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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 
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1. INTRODUCTION 

1.1 Background 

As technology develops, environmental pollution also increases due to undesirable 

exploitation of resources and exhausts. Therefore, as a solution, world is moving 

towards green energy technologies. While transportation in many countries is based 

on oil, few countries have been attempting to conserve energy and the environment 

through the use of green vehicles. Among green vehicles, vehicle which utilizes 

electricity as the fuel is known as Electric Vehicle (EV). There are three types of 

EVs namely Hybrid Electric Vehicle (HEV), Plug-in Hybrid Vehicle (PHEV), 

Battery Electric Vehicle (BEV). Among those EVs, which can be charged by 

plugging into an electric source are called Plug-in Electric Vehicles (PEVs). It has 

both advantages and disadvantages compared to conventional internal combustion 

engine vehicles. It is environmental friendly because it has zero tail pipe emission. 

Penetration of electric vehicles also reduces the dependency on oil. Electric vehicles 

also have few drawbacks compared to conventional internal combustion engine 

vehicles due to unavailability of sufficient infrastructure. However, the increasing 

popularity of electric vehicles introduces greater impact on the power system in a 

country.  

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

electric vehicles as promotion of green vehicle (Eg: Japan, China, Europe, USA, 

Canada etc.). China has the largest market for PEVs with 351,000 units sold during 

year 2016. Tesla is considered to be the best highway capable all-electric car with a 

total global sales nearly 13,000 units in September 2016 [1]. Figure 1.1 shows the 

global sales of PEVs. Global sales of plug-in passenger cars stand at 773,600 units 

for year 2016, which is 42% higher than last year.  It points out how electric vehicles 

are becoming popular among world community gradually. 

During last few years, electric vehicle is promoted as the newest eco-friendly trend in 

Sri Lankan transportation system. The Ministry of power and energy has planned to 

make 10% of road transportation to be powered by electricity by 2020 [2]. 
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Figure 1:1: Global PEV sales 

During the last two years, electric vehicles have induced interest among Sri Lankans 

as well and the Sri Lankan government has reduced electric vehicle importing tax to 

5% by the interim budget in 2015, as an inducement to increase the market of electric 

vehicles. However, there was only a marginal increase of registration of electric 

vehicles. Demand for electric cars was not growing rapidly due to several limitations. 

Non-availability of sufficient recharging infrastructure, cost of ownership, range 

anxiety, un-awareness of the benefits are the main reasons for the deliberate growth 

of the demand. However, the situation has been changing. Sri Lankan government 

has proposed to reduce tax on PEVs having lower power rating of 100 kW. Ceylon 

Electricity Board (CEB), Lanka Electricity Company (LECO) and several private 

companies are currently engaged in establishing charging points in places like 

restaurants, supermarkets (where people spend more time). Further changes like, 

providing charging facilities at concessionary rates during off peak hours are also 

underway. Hence, today we can see many PEVs on the roads due to tax reduction 

and developing charging infrastructure facilities. 

1.2 Problem statement 

As PEVs are driven by electricity, penetration of PEVs will have a greater impact on 

Sri Lankan power system. Nevertheless, it is an environmentally sound 

transportation method with a zero tailpipe emission. PEVs have both positive and 

negative impact on the power system. Integrating of PEVs will be a better solution 

for Supply/Demand matching, thus improving the system load factor. As PEVs are 

driven by the energy stored in the battery, it requires to be recharged by plugging 

into an electric source. This is an unusual type of load to the distribution networks as 
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it draws about 15 A continuously for 6 to 8 hours. In accordance with the Sri Lankan 

Government’s plan to have 10% electric road transportation by 2020, if the 10% of 

passenger cars are replaced with PEVs, it would need about 75 MW power 

requirement during the night peak (see Appendix I). PEV interfacing consists of 

power electronics, which may induce harmonic currents. Consequently 10% 

penetration level may introduce many problems to power system network such as 

stability issues, capacity issues, power quality issues etc. Many studies have been 

carried out to find the impact on distribution networks in several cities in the world 

such as New South Wales [3], Gothenburg [4] etc. Those studies show that extended 

penetration will increase load demand thus, causing line capacity usage stress by 

overflow, potential congestions, voltage drops at distant nodes, transformer 

overloading and increased network losses [5]. Thus, uncontrolled charging of PEVs 

may introduce stress on power system especially, during the night peak, if the 

problem is not addressed properly. Hence, it is essential to identify the potential 

issues and remedial actions prior to reaching the higher level of PEV penetration 

over the next few years.   

1.3 Objectives and Methodology 

The main objective of this research project is to identify and analyze the level of 

impacts due to the uncoordinated charging of Plug-in Electric Vehicles (PEVs). 

Considering different test networks, voltage profile of the feeder, distribution 

transformer loading, power loss, unbalance due to residential PEV charging and 

harmonic propagation due to commercial charging have been studied. The results are 

compared with the regulation limits where applicable. Based on the results of 

analysis, mitigation actions are proposed to minimize the negative impacts.  

With the goal of investigating the negative impacts of increasing PEV penetration on 

Sri Lankan power distribution network, background information on PEV penetration 

was studied in the Sri Lankan context as a market survey as presented in Chapter 3. 

The IEEE 33 test bus network is used to investigate the basic power quality impacts 

on the network due to PEVs considering the location of PEV connected, varying 

levels of PEV penetrations and the type of charging topology. Accordingly, the IEEE 
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33 test bus network was modeled using PSCAD power system simulation software 

and analyzed to obtain the level of anticipated impacts on power distribution network 

due to both single phase and three phase PEV charging as discussed in Chapter 4. 

Further, several LECO distribution feeders were modeled with the collected data and 

were analyzed under various scenarios to identify the level of anticipated impacts in 

reality as given in Chapter 5. The results are compared with the regulation limits 

practiced in Sri Lanka. DC fast charger was modeled in PSCAD to analyze the 

voltage and current harmonic distortion due to fast charging.  In the case of violation 

of regulation limits, mitigation actions are proposed and shown how the impacts are 

minimized. 
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2. LITERATURE REVIEW 

2.1 Introduction  

As the technology develops, environmental pollution is also increasing at a higher 

rate. While world is moving towards the green concept, electrified transportation 

plays a dominant role in reducing greenhouse gas emission and fuel oil dependency.  

One of the best solutions is Plug-in Electric Vehicle (PEV), which utilizes stored 

electricity in its battery. PEV technology is also growing with time while increasing 

the popularity. Although PEVs  bring  an  attractive  prospect  in  the  fields  of 

environmental, energy  and  transportation,  it  also  causes  a  lot  of  problems  in 

power grid’s security and stability. As higher penetration of PEVs have greater 

impact on electric grid and PEV has increasingly become a hot spot in worldwide 

research field. Governments of many countries such as China, USA, Japan, and 

Norway are also promoting the green vehicles such as PEVs. While the demand of 

PEVs is growing, the impacts on electric gird will also be significant. Therefore, 

many researches have been carried out to investigate the impacts on electric grid 

prior to the higher penetration of PEVs. 

Uncertainties  on  data  availability concerning  PEV  penetration, battery charging  

typologies, geographical PEV concentration  and  drivers’  habits  make  it  difficult  

to foresee  and  to  estimate  PEV  impact  on  electric  distribution networks. 

However, many researches have been carried out based on several cities which have 

high PEV penetration [3], [4]. Most of the work is concentrated on discussing the 

effects of higher levels of PEV penetration on power networks with the concern on 

enhanced power flows in distribution lines and cables, transformer overloads, voltage 

drops at distant nodes, phase unbalances and harmonic distortions. On the other 

hand, possible consequences are increment of losses, reduction of equipment life, 

need for capacity increments, adequate monitoring and preventive maintenance. To 

study the effects on electric grid, several distribution network models such as Cigré 

LV network [5], typical distribution feeder of each country [3], [4] are considered. 

Few common hypotheses can be identified. Most of the researches concerns about 

the uncoordinated charging during night peak time. Several PEV penetration levels 
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(5%, 10%, 20%, and 30%) are considered based on the number of users and the total 

load, and   PEV charging is modeled as constant power load [5]. 

2.2 General Overview of Plug-in Electric Vehicles 

An Electric Vehicle is an automobile that is propelled by one or more electric 

motors, using electrical energy stored in rechargeable batteries or another energy 

storage device. Electric motors give electric cars instant torque, creating strong and 

smooth acceleration [6]. There are three types of Electric vehicles: 

 Hybrid Electric Vehicle (HEV) – A vehicle which is powered by 

conventional or alternative fuels as well as electrical energy stored in a 

battery is called Hybrid Electric Vehicle. The battery is charged through 

regenerative braking and the internal combustion engine or other propulsion 

source and is not plugged in to charge. 

 Plug-in Hybrid Vehicle (PHEV) – A vehicle which is powered by 

conventional or alternative fuel and electrical energy stored in a battery is 

called Plug-in Hybrid Vehicle. PHEV can be plugged into an electrical power 

source to charge the battery in addition to charge through regenerative 

braking and internal combustion engine or other propulsion source. PHEVs 

primarily rely on the battery, and the Internal Combustion Engine (ICE) is 

used only when battery is mostly depleted, during rapid acceleration or high 

speeds, or for climate control. Typically, the battery of a PHEV has a driving 

range of 10 to 40 miles in addition to the ICE. When relying solely on the 

battery, the PHEV produces no tailpipe emissions. The ICE of a PHEV also 

produces less emission than conventional vehicles, and is more efficient in its 

fuel usage. 

 Battery Electric Vehicle (BEV) – A vehicle which is powered solely by 

electrical energy sored in a rechargeable battery is called a Battery Electric 

Vehicle. Battery is charged by plugging into an electrical power source or 

through regenerative braking. It does not produce any tailpipe emission but 

lower full charge range compared to a full tank range of a conventional ICE 
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vehicle. Typically, a fully charged EV of 25kWh battery capacity has a range 

of 70 to 90 miles, depending on driving habits and conditions. 

Both Plug-in Hybrid Vehicle (PHEV) and Battery Electric Vehicle (BEV) are 

commonly known as Plug-in Electric Vehicles (PEVs) due to the common 

characteristics of them. But conventional Hybrid vehicle is not considered as a PEV 

as it cannot be charged by plugging into an electric power source. In this research 

study, PEV term is intentionally used to talk about the all-electric car that is BEV.  

With a non-polluting method of electricity generation, the entire electrification 

process can be considered as no emission. Most popular PEVs in worldwide is listed 

in Table 2.1 [7]. 

Table 2.1: Popular PEV models in the world 

Type Motor  

Capacity 

Battery Charging  Range Max.  

speed 

Nissan  

Leaf 

80kW AC 

Synchronous 

Motor 

24kWh  

Li-ion  

Battery 

3.3kW(6.6kW) 

Charger  

230V,15A for 6 

hours 

150km 144km/h 

BMW i3 125kW AC  

Synchronous  

Motor 

18.8kWh  

Li-ion  

Battery 

  200km 150km/h 

Mitsubishi 

MIEV 

49kW AC  

Synchronous  

Motor  

16kWh  

Li-ion  

Battery 

240V,15A for 6  

hours 

160km 130km/h 

Tesla S 

Model 

423.6kW AC  

Induction Motor 

70/85kWh  

Li-ion  

Battery 

10kW on board  

charger  

85-265 V,1-40 A 

390km/ 

426km 

155km/h 

Volkswagen  

e-Golf 

85kW AC  

Synchronous  

Motor 

24.2kWh  

Li-ion  

Battery 

  150km 140km/h 

Mitsubishi  

Outlander  

120kW AC  

Synchronous  

Motor 

12kWh  

Li-ion  

Battery 

230V,15A for 5  

hours 

60km 170km/h 

 



8 

 

2.3 Plug-in Electric Vehicle Technology 

 

Figure 2:1: Components of a PEV  

Operational aspect of electric cars is very stimulating. Almost all the components are 

same as those in other type of cars other than the engine. One of the major true 

differences between the ICEV and the PEV is the electric motor. Most of the PEV 

are employed with AC synchronous motors. Several types of rechargeable batteries 

like, Lithium ion, Lead acid and Nickel metal hydride batteries are employed in 

PEVs. Among them Lithium ion batteries give the best performances, higher range, 

light weight but higher in cost.  

The three key components of an electric car are Electric motor, Controller and 

Battery [8]. PEV is powered by plugging it into an electric source via the connector. 

The onboard charger in the vehicle convert single phase 230 V AC into 400 V DC 

and feed the rechargeable battery. When the user switches on the car, the current is 

passed from the battery. The controller takes power from the battery and passes it on 

to the electric motor. Before passing the current to motor, the inverter converts the 

400V DC into a maximum of 400 V AC, which is suitable for powering the motor. 

The electric motor then converts electrical energy to mechanical energy [9]. The 

mechanical energy moves the vehicle forward. Energy flow of the PEV is shown in 

Figure 2.1.  

Connector  Connector 

Port 

Battery 

Charger 

Battery Power 

Invertor  
Transformer 

Reducer Wheels Electric 

Motor 
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As the electric car moves, the forward momentum generated by electric motor can be 

used to charge the batteries when you apply the brakes. This is a phenomenon 

commonly referred to as regenerative braking and can recover up to about 15% of 

used energy for acceleration [8]. This is done by applying generated momentum in 

braking process to the car batteries. Even though this is effective, it does not 

sufficient to recharge the car fully. However regenerative braking contributes to the 

high efficiency of the electric vehicles in particular in city traffic. In addition, the 

wear of the vehicle brakes is reduced by the regenerative braking system. 

