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Abstract

:

The enormous number of automobiles across the world has caused a significant increase in emissions of greenhouse gases, which pose a grave and mounting threat to modern life by escalating global warming and polluting air quality. These adverse effects of climate change have motivated the automotive sector to reform and have pushed the drive towards the transformation to fully electric. Charging time has been identified as one of the key barriers in large-scale applications of Electric Vehicles (EVs). In addition, various challenges are associated with the formulation of a safe charging scheme, which is concerned with appropriate charging converter architecture, with the aim of ensuring a safe charging protocol within a range of 5–10 min. This paper provides a systematic review of thharging technologies and their impacts on battery systems, including charger converter design and associated limitations. Furthermore, the knowledge gap and research directions are provided with regard to the challenges associated with the charger converter architecture design at the systems level.
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1. Introduction


Recently, Electric Vehicles (EVs) have gained popularity over traditional fossil fuel-based automobiles, which cause environmental pollution by releasing greenhouse gas emissions (GHG) [1,2,3,4]. EVs not only curtail carbon emissions but also reduce the burden of fossil fuel dependency [5]. Key bottlenecks in enabling larger EV adoption include the high cost due to batteries, range anxiety due to reduced battery capacity and speed, high charging time, and lack of sufficient charging infrastructures [6,7,8]. To meet the challenge of time, it is possible to develop highly efficient, reliable, and compact EVs by enabling game-changing battery charging technologies with the aim of reducing charging time and enhancing battery capacity [9,10,11]. It is expected that EV penetration by 2030 will be approximately 30% of all vehicles sold that will be either electric-powered or hybrid [12]. China, the US, and Europe are, so far, the biggest EV exporters worldwide, and the sales volume of EVs increased at a rate of 94% between 2011 and 2015. The Li-ion battery itself accounts for 40% of the total production cost of EVs. Prices of Li-ion batteries were reduced from $600 per kWh in 2012 to $250 per KWh in 2017 [13]. The recent target is set to push the price drop further to $100 per KWh by 2024. EVs have become a hot topic of research since 1990, therefore it is important to understand the development trend and technological barriers.



Charging time is the key bottleneck, particularly for Battery Electric Vehicles (BEVs), where it ranges from 2 to 6 h [14]. Three classifications have been made by the U.S. Department of Energy based on charging EV power capacity. The first includes charging EVs at less than 5 kW [9,15,16], the second covers the fast-charging power range between 5 and 50 kW, and the last one denotes a charging power range greater than 50 kW [17]. The first two are referred to as on-board chargers that are integrated into the vehicle, while the third one is referred to as an off-board charger, which is basically equivalent to a fuel station [18]. The reduction in the size of the off-board charger is the future focus of research. Still, the on-board charger can charge the battery on a domestic load. However, the mileage capacity is restricted to 240–300 Wh/mi [19]. Thus, if the vehicle is needed to make an extra trip urgently outside the daily drive, it would require fast-charging solutions.



EV charging systems can be categorized into three groups based on the power levels, as shown in Table 1. Usually, the chargers with a power level below 3.3 kW (1-phase) are termed slow chargers or Level 1 chargers with 120Vac outlet, which can be integrated in-to the vehicle power train (on-board charger) or can be installed as a convenience outlet at home (wall-charging outlet). The charging time for Level 1 charger is higher which is 4–11 h for 1.4 kW (for PHEV battery of 5–15 kWh capacity) and 11–36 h for 1.9 kW (for EV battery of 16–50 kWh capacity). Level 2 chargers can charge EV batteries with a power of up to 22 kW for both 1-phase and 3-phase with 240Vac (US standard) and 400Vac (EU standard) [20]. Similar to Level 1 chargers, they can either be part of the vehicle or part of the dedicated Electric Vehicle Supply Equipment (EVSE) outside the vehicle. Three types of charging time scenarios are available for Level-2 charger such as 1–4 h for 4 kW with PHEV battery capacity of 5–15 kWh, 2–6 h for 8 kW with EV battery capacity of 16–30 kWh and 2–3 h for 19.2 kW with EV capacity of 3–50 kWh [20]. On the other hand, Level-3 chargers have power levels up to 200 kW and they are always outside the vehicle as a part of EVSE. Level-3 charger has both ac and dc power facilities with voltage outlets of (208–240) Vac and (200–600) Vdc. It is mostly applicable in commercial area analogous to a filling station. It is termed as fast charging prototype due to its less charging time which is 0.4–1 h for 50 kW prototype and 0.2–0.5 h for greater than 90 kW prototype. The battery capacity of the dedicated EVs ranges from 20–50 kWh [20]. All three types of chargers convert AC grid voltage to suitable DC voltage to charge the battery. The power levels determine how fast the battery will be fully charged from a specified state-of-charge (SOC) level [21].



The charging characteristics and required infrastructure of some of the commercially available Plug-in electric vehicles (PEVs) and EVs are shown in Table 1. Most of the vehicles have either a Level 1 or Level 2 charger as a part of their vehicle power train (on-board chargers). However, Level 3 fast charging is the quickest option to charge any EV battery if the required connector is available in the vehicle.



A U.S. Department of Energy report in 2008 [22] pointed out that charging location is critical for building future EV mobility and classified the locations for EV charging into three groups: (i) Residential garage charging (Level 1 and Level 2), (ii) apartment complex charging (Level 1 and Level 2), and (iii) commercial facility charging (Level 2 and Level 3). For both the home and apartment scenarios, it is assumed that a majority of the charging will be performed at night. For commercial facilities, it is assumed that charging is primarily performed during normal business hours.



