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ABSTRACT

This research assessed the impact that EV charging has on low voltage (LV) distribution
systems at different penetration levels. The existing electric power distribution system of
Takoradi, the Western Regional capital city of Ghana was modelled using the power analysis
software Electrical Transient and Analysis Program (ETAP 19.0.1). Load flow analysis was
then performed on the low voltage distribution system to further assess the total amount of EVs
the distribution system can handle. EVs charging impacts on the current LV distribution system
were assessed under three different scenarios; current state, minimum and maximum uptakes
penetration levels of EVs. Two different EV charger models were employed to represent home
charging (HC)-7.4 kKW level-2 and fast charging (FC)-50 kW level-3. Voltage variations and
transformer loading at twelve substations were meticulously noted in all simulations. The load
flow simulation did not show any significant impact on the distribution system at the current
state and minimum uptake penetration levels. However, at a maximum penetration level of
1.88% for HC and 1.11% for FC, under voltage conditions were observed at most of the buses
with the condition deteriorating to the highest penetration level of 11.63% and 6.87% for HC
and FC respectively where the system tend to fail. Domestic/ household loads significantly
increased along with the increment of EV penetration levels over the years which contributed
to total instability of Takoradi Distribution System (TDS). The impact that EV charging has on
low voltage systems are expected to differ from one region to another, based on how many
vehicles that are used in a locality, the current power demand, and the layout of the network.
In effect, EV loads operating under different charging types have observable impacts on both
the load and the voltage variables. The findings of this thesis will assist policy-makers take the

appropriate actions needed to manage EV loads.



ACKNOWLEDGEMENT

I would like to express my deep sense of gratitude to the Almighty God for His goodness. | am
also pleased to thank Dr. Albert Kotawoke Awopone who has been my supervisor for his
continuous support, patience, motivation and valuable guidance from the preliminary stage to

the final completion of this thesis.

Great thanks to Mr. Prince Asabere for his understanding and great support to ease my duties
and responsibilities to complete this thesis. Thanks to Mr. Patrick Ayambire for his guidance
and pieces of advice. | also acknowledge all those who, in one way or another, supported me

during my studies.

| would like to express special appreciation to Ms. Patience Dondour Terakuu, Mr. Samuel
Gyapong, Rev. Dr. Kingsley Akwasi Prempeh, Mr. Bright Anderson Kumi and Pastor James

Abeiku Obimpe-Quayson for their boundless support, motivation and inspiration.

Great thanks to Ghana National Petroleum Cooperation (GNPC) for their financial support;
Electricity Company of Ghana (ECG), Takoradi branch for providing me with data on LV

distribution network and Drivers Vehicle and Licenses Authority (DVLA) for vehicular data.

Finally, 1 am deeply indebted to my family for their endless dedication, love and patience
throughout the completion of my studies. I am so thankful to my sweetheart Martha, and my
three bundles of joys, Odzimafo Anobil, Enyimyam-Boafo and M’enyidado Kwachiewa, who

were the only reason of doing this MPhil.

Xi



DEDICATION

This thesis is dedicated to Mr. John and Mrs. Benedicta Amakye

xii



TABLE OF CONTENTS

DECLARATION ...ttt bbbttt et b et i
Candidate’s DECIaration.........ceiiueiieiiiiiieieeseeie e ste e sre et e e te et e e sreesteeneesteenaeeneesreas ii
SUPETVISOI’S DECIATAtION . ...uvivieiiceie ettt et e e e saaeste e b e e e nteeteeneesreas ii
AB STRACT ...ttt bbb e bbbt h ettt b ettt i
ACKNOWLEDGEMENT ..ottt Xi
DEDICATION ...ttt bbbt b bbbt b et b et bbbt b et Xii
LIST OF ACRONYMS ...ttt bbbttt XXi
CHAPTER ONE ...ttt bbbt et e 1
INTRODUGCTION ...ttt bbbttt bbbttt 1
1.1 Background t0 the STUAY ........cc.coeeiieiiiie ittt sae e sreas 1
1.2 Statement Of ProDIEM .........cov i 5
1.3 PUIPOSE OF the STUAY ....cuviiieiece et e areas 6
1.4, GENEral ODJECHIVE ...c.veeeieceic ettt ettt e et e te e s reenbeeneesreas 6

1.4.1 SPECIfiC ODJECTIVES ...ttt ettt st s be e s 6
1.5 Significance 0f the STUAY...........coviiieiiie e 7
1.6 SCOPE OF the STUAY ...c.veeeeeeic ettt eere s 8
1.7 Organisation 0f the StUAY .........c.cceiiiiii e 8
CHAPTER TWO ..okttt sb ettt n bt 9
LITERATURE REVIEW ...ttt 9
2.1 EV NIStOrY @nd tr&NA .......oeoiiicic ettt sttt ne e 9
2.2 State-of-the-art of EV technology advancement.............cccooveiiiiiie i, 11

2.2.1 Charging teChNIQUES fOr EVS ....uiiiiiiee ettt ettt e e e tte e e et e e e e te e e e e eaneeas 11
2.3 PHEV and BEV powertrain configurations and topologies ...........cccceevvevieiieeiie e, 12

