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1 HISTORY OF ELECTRIC VEHICEE

Before 1830s, transportation wasonly by steam-powered carriers. Michael Faraday discovered

the laws of electromagnetic induction in 1831 and shortly after the DC motor is invented. These

inventions enabled battery powered carriages. At the dawn of the development of electric

vehicles (EVs), information about research and invetions spread much slower than today. Most

of the inventors worked independently without kn
Also, research papers, patents and standards were less often submitted. As a result, we cannot

say who developed the first electric vehicle; instead, we are going to explore the early

developments of EVs.

1.1 The First Electric Vehicles

There are various inventors that took part in t
vehicl es. One of t he f iarias inventoawho denejoped ankleatrit i k , a
motor and produced a model electric car in 1828. Robert Anderson, Scottish inventor,
developed a crude electric carriage sometime between 1832 and 1839. In 1835,Dutch
Professor Sibrandus Stratingh andhis assistant Christopher Becker developed a smaliscale

electric car, powered by non-rechargeable battery cells[1].

Rechargeable batteries were not developed until
invented the fir st leaddacid battery. Later in 1881, Camille Alphonse Faure improved the battery

design and reached increased capacity. His work and developments led to the massproduction

of lead-acid batteries [1]. One of the first human-carrying electric vehicles with integrated

power source was tested in Paris, in April 1881
Siemens electric motor and a rechargeable battery into a tricycle, creating the Trouve Electric

Tricycle as shown inFig. 1.1 [2].

Co-funded by the
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Fig. 1.1 Trouve Electric Tricyclg2]

Il n 1882, William E. Ayrton and John Perry
vehicle using a secondary battery. Its top speed was 9 mph (14.5 km/h), and it traveled a
distance of 10 miles (16 km) to 25 miles (40 km). 2 years later, in 1884 e first mass-produced

electric car was built by Thomas Parker, a British inventof1].

1.2 The Golden Age of EVs

Steam, gasoline and electric powered cars were seen together on roads in 1880s. Gasoline cars
were very uncomfortable, because they were unstable and could stop from time to time on
road and had to operate manually by hand as shown in Fig.1.2. Moreover they were noisy, had
vibration and bad smell. Steam powered cars were also noise and had vibration. Additionally,
their start-up times were very long, up to 30 minutes in cold weather. On the other hand, the
electric cars were more comfortable; there was no vibration, noise or odor. Theyd i d made

gearshift and operated without need for manual starting.

Co-funded by the
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Fig. 1.2 [3]

While steam-powered cars had advantages for long driving distances, the electric cars were
popular as city cars in relatively short distances. Around the late 1800s and early 1900s (the
Golden age of electric cars), EV manufacturing was already a relatively robust and successful
industry. In 1899, there were 12 EV manufacturers in the United States, and due to the short
range, they were mostly producing cars for city use and for taxi companies. In 1900, 4200
automobiles sold in USA; 40% steam powered, 38% electric powered and 22% gasoline
powered [4]. In this period, EVs were considered clean, quiet and efficient compared to other

solutions.

One of the biggest obstacles for EVs was the lack of practical and rechargeable battery
solutions. Even though Thomas Edison managed to develop the nicketiron battery and provide
over 100 miles range, this technology was not perfect. Its weight, sensitivity for damages and

high cost did not let the nickel -iron batteries revolutionize the EV industry.

In the early 1900s, the gasoline cars began to gain popularity inthe market. The electric starter
motor (cranking system) was invented in 1911 that were greatly increased the comfort of
gasoline cars. Additionally, exhaust systemswhich significantly reduce the car noise, and coil
spring suspension, which reduces vibration, were developed. These three technologies have
had major impact on the comfort of gasoline cars, and thus customer preferences have shifted
to gasoline cars. Fast filling the gas tank, long driving range and low cost were the biggest

advantagesofgas ol i ne <car s. Henry Fordds Model T played

Co-funded by the
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electric cars by providing the customers what they needed: a reliable, easyto-use, and
affordable car. Also, the developing road network and the discovery of cheap Texas crude olil
contributed to the decline of electric vehicles. By 1935, most of the EVs disappeared from the

streets.

Later, during World War |11 due to oil shortage a
interest in EVs appeared again. Still, batteries did aly allowed a limited number of applications

with a low capacity.

13 Todayods Electric Cars

Long years passed without significant market interest in EVs. The development towards
marketable EVs restarted due to environmental considerations. The most important
technol ogical enabler that contributed to 4todayods
ion battery in the 1980s, commercialized by Sony in 1991. The most important unit of the
lithium -ion battery, the cobalt -oxide cathode was invented by John Goodenough and his team
at Oxford University. After, this technology made possible the development of consumer
electronics and EVs with longer range. In 2019, Goodenough and two other researchers

received the Nobel Prize for helping to develop and improve lithium -ion batteries [5].

Thanks to the lithium-ion technology, the development of EVs received a tailwind. Some

milestones of EV technology are listed below [5]:

A 1881: Trouve Electric Tricycle
1959: HenneyKilowatt, top speed 60 mph, range 60 miles. 47 sold.
1996: General Motors EV1, available only for lease (battery: 16.5 kWh, range: 89 km)

1997: Toyota Prius is released which is the first massproduced hybrid electric car (HEV).

o o o o

2006: Tesla Roadster isritroduced. It is the first passenger car in serial production. It
costs $80.000. (battery: 53 kWh, range: 320 km)

2009: Mitsubishi i-MiEV (battery: 16 kWh, range: 100160 km)

2010: The first PlugIn Hybrid Car, Chevrolet Volt was introduced.

2010: NissanLeaf (battery: 24 kWh, range: 117175 km)

o o Do D>

2012: Tesla Model S released, from $50,000 (battery: 7800 kWh, range: 401647 km)

Co-funded by the
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A 2016: Tesla Model 3: the world's bestselling electric car in history, with more than

500,000 units delivered as of 2020, from $35000 unit price. (battery: 50-75 kWh, range:
350-518 km)

Despite Teslads dominance in EV technology and m
the EV market. For example, Rivian, Nikola Motors or Lucid Motors in the USA and Nio, WM
Motor or Xiaopeng Motors in China are mass producing EVs. The traditional automotive players

are also in the competition (e.g. Nissan, Kia, VW, PSA Group, etc.)

There are different setups of EVs running on solely electric motors or when the electric motor

works as an extension of the Internal Combustion Engine (ICE). A hybrid eletric vehicle (HEV)

derives part of its power from a conventional ICE and part from an electric motor and battery,

whil e al/l of its energy is generated by burning
recharged by regenerative braking technologies and it results in better average litres/km. Some

of the models are charging the battery directly by the ICE.

PHEVs are generally designed with a relatively small battery that is covering daily commuting
of owners (approximately 50km), while for longer trips the ICE comes in. This setup is
favourable for many customers as it provides as low emission solution for cities and it still has
the comfort of filling tanks traditionally. PHEVs are the link between EVs and ICE cars. Today,
there are BEVs with rangesrom 200 km up to 800 km.

PHEVs are expected to phase out by the time EVs with longer ranges become affordable for
the people. Additionally, more and more countries are placing bans on the production of ICES

from the years of 2035 or 2045, which will mean the end of PHEV production as well.

A battery electric car (BEV) gets driving power from the electric motor(s), while the energy is
from a battery, being recharged from the electricity grid. BEVs use regenerative braking to
increase efficiency as well. Ineveryday language, the phrase electric car is meant for battery

electric cars

Co-funded by the
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1.4 The Present and Future of EVs

The significance of the EV market can be explained by the sales number of today and of the

close future. Letds take a |l ook at Bl oomber gNEF?®
EV sales

There were 450,000 passenger EVs sold in 2015, while in 2019hé number was 2.1 million. In
2020 this number is continuing to rise rapidly, while batteries are getting cheaper, thanks to
R+D activities and the energy density of batteries is increasing. In themeantime, the charging
network is growing to accommodate t he increased demand of EVs. By 203026 million and by

2040, 54 million EVs are predicted to be sold.
EV share of new car sales:

The share of sales of EVs is still small, approximately 2% in 2020. However, it is rising fast and
by 2040 more than half of the passenger vehicles sold will be electric. It is important to mention,
that in developed countries the ratio will be significantly higher compared to emerging
markets, which reduce average market penetration significantly. By 2030, BloombergNEF

predicts that 28% of the new cars sold will be EV. By 2040, this number increases to 58%.

Size of the global EV fleet : EVs will become a common sight in the following years. Most of
them will be BEV, but PHEV will also play a role in the next 10 years. Then, as ménned before,
low prices and the regulatory environment will be favourable for pure BEVs. In 2020, 8.5 million

EVs are on the road, which number is expected to increase to 116 million by 2030.

Global vehicle fleet : Despite the rapid development of EV related technologies, the improved
charging network or the environmental advantages, in 2030, there will be 1.4 billion passenger
vehicles on the road from which EVs account for only 8%. As the ICE fleet is getting older, by

2040 31% of passenger cars are expeted to be the EVs.

1.5 Automotive Industry in Transition

The following years are bringing an important change in the automotive and energy industry.
A global energy transition towards a more sustainable system based on decentralized,
renewable energy generation and technologies that make it happen, such as batteries and

smart grid solutions. There are 3 main factors that are driving the transttion of the automotive

Co-funded by the
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industry; technological development of batteries, policymaking, and change in customer needs.

These three main factors explained in detail in following.

1.5.1 Technological development of batteries

Battery prices are decreasing, while the technology is maturing, and the power and capacity of
batteries are increasing. The price of the most widely adopted Li-ion batteries is around 156

USD/kWh today. According to BloomberNEF, reaching 94 USD/kWh price by 2024 and 62
USD/kWh by 2030 is possible as shown inFig. 1.3(a). The demand to batteries is expected to

increase exponentially in the next ten years as shown inFig. 1.3(b) [6].

1.5.2 Policymaking

Accelerating the rate of EV adoption is clearly an objective of many countries to mitigate
negative effects of the use of fossil fuels for passenger vehicles and transportation.
Policymakers are introducing higher and higher standards towards vehicles concerning
emissions, while more and more companies are aiming to become carbon-free and to
contribute to sustainable development goals. As a result, low-carbon transport solutions are

taking over the market.

In October 2019, 35 cities pledgedtot r ansf orm 6a maj or ar eao
free by the year of 2030. The C40 FossiFuel Free Streets Declaration was signed by 17
European cities incl. Barcelona, Berlin, Amsterdam, Manchester, Copenhagen, Madrid an
Warsaw. Some examples:

Oslo Fossiltfree city centre by 2024. All city fossilfree by 2030.

Paris Diesels banned by 2024 and petrol cars banned by 2030

Rome Emissionsfree transportation only in the city center by 2030

London Central London to be a zero emission zone by 2025

Brussels Diesels banned by 2030 and petrol (incl. LPG) cars banned by

2035
Additionally, several European countries pledged to phase out the sale of new ICE vehicles

soon. After the date, only emission-free vehicles can be sold new; 2025: Norway; 2030
Denmark, Iceland, Ireland, the Netherlands; 2032: Scotland ; 2035: United Kingdom; 2040

France, Spain

Co-funded by the
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Lithium-ion battery price outlook

Lithium-ion battery pack price (real 2018 $/kWh)
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Fig. 1.3

1.5.3 Change in customer needs

Urbanization requires cleaner technologies in cities, with zero local emission. Also, consumer

preferences in cities are in change and carownership started decreasing. Thewayc ust omer 8 s
access, purchase, and use cars and other ways of transporare changing thanks to increasing
connectivity and the use of e-commerce. New tect

a great impact on mobility. It is clear, that the future is less product and more service [7].
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1.6 Business Opportunities of the  Sector for Professionals

The number of EVs and charging stations is growing hand in hand. To develop, produce and
maintain EVs and the charging infrastructure, a great number of professionals are needed.
Engineers, technicians, electri@ans, and different specialists are and will be demanded by the

industry. It can be stated, that the EV industry is promising in terms of career.
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2 ENVIRONMENTAL EFFECTS OF ELECTRIC VEHICLES

Today environmental concerns are high since global warming and environmental pollution
seriously threat the human life on earth. The average temperature of Earth surface steadily
increasing after industrial revolution at 1900s. Scientific investigations revealed thatthe global
warming is caused by greenhouse gases,i.e., CO;, methane etc. Their concentration in the
atmosphere is increased by human activities. The main contribution to greenhouse gas
emission iscoming from combustion of fossil fuels. Therefore, it is obligatory to stop the usage

of fossil fuels as soon as possible

The fossil fuels are not used in cars only. The majority of them are used in industry. In order to
reduce harmful emissions, all of them should be replaced with renewable sources. According
to the REN21, Renewables 2019 Global Status Report, the 32% of World energy consumption
is used by transport sector as shown inFig. 2.1. But only 3.3% ofthat is supplied by renewable
sources, e.g. wind, solar, biofuel etc. It is very small percent. The ultimate goal is to make it

100% renewable.

Heating and Cooling Transport 3 2% Power 1 7%
9.8% |5.3% 3.3% |0.8% 26%
Renewable | Non-renewable Renewable Non-renewable Renewable
energy electricity energy electricity energy

s 3.0
( Modern bioenergy, Biofuels
| solar thermal and
I — geothermal heat
1.8% 0.3% Renewable
Renewable electricity Renewable electricity electricity

Source: REN21, Renewables 2019 Gldktatus Report
Fig.2.1

To reach the 2030 emission targets of European Union, a considerably higher ratio of EV is
needed on the roads. Driven by customer needs and policy making, the car industry istrying

to find solutions to meet the targets and to reduce emissions.
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We all know that EVs have zero local emission while running. This statement is true for

greenhouse gas (GHG), NOx and particle emissionsHowever, dill there are emissions when

we are charging the batteries and when producing t he batteries and even the car.

There have been extensive researches to answer the question: if EVs are more beneficial for the
environment then traditional Internal Combustion Vehicles (CV9 or not. Several researchers

used Life Cycle Analysis to find out the answer, more specificallyVell-to-Wheel analysis (WTW).

2.1 Greenhouse Gas Emissions

The Well to Wheel analysis is analysing all the C@emissions that happen from the production
of parts (i.e., mainly batteries), transport and fuel/electricity consumption of car while on the
road. Also, it is important to mention that recycling or treatment of used batteries at the end

of their life is a significant event that has to be considered when evaluating environmental

friendliness of EVs.

Vrije Universiteit Brussel and the Transport & Environment NGO did a WTW analysis for a
diesel-powered car and an EV[1]. The calculations considered 200,000 km distance and
calculated to have the battery of the EV replaced once in this time period. After calculating the
CO; emissions of producing diesel and electricity, the chassis of the cars, the engines, the
battery and the electronics, the results showed that EVs emit less than half of the CQ as diesel
ICVs. Researchers used the CQemissions data of the EU energy mix. In case of EVs, 15% of the
CO; emissions were from the production and recycling of batteries, while the electricity used
for driving was the major source of CO,. Considering the increasing ratio of renewable energy

in electricity production, the CO» emission of EVsis only getting lower in the following years.

Certainly, CQ emission is not the only harmful environmental effect of EVs (neither of ICVs).
Therefore, it is misleading to consider only CO, emissions when analysing environmental

friendliness.

2.2 Effect of the Production of Lithium -ion Batteries

Manufacturing Li-ion batteries need several raw materials, like lithium, copper, nickel and
cobalt. Lots of different chemicals and water is used for mining, cleaning or recycling these

materials that lead to water and soil pollution.
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The main source of cobalt for Li-ion batteries, both for EVs and for consumer electronics is the

Democratic Republic of the Congo. 70% of the Woi
connect to informal (illegal) miners and child labour. Electronics gants have taken steps in

order to improve cobalt p urchasing from reliable sources[2].

In case of Lithium, Brazil, Chile, Bolivia, Argentina and China have the biggest resources. By
2030, less than 1% of the known lithium reserves will be mined. Thanks tothe diversity and size

of reserve, lithium for battery production can be considered stable in the future.

The recycling of Liion batteries is not solved as of today. Reusing and recycling is a growing
market, as there are regulations coming to force in the future to make EV producers to increase
recycling rate. Unfortunately, these processes are costly today compared to mining in third

countries. According to Li-Cycle, a Canadian battery recycling enterprise, by 2030 there will be

11 million tons of used Lithium -based batteries accumulated on planet Earth [3].

There is intensive research in reusing secondhand batteries after the end of their lifetime.
Reusing in electricity storage is one of the potential applications. Such opportunities are

expected to reduce the lifetime environmental impact of battery production.

2.3 Zero Local Emission

Today, the biggest benefit of EVs is that they have zero local air pollution (CQ, NOy or particles).
EVs improve air quality of big towns and cities as the pollution happens outside of the cities in
power plants or in the factories. Clean air contributes to a favourable environment for

pedestrians and cyclists as well.

Besides air pollution, EVs reduce noise pollution as well. Especially itow-speed zones in cities,

EVs crede a calmer environment for the ears.

Even though the production of batteries and the use of EVs have harmful effects on
environment, it is considerably lower than traditional ICVs. Technological developments of
batteries, increasing renewable penetration in electricity production are all working in favour
of EVs. In the long run, pros outweigh the cons and EVs are contributing to a cleaner and more

sustainable future [4].
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2.4 Electricity Consumption

According to the International Energy Agency, by 2030 EVs (including two/three-wheelers like
e-bikes) will consume between 5500 1000 TWh. In Europe, EVs will count for more than 4% of
total electricity consumption. As shown on the Fig. 2.2 [5], EVs are predicted to avoid between
2.5-4.2 million barrels of oil products per year by 2030. Due to the dominance of private
charging, most of the consumption will happen at home. To unleash the full climate change

mitigation potential of EVs, reducing CO. emissions of power generation is crucial.

T T
2019 2030 - Stated Policies 2030 - Sustainable
Scenario Development Scenario

All Rights Reserved

LDV @ Truck Bus @ Two/three-wheeler

Fig. 2.2: Electricity demand from the electric vehicle fleet by mode, 2019 and B30

2.5 The Future of Electricity Grid Infrastructure

As the eledric consumption increase by EVsand other consumers, the conventional electricity
generation and distribution network cannot meet the requirement. As we learned above, the
electricity should be generated from renewable sources in order to reduce emissions. However,
renewable sourcescannot generate continuous power; most of them are intermittent energy

source. Thus electricity grid network must have energy storage devices and also smart
management systems. This system i s c & 2.3[@.
The EVs are the important part of smart grid systems, some studiesclaim to use the EV batteries
bi-directionally to support the grid. Smart grid is not realized yet, but there are many academic

researches on it. In the future, electricity grid will be transformed into the smart grid, and all

the energy will be supplied by renewable sources. For that time, EVs will be all green and no

greenhouse footprint.
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3 EVTECHNOLOGY OVERVIEW

Throughout the evolution of the EVs mainly three types of EV have been emerged today as
shown in Fig. 3.1; Hybrid Electric Vehicle (HEV) Plug-in Hybrid Electric Vehicle (PHEV)and
Battery Electric Vehicle(BEV) Details about the EV car technologieswill be introduced in this

chapter.

Type of Electric Vehicles

(HEV) FAEY) (BEV)

Plugin Hybrid Electric

Hybrid Electric Vehicle Vehicle

Battery Electric Vehicle

Fig. 3.1

3.1 Hybrid Electric Vehicle (HEV)

Hybrid electric vehicles (HEVs) are powered by an internal combustion engine (ICE) in
combination with one or more electric motors that use energy stored in batteries . Hybrid
electric vehicles are not plugged in to charge the battery. Instead, the battery is charged
internally by the gasoline engine. The battery can also be charged from braking system that is
call ed oOregener at i vetectric meta kperategs@s awgerenater totctneert
c asrkifietic energy into electric. But regenerative energy can only increase energyefficiency of

the car; it is not a main energy source

There are two power train sources in hybrid cars: ICE and electric motor. In hybrid cars, the
battery has a function to support dynamic component of load power as illustrated in Fig. 3.2.
Therefore, the ICEsupplies nearly constant power, and then it can operate more fuel efficiently.
The HEV is driven by only electric motor during start-up and at low speed where ICE operates
inefficiently. This operation provides fuel economy since fuel consumption of ICE ishigh for
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those conditions. The battery capacity is kept low for standard HEV, so it can have about 2-3

km range before gasoline engine turns on. When the speed reachesa certain level the ICE is
activated and ICE powers the car and also charges the battery. If extra power or torque is
needed during acceleration, ICE and electric motor can both be operated simultaneously in

parallel by an internal computer to boost the performance.

Load power
A

0 » — 0 - » _I_ 0 :?47%%
Time Time Time

Total load power Supplied by ICE Supplied by Battery

A Average power A Dynamic power

Fig. 3.2

According to their combining method, two types of hybrid cars are commonly used: series

hybrid and parallel hybrid cars [1].

In series hybrid cars two power train s are coupled electrically as shown inFig. 3.3(a). The ICE
is connected to a generator and provides all the power required by the car. The electric motor
is the only traction motor and gets power from the generator and also from battery as depicted
by paths B and C inFig. 3.3(a). Battery ismainly charged by the generator as shown in path A
in the same figure. On the other hand, the energy created by regenerative breaking can also
be accumulated in the battery as indicated by path D. The advantages of series hybrid are that
there is no mechanical connection of ICE to the wheels, andtherefore, it can be operated at
high speed and most efficient operating point continuously. The efficiency is increased and
emission is reduced. On the other hand, thewheels aredriven by electric motors which do not
need gear system which significantly reduce the cost. Furthermore, two motors, one for each
wheel, may be used so that mechanical differential component can be removed. Control is
easy.However, the mechanical power created by ICE from fuelis converted twice to reach the
wheels; first is mechanical to electrical, second electrical to mechanical, which reduces the

conversion efficiency. Series hybrid car also needs an extra generator which increase the cost.

In parallel hybrid cars, the two power trains are coupled mechanicaly as shown in Fig. 3.3(b)
where the traction power is mainly supplied by the ICE engine as highlighted by path B. The

electric motors only support small fraction of total load or only dynamic parts through path C
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in the figure. For this reason both electric motor and battery size are small with respect to the
series hybrid. The battery can be charged by the ICE motor through path A where the electric
motor is operated as generator. Main advantages of parallel hybrid car are no energy loss for
extra mechanic/electric conversion and no need to extra electric generator. However, the ICE
cannot operate at constant speed at high efficiency operating point and they are complex and
difficult to control [1]. There is also seriesparallel hybrid method where both mechanical and

electrical couplings are existed together.

