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Abstract

:

Eddy currents are an electromagnetic phenomenon that represent an inexhaustible source of inspiration for technological innovations in the 21st century. Throughout history, these currents have been a subject of research and technological development in multiple fields. This article delves into the fascinating world of eddy currents, revealing their physical foundations and highlighting their impact on a wide range of applications, ranging from non-destructive evaluation of materials to levitation phenomena, as well as their influence on fields as diverse as medicine, the automotive industry, and aerospace. The nature of eddy currents has stimulated the imaginations of scientists and engineers, driving the creation of revolutionary technologies that are transforming our society. As we progress through this article, we will cover the main aspects of eddy currents, their practical applications, and challenges for future works.
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1. Introduction


Eddy currents, alternatively referred to as Foucault currents, represent an electromagnetic phenomenon first identified by the pioneering physicist Leon Foucault during the 19th century. Foucault observed that a conductive material heats up when it is in the vicinity of a time-varying magnetic field, and he verified that this temperature increase is caused by the presence of induced currents on the surface of the material [1]. The magnitude of the induced surface eddy currents depends on the variation in the excitation magnetic field; such variations can be achieved by using a time-varying current or by varying the distance between the magnetic source and the conductor. Firstly, eddy currents are manifested by the heating of the surface of the conductive material due to ohmic losses related to the Joule effect. Beyond ohmic losses, eddy currents manifest themselves through the generation of a reaction magnetic field that interacts with the main magnetic field. According to the Lenz’s law, the magnitude of the reaction magnetic field generated by the eddy currents is opposed to the variation of the main magnetic field that generated them. Finally, Lorentz forces are produced due to the interaction between the magnetic field induced by the eddy currents and the main magnetic field.



Eddy currents are common in electrical machines made of iron alloys. Particularly, in rotating machines, they occur in any metallic component within the equipment. This encompasses transformer components (transformer tanks and ferromagnetic core) and motor components (casings or magnetic circuits of the rotor and stator). Research has demonstrated that heat losses resulting from the Joule effect on tanks and other structural elements of distribution transformers, generated by eddy currents, can amount to as much as 15% of the corresponding load losses [2]. To minimize losses in the transformer core, it is divided into a set of ferromagnetic laminations through which the magnetic flux travels. This design choice is based on the fact that the magnitude of the eddy currents is directly proportional to the square of the thickness of the laminations [3]. A reduction in stray losses can be achieved through various approaches, such as: (a) implementing electromagnetic shielding, (b) integrating stainless steel plates on the low-voltage side, and (c) investigating alternative materials such as aluminum for the manufacturing of transformer tanks. For a deeper understanding, please refer to the information described in [4]. Historically, eddy currents were viewed as undesirable due to the heat they generate in various electrical machines and other electromagnetic devices.



However, this article presents the use of the eddy current phenomenon to develop novel technologies in different areas, generating a positive impact on the world economy. First of all, the unwanted heat generated by eddy currents can be used in metallurgical treatments [5,6], welding [7], and melting furnaces [8,9]. The use of the heat produced by eddy currents has allowed this phenomenon to be applied to commercial technologies that have a wide diffusion, such as induction stoves. In these devices, energy is transferred from the wall outlet to a metal pot through an electromagnetic coupling. A high-frequency booster circuit is used in order to generate a high-frequency time-varying magnetic field. The magnetic flow induces eddy currents on the metal pot’s surface, as is described by Ampere’s and Faraday’s laws. Finally, heat is generated inside the metal pot according to the Joule heating principle [10]. Meanwhile, the magnetic field induced by eddy currents has been applied in a variety of technologies, mainly in the non-destructive evaluation of materials (NDE). In 1879, D. E. Hughes demonstrated that the induced magnetic field has some information on the chemical, physical, and electrical characteristics of the conducting material [11]. Indeed, the induced magnetic field is influenced by path variations in the superficial eddy currents caused by the presence of surface imperfections in the studied structure. These variations allow for the detection and characterization of surface defects in conductive materials. Several eddy-current-based non-destructive evaluation (EC-NDE) techniques for detecting surface imperfections of conductive materials can be found in the literature. Classical EC-NDE techniques estimate defects in metal plates using the impedance variations of the excitation coil. Authors such as Peng et al. [12] have used differential coils to detect surface cracks in aluminum plates by measuring the variations in the inductive and resistive components of the coil. However, the sensitivity of coils is much lower than the sensitivity of the current magnetic sensors, so EC-NDE techniques that use these magnetic sensors are more reliable than the classical techniques [13,14]. Giant magnetic resistance (GMR) sensors are the most popular magnetic sensors used to develop EC-NDE systems [13,15,16]. The magnetic fields induced by eddy currents can also be used in medical applications. The induced magnetic fields can be used to solve bioelectromagnetic problems [17]. Eddy currents find specific applications in the bio-electromagnetic study of the human brain, as documented in references [18,19,20]. Different efforts have been made in order to computationally obtain 3D models of the human brain using eddy current simulations; in [21], the authors analyzed three coils with different geometries in order to determine the optimal geometry for transcranial magnetic stimulation. In addition, 2D images of the brain have been obtained using experimental impedance tomography based on eddy currents. Even eddy-current-based cancer treatments have been proposed [22], although there are no subsequent studies to support this proposal.



