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To address the issues of large cogging torque and poor sinusoidal waveform of
induced electromotive force in traditional pure rare earth permanent magnet
generators for extended-range electric vehicles, a novel permanent magnet-
assisted reluctance generator with hybrid magnetic poles formed by rare-earth
and non-rare-earth permanent magnets for series excitation is proposed. The
topological structure and operating principle of the generator are introduced.
Based on this, an equivalent magnetic circuit model is established, and the
analytical expressions of the cogging torque and induced electromotive force of
the permanent magnet generator are derived to analyze their main influencing
factors. A finite element model of a three-phase 8-pole 36-slot interior dual radial
combined magnetic pole permanent magnet generator is established. Sensitivity
hierarchical optimization is carried out on the relevant parameters such as the size
and position angle of the combined magnetic poles and their corresponding
magnetic barriers, so as to obtain the structural parameters affecting the
generator's cogging torque, the amplitude of the induced electromotive force,
and the total harmonic distortion (THD) of the induced electromotive force
waveform. Then, the data is normalized and a weighted evaluation index is used
to obtain the optimal solution combination. Finally, the feasibility of this method is
verified through finite element simulation analysis. The results indicate that the
amplitude of the no-load induced electromotive force of the generator increased
by 6.97%, the THD decreased by 16.2%, and the cogging torque was weakened by
43.8%, effectively improving the output performance of the generator.

range-extended electric vehicle, permanent magnet generator, combinedmagnetic
pole, low rare-earth, parameter sensitivity

1 Introduction

With the rapid development of the automotive industry, the two global issues of
environmental pollution and energy shortage have become increasingly severe. Under such
a grim situation, governments and automotive enterprises around the world have regarded
energy conservation and emission reduction as the main plans for future automotive

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmech.2025.1723780/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1723780/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1723780/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1723780/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1723780/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1723780/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmech.2025.1723780&domain=pdf&date_stamp=2025-12-02
mailto:majianwei@hevute.edu.cn
mailto:majianwei@hevute.edu.cn
https://doi.org/10.3389/fmech.2025.1723780
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://doi.org/10.3389/fmech.2025.1723780

Zeng et al.

development. Therefore, new energy vehicles that can reduce
pollution and save resources have become a hot topic for global
experts and scholars to conduct research on. As a typical
representative of new energy vehicles, electric vehicles feature low
pollution, high efficiency, and diversified energy sources. However,
before significant breakthroughs are made in power battery energy
storage technology, the cruising range of pure electric vehicles has
become a bottleneck problem restricting their development (Jia
et al., 2024; Jing et al., 2024).

Extended-range electric vehicles are plug-in hybrid vehicles with
a series configuration. They add an auxiliary power generation
system to the platform of pure electric vehicles, which can
provide additional electric energy for the whole vehicle when the
power of the power battery is insufficient, thereby extending the
driving range. Meanwhile, as people’s requirements for the comfort
and entertainment of transportation are getting higher and higher,
more and more electrical equipment is integrated in electric vehicles.
The corresponding increase in power consumption poses challenges
to the power generation and voltage stabilization system of electric
vehicles. The range extender, as the core component of extended-
range electric vehicles, is mainly composed of an engine and a
generator. The engine drives the generator, and the generator
generates electric energy for the electric vehicle. Currently, most
generators used in range extenders are permanent magnet
generators, which have the advantages of high efficiency, small
size, and high reliability (Zhang et al, 2017; Li et al, 2024).
However, since rare-earth permanent magnet materials are non-
renewable resources and expensive, the cost of the generator is too
high. Therefore, how to reduce the production cost of the generator
and the dependence on rare-earth materials by using inexpensive
ferrite to replace rare-earth permanent magnet materials has become
one of the urgent problems to be solved. Considering the gap in
magnetic properties between ferrite and NdFeB (Poskovi¢ et al,
2022; Xie et al, 2022), relying solely on ferrite as the excitation
source may not meet the power supply requirements of electric
vehicles. Therefore, rare-earth-reduced permanent magnet
generators have become a hot research topic at present (Wang
et al., 2025; Chen et al., 2025).

