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Abstract

:

Inductive power transfer (IPT) technology offers a promising solution for electric vehicle (EV) charging. It permits an EV to charge its energy storage system without any physical connections using magnetic coupling between inductive coils. EV inductive charging is an exemplary option due to the related merits such as: automatic operation, safety in harsh climatic conditions, interoperability, and flexibility. There are three visions to realize wireless EV charging: (i) static, in which charging occurs while EV is in long-term parking; (ii) dynamic (in-motion), which happens when EV is moving at high speed; and (iii) quasi-dynamic, which can occur when EV is at transient stops or driving at low speed. This paper introduces an extensive review for IPT systems in dynamic EV charging. It offers the state-of-the-art of transmitter design, including magnetic structure and supply arrangement. It explores and summarizes various types of compensation networks, power converters, and control techniques. In addition, the paper introduces the state-of-the-art of research and development activities that have been conducted for dynamic EV inductive charging systems, including challenges associated with the technology and opportunities to tackle these challenges. This study offers an exclusive reference to researchers and engineers who are interested in learning about the technology and highlights open questions to be addressed.
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1. Introduction


Transportation systems play a very important role in our daily life. Individuals rely on transportation not only to get to work but also to shop, socialize, and access health care, among other goals. One of the most critical concerns currently is its dependency on a single energy source and a single energy carrier, where everything starts with petroleum (fossil fuels) at the top. Currently, the transportation sector consumes about 25–30% of the total energy use all over the world and over 90% of this energy cones from petroleum. This makes the transportation sector a major source of harmful emissions of greenhouse gases (GHGs) and air pollution (the first in the U.S. and the fourth worldwide) [1]. Clean transportation technologies are crucial to minimize the dependency on fossil fuels and GHG emissions. Vehicle electrification has become one of the main pillars to realize sustainable transportation and make our transportation sector more efficient, safer, and environmentally friendly. Charging electric vehicles (EVs) is one of the prime obstacles that hinders the penetration of EVs into the global market.



The first spark of wireless power transmission (WPT) started in the late 18th century by Hertz [2,3]. In 1890, radio waves are examined by Nicola Tesla to transfer power without any wires. Between 1894 and 1918, tesla built his tower which consist of a massive coil with a ball fabricated from copper on the top (Tesla tower). This tower used electromagnetic induction to transfer power wirelessly [4]. Between 2007 and 2013, a team of Massachusetts Institute of Technology (MIT) scientists reformulated Tesla’s experiments and concepts rely on electromagnetic resonance coupling. They used a coil with 60 cm diameter to transmit power of 60 W wirelessly with 40% efficiency over a distance of 200 cm [5,6]. WPT technologies can be classified into four basic categories [7]:




	–

	
Near-field [8];




	–

	
Far-field transfers [9];




	–

	
Acoustic [10];




	–

	
Mechanical force [11,12].









In near-field transfer technology, power transfers through electromagnetic fields, which stay within a short distance around the transmitter. Through this distance, the fields can be separated to transport energy over either magnetic fields by coils (inductive) [7], or electric fields by capacitors (capacitive) [13]. Among the WPT charging technologies, inductive power transfer (IPT) provides promising merits for EVs because it is noise-free, galvanically isolated, does not contain any moving parts, tolerates relatively large misalignments, and is capable of transferring high-power through a relatively large air-gap (10–40 cm) [14], which fits the ground clearance for most of the vehicles [15,16]. Table 1 shows a comparison among different WPT technologies in terms of power level, transfer distance, and operating frequency.



IPT technology provides an exemplary solution for EV charging because of the associated features characterized by: (1) safety and compatibility during harsh climatic conditions such as heavy wind, rain, and snow; (2) automation, i.e., it does not require any intervention from the driver; and (3) flexibility, as it can be implemented on the road, in public parking, private parking, at bus stops, etc. [15,16,28]. In addition, implementing dynamic inductive charging has the potential to provide unlimited driving range and zero downtime and to dramatically reduce the onboard battery size, which can help to reduce EVs’ price, size, and weight, while improving their efficiency [29].



An IPT system composes of two sides that are electrically isolated; the transmitter side contains a transmitter pad which is supplied with a high frequency (HF) AC current, compensation network, and HF inverter (10–100 kHz) controls the HF AC current, as indicated in Figure 1. IPT systems operate at a frequency ranging from 79 kHz to 90 kHz [30] (standard frequency of 85 kHz [31]) according to the SAE J2954 standard. The inverter is powered by a dc bus, which is rectified from a single- or three-phase ac supply, or a dc source, such as a photovoltaic source, can be used directly. The HF ac current generates electromagnetic fields (EMFs) that operate the receiver coil suspended in the vehicle. The coil suspended in the EV is always connected to a compensation circuit and HF AC-DC converter (rectifier) to charge the on-board battery. According to the mutual coupling between the transmitting and receiving coils, the voltage is induced in the receiver coil. Therefore, relative position between the transmitting and receiving coils performs an essential function in defining the transmission power and efficiency of overall system. The transmitter and receiver sides talk wirelessly to each other by a communication link, which is necessary for license, authentication, alignment, billing, and control [30].



There are three visions of implementing IPT technology to charge EVs:




	–

	
Static or stationary charging;




	–

	
In-motion, on-line. or dynamic charging;




	–

	
Quasi-dynamic or opportunistic charging.









Stationary charging happens while the EV is parked for a long time, such as over-night charging and charging at workplaces, public parking, and garages [32]. In this case, the charging process starts when the transmitter and receiver coils are fully or partially aligned [33]. Dynamic charging occurs while the EV travels at high-speed, in which a transmitter coils are laid inside ground and extended for long-drawn distances. During the movement of the EV over the electrified pieces of the transmitter coils, it picks up power from these pieces to charge its storage element (battery). In In-motion charging, the transmission coils can be either single long- coil tracks or segmented-coil array that consists of sets of transmitter pad buried together [9,16,33]. In-motion charging is the most applicable process for charging EVs during driving in high-ways (long-distance and inter-city trips), because of high power requirements accompanied with restricted accessibility to stops. Quasi-dynamic charging is the process that permits an electric vehicle to charge while traveling at low speeds and during momentary pauses, such as intersections, traffic signals, and bus stops [9,34].



The “Transformer System for Electric Railways” was the first patent in 1894 that marked the beginning of the concept of electric cars being charged during movement on highways (dynamic electric vehicle) [35]. The basic configuration of the system at this time was completely similar to the IPT system, in addition to some features and improvements that were claimed in the patent, including the need to transmit high power over a large air gap distance, reduce conductive and eddy current losses, and raise the system efficiency, and it is still under research and development until now [36]. In the USA, interest in charging electric vehicles increased after the oil crisis in the 1970s, when several research teams began working on the use of vehicles that would be able to travel on highways without the need to stop to charge their batteries or fill up fuel in order to overcome the shortage of oil [35,37,38,39,40,41]. The first development of highway cars began in 1976 to confirm the technical feasibility and then to create the first model of the IPT system that transmits 8 kW of power, but this model was not fully functional [42]. Therefore, in 1979, the Santa Barbara electric bus project began, where another prototype was developed [40,41].



In 1992, the Partners for Advanced Transit and Highways (PATH) project started, in which design, laboratory and field tests were carried out for an IPT system and installed in a bus. Then, the project constructed roads and supplied power transmission systems to them and studied the potential environmental impacts. This project was able to transmit power of 60 kW over an air gap distance of 76 mm with an efficiency of 60% [43,44]. The prototype of PATH did not gain commercial popularity due to the large weight of the coils forming the power transmission system, high acoustic noise, high cost of the system construction, and high current due to low operating frequency of 400 Hz. Moreover, the distance over which the power was transmitted was small and not commensurate with the ground clearance of electric vehicles. Despite the obstacles that stopped the system from spreading, it was a good start and opened the way for researchers to develop the technology [43,44].



This paper introduces an extensive and focused review for dynamic inductive charging system, including the following:




	–

	
Section 2 presents the architectures and arrangement of transmitter systems.




	–

	
Section 3 presents the different compensation circuit topologies.




	–

	
Power electronics converters are presented in Section 4, while the control techniques used in dynamic charging systems are introduced in Section 5, and Section 6 presents R&D and standardization activities.




	–

	
Future work and challenges of dynamic wireless charging systems are presented in Section 7, then the paper is concluded in Section 8.










2. Architecture of Dynamic Inductive Pads


The dynamic inductive pad is one of the most critical parts of the system, as it is responsible for the power transmission from the source to the vehicle. A dynamic IPT (DIPT) system consists of two isolated pads: ground (transmitter) and vehicle (receiver), and each pad composed of three major components: conductors, magnetic material that acts as field concentrator, and EMFs shield. Special types of wires are used in IPT systems to reduce skin and proximity effects due to the high-frequency operation. These wires possess small ac resistance that leads to a high system quality factor and efficiency [45]. Several types of wires have been tested, demonstrated, and reported in the literature for IPT systems, such as litz wires [46,47], magneto-plate wires (LMPWs) [48,49], magneto-coated wires (LMCWs) [50,51], tubular conductors [52,53], REBCO wires [54], and Cu-clad-Al wires (CCAs) [46,55].



Flux concentrators are used to direct EMFs from the transmitter to receiver coils, which enhances the coupling performance and coefficient as well as helps to reduce leakage EMFs around the system (e.g., ferrite [56], magnetizable concrete [57], flexible magnetic [58], or nanoparticles [59]). Shields are used in IPT systems to keep leakage EMFs around the system within the safety limits identified by different international guidelines, such as the International Commission on Non-Ionizing Radiation Protection (ICNIRP). The ICNIRP 2010 has been considered for IPT systems, which recommends limits for external magnetic fields density (B) of 27 µT for humans, and 15 µT for pacemakers [60,61]. The EMF shields used in IPT systems can be passive [62], active [63], or reactive [64].



2.1. Pad Implementation of DIPT System


In most practical implementation, the charging system consists of a single transmitter pad and a single receiver pad (STSR), each connected to a compensation circuit, as shown in Figure 2a. In other applications, such as large vehicles (e.g., buses,) multiple coils are used whether on the transmitter side only, receiver side only, or both sides. Therefore, the system becomes more complex as the number of mutual coupling increases between coils [65]. The study in [16] proved that through the STSR compensation model, several compensation models can be achieved; the first is when multiple pads are connected on the transmitter side with a single pad on the receiver side. This system is called multiple transmitter–single receiver (MTSR), as depicted in Figure 2b. The second model is accessed by installing a single pad at the transmitter and multiple pads at the receiver (STMR), as shown in Figure 2c. The other model is obtained by connecting several pads on both sides and it is called multiple transmitter–multiple receiver (MTMR), as illustrated in Figure 2d.



Several pros can be gained from paralleling multiple coils, such as amelioration of the sinusoidal voltage waveform, decreasing the excessive voltage on the semiconductors, and increasing the maximum efficiency at a fixed operating frequency. A maximum transmission efficiency can be achieved through the three-coil system, in addition to achieving the rigidity of the power efficiency against load changes and a low coupling coefficient under different misalignments [66,67].




2.2. Architecture of the Transmitter Pad in DIPTs


In dynamic inductive power transfer systems (DIPTs), EVs can be charged while driving without the need to stop or wait for the charging process to complete. This technology is intended to support long-trip travel on freeways, which is one of the main obstacles for EV technology. In addition, DIPT technology has the potential to significantly increase driving range while using a smaller onboard battery [19]. Therefore, DIPTs offer a promising solution for self-driving vehicles as well as heavy-duty vehicle electrification. Dynamic charging is achieved by burying the transmitter coil into the ground and attaching the receiving coil at the bottom of the vehicle. These coils are supplied by high voltage and high frequency from an ac source. They are coupled with each other by the magnetic field when the vehicle passes over the transmitter coil to transmit the nominal power with maximum efficiency. There are some challenges that hinder the dynamic charging penetration, including the large cost of the installation, the necessity to have a separate lane for charging, which is difficult to provide in crowded cities, and the necessity for a perfect alignment to be achieved to avoid the occurrence of loss of the transported power [9]. In DIPT systems, the transmission side may have one of two types of pads: single long coil track (stretched) or segmented coil array [68].



2.2.1. Single Long Coil Track


The transmitter is a single coil with a length larger than the coil on the vehicle side. It ranges around 10 to 100 m long inside the ground track, enabling it to charge more than one vehicle at the same time [69]. The transmitter system consists of a long transmitting wire track and a transmitter station, which includes a resonant network, HF inverter, and rectifier, as shown in Figure 3. This system has several merits; for example, it is easy to control, because it is connected to one source, there is constant mutual inductance between the track coil and receiver coil when the vehicle travels over the ground path, it is simple in configuration and design, and it requires simple compensation circuits. This system was demonstrated in South Korea for public transit buses and shuttle services under the name of On-Line Electric Vehicles (OLEVs) [69,70,71,72].



On the other hand, this configuration shows some disadvantages, including the high losses and maintenance requirements [19]. Moreover, it produces redundant EMFs when the vehicle does not cover the transmitter track, and the coupling coefficient is very low, which reduces the overall transmission efficiency [73]. The transmitter track can be classified based the shape of the magnetic core into: U-type [74,75], E-type [74,75], I-type [76], S-type [36,74], ultra slim S-type [36], and X-track (cross-segmented) [77], as indicated in Figure 4. The performance of these types is summarized and compared in Table 2.



In DIPT systems, it is necessary to preserve the power from loss as well as to protect living organisms from harmful electromagnetic fields. Therefore, when using a long transmitter track on the ground side, it must be activated only when EVs pass over it, but in the event that EVs do not exist, it must be off. To meet these requirements, the long transmitter track must be divided into several sub-tracks. Each sub-track can be activated by supplying it with a high-frequency current through a switch box fed by an inverter as shown in Figure 5 [74,77]. A centralized switching track is the first type of long sectionalized track consisting of a few sub-tracks, a bundle of supply cables, and a central switching box. One of several pairs of supply cables is connected to the inverter through the switch box at a time, as shown in Figure 5a. One of the disadvantages of this configuration is that the inverter can be used to activate only one sub-track, and it requires a very large number of bundles of power cables.



The second type of long partitioned track is the distributed switching track, which consists of a few sub-tracks, a pair of common power supply cables, and several switch boxes that are connected between two sub-tracks as depicted in Figure 5b. In this type, the length of the cables is less than the centralized type, especially when using a large number of cables. Because of common power supply cables, the construction costs and conductive losses are increased. Therefore, the crossed-segmented track (X-track) was proposed, which contains auto-compensation switch boxes, segmented sub-tracks, roadway harnesses, and control signal lines, as depicted in Figure 5c. The auto-compensation switch boxes redirect current of a single pair of power cables to activate a double pairs of power cables leads. Also, the boxes can nullify the connection to obtain a silent mode, as depicted in Figure 5c [74,77]. This type has the shortest length of cables, several sub-tracks can be operated by one inverter, and the cost of cables is less than half the cost of the other two types [77]. The sub-track is made of twisted power cables, a core, and copper nets so that the electromagnetic fields under each sub-track are small and compatible with ICNIRP guidelines [61].




