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ABSTRACT

Electric Vehicles (EVs) are rapidly becoming the
forerunners of vehicle technology. First electric vehicles
were overlooked because of not having adequate battery
capacity and because of low efficiency of their electric
motors. Developing semiconductor and battery technol-
ogies increased the interest in the EVs. Nevertheless,
current batteries still have insufficient capacity. As a re-
sult of this, vehicles must be recharged at short distanc-
es (approximately 150 km). Due to scheduled departure
and arrival times EVs appear to be more suitable for city
buses rather than regular automobiles. Thanks to cor-
rect charging technology and the availability of renew-
able energy for electric buses, the cities have less noise
and CO, emissions. The energy consumption of internal
combustion engines is higher than of the electric motors.
In this paper, studies on the commercial electric vehi-
cle charging methods will be reviewed and the plug-in
charging processes will be described in detail. This study
strives to answer the questions of how plug-in charging
process communication has performed between the EV
and Electric Vehicle Supply Equipment (EVSE).

KEY WORDS

electric bus, transport and society; charging methods
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1. INTRODUCTION

In recent years, the revelation that emission gas
rates of the diesel motors have been changed by
software, disobeying the Kyoto protocols [1], has
increased the interest in electric vehicles. In the up-
coming fifty years, the human population is expect-
ed to rise from 7.5 to 10 billion, and the number
of Internal Combustion Engine (ICE) vehicles from
700 million to 2.5 billion [2]. It is estimated that the
existing oil resources can only be used for 50 more
years if consumed at the current consumption rates
[3]. The dependence on fossil fuels can be reduced
by EVs, thus, decreasing the impact of transporta-
tion emissions on the climate change. EVs are more
energy-efficient than ICE vehicles. It is forecast that
the sale of EVs will increase in the coming years.
If we compare EVs and ICE vehicles, EVs might
reduce the global air pollution especially in rural ar-
eas [1]. However, the European Environment Agen-
cy (EEA) has estimated that electric vehicles could
account for between 4% and 5% of total electricity
consumption in 2030 [4]. EVs do not use fossil fu-
els for charging batteries, but power plants might
use fossil fuels for generating electricity for those
batteries. If we cannot apply green energy strategies
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Figure 1 — Commercial electric vehicle charging methods

the air pollution will continue to be a significant
problem [5]. For a reliable future for EVs in the
commercial sector, some important issues should
be resolved. The driving range of battery-electric
buses is a constraint and the charging process re-
quires a certain amount of time [6]. Improving bat-
tery technology provided a higher range for electric
vehicles, but the duration of the charging process
increased. To eliminate long charging times, quick
charging technology has been developed. However,
quick charging technology has some negative ef-
fects on the grid [7]. Short-term peak values of in-
stantaneous charging power may demand excessive
power from the grid. Many studies are analyzed
about changes occurring on the grid, which resulted
in dividing the charging options of electric vehicles
into two subsections. This paper studies the Mode 4
charging system and the Combined Charging Sys-
tem (CCS). Charging methods of electric vehicles
are shown in Figure 1.

For charging electric vehicles IEC 15118 stan-
dard has been developed [8]. The standard is mainly
focused on the plug-in charging process.

2. CONDUCTIVE CHARGING

The conductive charging process can be ex-
plained with electrodes. Conductive charging can
be divided into two main parts: Plug-in and Panto-
graph Fast Charging systems.

2.1 Plug-in charging system

The plug-in charging system is performed by
connectors, cables, and sockets. The type and mag-
nitude of the current transmitted via cable can be
different. Due to these differences, variable types
of charging cables are generated. In IEC 62196
standard, charging cables, sockets and connectors

have been explained according to the charging pow-
er. Charging of EVs can be performed via AC or DC
[9].

According to the International Electrotechnical
Commission (IEC), there are four types of charging
modes [10]:

Mode-1: Slow charging via a standard electrical
socket without any communication or safety pre-
vention.

Mode-2: Slow charging via a regular socket but
with some EV-bounded safety and communication
prevention.

Mode-3: Slow or fast charging using a specific and
dedicated multi-pin socket with control and protec-
tion equipment.

Mode-4: Fast DC charging using some special char-
ger technology.

