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ABSTRACT: The permanent magnet brushed DC motor (PMDCM) features a simple structure and reliable performance, making it widely
used in home appliances and automotive applications. To further optimize the output torque quality of the PMDCM, this paper proposes
a concave-slot Halbach array magnet ring (CSHAMR) structure. First, a finite element model was established to analyze the electro-
magnetic characteristics of the motor. By comparing with the traditional Halbach array magnetic ring (THAMR), the superiority of the
proposed structure for the application in brushed motors was verified. Secondly, by defining the magnitude of the no-load back elec-
tromotive force (EMF) generated by a unilateral conductor within the interval γ, the optimization level of the CSHAMR structure for
commutation performance was evaluated. The influence of concave slot parameters on motor commutation performance under different
values was analyzed. Finally, a parametric model of the CSHAMR was established, and multi-objective optimization of the motor was
performed based on the particle swarm optimization (PSO) algorithm. The results demonstrate that CSHAMR can effectively reduce
torque ripple and cogging torque in PMDCM motors while improving motor commutation performance.

1. INTRODUCTION

Permanent magnet brushed DC motors (PMDCMs) have a
relatively simple overall control circuit compared to brush-

less DC motor, which does not require a controller and can be
started or braked by electrifying the motor [1]. However, the
unique structure of permanent magnet motors leads to cogging
torque and torque ripple, causing motor vibration and noise, in-
creasing the motor’s starting resistance torque and affecting the
quality of the motor’s output torque [2, 3]. Furthermore, the
quality of commutation performance in PMDCM directly im-
pacts its service life. Consequently, optimizing motor output
torque quality and improving commutation performance have
become key challenges for PMDCM.
Through in-depth research on permanent magnet materi-

als and structures, Halbach discovered the Halbach permanent
magnet array (HPMA) structure in 1979 while conducting elec-
tron acceleration experiments [4]. This structure represents an
engineering approximation of an ideal configuration, capable
of generating the strongest magnetic field using the minimum
number of magnets. Since the 1990s, an increasing number
of scholars have begun applying HPMA structures to the field
of electric motors, achieving significant research results [5–8].
Different HPMA structures can be applied to different types
of motors. For instance, linear HPMA structures are primar-
ily used in linear motors, while ring-type HPMA structures are
mainly applied in rotating motors.
HPMA structure can alter the air-gap magnetic field distribu-

tion of the motor, thereby optimizing the quality of the motor’s
output torque [9, 10]. Tymosch et al. [11] investigated the appli-
cation of Halbach arrays in superconducting permanent magnet
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synchronous motors, and the final results showed that Halbach
arrays significantly enhanced the motor magnetic field strength
and increased the motor power density. Shen and Zhu [12]
proposed a T-type array as an alternative to the conventional
three-segment HPMA. This structure holds the potential to si-
multaneously achieve low torque ripple and high electromag-
netic torque in electric motors. In [13–15], a novel double-layer
HPMA structure was applied to multiple motors with different
configurations. By optimizing the angle ratio and height be-
tween the two layers, the motors achieved a more sinusoidal
electromotive force and reduced torque ripple. Zhang et al. [16]
proposed a trapezoidal HPMA structure with radially infinite
layering, treating each layer as a conventional HPMA. They
ultimately derived an analytical magnetic field model through
magnetic field superposition. Shi et al. [17] proposed analytical
magnetic field models for cylindrical HPMA structures, which
can intuitively illustrate the relationship between relevant mo-
tor design parameters and air-gap magnetic flux density.
Some scholars have also combined HPMA structure with op-

timization algorithms to perform multi-objective optimization
design on electric motors. In [18] by Lv et al., a three-stage
nonuniform Halbach magnetization in the form of an exter-
nal rotor permanent magnet synchronous motor is optimized,
and various electromagnetic properties of the motor are signif-
icantly improved after the optimization. In [19] by Li et al.,
Halbach eccentric poles are used to study the effect of pole-
related structural parameters on the performance of the motor,
and base NSGA-II algorithm is used for the multi-objective op-
timization of the motor. All the performances of the optimized
motor are better than the prototype.
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FIGURE 1. Motor structure schematic: (a) The prototype physical picture; (b) Exploded view of the prototype structure.

