Thus, the harmonics of 5th, 19th, 29th, 43rd, 53rd, 57th, and 67th orders will primarily be
utilized to generate output torque in the proposed machine. This implies that IHPMVMs can utilize
these operative harmonics to transmit energy, whereas other harmonics would result in torque ripple.

If the waveform of flux linkage and back electromotive force (EMF) under no load condition
are both sinusoidal, the peak values of the no-load back EMF Em in the windings and the peak
value of the armature winding current Im can be derived as (6):

Em = k1kwNc

©«
+∞∑

n=1,3,5...,
m=0

Bk0 +

+∞∑
n=1,

m=±1,2,3...

Gn,mBkm

ª®®®¬ωr lDg

Im =

√
2πAsDg

6Nc

, (6)

where: kl represents the no-load leakage coefficient, kw represents the winding factor, Bk0 and Bkm

represent the amplitude of the working harmonic magnetic flux density in the air gap, respectively.
Besides, l represents the stack length, Dg represents the air gap diameter, Gn,m is the speed ratio
of other harmonics to the fundamental harmonic, and As represents the line loading. By neglecting
the winding resistance, it can be derived from (6) that the output power of the proposed IHPMVM
can be expressed as:

Pout =

√
2πAsD2

g

4Nc
k1kwNc

©«
+∞∑

n=1,3,5...,
m=0

Bk0 +

+∞∑
n=1,

m=±1,2,3...

Gn,mBkm

ª®®®¬ωr lϕ, (7)

in which, ϕ is the power factor. Thus, the electromagnetic output torque can be expressed as:

Tout =

√
2πAsD2

g

4Nc
k1kwNc

©«
+∞∑

n=1,3,5...,
m=0

Bk0 +

+∞∑
n=1,

m=±1,2,3...

Gn,mBkm

ª®®®¬ lϕ. (8)

2.3. Magnet type evaluation
To better demonstrate the validity and feasibility of the proposed design in this paper, an

evaluation of magnet types was conducted. Both conventional and proposed machines were
compared under fair conditions by ensuring that they possessed the same dimensions, current
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capacity, and materials, et al. Furthermore, to more significantly evaluate the reduction of RE
materials in the proposed machine, both machines were designed to be at the same power level
and were optimized accordingly. Table 1 lists some key parameters of the proposed machine.

Table 1. Key parameters of the proposed machine

Items Unit Value

Stator outer diameter mm 170

Rotor outer diameter mm 228

Air-gap length mm 0.75

Phase number – 3

Iron material – DW310-35

Remanence Br of RE magnets @20◦C T 1.35

Coercivity Hc of RE magnets @20◦ kA/m 1057

Remanence Br of LRE magnets @20◦ T 1.25

Coercivity Hc of LRE magnets @20◦ kA/m 434

Stack length mm 50

Stator slots – 24

Rotor pole pairs – 19

Current capacity A 40

Current density A/mm2 7.5

The evaluation results are shown in Table 2. It can be observed that the volume of RE magnets
is reduced in the proposed design, and more LREmagnets are adopted. Thus, the usage of rare earth
permanent magnets has been reduced by 89.6%. Although the proposed machine utilizes a greater
quantity ofmagnets, the overall cost has been reduced by 26%due to the lower price of LREmagnets.

Table 2. Magnet type evaluation

Items Unit Conventional Proposed

Peak torque per unit 1 1.01

Volume of RE magnets cm3 89.9 20.9

Volume of LRE magnets cm3 0 104

Total volume of magnets cm3 89.9 124.9

Magnet cost per unit 1 0.74
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3. Multi-objective optimization

The electromagnetic characteristics of the proposed machine are significantly influenced by
the structural parameters of both the stator and rotor. Particularly, a multi-objective optimization is
required to obtain the optimal design, meeting the design requirement. Figure 3 illustrates the
parametric model of the proposed IHPMVM.

