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ABSTRACT 

The transportation sector is expected to undergo a worldwide shift to zero-

carbon emission automobiles. Major research advancements and government 

policies have been addressing the financial and technical barriers to electric vehicle 

(EV) use. Battery packs constitute an important component of EV technology. 

Improvements in battery pack technology are leading to lower battery cost, higher 

battery density, and increased driving range, making EVs more appealing to the 

consumers. On the other hand, EV charging loads can cause power quality issues 

such as harmonic distortion, voltage drop, power unbalance, power losses and 

transformer aging. EV increased charging load is urging the need of assessing its 

negative impacts on the grid to protect power system components. A comparison of 

the impacts of different levels of EV charging on the grid can allow EV users and 

utilities to understand the risks associated with their choices. Harmonic distortion 

due to nonlinear devices can be evaluated using harmonic power flow methods. 

Decoupled harmonic power flow technique is widely used in power systems analysis 

due to its simplicity and computational efficiency.  

Mitigation techniques to reduce harmonic impacts on the grid are crucial for power 

system reliability and maintenance. Incorporating distributed generation (DG) units 

into the network can achieve harmonic compensation of EV charging. A genetic 

algorithm is proposed to determine the current harmonic spectrum of each DG unit, 

accomplishing an optimal harmonic compensation of EV charging. DG integration 

improves grid power quality and voltage profile. It also helps in reducing voltage 

and current disturbances produced by EV loads.  
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CHAPTER 1  

INTRODUCTION 

1.1 Overview 

With Ontario’s Climate Change Action Plan, the transition to low-carbon technologies 

could be achieved smoothly [1]. This action plan offers programs and incentives to 

motivate households and industries to help in this transition. The scarcity of electric vehicle 

(EV) charging infrastructure is an important limiting factor of EV demand. In this regard, 

the province planned to set a four-year free overnight EV charging program for residential 

clients since 2017. It also intended to invest in increasing the accessibility of charging 

stations. According to studies, electric vehicles available in Canada can sufficiently cover 

90% of the daily driving needs of the population [2].  

 

The predicted increase in the adoption of EV cars will potentially cause a rise in EV 

charging load demand. An overall target of a 50% reduction in greenhouse gas emissions 

produced due to global energy is set by the Energy Technology Perspectives 2010 BLUE 

Map to be reached by 2050 [3]. The rapid progression and high penetration rates of EV/ 

Plug-in Hybrid Electric Vehicle (PHEV) technologies for a light-duty vehicle is necessary 

to achieve the BLUE Map’s target. The sales of EVs are expected to reach 9 million while 

PHEVs are expected to attain 25 million by 2030. Both vehicle types are each projected to 

reach 50 million sales annually by 2050. Figure 1 shows the annual light-duty vehicle sales 

based on technology type according to the BLUE Map scenario.  

 

 

Fig. 1.1 Annual light-duty vehicle sales per technology type, BLUE Map scenario [3]. 
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Due to the non-linearity nature of battery charging, EVs induce transformer losses and 

temperature to rise, and thus its lifetime to decrease [4]. Harmonics generated by non-linear 

loads result in reduced power factor and lower performance of the power system. 

Consequently, the quality of power supplied by the grid suffers. Evaluating the effects of 

current harmonics on the network is crucial to ensure grid reliability and safety [5].  

 

Renewable energy-based distributed generator (DG) technology have also gained 

popularity due to the high electricity cost. Solar photovoltaic (PV) systems represent one 

worldwide attractive residential and commercial application that has witnessed recent 

technological advancements. Since PV-based DGs can generate harmonics, their 

integration into the network can compensate the harmonic components produced by EV 

charging loads [6]. The system distortion with the presence of PV-based DGs and EV loads 

can be evaluated to ensure network reliability.   

 

1.2 Objectives 

Modeling and quantification of EV negative impacts on distribution transformers (DTs) 

are presented in this work. Transformer loss increase, temperature rise, and lifetime 

reduction due to current harmonics generated by EV battery charging are calculated. A 

sample 1500 kVA DT is used to evaluate the effects of additional EV charging load along 

with other conventional loads. System distortion due to the presence of plug-in electric 

vehicle (PEV) charging lots is evaluated using a 33-bus radial distribution system (DS) 

consisting of different types of linear loads including residential, commercial and 

industrial. Decoupled Harmonic Power Flow (DHPF) technique is implemented to obtain 

the bus voltage profile at each harmonic order. Voltage total harmonic distortion (THD) is 

calculated at each bus to determine if the distortion violates the limits imposed by the 

standards. The harmonic currents through the substation transformer are also obtained and 

the current distortion is calculated.  

 

The integration of PV-based DGs into the system provides a harmonic compensation 

technique, through their interfacing inverters, in the presence of PEV loads. A Genetic 

Algorithm (GA) is proposed to find the optimal harmonic spectrum of each PV-based DG 

unit in order to minimize the value of the voltage THD occurring at the bus, where the 

highest disturbance takes place, and the current THD value at the substation transformer. 
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A comparative analysis of the results is performed to show the benefits of incorporating 

PV-based DGs into the distribution network.  

 

Evaluating the negative impacts of the projected rise in EV charging loads is important to 

maintain the safe operation, reliability, and high performance of power system 

components. Understanding the risks associated with the increase of EV applications 

allows governments and utilities to take safety measurements to prevent high technical and 

economical challenges [4]. An affordable and practical mitigation technique is essential to 

reduce deterioration on transformers’ lifetime and grid’s power quality.  

 

1.3 Novelties and Contributions 

The impacts of EV battery charging on distribution transformers are modeled and 

quantified using different levels of commercially-used battery chargers. Harmonic 

spectrums resulting from EV battery charging vary depending on the charger’s level and 

design. When purchasing EV chargers, consumers should be aware of the harmonic 

impacts associated with the charger and consider the severity of the effects in their 

investment choice.  

 

The state-of-charge (SOC) influences the THD of charging current, increasing the THD, 

and decreasing the magnitude of the distorted current throughout the charging cycle [7]. 

The effect of SOC is considered in the harmonic spectrums through applying weighted 

arithmetic mean on time-variant harmonic order magnitudes. Including the effect of SOC 

in the harmonic distribution improves the accuracy of the harmonic spectrum of EV battery 

chargers, and thus enhances the accuracy of the harmonic impact assessment on DTs.  

 

The study is extended to assess harmonic distortion of EV battery charging on distribution 

systems. THD of voltage is determined at each bus of the IEEE 33-bus benchmark DS to 

measure voltage distortion due to EV charging. Harmonic current profile at the system’s 

main substation transformer is also obtained to measure current THD. PV-based DGs are 

connected to the system to reduce voltage and current distortions on the network. The 

harmonic current values injected by each PV-based DG unit are optimized using the GA 

algorithm. THD of voltage at each bus and THD of current at the substation transformer 
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are then measured for a comparative analysis. An overview of this study is provided in Fig. 

1.2. 

• Battery State-of-Charge Effect 

on THD: Enhanced Accuracy

• Harmonic Distortion 

Measurement at Each System 

Bus

• Higher EV Penetration Allowance

EV Harmonic Assessment 

& Mitigation

Local Distribution 

Transformers (DTs)

Distribution System : 

Buses & Main 

Substation

Phase I:

EV Impact Evaluation on Grid

Phase II:

EV Impact Mitigation 

• Load Loss

• Temperature Rise

• Lifetime Reduction

• Voltage THD

• Current THD

Genetic Algorithm

• Photovoltaic Arrays 

for Harmonic 

Compensation at:

- Local DTs

- Main Substation

 

Fig. 1.2 Overview of assessing and mitigating the impacts of electric vehicles on active distribution systems. 
 

1.4 Structure of the Thesis 

Chapter 2 provides a literature and background review including EV technology history 

and trend, a review of different electrified vehicle powertrain architectures, EV battery 

charging and background study on its impacts on distribution transformers and distribution 

systems, DHPF algorithm technique to solve the harmonic power flow of non-linear loads, 

and mitigation techniques for harmonic compensation.  

 

Chapter 3 discusses EV battery charging impacts on the main power system component: 

DT. It briefly explains the harmonic components generated by non-linear equipment and 

devices, then proposes a per-unit (p.u.) model of transformer load losses, temperature rise, 

and lifetime reduction. The impacts are first calculated in the absence of EV loads and then 

compared with the effects of a single-phase Level I/II charging at 20% EV penetration 

level. Then, the assessment is performed to compare the impacts due to three-phase Level 
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III charging with the ones of single-phase Level I/II charging including the state-of-

charging effect on the harmonic spectrum. 

 

Chapter 4 presents the effects of EV charging on the distribution system. It includes 

harmonic power flow analysis to estimate the voltage harmonic disturbance at each bus 

and the current distortion through the main substation transformer. The assessment is 

performed in both cases: Level III and Level I/II chargers.  

 

Chapter 5 proposes a compensation technique using PV-based DGs to compensate for the 

adverse impacts of EV harmonic currents on active distribution networks (ADNs). PV-

based DGs are attached at certain buses, and their harmonic spectrums are estimated using 

the GA algorithm to minimize voltage THD and current THD through the main substation.  

 

Chapter 6 summarizes the results of this study and offers potential future work in the field 

of harmonic assessment and mitigation.  
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CHAPTER 2  

LITERATURE REVIEW 

2.1 EV History and Trend 

EV technology has been regarded as an alternative transportation type to combustion-

engine vehicles to achieve greenhouse gas emissions reduction goals. Different automotive 

manufacturers around the world are launching a variety of new vehicle concepts and 

technologies into the transportation market. Research advancements have resolved major 

bottlenecks associated with the size, weight, cost, and driving range of EVs [8]. More than 

350 electric cars were introduced worldwide by different-sized companies between the 

years of 2002 and 2012. During this period, manufacturers in different regions of the world 

introduced specific vehicle segmentation, including executive, luxury and sports hybrid 

EVs in Europe and sport utility vehicles in the U.S. Battery electric vehicles (BEVs) are 

limited to small vehicle segment due to expensive production battery costs, high weight, 

and low energy density. EVs including fuel cell electric, pure battery-electric and hybrid-

electric (HEV), and their powertrain concept development have an important history in the 

automotive field. Electrification of automobiles has become a vital component in the 

propulsion strategies of automakers around the world to lower fuel consumption, reduce 

climate change caused by greenhouse gas emissions and increase energy security through 

variation of the available energy sources [9]. Global automakers are investing in the EV 

sector, including Ford Motor Company that planned to increase its investments in EVs to 

reach $11 billion by 2022 and have 40 hybrid and fully EVs in its global lineup [10]. 

 

Hybrid Electric Vehicles, Fuel Cell-based vehicles, and EVs are gaining popularity in the 

automotive sector. These technologies are evolving and are predicted to completely modify 

the perspective of the automotive industry, offering an alternative to gasoline vehicles. 

HEVs and PHEVs include both, an internal combustion engine (ICE) motor and electric 

motors, but have different working operation models. HEV components can be integrated 

using one of the four different topologies: series, parallel, series-parallel and complex. 

PHEVs represent the notable prosperity in the automotive sector and an advancement to 

the HEV technology due to the All-Electric Range feature allowing an important mode of 

operation of the HEV. PHEVs have an electric motor on top of the HEV configuration and 



 

7 
 

an electrical powertrain that serves as a primary energy source substituting the mechanical 

powertrain integrated into HEVs, thus yielding lower fuel consumption and emission [9], 

[11].  

 

PEVs represent an alternative to combustion-engine vehicles that allows to lower carbon 

emissions and oil consumption. Despite having a similar drivetrain topology to HEVs, 

PEVs possess larger battery capacity that is electrically rechargeable from the power 

system [12]. BEVs solely utilize electric motors without configurations and electrical grids 

as a power source. BEVs present a green technology with its zero-carbon emission since 

they solely rely on batteries to supply energy to the vehicle. Numerous challenges arise 

from the use of BEVs, mainly due to their high initial cost, limited driving range, and 

charging stations [13]. Fuel cell vehicles are similar to BEVs, but their power source 

consists of fuel cells [11].  

 

Due to the recent technological advancements in the areas of electric machines, power 

electronics, and energy storage, electrified vehicles constitute a considerable portion of 

today’s automotive market, and their penetration into the market will potentially increase 

with continuous research and development, governmental regulations and incentives as 

well as customer preference. The technology of EVs has appeared in the early 20th century 

but was quickly dominated by ICE technology, famous for its energy-storage capacity 

allowing the driver to travel long distances at an affordable fuel price. The end of the 20th 

century, however, brought technological advancements allowing EV development. 

Different types of motors are integrated into EVs and HEVs. Induction motor design, one 

of the oldest motor technologies, is employed in a very small number of EV models 

including electric cars manufactured by Tesla and the Chevy Spark made by General 

Motors [14]. Most auto-manufacturers utilize an interior permanent-magnet machine in 

their EVs and HEVs [15], [16].  

 

2.2 Hybrid, Plug-in and Battery Electric Vehicle Powertrain Configurations 

Hybrid powertrains have three different architectures depending on the hybrid system 

configuration and the interaction of the components and modules. The three configurations 

—parallel, serial, or combined (power-split)— have specific traits with respect to weight, 

cost, efficiency, and convenience to the user. Each powertrain architecture presents certain 
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advantages and disadvantages. A serial hybrid powertrain configuration, used in extended-

range EVs like Chevrolet Volt, includes a generator coupled to the conventional ICE. The 

generator onboard powers the electric machine connected in series to induct the power into 

a battery system or electric motor. This design allows the ICE to be smaller in size and 

limit its operation need to charge the battery system. A parallel hybrid powertrain operates 

the combustion engine and the electric motor to propel the car, achieving higher efficiency 

and torque [9]. The sizing of parallel HEVs is simpler than that of series HEVs, as this first 

configuration type does not require the generator as a propulsion system [11]. The most 

promising of all EV types, PEV, has two basic designs: parallel or series. In both 

architectures, regenerative braking is utilized to enhance system efficiency through feeding 

back any supplemental energy produced upon braking and adding it to the battery charge 

[17].  

 

The combination of serial and parallel hybrid designs is known as the power-split topology 

adopted in EVs such as the Toyota Prius. This design utilizes two electric machines to 

support the ICE and allows continuously varying transmission ratios as well as optimal 

engine operating conditions. Since the series-parallel topology requires numerous 

propulsion systems, its sizing becomes very complex [11], [18]. From 2003 to 2012, the 

parallel HEV powertrain architecture was globally dominating in the automotive market. 

The power-split type, commonly used by Asian vehicles such as Toyota, is the second most 

dominating architecture integrated throughout those years [9].  

 

A variety of different powertrain designs consisting of various quantities and layouts of the 

systems and elements are used for BEVs. The central motor usually consists of the electric 

machine installed in the vehicle. The power is then conducted using an axle transmission 

and a differential. Two electric motors can optionally be installed on the vehicle’s axle next 

to the wheels to propel the car. In this powertrain architecture, two transmissions can be 

integrated onboard eliminating the need for a differential. The axle motor is more 

commonly integrated than the central motor. Alternatively, electric machines can be 

installed into the wheel hub allowing the elimination of transmissions and differentials, 

resulting, however in lower driving dynamics and comfort levels. This topology is mainly 

utilized in huge luxury vehicles and high-performance prototype cars such as the Infiniti 
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Emerg-E consisting of two motors inside the wheel-hub with a total of 300 kW power and 

1000 Nm torque output [9]. Figure 2.1 shows the common configurations of EVs [17]. 

F E

PB M

T

Parallel Hybrid

B: Battery

E: Internal combustion engine

F: Fuel tank

G: Generator

M: Motor

P: Power converter

T: transmission and brakes

Electrical Link  

Hydraulic Link

Mechanical Link

F E

G

PB M

T

Series Hybrid

F E

G

PB M

T

Series-parallel Hybrid

 

Fig. 2.1 Common architectures of EVs [18]. 

 

2.3 EV Battery Charging Review 

Battery packs are the core components of EVs. Many factors such as battery cost, lifetime, 

driving range, charging time and location affect the user’s choice to adopt plug-in and 

hybrid EV technologies rather than combustion-engine vehicles. Energy storage system 

represents the most vital and expensive part of HEVs and all-electric vehicles [14]. 

Complexities in battery charging system design and limited availability of charging stations 

impose limitations on interest in EVs [19]. Also, the increased use of battery chargers may 

cause harmful impacts on electric utilities. Different types of batteries are utilized in 

vehicles to meet client requirements, including longer drive range with an affordable total 

cost.  

