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Abstract: A study of several electric motors has been conducted on permanent
magnet flux switching motors because it shows an excellent performance such as
higher torque density, high efficiency, low vibration, and ease to control. However,
this motor design encountered high cogging torque due to the interchange of
permanent magnets in stator and rotor teeth. This study aims to improve the cogging
torque of single-phase 4S-8P PM-FSM by implementing a reduction cogging torque
technique in sequential. The initial design of 4S/8P PM-FSM is analyzed using IMAG
Designer software. Three classical cogging torque reduction techniques will be
applied to the motor notching, chamfering, and pole-pairing. These three classical
cogging torque techniques will be tested individually, and the lowest cogging torque
produced in each result will be selected for the next sequential. The performance of
cogging torque is minimized from an initial value of as much as 35% from the initial
design, which is from 1.7722 Nm to 1.1116 Nm.
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1. Introduction

One of the new types of permanent magnet motor is flux switching motor (FSM). A
permanent magnet flux switching engine (PM-FSM) shows an excellent performance with higher torque
density, high power, and high flux-weakening capability compared to another conventional permanent
magnet [1]. The PM-FSM is introduced by using a salient dual structure in both stator and rotor, where
the armature coil and permanent magnet are located in the stator and a core in the rotor [2]. The
operating principle of PM-FSM is based on armature flux linkage interaction with switching flux in
positioning rotor position due to the armature winding permeance changes. As a result, the magnetic
field of the armature winding interacts with excitation sources, turning the electrical energy into
mechanical energy for motor operation [3].
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The issue related to the permanent magnet motor is cogging torque which disturbs the performance
of the motor where it also happens on PM-FSM. Cogging torque is produced by the interaction of a
permanent magnet that is connected to the stator and the teeth of the rotor due to slotting in the
conventional permanent magnet (PM) brushless machines [4]. Cogging torque is caused by the
magnetic interaction between the stator permanent magnet and steel laminations of the rotor teeth. In
other words, the cogging torque is by the variation of magnetic energy by the rotor angular position [5].
The problem that arises from permanent magnet flux-switching motors (PMFSM) is it produces a higher
cogging torque compared to other conventional permanent magnet motors due to their exceptional
configuration which is affected by the association between the permanent magnet on stator and rotor
teeth. The cogging torgue in the motor causes vibration, noise, and deterioration of motor performance
[6]. The acceptable amount of cogging torque is 10% was discovered from previous research [7].

So, there are three objectives of this study which is the first is to analyze the performance of
Permanent Magnet Flux Switching Motor (PM-FSM) in terms of flux linkage, cogging torque and back
emf. The next objective is to decrease the cogging torque of Permanent Magnet Flux Switching Motor
(PMFSM) by using three classic techniques which are notching, chamfering and pole pairing
techniques. The last objective is to analyze the cogging torque of 4S-8P PM-FSM by introducing a
sequential cogging torque reduction technique. The design for 4S-8P PM-FSM will undergo reduction
technique of cogging were carried out 2D-FEA solver in IMAG-Designer where it has three technique
which notching, chamfering and pole pairing and will influence the geometrical design on the rotor.

2. Methodology

The methodology of this study was carried out using J-MAG Designer to design a 4 slot and 8 poles
of permanent magnet flux switching motor (PM-FSM) to investigate the performance of cogging torque
reduction in 2D finite element analysis (FEA).

2.1 Design and Analysis Performance

A complete diagram of 4 slots and 8 poles of PFSM was sketched in Geometry editor by drawing
the rotor, stator, permanent magnet, and armature coil part by region mirror pattern and region radial
pattern. After completing the drawing, the design is linked with IMAG designer where in this part, the
material and condition is implemented to the motor. Figure 1 shows the process flow of sketching the
4S-8P of PM-FSM in JMAG designer.

