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ABSTRACT: To address the trade-off between increasing output torque and reducing torque ripple and cogging torque in interior permanent
magnet synchronous motors (IPMSMs), this study proposes a structure incorporating stator-rotor auxiliary slots and rotor damping holes.
Additionally, a hybrid permanent magnet configuration combining N35 and N30 grades was adopted to maintain high performance while
further reducing costs. First, an analytical expression for the cogging torque was derived, and a finite element model of the motor was
established. Subsequently, a parametric sweep and optimization of the stator and rotor auxiliary slots were conducted to obtain the optimal
combination of auxiliary slot dimensions. Furthermore, a multi-objective optimization algorithm was proposed to optimize the motor
parameters. Finally, radial electromagnetic force analysis was performed on the optimized motor model. The results demonstrate that the
proposed structure effectively suppresses the torque ripple, cogging torque, and amplitude of the radial electromagnetic force, thereby
reducing motor vibration amplitude while ensuring that the electromagnetic torque remains unaffected. The proposed design achieves
a favorable balance between output torque enhancement and torque ripple/cogging torque reduction, with cost control through hybrid
permanent magnets, demonstrating comprehensive performance improvements for [IPMSMs.

1. INTRODUCTION

ermanent magnet synchronous motors (PMSMs), known

for their high power density and high efficiency, were rec-
ognized as the core actuators for electric vehicle drive sys-
tems [1,2]. Driven by the continuous development of the
new energy vehicle industry, interior permanent magnet syn-
chronous motors (IPMSMs), with their longer service life and
superior overall performance [3, 4], gradually became the main-
stream direction of technological evolution in this field. Mean-
while, the industrial application of hairpin winding technology
accelerated [5, 6], which not only significantly expanded the
power density limit of motors but also profoundly reshaped
their thermal management design paradigm.

Studies in [7-9] have shown that, compared with the tradi-
tional single-layer magnet structure, a dual-layer magnet ro-
tor structure can significantly improve the saliency ratio of the
motor, thereby enhancing its flux-weakening and speed expan-
sion capability, allowing the motor to maintain high efficiency
over a wider speed range. Based on existing research, further
comparison of different interior rotor topologies reveals that,
compared with the traditional V-type interior permanent mag-
net arrangement, the VV-type interior rotor structure can fur-
ther optimize the flux path and form a multi-layer flux barrier
synergistic effect [10, 11]. Specifically, the VV-type structure
significantly improved the saliency ratio and reluctance torque
utilization of the motor by adding an additional layer of V-
shaped magnets, thereby enabling the motor to maintain high
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efficiency over a wider flux-weakening speed range. Mean-
while, due to the staggered arrangement of the two-layer mag-
nets, which effectively weakened the harmonic coupling be-
tween stator slots and rotor poles, the cogging torque and torque
ripple were further suppressed. In addition, the VV-type topol-
ogy helped to disperse the concentration of the demagnetizing
field at the magnet ends. Combined with an appropriate selec-
tion of permanent magnet materials, the overall demagnetiza-
tion resistance of the motor was significantly enhanced [12],
improving operational reliability under complex working con-
ditions. Therefore, the VV-type interior rotor structure ex-
hibited comprehensive advantages over the traditional V-type
structure in achieving high torque density, low vibration and
noise, and strong flux-weakening speed expansion capability.
Meanwhile, by optimizing the rotor topology and adjusting the
magnetization pattern of the magnets, the cogging torque and
torque ripple were effectively reduced, thereby improving the
running smoothness of the motor. In addition, the reasonable
selection of permanent magnet materials was also identified
as an important means to improve motor performance, which
could significantly enhance the demagnetization resistance of
the motor and ensure its reliability under complex operating
conditions.

It is stated in [13] that because the permanent magnets (PMs)
in the rotor section were subjected to high temperatures during
motor operation, the arrangement of magnetic bridges should
be considered in rotor structure design to reduce the risk of irre-
versible demagnetization of the PMs. Studies in [14, 15] show
that setting auxiliary slots on the stator or rotor core can ef-
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fectively weaken the harmonic components in the air-gap mag-
netic field, thereby significantly reducing the cogging torque
and improving the control accuracy and operational stability
of the motor. Ref. [16] proposed a motor structure adopting
hybrid PMs by combining ferrite and neodymium iron boron
(NdFeB), which effectively reduced the manufacturing cost of
the motor while maintaining the required output performance.
Ref. [17] used the response surface method to optimize a hy-
brid permanent magnet motor in order to minimize the amount
of permanent magnet material while achieving the required
torque rating. Ref. [18] performed a multi-objective optimiza-
tion based on an analytical model and the particle swarm op-
timization (PSO) algorithm, which improved the torque per-
formance of the hybrid permanent magnet motor and reduced
the magnet cost. Refs. [19,20] introduced a sensitivity anal-
ysis method combined with a hierarchical optimization strat-
egy, which greatly reduced the computation time in the multi-
parameter optimization process and improved the design effi-
ciency. Refs. [21,22] used output torque, cogging torque, and
torque ripple as objectives and optimized the key structural pa-
rameters of the motor using a multi-objective genetic algorithm,
finally obtaining a set of design schemes with optimal compre-
hensive performance. From the perspective of vibration and
noise, Refs. [23-25] systematically investigated the vibration
response mechanism of a motor during operation by analyz-
ing the radial electromagnetic force and modal characteristics.
Ref. [26] adopted the Halbach magnetization technology to re-
duce cogging torque and torque ripple to improve the overall
performance of the motor.

