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Abstract

Wireless power transfer systems, particularly those based on inductive coupling, provide an increasingly attractive way to deliver power without any physical connection or cables. There exists now a large literature about the topic, but generally each paper focuses on a single application and/or a typical design procedure or modeling technique. Since the covered published works belong to a variety of approaches, it can be a difficult task to understand the underlying physical aspects and modeling approaches, particularly for a newcomer to the field. This tutorial paper reviews and describes basic aspects required to model an inductive power transfer system, with a focus on practicality. The article is based on the author's work over a period of 10 yr. It introduces and explains the published methods and principles relevant to all aspects of an inductive link, such that no specific prior knowledge about wireless power transfer is required. The objectives can be divided into three main contributions: 1) To provide fundamental equations and basic principles of inductive power transfer, which are required to begin a design process; 2) To present these typical applications related to three levels of transferred power: electric vehicle (high power); drone (mid power) and biomedical implant (low power) to describe a large overview of practical systems; 3) To give newcomers to the topic an introduction to the modeling process and key aspects to facilitate any design process.
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1 Introduction
Wireless power transfer (WPT) technologies have now reached a commercial stage in applications going from consumer electronics (smartphones, laptops, tablets, etc.), electromobility, biomedical implants and domestic applications. Today, this definition covers several technologies in a widespread range of applications, powers and distances [1,2]. Wireless power transfer technologies based on electromagnetic fields can be divided into two categories according to the coupling region between transmitting antennas and receiving antennas: 1) non-radiative region or near-field and 2) radiative or far-field region. In the near-field, the Inductive Power Transfer-based Wireless Charging (IPT) uses the principle of magnetic induction to transmit power without a medium. It is based on Maxwell's law, where a time-varying current in a conductor (or loop) creates a magnetic field around the conductor, and a secondary loop (receiver) gets a voltage generated due to time-varying magnetic flux.
Electromobility offers a wide range of applications for IPT [2–6]. Vehicles with internal combustion engines (ICEs) are a major source of greenhouse gases, especially CO2. Thus, a practical way of dealing with the global warming problem is to replace ICE-powered vehicles with electric vehicles (EVs). IPT has been introduced as an alternative technology, which seems particularly promising for the growth of the EVs market. Moreover, its application for charging during the motion of the vehicle (dynamic charging) enables the overcoming of the barriers represented by the heavy onboard battery storage and the long recharging time. IPT for an electric vehicle is essentially based on the resonance of two magnetically coupled inductors (constituting the coupler): the transmitter, placed on the ground, and the receiver, placed under the vehicle floor.
Unmanned aerial vehicles (UAVs) have also rapidly emerged as multipurpose indispensable tools, bringing significant innovations in a variety of fields [7]. One of the sectors where UAVs have found an appealing application is inspection [8]. Whether in infrastructure, energy, agriculture or environmental monitoring, UAVs offer an efficient solution for inspecting hard-to-reach or potentially dangerous areas. Equipped with cutting-edge technology, UAVs can carry out detailed inspections and provide real-time data, enabling potential problems to be identified quickly, reducing operational costs, and minimizing risks to personnel. However, the limited autonomy of their batteries [4,5] and their dependence on physical recharging, often at the starting point, restrict the use of UAVs. This considerably reduces the overall duration of their missions. To extend the UAV's mission duration and automate the charging process, a WPT system based on resonant inductive coupling can be integrated into the UAV [9,12].
A growing field related to IPT is biomedical engineering. In the last few years, implantable medical devices (IMDs) such as pacemakers, cochlear implants, and sensors have been successfully used for diagnostic treatments and health monitoring of the patients. Most of the IMDs require a continuous reliable power supply for proper operation. Usually, traditional non-rechargeable batteries with fixed lifetime and high initial cost are used for powering the IMDs. Therefore, frequent invasive surgery is required to replace the batteries after the end of the lifetime, creating a burden. In addition to the surgical complexity, the risk of leakage, and the bulky geometry of batteries is a major obstacle towards the implementation of compact IMDs. In this regard, wireless power transfer (WPT) system provides a new and efficient way to power the existing as well as emerging devices [13,14].
Considering the wide scope of applications of IPT, the overall objective of this tutorial paper is to provide a comprehensive introduction to the subject of inductive power transfer. This goal can be broken down into three main aims: 1) To provide fundamental equations and basic principles of IPT, which are required to begin a design process. 2) To present the typical applications related to three levels of transferred power: electric vehicle (high power); drone (mid power) and biomedical implant (low power), and to describe a large overview of practical systems 3) To give newcomers in the topic an introduction to the modeling process and key aspects to facilitate the analysis and design process of IPT systems.
The content of the paper results from the review and selection of typical methods and results from the recent literature and contributions from the authors. The presented material is considered both sufficiently practical and accurate for the design and optimization of realistic configurations. Considering the limited space for the tutorial, appropriate references are given for an in-depth understanding of each of the examples included in the paper.
2 Basic physical phenomena
Inductive power transfer (IPT) uses a magnetic field to transfer electrical energy from a transmitter (Tx) to a receiver (Rx) without an electrical connection. In IPT systems, there are two magnetically coupled coils as shown in Figure 1. IPT systems are called loosely coupled wireless power transfer (WPT) systems. High-efficiency power transfer may be implemented for short transfer distances, and bidirectional power transfer is possible. The principle is the same as that of an electrical transformer. However, while in electrical transformers the primary and secondary coils are strongly coupled through a ferromagnetic structure that channels the magnetic flux along a specific path, in an IPT system the presence of an airgap leads to a weak magnetic coupling between the transmitter (primary) coil and the receiver (secondary) coil. The equivalent circuit of the coupled coils is shown in Figure 2.
The coils are generally made of isolated Litz wire, for which skin and proximity effects are very small in the considered frequency range. In general, primary and secondary coils are designed at the same time to achieve the performance of the whole system. Therefore, when the distance between the Tx and Rx coils is large, the power transfer efficiency and the misalignment tolerance are low. It is required to increase the low-power factor of IPT system by adding series or parallel capacitors to the coupled coils. In this case, the IPT system is called magnetic resonant-coupled WPT system. The presentation of the types of compensation networks is out of the scope of this paper, and the reader may refer to a deeper and broader analysis [15]. To illustrate, Figure 3 shows the common case of series-series compensation, which is also the simplest configuration. In this case the operating angular frequency of the system is given by [image: equation].
To improve the coupling between the coils, some additional materials are used to increase the magnetic flux between the coils and thus the mutual inductance. Ferrites are generally employed because they are almost loss-free at frequencies up to several hundreds of kHz, even for the lowest cost materials. Thanks to this magnetic circuit, magnetic flux is mainly concentrated between the two coils which helps in improving the coupling. A shielding structure is often used to prevent magnetic flux leakage. To illustrate, an example of a standard circular coupler from the literature [16] is presented in Figure 4.
	[image: thumbnail]	Fig. 1 Coupled emitting coil and receiving coil.