In the domestic and international research on rare-earth-
reduced permanent magnet generators, the method of hybrid
excitation (Zhang et al., 2024; Xu et al,, 2025; Yu et al,, 2019) is
relatively common. By jointly exciting the electric excitation
magnetic field and the permanent magnet magnetic field, the
output power is increased, thereby reducing the usage of
permanent magnets. However, due to the introduction of the
electric excitation winding in the hybrid excitation generator, the
losses and temperature rise of this type of generator are relatively
large, which in turn reduces the power density and power generation
efficiency of the generator. In recent years, permanent magnet-
assisted reluctance generators have become a new research hotspot
(Mohammadi and Mirimani, 2022; Gao et al., 2025; Liu et al., 2022).
Reference analyzed and compared the effective magnetic fluxes of
rare-earth-reduced permanent magnet motors and rare-earth
permanent magnet motors. The results show that on the premise
of ensuring the electromagnetic torque of the motor remains
unchanged, the rare-earth-reduced permanent magnet motor can
reduce the rare-earth usage by 14.3%. Reference (Xiao et al., 2021)
used an asymmetric rotor structure to optimize the torque ripple
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and high-order harmonic content of the motor. By changing the
angle of the middle-layer magnetic barrier, the N-pole and S-pole of
the middle-layer magnetic barrier of the rotor are made asymmetric,
while the other two layers of magnetic barriers remain unchanged.
On the premise of keeping the output torque unchanged, the torque
ripple can be effectively reduced.Reference (Li et al., 2019) proposed
anew generator topology based on the different placement positions
of permanent magnets. Compared with the traditional IPM motor,
this generator can further increase the induced electromotive force
and the amplitude of the air-gap magnetic density under the premise
of using the same amount of permanent magnets, thereby improving
the power density. Reference (Xu et al., 2020) proposed a method of
combining magnetic barriers with three different angles, using an
asymmetric rotor and changing the end position of the magnetic
barriers to reduce the 12th harmonic, so as to reduce the cogging
torque and the waveform distortion rate of the no-load induced
electromotive force. Reference (Nobahari et al., 2022) proposed an
improved segmented permanent-magnet assisted synchronous
reluctance motor, which combines the interior permanent-
magnet generator with the synchronous reluctance generator to
improve the utilization rate of permanent magnets and enhance the
performance of the generator. The amplitude of the no-load induced
electromotive force of this generator is increased by 15%, and the
amount of permanent magnets used is reduced by 29%. However,
the cogging torque is significantly increased.Reference (Zhou et al.,
2024) proposed a new asymmetric alternate-pole permanent
magnet-assisted synchronous reluctance motor, which can
effectively improve the power generation performance. However,
due to the design of asymmetric magnetic barriers, the machining
difficulty of this motor is relatively large. Reference (Kumar et al.,
2024) proposed a permanent magnet placement scheme based on
the Halbach array, with its permanent magnet distribution. The
rotor permanent magnets using the “Halbach array” have a better
magnetic focusing effect, which improves both the electromagnetic
torque and efficiency of the PMA-SynRG. Nevertheless, the
permanent magnets of this structure are divided into too many
blocks and have irregular shapes, resulting in great difficulties in the
actual production and installation of the permanent magnets.

In summary, research on permanent magnet-assisted reluctance
generators has mainly focused on the placement of permanent
magnets and the setting of the number and shape of magnetic
barriers in recent years (Zhu et al., 2025; Xu et al., 2024). Although it
can improve the utilization rate of permanent magnet materials and
weaken the cogging torque, the cogging torque can only be
weakened under certain specific combinations of magnetic
barrier angles. Moreover, the multi-layer magnetic barrier
structure has a relatively complex magnetic circuit, and the
optimization design workload is large. At present, there are few
studies on a systematic and accurate optimization design method for
rare earth reduced combined pole permanent magnet generators,
which can achieve the simultaneous reduction of cogging torque and
high order harmonic content in the air gap while improving the no-
load induced electromotive force. This paper considers introducing
two types of hybrid excitation materials into the permanent magnet-
assisted reluctance generator, adopting a design method of forming
combined poles with rare-earth and non-rare-earth materials. It
conducts in-depth research on the influencing factors of the direct
and quadrature axis magnetic circuits, increases the difference
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FIGURE 1
Structural diagram of LRE-PMA-SynRG.

NdFeB PM 2

between the direct and quadrature axis inductances. By analyzing
the size parameters and positions of the magnetic poles, the optimal
matching parameters are determined to improve the output
characteristics of the generator while reducing the usage of rare-
earth permanent magnets.

2 Analysis of generator structure and
electromagnetic characteristics

2.1 Topological structure of the generator

The
generator with less-rare-earth combined magnetic poles (LRE-
PMA-SynRG) proposed paper adopts a pole-slot
combination of eight poles and 36 slots, and the stator winding
is in the form of short-pitched winding. The permanent magnet

permanent magnet-assisted synchronous reluctance

in this

rotor has a double-layer radial magnetic circuit structure, which can
increase the strength of the permanent magnet magnetic field and
improve the utilization rate of the rotor core. To better improve the
utilization rate of permanent magnet materials, V shaped magnetic
barriers are respectively set at both ends of each layer of magnetic
poles. Each layer of rotor magnetic steel uses two permanent magnet
materials, rare-earth neodymium iron boron and non-rare-earth
ferrite, as the excitation sources for common excitation. Among
them, the ferrite permanent magnet steel is located in the middle of
the combined magnetic pole, and the neodymium iron boron
permanent magnet steel is located at both ends of the combined
magnetic pole. Moreover, the neodymium iron boron permanent
magnets and magnetic barriers on both sides are symmetrical about
the axis, and the sizes of the permanent magnets at both ends and the
included angles of the magnetic barriers are equal. The structural
diagram of the generator is shown in Figure 1, and the structural
dimension parameters of the rotor magnetic poles are shown
in Figure 2.