Several review papers on charging technologies of EVs can be found in the literature based on a number of factors [23,24]. In [25], a comprehensive review of EV charging station infrastructure, standards of charging cables, cords, and connectors, the impact of semiconductors devices used in converters on charger performance and cost, and the integration of a charging system with the microgrid for better energy management systems have been analyzed. The technologies related to EVs, EV charging systems, and optimization strategies to obtain the available output have been represented in another review [26]. An overview of the recent EV market, standards related to charging, grid integration and safety, charging infrastructure, and effects of EV penetration are discussed in [24]. An overview of the diverse kinds of EVs that are commercially available and associated with energy storage systems (ESS), as well as a detailed review of public and residential power outlets, EV charging cords, and charging stands based on various power levels, was discussed in [27]. The negative impact of EV charging on the utility grid and the safety code associated with EV charging systems has also been analyzed. A converter is an integral part of the EV charging system [28]. In [29], a review of converter architectures, international standards, and EV charger manufacturers was analyzed. The architecture of the converter topologies and the reliability associated with these topologies are considered to be important factors to evaluate the effectiveness of these converter topologies, which were not considered in the aforementioned studies.



Different factors have to be considered to design the converter topologies of EV chargers, such as the efficiency, power factor, isolation, harmonic contents, filter, and switching components [30,31,32,33], which have been highlighted in this paper for both DC-DC and AC-DC converters. The reliability of electronic components associated with EV converter technology ensures the reliable performance of the entire system [34,35]. Reliability assessment of the power electronics converter from manufacturer, seller, and customer standpoints is crucial to verify the reliable operation of the EVs in all environmental conditions [36,37]. Adaptation of safe and reliable charging methods ensures a long lifetime and better performance of EV batteries by limiting the temperature [38]. The development of the fast-charging converter accelerates the revolution toward sustainable transportation through EVs [39,40]. Therefore, different charging methods and charging strategies are important factors in evaluating the total performance of the EV. EV technologies are facing various challenges such as slow charging, isolation, power loss due to converter structure, power electronic component reliability, and thermal condition of EV batteries [41]. Vehicle to Grid (V2G) is not only a promising solution to cope with a large number of EVs considering all the aspects of charging and discharging EVs but also a possible way to boost economic growth [42,43]. Clearly, the need to develop reliable and fast chargers is not only important to remove the range barrier, but also to improve the robustness of the EV in the energy transfer context. Therefore, the specific goal of this review is to provide a detailed overview of the current development of the charging converter architecture and converter reliability, highlighting the challenges and potential solutions related to EV charging.



The review started by collecting the latest journal papers from major databases such as Scopus and the Web of Science with keywords including EV Charging, EV Charger Converter, EV charger/converter reliability, Thermal challenges in EV charging, and Vehicle to Grid. One hundred and forty papers were selected for this review with particular focus given to the key topics related to EV converter topology and reliability and EV charging. This paper first reviews and presents available converter topologies of both AC-DC and DC-DC converters for charging architectures. An overview of the reliability analysis of EVs and EV converters with diverse reliability assessment methods to ensure reliable converter performance and future trends related to EV converter topologies have been discussed. Various EV charging methods and strategies are presented, highlighting the charging challenges, thermal challenges of the battery, and V2G as potential solutions. Finally, insights into the fundamental charging protocol and guidelines for new research directions are provided.




2. EV Converter Topology


The EV charger usually creates a non-linear load in the power system, which causes problems such as weak power factor and excessive total harmonic distortion in the network. A well-designed battery charger aims not only to safely charge the battery pack with high efficiency but also to meet international standards such as IEEE 1547 [44]. Therefore, all EV chargers need a power factor correction (PFC) stage, an isolation stage, and filtering components. Several power electronics converter topologies are proposed in the literature to achieve these. The 6.6 kW prototype proposed by Lee et al. [45] used a single-phase PMW rectifier in the first stage and a full bridge resonant converter in the second stage. The rated efficiency in both charging and discharging modes was approximately 93%, but the power density was poor (less than 1 kW/L). The prototype used Silicon (Si) super-junction MOSFETs in the power stage. A three-phase 10 kW prototype based on a three-phase active rectifier and a dual active bridge converter proposed by Zeljkovic et al. [46] (Infineon) showed approximately 91% efficiency for the worst battery charging condition (195 V), with the topology presented in Figure 1. The prototype mostly used Si devices except for the high-voltage section of the dual active bridge (DAB) where Silicon Carbide (SiC) JFETs (Junction Field-Effect Transistors) were used.



2.1. Development Trend of DC-DC Converter


In [28], the DAB topology with the series-resonant converter (SRC) topology and two-stage series-resonant converter topology were compared for the DC-DC stage of the charger. It was found that the two-stage SRC was more efficient compared to the DAB topology. However, the analysis was shown for a 12 V battery charger (auxiliary charger) rather than the main battery charger of the vehicle. SRC and two-stage SRC topologies are shown in Figure 2 and Figure 3, respectively [47].



A modified DAB converter topology for an EV charger was proposed in [48], which uses a turned L-C-L network to improve the efficiency of the converter by reducing the reactive currents in the active bridges. Although the topology reduces the capacitor requirements of traditional DAB topology, the additional L-C-L filter could increase the overall volume of the converter.



Several advanced modulation strategies have been proposed to reduce the reactive current in the active bridges such as pulse-width modulation (PWM) with phase shift [49,50,51,52] and triangular and trapezoidal modulation [53,54]. These advanced modulation schemes also extend the Zero-Voltage Switching (ZVS) range and increase the low-power efficiency of the DAB topology. Reactive currents can also be reduced by combining the phase-shift modulation with equal PWM in corresponding bridge switches [55]. A composite modulation scheme was proposed in [56] for advanced independent PWM control of individual switching devices, as well as phase-shift, which improves the low-power efficiency of the topology significantly. This is due to the reduced root mean square (RMS) current in each switching device. However, the control algorithm is complex and needs to change the modulation strategy at different load conditions.