	[image: thumbnail]	Fig. 2 Equivalent circuit of IPT.



	[image: thumbnail]	Fig. 3 Equivalent circuit of IPT with series-series compensation capacitors.



	[image: thumbnail]	Fig. 4 An example of the circular coupler.



2.1 Fundamental equations
The governing equations of the electromagnetic phenomena related to an IPT system are a subset of Maxwell's equations in the magneto dynamic case. The displacement current appearing in the right-hand side of Ampère's law is omitted since in the frequency range of inductive power systems (kHz), this term is negligible. The basic equations are:
[image: equation](1)
[image: equation](2)
with the behavior law
[image: equation](3)
where [image: equation] is the magnetic field [A/m]; [image: equation] the current density [A/m2]; [image: equation] is the magnetic induction (or magnetic flux density) [T]; μ is the magnetic permeability [H/m].
To solve the electromagnetic problem with appropriate modeling techniques, the magnetic vector potential [image: equation] can be introduced:
[image: equation](4)
where [image: equation] is the magnetic vector potential [V . s/m].
The final partial differential equation to solve is then:
[image: equation](5)
The current density can be expressed with a source current density prescribed by the power supply ([image: equation]) and an induced current density in conducting materials due to eddy currents ([image: equation]. The governing equation is then expressed in the harmonic regime as:
[image: equation](6)
Using the definitions given in [15], the coupling coefficient k is defined as the ratio of the mutual inductance M (between the transmitter and the receiver) and the geometric mean of the two self-inductances L1 and L2:
[image: equation](7)
The transmitter and the receiver coil quality factors are defined as:
[image: equation](8)
where i  = 1, 2 stands for the transmitter and the receiver respectively, and ω represents the angular frequency.
Moreover, the system quality factor Q is defined as the geometric mean of the two coil quality factors Q1 and Q2:
[image: equation](9)
Using the definition above, and considering the compensation configuration of Figure 3, it can be shown that the maximum efficiency of the IPT system is expressed as:
[image: equation](10)
2.2 Design considerations and computational challenges
Several coil shapes of the magnetic coupler have been proposed and evaluated in the literature so far because the geometry and configuration of the coils are crucial for determining the transmission efficiency of the resonant inductive power transfer (RIPT) system and its magnetic flux density leakage.
To solve the corresponding electromagnetic problem, equivalent circuit models or approximate analytical solutions of the electromagnetic fields are available but very limited [17–20]. For more complex geometries, numerical methods are strongly required.
Furthermore, the design of a RIPT system must be compliant with international standards to reduce the electromagnetic field (EMF) leakage to allowable levels. A shielding structure is usually placed above the receiver to minimize the leakage flux around the system, thus improving the coupling performance and leading to better efficiency and quality factor [21,22]. Different types of shielding have been reported in the literature: passive (magnetic, conductive, or both) [23–25], active [26,27], and reactive resonant [28–30]. The eddy currents produced in the shield panels (copper or aluminum) generate a magnetic field which is opposite to the field produced by the transmitter coil. As a consequence, the total magnetic field is reduced and then the performance is degraded due to the power losses in the conductive shield.
When the magnetic coupler design and compensation topology are selected, the optimization of the design for IPT systems is an active area of current research. The optimal design of magnetic coupling devices, with adequate shapes and materials, and taking into account both the efficiency of the system and the maximum level of human electromagnetic exposure, remains an open problem. There are three engineering design methodologies to select the optimal design: 1/Parameter optimization allowing a parametric sweep on geometry dimensions or material properties, 2/Shape optimization allowing the deformation the boundaries of the geometry, 3/Topology optimization allowing the determination whether a certain region of the geometry is void or solid. During the development and optimization of a RIPT system, accurate 3D models are needed, able to correctly describe the geometry, the materials (e.g., coils, ferrites, and surrounding environment), and the electromagnetic phenomena involved at the operating frequency (between 10 and 100 kHz). However, the computational cost of 3D models based on volumetric meshes (finite element method (FEM), finite difference method, etc.) is rather high. This is the reason why surrogate models and metamodeling techniques can be developed to describe the relationship between the input variables and the observed outputs.
3 High power systems (electric vehicle)
Figure 5 shows the block diagram of an IPT system for an electric vehicle. The system consists of a transmitter, a receiver, converters, and compensation networks for the transmitter and the receiver. The electrical network provides a voltage through the AC/DC converter. The magnetic field produced by the transmitter induces an alternating magnetic field in the receiver. The converters then rectify the AC power to charge the battery.
	[image: thumbnail]	Fig. 5 Block diagram of an IPT system.