This study addresses the technical bottleneck of increased
cogging torque caused by the addition of damping holes in
traditional rotor structures, where a single structural optimiza-
tion method can hardly simultaneously achieve torque improve-
ment while suppressing torque ripple and cogging torque. A
novel rotor structure is proposed that balances electromagnetic
performance improvement with cogging torque suppression.
Through the hybrid configuration of different grades of Nd-
FeB permanent magnets, the effective control of material cost is
achieved, thereby overcoming the drawback that damping holes
increase torque but also raise cogging torque. Finally, Hal-
bach magnetization technology is employed to further enhance
the motor performance. First, the fundamental electromagnetic
performance of the motor was systematically analyzed, and a
high-fidelity finite element simulation model was established.
Second, on the basis of reasonably arranging damping holes in
the rotor, auxiliary slots were further introduced into the stator
and rotor cores. The radii of the auxiliary slots were optimized
using a parametric sweep method, so that various performance
indicators were synergistically improved to a satisfactory level.
Third, a hierarchical collaborative optimization strategy was in-
troduced to systematically optimize the topological structural
parameters, further exploiting the comprehensive performance
potential of the structure. On this basis, a hybrid arrangement
of N30 and N35 NdFeB permanent magnets was adopted to
construct four typical combination configurations. Through re-
fined adjustment of their geometric parameters and spatial ar-
rangement, the optimal permanent magnet combination scheme
was determined. Subsequently, by comparing the radial air-
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gap flux density and radial electromagnetic force of the mo-
tor before and after optimization, the effectiveness and robust-
ness of the proposed structure in terms of electromagnetic per-
formance and vibration suppression were systematically veri-
fied. Finally, a Halbach segmented magnetization method was
introduced for the second-layer permanent magnets. Through
joint regulation of the magnetization length and angle, a further
leap in electromagnetic performance was achieved. Overall,
the multi-method collaborative optimization path proposed in
this paper fully integrated multidimensional approaches, such
as structural topology, magnetic circuit design, and magnetiza-
tion strategy, providing a new systematic solution for the design
of permanent magnet motors with high cost-effectiveness and
low cogging torque.

2. MOTOR STRUCTURAL DESIGN

2.1. IPMSM Topology and Key Performance Indicators

Currently, interior permanent magnet synchronous motors are
widely used as drive motors in the electric vehicle sector. Their
magnet layout has evolved from single-layer designs to pre-
dominantly adopting double-layer VV-type structures, which
were favored for their excellent electromagnetic performance.

In this study, a two-dimensional electromagnetic field finite
element model of a “VV”-type rotor interior permanent mag-
net synchronous motor was constructed using Maxwell finite
element simulation software, as shown in Fig. 1. To ensure the
standardization and reproducibility of the research, this study
defines the key design parameters of the motor, specifically the
stator and rotor structure dimensions, permanent magnet pa-
rameters, and winding configuration. The core initial values are
listed in Table 1. In subsequent comparative studies on differ-
ent rotor topologies, to strictly control the variables and ensure
the scientific validity and comparability of the research results,
this study adheres to the fundamental principles of the control
variable method. It is explicitly stipulated that, apart from the
rotor structure itself, all other basic motor parameters will re-
main strictly consistent with those listed in Table 1.

TABLE 1. Motor basic parameters.

Parameter Name Parameter Value

Stator Outer Diameter (mm) 200
Stator Inner Diameter (mm) 164
Rotor Outer Diameter (mm) 162.6
Rotor Inner Diameter (mm) 80
Rated Speed (1r/min) 12000
Air Gap Length (mm) 0.7
Number of Pole Pairs 4
Number of Slots 48
Core Length (mm) 200
Rated Power (kW) 117
Rated Voltage (V) 220
Rated Torque (N-m) 93.11
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FIGURE 1. Motor structure.

