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ABSTRACT This paper introduces a 6-phase switched flux permanent magnet (SFPM) generator with
high permanent magnet (PM) utilization, designed for a 2 kW wind power generation application. Two
different SFPM generator variants were designed and analyzed by applying E-core and C-core techniques to
a state-of-the-art (SOTA) benchmark SFPM machine structure. Key design variables, namely, the rotor pole
number, split ratio, rotor pole width, and the number of turns per coil were optimized. The electromagnetic
performance, specifically as a wind generator considering objectives of achieving high PM utilization,
minimizing voltage waveform distortion, and reducing cogging torque, was evaluated using finite element
analysis. The results obtained from the analysis demonstrated that both the E-core and C-core SFPM
generators exhibited significantly higher flux-linkage per unit PM volume compared to the SOTA benchmark
generator. In particular, the optimized C-core SFPM generator demonstrated nearly double the magnet
utilization, half the cogging torque, and higher efficiency when compared to the benchmark SFPM generator.
Notably, the C-core SFPM generator achieved a power per PM volume of 24,979 kW/m?, positioning it as
the second-highest performing PM generator among all SOTA generators. Lastly, a prototype of the 6-phase
12-stator/25-rotor C-core SFPM generator was manufactured and tested to validate the analytical design.

INDEX TERMS Permanent magnet generators, switched flux permanent magnet machine, E-core, C-core,
wind power generation.

I. INTRODUCTION

Wind power generation has attracted great attention in the
last decade since renewable energy generation is becoming
an unavoidable trend, consequently extensive research and
development efforts have been dedicated to advancing wind
turbine generators. Permanent magnet (PM) machines are
the leading choice as wind power generators due to their
numerous advantages, including the absence of excitation
losses, high torque and power output, and enhanced reliability
[11, [2], [3]. PM machines can be designed as rotor PM
machines, which have PMs mounted on the rotor, and stator
PM machines, which have PMs attached to the stator [4],
[5], [6]. Stator PM machines are particularly appealing for
low-speed wind power generation, as they typically exhibit
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lower inertia and higher robustness compared to rotor PM
machines [5], [6]. Within the category of stator PM machines,
three different configurations are commonly utilized: doubly
salient permanent magnet machines, flux reversal perma-
nent magnet machines, and switched flux permanent magnet
(SFPM) machines [5], [6], [7], [8]. Of these configurations,
SFPM machines have attracted significant research attention
due to their potential improvements in power and torque capa-
bility, highly symmetric sinusoidal back-electromotive force
(EMF), high reliability, low risk of demagnetization, and a
simple structure with high robustness [9], [10], [11], [12].
The stator of a SFPM machines can also be manufactured in
modular, which holds the potential to reduce installation costs
in wind power applications.

Past developments of stator-SFPM machines have primar-
ily focused on enhancing torque density, reducing ripple and
cogging torque, and achieving symmetrical properties of the
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back-EMEF, as evidenced by the following selected literature.
In 2010, an E-core switched flux brushless machine was
introduced, which utilized only half the magnets compared
to conventional structures [13]. This innovation resulted in
an improved back-EMF and electromagnetic torque. Build-
ing upon this, Chen et al. presented a SFPM machine with
the C-core design [14]. This design not only increased
the utilization of permanent magnets and torque capabil-
ity but also provided a larger slot area for the stator
winding. Several SFPM machines with multiphase configu-
rations were designed to meet the demanding requirements
of high-reliability applications [15], [16], [17], [18], [19],
[20]. a six-phase hybrid-excited SFPM machine utilizing
both E-core and C-core stators demonstrated enhanced
fault-tolerance through improved physical and magnetic iso-
lation between phase windings [21]. In 2021, a novel H-type
modular stator core with flux-focusing was introduced, which
exhibited remarkable high torque capability [22]. Continuing
research efforts have resulted in further advancements in the
field [23], [24], [25], [26], [27], [28], leading SFPM machines
to be regarded as promising solutions for high-torque and
wide-speed-range applications.