Depending on the charging power, EVs can be
connected to the grid directly or via a piece of equip-
ment. The equipment is also known as EVSE [10].
EVSE is a broad term defining all the grounding and
non-grounding equipment, electric vehicle connec-
tors, attachment plugs and all other kinds of accesso-
ries needed for charging the EVs. The most important
feature is the two-way communication between the
charging unit and the vehicle [11]. According to the
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Figure 2 — AC and DC plug types, images taken from [13]
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Table 1 — AC/DC charging plugs, maximum power values in Europe and US standards [12, §]

. Charging Voltage [V]/ Max. power
Plug Pin numbers level Current [A] [kW]
AC level 1 gg‘}o'phasfé 1.9
USA Type 1 3 power pins — L1,N,E max.
SAE J1772 2 control pins — CP,PP (PWM) Mono-phase
AC level 2 . 19.2
240 / max. 80
5 power pins — L1,L.2,L3,N,E Three-phase,
Europe Type 2 2 control pins — CP,PP (PWM) AClevel 2 1 460 / max. 32 22
DClevel1 | 200-430DC/ 36
max. 80
Type 4 3 power pins — DC+,DC-,E 200-450 DC/
SAE CCS 2 control pins- CP,PP (PLC and PWM) DC level 2 max. 200 %0
200-600 DC /
DC level 3 max. 400 24
Type 4 3 power pins — DC+,DC-,E 200-500 DC /
CHAdeMO CHAdeMO 7 control pins — CAN communication DClevel 3 max. 125 62:5
3 power pins — DC+, DC-, E 400 DC / max.
Tesla US 2 control pins — CP.PP DC level 3 300 120

Society of Automotive Engineering (SAE), charging
plugs can be divided into four main groups: Type 1,
Type 2, Type 3, and Type 4 [12].

There are two international connector types for
Mode-4 charging. CHAdeMO is the first system
for DC plug-in charging process and Combined
Charging System (CCS) is another variation that
followed it. Control and communication protocols
differ from each other. The CCS uses PWM and
Power Line Communication (PLC) over the con-
trol pin and for accurate positioning of the charger
plug it also uses the proximity pin, while CHAde-
MO uses the Controller Area Network (CAN) Bus
communication for control and communication via
seven pins [13].

CHAdeMO system

CHAdeMO is the first system for DC charging
and it is also known as CHAdeMO Standard.
CHAdeMO Sequence Circuit and CHAdeMO
pin assignment are respectively shown in Figure 3.
CHAdeMO included in IEC 62196 as Type 4 con-
nector. In the CHAdeMO system, data connection
is made via CAN Bus communication protocol in
addition to carrying DC power [14].

Muhammad Aziz and Takuya Oda studied the
charging behaviour of the EVs. The charging test
is conducted using a CHAdeMO fast charger. Fast
charging during higher ambient temperature pro-
duces a significantly higher charging rate, and
therefore, shorter charging time [15].

CCS (Combined Charging System)

The Society of Automotive Engineers (SAE),
the European Automobile Manufacturers Associa-
tion (ACEA) and several automotive manufactur-
ers (Audi, BMW, Daimler, Ford, General Motors,
Porsche, and Volkswagen) have developed the CCS
as a new global EV charging system. The CCS has
two connector types, CCS Type 1 and CCS Type
2. Thanks to these connectors, EVs can be charged
to up to 50-350 kilowatts. CCS Type 1 inlet was
invented by Kiyoshi Osawa [16].

CCS Type 1 and CCS Type 2 inlets are displayed
in Figures 4a and 4b. The main difference between
these inlet types is the phase-type of AC. CCS Type
1 system can be used in applications of EV charging
via mono-phase and CCS Type 2 for three phases.
CCS Type 1 system is also proper for US electric
vehicles, while CCS Type 2 is only proper for Eu-
rope.

HomePlug Green PHY technology and PLC pro-
tocol have selected SAE and the ACEA for the com-
munication standard of CCS [17].

CCS Communication Systems: to ensure the
safety and correct charging, a communication chan-
nel should be placed between the EV and the EVSE.
The current information of the EVs, termination,
and initiation of the charging process are transmit-
ted via this channel. There are 2 types of communi-
cation in the CCS.
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Basic Level Communication: Figure 4¢ illustrates
the basic level communication circuit between the
EV and EVSE. The basic communication control
is performed by a square wave from the pilot pin
[18]. The amplitude of the square wave indicates
the state of charging. The duty cycle of the square
wave shows the current information drawn in the
AC charging process, while in the DC charging pro-
cess it shows the performing of high-level commu-
nication [19].

High-level Communication: In the DC charging
of the CCS, after the initial messaging between the
EV and EVSE has been completed, the duty cycle
value of the basic level communication signalling is
set to 5% and signalling with PLC is initiated [19].