 
Fig. 3. Parametric model of the proposed machine

3.1. Optimization process
As shown in Fig. 4, the flow chart of the optimization process is mainly divided into the

following three steps:

Fig. 4. Flowchart of optimization progress

1. STEP-1: Determine optimization objectives
Based on the operational principle of the proposed IHPMVM, torque capability is crucial
for PMVMs. Therefore, average torque Tout is selected as one of the optimization objectives.
Besides, it is necessary not only to deliver a substantial average torque but also to achieve
high smoothness in torque output. Therefore, the torque ripple Trip may lead to significant
vibration noise and is thus considered as one of the optimization objectives. Furthermore,
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cogging torque is an inherent issue in PMVMs. Excessive cogging torque Tcog is detrimental
to the stable operation of the machine, and reducing cogging torque is advantageous for
lowering the noise and vibration. Hence, cogging torque should be considered as one of the
optimization objectives.

2. STEP-2: Sensitive analysis
The proposed IHPMVM is a nonlinear system with multi-physics field coupling, and the
influences of parameters on electromagnetic performance are not consistent. Thus, numerous
design variables will pose a challenge to the efficiency and accuracy of optimization progress.
It is worth mentioning that the impact of each design variable on the optimization objective
varies, some design variables have a great influence on optimization objectives, while
others have little effect on them. Therefore, it is necessary to introduce more important
design variables for optimization to improve the efficiency and accuracy of the optimization
progress.

3. STEP-3: Multi-objective optimization
After sensitivity analysis, a comprehensive sensitivity index is introduced to determine
whether design variables have a significant impact on the optimization objectives. Thus,
some sensitive design variables are selected for multi-objective optimization progress. In
this paper, the multi-objective genetic algorithm (MOGA) is adopted, which is suitable for
applications in multi-objective optimization of PMMs.

3.2. Sensitive analysis
Traditional optimization processes often suffer from decreased precision and longer computa-

tional times due to many design variables. Thus, a sensitivity index is introduced to characterize
the degree of influence of design variables on the optimization objectives, with the following
expression:

S(xi) =
V(E(y/xi))

V(y)
. (9)

In which E(y/xi) is the average value of the optimization objective y when xi is constant.
V(E(y/xi)) is the variance of E(y/xi) when V(y) is the variance of y. The results are shown in
Fig. 5, where a positive sensitivity index indicates a positive correlation with the optimization
objectives. For the positive sensitivity index, an increase in the design variable values will lead
to an increase in the optimization objective. Conversely, for a negative sensitivity index, the
optimization objective will decrease with an increase in the design variable values.

To accurately characterize the comprehensive influence of individual design variables on the op-
timization objectives, the comprehensive sensitivity index is introduced, which can be expressed as:

Sall(xi) = γt |St(xi)| + γcog |Scog(xi)| + γrp |Srp(xi)|, (10)

where |St(xi)|, |Scog(xi)| and |Srp(xi)| are the absolute values of S(xi) to average torque, cogging
torque, and torque ripple, respectively. Besides, γt, γcog and γrp are the weight coefficients of
average torque, cogging torque, and torque ripple. In this paper, the proposed IHPMVM is designed
for high torque capability. Therefore, γt, γcog, and γrp are set as 0.4, 0.2, and 0.2, respectively.
The comprehensive sensitivity results are shown in Table 3, and design variables with the
comprehensive sensitivity index quals or above 0.1 are defined as strong-sensitive design variables.
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Fig. 5. Sensitive analysis

Table 3. Sensitive analysis

Design variables Optimization objectives Comprehensive
sensitivity
index

Index > 0.1?
St(xi) Srp(xi) Scog(xi)

Length of LRE PMs Lvpm –0.194 –0.289 -0.091 0.154 X

Opening angle of LRE PMs αpm 0.125 0.265 0.000 0.103 X

Width of LRE PMs Wvpm –0.061 –0.363 0.050 0.107 X

Width of dummy slots Wds –0.225 –0.046 0.060 0.111 X

Length of RE PMs Lpm 0.000 –0.152 0.150 0.060
Width of RE PMs Wpm –0.314 0.000 0.121 0.150 X

Slot opening Bs0 0.000 0.060 –0.088 0.030
Slot width (top) Bs1 –0.090 –0.079 0.282 0.108 X

Slot width (bottom) Bs2 –0.187 0.360 0.064 0.160 X

Height of dummy slots Hds 0.000 –0.092 0.140 0.046
Tooth tip depth-1 Hs0 –0.127 0.000 0.138 0.078
Tooth tip depth-2 Hs1 –0.170 –0.096 0.190 0.125 X

Slot depth Hs2 –0.072 0.157 0.000 0.060

Based on the comprehensive sensitivity index in Table 3, strong-sensitive design variables
ultimately are selected for optimization, while design variables with a low comprehensive sensitivity
index will maintain initial values.