The authors in [57,58] proposed the CLLC-based SRC topology for EV charging applications. However, it is clear from their research that the CLLC resonant network design in the SRC converter is much more complicated than the DAB converter design. Furthermore, the voltage gain is very sensitive to various parameters, such as the secondary transformer voltage, load condition, inductance of the inductors, and capacitance of the capacitors in the CLLC network. Compared to the DAB topology, the voltage gain equation in CLLC SRC is much more complicated. To design the parameters in CLLC SRC, all the variations in different parameters should be considered. Even for charging mode and discharging mode operations of the EV charger, the topology might require different CLLC parameters to optimize the performance, which significantly complicates the design procedure.



Another critical issue with CLLC SRC is that the control complexity is greatly increased when compared with the DAB topology. Table 2 represents a comparison of various topologies utilized in the DC-DC stage of EV converter topologies for different types of EV chargers.



The dual active half-bridge (DAHB) converter is another promising DC-DC topology for EV fast chargers, which is presented in Figure 4 [59]. Although this topology has a smaller number of semiconductor switches than the DAB topology, maintaining the closed-loop control stability is very challenging in this topology due to the low-frequency resonance issues. The ZVS range with traditional phase-shift modulation is very limited as well. An advanced asymmetrical modulation strategy is needed to resolve the stability issues and extend the ZVS range.
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Table 2. Comparisons of various topologies for DC-DC stages.






Table 2. Comparisons of various topologies for DC-DC stages.





	Ref.
	Topology
	Power Flow
	Number of Switches
	Passive Elements
	Battery-Side Filter
	Output Voltage Range
	Rated Power
	Switching Frequency
	Efficiency





	[47]
	DAB
	Bi-directional
	8 MOSFETs with body diode
	   C  r 1    ,    C  r 2    ,    L  r 1    ,    L  r 2    ,    C  D C 1    ,    C  D C 2    
	C
	220 V to 447 V
	2 kW
	≥100 kHz
	90%



	[47]
	SRC
	Bi-directional
	10 MOSFETs with body diode
	   C R   ,    L R   ,    L  D C    ,    C  D C 1    ,    C  D C 2    ,    C  D C 3    
	LC
	220 V to 447 V
	2 kW
	≥100 kHz
	88%



	[48]
	Resonant dual active bridge (RDAB)
	Bi-directional
	6 IGBTs with

free-wheeling

diode
	   C 1   ,    L 1   ,    L 2   
	None
	unknown
	2.5 kW
	unknown
	96%



	[48]
	DAB
	Bi-directional
	8 MOSFETs with body diode
	   C 1   ,    C 2   , snubber

capacitor across each switch
	C
	600 V
	5 kW
	20 kHz
	86%



	[60]
	DAHB
	Bi-directional
	6 MOSFETs with body diode
	   L  i n    ,    C 1   ,    C 2   ,    C 3   ,    C 4   ,    C o   , snubber

capacitor across each switch
	C
	330 V
	600 W
	100 kHz
	unknown



	[61]
	DAB
	Bi-directional
	10 MOSFETs with body diode
	   L 1   ,    C 1   ,    C 2   
	C
	340 V to 380 V
	800 W
	32 kHz
	92.9% & 93.4% with light & heavy load









2.2. Development Trend of AC-DC Converter


Although three-phase diode rectifier [20] (unidirectional topology) and 2-level active PWM rectifier [46] are the two most popular topologies for the AC-DC stage, several other topologies have been found in the literature, which reduces the filtering requirements at the PFC stage of the EV charger. For example, [62,63] proposed a three-level neutral-point clamped (NPC) phase-leg-based AC-DC converter topology, which is presented in Figure 5. Because of the three-level operation and the PWM modulation strategy, the topology can reduce the input filter size. Although the voltage rating of each semiconductor device is reduced, the number of semiconductor devices is doubled compared to the two-level active rectifier, which can reduce the power density of chargers greater than 10 kW.



A three-level T-NPC PWM boost rectifier-based charger topology was proposed in [64]. The 11 kW charger achieved an impressive 95.6% peak efficiency and 2.5 kW /liter power density by employing a multi-port design approach and a novel phase-shift PEM modulation strategy. Again, the number of semiconductor devices, three times that of the two-level rectifier, is the main issue in this topology.



Krishnamoorthy et al. [65] proposed a matrix converter (AC to AC) for EV fast-charging applications, which does not require the traditional AC/DC/DC structure. The topology is presented in Figure 6. The front-end matrix converter converts the three-phase 50/60 Hz AC voltage to single-phase high-frequency AC voltage. The high-frequency transformer creates the galvanic isolation and the PWM rectifier rectifies the high-frequency AC voltage to DC voltage suitable for the battery. This topology ensures single-stage power conversion and removes the DC link capacitor at the output of the conventional AC-DC stage. Therefore, matrix converters usually achieve higher power density when compared to traditional two-stage solutions [66,67].



The authors in [68] proposed an advanced modulation strategy to compensate for the reactive power drawn by the input filter, which reduces the input current distortion and ensures very low total harmonic distortion (THD) for the input current. The controller achieves good dynamic performance in both the charging and discharging modes of the EV battery. However, the matrix converter has twice the number of semiconductor devices compared to the two-level PWM rectifier, which could reduce the power density of the charger. Table 3 represents a comparison of various topologies discussed in this paper for the AC-DC stage of EV converter topologies for different types of EV chargers.





