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Abstract: Over the years, an increase in the traffic of electric and hybrid electric vehicles and vehicles
with hydrogen cells is being observed, while at the same time, self-driving cars are appearing as a
modern trend in transportation. As the years pass, their equipment will evolve. So, considering the
progress in vehicle equipment over the years, additional technological innovations and applications
should be proposed in the near future. Having that in mind, an analytical review of the progress of
equipment in electromobility and autonomous driving is performed in this paper. The outcomes of
this review comprise hints for additional complementary technological innovations, applications,
and operating constraints along with proposals for materials, suggestions and tips for the future.
The aforementioned hints and tips aim to help in securing proper operation of each vehicle part and
charging equipment in the future, and make driving safer in the future. Finally, this review paper
concludes with a discussion and bibliographic references.
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1. Introduction

Electric vehicles (EVs) are becoming more popular with time. Based on Reference [1],
this type of vehicle is driven by at least one non-peripheral electric motor, which draws
its energy mainly from an electric rechargeable energy storage system (battery pack). This
storage system is recharged mostly by using an external energy supply system [1]. EVs
date from the early days of transportation and comparing with conventional gasoline and
diesel vehicles, they present by far a higher energy efficiency ratio [2]. In general, EVs are
divided into three main categories; battery (BEVs), hybrid (HEVs) and fuel cell electric
vehicles (FCEVs) [1].

EVs accelerate fast, achieving speeds almost comparable to those of conventional
vehicles [2]. Additionally, they are environmentally friendly, because they produce zero
direct emissions. This fact contributes to the reduction of air and carbon pollution from the
transportation sector, which is a strong advantage of EVs against conventional vehicles.
Other advantages of EVs are the low maintenance costs, due to their simple mechanical
structure, the promotion of new technologies, such as Vehicle to Grid (V2G) operation, and
their suitability in urban centers [1]. On the other hand, conventional vehicles can achieve
higher speeds and longer distances compared to EVs, while, because of their silent electric
motors and frequent use in urban centers, EVs are not easily perceived by pedestrians [1,2].

A basic system of EVs is the high voltage circuit, where the basic parts of the vehicle’s

equipment are connected together by bright orange high voltage wires [3]. According to
Reference [3], the circuit is closed by high voltage service disconnects, which are located
in the rear part of the EV and consist of thermal sensors and control units, in order to
monitor their operation. The voltage in the circuit starts from 48 Volts DC (VDC); in normal
conditions, it can reach the maximum voltage that the battery pack can handle under
normal conditions (about 600 VDC), and in danger exceeds 800 VDC [3,4].

Other features of a typical EV include a 12 Volt battery, which is needed for the
40/). operation of the vehicle’s electronics, badges indicating that the vehicle is electric, and the

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /

Energies 2023, 16, 1271. https:/ /doi.org/10.3390/en16031271 https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16031271
https://doi.org/10.3390/en16031271
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8084-7919
https://doi.org/10.3390/en16031271
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16031271?type=check_update&version=3

Energies 2023, 16, 1271

2 of 34

absence of an exhaust [3,5]. In addition, there are safety systems in the car; the Electronic
Stability Program (ESP program) is an active safety system that provides two other active
safety systems: an anti-lock braking (ABS) system, which prevents the wheels from locking
during braking, and a traction control system (TCS), which prevents the wheels from
spinning when the vehicle starts off and accelerates [6]. Additionally, other parts include a
set of airbags (six to seven in a typical European electric car) and seatbelt pretensioners,
a vehicle collision detection system, a control unit for the air conditioning and heating
systems, the dashboard of the car, and a set of electrical and electronic components [3,5].

A typical BEV consists of a propulsion system and a battery-charging facility, which
are connected by a high-voltage circuit. The propulsion system includes an electric motor,
a battery pack, converters located next to both of them, and buck-boost choppers [1,7]. An
electric car powertrain is depicted in the figure below (Figure 1) [8].
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Figure 1. Electric car powertrain [8].

The electric motors that are used in EVs include brushed direct current (DC) motors,
induction motors, synchronous reluctance motors, and permanent magnet synchronous
and brushless DC motors [1]. The most commonly used battery packs in BEVs and HEVs
are nickel-metal hydride (NiMH), lithium-Ion (Li-Ion) and lithium-polymer (LiPolymer)
batteries [1]. The battery charging facility, which can be used either at home or at public
charging stations in order to charge the EV, allows either on-board or off-board charging,
or both [9].

Apart from pure electric cars, hybrid electric cars represent another major vehicle
category. Hybrid electric vehicles include an internal combustion engine (ICE) connected
with an electric motor or generator (in some vehicles), buck-boost converters and a battery
pack. The fuel, usually diesel, is stored in a tank that is highly resistant to high pressures,
temperatures and corrosion [10]. There are also valves and quantity and pressure sensors,
in order to control the pressure and the flow of the fuel into the transfer pumps [10]. This
type of vehicle is more efficient for long-distance trips and develops higher speeds than
a BEV, but should be maintained more often, due to its complexity. Respectively, the
maximum developed voltage in hybrid electric vehicles is around 650 VDC [10].

EVs with hydrogen fuel cells are another category. This type of car uses hydrogen
as fuel for its operation. This kind of fuel is stored in a tank usually made of carbon
fiber. Inside the tank, the fuel pressure for optimal and safe operation must be 700 bar
(70 MPa) [11], while the fuel temperature fluctuates between —40 °C and 85 °C [12]. The
maximum pressure of the fuel that the tank can carry is 172 MPa at a minimum [13]. A
pumping system is used in order to help the hydrogen flow from the tank to the fuel
cells [14], while excessive flow and any hydrogen leakage are detected by sensors, most of
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them located near the cabin [13]. In FCEVs, the maximum developed voltage is around
500 VDC in some vehicles. Exceeding the voltage can cause short circuits, which lead to
extensive vehicle equipment damage and total explosion of the car [15].

A modern, quite popular driving ability is autonomous driving. According to Ref-
erence [16], autonomous driving is a driving ability where the vehicle has the ability to
sense its surroundings and move within defined lanes without human interaction. Based
on References [16,17], autonomous cars use sensors, a lidar system, camera and mapping
applications, in order to map around their routing area and for moving. Taeihagh and
Min Lim [17] note that the frequent use and extensive popularity of autonomous cars
raise various problems, such as faults in their equipment, cybersecurity issues and even
malicious use (such as kidnapping phenomena), leading to serious traffic accidents. In
order to address them and make the use of self-driving cars safer, new technologies will
need to be proposed.

In recent years, EVs have been gaining ground in the global transportation market.
According to the global EV outlook for 2022 [18], nearly 10% of global car sales were for
electric vehicles in 2021, whereas 16.5 million electric cars were on the road. In the first
quarter of 2022, 2 million electric cars were sold, 75% more than in the same period in
2021. The number of public chargers is increasing continuously, in order to reach over
15 million units by 2030. China and the United States are the two countries with the largest
number of electric vehicles in circulation on the planet. In the coming years, the number
of electric vehicles plying the roads worldwide will increase such that, by 2030, the total
global electric vehicle stock may reach almost 145 million vehicles, and annual sales may
exceed 25 million (reaching almost 15 million cars in 2025) [19].

Taking into consideration, on one hand, the occurrence of serious accidents in the
last 12 years (2010-2022) involving such vehicles (electric, hybrid electric, hydrogen fuel
cell and self-driving), and on the other hand, the progress in the development of the
aforementioned vehicle equipment over time with regard to safety issues, the goal of this is
to propose additional technological innovations, applications or materials for use in the
near future. Table 1 lists some of the electric car road accidents that occurred in the last
12 years (2010-2022)—which led to extensive fires—and the manner of response [20-31].

Table 1. Indicative accidents with electric cars and ways to deal with them [20-31].

Incident Cause Response
Fire during charging due to a short Extinguishing the fire lasted two hours with continuous water
On passage from Oslo o . . .
circuit in the plug of an extension cord sprayed from the vehicle deck, drenching the system and
to Copenhagen, 2010 . .
for charging. firefighters.
Aggressive quenching of the fire performed safely with large
Woodside, California, Fire in the fan caused from internal quantities of fresh water. The driver escaped in time and
USA 2012 fault and overheating. notified first the manufacturer and the Fire Department. The fire
was extinguished safely.
2012 Fire due to Li-Ion battery overheating  The vehicles were left to burn, as there were no passengers inside.

Newark, New Jersey,

Fire due to vehicle’s immersion in salt
water (sea). The salt water penetrated
the electrical system and the

The vehicles were left to burn as the area was flooded.

UsA 2012 high-voltage circuit, resulting in
corrosion of the battery pack.
Firefighters extinguished the fire initially by drilling holes in the
top of the protective metal plate of the battery. Then, they made
Kent, Washington, Fire due to high-speed collision and  a hole to pour water directly into the battery compartment. The
USA 2013 battery pack explosion. holes nevertheless spread the fire. The vehicle safety systems

were activated, warning the driver to leave the
vehicle unharmed.
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Table 1. Cont.

