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Abstract 

 

The electrification of the transportation sector may have socio-economic benefits such as 

reducing greenhouse gases, lowering the soaring gas prices, and ending the reliance on 

imported oil. The integration of plug-in electric vehicles into the electric distribution 

system may pose potential power quality problems due to the uncertainties in the number 

of these vehicles, their charging time and locations. Several power quality phenomena 

such as voltage deviations, voltage imbalance, transformer overload and unbalance are 

investigated in this thesis. Since the problem is of a stochastic nature, a probabilistic 

approach using Monte Carlo simulation is adopted in this work to assess potential impact 

on power quality in the distribution system and hence addressing the uncertainties 

associated with integrating those electric vehicles. The analysis presented in this work 

also considers different vehicle types (i.e., plug-in hybrid and battery electric vehicles) 

for automobiles and pick-up trucks, vehicle penetration and vehicle charging levels. The 

results of Monte Carlo simulation reveal that Plug-in Battery Electric Vehicles and level 

2 charging contribute most impact on undervoltage and transformer overloading, whereas 

level 1 charging contributes most impact to load unbalance on transformers. 

Recommendations are made to mitigate such impacts for future work. 
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1 Introduction  

1.1 Background 

The electric distribution system is witnessing a paradigm shift in the electrification of the 

transportation sector. The reduced availability of oil and the prevention of climate change are the 

two main reasons that motivated the governments to adopt the electrification of that sector. In 

Canada, the Ministry of Transportation in Ontario introduced the Electric Vehicle Incentive Program 

(EVIP) in July 2010 by which the consumers will be eligible for an incentive ranging from $5,000 to 

$8,500 towards the purchase or lease of a new Plug-in Hybrid Electric Vehicle (PHEV) or Plug-in 

Battery Electric Vehicle (PBEV). Other similar programs exist in Quebec (Drive Electric Program), 

and British Columbia (Clean Energy Vehicle Program). Moreover, starting January 2013, the 

Ontario government started to offer a rebate for electric vehicles charging stations installed at EV 

owners’ home. According to the Electric Vehicle Technology Roadmap for Canada [1] there will be 

500,000 plug-in electric vehicles in Canada by 2018. This raises the following question: what will be 

the impact of integrating these electric vehicles into the existing electric distribution system?    

Given that the power drawn by a Plug-in Electric Vehicle (PEV) is comparable to that of a 

typical house [2] several power quality issues may arise since the existing distribution grid was not 

designed to accommodate such electrical vehicle loads. This work looks to investigate the potential 

effects of electrical vehicle impact through: 1) Investigation of voltage deviation include overvoltage 

and undervoltage in the primary and secondary distribution system, 2) assessing the impact of 

voltage imbalance on the primary distribution system, 3) quantifying the overload of distribution 

transformers, and 4) studying the effect of load unbalance on transformers. 



2 

 

1.2  Problem Statement and Motivation  

The electric distribution grid typically consists of a primary and a secondary system. The 

primary system is the upper hierarchical level which connects with the transmission system 

represented by the distribution substation, and delivers power to the secondary system throughout its 

distribution feeders. The primary system also includes various regulating devices including but not 

limited to capacitor banks and load tap changing transformers. The main functions of these 

regulating devices are to improve the voltage profile and reduce the distribution system losses.  

The secondary system is intended to reduce the voltage of the primary (typically in the range 

of 4.16-35kV) to the service voltage (120V/240V) to customers through center-tapped distribution 

transformers as shown in Fig. 1.1. Since most of the electric vehicles charging is expected to occur at 

the residential homes [3], the best approach to represent the aggregated demand on the system is to 

add the electric vehicles load to the existing residential load demand after modeling the secondary 

system. Most of the studies investigating the impact of electric vehicles charging on the distribution 

system focused only on the primary system [4-17] and therefore a detailed model of the secondary 

system is needed in order to investigate the impact on the secondary system which is addressed in 

this thesis.  

The power demand to charge one electric vehicle may be equivalent to that of a house and 

hence potential power quality problems such as voltage deviations (under voltage / over voltage), 

voltage imbalance, transformer overloading and load unbalance on the transformer may result in 

several operational issues and increased investments in the electric distribution grid infrastructure. 

For example, voltage deviations/imbalance may result in equipment overload, protection devices 
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malfunction, and increased losses. On the other hand, when distribution transformers are overloaded, 

there will be a significant increase in secondary system cost in the range of $3,500 per distribution 

transformer [18] because of the upgrade/replacement of these transformers. 

 

Fig. 1.1: Center Tapped Distribution Transformer 

In order to assess the impact of integrating electric vehicles on the electric power quality, 

existing power quality standards ANSI-C84.1-2011 [19] and EN50160 [20]  are revisited in this 

work. Specifically, the specified limits of the undervoltage, overvoltage and voltage imbalance are 

used to identify any violation in the distribution system under study. Moreover, a new index for load 

unbalance on the transformer is developed in this work and is used to assess the impact of charging 

these vehicles from both level 1 and level 2 chargers on the load unbalance on distribution 

transformers. 

The work to be performed in this thesis will investigate the quantification of electric vehicles 

impact through analysis of power quality measures. The developed measures will be applied in 

comparison with standards regulating distribution system operation and will be used to define limits 

on the respective power quality indices. The power quality quantification will then be performed 
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following a Monte Carlo simulation to address the probabilistic vehicle loading model developed. 

Finally, results analysis will be compared for different scenarios to investigate the effects of different 

vehicle types and charging levels. 

 

1.3 Thesis Organization  

The work of this thesis is organized as follows:  

Chapter 2 surveys the previous work investigating the impact of electric vehicles on the 

electric distribution system. This review will give an insight on how previous work has addressed the 

problem from a system impact analysis perspective, including the analysis methods used as well as 

notable areas which can be improved upon for a more detailed investigation. 

Chapter 3 describes the modeling of the electric distribution system components, including 

the primary and secondary circuits, and loads. This chapter also presents the use of the ladder 

iterative technique using backward/forward sweep algorithm to solve the power flow in primary and 

secondary distribution systems. 

Chapter 4 presents the electric vehicles charging and their energy requirement. The demand 

profile of the electric vehicles charging is estimated and incorporated into the Monte Carlo 

simulation. Due to the stochastic nature of the charging process of electric vehicles, this chapter will 

also jointly address how to appropriately model the electric vehicle load and assess the power quality 

through Monte Carlo probabilistic power flow techniques. 
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Chapter 5 summarizes the relevant power quality phenomena to integrating electric vehicles 

into electric distribution system. Specifically, power quality phenomena such as undervoltage, 

overvoltage, voltage imbalance, distribution transformer overloads/unbalance are described and 

appropriate mathematical formulations are presented. The chapter also sheds light on the relevant 

power quality standards (ANSI-C84.1-2011 and EN50160) and the recommended limits with respect 

to these power quality phenomena.  

Chapter 6 presents the results of implementing the proposed approach to incorporate the electric 

vehicle charging load to the IEEE 123-bus standard test system using a Monte Carlo simulation after 

modifying it to incorporate the secondary system. The probabilistic assessment of the electric power 

quality considering different vehicle types, charging levels and vehicle penetration are presented. 

Finally the conclusions are presented in Chapter 7.  
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2 Literature Review 

2.1 Introduction 

This chapter surveys previous work investigating the impact of electric vehicles charging on 

the electric power quality in the electric distribution system. In the literature, most of the previous 

work focuses on assessing the voltage quality, in particular voltage magnitude deviations and power 

loss [4-17]. Moreover, most of the analysis presented in the relevant studies is limited to the primary 

system with very little work on the secondary [21-23]. Literature has also shown that with respect to 

harmonics, the emissions of Electric Vehicles are within the IEC 61000-3-2 standards and do not 

have significant impact on the distribution system. This chapter starts by reviewing the existing 

probabilistic approaches for load flow in distribution system, and then the chapter reviews previous 

work on electric vehicles charging impact assessment. 

 

2.2 Probabilistic Power Flow in Distribution Systems  

In the literature, two approaches of load flow can be found: 1) Deterministic power flow and 

2) Probabilistic power flow. Deterministic power flow relies on deterministic methods which utilize 

the worst possible loading scenario in the system and as such, the analysis is only capable of 

determining the effects of the strictly worst case scenario. Also, deterministic power flow is only 

suitable when the input parameters are of a deterministic nature and therefore, this method is not 

suitable for stochastic problems. On the other hand, probabilistic load flow uses probabilistic 

methods and in particular Monte Carlo techniques, which are suitable in handling stochastic 

problems involving a large amount of uncertainties in their parameters. Since the problem of 



7 

 

assessing the impact of electric vehicles charging involves many uncertainties such as the number of 

electric vehicles, the charging time and location, Monte Carlo simulation is used in this work and 

hence probabilistic power flow is applied to solve the power flow in the distribution system.  

Monte Carlo Simulation (MCS) relies on repeating the random sampling of the input random 

variables according to a set of probability distributions while running the simulation many times. 

The random variables are sampled at each Monte Carlo trial from a cumulative distribution function 

and are used as part of the power flow algorithm. Borkowska [24] is credited to introduce the 

concept of solving the power flow problem in bulk power system by considering the uncertainty of 

node data. In probabilistic power flow, the node voltage, line currents and power are expressed in 

terms of probability distributions rather than a single value as in deterministic power flow. The 

introduction of the probabilistic concept to solve power flow allows many researchers to extend their 

analysis to include stochastic processes. For example, studies [25-27] used the probabilistic power 

flow to study the effect of renewable-based distributed generation such as wind and solar, on power 

quality in distribution systems.  

When considering electric vehicle loads in the distribution system power flow problem, some 

uncertainties arise due to the following: 1) electric vehicle types (plug-in hybrid electric, plug-in 

battery electric vehicles, automobiles, pick-up trucks, etc.), 2) electric vehicle charging time and 

duration, 3) electric vehicle battery state of charge, 4) electric vehicle charging level (level 1, level 

2), and 5) number and location of electric vehicles in the system. Because of these uncertainties, the 

problem becomes of a stochastic nature, for which Monte Carlo should be applied as a part of the 

probabilistic power flow. Valsera-Naranjo et al. [28] compared the probabilistic and deterministic 

power flow to estimate the impact of electric vehicles in medium voltage (MV) power grids. The 
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study concluded that the probabilistic approach provides a better understanding of the likely 

scenarios and not be limited to only the worst-case scenario as in determinist power flow. The 

subsequent section reviews previous work investigating the impact of electric vehicles in distribution 

system.   

2.3 Previous Work on Electric Vehicles Impact on Distribution Systems 

In the literature, previous work focusing on estimating the impact of electric vehicles on 

distribution system can be grouped according to the following: 1) the test system used in the 

simulation, 2) the modeling of electric vehicles charging load, and 3) the indices used in the analysis. 

Most of the studies use the IEEE standard test distribution systems with radial configuration [29]. 

The reason for choosing such system configuration is because the system is fed only from one end 

(i.e. substation transformer), the impact becomes more significant at terminal node voltages farther 

from the substations. Studies [4-17] focused only on primary distribution systems (PDS) where 

electric vehicle charging demand profile is aggregated and simulated on the primary system level. 

Studies [21-23]  included the secondary distribution system (SDS) in the analysis, but only to 

consider the effect of transformer investment and power losses. Therefore, it is obvious that a 

comprehensive test system is needed which includes both primary and secondary distribution system 

with a detailed model of all their components. This will help fully assessing the impact of charging 

these vehicles in all nodes of the system and most importantly at the nodes where the consumers are 

serviced. Moreover, several scenarios need to be considered in the analysis involving vehicle types 

and combinations of both level 1 and level 2 charging. Table 2.1 summarizes previous studies 

investigating the impact of electric vehicles on distribution system, where ‘✓’ denotes the reference 

has included the respective power quality index and ‘×’ denotes the reference is missing the index. 
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As well, the column primary/secondary corresponds to each reference performing simulations on the 

primary system, secondary system, or the primary system and secondary system together. 

