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1. Introduction 

 The electric vehicle technology, whose scientific and tech-

nical infrastructure emerged in the 19th century, has continued to 

develop intermittently since then. Until the 20th century, numer-

ous electric vehicles were designed, manufactured and sold com-

mercially. In fact, in 1885 an electric car made by Immisch Elec-

tric Works company in London which is produced for His Impe-

rial Majesty the Sultan of Turkey, Abdul Hamid II (1,2). Due to 

the unabated relevance on electric vehicles approximately 4200 

cars hit the roads until 1918. Later, with the falling oil prices and 

the development of the alternator, internal combustion engine 

technology regained its dominance. Nevertheless, some automo-

tive manufacturers have continued their vehicle production ad-

venture with different energy storage systems and drive motors 

(3). 

 During the 21st century, progress in the electric vehicles in-

dustry has gained great momentum. The first ever mass produced 

electric car was General motors EV1 with limited technical capa-

bilities. The EV1 had a fairly reasonable range reaching up to 169 

km (105 miles) which depends on its battery chemistry which is 

lead-acid or Nickel Metal Hydride (NiMH). Due to limited selling 

zone mainly in cities of Los Angeles, California, Phoenix and 

Tucson, Arizona only 1,117 units were produced (4).With the in-

troduction of long-range vehicles by various companies, interest 

and investment in this technology have started to increase again. 

In this trend, Tesla Motors was established in California in 2003. 

In 2004, Tesla Motors began working on the Tesla Roadster, a 

100% electric sports car based on the popular and stylish Lotus 

Elise design. 

 In 2006, Tesla Roadster was exhibited at the San Francisco 

International Auto Show. The Tesla Roadster has inspired the de-

sign of many electric cars to come, influenced their appearance, 

and encouraged some major automakers to transition into electric 

car industry. In 2008, the Tesla Roadster was the first mass-pro-

duced electric car to use lithium-ion battery cells, as well as the 
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first mass-produced electric vehicle to have a range of over 200 

miles (approximately 320 km) on a single charge (5). In the same 

year while campaigning for the presidency, Barack Obama stated 

that when he was elected president, by 2015 there would be 1 mil-

lion plug-in hybrid and fully electric vehicles on the US roads (6). 

By 2019, approximately 7.2 million electric cars were on the 

roads worldwide increasing daily (7).  

 The transportation is the primary industry that contributes to 

CO2 emissions and thus to climate change (8,9). Fossil fuels used 

by internal combustion engines release gases that adversely affect 

the environment. As a result, the adoption of more environmen-

tally friendly transportation technologies has become a necessity 

in today's world, where environmental awareness has increased 

(10). Therefore, the development of transportation technologies 

based on alternative fuels is of great importance (11). World coun-

tries aim to prevent CO2 emissions by implementing environmen-

tal policies (12). Therefore, development of electric vehicle tech-

nology is very imperative (13). Undoubtedly, electric transporta-

tion has deeply affected the transportation industry. Consequently, 

it has accelerated the adoption of electric vehicles and increased 

the production (14,15). 

 Between 2007 and 2010, a total of 11,768 fully electric vehi-

cles were produced (16). However, as of 2013, a total of 206,000 

electric cars, mostly plug-in hybrid models, were sold in 2013 

alone (17). The target of producing 1.9 million fully electric vehi-

cles for 2017 was achieved by the end of that year (18). In 2019, 

a total of 3 million electric vehicles were sold (18). Electric vehi-

cles use electric drivetrain as a means of moving force. The energy 

needed by the electric motors is provided by the batteries on the 

vehicle. 

 Electric vehicles, like many other technologies, started to be 

developed in the laboratory environment and gained their place in 

our daily life with the help of industrialization. Various hardware 

and software are used in conjunction in the implementation of 

electric vehicle technology. These equipment such as battery 

group, electric motor, and inverter can be located on-board or out-

side the vehicle. The best example of this is the charger used to 

charge the vehicle's batteries. 

In order to maintain the mobility of electric vehicles, the batteries 

must be charged. The charger provides charging by converting the 

voltage received from the grid to the required form in order to store 

energy in the batteries (19).   

The steps to do this charging process are as follows (20): 

1. Start of charging 

2. Balancing when charging is near complete 

3. Stop charging 

In addition, three different methods can be used while charging 

the batteries. The first of these can be done by wire, the second by 

wireless, ie by electromagnetic transmission without any contact 

and the third is by swapping the battery (21). It is stated in the lit-

erature that the charging process of the battery group connected to 

the charging station is carried out by three different methods. 

These are the fixed frequency method, the alternating current 

method from the network and the charging method with direct cur-

rent through a rectifier. In this article, wired and wireless charging 

methods are discussed in detail (22,23). 

2. Wired Charging Systems  

Wired charging is a charging method that provides direct trans-

mission of electricity supplied from a generator to the charging 

connector on the vehicle with a conductive cable terminated with 

a standard connector. Wired charging is used in fully electric or 

plug-in hybrid electric vehicles. It is essentially applied in two dif-

ferent ways: the first is charging at charging stations (homes or 

public places), and the second is swapping the battery with a fully 

charged one. Charge types are divided into two as AC charging 

and DC fast charging. 