3.1 Magnetic coupler
For electric vehicles, several coil shapes of the magnetic coupler have been proposed and evaluated in the literature so far because the geometry and configuration of the coils are crucial for determining the transmission efficiency of the IPT system and its magnetic flux density leakage. In Figures 6a–6c are widely used today due to their simplicity. However, other complex geometries (d), (e) and (f) have been proposed with the goal of offering a lower sensitivity to coil misalignment [31–33]. Double-D (DD) coils are composed of two equal D-shaped (rectangular) sub-coils with a shared side [34]. Based on the DD coils, the DD quadrature (DDQ) coil is implemented. It has two independent windings: one is a DD pair of coils, and another is the quadrature or quad (Q) coil. The Q-coil is placed over half of the area of each D coil [34]. Bipolar coils are similar to DD coils, but one of the coils overlaps half of the area of the D-shaped coil [35]. In order to further improve misalignment tolerance and transmission efficiency, many researchers also designed other multiple coils, such as tri-polar coils [36,37], multi-transmitters single-receiver [38], dual-transmitters dual-receivers [39], and so on. Some references [32,33] compared most of the coil structures on several factors (including coil shape, misalignment, system complexity, interoperability, and flux leakage).
Depending on national standards, the operating frequency typically ranges from 20 kHz to 100 kHz. The coupling between the two inductors takes place through an air gap, usually about 10-25 cm. Ferrites are generally added to the coils, to increase the mutual inductance, minimize leakage inductance, and also work as the magnetic shielding to decrease the magnetic flux density leakage. It has high relative permeability (µr > 1000) and a relatively low eddy current loss. There are several basic shapes of ferrite. Bar ferrite tiles are commonly used in DD, DDQ and bipolar coils, However, because of their high cost, fragility, heavy weight, and sensitivity to misalignment, many researchers proposed plate-shaped structures, which are lighter and easier to manufacture. In the context of high power, the ferrite-based IPT system may face core saturation caused by low saturation magnetic density, increased magnetic field leakage from low magnetic permeability and insufficient power density due to mechanical limitations. Fe-based nanocrystalline are now considered to be the most promising alternative to ferrite due to its flexible mechanical properties and superior magnetic properties. Nanocrystalline pads can be directly used in IPT systems [40]. The higher permeability of nanocrystalline improves the coupling performance of the magnetic coupler. To solve high eddy current loss caused by nanocrystalline pads, the structure of the core can be optimized [41].
	[image: thumbnail]	Fig. 6 Coil geometries.



	[image: thumbnail]	Fig. 7 3D structure with shielding, chassis and measurement positions (stars) for the magnetic field measures.