 

Batteries from the nickel-metal-hydride (NiMH) or the lithium-ion (Li-ion) family are the 

two main types of batteries that have been integrated into EVs. While each family has 
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different chemical and electrical characteristics, Li-ion and NiMH properties are influenced 

by the type of vehicle in which they are integrated. Li-ion batteries have a higher energy 

density, specific energy, and specific power than NiMH batteries. Li-ion batteries are 

adopted in various EVs, including Chevy Volt 2013 and Nissan Leaf 2011, while NiMH 

batteries are used in Toyota Prius 2010 HEVs [14]. 

 

EV battery chargers are divided into two categories — on-board and off-board — and can 

be characterized by unidirectional or bidirectional power flow. Due to weight, size, and 

financial limitations, on-board chargers limit high power [20], [21]. Onboard EV battery 

chargers that are heavy and big occupy space, limiting the number of passengers in the 

vehicle. Minimizing the weight and size of power-electronic converters integrated into 

vehicles is an important factor in the power electronics technology to improve the 

development of EVs [14]. On-board chargers can be conductive or inductive. Charging 

systems with unidirectional power flow does not require complex hardware and 

interconnection requirements [22], [23]. On the other hand, bidirectional chargers offer 

energy injection back to the grid [24]. 

 

EV charging systems can provide one of the three power levels: Level I, slow charging; 

Level II, semi-fast charging and Level III, DC fast charging. Residential consumers can 

charge their EVs overnight in their garage by simply plugging a Level I charger to a 

standard 120-V/15-A single-phase grounded outlet. Level I charging eliminates the need 

for infrastructures, as the system can be installed in the vehicle. Private and public 

institutions normally use Level II charging that requires a 208 V or 240 V outlet. Since 

semi-fast charging systems offer an adequate amount of power and can be easily integrated 

with most facilities, it has been drawing researchers and developers interest in the literature 

[25]. Tesla vehicles are equipped with on-board Level II charging systems that solely 

require an outlet. Level II charging is the most often used in Canada and is recommended 

by automobile manufacturers [19].  

 

Although Level III chargers provide a significantly reduced charging time of less than an 

hour, this power level requires expensive charging infrastructures [26]. Chargers with high 

power levels reduce charging time but may increase on-peak demands, thus overloading 

local DTs leading to a rise in transformer losses, temperature, and lifetime reduction [27]. 
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Level III charging may use multilevel converters that can reduce switching frequency and 

stress on devices as well as smaller filter size and cost. However, this requires extra 

complex elements leading to expensive control circuitry [28]. Table 2.1 categorizes 

charging based on its power level [8]. 

 

TABLE 2.1. Charging Power Level Characteristics. 

Charging 

Characteristics 

Power Level Type 

Level I Level II Level III 

Charging Time 8 –12 hours 3 – 8 hours 0.2 – 1 hour 

Charger Location On-board On-board Off-board 

Rated Voltage 110/120 Vac 208 - 240 Vac 440 Vdc 

Rated Current 15 – 20 A 15 – 30 A 125 A 

Installation Requirement 
Not Required - 

 Std 120 V Electrical Outlet 
Special Installation  

Required 
Special Installation 

 Required 
 

Uncontrolled charging may overload the existing power system, especially during on-peak 

summer periods, leaving certain power grid in some regions incapable of accommodating 

the additional charging load. According to studies in [29], EV consumers tend to charge 

their PEVs between the hours of 6 p.m. – 8 p.m., which may result in a daily charging peak. 

Uncontrolled charging causes impacts on power systems regardless of occupying a low 

demand on the overall power generation capacity. The effects on power distribution 

systems vary with the charging technologies and penetration levels used and include poor 

power quality, voltage, transformer losses, temperature rise, and lifetime degradation [30]. 

A high penetration level of PEVs requires large energy consumption due to the need for 

adding additional load on distribution systems [31]. With the predicted increased EV load 

demand in the future, PEVs are anticipated to consume additional energy and 

uncoordinated charging may result in serious impacts on the grid including higher power 

losses, lower power quality, phase imbalance and transformer lifetime reduction [30].    

 

2.4 EV Battery Charging Impact Assessment and Mitigation Techniques Review 

Numerous studies have been conducted to evaluate the effects of EV battery charging on 

the distribution system and its components. These studies consider different criteria to 

quantify these effects. This section provides an overview of studies performed about the 
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effects of EV charging on DTs, DS, as well as DHPF algorithm, and EV charging harmonic 

compensation techniques.  

 

2.4.1 EV battery charging effects on distribution transformers 

In the literature, many studies were conducted to assess the negative impacts of EV battery 

charging on power systems. The effects of increased EV load demand, including current 

harmonics, on load loss, temperature and aging acceleration factor of a 100 kVA DT is 

presented in [4], and the capability of the power system to safely accommodate the extra 

EV load is studied. The harmonic impacts on the grid of Level II and Level III chargers are 

studied in [32], and voltage THD  for each level is obtained. The aging acceleration factor 

and loss of life (LOL) of DT is calculated in [33] for different battery charging load 

profiles. The effect of EV charging on the thermal aging of a DT is modeled in [34] taking 

into consideration uncertainties of charging loads such as charging modes, initial SOC, and 

charging starting time. The impact of charging second-generation PEVs on the insulation 

aging of DTs is studied in [35], using Monte Carlo to estimate the LOL of a 50 kVA DT 

for various vehicle makes, and Level I as well as Level II charging levels. The impacts are 

investigated, including Time-of-Use (TOU) under two charging cases; one is charging time 

starting at 7 p.m., and the other is charging time starting at midnight. The DT LOL is 

determined at different charging times and penetration levels of PHEVs in [36]. Fast EV 

charging effects on the insulation lifetime of a 115/22 kV power transformer in the 

Provincial Electricity Authority of Thailand substation are studied in [37]. The effect of 

harmonic distortion on DTs is presented in [38] considering the transformer life 

degradation as a function of battery charger characteristics and charging algorithm. 

Conclusions are made to present a quadratic relationship between the transformer lifetime 

reduction and THD of the battery charger current. The distribution-level secondary 

transformer LOL is obtained in [39] due to EV charging effects, taking into account 

different charging scenarios such as residential loading, and geographical locations.  

 

This research presents the impacts of current harmonics produced by EV battery charging 

on DTs in addition to conventional loads connected to the network. The harmonic 

spectrums of three charging levels are used to obtain the load loss, temperature rise, and 

lifetime of a sample DT at different loading conditions. Current harmonic data are collected 
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throughout the charging cycle to include the effect of SOC on the current harmonic 

distortion. Weighted arithmetic mean is computed on the time-variant harmonic 

magnitudes to determine the harmonic magnitude at each harmonic order [40].  

 

2.4.2 EV battery charging effects on distribution systems 

Harmonic pollution due to nonlinear devices such as PEVs can cause serious effects on the 

distribution systems, including voltage deviations, voltage imbalances, increased power 

losses, lines, and equipment overloading, supply-demand imbalances and instability 

problems [41]. A stochastic model for EV charging load demand impact analysis on 

distribution systems is presented in [42]. In this study, the average losses and voltage drops 

of an IEEE 13-bus test system and a 25-bus test system are obtained. Besides, network 

congestion and undervoltage and overcurrent events of the 13-bus system are also 

calculated. A steady-state analysis of impacts of various levels of PEVs on distribution 

grids of a Greek distribution network is evaluated in [43]. Results such as voltage level of 

buses and branch loadings are obtained after performing load flow analysis. Feeder active 

losses are determined under different charging strategies and EV penetration levels. 

Voltage magnitude profile and voltage unbalance factor for different EV charging cases 

are determined in [44], and conclusions are drawn about their compliance with EN50160. 

Furthermore, voltage droop charging and onboard peak shaving strategies are discussed in 

this study, and their potential of reducing the negative effects on the residential grid is 

noted. The effects of increasing EV penetration on the grid are studied in [45] using a 

stochastic model based on Monte Carlo simulations. The model is then used to assess the 

effects of uncoordinated and coordinated EV charging. EV impact assessment in [46] 

considers several factors that impact primary and secondary distribution voltage quality, 

including EV load location, size and penetration level. A comparative analysis is conducted 

on each of typical North American and European distribution circuits. The impacts of EV 

charging station on the grid are modeled in [47] using MATLAB/Simulink. The harmonic 

disturbance is quantified due to connecting a different number of EV chargers in the 

network. Voltage profile with zero EV penetration is compared to the one with EV charging 

integration. The decrease in the transformer’s kVA rating at different EV loads is also 

shown. A comprehensive model for PHEV incorporating its different characteristics is 

presented in [48] to evaluate the EV effects on distribution systems. This model is used on 
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a 34 node IEEE distribution network to assess PHEV effects on peak load demand, voltage 

deviation, and total power losses in different scenarios. Voltage deviations including 

under/over voltage and voltage imbalance are estimated in [49] using Monte Carlo 

simulations to study the effects of EVs on power quality of the grid. DT overload and 

unbalance are evaluated considering different characteristics including various EV types, 

penetration and charging levels.  

 

The effects of EV battery charging on the power quality of the EV-interfacing transformers 

and substation distribution transformer are analyzed in this work. A case study is performed 

on a 33-bus DS at which different types of linear loads are connected combined with four 

EV parking lots. Each parking lot is modeled as a current source injecting harmonic 

components into the grid. The voltage profile at each bus is obtained for each harmonic 

order, followed by a calculation of voltage THD and current THD at the main substation.  

 

2.4.3 Decoupled harmonic power flow algorithm technique for non-linear 

loads 

The extensive use of nonlinear devices such as power electronic components produces 

harmonic currents due to their nonlinear voltage-current ratios. These harmonic currents 

can spread through the network and result in harmful harmonic voltages, leading to poor 

power quality. Harmonic calculations should be considered to estimate non-linear devices’ 

negative impacts and predict the risks they may impose on the power system. However, 

computational time suffers, and the complexity level increases due to the presence of 

nonlinear loads in the calculations. Several techniques, including modeling techniques, 

system condition, and solution approaches, have been detailed in the literature to solve the 

harmonic power flow problem. Solution approaches fall under two categories: coupled and 

decoupled methods. A coupled solution approach is suitable to provide an accurate solution 

to nonlinear systems with strong couplings between harmonics. Although Newton-based 

harmonic power flow provides an accurate solution since it includes harmonic couplings 

at all frequencies, convergence problems in large power systems with several nonlinear 

loads may arise [50]. For simplicity, harmonic couplings are ignored to lower computing 

time and memory storage requirements [51]. Harmonic distortion produced by inverter-



 

15 
 

based DGs is evaluated in [52], and validation is performed on an IEEE 30-bus distribution 

network.  

 

The accuracy of DHPF is discussed in [51] by simulating an IEEE 18-bus system, 

computing the results under distortion and comparing them with the results produced by 

other standard techniques such as HARMFLOW and ETAP. The investigation is also 

applied on an IEEE 23-bus system with the presence of multiple nonlinear loads, 

demonstrating the suitability of using this technique on large distorted systems. It is also 

concluded that decoupled methods provide a compromise between the complexity level of 

calculations and reliability of results. The DHPF is employed in [41] to estimate harmonic 

distortion of PEVs and wind turbines. THD of voltage at each bus is measured to estimate 

harmonic distortion of voltages, and a sensitivity factor is defined to determine the bus with 

the largest effect of average individual harmonic voltage distortion. The approach is then 

verified on an IEEE 13-bus system and a 394-bus three-phase unbalanced DS with chargers 

and wind turbine loads. The analysis shows that harmonics result from PEV chargers and 

wind turbines and that voltage THD values at buses located close to nonlinear loads violate 

the 5% limitation outlined in the IEEE Standard 519-1992.  

 

2.4.4 Harmonic compensation techniques of EV charging 

Several techniques have been proposed in the literature to reduce the negative effects of 

current harmonics due to EV battery charging on the distribution network. Controlled EV 

charging schedules could allow a higher EV penetration into the network. Utilities apply a 

TOU rate on electricity consumption that results in a different price for peak and off-peak 

hours. Consequently, the time-variant pricing of electricity affects consumers’ choices and 

motivates them to charge their EVs during the off-peak hours [46]. Adopting an off-peak 

charging schedule could lead to a smoother load demand profile. A mitigating technique, 

consisting of infrastructural upgrades, is proposed in [46] to address the impacts of EV 

charging on the secondary service voltages and service transformer load demands. This 

method involves increasing the kVA rating of the service transformer and employing an 

additional service transformer to reconfigure the secondary circuit. The impacts of EV 

penetration into the DS are simulated under both uncoordinated and coordinated charging 

as well as two EV penetration levels in [53]. A centralized method is proposed in [54] to 
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co-optimize transformer LOL with EV charging and discharging management to minimize 

the total cost of operations. The model considers the transformer’s thermal temperatures, 

accelerated aging factor, and LOL. This model is compared with the decentralized strategy. 

The centralized management proposed in this study is dependent on a distribution system 

operator or an independent aggregator. The DS operator must also evaluate the potential 

costs arising from the need of investing in communications and control infrastructure to 

implement this strategy.  

 

PV integration into the network to which EVs are connected represents a mitigation 

approach to reduce the significant effects on power systems caused by the harmonic current 

injection of EV battery charging. An advanced control method of PV inverter used as active 

filter is presented in [55] to lower current harmonics produced by EV fast charging. In this 

study, a fast-charging station consisting of five EV fast chargers and a PV power plant 

equipped with a PV inverter is connected to the grid. THD for current and voltage are 

reduced with the proposed control approach, achieving a voltage THD lower than the limit. 

PVs can also be connected at buses with the presence of EVs to achieve harmonic 

compensation produced by both non-linear devices. Solar PV microgeneration is proposed 

in [56] to reduce overloading and LOL of the DT through charging EVs. The effect of EV 

penetration on dielectric oil degradation of a DT in an industrial unit is also calculated. 

Studies [54] – [55] do not address the current disturbance through the substation 

transformer caused by EV loads, but are rather limited to compensating the harmonics 

causing the deterioration of the EV-interfacing transformers. The impacts of DG 

penetration with EVs on the grid are studied in [57] through probabilistic studies performed 

on the IEEE 34-distribution system.  
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CHAPTER 3  

EV BATTERY CHARGING IMPACTS ON DISTRIBUTION TRANSFORMERS 

3.1 Harmonic Components due to Non-Linear Devices  

The extensive use of power electronic components, including rectifiers, thyristors, and 

diodes with capacitor smoothing, and renewable energy sources have nonlinear 

characteristics that produce nonsinusoidal current and voltage waveforms in power 

systems. Harmonics are one main type of waveform distortion. The harmonics generated 

by nonlinear equipment lead to increased losses and decreased lifetime in utility equipment 

such as transformers. A Fourier series is employed to formulate the periodic nonsinusoidal 

waveforms, and each term of the Fourier series represents the harmonic component of the 

distorted waveform. Nonsinusoidal voltage and current waveforms are respectively 

presented in (3.1) and (3.2):  

 ( )
max

0

1

( ) cos
h

h

DC rms h

h

v t V V hw t 
=

= + +  (3.1) 
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0

1
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h

h
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h

i t I I hw t 
=

= + +  (3.2) 

where h is the harmonic order, ω0 is the fundamental frequency, Vrms
h and Irms

h are 

respectively the rms amplitude values of voltage and current for the hth harmonic order, 

and ϕh is the phase shift of voltage in (3.1) and the phase shift of current in (3.2) for the hth 

harmonic order.  

 

Harmonic components of Fourier series of a nonsinusoidal function can be even or odd. 

Odd harmonics result from the Fourier series of a half-wave symmetry. Harmonics of order 

1 corresponds to the fundamental frequency of the waveform, while harmonics of order 0 

are linked to the DC component of the waveform. Triplen harmonics are the odd multiples 

of the third harmonic. The effects of voltage and current harmonics produced by a nonlinear 

load can spread in the entire power system due to the power system impedance. The 

harmonic components of a distorted waveform can be quantified using the THD harmonic 

index, which measures the effective value of the harmonic contents of a distorted 

waveform. THD for voltage and current can be expressed in percentage as in (3.3) and 

(3.4), respectively. This commonly used index can be easily calculated, serving as a quick 

tool to measure the amount of distortion in power systems.  
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Power quality issues are originated from four sources: unpredictable events, electric utility, 

customers, and the manufacturer. Customer loads constitute a significant portion of power 

quality issues in the current power systems due to harmonics produced by nonlinear loads, 

including power electronic equipment and renewable energy technologies. An accurate 

assessment of harmonic effects caused by EV battery charging on power system 

components is useful for the utility to design, maintain, and operate the power system under 

minimal power quality issues. Developing manufacturing standards for the use of 

electronic devices should incorporate the effects of nonlinear devices on power quality. 

Standards such as IEEE Std C57.110 and C57.91 have been developed to assess 

distribution transformers’ ability to supply nonsinusoidal load currents. Electric utilities 

and manufacturers should work in harmony with the end-users to address power quality 

problems [50].  