Based on extensive literature surveys, it is evident that
the majority of research on SFPM machines has primarily
focused on motor operation. However, several noteworthy
studies have indicated that stator-SFPM machines are highly
capable of wind power generation. In 2015, a 9-phase 36-
stator/34-rotor pole SFPM machine was specifically designed
for low-speed and high-torque wind power generation [29]. F.
Li et al. conducted extensive design and optimization work
on this machine, further highlighting its capabilities [30].
The potential of SFPM generators for geared wind generator
has been extensively considered [31], [32], demonstrating its
high torque capability and suitability for medium-speed wind
power generation. L. Shao et al. proposed a 12-phase redun-
dant SFPM generator for wind power generation [33]. This
generator achieves high power density and can be considered
as the state-of-the-art (SOTA). Later on, a comparative study
conducted between a 12-phase SFPM generator proposed
in [33] and a 9-phase SFPM generator proposed in [29]
exclusively for wind power generation provides compelling
evidence supporting the superior performance of multi-phase
SFPM machines in this application [34]. Additionally, the
electromagnetic performance of 12-phase SFPM machines
was demonstrated to outperform surface-PM machines [35].
The suitability of a SFPM generator for wind applications
was still affirmed in recent research [36], emphasizing their
continued relevance and potential in the field.

Past research undeniably demonstrates that the SFPM
machine holds great promise as a wind power generator.
However, the majority of existing SFPM generators face
challenges related to high PM usage, resulting in concerns
regarding low PM utilization and high manufacturing costs,
as the cost of PMs is typically 30% or more of total machine
cost. High stator complexity and a narrow armature slot area
are also weaknesses of such SFPM generators. Addressing
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these drawbacks necessitates further research and develop-
ment in the field. This paper proposes SFPM generator
structures and optimization for requirements specifically
considering application as wind power generators, namely,
improving the PM utilization, minimizing voltage waveform
distortion by evaluation of total harmonic distortion (THD),
lower vibration by minimizing the cogging torque and eval-
uation of voltage regulation. In this context, the novelties
of this work are the following: 1) the first to report the
application of E-core and C-core design techniques for PM
generator purposes and 2) analysis of the PM utilization of
three different SFPM machines. Regarding to the findings,
a SFPM generator with an extremely high PM utilization has
been discovered in this study. Finally, the prototyping of the
most suitable structure was conducted to validate the design
simulations and analysis.

The next section presents the SFPM machine configura-
tion in detail with definitions of the physical dimensions of
the different variants. Section III presents the optimization
study of the E-core and C-core designs. Section IV presents
the evaluation of performance using finite element analysis
(FEA) and Section V presents the prototype SFPM machine,
experimental validation. Section VI provides a conclusion
with the key findings of this research.

Il. MACHINE CONFIGURATION

The SFPM machine served as a baseline in our research
for benchmarking purposes is a scaled-down version of the
optimized SOTA 24/22 (stator-/rotor-pole) SFPM generator
[33], as depicted in Fig. 1(a). This machine can be configured
to incorporate a maximum of 12 phases. Detailed dimensions
of this benchmark machine can be found in Table 1. It is
important to highlight that the SOTA benchmark machine
has already undergone optimization and achieves remarkable
power density when compared to other existing SFPM gener-
ators. The structure of the SOTA benchmark SFPM generator
contains PMs arranged between two stator pieces, in which
the PMs are magnetized circumferentially in the opposite
direction. The concentrated armature winding is inserted into
the openings of the stator slots.

In this research, two variants of the SFPM machine are
introduced, namely, the E-core and C-core generators. The
topology of the proposed E-core and C-core generators fol-
lowing optimization of structural design variables is shown
in Figs. 1(b) and 1(c) respectively and their dimensions are
given in Table 1. The E-core structure comprises 12 E-
shaped segments, which are arranged circumferentially and
sandwiched between the PMs with alternating polarity. The
C-core structure, as shown in Fig. 1(c), builds upon the E-core
design by eliminating the mid-partitioning stator teeth. This
modification increases the slot area available for armature
winding installation, further improving the generator’s capa-
bilities. Both the E-core and C-core structures incorporate
approximately half the amount of PMs compared to the SOTA
benchmark SFPM structure. It is important to note that while
the individual coils of the SOTA benchmark SFPM machine
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(a)

(b)

(c)

FIGURE 1. Cross-section of: (a) SOTA benchmark 12-phase 24-stator/22-rotor generator [33], (b) optimal 6-phase 12-stator/23-rotor E-core

generator and (c) optimal 6-phase 12-stator/25-rotor C-core generator.

TABLE 1. Dimension of SFPM generators.

