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The transportation sector is essential for the socio-economic growth of any country. Vehicular
travel is generally propelled by internal combustion engines (ICE) powered by fossil fuels in
earlier days, causing an increase in air pollution, production of greenhouse gases leading to
several health issues, global warming, glacier melting, etc., Various challenges associated with
the usage of these wvehicles and with development in technology led to development of an
alternative mode of transportation system; hence a promising solution obtained was electric
vehicles (EVs). These EVs are gaining widespread popularity due to mumerous advantages like
quieter operation, reduction in emission of greenhouse gases, emission from tailpipe zero,
minimum maintenance costs, encouragement from government for its wusage by offering
subsidies, better driving experience € performance, and more importantly power can be
generated during braking periods i.e., regenerative braking and reduction in dependency on
fossil fuels, whereas challenges associated with this technology exists as well, like high initial
cost, limited range of distance for single charge, longer time for recharging, limited life span of
the battery, battery performance depending on the operating conditions, etc. The transition
from the usage of conventional ICE vehicles to EV requires a thorough analysis of EVs. The
paper aims to put forward a comprehensive Teview on rechargeable batteries of various types
used for EVs and charging technologies like conductive charging, wireless charging, battery
swapping etc., used for EVs.

Keywords:Charging Technologies, Electric Vehicles, Grid Integration, Power Electronics,
Rechargeable Batteries.

1. Introduction

Transportation is essential in our daily life to achieve various needs, most importantly,
earning our livelihoods. In earlier days, the mode of transportation used to be by walking,
Later, after the invention of wheels, vehicles propelled by animals or human beings were
the preliminary phase of transportation. With progress in technology, the propulsion of
vehicles was replaced by internal combustion engines (ICE), which are energized by fossil
fuels. ICE-built vehicles are the major source for various modes of transportation like
roadways, airways or waterways. Fossil fuels, though used widely in transportation, hinders
its usage due to lot of disadvantages, like hike in the cost of fossil fuels, combustion of
fossil fuels leads to the generation of CO2, CO, SO2, N20, hydrocarbons, etc., leading to
various environmental issues like air pollution, water pollution, causing acid rains, change
in climate temperature, global warming, melting of glaciers etc., energy crisis, greenhouse
gases emissions leading to global warming [1-3], also since these are non-renewable in
nature, they may get depleted soon due to upsurge in its usage. Transportation segment is
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the major producer of greenhouse gases (GHG) which is the root cause for various ill
effects of the environment.

To safeguard the environment, health and to store the reserves of fossil fuels for the
generations to come, the conventional ICE for propulsion of vehicles is replaced by
electrical motors, and these vehicles are electric vehicles (EVs), powered by electrical
energy, which is supplied by rechargeable batteries. The battery of the EVs is the major part
and then follows the traction motor which is required for its propulsion. The powertrain of
an EV constitutes a motor and batteries whereas a conventional vehicle comprises of ICE
for propulsion followed with transmission system [5-9]. For propulsion of EVs, motors are
selected based on characteristics like higher power density, better performance.

With respect to energy storage systems, for supplying electrical power to the motor,
Lithium-ion (Li-ion) batteries have a better edge and are mostly used. When compared to
its competent Lead acid batteries, Ni-Cd batteries have their own limitations. EVs come up
with number of benefits when compared with the ICE vehicles, almost nil tail pipe emission,
zero emission, leading to better air quality, lesser number of moving parts leading to
decrease in maintenance costs, better efficiency, good acceleration, reduced fossil fuel
dependence and quitter operation. Hence, governments of many countries are planning to
roll out ICE vehicles and add EVs to the fleet of transportation.