3.2 Electromagnetic analysis and computational aspects
As described above, the surrounding environment in case of IPT for EVs involves: Coils, ferrite material, shielding and car. To illustrate the electromagnetic modeling part, the IPT system studied in [42] is considered. The tested EV is a KANGOO manufactured by Renault. The 3D structure of the coupling system is depicted in Figure 7. It consists of a transmitter coil, a receiver coil and two ferrite plates that completely cover the coils. A steel plate which describes a simplified model of the EV chassis is added to the design. The presence of the chassis has a significant effect on the values of the inductances. It ensures better protection for the embedded electronic devices and reduces passengers exposure to magnetic field.
Considering the range of frequency of WPT for electric vehicles (below 100 kHz), the electromagnetic problem is solved in the frequency domain using the magneto-dynamic vector potential formulation (Eq. (6)) and COMSOL software [43]. The values of self-inductances, and mutual inductance can be then calculated from magnetic energy using integration over the volume. −The chassis is made of a 5 mm-thick stainless steel (μr = 1000, σ = 106 S/m) sheet. The skin depth is very thin (∼100 µm) at 30 kHz. So, the element size in the finite element mesh should be less than 1/3 of the skin depth to have correct numerical results.
To simplify the modeling of the chassis by the finite element method (FEM), two other cases can be considered. The chassis can be considered as a perfect electric conductor. Therefore, only the mesh of the outer surface of the chassis is considered. The second-order Artificial Material Single Layer Method (AMSL_2nd order) is a powerful technique that only requires meshing the thin plate with one layer of finite elements [44]. The comparison between the different approaches shows a negligible impact occurs on the values of the inductances and to alleviate the computational burden, the AMSL can be recommended. Figure 8 shows a typical result from FEM COMSOL computation without misalignment.
The calculation of the values of L1, L2, M includes the influences of variations of the parameters: d (distance between coils) and sh (shift between the axes of the coils). Figure 9 shows the influence of d (m) variations at axial shift 0 and 0.1 m. The variations in the self-inductances L1 and L2 are large with a small air gap d, and they are small for large air gaps. This is because the ferrites and the chassis highly contribute to the magnetic flux distribution in the coupler for small air gaps. The mutual inductance M always decreases by increasing the air gap due to the increase of the leakage magnetic flux and so the coupling factor k drops. Since the chassis is conductive, induced eddy currents decrease the field radiated by the transmitter and then reduce the coupling and the mutual inductance. Additional losses due to these eddy currents decrease global efficiency. Because of the presence of chassis, the magnetic coupler is not symmetrical, and so L1 ≠ L2 in general.
It can also be noticed that L1 and L2 do not have the same variations with respect to d and sh. Without chassis these two inductances have the same value, this value varies with the position changes. The presence of the chassis leads to unsymmetrical magnetic field distributions for L1 and L2, and so, their inductances are different. The two values of these inductances vary independently with the position changes. As an experimental validation for the developed model, a 2 kW power transfer for charging a 300 V battery for the system was carried out to check the levels of magnetic field at several points in the vehicle and the nearby environment (points H, D, I, J and K in Fig. 6).
Due to the high level of magnetic stray field around high-power electromagnetic systems, the human exposure needs to be properly assessed in order to check the compliance with international standards and guidelines. Such analyses are usually made in two steps: first a proper map of the magnetic field in the vicinity area is computed, where, in a second time a human model is used to compute induced dosimetry quantities [45]. To prevent adverse consequences, several organizations have documented and issued some guidelines to regulate the usage of IPT systems. The International Commission on Non-ionizing Radiation Protection (ICNIRP) declares the recommendations for restricting field radiation and the limits to human body exposure. The version of ICNIRP 2020 guidelines covers a frequency range between 100 kHz to 300 GHz [46]. However, the IEEE C95.1-2005 [47] also offer safety levels with respect to human exposure to electric, magnetic, and electromagnetic fields from 0 Hz to 300 GHz. The SAE J2954 standard [48] defines three physical regions to facilitate EMF safety management of the RIPT system (Fig. 10). Region 1 is the entire area underneath the vehicle, including and surrounding the wireless power assemblies, which shall not extend beyond lower body structure edges. Region 2 is the region outside the periphery of vehicles. The boundary between regions 1 and 2 extends downward from the lower periphery of the vehicle body. When the vehicle is not covering the transmitter, Region 2 includes the entire area over and around the transmitter. Region 3 is the vehicle interior. It is obvious that Regions 2 and 3 must adhere to the EMF safety management principles. So, considering the restrictions on field exposure, it is necessary to estimate the magnetic flux density leakage: above the coupler and at the side of the coupler.
	[image: thumbnail]	Fig. 8 Finite element mesh of a typical circular inductive power (axisymmetric plane) (left) and computed magnetic flux density vectors (entire view) (right).



	[image: thumbnail]	Fig. 9 Values of L1, L2, M and k due to variation of air gap d(m) for sh = 0 and 0.1 m.



	[image: thumbnail]	Fig. 10 SAE J2954 EMF regions in an EV with the RIPT system.