2.3.1 PEV charging  

PEV is charged by connecting PEV to an external electric source via Electric Vehicle 

Supply Equipment (EVSE). EVSE ensures that electric vehicles are safely charged to 

the appropriate battery capacity.  

There are three charging topologies. Comparison of three charging topologies is 

summarized in the Table 2.2 [10] and Level 1, 2 and 3 EVSEs are shown in Table 

2.3 [11] [12] [13]. Several domestic socket outlets which used for Level 1 charging 

are shown in Figure 2.2 [14]. PEVs are consisted of various types of connectors. 

Some connectors are specific to each country. Thus, it is a dilemma to interface 

PEVs with the electricity network because some models of PEV are consisted with 

special connectors such as Tesla. 

 

 

 

 

 

 

 

    

Figure 2:2: Domestic socket outlets used for level 1 charging [14] 
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Table 2.2: Charging Topologies 

Level Voltage  

source 

Amperage Voltage Power Connector Time  Range per  

hour of 

charging 

Level 

1 

Single  

phase  

AC 

12-16A 120V 1.3-

1.9kW 

J1772 standard 

connector 

8-10 

hours 

3- 8 km  

Level 

2 

Single  

phase  

AC 

Up to  

80A 

208- 

240V 

Up to 

19.2kW 

J1772 standard 

connector 

6-8 

hours 

16-32 km 

Level 

3 

DC  Up to  

200A 

208- 

600V 

50-150 

kW 

Most of the fast 

chargers 

CHAdeMO 

standard 

connector 

30 

mins 

96-128 km 

 

 

Table 2.3: EVSE for various charging topologies 

Level 1charging [11] 

 

Level 2 charging [12] 

 

DC fast charging [13] 
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2.3.2 Charging characteristics  

 Constant voltage charging  

Power is supplied from an AC source via a combination of a rectifier and a step 

down transformer to provide the DC constant voltage for charging the battery [14]. 

When the constant voltage is applied current flows into the battery and very high 

current will flow at the beginning in case of fully discharged battery. The Lead acid 

cells employed in car batteries and backup power systems are generally used 

constant voltage chargers. Moreover, Lithium-ion cells often use constant voltage 

systems, but with higher complex circuitry in order to protect both the batteries and 

the user [14]. The variation of voltage and current during constant voltage charging 

process is shown in Figure 2.3. 

 

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

 Constant current charging  

In this type of charging voltage applied to the battery is varied to maintain the 

constant current flow. Charging is terminated when the voltage reaches the level of a 

full charge. This method is usually applied for Nickel-cadmium and Nickel-metal 

hydride batteries [15].  
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 Stage charging  

This is a combination of constant current and constant voltage charging. Charging 

cycle starts with a constant high current until the voltage reach its set value and then 

changes to constant voltage mode. This design avoids the high current at the 

beginning of constant voltage charging, and overcharging at the later stage of the 

constant current charging. Variation of voltage and current during stage charging 

process is shown in Figure 2.4. This is the most sophisticated charging method used 

in most common fast chargers which increases life of the battery by reducing the heat 

during charging cycle. Moreover stage charging leans towards to increase the battery 

performance [15].  

 

Figure 2:4: Stage charging characteristics [15] 

 Pulse charging  

Being one of the advanced charging methods, very high current pulses are applied 

until the voltage reaches to its set value. The charging rate can be varied by 

controlling the width of the pulses. During the charging process, there are short rest 

periods of 20 ms to 30 ms to allow the chemical actions in the battery to stabilize by 

equalizing the reaction throughout the bulk of the electrode before resuming the 

charge [6]. Furthermore, this method can reduce unwanted chemical reactions at the 

electrode surfaces such as gas formation. The major advantage of pulse charging is 
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the significant heat reduction which allows the charger to operate at high voltage rate 

even when the battery is almost full. In addition, reduction of heat results in higher 

energy efficiency. Hence, pulse charging can reduce charging time considerably [15]. 

Pulse variation during pulse charging process is shown in Figure 2.5. 

 

Figure 2:5: Pulse charging characteristics [15] 

2.3.3 Connector types 

There are various types of charging connectors employed in different models of 

PEVs. Common connector types and their usage are summarized in Table 2.4 [16] 

[17]. Other than the standards listed in Table 2.4, China proposes a specific standard 

GB/T 20234 and Italy uses IEC 62196 Type 3.  Tesla models are charged from a 

specific supercharger unless otherwise they require expensive adapters to charge. 

This is an obstacle for implementing charging points because different PEV models 

use different charging standards and connectors. 

Table 2.4: Commonly used connector types and standards 

Standard PEV Port & Connector  Countries PEVs 

SAE J1772 

 
Single  Phase   

•   120V / 230V  

•   19 kW Maximum 

Japan, 

USA, 

Australia, 

Korea 

[14] 

Nissan Leaf   

Mitsubishi i-MiEV  

KIA Soul EV 

C
u

rr
en

t 
 (

A
) 

 

Time (s) 
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Standard PEV Port & Connector  Countries PEVs 

CHAdeMO 

Communication  

CAN 

 
DC 500V  

•   60 kW maximum 

Japan Nissan Leaf,  

Mitsubishi i-MiEV,  

Kia Soul EV 

SAE J1772  

Combo 1  

Communication  

PLC 

 
DC 200V – 600V  

•   125 kW maximum 

USA, 

Germany 

GM Chevrolet Spark EV 

CCS   

Combo 2  

Communication  

PLC  

IEEE P1901 

 
DC 200V to 850V  

•   170kW Max 

USA, 

Germany 

BMW i3  

BMW i8 

IEC 62196  

Type 2  

Mennekes 

 
3 phase / Single  

phase  

•   250V to 400V  

•   22kW Maximum 

European 

union, 

Australia   

BMW i3  

BMW i8 

Tesla 

 
Single/Three  Phase   

•   110V / 250V / 450V  

•   48 kW Maximum 

 Tesla Model S  

Tesla Model X 
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2.4 Pros and Cons of Plug-in Electric Vehicles 

PEV has several advantages and disadvantages when comparing with ICE vehicle 

when considering environmental, operational, economical aspects. 

2.4.1 Benefits  

 Zero tailpipe emission  

As PEV is powered by the electric energy stored in its battery, it does not emit any 

greenhouse gas.  With a strong grid mix of renewables such as hydro, wind and solar 

or for electric car drivers with home solar, the emissions benefits are dramatic. 

Average weight of CO2 emitted per kWh of electricity generated is 0.6993 kg [18] 

while average weight of CO2 emitted per liter of gasoline burnt is 2.3 kg [19]. 

According to the above data, percentage reduction of CO2 emission from ICEV to 

PEV is 34.5% [20]. Thus replacing ICEVs with PEVs will cause to 34.5% annual 

reduction of CO2 emission [20]. Even though the electricity is generated from burnt 

fossil fuels, PEV is environmental friendlier than a conventional ICEV.  It has been 

predicted that higher PEV penetration will reduce carbon dioxide emissions by 30% 

in U.S.A, 40% in UK, 19% in China [21] with the current energy mix. 

 Smooth riding  

An electric car is very quiet and very smooth. A gearless or single gear design in 

some PEVs eliminates the need for gear shifting, giving such vehicles both smoother 

acceleration and smoother braking. Because the torque of an electric motor is a 

function of current, not rotational speed, electric vehicles have a high torque over a 

larger range of speeds during acceleration, as compared to an internal combustion 

engine. As there is no delay in developing torque in PEVs, drivers report generally 

high satisfaction with acceleration. For example, the Tesla Roadster prototype can 

reach 100 km/h (62 mph) in 4 seconds with a motor rated at 185 kW (248 hp) [21]. 

 Less maintenance  

PEVs are consist of fewer moving parts, fewer fluids to change, regenerative braking 

which reduces brake wear and generally electrical system (battery, motor and 
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associated electronics). Hence, PEVs require less maintenance than a conventional 

ICEV. The batteries in PEVs are generally designed to last for the expected lifetime 

of the vehicle. Nissan Leaf offers 8-year/100,000 mile warranty for their batteries 

[22]. 

 Home recharging  

PEVs can be recharged at home without reaching a filling station. Owner need to 

park it in the garage and plug it into a wall socket. It is very convenient to daily 

travelers because when they wake up the next morning, and they have a car ready to 

go another 80 to 100 miles depending on the model. That is plenty for everybody 

except long travelers. 

 Low operational cost  

The cost to recharging an electric car can also be a fraction of the cost of refueling a 

conventional ICEV with gasoline. PEV has a considerable efficiency compared to 

internal combustion models. Depending on how they're driven, today's light-duty 

PEVs can exceed 100 mpge and can drive 100 miles consuming only 25-40 kWh 

[23]. Average mileage of a Nissan Leaf per full charge is 84 miles [22]. Fuel 

economy of a similar size ICEV is 12km per liter of gasoline [20]. Cost saving per 

km is Rs.5.26 according to Sri Lankan context (See Appendix I). Fuel cost will be 

zero when PEV is used along with Solar PV generation. 

 Energy efficiency  

Increased energy efficiency is a primary advantage of a PEV as compared to one 

powered by an internal combustion engine. Vehicles powered by internal combustion 

engines operate by converting energy stored in fossil fuels to mechanical energy 

through the use of a heat engine. Heat engines operate with very low efficiencies 

because heat cannot be converted directly into mechanical energy. Electric vehicles 

convert stored electric potential into mechanical energy. Electricity can be converted 

into mechanical energy at very high efficiencies. The greater efficiency of electric 

vehicles is primarily because most energy in a gasoline-powered vehicle is released 

as waste heat. 
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 Safety  

PEV battery packs are encased in sealed shells and meet testing standards that 

subject batteries to conditions such as overcharge, vibration, extreme temperatures, 

short circuit, humidity, fire, collision, and water immersion. Manufacturers design 

these vehicles with insulated high-voltage lines and safety features that deactivate the 

electrical system when they detect a collision or short circuit. PEVs tend to have a 

lower center of gravity than conventional vehicles, making them more stable and less 

likely to roll over. Emergency response for electric drive vehicles is not significantly 

different from conventional vehicles. Electric drive vehicles are designed with cutoff 

switches to isolate the battery and disable the electric system, and all high-voltage 

power lines are colored orange [9]. 

2.4.2 Considerations  

 Range anxiety  

Fear of battery running out of energy before reaching the destination called the 

“Range Anxiety”. This term is always associated with PEVs due to most affordable 

electric cars only have about 80 to 100 miles of range, and take hours to fully refuel. 

But 100 miles range is plenty for most day-to-day driving. 

 Longer recharging time 

Generally a PEV takes about 6-8 hours to charge the battery fully [24]. Thus PEV 

must be charged over the night. Fully charged PEV can run about 125 km. PEVs 

commonly can add about 32 km of range in an hour of charging from a 240-volt 

source of electricity [10]. Since PEV cannot be refueled in 5 to 10 minutes as 

refueling an ICEV, longer road trips are not advisable. 

 Less availability of charging infrastructure  

Charging facility is very rare compared to conventional filling station. Conventional 

filling stations are available in 5 km range but charging facilities are not so common 

at the moment.  There are about 100 charging points are located in island wide in Sri 
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Lanka. On the other hand charging points are concentrated to mostly to Western and 

Southern provinces [25]. 

 Higher cost of ownership  

Although fuel costs for PEVs are generally lower cost of ownership can be 

significantly higher. However, prices are likely to decrease as production volumes 

increase and initial costs can be offset by fuel cost savings, tax credits, and state 

incentives. Cost of ownership of a moderate capacity PEV is around 3 to 4 million 

rupees in Sri Lanka. Sri Lankan government gives tax credits for PEVs less than 100 

kW motor to promote environmental friendly vehicle among Sri Lankans [27]. 

 Hazard to pedestrians 

PEVs produced much less roadway noise as compared to vehicles propelled by an 

ICE. However, the reduced noise level from electric engines may not be beneficial 

for all road users, as blind people or the visually-impaired consider the noise of 

combustion engines a helpful aid while crossing streets, hence PEVs could pose an 

unexpected hazard. Some models of PEVs are consist with an electric warning 

sound, so that blind people, other pedestrians and cyclists can hear them coming and 

detect from which direction they are approaching [21]. 

 Cost of recharging infrastructure facilities  

Level 2 chargers can be mounted on wall for home charging or commercial charging. 

Its cost is not very much higher but the cost of establishing DC fast charger is higher 

as well as the cost of ownership. A dedicated transformer must be allocated for a DC 

fast charger. Total expense for establishing a DC fast charger would be about 4.5 

million rupees. There must be good revenue to cover the higher capital cost. If there 

is low level of concentration of PEVs in the particular area, establishing a DC fast 

charger would be a loss. 
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2.5 Anticipated Effects on Distribution Network 

Larger penetration of PEVs may leads to several issues on existing power grid. 

Those anticipated effects on distribution network are discussed under this section.  

 Increasing night peak demand 

Most of the studies have been carried out for PEV charging during the peak hour 

condition. Without extra information and benefits from the utilities, PEV users tend 

to charge their vehicle as soon as they reach home, and hence it coincides with the 

daily night peak. This is known as uncoordinated charging. It has revealed that 

increasing penetration of PEVs will cause a steeper rise in the night peak demand [5], 

[28]. 