M. A. Mannah et al. controlled the motor speed
with PLC over the PWM network [20].

Christian Lewandowski et al. realized that the
PLC signal on the PWM channel generates the volt-
age peaks at the control pilot and that these peaks
may cause excessive limit values for the communi-
cation channel specified in [EC 61851-1 [21].

In another study by Christian Lewandowski et
al. the communication channel that is located be-
tween EVSE and the EV was monitored by Home-
Plug Green AV technology [22]. The effects of the
PLC signal in the PWM channel were investigated
and the optimal operating range was determined.

PLC can be regarded as a Media Access Control
(MAC) substrate between the data link and physical
layer of OSI layers [23].

Yuan-Hua Zhang et al. studied the use of the PLC
technique in the communication network within the
vehicle [24]. For communication between Electron-
ic Control Units (ECU) the CAN bus protocol was

Narrowband
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used [25]. This communication protocol requires
the use of two extra cables for communication. The
heaviest part of the vehicles after the engine are
the cables; so, by using the PLC system, the aim
is to reduce the vehicle weight. The vehicle engine
speed, oxygen level, and water temperature data are
transmitted over the PLC system [24].

M. Antoniali et al. tested and analyzed the PLC
channels on ships [26].

Joong-Geun Rhee et al. studied the electromag-
netic interference in the high-frequency band of the
PLC system. According to the results, the PLC sys-
tem can be used in a high-frequency band following
the radio laws [27].

Chang-Un Park et al. studied the analysis of the
implementation of the PLC system on broadband and
narrowband, and the communication of the vehicle
and EVSE on the power line. Figure 5 shows how the
noise in the power line affects the PLC signal in a
wideband and narrowband. In the narrowband, it is
very difficult to guarantee the efficient transmission
of PLC signals over the power line [28].

If the PLC signal is transmitted over the power
line, noise can be observed in the frequency band,
because the power line is connected to the electron-
ic equipment inside the EV (Battery Management
System, Inverter, DC/DC converter) [28].

2.2 Fast charging via pantograph

DC fast-charging system via pantograph can
be considered as an optimized state for the electric
trolleybuses, for which the energy distribution sys-
tem disrupts urban planning. The system is suitable
for city buses. Trolleybuses have been energized
from long electric distribution lines but on DC

Broadband

G3-PLC
ISO 12139-1
HomePlug AV

Magnitude [dBm]

Frequency [MHz]

Figure 5 — Power line noise spectrum and PLC signal [28]
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fast-charging process when vehicles arrive at the
station short-term and high-power energy flow is
initiated from station to vehicle. With this energy,
the batteries are charged until the next station.

Soodeh Negarestani et al. studied the optimal
storage size of the fast-charging station [29]. In that
paper, they investigated harmonics that were gener-
ated by rectifiers and they developed a PI controller
to overcome the harmonics.

David Steen and Le Anh Tuan studied the effects
of electric buses on DC fast-charging stations in the
urban grid and also they investigated the maximum
power demand of fast charging stations [30].

Robert Prohaska et al. studied electric buses on
the bus line 291 between La Verne and Pomona [31].
Twelve BE35 model electric buses were bought
from Proterra Inc. in 2013 for the 291 bus line. For
testing, the vehicles were driven on a 142,605 km
range route.

The average temperatures are taken from the
National Oceanic and Atmospheric Administration
(NOAA) for the Ontario International Airport, which
is approximately 15 km away from the electric buses
charged. Figure 6 shows that the efficiency of vehi-
cles is maximum when the ambient temperature is
close to room temperature. The monthly efficiency of
the buses fluctuates relative to average temperatures.
When the ambient temperatures are higher, the buses
require the use of air conditioning while they require
heaters when the temperatures drop.

35 — 15

145
b4
L1.35
113
11.25
1.2
L1115

Temperature [°C]
3
(=}
Average fleet efficency [kWh/km]

Monthly mean high temperature
Monthly mean temperature

—— Monthly mean low temperature
—— Monthly BEB efficency

Figure 6 — Ambient temperature effects on efficiency [31]

Zhenga Gong et al. invented a system that in-
cluded a method and an apparatus for operating an
ultra-capacitor powered vehicle. The invention, in
one aspect, includes an electric vehicle powered
by ultra-capacitors. The vehicle includes a current
collector device for collecting power from an ex-
ternal power source, an electric motor module for

providing a driving force to the vehicle, an ultra-ca-
pacitor module, and a charger device. The charger
has two main parts: Insulated Gate Bipolar Transis-
tor (IGBT) device, and a control device. The con-
trol device can be configured to adjust the delivered
power by the IGBT device to the ultra-capacitor
module based on the temperature signal [32].
Morrissey et al. studied the actual charging be-
haviour in Ireland [33]. According to the results of
their study, fast charging infrastructure is most like-
ly to become commercially viable in the short- to
medium-term based on current charging frequency.
On the DC fast charging via the pantograph pro-
cess, the manufacturers used Wi-Fi protocols for the
communication between EV and the charger.

