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Abstract: Owing to the shortage of rare-earth magnetic materials, various methods are being exam-
ined to reduce the use of magnets. One of these is a consequent pole. The consequent pole model can
reduce the use of magnets by 50% using only one pole of the magnet and replacing the other pole
with iron. However, the consequent pole has the disadvantage of generating back EMF asymmetry
and a high cogging torque. In this study, an intersect magnet consequent pole structure is proposed
to overcome the disadvantages of the existing consequent pole. Two methods have been proposed
to improve axial leakage magnetic flux caused by the intersect magnet consequent pole structure.
Finally, we propose a method to reduce the cogging torque and minimize the use of magnets with
the same performance standard. For motor design, two-dimensional and three-dimensional finite
element analysis was used, and comparative analysis was performed via simulations for several

models. The existing model and the final model were compared and verified.
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Permanent magnet synchronous motors are used in many industrial fields owing to
their high efficiency and performance [1-6]. However, owing to the scarcity of rare-earth
magnetic materials, the price of NdFeB magnets is gradually increasing. Therefore, it
is difficult to popularize and develop permanent magnet synchronous Motor (PMSM).
To solve this problem, many studies have been conducted to develop a motor that excludes

rare-earth magnets [7-9]. However, magnets that do not contain rare-earth elements exhibit
poor performance. Therefore, it is difficult to achieve the target performance. For this
reason, although NdFeB magnets are used, numerous studies have been conducted to
minimize their use. One such study is on the consequent pole (CP) [10-13]. The consequent
pole uses only one pole, and the other pole is composed of iron; therefore, the use of
magnets can be reduced by 50%. However, as much as the use of magnets is halved,
performance degradation occurs. In addition, because the structure uses only one pole,
back EMF asymmetry and a high cogging torque occur [14-16]. In this study, a motor for
electric power steering (EPS) was selected and designed as an existing model; an intersect
magnet consequent pole that can improve the disadvantages of the consequent pole and
minimize the use of magnets is proposed. The intersect magnet consequent pole is a model
that combines the upper and lower halves with the stacked half of the existing CP rotor
as the N pole CP, and the other half as the S pole CP. Thus, it is possible to overcome
the disadvantages of existing CPs with symmetry in the upper and lower halves of the
rotor. However, in the intersect magnet CP, a large axial leakage magnetic flux occurs
between the upper and lower halves of the rotor, resulting in a significant performance
degradation. To improve this, two methods are proposed in this study. The first involves
creating a gap between the upper and lower halves of the rotor, known as the rotor gap.
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It is then possible to reduce the axial leakage magnetic flux; however, it is difficult to
expect a large performance improvement. Therefore, the second method, that is, inserting
a magnet into the rotor gap, was proposed. If a center magnet is inserted, the leakage
magnetic flux generated between the upper and lower halves of the rotor can be reduced,
and the performance can be significantly improved by acting as a magnet concentration
structure. Subsequently, the cogging torque and magnet usage can be reduced based on the
same performance standard. In this study, a comparative analysis was performed using
two-dimensional (2D) and three-dimensional (3D) finite element analysis (FEA), and the
validity of the proposed model was verified by comparing it with the simulation results.

2. Consequent Pole Applied to Reduce Magnet Usage
2.1. Existing Model Analysis

Figure 1 illustrates the permanent magnet motor for the EPS and existing model.
In the existing model, 3-stage skew of the rotor is applied to reduce the cogging torque.
The cogging torque can be reduced by applying a skew structure to the rotor. The cogging
torques generated in the 1st, 2nd, and 3rd stages of the rotor skew are combined and cancel
each other out. Therefore, the cogging torque can be reduced. However, manufacturing is
difficult. Table 1 presents the performance and specifications of the proposed model.

S pole N pole

(a) (b)

Figure 1. Existing model for EPS: (a) full model, (b) 3-stage skew rotor 2. Applying consequent poles
to reduce the use of magnets.

Table 1. Performance and Specifications of Existing Models.

