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Featured Application: We propose a new replaceable rotor shape of an interior permanent magnet
(IPM) motor to be used in electric water pump (EWP) systems of electric vehicles. The proposed
structure can reduce the torque ripple and improve efficiency characteristics of the basic IPM
permanent magnet synchronous motor (PMSM).

Abstract: This study demonstrates that the use of a flared-shape rotor structure in interior permanent
magnet (IPM) permanent magnet synchronous motor (PMSM) yields better performance than the
basic IPM PMSM motor, using a spoke structure with ferrite magnets. To concentrate the effective
magnetic flux, the proposed rotor structure is composed of a number of ferrite magnets, which are
inserted in a flared shape in the rotor core. This paper shows the comparison with the analysis results
of 2D finite element method (FEM), and it is shown that the proposed IPM PMSM motor can be
an effective substitute for the basic IPM PMSM motor, which requires low torque ripple and high
efficiency. In particular, the proposed flared IPM PMSM motor has lower pulsation of torque and
superior efficiency, as well as lower acoustic noise and vibration, compared to the basic [IPM PMSM
motor. To verify the performance improvement of the proposed model, a prototype of the proposed
model was manufactured. It was experimentally confirmed that the proposed model has lower
torque ripple and higher efficiency than the basic model. Based on this performance improvement,
the proposed flared IPM PMSM motor is suitable for electric vehicles and home appliances.

Keywords: electric vehicles; electric water pump system; permanent magnet synchronous motor;
interior permanent motor; spoke rotor structure; flared-shape rotor structure; ferrite magnet

1. Introduction

The permanent magnet synchronous motor (PMSM) is widely used in the electric vehicle and
domestic appliance industries. The structure of the PMSM motor varies depending on the permanent
magnet arrangement in the rotor structure; among them, the interior permanent magnet (IPM) PMSM
motors made by inserting permanent magnets into rotors have advantages in applications requiring
high output power and high efficiency at load condition [1-4]. In particular, IPM type motors have
saliency depending on rotor shape. Because of, reluctance torque components can be obtained in
addition to magnetic torque components. Thus, the total torque of IPM PMSM motors is higher than
that of surface permanent magnet (SPM) PMSM motors, which comprise only magnet torque [5-9].

Several advanced studies have been conducted to improve motor properties through proposed
novel structure and topology for the motor, considering the advantages of this IPM type motor.
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In Reference [10], in order to increase the efficiency of the motor and achieve a wide operating
range at the same time, an optimal design for a concentrated flux type interior permanent magnet
(CFIPM) motor with a concentrated flux was proposed. In References [11,12], a concentrated flux
type ferrite magnet motor using a ferrite magnet was proposed to improve the efficiency of the motor.
Since the concentrated flux type permanent magnet motor has a high torque density, there are various
attempts to replace the performance of rare earth magnet motor with the concentrated flux type motor
using ferrite magnet. In References [13,14], a new structure was proposed for the concentrated flux
type synchronous motor (CFSM) to improve torque density and vibration characteristics. To increase
torque density, structures for improved motors were proposed using three different types of rotor
core structures. In References [15-18], studies were conducted to reduce torque ripple. When the
cogging torque characteristic of the motor is large, accuracy of position and speed control is reduced,
which can increase the torque ripple. Therefore, the effect of the main design parameters of the
motor for the reduction of cogging torque were accurately predicted and analyzed. In Reference [19],
a design method was explored to adopt the same topology with two rotors, with one inner coreless
stator, to improve the mechanical and electromagnetic performance of the motor. In Reference [20],
the magnetic field calculation and performance characteristics of a transverse flux machine (TFM) with
permanent magnet excitation were studied. The composition, magnetic flux distribution, the back
electro-motive force (EMF) and winding inductance characteristics of the TFM were analyzed, and the
effectiveness of a simplified computational model was verified. In Reference [21], a type of transverse
flux reluctance machine was studied. However, this design had the drawback of having a high
fundamental frequency and high torque ripple, which complicate the control of the motor. To address
this, a magnetic material study was conducted that could use a complex magnetic stator shape with a
3D magnetic flux path using a soft magnetic composite (SMC) in the magnetic circuit.