Parameters Unit SOTA Ecore C-core
benchmark

Number of phases phase 12 6
Eumber of stator pole, pole 24 2
Number of rotor pole, N, pole 22 23 22
PM type - Nd-Fe-B
Magnet remanence T 1.2
Magnet coercivity kA/m -909.46
Rated rotor speed rpm 500
Stack length, Ly mm 120.25
Stator outer radius, Ry, mm 106.275
Stator yoke length, L, mm 5.564
Split ratio - 0.8
Stator inner radius, Ry; mm 85.02
Cut delta length, Ly, mm 5.2
Stator pole arc, 6y ° 3.9375
Air gap length, g mm 0.65
PM arc, Opy ° 3.375
Rotor pole height, Ly, mm 16.874
Rotor inner radius, R, mm 39
PM length, Lpy mm 17
Stator slot arc, Oy 3.75 7.5 18.75
Rotor pole width ratio - 1.4 1.5 1.5
Rotor pole arc, 0, ° 5.25 5.625 5.625
Rotor pole-yoke arc, 6, 12.075 12.938  12.938
Coil turns, N/ turn 65 120 105
Conductor cross-section mm? 0.82
Normal tooth arc, 6,, - 3.75 -
Total stator slot area mm? 2870.6 49653  6013.1
Total magnet volume mm’ 245.5 122.7
Machine volume cm’® 4,266.75

can be configured with a maximum of 12 phases, the E-core
and C-core structures are limited to a maximum of 6 phases.
Fig. 2 depicts the flux circulation of the SOTA benchmark,
E-core, and C-core SFPM generators, respectively. In the case
of the SOTA benchmark and C-core structures, the circulation
path (dashed line) is completed by the adjacent stator teeth.
On the other hand, the flux circulation in the E-core structure
involves both its stator and normal teeth. The C-core struc-
ture, in particular, has a longer flux circulation path than the
other structures. The design parameters utilized to optimize
the structure of the E-core and C-core are illustrated in Fig. 3,
and the optimization procedure is described in Section III.

1IIl. OPTIMIZATION OF KEY DESIGN PARAMETERS
In order to maximize the performance of both E-core and
C-core SFPM generators, the impacts of the key design
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FIGURE 2. Flux circulation path of (a) SOTA benchmark (b) E-core and (C)
C-core SFPM generators.

FIGURE 3. Design parameters of (a) E-core and (b) C-core SFPM
generators.

parameters, including the rotor pole number, split ratio, rotor
pole width ratio, and the number of turns per coil, were
evaluated and optimized to achieve a rated power of 2 kW
at 500 rpm. The optimization process employed a stepwise
approach, whereby the optimal value for each parameter
was determined and retained for further optimization of the
remaining design parameters. The priority given to optimiz-
ing each parameter was based on its impact on the overall
design objectives. As for the wind generator, the power gen-
erating capability is a crucial index. Since the phase-EMF
is closely associated with power generation capacity and
quality, the maximizing the magnitude of EMF and reduc-
ing the THD were chosen as the primary optimization goal.
In addition, the minimization of cogging torque plays an
important role in reducing wind-turbine vibrations and tur-
bine low speed operation. Hence, cogging torque was taken
into account during the evaluation and optimization process.
The optimal solution, obtained from varying each design,
was chosen based on the formulation of a trade-off objective
function. This function considers different weights assigned
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to each design objective, outlined as follows.

EMF (x;)
EMF’

THD' T} og
w2 w3
THD(x;) Tcog(xi)

The optimal point is defined as the point that yields the
lowest fGoar, value. EMF', THD', and Tc’og represent the
initial values of phase EMF, THD, and peak-to-peak cogging
torque, respectively. EMF(x;), THD(x;), and T,og(x;) corre-
spond to their values at each key design parameter, x;. The
weight coefficients wy, wo, and w3 are specifically set as 0.4,
0.2, and 0.4, respectively, to fulfill the design objective in
this work.

ey

feoar = w1

A. POLE NUMBER COMBINATION

The number of salient poles is a critical factor that signif-
icantly affects the performance of SFPM machines since it
serves as the component that switches the magnetic flux
polarity and therefore has a significant impact on magnetic
field circulation behavior. Fig. 4 illustrates the impact of
varying rotor pole number on the no-load EMF, THD, and
peak-to-peak cogging torque of the SOTA benchmark, E-
core, and C-core SFPM generators. The graph demonstrates
that both E-core and C-core generators exhibit an increase in
EMF as the number of rotor poles rises, reaching a maximum
value at 24 rotor poles, after which it starts to decrease.
In addition, the E-core and C-core generators show lower
THD values with a higher number of poles due to a rel-
atively smoother transmission of the flux switching effect.
This effect typically occurs when the number of rotor poles
approaches twice the number of stator poles. Analyzing the
THD characteristics reveals that the number of rotor poles
need to be greater than 21 to maintain an acceptable THD
of less than 10%. While the no-load EMF of the E-core and
C-core generators reaches its peak at 24 rotor poles, these
generators exhibit high cogging torque due to the alignment
of stator and rotor poles. To achieve low cogging torque and
symmetrical EMF, it is essential to consider the correlation
between the number of stator and rotor poles (Ng and N;),
described as [37] and [38]:

