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Abstract: Electric vehicles (EV) are becoming more common mobility in the transportation sector in
recent times. The dependence on oil as the source of energy for passenger vehicles has economic
and political implications, and the crisis will take over as the oil reserves of the world diminish.
As concerns of oil depletion and security of the oil supply remain as severe as ever, and faced
with the consequences of climate change due to greenhouse gas emissions from the tail pipes
of vehicles, the world today is increasingly looking at alternatives to traditional road transport
technologies. EVs are seen as a promising green technology which could lead to the decarbonization
of the passenger vehicle fleet and to independence from oil. There are possibilities of immense
environmental benefits as well, as EVs have zero tail pipe emission and therefore are capable of
curbing the pollution problems created by vehicle emission in an efficient way so they can extensively
reduce the greenhouse gas emissions produced by the transportation sector as pure electric vehicles
are the only vehicles with zero-emission potential. However, there are some major barriers for EVs to
overcome before totally replacing ICE vehicles in the transportation sector and obtain appreciable
market penetration. This review evaluates the technological aspects of the different power train
systems of BEV technology and highlights those technological areas where important progress is
expected by focusing on reviewing all the useful information and data available on EV architecture,
electrical machines, optimization techniques, and its possibilities of future developments as green
mobility. The challenges of different electric drive trains” commercialization are discussed. The major
objective is to provide an overall view of the current pure electric vehicle powertrain technology and
possibilities of future green vehicle development to assist in future research in this sector.

Keywords: electric vehicle; control algorithms; electric propulsions; transmission; optimization;
future EV

1. Introduction

An electric vehicle (EV) is a road vehicle which involves motion with electric propulsion.
The electric vehicle utilized the features of traction provided by an electric motor consuming the
portable and electro chemical energy source. The electrochemical energy conversion linkage system
between the vehicle energy source and the wheels is the powertrain of the vehicle. The powertrain of
an electric vehicle has electrical as well as mechanical linkage. Passenger vehicles constitute an integral
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part of our daily life, but due to tail pipe emission of conventional internal combustion vehicles
(ICEVs), these vehicles generate urban air pollution causing greenhouse gas effect which leads to global
warming [1,2]. Air quality around the globe has been found to be deteriorating and the emissions
from the vehicles have been one of the main sources. The increase in vehicular emissions is because
of growing population, urbanization, and socio-economic development and the resulting usage of
vehicles [3,4].

The fuel engines emit the greenhouse gases like nitrous oxides (N,O), methane (CHy), carbon
dioxide (CO;), and many pollutants such as oxides of nitrogen (NOy), sulfur dioxide (SO,), hydrocarbon
(HC), and particulate matter (PM) [5-11]. The transport sector contributed 23-26% of the world’s CO,
emissions and 74% on-road CO, emissions in 2004 and 2007 respectively [12]. Increasing emissions levels
continue due to aging vehicles, a lack of adequate maintenance of road vehicles, high traffic congestion,
fuel adulteration, and poor road infrastructure. Although heavy-duty diesel vehicles (HDDV) represent
a lesser proportion, their emissions contribute significantly to air pollution problems [13]. Road vehicle
emissions have been partly contributing to acid deposition, stratospheric ozone depletion, and climate
change [14]. The developed countries adopted strong legislation to reduce the automobile emissions
and enhancing better air quality [15]. The concern about climate change has reached a high level and
has triggered the agreements between EU countries to drop their emissions by 80% by 2050 to stabilize
atmospheric CO; at 450 ppm so that they can work out to keep global warming under 2 °C. The effort
to drop the emission and global warming has been shared between different sectors, and the road
transport sector is expected to reduce its emissions by 95% [16—20]. This trend also exists in other
countries like Brazil, for one which through Regulations 418/2011 and 315/2002 set new emissions limits
for CO (carbon monoxide), HC (hydrocarbon), and NOy (nitric/nitrogen oxides) [21]. According to
Steinberg [22], the cost of reducing each gram of CO,/km has already risen from $17.03 (€13) to
$65.50 (€50) before the 2020 target of 159 g of CO,/km has even been reached [23].

Pure electric vehicle has incomparable advantage over conventional ICE vehicles in terms of
energy conservation, zero emissions, and ensuring oil supply security, etc., leading to attraction of
wide range of automobile manufacturers and governments. The major advantage of electric mobility
over ICE vehicles are their ability to conserve energy, zero tail pipe emission, independent from oil
supply [24,25]. Figure 1 describes key parts of the different subsystems and their contribution to the
overall system. Synergy of all these systems that helps to run electric vehicles. Pure electric vehicle
or battery electric vehicles utilize the electrical energy stored in batteries as a source of energy and
their motor drive system translates output power of battery into rotational energy of wheel, so it
can drive the operation of the electric vehicle [26-31]. The working principle of pure electric vehicle
utilizes use of an electric machine (electric motor) utilizing an energy source (battery) by replacing the
internal combustion engine (ICE) and the associated fuel tank, and the energy source of the vehicle
gets recharged as they are used to regain their energy source [32-35].

Different subsystems combine in EVs like that of internal combustion engine powered vehicles
keeping the fossil fuel engine and tail pipe aside. Interaction and connection of these subsystems
makes the EV work, and multiple technologies can be employed to operate the subsystems.

Basically, two different approach are followed while producing electric vehicles—most EVs get
converted from existing designs based upon traditional ICE vehicles styling [36-38]. Engineers have
the freedom to coordinate and integrate various EV subsystems so that the subsystem can work
together efficiently when the EVs are developed using ground up design methodology [39]. As the
packaging requirements of an electric car are different because of an empty space that can be used as
baggage storage. This overall body system could be analyzed to improve the outcome of the electric car
design process. To make mass appeal that an EV is really different from as an ICE vehicle, the elements
in the vehicle body should be designed as per the ‘EV technology’ that has been used and with the
progressive development, further improvement should be expressed in the formal design [40-45].
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Figure 1. Different subsystems and their interaction with electric vehicles [36].

