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Abstract

:

Catalyzed by the increasing interest in bi-directional electric vehicles, this paper delves into their significance and the challenges they encounter. Bi-directional electric vehicles not only serve as transportation but also function as essential electricity resources. Central to this energy revolution are On-Board Chargers (OBCs), which are pivotal in converting alternating (AC) energy into direct (DC) energy and vice versa. In this context, we explore the various circuit architectures of OBCs employed in bi-directional electric vehicles. We delve into the intricacies of rectifiers, switching converters, and the application of advanced control and filtering technologies. Our analysis extends to the implications of these circuit architectures on aspects such as voltage regulation capability, energy efficiency, and thermal management. Furthermore, we address the broader significance of these developments in the integration of bidirectional systems, which are driving advances in circuit architectures to better harness the energy flexibility of electric vehicles. We emphasize the critical role of bi-directional electric vehicles in the transition toward a smart and sustainable energy grid. To enhance accessibility for a diverse readership, we will provide concise definitions or explanations for technical terms used throughout the paper, ensuring that our work is approachable even for those who may not be experts in the field.
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1. Introduction to Battery Chargers for EV


Charging systems for hybrid and electric vehicles are essential for powering the batteries of such vehicles, enabling them to operate efficiently. These systems can be divided into two main categories: off-board charging systems and on-board charging systems [1,2] (see Figure 1).



Below we provide an overview of both types of systems.



	
Off-Board Charging Systems:




	−

	
Public Charging Stations: These are publicly accessible charging stations and are often located in places such as gas stations, public parking lots, shopping malls, and other public areas. Public charging stations usually provide high-power direct current (DC) charging and low-power alternating current (AC) charging [3,4].




	−

	
Rapid Charging Stations: These stations provide high-power DC charging, allowing vehicles to recharge much more quickly than standard charging stations. They are ideal for long trips and are often located along highways [5,6,7].




	−

	
Induction Charging: This technology allows an electric vehicle to be recharged wireless, using electromagnetic fields. The vehicle must be placed on top of a special charging plate installed in the ground. Induction charging is still under development, but promises greater convenience [8,9].




	−

	
Home Charging Stations: These stations are installed in private homes and allow electric vehicle owners to charge their vehicles at night or when they are at home. They can offer alternating current (AC) or direct current (DC) charging, depending on the needs of the vehicle [10,11,12].









	
On-Board Charging Systems:




	−

	
On-Board Charger: Most hybrid and electric vehicles are equipped with an on-board charger that allows the vehicle to be connected to an external power source, such as a household outlet or a public charging station. This charger converts electricity into direct current to recharge the battery [13,14,15].




	−

	
Recharging Connector: Every electric vehicle has a charging connector that connects to the charging station. There are various types of connectors, including the CCS (Combined Charging System) connector, the CHAdeMO connector [16], and the Type 2 connector (IEC 62196) [17]. Compatibility between the vehicle and the charging station depends on the type of connector used.




	−

	
Recharge Management Systems: Some electric vehicles are equipped with advanced charging management systems that allow drivers to schedule charging according to their schedules or take advantage of cheaper energy rates. These systems can also optimize charging to preserve battery life [18].




	−

	
On-Board Batteries: On-board batteries are obviously a key component of electric vehicles. These batteries are designed to be recharged through the on-board system and provide the energy needed to power the vehicle [19,20,21].












In general, the availability of charging stations, charging power, and connector compatibility are important factors influencing the charging experience for hybrid and electric vehicle owners. The continued expansion of public charging infrastructure and the evolution of charging technologies are contributing to the increasing viability of electric vehicles.



In the context of the evolution of sustainable mobility, it is critical to understand the differences and evaluate the advantages and disadvantages of off-board and on-board charging systems for hybrid and electric vehicles. Off-board charging stations, such as public charging stations, offer the convenience of fast charging speed, which is ideal for long-distance travel and situations where fast charging is needed. These stations are increasingly available in urban areas and along highways, increasing accessibility to electric vehicles. In addition, many of these stations are compatible with a wide range of vehicles, regardless of model or manufacturer. Some of them also provide high-power charging, allowing substantial charging in very little time. However, there are also disadvantages to consider, such as the user fees associated with certain public stations, which can increase total charging costs compared to home charging. In addition, crowding and limited availability in some areas can cause inconvenience to drivers. On the other hand, on-board charging at home offers maximum convenience and keeps the vehicle always ready for use, eliminating the need to travel to public charging stations. The ability to schedule charging overnight by taking advantage of cheaper energy rates helps reduce operating costs. In addition, the lack of user fees makes this option cheaper in the long run. However, on-board charging at home has some limitations, including a more limited charging speed than public stations or fast charging solutions. This could be problematic for those who require fast charging. In addition, mobility is limited to locations where a dedicated charging station has been installed, and initial installation can incur significant costs, especially if changes have to be made to the existing electrical system. In conclusion, the choice between off-board and on-board charging systems is influenced by the individual needs of drivers. Often, the best approach is to use a combination of both systems to maximize convenience and reduce the cost of operating hybrid and electric vehicles.



In Table 1, we provide a direct comparison between off-board and on-board charging systems for electric vehicles. This comparison is crucial for understanding the choices that electric vehicle drivers must make when it comes to recharging their vehicles. Below, we discuss the key points presented in the table.



Off-board systems, including public charging stations, rapid charging stations, and wireless charging systems, offer a wide presence of stations in urban areas and along highways. These systems are known for their ability to provide fast charges and are ideal for long-distance travel. However, they may involve higher costs due to usage fees at some stations and can be affected by congestion in certain areas. On the other hand, on-board systems primarily rely on home charging stations. They offer maximum convenience, allowing drivers to recharge their vehicles directly at home. This approach eliminates usage fees and provides the flexibility to schedule charging during cost-effective energy rate hours. However, charging is slower compared to high-power public stations, which could be a concern for those in need of fast charging. Additionally, it requires the installation of a dedicated home charging station, incurring associated costs. The comparison between these two systems is vital for electric vehicle drivers as it will significantly impact their charging experience and associated costs. The choice between off-board and on-board systems will depend on individual driver needs and the charging conditions available in their region.




2. On-Board Chargers for HV/EV Charging Systems


2.1. Motivation to Move on OBCs


On-board chargers (OBCs) represent a dominant technology trend over off-board chargers in electric and hybrid vehicles due to a number of key advantages. First, their direct integration into vehicles offers significant convenience to users. It is no longer necessary to carry an external charger or to search for dedicated charging stations. The ability to charge directly from a standard power outlet, such as the one in one’s home, greatly simplifies the daily lives of motorists. In addition, OBCs can be designed and optimized specifically to suit the needs of the vehicle’s battery. This results in greater efficiency during the charging process. OBCs can deliver more consistent and controlled charging power than off-board chargers, which must be designed to fit a variety of vehicles. The integration of OBCs into vehicles also enables more direct and sophisticated communication. Many OBCs are equipped with two-way communication systems that enable the vehicle to interact with the power grid and charging infrastructure. This paves the way for advanced features, such as scheduling charging time to take advantage of low energy rates or managing power in response to grid needs. From a size and weight perspective, integrated OBCs take up less space than external chargers and can contribute to overall weight savings in vehicles. In terms of safety, OBCs can be designed with advanced protection systems to ensure the safety of the vehicle and the charging system. These systems include short-circuit detection, temperature monitoring, and overload protection. Finally, there is a trend toward the standardization of OBCs. Automakers and industry organizations are working to establish common standards, thereby simplifying the production and use of electric and hybrid vehicles. In summary, on-board chargers offer a convenient, efficient and integrated solution for charging electric and hybrid vehicles. Although they can be complemented by external charging stations for longer trips or public needs, their predominant role in meeting daily charging needs is a major step forward in the transition to electric mobility.




2.2. Standards and Classification


In electric vehicles, On-Board Charger (OBC) device connectors play a crucial role in battery charging. There are different types of connectors around the world, each with its own specific characteristics and applications. The J1772 (Type 1) connector is commonly used in the United States, Canada, and some other regions. However, its charging speed is limited compared to newer standards and is associated with vehicles such as the Nissan Leaf and Chevrolet Volt, both made in the United States. Tesla uses a proprietary connector, known as the Tesla Connector, which offers high charging powers, greatly accelerating the charging of Tesla vehicles, including the Model S, Model 3, Model X, and Model Y. However, this standard is exclusive to Tesla vehicles and is not compatible with those of other manufacturers. In Japan and some regions of the world, the CHAdeMO connector is common and offers fast DC charging. It is often associated with vehicles such as the Nissan Leaf, Mitsubishi i-MiEV, and Kia Soul EV. The Combo Charging System (CCS) connector has been increasingly adopted in Europe and North America [22].