2.2. Theoretical Analysis of Motor Cogging Torque and Vibra-
tion

In the d-q rotating reference frame, after a series of derivations
and transformations, the voltage equations of the PMSM can be
expressed as:

. di .

ug = Ryia —|—Ld—d: — weLyiq (1)
. digq .

ug = Rgig + Lq% + weLgia + wey @

where uq4 and u, are the d-axis and g-axis stator voltages, re-

spectively; iq and i, are the d-axis and g-axis stator currents,

respectively; R is the stator phase resistance; and w, is the

electrical angular velocity.

g = Laiq + g

. 3)
Vg = Lqiq

where 14 and v, are the d-axis and g-axis flux linkages, re-
spectively; Lq and L, are the d-axis and g-axis inductances,
respectively; and vf is the excitation flux linkage generated by
the permanent magnets.

The electromagnetic torque equation is given as follows:

3 .
Tm = §P1/)f’Lq
4)
T, = SP(Lg — Ly)igiq
3 : .
Te=Tn+ Tr=§P[1/)fzq + (Lg — Lyg)iqiq) Q)

where T is the electromagnetic torque, 7}, the permanent mag-
net torque, 7. the reluctance torque, and P the number of poles.
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This equation indicates that the electromagnetic torque consists
of two components: permanent magnet torque and reluctance
torque.

The expression for the cogging torque of the motor is given
by:

ow

Teos = =4

(6)

where W represents the magnetic field energy stored in the air
gap.

As aresult of the air-gap magnetic field harmonics, the motor
generates electromagnetic force waves of different frequencies
and orders. By separately analyzing the stator-rotor magneto-
motive force (MMF) and the air-gap permeance, the expression
for the air-gap flux density can be derived as follows:

B, (07 t) = fa (07 t) A (07 t) (7

where 6 represents the Halbach magnetization angle of the per-
manent magnets. According to the method of magnetomotive
force (MMF) multiplied by permeance, the radial air-gap flux
density B, (6,t) can be expressed as the product of the air-gap
MMF f, (6,t) and relative air-gap permeance function A (6, t).

The radial and tangential electromagnetic force amplitudes
F,. and F; of the motor are expressed as follows:

B2-B} B’

F, =
240 20

®)
_ BB

F;
! 210

where B2 and B} are the radial and tangential components of
the air-gap flux density at the stator teeth, respectively, and g
is the vacuum permeability.
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TABLE 2. Comparison of motor performance parameters with and without damping holes.

Performance Parameters With Damping Holes = Without Damping Holes
Average Torque (N-m) 107.27 93.11
Torque Ripple (%) 11.36 13.22
Peak Back-EMF (V) 242.95 216.43
Cogging Torque (mN-m) 399.21 286.85
Back-EMF THD (%) 3.22 3.24
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FIGURE 2. Average torque comparison curve of the motor.

The specific mathematical expression for the radial electro-
magnetic force, F). (6,t), of the motor is given by

£ (0,) + fi (6,)]° A2 ()
2410

BQ
2410

F(0,t) =

©

where A is the stator air-gap permeance.

3. MOTOR STRUCTURAL OPTIMIZATION

This section presents the preliminary optimization of the motor,
through which the motor performance is gradually improved
using methods such as damping holes, stator and rotor auxil-
iary slots, and multi-objective optimization. Damping holes are
designed to increase the average torque and reduce the torque
ripple. The stator and rotor auxiliary slots are designed and op-
timized through a parametric sweep to suppress cogging torque
while maintaining high torque and low torque ripple. Subse-
quently, multi-objective optimization is employed to further en-
hance various performance parameters by modifying the motor
topology. Finally, based on different combinations of hybrid
permanent magnets, four motor configurations were designed
and subjected to parametric sweeps, and the optimal combina-
tion was selected through comparison. The rotor step-skewing
method can significantly suppress torque ripple. Finite element
calculations revealed that as the number of segments increased,
the average torque continuously decreased, and the optimiza-
tion effect showed little change after three segments. Finally,
this paper adopted a linear step skewing with three equal seg-
ments, each with a skew angle of 5°.
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FIGURE 3. Cogging torque comparison curve.

3.1. Design of Damping Holes

To compare the motor performance before and after the de-
sign of the damping holes, an analysis was conducted based
on four aspects: average torque, torque ripple, cogging torque,
and back electromotive force (back-EMF). The torque and cog-
ging torque comparison curves of the VV-type [IPMSM with and
without damping holes are shown in Fig. 2. A comparison of
the motor performance parameters is presented in Table 2. Af-
ter designing the damping holes in the rotor, the output torque of
the motor was 107.27 N-m, and the torque ripple was 11.36%.
Compared with the VV-type motor without damping holes, the
output torque increased by 14.16 N-m, whereas the torque rip-
ple was reduced by 1.86%.