 

3.2 Impacts Modeling and Quantification of EV Charging on Distribution 

Transformers 

Current harmonics produced by EV battery charging loads can result in an increased 

transformer load loss, rise in temperature, and decreased lifetime. This section discusses 

modeling and quantifying these three transformer parameters. The p.u. modeling and 

quantification of impacts of EV charging on DTs are summarized in a chart presented in 

Fig. 3.1. 

 

3.2.1 Transformer loss modeling and quantification 

Transformers losses are categorized into no-load loss (PNL) and load loss (PLL). The 

transformer total loss (Ptotal) corresponds to the sum of excitation loss and impedance loss, 

which can be represented as given in watts in equation (3.5). Load loss consists of I2R 
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copper loss (PI
2

R), and stray loss caused by stray electromagnetic flux in the windings, core, 

magnetic shields and tank walls. Stray loss (PSTRL) is divided into winding stray loss and 

non-windings stray loss. Winding eddy-current loss (PEC) is a characteristic that can lead  

 

Fig. 3.1. DT modeling and quantification due to EV battery charging. 
 

to excessive winding loss and thus winding overheating and hot spot temperature in 

transformers. In dry-type transformers, winding eddy-current loss (PEC) solely contributes 

to the stray loss since heating due to other stray losses is released in the cooling air, while 

other stray loss (POSL) in non-winding components such as the core, clamps, and structural 

parts is produced in liquid-filled transformers in addition to eddy-current loss. The 

transformer load loss in watts is given by (3.6) and (3.7). 
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The excessive temperature rise of the windings draws significant concerns about 

transformers operating under nonsinusoidal load conditions. The transformer losses are 

expressed on a p.u. basis, where base loss is the copper loss at rated current, which is also 

the base current. Transformer p.u. load loss can be calculated considering loss density in 

the windings on a p.u. basis, due to the overheating of windings of a transformer working 

under harmonic load conditions. The I2R loss at rated load is one p.u. The transformer load 

loss at rated load conditions in p.u. is given by  

 1LL R pu EC R pu OSL R puP P P− − − − − −= + +  (3.8) 

where PLL-R-pu is the load loss, PEC-R-pu  is the eddy-current loss, and the POSL-R-pu  is the other 

stray loss. These losses are expressed in p.u. under rated conditions.  

 

Harmonic loss factor is a characteristic that is useful to determine the ability of a 

transformer to supply power to a load. The harmonic loss factor for winding eddy currents, 

FHL, is applied to the winding eddy loss to determine the heating due to the harmonic load 

current. It is the ratio of the winding eddy current losses under harmonic conditions to the 

winding eddy current losses at the power frequency. Winding eddy-current loss under a 

certain frequency is proportional to the square of the load current and approximately 

proportional to the square of the frequency. In liquid-filled transformers, other stray losses 

can induce extra heating of the cooling liquid and the hottest spots in the structural parts. 

Similarly to the harmonic loss factor for winding eddy-current losses, other stray losses are 

proportional to the square of the load current but increase by a harmonic exponent factor 

of 0.8. The harmonic loss factors for winding eddy currents and other stray losses, FHL-STR, 

are presented in (3.9) and (3.10), respectively.  
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where, hmax is the highest harmonic order, and Ih is the ratio of the hth harmonic current to 

the fundamental current. 

 

The rms load current in per-unit, Ipu, is expressed as  

 ( )
max 2

1

h h

pu h pu

h

I I
=

−

=

=   (3.11) 

where Ih-pu is the per-unit rms current at harmonic order h. 

Harmonic currents produced by non-linear devices can increase eddy-current losses in the 

windings and other-stray losses. The p.u. copper loss (PI
2

R-pu), eddy-current loss (PEC-pu), 

and other stray loss (POSL-pu), including the current harmonics and the harmonic loss factors 

are expressed in equations listed in (3.12) – (3.14), respectively.  
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where PI
2

R-R-pu is the copper loss at rated conditions in per-unit. 
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Using (3.12)–(3.14), the transformer load losses under non-linear load current can be 

obtained, as follows [58]: 

 ( )2 1LL pu pu EC R pu HL OSL R pu HL STRP I P F P F− − − − − −= + + . (3.15) 

 

3.2.2 Transformer temperature rise modeling and quantification 

The transformer losses caused by current harmonics induce heat in the system resulting in 

thermal tensions. 50% of transformer lifetime reduction is due to heat stresses produced by 

non-linear loads [59]. The top-oil-rise over ambient temperature of a transformer, ӨTO, is 

proportional to the total losses to the 0.8 exponent, and is expressed in degree Celsius, as 

follows:  
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where ӨTO-R is the top-oil-rise over ambient temperature at rated conditions in degree 

Celsius and PNL-pu is the no-load loss in per-unit.  

The hottest-spot conductor rise over top-oil temperature, Өg, is given in degree Celsius by 
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where Өg-R is the hottest-spot conductor rise over top-oil temperature during rated 

conditions in degree Celsius. Using the top-oil-rise over ambient temperature and the 

hottest-spot conductor rise over top-oil temperature, the hottest-spot conductor rise over 

ambient, Өtotal, is expressed in degree Celsius [58], [60] by 

 H TO g  = + . (3.18) 

 

3.2.3 Transformer lifetime modeling and quantification 

Power primary and secondary distribution is a major component of an electric power 

system that starts at distribution substations and extends to end-users’ electric devices. 

Distribution substations include step-down transformers that lower the range of sub-

transmission voltages to primary distribution voltages level suitable for local distribution. 

Distribution transformers represent the point of connection between the primary system 

and the secondary system. They can be mounted outdoors on overhead poles or at ground 

level on pads, indoors in buildings, or underground. IEEE C-57.91, IEEE Guide for 

Loading Mineral-Oil-Immersed Transformers, explains the risks of transformer loads 

above nameplate ratings and sets regulations to reduce the risks associated with 

overloading transformers. Distribution reliability is an important characteristic that end-

users need to have their desired continuous power supplied to their electric equipment and 

facilities. Electric utilities set a goal of not exceeding an average interruption of two hours 

per year [61].  

 

Transformer thermal rise can contribute to lifetime reduction, and thus threatening 

distribution reliability. A relation of the transformer p.u. insulation life and the winding 

hottest-spot temperature is established with time as  

 
15000

273189.8 10 H

puLife e


 
 

+−  =   (3.19) 

where Lifepu is the per-unit transformer insulation life. Transformer insulation life for a 

given temperature is the total duration between the initial condition at which the insulation 

is considered new and the final condition at which dielectric or short circuit stresses or 

mechanical movement occurring in normal service may result in an electrical maloperation. 
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The p.u. insulation life curve displays the aging rate acceleration level for temperatures 

exceeding a reference temperature of 110 ºC. This rate of aging is reduced below normal 

for temperatures below 110 ºC. This curve reflects temperature as the main variable 

impacting thermal life.  

 

The per-unit transformer insulation life curve is used to calculate the aging acceleration 

factor FAA. For a given transformer with an insulation system rated for 65 ºC average 

winding temperature rise, FAA is equal to one at a reference hottest-spot temperature of 110 

ºC. This factor is proportional to the hottest-spot temperature and exceeds the value of one 

for temperatures above 110 ºC, implying that the transformer insulation aging rate is 

accelerated beyond normal. The aging acceleration factor is below one for hottest-spot 

temperatures lower than the reference temperature, indicating that the transformer is safely 

operating. In [60], the aging acceleration factor is given by:  

 
15000 15000

exp
383 273

AA

H

F


 
= − 

+ 
 (3.20) 

The percent loss of life, given in (3.21), is obtained from the insulation per-unit life curve, 

 %

100AA

normal

F t
LifeLoss

InsulationLife

 
=  (3.21) 

where t is the total time given as 24 h and InsulationLifenormal is the normal insulation life 

in hours of a well-dried oxygen-free 65°C average winding temperature rise system at the 

reference temperature of 110°C. The normal insulation life of a 65 ºC average winding 

temperature rise system is 20.55 years (180 000 hours) at the reference temperature. 

Normal percent LOL operating at a rated hottest-spot temperature of 110 ºC for 24 h is 

0.0133%. 

The distribution transformer real life, Lifereal, can be determined in years, as in (3.22) [62]. 

 normal
real

AA

InsulationLife
Life

F
=  (3.22) 

 

3.3 Case Study: Impact Assessment of EV Battery Charging on a Sample 1,500-

kVA Distribution Transformer 

EV penetration affects transformer losses, temperature rise, and lifetime reduction. 

Comparing those impacts with the presence of EVs to the ones with zero EV penetration 
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is important to understand the issues associated with the non-linear nature of EV loads. 

Next, the transformer impacts of two harmonic spectrums corresponding to different 

charging levels are compared. The harmonic spectrum distributions include the effect of 

SOC on THD. The study is performed on a sample 1,500 kVA DT. 

 

3.3.1 Comparative Analysis of Non-Linear Load Effects on DT before and after EV 

Integration 

Harmonic distribution of a Level I/II single-phase charger consisting of an onboard AC-

DC controlled rectifier and that of conventional loads are given in Tables 3.1 [7] and 3.2 

[58], respectively. The harmonic distribution of the charger is considered only at one point 

during the charging time, neglecting the impact of SOC on THD for simplicity. This Level 

I/II charger, with a 4 – 20 kW power at 208 V, can take up to four hours to recharge EV 

batteries [7]. The harmonic spectrum consisting of EV battery charging is then added to 

that of conventional household items to construct the total harmonic spectrum that includes 

current harmonics caused by EV charging. The effects of EVs are studied on a sample 

1,500 kVA DT whose characteristics at rated conditions are given in Table 3.3 [62]. An 

approximated daily load per unit curve of the USA in 2011 is shown in Fig. 3.2 [4].  

 
 

TABLE 3.1. Harmonic Distribution of Level I/II Single-phase Charger, at t = 61 mins. 

Harmonic Order Harmonic Ratio 

3 0.0935 

5 0.0172 

7 0.012 

9 0.0043 

 

TABLE 3.2. Harmonic Distribution of Conventional Household Items, Normalized to Fundamental. 

Harmonic Order Harmonic Ratio 

1 1 

3 0.35 

5 0.17 

7 0.12 

9 0.092 

11 0.071 

13 0.051 

15 0.043 

17 0.04 

19 0.039 
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23 0.032 

25 0.029 

 

 

TABLE 3.3. Characteristics of a Sample 1,500 kVA Distribution Transformer. 

Characteristic Rated Value 

Power 1500 kVA 

No Load Loss 1600 W 

Copper Loss 6250 W 

Eddy Current Loss 3216 W 

Other Stray Loss 1584 W 

Winding Temperature Rise 65 ºC 

Ambient Temperature 30 ºC 

Normal Insulation Life 180 000 hours 

 

 
Fig. 3.2. Approximated USA daily load curve in 2011. 

Since the assessment is performed under 20% EV penetration level, 20% of the total EV 

charging load demand estimated in Fig. 3.3 is added to the daily load curve in Fig. 3.2 [4]. 

EV total load profile is then normalized to obtain the load curve in per unit, as shown in 

Fig. 3.4. It is assumed that EV users charge their vehicles during the off-peak load hours 

from 9 p.m. to 4 a.m.  

 

Eddy-current loss and other stray loss are obtained for each of 0% EV penetration (Case 1) 

and 20% EV penetration (Case 2), as shown in Fig. 3.5. Using these two losses, the load 

losses of the transformer are also calculated with respect to time. The transformer eddy-

current loss and other stray loss are greater in Case 2 than in Case 1, resulting in a rise of 

load losses. When EV charging is introduced, PEC-pu increases from 2.60 p.u. to 4.05 p.u. 
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and POSL-pu increases from 0.27 p.u. to 0.42 p.u., causing PLL-pu to rise from 3.65 p.u. to 

5.68 p.u. at 9:30 p.m. At this point, PLL-pu reaches its apogee (Case 2), while the maximum 

load loss (PLL-pu=5.58 p.u.) occurs at 5:30 p.m. during the period where there is no EV 

charging (Case 1). 

 

 

Fig. 3.3. Total load demand of EV battery chargers. 
 

 

Fig. 3.4. Per-unit total load demand of EV battery chargers. 
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Fig. 3.5. Load loss, Eddy-current loss, and other stray loss. 
 

Thermal analysis is then performed to study the losses impact on the DT. The top-oil rise 

over ambient temperature, and the hottest-spot conductor rise over top-oil temperature due 

to transformer losses are shown in Fig. 3.6. At 20% EV penetration, θTO rises from 79.8 °C 

to 111.7 °C, while θg increases from 8.7 °C to 12.4 °C due to maximum load loss occurring 

at 9:30 p.m.  

 
Fig. 3.6. Top-oil rise over ambient temperature and hottest-spot conductor rise over top-oil temperature. 
 

This temperature rise results in an increase of hottest-spot conductor rise over ambient. As 

shown in Fig. 3.7, θtotal increases from 88.5 °C to 124.1 °C at the time corresponding to 

load loss peak caused by EV charging.  
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The impact of hottest-spot temperature is then evaluated on the transformer lifetime. First, 

the aging accelerated factor is determined in both cases, as presented in Fig. 3.8. Since the 

hottest-spot temperature is below 110 °C in Case 1, FAA is always below one, which 

indicates that the accelerating rate of transformer insulation aging is normal. However, FAA 

exceeds one during the period from 9:30 p.m. to 11:00 p.m., implying that the accelerating 

rate of the transformer insulation aging for the temperatures attained is greater than the one 

at the reference temperature of 110 °C. FAA rises from 0.097 p.u. to approximately 4.006 

p.u. when EV battery charging is introduced. 

 

The transformer p.u. insulation life curve is modeled in Fig. 3.9. The values of this curve 

with zero EV penetration are very high and above 1.0 p.u. since the DT operates under 

temperature values that do not exceed the reference temperature. This implies that the 

insulation life of the transformer operating under these temperature values is not 

deteriorated. Insulation aging due to EV charging is observed, and the value of transformer  

insulation life at the maximum EV loading condition declines from 10.30 p.u. (Case 1) to 

0.25 p.u. (Case 2) due to a winding hottest-spot temperature rise by 35.6 °C. The degree to 

which the rate of aging is accelerated is beyond normal in Case 2 due to temperature values 

exceeding 110 °C during high EV loading points. 

 

 

Fig. 3.7. Hottest-spot conductor rise over ambient. 
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Fig. 3.8. Aging acceleration factor. 
 

 
Fig. 3.9. Transformer per unit insulation life. 
 

The percent loss of transformer life is obtained in Fig. 3.10 using the insulation p.u. life 

curve. The normal percent LOL of a transformer operating at the reference hottest-spot 

temperature for an entire day is 0.0133% [60]. The percent LOL in Case 1 is less than this 

normal percent LOL value, as the temperature values remain below 110 °C. LossLife-% 

increases from 0.00129% to 0.05341% at the maximum loading value of 1.01 p.u. It is also 

above the value of 0.0133% at loading conditions higher than 0.94 p.u., since the aging 

acceleration factor exceeds one. 
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Fig. 3.10. Transformer percent loss of life. 
 

The real-life of the transformer, presented in Fig. 3.11, can be calculated from FAA. It can 

be noted that the normal transformer life is constant at 20.55 years in Case 1. However, the 

transformer starts to age when the loading value exceeds 0.94 p.u. At maximum loading of 

1.01 p.u., the transformer life decreases from 20.55 years to approximately 5.13 years. 

 

Based on the results, it can be observed that the introduction of EV loads induces a rise in 

transformer losses, temperature, and aging. The load loss increase due to harmonic currents 

produced by EV charging causes thermal tensions on the transformer, rising the winding 

hottest-spot temperature beyond the reference temperature of 110 °C during the period of 

9:30 p.m. to 11 p.m. As a result, the aging acceleration factor is greater than one, indicating 

that the DT is not operating in the safe zone since its rate of aging is accelerated beyond 

normal. During this period, the per-unit life is below 1, also implying that the rate of aging 

is reduced above normal. The percent LOL is also less than the normal percent LOL value 

at the reference temperature. The transformer lifetime decreases from 20.55 years to 5.13 

years at 9:30 p.m. The transformer is impacted the most during the period of 9:30 p.m. to 

11 p.m. since EV charging load demand is high during this time. The effects are the most 

severe at 9:30 p.m. since EV charging load reaches its maximum value of 1.01 p.u. Despite 

charging occurring during the entire period from 9 p.m. till 4 a.m., the transformer 

operation remains in the safe zone during the period outside of 9:30 p.m. to 11 p.m. This 

is because EV battery charging demand becomes lower during these times [63].  
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Fig. 3.11. Transformer real life. 
 

