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optimization Indonesia, where wind resources typically range between 4—6 m/s. Permanent
magnet generators (PMGs) are widely used in wind power plants due to their high
efficiency and simple structure; however, their performance is often limited by
cogging torque, which causes rotational resistance, vibration, and reduced energy
conversion efficiency. This research aims to analyze and optimize the reduction
of cogging torque in a 28-pole, 24-slot permanent magnet generator through
geometric modification techniques. The study employs a quantitative simulation
approach using FEMM 4.2 software and LUA 4.0 scripting to model magnetic
flux distribution and torque characteristics. The optimization process includes
variations in air gap widening, magnet edge shaping, slot opening adjustment,
and the addition of dummy slots. The initial design produced a cogging torque of
0.00498 Nm. After the first optimization stage, the value decreased to 0.00028
Nm, while the second optimization achieved a significant reduction to 0.00005
Nm, corresponding to a 98.99% decrease. The results demonstrate that combining
magnet edge shaping with dummy slots is highly effective in minimizing cogging
torque and improving flux uniformity. In conclusion, the optimized design
enhances generator performance, particularly in low-speed wind applications,
making it a promising solution for sustainable energy development.

INTRODUCTION

(Prakht et al., 2020) In line with the national commitment to the development of clean
and sustainable energy, the National Energy Council (DEN) targets to increase the portion of
renewable energy in the national energy mix to reduce dependence on fossil energy and reduce
greenhouse gas emissions (Ministry of Energy and Mineral Resources, 2021). One of the
renewable energy sources that has great potential to be developed is wind energy, especially
through the use of Wind Power Plants (PLTB) (Farrokh & Ghaheri, 2025).

Wind Power Plants (PLTB) are one of the renewable energy alternatives that continue to
grow as the need for clean and environmentally friendly energy increases. Based on BMKG
data, the average wind speed in Indonesia ranges from 4—6 m/s (Secretariat General of the
National Energy Council, 2023). In Indonesia, the relatively low to medium wind speed
characteristics demand the use of generators that are able to produce energy efficiently at low
revs. Permanent Magnet Generators (GMP) are widely chosen in PLTB systems because of
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their high efficiency, simple construction, and ability to work without external excitation (Dong
et al., 2025).

(Vaz et al., 2018) However, GMP faced technical obstacles in the form of Cogging
Torque (CT). This condition is undesirable in permanent magnet generators because CT can
cause initial resistance to rotor rotation due to the interaction of magnetic forces between the
rotor magnet and the stator groove, thereby inhibiting the initial rotation condition of the rotor
in low-speed PLTB applications (Sayed & Erturk, 2021). This fluctuating effect of torque also
causes rotor rotation to become unsmooth, reduces energy conversion efficiency, and triggers
vibration and noise that can accelerate the wear and tear of mechanical components (Bansal et
al., 2023). In addition, non-uniform variations in magnetic force result in less stable voltage
output, which lowers the overall performance of the system. Therefore, CT needs to be reduced
so that the generator can work more efficiently, stably, and have a longer operational life.

Various studies have been carried out to reduce torque cogging through geometric
approaches, such as magnetic shape modification, the application of the skewing method,
noCThing, slot shape modification, to the addition of dummy slots (Correia et al., 2024; Nur
& Herlina, 2019; Pranji¢ & Virti¢, 2024; Pratama & Nur, 2025). Correia's research with a 40-
pole/24-groove design, the results of the study showed that the use of a two-level coaxon at the
rotor magnetic tip was able to significantly reduce the CT value. Meanwhile, several other
studies have utilized variations in slot opening shape and magnetic flux distribution
engineering to obtain finer torque characteristics, thereby lowering CT by 99.70% (Correia et
al., 2024). In the Primary Research, the permanent magnet generator (24 slots/20 poles) was
optimized using the magnet shaping method and dummy slot to reduce cogging torque. The
results of the analysis showed that the magnetic shaping technique itself was able to reduce
torque by 53%. However, the highest efficiency is achieved through the combination of magnet
shaping with rectangular dummy slots which results in a significant reduction of 99.30%
(Pratama & Nur, 2025).

(Pranjic & Virtic, 2024) Because of this problem, many researchers have proposed
geometric approaches to suppress cogging torque. A recent review by Pranji¢ and Virti¢
summarized state-of-the-art reduction techniques in permanent magnet machines, including
skewing, slot-opening modification, pole-arc optimization, magnet shaping, and dummy-slot
configurations. Other studies have confirmed that cogging torque reduction remains a central
design objective because it directly affects starting capability, torque smoothness, and
electromagnetic performance. This means that generator geometry is not merely a structural
detail, but a decisive factor in whether wind systems can operate efficiently in real applications.

