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ABSTRACT

The number of electrical vehicles (EVs) on the road has increased in recent years, including battery-electric
vehicles (BEV), hybrid-electric vehicles (HEV), plug-in hybrid-electric vehicles (PHEVSs), and fuel-cell electric
vehicles (FCEV). This mode of transportation is expected to eventually replace internal combustion engine (ICE)
vehicles, based on current trends. Each key EV component integrates several technologies that are either
currently in use or have the potential to become prominent in the future. Environmental, power systems, and other
industries may be adversely affected by electric vehicles (EVs). With sufficient EV penetration, the current power
system could be subjected to severe instabilities; nevertheless, with proper management and coordination, EVs
can significantly contribute to the success of the smart grid concept. Moreover, EVs have the potential to
significantly cut transportation-related emissions of greenhouse gases. However, there are still considerable
barriers that EVs must overcome before they can completely replace ICEs. The purpose of this study is to review
all the relevant information available on EV architectures, battery energy sources, charging processes, and
control approaches. Its goal is to provide a comprehensive overview of current EV technology
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INTRODUCTION

Recently, there are increase in the demand of electric vehicles (EV), which is due to a number of factors. The
most prominent role is to lower the greenhouse gas (GHG) emission. In 2009, it has been realized that;
transportation accounted 25% of all GHG emissions from energy-related industries [1]. As EVs become more
widely used in the transportation sector, this figure is expected to fall; although this is not the only reason for
reviving this century- old and once-dead idea as a financially viable and readily available product. Conventional
autos require a lot of gas money, but a quiet, easy-to-use electric vehicle (EV) does not. It is quite beneficial as a
form of urban transportation. In idle mode, it uses no stored energy or emits any emissions, it can start and stop
quickly, and offers the full torque from the start. It also doesn't require gas station excursions. It does not add to
any of the haze that contributes to the city's highly filthy air. It's ideal for motorsports because of the instant
torque. Because of its low infrared signature and low noise level, it is also beneficial in military applications. The
power sector is undergoing a transition, with renewable energy sources gaining traction. Also being created is the
next generation electrical grid, which is referred to as the "smart grid." EVs are seen as a key component of this
sources and improved grid systems [2]—[4]. All of this has rekindled interest in and development of this mode of
transportation.

1. Using electric motors (EMS) in vehicles was first thought of soon after the motor was invented. In the
late 1890s, 28% of all vehicles consisted of EVs, and they were often preferred over conventional internal
combustion engine ICE vehicles [1]. However, with meager oil prices, ICE vehicles soon gained colossal
momentum, conquering the market, and becoming much more advanced. Though EVs were forgotten, a chance
for resurrection appeared: in 1996, General Motors launched a concept named EV1. Soon after, other leading car
brands launched
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their own EVs, including Ford, Toyota, and Honda. Toyota’s Prius was the first commercially successful HEV.
It was released in Japan in 1997 [1]. Today, these EVs have almost completely disappeared, except for Toyota
Prius, which continues to go strong in an evolved form. Currently, Chevrolet VVolt, Nissan Leaf, and Tesla Model
S are the most widely used EV on the market. BYD Auto has a stranglehold on the Chinese market.

2. EVs may be thought of as a collection of interconnected subsystems that work via a variety of
technologies. Although their combined work is necessary for an EV to use, these parts have varying interactions
[5]. EVs can be built with quite a few configurations and options. Section 2 will discuss the general classification
for EVs, and section 3 will describe the various configurations. EVs store their power as different types of energy.
Batteries are used the most, though some upcoming potential energy storage systems (ESS) include ultra
capacitors, flywheels, and fuel cells. Part 4 is dedicated to these energy sources. These vehicles can be charged
at different voltages and configurations, discussed in section 5. The controlling algorithms also play a crucial part
in EVs, and they will be discussed in section 6. Finally, part 7 will present the outcomes of this paper. The above
topics have been discussed before in the relevant literature from different aspects. This study attempts to
summarize relevant knowledge and illustrate the system's current state-of-the-art, while also investigating the
benefits and drawbacks of competing technologies and their potential for future EVs.