Since the work presented in this thesis focuses on evaluating the impact of electric vehicles on 

the electric power quality in distribution system, the relevant power quality standards have been 

revisited in this thesis.  The literature reveals that the following two documents set limits for voltage 

deviation: 1) the American National Standard Institute (ANSI C84.1-2011 [19]) defines voltage 

ranges for utilization and service voltage to be ± 5% of the nominal voltage (Vn) and 2) EN50160 

[20] allows supply voltage deviation to be within ± 10% of Vn during one week at the 95th percentile. 

The recommended limits in both standards are used thorough the analysis presented in this work to 

evaluate the impact of electric vehicles on electric power quality in distribution system.  

Table 2.1 Overview of Previous Studies on Electric Vehicles Impact in the Electric 

Distribution System 

Paper 
Reference 

Voltage 
Deviations 

Voltage 
Imbalance 

Transformer 
Overload 

Load 
Unbalance 

on 
Transformer 

Comparison 
to Standards 

Model Uses 
PDS or SDS 

[17] × × ✓ × × PDS 
[9] × × ✓ × × PDS 
[15] ✓ × ✓ × ✓ SDS 
[10] ✓ × ✓ × × PDS 
[14] ✓ × ✓ × × PDS 
[13] ✓ × × × ✓ PDS 
[8] ✓ × × × × PDS 
[11] ✓ × ✓ × × PDS & SDS 
[16] ✓ × ✓ × ✓ PDS & SDS 
[12] ✓ × × × × PDS 
[21] × × ✓ × × PDS 
[22] ✓ × ✓ × ✓ PDS 
[23] ✓ × × × ✓ Primary 
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The work presented in this thesis is aimed to address the limitations outlined earlier by 

introducing a comprehensive study to assess the electric vehicles impact on the electric power 

quality in the electric distribution system. Specifically, this thesis presents a detailed model of all the 

components making primary and secondary distribution system from the substation down to the 

consumer’s meters. The study also includes different vehicle types (PHEV, PBEV) for automobiles 

and pick-up trucks, different charging level (level 1 and level 2) while considering different vehicles 

penetration. The study applies a Monte Carlo Simulation on the IEEE 123-bus standard test 

distribution system (a fairly large size distribution system with radial configuration) as a part of the 

probabilistic power flow and using the forward/backward sweep iterative approach which is 

explained in detail in Chapter 3. 
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3 Distribution System Modeling 

3.1 Introduction 

In evaluating the impact of electric vehicles on distribution systems, proper models of electric 

distribution systems involving all components from the substation down to the consumer meters 

should be developed. The power flow algorithm is then used to find the electrical parameters 

(voltage, current, and power) needed to assess the power quality using existing indices which are 

recommended in power quality standards. This chapter presents a brief overview of distribution 

system modeling including the primary, secondary system, and the forward/backward power flow 

algorithm. The chapter also provides a probabilistic approach to model residential load profiles.  

3.2 Primary Distribution System 

The primary distribution system usually starts from the distribution substation which 

represents the sub-transmission system, and ends at the distribution transformers as seen in Fig. 3.1. 

The primary system also includes main and lateral feeders. The main feeders are usually three-phase 

four wires while the lateral feeders are either single or three-phase tapped from the main.  The main 

differences between a distribution system and a transmission system are: 1) distribution system 

configurations may be radial or weakly meshed, 2) the system is unbalanced due to the single phase 

loads, and 3) distribution systems are usually characterized by higher resistance to reactance (R/X) 

ratio of the feeders compared to that of the transmission system. These differences make the power 

flow methods used in transmission systems unsuitable for the distribution system. For example, in 

case of Newton-Raphson (N-R), the Jacobian matrix becomes ill-conditioned in case of electric 

distribution system due to high R/X ratios and therefore N-R solution may suffer slow and in many 

cases no convergence.  
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Fig. 3.1: Generalized Distribution System 

In distribution system power flow, a robust iterative technique based on ladder network 

theory was developed in [30]. The method starts by computing the node voltages through a forward 

sweep assuming zero load currents. A backward sweep is then applied to solve for the currents using 

the voltages obtained from the forward sweep. This process is repeated until the convergence criteria 

are satisfied. The method relies on setting up a set of transfer matrices, namely A, B, C and D for all 

distribution system components which will be used in the forward/backward sweep solutions. Fig. 

3.2 shows a flowchart of the ladder iterative techniques using forward/backward sweep. In the ladder 

iterative technique, the forward sweep is first applied assuming no load currents and tries to find the 

node voltages moving from the substation down to the terminal nodes as outlined in Fig. 3.2 [30]. 

nabcnabcmabc IBVLNAVLN ][][][][][      (3.1) 
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Fig. 3.2: Distribution System Component for Forward/Backward Sweep 

Where VLN is the line to neutral phase voltages, I abc is the phase currents, the matrices A and B are 

developed based on the system components as outlined in Appendix A, and m and n denote the 

downstream and upstream nodes in the iteration. The backward sweep is then applied to solve for the 

currents starting from the terminal nodes and moving backward till the substation using the node 

voltages found in the forward sweep as fully detailed in Appendix A: 

mabcmabcnabc IDVLNCI ][][][][][      (3.2) 

The matrices C and D are developed using the system components outlined in Appendix A. 

For further details on how to formulate A,B,C,D matrices the reader can refer to [30]. The iterative 

forward/backward sweep repeats until the following convergence criterion is satisfied: 

For any bus i 

i = 1,2,..N 

inom

ioldinew
i V

VV
Error

,

,, |||||| 
            (3.3) 

ToleranceErrorMax }{  for all i           (3.4) 

Where Vi denotes the voltage at bus i, Vnominal,i is the nominal voltage at bus i, N is the number of 

buses in the system, and ε is the specified error tolerance. 
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Initialize
   ABCD Matrices
   Source Voltage
   Load Currents = 0

Forward Sweep
 For m=2:Number of Nodes
   [VLNabc]m = [A][VLNabc]n – [B][Iabc]n

End

Compute Load Currents
Iabci = (Si*1000)/Vi

Backward Sweep
For n=1 : (Number of nodes – 1)

[Iabc]n = [C][VLNabc]m + [D][Iabc]m

Yes

No

Start

Convergence Check

Errori = 

Max{error}>Tolerance?

|Vi,new|-|Vi,old|

|Vi,nom|

 

Fig. 3.3: Forward/Backward Sweep Generalized Power Flow Algorithm[30] 
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Fig. 3.4: IEEE 123-Bus Standard Test System [29] as modified from [31] 

The IEEE Power and Energy Society (PES) website provides benchmark test distribution 

systems of different sizes. After carefully investigating the published test systems, the IEEE 123-Bus 

Standard Test Distribution System [29] (depicted in Fig. 3.3) is chosen. This choice is mainly to 

investigate the impact of electric vehicles on voltage quality of a large radial distribution system 

with numerous remote buses and feeder unbalances, which has not been fully investigated in the 

literature using such sizable systems. In order to properly simulate the integration of electric vehicles 

into the distribution system, the IEEE 123 bus distribution test system is modified by extending the 

secondary system and modelling all its components (distribution transformers, secondary service 
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lines and service drops) down to the consumers’ meters. The spot loads at 78 buses of the primary 

system are replaced by distribution transformers, service lines (SLs) and service drops (SDs) feeding 

residential homes. The residential homes consisting of 625 houses are integrated to the system 

through secondary service drops, service lines and the center-tapped distribution transformers. The 

choice of 625 houses is to ensure that the aggregated residential loads are equivalent to the original 

spot loads at the corresponding primary buses. Two transformer sizes are chosen in this work, 25 

kVA and 50 KVA and two archetypes (supporting 5 and 10 houses as shown in Fig. 3.4 and 3.5) are 

used to connect the residential house loads on the secondary system. 

 

Fig. 3.5: A 25 kVA Distribution Transformer with 5 Houses 

 

Fig. 3.6: A 50 kVA Distribution Transformer with 10 Houses 
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The choice of transformer sizes and archetypes are to match the equivalent spot load on the 

primary. For example, spot loads modeled with 44.72kVA are replaced with a 50kVA transformer to 

feed ten houses, each having a peak load of 6.64kVA [32] and using the archetype shown in Fig. 3.5 

the combined peak loading of the system is 66.40 kVA, which averages close to the spot load value 

over the homes load profiles. The archetype shown in Fig. 3.4 is to support 5 houses and in this case 

a 25 kVA transformer is chosen to feed these five houses. 

3.3 Secondary Distribution System  

The secondary distribution system usually starts from the distribution transformers which step 

down the primary voltage to the 120/240 voltage suitable for consumers’ equipment.  

In [33] several archetypes are presented among which only two archetypes suit the 5 and 10 

houses configurations shown in Fig. 3.4 and 3.5. Other archetypes may be used depending on the 

number of houses in the system. The findings of [34] recommended an average secondary service 

line length of 125 feet, and an average service drop length of 90 feet. Since service drops are entirely 

location dependent and may vary depending on the location of the houses from the service lines 

poles, the service drops length in this thesis is assumed to have random length between 80 to 100 

feet, while the service line length is chosen to be 125 feet as recommended in [34]. 

Appendix A provides a detailed example of a sample distribution system in which the ladder 

iterative technique is implemented using forward/backward sweep to solve the power flow on the 

secondary distribution system. 
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3.4 Residential Load Demand Modeling 

The IEEE Reliability Test System (RTS) [35] presents weekly, daily and hourly peak load 

expressed in percent to be adapted to any system peaking season for load modeling purposes. In this 

thesis the peak load data is used to generate a yearly load profile (365days×24hours/day) which can 

be adapted to the residential house peak demand that is chosen to be 6.64 kVA [32]. The next step is 

to find groups of days with almost similar load profiles to be grouped together. This process of 

grouping data objects can be done by applying a prototype-based partitioning clustering technique 

such as k-means which will attempt to find groups of days (clusters) and represent them by 

representative days (centroids). Other clustering techniques such as agglomerative hierarchical and 

density based clustering may not be conceptually applicable to this problem, nevertheless they suffer 

from higher time and space complexity (O(N2) where N is the number of data points). In order to 

avoid the curse of dimensionality when dealing with yearly load data set (365days×24hours/day) 

dimensionality reduction needs to be applied as a pre-processing step before starting the clustering 

process using k-means. In this paper, principal component analysis (PCA) is applied to the yearly 

load data set by finding the covariance matrix and then computing the associated eigenvectors and 

eigenvalues. The feature vector is constructed by retaining the eigenvectors that correspond to the 

largest eigenvalues. The variances explained by each eigenvector (principal component) are 

calculated and the percent variances explained by the first five principal components are plotted in 

Fig. 3.7 which shows that 93.48% of the variability in the data can be recovered by the first principal 

component. By keeping the first principal component only, the original data set can be projected on 

the first principal component and hence the transformed yearly data set becomes of 

(365days×1hour/day) which can then be used for clustering. The process of grouping the days into 

clusters is done using k-means. However, instead of applying k-means directly to the original yearly 
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data set (365days×24hours/day), k-means is applied to the transformed data set at reduced dimension 

(365days×1hour/day) and therefore each cluster of days is represented by a specific hour (cluster 

centroid) in the transformed data set. Since each hour in the transformed data set belongs to a 

specific day in the original data set (365days×24hours/day), therefore each cluster centroid which is 

represented by a specific hour in the transformed data can be replaced by a day in the original data 

set to which that specific hour belongs to. This way each cluster containing group of days can be 

represented by one day from the original data set. 