The overall performance of EVs can be improved by utilizing design concepts like light weight
body structure, low drag aerodynamic body design, and lower rolling resistance. The vehicle weight
has a direct impact on the range and gradeability performance. Lightweight materials like aluminum,
fiberglass, or carbon fiber can be utilized to body and chassis structure so as to reduce the curb weight of
the vehicle. Improving the body aerodynamic by optimizing the airflow of the vehicle body can helps
to reduce the aerodynamic resistance. Tires with lower rolling resistance help in reducing running
resistance and help in dynamic modeling to size the power train and extend the range of EVs in driving.

Pure electric vehicles are dependent on their stored energy inside the battery packs, so their
driving range depends upon the size of their battery pack. Typically, pure electric vehicles can cover
100-250 km on a single charge depending upon the design of the vehicles, whereas the models with
heavy battery pack can have a driving range from 300 km to 500 km [46]. Driving range of a pure
electric vehicles depends on driving behaviors, vehicle architecture, conditions of the roads, climate,
types of the battery used, and vehicle’s age. Once depleted, charging the battery pack takes quite a lot
of time compared to refueling a conventional ICE vehicle. The recharging time for electric vehicles
depends upon their size of battery pack ranging from 8 h overnight to some more hours [47,48], the fast
charging electric vehicles are also getting hit in the market. New electric vehicle with fast charging,
ultra-fast facilities can charge the 80% of their battery vehicle as short as within 15 min [49,50]. However,
a major barrier that the present electric vehicle is facing is social acceptance. Their low running cost
becomes less prominent with their higher capital cost. ‘Range anxiety” is also an important barrier to
be considered as the driving range of electric vehicles are lower compared to ICE vehicles, and so is
their charging time. Also, the insufficient charging infrastructure aggravates range anxiety [51-53].
Moreover, new research and development models have come forward to solve the problems related to
its disadvantages and also different policies have been assigned for their development support [54].
This paper analyzes the recent powertrain technology of pure electric vehicles. The technology of
different drive train systems of BEVs is analyzed t. The technical issues connected with the power
train system and subsystem of BEVs designed as a solution to problems are presented and discussed.

2. Methodology

In this study of the present scenario, technology barriers of BEVs and the feasible solutions
developed in the previous reviews are analyzed. This paper has tried to cover as many previous
reviews and related technical papers as possible. It first starts with the technological structure of the
drive train components of BEVs, their background, present scenario, and their potential for future
development. Secondly, the technical issues with the development of BEVs are discussed with possible
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solutions for existing problems. Finally, the different outcomes of this research are presented. In this
research, different sections have been created where the individual components have been discussed in
detail. There are different sections for drive train architecture, propulsion unit, energy source, charging
system, design optimization using different simulation tools and future development of pure electric
mobility. Finally, we summarize the findings of this research.

3. Electric Vehicle Powertrain Architecture

Electric vehicle architecture or configuration refers to the layout of the energy source and the
drive train components of an electric vehicle, an architecture of the EV is flexible when compared
with compared with conventional internal combustion engine powered vehicles due to the absence of
complex engine setup, no clutch, zero requirement of manual transmission system, no requirement
of exhaust pipe, etc. [55-59]. The energy flow in EVs is made with flexible electrical wires with no
mechanical linkage, different EV drive systems have different system architecture and different energy
sources have different characteristics and different charging systems.

Battery electric vehicles powered by one or more electric engine have the most straight forward
architecture as the motor itself can acquired the required power. The detailed foundation of an electric
vehicle system along with its interconnection with different component is shown in Figure 2. The basic
fundamental components of an electric vehicle system are the motor, controller, power source, and the
transmission system.

Wheel

User Input =

Electronic Power Electronics Motor "’
Controller
B E 4-—’
SRR Battery Charger
Source Wheel

Auxiliary Power
Supply
Energy
Refueling Unit
Energy Source
Charging

Figure 2. Vehicle powertrain architecture.

Energy
Management Unit

The user gives the input through an accelerator and brake to the electric vehicle. Batteries have
been the source of energy to power electric vehicles from the origin of EVs. Lead acid batteries were
first to be made commercially available for powering electric drive vehicles but now the technology
has progressed to application of NiMH and Li-ion batteries. The batteries require a charger to restore
the stored energy. The majority of developed electric vehicles runs on DC brushed machines, induction
machines, or permanent magnet machines. The electric motor is driven by a power electronics control
system to maintain the required operation of the vehicle. Power electronics also work with the
battery charging system to control charging phenomenon and to monitor usability of the battery pack.
The auxiliary power supply in electric vehicles provides the required power for all auxiliary systems,
mainly the temperature control units that monitors the favorable temperature for battery system for its
long runtime and power steering units [60-63].
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Pure Electric Vehicle Architecture

There are different feasible EV architecture systems due the variations in electric drive
systems [55,60,62]. Six alternatives architecture that are possible in the EVs as shown in Figure 3.
These six alternatives are illustrated in Figure 3.
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Fig 3.2 EV power train architecture with clutch, Fig 3.6 EV power train architecture with motor,
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Figure 3. Electric vehicle (EV) drivetrain architecture alternatives based on drivetrain configuration [53].

e  Figure 3a presents an electric motor architecture system which has an electric motor, a clutch (C),
a gearbox, and a differential (D). The clutch engages or disengages the power flow from electric
motor to the wheels like it does in internal combustion engine powered vehicles. The wheels have
low speed with high torque in the lower gears and low torque with high-speed in the higher gears.
This architecture setup was mostly used in conversion of ICE powered vehicles to EVs utilizing
the existing components.

e Figure 3b presents a single electric motor architecture with fixed gear. The advantage of this
architecture is that the transmission weight is reduced as transmission and clutch have been
omitted. Some vehicle conversion using electric machine without transmission system utilize
this configuration.

e  Figure 3c presents an EV architecture using one electric motor. It is an EM with rear wheel drive
architecture with fixed gearing and differential integrated into a single assembly, and has been
preferred by most of the electric vehicle manufactures at present scenario. Figure 4a shows similar
rear wheel drive system used by Mahindra electric 20.

e  Figure 3d presents a dual-motor architecture. In this configuration, the differential action can be
electronically controlled provided by two electric motors that operates at different speeds. In this
dual-motor architecture, the driving wheels are derived separately by two separate electric motors
separately via fixed gearing.

e  Figure 3e shows an architecture with a fixed planetary gearing system employed to reduce the
motor speed to the desired wheel speed. This architecture is called an in-wheel drive system and
the planetary gearing in this system offers the advantages of a high-speed reduction ratio along
with an inline arrangement of input and output shafts [55,60].

e  Figure 3f presents an EV architecture without a mechanical gear system. A low-speed outer-rotor
electric motor has been installed inside the wheels. The gearless arrangement with outer rotor
mounted directly on the wheel rim makes equivalent speed control of the electric motor with the
wheel speed and, hence, speed of the vehicle [64-67].
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Figure 4. (a) Mahindra E20 with rear wheel drive with single motor using single speed transmission
(b) all-wheel drive Nissan IMX.