2.1. AC regular charging 

In the wired charging method, a conductor and a connector are 

needed for charging operation. The cable transfers the required en-

ergy from a standard power socket or a public charging station to 

the electric vehicle. The biggest disadvantage of this method is that 

the user plugs the cable and the socket. Any fault or lack of contact 

in the cable can lead to undesirable results (14). 

CHAdeMO charging standard is used in Japan. In the rest of the 

world, SAE is set as the AC charging standard (24,25). However, 

there is no official standard yet for the DC charging system. Coun-

tries use their own DC charging standards. Wired charging needs 

to be done according to certain procedures. For this, charging is 

performed with three different charge levels as standard. In fact, it 

can be said that the charge levels basically describe the power lev-

els. 

 Level 1 Charging System 

Level 1 charge is the charge made with the charging socket and 

charging cable in the vehicle. Required power is obtained from a 

commonly grounded socket (NEMA 5-15R). The initial cost for 

this charging method (wiring for energy infrastructure, operation 

maintenance and repair) is approximately 800 dollars (26). Level 

1 charging configuration according to SAE standards is shown in 

Fig. 1 (27). 

Fig. 1. Level 1 AC charge configuration (28) 
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 Level 2 Charging System 

Level 2 charging is generally used at private or public charging 

stations. The charging connector, cables and AC charging infra-

structure are used. This charging method is called “Fast AC charg-

ing” at 7 kW (32 Amps single phase) or 21 kW (three phase). The 

Level 2 charging method also applies to workplaces or public 

charging stations. The initial cost for this charging method (wiring 

for energy infrastructure, operation maintenance and repair) is ap-

proximately 3,000 dollars (29). Fig. 2 shows the Level 2 charging 

configuration according to SAE standards (28). 

 

Fig. 2. Level 2 AC charge configuration (28) 

Level 3 Charging System 

In this charging method, batteries are charged with direct current 

at public or private charging stations. While charging is taking 

place, there must be a suitable conductor and suitable connector. 

DC charging is much faster than AC Level 1 and Level 2 charging. 

Level 3 charging system can also be considered as fast DC charg-

ing and depending on the vehicle 50 kW of power can easily be 

directed to the vehicle (30). With Level 3 charger battery can be 

charged from 0% to 80% in just around 20 minutes (31). In addi-

tion, the initial cost of such a power system (including infrastruc-

ture, operation, etc.) is between 40,000 and 70,000 dollars (26). 

The charge configuration for Level 3 is shown in Fig. 3 (32). 

 

Fig. 3. Level 3 DC charge configuration (28) 

2.2. DC fast charging 

In 2012, approximately 2400 DC charging stations were sold 

around the world. In 2019, this number is increased to 100,000. 

According to Pike Research, this figure is estimated to reach 

460,000 in 2020 (33). While DC fast chargers provide users with 

faster charging possibilities, they have the potential to impose a 

sudden load on the electricity grid due to the high power demand 

of the charging station and thus to incur significant costs. For this 

reason, DC fast charging stations can cost several thousand dollars 

more annually for maintenance, repair and service (34). Therefore, 

installing charging stations in public areas at optimum locations 

may help reducing possible annual extra costs (33). One of the 

most important reasons for the widespread of electric cars is the 

expansion and development of charging infrastructure (35). The 

power of a charging station is usually an optimization calculation 

between infrastructure investment and the length of charging time 

(29). The charging infrastructure is divided into two as AC and DC 

charging shown in detail in Table 1 (36,37). In addition, there are 

three main organizations, IEC, CHAdeMO and SAE, in the world 

working on standardizing the electric car charging process and pro-

vide legal infrastructure. Tesla uses its own proprietary charging 

standard. 

 

Table 1. Electric vehicle charging standards and power ratings (38,39) 

Level 
Maximum 

Power (kW) 

Maximum 

Current (A) 

IEC  

AC Charge 

AC Level 1 4-7,5 16 

AC Level 2 8-15 32 

AC Level 3 6-120 250 

DC Charge 100-200 400 

SAE 

AC Charge 

AC Level 1 2 16 

AC Level 2 20 80 

AC Level 3 >20 - 

DC Charge 

DC Level 1 40 80 

DC Level 2 90 200 

DC Level 3 240 400 

CHAdeMO 

DC Fast Charge 62,5 125 
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Charging duration of electric vehicles depends on three main 

factors (39). The size of the battery pack, the power rating of the 

charger and the number of electric vehicles currently connected to 

the charger (40). Level 1 and Level 2 charging processes generally 

take longer and as the size of battery packs and the number of elec-

tric vehicles increase, these charging stations become insufficient. 

Therefore, the DC fast charger stands out as the most promising 

candidate to meet this requirement. DC fast charging is essential 

for EV users, as well as for commercial charging networks. DC 

fast charging is offered by IEC CHAdeMO, SAE J1772 Combo 

and Tesla Supercharger. Comparison of various DC fast charger 

connectors and standards can be found in Table 2.   

Today, the controller area network (CAN) and PLC protocols 

are used to establish secure communication between the electric 

vehicle power management system and the charger control units. 