The Lorentz forces resulting from the interaction between the induced magnetic field and the main field can be used for different applications. These Lorentz forces could have two components: a normal one, which can be used as a levitation force, and a longitudinal one, which can be used as break force. The levitation force is widely used to develop Maglev trains based on the phenomenon of electrodynamic suspension (EDS) [23,24,25,26]. Maglev–EDS trains carry permanent magnets or superconducting coils on board, and these trains move on rails of conductive sheets. The displacement of the wagons induces eddy currents in the rail, which generate a magnetic field opposite to the field generated by the onboard magnetic field source. The train levitates due to the repulsive force generated by the interaction between the magnetic field induced in the rail and the magnetic field on board. However, this technology requires an initial movement of the wagon to generate a minimum levitation force, that is, it requires a minimum speed to induce the currents necessary for levitation. Eddy current braking (ECB) is linked to the Lorentz force resulting from the interaction between the induced and inductor magnetic fields [27,28,29,30,31]. Instead of using conventional mechanical brakes, ECB induces eddy currents in a metal disc so that a magnetic field is induced which generates a force opposite to the rotational movement of the disc. Frictional wear is reduced and braking performance at high speeds is increased by using an ECB.



In addition to applications that directly use eddy currents, different studies [32,33,34,35] have shown that some materials exhibit a high-frequency diamagnetic response due to the reverse magnetic field induced by them. These investigations demonstrate that diamagnetic materials have great potential to be used in electromagnetic shielding and attenuation systems. Fan et al. [32] proposed the development of filtered nickel/rutile cermets that have diamagnetic behavior at high frequencies. Currently, the influence of eddy currents on the magnetic properties of some materials has been taken advantage of to develop metacomposites and metamaterials that can improve the design of shielding. Fan et al. [34] proposed nanocomposites based on biomass-derived ferrous magnetic carbon that can be used for the development of metacomposites in an environmentally friendly manner. The results show that the nanocomposites have absorption capacities from 13.0 to 18.0 GHz. Qu et al. [36] proposed a polyaniline/nickel metacomposite which can be used in practical applications in shielding and new electromagnetic sensors. Cheng et al. [35] proposed a method for the development of metacomposites of nickel/yttrium and iron granules. The results showed a large increase in electromagnetic shielding when this metacomposite was used. However, this article will not delve into applications with metamaterials, but will focus on applications that directly apply the eddy current phenomenon.



Although several review articles have been published that compile advances and research in eddy-current-based technologies [11,29,37,38], they are only focused on specific applications. After an exhaustive search, we found a review article that covers a wide spectrum of applications that depend on eddy currents; unfortunately, its publication dates back more than three decades [39]. In this context, this article aims to offer an approach to the theory and current technological developments that are based on eddy currents. Although the eddy current phenomenon has been the basis of numerous applications, such as induction stoves, induction furnaces, and metal detectors, this article will focus on five main areas: non-destructive evaluation of materials, magnetic levitation trains, inductive braking systems, applications in medicine, and electromagnetic take-off technologies.



This article is organized as follows: Section 2 presents a theoretical introduction to the eddy currents, and Section 3, Section 4, Section 5, Section 6 and Section 7 present some novel applications based on eddy currents in the areas of non-destructive evaluation, magnetic levitation trains, braking systems, medicine, and electromagnetic take-offs, respectively. Finally, Section 8 presents the conclusions, overview, and prospects of eddy-current-based technologies.