Incident Cause Response
Fire during charging, due to short . . .
Norway, 2016 circuit in the vehicle’s The fire spread slowly, and the owner had time to disconnect the

. ar and r r his belongings.
distribution box. ¢ ccover hus belongings

Biarritz, France, 2016

Fire caused by technical failure,

Firefighters arrived in time to put out the fire, but the vehicle
was burned. Because it was a technical test, the vehicle was

destruction of the vehicle. . .
estrucion ot the vetucle abandoned by the passengers and the driver to burn on its own.

Bangkok,
Thailand 2018

The firefighters needed 30 min to extinguish the fire and bring it

Fire during home charging. under control. The car was destroyed.

Davie, Florida,

The car caught fire after the crash and reignited after the vehicle

Fire due to high-speed collision with ~ had been removed from the scene and placed on a police trailer

USA 2019 a tree. with flat body. There was continuous ignition of the battery
pack, so aggressive fire extinguishing efforts were required.
Port Moody, Fire after boat towing and penetration After the vehicle was removed from the w‘ate'r, it was 'dramed
and placed on a flatbed tow truck. Extinguishing the fire took a
Canada, 2019 of salt water.
few hours.
Daegu, South Fire because the vehicle was Fire extinguished using continuous spray of water.
Korea 2020 fully charged. & & pray '

The paper is structured as follows. First, some introductory facts are presented
regarding electric propulsion, existing technologies and the evolution of electric car use in
the coming years. Then, a study of the risks and safety systems, associated with the usage
of EVs, is conducted, with the need for equipment development emphasized. In addition,
the evolution of the equipment used in electric and hybrid electric vehicles, hydrogen
fuel cell vehicles, and self-driving cars as well as of the charging devices over time and
in the near future are presented. Further, an assessment of electromagnetic interference
mitigation equipment is also made. So, considering all of the above, the paper discusses
additional technological innovations and applications related to the evolving equipment,
with hints and tips for better operation of the equipment in the near future and proposals
for new materials, all with the aim of facilitating better equipment function and safer
vehicle operation. The final section of the paper summarizes the topics discussed and
presents its conclusions, and is followed by bibliographic references.

2. Dangers Associated with Electric Cars and Safety

This chapter focuses on the dangers of EV use and the safety systems the vehicle has.
Dangers and road accidents form the basis for electric car equipment development. The
equipment is evolving, in order to help make the roads used by these vehicles safer, and to
reduce the number of accidents as the years pass.

The increased use of electric vehicles poses dangers. Looking at EV incidents that
have occurred in recent years, the risks arising from EVs can be generally categorized into
major incident factors such as general EV damage, human factors, high-voltage circuit
malfunctions, wear and tear of equipment, weathering, environmental effects and other
risks related with EV system functions and faults in hybrid electric vehicle or hydrogen
propulsion equipment [32]. Road accidents and vehicle submersion can cause extensive
fires, serious toxicity (due to gas emissions and spill hazards) and electrical hazards, such
as extensive short circuits, the development of electric arcs and discharges [5].

Generally, considering the accidents referred to in Table 1 [20-31], it seems that most
accidents were caused either by general vehicle damage, due to excessive use, internal
faults, or serious faults during charging, or by collisions with other vehicles or objects due
to high speed, whereas accidents involving vehicle submersion in water or rollovers were
less frequent. In all accidents, a fire was caused—either controlled or catastrophic—in some
cases, there were human casualties, and there was a serious electrical risk.
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Electric cars are equipped with various safety systems. Beyond the active and passive
safety systems that were mentioned in the introduction, the cars are equipped with systems
that ensure safety during use, such as an automatic shut-down system, adaptive cruise
control system (ACC), blind spot and forward collision warning system, active brake assist,
lane assist system, crash avoidance technology to prevent possible crashes, wrong-way
driver warning systems and pedestrian and cyclist warning systems. In the future, all of
these systems will be improved, whereas new technologies and trends such as lidars and
cameras in electric cars, more flexible electric drive actuators, improved protection systems,
advanced communication V2I models and improved battery management systems with
data recording technology will be introduced [33-36].

Considering the accidents that have occurred and the increasing use of electric vehicles,
electric car equipment designs will evolve. Based on the accidents and the advances in
these vehicles’ designs, in the future their equipment will be constructed in such a way as
to withstand greater current and voltage than the present equipment and have the ability to
deal with any faults that may occur, thus preventing and leading to fewer accidents than at
present. In the end, additional technological innovations and applications can be proposed
in order to increase safety.

3. Advances in Electric Vehicle Equipment
3.1. Battery Pack

A battery pack is an important device for the propulsion of an electric vehicle [37].
In the battery pack, the cooling is carried out by the use of pipes, fans, refrigeration
systems, electric pumps or cooling circuits, where water or dielectric fluid is circulating
inside (water- or liquid-cooling) [38]. Current battery packs are equipped with busbars
and a battery management system, including sensors (coolant water intrusion detection
sensors, temperature and thermal sensors that measure temperature and prevent possible
overheating and failures, sensors that detect thermal runaway, pressure and current),
controllers and various measuring instruments, such as thermocouples and highly sensitive
thermistors [39-41]. The system controls the operation of the battery, thus regulating its
charging, collects information about battery operating status, checks the impedance, and
detects possible faults and mitigates them [42]. In the end, the battery packs in EVs are
equipped with one or more safety features including fuses, vents and current-interrupt
devices [40].

Near the battery pack is located a thermal leakage protection system, which prevents
thermal runaway and leakage by detecting possible electrolyte leakage and water immer-
sion locally on the battery [39,43]. In addition, buck-boost DC/DC converters regulate
current and voltage flow, thus boosting the output voltage. The most common types of
batteries used in electric cars are, as referred to in the introduction, Li-Ion, LiPolymer and
NiMH batteries, with lithium iron phosphate (LiFePOj) as a cathode material or cathodes
with a high nickel content (for NiIMH batteries). Additionally, silicon is preferred mostly as
an anode material (silicon-based anode) [44].

Some of the specifications of power batteries through the years are shown in the
following Table (Table 2). Based on Table 2, the capacities of the batteries and their battery
voltage have been increasing over time; currently, the maximum voltage of 300 volts on
average is about to surpass 800 volts, while the energy capacity of almost 60 kWh is about
to exceed 100 kWh. In the literature, it appears that the specific energy has evolved in
order to reach up to 1800 Wh/kg, with energy density of up to 1400 Wh/L and a life
cycle ranging from 200 up to 18,000 cycles [45-70]. Nowadays, the batteries can withstand
greater operating temperatures than before (70 °C versus 45 °C in previous years) [71].
The designs of the battery packs have been evolving in order to achieve greater voltages
(over 850 V) in the near future, to have greater range on one charge (over 500 km), greater
capacity and internal resistance (up to 1 M(}), lower weight and longer lifespans, and to
store energy with increased energy density. Nevertheless, the potential for short circuits
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or electrical faults, overvoltage conditions, overheating phenomena, and even fires will
continue to exist, albeit to a lesser extent.

Table 2. Specifications of power batteries in EVs through the years.

Energy Capacity

EVs through Years (kWh) Voltage (Volts) Reference
Tesla Model S 60/70/75/85/90/100 375 [45-48]
Mitsubishi iMiEV 10.5/16 330 [49,50]
Ford Focus Electric 23/33.5 318.2 (max. 325) [51-53]
Nissan Leaf 24/30/40/62 360 [54,55]
Renault Zoe 22/41/52 400 [56-58]
BMW i3 18.8/27.2/42.2 352 [59-61]
Toyota Prius Plug-in Hybrid 1.3/1.8/4.4/8.8 273.6 [62-65]
Kia Optima Plug-in Hybrid 9.8 360 [66,67]
Renault Kangoo ZE 13.2/22/33 400 [68,69]

In the future, the battery packs and battery management systems, along with IG1
32 V/1G2 42 V protection fuses and circuit breakers, will be upgraded in order to withstand
higher voltages and currents and achieve the maximum energy storage with the minimum
weight, in order to store energy with higher energy density than currently and to miti-
gate overvoltages and overheating [42]. So, according to References [72-74], in the future,
there will be electrodes in the batteries made from materials such as Kapton (facilitates
attachment of electrodes with the separator), organic hydro peroxides (OHP), nanofibers,
1D/2D/3D nanofillers as polymer nanocomposites (such as ultrathin 2D graphene, carbon
nanotubes, nanographene, nanosilica or nanoalumina), graphite, Ni-Al alloys, Ni-rich
oxides and silicon carbon materials, because these materials offer better electrochemical
performance and improved electrical conductivity. Based on Reference [75], the graphite,
as an intercalation material, helps in thermal management, because it is resistant to temper-
ature rise and overheating. The electrodes, based on References [75,76], may be immersed
in ceramic polymer or succinonitrile electrolytes (SN) that are not flammable or significant
pollutants, and will have a coating of graphene and lithium-silicon alloys. The cells may be
either cylindrical or prismatic, as the battery pack will have to withstand higher voltages
for improved safety [76].

