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ABSTRACT This paper presents a novel auxiliary slot interior permanent-magnet (IPM) motor. It not only
plays the role of magnetic isolation and reduces the eddy-current (EC) loss, but also facilitates the ventilation
and heat dissipation of the rotor. Initially, using a high-speed 6-slot and 4-pole IPM motor as an example,
the structure characteristics of the auxiliary slot permanent-magnet (PM) motor with magnetic isolation and
heat dissipation are explained. Subsequently, the finite-element method (FEM) is employed to conduct a
multi-objective optimization design on the characteristic parameters of the auxiliary slot. Additionally, the
electromagnetic performance of the 6-slot and 4-pole IPM motor is systematically analyzed and evaluated.
Furthermore, the auxiliary slot structure was investigated to improve the efficiency of heat dissipation. The
heat dissipation capacity of the auxiliary slot was further enhanced by analyzing various shapes of auxiliary
slots. The results demonstrate that the proposed auxiliary slot structure can significantly reduce the EC loss
and greatly improve the heat dissipation effect. Finally, the prototype is proofed by decreasing the volume,
and the relevant experimental verification is carried out.

INDEX TERMS ANSYS Maxwell simulation, permanent-magnet motor, eddy-current loss, rotor auxiliary
slot.

I. INTRODUCTION

Fractional-slot concentrated-winding (FSCW) PM motor has
the advantages of a short winding end, high slot fulling,
sinusoidal back-electromotive force (EMF) waveform, small
torque ripple, and excellent fault-tolerant performance. It
has significant applications in aerospace, military equip-
ment, electric vehicles, ship propulsion, and other fields [1],
[2], [3], [4]. However, the FSCW-PM motor has abundant
magnet-motive force (MMF) harmonics, which will induce
significant EC loss in the rotor PMs [5], [6], [7]. The rotor
of the IPM motor makes it difficult to dissipate heat, and
these heat accumulations exacerbate the motor temperature.
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It affects the output torque and causes irreversible PM
demagnetization [8], [9], [10].

The suppression of EC loss is mainly by limiting the EC
path, reducing stator MMF harmonics, and weakening the
armature reaction magnetic field. Segment technology is the
most commonly used method to reduce rotor EC loss. Its
essence is to limit the EC path. In [11], [12], [13], [14], and
[15], the axial and circumferential segmentation of PMs is
carried out to increase the internal resistance of the EC loop,
thereby reducing the EC loss. However, the segmentation will
significantly increase the machining accuracy and difficulty
of the brittle PM. In [16], [17], [18], [19], and [20], an EC
loss suppression method with flux barriers on the rotor is
systematically studied. The research shows that the rotor EC
loss and core loss can be reduced due to the suppression of
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the low-order and long magnetic circuit armature reaction
magnetic field harmonic by the flux barriers. However, this
method isolates the rotor core, and the integrity of the rotor
structure is threatened. Especially for the IPM motor, the
application of this method will be limited.

Therefore, how to reduce the EC loss of the rotor and
strengthen the heat dissipation effect of the high-speed rotor
without affecting the main magnetic field and the mechan-
ical properties is of great significance for the efficiency
raising, energy saving, and quality improvement of electric
equipment.

This paper proposes an auxiliary slot PM motor that inte-
grates magnetic isolation and heat dissipation. It not only
significantly reduces the EC loss, but also improves the effect
of ventilation and heat dissipation without affecting the out-
put torque performance. The arrangement of the article is as
follows. Section II focuses on the structural characteristics of
the auxiliary slot IPM motor. The multi-objective optimiza-
tion of the characteristic parameters of the rotor auxiliary
slots by the FEM is presented in Section III. Section IV
systematically analyzes the electromagnetic performance of
the optimized motor. With strengthening heat dissipation as
the key goal, the topology of the auxiliary slot is explored and
presented in Section V. Finally, the prototype is manufactured
and verified by experiments.

Il. STRUCTURAL CHARACTERISTICS OF AUXILIARY SLOT
IPM MOTOR

A. MAGNETIC ISOLATION

Fig. 1 shows the distribution magnetic field of the IPM motor,
including the PM magnetic field and armature reaction mag-
netic field. It should be noted that the left in Fig.1 (a) and (b)
is the original IPM structure, and the right is the proposed
IPM structure with the auxiliary slot. The rotor auxiliary
slot is added between two adjacent PM poles. There are two
essential principles for the design of the auxiliary slot: 1) Try
not to affect the PM field; 2) Minimize the armature reaction
magnetic field as much as possible to reduce the eddy current
loss of the rotor [21], [22].
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FIGURE 1. The distribution of magnetic field. (a) PM magnetic field.

