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ABSTRACT
Electric vehicles integration in the distribution network are expected to increase the base and peak
electric loads on the power system, increases technical losses, increases harmonic distortion and
reduces the stability of the power system. Meanwhile, when used with bidirectional inverters as battery
chargers, electric vehicles can work in V2G mode as EES and strengthen grid stability. This
dissertation discusses how electric vehicles impacts voltage stability, power loss, harmonic distortion
and system loading. In addition, the study proposes a design of electrical power supply for battery
charging referring to the battery specifications available to the local markets. The model of battery
chargers is developed in MATLAB software while distribution network test is conducted on a 34 buses
taken from KINIGI feeder of CampBelge substation in northern corridor of nation grid by using ETAP
software. The test came up with locating electric vehicles charging stations by taking into account the

aforementioned factors, where 4, 1,2,2 and1 vehicles are located at 19, 20,23,25 and 26 respectively.

Key words: Voltage stability, Electric vehicle, harmonic distortion, distribution network

and charging equipment.
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1. INTRODUCTION

Transport in Rwanda is mainly based on road transport and the energy sector in Rwanda classifies it
among the top ten contributors of GHG emissions since it is currently based on diesel powered cars.
In order to mitigate the greenhouse gasses emission, fossil-fuel resources scarcity and fuel
dependency, various alternatives such as the use of electric vehicles (EVs) and fuel efficiency
technologies were proposed by MoE in its Third National Communication Report to the United
Nations Framework Convention on Climate Change suggested. On the other hand, the EVs require
electrical energy to be powered which in turns should be fossil fuel dependent and hence contribute
to the GHG emissions. Therefore, the mitigation solutions should be applied to the electrical power

generation by using renewable energy resources.

In this thesis, an emphasize is made on plug-in-electric vehicles though the distribution network and
its analysis were performed to find its readiness to cope with an increased load during charging period

and still providing accurate service reliability.

1.1 BACKGROUND

The issues like exhausting fossil fuel reserves, GHG emissions and global warming require direct
attention to ensure future sustainability. Since the transport sector is among the most significant
contributors to the growing detrimental emissions, electrification of transport facilities is viewed
as a viable answer to this issue. There is more than a century since existence of Electric vehicle
(EV) technology climaxing commercially around 1900. However, due to the abundance of fossil
fuels, IC technology advancements, and straightforward application of IC engines, EVs were put
on hold and limited to golf carts and delivery vehicles. Figure 1 shows the progression timeline of
the EVs worldwide[1].

However, the uptake of electric vehicles (EVs) is still gradual as a result of variables like high
capital costs, battery decline, inadequate infrastructure for charging among others. Several policies
and inducements are made available by governments around the world to encourage the uptake of

EV and to keep these obstacles at bay from grasping a complete shift to electrified transportation.
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Figure 1.1The evolution of electric vehicles (EVS)

The high penetration of EVs leads to power system problems especially distribution quality issues,
voltage imbalances in three phases, network congestion and off-nominal frequency problems. EVs
are mobile single-phase loads randomly plugged in at any one of three phase lines within
distribution networks, leading to a scenario that electrical components in one particular phase,
such as power supply cable, overhead line or transformer may be heavily loaded while the rest of
two phases are not. The unbalanced three-phase loading may lead to a series of negative impacts
on power quality issues such as transformer failures, equipment loss of life, relay malfunction, etc.
Moreover, as EVs are highly spatial and temporally uncertain, it is not an easy job to handle EVs
as additional loads while maintaining the system reliability and security.

The EV home charging and residential load peaks time coincidence lead to additional system
peaks. Moreover, the power quality is gradually reduced due to harmonics produced by rising
number of chargers on the distribution line.

As articulated in Vision 2050, Rwanda committed to be a carbon free nation by the end of this
vision and aims to reduce GHG emissions by 38% (an estimated mitigation of 4.6 million tCO2e)
compared to business as usual by 2030 and Electric vehicles are thought to account for 9% of all
possible energy-related emissions mitigated under the country’s ten years climate action plan. It
IS against this background that the Rwanda Environment Management Authority (REMA) took
carriage of its first electric vehicle to be used for the purpose of supporting the institution’s

mandate of environmental protection and has urged governmental and private institutions, as well



as people, to consider switching to electric vehicles and participating in the fight against air
pollution. [2][3][4][5].

To be able to charge the EVs batteries the charging stations should be installed countrywide near
the roads, bus stations and bus terminals. This should make existing distribution network heavily
loaded and reduce the service reliability which can even led to service cut if care does not have
been taken.

1.2 PROBLEM STATEMENT

Rwanda as a developing country is still struggling in providing sufficient infrastructures including
power system to meet the growing load demand. The peak load demand forecasted in 2020 is
174MW and 187MW in 2025 at 10% growth. On the other side the increasing level of EVs
penetration in the distribution network tend to increase the load demand, as well as the peak
demand leading to increased voltage drop, system imbalance, power loss stability and reliability
problems as well. The location of charging station and the recommended time for charging should
be an issue depending on the distribution network capacity and loadability. In this thesis the status
(voltage and load profiles) of distribution network is assessed to find out the number of charging
stations and the charging schedule arrangement to be availed in order to accommodate the
increased load due to plug-in electric vehicles and/or to forecast the implementation of electric

vehicles integration.

1.3 RESEARCH OBJECTIVES

1.3.1 MAJOR OBJECTIVES

The main objective of this thesis is to determine whether Rwandan power system is ready for
accommodating electric vehicles as mean of transport in order to respond to problems derived
from fuel based transport facilities.

1.3.2 THE SPECIFIC OBJECTIVE

The specific objectives of this thesis are:

1. To determine appropriate charging hours for electric vehicles

2. To propose the suitable location of charging stations

3. To design electric power supply of electric vehicle charging system



14 SCOPE OF THE STUDY

This study is limited to plug-in electric vehicles being charged from utility grid through well-
placed electric chargers. The study is conducted on a 34 bus line from Campbelge substation where
the load profiles are assessed and distribution network ability to integrate EV is studied.