3.3.2 Impact assessment of different levels of EV chargers on distribution 

transformers including SOC 

Some existing charger topologies are designed to address the harmful impacts of charging 

on the power system; however, they are often complicated and lead to high costs. Level II 

charging has been a key interest to researchers and the desired charging method for users 

since it significantly reduces the charging time and can also be installed in most places 

[19]. On the other hand, Level II and Level III high-power charging can cause a rise in 

power demand and an increase in DT transformer losses, harmonic distortion, and 

temperature. As a result, the transformer lifetime, reliability, and performance could be 

threatened [64]. The impact of harmonic components produced by different levels of 

chargers on DTs, in addition to the harmonic spectrum of conventional household 

appliances is investigated. Current harmonic measurement data are taken at various time 

intervals throughout the charging cycle. Two harmonic spectrums are used to analyze the 

effects of Level I/II and Level III chargers on a sample 1,500 kVA DT. The transformer 

load loss, temperature rise, and loss of life are modeled and quantified in p.u. at various 

loading conditions throughout the day with 20% EV penetration. 

 

The harmonic distribution of conventional loads at maximum loading conditions is shown 

in Table 3.2. Two sets of data are used to quantify the THD of a single-phase Level I/II 

charger and a three-phase Level III charger during a charge cycle, as presented in Tables 
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3.4 and 3.5. It can be observed from the data that the THD of charging current at the 

beginning of the cycle is smaller than the one at the end of the cycle. It can be noted, 

however, that the magnitude of the distorted current decreases during the charging cycle. 

The third through ninth harmonics of Level I/II and Level III charger levels are presented 

at various charging times in Tables 3.4 and 3.5, respectively [7].  

TABLE 3.4. Harmonic Magnitudes for Level I/II Charger at Different Times of Charging. 
 

h Time in Charging Cycle (minutes) 

3 46 61 79 94 102 

1

hI

I

(%) 

3 0.27 1.76 2.04 2.45 2.33 11.16 

5 1.62 1.56 2.01 1.83 2.12 11.87 

7 2.18 1.35 0.95 1.19 0.9 5.03 

9 0.53 0.77 0.65 0.95 1.56 5.98 
 

 

TABLE 3.5. Harmonic Magnitudes for Single Phase of Level III Charger at Different Times of Charging.  
 

h 
Time in Charging Cycle (minutes) 

7 17 

1

hI

I
 

(%) 

3 2.84 6.61 

5 2.96 6.27 

7 1.81 4.75 

9 2.28 4.65 
 

 

Weighted arithmetic mean is performed on the time-variant harmonic magnitudes of Tables 

3.4 and 3.5 for each harmonic order. The state-of-charge is considered in the THD data to 

improve the accuracy of the harmonic assessment. The general equation used to obtain the 

harmonic magnitude is expressed as  

 ( )

1 2 max

1 2 ...

1

n n

total

t t t

h h h
t n

h
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t t t
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     = +


 (3.23) 

where (Ih
ttotal/I) is the weighted arithmetic average of harmonic magnitudes at the hth 

harmonic order measured at different points of charging cycle of duration ttotal, (Ih
tn1/I) is 

the harmonic magnitude at the hth harmonic order for the first measured point at a charging 

cycle time corresponding to tn1. tn1, 2,…,max indicates the time at which the harmonic 

magnitude is measured, and the total time interval of measurements is ttotal = 

t1+t2+…+tn, with n equal to the maximum number of last time interval. K is a factor 

added to account for the harmonic magnitudes that are present but are not recorded in the 
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harmonic distribution. This factor K is estimated as 5% for Level I/II and 40% for Level 

III charging. 

 

The sample 1500-kVA DT, whose characteristics are displayed in Table 3.3, is used to 

analyze the impacts of harmonic currents. The impacts of harmonic components in the grid 

on the transformer are then analyzed using the harmonic spectrums of Level I/II (Case 1) 

and Level III (Case 2) chargers. The harmonic loss factors FHL and FHL-STR are calculated, 

and eddy-current loss, as well as other stray loss, are then obtained to determine the load 

loss in both cases as displayed in Fig. 3.12. It can be observed that the PEC in Case 2 is 

greater than the one in Case 1 and that the curve representing POSL in the case of Level III 

charger is slightly higher than the one of Level I/II charger. The highest value of PEC  rises 

from 4.5024 p.u. (Case 1) to 5.2891 p.u. (Case 2). At the same loading condition, POSL 

slightly increases from 0.4524 p.u. (Case 1) to 0.5012 p.u. (Case 2). As a result, the load 

losses in Case 2 are higher than the ones in Case 1. The load losses peak reaches 6.1958 

p.u. and 7.0874 p.u. respectively for Case 1 and Case 2.  

 

Thermal analysis of DT due to loss increase is then computed, and θTO as well as θg are 

calculated as presented in Fig. 3.13. The peak top-oil rise over ambient temperature attains 

around 132 °C in Case 2, while it reaches approximately 119 °C in Case 1. Similarly, the 

hottest-spot conductor rise over top oil temperature is greater in Case 2, but with fewer 

discrepancies between the two scenarios. At the maximum loading condition, θg slightly 

increases from about 12 °C (Case 1) to approximately 13 °C (Case 2).  

 

Fig. 3.12. Load losses, Eddy-current loss, and other stray losses in Cases 1 and 2. 
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Fig. 3.13. Top-oil rise over ambient temperature and hottest-spot conductor rise over top oil temperature in 

Cases 1 and 2. 
 

The hottest-spot conductor rise over ambient (θtotal) is shown in Fig. 3.14. It can be noted 

that the losses impact on θtotal is more significant in Case 2 than in Case 1. θtotal reaches a 

value of 132 °C in the case of a Level I/II charger, while this value attains 146 °C in the 

case of a Level III charger. During the charging period from 9 p.m. to 4 a.m., the hottest-

spot conductor rise exceeds the reference value of 110 °C only during the period of 9 p.m. 

to 11:30 p.m. This is due to high EV load demand occurring during this time. However, 

θtotal is also greater than 110 °C and has a value of 115 °C at midnight in the case of a Level 

III charger. 

 

Then, the thermal stress effect on transformer lifetime is evaluated by calculating aging 

acceleration factor (FAA), per-unit life, percent loss of life, and DT real life. Based on the 

results of Fig. 3.15, FAA remains smaller than one for hottest-spot temperature values not 

exceeding the reference temperature of 110 °C. At higher temperatures, this factor 

increases, implying that the rate of transformer insulation aging acceleration is higher than 

the normal rate at the reference temperature. This factor exceeds the value of one between 

the period of 9 p.m. and 11:30 p.m. in Case 1, reaching a maximum of 8.6 at 9:30 p.m. In 

the case of a Level III charger, this factor is also higher than one at midnight. It takes a 

value of 29.5 at 9:30 p.m. 
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Fig. 3.14. Hottest-spot conductor rise over the ambient temperature in Cases 1 and 2. 

 

Fig. 3.15. Aging acceleration factor in Cases 1 and 2. 
 

The transformer p.u. insulation life is then obtained as given in Fig. 3.16 for both harmonic 

spectrums. For hottest-spot temperatures below 110 °C, it can be noted that the per-unit 

life is high, indicating that the aging rate is reduced below normal. The p.u. life is equal to 

one at the reference temperature of 110 °C. When the hottest-spot temperature exceeds 110 

°C, this per-unit life decreases. It decreases to 0.1163 at the maximum hottest-spot 

temperature of 132 °C that the transformer reaches due to Level I/II charging. As for Level 

III charging, this value decreases to 0.0339 at the highest hottest-spot temperature of 146 

°C that the transformer attains. In both cases, the per-unit life is below 1 between the hours 

of 9 p.m. to 11:30 p.m., with the addition of 12 a.m. in Case 2. The value of life in per unit 

in Case 1 is 1.8075, while it is 0.5937 in Case 2. During the charging time from 12:30 a.m. 

to 4 a.m., the p.u. life increases in both cases due to decreasing charging load demand.  



 

36 
 

 

Fig. 3.16. Per-unit life in Cases 1 and 2. 
 

The percent LOL is above the reference value of 0.0133% during the period of 9 p.m. to 

11:30 p.m. At 9:30 p.m., it reaches the highest during the charging period; it is equal to 

0.1147% at the hottest-spot temperature of 132 °C in Case 1. This value is greater in Case 

2, reaching 0.3934% at the hottest-spot temperature of 147 °C.  

 

This indicates that the transformer lifetime is impacted and decreases from the normal 

insulation life of 20.55 years during EV charging period, as presented in Fig. 3.18. In the 

case of a Level I/II charger, the transformer lifetime decreases to 14.27 years at 9 p.m. 

when charging starts. It decreases sharply to reach 2.39 years at 9:30 p.m. At midnight, the 

lifetime is not affected and continue being stable during the remaining charging cycle. For 

Level III charger, the transformer real-life decreases to 4.48 years at 9:00 p.m. when 

charging first starts, then sharply drops to 0.69 years at 9:30 p.m. The lifetime is also 

reduced at midnight to a value of 12.19 years. Starting from 12:30 a.m., it becomes stable 

due to low EV charging demand.  
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Fig. 3.17. Loss of life in Cases 1 and 2. 

 

 

Fig. 3.18. Transformer real life in Cases 1 and 2. 
 

It can be noted that the peak in losses, temperature rise, aging acceleration factor, and DT 

lifetime reduction occurs at 9:30 p.m. in this study, which is the period when the load 

demand of EV battery charging attains its maximum. The results also show that the 

harmonic components of Level III charging affect the transformer more severely than the 

harmonics of Level I/II charging [40]. 

 



 

38 
 

CHAPTER 4  

EV BATTERY CHARGING IMPACTS ON DISTRIBUTION SYSTEM 

4.1 Introduction 

Increased adoption of electrified vehicles and charging their batteries from the current 

distribution network without any plans of accommodating this extra load demand could 

result in critical quality issues related to the distribution of electric power [30]. Electrified 

vehicles offer a promising alternative to combustion engine driven automobiles to fight the 

growing concerns related to environmental pollution, climate change, and energy crisis, 

yet they impose harmful effects due to EV charging load on the operating parameters of 

the power system. DC charging infrastructures, demanding high charging currents, have 

adverse impacts on the grid operation. Reliability of the distribution network is an essential 

operating parameter, and its degradation can lead to consumers’ inconvenience. The extra 

weight carried by EV loads on the network may affect the operating elements of the grid, 

including voltage stability, power loss, and harmonics [65]. To understand the new 

challenges that EVs impose on the power grid and to ensure that the power system is 

prepared to accommodate the increased load demand, it is important to conduct a 

comprehensive study of EV charging effects on the DS. Current harmonics injected by EV 

charging can lead to voltage deviation, voltage instability, voltage imbalance, power 

unbalance, system losses, as well as current and voltage harmonic distortions. Some 

components of the network, such as transformers and feeders can also experience 

overloading at high penetration levels of EVs [66].  

 

Uncontrolled charging happens when consumers begin charging their EVs when they 

arrive home from work during the on-peak load hours, which can lead to serious 

overloading of the power grid. Overloading the transformer can have degrading effects on 

its life span. In low voltage distribution networks, voltage drop represents a critical concern 

and must remain as small as possible [67]. Uncoordinated charging of large-scale 

electrified cars can increase the presence of uncertain elements in the distribution network 

operation and result in technical and economic issues of the grid scheduling and control. 

EV charging load appears to be random compared to traditional power loads since users’ 

preference of when and where to charge their EVs can vary. The impacts of charging loads 

become more harmful when charging occurs during on-peak load hours.  
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This section investigates the impacts of current harmonics due to EV charging loads on the 

distribution system in addition to other types of conventional loads. Power flow is firstly 

performed to provide a numerical analysis of the flow of electric power in normal steady-

state operation and obtain AC power parameters including voltage magnitudes and phase 

angles at each bus, as well as real and reactive power flowing in each line. DHPF is a 

harmonic power flow method implemented in this section to estimate the harmonic 

distortion due to the presence of nonlinear devices such as EV battery charging. The 

problem is tested on the IEEE radial 33-bus distribution system in MATLAB.   

 

4.2 Harmonic Power Flow Analysis 

DHPF technique is popular due to its simplicity among other power flow methods. The 

procedure of this power flow solution is shown in the flow chart of Fig. 4.1. First, 

conventional power flow solution is obtained at the fundamental frequency for all loading 

conditions. The magnitudes of all values are expressed in per unit and the angles of 

complex quantities are given in radians. Then, these results are used to calculate the 

admittances of transmission lines and linear loads at higher-order harmonic frequencies. 

An admittance matrix is formulated for each harmonic order. EV parking lots are modeled 

as injecting harmonic current sources, and the current injected by each parking lot is 

calculated using the harmonic spectrum of a DC fast charger. Nodal equations are solved 

at each harmonic order to obtain the harmonic voltage profile at each bus.  

The harmonic admittance of a linear load (γi
h) connected at a given bus i is presented in 

(4.1) and the harmonic admittance of a branch (γij
h) connecting two buses i and j is given 

in (4.2): 

 
, ,

2 2
1 1

D i D ih

i

i i

P Q
j

v h v
 = −

  (4.1) 

 1h

ij

ij ijR jhX
 =

+
  (4.2) 

where PD,i and QD,i are the fundamental active and reactive load power demands at bus i, 

vi
1 is the fundamental voltage at bus i, h is the harmonic order, Rij is the branch resistance 

and Xij is the branch reactance connected between buses i and j. The equivalent 

admittances, γi
h and γij

h, are calculated using the conventional power flow results.  
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Fig. 4.1. Flowchart of the DHPF technique. 
 

The power electronics circuit configuration of battery charging systems is formed by two 

converters: an AC/DC converter and a DC/DC converter. The AC/DC converter rectifies 

the AC voltage from the grid to a DC voltage and maintains a constant unity power factor. 

The DC/DC converter controls the delivered power to the battery pack, and the voltage 

rectification depends on the battery pack’s voltage. Figure 4.2 shows the model of an EV 

battery charging system [68].  

 

The EV loads are modeled with decoupled harmonic current sources. The fundamental 
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current Ii
1and the hth harmonic order current Ii

h at bus i are given in (4.3) and (4.4), 

respectively.  

 

Phase A

Phase B

Phase C

Charger

DC

Link

AC

Grid
DC
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Battery

AC/DC Rectifier DC/DC Converter

 
Fig. 4.2 EV battery charging system model. 
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The harmonic voltages are determined by solving the decoupled load flow equation given 

in (4.5) [52]: 

 ( )
1

h h

hV Y I
−

= . (4.5) 

The THD due to EV battery charging is analyzed at the system level using the DHPF 

technique. Various types of linear loads, including residential, commercial and industrial 

loads, are connected at different buses of the IEEE 33-bus radial distribution system shown 

in Fig. 4.3, consisting of 33 buses and 37 branches (S1 – S37). The three types of power 

curves are shown in Fig. 4.4. EV charging loads, based on EV uncontrolled power profile 

shown in Fig. 4.4 [69], are installed at buses 15, 16, 22, and 24.  

 

Residential loads are connected to each of buses #1, 2, 5, 9, 13, 14, 19, 23, 27, 29 and 32. 

Commercial loads are connected to buses #3, 6, 8, 10, 11, 18, 26, 28, 30 and 33. Industrial 

loads are connected to buses #4, 7, 12, 17, 20, 21 and 25 and 31. The total substation loads 

for the base configuration are 5084.26 kW and 2547.32 kVAr. The power flow data are 

obtained from Baran and Wu [70] and are loaded into MATPOWER, a package consisting 

of MATLAB M-files to solve power flow and optimal power flow problems. MATPOWER 
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Fig. 4.3. The IEEE 33-bus radial distribution system with EV parking lots.  
 

is a simulation tool used by researchers and instructors that is easy to understand and 

modify while providing the best performance possible. MATPOWER uses all the standard 

steady-state models typically used in power flow analysis [71]. The system data are given 

in Tables A.1 and A.2 of Appendix A, showing bus data and branch data, respectively. EV 

penetration level is taken as 15%, and the additional power demand required by each EV 

charger is calculated. Total complex power of the system is 4369.35 kVA. Since EV 

charging takes up 15% of the total load, i.e., 655.4 kVA, the power required for each EV 

load is 163.8 kVA, with four parking lots connected at each bus. This load is added to the 

existing power demand of buses #15, 16, 22, and 24. The power rating then becomes equal 

to 223.85 kW at each of buses #15 and 16. It is equal to 253.85 kW at bus #22 and equal 

to 583.85 kW at bus #24.  
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Fig. 4.4. Different types of load power profile.  
 