 

Fig. 3.7: Variance Explained by the First Five Principal Components 

In this study, three evaluation measures (or indices) are used to validate and assess the 

identified clusters of daily load profiles explained earlier. Two measures namely sum of the squares 

errors (SSE) and average silhouette coefficient (ASC) that belong to the unsupervised class of cluster 
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evaluation are used to measure the goodness of clustering using only the information contained in 

the transformed data set (365days×1hour/day). The SSE index for K clusters is defined as: 
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and y denotes a data object in the lth cluster (Cl). The function dist is the Euclidean distance which 

must be minimized for good clustering and is defined as: 

 



R

r
rrdist

1

2),(),(   For any two points  and           (3.7) 

The average silhouette coefficient is computed by averaging the silhouette coefficient values 

of all data objects. For the ith object, the silhouette coefficient is defined as ),max(/)( iiiii baabs   

where ai is the average distance to all other objects in the same cluster containing the ith object while 

bi is the minimum average distance to all other objects in any other cluster not containing the ith 

object. Also a third measure that is proposed in [36] namely average power time mismatch (APTM) 

index that belongs to the supervised class of clustering validity is used to measure the extent to 

which the clustering pattern matches the original data set (365days×24 hours/day). The idea is to 

generate a fictitious data set in which the representative days (clusters) replace the data in the 

original data set and the difference between the two data sets (i.e. the original and fictitious) is 

measured using the APTM index. 
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where ),( jiP  and ),( jiF are the power output of the ith hour and the jth day in the original and fictitious 

power data set respectively 

 

Usually when applying k-means for clustering, the representative segment (i.e, hour) of the 

cluster (group of days) may not be an actual hour in the data set and therefore, an ad-hoc search in 

the neighborhood of that hour is needed to identify the nearest hour that actually exists in the data set 

and hence becomes the representative hour of the cluster (cluster centroid). In this study, k-nearest 

neighbor algorithm is used with k = 1 to find the nearest hour in the cluster. Having found the cluster 

representative hour from the transformed data set, the corresponding day in the original data set can 

be determined and becomes the representative daily load of the group of days that belong to that 

cluster. 

In cluster analysis, typically different runs of k-means produces different values for the three 

clustering evaluation measures described earlier; SSE, ASC, and APTM indices. In order to 

determine the appropriate number of clusters (days) that best represents the original yearly data set, 

k-means is applied to the data set and the resultant cluster set is then evaluated using the three 

indices; SSE, ASC and APTM indices. This process is repeated for 250 runs (a fairly large number 

beyond 100 recommended in [37]) and the three indices are then evaluated using the following 

weighted equation (WEQ):  

   SSEASCAPTMWEQ 
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Where   is a weighting factor that ranges from 0 to 1 with 0.1 step resolution. The reason for not 

assigning equal weighting factor for all three measures is two folds; 1) it was found that the variance 

in ASC is small compared to the other two measures (see Fig. 3.7(a-c)) and 2) despite SSE decreases 

when increasing the number of clusters, this measure usually tries to reduce the Euclidean distance 

between the data points and the cluster centroids at the expense of increasing the number of clusters. 

Therefore the purpose of assigning more weights to APTM index is to allow the supervised type of 

cluster evaluation to find the least number of clusters that best represent the data set. Fig. 3.7 (d) 

shows the frequency of identified winning clusters evaluated over 2750 trials (250 runs with each 

run having 11 weighting steps) when varying   over the full range (0 to 1). According to Fig. 3.7 (d) 

the highest score is associated with 15 clusters and therefore 15 days load profiles are chosen in this 

study as representative days for the yearly load profile. Table 3.1 lists the frequency of occurrence 

and the corresponding cumulative frequency distribution of the identified 15 days to be used in the 

sampling for Monte Carlo (MC) simulation.      

Table 3.1 Frequency of Occurrence and Cumulative Distribution of the Representative 

Days (Clusters) 

Number of 
days 

(clusters) 

Frequency of 
occurrence 

Cumulative 
Frequency 

Distribution 

Number of 
days 

(clusters) 

Frequency of 
occurrence 

Cumulative 
Frequency 

Distribution 
1 14 0.04 9 30 0.54 
2 21 0.10 10 27 0.62 
3 14 0.13 11 22 0.68 
4 30 0.22 12 31 0.76 
5 32 0.30 13 29 0.84 
6 8 0.33 14 21 0.90 
7 34 0.42 15 37 1.00 
8 14 0.46    
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(a) 

 

(b) 
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(c) 

 (d) 

Fig. 3.8: Clustering Evaluation (a) Average Silhouette Coefficient (ASC), (b) Sum of the 

Squares Error (SSE), (c) Average Power Time Mismatch (APTM), and (d) Frequency 

Distribution of Winning Representative Days (Clusters) 
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3.5 Commercial Load Modeling 

According to [38] commercial loads have been found to contain low variability and can be 

represented as Gaussian normal distributions with a 0.1 standard deviation. The lack of variability 

allows for all existing commercial loads within the system to utilize the same load profile. The load 

profile to represent commercial loads is tabulated in Table 3.2 and shown in Fig. 3.8 as found in 

[39]. The load profile has been used for all commercial loads in the system. 

 

Fig. 3.9: Representative Commercial Load Profile 

After having outlined the means of modeling both primary and secondary distribution 

system, residential and commercial load profiles, the following chapter explores the electric vehicle 

load modeling needed for the Monte Carlo simulation, and hence addressing the inherent 

uncertainties of vehicle charging. 
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Table 3.2  Commercial Load Profile Tabulated Data 

Hour Percent of Peak Load Hour Percent of Peak Load 
1 20.8 13 80.0 
2 19.2 14 80.0 
3 17.6 15 80.0 
4 17.6 16 78.4 
5 17.6 17 78.4 
6 17.6 18 75.2 
7 19.2 19 65.6 
8 27.2 20 54.4 
9 51.2 21 44.8 

10 72.0 22 36.8 
11 78.4 23 30.4 
12 80.0 24 27.2 
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4 Monte Carlo Simulation of Electric Vehicles Charging Profile 

4.1 Introduction  

This chapter is intended to model the electric vehicle load at the distribution system level. 

After having modeled the distribution components making an electric distribution system, the 

electric vehicle charging profile is superimposed on the existing residential load demand and the 

aggregated demand is simulated at the system level. In order to address the stochastic nature 

associated with the electric vehicles such as charging time, penetration level, remaining state of 

charge, charging level, etc., Monte Carlo Simulation (MCS) is used and the details regarding MCS is 

presented in this chapter. 

4.2 Electric Vehicles Battery Charging Requirement 

The electric vehicles charging profile at the point of common coupling is almost constant over 

time. Fig. 4.1 shows a trend of the power consumed by the battery of the Chevrolet Volt when 

charged from level 1 (120V AC).  Fig. 4.2 shows a flowchart outlining the process of estimating the 

required energy by the battery in case of PHEV or PBEV needed in the Monte Carlo simulation. The 

minimum state of charge is set to 30% in case of PHEV and 5% in case of PBEV. Other input 

parameters such as battery capacity (EB) in kWh, daily mileage driven (d) in miles, battery energy 

use (ε) in kWh/mile and charger efficiency ( ) are specified in each trial of Monte Carlo simulation. 

To exemplify the process outlined in the flowchart, let us consider a Nissan Leaf that drives 70 miles 

in a day, and returns home at 10 PM. Given d = 70 miles, EB = 24 kWh, and ε = 0.24 kWh/mile, the 

following is the output from the flowchart: Since the vehicle is a PBEV then %5min SOC , the 

per-unit consumed energy is 7.024)24.070( CpuE , the per-unit battery state of charge is  
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SOCpu = max{(1-0.7),5/100} = 0.3, the per-unit required energy is ERpu = (1-0.3)/0.9 = 0.77 while 

the actual required energy is ERactual = 0.77 × 24 = 18.67 kWh. Table 4.1 lists the remaining state of 

charge on the battery of a Nissan Leaf when charged from a 3.7 kW level 2 charger. 

 

Fig. 4.1: Level 1 Charging Profile of the Chevrolet Volt 

The same process can be used for PHEV and other charging levels. For example given d = 29 

miles in case of a Chevy Volt (EB = 16 kWh, and ε = 0.36 kWh/mile) when charged from level 1 

charger (1.4 kW) the consumed energy is ECpu = (29 × 0.36) / 16 = 0.653, the state of charge is 

SOCpu = max{(1-0.653), 30/100} = 0.348, and the required energy from the grid would be  

ERactual = (1-0.348) / 0.9 = 0.725 × 16 = 11.6 kWh 
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Table 4.1 Charging Profile of a Nissan Leaf When Charged from Level 2 (240V) 

Time of day (Hour) Remaining SOC (kWh) 
10:00 PM 14.97 
11:00 PM 11.27 
12:00 AM 7.57 
01:00 AM 3.87 
02:00 AM 0.17 
03:00 AM 0.00 

 

 

Fig. 4.2: Energy Requirement Computation for Plug-In Hybrid and Battery Electric Vehicles 
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4.3 National Household Travel Survey Data 

The process of charging electric vehicle from the electric distribution grid can be described as 

a stochastic process involving several random variables such as vehicle charging time, remaining 

battery state of charge, number and location of vehicles at a given time of the day. The data available 

through the 2009 National Household Travel Survey (NHTS) [40] is used in this research to estimate 

the mileage driven and the home arrival times for automobiles and pick-up trucks. 

The user’s guide of the 2009 NHTS available at [40] has listed all the surveyed data variables, 

and as such it has been determined in this research that vehicle mileage corresponds to ANNMILES 

(the annual vehicle miles driven) and VEHTYPE (the vehicle type). The ANNMILES is normalized 

by dividing all values by 365 to obtain the daily mileage driven in miles/day. Following the 

Codebook [41], automobiles are denoted as VEHTYPE1 and pick-up trucks VEHTYPE4. Since 

most electric vehicles owners would prefer charging their vehicles once they return home from work 

[40] therefore with respect to home arrival time the relevant parameter in the NHTS are identified as 

the ENDTIME of the trip and the purpose of the trip WHYTO to return home if the value is 1 

(WHYTO=1 in the Codebook)[41].  

4.4 Cumulative Distribution Functions for Sampling 

Starting with the NHTS 2009 Survey, the list of all vehicles is given. With the raw data, the 

first step in analysis is to remove all the erroneous data. In this survey, the user’s guide has listed the 

data of all the surveyed parameters, and as such it has been determined that vehicle mileage is only 

concerned with parameters ANNMILES (the annual vehicle miles driven) and VEHTYPE (the type 

of the vehicle). Following the codebook [41], it was seen that erroneous data in the survey is 



31 

 

indicated with negative values as flags (for example a value of -1 denotes that data was missing in 

the parameter). Following these observations, all vehicles with erroneous parameters were removed 

from the dataset. The next step is to pre-process the data to develop the corresponding cumulative 

distribution functions (CDFs). First, the annual miles are converted into daily miles by dividing the 

annual miles data by 365 days per year. Following the codebook [41], automobiles are denoted as 

VEHTYPE 1 and pickup trucks VEHTYPE 4, for which the daily mileage driven is extracted, with 

the remaining unnecessary data discarded. 

The data set comprising mileage driven for automobiles and pick-up trucks is used to compute 

the relative frequency and the cumulative distribution functions as shown in Fig. 4.3 (a) which will 

be sampled for each vehicle during MCS and this way the home arrival data is used to generate the 

cumulative distribution function shown in Fig. 4.3. (b) to be used to determine the starting of time to 

charge the vehicle (tstart). 

