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ABSTRACT

Flux-switching generators (FSGs) are widely used in wind turbine applications, particularly within microgrids, due to their unique structural and operational
advantages. However, the salient pole structures of their stator and rotor teeth result in high torque ripple, elevated harmonic content, and increased magnetic
flux density in the stator and rotor teeth. These issues necessitate optimization of the machine’s design parameters. This study investigates the effects of rotor
pole skew (delta) and coil-pole pitch ratio (embrace) on the performance of a 260 W FSG operating at 1200 rpm and 200 Hz. A multi-slice skewing method was
applied to the rotor to analyze its impact on average torque, torque ripple, and efficiency. The results reveal that variations in pole skew and coil-pole pitch
ratio significantly affect torque, flux linkage, and induced voltage while also reducing magnetic stresses. Despite these improvements, the prominence of the
second harmonic limits the effectiveness of the skewing angle on generator output parameters. Additionally, the influence of the number of rotor slices on

output performance and manufacturing complexity was examined.

Index Terms— Flux-switching generator, multi-slice skewing, torque ripple

I. INTRODUCTION

Unlike traditional power grids, decentralized microgrids have gained
prominence in recent years. Microgrids are more flexible in structure
and are suitable for meeting local energy needs [1]. With microgrids,
energy supply security is enhanced. On the other hand, they reduce
energy production costs and support the goal of reducing carbon
emissions [2].

Flux-switching generators have garnered significant research interest
due to their fundamental attributes, including a robust and simple
structure along with the capacity for high power and torque den-
sity [3]. Since they do not have any excitation mechanism in their
rotor, they do not require systems such as brushes or slip rings [4].
These machines are commonly used in low-power wind generation
applications within microgrids [5-8]. Flux-switching machines (FSMs)
feature excitation and armature windings located in the stator, with
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excitation achieved via windings and/or permanent magnets (PMs).
This stator-based excitation classifies FSMs as stator-active machines,
with the absence of an excitation mechanism in the rotor making
them particularly suitable for high-speed applications [9]. Due to the
salient rotor and stator structure of these generators, the harmonic
content in their output values is high [10]. The performance met-
rics of such generators can be improved through certain structural
enhancements. The primary reasons for the preference of FSGs in
microgrids are their ability to provide high power density, achieve
high efficiency, have a simple and robust structure, and operate over
a wide speed range.

Space harmonics, arising from machine geometry, significantly influ-
ence the performance of electrical machines. Rotor skewing is one
method commonly employed to mitigate the effects of space har-
monics, particularly in induction machines [11] and PMmachines
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[12]. Due to their salient structure, FSMs experience high cogging
torque and space harmonics [9]. Various methods, such as rotor
geometry adjustments [13-15], current control techniques [16], and
enhancements in winding configurations [17], have been imple-
mented to reduce these effects. Additionally, studies on skewing
methods for FSMs are present in the literature [4, 18].

The performance of FSGs is significantly influenced by the rotor
tooth side angle (delta) and the pole-arc to pole-pitch ratio param-
eters, which affect both torque generation and the losses of these
machines. The rotor tooth side angle directly impacts magnetic
flux linkage, influencing torque output and cogging torque charac-
teristics. Fig. 1 illustrates the pole pitch, pole arc, and delta on the
machine geometry. Studies have demonstrated that optimizing the
rotor tooth side angle can enhance torque density and minimize
cogging torque. This is crucial for smooth operation and reduc-
ing acoustic noise in FSGs [19]. Similarly, the pole-arc to pole-pitch
ratio parameter affects the flux distribution within the machine. By
adjusting this ratio during operation, the machine’s flux-weakening
capability and torque-speed characteristics can be improved, provid-
ing better control over its performance at high speeds [20, 21]. The
combined optimization of rotor tooth side angle and the pole-arc to
pole-pitch ratio has been found to further enhance performance by
balancing magnetic saturation and reducing iron losses, leading to
increased efficiency and reliability [22].

Recent advancements in multi-objective optimization algorithms
have proven critical in enabling the simultaneous adjustment of
these parameters to achieve desired performance criteria, such
as high torque density and low cogging torque, thereby playing an
essential role in machine design and optimization [23-25].