Fuel

Tank ICE H Generator J
(_g ’
—==_ —>» Converter

=

<
@
B
Fuel
Tank
= | comen
onverter
: 78
D
(
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Fig.3.3

Co-funded by the
Erasmus+ Programme
of the European Union

29



Chargers of
< > CAM COMNSULTING 5eLcEt;:1?ieghic|es

3.2 Plug-in Hybrid Electric Vehicle (PHEV)

Plug-in Hybrid Electric Vehicles (PHEV) is a transition modebetween full gasoline car and full
electric cars. Itsolvesthe range anxiety problem of the full electric cars since it has agas tank.
PHEVsoperation modes are very similarto HEV, but there is no path to charge the battery from

ICE. The battery can only be charged by plugginginto the utility grid. Therefore, PHEV should

have an on-board charger as shown inFig. 3.4

The battery capacity is considerably higher than conventional HEV since the manufacturers
want to cut down the carbon emission of PHEV by powering it from battery as much as possible
in daily usage. For this reason, @HEVcan go to 10-60 km with only battery power without ICE
support. This range may vary with car models of different companies. If daily range is around
10-60 km for a PHEV it may provide emission less operation and alsocan savefuel. However,

the more daily range removes the advantages coming from the battery power.

Since the PHE\$ use the energy inside the battery as much as possible the number of full
charging/discharging cycle for PHEVbattery will be considerably higher than HEV. Therefore,
the battery lifetime should be expected short for a PHEV compared to conventional HEV, due
to the number of charge/discharge cyclesfor every battery is limited . As a conclusion, the large
battery capacity increases the car cost significantly for PHEV. Additionallythe operational cost
will also be high since the battery may be replaced a few times during car lifetime . Therefore,
the PHEV is the most expensive EVs todayBut it should be remembered that for short distance
driving PHEVuses only electric power and therefore, is a green technology, no fossil fuels are
used. However, in long distance drive, it will not be green. The ultimate goal is to stop fossil

fuel usage. Therefore, the full electric car models areonly candidate for green sticker.
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Fig. 3.4 PHEV structured a) series b) parallel

3.3 Battery Electric Vehicle (BEV)

Battery electric vehicles (BEVs), mostly calleatlectric vehicles EV9, are full-electric vehicles
with rechargeable batteries. It stores all energy required for travel in the high-capacity on-
board rechargeable battery pack.]| t doesndt have aiiuglengines,arelint i onal
turn, any harmful emission like as conventional gasoline cars.Therefore, it becomes completely

green vehicle if battery energy is supplied by the renewable sources.

As shown in Fig. 3.5, on board battery pack supplies energy not only to electric motors, but to
all onboard electronics through suitable power converters and control circuits, such as air
condition (AC) radio, headlights, interior and exterior lights, power windows, power steering,
windshield wipers etc. Therefore, EVs have the largest battery camcity among electric vehicles.
Accordingly, it will need a lot of energy to fully charge. All EVs have on-board charger but its
capacity cannot be large enough to quickly charge the battery due to size and weight
restrictions of the vehicle. Thus, the full charge time of EV battery using on-board charger can
be very long, up to 8 or 10 hours. This isvery inconvenient while driving long distances.

However, a PHEV doesnot need to be fast charged, because they have gasoline option for
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long distance drive. Therefore, EVsrequire fast charging stations where the charging time is
less than 30 min. This significantly improves the comfort but fast charging is heavily depends

on the battery technology , and requires powerful utility grid infrastructures aswill be discussed

later.

Electronic loads
(Heater, AC,
Lamps, Radio)

On-board —I— @_ -
> = Converter Transmission
charger -l-

Battery
pack

h 4

Fig. 3.5
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4 BATTERY TECHNOLOGIES FOR EV

The energy can be stored in many different forms, but the following three methods are more

related for vehicles.

9 Biological storage The heat can be produced by burning the organic materials. Most

known example for biological storage is fossil fuels that have been stored underground

for millions of years, e.g., oil, coal, natural gas etc. But they havegreenhouse gas
emissions when burned. On the other hand, although biomass is burned as a fossil fuel,
it is a renewable energy since it has nocarbon footprint.

1 Chemical storage Energy can be stored in the bonds formed by chemical compounds

and recovered through exothermic reactions (Reactions that release heat, are called
exothermic) The best-known chemical storage materials are hydrogen and ammonia.
The hydrogen can be used to store and release electric energy uang fuel cells. Today,
there are vehicles, busses, even submarinepowered by fuel cell. But the size and cost
restrictions are the main barriers for hydrogen fuel cell storage today. Fuel cell
technology has been undergoing extensive research;it could be source of energy for
mobile devices and vehicles in near future.

9 Electrochemical storage They are based on redox reaction where the electrons

transferred between anode and the cathode electrodes according to the charge or
discharge state.There are two type of electrochemical batteries: primary and secondary.
Primary types, for example alkaline batteries, are not rechargeable. The secondary
batteries can be charged and discharged many times. Most known secondary batteries

are lead-acid, Ni-MH, Ni-Cd and Lilon batteries.

The nominal specific energy of some energy sourcesis given in Table 4.1 [1]. It is clear that, the
hydrogen has the biggest specific energy value of 33 kWh/kg. The fossil fuels follow it.
Unfortunately, the specific energy of batteries is very low as compared to others. This is why
the electric vehicles have relatively shortest driving range.It can be seen inFig. 4.1, where the
average efficiency of conventional gasoline car is taken as 20% and the efficiency of E\As 90%.
For this condition, to produce same shaft energy as gasoline car,the lithium polymer battery

should be approximately 6 times bigger in size and 13 times heavier.However, battery electric
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vehicles usethe energy very efficiently then ICE motors, therefore, do not need excessive

specific energy like as conventional fossil cars.

Table4.1 Nominal energy density of sourcig

Nominal Specific Energy

Energy Source (Wh/kg)
Gasoline 12500
Natural gas 9350
Methanol 6050
Hydrogen 33000
Coal (bituminous) 8200
Leadacid battery 35
Lithium-polymer battery 200
Flywheel (carbon fiber) 200

Gas tank (45 It) ] Shaft energy

Engine & Gearbox [ 84.8 kWh
— L
Gasoline density 0.755 kg/L Efficiency 20%

Energy=424 kWh

Li-Po battery (269 Lt) Electric motor Sgiﬂaeknv%rﬁy
(471 kg) I &
Energy=94.2 kWh driver
Efficiency 90%
Fig.4.1

The first battery invented by Alessandro Volta in 1799 is a non-rechargeable battery. Gaston
Plante developed the first rechargeable lead-acid cell in 1859. Many types of rechargeable
battery technologies have been developed as shown in Table 4.2. The most-popular ones for

today are,

1 Leadacid (Pb-acid) batteries
91 Nickel based batteries: Nickel-cadmium (NiCd) and Nickel-metal-hydride (NiMH)

9 Lithium-based batteries: Lithium-ion (Li-ion) and Lithium-polymer (Li-po)

The lead acid battery is mature technology for over a century, and still widely used in industrial
applications such as forklifts, golf carts and uninterruptible power supply etc. It is inexpensive,

safe, reliable, and has high-power capability. Unfortunately, its specific energy' is very low as

1 Specific energy (Wh/kg) is a property of batteries that describes the energy density per weight.
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seen inTable 4.2, therefore, it is not suitable for use in electric vehicles Cycle life? is also lowest

one among the battery types. Ni-Cd batteries, invented by Waldemar Jungner in 1899, have
superior low temperature performance compared to lead-acid batteries. The biggest
drawbacks of Ni-Cd batteries are the memory effect (voltage suppression issue tha occurred
in aging batteries) and including toxic materials. The Ni-Mh batteries solve some problems of
Ni-Cd batteries, and are more suitable for EVapplications; however, it suffers from low energy
efficiency. Metal-air batteries (i.e., aluminum-air and zinc-air) are primary battery with high
specific energy. Despite non-rechargeable property of primary batteries , the metal-air batteries
can be mechanically rechargeable by replacing the discharged metal electrode (i.e, aluminum
or zinc electrodes) rapidly. The discharged electrodes can be recharged again in the recycling
facility. However, their energy efficiency and cycle life are low. Sodium based batteries need
high temperatures (~300AC) t o Amgngthemttee lithiond- s uf f e
based batteries have high specific energy (~350 Wh/kg), high conversion efficiency (~95%) and
high cycle life (>1000). The Ltion based batteries are the smallest and lighter one among the

batteries as shown in Fig. 4.2 [2], and therefore, more suitable battery type for EV cars today.

Table4.2 Properties of Battery TechnologiEs

Specific Specific Energy Cycle Life  Estimated

Energy Power Efficiency Cost
Battery Type (Wh/kg) (W/kg) % US$/kWh
Leadacid 3550 150400 80 500-1000 100-150
Nickel-cadmium 3050 100150 75 10002000 200350
Nickel-metathydride 60-80 200-300 70 10002000 200350
Aluminum-air 200-300 100 <50 - -
Zinc-air 100220 30-80 60 500 90-120
Sodiumsulfur 150240 230 85 1000 200-350
Sodiumnickelchloride 90-120 130160 80 1000 250-350
Lithium-polymer 150200 350 - 1000 150
Lithium-ion 80-130 200-300 >95 1000 200

2 Cycle life is the number of charge/discharge cycle during battery lifetime.
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The cycle life of a storage technology is the number of charge/discharge cycle throughout its
effective lifetime. The cycle life vs. efficiency characteristics of some storage technologies are
shown in Fig. 4.3 [3], where the super capacitor and flywheel seems as good candidate
regarding high cycle life and efficiency. The flywheels consist of very high speed shaft inside,
therefore, gyroscopic forces restrict the vehicle maneuverability. Moreover, it needs a special
vacuum container for proper operation, and can be very dangerous if flywheel is damaged by
accident when the stored energy is released in very short of time. The super capacitors are very
expensive and also its energy density is very low.Consequently, in case of EVs, there is no
perfect choice for a battery technology, but Li-ion technology is a good candidate for today .
The most important factors are specific energy, specific power, safety, life span, cost and

performance.

Advantages of Liion technology:

A High specific energy (Wh/kg)
A Long cycle life

A High efficiency

Disadvantages of Liion technology:

A High cost to produce

A Complex safety and monitoring system are needed
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For some specific applications, more than one storage method can be used together, such as
Li-ion battery with a super capacitor etc. But in future, new battery technologies may emerge

that have better properties than existing technologies.

100%
E.C. Capacitors
Fly
90% Wheels

80%

Flow
Bat.
Lead-Acid

70%-

CAES efficiency

Ni-Cd is for the
storage only

60%

50%

;.

100 1,000 10,000 100,000
Lifetime at 80% DoD - Cycles

Efficiency (wio power electronics)

Fig. 4.3 [3]

There are different cell chemistries that are used to design Liion batteries. Usually, carbon acts
(e.g. graphite) or lithium titanate (Li4Ti5012) are used as the negative electrode with new Li
metal and Li(Si) alloys. The electrolyte is usually made of amixture of Lithium salts and an
organic solvent. There is always a separating membrane that prevents short circuit inside the
battery but lets lithium ions pass between electrodes. When the battery is discharging,
electrons are travelling from the negative electrode to the positive electrode. In the meantime,
positive Lithium ions are travelling from the negative electrode to the positive electrode. This
is shown on the Fig. 4.4 [4]. When the battery is charging (storing energy) this process is

reversed.
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Currently 4 types of lithium -based battery are popular for transport applications [5], which are;
T LiFePQ (LFP);
M LisTisO12 (LTO);
9 LINIMNCoO. (NMC);
1 LiNiCoAIQ; (NCA).

Energy density for all types is high that is very important parameter for vehicle applications.
However, anong them, LTO has the lowest energy density. LFP andNMC have nearly same

energy density values The highest energy density value belongs to NCAas shown inTable 4.3.

Table4.3: Energy densities for lithium battery types [4]

Cell type Energy density per weight Energy density per volume
[Whikg] [Wh/It]
LTO 90 200
LFP 130 247
NMC 150 300
NCA 240 670

All electrochemical processesaffected by temperature and require specific temperature range
for efficiently operation during charge and discharge process. Especially the operation of
battery at low temperatures leads to capacity loss as shown in Fig. 45. The internal cell
resistance of battery increases at low temperatures which causes capacity loss even at allowed
temperature range by manufacturer. The capacity reduction causes oversizing of battery in

order to keep reasonable driving range for an EV. Therefore, the temperature has significant
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impact on performance, lifetime and safety of Lithium batteries. The desired temperature range

of Lithiumbat t eri es for rated powg¢sJ Lowestenperaturcevalues 1 5 A C
reduce the charging current rate of Lithium -ion battery significantly as seen in Table 4.4. This

property is very important for fast charging of EV batteries, that means during winter season

the fast-charging performance will not be good, and charging time will be longest. Similar

situation may also happen when battery pack is too warm, then charging current need to be

reduced to prevent battery overheating and thermal runaway. Therefore, battery thermal
management can be useful for cold temperatures to keep the EV car performance at optimum

level. To compensate the temperature variation, it is possible to use passive or active thermal
conditioning systems with the battery packs. These systems can be based on & or liquid based

heating or cooling functions.
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Fig. 4.5 Relative capacity vs. Temperature for LiFePO4 [6]

Table4.4 Charge rate by temperature for ALMI2[10]

Temperatur e Charge rate
-20 0.2C (0.9A)
-10 0.5C (2.3A)
0 1C (4.6A)
10 2C (9.2A)
20 4C (10A max. recommended limit)
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4.1 Lifecycle of a Battery

Lifecycle is the number of charge/discharge cycle of a battery until its effective capacity drops
to 80% of its original value. However, it depends on many parameters, such as charging and
discharging rates, depth of discharge (DoD) level and temperature etc. It can be seen from
Table 4.5 that LTO battery has excellent cycle number. If a LTO battery full charged and
discharged once every day, it can service 15000 daysi.e., 15000/365=41 years. Urder same
condition, LFP can survive 10 years, NMC 8 years and NCA 1.38 years. At first glance, it might
seem that the NCA's lifespan is very short and not suitable for EVs. Buthe depth of discharge
(DoD) affects the total number of charge cycles that a battery can accommodate over its life
span. DoD is used to show a batteryof6s state,
decreases. DoD is often indicated in Ah or % (for example 0 Ah is full, 100Ah is empty, or 0% is
full and 100% is empty). TheDoD level is very important parameter for determining the cycle
life as seen inTable 4.6. If battery capacity doubled (that corresponds to DoD level becomes
50%), the battery cycle life will be fold more than twice. However, it should be remembered
that doubling the battery capacity, doubles the size, weight and cost too. Therefore, an
optimum design capacity should be find according to the design specifications of EVs and

application area.

Table4.5 Life cycle for lithium batteries [4]

Cell type Life cycle for 100% DoD
LTO 15000
LFP 3600
NMC 3000
NCA 500

Table4.6 Cycle life vs. depth of discharge for LiFePo4 [10]

Depth of Discharge (DoD) Cycle life for capacity? 80% of nominal
80% 2500 cycle
70% 3000 cycle
50% 5000 cycle
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4.2 Battery Cell and Battery Pack

Li-ion cells are designed in various ways. The main designs are cylindrical, prismatic or pouch
as shown inTable4.7. The design of a battery highly depends on the customer application and,
of course, on the price of production. The arrangement of electrodes, mechanical durability,

heat management, energy density and specific energy are different of each design.

Table4.7: Cell types of Lilon battery [4]

Cylindrical Prismatic Pouch

Separators Cathode

Separators —._g

,,,,,,
5

::::::

Anode

Thickness: 10mm

Dlagl‘am Pouch
Can' Cathode Anode
Electrode arrangemen Wound
Mechanical strength ++ + T
Heat management - + +
Specific energy + + ++
Energy density + ++ +

The prismatic cells are more compact andspace savings. For this reason, it isnostly preferred
in cell phones or tablets or other lightweight devices . However, it is expensive to manufacture,
thermal management is less effective and there arelimited number of standardized sizes. On
the other hand, the cylindrical cells are cost effective due to easy production, and very safe.
The space between cylindrical cells is suitable to install thermal regulation solutions. It is
generally used in portable devices like laptops. Large cylindrical cell sizes of 18650 and 26650
are popular for electric vehicles as shown in Fig. 4.6. However, prismatic cells canalso be used

for EV applications.
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18650 - 18 x 65 mm
26650 - 26 x 65 mm

Fig. 4.6: Standard cylindrical battery cell sizes

Single 18650 Lithiunm+ion battery cell has approximately 3.7V terminal voltage and 3.2 Ah
capacity. These ratings are not enough to supply the electric circuits of EV. Then, voltage and
capacity must be increased to a suitable level. For this purpose, battery cells are connected in
series in order to increase terminal voltage. Serially connected cells can be combines in parallel
in order to increase the Ah capacity. Series and parallel connection of the cells constitute a
battery module as shown Fig.4.7. The Tesla Model S EV battery pack consists of 7104 individual
18650 Lithium-ion cells to achieve 350V battery pack voltage and 8 kWh capacity. The battery
pack comprised of 16 battery module each has 444 cells stacked in a 6 series and 74 parallel
(6s74p) configurations as shown inFig. 4.8 (a). The stacking arrangement for battery module is
shown in Fig. 4.8 (b) where the red cells indicate +ve side up. This battery module has
6*3.7V=22.2V terminal voltage and 74*3.2Ah=236.8 Ah(Ampere-hour) capacity. The energy
inside a battery module is 22.2V*236.8Ah=5.25 kWh.

Battery module:
e, Total 9x6=54 cell

Fig. 4.7 15s13p battery module
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T4p6s configuration:
74 cells in parallel
6 groups in series
=444 cells/module

6 x 3.7 V=22.2 VV/imodule

18650 Li-lon cells
3.7V Volts/cell
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Fig. 4.8 Tesla model S single battery module [11]

16 battery modules are combined together by connecting all of them in series and the Tesla
model S battery pack is obtained as shown in Fig. 4.9. So, the pack voltage reaches to

16*22.2V=355.2V and total energy will be 16*5.25 kWh=84 kWh.

—_———3 3 3 3 3 __C3 3 3 3 __C3 __C3 3 3
18 mm Modulgs > - - = > - » - a 5
s connected in

£ series

£

wn

O

18650 cell

rwveny] fowvensd (romensd (rovnnsd fvvnnsd fmwans rwvnnsd fmvonsd fmvnns) fovvans frvvens fnvens) frvwvns! fvwons? frvsnn | mll"'f‘
Module#: 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15 | 16
Cells/module: 444 444 444 444 444 444 444 444 444 444 444 444 444 444 444 444 =T104

Volts/module: 222 222 202 222 22 22 222 22 222 222 222 222 222 222 222 222 =3552V
KWh/module: 525 525 525 525 525 525 525 525 525 505 525 525 525 595 525 525 =84 kWh

Fig. 4.9 Tesla Model S battery pack schematic [11]
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4.3 Battery Management System

Itis seen from Tesla battery pack that more than seventhousands of Li-ion cells should operate
collectively. Even two cells fabricated on the same production line may have differences.
Moreover, the temperature variations inside the pack -even the cabling resistance variation
may create significant differences in the operating point of cells. As a result, one or more cells
in the package are always poorly charged. This effect builds up over time and finally the entire

battery pack may become useless muchbefore than its expected lifetime.

In order to increase lifespan and safety of Liion batteries, Battery Management Systems (BMS)
are developed to monitor and control the battery state. Charging, discharging, cell equalization
can be regulated; temperature can be monitored by such a system. In case of EVs, battery data
is logged and transmitted to the Supervisory Control Module (SCM) to improve the

performance of the battery and to optimize the operation of the cars.
The following aspects are optimized by BMS in EVs:

A Protects from electrical fires or shock

A Provides optimal operational environment of the battery to enhance battery life and
efficiency: temperature (approx. 30-40 Celsius), SOC, depth of discharge (DOD), power,
cell balancing.

A Predicts battery state to calculate remaining driving range of the EV.

To control temperature, thermal management systems are applied. This can be active of passive
cooling or heating in case of cold outdoor temperatures. A BMS can maintain temperatures of
individual cells to prevent performance degradation as the failure of a single cell can impair
the battery performance greatly. Although, BMSs increase the complexity of batteries and

consume energy, the benefits far outweigh the downsides.

Managing thousands of cells with a single BMS controller is not reasonable and will be more
complex. Thus thebattery pack is divided into small battery groups each hasits own BMS sub-
controller as shown in Fig. 4.10(a). The BMS sub-controller measures current and voltages of
all cells and temperature, then report the measured data to BMS main control unit closed as
shown in Fig. 4.10(b). BMSsub-controller may have a cell balancer circuit to equalize the cell
SOCs using a special algorithm. If BMS main controller detects any dangerous condition; such
as over temperature, short circuit or over current during charge and discharge, it should
Co-funded by the
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disconnect the battery from the load or charger. For this requirement, a BMS controller always

has a series safety switch which is normally closed as shown irfrig. 4.10(b)

Finally a complete battery pack with built in BMS controller is covered with metal frame,
equipped with a cooling system, and fuses andbusbar connectors are added. The final battery

pack is usually placed under the car between front and rear axles for better drive dynamic.

Battery module:
Total 9x6=54 cell

BMS
Sub-controller

.....

(a)
S-St TTTTmTmETEEEEEEEEEEEEEAImmm T
I Lislon cells Safety switch -
1 1
- 4#--4—|k A A Ao
1 A I
1 BMS | | BMS I CAN Bus
1 sub-cont. sub-cont. sub-cont. sub-cont.
1 1
1 1
! L)
I I
: Battery Pack :

(b)

Fig. 4.10

4.4 Recycling and reusing

Li-ion is still a new technology in terms of recycling and there is no infrastructure that can
manage the waste generated by consumer goods and EVs. Theoretically, it is possible to recycle
most of the batteries, including 96% of the copper of electrodes. Still, recycling requires
chemicals, a great amount of energy and it is more expensive than mining. In the EU, target
rates for recycling of lead-acid batteries is 65%, for nickelcadmium is 75%, and 50% for other

types of batteries.
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Reusing old batteries from EVs to provide additional stability and redundancy to the electricity

grids is a promising alternative. Batteries at the end of their life span, when they are no longer
able to be charged over 80% of the rated capacity, are used to build packages. These batteries
do not have the original capacity and stability which is essential for EVs but not for other
applications. They can be deployed to increase decentralized and renewable energy
penetration of the grid, to improve local renewable energy consumption, or to provide other

behind-the-meter services in our homes.

4.5 Safety of EV batteries

Safety issues of BEVs are managed by ISO6469 standard. The standard consists of 3 main parts:

A On-board electrical energy storage, i.e.,the battery
A Functional safety means and protection against failures
A Protection of persons against electrical hazards.

BEVs can have different issues compared to ICVs, like fire or smoke from rapid battery
discharge. Still, modern BMS, packaging and cooling techndogies provide reliable and safe
cars. The integrated BMS can calculate SOC, DOD, SOtstate of Healthy) or the energy
efficiency of the battery and therefore, provide a wide range of diagnostic options for car

mechanics and electricians.

4.6 Lithium -lon Battery Hazards

Fire hazards happen as batteries have high energy density and electrolytes are flammable.
These two factors, compressed in a battery cell make it challenging to use, to store, and to
handle batteries. Physical damage, short ciraits, overcharging and exposure to high

temperature can cause thermal runaways[7].

Thermal runaway: A swift selfheating from an exothermic reaction that may result in a chain

reaction.