TYPES OF EVS

The primary type of EV can run solely on electric propulsion, using only batteries as the energy source.
Alternately, they may collaborate with an ICE agent. However, they can utilize alternative energy sources. These
are known as hybrid EVs (HEVs). Technical committee 69 electric road vehicles (ERV) of the International
Electro technical Commission defines a HEV as a vehicle with numerous types of energy sources, storage, or
converters, at least one of which is electrical energy [6]. This definition allows many combinations for HEVs.
Hence, both experts and the general population have had specific names for each type of combination: vehicles
with a battery and a capacitor are called ultra-capacitor (UC) assisted EVs. Those with a battery and a fuel cell
are called FCEVs [2], [3], [6]. Based on these distinctions, EVs are categorized into four groups. Battery-electric
vehicle

BEVs deliver power to the drivetrain exclusively via batteries, relying completely on stored energy. Therefore,
range is dependent on battery capacity. Normal range per charge is 100-250 kilometers [7]. In fact, various
variables including as driving style, road conditions, climate, vehicle layouts, battery type, and vehicle age have
historically been implicated. Once the energy is gone, charging the battery can take up to 36 hours [8], [9], which
is significantly longer than refueling a normal ICE car. There are various types that require far less time, however
none can compare to refueling a vehicle.

BEVs offer certain advantages: they have simple construction, easy to operate, and are convenient. They do not
produce GHGs and are noiseless, and beneficial for the environment. Electric propulsion can give high torques
instantly, even at low speeds. Considering these advantages and the limited range, BEVs are perfect for urban
transportation. Currently, Nissan Leaf and Tesla Model S are high-selling BEVs, and some Chinese vehicles such
as BYD. Figure 1 shows the configuration of BEVs: batteries power the EMSs via a power converter circuit, and
the engines run the wheels.

Hybrid-electric vehicle

HEVs are propelled by a combination of an ICE and an electrical power train (PT). This combination can be in
different forms, which will be discussed hereafter. HEVs use the electric propulsion system in case of low power
demand. This is a great advantage for such conditions as urban transportation, reducing fuel consumption when
idling (e.g., during a traffic jam) and reducing GHG emissions. The vehicle turns to the ICE if a higher speed is
required. These two drive trains can also collaborate for improved performance. Turbocharged cars like the Acura
NSX extensively use hybrid power systems to reduce turbo lag. This set-up bridges the gap between gear changes
and enhances acceleration, resulting in improved

Performance. The batteries can be charged using either the ICE or regenerative braking. Consequently, HEVs are
ICE-powered automobiles with an electrical propulsion system for improved fuel economy. Automobile
manufacturers have broadly authorized HEV layouts for these benefits. Figure 2 depicts the energy fluxes of a
fundamental HEV. Figures 2(a) and 2(b), show that during vehicle beginning, the ICE may employ the motor as
a generator to produce and store electricity in the battery. Since both the ICE and the electric motor (EM) operate
the PT during passing, it is required to enhance the vehicle's speed. To recharge the battery via regenerative
braking, the PT uses the motor as a generator while in motion. To cruise, the ICE acts as a generator, generating
electricity to power the motor and charging the batteries. Upon coming to a complete stop, the vehicle's electrical
system comes to a complete halt. The energy management mechanisms of HEVs are illustrated in Figure 3. Based
on driver inputs, vehicle speed, battery state of charge (SOC), and fuel economy, it distributes power between
ICE and EM.
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Figure 1. Structure of a BEV, the inverter changes DC electricity to AC power
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Plug-in hybrid-electric vehicle

The PHEV concept emerged to extend HEV all-electric range Again, the ICE and electrical PT are used, but with
PHEVs, the electric motor is the main drive, necessitating a larger battery. PHEVs run on electricity and only use
ICE when the batteries are low. The ICE boosts or charges up the battery, extending the vehicle’s range. Unlike
HEVs, PHEVs can charge directly from the grid and benefit From regenerative braking. Since, they can mostly
run by electricity, PHEVs have less carbon footprint. They also consume less fuel, which reduces costs. Currently,
Chevrolet Volt and Toyota Prius are two examples of hybrid vehicles that are now available on the market. Fuel-
cell electric vehicle