 Violation of voltage regulation limits 

Significant amount of power losses and voltage deviations can be induced by wide 

adoption of PEVs. Voltage profiles of distribution feeders were analyzed to identify 

the effects of various percentages of PEV penetration levels [28] and connecting 

arrangements.  Those studies reveal that voltage of each node is decreased with the 

increasing PEV penetration level [28], [29], [30]. One of the severe issues is voltage 

drops below the regulation limits at distant nodes of distribution feeder with the 

higher penetration levels such as 20%, 30% [5], [28], [29]. Different nodes of 

distribution feeder models have different PEV accommodation capabilities. 

Generally a node closer to the distribution transformer is able to support larger 

number of PEVs while the remote nodes can accommodate less since the higher 

voltage drop and the power losses during the long distance power delivery [29]. 

 Transformer overloading and degradation 

PEV utilizes electricity which is approximately three times a typical house uses once 

plugged. When the number of PEVs per customer increases, transformer loading is 

proportionally increases. But, the percentage of overloading is lesser when the PEVs 

are charged during off-peak hours [28].  
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Due to the transformer overloading, aging of transformer increases and it varies with 

the charging topologies. For example percentage of transformer aging is 1.05% at 

120 V peak-charging while it is 1.72% at 240 V peak-charging of one PEV for a 25 

kVA transformer. Transformer aging depends on the peak/ off-peak charging as 

overloading of the transformer is most probable if peak-charging of PEVs is adopted 

[28]. 

 Voltage unbalance 

Single phase on-board chargers are more common in the market for PEVs with 

battery capacity less than 100 kWh. Thus most of the PEV users charge their vehicle 

at the home via a normal socket outlet. It draws about 16 A current at 240 V AC. 

PEV is a larger single phase domestic load. Hence, uncoordinated single phase PEV 

charging causes unequal load distribution among three phases making phase 

unbalances. The voltage unbalance in distribution feeders, created by the higher 

penetration of PEVs is expected to be a significant power quality problem. Higher 

number of PEVs led to higher phase diversity. Hence, higher the number of PEVs 

switched at the same moment lesser the current unbalance. But, in [28] it has shown 

that both high and low diversity of PEV charging can maintain the voltage unbalance 

within the regulation limits. When the natural unbalance is considered as 1%, percent 

voltage unbalance may exceed the regulation limit of 2% for both only one phase 

charging and random phase charging as shown in [30]. It has also revealed that the 

voltage unbalance is prone to occur at the beginning and end of single phase 

charging process of higher number of PEVs as they are plugging in and out at 

different times [30]. 

 Increased losses  

PEV injection causes additional losses in the distribution network. PEV charging 

draws higher current with respect to conventional household load. High current flow 

along power lines leads to increased line losses. Simulation results have shown that 

losses tend to increase proportionally with rising PEV penetration and are 

significantly affected by charging time and the charging level [28]. Peak charging 

causes more losses than off-peak charging as shown in [28]. 
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 Harmonic distortion  

With the increasing popularity on using PEVs, the development of charging 

infrastructure is accelerated. Battery chargers are not like ordinary inductive or 

capacitive load, they are non-liner loads due to the presence of power 

semiconductors such as diodes or SCRs. As sinusoidal voltage waveform apply 

pressure on non-linear loads, hence fundamental current waveform distorted and 

harmonic will be generated. Total current harmonic distortion is dependent on the 

charging algorithm, which may range from 5% to 100% [31]. Without appropriate 

compensation, such harmonic current distortion causes serious problems on the 

system stability. When a large population of PEVs is adopted, consequent harmonics 

impact to the power system expected to be serious. Due to the high current, DC fast 

charging has a considerable impact on the power quality especially at the connection 

of point [32]. Thus, prior to construction of charging stations harmonic problems 

need to be properly addressed in order to minimize harmonic propagation along the 

distribution feeders. It has revealed that odd harmonics such as 5th, 7th, 11th, 13th, 

17th, 19th harmonic content is higher and for higher levels of harmonics, the higher 

the number, the smaller the harmonic amplitude [33]. Fast Fourier Transform (FFT) 

analysis of current waveform of a 9 kW three phase charger shows that the amplitude 

of the current total harmonic distortion is 6.7% [33]. In [31] it has shown that the 

THD is a monotonic increasing function of the battery voltage. The maximum and 

minimum values of THD are found to be 30.6% to 25.8% respectively [31]. In [31], 

it has shown that how THD decreases as the number of PEVs being charged per 

station increases and it converges to 25.1%. Furthermore the simulation results also 

imply that several nearby chargers, which are originally design for one or two PEVs, 

should be grouped together and connected to the same bus, so that the harmonic 

distortion can minimized. Integrating PV solar system can be applied to compensate 

the harmonic generated due to the DC fast charging of PEVs as proposed in [32]. 

Solar PV system acts as an active filter and minimizes the THD from 12.2% to 4.1% 

in a harmless manner [32]. 
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2.6 Vehicles-to-Grid Technology 

PEV not only draw power from the grid, it also delivers the stored energy in the 

batteries back to the electric grid during idle times. It is referred as Vehicle to Grid 

(V2G) concept [34]. To enable V2G technology there should be a connection  to  the  

grid  for  power  flow, control or logical connection necessary for communication 

with the  operator,  and  controls  and  metering  on-board  vehicle. V2G technology 

can be beneficial to the grid in three aspects.  

 Demand management  

V2G technology can be used to peak power generation. Typically peak power is very 

expensive and generated by power plants which can be switched on for short periods. 

Higher PEV penetration could reduce the peak power generated at higher cost by 

delivering the power of the V2G batteries available on the system.  The amount of 

peak power shaving is depended on the penetration level and the availability of the 

capacity. Besides that, PEVs can consume power in off-peak period to reduce daily 

peak and valley load. Simulation results in [34] have shown that how PEVs can 

contribute for peak load shaving and valley filling of the daily load profile of central 

China. The maximum  power load  of  peak  day  has  decreased  to  169,000 MW 

from 180,000 MW,  and  the minimum load has increased to 130,000 MW from 

115,000 MW [34].  

 Spinning reserve  

Spinning reserves refer to additional generating capacity that can   provide   power   

generally   within   10   minutes,   to   make   up generation failure cases. Generators 

providing spinning reserves run at low or partial speed and thus are already 

synchronized to the grid.  Although the spinning  reserves  are  the  highest value  

component  of  the  power  generation  chain,  they  are  only used  about  ten  times  

a  year  with  an  average  duration  of  ten minutes. These properties are favorable 

for PEVs, since they are “spinning” for many hours as long as being plugged in to 

grid, and  they  can  generate  power  with  their  batteries’  electricity storage,  or  so  

called  smart  storage.  Amount of smart storage also depend on the penetration level 

and the availability of PEVs which are connected to grid. It has shown in [28] that a 
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PEV penetration of 0.4% in Nova Scotia, provides a battery capacity of 54 MWh and 

that could maintain the entire provincial spinning reserve capacity of approximate 36 

MW [28].  

 Regulation service  

Regulation is used   to regulate   the   grid   frequency   by matching generation to 

load demand.  Regulation  must  be  under direct real-time control of the grid 

operator, with the generating unit  capable  to  receive  operation  signals  and  

respond  within  a minute or less by increasing or decreasing its output power. With 

the function of smart storage, PEV can discharge power to grid  when  the  frequency  

of  the  grid  is  low  and  charge  power when the frequency is high. With control 

upon battery charging current, aggregated vehicles can follow regulation signals 

[35]. 

 Integration of renewable energy 

The  most  important  role  of  V2G  may  ultimately  be  in emerging  power  

markets  to  support renewable  energy. The two main largest renewable sources 

available, photovoltaic (PV) and wind turbines are   both   intermittent.   At   low   

levels   of   penetration,   the intermittency of renewable energy can be handled by 

existing mechanisms for managing load and supply fluctuations. However, as 

renewable energy exceeds 10% of the power supply, additional resources are needed 

to match the fluctuating supply to the already fluctuating load. Intermittency can be 

managed either by backup or storage. “Backup” refers to generators that can be 

turned on to provide power when the renewable source is insufficient. “Storage” has 

the advantage of additionally being able to absorb excess power, but adds the 

constraint that giving back power is duration-limited. PEV has the favorable 

characteristic. PEV can be used either as “backup” or “storage”. Thus higher 

penetration of PEVs may leads to higher integration of renewable energy sources. It 

has shown that frequency deviation is lesser in case of renewable energy source 

output decreases when it is integrated with smart storage of PEV [28]. Thus PEV 

smart storage can play a vital role in maximizing the integration of renewable energy 

sources to the electric grid.    
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3. GLOBAL AND LOCAL OVERVIEW OF PEV PENETRATION 

3.1 PEV Penetration in the world 

Global threshold of 2 million PEVs on the road is exceeded by the end of 2016. This 

is result of great efforts deployed jointly by governments and industry over the past 

ten years. Figure 3.1 shows evolution of the global PEV sales from 2010 to 2015 

[36]. United States was the largest market for PEVs until 2015. But, USA was 

overtaken by China in 2016 with a plug-in passenger car sale of 351,000 during year 

2016 [1]. China has also become home to the strongest global deployment of e-

scooters and electric buses. 

 

Figure 3:1: Global PEV volume [36] 

Growing global PEV sales have been supported by motivated targets and government 

and industry combined effort.  Governments have extended their support by lowering  

taxes on importing electric vehicle,  industries have been developing their 

technologies to extend  the vehicle  range  thus reducing the  consumer  barriers for 

purchasing PEVs in  a  number  of  countries. Countries such as USA, United 

Kingdom, China, Japan, India, Italy, Portugal, South Korea, Spain, Sweden provides 

rebates on registrations, tax exemptions and waivers on fees (e.g. tolls, parking) to 

promote PEVs in their countries. Figure 3.2 shows the market share of PHEVs and 

BEVs along with the amount of purchase incentives provided by several countries in 

2015. 



25 

 

 

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

Substantial new implementation of electric vehicle supply equipment (EVSE) can be 

observed in 2015, on par with the growth of the global PEV volume. Government 

policies encourage the implementation of publicly accessible charging infrastructure 

by direct investing and public-private partnerships. Figure 3.3 shows the total 

available global EVSE outlets in 2015, reached 1.45 million. The  growth  of  the  

publicly  accessible  charging  infrastructure  was  comparable  in  2015  (71%)  to 

the  growth  of  the  global  EV  stock  (78%).  Publicly available fast chargers 

encountered for 28000, 44% out of that located in China. 

 

Figure 3:3: Worldwide charging stations [36] 

Portland International Airport which has installed 42 Level 1 Power Post PEV 

charging stations is shown in Figure 3.4 [37]. Therefore people can charge their 

PEVs during parking time. 
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Figure 3:4: Portland Airport Level 1 charging station [37] 

Further the battery energy density needs to be improved to enable longer range for 

lower cost. Technological progress and economies of scale are critical to move 

towards cost parity with ICEVs. PEV manufactures are predicting that range will be 

exceeding 300 km in near future. Nissan Leaf 2016 model has already reached the 

range of 270 km [24]. Sekisui Chemical has developed a material that can triple the 

capacity of lithium ion batteries, allowing electric vehicles to travel about 600 km on 

a single charge, roughly as far as gasoline-powered cars can go without refilling [26]. 

Governments support, developing infrastructure and technology lead to growing 

PEV demand all over the world. This growth can be clearly identified by the global 

PEV stock growing from 2005 to 2015 as included in Appendix II.  The global PEV 

volume surpassed 2 million in 2016 [1]. It is greater than the estimated value in 2010. 

The market shares of electric cars rose above 1% in seven countries: Norway, the 

Netherlands, Sweden, Denmark, France, China and the United Kingdom. Market  

shares  reached  23%  in  Norway  and  nearly  10%  in  the Netherlands as shown in 

Figure 3.5 [36]. 
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Figure 3:5: Worldwide new PEV registration and Market share [36] 

PEVs  of  all  types  lie  at  the  heart  of  future  sustainable  transport  systems. “EVI 

20 by 20” target calls for an electric car fleet of 20 million by 2020 globally. The  

EVI  is  a  multi-government  policy  forum  established  in  2009  under  the  Clean  

Energy Ministerial (CEM), and they have dedicated to accelerate the deployment of 

EVs worldwide. The  EVI  counts 16  member  governments as of today (Canada,  

China,  France,  Germany,  India,  Italy, Japan,  Korea,  the  Netherlands,  Norway,  

Portugal,  South  Africa,  Spain,  Sweden,  the  United Kingdom  and  the  United  

States),  representing  most  of  the  global  PEV  stock  and  including  the largest  

and  most  rapidly  growing  PEV  markets  worldwide.  China and the United States 

are co-chairs of the initiative, and the EVI secretariat is hosted by the IEA. The Paris 

Declaration on Electro-Mobility and Climate Change and Call to Action sets a global 

deployment target of 100 million electric cars and 400 million electric 2 and 3 

wheelers in 2030 [36]. 

The climate change related benefits of PEVs can be fully harvested under the 

condition that their use  is  coupled  with  a  decarbonized  grid,  an  additional  

challenge  for  countries  that  are  largely dependent  on  fossil  fuels  for  power  

generation. The efficiency of PEVs is also well suited to deliver climate change-

related benefits, but GHG emission savings can be maximized only once PEVs are 

coupled with a low-carbon power generation mix. Investment in PEV roll-out  can  

support  this transition,  e.g. increasing  the  opportunities  available  to  integrate  

variable  renewable  energy. Early PEV adoption  also  brings  other  immediate  

benefits  such  as  air  quality  improvements  and reduced noise. 
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3.2 PEV Penetration in Sri Lanka 

PEVs are becoming popular among Sri Lankans since 2014. Most of the countries 

have their own targets to increase the electric mobility. Ministry of power and energy 

has planned to make 10% of road transportation to be powered by electricity by 2020 

[2]. 

