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ABSTRACT 

Electrified vehicles are a recent developing trend in transportation. It is a good 

solution for the reduction of fossil fuel usage on the transportation and hence the 

reduced CO2 emission.  Plug-in Electric Vehicles (PEVs) are driven by the electricity 

stored in its battery and therefore zero tailpipe emission. Thus, PEVs attract much 

interests of public due to its environmental friendliness and they will possibly 

emerge widely in city areas in the short-term future mainly for short distance travels.  

Most of the countries provide incentives (tax credits, grants) to purchase plug-in 

electric vehicles as promotion of green vehicle. During last two years usage of PEVs 

was increased in Sri Lanka. PEVs are becoming more popular due to the reduction of 

importing tax and the developing infrastructure in Sri Lanka. However, in 

worldwide, increasing number of PEVs will become a substantial load to the existing 

power grid which can be characterized as an unusual type of load. Therefore, it is 

essential to pre-investigate the inevitable impacts on the power system. Lot of studies 

has been carried out worldwide to investigate the both positive and negative impacts 

on power grid. But in Sri Lankan context, a proper study had not been carried out to 

examine the challenges we have to face due to the increasing penetration of PEVs. 

Thus this research study is aimed to evaluate the level of impact due to the residential 

and fast charging of increasing number of PEVs. Anticipated impacts on power 

system such as voltage drop, voltage unbalance, transformer overloading, line losses 

and current harmonic effect are addressed in this study. Charging behavior of PEVs 

is unpredictable due to the variation of travel needs and the driving patterns. This 

study basically evaluates the impacts on distribution network due to this 

uncoordinated charging of increasing number of PEVs. It also addresses the 

mitigation methods and the maximum number of PEVs can be charged during off-

peak hours from the distribution feeder modeled. 

  

Key words: Plug-in Electric Vehicles, Voltage drop, Voltage unbalance, 

Transformer overloading, current harmonics 

  



v 

 

TABLE OF CONTENTS 

DECLARATION .......................................................................................................... i 

DEDICATION ............................................................................................................. ii 

ACKNOWLEDGEMENTS ........................................................................................ iii 

ABSTRACT ................................................................................................................ iv 

LIST OF FIGURES .................................................................................................. viii 

LIST OF TABLES ...................................................................................................... xi 

LIST OF ABBREVIATIONS .................................................................................... xii 

LIST OF APPENDICES ........................................................................................... xiii 

1. INTRODUCTION ............................................................................................... 1 

1.1 Background ................................................................................................... 1 

1.2 Problem statement ......................................................................................... 2 

1.3 Objectives and Methodology ......................................................................... 3 

2. LITERATURE REVIEW..................................................................................... 5 

2.1 Introduction ................................................................................................... 5 

2.2 General Overview of Plug-in Electric Vehicles ............................................ 6 

2.3 Plug-in Electric Vehicle Technology ............................................................ 8 

2.3.1 PEV charging ......................................................................................... 9 

2.3.2 Charging characteristics ....................................................................... 11 

2.3.3 Connector types .................................................................................... 13 

2.4 Pros and Cons of Plug-in Electric Vehicles ................................................ 15 

2.4.1 Benefits ................................................................................................ 15 

2.4.2 Considerations ...................................................................................... 17 

2.5 Anticipated Effects on Distribution Network .............................................. 19 

2.6 Vehicles-to-Grid Technology ...................................................................... 22 

3. GLOBAL AND LOCAL OVERVIEW OF PEV PENETRATION .................. 24 



vi 

 

3.1 PEV Penetration in the world ...................................................................... 24 

3.2 PEV Penetration in Sri Lanka ..................................................................... 28 

3.3 Initiatives for PEV integration in Sri Lanka ................................................ 29 

4. IMPACTS OF INCREASING PEVS ON MV DISTRIBUTION NETWORK 33 

4.1 Introduction ................................................................................................. 33 

4.2 Analysis of IEEE 33 network with Residential PEV charging ................... 33 

4.2.1 Impact on voltage profile due to residential PEV charging ................. 34 

4.2.2 Power Loss due to Residential PEV charging...................................... 37 

4.3 Analysis of IEEE 33 network with DC fast charging ................................. 38 

4.3.1 DC fast charger modeling .................................................................... 38 

4.3.2 Impact on voltage profile due to DC fast charging .............................. 42 

4.3.3 Power Loss due to DC fast charging stations....................................... 44 

4.3.4 Effect of voltage and current harmonics due to DC fast charging ....... 45 

5. IMPACTS OF INCREASING PEVS ON LV DISTRIBUTION NETWORK . 53 

5.1 LECO LV Feeder modeling ........................................................................ 53 

5.2 Impact on Voltage profile of LV Network .................................................. 57 

5.3 Impact on Transformer loading ................................................................... 64 

5.4 Power Losses due to PEV charging ............................................................ 65 

5.5 Impact on voltage unbalance of LV distribution feeder .............................. 67 

5.5.1 Quantification of voltage unbalance .................................................... 67 

5.5.2 Voltage Unbalance due to Residential PEV charging.......................... 67 

6. MITIGATION ACTIONS ON DISTRIBUTION FEEDERS ........................... 70 

6.1 Minimizing the impact on voltage profile of the MV and LV network ...... 70 

6.2 Minimizing the impacts on transformer loading ......................................... 72 

6.3 Minimizing the power loss due to PEV charging ........................................ 73 

6.4 Minimizing the unbalance due to PEV charging ......................................... 73 



vii 

 