2.3. Charging Modes 

According to the widely used international charging standard 

IEC 62196, four different charging modes that define the general 

characteristics of various charging types for both electric vehicles 

and charging equipment are determined. These are the de facto 

standards in the electric vehicle industry and each manufacturer is 

obliged to produce charging stations that comply with these stand-

ards. Charging modes determined according to the IEC 62196 

standard are presented in Table 3. 

Table 2. Charging modes. 

 

Mode 1 Charging 

This charging mode is generally used in home environment (42). 

Charging is carried out using a standard power socket. Since this 

charging process can be relatively dangerous, it is not legally ap-

propriate in many countries (23). 

Table 3. List of major inlets and connectors (41) 

 

It can be applied as 250 Volts single phase or 480 Volts three 

phase, not exceeding 16 amps. When using this charging system, 

protective elements such as fuses and relays are used to protect 

against adverse situations such as high voltage and short circuit 

(43,44) In Fig. 5, the visual of Mode 1 charging process is pre-

sented. In Mode 1 charging, it is very important that the energized 

point has a proper ground. In addition, integrating overcurrent or 

overvoltage protective systems is another requirement. Further-

more, connectors must be protected from accidentally touching 

each other. 

Mode 
Proprietary 

Socket  

Control, communication 

and protection system 
AC/DC 

1 No No AC 

2 No Yes AC 

3 Yes Yes AC 

4 Yes Yes DC 

 CHAdeMO GB/T 

US-

COMBO 

CCS1 

EURO-

COMBO CCS2 
TESLA 

 

Chaoji 

Connector 

      

Inlet 

      

Protocol CAN PLC CAN 

 

CAN 

Max Power 400 kW  185 kW  200 kW  350 kW   900 kW  

Market Power 150 kW 125 kW 150 kW 350 kW 120 kW - 

Connectors 27,500 300,000 3,000 11,000 20,000 - 

Starts 2009 2013 2014 2013 2012 2020 Target 
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Fig. 4. Charging modes (45) 

Mode 2 Charging 

Mode 2 charging is also used in the home environment. The re-

quired power is supplied from the house and is carried out via the 

charger installed by the manufacturer. Household feeding equip-

ment and the cable supplied by the manufacturer are used during 

this process. The manufacturer is obliged to provide safety layers 

for charging supply equipment, including overcurrent, overvoltage, 

and temperature protection and earth leakage detection systems.  

The charging process starts when the wall charging station is 

detected. In order to do this, communication between the vehicle 

and the home charging station must be established. There is no reg-

ulation for home charging stations, but it must meet the minimum 

standards. For Mode 2 charging, shown in Fig. 4, a 250 volts single 

phase or a 480 volts three-phase system can be used. The maxi-

mum current drawn from the network is 32 amperes (46). 

Mode 3 Charging 

Special infrastructures are used in Mode 3 charging method. En-

ergy is taken from integrated systems with permanent control and 

protection functions with connector [50]. It is a charging method 

that complies with all standards that control and regulate electrical 

infrastructures. In Mode 3 charging method, energy can be trans-

ferred from the charging station to the vehicle and from the vehicle 

to the charging station. With the V2C (Vehicle to Charger) power 

transfer, the required energy from the vehicle can be transferred to 

other vehicles via the charging station. With V2V (Vehicle to Ve-

hicle) power transfer, electric vehicles can transmit their energy 

over a local network via bidirectional chargers and then distribute 

the energy between electric vehicles. Therefore, V2V allows a 

flexible power transfer between electric vehicles. The Mode 3 

charging method has the same safety standards of Mode 2, and 

charging takes place in public areas. The Mode 3 charging method 

presented in Fig. 4 can provide more power from the charger to the 

vehicle than Mode 2 during charging. Charging stations using this 

method are constantly connected to the energy infrastructure sys-

tem and the systems are controlled by special control methods (47). 

Mode 4 Charging 

In this charging method, the infrastructure and socket installa-

tions are intended to be permanent. Direct current (DC) is used in 

this charging process, which can take place in public, at home or 

in public charging stations. Nowadays, DC charging comes stand-

ard for most electric vehicles but some manufacturers keep it op-

tional. For DC charging to happen, vehicle should have a DC 

charging inlet (CCS, CHAdeMO etc.) and the charging station 

should have DC charging feature. The DC charging station con-

verts the alternating current it receives from the power grid to di-

rect current and enables the vehicle to charge in DC. Mode 4 charg-

ing is shown in Fig. 4. 

Charging Connectors 

The part that provides the vehicle and charging station connec-

tion is called the charging connector or socket. The type of charg-

ing connector depends on the vehicle and power rating of charging 

inlet (48). The charging connector for electric vehicles often varies 

according to standards and geography (49). At the same time, 

charging power is among the effective parameters. Charging 

standards include the Combined Charging System (CCS), the Chi-

nese and CHAdeMO standards. Charging sockets with different 

forms are presented in Fig. 5. 

Fig. 5. Charging socket types according to different standards 

(50) 

 North American AC Charging Connector Standard 

SAE J1772 connector, also known as the J-plug, is used for 

North American standard Level 1 and Level 2 charging. This 

standard does not apply for Tesla but Tesla vehicles can be con-

nected to these charging stations with an adapter connector (50). 

