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Abstract 
 
This paper explores the significance, most recent developments, and 
innovative challenges in the implementation of Electric Vehicle chargers 

along with the energy storage systems and analyses its impacts on EV. 

Throughout the years, various studies and papers have been published on EV 

charging for both stand-alone and grid powered EV systems. With the 
developing enthusiasm for this theme, it is convenient to have a detailed 

review, to sum up and update all the related studies in EV battery charging, 

and to introduce it as a solitary reference. A total evaluation of charging 
power levels and framework for EVs followed by the correlation of 

unidirectional, bidirectional chargers are introduced remembering the current 

status and issues in EV. 
 

Key words: Charging Infrastructure, Electric Vehicle,  Energy Storage 

Technology,  Charging System,  Sustainable Energy,  Smart Grid. 
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1 Introduction 
 

Nowadays concerns about global warming, fuel economy and climate 
change have contributed to the urge towards transportation electrification. 

The conventional electric vehicles which are fully based on fuel engines are 
purely mechanical devices, wherein high temperature and pressure built in 
the combustion chamber produce propulsive force to move the piston. This is 

converted into useful work. Electric vehicles are electrified vehicles that use 

motors to get the force for the vehicle to move forward, thus the term E-
mobility.  

 

1.1 General 
 

Electric Vehicles alludes to the improvement of electric controlled or 

electronic drive system, unlike the customary vehicle structure that utilizes 

petroleum derivatives and oils. The number of electric vehicles increases day 
by day which leads to an increase in the power demands during peak time. 

The grid interfacing of a large number of EVs leads to different power 

quality issues like stability problems, harmonics, voltage fluctuations, etc. As 

our country is moving towards a smarter grid, interfacing electric vehicles 
with the grid in a smarter way could assist in dealing with these issues[1]. 

Coordinated charging way forward to bidirectional charging is the future of 

EVs that can form a better solution to ease the network from overloading. To 
enable a proper flow of power in both directions the bidirectional charging 

systems are adopted as V2G, V2H, V2V and G2V.  The converters used in 

such systems must be bidirectional so that a pool of Electric vehicles can 
supply power back to the grid and each other to make the network adaptable 

[9]Throughout the years, various studies and papers have been published on 

EV charging for both stand alone and grid powered EV systems. As the 

interest in EV is increasing each year, it is convenient to survey, sum up and 
update all the related studies in EV battery charging, and to introduce it as a 

solitary reference. The paper presents an overview of the recent trends and 

challenges in the battery charging system including the battery storage 
technologies. The paper discusses the total evaluation of charging power 

levels and a framework for EVs. Besides, the power flow in uncoordinated 

and coordinated chargers are examined. The correlation study depends on the 
topology of the charger, charging time, rate, the measure of power level, and 

other elements. Closing comments are realized in the last section. 

 

1.2 Challenges and Benefits 
 

Electric mobility has a low carbon impression and can utilize renewable 

power sources like PVs to make it a considerably greener solution. The 
cheaper running cost, less maintenance cost, environment betterment, health  
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and safety benefits of electric vehicles are the main reasons why individuals 
move towards emobility services.  

The running expense of an EV is 8-9 times lesser than the conventional 

combustion vehicles. The ignition vehicles take 1 unit cost to run 1 km 
whereas the EV's can run 4 to 5 km with the same 1 unit energy. As the EVs 

utilize not many moving parts compared to the conventional fuel engine 

vehicles, the chances of wear and tear is very minor leading to less servicing 
requirement. As the EVs have no fuel engines, radiators, fuel filters, and so 

forth the complexity in the mechanical structure is extremely less. Moreover, 

to diminish destructive air contamination from exhaust monoxide and nitrous 

discharges, the artistry of electric vehicles is profoundly fulfilling.  
Integrating with renewable technologies like Photovoltaic systems can 

reduce greenhouse emissions even further[3]. By charging the EVs using the 

photovoltaic systems during the day can improve the driving reach and air 
quality[4]. There is a growing trend towards accommodating eco-friendly 

materials while assembling Electric Vehicles on the items and materials[5]. 

The Ford Focus Electric, an ongoing model in EV utilizes used materials in 

making the cushioning, and vehicle parts making it out of biobased materials. 
Another model Nissan Leaf has it's inside and body parts mostly green in its 

material piece made out of recycled products. Reduced harmful emissions 

results in the betterment of air quality and thereby improves health. EVs are 
proved as less noisy compared to petrol and diesel vehicles. Recent findings 

show that the EVs are having less tendency to roll over as the focal point of 

gravity is lower than the ordinary ignition motor vehicles[6]. The batteries in 
EVs, in general, are the heaviest segment being utilized. It occupies the lower 

base area of the vehicle being the explanation for the lesser rate of turn over 

during accidents. Even though numerous favorable circumstances elevate the 

purchasers to push ahead, still some hindrances keep from wide-scale 
acceptance of emobility technologies. It incorporates the charging time, 

range anxiety, limited charging infrastructure, power charges during peak 

time, establishment cost and so forth. Once fully charged the vehicle can run 
only 200-250km at the most till the charge reaches the minimum threshold 

limit[7]. The high charging time mandate users not to depend on battery 

electrical vehicle advancements. In any case, many quick charging 
innovations are brightening the charging pace of the battery[8]. However, 

high powered charging destroys the life expectancy of the batteries to a large 

extent due to the increased battery stresses at high voltages, improper cell 

balancing, cell overvoltages, etc. 
 

1.3 EV Charging System Architecture 
 

Figure 1 shows the general structure of an Electric Vehicle. The charge 

inlet is the incoming power supply point which charges the EV battery with  
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any kind of energy storage system. Chargers can be an onboard charger and 
an offboard charger depending on the charging station available.  

Most EVs have both charging points available onboard with separate 

ports for AC and DC quick charging inlets. 

