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Abstract: With the continuous development of machines, various structures emerge endlessly. In this
paper, a novel 6-stator-coils/17-rotor-teeth (6/17) E-shaped stator tooth flux switching permanent
magnet (FSPM) machine is introduced, which has magnets added in the dummy slots of the
stator teeth. This proposed machine is parametrically designed and then compared with the
conventional 6/17 E-shaped stator tooth FSPM machine through finite element method (FEM) analysis.
Then, combined with the results of FEM, the performance of two machines is evaluated, such as
electromagnetic torque, efficiency, back electromotive force (back-EMF). The final results show that
this novel 6/17 FSPM machine has greater output torque and smaller torque ripple.
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1. Introduction

Flux switching permanent magnet (FSPM) machines have gained wide application from aerospace
to automobile industries since they offer several key advantages, such as a simple and robust rotor,
short end winding, high torque density, high efficiency, and excellent flux-weakening capability.
The flux switching permanent magnet machine has characteristics of a permanent magnet synchronous
machine and a switched reluctance machine, which combines the merits of both. These advantages are
particularly important for applications such as electric vehicles, wind power technologies, and flywheel
systems. However, compared with the traditional motor, the torque density of a FSPM is low. In this
paper, the existing structure is improved to enhance the torque density of a FSPM. After putting forward
the operation principle of the FSPM machine, many kinds of its topologies have been studied [1-6].
Among them, the E-shaped stator tooth FSPM machine has a unique structure with two magnets
mounted in each stator tooth, which makes it exhibit higher torque/magnetic ratio and larger torque [7].

In this paper, a novel 6/17 E-shaped stator tooth FSPM machine is studied for further improving
the torque density. Compared with the conventional 6/17 E-shaped stator tooth FSPM machine,
the proposed machine adds permanent magnets in the dummy slot of the stator teeth. In Section 3,
the electromagnetic performance of the two machines is analyzed using the finite element method
(FEM). Afterwards, the performance of the two machines is compared, according to back-EMF,
electromagnetic torque, torque ripple, etc. Finally, the conclusions are drawn in Section 4.
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2. Model of Machines

The structure of the conventional 6/17 E-shaped stator tooth FSPM machine can be seen in Figure 1.
A dummy slot is inserted between two magnets that are embedded at the upper apex of a stator tooth,
which can increase the torque of this machine and reduce torque ripple. However, it is worth noting
that for the machine shown in Figure 1, dummy slots are empty. If permanent magnets are added into
the dummy slots, the torque will be further improved. In addition, the armature coils of this structure
are arranged in the form of A1-B1-C1-A2-B2-C2, and a phase winding is formed by every two coils
connected in series, that is, A1 and A2 represent phase A [7]. Moreover, these coils are distributed
radially along the space. At the same time, the magnetic polarities formed by magnets near the air gap
maintain N-S5-5-N.
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Stator core

(a) (b)

Figure 1. Conventional 6/17 E-shaped stator tooth flux switching permanent magnet (FSPM) machine:
(a) conventional 6/17 FSPM machine; (b) partial enlarged.

As seen in Figure 2, a permanent magnet (PM) is added to each dummy slot of the stator tooth in
the proposed structure, so that its effective PM volume increases. Therefore, compared with the initial
structure, the output torque of this novel 6/17 E-shaped stator tooth machine is greater.

(@) (b)

Figure 2. Proposed 6/17 E-shaped stator tooth FSPM machine: (a) proposed 6/17 FSPM machine;
(b) partial enlarged.
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For further contrasting the performance of the machine, the motor structure proposed in [7] is
reproduced in this paper. Through ANSYS software modeling and parametric analysis, the conventional
6/17 E-shaped stator tooth FSPM machine with the same structure and performance as the machine
proposed in [7] is obtained.

This parametric design process mainly focuses on the shape and size of initial permanent magnets,
the width and depth of the opening of dummy slots, and the shape of rotor teeth; the optimization
results are acquired by using ANSYS software. Then, their maximum average output torque is obtained
under the same copper loss (69 w). If the end winding is neglected, copper loss will satisfied the
following equation [8]:
613NzPCuLa
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where N, is the number of coil turns per phase, R, is the phase resistance, L, is the stack length, S, is
the stator slot area, ks is the winding packing factor, I, is the RMS phase current, and pc, is the
electrical resistivity of copper at 20 °C.