Initially, 90 of PEVs were registered in the Department of Motor Traffic during year 

2014 [38]. Although very deliberate growth was shown at the beginning, with the 

importing tax reduction to 5% by the interim budget in 2015, registrations of PEVs 

were increased gradually as shown in Figure 3.6 and Table 3.1. While the Nissan 

Leaf is the most popular model of electric cars registered so far, few Tesla cars being 

registered in Sri Lanka as well. In overall, 3.1% of total vehicles registered in 2015 

are BEVs [38]. All PEVs (combination of all electric vehicles and plug-in hybrid 

vehicles) registered in 2015 are 42% of total vehicle registration. Total vehicle 

registration categorized into fuel types can be shown in Figure 3.7. Total vehicle 

registration in 2014 & 2015 are included in Appendix III [38]. 

 

Figure 3:6: New PEV registrations in Sri Lanka in 2014 and 2015 
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Table 3.1: New PEV registrations in Sri Lanka in 2014 and 2015 

Month 2014 2015 

January 4 15 

February 6 14 

March 6 29 

April 4 148 

May 10 360 

June 10 258 

July 11 283 

August 7 382 

September 17 472 

October 6 534 

November 9 491 

December 10 252 

Total 100 3238 

 

 

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

 

3.3 Initiatives for PEV integration in Sri Lanka 

Customs duty on electric vehicles with motor capacity less than 100 kW has been 

reduced. Therefore, the customs duty of Rs.2.9 million on a Nissan Leaf electric 

vehicle would be reduced to Rs.1.7 million [27]. People are showing a keen interest 

in electric motor cars, which are environmental friendly and economically viable. 
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Power and Energy Ministry, Ceylon Electricity Board, Wasana Trading Lanka (Pvt) 

Limited are get together and have taken several steps to establish about 100 charging 

stations island wide [25]. However, most of them are concentrated on Western and 

Sothern provinces as shown in Appendix IV. 

CEB has promoted a new time of use tariff system for three phase domestic 

consumers having 30A or above supply connections [39].  PEV users who are 

supplied with three phase 30A electricity connection, can be switched to the new 

time of use tariff system and experience low rate of Rs.13.00 for off peak (22:30 – 

05:30hrs)  PEV charging. Level 2 commercial charging is charged under the 

industrial tariff category [40]. 

 

Figure 3:8: Vega super electric car 

Most of the PEV users are professionals because of its environmental friendliness. 

Greater attraction to PEV can be perceived by entering to the field of manufacturing 

PEVs. Sri Lankan company called CodeGen, has already manufactured a super 

electric car known as Vega. Vega has designed, developed and test for the drive. But 

it has not started commercial manufacturing yet. It is a high performance super car 

which costs about 20 million [41]. Their intention is to manufacture 20-30 cars per 

year for the niche market that wants a unique super car that no one else has. Vega 

shown in Figure 3.8 competes with PEV model like Rimac, Tesla. They have 

manufactured this super electric car as an indication of their capability of 

manufacturing. They can easily manufacture low capacity PEVs such as bikes, three-

wheelers motor cars. Their primary goal was to inspire to nation on innovations. 
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CodeGen also developed a web based clouded network called chargeNET, to 

interconnect the charging points located in island wide. PEV users can obtain the 

membership of chargeNET. Membership card is shown in Figure 3.9. They can use 

their membership card to charge their PEVs at a lower rate (Rs.125/= per hour 

charging) than non-members (Rs.200/- per hour of charging) [42] [43]. Remote 

monitoring of chargers, authentication of members can be performed through the 

chargeNET. ChargeNET mobile app is very useful for PEV users to find a charging 

station, their availability, turn on/off charging remotely and balance home electricity 

usage with the use of inbuilt energy usage and reports [41]. ChargeNET mobile app 

interface is shown in Figure 3.10. Sri Lankan charging network’s geographical 

distribution is shown in Figure 3.11 [43].  

 

Figure 3:9: chargeNET membership card [43] 

 

Figure 3:10: chargeNET mobile application [43] 
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Figure 3:11: chargeNET map [43] 

In chargeNET map, charging stations indicated in red colour are in use. Blue colour 

charging stations are available for charging. Charging stations illustrated with grey 

colour must be contacted to check the availability.   
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4. IMPACTS OF INCREASING PEVS ON MV DISTRIBUTION 

NETWORK 

4.1 Introduction 

Increasing demand for PEVs will lead to create considerable impact on power 

distribution network. A reliable data requirement is essential in comprehensive 

system studies to investigate the level of those impacts. IEEE 33 node test feeder is 

modeled using PSCAD power system simulation software to analyze the effects of 

PEV integration on voltage profile and harmonics of MV distribution network. 

Impacts due to residential PEV charging are summarized in Section 4.2. In Section 

4.3, DC fast charger is modeled using PSCAD and adopted it to IEEE 33 test 

network in order to analyze the impacts due to DC fast charging of PEVs. 

4.2 Analysis of IEEE 33 network with Residential PEV charging 

With the aim of achieving generalized results, IEEE 33 node test feeder is modeled 

and analyzed under several scenarios, instead of modeling a specific feeder of the Sri 

Lankan power system. The data used for the modeling IEEE 33 node test feeder is 

tabulated in Appendix V [29]. Graphical representation of IEEE 33 node test feeder 

is shown in Figure 4.1. The analysis is done under the following assumptions:  

 Loads are balanced three phase, constant power loads during the night peak 

of the day. 

 The base voltage of IEEE 33 node test feeder is 12.66 kV. Therefore, infinite 

source of 12.66 kV is used and the voltage of the source end is kept at 1.04 pu 

in order to maintain the voltage of the farthest node within the regulation 

limit.  

 Resistor and inductor are used to represent the line resistance and reactance 

respectively.  

 Nissan Leaf is one of the most popular PEVs. Its charging power is 3.3 kW 

[22]. Therefore, PEV load is assumed as 3.3 kW constant power load [44].  
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Figure 4:1: IEEE 33 node test feeder 

4.2.1 Impact on voltage profile due to residential PEV charging 

Each node of IEEE 33 node test feeder represents 12.66/ 0.4kV distribution 

transformer. PEV load is a large load compared to household load which lasts for 6 

to 8 hours. Each PEV connected to the network is assumed as single phase 3.3 kW 

constant power load [44] of unity power factor. It is assumed that PEVs are charged 

during night peak (as soon as the users return their homes). PEV load of each node is 

connected through a distribution transformer. Modeled IEEE 33 node test feeder is 

simulated in PSCAD under below listed scenarios to obtain the results for voltage 

profile. PEV load is not equally distributed among each node. It is assumed that the 

number of PEVs connected to each node is corresponds to their base loads. 

 Case 1- Residential PEV load connected to each node is 10% of its total load 

 Case 2- Residential PEV load connected to each node is 15% of its total load 

 Case 3- Residential PEV load connected to each node is 20% of its total load 

The number of PEVs connected to each node for each case is shown in Table 4.1. 
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Table 4.1: Number of PEVs connected at each node 

Receiving Node 10% EVs 15% EVs 20% EVs 

2 4 5 7 

3 3 4 6 

4 4 7 9 

5 2 3 4 

6 2 3 4 

7 7 10 14 

8 7 10 14 

9 2 3 4 

10 2 3 4 

11 2 2 3 

12 2 3 4 

13 2 3 4 

14 4 7 9 

15 2 3 4 

16 2 3 4 

17 2 3 4 

18 3 4 6 

19 3 4 6 

20 3 4 6 

21 3 4 6 

22 3 4 6 

23 3 5 6 

24 14 21 28 

25 14 21 28 

26 2 3 4 

27 2 3 4 

28 2 3 4 

29 4 6 8 

30 19 29 38 

31 5 8 10 

32 7 11 14 

33 2 3 4 

Total Nos. of PEVs 138 205 276 

 

To obtain results for each case, modeled IEEE 33 node test feeder is simulated with 

additional PEV loads. The results obtained through the simulations is summarized by 

plotting voltage (in per unit) against each node and shown in Figure 4.2. 
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Figure 4:2: Voltage profile along IEEE 33 node test feeder for various PEV loading cases 

As sub feeders start from node 2, 3 and 6, their voltages are connected to other nodes 

of the particular sub feeder in order to indicate the physical distribution of nodes. The 

lowest voltage results in the farthest end. Voltage of 18th node is 0.948 pu which 

corresponds to the lowest voltage along the test feeder for the base case. With the 

increasing PEV load, voltage decreases in each node as illustrated in Figure 4.2. 

When 10% PEV load is connected to each node, the voltage of the farthest end 

becomes 0.939 pu. It violates the voltage regulation limit of 0.94 pu. Even with 10% 

of PEV load is integrated to each node, voltage regulation limits are violated. The 

number of nodes which violates the regulation limit, increases with the increasing 

PEV penetration level as shown in the Figure 4.2. For 10%, 15% and 20% additional 

PEV load injection results in voltage violations in 1, 4 and 6 number of nodes 

respectively for each case. Consequently, it results in power quality issues at the 

consumer ends as distribution transformer tap setting cannot be adjusted online. The 
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minimum voltage variations for different cases are shown in Figure 4.3. It illustrates 

how farthest end voltage drops with the increasing PEV load.  

 

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

4.2.2 Power Loss due to Residential PEV charging  

Power loss is calculated from the simulation results for the aforementioned cases. 

Graphical representation is shown in Figure 4.4, and it indicates how power loss is 

increased with increasing PEV load. When 10% PEV load is connected to the feeder 

power losses are more than 5% of total load of the MV feeder. 

 

Figure 4:4: Power loss due to Residential PEV charging 
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4.3 Analysis of IEEE 33 network with DC fast charging 

DC fast chargers are installed with dedicated transformers, which are connected to 

MV distribution network. In Sri Lanka 25 kW semi fast chargers and 50 kW fast 

chargers are installed in 100 charging stations. Charging infrastructure facilities are 

grown along with the PEV demand. Therefore, the effects due to DC fast charging to 

be considered. IEEE 33 node test feeder is used to study the impact on voltage 

profile and harmonics of MV distribution network due to the DC fast charging. 

4.3.1 DC fast charger modeling 

DC fast charger is an off-board PEV charger which can charge a PEV within 20 to 

40 minutes. It obtains three phase supply from the utility and converts to higher DC 

voltage through three phase rectifier bridge and capacitor filter. Then it is turned into 

high frequency pulse voltage after the high frequency power change unit, which is 

required for charging the battery [33]. Figure 4.5 shows the block diagram of a DC 

fast charger design. 

 

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

There are few charging methods as mentioned in Chapter 2. To avoid drawbacks of 

constant current and constant voltage charging, stage charging method is used for DC 

fast charger modeling. First stage is constant current with a limited voltage and the 

latter stage is constant voltage with a limited current. Non-linear resistor is used 

instead of power change unit, to obtain approximately equivalent fast charger model. 

Data obtain from the ABB Tera 53 data sheet, is used to model 50kW DC fast 

charger [45]. 

4.3.1.1 Modeling of non-linear resistor 

Figure 4.6 presents the power output corresponds to charging of a 2015 Nissan Leaf 

model by ABB Tera 53 charger [45]. Non-liner resistor to be modeled in order to 
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obtain the power output of the ABB Tera 53 charger. With the aim of modeling non-

linear resistor, following steps are followed.  

 

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

Three phase rectifier bridge output voltage is given by Equation 4.1. 

𝑉𝐼 =
3√3𝑉𝑝𝑒𝑎𝑘,𝑝ℎ

𝜋
… … … … … … 4.1   

𝑉𝐼 =
3√3 × √2 × (400 √3⁄ )

𝜋
= 540.19𝑉 

Rectifier output voltage will be the input voltage to the power conversion unit. Non-

linear resistor which is equivalent to the power conversion unit is modeled as 

Equation 4.2 [33]. 

𝑅 =
𝑉𝐼

𝐼𝐼
=  

𝑉𝐼
2

𝑃𝐼
=

𝜂𝑉𝐼
2

𝑃𝑂
… … … … … … 4.2  

Vpeak,ph - Supply input to the rectifier bridge   = 230√2 V 

VI   - Input DC voltage to the power conversion unit  = 540.19 V 

II  - Input DC current to the power conversion unit 

PI   - Input power to the power conversion unit 

PO   - Output power of the power conversion unit   

η   - Efficiency power conversion unit   = 92.8% [45] 

R  - Non-linear resistor  

PO(t)  - Time varying power output of the conversion unit  
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𝑅 =
0.928 × 540.192

𝑃(𝑡)𝑂

… … … … … … 4.3 

The variation of non-linear resister is obtained from the Equation 4.3 and plotted 

against the time as shown in Figure 4.7. 

 

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

To model this variation with time, simple exponential equation is derived from the 

curve fitting method of MS Excel and it is shown as Equation 4.4. Modeled and 

actual non-linear resistances are plotted against time shown in Figure 4.8. It indicates 

that both actual and derived values are very much similar to each other. It is modeled 

in PSCAD as indicated in Figure 4.9. Simulation result of non-linear is shown in 

Figure 4.10 

𝑅 = {
1.6501𝑒1.305,  0 < 𝑡 < 15

   1.6501𝑒0.087𝑡 , 15 ≤ 𝑡 ≤ 38
} … … … … … … 4.4 

 

Figure 4:8: Comparison of actual and modeled non-linear resistance 
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Figure 4:9: Non-linear resistor model 

 

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

4.3.1.2 DC fast charger model 

In order to simulate DC fast charger as real as possible, charger is supplied by 

11/0.4kV, 100kVA transformer. Three phase 400V AC voltage becomes 540V DC 

when going through the three phase rectifier bridge and capacitor filter. The modeled 

non-linear resistor is used instead of power conversion unit which has an efficiency 

of 92.8% [45]. The modeled DC fast charger is shown in Figure 4.11. 