It offers the versatility of supporting both DC and AC charging and is associated with vehicles from brands such as BMW, Volkswagen, Ford, Audi, and others. In Europe, the Type 2 connector (IEC 62196) is widely used for AC charging. It is associated with vehicles such as the Renault Zoe and BMW i3, among others. Although it does not support DC charging, it is well established in Europe and offers reliable charging. CCS (Type 2) is an extension of the CCS standard used in Europe, which also includes AC charging. This standard is used by many European automakers, including BMW, Volkswagen and others, for vehicles with DC and AC charging capabilities. In China, the GB/T connector (GBT 20234) is used as a national standard and is compatible with DC and AC charging. It is associated with vehicles produced by companies such as BYD and NIO. The choice of connector depends on geographic region, automaker, and preferred charging strategy, as described in Figure 2. Global standards, such as CCS, are becoming more common to increase compatibility between vehicles and the availability of charging stations. However, it is important to consider connector compatibility with the vehicle and local infrastructure when making the choice of an electric vehicle [23]. On-board chargers (OBCs), used in electric and hybrid vehicles, can be classified according to the power levels they are capable of delivering. These power levels are critical in determining the charging characteristics of a vehicle. Let us now look at a description of the voltage and power levels typically involved.



Standard power levels include “Level 1” and “Level 2”. Level 1 is characterized by single-phase voltages of 120 V (in the United States) or 230 V (in Europe) and can deliver a power output of about 1.3–1.9 kW (typically). This level is commonly used for home charging, especially overnight, and is suitable for vehicles with smaller batteries. The charging time for Level 1 chargers can vary depending on the vehicle’s battery capacity, but it typically takes several hours to fully recharge a vehicle from near empty to full. Level 2, on the other hand, operates on single-phase voltages of 240 V (in the United States) or 230 V (in Europe) and can deliver a larger power, generally ranging from 3.7 kW to 22 kW, depending on whether the device is in a single-stage configuration or two/multiple-stage configuration, respectively. This level is the most common for home and public charging and is suitable for most electric and hybrid vehicles. Charging times at Level 2 are significantly faster than Level 1, and many vehicles can be fully recharged overnight or within a few hours, depending on battery capacity. As for high power levels, we find “Level 3” or “DC Fast Charging”. This level involves much higher voltages and direct DC conversion. Voltages can vary widely, but can be as high as 600 V or more, with powers exceeding 50 kW or even 350 kW (as in Tesla superchargers) [13,24]. Level 3 chargers provide exceptionally fast charging times. Depending on the specific charger and vehicle, some Level 3 chargers can replenish a significant portion of the battery’s capacity in as little as 30 min to an hour. This level is designed to allow much faster recharging than the lower levels and is used in fast-charging stations along highways and in public areas (see Figure 3). The choice between single-phase and three-phase systems depends mainly on the available supply voltage and the specifications of the electric vehicle. Single-phase systems use a single phase of alternating current (AC) and are the most common type for home charging. They are suitable for single-phase voltages of 120 V or 230 V and are a convenient solution for home charging, offering relatively faster charging times than Level 1. On the other hand, three-phase systems use three phases of AC and deliver significantly more power than single-phase systems. These systems are typically used for public and commercial charging, enabling faster and more efficient recharging. However, they require a three-phase power grid and often need to be installed in specific locations. The choice will depend on the availability of the supply voltage, the specific needs of the vehicle, and the desired charging times [25,26,27].




2.3. Configurations and Main Components of an OBC


A charging system for electric and hybrid vehicles consists of a number of key components that work together to ensure efficient and safe charging. At the core of this system is the on-board charging (OBC) system, which is a crucial element in the electric mobility ecosystem. In electric vehicles, On-Board Chargers (OBCs) play a crucial role in battery charging. There are three main types of OBC configurations—one-stage, two-stage, and multi-stage—each with specific advantages and applications based primarily on the required charging power. The one-stage configuration is the simplest and most cost-effective. A single AC/DC converter converts power from the electric grid to direct current (DC) for battery charging. It is suitable for electric vehicles with moderate charging powers, typically up to 22 kW. This configuration is ideal for home charging and vehicles with moderate capacity batteries. The two-stage configuration is more complex and uses two AC/DC converters: one for charging at low powers and one for charging at high powers, often from 22 kW up to 350 kW or more. It is ideal for vehicles that require a wide range of charging powers. It offers greater flexibility and supports high-power DC charging, greatly reducing charging time. The multi-stage configuration is the most advanced and uses three or more AC/DC converters. It is designed to handle extremely high charging powers, such as those above 350 kW, making ultra-rapid charging possible. This configuration is critical for commercial vehicles and high-power public charging stations. However, it is also the most complex and expensive to implement. In summary, the choice of OBC configuration depends mainly on the power requirements of electric vehicles. Single-stage configurations are suitable for moderate power and home charging, while two-stage and multi-stage configurations are essential for high-power and ultra-rapid charging, often associated with commercial vehicles or public charging stations. Complexity and cost increase with the number of stages, so the choice is driven by the need to support specific charging powers [28,29,30,31,32]. Make reference to Figure 4 for the general configurations of an OBC system.



A rectifier is a key component in electrical conversion systems and is often the first conversion stage in any On-Board Charger (OBC) configuration in electric vehicles. Its main function is to convert electrical energy from an initial form, usually in the form of alternating voltage (AC), to a usable form, namely direct voltage (DC).



This conversion is essential to enable the effective charging of electric vehicle batteries. There are two main types of rectifiers: passive rectifiers and active rectifiers, each of which has a different operating principle.



	
Passive Rectifier: A passive rectifier uses passive components such as diodes to convert AC to DC. The diode is the key component in a passive rectifier. The operation of a passive rectifier occurs in two phases:




	−

	
Half-Wave Phase (Half-Wave Rectification): In this phase, the diode allows the positive voltage from the input AC to pass through, while blocking the negative voltage. This means that only half of the AC wave is transmitted to the output DC. This is an inefficient process since half of the energy is discarded.




	−

	
Full-Wave Phase (Full-Wave Rectification): In this phase, two diodes are used to capture both the positive and negative parts of the AC wave. This results in more efficient conversion, but it is still imperfect because the AC wave is split into two separate halves and the result is a pulsing DC wave.









	
Active Rectifier: An active rectifier uses transistors or controlled semiconductor devices to convert AC to DC more efficiently than a passive rectifier. There are two main types of active rectifiers: bridge rectifiers and controlled rectifiers.



	−

	
Bridge Rectifier: This type of active rectifier uses four diodes in a bridge circuit to convert AC to DC. The operation is similar to that of the passive full-wave rectifier, but with four diodes instead of two. This allows a more complete conversion of AC to DC and is the most common type of rectifier used in domestic applications.




	−

	
Controlled Rectifier (Controlled Rectifier): This type of rectifier uses controlled transistors or GTO to adjust the output voltage as needed. These devices can be turned on or off in a controlled manner, allowing the more precise and flexible conversion of AC to DC. Controlled rectifiers are used in applications where accurate voltage control is needed, such as in switching power supplies.










Main differences between passive and active rectifiers:




	i

	
Efficiency: Active rectifiers are generally more efficient than passive rectifiers because they reduce power losses.




	ii

	
Control: Active rectifiers allow more control over the output voltage.




	iii

	
Applications: Passive rectifiers are suitable for simple applications, while active rectifiers are preferred when more advanced and precise power conversion is required.









In general, the choice between a passive and an active rectifier depends on the specific needs of the application and the requirements for efficiency and accuracy. DC/DC converters play a crucial role in electric vehicle OBC devices, enabling the efficient management of electrical energy. Their main purpose is to regulate the incoming direct current (DC) voltage to the DC voltage required to charge the battery or power other vehicle systems. These converters are often designed to operate in different modes depending on the specific needs of the vehicle and context of use. Some of the most common modes include:




	i

	
Buck Mode: In this mode, the converter reduces the DC input voltage to a lower level of DC output voltage. This operation is useful when it is necessary to lower the voltage of the traction battery to power lower voltage devices, such as the cooling system or the control circuit.




	ii

	
Boost mode: Boost mode is the opposite of Buck mode. In this case, the converter boosts the DC input voltage to a higher level of DC output voltage. This is crucial when you want to charge the battery at a higher voltage than that provided by the mains.




	iii

	
Buck–Boost Mode: This mode allows you to adjust both higher and lower voltages than the input voltage. It is useful when maximum flexibility in power management is required.




	iv

	
Isolation Mode: Some DC/DC converters are designed to provide electrical isolation between the input and output. This is important to ensure safety and protection of vehicle circuits.




	v

	
Regulation Mode: DC/DC converters can also be used to adjust the output voltage according to specific battery charging requirements, ensuring that the battery receives the correct voltage and current during the charging process.









DC/DC converters in OBC devices are often designed to be highly efficient to minimize energy losses during conversion. This is crucial to maximizing the range of electric vehicles and minimizing operating costs. In general, DC/DC converters play a key role in the electric vehicle ecosystem, helping to ensure the reliable and efficient operation of OBC devices as well as optimized power management.



Electromagnetic Interference (EMI) filters are essential components in On-Board Charger (OBC) devices in hybrid and electric vehicles. Their main function is to manage and reduce electromagnetic interference generated during the electric charging process. During the charging process, current and voltage fluctuations can occur that generate electromagnetic interference. EMI filters are designed to capture this electromagnetic interference and conduct it to ground or absorb it, thus preventing it from spreading into the power grid or interfering with other electronic devices. Regulatory bodies and electromagnetic compatibility (EMC) standards place restrictions on the level of electromagnetic interference a device can emit. Installing EMI filters helps ensure that the OBC device complies with these regulations, avoiding legal penalties and ensuring safe and efficient operation. OBC devices contain sensitive electronic components, such as control circuits and power devices. Electromagnetic interference can damage or disrupt the proper functioning of these components [33,34,35]. EMI filters protect such components from harmful interference. Likewise, EMI filters also prevent external interference, such as radio waves or other sources of interference, from affecting the operation of the OBC device. EMC regulations, such as CISPR (Commission Internationale de l’Éclairage Special Committee on Radio Interference) and FCC (Federal Communications Commission), impose limits on electromagnetic emissions from electrical and electronic devices. OBC devices must be designed in accordance with these regulations to ensure electromagnetic compatibility with other electronic devices and to avoid unwanted interference [36,37,38]. In addition, regulations may vary from region to region. For example, in Europe, CE marking is a requirement that indicates compliance with EMC regulations. EMI filters are critical components in hybrid and electric vehicle OBC devices because they help ensure that the charging process is efficient, safe, and complies with EMC regulations. Their presence is critical to protect electronic components, prevent external interference, and ensure compliance with design regulations.