TABLE 1. Main performance parameters of the prototype.

Parameters Unit Value

Rated voltage V 12

Rated speed rpm 1505

Rated torque mN·m 263.5

No-load speed rpm 3200

Rated current A 9.2

No-load current A 0.8

Current research on the application of HPMA structures in
electric motors has primarily focused on brushless motors or
permanent magnet synchronous motors, with relatively few
studies exploring their use in brushed motors. Although the
HPMA structure generates an ideal sinusoidal air-gap magnetic
field that effectively reduces cogging torque and torque ripple,
this sinusoidal field may simultaneously increase magnetic flux
density within the commutation interval, leading to degraded
commutation performance in the motor.
To conduct in-depth research on the application of HPMA

in brushed motors, this paper proposes a CSHAMR structure
featuring concave slots on both sides using a 2-pole, 12-slot
PMDCM as an example. This design addresses the degradation
of motor commutation performance caused by THAMR. The
optimization level of commutation performance is evaluated
by defining the magnitude of the no-load counter-electromotive
force generated by the unilateral conductor within the interval γ
in the winding. Multi-objective optimization design of the mo-
tor is achieved by incorporating the concave slot parameters in
the CSHAMR structure as optimization variables and applying
the PSO algorithm.

TABLE 2. Main size parameters of the prototype.

Parameters Unit Value
Iron core outer diameter mm 35.6
Iron core inner diameter mm 10
Iron core stack thickness mm 27.5
Magnet outer diameter mm 48
Magnet inner diameter mm 36.6

Pole embrace 0.72
Magnet length mm 33

Outer diameter of housing mm 53
Air-gap length mm 0.5

2. MODEL BUILDING AND CONCAVE SLOTS DESIGN

2.1. Motor Structure and Main Performance Parameters
In this paper, a 2-pole, 12-slot PMDCM is optimized. The
structure of the motor is shown in Figure 1, and the main per-
formance parameters are shown in Table 1. The size parameters
are shown in Table 2.

2.2. Modeling and Magnetic Field Analysis of the THAMR
The most basic Halbach array consists of an array of permanent
magnets with radial magnetization and tangential magnetiza-
tion arranged together to achieve magnetic field concentration
on one side.
The relationship between the magnetization angle θm and

magnetization position angle θk of the magnet in polar coor-
dinates for an ideal Halbach array is shown in Figure 2, where
the mathematical model of the magnetization vectorM in polar
coordinates [20] can be expressed by formulas (1) and (2). At
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FIGURE 2. The Halbach array magnetization angle versus magnetiza-
tion position.

this point, θk can be viewed as a continuous function.

θm = (1± p) θk (1)
M = M0 cos (pθk) er ∓M0 sin (pθk) eθ (2)

where er, eθ are radial and tangential unit vectors, respectively;
M0 is the magnetization strength, which is numerically equal
to the ratio of the material remanent magnetization and the rel-
ative permeability; and p denotes the pole pair number. The
“−”, “+” in formula (2) indicate that the magnetic field gath-
ers outward or inward, respectively
For THAMR, the magnetization position angle θk can be de-

termined by the center position of each permanent magnet, in
which θk can be expressed by the following formula (3) [17]:

θk =
k − 1

pl
π (3)

where l denotes the number of chunks per pole of the mag-
netic ring, and k = 1, 2, 3, . . . , 2pl denotes the kth permanent
magnet. Shi et al. [17] developed the derivation of the air-gap
magnetic field model for inward and outward aggregation of
the magnetic field after using the THAMR, respectively, while
neglecting the motor tooth slot effect, in which the derivation
process for the inward aggregation of the magnetic field can be
roughly summarized as follows.
In [−π/p, π/p], the radial component Mr and tangential

componentM0 of the magnetization intensity vectorM can be
expanded in the Fourier series with the expressions shown in
formulas (4)–(6), where i = 1, 2, 3, . . ..
When np ̸= 1