2.2.2. Segmented Coil Array


The segmented coil array consists of multiple coils connected to each other in series or in parallel, buried inside the ground to form the charging track, as depicted in Figure 6. As in static charging, each segmented transmitter coil is roughly the same size as the receiving coil (usually within 100 cm) [78], and has its own compensation circuit, which makes this system similar to the resonant inductive power transfer (RIPT) system [19,79]. In this type, the receiver coil is coupled with one coil from the segmented transmitter array, so only the closest transmitter to the receiver can be excited, and when the vehicle moves away from the excited transmitter coil, the excitation can be turned off. This leads to higher system efficiency and reduces the leakage magnetic field around the system. Moreover, having a compensation circuit for each segmented coil makes the design of the overall length of the track more flexible [69,80]. This system is more complicated in structure because it needs many compensation components, inverters, and transmitter coils, which leads to high material costs. To reduce this cost, the system can be designed to have a string of coils sharing the same power electronic converter.



Another challenge for this system is the horizontal distance between the transmitter coils array. The segmented transmitter coils are made in small structure and separated by a large distance in order to eliminate the self-coupling. Because of this, the magnetic field decreases at the points that are in the middle of the distance between the transmitter coils, which significantly reduces the power potentially to zero when the receiver coil is centered between two transmitter coils. This leads to power pulsation while the receiver coil is in motion. To minimize the power pulsation, the transmitter coils can be placed very close to each other, but the design of the resonant circuits will be affected by the self-coupling of coils and a large number of coils will be needed to electrify the same distance [69,73].



In [78], the value of power pulsation remains within 50% of the maximum power when the distance between the transmitter coils is about 30% of the transmitter length. A comparison between several variant configurations of the segmented coil array is presented in [81]. Although both the long coil track and segmented coil array have merits and demerits, it is better to use the segmented coil array, as the use of multiple coils is more complicated in installation and operation, but it can be technically solved easily. The simplicity of use and installation of a single long coil is followed by the harmful emissions of magnetic fields and decreases the efficiency of the system [73].



There are two main types of feeding arrangements for a dynamic charging system when using ground-based segmented coils. In the first arrangement, each segmented coil is connected to a separate HF inverter, as shown in Figure 7a [32,82]. This inverter activates and deactivates the system when the vehicle is aligned or not aligned with the corresponding segmented coil, respectively. This arrangement allows the use of low-power inverters, as well as connecting each segmented coil to an independent compensation circuit, which improves the performance and reliability of the dynamic charging system. This system is simple in construction, but it causes a significant safety risk as it operates high-power and high-voltage dc lines. In addition, it requires many inverters and sensors to operate.



The other arrangement is achieved by feeding a set of segmented coils through a common HF inverter. A switching device and an independent compensating circuit are connected to each segmented coil, as shown in Figure 7b [78,83]. The switching device activates and deactivates the system when the vehicle is aligned and misaligned with the segmented coil, respectively. This system avoids the safety risks resulting from the other arrangement, shown in Figure 7a, due to using a high frequency that achieves individual transmitter segments extended from the transmitter power station. The negative side of this system is the increase in the total length of the track by increasing the number of charging segments and thus increases to the total cost, so the practical number of charging segments is limited [84]. This arrangement is characterized by the fact that it uses one inverter, but a large number of switching and sensing devices are needed [75].



Sensor vehicle detection is a device used for several purposes, including detecting the position of the EV while entering the charging lane and detecting misalignments. Despite the difficulty of implementing detection systems in multi-lane highways, and their use increasing the cost of the dynamic charging system [85], a detection system was implemented in [86] which uses multiple coils at the transmitter and receiver. This detection system is used to detect the position of the EV where the coil is energized towards the receiver using a high frequency current which generates an induced voltage as the vehicle passes. This voltage is measured to detect the presence of an EV and thus turns the transmitter coils on and off. In [87], receiver position sensing in a DIPT system for EV charging was studied. Considering the exotic behavior for the input impedance of resonator arrays, it was used to determine the place of the receiving coil by sending a signal at a suitable frequency to the first array resonator and then measuring the output current. In [88], an alternative that does not have an EV position detection sensor (sensor-less) is tested by calculating the phase angle between voltage and current that reverses the position of the vehicle’s rim.



The use of the two above-mentioned arrangements to feed a set of segmented transmission coils leads to an increase in the complexity and cost of the DIPT system. To get rid of these obstacles, a different arrangement was proposed, which is the reflexive segmentation, as in [80]. This arrangement uses a common high-frequency inverter to feed a set of segmented transmission coils that are connected in parallel. This system does not need to use switching and sensing devices, as shown in Figure 8. In this proposed system, no resonant capacitors are used to compensate for the transmitter self-inductance, so the conjoint influence of the transmitter self-inductance and feeding operation with high frequency at uncoupled circumstances makes impedance of the coil too large. So, the current passing through the uncoupled transmission coils is small and thus the resulting field is weak. When the transmitting coil is coupled with the receiving coil, the impedance of the receiver is reflected to the transmitter coil. This impedance brings the transmitter coil into resonance at the operating frequency. Thus, the generated EMF by the transmitter increases and therefore, the transmitted power increases [75,80].



There are other types of DIPT system feeds with a segmented transmitter, and each uses a different method to control the charge of the individual segment inside the transmitter track. One of these types is shown in Figure 9a, where the power is transferred from the transmitter power station through a magnetic coupler to a specific charging segment, instead of direct connection as in the other arrangements. The activation and deactivation of a charging segment is controlled by a simple bidirectional ac switch [89,90]. Another type is introduced in [32,77], as shown in Figure 9b, which uses a two-turn transmitter path configuration where switching boxes can be used to change the direction of the current, when it passes in one of the turns, in order to activate or deactivate the magnetic field in the area around the specified transmitter segment in the path. Thus, each segment can be controlled individually and independently. The number of plugins required is small, but all the charging segments are connected in series and all switching boxes are required to be rated at the full current rating of the transmitter track.



There are three major obstacles to the above-mentioned systems which make them not exemplary for dynamic charging applications: (1) Because of the vibrations and pressures caused by the movement of trucks, buses, and vehicles, roadways are unfavorable places for the presence of electronic circuits, as there is difficulty in the process of maintaining or replacing any component, and these operations are very expensive. It is necessary for the system to continue to work even if one or more transmitter segments are found to be down. (2) Except for the system shown in Figure 9a, the remaining systems do not have any means of isolation between the power supply and the charging segments, which increases the possibility that the entire transmission track will fail if any failure occurs in a single charging segment. (3) Most dynamic charging systems are designed to operate at a frequency of 20 kHz, which is contrary to the recommendations of SAE J2954 to operate at a frequency of 85 kHz [31]. Therefore, dynamic charging models will face several hurdles to be able to operate at a frequency of 85 kHz such that the power source is required to be rated at hundreds of kVA due to the high transfer power demanded for electric cars. It is also difficult to find semiconductor switches which can operate efficiently at this power level as well as at such high frequencies: the IGBTs can handle the high-power rating only at lower frequencies while the latest MOSFETs devices can handle the higher frequency only at reduced power ratings. (4) All the aforementioned systems do not contain any kind of communication systems between the electric vehicle and the infrastructure, which may lead to an increase in the load on the electrical network during peak times or traffic congestion due to charging a large number of cars at the same time. The power is lost in the use of auxiliary devices such as entertainment and cabin heating/cooling [82].



In [82], a double-coupled system has been suggested to feed the DIPT system, which consists of a high-frequency power track buried underground and feeding an “intermediate coupler circuit” (ICC) at the specified segment, as shown in Figure 10a. An ICC includes a controlled rectifier to convert HF ac voltage to dc, which feeds an HF inverter that controls the transmitter segments, as shown in Figure 10b. The ICC allows independent control of each transmitter segment. The system is so named because the transmitted power is coupled twice, once between the power source and the ICC, and once between the ICC and the transmitter segments. This system offers significant reduction in the the losses in the transmission track, since it can operate at a low frequency, while the transmitter segment is operated at a high frequency, which improves the efficiency of the system. In addition, there is isolation between the transmitter segments and power source, and the system helps to reduce the impact of dynamic charging on an electrical network at peak times. This system faces challenges such as the high cost of power electronics and low reliability due to the use of a central power supply unit for the entire system [32].



Many researchers have conducted studies on the segmented coil array as a transmitter to realize the optimal operating conditions in terms of transmitting the maximum power at the highest possible efficiency commensurate with the ground clearance of EVs. In this type, the transmitter consists of multiple pads with configurations similar to the ones used for static charging, such as circular, rectangular, double-D (DD), DDQ, DQD, and bipolar. In [91], a method was proposed to choose the length of the transmission coil taking into account the vehicle speed, power consumption per kilometer, power loss, and charging efficiency of the system. A long transmitter coil, rectangular receiver coil, and LCC-S compensation topology were used. The transmission power and efficiency were calculated, then the minimum value of the transmission coil current was inferred from the maximum value of the charging power. Power transmission has been achieved with an efficiency higher than 85%. In [92], a DD segment transmitter array was proposed. The study explored the optimal dimensions and best horizontal separation between the transmitter pads to improve the system properties.



A double-spiral repeater was used in [93] to improve the power transmission efficiency, increase the transmission distance, and increase the variation in the linear misalignments. When optimizing the system parameters, represented by the horizontal distance between the segmented coils, transmission efficiency, number of segmented coils, and load conditions, an efficiency of about 60% was obtained at a transmission distance of 35 cm and 81% at a distance of 10 cm. In [94], the relationship between several parameters such as path length, operating efficiency, and vehicle speed were studied and analyzed. The optimum path length at which the highest possible transfer efficiency is achieved was estimated. In [82], a double-coupled system was used for the segmented transmitter dynamic charging system. An intermediate coupler circuit was used to control transmitter segments, the system was operated at a frequency of 20 kHz, and 5 kW power was transmitted with a maximum efficiency of 92.5%. In [95], the performance of segmented coils was improved and a stable charging method was identified for high-power applications. A mixture of coils was used in the track, where a rectangular coil was combined with a DD coil and then a rectangular coil side by side. These coils were excited to improve the number of active transmitters and reduce the variation of the output voltage; a 2.5 kW power transmission with 85% dc-dc efficiency was achieved.



In [96], a new transmission coil structure was proposed whereby bipolar coils are used symmetrically on adjacent unipolar transmitter coils. This leads to the natural separation between the bipolar and unipolar coils. This configuration has the potential to reduce the self-coupling between adjacent unipolar coils, thus facilitating the design of the compensation circuit. Moreover, this design shows a better stability for mutual coupling between the transmitter and receiver during the vehicle movement, which makes it suitable for dynamic charging. The power transmission was achieved with an efficiency of up to 90%, with a fluctuation of power within ±22.5%.



In [69], six side-by-side coils connected in parallel were used, and the distance between them was reduced to a very large extent to reduce the occurrence of power fluctuations. Therefore, the coil self-coupling coefficient was taken into account in the circuit. The six coils were fed at the same time from a common inverter in order to simplify the power electronic circuit. Each segmented coil at the transmitter side had an independent LCC compensation circuit. This design helped to reduce the voltage pressure on the compensation capacitors and adjust the path length. It also helped to transfer a power of 1.4 kW with a dc-dc transmission efficiency of 89.7%, and the fluctuations in the power were equal to ±2.9% of the average power. A two-segment LCC compensation circuit was built up and fed from two different inverters in [97]. The effect of using the LCC compensation and the inter-coupling on the neighbors’ coils in the transmission path was studied. A 2.34 kW power transmission with a dc-dc efficiency of 91.3% was obtained.



In [98], a multi-parallel LCC compensation circuit on the transmitter was employed so that all segmented transmitter coils were fed from one inverter. This design allows for automatic distribution of power between different segmented coils. Moreover, an attached LCC circuit was used to control the transmitter current, resulting in reduced magnetic field emissions and power losses. An improved LCC circuit which is fed from a common inverter was proposed in [99] to obtain stable and highly efficient output power under variable mutual induction conditions. A steady-state study was performed under different mutual inductance and load circumstances to determine the soft switching circumstances, required output voltage, and regular power transmission. The results showed that changing the mutual inductance by a factor equal to two leads to a reduction in the transmitted power by less than 20%. In [100], a set of circular coils connected in series were used to make the transmission track. The power of 6.6 kW was transmitted over a 16.2 cm air gap with an efficiency of 85%.



In [101], passive shielding was used where a metal plate was extended inside the ground and this plate was electrically connected to the vehicle through metal brushes. These brushes can be controlled by making them not touch the ground when the vehicle is in motion, but when passive shielding is required, it is connected to the ground plate. In [63], an active shielding coil was placed at both the transmitter and receiver side far enough from the main magnetic coupling path. This type of shielding has been tested on U-Type and W-Type magnetic cores. Three innovative methods have been applied to cancel the leakage magnetic field on the I-Type core: the independent self EMF cancel (ISEC) method, 3 dB dominant EMF cancel (3DEC) method, and linkage-free EMF cancel (LFEC) method. The leakage EMFs were decreased to a level less than the permissible safety limit.





2.3. Architecture of the Receiver Pad in DIPT


In DIPT systems, the receiver pad is expected to be the same as the one used for stationary charging for interoperability operation and reducing the in-vehicle components. The receiver side assembly may contain one or more pads, depending on the vehicle class. Figure 11 illustrates two different ways to implement the receiver pad, either a single pad, as shown in Figure 11a, which is convenient for small light-duty EVs, or multiple pads, as shown in Figure 11b, which might be needed for medium- and heavy-duty EVs to meet their power requirements. Using multiple receivers helps to scale-up the system to support different types and sizes of vehicles. For instance, a 50 kW system can transfer a maximum power of 50 kW to an EV with one receiver. Moreover, it can transfer a maximum of 100 kW to a larger vehicle with two receivers. Each receiver is compensated by a separate compensation network to achieve the maximum transmission efficiency [102].



In [103], a magnetic coupling structure with a dual receiver coil was proposed by analyzing the power supply characteristics in the process of DWPT for EVs with fluctuations of coupling factors between electrical energy coupling mechanisms, current, and voltage at the on-board receiver end and system transmission power. An experimental platform with a power level of 15 W, a 15 cm × 15 cm circular coil structure, a 3 cm air gap between the transmitter and receiver, and a resonant frequency of 85 kHz was built for the DIPT of EVs. It was verified that the dual receiver magnetic coupling mechanism can reduce the output voltage fluctuation and output power fluctuation caused by the switching of the transmitter during EV travel. In [104], the conventional circuit model-based analysis for a one-receiver system to investigate a general one-transmitter multiple-receiver system was extended. The influence of the loads and mutual inductance on the system efficiency was discussed. The optimal loads, the input impedance, and the power distribution were analyzed and used to discuss the proper system design and control methods. Finally, systems with different number of receivers were designed, fabricated, and tested to validate the proposed method. Under optimal loading conditions, an efficiency above 80% was achieved for a system with three different receivers working at 13.56 MHz. In [105], an extensive theoretical analysis is conducted on the influence of the cross coupling and its compensation in multiple-receiver WPT systems. The optimal load reactance was analytically derived and verified for both the two-receiver systems and the general multiple-receiver systems. It was shown that the reduction in the overall system efficiency because of the non-zero cross coupling can largely be recovered by having the optimal load reactance. The other important system characteristics such as the input impedance and power distribution can also be preserved.