3. EV Converter Reliability


Every electronic system is developed with individual parts or components. Therefore, if any single part fails then it may affect the entire system. From the manufacturing point of view, it is important to ensure high-quality products are delivered to the customers. They should also ensure that the product will perform consistently under various operating conditions. The key driving factors for reliability issues are the massive adoption of electronic systems and their increasing complexity. In addition, customers are expecting high reliability from their desired product. For example, in modern electric drives, power electronics converters with associated components together work as a power processor mainly for charging the batteries and delivering power to another auxiliary load. Trends of the power converter are shifting toward becoming small in size, compact, efficient, and power dense. They have been popular in EVs due to their ease of control and flexibility in scaling. However, the poor reliability of these devices is an issue, and they fail frequently; therefore, to ensure the reliability of this product, this important issue needs to be considered [69].



The extreme use of fossil fuels in the transport sector has contributed to environmental pollution over the past decades. The automotive industry has introduced a new concept for vehicles by replacing fossil fuels with electricity, as the driving force in electric vehicles (Evs) [70]. Thus, Evs appear to be the best alternative to traditional vehicles. Hybrid Electric Vehicles (HEVs), Plug-in Hybrid Electric Vehicles (PHEVs), and Battery Electric Vehicles (BEVs) are the three major Evs that exist in the current market. Automotive manufacturers are conducting research on designing and manufacturing Evs, whereas charging stations are increasing to feed the Evs.



Reliability assessment plays an important role in maintaining the operation of Evs’ components, mainly the power electronics converter. Reliability assessment is a critical issue for Evs, and various perspectives of reliability are required to be considered:




	I.

	
The customer’s standpoint.




	II.

	
The manufacturer’s standpoint.




	III.

	
The seller’s standpoint.









3.1. Reliability Evaluation for Evs


Power electronic converters fail for many reasons. For example, an increment in the on-state voltage during power cycling causes power losses that increase the temperature of the entire chip of the converter/inverter, which speeds up the bond wire lift-off via the generated stress through the thermal expansion mismatch between the wire bond and the chip [71]. In view of the developments in the field of Electric Vehicles (Evs), it is vital to assess the lifetime of Evs’ electrical components considering reliability in terms of service and maintenance. The significant factors concerning the reliability assessment of Evs that need to be considered are presented in Figure 7 [72,73,74].



At present, charging is one of the significant concerns observed due to slow battery charging times in Evs. Therefore, fast charging has become popular for consumer convenience, in order to drive an average distance on a daily basis. However, thermal management is critical for fast charging, as a significant amount of heat can be generated during charging, which can immediately increase the temperature inside the battery.



The heat then generates thermal stress and damages associated components within the battery, such as melting the separator, and in the power converter, it can cause the onset of failure in the bond wire or solder fatigue. Therefore, the reliability of converters is an important issue during fast charging in Evs [19].




3.2. Converter Reliability Assessment for Evs


The reliability of electronic components in Evs can be performed based on various perspectives, including the production process, selling time, and lifetime of Evs. Hosting diverse computational techniques of reliability evaluation can improve the lifetime, planning, and maintenance time of Evs. Thermal and electrical management of Evs also plays a great role in evaluating reliability issues through the modification of existing models. A few examples of current research work on reliability assessment methods for Evs are presented in Table 4. It can be observed from the state-of-the-art converter reliability approaches that the Markov model is the dominant approach in terms of estimating and assessing the reliability of the power electronic converters for Evs.




3.3. Future EV Converter Research Trend


Numerous research studies are being conducted on DC-DC converter topologies, which are currently used in Evs [70,82,83,84]. Battery packs, power electronic converters, and electric motors are the main components in Evs that require investigation, and the development of solutions for EV fast-charging and reliability issues is outlined below:




	I.

	
The design methods of electrical optimization using wide bandgap semiconductor (WBGS)-based topology to exploit their temperature, frequency, and low-loss characteristics [85].




	II.

	
A focus on the design phase is required to consider reliability during production.




	III.

	
To use mechanical optimization design methods to improve efficiency, power density, modularity, and reliability.




	IV.

	
Moving toward high-fidelity, multi-functionality, scalability, and modularity to achieve high efficiency and power density through intelligent control and management techniques [86].




	V.

	
To apply various control and optimization techniques such as fuzzy logic, artificial neural networks (ANNs), genetic algorithms, etc., to optimize several parameters of the converter.




	VI.

	
To develop a high-fidelity model of the DC-DC converter that can design and validate interfaces for next-generation developers.




	VII.

	
Handling the capability of electronic products (i.e., converter) by developing a modular design methodology.




	VIII.

	
Advanced converters are required to be developed and optimized to accept fast-charging methods such as pulse-charging EV batteries. Control systems can also be employed for monitoring battery health and optimizing the charging process [19].




	IX.

	
A systems-level approach can be developed that can be associated with new fast-charging technologies [19].




	X.

	
A complete drain and charge cycle can damage the battery’s health. Therefore, further research is required to meet the optimal combination in terms of the dissipation and charging of the battery [19].











4. EV Charging


4.1. Charging Methods


It is somewhat established in the EV research that temperature is the key limiting factor in exploiting Li-ion batteries due to the inevitable heat generation resulting from the high charging current. Since the battery lifetime is highly linked to the battery temperature, we suggest the adoption of a safe and reliable charging protocol that ensures short charging times with a safe battery pack temperature rise below 50 °C [81]. To control the battery pack thermal limit, an efficient charging standard needs to be maintained with the aim of achieving good capacity utilization and maintaining high energy efficiency, while maintaining a long cycle life. Several charging protocols have been proposed in the literature:




	
Constant Current (CC) Charge: In this method, the battery reaches the pre-set threshold cell voltage via the constant charging current and then slows down. During the CC mode, the high charging current introduces heat loss and thus pushes the thermal limit and accelerates the aging phenomena [87,88].