 North American DC Fast Charging Connector Standard 

The DC fast charging standard is generally used in public places 

and long distance travels. Since AC to DC conversion is done ex-

ternally, a controlled infrastructure must be established. DC fast 

charging stations can be installed in the home environment; how-

ever, they are generally installed in public areas due to high cost. 

In addition, the use of DC fast charging once or twice a week is 
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recommended by experts. With DC fast charging, the technical 

charging limit values of batteries are forced to the fullest. This is a 

form of charging that is not very suitable for battery chemistries. 

For DC fast charging, voltage range is 50-1000 V (51). The vehicle 

is charged in a short time. Three different types of connectors are 

used for DC fast charging (52). DC charging methods can be found 

on Table 4. 

Table 4. SAE defined electrical ratings for DC charging are specified 
as follows (51): 

Charge Method 
EVSE DC Out-

put Voltage (V) 

Max.Current 

(A) 

Max Power 

(kW) 

DC Level 1 50 to 1000 80 80 

DC Level 2 50 to 1000 400 400 

CCS (Combined Charging System) 

There are two more pins at the bottom of this charging connector, 

which is used in accordance with J1772 standards. This connector 

has been approved by the SAE and recognized for North America. 

There are numerous companies that use this charging connector for 

electric vehicles that they manufacture. They are: Audi, Porsche, 

Honda, Kia, Fiat, Hyundai, Volvo, Smart, MINI, General Motors, 

Ford, Chrysler, Dodge, Jeep, BMW, Mercedes, Volkswagen, Jag-

uar Land Rover, Bentley, Rolls Royce, and other vehicle manufac-

turers. Even though Tesla has its own proprietary connector, one 

of their vehicles, Model 3 for European countries, comes with CCS 

inlet while for other models Tesla is offering CCS adapter. CCS 

connector is presented in Fig. 5. 

CHAdeMO 

This socket, which has become a standard in Japan, is used 

wherever DC fast charging is available. Mitsubishi and Nissan (53) 

are among companies that use this connector. The CHAdeMO sys-

tem is not compatible with the pins of the J1772 charging connect-

ors. Therefore, it is necessary to use an adapter in order to start 

charging. The image of the CHAdeMO charging connector is pre-

sented in Fig. 6. 

Tesla 

Tesla has a proprietary charging standard with a network called 

Supercharger. It uses the same connector for Level 1 and Level 2 

charging. When Tesla vehicles are in the Supercharger charging 

station, automatic identification system is applied. If the vehicle is 

not recognized, the charging process cannot be started (54). Tesla 

charging socket is shown in Fig. 5. 

European Connector Standards 

230 V is used as charging voltage in Europe. Therefore, this 

charging connector is similar to the charging connector used in 

North America, except that it has half the voltage. For this reason, 

a Level 1 charger cannot be used in Europe. In general, IEC 62196 

Type 2 standard is used in Europe (55). The DC fast charging 

socket used in Europe is the same as the one in North America. 

This way, electric vehicles in Europe are operated according to 

J1772 standards during the charging process. In Fig. 5, Mennekes 

charging connector in accordance with European standards is 

shown. 

3. Wireless Charging Systems  

The foundations of Wireless Power Transfer (WPT) technology 

date back to two hundred years ago. Nikola Tesla sadece 65 

(56,57), whose studies concentrated on magnetic fields, started to 

work on the wireless transmission of power in his laboratory in the 

city of Colorado Springs in 1899 (58,59). In 1961, a low electric 

current energy system was proposed by John Schuder (60). In 1964, 

the feasibility of wireless transmission of power to an airplane was 

confirmed by the microwave power transmission method by Wil-

liam Brown (61). In 1968, a solar powered satellite system was 

proposed by Peter Glaser on microwave power transmission (62). 

By 2007, 60 watts of power was transmitted wirelessly to a dis-

tance of up to 2 meters by MIT (63). Wireless power transfer can 

be done in three different ways: electromagnetic radiation, electri-

cal connection and magnetic connection (64,65). Electromagnetic 

radiation method is used for long distance power transmission us-

ing microwaves. Although this mode is an inefficient method, it 

can be unsafe due to the radiation. The other two methods are less 

harmful and more suited for close distances. The electrical connec-

tion is also known as capacitive power conduction and the required 

energy is transmitted between the metal plate electrodes via an 

electric field. This mode is less researched than other modes in the 

literature. The reason for this is that the effect of electric field is 

more harmful for living beings than the magnetic field (66–70). 

Generally, the main components of the wireless charging system 

for electric vehicles are presented in Fig. 6. 