According to the performance requirements of the generator for
range-extended electric vehicles, the structural parameters of the
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rare-earth-reduced combined pole permanent magnet generator are
determined using empirical formulas, as shown in Table 1.

2.2 Analysis of electromagnetic properties

The rotor structure of LRE-PMA-SynRG maintains
circular symmetry. The distribution of the rotor’s d-q axis is
shown in Figure 3, and the permanent magnets are placed on
the q axis.

To simplify the analysis model, this paper makes some
assumptions, ignoring spatial harmonics and time harmonics,
and neglecting iron losses. Through coordinate transformation of
LRE-PMA-SynRG, the
electromagnetic torque, and electromagnetic power in the d-q

equations of flux linkage, voltage,
axis coordinate system can be expressed as follows.

The flux linkage equation is expressed as Equation 1.

Vq = Laia
o ()
v/q — Mq°q vjpm

Where, Yy is the flux linkage of d axis, Y is the flux linkage of q
axis. Lq is d axis inductance component. Ly is q axis inductance
component. ig is d axis current component.iq is q axis current

component. Yy, is permanent magnet flux linkage.

The voltage equation is shown in Equation 2.

dig ) )
Ldﬁ —wLgiq + WY, = U+ Rgig
. (2)

dig . .

L“E + wlgig = uq + Reig
Where, uq is d axis voltage component. uq is q axis voltage
component. R; is the stator resistance, and w is the angular velocity

of the generator.

The electromagnetic torque equation is shown in Equation 3.

3
Te=3 P Vymia + (La— Lo)iais (3)
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FIGURE 2

Schematic diagram of rotor pole parameters.

TABLE 1 Main parameters of PM generator.

Parameters Values Parameters Values
Rated voltage 72V Width of ferrite no. 1 (wy;) 6 mm
Rated power 3 kw Thickness of ferrite PM no. 1 (hy;) 3 mm
Rated speed 4000r/min Width of NdFeB PM No.1 (wy) 3 mm
Stator outer diameter 110 mm Thickness of NdFeB PM No.1 (hy;) 1 mm
Rotor outer diameter 82 mm Width of ferrite PM no. 2 (wy,) 8 mm
Stator inner diameter 81 mm Thickness of ferrite PM no. 2 (hy,) 3 mm
Rotor inner diameter 17 mm Width of NdFeB PM no. 2 (wn3) 4 mm
Axial length (L) 50 mm Thickness of NdFeB PM no. 2 (hy,) 1.5 mm
The angle between no. 1 NdFeB PM and magnetic barrier (a;) 125° The angle between no. 2 NdFeB PM and magnetic barrier (a,) 130°
Implantation depth of ferrite no. 1 (d;) 1.5 mm The distance between ferrite PM no. 2 and ferrite no. 1 (d,) 1.5 mm
3 .3 ..
Pe = @l =5 poyynia + 5 pw(Ls— Lo)Vpmiaiq S
d-axis
' According to Equations 3, 4 it can be seen that the output voltage
of the generator is directly related to the d axis and q axis
Ferrite  NdFeB inductances. The electromagnetic torque is composed of the
permanent magnet torque and reluctance torque. The reluctance
q-axis torque is generated due to the asymmetry between the d axis and q
axis magnetic circuits, while the permanent magnet torque is
produced by the excitation effect of the permanent magnets.
Therefore, by increasing the difference between the d axis and q
axis inductances and the permanent magnet flux linkage of the
| d-axis generator, the power density of the generator can be effectively

FIGURE 3
d-q axis distribution of LRE-PMA-SynRG.

Where, T, represents the electromagnetic torque, and p is the
number Therefore, the
electromagnetic power equation of the generator can be

of pole pairs of the generator.

obtained.as shown in Equation 4.

Frontiers in Mechanical Engineering

improved, and the power generation performance can be enhanced.

2.3 Comparison of Generator’s structures
based on electromagnetic characteristics

To investigate the electromagnetic characteristics of LRE-PMA-

SynRG, it is compared with two permanent magnet-assisted
reluctance generators excited by a single magnetic pole material.
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Permanent magnet-assisted reluctance generator excited by two single-pole magnetic materials. (a) Interior ferrite permanent magnet generator.

(b) Interior NdFeB permanent magnet generator.
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FIGURE 5
Waveform diagram of no-load induced electromotive force.

The structural diagrams of the other two permanent magnet-assisted
synchronous reluctance generators are shown in the figure.
Figure 4a shows the structural diagram of the permanent magnet
generator with embedded ferrite, and Figure 4b shows the structural
diagram of the permanent magnet generator with embedded rare-
earth NdFeB.