EMI filters in On-Board Charger (OBC) devices in hybrid and electric vehicles can adopt different circuit topologies to reduce electromagnetic interference. These topologies include the  Π  (pi)-shaped EMI filter, T-shaped EMI filter, low-pass EMI filter, and active EMI filter. The pi-shaped EMI filter uses passive components such as inductors, capacitors and resistors to create a pi-shaped configuration. This type of filter is effective in suppressing low-frequency interference and is often used in battery electric vehicle (BEV) OBC devices. The T-shaped EMI filter is similar to the  Π  filter but has a T-shaped configuration. This topology is suitable for suppressing interference at medium and high frequencies and is ideal for applications where interference may occur over a wider range of frequencies. The EMI low-pass filter is designed to allow lower frequencies to pass through while attenuating higher frequencies. It uses components such as inductors and capacitors to create a barrier at high frequencies, thereby reducing interference at higher frequencies. This type of filter is commonly used in OBC devices for electric vehicles to limit high-frequency interference. Finally, the active EMI filter varies in its circuit topology depending on the specific design. These filters use operational amplifiers, transistors and other active components to counteract electromagnetic interference. They can suppress interference at varying frequencies and offer greater flexibility in interference management. The choice of circuit topology depends on the EMI characteristics present in the specific application and the filtering requirements. In addition, the EMI filter design takes into account the frequency of interference, EMC regulations, and OBC system requirements. Each topology has its optimal applications and must be selected according to the design specifications to ensure effective suppression of electromagnetic interference (see Figure 5). In addition to the power conversion components, the OBC system is equipped with a number of monitoring and control features. These include sensors that constantly monitor charging conditions, ensuring that the process occurs safely and efficiently. The OBC system can also communicate with the power grid or charging station to adjust power according to specific needs, thus contributing to grid management. Finally, OBC systems are designed with a focus on safety. They feature multiple protections, including temperature monitoring, overload protection, short-circuit protection, and other safety measures to ensure a safe charging experience for users and protection of the vehicle. In summary, the on-board charging system for electric and hybrid vehicles is a complex system that integrates several components, including the inverter, DC–DC converters, and a number of safety and control measures. These components work together to ensure efficient, safe and controlled charging directly from the vehicle, thus helping to promote the adoption of electric and hybrid vehicles.




2.4. Trend in Switching Components Technology


Wide bandgap (WBG) semiconductors, including materials like gallium nitride (GaN) and silicon carbide (SiC), have emerged as contenders offering superior performance and enhanced power efficiency when compared to traditional silicon devices. Their advantages extend to high-temperature operation, making them increasingly attractive across a spectrum of applications [39]. However, it is essential to acknowledge that WBG devices often come with a higher price tag. This cost differential can be attributed, at least in part, to the ongoing refinement of WBG manufacturing processes—a typical evolution in emerging technologies. Additionally, SiC’s inherent physical properties pose challenges, making the process of cutting, grinding, and polishing SiC wafers more time-consuming and expensive relative to silicon [40]. In the realm of power switching and supply applications, the decision between WBG alternatives and conventional silicon devices is far from one-size-fits-all. The choice hinges on the specific requirements and business considerations unique to each use case. Although some design engineers might initially hesitate to embrace WBG technology, it is crucial to recognize that the benefits often outweigh any potential drawbacks [41].



While silicon has dominated the power electronics market for decades, the growing interest in Wide Bandgap (WBG) alternatives cannot be ignored. These WBG options deliver compelling efficiency advantages, particularly in applications striving to maximize power utilization, such as electric vehicles and renewable energy generation [42]. However, the heightened cost associated with WBG power semiconductors may deem them less suitable for certain applications, such as low-cost consumer power supplies. In such scenarios, the efficiency gains achieved by adopting SiC or GaN devices might not justify the additional expenditure [43]. Notably, the improved efficiency characteristic of WBG devices translates into reduced heat dissipation. This, in turn, can facilitate advancements in mechanical and thermal design, potentially resulting in more compact product designs. Furthermore, SiC boasts the ability to operate effectively at higher temperatures (175 to 200 °C) compared to silicon, potentially reducing the need for supplementary cooling mechanisms like heat-sinks. Such attributes hold significant appeal across various automotive and industrial applications [44]. Figure 6 visually illustrates the typical suitability of various device types based on voltage and switching frequency considerations. In broad terms, silicon MOSFETs and IGBTs excel in lower-frequency applications, while GaN and SiC devices shine in higher-frequency scenarios. The abbreviation FOM denoting figure of merit signifies that multiple semiconductor technologies could prove suitable for applications in this realm, underscoring the necessity for precise comparisons to determine the optimal choice in each specific application (see Figure 7). In summary, the selection between WBG and silicon devices is influenced by factors like switching frequency, power levels, cost considerations, and power source. Typically, silicon IGBTs shine when the switching frequency falls below approximately 20 kHz, or when power levels exceed 3 kW. They also offer an economically attractive solution when low-cost deployment or three-phase grid compatibility is essential. However, the trajectory of technology is moving towards embracing SiC and GaN devices, fueled by their superior efficiency, enhanced power density, and reduced cooling requirements [45]. Modern trends indicate SiC’s increasing prevalence in high-power and extra-high-voltage applications, where it can compete effectively with IGBT transistors. GaN devices are gaining ground in power electronics applications, challenging established semiconductors like Si LDMOS MOSFETs, super-junction MOSFETs, and IGBTs. SiC MOSFETs are making inroads in electrified vehicles, including on-board chargers, due to their high efficiency, reduced cooling needs, and impressive power density. GaN devices are predicted to enter the OBC and DC–DC converter markets ahead of the inverter market due to their lower power and voltage requirements [46]. SiC devices find favor in various electrified vehicle applications, including electric power drives and traction inverters [47,48,49,50,51,52,53,54,55,56,57,58], power management DC–DC converters and fast-charging OBCs [59,60,61,62,63,64]. The prevalence of SiC and GaN devices in power electronics is on the rise, driven by their high efficiency, remarkable power density, and reduced cooling demands. The cost difference between Wide Bandgap (WBG) devices, such as silicon carbide (SiC) and gallium nitride (GaN), and traditional silicon-based devices has a significant impact on the electric vehicle and renewable energy generation industries. This difference can influence several aspects, including efficiency, performance, and overall system costs. Here is a more detailed discussion on this topic:




	
Impact on electric vehicles:




	−

	
Efficiency and range: WBG devices, such as SiC and GaN, offer higher energy efficiency compared to traditional silicon-based devices. This means that electric vehicles (EVs) equipped with these components can achieve greater range with the same amount of stored energy in the battery. This is a significant advantage for the automotive industry, as EVs can cover longer distances between charges, improving their appeal to consumers.




	−

	
Faster charging times: The higher efficiency of WBG devices also allows for reduced charging times. This is essential for making EV charging faster and more convenient, bringing the charging experience closer to that of traditional fueling. Reduced charging times could contribute to increased EV adoption.




	−

	
Battery lifespan: The improved energy efficiency and management offered by WBG devices can contribute to a longer battery lifespan in electric vehicles. This would reduce long-term costs for EV owners and enhance sustainability.









	
Impact on renewable energy generation:




	−

	
Grid integration: The enhanced efficiency of WBG devices is a significant advantage in wind and solar energy generation, as it enables the better integration of renewable energy sources into existing electrical grids. The ability to convert and transmit energy more efficiently helps reduce energy losses and ensures that more renewable energy can be utilized in the grid.




	−

	
Solar and wind inverters: SiC and GaN are widely used in inverters for solar and wind energy. These inverters convert energy generated by solar panels or wind turbines into usable electricity. The efficiency and ability to handle higher currents and voltages offered by SiC and GaN are critical for the effectiveness of these systems.









	
Specific applications and sectors:




	−

	
Electric vehicles: Beyond the automotive industry, WBG devices are used in other transportation applications, such as high-speed trains and heavy commercial vehicles. These sectors benefit from the higher efficiency of WBG for improved performance and energy savings.




	−

	
Power electronics: SiC and GaN are used in inverters, DC–DC converters, and power regulators not only in electric vehicles but also in power electronics equipment in general. These devices improve the efficiency and performance of such systems.




	−

	
Industrial applications: Industrial sectors such as automation and robotics benefit from the use of WBG devices to enhance the efficiency and precision of machines.




	−

	
Medical technology: SiC and GaN devices are used in medical applications, such as magnetic resonance imaging systems and imaging equipment, improving efficiency and image quality.