2.3 EVSE modelling and possible effects

There are some studies for simulating EVSEs
on MATLAB and the relevance of subsystems to
these equipment efficiency. Arnaldo Arancibia and
Kai Strunz studied modelling for electric vehicle
charging stations. Every component is performed
on the modelling with the corresponding param-
eters. The implementation of the model is devel-
oped by using Matlab / Simulink SimPowerSys-
tems [34]. They presented a new model charging
station for DC charging and explained the charging
procedure.

Ganta Naveen et al. studied the modelling of
electric vehicle charging stations and simulated it
in MATLAB [35]. Figure 7 (top) illustrates the cir-
cuit modelling in Matlab / Simulink. In this proj-
ect, three-phase AC is the input of the charging
station. The AC/DC conversion process is made
by the inverter by LC and transformer interface.
The appropriate capacitor is fitted on the DC side
to meet the sudden and high-power requirements.

LC filter reduces the harmonics between the
vehicle and the grid. Buck-boost bidirectional
DC/DC converter is used in the circuit model. The
block diagram of the inverter control system is
displayed in Figure 7 (bottom). The inverter control
system is a PI-controlled PWM generator and it is
used to perform constant DC voltage. They intro-
duced general faults and implemented a protection
scheme for preventing possible faults in modelling
EVSE [36].

Some studies mainly focused on the possible
effects of EVs on the city grid systems. Tapon Ku-
mar Paul and Hideyuki Aisu studied the impact of
the increase of EVs on the grid. If 50% of vehicles
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Figure 7 — Plug-in EVSE (top) and control system of inverter modelling (bottom) images taken from [36]

in the Tokyo area transformed into EVs and ap-
proximately half of them performed fast-charging
processes at the same time, it is estimated that 7.3
GW additional power supply would be required
[36].

Shengnan Shao et al. studied the negative ef-
fects of Plug-in Hybrid Electric Vehicles (PHEV)
on the grid. According to the study, all scenarios of
these vehicle charging processes produce addition-
al loads on the distribution transformers. Because
of these additional loads, the efficiency of distribu-
tion transformers decreases and overloads the trans-
former [37].

EVSEs increase to the peak load of the grid, in-
creasing the loss of power, degradation on voltage
profile and transformers [38].

T. Thiringer and Saeid Haghdin studied the mea-
surement results of the EVSE and analyzed them.
They concluded that there are some harmonic prob-
lems in the city grid system that are caused by the

passive diode rectifiers in the EVSEs. They recom-
mended active rectification to enhance the charger
waveforms [39].

Song Hui et al. studied the failures of the grid
(voltage decreases, three-phase unbalanced voltage,
harmonic and pollution, etc.) on the EVSE. The
study showed that different types of rectifiers have
different reactions against voltage distortion and the
variable types of the voltage decreasing [40].

Haiyang Lin et al. studied the required charging
power of the EVs in various locations. For the sub-
ject, four charging locations: residential, work,
business, and recreation area and seven journey
goals were generated to study the charging of the
EVs [41].

3. WIRELESS CHARGING

The wireless charging system can be explained
by the coupled Inductive Power Transfer (IPT) sys-
tem. A Danish scientist, Hans Christian Oersted
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discovered that magnetic fields could be created
by electric currents [42]. According to the Oersted
discovery, Faraday invented a device, two insulat-
ed coils wrapped around an iron ring, one of the
coils wrapped on a side of the ring and the other
was wrapped on the opposite side. He then supplied
electricity to one coil and observed that the current
was induced in the other coil [43]. The event is
called mutual induction. The relation of electricity
and magnetism was mathematically formulated by
James Clerk Maxwell as Faraday's law and Nico-
la Tesla achieved wireless electric transmission at
long distances [44].

