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Abstract

:

The aim of the work is the optimisation of a rail heater, constituted by a magnetic core supplied by a sinusoidal current, which induces an eddy current in the rail. Optimisation parameters are electrical and geometrical quantities: supply frequency, voltage amplitude, airgaps, and core shape, while objectives are power transferred to the rail, absorbed current, and power distribution index. Optimisation is performed by an accurate field analysis, provided by the finite element method (FEM), coupled to an automated multiobjective procedure based on fuzzy logic. Particular care has been devoted to the FEM model in order to take into account important phenomena as non-linearity magnetic behaviour and non-uniform distribution of current in the rail caused by eddy currents.
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1. Introduction


Railway infrastructure plays a vital role in the transportation industry, providing a safe and efficient means of transporting goods and people across the country [1,2,3]. However, the maintenance of railway tracks is a critical issue that requires constant attention [4,5,6,7]. One of the most significant challenges in maintaining railway tracks is the prevention of cracks caused by thermal stresses [8,9,10,11]. These stresses are caused by the temperature changes in the rail tracks due to the expansion and contraction of the metal. Usually, gas heaters are employed, but this method presents drawbacks: a high thermal gradient in the rail cross-section and overheating on the surface [12]. These problems can be overcome using low-frequency (below 300 Hz) eddy current rail heaters [13,14,15,16]. Eddy current rail heaters have been widely used for preheating railroad tracks to prevent them from cracking due to thermal stresses [17,18]. The principle behind these heaters is based on the induction of eddy currents in the rail tracks, which generate heat due to the resistance of the metal [19,20,21,22]. This heat helps to reduce the temperature differential between the rail and the surrounding environment, thereby reducing the thermal stresses. The use of low-frequency current to heat railway rails allows us to improve heat transfer and temperature distribution. Heating induction requires a strong magnetic flux density in the rail section area. This can be obtained using a toroidal core inductor with a large airgap where the rail is placed (Figure 1). However, the existing designs of eddy current rail heaters have limitations in terms of their efficiency and effectiveness. These limitations include high energy consumption, low heating efficiency, and inadequate heating coverage. Therefore, there is a need for an optimisation design of a low-frequency eddy current rail heater that can provide better performance while consuming less energy. This paper aims to present a comprehensive study on the optimisation design of a low-frequency eddy current rail heater. The study includes a simple lumped parameter thermal mathematical model developed to analyse the heat transfer in the rail, but the energy deposited in the rail strongly depends on the magnetic flux density distribution. The above model uses a rough approximation of eddy current loss distribution, which determines rail heating. Therefore, a more accurate model of the electromagnetic problem is proposed in this paper using a finite element analysis, which takes into account the complex geometry and the non-linear magnetic behaviour of the different parts of the structure (core and rail). In fact, strong eddy current densities give rise to high local saturation of core and rail, which cannot be predicted by means of analytical computations. The results of this study will provide insights into the development of more efficient and cost-effective eddy current rail heaters for railway infrastructure maintenance. The rest of the paper is organised as follows. Section 2 provides an overview of materials and methods in which the finite element analysis is characterised. Section 3 presents the effect of the airgap of the new topology heater. Section 4 and Section 5 present the optimisation procedure of the study and discuss their implications for the development of more efficient and cost-effective eddy current rail heaters. Finally, Section 6 concludes the paper and provides recommendations for future research.




2. Materials and Methods


2.1. Finite Element Analysis (FEA)


Finite element analysis (FEA) is a numerical method used to solve complex engineering problems by dividing them into smaller, simpler elements [14,23,24]. These elements are then analysed to obtain a solution for the entire system. FEA has become an essential tool in engineering design, as it allows for virtual testing and optimisation of designs before they are physically built, saving time and resources. FEA can be used to simulate the behaviour of eddy current rail heaters by modeling the electromagnetic field and heat transfer processes involved. The software used for FEA is Sally 2D v.1 [25]; it is not a commercial software and it allows for the manipulation of various parameters, making it an ideal tool for optimising the design of these heaters. The main objective of optimising the design of a low-frequency eddy current rail heater is to achieve maximum efficiency and cost-effectiveness. This can be achieved by reducing the power consumption while maintaining the desired heating performance. FEA can assist in achieving this objective by providing a detailed analysis of the various parameters involved. In this application, a field formulation is required which takes into account the following:




	
non-linear magnetic behaviour;



	
eddy currents (in the rail section);



	
voltage-driven problems.