FCEV can also be called fuel cell vehicle, these EVs are run by fuel cells that produce electricity through chemical
reactions [FCEVs are used hydrogen fuel cell vehicles because hydrogen is the most fuel widely used in this
industry. The hydrogen is carried in special high-pressure tanks. Oxygen is also required for power generation
and is obtained from ambient air. The energy supplied by the fuel cells is transferred to the EM, which drives the
wheels. The extra energy is stored in a battery or supercapacitor Batteries are used in several commercially
marketed FCEVs, such as the Toyota Mirai and the Honda Clarity. FCEVs produce water during power
generation, and the vehicle ejects this water from the tailpipes. Figure 4 shows the configuration of an FCEV.
These vehicles have the advantage of producing their electricity without emitting carbon compared to any other
type of EV. Besides, refilling an FCEV takes no more time than filling a conventional vehicle at a gas pump. So,
these vehicles may be recommended much more widely soon However, the shortage of hydrogen fuel stations is
a key obstacle to the widespread use of this technology. However, even a few years ago, charging stations for
BEVs or plug-in hybrids were not commonplace. The U.S department of energy (DOE) highlights another
drawback: fuel cells cost over $200/kW, far more than an ICE, which costs less than 50/kW Another concern is
safety regarding flammable hydrogen that could potentially leak out of the tanks. If all these obstacles were
eliminated, FCEVs would represent the future of vehicle transportation. Because, considering their advantages,
FCEVs appear to be better than BEVs in numerous aspects [24]. Figure 5 illustrates this comparison. As a result,
the figure compares two ranges (320 versus 480 km), taking into consideration a variety of criteria such as weight,
beginning GHG emissions, and necessary storage volume, in addition to other parameters. The horizontal axis
stands for the attribute ratio of BEV to FCEV. All these features are indicated so that higher ratios mean a
disadvantage. Based on the figure, BEVs are only better in fuel cost per kilometer and require wind energy. The
former is still a significant drawback for FCEVs, as there has yet to be a way for producing hydrogen in an
environment-friendly, cheap, and sustainable way. Also, the refueling infrastructure seems to fall behind. Still,
these problems may all be solved soon. Table 1 presents a comparison between various types of vehicles for
driving components, energy sources, and limitations.

EM Batter There are no emissions; the system is not The capacity of the battery; range;