In this study, we will compare the characteristics of the basic IPM model (the spoke structure)
and the proposed flared type IPM model (the flared structure). In our previous study, two types
of concentrated flux type IPM motors with the flared-shape magnets arrangement were examined.
The flared type IPM model adopts a flared structure of C-shape ferrite magnets [22]. The proposed
flared-shape structure can increase the useful magnetic flux, so the flared type IPM motor is also a
form of the concentrated flux type IPM motor. The proposed flared-shape structure is optimized,
and the validity is verified experimentally [23]. The study proposes a flared type rotor structure for
replacing the basic spoke type IPM model, for performance enhancement. Additionally, the study aims
to determine possible alternatives and performance improvements through performance comparisons.
In particular, since the proposed model has advantages such as low torque ripple and reduction of
electromagnetic force causing noise vibration, it is necessary to apply the model in electric vehicles and
home appliances. In this study, the proposed model replaces the basic model used in the electric water
pump (EWP) system of electric vehicles. First, finite element method (FEM) analysis is used to compare
performance and determine whether it has improved. Subsequently, we compare the results of the
prototype analysis with those of the experiments. Finally, the improved performance and replacement
suitability of the proposed model were experimentally verified.

2. Structures of Basic Spoke Type IPM Model and Proposed Flared Type IPM Model

2.1. Electric Water Pump System

The engine cooling system maintains the temperature in the engine room at the required level.
If the temperature in the engine room is extremely high during vehicle operation, the component
strength of the engine cooling system decreases. Therefore, the engine cooling system is an important
device that keeps the temperature in the engine room at the desired level. The traditional engine
cooling method of a vehicle is a mechanical driving cooling technique that rotates a water pump pulley
using the driving force transmitted through a crankshaft. Recently, the electric and hybrid automobile
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market that requires high power and high responsiveness is expanding. In particular, the electric water
pump market driven by electric motors is also expanding.

An electric water pump system consists of three parts: cooling water that lowers the temperature
of the engine room, IPM motor that is responsible for the rotation of cooling water, and the controller.
IPM motors must satisfy high efficiency requirements because they use energy supplied from the
inside of the vehicle. In addition, since the engine cooling system is installed close to the engine room,
the torque ripple or excitation source of the IPM motor can cause noise vibration. Therefore, various
attempts have been made to improve the performance of EWP motors and to reduce torque ripple.

Figure 1 shows a 300 W EWP motor and the motor shape mounted inside. The IPM motor was
applied as a driving source.

~ Motor unit Stator

Water intake

Controller Winding

Water outlet
Ferrite magnet

Rotor
@) (b)
Figure 1. Electric water pump system: (a) configuration and major components; (b) basic motor unit.

2.2. Basic Spoke Type IPM Model

Figure 2 shows the shape of the basic spoke type IPM model in which a permanent magnet is
magnetized in a concentrated flux structure (white mark). As shown in Figure 2, the basic spoke type
IPM model is applied with 8 poles and concentrated winding. The multi-polar structure of the IPM
model and the concentrated winding have a high output power density per unit volume and high
efficiency, so this model has been widely used in fields such as home appliances and electric vehicles.
Additionally, the spoke type motor is better at concentrating magnetic flux than other IPM motors.
Therefore, the magnetic flux can be utilized more efficiently and the output power density can be
increased. In order to prevent the problem of scattering during high-speed rotation, the rotor structure
is designed with an interior permanent magnet and composed of plastic resin, which is effective even
in high-speed rotation. Moreover, the basic spoke type IPM model uses ferrite magnets of grade 9BE,
which cost less than NdFeB magnets. Therefore, this model has a price advantage, and can be applied
to electric vehicles and household appliances. Table 1 shows the specification of the basic spoke type
IPM model.

_ Bolting hole

Ferrite magnet B

(b)

Figure 2. Structure of basic spoke type interior permanent magnet (IPM) model: (a) full model;
(b) 1/4 model.
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Table 1. Specifications of the basic model and proposed model.