In particular, in the rail, induced eddy currents produce a high concentration of flux in the surface and non-linear magnetic behaviour must take into account (as observed in a comparison with linear analysis). The supply current depends on airgap width; therefore, a voltage-driven problem must be solved and the supply current is an unknown of the problem. Finally, considering the symmetry of the structure, it is possible to study only half the domain, reducing calculation effort. By taking advantage of the symmetry of the system, it is possible to study only half of the domain, thereby reducing the calculation effort required for the optimisation process. The symmetry of a low-frequency eddy current rail heater can be observed in its geometry and boundary conditions. For example, the coil and rail are typically symmetric about the centreline, and the boundary conditions on either side of the centreline are often identical. This symmetry can be leveraged to simplify the optimisation process. The use of symmetry in the optimisation process not only reduces computational effort but also allows for a more efficient and accurate design. By focusing on only half of the domain, it is possible to identify and optimize key parameters without being influenced by minor variations in the other half. This can lead to a more robust and reliable design.




2.2. Electromagnetic Field Problem


The analysis is performed under a two-dimensional simplifying assumption and the axial length is imposed equal to the length of the core. The electromagnetic field problem is then expressed, in terms of magnetic vector potential A, by the following equation:


  ∇ x ζ  ( ∇ x A )  =  χ i     N i   S i     I i  +  χ r   σ r   (   1  S r     ∫ Ω     δ A   δ t    d Ω −    δ A   δ t    )   



(1)




where   ζ ( B  = ∇ x A  )   represents the non-linear characteristic of the ferromagnetic material. The first term on the left is the field source due to the current   I i   in the inductor winding, while the second term is due to the induced current in the rail. Moreover,   N i   and   S i   are the turn number and the surface area of the winding inductor,   σ r   and   S r   are the electric conductivity and the surface area of the rail, and  χ  is the characteristic function (e.g.,   χ i   = 1 on   S i   and   χ i   = 0 elsewhere). The electric current   I i   is linked by Kirchhoff’s laws, which define loop topology, to the voltage imposed by the external supply and the induced electromotive force (emf) e, which depend on the vector potential:


   e i  =    N i   S i     (  ∫  Ω  i  +      δ A   δ t    d S −  ∫  Ω  i  −      δ A   δ t    d S )   



(2)




where   Ω  i  +   and   Ω  i  −   are the positive and negative traces of the inductor winding. The non-linear field problem (2) is linearised using the Fixed Point technique, which splits the magnetic characteristic into a linear term and a residual to be iteratively computed (  ζ ( B )   = vB + R). Under periodic supply conditions, the field equation is expressed in the frequency domain through a truncated Fourier series. Thus, at the k-th iteration, the electromagnetic equation for the m-th harmonic component, represented in terms of phasors, is


  v ∇ x ∇ x   A ̲   m   ( k )   =  χ i     N i   S i      I ̲   i , m   ( k )   + j m ω  σ r   χ r   (   1  S r     ∫ Ω    A ̲   m   ( k )   d Ω −   A ̲   m   ( k )   )  − ∇ x   R ̲   m   ( k − 1 )    



(3)




where v is the Fixed Point linear coefficient and  ω  is the fundamental angular frequency.