 

Figure 4:11: PSCAD model of DC fast charger 
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4.3.2 Impact on voltage profile due to DC fast charging 

A 10% of full load of the feeder corresponds to use of 9 fast chargers of 50 kW 

capacity. Five DC fast charging stations are modeled, four of them consist of two DC 

fast chargers and the other one consists of one DC fast charger. To analyze the 

voltage profile of the IEEE 33 node test feeder due to DC fast charging, PSCAD 

model is simulated under few scenarios mentioned below,  

 Case 1: Charging Centers are located at Front nodes 

 Case 2: Charging Centers are located at Random nodes 

 Case 3: Charging Centers are located at Far end nodes 

Table 4.2: PEV charging center locations 

Charging Center PEV CC1 PEV CC2 PEV CC3 PEV CC4 PEV CC5 

Nos. of DC Fast Chargers 2 2 2 2 1 

Case 1 2 19 3 4 23 

Case 2 14 20 25 9 29 

Case 3 18 22 25 33 17 

 

Charging center locations summarized in Table 4.2 and case 3 is illustrated in Figure 

4.12. Feeder configuration in Figure 4.12 can be observed in voltage profile of IEEE 

33 test feeder in Figure 4.13. 

When PEV charging centers are connected at front end nodes, it does not make any 

considerable effect to voltage profile of the MV network as indicated in Figure 4.13. 

But when fast charging centers are located randomly and at far end nodes, voltage of 

far end nodes are dropped below the regulation limit. In the worst case scenario, 

voltages of 15th to 18th node violate the regulation limit. The locations of the PEV 

charging centers directly affect the voltage profile of the MV distribution network 

according to the simulation results. 
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Figure 4:12: Five Charging Centers are connected at the end nodes of IEEE 33 node feeder 

 

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

In order to study the capability of managing DC fast chargers in each sub feeder, 

Case 3 is divided into 4 sub categories. The numbers of DC fast chargers connected 

to each sub feeder is varied in each case as illustrated in Table 4.3. 

Table 4.3: Number of charging centers at each sub feeder end 
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Figure 4:14: Voltage profile of IEEE 33 node test feeder with varying number of DC fast chargers each sub 

feeder end 

Voltage profile of IEEE 33 node test feeder with different number of DC fast 

chargers connected to each sub feeder is illustrated in Figure 4.14. In case 3.1 more 

DC fast chargers are connected at the longest sub feeder, feeder-C ends. Hence, it 

violates the regulation limits. In case 3.4, longest sub feeder is loaded with one DC 

fast charger while the shortest sub feeder is loaded with four DC fast chargers. Then 

it does not violate the voltage regulation limits. Hence, shorter sub feeder can tolerate 

more DC fast chargers than longer sub feeders without causing any violation.  

4.3.3 Power Loss due to DC fast charging stations  

Power loss is obtained through the simulation for aforementioned cases. Power loss 

results are illustrated in Figure 4.15. When PEV charging stations connected at front 

nodes of sub feeders, power loss is very low compared to the cases where PEV 

charging centers are connected randomly and far ends of each sub feeder. If the PEV 

charging stations are concentrated to nodes which are closer to the source end, the 

effects on MV feeder can be accommodated without any capacity improvements. 
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Figure 4:15: Power loss due to DC fast charging stations 

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

4.3.4.1 Voltage and current harmonic distortion of a single DC fast charging 

station  

Once the DC fast charger model is simulated in PSCAD following results are 

obtained. Since fast charger is non-linear, input current and voltage waveforms are 

distorted and illustrated in Figure 4.16 and 4.17. Even current waveform is highly 

distorted, voltage waveform distortion is negligible. 

 

Figure 4:16: Distorted Input Current waveform of DC fast charger 
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Figure 4:17: Input Voltage waveform of DC fast charger 

DC output voltage, current and power variation during the charging process is shown 

in Figure 4.18, 4.19 and 4.20 respectively. 

  

 

Figure 4:18: Output Voltage of DC fast charger 

DC output voltage is approximately constant during the charging process. DC output 

current is constant during constant current mode and decreasing during constant 

voltage mode. DC fast charger power output is same as the ABB Tera 53 charger 

power output and varied with time as per the non-linear resistor variation.   
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Figure 4:19: Output current of DC fast charger 

 

Figure 4:20: Output power of DC fast charger 

Input voltage and current waveforms are fed to an on-line frequency scanner which 

can perform Fast Fourier Transform analysis on phase quantities and output up to 

255 harmonics. The output of on-line frequency scanner is gone through the 

harmonic distortion calculator which measures both the total and individual 

harmonic distortion of an input signal. Then the calculated total and individual 

harmonic distortion are given to output channels. The process of obtaining Total 

Harmonic Distortion (THD) is shown in Figure 4.21. Total Demand Distortion 

(TDD) of input current is 28.45% and voltage THD is 0.088%. Even current 
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harmonic distortion is considerable, voltage harmonic distortion is negligible. 

Individual current harmonic components’ magnitude and phase are shown in Figure 

4.22 and 4.23 respectively.  

 

Figure 4:21: Harmonic distortion calculation in PSCAD 

 

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

 

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

5th and 7th harmonic components are considerable in the distorted current waveform 

as illustrated in Figure 4.22. Magnitudes of individual harmonic components 
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generated from a DC fast charger are summarized as in Table 4.4. The regulation 

limits are referred to IEEE 519 standard [46].  

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

Individual Harmonic  

component  

Individual Harmonic  

component magnitude 

IEEE 519 Standard  

limits 

3 0.036 12.0 

5 21.526 12.0 

7 12.637 12.0 

9 0.032 12.0 

11 8.288 5.5 

13 6.387 5.5 

17 5.063 5.0 

19 4.263 5.0 

21 0.101 5.0 

23 3.480 2.0 

25 3.061 2.0 

27 0.366 2.0 

29 2.678 2.0 

31 2.186 2.0 

TDD 28.45 15.0 

 

5th harmonic is dominated as shown in the simulation results. According to the IEEE 

519 standard current harmonic distortion limits, current harmonics generated by the 

DC fast charger are exceeding the harmonic limits at the point of common coupling. 

The simulation result is verified by the fact of TDD range of 9.3% to 30.7% given in 

the data sheet of ABB Tera 53 DC fast charger [45]. 

4.3.4.2 Voltage and current harmonic effect on MV network 

In order to analyze the harmonic propagation along the MV network due to DC fast 

charging, 9 DC fast chargers are connected to the IEEE 33 node test feeder. Then 

analyze the harmonic distortion of the voltage and current signals at the source end. 

DC fast chargers are modeled inside a module in order keep legibility. IEEE 33 node 

test feeder is simulated with connected DC fast charger modules under three different 
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scenarios to study the harmonic propagation along the feeder. PEV charging center 

locations in each scenario are indicated in Table 4.5. 

 Case 1 – PEV charging stations are connected at front nodes 

 Case 2 – PEV charging stations are connected random nodes 

 Case 3 – PEV charging stations are connected at end nodes 

Table 4.5: Charging Center locations for each case 

Charging 

Center 

PEV CC1 PEV CC2 PEV CC3 PEV CC4 PEV CC5 

Nos. of DC 

Fast 

Chargers 

2 2 2 2 1 

Case 1 2 19 3 4 23 

Case 2 14 20 25 9 29 

Case 3 18 22 25 33 17 

 

In case 1, two off DC fast chargers are connected to 19th node of the IEEE 33 node 

test feeder as a module which is indicated in the Figure 4.24. 

 

 

Figure 4:24: PSCAD PEV CC2 module 
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Table 4.6: Simulation THD results for each case 

Case Voltage THD Current THD IEEE 519 Standard Limits 

Voltage THD Current THD 

Case 1 0.002 2.351 

5% 5% Case 2 0.002 2.078 

Case 3 0.002 2.026 

 

Total harmonic distortion (THD) of voltage and current signals are tabulated for 

three scenarios in Table 4.6. Only current harmonic individual components’ 

magnitudes are summarized in Table 4.7 because individual voltage harmonic 

components are negligible. 

Table 4.7: Individual current harmonic magnitudes for each case 

Individual Harmonic  

component  

Individual Harmonic  

component magnitude 

IEEE 519 Standard  

limits 

Case 1 Case 2 Case 3 

3 0.000 0.001 0.002 4.0 

5 1.774 1.606 1.577 4.0 

7 1.141 1.016 0.992 4.0 

9 0.010 0.001 0.001 4.0 

11 0.695 0.589 0.566 2.0 

13 0.540 0.446 0.426 2.0 

15 0.001 0.001 0.007 2.0 

17 0.363 0.278 0.258 1.5 

19 0.295 0.218 0.201 1.5 

21 0.003 0.001 0.001 1.5 

23 0.196 0.134 0.119 0.6 

25 0.160 0.104 0.092 0.6 

27 0.006 0.006 0.005 0.6 

29 0.102 0.070 0.059 0.6 

31 0.083 0.047 0.040 0.6 

TDD 2.351 2.078 2.026 5.0 
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Voltage and current THD seems to be increased when DC fast charging stations are 

located closer to the source. Highest THD of voltage and current are reported in the 

case 1, i.e. when DC fast chargers are connected to front nodes of the IEEE 33 test 

feeder. Current harmonic individual component magnitudes and phases of case 1 are 

indicated in Figure 4.25 and 4.26 respectively.  

 

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

 

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

When simulation results are compared with the IEEE 519 standard values, they are 

within the specified limits. Hence, the harmonic distortion at the source end due to 

the PEV charging with fast chargers, can be neglected.  
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5. IMPACTS OF INCREASING PEVS ON LV DISTRIBUTION 

NETWORK 

 

5.1 LECO LV Feeder modeling 

In order to study the effect of PEV charging on LV distribution network, three 

different LECO (Lanka Electricity Company) distribution feeders were modeled in 

PSCAD simulation platform. Urban residential feeders are selected as the PEV 

concentration is high in urban areas compared to rural areas. Detailed feeder 

information which is used for modeling is given in Appendix VI [47], [48].  

Three feeders are selected in a way that they have different loading levels of 93%, 

72.5% and 60% for feeder 1, 2 and 3 respectively. The intension of analyzing 

differently loaded feeders is to find out the severity of PEV charging effects varying 

with the feeder loading. This chapter includes the analysis of residential PEV 

charging effects on distribution feeders such as voltage limit violations, transformer 

loading, power losses and voltage unbalance. General overview of three feeders is 

included in Table 5.1. Graphical representations of three feeders are illustrated in 

Figures 5.1, 5.2 and 5.3 and more details are included in Appendix VI. 

Table 5.1: General overview of three LECO distribution feeders 

 Feeder 1 Feeder 2 Feeder 3 

Transformer ID AZ0202 AZ0203 AZ0221 

Transformer Capacity (kVA) 160 160 250 

Location  Kotte Kotte Pitakotte 

No. of Poles 62 57 51 

No. of consumers 387 278 328 

ADMD (kVA) 0.38 0.41 0.45 

Power Factor 0.9 0.9 0.9 
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Figure 5:1: Graphical representation of Feeder 1 
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Figure 5:2: Graphical representation of Feeder 2 
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Figure 5:3: Graphical representation of Feeder 3 
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Few assumptions have been made in order to create LV feeder models as applicable 

for the analysis of effect on voltage profile, transformer loading, power loss and 

voltage unbalance.  

 As source impedance details are not available, source which supplies the 

distribution transformer, is considered as an infinite source.  

 Base voltage is assumed as 0.4kV. 

 Transformer is modeled using the data received from LECO. Transformer tap 

setting is adjusted in order to maintain the voltage within the regulation limit 

during both peak and off-peak hours.  

 Each pole is considered as a Bus during modeling in PSCAD.  

 Aggregated load connected to each pole is calculated using ADMD (After 

Diversity Maximum Demand) approach, and assumed as constant power 

loads during night peak time.  

 Single phase residential loads connected to each pole distributed among all 

three phases in the sequence of Phase A, B and C in order to simulate the 

natural unbalance.  

 Majority of PEVs in Sri Lanka is Nissan Leaf. Its charging power is 3.3kW. 

Therefore single phase PEV charging load is assumed as 3.3kW constant 

power load [44]. 

5.2 Impact on Voltage profile of LV Network 

Selected three LV distribution feeders of different loading were modeled and 

analyzed under few scenarios as shown in Figure 5.4. Voltage profile along the 

feeder due to single phase residential PEV charging is analyzed under different 

scenarios as listed below separately. Three different PEV penetration levels are 

analyzed by adding 10%, 20% and 30% PEV loads out of total base load.  
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Figure 5:4: Different cases for analyzing impacts on distribution feeders 

Number of PEVs corresponds to each PEV load level is determined based on the 

total load during night peak. Table 5.2, 5.3 and 5.4 show the pole numbers where 

PEVs were connected under each scenario. 