Manufacturing defects or contaminants can cause thermal runaways. During the reaction, the
organic electrolyte vaporizes and the pressure in the cell casing grows. If the case cannot keep
the pressure anymore, the flammable and toxic gases are released. Té harshness of thermal

runaways is partially because of the pressure release from the cell. There are cell structures that
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are designed to release the pressure through pressure relief vents or by having a soft case. As

a result, cell structure defines the severity of battery incidents [7].

The outcome of a thermal runaway can be a rapid venting of thick smoke or similar to a road
flare, a steady burn, a fireball or an explosion. Besides the cell case, the battery size, chemistry
and the SOC is animportant factor for the outcome. Thermal runaway is producing aerosols,

vapors, liquids, toxic gases, flying debris, sustained burning of electrolyte or the case[7].

Venting consist of mostly electrolyte constituents like carbon dioxide, carbon monoxide,
hydrogen and hydrocarbons. Most of these gases are flammable, they pose hazard of fire or

explosion [7].

When a battery is burning, the electrolyte and the gases are on fire produce carbon dioxide
and water vapor. In the meantime, fluorine is liberated from the lit hium salt which reacts with
water and hydrofluoric acid (HF) is produced. Hydrofluoric acid is acidic, corrosive, and is a
powerful contact poison that can irritate eyes, skin, nose, throat, burn skin, cause pulmonary
edema and bone damage. Symptoms of exposure to HF may not be obvious. Despite the
irritating odor, HF can reach dangerous levels in the air without an obvious odor, therefore,

cause more severe injuries[8].

4.7 Capacity Preservation: Storag e and Use Practices

Degradation happens in battery because of the following physical processes:

A Loss of lithium inventory
A Loss of active material
A Mechanical stress

Proper battery handling [7]:

Always purchase batteries from reliable sources.

Do not use batteries or cells that were shipped without packaging.
Inspect new batteries.

Keep away from fire.

Keep away from combustible materials.

o To Do Io o Do

Separate fresh and depleted cells (or keep a log).
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A
A
A

A

Store batteries in a metal storage cabinets.

Visually inspect battery storage areas at least weekly.

Use chargels or charging methods designed to safely charge cells or battery packs at

the specified parameters.

Disconnect batteries immediately if, during operation or charging, they emit an unusual

smell, develop heat, change shape/geometry, or behaveabnormally.

Handle batteries and or battery-powered devices cautiously to not damage the battery

casing or connections.

Keep batteries from contacting conductive materials, water, seawater, strong oxidizers

and strong acids.

Do not place batteries in direct sunlight, on hot surfaces or in hot locations.

Taking care of an EV[7]:

o To o Io o o

ldeally, keep batteries (and 12h0eAC.ar )
Minimize time spent at 100 % state of charge.

Minimize time spent at O percent state of charge.

Charge batteries to approx. 50% of capacity at least once in every six months.
Avoid using fast charging (AC or DC as well).

Avoid discharging more quickly than it is needed. (Ludicrous mode in Tesla)

4.8 Summary of technical parameters

Some of the battery technical parameters are listed below.

Battery generally [9]:

A

o o o o

at

Cell, modules, and packsEVs have a high voltage (HV) battery pack that consists of

modules and cells organized in series and in parallel.
Cell: the smallest, packaged form a battery, usuallybetween 1-6 Volts.
Module: consists of many cells connected in series or parallel.

Battery pack is assembled by connecting modules together, in series or parallel.

Battery Classifications Batteries can be classified as highpower or high -energy, but not

both. Additionally, a battery can be designed for high durability, with increased life span

(often with lower energy and power).
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A C-rate, Erate: Discharging current and Discharging power

A Secondary and Primary CellsPrimary cells are nonrechargeable, secandary cells are

rechargeable.
Battery condition [9]:

A State of Charge (SOC|%): The actual battery capacity in percentage. 100% is the good
state.
A Depth of Discharge (DOD) (%) The depth of discharge (DoD) affects the total number

of charge cycles that abattery can accommodate over its life span. DoD is used to show

a batteryds state, similarly to SOC. Wh e n

indicated in Ah or % (for example 0 Ah is full, 100Ah is empty, or 0% is full and 100% is
empty) The DoD can be higher than 110% as the real capacity of a battery can be higher
than the nominal value.

A Terminal Voltage (V):Voltage between battery terminals when load applied. It varies
with SOC and charge current.

A Open-circuit Voltage (V):Voltage between battery terminals without load applied .

A Internal resistance: Resistance within the battery that varies with charging and
discharging. The higher the internal resistance, the lower the efficiency and thermal

stability as more energy is converted into heat.

Battery Technical Specificationg9]:

=

Nominal Voltage (V): The reference voltage of the battery.

1 Cut-off Voltage: The minimum voltage, that defines the empty state.

1 Capacity, Nominal Capacity (Ah): The total capacity, amperehours available when the
battery is discharged at a given discharge current from SOC 100% to Cutoff Voltage.

1 Energy, Nominal Energy (Wh): The total energy available in Watthours when battery is
discharged at a given discharge current from SOC 100% to Cutoff Voltage.

1 Cycle Life: The mmber of discharge and charge cycles possible when the battery can

perform and meet specific performance criteria. It is affected by the rate and depth of

discharge, temperature and humidity as well. The higher the DOD, the lower the life

cycle.
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1

Specific Ehergy (Wh/kg): Nominal energy per unit mass. Sometimes it is called
gravimetric energy density. The value depends on the battery chemistry and packaging.
Specific Power (W/kg): Maximum available power per unit mass. The value depends on
the battery chemistry and packaging.

Energy Density (Wh/L): Nominal energy per unit volume. Sometimes referred to as
volumetric energy density. The value depends on the battery chemistry and packaging.
In case of EVs, this value determines the size of battery neededda reach a given driving
range.

Power Density (W/L): Maximum available energy per unit volume. The value depends
on the battery chemistry and packaging. In case of EVs, this value determines the size
of battery needed to reach a given performance target.

Maximum Continuous Discharge Current: The maximum current at which a battery can
be discharged continuously. Manufacturers define this value to prevent excessive
discharge rates. Maximum Continuous Power and Maximum Continuous Discharge
Current define the top sustainable speed and acceleration of an EV.

Maximum 30-sec Discharge Pulse Current: The maximum current at which the battery
can be discharged for pulses of up to thirty seconds. It is defined by the manufacturer.
Peak power and this value define the acceleration performance (0-100 km/h time) of
the vehicle. This value is to prevent excessive discharge rates.

Charge Voltage: The voltage of the battery when it is charged until full capacity. See
charging schemes and chargers before.

Float Voltage: The wltage maintained after being charged to 100% SOC to maintain
that capacity by compensating for self-discharge of the battery.

(Recommended) Charge Current: The ideal current to charge the battery until it reaches
constant voltage (see Charge/Discharge rat).

(Maximum) Internal Resistance: The resistance within the battery.
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5 EVCHARGING SYSTEMS

Electric vehicleshave onboard battery pack and therefore, they need charging equipment. The
charger systems must be safe andalso guarantee a proper charge for EVbattery pack without
degrade its lifetime. Moreover, it is preferred to be efficient, reliable and low cost. Moreover,
the EV charging infrastructure is essential for the increasing EV penetration and the
comfortable use of vehicles. Most of the chargers are private chargers while there are more

and more public chargers available around the World.

All rechargeable EVs have oRboard charger equipment. Therefore, an EV can becharged by
simply connecting it to existing single- or three-phase utility power infrastructure via special
plugs and sockets. However, the power of on-board charger is challenging for EV
manufacturers in terms of space and weight restrictions of power electronics converters;
therefore, they prefer to keep its power as low as possible On the other hand, standard sockets
for domestic grid connection provide maximum 32 A current. Consequently, the standard
domestic single phase 230 Vand three phase 400V grid allows up to 7.4 kWand 22kW charging
powers, respectively.For this reason, the power output of on-board chargers is usually between
3.7kW and 22kW, and it is called as AC charging. AC charging is most widely accessible way
to charge EVs as it can be connected to the existing power irfrastructure of offices and private

houses.
Advantages of AC charging:

Simple installation
1 Use standard AC electricity socket directly, and no need extra inverter or converter

1 ACcharging equipment are cheaper
Disadvantages of AC charging:
1 Charging is much slower than DC

If more charging power is needed, external charger equipment should be used. In this case, DC

voltage is provided to the EV, and then this type of charging is called as DC charging.

During DC charging grid power is passing through an AC/DC converter on the station before

it is supplied to the EVs battery. DC charging bypasses the limitations of on-board chargers
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and charges the battery directly. DC charging allows up to 400 kW charging power which
provides very low charging times for EVs. DC charging allows EVs to charge to 80% in one hour

or less.

DC charging stations need much higher investments than AC. With DC, an inverter needs to be
installed, and due to higher losses in the form of heat, heat management of the station is also

necessary.
Advantages of DC charging:

1 Charging is very fast, with power up to 400 kW

1 No need for on-board charger
Disadvantages of DC charging:

1 Charging equipment is expensive
1 Heat management is needed because ofhigh-power

9 Fast charging allows up to roughly 80% of full capacity

EV chargers canalso be categorized considering the charging speed. The three categories for

charging speed (naming and categorization may vary by source): slow, fast and rapid.

Slow charging: Slow charging is from 3 kW to 6 kW, usually happens at home and used for

charging overnight in 6-12 hours.

Fast charging:Fast chargers are rated from 7 kW to 22 kW (single or three phase 32A). A 7 kW
charger will charge a 40 kWh battery in 5-6 hours while a 22kW charger in 1-2 hours. Fast

chargers are found in car parks, petrol stations, supermarkets, shopping malls.

Rapid charging: Rapid chargers are often placed next to highways. Rapid DC chargers are

around 50kW, while ultra-rapid DC chargers have even higher rated power (up to 400kW).
Tesla superchargers havecharge power up to 150 kW. Rapid AC chargerscan provide 43kW
(three-phase, 63 A)if the on-board charger of EV issuitable.

Besides the conductive charging, there is also wireless charging method for EVs. This
technology removes the cables and sockets between the EVSE and EV on charge. The power is
transferred via electromagnetic induction. However, it is still developing as future technology.
Furthermore, wireless chargers require custom onboard hardware for EV andtherefore, may
be costly. The charging technologies are summarized inFig.5.1.
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Conductive

f Mode 1 Mode 4
\ Not suitable for EVs 23-400 kW
-
Mode 2
L1 ph 7.4 kW / 3ph 22 kW

f Mode 3
|1 ph 7.4 KW /3 ph 43 kW

Stationary
2-11 kW

(On-board charger)

Fig. 5.1

5.1 Battery Charge Capacity

The energy stored in a battery can be expressed in Wh. However, battery terminal voltage
significantly varies with the operating conditions (charge or discharge) and temperature.
Therefore, energy count of a battery does not precisely indicate the state-of-charge of battery,
and then error can be unacceptably high. Instead, Amp-hours counting (i.e, Coulomb
counting) are preferred since the Coulombic efficiency of a specific battery is nearly constant.

It mostly depends on the temperature as given previously in Fig.4.5.

For standardization, 10 hours discharge capacity of a battery at room temperature is assumed

as nominal capacity of that battery, and denoted as Cio. Mostly the subscript of 10 is omitted,

and only C letter is preferred. For example if a battery has C=50Ah capacity, it means that it

can provide 5A for 10 hours. It should be remembered that, this capacity is valid only for 5A

discharge current with 10 h dischargetmeat 25AC t emper ature. For ot her

rate and temperature conditions, the capacity changes too.

The working current of a battery is generally specified by referencing its C capacity. For
example, if 100 Ah battery has 20 Amps discharge current, the discharge rate can be expressed

as 20/100=0.2C. Similary, if it is charged by 40Amps, its charging rate will be 40/100=0.4C. This
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notation is a little bit confusing, but frequently used in practice. In this notation 0.1C discharge

rate corresponds to 10 h discharge time of nominal capacity Cio.

For fast chaging of battery, the charging rate should be as high as possible. For example, to
reach <15 minutes charging time >4C charging rate is required. Table 5.1 shows the charge
and discharge rates for lithium battery types, in which only LTO type (Li4Ti5012 battery can
provide fast charging option down to 6 min at 10C. For other types 1C (1 hour) and 2C (30 min)
charging is suitable as fast charging. Since fast charging also reduces the lifetime of battery, it

may be better not to use it frequently [1].

Table5.1 Charge and discharge rates for lithium batteries [1]

Cell type Discharge rate Charge rate
LTO 5to 10C 5to 10C
LFP 3C 1C
NMC 2to3C 1C
NCA 2C 0.5C

Furthermore, there is relationship between charging current rate and battery full charge state

of charge (SOC) level as shown irFig. 5.2. It is seen that, fast charging prevents the full charge

of battery. We know that the temperature also affects the battery capacity (see Fig. 4.5).
Therefore, in combination of fast charging and low temperatures together, the battery capacity

can reduce to 50% even within the temperature range allowed by the manufacturer. The
extreme temperature range for European countries canbe aslowas-1 5AC i n wioret er
than 40AC in summer . Therefor e, in order t
ambient temperature variations, heating and/or cooling options for a battery pack should be
considered. Moreover, the vehicle nominal battery capacity for a desired driving range should

be selected carefully by taking into account the capacity reduction due to the fast charging

and extreme temperatures.

100.0%
95.0%
90.0%
85.0%

80.0%

Battery capacity [%)]

75.0%
70.0%
1,5C 1,2C C c8 Ce Cc5 Cc3

Charging current in C factor
Fig. 5.2 Charging rate vs SOC level [1]
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Fast charging of LTO batteries creates extra heat in battery pack, and then they need to have

cooling systems, especially in the summertime. LTO may be equipped with heating against
lower temp too. For LFP battery, fast charging is moderate speed, i.e.1C rate, andtherefore,
not much heat is generated and cooling is not needed. It can operate down to -20C and then
heating is also not needed. The NMC and NCA types require heating system due to operating
temperature for charging temoperatad closesvteedminionanh a w
maximum end, the charging and discharging current must be reduced in order to control the
battery temperature. This control is governed by battery management system (BMS) of the car

battery.

5.2 Lithium -ion Battery Charging Characteristics

Various charging methods have been proposed for Li-ion batteries. The method of constant
current constant voltage (CC-CV) is by far the most common one, as conceptually shown in
Fig. 5.3. CGCV charging method for Li-ion batteries starts with pre-charge constant current
phase. If a Liion battery is deeply discharged, a pre-charge phase is needed. This phase
prevents the cells from overheating until to reach the CC phase. In reality, this phase is rarely
needed because BMS circuits shuts down the battery while there is still some charge left in the
battery. If the battery terminal voltage is lower than 3V/cell, the pre -charge phase is employed
with reduced current, which is generally around 0.1C. When theterminal voltage reaches to
3V/cell, pre-conditioning charge phase is ended and the charging current is increased
substantially. During this time if the temperature of the battery cells increases up to a certain
level thermal regulation phase is inserted and the charging current is reduced to a safe level.
This prevents battery from overheating, capacity loss or possible damage. This phase may be
seen in ultrafast chargers. For example, if CC phase current is 2G.€.,~30 min fast charger), the
charging current will be 20 times higher than the pre -charge phase, and an active cooling may
be required. After thermal regulation phase ending, charging current is kept constant at desired
level determined by charger setting. During CC phase, the battery voltage increases gradually,
and once the voltage reached up to 4.2V/cell, the charger switches to the CV phase. In CV
phase, the battery voltage is kept constant at 4.2V/cell [3] and then the charging current starts
to decrease exponentially. The charger continuouwsly monitors the charging current in CV

phase. When the charging current drops below 0.1C, the charger stops the charging process
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and enters the float phase where the charging voltage is reduced to 3.9V/cell. It should be
remembered that the voltage levels given above can vary slightly with respects to cell material

used in the battery, but the charging procedures are same for all types.

A Pre- Thermal Constant

charge regulation current Constant voltage
phase | phase ! phase ! phase ' Float !
40V ':‘ 'E‘ i Constant voltage ':‘ ’:
3.9V [~ P e s PoTTmTTmmmmmoommooomnmmees /L—_'
ol L~ : : Battery : Constant;
i Constant voltage i voltage |
3V - current : :
Battery
/ current |
Constant
current H H .
0.1C oo bessmmnnnens o ;
Constant ' Battery
temperature; i~ temperature :

; : >
Time
Fig.5.3

The CC phase can increase the battery SOC up to nearly 75% to 80%. The remaining charge is
completed during the CV phase. As we noticed from the experimental curve of Li-ion battery
shown in Fig. 5.4 that the CV phase requires more than half of CC phase time despite adding
relatively small charge capacity, which is about 20%. This situation prolongs the total charging
time considerably. For this reason, fast charging of EV cars generally consists of only CC phase,
and therefore, after fast charging, the battery cannot be fully charged by 100%, it stays at 80%
roughly.

800 mA Li-lon Charge

Voltage (V)
Current (A)

0 0.2 0.4 0.6 0.8 1 1.2 14
Time (Hour)

Fig. 5.4 Experimental Lilon battery charge curve [2]
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5.3 Charging Modes

The charging of EV battery can be realized at small power in long time or athigh-power quickly.
The EV owners decide the charging power according to their own charging requirements and
their grid capacity. For safe operation, various standards have been afined by standard
organizations that classify the chargers with respect to power level, safety features,

communication, control and maximum current level etc.

The IEC 618511 defines 4 charging modes which describes the power and voltage levels, and

also the communication protocols between charger station and EV to avoid overcharging, as

follows;
1 Mode 1, slow charging: non-dedicated outlet
1 Mode 2, slow charging:non-d edi cated outl et with 06in cabl ebd
1 Mode 3, slow/fast charging: dedicated outlet
1 Mode 4, fast charging: rapid, DC charging

A similar classification has been defined by another standard organization SAEin North
America. SAE J1772 standard divides the charge stations into 3 levels according to the charge

power level on charger outlet;

1 Level 1: slow charging (AC charge)
1 Level 2: Semifast charging (AC charge)
91 Level 3: Fast charging (DC charge).

These two standards have a lot of common points. Therefore,they will be summarized together

in the next section of charging modes in detail.

5.3.1 Mode 1

The Mode 1 corresponds to the Level 1 in SAEJ1772.In this mode, the EV is connected to
standard domestic electricity power through non-dedicated regular wall outlet. This outlet
should be single phasein Mode 1. Its voltage canbe 110Vac/60Hz (.e.,in USA) or 230Vac/50Hz
(i.e.,in Europe). The maximum current is limited by the switchboard limit of home which is

mostly 16A.

The Mode 1 is slow charging mode, and therefore, the charging time is very long. Thus the

cables and sockds operate at maximum current for several hours that may result in high
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temperature on sockets and cables Therefore, the electrical installation must comply with

safety regulations. It must have an earthing system, an RCD and circuit breaker to protect
against electric shock, short circuit, fire and earth leakage. More details about them will be

given in the later sections.

The regular outlet at homes, such asNEMA-5-15 or Schuko as shown in Fig. 5.5, can be used
in Mode 1. If the maximum socket current is taken as 16A, then the maximum charging power

for Mode 1 can be calculated as follows,

For 120Vac grid:120v/ 3 16A =1.9kW

For 230Vac grid: 230/ 3 16A =3.6&kW

NEMA 5-15, In=15A [17] Shuko In=16A

Fig.5.5

These arevery small power for EV charging. If we assume the EV battery capacity is 24 kWh,
roughly 24 kwh/3.68 kW @.5 hoursis needed for full charge in European grid. This is very long
time. If battery capacity increases, the charging time increases proportionally. Therefore, Mode
1 charging is suitable for overnight charging at home garage for owner who use their EV rarely
in short distances, or for PHEVs since their battery capacity may considerable be lower than
BEVs. If we assume that average energy consumptin per kilometer for an EVis 200 Wh/km,
one hour charging at Mode 1 stores approximately 18 km drive range to the battery as

calculated below,

(3.68W)(1H

Drive range= (0.2kWh/ kn)

=18.km
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The cable connection for Mode 1 is illustrated in Fig. 5.6, while one end of cable is household

socket; the other end is dedicated charge socket for EVapproved by IEC 611962 which will be

described later.

C)

4

On-board

charger ‘
II (11}

Fig. 5.6 Mode 1 charging cable

There is no power control in Mode 1; therefore, the on-board charger may operate at an
excessive current for the cablesin the electrical installation of home. Moreover, the EV has big
metal surface area, and then any leakage from EV may result in serious electric shocKf the
home earthing system, residual current breakersand circuit breakers do not work properly;
serious electric shock and fire risk are inevitable For this reason Mode 1 is not used for EV

charging, it may be used for small carriers, such as scooters, electric bicycle etc.

Mode 1 charging is not advised (or prohibited) for EVs

in most of the counies for safety concerns!

5.3.2 Mode 2

The most important difference of Mode 2 from Mode 1 is that the Mode 2 contains a protection

device between the utility grid and EV as shown in Fig. 5.7. This equipment, which is called as
portable EVSE (Electric Vehicle Supply Equipmentinust have an RCD protectionaccording to

IEC 62752:2016and have some communication features for limiting the power. Due to safety
reasons, the portable EVSE has to be within 300nm from the utility socket. The cable is similar
to Mode 1 except protection equipment. The mostof EVs have thigportable EVSEas a standard

accessory with suitable cable ard sockets.
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Fig. 5.7 A portable EVSE [14]

In Mode 2, the charger input power can be taken from single phase (120Vac/230Vac) or three
phase (208Vac/400Vac) utility grid with maximum current from 16A up to 32 A. The cable
connection is shown Fig.5.8. For utility side, in addition to standard household sockets (i.e.,
NEMA 5-15 or Shuko), standard industrial sockets, such as NEMA 1450 or IEC 60309that can
carry maximum continues charging current up to 32A, can be used (SeeFig. 5.9). Therefore,

the maximum charging power for single - and three-phase at Mode 2 are obtained as follows,
For single phase:

120Vac grid: 120/ 3 32A =3.84W
230Vac grid: 230/ 3 32A =7.3&W

For three phase:

120Vac grid: /33 208/ 3328 kW

230Vac grid:\/§3 400/ 332A 2X&W
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Fig.5.8

NEMA 14-50[59] IEC 6030958]

Fig.5.9

The maximum power in Mode 2 is 6 times higher than Mode 1. Therefore, the full charging
time for a 24 kWh battery pack takes roughly 1.1 hours (24 kWh/3.68 kwW=1.1 hrs) in 230Vac
grid. This is relatively fast charging speed, but it should be remembered that most of BEV
battery capacity is higher than 24 kWh. If battery capacity increases, the charging time increases
proportionally. If we assume that average energy consumption for an EV is 200 Wh/km, one
hour charging at Mode 2 with 22 kW stores approximately 110 km drive range to the battery.

This range is sufficiently longer than daily usage of most EV users.

