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Abstract

Smart charging for Electric Vehicles (EVs) is increasingly recognized as a pivotal strat-

egy for managing the challenges posed by large-scale EV adoption. It offers significant

economic and operational benefits by mitigating grid congestion, deferring infrastruc-

ture upgrades, and enabling off-peak charging. Governments worldwide have responded

by mandating smart charging capabilities in EV infrastructure, underlining its critical

role in advancing sustainable energy systems. However, while extensive research has

addressed the benefits of smart charging in load management and voltage regulation, its

power quality implications, particularly the generation of harmonic emissions, remain

relatively underexplored. As EV penetration increases, understanding and managing

the harmonic impacts of smart charging on the power system is vital to maintaining

grid stability and power quality.

This thesis adopts a comprehensive approach encompassing four main stages: mea-

surement, analysis, quantification, and solution development. First, in the measure-

ment phase, a detailed experimental setup is conducted to capture harmonic emissions

from eight commercially available EV models. Each vehicle is charged using smart

chargers across a range of current levels, measured in 1 A increments from the mini-

mum to the maximum permissible charging current. Harmonic amplitudes and phase

angles are recorded for both single and multi-EV charging setups, providing a high-

resolution dataset suitable for further analysis.

Next, the analysis phase statistically examines current total harmonic distortion

(THDI), dominant harmonic orders, and phase angle interactions. A consistent inverse

relationship is observed between charging current and harmonic emissions, where lower
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charging rates led to higher THDI. Multi-EV scenarios demonstrate partial harmonic

cancellation due to phase diversity, though worst-case configurations still reach THDI

levels exceeding 25%, with half of the tested EVs violating individual harmonic order

limits. These findings suggest that similar THDI values can hide significant differences

in individual harmonic order profiles, highlighting the limitations of THDI as a sole

compliance metric.

In the quantification phase, a Monte Carlo simulation framework is developed to

evaluate the probabilistic nature of harmonic emissions resulting from simultaneous

multiple EV charging events. This allows the assessment of standard compliance risks

under varying EV combinations and charging rates, incorporating uncertainties in real-

world operating conditions. The assessment also incorporates a comparison of harmonic

emissions from both single and multiple EV charging scenarios against the thresholds

for THDI and individual harmonic orders as defined in international power quality

standards(e.g. IEC 61000 and IEEE 519).

Additionally, the impact of harmonic-rich loading on the aging of distribution trans-

formers is quantified. A thermal-electrical model based on IEEE C57.91 and IEEE

C57.110 standards is applied to a 160 kVA distribution transformer evaluated under

full-load conditions, which are achieved by varying the number of simultaneously charg-

ing EVs at fixed current levels. Results reveal that harmonic-induced losses significantly

elevate hot-spot temperatures and aging acceleration factors, particularly at low charg-

ing currents, potentially reducing transformer lifespan to under 10 years in worst-case

conditions. Based on these findings, a rule-based harmonics-averse EV charging strat-

egy is proposed to guide system operators in prioritizing charging rates, such as 13 A,

that balance transformer longevity and connection capacity. This strategy provides

an actionable guideline for transformer protection in heavily loaded scenarios without

requiring additional infrastructure.

Finally, in addition to proposing a rule-based EV charging management strategy

for heavily loaded networks to mitigate transformer aging, the solution phase also

introduces a harmonics-aware smart charging optimization framework specifically de-

signed for partially loaded networks, aiming to ensure power quality compliance while
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meeting energy delivery requirements. A Particle Swarm Optimization (PSO) algo-

rithm is combined with a Water Filling mechanism to generate charging schedules that

meet user demand while maintaining THDI below regulatory limits. Regression models

linking charging power to THDI enable tractable, real-time enforcement of harmonic

constraints. Results reveal that this strategy maintains compliance without compro-

mising energy delivery and avoids the need for costly hardware interventions, such as

active filters.

This thesis contributes to the state of knowledge by bridging a critical gap between

smart charging design and harmonic-aware grid operation. Through experimental evi-

dence, probabilistic modelling, and rule-based and optimization-based control, it offers

actionable insights into balancing charging demand, power quality, and asset longevity.

The work also highlights shortcomings in existing harmonic standards when applied to

smart, controllable loads. It recommends revising compliance protocols to accommo-

date the dynamic behaviour of smart charging and offers practical guidance to support

utilities, regulators, and researchers in enabling scalable and reliable EV integration.
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Chapter 1

Introduction

1.1 Motivation

Climate neutrality has become a global priority, with governments worldwide com-

mitted to ambitious greenhouse gas (GHG) emission reduction targets [1]. The 2015

Paris Agreement established a legally binding international framework to limit global

warming to well below 2◦C, preferably 1.5◦C, compared to pre-industrial levels [2]. To

achieve this target, signatory countries have committed to reducing GHG emissions by

at least 90% from 1990 levels by 2050 [3]. Several nations, including the United King-

dom (UK), France, and Norway, have reinforced these commitments through national

net-zero targets and supporting legislation [4, 5].

A key component of these decarbonization efforts is the transformation of the trans-

portation sector, which remains a major contributor to GHG emissions [6]. Globally,

transport contributes nearly one-quarter of GHG emissions, with road vehicles responsi-

ble for about 75% of that total [7]. In the UK, for instance, domestic transport accounts

for 30% of national emissions, making it the largest emitting sector as of 2024 [8]. By

comparison, the buildings and product use sector accounted for 21%, followed by in-

dustry at 13%, agriculture at 12%, and electricity supply at 10%. The percentage of

emissions contributed by all sectors in the UK is shown in Figure 1.1. In this thesis,

the discussion of transport-related emissions and electrification challenges focuses pri-

marily on domestic road transport and EV charging, which account for the dominant
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Figure 1.1: Greenhouse gas emissions by sectors (%) in the UK in 2024 [8].

share of transport-sector emissions and directly interact with low-voltage distribution

networks.

As part of its strategy to decarbonize transport, the UK has announced a ban on

the sale of new petrol and diesel cars by 2030, with all new vehicles required to be fully

zero-emission by 2035 [9]. These policy measures have led to a rapid increase in electric

vehicle (EV) adoption, with more than 1.4 million battery-electric vehicles (BEVs) on

the UK roads as of early 2025 [10]. Projections suggest EVs will account for 60% of

global new car sales by 2030 and nearly all new car sales by 2040 [11].