Table 5.2: PEV location configuration matrix of Feeder 1 

PEV No. 
Feeder 1  

10% PEV 20% PEV 30% PEV 

 
1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 

1 EN6 EN6 EN710 EN51 EN7 EN512 EN6 EN1B EN83 

2 EN51 EN512 EN510E EN55 EN510C EN510E EN54 EN571 EN510E 

3 EN41 EN1 EN1L EN6 EN512 EN83 EN54 EN571 EN510E 

4 EN7 EN78 EN1H1 EN71 EN710 EN710 EN53 EN2 EN1F2 

5 
   

EN31 EN1F EN1L EN72 EN78 EN710 

6       EN31 EN1F EN1L EN71 EN74 EN512 

7       EN41 EN1A EN79 EN21 EN83 EN1L 

8       EN8 EN83 EN511 EN21 EN83 EN1L 

9       EN53 EN57 EN1H1 EN4 EN4 EN1G 

10       
 

  EN51 EN51 EN510 

11             EN7 EN1H1 EN78 

12             EN31 EN510B EN1H1 

13             EN31 EN510B EN1H1 

PEV load 13.2 29.7 42.9 

 

PEV load 
connections

Case 1: 

10% PEV load

Case1.1: 

Front end nodes

Case 1.2: 

Random nodes

Case 1.3: 

Far end nodes

Case 2:

20% PEV load

Case 2.1:

Front end nodes

Case 2.2:

Random nodes

Case 2.3: 

Far end nodes

Case 3: 

30% PEV load

Case 3.1:

Front end nodes

Case 3.2:

Random nodes

Case 3.3:

Far end nodes
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Table 5.3: PEV location configuration matrix Feeder 2 

PEV  

No. 

Feeder 2 

10% PEV 20% PEV 30% PEV 

1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 

1 EN15/1 EN15/6 EN11-2/7 EN15/1 EN15/1 EN16/1/7 EN15/1 EN15/4 EN15/7/2 

2 EN14-1 EN11 
EN11-

2/6/5 
EN15/2 EN15/8 EN9C EN15/2 EN15/9 EN16/1/7 

3 EN15-1 EN11-3/2/1 
EN11-

2/6/2D 
EN14-1 EN8/1 EN11-2/7 EN15/2 EN14-1 EN9C 

4       EN14 EN11-2/7 
EN11-
2/6/5 

EN14-1 EN12 EN8/2 

5       EN14 EN11-2/2 
EN11-

2/6/2D 
EN14/1 EN9A EN11-2/7 

6       EN16 
EN11-

2/6/5 

EN11-

2/5/2 
EN14/1 

EN11-

2/2 

EN11-

2/6/5 

7       EN16A EN16/2 EN16C EN13 
EN11-
2/5/2 

EN11-
2/5/2 

8             EN15-1 
EN11-

2/6/2B 

EN11-

2/6/2D 

9             EN16A EN17 EN17 

10             EN16A EN16B EN16C 

PEV 

Load 

(kW) 

9.9 23.1 33 

 

Table 5.4: PEV location configuration matrix Feeder 3 

PEV 

No. 

Feeder 3 

10% PEV 20% PEV 30% PEV 

 
1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 

1 EN45-1 EN45-1A 
EN47-

1/5A 
EN45-1 EN47A EN45-1B EN45-1 EN45-1A EN45-1B 

2 EN46 
EN47-

1/6 

EN47-

1/8 
EN45-1A EN47D EN47F EN45-1A EN47B EN47F 

3 EN44-1 EN41/5 EN41/7 EN46 EN46-1 EN48 EN46 EN48 EN47F 

4 EN41 4N42F EN42L EN47 
EN47-

1/3 

EN47-

1/5A 
EN46 

EN47-

1/2 
EN48 

5 
   

EN44-1 
EN47-

1/5A 

EN47-

1/8 
EN46-1 

EN47-

1/4 

EN47-

1/5A 

6 
   

EN44 EN41/4 EN41/7 EN47 
EN47-

1/8 
EN47-

1/8 

7 
   

EN41 EN43 EN40A EN44-1 EN44-1 
EN47-

1/8 

8 
   

EN41/1 EN40A EN42L EN44 EN40A EN41/7 

9 
   

EN42A EN42F EN42L EN44 EN41/1 EN41/7 

10 
      

EN41 EN41/7 EN40A 

11 
      

EN41/1 EN42A EN40A 

12 
      

EN42A EN42D EN42L 

13 
      

EN42B EN42J EN42L 

PEV 

Load 

(kW) 

13.2 29.7 42.9 
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Per unit voltage at each pole of three feeders are plotted separately in Figure 5.5, 5.6 

and 5.7. For easy comparison, the worst voltages values revealed through the 

simulations are plotted together. Effect on voltage profile is measured mainly based 

on the violation of voltage regulation lower limit of 0.94 pu. Voltage profile gives a 

clear representation of the physical connections of poles by connecting voltages of 

poles. 

 Highlights on Feeder 1 analysis 

 

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

Distribution transformer of Feeder 1 is loaded up to 93% of its full load. When 10% 

PEV load out of total consumer load are connected to Feeder 1, definitely the 

distribution transformer capacity will be exceeded during the night peak time. Thus 

10% PEV load connected at the far ends will cause voltage regulation limit violation 

as shown in Figure 5.5. But Feeder 1 can tolerate 20% PEV load whilst it is 
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concentrated to front end poles. 30% PEV load always causes the voltage violations 

at far end nodes. 

 Highlights on Feeder 2 analysis 

Distribution transformer of Feeder 2 is loaded up to 72.5% of its full load. 10% PEV 

load connected at the far ends will cause voltage regulation limit violation in Feeder 

2 as well. But Feeder 2 can tolerate 30% PEV load whilst it is concentrated to front 

end poles as illustrated in Figure 5.6. Voltage drops at far end poles beyond the 

regulation limit as a result of connecting 20% and 30% PEV loads randomly and at 

far end poles. 

 

Figure 5:6: Voltage profile of Feeder 2 under nine cases 
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 Highlights on Feeder 3 analysis 

Its distribution transformer is loaded up to 60% of its full load. Feeder 3 can tolerate 

10% PEV load disregarding its locations. As illustrated in Figure 5.7, 20% and 30% 

PEV load are acceptable whilst they are concentrated to front end poles only. 

 

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

Sub feeders are illustrated as branches in the voltage profiles. All three feeders can 

tolerate 10% PEV load while they are connected randomly and front end poles. But 

when 10% PEV load is concentrated to far end nodes violation is begun in Feeder 1 

and 2. The simulations results regarding 10% of PEV load, reveal that 10% PEV load 

penetration level can be accepted by the lightly loaded distribution feeder but highly 

loaded feeders cannot. Analysis on voltage profile reveals two points. One is 

differently loaded distribution feeder can accept different number of PEV 

connections. Lower the transformer loading, higher the allowable PEV load 
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penetration. The second point is the voltage profile of the distribution feeder is 

directly affected by the location of PEV load connection. 

 

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

 

The influence of the location of PEV connection for the same PEV load is 

demonstrated in Figure 5.8. Higher the distance to the transformer from the point of 

PEV load connection, greater the impact on the voltage profile. It can also be verified 

by the recorded minimum voltage variation of each feeder shown in Figure 5.9. 

Minimum voltage always reported from the farthest end of the mostly loaded sub 

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

Minimum voltage variation gives the clear picture of voltage regulation limit 

violations in all three feeders under nine different cases. Voltage violations are 

always found when PEVs are connected at far end poles and becoming worse with 

the increasing PEV load. The extent of voltage drop is lesser when PEV load 

concentrated to front end poles.  

Voltage regulation limit violation not happens until PEV load connected to front end 

nodes of Feeder 2 as shown in Figure 5.9. But the extent of voltage drop of Feeder 3 

is lesser compared to highly loaded Feeder 1. 

5.3 Impact on Transformer loading 

An optimum loading level for a typical distribution transformer can be considered to 

be 80% of its full load in order to retain the maximum efficiency [49]. Impact on 

transformer loading also studied under the nine cases mentioned in Section 5.2. 

Summary of simulation results are plotted for each feeder in Figure 5.10. 
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Figure 5:10: Transformer loading of distribution feeders for different cases 

Addition of 10% PEV load causes overloading of Feeder 1 transformer as it is 

already loaded up to 93%. Connection of 30% PEV load at far end poles, results in 

nearly 25% of overloading of the transformer as illustrated in Figure 5.10. But 80% 

normally loaded distribution transformer can tolerate 125% loading for 2 hours [50]. 

Therefore PEV load can be withstood by Feeder 1 transformer during peak hour. But 

when increasing PEV load coincides with the electricity demand growth, this 

situation would be worse. Consequently capacity improvement would be necessary 

for already loaded distribution feeders to cater both increasing PEV load and the 

demand growth. 

A small increase in transformer loading can be noticed with varying locations of the 

PEV load. It implies that PEV load locational effect is lower on transformer loading. 

Lightly loaded Feeder 2 and 3 distribution transformers are not exceeded their 

capacity at any case disregarding the location of PEV load connection as shown in 

Figure 5.10.  

5.4 Power Losses due to PEV charging 

Generally losses are increasing with the increasing demand. Transformer losses are 

not included as the power is measured at the secondary terminal of the transformer. 

50

60

70

80

90

100

110

120

130

Front Random End Front Random End Front Random End

Base 10% EV 20% EV 30% EV

T
ra

n
sf

o
rm

er
 l

o
a

d
in

g
 (

%
)

Feeder 1

Feeder 2

Feeder 3



66 

 

Calculated power losses are plotted against each case described in Section 5.2 and 

shown in Figure 5.11. 

 

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

Power losses increase with the increasing PEV load as well as the distance to the 

PEV load as illustrated in Figure 5.11. 30% PEV load connected at far end cause 

more than 6% power loss as most of the distant nodes are highly loaded.  

Power losses of Feeder 2 are lesser compared to Feeder 1 and 3 as the numbers of 

PEVs are lesser corresponding to PEV load levels. As illustrated in Figure 5.11 

power loss of Feeder 3 are nearly similar to the Feeder 1 power loss as the numbers 

of PEVs are same for corresponding PEV load levels. 

Peak power losses are compared with the base load power losses. Losses are 

increased with the increasing PEV penetration level. Increase of power losses can be 

noticed in same PEV penetration level due to the variation of PEV load connection 

location. Power losses are greater when PEVs connected in the far end points of the 

distribution feeder. When PEVs are connected to far end points of the feeder, they 

draw high current continuously for 6 to 8 hours along a longer distance. That causes 

the increase of power losses compared to the connection to front end points and 

randomly selected points. 
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5.5 Impact on voltage unbalance of LV distribution feeder 

Voltage unbalance occurs due to asymmetrical load distribution among three phases. 

Distribution networks are considered have some level of natural unbalance as single 

phase connections are more dominant in residential feeders and the load balancing is 

not practical. If unusual voltage unbalance reported, utility takes measurements of 

distribution transformers, and then it will be rectified by adjusting the connections 

among three phases. But it is done at regular time periods. Thus natural voltage 

unbalance is always retaining. 

5.5.1 Quantification of voltage unbalance 

Voltage unbalance can be derived according to two international definitions. NEMA 

(National Electrical Manufactures’ Association) defines voltage unbalance as the 

percentage ratio between the maximum voltage deviation from the average line 

voltage and the average line voltage [51] which is shown in the Equation 5.1. IEC 

standard defines degree of voltage unbalance as the ratio of the negative sequence 

voltage component to the positive sequence voltage component [52] as shown in the 

Equation 5.2. In Sri Lankan distribution code voltage unbalance is defined according 

to the NEMA definition [53]. Hence NEMA definition is used for calculation of the 

voltage unbalance factor (VUF).  

𝑉𝑈𝐹 =  
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡ℎ𝑟𝑒𝑒 𝑙𝑖𝑛𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡ℎ𝑟𝑒𝑒 𝑙𝑖𝑛𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑠
× 100% … … … … 5.1 

  𝑉𝑈𝐹 =  
𝑉2

𝑉1
× 100% … … … … 5.2 

According to the distribution code of Sri Lanka, unbalance caused by individual 

loads should be kept within 1.3%, although short term deviations (less that 1 minute) 

may be allowed up to 2% [53]. 

5.5.2 Voltage Unbalance due to Residential PEV charging 

Most of the PEV users have single phase electricity supply. While they plug their 

PEV to the wall socket, it draws a larger current from the particular phase causing 

unbalance among three phases. Considering this fact, impact of single phase PEV 
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charging on voltage unbalance of LV distribution feeders is studied. In order to 

represent the natural voltage unbalance, number of connections of each feeder is 

divided among three phases on the basis of phase sequence A, B and C as shown in 

Figure 5.12.  

 

 

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

Natural voltage unbalance due to the base load of each feeder is shown in Figure 

5.13. 

 

Figure 5:13: Voltage unbalance under base load of each feeder 
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PEV users already have their electricity connection prior to purchasing of PEV. Thus 

utility had considered only their household electricity consumption and given the 

connection considering the phase balance. Earlier power consumption will be 

changed once purchasing of PEV. Utility will have to rearrange the phase connection 

of PEV user in order to retain phase balance. There may be few PEV users connected 

to the same feeder. For the purpose of analyzing the worst case, all PEV users are 

connected to the Phase A. The probability of connecting all PEV users to same phase 

is very low, but it is not impossible. For example, if there are four PEVs are 

available, their existing connection may be connected to the same phase as the 

electricity connection established prior to the purchasing of PEVs. Each feeder is 

modeled and simulated under three PEV penetration levels and shown in Figure 5.14. 