	
Constant Voltage Charge: In this method, the charging current gradually increases and reaches the steady-state voltage equivalent to the battery voltage. When almost reaching the battery voltage, the current also gradually decreases. The key benefit is a short charging time and easy control. At the same time, the demerit is that the battery cannot be fully charged. The initially high charging current will cause joule heating in the battery and increase the battery temperature, which could lead to battery aging and degradation [88].



	
Pulse charge: Using a pulse current, the battery can be charged fast with a drastically shortened charging duration. The demerit is that the quick-charging method can affect the battery’s health [88]. Examples of pulse current charging features are given in [89]. More refined research regarding the optimal charging waveform parameters (e.g., frequency, magnitude, and duty ratio of the charging current) is illustrated in [16].



	
Boost charging: In this technique, the battery charger can draw a high current for a short time. The 4C rate is implemented in [90].



	
Ohmic drop compensation: In this method, in the beginning, it increases the pre-set cell voltage threshold and takes the ohmic drop resistance of the battery into consideration. The highest 6C rate can be achieved [91].



	
Linearly decreasing current (LDC) charging: In the LDC, the charging current is decreased linearly depending on the SOC of the battery pack. The initial SOC will be taken into account [92].



	
Multistage charging: Three or more charging stages consisting of multistage currents are adopted based on the battery model [92].









4.2. Charging Strategies


In general, fast-charging stations are required to power Evs during trip transit. Topologies for the DC fast charger exist, but the challenge is to make them compact, power-dense, and thermally manageable. The circuit topology shown in Figure 8 can be illustrated as a common EV charger circuit, in which the power level is approximately 1.9 kW. Usually, it has a few components, such as an AC/DC converter stage with a rectifier and a power factor corrector (PFC), and a DC/DC converter stage with an LLC resonant converter [93,94]. For better power factor correction, the circuit topology shown in Figure 9 [95] can be employed and further modified to produce an efficient LLC resonant converter by adding it and using it as a front-end rectifier and boosting the PWM DC/DC converter The boosted DC can be used as an input to the LLC resonant converter [96]. The topologies for the EV fast charger using the current source and voltage source are illustrated in Figure 10 and Figure 11, respectively [97]. Another topology is described in [98], where the converter power is delivered to drive a motor.



Both CLLC and DAB can be used as full-bridge and half-bridge configurations to achieve optimal soft-switching features. Bidirectional full-bridge CLLC (FBCLLC) and half-bridge CLLC converters are illustrated in Figure 12 [99].



An initiative was noted in [100] to advance wireless power transfer into EVs using a SiC-based Z-source resonant converter topology as shown in Figure 13. Another converter topology for drive applications is shown in Figure 14.



Lately, the popularity of battery charging through a plug connection to a wall socket via an on-board charger (OBC) has increased. Shortening the charging time in single-phase power 6.6 kW OBC is gaining increased interest among EV manufacturers [101]. The Si-based OBC is limited in power density (183–732 kW/m3) and efficiency range (92–94%) and has a mostly unidirectional power flow [20,94,102,103,104]. The current state of the art can be enhanced by employing wide-bandgap devices to meet 1526 kW/m3. Efficiency over 97–99% has been reported by SiC devices [62,105,106,107,108,109,110]. Despite the LLC converter’s well-proven performance and efficiency in ZVS and ZCS [111], the current Si-based LLC converter can operate at a switching frequency of less than 100 kHz. To tap into the potential of wide-bandgap devices, SiC can be exploited to achieve several hundred thousand frequencies to gain a higher power density by shrinking the size of passive components [112]. Table 5 depicts a comparison of the discussed on-board chargers.



A wealth of works exist regarding the application of the LLC converter in battery charging [113,114]. The inherent limitation of this type of LLC converter is that its performance in charging mode cannot be achieved in the same way as in discharging mode due to an asymmetric topology architecture. As a result, it cannot boost the voltage by applying pulse frequency modulation [115]. Most of the OBCs cannot function in regeneration mode. To improve this situation, one additional capacitor is added to achieve a symmetrical architecture [116]. The additional capacitor decreases the voltage gain in charging mode, and the shift from the resonant frequency compared to the LLC converter results in decreased efficiency [117,118,119].
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Table 5. Comparison of on-board chargers for electric vehicles.
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	Ref.
	Stages
	Power Flow
	Switching Frequency
	Efficiency
	Power Factor
	Power Level
	THD
	System Volume/Mass
	Output Voltage





	[119]
	First stage is a boost ac–dc converter

Second stage is an isolated dc–dc converter
	Unidirectional
	200 kHz
	95%
	0.996
	6.1 kW
	4.2%
	1.2 L/1.6 kg
	400 V



	[94]
	First stage is interleaved PFC contains two CCM boost converters in parallel.

Second stage is isolated Full-Bridge DC-DC Converter
	Unidirectional
	70 kHz for PFC & 200 kHzfor DC-DC converter
	93.6%
	>0.99
	3.3 kW
	<5%
	5.46 L/6.2 kg
	200 V to 450 V



	[103]
	A full-bridge LLC resonant converter

A boost PFC converter
	Unidirectional
	90 kHz for resonant & 45 kHz for PFC converter
	92.5% & 88.3% for 220 Vac

for 110 Vac input voltage
	>0.93
	3.3 kW
	Unknown
	7.1 L/6.8 kg
	150 V to 450 V



	[120]
	A full-bridge AC-DC converter

A CLLLC DC-DC converter
	Bidirectional
	Unknown
	94.5%
	Unknown
	3.3 KW
	Unknown
	Unknown
	250 V to 450 V



	[121]
	A totem-pole bridgeless PFC rectifier

A CLLC resonant converter
	Bidirectional
	300 kHz for AC-DC & 500 kHz for DC-DC converter
	>96%
	Unknown
	6.6 KW
	Unknown
	Unknown
	250 V to

450 V









4.3. Charging Challenges and Potential Solutions


Bi-directional chargers feed power to the grid while in the resting period. However, there is a limit due to the existence of common-mode noise between EVs and the grid and the non-existence of grounding that can harm the safety of the system. To circumvent the common-mode noise, a transformer can be applied to the converter. The problem with employing a transformer is the increase in the volume and weight of the overall converter. A transformer-less topology can be applied to reduce the common-mode noise. This will offshoot extra costs to employ a dedicated device to bypass the freewheeling current. EV penetrations will have severe impacts on the distribution of the grid such as overheating of distribution transformers, voltage fluctuations, and harmonic distortion.