4 Unmanned aerial vehicle (mid-power)
As described in the previous section, IPT systems for Electric Vehicles (EVs) are now widely studied to optimize the magnetic coupler, coil shapes, etc. In recent research, IPT technology was also adapted to unmanned aerial vehicles (UAVs). For example, a magnetic coupler with vertical spiral coils and adapted ferrite cores was introduced in [49] to improve magnetic coupling, leading to an efficiency of 90%. Other papers studied IPT systems with multiple receiver coils and aimed for a compact receiving system [50]. The results showed 84% efficiency with a 43 mm misalignment tolerance. In the same concept, authors in [51] focused on designing a pad capable of charging multiple drones at the same time. The research resulted in 86% efficiency with 4 receiver coils. A reverse methodology was proposed in [52] with multiple transmitters to maintain high efficiency levels against misalignment. In [53], authors proposed a receiver coil with a customized shape for a UAV's chassis. However, despite several published contributions, the design of an effective WPT system remains an important challenge.
4.1 Magnetic coupler
To illustrate, the IPT system presented in this section is designed to be fitted to a DJI F450 UAV model (Fig. 11), which operates without additional landing gear (Tab. 1). One advantage of this UAV configuration is the proximity of the coils, which improves coupling efficiency. The configuration of the WPT system is illustrated in Figure 12. The primary part and the secondary part are associated with compensation networks in the same way as for electric vehicles (EVs). A ferrite plate is placed directly on top of the secondary coil to reinforce the coupling between the two coils and serve as a shielding material for the onboard electronics.
One of the main challenges of IPT for UAVs is to ensure accurate landing, as this aspect depends directly on the precision of the UAV's GPS. Inaccurate positioning can cause misalignment between the transmitting coil and the receiver coil, leading to weak power transfer. To mitigate this issue, the size of the transmitter coil is chosen to be twice that of the receiver coil, providing a larger effective area for WPT despite potential misalignment. For this reason, coils are chosen to be planar circular. An operating frequency of 150 kHz is adopted for this type of IPT, commonly used for medium-power applications (from 50 to 100 W).
Figure 13 shows the model of the coupler where each coil is modeled as a flat crown to replace the parallel circular turns of a flat coil characterized by an outer radius, several turns, and a wire diameter (Tab. 2). The coils are constructed using Litz wire, which reduces the skin effect. The Litz wire used is made up of 1020 strands, each with a diameter of 0.05 mm, for a total wire diameter Dfil of 2.55 mm, including the insulation layer. The effective conductor cross-sectional area (excluding insulation) is calculated based on Litz wire data, and is then used to deduce the effective wire diameter Dsp=1.6 mm. A homogeneous current density is then prescribed in the FEM model. When the coils are aligned, a 2D axisymmetric electromagnetic analysis is sufficient. In case of misalignment (Fig. 14), a 3D modeling approach is required.
Figure 15a displays the variations of self-inductances and mutual inductances versus misalignment distance. The maximal efficiency (6) is plotted in Figure 15b. All computed results have been validated against experimental results [54]. The FEM and experimental results show almost identical trends with less than 10% error. The primary self-inductance L1 remains relatively constant despite misalignment with a slight increase beyond 50 mm due to the relative displacement of the ferrite above the receiver coil. Since the two coils are positioned closely together (10 mm apart), the ferrite above the receiver coil has an influence on the primary inductance. The secondary self-inductance L2 remains unchanged versus misalignment. With the receiver coil fixed below the ferrite, the ferrite exerts a constant impact on the L2 as misalignment changes. A progressive increase of the mutual inductance M is observed up to a misalignment of 50 mm, which is followed by a decrease beyond this point. This curve indicates that maximum coupling between the two coils occurs when their axes are misaligned by approximately 50 mm. This can be explained by the size difference between the coils. The receiver coil, being half the size of the transmitter coil, can capture a higher magnetic field density from the transmitter coil when they are misaligned compared to when they are perfectly aligned.
In order to increase the magnetic coupling, a square ferrite plate (side 100 mm; thickness 2 mm, µr = 2500) is added to the coils (Fig. 16). The 3D FEM model only involves the bottom base of the UAV since it contains a printed circuit board (PCB) frame (Fig. 17). The other parts of the UAV are removed to reduce the complexity of the 3D model because they are made of non-conductive materials and have no significant impact on the magnetic field behavior. Figure 18 shows the maximum efficiency for the complete structure (IPT system on board). The results are compared to those obtained without the bottom base (IPT system off board) with and without the ferrite plate. Clearly, the surrounding environment of the coils has a significant impact on the performance; it demonstrates that a realistic design requires detailed numerical analysis. In this configuration, no approximate analytical solution cannot be developed.
	[image: thumbnail]	Fig. 11 Studied drone.



	[image: thumbnail]	Fig. 12 Position of the IPT system.



Table 1 
Technical specifications.

	[image: thumbnail]	Fig. 13 Coils configurations and cross-section without misalignment.



	[image: thumbnail]	Fig. 14 Coils configurations in case of misalignment.



Table 2 
Parameters of the coupler.

	[image: thumbnail]	Fig. 15 Results for the IPT with coils only. a) Inductances versus misalignment. b) Maximal efficiency versus misalignment.



	[image: thumbnail]	Fig. 16 Detailed IPT system with coils and ferrite plate.



	[image: thumbnail]	Fig. 17 Detailed of modeled IPT system.



	[image: thumbnail]	Fig. 18 Maximum efficiency versus misalignment.



5 Biomedical implant (low power)
Implantable Medical Devices (IMDs) exhibit diverse implementation scenarios, encompassing life support (e.g., pacemakers), health condition monitoring (e.g., pill cameras), daily living assistance (e.g., cochlear implants, nerve stimulators), and even pain management (e.g., spinal cord stimulators) [14]. In traditional IMDs—with pacemakers being the most well-known example—batteries have long served as the sole power source. Owing to the mature development of battery technology, this power supply approach can ensure a stable and reliable energy output; however, it suffers from two critical limitations: first, batteries occupy a substantial volume relative to the IMD itself, and second, they require replacement each time their charge is depleted. Notably, the power consumption of IMDs is typically low, ranging from several microwatts [55] to several milliwatts [56]. This low-power characteristic lays the foundation for the practical application of wireless power transfer (WPT) technology in powering IMDs.
In recent years, a variety of WPT-based methods have been verified to be effective for powering IMDs, as depicted in Figure 19.
Among these wireless powering methods, resonant inductive coupling and strongly coupled magnetic resonance (SCMR) represent the most widely adopted techniques for IMD applications. As reported in [57], for a given implantation depth and transmission distance, SCMR systems exhibit higher efficiency and improved safety compared to resonant coupling systems when delivering the same amount of power. Consequently, the following sections provide a detailed description and analysis of the SCMR method, including its feasible design process and key considerations.
	[image: thumbnail]	Fig. 19 Existing WPT-based methods for IMDs.