 

Fig. 6. Wireless charging system main components for electric 

vehicles (71) 

The increase in the transportation industry worldwide has led 

to an increase in the greenhouse gas effect (72). Electric vehicle 

industry has gained more importance with this increase and thus 

the environmental awareness (73). Unlike vehicles with internal 

combustion engine, electric vehicles can benefit from renewable 

energy sources and have less greenhouse gas impact on the envi-

ronment (74). However, with the short range and constantly devel-

oping battery technology, electric vehicles still face many prob-

lems. Wireless Power Transfer is seen as a promising solution to 

overcome some of these problems. WPT is safer and simpler than 
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conventional chargers because it does not require a cable to trans-

fer energy (75). Wireless power transfer can be accomplished in 

two different ways: dynamic charge and constant charge. In dy-

namic wireless charging, vehicles are in motion and in constant 

charging, vehicles are stationary. Dynamic charging can reduce the 

need for on-board battery capacity, increase the driving range, and 

thus reduce the weight and cost of the vehicle (76,77). In 2009, the 

dynamic charging system was developed by the Korea Advanced 

Science and Technology Institute in South Korea. To solve the 

power transmission distance problem, I-type coils and U-type 

power supply rails have been proposed. Power transfer was 

achieved within a distance of 17 cm. However, there were effi-

ciency issues. Only 72% efficiency and 60 kW power transfer have 

been obtained. As a result of this transfer, a promising technology 

was introduced in the charging of electric vehicles. Later, this tech-

nology was attempted to be tested on a road in South Korea. The 

test took place at a distance of 48 km and the efficiency rate was 

increased to 83% (76).  

In 2010, Bombardier Company developed a charging system 

for trams. Because more power is required due to its weight, stud-

ies have been made for a higher charging power (78,79). Since 

trams provide urban transportation, a power of 250 kW has been 

transferred by using both dynamic and fixed charging systems at 

the same time (80). In 2013, Oak Ridge National Laboratory in the 

USA started working on the circular coil and application research 

for electric vehicles (81). As a result of this study, a power of 2.2 

kW was transferred with 74% efficiency. In 2014, a fixed charging 

system with a distance of 20 cm was developed by the Chinese 

ZTE Corporation. This system could transfer 30 kW of power. 

Later, it is enhanced to an efficiency of 90% (82).  Many re-

searchers and companies have worked on wireless charging trans-

fer. The research adventure, started in 1800s with Hertz and Tesla, 

continued in 2009 with the studies of KAIST University in Korea 

(83). In addition, company-level research started in 1996 with 

General Motors and continued with Nissan in 2017. Studies on 

wireless power transfer are presented in the form of milestone in 

Fig. 7 and Fig. 8. After 2017, companies such as WiTricity, Con-

ductix-Wampfler, LG, Evatran, Momentum Dynamics and Qual-

comm HaloIPT continued their studies on efficiency and cost anal-

ysis on the wireless charging system 96 (84). In this section, fixed 

wireless charging and dynamic wireless charging are examined in 

detail. 

 

 
Fig. 7. Academic studies for wireless charging (85) 

 
Fig. 8. Industrial studies on wireless charging (85) 

3.1. Static Wireless Charging System 

The fixed wireless charging method has been developed to pro-

vide safer environment for electric vehicle users. When the user-

oriented charging process of wired charging stations is carried out, 

dangers such as electric shock may be encountered during plug-

ging and unplugging cable. A fixed wireless charging system is 

shown in Fig 9. 

A coil is placed under the vehicle to transfer the required power. 

The receiver coil can be mounted at the front, rear or middle of the 

vehicle. The receiver converts the incoming AC power to DC and 

allows it to be stored in batteries. In order to avoid safety problems, 

the battery management system works actively during the charging 

process and oversees the system.  

Fig. 9. Static wireless charging system 

 

The charging time varies depending on the battery capacity and 

the distance of the air gap between the receiver and transmitter.  

For passenger cars, this distance varies between 150-300 mm 

(86). Fixed wireless electric vehicle charging system can be in-

stalled in homes, parking lots, shopping malls and parking areas.  

Researchers and commercial level organizations have con-

ducted many researches on fixed wireless electric vehicle charging 

method as seen in Table 5 (70,87–89).  
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Table 5. Development of static charging systems (90) 

 

The calculated cost for charging power varying between 3.3-7.2 

kW varies approximately between 2700-13.000 USD (91). It is 

possible to operate between 3.3 kW and 7.2 kW with frequency 

ranges of 81.9-90 kHz. Therefore, 3.3 kW was previously offered 

as a Level 1 charge and 7.2 kW as a Level 2 charge. This charging 

method has been developed in accordance with the SAE J2954 

standard (92). Generally, laboratory studies have calculated the ef-

ficiency of a power transfer for 1 kW and 20 kW at a distance of 

100-300 mm to be between 71% and 95% (93). 