The above architecture set up depends on the required size and application of EVs, considering
compactness, performance, weight, and cost of the vehicles. Presently, the popular configurations are
as shown in Figure 3b or Figure 3¢, mostly Figure 3c has been widely used in present electric vehicles
to drive the both wheels using a single motor. The Nissan Leaf, Chevrolet Spark, Kona and Ioniq from
Hyundai, Soul EV, Verito from Mahindra, and Niro from Kia uses front wheel drive system. While EVs
can be built with the rear wheel drive system with the same configuration, the Tesla Model S, BYD E¢,
Reva, E20, E20 sport from Mahindra use rear wheel drive with single speed transmission to drive
rear axle.

Figure 3e or Figure 3f have been used in project demos or production at lower scale. The Nissan
Blade Glider involves a rear wheel drive system with in-wheel motor arrangement to the application
of different amount of torques at two rear wheels to for better cornering performance.

All-wheel drive (AWD) architecture set up utilizes two motors to drive the front and two motors to
drive the rear axles. An all-wheel drive architecture system is shown in Figure 4b. AWD configurations
provide better traction control and avoids slipping. Torque vectoring can be used for better cornering
performance [62,67-69]. AWD architecture systems with in-wheel motor systems can be utilized in
cars like Nissan IMX as shown in Figure 4b providing an efficient driving performance.

4. Electric Propulsion

In electric vehicles, the electric motor utilizes the energy source from battery pack and converts
the electric energy into mechanical power. The electric machine and drives combine as a single unit to
form propulsion unit in electric vehicles to drive them.

4.1. Electric Machines and Drives

Electric machines are used for converting the energy from electrical to mechanical and vice
versa. In electric vehicles, electric machines are used to provide power and torque to the transaxle
for propulsion. The electric motor provides propulsive power in electric vehicles. The efficiency of
energy conversion by electric machine is higher compared to internal combustion engine, in between
80-95% [70,71]. An electric motor provides high torque and high-power density with better torque
characteristics at lower speed and the instantaneous power rating with two or three times the rated
power of the motor [64]. The electric machines process the power in the reverse direction when turning
the electric motors as generators. The braking mode can be termed as regenerative braking.

Electric vehicles have different electric machines and drives compared to electric machines and
drives developed for industrial applications [72,73]. The electric propulsion system is the heart of
pure electric vehicles, where electric machines and drives are the core technology for pure electric
vehicle power train system that converts the electrical energy to the desired mechanical linear motion.
The most electric vehicle comes with single speed reducer and most transmission systems are kept
optional to drive the wheels. The stationary part stator and rotating part rotor of the electric motor
play an important role in the overall performance of the motor technology [42,74].
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The choice of an electric vehicle motor depends on the conditions defined by the three variables as
shown in Figure 5. From Figure 5, we can realize that the three variables are vehicle requirement, vehicle
restriction, and power source [63]. The vehicle requirements are defined by a drive cycle schedule.
The vehicle restriction includes the type of vehicle, weight of vehicle, payload, and battery weight.
Considering the above variables, we can choose a motor that satisfies the performance requirements of
the vehicle.

Vehicle Constraint
Variables

*  Weight
Packaging

* Driver Control

* Auxiliaries
Environment

Power Source

Mission Variables Variables
Drag * Voltage level and
Grade U excursion

Acceleration *  Power level

e o o o o o

Braking * Energy density

Starts/Stop Cycles *  Number of cycles

Maximum Speed * Energy rate for
recharge

Figure 5. Power train interfaces.

Different electric motor exists. Two broad classes of electric machines for electric vehicles
applications are: direct current (dc) and alternating current (ac) motors. The requirements for a motor
to be used for an EV use include higher power and torque, variable range of speed e, higher efficiency,
high reliability, and affordability. Direct current (DC) motor drives used to be earlier electric vehicles
choice for the propulsion but inefficient unreliability made them less attractive [62] induction and
permanent magnet (PM) types have become most favored ones with the advance development of their
power electronic systems [75].

4.2. Brushed DC Motor Drive

DC motor drives were mostly used for propulsion system of electric vehicle (EV).
Technological maturity and control simplicity made them usable for initial choice for driving EVs.
DC motors have stators with permanent magnets (PM); rotors have brushes. For EV propulsion,
the DC machine adopts the high-power density that it spins up to 5000 rpm and utilizes fixed gear
(FG) system to step it down to 1000 rpm. A bulky, inefficient, and complicated reverse gear is avoided
by offering reverse rotation [76,77].

Figure 6 shows the basic motor drive train system with different sub systems ranging from
motor controller to single speed reducer differential and driving wheels. The stator integrates the
field winding or permanent magnets (PMs) that helps in producing the magnetic field excitation,
while the rotor installs the armature winding switched by the commutator through the carbon brushes.
Figure 6 shows the basic set up of DC motor drives system to control the armature current and the
output torque of the DC machine. In general, the feedback control variable is only the motor speed,
while the armature current feedback is mainly for protection purposes [78].
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4.2.1. Brushed DC Drive Control

For better control of speed of the DC drive system for their use in an electric vehicles DC-DC
converters must be used. Two methods are employed for speed control of DC motors, drive armature
voltage control and flux-weakening control. Pulse width modulation (PWM) is adopted for controlling
application of the armature voltage of DC drive for EV propulsion [62,79,80]. On reducing the armature
voltage of the DC motor, the armature current and the motor torque decrease, thereby decreasing the
speed of the motor and increasing the armature voltage and the torque of the motor. When weakening
the field voltage of the DC motor, the motor back EMF decreases. There is an increment of armature
current by large value than its reduction in the field due to low armature resistance. Thus, the torque
of the motor increases the motor speed [81,82].