 

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

Voltage unbalance is measured at the secondary terminals of the distribution 

transformer. According to the simulation results, 30% PEV load connection to the 

Feeder 1 will cause for exceeding the regulation limit of 2%. Hence unbalance 

caused by the residential PEV charging can be tolerated up to 20% PEV load 

increase in case of highly loaded feeder. As mentioned before, the probability of 30% 

PEV loads connecting to the same feeder is very low.  Hence, unbalance caused by 

the single phase PEV charging can be catered by the feeders which have very low 

natural unbalances.  
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6. MITIGATION ACTIONS ON DISTRIBUTION FEEDERS 

Chapter 4 and 5 contain the impacts on MV and LV distribution systems due to 

increasing demand of single phase and three phase charging of PEVs. Some 

mitigation actions to be taken to cater the increasing PEV load with the minimized 

effects on MV and LV distribution networks. Shifting of PEV loads to the off-peak 

hours may have considerable benefits in reducing negative impacts on the power 

network under a high penetration level of PEVs. Therefore off peak PEV charging is 

analyzed using the LECO Feeder 1 model as it recorded the worst results. Under off-

peak PEV charging voltage profile, transformer loading and losses are analyzed. 

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

10% residential PEV charging load can be marginally tolerated by the MV network. 

But DC fast charging stations which are connected to far end nodes of MV network 

can make a greater impact on voltage profile during night peak hours. 

 

Figure 6:1: Voltage profile of MV network - DC fast chargers connected at different locations 
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DC fast charging stations do not have specific charging time. Hence the location 

where the charging station is connected to be considered in order to minimize the 

impact on the voltage profile of the MV network as shown in Figure 6.1. If charging 

stations are established closer to the primary substation, it will have negligible 

impact on voltage profile of the MV network. 

Residential PEV charging during night peak time has a greater impact on voltage 

profile of the LV distribution feeders. Hence, in order to minimize the impact on 

voltage profile residential PEV charging can be shifted to off-peak time during the 

day. According to the derived off-peak loading pattern, LECO Feeder 1 is re-

modeled and simulated under aforementioned scenarios given in Section 5.2. In order 

to make a clear impression of lesser impacts of off-peak PEV charging both peak and 

off-peak voltage profiles are plotted together in Figure 6.2. 

 

Figure 6:2: Voltage profile of Feeder 1 - Peak Vs. Off-peak PEV charging 
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Figure 6.2 shows that the connection of 30% PEV at the far end points during off-

peak does not violate the regulation limit while connection of 10% PEV load at the 

far end points during peak does. Hence the impacts on voltage profile of LV 

distribution feeder can be rectified by shifting the residential single phase PEV 

charging to off-peak hours. 

6.2 Minimizing the impacts on transformer loading 

LECO Feeder 1 is exceeded its capacity even under the 10% PEV load connection 

during the peak time. Thus, capacity exceeding of already loaded distribution 

transformer can be stopped during peak time by shifting residential PEV load to off-

peak hours. 

 

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

As shown in Figure 6.3, transformer capacity is not exceeded at any of the above 
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6.3 Minimizing the power loss due to PEV charging 

As shown in previous sub sections, off-peak PEV charging has negligible impacts on 

LV distribution feeder. Similarly power loss of Feeder 1 has been reduced. Power 

losses are very low compared to the losses caused by peak PEV charging as shown in 

Figure 6.4. But off-peak PEV charging will cause considerable increase in power 

losses compared to off-peak base load. 

 

Figure 6:4: Power Losses in Feeder 1 - Peak Vs. Off-peak PEV charging 
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Figure 6:5: Voltage unbalance of Feeder 1 – Phase “A” only Vs. Random Phase PEV charging 

Hence electricity connections of PEV users must be re-adjusted among three phases. 

Voltage unbalance can be rectified by increasing the phase diversity of PEV users. It 

can be shown in Figure 6.5. When PEV user connections are diversified among three 

phases, voltage unbalance can be retain below 1% even under the 30% of PEV load. 
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upon the voltage regulation criteria and the transformer capacity. Maximum numbers 

of PEVs allowable for three distribution feeders are summarized in Table 6.1. 

Percentage PEV load is defined based on the night peak load of each feeder.  

Table 6.1: Maximum number of PEVs allowable for each feeder 

 Peak Off-peak 

Front End Far End Front End Far End 

Nos % of max. 

load 

Nos % of max. 

load 

Nos % of max. 

load 

Nos % of 

max. load 

Feeder 1 3 6.73 2 4.49 22 49.37 17 38.15 

Feeder 2 13 37.64 3 8.69 29 83.96 18 52.11 

Feeder 3 17 38.01 5 11.18 49 109.43 22 49.19 

 

Off-peak PEV charging can be allowed more number of PEVs than peak time PEV 

charging without violating any limit. PEV handling capacity also depends on the 

loading level and geographical configuration of the feeder.   
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7. CONCLUSIONS 

7.1 Conclusions 

Increasing PEV demand will create some issues on power distribution network as 

identified by this research study. But PEV charging has not become a critical 

problem to the existing power distribution network under the present PEV 

penetration level.  The approached conclusions according to the simulation results 

are summarized. 

 A greater influence has been created by PEV charging on voltage profile of 

MV and LV network. As the PEV penetration level increases, voltage of each 

node decreases. Voltage violations occur at distant nodes with the increasing 

PEV load.  Voltage of the farthest node of IEEE 33 network reported as 0.939 

pu, 0.935 pu and 0.930 pu respectively for 10%, 15% and 20% residential 

PEV charging load.  

 Not only the increasing PEV load but the locations of PEV connection also 

influence the voltage profile of the particular feeder.  IEEE 33 network can 

tolerate nine DC fast chargers while they are connected to closer nodes or 

random nodes. But when they are connected to far end nodes of each sub 

feeder, it causes voltage violations. Same observation can be seen in the 

LECO distribution feeders. LECO Feeder 1 can accommodate 10% 

residential PEV charging load if it is concentrated to front end poles or 

randomly distributed poles. But the same 10% PEV load connected at far end 

poles causes voltage violations in the LECO Feeder 1.  

 The short feeders have higher charging load handling capability than the long 

feeders. In case of IEEE 33 network analysis, four DC fast chargers are 

connected at the shortest sub feeder and one is connected at the longest sub 

feeder end without causing violations at any node. Thus, 10% PEV DC fast 

charging load can be accepted if short feeders are thoroughly loaded. 

 Even heavily loaded distribution transformer feeder could accommodate 

increasing PEV load during peak time at the moment. As transformer can 

withstand 25% overloading due to 30% PEV charging for two hours during 
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night peak. But increasing PEV penetration will make stress on already 

loaded distribution transformers when it coincides with electricity demand 

growth.  

 Irrespective of the peak or off-peak charging, increasing PEV load causes 

higher power losses of the distribution feeder. But the loss during off-peak 

PEV charging is lesser than peak PEV charging. 30% PEV load causes 6.4% 

and 5.7% of power loss in the LECO Feeder 1 respectively during peak and 

off-peak hours.  

 Voltage unbalance in distribution feeders due to the increasing single phase 

PEV load is expected to be higher. But analysis shows that the voltage 

unbalance caused by the increasing single phase PEV load in LECO 

distribution feeders are within the acceptable limits. Simulated voltage 

unbalance results may be different from the real situation. Since the load is 

modeled based on the ADMD approach, it may deviate from actual load 

distribution among three phases. Hence the accuracy of voltage unbalance 

studies may not be acceptable.  

 Current total harmonic distortion at the PCC of single DC fast charging 

stations is not acceptable. The modeled ABB Tera 53 DC fast charger causes 

28.45% of total harmonic distortion of current waveform violating the limit 

of 15% at PCC. 5th harmonic component is dominant among the individual 

harmonic resulting 21% of fundamental magnitude. However the harmonic 

analysis of IEEE 33 network shows the current and voltage total harmonic 

distortion is tolerable at the source end. In this analysis only fast charging 

stations are considered as non-linear loads. But in reality MV network may be 

consists of many other neighborhood harmonic generating loads. Hence the 

effect on harmonic propagation in MV network due to increasing DC fast 

charging cannot be predicted accurately. However this analysis can be 

extended to obtain accurate results with more practical data.  

 Off-peak PEV charging will reduce the burden on voltage profile of the 

distribution network, transformer loading and power losses. Even though the 

heavily loaded LECO Feeder 1 cannot tolerate 10% PEV load during night 
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peak, it can accommodate 38% PEV load during off-peak hours without 

causing any violations in the voltage or the transformer capacity as illustrated 

in Table 6.1. Power loss also reduced by 0.7% when 30% PEV load is shifted 

from peak to off-peak. Hence, off-peak PEV charging can be recommended 

to mitigate most of the effects due to PEV charging.  

 Peak and off-peak PEV accommodation capacity of 400m long, 160kVA 

distribution transformer feeder is given in the Table 7.1. 

Table 7.1: PEV accommodation capacity of an urban distribution feeder 

% of Transformer loading  
Front End Far End 

Max. No. of 

PEVs 
% of PEV 

load 
Max. No. of 

PEVs 
% of PEV 

load 

90% 3 6.19 2 4.13 

80% 10 20.63 6 12.38 

70% 15 30.94 12 24.75 

60% 20 41.25 17 35.06 

50% 25 51.56 21 43.31 

40% 29 59.81 26 53.63 

7.2 Limitations   

Major limitation of this study is finding real data regarding PEV diffusion over the 

geographical area and measured values of distribution feeder consumer loads. 

Assumption on the load modeling based on ADMD approach may deviate from 

actual load distribution over the three phases and hence the accuracy of voltage 

unbalance studies may not be acceptable. Further, actual PEV penetrations of the 

selected feeders are not known and the selection is based on the fact that more PEVs 

can be widely dispersed in urban areas. If number of PEVs could be obtained based 

on the vehicle density in the particular area, analysis would be more practical.  

Only peak PEV charging was considered for analyzing the impacts on the 

distribution feeder. If the load profiles of each pole can be modeled and simulated, 

impact on load profile would be analyzed due to PEV charging throughout the day. 

But the worst possibility is analyzed through the simulations. Even the actual data is 

not available, simulations and analysis had been carried out based on the 

assumptions, in order to represent the worst possible real situation as much as 
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possible. Hence this analysis can be extended to identify the impacts on power 

distribution feeders in Sri Lanka along with realistic data. 

7.3 Suggestions for further study 

PEV demand is growing day by day due to environmental friendliness, low 

operational and maintenance cost, tax reductions and developing charging 

infrastructure. A local company has already started manufacturing a super electric 

car. Thus, PEVs have attracted the interest of Sri Lankan community. Hence, further 

research studies are required in order to meet the challenges arisen from the growing 

PEV penetration in Sri Lanka.  

This research mainly discussed the impacts on the power distribution network due to 

the DC fast charging and single phase residential PEV charging only during the peak 

hours. Charging facilities are being developing and may be available in parking lots, 

office premises in near future. Hence there is a possibility of increasing PEV 

charging load at any time of the day. Charging of PEVs throughout the day must be 

analyzed in order to study the impact on load profile of the distribution feeders.  

In order to minimize the effect due to uncoordinated PEV charging, off-peak PEV 

charging can be promoted by developing TOU tariff scheme for single phase 

customer. Study the viability of integrating such tariff scheme would be beneficial to 

the power system as well as the PEV owners.  

There are more key research areas related to PEVs. Adoption of Vehicle to Grid 

(V2G) concept to Sri Lankan power system is one of the vast research areas. Under 

V2G concept, how to integrate PEVs in demand management, frequency regulation 

and as a spinning reserve to be further studied. PEV integration along with renewable 

energy sources is another research area. Some PEV owners already use domestic 

solar panel with net-metering. Smart charging of PEVs is another key research field.  

Current harmonics produced by the DC fast chargers are not in acceptable range. 

Hence further studies are essential, along with real data in order to compensate 

generated current harmonics by DC fast chargers. 
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APPENDIX I 

Total PEV Load calculation: 

Data   :-  3.3kW charger (Nissan Leaf) 

Total number of passenger cars - 672502 by 2015 [38]. 

Assumptions :-  10% of Passenger cars are replaced with PEVs [2] 

   Each EV charge once in three days 

   Each car will charge at night peak time on a day (at 7.00 pm) 

𝑇𝑜𝑡𝑎𝑙 𝑃𝐸𝑉 𝑙𝑜𝑎𝑑 = 672502 × 10% ×
1

3
× 3.3 𝑘𝑊 = 73975.22𝑘𝑊 ≈ 74𝑀𝑊 

** If total number of passenger cars in 2015 are replaced with PEVs night time peak 

demand of Sri Lankan load curve will rise by 74 MW.  

Fuel cost calculation  

Data   : Fuel Economy of a Nissan Leaf = 24kWh/135.18km = 0.178kWh/km [22]  

Average cost of a kWh = Rs.25 [39]  

Fuel Economy of a ICEV = 1/12 l/km = 0.083 l/km [20] 

Cost of a petrol liter = Rs.117 [54]  

Assumption: PEV is charged within day hours and consumer has three phase 

electricity connection.   

𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑘𝑚 𝑜𝑓 𝑎 𝑃𝐸𝑉 =
0.178𝑘𝑊ℎ

𝑘𝑚
× 𝑅𝑠.

25

𝑘𝑊ℎ
= 𝑅𝑠.

4.45

𝑘𝑚
  

𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑘𝑚 𝑜𝑓 𝑎𝑛 𝐼𝐶𝐸𝑉 = 0.083
𝑙

𝑘𝑚
× 𝑅𝑠.

117

𝑙
= 𝑅𝑠.

