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Abstract 

The enormous growth in the transportation sector around the globe has led to the emission of greenhouse gases in 

the environment contributing towards climatic change and global warming. The multifaceted solution to climatic 

change is achieved by zero emission operation of automobile sector by transforming towards fully electric. With 

the advancements in electric drives, the operational emissions of Electric Vehicle (EV) are completely eliminated 

and the emissions related to power generation can be eliminated by focusing on renewable energy sources.  

However, in many countries the demand for electric vehicles contributes only to a lesser percentage of vehicles. 

The key barrier in implementing massive adoption of green energy vehicles is the energizing time. Moreover, 

several difficulties related to formation of energizing plan include concern by the driver to reach the destination, 

lack of groundwork for charging and high cost of EV. This paper provides thorough examination on recharging 

methods, worldwide standards, and the challenges associated with the future research. The summary of different 

recharging methods with regard to conductive or wired charging, battery switching and cordless charging are 

discussed. A comparative analysis has been carried out on different charging levels and commercial onboard 

chargers in terms of distance, voltage and capacity of battery, time and power of charging. Furthermore, future 

roadmap and challenges in implementing EV are encapsulated as the future research investigations. 
 

Keywords - Electric vehicle, Recharging methods, Worldwide standards, Fast charging techniques, Global 

warming.  
 

INTRODUCTION 

Environmental sustainability is the substantial concerns of the nation around the globe. The environment is degraded by many 

factors like industrial waste, rising energy use, economic growth, increase in population, transportation, electricity generation 

process, agricultural industries and commercial and residential buildings [1]. About one fourth of world’s greenhouse gas emission 

comes from the transportation sector [2], [3]. The promising solution for diminishing greenhouse gases in the environment by the 

transportation sector is to flourish electric vehicles by reducing the consumption of natural gas [4], [5]. Electrification is the major 

factor that contributes to both social development and economic growth. Therefore, the transformation of internal combustion 

vehicles to green energy vehicles by transportation division focuses on energy transition towards zero carbon emission. The main 
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advantage of using electric vehicles is that it offers zero emission, high reliability, and low maintenance cost of electric motors 

than internal combustion engines. Instead of non-renewable energy sources (fossil fuels), the EVs provide opportunity for 

employing alternative energy namely green energy sources and the energy repository system to secure electric mobility. The 

recharge time of green energy vehicles is the main challenge related to the internal combustion vehicles. With the enlarged 

acquisition of EV over a short span poses grid reliability issues/ capacity of generation and the increase in load demand caused by 

extended EV usage may affect the distribution grid reliability [6-8]. Thus, the stability and reliability of the grid is affected by 

faster energization of EVs through DC supply. The fear of EV driver can be reduced by matching the driving range with internal 

combustion vehicles by the developments of recharging infrastructure.  Based on the forecasting of EV sales, it tends to increase 

from 2020 to 2025 of about 10.9 million, which is possible with the developments in charging technologies [9].  

EV adoption is made possible with the advanced charging methodologies. Another keystone in EV adoption is the battery 

technology, in the overall cast and weight of EV the one-third portion is constituted by battery [10]. Owing to the developments in 

charging technologies still there is a problem in widespread acceptance of EVs caused by the challenges of complex charging 

framework, energizing time, driving range, reliability issues, battery cost and battery lifetime. The reliable and cost-effective 

operation is possible by adopting proper power conversion technology and implementing newest control methods with high power 

providing improved efficiency [11], [12]. The EV chargers and charging system comprises of distinct power converters to charge 

the battery safely with high competence. The power delivered by the charging system is either unidirectional or bidirectional. The 

converter topology determines the fulfilment and effectiveness of the energizing system. The energizing time can be reduced by 

using high power converters. With the increased fleet of EVs the demand for electricity increases injecting power quality problems 

into the grid. The increased demand is satisfied by proper forecasting of load and the generation of electricity can be planned with 

the help of green energy sources which improves the safety and reliability of grid. To strengthen the fall back on EV charging 

technologies, distinct power converters and grid integration techniques are flourished. 

     Therefore, in-depth examination of EV recharging technologies, worldwide standards and future challenges is essential to 

provide remedial solution to the challenges in implementation of electrical mobility. Most of the charging stations are AC powered 

with converters to deliver power to the EV loads compared to DC fast charging and ultra-fast charging technologies. In recent 

years, DC power charging stations are most popular with the advancements in power converter design, fast charging, high 

efficiency and flexibility in power transmission from grid to EV. Hence a comprehensive analysis on the technical development, 

challenges and the standards are made to provide a possible solution for fast charging of EVs. This paper focuses on the following 

contributions. Firstly, it presents the overview of distinct EV charging methods and the preference of current state charging 

technologies. Secondly, various standards of grid communication, component safety, charging methods, battery testing methods, 

battery swapping are discussed. Finally, future roadmap, announcements and challenges of EV charging are introduced and the 

final observations are figured out in the last part. 

