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Abstract. Axial Flux Permanent Magnet (AFPM) machines have gained significant attention
due to their high power density, efficiency, and compact design. However, effective heat transfer
analysis is critical for optimizing their performance and reliability. This paper presents a
comprehensive literature review on the application of discretization methods, specifically the
Finite Volume Method (FVM) and Finite Difference Method (FDM), in the thermal analysis of
AFPM machines. The fundamentals of FVM and FDM are briefly explained, followed by an
exploration of their applications in AFPM machine thermal analysis. The advantages and
limitations of using these methods are discussed, and a comparison between FVM and FDM is
provided. Advanced discretization techniques, such as the Finite Element Method (FEM), and
coupled thermal-electromagnetic analyses are also examined. The paper highlights studies that
have utilized FVM or FDM in developing optimized designs and effective thermal management
strategies for AFPM machines. Lastly, potential future research directions are identified,
including the development of more efficient discretization methods, the incorporation of
advanced materials, and the investigation of novel cooling techniques. This review offers
valuable insights into the current state of research and potential future directions in the thermal
analysis of AFPM machines using discretization methods.
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1. Introduction
Axial Flux Permanent Magnet (AFPM) electrical machines have gained significant attention in recent
years due to their superior performance characteristics in various applications, such as electric vehicles,
renewable energy systems, and aerospace propulsion. These machines are characterized by their unique
magnetic flux path, which is parallel to the machine's axis, as opposed to the traditional radial flux path
found in conventional machines [1]. The AFPM machines offer several advantages, including higher
power density, improved efficiency, and reduced weight and size, resulting from their distinct topology
[2].

However, AFPM machines also exhibit challenges in terms of heat transfer and thermal management.
The compact design and high power density of these machines lead to higher heat generation, which can
adversely affect their performance, efficiency, and reliability [3]. Therefore, it is crucial to analyze and
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model the heat transfer in AFPM machines for effective thermal management and to optimize their
design.

Discretization methods, such as the Finite Volume Method (FVM) and Finite Difference Method
(FDM), are widely employed for modeling and analyzing heat transfer in various engineering
applications [4]. However, the application of these methods to AFPM machines has not been extensively
explored in the literature. This leads to the first conflict: the lack of a comprehensive understanding of
the application and performance of FVM and FDM in modeling heat transfer in AFPM machines.

To address this conflict, many scholars aim to provide a thorough examination of the application of
FVM and FDM in AFPM machine heat transfer analysis. By comparing the advantages and
disadvantages of each method, researchers and engineers can gain insights into the most suitable
discretization technique for their specific applications and design requirements.

With the advancing relevant technologies, a new conflict emerges: the scarcity of studies that directly
compare the performance of FVM and FDM in AFPM machine heat transfer analysis. This gap in the
literature hinders the development of a consensus on the most effective discretization method for
analyzing heat transfer in these machines.

To resolve this conflict, this paper will not only summarize the existing studies on FVM and FDM
applied to AFPM machines but also highlight the need for future research focused on directly comparing
the performance of these two methods in the context of AFPM machine heat transfer. By identifying
this research gap and emphasizing its importance, this paper aims to stimulate further research efforts in
this area, ultimately contributing to the advancement of knowledge and practical applications in AFPM
machine thermal management.

2. Fundamentals of FVM and FDM

The finite Volume Method (FVM) and Finite Difference Method (FDM) are widely used numerical
techniques to solve partial differential equations (PDEs) that govern various physical phenomena,
including heat transfer [5]. The following sections briefly discuss the mathematical principles
underlying these methods and their general applications in heat transfer analysis.

2.1. Finite Volume Method (FVM)
FVM is a conservative discretization technique that divides the computational domain into a finite
number of control volumes and applies the conservation laws on each volume [4]. For a given PDE,
FVM involves integrating the governing equation over each control volume and applying Gauss's
theorem to convert the resulting volume integrals into surface integrals [5]. This process results in a
system of algebraic equations that can be solved numerically.