For the home arrival times, the relevant parameters are the arrival time of the trip (ENDTIME) 

and the purpose of the trip (WHYTO) where the trip purpose is chosen to be returning home 

(WHYTO = 1 from the codebook) [41]. 

In this work, the impact of PBEV’s and PHEV’s is assessed through three main situations; 

PBEV’s alone, PHEV’s alone and a mix of PBEV’s and PHEV’s. Table 4.1 lists the market share of 

the automobiles and pick-up truck which will be used to determine the proportion of the PHEV and 

PBEV in the Monte Carlo simulation. Appendix B includes the details of the percentages listed in 

Table 4.2. 
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(a) 

 

 (b) 

Fig. 4.3 Cumulative Distribution Function for (a) Daily Mileage Driven and (b) Home Arrival 

Time 
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Table 4.2 Listing of Vehicle Parameters and Associated Market Percentages 

Vehicle Type 
Market 
Share 
(%) 

PBEV/
PHEV Make Range 

(miles) 

Battery 
Capacity 
(kWh) 

Energy 
Use 

(kWh/mile) 
PHEV-Automobile 52.45 PHEV Chevrolet Volt 40 16 0.4 
PBEV-Automobile 26.79 PBEV Nissan Leaf 100 24 0.24 

PBEV-Pick-up Truck 20.76 PBEV Navistar Electric 
Truck 100 80 0.8 

 

In this study the number of electric vehicles in the system is estimated using (4.1) which 

depends on the penetration level (P), the number of houses (NHouses) and the average vehicle per 

house (γ) which is assumed to be 2.12 as recommended in [40]. 

Nvehicles = P × NHouses × γ             (4.1) 

The maximum penetration level in this work is set to 50% as expected in 2030 [14] while the 

resolution of the penetration rate is chosen to be in 10% step to allow zooming in with sufficient data 

points to study the impact on power quality at different penetration rates. For each penetration level i 

starting from 0% to 50%, electric vehicles are randomly assigned to each house while considering 

three charging scenarios j; 1) 100% Level 1, 2) 50% Level 1 & 50% Level 2 and 3) 100% Level 2. 

4.5 Level 1 and Level 2 Chargers 

Having determined appropriate energy and timing requirements for charging the electric 

vehicles, this work assumes that all vehicles charging is done at residential homes. In North 

America, residential homes are equipped with 120V and 240V connections which are usually 

available through a center-tapped distribution transformer as shown in Fig. 1.1. Table 4.2 lists the 

power output from typical residential chargers in North America [42] for level 1 and level 2. 
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Table 4.3 Charging Level Powers 

Charging Level Rated Current (A) Rated Power (kW) 
Level 1 (120V AC) 12 1.4 
Level 2 (240V AC) 16 3.7 

 

With two charging connections available, the determination of which vehicles connect to 

corresponding charge levels is addressed based on the charging scenarios to be described. 

4.6 Electric Vehicles Penetration Levels and Charging Scenarios 

In this work, different penetration levels of electric vehicle ranging from 0% to 50% is 

considered in the Monte Carlo Simulation in order to assess the impact on the electric distribution 

system. Alongside penetration levels, both level 1 and level 2 charging is considered. This study 

considers three combinations of charging levels: 1) Level 1 only, 2) Level 2 only and 3) both Level 1 

and Level 2 (50% Level 1 and 50% Level 2). Monte Carlo simulations are performed for each 

penetration level, charging level combination, and vehicle type combination (PHEV and PBEV) in 

the case of automobiles and pick-up trucks. The nine scenarios listed in Table 4.4 are retained for 

illustrating the results of the analysis in this work. 

Table 4.4 Nine Scenarios for Vehicle Types and Charging Levels 

Charging Level 
 Vehicle Type  

PHEV PBEV PHEV & PBEV 
Level 1 Scenario 1 Scenario 2 Scenario 3 
Level 2 Scenario 4 Scenario 5 Scenario 6 

Level 1 & 2 Scenario 7 Scenario 8 Scenario 9 
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4.7 Monte Carlo Algorithm 

Monte Carlo simulations consist of performing a large number of simulations for probabilistic 

analysis. Through repeating an experiment with randomness, the effects of randomness are lessened 

to an extent where analysis can be drawn to the probabilities of event occurring; such is the basis of 

Monte Carlo analysis. For simulation, Monte Carlo samples each random variable in the simulation 

to constitute one trial of a simulation. Through performing multiple trials, Monte Carlo generates the 

sizable amounts of data with which to analyze accordingly. Given the variety of random number 

generation schemes used in Monte Carlo simulations, this work utilizes the inversion method. 

Inversion random number generation involves the sampling of a uniform random number U in the 

range (0,1) with one-to-one correlation into cumulative distribution function F such that sample 

X=F-1(U). 

The following outlines the steps of the Monte Carlo simulation used in this work. 

 

a- Parameters Initialization 

1-Initialize distribution system parameters (transformers, line configurations, impedances, voltage 

regulators, capacitors, etc.) and calculate the corresponding ABCD parameters as in Appendix A. 

Initialize electric vehicle parameters (average number of vehicles per house  and charger efficiency

 ) 

2-Input the commercial load parameters (load profile, peak values, and standard deviation) according 

to the commercial load data in[39]. Input the fifteen daily representative load profile clusters 

identified according to the probabilistic modeling approach of residential load presented in Chapter 3 

Section 4.  
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3-Initialize charger parameters (level 1 charger and level 2 rated power 1.4kW and 3.7 kW 

respectively). 

 

b- Monte Carlo Simulation 

For day k and hour h, 

4-Affix commercial load profiles to commercial spot loads in the studied system. Assign residential 

load profiles to each house from the fifteen representative load profiles and using the cumulative 

distribution function listed in Table 3.1. 

5-For penetration level P and charging scenario j, determine the number of vehicles Nvehicles using 

(4.1) and in accordance to the market share listed in table 4.2 to determine the proportion of vehicle 

types (PHEV&PBEV).  

6-Use the cumulative distribution functions of the home arrival time and daily mileage driven shown 

in Figs 4.3 (a and b) to generate electric vehicle load profile. Add vehicle load profile onto randomly 

assigned house load. Solve the weekly power flow using the forward/backward sweep as in 

Appendix A in hourly time steps 

7-Repeat steps 5-6 for each combination of penetration level P and charging scenario j 

8-Repeat steps 4-7 for each Monte Carlo trial until convergence criteria is satisfied. In this study, the 

simulation is set to stop after 1,000 trials. This choice is based on our observation that no change in 

the bus voltages and the standard deviation occur after this number. This choice is also adopted in 

[5] and [23]. 
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c- Post-processing and Data Analysis 

9-Start post-processing the results to compute the probability density functions and the cumulative 

distribution functions of the power quality indices for voltage magnitude deviations and voltage 

unbalance. 

10-Compare the 95% of the obtained values of the power quality indices with the limits defined in 

the ANSI C84.1-2011 and EN50160 standards and computes the load unbalance on distribution 

transformer indices and check the transformer overload. 

11-Generate power quality reports for undervoltage, overvoltage, voltage imbalance, transformer 

overload and unbalance.  

One of the most important factors in MCS is the termination criteria at which the MC 

algorithm stops. The number of MC trials usually affects the quality of the solution. For example a 

very low number of trials may lead to large variance in the results and hence poor quality solution. 

On the other hand, a very large number of trials more than necessary may not add much value to the 

analysis, and results in longer computational time and massive data size. In this work, the standard 

deviation of the bus voltages is recorded while changing the number of Monte Carlo trials up to 

1,000 trials. The results reveal that as the number of iterations increases, the change in standard 

deviation and hence the bus voltages start to smooth which indicates the Monte Carlo solution has 

reached convergence. After 600 trials no significant change in the standard deviation was observed. 

In order to ensure best convergence of Monte Carlo, 1,000 trials are chosen. Fig. 4.4 shows the 95th 

percentile of the voltage at bus 37. It can be seen that after 600 trials there is not much change in the 

bus voltage and therefore it has determined that 1,000 trials is an appropriate number of MC trials 
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which should be enough for MC solution to converge. This choice is also supported in the literature 

[5, 23] 

 

Fig. 4.4: Trend of the 95th Percentile of Bus 37 Voltages in Per Unit 

Both power quality standards (EN50160 and ANSI C84.1) recommend the use of the 95th 

percentile of the recorded bus voltages for undervoltage and overvoltage assessment. The following 

chapter outlines the limits set and the relevant indices to assess these various power quality 

phenomena which represent the post processing step in the Monte Carlo algorithm.  
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5 Power Quality 

5.1 Introduction 

Electric utilities aim to improve the quality of electric power delivery to meet consumers’ 

expectations by following the appropriate power quality standards. Given the natural load growth 

and the expected additional increase in load due to the electrification of the transportation sector the 

quality of the electric power in distribution systems may be in jeopardy. In such a situation, the 

consumers may experience poor performance of their equipment because of the unexpected 

undervoltage/overvoltage and in some cases power interruptions or even a complete blackout. An 

assessment of power quality is needed in order to quantify such impact. Since the quality of the 

electric power delivery has to comply with appropriate standards, this chapter focuses on examining 

existing indices used to assess the electric power quality in distribution systems and identifying the 

acceptable power quality levels in the relevant standards. 

5.2 Definitions and Standards 

The term power quality is subject to some interpretation as various sources have defined it in 

different ways. One such definition stems from the Institute of Electrical and Electronics Engineers 

(IEEE) in their standard for monitoring power quality, describing it as: “The concept of powering 

and grounding sensitive equipment in a manner that is suitable to the operation of that equipment” 

[43]. A slightly different interpretation is found in IEC 61000-4-30 [44], stating that power quality is 

the “Characteristics of the electricity at a given point on the electrical system, evaluated against a set 

of reference technical parameters”. While both of these definitions seem to refer to different 

particular areas, the common theme is for interoperability between the power source and the loads. 
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As such, the interpretation of power quality in this work defines it as the set of conditions of the 

power system which must be adhered to in order for loads to operate properly.  

In order to assess potential power quality issues resulting due to the impact of electric vehicles 

on electric distribution systems, the respective power quality standards addressing voltage quality 

are carefully examined. Specifically, voltage deviations which include over/under voltage and 

voltage imbalance are explained in depth in following sections. 

Standards are used by electric utilities to ensure the power supplied is within the acceptable 

power quality levels. As such, the following sections provide detail on two standards which are 

applicable to power quality assessment, namely ANSI C84.1-2011 [19] and EN50160 [20]. 

5.3 Voltage Deviations 

Analysis of the electric power quality in distribution system can be performed depending on 

whether the power quality disturbance of interest is classified as an event or variation. Power quality 

events may be described as short time-limited duration of sudden disturbances which usually are 

associated with transients. On the other hand power quality variations are steady-state disturbances 

and usually the analysis of such disturbances must be considered after transients have died out. Since 

the work in this thesis addresses mainly voltage quality by focusing on over/undervoltage and 

voltage imbalance which are considered steady-state phenomena, the analysis presented in this work 

will only consider steady-state voltage variations while events are outside the scope of this work and 

will not be discussed.  

Voltage magnitude deviations can be described as the change in the root mean square (rms) of 

the instantaneous voltage waveform from the nominal operating voltage, at any node in the system. 
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Where T is the time period and v(t) is the instantaneous voltage.  

 

The following two documents set limits for voltage deviation: 1) the American National 

Standard Institute (ANSI C84.1-2011[19]) defines voltage ranges for utilization and service voltage 

to be ± 5% of the nominal voltage (Vn) and 2) EN50160 [20] allows supply voltage deviation to be 

within ± 10% of Vn during one week at the 95th percentile. 