Mrn =


2pl
π M0 sin

(
1+p
2pl π

)
(−1)

n−1
2l

np+1 n = 2li+ 1

− 2pl
π M0 sin

(
1+p
2pl π

)
(−1)

n+1
2l

np−1 n = 2li− 1

0 others

(4)

Mθn =


2pl
π M0 sin

(
1+p
2pl π

)
(−1)

n−1
2l

np+1 n = 2li+ 1

2pl
π M0 sin

(
1+p
2pl π

)
(−1)

n+1
2l

np−1 n = 2li− 1

0 others

(5)

When np = 1

Mr1 = Mθ1 = M0

sin π
l

π
l

(6)

Using the magnetic scalar potential φ, combined with the
magnetization characteristics in regions I and II (as shown in
Figure 3), the control equations and corresponding boundary
conditions for the two regions can be listed. Finally, according
to H = −gradφ, the air gap magnetic density in Region II can
be expression by formulas (7)–(11).
When np ̸= 1

B2r(r, θ)=−
∑
n
G×

[(
r

Rmi

)np−1

+
(

Ri

Rmi

)np−1(
Ri

r

)np+1
]

× cos (npθ)
(7)

B2θ (r, θ)=
∑
n
G×

[(
r

Rmi

)np−1

−
(

Ri

Rmi

)np−1(
Ri

r

)np+1
]

× sin (npθ)
(8)

G=

µ0np


Mrn+Mθn

np−1 −Mrn−Mθn

np+1

(
Rmi

Rmo

)2np

−2(Mrn+npMθn)

(np)2−1

(
Rmi

Rmo

)np−1
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[
(µr+1)

(
Ri

Rmo

)2np

−(µr−1)
(

Rmi

Rmo

)2np
]

−
[(

(µr+1)−(µr−1)
(

Ri

Rmi

)2np
)]


(9)

When np = 1

B2r (r, θ) = −G×

[
1 +

(
Ri

r

)2
]
cos (θ) (10)

B2θ (r, θ) = G×

[
1−

(
Ri

r

)2
]
sin (θ) (11)

G=
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Mr1−Mθ1

2

[
1−

(
Rmi

Rmo

)2
]
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(

Rmi

Rmo

)


[
(µr+1)

(
Ri
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Rmi

Rmo

)2
]

−
[(

(µr+1)− (µr−1)
(

Ri

Rmi

)2
)]


(12)

To facilitate the numerical calculation, the coefficient G in
formulas (7), (8), (10), and (11) can be expressed by formulas
(9) and (12), where the positional relationships ofRi,Rmo, and
Rmi are shown in Figure 3. µ0 is the vacuum permeability,
and µr is the relative remanent permeability of the permanent
magnet.
The magnetization method of 10 pieces per pole will be

adopted in this paper, and the material (ferrite) and magnetic
field gathering direction of the THAMR are the same as that
of the prototype. The magnetization direction of each piece of
permanent magnet can be calculated from formulas (2) and (3),
and the results are shown as indicated by the red arrows in Fig-
ure 3.
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  FIGURE 3. Direction of the magnetization of each per-
manent magnet.

(a) (b)

FIGURE 4. Distribution of the magnetic lines: (a) The prototype; (b) The THAMR.

FIGURE 5. The magnetic flux density distribution of the prototype. FIGURE 6. The magnetic flux density distribution of the THAMR
scheme.