6.5 Maximum PEV Penetration for selected LECO feeders ............................. 74 

7. CONCLUSIONS ................................................................................................ 76 

7.1 Conclusions ................................................................................................. 76 

7.2 Limitations ................................................................................................... 78 

7.3 Suggestions for further study ...................................................................... 79 

REFERENCES ........................................................................................................... 80 

APPENDIX I .............................................................................................................. 85 

APPENDIX II ............................................................................................................ 86 

APPENDIX III ........................................................................................................... 87 

APPENDIX IV ........................................................................................................... 89 

APPENDIX V ............................................................................................................ 94 

APPENDIX VI ........................................................................................................... 95 

 

  



viii 

 

LIST OF FIGURES 

Figure 1:1: Global PEV sales ....................................................................................... 2 

Figure 2:1: Components of a PEV ............................................................................... 8 

Figure 2:2: Domestic socket outlets used for level 1 charging [14] ............................ 9 

Figure 2:3: Constant voltage charging characteristic [15] ......................................... 11 

Figure 2:4: Stage charging characteristics [15] .......................................................... 12 

Figure 2:5: Pulse charging characteristics [15] .......................................................... 13 

Figure 3:1: Global PEV volume [36] ......................................................................... 24 

Figure 3:2: PEV purchase incentives in USD in several countries [36] .................... 25 

Figure 3:3: Worldwide charging stations [36] ........................................................... 25 

Figure 3:4: Portland Airport Level 1 charging station [37] ....................................... 26 

Figure 3:5: Worldwide new PEV registration and Market share [36] ....................... 27 

Figure 3:6: New PEV registrations in Sri Lanka in 2014 and 2015........................... 28 

Figure 3:7: New vehicle registrations in Sri Lanka 2015 - Fuel type categorization 29 

Figure 3:8: Vega super electric car ............................................................................ 30 

Figure 3:9: chargeNET membership card [43] .......................................................... 31 

Figure 3:10: chargeNET mobile application [43] ...................................................... 31 

Figure 3:11: chargeNET map [43] ............................................................................. 32 

Figure 4:1: IEEE 33 node test feeder ......................................................................... 34 

Figure 4:2: Voltage profile along IEEE 33 node test feeder for various PEV loading 

cases ........................................................................................................................... 36 

Figure 4:3: Minimum voltage variation for various PEV loading case ..................... 37 

Figure 4:4: Power loss due to Residential PEV charging .......................................... 37 

Figure 4:5: Block diagram of DC fast charger [33] ................................................... 38 

Figure 4:6: ABB Tera 53 charger output when charging a 2015 Nissan Leaf model 39 

Figure 4:7: Non-linear resistor variation with time ................................................... 40 

Figure 4:8: Comparison of actual and modeled non-linear resistance ....................... 40 

Figure 4:9: Non-linear resistor model ........................................................................ 41 

Figure 4:10: Non-linear resistor simulation in PSCAD ............................................. 41 

Figure 4:11: PSCAD model of DC fast charger ........................................................ 41 

file:///F:/Print/Dissertation%20128787A-7.docx%23_Toc477858539


ix 

 

Figure 4:12: Five Charging Centers are connected at the end nodes of IEEE 33 node 

feeder .......................................................................................................................... 43 

Figure 4:13: Voltage profile of the IEEE 33 node test feeder for various charging 

centers locations ......................................................................................................... 43 

Figure 4:14: Voltage profile of IEEE 33 node test feeder with varying number of DC 

fast chargers each sub feeder end ............................................................................... 44 

Figure 4:15: Power loss due to DC fast charging stations ......................................... 45 

Figure 4:16: Distorted Input Current waveform of DC fast charger .......................... 45 

Figure 4:17: Input Voltage waveform of DC fast charger ......................................... 46 

Figure 4:18: Output Voltage of DC fast charger ........................................................ 46 

Figure 4:19: Output current of DC fast charger ......................................................... 47 

Figure 4:20: Output power of DC fast charger .......................................................... 47 

Figure 4:21: Harmonic distortion calculation in PSCAD .......................................... 48 

Figure 4:22: Individual harmonic component magnitude of input current waveform48 

Figure 4:23: Individual harmonic component phase of input current waveform....... 48 

Figure 4:24: PSCAD PEV CC2 module .................................................................... 50 

Figure 4:25: Individual current harmonic component magnitudes of Case 1 ............ 52 

Figure 4:26: Individual current harmonic component phases of Case 1 .................... 52 

Figure 5:1: Graphical representation of Feeder 1 ...................................................... 54 