2.3.1 Series-hybrid POWEILIAIN .....cciiii i e e e e e e e e e e e e e s berreeeeaeeesannnenns 14

2.3.2 Parallel-hybrid POWEILIAIN c....c..cveeeeceeeaeirtieieieiee ettt 14

Xiii



2.3.3 Series-parallel hybrid tOPOIOGY .....c.vveeeeeiiei e e e e e 15

2.3.4 Battery electric VENICIE ..o et 16
2.4 Configuration OF EV Carger .........oociiiiiiieeee e 17
2.5 Global standards for EV Chargers ... 18
2.6 Deployment 0f EVS 1N ATTICA .....c.voiiiieieieiiceeeeee e 20
2.7 Ghana’s 1eadiness fOr EVS. ...t e 21
2.8 ReVIEW OF EV ChAIQiNg........civiiiiiieieiesese et 23
2.9 EV charging infrastructure in GNana.............ccooviiiiieiieie e 25
2.10 Low voltage distribution grid of Ghana..........c.cccoeieiiiiinie e, 28
2.11 Consumer desire for EV charging and habitS............cccooeiiiiniiiiiieeeeeee, 29
2.12 EMPIFICAI TEVIBW ...ttt 30
2.13 SUMMAIY OF the TEVIBW ..ottt 36
CHAPTER THREE ..ottt ettt te et nneeste s nneenne e 38
MATERIALS AND METHODS. ...ttt 38
3.1 RESEAICH AESIN ..ttt et et e et e ar e sae e re e reereenre e 38
3.1.1 Modelling of the investigated distribution SySte€mM........ccccccoeciiiiiiiier e, 39
3.2 REQUITEA GALA ...t bbbttt bbbt 40
3.2.1 Real Branch data ....ccocuiiiiiiiiii ettt s sttt et e sate e sbeeenee 40
3.2.2 Static and EV 10ads data.......ccceerieiiiiiiiieeeiteerieesitc ettt sttt st st s e e 40
3.3 ETAP application SOTIWAIE ........cceeiiiiieiieiie e 40
3.3.1 Steady state SIMUIAtION......coocciiiee e e 41
3.4 1.0ad MOUEITING ...ttt e e e s b e e be e snaeabeeanee s 42
3.4.1 Models fOr StatiC 10ad .......eiecuiieiiie et erae e ereeenes 42
3.4.2 Models for dynamic l0ad ..........oeiiiiiii ittt e 44
3.4.3 EV loads' components and modelling approach.........ccccoueeiieieiiiciiei e, 45
3.4.4 Modelling of DC SIde 10ad ........uiiiiiiiiieciee e e e bae e e e eaaeeas 46
3.4.5 Modelling of AC Side 10ad .......ouiiiiiiiieeceee e e 47
3.4.6 Model for the initial SOC diStribULION ........ceeiiiiiiciieeeee e 49

Xiv



3.4.7 Newton-Raphson load flow with EV 10ad ..........ccooiiiiiiiii e 49

3.4.8 Continuous power flow (CPF) Method..........ccceiiiiiiiicee e 50
3.4.9 Load voltage deviation (LVD) .....c.eeecieeiieeeieeeeieestee et e et et este e e tte e svaeesaaeesnteesnaeesnreeenns 51
3.5 Estimation of domestic/household 10ad.............ccooviieiiiiiii i 51
3.5.1 Estimation of EVs at different penetration [evel ........coceviieiiiiiiciin e, 55
3.6 Assessment of EV charging on low voltage distribution System...........cccoccevvevvniiennennenn. 57
3.6.1 Voltage variations impacted by EV 10ad ......cccueiiviiiiiiien e e 58
3.6.2 Impact of EV load on transformer [0ading.........cccccveeiiiieii e 58
R STe eV (o T o I o] Yot 1) A PSSP 59
3.6.4 Explanation of StUdy SCENATIOS ...ccccuiiieieiiee et e e et e e e e aae e e e bee e e e eareeas 60
3.6.5 Positions of transformers and loads EVs on the system........cccccovviieiiicciee e, 61
CHAPTER FOUR......cte ettt ettt e e e s et e e e e eab e e e e e sbbe e e e s e nbeeeeenanes 64
RESULTS AND DISCUSSION ...ttt ettt ettt bae e e anae e 64
4.1. L0Ad FIOW @NAIYSIS .....ooviiiieiieieiee e 64
4.1.1Validation of the MOdEl ......cooiiiiii e sre e s s sare e e e enes 64
4.1.2 Power flows for current state SCENAIIO.......cuvirriiirieeriie ettt ettt sare e sbee e 65
4.1.3 Real and reactive flows for HC and FC infrastructure—minimum uptake scenario.............. 66
4.1.4 Real and reactive flows for HC and FC infrastructure—maximum uptake scenario.............. 68
4. 0.5 DISCUSSIONS c.eeieeiiiittttee e e e ettt e e e e e e ettt et e e e e e e s aabebeeeeeeesaaaanrebeeeeeeaaaannrebeeeaeeesesannneneneaasesanan 70
4.2 EV charging impact on TDS (voltage variations)...........ccocuvririeierene e, 71
4.2.1 Voltage variations for current state scenario at different penetration level ...................... 72
4.2.2 Voltage variations during HC and FC deployment (minimum uptake scenario).................. 74
4.2.3 Voltage variations during HC and FC integration (maximum uptake scenario)................... 76
4. 2.4 DISCUSSIONS c.eeteeeiieittteeee e e ettt teeeeeeaatb ittt eeeeesa s anr e b aeeeeeesaaaansebaeaeeeeeaannrebaeeeesesaaannneneeeaesssanan 79
4.3 Impact of EV load on transformer 10ading ..........ccccccveviiiiiiiie i 80
4.3.1 Transformer loading impact for the current state SCENArIO ........cceecvieeeeciieeeccieeee e 81
4.3.2 Transformer loading impact for minimum uptake level scenario .........ccccceeeecvieeeiciienenns 82
4.3.3 Transformer loading impact for maximum uptake level scenario.......ccccccceeevciveeiicieeeennns 84
4.3.4 DISCUSSIONS ceeeiiiiiiiiiittee e e ettt e e e e et e e s s e s s e b ettt e e s s e s b e b te e e e s s sasnnbabeeeeesesesannnenaeeeesssanas 88
CHAPTER FIVE ...ttt ettt e e et e e e et e e e e s at e e e s e nataeeeeenees 89
SUMMARY OF FINDINGS, CONCLUSION AND RECOMMENDATION ........cccveeennee. 89