3.2. Dynamic Wireless Charging System 

 One of the biggest problem for plug-in electric, hybrid and 

fully electric vehicles is the weight of the battery depending on its 

energy capacity (37). It is very common to use high capacity bat-

teries to eliminate the range issue. High capacity battery also 

means excessive battery cells and additional weight. This is unde-

sired for automotive manufacturers. Dynamic wireless charging 

aims minimizing the cost by eliminating the need for a high capac-

ity battery. This system is also known as road powered systems 

(81). The basic scheme of dynamic wireless charging system is 

presented in Fig. 10 and 11 

 

 

Fig. 10. Basic diagram of the dynamic wireless charging system (94,95) 

Research & Development Institute / Company Vehicle Type  
Efficiency 

(%) 

Plugless Power (Evatran Group) (2016–17) Passenger Cars  90 

WiTricy Corporation (2009–17) Passenger Cars and SUV >90 

Qualcomm Halo (2010–17) Passenger Cars, sport and race >90 

Hevo Power (2017–18) Passenger Cars 90 

Bombardier Primove (2015–17) Passenger Cars and >85 

Momentum Dynamic Corporation (2015–17) E-bus Commercial Fleet and Bus TBA 

Conductix-Wampfler  (2002–03) Industry Fleet- and Bus TBA 

Siemens and BMW  Passenger Cars >90 

Delphi (2011–17) Passenger Cars TBA 

Wuhan University, China (2017) Experimental ≈81 

Korea Institute of Industrial Technology (KITECH) (2016) Experimental 93 

Michigan State University (2016) Experimental ≈82 

KAIST University (2016) Experimental 95.96 

Oak Ridge National Lab (ORNL) (2013–17) Prototype ≈89-90 

University of Michigan-Dearborn  (2014) Experimental 90 

95.7 
University of Auckland  (1997–17) Passenger Cars >85 

The University of Georgia  (2014–17) Prototype >80 

Energy Dynamics Laboratory (EDL)  

 and Utah State University (2012) 

Experimental >90 

KAIST University (2010–14) Passenger Cars  and SUV 74-83 
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Fig. 11. Basic diagram of the dynamic wireless charging system (94,95) 

In dynamic wireless charging, secondary coil such as static 

wireless charging is mounted under the vehicle. When electric ve-

hicles pass over the coil placed on the road, a magnetic field is cre-

ated and an inverter converts AC to DC power and stores the en-

ergy in battery groups. With this method, required battery capacity 

for electric cars is reduced by approximately 20% (75). In dynamic 

charging process, the transmitter coil and necessary components 

must be installed in predetermined locations (96). As shown in Fig. 

11 and 12, the coil in the transmitter state can be placed in two 

different ways. First, a large coil, and next, small coils can be 

placed (97). Deciding on which method to use depend on the road 

structure, desired efficiency rate and cost (98). In the dynamic 

wireless charging model, the initial setup cost is high (99), but the 

efficiency level will increase while the initial construction cost will 

decrease with autonomous vehicles in the future. This charging 

system can be actively used in passenger cars, commercial trucks, 

and transportation services such as buses and railways. In Table 6 

(100–107) the development of the dynamic wireless charging sys-

tem is summarized.  

 

Table 6. Development of the dynamic wireless charging system (90) 

Research and Development In-
stitute 

Power 
(kW) 

Efficiency (%) 

Oak Ridge National Labora-

tory (ORNL) 

20 90 

University of Auckland, New 

Zealand 

20-30 85 

Japan Railway Technical Re-

search Institute 

50 TBA 

KAIST University, Korea 25-100 85 

Flanders Drive with industries 

and universities 

80 88-90 

EV System Lab & Nissan Re-

search Centre 

1 >90 

North Carolina State Univer-

sity, USA 

0.3 77-90 

In a dynamic charging system, the energy transferred to the bat-

tery depends on several factors (81). The speed of the vehicle and 

the power of the charging system play an important role in the 

amount of energy transferred. This system is divided into two ac-

cording to the coil structure on the transmitter side; single and seg-

mented transmitters. Each system has its advantages and disad-

vantages. In a single transmitter system, it is buried as a single 

transmitter on the road as seen in Fig. 12. The coil placed under the 

vehicle is smaller. The advantages of such a system are; 

1. Only one source is connected to the transmitter and it is 

named as the main source. Multiple resource costs are 

eliminated. 

2. As the vehicle moves along the road where the system is 

integrated, the connection coefficient between the coils is 

almost constant and the movement of the vehicle consid-

erably affects the connection parameters. 

The different lengths of the primary and secondary coils also 

lead to some vital disadvantages. These are; 

1. Harmful electromagnetic waves may be emitted. 

2. Compensation capacitor to be located on the primary coil 

should be spread throughout the coil, which requires ex-

tra cost. 

3. The efficiency of the transferred power will be low. 

In the segmented coil structure presented in Fig. 11, the energy 

of the main source sent to the system is divided into more than one 

coil. In addition to the main source, there are multiple helpful re-

sources here. The coil or coil group closest to the vehicle is con-

nected to the main source. This way, the magnetic waves propa-

gating outward are minimized. Unlike the other method, a long coil 

is not active on the road and the coil that the vehicle passes over 

will be active. The location of the vehicle is crucial in this system. 

Since the coils will be energized according to the vehicle position, 

the energization of the first coil is vital for the others. This is the 

most important disadvantage of the split coil charging method. An-

other disadvantage is to optimize the distance between the coils on 

the road. Both dynamic wireless charging methods can be applied 

in a reliable way, considering the road structure, cost and effi-

ciency (97). 