EVs are lacking in popularity due to slow charging at the home level in Australia (13A), where the charging time is approximately 7–8 h. The only feasible solution is a fast-charging station, which can charge within half an hour. However, this brings grid distribution issues. The idea is to employ an energy buffer unit to ensure grid stability. There is a new research direction regarding fast-charging technologies. New power converter topologies are required to deliver fast-charging requirements. The main features will be safe charging ability in 5–10 min, isolation for driver safety, ability to employ bidirectional power flow, less power loss based on soft switching, and the achievement of resonance for maximum efficiency. To develop high-power pulse charging, converters need to be designed in a sophisticated way so that BMS can guarantee the safe monitoring of battery health and control the charging process. A high charging current will induce stress on the DC bus and electric grid operation, thus, developing filters and power factor correction topologies will be the new focus. As the EV market will exploit a different range of batteries from various manufacturing companies, the fast-charging system needs to be robust so that it can adjust the required settings for charging accordingly. Adopting wide-bandgap devices is a potential solution to minimizing converter losses and volumes increasing thermal stability. Compared to Si, the wide-bandgap device can be exploited to realize high-voltage and current-rated converters, which need to be efficient, flexible, and robust enough to tune the various parameters and models of EV vehicles.



4.3.1. Thermal Management


Currently, the Li-ion battery is the only power source for EVs. The increase in continuous load due to acceleration, regenerative braking, and heat generation inside the battery pack cannot be neglected. Furthermore, the trend in EVs has shifted towards denser integration of the battery with the connector accessories and peripherals. Thermal challenges come into play due to space constraints. If these thermal issues are left unresolved, the battery performance will be drastically degraded. Heat sources need to be accurately modeled for the accurate estimation of the battery temperature at the cell level. Two types of heat sources are dominant in battery technology. The first is joule heating through the ohmic drop in the internal resistance of the battery and the second is reversible heat loss contribution due to the chemical reaction enthalpy change [122,123,124]. Pack-level thermal gradients are rather significant as this temperature nonuniformity leads to aging nonuniformity [125,126,127]. Hence, the accurate estimation of temperature information is required for battery health monitoring and diagnostic systems. Abnormal heating can lead to battery thermal runaway, which is detrimental to the battery and battery pack.



Many thermal management strategies already exist in the literature, including air [128,129,130,131,132,133,134,135,136], liquid [137,138,139], heat pipe [140,141,142], and phase-change materials [143,144,145,146,147], as listed in Table 6.





[image: Table] 





Table 6. Some studies associated with battery thermal management systems.






Table 6. Some studies associated with battery thermal management systems.





	Ref.
	Thermal Management Strategy
	Battery Type
	Findings





	[128]
	Reciprocating air flow
	Cylindrical Li-ion
	Lower maximum cell temperature and cell temperature difference due to shorter reciprocating period.

Cell temperature is decreased with reduced transverse and higher longitudinal spacing.

With charge/discharge rate, the maximum cell temperature rises quadratically.



	[130]
	Air and liquid type TMS
	Cylindrical Li-ion
	For the air TMS, a broad battery module with small cell-to-cell gap is suitable.

For a liquid TMS, a narrow battery module with a small gap is appropriate.

For high heat load conditions, the power consumption of air TMS is more than liquid TMS.



	[134]
	Forced air-cooling
	Li-ion
	Convection and advection of two heat transfer methods are performed to evaluate the cooling performance.

Small hydraulic diameter alongside high coolant flow rate enhances the cooling performance but increases fan operating power.



	[137]
	Forced liquid cooling
	Bipolar Li-ion
	Higher coolant plate thickness and coolant velocity aid in retaining the temperature non-uniformity, and maximum temperature is closely controlled.

Average temperature increases with number of cells among the coolant plates along with growing discharge rates.

Increasing the coolant velocity decreases the average temperature.



	[143]
	Phase change materials (PCM)
	Li-ion
	Maximum temperature and temperature spread in the cell are decreased with PCM.

During transient conditions of cooling system, the PCM on cell temperature is more noticeable.

Higher PCM thickness around the cell offers improved cooling in the cell due to higher depth in curvature.



	[134]
	Air cooling
	Prismatic Li-ion
	Higher flow rate of the fan and lower gap spacing cause a decline in the maximum temperature growth.

Uneven gap spacing influences the temperature circulations but does not affect the maximum temperature growth.

Constant gap spacing decreases both the overall temperature uniformity and the maximum temperature growth.



	[145]
	Phase change materials
	Li-ion
	Under stressed and normal conditions, it is probable to attain uniform temperatures with passive TMS.

The absorption and conduction of heat via the PCM–graphite matrix avoid circulation of thermal runaway.



	[141]
	Heat pipe cooling
	Li-ion
	Addition of heat pipe decreased the thermal resistance of a heat sink.

Flat heat pipe operates efficiently under diverse grade road conditions. Heat pipe managed instantaneous rises of the heat flux more efficiently than conventional heat sink under high-frequency condition.