BATTERY CHARGING METHODS 

Environmental aspects have brought a significant concern over the past few years due to its impact on communities worldwide, 

which increased the percentage of electric vehicle usage than the commercial internal combustion engine driven vehicles. The core 

technology in implementing EV is the battery charger, where battery acts as a main power source. The power to the battery is 

supplied by two different types of battery charger. Firstly, the offboard charger with a power capacity of more than 350 kW, 

charges battery completely with a timespan of approximately 5 min. Secondly. The on-board battery charger uses a residential 

power source to charge a battery of capacity 1.92 to 19.2 kW. Presently on-board battery chargers of lower power rating are used 

in EVs, with an idea of charging at owners’ residence during night-time.  

 

 
 

FIGURE 1 

 DISTINCTIVE EV CHARGING METHODS 
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     EV Batteries are charged using distinctive charging methods and objective application employed. The distinctive charging 

methods specifies the magnitudes and the shapes of the Currents/Voltages when energizing, whereas the objective application 

refers to transfer of energy to vehicle in a physical mode. 

 

I. Conductive Charging 

Conductive charging necessitates the active connection between the vehicle contact and the charging inlet with distinctive 

energizing levels in accordance with the rate of power transfer which includes level 1, level 2, level 3 and extremely rapid power 

transfer as displayed in Table I.  

 

II. On Board Battery Charging 

The on-board battery charger (OBC) uses residential power source for charging a battery (from 1.92 to 19.2 kW). Since the charger 

is implemented in vehicles it has to be small and light. In addition, for expanded battery voltage i.e., from about 120–240 V the 

variable voltage control of OBC is required. In order to achieve the requirements as specified, previous research has been 

implemented with the successive examination [13]: 

• The switching control employed in OBC for achieving small volume and light weight is carried out at higher frequency; 

• To fulfill the variation in input and output voltage the transformer with both step-up and step-down operations are 

perceived; 

     Level 1 and Level 2 onboard charger uses AC power supply and same standards for transferring power to the EV. The domestic 

or Level 1 power transfer employs 120 V supply providing low power of 1.92 kW and has deliberate power transfer compared 

with all other levels [14], [15]. Hence for overnight or elongated charging, Level 1 charging is preferred. It requires longer time 

duration of about 11-36 hours for charging an EV of 1.9 kW power level with a rated capacity of 16-50 kWh [16]. For both private 

and public charging facility the primary charging method adopted is Level 2 charging, based on the charging capability the method 

is faster compared with the other. Level 2 charger uses high power which is 3 to 5 times more than Level 1 charger which 

considerably reduces the charging time [17]. Level 2 charger with an AC supply of 208 V or 240 V provides power until 19.2 kW. 

In onboard charger special components and installations are required for transferring high power. Level 2 chargers employ a lesser 

charging time of 2-3 hours for charging 19.2 kW compared to Level 1 charger, the charging battery capacity ranges from 30 to 50 

kWh [18]. The standard IEC62196-2 is followed by Europe and USA follows SAEJ1772 for charger connectors [19], [20]. 

     Owing to the different parameters like weight, power and volume of first two level onboard chargers, the transfer of power 

takes either single/two directions. For the effective power flow, two stage topologies are used by onboard charger, in the front part 

rectifier and at the rear part DC chopper is used. The front part rectifier acts as a PFC linked to the grid feeding boost chopper. The 

battery is charged by DC chopper through a link satisfying load with a DC power. The charging time of onboard charger is more 

compared to offboard charger as a result of lower charging capability. The arrangement of onboard charger is manifested in Fig. 

2. In the AC energizing station, the required power to the load is delivered through the charger by connecting rectifier to the source 

and the output in then fed to the DC chopper to obtain regulated power. The DC power is then delivered to the load with a proper 

protecting device. Many researches focus on modern control techniques to enhance the reliability, competence, grid support and 

controllability have been proposed [23]. 

 

 
FIGURE 2 

 CONFIGURATION OF ONBOARD CHARGER 

 

III. Dedicated onboard charger 
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The dedicated or conventional charger uses conditional output power, it is a self-sustaining device with a desire of energizing EV 

battery. The energizing system follows first two levels of energizing standards with a supply system consisting of single or three 

phase power which is designed small and lightweight. The supply power associated with the charger is in the range of 3.6 kW to 

22 kW (supply of single phase and three phase). The supply to the charger is obtained by connecting the charger to the wall socket 

and the required load power is procured by connecting to the converters (AC-DC and DC-AC) in the onboard charger. IEC 61000 

standards provide the solution for increasing the supply of quality power on the grid. Due to the limitations of weight and space in 

commercial electric vehicles, the AC charging is bounded to 22 kW. The challenges faced by the onboard chargers include voltage 

limitations of the battery, dependence of charging outlet, DC output can be restrained with AC voltage controller, incompatible 

ground reference. By adding components to the vehicle to improve the safety requirements at higher power levels the vehicle 

volume and heaviness increases. The devoted DC chargers with a power level of 22 kW are inducted at work location, residence, 

penthouse, and shopping complex. The economically available chargers comprises of two power converters for converting the 

power as required, it is attached to the supply system with an electromagnetic interference filter. 