For example, consider the steady-state heat conduction equation for a homogeneous, isotropic
material without heat generation:

V(kVT) = 0
where k is the thermal conductivity, and T is the temperature [6]. The FVM formulation for this equation
involves integrating the equation over each control volume and applying Gauss's theorem to obtain:
Y(kKAVT)_f = 0

where the summation is over all the faces (f) of the control volume, and A is the face area [5]. This
equation represents the balance of heat fluxes across the control volume boundaries.

2.2. Finite Difference Method (FDM)

FDM is a discretization technique that approximates the derivatives in the governing PDEs using finite

differences based on Taylor series expansions [7]. The computational domain is discretized into a grid

of nodes, and the governing equations are approximated at these nodes using finite difference formulas.
For the same steady-state heat conduction equation as above, the FDM formulation can be derived

using central differences for the second derivatives:
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V(VT) ~ (k(T_(i +1,j) — 2T_(i,)) + T_(i — 1,j))/4x"2) + (k(T_(i,j + 1) — 2T_(i,))
+ T.(Lj—1))/4y"2) = 0

where Ax and Ay are the grid spacings in the x and y directions, respectively, and T (i,j) represents the
temperature at node (i, j) [7].

Both FVM and FDM have been extensively applied to solve various heat transfer problems, such as
steady-state and transient conduction, forced and natural convection, and phase change processes [5].
Their accuracy and computational efficiency depend on factors such as grid resolution, numerical
schemes, and boundary conditions.

3. Applications of FVM in AFPM Machines

The Finite Volume Method (FVM) has been utilized in various studies to model and analyze heat
transfer in Axial Flux Permanent Magnet (AFPM) machines. This section reviews specific studies that
have employed the FVM and discusses the advantages and limitations of using this method in the context
of AFPM machines.

In a study by Guerrero et al., FVM was employed for the thermal analysis of an axial flux permanent
magnet machine [3]. The researchers used a three-dimensional model to solve the steady-state heat
conduction equation in the stator and rotor components of the machine. Their study demonstrated the
effectiveness of FVM in capturing the temperature distribution in various machine components and
identifying critical hotspots. The authors also examined the impact of different cooling strategies on the
machine's thermal performance.

Another study conducted by Ayat et al. used the FVM to analyze the thermal behavior of a single-
sided AFPM machine with a slotted stator [8]. They developed a coupled thermal-electromagnetic model
to investigate the interaction between electromagnetic and thermal fields. The FVM was effective in
capturing the temperature distribution and identifying areas with high-temperature gradients, which are
crucial for optimizing the machine's design and performance.

The advantages of using FVM in the context of AFPM machines include its ability to handle complex
geometries, provide accurate temperature predictions, and model a wide range of boundary conditions
[5]. Additionally, FVM is inherently conservative, ensuring that the conservation laws are satisfied
locally in each control volume, which is particularly relevant for heat transfer problems [4].

However, there are also limitations associated with using FVM in AFPM machines. One limitation
is the computational cost, as three-dimensional models with fine discretization can be computationally
expensive, especially for large-scale or transient problems [5]. Furthermore, the choice of numerical
schemes, such as differencing and interpolation methods, can significantly affect the accuracy and
stability of the FVM solution. Therefore, careful selection and validation of these schemes are essential
for obtaining reliable results [4].

4. Applications of FDM in AFPM Machines

The Finite Difference Method (FDM) has also been employed in several studies to model and analyze
heat transfer in Axial Flux Permanent Magnet (AFPM) machines. In this section, specific studies that
have utilized FDM for this purpose are reviewed, and the advantages and limitations of using FDM in
the context of AFPM machines are discussed.

In a study conducted by Popescu et al., a thermal model of a double-sided AFPM machine was
developed using FDM to solve the heat conduction equation in the stator, rotor, and magnet components
[9]. The authors demonstrated the ability of FDM to predict temperature distributions in different
machine components and validated their model using experimental results. The FDM-based model
provided insights into the thermal behavior of AFPM machines and guided the design of more efficient
cooling systems.

