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With the development of power electronics technology, permanent magnet brushless DC motors have developed rapidly and are
now widely used in electric vehicles, fywheel energy storage, rail transit, and other applications. Te stator slot structure is one of
the main factors afecting the performance of the motor. A low-power permanent magnet brushless DCmotor was selected as the
research object, and the fnite element analysis method was used to study the efects of diferent slot and pole combinations and
stator slot types on the cogging torque, reluctance torque, and back electromotive force of the permanent magnet brushless DC
motor. Te infuence of the stator slot structure of the motor on the performance of the motor was analyzed, and the optimal slot-
pole combination and stator slot type were determined. Te results showed that the cogging torque of the 2-stage 24-slot motor
was 14mN·m, and the reluctance torque was 75mN·m.Te cogging torque and reluctance torque were the smallest, and the back
electromotive force waveform was similar to a trapezoidal wave. Te motor cogging torque of the pear-shaped round slot was the
smallest, with a value of 460mN·m, and the motor reluctance torque of the pear-shaped trapezoidal slot was the smallest, with a
value of 1.2N·m. Te back electromotive force waveforms of the motors with four diferent stator slot types were similar.

1. Introduction

In 1962, T.G. Wilson of Duke University and P.H. Trickey of
Wright Machinery Company fled a patent titled “solid-state
commutation DC motor,” and subsequently, the frst
brushless direct current (DC) motors in the world were
developed. With a brushless DC motor, the mechanical
commutator in the traditional DC motor is replaced by an
electronic commutator [1].Te permanent magnet brushless
DC motor is a brushless DC motor that generates a main
magnetic feld through a permanent magnet.Tere are many
classifcations of permanent magnet brushless DC motors.
For example, the design of a permanent magnet brushless
DC motor using a fractional slot can improve the efciency
and power density, improve the motor rotation speed, and
make the motor a high-speed permanent magnet brushless
DC motor. Compared with an ordinary permanent magnet
brushless DC motor, a high-speed permanent magnet
brushless DC motor has the advantages of low noise, high
operating efciency, and a long service life. Te research on

high-speed permanent magnet brushless DC motors is also
consistent with China’s development direction toward high
efciency and energy conservation, and thus, these motors
have great advantages [2–7].

Te research on permanent magnet brushless DC mo-
tors is very popular and involves various felds. In the feld of
deep space satellites, Xu changed the permanent magnet
structure of the permanent magnet brushless DC motor into
a double coil form and then studied and designed a per-
manent magnet brushless DC motor using the momentum
wheels of micro-nano satellites, which solved the issues of
low torque and high power consumption [8]. Peng designed
a slot-free, high-speed scheme based on a permanent magnet
brushless DC motor and obtained a new type of motor. In
addition, for this new type of motor, the infuences of
diferent stator slot and rotor pole number combinations on
the motor performance were analyzed [9]. Su studied dif-
ferent stator slot and rotor pole combinations, obtained
appropriate pole slot combinations through simulation
analysis, and designed a permanent magnet brushless DC
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motor for the unmanned aerial vehicle (UAV) feld [10]. Li
studied a brushless DC motor for electric vehicles and
optimized the cogging torque of the motor [11]. Kim et al.
compared combinations of the stator slot and rotor pole of
permanent magnet brushless DC motors and found that the
motor with six slots had the best efciency. In addition, they
also compared the magnetization directions of the motor
and found that the concentrated magnetization direction
had the best efciency [12]. Bhuvaneswari et al. selected a
permanent magnet brushless DC motor with an axial
magnetic fux type and designed a permanent magnet
brushless DC motor applied to a ceiling fan to conserve
power [13]. To reduce the cogging torque in the permanent
magnet brushless DC motor, Anuja and Doss adopted
asymmetric permanent magnets, which reduced the magnet
locking between the stator and rotor [14]. Anuja and
Ravikumar et al. also used the fnite element analysis method
and adjusted the rotor magnetic displacement to reduce the
cogging torque in a permanent magnet brushless DC motor
[15, 16]. Zuki et al. studied various parameters of diferent
types of permanent magnet brushless DC motors with
double-stator structures and concluded that the back elec-
tromotive force (EMF) of the permanent magnet brushless
DC motor with a double-stator slot rotor structure was the
highest [17].