Y, reliant on recharging time;
oil; the range is mostly determined by the the accessibility of charging stations;
and  battery type, and elevated pricing.
UC  and these stemis commercially available.
EM, Batter Low emissions; long range; Controlling power sources and optimizing
and Y, complicated construction with electrical and the size
ICE mechanical
UC, Driving trains; and commercially available.
and
ICE
EM Fuel Little emissions; high efficiency; Affordability of a fuel cell; a feasible
cell  Independence from electric power; and method of producing fuel; and the
(FC) Commercial availability. Availability of fueling stations.
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Figure 5. Advanced characteristics ratio between BEV and FCEV for 320-km (blue) versus 480-km (green),
presuming a standard grid mix in the US from 2010 to 2020, and that all hydrogen is delivered from natural gas
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(amounts above 1 indicate an advantage for FCEVs over BEVs) arrangements needed to run a conventional vehicle
[6]. EVs have only one moving part, which is the motor. The power supply that the motor needs can be from a wide
range of sources. The motor and the power supply can be placed in different vehicle parts if connected through
electrical wires. Besides, as mentioned, EVs can either run exclusively on electricity or use both an EM and an ICE
in conjunction. This flexibility in the. Configuration of ECs has paved the way for various configurations according
to the type of vehicle EV CONFIGURATION EV are quite flexible because they do not have the intricate
mechanical In general, EVS are considered systems that incorporate three subsystems: an energy source, the
propulsion subsystem, and the auxiliary subsystem [6]. The energy source includes the energy supply, the charging
system, the energy management system, and the storage system. EM, power converters, controllers, transmissions,
and driving wheels constitute the propulsion system. The auxiliary subsystem is made up of three components: an
auxiliary power source, a temperature control system, and a power steering unit. Figure 6 gives a general look at
these
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The arrws point to the flow of these components. Some features like regenerative braking can createA
backward power flow. Majority of electric vehicle batteries and ultra-capacitors/flywheels (UCs/FWs) are
frequently compatible with these energy regeneration strategies. In-wheel motor arrangements eliminate the
requirement for a central motor, transmission, differential, universal joints, and driveshaft, effectively lowering
the drive train's weight. Additional features include improved steering and a greater capacity for storing batteries,
fuel cells, or luggage. Although, this configuration requires wires that connect the motor to the power and control
systems, which may get damaged by the harsh environment, vibration, or acceleration. Wireless in-wheel motor
system (W-IWM), has been suggested by and has been tested in an experimental car using this architecture. They
replaced the wires with two coils that could transfer power between them. Figure 7 shows an in-wheel motor
configuration. Figure 8 shows the efficiency of such systems at different stages. For such conditions, the problems
associated with misalignments could be overcome through magnetic resonance coupling, which provides wireless
power transfer (WPT) Secondary inverter power can also be applied to a controller that changes with the voltage
on the secondary side. When using 2 kW of power, WPT may achieve a transmission efficiency of 90 percent in
both directions because to magnetic resonance coupling. As a result, W-IWM is regenerative braking compatible
A backward power flow. Majority of electric vehicle batteries and ultra-capacitors/flywheels (UCs/FWs) are
frequently compatible with these energy regeneration strategies. In-wheel motor arrangements eliminate the
requirement for a central motor, transmission, differential, universal joints, and driveshaft, effectively lowering
the drive train's weight. Additional features include improved steering and a greater capacity for storing batteries,
fuel cells, or luggage. Although, this configuration requires wires that connect the motor to the power and control
systems, which may get damaged by the harsh environment, vibration, or acceleration. Wireless in-wheel motor
system (W-IWM), has been suggested by and has been tested in an experimental car using this architecture. They
replaced the wires with two coils that could transfer power between them. Figure 7 shows an in-wheel motor
configuration. Figure 8 shows the efficiency of such systems at different stages. For such conditions, the problems
associated with misalignments could be overcome through magnetic resonance coupling, which provides wireless
power transfer (WPT) Secondary inverter power can also be applied to a controller that changes with the voltage
on the secondary side. When using 2 kW of power, WPT may achieve a transmission efficiency of 90 percent in
both directions because to magnetic resonance coupling. As a result, W-1IWM is regenerative braking compatible
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HEV configurations HEVs have both an ICE and an electric propulsion system. Different configurations are
categorized into four groups based on how they are set up Series hybrid configuration Parallel-hybrid
configuration Series-parallel-hybrid configuration Complex hybrid configure. Series hybrid configuration This is
the most straightforward configuration for an HEV because the wheels are only connected to the motor. The
engine powers a generator that generates electricity. Simply, this may be thought of as an EV with an ICE
generator.Figure 9 shows the drive train of a series hybrid configuration. The pros and cons of this configuration
are shown in Table 2. Parallel-hybrid configuration. This arrangement joins the EM and the ICE to the wheels in
tandem. Any of them can deliver the power. It is therefore an ICE-powered vehicle with electric aid [6]. In this
type of vehicle, the EM can charge the energy storage by the ICE or via regenerative braking. Figure 10 shows
the parallel-hybrid drive train configuration. Table 3 displays the pros and cons of the parallel-hybrid structure.
A comparison between series hybrid and parallel hybrid systems is given in Table 4.

Table 4. Comparison of SHEV and PHEV structures

Complex hybrid configuration unlike the series-parallel system, the complex hybrid system allows bidirectional
power flow. The current terminologies denote this system as a series-parallel configuration. This system suffers
from high costs and complexity [6]. In complex hybrid systems, continuously variable transmission (CVT) can
facilitate power splitting or source selection for wheel propulsion. Using electric arrangements for these
processes is known as an e-CVT, which Toyota Motor Co. introduced. CVTs can be utilized in a variety of ways,
including hydraulic CVTs, mechanical CVTs, hydro mechanical CVTs, and electromechanical CVTs; they also
use one of two methods for power splitting: input splitting and complicated splitting [30]. At the transmission
input, a power-splitting mechanism is utilized for input splitting. Certain Toyota and Ford cars
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Figure 17 depicts the multiple battery cells used in EV battery packs. The heat produced by the battery cells is
dissipated using cooling tubes. Preventing premature end-of-life (EOL) [47] necessitates that these cells have the
same SOC for equal degradation rate and capacity. This can be accomplished with a power electronic control
device, also known as a cell voltage equalizer, which ensures that each cell has the same SOC and voltage. These
equalizers can have various types of constructions or operating principles. Resistive equalizers burn up the extra
power in cells, while capacitive equalizers switch off capacitors to transfer energy between cells with different
levels of energy. Another type is inductive capacitors, which again transfer energy between cells with different
levels of energy using inductors [47]-[54]. Table 7 shows the advantages and disadvantages of each type. Figure
18(a) shows the configuration of the resistive equalizer, while Figure 18(b) shows a capacitive one. Figures 19(a)
and 19(b) show the schematic diagrams for both transformer-based inductive and several transformers-based