To analyze the performance of the two 6/17 E-shaped stator tooth FSPM machines, FEM is
carried out by using ANSYS software. Based on the initial structure, permanent magnets with radial
magnetization are added in the dummy slot. The thickness of the newly added permanent magnet,
h in Figure 2, is parametrically designed and simulated.

As shown in Figure 3, when the current density is 5 A/mm?, average torque and torque ripple of
the proposed machine vary with the thickness of the permanent magnet. Figure 3a shows that the
torque of the proposed machine is positively proportional to h, and the inflection point is around
3 mm. After 3 mm, the thickness of permanent magnet increases, but the average torque almost
does not change. It can be observed from Figure 3a that torque ripple is inversely proportional to
h, basically. Meanwhile, the inflection point is at 4 mm, and the torque ripple does not change after
4 mm; thus, the final value of h is 4 mm. In this case, the average torque is the largest and torque
ripple is the smallest, while the amount of permanent magnets is the least. Excessive use of permanent
magnets will increase the cost of manufacture and the iron loss. Table 1 shows their main specifications
and parameters.
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Figure 3. The results of parameterization: (a) relationship between average torque and h; (b) relationship

between torque ripple and h.
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Table 1. Design parameters of two FSPM machines.

Items Initial Novel
Stator coils number 6 6
Rotor teeth number 17 17
Stack length (mm) 75 75
Stator outer diameter (mm) 130 130
Stator inner diameter (mm) 70 70
Air-gap length (mm) 0.35 0.35
Slot package factor (k) 0.45 0.45
Machine volume (mf) 9.95 x 1074 9.95x 1074
Rated speed (r/min) 1500 1500
Rated current density (A/mm?) 5 5
PM type N35SH N35SH
PM volume (mm?) 63,900 77,400
Remnant B; (T) 1.2 1.2
Coercivity He (kA/m) 909 909
Stator slot area (mm?) 408 408
Coil turns 73 73
Coil number per phase 2 2

3. Performance Comparisons

3.1. No-Load Performance

Meanwhile, it can be distinguished from Figure 4 that the no-load magnetic field distributions of
the novel structure are different from the initial structure. Additionally, in the structure of the proposed
machine, the magnetic flux density of its stator is somewhat greater than that of the conventional
structure. In Figure 4, from the circled part, nine magnetic lines on Figure 4a and 10 lines on Figure 4b
can be seen. It can be observed that the flux density in Figure 4b is higher. As shown in Figure 4a,
there is no flux distribution in the dummy slot, but, magnetic lines of magnetization direction are
added in the dummy slot for Figure 4b. This is because permanent magnets are increased in the
dummy slots of the proposed structure. It can be observed from Figure 4 that the distortion of the
magnetic lines of force is also reduced with the increased permanent magnet. The higher the magnetic
density at the stator, the greater the torque that can be produced under the same current.

(a) (b)

Figure 4. No-load magnetic flux distributions of two FSPM machines: (a) conventional 6/17 FSPM
machine; (b) proposed 6/17 FSPM machine.
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The distribution of no-load air-gap flux density in two E-shaped stator tooth FSPM machines is
implied by Figure 5. It can be observed that the proposed machine has a larger air-gap flux density,
which indicates the proposed structure can produce a much larger output torque than the initial one.
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Figure 5. No-load air-gap flux density distributions for the two FSPM machines.

At the same time, peak-to-peak value of cogging torque of the proposed machine (0.54 Nm) is
higher than that of the initial machine (0.33 Nm), as shown in Figure 6. Additionally, the energy in
the air gap is related to cogging torque, so the formula for calculating the cogging torque [9] can be

written as: W P
Teoe = —— = ——(— [ B2dV 2
©8 00, 96, (zuof ) @)
where W is the energy in the air gap, B is the air-gap flux density, y is the magnetic permeability of
the free space, and V is the volume of air gap. Meanwhile, this novel 6/17 E-shaped stator tooth FSPM
has both a higher air-gap flux density and a larger cogging torque due to the magnets in the dummy
slots of the stator tooth.
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Figure 6. Cogging torque waveforms of the two FSPM machines.