 
Figure 1: Block diagram representation of an EV 

 

The energy storage equipment needs a BMS (Battery Management 

system) which protects the cell, monitors its charging process and keeps the 
battery operating within the safety zone[9]. It additionally prevents the 

battery from getting overcharged or undercharged. The Power control unit 

converts direct current (DC) to alternating current (AC) by working as an 

inverter for the motoring system that ignites the vehicle forward through the 
road. In the case of bidirectional charging, the power control units comprise 

of converters with bidirectional switches that can act like a rectifier as well as 

the inverter to charge the HV battery pack and support the grid respectively. 
eg: during regenerative braking, V2V, V2G, etc power being utilized to feed 

the battery by making it act like a rectifier. The different types of power 

electronic converters for EV charging incorporates AC-DC, DC-AC, DC-

DC, and AC-AC converters; called rectifiers, inverters, and choppers 
depending upon the need for explicit applications. [10]-[12]. The charging 

systems can be single-stage or two stages systems depending upon the user 

requirements. In two-stage chargers, the charging system comprises of two 
converters cascaded, a front end AC-DC converter which aims to provide 

inverting and a rear-end DC-DC converter to provide the required voltage 

level as specified in the battery specifications.[13],[14]. However, single 
stage chargers compress the burden of controlling the charger which 

intrinsically achieves a power factor correction within[15],[16]. With the 

electric drivetrain, the inverter output drives the motor to control the vehicle 

in the same way how the fuel engine strokes control the wheel drives 
depending on the driver‘s behavior.  Moreover, it can be decided that the 

performance of an EV is depended on the inverter accuracy. The inverter 

output is used to drive the wheels through the motor hub. There are 
numerous classifications in the electric motors used in electric vehicles.  

The electric motors used for vehicle incorporate brushless dc motor 

(BLDC), three phase induction motors and permanent magnet synchronous 
motor depending on the application and cost constraint of the vehicle[17]. 

The transmission system incorporates the drive wheels, braking mechanism, 

motor hub, driving rod and so forth.  
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The mechanism that transmits the power transmitted by the motor of the 

car to the driving wheel is known as the transmission framework (Power 

Train).  To propel the vehicle, a definite speed and power changing device is 
necessary to transfer the power to the driving wheel because of its 

momentarily varying speed requirements on the drive platform. This is 

achieved by controlling the duty cycle of the power electronic switches. 

 

2 Energy Storage System in EV  
 

ESS is the bulkiest and the most significant factor in the EV which 

affects the range and the expense of the vehicle. When used in EVs it forms 

small reservoirs of energy that could extend the life of the batteries after 

charging. The storage devices in an electric vehicle has to be both available 
and affordable. However, the requirement of high energy density, high power 

density, lifecycle and safety are unavoidable. The selection of proper ESS 

determines 40% of the vehicle‘s future in terms of performance. The 
following are the requirements of a good battery system[18],[19]. 

High Energy Density: It determines how much energy is stored in unit 

mass/volume. As the electric vehicle charging time is more than conventional 

combustion vehicles and due to the less availability of charging stations, the 
ESS must have a slow discharge rate so that it lasts for a long time. The 

energy density specifies for how long the energy storage system can 

continuously supply the power to the load. eg: Electrochemical storage 
systems like batteries have high energy density. 

High power density: It determines how much power can be delivered in 

mass per unit volume. To provide an efficient charging/discharging 
experience the vehicle should be able to deliver power in a faster rate. The 

power density specifies how quickly the vehicle can be charged/discharged. 

So, battery can yield larger units of power based on its mass. eg: Capacitor 

has greater power density than batteries and as a result capacitor gets 
discharged faster and batteries stay for a longer time 

Life cycle: The number of charge/discharge cycles which the battery can 

support before it gets fully saturated/degraded.  A charging cycle is one full 
discharge, followed by one full charge.  However, the partial discharges and 

charges count towards a full cycle. It is affected greatly by factors like 

temperature, frequency of charging (how frequently it is being used), etc. 
Safe to operate: The materials used in the manufacturing of batteries are not 

safe for the environment. Additionally, batteries like lithium based batteries 

tend to explode when exposed to heat. One of the reasons behind these safety 

concerns includes overcharging which leads to battery stresses.  
Overheating leads to blasts and explosions for delicate batteries like 

lithium-ion battery[20]. Energy storage systems can be classified based on 

how energy is being stored. The energy storage systems store the charges in 
various forms like Electromechanical, Electrostatic, Electrochemical Energy. 
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The block diagram in figure 2 shows how the storage systems are 

classified. [21]-[23]. Each battery has its own charging cycle and life span. 

Performance of battery can be estimated with different methods which helps 
enhance the life cycle and reduces the battery stresses. The battery status 

estimation techniques for a lithium based battery is being discussed in [24]. 

 
Figure 2: Energy Storage Systems- Architecture 

 

2.1 Electro-Chemical Storage Systems (EcSS) 
 

The EVs adopt secondary batteries which can be lead acid, lithium 

based, zebra batteries, metal air batteries, and so on depending on the 

application and cost factors. Formerly, the EV utilized Lead acid battery. 
However, the bulkiness, self discharge issue, and low energy density 

enforced the battery focus towards other storage technologies[25]. Lithium 

based batteries are generally being used in EVs. Anyhow, the chances to 
explosions during overheating are very high in lithium based batteries like 

lithium-ion and lithium polymer  batteries. However, it is used in plenty of 

applications including laptops, mobile chargers, battery banks, and so forth 

because of its ideal size, high energy density and less weight. Zebra banks, 
Na-NiCl batteries have less self discharge problem [26]. However, the 

sensitivity towards temperature variation has constrained the utilization of 

isolated cupboards and compartments to keep up the temperature of zebra 
batteries to 2700C which includes additional expense and weight of the 

framework[27]. 
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2.2 Electrostatic Storage Systems (ESSS) 
 

 The electrical energy is stored as static electrical charges. The simplest 
model is a capacitor which  has high charge/discharge rates which ought to 

be sorted while being utilized for EV as the charges should remain for longer 

to extend the driving range. Supercapacitors are similar to capacitors with 

two fold layer capacitors which has the separation between the plates lesser 
than capacitors by forming electrical double layer [28]. Ultra/supercapacitors 

has a relatively higher energy density than capacitors.  However, it is not 

used as primary energy storage.  Usually, supercapacitors are used as 
auxiliary energy storage systems  since its energy density is lower than other 

storage systems. The high power density of supercapacitors makes the 

charging and discharging rates higher while integrating with electrochemical 
batteries. 