Inductive. Table 8 shows a comparison between the types of equalizers
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18. Equalizer structures (a) resistive equalizer and (b) capacitive equalizer
Figure 19. Equalizer structures (a) transformer-based inductive and (b) several transformers-based inductive
Table 7. The benefits and drawbacks of different types of equalizer
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AC 4.  Supply Maximum Circuit Breaker 5. Output  Power
Chargi Voltage (V) Current (A) Rating (A) Level (kW)
ng
level
120.0 V, single- 12.0 15.0 1.08
Level 1 phase (1-ph)
120.0 V, 1-ph 16.0 20.0 1.44
Resistive Lowest cost, most laptop batteries Low equalizing current. Only suitable during the

phases of charge and flotation.Approximately0%
efficient In EV applications all equalizing current
is converted to heat, hence it is not recommended

Capacitive  Increased current capability over Inability to manage inrush current.
resistive equalizers. Elimination of Possibility of dangerous current ripples flowing in
controlconcerns.Easeof implementation the event of large cell voltage discrepancies
Is unable to supply the required voltage
differential for
equalization of the SOC.

Transformer- All cells get the right amount of A complicated transformer with a lot of
based electricity without any extra control Secondary’s that is hard to make in large
Inductive or loss of theory. quantities. Not suitable for EV batteries

Unable to deal with complicated control systems.

Type of Current of Distribution Control Ripple Manufacture Cost Control
Equalizer Equalizer  Current Current Current
Resistiv D2 NA Al A3 A3 A3 A3
e
Capacitive D1 Al D2 D2 A2 A2 A2
Basic A2 Al Al A2 Al D1 D1
Inductive
Cuk A2 Al Al A3 D1 D2 D1
Transformer Al A3 D2 D2 D2 D2 A2

Ultra-capacitors (UCs)

Two electrodes are separated by an ion-rich liquid dielectric in UCs. When a potential is supplied, the positive
Electrode attracts negative ions and the negative electrode attracts positive ions. This way, the charges are
Physically stored on electrodes, providing a significantly higher power density. UCs often have a long cycle life
because there is no chemical reaction on the electrodes. Although, the lack of a chemical reaction means lower
energy density [36]. They also have low internal resistance, meaning high efficiency. Nevertheless, if they are
charged at exceptionally low SOC, this results in a high output because the terminal voltage of UCs is precisely
proportional to the SOC, they can operate across their voltage Figure 20 shows the basic construction of a UC
cell. Since EVs go through a lot of start/stop conditions, the rate of battery discharge is extremely
unpredictable. Despite the low power need in general, accelerating or hill-climbing will require high power
rapidly
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CHARGING SYSTEMS

EVs can be charged with DC or AC systems, with different configurations that are often called levels. These
levels determine the time required for a full charge. Chargers also need to fulfill with certain safety standards.
AC charging

AC charging systems consist of an AC-DC converter that converts the AC feed to DC for charging. The society
of automotive engineers (SAE) has determined EV AC charging power levels, these are classified as follows:
Level 1: 12 A or 16 A current based on circuit ratings, with a maximum voltage of 120 V. Level 1 charging
takes up to 12.5 hours for a small EV, so it can be used to charge overnight Level 2: This is the most common
method for EVs; it requires a direct connection to the grid via an Electric Vehicle Service Equipment (EVSE)
with an on-board charger. Maximum voltage is 240 V, maximum current is 60 A, and maximum power is 14.4
kW Level 3: This system consists of a permanent, hardwired supply for charging electric vehicles that provides
more than 14.4 kW of power. Fast chargers, for instance, are capable of recharging EV batteries in 30 minutes
Table 9 shows the AC charging characteristics as defined by the SAE.