5.1 General structure
A typical SCMR system comprises a source loop, a transmit resonator (Tx), a receive resonator (Rx), and a load loop, as illustrated in Figure 20. To achieve maximum power transfer efficiency (PTE), the two resonators (Tx and Rx) are designed to operate at the same resonant frequency band [58]. In contrast to traditional inductive coupling methods, the SCMR approach enables a longer transmission distance with an equivalent-sized transmission structure. In biomedical application scenarios, the SCMR system is often modified into a conformal SCMR (CSCMR) system. In this modified configuration, the receive resonator (Rx) and the load loop are arranged in a co-planar layout—this design prioritizes miniaturization and maximizes the mutual magnetic flux captured by the load loop from the resonator, at the cost of a slight reduction in transmission distance.
Resonators are typically constructed using an LC circuit, which consists of an inductive coil (L) and a capacitor (C). However, certain specialized structures—such as bifilar spirals—can also form a resonant LC circuit by utilizing the parasitic capacitance inherent in the coil's helical architecture as the circuit's capacitor [59]. In the design process, resonators are usually engineered to have a high-quality factor (Q) to maximize transmission efficiency. Nevertheless, a high Q value corresponds to a narrow resonant frequency bandwidth; if any frequency shift occurs, this narrow bandwidth can lead to a significant reduction in power transfer efficiency (PTE). Such frequency shifts may be induced by changes in the permittivity of surrounding tissues (which can occur during physiological activities) or variations in the coupling coefficient with other devices. Thus, achieving a balance between Q value and bandwidth is critical for the design of SCMR resonators.
To achieve this balance between the quality factor (Q) and bandwidth, in addition to reducing the Q factor, a superstrate is typically deposited on the metallic surface of the resonator. This superstrate stabilizes the permittivity of the surrounding environment, thereby reducing potential frequency shifts and ensuring sustained high power transfer efficiency (PTE).
	[image: thumbnail]	Fig. 20 Common structures for SCMR and CSCMR systems.



5.2 General size and implantation environment
The size of SCMR resonators must be compatible with the IMDs power; among common IMDs, implantable cardioverter-defibrillators (ICDs) are typically the largest. For instance, Medtronic's Cobalt™ MRI SureScan™ ICD has dimensions of 66 × 51 × 13 mm3 [60]. Such ICDs are generally implanted shallowly beneath the clavicle, on the surface of the pectoralis major muscle, with an implantation depth ≤1 cm. Another representative IMD is the leadless pacemaker: Medtronic's Micra™ leadless pacemaker features a cylindrical design with an estimated diameter of 26.7 mm and height of 6.7 mm (derived from its published volume). This device is implanted within the heart's ventricle, with an estimated implantation depth of approximately 10 cm.
Commonly used implantation environment models for SCMR system analysis are categorized into three types: single-layer models, multi-layer simplified models, and realistic human models. Each model is tailored to specific application scenarios, as detailed below:

	Single-layer model: This is the simplest of the three, typically consisting of a cuboid of a single human tissue type (e.g., skin or muscle), as shown in Figure 21a. It is primarily used for shallow implantation scenarios (≈1 cm) or preliminary feasibility studies. While this model sacrifices some accuracy, it significantly reduces computational time.


	Multi-layer simplified model: Evolved from the single-layer model, this configuration accounts for permittivity differences between distinct tissue types without introducing excessive complexity. It is suitable for deeper implantation scenarios, where multiple tissue layers lie along the power transmission path. By adjusting the number, shape, and type of tissue layers, this model can accommodate most application scenarios; the most frequently included tissues are skin, muscle, fat, and bone, owing to their substantial permittivity disparities. For organ-specific implants (e.g., cardiac devices), the target organ and all intervening tissues along the transmission path must be incorporated into the model.


	Realistic human model: This model most closely approximates the anatomical structure and tissue properties of a real human body. Despite its high accuracy, it requires extensive computational time—even for a single simulation. Consequently, it is typically reserved for the final validation step before prototype fabrication and in-vitro/in-vivo measurements.



	[image: thumbnail]	Fig. 21 (a) Single-layer model, (b) Multi-layer cubic model (torso), (c) Multi-layer cylindrical model (limbs) and (d) Realistic human model (Hugo) in CST [61].



5.3 Frequency
In biomedical applications, higher frequency bands (in the megahertz, MHz, range) are employed to facilitate the miniaturization of implanted devices. Typically, the following Industrial, Scientific, and Medical (ISM) bands are utilized for this purpose: 6.765–6.795 MHz, 13.553–13.567 MHz, 26.957–27.283 MHz, 40.66–40.70 MHz and 83.996–84.004 MHz. At higher frequency bands, the inductive loop may exhibit self-resonant behavior; beyond this resonant frequency, the loop's impedance characteristic may shift from inductive to capacitive. It is noteworthy that certain electronic components are possible to exhibit resonant frequencies near these ISM bands; in such cases, the electronic properties of these components could undergo undesirable changes.
5.4 Safety issues
Safety remains a primary concern extensively addressed by researchers in the field of wirelessly powered IMDs. The Specific Absorption Rate (SAR)—a key metric quantifying the power absorbed by human tissue—is formally defined as:
[image: equation]
where ρ is the mass density of the tissue (kg/m3), and E is the electric field strength in the tissue sample (V/m) and σ is the conductivity of the tissue (S/m).
Safety standards for wireless power transfer systems vary with the operating frequency band. As discussed in the “Frequency Selection” section, inductive coupling-based systems for biomedical implants typically operate within the range of several megahertz to several tens of megahertz. For this frequency range, safety constraints are imposed on three critical parameters: electromagnetic field strength, power density, and SAR value. Table 3 summarizes the relevant IEEE safety standards for systems operating from 3 MHz to 100 MHz.
Table 3 
IEEE and FCC Standards For Exposure In Unrestricted Environments [62,63].