In [106], a three-coil compensation system was studied in the case of MTSR, where S-S-S compensation was used to realize the constant voltage (CV) properties. The three-coil S-S-LCC compensation was also analyzed to enable the constant current (CC) properties. In both of these compensation cases, the zero-phase angle (ZPA) can be obtained. The authors in [107] studied the Z-source grid when connected to a three-coil MTSR system with S-S-S compensation. The Z-source grid can work over a large range of voltage where it can either buck or boost the voltage according to the type of topology. Because of its varying shoot-through cases, it can operate without the need for dead time of switches, which leads to raising the total reliability of the converter. In [108], the same previous topology (S-S-S) was used with a three-phase inverter, by inserting a capacitor in each phase. The MTSR is not only used to transfer power, but it is also used to transmit information [109], and this type can be used with the basic compensation for the dynamic charging of EVs [110,111]. In [112], two compensations were connected in series to the transmitter side, and the LC compensations were connected in parallel to the receiver side as an example of the MTSR system. The resonant frequency is tuned by adjusting the LC connection to achieve a high voltage because the parallel LC connection works as a current source at the resonant frequency. Thus, it can be said that it is appropriate for increasing the voltage.



Power can be transmitted to multiple systems at the same time by using the free positioning STMR system with a compensation topology, where the entire transmitter surface is utilized to transmit the power without any obstacles on the orientation of the receiver. In [113], the three-coil array texture was taken advantage of in the application of the free positioning style. This style gives the ability to charge 1–3 smartphones with ease of application and use [16]. The STMR system can be used in some applications such as Maglev trains with a transmitter connected as series compensated [114] and multi-level converters used in a bidirectional charging system with a three-coil LCL compensation topology [115]. An MTMR system was used to enlarge the magnetic communication range [116] and to reach a maximum efficiency at optimal power using the LCL-T compensation topology with a parallel inverter [117]. In [118], wireless power transmission while driving from several coils on both sides (MTMR) was studied using an LCL-LCL compensation circuit. Although the MTSR and STMR systems increase the size and cost of the charging system, they provide some merits such as supplying high voltage and power and improving the signals form.





3. Compensation Networks


Compensation capacitors are used in IPT system to compensate for the large leakage inductance in the system associated with the large air gap, that aids to improve the transmission power and efficiency of the system [119,120]. In addition, resonance networks help to reduce the apparent power drawn from the source by providing the reactive power requirements, achieving unity power factor (PF) process by obtaining zero phase angle (ZPA) to avoid bifurcation analysis and enables electronic devices to operate with soft switching [121], and achieving constant current or constant voltage charging, which means when the root mean square value of the input voltage is fixed, then either the output dc current or dc voltage is fixed [68].



On one hand, compensation topologies can be divided into basic (classical) resonant topologies and hybrid (composite) resonant topologies as illustrated in Figure 12. The four basic compensation topologies consist of a single capacitor connected either in series or in parallel on both sides of the system; they are series–series (SS) [122], series–parallel (SP) [123], parallel–series (PS) [124], and parallel–parallel (PP) [125]. Hybrid compensation topologies are a combination of LC circuits; they include LCC [126], CCL [127], LCL [128], LCL-P [129], S-CLC [130], LCL-LCL [131], LCCL-LCCL [30], and others.



On the other hand, compensation circuits can be classified according to the number or location of resonance elements. Considering the number of elements, when one resonant element is placed on the transmitter side or receiver side only, it is called single-element resonant (SER). When two or more elements are placed on each side, as in the basic and hybrid topologies, it is called multi-element resonant (MER) [119]. If the classification is based on the location, the resonance elements can be placed on the transmitter or receiver (one side), on both sides (double side), or placed when there is more than one transmitting or receiving coil (multi-coils) [132].



3.1. Single-Element Resonant Topologies


Single-element resonance (SER) is used as one of the compensation types for the transmitter and receiver. In SER system, one capacitor is connected in series or in parallel either to the transmitter or receiver, as illustrated in Figure 13 and highlighted in red boxes. When the system operates at the angular resonant frequency, the power transmission capacity to the secondary side and system efficiency increase. Series compensation is more appropriate in case of static coils as in stationary charging or in dynamic charging with a segmented transmitter coil, because they are high current systems. Parallel compensation enables higher voltage and lower current than series compensation [132].



In [133,134], the compensation circuits that include a capacitor in series or parallel to the primary or secondary side were studied and compared based on the power factor, current gain, and voltage gain. It was concluded that when using a capacitor in series with the primary coil, the power factor reaches a high value close to unity for any value of the quality coefficient of the secondary circuit (Q2). As for the other three compensation cases, when Q2 has a normal value, the value of the power factor is low. When the load is very heavy, the power factor value reaches the unity when a series capacitor is used towards the primary coil side. However, when using a capacitor in parallel to the secondary coil, the load must be very light to achieve unity power factor. This shows that series compensation is unable to meet the system requirements under all circumstances [119].



In [135,136], the total inductance of the primary side seen by the capacitor was reduced by placing a transformer behind the capacitor, and in [137], the secondary side capacitor was used to develop simple impedance matching techniques. Neither of the methods addressed in [135,136,137] are suitable due to the high capacitor ratings, dependency of load, and primary current, which are not acceptable in high-power applications. In [138], the authors concluded that the insertion of a series capacitor improves only the imaginary part of the primary and secondary impedances, thus improving system efficiency. However, the efficiency depends on both the imaginary and real parts of the secondary impedance and also depends on the real part only of the primary impedance according to Equation (5) mentioned in [119]. Therefore, the insertion of a capacitor in series with the primary side does not improve the efficiency. To improve and increase the efficiency of the system, a capacitor must be inserted in series with the secondary coil and its value must be chosen very carefully to compensate the secondary inductance (L2) at resonance. That said, it can be concluded that compensation by using a single capacitor in series or parallel is unable to maintain a constant transmitter current under various loading or coupling conditions.




3.2. Basic Topologies


SS, SP, PS, and PP are the basic compensation topologies in which the letter S or P represents the way the compensation capacitor is connected. The letter S stands for series connection, and the letter P stands for parallel connection. The first letter expresses the connection of the capacitor towards the transmitter, while the second letter expresses the connection towards the receiver [139]. In this topology, one capacitor is connected to the transmitter and another capacitor is connected to the receiver, as depicted in Figure 14 and highlighted in red, and therefore it is called two-element resonant topology (TERT). The motivation to develop the wireless charging system with the introduction of compensation topologies comes from a study conducted by researchers from the MIT in 2007 [6]. This study demonstrated that the power transmission efficiency and the air gap distance are greatly improved when magnetic coupling coils are used with compensation circuits operating at resonance.



The basic compensation topologies are studied in detail in [32,125,140,141]. In [140], the series compensation topology with a three-phase bipolar coil is used to transfer power of 50 kW with a dc-dc efficiency of 95% over a 150 mm air gap distance in a perfect alignment condition. In [125], two techniques, with a receiver series capacitor or receiver parallel capacitor, were studied to be used as a voltage converter with the highest efficiency and operating conditions at different frequencies. In [141], SP and SS topologies analysis was conducted to improve the efficiency of the wireless charging system when using asymmetric coils. This study was conducted on two systems: the first when the primary and secondary coils are identical (symmetrical), and the second when the primary and secondary coils are different in size (asymmetrical). It was concluded that in the case of asymmetrical coils (primary is larger than secondary), SP topology gives higher transmission efficiency than SS topology. Choosing the values of capacitance and inductance depends mainly on the quality coefficient, coupling coefficient, and transmitter and receiver topology [142]. Using a parallel capacitor on the transmitter side is rare due to complexity of calculations, reliability of the load, coupling coefficient, and large input impedance [143,144].



Expressions used to calculate transmitter capacitor (C1) at the resonant frequency ( ω ) and total impedance (ZT) of the system seen by the source are presented in Table 3. In case of SS compensation, the value of the capacitance is constant regardless of the change in load or coupling factor. It also has the ability to regulate the weak output voltage, and this is the biggest advantage of the SS [145,146]. On the contrary, the SP compensation depends on the coupling coefficient and requires a large capacitor with the transmitter to achieve high coupling coefficient [120,142]. In SS and SP compensations, the overall impedance reduces, resulting in high current fed from the source and going to the load. In compensation of PS and PP, the overall impedance raises with the misalignment, resulting in a significant reduction in fed and absorbed currents. When working at the resonant frequency, the optimum state is reached, and the nominal power is transmitted with the highest efficiency. When changing the resonant frequency while resonant capacitors are fixed, the power and transmission efficiency are negatively impacted.



In SS compensation, the value of the capacitance depends on the resonance frequency and the value of the transmitter inductance (L1), but the SP compensation depends also on each of them in addition the mutual inductance (M) [147,150]. In PS and PP compensation, the transmitter capacitance depends not only on the coupling coefficient and inductance but also on the load impedance as indicated in Table 3. This table also shows expressions of the total impedance seen by the source when there is a misalignment between the transmitter and receiver coils. In the SS and SP topologies, ZT decreases with misalignment, while in PS and PP, ZT increases with misalignment causing a rapid decline for both the supplying and absorption current. To improve the transmission efficiency in the PS and PP topologies, an additional series inductance is added to form LCC or CCL topology to improve the control of the inverter current flowing in the parallel compensation circuit. This inductance increases the converter size and thus the cost of the system is high [142]. In PS and PP topologies, the input impedance is large, which necessitates a high driving voltage to transmit a sufficient amount of power [151]. These topologies are characterized by a high power factor and efficiency at a small mutual induction and a large range of load change [95,152]. These topologies operate at a relatively large distance with the same operating frequency at low power levels [153].



The PP topology is more suitable for high-power applications [147,154]. When using parallel compensation on the secondary side, the characteristics of the current source are proportional to the battery charge, while a large current is generated in the primary side when using parallel compensation [155]. This topology requires a large primary capacitance when the coupling factor and secondary quality factor are small. High coupling factor or quality coefficient of the secondary, requires small primary capacitance [120]. The PP topology configuration has several disadvantages including a low power factor, high load voltage in the case of secondary parallel, and high source current requirement in the case of primary parallel [156,157]. In Ref. [158], a comparison was made between the four basic topologies. It was concluded that SS compensation of IPT system gives the best efficiency at the operating frequency of 1 MHz [151]. It also transmits a higher power than the SP compensation at the same operating [159]. SP compensation is slightly higher in the transmission efficiency [160].



A comparison was made between the four basic topologies in Table 4, including total impedance, sensitivity of misalignment, dependency on the coupling factor and load impedance, load independent output, efficiency, proposed power level, inverter device voltage rating, inverter device current rating, advantages, disadvantages, and proposed applications.




3.3. Hybrid Topologies


In addition to the four basic compensation topologies, there are other topologies that include combination of LC elements, which is called hybrid topologies, as indicated in Figure 15. In these topologies, more passive elements are used to realize the advantages of both series and parallel connections and avoid the drawbacks of the basic topologies. Hybrid topologies can be obtained by adding inductance in series or in parallel, or a group of capacitances and inductances connected, as in Figure 15a–e. It can also be achieved by means of a mixture of two or more capacitors connected to one side as in Figure 15f–l. System efficiency can be improved over the entire range of the loading and coupling by using compensation circuits such as LCC-LCC and LCL-LCL. The presence of additional inductances and capacitances in the hybrid compensation leads to an increase in copper losses compared to SS topology, due to the leakage resistance of the additional capacitances and inductances [162]. The LCC-LCC and LCL-LCL compensating circuits are good choice for battery charging due to their ability to operate as current source at the receiver when operated with a voltage source inverter at the transmitter side [163,164]. In [163], both sides the LCC compensation circuit were analyzed, and it was concluded that when the input voltage is constant, the output current is constant. Zero current switching can also be realized when tuning the LCC circuit. This compensation circuit (LCC-LCC) works to compensate the reactive power at the receiver in order to achieve unity power factor operation. This type of compensation is independent in terms of loading conditions and coupling coefficient [165,166].



The drawbacks of the LCC-LCC compensation topology are represented by its large size and number of passive components, which increase the overall system cost and size [163]. However, the features realized by LCC-LCC topologies in terms of high efficiency, independency of the loading characteristics, low current stress in the inverter, and insensitivity to misalignments, make it the most commonly used in IPT system [163,166,167,168]. When LCC is used at the transmitter, the receiver can be connected to either serial or parallel compensation. Parallel compensation is commonly used because of its rigidity when changing the load [165]. To increase the voltage to large values at high power levels and to ensure continuity of conduction, series compensation is used at the receiver side, which requires a large bridge rectifier capacitor [32,166]. In [165], LCC compensation was used and characterized by small rectifier losses and high system efficiency (higher than that produced by parallel compensation). Using series compensation achieves voltage stability and blocks the dc component of the input voltage by a series-connected capacitor, but the use of a large high-frequency current during series compensation generates a large voltage on the capacitor [169]. A mixture was made between series compensation and LCC compensation with the addition of two switches, one to the sender [170] and the other to the receiver [168], in order to obtain the LCC-S topology. In [171], a comparison was made between SS and LCC-LCC topologies. It was concluded that under ideal loading conditions, the LCC-LCC compensation is less sensibility to the change of coupling factor, the stresses on capacitor voltage and current are smaller, and the efficiency is higher than that of SS compensation at different misalignments.



Another type of compensation (LLC) was used to ensure high transmission efficiency and a lower VA rating, which is used at frequencies above 1 MHz at the transmitter [172]. In [173], LC-LC compensation analysis was performed and a transfer efficiency of 92% was reached. In [174], the use of S-CCL compensation was proposed, which operated at an efficiency of 93%. By comparing the S-CCL compensation with the S-SP compensation, it was found that the efficiency of the S-SP compensation is fairly stable and is not affected by the change of the mutual inductance value. In [150], SP-S compensation was studied, through which a stable output power could be obtained in cases of significant misalignment. This compensation is used in applications that allow misalignment to occur, such as charging the batteries of mobile systems. In [175,176], an S-SP compensation was proposed which gives good output stability and lower circulating losses. This compensation is suitable for applications that need high power.



In [177], a comparison was made between SS and LCCL compensation topologies, where current and voltage stresses, output power, input impedance, and voltage gains were studied and analyzed. A 2.4 kW model was used to conduct this study. It was concluded that the efficiency of SS compensation is higher in high-power applications, while the efficiency of LCCL-S is higher in low-power applications. The results also showed that the SS compensation is more sensitive to the load change and less sensitive to the secondary compensation capacitance change. In [128], a wireless charging system with double LCL compensation circuit was studied, where 7.36 kW was transmitted with an efficiency of 95.8%. Circular coils with ferrite cores were used. The use of LCL-LCL compensation led to achieving the greatest continuous excitation for the transmitter terminals and achieving the unity power factor of the receiving terminal.