In summary, the cost difference between WBG devices and silicon-based ones has a significant impact on the electric vehicle and renewable energy generation industries, improving efficiency, performance, and the attractiveness of these technologies. The increasing adoption of SiC and GaN devices in various applications is contributing to a significant transformation in key sectors and opening new opportunities in future markets.





3. AC/DC Converters for OBCs


Bidirectional active rectifiers are the current trend in AC/DC conversion for electric vehicle applications, and this can be justified by the following reasons:




	
Efficiency: Bidirectional active rectifiers with power factor correction are more efficient than other types of rectifiers, such as passive rectifiers, because they reduce the amount of reactive power that is drawn from the AC power source and improve the power factor.



	
Weight, volume, and cost: Bidirectional converters are preferred for practical applications because they have less weight, volume, and cost, as well as better component integration.



	
Regenerative braking: Bidirectional converters are good for applications like the regenerative braking of vehicles, where power is given to the wheels of vehicles.



	
Easy control and structure: Bridge-less PFC with active MOSFET is one of the most popular bidirectional rectifiers because of its easy control and structure.



	
High voltage conversion levels: Bidirectional DC–DC converters ensure high voltage conversion levels, minimize voltage stress on semiconductor devices, and maintain a high power factor.








Overall, bidirectional active rectifiers are the current trend in AC/DC conversion for electric vehicle applications due to their efficiency, cost-effectiveness, and suitability for regenerative braking and high voltage conversion levels [65]. A bidirectional active rectifier is a device that can convert AC power to DC power and vice versa, allowing for bidirectional power flow. In the context of on-board chargers in electric and hybrid vehicles, bidirectional active rectifiers are used to convert AC power from the grid to DC power to charge the vehicle’s battery, as well as to convert DC power from the battery to AC power to power the vehicle’s electric motor. Power factor correction (PFC) is an important aspect of bidirectional active rectifiers, as it helps to improve the efficiency of the conversion process. PFC is a technique used to ensure that the current drawn from the AC power source is in phase with the voltage, which reduces the amount of reactive power that is drawn from the source and improves the power factor [66]. There are two types of PFC: passive and active. Passive PFC uses a passive component, such as a capacitor or inductor, to correct the power factor. Active PFC, on the other hand, uses a control circuit to actively shape the input current waveform to be in phase with the input voltage waveform. In bidirectional active rectifiers, active PFC is typically used to achieve high power factor correction. An active PFC circuit is placed between the diode bridge and the isolated DC/DC converter, and it shapes the input current waveform to be in phase with the input voltage waveform. There are several types of bidirectional active rectifiers used in on-board chargers in electric and hybrid vehicles, but the most used are as follows [67]:




	
Boost type bidirectional AC/DC rectifier with active PFC: This type of rectifier uses a boost converter to achieve bidirectional power flow and active PFC to improve the power factor.



	
Single-phase bidirectional rectifier with power factor correction: This type of rectifier uses a bi-directional neutral point clamped AC/DC converter with the functions of being a power factor corrector and an active filter.



	
Single-stage three-phase rectifier with high-frequency isolation and power factor correction: This type of rectifier uses a single-stage three-phase rectifier with high-frequency isolation, power factor correction, and bidirectional power flow.








Overall, bidirectional active rectifiers with power factor correction are an important component of on-board chargers in electric and hybrid vehicles, as they allow for efficient bidirectional power flow between the vehicle’s battery and the grid.



3.1. Interleaved Boost PFC


Interleaved Boost Power Factor Correction (PFC) is a technique used to improve the efficiency of power conversion in AC/DC converters. Interleaved Boost PFC is a type of PFC that uses two or more interleaved boost converters to achieve high power factor correction (see Figure 8).



The advantages of Interleaved Boost PFC include:




	
Reduced inductor size: Interleaving PFC regulators allows power-supply designers to reduce inductor magnetic volume. The inductor–ripple–current cancellation at the output of the interleaved boost converter reduces the output ripple current, which allows for the use of smaller inductors [68,69].



	
Improved efficiency: Interleaved Boost PFC improves the efficiency of the power conversion process by reducing the input and output ripple currents, which reduces the switching losses in the power switches [70,71].



	
Increased power processing capability: Interleaved Boost PFC can increase the power processing capability of the converter by allowing for the use of multiple power switches and inductors.



	
Reduced electromagnetic interference (EMI): Interleaved Boost PFC can reduce EMI by spreading the switching frequency spectrum over a wider range, which reduces the peak EMI levels [72].








The basic structure of an interleaved boost PFC converter consists of two or more interleaved boost converters connected in parallel at the input and in series at the output. The interleaved boost converters operate out of phase with each other, which reduces the input and output ripple currents and improves the power factor. The interleaved boost PFC converter can be controlled using a variety of techniques, including analog control, digital control, and mixed-signal control. The control circuit adjusts the duty cycle of the power switches to maintain a constant output voltage and improve the power factor [73,74]. Overall, Interleaved Boost PFC is an efficient and effective technique for improving the power factor correction in AC/DC converters. Its advantages include reduced inductor size, improved efficiency, increased power processing capability, and reduced EMI.




3.2. Bridgeless Totem-Pole PFC


Bridgeless Totem-Pole Power Factor Correction (PFC) is a topology commonly employed in AC/DC converters to enhance the efficiency of the power conversion process. This topology offers several notable features and applications. The primary advantage of the Bridgeless Totem-Pole PFC topology lies in its elimination of the need for a diode bridge rectifier. This elimination significantly reduces conduction losses, ultimately leading to improved overall converter efficiency. This topology achieves this by employing a totem-pole configuration of power switches (see Figure 9). This configuration allows for bidirectional power flow and simultaneously reduces the voltage stress placed on the switches, further enhancing efficiency [75,76,77].



Various power semiconductor devices can be utilized to implement the Bridgeless Totem-Pole PFC topology, including silicon MOSFETs, silicon carbide MOSFETs, and gallium nitride (GaN) devices. The control of the Bridgeless Totem-Pole PFC topology can be achieved through multiple techniques, such as analog control, digital control, and mixed-signal control. The control circuit dynamically adjusts the duty cycle of the power switches to maintain a consistent output voltage and improve the power factor [78,79]. This topology finds applications in diverse fields, including electric vehicle onboard chargers, energy storage systems, and server power supplies, showcasing its versatility and utility. The benefits of adopting the Bridgeless Totem-Pole PFC topology are numerous and include notable improvements in efficiency, a reduction in conduction losses, decreased voltage stress on the switches, and minimized electromagnetic interference (EMI) [80,81]. However, it is essential to acknowledge the challenges associated with this topology. These challenges include the complexity of the control circuit, the necessity for high-speed switching devices, and the requirement for meticulous layout and design to minimize EMI emissions. In summary, Bridgeless Totem-Pole PFC represents an efficient and effective solution for enhancing power factor correction in AC/DC converters. Its advantages, including heightened efficiency and reduced conduction losses, are coupled with some challenges, such as control circuit complexity and the demand for high-speed switching devices [82,83].




3.3. Interleaved Totem-Pole PFC


Interleaved Totem-Pole Power Factor Correction (PFC) is a topology used in AC/DC converters to improve the efficiency of the power conversion process. It is an extension of the Bridgeless Totem-Pole PFC topology that uses multiple interleaved totem-pole converters to achieve high power factor correction [84,85]. The advantages of Interleaved Totem-Pole PFC include:




	
Reduced input and output ripple currents: Interleaved Totem-Pole PFC reduces the input and output ripple currents by interleaving multiple totem-pole converters, which reduces the switching losses in the power switches [86].



	
Improved efficiency: Interleaved Totem-Pole PFC improves the efficiency of the power conversion process by reducing the conduction losses and the switching losses in the power switches [87,88].



	
Reduced electromagnetic interference (EMI): Interleaved Totem-Pole PFC can reduce EMI by spreading the switching frequency spectrum over a wider range, which reduces the peak EMI levels [89,90].



	
Increased power processing capability: Interleaved Totem-Pole PFC can increase the power processing capability of the converter by allowing for the use of multiple power switches and inductors [91,92].








The basic structure of an interleaved totem-pole PFC converter consists of multiple interleaved totem-pole converters connected in parallel at the input and in series at the output (see Figure 10).



The interleaved totem-pole converters operate out of phase with each other, which reduces the input and output ripple currents and improves the power factor. The interleaved totem-pole PFC converter can be controlled using a variety of techniques, including analog control, digital control, and mixed-signal control. The control circuit adjusts the duty cycle of the power switches to maintain a constant output voltage and improve the power factor. Overall, Interleaved Totem-Pole PFC is an efficient and effective topology for improving the power factor correction in AC/DC converters. Its advantages include reduced input and output ripple currents, improved efficiency, reduced EMI, and increased power processing capability [93,94].




3.4. Three-Phase Totem Pole Active Rectifier


The three-phase totem pole active rectifier is a topology used in AC/DC converters to achieve high power factor correction and high efficiency. It is an extension of the Bridgeless Totem-Pole PFC topology that uses a totem pole configuration of power switches to achieve bidirectional power flow and reduce the voltage stress on the switches (see Figure 11).



Here are some more detailed descriptions of the three-phase totem pole active rectifier:




	
The three-phase totem pole active rectifier can be implemented using various power semiconductor devices, including silicon MOSFETs, silicon carbide MOSFETs, and gallium nitride (GaN) devices. The choice of semiconductor devices depends on the specific application and the desired performance [95,96].