4.3 Voltage Total Harmonic Distortion Profile for a Level III Charger 

After running the conventional power flow results, the voltage magnitudes at each bus are 

obtained at the fundamental frequency at each hour within the day. The results are 

expressed in p.u. and shown in Fig. 4.5. The load admittance at each bus where a 

conventional load is connected is calculated using equation (4.1). This load admittance is 

equal to zero for buses #15, 16, 22 and 24 since an EV charging lot is connected at each 

bus and is represented by a current source. These quantities are also expressed in per unit.  

Next, the 32 by 32 harmonic admittance matrix consisting of diagonal elements and non-

diagonal elements is formed at each order. A cell array is used to store 9 harmonic 

admittance matrices; one for each order. The fundamental current injected by EV chargers 

at buses #15, 16, 22 and 24 is obtained using (4.3). The fundamental current values at each 

bus where an EV charging lot is connected are given in Table 4.1 at different times within 

the day. Since EV charging does not occur during the periods from 1 a.m. till 7 a.m., and 

1 p.m. till midnight, the fundamental current values are negligible.  
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Fig. 4.5. Bus voltage magnitude profile at fundamental frequency. 

 

TABLE 4.1. Fundamental Current at Each Bus during Charging Load Period. 

Bus # I (t=8 a.m.) I (t=9 a.m.) I (t=10 a.m.) I (t=11 a.m.) I (t=12 p.m.) 

15 -0.0599 -0.1573 -0.2310 -0.1856 -0.0846 

16 -0.0600 -0.1576 -0.2314 -0.1859 -0.0847 

22 -0.0648 -0.1681 -0.2443 -0.1971 -0.0908 

24 -0.1506 -0.3912 -0.5697 -0.4594 -0.2113 
 

From the results, it can be observed that the fundamental current value at each bus from 

higher to lower occurs respectively at 10 a.m., 11 a.m., 9 a.m., 12 p.m. and 8 a.m. The 

fundamental current values rise when the charging load increases. Since the charging load 

at 10 a.m. reaches 0.95 p.u. and is at its highest, the fundamental current values are higher 

than those during other charging times.   

The harmonic spectrum of a Level III EV charger is shown in Table 4.2 [7]. The hth 

harmonic order current is then found using (4.4). 

 

TABLE 4.2. Harmonic Magnitudes for One Phase of Level III Charger.  

Harmonic Order Harmonic Ratio 

3 0.0446 

5 0.0441 

7 0.0305 

9 0.0332 
 

The harmonic voltage at each bus is calculated after solving nodal equations. The harmonic 

voltage profile, at each bus and harmonic order, is computed using (4.5). The voltages 

previously obtained at the fundamental frequency are included in the voltage matrix storing 
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the harmonic voltage values. A for-loop is used to repeat the steps at a time interval of one 

hour throughout the day. The total harmonic distortion for voltage at each bus is estimated 

using equation (3.3). The maximum voltage THD for voltage occurs at bus #16 and is 

presented in Fig. 4.6 throughout 24 hours.  

 

 

Fig. 4.6. THD for voltage at bus #16. 
 

The THD for voltage values is very small from the period from 1 p.m. till 7 a.m. This is 

because EV charging load is negligible during this period. THD for voltage starts to rise at 

8 a.m., reaching a value of 3.4%. At 9 a.m., it rises to 8.9%, attains its peak of 13.0% at 10 

a.m., then decreases to 10.4% at 11 a.m., followed by a drop to 4.7% at 12 p.m. to decrease 

significantly once the charging period is over. The highest value of voltage THD occurs at 

10 a.m. since EV charging load is at its peak value of 0.95 p.u. It can be noted that during 

the period of 9 a.m. until 11 a.m., the THD for voltage values violate the limit value of 5% 

set in IEEE 519 standards [72]. 

 

The second highest voltage disturbance occurs at bus #15. Figure 4.7 shows THD for 

voltage values obtained at bus #15 during one day.  



 

46 
 

 

Fig. 4.7. THD for voltage at bus #15. 
 

Similarly to the case of bus #16, the values are negligible from 1 p.m. till 7 a.m. This is 

because EV charging power curve is close to zero during this period. At 8 a.m., the value 

of THD for voltage attains 3.2%, followed by a rise to reach 8.2% at 9 a.m. THD for voltage 

at bus #15 is the highest at 10 a.m. with a value of 12.0%. This value then drops to 9.6% 

at 11 a.m., then decreases to 4.4% at 12 p.m. to drop significantly once the charging period 

is over. The THD for voltage values at bus #15 exceeds the limit value of 5% set in IEEE 

519 during the time from 9 a.m. till 11 a.m. 

 

The fourth highest voltage disturbance occurs at bus #24, at which a plug-in electric vehicle 

charging parking is connected. Figure 4.8 shows the THD for the voltage profile at this 

bus. The voltage disturbance at bus #24 is negligible during the time from 1 p.m. till 7 a.m. 

It slightly rises to 2.5% at 8 a.m., then to 6.5% at 9 a.m. It continues rising to reach 9.4% 

at 10 a.m., which is the highest value during the 24 hr cycle. It then decreases to 7.6%  

at 11 a.m. and 3.5% at noon, with the charging load decreasing to 0.77 p.u. and then to 0.36 

p.u., respectively. The disturbance of voltage at bus #24 violates the limit of 5% set in IEEE 

519 standards during the charging period from 9 a.m. till 11 a.m.  

 

The fifth highest voltage disturbance takes place at bus #22 at which an EV charging lot is 

connected. The THD for voltage profile is given in Fig. 4.9 for this bus. The highest value 
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Fig. 4.8. THD for voltage at bus #24. 
 

of THD for voltage happens at 10 a.m. and attains 8.8%. THD for voltage is negligible 

between the hours of 1 p.m. and 7 a.m. Once the charging power curve starts to rise at 8 

a.m., THD for voltage rises to 2.4%, then to 6.1% at 9 a.m. From its maximum value of 

8.8%, it decreases to 7.1% at 11 a.m., then sharply drops to 3.3% at noon. Similarly to the 

previous buses discussed, the disturbance values at this bus are beyond the limit value of 

5% set in IEEE 519 during the period when the charging load is high.  

 

 

Fig. 4.9. THD for voltage at bus #22. 



 

48 
 

The disturbance of voltage is then evaluated at neighboring buses to where EV parking lots 

are located. Since the first charging parking is located at bus #15, the assessment is done 

at bus #14. The voltage THD at bus #14 is modeled and presented in Fig. 4.10. The 

disturbance at this bus attains the third highest. Despite not having an EV charging 

connected at this bus, the voltage disturbance at bus #14 exceeds the one occurring at each 

of buses #22 and 24, where EV parking lots are connected. This is because this bus is 

located near two charging lots located at buses #15 and 16. As the EV charging power 

curve starts to rise at 8 a.m., THD for voltage reaches 2.7%. It then increases to 6.9% at 9 

a.m. with the increasing charging curve. At 10 a.m., it reaches 10.0%, then falls to 8.0% at 

11 a.m. It sharply decreases to 3.7% at noon to become negligible during the period from 

1 p.m. till 7 a.m. 

 

 

Fig. 4.10. THD for voltage at bus #14. 
 

It can be further noted that during the peak charging load at 10 a.m., the voltage THD 

exceeding the limit of 5% occurs at the buses located at proximity to charging lots 

connected at buses #15 and 16. These buses are the following: 9, 10, 11, 12, 13, 16, and 17 

(in addition to bus #14). These effects are due to having two charging lots connected at the 

same feeder. The two buses surrounding the parking lot connected at bus #24 are also 

affected. The THD for voltage values, however, remain below 5% at buses #23 (THD = 

4.0% at 10 a.m.) and #25 (THD = 4.3% at 10 a.m.). Bus #21, located in close proximity to 

bus #22, experiences a voltage THD value of 4.9%, slightly below the 5% limit.  
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4.4 Current Total Harmonic Distortion Profile for a Level III Charger in addition 

to Conventional Loads 

In addition to EV charging loads, conventional loads are connected at buses #15, 16, 22 

and 24. The harmonic distribution of conventional loads is added to the harmonic spectrum 

of Level III charger. The total harmonic spectrum is shown in Table 4.3 [7]. 

 

TABLE 4.3. Total Harmonic Distribution of Conventional Loads and Level III Charging Load. 

Harmonic Order Harmonic Ratio 

3 0.3947 

5 0.2141 

7 0.1506 

9 0.1253 

11 0.0710 

13 0.0510 

15 0.0430 

17 0.0400 

19 0.0390 

21 0.0000 

23 0.0320 

25 0.0290 
 

The same DHPF steps are repeated here. A cell array is used to store 24 matrices, each 

corresponding to a harmonic order.   

The harmonic current at the main substation is then calculated as follows:  

 
( )h h

i jh

ij h

ij

v v
I

z

−
=  (4.6) 

 ( )h h h

ij i jy v v= −   

 ( )h h h

ij i jY v v= − −   

where Iij
h is the current between buses i and j, vi

h is the voltage at bus i, vj
h is the voltage at 

bus j, zij
h and yij

h are respectively the impedance and the admittance of the feeder connecting 

buses i and j, Yij
h is the admittance matrix at harmonic order h.  

The harmonic current at each order at the main substation at 10 a.m. is presented in Fig. 

4.11. It can be observed that 3rd harmonic current is the highest among all the order, 

reaching a value of 0.1527 p.u. The 5th harmonic current is 0.0648 per unit and the 7th 

harmonic current is 0.0383. The harmonic current values continue to decrease with every 

harmonic order, except the 15th harmonic order, where the value increases slightly. 
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Fig. 4.11. Harmonic current at t = 10 a.m. 
 

The current THD through the substation is then obtained using (3.4). The values at different 

times of the day are shown in Fig. 4.12.  

 

Fig. 4.12. Current THD profile through main substation.  
 

From the figure, it can be observed that the current THD is negligible from 1 p.m. until 7 

a.m. This is attributed to a very small EV charging load during this period. The disturbance 

rises to 12.3% at 9 a.m. At 10 a.m., the current disturbance is the highest, reaching a value 

of 17.4%. This happens when the EV charging profile is at its highest value of 0.9538 p.u. 

As the EV charging load value decreases to 0.7703 p.u. at 10 a.m. and then to 0.3557 p.u. 

at 11 a.m., the current THD declines to 14.0% and 6.5%, respectively.   
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According to the limits set by IEEE Std 519, the total demand distortion (TDD) limit for 

systems rated 120V through 69 kV with a 50 100SC

L

I

I
  is specified as 12%, where Isc is 

the maximum short-circuit current at PCC and IL is the maximum demand load current at 

the PCC under normal load operating conditions. The TDD is defined as the ratio of the 

root mean square of the harmonic content, specified as a percent of the maximum demand 

current [72]. The current TDD is expressed in (4.7) [73]: 

 

 

2 2 2

3 5 7 ...
100%TDD

L

I I I
I

I

+ + +
=  . (4.7) 

 The TDD occurs at 10 a.m. and exceeds the value of the limit set at 12%. 

 

4.5 Voltage Total Harmonic Distortion Profile for a Level III Charger at Maximum 

Loading Conditions 

At maximum loading conditions with kr = 0.97, kc = 0.73, ki = 0.74, and kev = 0.95, where 

kr, kc, ki, and kev correspond to the loading factors of the residential, commercial, industrial 

and EV loads, respectively, conventional power flow results are obtained. The power flow 

solution is stored in a structure that includes bus data, generator data, branch data, and 

generator cost data. Bus data including real power demand, reactive power demand, and 

voltage magnitude are displayed in p.u in Table 4.4. This data is inputted into DHPF 

methodology in higher-order harmonic frequencies. First, linear loads at each bus are 

represented as equivalent admittances to form a load admittance matrix. Next, admittances 

of the 37 branches at each harmonic order are obtained to form a branch admittance matrix. 

Using these results, a new 32*32 admittance matrix Ybus is constructed with diagonal 

elements Yii and off-diagonal elements Yij given in (4.8) and (4.9), respectively: 

 
1,

N

ii i ik

k k i

Y y y
= 

= +   (4.8) 

 
ij ji jiY Y y= = −  (4.9) 

In (4.8), yik exists when there is a physical connection between bus i and k. yji in (4.9) is the 

admittance of connecting buses i and j. 

The general nodal admittance matrix form appears as given in (4.10). 
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Y Y
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Y Y

 
 

=  
 
 

 (4.10) 

A cell array is then used to store the matrices at each harmonic order.  

TABLE 4.4. Bus Data at Maximum Loading Conditions. 

Bus # Pd (p.u.) Qd (p.u.) Vm (p.u.) 

1 0.000 0.000 1.000 

2 0.097 0.058 0.997 

3 0.066 0.029 0.984 

4 0.089 0.060 0.978 

5 0.058 0.029 0.971 

6 0.044 0.015 0.954 

7 0.149 0.074 0.951 

8 0.146 0.073 0.946 

9 0.058 0.019 0.938 

10 0.044 0.015 0.931 

11 0.033 0.022 0.930 

12 0.045 0.026 0.928 

13 0.058 0.034 0.920 

14 0.117 0.078 0.917 

15 0.214 0.000 0.914 

16 0.214 0.000 0.913 

17 0.045 0.015 0.911 

18 0.066 0.029 0.911 

19 0.088 0.039 0.997 

20 0.067 0.030 0.993 

21 0.067 0.030 0.992 

22 0.242 0.000 0.991 

23 0.088 0.049 0.981 

24 0.557 0.000 0.976 

25 0.313 0.149 0.973 

26 0.044 0.018 0.953 

27 0.058 0.024 0.951 

28 0.044 0.015 0.942 

29 0.117 0.068 0.935 

30 0.146 0.437 0.932 

31 0.112 0.052 0.929 

32 0.204 0.097 0.928 

33 0.044 0.029 0.928 

The EV loads are modeled as harmonic current injecting sources using (4.3). Table 4.5 

shows the fundamental current injected by each EV load.  
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TABLE 4.5. Fundamental Current Injected by EV Loads at Each Bus in P.U.  

Bus # I1 

15 -0.2335 

16 -0.2340 

22 -0.2444 

24 -0.5708 
 

Next, using equation (4.4), the hth harmonic order current is obtained for the 3rd, 5th, 7th, 

and 9th order, as given in Table 4.6.  

TABLE 4.6. hth Harmonic Order Current at Each Bus in P.U. 

Bus # I (h=3) I (h=5) I (h=7) I (h=9) 

15 -0.0104 -0.0103 -0.0071 -0.0078 

16 -0.0105 -0.0103 -0.0072 -0.0078 

22 -0.0109 -0.0108 -0.0075 -0.0081 

24 -0.0255 -0.0252 -0.0175 -0.0190 
 

Nodal equations are solved for each harmonic order to obtain the harmonic voltage using 

(4.5). The harmonic voltage values are converted from rectangular to polar forms to 

calculate the voltage magnitudes. This harmonic voltage profile is given in Table 4.7.  

 

Using (3.3), voltage THD is obtained at each bus, as shown in Fig. 4.13. The highest THD 

for voltage reaches a value of 11.9% at bus #16. The second highest THD for voltage 

reaches 10.6% and occurs at bus #15. The third highest THD for voltage occurs at bus #24 

with a value of 9.3%. The fifth highest THD for voltage occurs at bus #22 with a value of 

8.2%. These high THD values are caused by the non-linearity of EV chargers connected at 

each of the four buses. The fourth highest THD for voltage takes place at bus #14. This bus 

is affected due to its proximity to the two parking lots located at buses #15 and 16. IEEE 

519 limits the total harmonic voltage distortion on power systems 69 kV and below to 5% 

[74].  Buses #10, 11, 12, 13, and 17 have voltage disturbance above the 5% limit. The 

remaining buses remain below this limit.  
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TABLE 4.7 Harmonic Voltage at Each Bus in P.U.  

Bus # V (h=3) V (h=5) V (h=7) V (h=9) 

1 0.0000 0.0000 0.0000 0.0000 

2 0.0017 0.0019 0.0015 0.0019 

3 0.0081 0.0096 0.0078 0.0097 

4 0.0082 0.0092 0.0070 0.0083 

5 0.0087 0.0094 0.0068 0.0077 

6 0.0115 0.0122 0.0084 0.0088 

7 0.0142 0.0155 0.0107 0.0112 

8 0.0168 0.0183 0.0127 0.0133 

9 0.0241 0.0271 0.0197 0.0217 

10 0.0259 0.0299 0.0221 0.0248 

11 0.0263 0.0303 0.0225 0.0253 

12 0.0273 0.0315 0.0235 0.0264 

13 0.0317 0.0375 0.0287 0.0332 

14 0.0357 0.0432 0.0337 0.0398 

15 0.0426 0.0533 0.0435 0.0537 

16 0.0458 0.0586 0.0491 0.0623 

17 0.0254 0.0279 0.0210 0.0248 

18 0.0194 0.0199 0.0141 0.0157 

19 0.0031 0.0037 0.0029 0.0035 

20 0.0159 0.0190 0.0148 0.0178 

21 0.0208 0.0250 0.0196 0.0235 

22 0.0341 0.0440 0.0368 0.0468 

23 0.0155 0.0201 0.0173 0.0225 

24 0.0340 0.0471 0.0421 0.0558 

25 0.0187 0.0223 0.0177 0.0213 

26 0.0115 0.0121 0.0083 0.0087 

27 0.0115 0.0121 0.0084 0.0088 

28 0.0125 0.0132 0.0092 0.0099 

29 0.0137 0.0146 0.0104 0.0115 

30 0.0118 0.0122 0.0085 0.0091 

31 0.0123 0.0118 0.0076 0.0075 

32 0.0131 0.0124 0.0078 0.0077 

33 0.0157 0.0153 0.0100 0.0104 
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Fig. 4.13. THD for voltage at maximum loading conditions. 
 