In the first stage, the required output to charge the load is obtained by connecting the supply to the rectifier and the output is the 

fed to the DC chopper through the link to satisfy the load requirement. The harmonics is limited by PFC comprised rectifier. The 

high power to the load is transmitted through inductor and capacitor (LLC). The grid frequency is filtered by connecting a capacitor 

of considerable size uniting two converters. The topologies of various onboard chargers are reviewed [24], [25], [26]. Major layout 

of conventional onboard chargers are diode bridge and interleaved PFC boost converters. The modern onboard chargers use 

interleaved topologies in the front end, according to General Motors evaluation [27]. The next generation volt charger comprises 

of four bridges and two boost converters which is interleaved is fastened to the grid with a halfway DC link of 400 V as manifested 

in Fig. 4(a). The DC-DC modification stage uses resonant LLC full bridge converter to gain output voltage.  

The Tesla’s modernized charger adopts almost identical DC-DC modification stage and unified channels in parallel are exposed 

in Fig. 4(b). The Tesla onboard charger with a energizing capability of 7.7 kW (32 amp) and 11.5 kW (48 amp) V3 superchargers 

are employed to charge the EV battery [28], [29]. For the protection of 32 amp onboard charger 40 amp circuit breaker and 18 amp 

onboard charger 60 amp circuit breaker is recommended [28]. Hyundai onboard chargers uses flow of power in two directions 

supporting vehicle to device application is shown in Fig. 4(c). To facilitate appropriate voltage for different configurations, the 

conductive charger comprises of AC-DC converter supplied from a single phase and DC chopper (buck boost) adhered by an active 

bridge with the flow of power in two direction [30]. The passive diode rectifiers are replaced by bridgeless boost type PFC 

topologies to bring down the modification stage and power losses [31]. Hella electronics introduced matrix type converter by 

reducing the conversion stages. The dedicated onboard charger by Hella electronics uses matrix converter which changes the 

frequency of the grid into midway frequency with substantial DC filter linked to the load as manifested in Fig. 4(d). The converter 

with rated power of 7.2 kW achieves a maximum efficiency of about 98% [32]. 
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(a) 

 
(b) 

FIGURE 3 

 LAYOUT OF CONDUCTIVE CHARGER (A) ONBOARD POWER TRANSFER OF DEDICATED TYPE (B) ONBOARD POWER TRANSFER OF INTEGRATED TYPE 

 

IV. Integrated onboard charger 

 

To surmount the boundary of traditional onboard chargers the conductive onboard power transfer of integrated type have been 

employed without affecting the advantages of the existing conventional chargers like rapid energizing capability, diminished 

components, capacity of the charger and cost [34]. The modification stage with enhanced capacitor and inductor is avoided by 

using electric motor, converter for different stages of charging, and driving system. In addition to the advantages stated, the 

integrated charger offers high power in two direction and ample battery space [35]. The winding in motor provides electrical 

isolation and filter circulation and the inverter acts as a bidirectional converter [36], [37]. The current and voltage ripples in the 

integrated chargers are reduced by addition of supplementary components. Due to the presence of electric motor, traction 

controllers are employed as a result charging power is limited with the existence of zero average torque [38]. The induction motor 

drive and the combined battery charging system of integrated onboard chargers are designed by Renault and Ford charging 

company [39], [40]. The integrated chargers with switched reluctance motor or alternating motor is associated to the DC chopper 

through the link have been proposed [41]. The Renault Chameleon integrated charger with penetrative components for both the 

AC input supply employs power flow in one direction and blocks in other direction using one directional IGBT switch [42]. With 

the help of supplementary grid motor is interfaced without producing rotational force in the motor [43]. 

     Valeo charger uses H bridge converter attached to the doubly excited motor winding supplying high voltage to the load 

connecting DC chopper to the H bridge. Continental high power onboard charger uses rectifier to convert AC-DC and additional 

components to get filtered output. Moreover, three phase voltage (400 V) and electrical isolation is possible at high power charging 

[44]. 
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     The multiphase rectifier coupled to the storage device has a decoupled inductor in the motor [46], [42] and [43]. During battery 

charging to accomplish traction mode over and beyond electrical isolation the motors is equipped with multiterminal this acts as a 

isolated integrated onboard charger. The stator winding of motor is fastened to the supply depending on the charging configuration. 

The integrated isolated bidirectional chargers utilized for single phase systems achieves fast charging with power factor similar to 

resistive load. Table II shows the commercially available onboard chargers with its specifications like supply of storage device, 

volume, energizing power, energizing time, and distance. For fast charging of electric cars high voltage batteries with voltage up 

to 800 V is utilized, in order to enhance the safety isolated high voltage system is added 

     The battery energizing system employed with solar PV allows slow daytime charging and wired charging at night time providing 

continuous charging framework with a budget friendly application. The dual charging feature makes the electric vehicle ecofriendly 

by employing renewable energy sources. The result of the photovoltaic rely upon the amount of radiation present in a day an varies 

with the climatic conditions. The infrequent supply power is compensated with the help grid connected system. Thus by integrating 

power from photovoltaic and grid connected approach the consistency in power supply is achieved without any interruption. With 

the aim of obtaining topmost benefit of the dual charging system it can be employed in locations like commercial buildings, parking 

area and workshops where the installation of photovoltaic can be made easier  

V. Off Board Chargers 

The offboard charger energizes a storage device utilizing commercial power source (in the range of 20 kW to more than 350 kW). 

Since the offboard battery charger is found external to the EV and hence the component cost, size, mass and volume of EV is 

reduced which provides feasible environment for faster energization of EV. In addition, for a broad span of battery supply i.e., 

from about 300 V–1000 V and above, the variable voltage control is required. 