(b) Armature reaction magnetic field.

B. HEAT DISSIPATION CHANNELS

Except for the electromagnetic superiority, the designed aux-
iliary slot can also act as the heat dissipation vent of the
high-speed rotor. It can accelerate the air convection heat
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transfer in the air gap, thereby enhancing the heat dissipation
of the rotor. Fig. 2 exhibits the entire model of the motor and
the schematic of the internal heat dissipation channel. The
end of the housing adopts a hollow flange plate structure to
strengthen the ventilation and heat dissipation of the motor.
Combined with the auxiliary slot structure involved in this
paper, the ventilation and heat dissipation effect of the small-
volume high-speed motors can be further enhanced [23], [24].

Housing
B _PM
_Shaft

FIGURE 2. 3D motor model. (a) Entire model. (b) Heat dissipation
channel.

Ill. OPTIMIZATION OF ROTOR AUXILIARY SLOT

The schematic of the auxiliary slot structure is presented in
Fig. 3. The auxiliary slot width wg and depth A are selected
as the optimization variables in this paper, as shown in Fig. 3.
During the optimization process, the slot width is quanti-
tatively limited due to the distance limitation between two
adjacent PM poles. The FEM is used to optimize the two
variables of slot width and slot depth.
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FIGURE 3. Auxiliary slot structure. (a) 3D schematic. (b) Auxiliary slot
dimensioning diagram.

Fig. 4 presents the relationship between the amplitude of
the no-load back-EMFs fundamental wave and the depth and
width of the slot, and the relationship between the amplitude
and the slot depth on the slot width of 3mm is superimposed
(Limited by the distance between adjacent PMs). Overall,
the larger the depth and width, the larger the amplitude of
the fundamental wave, which shows that the auxiliary slot
can suppress the magnetic flux leakage between the poles of
the IPM motor, and the larger the slot, the more pronounced
the suppression effect. Through the local analysis of the
relationship between the fundamental amplitude and /g, it can
be seen that the amplitude first increases and then decreases
with the slot depth, and the amplitude is constant in the range
of 4-8mm. Fig. 5 shows the variation relationship of torque
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with slot depth and width. Its variation trend is the same as in
Fig. 4.

Fig. 6 exhibits the relationship between EC loss and the
depth and width of the slot. The more significant the width
and depth, the more obvious the suppression of the armature
reaction magnetic field and the smaller the EC loss. However,
when the width is 3mm, the EC loss decreases with the
increase of the slot depth and tends to be gentle at a depth
of 4mm.

Fig. 7 shows the relationship between the efficiency and
the slot’s depth and width. Due to the influence of the aux-
iliary slot on the torque and loss, the efficiency will change.
Similarly, the larger the auxiliary slot, the more conducive
to improving motor efficiency. When the width is fixed, the
efficiency tends to be stable from the depth of 4mm.

In summary, under the condition that the width of the
auxiliary slot is limited by space, the optimal depth point is
4mm, and the electromagnetic performance of all aspects is
better at this time.
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FIGURE 4. The relationship between the amplitude of the back-EMFs
fundamental wave and the depth and width of the slot.
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FIGURE 5. The relationship between torque and the depth and width of
the slot.

IV. ELECTROMAGNETIC PERFORMANCE ANALYSIS

According to the optimization design results of electro-
magnetic performance, and considering the two factors of
mechanical properties and heat dissipation capacity, the aux-
iliary slot depth of 4mm and the slot width of 3mm are
selected for further electromagnetic performance analysis.

The main design parameters of the two motors are shown in
Table 1.
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FIGURE 6. The relationship between EC loss and the depth and width of
the slot.
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FIGURE 7. The relationship between efficiency and the depth and width
of the slot.

TABLE 1. The main design parameters of the two motors.

Original Proposed
Stator outer diameter (mm) 90 90
Stator inside diameter (mm) 43.2 43.2
Axial length (mm) 75 75
Stator tooth width (mm) 10.3 10.3
Stator thickness (mm) 6.3 6.3
Air gap (mm) 0.9 0.9
Rotor outer diameter (mm) 41.4 414
Rotor inside diameter (mm) 14.4 14.4
Permanent magnet length (mm) 20.2 20.2
Permanent magnet thickness (mm) 2.9 2.9
Auxiliary slot width (mm) / 3
Auxiliary slot depth (mm) / 4

A. AIR GAP FLUX DENSITY ANALYSIS

Fig. 8 compares the air gap flux density under no-load condi-
tions before and after slotting. Due to the magnetic isolation
effect of the auxiliary slot, the magnetic flux leakage between
the poles of the PM is effectively reduced, the peak value of
the air gap flux density is improved, and the waveform is also
changed. Its harmonic order shows that the suppression of
magnetic flux leakage increases the flux density of the 2nd
PM field harmonics, which improves motor torque.