Several previous studies are particularly relevant to the present research. Nur and Herlina
showed that magnet edge shaping can improve cogging-torque reduction in inset permanent
magnet generators, while (Abduh et al., 2025). reported that permanent magnet generator
optimization for very low wind speed could achieve about 99.3% improvement relative to the
original design. The uploaded manuscript also cites Pratama and Nur, who found that magnet
shaping alone reduced torque by 53%, whereas combining magnet shaping with rectangular
dummy slots produced a much larger reduction of 99.30%. Together, these studies indicate that
combined geometric strategies generally outperform single-parameter modification (Jamali
Arand & Ardebili, 2016).
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Even so, an important research gap remains. Much of the existing literature examines
different slot-pole combinations, different machine topologies, or isolated optimization
techniques, so the evidence cannot simply be transferred to every permanent magnet generator
configuration. The uploaded article makes clear that the 28-pole/24-slot generator still
exhibited an initial peak cogging torque of 0.00498 Nm, meaning that this specific fractional-
slot arrangement required further optimization (Oztiirk et al., 2017). In other words, although
the literature already offers several reduction methods, the best geometry sequence for a 28-
pole/24-slot permanent magnet generator in low-speed wind applications has not yet been
sufficiently established.

This gap creates strong research urgency. Wind turbines operating at low rotational speed
are particularly sensitive to starting resistance, and even relatively small torque ripple can
degrade start-up behavior and overall energy capture. The manuscript therefore frames
cogging-torque suppression not only as a matter of electromagnetic refinement, but as a
practical requirement for improving initial rotation capability, operating stability, and
suitability for Indonesian wind characteristics. Given the rapid expansion of renewable
deployment worldwide and Indonesia’s continuing transition targets, optimizing generator
performance at the machine-design level becomes both scientifically necessary and
operationally important (Kana Padinharu et al., 2022).

The novelty of this research lies in the integrated optimization of a 28-pole/24-slot
permanent magnet generator through the combined adjustment of air-gap widening, magnet
edge shaping, slot opening, and dummy-slot addition. Rather than stopping at a single
modification, the study evaluates a staged design pathway using FEMM 4.2 and LUA-based
numerical modeling to identify which combination produces the most meaningful reduction in
cogging torque. This is important because prior studies have shown the value of individual and
combined strategies, yet this manuscript applies them specifically to a fractional-slot generator
intended for low- and medium-wind-speed operation in the Indonesian context (Wang &
Zhang, 2024).

(Bayor et al., 2018) Based on that novelty, the purpose of the study is to analyze and
optimize magnet and slot-opening design so that cogging torque can be reduced to at least 98%
from the initial condition (Husain et al., 2019). The manuscript states that the initial model
serves as the reference case and that successive optimization steps are evaluated through
magnetic-flux distribution and torque simulation. Accordingly, the main objective is not only
to prove that geometric modification works, but also to determine the most effective
configuration for improving starting performance and electromagnetic smoothness in a 28-
pole/24-slot permanent magnet generator.

The expected contribution of this research is both theoretical and practical. Theoretically,
it enriches the growing body of knowledge on cogging-torque minimization by testing a
specific multi-parameter optimization sequence on a fractional-slot generator configuration.
Practically, it offers a design reference for developing more efficient and stable generators for
wind power plants in regions with modest wind speed, helping engineers improve start-up
behavior, reduce mechanical stress, and support cleaner electricity generation. For that reason,
the benefits of this study extend beyond one prototype, as the findings may guide future
generator design, renewable-energy implementation, and follow-up research on
electromagnetic optimization for wind systems.
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METHOD
GMP Initial Design Structure

To determine the GMP design, it is necessary to pay attention to Slots per pole per phase
(SPP) is the main parameter in the design of an electric machine that shows the ratio of the
number of stator slots (s) to the number of poles (p) and the number of phases (a) where the

output of the GMP voltage is 3 phasas, expressed in equation (1) (Jarso & Nallamothu, 2025).
s 24
SPP “pxa 28x3 0.28
Based on the calculations above, this study includes using a fractional design because the
SPP value = 0.28. The fractional design is suitable for PLTB applications which are effective
in lowering the cogging torque, but can cause sub-harmonics in the electromagnetic field (Jarso