2.3. Mesh Consideration


Meshing is an important aspect of the finite element method used to simulate the behaviour of a low-frequency eddy current rail heater. A properly designed and optimised mesh can greatly improve the accuracy and efficiency of the simulation, leading to a more reliable and efficient design. One key consideration when meshing a low-frequency eddy current rail heater is the skin depth effect. This phenomenon causes the eddy currents to be concentrated near the surface of the rail, with a decreasing magnitude as the distance from the surface increases. As a result, a fine mesh near the surface is necessary to accurately capture the behaviour of the eddy currents. Another important consideration is the geometry of the coil and rail. The mesh should be designed to accurately represent the shape and dimensions of these components. This can be achieved by using appropriate element types, such as tetrahedral or hexahedral elements, and refining the mesh in areas where there are sharp changes in geometry. The size of the mesh elements also plays a crucial role in the accuracy of the simulation. A fine mesh with small elements will provide a more accurate representation of the behaviour of the eddy currents, but it will also increase the computational effort required for the simulation. Therefore, a balance must be struck between accuracy and computational efficiency. In addition to these considerations, it is important to ensure that the mesh is sufficiently refined in areas where there are high variations in current density or temperature. This can be achieved by using adaptive meshing techniques, where the mesh is automatically refined in areas of interest during the simulation. During mesh creation, two problems have been faced. The optimisation procedure automatically modifies the domain geometry and so an adaptive mesh procedure is required (based on Delaunay triangulation). In particular, an adaptive meshing is used in the air regions and in the heater core near the rail, the dimensions of which represent optimisation parameters (Figure 2). A second mesh problem regards the rail region. In fact, non-uniform current distribution in the rail requires a thin mesh on the surface, which must be lower then the skin depth. For example, for a frequency of 300 Hz, the skin depth is equal to 1.34 mm (conductivity of   1.18   ×      10 7    Ω  m and relative permeability of 40) and the corresponding mesh triangulation must be adequate. The frequency of the alternating current is a crucial parameter in the design of eddy current rail heaters. It affects the depth of penetration of the eddy currents and, therefore, the amount of heat generated. A higher frequency results in shallow penetration and lower heat generation, while a lower frequency results in deeper penetration and higher heat generation.




2.4. Solution of FEM Analysis


After a preliminary description of the problem, a field study of the present configuration can give a first evaluation of device performances. Our attention is devoted to the transferred power to the rail by eddy current effects. From the FEM solution, it is possible to determine eddy current distribution in the rail and to evaluate Joule losses generated inside of it. An example of field distribution is reported in Figure 3 for two different supply frequencies.



These plots show the effect of frequency supply on magnetic field distribution and evidence the importance of the mesh in the rail region near the surface. What can be seen from the figures is the skin effect due to a greater working frequency. For this reason, it is important to apply a dense mesh on the edge of the structure under analysis in such a way as to capture the trends of the flow lines located along the surface of the rail.




2.5. Parameter Analysis


Before running the optimisation procedure, it is always preferable to analyse parameter influence on optimisation objectives. This involves studying how changes in various parameters affect the performance and efficiency of the rail heater. One key parameter to consider is the frequency of the alternating current used in the heater. This frequency has a significant impact on the skin depth effect, as higher frequencies result in a thinner skin depth and therefore a more concentrated current near the surface of the rail. This can affect the heating efficiency and distribution of heat along the rail, and must be carefully considered during the optimisation process. Another important parameter is the geometry of the coil and rail [26,27,28,29]. Some possible coil geometry options are as follows:




	
Spiral coil: A common coil geometry for electric heaters, the spiral coil offers a compact design and efficient heat transfer. The tightly wound structure allows for a large surface area in a small space, promoting effective heating.



	
Helical coil: Similar to the spiral coil, the helical coil provides a compact design and efficient heat transfer. However, the helical coil has a more open structure, which can be advantageous for applications requiring a lower heat density or where a more uniform temperature distribution is desired.



	
Flat coil: In some cases, a flat coil geometry may be preferred for electric heaters. This design allows for a larger heating surface area, which can be beneficial for applications requiring a lower heat density or where space is limited.



	
Coaxial coil: A coaxial coil consists of two or more concentric coils, with the inner coil carrying the current and generating heat while the outer coil acts as a shield. This geometry can provide better heat distribution and reduce the risk of hot spots, making it suitable for applications where temperature uniformity is critical.