In [178], a T-type compensation circuit was used which reduced the power fluctuation in the dynamic charging system. The T-type compensation keeps the power fluctuation at less than 6% of the average output power, and the dc-dc efficiency is up to 85%. In [130], a wireless charging system with the use of S-CLC compensation was studied. This compensation makes it easy to achieve zero phase angle and zero voltage switching and obtain a stable output voltage. This compensation was compared with the LCC-LCC topology, and it was found that S-CLC needs fewer components, resulting in a lower system cost, lower volume, and lower power density. In [179], SS, double-inductor -series (LCCL-S) and double-capacitor output characteristics are analyzed. The changing of voltage gain is realized in LCCL-S compensation without extra ingredients, and the system is as yet in resonant condition.



The hybrid topologies are compared in Table 5 in terms of cost, size, features, drawbacks, and proposed applications. Another comparison is shown in Table 6 between the basic and hybrid compensation topologies, considering other parameters such as frequency (f), output power (Po), coupling factor (k), efficiency (η), air gap, and coupler type.





4. Power Electronic Converters


Power electronics represent a cornerstone in the wireless charging process for electric vehicles. It is necessary to work on improving the performance of the power converters in order to maximize the efficiency of the system. Power converters depend on the type of compensation topologies and also depend on the applications of the wireless charging system. Initially, IGBT-based push–pull converters were used to complete the conversion process, but with the development of MOSFET technology when working at medium voltages from 60 volts to 1200 volts, and increasing the frequency of switching, the main dependence to complete the conversion process becomes on the full-bridge MOSFET as a power converter [189,190]. To complete the transfer of power from the network to the electric vehicle, this requires four conversion stages, as shown in Figure 1: a diode rectifier and power factor correction (PFC) and HF inverter connected to the transmitter; and a diode rectifier and a back-end converter are placed on the receiver side. Table 7 lists these conversion stages, used topologies and required control.



Power converters can be classified into two basic categories based on the location: transmitter-side and Receiver-side conversion. Transmitter-side conversion can be divided into single- or dual-stage; while the receiver-side conversion can be conducted by rectifier only or rectifier and dc-dc converter, as depicted in Figure 16.



4.1. Transmitter-Side Conversion


The converter located on the transmitter side converts the ac power with 60/50 Hz frequency coming from the network into a high-frequency ac power. Two approaches exist for this conversion stage: (1) convert low-frequency ac to HF ac power using a single ac-ac converter (single-stage) considering matrix converters; (2) convert low-frequency ac to dc, then dc to HF ac, which is called dual-stage power conversion.



4.1.1. Dual-Stage Converters


In this method, the low-frequency ac power is rectified to dc power, and then a full-bridge inverter is used to convert the dc power to a high-frequency ac power [68]. Inverters are used in wireless charging systems because they are compatible with the presence of one coil or several coils, they provide researchers with different ways to control the activation and deactivation of the power pads, and they come with different levels of implementation complexity.



The most common types of inverter arrangements used in DIPT are voltage source single-phase, three-phase, or multi-phase inverters [76,101,191,198,199,200,201], current source push–pull [202,203], and class EF structures [195] as shown in Figure 17. The full-bridge and multi-phase structures control the phase shift while the rest provide the duty ratio control for the flow of power. The inverter topologies are presented in Table 8 with the segmentation controls and the complexity of the implementation.



When the transmitter has a parallel compensation, it is better to use a current-fed converter, but if the compensation is series to the transmitter, it is better to use a voltage-fed converter. Voltage-fed converters have high reliability, great efficiency, and the dynamic response is faster. A voltage-fed converter can be converted to a current-fed converter by turning on the current controlled mode or by connecting a series inductance either on the transmitter side forming LLC compensation or connecting it with the dc link comprising the current-fed topology [119]. The power amplifier is used when the operating frequency is between 10 kHz and 10 MHz. There are many types of amplifiers, which are class A, C, D, E, and AB. Among these types, class D and E are distinguished by their ability to give high efficiency at these frequencies [207]. The use of a full-bridge converter is better than a half-bridge converter, because it is characterized by its high potential for controlling.



The researchers in [208] utilized two H-bridges converters at the receiver and an active H-bridge at the transmitter: one of the receiver H-bridges was used to control the battery charging current, while the remining H-bridge contained a dc-supply to feed active power to the load battery. Thus, 50% of the power reaching the battery was provided by the exterior dc supply (on board) and the remining power was fed by the magnetic coils. This method is complicated and requires an exterior dc supply carried by the vehicle. This will append extra cost, weight, and size to the vehicle. A step-down high frequency transformer is suggested in [100]. It achieves safety and galvanic isolation at the transmitter and enhances efficiency of the transmitter-side inverter. This enhancement is realized by considering low current and high voltage, which decreases the conduction loss of the inverter. The system contains a dual-stage converter and a high-frequency transformer in the transmitter; on the other side, there is a full-bridge diode rectifier to suit the level of battery voltage.



Figure 18 shows most of the converters used in the wireless charging system at high frequency. Compensation circuits are used to maintain a specific value of voltage and current at the load even if the coupling coefficient between the primary and secondary pads changes or when a change in the load occurs. In this case, these compensating circuits are called a power conditioner. The power conditioner consists of a dc-dc converter with a soft output filter and a diode rectifier.




4.1.2. Single Stage Converters


Some single-stage converters cannot implement full variable frequency operation despite their uncomplicated configurations. As for the dual-stage converter configurations, it requires the use of a large dc-link capacitor and a huge filter inductance in order to be able to regulate the voltage and frequency, which leads to an increase in the total cost and reduced reliability due to the use of these bulky passive components [209]. The matrix converter (MC) was developed by the authors in [210]. Since then, it has been used in various applications such as induction machines, airplane systems, photovoltaic energy systems, and others [211]. Therefore, it is preferable to use it due to its compact design, which provides energy conversion through a single stage, which leads to the dispensation of the presence of huge storage components and dc-link circuits [212]. MCs comprise a group of bidirectional semiconductor switching devices that connect the three-phase source to the load. They convert the uncontrolled low frequency ac inputs (constant voltage amplitude and frequency) into a high frequency ac output (up to 85 kHz) that can be controlled (changeable voltage amplitude and frequency) directly without any additional conversion stages.



In [213], a single-stage transformerless buck–boost inverter was proposed to directly achieve dc to ac conversion regardless of the relationships between its dc-link voltage and peak ac output voltage. The proposed inverter is an equivalent replacement of a conventional boost converter cascaded with an inverter, while the former features simpler circuit structure, lower cost, smaller volume, and straight-forward implementation. The analysis based on its state space average model indicates that the stability of the proposed inverter is dependent on the value of its duty cycle. Fortunately, this issue can be addressed by a well-designed outer voltage-loop plus inner current-loop controller. A traditional single-phase converter for WPT applications is introduced in [148]. SS and SP compensation circuits were discussed, and it was deduced that it is preferable to use SS compensation rather than PS compensation in high-power applications, despite it having larger leakage inductance at the receiver side. In [214], single-stage converter topology is presented with an active H-bridge converter is connected at the transmitter and H-bridge diode rectifier is connected at the receiver. This topology is used to operate a wireless charging system with a three-coil coupler to improve the overall efficiency at a wide loading range.



	(a)

	
Single-Phase matrix converter (MC)







Figure 19a depicts the structure of a conventional single-phase matrix converter. This configuration consists of four bi-directional switching devices that achieve variance in amplitude and frequency at the output with a pre-computed switching angle [215]. The basic commutation strategy of a single-phase MC is that in which only one switch from each bidirectional device is modulated at high frequency, and two switches from other bidirectional devices are entirely switched on or off for commutation purposes. On a theoretical basis, the switching should be instantaneous and simultaneous in a conventional single-phase matrix converter to avoid open-circuit and short-circuit troubles. (Usually, the source part has a capacitive nature, and thus short-circuit is avoided at the input terminals. Likewise, the load end is of an inductive nature, and open-circuit is avoided to provide a commutation path for the current.) Practically, it is not possible to achieve ideal switching; because of this, switching strategies are used in matrix converters. Unlike the traditional single-phase MC which supplies only step-down amplitude with step-up operating frequency, the single-phase Z-source MC gives changeable frequency and amplitude regulation [216]. The configuration of the single-phase Z-source MC is shown in Figure 19b. The advantages of the Z-source MC attracted interest and it has been utilized in many applications [217,218,219], due to the improved reliability and ability to convert power directly in one stage [220]. It consists of an impedance grid that includes two capacitors and two inductors, five bi-directional switches, an LC filter, and a load. The boosting feature is achieved by utilizing the storage components present in the impedance network.



The general structure of a six-switch buck–boost MC is depicted in Figure 19c. In contrast to the single-phase Z-source MC which contains two capacitors and inductors and supplies changeable frequency and amplitude regulation, the six-switch buck boost MC uses a single inductor to store the energy. The six-switch buck–boost MC contains six bi-directional switches, a single inductor, and two capacitors used as the filter [221]. In [222], a high-frequency transformer (HFT)-isolated MC configuration was proposed to realize electrical isolation without using a large transformer, while generating rectified output voltages and changeable output frequency. It consists of a high-frequency transformer with four switches on the transmitter side and two switches on the other side. It also contains an LC filter on the receiving side and a blocking dc capacitor as illustrated in Figure 19d. The various types of single-phase MC topologies with main properties are summarized in Table 9.



	(b)

	
Three-Phase matrix converter (MC)







When designing three-phase conversion systems, the rotating magnetic field is considered to obtain the possibility of transmitting power smoothly and more efficiently than the single-phase system. In addition, the use of a three-phase topology leads to a reduction in the size of the system, decreasing the ripples in the current at the network side, and the electromagnetic field emissions are significantly reduced. The utilization of the three-phase MC reduces the size of the converter, and the need for a dc-link capacitor at the transmitter is not important. Three-phase MC is divided into three main classes: direct MC, indirect MC, and Z-source MC.



The direct MC consists of nine bi-directional switches which are connected directly to the source phase and the load phase [223]. Moreover, there are no components for storing energy as depicted in Figure 20a. The structure of indirect MC is shown in Figure 20b. It contains six bi-directional switches that are considered as rectifiers and six other unidirectional switches that form a voltage-fed inverter. This topology provides good voltage and frequency regulation [224]. Indirect MC is divided into three types: MC sparse [225], very sparse MC [226], and ultra-sparse MC [227,228]. Figure 20c shows the configuration for a three-phase Z-source MC that provides step-up and step-down functions within a single stage and offers frequency regulation [229]. The different kinds of three-phase MC topologies with main properties are shown in Table 10.



In [234,235], a wireless charging system was introduced consisting of six coils on both the transmitter and receiver sides forming a three-phase system. When two pairs of coils are connected opposite each other in each phase at the transmitter and receiver, the radiation noise is damped. A three-phase voltage-fed inverter is used to control this system to convert the voltage of the dc-link into high-frequency three-phase waveforms shifted by 120°. In [236], direct three-phase MC was used to improve system reliability and efficiency, in addition to reducing cost and eliminating the need for a dc-link capacitor with a limited lifetime electrolyte. A 4-kW laboratory model was tested at an input ac voltage of 400 V and the system efficiency was found to be 88%. The researchers in [140,237], utilized the traditional power converter topology which contains a three-phase voltage-fed inverter at the transmitter and a three-phase full-bridge rectifier at the receiver with bipolar phase windings. A comparison between a single-phase H-bridge and three-phase voltage-fed inverter was conducted. It was concluded that the current ripples of the three-phase voltage-fed inverter was about 20% of single-phase one in WPT applications, which helps to decreases the size of the dc-link capacitor.





4.2. Receiver-Side Converters


It is necessary that the receiver coil be small in size, as in wireless medical devices, so the power conditioner is simple to install and consists only of the rectifier. To charge the electric vehicle battery, the high frequency ac power output at the receiver is converted into dc power using the full-bridge diode rectifier. The ac power can be converted to dc power in one of two ways, either by using synchronous rectification (though this method only improves efficiency and does not give any advantages to control) or by it resorting to using the rectifier diode; then, the secondary is controlled by an additional dc-dc converter that is placed after the rectifier [101,185,194,197,202,238,239]. These additional converters can either be buck, boost, or buck–boost when using a current-fed rectifier, for example, when using LCCL or SS compensation circuits at the receiver side, or they can be buck–boost or boost in the case of using a voltage-fed rectifier, for example, when using parallel compensation at the receiver side. Figure 21 depicts the common types of the converter used in the wireless charging system. It is possible to make several stages of rectification when the receiver side contains several coils or a double-D quadrature (DDQ) pad, but this method increases the size of the car, so it is rarely used [185,197,205].



The dc-dc boost converter that was introduced in [240] is added between the diode rectifier and the dc battery. It is connected to the diode rectifier and used to convert high frequency voltage at the receiver side to dc voltage to match the battery voltage level. In [241], a system level analysis on optimal impedance matching and a cascaded boost-buck dc-dc converter was proposed to achieve a high efficiency wireless power transfer system. This method is universal and applicable for all wireless power transfer technologies. The cascaded boost-buck dc-dc converter functions in two ways: one for optimal impedance matching for rectifiers, coils, and power amplifiers, the other for isolation of the dynamic load from the system. A 13.56 MHz wireless power transfer system was demonstrated experimentally to prove this method. At a power level of 40 Watts, the system efficiency from the source to the final load is measured over 70% for various loads including resistive loads, ultra-capacitors, and batteries. In [242], the performance of a bidirectional on-board single phase electric vehicle charger for grid-to-vehicle (G2V) and vehicle-to-grid (V2G) application was studied. A bidirectional charger is made up of a semiconductor-based buck converter and a boost converter. For charging the vehicle battery, a dc-to-dc converter works on buck mode, whereas boost mode is used for discharging the battery i.e., power feedback to the grid, here the converter works on inversion mode.





5. Control System


Converters are important devices of wireless charging systems, as they increase the frequency of the magnetic field, which leads to the transmission of power with high accuracy and efficiency. Therefore, converters must be adjusted correctly to achieve good performance without causing excessive losses. They must also be configured to give a constant current, constant voltage, or both to ensure the correct and appropriate charging of the battery. The way in which the converters work is determined by the control systems. Control techniques are divided into three main categories: transmitter-side control, receiver-side control, and dual-side control, as shown in Figure 22. The goal of these techniques is to supply the load with a constant voltage (CV), constant current (CC), or constant power (CP), which makes the system operate at resonance and reduces the losses [32].



The transmitter-side control uses a converter on the ground side, where it depends on the information and measurements that are sent by the receiver via the wireless connection link [193]. As for the receiver-side control, it conducts the procedures directly on the receiver converter without the need for wireless communication. Dual control technology is a combination of the strategies of the transmitter-side and receiver-side control together, where the full-bridge and the active rectifiers are controlled at the same time to control the power flow to the load [189].



