
Impact Assessment of Electric Vehicle Charging on Power 
Distribution Systems   

 
by 

 
Jian Xiong, B. Eng. 

 
 
 
 

A thesis submitted to the Faculty of Graduate and Postdoctoral 
Affairs in partial fulfillment of the requirements for the degree of 

 
Master of Applied of Science 

 
in 
 

Electrical and Computer Engineering 
 

Ottawa-Carleton Institute for Electrical and Computer Engineering 
Carleton University 

Ottawa, Ontario 
 
 
 

© 2014, Jian Xiong 
  

 



Abstract 

 

This thesis investigates the impact of electric vehicle (EV) charging on 

distribution power systems through the following two tasks. The first task is to build the 

model of EVs connecting to the grid. Based on this model, the impact of EV charging on 

the distributed system at the neighborhood level is analyzed on both summer and winter 

peak days. These impacts are evaluated by taking into account the limitations of the rated 

transformer capacity and secondary drop lead current. In addition, as a practical concern 

for the power grid, the transformer ageing cycle is also investigated when EVs are 

penetrated into the grid. The other task is to investigate the impact of EV penetration 

across the entire distribution system. The EV charging impact on a feeder of the 

distribution system of Hydro Ottawa is assessed by considering the feeder unbalance and 

energy loss. 
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1    Chapter: Introduction 

This chapter introduces the background and objective of the thesis work and 

presents the literature review on grid assessment of electric vehicle (EV) charging.  

1.1 Overview 

With the development of clean energy and smart grid, EV adoption in Canada is 

widely spread in recent years. There will be more than 500,000 EVs on Canadian roads 

by 2018 [1]. In the major Canadian cities, EVs are anticipated to be increasingly used 

over the next five years. However, the capacity of the local distribution systems to deliver 

power to EV end-users may be constrained under certain conditions. Thus, it is very 

important to enhance the electricity distribution system’s ability to respond to the power 

demand for EV charging. EV load (2 kW at Level 1 and 7.2 kW at Level 2) is substantial 

compared with other residential load (a typical gas heated residential home represents a 

load of 4 kW) [2]. High concentrating of EV charging may overload existing 

transformers in the distribution systems. Consequently, it is essential for electric utilities 

to assess the grid capacity considering the EV load characteristics at the planning stage of 

large-scale EV application. Since the load features of EVs are mainly influenced by the 

charging characteristics of the EV batteries and the time of EV switching on and off, the 

studies on EV load have been increasingly focused on these two aspects. The aggregated 

charging features of large number of EV batteries are usually investigated in the scale of 

hours and the accurate equivalent battery models for the grid assessment studies are 

necessary. In comparison with the battery charging, the distributed feature of EV plug-

in/off time has more significant effect on the aggregation load characteristic when the 

number of EV is large. Depending on timing and duration of the EV connection to the 
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grid, there could be a wide variety of impact on grid constraints and capacity 

requirements. The other factors such as initial battery charging status and ambient 

temperature will also affect the EV load profile.  

1.2 Objective 

The objective of this thesis is to assess the penetration effect of EV batteries on 

the distribution system of Hydro Ottawa in the City of Ottawa. The thesis mainly focuses 

on proposing a methodology to model and analyze the network potential for EV charging 

at the neighborhood level and the feeder level in distribution power systems. The 

investigated distribution system data including the information of distribution substations, 

feeders, transformers, and load profiles are provided by Hydro Ottawa. Several criteria 

are introduced to conduct the assessment at the neighborhood level including transformer 

capacity limit, secondary drop lead current limit, factor of transformed accelerated aging 

and factor of transformer equivalent aging. At the feeder level, the voltage and current 

unbalance and the energy loss caused by high penetration EVs are investigated for Hydro 

Ottawa’s distribution system.  

1.3 Literature Review 

Based on different concerns, including EV penetration levels, EV charging 

characteristic, EV charging times and measurement metrics of the distribution system 

performance, many valuable works have been reported in terms of the effects of EV 

charging on distribution systems in the literature. 

The penetration rates of EVs into distribution systems of different countries 

around the world have been used to more accurately assess the potential impact of the EV 

 2 



charging on the distribution systems. In North America, a constant 25% Plug-in Hybrid 

Electric Vehicles (PHEV) market share starting in 2020 is estimated in [3]. In Japan, 20% 

of new car sales by 2020 are expected to be EVs [4]. In Norway, 50,000 EVs are 

expected to be sold by 2018 [5]. 30% PHEV market penetration by 2030 is the objective 

of Belgium [6]. When a large number of EVs are integrating into the current distribution 

systems, capacities of these distribution systems may be not sufficient to support the EV 

charging. Therefore the distribution systems may be overloaded without assessing the 

effects of the EV charging situations. For example, to meet the added power demand 

brought by PHEV charging in the evening, most regions in North America may need to 

build additional generation capacity [7]. When a very large number of PHEVs are 

penetrating into the distribution systems, it would place great pressure on peak units if the 

charging of these PHEVs are not properly controlled [8]. 

Meanwhile, different EV load characteristics have been considered when EVs are 

charging from distribution systems. Since the load features of EVs are mainly influenced 

by the charging characteristics of the EV batteries and the time of EV switching on and 

off, the studies on EV load have been increasingly focused on these two aspects. The 

charging characteristics have been defined by the battery size, charger efficiency, miles 

driven, and charger type [9]. For instance, four EV charging cases have been 

investigated, including uncontrolled domestic charging, uncontrolled domestic off-peak 

charging, smart domestic charging and uncontrolled public charging [10]. In [11], normal 

PHEV charging and quick PHEV charging have been studied on a regular weekday and 

off-peak days in summer and winter. This work has noticed that all PHEV charging 

strategies will create new load peaks. It will result in a slight decrease in operating 
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efficiency of distribution transformers and even overloaded the distribution transformer 

in some cases. In [12]-[14], PHEVs charging at multiple levels of the grid have been 

suggested, including 1.4kW EV load at Level 1 of 120V/15A, 2kW EV load at Level 2 of 

120V/20A and 6kW EV load at Level 2 of 240V/30A. Under the assumption of high 

PHEV penetration in the market, uniform charging, home-based charging and off-peak 

charging have been studied in [15]. According to [16], the authors have noticed that 

people would like charge their PEVs as soon as they arrive home, which probably results 

in a daily charging peak around 6pm-8pm. They have suggested that proposing effective 

ways to manage EV charging is indispensable. In terms of EV charging in a macro-scale 

time domain, different seasons of a year have been considered in [17]-[19]. In [17], the 

authors have pointed out that the per-vehicle peak charging rate varies with different 

seasons and it is generally shorter in the summer and longer in the spring. 

Besides EV charging characteristics, a variety of aspects of the distribution 

systems have been studied in terms of the effects of EV charging on the distribution 

systems. These aspects include phase imbalance, power quality, transformer lifespan and 

capacity limit [20]. In [21], the relationships between the number of active EV chargers 

and the levels of voltage and current imbalances have been investigated. It has been 

found that fewer active EV chargers result in larger current imbalance and lower voltage 

imbalance. When the power quality issue is taken into account, it mainly refers to 

harmonic distortion in the distribution systems. In [22], the authors have pointed out EV 

chargers from a large class of harmonic-producing load and these chargers become 

widespread in the residential distribution systems. When a large number of EVs are 

connected to the distribution system, it may cause the degradation of its transformer 
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performance such as reducing the transformer’s lifespan [23]. In [24], the impacts of the 

PHEV charging on Pacific Northwest distribution systems have been specifically 

investigated by researchers from Pacific Northwest National Laboratory (PNNL) in 

Richland, Washington. The test results with different residential feeder load profiles have 

shown that the distribution system could support the additional power demand for the 

120V smart charging profiles and it may be overloaded by the 240V rapid charging 

profiles. 

In view of the potential adverse impacts of the EV charging on the distribution 

systems, several optimal EV charging management strategies have also been developed 

in the literature. In [25], the authors have found that a large number of instant EV 

chargers will overload the distribution system. They used the electrolyte refilling 

technology to increase the allowable number of instant EV chargers. In [26], linear 

programming methods have been used for developing optimal EV charging strategies. 

The authors of this work have seen that these optimal EV charging methods could 

improve the three-phase voltage drop performance of the distribution system. In [27], the 

authors have developed an optimal charging strategy to maximize the EV chargers 

number under the power deliver limit of a distribution system. In [28], central control 

methods and distributed methods have been compared for the optimal EV charging issue. 