From the Figure 7a,b, characteristic features of separately excited DC motors and series DC
motor is shown. Below, the natural characteristics of the motors can operate for any torque-speed
characteristics with constant slope against the change in speed. During the armature voltage control,
maximum allowable armature current remains constant, the armature voltage control utilizes the

advantage of maintaining the maximum torque, keeping the maximum allowable current constant at
all speeds.
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Figure 7. (a) Characteristics of separately excited DC motor control, (b) characteristics of series DC
motor control.

Dotted lines in Figure 7a,b represents the operation of separately excited DC motor and series DC
motor during the weakening of the field voltage of the DC motor. During this control phenomenon,
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slope of both the dc motor characteristics varies but at the same time it is affected by the flux the
independent armature voltage control and flux-weakening control, being applied to only separately
excited DC motor drive system to achieve a wide range of speed control [78,82-85].

4.2.2. Application of DC Motor in Electric Vehicles

The separately excited DC and series DC motor drives have been widely adopted for EV drive
systems. DC motor drives are no longer in use for driving EVs due to their lower efficiency lower
power density and the regular wear and tear of the carbon brushes and commutator.

4.3. Permanent Magnet Brushless DC Motor

Permanent magnets (PM) are the major materials of PM brushless motor drives. PM BLDC motors
are PM AC machines with trapezoidal back-emf waveforms due to the concentrated windings that are
used in the motor. As there are no windings in the rotor, there is no rotor copper loss, which makes it
more efficient than induction motors. There is no loss of copper in the rotor due the absence of the
winding, making it more efficient than available induction machine. The motor drive has light weight,
smaller size, is reliable, and provides better torque and specific power with better heat dissipation.
The PM BLDC motor system has less maintenance and a higher efficiency compared to the DC brushed
motor system [78,86-90].

The major advantages of using PM BLDC motor are:

e high-energy PMs, light weight, and lower volume providing higher power density offering higher
efficiency due to the absence of copper loss;

e  Dbetter heat dissipation and cooling;

e  higher reliability due to lower heating and lower manufacturing defects.

The Figure 8 shows the basic structure of the PM brushless DC machine

Voltage-fed _ PM BLDC

Batt
SEEY Inverter Motor

Current

Voltage

Position

Command Electronic Controller Sensars

Figure 8. Basic set up of PMBLDC motor system.

The single-PMBLDC motor architecture system consists of a voltage-fed inverter, an electronic
controller, and sensors. The position sensor ensures the synchronization of the current with the flux.
The speed control is relatively simple by controlling the stator currents to align the rectangular current
with trapezoidal flux.

4.3.1. PM Brushless DC Motor Control

Rectangular AC current feeds the PM BLDC drive and has a significant torque pulsation. The stator
flux and the rotor flux are kept close to 90° to drive PM BLDC motor, producing the maximum torque
per ampere in the region of constant-torque operation. The phase-advance angle control offers operation
of EVs with constant power. When the PM BLDC motor operates at speeds higher than the base speed
due to the minor difference between the applied voltage and back EM, the PMBLDC motor runs out of
time to engage the phase current while operating at a speeds higher than its base speed. From the
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Figure 9, it can be found that the operating region with constant power can be extended by increasing
the phase-advance angle gradually [90-93].

Torque
h

With control

Without control

Checccnccccccccccccees

(=}
a

b §pccd
Figure 9. Torque-speed capabilities of phase-advance angle control of PM BLDC motor.
4.3.2. Application of PM BLDC Motor in Electric Vehicle

PM BLDC motor has been the primary choice for use in electric vehicle applications. We can find
most of the in-wheel hub BLDC motors in two-wheeler, fixed gear drive three-wheeler, and electric
vehicle conversion kits. These days, BLDC motors are mostly commonly used in two-wheeler and
three-wheeler vehicles.

There are two different kind of BLDC motors:

Out-Runner Type BLDC Motor

In out-runner BLDC motors, the position of the rotor is outside while that of stator is inside.
They are also known as "hub motors’ as their wheel is directly coupled to the exterior rotor. External gear
systems have no presence, while some offer a planetary gear system. As the motor is directly coupled
to the rotor, there is no need of space for mounting the motors. These types are mostly common in
electric bicycle, scooters, and in-wheel drive electric vehicles.

In-Runner Type BLDC Motor

In-runner BLDC motors come with the opposite configuration of out-runner BLDC by placing the
rotor inside and stator outside. In order to transfer the power to the wheels, these systems require
external transmission systems like that of fixed gear or chain drives.

4.3.3. Permanent Magnet Synchronous Motor (PMSM)

Permanent magnet synchronous motors have sinusoidal magnetomotive force (mmf), voltage,
and current waveforms. When the sinusoidal distribution of the air-gap flux and stator windings is
arranged, the machine operates as a synchronous machine. The rare earth magnet material in this motor
drive helps to increase the flux density in the air-gap, the motor power density, and torque-to-inertia,
and thus can be operated over a wide constant power speed range. The most common type
of magnet materials that have been used in PM machines are ferrites, samarium cobalt (SmCo),
and neodymiume-iron-boron (NdFeB) [94-99]. The working mechanism is identical to BLDC motor
except the sinusoidal wave form of the back EMF.

The major advantages of PMSM are:

e efficiency is higher compared to brushless DC motors,

e  absence of torque ripple when the motor is commutated,

e  better performance with the higher torque,

e reliable and less noisy,

e performance is high in both higher and lower speed of operation,
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e  easy to control due to lower inertia of the rotor,
e  heat dissipation is efficient,
e smaller in size.

4.4. PMSM Motor Control

There are three different ways of controlling the PMSM motor, they are:
(a) Field-Oriented Control (FOC)

A PM synchronous motor can utilize control strategies employed by induction motors such as
FOC and direct torque control. The FOC has been utilized to the PM synchronous motor for driving
EVs, PM field excitation in the PM synchronous motor deviates PMSM from induction motor.