According to research, in the future, new battery technologies may appear that will be
more stable, reliable and safer, such as Li-S, Zn-lon and Na-Ion batteries [77]. Additionally,
Zn-type batteries (Zn-Ion or Zn-metal free) with 2D borophene as organic anode material
may appear, since these batteries are more efficient, lighter and have a fairly high energy
density [78].

3.2. Charging (and Charging Equipment)

Since the electric car operates with the use of a battery pack and an electric motor, the
battery pack must be charged in order for the car to function correctly and move. So, an
electric vehicle charging system consists of components that provide a DC output that is
supplied to the vehicle for the purpose of recharging its storage batteries. This is because
the battery stores energy in the form of DC voltage. In this case, there may be AC/DC
chargers with rectifiers, half-bridge, full-bridge or multilevel converters (buck-boost or Cuk
converters), or there may be DC/DC chargers [37,79].

Generally speaking, to charge EVs, on-board and off-board chargers are used. Well-
grounded on-board chargers allow wireless, conductive or inductive charging, where there
is no wiring, and they are preferred in terms of battery charging and electrical safety, [9,80].
On the other hand, off-board chargers can help in charging large vehicles and allow rapid
charging [9,80].
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Further, in the case of vehicle charging, the modalities include home charging and
charging at parking lots and charge stations, where the charge is based on either SAE J1772
(in the United States), IEC 62196 (in Europe), or GB (in China) standards, or CHAdeMO
for fast charging [81]. In terms of home charging, the charge is provided by a single-phase
supply, takes 6 to 8 h, and the maximum charging current does not exceed 80 A, or 32 A
in Europe in semi-fast charging [82,83], while the charging voltage reaches 115 volts [7].
On the other hand, charging in charging spots or parking areas and charge stations takes
place when the vehicle is parked. The battery pack becomes fully charged when its current
reaches or exceeds 100 A, and the charging procedure takes about an hour [7]. The charging
plugs that are used are shown in Figure 2. As AC EV connectors, there are two types:
Type 1 (based on the SAE J1772 standard) that can charge up to 7.4 kW, and the Type 2
Mennekes (based on the IEC 62196-2 standard) that can charge up to 43 kW and may be
used for public charging [80,83]. On the other hand, EVs can charge up to 350 kW using
EV DC connectors, up to 100-200 kW using CHAdeMO, and up to 350 kW with combined
charging system (CCS) connectors [84].

@5

SAE J1772 Type 1
10 240V/7.68kW

IEC 62196-2 Type 2
30 400V/12.8kW

GB/T 20234 AC
30 380V/12.16kW

Tesla Supercharger
480V/140kw

GB/T 20234 DC
750V/187.5kW

CCS Combo 2
1000V/200kW

CCS Combo 1
600V/75kW

CHAdeMO
500V/200kW

Figure 2. Global male and female battery charger connectors [81].

For faster home charging, a single-phase or three-phase bidirectional on-board half-
bridge charger is allowed, or a three-phase off-board charger that can handle excessively
high voltages and currents, up to 500 and 600 volts [85,86]. Moreover, nowadays, there
are two-stage onboard chargers with boost power factor correction converters, full-bridge
rectifiers and resonant converters, off-board chargers with three-phase LCL active rectifiers,
off-board chargers with LLC resonant converters, and direct and dual mode chargers or
switched-mode chargers [84,87]. The majority of EV chargers offer static load balancing,
which assumes manual load control [88]. In any case, the generations of plug-in electric
vehicle grid interactions are shown in the following table (Table 3) [82].
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Table 3. Generations of plug-in electric vehicle (PEV) grid interactions [82].

PEV Generation

Characteristics

1st Generation

Available today. Grid-to-vehicle (G2V) or vehicle-to-grid (V2G) flow with the integration of
modest communication capabilities enabling diagnostics.

2nd Generation

Available today. Grid-to-vehicle improved with more communication capabilities (power line
communications, ZigBee wireless communications, IEEE 802.11 Wi-Fi wireless communications).

3rd Generation

Available today. Vehicles with two-way power flow capabilities with ultra-fast, high-capacity
interfaces. Currently available are the vehicle-to-load and vehicle-to-home capabilities, whereas
the electric vehicle can be used with net-metering capabilities.

4th Generation

Will be used in the future. The vehicle can be used as a source for grid ancillary services (grid
feeder backup) or peak power sales back to the grid (grid feeder).

According to Table 3, which shows the various generations of plug-in electric vehicle
interactions, three generations of plug-in electric vehicle grid interactions are available
today, and the fourth will be available for use in the future [82]. Specifically, the transition
is being made from simple charging with plugs and cables in the past, to superchargers
(CHAdeMO quick charging system) [89], wireless charging and vehicle-to-home energy
transfer in emergency situations [82] currently and in the future. In Reference [90], it was
pointed out that in some areas, such as in Nordic countries and the United Kingdom, the
car is charged wirelessly with the use of prefabricated power modules buried underground.
The vehicle is charged in directions along the track and in reverse, due to the development
of an electromagnetic field during its movement. This technology is very modern and inno-
vative, because the car is being charged without the use of plugs and chargers. According
to researchers in the future, this type of charging will be used on a large scale and will be
upgraded all over Europe and the world [91]. Dynamic wireless charging is depicted in the
figure below (Figure 3) [92]. In fact, wireless charging may be assisted by wireless power
transfer technologies, such as inductive power transfer and coupled magnetic resonance
with low losses, because they will reduce any electromagnetic interference, thus improving
the charging performance [93].

m::
Power \

convurter

Power =
Electronics P

=
" Receive

Figure 3. Dynamic wireless charging [92].

Furthermore, in the future, electric cars may be used as grid feeders. This can be
seen in the case of smart charging, which in the future will be quite widespread. Smart
charging is more practical than V2G, because when levels of demand are low, EVs provide
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power to the grid, whereas during periods of high demand, the reverse occurs [94]. The
charger, in any case, will be made in such a way that it will withstand more voltage (even
1.5 kV) and will generate more electromagnetic interference than now, while overvoltages
will also occur [95]. Additionally, it will be upgraded in order to reduce the car charging
time, and could be improved with more communication capabilities than now and the
implementation of upgraded controlling software [82]. Thus, according to Reference [96], it
is estimated that there may be chargers that control the vehicle’s charge with an advanced
charge equalization controller, that consist of more converters (buck-boost, Cuk and flyback
converters) than now, in order to regulate and mitigate the overvoltages that occur. There
may be more passive electromagnetic interference (EMI) filters in the chargers and charging
facilities that will help reduce any electromagnetic interference.

3.3. High-Voltage Circuits

The high-voltage circuit is a very important part for EV locomotion. The circuit
connects basic parts of the electric car (such as battery pack and electric motor), through
insulated, bright orange high-voltage copper wires [3]. The circuit is closed by high-voltage
service disconnects. The disconnects are located in the rear part of the EV (behind the
back seats). In the event of an accident, the circuit should not be cut off [3]. Additionally,
based on Reference [97], the power electronics that function in the circuit are buck-boost
converters and bidirectional half and full-bridge converters with thyristors and on-board
PWM inverters (high-powered electronics). Apart from the wiring, a water or liquid cooling
system cools the circuit for smooth operation, while various relays and fuses control the
circuit’s function [97]. Based on Reference [98], the main components of an automotive
electric drive system and their connections are shown in Figure 4. In addition, there are
sensors (Hall effect sensors) that can detect a fault in the circuit and overtemperature
phenomena and can control possible current leakage by measuring the electric current in
the circuit [99]. Further, there are mechanisms for protection against overvoltages and other
electrical hazards [97].

L #-

Power
Battery

Electric
Controller m————
Motor

Figure 4. A battery-powered electric vehicle design [98].

Charger

Based on Reference [100], the voltage in a high-voltage circuit is designed to reach
850 volts, which is much higher than in past years. Today, the high-voltage circuit connects
the power battery and the 12 volt battery with the electric motor (AC induction motor and
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permanent magnet motor). Some of the controllers that control circuit operation (three-
phase inverters) and some wide-bandgap (WBG) semiconductors (WBG silicon-carbon
(5iC) and gallium-nitride (GaN) WBG MOSFETs) represent a new trend and will be very
popular in the future [101,102], along with semiconductors (SiC MOSFETs, Si-IGBTs) and
resonant converters (resonant LLC converters) [101,103,104], beyond the high-powered
electronics referred to above. A resonant LLC converter used in an electric car is depicted
in the figure below (Figure 5) [104].