Item Unit Basic Model Proposed Model
Slot/Pole - 12/8 12/8
Output power 4 300 300
Speed rpm 4020 4020
Stack length mm 27.5 27.5
Stator Outer diameter mm 120.0 120.0
Material - 35PN270 35PN270
Stack length mm 27.5 27.5
Rotor Outer diameter mm 60 60
Material mm 35PN270 35PN270
Air-gap mm 0.75 0.75
Shape mm Bar-type C-type
Magnet Dimensions mm 16.5 x 7.4t 70deg x 3.4t
Material - Ferrite (9BE) Ferrite (9BE)
Number of turns turns 30 30
Winding Diameter mm 0.9 0.9
Material - Copper Copper

2.3. Characteristics of the Basic Spoke Type Ferrite IPM Model

The performance analysis of motors can be divided into two main categories. First, the no-load
analysis confirms the winding specifications and the rotor geometry. Permanent magnet grade and
winding specifications are checked through the magnitude of the back EMF; the shapes of the rotor
and the stator are evaluated through the generated the back EMF waveform. Load analysis confirms
torque magnitude and ripple at the rated speed, and efficiency at the rated load point is confirmed
through copper and iron loss analysis. The noise vibration generation is compared relatively through
torque ripple and nodal force analysis.

The characteristics of the basic spoke type IPM model were investigated by conducting no-load
and load analyses on the basic spoke type IPM model. Figures 3 and 4 show the back EMF waveform
and the cogging torque waveform from the no-load analysis. The back EMF is generated by a sinusoidal
waveform, generating 23.65 Vrms per phase, and the THD (total harmonic distortion) of the back EMF
is 0.69%.

40

Back-EMF(RMS) [V]

-0

T T T T
0 &0 120 180 240 300 360

Electrical angle [deg.]

Figure 3. Back EMF of basic spoke type IPM model.
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Figure 4. Cogging torque of basic spoke type IPM model.

Table 2 shows the results of the performance analysis of the basic spoke type model under no-load
and load conditions. The torque ripple at rated load is 0.068 Nm and the ripple rate is 9.4% based on
the magnitude of the average torque. The efficiency is 92.7% at rate load.

Table 2. Characteristics of the basic spoke type ferrite IPM model.

Item Unit Basic Model
Back EMF Vrms 23.65
No-Load THD Y% 0.69
Cogging torque ripple Nm 0.034
Rated speed rpm 4020
Average torque Nm 0.72
Torque ripple (ripple rate) Nm 0.068 (9.4%)
Load Phase current Apeak 6.0
Output power W 303.7
Copper loss W 14.4
Iron loss W 9.3
Efficiency % 92.7

In the case of a motor using a permanent magnet, the teeth of the stator are excited by the
electromagnetic force of the permanent magnet inside the rotor, when the rotor rotates at a rated speed.
Electromechanical force with the teeth of the stator eventually causes noise and vibration of the motor.
The analysis of electromagnetic force must be performed in the load analysis, and nodal force analysis
is mainly performed to calculate the electromagnetic force.

Figure 5 shows the nodal forces that are applied to the stator teeth of the basic spoke type IPM
motor. When the rotor is rotated, the nodal force in the teeth region has two components. As shown
in Figure 5, it has the x-axis components along the direction of rotation and y-axis components
perpendicular to the direction of rotation. In particular, the y-axis component is perpendicular to the
electromagnetic force, which is the main cause of noise vibration [24,25].
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Figure 5. Nodal force components of the stator teeth.