4.6 Voltage Total Harmonic Distortion Profile for a Level I/II Charger at 

Maximum Loading Conditions 

The harmonic power flow is utilized to analyze the THD for voltage of a Level I/II battery 

charger at maximum loading conditions. Table 4.8 [7] shows the harmonic spectrum of the 

charger used in parking lots connected at the same buses as in the previous case study. 

First, the previously computed conventional network power flow results are used as inputs 

of the DHPF algorithm. Since the bus data results are equivalent to the previous case, load 

and branch admittances at each bus are equivalent to the ones of the previous case for every 

harmonic order. As a result, the Ybus admittance matrix of the system at each harmonic order 

is equivalent to the admittance matrix found previously. The fundamental current injected 

by each EV load is also equivalent to the one previously calculated.  

 

TABLE 4.8. Harmonic Magnitudes for Level I/II Charger. 

Harmonic Order Harmonic Ratio 

3 0.0233 

5 0.0282 

7 0.0199 

9 0.0128 
 

Next, the hth harmonic order current is obtained in per unit for the 3rd, 5th, 7th, and 9th order, 

as presented in Table 4.9.  

 

 

 



 

56 
 

 

TABLE 4.9. hth Harmonic Order Current at Each Bus in P.U.  

Bus # I (h=3) I (h=5) I (h=7) I (h=9) 

15 -0.0054 -0.0066 -0.0046 -0.0030 

16 -0.0054 -0.0066 -0.0047 -0.0030 

22 -0.0057 -0.0069 -0.0049 -0.0031 

24 -0.0133 -0.0161 -0.0114 -0.0073 
 

After solving the nodal equations at each harmonic order, the harmonic voltage at each bus 

is calculated using (4.5). The values are then converted from rectangular to polar forms to 

find the voltage magnitudes, as shown in Table 4.10. 

 

Using equation (3.3), voltage THD is obtained at each bus. This is shown in Fig. 4.14. The 

highest THD for voltage reaches a value of 6.5% at bus #16. The second highest THD for 

voltage has a value of 5.9% and occurs at bus #15. The third highest THD for voltage 

occurs at bus #24 with a value of 5.0%. The fifth highest THD for voltage occurs at bus 

#22 with a value of 4.5%. These THD values are caused by the non-linearity of EV parking 

lots connected at each of the four buses. The total harmonic distortion for voltage exceeding 

the limited value of 5%, set in IEEE 519 standards occurs at buses #15, 16, and 24, where 

the EVs are connected.  

 

The remaining buses fall below this limit. When comparing the voltage disturbance caused 

by a Level III charger to the disturbance produced by a Level I/II charger, it is observed 

that the buses are more severely impacted by the current harmonics injected by a Level III 

charger. The total harmonic distortion for voltage is higher at every bus for a Level III 

charger than it is for a Level I/II charger. The ratio of the voltage THD occurring in a Level 

III charger compared to a Level I/II charger is between 1.75 and 1.84. The Level III charger 

has a higher disturbance than the Level I/II charger as the harmonic order currents are  

greater for the former one than the latter one. This occurs since the harmonic spectrum of 

a Level III charger has higher values than a Level I/II charger.    
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TABLE 4.10. Harmonic Voltage at Each Bus in P.U. 

Bus # V (h=3) V (h=5) V (h=7) V (h=9) 

1 0.0000 0.0000 0.0000 0.0000 

2 0.0009 0.0012 0.0010 0.0007 

3 0.0042 0.0061 0.0050 0.0037 

4 0.0043 0.0059 0.0046 0.0032 

5 0.0045 0.0060 0.0044 0.0030 

6 0.0060 0.0078 0.0055 0.0034 

7 0.0074 0.0099 0.0070 0.0043 

8 0.0088 0.0117 0.0082 0.0051 

9 0.0125 0.0173 0.0128 0.0083 

10 0.0135 0.0191 0.0144 0.0095 

11 0.0137 0.0194 0.0146 0.0097 

12 0.0142 0.0201 0.0153 0.0101 

13 0.0165 0.0240 0.0187 0.0127 

14 0.0186 0.0276 0.0219 0.0153 

15 0.0222 0.0340 0.0283 0.0206 

16 0.0239 0.0374 0.0319 0.0239 

17 0.0132 0.0178 0.0137 0.0095 

18 0.0101 0.0127 0.0091 0.0060 

19 0.0016 0.0023 0.0019 0.0013 

20 0.0083 0.0121 0.0097 0.0068 

21 0.0108 0.0159 0.0127 0.0090 

22 0.0178 0.0281 0.0240 0.0180 

23 0.0081 0.0129 0.0113 0.0086 

24 0.0177 0.0301 0.0273 0.0214 

25 0.0098 0.0142 0.0115 0.0082 

26 0.0060 0.0077 0.0054 0.0034 

27 0.0060 0.0077 0.0054 0.0034 

28 0.0065 0.0084 0.0060 0.0038 

29 0.0071 0.0093 0.0068 0.0044 

30 0.0062 0.0078 0.0055 0.0035 

31 0.0064 0.0075 0.0049 0.0029 

32 0.0068 0.0079 0.0051 0.0030 

33 0.0082 0.0098 0.0065 0.0040 
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Fig. 4.14. THD for voltage at maximum loading conditions. 
 

4.7 Voltage Total Harmonic Distortion Profile for a Level I/II Charger  

Next, the results are computed for a cycle of 24 hours. The load admittances and branch 

admittance values remain the same as the ones for a Level III charger. As a result, the 

harmonic admittance matrix at each order is the same as the ones obtained in a Level III 

charger. In addition, the fundamental current values injected by each EV charger remain 

the same as a Level III charger. Since the harmonic spectrum is different for a Level I/II 

charger, the hth harmonic order current at each hour is different than it is in a Level III 

charger.  

 

Since the highest THD for voltage occurs at bus #16, a plot of THD for voltage at this bus 

is presented in Fig. 4.15 at different times of the day. The values are negligible between 

the time period from 1 p.m. until 7 a.m. in the figure. During this time period, EV loads are 

very small, and thus, the effect on voltage distortion is negligible. The THD value slightly 

increases to 1.9% at the charging load of 0.25 p.u at 8 a.m. With an EV loading factor of 

0.65 p.u., voltage distortion goes up to 4.9% at 9 a.m. It reaches the maximum value of 

7.2% at 10 a.m. during the highest EV loading factor of 0.95 p.u., and drops to 5.7% as the 

EV loading point goes down to 0.77 p.u. at 11 a.m. The value drops once again to 2.6% at 

noon, with a loading factor of 0.35 p.u. The total harmonic distortion for a voltage limit of 

5% is violated at bus #16 at 10 a.m. and 11 a.m. as per IEEE 519 standards. 
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Fig. 4.15. THD for voltage at bus #16. 
 

The second highest voltage disturbance at bus #15 is modeled in Fig. 4.16. The maximum 

THD for voltage occurs at 10 a.m. and reaches the value of 6.6%. From 1 p.m. until 7 a.m., 

the disturbance is minimal, since consumers do not charge their EVs during this period. 

Charging load increases at 8 a.m. resulting in a THD value of 1.7% then increases to 4.6% 

at 9 a.m. At 11 a.m., it decreases to 5.3% then drops to 2.4% at noon. Similarly to bus #16, 

the distortion for voltage exceeds the limit of 5% from 10 a.m. until 11 a.m. When 

comparing the disturbance caused by a Level III charger to the one of a Level I/II charger, 

it can be observed that bus #15 is more impacted in the first case than it is in the second 

case at all times. Furthermore, the limit at 9 a.m. is only violated in the first case, and the 

THD for voltage remains below the limit at this time in the second case.   
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Fig. 4.16. THD for voltage at bus #15. 
 

Bus #24 is the fourth most impacted by the current harmonics injected due to Level I/II 

charging. In Fig. 4.17, THD for voltage value is 5.1% at 10 a.m. This value remains below 

the limit at all other times; first starting at 1.4% at 8 a.m., increasing to 3.5% at 9 a.m., 

reaching its maximum at 10 a.m., followed by a drop to 4.1% at 11 a.m., and significantly 

dropping to 1.9% at noon. The disturbance remains below the 5% limit in this case at all 

times except 10 a.m. when using a Level III charger.   

 

Fig. 4.17. THD for voltage at bus #24. 
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The voltage profile of bus #22 is shown in Fig. 4.18. This bus experiences the fifth-highest 

voltage disturbance among all buses. With a value of 4.8%, this bus remains below the 

limit of 5% at 10 a.m. Unlike the previous case of the Level III charger, this bus remains 

below the limit from 9 a.m. until 11 a.m.  

 

Fig. 4.18 THD for voltage at bus #22. 

Despite not having any EVs connected at bus #14, it experiences the third-highest voltage 

disturbance. The THD at this bus has a value of 1.5% at 8 a.m., increases to 3.8% at 9 a.m., 

and reaches 5.5% at 10 a.m. The disturbance at 10 a.m. exceeds the limit of 5% at this bus. 

It falls to 4.4% at 11 a.m., then significantly drops to 2.0% at noon. This bus is more 

impacted by current harmonics than bus #22 and bus #24 at which an EV parking lot is 

connected. This is a result of its location close to two parking lots located at buses #15 and 

16. This bus experiences the third-highest THD in this case and in the case of a Level III 

charger. However, THD is higher than the limit in this case only at 10 a.m. Although 

neighboring buses each have a THD exceeding the limit of 5% at 10 a.m. with a Level III 

charger, they remain below the limit in this case. In other words, buses #9, 10, 11, 12, 13, 

and 17 do not violate the standard limit of 5% here. The remaining buses are below the 

limit in both cases since they are located far from the non-linear loads. Figure 4.19 shows 

the THD profile at bus #14.  
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Fig. 4.19. THD for voltage at bus #14. 
 

4.8 Current Total Harmonic Distortion Profile for a Level I/II Charger in addition 

to Conventional Loads  

An assessment is performed to calculate the harmonic currents in the presence of traditional 

conventional loads. The total harmonic distribution of these loads for a Level I/II charger 

is shown in Table 4.11 below.  

TABLE 4.11. Total Harmonic Distribution of Conventional Loads for Level I/II Charger. 

Harmonic Order Harmonic Ratio 

3 0.3733 

5 0.1982 

7 0.1399 

9 0.1048 

11 0.0710 

13 0.0510 

15 0.0430 

17 0.0400 

19 0.0390 

21 0.0000 

23 0.0320 

25 0.0290 
 

After performing the DHPF algorithm and obtaining 24 matrices, the harmonic current is 

calculated at the main substation at the time the EV power curve reaches its maximum. 

This current is presented in Fig. 4.20 below.  
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Fig. 4.20. Harmonic current at each order at t = 10 a.m. 
 

The 3rd harmonic current takes the value of 0.1444 per unit. The 5th harmonic has a value 

of 0.0600 per unit. With every harmonic order, the value becomes smaller. After the 13th 

harmonic, the value increases to 0.0141 per unit at the 15th harmonic. It then continues to 

decrease to reach 0.0041 p.u. at the 25th harmonic. At every harmonic current, each order 

has a smaller value than the one produced with a Level III charger.  

 

Next, the current THD through the main transformer is calculated using equation (3.4). The 

current THD profile is given in Fig. 4.21. The disturbance increases to 4.6% at 8 a.m. and 

reaches 11.6% at 9 a.m. The current disturbance is the highest at 10 a.m., reaching a value 

of 16.4%. This happens when the EV charging profile is at its highest value of 0.9538 per 

unit. As the EV charging load value decreases to 0.7703 p.u. at 11 a.m. and then to 0.3557 

p.u. at 12 p.m., the current THD declines to 13.1% and 6.1%, respectively. In this case, the 

TDD exceeds the limit set by the standards [72]. The current disturbance with a Level III 

charger is higher than the current disturbance caused by Level I/II battery charger.  
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Fig. 4.21. Current THD profile through main substation. 
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CHAPTER 5  

EV BATTERY CHARGING HARMONIC COMPENSATION THROUGH PV-

BASED DISTRIBUTED GENERATION UNITS 

5.1 Active Distribution Networks 

Active distribution networks contribute to increasing the utilization level of renewable 

energy, and achieving a flexible intelligent distribution network management. ADN is a 

two-way power supply distribution network developed with large-scale distribution 

generators integrated into the power grid [75]. In addition to smart grids and microgrids, 

distributed generation and active distribution networks represent innovative tools to 

modernize the power system and ease the shift towards modern Power Distribution 

systems. Renewable energies constitute alternative resources to fossil fuels. The increased 

load demand, the phenomenon of climate change caused by greenhouse gas effects, and 

the high costs of oil are motivating factors to facilitate renewable energy generation. 

Renewable energy generation can lower carbon emissions and improve the air quality 

leading to a greener environment. Wind and solar power generation are increasing, 

especially in modern countries such as Japan, Sweden, and England. Distributed generators 

are small-size renewable energy power plants near loads that are integrated in the 

distribution network, modifying its topology from passive to active. Substations are the 

source of passive distribution networks which allow electrical power to flow through the 

feeder to reach the load. Power consumption and impedance of the connecting network are 

the only elements that affect the electrical current in passive networks. In addition, the 

injected power from distributed generators impacts the electrical current in active 

networks. The conventional distribution system is designed to allow uni-directional power 

flow, while distributed generators allow bi-directional power flow. ADNs can utilize 

distributed renewable generations, electrified vehicles, community energy storages, and 

demand responses to adaptively adjust their loads to meet the operation requirements [76]. 

A rise in the number of small-scale renewable energy sources such as photovoltaic arrays 

and wind turbines used in low-voltage distribution networks is predicted to lower 

greenhouse gas emissions and reduce harmful environmental problems. In places like 

Malaysia where high solar irradiance is present, PV arrays are widely used as renewable 

energy sources and PV penetration is anticipated to rise on the low-voltage networks as a 
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result of government incentives and plans [77]. In Germany, PV capacity has exceeded 35 

GW, and most of it is distributed in the form of rooftop solar. Distributed generation 

attained over 50% in Denmark in 2014 with over 80% of heating supply provided by 

distributed combined heat and power. Distributed renewable generation is expected to rise 

with the development of distributed resources and energy policies encouraging demand 

side. A 20% carbon emission reduction goal by 2030 was set by the United States and 

China [78]. Distributed generators help improve the reliability of consumer power supply 

by increasing electric energy quality and reducing the load on the main grid [79]. 

 

5.2 Distributed Generation 

The IEEE defines distributed generation as “the generation of electricity by facilities that 

are sufficiently smaller than central generating plants to allow interconnection at nearly 

any point in a power system” [8]. Distributed generation units can be classified based on 

the interface, output power, and energy source. The energy source can be fossil fuels such 

as diesel engines and micro-turbines, electro-chemical such as fuel cells, storage devices 

such as batteries and flywheels, or renewable energies such as solar, wind, and hydro. DGs 

can be categorized as dispatchable or non-dispatchable depending on the output power. 

Dispatchable DGs are divided into two groups: synchronous-machine based such as 

biomass and NGDG, and inverter-based such as fuel-cells and micro-turbines. The output 

power of these dispatchable DGs is assumed to be constant in normal operating mode [80].  

 

Renewable resources do not have a unique model but are rather modeled using different 

topologies to describe their output. This is a result of their high level of uncertainty and 

variability. Renewable resources can be modeled using probabilistic analytical models, 

probabilistic chronological models, and time-series models. Renewable DGs have been 

regarded as a vital resource to overcome the challenges associated with power generation 

and the recent reorganization of energy systems [8]. For decades, power generation has 

mainly depended on large power stations such as coal, nuclear, and gas stations. Utilizing 

small and medium-sized generation units has become a non-pollutant key option since 

1970. These distributed generators include Combined Heat and Power, small hydro, wind, 

and solar power generation and can be integrated into the distribution network near the 

consumers [81]. The integration of DGs raised in 1978 in response to the passage of the 
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PURPA, allowing qualifying facilities to install small generators in the utility system [82]. 