CLLC DC/DC | Buck/Boost DC/DC— |

Q:

Qs TS
Resonant Tank _IE& —| 3
__________________________ ] Sl S3

W7

CLLC

Q4

=t

™
=
Y'Y Y\
o
e
I\|+
I
1
-
|
i

Sz S4

Figure 5. Conventional two-stage bidirectional LLC converter [104].

Power modules and high-powered electronics are constructed with metal ceramic
substrates, such as copper-bonded substrates or silicon nitride ceramic substrates [105]. So,
according to References [98,106], the high voltage circuit will be constructed in such way
that it can distribute higher voltages than is the case today (higher than 850 V); however,
losses, vibrations and magnetic leakages will still exist, though to a lesser extent. It will
be connected with new-generation electric motors that operate at higher voltages and
speeds. The cars will have an upgraded thermal management system that can cool the
circuit. Ultimately, based on References [101,107], the circuit may be integrated with more
advanced WBG devices and semiconductors than at present, such as freewheeling or
junction barrier Schottky diodes, upgraded GaN and SiC devices and WBG-based inverters.
These devices generally increase the safety of the circuit by reducing possible interrupts and
electromagnetic interferences and providing better cooling and lower thermal conductivity.
In the future, traction inverters with high power ratings (100-500 kW) or verified resonance
converters are also expected [99,102].

Finally, the wiring may be upgraded in order to withstand greater current and voltage.
Based on [108,109], the wiring may be made from ultrastrong graphene fibers or from alu-
minum with impurities of ceramics and titanium, with enhanced electrical and mechanical
properties, in order to reduce possible losses and vibrations and to present better electrical
conductivity, thermal management and high mechanical strain. Additionally, it is estimated
that active shielding, ultrasonic welding for semiconductors or metal plating will reduce
any magnetic leakages [107,108].

3.4. Electric Motors

Most electric cars use one or two electric motors for propulsion. The basic types of
electric motors that are used in electric vehicles include DC motors (brushed or brushless
DC motors are used commonly in later electric cars with axial or radial flux), induction
motors, permanent magnet synchronous motors, switched reluctance motors (which help
in the reduction of torque ripples), synchronous reluctance motors, as well as motors with
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die-cast copper rotors, motors with groove ball bearings, and axial flux motors [110-113].
The most common electric motors are permanent magnet and induction alternating cur-
rent (AC) motors. In fact, the interior permanent magnet synchronous motor (IPMSM)
using neodymiume-iron-boron (NdFeB) magnets is a quite common technology in electric
cars [101]. Electric motor function is controlled by buck-boost converters (located next
to the motor) that regulate the flow of power and current in the motor [1]. The motor is
cooled by a cooling system, where the cooling base is either water or air, consisting of
pumps, a fan, heaters and temperature measuring sensors (e.g., thermistors), in order to
maintain the motor’s operation at normal functioning temperatures [1]. The motor’s speed
and torque are controlled by a speed controller or by calibrated torque meters, whereas
various controllers reduce and control torque ripples [1]. Additionally, according to Ref-
erence [114], the electric motors contain high-density passive EMI filters, dampers and
flywheels that mitigate electromagnetic interference and absorb possible vibrations and
torque oscillations.

If a fault occurs in the electric motor, the driver must stop the car, turn off the engine,
deactivate the high-voltage circuit by removing the high-voltage service disconnects, and
remove fuses related to the electric motor’s function from the fuse box [3,5].

In Table 4, some electric motor specifications through the years are given.

Table 4. Motors specifications through the years.

Model Peak Power through Years (kW) Peak Torque through Years (Nm) Reference
Tesla Model S 270/310/345/375/439/760 441/601/1248/1420 [48,115-119]
Tesla Model 3 208/211/258/340 450/510/639 [120-123]
Toyota Prius 103/146/164 142 [124-127]
Honda Accord Plug-in Hybrid 124/135 306/315 [128-130]
Chevrolet Volt 55/87/111/120 320/370 [131-133]
Chevrolet Bolt 150 360 [134]
Nissan Leaf 80/110/160 280/320 [135-138]
Toyota Camry 88/155 221/270 [139,140]
BMW i3 125/137 250/270 [59,141,142]

According to this table, the power of the electric motor has been evolving, from almost
120 to 150 kW in 2010 to surpass 700 kW in some configurations nowadays [143,144]. The
peak torque has been increasing year to year, from almost 200 Nm in the first generation of
cars to over even 1500 Nm nowadays [75,76]. In the future, all these will be surmounted.
The motors will evolve, allowing greater range (even over 500 km) than now, similar to
that of internal combustion engine vehicles, and delivering higher speeds. Moreover, they
will be operated at higher voltage and current [110].

So, according to References [110,145], in the future, electric motors may have upgraded
insulation (insulation resistance should reach 20 M(2), more bearings, and more sensors,
valves and resistive active power filters. However, they will occupy less space in the electric
car for greater efficiency, due to the fact that in the future, there will be a decrease in magnet
volume or mass, or even an absence of the use of magnets. Further, according to Refer-
ence [110], the lamination thickness of motors may decrease, in order to mitigate possible
eddy current losses. They also may be less noisy than today, with fewer vibrations [110].

Besides the current types of electric motors, according to References [146,147], die-cast
squirrel-cage copper rotor induction motors or motors with compressed aluminum in the
windings may be preferred for use in the future, because they have reduced rotor losses
and higher electrical conductivity; otherwise, according to [148], motors with a nickel
alloy rotor may be preferred. There may be electric cars with flux switching permanent
magnet motors [146], IPMSM motors in wide use, Vernier-type permanent magnet motors,
or permanent magnet motors with tooth-wound coils [149]. The geometry of a dual-stator
Vernier-type permanent magnet motor is shown in the figure below (Figure 6) [150].
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Figure 6. Geometry of a dual-stator permanent magnet Vernier motor [150].

Additionally, brushless permanent magnet motors with regulated flow may also be
popular, because these motors are more efficient compared to the most used electric mo-
tors [151]. The magnets may be made of graphite, in order to increase electrical conductivity,
and to prevent possible faults [152]. Finally, permanent magnet motors with rare-earth
magnets or motors without magnets (synchronous reluctance motors) may exist in the
future, despite the reduction in heavy rare-earth content [111].

3.5. Supercapacitors

According to [153], supercapacitors, also known as ultracapacitors or electrochemical
double-layer capacitors (EDLCs), are a form of electrical energy storage that are suited
to situations that require energy storage for a short duration, yet capable of delivering
high power. Supercapacitor technology is common and widespread in electric vehicles.
Supercapacitors exist in electric cars with regenerative braking systems. This is thanks to
their greater power density than chemical reaction-based batteries, which allows them to
store electricity, collecting energy that is generated under braking [154]. In Reference [153],
it was described that a common supercapacitor comprises two porous carbon (or nanocar-
bon) electrodes, connecting to current collectors, with each one immersed in an organic
or aqueous or ionic liquid electrolyte and separated by a thin ion-permeable ceramic or
glass-fiber membrane (separator). There are different types of supercapacitors depending
on the energy storage: namely, electrochemical double-layer capacitors (EDLCs), pseu-
docapacitors with conducting polymers in electrodes (these capacitors can store energy
faradaically through the charges) and hybrid supercapacitors (which store the charges
by matching the capacitive carbon electrode with a pseudocapacitive or lithium-insertion
electrode); these are depicted in the following figure (Figure 7) [155,156]. In addition, there
are boost converters that regulate the supercapacitors’ operation and their recharge from
the battery, and control the power flow and the current and voltage. Supercapacitors are
excited by a DC voltage, and raise currents up to 400 A, while they contain Zener diodes to
mitigate the reverse voltage [157].
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Figure 7. Configurations of supercapacitors; a common supercapacitor, a pseudocapacitor and a
hybrid supercapacitor [155].

On the other hand, spikes, vibrations, leakage and ignition lead to serious problems in
operation and can cause fire [158]. Regarding any danger and fault in the supercapacitors,
based on Reference [159], with the deactivation of the high-voltage circuit, the supercapaci-
tors of the vehicle will be discharged. When the vehicle is switched off, the driver must
wait approximately 5 min for the supercapacitors to discharge and must pay attention to
any demagnetization, so measurements should be performed by magnetometers [160]. The
smart key must be removed and kept in a safe place away from the vehicle, and the low-
voltage power cord must be removed [160]. In the end, as mentioned by Reference [161],
overheating phenomena, which may be caused by a hazard or fault during supercapacitor
operation, are reduced by the heat management system.