Figure 6 shows a nodal force waveform applied to teeth under rated load conditions, and Table 3
shows a nodal force component along the x-axis and y-axis. As shown in Table 3, the y-axis directional

component of the nodal force is greater than the x-axis component.
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Figure 6. Nodal force of the stator teeth (absolute component).
Table 3. Nodal force component in x-axis and y-axis directions.
Item Unit Basic Model
-axi Nm 10.93
Nodal force (peak to peak x-axis
P peak) y-axis Nm 121.24

2.4. Proposed Flared Ferrite IPM Model
In this paper, we propose a new model with a flat rotor shape to replace the existing model and
improve performance. The flared-shape structure has several C-shaped ferrite magnets arranged in a

flared shape in the rotor. The flared-shape structure of the ferrite magnets maximizes the utilization of
the ferrite magnets in the rotor core. Thus, the flared type structure can concentrate the magnetic flux,

which is caused by the arrangement of the magnets.
and concentrated winding, and a permanent magnet is magnetized in a concentrated flux structure
(white mark). One pole consists of four C-shaped magnets, which are arranged in a flared shape.
Figure 8 shows the design process of IPM motors. In this paper, the permanent magnet weight of the

Figure 7 shows the structure of the proposed flared type IPM model, which has 12 slots /8 poles
proposed model is set to be the same as that of the basic model, and then a flared magnet arrangement

structure is designed for the rotor.
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Figure 7. Structure of the proposed flared ferrite IPM model (1/4 model).
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Figure 8. Design process of [IPM motor.

Figure 9 shows the magnetization pattern of the proposed flared type IPM model. As shown in
Figure 9a,b, the proposed flared type IPM model can have two different patterns (parallel and radial
directions) and the magnetization pattern of the permanent magnet can determine the manufacturing
process of the permanent magnet. The magnetic flux density distribution inside the rotor resulting from
each magnetization pattern is different, as shown in Figure 9¢c,d, and the radial magnetization pattern
has the advantage that the magnetic flux is more concentrated than in the parallel magnetization
pattern. In this paper, characteristic analysis was performed on two patterns to determine the pattern
of magnetization. Finally, we applied the radial magnetization pattern to improve performance and
reduce torque ripple. Table 4 shows the magnet specifications of the conventional spoke model and the
proposed flared model. As shown in Table 4, the total use of permanent magnets in the initial model
and in the proposed model is the same. This means that there is no increase in material cost due to
permanent magnets. Although, the proposed flared type rotor structure is composed of a number of
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magnets compared to the basic IPM model so the assembly cost can increase in the manufacturing
process. However, it can be improved by using the assembly automation technology.

Figure 9. The magnetization direction of the proposed flared ferrite IPM model: (a) radial magnetization
pattern; (b) parallel magnetization pattern; (c) flux density of radial magnetization pattern; (d) flux
density of parallel magnetization pattern.

Table 4. Magnet specifications of the conventional spoke model and the proposed flared model.

Item Unit Basic Model Proposed Model
Material - YBM-9BE (Ferrite) YBM-9BE (Ferrite)
Magnet shape - Bar-type C-type
Dimensions mm 16.5 x 7.4t 70deg x 3.4t
Cross sectional area mm? 1221 30.6
Height (z-axis) mm 27.5 27.5
Total quantity Ea 8 32
Total weight g 134.3 134.3

3. Characteristics of Spoke Type IPM Model and Flared Type IPM Model

3.1. Characteristics at No-Load Condition

To examine the validity of the proposed model, the no-load analysis and the load analysis were
performed, and the performance improvement was confirmed by comparing the results. Figure 10
shows the back EMF waveform at the no-load condition. Compared to the basic spoke type IPM
model, the flared-shape structure of ferrite magnets has the advantage that magnetic flux is more
concentrated in the central part of the rotor core as a result of the arrangement of C-shaped ferrite
magnets. Therefore, the magnitude of back EMF of the proposed flared type IPM model in the no-load
condition increased by 4.96% compared to that of the basic spoke type IPM model.
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Figure 10. Characteristics of the back EMF waveform.

Figure 11 shows THD analysis of the back EMF waveforms. The THD of the back EMF is 1.47%
which is higher than in the basic spoke type IPM model (0.69%). In general, the limit of THD is under
3.0% in the electrical vehicle and domestic appliance industries.
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Figure 11. Characteristics of total harmonic distortion (THD) of the back EMF waveforms.

Figure 12 shows the cogging torque waveforms at no-load. The proposed flared type IPM model
has increased effective magnetic flux due to the characteristic of magnetic flux concentration, and the
cogging torque ripple is 17% higher compared to the basic spoke type IPM model. Although cogging
torque ripple increased, the magnitude of the back EMF also increased; therefore, improved efficiency
is expected because the current is reduced at the rated load.
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Figure 12. Characteristics of the cogging torque waveform.