Installing DGs can offer many technical and economic advantages to the local distribution 

company and the consumers, including [81]:  

• Reduced electrical losses due to shorter electricity travel path 

• Increased reliability of power supply during power system failure 

• Lower demands on high voltage transmission networks 

• Improved power quality and reliability 

• Increased energy security 

• Improved voltage profile 

• Reduced emissions of pollutants and enhanced environment air quality 

• Deferral of transmission and distribution infrastructure investments 

• Lower fuel costs due to increased overall efficiency 

Numerous modern technologies use renewable energy resources. Technologies including 

biomass systems, photovoltaics, solar-thermal-electric-systems, WECS, and geothermal 

systems are promising for DG applications. DGs can range from a few kilowatts up to 100 

MW. The smaller units, with rating ranging from a few kilowatts to a few megawatts, are 

normally connected to distribution networks [83].  

 

5.3 PV Array Modelling 

PV arrays consist of a string, several PV modules connected in series, and many strings 

connected in parallel to obtain a desired current and voltage. The equivalent circuit of a PV 

cell consists of a current source that is connected in parallel with a diode, as shown in Fig. 

5.1.  

Iph

ID

Rsh

Ish

Rs Ipv

Vpv

 

Fig. 5.1. Electrical equivalent circuit model of PV cell. 
 

PV output current IPV can be found using 
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 PV PH D shI I I I= − −  (5.1) 
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where q, k, n, and T are the electronic charge, ideality factor of the diode, Boltzmann 

constant, and temperature in Kelvin, respectively. Iph is photocurrent, I0 is diode reverse 

saturation current, IPV is the PV output current, and VPV is the PV output voltage. Since Rsh 

has a very large value, its effect is negligible on the I-V characteristics of the PV array. 

Thus, equation (5.1) can be represented as follows: 
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Equation (5.5) is used to model a PV array consisting of Ns series and Np parallel-connected 

PV modules [84]: 
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 (5.5) 

The grid-connected PV system consists of PV arrays, inverters, and controllers. The 

inverter constitutes an important element that provides output control of the PV system. 

The grid-connected PV system can be divided into single-stage and two-stage systems. A 

single-stage system is composed of PV array, a dc/ac inverter, a controller, a static switch, 

and local loads. The main function of a single-stage system is to convert the DC current 

produced by the PV array to an AC current with the inverter and feed it into the grid. In 

addition to the PV array, dc/ac inverter, controller, static switch, and the local loads, a two-

stage grid-connected PV system is formed of a dc/dc converter and energy storage system. 

In the case of this system, the direct current produced by the PV array is transformed to 

another voltage level before being converted to an AC current through inverter feeding into 

the grid. The inverter is an important interface between the PV array and the utility grid. 

The control performance of the inverter is an important element that affects the current 
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quality injected into the grid. It also affects the DG operation, performance, and harmonic 

interactions with the grid [85].  

 

5.4 Background of DG Primary Controller 

Grid-side converters possess a control structure that is formed of two cascaded loops: a 

current loop that regulates the grid current and solves power quality problems, and a dc-

link voltage controller that is responsible for maintaining the stability of the system. 

Control strategies can be divided into different groups based on the reference frame that 

they utilize. In this section, synchronous reference frame control and stationary reference 

frame control are discussed.  

5.4.1 Synchronous reference frame control 

In synchronous reference frame control, also known as dq control, a reference frame 

transformation module is used to change the grid voltage and current waveforms into a 

reference frame that rotates synchronously with the grid voltage. Since this reference frame 

results in DC control variable values, filtering, and controlling become easier to implement. 

Proportional-integral (PI) controllers are usually used in this control structure due to their 

satisfactory behavior during DC variable regulation.  

 

The matrix transfer function of the controller is given in dq coordinates as in (5.6): 
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Where Kp and Ki are the proportional gain and the integral gain of the controller, 

respectively. Cross-coupling terms are usually implemented to compensate the couplings 

due to the output filter. Cross-couplings and voltage feedforward are normally used to 

enhance the PI controller performance. PI controllers do not offer an efficient harmonic 

compensation method of low-order harmonics, which represents the main disadvantage in 

grid-connected system applications. The PI controller is not able to suppress the steady-

state error when controlling sinusoidal waveforms. Thus, other types of controllers should 

be used for sinusoidal control variables. 
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5.4.2 Stationary reference frame control 

Stationary reference frame represents another control strategy frame in which the grid 

currents are changed into stationary reference frame using an abc →  module. With the 

presence of sinusoidal controlled variables, the PI controller cannot be implemented. 

Proportional Resonant (PR) Controllers have gained popularity in the last decade due to 

their ability to effectively control grid-currents in DG systems. They function accurately 

through their ability to track converter reference sinusoidal currents in this frame without 

steady-state magnitude and phase error. This is a result of their capacity for attaining a very 

high gain around the resonance frequency.  

The matrix transfer function of the controller is given in the stationary reference frame as 

in (5.7): 
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where ω is the resonance frequency of the controller.  

 

The quality of the distributed power in grid-tied systems is crucial and is the subject of 

many standards. The current THD injected in the grid must not exceed the value of 5% 

according to the standards. A current controller can be implemented to compensate the grid 

harmonics and enhance the power quality. A PR controller can be used to achieve harmonic 

compensation. Several generalized integrators can be cascaded and tuned to resonate at the 

desired frequency value. As a result, harmonic compensation at different frequencies is 

produced. When using a PI controller, each harmonic order requires harmonic 

compensators for the positive and negative sequences under unbalanced conditions. This 

increases the complexity of the control algorithm. In contrast to PI controllers, the 

harmonic compensator of a PR controller operates on both sequences of the selected 

harmonic order.  

 

The transfer function of a harmonic compensator designed to compensate the third, fifth 

and, seventh harmonic orders is given as in (5.8): 
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The PR controller is a good candidate in applications where high dynamic and harmonic 

compensation is required such as low-order harmonics in distributed generation power 

systems. This is a result of the ability of the harmonic compensator to strictly react to the 

frequencies that are very close to the resonance frequency; conserving the dynamics of the 

PR controller [86].  

5.5 Harmonic Compensation Using PV-Based DGs 

The increased non-linear loads draw concerns for today’s power system grid and for 

utilities. Passive or active filters are integrated to reduce the harmonic distortions injected 

by non-linear loads such as EV battery charging. Since many DGs such as PV, wind, and 

fuel cells are equipped with DG-grid interfacing converters, they can be integrated in 

residential areas to enhance power quality and compensate the harmonics. An increased 

load in renewable energy-based distributed generation units are integrated in the power 

distribution system, causing the power industry to undergo a shift. The installation of 

rooftop PV systems in residential regions has risen. PV arrays are connected via DG-grid 

interfacing inverters to the grid. The DG-grid interfacing inverters convert the voltage level 

from the energy source to a voltage level that can be connected to the grid. They are also 

used to transport real power to the grid. DG-grid interfacing converters can provide system 

harmonic compensation [87]. Among the renewable energy sources, PV has drawn a lot of 

attention since it is safe, clean, has no fuel cost, produces no noise or air pollution, and has 

negligible running and maintenance cost [84].  

 

The increased nonlinear loads draw power quality concerns in the residential distribution 

grid. Compensating the harmonics due to nonlinear loads could be complicated since these 

loads have a scattered nature in the grid. The increased implementation of roof-top PV 

inverters in residential grids can be utilized to address the power quality issues. These 

systems can be implemented to compensate for the harmonics of the grid. The increase of 

nonlinear loads in the grid leads to increased harmonic currents and harmonic voltages in 

the grid. Creating a technique to compensate the harmonics produced by these scattered 

nonlinear loads in the residential distribution grid is important. Harmonic compensation 

can be achieved by designing and implementing passive filters. The adoption of passive 

filters to mitigate the harmonics produced by nonlinear loads has been widely used in 

literature. However, the performance of these systems is affected by the system impedance. 
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Active filters, including series and parallel structures, constitute another harmonic 

compensation tool that is more flexible than the passive filters. However, they must be 

implemented in proximity with nonlinear loads to measure their current. This presents a 

challenge since the nonlinear loads are spread across the distribution network, and thus, 

this compensation tool becomes very expensive and complicated. Resistive active power 

filters can be employed to reduce the harmonics of the grid voltage through sensing the 

grid voltage. However, a resistive active power filter should be dispersed overall in the 

feeder due to the relationship between the electrical length of the feeder and the wavelength 

of any frequency element [88].  

 

5.5.1 Genetic algorithm applications in power engineering 

In this proposed research, PV-based DGs are connected at certain buses of an IEEE 

network to compensate harmonic currents produced by EV battery charging. The harmonic 

spectrums of the DGs are optimally determined using the GA to reduce the voltage THD 

and minimize the current THD at the main substation. Genetic algorithms are a common 

nonlinear optimization approach used in many applications for power engineering. 

Conventional optimization approaches normally start with initial points and perform 

mathematical operations in each iteration until a local optimal solution is obtained. In a 

genetic algorithm, a population of randomly generated individuals is evolved to reach the 

fittest solutions. A genetic algorithm is an optimization tool applied to solve problems in 

harmonic passive filter planning in radial distribution systems and to minimize the voltage 

THD. Factors such as filter location, sizing, and power loss minimization are optimally 

considered in passive harmonic filter design for electric distribution systems in [89], [90]. 

A genetic algorithm can solve optimization problems that standard optimization algorithms 

cannot address with the objective function being discontinuous, nondifferentiable, 

stochastic, or highly non-linear. In this research, the objective functions — voltage THD 

and current THD — are highly non-linear. After the randomly created initial population, 

the GA produces a set of new populations using the individuals in the current generation 

at each step. The population evolves after successive generations, reaching an optimal 

solution [91]. A description of the GA approach is presented in Fig. 5.2.  

In literature, renewable resources have been integrated into distribution systems to reduce 

the impacts of EVs on harmonic distortion. Wind generators constitute a source of 
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harmonic currents which have harmonic profiles in common with EVs and thus can be 

utilized to reduce the impacts on harmonic distortions. In [92], a harmonic decoupled 

power flow model is implemented, including EV loads and wind generators to evaluate the 

impacts of EVs on harmonic distortions. A genetic algorithm is then developed to 

determine the optimal sizing of wind generators to reduce the voltage and current THDs. 

The study concludes that the integration of wind generators into the power system aids in 

lowering the voltage and total current harmonic distortions produced by EVs. In [93], the 

optimal distributed generator placement and sizing are determined to reduce real power 

losses and total harmonic distortion for voltage by using a combination of a Hybrid Genetic 

Algorithm and Particle Swarm Optimization search. The results show the efficiency of the 

proposed technique to minimize the losses and THD for voltage.  
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Fig. 5.2. Genetic algorithm flowchart. 

Three PV-based DGs are connected to the 33-bus radial system at buses #14, 20, and 25.  

These locations are chosen to distribute the PVs among the feeders (one PV per feeder) 

and place them close to the EV loads. Figure 5.3 shows the distribution system under study 

with EV loads and PV-based DGs integrated.  
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Fig. 5.3. The IEEE 33-bus radial distribution system with EV parking lots and PV-based DGs. 

The PV penetration level is kept at 15% with a power rating of 655.5 kVA to match the 

EV penetration level. Since there are three PV-based DGs connected at each bus, the power 

generated by each PV source is equal to 218.47 kVA. The additional power ratings are 

added to buses #14, 20, and 25. The power ratings become 338.47 kW, 308.47 kW, and 

638.47 kW at buses #14, 20, and 25, respectively.   

 

The conventional power flow is computed this time, including PV-based DGs. The 

parameters are then obtained from the power flow solution at the fundamental frequency, 

including real and reactive power demands at certain buses. Bus voltage magnitudes, 

resistances, and reactances are declared as global variables. Since PV-based DGs are 

modeled by harmonic current sources, the load admittance value at buses #14, 20, and 22 

are taken as zero. The admittance of each branch is computed, and the bus admittance 

matrix is obtained. The fundamental current generated by each PV-based DG is calculated 

using (5.9). 
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The same harmonic spectrum for a Level III charger is used, and the hth harmonic order 

current is equivalent to the one previously obtained. The harmonic spectrum of each PV-

based DG is presented in terms of x as follows: 
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 (5.10) 

where x(1), x(5), and x(9) correspond to the third harmonic; x(2), x(6), and x(10) 

correspond to the fifth harmonic; x(3), x(7), and x(11) correspond to the seventh harmonic, 

and x(4), x(8), and x(12) correspond to the ninth harmonic of the PV-based DGs.  

The hth harmonic order current at each bus where a PV-based DG is connected is given as 

follows [52]: 
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 (5.11) 

Next, (4.5) is used to calculate the bus harmonic voltages at each harmonic order. Total 

harmonic distortion for voltage and current are also calculated.  

 

5.5.2 Voltage total harmonic distortion minimization 

A. Objective function 

A single objective optimization technique, formulated as a constrained non-linear integer 

optimization problem, is presented to reduce disturbances on the distribution system in the 

presence of EVs. The main objective is to reduce the total harmonic distortion of voltage 
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at the bus, where the maximum disturbance occurs. An objective function FTHDv
max is 

formulated to minimize the total harmonic distortion voltage in the system. 

The objective function is given as follows: 

 max

maxmin( )
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, 

THDv
max is the voltage THD at the bus that experiences the highest disturbance, i.e. bus 

#16, vmax
h is the harmonic voltage magnitude at the hth harmonic order at the same bus 

number, and vmax
1 is the voltage magnitude at the same bus number at the fundamental 

frequency.  

 

B. Equality constraints 

The real and reactive power balance constraints at the fundamental frequency for each 

system bus i are given as follows: 
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where PG,i is the fundamental real power generation at bus i; QG,i is the fundamental reactive 

power generation at bus i; γi,j
1 is the magnitude of (i, j)th element of the fundamental bus 

admittance matrix; θi,j
1 is the angle of (i, j)th element of the fundamental bus admittance 

matrix; and δi
1 is the fundamental voltage angle at bus i. 

The harmonic power flow constraint is given as follows [52]: 

 h h hY V I=  (5.15) 
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C. Inequality constraints 

C.1. Bus voltage limits 

The rms voltage magnitude at every bus i is bound by a given lower limit and a given upper 

limit as shown: 
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where vmin is the lower rms voltage limit and vmax is the upper rms voltage limit with vmin = 

0.9 p.u. and vmax = 1.1 p.u [94] . 

 

C.2. Total harmonic distortion limits 

The voltage THD value at each bus i is limited by IEEE-519 standards as follows: 
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where THDv
max is the maximum permissible total voltage harmonic distortion set in IEEE-

519 standards. It is set at 5% [72].  

C.3. Individual harmonic distortion limits 

Individual voltage harmonic distortion value at every bus i is limited by IEEE-519 standard 

as follows:   

 
lim ,

, 1
(%) 100

h

ih it h

v i v

i

v
IHD IHD

v
=    (5.18) 

where IHDv
limit,h is the maximum allowable voltage harmonic distortion level at harmonic 

order h. It is specified as 3% [72].  

Individual current harmonic distortion at each bus i is limited by IEEE-519 standards as 

follows: 

 
lim ,

, 1
(%) 100

h

ih it h

i i i

i

I
IHD IHD

I
=    (5.20) 

where 
lim ,it h

i i iLB IHD UB  , LBi = -10% and UBi = 10%, and IHDI
limit,h is the maximum 

allowable current harmonic distortion level at harmonic order h [52], [72].  
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C.4. Current limit constraint 

The current flowing through each branch is calculated using (4.6) at the fundamental 

frequency (where h =1). It is assumed that the current limit is equal to twice the branch 

current during the rated load, i.e.,  

 
lim 2it

ij ijI I=   (5.21) 

Therefore, the current limit constraint is given by 

 
limit

ij ijI I  (5.22) 

This current constraint is added to the objective function as a penalty factor: 

 max
v

new

obj fTHD
F F P= +  (5.23) 

where Pf = 0 when there is no violation, and Pf = 1e8 when a violation occurs.  

 

A function handle is passed to the fitness function as the first argument to the GA function 

to minimize it. In the second argument, the number of variables is specified as 12, since 

there are 12 unknown variables associated with the PV harmonic currents.  

The GA algorithm returns the values of the unknown control variables resulting in 

minimizing the THD for voltage. These values determine the harmonic spectrum of each 

PV-based DG, as shown in Fig. 5.4.  

 

Fig. 5.4. Harmonic current spectrum of each PV-based DGs. 
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The harmonic spectrum associated with each PV, along with the presence of EVs results 

in the THD voltage profile at bus #16 presented in Fig. 5.5. 