N

B 2)
HCD (Ny, N)

where HCD is the highest common divisor and i is an
integer. Among the different configurations, the generators
having 23 and 25 rotor poles exhibit the lowest cogging
torque, along with low THD and relatively high EMF mag-
nitude. Comparing these two options, the 23-pole E-core
SFPM machine demonstrates a low THD of 2.6% and a
low cogging torque of 1.4 N-m, whereas the 25-pole C-core
SFPM machine achieves a low THD of 4.4% and a low
cogging torque of 2.3 N-m. These configurations of E-core
and C-core generators are selected for further optimiza-
tion in the following subsections. It is important to note
that, at this stage, the SOTA benchmark outperforms other
options.
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FIGURE 4. Influence of the number of rotor pole on the no-load
characteristics of SFPM generators. (a) Phase EMF (rms value, 1 turn) and
THD. (b) Cogging torque.

B. COIL VOLTAGE VECTORS AND PHASE VOLTAGE

The voltage vectors corresponding to individual coils of the
E-core and C-core SFPM generators are illustrated in Fig. 5.
It is important to highlight that each phase winding of the
SFPM machines requires two coils to eliminate even-order
harmonics in the EMF waveform. These coils can be inter-
connected to form two sets of 3-phase armature windings,
which further contributes to enhancing the reliability of the
generator.

FIGURE 5. Phase-EMF vectors of (a) 6-phase 12-stator/23-rotor E-core
and (b) 6-phase 12-stator/25-rotor C-core SFPM generators.

C. SPLIT RATIO

The split ratio, expressed as the ratio of Ry to Ry, plays a
crucial role in influencing the magnetic flux path of a PM
machine, thereby significantly impacting its electromagnetic
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performance. In this section, the impact of split ratio variation
on the no-load performance of the 12/23 E-core and 12/25 C-
core SFPM generators is evaluated. The initial split ratio of
these generators is set at 0.8, based on the value of the SOTA
benchmark structure, then varied from 0.6 to 0.9. Figs. 6(a)-
6(b) depict the effect of the split ratio on the phase EMF,
THD, and cogging torque profiles. The results clearly show
that both the E-core and C-core SFPM generators achieve
the highest EMF with the lowest THD at a split ratio of
0.8. As the split ratio increases beyond this point, there is
a rapid reduction in the EMF due to increased leakage flux.
Although adjusting the split ratio reduces the cogging torque,
the optimization process in the following section focuses on
optimizing the rotor pole width ratio to minimize cogging
torque, rather than adjusting the split ratio. Hence, it can be
concluded that the optimal split ratio for both proposed gen-
erators is 0.8. At this optimal split ratio, both the E-core and
C-core generators exhibit higher cogging torque compared
to the SOTA benchmark structure. The C-core generator
exhibits higher EMF, THD, and cogging torque compared to
the E-core generator. The larger cogging torque of the C-core
generator is attributed to the relatively higher fields at the
stator teeth resulting from the modified flux paths.

2 - — : 20
# SOTA benchmark, EMF == C-core, EMF —®~ E-core, EMF
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FIGURE 6. Influence of the split ratio on the no-load characteristics of
SFPM generators. (a) Phase EMF (rms value, 1 turn) and THD. (b) Cogging
torque.

D. ROTOR POLE WIDTH RATIO
The rotor pole width has a significant impact the charac-
teristics of the machine. Here, the ratio of the conventional
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rotor pole width to the stator pole pitch of 1/4 is defined as
the rotor pole width ratio of 1. The impact of the rotor pole
width on the no-load characteristics of the 12/23 E-core and
12/25 C-core SFPM generators with an optimal split ratio of
0.8 is analyzed, as shown in, as shown in Fig. 7(a). It can
be observed that the phase EMF of both generators increases
with an increasing rotor pole width ratio until it reaches its
maximum value, thereafter the EMF decreases continuously
due to a larger leakage flux between adjacent teeth. Further-
more, the THD of the proposed generators is small at the
corresponding rotor pole width ratios that produce the highest
EMEF. This suggests that the magnetic flux circulation around
those specific rotor pole width ratios achieves better magnet
utilization. In addition, Fig. 7(b) illustrates that changes in
the rotor pole width have a significant impact on the cogging
torque, primarily due to its effect on restricting the air-gap
magnetic field resulting from stator slotting. Based on the
results, the optimal rotor pole width ratio for the E-core
and C-core generators is selected as 1.5, considering its the
highest EMF, acceptable THD, and minimal cogging torque.
Notably, the peak-to-peak cogging of the optimal rotor pole
width C-core generator is significantly lower compared to the
SOTA benchmark.