Table 5.1 Voltage Deviation Limits in EN50160 and ANSI C84.1 PQ Standards 

Standard Deviation Limit Measurement Duration 
EN50160 ±10% 95% of a week 

ANSI C84.1 ±5% 95% of a week 

Inspection of Table 5.1 reveals that a common theme amongst both documents indicates that the 

listed standard limits must be adhered to for at least 95% of the week.  

While overvoltage and undervoltage are both references off the same nominal value, the 

undervoltage and overvoltage limits in both standards are different. For example EN50160 imposes 

10% limits while ANSI C84.1 imposes only 5% for under and over voltages. This implies that ANSI 

C84.1 is stricter in terms of under overvoltage limits compared to EN50160. 

5.4 Voltage Imbalance 

When the three-phases are loaded equally the three-phase voltages at any bus are equal in 

magnitudes and the phase angles are 120o apart. However in distribution system usually the phases 

are not equally loaded and hence the bus voltages may experience unbalance because the phase 
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voltages difference in magnitude and angle becomes significant. Usually voltage imbalance becomes 

of concern for rotating machines such as electric motors because it may cause counter torque which 

will negatively affect the machine’s performance. 

The most effective way of considering voltage imbalance effects on the system is in the form 

of sequence components. Through a conversion matrix, the phase voltages R, S, and T can be 

converted into the sequence components positive (+), negative (-), and zero (0) sequence [45]. The 

equations for conversion have been given below. 
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ojeja 12013

2
1

2
1              (5.5)  

From a three phase motors perspective, positive sequence components generate positive 

torque, negative sequence components generate negative torque, and zero sequence components may 

cause neutral overheat. Given a balanced system, only a positive sequence component exists, and 

only in this case the motor is operating at ideal conditions. With voltage imbalance however, the 

negative sequence component develops a negative torque which counteracts the torque developed by 

the positive sequence component and hence reduces the motors performance. Also the phase angle 

difference is zero in the case of zero sequence components, causing the current in the neutral to 
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increase which may cause an overheating problem. The consequences of voltage imbalance 

conditions give rise to a need for setting limitations on voltage imbalance in the system. 

After revisiting existing standards, there is no consensus on a unified index for voltage 

imbalance assessment. This inconsistency is found not only in the way the index is defined, but also 

in the recommended limits in the standards. In this work, the four indices for voltage imbalance 

assessment namely voltage imbalance line-to-neutral (VIL-N), voltage imbalance line to line (VIL-L), 

voltage imbalance negative sequence (VINegSEQ) and voltage imbalance sequence (VIZeroSEQ) are 

compared throughout the analysis. 
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where VL-N,AVG, VL-L,AVG are the line-to-neutral and line-to-line average voltages and m is the number 

of connected phases to the bus at which the voltage is assessed. 
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The measured voltage V in (5.6) and (5.7) is compared to the average voltage while in (5.8) 

and (5.9) the sequence components of the measured voltage V are used to assess the voltage 

imbalance. The ANSI C84.1-2011 recommends the voltage imbalance not to exceed 3% while 

EN50160 sets 2% limits for the voltage imbalance during each period of one week at the 95th 

percentile 

It is obvious that ANSI C84.1 and EN50160 recommend different limits for voltage 

imbalance. Also both standards rely on phase voltages and sequence voltages to assess voltage 

imbalance which results into four different indices and hence an extensive analysis is needed to 

address the effectiveness of these four indices. This will be carried through the results of the test 

system used and the analysis presented in Chapter 6. Table 5.2 lists the limits of voltage imbalance 

as set by the standards for the definitions outlined above: 

Table 5.2 Voltage Imbalance Limits 

Standard Imbalance Limit Measurement Duration 
EN50160 2% 95% of a week 

ANSI C84.1 3% 95% of a week 

5.5 Transformer Overload and Unbalance 

The literature contains very little work regarding the impact of integrating electric vehicles on 

the distribution transformers and especially load unbalance on the transformer. As secondary lines 

and service drops are commonly oversized, it is anticipated that the weakest point in the secondary 

distribution system which might be considered as the most susceptible component to be impacted 

due to increasing the penetration of electric vehicles is the distribution transformer. Distribution 

transformers are expected to be highly susceptible to impact in two forms: overload and unbalance. 
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5.5.1 Distribution Transformer Overload 

Overall transformer overloading is caused by the power through a transformer exceeding the 

rating of the transformer. Through exceeding the transformers power rating, the transformer is 

subject to heating, reduced lifetime, and damage. Evaluating transformer overload is comparing the 

actual power through a transformer to its rating.  

On the other hand, individual phase overloading occurs on the secondary side of the center-

tapped transformer, which may be due to load unbalance on the transformer. The reader may refer to 

Fig. 1.1 to review a diagram of a center-tapped distribution transformer. As this configuration is 

standard for residential homes in North America, the split phasing allows both 120V/240V AC 

connections. Electric vehicles may be charged using either the 120V or the 240V connections in 

residential homes. Through the usage of a level 1 charger, vehicles connect to a single phase at 120V 

and charge the battery at 1.4kW for Level 1 charging. On the other hand, level 2 chargers make use 

of the full 240V, increasing the power drawn to 3.7kW hence reducing charge times by 

approximately 62%.  

 

5.5.2 Load Unbalance on Distribution Transformer 

The distribution transformer is usually center-tapped on the secondary side as shown in Fig. 

1.1 to provide the 120V/240V in residential homes. Since level 1 uses 120V connection, it is 

therefore expected that both phases on the secondary of the distribution transformer may not be 

equally loaded especially with higher penetration of electric vehicles using level 1 chargers. In order 

to quantify such impact, load unbalance on the distribution transformer (UTXMF) is evaluated using 

the following index: 
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100)])(5.0/[(% 21  tttnTXMF IIIU      (5.12) 

Where Itn is the neutral current in the transformer while It1, and It2 represent each phase current of the 

center-tapped at the secondary of the transformer. In the literature, there is no standard setting limits 

to the unbalance in distribution transformers, and therefore the percentage unbalance index 

developed in (5.12) is developed in this work and will be used throughout this thesis. Following 

(5.12) a percent load unbalance on the distribution transformer of zero corresponds with no 

unbalance as the neutral current is zero. 

The following Chapter presents the results of the Monte Carlo Simulation to assess the power 

quality using the indices introduced earlier.   
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6 Simulation Results and Analysis 

6.1 Introduction 

The purpose of this chapter is to present and analyze the results from applying Monte Carlo 

Simulation to assess the impact of increasing the penetration of electric vehicles on the power 

quality in electric distribution system. Specifically, the presented analysis focuses on evaluating the 

power quality in both primary and secondary distribution system at different penetration level of 

plug-in hybrid and battery electric vehicles when charged from level 1 and/or level 2. The chapter 

starts by describing the IEEE 123-Bus standard test distribution system and its secondary extension, 

then different scenarios involving electric vehicle penetration is simulated, analyzed and finally a 

discussion will be performed leading to the conclusions of the work. 

6.2 System Description 

The test system used in this work is that of the IEEE 123-Bus standard test distribution system, 

the specifics of which are as outlined in Appendix C. It is of notable importance that the primary 

system includes a set of voltage regulators and switched capacitors at pre-determined nodes to 

ensure that the bus voltage profiles is in compliance with power quality standards [19]. As outlined 

in Chapter 3, the reason of keeping these voltage regulating devices in the test system used in this 

study (IEEE 123-bus system) is to examine whether the existing regulating resources would still be 

sufficient to maintain the bus voltage profiles when considering the electric vehicles load at different 

penetration levels. 
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The IEEE 123-bus test system is modified to include the secondary circuits which are modeled 

by replacing the spot loads on the primary by distribution transformers, service lines and service 

drops. The ratings of the distribution transformers are selected as 25 kVA and 50 kVA so that 5 and 

10 houses can be supplied by each transformer respectively. This choice is to ensure that the loads 

on the secondary system closely match the corresponding spot loads on the primary. The data of the 

secondary system extension including the distribution transformer, service lines, service drops and 

archetypes is in Appendix D. After allocating the residential home loads and the commercial loads 

on the secondary system buses, the electric vehicle loads considering different penetration scenarios 

from 0% to 50% in 10% step is added to the residential home loads and simulated using Monte 

Carlo. The combination of different vehicle types (PHEV/PBEV) and different charging levels 

(120V and 240V) makes almost nine scenarios which are studied in this work. 

6.3 Scenarios Considered 

In evaluating the impact of electric vehicle charging on the electric distribution system, the 

number of electric vehicles to be charged at each hour per day in residential homes is needed so it 

can be superimposed on the existing residential daily load profile. This will help assessing power 

quality in the distribution test system considered using the Monte Carlo Simulation. As determined 

in Section 4.7 the MC simulation sweeps between different penetration levels starting from 0% 

penetration (i.e. no vehicles charging on the grid) up to 50% penetration (i.e. half of all vehicles 

owned are plug-in electric) in  10% penetration resolution step. 

Furthermore, since an electric vehicle whether a PHEV or a PBEV can be charged using level 

1 (120V) or level 2 (240V) in residential homes, the following three scenarios are introduced in this 
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work: 1) level 1 only (all vehicles are charged from 120V), 2) level 2 only (all vehicles are charged 

from 240V) and 3) both level 1&2 (50% of the vehicles are charged from 120V and the remaining 

50% are charged from 240V).   

In order to investigate the impact of vehicle type, the scenarios included in this work considers 

the following vehicles: 1) Plug-in hybrid electric vehicles (PHEV) only, 2) plug-in battery electric 

vehicles (PBEV) only, and 3) both plug-in and battery electric vehicles. The study also considers 

different proportion of automobiles and pick-up trucks according to the market shares presented in 

Appendix B. The reader may refer to table 4.4 for a complete listing of all nine scenarios which 

represent all possible combinations involving vehicle types and charging levels. 

6.4 Power Quality Assessment 

This work is intended to assess the power quality in both primary and secondary distribution 

system considering different penetration level of electric vehicles and considering the nine scenarios 

described earlier. Specifically, power quality phenomena such as voltage magnitude deviations 

(undervoltage and overvoltage), voltage imbalance, and load unbalance on the distribution 

transformer and transformer overloads. The relevant power quality indices needed to perform such 

evaluation of these power quality phenomena are defined in Chapter 5 while Table 6.1 outlines the 

use of these indices for power quality assessment in both primary and secondary. 

Table 6.1 implies that voltage magnitude deviation including under voltage and overvoltage is 

measurable in both primary and secondary system. On the other hand, voltage imbalance indices are 

only limited to buses with three-phase connections and as such is limited to the primary system. 
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Table 6.1 Power Quality Indices Applied to the Distribution System 

Power Quality Indices Primary Distribution 
System 

Secondary Distribution 
System 

Overvoltage Yes Yes 
Undervoltage Yes Yes 

Mean LN Imbalance Yes No 
Mean LL Imbalance Yes No 

Negative Sequence Imbalance Yes No 
Zero Sequence Imbalance Yes No 
Transformer Overloading No Yes 

Load Unbalance on Transformer No Yes 

In order to find the probability of the number of buses violating each PQ standards (i.e. ANSI 

C84.1 and EN50160), the rms voltage at each bus in the IEEE 123-Bus standard test distribution 

system is computed for each hour and the 95th percentile is compute over a week for each trial of 

Monte Carlo. The computed 95th value for each bus is compared with the under and over voltage 

limits set in both ANSI C84.1 and EN50160.  If the bus voltage is found to violate the limits set in 

the standard for that trial, a violation is noted. This process is repeated for the rest of Monte Carlo 

trials and the resultant under and overvoltage violations are then presented as cumulative distribution 

functions. 