The electric power is converted into magnetic
power by primer coils, then the secondary coil col-
lects the generated electromagnetic field energy and
it is transformed into the electric power, then EVs
are charged. This event explains the main concept
of transformers [45, 46]. To avoid electrical damag-
es, the coils have the same resonant frequency. By
transmitting the current to batteries of the electric
vehicle, the charging process is initiated. The in-
ductive charging process has already been used for
small electronic appliances (mobile phones, tooth-
brushes, etc.)

Due to the absence of electrical contacts, the
transmitter and receiver of the IPT system are in-
dependent. This feature significantly increases the
safety and reduces the possibility of vandalism [47].

Georgiy Babat developed the first application of
the IPT system on the EV in 1943. The efficiency of
the application was only 4% [48].

The first wireless charging technology was sta-
tionary; the system is also called the static inductive
charging system. For charging EVs during transit,
the dynamic wireless charging system was devel-
oped [49].

Srdjan Lukic and Zeljko Pantic studied the sub-
ject of static and dynamic wireless charging. They
built a testbed for dynamic wireless charging [50].

Morimoto Minoshima and Yasuharu Odachi
studied the failure scenarios of the wireless charging
process and invented a system. If the EV is driven
away from the primary coil during the charging pro-
cess, damages can happen to either or both of the
coils. For avoiding the accident between the coils
even when the vehicle is moved inadvertently in a
direction, the higher coil has a bent portion provid-
ing a path through which the other coil moves with-
out colliding [51].

The first commercialized IPT system for public
transportation was implemented by Wampfler AG
[52]. The Wampfler system operates at 15 kHz fre-
quency and 80 A rated current, 30 kW transmitting
rated power and 4 cm air gap between the system
and the electric buses.

The Unplugged Project proposed a static induc-
tive charging for safety and economic feasibility.
The Project performed with about 90% efficiency.
The main challenge of the project is the perfect
alignment of the transmitter and receiver systems
[53].

Tests of Shijo et al. implemented a standardized
88 kHz frequency band for charging electric bus-
es [54]. When 50 kW electric power is transmit-
ted from the primer coils, 44 kW electric power is
measured on the battery side of the electric vehicle.
For reducing emissions within limits of radio law, a
two-channel inverse phase wireless power transfer
system and low-pass filter are designed. The electric
circuit can be seen in Figure 8.

Chwei-Sen Wang et al. studied the charging of
electric vehicles on the move by the principle of in-
ductive charging [55]. In the study, the electric cir-
cuit of the secondary coils operates on the resonant
frequency to provide maximum power transfer. For
control of the transmitted power, the frequency of
the primer coils should be adjusted by secondary
coils. However, due to diverse frequencies of dif-
ferent vehicles, the secondary coil frequency cannot
be indicated accurately; thus, the efficiency of the
wireless power transfer system is limited. Alterna-
tive switching mode can be designed to control the
transmitted power. The disadvantage of this method
are the losses of switching. For this study, a circuit
is designed with 30 kW, 45 mm air gap, 20 kHz rat-
ed frequency and 150 A primer current.

Figure 9 shows the electric circuit which was de-
signed by Chwei-Sen Wang et al. Primer and sec-
ondary coils are both compensated by using parallel
capacitors. The parallel capacitor on the secondary
coil (C)) has convenient current characteristics for
charging the batteries; the parallel capacitor on
primer coil (<) produces a wide range current. For
regulating the inverter current, a serial wound L,
coil is added to the circuit [55].

Hanspeter Widmer et al. invented an apparatus
for antenna alignment on a wireless charging sys-
tem. The receiver and transmitter systems should be
as close as possible to reduce the power loss on the
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Figure 9 — Inductive charging circuit [55]

IPT system. The invented system includes a sensor
for detecting the strength of the electromagnetic
field in multiple dimensions [56].

Reza Tavakoli et al. studied the LCC resonant
tank on the secondary circuit for wireless charging
[57]. Owing to the LCC resonant filter, the small
impedance which is produced by the reactive com-
ponents on the filter can be observed on the primer
coil. The present current should be controlled since
the transmitted power is affected by the electric
current. For the control, the current PI controller is
designed. The controller should also limit the trans-
mitted power. A forward fed additional controller
is designed for this purpose. Primer coils would be
powered until the vehicle reach higher efficiency.
Because vehicles do this fast, primer coils should be
powered on short-term like milliseconds. By adjust-
ing the phase shift angle of transistors, the square
wave width of the output of the inverter can be con-
trolled.

