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Abstract: Flux-switching permanent magnet (FSPM) machines have attracted wide attention in many
rotating applications that require high-power density. In this research, we propose for the first
time a novel six-phase FSPM generator with a stator featuring a V-shaped flux-focusing magnet
arrangement. The design is targeted for low-speed wind power generation. To achieve the design
objectives as a wind generator, the highly comprehensive structural parameters, including the number
of rotor poles, split ratio, and rotor pole width, are designed and optimized using 2D finite-element
analysis. From findings, the optimal stator /rotor pole combination is discovered to be 12/19 for the
considered power and speed requirements. When compared to the initial structure, the optimized
structure of the V-shaped FSPM generator is found to produce a significant improvement in EMF,
cogging torque, electromagnetic torque, power, and efficiency. The power-generating performance
of the proposed FSPM generator is found to be outstanding when compared to the radial-flux PM
generators described in the literature. Therefore, the proposed V-shaped FSPM generator is capable of
being used for low-speed wind power generation. The machine configuration adjustment approach
presented in this work can also be utilized for the design of permanent magnet wind generators.

Keywords: permanent magnet synchronous machine; permanent magnet generator; flux-switching;
V-shaped; wind power generation

1. Introduction

Renewable energy has received considerable attention as an inexhaustible and nonpol-
luting source for power generation to lower the greenhouse effect [1-5]. Permanent magnet
(PM) machines are extensively known as potential candidates for use as renewable energy
power generators due to their advantages of high torque density, high efficiency, simplicity,
and ease of control [6-10]. The two main types of PM machines are rotor permanent magnet
machines, in which PMs are attached within the rotor part, and the stator permanent mag-
net (SPM) machines, which have PMs installed within the stator part. In particular, the SPM
machines have attracted wide attention for renewable power generation due mainly to their
lightweight rotor. The stator flux-switching permanent magnet (stator-FSPM) machines
have been known as one of the efficient structures of SPM machines that are appropriate
for low-speed operation [11,12]. The stator of the stator-FSPM machines is made up of
laminated steel salient-pole with alternating polarities of installed PMs, while its rotor
serves as a path for magnetic flux circulation to fulfill the flux-switching theory. As a result,
the rotor of the stator-FSPM machines has low inertia and is simple and robust, which
makes it highly suitable for low-speed wind power generation applications [10,13]. In
particular, the outstanding merits of the stator-FSPM machines such as high-power density
and good thermal dissipation are claimed in many literature surveys [10-14]. Nevertheless,
the main drawback of the stator-FSPM machines is that their enhancement of power density
may be limited when used with a large magnetic load due to its narrow armature slot area.
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In particular, we noticed that the use of a V-shaped stator pole-piece with a flux-
focusing magnet arrangement could effectively improve such weaknesses through an
enlarged slot area. The use of V shaped poles is one of the popular techniques used for
the improvement of the electromagnetic performance of FSPM machines, as shown in the
following literature review. A novel 6-stator/17-rotor pole FSPM technique using magnets
was proposed in 2017, showing that this structure can produce high electromagnetic torque
with a low torque ripple [14]. In [15], a 6/17 FSPM machine with V-shaped teeth was
proposed. It showed that this structure demonstrates low cogging torque and ripple. The
authors of [16] proposed an in-wheel FSPM motor based on V-shaped magnet placement.
They indicated that this structure can be a preferential candidate among different in-wheel
traction motors due to the superior torque capability and efficiency. A novel sandwiched
FSPM machine using V-shaped magnet placement was introduced in [17], showing that
performing the V-shaped magnet placement technique can increase output torque and
improve magnet usage efficiency through an enlargement of the slot area.

From the literature review on the development of FSPM machines, it is clearly seen that
not only the design techniques were applied to machines for performance improvement,
but it is also important to adjust and optimize the configuration of the structure since this
can cause a significant improvement in the machine profiles as well. The authors in [9]
showed that an adjustment of the stator configuration could yield an improvement in EMF,
cogging torque, and efficiency of PM machines. It was extensively demonstrated that an
improvement in EMF and output power of PM machines can be achieved by optimizing
the number of poles, the split ratio, and the stator pole arc of PM machines [10,13,18-20].
In [21], it was shown that the number of stator and rotor poles of FSPM machines should
be carefully optimized to achieve the higher torque capability. The authors in [22] indicated
that an adjustment of stator and rotor configurations causes significant effects on EMF,
cogging torque, and torque density of the FSPM machines. Since the FSPM machines
have attracted research interest for use in a variety of rotating applications, including
those requiring high reliability, such as aerospace power generation, large-scale wind
power generation systems, automotive traction, and multiphase configurations, it has
become important for such applications because it can improve the machine’s fault-tolerant
capability, as demonstrated in numerous previous studies [13,23-26]. It is worth noting
that the multiphase configuration can also improve the torque density and provide better
overload capability for FSPM machines.