EV CONTROL SYSTEM

Control systems are essential for the effective operation of EVs and their systems. For EVs to travel smoothly,
sophisticated control mechanisms are required. In addition, it is not simple to provide sufficient power when
required, estimate the available energy from onboard sources, and optimize the use of this Energy for maximum
range. Another key factor is charging as quickly as possible without causing aburden on the grid.

There are various algorithms to meet all these needs. Still, the EV culture keeps growing, creating a greater need
for better algorithms.

Driving control systems assist drivers in maintaining the vehicles in control, particularly at high speeds or in
problematic circumstances like rain or snow. Some of the mature applications of driving control systems for
conventional vehicles include cruise control, traction control, and different driving modes. Implementing these
systems in EVs seems more efficient, since the driving forces that EVs require are easier to control, with less
mechanical-electrical conversion. When operating a vehicle, a variety of forces act in a variety of directions. A
driving control system must perceive these forces perfectly and maintain the desired stability by providing torque
to the wheels. Figure 22 shows the forces in different directions, affecting the wheels of a car in a horizontal plane.
Lf and Lr are the distances of the front and rear axles from the vehicle's center, while Tr is the distance between
the wheels on a single axle Using a model with separate rear- wheel drive systems, [69] presented a control
mechanism for maximum torque without slippage. The authors estimated velocity and wheel slide using a LuGre
model of dynamic friction. This information was used by the control algorithm to establish the maximum
permissible traction force on the road by regulating the torque of the rear motors. Kang et al. [70] utilized a model
with two motors for the front and rear shafts and a three-part algorithm for the front and rear shafts for 4WD
electric vehicles. This method improved the vehicle's lateral stability and mobility and decreased its tendency to
roll over. This mechanism is depicted in Figure 23 on a car model. Driver inputs are considered, and the algorithm
calculates, based on the selected control mode, which braking and motor actions will be executed
Figure 24 shows this system, including the inputs, actuators, and controller levels. All-wheel-drive EVS now
have Operating principle of the control system uses driver commands and sensor measurements, driving the
actuators in line with a three-level algorithm
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OUTCOMES

This paper has reviewed major technologies and future tendencies of different sectors, focusing on the crucial
components of EVs. The following points summarize the key findings reached here:

There are numerous varieties of electric vehicles, with BEVs and PHEVs being the most popular. The major
prerequisite for FCEVS to become widespread is the development of low-cost fuel cells, which requires additional
research. As important technologies, including as energy storage and charging systems, evolve, BEVs are also
projected to dominate the market. FCEVs may potentially be favored by the military or as utility cars, but their
widespread adoption seems improbable at present.

EVs can have front-wheel drive, rear-wheel drive, or all-wheel drive (AWD). Each mode features unique
combinations. The motor can alternatively be housed within the wheel, which has numerous advantages.
Although not yet economically viable, this arrangement may be practicable following further study.

Series, parallel, and series-parallel are the most common HEV configurations. Series-parallel systems are
commonly used in current automobiles because of their higher efficiency and lower fuel consumption.

Electric vehicles (EVs) have a huge potential to become the mode of transportation of the future, while
also saving the earth from the impending tragedies caused by global warming. In comparison to conventional
vehicles, which are directly reliant on depleting fossil fuel reserves, they represent a feasible option. This article
covers a wide range of topics related to electric vehicles, including their many configurations, power sources,
charging methods, and modes of control. Each section's important technologies have been explained and their
potentials have been provided. Electric vehicles (EVs) have a wide range of implications across a wide range of
industries, and the enormous potential they must contribute to a cleaner and greener energy system through
collaboration with smart grids and the integration of renewable sources has been highlighted. The limitations of
contemporary electric vehicles (EVs) have been identified, as well as potential remedies to these problems. The
most up-to-date optimization and control algorithms have been added as well. Finally, the findings of this article
consolidate the entire text, offering a clear image of the EV sector as well as the areas that require additional
investigation and further research.
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