	
Multi-layer coil: A multi-layer coil, with multiple turns of wire stacked on top of each other, can increase the heat output of an electric heater without significantly increasing its size. This geometry is often used in high-power applications where space is limited. Variable-pitch coil: A variable-pitch coil, with varying spacing between the turns, can promote better heat distribution and reduce the risk of hot spots. This geometry is particularly useful for heating applications where temperature uniformity is critical.



	
Interleaved coil: An interleaved coil consists of multiple layers of wire, with each layer offset from the previous one. This geometry can provide better heat distribution and reduce the risk of hot spots, making it suitable for applications where temperature uniformity is critical.








The performance of an electric heater can be affected by its coil geometry in various ways. Here are some of the factors that can be influenced by the coil geometry:




	
Efficiency: The efficiency of an electric heater is a measure of how effectively it converts electrical energy into heat. The coil geometry can affect the efficiency by influencing the resistance of the coil, the surface area available for heat transfer, and the distribution of the heat generated. For example, a coil with a larger surface area may be more efficient at transferring heat to its surroundings, while a coil with a smaller surface area may be more efficient at generating high temperatures in a confined space.



	
Power density: Power density is a measure of the amount of heat that can be generated per unit volume or unit area of the heater. The coil geometry can affect the power density by influencing the amount of heat that can be generated within a given volume or area. For example, a coil with a larger number of turns or a more compact shape may be able to generate more heat per unit volume or unit area.



	
Stray field: The stray field is the magnetic field that is generated by the heater and extends beyond its intended area of influence. The coil geometry can affect the stray field by influencing the distribution of the magnetic flux within the coil. For example, a coil with a more compact shape may produce a stronger magnetic field but have a smaller stray field, while a coil with a more spread-out shape may produce a weaker magnetic field but have a larger stray field.



	
Coupling coefficient: The coupling coefficient is a measure of the efficiency with which energy is transferred between the primary and secondary coils in a wireless power transfer system. The coil geometry can affect the coupling coefficient by influencing the amount of magnetic flux that is shared between the coils. For example, a coil with a larger number of turns or a more compact shape may have a higher coupling coefficient, while a coil with a smaller number of turns or a more spread-out shape may have a lower coupling coefficient.



	
Misalignment tolerance: Misalignment tolerance is a measure of how well the primary and secondary coils in a wireless power transfer system can maintain efficient energy transfer when they are not perfectly aligned. The coil geometry can affect the misalignment tolerance by influencing the distribution of the magnetic flux within the coils. For example, a coil with a more compact shape may have a higher misalignment tolerance, while a coil with a more spread-out shape may have a lower misalignment tolerance.








Changes in the dimensions and shape of these components can greatly affect the behaviour of the eddy currents and ultimately impact the heating performance. Therefore, it is crucial to analyse how different geometries affect the optimisation objectives and make adjustments accordingly. The material properties of the rail and coil, such as electrical conductivity and thermal conductivity, also play a significant role in the performance of the rail heater. These properties can vary depending on the material used, and must be carefully considered when optimising the design of the heater. In addition to these parameters, other factors such as coil spacing, number of turns in the coil, and coil shape can also influence the optimisation objectives. It is important to thoroughly analyse these parameters and their effects on the performance of the rail heater before running the optimisation procedure. In this application, electrical and geometrical quantities are assumed as design parameters. In particular, electrical parameters are the following:




	
voltage supply;



	
frequency.








Geometrical parameters are the following:




	
air-gaps between rail and inductor core: D1 and D2 (Figure 4);



	
inductor core vertical position: D3 (Figure 4).








By carefully analysing the influence of different parameters on the optimisation objectives, it is possible to make informed decisions during the optimisation process and achieve an efficient and effective design for a low-frequency eddy current rail heater.



The optimisation objectives considered are as follows:




	
induced power in the rail by eddy current: Pec (to be maximised);



	
supply current in the heater inductor: Ii (to be minimised);



	
uniform distribution of induced power in the rail: rd (to be maximised).