Because ofspace and weight restriction, some EV manufacturers usesingle converter both for
traction motor driver and charge controller purposes. Since the traction motor is not needed
during parking, its DC-AC driver topology can be transformed into AC-DC rectifier topology ,
and used as a battery charge controller. Moreover, the winding inductance of the electric motor
can be used as filter inductor in the power converter. One example schematic for this
application is seen in the Fig. 5.10 where three phase full bridge motor driver is converted to

three phase interleaved PFC boost converter in which the motor winding are used as
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inductance. In normal operation, the motor windings is separated from the rectifier (and

therefore, from the grid) by a proper mechanicalrelay switch.

3-phase inverter

l . H}E 3-phase
H i machine

BAT V==

‘H} rectifier E\,}w

Fig. 5.10: Onboard charger using motor drivi&3]

Al | E V 6 sboadndackaeger fonMode 2, but its maximum power varies from vehicle to
vehicle up to 43 kW. The Mode 2 is intended for mostly home users because it takes energy
from household sockets and needs long connection time that is more suitable for overnight

charging. For faster charge times, Mode 3 is proposed.

5.3.3 Mode 3

Mode 3 is more costly than Mode 2 since it usesa dedicated charging device which is named
as Electric Vehicle Supply Equipment (EVSE)s seen in Fig. 5.11. The EVSEhas a built-in
protection for safe operation and provides fast charging power for EVs. Some of EVSEs may
have advanced power control options like vehicle-to-grid (V2G) communication. The Mode 3

is mostly corresponds to the Level 2 charging of SAE J1772.

Fig.5.11 Vestel AC wall charger (Courtesy of VESTEL)
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The maximum charging current in Mode 3 is generally up to 32 A as similar to Mode 2.

However, if the switchboard is suitable, it can rise up to 63A. Then the maximum charging

power for three phasesat Mode 3 can reach up to,
J33 400/ 36A  AXW

According to current and voltage condition s, there are generally 5 charging levelsused in

Mode 3 for 230Vac grid (power levels for 120Vac grid can be obtained as well.)

3.7 kW (16A, Singlephase 6 230V AC)
7.4 KW (32A, Singlephase 0 230V AC)
11 kKW (16A, Threephase 8 400V AC)

22 kW (32 A, Threephase 6 400V AC)

= =4 =4 =4 =4

43 KW (63A, Threephase d 400V AC)

5.3.4 Signaling and Comm unication Protocols

What will happen if EV requests more power than EVSE capacity? Most likely, the EVSE will

protect itself and stops the charging. Therefore,the EVonb oar d char ger must knov
maximum current capacity in order regulate charging process properly. SAE J1772 developed

a communication standard between the EVSE and the EV. This is well adopted by IEC 61854

and become standard protocol in AC charging of EVs. Therefore, all the IEC 621962

compatibles plugs (i.e., Typel and Type2 plugs) have extra two pins in the socket for this
communication, such asControl Pilot (CP) and Proximity Pilot (PP) Thesepins are used to

control the charging process to be safe and under control. The circuit part inside the plugs

does not have integrated circuit or microcontroller. All t he circuit is based on resistors and

switches. It isvery simple, robust and can be operable in temperature between-4 0 AC t o +85AC

5.3.4.1 Proximity Pilot signal
According to J1772, the Proximity Pilot circuit uses PP ad PE (power earth)pins, and it has two

functions. These functions will be explained below.

PP function #1:

Proximity pilot signal allows the EV to detect whether it is plugged in, so that it prevents car

movement while connected to a charger. Proximity Pilot (PP) circuit for this function has two
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parts; one part is placed inside the plug and the other part is placed in the vehicle inlet as

shown in Fig.5.12.

ny EVINLET
TR
S *I'GND
~ ;_FP.EF' 7 +5V
Lock I‘d: B
switch j; hod 330
<
Q\,\::] fo BMS
3 <(:f,-,"‘i/ 330 27K

Fig. 5.12. Proximity pilot equivalent circuit

A 5V voltage is applied to the circuit from EV side, and then EV determines the plugstatus by

measuring the voltage at PP pin There are 3possible conditions;

Condition #1, EVSE is not present : Vep=4.46V 5y
X—EP

If EVSE is not present; there is ngplug connected to ‘ 330

inlet, so that the equivalent circuit will be a simple
to BMS
voltage divider as shown on the right. In this case the 27k

EV measure the voltage as

- V@K W .46/
3BOW +2.k W

Condition #2, EVSE is present but plug is not

latched : Vpp=2.76V sy
PP

PP

If EVSE is presentaind plug is not locked, equivalent 150 ' 330

circuit will be as shown on the right. In this case the

Plug is
not to BMS
lock switch do not bypass 330 W resistor, then jaiched i 330 %2:«

measured voltage reduces to,
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v - 5v §2.7k W 150 W 330))W
"P 330w +{ 2.k W( 150 W -830))!

_ 5v @407 yv iy

- 330W H 407 \)v
Condition # 3, EVSE is present and plug is latched : e V:-:-=1_.P5V +5V
If EVSE is present and the plug is latched, the 50 ' 330
equivalent circuit will be as shown on the right. In this
lug is to BMS
case, the lock switch bypasses the 330 resistor, and '3ched 330 %23%

the EVSE side resistor 150V is in parallel to 2.7 KW,
and then the EV measures the vdtage of,
_ v @2.7%k W150 W
P 330W H 2.k W150 )

_ 5v{@142 \)v 45
330w {142 WV

If the charging cable is unplugged during current flows through it , an arcing will occur. The PP
signal is used to prevent arcing. When plug is latched and in locked position, lock switch is
closed. If the user releases the locking mechanism, theswitch will be open and EV side voltage
will jump from 1.5V to 2.76V. Then EV controller detects this voltage change, and realizes that
it will be unplugged soon, and then suddenly decrease the charging current to OA (or near to

zero). Therefore, there will be no current in the cable when it is unplugged.

PP function #2:

The PP pin can be usedalso to define the maximum current capacity of cable, so that EVSEo
not solicit the charging current more than the cable ratings. This is very important function for
safety operation of charging cable. There are three possible cases for cable arrangementn EV

charging asfollows;
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Case #1:

EV side of cable permanently attached. In —(=
this case, the cable current capacity is W

suitable for on-board charger maximum

EVSE

power, so ho risk for the cable.
Case #2:

EVSE side of cable is permanently attached.

EVSE

The cable is sized for maximum current of

EVSE. So, no risk fothe cable.

Case #3:

Both sides of cable have detachable plugs. In

2
o
(o)

this case, there is possibility to use weak

cable at high-power. So that PP pin should

be used to set the cable current rating.

There is no connection between the PP pins in both ends of the charging cable. The PP pin of
EV side plug is used for proximity and latch information functions. The EVSE sidef PP pin can
be used to code the rated current capacity of the cable to the EVSE For this purpose a fixed

resistor is connected between PP and PE pins inside the plug of EVSE sides shown inFig.5.13.

L1
N

GHD]
V]
EVSE INLET

[ 3334

Fig.5.13

The value of Ry, resistor determines the maximum current capacity of that cable as seen in

Table 5.2. For example,the resistor value of 220 W means that the maximum current for the
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cable is 32A. Furthermore, the cable resistances have +f 3% tolerances, so if the resistance
falls outside of those tolerances the EVSE must not provide currentsince the current capacity
of the cable is uncertain. As another example, f 22kW Mode 3 charger is used with a 20A cable
(Rpp=680 W), then the EVSE reduces to output current to 20Aj.e.,13.8 kW, to protect the cable
from burning. This is very important feature against possible fire or damage, becausethe
charging of EV takes many hours at maximum power, which may strain the cables and

connectors significantly.

Table5.2: PP pin resistance valufes coding cable current rating

Resistance between Maximum current of

PP and PE pins cable Conductor Size
Open 6A 0.75 mn?
1500W 13A 1.5 mnt
680W 20A 2.5 mnt
220W 32A 6 mnv
100W 63A 16 mn?

50Wor <100V 80A 25 mn?

5.3.4.2 Control Pilot signal

The Control Pilot (CP) signal is designed to manage the charging status between EVSE and EV.
Additionally , the EVSE can limit the maximum allowable charging current by using PWM signal
on CP pin. The charge controller of EV continuously watches the PWM signal on CP pin, and
do not exceedthe allowed current limit . The CP signal mayalso be useful for power adjustment

or power distribution among the EV cars in a charge station.

The CP equivalent circuit is shown inFig.5.14. In this circuit, the EVSE provides 12\DC voltage
or 1kHz PWM signal according to the charging status. The PWM signal has ++ 12V magnitude,

and its duty cycle setsthe maximum charging power .
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EVSE EV
R1 CP pin
>
1K 3% Duty cycle and
31 frequency
+12V R2 R3 R4 measurement
2.74K 1.3K 270
3% 3% 3%
Cs ==
e wf s
1 kHz ]
112V PE pin
- —
Fig.5.14

Table5.3 Charger statuses for control pilot functions

Resistance between Voltage between CP

Status Definition CP-PE PE
Status A Standby Open +12 'V
Status B EV connected (Ready) 2740N +9°1V
Status C Ready (charging) 882V +6°1V
Status D With ventilation 246N +3°1V
Status E No power (Shut off) oV
Status F Error -12v

Charger statuses for control pilot function are listed in Table 5.3 and charge sequence is

described below in detail.
Status A & 0Stand-byé:

The EV is not plugged in;therefore, no resistor is connected on the EV side as shown inFig.
5.15. Then &= 12V dc voltage is measured. The EVSE is istand-by position and wait for an

EV plug.
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EVSE
R1 CP pin
1K 3%
+12v ST
Cs VCP=12V

Square

Wave

1 kHz )

12V PE pin
Fig.5.15

Status B 8 0 Vehicle detected 6:
(Step 1)

The vehicle is plugged and the CP circuit is connected to the EVSE side. Since S2 and S3 are
normally open, the resistors R3 and R4 are discarded. Then R2 anthe diode are connected to

the EVSE as shown irFig. 5.16 and the measured Vcp voltage is

1V R7& W
CP = -'Vdiode
kKW +2.7&k W

@

EVSE EV
R1 CP pin

(Step 2)

1K 3%
S1

Cs =

Fig.5.16

Duty cycle and
frequency
measurement

After checking the 9V is present on Vcp, the EVSE changes the position of S1 and put 1 kHz

square wave signal on the PP pin through R1 as shown irFig.5.17.
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EVSE EV
R1 CP pin
1K 3% Duty cycle and
f
+12v ST e
(-]
Cs =
Square
Wave
1 kHz
12V
Fig.5.17

Duty cycle of PWM is adjusted to correspond

to following formulas:

Duty = Cuorrgnt (For current between 6A to 51A)

_Current -, (For current between 51A80A)

Dut
Y 25

The plot of PWM vs. current according to the formulas above is shown in Fig. 5.18. For 32A
charging current, duty ratio should be 53%. If EVSE want to communicate to EV digitally (e.g.
Power Line Communication PLC etc.), puts a duty value between 3% %. This area is shaded

with green color in Fig.5.18.

Invalid duty cycles, i.e., duty<3% and 7%<duty<10% and duty>96% mean charging is not
possible. Itis noticed that, PWM duty cycle is controlled by the EVSE, whereas the positive peak

voltage of the signal is controlled by the EV.

90 T T 5 PWM [%] Current [A]
L - Invalid | | | | ! |

80 T4 Duty Cycle 10 6

70 5 20 12
o

— 60 1 30 13
< =z

= 50 19 40 24
£ 5]

£ 0 1= 50 30
- E

9 30 (81 66 40

0 Invalid . 2 »

nva

10 y Duty Cycle -— i EL

o | | : 8 90 65

0 10 20 30 40 S0 60 70 80 90 100 94 75

Duty cycle [%] 96 30

Fig.5.18
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Status Cd 0 EV charge6:

When the BMS of EV detects the duty cycle, learn the maximum charging current of EVSE, and
then sends a charge ready signal by closing S2 which connects the R3 in parallel to R2 as shown
in Fig.5.19. Then, the Vcp voltage becomes;

v G274 W18 W N @
UKW H2.74 W LE

After that the EVSE detects the +6V positive peak voltage of PWM signal, then close the power

relay to give power on the line.

EVSE
R1
v }
Duty cycle and
1K 3% frséqbency
+12V S1 measurement
-]
Cs ==
Square
Wave
1 kHz
12V

Status D 8 OEV charge with ventilation 6 :

Some battery types, such as leadacid, may have harmful and explosive gas emissions during
charging. Therefore, the room needs to be ventilated. Even ithium-based batteriesdo not have
gas emissions;IEC 618511 standard has this mode for being compatible for all battery types .
Therefore, i the charger needs ventilation in the room, then it closes the switch S3 and opens
the switch S2, so that only 270Wis connected in parallel to R2. So the \&pvoltage is,

1 G2.74 W 270 W

T Ikw H2.74 W 270 Naose B
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When the EVSE detects this voltage, then it starts to operate ventilation equipment if it is

installed. However, generally this mode is not used today because all battery types for EVs are

lithium -based.

EVSE EV
R1 CP pin
— | >
1K 3% VCP Dutévn%ycle
1l
+12v ST +3V R2 T8 ST o
° 2.74K 1.3K < 270
3% 3% | 3%
Cs == 15V
e ' 2/ =
1 kHz v .
- PE pin
—
Fig. 5.20
5.3.5 Mode 4

Mode 3 can be used up to 62A for AC charging that corresponds to 43 kW maximum. To get
even faster charging time, the charging power should be increased further. However, on-board
charger weight and size limits the maximum power capacity of Mode 3. Therefore, an external
charger, i.e.,off-board charger, is required. Since the offboard chargers are stationary and do
not have size and weight restrictions, the charge power can be increased up t0400 kW, but in

reality, it is restricted by the charging power limit of battery pack .

The Mode 4 is frequently called as DC charger, since lte off-board charger is connected to
battery DC terminals directly through protections devices as shown in Fig. 5.21. This mode

corresponds to the Level 3 charging in SAE J1772.

AC

ml

DC fast
charging
station

A
=0

As mentioned before that, the battery canbe charged up to almost 80% of capacity in constant

Fig. 5.21

current (CC) mode( Thi s i s cal | .eTHe ramaining 809 %f chargé malided in
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constant voltage mode and it takes almost half of the time that CCmode takes as seenfrom
Fig.5.4. For this reason, fastchargers cannot fully charge a battery up to 100% in a short time.
The fast charging concept covers only CC modeand can charge the battery up to around 80%

SOC.

Fast chargers can able to charge an EV battery under 60 min. Its power capacity is usually at
least 50kW or more. For example,if a fully empty 24 kWh battery is connected to a 50 kW fast
charger, the charging time will be (0.8)*(24kwh)/50kwW=0.38 h (or 23 min). It should be
remembered that the charging time can be longer in cold weather due to battery
characteristics.In some systems, 50 kW modulesare connected in parallel as modular method
to increase the total power, but the maximum charge current of ba ttery must not be exceeded

for safety.

DC chargers have (+) and (-) terminals for connection to EV battery. Typel and Type2
connectors, which are used for AC charging, are not suitable for DC chargers. A dedicated
connector to withstand for high DC current and voltage is needed. For this purpose, Combined
Charging System (CCS) which includes dedicated pins in the sockets for both AC and DC
charge together, have been developed. These sockets are also called aombo sockets, i.e.,
Combo 1 for CCS1 andCombo 2 for CCS2.While CCS1is mostly used in USA,the CCS2 is
mostly used in European countries. Apart from that, the CHAdeMO and GB/T sockets are used
in Japan and Chinefor DC charging, respectively. More information about the socke ts will be

given in the next section.

The maximum charging power of a DC charge station can be between 25kW and 400 kW. Since
the on-board charger is bypassed in Mode 4, charging process must be controlled by DC
charger according to the battery characteristics. The BMS control systems of EV battery pack
supervise the charging process, and the battery voltage and current should be precisely
controlled. Otherwise battery lifetime can considerably be reduced. Therefore, a robust and
fast digital communication is needed between EVSE and E\as shown in Fig. 5.21. The Power
Line Communication (PLC)and CAN bus arewidely used protocols for this purpose. IEC61851
24 defines the standard for communication between charging station and electric vehicle in
DC charging. The PLC protocolgenerallyusesb cont r ol pil ot , CP6 apin (fc
communication medium. In other words, data signal is transmitted by superimposing it on the
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CP pin signal However,some ofthechar ger 6 s s o cdxteat2 pimsdedicated foer&CAN

Buscommunication in the socket (ex. CHAdeMO)

Battery voltage and capacity varies from EV to EV.So if a DC chargerwould support only a
single charging voltage, it would charge very small number of EV typesin the market. However,
in a charging station, the DC chargershould serve as much EVs as posble for being profitable.
For this reason, most of the DC chargers can adjust its output voltage in wide range between
100V and 500V in order to be compatible for most of EVs in the market The voltage setting is
managed by BMS controller and send to the EVSEhrough the communication between EVSE

and EV.

DC chargerscan have very high charging power up to 400 kW. In order to efficiently use of this
power capacity, most of the DC chargers have more than one charging sockets in order to
charge two or more EVs at the same time by sharing power among them asillustrated in Fig.

5.22.

Fig. 5.22 Power sharing function of DC charger

If an EV charge station includes more than one DC charger equipment, it needs veryhigh-
power from the utility grid. Therefore, a dedicated utility grid connectio n with a suitable power
transformer is needed for fast charger stations. Domestic or corporate electricity network

cannot supply it without new agreement with Distribution Company.

5.4 AC Charging Plugs

Domestic sockets are not designed to energise the high-power devices, such as EVs. EV
chargers draw excessivecurrent for a long time that pushesthe domestic electric cables and
plugs to their limits. A short circuit or any fault in cables/plugs/s ockets could easily results in
fire or electrical shock On the other hand, the household plugs can be pulled out by children

or someone and that may cause electrical hazard.Therefore, it is not advisable to charge EVs
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from household sockets due to safety concerns. The BV charging sockets aredesigned for high-

power and maximum safety. For example charging plug is locked in socket, therefore, no one
can take it out. Even if someone rips the cord from the socket accidentally, the charging system

will shut down in a safe wayand so that people and devices are protected.

On the other hand, household socket does not permit controlling or scheduling the charging
power which are very important features for EV charging. For this reason, dedicated charging

connectors have been developed for AC and DC charging requirement.

5.4.1 Type 1 EVcharging plug

Originally designed by the manufacturer Yazaki and first published in SAE J1772. Itis also called

as OYazaki connectordé and mostly used in USA bec
1 standards [4]. IEC 621962 is called this plug as "Type 1" and its pin definitions is shown in

Fig.5.23 and explained below;

1 3 power pins; phase (L1), neutral (N) and power earth(PE) for single phase operation.
Neutral line can be second phase (L2) for high voltage two phaseoperation.

9 Control pilot (CP) function according to IEC 61851-1 Annex A.

1 Proximity pilot (PP) function using auxiliary switch (No current coding for cable).

1 IEC 621962 defines an operating current up to 32A. The maximum current is 80A in
USA

1 Lock mechanismto hold plug in place

L1 L2/N

PP cP

PE
Fig.5.23Type 1 AC plug [6]

5.4.2 Type 2 EV charging plug
This plug is developed for charging in Mode 2 and Mode 3 as a three-phase AC plug Because

the original design is made by the manufacturer
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connector 6. I't has round housing with omnas si de i
shown in Fig.5.24. IEC 621962 calls this plug as "Type 2", and its pin definitions shown in Fig.

5.24 explained below;

1 5 power pins; phase 1 (L1), phase 2 (L2), phase 3(L3), neutral (N) and power earth (PE)
for single phase or three phase operation.

1 Control pilot (CP) function according to IEC 618511 Annex A.

1 Proximity pilot (PP) function using auxiliary switch and current coding for cable
according to IEC 618511 Annex B.

9 Operating current up to 63A. The maximum current is 70A for single phase operation
only.

1 When itis inserted in the socket, the lock mechanismin the socket can lock the plug.

IEC 621962 defines an operating current up to 63 A, and allows a maximum current of 70 A
(single-phase). By regulation, all EV chargers in the European Union need to hav8ype 2 socket
outlet or Type 2 connector. This connector is mostly favoured by German and European car
manufacturers. Private chargers usually have 22 kW rated power. Most of the public chargers
in Europe are equipped with Type 2 plug with a charging power up to 43 kW (400V, 63 A, AC).

Type 2 allows single phase, two-phase or three-phase charging.

PE
CP PP

A

Fig.5.24 Type 2 AC plug [7]

5.4.3 Type 3 EV charging plug

Originally designed by the manuf act urcern nScca noer,6 .a
It can be used in Mode 2 and Mode 3. IEC 621962 calls it as "Type 3" plugs and it has two

versions: Type 3A for single-phase up to 16A and Type 3C for three-phase up to 63A as shown

in Fig.5.25. It has a shutter to prevent accidental touching which can be important requirement

for some countries. However, Type 2 socket is also improved and a shutter is added to it [5].

Type 3 EV plughas,
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1 3 or 5 power pins; L1, N and PE for single phase oradditional L2, L3 for 3 phase
operation.

9 Control pilot (CP) function according to IEC 618511 Annex A.

1 Proximity pilot (PP) function using auxiliary switch and current coding for cable
according to IEC 618511 Annex B.

9 Operating current in single phase up to 16A without control pilot, 32A with control
pilot, and up to 64A in three phase charging.

1 When itis inserted in the socket, the lock mechanism in the socket can lock the plug.

Type 3 plug is developed and mostly used in Italy, and not seen in Europe Union frequently.

Type 2 socket is widely adopted in European countries.

Type 3A male plug (4 pins,250V/16A)  Type 3C male plugs (7 pins, 480V/63A)

Fig.5.25Type 3 AC plugs [8]

5.4.4 GB/T AC charging p lug
In China, Guobiaostandard GB/T 20234.22015 for AC-charging specifies cables with Type 2
style male connectors (SeeFig. 5.28) on two ends, and a female inlet on the EVs. This is the

opposite gender used by the rest of the world. Also, different control signals are in use.

Fig.5.26 GB/T AC plug [9]
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5.5 DC Charging Plugs

DCfast chargers have DC output andtherefore, Type 1, Type 2 and Type 3 connectors are not
suitable for DC power. For this reason, either new plug should be developed or existing AC
plugs need to be improved. Both methods are seen in practice; for example while CHAdeMO
plug is designed specifically for DC charging, the CCS1 and CCS2 plugs are an extensiorersion
of Typel and Type 2 plugs, respectively. IEC 62198 describes vehicle connector for DC
charging of electric vehicles in Mode 4. The specific desgns are grouped into several

configurations.

5.5.1 CHAdeMO

CHAdeMO is a Japanese standardized charging protocol developed by CHAdeMO organization
which allows charging power up to 62.5 kW (500V, 125 A, DC). CHAdeMO 2.0 (revised) allows
400 kW (1000V, 400 ADC). The connector can be found in IEG61851 and in IEC 62196.