2. Theory of Eddy Currents


Eddy currents are an electromagnetic phenomenon that can be described by Faraday’s law, shown in (1):


  ∇ ×   E  →   =  −   ∂   B  →     ∂ t     



(1)




where     E  →    and     B  →    correspond to the electric and magnetic field, respectively. According to (1), it can be noted that a time-varying magnetic flux induces a voltage; when the trajectory closes, this voltage generates an electric current. Particularly, a voltage induced on the surface of the solid conductive material generates currents along circular paths, i.e., eddy currents.



It is possible to determine the induced magnetic field and Lorentz force at a given point by expressing them in terms of the eddy current density using Maxwell’s equation. In electromagnetic problems, the current density     J  →   , the magnetic flux density     B  →   , and the electric field     E  →     are related as follows:


   ∇   ·      J  →   = 0   



(2)






     B     →   =    μ   r       H  →   



(3)






    J  →   =       σ    r     E  →   



(4)




where     μ   r     corresponds to the magnetic permeability of the medium and     σ   r     corresponds to the electric conductivity of the conductive material.



However, to analyze the distribution of eddy currents on the surface of the material,     B  →    and     E  →    can be also expressed in terms of magnetic vector potential     A  →    and electric scalar potential Φ, respectively, as:


   ∇   ×       A     →  =      B   →   



(5)






    E  →   =  −  ∇ Φ    −   ∂   A  →     ∂ t     



(6)







By substituting (5) and (6) into the relationships presented in (3) and (4), Ampere’s Law can be represented as follows:


   ∇     ×        1   μ      ∇   ×      A  →     =  −  σ         ∇ Φ +     ∂      A  →     ∂ t      =   J  →   



(7)







Considering the current density as:


    J  →  =     J   e      →  +     J   s      →   



(8)




where       J   e      →    represents the eddy current density and       J   s      →    the extermally impressed source current density.



Considering a homogeneous medium with constant permeability, (7) can be reformulated as follows:


   ∇       ∇ ·    A  →    −   ∇   2     A  →   =  −  μ σ       ∇ Φ +     ∂      A  →     ∂ t       



(9)







Taking into account (8), the right-side term of (9) can be separated into two terms. The first term,   − σ ∇ Φ ,   represents       J   s      →   , whereas the second term,  − μ σ   ∂   A  →     ∂ t    ,   represents       J   e      →    on the surface of the material.



Applying the Lorentz gauge condition,    ∇ ·    A  →  +   1   c      ∂ Φ     ∂ t     = 0   , to (9), the following expression is obtained:


    ∇   2     A  →   = μ σ    ∂   A  →     ∂ t    =     J   e      →   



(10)




which is used to solve eddy current problems. The general solution of (10) depends on several factors, such as the geometry of the problem and the coordinate system. But the possible solutions of the differential equations must meet the following boundary conditions:


    n  →  ×       E  →    1   −     E  →    2      = 0   



(11)






    n  →  ×       H  ⃡    1   −     H  →    2     =   K  →   



(12)






    n  →  ×       B  →    1   −     B  →    2      = 0   



(13)




where     n  →    is the vector normal to the interface between the two media and     K  →    is the current density vector in the border of the interface between the two media.       B  →    n   ,         H  →    n    , and       E  →    n     correspond to the magnetic flux density, magnetic field strength, and the electric field in the n-media, respectively.




3. Non-Destructive Evaluation


Non-destructive evaluation is the main industrial application of eddy currents. It can be observed in Figure 1 that, due to the presence of a near-side crack in a conductive material, the excitation magnetic field does not affect it uniformly, so the eddy current’s trajectory is affected. Such trajectory variations cause distortions in the induced magnetic field. It has been proven that surface [40,41,42] and subsurface [43,44,45] cracks can be detected and characterized by measuring the distortions of the induced magnetic field.