In this study, the performance of a FSG is evaluated using the
ANSYS Electronics Desktop. The effects of the pole-arc to pole-pitch
ratio and tooth side angle, which are rotor parameters, on the per-
formance of an FSG with a rated speed of 1200 min™?, a frequency
of 200 Hz, and an output power of 260 W, were investigated using
the finite element method (FEM). Moreover, the effects of skewing
applied to the rotor of the generator on electromagnetic torque,
torque ripple, and generator efficiency were examined. The
obtained results were evaluated by comparing flux distributions
and output parameters.

Main Points

e The impact of rotor skewing and multi-slice configurations
on torque ripple, average torque, and efficiency in FSGs was
comprehensively analyzed.

e Key design parameters, including the rotor tooth side angle
and the pole-arc to pole-pitch ratio, were optimized to
enhance performance and reduce magnetic stress.

e Despite improvements, the dominance of the second har-
monic limits the effectiveness of skewing, highlighting
the need for advanced design strategies like double-stator
configurations.
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Fig. 1. Drawing of pole arc, pole pitch, and delta.

I1l. FLUX-SWITCHING GENERATORS

Flux-switching generators attract the interest of researchers due
to their robust and simple structure, as well as their high power
and torque density characteristics [3]. Flux-switching generators,
which are used in low-power applications, are also preferred in
wind turbines for microgrids [5, 26-28]. In FSGs, magnets and/
or excitation windings are used for excitation. The excitation
mechanisms are located in the stator, making it part of the active
machine class. One of the key features of active stator machines
is their suitability for high-speed applications, as they lack an exci-
tation mechanism in the rotor [6]. Additionally, they offer high
mechanical stability.

A) Operating Principle of Flux-Switching Generators

The operating principle of FSGs lies in the variation of the magnetic
flux path and the associated magnetic reluctance as a function of
rotor position. As the magnetic flux path changes, the flux linkage
in the armature windings of the FSG varies, which induces a voltage.

Fig. 2 provides a visual illustration of the FSG’s operation, depicting
how the magnetic flux path changes relative to rotor position. As
the magnetic flux path varies, both the magnitude and direction of
flux linkage in the armature windings are altered. Consequently, a
sinusoidal voltage is induced. To generate a complete sinusoidal volt-
age period, a single rotor tooth must traverse one stator slot pitch.
Therefore, the number of poles in FSGs is determined by the number
of rotor teeth.

B) Reference Flux-Switching Generator
The model of an FSG with a PM excitation, created in the 2D ANSYS-
Maxwell simulation environment, is shown in Fig. 3. The rotor in the
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Fig. 2. Operating principle of flux-switching generators for a one-pole
step diagram and magnetic flux-back emf waveforms.

simulated FSG model is composed of laminated sheets, while the
stator features concentrated windings encircling axially magnetized
PMs positioned between U-shaped segments.

To observe the effects of machine design parameters on output
values more clearly, the generator provided in [29] is taken as a
reference. The design parameters of the reference generator are
provided in Table I. The slot-pole combination of the investigated
FSG has a stator with 12 slots and a rotor with 10 poles (12/10p)—a
commonly preferred structure in FSMs due to its reduced cogging

Armature windings
Stator

Permanent magnets

Rotor

DESIGN SPECIFICATIONS O:?HBII;ERII-;FERENCE FLUX-SWITCHING
GENERATOR

Parameter Value
Stator slot number 12
Stator outer diameter (mm) 128
Rotor outer diameter (mm) 68.4
Length of air gap (mm) 1
Rotor pole number 10
Number of phase 3
Pole-arc to pole-pitch ratio 0.23
Magnet type NdFe35
Rated speed (rpm) 1200

torque [30]. Two-dimensional transient magnetic analysis using the
FEM has been applied to the generator, for which its design param-
eters are given in Table I. In this study, FEM analyses were carried out
using the ANSYS Electronics Desktop. In the first stage of the design
process, the geometric structure to be analyzed was modeled, taking
into account the physical parameters.

Material properties suitable for each component were assigned to
this model using the material library. After assigning the materials,
the analysis boundaries and appropriate boundary conditions were
defined, ensuring that the magnetic field distribution was accu-
rately modeled. To enhance the solution accuracy of the model,
a refined mesh structure was created in critical regions, such as
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Fig. 3. The two-dimensional structure of the reference flux-switching
generator.