2.3. PMDCM Simulation Model Building and Analysis

The pair of magnetic poles in the prototype is distributed up
and down in Maxwell 2D, as shown in Figure 4(a). To en-
sure the same phase of the initial magnetic field with the pro-
totype, THAMR magnetization method should be selected as
column coordinate magnetization, and a new reference coordi-
nate system needs to be established, as shown in Figure 4(b).
The distribution of magnetic lines of the prototype model and
the THAMR scheme model is shown in Figure 4.
As can be seen in Figure 4, most of themagnetic lines of force

are closed along the permanent magnets, machine housing, air-
gap, and rotor core. Due to the difference in the structure of
permanent magnets, the direction of the magnetic lines of force
on the left and right sides of the motor is slightly different be-
tween the prototype and THAMR scheme, and as a result, there
will be a difference in the magnetic flux density distribution be-
tween the two schemes. Themagnetic flux density distributions
for the prototype and THAMR scheme are shown in Figure 5
and Figure 6.
The highest magnetic density of the machine housing can be

seen in the magnetic flux density cloud diagram. Since the per-
manent magnets in the prototype are of a tile-shaped structure,
there are no permanent magnets inside the machine housing be-

tween the two magnetic poles (as shown in the red circle in
Figure 5). Therefore, the magnetic flux density in this area is
largely dependent on the thickness of the machine housing. If a
thinner machine housing is used, it may lead to local magnetic
saturation issues. After using THAMR, due to the magnetic
ring structure, some of the magnetic lines of force can be di-
rectly closed through the magnetic ring. Compared with the
prototype, this can effectively reduce the magnetic flux density
on both sides of the machine housing, thereby improving the
local magnetic saturation problem.
Figure 7 shows the results of radial air-gap magnetic flux

density calculations for the positive half-axis of the motor dis-
tributed along the circumference of the motor under the action
of a static magnetic field, which is an approximate trapezoidal
wave for the prototype and an approximate sinusoidal wave for
the THAMR. Figure 8 shows the results of fast Fourier trans-
form (FFT) calculations of the radial air-gap magnetic flux den-
sity, and then combined with formula (13), the total harmonic
distortion rate (THD) of the radial air-gap magnetic density can
be obtained.

THD =

√
B2

r2 +B2
r3 + · · ·+B2

rk

Br1
× 100% (13)
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FIGURE 7. The radial air-gap magnetic flux density waveforms of the
prototype and THAMR.

FIGURE 8. The FFT calculations of the radial air-gap magnetic flux
density.

FIGURE 9. The torque curves of the prototype. FIGURE 10. The torque curves of the THAMR.

where Brk (k = 2, 3, . . .) is the kth amplitude of the radial air-
gap magnetic density, and Br1 is the radial air-gap magnetic
density fundamental wave amplitude.
It can be seen that the THD of the radial air-gap magnetic

density after using the THAMR is 14.52%, which is lower
than that of the prototype. Its fundamental wave amplitude is
0.413 T, which is higher than the 0.408 T of the prototype. The
5th and 7th harmonics are also significantly reduced compared
to the prototype.
The torque ripple of the motor has a large impact on both

the stability and service life of the motor, and the motor torque
ripple Tr is calculated by formula (14).

Tr =
Tmax − Tmin

Tavg
× 100% (14)

where Tr is the torque ripple; Tmax is the maximum value of
torque; Tmin is theminimumvalue of torque; Tavg is the average
value of torque. When the motor operates stably under rated
conditions, the torque curves for the prototype and THAMR
are shown in Figure 9 and Figure 10.
In Figure 9, TY max, TY min, TY avg , and TY r represent the

torque maximum, torque minimum, torque average, and torque

ripple of the prototype, respectively. In Figure 10, TH max,
TH min, THavg , and THr represent the torque maximum, torque
minimum, torque average, and torque ripple of the THAMR, re-
spectively. The average torque of the prototype is 263.5mN·m,
while that of the THAMR is 262.8mN·m.
According to formula (14), the torque ripple of the proto-

type is 23.12% while that of the THAMR is 8.27%. The results
show that after using THAMR in this paper, the average value
of the motor’s torque decreases slightly compared to the proto-
type, but the optimization of the motor’s torque ripple is more
obvious.