At present, permanent magnet brushless DC motors
have high research value and development potential.
However, the research on permanent magnet brushless DC
motors in the literature described above is not complete, and
the stator slot design is lacking. Te stator slot structure will
have a certain impact on the motor performance. In the
design of motor, the most difcult thing to determine is the
number of slot pole ft. If not selected properly, it will cause
the back potential harmonics to be larger, the cogging
moment to be larger, and afect the usability [18, 19].
Terefore, the low-power permanent magnet brushless DC
motor was selected as the research object in this study. Te
stator slot structure of the motor was designed, including the
slot-pole combinations and the stator slot type. To study the
stator slot type, four diferent schemes were designed: a pear-
shaped ladder slot, pear-shaped round slot, fat-bottom
ladder slot, and fat-bottom round slot, and their efects on
the cogging torque, reluctance torque, and back EMF were
analyzed. Te infuences of diferent slot-pole combinations
and the stator slot type on the cogging torque, reluctance
torque, and back EMF of the permanent magnet brushless
DC motor were analyzed using the fnite element analysis
method and the ANSYS software using a load current ex-
citation source and the motion option setting. Furthermore,
the optimal pole/slot ratio and stator slot type were
determined.

Te results showed that the cogging torque of the 2-stage
24-slot motor was 14mN∙m, and the reluctance torque was
75mN∙m. Moreover, the cogging torque and the reluctance
torque of the 2-stage 24-slot motor were the smallest. In
addition, the back EMF waveform was the best, resembling a
trapezoidal wave; the permanent magnet brushless DC
motor stator slot type; the motor cogging torque of the pear-
shaped circular slot was the smallest, with a value of

460mN·m, and the motor reluctance torque of the pear-
shaped ladder slot was the smallest, with a value of 1.2N·m.
Te conclusion of this study can provide theoretical support
for the design of low-power brushless DC motors, especially
for the design of small UAV motors.

2. Theory of Operation

2.1. Motor Confguration and Parameters. Guo et al. studied
the stator slot and rotor magnetic pole combination of a
surface permanent magnet (SPM) motor and analyzed the
back EMF and cogging torque of the motor under diferent
slot-pole combinations with 6, 12, 15, 18, 21, 24, 27, 30, and
33 slots and 4, 8, and 10 poles [20]. Terefore, according to
the above literature analysis, 4-pole 12-slot, 4-pole 18-slot, 4-
pole 24-slot, 4-pole 30-slot, 2-pole 24-slot, 4-pole 24-slot, 6-
pole 24-slot, and 8-pole 24-slot slot electrode combinations
were selected for this study. Table 1 shows the main
structural parameters of a permanent magnet brushless DC
motor [21]. Te topology of the 4-pole 12-slot motor is
shown in Figure 1.

2.2. Analysis. A motor fnite element method model was
established using the ANSYS software. Te pole/slot ratio
and stator slot type of the permanent magnet brushless DC
motor were analyzed, and the fnite element simulation
results were obtained. Based on the simulation results, the
efects of diferent slot-pole combinations on the cogging
torque, reluctance torque, and back EMF of the motor under
the two schemes were analyzed, and the optimal pole/slot
ratio and stator slot type were determined. All comparative
analyses were performed under a single infuence. Ac-
cordingly, the Maxwell equation used for FEM analysis is
expressed as

z

zx

v
zA

zx

􏼠 􏼡 +
z

zy

v
zA

zy

􏼠 􏼡 � −JZ − v
zMy

zx

+ v
zMx

zy

, (1)

where A is component of magnetic vector potential, JZ is the
input current density, Mx and My are the x- and y-com-
ponent of magnetization of permanent magnets, and v is
reluctivity.