It has been observed that the full network state information is needed to centrally control 

the EV charging, while only the local information is used to make individual EV 

charging decisions. 
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Although these work are very valuable and promising, detailed assessments of the 

effects of the EV charging are still necessary when a particular distribution system is 

considered in practice. This thesis aims to assess the penetration effect of EV batteries on 

the distribution system of Hydro Ottawa in the City of Ottawa. While a lot of the existing 

works use assumed load profiles, the investigated distribution system data in this work 

including the information of distribution substations, feeders, transformers, and load 

profiles are provided by Hydro Ottawa. With these real-world data, we model and 

evaluate the network potential for EV charging at the neighborhood level and the feeder 

level in distribution power systems. In addition, this research builds on the methodology 

from the Toronto Electric Mobility Adoption and Prediction (EMAP) study [29] and the 

findings inform the subsequent Ottawa EMAP study [30]. This work will help Hydro 

Ottawa to understand the effects of the EV charging on the power demand profile of 

Hydro Ottawa’s distribution system. The investigation results are necessary to make 

informed, strategic and effective investments in EV charging technology and 

infrastructure in the next few years. 

1.4 Contributions of the Thesis Work 

The main contributions of the thesis are as follows:  

1. This thesis proposes a methodology to assess the potential capacities of the 

power distribution systems for EV charging at the neighborhood level and the 

feeder level. Particularly, the transformer ageing model is investigated to 

quantify the relationship between EV load and transformer life cycle.   
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2. An optimal EV charging strategy is designed to increase the penetration level 

of the EV charging power at the neighborhood level.  

3. The conducted EV charging assessment and the designed optimal EV 

charging strategy in this thesis are based on the data obtained from the 

distribution systems of Hydro Ottawa. The research results provide insightful 

reference for the EV employment in the City of Ottawa.  

1.5 Thesis Organization 

A range of scenarios were investigated in this thesis to better understand the 

extent to which a number of key variables could impact the capacity of the electricity 

distribution system at the neighborhood level and the feeder level to accommodate EV 

charging at home. The thesis is organized as follows: Chapter 2 introduces the 

characteristics of grid-connected EV charging. Chapter 3 presents the grid assessment 

results at the neighborhood level considering the factor of transformer ageing. Chapter 4 

analyzes the EV charging impact at the feeder level. Chapter 5 gives out the conclusions 

and discusses the future work. 
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2    Chapter: Characteristics of Grid-Connected EV Charging 

In order to analyze the impact of EV charging on the power grid, the 

characteristics of the EV charging process need to be understood. Figure 2.1 shows the 

generalized scheme of a grid-connected EV charging system where AC-DC and DC-DC 

converters are utilized for EV battery charging from the main grid [31]. Usually there is 

AC load connected at the grid side. This chapter will introduce each component of the 

EV system shown in this figure. 

DC-DC
Converter

AC-DC
Converter

Power 
Grid

DC Bus AC Bus

EV Battery
AC Load

EV Charging Power Flow

 

Figure 2.1  Schematic diagram of grid-connected EV charging system 

 

2.1  EV Battery 

High energy density batteries are preferred in EV applications due to the space 

limitation and the driving distance requirement of EV. There are different types of EV 

batteries including lead-acid, nickel metal hydride, and lithium ion battery. At the current 

stage, lithium ion battery is the most commonly used EV battery. The charging and 

discharging principle of lithium ion battery is shown in Figure 2.2 [32].    
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Figure 2.2   Charging and discharging principle of lithium ion battery  

 

Lithium battery consists of anode, cathode, and electrolyte. During the 

discharging period, the electrons flow from anode to cathode through wire and load, 

which means the current flows in opposite direction from cathode to anode. The metal 

ions Li+ flow from the anode to the cathode through the electrolyte. During the charging 

period, the electrons flow from cathode to anode through wire and load, and the current 

flows in opposite direction from anode to cathode. The metal ions Li+ flow from the 

cathode to the anode through the electrolyte.  

The equivalent electric circuit of lithum EV battery can be represented by a 

controlled DC voltage source (Ebatt) with an internal series resistance (R) shown in Figure 

2.3. The details of the equivalent model are described as follows [33], [34]: 

0 0.1
B It

batt
KQ KQV E i It Ae R i
Q It Q It

− ⋅= + ⋅ − ⋅ + + ⋅
+ −

    (1) 
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[ ]0
0

1 , 0
t

It SOC Q idt It Q= − ⋅ − ≤ ≤∫     (2) 

where Vbatt is the terminal voltage of the battery; i is the discharging current; Q is the 

nominal capacity of the battery; K is a polarization constant of battery; E0 is the constant 

electric potential of the battery; A and B are the constants of the exponential section of the 

battery charging; It is the extracted capacity of the battery; SOC0 is the initial battery 

state-of-charge (SOC) - the percentage of charge left in the battery.  

Controlled DC 
Voltage Source

+

_

R

Ebatt Vbatt

i

 

Figure 2.3   Equivalent circuit of EV battery 

 

The meanings of the right part items in (1) are explained as follows [33], [34]. E0 

is the constant electric potential of the battery. The second item represents the impact of 

the polarization resistance. The third item is a non-linear voltage concerning the 

polarization voltage that changes with the actual charge of the battery in the initial rise 

part of battery charging. The fourth item represents the end part in the exponential section 

of the end battery charging term. The fifth item is the voltage loss on the internal 

resistance of the battery. 
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2.2 AC-DC Converter 

  AC-DC converter is used to converter grid AC voltage into DC voltage to be 

applied to EV battery. Depending on different purpose of grid connection of EV, AC-DC 

converter can be unidirectional or bi-directional. Unidirectional AC-DC part consists of 

diode rectifier and power factor correction (PFC) circuit as shown in Figure 2.4 [35]. 

With this type of AC-DC converter, power can only flow from the grid to EV battery. 

PFC circuit is employed here to remove the DC bus voltage ripple caused by diode 

rectifier. Bidirectional AC-DC converter or inverter will be used if EV battery is designed 

to discharge power into the grid for vehicle-to-grid (V2G) operation. This thesis mainly 

investigates the unidirectional EV charging scenario.  

Diode Rectifier

Grid DC-DC
EV 

Battery

Unidirectional 
AC-DC

PFC

DC 
Bus

EV Charger
 

Figure 2.4   Single-phase unidirectional AC-DC conversion circuit of EV charger 

 

2.3 DC-DC Converter 

DC-DC stage is mainly used to modulate the battery DC voltage and the battery 

charging current. Similar with AC-DC converter, DC-DC converter can also be 

unidirectional and bidirectional based on different grid connection applications. DC-DC 

converter of unidirectional charging systems generally consists of a traditional DC-DC 
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circuit which could be buck converter, boost converter, buck-booster converter, flyback 

converter, Cuk converter, and so on [36]. The DC-DC converter is used to converter the 

DC bus voltage to different EV battery EV battery voltages. As the grid voltages are 

standard, we need different voltage levels for different types of batteries.  

Figure 2.5 shows the circuit topology of a buck-booster converter. The insulated-

gate bipolar transistor (IGBT) acts as a switch to control the charging voltage Vbatt and the 

charging current Ibatt. A constant voltage controller or a constant current controller can be 

designed to alter the switching status of the IGBT through the pulse generator.  

 

C E

g

Pulse 
Generator IGBT

Diode

L1

DC Bus

Ibatt

C1 Vbatt

 

Figure 2.5   Buck-boost converter circuit 

 

The two-stage charging of constant-current and constant-voltage is a common 

approach to extend battery service life. This charging approach starts to charge a low 

SOC battery by using constant current control with a relatively large reference charging 

current (rated battery current). The charging strategy is changed to the constant voltage 

control when the battery voltage reaches its rated value. Based on (1), the charging 
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current indicates the charging speed and the charging voltage exhibits the SOC level of 

EV battery. When the large charging current is applied, the SOC value will increase fast 

and it will reach a high SOC level after the charging voltage hits the maximum value. 

Figure 2.6 shows the charging power curves of three different types of EV battery with 

the above two-stage charging approach.  

In Figure 2.6, the constant voltage charging stage of lithium battery lasts a very 

short time with respect to the constant current-charging stage and charging current decays 

to 0 sharply. However, the constant voltage charging stages of the other two types of 

batteries are much longer remarkably. Therefore, to concentrate on the main 

characteristics of the EV charging and simplify the calculation, the constant voltage 

charging process could be ignored in the study of lithium battery charging characteristics 

and modeling. Furthermore, based on this figure a constant charging power curve can be 

used as good approximation for grid assessment of EV charging.  