1.5 EXPECTED OUTCOMES AND SIGNIFICANCE OF THE STUDY

1.5.1 EXPECTED OUTCOME OF THE STUDY

The expected outcome of this study is a proposed implementation schedule of electric vehicle in
Rwandan distribution network by considering existing power system infrastructure, load demand
and power quality issues.

1.5.2 SIGNIFICANT OF THE STUDY

The significance of this study is to address the issues which should arise if the implementation of
EV integration is not well matched with the power system status and conditions as a result the
policy makers and investors should invest more in energy sector to build up emission free transport

facilities thus reducing environmental harms connected to fuel based vehicles.



2. LITERATURE REVIEW

Electric vehicles rely too much on distribution system reliability as the latter is more client load
point oriented instead of being system oriented, and the local distribution system is considered
rather than the whole integrated system involving the generation and transmission facilities. The
distribution system reliability refers to the analysis of system failures, causes and consequences or
it is the probability that the system will perform its intended function under specified working
conditions for a specific period of time.

2.1 TYPES OF ELECTRIC VEHICLES

EVs are classified into three broad categories such as Battery Electric Vehicle (BEV), Plugin
Hybrid Electric Vehicle (PHEV) and Hybrid Electric Vehicle (HEV) described in more details
below.

2.1.1 BATTERY ELECTRIC VEHICLE (BEV)

It is driven by a d.c electric motor supplied from battery and plugged into the grid to recharge its
battery. The drive of BEV works independently from the traditional internal combustion engine
and its battery is allowed to be recharged through a regenerative braking to recover some of the
energy wasted during braking.

2.1.2 PLUG-INHYBRID ELECTRIC VEHICLE (PHEV)

In contrast to BEV, PHEV is driven by electric motor supplied from a battery but requires a support
of an IC engine to charge the battery and /or to drive the system when the battery is about to die
which results in fuel cost savings when compared with IC engine drive alone.

2.1.3 HYBRID ELECTRIC VEHICLE (HEV)

HEVs operate in complementary of gasoline engine with fuel tank and an electric motor with a
battery drive system. The transmission can be turned simultaneously by both the electric motor
and the engine which in turn turns the wheels. HEVs cannot be recharged from utility instead all
the energy to be used, comes from gasoline and from regenerative braking.

2.1.4 BATTERY OF ELECTRIC VEHICLES

In the last years, battery development sees great advancements. In addition, an increment of 66%
production of EVs batteries has reached worldwide which is unquestionably linked to an increase
in the number of vehicle sales, with the forecast predicting the demand of batteries keeps growing.
In fact, the latest predictions show that the supply and the demand of EVs will be even gradually



rising in the coming years. The main characteristics of batteries include capacity, charge state,
specific energy, specific power, charge cycle, lifespan internal resistance and efficacy.
The table below shows electric vehicle battery with corresponding manufacturer[6].

Table 2.1 Battery capacities of different electric vehicles

Vehicle Year Capacity (kwh)
Audi duo 1983 8
Volkswagen Jetta 1985 17.3
citySTROMer 1987 8
Volkswagen Golf 1988 10
Skoda Favorit 1990 9
Fiat Panda Elettra 1996 16.5
General Motors EV1 1997 10
Audi duo 1999 18.7
General Motors EV1 2000 26.4
General Motors EV1 2006 53
Tesla Roadster 2007 13.2
Smart ed 2007 53
Tesla Roadster 2009 72
BYD e6 2009 16
Mitsubishi i-MIiEV 2009 24
Nissan Leaf 2009 16.5
Smart ed 2009 53
Tesla Roadster 2010 48
BYD e6 2010 60
Mercedes-Benz SLS 2010 26.5
AMG E-Drive 2010 53
Tata Indica Vista EV 2010 24
Tesla Roadster 2010 11.3
Volvo C30 EV 2011 32
Volvo V70 PHEV 2011 16
BMW ActiveE 2011 60




BMW i3

BYD e6

Ford Focus Electric
Mia electric
Mitsubishi i-MIEV
Renault Fluence Z.E
Chevrolet Spark EV
Ford Focus Electric
Renault Zoe

Tesla Model S

BMW i3

BYD e6

Smart ed
Volkswagen e-Golf
Renault Fluence Z.E
Tesla Roadster
Chevrolet Spark EV
Mercedes Clase B ED
Tesla Model S

BYD e6

Chevrolet Volt

Kia Soul EV

Nissan Leaf
Renault Zoe

Tesla Model 3
Tesla Model X
BMW i3

Ford Focus Electric
Honda Clarity EV
Jaguar I-Pace

Nissan Leaf

2011
2011
2011
2011
2012
2012
2012
2012
2013
2013
2013
2013
2014
2014
2015
2015
2015
2016
2016
2016
2016
2016
2016
2016
2017
2017
2017
2017
2017
2017
2017

23
8,12
10.5
22
21.3
23

22
40, 60, 85
22

64
17.6
26.5
22

80

19

28

70, 90
82
18.4
27

30

41
50, 75
90, 100
33
335
25.5
90

40
75, 100
35.8




Tesla Model S 2018 95
Volkswagen e-Golf 2018 30
Audi e-tron 2018 60
Kia Soul EV 2018 60
Nissan Leaf 2018 100
Renault ZOE 2 2018 70, 90
Renault ZOE 2 rs 2019 70
Tesla Model 3 2019 60
Mercedes-Benz EQ 2019 100
Nissan Leaf 2020 95
Volvo 40 series 2020 42
Audi e-tron 2020 64
BMW i3 2020 93
Hyundai Kona e 2020 32.6
Mercedes EQC 2020 50
Mini Cooper SE 2021 77
Peugeot e-208 2021 99
Volkswagen 1D.3 2022 200
Ford Mustang Mach-E

Tesla Roaster

2.2 CHARGING BASICS

Electric vehicle batteries charging increases the load demand. The size and variance of this
increase depends on the EV uptake levels, the power rating of the EV chargers, and the connection
period of these vehicles to the electricity supply system [7].