Figure 3 shows the cogging torque comparison curves for
the motor with and without damping holes. After the addi-
tion of damping holes, the average torque improved, and the
torque ripple was suppressed, whereas the cogging torque in-
creased. Therefore, further optimization of the motor structure
is required to reduce cogging torque.

Figure 4 shows the back-EMF waveforms and correspond-
ing harmonic analysis results for the VV-type IPMSM with and
without damping holes. From Fig. 4(a), it can be observed that
the back-EMF waveform of the motor with damping holes is
closer to sinusoidal. Fig. 4(b) shows that, after the addition of
damping holes, the harmonics of most orders are reduced com-
pared with those of the motor without damping holes, except for
the fundamental, 3rd, and 13th harmonics, which are slightly
higher. The total harmonic distortion (THD) of the back-EMF
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FIGURE 5. Comparison of cogging torque with and without auxiliary
slots.

can be expressed as:

UTLT"I’VLS

THD =

(10)

Ulrms

where U, s 1s the root-mean-square (RMS) value of the har-
monics, and Uy, 1 the RMS value of the fundamental.

Using Equation (12), the back-EMF THD of the motor with
damping holes and the motor without damping holes are cal-
culated to be 3.22% and 3.24%, respectively. The back-EMF
THD was reduced by 0.02% (from 3.24% to 3.22%).

3.2. Stator and Rotor Auxiliary Slot Design

For interior permanent magnet synchronous motors, the har-
monic order of the cogging torque varies with different pole-
slot combinations. The harmonic order of the cogging torque,
denoted as f,,, can be expressed as:

kNg,

fpn:%a k:1a2a37"'

(11)
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Analysis of motor back-EMF and its harmonics: (a) Back-EMF waveform of the motor, (b) Harmonic content of motor Back-EMF.

where p is the number of pole pairs of the motor, and Ny, is
the least common multiple of the number of stator slots and the
number of poles.

In the cogging torque of interior permanent magnet syn-
chronous motors, the higher the harmonic order is, the smaller
its amplitude is. Therefore, by adjusting the stator and rotor
slotting to change the parameter Ny, the cogging torque can be
effectively suppressed.

Figure 5 shows a comparison of the cogging torque with and
without auxiliary slots on both the stator and rotor. The auxil-
iary slots significantly weakened the cogging torque, reducing
it by 100mN-m. This indicates that incorporating both aux-
iliary slots and damping holes can enhance the output torque
while suppressing the cogging torque and torque ripple, thereby
improving the overall motor performance.

To further reduce the cogging torque while maintaining a
high torque level, a parametric sweep was performed for ro-
tor auxiliary slot R; and stator auxiliary slot Ry. The response
surfaces for the cogging torque, average torque, torque ripple,
and core loss are shown in Fig. 6.

As shown in Fig. 6(a), both R; and R, significantly influ-
ence the cogging torque, which exhibits local minima. Fig. 6(b)
shows the response surface of R; and Ry with respect to the av-
erage torque. It can be seen that the rotor auxiliary slot R, has a
relatively minor effect on the average torque, whereas the stator
auxiliary slot Ry has a more pronounced impact, with the aver-
age torque decreasing as R increases. Fig. 6(c) illustrates the
response surface of R, and Ry with respect to the torque ripple.
Both parameters influence torque ripple, exerting a suppressive
effect, with the torque ripple initially increasing and then de-
creasing as R, increases. Fig. 6(d) shows the response surface
of Ry and R, with respect to the core loss, where the influence
pattern is similar to that observed for the average torque.

Based on the above response surface curves, when the ro-
tor auxiliary slot R; = 0.2 mm and stator auxiliary slot Ry =
0.8 mm, the various performance values of the motor can reach
a relatively high level: After optimization using stator-rotor
auxiliary slots and damping holes, the average torque of the mo-
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FIGURE 6. Optimization of response surface results: (a) Response surface of cogging torque versus R; and R», (b) Response surface of average
torque versus R; and Rq, (c) Response surface of torque ripple versus R and Rz, (d) Response surface of core losses versus R, and Ra.
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FIGURE 7. Cogging torque waveforms before and after optimization.