 

 

Figure 2.6   Charging power curves of 3 types of battery 
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2.4 EV Charging Power Levels 

Based on charging power levels, EV battery chargers can be classified as Level 1, 

Level 2 and Level 3 in North America. Typically, Level 1 charging is described as 

portability and used as an on-board charger. It has characteristics of long charging time 

and low cost. Level 2 charging has a balanced performance that volume and charging 

time are moderate. Its cost is higher than Level 1 charging. People describe Level 2 

charging as the primary method for both private and public facilities. It can be used in 

V2G systems. Level 3 charging is mostly used in large power systems and fast charging 

systems. It is intended for commercial and public applications, operating like a filling 

station but has a large cost. Table 2.1 lists different EV charging power levels defined by 

Society of Automotive Engineers (SAE) [37].  

 

Table 2.1  EV Charging Power Levels 

Charge level Maximum Voltage Maximum Current Maximum Power Phase 

AC level 1 120V AC 16A 1.9kW single 

AC level 2 240V AC 80A 19.2kW split 

AC level 3 480V AC 330A 158.4kW three 

DC level 1 200-450V DC 180A 19.2kW  
DC level 2 200-450V DC 200A 90kW  
DC level 3 200-600V DC 240A 240 kW  

 
 
 
2.5 Power Grid 

EVs are connected to distribution power systems during their charging. Figure 2.7 

shows a simplified power system structure where electricity is generated at central power 
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plant and delivered to load side through transmission system, substation and distribution 

system. Usually, large industrial and commercial load are directly connected to 

distribution system feeders and small residential load are connected to the branches 

(laterals) of feeders. When EVs are charged at industrial and commercial sites, the 

aggregated charging impact on the grid could be assessed at the feeder level directly. 

When EVs are charged at home, the aggregated impact on the grid will be assessed at the 

neighborhood level at first and then at the feeder level. 
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Figure 2.7   Power system structure 
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3    Chapter: Assessment of EV Charging at the Neighborhood Level 

This chapter presents the grid assessment results of EV charging for a 

representative neighborhood in Ottawa. Several factors including transformer capacity, 

secondary current limit, and transformer ageing are considered to find the maximum 

number of different types of EV that can be connected to the grid in this neighborhood. 

An optimal charging strategy is also designed and tested in this chapter.  

 

3.1 EV Charging at the Neighborhood Level 

At the neighborhood level, a pole-mounted or pad-mounted transformer supplies 

power to several households, which is illustrated in Figure 3.1 where two neighborhoods 

served by Hydro Ottawa’s distribution system are plotted. When distribution feeders are 

located overhead, the transformer is usually mounted on a utility pole and is referred to as 

pole-mounted. When the distribution feeders run underground, the transformer is 

mounted on a concrete pad (pad-mounted) or installed in an underground vault [30]. 

Figure 3.1(a) shows a neighborhood with pole-mounted transformer and Figure 3.1(b) 

shows a neighborhood with pad-mounted transformer. The primary side of the 

transformers in this figure is connected to the 27.6kV feeder of the investigated 

distribution system. The secondary side of the transformers is connected to the household 

load which has the phase to phase voltage 240V. The secondary connection system 

consists of the following [30]: 

• Secondary drop lead is a conductor connecting the transformer to a secondary 

bus.  
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• Secondary bus is a bus provides a common electrical connection between multiple 

electrical devices. It is a common connection point for the individual service 

cables running directly to each household serviced by the transformer. 

• Service cables connect the secondary bus to the end-user. Service cables are the 

last stage of the distribution system. 

If the transformer is pole-mounted then there are secondary bus and secondary drop 

lead between the household load and the transformer, as shown in Figure 3.1(a). If the 

transformer is pad-mounted, the secondary side of the transformer will be directly 

connected the household load without secondary bus and secondary drop lead, as shown 

in Figure 3.1(b). In this figure, each household in one neighborhood has its basic load 

power level and the total load power level of this neighborhood is the sum of all the 

households. The total load power delivered by the feeder will flow through the pole-

mounted or pad-mounted transformer without being over the capacity of the transformer, 

i.e., 50kVA.  For the neighborhood with pole-mounted transformer, there is current limit 

for the secondary bus and the secondary drop lead. As a result, the total load current of 

the neighborhood cannot be over this limit. In the service area of Hydro Ottawa, the old 

current limit is defined as 185A whereas the new standard increases the current limit to 

325A by upgrading the cables used for the secondary drop lead and secondary bus. 

EV will be connected to individual household when EV charging impact is 

considered. At this time, the total load power flowing through the transformer will be the 

sum of the total basic household load power and the aggregated EV load power. The total 

EV load power depends on the number of EV connected to the households in the 
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neighborhood at the same time and the plug in/off time of each EV. In this thesis, four 

Ottawa neighborhoods either with pole-mounted transformer or with pad-mounted 

transformer are investigated. Similar grid assessment results are obtained for these 

neighborhoods and only the results for the neighborhood shown in Figure 3.1(a) are 

presented and discussed. 

 

27.6 kV feeder

Transformer 
Type: Single phase
Rate 50 kVA 27.6kV/0.24kV

Secondary 
Drop Lead

Secondary 
Bus

Household Load

27.6 kV feeder

Transformer 
Type: Single phase
Rate 50kVA 27.6kV/0.24kV

Household Load

(a) Pole-mounted transformer (b) Pad-mounted transformer

Primary Side

Secondary Side Secondary Side

Primary Side

1 2 3 4 5 6 7
1 2 3 4 5 6 7 8 9 10

Service Cable

Service Cable

 

Figure 3.1   Load connection at the neighborhood level for pole-mounted transformer 

  Figure 3.2 and Figure 3.3 show the total transformer load and the individual 

household load for the summer peak day (highest temperature of 33.2°C at 1.00pm 

(13:00) on 17th July 2013) and the winter peak day (lowest temperature of -28.5°C at 

08:00am on 23rd January 2013) [38] without EV charging for the neighborhood shown in 

Figure 3.1(a), respectively. Those two days are the representative highest load power 

days in one year due to the highest temperature Figure 3.3 (maximum cooling load will 

be picked up) and the lowest temperature (maximum heating load will be picked up). 
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3.2 EV Model Specifications 

Currently there are different types of EV on market. Several popular EVs are 

selected to be studied in this grid assessment work. The specifications of the investigated 

EVs are shown in Table 3.1. Here, “charging hours” means how long it will take an EV 

to be fully charged with empty battery. “Per hour charge” means how many kilometers an 

EV can drive with one-hour charging. In this thesis, it is assumed that each EV has an 

empty battery when it is connected to the grid for charging. As a result, “charging hours” 

will be the total connected time for each EV. Figure 3.4 illustrates the charging power of 

Honda Fit EV.  It takes 3 hours to charge this EV from empty to full. During this three-

hour period, the charging power of EV or the power contribution from EV to the total 

transformer load is always 6.6kW. When the EV is full, it will be disconnected from the 

grid and no more power will be delivered to it.  Additionally, the EV penetration rate 

used in this thesis is calculated by using the total load profile for the transformer and 

adding the additional load for one EV per household served by the transformer.  

 

Table 3.1    EV Model Specifications 

EV Model 2013 Fiat 500e 
120V [39] 

Nissan Leaf 
240V [40][41] 

2014 Honda Fit 
EV 240V [42] 

TESLA Model 
S 240V [43] 

Charging power 1.0kW 3.3kW 6.6kW 20kW 
Battery size 24 kWh 24 kWh 20kWh 85kWh 

Charging hours 22 hours 8 hours 3 hours 5 hours 
Per hour charge 7 km 14 km 43 km 100 km 
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EV Charging Power (kW) 

6.6 

Time of Day 
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Figure 3.4   Constant charging power curve used in grid assessment of EV charging 

 

3.3 EV Charging Affected by Transformer Capacity and Secondary Current 

Limit  

The neighborhood shown in Figure 3.1(a) is used to investigate the key variables 

limiting EV charging in this section. Two main factors, the transformer capacity and the 

secondary drop lead current limit, are studied.  A set of scenarios are developed based on 

the neighborhood load profiles shown in Figure 3.2 and Figure 3.3 and the EV chargers 

shown in Table 3.1. It is assumed that maximum number of EVs could charge at the 

highest load point on the load profiles simultaneously. While this condition is not likely 

to occur in actual applications, this investigation allows for a better understanding of 

possible worst-case scenarios and key factors that could limit the number of EVs that can 

be accommodated by the electricity distribution system. 