For ease of analysis, the influence of temperature rise during the
generator’s operation is ignored, and its operating temperature is
assumed to be 23 °C. The ferrite material selected in Figure 4a is
Y30BH, with a residual magnetic induction of 0.37T, a coercive force
0f 240 kA/m, and a maximum magnetic energy product of 28 kJ/m”.
In Figure 4b, the rare-earth neodymium-iron-boron material
selected is NdFeB35, with a residual magnetic induction of 1.22T,
a coercive force of 890 kA/m, and a maximum magnetic energy
product of 287 kJ/m’. The magnetic flux, magnetomotive force,
pole-arc coefficient, and magnetic barrier angle of the three-
structure generators are controlled to be consistent to ensure that
the permanent magnet flux linkages of the three-structure
generators are equal.
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FIGURE 6
Harmonic amplitude diagram of no-load induced
electromotive force.

Finite element simulation is carried out on the above model. The
waveform diagram of the no load induced electromotive force
obtained is shown in Figure 5, The harmonic amplitude diagram
after its Fourier decomposition is shown in Figure 6, and cogging
torque is shown in Figure 7.

As can be seen from Figure 5, the maximum amplitude of the
no-load induced electromotive force of the LRE-PMA-SynRG is
114.7 V, followed by the interior NdFeB permanent magnet
generator with 86 V. Although the ferrite is used in the largest
quantity, its amplitude is still the lowest, at 24 V. It can be seen that
the design of the combined poles can effectively enhance the back
electromotive force. From Figure 6, it can be seen that the
fundamental wave amplitude of the no-load induced
electromotive force of LRE-PMA-SynRG is the highest, at 87 V.
The fundamental wave amplitude of the no-load induced
electromotive force of the interior NdFeB permanent magnet
generator is slightly lower than that of LRE-PMA-SynRG, while
the fundamental wave amplitude of the interior ferrite permanent
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FIGURE 7
Waveform diagram of cogging torque.

magnet generator is the lowest, at 19 V. Therefore, the total
harmonic distortion (THD) of the no-load induced electromotive
force waveform can be calculated from the harmonics in Figure 7.
The less the high-order harmonic content, the smaller the distortion
rate. Therefore, the first 11 harmonics are taken for the calculation of
THD, and the THD formula is (Ma et al., 2024):

\ZnoEn
THD = ~ =~ % 100% )

1

Where, E,, is the amplitude of the n harmonic, and E; represents
the amplitude of the fundamental wave.Calculated according to
Equation 5, the total harmonic distortion (THD) of the no-load
induced electromotive force of LRE-PMA-SynRG, the interior
NdFeB permanent magnet generator, and the interior ferrite
permanent magnet generator are 10.08%, 14.56%, and 14.5%
respectively. Due to the setting of LRE-PMA-SynRG has the
lowest waveform distortion rate, and the THD of the other two
generators excited by single PM materials have little difference. As
can be seen from Figure 7, the amplitude of the cogging torque of
LRE-PMA-SynRG is 121 mN m, which is between those of the other
two permanent magnet generators. The amplitude of the cogging
torque of the interior NdFeB permanent magnet generator is
201 mN m, and that of the interior ferrite permanent magnet
generator is 13 mN m. In summary, compared with the
generators excited by single permanent-magnet materials, LRE-
PMA-SynRG has a higher no-load induced electromotive force
and fundamental-wave amplitude, as well as a lower waveform
distortion rate. This is because the d axis inductances of the
three generator structures are the same, while the q axis
inductance changes due to the different thicknesses of the
permanent magnets. The thicker the permanent magnet, the
greater the q axis reluctance, the smaller the inductance, and the
smaller the reluctance torque generated. Therefore, the amplitude of
the no-load induced electromotive force of the interior NdFeB
permanent magnet generator is lower than that of LRE-PMA-
SynRG. On the other hand, although the interior ferrite
permanent magnet generator has the same d and q axis
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FIGURE 8
Schematic diagram of the generator magnetic circuit.

inductances as LRE-PMA-SynRG, the ferrite has weak
magnetism, resulting in a lower permanent magnet torque. In the
operating state, it has a lower amplitude of the no-load induced

electromotive force and a lower power density.

3 Establishment of the equivalent
magnetic circuit model for LRE-
PMA-SynRG

Through the comparative analysis in the previous section, LRE-
PMA-SynRG proposed in this paper exhibits good output
performance. However, the induced electromotive force still has a
relatively large distortion rate, and there is still room for reducing
the cogging torque. In this paper, an equivalent magnetic circuit
model of LRE-PMA-SynRG is established to analyze the magnetic
circuit trend, so as to optimize its output characteristics in a targeted
manner. The schematic diagram of the magnetic circuit is shown in
Figure 8. It can be seen that there are two main flux paths. One is the
main magnetic circuit one composed of four adjacent ferrite
magnets No. 1 and permanent magnets No. 2 connected in
series, and the other is the main magnetic circuit two composed
of four adjacent NdFeB permanent magnets No. One and NdFeB
permanent magnets No. 2 connected in series, as shown in Figure 8.