Parameter Value Unit
Pole/Slot 6/9 -
Stator diameter 84 mm
Rotor diameter 414 mm
Air gap 0.7 mm
Stack length 34.5 mm
Skew multi-stage/angle 3/75 step/DegM
Current density 17.3 A/mm?
Torque 5 Nm
Cogging torque 90 mNm
Rated speed 1000 rpm
Magnet material N48H
Core material 50pn470

2.2. Consequent Pole

In this study, the consequent pole was applied to the existing model to reduce the use
of magnets. Consequently, the total use of magnets can be reduced by 50% by removing
the N and S poles of the magnet inserted into the rotor, using only one pole, and replacing
the remaining pole with iron. Figure 2 depicts the rotor shape and magnetic flux lines of
the conventional and consequent pole models.
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Magnet

S pole N pole

+

Figure 2. Rotor shape and magnetic flux line of existing model and consequent pole model: (a) con-
ventional model, (b) consequent pole model.

As shown by the magnetic flux line in Figure 2, it can be confirmed that the magnetic
flux flows the same in the existing model and the consequent pole model. However, because
the consequent pole model does not use one magnet pole, it was found that the maximum
size of the magnetic flux is 0.0066 (Wb/m), which is smaller than the 0.008 (Wb/m) of
the existing model. Figure 3 shows the back EMF and cogging-torque waveforms of the
conventional model without skew and the consequent pole model. Figure 3a illustrates
the back-EMF waveforms of the two models. The back EMF of the previous model was
2.38 (Vims), and the consequent pole model decreased by 22.68% to 1.84 (Vims). However,
back-EMF asymmetry occurs in the consequent pole. When the back EMF is asymmetrically
generated, controllability is reduced. Figure 3b displays the cogging-torque waveforms of
the two models. As indicated in the figure, the cogging torque is high in the consequent-
pole model because only one magnetic pole was used for the consequent pole. Since the
cogging torque acts as the main performance parameter for EPS motors, it is essential to
reduce the cogging torque and improve back EMF asymmetry.

Conventional : 122.35 [mNm]

4 renti . .
= P Conventional : 2.38 [V, ] 150 - Cogging torque : 270 [mNm]
= 3 Consequent pole : 1.84 [V_.] T
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Conventional medel ---Consequent pole model ~~Consequent pole — Conventional model
(a) (b)

Figure 3. Cogging torque and back emf waveform for conventional model and consequent pole:
(a) noload phase back emf; (b) Cogging torque.

3. Application of Intersect Magnet Consequent Pole for Performance Improvement
3.1. Intersect Magnet Consequent Pole

The use of magnets can be reduced by 50% by applying the existing consequent
pole model. However, back EMF asymmetry and high cogging torque are considerable
disadvantages. In this study, an intersect magnet consequent pole was applied to solve this
problem. Figure 4 illustrates the intersection magnet consequent pole model.
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Figure 4. Intersect magnet consequent pole model: (a) N pole consequent pole, (b) S pole consequent

pole, (c) intersect magnet consequent pole.

Figure 4 shows the intersection magnet consequent pole model. Figure 4a presents
a consequent pole rotor using an N pole, and Figure 4b shows a consequent pole using
an S pole. The combined rotor is shown in Figure 4c by applying only half of each stack
length. This is the consequent pole of the intersecting magnet. The upper half of the rotor
is a combined model that applies the consequent pole model using the N pole and the
consequent pole model using the S pole to the lower half of the rotor. By applying the
intersecting magnet consequent pole, the disadvantages of the existing consequent pole
model can be overcome. Figure 5 displays the back EMF and cogging-torque waveforms at
each intersect magnet consequent pole.
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Figure 5. Waveforms of back EMF and cogging torque at N pole CP, S pole CP, and intersect magnet
CP (2D simulation result): (a) noload back emf, (b) cogging torque.