3.3.1 Warmest Day 

In Figure 3.2, the transformer load on the warmest day of 2013 is the sum of the 

individual house load. The maximum (i.e., peak) transformer load is 18.48kW occurring 
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at 8:00am. The minimum (i.e. valley) transformer load is 7.69kW occurring at 4:00am. In 

this assessment, the “worst charging scenario” and the “minimum load charging 

scenario” are corresponding to the peak load time and the valley load time of the 

investigated day, respectively. The two scenarios form the base load situations and 

different number and type of EVs are tested on these base load situations.  

Table 3.2 shows the EV penetration level for the “worst charging scenario” based 

on the rated transformer capacity (50kVA).  EVs are connected to the grid at 8:00am 

which is the peak load time. The highlighted parts in the table mean the total load is over 

the rated transformer capacity 50kVA, i.e., overload. Here we assume the load power 

factor is 1. As a result, the load level 50kW will be equivalent to the transformer capacity 

50kVA. From this table it can be observed that the 1.0kW and 3.3kW chargers will not 

cause overload. The 6.6kW charger will allow 4 EVs and the 20kW charger will allow 

only one EV to be connected. After these EVs numbers, the power consumer is over 50 

kW. 

Table 3.2    EV Penetration Limit on the Warmest Day-Power Limit 50kW (Peak Load Time) 

Number of 
EVs in 

addition to 
house load 

Transformer Load (kW) 
EV Charger Capacity 

1.0kW 3.3kW 6.6kW 20kW 

1 19.48 21.78 25.08 38.48 
2 20.48 25.08 31.68 58.48 
3 21.48 28.38 38.28 78.48 
4 22.48 31.68 44.88 98.48 
5 23.48 34.98 51.48 118.48 
6 24.48 38.28 58.08 138.48 
7 25.48 41.58 64.68 158.48 
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Figure 3.5 considers the charging hours of each type of EV. The maximum EV 

number 7 is used to illustrate the charging impact. It displays that the transformer will be 

overloaded if all the 7 EVs of 6.6kW or 20kW are connected to the grid. It is worth to 

note different EV may charge at different time and the total transformer load for the 

6.6kW charger could be under the rated transformer capacity if an optimal charging 

strategy is arranged for the EVs. 

 

 

Figure 3.5    Comparison of EV penetration levels on the warmest day (peak load time) 

 

As we mentioned before, there are two standards for the secondary drop lead 

current limit in Ottawa. The old limit is 185A, and the new limit is 325A. Table 3.3 

shows the EV penetration limit when the 185A limit is used to assess the charging effect. 

EVs are connected to the grid at 8:00am which is the peak load time. The highlighted 

parts mean the second drop lead is overloaded. Using the old standard (185A), the 6.6kW 

charger will allow 3 EVs and the 20kW charger will allow only one EV to be connected. 
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The new standard current limit (325A) shown in Table 3.4 will allow the 6.6kW charger 

to connect 7 EVs and the 20 kW charger to connect 2 EVs. In this situation, the 

secondary drop lead can connect more EVs.  

Table 3.3    EV Penetration Limit on the Warmest Day-Current Limit 185A (Peak Load Time) 

Number of 
EVs in 

addition to 
house load 

Current on Secondary Drop Lead (A) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 81.17 90.75 104.50 160.33 
2 85.33 104.50 132.00 243.67 
3 89.50 118.25 159.50 327.00 
4 93.67 132.00 187.00 410.33 
5 97.83 145.75 214.50 493.67 
6 102.00 159.50 242.00 577.00 
7 106.17 173.25 269.50 660.33 

 
 

Table 3.4    EV Penetration Limit on the Warmest Day-Current Limit 325A (Peak Load Time) 

Number of 
EVs in 

addition to 
house load 

Current on Secondary Drop Lead (A) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 81.17 90.75 104.50 160.33 
2 85.33 104.50 132.00 243.67 
3 89.50 118.25 159.50 327.00 
4 93.67 132.00 187.00 410.33 
5 97.83 145.75 214.50 493.67 
6 102.00 159.50 242.00 577.00 
7 106.17 173.25 269.50 660.33 

 
 

The professional simulation software CYMEDist is utilized to verify the 

calculation results listed in Table 3.2, Table 3.3 and Table 3.4. The verification results are 

shown in Table 3.5 and Table 3.6, respectively.  
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Table 3.5    Verified EV Penetration Limit on the Warmest Day-Current Limit 185A (Peak Load 

Time) 

EV # (6.6kW) Current (A) Voltage (V) Load (kW) 
0 77.48041 238.4 18.47133 
1 105.3664 238 25.07721 
2 133.3102 237.6 31.6745 
3 161.3117 237.2 38.26313 
4 189.4864 236.8 44.87037 
5 217.7188 236.4 51.46872 
6 246.0667 236 58.07174 
7 274.5878 235.6 64.69288 

 

Table 3.6    Verified EV Penetration Limit on the Warmest Day-Current Limit 325A (Peak Load 

Time) 

EV # (6.6kW) Current (A) Voltage (V) Load (kW) 
0 77.48041 238.4 18.47133 
1 105.3664 238 25.07721 
2 133.3102 237.6 31.6745 
3 161.3117 237.2 38.26313 
4 189.4864 236.8 44.87037 
5 217.7188 236.4 51.46872 
6 246.0667 236 58.07174 
7 274.5878 235.6 64.69288 

 

From Table 3.5, the current results match the analytical method. The 6.6kW 

charger will allow 3 EVs which match with the value of the 6.6kW charger in Table 3.3 

according to the old secondary drop lead current capacity 185A. Also from Table 3.5, the 

load results match the analytical method. The 6.6kW charger will allow 4 EVs which 

match the value of the 6.6kW charger in Table 3.2 according to the transformer capacity 

50kVA. 
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In Table 3.6, the 6.6kW charger will allow 7 EVs which with the value of the 

6.6kW charger in Table 3.4 according to the new secondary drop lead current capacity 

325A. Figure 3.6 summaries the secondary drop lead current versus the allowed 6.6kW 

EV charger number. 

 
 
Figure 3.6    Relationship between secondary current limit and 6.6kW charger number 
 

Table 3.7 shows the EV penetration level for the “minimum load charging 

scenario” based on the rated transformer capacity (50kVA).  EVs are connected to the 

grid at 4:00am which is the valley load time. The highlighted parts in the table mean the 

total load is over the rated transformer capacity 50 kVA, i.e., overload. In this scenario, 6 

EVs can be allowed for the 6.6kW charger and 2 EVs are allowed for the 20kW charger. 

It is obvious that more EVs charging at the valley load time can be allowed than those 

charging at the peak load time.  The same conclusion can be drawn from the comparison 

of the results shown in Table 3.8 and Table 3.9 based on the secondary current limit. 
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Table 3.7     EV Penetration Limit on the Warmest Day-Power Limit 50kW (Valley Load Time) 

Number of 
EVs in 

addition to 
house load 

Transformer Load (kW) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 8.69 10.99 14.29 27.69 
2 9.69 14.29 20.89 47.69 
3 10.69 17.59 27.49 67.69 
4 11.69 20.89 34.09 87.69 
5 12.69 24.19 40.69 107.69 
6 13.69 27.49 47.29 127.69 
7 14.69 30.79 53.89 147.69 

 

Table 3.8    EV Penetration Limit on the Warmest Day-Current Limit 185A (Valley Load Time) 

Number of 
EVs in 

addition to 
house load 

Old Standard Current on Secondary Drop Lead (A) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 36.21 45.79 59.54 115.38 
2 40.38 59.54 87.04 198.71 
3 44.54 73.29 114.54 282.04 
4 48.71 87.04 142.04 365.38 
5 52.88 100.79 169.54 448.71 
6 57.04 114.54 197.04 532.04 
7 61.21 128.29 224.54 615.38 

 

Table 3.9    EV Penetration Limit on the Warmest Day-Current Limit 325A (Valley Load Time) 

Number of 
EVs in 

addition to 
house load 

New Standard Current on Secondary Drop Lead (A) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 36.21 45.79 59.54 115.38 
2 40.38 59.54 87.04 198.71 
3 44.54 73.29 114.54 282.04 
4 48.71 87.04 142.04 365.38 
5 52.88 100.79 169.54 448.71 
6 57.04 114.54 197.04 532.04 
7 61.21 128.29 224.54 615.38 
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3.3.2 Coldest Day 

Similar analysis for the warmest day has been done for the coldest day load 

profile shown in Figure 3.3. Table 3.10 shows the EV penetration level for the “worst 

charging scenario” based on the rated transformer capacity (50kVA).  EVs are connected 

to the grid at 7:00pm (19:00) which is the peak load time. The highlighted parts mean the 

total load is over the rated transformer capacity 50 kVA, i.e., overload. Here we assume 

the load power factor is 1. As a result, the load level 50kW will be equivalent to the 

transformer capacity 50kVA.  