Appl. Sci. 2020, 10, 6061 10 of 15

Table 5 shows the 2D FEM analysis results of the proposed flared type IPM model in comparison
with the basic spoke type IPM PMSM model.

Table 5. Comparison of the characteristics at no-load.

Item Unit Basic Model Proposed Model Rate
No-Load Back EMF Vrms 23.65 24.82 44.96%
(4020 rpm) THD Y% 0.69 1.47 -
P Cogging torque ripple Nm 0.034 0.040 A16.97%

3.2. Characteristics at Load Condition

The surfaced permanent magnet motor is a structure in which permanent magnets are attached
to the surface of the rotor. This structure has a constant magnetic resistance on the magnetic circuit,
so there is no difference in inductance between the d and q axes. Therefore, it is difficult to generate
additional reluctance torque, so the load analysis can be carried out by zero degrees of the advance
angle for the current source analysis.

However, the IPM motor has different magnetic resistance on the d and q axes. This is because
permanent magnets are inserted inside the rotor. The difference in magnetic resistance produces
additional reluctance torque. Therefore, the basic model and the proposed model should set an advance
angle by analyzing the changes in the torque according to the advance angle. Table 6 shows the average
torque of the basic model and proposed model according to the advance angle. As a result of the
torque analysis according to the advanced angle, both the basic model and the proposed model are
found to have maximum torque at 5 degrees.

Table 6. Characteristics of torque according to the advance angle.

Item Unit -15 -10 -5 0 5 10 15

Basic model (at 6.00 Apeak) Nm 0680 0.698 0711 0719 0722 0.718 0.710
Proposed model (at 5.47 Apeak) Nm 0667 0.688 0.704 0714 0719 0718 0.711

Figure 13 shows the torque ripple of the proposed flared-shape IPM model compared to the basic
spoke type IPM model. As shown in Figure 13, the average torque is equivalent and the torque ripple is
reduced by 76.7% compared to the basic spoke type IPM model. So, the improvement of torque ripple
at rated load has the advantage of reducing model noise and vibration. Therefore, the proposed flared
type IPM model can be used in applications where noise and vibration improvements are required.
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Figure 13. Torque waveform at rated load (at 4020 rpm).
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Figure 14 shows the nodal force waveforms applied to stator teeth. When the nodal force by the
electromagnetic force is applied to the stator teeth as an exciting force, it causes noise and vibration at
operating point. In particular, the maximum change of the nodal force causes noise and vibration in
the stator teeth. Therefore, the nodal force applied to stator teeth should be minimized during the

initial design.

Nodal Force
Vector Plot: N

I 260.0

1733

Figure 14. Nodal forces applied to stator teeth at the load condition.

Figure 15 shows the comparison of the nodal force of the proposed flared type IPM model

compared to the basic spoke type IPM model at the operating point; as shown in Table 7, the average
value of the nodal force of the proposed flared type IPM model is reduced by 3.0% compared to that of

the basic spoke type IPM model.
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Figure 15. Comparison of the nodal force at the load condition.

Table 7. Comparison of nodal force of basic and proposed model.

Item Unit Basic Model Proposed Model Rate
Nodal force x-axis Nm 10.93 11.62 46.31%
(peak to peak) y-axis Nm 121.24 117.60 v3.00%

Table 8 shows the 2D FEM analysis results of the proposed flared type IPM model in comparison
with the basic spoke type IPM model. As shown in Table 8, the proposed flared-shape ferrite IPM
model decreased copper loss by 16.3% and iron loss by 15.8%. The decrease in copper loss is due to
the decrease in rated current caused by the back EMF increase. Additionally, iron loss was relatively
reduced because the electrical steel usage of the rotors was reduced. Therefore, the efficiency of the
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proposed flared type IPM model in the rated load condition is 1.2% higher than that of the basic
spoke type IPM model. The torque ripple is also reduced by 76.6% compared to the basic spoke type
IPM model. Table 9 shows the comparison of iron loss by part, and it can be confirmed that most of
the iron loss reduction occurs in the rotors. Figure 16 shows a comparison of the flux density at the
load condition.