The equivalent magnetic circuit model of the generator can be
obtained based on the generator’s magnetic circuit, as shown in
Figure 9. In this model, the magnetic resistance of the stator core and
the rotor core is much smaller than that of the air gap and the
permanent magnet. Therefore, the magnetic resistance of the stator
and rotor yokes are not considered.

In the figure, Fy; represents the magnetomotive force of the No.
1 ferrite, Fy; represents the magnetomotive force of the No. 2 ferrite,
Fyp represents the magnetomotive force of the No. 1 NdFeB
permanent magnet, Fy, represents the magnetomotive force of
the No. 2 NdFeB permanent magnet, Fy represents the armature
reaction magnetomotive force, ¢, represents the total magnetic flux
of the ferrite permanent magnet per pole passing through the air
gap, ¢,; represents the magnetic flux of the No. One ferrite
permanent magnet, ¢, represents the magnetic flux of the No.
2 ferrite permanent magnet, ¢y represents the total magnetic flux of
the NdFeB permanent magnet per pole passing through the air gap,
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FIGURE 9

Equivalent magnetic circuit model diagram of LRE-PMA-SynRG.

¢n1 represents the magnetic flux of the No. 1 NdFeB permanent
magnet, ¢, represents the magnetic flux of the No. 2 NdFeB
permanent magnet, ¢s5; represents the leakage flux of the No.
1 NdFeB permanent magnet, ¢s, represents the leakage flux of
the No. 2 NdFeB permanent magnet, R, represents the reluctance of
the rotor core between the No. 1 ferrite and the air gap, Ry,
represents the reluctance of the rotor core between the No.
2 ferrite and the No. 1 ferrite, R,; represents the reluctance of
the rotor core between the No. 1 NdFeB permanent magnet and the
air gap, R4 represents the reluctance of the rotor core between the
No. 1 NdFeB permanent magnet and the No. 2 NdFeB permanent
magnet, R;s represents the reluctance of the rotor core between two
adjacent NdFeB and ferrite, R, represents the air gap reluctance of
the main magnetic circuits one and 2, and R represents the total
reluctance of the stator teeth and the stator yoke.
According to Kirchhoff’s laws of magnetic circuits, Formula 6

can be obtained.

b =0t 9,

N = it P P~ b
2(Fyy + Fya) = Fa = 2[ ¢y, (Ry + Ru ) + ¢y (Ryz + Rea) + ¢, (Rg + R, )|
2(Fya + Fxa) = Fa = 2[ (8, — 651) (Ra + Res) + (B, = 65) (Rus + Rua) + $y(Ry + R,

(6)

From Formula 6, the air gap magnetic fluxes corresponding to
the two main magnetic circuits can be obtained, as shown in
Formula 7.

B 2(Fy +Fp)-Fq- 2[¢Y1(Ry1 +Ry) + ngZ(RYZ +Ry)]

v (R, +R,)
2(Fx1 + Fxz) = Fq
by = =2[($y, - ¢51) (Rn1 + Rg3) + (¢Nz - ‘1552) (Rns + Ru)]
N (Rg+R,)

@)
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In the formula, the reluctance of the No. 1 ferrite permanent
magnet is Ryy, the reluctance of the No. 2 ferrite permanent magnet
is Ryz,
and the reluctance of the No. 2 NdFeB permanent magnet is Ryp,

the reluctance of the No. 1 NdFeB permanent magnet is Ry,

which can be respectively expressed as shown in Formula 8.

h
Ryl - Y1
AuyMOLwyl
h
Ry = S R
tyboLwy,
h
RNI _ N1
pyto L
] (8)
Res = hx,
N2 =
HyttoLwx,
R, = hYl _ hYl
" pyphoLdy  p o LLy cos(a; —90°)
hvo hy,
rz:‘uyyoLdz o LL; cos (a; —90°)

Where, yy is the relative magnetic permeability of NdFeB35, and
Yo is the vacuum magnetic permeability.

According to the definition of magnetic flux, the air gap
magnetic flux densities corresponding to the two main magnetic
circuits can be obtained ,as shown in Formula 9.

By=¢ /A
550

In the formula, Ay and Ay are the air gap areas penetrated by the
main magnetic circuits one and 2, respectively. Combining the pole
arc angle parameters and positional relationships in Figure 2, Ay and
Ay can be expressed as:
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=Y L
24 g
360 (10)
anN
AN %m’gL

In the formula, rgis the radius of the main air gap; oy and ay are the
central angles corresponding to the main magnetic circuits one and two
respectively. For the permanent magnet generator proposed in this paper,
this angle is mainly determined by the opening angle of the magnetic
barrier, and the included angles at both ends of the permanent magnets in
the same layer are the same. Therefore, o, = 20;-180°, oy = 2a1,-180".