 

 
FIGURE 4 

 CONFIGURATION OF OFFBOARD CHARGER 

 

     The storage device is energized by both AC & DC supply in Level 3 or DC rapid charging at higher voltage. The offboard 

charger with a DC supply voltage of over 300 V to 800 V is used to deliver higher power ranging from 20 kW to 350 kW. Rapid 

DC chargers linked to the vehicle via charging inlet of offboard charger to power grid. The energizing time of Level 3 charger is 

in the range of 0.2 – 0.5 hours for a power of 90 kW which is faster compared to Level 1 and 2 [16]. Th first two-level low power 

chargers have lowest adverse effect on the network during maximum demand, whereas DC fast chargers may overload the local 

distribution grid with the use of high power during maximum demand [21]. 

     Extremely rapid/fast charging (XFC) system provides a refilling background like Internal Combustion Engine vehicles with its 

capability of charging EVs at high power. The XFC system with a DC supply of 800 Vdc recharges a battery of power level over 

and above 350 kW in a time of 5 min approximately. The XFC system installation cost is very high which is intended with switching 

components concentrating on transformer of solid-state type (SST), DC chopper of isolated type, rectifier and regulators to deliver 

high power. To reduce capital investment and lower operational cost several XFC systems can be combined to make it financially 

achievable. In addition, SST brings the advantage of transforming the voltage from one level to the other (medium to low) providing 

electrical isolation in XFC [22]. 
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(a) 

 
(b) 

 

 
(c)   

 
(d) 

 
FIGURE 5 

CONFIGURATION OF ONBOARD CHARGER OF DEDICATED TYPE (A) NEXT-ORIGINATION VOLT CHARGER (B) TESLA FAST CHARGER (C) HYUNDAI CHARGING MODEL 

(D) CHARGING MODEL BY HELLA ELECTRONICS 
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TABLE I 
DISTINCTIVE CHARGING LEVELS OF ELECTRIC VEHICLES 

 
TABLE II 

SPECIFICATION OF COMMERCIAL ONBOARD CHARGERS [33] 

 

VI. Battery switching 
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Battery switching technology plays a key role in electrifying heavy duty internal combustion vehicles into an electric vehicle. 

The extensively used energy charging type face the problems of consuming long time for energizing and lower transportation 

competence with regards to heavy duty EVs. In order to boost the efficiency battery swapping is considered. When the usage 

of charging station is more than 43% and the speed at which the automobile operates beyond 31 km/h, the battery switching is 

the cheapest technique for energizing heavy electric trucks [45]. The efficient recharge distance for swapping is 156km. By 

virtue of insufficiency in the accessibility of resources like energizing stations, energizing delay, pressure in the service grid 

and inherent EV range anxiety in the current EV owners. The acceptable solution for the above-mentioned problem is the 

conductive charging (transfer of power is carried out with a conductive link between the station equipment and battery), 

inductive charging (transfer of power is carried out without any conductive link between the station equipment and battery 

through the principle of induction), and the battery switching system (discharged batteries are restored by a completely charged 

one) [47]. Based on the advancement in the current field the power transfer of conductive and inductive type are preferred 

mostly and the battery switching system is the least preferred one, has still not disposed as a possible choice. The promising 

solution for the current scenario is the battery switching. The following key benefits are adopted in battery swapping than other 

methods faster energization of EVs. The work is easier like internal combustion vehicles, where the car is driven to the station, 

locate the vehicle in the area allotted, once the task is complete by making payment the car can leave the station [48-50]. Due 

to the quicker operation than refueling an internal combustion engine, the entire process takes only few minutes to complete 

the process. These results in serviceability and adaptability of EVs compared to internal combustion vehicles. Based on the 

above-mentioned advantages electric mobility is preferred [51]. 

  

VII. Battery swap station challenges 

 

The major advantage of the switching station is the rate at which the swapping is done, where the entire process takes fewer 

than five minutes. Today for the same time gas tanks are filled at gas stations. Another advantage is that driver need not have 

to leave the vehicle during the operation and also need not deal with dirty or angled cords. Here are some of the difficulties 

related to implementation of battery swap station they are battery degradation, battery ownership, charging infrastructure, 

interchangeability and feasibility as shown in Fig. 6 [52]. 

 
FIGURE 6 

 CHALLENGES OF BATTERY SWAP STATION 

 

VIII. Interchangeability 

Interchangeability of batteries is the best solution for fast charging without any delay in charging like internal combustion 

vehicles. The technique is possible only when the different manufacturer manufactures similar battery packs as a major option. 

The feature is fully reliant on the manufacturers’ decision, which may also lead to the following limitations innovation of 

product design, flexibility, uniqueness, innovation in design as cell manufacturers. The manufacturer standing among the 
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highest design also have to provide a design of standard cell to supply similar cell in market, only standardized products to be 

produced. This may lead to compatibility issues due to supply and demand with vehicles [52], and [53]. 

IX. Feasibility  

The battery design plays an important role in swapping battery technology. The design requirements should follow removing 

and reinstalling it from the electric vehicle. The battery design offers swapping of battery only in few electric vehicles in India. 