2.5 15
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FIGURE 7. Influence of the rotor pole width on the no-load characteristics
of SFPM generators. (a) Phase EMF (rms value, 1 turn) and THD.
(b) Cogging torque.

E. NUMBER OF TURNS PER COIL
Given the design specifications for the E-core and C-core
SFPM generators at a rated power of 2 kW and a phase
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voltage of 96 'V, it is necessary to adjust the number of turns
per coil to attain this desired output. This adjustment is crucial
as it directly affects the magnitude of the EMF, power factor,
and the generator’s ability to supply the load. In addition to
the output power specification, the number of turns per coil
is closely related to voltage regulation, which quantifies the
generator’s capacity to maintain a stable output voltage when
faced with load variations. The on-load profiles of all pro-
posed SFPM generators, evaluated at their optimal values for
the number of rotor poles, split ratio, and rotor pole width, are
depicted in Fig. 8. It demonstrates that both the output power
and voltage regulation of the proposed generators increase
as the number of turns per coil rises. However, the voltage
regulation factor exhibits a more rapid incline compared to
the output power due to the substantial increase in winding
reactance and the resulting voltage drop across the reactance.
Based on these observations, the most appropriate number
of turns per coil for the E-core and the C-core designs are
selected to be 120 and 105, respectively. These selections are
made to maximize the simulated output power while ensuring
that the measured output power remains consistently around
2 kW rating condition, making the generators suitable for
low-speed wind power generation.

3500 ; 3 ; ——— 100
2800

2100[=
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Output power (W)

(v4,) 10306} uone|N3aa ade)jo

T AT ; —8— C-core, Power
il N (A L --@- C-core, VR 20
700 ; ; —8— E-core, Power
-@- E-core, VR
0

: ' 0
70 80 90 100 110 120 130
Number of turns

FIGURE 8. Influence of turn number per coil on output power and voltage
regulation factor of the E-core and C-core SFPM generator.

IV. GENERATOR PERFORMANCE ANALYSIS

In this section, the FEA-predicted output characteristics of
the optimal designs, namely, the 12/23 E-core and 12/25 C-
core SFPM structures, were analyzed and compared with
those of the SOTA benchmark structure. The analysis covers
both the no-load characteristics, such as flux line distribution,
PM flux-linkage, phase EMF, as well as the on-load gener-
ating performance, including electromagnetic torque, torque
ripple, losses, and efficiency. These investigations were con-
ducted under rated conditions of 2 kW and 500 rpm.

A. PM FLUX LINE DISTRIBUTION

Figs. 9(a)-9(c) show the d-axis no-load flux distribution of
the SOTA benchmark structure, 12/23 E-core, and 12/25 C-
core SFPM generators, respectively. An analysis reveals that
the magnetic flux flowing through both stator and rotor teeth
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of the E-core and C-core generators has a higher concentra-
tion than the SOTA benchmark generator, primarily due to
their shorter flux path. Also, the optimized C-core generator’s
shorter rotor height results in a reduced magnetic circulation
path compared to other generators. Upon comparing the flux
distribution at the stator core, the C-core generator exhibits
a greater distributed magnetic flux compared to the E-core
generator. The E-core generator, on the other hand, demon-
strates a notably higher intensity of magnetic flux, leaving
some space unutilized. As a result, these suggest that the
C-core generator appears to achieve higher PM utilization
in its design. Additionally, the E-core and C-core generators
exhibit significantly lower leakage flux between adjacent
stator and rotor teeth compared to the SOTA benchmark gen-
erator. This reduction in leakage flux can be attributed to the
lower number of stator magnets and teeth in the E-core and C-
core designs, resulting in a longer flux path and subsequently
higher reluctance.

A[Wh/m]

. 0.01

FIGURE 9. Open-circuit field flux distributions. (a) SOTA benchmark SFPM
generator. (b) E-core SFPM generator. (c) C-core SFPM generator.

