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Abstract

Electric Vehicle Charge Station

The trend towards using electric mobility has become more than ever in the transportation
sector due to the environmental damage and the high level of carbon dioxide in the atmosphere as
a result of the use of cars that are powered by internal combustion engines. Electric cars are
primarily powered by an electric motor that is fed by a rechargeable power source which is the

batteries where they are recharged using a special electric charger.

In this project, the electric vehicle and their components, the function of each component will
be studied, as will the technologies used and the batteries of all kinds, Batteries, Battery
Management System, the charging technologies of electric vehicles, related standards, charging
levels, charging modes and Charging Schemes are described. Also, EV charging sockets are
explained clearly. The whole issue about chargers is presented for commercial EV manufacturers.
Consequently, the big picture of the electric vehicle charging system could be easily seen in this

project.

The main aim of this project is the design and implementation of an electric vehicle charge

station with the international protocols and standards for electric vehicles using MATLAB.
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1. Introduction

1.1 Overview

Electric Vehicles (EVs) are a promising technology for drastically reducing the environmental
burden of road transport. More than a decade ago and also more recently, they were advocated by
various actors as an important element in reducing CO2 emissions of particularly passenger cars

and light commercial vehicles as well as emissions of pollutants and noise.

It is expected that 500 million electric vehicles will be on the roads by 2030. The technology
and infrastructure for the charging of electric vehicles will be the key enabler for this mobility
transition. EV charging facilities will be required at homes, workplaces, shops, recreational
locations and along highways. The EV charging power has to be provided by the distribution

network at low cost, with minimal reinforcement and at maximum reliability [1].

Charging time reduction is one of the key goals in making electric vehicles user-friendly. In
this context, fast DC charging offers an interesting opportunity. It allows for reducing charging
time [1].

1.2 History of Electric Vehicles

In 1801, the steam-powered carriage was built, opening the era of horseless transportation.
After thirty years of noise and dirtiness due to steam engines, the first battery-powered EV was
built in 1834. Over fifty years later, the first gasoline-powered ICE vehicle was built in 1885. In
1899, the first-ever propulsion vehicle developed was an EV, which could run at a speed of over
100 km/h. This vehicle is presented in (Figure 1.1). So, EVs are not new and already over 170
years old. With the drastic improvement in combustion engine technology, ICE vehicles showed

much better performance and EVs were out of use from the 1930s to the 1950s [1].



Figure 1.1 First Electric Vehicle

At the end of the 19th century, the automobile industry started to focus more on the ICE
vehicle. In the late 1990s, Toyota sold its first hybrid car: the Prius. This marked a new era in the
automotive sector. At the end of 2019, Tesla released the latest version of its fully electric

vehicles Cybertruck with high specifications. This vehicle is presented in (Figure 1.2)

Figure 1.2 Electric Vehicle Cybertruck 2019

1.3 Motivation

Electric vehicles become much more popular and important day by day for many people and
companies because they are more economical and less maintenance. Because of that, electrical
charging stations of all kinds are installed and activated, especially the fast-charging stations in
different Palestinian cities and regions, in addition to developing the appropriate infrastructure to
establish and install these stations such as home chargers, or in the headquarters of companies,

institutions and municipalities as fast-charging stations.



Recently, PalEV Company installed the first charging station in the Ramallah and Al-Bireh
governorates, followed by a station in the city of Hebron, Nablus, and Bethlehem, to include the

rest of the Palestinian cities and vital places.

1.4 Objectives

The aim of this project is design and implementation electric vehicle charge station with the

international protocols and standards for electric vehicles, the objectives are:
1) Design of EV charging station.
2) Implementation Design on MATLAB.

3) Design protection type for EV charging station.

1.5 Literature Review

Future of Electric Vehicle Charging, This paper focuses on five technologies that will play a
fundamental role in this regard: smart charging, vehicle-to-grid (V2G), charging of EVs from
photovoltaic panels (PV), contactless charging and on-road charging of EVs. Smart charging of
EVs is expected to enable larger penetration of EVs and renewable energy, lower the charging cost

and offer better utilization of the grid infrastructure [2].

Modeling of an Electric Vehicle Charging Station for Fast DC Charging. The proposed model
of an electric vehicle charging station is suitable for the fast DC charging of multiple electric
vehicles. The station consists of a single grid-connected inverter with a DC bus where the electric
vehicles are connected. The control of the individual electric vehicle charging processes is
decentralized, while a separate central control deals with the power transfer from the AC grid to
the DC bus [3].



Review of Charging Technologies for Commercial Electric Vehicles. In this paper, the different
EV charging methods are presented. An electric vehicle can be charged with conductive or
inductive charging method. Using the conductive method the battery is connected by a cable and
plugged directly into an electricity provider. The inductive method, in contrast, works through

electromagnetic transmission without any contact between the EV and the charging infrastructure.

The EV charging levels, modes, and types are examined in this study. The charging level
describes the power level of a charging outlet. Charging mode describes the safety communication
protocol between EV and charging stations. There are four different charging modes namely Mode
1, Mode 2, Mode 3 and Mode 4 [4].
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Chapter Two

Electric Vehicles

2.1 Types of Electric Vehicles

2.2 Main Components in EV



2. Electric Vehicles

An electric vehicle (EV) is a vehicle equipped by an electric motor, instead of an internal
combustion engine (ICE), and the motor is run using the power stored in the batteries. The batteries

have to be charged frequently by plugging into the main supply.

EVs are known as zero-emissions vehicles (ZEVs) and are much environment-friendly than
gasoline vehicles. As EVs have fewer moving parts, maintenance is also minimal. With no engine,
there are no oil changes, tune-ups, or timing and there is no exhaust. EVs are also far more energy-

efficient than gasoline engines and they are very quiet in operation [5].

2.1 Types of Electric Vehicles

An EV can be broadly categorized into two types: Battery electric vehicle (BEV) one that runs
just on electricity and the hybrid electric vehicle (HEV) that combines the electric energy with any

other source. And the types are:

1) Hybrid electric vehicles (HEVS).
2) Plug-in hybrid electric vehicles (PHEVS).
3) Battery electric vehicles (BEVS).

2.1.1 Hybrid electric vehicles (HEVS).

Hybrid electric vehicles (HEVS) incorporate more than one propulsive power source to energize
the vehicle. They have the ability to optimize the propulsive energy of the vehicle by effectively

utilizing dual power sources and achieve higher mileage and reduce greenhouse gas emissions [5].



HEVs are integrated with an internal combustion engine (IC engine) and electric machines, which

are energized by the onboard electric battery, ultra-capacitor, or a combination of both.

The common configuration is a battery coupled with the ICE or fuel cell. The series
architecture, as shown on the (Figure 2.1) consists of using the ICE directly coupled to an electric
motor. The electric propulsion system provides higher acceleration performance at low speed,
which cannot be achieved in conventional vehicles due to the various mechanical constraints of
the IC engine. Owing to the increased number of propulsive components and complexity, the
power management and control system in the HEVs plays a vital role in maximizing its overall
energy efficiency and achieving higher operating performance, while significantly reducing
emissions. The key features and the primary difference between hybrid and conventional vehicles
are listed in Table 2.1.

Generator

Internal
Combustion
Engine

9 e

Electric Power Battery
Motor converter

Figure 2.1 Hybrid electric vehicles (HEVS).



Table 2.1 Comparison between conventional and Hybrid electric vehicles

Features/Requirements

Conventional vehicles

Hybrid electric vehicles

powertrain IC engine IC engine +EM
Energy source Gasoline Gasoline + battery
Energy container Fuel tank Fuel tank + battery

Transmission system

Mechanically and
hydraulically actuated
transmission system

Electrically ,mechanically
and hydraulically actuated
transmission system

Emissions

Higher emissions during
operation

Lower emission during
operation

Operational energy

Low energy efficiency
during Stop-and-

Higher energy efficiency
during stop-to-go (city)

Efficiency go(city)driving condition Driving condition
Technology Matured technology Growing technology
Cost Inexpensive Expensive

Maintenance

Relatively easier

Complex due the
involvement of multiple
systems

Energy recovery system

No energy-recovering
capability during braking

Energy-recovering
capability during braking

2.1.2 Plug-in hybrid electric vehicles (PHEVS).

PHEV is a category of hybrid vehicles. It is similar to the HEV in that it has double
motorization, an ICE and battery pack, shown in (Figure 2.2). PHEVs are identified as HEVs that
have battery storage capabilities, which allow its recharging from an external charger and not its
braking system. This gives it the ability to function for a minimum of 20 kilometers while in
electric mode. These types of vehicles can operate on fossil fuels energy and electricity, or both;
consequently, leading to vast advantages inclusive of less oil dependency, enhanced fuel

economization, raised the efficiency of power and reduced environmental obstruction [5].



Power Electronics

Electric

Motor
Storage

Materials

Radiator

Figure 2.2 Plug-in hybrid electric vehicles (PHEVS).