Te cogging torque is an important factor that afects the
performance of a permanent magnet brushless DC motor. If
the cogging torque is too large, vibrations and noise will be
generated during the operation of the motor, which will
make the motor unable to operate normally and smoothly
and will further afect the overall performance of the motor.
Te reluctance torque is caused by the magnetic fux de-
viating from the correct path due to the inconsistency of the
direct axisD and the quadrature axisQ. In the same case, the
greater the reluctance torque diference between the d-axis
and the q-axis is, the greater the corresponding reluctance
torque becomes. Te reluctance torque can reduce the stator
current and improve the out-of-step torque. Te overall
performance of the motor can be efectively improved by
selecting an appropriate value for the reluctance torque. Te
magnitude of the back EMF afects the efciency of energy
conversion and can reduce the armature current generated
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Table 1: Main technical parameters of permanent magnet brushless direct current (DC) motor.

Technical parameter Data Technical parameter Data
Rotor position Inner rotor Winding turn-to-turn connection mode All pole type
Mechanical friction loss (W) 12 Number of parallel branches of winding 1
Air abrasion loss (W) 0 Turns per slot 60
Initial speed (rpm) 1500 Coil pitch 5
Control mode DC Number of parallel coils of one turn 1
Outer diameter of stator core (mm) 125 Rotor outer diameter (mm) 79
Inner diameter of stator core (mm) 80 Rotor inner diameter (mm) 31
Actual axial length of stator core (mm) 70 Axial length of rotor (mm) 70
Lamination coefcient of stator core 0.95 Rotor core punching material M19_24G
Stator core punching material M19_24G Lamination coefcient of rotor core 0.95
Number of stator inclined slots 0 Permanent magnet material XG196/96
Number of winding layers 2 Stator winding material Copper

X

Y

0 35 70 (mm)

Time = 0 s
= 1500.000000 rpmSpeed

Position = 65.446700 deg

Figure 1: Topology of 4-pole 12-slot motor.

International Transactions on Electrical Energy Systems 3



during the operation of the motor. If there is no back EMF, it
is easy to burn out the motor. A reasonable back EMF value
can improve the overall performance of the motor [22]. In
the permanent magnet brushless DC motor, the ideal back
EMF waveform is a trapezoidal wave.

3. Results and Analysis

3.1. Research on Diferent Pole Slot Numbers

3.1.1. Cogging Torque. Trough the establishment of dif-
ferent slot pole number motor models, under the same
working conditions of the motor simulation analysis, the
results show that Figures 2–5 show the cogging torque
curves for the 4-pole 12-slot, 4-pole 18-slot, 4-pole 24-slot,

and 4-pole 30-slot motors, respectively, with maximum
cogging torques of 510, 220, 500, and 136mN·m.

Trough comparison and analysis, the 4-pole 30-slot
motor had the smallest cogging torque and the best per-
formance, while the 4-pole 12-slot motor had the largest
cogging torque and the worst performance.Te curves of the
motors with diferent pole slot numbers showed periodic
changes. Based on the comparison, the cogging torque
curves of the 4-pole 18-slot and 4-pole 30-slot motors were
similar to sinusoidal waveforms, and the variation fre-
quencies were also similar and larger.

Figure 6 shows the 2-pole 24-slot cogging torque curve,
with a maximum cogging torque of 14mN·m. Figure 7
shows the 6-pole 24-slot cogging torque curve, with a
maximum cogging torque of 780mN·m. Figure 8 shows the
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Figure 2: Torque curve of 4-pole 12-slot motor.
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Figure 3: Torque curve of 4-pole 18-slot motor.
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8-pole 24-slot cogging torque curve, with a maximum
cogging torque of 1.54mN·m. Te 2-pole 24-slot motor
exhibited the smallest cogging torque and the best perfor-
mance, while the 8-pole 24-slot motor exhibited the largest
cogging torque and the worst performance. Te cogging
torque curves of the motors with diferent pole slots showed
periodic changes, and the frequency variations were almost
the same. Based on the comparison, the cogging torque
curves of the 2-pole 24-slot and 4-pole 24-slot motors were
generally similar, and the cogging torque curves of the 6-pole
24-slot and 8-pole 24-slot motors were approximately
symmetric in the vertical direction.