Though EVs have good number of advantages, still there exists few limitations like the
upfront cost of EVs is more than conventional ICE vehicles, the driving range is limited to
a maximum of 200 km to 300 km for a single charge even for the best EVs, concerns with
respect to charging infrastructure, like cost of installation, land cost, charging time is more
and it ranges from 20 minutes to few hours, degradation of battery with time leads to
decrease in driving range, still more charging time is required when compared to a newer
one and its very expensive for replacement of older batteries, etc., that hampers their usage
in large. With the above-mentioned pros and cons in usage of EV, the sales in EV have

gone up globally, figure 1 below depicts the sales of EV worldwide quarterly.
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The increase in sales suggests the transition of customers from conventional ICE
vehicles to EVs is in rise [10-11].
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The quantitative & qualitative observations of various battery technologies and various
charging technologies will help researchers working in EV further improve the performance
of EVs followed by more customers using the EVs. This paper aims to review prospects,
opportunities, and challenges of batteries and charging stations for application in EVs. The
paper structure is as follows, different vehicles used for transportation is discussed in
section II, section III briefs about electric vehicles used for transportation, various batteries
used in electric vehicles are presented in section IV, various charging technologies for
electric vehicles are described in section V and finally the paper is concluded in section 6.

2. Vehicles

Large section of the transport segment [12-14] is currently occupied by the vehicles
which are propelled by ICE; these are the major sources of air pollution, thus causing
change in climate and energy sustainability [15-18]. This huge problem can be overcome
by the introduction of EV into the transport segment, hence provides an alternative solution
for transportation to overcome various issues faced due to usage of ICE vehicles. An ICE
vehicle burns the gasoline (fuel) in an ICE whereas an EV is powered by electrical energy
delivered by a rechargeable battery. The classification of vehicles is depicted in figure 2
below.

Electric Vehicles

ICE Vehicles

| Battery EV | | Hybrid EV |

Plug-in Hybrid EV

| Fuel CellEV |

Extended Range EV

| Hybrid Vehicles |

Fig. 2: Classification of Vehicles

The costs per km run of a conventional ICE vehicle is given as:
1
- (M)

The cost per km run of an EV is given as:

2

A wide comparison of various characteristics like gas, emission, regenerative power,
moving parts, efficiency vibrations and production of torque for a conventional ICE vehicle
with respect to an EV is listed below in Table 1.

Table 1: Comparison of ICEVehicles with EV
Characteristics ICE Vehicle EV
Gas Emission More Very Less
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Power Regeneration Not Possible Possible
Moving Parts More Less
Efficiency Low High
Vibrations Medium Low
Torque Produced when Stationary Zero Maximum

3. Electric Vehicles

The power source for an EV is electrical energy which is fed by rechargeable batteries.
The architecture of an EV [19-23] is depicted in figure 3 below.
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Fig. 3: Architecture of Electric Vehicle Powertrain

Wide comparison of various characteristics like energy source arrangement, energy
storage, challenges, advantages, dis-advantages for different types EVs [24-28] is listed
below in Table 2.The architecture of different HEV is shown in figure 4.

Table 2: Comparison of various characteristics for different EVS.

Characteristics EV HEV PHEV FCEV
Electricity charging Electrical Power, Electrical Hydrogen cylinder
Energy Source | Station Refueling Station | Charging & refiner, Refilling
Arrangement Station & Station
Refueling station
Battery Fuel chamber, Fuel chamber Fuel cell
Energy Flywheel, Ultra Battery, Flywheel | Battery Ultra capacitor
Storage capacitor Ultra capacitor Flywheel Ultra Battery
capacitor
Battery Size & battery | Battery Size & infrastructure Fuel cell cost
weight battery weight of Charging Hydrogen storage,
Challenges Charging Station Components of Station Conditioning and
infrastructure ICE Battery Size & refilling Infrastructure
battery weight &
ICE
Quiet. Zero emission Less emission, Driving range Highly efficient,
Silent operation Economics, extended, fuel Ultra-low emission,
Advantages Independence from driving range is efficient costlier,
Fossil fuels long, more V2G or G2V Competent driving
Reliable power transfer range, Reliable
capable
Driving range is System is Costly initial cost is high, | Response is Slow, Not
Dis- limited, recharging & Complex, more complex, commercialized
Advantages time is more Huge, more Influence on grid Electronic controller
Poor response Component is sophisticated
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() Parallel Hybrid EV

(c) Combined Hybrid EV

Fig. 4: Layout of Hybrid (a) Series, (b) Parallel, (c) series-parallel (Combined) EV
4. Batteries For Electric Vehicles

A battery, which is constituted by interconnection of number of electrochemical cells, is
like a heart for an EV, it converts the stored chemical energy and delivers electrical energy
to motor for propulsion of an EV. Any transients in power reduce the lifetime dramatically.
The life span for a battery is around 10 ~ 15 years. The energy density of a battery
determines the cost and driving range of EV [29-32].