2.1.3 Battery electric vehicles (BEVS).

Energy is normally produced by plug-in rechargeable battery-packs and sometimes capacitors
or flywheels. The manner of charging is the same as PHEVs. The fundamental systems in BEVs
consist of the electric motor, the battery-pack and power controller, which can be seen in
(Figure 2.3). Nowadays a BEV can function by way of BLDC or PMSM and in some cases AC

electric machines [5].

T -
e T X
&

-

Electric Power Battery
Motor Converter

Figure 2.3 Battery electric vehicles (BEVS).
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In 2017, the common EV BMW I3 model 2017, and Nissan leaf model 2017 presented in
(Figure 2.5) with vehicle characteristics in Table 2.2.

Table 2.2 Characteristics of BMW 13 & Nissan Leaf EV

BMW i3 model 2017 Nissan leaf model 2017
Battery Li-ion Li-ion
Range 114 Miles 107 Miles
High-voltage battery 353 Volts 360 Volts
Battery capacity 33 kWh 30 kWh
Battery charging time 4.5 hours 6 hours
Electric motor Synchronous Synchronous
electric motor electric motor
Maximum power 125 kW 80 kW
Maximum torque 250 Nm 254 Nm
Maximum speed 150 km/h 144 km/h

Figure 2.4 BMW i3 & Nissan leaf EV’s Model 2017

11



2.2 Main Components In EV

2.2.1 Electrical motor

The motor is the main component of an EV. It is very important to select the proper type of
motor with a suitable rating. An electric motor is a machine that converts electrical power to
mechanical power. They work as an interaction between the winding currents and magnetic field
of the motor to produce a rotational force. The electric motor can be powered either by an
alternating current (AC) sources such as inverters or by a direct current (DC) source such as

batteries or rectifiers [6].

There are a number of motors available for an electric vehicle: DC motors, Induction motor,

DC brushless motor, permanent magnetic synchronous motor and Switched reluctance motor.

2.2.1.1 DC Motors

It is a classic motor and has been used in motor control for a long time. All the power involved
in electromechanical conversion is transferred to the rotor through stationary brushes which are in
rubbing contact with the copper segments of the commutator. It requires certain maintenance and
has a shorter lifetime. However, it is suitable for low power applications. It has found applications
in electric wheel-chair, transporter, and micro-car. Today, most of the golf-carts are using DC

motors. The power level is less than 4kW [6].

2.2.1.2 Induction Motor

It is a very popular AC motors. It also has a large market share in variable speed drive
application such as air-conditioning, elevator or escalator. Many of the higher power electric
vehicles, for more than 5kW, uses induction motor. Usually a vector drive is used to provide torque

and speed control [7].

12



2.2.1.3 DC brushless motor

The conventional DC motor is poor mechanically because of the low power winding, the field
is stationary while the main high power winding rotates. The high power winding is put on the
stationary side of the motor and the field excitation is on the rotor using a permanent magnet. The
motor has a longer lifetime than the DC motor but is a few times more expensive. Most of the DC
motor can be replaced by a brushless motor with a suitable driver. Presently, its applications find
in low power EV [7].

2.2.1.4 Permanent magnetic synchronous motor

It is equivalent to an induction motor but the air-gap filed is produced by a permanent magnet.
Permanent magnet motors are very efficient, but only in a very narrow rpm band, and quickly lose

their efficiency in the varying speeds of normal driving.

2.2.2 DC/DC Converter

The DC/DC converter effectively replaces the alternator on an Internal Combustion Engine
(ICE) car. Instead of taking energy from the rotation of the ICE motor to charge the 12V battery,
it pulls power from the main High Voltage (HV) battery pack and converts it down to 12V. The
12V systems (headlights, stereo, seat heaters, etc.) use a lot of power and would quickly drain the

on-board 12V battery if it were not charged while driving [6].

2.2.3 Regenerative Braking

Regenerative braking is unique to EVs and enables the vehicle’s kinetic energy to be converted
back to electrical energy during braking (deceleration or downhill running). The converted
electrical energy is stored in energy storage devices such as batteries, ultra capacitors and

ultrahigh-speed flywheels to extend the driving range by up to 10% [5].

13



2.2.4 Speed Controller

The speed controller is crucial to the efficiency and smooth operation of the electric car. Speed
controllers are rated according to the voltage and amperage ranges. Pulse width modulation
(PWM) DC motor controllers work by “pulsing” the current delivered to the motor. Just like a
piston water pump, the individual pulses are smoothed to produce a continuous flow. They are

usually air-cooled or water-cooled.

14
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Chapter Three
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3.1 Batteries

3.2 Battery Management System

3.3 Charging Technologies
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3. Batteries in EV

3.1 Batteries

The battery is a storage device consisting of one or more electrochemical cells joined together.
The battery converts stored chemical energy into electric energy. A single battery cell is made of
a negative electrode and a positive electrode which are connected by an electrolyte. The kind of
material used for the electrodes and electrolyte determines the battery specifications. The chemical
reaction between the electrodes and electrolyte generates DC electricity. Rechargeable batteries
can reverse the chemical reaction by reversing the current in this way the battery can be recharged
[11].

3.1.1 Some Technical Terms Related to Batteries

Several terms are used while discussing the characteristics of batteries. These are important in
determining which battery should be used for a particular application. Below is a short description

of these characteristics [8-11].

Specific energy or gravimetric energy density: Specific energy is an important factor in
determining range. Specific energy is the total amount of energy in Watt-hours (Wh) that the

battery can store per kilogram of its mass for a specified rate of discharge.

Energy density or volumetric energy density: Energy density refers to the amount of energy a
battery has to its size. Energy density is the total amount of energy (in Wh) a battery can store per
liter of its volume for a specified rate of discharge. Batteries that have high energy density are

smaller in size.

16



Specific Power or Power Density: Specific power or power density is an important factor for
determining acceleration. Specific power is the maximum number of Watts per kilogram (W/kg)
a battery delivers at a specified depth of discharge. Specific power is highest when the battery is
fully charged. As the battery is discharged, the specific power decreases and acceleration also

decreases. Specific power is usually measured at 80% depth of discharge.

Life Cycle: Cycle life is the measure of the total number of times a battery can be discharged and
charged during its life. When the battery can no longer hold a charge over 80%, its cycle life is
considered to be finished.

Battery Cost: Cost is expressed in currency units, per kilowatt-hour (kwh) [10].

3.1.2 Battery technologies

Today, there are several types of battery technology. The major differences between those
technologies are the materials that constitute both electrodes. Some offer more advantages than
others and the same goes for the disadvantages. Table 3.1 depicts some of the characteristics of
several types of battery technology. If examined closely, Li-ion battery is superior in many aspects

compared to others [11-13].
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Table 3.1 Characteristics of several types of battery technology

Specific Energy
System Voltage | Energy density Advantages Disadvantages
V) (Wh.kgt) | (Wh.L?)
lead-Acid 2 30-40 60-75 | e Cheaper e Heavy
e Widely available o limited cycle life
nickel— 1.2 20-60 20-150 | e Reliable e Heavily toxic material
cadmium e good low e High cell
Ni-Cd temperature behaviour self-discharge rate
Nickel-metal 1.2 50-80 90-300 | e High energy density e Higher internal
hydride e Environmental friendly | resistance
Ni-MH o self- discharge
lithium-ion 3-4.2 100-160 | 160-315 | e High specific energy e Expensive
Li-ion e low self- discharge e requires safety
e 20%<S0OC<90% electronics

Li-ion battery possesses higher energy densities per mass and volume than other types of batteries
as shown also in (Figure 3.1) besides; Li-ion technology provides higher voltages than nickel-
based systems for example. However, the energy cost of this Li-ion technology is the highest
compared to others. Nevertheless, Li-ion batteries have gained a significant amount of popularity
among the transportation manufacturers, as transport applications require high energy density,

long cycle life, safety, reliability; the cost and weight are also very important.

Volumetric Energy Density /Whi-!

0 40 80 120 160 200
Gravimetric Energy Density / Whkg!

Figure 3.1 Comparison of varied electrical storage technologies
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It is obvious that the Li-ion batteries have suitable performances (high energy density, high
power density, high discharge rate) for this application and as well as for portable vehicle (i.e.
electric vehicle etc...). For individual electric vehicle for example, the Li-ion battery seems to be
unquestionable due to the required high specific energy. Li-ion batteries have energy density
approximately three to seven times higher when compared to other technologies. They allows
manufacturer to build electric vehicles with acceptable performance in term of range, speed and

acceleration [15].

Now, the cost of Li-ion batteries is one of the most important issues for transportation
applications. The high cost is mainly attributed to the materials which constitute the batteries;
positive electrode material represents 40-50% of the overall battery cost, and negative about (20-
30) % .Apart from the safety issues of Li-ion batteries, one of the main setbacks of an electric
vehicle is the recharging time of the battery packs. The charging procedures require suitable
hardware and fast-charging protocols for monitoring the battery cells and also shorten the overall

charging time of the vehicles [12].