9.71

𝑘𝑚
 

𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 𝑠𝑎𝑣𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝐼𝐶𝐸𝑉 𝑡𝑜 𝑃𝐸𝑉 = 𝑅𝑠. 9.71 − 𝑅𝑠. 4.45 = 𝑅𝑠. 5.26  
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APPENDIX II 

Global PEV stock from 2005 to 2015 (in thousands) 

Country 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

Canada             0.52 2.60 5.71 10.78 18.45 

China           1.43 6.50 16.40 31.74 104.91 312.29 

France 0.01 0.01 0.01 0.01 0.11 0.30 2.93 9.25 18.88 31.50 54.29 

Germany 0.02 0.02 0.02 0.09 0.10 0.25 2.34 6.13 13.25 26.03 49.22 

India       0.37 0.53 0.88 1.33 2.76 3.13 4.02 6.02 

Italy 0.53 0.53 0.53 0.60 0.60 0.64 0.76 1.42 2.47 3.99 6.13 

Japan         1.08 3.52 16.14 40.58 69.46 101.74 126.40 

Korea           0.06 0.34 0.85 1.45 1.52 4.33 

Netherlands       0.01 0.15 0.27 1.14 6.26 28.67 43.76 87.53 

Norway       0.25 0.39 0.79 2.80 7.21 15.42 35.21 70.82 

Portugal           0.02 0.22 0.32 0.53 0.82 2.00 

South Africa                 0.03 0.05 0.29 

Spain           0.07 0.65 1.20 2.21 3.66 5.95 

Sweden   0.12 0.13 0.13 0.16 0.19 0.37 1.25 2.65 7.09 14.53 

United Kingdom         0.19 0.29 1.37 3.78 7.28 21.86 49.67 

United States 1.12 1.12 1.12 2.58 2.58 3.77 21.50 74.74 171.44 290.22 404.09 

Others*             1.73 4.48 8.76 19.59 44.89 

Total 1.67 1.78 1.79 4.04 5.89 12.48 60.65 179.23 383.09 706.77 1256.90 

 

* Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, Greece, 

Hungary, Iceland, Ireland, Latvia, Liechtenstein, Lithuania, Luxembourg, Malta, Poland, Romania, 

Slovak Republic, Slovenia, Switzerland, Turkey. 

Source: Global EV Outlook 2016, International Energy Agency (IEA) - Table 6 
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APPENDIX III 

New vehicle registrations of Sri Lanka in 2014 [38] 
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New vehicle registrations of Sri Lanka in 2015 [38] 
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APPENDIX IV 

Charging stations’ location details in Sri Lanka [25] 
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APPENDIX V 

IEEE 33 node test feeder data: 

Line 

Number 
Sending 

Bus 
Receiving 

Bus 

Real 

Power 

(kW) 

Reactive 

Power 

(kVar) 
Resistance 

(ohm) 
Reactance 

(ohm) 

1 1 2 100 60 0.0922 0.0477 

2 2 3 90 40 0.4930 0.2511 

3 3 4 120 80 0.3660 0.1864 

4 4 5 60 30 0.3811 0.1941 

5 5 6 60 20 0.8190 0.7070 

6 6 7 200 100 0.1872 0.6188 

7 7 8 200 100 1.7114 1.2531 

8 8 9 60 20 1.0300 0.7400 

9 9 10 60 20 1.0400 0.7400 

10 10 11 45 30 0.1966 0.0650 

11 11 12 60 35 0.3744 0.1238 

12 12 13 60 35 1.4680 1.1550 

13 13 14 120 80 0.5416 0.7129 

14 14 15 60 10 0.5910 0.5260 

15 15 16 60 20 0.7463 0.5450 

16 16 17 60 20 1.2890 1.7210 

17 17 18 90 40 0.7320 0.5740 

18 2 19 90 40 0.1640 0.1565 

19 19 20 90 40 1.5042 1.3554 

20 20 21 90 40 0.4095 0.4787 

21 21 22 90 40 0.7089 0.9373 

22 3 23 90 50 0.4512 0.3083 

23 23 24 420 200 0.8980 0.7091 

24 24 25 420 200 0.8960 0.7011 

25 6 26 60 25 0.2030 0.1034 

26 26 27 60 25 0.2842 0.1447 

27 27 28 60 20 1.0590 0.9337 

28 28 29 120 70 0.8042 0.7006 

29 29 30 200 600 0.5075 0.2585 

30 30 31 150 70 0.9744 0.9630 

31 31 32 210 100 0.3105 0.3619 

32 32 33 60 40 0.3410 0.5302 
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APPENDIX VI 

LECO Distribution Feeder Data: 

 Feeder 1 Transformer Details:  

Transformer ID : AZ0202 

Capacity (kVA) : 160 

Base Year   : 2015 

Location   : Kotte 

Branch   : Kotte 

CSC   : Kotte 

ADMD (KVA) : 0.38 

Power Factor   : 0.90 

Growth (%)   : 3 

Feeder  Pole ID Conductor Pole Span (m) Nos. of  connections Power (kVA) 

F1   ABC 70     

  EN5   0 0 0.000 

  EN5/1   7 8 3.040 

  EN5/2   36 9 3.420 

  EN5/3   35 1 0.380 

  EN5/4   11 9 3.420 

  EN5/5   39 11 4.180 

  EN5/6   6 9 3.420 

  EN5/6-1   25 3 1.140 

  EN5/7   8 3 1.140 

  EN5/7-1   14 11 4.180 

  EN5/8   11 5 1.900 

  EN5/9   32 11 4.180 

  EN5/10   31 7 2.660 

  EN5/11   37 12 4.560 

  EN5/12   20 15 5.700 

F1-1   ABC 50     

  EN5/8A   17 0 0.000 

  EN5/8B   11 0 0.000 

F1-2   ABC 50     

  EN5/10A   27 5 1.900 

  EN5/10B   12 7 2.660 

  EN5/10C   22 10 3.800 

  EN5/10D   7 0 0.000 

  EN5/10E   13 1 0.380 

F2   ABC 50     

  EN6   27 16 6.080 

  EN7   33 13 4.940 

  EN7-1   22 1 0.380 

  EN8   18 4 1.520 
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Feeder  Pole ID Conductor Pole Span (m) Nos. of  connections Power (kVA) 

F2-1   ABC 50     

  EN7/1   38 6 2.280 

  EN7/2   14 3 1.140 

  EN7/3   31 3 1.140 

  EN7/4   36 5 1.900 

  EN7/5   30 5 1.900 

  EN7/6   23 8 3.040 

  EN7/7   43 6 2.280 

  EN7/8   9 8 3.040 

  EN7/9   11 2 0.760 

  EN7/10   22 8 3.040 

F2-2   ABC 50     

  EN8/1   2 14 5.320 

  EN8/2   24 0 0.000 

  EN8/3   29 13 4.940 

      

F3   ABC 50     

  EN4/1   25 5 1.900 

  EN4   28 6 2.280 

  EN3-1   14 8 3.040 

  EN3   33 19 7.220 

  EN2-1   26 10 3.800 

  EN2   20 7 2.660 

  EN1   12 8 3.040 

  EN1A   10 5 1.900 

  EN1B   5 15 5.700 

  EN1C   15 3 1.140 

  EN1D   19 1 0.380 

  EN1E   24 1 0.380 

  EN1F   19 0 0.000 

  EN1G   23 7 2.660 

  EWA*2   27 0 0.000 

  EWA*1   15 0 0.000 

  EWA   7 0 0.000 

  EN1J   37 5 1.900 

  EN1K   18 0 0.000 

  EN1L   24 11 4.180 

F3-1   ABC 50     

  EN1F1   24 8 3.040 

  EN1F2   24 10 3.800 

F3-2   ABC 50     

  EN1H1   38 6 2.280 

Total 62   387 147.060 
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 Feeder 2 Transformer Details:  

Transformer ID  : AZ0203 

Capacity (kVA) : 160 

Base Year   : 2015 

Location   : Kotte 

Branch   : Kotte 

CSC   : Nawala 

ADMD (kVA)  : 0.41 

Power Factor   : 0.9 

Growth (%)   : 3 

Feeder  Pole ID Conductor Pole Span (m) Nos. of  connections Power (kVA) 

F1   ABC 70       

  EN15   0 2 0.820 

  EN15/1   12 8 3.280 

  EN15/2   18 2 0.820 

  EN15/3   22 1 0.410 

  EN15/4   24 5 2.050 

  EN15/5   9 3 1.230 

  EN15/6   26 7 2.870 

  EN15/7   33 4 1.640 

  EN15/8   16 1 0.410 

  EN15/9   20 7 2.870 

  EN16/1/7   32 0 0.000 

F1-1   ABC 50       

  EN15/7/1   6 11 4.510 

  EN15/7/2   24 7 2.870 

F2   ABC 70       

  EN14-1   26 6 2.460 

  EN14   18 8 3.280 

  EN14/1   13 0 0.000 

  EN14/1/1   3 0 0.000 

  EN13   9 8 3.280 

  EN12   38 2 0.820 

  EN11-2   7 12 4.920 

  EN11-1   15 5 2.050 

  EN11   22 10 4.100 

  EN10   25 4 1.640 

  EN9   19 0 0.000 

  EN8/1   30 0 0.000 

  EN8   2 3 1.230 

  EN8/2   24 0 0.000 

            

F2-2   ABC 50       

  EN11-2/1   42 0 0.000 

  EN11-2/2   13 8 3.280 

  EN11-2/3   26 11 4.510 

  EN11-2/4   7 9 3.690 
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Feeder  Pole ID Conductor Pole Span (m) Nos. of  connections Power (kVA) 

  EN11-2/5   29 6 2.460 

  EN11-2/6   31 2 0.820 

  EN11-2/6/1   29 2 0.820 

  EN11-2/6/2   6 0 0.000 

  EN11-2/6/3   20 9 3.690 

  EN11-2/6/4   21 6 2.460 

  EN11-2/6/5   40 4 1.640 

F2-2-1   ABC 50       

  EN11-2/3/1   28 11 4.510 

F2-2-2   ABC 50       

  EN11-2/5/1   27 6 2.460 

  EN11-2/5/2   27 0 0.000 

F2-2-3   ABC 50       

  EN11-2/7   10 8 3.280 

F2-2-4   ABC 50       

  EN11-2/6/2A   13 4 1.640 

  EN11-2/6/2B   34 3 1.230 

  EN11-2/6/2C   34 3 1.230 

  EN11-2/6/2D   7 6 2.460 

F2-3   ABC 50       

  EN9A   12 7 2.870 

  EN9B   28 1 0.410 

  EN9C   15 5 2.050 

F3   ABC 70       

  EN15-1   14 3 1.230 

  EN16   35 9 3.690 

  EN16/1   17 6 2.460 

  EN16/2   11 9 3.690 

  EN17   15 2 0.820 

F3-1   ABC 50       

  EN16A   14 10 4.100 

  EN16B   36 5 2.050 

  EN16C   38 7 2.870 

Total 57    278 113.98 

 

 Feeder 3 Transformer Details:  

Transformer ID  : AZ0221 

Capacity (kVA) : 250 

Base Year   : 2015 

Location   : Pitakotte 

Branch   : Kotte 

CSC   : Kotte 

ADMD (KVA) : 0.45 

Power Factor   : 0.90 

Growth (%)   : 3 
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Feeder  Pole ID Conductor Pole Span (m) Nos. of  connections Power (kVA) 

F1   ABC 50       

  EN45   0 8 3.600 

  EN45-1   34 5 2.250 

  EN46   12 23 10.350 

  EN46-1   17 14 6.300 

  EN47   26 10 4.500 

  EN47-1   29 7 3.150 

  EN48   31 2 0.900 

F1-1   ABC 50       

  EN45-1A   17 1 0.450 

  EN45-1B   38 7 3.150 

F1-2   ABC 50       

  EN47A   9 3 1.350 

  EN47B   28 3 1.350 

  EN47C   33 9 4.050 

  EN47D   36 10 4.500 

  EN47E   27 18 8.100 

  EN46F   24 14 6.300 

F1-3   ABC 50       

  EN47-1/1   26 10 4.500 

  EN47-1/2   30 2 0.900 

  EN47-1/3   19 10 4.500 

  EN47-1/4   20 17 7.650 

  EN47-1/5   35 7 3.150 

  EN47-1/6   21 3 1.350 

  EN47-1/7   13 5 2.250 

  EN47-1/8   33 3 1.350 

F1-4   ABC 50       

  EN47-1/5A   24 0 0.000 

F2   ABC 70       

  EN44-1   26 14 6.300 

  EN44   20 21 9.450 

  EN43   24 1 0.450 

  EN42   29 16 7.200 

  EN41   26 5 2.250 

  EN40   37 1 0.450 

F2-1   ABC 50       

  EN44-1/1   5 0 0.000 

  BUILD2   5 0 0.000 

F2-2   ABC 50       

  EN42A   19 1 0.450 

  EN42B   34 7 3.150 

  EN42C   33 1 0.450 

  EN42D   28 2 0.900 

  EN42E   21 5 2.250 

  EN42F   11 3 1.350 

  EN42G   26 9 4.050 

  EN42H   18 1 0.450 

  EN42J   22 5 2.250 

  EN42K   41 3 1.350 
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Feeder  Pole ID Conductor Pole Span (m) Nos. of  connections Power (kVA) 

  EN42L   16 1 0.450 

F2-3   ABC 70       

  EN41/1   48 0 0.000 

  EN41/2   7 11 4.950 

  EN41/3   37 4 1.800 

  EN41/4   33 8 3.600 

  EN41/5   12 2 0.900 

  EN41/6   18 5 2.250 

  EN41/7   14 11 4.950 

F2-4   ABC 50       

  EN40A   13 0 0.000 

Total 51    328 147.600 

 

 

 

 

 