According to the outstanding features of the stator-FSPM machines [10-14], it has
proven to be highly capable of being used as an electrical generator for wind power
generation. In particular, the V-shaped technique is an efficient approach for improving
the power and torque capability of PM machines through the enhanced flux-focusing
effect. Additionally, as previously mentioned, the narrow slot area is one of the main
drawbacks of FSPM; implementation of the V-shaped technique could compensate for
this drawback. This compensation might accordingly yield an improvement of machine
efficiency through reduced copper loss. However, the use of V-shaped technique in an
FSPM generator has not been reported in the literature. Therefore, as far as we know, this is
the first work implementing the V-shaped technique in the FSPM generator. To provide
better fault-tolerant performance and improve a higher torque density, we also propose
applying the multiphase configuration to the V-shaped FSPM generator. Here, a novel
six-phase V-shaped FSPM generator is proposed which was targeted for low-speed wind
power generation. An optimal design of the machine’s structural parameters, including
the number of rotor poles, split ratio, and rotor pole width, was carried out. Designs were
analyzed through simulations using the finite element method. The output characteristics
of the FSPM generator, namely the flux-circulation capability, flux-linkage, EMF, cogging
torque, torque, power capability, losses, and efficiency, were evaluated.

The remaining parts of this paper are arranged as follows: machine topology is
shown in Section 2. Section 3 provides a description of the procedure to optimize the key
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design parameters. Section 4 presents the proposed generator’s performance and related
discussion. Lastly, Section 5 provides a summary of this study’s findings.

2. Topology of the V-shaped FSPM Generator

Figure 1la depicts the initial configuration of the proposed 6-phase V-shaped FSPM
generator. It has 12 stator poles and 22 rotor poles (12-stator/22-rotor). This configuration
was initialized from the 12-phase 24-slot/22-pole topology, which was claimed to be the
great pole combination for FSPM wind generators [13]. The V-shaped flux-focusing magnet
is designed with the goal of achieving high-power capability and efficiency of the FSPM
generator. It is worth noting that an implementation of V-shaped technique theoretically
yields a reduction in the initial number of phase and stator slots by a half. The topology of
the V-shaped magnets was designed by setting the sandwiching pole arc to be 1.25 times
the stator pole arc since this arrangement may provide great performance for the FSPM
machine [17]. The concentrated armature winding is installed at the stator slots. The
flux rib is designed and built for machine prototyping purposes and can be ground away
following assembly. The optimal design of the 6-phase V-shaped FSPM generator with
adjusted structural design parameters contains 12-stator/19-rotor poles, as depicted in
Figure 1b. Both machines operate based on the principle of flux-switching, where the
PMs are installed in the stator teeth with adjacent opposite polarity. The polarity of the
flux-linkage is switched by a rotor rotation. The dimensions of both generators are shown
in Table 1, where their design variables are defined in Figure 2.

(b)

Figure 1. (a) The initial and (b) the optimal structures of 6-phase V-shaped FSPM generators.
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Figure 2. Design variables.
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Table 1. Dimensions of the initial and the optimal V-shaped FSPM generators.

Parameters Unit Initial Optimal
V-Shaped Structure V-Shaped Structure
Number of phases phase 6
Number of stator teeth, Ng pole 12
Number of rotor pole, N pole 22 19
PM type - NdFeB
Magnet remanence T 1.2
Magnet coercivity kA/m —909.46
Axial length, L mm 185
Outer stator radius, Rgo mm 163.5
Stator yoke length, Lsy mm 8.56
Split ratio - 0.8
Stator inner radius, Rg; mm 130.8
Cut delta length, Lgeyta mm 8
Stator pole arc, Ot degree 3.9375
Air gap length, ¢ mm 1
PM arc, Opm degree 3.375
Rotor pole height, Ly, mm 25.96
Rotor inner radius, R mm 60
Flux rib, mm 15
PM length, Lpy mm 26.6
Stator slot arc, O degree 10.45
Coil turn turn 65
Sandwiching pole arc, sw degree 4.92
Total stator slot area cm? 10
Total magnet volume cm3 892
Rotor pole width ratio - 14 1.6
Rotor pole arc, Oyt degree 5.25 6
Rotor pole yoke-arc, 6y degree 12.075 13.8
Rated speed rpm 500