(b) Flux-Weakening Control (FWC)

The terminal voltage equals the rated voltage at the base speed of PMSM. As back EMF grows with
the speed, the extension of speed range is possible only when the air-gap flux is reduced, the so-called
flux-weakening operation. Thus, the torque decreases while the speed increases, thus operating in
constant power.

The Figure 10 shows the torque-speed capabilities of the PM synchronous motor. It can be found
that the higher the Ld Ir/Am ratio is adopted, the better the flux-weakening capability can be achieved.
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Figure 10. Torque-speed capabilities of flux-weakening control of MMSM [78].
(c) Position Sensorless Control (PSC)

This position sensor in the PMSM is for its control system and is usually based on an optical
encoder. A PM synchronous motor with a position sensor is seldom adopted for driving EVs.

Application of PMSM Drive in Electric Vehicles

PMSM motors have been the preferred choice in EV drive trains due to their higher power density
and efficient control system.

4.5. Induction Motor System

Induction motors are simple in construction, due to their reliability, lower maintenance, lower
cost, and ability to operate in hostile environments. There are two types of induction machines (IMs):
the wound-rotor and squirrel-cage. The wound-rotor induction motor is less attractive than the
squirrel-cage counterpart—especially for electric propulsion in electric vehicles (EVs)—due to high
cost, need for maintenance, and lack of sturdiness. Therefore, the squirrel-cage induction motor can be
named as the induction motor for EV propulsion [78,90,100-102]. The motors have the capacity to
increase the limit for maximum speed, and higher rating of speed and develop high output due to
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absence of brush friction. By changing the voltage frequency, the speed of induction motor can be
varied. Field orientation control (FOC) of induction motor can terminate its torque control from field
control [103-107].

Induction Motor Control

The three major control system for induction motors are:
(a) Variable-Voltage Variable-Frequency (VVVF) Control

It adopts with constant voltage control for frequencies below the rated frequency,
and variable-frequency control with constant rated voltage for frequencies beyond the rated frequency.
For very low frequencies, voltage is boosted to recoup the difference between the applied voltage and
induced EMFE.

From the Figure 11, it can be observed that there are three operating regions:

1.  Below the rated speed, the motor delivers rated torque in constant torque region.

2. Theslip is increased gradually to the maximum value at constant-power region with constant
stator current and the motor runs with the rated power.

3. The slip remains constant in the reduced power region where there is decrement in stator current
and the torque capability declines with the square of the speed.

Constant Constant Reduced

’ torque region ywer region ywer region
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-
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Figure 11. Capabilities of operating VVVF controlled induction motor [78].

(b) Field-Oriented Control (FOC)

FOC for the induction motor drive can be implemented by:

1.  The direct FOC, also known by the direct vector control, identifies the rotor flux linkage
instantaneously by measuring the air-gap flux from stator voltage or current.

2. Theindirect FOC, also known as indirect vector control, has been widely used in the induction
motor drive for driving the EVs. This technique does not need to identify the rotor flux linkage.

(c) Direct Torque Control (DTC)

The DTC provides the equivalent performance for the induction motor drive. This system selects
the switching modes of the voltage-fed PWM inverter directly to controlling the stator flux linkage and
the torque application of the induction machine in electric vehicles.

Most common motors used as the propulsion unit in EVs are IM because the design is simple and
stable, with greater control and lower cost.
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4.6. Switch Reluctance Motor

SRMs, also known as doubly salient motors, are synchronous motors and they are driven by
unipolar inverter-generated current. SRM motors work on the principle of variable reluctance. SRMs is
mostly suitable for high-speed operation without mechanical failure. Due to their high mechanical
integrity, they are also suitable for driving EVs as in-wheel drive systems. However, they have the
disadvantages of lower torque density, higher torque ripple, and larger acoustic noise [108-110].

The simple rotor structure is and does not require windings, magnets, commutators, or brushes,
so it has rapid acceleration and immensely high-speed operation. Making it suitable for gearless
operation in EV propulsion [111-113]. The current copping control (CCC) and the advance angle
control (AAC) are the two main control systems for SR motor control systems. The speed boundary
between these two control schemes is called the base speed, wb, at which the back EMF is equal to the
DC source voltage.

SRM Control System

The back EMF is lower than DC voltage below the base speed control system, the phase current
can be regulated at the rated value, hence offers the constant-torque operation by regulating the phase
current at rated speed. When the back EMF is higher than the DC source voltage above the base speed,
the torque drops. When the back EMF increases with rotor speed decreasing, the phase current torque
drops inversely to the rotor speed, in the AAC system running the SRM in constant power region,
phase advancing is not possible beyond the critical speed of the motor, thus it operates in natural
operation mode.

The Figure 12 shows the torque-speed profile in all three operating regions: constant torque
operation, constant power region, and natural operating region application of SRMs in electric vehicles.
The earliest first SR motor recorded one was built by Davidson in Scotland in 1838 for propelling
a locomotive. Also, a lot of research and development projects are being carried out with application
of SRM drive systems in electric propulsion systems [114,115].
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Figure 12. Torque-speed capability of the SR motor [78].

Two major types of SR motor drives are illustrated for driving EVs. The first one is a SR with
high-speed capable motor internally coupled with a planetary gear for speed reduction. The second
one is a low-speed SR motor for in-wheel direct-drive configuration [62,113,116].

(a) Planetary-Geared SR Motor Drive

During single-motor architecture system, the design of SR motor drive is focused for high-speed
operation using a planetary gear synchronize the motor speed to wheel speed [62].

(b) Outer-Rotor In-Wheel SR Motor Drive

To avoid the transmission gear and differential gear, in driving EV's the SR with an outer-rotor
topology for low-speed operation are designed so as to directly drive each wheel.
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4.7. Comparison of Existing EV Drives

EV drives are evaluated in considering their different parameters shown in following table [93].

In the Table 1, the demerit of the SR drive is the high acoustic noise, whereas the advantage of the
induction drive is the low cost while the key merits of PM brushless drives are high power density and
high efficiency. This evaluation indicates that the DC drive is undesirable, while the induction drive
and the PM brushless drives are most favorable.