XV



5.1 SUMMANY OF FINGINGS.....eeiiiiieiie et esreenae e 89

B2 CONCIUSION ..ottt e e e et e ettt e e e e e e e e e ettt eeeeeeee e e reeeeeeeeans 92
5.3 RECOMMEBNUALIONS ... .ttt e e ettt e e e e e e e e et e e e e e e eee e e eeeeeeeans 93
5.4 Suggestion for fUMher STUAY...........ccviiiiiie e 94

XVi



LIST OF TABLES

TABLE PAGE
Table 2-1: Global standards for EV chargers (Khalid et al., 2021) ..........ccccoovevviieiieieiienn, 18
Table 2-2: Continuation of global standards for EV chargers (Khalid et al., 2021)................ 19
Table 2-3: Ghana’s energy generation and supply mix for 2017 (EC 2018) .......ccccovevvveuennen, 22
Table 2-4: Modes and requirements for charging EVs (IEC 61851-1:2017-01) ................... 26
Table 2-5: Characteristics of EV charging infrastructure (ICCT, 2019) ........cccevvevveveeiiennn, 27

Table 2-6: Cost of projected EV charger in Ghana together with devices and installation

(Source: Ayetor et al., 2020).......cceeiieieiieie e anes 27
Table 3-1: Yearly average peak load of Takoradi from 2014-2021 ..........ccccovevvvieiveiiesinennnn, 52
Table 3-2: Yearly average peak load on each feeder..........cccovvveieiieiicie i, 52

Table 3-3: Actual and predicted compounded yearly growth rate of domestic load of Takoradi

(2014 10 2050) ....vv.evveeeeeeveeereese s eseeeseeeeeeeseses e es e ee s e s ees s s es s ee s ee s ee e s es e en e rens 53
Table 3-4: Projected number of electric vehicles (2021-2050) ........ccccevevvveivevieiieseeie e, 55
Table 3-5: Real and reactive load flows from 2021 to 2050 before EV penetration .............. 58
Table 3-6: Estimated energy demand of EVs for different penetration levels ...................... 59

Table 3-7: Details of selected substations and distribution of HCs and FCs for base model

] (010 | SR TRORUSRPRRPIN 63
Table 4-1: Validation of load demand and voltage model ...........ccoovveveiiiii e, 65
Table 4-2: Real and reactive power flows for current state scenario (2021) .........ccceeevevvvenee. 66

Table 4-3: Real and reactive power flows for HC during — minimum uptake scenario (2025 —

Table 4-4: Real and reactive power flows for FC during — minimum uptake scenario (from

2025 10 2050) ....veeieiieieeie ettt 68

Xvii



Table 4-5: Real and reactive power flows for HC during — maximum uptake scenario (from
2025 10 2050) ..veuveitieteeteeiiei et bbbttt bt bbb ne e 69
Table 4-6: Real and reactive power flows for FC during maximum uptake scenario (from
2025 10 2050) ..veuvetieteetietieie et bbbt e et bR b b e e e 70
Table 4-7: Voltage levels at selected buses before EV penetratiom from 2021-2050 ............ 72
Table 4-8: Percentage loading levels at the selected substations before EV penetratiom from

2021-2050 ... 80

Xviil



LIST OF FIGURES

FIGURE PAGE
Figure 1-1: Yearly light-duty car sales by technology in BLUE Map scenario ....................... 3
Figure 2-1: Series hybrid power train configuration (Villalobos, 2016) ............ccccccvevvennne. 14
Figure 2-2: Parallel hybrid power train topology (Villalobos, 2016) .........c.cccceeveveiievivenenne. 15
Figure 2-3: A series-parallel hybrid powertrain architecture (Villalobos, 2016) ................... 16
Figure 2-4: BEV basic architecture (Villalobos, 2016) .......c.ccccoeviieiieiiiiciecece e 16

Figure 2-5: Single-phase EV charger configuration (Source: Fan, Wang & Yan, 2018)........ 17

Figure 2-6: Grid architecture for electricity distribution in Ghana ............c.cccceeeveiiiieiveene, 28
Figure 2-7: EV connection schemes in Europe (Dubey & Santoso, 2015) ........ccccccevvevivenenne. 30
Figure 3-1: Methodology flow Chart.............ccooeiieiie e 38
Figure 3-2: A line diagram of LV distribution system of Takoradi (Station OB)................... 39