Table 3.10    EV Penetration Limit on the Coldest Day-Power Limit 50kW (Peak Load Time) 

Number of 
EVs in 

addition to 
house load 

Transformer Load (kW) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 15.9 18.2 21.5 34.9 
2 16.9 21.5 28.1 54.9 
3 17.9 24.8 34.7 74.9 
4 18.9 28.1 41.3 94.9 
5 19.9 31.4 47.9 114.9 
6 20.9 34.7 54.5 134.9 
7 21.9 38 61.1 154.9 

 

From Table 3.10 it is observed that the 1.0kW and 3.3kW chargers will not cause 

overload. The 6.6kW charger will allow 5 EVs and the 20kW charger will allow only one 

EV to be connected. The assessment results are further displayed in Figure 3.7 

considering the charging hours of each type of EV. The maximum EV number, seven is 

used to illustrate the charging impact. This figure displays that the transformer will be 

overloaded if all the houses have the 6.6kW or the 20kW charger.   
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Figure 3.7    Comparison of EV Table 3.12penetration levels on the coldest day (peak load time) 

 
Table 3.11 shows the EV penetration level for the “worst charging scenario” 

based on the old secondary current limit (185A).  EVs are connected to the grid at 

7:00pm (19:00) which is the peak load time. The highlighted parts mean the secondary 

drop lead is overloaded. Similarly, 4 EVs are allowed for the 6.6kW charger and 1 EV is 

allowed for the 20kW charger to be connected.  

Table 3.11    EV Penetration Limit on the Coldest Day-Current Limit 185A (Peak Load Time) 

Number of 
EVs in 

addition to 
house load 

Current on Secondary Drop Lead (A) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 66.25 75.83 89.58 145.42 
2 70.42 89.58 117.08 228.75 
3 74.58 103.33 144.58 312.08 
4 78.75 117.08 172.08 395.42 
5 82.92 130.83 199.58 478.75 
6 87.08 144.58 227.08 562.08 
7 91.25 158.33 254.58 645.42 
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Table 3.12 shows the EV penetration level for the “worst charging scenario” 

based on the new standard secondary drop lead current (325A).  EVs are connected to the 

grid at 19:00pm which is the peak load time. The highlighted parts in Table 13 mean the 

second drop lead is overcurrent. Similarly, 7 EVs are allowed for the 6.6kW charger and 

3 EVs are allowed for the 20kW charger.  

Table 3.12    EV Penetration Limit on the Coldest Day-Current Limit 325A (Peak Load Time) 

Number of 
EVs in 

addition to 
house load 

Current on Secondary Drop Lead (A) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 66.25 75.83 89.58 145.42 
2 70.42 89.58 117.08 228.75 
3 74.58 103.33 144.58 312.08 
4 78.75 117.08 172.08 395.42 
5 82.92 130.83 199.58 478.75 
6 87.08 144.58 227.08 562.08 
7 91.25 158.33 254.58 645.42 

 

Table 3.13     EV Penetration Limit on the Coldest Day-Power Limit 50kW (Valley Load Time) 

Number of 
EVs in 

addition to 
house load 

Transformer Load (kW) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 7.73 10.03 13.33 26.73 
2 8.73 13.33 19.93 46.73 
3 9.73 16.63 26.53 66.73 
4 10.73 19.93 33.13 86.73 
5 11.73 23.23 39.73 106.73 
6 12.73 26.53 46.33 126.73 
7 13.73 29.83 52.93 146.73 
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Table 3.13, Table 3.14, and Table 3.15 show the EV penetration limits when EVs 

are charging at the valley load time (2:00pm) on the coldest day.  Similar conclusion 

from the warmest day can also be obtained here.  6 EVs can be allowed for the 6.6kW 

charger and 2 EVs are allowed for the 20kW charger when the transformer capacity is 

used as the criterion. 5 EVs can be connected to the grid with 6.6kW charger and 1EV 

with 20kW charger when the old secondary current limit is applied. 7 EVs are allowed 

for the 6.6kW charger and 3 EVs are allowed for the 20kW charger when the new 

secondary current limit is applied.  

Table 3.14    EV Penetration Limit on the Coldest Day-Current Limit 185A (Valley Load Time) 

Number of 
EVs in 

addition to 
house load 

Old Standard Current on Secondary Drop Lead (A) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 32.21 41.79 55.54 111.38 
2 36.38 55.54 83.04 194.71 
3 40.54 69.29 110.54 278.04 
4 44.71 83.04 138.04 361.38 
5 48.88 96.79 165.54 444.71 
6 53.04 110.54 193.04 528.04 
7 57.21 124.29 220.54 611.38 

 

Table 3.15    EV Penetration Limit on the Coldest Day-Current Limit 325A (Valley Load Time) 

Number of 
EVs in 

addition to 
house load 

New Standard Current on Secondary Drop Lead (A) 
EV Charger Capacity 

1.0 kW 3.3 kW 6.6 kW 20 kW 

1 32.21 41.79 55.54 111.38 
2 36.38 55.54 83.04 194.71 
3 40.54 69.29 110.54 278.04 
4 44.71 83.04 138.04 361.38 
5 48.88 96.79 165.54 444.71 
6 53.04 110.54 193.04 528.04 
7 57.21 124.29 220.54 611.38 
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3.4 EV Charging Affected by Transformer Ageing  

In Section 3.3, the impact of EV charging on the grid is evaluated based on the 

limitation of rated transformer capacity and secondary drop lead current.  However, there 

are some other practical factors need to be consider when EV charging is planned. One of 

the most important factors is transformer life cycle. Transformer ageing depends highly 

on the state of internal insulation materials, which is impacted by internal transformer 

temperatures, specially the hottest spot temperature [44]. High level EV penetration in 

hours will cause transformer overloading and temperature rise. In this section the 

transformer ageing analysis is conducted for the investigated transformer.   

 

3.4.1 Transformer Ageing Model 

Transformer temperature rise is caused by the transformer losses including load 

losses and no-load losses. The load losses depend on the load current in the transformer 

windings. Core losses are sometimes referred to as iron losses and are commonly referred 

to as no-load losses, because core losses do not require load currents. Transformer 

thermal capability is the load capacity generating the hottest area of the windings, which 

is winding hot spot. The hot spot decides the transformer life, which is a cumulative 

effect.  

According to [44], the estimated life of a transformer is primarily a function of 

ageing within the transformer insulation because transformer insulation typically fails 

prior to other transformer components. Acceleration ageing is a measure of how quickly 

the transformer insulation degrades under actual conditions, relative to degradation at 

related loading and rated ambient temperature conditions. The detailed transformer 
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ageing model is described in [44] and [45]. Two indices, Factor of Aging Acceleration 

factor (FAA) and Factor of Equivalent Aging (FEQA) [45], are defined as follows to 

determine transformer insulation life:  

𝐹𝐴𝐴 = 𝑒[15000383 − 15000
𝑇𝐻𝑆+273

]
      (3) 

𝐹𝐸𝑄𝐴 = ∑ 𝐹𝐴𝐴𝑛∆𝑡𝑛𝑁
𝑛=1
∑ ∆𝑡𝑛𝑁
𝑛=1

    (4) 

where 

THS is the transformer winding hottest-spot temperature (°C) 

n is index of time interval, t 

N is total number of time intervals 

FAAn is FAA for the temperature which exists during the time interval, ∆tn 

∆tn is time interval, hours 

FAA indicates the instantaneous accelerated aging of transformer. It has a value 

greater than 1 for winding hottest-spot temperatures greater than the reference 

temperature 110°C and less than 1 for temperatures below 110°C. The transformer 

winding hottest-spot temperature is calculated based on transformer load and ambient 

temperature by using the method given in [45]. FEQA is the average value of FAA over a 

time period, e.g., 24 hours. The use of the life of transformer will accelerate if FEQA is 

above 1.0 [45]. 