3.3. Air-Gap Flux Density and Radial Electromagnetic Force
Analysis

After designing the damping holes and auxiliary slots, the
waveforms of the air-gap flux density and radial electromag-
netic force of the motor are shown in Fig. 8. The amplitudes of
the radial electromagnetic force and air-gap flux density wave-
forms were significantly decreased, indicating that the rotor
damping holes and stator-rotor auxiliary slot structure can ef-
fectively suppress motor vibration.

3.4. Multi-Objective Optimization

During the multi-objective optimization process of the motor,
there were usually mutual constraints and coupling relation-
ships among the various optimization objectives: an improve-
ment in one performance indicator often came at the cost of a
decline in other performance metrics. Therefore, it was difficult

tor was 107.71 N-m (an increase of 14.6 N-m), the torque rip-
ple was 11.23% (a reduction of 1.99%), and the core loss was
1.709 kW. As shown in Fig. 7, the optimized cogging torque
was 211.96 mN-m, a reduction of 187.25 mN-m.

to find a perfect solution where all objectives were simultane-
ously optimized. To address this, a Pareto front solution set was
generally introduced in multi-objective optimization of motors,
serving as the set of optimal solutions that achieved a trade-
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FIGURE 9. Sensitivity analysis.

off among the objectives. The core goal of hierarchical multi-
objective optimization was precisely to more finely screen the
final design scheme from this Pareto front set. Specifically,
after the first level of optimization was completed, three sam-
ple points with appropriate spacing from each other were se-
lected from the obtained Pareto front as the initial points for the
next level of optimization. After the second level of optimiza-
tion was completed, three points with reasonable spacing were
again selected from the new Pareto front to form the final opti-
mization scheme. To verify the superiority of this hierarchical
optimization strategy, the widely used multi-objective evolu-
tionary algorithm was employed in this paper to perform the
optimization search.

To improve the computational efficiency of the optimiza-
tion process, a parameter sensitivity analysis was carried out
before the optimization design to quantify the contribution of
each design variable to the optimization objectives. Since mo-
tor optimization problems usually involve numerous design
parameters and performance indicators, the traditional single-

parameter scanning method not only imposed a heavy compu-
tational burden but also made it difficult to ensure modeling
accuracy. Therefore, the correlation coefficient method was in-
troduced in this paper to quantitatively evaluate the parameter
sensitivity, and its evaluation index was defined as follows:

i (Xi — X)(Y: - Y)

i=1

I (K- XY, (Y2

(12)

S(X)

where n is the number of samples; X; and Y; are the rank values
of the design parameter and the objective function correspond-
ing to the 7 sample, respectively; and X and Y are the average
rank values of the design parameter and the objective function,
respectively.

As shown in Fig. 9, the parameters L,, Lo, and Hy have
relatively large influence coefficients on the torque, torque rip-
ple, and core loss. A layered optimization approach is adopted:
these three parameters are selected first. After the first round of
optimization was completed, a set of parameter solutions with
better optimization results was obtained. Then, the remaining
parameters were optimized in the second round. The final op-
timization results are presented in Table 3.

TABLE 3. Comparison of parameters before and after optimization.

Parameter Initial Value  Optimal Value
W1 (mm) 3 2.88
Hp (mm) 4.5 4.67
L, (mm) 54 53.05
Ly (mm) 32 40.07
H; (mm) 32 3.18
Ws (mm) 25 20.19
Average Torque (N-m) 107.71 118.25
Torque Ripple (%) 11.23 34
Core Loss (kW) 1.709 1.686
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After the multi-objective hierarchical optimization, the final
optimization results of the motor were as follows: the average
torque increased by 11.54 N-m to 118.25 N-m; the torque ripple
decreased by 8.03% to 3.4%; and the total loss decreased by
23 W to 1.686 kW. Although cogging torque was not set as an
optimization objective in this optimization, it was still reduced
by 25.86 mN-m to 185.1 mN-m.

3.5. Analysis of Radial Electromagnetic Force after Multi-
Objective Optimization

According to the optimization results, after the combined de-
sign of topology optimization, parametric sweep, and multi-
objective optimization, the radial electromagnetic force was
reduced to a certain extent. A comparison of the radial elec-
tromagnetic force waveforms before and after optimization is
shown in Fig. 10. As shown in Fig. 10, the amplitude of the
radial electromagnetic force of the optimized motor decreased,
changing from 1.33 MPa before optimization to 0.98 MPa af-
ter optimization. The three-dimensional radial electromagnetic
force density waveforms before and after optimization were
shown in Fig. 11, which, to some extent, reflected a decreasing
trend in both the amplitude and mean value of the radial electro-
magnetic force after optimization, and this might help suppress
the generation of motor vibration and noise at the source.