	
The three-phase totem pole active rectifier can be controlled using various techniques, including analog control, digital control, and mixed-signal control. The control circuit adjusts the duty cycle of the power switches to maintain a constant output voltage and improve the power factor. The control circuit can also include protection features, such as overcurrent protection and overvoltage protection [97,98].



	
The three-phase totem pole active rectifier can be used in various applications, including electric vehicle onboard chargers, energy storage systems, and server power supplies. The specific application determines the requirements for the power rating, the input voltage range, and the output voltage range [99,100].



	
The advantages of the three-phase totem pole active rectifier include improved efficiency, reduced conduction losses, reduced voltage stress on the switches, and reduced EMI. The improved efficiency and reduced losses result from the use of the totem pole configuration and the bidirectional power flow. The reduced voltage stress on the switches results from the use of multiple power switches in series [101,102].



	
The challenges of the three-phase totem pole active rectifier include the complexity of the control circuit, the need for high-speed switching devices, and the need for careful layout and design to minimize EMI. The complexity of the control circuit depends on the specific implementation and the desired performance. The need for high-speed switching devices results from the high-frequency operation of the converter.



	
The design of a three-phase interleaved totem-pole PFC reference design for HEV/EV onboard charger has been implemented to achieve a   98.60 %   efficiency at a 240-V input voltage and 6.6 kW power. The design uses three-phase interleaving and operates in continuous conduction mode (CCM) to achieve high efficiency [103,104].








The three-phase totem pole active rectifier is an efficient and effective topology for improving the power factor correction in AC/DC converters. Its advantages include improved efficiency, reduced conduction losses, and reduced voltage stress on the switches. Its challenges include the complexity of the control circuit and the need for high-speed switching devices. The specific implementation depends on the application and the desired performance. The implementation of WBG devices introduces a range of technical challenges, but these can be effectively addressed through various strategies. In applications with WBG devices, advanced control algorithms are often required to ensure efficient and precise system operation. These algorithms regulate voltage, current, and other variables, enabling dynamic control of the device. The use of dedicated micro-controllers or embedded processors allows for the efficient execution of these algorithms and adaptation to varying operating conditions. These advanced control systems can handle circuit complexity more effectively, providing the system with the flexibility needed to adapt to different applications. WBG devices such as SiC and GaN operate at very high switching frequencies. This presents some significant challenges. To address them, specialized drivers capable of handling the high switching frequencies are necessary. These drivers provide precise switching pulses and minimize switching delays. Additionally, the circuit design itself must account for the high switching speeds. This entails minimizing conductor length, reducing parasitic inductance, and using optimized circuit layouts to decrease signal propagation times. Design considerations must also encompass thermal management, as WBG devices can operate at higher temperatures. Adequate cooling is essential to prevent component damage. Another challenge associated with high switching speeds is the generation of electromagnetic interference (EMI). To mitigate this issue, appropriate EMI filters are used to ensure that the system complies with relevant EMI standards. Safety is a fundamental concern when using WBG devices, as they can handle high voltages and currents. It is essential to implement protective measures, such as current and voltage limits, to ensure safe system operation. Lastly, validation is a critical phase in managing these challenges. Developers of power systems with WBG devices conduct comprehensive testing to verify system performance and ensure it meets reliability and safety requirements. In summary, the adoption of WBG devices necessitates a holistic approach that encompasses advanced design, sophisticated control, thermal management, protection, and thorough testing. With a combination of high-quality hardware and advanced software, it is possible to successfully address the challenges related to control circuit complexity and high-speed switching in practical implementations.





4. DC/DC Converters for OBCs


DC–DC converters are essential components in automotive applications, including electric and hybrid vehicles. They are used to convert the high-voltage DC power from the battery to the low-voltage DC power required by the vehicle’s electrical system. Here is an overview of DC–DC converters used in automotive applications based on the search results:




	
DC–DC converters can be isolated or non-isolated, and they can be unidirectional or bidirectional [105,106].



	
Isolated DC–DC converters use a transformer to provide electrical isolation between the input and output, while non-isolated converters do not [107,108].



	
Bidirectional DC–DC converters can also send power from the vehicle to the grid if necessary, while unidirectional converters can only convert power in one direction [109,110].



	
The power outputs of DC–DC converters range from 20 kW to 100 kW for passenger cars [111].



	
The efficiency of DC–DC converters significantly impacts vehicle performance, overall efficiency, safety, and reliability [112].



	
High-performance DC–DC converter systems can achieve higher power levels by enabling advanced features such as bidirectional power flow and integrated powertrain systems [113].



	
The design of DC–DC converter systems requires careful consideration of factors such as power density, efficiency, and cost [114].



	
The most common switching technologies used in DC–DC converters for automotive applications are IGBTs, SiC MOSFETs, and GaN devices.



	
The most common DC–DC converter topologies used in automotive applications are buck, boost, and buck–boost [115].








DC–DC converters are essential components in automotive applications, including electric and hybrid vehicles. They can be isolated or non-isolated, unidirectional or bidirectional, and based on various topologies. The specific choice of DC–DC converter depends on the application requirements and the desired performance. The most common switching technologies used in DC–DC converters for automotive applications are IGBTs, SiC MOSFETs, and GaN devices. The most common DC–DC converter topologies used in automotive applications are buck, boost, and buck-boost [116].



4.1. Phase Shifting Full Bridge (PSFB)


Phase-shifted full bridge (PSFB) converters are a type of DC–DC converter that are used for stepping down high DC bus voltages and/or providing isolation in medium to high power applications. Here is a detailed description of the operation of PSFB converters (see Figure 12) and an overview of their usage for on-board chargers (OBCs) in automotive applications [117,118].



	
Operation of Phase-Shifted Full Bridge (PSFB) Converters:




	−

	
The PSFB converter consists of two full-bridge converters that are connected through a high-frequency transformer [119].




	−

	
The input voltage is applied to the primary side of the transformer, which is connected to two full-bridge converters [120].




	−

	
The two full-bridge converters are controlled to ensure that the output voltage is regulated to the desired level [121].




	−

	
The phase shift between the two full-bridge converters is controlled to ensure that the power switches are turned on and off at zero voltage and zero current, respectively, which reduces switching losses and improves efficiency [122].




	−

	
The high-frequency transformer transfers power from the primary side to the secondary side, where the output voltage is generated [123].




	−

	
The output voltage is then filtered and supplied to the load.









	
Usage of Phase-Shifted Full Bridge (PSFB) Converters for On-Board Chargers (OBCs) in Automotive Applications:




	−

	
PSFB converters are commonly used in OBCs for electric vehicles due to their high efficiency and power density [124].




	−

	
PSFB converters can operate at high switching frequencies, which allows for smaller and lighter passive components, reducing the size and weight of the OBC [125].




	−

	
PSFB converters can provide galvanic isolation between the battery and the vehicle’s electrical system, improving safety and reliability [126].




	−

	
PSFB converters can be used in combination with other power electronics components, such as bidirectional DC–DC converters and battery management systems, to provide a complete charging solution for electric vehicles [127].




	−

	
PSFB converters can be controlled using various modulation techniques, such as phase-shift modulation, triangular modulation, and trapezoidal modulation, to optimize their efficiency and performance over a wide range of power [128].












Overall, PSFB converters are a type of DC–DC converter that are commonly used in OBCs for electric vehicles due to their high efficiency, power density, and galvanic isolation capabilities. The specific choice of PSFB converter depends on the application requirements and the desired performance. The operation of a PSFB converter involves controlling the phase shift between two full-bridge converters to ensure zero-voltage switching (ZVS) and zero-current switching (ZCS) of the power switches [129,130].




4.2. Dual Active Bridge (DAB)


The Dual Active Bridge or DAB DC–DC converter is a versatile solution commonly used in on-board battery chargers (OBCs) for electric vehicles. This device provides galvanic isolation and bidirectional power flow capability, enabling efficient conversion of energy from the high-voltage direct current (DC) supplied by the battery into low-voltage DC energy required by the vehicle’s electrical system [131,132].



The DAB converter consists of two full-bridge converters connected together by a high-frequency transformer (see Figure 13). The input voltage is applied to the primary side of the transformer, which is connected to the two full-bridge converters. These two full-bridge converters are carefully controlled to ensure that the output voltage is regulated to the desired level [133,134]. A crucial aspect is the phase-change control between the two full-bridge converters, which is optimized to ensure that the power switches turn on and off at zero voltage and zero current. This strategy reduces switching losses and improves overall system efficiency. The high-frequency transformer plays a key role in transferring energy from the input to the secondary side, where the output voltage is generated. This output voltage is subsequently filtered to eliminate unwanted components and then supplied to the load [135,136]. As for the three-phase case of the DAB converter, the configuration involves three full bridge converters, each connected to a separate phase of the three-phase grid. This configuration can handle three-phase feeds and is particularly advantageous for efficiency and flexibility. Regarding the possible configurations of galvanic isolation transformers, there are several, including YY, Delta–Delta, Y–Delta, and Delta–Y. Each of these has specific advantages and limitations in terms of efficiency, loss reduction, and design complexity [137,138,139,140]. For example, the Delta–Delta configuration offers good immunity to grid disturbances, while the YY configuration may be more suitable when a better transformer ratio is needed. The choice of transformer type will depend on the needs of the application and design constraints (see Figure 14).