Figure 3-3: CYGR of domestic load of Takoradi (plotted based on ECG Takoradi data) ..... 54

Figuree 3-4: Classification of network restriCtions ............ccccoovveviiie e 57
Figure 3-5: Load forecast for domestic and EV loads (2021 — 2050) .......ccccovevvevveivevieernene. 60
Figure 3-6: Snapshot of modelled TDS showing load postions ............ccccecevieieiieiieveenee 62
Figure 4-1: Voltage variations at the substations during the current state scenario ............... 73

Figure 4-2: Voltage variations at bus during HC penetration —-minimum uptake scenario .... 74
Figure 4-3: Voltage variations at the substations during FC penetration for minimum uptake
R0l =T 0 = T SO R TR OPUPTRPRS 75
Figure 4-4: Voltage variations at the substations during HC penetration for maximum uptake
R0l =T8-SRV OPUPTRPRS 77
Figure 4-5: Voltage variations at the substations during FC penetration for maximum uptake

SCBINAITO weveveeeeeeeeeeeeeeeee e et ee e e et e e eee e e e e eeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeeeeeeeeeeneeeeeeeeeeeeenennnnnnnnennnneenennnnenennrennnnnes 78

XiX



Figure 4-6: Transformer loading impact during HC and FC deployment for current state
00C] T 0 TSSO T PSS UPP PO PSP PTPPRPRPPPPROR 81
Figure 4-7: Transformer loading impact during HC deployment for minimum uptake level
00C] T 0 LTSS T PSP UP PO PSP PTPORPRPPPPRTOR 82
Figure 4-8: Transformer loading impact during FC deployment for minimum uptake level
00T T 0SSOSO TP PSP UP PSP PTPPRPRPPPPROR 84
Figure 4-9: Transformer loading impact during HC integration for maximum uptake level
SCEIMAITO ...ttt ettt ettt btk etk b b s bbbt e R b b s E b bR b bbb £ bt et R R b e b e nns 85
Figure 4-10: Transformer loading impact during FC integration for maximum uptake level

SCBNANTO ettt et ettt e e e oo e ettt e e e e e e e e ——teeeeeeeeeaee———teteeeeeaaaea———reeaeeeeaan————aaaaaaas 87

XX



LIST OF ACRONYMS

AC Alternating current

BEV Battery electric vehicles

BMS Battery management system
BSS Battery Swap Station

CcC Charging current

CcC Conductive Charging

CO2 Carbon di-oxide

CPF Continuous power flow

Ccv Charging voltage

CYGR Compounded yearly growth rate
DC Direct current

DTs Distribution transformers

ECG Electricity Company of Ghana
EMI Electromagnetic induction
EREV Extended-range electric vehicle
ETAP Electrical Transient and Analysis Program
EU European Union

EVs Electric vehicles

FC Fast Chargers

FC-PHEV Fuel cell plug-in hybrid electric vehicles
GHG Greenhouse gas

HC Home Chargers

HEV Hybrid electric vehicles

ICE Internal combustion engine

XXi



ICEVs
IEC

IPT
Li-ion
LV

LVD
MV
NiMH
OEM
PEV
PHEV
ZIP model
PHC
P-PHEV
PQ
PURC
S-PHEV
SP-PHEV
SA

SoC
TDS
USA
WPT
VDL

VRI

Internal combustion engine vehicles
International Electrotechnical Commission
Inductive Power Transfer
Lithium-ion

Low voltage

Load voltage deviation

Medium voltage
Nickel-metal-hydride

Original Equipment Manufacturers
Plug-in electric vehicles

Plug-in hybrid electric vehicle
Polynomial load model

Population and Housing Census
Parallel hybrid topology

Power quality

Public Utilities Regulatory Commission
Series hybrid topology
Series-parallel configuration

South Africa

State of charge

Takoradi Distribution System
United States of America

Wireless Power Transfer

Voltage dependent load

Vehicle to refueling station index

XXii



CHAPTER ONE

INTRODUCTION

1.1 Background to the study

In the last few years, electric vehicles (EVs) are considered to be more environmentally friendly
thus, recognized as the viable replacement for internal combustion engine (ICE) vehicles to
reduce emissions in the transportation industry. In order to combat climate change and urban air
pollution, leadership of industrialized nations are taking action to promote the development and
marketing of EVs while most of these nations have developed emission regulations (Gomez
Vilchez, & Jochem, 2020; Glitman, Farnsworth, & Hildermeier, 2019; USEPA, 2019; Akumu,

2019) to regulate emissions produced by light cars.

National and local governments in several nations have begun to assist the use of EVs by giving
them preferential status over conventional vehicles through initiatives such as tax breaks, free
access to places with little traffic, reduced parking costs, bus lanes, etc. (Ayetor, Quansah & Adjei,
2020). According to (Franz & Nasca, 2021), policymakers are promoting EVs as being more
environmentally friendly than cars with ICE. It can be said that an important amount of air
pollution is caused by ICE automobiles. (Approximately 16% of the total greenhouse gases
(GHG) emitted by humans). This has a negative impact on human health and makes the air quality

worse. (Khalid et al., 2019; Burillo et al., 2019).