3.3. Multi-objective optimization

In this paper, the MOGA algorithm is adopted to obtain optimal objectives. To meet the design
requirements, the optimization constraints is defined as:

Tout ≥ 80.0 N ·m
Trip ≤ 5%
minimize (Tcog)

. (11)
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Figure 6 presents the final optimization results. Blue points in the graph denote feasible designs,
while red points indicate the optimal design.

 
Fig. 6. Optimization results

The variation ranges of design variables and the optimization results are presented in Table 4. It
can be observed that the optimized average torque, cogging torque, and torque ripple are 80.4 N·m,
370 mN·m, and 3.2%.

Table 4. Design variables and variation range

Design variables Ranges Unit Initial Optimal

Lvpm [12, 15] mm 14.0 14.8

αpm [58, 62] deg 60.0 59.5

Wvpm [2.3, 3.8] mm 3.0 3.7

Wds [2.5, 3.5] mm 3 2.8

Wpm [2.3, 3.8] mm 8.0 2.7

Bs1 [7, 13] mm 13.0 12.4

Bs2 [6, 10] mm 6.0 6.1

Hs1 [1.5, 3] mm 2.0 1.9

Torque – N·m 65.8 80.4

Cogging torque – mN·m 760 370

Torque ripple – % 8.4 3.2
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4. Preliminary electromagnetic performance

To validate the effectiveness and feasibility of the multi-objective optimization, preliminary
electromagnetic performances of the proposed machine before and after optimization are analyzed
and compared using the finite element (FE) method. The initial and optimal design have the same
dimensions, current capacity, and materials, etc. The FE results presented in this paper were
obtained using ANSYS Electronics Suite 2024 R1.

4.1. Open-circuit characteristics
Figure 7 shows magnetic flux density distributions of the initial and optimal designs of the

proposed machine under open-circuit conditions. The magnetic flux densities of the stator teeth
and stator yoke are within an acceptable range. However, due to the special slot/pole combination,
asymmetrical distributions of magnetic field distribution are presented.

 
Fig. 7. Open-circuit flux density distributions

Figure 8 represents the flux lines distribution under open-circuit conditions of the proposed
machine. It can be seen that the flux lines flow into the stator side through the PMs, avoiding the
dummy slots. Thus, effective fluxes enter the stator side. It is also proved that dummy slots can
reduce the self-leakage flux of magnets.

Figure 9(a) shows the open-circuit back EMF waveforms at 300 rpm for both the initial and
optimal designs. It can be observed that both back EMF waveforms exhibit good sinusoidal
properties. Besides, the amplitude of the open-circuit back EMF of the optimal design is decreased
from 38.4 V to 34.5 V after optimization.

The harmonic analyses of the back EMF waveforms of the initial and optimal designs are
presented in Fig. 9(b). The total harmonic distortion (THD) of the open-circuit back EMF
waveforms before and after optimization are 2.48% and 3.21%, respectively. The distortion is
primarily caused by the 3rd and 5th harmonics, with their amplitudes significantly smaller than the
fundamental harmonic. Thus, it can be observed that the 3rd harmonic exerts the greatest influence
on the distortions of the open-circuit back EMF among all harmonics.
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Fig. 8. Flux lines distributions

 
(a)

 
(b)

Fig. 9. Open-circuit back EMF: (a) initial design; (b) optimal design
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4.2. On-load air-gap flux density

Figure 10 shows the air-gap flux density waveforms of both the initial and optimal designs of
the proposed IHPMVM. The air-gap flux density waveform of the IHPMVM differs from that of
conventional PMs, owing to the flux modulation effect. Besides, the air-gap flux density waveform
is more complex due to the significant harmonic components. It can be observed from Fig. 10 that
the amplitude of the air-gap flux density of the optimal design is increased relative to the initial
design, thus validating the effectiveness of the optimization.

 
Fig. 10. On-load air-gap flux density

Furthermore, as shown in Fig. 11, the harmonic analysis of the air-gap flux density for the
proposed IHPMVM reveals the working harmonic components are the 5th, 19th, 29th, 43rd, 53rd,
and 67th harmonics.