Cogging torque is the torque generated by the interaction between
the permanent magnets and the armature slots when the windings of
the permanent magnet motor are not energized. Neglecting the
magnetic field energy of the permanent magnets and the iron core,
the cogging torque can be expressed as (Fang et al., 2025):

Ty (6) =~ == [zi
Ho

2
_9. R -R J G2(6) - B2 (6, 0)d6
30~ o8 (Ry=Ry)- | G (0)-B (6,00

(11)

Where, W is magnetic field energy when the generator is
deenergized. 0 is relative position angle between the stator and the
rotor; R, is outer radius of the rotor; R, is inner radius of the stator; G(6)
is the function of the relative air gap permeance with respect to the
relative position angle between the stator and the rotor. B (6, ) is
function of the air gap magnetic flux density with respect to the relative
position angle between the stator and the rotor and the pole arc angle.
The Fourier expansion of B (6) in Formula 12 is as follows respectively:

o hn(0) |
B’ (6,a) = B] <9)[m]

= B2(6) [Go + iGn cosnZ (0 + oc)] (12)

n=1

Where, hy,, (6) is the thickness of the permanent magnet. B,” (6)

is the distribution of the air gap magnetic density generated by the
permanent magnet along the circumferential direction. For LRE-

PMA-SynRG, B> (0) = B/ (0)+Bx*(6). Substituting the
aforementioned formula into Formula 11, we obtain Formula 13.
W 0 L rry. [Tae . B
T (0) =-S5 =35 [% (R-R) LG (6) - B (6,0)d6

2(Fy + F) - Fq

¢ hYl + hYl
M\ pypoLwyr  ppyLd,

Y LR
P\ gt Lwys - pypyLds

(Rg+R,) 357 L

(13)

2(Fxi + Fxa) —Fa 2
s (¢N1 ’¢51)(,,Y,,:%+Rr3)
+(¢nz — $52) (R + Rua)

(Rg+R,) & mr L

~|:G0 + ZGn cosnZ (0 + (x)]de
n=1
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The no-load induced electromotive force of the generator can be
expressed as:

Ej = 444 fNKg,Ko (D, + Dy) (14)

Substituting Equations 7, 8, 10 into Equation 14 vyields
Equation 15.

Fxi+Fxa + Fyy + Fpp
oS
- (¢N1 - %1) (/"yl‘oLle
+(Pnz — 955) (R + Rey)
¢y1hY1 wy; + L, cos(a; —907)
B yy‘uoL [ wy, L, cos(a; —90°) ]
. b hva [Lz cos(a, —90°) + wyz] F
| ' ool | wyaLy cos(a; —90°) d

_ 888fNKyKo |
(R~ R.)

A

(15)

As can be seen from Formula 15, the influencing factors of the
cogging torque and no-load induced electromotive force of the
permanent magnet generator: the axial length L, outer radius of the
rotor Ry, inner radius of stator R,. After the generator is designed,
axial length L, outer radius of rotor R; and inner radius of stator R,
of the stator are generally assumed to be fixed.

4 Multi-objective optimization design
of permanent magnet generators

4.1 Screening of key parameters based on
parameter sensitivity

To further optimize the cogging torque of the permanent
magnet generator, increase the amplitude of the induced
electromotive force, and improve the total harmonic distortion
(THD) of the waveform, with these three as the optimization
objectives, a co-simulation is carried out using Ansys Workbench
and Maxwell. A sensitivity hierarchical analysis was conducted on
the generator structural parameters analyzed in the previous text.
Each structural parameter has different degrees of influence on the
optimization objectives, and the parameter sensitivity formula can
be expressed as (Geng et al., 2021):

s = VG

In the formula, x; is the parameter variable, V (G (y/x;)) is the

(16)

variance of G (y/x;), G (y/x;) is the mean with respect to the
dependent variable x;, V(y) is the variance of y.

According to Equation 16, the parameter sensitivities of
12 parameter variables to three optimization objectives can be
obtained. The analysis results are shown in Figure 10.

Among them, the larger the absolute value of the parameter
sensitivity, the greater the influence of the parameter variable on the
target. According to the sensitivity values, the sensitivity of the slot
structure variable parameters can be stratified. The parameter
variables that have a greater influence on each optimization
target are regarded as the main optimization parameters, and the
parameter variables with a smaller influence can be optimized by
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FIGURE 10
Parameter sensitivity analysis diagram.

TABLE 2 Hierarchical results of parameter sensitivity optimization.

Parametric stratification Parameters

Main optimization parameters Ay 0y Wi Was dis hyps

Wyis Wyz

Secondary optimization parameters dyv o Bais hys

single parameter scanning. Analyzing the figure, it can be known
that: has the greatest influence on all three optimization targets.
hyi. d; has a relatively large influence on the amplitude of the no
load induced electromotive force. hy;. Wwnis Wn2s Wys have a
relatively large influence on the cogging torque. wy;. «; and d;
have a relatively large influence on the THD. Meanwhile, dp. hnos
hxis By, have a relatively small influence on the target value. The
optimization stratification results of the parameter sensitivity are
shown in Table 2.

To ensure that the manufacturing process meets the
strength requirements of the generator during operation
and to guarantee the initial design results of the motor, the
variation ranges of the parameters of the generator’s magnetic
poles and magnetic barriers are determined, as shown
in Table 3.