With around 370 different models, the worldwide electric vehicle fleet reached 10 million units
in 2020 which only accounts for 1% of the global automobile fleet (Cazzola et al., 2021). China
(45%), Europe (24%), and the United States of America -USA (22%) account for the majority of
the world's electric vehicles (EVs) (IEA, 2021). 18 of the top 20 Original Equipment

Manufacturers (OEM) have indicated their plans to electrify their products by 2030. Within the



next 30 years, the European Union (EU) plans to completely phase out ICE automobiles (IEA,
2021). By 2050, about 22 nations have committed to either completely banning ICEV sales or
achieving emission free environment. By 2050, both the European Union and the USA hope to
achieve zero emissions. The only African country to do that is Cabo Verde, which has promised
to build an EV fleet for both public and private transportation by the year 2050, slowly replacing
ICEVs. This is due to very few OEMs having immediate plans to put on sale or build EVs in
Africa. Volkswagen and other OEMs have committed to selling only EVs in Europe by 2035 but
have decided to delay new EV sales in Africa through 2050 (Cars, 2021). Nevertheless, given that
Europe and the USA account for the majority of used car imports into Africa, some of the used

EVs will probably arrive in Africa earlier than anticipated (Ayetor et al., 2021; Baskin, 2020).

Currently, EVs being imported to Africa nations is restricted by the absence of rules, incentives,
and subsidies as well as access to dependable electricity. It is expected that South Africa (SA),
which has the most automobiles on the continent, will lead the EV race. Although, just 5000 EVs
were utilised in SA at the start of 2020. (eNaTIS, 2020; Gaylor et al., 2020). Shockingly,
Mauritius is leading in Africa with about 17,000 EVs as at 2021 (NLTA, 2021). Ghana received
over 5,400 Plug-in Electric Vehicles (PEV) between 2017 and 2020. Most of the PEVs were plug-
in hybrid electric vehicles (PHEV), a hundred of such EVs, however, were battery electric

vehicles (BEV) (ITC, 2020).

The European Commission announced the “20/20 in 2020 climate and bundle of energy in 2008
with the intention to increase the development of renewable fuel sources and decrease carbonic
acid emissions (European Commission, 2008). The effects of climate change, rising gasoline
costs, the anticipated shortage of oil, and upgrading of battery technology have persuaded a
number of automobile manufacturers worldwide (International Energy Agency, 2011) in
purchasing brand-new battery-powered car types known as EVs. With Canada’s climate change

action plan, a smooth switch to low CO2 technologies might be accomplished without difficulty
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(Arias-Londofio, Montoya & Grisales-Norefia, 2020). The plan provides programmes and
offering rewards to encourage domestic and businesses to aid in the transformation. One
significant element restricting the demand for EVs is the scarcity of EV charging infrastructure.
In light of this, Canada has the plan to set a free nightly EV charging for four years for domestic

clients since 2017 (Palomino & Parvania, 2018).

Again, it planned to make investments to make charging stations more accessible. The results of
studies suggest that availability of EVs in the developing countries can effectively meet 90% of
the population's daily driving requirements (Moon et al., 2018; Sexauer, McBee & Bloch, 2012).
Possibly, the demand for EV charging load requirement could increase due to the anticipated
growth in the deployment of EVs. By 2050, the global target set forth in the Energy Technology
Perspectives 2010 BLUE Map is to decrease poisonous emissions caused by energy use by 50%.
(Crozier, Morstyn & McCulloch, 2020). To meet the BLUE Map's goal, BEV and PHEV
technologies must advance quickly and be used by a large number of light-duty vehicles. By 2030,
it is anticipated that 9 million EVs would be sold, compared to 25 million PHEVs. According to
the BLUE Map scenario, it is anticipated that by 2050, each vehicle type will sell 50 million units

yearly. Figure 1-1 depicts the breakdown of the light-duty car sales annually by technology.

200 -
WH, Fuel cell
180 - W Electricity
160 - MPlug-in hybrid
140 | MHybrid
BCNG/LPG
120 -

B Conventional diesel

100 Conventional gasoline

80
60
40
20

Passenger LDV sales (millions)

0 I T T T T T T T T |
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
Source: IEA 2010.

Figure 1-1: Yearly light-duty car sales by technology in BLUE Map scenario
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Governments all around the world have already set goals for EV adoption in light of recent

worries about climate change and the depletion of hydrocarbon deposit. Deployment of EVs have
significantly expanded in recent years due to numerous government incentives and current
technology advancements. A large portion of the power system loads will be used to compensate
for EV charging as the energy consumed for mobility depletes the power system. Taking into
account the features of an EV load, the power system's voltage and oscillation stability may
benefit. The absence of a charging infrastructure is a serious obstacle to the widespread use of
EVs. As a result, governments and EV investors that are interested can take action to develop a

charging infrastructure.

The existing charging methods, however, have not given grid issues enough consideration.
Though necessary given that many current power systems are operating on the edge of instability,
the impact of EV charging on the stability of the power grid of an electrical supply is not
completely taken into account. A significant problem is the lack of suitable load models to

represent EV load in stability investigations is a major drawback which needs to be addressed.