Fig. 9 shows the armature reaction flux density of the
motor. Compared with the original motor, the proposed aux-
iliary slot motor has some changes in the flux density wave-
form, and it can be found from its harmonic order that the 2nd
harmonic of the armature reaction flux density is reduced by
about 10%. Although this harmonic is a working harmonic,
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the increase of the PM flux density harmonic will not reduce
output torque. In addition, the reduction of armature reaction
field harmonics will reduce the harmonic losses of the motor.
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FIGURE 8. No-load flux density waveform and harmonic order.
(a) Waveform. (b) Harmonic order.
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FIGURE 9. Armature response flux density waveform and harmonic order.
(a) Waveform. (b) Harmonic order.

B. NO-LOAD BACK-EMFS

Fig. 10 compares the no-load magnetic lines of the PM motor
with and without auxiliary slots. The auxiliary slot of the rotor
slightly adjusts the magnetic circuit of the PM field. However,
it hardly affects the flux density of the PM, which is also the
essential principle of the design of the auxiliary slot.

(a) (b)

FIGURE 10. No-load magnetic lines. (a) Original. (b) Proposed.

Fig. 11 contrasts the no-load back-EMFs waveform and
harmonic order of the two PM motors. Generally, the auxil-
iary slot has little effect on the no-load back-EMFs waveform
of the motor. The waveform is relatively sinusoidal, the peak
is in a spike state, and the amplitude is about 250V. This is
because it contains a sizeable 5th harmonic, which can also be
seen in its harmonic order. In addition, the auxiliary slot can
increase the back-EMFs of the motor, and the fundamental
amplitude is increased from 222.4V to 234.1V, which is
increased by about 5%.
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FIGURE 11. No-load back-EMFs waveform and harmonic order.
(a) Waveform. (b) Harmonic order.

C. TORQUE

The saturation degree of the magnetic circuit is an essential
determinant factor affecting the output capacity of the motor.
The load flux density figure can intuitively characterize the
saturation degree of the motor magnetic circuit. In the flux
density range of 0 ~ 2T, the load flux density distribution of
the two structures is depicted in Fig. 12. It can be found that
due to the existence of the auxiliary slot, the saturation degree
of the motor is improved to a certain extent, which helps to
obtain greater torque output.

Fig. 13 shows the output torque of two different schemes.
After slotting, the average output torque is increased from
2.7Nm to 2.9Nm, about 7.4% higher than the original. The
torque ripple is also reduced from 32% to 21.1%.

Bltesla]

FIGURE 12. Load flux density. (a) Original. (b) Proposed.
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FIGURE 13. Output torque.

D. ELECTROMAGNETIC LOSS

Fig. 14 presents the iron loss of the two motors at the rated
load. The iron loss is slightly reduced after slotting, from
222.3W to 211W, which is reduced by about 5%.
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FIGURE 14. Total iron loss.

Fig. 15 compares the EC loss of the PM before and after
slotting. It can be seen that the EC loss after the rotor slotting
is significantly reduced, from 98.4W to 60.5W.
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FIGURE 15. PM EC loss.

The temperature distribution of two different rotor struc-
tures is described in Fig. 16. The maximum temperature of
the rotor after slotting is reduced from 113.6 °C to 92.8 °C.
It can be seen that the auxiliary slot structure has a particular
effect on heat dissipation.

113.6Max 92 8Max
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110.2 89.9
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(a) (b)
FIGURE 16. Rotor temperature distribution. (a) Original. (b) Proposed.

V. STRUCTURE EXPANSION OF ROTOR AUXILIARY SLOT

The original motor has a sizeable no-load current, mainly
caused by the fan at the end of the motor. The fan plays an
essential role in heat dissipation and ventilation. It is difficult
to remove or replace it. In other words, reducing the no-load
current and strengthening the heat dissipation is contradictory
on the technology. The integrated design of the fan and high-
speed PM rotor is critical to achieving low no-load current
and ensuring high heat dissipation. Therefore, a new coupled
rotor structure is proposed in this paper. The structure can
not only improve the electromagnetic performance, but also
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act as a fan with a favorable heat dissipation function. As
shown in Fig.17 (a), this paper improves the electromagnetic
performance and strengthens the heat dissipation by adding a
straight slot on the axial surface of the rotor. Fig. 17 (b) and
Fig. 17 (c) are further extensions of this paper. Changing the
shape of the slot increases the heat dissipation area, improves
the working surface, and further improves the heat dissipation
effect.