3.1.2. Reluctance Torque. Figure 9 shows a graph of the
reluctance torque of the 4-pole 12-slot motor, with a
maximum value of 1.38N·m. Figure 10 shows a graph of the
reluctance torque of the 4-pole 18-slot motor, with a
maximum value of 730mN·m. Figure 11 shows a graph of
the reluctance torque of the 4-pole 24-slot motor, with a
maximum value of 1.2N·m. Figure 12 shows a graph of the
reluctance torque of the 4-pole 30-slot motor, with a
maximum value of 0.95N·m.Temotor reluctance torque of
the 4-pole 12-slot motor was the largest, and the motor
reluctance torque of 4-pole 18-slot motor was the smallest.
Te motor reluctance torque curve of the 4-pole 12-slot
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Figure 4: Torque curve of 4-pole 24-slot motor.

150.00

100.00

50.00

0.00

-50.00

-100.00

-150.00
0.00 125.00 250.00 375.00

ElectricalDegree [deg]

Co
gg

in
gT

or
qu

e [
m

N
ew

to
nM

et
er

]

Curve Info
CoggingTorque

Torque Plot 1

Figure 5: Torque curve of 4-pole 30-slot motor.
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motor fuctuated the least, and the motor reluctance torque
curve of the 4-pole 30-slot motor fuctuated the most.

Figure 13 shows a graph of the reluctance torque of the 2-
poles 24-slot motor, with a maximum value of 75mN·m.
Figure 14 shows a graph of the reluctance torque of the 6-
pole 24-slot motor, with the maximum value of 8.5N·m.
Figure 15 shows a graph of the reluctance torque of the 8-
pole 24-slot motor, with a maximum value of 3.83N·m. In
addition, the maximum value of the motor reluctance torque
of the 4-pole 24-slot motor shown in Figure 12 was 1.2N·m.
Temotor reluctance torque of the 6-pole 24-slot motor was
the largest, and the motor reluctance torque of the 2-pole 24-
slot motor was the smallest.

3.1.3. Back Electromotive Force (EMF). Figure 16 shows a
graph of the back EMF of the 4-pole 12-slot motor, with a
peak value of 225 V. Figure 17 shows a graph of the back
EMF of the 4-pole 18-slot motor, with a peak value of
660 V. Figure 18 shows a 4-pole 24-slot back EMF curve
with a peak value of 0.88 kV. Figure 19 shows the back EMF
curve of the reluctance torque moment of the 4-pole 30-slot
motor, with a peak value of 0.86 kV. Trough comparison
and analysis, the peak value of the back EMF of the 4-pole
24-slot motor was the largest, and the peak value of the 4-
pole 12-slot motor was the smallest. Te back EMF curve in
Figure 16 is signifcantly distorted, while those in
Figures 17–19 have less distortion. Te curves were similar
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Figure 6: Torque curve of 2-pole 24-slot motor.
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Figure 7: Torque curve of 6-pole 24-slot motor.
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to sine waves, but there were certain deviations from the
ideal waveform.

Figure 20 shows the back EMF curve of the 2-pole 24-slot
motor, with a peak value of 140V. Figure 21 shows the back
EMF curve of the 6-pole 24-slot motor, with a peak value of
1.36 kV. Figure 22 shows the back EMF curve of the 8-pole
24-slot motor, with a peak value of 0.93 kV. Figure 18 shows
that the peak value of the back EMF curve of the 4-pole 24-
slot motor was 0.88 kV. Te peak value of the back EMF of
the 6-pole 24-slot motor was the largest, and the peak value
of the 2-pole 24-slot motor was the smallest. Te back EMF
curve waveform in Figure 20 was similar to a trapezoidal
wave, and the waveform was good. Te back EMF curve

waveform in Figure 22 was signifcantly distorted. Te back
EMF curve waveforms in Figures 18 and 21 had no dis-
tortion.Te curves were similar to sine waves, but there were
certain deviations from the ideal waveform.