The last objective has been defined through the following ratio:




	
   r d  =    P  e c  h   P  e c   w + f          if    P  e c  h  ≤  P  e c   w + f    



	
   r d  =    P  e c   w + f    P  e c  h         if    P  e c  h  ≥  P  e c   w + f    








where   P  e c  h   and   P  e c   w + f    are the induced power in the rail head and in the rest of the rail section (web and foot). In order to give a visual representation of this analysis, the effect of two parameters on a certain objective, assuming the other parameter to be constant, was considered.





3. Effect of Airgaps D1 and D2


The airgap between the inductor core and the rail head in a low-frequency eddy current rail heater can have a significant impact on the heating efficiency and performance of the heater. This gap refers to the distance between the surface of the rail head and the surface of the inductor core. One of the main effects of the airgap is on the distribution of the magnetic field. The presence of an airgap can cause the magnetic field to become non-uniform, leading to uneven heating of the rail. This can result in hot spots or cold spots along the length of the rail, which can affect the overall heating efficiency and potentially cause damage to the rail. Moreover, a larger airgap can also lead to a decrease in the heating efficiency of the eddy current heater. This is because a larger gap means that a larger portion of the magnetic field is not in direct contact with the rail, resulting in a decrease in the amount of heat generated. On the other hand, a smaller airgap can lead to better heat transfer between the inductor core and the rail head, resulting in more efficient heating. However, if the gap becomes too small, it can lead to an increase in the magnetic flux density, which can potentially cause overheating and damage to the rail. In the following plots, the effect of airgaps D1 and D2 has been examined (Figure 5 and Figure 6). As should have expected, maximum induced power and minimum current are obtained when the airgaps are set at the lower values, but their influence on objectives is limited.



The analysis has been performed assuming for the other parameters the following values: frequency = 50 [Hz]; D3 = 0 [mm]; voltage = 220 [V].



3.1. Effect of Voltage and Frequency Supply


Electrical parameters strongly influence device performances. The voltage and frequency supply of a low-frequency eddy current rail heater also have a significant impact on its performance and efficiency (Figure 7 and Figure 8). The voltage determines the strength of the current flowing through the coil and therefore affects the heating power of the rail heater. Higher voltages can result in a stronger magnetic field and more concentrated current, leading to higher heating efficiency. Similarly, the frequency of the alternating current supply also affects the heating performance of the rail heater. As mentioned earlier, higher frequencies result in a thinner skin depth and more concentrated current near the surface of the rail. This can lead to more efficient heating and a more uniform distribution of heat along the rail [16]. However, it is important to note that there is a limit to how high the voltage and frequency can be increased before it becomes detrimental to the performance of the rail heater. Excessive voltage can cause overheating and damage to the rail, while very high frequencies can lead to energy losses and reduced heating efficiency. Therefore, it is crucial to carefully select the voltage and frequency supply for a low-frequency eddy current rail heater during the optimisation process. This involves finding a balance between achieving high heating efficiency and avoiding any potential negative effects on the performance of the heater. In addition, the voltage and frequency supply must also be compatible with the power source being used for the rail heater. This may require additional considerations and adjustments during the optimisation process. In particular, by increasing voltage supply, the absorbed current, the magnetic flux, and thus the induced power increase, while increasing frequency, keeping constant supply voltage, the reactance winding increases and the absorbed current and induced power decrease. Regulation of voltage and frequency is a strategy to optimise device performances and to control the heating rail in order to take into account different weather conditions.



The analysis has been performed assuming for the other parameters the following values: D1 = 7 [mm]; D2 = 7 [mm]; D3 = 0 [mm].




3.2. Effect of Core Vertical Position


The core, which is the central part of the coil, is responsible for generating the magnetic field that induces eddy currents in the rail (Figure 9). The position of the core within the coil affects the distribution of this magnetic field and therefore impacts the heating efficiency of the rail heater. If the core is too close to the rail, the magnetic field may be too concentrated, resulting in localised overheating and potential damage to the rail. On the other hand, if the core is too far away, the magnetic field may not be strong enough to induce sufficient eddy currents and provide efficient heating. Therefore, finding the optimal vertical position for the core is crucial for achieving maximum heating efficiency while avoiding any potential negative effects on the rail. This can be determined through simulations and testing during the optimisation process. In addition, the vertical position of the core may also affect the overall size and shape of the coil, as well as its proximity to other components or structures. These factors must also be taken into consideration during the design. Dropping the inductor core, induced power in the rail foot is increased, while in the rail head, it is decreased (Figure 9), improving power distribution (Figure 10), but globally, the total heating power increases. Unfortunately, magnetic reluctance and thus magnetising current increased (Figure 11).