2.4. Design of the CSHAMR

Brushed DC motors generate electric sparks during commuta-
tion due to their unique mechanical commutation structure. To
reduce the electric spark, the magnetic field within the commu-
tation interval should be required to be as small as possible to
reduce the armature reaction potential of the commutation ele-
ment [21]. The approximate sinusoidal air-gap magnetic field
generated by the use of the THAMR has a high magnetic field
strength in the commutation interval of the motor, which is not
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(a) (b)

FIGURE 11. The schematic structure of the CSHAMR: (a) α = 0◦; (b)
α ̸= 0◦.

conducive to motor commutation. In this paper, the magnetic
field strength in the commutation interval will be reduced by
opening concave slots on both sides of the THAMR. The struc-
ture of the CSHAMR is shown in Figure 11, where L, β, and
α denote the depth of the concave slots, arc angle, and edge
transition angle, respectively. When the tooth slot effect is ne-
glected, the no-load back EMF waveform of the unilateral con-
ductor Coil_0 (shown in Figure 4b) depends entirely on the air-
gap magnetic field waveform, and the commutation interval of
Coil_0 is located near the electrical angle of 165◦ ± 15.
Considering that the armature reaction of the motor can lead

to distortions in the air-gap magnetic field, causing a magnetic
field zero shift, the range of intervals of concern should be
slightly larger than the commutation intervals. In this paper, fo-
cus is on the no-load back EMF magnitude F of the unilateral
conductor Coil_0 in the interval γ (γ = 165◦±22.5◦ electrical
angle) to check the optimization effect of the air-gap magnetic
field. Several sets of scenarios are listed in Table 3 for differ-
ent values of L, β, and α, respectively. The no-load back EMF
waveforms of the unilateral conductor Coil_0 in interval γ in
different schemes and the prototype are shown in Figure 12.

TABLE 3. The values of the concave slots parameters for different sce-
narios.

L β α

Unit mm deg deg
Scheme 1 2 35 5
Scheme 2 3 35 5
Scheme 3 3 40 5
Scheme 4 2 35 10

By comparing the magnitude of the no-load back-EMF of the
unilateral conductor Coil_0 between different schemes, it can
be seen that L, β, and α all affect the no-load back EMF. In
addition, a concave slot in the magnetic ring causes changes
in motor torque and torque ripple. Therefore, the determina-
tion of each parameter in the concave slot should not unilater-
ally consider only the commutation performance but should be
considered comprehensively from multiple dimensions. In this
optimization, commutation performance, average torque, and
torque ripple will be selected as the optimization objectives,
and to obtain a non-inferior solution for all three at the same
time, a multi-objective optimization of the motor is required.

FIGURE 12. The no-load back EMF of the unilateral conductor Coil_0
in the interval γ.

3. PMDCM MULTI-OBJECTIVE OPTIMIZATION

3.1. Optimize the Problem Description
This time, the average torque, torque ripple, and commutation
performance are taken as themotor optimization objectives. On
the one hand, the motor is required to meet a certain average
torque; on the other hand, themotor is required to have a smaller
torque ripple and better commutation performance. Taking the
concave slots depth L, arc angle β, and edge transition angle α
as optimization variables, the specific problem of motor struc-
ture optimization can be summarized as formula (15).

f1 : maxTavg

f2 : minTr

f3 : minF
s.t 0.5mm ≤ L ≤ 4.5mm

28◦ ≤ L ≤ 42◦

0◦ ≤ α ≤ 25◦

(15)

where f1, f2, f3 are the three optimization objectives; max and
min indicate that the optimization objectives are maximum and
minimum; Tavg denotes the average value of torque; Tr denotes
the torque ripple; and F denotes the amplitude of the no-load
back EMF of the unilateral conductor Coil_0 in the interval γ.