The transition to electric mobility introduces significant operational challenges for

power systems. As EV adoption increases, there is a pressing need to integrate an

aging distribution grid with a rapidly expanding network of charging infrastructure.

Achieving this integration requires timely grid upgrades, strategic placement of charg-

ing stations, and coordinated regulatory policies that can support both widespread elec-
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trification and the long-term reliability of the power system [12]. Without coordinated

control, uncontrolled EV charging could lead to significant issues such as transformer

overloading, voltage drops, and increased infrastructure costs [13, 14]. These costs

are primarily driven by simultaneous charging behaviour, which raises peak demand

at the distribution level, accelerates asset aging, and forces premature reinforcement

or replacement of network components dimensioned for peak load rather than annual

energy demand.

Evidence from distribution network studies and field measurements indicates that

high EV penetration can exacerbate peak demand, voltage deviations, and power qual-

ity issues, particularly under concurrent charging conditions, thereby stressing low-

voltage networks that were not initially designed for large engagements of power-

electronic loads [15]. From a grid planning perspective, distribution networks are

usually designed for long-term forecasts, typically over a 20-year horizon, and include

built-in capacity margins. However, at high levels of EV penetration, uncontrolled

EV charging can push peak demand beyond initial planning assumptions, necessitating

infrastructure upgrades sooner than expected. Such upgrades often involve multiple

stakeholders and lengthy approval processes; for instance, the typical timelines in the

UK are discussed in [16]. To address these challenges, smart charging has emerged as a

critical EV load management strategy. By leveraging the flexibility between when EVs

are plugged in and when they actually need to be charged, smart charging enables peak

demand reduction, load shifting, and improved infrastructure utilization [17–19]. For

instance, a vehicle connected overnight (7 pm to 7 am) may require only a few hours to

fully recharge, enabling the remaining hours to be used for grid-friendly charging sched-

ules [20]. Smart charging strategies are also implemented in parking facilities equipped

with EV chargers to mitigate peak demand and lower infrastructure expenses [21]. In

this thesis, smart charging is considered as a control-based approach that aims to meet

EV user energy delivery requirements while simultaneously ensuring compliance with

power quality constraints, particularly maintaining current harmonic levels within the

limits defined by existing IEEE and IEC standards.

In recognition of the potential benefits of smart charging, governments have begun
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to mandate smart charging capabilities. Since July 2019, the UK EV infrastructure

grant schemes have only supported chargers with smart functionality [22], and the 2021

Electric Vehicle Smart Charge Points Regulations require that all new residential and

workplace EV chargers incorporate built-in smart charging features [23]. Similar regu-

latory frameworks are in place across Europe under the Alternative Fuels Infrastructure

Regulation (AFIR) [24]. These policies underscore the growing role of smart charging

in the future electricity ecosystem.

Numerous studies have demonstrated the benefits of smart charging in reducing

peak loads, balancing phases, and minimizing transformer stress in both residential and

commercial charging [19,25,26]. Financial incentives also encourage consumers to shift

charging to off-peak periods with lower electricity prices [27]. Despite these advantages,

increasing attention is being directed toward the interaction between smart charging

and the performance of on-board EV chargers [28]. In AC charging scenarios, the

load profile is primarily determined by the on-board charger [29], which is crucial for

maintaining grid stability and protecting infrastructure through performance indicators

such as power factor, efficiency, and harmonic distortion. Although power factor and

efficiency have been thoroughly investigated in [30], which assessed over 35 EV models,

the impact of smart charging on harmonic distortion remains underexplored.

Harmonic emissions are a growing concern in power systems, primarily due to

the non-linear behaviour of on-board EV chargers operating at different power levels.

This non-linear behaviour occurs because the AC–DC rectification and high-frequency

switching stages within on-board chargers draw current in accordance with internal con-

duction and control states rather than a linear voltage–current relationship, resulting

in non-sinusoidal input currents even under sinusoidal supply voltages. The literature

review indicates that at low ambient temperatures, increases battery internal resistance

leads the Battery Management System (BMS) to reduce charging current in order to

prevent overvoltage. Under these conditions, EVs tend to produce higher levels of cur-

rent harmonic distortion [28, 29, 31]. This observation forms a key motivation for the

thesis, as it suggests that the dynamic current adjustments in smart charging may pro-

duce harmonic distortion patterns similar to those observed under temperature-induced
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current limitations.

The presence of harmonics introduces several power quality issues, including trans-

former overheating, insulation degradation, increased cable losses, and electromagnetic

interference [32–35]. These effects are particularly problematic when multiple EVs

charge simultaneously at low current levels, as partial harmonic cancellation becomes

more challenging to predict. Despite the growing penetration of smart charging and

the existence of well-established harmonic standards, industry standards such as IEC

61000-3-2 and IEC 61000-3-12 primarily evaluate harmonic emissions at rated charg-

ing conditions, and therefore do not explicitly address the dynamically varying current

levels and operating behaviours introduced by smart charging.

While smart charging offers clear benefits in mitigating peak demand and infrastruc-

ture stress, its broader implications for power quality, particularly harmonic distortion

under realistic operating conditions, remain insufficiently understood. Given these lim-

itations, this thesis aims to investigate the harmonic performance of on-board chargers

across a wide range of smart charging current setpoints. It also evaluates the adequacy

of existing harmonic emission standards, particularly under realistic smart charging

conditions. The study further assesses the impact of harmonics on transformer aging

using probabilistic modelling techniques. Finally, it proposes rule-based EV charging

management and harmonics-aware charging strategies that account for both thermal

and power quality constraints. By addressing these interconnected challenges, this work

contributes to the development of resilient, standards-compliant, and harmonics-aware

EV integration strategies for future distribution networks.

1.2 Research Gap

EVs are crucial to reducing GHG emissions and transitioning to sustainable energy sys-

tems. Since EVs are connected to the power grid via power electronics-based on-board

chargers, they introduce challenges to power quality and grid stability [36]. Among

these challenges, harmonic distortion is a critical issue. Harmonics are generated during

the AC to DC conversion process within on-board chargers, and their impact becomes
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more prominent in scenarios involving smart charging.