Figure 5a shows the back EMF for N pole and S pole CP and intersect magnet CP.
The back emf waveform has symmetry at N pole CP and S pole CP. Therefore, the back
EMF waveform in the intersect magnet CP improves the back emf asymmetry to generate
a sinusoidal waveform. Figure 5b illustrates the cogging torque waveform. The cogging
torque waveform is symmetrically generated at the N pole and S pole CP; therefore, the
cogging torque of the intersect magnet CP, which is a model that combines the two rotors
with the upper and lower halves, is greatly reduced. More specifically, if the intersect
magnet CP is developed by making half of the stack N pole CP and the other half as S
pole CP is applied to the rotor, the asymmetry can be improved in the consequent pole,
such as high cogging torque and back EMF asymmetry. However, the above data were
performed as a 2D analysis. In other words, they is the result of neglecting the axial leakage
magnetic flux. Intersect magnet CP is expected to generate large axial leakage magnetic
flux between the upper half of N pole CP and the lower half of S pole CP. Therefore, 3D
analysis is essential. Figure 6 depicts the noload back EMF and cogging torque waveforms
of the conventional model, consequent pole model, and intersect magnet CP.
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Figure 6. Noload back emf and cogging torque waveform of conventional model, consequent pole
model and intersect magnet CP (3D simulation result): (a) noload back emf, (b) cogging torque.

As depicted in Figure 6a, the noload back EMF of the intersect magnet CP is 1.33 (Vims),
which is 44% lower than the back EMF of 2.38 (Vms) of the conventional model. In other
words, if the intersect magnet CP is applied, the back EMF asymmetry and high cogging
torque can be improved; however, the large axial leakage magnetic flux generated between
the upper and lower halves of the rotor causes a significant performance degradation.
Figure 7 illustrates the magnetic flux direction and magnetic flux vector of the intersecting
magnet CP.
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Figure 7. Magnetic flux direction and magnetic flux vector of intersect magnet consequent pole:
(a) leakage magnetic flux direction, (b) magnetic flux vector.

As shown in Figure 7, the magnetic flux vector of the intersect magnet CP presents the
generation of a large axial magnetic flux leakage between the upper and lower halves of
the rotor. As a result, performance degradation occurred.

3.2. Intersect Magnet Consequent Pole Applied with Rotor Gap

The intersect magnet consequent pole has a disadvantage in that its performance
decreases owing to the large axial leakage magnetic flux. In this study, these shortcomings
were addressed by separating the upper and lower halves of the rotor. There is free space
in the rotor-stacking direction owing to stator end turns. To utilize the space and reduce the
axial leakage magnetic flux, the rotor gap was spaced between the rotors when performing
the analysis. Figure 8 illustrates the back EMF graph according to the rotor gap variable
and rotor gap.
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Figure 8. Back EMF graph according to rotor gap variable and rotor gap: (a) rotor gap variable,
(b) back emf graph according to rotor gap.

As demonstrated in Figure 8, as the rotor gap thickness increases, the performance
increases up to a certain area. Thereafter, the performance decreases over a certain area. If
the rotor gap thickness increases, the rotor center becomes mostly empty; therefore, the
effective area of the magnet is reduced compared to the decrease in the leakage magnetic
flux, and thus the performance is reduced. In other words, if the rotor gap increases,
the performance increases as the axial leakage magnetic flux decreases to some extent.
However, this is insufficient to satisfy the target performance.

3.3. Center Magnet Applied to Intersect Magnet Consequent Pole

In this work, a model in which a magnet is inserted between the upper and lower
halves of the rotor is proposed to improve the axial leakage magnetic flux in the intersecting
magnet CP. Figure 9 depicts the center magnet intersecting the CP model and center
magnet parameters.

magnetization
direction

(b)

Figure 9. Center magnet intersect consequent pole: (a) center magnet parameters, (b) center magnet

magnetization direction.

As shown in Figure 9, the magnetization direction of the center magnet is set as follows:
In the intersect magnet CP, leakage occurs from the lower half to the upper half of the axial
leakage magnetic flux inside the rotor. A center magnet is inserted to prevent the leakage
and for the structure of the magnetic flux concentration. In general PM motors, leakage
magnetic flux occurs when a center magnet is inserted; however, in the case of an intersect
magnet CP, the performance is improved by acting as a magnetic flux concentration shape.
The optimal design was determined according to the thickness and length of the center
magnet. At the time, when analyzing Figure 10a, the center magnet length was selected as
20 mm, which is the same as the rotor radius, and when analyzing Figure 10b, the center
magnet thickness was selected as 2 mm. The length of the center magnet was selected
as 18 mm, and the thickness was set to 2 mm. The use of magnets increased owing to
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the insertion; however, because the consequent pole structure was applied and the center
magnet was inserted, the use of magnets decreased compared to the conventional model.
Figure 11 shows back emf and cogging torque waveforms of the original model and the final
model. It can be confirmed that the cogging torque is reduced with the same performance.
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Figure 10. Performance analysis according to center magnet thickness and length: (a) noload back

EME, (b) cogging torque.
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Figure 11. Waveform comparison of the conventional model and the final model: (a) back EMF, (b)

cogging torque.