The charging stations connected to the grid belongs to grid the power loads, resulting
in power load redistribution, causing the trend of change and net loss increases, as shown
nonconforming charging means charging users according to their needs and charge habit, anytime,
anywhere to the electric vehicle charging. The non-coordinated charging conditions, the electric
automobile will have a significant peak power load connected to the grid at night, resulting in
increased power load and voltage deviation increases, the grid network losses increase, as a result

8



the grid's transmission efficiency is weak, and the condition of the grid is deteriorating [7].

The rate at which an electric vehicle's battery is charged, is used to classify charging equipment
for electric vehicles. The factors upon which the charging times vary such as the battery’s electric
capacity, type (Lithium-ion, lead-acid, etc.), the battery depletion ratio, the type EVSE used and
the electricity supply.

AC Level 1 Charging, AC Level 2 Charging and DC Level 2 Charging, also known as ‘DC Fast
Charging’ are the main types of EVSE. The first two, as their names suggest, employ alternating
current, whereas the third uses a direct current flow. The table below summarizes their most crucial
characteristics [8].

Table 2.2 Charging equipment

Type of Level Voltage Input (Volts) Charging Rate (miles
supply of range per 1 hour of
charging)
AC 1 120V AC 3.2-8 km/charging hr
2 240V AC 16-32 km/charging hr
DC 2 480V AC three-phase 80-113 kmin 20
minutes

The AC Level 1 EVSE charges the battery through a 120V AC plug via a power cord. Most of the
plug-in vehicles currently in the market come with an AC Level 1 charging cord set and therefore
the owner does not need to purchase any additional charging equipment. This charging method
has the slowest charging rate, as it can be seen in Table 2.2, and so it is typically used when there
are only 120V outlets available. With this type of charging equipment one can easily charge their
plug-in vehicle from home. The AC Level 2 charging equipment utilizes a 240V electrical supply,
offering a higher charging rate than the AC Level 1 does and thus reduces the vehicle’s charging
time considerably.

2.3 IMPACT OF ELECTRIC VEHICLE CHARGING IN POWER SYSTEM

As it is shown in the previous paragraphs, electric vehicle battery capacities do not allow to be
used for a long time and also due to long period of charging depending on the type of technology,

enormous charging stations have to be installed and spaced at least by 50km or less to enable
9



recharging of batteries. Therefore, it increases the load growth on the power system which in turn
should lead to poor system reliability and services interruptions. To cope with this issue a well
scheduled charging time and number of station should be set in line with generation, transmission

and distribution system capabilities.

10



3. METHODOLOGY

The methodology includes data gathering such as the targeted number EV vehicles to be
manufactured yearly and the data related to distribution system capacity and generation
capacity. The data analysis and simulation is done by using MATLAB and ETAP software. In
this software the charging characteristics of EV is studied and the best charging time is selected
taking into account of factors such as utility cost, availability of renewables and distributed
resources, vehicle densities among others. The result should be identification of potential
magnitude of electrical vehicles to be connected at specific busses depending to the energy
required in specific time period, the potential CO2 savings, system stability and harmonic
distortion.

3.1 GENERATION CAPACITY

The generation as by 2021 shows that the installed capacity is about 235.6MW including renewables

which amounts for 132.778 MW (55.703%) and 103.590 (43.458%) non-renewables. The figure below

shows the evolution of installed capacity from 2010 to date.

250 235.6
225 —

175

150
- 2012 11575 119 5/
100
T T T T T T T T
2010 2011 2012 2013 2014 2015 2017 2021
Year

Figure 3.1 Evolution of installed capacity
The nation plan is to expand its grid up to 556 MW in 2024. In line with this plan many new

plants are proposed or under construction. These plants are shown in tables below.
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Table 3.1 Hydro-electric plant expected to expand the grid

Rusumo Power Station Rusumo Kagera River Run of river |80 2021
Nyabarongo II Power Station |Nyabarongo |Nyabarongo River |Run ofriver |43 2024
Rusizi I1T Power Station Rusizi Rusizi River Run of river [147 2023
Rusizi IV Power Station Rusizi Rusizi River Run of river |287 2025

Table 3.2 Thermal Power plant expected to expand the grid capacity

Gisagara thermal power station |Gisagara district |Peat 80 2021 Hakan
. to be
. . _ Symbion
Symbion Thermal Power Station |Rubavu District Methane |50 2018 expanded to
Power Inc. L0OMW

3.2 TRANSMISSION CAPACITY
Transmission network in Rwanda has 3 main voltage levels; 70kV, 110kV and 220KV transmission
infrastructure. As it stands 777.4 Km of High Voltage (HV) transmission lines had been laid,
carrying power from different locations of generation across the country and allowing
interconnection with neighboring country. The total length of the lines represents an increase of
4.3% referred to 744.7 Km counted in 2017 above and 35.4% (573.9 Km) in 2016. For the sake of
improving network reliability and power supply stability in line with the country’s changing power
demand profile, 70KV lines have been upgraded to 110KV as a result the current transmission
network laid consist of 110kV network amounting 64.5% (480.4 km) and 35.5% (264.3 km) of
220kV transmission network.
3.3 LOAD FORECASTING
The country target of 100% electrification by 2024 in such a way that 65% of all customers are
connected to the grid while the remaining 35% are off grid connected. This connection target is
growing each year with 3% since Rwandan population growth rate is taken at 3%.