Distinguishing between YY, Delta–Delta, Y–Delta, and Delta–Y three-phase transformers in DC–DC power converters boils down to their primary and secondary winding connections. In the YY configuration, the primary and secondary windings interconnect in a Y-shaped pattern. Commonly employed in low-voltage applications, this setup does not facilitate a neutral connection. Conversely, the Delta–Delta (or Dd) configuration sees both primary and secondary windings interlocked in a delta-shaped pattern. It is typically favored in high-voltage applications and lacks a neutral connection. Moving on to the Y–Delta (or Yd) configuration, here the primary winding adopts a Y-shaped arrangement, while the secondary winding assumes a delta-shaped layout. This configuration finds utility in step-down transformers and affords a neutral connection. Lastly, the Delta–Y (or Dy) configuration involves a delta-shaped primary winding and a Y-shaped secondary winding. This setup is often chosen for step-up transformers and provides a neutral connection (see Figure 13 and Figure 14). The particular configuration selected hinges on the specific application prerequisites and the desired performance outcomes. Within DC–DC power converters, the choice of transformer configuration can significantly influence voltage and current levels, as well as the overall efficiency and power density of the converter [141,142,143]. In general, the DAB converter, in both its single-phase and three-phase configurations, is an advanced solution for on-board chargers in electric vehicles. These devices offer a significant performance improvement over conventional converters due to their advanced voltage and power control capability, along with galvanic isolation. However, it is important to note that the choice of circuit configuration and topologies will depend on the specific application requirements and design goals.





5. Resonant DC/DC Converters


Resonant DC–DC converters are essential components in on-board chargers (OBCs) for electric vehicles, offering high efficiency, power density, and galvanic isolation capabilities. They employ resonant circuits to facilitate the soft switching of power switches, effectively reducing switching losses and enhancing overall efficiency. Within these converters, the resonant tank circuit, comprising inductors, capacitors, and transformers, plays a crucial role. These circuits can be designed for series or parallel resonance, operate at specific resonant frequencies to enable soft switching, and provide galvanic isolation. Additionally, they allow operation at high switching frequencies, enabling the use of smaller, lighter passive components and reducing the size and weight of the OBC. In recent years, resonant DC–DC converters have gained popularity in OBCs due to their efficiency and power density. Their ability to operate at high switching frequencies allows for smaller and lighter passive components, further reducing the size and weight of the OBC. Furthermore, they provide galvanic isolation, improving safety and reliability. Resonant DC–DC converters can complement other power electronics components, such as bidirectional DC–DC converters and battery management systems, to create comprehensive charging solutions for electric vehicles. The design and control of resonant DC–DC converters remain areas of active research, with a focus on improving efficiency, reducing size and weight, and optimizing performance across various power levels. LLC resonant converters have established themselves as robust choices for on-board chargers (OBCs) in electric vehicles. They employ a resonant tank circuit consisting of an inductor (L), a capacitor (C), and a transformer (T) to achieve the soft switching of power switches (see Figure 15).



In the following are the main reported features of LLC converter:




	
Efficiency and power density: LLC converters are recognized for their high efficiency and power density. They operate efficiently over a wide range of power levels, making them suitable for diverse OBC applications [144,145].



	
Switching frequencies: LLC converters can operate at high switching frequencies. This capability allows for the use of smaller and lighter passive components, contributing to a reduction in the overall size and weight of the OBC [146,147].



	
Galvanic isolation: Like CLLC converters, LLC converters also provide galvanic isolation between the battery and the vehicle’s electrical system. This enhances safety and reliability [148].



	
Control techniques: LLC converters offer various modulation techniques for control, including phase-shift modulation, triangular modulation, and trapezoidal modulation. These techniques can be tailored to optimize efficiency and performance across different power levels [149,150,151].








CLLC resonant converters represent a more recent development in the realm of resonant converters, addressing some of the limitations of LLC converters (see Figure 16). Here’s an exploration of their performance attributes:




	
Enhanced efficiency and power density: CLLC converters aim for even higher efficiency and power density compared to LLC converters. They are designed to excel across a broad range of power levels, making them versatile for OBCs [152,153].



	
Switching frequencies: Similar to LLC converters, CLLC converters can operate at high switching frequencies. This characteristic continues to enable the use of smaller and lighter passive components, further reducing the OBCs size and weight [154,155].



	
Galvanic isolation: CLLC converters maintain the advantage of providing galvanic isolation between the battery and the vehicle’s electrical system, ensuring safety and reliability [156,157].



	
Control techniques: CLLC converters utilize advanced control techniques, including frequency-conversion and phase-shift hybrid control. These techniques contribute to their enhanced efficiency and adaptable performance over varying power requirements [158,159,160].








In summary, while both LLC and CLLC resonant converters are valuable choices for OBCs in electric vehicles, CLLC converters offer an edge in terms of enhanced efficiency and power density across a wider power range. However, the specific selection between these converters should be based on the precise application requirements and desired performance, considering factors like efficiency, size, weight, and cost. As the electric vehicle industry continues to evolve, ongoing research and development aim to refine and optimize these converter technologies for even greater efficiency and versatility. When comparing LLC and CLLC resonant converters, both are widely employed in OBCs. LLC converters are known for their high efficiency and power density, operating at high switching frequencies. In contrast, CLLC converters represent a newer evolution, offering even greater efficiency and power density across a broad power range. Both types provide galvanic isolation and can be controlled using various modulation techniques. In conclusion, resonant DC–DC converters are pivotal in OBCs for electric vehicles, balancing efficiency, power density, and safety. Their design flexibility and compatibility with other power electronics components make them integral to the future of electric vehicle charging systems [24,161].



	
Electrical safety: Galvanic isolation creates a barrier between different electrical potentials, preventing electrical hazards. In automotive systems, where high-voltage components coexist with low-voltage components, it reduces the risk of electrical shock or fire.



	
Noise and interference mitigation: Automotive environments often have electrical noise and interference. Galvanic isolation protects sensitive electronic components, such as sensors and control systems, from external disturbances, preserving data integrity.



	
Fault tolerance: Galvanic isolation limits damage in the event of faults like short circuits or voltage surges by blocking fault currents, enhancing the fault tolerance of automotive systems.



	
Ground loop prevention: Galvanic isolation breaks ground loops by separating the ground reference between different sections of the system, maintaining accurate measurements and preventing undesirable voltage drops.



	
High-voltage safety: In electric and hybrid vehicles with high-voltage systems, galvanic isolation ensures passenger, maintenance personnel, and first responded safety in accidents or system failures.



	
Improved reliability: Galvanic isolation enhances the reliability of automotive systems by isolating critical components from potential disturbances, reducing the likelihood of system failures due to electrical issues.



	
Compliance with safety standards: Many automotive safety standards and regulations, such as ISO 26262 for functional safety, mandate the use of galvanic isolation in specific applications to meet safety and reliability requirements.






In summary, galvanic isolation is a fundamental safety and reliability feature in automotive applications. It helps protect against electrical hazards, minimizes interference, enhances fault tolerance, and ensures the safety of high-voltage systems, ultimately contributing to the safe and dependable operation of vehicles and their electronic systems.




6. Main Commercial Solution and Comparison


6.1. Texas Instruments


Texas Instruments is at the forefront of providing comprehensive design solutions for on-board chargers in hybrid and electric vehicles (HEVs/EVs). Their offerings encompass a wide range of resources, including reference designs, real-time micro-controllers (MCUs), and advanced analog technology, all aimed at enhancing the performance and efficiency of HEV/EV on-board chargers. In the context of the automotive industry, it is important to note that every vehicle is equipped with an on-board charger. Texas Instruments recognizes the critical role these chargers play and has tailored its solutions accordingly. One of the key focuses of Texas Instruments is to enable advanced features and innovative architectures in on-board chargers. This drive towards innovation is underpinned by a commitment to improving power density, enhancing efficiency, and ultimately reducing the size and cost of these charging systems. By offering a suite of resources, Texas Instruments empowers engineers and designers to harness the full potential of on-board chargers. For instance, Texas Instruments provides reference designs for a 7.4 kW bidirectional on-board charger. This design incorporates a two-phase totem pole power factor correction (PFC) circuit and a full-bridge LLC resonant DC–DC converter. These components work harmoniously to optimize charging performance. Moreover, Texas Instruments offers a dedicated 400 V DC–DC converter reference design tailored specifically for on-board chargers. This further exemplifies their commitment to providing precise and efficient solutions for the industry. In addition to hardware resources, Texas Instruments also supports the optimization of on-board and wireless charger systems through their logic and translation capabilities. Their high-performance integrated powertrain solution complements the evolving needs of the automotive sector, ensuring that on-board chargers are not only more efficient but also capable of delivering higher power output.



In essence, Texas Instruments stands as a leading provider of design resources for HEV/EV on-board chargers. Their multidimensional approach encompasses reference designs, cutting-edge MCUs, and advanced analog technology. This comprehensive offering aligns with the industry’s pursuit of superior power density, efficiency, and cost-effectiveness in on-board chargers. As the demand for more powerful and efficient chargers continues to grow, Texas Instruments remains dedicated to driving innovation and improvement in the realm of on-board charging solutions.