Next, the first objective this study can be achieved by conducting the no-load analysis after
designing 4S-8P PMFSM where the cogging torque, flux linkage and back-emf is analyzed. No-load
analysis condition is a condition where there is no current is applied on winding and the voltage is
applied. After that, the load analysis is applied to the motor where the armature current is set at
5Ams/mm? until 30 Ams/mm? to analyze the effect of armature current to the torque of the motor.
Figure 2 shows the flow of performance analysis of 4S-8P PMFSM.
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Figure 2: Flow of Performance Analysis of 4S-8P PMFSM
2.2 Cogging Torque Characteristics

The cogging torque is known as the derivative of output torque defined by the Fourier series through
the finite element method. The output torque is obtained from the product of the differentials of energy
against time as illustrated in Eq. 1

b AWy, _do

modt dt

where B, is the power, dW,,, is the product of energy differential, dO is the differential mechanical

angle, w is the angular velocity, and T is the output torque. Eq. 2 expressed the motor’s torque that is
made up of reluctance torque, alignment torque, and cogging torque.

Tw Eq.1
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T=Tg+ Tp+ Toog Eq.2

T = 1_2dL Fa.3
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In Equation 2, T is torque, Ty is reluctance torque and T, is cogging torque. Following that, the
derivation of T , T, and T, 4 yields in @, air gap flux, dR is the air gap reluctance and d@ is the rotor
position. The existence of cogging torque can demonstrate by the interaction of the magnet producing

air gap flux between the stator and the rotor in a variable with the air gap reluctance with time, as
indicated by the derivation.

1 2
Tcog = _E(wg) Eq.5

The corresponding EMF harmonics of the magnets and the stator magnetic conductance are
contributed from periodic changes in the cogging torque caused by periodic changes in the air gap
reluctance. The periodical changes in the cogging torque can be evaluated with the Fourier series
expressed in (6).

Teog (Bm) = Z T, sin(kN,6,, + 6,) Eq.6
n=1

where 6, is the rotor angular position, T;, is the amplitude of the n-th harmonic, 6,, is the phase
angle of the n-th harmonic, and N,, is the smallest common multiple of rotor pole and stator pole.

2.3 Sequential Cogging Torque Reduction Technique Performance

From the successful design at the design stage where the torque and current are obtained, then the
design will undergo the cogging torque reduction technique to refine the cogging torque of PMFSM to
fulfill the objective of reducing the cogging torque of PM-FSM through sequential technique.

The process of sequential cogging torque reduction technique starts with the initial design that will
go with three respective classical cogging torque techniques individually which are notching,
chamfering and pole pairing which is shown in Figure 3 until Figure 5.

After the motor is applied are implement individual cogging torque technique, the cogging torque
variables are identified. The variables are chosen from the lowest cogging torque produced in each
technique without factoring in the output power and output torque of the motor in the selection.

Figure 3 until Figure 5 shows the cogging torque reduction is applied individually on a motor. Each
technique has different variations such as for notching is the number of notch and notch height. For
chamfering are fillet chamfer, right angle chamfer and left angle chamfer. Lastly, for pole pairing, the
variable is even pole and odd pole. Based on these variables, the 4S-8P PMFSM was analysed if the
value obtained is less than an initial value which is 1.7722Nm, it will value will be used for the
sequential technique. If not, the process will go back to the variables of the technique.

The sequential cogging torque techniques for 6 sequence is explained in Figure 6 after identifying
the lowest value for three respective classical cogging torque techniques individually which are
notching, chamfering, and pole pairing. The sequential cogging torque reduction technique for
Sequence A started by implementing notching on the design followed by chamfering and ending with
pole-pairing. Then it will go to the next sequence which is Sequence B.
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Figure 6: Sequential cogging torque reduction technique process flow

The result from each subsequent technique is individually different as there is no absolute
technique. From the result, the design with the variables producing the cogging torque less than 10% of
the output torque is chosen. If not, it will go back to the

After that, the initial result of cogging torque is compared with the design that undergoes sequential
cogging torque reduction technique to prove these three classical cogging torque techniques can reduce
the cogging torque performance of the motor.

3. Results and Discussion

The result and analyses of the PMFSM are carried out using 2D-FEA are presented. The first part
of the analysis is associated with the first objective which is to analyze the performance of flux linkage,
cogging torque, and back emf by designing a 4S-8P PMFSM and the result is recorded as the initial
design. Next, the result to minimize the performance of cogging torque for PMFSM using classical
cogging torque reduction techniques is conducted. Then, the result of cogging torque reduction is
discussed using the sequential cogging torque reduction technique where the performance of 4S-8P
PMFSM is evaluated based on the percentage of the cogging torque being reduced.
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3.1 Performance Analysis Based on 2D Finite Element Analysis

The performance correlation is achieved for 4S-8P of PMFSM with no-load analysis. For no load
analysis, the J, is set at 0 A/mm? to analyses the performance of the flux linkage, cogging torque and
back emf.