In this section, some significant advances of eddy-current-based NDE (EC-NDE) systems are described. Table 1 shows some hardware of EC-NDE systems presented in the literature. O. Postolache et al. [46] proposed a GMR-based probe composed of a rectangular coil to generate the excitation magnetic field and a GMR sensor array to measure variations in magnetic field density. However, the proposed probe may present limitations in terms of versatility for applications that require rapid on-site estimates. The efficiency of this configuration for different contexts or environments could be questioned. Hamia et al. [38] implemented a lock-in amplifier to acquire the phase components of the GMR output. The results reveal that surface defects in aluminum plates could be characterized using these signal components. However, the implementation of lock-in amplifiers is complex, and it could be a potential limitation in terms of cost, efficiency, or measurement accuracy. P. Gao et al. [47] showed that it would be possible to characterize the geometric characteristics of surface cracks in aluminum plates by analyzing the magnitude and phase of the GMR output voltage. However, the implementation and conditioning circuit of these EC-NDE probes are complex. Espina et al. [48,49,50] proposed a GMR-based probe composed of a GMR sensor together with an excitation coil in pancake-like configuration to improve the sensitivity compared to classic EC probes. The authors proposed expressions for the estimation of the width (w) and depth (d) of the defect using only two parameters extracted from the GMR-based probe [48]. However, the proposed analytical expressions are valid only for cracks within a reduced range. EC-NDE, in addition to being one of the most used techniques to detect defects in aluminum structures, can also be extended to a wide variety of metals. Xia et al. [51] proposed a method to estimate the depth of defects in metallic discs. The proposed analytical model allows the depth and edges of defects to be identified not only in aluminum, but also in stainless steel discs. However, this system requires monitoring the liftoff between the probe and the disk to obtain accurate results.



EC-NDE systems not only detect the geometric features of metals, but can be used to detect and estimate different magnitudes of the material. Wolter et al. [33] presented a combination of NDE methods that allows the microstructure of ferromagnetic metals to be analyzed. It obtains a 2D image of the material structure by using the proposed system. The authors demonstrated that it is possible to detect plastic elongation and stresses in a material by monitoring the obtained images of the material’s microstructure. However, using the proposed system, it can only be identified that an elongation force exists, but not the place where is applied. Wang et al. [52] proposed a novel mutual inductance sensor to acquire high-frequency eddy currents (HFEC) to characterize tensile stress in electroplated nickel coatings. The experimental results demonstrated that the frequency component of HFEC varies parabolically with respect to tensile stress and coating thickness. The analytical expressions were obtained through a polynomial fit, and these expressions allowed the tensile stress to be predicted. However, the set of samples used was small, so it will be necessary to contrast the results obtained in a larger set of samples. EC-NDE systems can be combined with other NDE techniques to improve their performance. Wertz et al. [54] proposed a system that fuses EC-NDE data with data acquired through electron backscatter diffraction to characterize microtexture regions in titanium alloys. The authors demonstrated that the use of fused data eliminates the limitation in the spatial resolution of EC-NDE systems. This limitation prevents EC-NDE systems from only being used to observe features smaller than 350 μm in isotropic and homogeneous materials. However, the results presented in [53] were obtained in a simulation, so it is necessary that the method be applied to experimental data.



It is important to mention that it has recently been discovered that EC-NDE systems can also be applied through the characterization of dielectric materials. Matsunaga et al. [54] presented an electrical circuit model for EC-NDE based on an impedance plane diagram obtained by solving the Ampere–Maxwell equations. The proposed model takes into account both the conductivity and the permittivity of the material. However, there is a long way to go before implementing EC-NDE systems in dielectric materials; it is necessary to contrast the theoretical results obtained with experimental values.



EC-NDE is a fast and reliable technique for detecting defects in conductive materials. However, in real applications, the aim of the EC-NDE is to classify and characterize the geometric parameters of surface defects such as width, depth, and angle of orientation. Table 2 presents the methods to classify these geometrical parameters which have been proposed in literature. It is possible to identify two main techniques to estimate the geometrical features of cracks: using image processing and using machine learning and pattern recognition algorithms, such as support vector machines and neural networks. In image processing techniques, a two-dimensional image of the surface of the inspected material is obtained by transforming the magnetic field density at each position obtained with the EC-NDE probe into a pixel intensity value. Postolache et al. [46,55] used an adaptive Wiener filter to identify the background and remove it; then, the image of each GMR sensor of the array was merged. Pasadas et al. [56] used 2-D filtering techniques and spectral analysis to segment and detect the edges of the surface defects. Thus, it is possible to estimate the geometrical characteristics of the surface defect by using image processing. However, all the aforementioned techniques require a complex mechanical system to perform the scanning, which would increase production and maintenance costs in real applications. Currently, it has been decided to implement techniques that use machine learning to reduce these shortcomings. Wrzuszczak et al. [57] showed that the geometric characteristics of a superficial defect can be obtained by applying neural networks to the EC-NDE system. The depth and width of surface defects are estimated by mapping the area around the defect to obtain the amplitude, phase, and frequency of the measured signal. The parameters obtained from the system output signal are used as input values for a radial basis function network to obtain the dimensions of the defect. From there, Peng et al. [58] and Rosado et al. [59,60] proposed neural networks as regression algorithms to obtain geometric features of defects. However, Bernieri et al. [61] carried out a comparison between the performance of artificial neural networks (ANNs) and support vector machines (SVMs), showing that the classification performance was higher using SVM than ANN. Therefore, Chelabi et al. [62] proposed least-squares support vector machines (LS-SVMs) and polynomial functions to correlate the output voltage of the GMR sensor with the defect geometric characteristics. The LV-SVM proposed had good accuracy, and it was faster than the classic SVM. However, these techniques require obtaining an output vector of the GMR sensor with a large amount of data, which would increase the computational costs of the system. Romero et al. evidenced in [63] the existence of a single pair (DV, DX) corresponding to a particular defect in terms of width, depth, and angle of orientation. This makes it possible to classify two geometric characteristics of defects using only two parameters instead of using a vector with multiple components, as was the case in the previously mentioned methods. Using only two parameters to classify the geometric features could improve the performance of the EC-NDE for practical applications. However, the authors mention that this method can only be used if one of the parameters must be known.