3.2 Battery Management System

The basic task of the Battery Management System is to ensure that optimum use is made of the
energy inside the battery powering the portable product and that the risk of damage inflicted upon
the battery is minimized. This is achieved by monitoring and controlling the battery’s charging
and discharging process. Li-ion battery has become the most widely used chargeable battery
because of its advantages, such as higher voltage level, higher energy density, no memory effects

and no pollution to the environment.

Li-ion battery packs of multi cells in series or parallel provide a high-voltage power supply;
have become more and more useful in many applications an example hybrid electric vehicle,
electrical vehicle electro motors, photovoltaic systems, etc. For more powerful voltage, the cell
number is increased and the voltage rises as well. Battery management for battery packs composed

of multi cells is quite different from single-cell applications, and thus challenges arise.
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The information of each battery must be acquired and processed to ensure the safe operation of
every single cell and improve the performance of the whole battery pack. Estimation on the state
of charge (SOC) and monitoring the battery characteristics have always been important parts in
battery management research. A high-performance battery management system (BMS) is able to
allow the cell work in the best performance. BMS can improve the battery’s performance and

extend its working life through real-time battery state monitoring and battery SOC estimation [16].

The BMS system has a function to monitor the batteries, to protect, estimate the battery state,
to maximize their performance. BMS system should do the following task: prevent the voltage of
any cell from exceeding a limit, by stopping the charging current for example. This is the safety
issue for all Li-ion cells. Prevent the cell for increasing temperature by stopping the current directly
and requesting cooling. The exceeding temperature can bring the batteries to the thermal runaway

process [14].

Keep from drooping of cell voltage below the limit. Limited the charging and discharging
current. BMS can balance the battery to maximize its capacity [17].

The BMS may provide different functions to control a cell, module or a complete pack.

1) Charge and Discharge Voltage control.

2) Control of the Charge and the Discharge Current.
3) Monitoring of the SOC.

4) Monitoring of the SOH.

5) Monitoring of State of Function (SOF).

6) Monitoring and Control of the Temperature.
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3.2.1 Voltage control

The BMS monitors the cell voltage and controls the charge and discharge current in such a
manner that this voltage remains in the recommended limits. In this way the battery overcharge or

over-discharge are prevented [18].

The Constant Voltage (CV), the battery is charged at a constant voltage, while the charging
current of the battery varies through the charging process. The current intensity can be high during
the initial stage when the battery begins to charge. This intensity decreases to zero until the battery
is fully charged. Constant VVoltage is not available for most residential and parking infrastructures,
as it requires very high power in the early stage of charging. Such voltages could induce

operational risks.

3.2.2 Current control

The charge and discharge of Li-ion cells with currents higher than the recommended ones
leads to rapid degradation in terms of energy storage capacity and power delivery. The higher
currents increase the cell internal temperature from one hand and exert additional stress on the
active materials from the other. A main function of the BMS is to control the magnitude of the
charge and discharge (if possible) current and thus providing the longest possible time of battery

exploitation [18].

Constant Current (CC), this method controls the charging voltage applied to the battery so as to
maintain a constant current. This induces a linear increase of the SOC of the battery. In this case,
it is a combination of parameters such as an increment on the temperature, or of the voltage, or

simply after a defined period of time that the BMS determines that a charge is completed.
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3.2.3 Constant Current - Constant voltage (CC-CV)

This is a combination of the two methods previously described and it is the most widely used

method for charging Li-ion batteries. Three steps are identified during a charging process as it is

illustrated in (Figure 3.2). During the first step, the battery is pre-charged at a low constant current,

normally around 0.1 C rate units. At the second step, the charging current is maintained constant

until a certain threshold is reached by the SOC, this normally happens when the voltage of the cell

reaches the battery terminal voltage VBAT. At this point, the third step begins, the voltage being

kept constant (CV), until the current exponentially decays and reaches typically one-tenth of the

fast charge current IEND. Approximately 70% of the total charge is delivered during the CC step

and the rest is completed during the CV step.
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Figure 3.2 Constant Current - Constant voltage (CC-CV)
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3.2.4 State of Charge (SOC)

The SOC (state of charge) is the percentage ratio between residual discharge capacity (Cres)

and discharge capacity obtained after complete recharge (Cr, full capacity) :

SOCgischarge = e .100 Equation 3-1
When a completely discharged the battery is recharged SOC is expressed by the ratio between the
injected charge (Qcn) and Cr :

SOC harge = <2.100 Equation 3-2

Often, instead of SOC, the remaining charge in the cell is expressed by the Depth of Discharge
(DOD), i.e. how much of the total available battery capacity is used during the discharge :

DOD = 100% — SOC Equation 3-3

Using the above definitions, the State of Charge can be estimated and monitored by the so-called
Ah integration or Ah balancing. In this method, the current through the cell I (t), positive during
the Charge and negative during the discharge is continuously integrated and the SOC is calculated

by the following formula :

SOCy) = SOCinitial+ x ot I(t)dt Equation 3-4

CF

In order to have precise SOC estimation in time, the BMS should be provided by an initial value
SOCinitial. Typically such a value is available after complete recharge (SOCinitial = 100%), complete

discharge (SOCinitia = 0%) or by some complementary method of SOC estimation [19].

23



SOC Operating Window |

4.2 Volts
) —
=] Charge
o - LosS
S Coulombic Efficiency o High Charging Stress
= . Reduces Life
o ”‘/ Discharge High Overcharge Risk
O Low Charging Power
2.0 Volts { : |
High Discharge Stress Low Discharge Efficiency
Reduces Life (Coulombs/Volt)
Low Discharge Efficiency y

L 1

— Eo ,
0 0 2p 30 4 50 60 70 80 9p 100
State of Charge %

Ideal SOC working range

3

Figure 3.3 Evaluation of SOC for Battery cell protection

As shown in (Figure 3.3) demonstrates the risk factors during overcharged and undercharged
conditions of a cell beyond the SOC standard level. The safe operation, i.e., charging and
discharging, of a rechargeable battery cell within the ideal working range of the state of charge
(SOCQ), i.e., 20% - 90%, can be accomplished by using a battery management system (BMS) [20].

3.2.5 State of Health (SOH)

On the other hand, the state of health (SOH) of a battery which is an indication of wear and tear
on a battery is related to the capacity decrease of the battery. It is obtained by calculating the ratio

between the actual discharge capacity and the initial discharge capacity of the battery [21]:

SOH = Qdischarge,act Equation 3-5

Qdischarge,init
Where Quischarge, act IS the actual discharge capacity of the battery cell (Ah) and Qaiscrarge, init the

initial discharge capacity of the battery (Ah) measured in the standard discharge condition
[21, 29].
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3.2.6  Thermal management

During the battery charge and discharge a certain amount of electric energy is transformed into
Joule heat throughout the battery internal and charge transfer resistance. The result is an increase
in battery temperature. Additionally, the battery can be subjected to heating from the nearby power
electronics (chargers, inverters, converters, etc...) or to cooling in the case of outdoor applications.
For most of the available Li-ion technologies, the longest cycle life is achieved in the temperature
range 15-35°C. The thermal management aims to keep the battery temperature as close as possible
to this recommended temperature range. The battery cooling is achieved in different ways
depending on the severity of the application: passive cooling using a specifically engineered pack,
casing design for low power applications, air fan cooling for moderate power applications or liquid
cooling circuits for high power applications [14].

Most of the Li-ion systems exhibit relatively low-temperature stability points — typically
between 75 and 90°C depending on the particular technology. A main function of the thermal
management (and the battery management too) is to prevent reaching this threshold. Else way in

the pack, the thermal runaway starts and it may lead to fire, explosion, and toxic gas hazards [14].
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3.3 Charging Technologies

Electric mobility becomes a trending issue than ever in the transportation sector. EV receives
electricity by plugging into the grid and stores it in batteries. EV Charger is an electrical device
that converts alternating current energy to regulated direct current for replenishing the energy of
an energy storage device (i.e. battery). The energy storage device namely battery is the heart of an
electric vehicle. Therefore, the battery charger plays a very important role in electric vehicle
technology. Electric vehicle battery chargers divided into two types: on-board type (in the electric
vehicle) and off-board type (at a fixed location) [19].

In this chapter, the charging technologies in electric vehicles, related standards, charging levels
and charging modes are described. Also, EV charging sockets are explained clearly. The whole
issue about chargers is presented for EV manufacturers. Consequently, the big picture of the

electric vehicle charging system could be easily seen in this chapter [21].

There are 3 functions that must be performed to allow the charging of the EV battery from an
electric supply network. The two of them are electrical functions and another one is mechanical
function. The first electrical function is the rectification process and the second one is controlling
and regulation of supply voltage according to battery charge acceptance characteristics. The
mechanical function is the connecting of the EV to the EVSE and this process is performed by the
user [18-121].

The block diagram of EV charging system is given below on (Figure 3.4). Main parts of this

system are charger control unit, charging cable and vehicle control unit [18].