The models proposed in this study were analyzed in terms of torque density. The pro-
posed models increase the stacking length because an air gap is placed between the rotors,
or a magnet is inserted. Therefore, the torque density is likely to decrease; however, it does
not. Although the increase in rotor stack length increases the motor volume, the increase in
rotor stack length is because of the use of the rotor clearance created by the end turns of the
stator windings. The power density-related formula is as follows:

Power density = + [KkW/L]. (1)
7(3) L x10-0

where D denotes the housing outer diameter, and L indicates the housing stack length.
Therefore, there was no significant change in the size of the housing because the rotor-free
space generated by the end turn of the stator winding was used. Consequently, there were
no significant changes in the torque density and power density. Figure 12 illustrates the
torque waveforms of the two models. Referring to Figure 12, it can be observed that the
final model, in which the center magnet intersects the CP model, has a small torque ripple.
The torque ripple of the existing model was 0.18 (Nm), the torque ripple of the center
magnet intersecting the CP model was 0.099 (Nm), and the torque ripple was reduced
by 45%.
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Figure 12. Torque waveform comparison of the existing and final models.

3.4. Center Magnet Intersect Consequent Pole

In this study, a center magnet intersects a consequent pole and a model that can mini-
mize the use of magnets based on the same performance. Figure 12 presents a comparison
of the back EMF and cogging-torque waveforms of the conventional model (skew model)
and the final model. Table 2 presents a comparison of the electromagnetic performance and
magnet usage of the conventional and final models.

Table 2. Comparison of the existing and the final models.

Conventional Model (Skew Model) Final Model Unit

Noload back EMF 2.2 2.18 Vims
Cogging torque 90 49.1 mNm
Torque ripple 182.94 99.52 mNm
Magnet volume 9211.5 6529 mm?

As shown in Table 2, it is confirmed that the noload back EMF was almost the same and
the cogging torque was reduced by 45.4% from 90 (mNm) to 49.1 (mNm). Additionally, the
use of magnets was reduced by 28% from 9211.5 (mm?) to 6529 (mm?). To be more precise,
the cogging torque and magnet usage were reduced under the same performance standard.

3.5. Mechanical Stiffness Analysis

Figure 13 illustrates the mechanical stiffness analysis of the original and final models.
In the intersect center magnet CP, the mechanical strength must be considered when the
magnet is inserted between the rotors. However, the application in this study was a motor
for the EPS. The motor for the EPS rotates at low speed. Therefore, even if there is a stiffness
problem by inserting a magnet between the rotors, the stiffness problem does not occur
because of low speed. Therefore, both the models have a high safety factor. The maximum
equivalent stress that occurred in the final model was higher than the equivalent stress that
occurred in the existing model. However, the rigidity did not cause any problems.
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Figure 13. Mechanical stiffness analysis: (a) conventional model, (b) intersect center magnet CP.

4. Conclusions

In this study, an investigation on consequent poles was conducted to reduce the use
of magnets in EPS motors. Consequent poles use only 50% of magnets, so the use of
magnets can be greatly reduced. However, the CP model has disadvantages such as back
EMF asymmetry and high cogging torque. To overcome these shortcomings, an intersect
magnet CP is proposed in this paper. If the intersect magnet CP is applied, the back EMF
asymmetry and high cogging torque, which are the disadvantages of the consequent pole,
can be improved. However, the intersect magnet CP still has a disadvantage in that axial
leakage magnetic flux occurs between the upper and lower halves of the rotor, which
degrades performance. To improve this, a gap (rotor gap) was created between the upper
and lower halves of the rotor, and a magnet was inserted or placed. In the final model, by
inserting a magnet into the rotor gap, the cogging torque was reduced by 45.5% and the
amount of magnet usage was 28% for the same performance.
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