 

Fig. 5.5. THD for voltage after PV compensation. 
 

The voltage disturbance values are lower after integrating PV-based DGs. The highest 

value of THD reaches 4.5% at 10 a.m. This value remains below the 5% allowable limit 

set by the standards. At this specific time, the GA algorithm results in a reduction of THD 

by a factor of 2.89. THD values are also reduced from 8.9% to 3.1% at 9 a.m. and from 

10.4% to 3.6% at 11 a.m. as a result of the integration of PV-based DGs into the system.  

 

Using the harmonic spectrum of PV-based DGs, the voltage THD along with the harmonic 

distribution of EV loads and conventional loads is minimized. Next, the harmonic current 

through the substation transformer is obtained using (4.6). The harmonic spectrum through 

the substation transformer resulting from both EV and PV loads at the maximum loading 

conditions is shown in Fig. 5.6.  

 

Using the harmonic spectrum shown in Fig. 5.6, the distribution transformer lifetime is 

obtained and presented in Fig. 5.7. The transformer lifetime is constant at 20.55 years at 

all loading conditions resulting from the integration of PV-based DGs.  
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Fig. 5.6. Harmonic current spectrum through substation transformer after PV compensation. 
 

 

 

Fig. 5.7. Transformer real life after PV compensation. 
 

5.5.3 Current total harmonic distortion minimization 

A. Objective function 

A second single objective optimization technique, formulated as a constrained non-linear 

integer optimization problem, is presented to minimize the total harmonic distortion for 

current through the main substation transformer. An objective function FTHDI
sub is 

formulated to achieve this goal and given by  

 (1,2)min( )sub
I

ITHD
F THD=  (5.24) 



 

81 
 

where                                           

max 2

(1,2)

2(1,2)

1

(1,2)

(%) 100

h
h

h

I

i

THD
i

=
= 


,  

in which, THDI
(1,2) is the current THD through the substation transformer, connecting buses 

1 and 2, i(1,2)
h is the harmonic current at the hth harmonic order through the substation 

transformer, and i(1,2)
1 is the current through the substation transformer at the fundamental 

frequency.  

 

B. Equality constraints 

The real and reactive power balance constraints at the fundamental frequency for each bus 

i are given as in (5.13) and (5.14). 

 

The harmonic power flow constraint is given in (5.15). 

C. Inequality constraints 

C.1. Total harmonic distortion limits 

The rms voltage magnitude at every bus i is bound by lower and upper limits as given in 

(5.16). 

C.2. Total harmonic distortion limits 

The current THD value at each bus i, 
iTHD , is limited by the IEEE-519 standards as 

follows: 

 

max 2

2 lim

1
(%) 100

h
h

i

h it

i i

i

i

THD TDD
i

=
=  


 (5.25) 

where TDDi
limit is the maximum permissible total current demand distortion, and is set at 

12%.  

 

C.3. Individual harmonic distortion limits 

Individual current harmonic distortion value at every bus i is limited by IEEE-519 standard 

as follows:   

 
max,

, 1
(%) 100

h

ih h

i i i

i

i
IHD IHD

i
=    (5.26) 
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where IHDi
max,h is the maximum allowable current harmonic distortion at the harmonic 

order h, and bounded by
max,h

i i iLB IHD UB  , LBi = -20%, and UBi = 20%. The lower and 

upper bounds, LBi and UBi, are relaxed in this problem to enhance the minimization the 

current THD.  

C.4. Current limit constraint 

The current constraint is expressed as in (5.22) and added to the objective function as a 

penalty factor. 

The harmonic spectrum used for EV loads is combined with conventional loads here. The 

equation for the harmonic currents through the main substation is used. The GA algorithm 

applied returns the values of the unknown control variables resulting in a minimized THD 

for current. The harmonic spectrum of each PV-based DG unit is presented in Fig. 5.8.  

 

 

Fig. 5.8. Harmonic current spectrum of each PV-based DG. 
 

After integrating the PV-based DGs with the presence of EV loads, the THD for current is 

measured throughout a 24 hr cycle, as shown in Fig. 5.9. The maximum current disturbance 

takes place at 10 a.m. with a value of 11.6 %. This value is below the maximum current 

THD set in IEEE standards. The current THD decreases to 7.96% at 11 a.m. and falls to 

1.4% at noon. After obtaining the harmonic spectrum of PV-based DGs that minimize the 

current THD, the harmonic current through the substation transformer is calculated using 

(4.6). 
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The harmonic spectrum through the substation transformer resulting from both EV and PV 

loads at the maximum loading conditions is obtained and shown in Fig. 5.10.  

 

 

Fig. 5.9. THD for current after PV compensation. 
 

 

After obtaining the harmonic spectrum of PV-based DGs that minimize the current THD, 

the harmonic current spectrum through the substation transformer is calculated using (4.6). 

This spectrum was used to calculate the transformer lifetime. The results are shown in Fig. 

5.11. The transformer lifetime remains constant at 20.55 years at all loading conditions. 

These results confirm the effectiveness of the proposed optimal harmonic power flow in 

compensating the EV impacts on DTs. 
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Fig. 5.10. Harmonic current spectrum through substation transformer after PV compensation.  

 

 

Fig. 5.11. Transformer real life after PV compensation.  
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CHAPTER 6  

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

This study consists of a comprehensive evaluation of the impacts of electric vehicle battery 

charging on the power system and its components. The first phase of the evaluation is 

performed at the device level of the power system: the distribution transformer. A per-unit 

model of the transformer losses, temperature rise, and lifetime is proposed to show the 

effects of current harmonics produced as a result of EV battery charging. The assessment 

is investigated on a sample 1,500 kVA DT under 20% EV penetration with the harmonic 

distribution of conventional and EV loads used. These results are compared with the ones 

obtained in the absence of EV loads.  

 

The results show that the extra EV load demand causes a rise in load losses of the 

transformer. As a result, the transformer temperature rise increases, and lifetime degrades. 

The highest load losses, temperature rise, and lifetime degradation occur at 9:30 p.m. when 

EV load is at its maximum. The load loss rises from 3.65 p.u. to 5.68 p.u. after introducing 

EV loads into the grid. This rise in load loss is caused by an increase in eddy-current and 

other stray losses. The hottest-spot conductor rise over ambient increases from 88.5 °C to 

124.1 °C. This is caused by the rise in top-oil over ambient temperature and hottest-spot 

conductor over top-oil temperature due to transformer losses. In the absence of EV loads, 

the hottest-spot temperature always remains below 110 °C. Consequently, the aging 

acceleration factor is always below one, indicating that the accelerating rate of the 

transformer insulation aging is normal. However, with the introduction of EVs, this aging 

acceleration factor exceeds one between 9:30 p.m. and 11:00 p.m., which indicates that the 

transformer is not operating in safe conditions. This factor increases from 0.097 p.u. to 

4.006 p.u. as a result of EV charging. Other indices are calculated to analyze the lifetime 

of the transformer. With temperature values below the reference temperature of 110 °C in 

the case of 0% EV penetration, the transformer p.u. insulation life is higher or equal to one, 

implying that the insulation life is not degraded. Insulation aging caused by EV charging 

is observed from 9:30 p.m. to 11:00 p.m., falling to 0.25 p.u. at 9:30 p.m. The percent loss 

of life value in the absence of EVs is less than the normal LOL value of 0.0133%. This 

value rises to 0.05341% at 9:30 p.m. due to EV charging. After obtaining the aging 
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acceleration factor, the real life of the transformer is modeled and quantified. It is observed 

that it decreases from 20.55 years to approximately 5.13 years at 9:30 p.m. 

 

A study is conducted involving current harmonic spectrums of different charging levels to 

understand the impacts associated with the users’ charger choice. Since the state of charge 

has an impact on the harmonic currents, current harmonic measurement data is recorded at 

various time intervals throughout the charging cycle. Weighted arithmetic mean is applied 

on the time-variant harmonic magnitudes to obtain the harmonic magnitudes of the 

spectrum. Including the effect of the state of charge on the total harmonic distortion of 

charging current improves the accuracy of the assessment. Two harmonic spectrums —  

one of a Level I/II charger and the other of a Level III charger — are used to model and 

quantify the effects of harmonic components on the distribution transformer. Based on the 

results, it is concluded that the load losses, temperature rise, and lifetime reduction with a 

Level III charger are greater than the impacts caused by a Level I/II charger. Thus, a Level 

III charger current harmonics affect the transformer more severely than the harmonics of a 

Level I/II charger.  

 

The assessment is extended to the system level, where case studies are performed on a 

practical 33-bus radial system consisting of a combination of residential, commercial, and 

industrial loads. Four EV parking lots are supplied from certain buses of the system. DHPF 

technique is applied to measure the system distortion resulting from EV charging with a 

penetration level of 15%. This algorithm returns the bus voltage profile at each harmonic 

order. The harmonic voltage values are used to calculate the voltage THD when using a 

Level III charger. Since the highest voltage THD occurs at bus #16 at which an EV parking 

lot is supplied, the voltage THD is obtained for 24 hours. During the period from 9 a.m. till 

11 a.m., the voltage THD values are beyond the limit of 5% set by IEEE 519 standards. 

This is a result of the EV charging load being high during this time period. The voltage 

THD reaches 13.0% at 10 a.m. and is at its highest. The THD limit is violated at each bus 

where an EV charging lot is connected from 9 a.m. till 11 a.m. It is also observed that the 

buses located at proximity with the EV charging lots also undergo high voltage disturbance. 

The harmonic currents through the substation are estimated to measure the current 

disturbance on the substation transformer due to EV charging and other conventional load 
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producing harmonics. It is noted that the highest value of the harmonic disturbance occurs 

at 10 a.m., when the EV load is at its peak. Then, the disturbance is measured at maximum 

loading conditions to display the voltage THD at each bus. It is observed from the voltage 

THD profile that the highest value happens at bus #16, followed by bus #15, and finally, 

24 where EV loads are connected. Bus #14 experiences the third most voltage disturbance 

since its location is close to two parking lots connected to the same feeder. The same 

analysis is repeated for a Level I/II charger. Similarly to the Level III charger, the highest 

voltage disturbance during maximum loading conditions takes place at bus #16. However, 

only buses #15, 16, and 24 experience a disturbance higher than the 5% limit at certain 

times. Based on the voltage THD values, it is concluded that Level I/II chargers have a less 

severe effect on the system than Level III chargers do. This is a result of the smaller 

harmonic current values in Level I/II chargers compared to Level III chargers. The 

algorithm is used to obtain a 24 hr THD profile. At the maximum EV loading of 0.95 p.u., 

the voltage THD is 7.1% at 10 a.m. at bus #16. The voltage limit of 5% is only violated at 

10 a.m. and 11 a.m. in this case at buses #16, 14, 15, and 24. Bus #22 voltage THD does 

not violate the limit of 5% with a Level I/II charger. The remainder of the buses remains 

below this limit. The current THD through the substation has lower values with a Level 

I/II charger than with a Level III charger.  

 

Next, a harmonic compensation technique that involves the integration of PV-based DGs 

into the system is proposed. DGs can provide an ultimate solution to solve many issues 

associated with the power system since they are smaller electrical power generation units 

that are readily available, easy to install, relocate, operate, and are affordable. The benefits 

associated with the presence of DGs, have led to their increase in popularity in distribution 

networks. A positive impact of DGs on power systems is that they enhance the overall 

system performance by improving voltage profiles and power quality [93]. An optimization 

problem is formulated to find the harmonic current ratio of each PV-based DG connected 

at a certain bus of the network. The total harmonic distortion for voltage at the bus where 

the maximum distortion occurs and the current THD through the main substation are taken 

as the objectives that should be minimized. The GA algorithm returns the harmonic 

spectrums of PVs that result in the minimum voltage THD at bus #16 for a Level III 

charger. The maximum voltage THD value occurs at 10 a.m. and reaches 4.5% which does 
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not violate the limit set by the standards. The values at the other times are also reduced by 

PV integration.  

 

The second objective of minimizing current THD through the main transformer is 

addressed. The harmonic spectrums of conventional loads and EV loads are combined in 

the DHPF algorithm. The GA is performed and returns the harmonic spectrum of each PV-

based DG that leads to minimum current disturbance.  

 

6.2 Future Works 

This research can be further extended to enhance the performance of power systems and 

their components. The two objective functions proposed in chapter 5 can be combined into 

a single fitness function in order to minimize the voltage THD and the current THD 

simultaneously. This would help determine an optimal single harmonic spectrum for each 

PV-based DG. Since distribution transformers constitute important components of the 

electric power system that connect the primary system to the secondary system, extending 

their life expectancy is beneficial to maintain the reliability of power distribution. The 

optimization problem of the proposed GA algorithm can be extended to minimize the loss 

of life of distribution transformers. In addition, the optimal placement of DGs is a factor 

that should be addressed to maximize the benefits of DG integration in the network. Non-

optimal placement and sizing of DGs can lead to a rise in system power losses and costs. 

Appropriate size and location of DGs can enhance the results of achieving minimum 

voltage and current disturbance [93]. In addition to the integration of PVs, active harmonic 

filters can be designed and implemented to lower harmonics produced by non-linear 

devices and provide highly dynamic reactive power that meets the requirements. Parallel 

connected active harmonic filters offer many advantages resulting from their simplicity to 

retrofit and scale, and their direct effectiveness in mitigating the harmonic voltage. The 

available active filters can filter harmonics up to the 50th order and offer dynamic reactive 

power compensation [95].  
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APPENDICES 

Appendix A 

 

TABLE A. 1. Bus Data for 33-bus Radial Distribution System. 

Bus # Type Pd (kW) Qd (kVAr) 

1 3 0 0 

2 1 100 60 

3 1 90 40 

4 1 120 80 

5 1 60 30 

6 1 60 20 

7 1 200 100 

8 1 200 100 

9 1 60 20 

10 1 60 20 

11 1 45 30 

12 1 60 35 

13 1 60 35 

14 1 120 80 

15 1 60 10 

16 1 60 20 

17 1 60 20 

18 1 90 40 

19 1 90 40 

20 1 90 40 

21 1 90 40 

22 1 90 40 

23 1 90 50 

24 1 420 200 

25 1 420 200 

26 1 60 25 

27 1 60 25 

28 1 60 20 

29 1 120 70 

30 1 200 600 

31 1 150 70 

32 1 210 100 

33 1 60 40 

 

Buses are classified into three types in power systems: PQ bus, PV bus and Slack bus. PQ 

bus is known as Load Bus in which the real power and reactive power are given. PV bus is 

known as Generator Bus in which the real power and the voltage magnitude are specified. 

Slack bus, also known as Reference or Swing Bus, is used to balance the active and reactive 

power in the system. Its voltage magnitude is taken as 1 p.u. In Table A.1, all of the buses 
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are of type 1, except for bus #1. Type 1 refers to PQ bus that are used to find the bus voltage 

and angle. Bus #1 is of Type 3, denoting that is a slack bus that serves as an angular 

reference for all other buses in the system.  

 

TABLE A. 2. Branch Data for 33-bus Radial Distribution System. 

Branch # From bus # To bus # R (ohms) x (ohms) 

1 1 2 0.0922 0.0470 

2 2 3 0.4930 0.2511 

3 3 4 0.3660 0.1864 

4 4 5 0.3811 0.1941 

5 5 6 0.8190 0.7070 

6 6 7 0.1872 0.6188 

7 7 8 0.7114 0.2351 

8 8 9 1.0300 0.7400 

9 9 10 1.0440 0.7400 

10 10 11 0.1966 0.0650 

11 11 12 0.3744 0.1238 

12 12 13 1.4680 1.1550 

13 13 14 0.5416 0.7129 

14 14 15 0.5910 0.5260 

15 15 16 0.7463 0.5450 

16 16 17 1.2890 1.7210 

17 17 18 0.7320 0.5740 

18 2 19 0.1640 0.1565 

19 19 20 1.5042 1.3554 

20 20 21 0.4095 0.4784 

21 21 22 0.7089 0.9373 

22 3 23 0.4512 0.3083 

23 23 24 0.8980 0.7091 

24 24 25 0.8960 0.7011 

25 6 26 0.2030 0.1034 

26 26 27 0.2842 0.1447 

27 27 28 1.0590 0.9337 

28 28 29 0.8042 0.7006 

29 29 30 0.5075 0.2585 

30 30 31 0.9744 0.9630 

31 31 32 0.3105 0.3619 

32 32 33 0.3410 0.5302 

33 21 8 2.0000 2.0000 

34 9 15 2.0000 2.0000 

35 12 22 2.0000 2.0000 

36 18 33 0.5000 0.5000 

37 25 29 0.5000 0.5000 
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