Before 2000, supercapacitors stored electrical energy with a specific energy density
lower than 6 Wh/kg and overall energy lower than 400 Wh. Nowadays, they store with
a specific energy density of up to 300 Wh/kg [162]. In the future, supercapacitors will
evolve the ability to withstand greater voltages than at present (reaching up to 2000 volts),
the capacity to store energy with higher energy density (specific energy density higher
than 300 Wh/kg), and have longer lifespans. The increased capacity will improve car
efficiency [163,164]. However, overheating phenomena will remain, and overvoltages and
overcurrents will continue to appear. So, according to References [163,165,166], there will
be flexible and wearable high-performance supercapacitors with electrodes that may be
made of high-conductivity active materials and ternary composites (such as conducting
polymers, polyanilines, PPy-polypyrrole, carbon nanotubes, activated carbon, black phos-
phorus nanoparticles, graphene or metal oxides together with nanotubes or graphene).
Supercapacitors will contain a heat management system with cooling plates and brushes, so
that the operating temperature will remain at normal levels. Overvoltages and overcurrents
may be somewhat mitigated by frequency adjustments [161].

4. Advances in Hybrid Electric Vehicles’ Equipment

As mentioned in the introduction, hybrid electric vehicles have quite complex equip-
ment that requires continuous maintenance. According to References [167,168], the common
equipment for electric cars consists of an internal combustion engine (ICE) in combina-
tion with an electric motor, an electric generator (in some vehicles) connected to the ICE,
buck-boost converters, a high-capacity battery pack (mainly Li-lon and NiMH) with high
energy density cells and fuel tank. The electric motor drives the front axle of the vehicle
through an automatic mechanical transmission (AMT) system [160]. Various configurations
that exist in hybrid electric vehicles are: series HEV, parallel HEV, series-parallel HEV
or complex HEV configurations [169]. There are also valves and quantity and pressure
sensors that control the pressure and the flow of the fuel into the transfer pumps [10].
The cooling of the hybrid electric car system is conducted by a system of radial coolant
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pumps, assisted by the car’s air conditioning system [170]. In addition, the equipment
also includes supercapacitors and flywheels that store electrical and kinetic energy (hybrid
energy storage with supercapacitors), supplying the car with extra energy besides that
from the battery packs [169]. According to Reference [171], a speed controller and velocity
advisory system control the vehicle’s movement. In hybrid electric cars, also according
to Reference [171], there is a system that monitors the traffic on the road near the vehicle
using the Global Positioning System (GPS), radar or Geographic Information System (GIS),
which, in conjunction with the vehicle speed controller, helps the vehicle achieve better fuel
management and movement. The structural diagram of a plug-in hybrid electric vehicle,
based on Reference [167], is depicted in Figure 8.
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Figure 8. Structural diagram of plug-in hybrid electric vehicle [167].

Over the years, the equipment has been upgraded and changed, in the sense that the
electric motor power has been increased from 10 kW in the 1990s to above 120 kW nowadays.
The equipment has been improved and now integrates supercapacitors and traffic and
navigation systems [172]. Based on Reference [173], dedicated hybrid transmission systems
will appear in the future, where, according to Reference [174], the equipment will evolve
in such a way that motor operation and driving efficiency will be improved, and ICE
engines will be more efficient. According to [174], hybrid electric vehicles will have
greater range with one charge or fuel filling and emit fewer pollutants (mainly from
ICE, such as nitrogen oxides (NOy), carbon monoxide (CO), carbon dioxide (CO;) and
hydrocarbons). Of course, there will be several losses—mainly torque and high energy
conversion losses. To achieve these gains, the electric motors will take up less space; the
equipment, due to its complexity, may be connected with piezoelectric energy harvester
systems (such as piezoelectric materials), which may be installed in the hybrid electric
vehicle and mounted in locations such as suspension springs, dampers and tires, in order
to reduce vibrations. Models of a piezoelectric material are depicted in the figure below
(Figure 9) [175]. The harvesters will feed the battery pack with extra clean electric energy
simultaneously [175]. Apart from the conventional way of charging, battery packs of the
future will be charged wirelessly.

Besides piezoelectric harvester systems, hybrid electric vehicle equipment may include
materials that reduce vibrations, such as more clutches [173] and buffers of different
thicknesses [176]. Even the improved powertrain will help to mitigate possible vibrations.
For reduced electromagnetic interference and better operation, several passive EMI filters
will be applied.
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Figure 9. Models of a piezoelectric material [175].

Of course, for greater fuel savings, EVs may integrate complex systems with multiple
parallel-axis gears, planetary gear sets and shifts [173]. For the purposes of loss reduction,
the equipment in hybrid electric cars may be made from ceramic or polymeric materials,
with ceramic protective coatings [177]; also, tanks or pumps may be made from nanomate-
rials or carbon fibers, with improved coating thicknesses [178]. The transmissions may be
lubricated with lower viscosity oils for better performance [178], or incorporate improved
lubrication systems [174].

5. Advances in Hydrogen Fuel Cell Equipment

In addition to electrically chargeable vehicles, EVs with hydrogen fuel cells comprise
another major category of EVs. They use hydrogen as fuel for their operation [1]. As noted
in the introduction, this kind of fuel is stored in a tank (or tanks) usually made of carbon
fibers [179] and reinforced plastic [180]. According to the current (SAE J2579) and National
Highway Traffic Safety Association (NHTSA) regulations [180,181], the already existing
tanks (storing compressed hydrogen), have an isolation valve (each with one of them), flow
control systems, valves for high and low pressure, supply shutdown and pressure-relief
valves that can release hydrogen, thus reducing the pressure in the tank. It takes five
minutes to empty a hydrogen tank.

A pumping system is used to transfer the required hydrogen from the tank to the
fuel cells. In the event of a hydrogen concentration increase, the supply of hydrogen from
the tank to the cells and pumps stops, and the fuel cells deactivate, so the electric motor
is not supplied with electricity, and the hydrogen car is then driven by the battery pack.
Inverters are located near the pumps and regulate their operation [180]. The hydrogen level,
as well as temperature and pressure, are measured by using up to four sensors, most of
them located near the cabin and also able to detect any possible leakage [180]. In addition,
according to this NHTSA report [180], an air compressor supplies oxygen to the fuel cell
pack. Additionally, a fuel cell air-cooling system uses a fan and a cooling pump to cool the
electrical components and the high-voltage circuit, thus maintaining the system at normal
operating temperatures and preventing hydrogen from igniting [180].

Finally, the system is equipped an overcurrent protection circuit, which includes
fuses, and a ground fault detection circuit (ground fault monitoring system) [182]. In an
FCEV's high-voltage circuit, the maximum developed voltage is around 500 volts DC. In
a nutshell, the components of a well insulated and grounded fuel cell system, based on
References [183-185], are:

Thermal/Cooling system (water cooling system);

DC/DC converter or multi-device interleaved boost converters;

AC electric motor;

Fuel cell stack (commonly proton-exchange membrane fuel cell (PEMFQC));

Battery pack (commonly Li-ion/LiPolymer/NiMH);

Fuel filler;

Carbon-fiber fuel tank with safety valves (the fuel that is stored in the tank is hydrogen);
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Pumping system;

Hydrogen level measuring, temperature and pressure sensors (up to four sensors in
the vehicle);

Transmission system;

Power electronic controller;

Secondary and auxiliary battery;

Supercapacitors and flywheels;

PI Controllers and inverters for control.

Some hydrogen fuel cell electric vehicles are listed in the following table (Table 5).

Table 5. Hydrogen fuel cell electric vehicles.

Fuel Cell Output Power Hydrogen Tank Operatin
Model (kW? y Pgressure (MII’)a) 8 Reference
Honda Clarity Fuel Cell 100 - [186,187]
Hyundai ix35 FCEV 100 70 [188,189]
Toyota Mirai FCEV 114/136 70 [190-193]
Hyundai Tucson Fuel Cell 100 70 [194,195]
Honda FCX Clarity 60/86/100 35 [196]
GM HydroGen3 94 70 [197]
GM HydroGen4 93 70 [198,199]

Looking at the above table (Table 5) listing of hydrogen fuel cell electric vehicles, it
appears that the fuel cell output power has increased over time (from over 60 kW in 2000
to over 100 kW currently), as well as the hydrogen tank operating pressure (surpassing
70 MPa in some cars since the 2000s) [186-199]. Additionally, the driving range and the
operating voltage have increased. In the coming years, hydrogen cars will become just as
competitive as common ICE vehicles. According to the NHTSA [180], the vehicles of the
future, will have greater driving range on one charge (over 400 miles), without evaporation
losses, and less weight than present; the battery will charge in less time than now and will
have an increased lifespan (over 5000 h). The equipment will consist of upgraded tanks
and pumps and an upgraded temperature and pressure monitoring system, in order to
withstand high temperatures (operating higher than 300 °C) and the risk of flammability,
brittleness and fragility. The upgraded tanks may be made of either polymer- or metal-
carbon nanotubes, metal hydrides or glass-fiber, in order to have the maximum energy
density and to withstand greater hydrogen pressure [200,201]. Activated carbon will be
used in improved fuel cells, which may consist of improved proton-conducting Nafion or
thin ionizing membranes that prevent hydrogen gas from crossing, for greater strength
and performance [201]. According to Reference [202], equipment in the future may contain
carbon nanotube-type catalysts for increased useful power.