Smart charging is widely recognized as a solution to alleviate grid stress by op-

timizing charging schedules and improving voltage profiles. However, its impact on

harmonic emissions has not been sufficiently studied [30]. Unlike traditional harmonic

sources, EV chargers operating under smart charging conditions exhibit variable power

levels. This variability, driven by dynamic charging rates and schedules, alters the

harmonic behaviour of on-board chargers in ways not adequately captured by current

harmonic standards [37]. These standards are typically designed for power electronic

devices operating at fixed points, such as rated power, and do not account for the dy-

namic operating conditions introduced by smart charging [38]. This creates a significant

knowledge gap, as smart charging introduces new harmonic patterns and interactions

that could adversely affect power quality.

Furthermore, the literature reveals a lack of comprehensive datasets documenting

EV chargers’ harmonic behaviour under varying smart charging conditions. While

some studies provide insights into harmonic magnitudes, few consider the phase angles

of harmonic currents, which are crucial for accurate harmonic summation analysis in

multi-vehicle charging scenarios. Such datasets are vital for understanding the cumu-

lative harmonic impact of multiple EVs charging simultaneously on power grid infras-

tructure. Without this understanding, the integration of EVs into power systems risks

exacerbating issues such as voltage distortion, increased thermal stress on transformers,

and accelerated aging of critical grid components.

This research addresses these gaps by investigating the relationship between smart

charging currents and the resulting harmonic emissions. By developing comprehensive

datasets that include both harmonic magnitudes and phase angles across various smart

charging rates, this study aims to enhance the understanding of how single and multiple

EV charging scenarios affect power grid infrastructure. The findings will contribute

to improving harmonic standards, developing mitigation strategies, and ensuring the

sustainable integration of EVs into modern power systems.
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1.3 Research Questions

This thesis addresses key research gaps related to the harmonic impacts of EV smart

charging on power distribution networks. The research is guided by the following

questions, organized into three thematic categories:

1. Harmonic Profiling of EVs under Smart Charging Conditions and

Aggregation Effects

RQ1: How do different EV models behave in terms of harmonic emissions across varying

smart charging current levels, and what is the relationship between charging rate

and harmonic distortion?

RQ2: What is the cumulative harmonic impact of multiple EVs charging simultaneously,

and how do phase angle variations influence harmonic cancellation effects at the

point of common coupling (PCC)?

2. Power Quality Standards Compliance and Power Grid Impact

RQ3: To what extent do current harmonic emission standards (e.g., IEC 61000-3-2, IEC

61000-3-12) adequately capture the dynamic and variable conditions introduced

by smart charging?

RQ4: How do harmonic-rich load conditions affect transformer performance, particu-

larly in terms of thermal stress, aging acceleration, and estimated lifetime, under

different loading scenarios?

3. Harmonics-Aware Charging Strategies for Considering Power Qual-

ity and Demand Management

RQ5: How can harmonics-aware smart charging strategies be developed and optimized

to comply with power quality standards, minimize transformer aging, and ensure

adequate energy delivery?
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RQ6: What trade-offs emerge between minimizing harmonic emissions and meeting user

energy demand, and how can these be addressed through smart charging control

mechanisms?

1.4 Research Contributions

The key contributions of this thesis are summarized as follows:

1. A comprehensive dataset is developed through experimental measurements of

eight commercially available EVs, captured across varying smart charging current

levels. The dataset includes harmonic amplitudes and phase angles from both

individual EVs and multi-EV charging scenarios, using three smart chargers and

two power quality analysers. (Chapter 3)

2. A statistical analysis is performed to examine the relationship between charging

current and harmonic emissions, with a focus on current total harmonic distortion

(THDI), dominant harmonic orders, and phase angle dispersion. The results con-

firm inverse correlations between THDI and charging current, and reveal harmonic

cancellation effects during multiple simultaneous EV charging. (Chapter 4)

3. The magnitude of individual harmonics is evaluated against IEC 61000-3-2 limits

to identify compliance issues and benchmark EV on-board charger performance.

The analysis reveals that some EVs exceed limits despite having a moderate

THDI, highlighting the limitations of aggregate distortion metrics. (Chapter 5)

4. A Monte Carlo-based probabilistic simulation framework is introduced to assess

harmonic emissions from multiple EVs charging simultaneously. The simula-

tion quantifies the likelihood of standard limit violations and demonstrates how

harmonic distortion varies with EV model and charging current diversity. (Chap-

ter 5)

5. A thermal-electrical transformer model is developed to evaluate aging under

harmonic-rich loading. Harmonic loss coefficients were integrated into a top-oil
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and hot-spot temperature model, allowing for the estimation of aging accelera-

tion factors and transformer lifetime following IEEE C57.91 and IEEE C57.110

standards. (Chapter 6)

6. A rule-based charging management strategy is proposed for heavily-loaded trans-

formers, recommending optimal charging current levels (e.g., 13 A) to balance

transformer aging and connection capacity. The strategy identifies suboptimal

charging ranges and provides practical guidelines for peak-period EV charging.

(Chapter 6)

7. A harmonics-aware smart charging optimization framework is formulated for par-

tially loaded networks. Second-order regression models are used to approximate

THDI as a function of charging power, enabling the enforcement of harmonic

limits within the optimization process. A Particle Swarm Optimization (PSO)

algorithm, integrated with a Water Filling repair mechanism, is implemented

to solve the smart charging optimization problem. This approach ensures com-

pliance with power quality constraints, minimum energy delivery, and charger

current limitations. (Chapter 7)

8. Limitations in existing harmonic compliance standards (e.g., IEC 61000-3-2 and

IEC 61000-3-12) are identified. The thesis recommends the adoption of dynamic

compliance testing for EVs across varying charging rates to better reflect the oper-

ational characteristics of smart-charging-enabled vehicles. Recommendations are

provided to improve standardisation practices and enhance harmonic mitigation

strategies. (Chapters 2, 5, and 8)

1.5 Associated Publications

1.5.1 Journals

• M. Senol and I. S. Bayram, “Impact Assessment and Mitigation of Electric

Vehicle Smart Charging Harmonics”, IEEE Access, vol. 13, pp. 207412-207432,

2025, doi (IF: 3.9).
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• M. Senol, I. S. Bayram, L. Hunter, K. Sevdari, C. McGarry, D. Campos-Gaona,

O. Gehrke and S. Galloway, “Harmonics Measurement, Analysis, and Impact

Assessment of Electric Vehicle Smart Charging”, IEEE Open Journal of Vehicular

Technology, vol. 6, pp. 109-127, 2024, doi (IF: 6.4).