Fig. 4. Magnetic flux density distribution of the reference flux-
switching generator.
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Fig. 5. Torque waweform of reference flux-switching generator.

the air gap, rotor tooth tips, and stator tooth tips, and appropriate
mesh sizes were determined. For the time-dependent simulations
of magnetic effects on the structure, the currents in the windings
were defined as time-dependent functions. Finally, the required
time steps for the analysis were determined, and the simulation
setup was completed, after which the analysis was initiated. The
magnetic flux density distribution of the reference generator is
presented in Fig. 4. This graph shows that the highest magnetic

Magnetic flux density (T)

3 . . . . .
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Electrical degree (°)

Per unit value

1 2 34 5 6 7 8§ 9 10 1

Harmonic order

Fig. 6. Radial component of the magnetic flux density in the air gap
(a) and its harmonic spectrum (b).

flux density is located at the stator and particularly at the rotor
tooth tips.

To reduce magnetic saturation, improvements can be made in the
machine geometry; in this context, the rotor tooth side angle and
the pole-arc to pole-pitch ratio are key parameters that could opti-
mize magnetic saturation.

The torque waveform of reference FSG is illustrated in Fig. 5. The
average torque is measured at -2.64 Nm, with the torque ripple
approximating the average torque at 2.58 Nm. Fig. 6(a) displays
the radial component of the magnetic flux density and its harmonic
spectrum in the air gap. Fig. 6(b) presents the harmonic content of
flux density in the air gap. The rotor tooth aligns sequentially with

Fig. 7. Rotor with multi-slice skewing applied.
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Fig. 8. Torque waveforms of flux-switching generator at different skew angles.

the stator tooth, slot opening, stator tooth, and PM during one elec-
trical period. The permeability of the PM is similar to the slot gap’s
permeability. Therefore, the permeance will experience two periods,
while the flux linkage only has one period change. The effect of this
situation is observed as the second harmonic. In machines where
the second harmonic is dominant, the cogging torque remains sig-
nificant even after applying rotor skewing.

I11l. THE IMPACT OF ROTOR GEOMETIC PARAMETERS ON
PERFORMANCE OF FLUX-SWITCHING GENERATOR

A) The Impact of Multi-Slice Skewing

Flux-switching machines play a crucial role in modern electric
machinery due to their high torque density, effective thermal
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Fig. 9. The effects of each skewing angle on (a) average torque and
torque ripple, (b) efficiency.

management—attributable to the placement of PMs in the stator—
and robust rotor structure, which makes them well-suited for high-
speed applications [31]. However, a notable drawback of FSMs is
their inherent high torque ripple. The torque ripple in FSMs primarily
originates from three key sources.

1. Cogging torque, which arises from variations in the magnetic
field as the rotor position changes, causes the rotor to ‘lock’ at
specific positions.

2. Torque is generated by the interaction between the magnetic
fields of the winding currents and PMs.

3. Reluctance torque results from changes in winding inductance
that vary with rotor position.

Additionally, the double-salient structure of FSMs contributes to
magnetic saturation at the stator and rotor pole teeth, which induces
periodic parasitic torque ripples that vary with rotor position [32].
Torque ripple can have detrimental effects, such as mechanical vibra-
tions, acoustic noise, and energy losses. One of the most effective
design techniques for mitigating harmonics in electromotive force
and reducing torque ripple is skewing, which is applied in a multi-
slice configuration to the reference FSM. In this multi-slice skewing
method, the rotor is divided into equal-length sections along the
rotor stack, with each section skewed at an identical angle, as illus-
trated in Fig. 7. Initially, the rotor was divided into five slices, and the
impact of varying slice counts is explored in the subsequent sections.

Since the machine operates in generator mode, maintaining torque
levels is crucial. Thus, skewing angles between 0° and 10° were ana-
lyzed. Additionally, for comparison, skewing angles as low as -5°
were tested, with the results presented in Fig. 8. The analyzed values
represent the skewing angle between the slices located at the two
ends of the rotor. The analysis with a skewing angle of 0° serves as
the baseline generator configuration.