 

2.3 Mechanical Storage Systems(MSS) 
 
  The storage device stores the kinetic energy and is moved to the EV 

power network to gain momentum thereby making the vehicle to move 

smoothly during the idle stoke. Hydroelectricity, pumped hydro and 
compressed air systems are other examples of mechanical energy storage 

systems. Flywheels are masses rotating on an axis in which the energy is 

gained during the power stroke[29]. During the power stroke, energy is 

gained. The gained energy is used to push the drive wheel forward. In 
hydroelectricity generation, stored water at high head is utilized and is forced 

to a turbine with a generator to deliver power. This has an energy storage 

limit of roughly 90% its energy storage capability. 
 

2.4 Electrical Storage Systems (EeSS) 
 

The energy is stored as chemical energy for the electrical storage 

systems.eg: hydrogen based fuel  cell. The anode and cathode utilized in the 

hydrogen cell are hydrogen and oxygen respectively which make use of a 

polymer/proton membrane as the electrolyte. In this way, hydrogen is the 
fuel infused from the charging station and the oxygen is taken from the 

environment which makes it an ecofriendly battery experience [30]. Besides, 

the biproducts discharged out of the hydrogen cells are heat, water and 
electric energy which makes this an emission free storage device. In any 

case, proper foundation and infrastructure is not accessible at present and the 

waste heat released out of it is very immense which enforces the utilization 
of huge cooling tanks making it massive and expensive. In addition, the 

hydrogen fuel tank to store the hydrogen fuel is way too costly to handle 

making the system unaffordable which overtakes advantages of hydrogen 

cells like noiseless operation, longer driving range and quick recharging. 
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2.5 Hybrid Energy Storage Systems (HESS) 

 

The hybrid models includes combining multiple batteries together and it 
can aid in increase in the battery performance and drive range. Individually, 

the energy storage systems cannot provide all the requirements of a good 

battery. However, the use of an auxiliary battery along with the primary 

energy storage can improvise the features of the battery unit as a whole. As 
an example, while combining ultracapacitors with a Lithium Ion battery (Li 

ion) it can be a better choice to improve the specific power with a slight drop 

in the specific energy[31],[32]. Considering the features of the individual 
ESS, the combination is chosen to enhance the charging and discharging 

efficiency of the system as a whole. 

Choosing the best battery for the specific purpose considering 
performance factors, availability issues and the cost imperatives are 

significant for efficient execution of battery charging system. 

 

3 Electric Vehicle Charging Topologies  
 

A significant barrier to the successful implementation of emobility is its 

charging. For better performance, choosing the appropriate power level is 
important so that the power from the electric grid is infused to the energy 

storage device at the proper rate. The existing challenges and future advances 

of the charging system are briefed in the below sections.  The block diagram 
shown in figure 3 shows different EV charging methods depending on the 

method of power transfer, the charging infrastructure, power levels and 

direction of power flow. 

 
Figure 3: EV Charging System Classification 

The battery charging system in EV can further be sorted dependent on 

whether the system is an independent EV system or grid connected EV 

system. Independent/standalone EV frameworks have the batteries inbuilt 
which are powered from renewable energy resources like sun powered, wind 

and so forth.  
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Such EVs are completely offboarded chargers in which charging and 

discharging occur inside the vehicle[33],[34]. Solar battery electric vehicle is 

an example of independent EV charging systems that don't depend on grid 
power. However, such frameworks may require auxiliary battery 

administrations and gigantic battery packs relying on the illumination 

accessibility and the purpose behind the vehicle. Grid powered EV systems 

can be classified as onboard or offboard systems depending on the source of 
charge. Besides, the blend of the independent EV charging system along with 

grid powered charging topologies help improvise the whole system with 

better efficiency. In such double battery frameworks, incorporating the solar 
power with the grid power can be beneficial for expanding the driving extent 

and this way controlling the charge anxiety. The charging system can be 

classified relying upon various converter topologies as single stage/double 
stage chargers and isolated/non-isolated chargers. However, every topology 

has it's on hindrances and advantages which is picked relying upon the 

performance and the application keeping in mind the cost involved. 

 

3.1 Converters in Charging System 
 

 
Figure 4: Different DC-DC Converter topologies 

The charging system in an EV consists of different converter topologies 
which are utilized in transferring the input supply to the battery level of 

voltage and currents. Input supply varies over a wide range for grid supply 

levels, PV system outputs or wind power generated.  When connected to a 

grid supply, the converter comprises a front end AC/DC  rectifier and a DC-
DC chopper. However,  PV and wind power generation eliminates the 

requirement of an inverter/ Power factor correction unit. In such cases, a DC 

/DC Converter can be utilized for varying the voltage to the appropriate 
battery levels. AC/DC Converters can be categorized as multilevel inverters, 

matrix converters, multi port converters and so on.  
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The DC/DC Converters can be grouped based on its number of stages, 

the number of inputs, the direction of power flow and isolation availability. 

In figure 4 the classification of DC-DC converters based on power 
electronics component orientation is shown. The following sections discuss 

different power converter topologies based on methods of power transfer, 

based on power levels, charging infrastructure and direction of power flow. 
 

3.2 Based on Methods of Power Transfer 
 

EV charging systems are differentiated based on the method of charging 

as contact/conductive and wireless charging systems. 

 

3.2.1 Conductive Charging 
 

Figure 5 shows the conductive charging system architecture. Conductive 

charging systems are regularly utilized because of the direct contact made to 
the vehicle through the charge inlet port to transfer power.  The hard wired 

interfacing between the supply and the inlet port adds a provision for quick 

charging by adjusting the power levels. Conductive charging systems are 

classified based on the power levels as level-1,level-2, and level-3 depending 
on its voltage and current combination[35], [36]. Further, the conductive 

charging can be grouped as AC charging systems and DC charging systems 

depending on the nature of the grid supply available at the charging station. 
The AC chargers are regularly an onboard charger that comes under level-1 

and level-2 charging systems. 