	[142]
	Heat pipe and wet cooling combined TMS
	Li-ion
	Natural convection cooling system is not suggested for the battery discharged at high rate because of the large temperature gradient and high temperature inside the battery toward the last part of discharge.

Heat pipe TMS cooling by water bath is not recommended owing to the buildup of bubbles throughout the discharge.



	[137]
	Liquid-cooling
	Li-ion
	Growing inlet mass circulation can efficiently constrain the maximum temperature.

Temperature is proportional to the inlet temperature and inversely proportional to the width of cooling plate.

Width of cooling plate, inlet mass flow rate, and inlet temperature are three factors analyzed for better solutions.









4.3.2. Vehicle to GRID (V2G)


With the advancement of smart grids, the share of EVs is anticipated to grow because of climate concerns, technological advances, rising crude oil prices, and developments in the automatic control of EVs. As EVs always need to be recharged, they require a strategy for the effective utilization of energy, otherwise, a large number of EVs can cause an overload as EVs function as a load during the charging mode. V2G is a promising technology that appeared as a solution for the large number of EVs, where EVs can be utilized as loads as well as energy storage systems (ESSs) to support the power grid [148], as shown in Figure 15. The function of EVs has been advanced in the form of vehicle-to-grid (V2G) technology through the development of the smart grid. V2G permits bidirectional energy transfer between EVs and the electrical grid [149]. The optimal coordination of the V2G framework is required as uncoordinated EV charging/discharging imposes a critical effect on the power system [150].



Recently, numerous EV charging scheduling structures and pricing approaches have been proposed to minimize charging operation expenses and advance grid reliability. A hybrid strategy for charging and discharging has been suggested, which provides high scalability, distributed operation features to reduce the requirement of a centralized regulated scheme, and a distributed charging tactic for the PEVs [151]. An innovative charging scheme for PHEVs in a smart grid has been proposed where users can adjust the charging rates of PEVs in accordance with their preferences to progress the overall structure efficiency [152]. Strategies for charging/discharging services have been provided to estimate appropriate charging bills and regulate electricity to stabilize the challenging purposes of improving cost-effectiveness, boosting customer fulfilment, and decreasing the influence on the utility grid [153]. In [154], a charging/discharging scheduling crisis was formulated as a Markov Decision Process (MDP) with an unidentified transition possibility from the consumer’s viewpoint, where the unpredictability of either the electricity charge or commuting performance was studied. Therefore, to boost the revenue of the EV proprietor and electricity provider, it is essential to estimate the definite charging/discharging behavior of EV batteries so as to employ the optimum electricity charge to increase revenue.



V2G technology is associated with bidirectional energy flow from the EV to the power grid when the stored energy in the EV battery is higher, or from the power grid to the EV if the stored energy in the EV battery is lower. EVs employing the V2G strategy are normally charged when electricity production is higher, or when the expense of electricity is lower, and returning the energy to the power grid at peak load hours with high charges or when there is electricity demand [155]. V2G provides various advantages such as ancillary services, compensation for renewable energy sources, economic aspects, reactive power compensation, active power support, etc. [156]. The capability of EVs to offer ancillary services helps the power system to operate in a more stable way, reducing the protection relay’s operation and the influence of contingencies. EVs can be employed as a load or as a power source so as to control the frequency [157,158]. Frequency regulation, peak load shaving, load levelling, and spinning reverse are facilities provided by renewable energy source compensation [159]. The V2G concept is pleasing to EV proprietors due to the revenue from retailing the energy stored in EV batteries. Furthermore, it counterbalances the high purchase and maintenance costs of EVs and decreases the payback time. It provides facilities for the system operator by ensuring probable grid facilities by V2G. This mutual satisfaction from the owner and the service provider provides feasible operation and awareness on the purchaser side, and generates suitable incentives and structures on the supply side [160,161]. The V2G concept provides reactive power compensation without any active power exchange with the aid of the bidirectional battery charger [162]. V2G-oriented EVs can provide active power aid to the distribution framework. The integration of EV charging with V2G maximizes the facilities of EV integration with the distribution system. In [163], two scheduling tactics were executed, considering reactive power dispatch (RPD) and active power dispatch (APD) to diminish losses in the distribution system by employing the V2G scheme. The APD tactic decreases losses through the optimum charging/discharging of EVs, and the RPD tactic diminishes losses by an optimum reactive power addition.






5. Conclusions


The electrification of transport is a tangible solution to equivocate the impact of carbon emissions from IC engine-driven cars on the environment. Shortening the charging time has been the current key focus for EV car-manufacturing companies. Significant research efforts have already been invested to overcome fast-charging issues, yet certain knowledge gaps still exist:




	
To date, the impacts of fast charging on battery health and battery aging have not been identified. Battery failure mechanisms due to localized high current density have not yet been elucidated. Appropriate thermal challenges have not been addressed.



	
An efficient charging converter is key to achieving the required charging within a 5–10 min range. Various alternative approaches have been identified for fast-charging technologies; however, much remains to be investigated regarding the fast-charging converter, converter reliability, control scheme, and wide-bandgap semiconductor device potentiality in the converter architecture and possible degradation mechanisms in battery and semiconductor switches.



	
The behavior of fast-charging technologies in cold climates has still not been investigated, and the approach to charging optimization is not fully clear yet.



	
While much attention has already been paid to developing a fast-charging topology, further research is required to investigate the impact of fast charging on battery health and determine how the generated heat load on the battery at the cell and pack levels can be managed. We must also determine how a cooling system can be integrated with EVs, with the constraints of cost and weight.