Wang et al. focused on the thermal analysis of a single-sided AFPM machine with a slotted stator.
They employed FDM to model heat transfer in the machine and investigated the effects of various design
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parameters on thermal performance [10]. The FDM approach proved effective in capturing the
temperature distribution and identifying critical hotspots in the machine.

The advantages of using FDM in the context of AFPM machines include its simplicity, ease of
implementation, and suitability for handling irregular geometries [7]. FDM is also easily adaptable to
different boundary conditions, making it versatile for various heat transfer problems.

However, there are limitations associated with using FDM in AFPM machines. One limitation is the
requirement of a fine grid resolution to obtain accurate results, which can lead to high computational
costs, particularly for large-scale or transient problems [7]. Additionally, FDM may be prone to
numerical errors, such as truncation and round-off errors, which can affect the accuracy and stability of
the solution. Therefore, it is essential to use appropriate finite difference formulas and validate the model
against experimental or analytical solutions to ensure reliable results [5].

5. Comparison of FVM and FDM in AFPM Machine Heat Transfer Analysis

In this section, the performance of the Finite Volume Method (FVM) and Finite Difference Method
(FDM) in the context of AFPM machine heat transfer analysis is compared. Any studies that have
directly compared the performance of these discretization methods in AFPM machines are highlighted.
Factors that may influence the choice of discretization method, such as computational efficiency,
accuracy, and ease of implementation, are discussed.

A direct comparison of FVM and FDM in the context of AFPM machines is scarce in the literature.
However, some general comparisons can be drawn based on individual studies and experiences using
these methods in the thermal analysis of AFPM machines [3, 9-11].

Computational efficiency is an essential factor when selecting a discretization method for heat
transfer analysis. Both FVM and FDM are known to be computationally demanding, especially when
using three-dimensional models with fine discretization [5, 12]. However, FVM is considered more
computationally efficient than FDM, especially for large-scale or transient problems [4].

Accuracy is another critical factor in choosing a discretization method. FVM is considered more
accurate than FDM due to its inherent conservation properties, ensuring that the conservation laws are
satisfied locally in each control volume [4]. However, the accuracy of both methods depends on the
choice of numerical schemes, such as differencing and interpolation methods. Careful selection and
validation of these schemes are essential for obtaining reliable results [6, 13].

Ease of implementation is also an important consideration. While FDM is considered simpler and
easier to implement than FVM [7], FVM can handle complex geometries and a wide range of boundary
conditions more efficiently [5]. This makes F\VM a more versatile choice for heat transfer problems in
AFPM machines with intricate geometries and various boundary conditions.

In summary, the choice between FVM and FDM for heat transfer analysis in AFPM machines
depends on several factors, including computational efficiency, accuracy, and ease of implementation.
Although there is no one-size-fits-all answer, FVM seems to be more widely adopted in the literature
due to its versatility and conservation properties. However, FDM can still be a viable option for specific
applications, depending on the problem requirements and available computational resources.

6. Advanced Discretization Techniques for AFPM Machines
In addition to FVM and FDM, other discretization methods have been applied to heat transfer analysis
in AFPM machines, such as the Finite Element Method (FEM). This section introduces the FEM and
discusses its potential advantages and drawbacks in the context of AFPM machine heat transfer analysis.
The Finite Element Method (FEM) is a numerical technique widely used in various engineering
applications, including heat transfer and structural analysis. FEM divides the domain into smaller
elements connected by nodes, and the governing equations are formulated and solved for these elements,
considering the interactions between them [11].
FEM has been employed in several studies to analyze the thermal behavior of AFPM machines. For
example, a study conducted by Gerada et al. used FEM to develop a coupled electro-thermal model of
a high-speed AFPM machine [12]. The model was effective in predicting temperature distributions in
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various machine components, such as the stator, rotor, and magnets, and provided insights into the
machine's thermal behavior. Meanwhile, Goss et al. employed FEM to analyze the impact of slot-pole
combinations on the thermal performance of an AFPM machine [13]. The authors demonstrated that
FEM could be used to optimize the machine's design for improved thermal performance and efficiency.