3.2. Analysis of PSO Algorithm and Optimization Results
PSO algorithm is a kind of optimization algorithm based on
population evolution theory [22], which has the advantages
of simple calculation, few adjustable parameters, fast conver-
gence speed, and strong robustness, and its optimization flow is
shown in Figure 13. The basic equation of PSO algorithm can
be expressed by formula (16).

{
V k+1
id = ωV k

id+c1r1
(
P k
id−Xk

id

)
+ c2r2

(
Qk

id−Xk
id

)
Xk+1

id = Xk
id+V k+1

id

(16)

where Vid andXid are the velocity and position of the ith parti-
cle in d-dimensional space, respectively; k, d, and ω represent
the number of iterations, the size of the particle search space,

99 www.jpier.org



Zeng and Li

FIGURE 13. Particle swarm optimization (PSO) algorithm flow.

and the inertial weight, respectively; r1 and r2 are random num-
bers between [0, 1]; c1 and c2 represent the acceleration coef-
ficients; Q and P represent the global optimum and local opti-
mum, respectively
To enhance the optimization of the initial global search and

ensure that the particles converge to the global optimum solu-
tion in later stages of the search, the inertia weight coefficient ω
in the above equation is set to decrease linearly fromωmax = 0.9
to ωmax = 0.2, as shown in formula (17). The acceleration co-
efficients c1 and c2 are set to use an asynchronous time-varying
method, as shown in formula (18).

ω = ωmax − (ωmax − ωmin)
k

Ncmax
(17)

{
c1 = c1max − (c1max − c1min)

k
Ncmax

c2 = c2max + (c2max − c2min)
k

Ncmax

(18)

The prerequisite for multi-objective optimization of the mo-
tor is to establish a parametric model of the variables. Before
simulation, a parametric model of the magnetic ring should be
established in Maxwell 2D using the concave slots depth L, arc
angle β, and edge transition angle α as parametric variables.
This paper is based on OptSLang and combines PSO algorithm
to perform sensitivity analysis on the schemes. The optimiza-
tion results are presented in the form of a Pareto 3D optimal
solution set, as shown in Figure 14.
From Figure 14, the coordinate axes in the figure represent

the average torque, torque ripple, and no-load back EMF of
the unilateral conductor Coil_0 in the interval γ, respectively.
The points in the figure represent particles with different input
variables. Black represents particles that do not meet the con-
straint conditions, while red represents particles that meet the
constraint conditions. The optimal solution set of the scheme
is located on the Pareto front. it can be seen that the optimiza-
tion scheme is more effective in optimizing the torque ripple,
but due to the reduction in the amount of permanent magnets,
it leads to a decrease in the average torque. This optimization
requires that the average motor torque Tavg ≥ 259mN·m and
no-load back EMF amplitude F ≤ 40mV for the unilateral

FIGURE 14. The multi-objective optimization of optimal solution sets
(Pareto 3D).

TABLE 4. The comparison of the optimization results for different op-
timization schemes.

Tavg Tr F

Unit mN·m % mV
Point 1 259.7 15.23 33.02
Point 2 259.8 14.4 29.47
Point 3 260.1 14.2 30.33
Point 4 259.7 14.11 37.77

conductor Coil_0 in the interval γ. According to the require-
ments, four more optimal schemes can be selected from them,
i.e., Points 1 to 4. The optimization results of the four scenarios
are shown in Table 4.
From Table 4, it can be seen that the simulation results of the

four schemes are relatively close to each other, and the cogging
torque amplitude Tcog can be further analyzed to select the final
optimization scheme from them. The cogging torques of the
four schemes and the prototype are shown in Figure 15.

FIGURE 15. The cogging torques of the different schemes with the
prototype.
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The simulation results show that Tcog of the four optimized
schemes are lower than that of the prototype. The cogging
torque magnitude of the prototype is 24.78mN·m, and the cog-
ging torque magnitude of Point 2 is 16.28mN·m. Here, Point
2 (L = 2.4mm, β = 34.02◦, α = 11◦) is selected as the final
optimized scheme. The optimized motor structure is shown in
Figure 16.