3.2. Research on Stator Slot. Tis article studies four types of
grooves (Figure 23), namely, pear-shaped ladder groove,
pear-shaped circular groove, fat-bottom ladder groove, and
fat-bottom circular groove, respectively, and analyses their
efects on cutting torque, magnetic resistance moment, and
back electromotive force, as well as their efects on motor
performance.
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Figure 8: Torque curve 8-pole 24-slot motor.

1.50

1.00

0.50

0.00

-0.50

-1.00

-1.50
0.00 10.00 20.00 30.00 40.00

Time [ms]

M
ov

in
g1

.T
or

qu
e [

N
ew

to
nM

et
er

]

Torque
Curve Info
Moving1.Torque

Figure 9: Reluctance torque curve of 4-pole 12-slot motor.
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Te structure of the pear-shaped ladder slot is shown in
Figure 23(a), where Hs0 is 0.6mm, Hs1 is 1.1mm, Hs2 is
8.3mm, Bs0 is 2.6mm, Bs1 is 5.7mm, and Bs2 is 7.7mm.
Te structure diagram of the pear-shaped round slot is
shown in Figure 23(b), where Hs0 is 0.6mm, Hs2 is 8.3mm,
Bs0 is 2.6mm, Bs1 is 5.7mm, and Bs2 is 7.7mm. Te
structure diagram of the fat-bottom ladder slot is shown in
Figure 23(c), where Hs0 is 0.6mm, Hs1 is 1.1mm, Hs2 is
8.3mm, Bs0 is 2.6mm, Bs1 is 5.7mm, Bs2 is 7.7mm, and Rs
is 0mm.Te structure diagram of the fat-bottom round slot
is shown in Figure 23(d), where Hs0 is 0.6mm, Hs1 is
1.1mm, Hs2 is 8.3mm, Bs0 is 2.6mm, Bs1 is 5.7mm, Bs2 is
7.7mm, and Rs is 0mm.

3.2.1. Cogging Torque. Figure 24 shows the torque curve of
the pear-shaped slot motor, with a maximum value of
500mN·m. Figure 25 shows the cogging torque curve of the
pear-shaped circular slot motor, with a maximum value of
460mN·m. Figure 26 shows the cogging torque curve of the
fat-bottom ladder slot motor, with a maximum value of
520mN·m. Figure 27 shows the cogging torque curve of the
fat-bottom circular slot motor, with a maximum value of
520mN·m. Te cogging torque of the motor with the pear-
shaped circular slot was the smallest, and the motor per-
formance was the best, while the cogging torque of themotor
with the fat-bottom ladder and circular slot was the largest,
and the motor performance was the worst. Te curves of the
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Figure 10: Reluctance torque curve of 4-pole 18-slot motor.
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Figure 11: Reluctance torque curve of 4-pole 24-slot motor.
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other four motors with diferent stator slot types were
similar and showed periodic variations.

3.2.2. Reluctance Torque. Figure 28 shows a graph of the
reluctance torque of the pear-shaped ladder slot motor, with
a maximum value of 1.2N·m. Figure 29 shows a graph of the
reluctance torque of the pear-shaped circular slot motor,