The advantages of using FEM in AFPM machines include its ability to handle complex geometries,
nonlinear materials, and various boundary conditions [11]. FEM is also highly adaptable, allowing the
use of different types of elements (e.g., triangular, quadrilateral, tetrahedral) and refinement techniques
(e.g., h-refinement, p-refinement) to improve the accuracy of the solution [12].

However, FEM also has some drawbacks. One limitation is the high computational cost, particularly
for three-dimensional models with fine discretization or transient problems [11]. Additionally, the
choice of element type and refinement techniques can significantly affect the accuracy and stability of
the solution, requiring careful selection and validation [12].

In conclusion, advanced discretization techniques like FEM offer alternative approaches for heat
transfer analysis in AFPM machines. While FEM provides several advantages, such as handling
complex geometries and nonlinear materials, it may also be computationally expensive and require
careful selection of elements and refinement techniques.

7. Coupled Thermal-Electromagnetic Analysis in AFPM Machines

In this section, we examine studies that have integrated discretization methods for simultaneous analysis
of heat transfer and electromagnetic performance in AFPM machines. The coupled thermal-
electromagnetic analysis is crucial for understanding the interplay between these two phenomena and
optimizing the machine design for improved efficiency and reliability.

Gerada et al. presented a coupled electro-thermal model for a high-speed AFPM machine using the
Finite Element Method (FEM) [12]. The authors developed a comprehensive model that incorporated
electromagnetic losses, such as copper and iron losses, and heat transfer mechanisms, including
conduction, convection, and radiation. The FEM-based model effectively predicted the temperature
distributions in various machine components, such as the stator, rotor, and magnets, and provided
insights into the machine's thermal behavior. The authors also validated their model using experimental
results and demonstrated the effectiveness of the coupled analysis.

Similarly, Guerrero et al. investigated the thermal and electromagnetic performance of a double-
sided AFPM machine using a coupled FVVM approach [14]. The authors developed a coupled model that
integrated the electromagnetic losses and thermal behavior of the machine. The model was capable of
predicting the temperature distribution, iron losses, and efficiency of the machine, providing valuable
information for machine design and optimization. The study showed that the coupled FVM approach
was effective in capturing the complex interactions between the thermal and electromagnetic phenomena
in AFPM machines.

Ayat et al. combined FDM and FEM approaches to analyze the thermal behavior of an axial flux
permanent magnet machine [8]. The authors developed a thermal model based on FDM for the stator,
rotor, and magnet components, while the electromagnetic performance was simulated using FEM. The
study demonstrated the potential of integrating different discretization methods for a comprehensive
understanding of the machine's performance.

These studies indicate that coupled thermal-electromagnetic analysis using discretization methods,
such as FEM, FVM, and FDM, provides valuable insights into the performance of AFPM machines.
This integrated approach allows for a more accurate representation of the complex interactions between
thermal and electromagnetic phenomena, ultimately leading to better design and optimization of AFPM
machines.

8. Optimized Designs and Thermal Management Strategies in AFPM Machines Using FVM and
FDM

In this section, we review studies that have utilized FVM or FDM in AFPM machines to develop
optimized designs or implement effective thermal management strategies. These studies demonstrate

228



Proceedings of the 2023 International Conference on Mathematical Physics and Computational Simulation
DOI: 10.54254/2753-8818/11/20230412

the practical applications of discretization methods in improving the performance and reliability of
AFPM machines.

Guerrero et al. utilized FVM for a double-sided AFPM machine's thermal analysis to identify an
optimal design that maximizes cooling and efficiency [14]. The authors developed a coupled model that
integrated electromagnetic losses and thermal behavior, and they investigated the impact of different
cooling strategies on the machine's performance. By analyzing various cooling options, such as air or
liquid cooling, the authors identified the most effective thermal management strategies that minimized
the machine's temperature rise and improved its overall efficiency.

Popescu et al. used FDM to analyze the thermal behavior of a permanent magnet motor with a slotted
stator [9]. The authors developed a thermal model that considered the heat transfer mechanisms, such
as conduction and convection, and the electromagnetic losses in the machine. By comparing different
slot-pole combinations, the study demonstrated that specific designs could minimize the machine's
temperature rise and increase its efficiency. This highlights the potential of FDM-based thermal analysis
in guiding the design optimization process.