CHAdeMO is using CAN bus protocol to perform safety interlock, to transfer SOC, stop signal,
voltage, battery capacity, etc. Communication between EVSE and EV is realized based on CAN
bus proto col using pin 8 and pin 9 of the plug. Pin 7 (PP)is stands for the proximity detection
as seen fromFig.5.27 . CHAdeMO isthe first DC standard to facilitate V2X (V2G)via 1.1 version
of protocol, and there are numerous pilot projects running around the World to test its

capacities.

CHAdeMO is the most widely used charging standard promoted by Nissan-Renault and several

Japanese brands like Mitsubishi,Toyota, Honda, etc.

: NC GND
R i Start/stop1
y DC+ DC-
e CAN-H
CAN-L Start/stop2

Fig. 5.27 CHAdeMO plug [11] and pin descriptions

5.5.2 GB/T
GB/TDC charging plug is developed and used in China as a competing standard. The view and

pinout of GB/T plug is shown in Fig.5.28. The maximum voltage and current of this plug are
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750V (or 1000V) and 250A, respectively. The maximum 185 kW charging power is allowed The
communication between the EVSE and EV is realized byusing CAN bus protocol as like
CHAdeMO. GB/T plug has pins to charge the low voltage auxiliary battery, and also two

proximity pilot pins.

PP1 pp2
CAN-H  \__ / _CAN-L

Auxiliary ~\_ '7 Auxiliary
power (+) @@ power (-)

Fig.5.28 GB/T Plug and pin descriptions [12]

553 CCS1

This plug is obtained by placing two pins for DC connection at the bottom of Type 1 AC plug
as shownin Fig.5.29. Since this socket is suitable for both AC and DC charging, it is named as
Combined Charging System 1 (CCS) connector, or COMBO 1 connector. This plug is single
phase and mostly used in USA. Thereare no dedicated pins in CCS1 connector for

communication between the EVSE and EVThe communication is realized using Power Lines
Communication (PLC)protocol through CP&PE pins according to IEC 6185%24 Annex Cand

ISO 151183. The maximum charging current for CCS1is 200A with maximum 500V, and the
maximum power is 80 kW. Latest standard supports current up to 500A which corresponds to

250kW. It should be remembered that, high current requires large cable-cross-sections and

probably may need cooling of cable.

Fig.5.29 CCS 1 DC charging plug and pin descriptions [10]
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554 CCS2

It is obtained by similar way as CCS 1. The CCS 2, it is also called as COMBX) combines DC
connector with Type 2 connector as shown in Fig. 5.30. It should be noted that, 4 power pins,
e.g, L1, L2, L3 and N pins, are removed from the plug in CCS2, since these pins are not needed
in DC charging. They are required for only AC charging. This plug is standard for DC charging
in European Union countries. CCS2 plug can be used either for single phase, three phase and
also DC charging modes. It can use PP, CP and PE pins for proximity pilot and charge pilot
functions. AC power pins are not used in this plug. The communication is realized using Power
Lines Communication (PLCYhrough CP&PE pinsaccording to IEC 61851-24 Annex C and ISO
15118-3 as similar to CCS1. The maximum charging current for CCS1 is 200A with maximum
1000V, and the maximum power is 200 kW.Later edition of standards supports currents up to
400A for future charging infrastructur es,However, such a high current requires high cable cross
sections and leading to heavy and stiff cables, and also requires cooling system for cables and

connectors due to ohmic resistances of cable and contacts.

P

®

Fig.5.30 CCS 2 Charging plug and pin descriptions [10]

5.5.5 EVinlets

Each AC and DC plugshave a dedicated inlet on EV as described inTable 5.4. CCS1 inlet is
suitable for Type 1 AC plug also. Similarly CCS2 inlet is suitable for Type2 AC plug.The Typel
and CCS1 are popular in USAand Type2 and CCS 2 are popular in European UnionCHAdeMO

connector is also seen in USA and European Union in charging stations.

However, Type 1 and Type 2 are completely compatible for single phase and a simple adapter
can connect the two plugs. Type 3 plugs are mainly used in Italy, but it is electricdly compatible

to Type 1 and 2.CCS 1 & CCS 2 are compatible with AC and DC charging modes antherefore,
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most of the automobile manufacturers support CCS connectors and place the CCS inlet on

their automobiles.

Table 5.4: Charging connectors and EV inlets

Charging mode Plug Compatible EV inlet s
1 Phase =i
AC charging
Mode 2&3
3-7 kW
Type 1 Fenale [6] Type 1 Male [18] CCS1 Male[18]
Type 2 Female Plug (Mennekes]7] Type 2 Male[18] CCS2 Male[18]
1 or 3 Phase
AC charging
Mode 2&3
3-43 kW
Type 3A Female and Type 3C Femal§s]
©® ©
OJOXO
©©
GB/T Female Adnlet [18]
GB/T Male AC Plug[9]
DC charging
(USA)
Mode 4
Up to 350 kW
CCS1Female Plug[10] CCS1 Male Inlet [18]
DC charging .
(EUROPE)
Mode 4 -
Up to 350 kW
CCS2Female Plug[10] CCS2 Male Inlet [18]
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DC charging
(JAPAN)
Mode 4

Up to 350 kW

CDAdeMO Male Plug[11] CHAdeMO Female Inlet[11]

DC charging
(CHINA)
Mode 4

Up to 250 kW

GB/T FemaleDC Inlet [18]
GB/T Male DC Plug[12]
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6 EVCHARGING LOCATIONS

The EVs can be recharged at residential homes, at workplaces, at parking placesor at charging

stations as well. All these charging options have their own pros and cons. Home charging takes

long time to full charge of battery, but it is cost effective. In contrast, DC fast chargers are
capable to charge the EV up to 80% in less than 30 min, but they are most expensive charging

option. So the charger should be selected for best fit to owner 6 s needs with
investment. Although the chargersin residential areas or in workplacesare dedicated to some

limited owners, the public chargers can serve to all ENbwners.

The EV chargers can generally be divided into 4 separate categories. These areesidential
home, workplaces, parking lots and commercial stations. The main parameter that separates
these groups from each other is the difference in charging times that is determined by the
charging power. Let's take a closer look atthese 4 categories of charging systemseach has

different properties .

6.1 Residential Homes

For private houses, itis relatively easy to find a charging place. The car probably has a dedicated
parking area or a garage. On the other hand, for an apartment, several factors should be
considered before installing a charging station. First of all, it is necessary to own the parking
area or get permission for usage from the owner. If parking areas are in shared use, no conflict
should arise in regarding to ownership or usage of charging station. The owner must agree
with the apartment management association regarding the suitable location for the charging
station. For new apartments, there may be reserved places for EV chargers in parking lots. But
in old apartments it may not be easy to find a suitable place, or in some casesit may be

impossible.

For private houses, the electricity is supplied
for apartments the situation is not simple as like that. If the ownership belongs to the person
who will install the charging station, then it is appropriate to get the electricity from his/her
own energy meter. In this case the installation hasthe same procedure as for a private house.

Alternatively, a shared meter of common utilities can be used if it is suitable and get permission.
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In either case, the electric installation should be done according to the national codes for

residential electricity as like installation of air condition or lighting outlet. Enclosed parking
garages can be hazardous locations, and so that national electric code for instaling electric

equipment in those areas should be followed [1].

The EV chargers, i.e., EVSEcan be wall mounted with tethered cable or just only socket as
shown Fig. 6.1. If charging station is in safe area against thief, tethered cable version can be
practical. Otherwise, cable needs to be removed from the chargerevery time. In wall chargers,
the Type 2 soclet is mostly used in Europe; Type 1 is preferred in USA. The EV is usually parked
overnight and connected to the charger all night. Overnight charging has the advantage of
being the cheapest period for charging in most cases. The owner can find the EV as eady with

full battery in the morning.

Charger with Charger with
un-tethered cable tethered cable

Fig. 6.1 Wall mount EVSE with urtethered (left) and tethered cable (rigi@purtesy of VESTEL)

The EVcharger takes power from the same switchboard with home electrical appliances; such
as refrigerator, washing machine, dishwasher, oven, cookers, TV, lighting, ironing etcSo if the
total current is more than the circuit breaker trip current, home will be de-energized. Hence,

the charging power should be selected carefully in order to prevent power loss at home.

The EVSE, with Mode 2 or Mode 3are the best fit for these places with single phase (230V) or
three phases (400V) electricity options.In the market, the maximum power of EVSESn Mode
2 & Mode 3 is generally 3.7kW&7.4 kW and 11kW&22 kW for single-phase and for three-
phase, respectively. A suitable one among them can be selected by evaluating the home
electric consumption.
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The small power EVSES,e.,3.7kW (for single phase) or 11 kW (for 3 phase), may seem suitable
for home chargers. But in this case, full charging time will be very long, and the EV may not be
ready with full battery in the morning. As we have learned that, the charging power can be
adjusted by EVSE using control pilot (CP) functiontherefore, it is also possible to use 7.4kW or
22 kW EVSESsBut in this case, theEVSEyower should be reduced so as to reserve some power

for home appliances, and then the maximum power of EVSE cannot beutilized effectively.

Best soluti on fDgmami¢tPowesMacnaasgee mesnh ttds seerdm thekRiges.2,
a power optimizer meter is placed into the home energy main flow path to measure the
instantaneous power consumption of the home. When home power usage increases, power
optimizer sends a signal to EVSEhrough PLC or any other communication methods, so that
the EVSHlecreases the charging power, and consequently the total power will be kept always
below the switchboard limit. However, this feature may increase the cost of EVSE considerably

since an extra power management device is required.

Power -—
Optimizer m EI e
B Meter
Household
Utility appliances
end Utility RCCB MCB

Meter Main

Switch

D . o o

.

. . ‘y
Yea, wus®

Communication
(Modbus)

] :
Q@

Fig. 6.2 Dynamic power management block diagram

Some of the EVSESs in the market have builtin power scheduling feature. This featureis a simple
but cost-effective alternative to dynamic power management and can be useful in private
houses. In these EVSEs, the charging power can be programmed by the usewith respects to
time throughout the day like as shown in Fig. 6.3. In this example, EVSE charging power is
maximum during the nighttime when the home electricity consumption at the lowest value.
For other times of the day, the EVSE reduces the charging poweto a safe value.lt is important
to note that, this power level s and switching times are fixed, and not adjusted automatically.
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Thesevalues can be set by the user by considering the possible peak power consumption of

home.
Charging
power
11 kw
3.7 kW 3.7 kW
Time of the day
18.00 00.00 06.00 12.00

Fig. 6.3 Example power scheduling for home charging

For reducing the installation cost, portable charge equipment as shown in Fig.5.7 can also be
used. The owner should ensure that the portable device has certification for IEC 62752:2016,
built-in RCD and communication feature with the EV. The nonstandard devicesmay cause fire

or electric shock risk.

6.2 Workplaces

Charging power requirement for an EV in the case of workplacesis generally low, since the
employees have a predictable work schedules. For example, if we assumehiat the average
power consume of an EV is 20 Wh/km and employees drive from 50 km away in average,the
required energy to be charged is only 10 kWh. Even a3.7 kW charger can supply this energy
less than 3 hours. This time is considerably lower than the daily standard working hours of 8 h.

Therefore, the EVs will be fully charged before the workplace closing time.

However, there may be a lot of EVsin the workplace to be charged at the same time. In this
case, the peak electric power can reachto very high level, and circuit breakers can betripped .
Scheduling of charge operations can fix this problem. As mentioned in previous sections, the
communication between the EVSE and EV permits the power adjusting. Thereforea power
optimizer meter (POM) device can control the maximum charging power of individual EVSE,
and implements a load control strategy. The POMcan manage the all EVSEs in the workplace

so as to limit the maximum power to a desired level. This is called as dynamic load management
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and some of the chargers have compatibility with this feature built in via power line

communication (PLC) as shownFig.6.4.

Although, 3.7 kW or 7.4 kW chargers in Mode 3 seems good choice for workplaces, one or
more fast chargers may be required for company service cars since daily driving range of
service cars may behigh and need fast charging overnight, to be ready for next day. The
switchboard power rating is considerably higher in industrial facilities than a home. Therefore,

it is possible to charge many cars together with load management feature.

Power
Optimizer
Meter
_» | l e —

A r |RccB r |RCcCB r |RccB » |RCCB

=rr|MCB rr|MCB ~rr|MCB rr|MCB

oy
Communication * L=
(Modbus)

Slave-N

ommey fowmrsy fowm ow——s
GeE} @ ) @@ )  (EED}

Fig. 6.4. Dynamic load management

6.3 Parking Places

Public or private parking areas are very suitable places for EV charging. Hotels, shopping
centers, government buildings, airports and city parking areas are providing more and more
charging points for EVs. Today, we see that generally less than 3 charging points in these areas,
but in near future, when the EVs become widespread it will increase considerably. Hotels and
shopping centers may want to install EV charge point to meet customer/visitors requirements
who own an EV. In these areas, fast charging is not essential since hotel customer or shopping
center visitor will have at least one hour charging time. Moreover, credit card or some service
fee collection mechanism should be provided. The Mode 3 chargers can fulfill all these

requirements.
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It should be noted that, EV needs long time, i.e.,up to several hours, to be fully charged. Then,

the parking lots which contain EV charger can be reserved for EV ownersin order to balance
parking places between conventional fossil fuel cars and EVsas shown in Fig. 6.5. Moreover,
in order to share one charging station as much EV as possible, the charging time may be

restricted to 1h or 2h maximum.

It may be advantageous to place EV charging station near to the places where the customer
can spend time, such as restaurans, shopping mall, sport centers etc. While customer do
activities, their EVs store back thedrained battery energy. Additionally, public transportation,

parks etc. may be helpful for EV owners to prefer EVparking and charging place.

Fig. 6.5 [3]

6.4 Commercial charging stations

The main difference of commercial charging stations from hotel or shopping center parking
places is that it is dedicated only to charge EVscommercially as shown in Fig. 6.6. These
charging stations should be placed near to the potential customer location. Additionally, to
increase visibility of the station, wayfinding signage, mobile app portal or membership of some

EVcharging organizations will be helpful.
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Fig. 6.6 [4]

Commercial charging stations, most probably, has one or more DC fast charging option and a
lot of AC charge port as many as possible.Sinceits charging power requirement is very high,
mostly a special contractis neededwith the utility grid through a private transformer. Sufficient
distance between distribution transformer and EVSEshould be given as described by the local
electrical installation guide . Because the power rating of these station is very high, the customer

should stay in safe distanceto transformer against fire, explosion etc.

DC fast chargers aremostly needed on highways for intercity travel in order to charge the EV
battery less than 30 min. These chargers reduce the range anxiety and provide long range
driving for EV cars For this purpose, frequently used travelling routes should be covered with

DC fast charger infrastructure.

In the planning phase of any DC fast charging station, it is important to make a projection
regarding the number of EVSEs for future expansion. Always i is less expensive to add

additional conduit s and power panels during system installation than to modify it in future.
Some additional considerations for EV charge stations are listed below;

1 The EVSE and the associated parking area should be as close as to thelectricity
distribution transformer that will reduce the losses of systems. Remember charging

power is very high, and takes for hours.
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1 The power cord of EVSE should not be placed on pedestrian walkway.The cable
insulation may be damaged due to crushing, friction and impact, and the protection
equipment may cause false trip.

1 Evaluate the risk of vandalism and take proper precautions. Use security lighting,
security cameras, locked enclosure forequipment

1 Aesthetic view of charging station may be important for some customer. For this

purpose, landscaping, wall painting and hiding some equipment by wall may help.

6.5 Effects of EV chargers on the utility grid

By 2030, it is expected that the EVs will consumeelectricity between 550 to 1000 TWh globally.
In Europe, EVs will count for more than 4% of total electricity consumption (Source: IEA).
However, today, the EVs are charged after workwhen the energy consumption is at the peak
level, thanks to home appliances. If the power requirement increases too much due to EV
charging in a relatively short period of time , a great pressure on electricity grids would occur.

Some of the possible results of the future load caused by EVs:

Potential blackouts

Transformer system overload

1

1

1 Voltage and frequency drop

1 Increased CQ emission by peak power plants
1 Lower renewable energy penetration

1

etc.

The Norwegian Water Resources and Energy Directorate released assumptions about the
necessary investments in the electricity grid due to increasing EV penetration by 2040.There

are 3 scenarios visible on the figure:

1. EVs are charged at night, when batteries are controlled to charge outside of peak periods.
2. EVs are charged when it is necessary (every-3 days when the battery is low).
3. EVs are charged every day, in peakours, which is the case in Norway according to surveys

made.
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Extra investments (national level, billion NOK)

2 .

Charge at night Afternoon charge when Afternoon charge every day
required
Not adjusted for asset age m Adjusted for asset age
Fig. 6.7 [5]

6.5.1 Smart Charging, V1G

Smart charging, or V1G, covers the ability to dynamically modify the charge rate/charge time.
V1G partially provides solution for the load issue that is caused by EVs in the future. As seen
on the Fig. 6.8, charging is scheduled for off-peak times; therefore, several of the negative
effects listed above are solved or minimized. Also, charging costs can be decreased in case of

time of use (ToU) electricity pricing.

CHARGE ON
DAYTIME

FLATTENED
CURVE OF

DEMAND
MORNING EVENING MORNING
PEAK PEAK PEAK
UNMANAGED EV CHARGING SMART EV CHARGING
Fig. 6.8 [6]

6.5.2 Vehicle-to-grid, V2G
As of today, EVs are mainly charged in the evening, partially covering the peak electricity
consumption period. Vehicle-to-grid (V2G) optimization of EV charging has a great potential

to charge in off -peak periods and to discharge in peak periods.
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I.  On the Fig. 6.9, the electricity demand profile and the EV charging demand proflle is
shown. The effect of charging EVstraditionally after working hours - in peak times - is
visible on the first graph. Without any control, peak load is increased, which puts a
burden on the electrical grid.

II.  The second graph shows the potential of controlling charging. By introducing control
of charging, EVs can charge in offpeak and reduce load in peak times. This covers the
functionality of V1G.

lll.  The third graph in the evolution shows the case when not only charging times are
controlled, but EVs discharge and provide generation resources b the grid. This type

of control is called Vehicle-to-Grid.

EXTRA

DEMAND
OF EVs

DISCHARGE

DURING
PEAK TIME

CHARGE ON

DAYTIME
MORNING
PEAK

UNMANAGED EV CHARGING SMART EV CHARGING SMART EV CHARGING

CHARGE ON
DAYTIME

FLATTENED
CURVE OF
DEMAND
MORNING EVENING
PEAK PEAK

Fig. 6.9 [6]

EV owners doing V2G have the ability to be the supplier and the consumer in the same time.
With V2G it is possible to use the battery as an energy asset, it can both charge (consume) and

discharge (supply).

As an energy asset, the EVO0s battery is a valuwuahb
up the discharge rate in less than a second, they can be controlled remotely by a DSO, an

aggregator or Electric Mobility Service Provider (eMSP) and EV batteries have a long lifespan

and can resist cycling. Thanks to the controlled charging, Smart Charging, EVs can be charged

in off-peak times, cheaply.
What is possible with V2G?

A Frequency balancing

A Voltage control

A Grid balancing

A Delaying grid investments

A Peak shaving
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A Energy trading

A Tariff optimization

A Demand response

A TOU tariff

A Demand Charge Management

A Renewable energy integration

6.6 Photovoltaic Energy Integrated EV Charge Station

It is mentioned in Section 1 that, if the charging power of EV does not come from renewable

source, the carbon emission of EVawill stay at high level. Only difference, the emissions shifted

from combustion car to the power plant. In order to obtai n green transport system, the

charging power must come from renewable sources, such as photovoltaic and wind power etc.

Typical system topology for solar energy integrated EV charging station is shown in Fig. 6.10.

The system hastwo power sources; utility grid and PV arrays. Utility power is connected to the

AC bus which is usually 400V/50 Hz three phase AC voltages. On the other hand, the solar

power is connected to DC bus which is generally 400Vdc. The EV charger can use power from

both sources. Notice that, the utility power is bidirectional, which means if solar power

generated is more than required; the excess energy can be transferred into thegrid via AC-DC

bi-directional converter. Moreover, excess energy can be stored in battery. Battery can be used

also for power scheduling for smart grid purposes.

AC Bus DC Bus
5 E -~
Grid
Cars Chargers
Fig.6.10

!,

'.' Solar Power
4 1 A

V.27 4
r [ 4

mn_MN

- +

Battery

Fig.6.11 shows the solar integrated charging station for 25 EVs in main campus by Oak Ridge

National Laboratory. The systems consists of a solar canopy having 47 kWp total power, 2 kW
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per parking space. The battery can be charged during nigth from grid and also stores excess
power from solar. The system connection diagram is shown inFig. 6.12. 125 solar integrated
EV charging stations similar to this one are installed in Tennessee by Oak Ridge and it is
obtained that a non-linear control algorithm can offset the EVSE load on the grid by up to

70.7% during typical operating conditions at ORNL [2].

SUSTAINABLE
_ CAMPUS

<«

<

Project Components

2.0 kw of solar per ==
'l\ g parking space e
Grid connection

Electric vehicle

/
" Charging system (EVSE) ="
Level 2

OAK RIDGE NATIONAL LABORATORY

SUSTAINABLE CAMPUS INITIATIVE

Fig.6.11[2]
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. Transformer

. ac Solar Disconnect
. Inverter

. dc Solar Disconnect
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. Battery Management
. dc Battery Disconnect
10. Battery Storage

11. Charging Station
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Fig. 6.12[2]
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7 INSTALLATION OF EV CHARGERS

The IEC 603645-52 Ed.3 defines the standardsfor Low Voltage Electrical Installatiory e.g.
methods of installation and current carrying capacities etc. However, national electricity codes
may have differences and thus national standards must be followed during installation. In this
chapter, the general parameters that should be considered during EV charger installation are

summarized.

7.1 Selection of EV Charger Point
When selecting suitable places for EV charger, the following factors should be considered.

1 Power availability: Placing the EV charger near to the utility power meter will reduce the

installation cost and installation time. Long distance requires long cables which
constitutes the main cost of installation. If the reserve power capacity of the
switchboard is enough for EV charger, thenno need to upgrade the service power in
switchboard. Otherwise, some investment should be needed to have new connection
from the utility distribution company. In this case the cost will increase substantially.

9 Construction requirement: In order to get power from switchboard to the EVSE,

generally wall installation is needed. However, sometimes trenching maybe required.
In this case, softer grounds (grass etc.) are preferable instead of hard rock or concrete
ground.

1 Mounting : The EVSE can be mounted on a wall or a pole as showin Fig. 7.1. Placing
the EVSEon a wall is cost effective and faster way than pole mounting option. Pole
mounting needs construction to fix the EVSE pole into ground and increase the cost
and workmanship. If the site has a suitable wall area, wall mounting option is often
preferred.

On the other hand, dual EVSE mount with single power connection lowers the
installation cost. Therefore, if additional EVSE will be installed in the same place in
future, keeping the installation power of connection is high will reduce the installation

cost and time.
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1 Environmental concerns Charging equipment can be installed indoors or outdoors. If

it is outside, EVSEshould be prevented from exposure of the Sun since it affects the
thermal behavior of EVSE. On the other hand, the measures should be taken against
heavy rain and floods. Moreover, the EVSE should be places at least 0.5m to 1.0m above

the ground to prevent car hitting.