with a maximum value of 1.35N·m. Figure 30 shows a graph
of the reluctance torque of the fat-bottom ladder slot motor,
with a maximum value of 1.27N·m. Figure 31 shows a graph
of the reluctance torque of the fat-bottom circular slot
motor, with a maximum value of 1.28N·m. Trough
comparison and analysis, the motor reluctance torque of the
fat-bottom round-mouth groove was the largest, and the
motor reluctance torque of the pear-shaped ladder-mouth
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Figure 12: Reluctance torque curve of 4-pole 30-slot motor.
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Figure 19: Back EMF curves of 4-pole 30-slot motor.
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Figure 22: Back EMF curve of 8-pole 24-slot motor.
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Figure 23: Four diferent types of slot patterns. (a) Pear-shaped ladder slot. (b) Pear-shaped round slot. (c) Flat-bottom ladder slot. (d) Flat-
bottom round slot.
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Figure 25: Cogging torque of pear-shaped circular slot motor.
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Figure 26: Cogging torque of fat-bottom ladder slot motor.
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Figure 24: Cogging torque of pear-shaped slot motor.
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Figure 27: Cogging torque of fat-bottom circular slot motor.
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Figure 28: Magnetic resistance torque curve of pear-shaped ladder slot motor.

Moving1.Torque
Curve Info

Time [ms]
10.00 20.00 30.00 40.000.00

1.50

1.00

0.50

0.00

-0.50

-1.00

-1.50

M
ov

in
g1

.T
or

qu
e [

N
ew

to
nM

et
er

]

Torque

Figure 29: Magnetic resistance torque curve of pear-shaped circular slot motor.
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Figure 30: Magnetic resistance torque curve of fat-bottom ladder slot motor.
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Figure 31: Magnetic resistance torque curve of fat-bottom circular slot motor.
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Figure 32: Back EMF curve of pear-shaped ladder slot motor.
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Figure 33: Back EMF curve of pea-shaped circular slot motor.
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Figure 34: Back EMF curve of fat-bottom ladder slot motor.
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Figure 35: Back EMF curve of fat-bottom circular slot motor.
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groove was the smallest. In addition, the motor reluctance
torque curves of the pear-shaped ladder-mouth groove, the
fat-bottom ladder-mouth groove, and the fat-bottom
round-mouth groove were similar.

Figure 32 shows the back EMF curve of the pear-shaped
ladder slot motor, with a peak value of 0.88 kV. Figure 33
shows the back EMF curve of the pear-shaped circular slot
motor, with a peak value of 0.85 kV. Figure 34 shows the
back EMF curve of the fat-bottom ladder slot motor, with a
peak value of 0.89 kV. Figure 35 shows the back EMF curve
of the fat-bottom circular slot motor, with a peak value of
0.87 kV. Te peak values of the back EMFs for these four
diferent stator slot motors were similar. Furthermore, the
curve waveforms of the back EMF were similar, and there
was little distortion. Te curve waveforms were similar to
sine waves, but there were certain deviations from the ideal
waveform.

4. Conclusions

Tis article examined the stator slot structure of a permanent
magnet brushless DC motor in terms of the slot number and
stator slot type, and their efects on the cogging torque,
reluctance torque, and back EMF were analyzed. Te fol-
lowing conclusions were obtained:

(a) Te efect of the pole-slot ratio on the cogging
torque, reluctance torque, and back EMF of a low-
power brushless DC motor is analyzed by simula-
tion. Te results show that the 2-pole and 24-slot
schemes have relatively excellent performances.

(b) In the study of the numbers of slots and poles of the
permanent magnet brushless DC motor, the cogging
torque of the 2-stage, 24-slot motor was 14mN·m,
and the reluctance torque was 75mN·m. Moreover,
the cogging torque and the reluctance torque of the
2-stage, 24-slot motor were the smallest. In addition,
the back EMF waveform was the best, resembling a
trapezoidal wave.

(c) In the study of the permanent magnet brushless DC
motor stator slot type, the motor cogging torque of
the pear-shaped circular slot was the smallest, with a
value of 460mN·m, and the motor reluctance torque
of the pear-shaped ladder slot was the smallest, with
a value of 1.2N·m. However, the back EMF wave-
forms of four diferent stator slot types were similar
and adequate.

(d) In the design of low-power brushless DC, 2-pole,
and 24-slot can be preferred. Moreover, the slot
shape does not appreciably afect the motor
performance.
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