6. Progress in Vehicle Traffic

Advances in electric vehicles and their extensive use over time have increased the
volume of electric vehicle traffic on the roads, so it is only natural that traffic accidents
involving EVs will happen. Various studies [203,204] have shown that most accidents
involving electric vehicles with pedestrians or cyclists occur in urban areas, where low
speeds are permitted, usually in bad weather, and due to the silent electric motor. In
the past, it was not easy for an electric car to become perceptible, but it should become
perceptible at close range, whereas pedestrians should take notice of the vehicle traffic
and maintain a safe distance from the side of the roadway. There were no signals that
made the car perceptible from a long distance [205]. According to Reference [206], the
occurrence of accidents is due to the fact that these vehicles become perceptible and visible
only from a close distance of approximately 14 m, whereas they should be perceived at a
greater distance of around 30-35 m. Elderly people and children are the most vulnerable to
this situation.
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Based on regulations and reports, current electric cars have an acoustic vehicle warning
system (AVAS) that will be in service for years to come. This technology was developed in
the mid-2010s, is mandatory for installation in cars from July 2019, and its function concerns
sound production at startup to 20-30 km/h [207]. The AVAS system generates noises in the
speed range from the startup of the vehicle up to a maximum of 30 km/h, with volume
of up to 60-80 dB at a frequency of 300-5000 Hz, and up to 20 km/h produces additional
noise emissions (up to 10 dB) or low ICE-type amplified sounds (up to 12 dB) [208,209].
Noises must not exceed a defined maximum level. A pedestrian or cyclist may also be
alerted by the driver.

The cars are also equipped with an automatic advanced emergency braking system,
which is activated when a pedestrian or cyclist is within very close proximity to the vehicle
(around 12.5 m). The braking depends on the speed and position of the vehicle and the
reaction time and lasts 2 to 2.5 s [210]. At the same time, the cars are equipped with sensors
(ultrasonic sensors) that operate in collaboration with a radar or lidar system (executing 3D
scans) that detect the motion of pedestrians and cyclists or detect a potential obstacle, even
at low speeds [211].

According to References [209,211], the AVAS system will be used in the future together
with the automatic braking system, corresponding ultrasonic sensors for cyclists, cameras
that monitor the traffic and several noise and frequency filters. Ultrasonic sensors can
respond quickly and locate a pedestrian within a very short time, in order to stop the
vehicle. They can act at short distances, in low speeds and detect a possible obstacle at
about 3 m with an accuracy of 80-90% [211]. Several noise and frequency filters (70-800 Hz)
may be employed to reduce any electromagnetic harmonics and interference, for clearer
and distinct sounds [206].

7. Advances in Electromagnetic Interference Mitigation

An important issue related to the safety of EVs is electromagnetic compatibility (EMC),
which is affected by the power supply to their drive systems [212]. According to studies on
electromagnetic interference and compatibility [213,214], the high voltage, as conducted by
wiring harnesses in the drive system, causes electromagnetic interference that affects the
vehicle's own operation. Furthermore, electromagnetic interference is also influenced by the
load torque and its abrupt changes and by fast changes in the electric motor’s speed [215].
Besides high voltage wiring harnesses, according to References [213,215], EMI in EVs is
also caused by:

1.  the operating electric motors;
2. the battery packs, cables, and inverters in the high-voltage circuit, and;
3.  charging.

According to Reference [215], EMI is observed for voltages of about 400 volts, while in
DC voltages from 800 to 1500 Volts, broadband electromagnetic interference is observed.
Moreover, most of the EMI is generated when the EV is being driven.

Generally, for the mitigation of electromagnetic interference, EMI (FUSS-EMYV or three-
line) or inductor—capacitor (LC) filter inverters are used [214]. In addition, energy harvesters
are used to deal with electromagnetic interference. At the same time, for the reduction
of electromagnetic interference, nanocomposites, along with graphene (graphene-type
nanocomposites or graphene-MWCNT/ABS) or porous aerogels reinforced by novel nano-
materials, will be used in the EV equipment [216,217]. According to References [213,218],
due to progress in electric vehicle technology in the coming years, the equipment will have
increased electromagnetic interference, and asymmetric voltages (leading to frequencies of
up to 1000 MHz) and parasitic currents will appear. This means that the output current and
voltage will be distorted, affecting the vehicle’s resistance and leading to overload. To ad-
dress these issues, the insulation of the equipment may be improved, with nanocomposites
widely used for the reduction of interference [216,217], while electromagnetic interference
may be somewhat reduced by the use of upgraded passive or active LC [219], radio fre-
quency (RF) or three-line filters [214], IGBTs and capacitors [219], GaN transistors [220],
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MOSFET-based converters (SiC MOSFET dual bridge) and various SiC Schottky barrier
diodes that filter switching ripples [221]. The filters may operate from 100 kHz up to
100 MHz, so as to achieve attenuation around 30 dB [214].

8. Advances in Autonomous Vehicles

As mentioned in the introduction, autonomous driving is quite popular and among
the most researched automotive driving abilities. According to Reference [222], the self-
driving cars combine a variety of systems to perceive their surroundings, such as radar,
lidar systems, GPS, driving assistance cameras and autopilot, as well as sensors to detect
possible faults. The typical architecture of a self-driving car is structured by various systems
and subsystems; they are referred below [223].

e the Perception System, which is responsible for estimating the state of the car and
for creating a representation of the environment, using data captured by on-board
sensors, such as lidar, radar, camera, GPS, odometry etc.;

e the Decision-Making System is responsible for navigating the car from its initial
position to the final position defined by the user;

e the Localizer subsystem receives as input the offline maps, sensor data and the odom-
etry of the self-driving car, and computes as output the car’s state;

e the Moving Objects Tracker subsystem receives the offline maps and the self-driving
car’s state and detects and tracks, and is responsible for detecting and tracking the
pose of moving obstacles in the environment around the self-driving car;

e the Traffic Signalization Detector subsystem, or TSD, is responsible for the detection
and recognition of traffic signalization. It receives the sensors’ data and the car’s state,
and detects the position of traffic signals and recognizes their class or status;
the Route Planner subsystem is responsible for computing a route;
the Motion Planner subsystem is responsible for computing a trajectory, whereas
these trajectories are used by sensors in order to detect and avoid obstacles;

e  other subsystems are the Path Planner to plan a route, the Behavior Selector for
choosing the correct driving behavior that the driver should consider, the Obstacle
Avoider to avoid obstacles and collisions and Control Systems to control the vehicle.

For localization, the systems use one or more offline maps, such as occupancy grid
maps, remission maps or landmark maps [223]. Advanced control systems interpret sensory
information in order to identify appropriate navigation paths, real-time location as well as
obstacles, passengers or cyclists, in order to keep the car safe distances from pedestrians
and somewhat reduce the risk of a traffic accident [224].

Pedestrians and cyclists are alerted by relative sounds from the car. The self-driving
cars also have a cybersecurity management system to alert the driver and the occupants to
malicious activity and possible kidnappings and protect them from these activities [224,225].
Based on regulations and reports on self-driving cars [223,225-227], for the function of
basic systems and subsystems in automated vehicles, the following technical specifications
exist, as listed below:

1.  Systems for the replacement of driver control of the vehicle;

2. Systems and event loggers that provide real time information on the condition of the
vehicle and the surrounding area where the vehicle is moving and also on any failure,
based on the state of the car provided by the Perception System;

3. Driver availability and behavior monitoring systems for activation of the Behavior
Selector, in order to choose the correct behavior for the driver;

4.  Driver assistance systems such as speed control, lane keeping assist, lane change,
blind spot alert, and automatic braking; they are activated based on results from the
Behavior Selector and Obstacle Avoider;

5. Communication systems (V2V long- or short-range communication modules (infrared,
Li-Fi) and V2X communication systems) and systems providing safety information to
other road users; they are used in order to alert pedestrians and cyclists.
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The driver can interfere with the autonomous driving system and drive the vehicle
manually in some situations. In that situation, to avoid accidents, the driver must obey
the traffic code and be aware of dangers or faults from the car itself [224]. Therefore, the
car is equipped with a driver assistance system that monitors the driver’s vigilance and
behavior during driving, so that the car will not stray from the road, and helps drivers
stay focused while driving [226]. There are applications for mobile phones that show
static visual warnings, as part of road hazard warnings to the driver, or that use satellite
navigation, in order to assist with the vehicle’s routing and parking [228]. Finally, the cars
typically have a software application that detects blind spots during car movement [226].