3. Optimization of Key Design Parameters

To achieve high torque and efficiency capability of the proposed V-shaped FSPM
generator, we propose a design and optimize the structure to meet high suitability of
a low-speed wind power generation application. In this work, the design parameters,
including the number of rotor poles, split ratio, and rotor pole width, are selected since
their high impact on the FSPM machines’ performance has been claimed in many studies.
The stepwise optimization technique was performed in the design. The sequence of the
optimization parameters is prioritized based on their impact on the machine’s performance.
The design objective functions include the no-load EMF with its THD and cogging torque,
since these parameters essentially represent the performance of the wind generator. It
should be noted that the design constraints include a fixed copper loss, same PM volume
with fixed V-shaped alignment, same air-gap length, and a fixed ratio of rotor pole arc
and yoke arc. The selection of an optimal value for each design parameter is based on
the trade-off between all objective functions whose values are suitable for wind power
generation at a rated speed of 500 rpm.

3.1. Number of Rotor Poles

The number of rotor poles is typically believed to have a significant effect on the
performance of PM machines since it serves as a major flux path and is used for alternating
the magnetic field circulation of the FSPM machines. The formula describing the possible
number of stator pole Ng and rotor pole N; combinations for the FSPM machine is given by
Equation (1);

Ns

HCD(Ns, N;) 6i @
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where HCD is the highest common divisor and i is an integer [11]. Figure 3 depicts the
effects of the variation in the number of rotor poles on the machine’s EMF, THD, and
cogging torque. It demonstrates that changing the number of rotor poles can rapidly
increase the EMF magnitude, even significantly higher than that of the initial structure. The
greatly improved EMF is caused by highly improved magnetic field utilization due to better
distribution of the magnetic field circulation. Additionally, the THD is slightly affected
by the rotor pole variation. Figure 3b shows that the cogging torque rapidly increases at
some rotor pole numbers, while it can be greatly reduced at the rotor pole number of 17,
19, and 23. It is seen that changes in rotor pole numbers have a significant effect on the
cogging torque scale since the rotor tooth is typically used as a magnetic flux-circulation
path. As a result, the rotor pole number that provides a more balanced magnetic field
distribution typically yields lower cogging torque. Results clearly show that the V-shaped
FSPM generator with 19 rotor teeth outperforms other structures since it can produce a
very high EMF with the lowest cogging torque while maintaining the THD scale. Therefore,
the V-shaped FSPM generator with 12-stator/19-rotor is selected for further performance
improvement. The EMF phasors of the initial 12-stator/22-rotor and the 12-stator/19-rotor
structure are demonstrated in Figure 4, showing that each phase winding is constituted by
connecting two coils to achieve symmetrical phase EMF waveforms.
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Figure 3. Influence of rotor pole number on the (a) EMF profile and (b) cogging torque of the
V-shaped FSPM generators with a 12-slot stator.
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Figure 4. Phase EMF phasors of the 6-phase V-shaped FSPM generators: (a) initial 12-stator/22-rotor
structure; (b) 12-stator/19-rotor structure.

3.2. Split Ratio

The split ratio of FSPM machines is generally defined as Rg;/Rso. This parameter
typically plays an important role in the machine’s performance since it is highly related
to many parts of the machine’s configuration. Here, we evaluated the machine’s no-load
capability by varying the split ratio from 0.6 to 0.9. It is noted that the split ratio of the initial
structure is 0.8. Figure 5 depicts the EMF, THD, and cogging torque of the 12-stator/19-rotor
V-shaped FSPM generator with various split ratios. It demonstrates that changing the split
ratio, apart from the conventional value of 0.8, results in a reduction in EMF. A reduction
in EMF at lower split ratios is caused primarily by flux-leakage between the stator teeth
and the rotor shaft, whereas reduced magnetic saturation capability is the main cause of
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lower EMF at higher split ratios. These reduced flux utilization capabilities also yield an
increased THD, along with a lower cogging torque resulting from a decrease in energy in
the air gap. To maintain an acceptable THD value, the split ratio should be kept between
0.7 and 0.8. The trade-off reveals that the optimal split ratio should be 0.8, owing to its
highest EMEF, acceptable THD, and moderate cogging torque.
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Figure 5. Influence of the split ratio on the (a) EMF profile and (b) cogging torque of the 12-stator/19-
rotor V-shaped FSPM generators.