Table 3.3: Load growth from 2017 to 2030
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3.4 COST OF ELECTRICITY

The current tariff as issued in 2020 by RURA classifies the customer into two categories viz non-
industrial customers and industrial customers. The later are categorized based on their level of
consumption defined as follows:

Table 3.4: Categories of industrial customers

INDUSTRY CATEGORY ANNUAL CONSUMPTION(KWH/YEAR)
Small = 22,000
Medium > 22,000 - 660,000
Large > 660,000

These customers are charged on the basis of energy consumption and maximum load issued to the
network. The maximum demand charges depend upon the period of connection to the grid as
follows:

13



Table 3.5: Industrial tariff per category

CATEGORY

Small

Medium

Large

ENERGY

CHARGE(FRW/KWH)

3.5 CASESTUDY

The data shows the voltage profile of a chosen line from Camp Belge substation in the northern

MAXIMUM DEMAND CHARGE(FRW/KVA/MONTH)

SHOULDER
PEAK (06:00PM-
(08:00AM-
10:59PM)

05:59PM)
11,017 4,008
10,514 3,588
7184 2,004

OFF-PEAK

(11:00PM-

07:59AM)

CUSTOMER SERVICE

CHARGE(FRW/MONTH)

10,000

10,000

10,000

corridor in which distribution transformers distances, phase voltage, current and power

consumption on each bus are shown.

Table 3.6: distribution network data for Kinigi feeder

1|CAMP BELGE|KINIGI |CAMP BELGE 630 1316 234.4 235.9 235.9 0 0 2.824 23.8 20.89 3.78|underloa 0
2|CAMP BELGE [KINIGI _|GIKWEGE 250 158.16 235.7, 236.3 234.9 2.032 2.58 2.328 27.67 63.26 11.07|normal 400
3|CAMP BELGE [KINIGI |APICUR 500| 637.888 252.7, 252.4 251.9 6.108 5.662 5.314 133.2| 127.58 26.64|overload 800)
4|CAMP BELGE |KINIGI [KABEZA 100| 169.536 255.6 253.6 253.5 9.808| 10.968 9.342 29.91| 169.54 29.91{overload 1300
5|CAMP BELGE [KINIGI |5 VOLCANOES HOTEL 250 28.56 232.6 2343 233.8 0 0 1.636 2.704 11.42 1.08|underloa 900
6/CAMP BELGE [KINIGI |NYANGE 100| 87.648 234.5 234.4 233.9 3.164 4.312 4.396| 13.0848| 87.65 13.08|heavy log 800)
7|CAMP BELGE [KINIGI _|KINIGI DISTRICT 400 218, 241.9 242.1 241.7, 3.86 4.014 4.098| 24.816) 54.5 6.2|normal 1400
8|CAMP BELGE [KINIGI |GORILLA NEST 100 21.86 240.2 240.6 240.7, 1.278 0.536 0.616 4.21 21.86 4.21|underloa 600)
9|CAMP BELGE [KINIGI |GASURA 50| 47.264 239.2 239.1 238.6 0.816 1.414 0.66 9.088 94.53 18.18|heavy log 700]
10/CAMP BELGE [KINIGI |[MOUNTAIN GORILLA 100| 82.504 237.5 237.2, 237.2, 3.008 2.866 4.772 7.58 82.5 7.58|heavy log 1100
11/CAMP BELGE [KINIGI [SACCOLA 100| 13.5744 243.5 243.2 242.6 0 0 1.782| 3.1296 13.57 3.13|underloa 1200
12|CAMP BELGE [KINIGI [KURIMIRONGWINE 25| 12.3472 255.4] 32] 1.7752] 49.39 7.1{normal 1600;
13|CAMP BELGE[KINIGI |BINGO LOW 25| 14.0594 249.1 23| 1.9624/ 56.24] 7.85|normal 600
14|CAMP BELGE [KINIGI [KAGANO 50| 77.3314 242.5] 242.7| 241.4] 1.75] 2.63 2.446| 32.87) 154.66 5.03|overload
15|CAMP BELGE [KINIGI [KANSORO CENTER 50] 51.937] 235.1 234.5| 233.1] 113.532| 116.778| 102.37 2.517) 103.87 11.29|overload
16|CAMP BELGE [KINIGI |GASIZA 100[ 75.4836/2021-09-2 231.9] 230.7] 227.7) 188.154| 199.69| 233.432| 3.4959 3.5[normal
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Table 3.7: battery characteristics for EV available in Rwanda

type Nomina Nomina Energ Chargin Range(
I | active y g period fully
voltage power (kwWh) charged
V) (kw) )

e-golf Single 7.2 35.8 <6 hours 230 km
phase
240

VW’s 240 125 kW 58 30min 600 km

new single KWh

ID3 phase or 77

model 400 KWh

S three
phase
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4. RESEARCH DESIGN

4.1 DESIGN OF EV POWER SUPPLY

For successful operation of EV charging, an appropriate charger should be designed or selected
to meet with EV battery properties and characteristics. There are varieties of EV batteries and
the researcher identified some of them available and being used in the selected study case.
Since the battery is charged through AC distribution supply, a controlled rectifier is required to
convert AC to DC necessary to charge the battery. The output of the rectifier may not be in line
with the battery nominal voltage and hence a buck converter is used to lower the voltage to the
specific battery voltage. This configuration is taken as grid to vehicle (G2V) model.

In some application, EV battery may be used to cope with load flics and unbalance between
generation and load demand or even to shift the peak load period, for this purpose the stored
energy in the battery is sold back to the grid. To be able to serve for this purpose, the rectifier
should be an h-bridge bidirectional converter and a boost converter is added to the configuration
and the latter becomes vehicle to grid (V2G) model.

The battery charger is a non-linear load and results in harmonic distortion of the signal which
in produces EMI in neighborhood communication lines and transformer saturation. A
smoothing inductor is added to the configuration to reduce the effect of harmonics produced
during charging and discharging process. The power circuit of both configurations is shown

and matlab Simulink software is used for modelling of EV charger.