16

—— Before Optimization
14 F —— After Optimization
12

10 |

Fr/(10°pa)

120 180

L/mm

240 300 360

FIGURE 10. Comparison of radial electromagnetic force waveforms
before and after optimization.

4. OPTIMIZATION OF HYBRID PERMANENT MAG-
NETS

NdFeB magnets, the most widely used rare-earth permanent
magnet materials, exhibit extremely high energy products. To
further reduce the cost of NdFeB magnets, a hybrid permanent
magnet configuration combining N30 and N35 grades, which
offer lower energy products and lower prices, is adopted. The
parameters of the different NdFeB magnet grades are listed in
Table 4.

To investigate the influence of different N30 and N35 PM
combination schemes on motor performance, four combination
configurations are designed in this study, corresponding to Mo-
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TABLE 4. Comparison of parameters between N30 and N35.

Parameter N30 N35
Maximum Energy Product (kJ/m®) 223 ~ 255 253 ~ 292
Hcb (kA/m) 800 ~ 836 860 ~ 915
Hcj (kA/m) 955 ~ 1035 955 ~ 1035
Cost (RMB/kg) 155 ~ 165 183 ~ 193

tors A—D, as shown in Figs. 12(a)—(d). L3 denotes the PM width
of the upper half of the second-layer PMs in Motors A and B,
with an initial value of 2.31995 mm; L, denotes the PM length
of the middle section of the second-layer PMs in Motors C and
D, with an initial value of 27 mm. Table 5 presents the perfor-
mance parameters of the four motors under initial conditions.

To obtain the optimal PM combination scheme and inves-
tigate the effects of L3 and L4 on the average torque, torque
ripple, and cogging torque of the motor, a parametric sweep of
L3 and L4 was performed in this study.

Figure 13 shows the influence curves of L3 on the average
torque and torque ripple of Motors A and B. The average torque
of Motors A and B exhibited increasing and decreasing trends,
respectively. It is worth noting that the torque ripple of both
motors presents significant fluctuations; meanwhile, Motor B
achieves a low torque ripple while maintaining a high torque
output when L3 is approximately 3.7 mm, which should be con-
sidered in the subsequent comparative analysis.

Figure 14 presents the influence curves of L, on the aver-
age torque and torque ripples of Motors C and D. The variation
trends of the average torque for Motors C and D are generally
consistent with those of Motors A and B, while the torque ripple
of Motor C reaches its minimum value at L, = 37 mm, which
should be the key focus in the subsequent comparative study.

Figure 15 shows the influence curves of L3 and L, on the
cogging torque of the four motors (L3 corresponds to Motors
A and B, while L, corresponds to Motors C and D). With the
increase in Lg and L4, the cogging torque of Motors A and C
both show a trend of initial increase, followed by a decrease,
and subsequent continuous rise. The cogging torque of Motor
A reaches a local minimum at L3 = 3.8 mm, whereas that of
Motor C reaches a local minimum at Ly = 37mm. The cog-
ging torque of Motors B and D decreases with the increase in
L3 and Ly, respectively. When Lg and L4 have small values,
although these two motors have high torque ripple and average
torque, their cogging torque is also large under this condition.
Therefore, Motors A and C were selected for subsequent com-
parative analysis.

At the local minimum of cogging torque for Motor A and
Motor C, the average torque, cogging torque, and torque ripple
of Motor A are 118.54 N-m, 174.26 mN-m, and 3.27%, respec-
tively; the average torque, cogging torque, and torque ripple
of Motor C are 117.71 N-m, 176.14 mN-m, and 3.15%, respec-
tively.

In this paper, priority was given to the optimization of av-
erage torque, torque ripple, and cogging torque, while the cost
issue was provided as a reference. Using N30, the cost could
be reduced by approximately 30 RMB per kilogram. Since cost
was not prioritized as an optimization objective in this study,
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FIGURE 11. Three-dimensional radial electromagnetic force density waveforms: (a) Three-dimensional radial electromagnetic force density wave-
form before optimization, (b) Three-dimensional radial electromagnetic force density waveform after optimization.

FIGURE 12. Rotor structures of four motors: (a) Rotor structure of Motor A, (b) Rotor structure of Motor B, (¢) Rotor structure of Motor C, (d) Rotor
structure of Motor D.

TABLE 5. Comparison of performance parameters for four configurations.