The analysis has been performed assuming for the other parameters the following values: D1 = 7 [mm]; D2 = 7 [mm]; voltage = 220 [V]; frequency = 50 [Hz].





4. Objective Behaviours versus Parameters


The parameter analysis gives important information on objective behaviours versus parameter optimisation. A brief description of the obtained results is reported in the following Table 1.



Different symbols indicate the effect of the increase in the parameter on the considered objectives:




	
↑ increase in the objective (high influence of the corresponding parameter);



	
↗ increase in the objective (small influence of the corresponding parameter);



	
↓ decrease in the objective (high influence of the corresponding parameter);



	
↘ decrease in the objective (small influence of the corresponding parameter);



	
− constant (the objective is practically independent of the corresponding parameter).








The most evident consideration of the above analysis is that optimisation objectives are more influenced by electrical than geometrical factors. Voltage and frequency play an important role in improving device performances and the possibility of varying supply conditions is the way to regulate heating intensity to take into account different weather conditions.




5. Optimisation Procedure


An optimisation procedure tailored for the design of electromagnetic devices has been adopted. Fuzzy logic is employed in order to define a normalised quality index for each objective, by a considered membership function. Fuzzy logic is a mathematical approach that allows for the optimisation of complex systems by considering multiple input variables and their relationships. In the design of a low-frequency eddy current rail heater, there are several parameters that need to be optimised, and their relationships can be difficult to define using traditional methods. Fuzzy logic provides a systematic approach to optimising these parameters, taking into account their uncertainties and interdependencies. A single global satisfactory degree is then obtained using the min operator. In this way, the multi-objective problem is reduced to a scalar optimisation performed by Rosenbrock algorithm. In this application, fuzzy sets are chosen, as reported in the plot of Figure 12.



Initial and final device performances and corresponding satisfactory degree are reported in Table 2. From this table, it is possible to see that the initial configuration presents a high inductor current (due to the strong magnetising component) and an induced power in the rail which can be reduced. At the end of the optimisation, a reasonable value of the inductor current is reached to the detriment of the acceptable worsening of induced power and of distribution index.



The use of fuzzy logic in the optimisation of a low-frequency eddy current rail heater offers several benefits, including the following:




	
Handling Uncertainty: Fuzzy logic allows for the consideration of uncertainties in the input variables, which is often the case in real-world systems. This ensures that the optimised design is robust and can perform well under varying conditions.



	
Incorporating Expert Knowledge: Fuzzy logic allows for the incorporation of expert knowledge and experience in the optimisation process. This can lead to more accurate and effective results compared to purely numerical approaches.



	
Consideration of Interdependencies: Fuzzy logic takes into account the interdependencies between input variables, which may not be easily defined using traditional methods. This results in a more comprehensive and accurate optimisation process.