5.1. Transmitter-Side Control


The transmitter-side control provides several advantages, including reducing the cost, weight, and complexity of the receiving side. This technology deals with the information sent from the receiver to transmitter via a wireless communication channel, which sometimes leads to the exposure of the transmitted data to misleading, delay, loss, or inaccuracy. These parameters are highly variable during the dynamic charging process, as the vehicle moves while charging [243], which affects the perfect alignment of the vehicle above the transmission coils and thus affects the charging process. In a real system, the transmitter control unit needs to deal with more than one signal at the same time due to the presence of multiple vehicles, and this poses a strong challenge in designing an efficient and accurate dynamic charging system. Thus, the presence of a wireless communication system is avoided during the dynamic charging process. When there is no wireless communication system between the receiver and the transmitter, it leads to the necessity of deducing the state of the receiver side, such as the state of battery charging, mutual inductance, and the state of constant voltage or constant current [244,245,246]. The transmitter-side control can be classified into two basic types: the first operates when connecting a dc-dc converter to the transmitter, and the second operates when connecting an inverter at the transmitter. The transmitter inverter is always used to obtain a high frequency, unlike the dc-dc converter, whose presence is optional.



5.1.1. Transmitter dc-dc Converter


When using the compensation LCC, LCL topology which is suitable to work especially in misalignment conditions, it is necessary for the inverter to keep the frequency constant; therefore, the control procedure is transferred to other parts of the system. If the control is carried out through the dc-dc converter, it will control the voltage of the transmitter inverter by regulating it to suit the required charging voltage. The lower the losses in the inverter, the higher the power transmission efficiency. If the inverter input is set to a predetermined level without using appropriate control in transporting it to the receiver side, the output power will exceed the permissible nominal value. Therefore, the battery will be charged with redundant energy, which leads to the inability to transfer the excess energy by the receiver dc-dc converter. The dc-dc converter is improved to function as a power factor corrector as depicted in Figure 23. In [167], a mixture of control methods was introduced where a one-cycle control (OCC) with proportional derivative (PD) control was used to produce the pulse width modulation (PWM) signals required by the buck transmitter converter. This control technology guarantees the rapid transient response of the WPT system. The transfer functions of the OCC, PID, and OCC-PD are obtained by using the switching flow-graph technique. Their transient responses are calculated to prove the superiorities of the OCC-PD control. The OCC-PD is suitable to be applied to the LCC-compensated WPT system. The results prove that the OCC-PD controlled buck converter transits to steady state faster than the PI (proportional integral) and OCC control, while only one peak is exhibited. In addition, the dynamics of the system was tested under operating conditions in misalignment conditions where the system was analyzed by changing the mutual inductance. The authors in [247] developed two dynamic charging systems associated with constant-voltage and constant-current charging phases. Therefore, a PI controller was used to set the duty cycle of the transmitter converter under various conditions of charging phase and mutual inductance to achieve zero voltage switching (ZVS).




5.1.2. Transmitter Inverter


When working on the transmitter inverter, three parameters can be set: the duty cycle, the frequency, and the switching mode.



In the duty cycle technique, the output voltage of the inverter is adjusted. As explained in [248], changing the duty cycle of the full-bridge inverter results in varying power levels for constant mutual induction. In order to deal with the different misalignment conditions, the charging systems that try to derive a constant voltage, current, or power for the load adapt to the voltage on the transmitting side, in order to regulate this coefficient on the receiving side. In [249], the authors present a control method based on the application of phase shifting technology to ensure the safe operation of the wireless charger. This control strategy ensures that transmission voltages and currents do not exceed predetermined limits that would damage and destroy the system. These conditions are specified for the misalignments of coils when SS compensation is used. In [250], a study is presented showing how to activate or deactivate switches for a full-bridge inverter using non-linear control. The objective of this study was to supply the load with a constant voltage even in the event of changes in the relative position of the coils. This control technique is only valid within a limited range of the coupling coefficient, i.e., it is not suitable for all misalignment situations.



In the frequency technique, the switching frequency of the inverter is another parameter that can be adjusted to instruct the system to operate under certain required conditions. The reflected impedance from the receiver to the transmitter depends mainly on the operating frequency and on the mutual inductance. Changes in mutual inductance are compensated by a change in the operating frequency to work at a constant current, voltage, or power at the receiver, and the wrong adjustment of the frequency leads to bifurcation [251]. This results in at least three frequencies with zero phase angle (ZPA). The occurrence of bifurcation should be avoided by ensuring some conditions for the quality factors of the coils. Usually, the strategy called “frequency perturbation and observation of the output” is seriously affected by the bifurcation phenomenon because it moves the operating frequency according to the output measurement, just in order to maximize the output power. Thus, it can move from a predetermined frequency to one of the bifurcation peaks [252]. In addition to this problem, working on high-level compensation circuits is more complex, so frequency tuning is not common in chargers that use the LCL or LCC compensation topology. In [252], a frequency tracing method for the SS compensation topology is presented. The frequency of the transmitter is modulated with respect to phase between the receiver current and the output voltage of the transmitter inverter. Phase-locked loop (PLL) is used in tuning to obtain an independent voltage gain for the load with acceptable efficiency, which leads to more complexity of the system. In [193], a frequency modulation and phase-shifting technique was proposed based on the SP compensation topology. This setting ensures that the required power is supplied to the battery and ensures almost zero reactive input power in the interface with the network, in addition to achieving the maximum efficiency of the system.



In the switching mode technique, the charging system can operate under a zero-voltage switch, zero-current switch, or zero-phase angle by setting the voltage and/or current during switching times. In the case of a coil misalignment, the impedance reflected from the receiver to the transmitter changes; therefore, the semiconductor devices must be set to maintain the required switching mode. The zero-voltage switch aims to reduce system losses and electromagnetic interference in power MOSFETs in particular. In [253], a proportional, integral, and derivative (PID) control technique was proposed to set the frequency of the inverter and phase shifting by means of a pulse width modulation signal. On the contrary, the zero-phase angle works to make the output voltage and current of the inverter have the same phase shift. In this way, the volt-ampere rates on the components are decreased to a minimum level, and thus the stress of the reactive power on the inverter is eliminated [254]. Figure 24 shows a general transmitter-side inverter control method. The main features of the transmitter-side control techniques are summarized in Table 11.





5.2. Receiver-Side Control


Receiver-side control needs to use an additional power electronics circuit, which increases the weight and cost of the charging system. Despite this, this technology is easy to implement and gives more accurate and powerful performance, due to the absence of communications between the receiver and the transmitter. This technology also allows the development of control with new goals such as increasing efficiency and power charging. The receiver-side control is divided into two types: a control using a receiver dc-dc converter and a control using a receiver-controlled rectifier.



5.2.1. Receiver dc-dc Converter


The dc-dc converter is used to regulate charging because it is considered the simplest option available due to its reliance on technology that has proven its efficiency on a large scale and for which the computational control demands are too small. In addition, direct connection of the receiver dc bus makes the rectifier technology too simple in the configuration where only diodes are used to achieve the desired function. This configuration is suitable for different chargers for vehicles when suitable converter and operating voltages are selected. Thus, the converter can be operated with a variable input voltage to charge batteries of different manufacture, by applying simple continuous charging strategies or other more complicated strategies such as constant voltage and constant current. A receiver dc-dc converter control method is illustrated in Figure 25. In general, controlling dc-dc converters is less complex due to the lack of constraint to operate at a signal with a frequency of 85 kHz, which is utilized to regulate either the inverter or the controlled rectifier. In addition, the signal is not desired to be synchronized with the transmitter inverter. As an example, the authors in [255] utilized a frequency of operation of 10 kHz for the dc-dc converter in a system that operates at 100 kHz. In [256], the same frequency for the converter was utilized in a system with the working frequency of 38.4 kHz.



The dc-dc conversion process can be achieved by using a variety of technologies, including the use of a boost converter, as the charging voltage of the battery is greater than the voltage of the dc bus or greater than the technologies that use a buck converter [256,257]. In [120], a boost converter was used, where the non-linear effects of rectifiers were decreased and system efficiency was improved thanks to the use of the LCL compensation topology. Both converters are adjusted by setting the switching duty cycle. A PID controller is also used, which is the simplest method of control, which uses the error between the charging current or voltage with reference values. This type of control is able to deal with misalignment conditions because it keeps track of measurements constantly. Control strategies have been proposed specifically to follow specific goals that are not related to the charging current, voltage, or power. For example, in [258], a control method for the buck converter was proposed based on the maximum transmitted power tracking. This technique determines the coupling coefficient and uses some parameters such as operating frequency, coil resistance, and input voltage to calculate the duty cycle of the converter at the maximum transmitted power. This technique is able to adapt to misalignment cases, because the coupling coefficient of the system is measured. In addition, this technology has proven strong performance as long as it works at resonance. In [255], a control system based on the maximum efficiency of a dynamic charging system was proposed. This technique relies on calculating the real-time coupling coefficient, which is essential to achieve maximum efficiency even under non-alignment conditions.




5.2.2. Receiver-Controlled Rectifier


The controlled rectifiers are converters that have a more complicated design than the uncontrolled ones as they have active controlled switches that must be worked to achieve the rectification task. This function is even more complicated in inductive systems due to the concurrence between the transmitter inverter and the receiver-controlled rectifier. When using more complicated devices than diodes, the cost will be higher, although the need for regulation functions from other components of the system is removed. The control is placed completely on the receiver side and with a single-stage converter. The controlled rectifiers have some merits over the conventional diode rectifiers: for example, (1) they regulate the dc voltage directly without needing conventional converters; (2) the voltage drops are decreased in the rectification process, and therefore the efficiency of the system is increased; (3) because of the reduced number of components, the losses are less than for the multistage receiver side;(4) the possibility of controlling the reactive power became available for the ac circuit; and (5) bi-directional charging is available [259,260]. There are various strategies of controlled rectifiers based on the configuration of switches that are actively controlled, including; (1) one-switch semi-active bridge rectifier in which the bottom diode of the conventional full-bridge diode rectifier is replaced by a single switch, (2) a symmetrical bridgeless active rectifier in which each leg contains a switch and a diode, (3) an asymmetrical bridgeless rectifier where the first leg consists of two switches and the other leg includes two diodes, and (4) a full-bridge-controlled rectifier that needs four active switches. For example, the configuration of a full-bridge active rectifier for WPT application is depicted in Figure 26.



In [261], a symmetrical bridgeless active rectifier was proposed. The basic function is controlling the receiver side charging by a single-stage converter. The control prosses of the rectifier depends on two variable parameters: the conduction angle (β) and the phase controller angle (α). These variables denote the interval of time between the ascending edge of the rectifier voltage and the descending edge of the transmitter resonant tank voltage. These values are acquired from the phase shift between the voltage and current of the receiver coil, the working frequency, the equivalent battery impedance, and the coupling factor. The output voltage is set by a PI controller. The output with the other parameters is utilized to operate the switches with suitable phase-shifting and delays. In [262,263], a control technique based on a symmetrical bridgeless active rectifier is presented where the converter works using pulse density modulation (PDM). This technique aims to provide soft switching, which is suitable for misalignments. The main features of the receiver-side control techniques are summarized in Table 12.





5.3. Dual-Side Control


Both the transmitter and receiver sides can be controlled when charging electric vehicles by the dual-side control strategy. Because of the need to control two different converters at the same time, the system that deals with dual control becomes more complicated and bulkier. Despite the complexity of the configuration of the system, the dual control allows a great flexibility and durability for the charging system, especially in misalignment cases. Therefore, the transmission efficiency and power charging can be improved and overcurrents can be eliminated because both sides are controlled. In [106], a dual control system was proposed in which a full-bridge inverter is connected to the transmitter and a controlled rectifier with a dual active bridge converter configuration at the receiver. This system was used to improve charging efficiency in the presence of large variation in the coupling coefficient and load. In [264], it was established that it is not necessary to have a wireless communication system between both sides. However, these communications remain an ideal solution to control the system as it ensures that the controller works at the transmitter side and the receiving controller follows the charging process and ensures that it follows the constant voltage or the constant current curve. The voltage is regulated by the receiving controller, while the transmitting controller uses phase-shifting technology.



In [145], a control system was proposed consisting of a buck converter and an HF half-bridge inverter on the transmitter and a passive half-wave rectifier with a boost converter connected at the receiver. By controlling the two converters at the same time, the load will be regulated; therefore, the maximum efficiency can be achieved even under a great change in load and misalignments. This control technique depends on three factors: (1) the operating frequency at which the receiver operates at resonance, (2) regulation of the input voltage by a buck converter and compensating for the voltage spiks that happens in the receiver side, and (3) the use of the boost converter in the receiver to change the battery equivalent resistance. The operating frequency is constant and does not influence the control; however, each input voltage and the battery equivalent resistance can be set to control the charging voltage of the battery. In [265], an algorithm that realizes optimal efficiency by making computations for the CV curve is presented. A benefactress version of this control technique is introduced in [266] that takes into consideration the possibility of changing the mutual inductance with misalignments. The control strategy depends on calculating the coupling factor when it finds out changes in the resistance values of the load or the output voltage and using these values to set the duty cycle of the converters. In [267], a pulse density modulated (PDM) full-bridge converter topology for the transmitter inverter was proposed. This topology mixes the merits of the PDM and ZVS strategies. Although this topology looks like the conventional full-bridge inverter, it merges a ZVS branch linked between the two output terminals of the converter to guarantee soft switching with a ZVS current. An active rectifier using the same PDM technique is used at the receiver. The mixed operation of the two converters cancels the need to utilize a dc-dc converter on the receiver, so it is likely to decrease the conversion losses and the components. This function is realized by working the converters using a maximum efficiency tracking technique.



In [268], a topology was proposed which inserts a switching voltage regulator that independently regulates the output voltage of the charger to guarantee a constant output value with misalignment. In [269], the maximum load impedance was realized by setting the output voltage of the inverter under a dual-sided control technique. The active rectifier control is dependent on a phase-locked process for the output current or voltage. In [270], a technique for semi-impedance matching under huge load changes situations was proposed. The technique is dependent on choosing half-bridge and full-bridge modes of the rectifier and inverter. The main features of the dual-side control techniques are summarized in Table 13.



Wireless charging system control is performed to regulate the battery charging power in constant current or constant voltage modes. To correctly obtain this regulation, the influence of misalignment or efficiency must be considered. The validation of the control technique relies on the converter that is connected and the measured values supplied by the communication system. A comparison between the merits and demerits of each control technique applied to each converter is summarized in Table 14.





6. R&D and Standardization Activities


In this section, the research and development that has been conducted to develop the dynamic charging system is introduced. A brief summary of the projects that contribute to the standardization of EV inductive charging technology is presented.



6.1. R&D of DIPT Systems


Researchers, vehicle manufacturers, and energy operators conducted several demonstration and pilot projects on DIPT for EVs around the world. PATH (Partners for Advanced Transit and Highways) was the first adopter of this technology. It is a program established by the University of California, Berkeley in 1986. In 1994, one of PATH’s projects focused on dynamic charging for EVs and developed the first prototype [273]. It is able to transfer 60 kW over a 76 mm air gap and achieved 60% transfer efficiency [274]. This program demonstrated the feasibility of achieving a commercial design; however, it was terminated due to its high cost at that time.