The transformer per unit insulation life is defined as equation (5) [45]. 
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𝑃𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑖𝑓𝑒 = 9.80 × 10−18 𝑒[ 15000
𝑇𝐻𝑆+273

]
                          (5) 

where 

THS is the transformer winding hottest-spot temperature (°C) 

 

Figure 3.8 Transformer Insulation Life 

 

 

Figure 3.9 Factor of Aging Acceleration Factor  

The relation between the transformer insulation life and FAA can be observed from 

Figure 3.8 and Figure 3.9 [45]. When the FAA increases, the transformer insulation life 

will decrease.  
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3.4.2 Transformer Ageing Analysis for EV Charging  

This sub-section presents the ageing analysis results for the transformer shown in 

Figure 3.1(a) when different EV penetration levels are tested. The transformer parameters 

used to calculate the transformer temperature are listed in Table 3.16. Figure 3.10(a) 

shows the transformer temperature curve for the base scenario on the warmest day (peak 

load time), i.e., no EV charging. Figure 3.10(b) shows the base load profile for that day. 

Table 3.16    Transformer Parameters 

Description Value 
Rated kVA of the transformer (kVA) 50 

No-load loss (W) 140 
Load loss (W) 330 
Total loss (W) 470 

Top oil temperature rise above ambient (°C) 65 
Mass of core and coils (lbs) 617 

Mass of core (lbs) 478 
Mass of windings (lbs) 139 

Gallons of oil in the tank (gallon) 50.46 
 

     
 
Figure 3.10    Transformer temperature without EV charging (warmest day) 
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The transformer temperature abbreviations are as follows: 

TA: Ambient temperature, °C 

THS: Winding hottest-spot temperature, °C 

The ambient temperatures on the studied warmest day in Ottawa come from [38].  

Figure 3.11 shows the FAA curve for the base scenario. From this figure one can see that 

the maximum value of FAA in 24 hours of the warmest day is smaller than 0.01 (the 

transformer ageing threshold value recommended in [45] is 1) under normal loading 

condition, i.e., without EV load.  

 

 

Figure 3.11    Transformer FAA without EV charging (warmest day) 
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3.12 and Figure 3.13 [45]. From Figure 3.12, 6 EVs can be charged at the same time on 

that day without accelerate the transformer ageing. From Figure 3.13, 7 EVs can be 

charged at the same time on that day without accelerating the transformer ageing. Keep in 

mind that 4 EVs are allowed for charging if the rated transformer capacity is used as the 

assessment criteria. 

 
 
Figure 3.12    Transformer FAA with EV charging (6.6kW charger, warmest day) 
 

 

Figure 3.13    Transformer FEQA with EV charging (6.6kW charger, warmest day) 
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3.4.3 Transformer Ageing Analysis on the Warmest Day  

EVs are connected to the grid at 8:00am which is the peak load time on the 

warmest day. To observe the entire FAA and FEQA situation, the 1kW charger, 3.3kW 

charger, 6.6kW charger, and 20kW charger are connected. Figure 3.14 displays the FAA 

curves for different number of the 1.0kW charger connected to the transformer. Figure 

3.15 reveals the corresponding FEQA curve for the situations shown in Figure 3.14. The 

two figures show that 7 EVs can be charged at the same time. 

 

 
Figure 3.14    Transformer FAA with EV charging (1.0kW charger, warmest day) 

 

Figure 3.15    Transformer FEQA with EV charging (1.0kW charger, warmest day) 
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Figure 3.16 displays the FAA curves for different number of the 3.3kW charger 

connected to the transformer. Figure 3.17 reveals the corresponding FEQA curve for the 

situations shown in Figure 3.16. The two figures show that 7 EVs can be charged at the 

same time. 

 
 
Figure 3.16    Transformer FAA with EV charging (3.3kW charger, warmest day) 
 

 
 
Figure 3.17    Transformer FEQA with EV charging (3.3kW charger, warmest day) 
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Figure 3.18 displays the FAA curves for different number of the 6.6 kW charger 

connected to the transformer. Figure 3.19 reveals the corresponding FEQA curve for the 

situations shown in Figure 3.18. Figure 3.18 shows that 6 EVs can be charged at the same 

time. Figure 3.19 shows that 7 EVs can be charged at the same time. 

 
 
Figure 3.18    Transformer FAA with EV charging (6.6kW charger, warmest day) 
 

 
 
Figure 3.19    Transformer FEQA with EV charging (6.6kW charger, warmest day) 
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not clear from the Figure 3.20. Figure 3.21 shows the threshold limit and the number of 

EVs that can be connected. Figure 3.21 gives information when all 7 EVs are connected. 

From Figure 3.21 it is observed that 1 EV can be connected. When 2 EVs are connected, 

it is crossing the threshold limit. 

 

 
Figure 3.20    Transformer FAA with EV charging (20kW charger, warmest day) 

 
 
Figure 3.21    Transformer FAA with EV charging and threshold limit (20kW charger, warmest day) 
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Figure 3.22 and Figure 3.23 reveals the corresponding FEQA curve for the 

situations shown in Figure 3.20. Figure 3.21 shows that 1 EV can be charged at the same 

time. Figure 3.23 shows that 2 EVs can be charged at the same time. This conclusion is 

not the same as that drawn from the transformer capacity assessment. 

 

 
Figure 3.22    Transformer FEQA with EV charging (20kW charger, warmest day) 
 

 
 

Figure 3.23    Transformer FEQA with EV charging and threshold limit (20kW charger, warmest day) 
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Table 3.17 gives information about the number of EVs that can be connected to 

the grid at the peak load time on the warmest day by taking different criteria into 

consideration. For the 20kW charger if the rated transformer capacity is taken as the 

criterion then 1 EV can be connected to the grid and, similarly if FAA is taken as the 

criterion then 1 EV can be connected to the grid, but if FEQA is taken as the criterion then 

2 EVs can be connected to the grid. 

Table 3.17    Summary of Transformer Ageing Analysis on the Warmest Day (Peak Load Time) 

EV Model 2013 Fiat 
500e 120V  

Nissan Leaf 
240V 

2014 Honda 
fit EV 240V  

TESLA 
Model S 240V  

EV Charger 1.0kW 3.3kW 6.6kW 20kW 
Rated Transformer 
Capacity(50kVA) 

7 7 4 1 

 
 
 
 

Current 
Limit 

Old 
Standard 
Current 

Limit 
(185A) 

7 7 3 1 

New 
Standard 
Current 

Limit 
(325A) 

7 7 7 2 

FAA 7 7 6 1 
FEQA 7 7 7 2 

 
 

3.4.4 Transformer Ageing Analysis on the Coldest Day  

Similar transformer ageing analysis on the warmest day has also been done for the 

coldest day when the EVs are charging at the peak load time. Table 3.18 gives 

information about the number of EVs that can be connected to the grid for winter peak 

load time by taking different criteria into consideration. For the 20kW charger if the rated 

transformer capacity is taken as the criterion then 1 EV can be connected to the grid and, 
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similarly if FAA is taken as the criterion then 3 EVs can be connected to the grid, and if 

FEQA is taken as the criteria then 4 EVs can be connected to the grid. 

Table 3.18    Summary of Transformer Ageing Analysis on the Coldest Day (Peak Load Time) 

EV Model 2013 Fiat 
500e 120V 

Nissan Leaf 
240V 

2014 Honda 
fit EV 240V 

TESLA 
Model S 240V 

EV Charger 1.0kW 3.3kW 6.6kW 20kW 
Rated Transformer 
Capacity(50kVA) 

7 7 5 1 

 
 
 
 

Current 
Limit 

Old 
Standard 
Current 

Limit 
(185A) 

7 7 4 1 

New 
Standard 
Current 

Limit 
(325A) 

7 7 7 3 

FAA 7 7 7 3 
FEQA 7 7 7 4 

 

 

3.5 EV Charging Optimization  

From the grid assessment results in the previous sections one can see that the 

number of the EVs that can be connected to the grid in a neighborhood is small when the 

EVs are with relatively large charger and are charged simultaneously. This section 

developed an EV optimal charging strategy for an example scenario to understand how to 

maximize the number of EVs charging while at the same time creating the least possible 

burden for the transformer. Whereas the majority of the previous grid assessment 

scenarios looked at the worst possible case, this optimal charging strategy sought to better 

understand the best case assuming key variables such as time of charge could be 

managed.  The optimal charging strategy would require some element of control, likely 
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on the part of the local distribution company, to flow the electricity to charge an EV at 

those times when it would least impact the electricity distribution system. 