Charger Vehicle
Charging Cabl
Control STEng ene Control
Unit Unit

Figure 3.4 Descriptive block for electric vehicle charger
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3.3.1 The Different EV Charging Methods

Generally, there are three main ways of charging: conductive charging, inductive charging and
by changing the battery. Using the conductive method the battery is connected by a cable and
plugged directly into an electricity provider. The inductive method, in contrast, works through
electromagnetic transmission without any contact between the EV and the charging infrastructure.
The charging spot is equipped with wires which carry an alternating current, during which the EV
Is at the right place. The alternating current creates an electromagnetic field, which affects the
receiver (also consisting of wires) in the EV in a way that a current is induced and charges the
battery [22].

3.3.1.1 Inductive Chargers

Inductive charging, also known as Wireless Power Transfer (WPT), is a new way of recharging
without the need for cables, as shown in (Figure 3.5). Inductive charging uses an electromagnetic
field to transfer energy between two objects. This is usually done with a charging station. Energy
is sent through an inductive coupling to an electrical device, which can then use that energy to

charge batteries or run the device [20].

Induction chargers use an induction coil to create an alternating electromagnetic field from
within a charging base, and a second induction coil in the portable device takes power from the
electromagnetic field and converts it back into electric current to charge the battery. The two
induction coils in proximity combine to form an electrical transformer. Greater distances between
sender and receiver coils can be achieved when the inductive charging system uses resonant
inductive coupling. Recent improvements to this resonant system include using a movable
transmission coil and the use of other materials for the receiver coil made of silver-plated copper

or sometimes aluminum to minimize weight and decrease resistance due to the skin effect [20, 32].
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Figure 3.5 Wireless electric vehicle charging technology

Table 3.2 Advantages & Disadvantages of Inductive Charging

Advantages Disadvantages
e Protected Connections away from e Slower Charging
(water/oxygen)
e Durability e More expensive
e Increased convenience and aesthetic
quality
e No need for cables

3.3.1.2 Conductive Charging

The conductive charging system uses direct contact between the EV connector and charge inlet.

The cable can be fed from a standard electrical outlet or a charging station.
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For historical reasons, AC charging was the first to be adopted and developed, as EVs were
often charged from regular household sockets. Nevertheless, the maximum power was limited,
which lead to long charging sessions and dangerous charging conditions for the final user. As a
consequence, the automobile and electronics industry started to develop different plugs and
sockets and a set of standards that could allow this inter-operability [31].

In recent years, standardization efforts for the EVSE have been intensified from different
organizations such as the International Electrotechnical Commission (IEC) and the Society for
Automotive Engineers (SAE) in the United States. In the United States, the SAE J1772 standard
specifies the EV conductive charging requirements. Its European counterpart is the IEC 61851-1
standard. The term ‘level” used by SAE and ‘mode’ used by IEC essentially means the same thing.
Both standards define the operational and functional requirements for the charging infrastructure
[32].

According to the IEC standard, there are 4 modes for charging EVs as described in Table 2.

However, SAE standard defines 6 levels of EV charging as shown in Table 3 Some information
in the table is still to be defined (TBD) by the standard [23].

Table 3.3 The IEC EV charging modes based on IEC 61851-1

Modes Supply Duration Charger configuration Example charger
Mode 1 AC Slow Standard household-type connector 1- or 3-phase
plug
Mode 2 AC Slow Standard household-type The Park and
socket-outlet with an in cable Charge

protection device

Mode 3 AC Slow/Fast Specific EV socket-outlet and plug SAE J1772
with control and protection function
permanently installed

Mode 4 DC Fast External charger CHAdeMO
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From Table 3.4 Essentially ‘Level 3” does not exist yet .and the charging standard everybody has

been thinking of as Level 3 is either ‘DC Level’ lor ‘DC Level 2’ [30] .

Table 3.4 Levels of EV charging according to SAE

Source Level Voltage Phase Max current Max Time (h)
power
(kW)
AC Level 1 120 Single 16 1.9 6-24
Level 2 240 1- or 3 -phase 80 19.2 2-8
(typical 40)
Level 3 TBD TBD TBD TBD TBD
DC Level 1 200-450 DC <=80 <=19.2 | ~30min
Level 2 200-450 DC 200 90 ~ 15 min
Level 3 TBD DC TBD TBD TBD

3.3.2 The EV Charging Modes

The IEC defines four different charging modes according to the complexity of the system and
the charging speed. A charging mode refers to the power level that rates a charger and its
Connectors. It also specifies the safety and control features that guarantee the safety and efficiency
of charging [24, 30].

1) Mode 1

It is the simplest and most direct connection between the grid and the vehicle, as shown in
(Figure 3.6). It uses a standard non-dedicated socket outlet at 16 A for single or three-phase
infrastructures. It provides basic charging capabilities for domestic use, limiting its power at 3.3
KW for a single-phase connection. However, this mode is currently prohibited in the U.S. due to
the risk of overheating.
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Figure 3.6 Mode 1 type connection

2) Mode 2

This is the default mode for new EVs in the U.S. and Japan, where the J1772 plug is used on
the EV side. As in mode 1, a direct connection is established between the vehicle and the grid,
as shown in (Figure 3.7). Unlike mode 1, mode 2 uses a charging cable including a protective
device that consists of a control pilot pin. The control pin allows detecting possible current-
leakage and indicates the maximum charge current that can be supported. In order to avoid any
risks of overheating of the electrical installation, a power limit is considered. Meanwhile, current
intensities of 16 A or 32 A are admissible in the charger.

AC

COM
—
—

o

Figure 3.7 Mode 2 type connection
3) Mode 3

This mode enables fast charging on an AC connection, which can go up to 55 kW. For that
purpose, a dedicated EVSE is required for charge monitoring through a dedicated cable, as shown
in (Figure 3.8). This mode is safer than modes 1 or 2, as it allows continuous communication
between the vehicle and the charging station.
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The pilot wire not only indicates the maximum charge level, but it confirms to the charging station
that the connection is secured and that the vehicles are ready for charging. The pilot wire also

confirms the interruption of the charge if a disconnection is detected.

AC

| or

coM
—_—
—

Figure 3.8 Mode 3 type connection

4) Mode 4

An indirect connection between the vehicle and the grid through an external charger is
performed. For monitoring the charging process, mode 4 as shown in (Figure 3.9). Requires a
bidirectional communication over the pilot of a dedicated wire. This mode enables fast charging
using DC and higher voltages that would enable long-distance travel since the charging time is
considerably reduced. The maximum current specified is 400 A. This mode is therefore preferred

by dedicated charging stations due to its installation requirements and safety issues [24].

AC DC

o

Figure 3.9 Mode 4 type connection
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3.3.3 Charging Connectors

The IEC standard defines plugs, socket outlets, vehicle connectors, and vehicle inlets. The plug
type refers to the specifications needed for the design and manufacturing of the plug with which

an EV connects to the charging equipment [26, 31].

3.3.3.1 AC charger connectors

Three plug designs are officially recognized for AC charging. These designs are designated as
Type 1, Type 2, and Type 3, as shown below in (Figure 3.10). By the IEC standard, the terms
"sockets" and "plugs" are used for the supply-side. The terms "vehicle inlet" and "vehicle

connector" are used for the vehicle-side.

The first connector standards were only suited for low power levels, as EVs were mainly
connected to regular household sockets. However, as the new generation of EVs requires higher
power levels for faster charging, several improvements have been achieved on the design of plugs
and connectors. In practice, the sockets and plugs have been developed before any standard has
been defined. We describe in this section the types of connectors available today on the market
[30-31].

1) Type 1: The Yazaki connector

This connector was approved by the SAE as the new J1772 connector standard which enables
Charging at 120 V or 200 V. It consists of two power pins, one ground pin and two additional pins
for safety and communication features. It is defined as a vehicle-side connector which requires a
corresponding inlet. This connector is primarily used at charging stations which have fixed cables,
as part of the infrastructure. Its vehicle inlet and connector were developed by the Japanese
manufacturer of power network equipment Yazaki from where it gets its name. It was primarily

embraced at the American and Japanese EV market.
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This connector was approved by the SAE as the new J1772 connector standard which enables
Charging at 120 V or 200 V. It consists of two power pins, one ground pin and two additional pins
for safety and communication features. It is defined as a vehicle-side connector which requires a
corresponding inlet. This connector is primarily used at charging stations which have fixed cables,
as part of the infrastructure. Its vehicle inlet and connector were developed by the Japanese
manufacturer of power network equipment Yazaki from where it gets its name. It was primarily

embraced at the American and Japanese EV market [31].

2) Type 2: The Mennekes connector

This plug is commonly referred as type 2 according to the IEC nomenclature as well as
Mennekes plug. This name refers to the German manufacturer (Mennekes Ekectrotechnik) at the
origin of the design of this plug. Due to the differences in the European power grids, such as the
availability of three-phase power at households, the specifications of the Yazaki plug were
considered insufficient. European manufacturers needed a plug which could handle semi-fast
charging and three-phase power. These requirements are achieved by this new connector. It is used
on loose cables which on the charger side can handle three-phase power connections while on the
car side require a plug that matches the vehicle inlet. Type 2 plugs are rated for higher power levels

that Type 1 plugs.

The Mennekes plug has been adopted by the Association of German Car makers in 2010. It has
also been adopted in 2013 by the European Commission as the the European standard for AC
Charging [30].