& Nallamothu, 2025).
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Figure 1. GMP Early Design

The initial design of the generator, in figure 1, has not applied artificial stator tooth
grooves or magnetic tip trimming. The height of the stator teeth is set at 17.93 mm with a stator
tooth width of 6.41 mm and the height of the stator shoe teeth 1.75 mm. The width of the air
gap 1n this design is 0.60 mm. The permanent magnet has a magnetic tip height of 6.00 mm, a
center magnet height of 6.30 mm, and a magnetic width of 11.44 mm.
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Figure 2. Stator and Rotor on GMP

In Figure 2 above, the stator-rotor image shows the configuration of the stator core, the
stator groove, the permanent magnet, and the air gap as the main path of magnetic flux
distribution. The geometric parameters analyzed include the width and height of the stator
grooves, the width of the air gap, as well as the shape of the magnetic tip that interacts directly
with the stator teeth. These interactions cause variations in the reductance of the air gap that
trigger the occurrence of CT in the permanent magnet generator, so this design is used as a
prerequisite before the geometry optimization process is carried out.

RESULT AND DISCUSSION
Initial Design

In Figure 6. The initial design of the 28-pole, 24-slot permanent magnet generator is
demonstrated through the magnetic flux density distribution of the FEMM simulation. The flux
distribution is still uneven, particularly in the air gaps and the tips of the stator teeth, which are
characterized by high flux concentrations in certain areas. The maximum flux density value
reached about 1.52 T, while some other areas were still at low flux levels. The result of the CT
value in the initial design was quite high in the range of 0.00498 Nm, This condition shows a
significant variation in reluctance between the rotor and the stator, so that it has the potential
to produce a relatively large cogging torque in the initial design. Therefore, this design is used
as a basic reference before the optimization process to improve the uniformity of the flux
distribution and lower CT.
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Figure 3 Initial Design Flux Distribution

Effect of Air Gap Widening Magnet Edge Shaping, and Slot Opening on GMP

In figure 4. optimization design 1, which applies air gap widening and magnetic edge
shaping, and adjustment of the opening slot from 3.5 mm to 2.0 mm wide, the advantage is that
the CT value results are smaller than the initial design, the range of 0.00028 Nm and the
distribution of magnetic flux in the air gap becomes more even, so that the flux concentration
at the tip of the stator teeth and the magnetic edge is reduced, the maximum flux density value
decreases compared to the initial design and is in the range of 0.88 T, which has an impact on
reducing local saturation as well as reducing cogging torque compared to the initial design. In
addition, the variation in reluctance between the rotor and the stator can be suppressed so that
the initial rotation performance of the generator is better.
Effect of Air Gap Widening Magnet Edge Shaping, and Slot Opening on GMP

In figure 4. optimization design 1, which applies air gap widening and magnetic edge
shaping, and adjustment of the opening slot from 3.5 mm to 2.0 mm wide, the advantage is that
the CT value results are smaller than the initial design, the range of 0.00028 Nm and the
distribution of magnetic flux in the air gap becomes more even, so that the flux concentration
at the tip of the stator teeth and the magnetic edge is reduced, the maximum flux density value
decreases compared to the initial design and is in the range of 0.88 T, which has an impact on
reducing local saturation as well as reducing cogging torque compared to the initial design. In
addition, the variation in reluctance between the rotor and the stator can be suppressed so that
the initial rotation performance of the generator is better.
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However, the disadvantage of this optimization is that the maximum flux density value
tends to decrease due to the widening of the air gap, so that it has the potential to reduce the
total electromagnetic torque if it is not compensated with a suitable magnetic or current design,
and the periodic reductance fluctuations are still not fully reduced due to the absence of the
addition of dummy slots to the stator.

Effect of Air Gap Widening Magnet Edge Shaping, Slot Opening and Dummy Slot on
GMP

In Figure 8. The application of air gap widening (air gap), magnetic edge shading
(Magnet Edge Shaping), slot opening adjustment, and the addition of dummy slots to the stator
teeth provide a significant improvement in the uniformity of the magnetic flux distribution in
permanent magnet generators.