• M. Senol, I. S. Bayram, Y. Naderi and S. Galloway, “Electric Vehicles Under

Low Temperatures: A Review on Battery Performance, Charging Needs, and

Power Grid Impacts”, IEEE Access, vol. 11, pp. 39879-39912, 2023, doi (IF:

3.9).

1.5.2 Conferences (Full Paper)

• M. Senol, I. S. Bayram, D. Campos-Gaona, K. Sevdari, O. Gehrke, B. Pepper,

and S. Galloway, “Measurement-based harmonic analysis of electric vehicle smart

charging”, 2024 IEEE Transportation Electrification Conference & Expo, (ITEC),

Chicago, IL, USA, 2024 (Best Paper Award), doi.

• M. Senol, I. S. Bayram and S. Galloway, “Probabilistic Harmonic Impact As-

sessment of Multiple Electric Vehicle Fast Charging”, 2024 IEEE Transportation

Electrification Conference & Expo, (ITEC), Chicago, IL, USA, 2024, doi.

• I. S. Bayram, L. Hunter, M. Senol, and K. Sevdari, “Analyzing Phase Imbalance

in Smart Charging of Multiple EVs: An Experimental Approach”, 8th E-Mobility

Power System Integration Symposium (EMOB 2024), Helsinki, Finland, 2024,

doi.

• M. Senol, I. S. Bayram and X. Shi, “Transformer Aging Under Harmonic Emis-

sions from Electric Vehicle Smart Charging”, 2025 IEEE Transportation Electrifi-

cation Conference & Expo + Electric Aircraft Technologies Symposium, (ITEC),

Anaheim, CA, USA, 2025, doi.

• I. S. Bayram, M. Senol, R. Jovanovic and X.Shi, “Harmonics-aware Smart

Charging of Electric Vehicles”, 2025 IEEE Transportation Electrification Con-

ference & Expo + Electric Aircraft Technologies Symposium, (ITEC), Anaheim,
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CA, USA, 2025, doi.

1.5.3 Symposiums

• M. Senol, I. S. Bayram and S. Galloway, “Electric Vehicles Under Low Tem-

peratures: A Review on Battery Performance, Charging Needs, and Power Grid

Impacts”, Manchester Energy and Electrical Power Systems (MEEPS) Sympo-

sium, Manchester, the UK, 2022 (poster presentation).

1.6 Thesis Outline

This thesis is structured into eight chapters, as shown in Figure 1.2, each building

upon the previous to comprehensively explore harmonics in EV smart charging and

their impacts on power distribution systems. The progression of chapters reflects the

research’s logical flow from background and experimental measurements to advanced

modelling, simulation, and optimization. A brief overview of each chapter is provided

below to guide the reader through the thesis:

• Chapter 2 presents an extensive literature review covering EV smart charging

strategies, vehicle-grid integration, and the technical and regulatory challenges

associated with large-scale EV deployment. It explores the impacts of EVs on

distribution network planning, voltage quality, harmonic emissions, and trans-

former aging. Special attention is given to harmonic decomposition techniques,

harmonic summation, and power quality standards such as IEEE 519 and IEC

61000. The chapter also reviews existing harmonic datasets and identifies re-

search gaps, particularly the limited availability of phase angle data and the lack

of harmonics-aware smart charging assessments.

• Chapter 3 outlines the experimental setup used to measure harmonic emissions

from various EVs. It defines the tested EVs, smart chargers, power quality an-

alyzers, and data acquisition methodology. The resulting dataset provides the

empirical basis for the analyses and simulations in the following chapters.
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Figure 1.2: Overview of the thesis structure.

• Chapter 4 presents a statistical analysis of harmonic emissions from EV charging,

focusing on THDI and the behaviour of individual harmonic components. It

introduces key concepts such as amplitude variations, phase angles, and harmonic

interactions. These findings provide valuable insights into the impacts of power

quality and inform the modelling approaches in later chapters.

• Chapter 5 evaluates the impacts of EV charging on power quality by analyzing

both single and multiple EV scenarios. It compares measured harmonic emis-

sions with industry standards and introduces a Monte Carlo simulation to model
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various charging combinations. The chapter also presents a case study to explore

harmonic behaviour in real-world scenes and highlights how charging strategies

can influence overall power quality performance.

• Chapter 6 introduces a comprehensive modelling framework to evaluate the im-

pact of harmonic distortion on distribution transformer aging in heavily loaded

networks. It develops a thermal-electrical loss model that accounts for copper,

eddy-current, and stray losses under harmonic conditions. The chapter incor-

porates hot-spot temperature and aging acceleration factor calculations, linking

them to transformer lifetime. A Monte Carlo simulation is employed to assess

the cumulative effects of multiple EVs charging at different current levels. Based

on these insights, a rule-based, harmonics-averse charging strategy is proposed to

extend transformer lifespan and maintain grid reliability under high EV penetra-

tion.

• Chapter 7 investigates harmonic mitigation strategies in partially-loaded distribu-

tion networks, where thermal stress is minimal but power quality concerns persist.

It introduces a harmonics-aware smart charging framework that integrates THDI

constraints into the scheduling process. The chapter develops a scalable optimiza-

tion model using polynomial-based harmonic modelling, approximated aggrega-

tion methods, and a PSO-based algorithm with a water-filling repair strategy.

A large-scale EV parking lot case study demonstrates the framework’s ability to

ensure compliance with harmonic distortion limits while delivering high energy

fulfilment rates. The findings highlight the potential of control-based solutions

for improving power quality without requiring additional harmonic filtering in-

frastructure.