B. PM FLUX-LINKAGE AND EMF
Fig. 10 illustrates a comparison of the PM flux-linkage
between the optimal E-core and C-core structures and the
SOTA benchmark structure. The analysis reveals that both the
E-core and C-core SFPM generators exhibit a significantly
higher PM flux-linkage compared to the SOTA benchmark,
with increases of approximately 64.7% and 42.62% respec-
tively. This higher PM flux-linkage is attributed to the
increased magnetic flux density resulting from a higher num-
ber of installed winding turns per coil in the proposed designs.
The no-load phase EMF waveforms and their spectra of the
three generators are shown in Fig. 11. It is evident that the
proposed generators can generate substantially higher phase
EMF compared to the SOTA benchmark generator. Also, the
trend of the EMF waveforms is well consistent with that of
the flux-linkage. From the result, proposed E-core and C-
core SFPM generators can achieve peak phase EMF values
of 311.12 V and 292.88 V respectively, which are 65.5% and
55.8% higher than the phase EMF of the SOTA benchmark
generator. In addition, all three generators exhibit low 3rd
harmonic components, resulting in greater symmetrical phase
EMF characteristics.
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C. COGGING TORQUE

The cogging torque arises as a result of the interaction
between the PMs and the salient rotor poles. It leads to
mechanical vibrations during the starting and low-speed oper-
ation of the generator. The magnitude of the cogging torque
can be calculated based on the energy stored in the air gap
between the stator and rotor components. Fig. 12 depicts the
cogging torque waveforms of the three SFPM generators. It is
observed that the C-core generator exhibits a significantly
lower cogging torque compared to both the SOTA benchmark
and E-core generators. In particular, the cogging torque of
the C-core generator is approximately half that of the SOTA
benchmark structure. On the other hand, the high cogging
torque of the E-core structure is primarily due to its E-shaped
stator segment, which results in a higher density of magnetic
flux on the salient poles. Therefore, the optimal C-core gen-
erator is more preferable than the other two machines during
the starting conditions.

D. ON-LOAD GENERATING PERFORMANCE

Fig. 13 illustrates the electromagnetic torque produced by the
C-core SFPM generator, which reaches 63 N-m. this torque
value surpasses the SOTA benchmark generator by 3.8%.
On the other hand, the E-core SFPM generator demonstrates
a slight decrease in torque, approximately 6.1% lower than
the SOTA benchmark SFPM generator. Examining the torque
waveforms of both the E-core and C-core SFPM generators,
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FIGURE 12. Cogging torque waveforms.

it becomes evident that they exhibit higher ripples com-
pared to the SOTA benchmark generator. These ripples are
primarily caused by unbalanced magnetic forces resulting
from odd rotor poles. To provide a comprehensive overview,
Table 2 summarizes the overall performance of all the gen-
erators under rating conditions achieved by FEA prediction.
It shows that the 12-phase SOTA benchmark SFPM genera-
tor achieves the rated condition with a smaller current due
to its higher number of phases. Unfortunately, the E-core
generator exhibits a notably lower output power compared
to its counterparts. Among the different generator types, the
C-core generator exhibits the smallest copper loss, while
the E-core generator experiences the largest copper loss due
to its higher number of armature winding turns. Both the
E-core and C-core generators have lower core losses com-
pared to the SOTA benchmark structure, primarily due to
a reduction in core material weight. However, the E-core
and C-core generators experience higher PM eddy current
losses compared to the SOTA benchmark generator due to
the odd number of rotor poles causing an unevenly distributed
air-gap magnetic permeance. Despite this, the C-core SFPM
generator achieves the highest efficiency, reaching up to
93.6%. Remarkably, both the E-core and C-core generators
demonstrate significant improvements in PM utilization, with
an output power per PM volume enhancement of 74.6% and
98.4%, respectively, compared to the SOTA benchmark struc-
ture. Meanwhile, the EMF per unit turn per PM volume of
the E-core and C-core generators surpasses that of the SOTA
benchmark structure by 79.5% and 94%. This enhanced PM
utilization of the E-core and C-core generators contributes to
lower manufacturing costs. In terms of overload capability,
both the E-core and C-core generators exhibit a higher voltage
regulation factor. Figure 14 illustrates the analysis of the
overload capability of the three SFPM generators. The slope
of the SOTA benchmark generator is found to be less steep
than that of the C-core and E-core generators, indicating its
greater overload capability than others. The C-core genera-
tor, in particular, outperforms others in terms of EMF value
and power generation at low load range. The high voltage
regulation factor of the E-core and C-core generators can be
attributed to their larger winding resistance and synchronous
reactance, which increase with a greater number of coil
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turns. Consequently, a future recommendation to address this
weakness involves optimizing the structural parameters of
the structure with paralleled coil configuration. Considering
all factors, the trade-off analysis unequivocally demonstrates
that the optimized 6-phase 12/25 C-core SFPM generator
surpasses other designs in terms of performance and cost-
effectiveness, making it a great choice for low-speed wind
power generation. This generator design has been selected for