The following table (Table 6) illustrates the evolution of autonomous vehicle equip-
ment over time, based on References [229,230]. Over the years, the technology has evolved
to the point that it can benefit more people, i.e., it can transport more people, even the
elderly and the disabled. In the future, autonomous vehicles will be an indispensable part
of modern transport systems [231]. Current technologies will be used in electric cars and
self-driving cars extensively in the future, as well as systems that optimize acceleration
and braking actions [232], pilot assist systems for pedestrian identification [233], and auto-
drive [234]; also, new trends in car communication will appear, such as 5G (fifth generation
of mobile communications) technologies and developed Wi-Fi and Bluetooth systems [235].
The equipment will contain advanced systems (e.g., navigation system [232], autopilot [232],
lidar [232], radar with better resolution in all measurement dimensions [236], more pre-
cise inertial sensors [237], improved actuators [223], cameras that deal with bad lighting
conditions better than today [237] and detect 3D objects immediately [238], cybersecurity
management systems [232], and driving assistance systems) [232]. In order to avoid the
malicious use of self-driving cars in the future, the operating software and the navigation
system will be updated, and the equipment will contain prerecorded maps to perform map-
aided localization [237] and improved antivirus and fault detecting software for prevention
of cybersecurity issues [224,225]. Indeed, there will be a built-in locking system that will
prohibit drivers from using the cars unless their systems are updated [239].

Table 6. Evolution of autonomous vehicle equipment [229,230].

Year Equipment

1980s Driving assistance cameras and micro-processing modules to detect objects.
In addition to cameras, radars appeared along with thermal imaging

1990s .9

cameras for better navigation.
2000s Besides cameras and radars, lidars appeared.
2010s Autopilot and applications helping with navigation.

Despite these developments, collisions can still be expected to occur during self-
driving car operations in the future, but not as frequently as nowadays. Autonomous
vehicles should be able to return to a safe condition immediately after being involved in
an accident. In the event of a collision, according to regulations [240], the self-driving
car should stop, remove motive power, and notify the manufacturer, collision notification
center and rescue crews with the data recorded in the black box or through the self-driving
car’s communication system, if should anyone need help; otherwise, alerts will be sent
through the car’s GPS. The automatic response system will unlock the doors and turn on
the emergency lights. The battery pack should be disconnected, disengaging electric power.
Consideration should be given to shutting off the fuel pump, if the car is a hybrid, and to
transporting the vehicle to a safe off-road location.

9. Future Technologies and Materials

First, the equipment in an electric vehicle is very important for its operation. Proper
operation of the equipment can help with any problems that may arise. With time, the
charging equipment in electric vehicles will evolve in order to generate higher voltages
and currents, thus leading to more electromagnetic interference than now, and the vehicles
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will have improved driving ranges. The current equipment, as it evolves in the future,
will still not be adequate for the safe use of electric vehicles. So, additional technologies,
applications or operating systems can be proposed.

For this reason, considering the increasing use of electric vehicles, the increases in their
voltage, current and autonomy over the years, the charging equipment in current vehicles
and and how it may change in the years ahead, additional technological innovations,
applications, materials, proposals, suggestions and tips will be welcome going forward, to
improve the operation of these vehicles and make driving electric cars easier and safer.

As for the battery packs, based on Reference [241], an additional cooling system, with
flame retardants, cooling pipes or heat exchangers, has been proposed to help maintain
engine temperature at normal levels and prevent the engine from overheating. Suggestions
were made in References [241,242] for insulation materials to be constructed of paraffin
wax or thermoplastic elastomers (carbonate-esters, such as ester-b-carbonate-b-ester, as
composite phase-change materials) for better strength, elasticity and long-term temperature
management. Additionally, in Reference [175], more dampers (damper bars) or piezoelectric
materials, applied to mechanical parts and connecting to the battery pack, were suggested as
ways to mitigate possible vibrations in electric motors and in batteries, and feed the battery
with extra clean electric energy. For better absorption of vibrations and enhancements in
thermal conductivity, it was suggested that battery pack protective membranes have a
porous form [243].

In Ref. [1], it was suggested that manufacturers install an insulation resistance moni-
toring system to monitor and regulate insulation resistance, because the equipment must
be well insulated, and that LCs or inductor-inductor-capacitor (LLC) resonant converters
and decompression systems be integrated into the batteries. According to References [244]
and [245], graphene-based organic batteries, due to their easy chemical manipulation, low
cost, smaller size, higher energy density and greater autonomy, avoidance of heat sinks and
increased safety and longer lifespan, were recommended along with lithium-glass batteries
for greater resistance and autonomy (with up to 20,000 charging cycles).

For the charging procedure, due to the fact that voltage spikes and imbalances will still
exist, as there will be more vehicles connected to the grid, References [81,246] recommend
the future and widespread use of applications in mobile phones or tablets that, while the
vehicle is connected to the charging facility, will monitor the charging operation for the
presence of any faults (such as possible overvoltages or overcurrents), show voltage, current
and charging time adjusted to the charging operation, and notify drivers of any faults so
that the vehicle can be disconnected from charging facility in time. Besides protecting fuses
or LC filters, improved SiC power modules also can be used to mitigate overvoltages [247].
Applications that can monitor the availability of a charging station are also suggested; if a
charging station or parking lot is full of charging cars, the applications should indicate the
next-nearest charging station where the driver may charge their car. Drivers should consult
the pertinent electric utility company to learn whether there is a load peak condition in
the network and thus decide whether to charge their car or not. In conclusion, based on
reference [81], it is recommended that electricity distribution operators (DSOs) upgrade
and strengthen their electrical power supply network infrastructures in order to integrate
more chargers and charging stations.

For high-voltage circuit cooling purposes, apart from Si IGBTs, SiC MOSFETs, or WBG
devices, cooling plates, copper metal-injected heat sinks, spray cooling and jet impingement
are additionally and widely recommended. They can be used in the future for further,
immediate cooling and to reduce harmonics and parasitic impedances. To achieve higher
power density and performance improvements, Reference [248] recommended that insula-
tion materials be fully microporous, that the thermal management system be improved, and
that traditional highlighted materials, such as diamonds, be used for electrical isolation.

Concerning the electric motors, the widened use of coils, changes in the windings,
and proper stator or rotor designs are recommended as measures to reduce vibrations and
interference. In line with these steps, skewed or double stator or radial rotor topologies
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will help mitigate vibrations and electromagnetic interference [249]. According to Ref-
erences [250] and [112], because magnets may eventually be absent from future electric
motors , limitations on the use of permanent magnet electric motors, or their replacement
by switched reluctance motors (SRMs), is suggested. A two-stack conventional switched
reluctance motor is depicted in the following figure (Figure 10).

Figure 10. A two-stack conventional switched reluctance motor [112].

Further, as magnets may be reduced in mass or entirely absent from motors in the
future, as noted above, it is recommended that this reduction in magnet mass be achieved
through variations of magnet size in the axial direction.

According to Reference [161], supercapacitors should operate at low temperatures and
frequencies, in order to achieve greater capacity and to improve their performance. For this
purpose, a reduction in series resistance is proposed, either by reducing the applied voltage
or by operating at low temperatures. Generally, they need control, so supercapacitors
should often be overloaded. Thus, frequent operation and maintenance are recommended,
including even replacement with supercapacitors that are smarter and more durable and
effective. Redox-active organic compounds [251], nickel oxides [252], 3D graphene or
graphene oxide [253], inorganic oxides, metal nitrides [254] or mesoporous materials [254]
are recommended for wider use as electrode materials in the future. Polyethylene can be in-
serted as a separator for better power storage [255]. It is also suggested that in some driving
situations, the electric motor be operated as a generator to charge the supercapacitors.

Regarding operation of the whole vehicle, to prevent a possible battery ignition and
inform the driver about possible faults, a system for measuring voltage, current and internal
resistance or detecting a possible Hall effect can be proposed that, through Wi-Fi, may alert
the driver, with alarms and indices on his/her mobile phone or tablet, about the condition
of the vehicle, even when the electric motor is switched off.

Generally speaking with regard to the near future, it is of great importance that electric
vehicles have well-maintained, integrated equipment with more sensors or fuses for better
and safer operation, e.g., to avert equipment component failures or overvoltages in the event
of a vehicle fault. It is recommended that repair technicians trained to repair and maintain
electric vehicles perform short circuit and overheating tests during car maintenance.

Concerning hybrid electric vehicles, in order to eliminate torque losses and for better
transmission, functions using additional pumps, dampers and flywheels are suggested.
While studies have assessed hybrid vehicles with common fuels (e.g., diesel fuel), the use of
synthetic fuels such as hydro-treated vegetable oil, biomass or electrofuels also would help
to reduce emissions. Maybe in the future, hybrid cars with biofuels will appear. According
to References [124,256], in terms of lubrication, lubricants with mineral or synthetic oils
(oils with phosphorus and sulfur added) can be suggested, whereas new additive packages
containing little or no-sulfated ash, phosphorus or sulfur anti-wear additives can be used
in future engine oils.