4.2 Design of main optimization parameters
based on genetic algorithm

After analyzing the sensitivity, the parameters a;. as.
WNis WNas dis hyis wyis wy, are selected as the main
parameters to be optimized. The adaptive genetic algorithm
can dynamically adjust the crossover and mutation probabilities
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d,  hy

Parameters

Wi W2 Wy d)

Wyz

based on the fitness of individuals quickly, effectively avoiding
being trapped in local optimal solutions. Therefore, Workbench
is used to conduct optimization joint
With the amplitude of the no-load back
electromotive force, THD, and cogging torque of generator as

multi-objective
simulation.

the optimization objectives, the optimization model of the
generator is established as Equation 17.

min Tcog (xl) X250t 'xm)
min THD (x,, X5, + *Xm)
max Ex (1, X2, + +Xm)

(17)

Since it is necessary to sample and simulate eight variable

parameters simultaneously, even if each design variable only
takes five values under the constraint conditions, there are still
390,625 sampling points. Therefore, to simplify

process and reduce the number of samples,

the sampling
the optimal
prediction metamodel adaptive sampling algorithm is employed
to collect samples of the design variables. The number of sample
points is set to 600, and some of the sample points are shown
in Table 4.

Through the design of mutation and crossover operators
using the adaptive genetic algorithm, the crossover probability
and mutation probability are adaptively adjusted. In multi-
objective optimization, a set of optimal solutions is obtained,
which is called the Pareto solution set. The scatter plot is shown in
Figure 11. In the figure, the x, y, and z-axes represent the THD,
cogging torque, and no-load induced electromotive force
amplitude, respectively. The red points represent the input
variables that meet the constraint conditions, which are the
Pareto front design points, the optimal solution set. The cyan
points represent the input variables that do not meet the
constraint conditions.
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TABLE 3 Structural parameters and variation ranges of the combined magnetic poles.

Parameters Range of variation Parameters Range of variation
/() 100-150 dy/mm 1-3
/() 100-150 hyy/mm 2-4
wy/mm 1-4 Wy /mm 3-8
Wr/mm 1-4 Wy /mm 5-9

TABLE 4 List of sampling points for design variables.

Serial number o/’ a/’ wni/mm Wnz2/mm di/mm hyi/mm Wyi/mm Wyz2/mm
2 104 104 3.83 1.53 1.02 215 3.25 5.85
3 111 101 1.32 273 294 223 7.95 5.36
4 136 108 1.09 381 1.42 3.05 3.77 5.97
596 137 139 1.24 3.30 255 292 6.63 8.75
597 129 140 1.58 243 1.79 312 7.04 6.68
598 107 117 236 1.78 262 315 7.16 8.91
599 109 116 119 3.29 119 3.19 6.94 8.75
600 101 114 127 1.69 262 315 6.80 8.96
T
///// \\;\\ ~—
- 2 @ Points
o .
140 @ Pareto front points

\ndneed N ShagelN

FIGURE 11
Pareto solution set diagram.
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FIGURE 12
Statistical chart of the parameter matching coefficient Q.

To determine the relatively optimal solution, this paper defines
the parameter matching coefficient Q. The larger the value of Q, the
better the performance of the corresponding generator. Weighted
values are assigned to the three optimization objectives, and its
expression is shown in Equation 18.

Tcog(xl,xz...,x,,)_ THD (x5, x5 ..., %,)

Q=m Teogo T THD,
E 3 X2 ees Xp
—m, A (X1, %2 Xp) (18)
E,

In the formula, m;, m,, and mj; represent the weighting coefficients,
where m; is set to 0.4, m, is set to 0.3, and mjs is set to 0.4. E; is the
amplitude of the no load induced electromotive force without using
ferrite for excitation, and Ey = 86 V; Tcog is the cogging torque without
using ferrite for excitation, and Teogo = 201 mN m; THD, is the
waveform distortion rate of the no load induced electromotive force
without using ferrite for excitation, and THD, = 14.56%.

According to the calculation formula of the parameter matching
coefficient, the variation process of the Q value is shown in Figure 12.

According to the statistical chart of the parameter matching
coefficient, the sampling point No. 546 is the relative optimal

TABLE 5 Selection of main optimization parameters.

10.3389/fmech.2025.1723780

solution of the optimization model. At this time, the amplitude
of the no load induced electromotive force of the generator is 115V,
the THD is 5.26%, and the peak value of the cogging torque is
0.136 N m. Considering the influence of the actual processing
technology on the magnetic pole parameters, the parameter
optimization results are shown in Table 5.

4.3 Secondary optimization parameter
design based on finite element analysis

With the optimal values of the above structural parameters
determined, considering the mechanical strength of the rotor, d, is
set to 1-3 mm, Ay, to 1-3 mm, hy; to 0.5-2 mm, and hy, to 2-4 mm.
The simulation step size is 0.05. The curves of the amplitude of the
no load induced electromotive force E,, THD, and cogging torque
Teog varying with each parameter are shown in Figure 13.