• Chapter 8 concludes the thesis by summarizing key findings and outlining future

research directions. It consolidates the results across experimental, simulation,

and optimization-based studies, demonstrating how harmonic distortion from EV

charging affects transformer aging and power quality. The chapter highlights the

effectiveness of harmonics-aware strategies, including rule-based management and
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optimization with THDI constraints, in preserving grid reliability. It also iden-

tifies research limitations related to ambient temperature, transformer diversity,

harmonic modelling, and dataset scope. Finally, the chapter proposes future work

to extend transformer aging models, enhance harmonic aggregation techniques,

broaden EV testing, and integrate advanced simulation tools, paving the way for

improved standards and grid planning under high EV penetration.
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Literature Review

This chapter reviews the existing literature on key aspects of EV charging and its im-

pacts on power networks. The discussion begins with EV smart charging, emphasizing

its role in mitigating grid congestion, reducing peak demand, and integrating renew-

able energy sources. Various factors influencing distribution grid investments, such as

congestion levels, coincidence factors, and load characteristics, are examined in detail.

Additionally, the role of vehicle-grid integration (VGI) technologies in providing an-

cillary services, peak shaving, and supporting grid stability is discussed, along with

real-world implementations and regulatory measures from different regions.

The chapter then explores the impacts of EV charging on power networks, dis-

tinguishing between distribution-level concerns, including voltage drops, transformer

overloading, and phase imbalance, and bulk power system challenges, such as peak

demand fluctuations and grid security risks. A significant focus is placed on harmonic

distortion, a key issue in EV charging due to the widespread use of power electronics-

based chargers. The principles of harmonic decomposition using Fourier analysis are

presented, followed by a detailed examination of harmonic summation effects, phase

cancellation, and their implications for power system components. The review also

includes an assessment of existing harmonic measurement studies, highlighting data

limitations, particularly the absence of phase angle information, and the need for im-

proved modelling of harmonic interactions in large-scale EV charging scenarios.

The chapter concludes with an overview of industry standards for harmonic limi-
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tations, including IEEE 519 and IEC 61000, which define permissible harmonic distor-

tion levels in electrical networks. By synthesizing these findings, this chapter provides

a comprehensive understanding of the technical and regulatory challenges associated

with EV charging, forming the foundation for the subsequent analytical framework in

this thesis.

2.1 EV Smart Charging

The large-scale adoption of EVs introduces challenges and opportunities for power sys-

tems, particularly in efficiently managing charging demand [39]. Uncontrolled charg-

ing could lead to grid congestion, peak demand spikes, and power quality issues [40].

However, smart charging strategies offer a viable solution by dynamically adjusting

charging schedules based on grid conditions, electricity prices, and renewable energy

availability [41]. As the integration of renewable energy sources, such as solar and wind,

continues to grow, there is an increasing opportunity to align EV charging with periods

of high renewable energy generation [42]. This enables EV charging to be powered by

cleaner and more sustainable energy sources, enhancing both environmental and grid

benefits [43]. Furthermore, by leveraging VGI technologies, EVs can not only optimize

their charging patterns but also provide ancillary services such as load balancing and

frequency regulation, thereby enhancing overall grid stability [44].

Unlike conventional demand-side management (DSM) techniques, such as time-

of-use pricing, direct load control, and demand response programs, smart charging

capitalizes on the inherent flexibility of EV charging behaviour [45]. Given that vehicles

remain parked for extended periods, charging can be shifted away from peak hours

or synchronized with renewable generation, thereby reducing strain on the grid and

improving system efficiency [43]. Unlocking the full potential of EV smart charging

requires coordinated efforts in technology development, regulatory frameworks, and

business models to ensure an ideal integration into power networks while maximizing

economic and environmental benefits [46].

Without effective control mechanisms, the simultaneous charging of EVs could sig-
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nificantly increase peak demand, potentially overloading distribution networks and ne-

cessitating costly infrastructure reinforcements [47, 48]. The additional demand might

also require adjustments in electricity generation capacity or modifications to produc-

tion cost structures [49,50]. The extent of these impacts depends on factors such as the

power system’s generation mix, grid topology, and EV penetration levels. Numerous

global studies have highlighted how these effects vary across different power system con-

figurations, reinforcing the need for proactive grid management strategies [15,51–54].

EV charging will influence investment requirements for distribution grids, particu-

larly regarding cable and transformer upgrades. The extent of these investments at a

given location depends on several key parameters:

• Congestion: The required level of infrastructure reinforcement largely depends

on the existing congestion within the local distribution network prior to EV de-

ployment. In areas already experiencing high load density or operating near

maximum capacity limits, the addition of EV charging loads can quickly ex-

ceed network capacity, leading to transformer overloads, cable overheating, and

accelerated infrastructure degradation. This situation necessitates immediate

reinforcement and more extensive upgrades to maintain reliability and safety.

Conversely, areas with relatively low existing load levels may initially accommo-

date EV charging with minimal upgrades, delaying or reducing overall investment

needs. Therefore, accurately assessing pre-existing network congestion is essential

in forecasting necessary grid enhancements for widespread EV adoption [55,56].

• Coincidence Factor: This coefficient, which varies according to the size and

characteristics of each distribution grid, quantifies the likelihood that multiple

devices or loads will operate simultaneously, thereby determining the aggregate

peak demand on the network. In the context of EV charging, the coincidence fac-

tor is particularly important, as the simultaneous charging of multiple vehicles,

such as during peak evening hours after commuters return home, can substantially

increase load levels. Different distribution network operators (DNOs) employ

varying coincidence factors in their planning processes, often based on empirical
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data, historical consumption patterns, and anticipated behavioural changes re-

lated to EV adoption. A higher coincidence factor indicates a greater probability

of simultaneous operation, necessitating more robust network reinforcements such

as transformer upgrades or enhanced feeder capacities. Therefore, accurately es-

timating coincidence factors is critical for efficient, cost-effective grid expansion

and reinforcement strategies, especially in regions expected to experience rapid

EV growth [57–59].