The swapping feature offered by Hero Maxi permits drained battery to be switched with energized one and the storage device 

can be energized individually [52], [54], and [55]. 

X. Infrastructure  

The battery packs are expensive than charging. The system is complex in designing a swap station to provide continuous 

charging of battery and swapping. The demand is similar to energizing the storage device, but the difference is the need can be 

controlled. The battery packs for the incoming customer should always be available and hence charging time to be offered 

accordingly. The charged battery packs should always be greater than that of the percentage of daily demand. The battery 

demand can be overcome by keeping additional battery for each EV one enclosed by EV and another battery at the switching 

station. Considering the economics in implementation of battery switching system it is not really favored [56]. Fig. 7 shows 

the infrastructure for both charging and swapping mode of electric vehicles 

XI. Battery degradation 

Owing to ageing of battery packs it offers lower storage of energy caused by deterioration of long-time battery usage and will 

affect the serviceability of EVs. Hence the users will prefer new storage device than older one, which leads to the reduction of 

operating cycle of any battery packs. However, the fully energized battery impacts unfavorably by the deterioration with 

adaptation over a period of time [57]. 

XII. Battery ownership 

In this case the EV user needs to acquire two batteries one to keep it on the vehicle and other can be used as a replacement 

battery. This will result in claiming null ownership over the battery of EV. It offers the following advantage since the ownership 

cannot be claimed by the owner, the EV users need not pay for it which leads to cheaper EV. 

XII. Operation cost 

The vehicle owner never gets the swapped battery and the ownership is null. In addition to the cost of energy the owner has to 

pay the lease amount. It can be charged for each swapping or at a particular frequency for a period of one month. The later 

lease amount method is costlier including service charge and minimum two battery packs. The lease for each swapping is also 

costlier which leads to less usage of swapping stations [58].  

 

 

 

 

 

 

 



Journal of Industrial Engineering International, 20(4), December 2024 

 

 

 J     I     E     I  

 

22 

 
(a) 

 

 
(b) 

 
FIGURE 7 

 CASH FLOW DIAGRAM [47] (A) CHARGE MODE (B) SWAP MODE 

       

     In charging system, the initial investment cost includes charger cost and cost of power capacity on the station investor side, 

whereas on the vehicle consumer side the cost includes battery and vehicle cost. The operation cost includes maintenance and 

electric charge on station investor side, similarly electric charge, service charge, freight revenue and maintenance cost on the 

vehicle consumer side is shown in Fig. 7(a). The battery swap station needs proper planning to provide charged battery based 
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on the demand. It increases the initial investment cost of setting swap station. On the vehicle consumer side additional battery 

rent will be charged for each swapping. The operation and the investment cost are shown in Fig. 7(b). 

XIV. Wireless charging 

The efficient performance of electric vehicle requires fast, reliable and economic charging system. The cordless charging 

system provides energizing EVs without connecting the device to the plug compared to conventional conductive charging 

methods. The cordless charging brings down the conduction losses where the use of wires, instinctive connectors and the 

associated framework are non-compulsory. The wireless charging can be adopted using capacitive, inductive and resonant 

inductive [61]. Conductive or plug in chargers provide EV owners trouble in connecting high voltage batteries to the cords 

until the batteries gets charged completely. The problem can be rectified my implementing wireless charging, as a result it 

improves EV performance. Fig. 8. Manifest the cordless charging technology for electric vehicles. The main issues in 

implementation is limited power transfer capability and initial investment cost. 

 

 
 

FIGURE 8 

WIRELESS CHARGING TECHNOLOGY 

 

     To avoid safety hazards the standards by regulatory bodies to be followed. The new era of cordless power transfer provides 

the ability towards cordless charging with the innovative research and development in power transfer capability of wireless 

charging technology [62]. 

XV. Capacitive charging 

The capacitive wireless charging technology or medium and low power transmission technology is used in spinning machines 

[65], phone chargers [67] and portable electronics [66] due to the ease of use, mechanical configuration and geometric pattern 

of coupling capacitors [63] and [64] provides the advantages as mentioned. Instead of wires, AC coupling are used for the 

power flow between source and battery. The half bridge converter is connected to the supply with a separate power quality 

control circuit. The high frequency AC supply generated from the H-bridge is transmitted on the receiver’s side through the 

coupling capacitor. The schematic representation of the capacitive wireless charging technology is presented in Fig. 9. 
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FIGURE 9 

SCHEMATIC REPRESENTATION OF CAPACITIVE CHARGING 

      

     The energizing runs on both maximum and minimum current. Hence to lower the values of impedance during transferring 

and collecting at the composition of resonance, extra inductor should be added with the coupling capacitors. With proper 

rectification and filtering components the AC power can be transformed to DC as required by the load or battery bank. The 

power transfer capability can be improved by controlling the two variables first one is capacity of the coupling capacitor and 

secondly spacing through the capacitor plates. The excellent performance of capacitance charging is offered by restricting the 

smaller air gaps between the capacitor plates. On account of the power demand and air gap the capacitance charging is applied 

partially to the electric vehicles. The suggestions on reducing the air gap and high capacitance rotary mechanism design are 

offered [68]. The air gap through the capacitor plates can be reduced by connecting a receiver to the bumper bar of the vehicle.      