Since 2009, the Korean Institute of Advanced Technology (KAST) has been researching WPT, with their focus being on DIPT. Over the years, multiple generations of On-Line Electric Vehicle (OLEV) have been proposed. The first generation (G1) of OLEV was tested by an E-shaped magnetic structure. A 3 kW power was transmitted over an air gap distance of 100 mm with 80% efficiency at an operating frequency of 20 kHz [74]. In this generation of OLEV, the misalignment process was mechanically controlled to ensure that the maximum lateral misalignment occurred at 3 mm. G1 successfully demonstrated the arrival of the power wirelessly to the electric car, which gave a strong incentive to move forward with the development of the charging system. A U-shaped magnetic structure was used in the second generation (G2) of OLEV [75,275]. The U-shaped structure transmits high power over a larger air gap distance with less magnetic field emissions. A power of 6 kW was transmitted over a transmission distance of 170 mm at a frequency of 20 kHz with a transmission efficiency of 72%. In the third generation (G3) [276], a W-shaped magnetic structure was used, which is characterized by being lower in magnetic resistance with a factor of three when compared to U-shaped. Therefore, the coupling coefficient is very high without the need to use metal shielding, so that a power of 15 kW can be transmitted with an efficiency of 80% within an air gap distance of 200 mm.



A charging system was developed in 2010 to suit vehicles and buses, and it was known as the fourth generation (G4) of OLEV [76]. It has a width 100 mm and can transmit a power of 27 kW within 200 mm at a transmission efficiency of up to 74%, by using an I-shaped magnetic structure. This design allows the occurrence of lateral misalignment with a distance of 240 mm. This generation produces much lower EMFs than previous generations, reaching 1.5 µT at a distance of 100 cm from the middle of the transmission path due to the transmission path possessing alternating magnetic poles along the path. When using a capacitor bank indoors with an I-type transmission track, it makes the system more durable for high humidity and withstands external mechanical stress for a period of no less than 10 years according to the requirements of the system [74]. An ultra slim S-type track was used in the fifth generation (G5) of OLEV, which has an S-shaped magnetic core. In [36,277], a transmission path was provided using an S-shaped magnetic structure of 40 mm width. This track is smaller in size, has a lower weight, is easier to install, and less expensive than other designs. A power of 22 kW is transmitted over 200 mm with a transmission efficiency of 71%, and the tolerance of the misalignment of 300 mm is allowed. In this design, there is one downside, which is the increased self-inductance, which leads to a high voltage pressure [75].



In [75], the sixth generation (G6) was proposed, where a magnetic U-shaped structure was used, very similar to the one used in G3 design, but without a core plate. This system is suitable for both static and dynamic charging, its operating frequency reaches 85 kHz, and the possibility of interoperability between static and dynamic charging systems was also studied [278]. In [91], a method was proposed to choose the length of the transmission coil taking into account the vehicle speed, power consumption per kilometer, power loss, and charging efficiency. A long transmitter coil, rectangular receiver coil, and LCC-S compensation topology were used. The transmission power and efficiency were calculated, then the minimum value of the transmission coil current was inferred from the maximum value of the charging power. Power transmission was achieved with an efficiency of no less than 85%.



Additionally, demonstration and pilot projects are curial to explore challenges in this technology, identify solutions, and help in developing standard practice. Examples for these projects are FABRIC and UNPLUGGED. The FABRIC project started in 2014 and ended by the end of 2017 [279]. It demonstrated the feasibility of using the DIPT in various use cases, including high power (20 kW) and movement from stationary to 100 km/h travel speed. It also explored interoperability, electromagnetic compatibility (EMC), and the impact of EMFs on human health in the countries participating in this project [280]. It concluded that the overall efficiency of the DIPT system is a key factor in decision-making for the implementation of the system, as it is expected that an efficiency from 80% to 90% is achievable when the transmitter coil matches the vehicle pad. Road construction plays an important role in the efficiency and reliability of the system, where placing a coil on the ground side requires careful study to avoid overlapping fields.



UNPLUGGED is another project that ran from 2012 to 2015. This project tested the effect of IPT systems for EVs on clients in urban regions and the feasibility of the technology to extend the driving range [281]. To achieve these goals, UNPLUGGED examined the interoperability, practical issues, technical feasibility, and social and economic effects of inductive charging. The economical design and feasibility study for in-route dynamic charging were included. Two systems were development and implemented: 3.7 kW (tested for efficiency) and 50 kW (considering two different vehicles, with different restrictions and conditions; the charger is able to give full power to both, improving flexibility) [282]. Such projects are helpful to inform decision makers about the feasibility of dynamic inductive charging for EVs and contribute to the standardization effort.



Researchers are still working to develop a dynamic charging system so that it can be practically applied within cities. This application makes the wireless charging process easier, safer, and helps the spread of environmentally friendly electric cars, and it will facilitate the idea of creating self-driving cars. A summary of the research and development (R&D) that took place in the DIPT system is presented in Table 15 in terms of power level, frequency, efficiency, air gap, transmitter and receiver configuration, and misalignment tolerance.




6.2. Standardization Activities for WPT


As an emerging technology, stationary inductive charging systems necessitate standards that provide clear specifications and guidelines for technology development, testing, installation, and operation. Electric vehicle supply equipment companies and automotive companies who are looking to bring this technology to the market will rely on these standards to streamline development, reduce costs, accelerate adoption, and comply with interoperability objectives, safety measures, and efficiency. In addition, standardization will help to facilitate the interoperable operation for the system with different vehicles.



Several national and international entities are developing standards, guidelines, specifications, and recommended practices for stationary inductive charger for different vehicles and operation environments, such as the Society of Automotive Engineering (SAE), International Electrotechnical Commission (IEC), Japan Automobile Research Institute (JARI), International Organization for Standardization (ISO), Underwriters Laboratories (UL), and National Technical Committee of Auto Standardization (NTCAS). Some of these standards describe the system configurations for different power levels and air gaps, such as SAE J2954 and IEC 61980-1, while others provide guidelines for data communication and interface, such as IEC/TS 61980-2. A summary for most of the released standards for EV inductive stationary charging technology is presented in Table 16. The table shows the developing organization/group, a brief description, and the status, which is expressed as published, revised, stabilized, or active. These standards cover several topics related to the technology; however, there are still some challenges facing the standardization process as summarized below:




	–

	
The standards consider incompatible shapes of coils such as circular/rectangular and double-D (DD), which do not work with each other efficiently [30]. This raises interoperability concerns and requires additional efforts to make the system interoperable and increases the system cost.




	–

	
Many details and information are missing in the standards related to compensation topologies, power converters, control, and system operation.




	–

	
These standards are developed for light-duty EVs with slow charging (up to 20 kW); however, standards that cover fast wireless charging for light-, medium-, and heavy-duty EVs do not exist.









Given the similarity between stationary and dynamic IPT systems, big part of the standardization effort of stationary wireless charging can be extended for dynamic charging as well. For instance, standards related to EMFs can be used for dynamic charging. Also, guidelines related to coils design, converter design, and controls can be leveraged.



Even though there are some ongoing discussions and thoughts within the research communities to develop standards for DIPT systems for EV charging, to the authors’ knowledge, there are no current standard projects. However, it is crucial to start developing standards and recommended practices for this technology to facilitate system development, demonstration, and operation. Such a standardization effort requires a strong collaboration among diverse stakeholders, including road authorities, governments, EVSE companies, and original equipment manufacturers (OEMs).



Here are the key topics that can to be included within a standard to help tackle challenges associated with DIPT systems:




	–

	
Standards must incorporate appropriate transmitter design including coil configuration, compensation topology, power converters, coil detection, control, and data communication.




	–

	
Design considerations must be presented to ensure the interoperability between static and dynamic charging systems, so an EV with a wireless pad can be charged using a static and dynamic system. Additionally, since the system will be installed and operate on public roadways, it must be applicable for different types/classes of EVs regardless of model, size, manufacture, etc.




	–

	
Safety topics related to EMFs, object detection, and access control must be addressed, showing the requirements and testing procedures to ensure the compatibility of the system to these requirements.




	–

	
They should include methods to integrate the transmission station (transmitter pad, compensation circuit, and converter) with the road and the impact of different road materials, such concrete and asphalt, on the system performance.




	–

	
They must present details for system packaging, thermal management, and cooling processes for outdoor installation and operation.




	–

	
The standards should incorporate how to integrate the system with the grid, including grid interface, impacts, and mitigation techniques.




	–

	
Standards should include information about system level design and characteristics in terms of power level and roadway coverage, considering vehicle speed, vehicle efficiency, road condition, grid availability, etc.











7. Challenges and Opportunities of DIPT Technology


In addition to what has been realized in the literature, further developments and research are required to enhance the performance of the wireless charging system and to reach radical solutions to the obstacles that hinder the penetration of technology to the global market. Some of these challenges are presented with recommended guidelines.



7.1. Implementation


Road infrastructure: Road infrastructure is one of the most important factors which facilitate EVs to penetrate the universal market and to be more widespread. Good road infrastructure permits easy installation and maintenance and decreases the implementation cost of wireless charging systems. As a result, governments and commercial organizations are encouraged to set up charging stations in order to popularize the use of electric cars. Most countries do not have the suitable infrastructure; therefore, these countries are developing short-term plans to enhance the road infrastructure to help spread the wireless charging of EVs.



In Germany [303], it is expected that the road infrastructure would need to be replaced during the next twenty years in order to be able to use wireless charging on a large scale, and this would help to develop electric vehicles and access to automatic vehicles. Project Forever Open Road is developing the next generation of optimized, adaptive roads for wireless charging designs and communication systems merged with them [304]. Coils buried inside roads must meet the same regulations relating to the road incorporating them. There are two types of suitable roads for installing inductive charging pads. One of them is the traditional solid style road which is made up of a concrete section with 4 cm gradient overlaps instead of the base and binder courses which are available in the typical roads that are being constructed and developed these days. This typical road consists of a number of layers of rubble and a flexible structure consisting of a membrane, sub-layer, sub-base, main track, binding cycle, and 4 cm surface course. The transmitter coils are buried inside the main path of modern flexible road and inside the sub-base of the traditional solid road, and this ultimately affects the depth of the charging pad; in the traditional solid roads, the pad is placed at a lower depth [303]. The air gap with the buried depth of the charging pad on the transmitter side represents the distance over which the power is transported [305]. Thus, increasing the pad depth inside the concrete parts may cause problems in the power transmission process.



In [306], the author proposed the use of magnetizable concrete that acts as magnetic shielding to assist in directing and confining the magnetic field between the transmitter and receiver pads. The charging coils buried inside the ground must be able to withstand the expansion and contraction that occurs to the road surface [79], and the charging system must not be an obstacle to the periodic road maintenance that occurs every 10–12 years, such as the occurrence of resurfacing. The phenomenon of resurfacing has a great negative impact on wireless charging systems, as the average life span of these systems is about 20 years, and therefore the pad structure must be able to withstand the process of resurfacing at least once.



	–

	
Interoperability: Additional efforts are needed to investigate the interoperable operation among various kinds of pad designs. How can the interoperability options be tested and estimated? Which models achieve interoperable principle with others? The effect of various implementation conditions for the transmitter pad (above-, flush-, and under-ground) on the interoperability concept of the IPT system must be explored, and the interoperability of different types of receiver pads with a static and dynamic transmitter considering the different integrations with the road must be investigated.




	–

	
Durability: WPT systems will be implemented outdoor for general use, so they need to be robust enough to withstand the harsh environmental and extreme operating conditions. In addition, the method of pad integration with both the vehicle and road is an open question that requires extensive engineering effort.








7.2. Safety Concerns


There are concerns associated with the safety of the system. The first safety concern is related to EMFs; extra effort is required to investigate novel shielding designs, especially active and reactive shielding. Another safety concern is related to the heat produced in metallic objects next to the system, which requires an effective foreign metal object detection method. In addition, a living object detection method is necessary to prevent pets and animals accessing the hot region during operation. All the current foreign object detection techniques are exploring ways to detect the object and shut down the system. However, it is important to investigate what needs to be done after shutting the system down.



Wireless charging for EVs demands high electric power to transmit through a large air gap by magnetic induction. Accordingly, powerful EMFs are generated around the charging system while it is operating. These fields may exceed the maximum permissible limits established by the international standards and guidelines [60,291,307]. These magnetic fields may have the potential to induce high field strengths in human tissues and organisms located in the vicinity of the WPT charging system. This increases the important safety issues such as the heat stress on the whole body, redundant heating of localized tissues, and damage to public health [308,309]. Furthermore, these electromagnetic fields may have the potential to discontinue operation of the implantable medical devices that are found in the vicinity of the system [310]. Therefore, all precautions must be taken into account when conducting the design and manufacturing steps to guarantee electromagnetic compatibility (EMC) with global standards. In addition, EMFs must undergo mandatory testing after manufacturing and installing the charging system inside the EV to ensure EMC before being put on the market.



Many studies that provide analysis, evaluation, and assessment of the electromagnetic fields of the wireless charging system can be found in electric vehicle applications [14,311,312,313,314,315,316,317]. These studies address exposure to electromagnetic fields during the steps of design. Furthermore, all these studies are based on numerical simulation of the WPT coupler and the human body to test the fundamental limitations. Some studies that blend simulation and experimental evaluation of EMFs can be found in the literature [318,319,320]. Nevertheless, in these studies, prototypes with low power transmission capacity that do not match the requirements of electric vehicles were used. Moreover, the electric vehicle body shielding effect was considered simply with a metal plate, which does not reflect the real behavior of the entire vehicle body in EMF measurements.



To address safety issues related to EMFs, EMF shielding solutions are proposed in this section. EMF shielding is typically used in IPT systems to minimize these leakage EMFs, thus improving the coupling performance and leading to a better efficiency and quality factor [321]. Different types of shields have been reported in the literature, such as passive (magnetic, conductive, or both), active, and reactive [62]. In [322], a 100 kW IPT system with matched DD coils was laboratory tested at an 85 kHz frequency with an aluminum plate only as shielding, which showed a 25% increase in EMF emissions. The study proposed an extra magnetic loop of ferrite bars to be added around the coil for minimizing the leakage flux, which was able to reduce the emission by 60%.



In [323], an active coil, placed on the primary side only, was used for shielding of the planar coils, which resulted in a significant reduction in the leaked EMF around the system. Two active coil structures were explored and compared: a traditional active coil and an adopted active coil. The system was tested at an 85 kHz frequency and 7.7 kW output power. The impact of the two shields on the self- and mutual-inductance and coupling coefficient was studied. The adopted active coil showed a significant reduction in the leakage EMF around the system. In [64], a reactive shield was considered in an inductively charged electric bus to reduce the EMF around the system which consists of two circular pads. The impact of the shield on the self- and mutual-inductance and magnetic field was investigated. It was found that the reactive shielding was able to reduce the magnetic field by 64%, with minimal impact on the system parameters. Furthermore, the study concluded that reactive shielding is more effective and efficient than the passive conductive shielding of the same size.




7.3. Technologies


	–

	
Cost: Extra efforts are needed to keep the system’s cost low by using cost-effective materials (wires, magnetic cores, and shielding materials), manufacturing, and implementation processes. DIPT can mitigate the high cost of EVs by substantially reducing the onboard battery size. The lack of a charging infrastructure is currently the main impediment to DIPT. Therefore, efforts from the private sector and also from the government are required to work on improving the infrastructure in the hope of reducing the total cost of the dynamic charging system.