For future hydrogen fuel cell cars, Reference [179] proposed one or two more sensors
in the vehicle’s cabin and next to the electric motor, as well as more sensors next to the
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tank, in order to detect any leaks or possible damage and to release hydrogen and adjust
it to permissible low levels. Additional sensors are suggested because there should be no
hydrogen leakage into the cabin, as hydrogen is explosively flammable and could cause the
car to be blown up or burst into flames. According to Reference [15], it is advisable to avoid
overfilling tanks and any increased pressurization or overheating of the hydrogen in the
tanks to ensure that the temperature does not exceed 85-115 °C. Based on Reference [185],
due to the expected increase in the use of hydrogen as a fuel in the future, applications that
inform drivers about the availability of a station and guide them to it, thus helping them to
more easily reach fuel stations for hydrogen, are generally suggested.

As for vehicle traffic, in addition to any warning signals, it is suggested that mobile
or tablet applications be developed to alert pedestrians and cyclists of an electric car
approaching or crossing next to them, even with a loud noise, and to provide information
about the vehicle. Moreover, as noted in Reference [257], additional infrastructure for
transporting blind or elderly people, such as auxiliary and special markings with specific
lighting and sound, or sound that is not disturbing to blind people, may help in traffic and
are recommended for consideration.

In the end, in order to help drivers with perceiving potential hazards from pedestrians
and cyclists, mobile applications and devices are recommended, such as upgraded and
dedicated short-range communication (DSRC) device-roadside units. According to Refer-
ences [258] and [259], these units (based on IEEE 802.11p and IEEE 1609 standards) alert
drivers to adverse driving conditions wirelessly, as developed to facilitate the provision
of wireless access in vehicular environments. These technologies will help in avoiding
accidents with pedestrians and cyclists (mainly in urban areas).

To reduce electromagnetic interference, noise and harmonic currents in parallel with
the function of piezoelectric energy harvester systems, effective cable shielding and electric
ground designs, non-excessive operation or overloads, and frequent good maintenance
of the equipment are recommended. For effective cable shielding, 3D-metallized sponges
(silver nanowire melamine sponges) are suggested in Reference [260]. Further, the use
of carbon nanotubes or reinforced polymers will reduce electromagnetic interference,
according to Reference [261]. Aerodynamic designs and changing the weight distribution
of the vehicle will help in reducing electromagnetic interference.

Specifically, for autonomous driving, it is recommended that basic equipment, such
as 3D cameras, lidars, radars, 3D maps for navigation and anti-malware, be programmed
and frequently updated so that passengers can move safely to their destination and any
malicious acts or cybersecurity issues can be prevented. If navigation errors occur due to
incorrect programming of the maps or prerecorded maps that do not function well, then
preinstalled maps in mobile phones can help with the car’s navigation. The development
of an SOS button to place calls to ambulance services in the event of a traffic accident is also
recommended, as well as additional advanced sensors to identify pedestrians and cyclists
and air pollution and radiation sensors to detect background ionization, all for better
vehicle mobility and behavior [262]. In order to prevent accidents involving pedestrians
and cyclists, the development of a mobile phone application is recommended to alert them
of an approaching electric car or the passage of an autonomous vehicle. Finally, in [239],
it is recommended that artificial intelligence be introduced for use in driving the vehicle
for the purposes of pedestrian identification, as well as anti-theft or carjacking protection
systems to prevent such incidents.

10. Discussion

The purpose of this review paper was, through advances in electric car equipment
regarding safety issues, to propose additional innovations, applications or technologies,
as well as materials. Thus, potential future advances in the main equipment were stud-
ied. The equipment will evolve in order to withstand greater voltage and current than
common at present and to ensure safer and better use of the car. Despite the evolution of
the equipment, overvoltages, overcurrents, vibrations and electromagnetic interference
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will continue to appear in future electric cars. It seems that various proposed systems,
technologies, components, and materials will help to mitigate these issues and increase the
safety of these cars. Many researchers have proposed additional technologies, applications
or materials for use in the future. So, a wider framework for the reduction and elimination
of faults that develop in these cars can be discussed and recommended for the future.

Usually, materials such as nanomaterials, Li-alloys Si-alloys, graphene, oxides are
recommended for future applications. New proposals include suggestions for the use
of highlighted materials in the insulation of high-voltage circuits, such as diamond [248]
or mesoporous materials (e.g., mesoporous silica) for supercapacitor electrodes [254] or
thermoplastic esters as materials in the insulation of battery packs (or other parts) [242],
and even redox active compounds in battery electrodes [251]. Other materials, such as
those with magnetic properties, could also be recommended, due to the fact that magnets
will not be used in the future (soft magnetic composite materials in axial flux motor designs
for high performance and low eddy currents, for example) [263]. Moreover, the extension
of the use of some materials to other parts of the equipment, such as the use of redox active
organic compounds in supercapacitors, is also suggested for the future [251].

Concerning electric vehicle charging, besides charging at home or in park stations,
there is the option of wireless charging during car movement. Because the placement of
prefabricated modules under the road surface is expensive, which will be an obstacle to
their widespread use, other methods of vehicle charging could be suggested, such as the
installation of magnetic coils in parking lots, in order to transmit electric power through the
air as a magnetic field. Additionally, monitoring and power boosting could be discussed
with electricity distribution operators (DSOs), so that many cars could be charged at one
point at the same time without disrupting the grid.

Another problem is the existence of vibrations, noises, harmonics and electromagnetic
interference. Ways of addressing them include the use of piezoelectric materials and/or
dampers, the use of improved power electronics or better equipment designs, e.g., coils and
windings in electric motors. Aside from the use of more piezoelectric materials or dampers,
one could also propose the use of materials or parts such as 3D-metallized sponges, carbon
nanotubes or reinforced polymers [260,261]. Various companies have proposed the use of
more bearings and tolerance rings near mechanical components of the vehicle or the use of
synthetic lubricants [264].

Another problem is the lack of infrastructure and auxiliaries for the movement of
people (elderly, children or blind people). Although some proposals were made for the
future, obtaining more measurements for the movement of pedestrians is a matter for
further discussion: for instance, more auxiliaries for pedestrians, cyclists or vulnerable
people, in order to further enhance the development of electromobility and assist in the
safe movement of pedestrians and bicycles, preventing traffic accidents. Finally, the use of
applications for easy and safe movement should be discussed mainly for children.

Because the use of electric vehicles will be widespread in the future, in general, more
applications that make the use of these vehicles easier and safer should be developed, such
as applications that notify the driver in case of a fault, or that monitor the charge of the
vehicle, as well as applications that facilitate pedestrian movement and interaction with
electric vehicles or DSRC devices [258,259]. Of course, the training of technicians is another
topic that needs to be developed. There should be a discussion about the organization of
seminars or workshops to provide technicians with more knowledge about electric cars
and the skills to perform more overvoltage tests, short circuit tests, overheating tests or
function controls and repair these cars easily and properly. Frequent monitoring, upgrades
and maintenance of the equipment will help to prevent faults, thus preventing accidents
and enhancing the smooth operation of the vehicles.

In the end, in terms of infrastructure for autonomous driving, there have been many
debates over whether governments should maintain existing infrastructure or start im-
plementing more digitized and technologically advanced infrastructure to accommodate
self-driving cars, according to Reference [265].
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11. Conclusions

In this review paper, a study was carried out with consideration for advances in electric
vehicles and charging equipment and the estimations by researchers of how the equipment
will evolve in the future with regard to safety issues, in order to make recommendations
for the improvement of equipment and enhancing safety.

Specifically, new applications and materials were proposed for the future, with ref-
erence to works listed in the bibliography. Besides new applications, additional cooling
systems for the battery or high-voltage circuits, function systems, new technologies for
electric motors, alternative fuels, additional sensors and new materials such as highlighted
materials for wiring high-voltage circuits (e.g., diamond or mesoporous materials), materi-
als with magnetic properties (soft magnetic composites), or even 3D-metallized sponges
for effective cable shielding were proposed. Moreover, additional aids that can help with
vehicle movement and communication, such as DSRC devices, auxiliary and special mark-
ings with specific lighting and sound, or SOS buttons for notification in emergencies were
discussed. These new, complementary proposals for functional additions to the equipment
or for new materials will aid in the proper operation and charging of electric vehicles and
increase the safe operation and handling of basic equipment in electric or self-driving cars
in the future and can also alert pedestrians and cyclists to electric vehicle traffic. They will
also facilitate safer car movement in general, because in the future, the cars will be able to
operate with higher voltage and current and have a greater driving range with one filling
or charge, while overvoltages and electromagnetic interference will occur more frequently.

Although this study was focused on electric, hybrid electric, hydrogen fuel cell and self-
driving cars, it could be extended to other electric vehicles such as buses, trucks, trains, and
bicycles. In any case, drivers should follow the safety regulations and recommendations
for better and safer vehicle operation.
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