Next, Figure 7 shows the no-load back-EMF waveforms of the two machines at 1500 r/min
that were computed by finite element method (FEM). Results indicate that the two waveforms are
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symmetrical; in addition, with respect to the amplitude back-EMF, the proposed E-shaped stator
tooth machine shows a larger amplitude back-EMF because of larger fluxes flowing through the coil.
Meanwhile, Figure 8 indicates the fast Fourier transform (FFT) results of back-EMF waveforms.
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Figure 7. No-load back-EMFs of the two FSPM machines.
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Figure 8. Fast Fourier transform (FFT) results of back-EMFs of the two FSPM machines.

After adding magnets in the dummy slots of the stator teeth, the amplitude of fundamental
back-EMFs is enhanced. It can be observed from Figure 8 that the third, fifth, and seventh components
harmonics of on-load back-EMF are reduced greatly after adding magnets. Then, with magnets located
in the dummy slots, the fundamental harmonic of on-load back-EMF is enhanced from 176.1 to 200.6 V.
The total harmonic distribution (THD) of initial and proposed E-shaped stator tooth machines is
5.7% and 4.7%, respectively, and there is no additional extra harmonic introduced into the targeted
on-load back-EME.

3.2. Torque Performance

Figures 9 and 10 indicate that the two machines are controlled by id = 0 mode, where the current
density ranges from 1 to 10 A/mm?, while the stator coil turns and the slot packing factor is 73 and 0.45,
respectively [8]. Results imply that under 10 A/mm?, the average torque of the proposed structure is
significantly greater than that of the initial structure. As far as torque ripple is concerned, the proposed
machine is also somewhat smaller than the E-shaped stator tooth structure above 2 A/mm?, after adding
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the magnets in the dummy slots of stator teeth. The average torque of the proposed machine (15.38 Nm)
is greater than that of the conventional one (13.04 Nm) at the rated current density (5 A/mm?).
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Figure 9. Average torque waveforms versus the current density.
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Figure 10. Torque ripple waveforms versus the current density.

The torque ripple of the novel machine (5.7%), however, is a little lower. Under the condition
of low torque ripple, the proposed machine needs to be further optimized through adopting some
strategies to make the torque ripple smaller [5,10,11]; at the same time, the average torque will also be
reduced. Figure 11 indicates the electromagnetic torque waveforms of these two machines.
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Figure 11. Electromagnetic torque waveforms under J = 5 A/mm?.
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Table 2 shows comparative results of the two E-shaped stator tooth FSPM machines. It can be
found that they both have the same machine volume, but the ratio of torque to the volume of the
proposed machine is larger. More importantly, the average torque of the machines is 13.04 Nm and
15.38 Nm, respectively; thus, the average torque of the proposed machine is 20% higher. In other
words, torque density is hugely enhanced for the proposed machine. Meanwhile, the torque ripple of
the two machines is 5.7% and 8.8%, respectively, and that of the proposed machine is reduced by 3.1%.
This is because the new structure increases the radial permanent magnet and enhances flux density
distribution in the air gap, so the cogging torque and torque ripple are reduced. Besides, when the two
machines both work under 1500 r/min and 5 A/mm?2, their efficiency is approximately equal, 0.877 and
0.897. The amount of permanent magnets increases by 21%, which improves the performance of the
motor, and the cost of permanent magnet is only a small part of the manufacturing cost of the motor.
Therefore, it is worthwhile to increase the permanent magnets.

Table 2. Comparative results of the two FSPM machines.

Items Initial Novel

Amplitude of fundamental phase back-EMF (V) 176.1 200.6
Total harmonic distribution (THD) of phase back-EMF 5.7% 4.7%
Average torque (Nm) 13.04 15.38

Torque ripple 8.8% 5.7%

Ratio of torque to machine volume (Nm/m?) 13,169 15,530
Efficiency at 5 A/mm? and 1500 r/min 0.877 0.897

4. Conclusions

In summary, this paper introduces a novel 6/17 E-shaped stator tooth FSPM machine with an
added magnet in the upper apex of each dummy slot, which is derived from the conventional 6/17
E-shaped stator tooth FSPM machine. Then, two kinds of 6/17 E-shaped stator tooth FSPM machine
topologies with the same rotor tooth are compared by FEM. Finally, the electromagnetic performance
of the two kinds of E-shaped stator tooth machine is compared, while final results indicate that the
proposed E-shaped stator tooth machine has higher torque, back-EMF, and efficiency than the initial
machine. In addition, the proposed structure has a lower torque ripple and lower THD of phase
back-EMEF. Therefore, this proposed E-shaped stator tooth machine has a better performance.
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