	–

	
Communication system: Communication is essential in DIPT to ensure that the power transfers to the battery charging system in time or else the charging system is likely to fail. Therefore, the data exchange between the transmitter and the receiver must take place in actual time [324]. In the ideal scenario, a real-time control system would be established to implement the control loop of the battery charging system. However, the control in DIPT systems gives good performance despite the delay caused by wireless communications. The wireless communication system needs to be improved to transmit data of the coupling factor between the receiver and transmitter sides for better charging, accuracy, security, and reduced delay time.




	–

	
Fast Charging: There is a current need to design chargers that are able to bring the charging time down to less than 15 min. Therefore, investigating high-power wireless chargers (>200 kW) is a gap that needs to be filled. Novel pad designs with new magnetic materials, wires, and shielding are crucial so that the system can transfer high power efficiently at a reasonable cost and work at high misalignment conditions and with a larger air gap.




	–

	
Sensor systems: It is necessary to achieve the development of the sensor systems and controllers that are used to detect EVs on the highways in DIPT with segmented coils to charge batteries without errors to increase total system efficiency.









8. Conclusions


This paper presented an extensive overview for the current state-of-the-art of dynamic IPT, considering various types of transmitting coils (long coil track or segmented coils), supply arrangements, power converters, compensation circuits, and control topologies. In addition, the paper summarized industrial R&D activities in dynamic IPT, including pilot and demonstration projects. Comparative analysis between the different compensation circuits in terms of features, advantages, drawbacks, and use cases was presented. The paper summarized different power converter topologies used in dynamic IPT. The control strategies on the transmitter and receiver sides were explored. Challenges and opportunities associated with dynamic IPT technology were concluded. This review provides an inclusive guide for researchers, students, and engineers who are interested in developing and demonstrating dynamic inductive charging technology.
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Figure 1. Simplified block diagram of an exemplary IPT system. 
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Figure 2. Various cases of pad implementation in DIPT system: (a) STSR, (b) MTSR, (c) STMR, and (d) MTMR. 
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Figure 3. Components of DIPT system with single long coil track. 
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Figure 4. Single transmitting wire track used in DIPT system: (a) U-type, (b) E-type, (c) I-type, (d) S-type, (e) ultra slim S-type, and (f) cross-segmented track (X-type). 
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Figure 5. Types of sectionalized long transmitting track: (a) centralized switching, (b) distributed switching, and (c) crossed-segmented switching. 
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Figure 6. Simple configuration of segmented transmitter coil track for DIPT system. 
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Figure 7. Supply arrangements for segmented transmitter of DIPT system (a) using a common dc-bus and (b) using a common HF ac-bus. 
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Figure 8. Arrangement of reflexive segmentation. 






Figure 8. Arrangement of reflexive segmentation.



[image: Energies 15 05613 g008]







[image: Energies 15 05613 g009 550] 





Figure 9. Additional supply arrangements for segmented transmitter of DIPT system that allow control of individual charging segments (a) using a common HF inverter with long magnetic path and (b) using a common HF inverter with series connection of transmitter segments. 
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Figure 10. Schematics of (a) doubled coupled system and (b) intermediate coupler circuit (ICC). 
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Figure 11. Implementation of receiver pad in DIPT system: (a) single pad and (b) multiple pads. 
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Figure 12. Classification of compensation topologies. 
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Figure 13. Single-element resonant topologies: (a) transmitter series, (b) transmitter parallel, (c) receiver series, and (d) receiver parallel. 
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Figure 14. Basic compensation topologies: (a) series–series (SS), (b) series–parallel (SP), (c) parallel–series (PS), and (d) parallel–parallel (PP). 
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Figure 15. Hybrid compensation topologies: (a) LCC-LCC, (b) CCL-LC, (c) LC-LC, (d) LCL-LCCL, (e) I LCL-LCL, (f) LCC-S, (g) P-PS, (h) S-SP, (i) SP-S, (j) S-LCL, (k) CCL-S, and (l) S-CLC. 
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Figure 16. Categorization of converter topologies for DIPT. 






Figure 16. Categorization of converter topologies for DIPT.



[image: Energies 15 05613 g016]







[image: Energies 15 05613 g017 550] 





Figure 17. Inverter configuration for DIPT: (a) single-phase inverter driving single coil, (b) single-phase inverter driving multiple series coils, (c) single-phase inverter driving multiple parallel coils, and (d) multi-phase inverter. 
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Figure 18. Types of transmitter-side converter: (a) current-fed full-bridge converter, (b) voltage-fed full-bridge converter, (c) voltage-fed half-bridge converter, (d) voltage-fed LCL converter, (e) voltage-fed class D amplifier, and (f) current-fed class E RF amplifier. 
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Figure 19. Types of single-phase matrix converter (MC): (a) conventional single-phase MC, (b) single-phase Z-source MC, (c) six-switch buck–boost MC, and (d) high-frequency transformer (HFT)-isolated MC. 
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Figure 20. Types of three-phase matrix converter (MC): (a) direct MC, (b) indirect MC, and (c) three-phase Z-source MC. 
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Figure 21. Types of receiver-side converter: (a) buck converter for series compensated receiver and (b) boost converter for parallel compensated receiver. 
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Figure 22. Various control techniques for a wireless power transfer system. 
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Figure 23. Transmitter-side dc-link voltage control for a WPT system. 
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Figure 24. Transmitter-side inverter control for a WPT system. 
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Figure 25. Receiver-side dc-dc converter control for a WPT system. 
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Figure 26. Receiver side full-bridge active rectifier control for a WPT system. 
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Table 1. Comparison of various WPT technologies.
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	Technology
	Power
	Distance
	Frequency
	References





	Inductive
	Watts to a few hundred kW
	Up to 400 mm
	3 kHz–1 MHz
	[16,17,18,19]



	Magnetic resonant
	Watts to a few kW
	A few centimeters to 2 m
	100 kHz–10 MHz
	[9,11,19]



	Capacitive
	mWatts to a few kW
	A few centimeters
	Several MHz
	[20,21,22]



	Far-field
	A few kW to MW
	Tens of meters up to several kilometers
	300 MHz–300 GHz
	[16,23,24]



	Magnetic gear
	Tens of watts to a few kW
	100–150 mm
	150 Hz–300 Hz
	[12,15,19,25]



	Acoustic
	Microwatts to tens of watts
	70–300 mm
	0.5–3 MHz
	[10,26,27]
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Table 2. Performance comparison of different single transmitting wire track used in DIPT system.
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	Parameters
	U-Type
	E-Type
	I-Type
	S-Type
	Ultra Slim S-Type
	X-Track





	Leakage EMF
	High
	Low
	Medium
	Small
	Very low
	Very low



	Air gap
	Medium
	Low
	Large
	Large
	Large
	Large



	Track width
	Very large
	Medium
	Small
	Small
	Small
	Small



	Efficiency
	Low
	High
	High
	Low
	Low
	High



	Output power
	Small
	Small
	High
	High
	High
	High



	Lateral misalignment
	Large
	Small
	Large
	Large
	Very large
	Large



	Studies
	[74,75]
	[74,75]
	[76,77]
	[36,74]
	[36,75]
	[76,77]
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Table 3. Transmitter capacitor C1 and total impedance ZT for the four basic topologies [9,147,148,149].
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	Topology
	Transmitter Capacitor (C1)
	Total Impedance (ZT)





	SS
	    C 1  =  1   L 1   ω 2      
	    Z T  =  (   R 1  + j  (   L 1  ω −  1   C 1  ω    )   )  +    M 2   ω 2     (   R 2  +  R L  + j  (   L 2  ω −  1   C 2  ω    )   )      



	SP
	    C 1  =  1   (   L 1  −    M 2     L 2     )     ω 2      
	    Z T  =  (   R 1  + j  (   L 1  ω −  1   C 1  ω    )   )  +    M 2   ω 2     (   R 2  + j  L 2  ω +    R L    1 + j  R L   C 2  ω    )      



	PS
	    C 1  =    L 1       (     M 2     ω 2     R   )   2  +  ω  2      L 1 2      
	    Z T  =  1   R 1  + j  L 1  ω +    M 2   ω 2     (   R 2  +  R L  + j  (   L 2  ω −  1   C 2  ω    )   )    + j  C 1  ω     



	PP
	    C 1  =    L 1  −    M 2     L 2         (     M 2    R      L 2 2     )   2  +  ω  2        (   L 1  −    M 2     L 2     )   2      
	    Z T  =  1   1   R 1  + j  L 1  ω +    M 2   ω 2   (  1 + j  R L   C 2  ω  )     (   R L  +  (   R 2  + j  L 2  ω  )   (  1 +  R L   C 2  ω  )   )      + j  C 1  ω     
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Table 4. Comparison of four basic topologies [32,119,132,149,153,156,158,161].
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Parameter

	
Topologies




	
SS

	
SP

	
PS

	
PP






	
Total impedance

	
Reduces with misalignment.

	
Reduces with misalignment.

	
Increases with misalignment.

	
Increases with misalignment.




	
Sensitivity of misalignment

	
Low

	
Slightly higher than SS.

	
High

	
High




	
Total copper mass at 200 kW

	
Less copper mass than others.

	
4.6% more than SS.

	
30% more than SS.

	
24% more than SS.




	
Independence on coupling factor and load impedance

	
Transmitter

	
Yes

	
Yes

	
No

	
No




	
Receiver

	
Yes

	
No

	
Yes

	
No




	
Zero coupling allowance

	
Not allowed

	
Allowed

	
Allowed

	
Allowed




	
Efficiency

	
Very high

	
Low

	
Low

	
High




	
Output power

	
High

	
High

	
Low

	
Low




	
Load independent output

	
Voltage and current

	
Voltage and current

	
Only voltage

	
Only current




	
Proposed power level

	
Preferred for high power level.

	
Low or medium power level.

	
High power level.

	
High power level.




	
Inverter device voltage rating

	
Lower dc link voltage is required (higher than SP).

	
Lower dc link voltage.

	
Higher voltage is needed compared to SS and SP.

	
Higher voltage is needed compared to SS and SP.




	
Inverter device current rating

	
Transmitter coil current.

	
Transmitter coil current.

	
Active component of the transmitter coil current.

	
Active component of the transmitter coil current.




	
Other features

	

	
Load-independent output current.



	
Higher power and efficiency than SP at a frequency greater than 1 MHz.






	

	
Smaller receiver self-inductance than SS.



	
A stable current due to parallel compensation in receiver.






	
High efficiency and PF at relatively low mutual inductance and a relatively large range of load variation.

	
Used for high-power current source driven cables that run over a long distance.




	
Other drawbacks

	

	
Load dependent on the voltage ratio transmitted at partial load conditions.



	
Requires secondary self-inductance greater than SP.



	
A higher capacitor voltage due to high frequency current.






	
Lacks dc component blocking.

	

	
Requires a current input source to avoid any instantaneous changes in voltage.



	
Large input resistance requires a high driving voltage to transfer a sufficient amount of power.






	

	
Low PF.



	
Large current source requirements and high load voltage of the parallel primary.









	
Proposed application

	
WPT system (static and dynamic charging) for electric cars.

	

	
In biomedical applications.



	
Low-power applications.






	
High-power applications, electric vehicles, and buses.

	
High-power applications, electric vehicles, and buses.
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Table 5. Comparison of hybrid topologies [128,131,149,163,168,175,176,180,181].
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Parameter

	
Topologies




	
LCL and Its Modifications

	
LCC and Its Modifications

	
SP-S

	
S-SP






	
Cost and size

	
High

	
Less size and cost than LCL topology.

	
Not high

	
Not high




	
Additional element on the side

	
Two inductances.

	
One capacitor, one inductance.

	
One capacitor.

	
One capacitor.




	
Features

	

	
Reduces the VA rating.



	
High efficiency at low quality factor.



	
Lower losses in the rectifier pickup winding.



	
Maintains high efficiency during the full range of coupling and loading.






	

	
Can zero current switching and zero phase angle operation at the same time.



	
Load and coupling factor independent.



	
Reduces the current stress in the inverter.



	
Compensates reactive power on the receiver side.



	
High misalignment tolerance.






	

	
Achieves voltage stability and blocks the dc component of the input voltage by a series-connected capacitor.



	
Constant output power for high misalignment.






	

	
Gives good output stability and lower circulating losses.



	
The output voltage gain is not sensitive to the parameter change around the gain intersection point.









	
Drawbacks

	
The impedance transferred to the transmitter contains both imaginary and real parts of the load.

	
More complex in control.

	
Large voltage on the capacitor due to high-frequency current during series compensation.

	
Not detected.




	
Proposed application

	
Charger of wireless power transfer for electric vehicles.

	

	
Charger of wireless power transfer for electric vehicles.



	
High frequency application.






	
Mobile system battery charge.

	
High-power application.
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Table 6. Different WPT systems based on compensation topology.
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Topology

	
f (kHz)

	
Po (kW)

	
k

	
η

	
Air Gap (mm)

	
Coupler

	
Studies






	
SS and LCC-LCC

	
85

	
1

	
0.135

	
95% for SS

93% for LCC

	
200

	
Core: Circular–Circular

	
[182]




	
79

	
7.7

	
0.188–0.311

	
96% for LCC

	
200

	
Core: DD–DD

	
[171,183]




	
SS and LCL-LCL

	
85

	
3.3

	
0.1

	
93.1% for SS

89.5% for LCL

	
100

	
Coreless: Rectangle–Rectangle

	
[131]




	
LCC-LCC

	
79

	
7.7

	
0.18–0.32

	
96%

	
200

	
Core: Rectangle–Rectangle

	
[165]




	
95

	
5.6

	
0.14–0.3

	
95.36%

	
150

	
Core: DD–DD

	
[184]




	
85

	
3.3

	
0.153

	
92.6%

	
150

	
Coreless: Circular–Circular

	
[125]




	
85

	
3

	
0.1877

	
95.5%

	
150

	
Core: DD–DD

	
[163]




	
85

	
1.4

	
0.13

	
89.78%

	
150

	
Core: Rectangle–Rectangle

	
[69]




	
LCL-S and LCC-S

	
140

	
1

	
0.18–0.32

	
93% similar LCC

	
100

	
Core: Circular–Circular

	
[99]




	
LCL

	
85

	
5

	
0.37–0.54

	
-

	
240

	
Core: DD–DDCore: Bipolar–Bipolar

	
[185]




	
SP

	
23

	
2

	
-

	
92%

	
100

	
Core: Circular–Circular

	
[186]




	
SS

	
85

	
20

	
0.4

	
80%

	
100

	
Coreless: Rectangle–Rectangle

	
[187]




	
85

	
-

	
-

	
97.6%

	
200

	
Core: Rectangle–Rectangle

	
[188]
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Table 7. Conversion stages for DIPT with associated topologies and control handles.
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	Converter Stage
	Transmitter Rectifier
	Inverter
	Receiver Rectifier
	Back-End Converter





	Topologies
	Rectifier/ PFC.
	