M M i
S' SB Ss
m Lu |u

(R
LA
2
"W\—n From/To the grid

e T

Figure 4.1 Rectifier/ Inverter circuit
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411 BATTERY SPECIFICATIONS

Battery capacity 35.8kWh

Number of cells 264

Number of

modules 27

Voltage 323

Type of

charging slow
Fast

4.1.2 GRID SPECIFICATIONS

Nominal

Voltage Vnom 400V 3phase
240V1phase

Rated power Prated 11KW

Nominal

frequency Fnom 50Hz

4.1.3 RECTIFIER OUTPUT
The output voltage of the 6 pulses rectifier by using IGBT as power switching devices, was
obtained with the help of the following formulae [9] [10],

Vpc = 1.35V, s cos a
Since IGBTSs are used as switching devices, Vpc = 1.35V, ¢
4.14 BUCK CONVERTER OUTPUT
The unfiltered DC output of the rectifier is fed to a buck-boost converter to form a bilateral
network since EVs can be used in both G2V and V2G configurations.
415 SMOOTHING INDUCTOR
The magnitude of switching ripple in the output voltage in a properly constructed DC supply is
substantially less than the dc component. As a result, the dc component of the output voltage is
approximated, and the value of the inductor may be computed using the inductor's defining

equation [11].
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g =V (D

dt
For electric vehicle, it was found that a DC-link voltage of 650 V would be most suitable for
the battery charger. Since the DC link voltage is 650V, the battery voltage becomes 325V. By
summing all components, V4. = Vi, + Vpart

VL = Vac — Vbatt

(Vac — Vbar) At
Lpatt = . Ai s (2)

The step size At is a half of switching period and Ai is twice the maximum ripple current

because the output voltage is a half of the input voltage.

That is
1

(650 — 325) 57—
L _ 2fw

batt - 10

16.25
batt = f
SwW

For a switching frequency of 10kHz,
Lbaee = 1.6mH

416 DCCAPACITOR

The criterion for no ripples in the capacitor voltage has been relaxed to allow for a little amount
of ripple. For successful periodic operation, the current through the capacitor must be
completely alternating at all times. The resulting ripple in the capacitor voltage is determined
by the area under the curve of the capacitor current versus time while the addition charge to the
capacitor in a half-cycle is obtained from the triangular area above the axis as shown below
[11].

Imax - Imin
= T 3
_ )

llmax - Imin

AQ =
Q22

N
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Figure 4.2 Waveforms of ic and vc
H — A_Q — Imax—Imin — D(l_D)Vbatt 2
The peak to peak ripple voltage, AV, = — = == —=2T = ——~——==T
D@ = D)Vyare
= T? 4
8LAV, S

According to standard, during cycle service charging, the maximum permissible ripple voltage
should be limited to 1.5 % rms of the charging voltage. Putting the value of ripple voltage,
battery voltage, inductance, duty cycle and switching frequency,

C =130 nF
4.1.7 GRID SIDE INDUCTOR

The value of grid side inductance can be obtained by considering the Total Harmonic

200(1_ 1 VL_h)z 11 }Zoo(VL_,h)z
Distortion (THD) given by THD = Hlvenfy” h 7 _LanfiNZHY h (5)

I1,n I1n

By considering IEC standards, the maximum AC ripples should not exceed 0.6%.By using
matlab code to solve for inductance in equation 4.5, L,. = 30.2 mH

4.1.8 ELECTRIC VEHICLE BATTERY CHARGER UNIT

It consists of one IGBT switch for buck and another for boost conversion operating modes with
the required gate control signals and serves as DC to DC converter. During charging operation,
the buck converter switch is active while the boost converter switch remains idle. During
discharging when there is a need to sell back power to the grid, the boost converter switch is

active while the buck converter switch remains idle.
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Figure 4.3 The converter Simulink circuit and its gate control
419 THE CONTROL CIRCUIT FOR BI-DIRECTIONAL INVERTER
The unit consists of PWM generator controlled via voltage control loop to provide necessary

pulses for triggering 6 switches used as converter switches.

lJ—LIDSF'
L L)
I 'ﬁg?ﬁ

¥, e -

Sine Wave2
PWM Generator
(2-Level)

. » > 1141
Gain Disp|

> abc to dgl &
= J—o—{f

Constant Disorete PID Confroller

Figure 4.4 Rectifier/ Inverter gates control circuit
4.2 EFFECT OF ELECTRIC CHARGING STATION ON VOLTAGE PROFILE

The model is taken at Camp belge substation in northern corridor of Rwandan network and

@
=
&

the study is carried out at Kinigi feeder which is a 33KV line with 34 voltage buses.
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Figure 4.5 Distribution line model
421 DISTRIBUTION VOLTAGE STABILITY
The power system engineers face voltage stability concerns for many years. The capacity of a
power system to maintain steady acceptable voltages at all system buses during normal
operating conditions and when an external disturbance is applied is known as voltage stability.
When there are voltage instability phenomena, the network bus voltage lessens progressively
and uncontrollably. Usually, unstable state is due to the sudden disturbances, fault conditions,
single or multiple contingencies, line overloading or load increases. The voltage of all system
buses must be within acceptable bounds, according to a voltage stability criterion commonly
employed in stability studies. VVoltage stability is a local phenomenon, although it can lead to
significant voltage breakdown in specific instances. In this work VSI are used to analyze the
system voltage stability.
42.1.1 VOLTAGE SENSITIVITY FACTOR (VSF)
It is one of the voltage stability indicators obtained from the PV curve which shows the trend
of voltage alteration with rising active power as shown in the figure below. To plot the PV
curve, the voltage of all buses in the system should be determined by using one of the load flow

analysis method.
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Figure 4.6 Bus PV curve
On the PV curve, the voltage decreases as the active power increases up to the critical point
(Pnax> Veriticar) corresponding to the limit of stable operation. The ratio of change in voltage

and change in loading is called VSF expressed mathematically as,
dv
VSF = |d_P| VP < Poax

A high value of VSF indicates that there is a considerable voltage drop thereby signifying
weakness of the bus even for a small change in loading. For a distribution network to be stable
in terms of voltage stability, the voltage of all buses must be within an acceptable limit. The
loading corresponding to this voltage range is called the realistic loading margin of the system.
42.1.2 VOLTAGE STABILITY INDEX

A voltage stability analysis usually yields some stability margins or indices, which allow system
planners and operators to secure additional reactive power sources if the margin goes below a
specific threshold or the index falls into an undesired range.