6 Metamodeling and multi-objective optimization
A 3D computational approach gives reliable results about the electrical parameters (mutual inductance, transmission efficiency) and the magnetic parameters (magnetic flux density leakage) of the system, but it may lead to heavy computations that have to be repeated for each new configuration that are highly dependent on various parameters: the size of coils, geometrical characteristics of the system (e.g., ferrite plates, shielding plates), possible misalignment between transmitter and receiver while charging. The introduction of meta-modeling techniques (surrogate models) enables the management of the variability of design parameters describing the electromagnetic problem and to quantitatively determine the contribution of each design variable to the observed output [64]. Several meta-modeling techniques have been developed in the literature to describe the relationship between the input variables and the observed output, such as Support Vector Regression (SVR), Multigene Genetic Programming Algorithm (MGPA), and Polynomial Chaos Expansions (PCE) [65].
To illustrate the potential of the approach, an electric vehicle charging station has been modeled in the framework of the MICEV project that includes the car-body of a Volvo S80 sedan car (kindly provided by Volvo Cars [66]) with the IPT system positioned centrally (see Fig. 22). The system has been limited to the car chassis and the charging pad, while this IPT system has a rated power up to 7.5 kW and a resonance frequency of 85 kHz. The distance between the coils was 150 mm. The metal thickness of the chassis is assumed to be 1 mm. The following three input parameters have been considered to perform sensitivity analysis: Conductivity of the chassis (σ); Relative permeability of the chassis (μr); Relative permeability of the ferrite in the charging pad (μf). The output is the amplitude of the magnetic flux density evaluated along a vertical line (101 points) which embodies a bystander position. Different meta-models have been computed corresponding to different sets of data points in order to produce an accurate and consistent meta-model able to predict the radiated fields at low cost [66]. Four metamodels used existing precomputing data regarding the variation of 3 input parameters (σ = 5*106 S/m; μr = 200; μf = 2000). A metamodel calculated with the full set of 24 datapoints, then three metamodels calculated by randomly taking 18, 12 and 6 datapoints out of the full set. The goal was to observe if initially computing less than 24 points would still produce an accurate metamodel on the given domain. Figure 23 shows a comparison between the results obtained by the 18 datapoints meta-model and those computed by the original full-wave FEM model. It can be clearly observed that the meta-model can perfectly interpolate the input model to produce an estimate accurate enough to perform sensitivity analysis that could help design an IPT system compliant with the safety guidelines.
Such meta-models could obviously be used in various applications and other fields. In [67], the approach allowed performing a sensitivity analysis of a wireless power transfer link involving biomedical implants in the surrounding biological environment. The impact of geometrical parameters of the implant and physical properties of the biological tissue was evaluated efficiently at low computational cost thanks to a meta-model based on the polynomial chaos expansion.
The optimization of IPT systems is an active research topic. Three approaches are available:

	Parameter optimization allows a parametric sweep on geometric dimensions or material properties, such as the ferrite length and width, coil wire position, number of coil turns, separation between turns, size and position of ferrites, etc.


	Shape optimization allows deforming the boundaries of the geometry, such as the coil shape, the ferrite shape, or the shielding shape.


	Topology optimization allows determine whether a certain region of the geometry is void or solid, for example, how to arrange the ferrite structure under the transmitter or above the receiver.



In [65] a fast and efficient modeling methodology to assess the efficiency of RIPT systems was proposed to manage electromagnetic compatibility (EMC) constraints in EVs. Combining meta-models with parametric optimization allows performing a fast multi-objective optimization considering both the performance of the system (including ferrite and shielding structures) and the cost. However, the optimization procedure, based on evolutionary algorithms does not allow the modification of the topology of the structure and the shape of ferrite structures (rectangular or circular) and limits the possible shapes. The advantage of topology optimization is to modify the initial shape of the ferrite plates and to introduce holes in the plates. Such optimization allows to decrease the weight of the ferrite material (and the major cost) while providing better performances of the magnetic coupler. The solid isotropic material with penalization (SIMP) method, which is today the most used due to its easy and intuitive implementation, is adopted to arrange the ferrite distribution [68]. The SIMP method discretizes a studied domain into numerous elements, for which artificial density values are introduced as design variables. The material properties between the solid and void are interpolated with a smooth continuous function, which depends on the material density. Then, as it is desired here to optimize the topology of the ferromagnetic materials, the adequate choice is to consider only permeability as the material property. The optimization process leads to the removal of the ferrite from the center and the edges of the ferrite plates, regardless of the constraint of the ferrite volume ratio (Figs. 24 and 25). Arranging the ferrite plates with this algorithm can achieve a 40% reduction of the ferrite volume and reduce the ferrite core loss of 5%. Additionally, it maintains approximately the initial performance with around 10% reduction in the mutual inductance. This optimization procedure can also be applied in case of a conductive shielding above the magnetic coupler. It is shown that the shield has a clear impact on the ferrite arrangement at the receiver side.
	[image: thumbnail]	Fig. 22 3D FEM model mesh of the chassis investigation line.



	[image: thumbnail]	Fig. 23 B-field obtained from the surrogate (estimated) against the one with the original model.



	[image: thumbnail]	Fig. 24 Initial ferrite volume.



	[image: thumbnail]	Fig. 25 Coupler with 40% reduction of the ferrite volume.