	
Finally, cell-level and pack-level degradations are not well understood. Since the battery’s operating window is narrow, it is highly recommended to study the degradation behavior under different operating conditions. Few modelling works were found, but most are at the cell level. It needs to be extended up to the module and pack levels. Multiscale multiphysics modelling can help researchers to identify those challenges and support EV manufacturers to adopt a safe charging protocol with high reliability.
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Figure 1. Three-phase on-board charger topology based on active rectifier and single DAB. 
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Figure 2. SRC DC-DC converter topology. 
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Figure 3. Two-stage SRC topology. 
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Figure 4. DAHB converter topology. 
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Figure 5. Three-level NPC boost AC-DC converter topology. 
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Figure 6. Matrix converter topology with resonant tank and HF transformer for EV charger. 
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Figure 7. Significant factors concerning the reliability assessment of Evs. 
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Figure 8. General EV’s Charger Circuit. 
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Figure 9. Power factor corrector topology. 
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Figure 10. Current source-controlled EV fast charger topology. 
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Figure 11. Voltage source-controlled EV fast charger topology. 
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Figure 12. Bidirectional (a) FBCLLC and (b) HBCLLC resonant converter topology. 
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Figure 13. Z-source resonant converter topology. 
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Figure 14. Converter topology for Interior Permanent Magnet Synchronous Motor (IPMSM). 
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Figure 15. Vehicle-to-grid framework. 
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Table 1. Charging characteristics and required infrastructure of some manufactured PHEVs and EVs (data collected from [14,15,16]).






Table 1. Charging characteristics and required infrastructure of some manufactured PHEVs and EVs (data collected from [14,15,16]).





	
Vehicle Brand and Model

	
Battery Type and Energy

	
All Electric Range

	
Connector Type

	
Level 1 Charging

	
Level 2 Charging

	
Level 3 Charging




	
Demand

	
Charge Time

	
Demand

	
Charge Time

	
Demand

	
Charge Time






	
Toyota Prius PHEV (2012)

	
Li-Ion

4.4 kWh

	
14 miles

	
SAE J1772

	
1.4 kW

(120 V)

	
3 h

	
3.8 kW

(240 V)

	
2.5

h

	
N/A

	
N/A




	
Chevrolet Volt (2012)

	
Li-Ion

16 kWh

	
40 miles

	
SAE J1772

	
0.96–1.4

kW

	
5–8

h

	
3.8

kW

	
5–8

h

	
N/A

	
N/A




	
Mitsubishi

i-MiEV EV

	
Li-Ion

16 kWh

	
96 miles

	
SAE J1772

JARI/TEPCO

	
1.5 kW

	
7 h

	
3 kW

	
7 h

	
50 kW

	
30

min




	
Nissan Leaf EV

	
Li-Ion

24 kWh

	
100 miles

	
SAE J1772

JARI/TEPCO

	
1.8 kW

	
12–16

h

	
3.3 kW

	
12–16

h

	
50+ kW

	
15–30

min




	
Tesla Roadster EV

	
Li-Ion

53 kWh

	
245 miles

	
SAE J1772

	
1.8 kW

	
30+

h

	
9.6–16.8

kW

	
30+

h

	
N/A

	
N/A




	
BYD

	
LiFePO4

60.48 kWh

	
323 miles

	
IEC60309

	
1.2 kW

	
10 h

	
7 kW

	
N/A

	
80 kW

	
50 min




	
Hozon NETA

	
Li-Ion

55 kWh

	
249 miles

	
CCS2

	
N/A

	
N/A

	
3.5 kW

	
8 h

	
55 kW

	
30

min
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Table 3. Comparisons of various topologies for the AC-DC stages.
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	Ref.
	Topology
	Number of Switches
	Passive Elements
	Rated Power
	Switching Frequency
	THD
	Filter
	Power Factor





	[46]
	Full bridge
	4 IGBTs with free-wheeling

diode
	   C  i n    ,    L g  (  L 1   ,    L 2   )     C  f i l t e r    ,    R  f i l t e r    
	10 kW
	10 kHz
	Unknown
	RC on grid-side
	Unknown



	[64]
	Three level
	22 MOSFETs with body

diode
	   L  D C   ,    C  a c    ,    L f   , snubber

capacitor across each switch
	11 kW
	50 kHz–140 kHz
	Unknown
	LC on output side
	Unknown



	[65]
	Matrix Converter
	16 IGBTs with free-wheeling

diode
	   C  f o u t    ,     C r   ,    L r   ,    C f   ,    L f   
	50 kW
	6 kHz
	<5%
	LC on grid-side
	>0.99



	[66]
	Full bridge
	4 MOSFETs with body

diode
	   L F  ,    L B   ,    C F   ,    R d   ,    C  d c    
	10 kW
	20 kHz
	≤5%
	LCL on grid-side
	>0.90



	[66]
	Matrix Converter
	16 MOSFETs with body

diode
	   L F  ,      C F   ,    R d   ,    L o  ,      C o   
	10 kW
	20 kHz
	≤5%
	LC on grid-side, CL on battery side
	>0.90



	[68]
	Matrix Converter
	16 MOSFETs with body

diode
	   C F   ,   L ,      C o   ,    L o   
	15 kW
	Unknown
	2.58% in charger mode

& 3.44% in inverter mode
	C on grid-side
	0.94
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Table 4. State-of-the-art reliability assessment methods for Evs.
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	Methodology
	Purpose





	Numerical analysis [75]
	Numerical reliability analysis for dc-dc topologies in power electronics converter.



	Markov model [76]
	Reliability evaluation and comparison of PHEV Chargers.



	Markov model [77]
	Assessing reliability of power electronic EV charging systems.



	Markov model [78]
	Reliability enhancement for switching frequency and capacitance



	Combined model [79]
	The model combines physics of failure and probabilistic modelling techniques



	Practical methods [80]
	Investigating the building blocks such as a DC/DC and AC/DC on board charger.



	Mean Time To Failure estimation [81]
	Estimating lifetime of power electronic converter
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