The optimal charging strategy uses 6.6kW charger (Honda Fit EV) for the 

neighborhood shown in Figure 3.1(a). Although many papers have discussed different 

optimization methods like the literature review has mentioned, this thesis uses adjustable 

charger with residences driving habits such as driving distance, return home time, and 

leaving home time to increase the charging EV numbers. The optimization nomenclatures 

are in Table 3.19. 

 

Table 3.19    EV Charging Optimization Nomenclature 

Nomenclature Description 
SOC EV battery state of charge 
SOCi EV battery initial state of charge 
TL Total load power consumption 
BL Base load power consumption in each house 
CL Charging load power consumption in each house 
CT Charging time control 
k Represent different house, k={0, 1, 2, …6} 
l Represent different hour, l={0, 1, 2, …23}  

RT Driver returning time 
LT Driver leaving time 
DD Driving distance km per week day 

 

3.5.1 Optimization Objective  

In this scenario, we assume each house has a 6.6kW EV to be charged, the 

optimization objective is to minimize the total peak load power if all the 7 EVs need to be 

charged in a time segment. It will take 3 hours to charge the Honda Fit EV from empty to 

full. The total load power can be expressed as (6) and it is smaller than the rated 

transformer capacity 50kW, as shown in (7).  
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𝑻𝑳 = � (𝑩𝑳[𝒌] + 𝑪𝑳[𝒌]𝟔
𝒌=𝟎 )                                            (6) 

 

𝑻𝑳 ≤ 𝟓𝟎 𝒌𝑾                                                      (7) 

In order to get the optimal charging results, we assume the EV charger is not a 

fixed 6.6kW charger and the charging level CL can be controlled to vary between 0 and 

6.6 kW. The reason for doing so is to obtain the minimum peak power being supplied. To 

decrease this peak power supplying, the power less than 6.6kW still could be used to 

charge the EV battery. The charging time control CT is {0, 6.6}. When CT is 0, it means 

the EV is leaving. When CT is 6.6, the EV is charging but the charging power level is 

adjustable between 0 and 6.6 kW. As a result, the following constraint can be obtained 

for the optimization: 

𝑪𝑳[𝒌] ≤ 𝑪𝑻[𝒌]                                                     (8) 

 

The SOC of each house is calculated by (9) which is necessary to know in order 

to avoid EV battery overcharging.  The SOC is set as less or equal 90% [46]. 

  

𝑺𝑶𝑪[𝒌] = 𝑺𝑶𝑪𝒊[𝒌] + 𝟏𝟎𝟎
𝟔.𝟔×𝟑

 ∑ 𝑪𝑳[𝒌][𝒍]𝟐𝟑
𝒍=𝟎       (9) 

 

𝑺𝑶𝑪[𝒌] ≤ 𝟗𝟎                                                    (10) 

 

The following factors of each EV will also be necessary to do the optimization, 

i.e., initial SOC (SOCi, (determining the total charging time), EV returning home time 

(determining the earliest beginning time of charging), EV leaving home time 
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(determining the latest finishing time of charging). The initial SOC when charging begins 

can be calculated based on the driving distance (DD) per day of each EV by the following 

equation: 

𝑺𝑶𝑪𝒊 = 𝟏𝟎𝟎�𝟏 − 𝑫𝑫
𝟏𝟑𝟐

� − 𝟏𝟎                                   (11) 

 

According to the previous assumptions, an EV will leave home with the SOC 

90% every day and will return home by driving the distance of DD. A 100% Honda Fit 

can drive 132km [42]. So the SOC reduction of a Honda Fit will be 1-DD/132 per day. 

The values of DD and SOCi for each house is listed in Table 3.20. The DD values are 

obtained from a driving habit survey conducted in the City of Ottawa through the Electric 

Mobility Adoption and Prediction (EMAP) project in 2013 [47]. Table 3.21 and Table 

3.22 shows the EV returning time (RT) and leaving time (LT) which are also obtained 

from the EMAP project.    

Table 3.20    Driving Distance and Initial SOC 

House  1 2 3 4 5 6 7 
DD (km) 0.56 17.03 33.49 49.95 66.41 82.87 99.33 
SOCi (%) 89.57 77.10 64.63 52.16 39.69 27.22 14.75 
 

Table 3.21    EV Returning Time 

House 1 2 3 4 5 6 7 
RT (PM) 2:00 3:00 4:00 5:00 6:00 8:00 9:00 
 

Table 3.22    EV Leaving Time 

House 1 2 3 4 5 6 7 
Designed LT (AM) 6:00 7:00 8:00 8:00 9:00 10:00 11:00 
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3.5.2 Optimization Result 

The following optimal result is acquired by setting the optimization objective and 

constraints in the optimization software IBM ILOG CPLEX. 

 
Figure 3.24    Optimal EV charging result  
 

From Figure 3.24 one can see that the total load is not over 18.48kW which is the 

peak value of the base load BL at 8:00AM. In other words, we arrange 7 6.6kW EVs to 

charge between 22:00pm and 5:00am without adding the peak value of BL.                          

 

 

3.6 Summary 
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Ottawa are developed and the grid assessment of EV charging are conducted for these 

scenarios. Different EV models are tested for the grid assessment and the factors of 
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transformer capacity, secondary current limit, and transformer ageing are considered to 

get the EV penetration limit.  

It is found that if the transformer ageing factors and the rated transformer capacity 

are taken as the criteria then the FEQA analysis can be considered as the main criterion to 

determine the maximum EV number that can be charged simultaneously. The FEQA is 

influenced by FAA and the rated transformer capacity.  

By just choosing the transformer ageing analysis as the criteria, the maximum EV 

number that can be connected to the grid cannot be assessed correctly as the secondary 

drop lead current also influences the EV penetration limit. Thus, the secondary drop lead 

current and the transformer ageing analysis (FEQA) must be taken into consideration for 

all scenarios.  

This chapter also develops an optimal EV charging strategy that could minimize 

the total load power and increase the EV penetration limit without violating the above 

grid assessment criteria.  
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4    Chapter: Assessment of EV Charging at the Feeder Level 

In this chapter the impact of massive EV charging on the distribution system 

feeder is investigated. A representative residential feeder is selected for study from the 

distribution system Hydro Ottawa. Figure 4.1 shows the schematic diagram of the 

assessed feeder. There are 293 transformers that are connected to the feeder in three 

phase or single phase. The connection distribution of the transformers among three 

phases is shown in Table 4.1. 

Distribution 
Substation

 A         B        C

X 27

X 96

X 71

X 99

27.6kV feeder

 
 
Figure 4.1    Schematic diagram of the investigated residential feeder for EV charging assessment  
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Table 4.1    Transformer Connection Distribution 

Transformer Numbers 
Three-phase 27 

Phase A 96 
Phase B 71 
Phase C 99 

Total 293 
 

4.1 Power and Current Impact 

In the assessment, each transformer is assumed to connect numbers of EVs to 

check the operation conditions of the feeder.  Two main factors are considered for the 

operation conditions. One is the voltage and current unbalance of the feeder and the other 

is the power loss on the feeder when a large number of EVs are connected to the feeder. 

The feeder is simulated in the software CYMEDist.  

Considering the EV charger investigated in this thesis is single-phase charger, 

each three-phase transformer is split into three single-phase transformers to connect EVs. 

As a result, Phase A will have 96+27=123 single-phase transformers and each 

transformer is connected with numbers of EVs. The new transformer connection 

distribution in this way is shown in Table 4.2.   