In another study, Ayat et al. employed a combined FDM and FEM approach to analyze the thermal
behavior of an axial flux permanent magnet machine [8]. The authors investigated the impact of different
winding configurations, cooling strategies, and geometric parameters on the machine's thermal
performance. By analyzing various design parameters and cooling options, the study identified the
optimal configurations that minimized the machine's temperature rise, resulting in improved efficiency
and reliability.

These studies demonstrate the practical applications of FVM and FDM in the development of
optimized designs and effective thermal management strategies for AFPM machines. By employing
these discretization methods in thermal analysis, researchers and engineers can gain valuable insights
into the machine's performance, ultimately leading to better design and optimization of AFPM machines.

9. Future Research Directions

This review has highlighted the application of discretization methods, such as FVM and FDM, in the
thermal analysis of AFPM machines. However, there are still several gaps in the current literature and
potential research directions for further exploration.

First, the development of more efficient discretization methods is a promising area of research.
Although FVM and FDM have been widely used, there is room for improvement in terms of
computational efficiency, accuracy, and ease of implementation [4]. Investigating novel techniques or
hybrid approaches that combine the strengths of different discretization methods could lead to more
efficient and accurate thermal analysis of AFPM machines.

Second, the incorporation of advanced materials in AFPM machine designs could significantly
impact their thermal performance [13]. Research into the use of high-conductivity materials, such as
nanocomposites or advanced metal alloys, could improve the heat dissipation and overall efficiency of
the machines. Further exploration of the impact of these materials on the thermal behavior of AFPM
machines, in combination with the discretization methods, would be a valuable contribution to the field.

Third, the investigation of novel cooling techniques is another potential research direction. While
conventional cooling methods, such as air and liquid cooling, have been widely explored [14], more
innovative approaches could lead to improved thermal management. Examples include the use of phase
change materials, thermo-electric cooling, or magnetocaloric cooling. Examining the effectiveness of
these techniques in combination with discretization methods could provide valuable insights into their
applicability in AFPM machines.

In conclusion, future research directions in the field of AFPM machine thermal analysis include the
development of more efficient discretization methods, the incorporation of advanced materials, and the
investigation of novel cooling techniques. Addressing these research gaps will contribute to the
continuous improvement and optimization of AFPM machine performance and reliability.
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10. Conclusion

This paper has presented a comprehensive literature review on the application of discretization methods,
particularly the Finite Volume Method (FVM) and Finite Difference Method (FDM), in the thermal
analysis of Axial Flux Permanent Magnet (AFPM) machines. The fundamentals of FVVM and FDM were
discussed, along with their general applications in heat transfer analysis. The advantages and limitations
of using these methods in the context of AFPM machines were examined.

The review highlighted the growing interest in applying FVM and FDM for the thermal analysis of
AFPM machines, as well as the importance of considering coupled thermal-electromagnetic analyses
for a comprehensive understanding of their performance. Furthermore, advanced discretization
techniques, such as the Finite Element Method (FEM), were introduced, and their potential advantages
and drawbacks were discussed.

The paper also emphasized the practical applications of FVM and FDM in the development of
optimized designs and effective thermal management strategies for AFPM machines. By employing
these discretization methods in thermal analysis, researchers and engineers can gain valuable insights
into the machine's performance, ultimately leading to better design and optimization.

Finally, potential future research directions were identified, including the development of more
efficient discretization methods, the incorporation of advanced materials, and the investigation of novel
cooling techniques. Addressing these research gaps will contribute to the continuous improvement and
optimization of AFPM machine performance and reliability.

In conclusion, the application of discretization methods, such as FVM and FDM, in the thermal
analysis of AFPM machines is an essential aspect of their design and optimization. Further exploration
of novel discretization techniques, advanced materials, and innovative cooling strategies will
undoubtedly lead to the development of more efficient, reliable, and high-performing AFPM machines
in the future.
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