Pole mounting Wall mounting

Fig. 7.1 (Courtesy of VESTEL)

After determining the EV location, electrical power connection should be extended to that

point from the nearest switchboard through cables.

7.2 Electric Cables

An electric cable consists of one or more conductor in the centre, a PVC or XLPEnsulating
layer around all the conductors, bedding and an outer sheath to isolate and to protect the
conductors from environmental conditions , as shown in Fig. 7.2. Some cableshave armour

around the cable to protect it fr om mechanical stress.
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Sheath(PVC)

Bedding (PVC)

Insulation (XLPE)
Conductor

Fig. 7.2 [12]

Current flowing through a conductor creates joule heat losses on the conductor and this

thermal energy increases the temperature of conductor material. Although the conductive

metal itself can withstand very high temperatures, for example the melting temperature of

copper met al i s app Cotheimaantum tegnperatOre lgnit & the insulation

material surrounding the conductor is relatively very low. If the in sulation material starts to

melt, safety hazardous situation occurs as the insulation layer being loosed, such as, electrical

short circuits or electric shock. Hence, the current carrying capacity {.e., Ampacity) of a
conductor is the result of placing an upper limit on the conductor temperature. The definition

of Ampacity is expressed asdb The maxi mum current, in Amperes,
continuously wunder the conditions of unstee wi t h o
ONat i on aty Codd (NEC) Article 1000 D e f i n idbcuneent.sThe temperature rating

value in the description represents the maximum permissible temperature value of the
conductor. Since the insulator is the material which has generally the lowest temperature limit

value in a conductor, the temperature limit value is based on the upper temperature limit of

the insulation material.

The insulation provided on each conductor of a cable by mainly PVC (Poly Vinyl Chloride), XLPE
(Crosslinked Polyethylene) or RUBBER (Variosl Types of Rubber). The insulating material
determines the maximum operating temperature of cable as shown in Table 7.1. As the
operating temperature increases, the cable ampacity increases correspondinglyas mentioned

above.
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Table 7.1 Maximum operating temperat ure of insulating materials

Insulation Material Maximum Operating Temperature
PVC TYPE A 75°C
PVC TYPE B 85°C
PVC TYPE C 85'C
XLPE 90'C
RUBBER EPR IEL 90°C

RUBBER EPR IE2, EPR IE3, EPR IH,
SILICON IE5

IEC60446 defines the colour codes of wiring in a cable as shown inTable 7.2. Most European
countries adopt this standard, but it should be checked for each country whether it is strictly

valid.

Table7.2 Color codes of wiring in a cable

Function Label Color, IEC Visual

Single Phas€ables

Protective earth PE greenyellow — AV 4
Neutral N blue —
Line L brown —
3-phaseCables

Protective earth PE greenyellow — AV 4
Neutral N blue —
Line, 3phase L1 brown —
Line, 3phase L2 black .
Line, 3phase L3 grey

7.2.1 Cable Ampacity
Maximum current value that a conductor can safely carry, in other words ampacity, depends
on many parameters, andtherefore, it is necessary to obtain mathematical models of all these

parameters to keep the accuracy highin calculations. These parameters can be listed as follows;
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1 Crosssectional area andgeometry of the conductors

1 Maximum temperature limit of the conductor & insulating material, and all terminal
materials in the circuit from beginning to end of current flow .

Conductor material (copper, aluminium etc.)

Length of the conductor (voltage drop).

Number, geometry and location of other current -carrying conductors in the conduit
The ambient temperature (air or ground)

Whether direct sunlight falls on the cable or not

Conductor heat storage capacity and thermal resistances

The air flow rate circulating around the cable

=A =4 =4 =4 -4 4 -4 =4

Operating voltage,

The list can be expanded further. However, considering so many parameters require a very
complex modelling which takes too much time and big effort . For this reason,IEC or similar
organizations publish the maximum current carrying capacity of the conductors in a table for
certain installation methods. These tables allow the designer to easily select the conductors
without complex calculations. IEC 603645-52 defines many installation methods, but most

common are listed in Table 7.3.

Table 7.3: Typical installation methods according to IEC 60364-5-52

Installation Method lllustration Reference
Methods
Insulated conductors or single-core cables in Al
conduit in a thermally insulated wall Room
Multi -core cables in conduit in a thermally A2
insulated wall Room

Bl

Insulated conductors or single-core cables in
conduit on a wooden, or masonry wall

Multi -core cable in conduit on a wooden, or
mansonry wall
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Single-core or multi-core cables:- fixed on a C

wooden, or mansonry wall

Multi -core cables in conduit or in cable D1

ducting in the ground

Single-core cable in conduit or in cable D1

ducting in the ground

Sheathed single-core or multi-core cables ' D2
direct in the ground 3 A H
-without added a mechanical protection i

Sheathed single-core or multi-core cables D2
direct in the ground

-with added a mechanical protection

In low voltage applications, the PVC and XLPE insulated copper cables are frequently used,
therefore, the current carrying capacities of PVC and XLPE cables for two and three loaded

copper conductors are given in Table 7.4,

Table 7.5, Table 7.6 or Table7.7.
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Table 7.4: Current carrying capacities in [A] for methods of installation in Table 7.3, PVC insulation/two

loaded copper conductors,

conductor

ground.

for methods of installation

Current -carrying capacities in [A]
in Table 7.3

Conductor nominal cross - sectional

area
[ MM u] Al A2 B1 B2 C D1 D2
1.5 145 | 14 175 | 165 | 19.5 | 22 22
2.5 195 | 185 | 24 23 27 29 28
4 26 25 32 30 36 37 38
6 34 32 41 38 46 46 48
10 46 43 57 52 63 60 64
16 61 57 76 69 85 78 83
25 80 75 101 90 112 | 99 | 110
35 99 92 125 | 111 | 138 | 119 | 132
50 119 | 110 | 151 | 133 | 168 | 140 | 156
70 151 | 139 | 192 | 168 | 213 | 173 | 192
95 182 | 167 | 232 | 201 | 258 | 204 | 230
120 210 | 192 | 269 | 232 | 299 | 231 | 261
150 240 | 219 | 300 | 258 | 344 | 261 | 293
185 273 | 248 | 341 | 294 | 392 | 292 | 331
240 321 | 291 | 400 | 344 | 461 | 336 | 382
300 367 | 334 | 458 | 394 | 530 | 379 | 427
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Table 7.5: Current carrying capacities in [A] for methods of installation in Table 7.3, XLPE or EPR

insulation/two loaded copper conductors , conductor temperature 9 0 AC, ambi ent
air, 20AC in ground.
Current -carrying capacities in [A]
for methods of installationin ~ Table 7.3
Conductor nominal cross - sectional
area

[ MM ] Al A2 B1 B2 C D1 D2
1.5 19 185 | 23 22 24 25 27
2.5 26 25 31 30 33 33 35
4 35 33 42 40 45 43 46

6 45 42 54 51 58 53 58
10 61 57 75 69 80 71 77
16 81 76 100 91 107 | 91 | 100
25 106 99 133 | 119 | 138 | 116 | 129
35 131 | 121 | 164 | 146 | 171 | 139 | 155
50 158 | 145 | 198 | 175 | 209 | 164 | 183
70 200 | 183 | 253 | 221 | 269 | 203 | 225
95 182 | 167 | 232 | 201 | 258 | 204 | 230
120 210 | 192 | 269 | 232 | 299 | 231 | 261
150 240 | 219 | 300 | 258 | 344 | 261 | 293
185 362 | 329 | 449 | 384 | 506 | 343 | 387
240 424 | 386 | 528 | 459 | 599 | 395 | 448
300 486 | 442 | 603 | 532 | 693 | 446 | 502
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Table 7.6: Current carrying capacities in [A] for methods of installation in Table 7.3, PVC

insulation/three loaded copper conductors, conductor tempembaentet 2MAEr at ur e

air, 20AC in ground.

Current -carrying capacities in [A]
for methods of installation in ~ Table 7.3
Conductor nominal cross - sectional

area
[ MM mm] Al A2 Bl B2 C D1 D2
1.5 135 13 15.5 15 175 | 18 19
2.5 18 17.5 21 20 24 24 24
4 24 23 28 27 32 30 33
6 31 29 36 34 41 38 41
10 42 39 50 46 57 50 54
16 56 52 68 62 76 64 70
25 73 68 89 80 96 82 92
35 89 83 110 99 119 98 | 110
50 108 99 134 | 118 | 144 | 116 | 130
70 136 | 125 | 171 | 149 | 184 | 143 | 162
95 164 | 150 | 207 | 179 | 223 | 169 | 193
120 188 | 172 | 239 | 206 | 259 | 192 | 220
150 216 | 196 | 262 | 225 | 299 | 217 | 246
185 245 | 223 | 296 | 255 | 341 | 243 | 278
240 286 | 261 | 346 | 297 | 403 | 280 | 320
300 328 | 298 | 394 | 339 | 464 | 316 | 359

Table 7.7: Current carrying capacities in [A] for methods of installation in Table 7.3, XLPE or EPR

insulation/three loaded copper conductors, conductor temperature 90AC, ambi

air, 20AC in ground.

Current -carrying capacities in [A]
for methods of install ationin Table 7.3
Conductor nominal cross - sectional

area
[ MM mm] Al A2 Bl B2 C D1 D2
1.5 17 16,5 | 20 195 | 22 21 23
2.5 23 22 28 26 30 28 30
4 31 30 37 35 40 36 39
6 40 38 48 44 52 44 49
10 54 51 66 60 71 58 65
16 73 68 88 80 96 75 84
25 95 89 117 | 105 | 119 96 | 107
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35 117 | 109 | 144 | 128 | 147 | 115 | 129
50 141 | 130 | 175 | 154 | 179 | 135 | 153
70 179 | 164 | 222 | 194 | 229 | 167 | 188
95 216 | 197 | 269 | 233 | 278 | 197 | 226
120 249 | 227 | 312 | 268 | 322 | 223 | 257
150 285 | 259 | 342 | 300 | 371 | 251 | 287
185 324 | 295 | 384 | 340 | 424 | 281 | 324
240 380 | 346 | 450 | 398 | 500 | 324 | 375
300 435 | 396 | 514 | 455 | 576 | 365 | 419

The correction factors for cables installed in the air are given in Table 7.8, and in ground are

given in Table 7.9. If the design temperature is differentthan 3 0 A C

for

air

the current values must be multiplied by the correction factors shown in Table 7.8 and Table

7.9, respectively.

Table79Correcti on

Table 7.8 Correction factors of cables for ambient air temperatureso t h er

Co-funded by the
Erasmus+ Programme
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Ambient PVC XLPE or EPR
Temperature Insulation Insulation

[AC]

10 1.22 1.15
15 1.17 1.12
20 1.12 1.08
25 1.06 1.04
30 1.00 1.00
35 0.94 0.96
40 0.87 0.91
45 0.79 0.87
50 0.71 0.82
55 0.61 0.76
60 0.50 0.71
65 - 0.65
70 - 0.58
75 - 0.50
80 - 0.41

factors of cabl es
Ground PVvC XLPE or EPR
Temperature Insulation Insulation

[ AC]

10 1.10 1.07
15 1.05 1.04
20 1.00 1.00
25 0.95 0.96
30 0.89 0.93

fo

r

t han

ambi ent

and 20AC
30AC
grou
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35 0.84 0.89
40 0.77 0.85
45 0.71 0.80
50 0.63 0.76
55 0.55 0.71
60 0.45 0.65
65 - 0.60
70 - 0.53
75 - 0.46

In practice, the cable length is very important and sometimes causes larger cable to be used.
Because bng cables may causeconsiderable voltage drop and the voltage at the load end can

become out of the limits. Therefore, the voltage drop should also be taken into account.

7.2.2 Voltage Drop

When current flows through the cable a small voltage drop occurs between both ends of the
cabl e accor di ng i¢., ¥=IR Asthe vOltage direp iricraases, the load gets lower
operating voltage, and in turn, it may cause dim or flickering of lig hts, hot running of motors
or devices may stop operation to protect itself from low or fluctuating voltages. On the other
hand, more voltage drop means more dissipated power in the cable that increases the
temperature of the cable conductor, which reduces the current carrying capacity of cable. As
the cross-section area of cable increases, itsohmic resistance decreases that result in lower
voltage drop and lower power dissipation . However, increasing the size of cable also increases
the weight, volume and cost of cabling. Therefore, optimum cable size is important for an

electrical installation.

Cable

R+jX
Switchboard Load

Fig. 7.3

The voltage drop occurs on the cable impedance which includes resistance R and reactance X
as shown Fig. 7.3. If we assume that the Us is the source voltage and Ur is load voltage, the
phasor diagram of voltage drop can be illustrated as shown in Fig. 7.4. The load power angle

f is inductive. The voltage drop in the cable can be expressed as followingformula:
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DV =(Recost Xsinj Ut & (IX-cos £IR sin)’.

where | is the current passing through the cable impedance. However, this formula can be

simplified more for hand calculations since the last two term of the formu la has small effect on
the result.

8 1
\JO“ag 1
urce \
SO \(H/ "
]
.*- i
X )
Load voltage !
” Error|
¢| /’;ﬁ-) —»] 'e—
e - - - -

------- >
IRcos¢@' IXsing

Calculated
voltage drop

Fig. 7.4

Therefore, the following formula is obtained,

DV =I(Rcosf X sinj

The simplification error in voltage drop calculation is indicated in Fig. 7.4 which is very small.

The percent voltage drop can be obtained by dividing DV to the nominal line voltage,

DV
00)=—
e(%) ¥

S

The cable resistance R and reactance X values can be obtagd from the manufacturer
datasheets. Generally they are given as per Wkm like an example shown in Table 7.10. The

conductor resistance varies with operating temperature and the following equation can be
used for conversion,

Co-funded by the
Erasmus+ Programme

of the European Union

116



Chargers of
< > CAM COMNSULTING 5eLcEt;:1?ieghic|es

R= Refgl- 'H(T Tef)

where a is the temperature coefficient of wire, which is a=0.00393 for copper and a=0.00403

for aluminium conductors.

Table 7.10: Copper cable resistance and reactance valuesnWk m at 80 AC

e G @ SingIe@Co;e (C):?Ié Multi (CQ:)o;eOCEb(I:e
Ll R(A/I KX (A/I|R(CAIK X(AIknq
15 14.8 0.168 15.1 0.118
25 8.91 0.156 9.08 0.109
4 5.57 0.143 5.68 0.101
6 3.71 0.135 3.78 0.0955
10 2.24 0.119 2.27 0.0861
16 1.41 0.112 1.43 0.0817
25 0.889 0.106 0.907 0.0813
35 0.641 0.101 0.654 0.0783
50 0.473 0.101 0.483 0.0779
70 0.328 | 0.0965 0.334 0.0751
95 0.236 0.0975 0.241 0.0762
120 0.188 | 0.0939 0.191 0.074
150 0.153 | 0.0928 0.157 0.0745
185 0.123 | 0.0908 0.125 0.0742
240 0.0943 | 0.0902 | 0.0966 0.0752
300 0.0761 | 0.0895 0.078 0.075

If the resistance is unknown, the approximated value can be found according to Annex G in IEC

60502-1 using the following equation;

_0.0223
S

R. W km

where L, is length of cable inkm and s, is the crosssection area of the cable conductor in mm?.

It is seen from Table 7.10 that, the reactance X is greater for small size cables. However, the
effect of X decreasesdue to decrease of R/X ratio in small sized cables On the other hand, for
large size cables, reactage gets smaller and becomes saturatedat a certain value. Despite its
Co-funded by the
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small value, its effect is significant; therefore, IEC 605021 assumes reactance constant for all

cables at low voltage as following value.
X, =0.08 Wkm

7.2.2.1 Voltage drop calculation in single phase circuits

The maximum load current in single phase load can be calculated using

P
U cosf

where P is load maximum active power, co$ is load power factor. The voltage drop is

calculated as follows,
DV = (2L)(Rcos X sinj

The cable length is multiplied by 2 since both phase and neutral conductor s cause voltage
drop. The unit of L is in km. The percent voltage drop is then calculated using the following

formula,

DV 2IL(R, cosf + X, sin

e(%) =~ 100 G 18(

Example:

Find the voltage drop on a2 core 6 mnm? PVC cablewith length of 25m distance installed between
the switchboardand the EVSE. The EVS$Iperates at unity power factor and needs 7kW maximum
power at single-phase The cable AC resistance and reactane per km at IBknA ar e

and X=0.0955 Wkm, respectively.
Solution:
First, the EVSE maximunturrent is calculated.

P _ 7000
'“Ucos (2300}

30.4A

Then the voltage drop can be found as follows
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DV 3 (2L)(R cosf X sinj

=(30.4)(2( 0.025(( 3.7 )1{ 0.0956)p = 5w

The percent voltage drop is

e(%)z%—v 3100 %% 190 259

7.2.2.2 Voltage Drop Calculation in Three Phase grid
In three phase systems,the maximum phase current can be calculated using maximum load
power of P, as follows

| :L
\/_BULL cos

where Uy is the line-line voltage and cosf is load power factor. The voltage drop can be

expressedas,

DV =/3IL(Rcos X sinj

The unit of L is in km. The voltage drop is multiplied by B to make DV correspond to phase-
phase voltage. Therefore, percent voltage drop is,

e(%) =V 500

LL

Example:

A4 core PVC cable25 mm? is selected to feed a 3phase/400V/65 kW load at distance 5am. The
load power factor is 0.85. Calculate the voltage drop in Volts and express it as percent of rated

voltage.
Solution:
Theload is balanced and thus the maximum phase current is,

P _ 65000

V3, cos  Jq 400( 0.8

I HO.4A
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The cable resistance and reactance can be taken fromTable 7.10 as R=0.907 Wkm and

X=0.0813Wkm. Then the voltage drop can be found as,
DV =/3(110.4( 0.05pg 0.90f 0.85 ¢ 0.0813 0.92f = N
The percent voltage drop is

e(%):%—v 3100 % 190 1.859

7.2.3 Cable Selection

Insufficient cable can result in the risk of electric shock fire or equipment damage, and it may
also prevent fuses and other safety equipment from working properly. Oversizing the cables
significantly increase the installation costs. Therefore, optimum selection of cable size is

essential part of electrical installation.

Considering the safety and cost factors, there are two important parameters when selecting
the cable cross-section: Current carrying capacityand voltage drop. The selected cable must

fulfil both of these conditions as shown inFig. 7.5.

Current

- Voltage
CArrying dr DE
capacity

51 52

Y Y

Sz =MAX(S1,52)

5=8 max

Fig. 7.5

The first step of cable selecion is determining the maximum current (lad) that will flow through

the cable as worst case. As mentioned before in Section7.2.1, the mechanical installation of a
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cable is very important in selection process. The ampacity of a cable depends on the installation

method, thus the installation method which best fit the application should be determined from
Table7.3. After that, the ampacity of cable can be selected from corresponding ampacity tables,

such asthe Table 7.4,

Table 7.5, Table 7.6 orTable 7.7. The ampacity of the cable must be higher than the load

maximum current.

The stress onthe cable is maximum at short circuit, therefore, the selected cable must
withstand to this current safely before the circuit breaker breaks the current. In generally, the
miniature circuit breakers MCB)are used in EVSE installation and they break the circuit when
current reach >1.45xl,. Since the power cables can withstand 1.45 times of its ampacity value,
the MCB protects the cable from the short circuit. But it should be remembered that, for proper

operation, the MCB nominal current should be selected lower than the cable ampacity value.

The second step of cable selection is to calculate thevoltage drop. The maximum permitted
voltage drop may vary from one country to another. Typical values for IEC 60364 5-52 is given
in Table 7.11. In low voltage applications, the total voltage drop from the distribution system
to anywhere in the installation should be kept below 5% of the full line voltage for power
applications. This value can be increased by 0.005% per meter beyond 100 meters provided
that they are not greater than 0.5%. If the voltage drop calculated is higher than these limits,

then conductor cross section should be increased.

Table 7.11: Typical voltage drop limits

Other uses
Type of installation Lighting circuits (heating and power)
Low voltage installation
supplied directly from a public 3% 5%
low voltage distribution system
Low voltage installation
6% 8%

supplied from private LV supply
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For example, in residential EVSE installation, 3% of voltage drop may be suitable from the
energy meter to the EVSEinstallation point. Hence, 2% of voltage drop is reserved from
distribution point to home energy meter, and total drop becomes 5% as suggested by IEC
60364-5-52. If the installation starts from private distribution transformer, in this case, the total

voltage drop can be up to 8%.

If there is a risk of explosion, i.e., presence of explosive materials or dust, in the installation
area, the current-carrying capacity of cable should be reduced by a certain factor described in

standard IEC 60079.

Example:

A single phase 7kW Level 1 EV charger will bénstalled in a parking lot. The nearessswitchboard
distance is 75m away and the PVC cabl@ conduit ducting underground needs to be usedUnity
power factor is assumed for the EVSE. Ti&round temperature is taken as 5 A C . Deter mi ne

suitable crosssection for the cableby providing 3% voltage drop maximum.
Solution :
The nominal load current should be calculated first, as follows;

P _ 7000

'“Ucos (239(3 %

The design temperature is diff eTherefore tampemature2 0 AC o0
compensation should be done using Table 7.9. For 25AC the compensati

obtained as 0.95,therefore, cable ampacity value mustbe at least
. 304
Ampacity=—— 32 /
0.95

The installation type is D1 is found from in Table 7.3. Sincethe PVC cable ha more than two

cores, then from the column D1 in Table 7.6, the minimum cross-section that can carry the load

current of 32A is found as 6 mmz2. But 3% voltage drop requirement must be checked before

deciding the cable cross-section. The 6 mm2 cable ACr esi st ance and reactance
are found as R=3.78 Wkm and X=0.0955 Wkm from Table 7.10. Then the voltage drop is

Co-funded by the

Erasmus+ Programme
of the European Union 122




Chargers of
< > CAM COMNSULTING 5eLcEt;:1?ieghic|es

DV = (2L)(Rcosf X sinj

=(30.4)(9( 0.0754 3.7 )1{ 0.09%6 )0g = 1V

As a percent voltage drop,

e(%)zz—v 3100 1;73;(‘)1 190 7569

This value is considerable greater than the 3% limit. Therefore cable of 6 mm? is not suitable
and the larger cross-section should be preferred. L e tsddestthe next larger cross section which
is 10 mm2. Its AC resistance and reactance values are found as R=2.2Wkm and X=0.0861

Wkm from Table 7.10. Then thevoltage drop is
DV = (2L)(Rcos X sinj

=(30.4)(2( 0.075¢ 2.2 )1{ 0.08j1)0g = 1¥.