3.1.1 Flux linkage Analysis

By rotating the rotor at speed of 1200 r/min while the armature current is set at 04/mm?, the
amplitude of PM generated magnetic flux linkage for initial design is achieved. The maximum value of
the flux is 0.113 Wb and the flux linkage of 4S-8P for PMFSM design is illustrate in Figure 7. The flux
leakage and cancellation which take place in the rotor produce the high amplitude of flux linkage, which
has an impact on the magnitude of the flux link.
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Figure 7: Flux Linkage Analysis Performances
3.1.2 Cogging Torque Analysis

Cogging torque is known as unwanted torque or it is called detent torque which produces vibration
and noise during the operation of the motor. This is because of the interaction of a permanent magnet
in the stator and the mechanical angular position of the rotor. The cogging is delivered by a permanent
magnet for one electrical cycle by setting the armature current density, Ja at 0 A/mm2. The result of
cogging torque obtained from the JMAG software in Figure 8 shows the maximum and minimum value
of cogging torque which is 0.8893 Nm and -0.8830 Nm and the value of cogging torque of the motor
design is determined by peak-peak value which is 1.7722 Nm and the cogging torque in 4S-8P of
PMFSM can be refined by using the cogging torque reduction technique.
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Figure 8: Cogging Torque Analysis Performance
3.1.3 Back EMF Analysis

At an open circuit, the analysis of induced voltage can be defined as the voltage that rises in electric
motors when there is relative movement between the motor armature and the magnetic field of the motor
field magnets, or windings which are known as back electromagnetic force (EMF) can be defined when
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the armature current density, Ja at 0 A/mm?. The waveform of back-emf for PMFSM is shown in
Figure 9. The highest amplitude value for 45-8P PMFSM is 134.87V and the lowest amplitude value is
-112.41V. The rotor pole is located near the stator pole, it has caused ore flux lines to be dispersed
throughout the rotor and stator pole. As a result of the more aligned flux lines, there was less back EMF.
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Figure 9: Back-EMF Analysis Performance 3.2 Discussions
3.2 Performance of Classical Cogging Torque Reduction Technique
3.2.1 Notching

The influence of parameters for notching technique has been investigated with 2D-FEA such as the
number of notch and notch height on the initial design of cogging torque of 4S5-8P PMFSM is recorded
which is shown in Figure 10. The total number of notches that are being investigated is 6th notch. Based
on Figure 10 demonstrates that when the number of notch increases, the cogging torque decreases from
its initial value of 1.7722Nm of peak-to-peak cogging torque. The lowest cogging torque is recorded
when the notch is at the 5th notch which is 1.2007 Nm.

Throughout this research, a study of factors that influence the cogging torque was carried out by
varying the height of the notch while width is kept constant. The notch height has been investigated
from 0.5mm to 2mm while the width of the notch is fixed at 0.5mm. The FEA was conducted against
various notch heights. The value of peak-to-peak cogging torque is decreased dramatically as the notch
height increased until the 5th notch is shown in Figure 11. At the 6th notch, the cogging torque is
increased when the height notch is increased. To explain the decline in cogging torque due to the
variance factor. With increasing the number of notches and notch height, the variation amplitude and
periods decreased, lowering the peak-to-peak value of cogging torque.
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3.2.2 Chamfering

The width and height of the angle cut on the rotor's tip set the dimensions for all chamfers. The
dimension of the chamfer is measured when the height and width parameter is at 0.1mm until 0.5mm
on angle cut on the tip of the rotor. For right-angle chamfer, the chamfer dimension is investigated at
the right-angle cut at the tip of the rotor. The same routine is also applied to the left-angle chamfer. But
for fillet chamfer is applied where the fillet cut of the rotor tip is employed on both tips of all rotor
poles.