So far, different novel EC-NDE systems have been presented; however, these are mainly implemented in laboratory conditions, and temperature is not taken into account. The aim of the EC-NDE system is to be able to monitor the conditions of metal structures on site. However, the structures that require constant monitoring commonly operate in high-temperature conditions, which presents great challenges for EC-NDE systems. For instance, ultra-supercritical thermal-power plants require analyzing the degradation of heating tubes after prolonged operation. Sun et al. [64] proposed an EC-NDE system based on a superconducting quantum interference device (SQUID) with high sensitivity. The proposed system can be used to perform a quick on-site inspection of the characteristics of the boiler tubes of a thermal power plant. However, to carry out the inspection, it is necessary for the tubes to reach room temperature. Therefore, several efforts have been made to find techniques that allow inspections to be carried out without reaching room temperature. Currently, it has been considered to implement hybrid systems in order to reduce the effects of high temperatures. Santos et al. [65] proposed an automated NDE system for the inspection of tubes operating at temperatures up to 200 °C. The authors combined two NDE techniques, an EC-NDE and an ultrasound- based NDE. Each of the methods has specific approaches to avoid the influence of high temperatures. The ultrasound-based system focused on searching for volumetric defects, while the EC-NDE is focused on searching for near-side cracks. The results showed that it is possible to perform measurements with this hybrid system in temperature conditions up to 300 °C. Wang et al. [66] proposed a hybrid online monitoring method for defect inspection in high-temperature environments. The proposed method is a combination of EC-NDE and an electromagnetic acoustic transducer. The hybrid system uses two different channels to transmit each signal. The results showed that the proposed hybrid system can monitor surface and inner defects under conditions up to 300 °C. Despite great advances, it is still necessary to develop EC-NDE systems able to operate in more extreme environments, that is, temperatures above 300 °C.




4. Maglev Applications


It has been demonstrated that there is at least one unstable axis in an electromagnetic levitation system (EMS) using static magnetic fields [67], because a charge cannot be maintained in a stable mechanical equilibrium solely by the electrostatic interaction of the charges, as is indicated by Earnshaw’s theorem. A particle must return to its previous position in the face of any disturbance to remain in equilibrium; this means that all the field lines around the particle must point towards the equilibrium point, that is, the field divergence at the equilibrium point must be negative. However, this would violate Gauss’s law, which states that the divergence of any possible electric force field is zero in free space. The normal axis is considered as the unstable axis in attractive magnetic levitation; meanwhile, the X and Y axes are unstable in repulsive magnetic levitation. There are few magnetic levitation systems that use permanent magnets due to the aforementioned axis instability. Figure 2 shows the diagram of an electromagnetic suspension (EMS) system. The EMS system is commonly composed of a series of permanent magnets with the north pole and south pole facing each other. This configuration generates an attractive force between the rails and the wagon; however, the effects of eddy currents under high-speed conditions must be considered. Therefore, it is necessary to carry out precise control of the gap of the magnets in order to reduce the instability [68]. It is possible to generate a repulsive magnetic force using EMS systems by facing the positive poles of two magnets. However, this configuration is laterally unstable due to the destabilizing forces acting on the sides. The instability in EMS systems can be avoided by considering time-varying magnetic fields. Therefore, one magnet is replaced by an air-core coil so that the repulsive force can be easily adjusted by changing the electromagnet current. This magnet–electromagnet configuration, known as electrodynamic suspension (EDS), is the basis of several magnetic levitation systems. The main application of magnetic levitation systems is high-speed trains (Maglev), which reach speeds greater than 200 km per hour.