The model will supply a power of 1 kW to the load with an operating frequency of 540 kHz at 83% efficiency is developed. 

The expulsion current created by diversified electromagnetic fields is liable to transferring power wirelessly bounded by 

transferring and collecting power. In place of magnets or coils, for power transmission coupling capacitors are prone to both 

transferring and collecting power through wireless transmission [69-75]. The power factor should be maintained to enhance 

the competence, voltage level and to bring down transmission losses using power factor improvement circuit. Due to the 

electrostatic induction principle, the high frequency AC supply is given to the transmitting plate after compensation, which in 

turn produces displacement current at the receiving plate. The received AC voltage is improved by passing it to a half bridge.  

The AC voltage is transformed into DC using rectification and filtering components to energize the storage device based on 

battery management system. The supply parameters like voltage and frequency and the component dimension, size and the air 

gap in which the coupling capacitor is placed is responsible for power transmission between the transmitter and the receiver. 

The frequency lies between 100 to 600 kHz [60]. 

 

XVI. Inductive charging 

The traditional inductive power transmission for wireless transmission was developed by Nikola Tesla in 1914. The visual 

representation of inductive power transmission is presented in Fig. 10. Based on the idea several wireless charging techniques 

are followed. The cordless power transmission from the supply to the receiver is carried out ranging from MW to KW. 

Chevrolet S10 EV in 1996 used magnetic charge inductive power transmission to feed with two power stages slow charge of 

6.6 kW and rapid charge of 50 kW [76]. The vehicle is charged by inserting an inductive coupler into auto charging port to 

receive energy on the secondary coil. The EV charger with a power of 6.6 kW, 200 V- 400 V supply, 77 kHz running frequency 

charging was displayed by the University of Georgia. The magnetic induction principle plays a major role in transmitting power 

wirelessly using magnetic field linking transferring and collecting power through the coils [77-83]. When the supply is passed 

to the transfer coil, the magnetic field is established around the coil and when the collector coil passes through it the AC power 

is created by the transportation of electrons. The car battery is charged with the converted and filtered AC output. The 

parameters to be monitored for effective power transmission are frequency, the induction between two circuits and the 

separation between the coils. The frequency range of inductive charging is 19 to 50 kHz 
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FIGURE 10 

INDUCTIVE CHARGING TECHNOLOGY 

 

XVII. Resonant inductive charging 

In resonant inductive charging resonant condition is used to transfer power effectively in case of inductive wireless charging. 

Owing to the weaker magnetic fields in inductive charging to transmit power at much higher rate, the resonant operation with 

excessive elements makes switching equal amount of electricity. The advantage of wireless power transmission includes 

transmission of power over larger distance without the use of cables. The power transfer occurs only when the resonant 

frequencies of transmission and the reception are coordinated to fulfill the above said condition [84-87]. 

The components are appended in such a way it provides same or different current to achieve appropriate resonant frequency. 

With the raise in resonant frequency due to the addition of extra components helps in reducing additional losses. The operating 

frequency of resonant inductive charging ranges 10 to 150 kHz [60]. 

 

 
 

FIGURE 11 

WIRELESS CHARGING TECHNOLOGY 
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STANDARDS OF ELECTRIC VEHICLE CHARGING 

The standard is a legal document/ chronicle bloomed by the specialist from various countries that is validated and disseminated 

by a globally recognized body which lays foundation for customer satisfaction and broad market penetration. Due to the 

increased usage of EVs, it creates new challenges and requirement to achieve the same outcome again and again. In order to 

maintain uniformity certain processes, rules, guidelines and characteristics are formed by the experts and are agreed globally. 

International charging standards are applied to resolve reliability, accuracy, protection, interoperability and integration issues 

of EV industry [96], [97]. The industries concerned with vehicle manufacturing and charging include the listed manufacturers 

battery, vehicle component, utility companies, battery switching station, service technicians, insurance companies, providers 

of EV charging, and electrical inspectors should follow the policies framed as per international standards. The various standards 

are formed by different association as listed in Table III. The standard Society of Automotive Engineers (SAE) provides the 

framework for energizing and integrating to the grid. The conductive charging is infrastructure is furnished by International 

Electrotechnical Commission (IEC) standards. The various charging standards include conductive charging, wireless power 

transfer, grid integration and safety. The components used in planning energizing stations should follow certain rules and 

instructions to assure safety while charging [98]. 

 Based on different criteria IEC developed various charging standards as follows 

• To ensure safety on conductive charging without affecting household and similar electrical appliances 

• Electric vehicle power transfer through wireless charging 

• Conductive charging components plugs, vehicle connectors, socket outlet and vehicle inlet 

• The driving force of electric vehicles can be analyzed using secondary lithium-ion cells 

• Low voltage electrical installations 

• The vehicle-vehicle-grid communication is carried out using version control management 

• Electromagnetic compatibility 

 

     Table III shows some of the standards to be followed when constructing an EV and mounting energizing station. The 

standards SAE J1772 provides the specification for components of conductive charging like connectors, plugs, socket outlet 

and inlet. The connectors in AC and DC charging of EV are provided by IEC 62196 and IEC 61851 standards. The standard 

for wireless or cordless charging is given by IEC 61980. IEC 62840 standard offers the specification for swapping battery in a 

charging system [99]. 