422 HARMONIC DISTORTION

Electric vehicle charger is one of nonlinear types of load on distribution network. This type of
load affects the power quality of the power system due to the current it draws from the system
which is not a perfect sine wave. Since the current waveform deviates from a sinusoidal
waveform, the voltage waveform is distorted. Electrical energy consumers are responsible for
not lowering the utility's voltage by drawing heavy nonlinear or distorted currents [11][12].
4221 TOTAL HARMONIC DISTORTION (THD)

Electric Vehicles utilize power electronics within the charge controllers that link the vehicle's
electric system with the grid. For Level I and Level Il chargers, an on-board AC-DC controlled
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rectifier couples with the electric service via a single-phase connector to charge the vehicle. For
Level Il charges (DC Fast Chargers), electronics in the charge controller control the charging
process. In all cases, the charge controllers’ harmonic distortion introduced into the distribution
network is assessed in terms of THD. Normally the charger THD changes in accordance with
the charging cycle as the firing angles of the power electronics switches alter in reaction to the
various phases of the charging cycle. Further, the THD on a utility feeder builds up when many
EVs are plugged into the same service. The following equation shows how to compute the THD
for individual charger. [11][12][13].

Y Zn=2 Ir21

ITHD =——x100%
Iy

The harmonic distortion impacts distribution devices, especially capacitors, metering,
transformers, power cables, relaying and switchgear as well as nearby loads, particularly power
electronics devices and motors drives.

The standardized value of the maximum level of THD to be adopted for planning, development
and connections on the distribution network are given in the table below.

Table 4.1: THD planning limits[14][15]

System voltage THD limit
400V 5%
6.6kV, 11kV and 20kV 4%
22kV to 400kV 3%

423 POWER LOSS

The losses in electrical distribution consist of technical and non-technical losses. Technical
losses are made of fixed technical losses and variable technical losses and refer to the
conductors’ energy dissipation, used power lines equipment and magnetic losses in the
transformers. They are directly dependent on the grid characteristics and the mode of operation
[11].

The contribution of variable losses ranges from 66 to 75% of total losses on distribution network
and consist mainly with Cu losses which vary with the quantity of electricity distributed. The
mathematical expression for calculating the line losses at bus j is given in the following equation
[16].
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P = Ir (6)

And the total power losses of a distribution system of n busses are given by

P = i P] )
j=1

From the above equation, we can conclude that even a single bus's rise in load demand will

result in a net increase in distribution network power losses.
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5. SIMULATION AND RESULTS

5.1 TRANSFORMER LOADING

Transformer loading is simulated by using ETAP software to show he status of output power at
different buses as percentage of the input power supplied to the specific bus.

Table 5.1: transformer loading

Tranzformer
CKT /Branch Busway / Cable & Feactor
Fa—— p— Loading (ingut) Loading (outyut)
m Type {Amy) Amp % (v KA % KA %
Tl Transfomier G300 1325 .0 1317 e
T2 Transfomer 1500 1587 633 157.3 60
*T3 Transfomier 3000 G502 130.0 i) 13640
*T4 Trarsfimer 100.0 177 177 162.4 1624
T3 Transfomer 1500 gl 116 kil 101€
Té Trarsfomer 100.0 EB.1 a1 i Lk
7 Trarsfomer 400.0 g1 348 1460 341
T Trarsfomer 100.0 no gl no il
TS Trarsfomer 500 {10 o40 450 PR
*T10 Trasfomer 100.0 1364 1364 135.5 13535
*Tll Trasfomer 50.0 50 140 ile 1038
*T1 Tramsfomer 500 M1 1541 6.2 1536
T13 Transfomaer 1000 751 751 8 T48
T4 Transfomier 250 1 480 120 478
Tl Transfomaer 250 140 6.0 140 358
Tl6 Transfomier 1000 B3.1 411 0 pol:

The results show that transformers T3, T4, T10, T11 and T12 are already overloaded referring
to their loading capability. Taking into consideration this fact, it is not a good idea to connect
an EV at their buses. Hence addition load from EV can be integrated in the network through

assessment of the remaining transformers.
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52 VOLTAGE STABILITY
Table 5.2: V-Q Sensitivity Analysis Report without EV

Bus ID Rank Voltage (%) V-Q Sensitivity
Bus31 1 0.99 1.000
Bus30 2 0.99 0.983
Bus28 3 0.99 0.976
Bus21 4 0.97 0.975
Bus33 5 1.00 0.973
Bus29 6 0.99 0.972
Bus25 7 0.99 0.970
Bus34 8 0.99 0.970
Bus32 9 1.00 0.970
Bus27 10 0.99 0.968
Bus26 11 1.00 0.963
Bus24 12 0.99 0.959
Bus22 13 0.99 0.953
Bus23 14 1.00 0.951
Bus20 15 0.99 0.944
Bus19 16 0.99 0.933
Bus9 25 1.00 0.025
Bus8 26 1.00 0.023
Bus7 27 1.00 0.017
Bus6 28 1.00 0.013
Bus5 29 1.00 0.010
Bus4 30 1.00 0.006
Bus3 31 1.00 0.002

Bus2

w
N

1.00 0.000
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Table 5.3: V-Q Sensitivity Analysis Report with EVs