 
Figure 5: Multistage onboard conductive charging system architecture 

The onboard chargers have the charging system mounted in within the 
EV and it is directly plugged into the electricity grid. Figure 6(a)-(c) 

represents a few conductive DC-DC Converter topologies. A bidirectional 

voltage quadruple DC-DC converter is discussed in [37] with equalized 
current sharing features which provide fewer voltage stresses across the 

switches.  
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The topology has additional interleaved capabilities that compress the 

output current ripple & filter size. The system is validated using GaN 

switches and the results proffer a  maximum efficiency of 97.5%. A non-
isolated switched capacitor type DC-DC converter is discussed in [38] with a 

high voltage conversion ratio. The proposed bidirectional system has a peak     

 
Figure 6: Conductive charging systems:  (a)Interleaved voltage quadruple  

bidirectional DC-DC Converter[37] (b) Hybrid non isolated bidirectional switched 

capacitor type DC-DC Converter[38] (c)Integrated Switched capacitor  cross coupled 

inductor type DC-DC Converter[39]  (d) Wireless charging system Charging system: 

Dual Side LCC-Compensated Inductive charging system[42] 

  
semiconductor utilization factor and has constant potential across the low 

and high voltage ports. It is experimentally validated at 8kW/ 800V system 

with an efficiency of > 95% in both buck and boost modes.  In [39], another 

integrated switched capacitor type boost DC-DC Converter comprising of a 
voltage doubler is defined. It comprises two coupled inductors on the same 

core thereby reducing the magnetic core volume and weight. Moreover, the 

filter and inductor size can also be reduced. 
 

3.2.2 Wireless Power Transfer  
 

The contactless energy transfer is another approach to charge the energy 

storage system at distance without wires [40], [41]. Wireless power transfer 

will be a capacitive charging system or inductive charging system reckoning 

on the power transfer equipment used. 
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3.2.3 Inductive Charging   
 

Inductive coupling power transfer system which involves electricity 
being transferred via an air gap between two magnetic coils. Contactless 

power transferring technology is existing for several decades which makes 

use of two inductors. The principle is the same as that of a transformer 
wherein one part is the primary coil and the other part being called a 

secondary coil. The role of the charger is to convert the low frequency AC 

power to high frequency AC at the time of charging. The high frequency 
alternating current is transferred from the charging system to the auxiliary 

side and afterward rectified within the vehicle. The rectified output is stored 

in a battery pack. A series/parallel inductive power transfer system is 

discussed in [42] which has less sensitivity towards misalignment. It provides 
lesser voltage and current stresses as shown in figure 6(d). The architecture 

of inductive power transfer using a magnetic coil is shown in figure 7 (a).  

An integrated inductive-capacitive power transfer system employing a 
combined LCC and LCLC compensation is discussed in [43]. It provides an 

improved output which is strong to misalignments than conventional 

topology. Inductive charging can further be differentiated as static and 

dynamic inductive charging depending upon whether the coils are movable 
or not. In static inductive charging, the transmitter and therefore the receiver 

are both stationary whereas in the dynamic charging system one amongst the 

coils is mobile. In a dynamic charging system, an additional advantage is to 
include common portions of roadways as charging ports while at the identical 

time driving. This wipes out the problems of expenses and barriers of 

charging time. A modular approach for correctly aligning the vehicles over 
the charging pad using RFID, optical means and data fusion using Kalman 

filters are discussed in [44]. The charging on the road helps extend the 

practice range and thereby reduces range anxiety to the consumers 

furthermore. As a result, inductive charging can decrease the requirement of 
emergency fast charging techniques to some extend. Another resonant 

wireless charging system using two resonant networks suitable for static as 

well as dynamic charging is discussed in [45]. Here, the primary side consists 
of low frequency rectifier and high frequency inverter. Moreover, the 

secondary side uses resonant compensation to feed to the battery. The 

performance of the wireless power transfer diminishes with an increase in 
clearance between the 2 coils. However, it is implemented in many countries 

thanks to its easy charging in terms of convenience, galvanic isolation, and 

so on. Disadvantages include comparatively lower performance, poor power 

density, complexity in development, volume, etc. In [46], a dynamic 
inductive charging system including different resonant converter based boost 

topology is discussed. Moreover, the comparative analysis between these 

three topologies namely, LCL, LC parallel, LC series are defined based on 
the conduction losses, voltage-current stresses and the performance. 
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Figure 7(a): Architecture of Inductive power transfer using the magnetic coil 

 

3.2.4 Capacitive Power Transfer 
 

Figure 7(b) uses high frequency electric field to transfer energy and 

utilizes two coupling plates one installed in the street and the other appended 
to the underside of the vehicle skeleton. The cost and physical size are 

reduced here due to the less bulky nature of the galvanic isolation. However, 

the capacitive power transfer(CPT) is not useful for higher power ratings. An 

improved high frequency wireless capacitive charging system with four 
coupling plates are discussed in [47]. It utilizes a square shaped bare copper 

sheets enveloped with a thin layer of polytetrafluoroethylene (PTFE) 

providing improved power transfer density and high efficiency. A 540kHz 
buck boost converter system using a capacitively coupled inclined bumper 

charging dock is validated in [48]. The vehicle is pulled to the charging bed 

with an airgap possibility of up to a few millimeters, suitable for charging 

>1kW with a performance of approximately 83%. A compact 4 plate LCL 
compensated capacitively coupled soft switching charger is discussed in [49] 

which is suitable for large airgaps up to 150mm. The system is proposed for 

a 2.2kW input power system with an efficiency of 85.87%. 

 
Figure 7(b): Architecture of capacitive power transfer using capacitive coupling 
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3.3 Based on the Power Levels 
 

Depending upon the level of voltage and current providing for charging, 
the EVs can be classified as one of three fundamental classes: Level 1 

moderate charging, Level 2: Semi quick charging, and Level 3, Fast charging 

as shown in table 1.       
 