Figure 10 shows the LLC resonant (compensator)
circuit. The LCC tank filter to the output current
of the inverter efficiently allows only fundamen-
tal harmonics passage from the primer coils. The
compensator circuit input is the output of the phase

shift angle controlled inverter. In Figure 10, VBf rep-
resents the fundamental harmonic voltages of out-
put inverter.
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Figure 10— LCC resonant tank circuit [57]

Wireless charging communication

In an IPT system, it is vital to exchange infor-
mation between the charger side and the EV side to
give feedback. The communication can be divided
into whether the signal is modulated on the power
lines or if it applies a separate frequency band [58].

Leandros A. Maglaras et al. studied the dynamic
wireless charging system. They announced Mobile
Energy Disseminators (MEDs), a new process that
can make it possible for EVs to extend their driving
range in the city. The project uses inter-vehicle com-
munications. Particular nodes, like commercial vehi-
cles, can perform as energy sources to EVs. MEDs
use the IPT system to charge the starving EVs [59].

An open interface standard for low power IPT
system was developed by the Wireless Power Con-
sortium (WPC). The consortium used the logo “Qi”,
thus the standard is also called the Qi Standard.
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Figure 11— V2V (Vehicle to Vehicle) communication between
MED and EV [59]

Since the receiver circuit should inform its required
power to the transmitter, the communication stan-
dard is developed [60].

The electrical circuit of the receiver can be seen
in Figure 12. The communication between the receiv-
er and the transmitter is performed by load modula-
tion. The communication is adjusted by switching a
small capacitive load (C,) in the receiver [60]. The
2 kHz signal is modulated in the Qi standard onto
the power carrier frequency [58].
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Figure 12 — Electrical diagram of a receiver [60]

Dedicated Short-Range Communication (DSRC)
is used for the EV prototype in Oak Ridge National
Laboratory (ORNL). The DSRC is based on IEEE
802.11p Wireless Fidelity (Wi-Fi) [58].

Allon Echols et al. discussed and compared two
implementations, the one based on Wi-Fi and the
other on DSRC technologies. RFID and DSRC
communication systems are precise and reliable.
However, due to latency issues, many of these com-
munication protocols cannot be used for an IPTG

system [61]. According to the Technical Informa-
tion Report, Wi-Fi, DSRC or RFID systems are pro-
posed [62].

Andrea Gil et al. studied the appropriate com-
munication methods for IPT systems. According
to the results, low-rate wireless Personal Area Net-
work (PAN) equipment like ZigBee may be used for
stationary IPT systems [63]. However, traditional
communication PANs are insufficient for dynamic
IPT because of the range.

Table 2 compares wireless technologies used by
Communication Access for Land Mobiles (CALM).
Satellite has the best coverage feature. However,
it is inappropriate for IPT charging because of the
latency issue. The same latency problem can be ob-
served in FM radio and WiMAX [63].

Safety and regulations of wireless charging

All technologies in wireless charging are ex-
pected to be appreciated by the market if the safety
for humans cannot be resolved. All devices have
to conform to safety standards. The "Standard for
Safety Levels with Respect to Human Exposure to
Radio Frequency Electromagnetic Fields, 3 kHz
to 300 GHz" is published by the Institute of Elec-
trical and Electronics Engineers (IEEE) [64]. The
“Guidelines for limiting exposure to time-varying
electric, magnetic, and electromagnetic fields (up to
300 GHz)” is published by the International Com-
mission on Non-lonizing Radiation Protection (IC-
NIRP) [65]. These standards are developed to avoid
any faults. ICNIRP has announced that there is no
obvious evidence that electromagnetic fields cause
cancer. However, there are other negative effects
such as tissue heating, nerve, and muscle stimula-
tion [66]. The standards show that tissue heating is
set at 1 degree Celsius at a specific absorption rate
(SAR) of 0.008 W/kg for a long-term exposure and
4 W/kg for a short-term exposure. When EVs are
charged by the IPT system, a low kilohertz range
should be used (roughly from 10 kHz to 100 kHz)
due to electromagnetic compatibility and power ef-
ficiency. Ding et al. studied the exposure of a per-
son in the near-field of a wireless inductive charging

Table 2 — Assessment of wireless communication technologies [63]

DSRC Fm Radio Cellular WiIMAX Satellite
Max [km] <1 Hundreds <10 <50 Thousands
Data rate [Mbps] 3-27 > 10 kbps 100 70 100-
Latency (average) Very low High Low High Very high
Mobile connectivity Low Low Very high High Very high
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system. They modelled the human body using MAT-
LAB-based meshed generating toolbox Iso2mesh.
They found that the induced electromagnetic fields
in the near-field exposure scenarios completely
comply with the safety guidelines [67].