A diagram of an EDS is presented in Figure 3. This type of Maglev takes advantage of the movement of the vehicle to induce currents that produce the repulsive and guiding forces. It is important to mention that these Maglev systems require a threshold velocity. In addition to the inherent stability, electrodynamic Maglev systems have a higher tolerance of the vertical position of the magnet [26].



In [26], the relation of the interaction between both magnetic fluxes produced by different configurations of on-board permanent magnets and ground coil is obtained. It has been compared the ladder-on-box-beam approach and the “Modified Null Flux” configuration shown in Figure 4. With the “Modified Null Flux” configuration of a set of vertical eighth-shape coils attached to the guide wall, this set generates a magnetic field for both guidance and suspension. On the other hand, the ladder-on-box-beam approach requires two sets of square coils, one vertical and one horizontal. The vertical set is used to generate the guiding magnetic field, while the horizontal network generates the suspension magnetic field. It is possible to calculate, for each geometry, the current and forces on the coils as a function, as well as the speed of the train, from the proposed relations. Studies [24,25,69] have compared the forces and currents obtained using these analytical expressions with the experimental values measured on test tracks. The results show that the threshold speed to suspend a 2364 kg wagon with a commercial coil configuration is 12 m per second, while the tests indicate that the threshold speed is 11.2 m per second. Therefore, it possible to determine the behavior of different geometric configurations of coils to be implemented in EDS systems by applying the obtained expression so that different configurations of electrodynamic suspension systems can be designed. However, there are still many challenges to be faced, especially in the development of a cooling system for superconducting coils [69]. In addition, it is planned to design and implement faster vehicles for longer distances.




5. Inductive Braking Systems


Conventional mechanical brakes are the most widely used braking mechanisms in conventional cars; however, they have several disadvantages, such as slow braking time, friction wear, and low performance at high speeds [28]. Eddy-current-based braking (ECB) systems are an alternative to conventional brakes.



Figure 5 shows the basic diagram of an ECB braking system. An ECB system is mainly composed of a rotating metal disc attached to the tire and an electromagnet. An eddy current is induced in the rotating metal disc due to the magnetic field produced by an electromagnet. The induced eddy currents generate a magnetic field, and the interaction between the field generated by the currents and the field generated by the electromagnet induces a force opposite to the disk rotation. ECB braking systems have a few parameters that influence their performance, such as the electrical conductivity of the disk, the gap between the coil and the magnet, the magnetic properties of the conductor, as well as the angular speed of the disk. These parameters must be considered in such a way as to achieve optimal braking performance in ECB systems [29].



Li et al. [29] proposed a novel ECB braking system by analyzing the influence of air gap, disk width, and disc angular velocity. The authors proposed a theoretical model and carried out a simulation in order to obtain the design parameters of the system, and the implemented simulation also allowed for the prediction of its performance. The results showed that, by implementing an ECB system with the obtained parameters, it is possible to break an object with a linear movement speed less than 20 m/s. An experimental ECB system was implemented, and the performance was congruent with the results obtained from the simulation. Putra et al. [31] modeled an axial ECB system and used a FEM simulation to find an empirical relation between the braking torque and the air gap. The modeled ECB braking system was composed of a single disc and a semi-permanent magnet. The authors found that the performance of the ECB was higher as the gap between the magnet and the disk was reduced. In addition, the authors indicated that the number of turns of the coil should be increased to improve the performance of the ECB. The results showed that the best performance was obtained when a 0.5 mm air gap and a 360-turn coil were used. However, as there are time-varying magnetic fields interacting with metallic materials, the skin effect must be considered. Cho et al. [27] used simulations to obtain an equation that related the braking force to the depth of penetration of the eddy currents. The identified relationship indicated that, in discs composed of low-conductivity metallic materials, the system achieved greater braking torque at higher speeds. Therefore, the braking performance improves as the conductivity of the coating material increases. It is important to mention that it has been proven that the braking force depends on the temperature of the ECB system [30] due to the Joule effect. However, systems are still being developed that allow a constant temperature to be maintained in order to implement robust braking systems.