     The IEEE standard leaves way to the plan of EV and DC rapid energizer that encourages various features like better 

performance, component safety, conductive charging, cordless charging, interoperability, testing methodology and so on [100]. 

The revised standards with additional functionality, design requirements and technological advancements are included to 

improve the uniformity. There are various IEEE standards which include for grid connections, wireless power transfer and 

charging standards, interoperability of the grid, structure for electric transportation, harmonic control in power system and so 

on are listed in Table III.  

     The charging system comprises of two kinds of energizing which include AC and DC supply for energizing system. In Japan 

and USA, the domestic supply voltage of 100 V is used and in Europe the supply voltage of 220 V AC is used to charge the 

battery as per SAE J1772. The component safety features like connector, ports, inlet and outlet are designed using different 

standards like IEC62752, CHAdeMO-C601, NFPA70B, UL2251, 2202, 2594, 1741, and ANSI/UL2594 [101], [102]. The grid 

integration standards help in controlling the energizing and reenergizing of EV all over the grid. The standards have an eye on 

the following terms regulating power, safety features, supply quality power and the code to encounter assimilation of EV to the 

grid. The standards are established by various organizations include IEC, IEEE, ISO, UL and NFPA organizations. 

     The safety, performance, maintenance and testing of the grid interconnection on the distributed system is included in IEEE 

1547 [90]. UL 1741 standard provides the safety feature for power converters, and controllers [103]. The interoperable control 

of EVs with the test procedures, response specifications, security requirements and information standards are provided by the 

communication standards ISO 15118 [104]. 

     To ensure safe and appropriate supply to the battery and electric vehicle performance the standards are categorized under 

two categories as electric vehicle standards and battery standards. Among the battery standards are considered under the 

following category battery testing methodology, performance and power rating, battery swapping and so on. Under the category 

of electric vehicle standards conductive charging, wireless charging, fuel safety, fuel economy, power/ range, component 

safety, grid communication and charging standards are developed to regulate the performance of the devices. The safe power 

supply between EV battery and energy source is ensured by delivering appropriate power to the EV. Therefore, to extend the 
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safety needs standards are evolved for communicating between devices. The safety standards and technical regulations of 

battery pack and high voltage standards is developed by standard organizations like International Organization for 

Standardization (ISO), SAE, and IEC [105]. 

 

 
FIGURE 12 

 STANDARDS FOR EV AND BATTERY CHARGING 
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TABLE III  

STANDARDS FOR EV CHARGING STATIONS 
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FUTURE ROADMAP, ADVANCEMENTS AND CHALLENGES 

The environmental impacts, economic growth, and social development led to the growth of EV have created advancements in 

electric transportation system also challenges on distribution grid. The major focus of EV industry depends on the following 

constrains charging time; EV battery related issues, distance coverage, high upfront costs and enhance charging facilities [106].   

Therefore, to find the novel solutions of the existing issues it is important to explore control strategies, future developments 

and emerging technologies in the existing area. The manufacturers aim to launch connected and automated vehicles due to their 

low operating costs. For long range EVs rapid energizing with power of 100 kW to 200 kW is required. To meet the consumer, 

demand the manufacturers started to develop extreme fast charging beyond 350 kW to charge 80 % of the battery with less 

than 15 minutes [107]. The ultra-fast energizing of green energy vehicles increased the electric vehicle usage by providing the 

proficiency similar to the internal combustion vehicles at gas stations. In addition, by reducing the operating cost and charging 

cost improves the performance without compromising the fulfillment and meets customer expectation increasing the use of 

electric vehicles further. Automated vehicle offers a greater advantage including all the features in the same design. 

     The cordless charging are safe, reliable, flexible and cost-effective charging methods. The wireless charging method offers 

various advantages like reduced components, automated charging capability, less maintenance, and extreme fast charging. 

Owing to the advantages the cordless power transfer is preferred. The smart energy control to equipoise consumption and 

production enhancing the grid during demand the solutions are ready with V2G technology to reach the market. The growing 

demand of electricity is improved with the designed intelligent algorithm to improve the electrical network is another revolution 

of future EV technology [108]. 

     Based on the data and previously available information the performance of the charging system can be improved predicting 

the future states with the help of the intelligent modules present. The dynamic and complex problems of EV batteries are 

addressed by the intelligent methods of the Battery Management System [109], [110]. For the implementation of intelligent 

transportation system, the information is exchanged as a consequence of internet of vehicles. The automated green energy 

vehicles require communication technology to improve transportation by including carious features like parking assistance, 

energy saving, reducing traffic maintenance and effective vehicle maintenance [111], [112]. The battery features are improved 

by concentrating on battery storage system, charging and discharging methods, SoC estimation and charging density of the 

battery. The size of the module is reduced by replacing silicon switches with power electronic devices [107]. 