As a percent voltage drop,

e(%)zz—v 3100 % 180 459

This value is still greater than the 3% limit. Therefore, the next larger crosssection which is 16
mm?2 should be checked. Its AC resistance and reactance values are found as R=1.48/km and

X=0.0817Wkm from Table 7.10. Then the voltage drop is

DV =(2L)(Rcosf X, sin}j

=(30.4)(2(0.075g 1.4% )1{ 0.08)( )0g = 65.

As a percent voltage drop,

e(%)z?J—V 3100 %% 190 2839

This value fulfils the 3% voltage drop limits, and therefore, the EVSEcan be connected to the

grid via 3x16 mm? underground PVCcable.

In Table7.12, the maximum cable length for 3% and 5% voltage drop limits are listed for various

charging power and cable conditions as a reference value. For this table, the cable impedances
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given in Table 7.10 are used and the EVSE power factor is assumed as unity. As seen from the
table, the cable size needs to be increased for long distances due to the voltage drop
requirement, even the ampacity of cable is enough. For this reason, it is important to install the
charging station close to the power grid in order to keep installation cost and labour

requirements at low level.

Table 7.12: Maximum cable length for various installations

Max. cable length
Max. cable length for 5% voltage

Max. Charging Cable size  for 3% voltage drop

AC grid Power/Current (copper) drop [m] [m]
2.5 mm? 22 37

. 3.7 kw/16 A 4 mm?2 36 61
Sz'gg'\‘j/phase 6 mm? 55 92
S0Hz 6 mm? 27 45
7.4kW/32 A 10 mm? 45 76

16 mm? 72 121

2.5 mm? 41 68

11 kw/16 A 4 mm?2 64 108

Three phase 6 mm? 99 165
400V/50Hz 6 mm? 49 a2
22 kW/32 A 10 mm? 82 137

16 mm? 131 218

When installing the charge station indoors, the EVSE should be located close to EV in order to
keep the charge cable as short as possible. Some of EVSE has some fixture to wind up the cable
if itis long (SeeFig.6.1). In order to avoid long cables, pole mount option near the EV parking
area can be considered. The EVSE mounting height should be between 0.5m and 1.5m to

protect EVSE from car hit.

The EVE should not be placed near faucet, especially if puddle can occur under the EVSE.

Water may cause serious hazards in electrical installation.

Some of the EVSE needs ventilation.Therefore, if the EVSE is installed in a garageproper
ventilation equipment should be installed permanently. The ventilation should take fresh
outdoor air inside. However, the ventilation system increases the installation cost. For this
reason check the EVSE user guide if it is need a ventilation system. For outdoor installing o

ventilation is required.
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7.3 Fuses and Circuit Breakers

In an electrical circuit, the current may increase to extremely high value (mostly to kA level)
when a fault is occurred. Such a high currentcauseshigh-power dissipation in the cable that
creates extremely high heat in the cable and may melt the cable conductor or even cause a
fire. In order to reduce the stress on the cable and on insulating material, this fault current must
be removed asfast as possible.The fuses and circuit breakers limit the dissipated power in fault

section of the electrical installations, and protect the equipment and cables in a safe way.

7.3.1 Melting type fuses

In order to protect the equipment from a high current fault stress, a short th in wire is added to
the current flow path as shown in Fig. 7.6(a). The wire conducts normal operating current
without interruption. But excessive current melts the thin wire, and it becomes open circuit,
and thus clears the fault current very fast. This is the basic operating principles of melting fuses.
The fuses should be irside of an enclosure to prevent melting particle to spread around which
may damage closer objects or may create fire. For this reason, a fuses is never be replaced by
a simple wire. Additionally, the melting current level of a conductor is strongly depends on the
environmental condition (temperature and humidity). The refore, the housing of fuse provides
suitable environmental conditions for proper operation, and thus it operates as clo se as design

specifications of fuse.

IEC 60269 defines technical standards for low voltage power fuses. Standard identifies two digit

application category code as follows;

1t digit 2" digit
a: Fuse is designed for short-circuit protection G: General purpose protection of wires and cables
only and generally acting very fast. It cannot M: Motors
be used for overload. Additional device is PV: Solar photovoltaic arrays as per 602696
required for overload protection. R, S: Rectifiers or semiconductors as per 6026%
g: Fuse is designed for both overload and short- Tr: Transformers
circuit protection. It is considered general-
purpose fuses for protection of wires.

For example, the aR and gR markings belongs to &st acting fusesfor semiconductor devices;
aR protects for only short-circuit protection, gR for full protection. aM and gM fuses are slow
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type and for protection of motor loads in the same manner . gG fuses are for general purposes

like as power cable protection. There ae also special pupose fuses, such as gPV for solar
photovoltaic array protection, gTr for protection power transformers etc. Mostly seen fuse

types in electrical circuits are shownin Fig. 7.6 (b) and (c); such ascartridge type and NH type,

respectively.
=
= s é
Short thin wire to melt ? (.\
/ < \
- -

@) (b) (€)

Fig. 7.6 Fuses a) fuse structure b) glass type, b) NH type

A typical time-current characteristic of a melting fuse is shown in Fig. 7.7. It is seen that the
fuse can operate at rated current I, continuously. If the current increases beyond the trip
current, the fuse breaks. The breaking time reduces significantly as current increasessince the
melting energy (I’t) is proportional to square of fuse current. As the current increases, the
melting energy increases rapidly. For fast blowing fuses, time required for melting is

considerable lower than slow blowing fuses.

'y
i
= I
@ I
S i
= 1
I
I
I
I
I
I
11 (S
' Slow
(] .
t2 - T blowing
(]
[ Fast
LI blowing
——F >
7 1 Current [A]
Rated current Trip current

Fig. 7.7 Typical timecurrent characteristic of a fuse
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7.3.2 Miniature Circuit Breaker (MCB)

The MCB is electremechanical device that protect the equipment in electrical installation from

over current and short circuit stress as similar to fuses.The main advantage of MCBsis that
they can be used many times by resetting it via lever (SeeFig. 7.8). They aremuch safer to use

and operate since all conductors are isolated by plastic housing.

The most of the MCBs have two different operating characteristics; thermal and magnetic.
These MCBs are called as thermamagnetic MCB. In thermal characteristic, a bimetalis used
to trip the breaker. As current increases, the bimetal heats and bends more and more. When it
reaches to rated current, the displacement of bimetal is enough to mechanically trip the

breaker mechanism In magnetic characteristics, there is a coilin the MCB which works as like
an electromagnet. The main curent pass through the coil, and when it reaches a certainvalue,
the electromagnet attract a mechanical trigger which trips the breaker mechanism. Magnetic

response of an MCB is significantly fester than the thermal response. Therefore, thermal
characteristics covers overload protection and magnetic characteristics covers short circuit

protection in an MCB.

There are 5 types of MCBsaccording to the short circuit tripping characteristics (e.g. magnetic
characteristics) as listed inTable 7.13. The thermal characteristics of all MCB types are same,
but the magnetic characteristics are different among the MCB types. Type A MCB immediately
cut off the circuit if the current is higher than 3 times of rated current. Type B is used in domestic
applications. Type D has the highest current tripping level and then it is preferred for motor
applications since the initial start-up current for motors can be very high. The time-current
curves of MCB types are shownin Fig. 7.9. All three types of MCBs provide tripping protection
within one tenth of a second. Red lines in the graph show the thermal characteristics of the

MCB which are same for all types.

Table7.13
Type Thermic breaker Magnetic breaker
Trip current Tripping time Trip current Tripping time
A 1. 13é1. <1lh 2é3*1n <0.1s
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C 5é10*1

D 10é20*1I

Fig. 7.8 [13]
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Fig. 7.9

7.3.3 Residual Current Circuit Breaker (RCCB)
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An RCCB, or RCD (Residual Current Device), is a protection device against electric shock and

fire. It continuously monitors load current, if it detects electricity flowing down an unintended
path, such as through a person who has touched a live part, or through any leakage path, the
RCCB will quickly disconnect all live conductors including the neutral, which significantly
reducesthe risk of death or serious injury or fire. Trip level for leakage current in an RCCB is 30
mA for residential applications. It should be noted that an RCCB are unable to detect or
respond to overcurrent or short circuit . Therefore, an RCCB together with an MCB (Miniature
Circuit Breaker) protect people, equipment and building against overcurrent, short circuit and
earth leakage problems. Today there are devices in the market which provide the combined

function of both RCCB and MCB.

Operating principle of RCCB is shown inFig. 7.10(a) where the toroidal core has 3 windings;
two identical main coils and one search coil. The current must be in a loop in an electrical
circuit, therefore, I, and I, must be equal to each other in normal operation. In this case, the
magnetic fields created by the main coils cancel each other since their current directions are
opposite, hence the net magnetic field in the toroid is zero, and no voltage induced in the

search coil. Therefore, trip coil is not energized and load is supplied with AC power.

If any earth leakage current present in the circuit as shown in Fig. 7.10(b), in this case a net
magnetic fields remain in the core which is detected by search coil and main contacts is turned-
off and then the leakage path is interrupted. If the current difference of O=lp-1, is higher than
the trigger level of 30 mA, the RCD breaks the circuit. An RCD is also trigger if the operating

current exceeds the 51, for more than 40 ms to protect the load and its internal wires.

An RCCB must trip in 300 ms at its rated sensitivity,.e.,30 mA. When the leakage current is 5
times higher than the rated sensitivity, it should trip in 40 ms. Moreover, a 10mA RCCB must

always trip within 40 ms regardless of the test current.

In all RCDs, there is a test button to check whether the RCD operates properly. By pushing the
test button, a resistor is connected between L and N, but one end is connected before the
toroid, and other end is connected after the toroid as shown in Fig. 7.10(c). Thus tes resistor
creates a current difference between the main coils that triggers the main contact without need

a real leakage current.
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Fig. 7.10 RCD operation circuit a) normal operation, b) earth leakage c) test

A front view of a typical RCCB is shown inFig.7.11. The RCCB devices are classified as Type AC,

Type A, TypeF and Type B as listed in Table 7.14. These types should not be confused with

MCBs of type A, B, C and D which are related to timecurrent characteristics of MCB. The RCCB

classifications are made asfollows according to the leakage current waveform that can be

detected by the device:

1
)l

Type AC is tripping for AC residual currents only,

Type A is tripping for AC and pulsating DC residual currents,

Type F is tripping additionally mixed frequency residual currents 10Hz< 1kHz for loads
with single-phase inverters and similar high frequency domestic/industrial equipment.
Type B is tripping for AC, pulsating DC, high frequency AC and Smooth DC (6 mA)

leakage currents.
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Fig. 7.11 front view an RCD [9]

According to EN 62423 Type-AC RBcan only detect the sinusoidal AC leakage current For
most of the condition , Type AC is enough in electrical installation, for exampleresidential use
and industrial machines etc. However, if there is any possibility of DCleakage current, Type-AC
may fail to trip since the DC leakage current can saturate the magnetic core of device. In this
case Type-A RCCB carbe used since it canwork with superimposed DCresidual current up to
6 mA. In addition to the features of Type -A RCCB, Typd- canalso detect the high frequency
leakage currents caused by the DG AC inverterswith superimposed DC residual current up to
10 mA. In addition to the Type-F features, the Type-B RCCBs caralso trip for smooth DC

leakage currentup to 6 mA.

The E V 0rsboard chargers generally include an AC-DC high frequency converter, which may
cause a smooth DC leakage currentFor this reason, IEC 62955:2018 requires RCCB protection
for sinusoidal AC, pulsating AC and also 6 mA smooth DC leakage currers, all of which are
covered by Type-B RCCBHowever Type-B RCCB may increase the installation cost significantly
On the other hand, IEC 618511:2019 standard requires RCDType-B, or RCD TypeA plus
appropriate equipment against DC fault current above 6 mA. Therefore, some of the EVSE
manufacturers add a 6 mA residual smooth DC current detection circuit inside the EVSE.
Therefore, a relatively cheap Type-A or Type-F RCCB, together with the builtin smooth DC

leakage detection circuit, fulfils the requirements of IEC61851-1:2019.
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Table 7.14 RCD types

Type of RCD

Type | Type | Type | Type

Leakagewaveform Symbol AC A F B

AC 50/60 Hz TN * * * *

Pulsating current with DC component x * * *
Multi -frequency current, 10Hz< 1kHz WWW * *

Smooth DC current —

Some of the RCDs donot have an internal overcurrent circuit breaker which is called as RCBO.

The titles of related standards for RCD products are as follows

1 IEC 610081: Residual current operated circuitbreakers without integral overcurrent
protection for household and similar uses (RCCBs)d General rules

1 IEC 610091: Residual current operated circuitbreakers with integral overcurrent
protection for household and similar uses (RCBOs)3 General rules

1 IEC 609472: Low Voltage Switchgear and Control geard Circuit Breakers

1 IEC 62423 ed.2 Type F and type B residual current operated circuitbreakers with and
without integral overcurrent protection for household and similar uses

1 IEC 62020: Electrical accessorie3 Residual current monitors for household and similar
uses (RCMs)

1 IEC/TR 60755ed 2: General requirements for residual current operated protective
devices

1 IEC/TR 62350: Guidance for the correct use of residual currenbperated protective
devices (RCDs) for household and similar use.

1 IEC 62955:2018: Residual direct current detecting device (RD®D) to be used for mode

3 charging of electric vehicles
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1 IEC 618511:2019: Electric vehicle conductive charging system, Part 1: General

requirements

7.3.4 Arc Fault Detection Device

A gas discharge may occur when air is subjected to strong electric field that is called as arc.

Loosening of electrical connections, aging of insulation in cables, break in or damaging a cable,

defective wall plugs, rodent biting cables or aging of equipme nt etc. can cause electrical arcs.

If an arc occurs continuously, its internal temperature can reachto 50001 5000 AC whi ch i

important factor causing an electrical fire [1].

The arc fault cannot be detected by traditional overload circuit breakers since the current is
lower than trip level. On the other hand, RCDs do not protect against an arc fault too. Therefore,
additional dedicated protection device is needed, which is called as Arc Fault Detection Device
(AFDD) or Arc Fault Circuit Interrupter (AFCI). The International Electrotechnical Commission
(Il EC) published the I nternational Standard, | EC

Arc Fault Detection Appliances (AFDD) 6.

The operating principal of an AFDD (or AFCI) is based on signal procesing. AFDD detects the
current and voltage simultaneously and analyse their waveforms and harmonic frequency
components in order to look for inconsistent current waveforms in different half cycles under

arc fault conditions. If any arc pattern is recognized the breaker is switched off as shown in

Fig.7.12.
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Fig.7.12

If AFDD is more sensitive, these devices may accidentally break the circuit during normal
operation of some loads, such as vacuum cleaners, brushed motors, or during lightning strikes

etc. This annoyance may prevent it to be installed in an electrical sysem. But for maximum
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safety against electrical fire, an AFDD is important device. For instance, in EV charging case,

plugs, sockets and cables are used every day. The cable insulation material may lose
effectiveness, plugs and sockets may have bad contact ad arcing in time, which are potential
factors for electrical fire. Today, some companies have products in which there are MCB, RCD

and AFDD at the same time. The protection of these devices are seen in theTable 7.15

Table7.15
Fault type Short Overload | Residual Current Arc Fault
Circuit
Line-Line MCB MCB - -
Line-Neutral | MCB MCB - AFDD
Line-Earth MCB MCB RCD/RCCB RCD/RCCB/AFDD

7.4 Earthing Systems

Although it is an indispensable part of our daily life, the electric energy can cause severe
electrical shock or even death if it is not properly installed or isolated. Earthing system is

important to protect people from electric shock or to prevent possible fire.

In any electrical installation of utility grid, the Earth potential is taken as a referencepotential
due to safety concerns. There are three different earthing methods for low voltage electric
circuit today, such as TT, TN and IT. The first letter in the namesan be T or |, andindicates

whether the neutral point of transformer is connected to earth.

9 T (Terra): Neutral point is connected to the ground

1 I (Isolation): Neutral point is insulated from ground

The second letter can be T or N, andindicates the connection status of the electrical devices

to the ground.

1 T (Terra): Bonded to ground

1 N (Neutral): Connected to the neutral line
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The protection characteristics are different among the earthing methods, thus the electricity
code of all countries defines one of them for a specific application. TT, TN and IT earthing

systems are explained in detail in the following sections.

7.4.1 TT Earthing System

In TTearthing system,the neutral point of utility distribution transformer is connected directly
to the earth as shown in Fig. 7.13. On the other hand, in consumer side, the PE frotective
earth) conductor is separately earthed by a grounding rod or plate as shown in Fig. 7.13. All

exposed conductive parts of equipment are connected to the PE

Switchﬁrd R(I:D
L oA L1
e g L ol L3
N L\ N
PE
Lo
LOAD
—— _____,——l—'_

/77 w77

Fig.7.13 TT earthing system

If any phase-to-phase or phase-to-neutral short circuit occurs in the installation, the very high
current starts to flow through the path including fuses (or overcurrent circuit breakers) Then
fuse opens the circuit and protect s the system Similarly, when an isolation fault to the chassis
occurs in the equipment, same fuses must open the circuit as fast as possible to protect people
from electric choke. As can be seen in theFig. 7.13, any isolation fault causes a current flow
through the PE conductor and Earth resistanceRean. If this resistance is notsmall enough, for
example due to corrosion in earthing rod etc., the fault current can become lower than the
rated interrupting current of fuse then fault current cannot be interrupted . In order to prevent

that there is maximum limits for Rearth Value.

If the safe voltage level against electrical shockis assumed as 50Vand the fuse interrupting

current level is I, then earth resistance must be lower than the following value,
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50

Rearth,max ¢ |_

a

If the value of Earth resistanceis lower than Rearth.max Value, the potential of equipment chassis
will be lower than the safe voltage level of 50V. Therefore, during the time between fault
occurrence and fuse interrupt, this safe voltage level prevents people from serious electric
shock. On the other hand, it should be noted that, Reath.max Value is not a constant for all
applications, it depends on the fuse interrupting current value. For example,the interrupting

current value of a Type B MCB is 3 times of nominal current, i.e., if In=16A then

1a=3*In=3*16=48A therefore

Fiearth ¢ i) 404

48

If Earth resistance is higher than this value, theln=16A fuse may not trigger instantly and

protective function doesndt wor k.

In freshly installed systems, earth resistance can be low enough, but as years passed, the earth
resistance can increase. This situation createserious safety problem. For this reason an RCD is
also employed in the TT system as shown inFig. 7.13. For example, an RCD device openghe

circuit when 30 mA leakage currentis detected. Therefore,

50v
¢—— 4667
Rearth 30mA

is obtained. Therefore,the protection functionality of the TT earthing is increased to a safe level
by using an RCD.For this reason, an RCD protection is obligatory for electrical installations,

especially for domestic installation, in most of the countries.

However, some loads, which have high leakage current during normal operation, require an
isolation transformer or specific RCDs. By installing separate RCDs in series to loads, selective

interruption can be obtained.

As a summary, h TT systems,any single isolation fault results in an interruption in supply of
power. The leakage fault current must be higher than the circuit breaker nominal interrupting

current. For this requirement the Rearth.max resistance needs to be very lowand it is difficult to

Co-funded by the
Erasmus+ Programme
of the European Union 136




Chargers of
< > CAM COMNSULTING 5eLcEt:rcn?fghic|es

obtain practically. Therefore, protection is ensured by special devices, such as a residual current

device (RCD) which also prevents the risk of fire.

7.4.2 TN Earthing S ystem

In TN earthing systems, e utility side is exactly same as for the TT system. However, all
exposed conductive parts of equipment are not directly connected to the earth ground as TT
system; but instead it is connected directly to utility earth point via a dedicated conductor.
There is no earth resistanceRearn in the current path, and therefore, in any isolation fault results
in high fault current due to low impedance, and consequently low earth resistance requirement

is not needed for TN earthing systems.

There are 3 typeof TN systems; TNC, TN-S and TN-S-C according to the arrangement of the
neutral and protective ground conductors. The meaning of letters are C = Combine

(combined), S = Separate (split).

7.4.2.1 TN-SEarthing System :

The protective earth conductor is separated throughout the system as shown in Fig. 7.14.
However, this system requires extra and long conductor for PE from transformer to the
installation point and that increases the installation cost. Therefore, it can be used for short

distances if it needed.

Switchﬁrd R(I:D
L1 o e L1
P . o ' L2
g ' L3
o
N I N
PE 4 4 PE
® .
I LOAD I
Fig.7.14

7.4.2.2 TN-C Earthing System :
The neutral and protective earth conductors are combined in a single conductor throughout

the system as shown in Fig. 7.15. This conductor is named as PENNormally this configuration
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is used for distribution networks only. It is not suitable for equipment grounding. The TN-C-S

earthing system combines TN-C and TN-S as described in the next definition

Switchboard
L ° L1
|~ L2 ° L2
|~ B Py L3
PEN PEN N
? e PE ]
LOAD
R —
Fig.7.15

7.4.2.3 TN-C-SEarthing System :

In TN-C-S earthing system, reutral (N) and protective earth (PE)functions are combined in a
single conductor, i.e., PEN conductor. The PENextends from transformer to the building
distribution point as in the TN-C system.In the switchboard of building distribution point , it is
separatedinto PE and N conductorssimilar to a TN-S system asshown in Fig.7.17. Any isolation
fault between one phase and conductive parts of equipment creates high current due to low
impedance in the current path. Therefore, the smallest fuse in the circuit is triggered and de-
energizes the circuit. But what if there is any disconnection or break in PEN or PE conductos?

These are weak points of TNC-S systemstherefore, it is worth to analyse them in detail.

For example,| et 8 s a s BEconductdr is &roken and a leakage fault between L1 and
chassis of equipmentis occurred. The fuse cannot interrupt the circuit in this case since there
is no low impedance path for the fault current. In this fault, the metal chassisof equipment will
be live, and any touch of a person to chassiswill cause electric shock. Adding an RCD before
equipment power connection protects people from this dangerous condition , since it detects

the leakage current if it is greater than >30 mA then disconnects the circuit.

When the PEN conductor is broken, unfortunately, an RCD cannot prevent from electric shock
since the current flows in both the line and neutral conductors and consequently there is no

imbalance to cause operation of the RCD. More dangerously, broken PEN causesthe chassis
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of equipment will be live even no isolation fault exists in the installation as shown Fig. 7.17.

Therefore, the broken PEN conductor is the most dangerous faultin the TN-C-S systemssince

the electric shock is inevitable. In this case an additional device which can detect the broken

PENand disconnects the circuit, is essential For example the voltage between protective earth

(PE) and real earth (Ground) is greater than 70 V may show the PEN ibroken. If the supply

voltage is outside of the range 207Vrms < Vinenor < 253V, that can indicate some problems

with the PEN conductor.

A device checking the above conditions or more continuously can

prevent hazardous condition arising from PEN conductor disconnection. Alternatively, an

additional earth electrode can be installed in the equipment side, i.e., TT system is obtained.