prototyping.
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FIGURE 13. On-load electromagnetic torque waveforms at rated
generating condition (500 rpm).
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FIGURE 14. (a) Output voltage versus on-load phase current. (b) Voltage
regulation factor versus output power (500 rpm).

E. COMPARISON OF POWER GENERATING CAPABILITY
TO THE PREVIOUS STUDIES

Given the objective of this study, which is to propose a high
PM utilization PM generator, it is important to compare this
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TABLE 2. Performance comparison at rating condition @500 rpm.

Parameters SOTA E-core C-core
benchmark

Open-circuit phase EMF (rms,V) 132.9 220.0 207.1
EMEF per unit turn per PM 83 14.9 16.1
volume (mV/cm?)
Output voltage (rms,V) 113.5 128.4 145.9
Output current (rms,A) 2.26 3.5 35
Voltage regulation factor (%) 17.1 71.4 41.9
Output Power (W) 3090.2 2699.8  3063.9
Peak-peak cogging torque (N-m) 0.33 0.63 0.17
Average torque (N-m) 60.7 57.0 63.0
Torque ripple factor (%) 0.7 1.5 1.4
Copper loss (W) 153.0 178.2 112.9
Core loss (W) 78.1 63.9 65.6
PM eddy-current loss (W) 22.0 259 22.7
Power factor 0.85 0.58 0.70
Power per PM volume (W/cm?) 12.6 22.0 25.0
Efficiency (%) 92.1 90.4 93.6

indicator with existing PM generators in the literature. The
power generation capability of the optimized 6-phase 12/25
C-core SFPM generator is compared with other radial-flux
PM generators described in previous studies, as presented in
Table 3. The comparison reveals that the proposed C-core
SFPM generator achieves a power per PM volume of up to
24,979 kW/m?>, ranking it as the second-highest among all
currently available PM generators. Furthermore, the power
density of our proposed generators falls within an interme-
diate range. Consequently, it is evident that the optimized
6-phase 12/25 C-core SFPM generator represents a structure
that has a very high PM utilization.

TABLE 3. A comparison of power generating capability with other
radial-flux PM generators.

Power density Power per PM volume

Reference (kW/m’) (kW/m’)
Proposed structure ~ 718.1 24,979
[35] 1,203.6 21,494
[30] 1,162.5 16,916
[33] 1,004.1 17,430
[34] 939.7 16,313
[29] 768.2 6,400.4
[39] 692.6 24,132
[40] 681.7 7,807
[41] 636.2 23,802
[42] 606.1 10,240
[43] 499.4 16,542
[44] 432.9 14,815
[45] 417.2 40,704
[46] 217.9 440.2

V. EXPERIMENTAL VALIDATION

To validate the design and optimization, a prototype of the
optimized 6-phase 12/25 C-core SFPM generator was man-
ufactured and tested. The rotor and stator laminations, rotor,
and stator of the generator prototype are shown in Fig. 15.
To simplify manufacturing, an outer rib measuring 1 mm
was incorporated at the outer diameter. This rib serves as a
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connecting bridge between the C-shaped stator laminations
and can be easily removed through grinding after assembly.

L.
FIGURE 15. The 6-phase 12/25 C-core SFPM generator prototype.
(a) Rotor lamination. (b) Stator lamination. (c) Rotor. (d) Stator.

A. OPEN-CIRCUIT TEST

The open-circuit performance of the generator prototype was
evaluated at a speed of 500 rpm. The measured three-phase
open-circuit phase EMF produced by the winding set 1 of
the 6-phase 12/25 C-core SFPM generator is illustrated in
Fig. 16, while the EMF waveforms of phase A for the two
sets are displayed in Fig. 17. The results demonstrate that
the phase EMF waveforms are symmetrical and exhibit an
electric frequency of 208.3 Hz. The magnitude of the EMF
produced by the generator prototype measures 253.61 V.
Fig. 18 compares the EMF waveform obtained from mea-
surement and FEA prediction. Considering the influence of
the outer rib, the measured open-circuit performance aligns
well with the 2D-FEA results.