6.5 Applying Monte Carlo 

The Monte Carlo algorithm described in Section 4.5 is used to compute the bus violations of 

the power quality phenomena listed in Table 6.2 and considering the nine scenarios listed in Table 

6.1. The subsequent sections present the probabilistic results of running the MC algorithm for 30% 

and 50% vehicles penetration, both level 1 and level 2 charging, and considering both PBEV, PHEV 

for automobiles and pick-up trucks. The algorithm which drives the full Monte Carlo simulation can 

be referred to in Section 4.5. 
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6.6 Primary System Results 

The results of the Monte Carlo algorithm regarding bus voltages (undervoltage and 

overvoltage) at the primary system reveal no violations of both ANSI C84.1 and EN50160 standards. 

This implies that the primary system has enough voltage regulating devices, which includes on load 

tap changing transformers and switched capacitor banks. These voltage regulating devices for the 

test system considered in this work perform the voltage control needed to keep the primary bus 

voltages within reasonable tolerance even at 50% vehicle penetration and hence no additional 

voltage regulating devices are needed on the primary system.  

Table 6.2 Primary Voltage Imbalance for 30% Penetration 

 Scenario 1 Scenario 9 Scenario 5 
VIL-N 0.49 0.49 0.50 

VINegSEQ 0.14 0.14 0.14 
VIZeroSEQ 0.44 0.44 0.46 

VIL-L 0.14 0.14 0.14 

 

Table 6.3 Primary Voltage Imbalance for 50% Penetration 

 Scenario 1 Scenario 9 Scenario 5 
VIL-N 0.49 0.49 0.50 

VINegSEQ 0.14 0.14 0.14 
VIZeroSEQ 0.44 0.44 0.46 

VIL-L 0.14 0.14 0.14 

With respect to voltage imbalance on the primary system, no violation of any of the standards 

is noted at all vehicle penetration levels. However some discrepancies among the four voltage 

imbalance indices are noted. Tables 6.2 and 6.3 present the typical bus voltage imbalances for the 4 

different imbalance indices. The table implies that in the first, fifth and ninth scenario the two 
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voltage imbalance indices mean line-to-line and negative sequence imbalance provide identical 

results while the other two indices, line-to-neutral and zero sequence provide different results. This 

implies that either the line-to-line or negative sequence imbalance indices should be used for voltage 

imbalance assessment in the primary distribution system. 

6.7 Secondary System Results 

The results of the Monte Carlo simulation showed that the voltage at almost all the secondary 

system nodes (or buses) never exceeds the overvoltage limits set in either ANSI C84.1 or EN 50160 

standards. Since in this work, most of the scenarios considered estimate the impact by adding the 

electric vehicle loads to the existing residential load, therefore it is unlikely that the secondary buses 

would experience overvoltage but they may experience undervoltage. 

In order to assess the undervoltage in secondary system, the cumulative distribution function 

plots for vehicle types and charging levels at 50% vehicle penetration are plotted in Fig. 6.1 and 6.2 

respectively. Inspection of Fig. 6.1 reveals that most of the undervoltage violation occurs when all 

vehicles in the system are PBEV followed by the mix of PHEV and PBEV. The least impact on the 

undervoltage is observed when all vehicles are PHEV. On the other hand, Fig. 6.2 shows the 

cumulative distribution function of bus undervoltage violation in case of PBEV only and considering 

three charging scenarios: 1) level 2 only, 2) both level 1 & 2 and 3) level 1 only. The cumulative 

distribution function in Fig. 6.2 reveals that level 2 charging causes the largest number of bus 

undervoltage violation followed by the mix of level 1&2, while level 1 causes the least undervoltage 

violation. It can be concluded from both figures (6.1 and 6.2) that if 50% of the consumers use only 

level 2 to charge PBEV’s only, this would cause the largest impact on the secondary system in terms 
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of bus undervoltage violation compared to using level 1 and PHEV. This result is backed 

numerically as the results of Fig. 6.1 show PBEV charging at 50% penetration to have a 50% 

probability of violating 3.68% of all house nodes in the system in comparison with mixed PBEV and 

PHEV vehicles (3.20%) and PHEV only (2.56%) respectively. According to Fig. 6.2 if half the 

vehicles on the system are PBEV almost 3.68% of the secondary nodes at the consumers houses will 

experience undervoltage violating ANSI for the case of level 2 charging while only 3.04% and 

2.64% of the node voltages violate ANSI C84.1 for the case of mixed level 1 & 2, and level 1 only 

respectively. 

 

Fig. 6.1: Cumulative Distribution Function of Bus Undervoltage Violation (ANSI) for 50% 

Penetration and Different Vehicle Types 
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Fig. 6.2: Cumulative Distribution Function of Bus Undervoltage Violation (ANSI) in Case of 

50% Penetration Using Only PBEVs and Different Charging Levels 

The difference in energy requirement of the batteries in the case of PBEV compared to 

PHEV explains the difference in undervoltage experienced by the secondary system. Since PBEV 

batteries requires more electric energy than that of a PHEV, it is expected that with more PBEV on 

the secondary system, the number of undervoltage violations in the secondary increases. For 

example in Fig. 6.3, at 30% penetration there is a 50% chance of violating 1.76% of the secondary 

nodes in the system, which increases to 3.68% of the secondary nodes when the penetration level 

increases to 50%. On the other hand, Fig. 6.2 shows level 2 charging causing more undervoltage 

violations compared to that of level 1. This is due to level 2 charging being rated at 3.7kW compared 

to level 1 charging, which is rated at 1.4kW. 
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Fig. 6.3: Cumulative Distribution Function of the Bus Undervoltage Violation (ANSI) for 30% 

and 50% Penetration for the Fifth Scenario 

If all vehicles are PBEV and when charged from level 2 (where most of the voltage violation 

occurs) the impact due to increasing the penetration from 30% to 50% is illustrated in Fig. 6.3. 

Visual inspection of Fig. 6.3 reveals that increasing the penetration level corresponds to more bus 

undervoltage violation. The cumulative distribution function from Fig. 6.3 also shows that increasing 

the penetration by 20% (from 30% to 50%) increases the bus violation by almost 1.5%. 

Fig. 6.4 shows that introducing more PBEV and/or level 2 charging results in more 

undervoltage violations on the secondary system. The impact is also more pronounced when 

increasing the penetration level from 30% to 50%. 
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In all nine scenarios considered, the preceded analysis has shown no violations of the 

EN50160 standard. This is because the limits set by EN50160 require an undervoltage of 0.9pu and 

as such is more relaxed when compared with ANSI (0.95pu). 

 

 

Fig. 6.4: Cumulative Distribution Function of Bus Undervoltage Violation (ANSI) for 30% and 

50% Penetration for the Ninth Scenario 

6.8 Transformer Overload Results 

Table 6.4 shows the percentage number of overloaded transformers in case of 25kVA and 50 

kVA for the first, fifth, and ninth scenario. Table 6.4 reveals that in general the 25kVA transformers 

are more impacted than the 50kVA transformers. Also PBEV’s when charged from level 2 can cause 
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more overloads compared to PHEV when charged from level 1. For example In case of 50kVA 

transformers, PBEV at level 2 causes 22% and 35% overloads while PHEV at level 1 causes only 

13% and 25% at 30% and 50% penetration respectively. The impact on the 25kVA transformers is 

more since PBEV at level 2 causes 37% and 49% overloads at 30% and 50% penetration while 

PHEV at level 1 cause 20% and 44% respectively. The results of the analysis for the rest of the nine 

scenarios have shown that even at the same charging level, PBEV can have more impact on the 

system especially in terms of transformer overload and undervoltage compared to PHEV. Moreover, 

when increasing the penetration level from 30% to 50% in either the 25kVA or 50 kVA transformers 

the average percentage of the number of overloaded transformers increases by 13%. On the other 

hand, at 30% penetration level one third of the 25 kVA transformers are overloaded while only 17% 

of the 50kVA transformers are overloaded. For 50% penetration level, almost half of the 25kVA 

transformers experience overloads while only one third of the 50 kVA transformers are overloaded. 

It can also be noted that if the 25kVA transformers are upgraded to 50kVA transformers the 

overload may be reduced by almost a half in case of 30% penetration level and only to 35% in case 

of 50% penetration. 

Table 6.4 Number of 25 and 50 kVA Transformers Overloaded in Percent 

 
30% Penetration 

(25 kVA) 
50% Penetration 

(25 kVA) 
30% Penetration 

(50kVA) 
50% Penetration 

(50kVA) 
Scenario 5 37.50 49.48 22.31 35.37 
Scenario 9 32.35 45.73 17.10 29.83 
Scenario 1 30.48 44.32 13.37 25.67 
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(a) 

 
(b) 

Fig. 6.5: Percentage Load Unbalance on Transformers for (a) 25kVA and (b) 50kVA 
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6.9 Load Unbalance on Transformer Results 

Fig. 6.5 shows the percentage load unbalance on the transformer at 0%, 30% and 50% vehicles 

penetration in case of 25kVA and 50kVA transformers. From the daily load unbalance on the 

transformer trend shown in Fig. 6.6, it was observed that 8 am and 12 am are the hours where the 

lowest and highest unbalance occurs and therefore they are labeled as hour of lowest unbalance 

(HLU) and hour of highest unbalance (HHU) respectively, and are used to generate the plots in Fig. 

6.5 for first, second, third and ninth scenarios. Inspection of Fig. 6.5 reveals that in general the 

25kVA transformers experience almost double the unbalance of the 50kVA transformers. Moreover, 

the unbalance trend in the case of PBEV at level 1(dotted line at HHU and dashed line at HLU) 

labeled scenario 2 is higher compared to PHEV at the same charging level (scenario 1). This implies 

that PBEV has more effect on load unbalance compared to PHEV. For example at 50% penetration 

switching from PHEV to PBEV in case of 25 kVA transformers increases the load unbalance on the 

transformers by 0.5% and 4% at HHU and HLU respectively. Also there seems to be a pattern in the 

load unbalance trend at HHU and HLU with increasing electric vehicle penetration. For example 

moving from 30% to 50% penetration the difference in percentage of load unbalance on the 

transformer stays the same when switching from PHEV to PBEV at HHU while the difference 

becomes larger at HLU. Moreover, visual inspection of Fig. 6.6 reveals that the unbalance at HHU is 

higher compared to HLU however, as the electric vehicle penetration increases the unbalance values 

becomes between the unbalance values in the studied scenarios increases in HLU compared to HHU. 

For example the case of 25 kVA transformers at 50% vehicle penetration, the standard deviations at 

HHU and HLU are 0.25 and 2.09 respectively. Also it has been observed that the effect of increasing 
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the penetration from 30% to 50% increases the percentage of load unbalance on the transformer by 

almost a factor of 1.2 and 1.5 at HHU and HLU respectively 

  

 

Fig. 6.6: Daily Load Unbalance on Transformers Trend 
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7 Conclusions and Recommendations 

7.1 Conclusions 

This thesis presents a detailed analysis to investigate the effects of plug-in electric vehicles 

charging on the electric power quality in electric distribution system considering both primary and 

secondary systems. In this work, a probabilistic model of both plug-in hybrid and plug-in battery 

electric vehicles is developed including both level 1 and level 2 charging. In order to address the 

uncertainties associated with the integration of electric vehicles into distribution system such as 

number of vehicles, location, charging time and battery state of charge, a Monte Carlo simulation is 

used to estimate such impact on the distribution system. 

In this thesis, two documents namely ANSI C84.1-2011 and EN50160 that set limits to power 

quality deviations are carefully reviewed. The mathematical formulation of the recommended 

indices for undervoltage, overvoltage and voltage imbalance are presented and evaluated for the 

purpose of quantifying the impact of integrating electric vehicles on power quality in distribution 

system. Moreover, the thesis also investigated the effect on distribution transformer overload and 

unbalance.    