State of charge (SOC) determines the functioning of battery. During the design of an
EV, capacity of a battery (Ah), energy (kWh) and SOC should be taken into consideration.

SOC of a battery is given as:

= - 3

Here, the battery initial SOC is SOCgaw, power is ‘Ppa’, battery maximum energy is
‘E_Bat"Max’. The allowable limit of battery state of charge ranges from 0.2 to 1.0 for
efficient operation, battery lifetime reduces if state of charge falls below this range.
Numerous types of batteries are available in the market. Amongst them lithium-ion
batteries are mostly used in EVs due to number of advantages like better performance even
at higher temperature, energy density is high, specific energy is high, specific energy is
high, specific power is high having a long battery life, can be charged quickly and more
importantly can be recycled. There are different rechargeable batteries available in the
market and the classification of batteries is shown in figure 5.
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Fig. 5: Classification of Batteries

Lead-acid are the oldest batteries with a wide range of applications, used for higher
power applications, are efficient, safe, reliable and less in cost when compared to other
batteries. These batteries suffer from few disadvantages like life span is less than 1000
cycles, its working is temperature dependent, specific energy density is low around 30
Wh/kg ~ 40 Wh/kg.

Table 3: Advantages and disadvantages of various types of batteries.

Battery Advantages Dis-advantages
Cost is less when compared with other types of Low Power and low Energy
Lead Acid batteries, Advanced technology, Available in mass density, Life reduces when
production. operated at low SOC, Maintenance
is required.
Energy density is double as compared to NiIMH Cost is more; Recharging time is

batteries, specific energy is high and specific power is | more
high, Battery life is long around 1000 cycles, good
performance even at higher temperature.

Lithium-Ion

Energy density is double when compared to lead acid | During higher loads life span
NiMH (Nickel- battery, can be recycled, Wide range of operating reduces by 200-300 cycles, Bad
Metal Hydride) | temperature, high specific energy and specific power, | memory effect

can be operated safely at higher temperature

Ni-Cd (Nickel- Life span is long, Recyclable, battery can be Very Expensive, harmful if
Cadmium) discharged completely without getting damaged. cadmium is not disposed properly.

Lithium-ion batteries also find their applications in EVs as they operate satisfactorily
even at higher temperatures, energy efficiency is high, discharge rate is low, energy storage
capacity is high. Nickel-based batteries are mostly used in EVs. Longer life span of NiMH
battery, in order of 2000 cycles, charging discharging efficiency of 92%, 1000 W/kg power
density maximum and 120 Wh/kg energy density, encourages its application in EVs. Ni-
based batteries suffer from a few drawbacks like they are expensive, production of more
heat during operation, self-discharging is high and required additional controls are required
to control losses. The advantages and disadvantages of Lead Acid batteries with respect to
other batteries [33-36] are briefed in Table 3.

Characteristics like efficiency, life span, energy density, power density, operating
voltage for various types of batteries used in EVs are summarized in Table 4 below:
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Table 4:A summary of various modes of charging

Characteristic Lead Acid Battery Li-Ion Battery Ni-Cd Battery
Cost Less More Less
Nominal Voltage 2V 3.6V 1.25V
Life Cycle 200 - 300 500 - 1000 1500
Power Density 180 1800 150
Energy Density 30-50 110 - 160 45-80
Overcharge tolerance High Very Low Moderate
Self-Discharge Less Very Less Medium
Operating Temperature -20°C to 60°C -20°C to 60°C -40°C to 60°C
Efficiency 85% - 90% 98% - 100% 95%
Thermal Stability Less Stable More Stable Less Stable

The characteristics of various lithium-based batteries [37-40] are summarized in Table 5

below.