• Load Characteristics: Uncontrolled EV charging can considerably impact areas

characterized by high electric heating loads, especially during winter peaks, due

to the concurrent increase in electricity demand from both heating systems and

EVs. In such regions, the simultaneous operation of electric heaters and the

uncontrolled charging of EVs can quickly push local distribution networks toward

or beyond their designed capacity, exacerbating issues like transformer overload,

cable overheating, voltage drops, and increased energy losses. Consequently, these

areas typically require more substantial and costly grid reinforcements to handle

the compounded load [25].

• Low-Voltage Generation Assets: In regions with high penetration of solar

photovoltaic (PV) systems at the low-voltage distribution level, smart charging

can enhance the integration of renewable generation by timing EV charging ses-

sions to match peak solar production periods. This increases local renewable

energy utilization, mitigates voltage rise issues, and reduces stress on the trans-

former and feeder. Conversely, widespread EV adoption may intensify peak loads

in areas lacking significant solar PV capacity, thereby increasing strain on distri-

bution grids [60,61].

• Grid Code Limits and Regulatory Constraints: National grid codes es-

tablish technical constraints on acceptable voltage and frequency variations that

DNOs must adhere to to ensure system stability and reliability. These regula-

tions define operational limits, including permissible voltage deviations, frequency

boundaries, and power quality requirements. Increased EV penetration could
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challenge compliance with these established parameters due to potential voltage

drops, voltage imbalances, and increased harmonic distortions. As a result, ad-

ditional grid reinforcements, such as upgrading transformers, enhancing voltage

regulation equipment, or improving distribution feeders, may become necessary

to accommodate EV-induced load dynamics and ensure continued compliance

with regulatory standards, thus maintaining overall system stability and power

quality [62,63].

These factors collectively determine the scale and nature of distribution grid invest-

ments required to support the adoption of large-scale EVs. However, smart charging

strategies can effectively mitigate these negative impacts. By intelligently scheduling or

modulating EV charging sessions, smart charging can shift EV demand away from peak

hours or periods of high overall electricity demand. This optimizes grid capacity utiliza-

tion, potentially reducing or deferring the need for expensive infrastructure upgrades.

Additionally, smart charging can leverage renewable energy peaks or off-peak electric-

ity tariffs, simultaneously benefiting the grid, consumers, and network operators by

maintaining power quality, stabilizing local voltage profiles, and managing congestion

more efficiently [48,64,65].

2.1.1 Smart Charging Strategies

Smart charging, enabled by VGI technologies, is a key strategy for managing EV loads

and optimizing power system operation. Unlike uncontrolled charging, which can strain

the grid by increasing peak demand, smart charging strategically adjusts charging times

and power levels based on real-time grid conditions, user preferences, and market sig-

nals. Three primary mechanisms enable smart charging:

i) Customer-driven responses to price signals [66],

ii) Automated control by electric vehicle supply equipment (EVSE) in reaction to

grid and market conditions [67],

iii) A hybrid approach that balances both while ensuring vehicle availability [68].
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Smart charging is time-shifting charging periods or modulating charging power in

line with varying constraints such as connection capacity, user demand, and real-time

local energy availability. As a result, it optimizes the charging process by aligning it

with distribution grid limitations, renewable energy availability, and the preferences of

both drivers and EVSE site operators [47].

When integrated with smart charging strategies, EVs can mitigate rather than ex-

acerbate stress on the local grid while simultaneously providing flexibility services at

both the local and system levels. By strategically adjusting charging and discharging

patterns, EVs can help reduce variable renewable energy (VRE) curtailment, enhance

local self-consumption of VRE generation, and minimize the need for peak generation

capacity investments [69,70]. Additionally, smart charging can alleviate grid reinforce-

ment requirements, ensuring a more efficient and balanced power system [46].

Smart charging not only reduces EV-induced demand peaks but also smooths the

load curve, facilitating the seamless integration of VRE at both the system-wide and

local levels, particularly over shorter time scales. By strategically adjusting charging

patterns considering that most vehicles remain parked and idle for 90–95% of the time

[71].

The following sections explore specific implementation strategies and real-world ap-

plications of smart charging. Smart charging enables EVs to provide various flexibility

services across different levels of the power system, including wholesale markets, trans-

mission system operations, distribution networks, and behind-the-meter applications,

as illustrated in Figure 2.1 [72].

2.1.1.1 Peak Shaving (System Level / Wholesale)

Smart charging helps flatten peak demand and fill demand valleys by incentivizing late-

morning and afternoon charging in regions with high solar penetration and nighttime

charging aligned with wind generation. Given that vehicles remain parked longer than

required for a full charge, charging can be deferred from early evening peaks to avoid

additional grid stress [73].

Peak shaving and load shifting techniques are commonly employed to optimize
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Figure 2.1: Capabilities that EVs can offer to the power grid [72].

energy demand in EV charging. These demand management strategies are illustrated

in Figure 2.2. Peak shaving reduces the maximum power demand by limiting charging

during peak hours, thereby preventing grid overloads. Load shifting, on the other

hand, redistributes charging loads to off-peak periods, thereby better aligning with

grid capacity and reducing electricity costs.

In the UK, the Electric Vehicles (Smart Charge Points) Regulations 2021 require

that all private EV charge points sold and installed from June 30, 2022, incorporate

smart functionality. These smart charge points are designed to optimize energy con-

sumption by encouraging charging during periods of lower grid demand or higher renew-

able energy generation. To reduce strain on the national grid, the regulations mandate

default off-peak charging schedules, restricting charging during peak hours, 8 am to 11

am and 4 pm to 10 pm on weekdays. This measure aims to mitigate excessive demand

during high-load periods while still allowing users to override the settings based on

individual needs [74].

In the Netherlands, the regional grid operator Stedin has introduced measures to

mitigate grid congestion during peak demand periods. One proposed strategy involves

temporarily disabling public EV charging stations between 4 pm and 9 pm, aligning
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Figure 2.2: Peak shaving and load shifting in EV charging.

with peak electricity consumption from residential and commercial sectors. This ap-

proach seeks to prevent network overloads and enhance grid stability as EV adoption

expands [75].