3) Type 3: the Scame connector
A group of French and Italian electrical equipment manufacturers, headed by the Scame Italian
Company, rejected the Mennekes plug. Because of an electrotechnical safety issue. As a

consequence, the electrical equipment manufacturers members of the EV Plug Alliance proposed

their connector.
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Type 1/J1772  Type 2/Mennekes Type 3 /Scame

Figure 3.10 AC charger connectors types

3.3.3.2 DC Charger connector

The standardization of DC charging followed a different path from the standardization process
of AC charging. For DC charging, the definition of a standard happened before the installation of
any equipment. However, the early standard has been challenged by alternative proposals from a

consortium of different firms [30].

1) CHAdeMO

In 2010, the Japanese power company TEPCO set up the Charge de Move (CHAdeMO)
association, which includes different Japanese car manufacturers and electric utilities. Along with
the Japan Automotive Research Institute, they designed a connector that can handle high voltages
(300-600 V) and high current levels (up to 400 A). Due to the diameter of the copper wire of the
cables to support such current intensities, it was decided to use a fixed cable on the supply side.
On the vehicle side, CHAdeMO inlets have been progressively installed in Japanese vehicles. This
massive implementation helped to position CHAdeMO as the DC fast charging standard. For this
reason, the CHAdeMO design was recognized by the IEC standard. This standard needs, however,

an exclusive vehicle inlet for DC charging.
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This can be considered as a drawback since it will always be necessary to have a separate inlet for

AC charging, as shown in (Figure 3.11).

Figure 3.11 CHAdeMO DC Charger connector

2) Combo or Combined Charging System (CCS)

Announced in 2012, the Combo connector consists of a combination of AC and DC connectors,
as shown in (Figure 3.12). It prescribes fixed cables on the charging station. The Combo connector
has been proposed by German car manufacturers. It considers two variants. The first variant is a
combination of the Yazaki AC design with additional pins for DC charging. The second variant
considers the Mannekes design. The European Commission defined the Combined Charging
System (CCS) connector as the DC charging standard in Europe from 2014. However, it will take
some time to replace the CHAdeMO stations previously deployed, leaving at least two DC

connector standards in Europe in the years to come [31].

Figure 3.12 Combo DC Charger connector
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3.3.4 Charging Schemes

The flow of energy between the EV and the EVSE can be in both directions depending on the
needs of the vehicles or the grid. Vehicle to Grid (V2G) and Vehicle to Vehicle (V2V) schemes

are still under continuous improvement and study by research teams around the globe [21-22].

1) Grid-to-Vehicle (G2V)

When an EV is being charged, it's called G2V (Grid to Vehicle). The vehicle is connected to
the grid and the charge rate is controlled by the grid, either locally or remotely. Controlling the
charge of the vehicles by the grid enables better management of the grid infrastructure and the

possibility to take advantage of low-cost energy during low activity periods.

2) Vehicle to Grid (V2G)

This method allows vehicles to feed power back directly to the grid, as shown in (Figure
3.13). In order to perform such an operation, a constant communication between the grid and the
vehicle in both ways is necessary. This technology has been tested for providing different ancillary
services to the grid, such as frequency control, energy balance and to ease the integration of

renewable energies into the grid when they are available.

In this case, EVs are not only able to vary charging power, but also to inject power back into
the grid, which can be beneficial for the utilities and the grid.

Recharging m

Discharging V2G
ESS
Power,
transmlssu@
EV Recharging G2v o 8
Wind Pc;wer
Generator

Figure 3.13 Vehicle to Grid (V2G)
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3) Vehicle to Home (V2H)

A variant of V2G known as Vehicle to Home (V2H) consists in injecting power from the
batteries of EVs to the household. Such an operation is particularly useful when the price of
electricity delivered by the grid is at the highest. V2H can also be considered as a backup energy
source in case of a natural disaster (an earthquake for instance) imposing a disconnection of the
homes from the grid. Despite the current research status on V2G, its deployment in the electric

network is not expected to be widespread soon without the proper economic model.

4) Vehicle-to-Vehicle (V2V)

This method allows to exchange energy between two vehicles connected to the same charging
station. This scheme helps to significantly reduce the impact of the charging process on the electric
grid during the day. Additionally, it could help EV users to buy energy directly from other EVs
connected to the charging station instead of buying it directly from the grid. Added to the technical
aspects that should be solved, the V2V business model should be investigated into more details
before considering its effective implementation.
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4. Charging Station

4.1 Design of Charging Station

The charge station is one of the most important parts of the energy source subsystem, as shown
in (Figure 4.1). It provides all energy necessary for propulsion and the auxiliary devices to EV.
The charger allows the battery to be charged from the electricity grid. From the technological
perspective, the charger is AC/DC power electronic converter. While charging its operation is fully
controlled or supported by the BMS. The AC voltage is transformed into a DC voltage that suits
the battery parameters. The charger operation is constrained by the safety requirements of the
battery used in the EV [26-27].

Figure 4.1 Electric Vehicle Charge Station
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Figure 4.2 Energy Conversion Process

4.1.1 AC/DC Converter

Rectifiers have evolved to a mature state. There have been many rectifier topologies since the
evolution of diodes and thyristors. Uncontrolled or line-commutated rectifiers usually consist of
diodes. Most diode rectifiers have fixed frequency input AC voltages, fixed DC output voltage.
Controlled rectifiers or Phase-control rectifiers have control on switching devices and usually
consist of thyristors where the thyristors act as a switch and have two states: ON state and OFF
state (i.e. achieved by providing suitable gate trigger pulse). In the case of diode rectifiers, load
current flows when diodes conduct and in the case of phase rectifiers, the load current flows when
the thyristors conduct. (Figure 4.3) shows an attempt to classify the rectifiers based on their

operational control.
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Figure 4.3 Rectifier Classification
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4.1.2 DC/DC Converters

DC-DC converters designed for charger of EVs are divided into two groups, which are isolated
and Non-isolated; the subgroups divide into two groups, which are unidirectional and bi-

directional DC-DC converter [29, 32]. (Figure 4.4) shows Converter Topologies.

DC-DC CONVERTER

_. I \
Isolated DC-DC Converter Non-Isolated DC-DC Converter

T .. .. T

| |
‘ Unidirectional ‘ ‘ Bi-directional ‘ ‘ Unidirectional ‘ ‘ Bi-directional |

Figure 4.4 DC-DC Converter Topologies

4.1.1.1 Non-isolated DC-DC Converter

The main advantages of non-isolated converters are that they have low cost, low active
component number, high efficiency. But they are used for low power desired system and the big
disadvantage is that in the electrical connection between source and loads no protection for any

high electrical voltage current, etc. occurs on the input side [29].
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1) Unidirectional DC-DC Converter

The voltage of many batteries for EVs ranges from 100-400 V, so the most popular dc-dc
topology is a unidirectional buck converter in order to reduce the voltage from the DC-link to the
voltage level of the battery. Unidirectional buck-boost converters are also used topology due to
their capability to step-up and step-down the output voltage. In addition, the interleaving technique
can be applied to these topologies [29]. (Figure 4.5) shows Non-isolated Unidirectional DC-DC
Converter.

am a2y

d)

Figure 4.5 Unidirectional DC-DC converters (a) Buck Converter, (b) Interleaved Buck Converter,
(c) Buck-boost Converter (d) Interleaved Buck-boost converter

2) Bi-directional DC-DC Converters

In vehicle-to-grid (V2G) systems, electric vehicles Energy storage systems are in interact with
the grid by providing a large number of potential benefits. In V2G systems, bidirectional
converters play a very important role. The features like being reliable, having efficiently
conversion, cost-effective, safety, having lightweight, having a small size, producing low

harmonics are crucial for bi-directional dc-dc converters to achieve V2G.

43



4.1.1.2 Isolated DC-DC Converter

The isolated DC-DC converters have large size, there are more active components compared
to non-isolated converters, switching losses is higher, they have less efficiency in low power
applications. But isolated dc-dc converters have higher efficiency at high power applications; the
transformer provides protection between load and source, and also the turn ratio of transformer

facilities regulating load voltage [29].

1) Unidirectional DC-DC Converter

Unidirectional DC-DC converters are used electric vehicle charge system in the grid to a vehicle
the most popular topologies are given in (Fig.4.7). Flyback topology has a simple structure. It can
be performed with a single switch. Also, this topology does not require an output inductor in

addition to the transformer. (Figure 4.6) shows isolated Unidirectional DC-DC Converter.
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Figure 4.6 Unidirectional dc-dc Converter topologies (a) Fly back Converter (b) half-bridge (c) Full
bridge (d) Full-Bridge phase shift (e) push-pull Converter
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2) Bi-directional DC-DC Converters

The bi-directional dc-dc converters were designed to provide voltage and frequency regulation

of absorbed excess electricity from vehicle to the grid, during high demand periods.

The bi-directional dc-dc converters allow two-directional power flow, in charging mode grid to
vehicle (G2V) and in discharging mode vehicle to grid (V2G) [28-29].