The cogging torque is decreased when the height and width are at 0.1mm. When the height and
width are above 0.1mm, the cogging torque is increased when the parameter is increased. Figure 12
demonstrated the effect of chamfering on cogging torque. The right-angle chamfer is recorded as the
lowest value of peak-to-peak cogging torque which is from 1.1192Nm to 1.1068Nm compared with
other types of chamfer techniques.

Differences of Chamfer Dimension vs Cogging Torque
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Figure 12: The cogging torque against different of chamfer dimensions
3.2.3 Pole Pairing

One of the classical cogging torque reduction techniques which involve geometrically coupling two
different angles of rotor poles is known as pole pairing. This technique is applied on the rotor of 4S-8P
PMFSM by manipulating the angle of one pole while the other pole remains constant.

The first manipulative pole that is marked as unknown X is defined as an even pole while the
unknown Y for the second pole will be defined as an odd pole. The analysis of cogging torque after the
first cycle is obtained with FEA. The result of the cogging torque is investigated by manipulating the
angle from its original position. The angle for the first pole that is marked as unknown X will shift from
their original position with the range +5° while the angle second pole marked as unknown Y remains
constant. The step is repeated by reversing the pole where the second pole marked as unknown Y will
be manipulative pole while the first pole marked as unknown X will be fixed their angle.

Figure 13 shows the influence of pole pairing technique cogging torque. Based on the graph above,
both cycles show an increment and decrement of cogging torque. For lowest cogging torque recorded
for the even pole is 1.4568Nm when the pole is at -2° while for the odd pole, the lowest cogging torque
when the pole is at angle 47°which is 1.4385Nm.
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Figure 13: The effect of even and odd pole against cogging torque
3.3 Performance of Sequential Cogging Torgue Reduction Technique.

The sequential cogging torque reduction technique is created to discover the minimal cogging
torque possible. The acceptable amount of cogging torque is 10% was discovered from previous
research [7]. Table 1 explained in more detail the percentage of cogging torque reduction based on the
previous parameter for three classical cogging torque reduction techniques. For notching technique, the
parameter that is used for sequential technique is when the notch is at 5th and the height is 2mm, while
for chamfering, the height and width for all chamfering dimension is at 0.1mm. Last but not least, the
lowest cogging torque during individual analysis show for even pole, the angle is at -2° while for odd
pole is at 47°.

Figure 14 shows the comparison of initial cogging torque and the cogging torque that undergoes
sequential cogging torque reduction technique. The lowest cogging torque recorded based on the
sequence is sequence A and sequence F which is 37.28% from the initial cogging torque value.

Table 1: The Cogging Torque and Percentage Reduction of Cogging Torque

No Sequential Cogging Torque Reduction Cogging % Reduction
Component Torque of CT
1 NON NH LFC EP 1.1116 37.28
2 NON NH EP LFC 1.1166 36.99
3 LFC EP NON NH 1.1139 37.15
4 LFC NON NH EP 1.1182 36.90
5 EP NON NH LFC 1.1125 37.22
6 EP LFC NON NH 1.1116 37.28

W initial SEQA SEQB SEQC ®WmSECD MWSECE MmSECF

1.7722

I 1.1116 1.1166 1.1139 1.1182 1.1125 1.1116

Figure 14: The comparison of initial cogging torque with a cogging torque that undergoes sequential
cogging torque reduction
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4. Conclusion

In conclusion, this research objective on single-phase motor of PMFSM has been obtained
successfully. The 4S-8P PMFSM is designed using JMAG Designer by designing the rotor, stator,
armature coil, and a permanent magnet. For the first objective which is to analyze performance of flux
linkage, cogging torque, and back emf on the motor has been completed during no-load analysis which
used as initial reading to achieve the second objective.

Next, the classical individual cogging torque technique, such as chamfering, notching and the pole
pairing technique has been successfully conducted on 4S-8P PMFSM as second objective. It was
recorded that for notching technique, the 5™ notch is the is the lowest peak to peak value of cogging
torque. For chamfering technique show result that right-angle chamfer has lower cogging torque value
compare to another chamfer. Lastly, for pole pairing technique is an odd pole where the angle at 47°.

The third objective of improving and analyzing the cogging torque performance by using cogging
torque reduction technique in sequential has been utilized to the initial design. The cogging torque is
minimized as much as 35% from the targeted value which is 10% from the initial peak-to-peak cogging
torque.
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