Figure 5:2: Graphical representation of Feeder 2 ...................................................... 55 

Figure 5:3: Graphical representation of Feeder 3 ...................................................... 56 

Figure 5:4: Different cases for analyzing impacts on distribution feeders ................ 58 

Figure 5:5: Voltage profile of Feeder 1 under nine cases .......................................... 60 

Figure 5:6: Voltage profile of Feeder 2 under nine cases .......................................... 61 

Figure 5:7: Voltage profile of Feeder 3 under nine cases .......................................... 62 

Figure 5:8: Voltage profile of Feeder 1 under 20% PEV load at different locations. 63 

Figure 5:9: Minimum voltage variation of distribution feeders for different cases ... 64 

Figure 5:10: Transformer loading of distribution feeders for different cases ............ 65 

Figure 5:11: Power losses of distribution feeders for different cases ........................ 66 

Figure 5:12: Unbalance base load model of Feeder 2 ................................................ 68 

Figure 5:13: Voltage unbalance under base load of each feeder ............................... 68 

Figure 5:14: Voltage unbalance caused by the single phase PEV charging .............. 69 

file:///F:/Print/Dissertation%20128787A-7.docx%23_Toc477858580


x 

 

Figure 6:1: Voltage profile of MV network - DC fast chargers connected at different 

locations ..................................................................................................................... 70 

Figure 6:2: Voltage profile of Feeder 1 - Peak Vs. Off-peak PEV charging ............. 71 

Figure 6:3: Transformer loading of Feeder 1 - Peak Vs. Off-peak PEV charging .... 72 

Figure 6:4: Power Losses in Feeder 1 - Peak Vs. Off-peak PEV charging ............... 73 

Figure 6:5: Voltage unbalance of Feeder 1 – Phase “A” only Vs. Random Phase PEV 

charging ...................................................................................................................... 74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



xi 

 

LIST OF TABLES 

Table 2.1: Popular PEV models in the world ............................................................... 7 

Table 2.2: Charging Topologies ................................................................................. 10 

Table 2.3: EVSE for various charging topologies ..................................................... 10 

Table 2.4: Commonly used connector types and standards ....................................... 13 

Table 3.1: New PEV registrations in Sri Lanka in 2014 and 2015 ............................ 29 

Table 4.1: Number of PEVs connected at each node ................................................. 35 

Table 4.2: PEV charging center locations .................................................................. 42 

Table 4.3: Number of charging centers at each sub feeder end ................................. 43 

Table 4.4: Individual harmonic magnitude generated by the DC fast charger .......... 49 

Table 4.5: Charging Center locations for each case ................................................... 50 

Table 4.6: Simulation THD results for each case ...................................................... 51 

Table 4.7: Individual current harmonic magnitudes for each case ............................ 51 

Table 5.1: General overview of three LECO distribution feeders ............................. 53 

Table 5.2: PEV location configuration matrix of Feeder 1 ........................................ 58 

Table 5.3: PEV location configuration matrix Feeder 2 ............................................ 59 

Table 5.4: PEV location configuration matrix Feeder 3 ............................................ 59 

Table 6.1: Maximum number of PEVs allowable for each feeder ............................. 75 

Table 7.1: PEV accommodation capacity of an urban distribution feeder ................ 78 

 

 

 

 

 

 

 

 

 

 



xii 

 

LIST OF ABBREVIATIONS 

Abbreviation  Description 

  AC Alternative Current 

BEV Battery Electric Vehicle 

CEB Ceylon Electricity Board 

CEM Clean Energy Ministerial 

CO2 Carbon Dioxide 

DC Direct Current 

EV Electric Vehicle 

EVI Electric Vehicles Initiative 

EVSE Electric Vehicle Supply Equipment 

FFT Fast Fourier Transform 

HEV Hybrid Electric Vehicle 

ICE Internal Combustion Engine 

ICEV Internal Combustion Engine Vehicle 

IEA International Energy Agency 

IEC International Electrotechnical Commission 

IEEE Institute of Electrical and Electronics Engineers 

LECO Lanka Electricity Company 

LV Low Voltage 

MV Medium Voltage 

NEMA National Electrical Manufacturers' Association  

PCC  Point of Common Coupling  

PEV Plug-in Electric Vehicle 

PHEV Plug-in Hybrid Electric Vehicle 

PV Photovoltaic 

SCR Silicon-Controlled Rectifier 

TDD Total Demand Distortion 

THD Total Harmonic Distortion 

UK United Kingdom 

USA United States of America 

USD United States Dollar 

V2G Vehicle to Grid 

 

 

 

 



xiii 

 

LIST OF APPENDICES 

Appendix  Description Page 

   Appendix I  Total PEV load calculation & Fuel cost calculation 85 

Appendix II  Global PEV stock from 2005 to 2015 86 

Appendix III New vehicle registrations of Sri Lanka in 2014 and 2015 87 

Appendix IV Charging stations' location details in Sri Lanka  89 

Appendix V IEEE 33 node test feeder data 94 

Appendix VI LECO distribution feeder data 95 

  