3.3. Rotor Pole Width

The width of rotor teeth typically indicates a huge impact on the shape of the mag-
netic flux path, mainly at the air gap. Therefore, it has a major impact on the machine’s
performance, especially the cogging torque scale. Here, we propose varying the rotor pole
width of the 12-stator/19-rotor V-shaped FSPM generator having the optimal split ratio
of 0.8, aiming to improve machine capability for wind power generation. The rotor pole
width ratio was varied from 1 to 1.9, where the initial rotor pole width of one-quarter times
the stator pole pitch was defined as a rotor pole width ratio equal to 1. Figure 6 depicts
the effect of rotor pole width variation on the machine’s EMF, THD, and cogging torque. It
shows that the EMF of the V-shaped FSPM generator improves by increasing the rotor pole
width ratio from the conventional value of 1.4 to 1.5; thereafter, it decreases continuously.
Meanwhile, decreasing the rotor pole width below 1.4 causes a rapid reduction in EMF.
Higher EMF scales are obtained due to the better compatibility of the width of rotor teeth
with respect to the shape of the stator teeth; as a result, the magnetic flux can be greatly
linked between the stator and rotor, resulting in better flux utilization. In addition, we
found that the THD scale is inversely proportional to the rotor pole width. The cogging
torque profile shows that the rotor pole width has a huge impact on the cogging torque
amplitude since the width of rotor tooth is typically associated with an interacting force
between the stator and rotor teeth in the initial situation. Our analysis revealed that the
structures with an appropriate rotor pole width demonstrate a low cogging torque scale
due to the lower flux-leakage at the rotor tooth and stator tooth. The trade-off indicates
that the optimal rotor pole width is selected as 1.6 because of its high EMF, low THD, and
significantly improved cogging torque.
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Figure 6. Influence of the rotor pole width on the (a) EMF profile and (b) cogging torque of the
12-stator /19-rotor V-shaped FSPM generators.
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4. Comparison of Generator Performance

From the previous section, we found that the optimal design of the 6-phase V-shaped
FSPM generator is a structure having 12-stator/19-rotor poles, a split ratio of 0.8, and
a rotor pole width ratio of 1.6. In this section, the electromagnetic performance of the
optimal structure is evaluated and compared to that of the initial configuration. The no-
load performance indicators include the flux-circulation capability, flux-linkage, EMF, and
cogging torque, while the on-load characteristics are the electromagnetic torque, power
capability, losses, and efficiency. To provide a fair comparison, two FSPM generators are
compared under the identical copper loss condition at 500 rpm rated speed.

4.1. PM Flux-Line Distribution

Figure 7 illustrates a comparison of the PM flux-line distributions of the initial and
optimal design of V-shaped FSPM generators. It is apparent that the optimized structure
demonstrates considerably lower leakage flux than the initial one, especially between the
teeth. Additionally, the better flux-focusing capability of the optimal structure is observed,
especially at the rotor. In addition, the optimal structure has greater magnetic saturation,
especially at the stator. This improved property implies better magnet utilization of the
optimal structure, which might contribute to the improvement in performance.

A (Wb/m)

. 0.0013

l 0.0001 ¢
l—0.0013 o
B (Tesla) |aSsm

.3.26
.1.63

I° ()

Figure 7. PM flux-line distributions: (a) initial V-shaped structure; (b) optimal V-shaped structure.

4.2. Flux-Linkage and EMF

The flux-linkage and EMF profiles of the initial and optimal V-shaped FSPM generators
during the open-circuit condition are illustrated in Figures 8 and 9, respectively. It is seen
that the optimized V-shaped FSPM generator produces significantly higher flux-linkage
and EMF than the initial structure, due mainly to its better flux-focusing capability. The
EMF produced by the optimized structure is almost twice as high as that of the initial one.
However, the slightly higher THD of the optimized structure (10.3%) than the initial value
(8.4%) is indicated due to the odd number of rotor poles. The huge improvement in the
EMEF scale could possibly yield a significant enhancement in power generation capability.
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Flux-
s
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Figure 8. Comparison of flux-linkage.
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Figure 9. Comparison of (a) back-EMF waveforms and (b) contributing spectrum.