     The fear of driver to achieve the destination point with the available energy and search of charging station as a result of 

insufficient energizing stations is the major problem. The recharging time of the EV to be reduced alike fueling up of internal 

combustion vehicles. The innovative design and large batteries are used to achieve the difficulties, leading to increase in 

charging expense and the price of EV. The research focuses on reducing the fear of range anxiety in the future with the 

developments in economic and technical challenges. In order to enhance the usage of EV the energizing time plays a significant 

role, the rate of charging depends on the following factors battery size, SoC estimation method and charging time [113].  
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FIGURE 13 
 FUTURE ROADMAP OF NET ZERO EMISSION AND ELECTRIFICATION TARGETS OF DIFFERENT COUNTRIES [114] 

 

     The ambitious policy to accelerate the transition from internal combustion vehicles to EV mainly reduces CO2 emission in 

the atmosphere. As per the study made by the international energy agency, there will be gradual increase in green energy 

vehicles and will reach its peak by 2050. Fig. 13 Shows the target framed by different countries to achieve net zero emission 

by increasing numerous amounts of automobiles on road by 2050 [116]. 

     The electricity consumed for two/three wheelers in China is around 80 TWh in 2020. The demand is projected to increase 

by 525 TWh in 2030. The electric mobility results in electricity demand with the development in green energy vehicles. The 

future forecasting of electricity demand is calculated to satisfy the demand for electricity. Fig. 4. Shows the demand of 

electricity based on different countries and vehicles. 
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(a) 

 

 
(b) 

FIGURE 14 
SHARE OF ELECTRICITY BETWEEN (A) VEHICLES (B) COUNTRIES [116] 

 

     The use of electric vehicles reduced emission of greenhouse gases globally by reducing CO2 in the atmosphere of about 50 

Mt in 2020. It is mainly achieved by electric two/three-wheeler fleet from internal combustion vehicles in China. The reduction 
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of greenhouse gas emission is possible by expanding fleet of EVs and the reduction of internal combustion vehicles energized 

by natural fuels. This is implemented with an idea that electricity generation will reduce the carbon intensity to a greater extent 

than natural fuels. The need for electricity can be encountered by generating electricity in terms of decarbonizing methods, 

which results in mitigation of GHG emission. 

     The greenhouse gas emission of each country is determined by the dependence of carbon for power generation and the 

nonconventional energy usage to satisfy the electricity demand. As a result of reduction of greenhouse gases, based on the state 

policies the dependence of carbon for power generation is reduced by 20% and the sustainable development by 55% in 2030.   

It is possible only when the EV fleet were powered instead of internal combustion engine vehicles [116]. Fig. 15 shows the 

greenhouse gas emission reduction target by transportation sector for different year. The nonconventional energy sources are 

employed widely to energize the battery to satisfy the demand. By controlling the nonconventional energy sources integration 

on the grid and intermittency nature, the impact can be reduced [117]. The energizing and reenergizing capability of EV is 

improved by employing appropriate control strategies and the impacts on the grid are mitigated [118], [119].  

 

 

 
FIGURE 15 

 DEDUCTION PLAN OF GREENHOUSE GAS BY TRANSPORTATION SECTOR [97] 

 

CONCLUSION 

In this article, a summary of energizing EV based on different energizing methods like onboard charging, offboard charging, 

battery swapping, wireless charging, standards and future roadmap of net zero emission is demonstrated. With a focus of 

reducing greenhouse gases, the transportation sector increases the use of EVs to a greater extent than the internal combustion 

vehicles. Hence the dependence of fossil fuel as a primary source of energy is reduced. As a result the global warming and 

climatic change is improved to a greater extent. The broad implementation of EVs as a major choice provides a positive impact 

by bringing down the dependence of fossil fuel, and nonconventional energy usage for power generation, resulting in the 

deducting carbon emission. 

     Instead of internal combustion engines, electric motors are used as an alternative which offers the following advantages low 

noise levels, low operation and maintenance costs and extremely efficient. Despite the shortfall of charging infrastructure, the 

EV usage on road is increasing it commutes the EV usage to short distance trips. The current liquid and gasoline driven refueling 

infrastructure is to be replaced by cost effective charging system. The successful adoption of EV lies in the organized charging 

framework, sharp control design and intensified battery technology. The battery performance relies on the nature of charger, 

energizing and reenergizing groundwork, SoH and SoC assessment. The charging of electric vehicles is carried out by two kind 

of energizing one is AC charging station and the other is DC energizing station. Two main factors are considered while 

installing charging stations which include charging cost and charging time. DC fast charging stations are preferred by the 

automobile manufacturers due to less energizing time to energize the storage device with higher power capacity. Installing AC 

charging station is lesser compared to DC charging station, the DC supply offers fast charging hence DC is preferred. 
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     According to the emerging technology the charging methods to charge the battery like wired charging, cordless charging 

and battery switching are discussed. The wired charging topology is split into onboard and offboard charger. Due to the 

advantages offered by the integrated chargers it can surmount the constraints of conventional chargers. Technological 

challenges and trends of EV energizing systems are evaluated in terms of battery performance, charging and discharging 

capabilities, grid integration and smart charging. The standards have been entrenched to ensure universal acceptance, 

communication between green energy vehicle and energizing station, grid communication, power quality and component 

safety. Various standards are set by the organizations IEC, ISO, IEEE and SAE for safety requirements, charging 

communications, battery recycling and test procedures. Finally future roadmap and challenges in implementation of EVs are 

presented with a focus of reducing greenhouse gases with a target of net zero pledges for each country. 

 

Availability of data and material: The details on availability of materials are included in the reference section. 
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