Performance Parameters Motor A Motor B Motor C Motor D

Average Torque (N-m) 116.91 116.83 116.94 116.83
Torque Ripple (%) 3.17 3.14 3.21 3.52

Cogging Torque (mN-m) 164.46 175.27 177.29 178.35
Core Loss (kW) 1.646 1.645 1.651 1.682

no quantitative analysis of the cost was performed. Based der this configuration, the motor achieved an average torque

on a comprehensive consideration of the overall performance, of 118.54 N-m, torque ripple of 3.27%, and cogging torque of
the PM combination scheme of Motor A was adopted, and 174.26 mN-m.

the optimal value of L3 was determined to be 3.8 mm. Un-
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FIGURE 13. Influence curves of L3 on the performance of Motors A and B: (a) Motor A, (b) Motor B.
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FIGURE 14. Influence curves of L4 on the performance of Motors C and D: (a) Motor C, (b) Motor D.

Ly/mm 5. HALBACH MAGNETIZATION OPTIMIZATION
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195  —=— Motor A—=—Motor C The motor designed in this study adopts a VV-type interior
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19 | permanent magnet structure. Each magnet slot could accom-
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modate multiple pre-magnetized segments, which were assem-
bled manually or automatically. Compared with a single radi-
- ally magnetized magnet block, this increased the manufactur-

ing complexity, but it remained within the achievable range of
advanced motor production lines. The magnetization process
involved pre-magnetizing each segment individually before as-
sembly. Because the first layer of the permanent magnets uti-
lizes hybrid permanent magnets, Halbach magnetization opti-
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150 L - i ) , ) . . ) mization is applied to the second layer of permanent magnets.
02 07 12 17 22 27 32 37 42 A parametric sweep was performed on the magnetization angle
Ly/mm 0 and length L, to determine the most suitable magnetization

angle and length. The Halbach magnetization configuration of

FIGURE 15. Influence curves of maximum cogging torque for four mo- the permanent magnets is illustrated in Fig. 16.

tors.
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FIGURE 16. N-pole magnetization configuration of permanent magnets.

FIGURE 17. Influence of magnetizing length L,, on cogging torque and

torque ripple.
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FIGURE 18. Response surface results for the magnetization angle and length: (a) Response surface of average torque, (b) Response surface of torque
ripple, (c) Response surface of cogging torque.

5.1. Optimization of Permanent Magnet Magnetization Length

to identify the optimal value that achieves both low cogging
Through Parametric Sweep

torque and low torque ripple. The sweep results are shown in

. . . . Fig. 17.
To 1nve§t1gate the 1nﬂ}1ence of magn'et.l Z.at101’1 length L, on As shown in Fig. 17, the torque ripple initially increased with
torque ripple and cogging torque, the initial value of the mag- . .
- o : the magnetization length, then decreased, and subsequently in-
netization angle 6 was set to 20° for the ease of comparison. A o 2 . .
. N creased again, indicating the existence of a point where the
parametric sweep was performed on magnetization length L,
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FIGURE 19. Comparison curves of various performance parameters after deep optimization: (a) Torque comparison curve, (b) Cogging torque

comparison curve, (c) Core loss comparison curve.

TABLE 6. Variation range of magnetizing length and magnetizing an-
gle.

Parameters Variation Range
L, (mm) 21 ~ 32
0/(°) 10 ~ 50

torque ripple reaches a minimum value. The variation pattern
of the cogging torque with magnetization length was consistent
with that of the torque ripple. It can be observed that the mag-
netization length L,, has a significant effect on the reduction of
both cogging torque and torque ripple. Therefore, it is neces-
sary to consider the collaborative optimization of magnetization
length L,,, and magnetization angle 6.

5.2. Collaborative Optimization of Magnetization Angle and
Length of Permanent Magnets

To determine better motor parameters, the magnetizing length
was optimized parametrically, and the influence of the magne-
tizing angle was considered, keeping it within a certain range,
as shown in Table 6.

The parametric sweep results for the average torque, torque
ripple, and cogging torque are shown in Fig. 18.
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FIGURE 20. Magnetic flux density contour map of the motor.

As shown in Fig. 18(a), the average torque decreases with
increasing magnetization angle and increases with increasing
magnetization length. Fig. 18(b) presents the response surface
of the torque ripple, where it can be observed that the torque
ripple initially decreases and then increases with an increas-
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FIGURE 21. Motor efficiency map: (a) Before optimization. (b) After optimization.

TABLE 7. Comparison of motor performance parameters after deep optimization.

Parameters Before Optimization After Optimization
Average Torque (N-m) 118.25 118.33
Torque Ripple (%) 3.5 2.44
Cogging Torque (mN-m) 184.81 155.08
Core Loss (kW) 1.686 1.643

ing magnetization angle and length. Fig. 18(c) shows that the
cogging torque decreases with increasing magnetization angle,
while it exhibits a trend of initially increasing, then decreas-
ing, and subsequently increasing again with an increase in the
magnetization length.