6. Discussion


The optimisation design of a low-frequency eddy current rail heater is an important consideration in ensuring efficient and effective heating of rails. The obtained results from the optimisation design of a low-frequency eddy current rail heater can affect the cracking in several ways. For example, the optimisation design can lead to a more efficient heating process, which may reduce the likelihood of cracking due to excessive heat or temperature gradients. A well-designed low-frequency eddy current rail heater can provide better temperature control, minimising the risk of thermal stress and cracking in the heated material. This can help prevent localised hot spots and potential cracking. In other contexts, such as the detection of cracks, low-frequency eddy current (LFEC) methods have been investigated. The optimisation of the LFEC system design can improve the effectiveness of crack detection, which is crucial for preventing further propagation and potential failure [30]. In this section, the key factors that need to be considered in optimising the design of such a heater will be discussed. The first factor to consider is the frequency of the eddy currents generated by the heater. Low-frequency eddy currents are typically used for rail heating, as they are more effective in penetrating the rail material and generating heat. However, the frequency needs to be optimised to ensure that the heating is uniform across the entire length of the rail. This can be achieved by adjusting the frequency and power of the heater to match the properties of the rail material. Another important factor to consider is the supply voltage, which is related to the value of current to be injected into the inductor. Other important parameters are the shape and size of the heater. The heater needs to be designed to fit snugly around the rail and provide even heating along its length. The shape of the heater can be optimised using simulation software to ensure that it provides maximum coverage and minimises any hot spots or cold spots along the rail. Therefore, the objective of this work was to discuss the design considerations, optimisation parameters, and techniques for achieving efficient and effective heating of railway rails using low-frequency eddy currents. The core geometry was identified and the system was designed to be positioned during the construction of the railway line. A similar work in the literature [16] discusses the possibility of applying low-frequency current to heat railway rails during track laying. It analyses the temperature distribution in the rail as a function of the parameters of the heating inductor and its location. The investigation considers only slowly varying magnetic fields below 300 Hz and formulates practical design rules for the use of inductive heating for track laying.




7. Conclusions


In this paper, a design optimisation of an eddy current rail heater is presented. The optimisation is performed by a procedure based on fuzzy logic and optimisation objectives are determined by means of an FEM code. The optimisation has been devoted to the improvement of electrical performances, such as induced power and inductor current. Particular care has been devoted to the FEM model in order to take into account important phenomena such as complex geometry, eddy current distribution, and non-linear magnetic behaviour of core and rail. The initial configuration is characterised by a sufficient value of induced power in the rail (concentrated in the head of the rail) but a high current is absorbed. The optimisation leads to an intensive reduction in the inductor current, with a limited decrease in induced power and in its distribution inside the rail. The next step of this work will be the direct optimisation of primary quantities, such as temperature distribution, coupling the thermal problem to the field analysis.
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Figure 1. Device structure. 
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Figure 2. Zoom of the mesh near the rail head. 
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Figure 3. Magnetic field distribution. 
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Figure 4. Geometrical parameters. 
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Figure 5. Induced power in the rail [W]. 
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Figure 6. Supply current [A]. 
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Figure 7. Induced power in the rail [W]. 
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Figure 8. Supply current [A]. 
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Figure 9. Induced power in the different parts of the rail vs. vertical core position. 
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Figure 10. Power distribution index versus vertical core position. 
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Figure 11. Supply current versus vertical core position. 
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Figure 12. Membership functions. 
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Table 1. Objective behaviours versus parameters.
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	Max. Induced Power
	Min. Supply Current
	Max. Power Distribution Index





	Airgap   D 1  
	↘
	↘
	↑



	Airgap   D 2  
	↘
	−
	↗



	Airgap   D 3  
	↘
	↓
	↑



	Voltage
	↑
	↓
	↗



	Frequency
	↓
	↑
	↓










 





Table 2. Device performance.
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Initial Values

	
Induced Power [W]

Satisfactory Degree

	
Supply Current [A]

Satisfactory Degree

	
Power Distribution Index

Satisfactory Degree






	
Airgap   D 1   = 7 [mm]

	

	

	




	
Airgap   D 2   = 7 [mm]

	
4709

	
289.2

	
0.41




	
Airgap   D 3   = 0 [mm]




	
Supply voltage = 220 [V]

	
0.8545

	
0.055

	
0.795




	
Supply frequency = 50 [Hz]

	

	

	




	
Final Values

	
Induced Power [W]

Satisfactory Degree

	
Supply Current [A]

Satisfactory Degree

	
Power Distribution Index

Satisfactory Degree




	
Airgap   D 1   = 6 [mm]

	

	

	




	
Airgap   D 2   = 6 [mm]

	
3922

	
209

	
0.35




	
Airgap   D 3   = −11 [mm]




	
Supply voltage = 320 [V]

	
0.461

	
0.455

	
0.575




	
Supply frequency = 110 [Hz]
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