4. POWER ELECTRONIC SYSTEMS

The power electronic circuits of the EV charging
systems are performed by an AC/DC rectifier and a
DC/DC converter [68]. This topology is valid for all
types of charging methods (plug-in charging, pan-
tograph charging, and even wireless charging). Ac-
cording to IEC 15118-2:3 standards, the output volt-
age of EVSE must be controlled [35, 41]. During
the pre-charging state of EVSE, the electric vehicle
receives less than 2 A current and a certain voltage.
If the voltage difference between the electric vehi-
cle and EVSE is less than 20 V, the charging process
can be initiated. At the beginning of the charging
process, EVSE checks the isolation of the high volt-
age system and it keeps reporting this value during
the whole charging time [19]. The electric power
is received from the grid by the rectifier and it is
carried to the DC/DC converter [15]. The DC high
voltage can be produced by 3-phase AC. The DC
power is connected to a filter after being convert-
ed by 3-phase rectifiers; the output of the filter is
connected to a DC/DC converter and finally passed
through another filter to the vehicle battery [40].

According to the required characteristics of the sys-
tems, the AC/DC circuit may be performed in dif-
ferent topologies [68].

4.1 AC/DC rectifier

In the rectification stage, AC power is convert-
ed to DC so that the EV can be charged. The con-
verting process is performed by AC/DC rectifiers.
Vitor Monteiro et al. investigated the EV charging
systems according to unidirectional power flow and
bi-directional power flow [68]. Figure 13 shows the
main AC-DC power converter topologies.

Song Hui divided the rectifiers into three main
groups which are mentioned below [40].

Figure 14 demonstrates the electric circuits of the
rectifiers. Despite the formation of many harmon-
ics, the uncontrolled rectifiers are small-size and
low-cost. It is simple to realize, and cheap to con-
struct. Due to the input current, the waveform is not
sinusoidal, electrical grid power quality is degraded
[68].

Twelve pulse rectifiers are designed by a serial
or parallel connection of two transformers. Figure 14
(middle) shows the twelve-pulse rectifier. When the
high-current output is required, the parallel rectifier
connection is used; and when high voltage output is
required, the serial rectifier connection is used.

Figure 14 (bottom) shows a controlled rectifi-
er electric circuit. The PWM-controlled rectifier
can be produced by using IGBT and MOSFET.

AC-DC unidirectional topologies
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Figure 13 — AC-DC rectifier topologies used in EVSE [68]
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Figure 14 — Uncontrolled rectifier (top), twelve-pulse rectifier (middle), PWM-controlled rectifier (bottom) [40]
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Figure 15 — Control loop for the rectifier

Depending on the power of the circuit, the choice be-
tween these two semiconductor components is made.
Generally, IGBT is used on high-power demanded
circuits. Compared with an uncontrolled rectifi-
er and twelve-pulse rectifier, the PWM-controlled
rectifier controls the output voltage of the rectifier
via pulse signal which is applied to the gate pin of
IGBT. The PWM-controlled rectifiers generate few-
er harmonics, high-power factor, and constant DC
voltage but it is expensive.

For the appropriate operation of the rectifier, the
generated DC voltage should be higher than the AC
peak voltage at any time. Soodeh Negarestani et al.
used a PI controller for achieving constant DC volt-
age. The sinusoidal unit vector is modulated with

the output of the controller and the unit vector gen-
erated by the Phase Locked Loop (PLL). Thus, the
required current can be generated for every phase.
Figure 15 illustrates the control loop. The method
provides a fast response and reduces the steady-
state error [29].

4.2 DC/DC converter

DC/DC converters provide a wide charging
range for batteries of electric vehicles [69]. Figure 16
illustrates the main DC-DC power converter topol-
ogies in the EVSE.

Vishnu Mahadeva Iyer et al. used Dual Active
Bridge (DAB) for DC to DC converter [69]. DAB
converter circuit and rectifier are illustrated in
Figure 17. The DAB converter can provide bidirec-
tional energy flow and galvanic isolation between
the grid and the battery. These converters can per-
form the same, regardless of the soft switching and
power flow direction. Thanks to DAB converters,
EVSE can be used on the application of Vehicle to
Grid (V2Q).