The impact of EV on low voltage distribution system includes voltage instability, increased peak
demand and various power quality issues that has to be addressed (Tiano et al., 2018). When BEV
and PHEV are integrated with utility grid, they are treated as a load in a power system. EVs create
transformer losses, which raise the temperature and shorten the transformer's lifespan because
battery charging is nonlinear (Alame, Azzouz & Kar, 2020). If EVs are widely used, the impact
the additional electric demand could have on the system is either positively or negatively (Obeidat
et al., 2021; Khalid et al., 2021; Figenbaum, 2017, Soares et al., 2013). In reality, if there are no
restrictions on EV charging, the surge in demand during peak electricity hours may complicate
the functioning of the power system and lead to the underutilization of power produced by
renewable sources. (Hong, Wilson & Xie, 2014; Richardson et al., 2013). As a result, unrestricted

charging may necessitate investing in more generating and transmission capacity, wearing down
4



distribution components more quickly, and creating issues with power quality. (Obeidat et al.,
2021; Nour et al., 2018; Clement-Nyns, Haesen & Driesen, 2010). If EV charging is aided by
more sophisticated charging schemes, both the value provided for the electric energy industry as
well as the environmental value might improve (Figenbaum, 2017; Soares et al., 2013;

Richardson, Flynn, & Keane, 2012; Lopes, Soares, & Almeida, 2011).

Since under voltage conditions in power system cause disturbance in the system thus, in a
situation when there is a heavy load it becomes difficult to deliver the reactive power (VAR)
over long distances hence, there is the tendency of generating reactive power close to the load.
This is because voltage differences cause reactive power (VARS) to flow, yet power system
voltages are only around £5% of the nominal, therefore the flow of reactive power (VARS)
over long distances is not very significant due to this minor voltage difference. Wherefore, the
voltage level drops if that reactive power (VARS) is not present at the load centre; certain
electronics, like motors, can experience excessive wear and tear from operating at low

voltages because they will run too hot (Bilal, Arbab & Zubair, 2019).

1.2 Statement of problem

Despite the environmental friendliness of EVs which vehicular manufacturers globally have
adopted and are gradually shifting from ICE vehicles (conventional vehicles) to electric vehicles
to decrease the high-rise nonrenewable energy impot and greenhouse emissions from the
transportation industry; yet present further obstacle for power providing companies to overcome
the rising demand for EVs. (Khalid et al., 2021; Lhendup et al., 2020; Khuntia et al., 2016).
Nonlinear loads, like EV chargers, can cause disturbance in distribution circuits, which could
harm system components. High penetration of EVs on distribution systems can have numerous
negative impacts such as voltage variations or deviations, transformer loading, harmonic
distortion, direct current (DC) offset, phase imbalance, etc. if not mitigated. This thesis focuses

on power quality challenges introduced by EV charging stations. Consequently, the need has
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arisen to assess the impact that voltage variation and transformer loading introduces on LV

distribution system of Takoradi-Ghana as a result of EV charging.

1.3 Purpose of the study

Considering the urgency with which fossil fuel supplies are running out and the drive that results
from this, EVs have the potential to become the most essential mode of transportation on the
planet. Nonetheless, with the growing demand for EVs is likely to pose power quality issues or
power system constraints such as voltage variation and transformer loading in the distribution
feeders which is of great concern to power utilities across the globe. Therefore, there is a need to
find out the performance and the capacity of the LV distribution system of Takoradi due to
integration of additional EV loads. The research gives an evaluation of how EV charging affects
the power distribution infrastructure of Takoradi-Ghana at different penetration levels considering

voltage variations and transformer loading.

1.4. General objective
The general objective of this research is to perform a load flow analysis on the low voltage
distribution system of Takoradi-Ghana and further assess the total amount of EVs the distribution

system can handle.

1.4.1 Specific objectives
This research is focused to accomplish the precise set objectives;
1. Develop a model of an existing low voltage distribution system of Takoradi (station OB),
using Electrical Transient and Analysis Program (ETAP).
2. Assess the impact of EV charging on transformer loading and voltage variations at

different EV penetration levels.



3. Investigate to what extent the existing low voltage distribution system can accommodate
the integration of EVs taking into account the growth of household loads without any

upgrades to the current distribution system.

1.5 Significance of the study

EVs significantly contribute to the gradual transition to a low greenhouse gas (GHG)
environment. EVs have the overall impact of giving people a choice. Gasoline-powered vehicles
will most likely never go ‘out of style’ due to their heritage and history. It is predicted that
consumption of energy will rise as the population grows by which urbanization increases and
financial system will raise too. Simply said, the purpose of electric vehicles is to help people save

money, protect the environment, and prevent the early depletion of fossil fuel resources.

Assessing the impact of anticipated growth in EV charging is paramount. Therefore, maintaining
a secure operation, dependability, and high performance of power system elements depends
heavily on EV charging. The EV exhibits unpredictable dynamic behaviour in addition to having

an energy demand similar to that of a typical household.

Furthermore, it is impossible to predict in advance where, when, or for how long an EV will be
connected for charging or how much real and reactive power it will use. As a result, it is prudent
to find out the likely impacts of EV penetration on power systems. Recognizing the dangers posed
by the growing integration of EVs on the grid to guide governments, EV investors, power
distribution companies and other stake holders to take the appropriate actions needed to manage
EV loads. In addition, policymakers might take precautions to avoid major technological and
economic difficulties. (Khalid et al., 2021; Zhixiong & Zhensheng, 2021; Ayetor et al., 2020;
Jreige, Abou-Zeid & Kaysi, 2021; Yan & Kezunovic, 2012). And also develop standards and

regulations to guide and govern the growing EV sector in Ghana.