Although increasing the magnetization angle significantly
reduces the cogging torque, it also leads to a substantial de-
crease in the average torque, whereas the torque ripple remains
at a relatively high level. Through a comprehensive compari-
son, it is more appropriate to select a scanning point near the
minimum torque-ripple region, where the average torque is rel-
atively high, and the cogging torque is maintained at a relatively
low level. Therefore, the magnetization length L,,, = 28 mm
and magnetization angle § = 18° were selected. At this operat-
ing point, the average torque was 118.33 N-m; the torque ripple
was as low as 2.44%; and the cogging torque was reduced to
155.08 mN-m.

After deep optimization through measures such as permanent
magnet structure adjustments and Halbach magnetization, the
curves of the motor’s average torque, cogging torque, and core
loss are shown in Figs. 19(a)—(c), with the specific values listed
in Table 7. It can be seen that after deep optimization, all per-
formance parameters of the motor have been comprehensively
improved. Notably, even with the use of N30 permanent mag-
nets, which have a lower magnetic energy product, the aver-
age torque increased rather than decreased following deep op-
timization.

To compare the performance of the designed dual-V hairpin-
winding interior permanent magnet synchronous motor with
that of previous hairpin-winding interior permanent magnet

168

synchronous motors, the hairpin-winding dual-layer V-shaped
permanent magnet synchronous motor designed in [9] was
taken as an example for investigation. Under the same 8-pole,
48-slot configuration and similar motor dimensions, the opti-
mized motor in [9] achieves a maximum speed of only 12,000
r/min, a rated torque of only 82.9 N-m, and a cogging torque of
331.6 mN-m — far higher than that of the proposed motor (the
parameters of the motor designed in this paper are shown in
Table 7). Overall, the motor designed in this paper exhibits su-
perior electromagnetic performance and satisfies the demands
of high-performance new energy vehicle motors.

After the optimization of the permanent magnet material and
Halbach magnetization, the combined diagram of the magnetic
flux density cloud map and magnetic flux line distribution of
the motor under no-load conditions is shown in Fig. 20. It can
be observed that the magnetic flux density near the magnetic
bridges is the most prominent, with a maximum value reaching
2.276 T. The flux density distribution is uniform and reason-
able, indicating that the magnetic circuit design of the motor
is appropriate and that the magnetic isolation capability of the
flux barriers meets the requirements.

After optimizing the PM material and Halbach magnetiza-
tion, a comparison of the motor efficiency maps is presented in
Fig. 21. It can be seen from the figure that the motor efficiency
is increased by approximately 1.4% over most of the speed
range, and the efficiency of the optimized motor can reach more
than 92% at the vast majority of operating speeds, which meets
the design requirements of a wide operating range and high ef-
ficiency.
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6. CONCLUSION

To address the trade-off between improving output torque and
suppressing cogging torque and torque ripple in interior perma-
nent magnet synchronous motors, this study proposes a multi-
objective optimization design method that combines stator and
rotor auxiliary slots, damping hole structures, and hybrid per-
manent magnets (N30 and N35). Through theoretical analysis,
finite element simulation, parametric sweep, sensitivity anal-
ysis, and a multi-objective hierarchical optimization method,
the key structural parameters of the motor were systematically
optimized, and its electromagnetic performance, vibration, and
noise characteristics were thoroughly investigated. The main
conclusions are as follows.

1) After introducing a damping hole structure in the rotor,
the average torque of the motor increased by 14.16 N-m,
and the torque ripple was reduced by 1.86%. Therefore,
auxiliary slots were opened on the stator and rotor cores,
which effectively suppresses the cogging torque.

2) The key parameters were identified through a sensitivity

analysis, and a multi-objective hierarchical optimization

method was adopted to perform multi-objective optimiza-
tion of the motor. The final optimized scheme achieved an
average torque of 118.25 N-m while reducing the torque

ripple to 3.4%.

3) A hybrid permanent magnet configuration combining N30
and N35 was adopted, and the arrangement was optimized
through a parametric sweep. The results indicate that Con-
figuration 1 (N35 in the upper layer and N30 in the lower
layer) exhibits better performance in terms of torque ripple
and cogging torque than the other configurations.

4) After optimization, the radial electromagnetic force am-
plitude of the motor was reduced from 1.33 to 0.98 MPa.
The radial electromagnetic force density was significantly

decreased in both the time and spatial domains.

5) Finally, through the collaborative optimization of the Hal-
bach magnetization angle and length of the second-layer
permanent magnets, the average torque was increased
to 118.33 N-m; the torque ripple was reduced to as low
as 2.44%; and the cogging torque was decreased to

155.08 mN-m.
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