As shown in Figure 13a, the no load induced electromotive force
and cogging torque show a continuous and significant decreasing
trend with the increase of d,. Meanwhile, the THD first decreases
and then increases with the increase of d,, reaching its minimum
value when d, is 1.5 mm. Considering all factors, d, is set to 1.5 mm.
As shown in Figure 13b, the cogging torque and the amplitude of the
no-load induced electromotive force increase with the increase of
hno. However, the increase of the no-load induced electromotive
force is more significant. When hy, ranges from one to 1.5 mm, both
the no-load induced electromotive force and the cogging torque rise
sharply with the increase of hy,.When hy;, ranges from 1.5 to 3 mm,
they show a gentle increasing trend with the increase of hyp.
Regarding the THD, when hy, ranges from one to 1.5 mm, the
THD drops sharply, and when hy;, ranges from 1.5 to 3.0 mm, the
THD decreases slowly. Therefore, it is obvious that hy, is equal to
1.5 mm is an important inflection point for all three optimization
objectives. Thus, the value of hy, can be determined as 1.5 mm.As
can be seen from Figure 13¢, with the increase of hy;, the amplitude
of the no load induced electromotive force, THD and the cogging
torque all show an upward trend. When hy; ranges from 0.5 to
1 mm, the growth trends of the amplitude of the no load induced
electromotive force and cogging torque are relatively obvious. When
hyni ranges from 1 to 3 mm, the growth shows a gentle trend. In
summary, hy; is set to 1 mm. As can be seen from Figure 13d, with
the increase of hy,, the amplitude of the no-load induced

Optimize parameters Initial value Optimized value Final value

a/() 125 116.44 116
/() 130 133.62 134
wx1/mm 3 3.92 39
Wno/mm 4 2.58 2.6
dy/mm 1.5 1.33 1.3
hyy/mm 3 3.19 32
Wy /mm 6 6.87 6.9
Wy /mm 8 8.91 8.9
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Output performance of generator after optimization. (a) Amplitude of no load induced electromotive force. (b) THD. (c) Cogging Torque.

electromotive force and cogging torque first increase and then
decrease, reaching the maximum when hy, is 3.5 mm. However,
THD keeps decreasing with the increase of hy,. When hy, ranges
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from 2.0 mm to 3.5 mm, the decreasing trend is relatively gentle, and
when hy, ranges from 3.5 mm to 4.0 mm, the THD drops sharply.
Therefore, it is considered to set hy, as 3.5 mm.

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1723780

Zeng et al.

5 Analysis and verification of
optimization results

Based on the generator structure determined by the optimal
parameter solution combination, the comparison results of the no-
load induced electromotive force amplitude, THD and cogging
torque of the LRE-PMA-SynRG before and after optimization are
obtained through simulation, as shown in Figure 14.

As shown in Figure 14, the amplitude of the no-load induced
electromotive force of the optimized generator is 122.7 V. After
Fourier decomposition, the amplitude of its fundamental wave is
88.2 V, and its total harmonic distortion (THD) is calculated to be
12.2%. The maximum value of the cogging torque is 68 mN m.
Comparing with the results before optimization (Figures 5-7), it can
be seen that the amplitude of the no-load induced electromotive
force of the optimized generator is increased by 6.97%, the THD is
reduced by 16.2%, and the cogging torque is weakened by 43.8%.
Through simulation verification, it is found that this method can
significantly improve the no-load induced electromotive force and
improve the output characteristics of the generator while reducing
the cogging torque and THD.

6 Conclusion

In this paper, by establishing the mathematical model of the
generator and combining with the equivalent magnetic circuit
method, the analytical expressions affecting the no-load induced
electromotive force, cogging torque, and THD are derived. A
method of using combined magnetic poles is proposed to
improve the output characteristics of the generator. The
sensitivity hierarchical optimization is carried out for parameters
such as the combined magnetic poles and the corresponding
magnetic barrier angles. The influence of the combined magnetic
pole parameters on the no-load induced electromotive force,
cogging torque, and THD of the generator is analyzed, and the
feasibility of this method is verified by the finite element simulation
method. (1) When permanent magnets made of two different
excitation materials are used for joint excitation, eight parameters
such as the magnetic barrier angle and permanent magnet size with
high structural parameter sensitivity have a significant impact on the
generator performance. Reasonable design of the dimensions can
of the
electromotive force and weaken the cogging torque and THD. (2)

effectively increase the amplitude no-load induced
Based on the parameter sensitivity stratification, an optimization
method combining the adaptive genetic algorithm with finite
element parametric scanning was used to obtain the final parameter
combination scheme. As a result, the amplitude of the no-load induced
electromotive force of the generator increased by 6.97%, the THD
decreased by 16.2%, and the cogging torque is weakened by 43.8%,

effectively improving the output performance of the generator.
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