6.2. ON-Semiconductors


ON Semiconductor is at the forefront of delivering cutting-edge solutions for on-board chargers (OBCs) tailored for electric vehicles (EVs). Their comprehensive array of commercial solutions encompasses a wide spectrum of offerings and technologies aimed at enhancing the performance and efficiency of OBCs. ON Semiconductor’s commitment to innovation and excellence is reflected in the range of solutions they offer. These solutions cater to automotive OBC power stages, spanning from 3.3 kW up to an impressive 22 kW, and supporting battery voltages of up to 800 volts. This expansive portfolio includes a multitude of components such as SiC MOSFETs, SiC diodes, APMs, MOSFETs, IGBTs, gate drivers, In-Vehicle Networking options (including LIN, CAN, and CAN-FD), analog signal chain components like OpAmps, current shunt amplifiers, and comparators, as well as power supply ICs. To ensure optimal performance and reliability, ON Semiconductor’s OBC modules are strategically located within the vehicle and are equipped with efficient air or liquid cooling systems. This thermal management approach is crucial, given the high power levels involved. Depending on the specific architecture, the OBC output may need to operate within a wide voltage range, from less than 250 VDC to as high as 800 VDC or more when charging the primary vehicle battery pack. ON Semiconductor’s commitment to addressing diverse system requirements is evident in their offerings. They provide solutions for Power Factor Correction (PFC), primary side DC–DC conversion, and secondary rectification, showcasing their versatility in catering to various OBC configurations. Notably, ON Semiconductor offers a remarkable 6.6 kW bi-directional on-board charger reference design. This reference design incorporates a three-phase interleaved PFC circuit and a CLLC resonant DC–DC converter, exemplifying their dedication to pushing the boundaries of efficiency and power density in electric vehicle systems. In summary, ON Semiconductor emerges as a leading provider of comprehensive solutions for on-board chargers in electric vehicles. Their vast product portfolio spans a wide range of critical components, ensuring that they can meet the needs of diverse OBC systems. With a strong focus on improving efficiency, power density, and reliability, ON Semiconductor is driving the electrification revolution forward. To explore their technology for OBCs and delve deeper into their solutions, one can refer to the Vehicle Electrification solution pages, underlining their dedication to shaping the future of electric mobility.




6.3. Infineon


Infineon plays a significant role in providing comprehensive solutions for on-board chargers (OBCs) in the electric vehicle (EV) industry. Their OBCs are tailored to efficiently recharge high-voltage EV batteries from the AC grid during vehicle parking. These chargers incorporate essential features such as integrated Power Factor Correction (PFC), galvanic isolation, a broad range of input and output voltage flexibility, adjustable current limits, and standard automotive communication protocols (CAN). Infineon offerings include a three-phase OBC reference design that utilizes micro controllers from the AURIX automotive micro controllers TC2xxx or TC3xx family. This design optimizes the charging process for enhanced efficiency and performance. Furthermore, Infineon excels in power semiconductor modules, addressing the main challenges of the electric vehicle industry. These modules contribute to robust and reliable EV powertrain. In the realm of electric vehicle charging infrastructure, Infineon offers comprehensive solutions. They cover power semiconductors, encompassing power, control, sensors, and safety. This holistic approach ensures the seamless operation of EV charging systems. Infineon stands as a one-stop-shop for electric vehicle charging infrastructure, spanning a wide range of power levels, from kilowatt to megawatt. Their offerings include power conversion technologies, micro controllers for system management, security features, auxiliary power supplies, and communication solutions. This comprehensive portfolio caters to diverse EV charging needs. Notably, Infineon actively participates in the international Charging Interface Initiative e.V. (Char-IN), a collaborative effort aimed at developing and establishing a global charging system standard for battery-powered electric vehicles. This commitment underscores their dedication to industry advancements and standardization. Moreover, Infineon extends its expertise to power management solutions for ultra-high-density USB-C adapters and on-board chargers. This specialization ensures efficient and reliable charging experiences for various EV applications. In summary, Infineon’s contributions to the electric vehicle industry encompass a wide spectrum of solutions for on-board chargers and charging infrastructure. Their commitment to efficiency, reliability, and industry standardization positions them as a key player in shaping the future of electric mobility.




6.4. Wolfspeed


Wolfspeed offers solutions for on-board chargers for electric vehicles. These chargers take AC current from the car owner’s home and convert it to DC power to recharge the battery. Wolfspeed understands the technological challenges that EVs present for engineers, especially when it comes to power and EV charging solutions. They offer reference designs that include a full system design resource package with schematics, BOM, and more to help accelerate the design cycle process. Wolfspeed’s CRD-06600FF10N demonstrates their 1000 V; 65 mΩ C3M Silicon Carbide (SiC) MOSFET in a 6.6 kW bi-directional EV on-board charger specifically. Silicon carbide enables a much simpler design that offers many benefits, including fewer components, reduced system cost, higher efficiency, smaller size, and better bidirectional charging for Vehicle-to-Grid (V2G) capability. Wolfspeed’s 1200 V and 650 V Silicon Carbide MOSFETs offer the industry’s lowest drain-to-source on-resistances, enabling the highest efficiency to give the maximum charge when on the road. AMP’s market-ready energy management solution integrates ultra-fast DC charging, DC–DC, and bi-directional on-board AC charging into a single solution that utilizes Wolfspeed’s E-Series Silicon Carbide Devices. Wolfspeed’s silicon carbide range enables power efficiency, lower system costs, and smaller component sizes, and they offer a comprehensive portfolio of high-performance, high-capability silicon carbide components, including their automotive-grade E-Series, which are the first commercially available silicon carbide MOSFETs and diodes to be AEC-Q101 automotive-qualified and PPAP-capable.




6.5. Comparative Summary


Texas Instruments is known for its wide range of design resources for OBC HEVs/EVs, which include reference designs and real-time analog and MCU technologies. This enables electric vehicle designers to develop state-of-the-art charging systems. In addition, the wide power range supported by Texas Instruments, from 3.3 kW to 22 kW, makes it a flexible choice for a variety of VE applications. The company places emphasis on enabling advanced functionality, architectures improve power density and efficiency, and reduced size and cost of OBC systems. In particular, the reference design for a 7.4 kW bidirectional OBC with a two-stage totem pole PFC and a full-bridge LLC resonant DC–DC converter is an example of technological innovation.



ON Semiconductor, on the other hand, stands out for its wide range of automotive OBC solutions, which cover the range from 3.3 kW to 22 kW and can handle battery voltages up to 800 V. This is crucial for electric vehicles that require high-speed, high-power recharging. In addition, ON Semiconductor offers a wide selection of power semiconductor components, including SiC MOSFETs, SiC diodes, APMs, MOSFETs, IGBTs, and gate drivers, which contribute to its leading position in the industry. Their OBCs are designed to charge the high-voltage battery from the AC grid while the vehicle is parked, offering complete solutions for power factor correction (PFC), DC–DC primary side, and secondary rectification to meet the needs of the OBC system. Infineon is distinguished by its broad offering of OBC solutions, with a wide range of input and output voltages, galvanic isolation, and standard automotive communication (CAN). This provides electric vehicle designers with the flexibility to adapt to a variety of applications. Another strength of Infineon is its participation in the international Charging Interface Initiative e.V. (Char-IN), which aims to develop a global standard for electric vehicle charging systems. Infineon also offers power management solutions for high-density USB-C and OBC adapters, demonstrating its ongoing commitment to technological innovation in the industry. In summary, although all three companies offer high-quality solutions for OBC and electric vehicle charging infrastructure, each has its own areas of strength and focus. Texas Instruments is known for its advanced design resources, ON Semiconductor stands out for its wide range of power semiconductor components, and Infineon emphasizes flexibility and commitment to a global EV charging standard. In Table 2 and Table 3 we propose a quantitative summary of the specific characteristics of the business solutions presented by each vendor considered, in terms of AC/DC conversion stage and DC/DC conversion stages respectively.





7. Conclusions and Future Trends in On-Board Chargers for Electric Vehicles


In the ever-evolving landscape of electric mobility, the role of on-board chargers (OBCs) remains pivotal in shaping the future of transportation. As we conclude our exploration of the cutting-edge solutions offered by various industry leaders, it becomes evident that OBC technology has made remarkable strides, pushing the boundaries of efficiency, power density, and reliability. These advancements not only cater to the present needs of electric vehicle (EV) owners but also set the stage for a dynamic and transitive future. In this concluding reflection, we cast our gaze toward the horizon, contemplating the potential trends that may define the next chapter in OBC innovation. One of the most prominent trends on the horizon is the relentless pursuit of efficiency. OBCs are central to optimizing the energy transfer process between the grid and the vehicle’s battery. The quest for ever-higher efficiency figures prominently as EV manufacturers strive to extend driving ranges, reduce charging times, and minimize energy losses during charging. The integration of advanced materials, such as silicon carbide (SiC), and the optimization of power electronics will continue to drive efficiency gains.