1.6 Scope of the study
The research provides an assessment of transformer loading and voltage variations on the LV
distribution infrastructure of Takoradi (station OB) due to additional load of EVs at different

penetration levels.

1.7 Organisation of the study

The research is organized as follows: Introduction to chapter one contains the background to the
research, problem statement, significance of the study, purpose of the study, research objectives,
scope and organization of the study. Chapter two deals with the related literature. The review
involves empirical studies and the concept review of the problem under study. A summary of the
research methodology is presented in Chapter three. The presentation and data analysis, the results
and discussion of the study are presented in Chapter four. Chapter five summarizes the research
findings and provides conclusion from the findings including recommendations and suggestions

for future studies.



CHAPTER TWO
LITERATURE REVIEW
This chapter discusses the background information and current research that were necessary for
this research. The chapter contains EV technology and market scope, EV charging infrastructure,
powertrain configurations and topologies, adopted standards for EVs in Africa, Ghana’s
readiness for EV, low voltage distribution grid of Ghana, EV charging demand and user

behaviour and the impact of EVs on LV distribution system.

2.1 EV history and trend

There is a change underway that will bring in the widespread use of EVs within the next decade.
(Randall, 2016). To achieve targets for lowering greenhouse gas (GHG) emissions, EVs been
viewed as an alternative to ICEVs. The globe appears to have more hope for EVs now. (Obeidat
et al., 2021, Rolim et al., 2013). Due to the urgent problem of oil resource depletion, EVs have
the ability to become the most essential form of transportation globally during the next 30 to 40
years. (Jreige, Abou-Zeid & Kaysi, 2021; Sorrell et al., 2010). Penetration levels of EVs are
anticipated to rise significantly in the ensuing years, with projections indicating that by 2040,
about 30% of the world's passenger fleet will be electric. (McKerracher, 2019). EVs offer an
intriguing solution to the increasing reliance on fossil fuels because they significantly reduce air

pollution.

However, the interaction and deployment of EVs on the existing power system is the key reasons
why deployment of EV is still hampered by many challenges, (Zhixiong & Zhensheng, 2021;
Held et al., 2019). The secure and dependable function of computers and commercial machinery
is impacted by the quality of the energy (Chudy & Mazurek, 2019). BEV and PHEYV are the key
emerging technologies to decrease fossil fuel emissions (Jreige, Abou-Zeid & Kaysi, 2021; Putrus

et al., 2009). The power system network may have severe stability issues because of the dynamic
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nature of EV charging (Khuntia et al., 2016). The infrastructure functioning parameters will
deteriorate due to quick EV charging at the stations with significant charging demands. Energy
issues will be faced by distribution companies all over the world due to the heavy request for EV
charging loads. (Lhendup et al., 2020; Burillo et al, 2019). For example, in North America, the
utility firms had to construct new producing plants to handle the increased demand from EVs.
(Hadley, 2006). Currently, ongoing problem associated with the introduction of new EVs is
voltage stability because of the increasing penetration level of EVs. (Lhendup et al., 2020;
Bhavanam et al., 2015; Dharmakeerthi, Mithulananthan & Saha, 2014). Voltage instability is
reportedly more substantial as a result of EV charging, according to several research conducted
in the past. Furthermore, peak times for household loads sometimes coincide with voltage dips
experienced by residential customers as a result of the high inrush current used by EV charging.

(Klayklueng & Dechanupaprittha, 2014).

As EV sales increase, the request and pressure for charging also increases. Consequently, the
creation of a charging infrastructure and effective Inductive Power Transfer (IPT) (Alam et al.,
2017) has become necessary to meet the requirements of substantial operation of the EVs (Foley,
Winning, & Gallachoir, 2010). Since the distribution system's operating parameters would
degrade as a result of the high charging loads of fast EV charging stations, the more charging
stations puts additional demand on the network. Unregulated charging of EVs have a quite number
of negative impacts, including harmonic distortions, violation in voltage profile, and a rise in peak

load

Although both ICE and electric motors are included in HEVs and PHEVs, their ways of operation
are distinct. Each topology thus; series, parallel, series-parallel, or complex can be used to
combine HEV components. Due to the All-Electric Range feature, which enables a significant
mode of operation for HEVs, PHEVs are an advancement over HEV technology and a symbol of

the seeming prosperity in the automotive industry because of its less fuel usage and emission
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(Khalid et al., 2021; Liu, Wen, & Ledwich, 2012). PEVs are similar to HEVs in terms of their
drivetrain layout, but they include larger batteries that can be electrically recharged by the power
supply (Gray & Morsi, 2015). Since BEVs only use batteries to power the vehicle, they represent
a green technology with zero carbon emissions. The adoption of BEVs presents a number of
difficulties, mostly caused by their extreme initial expense, short driving range, and lack of
charging infrastructure (Crozier, Morstyn, & McCulloch, 2020). Fuel cell automobile and BEV
have similarities except it uses fuel cell as its power supply (Unda et. al. 2014; Richardson, Flynn
& Keane, 2010). These studies make it clear that as EV penetration rises, distribution network
stability problems will also rise. Therefore, there is a need to find out to what extent the exiting
low voltage distribution system can accommodate EV penetration without any upgrades to the

current distribution system, taking into account the typical development of household loads.