4.3. Cogging Torque

The cogging torque is typically an important parameter related to the starting perfor-
mance of PM machines, especially for low-speed wind power generation. According to
Figure 10, it shows that the optimal V-shaped FSPM generator has approximately 14.3 times
lower cogging torque than the initial design, thus demonstrating its outstanding suitability
for low-speed operation.

24
18
12 |

|—Initial structure — Optimal structure

Cogging torque (N-m)
=

60 120 180 240 300 360
Rotor position (elec. deg.)

Figure 10. Comparison of cogging torque.

4.4. On-Load-Generating Performance

On-load torque characteristics of two V-shaped FSPM generators are shown in Figure 11.
It reveals that the optimized structure can produce 2.7 times higher torque with significantly
lower torque ripple (Tyjpple) than the initial structure, which clearly indicates the better
torque capability of the optimized structure. Table 2 presents a comparison of the overall
performance of the V-shaped FSPM generators at their rated speed of 500 rpm. It is seen
that the output voltage of the optimized structure is 1.7 times higher than that produced by
the initial one. Remarkably, the output power of the optimized V-shaped FSPM generator
is 73.6% improved from the initial configuration, which reaches 15.6 kW. A slightly higher
level of core losses is observed mainly due to the comparatively high flux densities and
high level of saturation, while the unbalanced flux circulation from an odd number of
rotor poles causes slight enhancement of eddy current losses. Overall, the efficiency of the
optimized structure is 1.79% higher than that of the initial structure, which reaches 93.28%.
For future work, it is recommended to include the experimental verification.

4.5. Comparison of Power-Generating Performance to the Existing Radial-Flux PM Generators

The power-generating performance of the proposed 6-phase 12-stator/19-rotor V-
shaped FSPM generator is compared to the other existing radial-flux PM generators, as
shown in Table 3. It reveals that the proposed V-shaped FSPM generator can produce a high
power density of up to 1004.3 kW /m3, which is very high compared to the existing radial-
flux PM generators. Therefore, it clearly indicates that the proposed optimized 6-phase
12-stator/19-rotor V-shaped FSPM generator is a structure with superior characteristics
beneficial for use in low-speed wind power generation.
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Figure 11. Comparison of electromagnetic torque waveform.

Table 2. Performance comparisons at the rated speed of 500 rpm.

Output Parameters (Unit) Initial V-Shaped Structure Optimal V-Shaped Structure
Open-circuit phase EMF 155.3 296.9
(Vrms)
THD (%) 8.4 10.3
Output voltage (Vims) 149.8 260.1
Peak-peak cogging torque 09 23
(N-m)
Phase current (A) 10
Output power (W) 8988 15,603.9
Output torque (N-m) 101.3 271
Power density (kW/ m?) 578.5 1004.3
Torque density (kN-m/m?) 6.5 17.4
Torque ripple (%) 44.4 134
Copper loss (W) 326.54
Core loss (W) 226.4 366.7
PM eddy current loss (W) 253.1 284.7
Efficiency (%) 91.49 93.28

Table 3. A comparison of power density with other radial-flux PM generators.

Reference Power Density (kW/m®)
Proposed structure 1004.3
[13] 1203.6
[27] 1162.5
[28] 1004.1
[29] 939.7
[30] 768.2
[31] 692.6
[32] 681.7
[33] 636.2
[34] 606.1
[35] 499.4
[36] 4329
[37] 417.2
[38] 217.9

5. Conclusions

In this paper, a V-shaped flux-focusing magnet arrangement is applied in the design
of an FSPM generator for the first time. A novel 6-phase V-shaped FSPM generator was
introduced, which was designed for low-speed wind power generation. The structural
parameters of the proposed generator, including the number of rotor poles, split ratio, and
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rotor pole width were designed and optimized to achieve enhanced power production and
high efficiency together with low cogging torque. It was found that the 12-stator /19-rotor
was an optimal combination of stator/rotor poles for this structure. After optimizing the
design parameters of the 6-phase 12/19 poles V-shaped FSPM generator, it was discovered
that the optimal structure produced 91.18% increased EMEF, 14.3 times lower cogging torque,
73.6% improved electromagnetic torque and power, and 1.79% higher efficiency, compared
to the initial structure. The generator can produce output power of up to 15.6 kW at
rated conditions, which is very high when compared to existing radial-flux PM generators.
Therefore, the proposed 6-phase 12-stator/19-rotor V-shaped FSPM generator becomes
another capable choice for low-speed wind power generation. The machine configuration
adjustment approach presented in this paper can be utilized for the design of permanent
magnet generators.
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