As EVs become mainstream and consumer demand surges, the need for compact and lightweight OBCs becomes imperative. Innovations in power semiconductor technology, resonant circuits, and advanced cooling systems are poised to significantly enhance power density. The result is OBCs that can deliver higher charging capacities without a proportional increase in size or weight, facilitating faster charging and improved user convenience. The emergence of bi-directional charging is another notable trend. OBCs capable of bidirectional power flow not only charge the vehicle but also enable energy transfer from the EV battery back to the grid or other devices. This “vehicle-to-grid” (V2G) capability promises to transform EVs into mobile energy hubs, offering grid stability, demand response, and backup power during outages. Standardization efforts, such as the Charging Interface Initiative e.V. (Char-IN), underscore the importance of interoperability. The establishment of global charging standards fosters seamless compatibility between EVs and charging infrastructure, ensuring a user-friendly and consistent charging experience. This trend will continue to gain momentum, eliminating barriers to EV adoption. With OBCs becoming increasingly connected and reliant on digital communication protocols, cybersecurity takes center stage. Protecting OBCs from cyber threats is paramount to ensuring the safety and reliability of EVs. Future OBCs will integrate robust security features, including encryption, authentication, and intrusion detection, to safeguard against potential vulnerabilities. The environmental footprint of OBCs remains a critical concern. Innovations in recyclable materials, energy-efficient manufacturing processes, and sustainable end-of-life solutions will align OBC technology with broader sustainability goals. This trend reflects the commitment of the EV industry to minimize its environmental impact. OBCs are poised to play a pivotal role in the integration of renewable energy sources. By intelligently managing energy flows between EVs and renewable generation systems, OBCs can maximize the utilization of clean energy and accelerate the transition toward a sustainable energy ecosystem. Looking ahead, there are several exciting avenues for future research and development in the field of OBCs. These include:




	
Advanced control algorithms: Exploring AI-based control algorithms to further enhance OBC efficiency and user experience.



	
Wireless charging integration: Investigating seamless wireless charging integration for enhanced convenience and user adoption.



	
Fast-charging infrastructure expansion: Addressing the growing need for high-power OBCs to support ultra-fast charging stations.



	
Materials innovation: Continuing to explore novel materials for improved power electronics and thermal management.



	
Multi-vehicle compatibility: Developing OBCs that can efficiently charge various EV models with different specifications.



	
Grid interaction optimization: Advancing V2G technology for grid services, demand response, and energy market participation.








In conclusion, the trajectory of OBC development is intrinsically linked to the future of electric mobility. The strides made in efficiency, power density, and bidirectional capabilities will usher in a new era of EVs that are faster to charge, more versatile, and better aligned with the evolving needs of consumers and the energy grid. The concerted efforts of industry leaders and the drive for innovation promise a future where OBCs are not merely chargers but the enablers of a more sustainable and connected world. As we embark on this electrified journey, the road ahead is illuminated by the promise of OBCs that transcend convenience, becoming integral to a brighter, greener, and more interconnected future.
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Figure 1. Schematic representation of differences in on-board chargers and off-board chargers (or DC-fast charging station). 
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Figure 2. Type of connector and their usage in related areas. 
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Figure 3. Schematic summary of power levels for OBC devices and related estimation of charging times. 






Figure 3. Schematic summary of power levels for OBC devices and related estimation of charging times.



[image: Electronics 12 04295 g003]







[image: Electronics 12 04295 g004] 





Figure 4. Typical configurations of an OBC device: (a) single stage with only one device that act as AC/DC; (b) double-stage with a rectifier to reach the DC-link voltage level and a “compact” DC/DC converter connected to the battery; and (c) multi-stage where typical galvanic isolation is integrated. 
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Figure 5. Basic filter configurations: (a) C-Filter; (b) L-Filter; (c) CL-Filter; (d) LC-Filter; (e)  Π -Filter; and (f) T-Filter. 
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Figure 6. Typical suitability of various device types based on voltage and switching frequency considerations. 
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Figure 7. Comparison of the switching technologies with respect to the coverage of main application features. 
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Figure 8. Interleaved boost PFC schematic. 
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Figure 9. Bridgeless Totem-Pole PFC Schematic. 
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Figure 10. Interleaved Totem-Pole PFC circuit topology. 
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Figure 11. Typical circuit configuration of a three-phase active rectifier. 
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Figure 12. Typical circuit configuration of a Phase-Shifting Full-Bridge converter. 
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Figure 13. Typical Dual Active Bridge Single-phase Circuital configuration. 
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Figure 14. Typical Dual Active Bridge three-phase circuits, highlighting galvanic isolation transformer configurations. 
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Figure 15. Typical circuit of LLC converters. 
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Figure 16. Typical circuit configuration of a CLLC resonant converter. 
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Table 1. Comparison between off-board and on-board charging systems for electric vehicles.
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	Features
	Off-Board Charging Systems
	On-Board Charging Systems





	Availability of charging stations
	Wide presence of public stations in urban areas and along highways.
	Accessible wherever there is an electrical outlet, but requires the installation of a dedicated home charging station.



	Types of charging stations
	Public Charging Stations, Rapid Charging Stations, Induction Charging, Home Charging Stations.
	Mainly Home Charging Stations.



	Charging power
	High-power DC charging available at many public stations. Rapid Charging Stations offer high charging speeds.
	Slower charging compared to high-power public stations.



	Connector compatibility
	Various connector types used but often compatible with a wide range of vehicles.
	Standard connection to home outlets or dedicated charging stations with a specific vehicle connector.



	Charging time
	Rapid charging times (usually less than an hour) at high-power public stations.
	Longer charging times (varying from several hours to overnight) depending on the charging power.



	Charging costs
	Some public stations may charge usage fees.
	No usage fees at home charging stations.



	Initial installation
	Requires no additional installation.
	Requires the installation of a dedicated home charging station, incurring associated costs.



	Advantages
	Fast charging, wide availability, ideal for long trips.
	Maximum convenience, lower long-term costs, the opportunity to take advantage of cost-effective energy rates, always ready for use.



	Disadvantages
	Potentially higher costs due to usage fees, congestion in some areas.
	Slower charging, requires the installation of a charging station, limited to home charging station availability.










 





Table 2. Summary of the main features of the AC/DC commercial solution from most relevant providers.
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	Provider
	Topology
	PFC
	THD
	   η   
	    P out    
	    V in    
	    V out    
	Switching Tech.





	Texas Instruments
	  1 ϕ   TPBPFC [162]
	0.999
	<2%
	>0.991
	4 kW
	200/280   V  r m s   
	400 V
	GaN



	
	  1 ϕ   boost PFC [163]
	0.990
	<5%
	>0.98
	3.5 kW
	190/270   V  r m s   
	390 V
	IGBT/Si



	
	  1 ϕ   TPBPFC [164]
	0.990
	-
	0.985
	7.4 kW
	90/265   V  r m s   
	400 V
	GaN



	ON-Semi
	  1 ϕ   ITPPFC [165]
	-
	5%
	>0.90
	3.3 kW
	90/265   V  r m s   
	400 V
	SiC



	
	  1 ϕ   ITPPFC [166]
	-
	5%
	0.94
	6.6 kW
	90/265   V  r m s   
	250/450 V
	SiC



	
	  3 ϕ   TPPFCAR [167]
	0.950
	-
	>0.95
	10 kW
	195/265   V  r m s   
	200/450 V
	SiC



	Infineon
	  1 ϕ   TPPFCAR [168]
	>0.9
	<  10 %  
	>0.92
	3.3 kW
	175/265   V  r m s   
	400 V
	SiC



	
	  1 ϕ   TPBPFC [169]
	0.950
	<  10 %  
	0.990
	3.3 kW
	200/250   V  r m s   
	300/450 V
	Si/SiC



	Wolfspeed
	  1 ϕ   TPBPFC [170]
	>0.99
	<2%
	0.986
	3.6 kW
	180/265   v  r m s   
	420 V
	Si



	
	  1 ϕ   TPBPFC [171]
	0.98
	5%
	0.965
	6.6 kW
	90/265   v  r m s   
	250/450 V
	SiC










 





Table 3. Summary of the main features of the DC/DC commercial solution from most relevant providers.
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	Provider
	Topology
	THD
	   η   
	    P out    
	    V in    
	    V out    
	Switching Tech.





	Texas Instruments
	  1 ϕ   DAB [172]
	<5%
	0.976
	10 kW
	700/800 V
	380/500 V
	SiC



	
	  1 ϕ   CLLC [173]
	<5%
	0.98
	6.6 kW
	380/600 V
	280/450 V
	SiC



	
	  1 ϕ   CLLC [164]
	<5%
	0.98
	7.4 kW
	400/450 V
	250/450 V
	SiC



	ON-Semi
	  1 ϕ   LLC [165]
	<5%
	>0.9
	3.3 kW
	400 V
	200/450 V
	Si/SiC



	
	  1 ϕ   LLC [166]
	5%
	0.94
	6.6 kW
	400 V
	250/450 V
	Si/SiC



	
	  3 ϕ   LLC [174]
	<5%
	>0.9
	10 kW
	700 (  ± 35  ) V
	200/450 V
	SiC



	Infineon
	  1 ϕ   LLC [168]
	<2%
	>0.98
	3.3 kW
	300/450 V
	60 V (for HV)
	Si



	Wolfspeed
	  1 ϕ   CLLC [171]
	-
	0.98
	6.6 kW
	
	
	SiC



	
	  3 ϕ   CLLC [175]
	2%
	0.985
	22 kW V2G
	380/900 V
	200/800 V
	SiC



	
	
	
	
	6.6 kW–380/600 V
	
	
	



	
	
	
	
	6.6 kW V2G
	300/800 V
	365/755 V
	SiC
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