Particularly, the 19th harmonic component, directly generated by the magnets, exhibits the
highest amplitude. Besides, the amplitude of the 5th harmonic in the initial design is 0.61 T, while
in the optimal design, it reaches 0.68 T.

 
(a)
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(b)

Fig. 11. Harmonic analysis of air-gap flux densities: (a) initial design; (b) optimal design

4.3. Torque capabilities

Figure 12 shows the cogging torque waveforms of the initial design and optimal design of
the proposed machine. It can be observed that the peak-to-peak value of cogging torque for the
initial design is approximately 760 mN·m, while the peak-to-peak value for the optimal design is
370 mN·m. It is evident that the cogging torque significantly decreases after optimization.

 
Fig. 12. Waveforms of cogging torque

The transient torque waveforms of the proposed machine under peak conditions are depicted
in Fig. 13, with a three-phase sinusoidal current applied to the winding, disregarding the effects of
harmonics and other factors.

It can be found that the average output torque of the initial design is 65.8 N·m, with a torque
ripple of 8.4%. Besides, the average output torque of the optimal design is 80.4 N·m, with a torque
ripple of 3.2%. The average torque of the optimal design has increased by 22.2% compared to
the initial design, and its torque ripple has been reduced by 5.2%, confirming the effectiveness of
the optimization process. In addition, as the armature current increases, the average torque of the
initial and optimal designs also increases, as shown in Fig. 14. It is worth noting that the trend of
the average torque increase with current is less pronounced in the initial design due to magnetic
saturation, whereas the optimal design suffers less serious magnetic saturation.
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Fig. 13. Waveforms of output torque

 
Fig. 14. Average torques versus armature currents

The average torques under different current angles are shown in Fig. 15.

 
Fig. 15. Torque-optimum current angle

It can be observed that the torque-optimum current angles of the initial and optimal designs are
15◦ and 10◦, respectively. Therefore, it can be inferred that the larger reluctance torque component
in the initial design is attributable to its interior PM structure.
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4.4. Demagnetization evaluation
In the proposed design, LRE magnets with low coercivity force are adopted. Therefore, it is

necessary to evaluate the demagnetization withstand capability of the IHPMVM. In this paper, the
evaluation is conducted under deep flux weakening conditions.

Figure 16 depicts the demagnetization cloud map distribution of the magnets under flux
weakening conditions.

 
(a) (b)

Fig. 16. Demagnetization ratio: (a) initial design; (b) optimal design

The initial design exhibits severe demagnetization at the edges of the LRE magnets, whereas
there is almost no demagnetization observed in the RE magnets. Conversely, the optimal design
shows negligible demagnetization at the edges of the LREmagnets,meeting the design requirements.
This is attributed to the RE magnets effectively preventing demagnetization of the LRE magnets.

4.5. Efficiency characteristic
The efficiency characteristics of the proposed machine before and after optimization are shown

in Fig. 17. It can be observed that the peak efficiency of the optimized IHPMVM is 94.3%,
compared to 92.9% before optimization, representing an improvement of 1.4%. Furthermore,
the proportion of the high-efficiency region for the proposed machine before optimization is
53.4%, while the proportion after optimization is 46.3%, indicating an increase of 7.1%. Thus, the
effectiveness of the optimization progress has been validated.

(a) (b)
Fig. 17. Efficiency maps: (a) initial design; (b) optimal design
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5. Conclusions

In this paper, a novel improved hybrid PM Vernier machine (IHPMVM) is proposed, in
which the consumptions of RE materials can be reduced by using the LRE magnets. Notably, the
improved design also has a good magnetic flux concentrated effect, resulting in high torque-density
characteristics. The following conclusions can be drawn:

1. The proposed IHPMVM can reduce the usage of RE materials while achieving high torque
density characteristics with LRE materials.

2. The proposed hybrid magnet arrangement has a good demagnetization withstand capability,
with RE magnets shielding LRE magnets from demagnetization.

3. It is evident from the comparison of electromagnetic performance before and after optimiza-
tion that the optimal design has significantly improved the output torque, cogging torque,
and torque ripple, confirming the effectiveness of the optimization.
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