Table 1: Comparison of different charging levels for EV battery charging 

Charging level Voltage range   Charger type    Power Range      Applications 

Level 1 AC-120 V Onboard/one 

phase 

1.2kW AC Residential, 

Private charging 

points 

Level 2             AC 

     120V-

240V 

Onboard/one 

phase 

3.6- 22kW AC Workplace, 

residential,  

public spaces 
Fast 

Charging/Level 

3 

         DC/AC 

400V-1200V 

Offboard 

/Three pase 

50kW-250kW 

DC 

Public space 

charging, 

frequently 

intercity 

 

For residential purposes, the charging is done using the basic single 

phase outlet plugging attached to the standard wall outlet. However, with 
authoritative approval an electrician can install fast charging facilities to 

quickly charge the vehicles. The power levels are classified based on the 

voltage & current levels for which the basic configuration differs from nation 
to nation. Under normal charge rate, the minimum charging time is 8-9 hours 

for residences as depicted by Electric Power(EPRI) Research Institute. This 

is the reason behind developing semi-fast and fast charging inventions. 

Typical batteries in EVs follow the CC-CV mode of charging.  The EV 
standards and criteria are defined in the Society of Automotive Engineers 

(SAE), and the Infrastructure Working Council. Figure 8 shows the charging 

port for a level 2 and DC-DC fast charge port. 
 

3.3.1 Level-1 Charging System  
 

It is the slowest charging which transfers energy at a lower power level. 

It takes about 8-9 hours to add 200 miles of range to the EV battery. This 

kind of charging is suitable for overnight charging with a current capability 

of 10-20 A. But the range anxiety and the limited availability of charging 
stations make it unsuitable to rely on during long trips and emergencies. 
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3.3.2 Level-2 Charging System 
 

It is also known as semi-fast chargers as being faster than level 1 
charging. It takes about 4 hours of undisruptive charging with about 80 A to 

make the battery to full charge. This charging system adopts 3.6-22kW AC 

power which can be adopted in both residential and public spaces. 

 
Figure 8:  Level-2 AC and  DC fast-charging J1772 combo connector  by SAE[50] 

 

3.3.3 Level-3 Charging System  
 

Figure 9 shows the schematic for level 3 DC fast charging for an EV. 

Due to the high charging time requirement of EVs, the need for Fast charging 
options cannot be avoided. Fast charging systems utilize an external power 

converter that provides DC directly. The main challenge is that the design 

and manufacture of a system that delivers such a high power are quite 
challenging. But even the fast charging options takes 20-30 minutes of 

charging time to reach 80% full charge even after the high power charging 

station infrastructure installations. DC fast chargers have a DC voltage range 
of 200–600V which is obtained from isolated DC-DC chargers and can 

provide a high current rate of 200A DC. The charging level of power 

determines the rate of charging the vehicle. The power levels are affecting 

the distribution network on its power losses, deviations in the voltage, 
efficiency, thermal loading, life expectancy of the transformer etc. To reduce 

the grid impacts due to high power charging, a coordinated/controlled 

charging mechanism can be utilized to some extent.  
 

 
Figure 9: Schematic for DC fast charging-Level 3 
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3.4 Based on the Charging Infrastructure 
 

The EV chargers are categorized based on the charging framework as 
onboard and offboard chargers.  These factors determine the mass and cost of 

the EVs to an enormous extend.   

 

3.4.1 Onboard Chargers 
 

 
Figure 10: Schematic showing Onboard chargers in EV 

 

Figure 10 shows the schematic for an onboard charging system. In 
Onboard charging systems, batteries are installed onboard and the charging 

can be through power level 1 or level-2.  Typical OBC (Onboard charger) 

requires an AC-DC converter to charge the traction battery. Onboard 
chargers are used in low/medium power range as the vehicle tends to 

increase volume and weight for higher power applications and thereby 

controlling the cost.  Onboard charging is a slow charging method and 
ensures better safety as the recharging is possible at any place within the 

electrical outlet which leads to less energy transfer due to charging at low 

power levels. Onboard battery management systems decide on the voltage, 

phase configuration of the charging station and maximum capacity of 
current. As batteries are built onboard it makes the vehicle bulky and 

complex.  Figure 11(a)-11(d) shows a recent onboard single stage and dual 

stage converter topologies. A single stage bridgeless charging system with a 
reduced number of diodes and fewer semiconductor devices is discussed in 

[51]. The soft switching supports ZVS and ZCS in this manner decreasing 

the conduction losses as a whole. The system comprises a boost PFC soft 
switched rectifier integrated with a dual active doubling circuit rectifier  

which is proposed for a 2-5kW, 800Vdc system for slow/medium charging. 

A modified dual-stage converter drive for switched reluctance motor with a 

buck and a modified asymmetrical half bridge converter (MAHBC) is 
discussed in [52]. The converter works in driving mode, regeneration braking 

and battery charging mode. In [53], an Isolated DAB(Dual Active Bridge) 

DC-DC converter for an onboard charger in conjunction with a saturation 
prevention algorithm for isolated DAB is discussed. It utilizes no additional 

circuitry and does not require overdesigning of the transformer.  
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The algorithm is easy, adaptable and reliable and requires instantaneous 

monitoring of the IDAB-battery. The proposed method is validated for a 

6.6kW EV charger which provides an efficiency of 96.8% with  50% 
reduction in transformer size. An onboard two stage front end AC-DC 

bridgeless(BL) modified landsman converter integrated with an isolated 

flyback converter is discussed in [54]. The system is validated for a 

48V,100Ah battery with THD as low as 4.3%. Moreover, a comparative 
analysis of the conventional diode bridge rectifier is detailed. It provides 

better power stability, reduces the input voltage and outputs current stresses 

compared to existing topologies. Another bridgeless battery charger is 
proposed in [55] using a normal PFC(Power Factor Correction) AC-DC 

inverter and a BL(Bridgeless) sepic converter with a THD lowered to 

1.55%(with battery), 4.57%(with varying supply voltage) and 2.37%(with 
varying load). It has higher power quality and efficiency as it uses only 2 

diodes instead of 4 diodes in a bridge rectifier. 