Octopus Energy offers specialized EV charging tariffs in the UK, encouraging off-

peak charging to reduce costs and support grid stability. Octopus Go provides a reduced

electricity rate of 9p/kWh during a fixed five-hour window (12:30 am – 5:30 am),

while the daytime rate is 29p/kWh. Intelligent Octopus Go extends this flexibility by

dynamically scheduling charging sessions within a six-hour off-peak period (11:30 pm

– 5:30 am) at a lower rate of 7.5p/kWh. An exclusive Intelligent Octopus Go - EV

Saver plan further reduces costs for Octopus EV customers, offering 5p/kWh off-peak

charging rate. These tariffs leverage smart charging to optimize energy consumption,

minimize peak demand, and align EV charging with higher renewable energy availability

periods [76].

2.1.1.2 Ancillary Services (System and Local Levels / Transmission and

Distribution System Operators)

Smart charging supports real-time grid balancing by adjusting EV charging levels to

maintain stable voltage and frequency. While transmission system operators (TSOs)

have well-established flexibility mechanisms, DNOs have yet to integrate flexibility from

distributed energy resources (DERs). Despite numerous demonstration projects and

ongoing regulatory discussions, particularly in Europe and the US, DNOs still face

challenges in leveraging EV flexibility for grid operations [41].
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Aggregators are pivotal in integrating EV flexibility into power systems by coor-

dinating charging schedules to provide grid services. In the UK, platforms like Piclo

facilitate the participation of EVs in flexibility markets, enabling them to respond to

real-time grid needs by modulating charging demand [77]. Similarly, Denmark has ex-

plored smart charging technologies, with companies like Nuvve collaborating on projects

to harness EV flexibility for grid support [78]. A notable initiative in Scotland, the Lo-

cal Constraint Market, aims to manage grid constraints by enabling flexible resources,

including EVs, to absorb excess wind generation, thereby preventing curtailment and

enhancing grid stability [79]. Additionally, Axle Energy has developed software plat-

forms that connect distributed assets, such as EV chargers, to flexibility markets, op-

timizing charging patterns based on real-time market signals and renewable energy

availability [80]. These developments underscore the growing importance of EVs in

ancillary services, ensuring both local and system-wide grid stability.

2.1.1.3 Behind-the-Meter Optimization and Backup Power (Local Level /

Consumers and Prosumers)

Smart charging enhances the self-consumption of locally generated renewable energy

(e.g. PV), reducing reliance on the grid and optimizing electricity costs. By charging at

off-peak hours when electricity prices are lower, EV owners can store energy and use it

during peak tariff periods, lowering their energy bills and increasing grid independence

[48].

Smart pricing strategies for EV charging have been implemented in various countries

to incentivize off-peak charging and enhance grid flexibility. In Spain, for instance,

Endesa’s Tempo Zero tariff offers EV drivers free charging during predefined nighttime

hours, specifically between 1 am and 7 am, for the first 200 kWh each month [81]. This

approach encourages load shifting to periods of lower electricity demand.

In the UK, the Octopus Agile tariff integrates with the half-hourly day-ahead mar-

ket, adjusting prices based on real-time grid conditions to promote the use of renewable

energy and provide flexibility. This dynamic pricing model incentivizes EV owners to

charge during periods of lower demand and higher renewable generation [82].
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Similarly, in Denmark, the Radius network operator applies a time-of-use network

pricing scheme that includes higher charges during winter peak hours, specifically from 5

pm to 8 pm. This strategy aims to manage seasonal demand fluctuations by encouraging

consumers to shift their electricity usage, including EV charging, to off-peak periods

[83]. These pricing mechanisms demonstrate how dynamic electricity tariffs can be

leveraged to optimize EV charging behaviour, reduce peak demand, and facilitate the

integration of renewable energy sources.

2.1.2 Functions of Smart Charging

The smart charging of EVs is essential for managing the growing demand for EV

charging within an already constrained power network [84]. By leveraging the inherent

flexibility of EV loads, smart charging can be implemented through the following key

approaches [30].

2.1.2.1 Modulation

Modulation in smart charging refers to the dynamic adjustment of an EV’s charging

current within the minimum and maximum allowable limits to enhance grid stability

and efficiency. This approach allows for the fine-tuning of charging rates in response to

real-time grid conditions, thereby optimizing energy distribution and minimizing peak

demand.

A study conducted by the Lawrence Berkeley National Laboratory demonstrated

the practical benefits of modulation-based smart charging. The research implemented

smart charging control strategies for public EVs, resulting in a 26.7% reduction in peak

demand without compromising the mobility needs of EV users. This was achieved

by adjusting the charging power of EVs during periods of high demand, effectively

distributing the load more evenly across the grid [85].

Further research highlights the role of modulation in integrating renewable energy

sources. By aligning EV charging times with high renewable energy generation periods,

modulation strategies can absorb excess energy, reducing curtailment and promoting

a more sustainable energy ecosystem. This supports grid stability and enhances the
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economic viability of renewable energy investments [86].

2.1.2.2 Scheduling

Smart charging scheduling enables controlled activation and deactivation of the charger

to align charging sessions with grid conditions and energy availability. By determining

optimal charging times, this approach helps balance the load on the electrical grid,

reduce peak demand, and enhance the integration of renewable energy sources.

An optimal EV charge scheduling algorithm that considers power grid stability and

operational constraints is introduced in [87]. The algorithm directs users to appropriate

charging stations, effectively distributing the charging demand and maintaining grid

stability. This method ensures that EV charging does not compromise the reliability

of the power system.

In [88], intelligently managing EV charging schedules can prevent transformer over-

loading and defer the need for grid infrastructure upgrades. By optimizing the allo-

cation of available capacity among EVs, grid operators can mitigate peak loads and

maintain system reliability.

2.1.2.3 Shifting

Shifting in the context of smart charging involves altering the phase connection of EV

chargers within a three-phase electrical system to achieve optimal load distribution

across all phases. This practice is essential for maintaining grid stability, enhancing

power delivery efficiency, and preventing phase overloading.