2.2 State-of-the-art of EV technology advancement
2.2.1 Charging techniques for EVs

As briefly discussed below, there are essentially three different types of EV charging techniques:

2.2.1.1 Battery Swap Station (BSS)

This technique assumes that the battery is rented out on a monthly basis to the BSS owners. This
technique uses technology for slow charging, which helps to increase battery life (Ahmad et al.,
2018). Locally produced Renewable Energy Sources (RES) like solar and wind can be more
easily included into the BSS system. Because of this technique, the drivers can stay inside the
car while the dead battery is rapidly replaced. Furthermore, the BSS's battery can be used for the

V2G effort. (Sinsel, Stephan, and Gschwendtner, 2021)

2.2.1.2 Wireless Power Transfer (WPT)
This technique uses both primary and secondary coils that are dependent on electromagnetic

induction (EMI). The primary coil is positioned on the road, and the secondary coil is positioned
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inside the car. Due to its capability to enable the EV to recharge conveniently and safely, this
technology is currently being accepted. The ability to charge while moving cars is another benefit.

Sanguesa et al., 2021)

2.2.1.3 Conductive Charging (CC)

Conductive charging is a technique that needs a direct electric connection between the car and the
charging input and offers a high level of charging efficiency. These are the various kinds of
charging stations that can be utilized with this technology: Chargers at each level: Level 1, Level
2, and Level 3. For a public charging station, Level 2 and Level 3 are used (Jha and Shrestha,

2021).

2.3 PHEV and BEV powertrain configurations and topologies

This section focuses on EV configurations and topologies. A vehicle with at least one electric
motor for traction is considered as EV (Villalobos, 2016). Although there is no worldwide
definition for a PEV, but U.S department of energy defines PEV as a light vehicle that uses a
battery having a minimum capacity of 4 kWh which is rechargeable from a different supply
(US Department of Energy). From the definition, several PEV types can be recognised within
this category, primarily PHEVs, BEVs, and fuel cell plug-in hybrid electric cars (FC-PHEV).
Depending on how the components and modules interact and how the hybrid system is

configured, hybrid powertrains can have one of three basic topologies.

The three topologies—parallel, serial, or combination (power-split)—each have unique
characteristics in terms of their weight, price, efficiency, and user-friendliness. Certain benefits
and drawbacks are presented by each powertrain architecture. A generator is connected to the
traditional ICE in a serial hybrid powertrain system, which is utilised in extended range EVs

like the Chevrolet Volt.

The electrical device wired in line to feed electricity into a battery system powered by an
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onboard generator. This design enables the ICE to operate more efficiently and reduces the
time it needs to charge the battery system. To move the vehicle forward, a parallel- hybrid
powertrain uses ICE and electric motor, increasing both efficiency and torque (Villalobos,
2016; Shafiee et al., 2012). Because this initial configuration type does not require the
generator as a propulsion system, the scaling of parallel HEVs is easier than that of series

HEVs. (Arias-Londofio, Montoya, & Grisales-Norefia, 2020).

The most promising of all EV kinds, comes in either parallel or series basic designs.
Regenerative braking is used in both architectures to increase system efficiency by adding any
extra energy produced while braking to the battery charge (Palomino & Parvania, 2018). The
power-split topology is a hybrid design approach used in EVs like the Toyota Prius that
combines serial and parallel hybrid architectures. The concept allows for continuously shifting
transmission ratios and ideal engine operating conditions by using two electric machines to
support the ICE. The series-parallel topology's complex size is caused by the need for several
propulsion systems (Sexauer, McBee, & Bloch, 2012). From 2003 to 2012, parallel HEV
powertrain architecture dominated the global car market. The power-split type is the second
most prevalent architecture introduced during those years, frequently found in Asian vehicles

like Toyota (Alame, Azzouz, & Kar, 2020).

BEVs use a variety of distinct powertrain architectures made up of varied quantities and
arrangements of the systems and components. Compared to the central motor, the axle motor
is more frequently integrated. Alternately, electric machines can be incorporated within the
wheel-hub and doing so will reduce driving comfort and dynamics. The Infiniti Emerg-E,
which has two motors inside the wheel-hub, and other large luxury automobiles and high-
performance prototype automobiles typically use this topology (Rutherford &Y ousefzadeh,

2011).
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2.3.1 Series-hybrid powertrain

The series hybrid architecture (S-PHEV) has solely electric propulsion, which can be powered by
either the ICE using an electric generator or the onboard batteries. Super-capacitors are an alternative
energy storage option to batteries. Because there is no requirement for a multiple-speed gearbox
or gear box with traction electric, the vehicle is lighter and more straightforward (Villalobos,

2016) as depicted in Figure 2-1.

'
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Figure 2-1: Series-hybrid power train configuration (Villalobos, 2016)

A significant disadvantage of this architecture, though, is the sheer volume of energy
transformations required. In other words, the ICE's mechanical power must be turned first into
electric power, and then back into mechanical power. The efficiency suffers accordingly,

especially at high speeds (Alame, Azzouz, & Kar, 2020 and Villalobos, 2016).

2.3.2 Parallel-hybrid powertrain

The most typical and affordable hybrid archi