 
Figure 11: Recent Onboard  charging system (a)  single stage bridgeless boost PFC+ 

dual active diode rectifier[51] (b) Modified 2-stage charger with buck & modified 

half bridge converter motor drive[52] (c) Resonant  Bidirectional DAB  

Converter[53] (d) Two stage   AC-DC Bridge less Landsman converter with DC-DC 

Flyback converter [54] 

Offboard chargers 

 

Figure 12 shows the typical block diagram for offboard chargers in EV. 
Typically, being called DC fast chargers it comes in Level-3 charging was 

the AC is converted to DC in the charging station. It is regulated to battery 

voltage and directly fed to the built-in battery. As the energy transfer happens 

quickly, an efficient and reliable BMS(Battery Management System) has to 
be realized.  
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The appropriate voltage and current values specified by the battery has to 

be properly communicated with the vehicle as it deals with the higher 

transfer of energy. As the charging happens at higher power levels, there is a 
need to address the issue of battery heating. Battery heating can lead to a 

reduction in the battery life cycle. Such off-board systems are used in public 

emergency charging ports and stations which supports a wide range of 
battery voltages, power and battery chemistry type.   

 
Figure 12: Block diagram for Offboard chargers in EV 

In figure 13(a)-(d), the recent DC-DC converter topologies for offboard 

chargers are discussed.  A modified three-phase interleaved converter 

charger is discussed in [56] with a main focus on the DC/DC converter. The 
interleaved topology promotes the reduction in input voltage-output current 

ripple. An improved bridgeless Cuk converter for EV charging stations is 

discussed in [57]. It utilizes a flyback converter to regulate the battery 
charging during CC-CV modes of EV charging. The high voltage cuk 

converter provides better power quality characteristics and makes use of a 

single switching device in effect reducing conduction losses. Another three-
level (full bridge) CLLC converter for wide input voltage applications is 

proposed in [58]. The converter is validated using a 3.5 kW vehicle charger 

for 200V-700V input and performance of a maximum 92.5% and a minimum 

> 87.5% is realized. 

 
Figure 13: Offboard charging system (a)modified three phase interleaved DC-DC 

converter charger[56] (b)Topology of three level resonant  DC-DC converter[58] (c)   
interleaved  buck DC-DC converter[59] (d)Three level DC-DC Interleaved  DC-DC 

Converter[60] 
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In [59] a full bridge interleaved AC-DC boost converter together with an 

interleaved DC-DC buck converter is proposed. The AC-DC converter 

improves the power factor to 0.99 thus employing PFC(power factor 
correction) with the least voltage distortions of 0.8% for output of 250 V. 

Since the converters make use of interleaved architecture, the system cancels 

the current ripple and reduces the conduction losses to a large extend.  An 

improved three-level series capacitor type voltage balancer is discussed in 
[60] with a high conversion ratio, lesser voltage and current stresses. 

Moreover, the voltage balancer has the function of a DC-DC converter for dc 

bus fed applications of EV.  
 

3.5 Depending on the Direction of Power Flow 
 

To charge an electric vehicle, the vehicle is plugged into the charging 

port which feeds the power to the vehicular battery through the charger. The 

charger consists of power electronics switches which help the battery to 

charge by proper switched control of the duty cycle.  Unidirectional power 
flow performs the charging process using unidirectional switches like diodes, 

SCRs, transistors, etc. However, the battery charger is allowed to transfer in 

the reverse direction from the vehicle to the grid to meet the power demand. 
It makes use of converters with bidirectional switches like BJT and 

MOSFET. Batteries in EV can act like a small charge reservoir suitable to 

supply power to the grid if the converters used in the battery charger is 

multidirectional. Depending upon the direction of power flow the battery 
chargers can be categorized as unidirectional and bidirectional chargers. 

 

3.5.1 Unidirectional Charging 
 

Unidirectional chargers allow power transfer only from the grid to the 

vehicle (G2V) and not vice versa. The charger in a unidirectional charging 
system has to transfer power to the energy storage element through a power 

electronic converter unit. By controlling the voltage and the current supplied 

to the battery and by adjusting the switching ON/OFF durations the energy is 

transferred to the traction battery. Unidirectional charging systems can 
charge the EVs however they are unable to reenergize the grid back when 

necessary. Such unidirectional chargers generally comprise of the diode 

bridge, filters and converter units. The input to the EV can be DC or an AC 
depending on the choice of onboard of offboard charging systems.  Keeping 

in mind the battery having DC input, the battery charger can either be a DC-

DC converter or an AC-DC rectifier to meet the charging demand. Figure 14 
shows recent topologies for the unidirectional DC-DC converter. An active 

frontend AC/DC converter systems provide reactive power support by 

controlling the current phase angle which can be accomplished even without 

releasing of a battery.  
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A galvanically isolated semi-DAB(Dual Active Bridge) converter is 

discussed in [61] for fuel cell-based hybrid EV‘s. The converter is based on 

fuel cell battery integration providing a range extension and an improved 
efficiency of >94% for Iinput >7A. Experimental validation shows that the 

DC-DC converter topology is suitable to provide a wide range of ZVS 

operation and works in buck boost mode depending upon the SOC of the 
battery and the fuel cell utilization.   

In [62], an AC-DC converter with a high reactive power compensation 

capability and stabilization of peak power without the bidirectional converter 
features are realized. The system is simulated using two different topologies 

(a) an active bridge rectifier and (b)a diode bridge rectifier and the THD and 

the reactive power capability of both the topologies are discussed. A DC-DC 

three-level interleaved converter is discussed for a fuel cell hybrid electric 
vehicle (FCHEV) in [63] with lesser component size, weight and fewer 

components. Moreover, the system helps diminish the input current ripple 

and output voltage ripple. Another two-stage unidirectional charger is 
discussed in [64] comprising of a bridgeless ac-dc boost converter and 

interleaved buck converter.   An isolated IGBT based three level diode 

clamped DC-DC Converter is discussed in [65]. 