ECB braking systems increase their performance at high speeds; therefore, they are frequently used in high-speed trains [70]. However, ECB systems must be used in conjunction with conventional brakes for low-speed braking. ECB systems in trains do not require a rotating disc, as eddy currents are induced in the rails to generate braking force. However, there is still a need to reduce the heating of the rails. ECB systems have also been implemented in commercial mountain trucks to prevent heating failures on long descents [71]. Braking time is reduced from 300 to 400 milliseconds by using an ECB system instead of conventional brakes [71]. However, ECB braking systems have the disadvantage of having a low torque per unit volume, which makes them, so far, difficult to implement in passenger transport cars. ECB systems are also used in damping systems [72] to prevent high-speed aircraft that have aborted takeoff from skidding off the runway [73,74].



In addition to the advantages previously mentioned, ECB systems have great potential to be used as regenerative braking systems. Regenerative braking (RGB) systems are composed of a drive motor, a hybrid ECB–mechanical braking system, a battery, and a controller. The motor transforms the kinetic energy of the vehicle’s braking into electrical energy. The recovered energy is transferred to the engine or ECB system to improve its performance while the car is moving [75]. Guneser et al. [76] obtained a mathematical model of a regenerative ECB system and carried out a simulation in MATLAB/Simulink. The results showed that the ECB system was effective in terms of reducing vehicle speed. However, the simulations did not consider aspects such as the dimensions of the vehicle, the type of terrain, or mechanical losses. Li et al. [77] presented a methodology for the design of RGB systems; then, the authors verified their design with simulations. The results show that the proposed system can generate the electrical energy necessary to satisfy the energy demand of the ECB system to generate the required braking torque. Miao et al. [75] proposed a control method for the speed of a vehicle traveling downhill using an RGB system. When the speed was high, the energy recovered by the RGB system was not enough to generate the required deceleration torque; therefore, an external power supply was required. Once the speed had been reduced, the ECB stopped drawing energy from the vehicle, as it was able to provide the energy needed to maintain a constant speed. The obtained results indicate that, in order to maintain a speed of 120 km/h on a long downhill trajectory, the RGB system only requires an external power supply for 2 s.




6. Medical Applications


It has been shown that eddy currents generate stimuli and localized heat in biological tissues. Therefore, eddy currents are a promising tool in medical applications involving neuromuscular stimulation. Next, some applications of eddy currents in medical therapies are explored, highlighting their potential to improve the quality of life of patients and revolutionize clinical practice.



Electroconvulsive therapy (ECT) is a treatment for mental illnesses such as depression, anxiety, etc. ECT involves the electrical stimulation of certain brain areas to treat mental illness [78]. However, ECT presents a great risk to patients because it requires invasive procedures [79]. At present, there is no consensus on the optimal stimulus intensity or the ideal current distribution within the brain. Therefore, it is crucial to develop and characterize less invasive therapies. Transcranial magnetic stimulation (TMS) is a technique that stimulate sections of the brain using eddy currents generated by pulsed magnetic fields [78]. TMS has great potential to develop therapies that are less invasive than ECT. In Figure 6, a diagram of an EMT therapy is presented. It consists of a coil located on the patient’s scalp. The coil generates a pulsed magnetic field which induces eddy currents in certain area of the brain. The eddy currents induce action potentials in neurons so that they can evoke activations in a specific region of the brain.



The distributions of eddy currents in the brain by TMS have been determined by using numerical simulations [80]. Sekino et al. [78] observed that the current distributions in the brain using TMS depend on the characteristics of the coil used. The results showed that the neurons present in the cerebellum could be activated by inducing a magnetic field of 0.56 T. Currently, TMS has the potential to be applied to the diagnosis and treatment of types of neuronal diseases, such as depression [81,82,83], stroke [84,85], multiple sclerosis [86,87,88], and limb paralysis [89,90], without the disadvantages of electrical stimulation therapies. Eddy currents not only have been used in the development of new therapies, but also complement currently available ones. This phenomenon is used, for example, to recharge implanted medical devices without having to remove them in order to increase their useful lifetimes. Sato et al. [91] modeled a wireless power transmission (WPT) method based on eddy currents to recharge a titanium-coated pacemaker. The power transmission efficiency of the proposed WTP is between 36% and 52%. Theoretical modeling and safety simulations of WTP pacemakers has been carried out [92,93,94]. The results show that WTP pacemakers are safe to be implemented in patients with cardiovascular diseases. However, simulated results still need to be verified with results in patients. In addition, it is necessary to follow up with patients through the years in order to rule out new alterations caused by stimulation with magnetic fields.