The results of the Monte Carlo simulation reveal that no violation of either standard (ANSI or 

EN50160) occurs on the primary system with respect to undervoltage, overvoltage and voltage 

imbalance. As electric vehicles are considered an additional load from the distribution system 

perspective it is unlikely that the system buses would experience overvoltage. On the other hand, the 

reason for no undervoltage violations on the primary system is because of the primary system 

voltage regulating devices that maintain the voltage within the specified limits in both standards. 
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Despite no voltage imbalance violation on the primary, the results of Monte Carlo reveal that 

only two indices (line-to-line voltage imbalance and negative sequence voltage imbalance) provide 

identical results while the other two indices (line-to-neutral voltage imbalance and zero sequence 

voltage imbalance) provides different results in all vehicle penetration scenarios. Therefore, it can be 

concluded that either the Line-to-Line or Negative Sequence should be recommended for voltage 

imbalance assessment as opposed to the outlying points of the Line-to-Neutral and the Zero 

Sequence voltage imbalance indices. 

On the secondary, no overvoltage violations of either standard occur. Since the system is 

experiencing increased loading due to electric vehicle charging, and as such the voltage values are 

not expected to rise. However, Monte Carlo results show undervoltage violation of ANSI C84.1 but 

no violation to EN50160 standard. The results also reveal that PBEV can cause more impact in terms 

of undervoltage compared to PHEV. For example, at 50% vehicle penetration the percentage number 

of buses experiencing undervoltage and violating ANSI C84.1-2011 in case of PBEV is 1.4 times 

that of PHEV. The results also show that level 2 charging contributes more to the undervoltage 

violation compared to level 1 charging, since it was found that the percentage number of buses 

violating the undervoltage limit in ANSI to be 3.68% and 2.64% for level 2 and level 1 charging 

respectively. Also increasing the electric vehicle penetration by 20% (i.e. from 30% to 50%) almost 

doubles the percentage number of buses violating the undervoltage limits in ANSI.  

Looking at transformer overload, the results have clearly shown that transformer overloading is 

a major issue when vehicle charging occurs in the system. The 25 kVA transformers experience 

nearly double the overload seen in 50 kVA transformers. With respect to the vehicle type and 

charging level, an increase in loading of nearly 10% occurs when switching from PHEV to PBEV 
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and from level 1 to level 2 charging. Furthermore increasing the electric vehicle penetration 

significantly increases the transformer overload. For example at 30% penetration one third of 

transformers are overloaded while at 50% penetration approximately half the transformers 

experience overload. The analysis also reveals that that the number of transformers experiencing 

overload is the highest at 7pm while the lowest number of overloaded transformer is at 5am. 

The analysis of load unbalance on distribution transformers shows that again the 25 kVA 

transformers experience more unbalance compared to 50 kVA transformers. There are 3.29% and 

1.63% increase in unbalance on the 25 kVA transformers compared to 50 kVA transformers at the 

hour of highest unbalance (12 am) and the hour of lowest unbalance (8 am) respectively. The results 

of load unbalance on the transformer also show that PBEVs being more problematic than PHEVs 

since PBEVs incur an increase of 0.48% unbalance compared to PHEVs at 25 kVA transformers and 

50% penetration. Moreover, increasing the electric vehicle penetration from 30% to 50% penetration 

on the 25kVA transformers increases the load unbalance on transformers by 1.43%. 

The work presented in this thesis has shown that vehicle impact is noticeable only on the 

secondary system and in particular undervoltage, distribution transformer overloading, and load 

unbalance on the distribution transformers. The analysis presented has shown that PBEV’s can cause 

more impact compared to PHEVs. Also Level 2 charging is also found to cause more undervoltage 

and transformer overload violations compared to level 1 charging. On the other hand, level 1 is 

found to be more problematic to load unbalance on the transformers compared to level 2 charging. 

Furthermore, the results show that 25kVA transformers are more susceptible than 50kVA 

transformers in terms of overload and unbalance. Lastly, the analysis reveals that nearly midnight 

(12am) and 8am the distribution transformers experience the highest and lowest unbalance while the 
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highest and lowest number of overloaded transformers is recorded to be at 7 pm and 5 am 

respectively. 

7.2 Recommendations 

Following the analysis performed in this work, a set of recommendations is appropriate. Given 

the complexity of the model, the work performed in this thesis could be expanded upon to increase 

the detail through various means, including: 1) utilizing more recent survey data in distribution 

function generation to more accurately approximate the expected vehicle impact, 2) increasing the 

sample size with which vehicle parameters are drawn to better accommodate the wide range of 

vehicles available to consumers, and 3) increasing the penetration resolution in the simulation to 

allow for more detailed results. 

Considering what has been seen in the analysis of this thesis, it is clear that the distribution 

system must respond to the predicted undervoltage, overload and unbalance conditions caused by 

increasing vehicle charging. With respect to undervoltage, this thesis recommends the application of 

capacitor banks, which are most appropriately sized and placed through the usage of optimization 

techniques. Focusing on transformer overload, it is recommended to upgrade the overloaded 

transformers to the next rating following end of life (in this case 50kVA transformer upgrade for 

25kVA transformers and 75kVA upgrade for 50kVA transformers respectively). Lastly, in response 

to load unbalance on the transformer, the most effective means to mitigate potential unbalance 

problems entails regulating the transformers split phases such that loads are placed on specific split 

phase taps to ensure minimal unbalance increase. Through the application of these various mitigation 

techniques, the impact of electrical vehicle charging should be effectively absorbed by the system. 
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7.3 Future Work 

As a means of addressing the issues outlined in this thesis, the next questions look at focusing 

on the problem at both the system and vehicle levels. While the system has the potential for large 

impact from the electrical vehicle loading, investigation into controls on the power system may be 

pursued as a means of mitigating the power quality issues resulting from vehicles charging. 

Conversely, if investigation followed a means of optimization the time at which vehicles begin 

charging or the rate at which vehicles charge, the effects of vehicle loading may be significantly 

reduced and thus reduce the impact at the vehicle level. 
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Appendix A Forward/Backward Sweep Algorithm on a Sample 
Secondary Distribution System 

The material presented here is to verify and validate the power flow algorithm as used in 

this thesis, which was appropriately modeled in OpenDSS. 

Center-tapped distribution transformer  
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The transformer is a single-phase rated 50kVA, 7200-120/240V, 60Hz. 
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Service lines (SL) 

Secondary service lines are 1/0 AA triplex with length 125 ft, GMR = 0.0111 ft, diameter 

= 0.368 in., r = 0.97 Ω/mile. The insulation thickness is 80 mil = 0.00667 ft. Using 

Carson’s formula and after applying Kron reduction [30], the phase impedance matrix for 

the secondary lines is 

 

 

The ABCD matrix for the service lines are: 
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Service drops (SD) 

  Service drops are of #2 AWG triplex Aluminum conductors and length 90 ft, GMR = 

0.00418 ft, diameter = 0.316 in., r = 1.69 Ω/mile. The ABCD of the service drops are: 
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Loads 12 houses each 6.64 kVA at 0.9 power factor lagging [32]. 
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To check the validity of the results, the results obtained using power flow 

equations (3.1-3.4) with parameter matrix equations (A.1- A.4) are compared to those 

obtained using OpenDSS [46]. Table A.1 lists the numerical values of the voltage at the 

secondary and the current at the primary of the transformer obtained using equations (3.1-

3.4 & A.1-A.4) and using the model developed in OpenDSS. 

Table A.1 Power Flow Solution of Numerical Examples after Three Iterations. 

Voltages are in Volts and Currents in Amps. 

 Parameter Calculated values Values from OpenDSS 

V1  0.07200   0.07200  
V2 (x1 – x2)  0364.10835.117   63.01372.117  
V2 (x2 – x3)  0364.10835.117   63.01372.117  

I0  2972.263656.11   74.255537.11  
 

 

 Fig. A.1: Center Tapped Distribution Transformer Equivalent Circuit 
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Fig. A.2: Sample Secondary Distribution System  
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Appendix B Vehicle Market Data Analysis 

In order to determine the relative market shares of each vehicle type, the potential 

classes of vehicle is broken down into PHEV’s and PBEV’s, where the PBEV category 

can be further broken into PBEV-Automobile and PBEV-Pickup respectively. The data in 

[47] breaks statistics into three distinct categories: BEV (Battery Electric Vehicle) which 

is equivalent to PBEV-Automobile in this thesis, EREV (Extended Range Electric 

Vehicle) which is equivalent to the PBEV-Pickup in this thesis, and PHEV. The data 

however, provides only PBEV-Automobile and PBEV-Pick-up statistics in 2011 and 

PBEV-Automobile and combined PHEV & PBEV-Pickup statistics in 2012, requiring 

pre-processing to identify the market share of each vehicle. Using the statistics found in 

the 2011 data, the ratio of PBEV-Pickups with respect to PBEV-Automobiles was found. 

Ratio = (PBEV-Pickups)/(PBEV-Automobiles) = 0.762 

The estimated number of PBEV-Pickups in 2012 is then found using number of PBEV-

Automobiles. 

Estimated PBEV-Pickups = PBEV-Automobiles * Ratio = 10,862 

The estimated number of PHEV’s can then be derived. 

Estimated PHEV’s = (PHEV’s and PBEV-Pickups) – (Estimated PBEV-Pickups) = 

27,722 

The market share of each vehicle type was then found. 
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Total Vehicles = Total PBEV-Automobiles + (Total PHEV’s and PBEV-Pickups) = 

52,835 

Market Share PBEV-Automobiles = 100 * (Total PBEV-Automobiles) / (Total Vehicles) 

= 26.97% 

Market Share PBEV-Pickups = 100 * (Approximate PBEV-Pickups) / (Total Vehicles) = 

20.56% 

Market Share PHEVs = 100 * (Approximate PHEVs) / (Total Vehicles) = 52.47% 
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Appendix C IEEE 123-Bus Standard Test Distribution System 
Data 

Table C.1 Line Segment Data 

Node A Node B Length (ft.) Config. 
1 2 175 10 
1 3 250 11 
1 7 300 1 
3 4 200 11 
3 5 325 11 
5 6 250 11 
7 8 200 1 
8 12 225 10 
8 9 225 9 
8 13 300 1 
9 14 425 9 
13 34 150 11 
13 18 825 2 
14 11 250 9 
14 10 250 9 
15 16 375 11 
15 17 350 11 
18 19 250 9 
18 21 300 2 
19 20 325 9 
21 22 525 10 
21 23 250 2 
23 24 550 11 
23 25 275 2 
25 26 350 7 
25 28 200 2 
26 27 275 7 
26 31 225 11 
27 33 500 9 
28 29 300 2 
29 30 350 2 
30 250 200 2 
31 32 300 11 
34 15 100 11 
35 36 650 8 
35 40 250 1 
36 37 300 9 
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Table C.1 Line Segment Data (Continued) 

Node A Node B Length (ft.) Config. 
36 38 250 10 
38 39 325 10 
40 41 325 11 
40 42 250 1 
42 43 500 10 
42 44 200 1 
44 45 200 9 
44 47 250 1 
45 46 300 9 
47 48 150 4 
47 49 250 4 
49 50 250 4 
50 51 250 4 
51 151 500 4 
52 53 200 1 
53 54 125 1 
54 55 275 1 
54 57 350 3 
55 56 275 1 
57 58 250 10 
57 60 750 3 
58 59 250 10 
60 61 550 5 
60 62 250 12 
62 63 175 12 
63 64 350 12 
64 65 425 12 
65 66 325 12 
67 68 200 9 
67 72 275 3 
67 97 250 3 
68 69 275 9 
69 70 325 9 
70 71 275 9 
72 73 275 11 
72 76 200 3 
73 74 350 11 
74 75 400 11 
76 77 400 6 
76 86 700 3 
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Table C.1 Line Segment Data (Continued) 