Table 5: Characteristics of various lithium-based batteries

Battery Life Span Nominal Voltage Charge Specific Energy Discharge
(brs) ™ © (Wh/Kg) ©
LNO >300 3.6-3.7 1 150 - 200 1
LFP 1000 - 2000 32-33 1 90 -130 1
NMC 1000 - 2000 38 -4.0 0.7-1 150 - 200 1
LMO 300 - 700 3.7 -4.0 0.7-1 100 - 150 1
LCO 500 - 1000 3.7 -39 0.7-1 150 - 200 1
LTO 3000 - 7000 23 -25 1 70 -85 10
NCA 500 3.6-3.65 0.7 200 - 260 1

5. Charging Technologies for Electric Vehicles

The crucial factors that hinder the adoption of EVs to the transport segment are batteries
charging, location for charging points and the time duration for charging. The EVs battery
charging is classified according to the power type i.e., AC or DC, level of voltage, single
phase or three phase charging, conductive charging or wireless charging. The EVs charging
infrastructure is controlled by two standards, namely the International Electro technical
Commission (IEC) 61851 standard and the Society of Automotive Engineers (SAE)
standard J1772. The former standard is followed in Europe and other parts of the world
whereas the latter is followed in North America. The general method of battery charging is
conductive charging, the EV charging technologies classification [41-44] is shown in figure
6 below.

Types of EV
Charging
|
I 1 1
Conductive Battery Wireless
Charging Swapping Charging
|
[ [ |
On-Board Off-Board Conductive Inductive Resonant
Charging Charging Charging Charging Inductive

Fig. 6: Classification of EV Charging Technologies
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The EV charging classifies as per IEC 61851 standard [45-46] to four modes.

The basic mode of charging is Mode-1, which is done at residential places, charging is
left overnight, here vehicle and the charging station doesn’t have any communication
amongst them.Protection features are included in Mode-2 charging standard, the operating
power is in range of 3.7kW-7.4kW, it is well suited for residential and semi commercial
applications.Mode-3 application is dedicated to electric vehicle supply equipment having a
communication between charger and EV. The power operating capacity is in range of
3.7kW to 44kW. The charging in this category will be semi fast, applicable for commercial
purposes.

In Mode-4, the DC power is transferred to battery directly, the operating power is above
140kW, this method allows quickest recharge of the battery. The charging time period will
be less than an hour.SAE J1772 standard classifies charging to three levels with respect to
location, charging time, charging rate, equipment, Interference with power grid and cost.
The Level-1 charging deals for residential application with a single-phase operating voltage
of 120V and a power of 1.9kW and longer charging time around 11 hrs. The Level-2
charging works for both residential and public with a single phase, operating voltage in the
range of 210V to 240V and a power of 2.5kW to 19kW and quicker charging time around 4
to 8hrs.The Level-3 charging is about DC power transfer directly to the EV battery and
eliminating On-board charger, with quickest charging time to less than 4hrs.

The level-2 application suits well for the parking places, workplace and commercial places.
The Level-3 deals with DC power operation application and is the quickest charging among
all the three levels. This is well suited for highway applications [47-49].

As per IEC 61851 standard, various modes of charging are briefed in Table 6 below.Table
7 below lists various chief standards for EV charging structures.

Table 6: A summary of various modes of charging.

Modes of Charging Current (A) Voltage (V) Phase Power
(kW)
Mode-1 16 230 - 480 AC-19, AC-30 38-7.6
Mode-2 32 230 - 480 AC-19, AC-30 7.6-153
Mode-3 32-250 230 - 480 AC-10, AC-3® 608 - 120
Mode-4 250 - 400 230 - 480 DC >150
Flectric Transf
Grid ormer hrt sl o
il il i
DC DC DC