7 Conclusion
This paper has provided an overview of inductive power transfer systems with an emphasis on 3D full-wave modeling approach for the magnetic coupler and its surrounding environment. Basic first principles were presented, and three illustrative examples were detailed covering a wide range of transferred power (from mW to kW): electric vehicles, UAVs and biomedical implants. Major steps of a 3D modeling technique were presented and similarities between these different applications were highlighted. These examples are sufficiently practical to show how real-world IPT systems can be efficiently designed and optimized with the described methods that are available in the engineering community. For each section of the paper, some reference works were cited allowing the reader to gain an overview about the state of the art and pursue in-depth studies if required. It is expected that the paper serves as an introductory resource for newcomers to this topic and encourages young researchers to investigate this stimulating research area.
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        Equivalent circuit of IPT with series-series compensation capacitors.
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        An example of the circular coupler.
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        Block diagram of an IPT system.
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        Coil geometries.
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        3D structure with shielding, chassis and measurement positions (stars) for the magnetic field measures.

      

    

  
    
      Fig. 8 
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        Finite element mesh of a typical circular inductive power (axisymmetric plane) (left) and computed magnetic flux density vectors (entire view) (right).
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        Values of L1, L2, M and k due to variation of air gap d(m) for sh = 0 and 0.1 m.

      

    

  
    
      Fig. 10 
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        SAE J2954 EMF regions in an EV with the RIPT system.

      

    

  
    
      Fig. 11 
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        Studied drone.

      

    

  
    
      Fig. 12 
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        Position of the IPT system.

      

    

  
    
      Table 1 

      Technical specifications.

      
        


	UAV type
	DJI F450





	Distance between the UAV's bottom base and the floor
	14.85 (mm)



	Battery type
	3S LiPo Battery



	Battery voltage Vbat
	11.1 (V)



	Battery capacity
	5 (Ah)





      

    

  
    
      Fig. 13 
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        Coils configurations and cross-section without misalignment.

      

    

  
    
      Fig. 14 
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        Coils configurations in case of misalignment.

      

    

  
    
      Table 2 

      Parameters of the coupler.

      
        


	Symbol
	Value
	Parameter





	f
	150
	kHz
	Operating frequency



	D1
	200
	mm
	Outer diameter of Tx



	D2
	100
	mm
	Outer diameter of Rx



	d
	13
	mm
	Distance between coil



	Dfil
	2.55
	mm
	Radius of wire



	Dsp
	1.6
	mm
	Effective radius of wire



	N1
	8
	
	Number of turns of Tx



	N2
	2
	
	Number of turns of Rx



	Di1
	D1–2*N1*Dfil
	mm
	Inner diameter of Tx



	Di2
	D2 − 2*N2*Dfil
	mm
	Inner diameter of Rx





      

    

  
    
      Fig. 15 
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        Results for the IPT with coils only. a) Inductances versus misalignment. b) Maximal efficiency versus misalignment.

      

    

  
    
      Fig. 16 
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        Detailed IPT system with coils and ferrite plate.

      

    

  
    
      Fig. 17 
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        Detailed of modeled IPT system.

      

    

  
    
      Fig. 18 
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        Maximum efficiency versus misalignment.

      

    

  
    
      Fig. 19 
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        Existing WPT-based methods for IMDs.

      

    

  
    
      Fig. 20 
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        Common structures for SCMR and CSCMR systems.

      

    

  
    
      Fig. 21 
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        (a) Single-layer model, (b) Multi-layer cubic model (torso), (c) Multi-layer cylindrical model (limbs) and (d) Realistic human model (Hugo) in CST [61].

      

    

  
    
      Table 3 

      IEEE and FCC Standards For Exposure In Unrestricted Environments [62,63].

      
        


	
	Exposure type
	Frequency range (MHz)
	Electric field strength (E) (V/m)
	Magnetic field strength (H) (A/m)
	Power density (S) (W/m2)
	SAR (W/kg) (every10g of tissue)



	
	
	
	
	
	

	



	
	
	
	
	
	SE
	SH
	





	IEEE
	Local exposure
	3 − 30
	1842/fM
	36.4/fM
	9000/fM2
	5*105/fM2
	2



	
	
	30 − 100
	61.4
	353/fM1.668
	10
	4.7*107/fM3.336
	2



	
	Whole-body exposure
	3 − 30
	823.8/fM
	16.3/fM
	1800/fM2
	105/fM2
	0.08



	
	
	30 − 100
	27.5
	158.3/fM1.668
	2
	9.4*106/fM3.336
	0.08



	




	
	
	
	
	
	Plane-wave equivalent density (mW/cm2)
	SAR (W/kg) (every 1g of tissue)



	




	FCC
	Local exposure
	3–30
	1842/fM
	4.89/fM
	(900/fM2)
	4



	
	
	30–100
	61.4
	0.163
	1.0
	4



	
	Whole-body exposure
	3–30
	824/fM
	2.19/fM
	(180/fM2)
	1.6



	
	
	30–100
	27.5
	0.073
	0.2
	1.6





      

      
where fM is frequency in MHz.




    

  
    
      Fig. 22 

      
        [image: thumbnail]
      

      
        3D FEM model mesh of the chassis investigation line.

      

    

  
    
      Fig. 23 
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        B-field obtained from the surrogate (estimated) against the one with the original model.

      

    

  
    
      Fig. 24 
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        Initial ferrite volume.

      

    

  
    
      Fig. 25 
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        Coupler with 40% reduction of the ferrite volume.
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