   

 
Figure 14: Unidirectional converter chargers: (a) Semi-DAB DC-DC converter [61] 

(b) Three leveled interleave type DC-DC converter for HEV[63] (c) Isolated  IGBT 

based three-level diode clamped DC-DC Converter[65] 

 

3.5.2 Bidirectional Charging 
 

The bidirectional charging system allows the battery to charge /discharge 

depending upon the SOC(State of Charge) of the battery.  Using bidirectional 

chargers, the power is bought from the grid during low demand and supply it 
back to the distribution network under full charge or during the peak hours 

using bidirectional converters [66],[67]. Bidirectional power transfer 

technology allows the EV users to earn financial benefits by allowing the 
vehicle to supply to the grid during peak power demand. But the power 

transfer between the Electric Vehicle and smart grid requires an efficient and 

extensive exchange of information about the technical data like the SOC of 

batteries, the status of the vehicle etc.   
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Based on the charge or discharge ability of the EV and based on the 

demand and energy requirements of the power grid, the vehicle to grid(V2G), 

vehicle to home(V2H) & vehicle to vehicle (V2V) topologies are the recent 
bidirectional EV features which are under progress. The extensive 

communication requirements between the grid and EV is provided by the 

agent, central aggregator. Figure 15 shows the bidirectional charging 

communication gateway for a V2G system during high EV penetration 
through a central aggregator. In all the grid-interactive benefits for EVs, V2G 

is the one mainly under discussion which allows the power transfer fed from 

the battery to the grid (V2G) in addition to G2V power flow. When the 
Electric Vehicle battery charge is greater than 85%, the system should 

support V2G power transfer. When the battery charge is between 60 % & 

85%, the system should support V2G and G2V power transfer depending on 
the time of the day (whether peak timing/not) and the user's choice. When the 

SOC of the battery is less than 60%, the power transfer supports from 

charging the vehicle battery from the grid supply.  

 
Figure 15: Bidirectional Charging communication  layout for a Vehicle to Grid 

Network 

 

Figure 16 shows the bidirectional charging/ discharging power flow 
depending on the SOC of the batteries. For EV1 & EV4 as the SOC of the 

battery is 95%. As a consequence, both the EVs can participate in 

discharging to the grid if the requirement is put forth by the aggregator.  
Moreover, the batteries for EV2 can undergo charging or discharging 

depending on the power demand and expected travel time which is decided 

prior by the user. EV3 and EV5 have battery SOCs of 40% which needs to be 
charged to a threshold value which can be decided by the DSO(Distribution 

System Operator). The V2G technology provides various services to power 

system networks like reactive power compensation, peak load shaving etc for 

which the system needs an onboard memory and adaptive intelligence.  
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An EV can act like a distributed load as well as a distributed source.[68]. 

EV's arrival for charging is a fully random and completely stochastic process. 

To provide a user-friendly and fast charging experience, there is a need for 
the availability of parking slots for the EVs to avoid long queues. As the 

number of charging stations becomes more, the charging becomes more 

systematic.  It can be two stages/single stage bidirectional converters 
depending upon the cost constraints, accuracy, performance and preference 

on compactness. 

Figure 17 shows the recent bidirectional DC-DC Converters. A dual 
active bridge(DAB) DC-DC converter comprising of an L3C soft switched 

isolated topology is discussed comprising of a high-frequency transformer 

having high turns ratio. The resonant charger supports ZVS and ZCS and 

provides a wide input regulation of voltage with an efficiency of >94% is 
discussed in [69]. Moreover, the leakage inductance and parasitic capacitors 

participate in the resonance thereby reducing the conduction losses to some 

extent. Here, The battery charges at CC-CV and constant power modes.  

 
  

Figure 16: Bidirectional power flow in a distribution system-V2G & G2V for 

different SOC of vehicle batteries 

 
Figure 17: Bidirectional DC-DC Converter topologies(a)DAB L3C resonant 

converter[69] (b)Modified interleaved charging system for  multi energy storage 

system[71] (c)Coupled inductor based converter with zero voltage transition[72] 
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An integrated voltage balancing converter is discussed in [70] which can 
minimize the number of components like inductors, transducers and reduce 

the cost and size of the charger. It works in buck boost modes and has 

switching stress and high-end conduction losses than conventional 
buck/boost converter. A modular and simple interleaved converter topology 

using multiple energy storage systems is discussed in [71]. It provides high 

power density and has fewer component requirements. Another highly 
efficient resonant buck boost DC-DC converter is discussed in [72] using two 

coupled inductors and 2 snubber capacitors. The coupled inductors help 

reduce the size. Amongst the two coupled inductors one is in action during 

buck mode and another during boost mode. The simulation analysis shows 
that the system in buck and boost modes gains an efficiency of  97% 

respectively.  

 

4 Coordinated and Uncoordinated Charging 

 

Depending on the time and the rate at which charging takes place 
charging strategies can be classified as coordinated and uncoordinated 

charging. The power demand of every individual consumer is different each 

day. Figure 18 shows a typical load demand curve daily which shows 
electricity consumption. The curve is plotted for 24 hours for demand in 

Gigawatts which shows a slight rise in the morning peak time but can still be 

called a flat curve till evening at 6 pm. By evening the demand increases 

drastically. The electricity consumption pattern has a phenomenal increase in 
the growing years (since 1990). As a result, extra loads are already added to 

the distribution network[73]. 

 
Figure 18: Typical all India daily load curve 

 
A typical load curve may be demarcated by four cardinal points: 1. 

Morning dip 2. Morning peak 3. Mid Day Lean or Afternoon trough 4. 

Evening Peak These four cardinals exist in the load curve.  
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However, the magnitude may vary from region to region and depends 

upon how the customers are dependent on grid power, (i.e. domestic, 

agricultural, commercial and industrial), atmospheric temperature and 
seasons. States where weather dependent loads are more predominant play an 

important role in making the shape of the load curve and vary during the 

summer and winter seasons. The load curve pattern can be changed/managed 
by human interventions by demand management measures which essentially 

chip the peaks and fill the valleys of the load curve[74], [75]. During the 

initial implementation and designing of the distribution system, the EV 
concept was quite new. As a result, the distribution framework has not been 

structured/designed initially to incorporate high penetration of EVs. In the 

present scenario, EV penetration is quite low. However, with the years 

passing, the EV implementations will rapidly rise because of the value drop, 
accessibility of charging infrastructure, quick charging facilities etc. This 

leads to overburdening of transformers and feeders, harmonics and voltage 

disturbances. This additional heap in the load requirements will cause serious 
effects if not overseen appropriately. This high power demand can be 

controlled only if high penetration of generating stations is promoted which 

costs additional infrastructure cost. 