4. Electric Vehicle Charging Stations in Turkey 

Renault Fluence ZE was the first electric vehicle to be sold in 

Turkey in 2012. The electric vehicle market diversified with the 

addition of BMW i3 and Renault Zoe models in 2014. In recent 

years, fully electric vehicle sales began to gain momentum in the 

world, despite the preference for more hybrid cars in Turkey's au-

tomotive market. Technical specifications of the charging system 

of the electric vehicles in Turkey are presented in Table 7. In par-

ticular, Turkey’s efforts to manufacture its own electric vehicle is 

considered to be a major cause of this increase (108). 

In Turkey, 889 electric cars were sold in 2015 and sales were 

increased 30% in 2016, and 45% in 2017. In 2018, sales figures 

were increased a record high 218% and later in 2019, the increase 

was 280%. In 2020, a large increase in sales figures is not expected 

due to the economic bottleneck and decreasing consumption trend 

in the world due to the epidemic. As of February 2020, a total of 
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17,749 electric vehicles were sold. Another factor in the increase 

in sales over the years can be shown as the increase in the number 

of charging stations throughout the country (108). Electric vehicle 

sales figures from TSE (Turkish Standardization Institute) data 

presented in Table 8 (109). 

Between the years of 2011-2020, total of 1126 charging stations 

were installed which corresponds to one station per two electric 

cars. Total of 11 companies invest in the charging infrastructure 

while 18 companies are involved in sales and marketing (110) . 

122 of 582 charging points in Turkey are CHAdeMO and CCS 

which supports DC fast charging. Other charging stations are AC 

devices that are designed and manufactured according to the EU 

standards (110). The map of installed charging stations can be 

found in Fig. 12. 

 

 

 

 

 

 

Table 7. Technical characteristics of the first market of electric vehicles 

charging system in Turkey 

 

AC Charge 

(1 or 3 phase) 

Maximum 

Input Power (kW) 

Battery 

Capacity 

(kWh) 

Approx. 

Range 

(km) 

DC Charge 

Option 

Renault Zoe 1 or 3/43 22/41 240/400 
(NEDC) 

No 

Tesla Model 

S 75D 
1 or 3/22 75 490 

(NEDC) 
Yes 

(Tesla) 

BMW i3 1 or 3/11 22/33 190/300 
(NEDC) 

Yes 
(Combo) 

Nissan Leaf 1/7.4 24/30 200/250 
(NEDC) 

Yes 
(CHAdeMO) 

Ford Focus 

Electric 
1/6.6 33.5 185 

(EPA) 
Yes (Combo) 

Chevy Bolt 1/7.4 60 383 
(EPA) 

Yes (Combo) 

Chevy Volt 

PHEV 
1/3.3 16 60 

(EPA) 
No 

 

Table 8. TUIK, vehicles with internal-combustion engine, February 2020 (109) 

 

Analysis based on the country’s regions has been conducted on 

the current charging stations that are actively being used. Based on 

the results, Marmara region has the most charge type variety and 

there are 251 charging stations in total. These charging stations 

house CCS/SAE, CHAdeMO, J-1772 (Type 1), Tesla and Type 2 

connectors. The charging stations shown in orange in Fig. 13 are 

designated as CHAdeMO and CCS. Green stations indicate other 

AC charging sockets. 

Year Total Gasoline (%) Diesel (%) LPG (%) Electric – Hybrid (%) 

2011 8.113.111 3.036.129 37,4 1.756.034 21,6 3.259.288 40,2 47 0,0 

2012 8.648.875 2.929.216 33,9 2.101.206 24,3 3.569.143 41,3 228 0,0 

2013 9.283.923 2.888.610 31,1 2.497.209 26,9 3.852.336 41,5 436 0,0 

2014 9.857.915 2.855.078 29,0 2.882.885 29,2 .076.730 41,4 525 0,0 

2015 10.589.337 2.927.720 27,6 3.345.951 31,6 .272.044 40,3 889 0,0 

2016 11.317.998 3.031.744 26,8 3.803.772 33,6 .439.631 39,2 1.160 0,0 

2017 12.035.978 3.120.407 25,9 4.256.305 35,4 .616.842 38,4 1.685 0,0 

2018 12.398.190 3.089.626 24,9 4.568.665 36,8 .695.717 37,9 5.367 0,0 

2019 12.503.049 3.020.017 24,2 4.769.714 38,1 .661.707 37,3 15.053 0,1 

2020(1) 12.598.885 3.041.995 24,1 4.813.165 38,2 .689.549 37,2 17.749 0,1 

(1) Data as of the end of February. 
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Fig. 12. Charging stations in Turkey 

There are total of 86 charging stations in the Mediterranean Re-

gion. These charging stations continue to operate with CCS, 

CHAdeMO, J-1772 (Type 1) and Type 2 sockets. There are 62 

charging stations in total in the Aegean Region and the charging 

socket types are similar to the Mediterranean Region. The charging 

socket in the eastern part of Turkey provide slowest power charge. 

There are total of 21 charging stations in the Eastern Anatolia Re-

gion and these charging stations have Type 1 and Type 2 charging 

sockets. Type 2 charging sockets are used effectively in the South-

eastern Anatolia Region. CHAdeMO charging sockets are used in 

2 charging stations in total. Though there are future plans but there 

are no Superchargers in Turkey as it is owned and operated by 

Tesla. High charging power demand is met from CCS and 

CHAdeMO charging sockets.  