Switchboard
~~v—~v_L1 [ | - L1
B IHEA B
LYY Y ) & _,L—
]
|~ o—u ] L3
N 1 N
e
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[ ] L
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Fig.7.16
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Fig.7.17

7.4.3 IT Earthing System
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The main idea behind the IT system is that a single fault cannot interrupt the power source, i.e.,
the voltage supply is maintained and therefore, devices connected to the supply is still
operating. For this reason, IT earthing systems is used to power thecritical areas in a hospital;
such as operating rooms, intensive care rooms, premature childbirth rooms, angiography

examination etc.

In IT earthing systems, the isolation monitoring device should be used. Overcurrent protective
devices and RCDs are pernited. A first ground fault will not cause a fuse or RCD/GFCI to trip.
This increases the power availability. A groundfault monitoring device will detect and signal

an impermissible deterioration in insulation. A ground fault should be eliminated as quickl y as
possible before a second ground fault can occur on a different live conductor, as this would

cause the system to fail.

P Switchﬁrd R{I:D 9
Y Y Y ] o
E MNEHEA E
_f‘Y‘Y‘Y‘\_—_.-—-gL—
)
P | o . \ ) NL3
N .——-k:\ V4
PE
Lo
[]Rhigh LOAD
R
/7T /77
Fig.7.18

Some advantages of IT system:

A Location the fault during operation
The system can operate when the first insulation fault is occurred

There is no risk for dangerous electrical shock due to low fault currents protect.

o o To

The mandatory insulation monitoring devices continuously checks the insulation faults and

reduces the risk of fire.

As a conclusion, he charging station must be grounded properly according to earthing system
used in the location of station . Thisis very important requirement for life and fire protection ,
and never be ignored. The proper earth connection responsibility is belongs the owners. In
order to reduce electric shock hazards, earth connection is essential. During operation of
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station, it is needed to check the earthing system frequently and ensured that it is working

properly. National codes may require an RGCB, ask for local authorities.

As an example to electrical installation, the previous example on cable selection can be used.
Since the maximum load current is calculated as 30.4 A, , an 32A Typ8& MCB and an 32A Type
B RCCB are added to the systermfor protection purposes as shown inFig. 7.19. Moreover, if it

is outdoor EV charger, then surge protection devices (SPDs) should be added close to or inside

of EVSE.

EVSE

Switchboard 7.0 kW
Distribution EV Charger
Transformer Type B Mode 3
vy Ll I . 32A
L . Type 3x16 mm2 PVC cable
= — mce  [IBECE (75 m)

L~~~ B3 (d

= Ls {§
S
=2 et

Surge protection
device (SPD)

=
A

!Lo [ XEX])
I

Earthing rod Earthing rod

/77 /77

Fig.7.19 (Courtesy of VESTEL)

7.5 General Safety considerations

7.5.1 Environmental Considerations

In winter, snowing can be heavy and entire ground and even the EVitself may be completely
covered with snow. If the charging cable is laid on the ground, it may be covered by snow and
may be difficult to locate. Similarly, an EV chargd overnight may be completely covered by
snow during strong snowfall at night and the charging socket may be invisible. On the other
hand, strong fluid may fill the charging zone wi th water. The charging ports may be frozen and
cables may be encrusted with ice. Inall these harsh environmental conditions, the charging
equipment must be safe to operate. If the charging station is indoor, no worry about weather
conditions. But outdoor charging stations should have gppropriate precautions against these

conditions.
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The effect of snowing can be reduced by using a canopy or a simple roof. These structures also
offer a large visible area for charging station, making it easy to locate from a long distance.

Additionally, solar arrays can be installed on the roof to generate some of the charging power.

Fig.7.20 [2]

Underground heating is an option to keep the charging area free from snow and ice. However,
it is effective on surface only, not on the car surface or charging ports. Moreover, additionally
energy (electric etc.) is needed for heating. Alternatively, the charging cable can have arewind
feature and pulled out from a hole placed on a high point . This structure also protects the cable
from the harmful effect of sun when it is not used, since it would be rewind into the charging

box.

Rainwater should not be allowed to collect in the charging area. If the water level reach the
electronics equipment, it can be dangerous for people or protective equipment. Therefore, a

water drainage mechanism may be required.

The EVSE should also be protected from heavy rain. Check the IP standards of EVSE whether it
is suitable for outdoor installation. Moreover, direct sunlight can be harmful for all sensit ive
electronic equipment; therefore, it should be protected by proper housing or shadowing. The
operating temperature should also be checked for EVSE, generally it is between20AC and
50AC.

In order to provide accessible operation to EVSE, somebarriers, such as bollards, curbing or
wheel stops may be required. These barriers also protect the EVSE from vehicle impactss

shown in Fig.7.21.
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Fig.7.21 [3]

7.5.2 EV Charging Station Signage

Most of the EV users will find the charging stations by using their smart phones or car
navigation systems. However, the visible signs are also important forusers who are unfamiliar
to the area. These signs should be placed on clearly visible walls, orelevated point on a
dedicated pole. Moreover, if the station is not on the main road, the direction signs on main

road turning point may be useful to reach the station easily.

The following signs are frequently seen in charging stations. Some parking lots may be reserved

for EV charging, in these cases, service signs may be useful for drivers.

® =
o

+ EXCEPTED =
WHILE =

CHARGING S

(a) [10] (b) (©) (d) [11]

Fig. 7.22
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Fig. 7.25 [6]

7.5.3 Charging station safety devices
In order to avoid the risk of explosion and electric shock, a Type BRGQCB should be installed for
each EVSE. The R@Dpens the circuit if any ground fault occurs. RCCB should trip at over 30

mA ground leakage current.

Users are not exposed to dangerous voltages or currents, since connector pins are not
energized until the connector is inserted properly in the EV charging socket and
communication has been established between the vehicle and the charging station. In addition,
the connector is sealed to protect the live components from the weather. Lastly, a locking

mechanism (latch) prevents accidental disconnection resulting from a tug on the cable.

7.5.4 Protection Again st Fire

Three conditions must come together in order to start a fire; i) substance to burn (i.e., solid,
liquid, gas and metal flammables), ii) asource such as heat or spark that could start a fire
(chemical, biological or physical), iii) adequate amount of oxygen. IEC 603644-42 classifies the

damages and dangers in electrical installation in four groups;

Electric shock currents,
Extreme temperatures causing burning, fire and other damaging effects,

Accidents caused by mechanical devices driven byelectric energy,

=A =4 =4 =4

Explosions.
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All the electrical equipment made of non -flammable materials. However, overloading, short-

circuit, loose connection, improper component selection can create heat in electrical

installations, and start fire in the nearest flammable material.

It is very important to keep the electrical installation away from the explosive materials. IEC
60079 should be reviewed for this purpose. The cable isolation materials and crosssections
should be selected according to the maximum load current by including the environmental
temperature derating. On the other hand, RCCBprotects against earth leakages higher than 30
mA that prevents also from fire effectively. However, loose connection can create arcsin
contact points which is important source for fire start. For preventing this arcing, an Arc Fault
Detector (AFFD) can be employed in the system.The AFFD is not a root device; each branch
requires a separate AFFD. This may increase the installation cost considerablyherefore, the

protection requirements may be determined according to the load type.

7.5.5 Protection against lightning and surge voltages

The installation cost of EV chage stations are very high thus it should be protected against
lightning. The power supplies equipment, the EVSE,and communication equipment are
susceptible to lightning effects [7]. The damage could mainly result from overhead
transmission lines or direct lightning attachment to air -termination systems or equipment.
Protection against direct lightning of the charging station should be provided with proper

direct lightning protection devices; such as air-terminations rods or conductors. The chargers,
which are installed outdoor, should be provided with a metal shelter with roof. If the roof is not

metallic, air-termination rods should be installed.

Moreover, Surge Protection Devices (SPDs) should be provided for power and signal lines. The
SPDs should be located as close as possible to the device to be protected. Usingnore SPDs in
low voltage side of tran sformers, at the power input terminal of EVSE and each signal terminal

connection increases the protection level against lightning considerably [7].

7.5.6 Standards related to EV electrical Safety

There are large differences on utility grid voltage and frequency in the world. Therefore, it is
emerged more than one standard regulations regarding EV charging. The standards defined
by IEC (International Electrotechnical Comission), SAE (Society of Autnotive Engineers) and

GB/T (Guobiao standards) are mostly accepted ones at present, and mainly used in countries
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of Europe, U.S.A and China, respectively. Some standard names issued by these organizations
for EV charging are listed in Table 7.16. They regulate the power level, cords, connectors,
communication, topology, safety and charging modes etc. The manufacturers follow these
regulations and design suitable equipment for EVs. It should be noted that, the EV industry is

still developing and regulations regularly be updated according to market requirements.

Table7.16 EV charging standards [8]

Standard IEC SAE GB/T Others
Connector 621961 J1772 202341
621962 202342
621963 202343
62752:2016
Communication| 61850 J22932 27930 ISO 15118
619802 J2836
619803 J2847
Topology 614395 J2953 1848%1
6185%1 29781
6185121 33594
6185122
Safety 603647 J1766 183841 ISO 64693
60529 J28942 183843 ISO 17409
61140 37295 NBT 33008
62040

As an example, titles of some IEC standards are given below:

IEC 62196: Plugs, sockebutlets, vehicle connectors and vehicle inlets, Conductive charging of
electric vehicles
1 IEC 621961: Generalrequirements

1 IEC 621962: Dimensional compatibility and interchangeability requirements for A.C. pin
and contact-tube accessories
1 IEC 621963: Dimensional compatibility and interchangeability requirements for D.C. and

A.C./D.C. pin and contacttube vehicle couplers

IEC 61851 consists of the following parts
1 IEC 618511: General requirements

1 IEC 6185121-1: Electric vehicle onboard charger EMCrequirements for conductive
connection to AC/DC supply

1 IEC 6185121-2: Electric vehicle requirements for conductive connection to an AC/DC
supply - EMC requirements for off board electric vehicle charging systems

1 IEC 6185123: DC electric vehicle charging staton
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1 IEC 6185124: Digital communication between a DC EV charging station and an electric

vehicle for control of DC charging

IEC 61980 consists of the following parts
1 [IEC619801: Electric equipment for the supply of energy to electric road vehicles using an

inductive coupling - Part 1: General requirements

1 IEC 619802: Electric vehicle wireless power transfer (WPT) system8Specific requirements
for communication between electric road vehicle (EV) and infrastructure with respect to
wireless power transfer (WPT) systems

1 IEC 619803: Electric vehicle wireless power transfer (WPT) system8Specific requirements

for the magnetic field power transfer systems.

IEC 62752:2016: lrcable control and protection device for mode 2 charging of electric road
vehicles.

7.6 Case Study #1: Residential Home EVSE installation

The rated current of main switchboard at home is generally restricted to 16A or 32A by the
Distributed Network Operator, which corresponds to 11kW or 22 kW power ratings in three
phase network, respectively. Hence, the maximum power for an EV charger in residential homes
is usually up to 22 kW. However, it should be remembered that, there are various electricity
appliances at home which needs electric power too. Therefore, the maximum power capacity
of the switchboard cannot be utilized by the EV charger; some reserved power is needed for

home appliances.

For standard wall socket, the maximum current of 10A can be used with Mode 2 in which the

charge power becomes 2.3 kW. This is the lowest charging power for domestic applications.

If the EV charger has a dedicated cable directly from the main switchboard, then maximum
charge current (16A/32A) can be used, andtherefore, 3.7kW & 7.4 kW & 11 kW of charging
powers can be obtained. Moreover, a 22 kW charger may also be installed, but its full power

may not be used most of the time, since some power needs to be reserved for home appliances.

Table 7.17 shows estimated battery charging times of some EV cars with various charging

powers. It is seen that,as the charging power decreases the charging time increases. Especially
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charging time can be very long for 2.3 kW. Hence, it is very important that the cables in home
electricity installation are in good condition and secure, because the cables will stay long time

with high stress by rated current.

Table 7.17 Battery capacity and average charging time of some EV models

Estimated Charging time (0 -100%)
Charge
Battery Cap. On-board station Home wall Home Domestic
EV Car & Charger Power (AC box wall box socket
Model Driving Range & Plug type charge) (7.4 kW) (3.7 kW) (2.3 kW)
Smart E 17.2kWh 22 kW ~0h 47min . . .
ForfourQ 125 km Type 2 @22 kW ~2h 9min ~4h 39min | ~7h 29min
Renault 52 kwWh & 22 kW & ~2h 22min ~7h 2min ~14h ~22h.37mi
Zoe 395 km Type 2 @22 kW 03min n
Honda-e 35.5 kWh & 6.6 kW & ~5h 23min . . ~15h
Advance 219 km Type 2 @6.6 kW ~4h 48min | ~9h 36min 26min
Nissan 40 kWh & 6.6 kW & ~5h 23min | ~5h 25min ~10h ~17h
Leaf 238 km Type 2 @6.6 kW 49min 24min
Tesla 84 kWh & 22 kW & ~3h 49min ~11h ~22h ~36h
Model S 426 km Type 2 @22 kW 29min 42min 31min

Selection of suitable charger:

The power capacity of charger can be determined by evaluating the battery capacity of EV,
daily driving requirements and reserved power for home appliances. It may be good strategy
to keep the charging times below 8 hours which may allow overnight charging from evening

to morning. The chargers, which have time scheduling function, can be preferable since the
cost of energy can be reduced by shifting the charging process to the night time where the

electricity price is cheapest. For this reason, at single-phase installation, 3.7kW and 7.4 kW
chargers with time -scheduling function may be more suitable for residential homes. On the
other hand, three-phase 11 kW and 22 kW chargerswith time-scheduling function can also be
used effectively, dnce the decreasing of charging power by the user is always possible If
possible, three-phase chargers may be preferred over singlephase, because the charging
power is 3 times high for the same cable current. Additionally, the total power is balanced

among the phases, which is important property for grid operators .

Another concern regarding the charger selection is the type of the charging so cket of EV.The

plug type on the charger cable must be compatible with the socket on the EV, otherwise the

Co-funded by the
Erasmus+ Programme
of the European Union

149



Chargers of
< > CAM COMNSULTING 5eLcEt;:1?ieghic|es

EV cannot be mnnected to the charger. IECType 2 socket isalmost attached to the cars sold
in Europe for AC charging. Then charger should have Type 2 socketOn the other hand, if the
owner want to install a DC charger, should also check the plug-socket compatibility for DC
chargers, since the cars may have different sckets for DC charging, such as CCS2, CH2eMO

or GB/T.

For this case study, installation details ofa single phase 7.4 kW AC charger ina residential home
will be explained. Let 6 s a s s u digtance heanveen thé EVSE and switchboard is20
meters, the cable will be installed in conduit on the wall surface, and the voltage drop limit is

specified as3%.
Determining the ¢ able size:

The cable size is determined by considering the current carrying capacity and voltage drop
properties of the cable. As a first step, the nominal current flowing through the cable is
calculated as,

P _ 7400
' “Ucos (2300}

where the power factor is taken as unity by assuming that the on-board charger includes a
Power Factor Correction (PFC) circuitConsidering the PVC multi-core cable installed in conduit
on the wall (B2), the sizeof cable is found as 6 mn¥ for 32A current from Table 7.4. However,
the voltage drop restriction must also be checked. We conclude from Table 7.12 that 6 mm?
cable can beup to 27 meters long for a 3% voltage drop at 7.4 kW, that is 7 meters longer than
the distance between the EVSE and the switchboardin the case study. Therefore, 6 mm?

multicore PVCcable is suitable for the case study.

Alternatively, we would prefer to use a XLPEcable, and obtain the cable cross section as 4 mny

from

Table 7.5 for 32 A. It is clear that, XLPEcable needs smaller cable size than PVCfor the same
current ratings. But we see that, 3% voltage drop distance is just 18 meters which is shorter

than the desired cable length of 20m. Therefore, the cable size should be increased to 6 mnt
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which is equal size with the PVC cable. Since the PVC cable is cost effective than XLPE, the PVC

is preferred in this case study.
Circuit breaker selection :

Circuit breakers protect the cable and equipment from overcurrent, and therefore, must be
selected carefully. If the trip current of circuit breaker is higher than the cable ampacity, it
cannot protect the cable. Therefore, MCB trip current must be lower than the ampacity value
of 6 mm? cable, which is 38A in this case study. On the other hand, the fuse should not be
trip ped at the load current of 3 2A. Therefore, the fuse trip current should be selected between

32A and 38 A.

The standard trip current ratings of MCBs in the market up to 100A are 1, 3, 6, 10, 15, 20, 25,
30, 35, 40, 45, 50, 60, 70, 80, 90, 10A. It is seen that an MCB with 35A trip current are suitable

for the case study.

Determining the type of MCB is based on its ability to handle surge currents without tripping
(see section 7.3.2). Typically, the surge current is arised from the inrush current of the
equipment. For example, Type D MCB issuitable for motors, since the surge current at start-
up can rise up to 10 times higher than the rated current. The on-board EVchargers also have
inrush current during start-up. The magnitude of the inrush current depends on the design
specifications, and therefore, user manual of the EV charger should be checked for precise
value. Generally, Type-B MCBis suitable for home installations, which allow the surge current
up to 3 to 5 times of rated current. If the MCBtype is not selected properly, unwanted tripping
of MCB canoccur. A Type-C device can be substituted for a Type B device if unwanted tripping

occurs frequently.

RCCB selection:

Two parameters are very important for selection of proper RCCB device. The first one is the
Type of RCCB. As mentioned in the Section7.3.3 only Type-B or TypeF RCCBs can be
employed for EVSE installation since they can detect DC leakage currents. The second one is
the current rating of the RCCB which must be equal or higher than the MCB current ratings. In

this case study, a2 pole (Phase and neutral),40A Type- B RCCB can be selected.
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Cable installation:

Scraping the wall and making the cables invisible are possible for unfinished wall. But, puting
the electric cables on the finished wall can be more challenging than unfinished wall, because

it should be done without destroying the wall surface.

First of all, investigate the area and make a cable routing plan which makes the cable length as
short as possible. Remember that long cables increase the voltage drop. If possible, run the
cables through inconspicuous places for aesthetic concerns. Routing the cable through the
corners using PVC cable duct is mostly wsed for these purposes. While the duct protects the
cable from environmental hazards(e.g. direct sun light at outdoor ), itd o e s n dthe assthetic |

appearance.

The EVSE end of the cable can be connected t@n industrial wall socket rated for the maximum
charge current, i.e., 16A/32A. Alternatively, the cable can also be tied directly to the power

input terminal of EVSE. This method is more preferable in most cases sincéhe socket.
EVSE installation:

Wall mounting of the EVSE is easier than the polemounting; therefore, it should be preferred
when a suitable wall is available. If the EVSE is mounted at low height, the car may hit
accidentally, or may be the water can reach to device in a flood, or children may want to play
with it. Hence the EVSE should be mounted within 0.75 m to 1.5 meters from the finished floor
level for safety as shown in Fig. 7.26. The mounting place on the wall must be away from any

flammable, explosive and combustible material.

° 3x6 mm2 multicore PVC cable in duct (~ 20 m) Sin;\i ;\rfwvase
AC Charger.
Electric panel
including

35A Type-B MCB
40A Type-B RCCB

Type-2
Socket

\
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Fig.7.26

The EVSE, which is designed for indoor, should not be mounted outdoor. Because direct

sunlight, raining, extreme temperatures can be very harmful for indoor equipment.

If there is special power socket on the wall at home for EV charging, the EVSE should be
mounted on wall next to this socket. Some new homes already have this socket. In this case,
no need to run extra cable from the main switchboard. This situation makes the installation
process very simple In any case, the EVSE should be close to the EV so that the charging cable

reaches the EV charging socket without any tension.

Having a wireless internet connection in the EVSE location would be advantages, since most of
the EV chargers have WiFi connedion to remotely monitoring and controlling the charging

process.

De-energize the electric system from the main circuit breaker until the wiring is completed.
During connection of cable to the terminal, it is important to follow the colour coding as given

in Table 7.2. As a summary, greenl/yellow for power earth, blue for neutral cable and
brown/black/grey for lines , as shown inFig.7.27. Color coding provides very important function

during the maintenance and repairing of electrical installation.
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The earthing must be checked if it works properly. Earthing failure can lead to risk of electric

shock and fire. This is critical task for all electrical installation.Therefore, high attention must

be paid.
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7.8 Case Study #2: Parking area EVSE installation

In this case study,installation details of outdoor EV charger in the parking lot of Ege University
campus in Izmir, Turkey on December, 17 , 202Q will be given along with photos. The aerial
view of the installation area is obtained from Google Map, and given in Fig. 7.28. The electric
power is supplied from the distribution tran sformer house which is 52 meters away from the
installation area. The EVcharger to be installed is EVC04AC22 model 22 kW AC charger
produced by VESTEL company.

Distribution
transformer

| Two parking
« lots for EV

T -

Fig.7.28 (Courtesy of VESTEL)

Design section:

At first, the size of buried cable is determined. For this purpose, rated current of cable for 22

kW power is calculated asbelow;

P _ 22000

T, cos I 40)( )

Since two EV chargers will be supplied by the buried cable, the cable size is selected for 2x32
A=64 A load current. However, only one of them is installed in this case study. The otheris

reserved for future installation.
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The cable will be placed in a onduit in the ground, and then the reference method from the

Table 7.3 is found as D1. The PVC material is preferred for the cable to keep the cost low.The
minimum cross-sectional area for the PVC cable carrying 64A is found as 16 mrafrom Table
7.6. Since it is very critical size, one step larger sizgi.e.,25 mm?, is selected. The ampacity of

25 mm? buried cable is 82A which is fairly enough for powering two chargers.

The cable resistance and reactance for 25 mrA PVC cable can be taken fromTable 7.10 as
R=0.907 Wkm and X=0.0813 Wkm. Then the voltage drop can be found using unity power

factor load as,

DV =/3IL(R cos X, sin}
DV =/3(64)(0.052¢ 0.90) JL - 0.08)8 )0g =5X

e(%):[l)J—V 3100 %%’ 190 1.39

The percent voltage drop is lower than the design requirement of 3%, and therefore, 25 mm?

multi-core PVC cable is suitable for the installation.

In order to protect the buried cable from overload, a thermal -magnetic circuit breaker whose
trip current is 80A is employed. Asrecommended in the user manual of EVC04AC22 charger,
two protection devices; such as a 4poles 40A TypeC MCBand a 4-poles 40A Type A RCCB
are added into the electric panel. The cable between the electric parel and EVSE is selected as
5x6 mm? PVC multi-core cable. This size isecommended by the user manual of EVC04AC22

for up to 50m distance.
Installation section:

The installation was started with the preparation of concrete mounting bases for the electrical

panel and EVSE as shown iffrig. 7.29.
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Fig.7.29 (Courtesy of VESTEL)

Then, the soil was excavated and cable duct was laid for buried cable from the distribution

transformer to the installation site as shown in Fig. 7.30.

Fig. 7.30 (Courtesy of VESTEL)

Finished view of electric panel and 2 EVSE locations are seen iRig. 7.31. The EVSE location #2

on the right is reserved for expanding the charging capacity for the future.
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