 

4.1 Uncoordinated Charging 
 

 
Figure 19: Load demand curve for (a)uncoordinated charging with and without EV 

and (b) Coordinated charging with and without EV 

It may also be called uncontrolled charging where there is no decision 
making associated with Vehicle, Fleet Owner(FO), or the Distribution 

System Operator(DSO). Here the vehicle starts charging when it comes in 

contact with the charging station/ grid. Now the EVs penetration is very low 

in the electricity network which does not cause much overloading issues in 
the grid. But this criterion will change in the coming years. Figure 19(a) 

shows the power demand curve in MW with time. The curve shows how the 

power demand during peak hours increases with low to medium penetration 
of EVs.  
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Currently, for a regular EV user, the appropriate charging time is when 

the person arrives home in the evening after the daily work hours. When the 

user plugs the EV for charging, the battery charges as the charging system is 
incapable to make any decision on its own. Due to this reason, it very well 

may be called dumb charging. In dumb charging the moment the vehicle is 

plugged in, the charging cycle begins till it reaches its maximum limit(100% 

SOC-State of Charge), or else, the charging cycle is disrupted when the 
vehicle is unplugged for departure. Most EVs show up at home during the 

peak hours, which leads to over stacking of EVs charging. So if many EVs 

get charged when shown up at the same time, it creates a huge burden in the 
distribution network. It leads to the overloading of transformers and feeds, 

reduction in the life expectancy of equipment, harmonics, voltage 

disturbances etc.  
 

4.2 Coordinated Charging/Controlled Charging 
 

The EVs charging can be customized and delayed from the charger 
plugin. The fleet operator (FO), individual user, or the distribution system 

operator (DSO) can coordinate the battery charging, thereby potentially 

balancing the load and offsetting peaks. It also allows the user to promote the 
purchase of electricity during low power demands which is beneficial to both 

the user and the electricity company. Figure 19(b) shows how the demand 

curve can be flattened with the smart charging implementing a coordinated 

charging mechanism. Coordinated charging is achieved depending upon the 
congestion in the power network and the user's prerequisite time on when 

vehicle transportation is expected. The charging time for each vehicle is 

prioritized at the time of the plugin. The new smart charging topologies like 
V2G, V2V and V2H can be implemented using centralized and decentralized 

control strategies. Figure 20 shows classification based on coordinated 

charging algorithms. 

 
Figure 20: Algorithms used in coordinated EV charging 
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Centralized controller: Aggregator control is solely responsible for 

managing/executing/participating in the charge/discharge/ the power flow 

process of EV. This is to optimize the cost of charging, load shaving etc. 
However, the system is less versatile. 

Decentralized controller:  Along with the aggregator the EV itself can 

influence the decision making. Depending on the prior data provided by the 
user the distributer indirectly participates in optimizing the power 

consumption, cost and better-charging possibilities.  

The present SOC of the battery should also be monitored to make sure 
about the vehicle not being undercharged. So, it requires an intensive 

communication strategy between the vehicle, vehicle user and the 

distribution network [76], [77]. Moreover, Aggregator control can be 

achieved by an efficient and intelligent control mechanism that is capable of 
imparting signals to the connected Electric vehicles. To achieve such a smart 

system that is capable of realizing when to activate the charging and when to 

stop it is a long term challenge for many years from now which has to be 
addressed and taken care of. An improved ANN(Artificial Neural Network) 

and RNN( Recurrent Neural Network)  based Q learning algorithm is 

proposed for a PHEV which is faster, accurate and flexible than conventional 

ANN and RNN techniques. Figure 21 shows the flowchart representing 
decentralized bidirectional coordinated charging. [77], [78]. The sensitive 

analysis is performed for controlled, uncontrolled and smart charging 

systems with 30% EV penetration. The decisions are made depending upon 
monitoring the remaining capacity which can be utilized from the 

distribution transformer. Coordinated charging is effective under low to 

medium EV penetration in the grid. In [74], a coordinated charging strategy 
is discussed using mix integer linear programming(MILP) to manage the 

load demand shaved by 5% thereby reducing transformer overloading and 

component stress. The system aims to reduce the overstressing of 

transformers, reduction in the transformer and feeder losses, prevents 
overheating of equipment etc which in turn flattens the power demand curve.  

The strategy is defined as prioritizing Initial entry initial departure of EV 

charging. The flow chart shows the typical decentralized coordinated 
charging layout and aggregator control. The system instantaneously monitors 

the battery SOC and actual battery power. 

 
  

 

 

 
 

 

 
 



                                                                                                                  
 

 

 
 

 
A Comprehensive Overview on the Current Trends and Technological Challenges in 

Energy Storages and Charging Mechanism in Electric Vehicle 4705 

 

Gather operating 

information from 

EV‘s under 

charging

Optimizing best fitness 

solution from the 

updated EV population 

to meet power demand

Calculate real 

time  EV charging 

power , P actual

Direct to 

immediate 

charging

Compare previous with 

the current EV‘s best 

suitable solution for 

bidirectional charging 

and save the difference

Pactual< =Pminimum

No

Continue 

bidirectional 

support

No

Start immediate 

charging

Yes

Yes

No

Start

 EV user 

willing to participate in

 bidirectional 

charging

Sufficient energy available

Yes

Stop bidirectional  

charging

 Pdemand  >Pactual or peak 

charge period

Yes

No

 
Figure 21: Typical flowchart for Decentralized bidirectional control for coordinated 

charging 

 

5 Conclusion 
 

This paper investigates the overview on the energy storage systems and 
charging topologies of the EV charging system. As EV is a theme with 

growing interest for many years it is important to analyze and sum up all the 

research instincts and current trends in transportation electrification. The 
environmental benefits and the challenges in wide acceptance of EV are 

investigated.  
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Charging systems are incomplete without the proper selection of energy 

storage systems. The classification for energy storage systems including 

electrochemical, electrostatic and mechanical storage devices are briefly 
discussed. The charging system is an important element in the development 

of EV, its classifications based on various theoretical aspects were discussed. 

With an increase in the EV penetration, impacts on the grid and the future of 
the EV framework is briefly discussed. The perception of the future Electric 

Vehicle is briefly looked through. The environmental and technological 

challenges in the EVs way forward are identified and integrated into this 
paper. 
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