Node A Node B Length (ft.) Config. 
77 78 100 6 
78 79 225 6 
78 80 475 6 
80 81 475 6 
81 82 250 6 
81 84 675 11 
82 83 250 6 
84 85 475 11 
86 87 450 6 
87 88 175 9 
87 89 275 6 
89 90 225 10 
89 91 225 6 
91 92 300 11 
91 93 225 6 
93 94 275 9 
93 95 300 6 
95 96 200 10 
97 98 275 3 
98 99 550 3 
99 100 300 3 

100 450 800 3 
101 102 225 11 
101 105 275 3 
102 103 325 11 
103 104 700 11 
105 106 225 10 
105 108 325 3 
106 107 575 10 
108 109 450 9 
108 300 1000 3 
109 110 300 9 
110 111 575 9 
110 112 125 9 
112 113 525 9 
113 114 325 9 
135 35 375 4 
149 1 400 1 
152 52 400 1 
160 67 350 6 
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Table C.1 Line Segment Data (Continued) 

Node A Node B Length (ft.) Config. 
197 101 250 3 

 

Table C.2 Overhead Line Configurations 

Config. Phasing Phase Cond. Neutral Cond. Spacing 

  ACSR ACSR ID 
1 A B C N 336,400 26/7 4/0 6/1 500 
2 C A B N 336,400 26/7 4/0 6/1 500 
3 B C A N 336,400 26/7 4/0 6/1 500 
4 C B A N 336,400 26/7 4/0 6/1 500 
5 B A C N 336,400 26/7 4/0 6/1 500 
6 A C B N 336,400 26/7 4/0 6/1 500 
7 A C N 336,400 26/7 4/0 6/1 505 
8 A B N 336,400 26/7 4/0 6/1 505 
9 A N 1/0 1/0 510 

10 B N 1/0 1/0 510 
11 C N 1/0 1/0 510 

 

Table C.3 Underground Line Configuration 

Config. Phasing Cable Spacing ID 
12 A B C 1/0 AA, CN 515 

 

Table C.4 Transformer Data 

 kVA kV-high kV-low R - % X - % 
Substation 5,000 115 - D 4.16 Gr-W 1 8 
XFM - 1 150 4.16 - D .480 - D 1.27 2.72 
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Table C.5 Three Phase Switches 

Node A Node B Normal 
13 152 closed 
18 135 closed 
60 160 closed 
61 610 closed 
97 197 closed 

150 149 closed 
250 251 open 
450 451 open 
54 94 open 

151 300 open 
300 350 open 

 

Table C.6 Shunt Capacitors 

Node Ph-A Ph-B Ph-C 
  kVAr kVAr kVAr 

83 200 200 200 
88 50  - -  
90  - 50  - 
92  - -  50 

Total 250 250 250 
 

Table C.7 Regulator Data 

ID Line 
Segment Location Phase Bandwidth PT 

Ratio 

Primary 
CT 

Rating 
R X Voltage 

Level 

1 150-149 150 A 2.0V 20 700 3 7.5 120 
2 9-14 9 A 2.0V 20 50 0.4 0.4 120 

3-A 25-26 25 A 1V 20 50 0.4 0.4 120 
3-C 25-26 25 C 1V 20 50 0.4 0.4 120 
4-A 160-67 160 A 2V 20 300 0.6 1.3 124 
4-B 160-67 160 B 2V 20 300 1.4 2.6 124 
4-C 160-67 160 C 2V 20 300 0.2 1.4 124 
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Table C.8 Spot Load Data 

Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-4 

 Model kW kVAr kW kVAr kW kVAr 
1 Y-PQ 40 20 0 0 0 0 
2 Y-PQ 0 0 20 10 0 0 
4 Y-PR 0 0 0 0 40 20 
5 Y-I 0 0 0 0 20 10 
6 Y-Z 0 0 0 0 40 20 
7 Y-PQ 20 10 0 0 0 0 
9 Y-PQ 40 20 0 0 0 0 

10 Y-I 20 10 0 0 0 0 
11 Y-Z 40 20 0 0 0 0 
12 Y-PQ 0 0 20 10 0 0 
16 Y-PQ 0 0 0 0 40 20 
17 Y-PQ 0 0 0 0 20 10 
19 Y-PQ 40 20 0 0 0 0 
20 Y-I 40 20 0 0 0 0 
22 Y-Z 0 0 40 20 0 0 
24 Y-PQ 0 0 0 0 40 20 
28 Y-I 40 20 0 0 0 0 
29 Y-Z 40 20 0 0 0 0 
30 Y-PQ 0 0 0 0 40 20 
31 Y-PQ 0 0 0 0 20 10 
32 Y-PQ 0 0 0 0 20 10 
33 Y-I 40 20 0 0 0 0 
34 Y-Z 0 0 0 0 40 20 
35 D-PQ 40 20 0 0 0 0 
37 Y-Z 40 20 0 0 0 0 
38 Y-I 0 0 20 10 0 0 
39 Y-PQ 0 0 20 10 0 0 
41 Y-PQ 0 0 0 0 20 10 
42 Y-PQ 20 10 0 0 0 0 
43 Y-Z 0 0 40 20 0 0 
45 Y-I 20 10 0 0 0 0 
46 Y-PQ 20 10 0 0 0 0 
47 Y-I 35 25 35 25 35 25 
48 Y-Z 70 50 70 50 70 50 
49 Y-PQ 35 25 70 50 35 20 
50 Y-PQ 0 0 0 0 40 20 
51 Y-PQ 20 10 0 0 0 0 
52 Y-PQ 40 20 0 0 0 0 
53 Y-PQ 40 20 0 0 0 0 
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Table  C.8 Spot Load Data (Continued) 

55 Y-Z 20 10 0 0 0 0 
56 Y-PQ 0 0 20 10 0 0 
58 Y-I 0 0 20 10 0 0 
59 Y-PQ 0 0 20 10 0 0 
60 Y-PQ 20 10 0 0 0 0 
62 Y-Z 0 0 0 0 40 20 
63 Y-PQ 40 20 0 0 0 0 
64 Y-I 0 0 75 35 0 0 
65 D-Z 35 25 35 25 70 50 
66 Y-PQ 0 0 0 0 75 35 
68 Y-PQ 20 10 0 0 0 0 
69 Y-PQ 40 20 0 0 0 0 
70 Y-PQ 20 10 0 0 0 0 
71 Y-PQ 40 20 0 0 0 0 
73 Y-PQ 0 0 0 0 40 20 
74 Y-Z 0 0 0 0 40 20 
75 Y-PQ 0 0 0 0 40 20 
76 D-I 105 80 70 50 70 50 
77 Y-PQ 0 0 40 20 0 0 
79 Y-Z 40 20 0 0 0 0 
80 Y-PQ 0 0 40 20 0 0 
82 Y-PQ 40 20 0 0 0 0 
83 Y-PQ 0 0 0 0 20 10 
84 Y-PQ 0 0 0 0 20 10 
85 Y-PQ 0 0 0 0 40 20 
86 Y-PQ 0 0 20 10 0 0 
87 Y-PQ 0 0 40 20 0 0 
88 Y-PQ 40 20 0 0 0 0 
90 Y-I 0 0 40 20 0 0 
92 Y-PQ 0 0 0 0 40 20 
94 Y-PQ 40 20 0 0 0 0 
95 Y-PQ 0 0 20 10 0 0 
96 Y-PQ 0 0 20 10 0 0 
98 Y-PQ 40 20 0 0 0 0 
99 Y-PQ 0 0 40 20 0 0 
100 Y-Z 0 0 0 0 40 20 
102 Y-PQ 0 0 0 0 20 10 
103 Y-PQ 0 0 0 0 40 20 
104 Y-PQ 0 0 0 0 40 20 
106 Y-PQ 0 0 40 20 0 0 
107 Y-PQ 0 0 40 20 0 0 
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Table  C.8 Spot Load Data (Continued) 

109 Y-PQ 40 20 0 0 0 0 
111 Y-PQ 20 10 0 0 0 0 
112 Y-I 20 10 0 0 0 0 
113 Y-Z 40 20 0 0 0 0 
114 Y-PQ 20 10 0 0 0 0 

Total  1420 775 915 515 1155 630 
 

Line Impedances 
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Configuration 5: 
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mileSb /
3971.5
6982.06765.5
1645.18319.19809.5




















  

 

Configuration 6: 

mile
j
jj
jjj

z /
0482.14666.0
4236.01580.00651.14615.0
5017.01560.03849.01535.00780.14576.0























 

mileSb /
9809.5
1645.13971.5
8319.16982.06765.5
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Configuration 7: 

mile
j
jj
jjj

z /
0651.14615.0
0000.00000.00000.00000.0
3849.01535.00000.00000.00780.14576.0























 

mileSb /
1704.5
0000.00000.0
0549.10000.01154.5
















 
  

 

Configuration 8: 

mile
j
jj
jjj

z /
0000.00000.0
0000.00000.00651.14615.0
0000.00000.03849.01535.00780.14576.0























 

mileSb /
0000.0
0000.01704.5
0000.00549.11154.5
















 


 

 

Configuration 9: 

mile
j
jj
jjj

z /
0000.00000.0
0000.00000.00000.00000.0
0000.00000.00000.00000.03475.13292.1























 

mileSb /
0000.0
0000.00000.0
0000.00000.05193.4

















  

 

Configuration 10: 

mile
j
jj
jjj

z /
0000.00000.0
0000.00000.03475.13292.1
0000.00000.00000.00000.00000.00000.0
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mileSb /
0000.0
0000.05193.4
0000.00000.00000.0

















  

 

Configuration 11: 

mile
j
jj
jjj

z /
3475.13292.1
0000.00000.00000.00000.0
0000.00000.00000.00000.00000.00000.0























 

mileSb /
5193.4
0000.00000.0
0000.00000.00000.0

















  

 

Configuration 12: 

mile
j
jj
jjj

z /
7521.05209.1
2775.05198.07162.05329.1
2157.04924.02775.05198.07521.05209.1























 

mileSb /
2242.67
0000.02242.67
0000.00000.02242.67
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Appendix D Secondary System Data 
Center Tapped Distribution Transformer 

Table D.1 Center Tapped Distribution Transformer Parameters 

 kVA kV-high kV-low R - % X - % 
Secondary 

25kVA 25 4.16 - D 0.24 Gr-W 0.5367 1.0733 

Secondary 
50kVA 50 4.16 - D 0.24 - D 1.0140 1.7239 

 

Service lines (SL) 

Secondary service lines are 1/0 AA triplex with length 125 ft. From appendix A GMR = 

0.0111 ft, diameter = 0.368 in., r = 0.97 Ω/mile. The insulation thickness is 80 mil = 

0.00667 ft. Using Carson’s formula and after applying Kron reduction, the phase 

impedance matrix for the secondary lines is 

mile
jj
jj

zSL /
0701.08149.13530.08449.0
3530.08449.00701.08149.1













 

Service drops (SD) 

Service drops are of #2 AWG triplex Aluminum conductors and length uniform random 

between 80-100 ft. From the appendix GMR = 0.00418 ft, diameter = 0.316 in., r = 1.69 

Ω/mile. The ABCD of the service drops are: 

mile
jj
jj

zSD /
0211.12891.27480.05991.0
7480.05991.00211.12891.2












  

House Loads 

House loads sampled using Gaussian Normal PDF at 6.64kVA with 0.1 standard 

deviation, and 0.9 power factor lagging. 

 