(@) (b) (c)

FIGURE 17. Rotor auxiliary slot structure. (a) Straight slot. (b) Skew slot.
(c) V-shaped slot.

Fig. 18 is the wind speed distribution of the rotor auxiliary
slot. It can be seen that after the skew slot is added, the axial
ventilation capacity of the rotor is improved. Compared with
the straight slot, it has a specific effect on heat dissipation,
but the result is not apparent. In contrast, the V-shaped slot
structure is more pronounced, which can accelerate the flow
of air inside the motor and play a more significant role in heat
dissipation.

(d)
FIGURE 18. Wind speed distribution of rotor auxiliary slot. (a) Legend.
(b) Straight slot. (c) Skew slot. (d) V-shaped slot.

(a)

VI. EXPERIMENTAL VERIFICATION

A. PROOFING OF PROTOTYPE

Based on previous analysis, this part verifies the motor by
experiments. Considering the cost of the motor, the motor is

reduced in equal proportion, and the prototype is exhibited in
Fig. 19.

B. EVALUATION OF TEST RESULTS
Firstly, the performance of the motor with a fan was tested.
Fig. 20 shows the efficiency test curves under different load
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(a) (b) ()

FIGURE 19. Prototype. (a) Rotor. (b) Rotor and winding. (c) Stator and
rotor.

torques. The efficiency of the proposed motor is higher
than that of the original motor in the whole load range.
The efficiency improvement in the load torque range of
100 ~ 200mNm is relatively significant. It is estimated
that the efficiency of this interval is increased by about
2.3 ~3.2%. According to the previous demonstration, the
rated torque of this motor is about 200mNm, and the effi-
ciency is increased by about 2.7% at this load point.
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— T T T T T T
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500
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FIGURE 20. Efficiency test curves under different load torques.

Fig. 21 depicts the current test curves under different load
torques. The current of the proposed motor is lower than
the original motor in the whole load range. Under the same
output torque, the smaller the current required, the stronger
the overload capacity of the motor. According to the test data
shown in Fig. 21, the proposed motor significantly improves
the overload capacity, which is conducive to improving the
performance of the entire product.

C. OPTIMIZED MOTOR FANLESS TEST
Immediately after this, the case without a fan was tested.
Fig. 22 presents the efficiency test curves under different load
torques. Obviously, the efficiency is greatly improved in the
whole load range under the condition of no fan, especially in
the load torque range of 100 ~ 200mNm. After calculation,
the efficiency in this range is increased by about 12 ~ 19%.
At the rated torque working point of the motor, the efficiency
is increased by about 11.6%.

Fig. 23 illustrates the current test curves under different
load torques. The proposed motor has enhanced overload
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FIGURE 21. Current test curves under different load torques.
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FIGURE 22. Efficiency test curves under different load torques.

performance (especially in the low torque region) without a
fan, dramatically improving motor performance.
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FIGURE 23. Current test curves under different load torques.

In summary, the proposed motor has a specific improve-
ment in efficiency when there is a fan, increasing by about
2.3~3.2%, and the overload performance is also enhanced. In
the case of no fan, the efficiency has been more significantly
improved by about 12 ~ 19%, and the overload capacity
has been further enhanced. Therefore, the proposed motor
substantially improves the performance of the original, which
is worthy of popularization and application.

VIl. CONCLUSION

This paper proposes an IPM brushless motor with a rotor
auxiliary slot. The interior one-type rotor structure is adopted,
and an open slot is designed between the poles of two adjacent
PMs. This structure can reduce the magnetic flux leakage
between the poles of two adjacent PMs, improve the uti-
lization rate of the PM, and reduce the EC loss to a certain

93009



IEEE Access

J. Mao et al.: Design and Analysis of Interior Permanent Magnet Motor

extent, which is beneficial to improving motor efficiency. In
addition, the auxiliary slot acts as the heat dissipation channel
of the rotor to enhance the convective heat transfer capacity
of the air inside the motor, which is profitable for ventilation
and heat dissipation. In addition to the above, the structure
can reduce the torque ripple to a certain extent. The specific
research results are as follows:

1) Reasonable rotor auxiliary slot design can improve the
air gap flux density, increase the output torque, and suppress
the torque ripple.

2) The rotor auxiliary slot design can reduce the harmonic
content of the flux density waveform and reduce the eddy
current loss.

3) A magnetic isolation slot is added to the rotor to form
a structured design similar to a ‘fan’, which abandons the
external fan. While reducing the load, the air in the air gap
maintains a high convective heat transfer capacity. While
improving the efficiency, the temperature of the rotor is effec-
tively reduced.
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