Wang Xunto et al. used the LLC circuit for du-
plex energy flow on DC/DC converter [70]. LLC
converter has fewer switching elements than DAB
converter but forward and backward behaviours of
the LLC converter are different from each other.
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Figure 18 — Effects of single-phase short circuit on
uncontrolled rectifier (top), twelve-pulse rectifier (middle),
PWM-controlled rectifier (bottom) [40]

Therefore, it is hard to get an LLC converter that
performs well in all operating modes. Compared
with the DAB converter, LLC resonant tank con-
verter has fewer switching elements [69].

The results for the single-phase short circuit of
each of the AC/DC rectifiers are given are given in
Figure 18 [40]. The results shown in Figure 18 illustrate
the fluctuation due to the short circuits of the single
phase of the uncontrolled rectifier (top), twelve-pulse
rectifier (middle) and PWM controlled rectifier (bot-
tom) in Figure /4. Fluctuations in the short circuit are
not too large to prevent the charging process. In the
twelve-pulse rectifier, the output voltage fluctuated
more than the six-pulse uncontrolled rectifier. If the
input voltage of the PWM-controlled rectifier is less
than a definite value, a sudden drop in voltage oc-
curs at the output. It is preferred to use 6-or 12-pulse
uncontrolled rectifiers if there are large voltage dis-
tortions. If small voltage distortions are present, the
PWM-controlled rectifiers are preferred [40].

5. CONCLUSION

This study focuses on the methods of charging
electric buses. The research on the charging pro-
cess mentioned in two different groups and a gen-
eral perspective have been established. Mode 4
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discusses the conductive charging process. The pa-
per presents the effects of EVSE on the grid and
vice versa, the effects of semiconductors and invert-
er types on the efficiency of EVSE, the performance
of the communication channel. In addition to these
studies, supplementary explanations are made for
understanding the system. When the advantages and
disadvantages are listed according to the purpose
of different types of converters, it has been found
that controlled AC/DC rectifiers are recommended
for the EVSE, and DC/DC bidirectional DAB con-
verters are recommended for wide-range charging.
Due to the harmonic effects of rectifiers to the grid,
using LCL filter and to avoid the unstable opera-
tion of the filter, it is recommended that an addi-
tional resistor should be implemented on the power
circuit of EVSE. It is also suitable to use the PLC
signals from the PWM channel (control pilot) when
the results of the operation for the communication
channel are evaluated. According to IEC 15118,
standard, PLC system is decided for the high-level
communication protocol. In this way, a V2G energy
transfer system can be used. It is also recommended
to use PID controllers to avoid malfunction or fail-

ure in the system.
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TICARI ELEKTRIKLI ARAC SARJ
YONTEMLERININ INCELENMESI

OZET

Elektrikli araglar her gecen giin daha da yayginlag-
maktadr: Ik icat edilen araclardan birisi olan elektrikli
araglar, yeterli enerji depolama dzelligi olmamasi ve elek-
trikli motorlarin verimliliklerinin diisiik olmasindan kay-
nakl olarak uzun yillar goz ardi edilmigtirler. Gelisen yart
iletken ve batarya teknolojisi bu araglara olan ydnelimi

her gecen giin daha da arttirmaktadir. Fakat mevcut
bataryalarin kapasiteleri yeteri kadar biiyiik degildir.
Araglarin ¢ok uzun olmayan menzillerde (yaklasik 150 km)
tekrar sarj edilmeleri gerekmektedir. Bu sebeple elektrikli
araglarim normal otomobil olarak kullaniimasindan daha
cok, kalkis varis bilgileri bilinen sehir igi otobiislerinde
kullanilmalar: konusunda calisilmaktadwr: Dogru sarj te-
knolojisi ve elektrikli otobiisler icin yenilenebilir enerji
varligt sayesinde sehirler daha az giiriiltii ve CO2 emi-
syonuna sahiptir. Icten yanmali motorlarin eneryji tiiketimi,
elektrik motorlarimdan daha yiiksektir. Bu makalede, ticari
elektrikli ara¢ sarj yontemleri ile ilgili calismalar gozden
gecirilecek ve plug-in sarj islemleri ayrintili olarak agikla-
nacaktir. Bu ¢calisma, elektrikli ara¢ ve Elektrikli Arag¢ Te-
darik Ekipmanlar: (EVSE) arasinda plug-in sarj islemi
iletisiminin nasil yapildigina iliskin sorular: yanitlamaya
calismaktadir.

ANAHTAR KELIMELER

Elektrikli Otobiis; Ulasim ve Toplum; Elektrikli
Otobiisler igin Sarj Yontemleri; Elektrikli Arag Sarj
Sistemlerinin Haberlesme Protokolleri; Giivenlik,
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