Table 4.2    New Transformer Connection Distribution 

Phase to Transformer Numbers 
Phase A 123 
Phase B 98 
Phase C 126 

Total 347 
 

On the feeder, each phase are connected with different number of residential loads 

(e.g., houses). To observe the EV charging effect on the feeder, the following equations is 

used to the power of each phase with EVs. 
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𝑃𝑝ℎ  =  𝑃𝑐ℎ ×  �𝐸𝑉𝑝𝑡�   ×    𝑁𝑝𝑡 +  𝑃𝑏                                    (12) 

where 

Pph : total power of each phase 

Pch: single EV charger power 

EVpt: number of EVs connected to each single-phase transformer 

Npt: number of single-phase transformers 

Pb: basic power without EV connecting  

Table 4.3    Feeder Load with EV Charging 

Number of 
EVs in 

addition to 
transformer 

Feeder Load (kW) 
EV Charger Capacity 

6.6 kW 20 kW 
A B C A B C 

0 1220.7 1220.7 1218.7 1220.7 1220.7 1218.7 
1 2031.2 1868.5 2049.1 3679.5 3181.9 3737.4 
2 2842.9 2516 2880.3 6139.7 5141.8 6257.3 
3 3654.9 3162.3 3712.2 8599.8 7102.4 8776.6 
4 4466.6 3809.6 4543.4 11060.2 9061.5 11297.1 
5 5278.7 4455.6 5375.5 13520.6 11021.7 13816.6 
6 6090.5 5102.6 6206.9 15980.7 12980.9 16337.3 
7 6902.3 5749.6 7038.3 18441 14940.9 18857 

 

Table 4.3 shows the simulated feeder load when different types of EV charger and 

different number of EVs are connected to each single-phase transformer by using the 

software CYMEDist.  The highlighted parts in the table means the load level is over the 

limit designed for the feeder. From this table it can be observed that the 6.6kW charger 

will allow 7 EVs per transformer to be connected to Phase A, Phase B and Phase C. The 
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20kW charger will allow 3 EVs per transformer to be connected to phase A and Phase C. 

The 20kW charger will allow only 4 EVs per transformer to be connected to phase B.  

Table 4.4    Feeder Current with EV Charging 

Number of 
EVs in 

addition to 
transformer 

Feeder Current (A) 
EV Charger Capacity 

6.6 kW 20 kW 
A B C A B C 

0 85.5 85.4 85.2 85.5 85.4 85.2 
1 133 123.1 133.9 234 203.2 237.5 
2 182.4 162.3 184.6 387.2 324.9 394.5 
3 232.5 202 236 541 447.3 552.1 
4 282.9 242 287.6 695.1 569.9 709.9 
5 333.4 282.1 339.4 849.3 692.7 867.9 
6 384.1 322.4 391.3 1003.6 815.5 1025.9 
7 434.8 362.8 443.3 1157.9 938.4 1184 

 

Table 4.4 shows the simulated feeder current when different types of EV charger 

and different number of EVs are connected to each single-phase transformer by using the 

software CYMEDist.  The highlighted parts in the table means the current level is over 

the limit designed for the feeder. From this table it can be observed that the 6.6kW 

charger will allow 7 EVs per transformer to be connected to Phase A, Phase B and Phase 

C. The 20kW charger will allow 3 EVs per transformer to be connected to phase A and 

Phase C. The 20kW charger will allow only 4 EVs per transformer to be connected to 

phase B. From the simulation results in Table 4.3 and Table 4.4 one can see that the 

current feeder capacity is not large enough to accommodate large scale of EV 

interconnection.  

4.2 Unbalance Impact 

Since each phase of the feeder is connected with different number of 

transformers, unbalanced feeder current, feeder power and feeder voltage could be caused 
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among the three phases, especially when the number of EVs increases. To observe the 

unbalance conditions, first we need to understand the basic situation. The basic situation 

means all the transformers are not connected with EVs. For this situation, the voltage, 

current, and power along the feeder are displayed in the Figure 4.2, Figure 4.3, and 

Figure 4.4, respectively. The estimated distance is from the map of CYMEDist. 

 
Figure 4.2    Feeder voltage without EVs 
  

 
Figure 4.3    Feeder current without EVs  
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Figure 4.4    Feeder Power without EVs  
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feeder are calculated according to (13)-(14) [48]. The unbalance results are shown in 

Figure 4.7 and Figure 4.8. 

 
 
Figure 4.5    Feeder voltage with EVs  

 

Figure 4.6    Feeder current with EVs  
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% 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑈𝑛𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 𝑀𝑎𝑥.𝐶𝑢𝑟𝑟𝑒𝑛𝑡.𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝐹𝑟𝑜𝑚 𝐴𝑣𝑔.𝐶𝑢𝑟𝑟𝑒𝑛𝑡.
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑠

 × 100%          (14)  

 

Figure 4.7    Percent of feeder voltage unbalance  
 

 
 
Figure 4.8    Percent of feeder current unbalance  
 

From Figure 4.7 one can see that large scale of grid-connected EV could cause 

voltage unbalance at the feeder level in the City of Ottawa. 
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line losses, cable losses and transformer load losses between the feeder and the 

residences. The losses are divided into two parts to discuss. The first part is about the 

basic situation, which means the losses are caused by normal electric power consuming 

without any EV chargers. The second part is about the heavy unbalance situation, which 

means the losses are caused by EV interconnection (each transformer connects two EVs 

on Phase A or Phase B phase but seven EVs on Phase C). The basic power generation 

and losses are in Table 4.5 and the total losses for EV interconnection are in Table 4.6. 

From these tables one can see that the unbalance situation will cause more distribution 

losses due to the feeder voltage regulators working to reach a stable and balanced output. 

Table 4.5    Basic Electric Power Generation and Losses 

Summary kW kvar kVA Power Factor (%) 
Sources (Swing) 3658.74 1798.97 4077.1 89.74 

Generators 0 0 0 0 
Total Generation 3658.74 1798.97 4077.1 89.74 

Line Losses 1.71 5.79 6.03 28.27 
Cable Losses 2.63 2.16 3.4 77.29 

Transformer Load Losses 5.41 33.64 34.07 15.88 
Transformer No-Load Losses 0 0 0 0 

Total Losses 9.74 41.58 42.71 22.82 
 

Table 4.6    Electric Power Generation and Losses with EV Charging 

Summary kW kvar kVA Power Factor (%) 
Sources (Swing) 30138.88 1800.81 30192.63 99.82 

Generators 0 0 0 0 
Total Generation 30138.88 1800.81 30192.63 99.82 

Line Losses 544.24 1990.41 2063.47 26.38 
Cable Losses 216.92 152.21 264.99 81.86 

Transformer Load Losses 690.8 3393.97 3463.56 19.94 
Transformer No-Load Losses 0 0 0 0 

Total Losses 1451.97 5536.59 5723.81 25.37 
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4.4 Summary 

The impact of large scale EV charging on the feeder unbalance and power losses 

for the distribution system of Hydro Ottawa is investigated in this Chapter. On the tested 

feeder the three phases connect different number of transformers, which mean there are 

different residences on each phase. Here, we assume each transformer has the same 

number of household load. If the number of EVs under each transformer is increased at 

the same time, the entire system will be unbalanced. Therefore, to maintain a balanced 

system we should adjust the transformer numbers to each phase when the number of EVs 

increases. To observe the unbalance situation, we connected seven EV chargers to the C-

phase transformers. In this situation, the distribution loss increases due to the cables and 

line impedances.  
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5    Chapter: Conclusions and Future Work 

The purpose of this thesis is to investigate the EV charging impact on the Hydro 

Ottawa distribution systems and provide optimization solution for the future EV charging 

strategies without updating the power basic infrastructure such as secondary drop leads, 

transformers, and feeders. Following conclusions are drawn from the investigation results 

of the thesis. 

• It is observed that the transformer becomes the main limitation to charge the 

neighborhood EVs. Although the transformer power capacity and the base load 

could limit the penetration level of EV charging, the ambient temperature also 

would influence it. Here the factor of acceleration aging and the factor of 

equivalent aging of transformer are used to assess the charging capacity of the 

dump charging pattern (simultaneous charging pattern). 

• To increase the capacity of neighborhood EV charging, an optimal EV charging 

strategy is designed. Based on the driver habits and the transformer limitation, 

flexible charging rate is used for the optimization. The charging capacity is 

greatly increased when using the Honda Fit 6.6kW charger as the representative 

charger without updating the basic infrastructure.  

• On the feeder load simulation, the unbalance charging situation would cause more 

power losses than the balance charging situation. 

The future work should include following aspects: 

• Develop advanced energy management systems to optimal EV charging both at 

the neighborhood level and the distribution system level by considering the key 
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factors investigated in this thesis, i.e., transformer capacity, secondary current 

limit, transformer ageing, voltage unbalance, power losses, etc.  

• More accurate stochastic model should be studied for different pattern of EV 

charging, e.g., week days, weekend days, and holidays.  

• Investigate the vehicle-to-grid (V2G) applications and develop advanced V2G 

strategies by considering the above the effect of the above factors. 
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