Bus [D Rank Voltage (%) V-0 Sensitivity
Bus31 1 0.99 1.000
Bus30 2 0.99 0.083
Bus28 3 0.99 0.978
Bus21 4 0.97 0.974
Bus33 5 1.00 0.073
Bus29 4] 0.99 0.972
Bus34 7 0.99 0.970
Bus32 g 1.00 0.970
Bus23 9 0.98 0,968
Bus27 10 0.99 0.968
Bus28 11 0.99 0.963
Bus24 12 0.99 0.958
Bus22 13 0.99 0.053
Bus23 14 0.99 0,948
Bus20 15 0.99 0.043
Bus19 16 0.99 0.931
Bus® 25 1.00 0.025
Buss 26 1.00 0.023
Bus? 27 1.00 0.017
Busd 28 1.00 0.013
Bus3 29 1.00 0.009
Busd 30 1.00 0.008
Bus3 31 1.00 0.002
Bus2 32 1.00 0,000

V-Q sensitivity increases with increase in loading on the system, hence the integration of EVs has
a limited value in other to keep the system stable since if the sensibility exceeds the limits at least
from one buses the whole system becomes unstable with a possibility of system collapse once this

condition persist.
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53 HARMONIC DISTORTION

Table 5.4: System harmonics buses information after EV integration

B Veleaze Diztortion

kW Foad. EAIE ASLRL THD TIF TILHD TSHD THDG THDS

L L o L L o L o

Huzl RERL L] IMHL{x IMHL{x 1HL i il 43 e L] [uiu] [u0u}
Hisl RENL I} Hin Hin o il D43 it L] [uis] [0[u}
B RENL I} in in 0 il D43 it L] [uis] [0[u}
Huied 13 1MW T T 0.0 ooz 43 [uia] L] [uis] [00u}
Hies 130HA L ] L ] R 1] (42 R (EL] IEL] (L}
Hich 13 MM HLEL HLEL H.EL ol [42 i RL] EL] (L]
BT RERL L] H.TE H.TE TR il 43 e L] [uiu] [u0u}
Hisk RERL L] T T T il 43 e L] [uiu] [u0u}
[T RENL I} T2 T2 .T2 il D43 it L] [uis] [0[u}
Huslid RENL I} Tl Tl Tl ool D43 it L] [uis] [0[u}
Husl 1 RENL I} 0T 0T 0T ool D43 it L] [uis] [0[u}
Rl 13 1MW 0T 0T 00T il 43 [uia] L] [uis] [00u}
Hizl3 130HA HLRT HLRT L.A7 ol (42 R (EL] IEL] (L}
Hirl4 13 MM R R L T [42 i RL] EL] (L]
Hirl 5 13 WA Tl Tl Tl il D43 Ll EL] EL] v
Hizla RERL L] Tl Tl Tl il 43 e L] [uiu] [u0u}
Bl 7 RENL I} Tl Tl Tl ooz D43 it L] [uis] [0[u}
Husl 04 0lE 0lE 0lE ool D43 it L] [uis] [0[u}
Hishil 04 | | Il ool D43 it L] [uis] [0[u}
HisXl 04 aRTT aRTT a7 ool D43 it L] [uis] [0[u}
HieIl 04 g g 00 il 43 [uia] L] [uis] [00u}
HieIl [ 1] LAY LAY A7 T [42 i RL] EL] (L]
HieId [ 1] A A LR 1] [42 i RL] EL] (L]
HisL§ A AR AR QR iz 43 e L] [uiu] [u0u}
Hisla 04 Tkl Tkl unl il D43 it L] [uis] [0[u}
Hisl? 04 40 40 040 il D43 it L] [uis] [0[u}
HisId 04 G G 0.6 ool D43 it L] [uis] [0[u}
HisI 04 Tdn Tdn 4R il D43 it L] [uis] [0[u}
Hieli} 04 Pt Pt Pkt il 43 [uia] L] [uis] [00u}
Hiz| [ 1] .10 .10 0.1 ol (42 R (EL] IEL] (L}
Hi22 [ 1] RS RS RS T [42 i RL] EL] (L]
Hie2d [ 1] e e A il D43 Ll EL] EL] v
Husdd A 1z 1z .1z il 43 e L] [uiu] [u0u}

28



Table 5.5: System harmonics buses information after EV integration

Bux Voltrge Distorcion
I kY Fund. EME ASTM THD TIF TIHD TEHD THDG THD:E

W W W W W W W
Eaxl 33008 Pl ] Pl B 1140 £E7 BB LT -] LX) £E7 £E7
Eual 33000 e IS0 s HLT - 3 ER 1.8 L-E- -] -5 ER ER
Baad 33008 e iaagy 11480 s 1087 LT -] LX) s L3
Eus 33000 P Floe 115 ETE ER oy L-E- -] -5 ETE ETE
Bt 33008 R R Liige ETT 11143 LT -] LX) ETT ETT
Bt 33000 wRTE el 1158 EW b L-E- -] -5 EW EW
Eual 33000 e wrER 1158 e 1133 L-E- -] -5 e e
B 33008 s FREL 1158 Eal 11410 =T o) X ) Eal Eil
B 33000 Rl R 11EE Eal 11428 L-E- -] -5 Eal Eil
Bl 33008 el LT 1iEg Eal 11431 =T o) X ) Eal Eil
Baxill 33000 el T 11520 Eal 11433 L-E- -] -5 Eal Eil
Baxil 33008 el LT 1150 L 11515 =T o) X ) L L
Buxid 33000 e RLTE 11527 s 11574 L-E- -] -5 s £
Euxld 33008 - TR 1150 L% 11528 =T o) X ) L% L
Bl 33000 Rl T 1158 s tl44l L-E- -] -5 s s
B 33008 el LT 1158 L PP =T o) X ) L L
BuaiT 33000 Rl T 11EE Eal 11428 L-E- -] -5 Eal Eil
Bual? A PR wERs FRE s FRR R o) L-E- -] -5 s B
Buxll LA el el 103.55 EE Flelie ] L-E- -] -5 EE E&
Buxli A PETE AT Ip s i TR L-E- -] -5 i R
BEuxll LA e Rl 11450 - Pl L-E- -] -5 - -
Baxli A PRaE - 12081 T.EE 15788 L-E- -] -5 T.EE T.EE
Euxld LA TR R LLa ER 1153 L-E- -] -5 ER ER
Braxlt A FEa wEER B T.ET 1TEAT L-E- -] -5 T.ET T.ET
Bl LA eal riE 1IETRS 0 FRE L-E- -] -5 0 0
Bl LA eal AT 11541 EW 11008 L-E- -] -5 EW EW
Baxld L wEEs Rl FREE ETH 113sE L-E- -] -5 ETH ETH
Euaxlf LA e ek 1154 EW e b - L-E- -] -5 EW EW
B3l L o i 11554 5T LR L-E- -] -5 5T 5T
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Figure 5.1 Harmonic distortion for buses (from bus 1 to bus 10)
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Figure 5.2 Harmonic distortion for buses (from bus 11 to bus 17)