Fig. 8 illustrates the effect of various skewing angles on torque. Some
curves overlap, as applying skewing at equal but opposite angles
yields the same effect. Fig. 9 shows the effects of each skewing angle
on average torque, torque ripple, and efficiency. As the skewing
angle increased, both average torque and efficiency decreased in a
similar manner. Compared to the reference model without skewing,
the average torque of the model with a 10° skew was reduced by
approximately 38.57%.
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Fig. 10. Torque waveforms of FSG at different slice numbers.

The reduction in efficiency compared to the reference generator is
4.35%. As shown in the figures, torque ripple decreases up to a skew-
ing angle of 6°, after which it begins to increase again. At a 6° skew,
torque ripple was effectively reduced by 89.9% compared to the ref-
erence generator. In this case, the efficiency loss was 1.03%, and the
reduction in average torque was 12.82%.

Studies have shown that increasing the number of skewing layers
beyond a certain threshold yields limited improvements in perfor-
mance [31]. To test this impact, the rotor structure was analyzed by
fixing the skewing angle at 6° and varying the number of slices from
1 to 5. The case of a single-slice rotor represents the non-skewed
condition, while a 30-slice rotor was also analyzed to observe the
effects of excessive layering. The effect of increasing the number of
rotor slices on torque variation is shown in Fig. 10. The correspond-
ing values for average torque, torque ripple, and efficiency for differ-
ent numbers of slices are presented in Table I.

As shown in Fig. 10, the layered structure applied to the rotor sig-
nificantly impacts the torque ripple. According to Table II, the torque
ripple for the single-slice structure is 2.58 Nm, which decreases to
0.38 Nm with the two-slice structure, representing an 85.4% reduc-
tion. However, when the number of slices exceeds two, the effect on
torque ripple becomes limited.

TABLE Il.
AVERAGE TORQUE, TORQUE RIPPLE, AND EFFICIENCY FOR
DIFFERENT NUMBERS OF SLICES

Average Torgue
Number of Slice Torque (Nm) Ripple (Nm) Efficiency (%)
1 -2.64 2.58 93.72
2 -2.41 0.38 93.07
3 -2.30 0.39 92.90
4 -2.33 0.29 92.84
5 -2.32 0.26 92.80
30 -2.29 0.25 93.39

Table Il shows that transitioning from a single-slice to a two-slice
rotor structure led to a 0.7% decrease in efficiency. As the number of
slices increased, efficiency generally declined; however, in the case
of the 30-slice configuration, chosen to investigate multi-slice struc-
tures, efficiency slightly improved compared to structures with fewer
slices. Applying a layered structure to the rotor also reduced the aver-
age torque. Alongside these results, the practicality of implementing
a multi-slice structure should be assessed, particularly regarding its
impact on electrical output parameters and manufacturability.

B) Effect of Rotor Tooth Side Angle and Pole-Arc to Pole-Pitch Ratio
The tooth side angle has an impact on the machine’s electromag-
netic performance, in particular. To observe this effect, tooth
side angle values between 0° and 30°, with a step size of 5°, were
selected and analyzed. The variation in torque, flux linkage and
induced voltage based on the tooth side angle is presented in Fig. 11.
An increase in the tooth side angle leads to a decrease in the average
torque value.

As the tooth side angle increases, both the induced voltage and flux
linkage also increase. The values of the generator output parameters
based on the tooth side angle are presented in Table Ill. The mag-
netic flux distribution for the case where the tooth side angle is 30°
is shown in Fig. 12.

Compared to the reference generator with a 0° tooth side angle,
increasing this angle reduces the magnetic flux density in the rotor
pole teeth.

The pole-arc to pole-pitch ratio is an important concept for the
magnetic circuit of FSGs. This ratio indicates the extent to which the
magnetic field covers the transmission paths within the machine. To
ensure the smooth transmission of magnetic flux between the rotor
and stator and to prevent magnetic leakage, the pole-arc to pole-
pitch ratio must be optimized. By improving this ratio, the machine’s
efficiency increases, and energy losses are reduced. Therefore,
optimizing the pole-arc to pole-pitch ratio during the design phase
plays a critical role in the performance and longevity of the machine.
Analyses were performed for the reference FSG with pole-arc to pole-
pitch ratios of 0.15, 0.23, 0.30, and 0.40. The variation in torque, flux
linkage, and induced voltage based on pole-arc to pole-pitch ratio is
shown in Fig. 13.
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Fig. 11. The variation in (a) torque, (b) flux linkage, and (c) induced

voltage based on the tooth side angle.