  FIGURE 16. The final optimized structure of the CSHAMR.

3.3. Motor Performance Comparison before and after Opti-
mization
The no-load back EMF waveforms of the before and after opti-
mization unilateral conductor Coil_0 in the interval γ are shown
in Figure 17, and the radial air-gap magnetic flux density wave-
form is shown in Figure 18. The amplitude of the no-load back
EMF of the optimized unilateral conductor Coil_0 in the in-
terval γ is reduced from 72.2mV to 29.47mV, a reduction of
59.18%. The magnetic field strength in the commutation inter-
val is significantly lower than that before slotting (THAMR).
The optimized magnetic flux density distribution of the mo-

tor is shown in Figure 19. The magnetic flux density on both
sides of the machine housing has been significantly reduced
compared to the prototype, which can improve the local mag-
netic saturation problem caused by the machine housing being
too thin.
The motor torque curves before and after optimization are

shown in Figure 20, and the cogging torque is shown in Fig-
ure 21. The average torque of the motor decreases slightly af-

FIGURE 17. The no-load back EMF of the unilateral conductor Coil_0
in the interval γ.

FIGURE 18. The radial air-gap magnetic flux density between different
schemes.

FIGURE 19. The magnetic flux density distribution of the CSHAMR
scheme.

ter optimization, but the optimization of torque ripple and cog-
ging torque is more obvious. The torque ripple decreases from
23.12% to 14.4%, and the cogging torque amplitude decreases
from 24.78mN·m to 16.28mN·m, a decrease of 34.3%. A sum-
mary of the optimized performance parameters of the motor is
shown in Table 5, where F is the no-load back EMF amplitude
of the unilateral conductor Coil_0 in the interval γ.

TABLE 5. The summary of the PMDCM performance parameters be-
fore and after optimization.

Tavg Tr Tcog F

Unit mN·m % mN·m mV

Prototype 263.5 23.12 24.78 72.2

CSHAMR 259.8 14.4 16.28 29.47

εCSHAMR (%) −1.4% −37.72% −34.3% −59.18%
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FIGURE 20. The torque curve before and after optimization. FIGURE 21. The cogging torque curves before and after optimization.

4. CONCLUSION
In this paper, a 2-pole, 12-slot PMDCM has been optimized
using a Halbach array, and the CSHAMR structure has effec-
tively reduced the air-gap magnetic field strength in the com-
mutation interval. A parametricmodel of the CSHAMRwas es-
tablished and combinedwith PSO algorithm for multi-objective
optimization of the motor, which yielded the following results
(1) The air-gap magnetic field strength in the commuta-

tion interval is significantly reduced in CSHAMR compared to
THAMR. The amplitude of the no-load back EMF of the uni-
lateral conductor Coil_0 in the interval γ decreases by 59.18%
compared to the prototype, and the commutation performance
has been optimized to some extent.
(2) The air-gap magnetic field waveform of the prototype is

an approximate trapezoidal waveform, and CSHAMR is an ap-
proximate sinusoidal waveform. Although the average motor
torque is slightly decreased after optimization, the optimization
of torque ripple and cogging torque is more obvious, which are
reduced by 37.72% and 34.3%, respectively.
(3) The magnetic ring structure can effectively improve the

problem of local magnetic saturation on both sides of the ma-
chine housing caused by the prototype machine housing being
too thin.
Based on the above conclusions, it can be seen that

CSHAMR effectively improves the problem of the increased
air-gap magnetic field in the commutation interval caused by
the use of the THAMR. In addition, the approximate sinusoidal
wave air-gap magnetic field formed by the Halbach array
can optimize the motor torque ripple and cogging torque,
which is conducive to the improvement of the stability of the
motor operation and the reduction of the operation noise. The
design of this paper can provide some reference value for the
application of the Halbach array in brushed DC motors.
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