2450

Busl - Spectrum (33kV)
Bus2 - Spectrum (33kV)
Bus3 - Spectrum (33kv)
Bus4 - Spectrum (33kV)
Bus5 - Spectrum (33kV)
Bus6 - Spectrum (33kV)
Bus7 - Spectrum (33kV)
Bus8 - Spectrum (33kV)
Bus9 - Spectrum (33kV)
Bus10 - Spectrum (33kV)

Busll - Spectrum (33kV)
Bus12 - Spectrum (33kV)
Bus13 - Spectrum (33kV)
Busl4 - Spectrum (33kV)
Busl5 - Spectrum (33kV)
Busl6 - Spectrum (33kV)
Bus17 - Spectrum (33kV)



Spectrum

Voltage Spectrum (%)

-

50 250 350 550 650 850 950 1150 1250 1450 1550 1750 1850 2050 2150 2350 2450

Freguency (Hz)

Figure 5.3 Harmonic distortion for buses (from bus 19 to bus 27)
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Figure 5.4 Harmonic distortion for buses (from bus 28 to bus 34)
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Figure 5.5 Harmonic distortion for buses (all buses)
The harmonic distortion before EVs integration were in normal operating range but when they are
integrated, the harmonics increases to the level that they exceed the maximum allowable limits.

Additional costs incur to address the harmonic distortion filters.
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54 POWER LOSS
Table 5.6 Power loss before EV integration
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Table 5.7 Power loss after EV integration
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The power loss consists of two components active and reactive power losses. The active power
loss shifts from 5.7kW to 9.7kW and reactive power from -2.5kVAR to 31.2kVAR. This shows a
rise of 4kW and 33.7kVAR active and reactive power loss respectively when EVs are integrated

into the network.
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55 LOCATION OF CHARGING STATIONS

The charging stations are located by gradually loading each and every bus and determine whether
the power quality is within acceptable limits.

Table 5.8 EV charging stations location

Bus 19 [Bus 20 |Bus 21 [Bus 22 |Bus 23 [Bus 24 |Bus 25 [Bus 26 |Bus 27 |Bus 28 |Bus 29 |Bus 30 |Bus 31 |Bus 32 |Bus 33 |Bus 34

4 1 0 0 2 0 2 1 0 0 0 0 0 0 0

0

Taking into account the voltage stability, power loss, transformer loading and harmonic distortion,
EVs are located on the load point (buses) as shown above for the sake of keeping the power quality
within safe limits.
5.6 DETERMINE OF APPROPRIATE CHARGING HOURS FOR ELECTRIC
VEHICLES
The data collected to the site shows that the tariff for industrial customers depends on two factors
to take into account the energy consumption as well as the maximum demand offered to the grid
by the industry. The maximum demand is charged differently on the basis of connection period in
three categories viz off peak, shoulder and peak period. The least chargeable period is during off
peak period and the cost rises gradually from it to the peak period. Since EVs substation operates
as industrial customers, the substation owners have to schedule the charging period so that most
of EVs are connected from 11:00 PM to 07:59 AM to lessen the cost using EVs affordable.
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6. CONCLUSION AND RECOMMENDATION

6.1 CONCLUSION

The effect of EVs integration in distribution network is investigated though voltage sensitivity,
power loss, system loadability and harmonic distortion studies. Simulation of the results were
conducted on a 34 buses distribution system via etap software. The results show an immediate
impact of harmonic distortion and bus loadability due to increased load on the system and charging
cycles of EV batteries.

The voltage stability is less affected by EV integration since reactive power changes in not
significantly high to the level of causing significant voltage sensitivity deviation and the power
loss increases as number of EVs on the network increases. These results helped the author to locate
EVs on specific buses in order to minimizes their impact on power quality of the system but keep
enjoy their positive traits to the environment.

EVs require electric supply such as EV charging station. A complete design of the power supply
has been performed taking into account the grid and battery specifications available at local
market. The electric supply design is made possible through matlab software and simulation of the

results is shown within this work.

Finally, appropriate charging period has been identified from power profile and utility tariff
analysis in order to minimize the cost of electricity incurred since penalties are charged for
industrial loads connected during off peak period.

6.2 RECOMMENDATIONS

The results shown indicates less number of EV integrated in comparison to electric vehicle demand
and industry yearly target which sits at 1000 EV assembled per year. This requires power utility
to respond to this proposed load growth by considering the aforementioned loads in generation,
transmission and distribution planning.

Furthermore, EVs charging stations produces current and voltage harmonics which affects
electrical equipment, nearby loads and neighboring telecommunication lines. Harmonic filtering
devices such as RHSs, SCs and hybrid devices built on RHSs and SCs are required in distribution
network to cope with the effects produced by harmonics. This should reduce the size of

transformers and both transmission and distribution cables.
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Finally, the author hypotheses that EVs integration affect the power system reliability as well as
EV charging service reliability. A complete research on impact of EVs integration on systems

reliability is recommended to address the issues that may arise during this project implementation.
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