An increase in the pole-arc to pole-pitch ratio leads to a reduction
in the average torque during generator operation. However, as the
pole-arc to pole-pitch ratio increases, both the induced voltage and
flux linkage also rise. Table IV presents the generator output param-
eters as a function of the pole-arc to pole-pitch ratio.

IV. CONCLUSION

Flux-switching generators are among the most promising candidates
for variable-speed wind turbine applications due to their unique
characteristics. Enhancements in output parameters such as power,

TABLE IlI.
OUTPUT VALUES BASED ON TOOTH SIDE ANGLE

Tooth Side Induced Flux Torque
Angle (°) Voltage (V) Linkage (Wb) (Nm)
0 121.02 0.048 -2.66
5 124.51 0.049 -2.61
10 126.50 0.050 -2.58
15 127.98 0.051 -2.56
20 129.22 0.051 -2.49
25 130.56 0.051 -2.40
30 132.11 0.052 -2.37

efficiency, and torque are critical to promoting their widespread use.
In this study, a magnet-excited radial FSG with an output power of 260
W and a torque of 2.68 Nm was modeled and analyzed using the FEM.

To address torque ripple and optimize average torque, rotor skewing
was applied. The results indicated that increasing the skewing angle
led to a decrease in both average torque and efficiency, with the
effect being more pronounced for torque. A 6° skew angle reduced
torque ripple significantly by 89.9%, with a minimal efficiency reduc-
tion of just 0.98%. Additionally, it was observed that further increas-
ing the number of rotor slices had limited influence on performance
due to the dominance of the second-harmonic component. While
the single-slice design produced the highest average torque, it also
resulted in the highest torque ripple.

The study also investigated the effects of two key design parameters,
namely the tooth side angle and the pole-arc to pole-pitch ratio, on
generator performance. Increasing the tooth side angle from 0° to

1.7600
1.6000
1.4400
1.2800
1.1201
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0.3201
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Fig. 12. Magnetic flux density distribution of the flux-switching
generator when the tooth side angle is 30°.
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30° led to an approximate 11% reduction in torque but increased
the induced voltage by 9.16%, resulting in an 8.33% increase in flux
linkage. Similarly, increasing the pole-arc to pole-pitch ratio from
0.15 to 0.40 raised the induced voltage by 34.4% and flux linkage by
33.3%, but dramatically decreased torque by 62.4%. This highlights
the trade-offs between these parameters and their impact on gen-
erator performance. Adjustments to these design parameters were
also found to reduce magnetic stress in the FSG structure.

TABLE IV.
OUTPUT VALUES BASED ON THE POLE-ARC TO POLE-PITCH RATIO

Pole-Arc to Induced Flux Linkage  Torque (Nm)
Pole-Pitch Ratio Voltage (V) (Wb)

0.15 105.70 0.042 -2.66
0.23 121.02 0.048 -2.66
0.30 130.43 0.051 =-2.27
0.40 142.08 0.056 -1.00

The findings of this study indicate that the proposed FSG design,
particularly with the optimized rotor skewing and pole-pitch ratio
adjustments, holds significant potential for practical applications
in low-power wind turbines and microgrid-based distributed gen-
eration systems. The reduction in torque ripple through multi-slice
skewing is crucial for ensuring stable power generation and reduc-
ing mechanical vibrations in real-world implementations. Despite
the improvements achieved through finite element simulations,
a practical validation through experimental prototyping and real-
world testing remains an important next step. Future research will
focus on constructing a physical prototype to validate the simulation
results, as well as assessing the manufacturability and efficiency of
the proposed design under real operational conditions. Additionally,
further studies will explore a double-stator model, which is expected
to enhance machine performance by more effectively mitigating
the second-harmonic component, thereby improving efficiency and
reducing torque ripple even further.
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