Table 9. Type of charging stations in Turkey 

Region C
h
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Charging Station Type 
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E

 2
 

T
Y
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 3
 

Marmara 251 x ✓ ✓ ✓ ✓ x ✓ x 

Mediterranean 86 x ✓ ✓ ✓ x x ✓ x 

Aegean 62 x ✓ ✓ ✓ x x ✓ x 

Central  

Anatolia 
95 x ✓ ✓ ✓ x x ✓ x 

Black Sea 33 x x x ✓ x x ✓ x 

Eastern  

Anatolia 
21 x x x ✓ x x ✓ x 

Southeastern An-

atolia 
34 x ✓ x ✓ x x ✓ x 

Total 582  

Currently there is no charging station in Turkey that can supply 

250 kW or more power. It is thought that this investment is not 

made due to the lack of the vehicles supporting high levels of 

power. The medium-level fast charging need of the electric cars 

sold was met from the CHAdeMO and CCS charging sockets. The 

most commonly installed type of charging socket was Type 2. All 

regions include at least one charging station with Type 2 charging 

socket. Wireless charging station infrastructure in Turkey is used 

in general in a shopping mall and underground parking lots. Cable 

station structure was used for intercity roads. Number of charging 

stations and socket types in Turkey are presented in Table 9. 

5. Conclusions  

This article provides a review of the wired and wireless charging 

systems in use that are standardized or candidates for standardiza-

tion. Wired or wireless charging systems have different features 

according to environmental conditions, cost and structures of elec-

tric vehicles and can be applied in different ways. Wired charging 

systems are developed according to different power levels and 

types so that users can choose depending on the desired charging 

power and cost. For example, AC charging systems are produced 

and presented as standard in different power values as Level 1, 

Level 2 and Level 3. In addition, since each country has different 

electricity, power and connector standards, charging systems are 

produced with different types of connectors. These are namely; 

Type 1, Type2, Type 3 and Type 4. There are different types of 

charging modes regarding the method of application of wired 

charging. These charging modes are direct connection to the 

household socket, connection to the socket with mobile charging 

equipment, connection to the fixed charger with the standard 

charging cable and connection to the fixed DC charging station 

with the standard charging cable. It is referred to as Mode 1, Mode 

2, Mode 3, and Mode 4, respectively. 

Wireless charging is still a new application for electric vehicle 

technology. If in the future, reducing the battery capacity of elec-

tric vehicles is desired, it is predicted that this method can be ap-

plied easily, especially in downtowns. With continuous develop-

ments in battery technology, the path how wireless charging can 

be applied has already been determined, and studies on the com-

mercial aspects of charging technologies still continue. The popu-

larity of electric vehicles are growing from day to day and they are 

rapidly spreading worldwide especially in the industrialized coun-

tries. In Turkey, electric vehicles were introduced commercially in 

2012. In addition to the increasing user interest, the accessibility of 

this technology is also noticed by the government and industrial 

organizations. 

It is understood that, unlike the internal combustion engine tech-

nology, electric vehicle technology is still viable, applicable and 

developable in Turkey. This approach can be seen clearly by the 

work done under the roof of Turkey’s Automobile Enterprise 

Group (TAEG - TOGG), which is supported by both the govern-

ment and the private sector. Some commercial vehicle manufac-

turers started working on electric public transport vehicles well 

ahead of TOGG initiatives (111–114). Apart from these, electric 

vehicle studies have been carried out within various universities 

(115–117). With the help of competitions and calls supported by 

the Scientific and Technological Research Council of Turkey 

(TÜBİTAK), it is seen that the processes to increase infrastructure 

and human resources competencies for both attracting attention 

and the development of technology are carried out successfully. In 

the light of this awareness, the private sector started their infra-

structure activities in charging stations, which are essential for 
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electric vehicles. It is seen that numerous companies' charging sta-

tion projects completed their R&D phase and started the produc-

tion phase. Some of these companies offer installation and sales 

services as well as production. 

In this study, charging systems of electric vehicles have been 

reviewed, and how these systems are formed, constructed and op-

erated within the framework of standards is presented. Electric ve-

hicle charging technologies from Turkey’s perspective were pre-

sented with the latest information and studies observing the instal-

lation of charging stations in the country. Charging stations in Tur-

key were examined according to regions and connector types. 

This study reveals that high-power charging station installations 

are very limited. In addition, there are widely used medium power 

level charging stations with CCS and CHAdeMO connectors. It 

has been determined that there are no DC fast charging stations in 

the eastern and northern regions of the country and mostly Type 2 

charging connectors are used. Dynamic wireless charging points 

and higher power DC charging stations have not been installed, as 

the demand for high-power charging stations has not yet formed a 

feasible investment trade-off. Establishment of appropriate infra-

structures for this type of charging stations that will affect the ex-

isting grid at a minimal level will be considered as a separate sub-

ject of study. With the increasing interest in electric cars, it is con-

sidered that the installation of such high-speed charging stations 

will accelerate, and academic studies should be carried out until 

the market reaches a reasonable volume. This study is aimed to be 

a resource for researchers who will work on charging stations of 

electric vehicles. 
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