The comparison of all DC-DC converter topologies is given in Table 4.1.

Table 4.1. The comparisons of DC DC converters

Converter Optimal Power Efficiency Number of Voltage stress Cost
Types demand - component
Buck s ; . - : .
—Yy Converter Low (=500 W) medium 5 high low
= £ Interleaved P . ) :
§ .‘5 E Buck Low (=500 W) high 8 low medium
=2 E Buck-Boost Low (<1KW) mediuvm 7 medium medium
EEx Interleaved APEEpp— : o . :
=z e Buck-boost Low (<1KW) high 12 low high
- Buck-boost Jpp— . ) )
su ) Converter Low (<1KW) medium 7 medium medium
R Sepic converter [,y (<)KW) medium 7 high medium
$T 2 Cuk converter Low (<1KW) medium 6 high medium
££C Half  brid
= 7 £e F = 1EKW i 5 i I
== Converter Low (<1KW) high 5 medium Low
= Flyback Low (<:300W) high 4 high low
g g Half Bridge Low (<1KW) high 7 high medium
E é Full bridge High (1IKW<) medium 9 medmum high
E = Push pull High (1IKW<=) medium 8 high high
f: E Full bridge : T ; v 1
| phase shift High (1EKKW<) high 10 low High
_ Half bridge Low (<1KW) high low
8 z medium 6
Py Full bridge High (1KW-) Tow high
g £ medium 10
oy !

4.1.3 EV battery

Nowadays, run time-based models combined with Thevenin equivalent based models are the
state of the art. In this work, such an approach is used. (Fig.4.8) shows the electric circuit
configuration of the battery model. Here V. is the open-circuit voltage which is depending on the
state of charge SOC, and the voltage-current characteristic is modeled by series resistance. The

RC parallel circuit represents the transient response of the battery.
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4.2 Case Study

The electric vehicle charging system is shown in the (Figure 4.7). In this method three phase
AC supply is given to the charging station. Charging station consist of fixed AC. From the charging
station fixed AC supply applied to rectifier. Rectifier converts AC to DC and then DC supply is
flow through the Interleaved Buck Converters the buck converter is used to step down the voltage

from input to its output (load).here battery act as a load.

Input Voltage Output
Pl =\~ b 4 _\j_‘3\|t/_age
P3 _/\_/_ o

B B I
50 -

OC/OV Rectifier DC/DC converter oV

Figure 4.7 The electric vehicle charging system

4.2.1 AC/DC Converter

Full-wave Three-phase Rectification

Three-phase bridge rectifier is commonly used in high-power applications and it is shown
in (Figure 4.8). This is a full-wave three-phase uncontrolled bridge rectifier. Its circuit uses
six diodes, two per phase in a similar fashion to the single-phase bridge rectifier. A 3-phase
full-wave rectifier is obtained by using two half-wave rectifier circuits. The advantage here is
that the circuit produces a lower ripple output than the half-wave 3-phase rectifier as it has a
frequency of six times the input AC waveform , smooth output voltage waveform, no dc
component introducing into input current of each phase, and high efficiency of power
conversion [34].
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Figure 4.8 Three-phase rectifier

4.2.2 DC/DC Interleaved Buck Converters

The voltage of a common DC-bus structure usually is up to 600 V and higher than the battery
voltage which is from 200 V to 450 V. For charging the batteries, a single-phase buck converter
can be used. However, in high-current applications, the single-phase buck converter requires a
large inductor to keep the inductor current ripples small. The large inductor increases the cost and
size of the converter. Instead of using the large inductor, a multi-phase interleaved buck converter,

as shown in (Figure 4.9).
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Figure 4.9 Three-phase interleaved Buck converter
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A multi-phase buck regulator is a parallel set of buck power stages, as shown in (Figure 4.10),
each with its own inductor and set of power MOSFETS. Collectively, these components are called
a phase. These phases are connected in parallel and share both input and output capacitors. This
technique consists of phase-shifting 360%N the control signals with the same switching frequency

of N parallel converters [33].

1
PWM_1 L.g 1
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Figure 4.10 Multiphase Buck converter

The separate inductors of the multi-phase interleaved buck converter are used to enhance the
efficiency of the converter. This converter shares currents between the multi-phase modules. If the
number of phases is increased, the size of the inductor decreases as the number of phases is

multiplied by the fundamental frequency of each inductor [34].

Advantages of interleaved Buck converter

Compared to single-phase buck regulators, multiphase converters offer several key performance
advantages that make them the default choice for high-power, high-performance applications:

* Reduced input capacitance
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* Reduced output capacitance
* Improved thermal performance and efficiency at high load currents

* Improved overshoot and undershoot during load transients

4.2.2.1 Design Equation

The following are design equations for the interleaved Buck converter.

Table 4.2 Multiphase Design Specifications

Vin 530V Input voltage

Vout 450V Output voltage

Fs 20 KHZ Switching frequency
Al 5A Inductor current ripple
N 3 phases Number of phases
AVout 5V Output voltage ripple

4.2.2.1.1 Inductor

For this design, a switching frequency of 20 kHz is used to. Using the standard buck design
equation for calculating inductance and a ripple current target of 5A, an inductance of 0.226 mH
per phase is calculated using (Equation 4.1).

450
_Voutx(1-D) _ 450*x(1-c=0)  0.679x1073
" FsxAIL*N  20K+5%3

=0.226 %1073 Equation 4.1

Where: D = VOUT / VIN

4.2.2.1.2 Input Capacitor

The function of the input capacitor is to filter the input current into the regulator — ideally it
should appear as DC current for steady state load conditions
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4.2.3 Protection

At present fault plays a major problem in a power system network and power application. EV
charge stations is increasing year by year and therefore maintenance and protection of power
system equipment’s are very important for decreasing the cost and to increasing the life of the
power system equipment’s for reliable and uninterrupted operation. From the perspective of relay
application, all this creates new engineering needs for improvements in understanding of new
operating principles, determining proper way of using a given relay, calculating the settings, and

finally, performing relay design and application testing [43].

Under normal condition, a power system operates under balanced conditions with all
equipment’s carrying normal load currents and the bus voltages within the prescribed limits. This
condition can be disrupted due to a fault in the system. A fault in a circuit is a failure that interferes
with the normal flow of current. A short circuit fault occurs when the insulation of the system fails
resulting in low impedance path either between phases or phase(s) to ground. This causes
excessively high currents to flow in the circuit, requiring the operation of protective equipment’s
to prevent damage to equipment’s. The short circuit faults can be classified as:

1. Symmetrical faults

2. Unsymmetrical faults

1. Symmetrical Faults

In such types of faults, all the phases are short-circuited to each other and often to earth. Such
fault is balanced in the sense that the systems remain symmetrical, or we can say the lines
displaced by an equal angle (i.e. 120° in three phase line).

It is the most severe type of fault in volving largest current, but fortunately it occurs rarely.
For this reason, balanced short- circuit calculation is performed to determine these large
currents [36].
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2. Unsymmetrical Faults

Unsymmetrical faults involve only one or two phases. In unsymmetrical faults the three
phase lines become unbalanced. Such types of faults occur between line-to-ground or
between lines. An unsymmetrical series fault is between phases or between phase-to-ground,
whereas unsymmetrical shunt fault is an unbalanced in the line impedances. Shunt fault in

the three phase system can be classified as;
« Single line-to-ground fault (LG).

* Line-to-line fault (LL).

* Double Line-to-ground fault (LLG).

* Three-phase short circuit fault (LLL).

* Three-phase-to-ground fault (LLLG).

The main protections that can be applied are under/over voltage, and over current on AC
side, under/over voltage on DC side. The relays and other protection equipment are placed
accordingly in modelled EVCS (Electric Vehicle Charge Station) depending on the

possibility of occurrence of a fault.

4.2.3.1 Over-Current Relay

Electrical equipment and personnel when an electrical fault occurs. Protection relay is designed

based on the basis of selectivity, reliability, speed and sensitivity [1]. One of protection relays used

to protect the circuits in power system and EVCS is overcurrent relay [37].

Overcurrent relay is simple and widely used in protection strategy in distribution circuits,

maintaining high degree of serviceability and security. The relay works on the basic principle that

when current exceeds a threshold value or pickup value, it trips with or without time delay, tripping

the associated circuit breakers. The overcurrent relays with fixed time delays are called as definite

time overcurrent relay.
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The definite time overcurrent relay measures the current and compares with the predefined
threshold values, and after fixed time delay issues trip signal to the circuit breaker. (Figure 4.11)
shows the overcurrent relay block modelled using MATLAB/Simulink. The relay model should

be fed with input currents ‘Ia, Ib, Ic’, and the output terminal issues trip signal.