Table 1. Evaluation of existing EV drives.

Factors DC Induction SR PMSM  PM BLDC
Power density 2 3 3.5 4.5 5
Efficiency 2 3 3.5 4.5 5
Controllability 5 4 3 4 4
Reliability 3 5 5 4 4
Maturity 5 5 4 5 4
Cost level 4 5 4 3 3
Noise level 3 5 2 5 5
Maintenance 1 5 5 5 5
Total 25 35 30 35 35

1-worst; 5-best.

The Table 2 summarizes the application of existing drives in BEVs. For the DC drive, the application
is undesirable in the current scenario, the application is rare for SR drive, the applications of the
induction drive, and the PM Syn drive share the major market of EVsat current scenario.

Table 2. Application of existing drives in BEV (car/three-wheeler).

Drives Types BEV Models
Panda Elettra from Flat, Citroen berlingo Electrique, reva G-Wiz DC,
DC
three-wheeled tempos
SR Chloride Lucas, converted General Motor prototype, small pick-up prototytpe
. GM EV1, BMW Mini E, Tesla Roadster, Reva G-Wiz I, Mahindra Electric- E20
Induction . .
series, Verito, etc.
PMSM Nissan leaf, Mitsubishi i-MiEV Focus Electric, Citroen C-Zero, Peugeot iOn ED,
BYD e6, Hyundai-Kona and Ioniq, KIA Soul EV and Niro, MG ZS EV, etc.
PM BLDC Smart fortwo ED, three-wheel electric tuk-tuks, and some of Chinese electric cars.

4.8. Stator Permanent Magnet Motor

Stator-PM motor deviates itself from conventional permanent magnet (PM) brushless motor
drives, with an advantage of all PM materials being located in the stator while the rotor with salient
poles offers higher robustness with better thermal stability for PM materials [100].

For EV propulsion, there are three major stator motor types:

e  Doubly-salient permanent magnet (DSPM) machine
e  Flux-reversal permanent magnet (FRPM) machine
e  Flux-switching permanent magnet FSPM machine

Above all, the mentioned three types of stator-PM machines are based on PM excitation, and are
classified as a group as uncontrollable but with the inclusion of independent field winding or
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magnetizing winding in the stator for flux control, the stator-PM machines become flux controllable,
which can be further classified as:

e  Hybrid-excited permanent magnet (HEPM)
e  Flux-mnemonic permanent magnet (FMPM)

These flux-controllable techniques can be applied to form various topologies, such as the
hybrid-excited flux-switching permanent magnet (HE-FSPM) machine or flux-mnemonic doubly-salient
permanent magnet (FM-DSPM) machine.

The flux-controllable group, including the HE-DSPM (hybrid-excited doubly-salient permanent
magnet), HE-FRPM (hybrid-excited flux-reversal permanent magnet), and HE-FSPM as well
as the FM-DSPM, FM-FRPM (flux-mnemonic flux-reversal permanent magnet), and FM-FSPM
(flux-mnemonic flux-switching permanent magnet) machines desire two external supplies, hence
called the doubly-fed stator-PM machines.

Potential Application in Electric Vehicle

The stator-PM motor drives have high potentiality for EV application due to their capability of
solving two fundamental problems of the existing PM motor drives:

e  Absence of PMs in the rotor, thus avoiding the problem of mounting them on the high-speed rotor
and hence to withstand the high centrifugal force.
e  All PMs are located in the stator, with cooling arrangement and proving the thermal instability.

Concerning maturity for use in EV, the DSPM motor drive is the most favorable one because of its
mature development for over two decades. Next, the FSPM and FRPM motor drives are decade-long
mature technology. The HEPM and FMPM motor drives are immature technology as they are recently
derived from the singly-fed stator-PM motor drives.

4.9. Advance Magnetless Motor

The absolute value and volatility of the neodymium price are uncertainty to the development of
PM machines, and has revive the research of advanced magnetless machines. The induction machine
and SRmachine can be considered as a magnet-less machines as they do not equip with any PMs but
they do form their own respective families and the terminology ‘advanced’ is incorporated to deviate
them from those magnetless machines that are recently developed or relatively immature [117-121].
Figure 13 shows the layout of power electronics components in a battery electric vehicle (BEV).
The auxiliary supply provides the necessary power for equipment within the vehicle.
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Power electronic
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Figure 13. Power electronics in electric vehicles.
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There are five majors advanced magnetless motor drives that are viable for EV propulsion, they are:

e  Synchronous reluctance (SynR)

e  Doubly-salient DC (DSDC)

e  Flux-switching DC (FSDC)

e  Vernier reluctance (VR)

e  Doubly-fed Vernier reluctance (DFVR)

Potential Application of Advance Magnetless Motor

Concerning maturity, the SynR and VR motor drives are relatively most mature technology
because they have been developed for many decades, DSDC and FSDC motor drives are quite mature,
have been developed for over a decade, and are considered to be most prominent magnetless motor
drives, namely the DSPM and FSPM. The DFVR motor drive is immature technology recently derived
from the VR motor drive, and the AFM machines are immature.

5. Power Electronics

System integration of power electronics is an effective to fulfill the cost and package volume
requirements on pure electric vehicles. Power electronics plays the medium to transfer the information
between the battery, a DC current source, and the drive motor.

A power converter device is necessary to regulate the power between the motor and the battery
systems. The battery delivers current at a particular voltage. Power flowing into the battery needs to
ensure of delivery of the correct voltage. Similarly, the power delivered by the battery must ensure
the capability of electric machine to propel the vehicle. Algorithms of the control system specific to
each type of motor always ensures its operation at the highest efficiency, typically between 95% and
98% [76]. Control strategies like model-referencing adaptive control (MRAC) and self-tuning control
(STC), have been successfully applied to EV propulsion. Motor drives have also employed variable
structure control (VSC) [76,83]. Fuzzy logic and neural networks have been employed to realize the
concept of intelligent controllers with promising applications to EV propulsion. Progress has been
made in magnetic components and capacitors for its use in high frequency power electronics. Still,
many improvements need to be made; these are described in [122,123].