] ] 1L

DC DU
DC DC DC
o) ol

Fig. 7: EV Charging Station Schematic Having Common AC Bus-Based system
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Table 7: Leading standards for EV charging structures.
Standards Statement
SAE J2344 Electrical safety guidelines
SAE J2894/2 Requirements for power quality
SAE J1772 Conductive charger coupling of AEVs and HEVs
SAE J3068 Three phase Power transfer system for EV using AC capable coupling
SAE J2847/1 Communication between EV and grid
TIEC 60038 Standards for voltage charging applications
SAE J2931/7 PEV communication security
1IEC 60064-1 Low voltage supply charging equipment installation coordination

IEC 62196 EV conductive charging components standards
IEC 61851 Charging stations safety related specifications
1IEC 62752 Cable control and protection devices standards
ISO 17409 Connection between EV and external energy source specifications
ISO 15118 V2G communication protocols standards
NEC 625 Off —board EV charging system safety measures
Ul 2231 EV charging circuits and charging stations equipment’s protection device

IEEE 519-1992 | Electrical power system harmonic control

IEEE 1547 Distributed resources interconnecting with electrical power systems standards

P1547,P2100.1 | Various aspects of grid connected DERs and charging System Standardization

This charging architecture will be costlier, complex, and number of power
transformation phases, leading to reduced efficiency. The transformer on the grid side feeds
the required voltage to the AC bus. A three-phase AC bus system is depicted in figure 7.

The number of power conversion stages are eliminated by having a common DC bus-
based system. This system is depicted in figure 8 below.

lectric Trans AC
Grid former DC -

T T

&

DC DC DC

Fig. 8: Connections of DC Bus-Based EV Charging Station

The grid power is converted to DC using a rectifier, in a common DC bus-based system
and thereafter each EV is connected to an individual DC-DC converter. When matched to
AC bus schematic, the DC bus-based system is cost effective, more efficient, good
performance and more flexible. The DC bus system can be fed by renewable energy source
or energy storage systems. The AC and DC bus-based system advantages and
disadvantages are listed in table 8 below.
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Table 8: Features of AC bus system and DC bus system.

Architecture Advantages Disadvantages
Mostly available with full technology More converters reduce efficiency
AC Bus Protection devices less in complexity Costlier due to number of converters
Can be used directly with loads Fast chargers require additional converters
System . e .
Scalability and Stability is high to avoid harmony
Control and switching techniques are reliable | Complex to integrate renewable sources
More efficient due to less components Increase in energy sources leads to
Simple in control complexity
DC Bus Low cost and flexible Protection system required for sudden
System Simple to integrate renewable sources changes in load
Frequency disturbance is low Server system required for central converter

due to more power handling

AC & DC bus-based systems for EV charging stations are considered AC micro grid and
DC grid generally sourced with DC power or a few renewable energy sources. This
architecture consists of an AC bus and a

DC bus, Transformer to change the AC voltage level, converters and inverters, is
depicted in figure 9 below.

D "oy
g o)
e
@1 7 Trans 'y s anel
Grid [ | former

Fig. 9: EV Charging Station Connections for Common AC & DC Bus-Based system

This architecture allows the functioning of both DC and AC charging simultaneously.
AC and DC buses can be linked by a single bidirectional converter called as interlinked
converter. Energy balance on both the buses can be obtained using this interlinked
converter for load requirements. This bus system is flexible and reliable. Bidirectional DC-
DC converter aids in discharging V2G operation and is connected amongst the EV and the
DC bus.

6. Conclusion

Due to worldwide continuous R & D by academia, industry and government, EVs are
slowly and steadily replacing conventional ICE vehicles as they provide promising
solutions to various issues caused by ICE vehicles and in near future all the ICE vehicles
will be switching over to more and more EVs. Even though government of various
countries are encouraging for usage of EVs by offering various sops, the quicker
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acceptance will depend upon the cost of vehicle, battery, battery life span, battery
recharging points. A comprehensive review has been conducted on various batteries, their
functioning, operating voltage, life span etc., Lithium-ion battery technology which is
widely used in EVs, must be further improved to overcome the various drawbacks presently
existing. This paper presents an overview on of various batteries technologies and various
recharge techniques. This article will be useful for the researchers working in EV and serve
as a handbook. EVs have a number of advantages over conventional ICE vehicles and
have the potential to protect the environment and, hence the living beings for the future
generations to come.
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