1 = .
> RMS doutle b1 o "Jfl
RMS Pick_Up pata T C i | n =
ata Type Conversion  Integrator Delay Trip_output_Contact
Time_Delay
Pick_Up_Current
Ib
Trip_Signal
RAMS T3 -
double H » > j_ oR
RMS = :--|:1 -
Pick_Up Data Type Conversion  Integrator Delay Trip_output_Contact
Pick_Up_ Current Time_Delay
[
(3 }—— RMS 1
" double » 51 » - j_
RMS Pick_Up Data Type Conversion | =]
9 ﬁ Delay Trip_output Contact
Pick_Up_ Current Time_Delay

Figure 4.11 Simulink model of the Overcurrent Relay

The RMS block outputs the RMS value of the input current signal which is utilized to compare
with the threshold value. If the fault current is increased beyond the threshold value, then the
relational comparator generates active HIGH signal, which is integrated to reflect time delay. The
integrated signal is compared with the time dial settings. When the integrated time increases
beyond the time threshold, the relational comparator generates active HIGH signal. The relay
block ensures that the relay does not reset by itself.
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4.2.3.2 Over / Under Voltage Relay

Over/Under Voltage Relays provide protection to equipment where an over or under voltage
condition is potentially damaging. They are designed to energize when the operating voltage
reaches a pre-set value and drop-out when the operating voltage drops to a level below the pre-
set value. (Figure 4.12 and 4.13) shows the over/ under voltage protection block modelled using
MATLAB/Simulink.
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Figure 4.12 Simulink model of the over/ under voltage protection

Overvoltage and under voltage are quality problems, they happen due to many reasons. The
effects of overvoltage and under voltage can be severe and can cause insulation failure in case of

overvoltage and overheating and burning equipment’s in case of under voltage [37].
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Figure 4.13 Simulink model of the over/ under voltage protection at DC side

4.2.3.2.1 Over-voltage:

The main causes due to which over-voltages are produced in the power systems can be
generally classified into two categories as follows:

Internal over-voltages, this is classified to:

e Switching over-voltages.

e Insulation failure.

e Arcing ground: can be prevented by earthing the neutral.
¢ Resonance.

External over-voltages: due to lighting.

4.2.3.2.2 Under-voltage:

Sag or under-voltage is a temporary decrease in power lasting up to over a minute. Sag or an
under-voltage typically happens whenever heavy machinery is turned on. A great amount of power
is used by the heavy machinery during start up, leaving a small amount or power available for
other equipment to use. Voltage sags also happen when the main source of power is affected by
natural events like lightning strikes, strong winds and power lines getting hit by falling tree

branches. Sag or an under-voltage may affect equipment within 100 miles of the main power grid
of a utility company [37].
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4.2.4 Battery Charger Control

The control systems play an important role of any system. They monitor the working of a
system at various points and vary the input parameters accordingly to ensure output to meet the

required set values.

A schematic diagram for the control of EV charger is shown below in (Figure 4.14).

DC Bus

EV Battery 1 EV
- Charger Battery
T Battery
Parameters
Gate ¢ cc-cv
Driver Controller

Figure 4.14 Control scheme for EV Charger

The Charging scheme used in this project for the charging of EV battery is Constant Current-
Constant Voltage (CC-CV) charging scheme. The Constant Current-Constant VVoltage control by
which battery of an EV can be charged the charger is connected with the Constant current in the
first phase to avoid sudden injection of high currents when connected to DC bus, and the charging
voltage was maintained constantly in the second phase. At the begging of second phase the current

become decrease gradually to the end of charging.

The battery voltage Vya reaches the reference voltage Vyer. The system is switched to double
closed loop control of the outer voltage loop and inner current loop. The voltage loop output
becomes the input of the current-loop after the P1 adjustment. In addition, it is compared with the
battery feedback current and triangle wave. The output signal will inter to three PWM generator
with phase shift 120 degree between them to share the current for the interleaved buck to reduce
the output ripple current and reduce thermal effect. The current will follow the reference voltage

to maintain the constant voltage [38-40].
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The flow chart for the program of CC-CV controller is given in (Figure 4.15).

START

Measure Battery Voltage
(Vi)
NO
Vbal = vmax
Yes
—p| CCMode —»| CVMode [—
Change duty cycle to keep I, Change duty Cycle to
keep V, , constant
constant
SOC >=85%
NO Yes

STOP

Figure 4.15 Flow chart for CC-CV charging.

The PI parameters of this thesis are chosen using a try and error approach. The criteria is as
Follows:
- The charging current should rise to the set value as soon as possible in the beginning of charging.
- The charging current should decrease at a proper speed when the voltage reaches the preset limit.

Constant Current-Constant Voltage (CC-CV) switching charging control method using
MATLAB/Simulink is as shown in (Figure 4.16).
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Figure 4.16 Simulink model of the Constant Current-Constant Voltage (CC-CV) charging control

4.2.5 Modelling Of Lithium-lon Batteries
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For the purpose of modelling of the battery, the battery packs and EV drives in different driving

modes, the MATLAB/Simulink software is used In the MATLAB graphical editor Simulink a

generic model of Lithium-lon battery according to Shepherd's model is developed and verified

(Figure 4.17). It is modelled as a controlled voltage source dependent on the actual state of the

battery charge (SOC).
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Figure 4.17 Simulink block mask of Lithium-lon battery model (SimPowerSystems)
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For verification of the model, input parameters of EV BMW i3 2017 were selected. In this regard,
the base of the battery pack in model is a battery cell with nominal voltage 3.75 V with high voltage

battery pack 352 V and 120 AH. The parameters obtained from the catalogue of the manufacturer.
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Three phase Current source(A)

5. Simulation and Result

In this chapter, the EV charger station simulation model built in Matlab/Simulink. The model
consists of a three-phase grid AC supply connected to the charging station, and the three-phase
grid voltage is rectified to a DC voltage by utilizing a three-phase rectifier, the EV battery is
charged through the DC/DC buck converter to perform the charge.

5.1 Power Source and Rectifier

Results of simulation are shown in the figures. (Figure 5.1) shows the waveforms for voltage
and current drawn by the charging station from the grid. Three phase sinusoidal source with 50HZ
frequency.

A

I s 1 L ' L L L
L . . L L
0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1 012 0125 013 0.135 0.14
Time(s) Time(s)

Three Phase Voltage Source(V)

Figure 5.1 Waveforms of (a) Three phase current source (b) Three phase voltage source
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For the Three-Phase Full Wave Uncontrolled Rectifier, (Figure 5.2) shows the smooth output
voltage, 530V with low ripple voltage.
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Figure 5.2 Rectifier Output DC Voltage

5.2 Interleaved converter and control

Interleaved Buck Converters has been simulated at 20 kHz switching frequency for 530-420V
buck mode operation. In the simulation, MOSFET is used as the switching device. (Figure 5.3)
shows the gate pulses for three phases of Interleaved DC-DC Converter. These pulses are 120

phase shifted from each other and these are applied to their respective legs.
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Figure 5.3 PWM Signal with phase shift 120 degree between them



By interleaving the phase currents of the different modules, to share the current for three phases
of Interleaved DC-DC Buck Converter to reduce the output ripple current and reduce thermal
effect. The smooth output current can be achieved. (Figure 5.4) shows simulation results of the
three inductor currents. The total volume of the inductors is reduced by a factor of and due to the
small ripple 1/3 of the output current. (Figure 5.5) shows simulation results of the total output

current.

Inducor Current One

Time(s)

Inducor Current Two

Time(s)

(b)

Inducor Current Three

Time(s)

(c)

Figure 5.4 (a) Inductor current of phase one (b) Inductor current of phase two (c¢) Inductor current of
phase three

Total Current

Time(s)

Figure 5.5 The total output current
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Charging stage is meant to operate in two different modes: CC and CV modes similarly to the
battery charging profile depicted in (Figure 5.6).
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Figure 5.6 CC-CV battery charging profile.

While the battery voltage is below the nominal voltage of the battery (374 V in this case), the
charger has to deliver a constant current to the battery (70 A in this case). Once the battery has
reached its nominal voltage (see Figure 5.7), the system is switched to double closed-loop control
of the outer voltage loop and inner current loop. The voltage loop output becomes the input of the
current-loop after the P1 adjustment. The charger has to start operating in CV mode and reduce the
current delivered to the battery accordingly along with the SOC of the battery (see Figure 5.7 and
5.9) until the battery is completely charged.
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Figure 5.7 Battery Voltage
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5.3 Protection

The main protections that can be applied are under/over voltage, and over current on AC side. The
relays are placed accordingly in modelled EVCS (Electric Vehicle Charge Station) depending on

the possibility of occurrence of a fault.

In this case we simulate the three phase fault at AC side. The protection relays used to protect the
circuits in power system and EVCS when this fault happened is overcurrent relay and under/over

voltage relay.

At The overcurrent relays, The RMS value of the input current signal which is utilized to compare
with the threshold value (500A in this case). When the fault current is increased beyond the
threshold value, then the relational comparator generates active HIGH signal, which is integrated
to reflect time delay. The integrated signal is compared with the time dial settings. When the
integrated time increases beyond the time threshold (0.001 s in this case), the relational comparator

generates active HIGH signal as shown in (Figure 5.10).
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Figure 5.10 Signal Trip Circuit Breaker
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After the HIGH signal generated, the trip signal is connected to circuit breaker.