The simulation results show that the magnetic flux in the air gap becomes more
homogeneous with a decrease in the concentration of flux at the tip of the stator tooth and the
magnet—stator meeting area. The result of the CT value in the optimization design 2 is in the
range of 0.00005 Nm, which is quite optimal and the maximum flux density value is in the
range of 1.11 T, which is still within the safe limit of the core material and shows reduced local
saturation. The addition of dummy slots plays a role in reducing periodic variations in
reluctance, so that the fluctuations of the magnetic force between the rotor and the stator are
smaller. This condition directly contributes to a more optimal reduction in torque cogging
compared to the initial design and optimization 1.
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To find out the CT% value with a reduction target of at least 98%, a comparative analysis
of the cogging torque value between optimization design 1 to the initial design, and
optimization design 2 to the initial design was conducted. The calculation of CT% is carried
out using a predetermined equation, by comparing the maximum cogging torque value
produced by each design. Torque cogging data is obtained through simulations with variations
in rotor angles in the range of 0° to 25°, where at each angle a torque value is generated that
can have a positive or negative value due to the direction of the opposite magnetic force. In the
evaluation process, the value of cogging torque is treated as an absolute value, so positive and
negative signs are ignored and only the amount of torque is the focus of the analysis.

Furthermore, from all the data in the angle range, the largest torque cogging value was
selected as a representation of the torque cogging characteristics of each design. The CT%
value obtained reflects the success rate of the optimization method in lowering the cogging
torque, where the closer it is to 100%, the greater the cogging torque reduction achieved. Thus,
the high CT% value indicates that the generator design has better performance, especially in
improving the initial rotation capability and operating performance at low speeds.

Initial Design, Optimization Design 1 and Optimization

Comparison of Cogging Torque - Original va Optimized Designs
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Figure 6. CT Comparison Graph on Initial Design, Optimization Design 1, and Optimization Design 2

In Figure 6. Based on the results of the simulation of torque cogging in the angle range
of 0°-25°, the initial design showed large torque fluctuations with an absolute maximum value
of 0.00498 Nm. After the application of optimization 1 (edge shaping), the amplitude of
cogging torque decreased significantly with an absolute maximum value of 0.00028 Nm, which
showed an improvement in magnetic flux distribution and a decrease in reductance variation.
Furthermore, in optimization 2 (edge shaping + dummy slot) the best results were obtained,
with the maximum absolute cogging torque value of only 0.00005 Nm. The addition of dummy
slots proved to be effective in reducing periodic reluctant fluctuations between rotors and
stators, resulting in the most optimal cogging torque reduction and improving the performance
of the generator's initial rotation.

For the calculation of optimization design 1 with the initial design below:

CT1 (%) = 100% — (52 x 100% )

CTy

CTy (%) = 100% — (3332:88 X 100%) - 94.37%
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The CT% value obtained is still below the minimum limit of the study, so further
optimization is needed. Therefore, the analysis was focused on the comparison between the
optimization design 2 and the initial design to increase the CT value.

cT,
CT2 (%) = 100% — (— % 100%)
CT,

0.00005

CTz (%) = 100% — (0 00498

x 100%) - 98.99%

The CT% value obtained has exceeded 98%, which is in the range of 98.99%, indicating
that the optimization process carried out has been significantly successful in reducing torque
cogging. The comparison between the optimization design 2 and the initial design confirms
that the geometric modifications applied are able to improve the performance of the generator,
especially in improving the ability of initial rotation and operation at low speeds.

CONCLUSION

Based on the results of numerical modeling and simulation using FEMM 4.2 on the GMP
design of 28 poles and 24 slots, several conclusions were obtained as follows:

GMP with a 28-pole and 24-slot configuration in the initial design resulted in an absolute
maximum cogging torque value of 0.00498 Nm, which is still relatively high for low-speed
Wind Power Plant (PLTB) applications. The application of optimization 1, which includes air
gap widening and Magnet Edge Shaping, and slot opening adjustment, is able to reduce the
maximum cogging torque to 0.00028 Nm with a reduction value of 94.37%. However, these
results have not met the minimum research target of 98% (Venkatesh et al., 2025).

Optimization 2, which combines air gap widening and Magnet Edge Shaping, slot
opening, and addition of dummy slots, provides the most optimal results with a maximum
cogging torque value of 0.00005 Nm. The CT% value produced in optimization 2 reached
98.99%, thus exceeding the research target and showing the success of the optimization method
in significantly reducing cogging torque. The addition of dummy slots has been shown to be
effective in reducing periodic variations in reluctance between rotors and stators and smoothing
out the distribution of magnetic flux in air gaps.

Overall, the optimization design 2 is able to improve the initial rotation capability and
stability of generator operation, so it is considered feasible to be applied to PLTB systems with
low to medium wind speed characteristics.
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