Eddy currents are used not only in the advancement of novel therapies, but also in the measurement of biomedical parameters. Eddy-current-based sensors (EC sensors) are not limited to non-destructive evaluation applications. An EC sensor consist of a coil that generates a magnetic field to induce eddy currents in a metal structure. EC sensors are low-cost and reliable, and can operate in a wide range of environmental conditions. Stubbe et al. [20] implemented a technique to estimate the cranial rhythmic impulse (CRI) using EC sensors. CRI is an important concept in osteopathic medicine that refers to patient health. The CRI measurement system consists of aluminum foil located on the left frontal bone and a coil facing the patient’s skull without being in physical contact with the aluminum foil, as shown in Figure 7. The eddy-current-based measurement system is more sensitive compared to other techniques, such as Eco-Doppler [20].



Eddy currents are also used in the development of electrical impedance tomography (EIT) systems. The EIT system allows the variations in the electrical properties of a biological material to be visualized to obtain an image of some tissues of the human body [95]. Traditional EIT systems require a considerable number of electrodes in the patient’s body to obtain a good-quality image. However, Ambia et al. [19] proposed an eddy-current-based EIT system to reduce the number of electrodes. The proposed system allows the distribution of internal resistivity and the shape of a phantom that emulates a biological tissue to be visualized. However, the data acquisition time of this system is around 40 min, so it will be required to propose new acquisition methods in order to reduce this time.




7. Electromagnetic Launching


Electromagnetic launch (EML) technologies allow an object to be accelerated to a very high speed by converting electromagnetic energy into kinetic energy in a very short time lapse. EML systems are characterized by short acceleration times and high-output kinetic energy. EML technologies are mainly implemented in military applications, especially to develop weapons systems. In the induction coil launcher, there is no physical contact between the propeller coil and the projectile, resulting in a significant reduction in friction losses [96,97]. This EML technology allows projectiles with larger caliber and greater mass to be fired [97,98,99,100]. Beyond military applications, EML systems could be used to provide fuel to space platforms in the future. However, the magnetic coupling between the stator and the rotor is weak in EML technologies. In addition, the launch efficiency obtained in current EML is low compared to other launching methods, especially chemical launching [97,99].




8. Overview and Outlook


Considerable efforts have now been devoted to applying the phenomenon of eddy currents in new technologies. These advances show great potential in areas such as transportation, medicine, industry, satellite launches, and high-speed Maglev trains. The purpose of this article is to highlight the efforts of researchers and academics in the development of technologies based on eddy currents in order to advance the proposed lines of research. The numerous developments presented aim to change the common perceptions that readers have about eddy currents, as they are often associated only with unwanted losses.



In this article, a wide variety of technologies with a great vision of the future have been presented. However, the technologies presented in this article are in either the development or improvement phases. Thus, there is a broad panorama of research in this field of technologies based on eddy currents, since they still face a series of challenges. For example, it is desired to reduce the hardware complexity of EC-NDE systems in order to reduce mechanical components and facilitate portability for on-site testing. Furthermore, the sensitivity of the EC-NDE system for small crack dimensions is expected to increase through the development of eddy-current-based probes. Great efforts have been made to implement high-precision techniques to estimate the geometric characteristics of unknown cracks in metallic structures using NDE systems. However, more robust and computationally efficient algorithms are required that allow for the accurate estimation of these characteristics. It can be seen in this article that the phenomenon of eddy currents has had a great impact on the development of high-speed Maglev trains. However, there is still ample room for improvement: for example, the development of better electromagnetic couplings between rails and wagons and the development of superconducting electromagnets that have better thermal performance. Furthermore, design methodologies of ECB systems have been presented that allow the appropriate construction characteristics that increase braking torque and speed to be selected; however, there is still a long way to go to bring these to mass commercial diffusion. Currently, studies have begun on coordinated mechanical inductive hybrid braking systems that improve the characteristics of each individual system and minimize their respective shortcomings. The aim of hybrid brakes is to reduce frictional wear, to increase the minimum braking speed, and to maintain a constant torque per unit volume over a range of speeds. On the other hand, there are a large number of medical therapies based on eddy currents beyond those discussed in this article; however, some presented results are based on electromagnetic simulations, which underlines the need to take these investigations a step further with tests in patients or real tissues to validate these results.



In short, there is ample scope for further research into eddy-current-based technologies that can offer tangible benefits to society. This article motivates the reader to think that not only can the phenomenon of eddy currents be utilized in the applications presented previously, but there are still many applications where the heating, magnetic field variations, and forces caused by eddy currents could be explored.
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Figure 1. Currents induced by a magnetic field in a metallic material with