	-

	
Single-phase




	-

	
Multi-phase.




	-

	
Class EF.






	
	-

	
Full-bridge diode rectifier.




	-

	
Full-bridge synchronous rectifier.






	
	-

	
Buck converter.




	-

	
Boost converter.




	-

	
Buck–boost converter.









	Control handles
	Duty ratio of PFC.
	
	-

	
Duty ratio of switches.




	-

	
Phase-shift among half-bridge.




	-

	
Switching frequency.






	No controls.
	Duty ratio.



	Studies
	[101,191,192]
	[193,194,195]
	[191,192]
	[196,197]










[image: Table] 





Table 8. Inverter topologies with control contribution and complexity.
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	Topology
	Single-phase inverter, driving single coil

	-

	
Voltage-source full-bridge.




	-

	
Current-source push–pull.






	Single-phase full-bridge inverter, driving multiple coils

	-

	
Parallel coils.




	-

	
Series coils.






	Multi-phase bridge inverter, driving multiple coils



	System complexity
	Simple in implementation, but demands a lot of devices and communication between inverters.
	It has a smaller number of inverter and device than the single coil drive arrangement, but the control complexity is high.
	It is more complex for realizing soft-switch, but the device count and communication do not rely on them too much.



	Segmentation controls
	Open or closed loops segmentation control is used to make the detection.
	
	-

	
When segmentation control is automatic, parallel compensation is used with coils.




	-

	
Open or closed-loop detection system is required with other structures.






	According to the position of the coil, the phase switching occurs.



	Studies
	[97,193,203]
	[80,98,204,205]
	[101,197,200,206]
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Table 9. Various types of single-phase MC topologies.
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	Single-Phase MC Topologies
	Conventional
	Z-Source
	Six-Switch Buck–Boost
	HFT-Isolated





	Semiconductor devices
	4 bi-directional switches.
	5 bi-directional switches.
	6 unidirectional current flowing bi-directional voltage blocking switches.
	6 active switches.



	Energy storage elements
	None.
	Two capacitors and two inductors.
	One inductor.
	
	-

	
One dc blocking capacitor.




	-

	
One level shift capacitor.




	-

	
One HFT.









	Merits
	
	-

	
Rectification and conversion.




	-

	
Step-up frequency.




	-

	
Step-down voltage.






	
	-

	
Buck–boost ability.




	-

	
Step-changed frequency.




	-

	
Safe commutation strategy required.






	
	-

	
Buck–boost ability.




	-

	
Step changed frequency.




	-

	
No commutation problem.




	-

	
Fast MOSFETs can be used.






	
	-

	
Electrical isolation.




	-

	
Step-changed frequency.




	-

	
Various type of output.




	-

	
Voltages (in or out-phase, rectified).




	-

	
Step-changed output voltage.









	Challenges
	
	-

	
Limited voltage.




	-

	
Conversion ratio.




	-

	
Commutation problem.






	
	-

	
Stored energy component.







	-

	
Increased size.




	-

	
Cost and losses.






	Stored energy component losses.
	
	-

	
Commutation problem.




	-

	
Only buck operation.




	-

	
Magnetic component losses.









	Studies
	[215]
	[216]
	[221]
	[222]
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Table 10. Various types of single-phase MC topologies.
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	Three-Phase MC Topologies
	Direct
	Sparse
	Very Sparse
	Ultra-Sparse
	Z-Source





	Semiconductor devices
	9 bi-directional switches.
	15 IGBTs and three diodes.
	12 IGBTs and 18 diodes.
	9 IGBTs and 9 diodes.
	21 IGBTs.



	Energy storage elements
	None.
	None.
	None.
	None.
	3 inductors and 3 capacitors.



	Merits
	
	-

	
High voltage transfer ratio (86%).




	-

	
Changeable frequency.




	-

	
Unity power factor.






	
	-

	
Lesser number of IGBTs.




	-

	
Changeable frequency.






	
	-

	
High voltage transfer ratio (86%).




	-

	
Unity power factor.






	
	-

	
Lesser number of IGBTs and diodes.




	-

	
Lower switching and conduction losses.






	
	-

	
Buck–boost ability.




	-

	
Changeable frequency.









	Challenges
	
	-

	
Limited voltage.




	-

	
Commutation problem.




	-

	
Design of input filter.






	
	-

	
Conversion ratio.




	-

	
Commutation problem.






	High conduction loss.
	Unidirectional power flow.
	Higher size cost and losses.



	Studies
	[223,230]
	[225,231]
	[226,232]
	[227,228,233]
	[218,229]
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Table 11. Various transmitter-side control techniques.
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	Controlled Component
	Controlled Parameter
	Kind of Control
	Applications
	Studies





	Converter
	Inverter frequency and dc-dc converter duty cycle
	CC and CV
	Stationary charging
	[247]



	Inverter
	Inverter frequency and duty cycle
	Maximum efficiency CC
	Stationary charging
	[253]



	Inverter
	Inverter frequency and duty cycle
	Maximum efficiency
	Stationary charging
	[193]



	Inverter
	Inverter phase-shift
	Maximum efficiency
	Stationary charging
	[248]



	Inverter
	Inverter phase-shift
	CP
	Stationary charging
	[249]



	Inverter
	Inverter duty cycle
	CV
	Stationary and dynamic charging
	[250]



	Inverter
	Inverter frequency
	CP with ZPA
	Stationary and dynamic charging
	[252]
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Table 12. Various receiver-side control techniques.
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	Controlled Component
	Controlled Parameter
	Kind of Control
	Applications
	Studies





	Receiver dc-dc converter
	Duty cycle
	Maximum power transfer
	Static
	[258]



	Receiver rectifier
	Phase controller angle (α)

and conduction angle (β)
	CV
	Static
	[261]



	Receiver rectifier
	Pulse density modulation (PDM)
	CV with soft switching
	Static
	[262]



	Receiver dc-dc converter
	Duty cycle
	Maximum efficiency
	Dynamic
	[255]



	Receiver rectifier
	Pulse density modulation (PDM)
	CV with ZVS and ZCS
	Dynamic
	[263]







ZCS: Zero current switching.
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Table 13. Various dual-side control techniques.
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	Controlled Component
	Controlled Parameter
	Kind of Control
	Applications
	Studies





	Transmitter inverter and receiver rectifier
	Transmitter and receiver pulse width
	CC-CV
	Static
	[105]



	Transmitter inverter and receiver charging protection circuit
	Transmitter inverter phase-shift

and receiver hysteresis control
	CC-CV
	Static
	[264]



	Transmitter and receiver dc-dc converters
	Transmitter voltage, charging voltage, and efficiency
	Maximum efficiency
	Static
	[145]



	Transmitter and receiver dc-dc converters
	Transmitter voltage, charging voltage, and efficiency
	Maximum efficiency
	Static
	[265]



	Transmitter and receiver dc-dc converters
	Transmitter voltage, charging voltage, and efficiency
	Maximum efficiency
	Static
	[266]



	Transmitter inverter and receiver rectifier
	Transmitter voltage, charging voltage, and efficiency
	Maximum efficiency
	Static
	[271]



	Transmitter PFC, transmitter inverter, and receiver rectifier
	PFC duty cycle, inverter mode switching, rectifier duty cycle, and phase angle
	Maximum efficiency
	Static
	[114]



	Transmitter inverter and receiver rectifier
	Efficiency
	Maximum efficiency CC/CV with ZVS
	Static
	[272]
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Table 14. Comparison between merits and demerits of each control technique.






Table 14. Comparison between merits and demerits of each control technique.





	
Control Type

	
Converter

	
Merits

	
Demerits






	
Transmitter-side

	
dc-dc converter

	

	-

	
The operating frequencies varies with the inductive link.




	-

	
The grid rectifier efficiency increased when operating as PFC.







	

	-

	
Communications are required in control in case of misalignment.




	-

	
Maximum efficiency strategies cannot be implemented.










	
Inverter

	

	-

	
Easy to control the output voltage.




	-

	
The dc-dc converter is not required.




	-

	
Possibility to set the frequency to enhance the resonance.







	

	-

	
Communications are required in control in case of misalignment.




	-

	
Maximum efficiency strategies cannot be implemented.










	
Receiver-side

	
dc-dc converter

	

	-

	
Communications are not required in petty control techniques, even in case of misalignment.




	-

	
Operating frequency is different from inductive link.







	
The inability to control charging power and efficiency at the same time.




	
Controlled rectifier

	

	-

	
Communications are not required in petty control techniques, even in case of misalignment.




	-

	
The dc-dc converter is not required.







	
Synchronization between the ac signal and the controller is required.




	
Dual-side

	
-

	

	-

	
Improved maximum efficiency techniques can be provided.




	-

	
Charging power is almost constant under misalignments without exceeding component limits.







	
In most strategies communications are needed.
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Table 15. Summary of R&D for DIPT system.
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Parameter

	
Power (kW)

	
Frequency

	
Air Gap

	
Efficiency

	
Transmitter

	
Receiver

	
Misalignment

	
Studies






	
KAIST

	
G1

	
3

	
20 kHz

	
10 mm

	
88%

	
E-type

	
E-type

	
~3 mm

	
[74,283]




	
G2

	
6

	
20 kHz

	
170 mm

	
72%

	
U-type

	
Flat-type

	
~230 mm

	
[74,75]




	
G3

	
15

	
60 kHz

	
120 mm

	
80%

	
W-type

	
DD coil

	
–

	
[74]




	
G4

	
27

	
–

	
200 mm

	
74%

	
I-type

	
DD coil

	
240 mm

	
[36,68]




	
G5

	
22

	
–

	
200 mm

	
71%

	
S-type

	
DD coil

	
300 mm

	
[36,74]




	
G6

	
3.3

	
85 kHz

	
100–300 mm

	
83%

	
W-type with ferrite plate

	
Rectangular

	
700 mm

	
[278]




	
ORNL

	
1.5

	
23 kHz

	
100 mm

	
75%

	
Circular with ferrite bars

	
Circular with ferrite bars

	
–

	
[186]




	
20

	
22 kHz

	
162 mm

	
93%

	
Rectangular with ferrite core

	
Rectangular with ferrite bars

	
150 mm

	
[284]




	
UoA

	
20–30

	
12.9 kHz

	
50 mm

	
85%

	
–

	
–

	
50 mm

	
[18,32,285]




	
USU

	
25

	
20 kHz

	
–

	
86%

	
Circular with ferrite bars

	
Circular with ferrite bars

	
150 mm

	
[238]




	
CW

	
120

	
15–20 kHz

	
40 mm

	
90%

	
E-type

	
F-type

	
–

	
[32]




	
NRC

	
1

	
90 kHz

	
100 mm

	
>90%

	
Rectangular

	
Circular with ferrite core

	
–

	
[286]




	
NCSU

	
0.3

	
100 kHz

	
170 mm

	
77–90%

	
Circular

	
Circular with ferrite plate

	
~30 mm

	
[79,287]




	
WAVE

	
50

	
20 kHz

	
152–254 mm

	
90%

	
–

	
–

	
~254 mm

	
[32,288]




	
JRTRI

	
50

	
10 kHz

	
7.5 mm

	
–

	
Bipolar

	
DD coil

	
–

	
[289]




	
Bombardier

	
200

	
20 kHz

	
60 mm

	
90%

	
–

	
–

	
A few mm

	
[32,290]




	
FDIAU

	
80

	
20 kHz

	
100 mm

	
88–90%

	
–

	
–

	
–

	
[19]




	
PATH

	
60

	

	
76 mm

	
60%

	
–

	
–

	
–

	
[273]








RNL = Oak Ridge National Laboratory, UoA = University of Auckland, USU = Utah State University, CW = Conductix-Wampfler, NRC = Nissan Research Centre, NCSU = North Carolina State University, JRTRI = Japan Railway Technical Research Institute, FDIAU = Flanders Drive with industries and universities.
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Table 16. Summary for the different standards of EV inductive stationary charging.
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Developer

	
Name

	
Description

	
Status

	
Date

	
References






	
SAE

	
J2954

	
Introduces guidelines which determine acceptable criteria for interoperability principle, EMFs compatibility, minimum performance, safety degree, and testing for wireless charging of light duty and plug-in EVs. This version considers unidirectional charging operation, from grid to vehicle (G2V).

	
Published

	
2020

	
[31,291]




	
J1773

	
Defines the minimum accepted limits of interface requirements for EVs, in addition to inductive charging in areas of the same geographical nature. It is recommended to transmit power at higher frequencies than power line frequencies.

	
Stabilized

	
2014

	
[292]




	
J2847/6_202009

	
Defines the accepted limits for communication between an EV and an inductive battery charging system for WPT.

	
Revised

	
2020

	
[293]




	
J2836/6_201305

	
Defines the communication cases that are used for EVs and the wireless EV supply equipment (EVSE) for wireless power transmission as defined in SAE J2954. It provides the communication requirements between the on-board charging system and wireless EVSE to support WEVSE detection, charging operation, and charging operation monitoring.

	
Revised

	
2021

	
[294]




	
IEC

	
IEC 61980-1

	
Universal requirements. It introduces recommendations that apply to equipment to transmit power wirelessly using the inductive charging concept, to supply power to storage devices such as insulating batteries or to supply the power to the grid when needed. The areas presented in this issue are the characteristics for the desired safety limit of a supply device, communications between the EV and transmitter device to enable and control the WPT system, and specific EMFs compatibility requirements for a supply device.

	
Active, most current

	
2020

	
[295,296]




	
IEC/TS 61980-2

	
Presents particular conditions for communication between EVs and infrastructure in order to facilitate the charging in a WPT system. Work has also been done to reach the communication requirements for charging vehicles with two and three wheels, and communication requirements during bidirectional charging. This release does not address safety requirements during maintenance or for trolley buses and trucks designed for off-road use.

	
Active, most current

	
2019

	
[297]




	
IEC/TS 61980-3

	
Specifies special requirements for the magnetic field wireless power transfer (MF-WPT) generated in the wireless charging system. Work has also been done to reach the communications requirements for required safety by a MF-WPT system, the requirements to assure efficient and safe MF-WPT power transfer, and specific EMFs compatibility requirements for MF-WPT systems.

	
Active, most current

	
2019

	
[298]




	
JARI

	
G106:2000

	
Provides the general requirements to provide inductive charging for EVs.

	
Published

	
2000

	
[299]




	
G108:2001

	
Provides the software interface for the inductive charging system of EVs.

	
2021




	
G109:2001

	
Describes the use of the IPT system to transfer power wirelessly. It also defines universal requirements for the wireless charging process.

	
2001

	
[291,300]




	
UL

	
UL9741

	
Provides universal requirements for the interchange charging operation considering the bidirectional charging process to supply the power to the grid and feed traditional loads.

	
Active

	
2017

	
[9,301]




	
UL-SUBJECT 9741

	
Defines the requirements for each unidirectional and bidirectional operation for electric vehicles. Unidirectional operation supplies power from the utility grid to charge the electric vehicle battery. Bidirectional operation serves the same function but additionally provides power to the utility grid from the electric vehicle.

	
Active

	
2021

	
[302]
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