As shown in the (Figure 5.11 and 5.12) is the three phase voltage and current source after fault

when the circuit breaker is open.
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As shown in the (Figure 5.13) is the rectifier voltage under fault.
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Figure 5.13 Rectifier Voltage under Fault
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6

Chapter six

Participation and Recommendations

6.1 Participation in the installation of the first electric vehicle charge station in
Hebron

6.2 Recommendations
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6. Participation and Recommendations

6.1 Participation in the installation of the first electric vehicle charge station in Hebron.

We participated in the construction and installation of the first electric vehicle charge station in
Hebron; Ein Sarah Street facing the Hebron Municipality implemented by PALEV company for
shipping services and solutions for electric vehicles, which is the first charge station in Hebron
and the fourth in the State of Palestine. (Figure 6.1) is the Image of the electric vehicle charge

station in Hebron.

Figure 6.1 Electric vehicle fast charge station in Hebron

The name this station is EVBox (Troniq 50) design is safe and easy to use making it accessible
to any electric vehicle and applicable anywhere. Its smart power management capabilities will

always ensure cost-effective management and energy efficiency in multiple units.

The EVBox (Troniq 50) features fast charging for electric vehicles, The capacity of this plant
is 50 Kw can charges up to 125 km in just 30 minutes and features a flexible, globally compatible
body in every space, use case-by-case with automatically retractable cables, high-quality power

electronic components, and more energy efficient with smart queue options and battery storage.
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This station supports two made for charge Mode 4 (DC charging) and Mode 3 (AC charging).
Specification for EVBox (Troniq 50):

1) Works as a standalone charger or as an EVBox (Troniq 50) Power Unit.
2) AC & DC charging connectors are included in the housing.

3) Can charge AC and DC simultaneous.

4) Has an AC/ DC converter.

5) Includes AC and DC controllers.

6) Have independent AC and DC electrical protections.

A second section of this Participation, we did an interview with PALEV company in Ramallah
the interview included project members, sales manager Hadeel Qasim, and engineer Muhannad
Sobeih. We talked about the reality of electric cars and charging stations in Palestine, the
challenges facing the company and the future view of the company and electric cars in Palestine.
At the end of the interview, the company encouraged the work of these new technical projects and
expressed any assistance that we might need during the project work.

6.2 Recommendations

In this section we have some recommendation to be taken in consideration for future

development and improvement for this project and/or other similar project.

e Make Average model and Mathematical analysis for steady-state model for electric
vehicle charge station.

o Create study for electric vehicle charge station effect on the grid.

e Work on electric vehicle charge station feed by PV panels

e Create electric vehicle charge station Supported G2V , V2G and V2V technologies by

micro grid system
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Appendix

In this section we're attaching EVBox (Troniq 50).
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EVBox Troniq 50 EVBOX

fast charging solution

50 kw

Charges up to 125 km in just 30 minutes

Flexible architecture and universally compatible in every space and use case
Made to last with auto-retractable cables, high quality power electronic
components, and more

Consumes power efficiently with smart queuing and battery storage options

=@ 50 kW fast charging capacity
Jr’ Flexible architecture

@ Tariff settings

v/ Universally compatible

Roaming

Utility power cabinet

Easy transportation,
installation and maintenance

U Auto-retractable cables

&:: Advanced cooling
and heating system

@ Remote maintenance
3-year warranty

Smart queuing

with 4 languages

=2
m Color touchscreen

Optional battery storage

evbox.com




Product portfolio

EVBox Troniq 50

Works as a standalone charger or as a EVBox Troniq
Power Unit

AC & DC charging connectors are included in the housing

Can charge AC and DC simultaneously
Has an AC / DC converter
Includes AC and DC controllers

Has independent AC and DC electrical protections

EVBox Troniq User Unit 125 A (UU)

* Must be connected to a EVBox Tronig 50

* AC & DC charging connectors are included in the housing
¢ Can charge AC and DC simultaneously

* Does not have an AC / DC converter

¢ Includes only an AC controller

Product combinations

EVBox Troniq 50 Standalone*

e I|deal for places that allowing short parking times (around 30 min.)

¢ Has the biggest customization surface

® Requires minimum installation work

(EVBox Troniq 50 + 1 x EVBox Troniq User Unit 125 A) **

Ideal combination for longer parking times (>1 hour)

Allows for easy parking and plug handling

More connectors are available

If a connector has an error, the user has a second option,
enabling a continuous service

Smart queuing for AC and DC can be used

EVBCX

»

*When only 1 car is connected, charger provides the maximum required power, when 2 cars are connected (one in AC and another in DC) the charger splits the maximum
output power between 2 cars. ** Only 1 DC car can be charged at one time, even though there is more than one DC connector. Queuing is available in AC and CHAJeMO.

Maximum 2 User Unit can be used per EVBox Troniq 50.



General specifications EVBCX

Mode 4 (DC charging) CHAdeMO; CCS2 up to 500V /120 A

Mode 3 (AC charging) Up to 43 kW / 63 A or limited up to 22 kW / 32 A

Mode 2 (AC charging) Upto2.3kW/10A

Mode 4 JEVS G105 (CHAdeMO), CCS2

Mode 3 Type 2 attached cable (43 kW), Type 2 socket (22 kW)

Mode 2 Type E/F socket

Mode 4 3.95 m with auto-retractable cable

Mode 3 3.95 m with auto-retractable cable

Mode 2 -

Enclosure material Galvanized steel (structure), aluminum (casing), stainless steel (feet)
Enclosure ratings IP54 /1K10

Ambient temperature -30°C to +50°C

Storage temperature -40°C to +70°C

Operating humidity 5% to 95% non-condensing

Enclosure fire ratings M3 (NF P 92-501)

Cooling Forced ventilation

Mounting method Floor / Ground (recommended with the optional clamping-sealing kit)
Maximum installation height <2000 m

EVBox Troniq 50 765 x 1920 x 465 mm / 340 kg (Mono-standard)

820 x 1920 x 465 mm / 345 kg (Bi-standard)
920 x 1920 x 465 mm / 350 kg (Tri-standard)
EVBox Troniq User Unit 125 A 331 x 1895 x 467 mm / 85 kg (Mono-standard)
421 x 1895 x 467 mm / 90 kg (Bi-standard)
513 x 1895 x 467 mm / 95 kg (Tri-standard)

Authorization RFID/NFC (ISO 14443, 1SO 18092, ISO 15693, 1SO 18000-3, Calypso, Mifare
Ultralight C, -Classic, -Desfire)

Status indication / HMI 2 beacon RGB LED Indicators / 7" anti-vandalism LCD touch screen

Communication standard GPRS/3G modem and Ethernet

Communication protocol OCPP1.5Sand 1.6 J

Positioning GPS

CE, EMC Directive 2014/30/EU, Low Voltage Directive 2014/35/EU, EN/
IEC 61851-1, EN/IEC 61851-21-2, EN/IEC 61851-22, EN/IEC 61851-23, DIN
70121, 15015118, CHAdeMO, EV/ZE-Ready

*The weight can be increased depending of the battery modules installed. (+ 45 kg 2 modules; + 55 kg 3 modules; + 85 kg 6 modules)



Electrical properties EVBCX

EVBox Troniq 50

Voltage range 400 VAC +/- 10%

Number of phases 3P+ N+PE

Frequency 50 Hz

Required power supply capacity 54 kVA (36 kVA with battery storage)

Nominal input current 77 A (60 A with battery storage)

Power factor > 0.99

Efficiency 95%

Grounding system IT, TT or TN-S

Stand-by power consumption 100 W +40W

Output power 50 kW

Output voltage range 50 VDC - 500 VDC

Output current range 1TA-120A

Output power 43 kW with attached cable / 22 kW with socket outlet
Output voltage range 400 VAC +/- 10%

Maximum output current 63 A with attached cable / 32 A with socket outlet
Output power 2.3 kw

Output voltage range 230 VAC +/- 10%

Maximum output current 10A

Internal electrical protections RCBO 30 mA Type A, RCD 30 mA Type A + 6 mA detection, MCB curve C/D
Required circuit breaker upstream MCB Curve D, 100 A & RCD 300 mA, Type A, H, (S)

Required power

supply capacity 54 kVA 54 kVA 54 kVA 54 kVA 54 kVA
Nominal AC input current 77 A 77 A 77 A 77 A 77 A
Maximum output power DC: 50 kW DC: 50 kW DC: 50 kW DC: 50 kW DC: 50 kW
AC: 43 kW AC: 22 kW
Maximum output current DC: 120 A DC: 120 A DC: 120 A DC: 120 A DC: 120 A
AC: 63 A AC:32A
Output voltage range DC:50-500V DC:50-500V DC:50-500V ~ DC:50-500V  DC:50-500V
Number of plugs 1 1 2 3 3
Connections JEVS G105 ccs2 ccs2 - ccs2 - ccs2 -
JEVS G105 JEVS G105 JEVS G105

Type 2 cable Type 2 socket

OB QLOB®

v v v
v v v

EVBox Troniq 50

(L@

EVBox Troniq 50 + 1 x UU
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