The power electronics components like diodes and switches should have resistance to both high
temperature and high levels of vibrations. Improvements are required in capacitors and further
investigation on the use of dielectric materials. Simplification of inverters is needed to integrate
electromagnetic interference. Optimization of power electronics devices with higher heat resistance
and the size optimization are required to make them more suitable for the EVs.

6. Transmission System

There are different research-based debates going on for battery electric vehicle regarding the use
of single fixed gear transmission and multi transmission systems. Vehicles are specially designed to
perform in different driving conditions—such as city, highway, and hilly—and thus electric propulsion
motors should supply a wider range of speeds and torques to sync the demand that might force the
traction motor to run outside its efficient operating region. To achieve better drivetrain efficiency and
vehicle performance, transmission systems should be efficiently designed to integrate the electric power
train system so that the EV can directly be driven by single motor, dual motor, transmission less, or there
might be a single speed or multi speed transmission system between motor and wheel to optimize the
vehicle performance [124]. Articles [125-131] describe the current studies on gearbox or alternative
transmissions, multispeed transmission, and their use on EVS. Articles [132-137] discuss the use of
multi-speed transmission systems on electric vehicles (EVs) including numbers of simulation-based
comparisons with two-speed transmission systems, comparing single speed gearbox using different
transmission system like CVT, AMT, and DCT.
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Major EV manufacturers—like Tesla, Nissan, Hyundai, BYD, etc.—still use single-speed
transmission systems as they help to minimize the associated cost, volume, energy loss, or drivetrain
mass. However [138] describes, with the use of single speed transmission system, how EV powertrain
performance significantly depends on the performance of electric motor that may not be efficient in
all speed ranges while the use of a multi-speed transmission system may offer a real world solutions,
keeping the electric motor efficient during the operation of EVs. In [139,140] they discuss how multi
gear systems in EVs help in selecting smaller traction motors and batteries. Reference [132] mainly

studies and compares the influence of the electric motor with fixed ratio system and the motor with
a two-speed transmission system on the power and economy performance of the vehicle, based on
a target vehicle, through the driving motor and drive train parameters matching, obtaining fixed
ratio and two-speed transmission system respectively. References [132,141-143] studied the effect of
two speed automatic transmission on the maximum speed, the maximum gradability, and energy

consumption of pure electric vehicles on flat and straight road surfaces.

6.1. Multi-Motor Drive Transmission System
One can demolish the differential gears by using dual or multi EMs. Each wheel can be coupled to
an EM enabling independent speed control of each wheel through multiple electric motors. In Figure 14,

a dual-motor drive with an electronic differential is shown below [55,144].
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Figure 14. Dual-motor drive with fixed gear system.

6.2. In-Wheel Drive

Merits of minimizing the mechanical transmission path between the electric motor and the
wheel through in wheel motor system is possible. In-wheel motor configuration reduces the drive
train weight by avoiding the use of the central motor, associated transmission, differential, system,
and subsystems [64]. Four-wheel drive improves the drivability of the vehicle by lowering the center

of gravity of the vehicles [145].

7. EV Power Train Optimization with Performance Consideration

The performance indicators of conventional petrol or diesel vehicle includes economy, dynamic
performance, braking performance, smooth performance, handling stability, and other related
performances. The electric vehicles use electric machines as their propulsion system, their output
performance of motor is different with conventional ICE vehicles, so the dynamic performance of
the electric vehicle is quite different as compared with conventional vehicles. However, one cannot
deny that the present electric vehicle developments have generally followed the approaches and the
techniques used in conventional petrol/diesel powered vehicles. Most of the required parameters

defined or applied on an electric vehicle are referenced from convention al ICE vehicles. Also,
the performance of the electric vehicles must competitive with the conventional ICE vehicles so as
to secure the transportation position as well as to attract new consumers. Therefore, we can say that
the study of electric vehicle drive systems and improving the efficiency of the motor have a vital role
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in improving the overall performance of the electric vehicle [146,147]. To define the electric drive
system, one needs to study the dynamic system, since this is the heart of the vehicle, it helps shape the
performance of the vehicle. Strict calculation and parameter matching are required in the research
process during the development of the power system so as to satisfy the requirement of vehicle
dynamic performance.

7.1. Dynamic Performance

Due to the energy density and power density of battery power of the electric vehicle is
still a challenging factor, depending on increasing the number of batteries because of size and
weight—in design and development phase—selecting of power parameters and taking advantage of
the performance of the various parts are very important in the same sense as the battery. Improving the
dynamic performance and driving range of electric vehicles should be taken into consideration [148-151].
The great diversity of the present electric vehicle scenario and its potential greatness for future mobility
depends on the consideration of technological optimization of motor, battery, and energy development
during the design and application of electric vehicle. The dynamic system parameters should
be matched to improve the performance of electric vehicle according to the requirements of road
conditions [149].

The following are considered in designing and optimizing the size of power train system.

7.2. Drive Cycle

Driving cycles are vital instrument during the production of new vehicles and for the assessment of
vehicle characteristics like vehicle powertrain sizing, energy consumption, and emissions. The standard
drive cycles are used by the governmental agencies and automotive industry for the performance
analysis of a vehicles. A drive cycle may have both speed and road gradient components,
although typically one is held constant while the other is varied.

Table 3 shows the standard driving schedules [Igbal, SAE J227a].

Table 3. Standard driving Schedule, SAE J227a.

SAE J227a Schedule
Test Parameter B p b
Max. Speed, km/h (mi/hr) 32 48 72
Acceleration time, ta (s) 19 18 28
Cruise time, tcr (s) 19 20 50
Coast time, tco (s) 4 8 10
Brake time, tbr (s) 5 9 9
Idle Time, Ti (s) 25 25 25
Total time (s) 72 80 122
Approximate no. of cycles per mile 4-5 3 1

Table 3 describes the standard drive cycle J225asuggested by the Society of Automotive Engineers
(SAE) to analyze the performance and energy source and very useful for design calculations related
to develop the concept of an electric vehicles. It has three major schedules designed to simulate the
typical driving patterns of fixed urban route (B), variable-route urban (C), and variable-route suburban
travels (D).