FIGURE 16. Measured three-phase open-circuit phase EMF waveforms
produced by winding set 1 of the 6-phase 12/25 C-core SFPM generator
at rated speed of 500 rpm.

B. ON-LOAD TEST AT GENERATING MODE
Fig. 19 depicts the experimental setup of the 6-phase 12/25
C-core SFPM generator in generating mode. The prototype
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FIGURE 17. Measured open-circuit phase EMF waveforms produced by
phase A of two winding sets of the 6-phase 12/25 C-core SFPM generator
at rated speed of 500 rpm.
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FIGURE 18. Measured and simulated open-circuit phase EMF of the
6-phase 12/25 C-core SFPM generator at 500 rpm.

TABLE 4. Comparison of performance indicators of the 6-Phase 12/25
C-Core SFPM generator at 500 rpm.

Parameters Unit Measured (witzl:) (;Et]i?rib)
Open-circuit phase EMF v 179.33 193.45
(rms)

Output voltage (rms) \Y% 117.4 125.61
Output current (rms) A 2.89 3.07
Voltage regulation factor % 52.7 54
Input Power w 2200 2464.44
Output Power w 2035.72 2313.74
Average torque N'm 41.51 45.53
Torque ripple factor % 4.26 3.25
Efficiency % 92.57 93.9

is connected to resistive loads of 40 €2, with the resis-
tance value calculated based on its rated specifications for
facilitating the charging of a 96 V battery. The measured
three-phase output voltage waveforms of winding set 1 at
500 rpm are presented in Fig. 20. These waveforms have
an RMS value of 117.4 V, while the measured rated cur-
rent is 2.89 A. The electromagnetic torque with the rated
resistive load is measured by a torque sensor, the results are
compared to the simulation result as shown in Fig. 21. The
measured average electromagnetic torque is determined to
be 41.51 N-m, whereas the analytical calculation predicts a
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FIGURE 19. Test platform of the prototype working as generating mode.
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FIGURE 20. Measured phase voltage waveforms of prototype connected
with rated resistive load at 500 rpm.
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FIGURE 21. Comparison of measured and simulated torque waveforms of
prototype connected with rated resistive load at 500 rpm.

value of 45.53 N-m. The disparity between the measurement
and simulation can be attributed primarily to the effects of
the end windings, manufacturing tolerances, and the neglect
of axial leakage flux effects in the 2D-FEA. Table 4 presents
the key performance indicators of the generator prototype
obtained from measurements and simulations considering
the effect of outer rib. It reveals that the 6-phase 12/25
C-core SFPM generator prototype is capable of producing
rated output power of 2 kW when appropriately connected
to a resistive load. The torque ripple and efficiency align
closely with the FEA analysis. Overall, the measurement
results, excluding tolerances, exhibit good agreement with
the analytical calculations, thereby satisfying the design
requirements.
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VI. CONCLUSION

A high PM utilization SFPM generator was designed for
wind power generation, aiming for a rated output of 2 kW.
The design involved the implementation of E-core and C-
core techniques to enhance a SOTA benchmark 12-phase
redundant SFPM generator. Key structural design parameters
for two new 6-phase E-core and C-core SFPM generators
were optimized. Under no-load conditions, the optimized
6-phase 12/25 C-core generator exhibited a significantly
improved EMF with half the cogging torque compared to the
SOTA benchmark generator. On the other hand, the E-core
generator displayed a higher EMF but with larger cogging
torque. Notably, the C-core SFPM generator exhibited the
highest EMF per unit turn per PM volume and output power
per PM volume, which was approximately twice that of
the SOTA benchmark machine. The power per PM volume
of generator ranked as the second-highest among all cur-
rently available PM generators. This high PM utilization
was primarily achieved through an effective flux focusing
effect. Meanwhile, the 6-phase 12/23 E-core SFPM gen-
erator demonstrated significantly improved PM utilization
compared to the SOTA benchmark structure. Furthermore,
the C-core SFPM generator achieved an impressive efficiency
of up to 93.6%. The validation of the optimized 12/25 C-core
prototype confirms the success of the design and optimization
strategies presented in this research. These findings highlight
the proposed C-core generator as a cost-effective solution
with high PM utilization, making it suitable for low-speed
wind power generation applications.
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