Table 8. Comparison of finite element method (FEM) analysis results.

Item Unit Basic Model Proposed Model Rate
Rated speed rpm 4020 4020 -
Torque (average) Nm 0.72 0.72 -
Torque ripple Nm 0.068 (9.4%) 0.016 (2.2%) v76.6%
Phase current Apeak 6.00 5.49 v8.5%
Current density Arms/mm? 9.43 8.63 v8.5%
Output power W 303.7 302.5 -
Copper loss W 14.4 12.1 v16.3%
Iron loss W 9.3 7.8 v15.8%
Efficiency % 92.7 93.8 A1.2%

Table 9. Comparison of iron loss by part.

Item Unit Basic Model Proposed Model Rate
Rotor A 1.50 0.59 v60.9%
Iron loss Stator \W 6.46 5.97 v7.6%
(Including Hysteresis) Teeth w 1.37 1.30 v5.1%
Total W 9.33 7.86 v15.8%

(b)

Figure 16. Comparison of the flux density at the load condition: (a) flux density of proposed flared
type rotor; (b) flux density of basic spoke type rotor.

4. Experimental Verification

4.1. Prototype of Proposed model

To verify the performance improvement of the proposed flared IPM model, a real prototype was
produced and studied. Figure 17 shows the prototype for the proposed flared IPM model. Figure 17a
shows stator assembly, Figure 17b shows the rotor assembly, and Figure 17c shows the permanent
magnet arrangement inside the rotor assembly. Stator winding was produced by the concentrated
winding method. In order to prevent the deformation of the rotor during high-speed rotation, the rotor
was manufactured using 8 bolting points. The magnet used 9BE grade ferrite and required 32 magnets.
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(a) ® ©

Figure 17. Prototype of the proposed model; (a) stator assembly; (b) rotor assembly; (c) magnet
arrangement for flared shape.

4.2. Experimental Results

The load test was performed using the prototype. Figure 18 shows the torque waveform at rated
load, and Table 10 shows a comparison of the basic spoke type model and the prototype of the proposed
flared IPM model. As shown in Figure 18, the experimental results of the proposed flared IPM model
were similar compared to the analytical values. Additionally, torque ripple decreased by 66.2%, and
efficiency improved by 0.9%. This confirms the performance improvement of the proposed model.
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Figure 18. Experimental characteristics at rated load test (at 4020 rpm) and enlarged torque
ripple waveform.

Table 10. Comparison of the basic model and the prototype model.

Basic Model Proposed Model
Item Unit 3 3 N Rate
Analysis Analysis Experiment
Average torque Nm 0.72 0.72 0.72 -
Torque ripple Nm 0.068 (9.4%) 0.016 (2.2%) 0.023 (3.2%) ¥66.2%
Output power w 303.7 302.5 304.1 -
Efficiency Y% 92.7 93.8 93.6 A0.9%

5. Conclusions

In this paper, we proposed the flared type ferrite IPM model as an alternative to the basic spoke
type ferrite IPM model. As a result of the experimental results of the proposed flared IPM model,
the efficiency was increase by 0.9% and torque ripple was reduced by 66.2% compared to the basic
spoke type ferrite IPM PMSM motor. Therefore, the comparison using the results of FEM analysis
and the prototype experiment showed that the proposed flared IPM model is an effective substitute
for the basic spoke type IPM model requiring the same output. In particular, the proposed flared
type IPM model has lower torque ripple and higher efficiency than the basic spoke type IPM model.
The proposed flared type IPM model also has a low nodal force ripple, giving it an advantage for
acoustic noise and vibration. Through the analysis and experimental verification, we can confirm
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that the proposed flared type IPM model is an excellent alternative possibility for applications that
require low cost, high output, and low noise and vibration. Forward, we will conduct a noise vibration
experiment for the prototype to verify the improvement effect and optimize the proposed flared type
IPM model.
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