Two most commonly used standard drive cycles are urban dynamometer driving cycle (UDDC)
and highway fuel economy test (HWFET) to simulate urban and highway driving respectively. The other
standard drive cycle as well like US06 standard drive cycle, new European drive cycle (NEDC), etc.,
to simulate different driving conditions. One should always consider the related drive cycle while
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defining the powertrain or optimizing the power train system, estimating energy consumption in
electric vehicles.
Figures 15-17 show the three different drive cycles.

(AT

Figure 15. UDDS drive cycle.

Figure 16. HWFET drive cycle.

l‘ 0y

Figure 17. US 06 drive cycle.

Considering the related drive cycle, one should match the parameters for sizing the power train
for design as well as for optimization.

7.3. Performance Parameters

Table 4 describes the different basic parameters of the vehicles needed to be matched for sizing
the power train system as per performance requirement [149].
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Table 4. Basic vehicle parameters.

Basic Vehicle Parameters Vehicle Performance Indicator Electric Machines Basic Parameters
CURB weight (kg) Power performance parameters like Rated power
Gross weight (kg) Maximum Speed (km/h) Peak power
Wheelbase (mm) (0~50 km/h) Acceleration time (s) Rated speed
Wheel rolling radius (mm) Maximum climbable gradient (%) Maximum speed
Frontal area (m?2) Endurance mileage (km) Tared torque
Transmission rfficiency Max. torque

Drag coefficient

Rolling resistance coefficient

The data from different vehicle parameters of the above table undergoes different
differential equations from vehicle dynamics to size the power train system as per defined
performance requirements.

8. Future of Power Train System in Electric Vehicles

The adoption of EVs from the last few years has created a new vision for new feasible green
mobility. The Figure 18 explains the recent data on global EV sales and the trends shows that more
electric mobility is going to hit the market in coming years.
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Figure 18. Global EV sales [152].

Also, Figure 18 shows that the trend is in positive domain despite 75 low sale in 2019. Global plug-in
vehicle deliveries 2,264,400 units, in 2019 reached which is 9% higher than that of 2018. Europe became
the beacon of 2019 EV sales with 44% growth, accelerating towards the end of the year [152,153].
The rise in different power train system and optimization system has boosted the electric vehicle sales.

The development of a concept city car like the Toyota i-Road to extreme off-road vehicles like
the Tesla cyber truck, Bollinger Rivian R1T, etc. have provided real-world proof that future mobility
depends on electric vehicles. More real-world concept vehicles might in the conceptual development
stages. Formula E proves that electric cars can be powerful and can be racing cars as well.

EVs are the future of green mobility as even electric flying cars are being considered and are been
manufactured. Even water way transport systems are now focusing on electric boats and, recently,
an electric boat using Renault battery pack was demonstrated in Paris. Even the lunar roving vehicle
used on the moon, known as moon buggies, were electric powered and NASA has been working on
designs of different space exploring electric vehicles.

Different drive configured vehicles are expected to hit the market. All wheel drive system and
electric motor with multiple transmission system might pick up their commercial use. In-wheel drive
vehicles with better control mechanisms might be the next big game in electric mobility.
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9. Discussion

The purpose of this paper is to focus on the power train system and subsystems of EV.
Different technical findings are analyzed and the possibilities future trends of these sectors are
discussed. The major findings of this paper are:

e Different configurations are available for the drive train architecture in EVs. EVs can have front
wheel drive, rear wheel drive, single motor drive, dual motor drive, or even all-wheel drive.
In-wheel drive vehicles offer distinct advantages such as avoiding transmission as a major one.
Different configuration of drive trains has not commercially penetrated now, but they do have
scopes for use in future EVs.

e  Varieties of electric machines of different designs and configurations can be employed for use
in EVs. Induction motors, permanent magnet synchronous motors, and synchronous reluctance
motors are the eminent machines to propel EVs. Induction motors have been mostly used by
present electric vehicles like Tesla and Mahindra Electric, while PMSM is currently being widely
used with brands like Hyundai, Kia, BYD, etc. The next few years will be interesting to see the
battle between induction and PMSM motors in electric drive trains.

e Power electronics have developed to a great extent and different control systems have been
produced and adopted for driving motors, managing energy, and charging the batteries.
With increased penetration of new EV drive systems, energy sources, and charging technologies
in the future, there will be greater oppostunities for more efficient control mechanisms.

e  Drive train optimization has been a trend for research. Consequently, efficient drive components
could be developed. Different simulation tools have been in use for this approach for the design
and optimization of the drive train, control unit, and sizing battery pack as well. Recently, multi
speed transmission systems, especially two-speed transmission systems for EVs have been a hot
topic, although major EV manufacturers are still using single speed fixed gear. In-wheel drive
systems and their different configurations have been explained in order to avoid mechanical
transmission systems. Most of the research has pointed the positive results with two-speed
transmission systems when compared with fixed gear transmissions, as they can minimize the
size of the drive train unit as well as increase the efficiency and advantages of in-wheel drive
systems. Both of these systems may be in use in future EVs, but a lot of research and experiments
in the real world might need to be undertaken as it adds weight and complexity to drive units,
as well as adding control complexity to in-wheel drive systems.

10. Conclusions

Ecological development has raised concerns about green mobility. EVs are on the path of future
green mobility, protecting the environment from global warming. Despite good sales figures of Tesla,
Nissan leaf, and other electric vehicles, the commercialization of EVs is still not successful. The cost and
range anxiety are the major obstacles that most EVs have been facing and have been improving upon in
response to this challenge. Most of the research activities are focused on energy source improvements
and development of efficient drive trains. The EV drive train configurations, motors, energy sources,
power electronics, power train optimization scenario, and simulation technologies for EVs have been
considered and discussed in depth. The key technologies of each section from different research papers
have been reviewed and the different findings have been presented. The limitation of the present
electric vehicles and the possible optimization technologies have been discussed with different data
and analysis provided by different research papers on optimization. The present trends in EVs (ground,
air, and water) and potential of future electric power train system developments have been discussed.
Finally, the results of this paper in the form of a discussion have been presented to summarize the
overall picture of this paper.
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