In three-phase power systems, imbalances can occur when the electrical load is not

evenly distributed among the three phases. Such imbalances may lead to increased

losses, voltage fluctuations, and reduced equipment lifespan. By strategically assigning

EV chargers to different phases, a process known as phase shifting, utilities and charging

infrastructure operators can more effectively balance the load. This ensures that no

single phase is disproportionately burdened, thereby enhancing the overall reliability

and performance of the electrical network.

A study in [89] delves into the challenges of phase optimization for EV charging.
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The researchers formulated the problem as a non-convex mixed-integer programming

task aimed at minimizing charging losses. They introduced the PXA algorithm, which,

under certain conditions, converges to the global optimum solution. The study demon-

strated that, compared to empirical phase balancing strategies, the PXA algorithm sig-

nificantly improves charging performance by maximizing energy delivery, minimizing

costs, and aiding in future energy planning. These findings underscore the importance

of intelligent phase shifting in achieving balanced and efficient EV charging networks.

Implementing phase shifting requires advanced smart charging systems capable of

real-time monitoring and control. These systems assess the current load on each phase

and dynamically adjust the phase allocation of EV chargers to maintain balance. Such

adaptive strategies are crucial as the penetration of EVs increases, ensuring that the ex-

isting electrical infrastructure can accommodate the additional load without extensive

upgrades.

2.1.2.4 Phase Curtailment

Phase Curtailment in EV charging refers to the strategic reduction of charging opera-

tions from three-phase to single-phase modes. This approach aims to enhance overall

charging efficiency and prevent imbalances within the electrical grid.

Maintaining a balanced load across all phases is crucial for grid stability and ef-

ficient power distribution in three-phase electrical systems. Imbalances can lead to

increased losses, voltage fluctuations, and undue stress on infrastructure. By curtailing

EV charging from three-phase to single-phase operation during periods of high demand

or when imbalances are detected, utilities can mitigate these challenges.

A study in [90] explores the potential of using EVs’ charging spots to reduce grid

imbalances. The research indicates that managing single-phase EV charging can ef-

fectively contribute to phase balancing, thereby enhancing the stability and reliability

of the power system. This strategy involves dynamically allocating EV charging loads

to specific phases based on real-time grid conditions, ensuring an even distribution of

power demand.

Implementing phase curtailment requires advanced smart charging infrastructure
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capable of real-time monitoring and control. Such systems can assess the load on each

phase and adjust charging operations accordingly, switching between three-phase and

single-phase modes as needed. This dynamic approach prevents grid imbalances and

optimizes the utilization of existing electrical infrastructure, potentially deferring the

need for costly upgrades.

These strategies ensure that EV charging remains grid-friendly, reducing stress on

the power network while maximizing the integration of renewable energy sources.

2.1.2.5 Deployment Readiness of Smart Charging Functions

While modulation, scheduling, phase shifting, and phase curtailment are all well-

established control concepts in the literature, their practical deployment is constrained

by the capabilities of today’s grid infrastructure, EVSE, and communication systems.

Among the four approaches, modulation and scheduling are the most readily de-

ployable under current conditions. Both functions primarily rely on adjusting charging

current or start times via IEC 61851-compliant EVSE and existing communication

back-ends. They do not require any modification of the physical phase connection or

wiring of the charging point. They can be implemented using today’s smart chargers,

cloud platforms, and price- or signal-based control schemes. As a result, these two

functions already form the backbone of most commercial smart charging deployments.

In contrast, phase shifting and phase curtailment place stronger requirements on

the electrical interface between the EVSE and the distribution network. Phase shifting

requires either multi-phase chargers with controllable phase allocation or reconfigurable

switchgear at the charging point, which is not yet standard in most residential or pub-

lic installations. Phase curtailment further assumes that the charger and on-board

electronics can dynamically transition between three-phase and single-phase operation

without violating charging or power quality constraints. These capabilities are techni-

cally feasible but are only available in a limited subset of advanced charging systems

and are rarely integrated into current distribution network management systems.

From a near-term deployment perspective, modulation and scheduling therefore

represent the most scalable and infrastructure-ready smart charging functions, while
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phase shifting and phase curtailment are best viewed as medium- to long-term solu-

tions that will become more relevant as three-phase EVSE, advanced metering, and

distribution-level control platforms become more widely deployed. This distinction is

important when assessing the practical impact of smart charging on grid performance,

as the achievable flexibility is fundamentally limited by the physical and digital inter-

faces available in the field.

2.1.3 Practical Implementation and Technical Constraints of Smart

Charging

The real-world effectiveness of smart charging depends on the technical capabilities

of EVs and the charging infrastructure that interfaces with the power grid. Although

smart charging is often framed as an optimization or control problem, its deployment is

fundamentally constrained by vehicle-side electrical configurations, charger capabilities,

and power quality considerations [46].

2.1.3.1 EV Manufacturer Support and Electrical Configurations

Most modern EVs support smart charging through standardized AC charging inter-

faces, primarily defined by IEC 61851-1, which enable external modulation of charg-

ing current without requiring proprietary vehicle-side control logic. As a result, smart

charging functionality is implemented mainly at the EVSE level, while the EV responds

passively to current setpoints imposed by the charging station [91,92].

For Level 2 AC charging, commonly supported current ranges are approximately

6 A to 32 A, corresponding to power levels of 1.4 kW to 7.4 kW under single-phase

operation. In three-phase systems, typically found in European distribution networks,

charging power can reach up to 22 kW at 32 A [93]. In residential environments,

single-phase charging remains dominant, whereas public and workplace infrastructure

increasingly supports three-phase connections.

The supported number of phases is determined by the design of the on-board

charger. While single-phase charging is common for residential applications, most

contemporary EV platforms are designed to operate across multiple electrical con-
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figurations, ensuring compatibility with smart charging schemes across different grid

environments [36].

2.1.3.2 Charging Stations Support for Smart Charging

Smart charging is primarily implemented through EVSE connected to centralized or

cloud-based control platforms. These systems enable charging power modulation,

scheduling, and coordinated control across multiple charging points [47, 48]. From

a grid operation perspective, smart EVSE can mitigate transformer overloading, feeder

congestion, and phase imbalance by employing strategies such as dynamic load bal-

ancing, peak shaving, and phase-aware charging [21, 64]. These approaches distribute

available capacity among connected vehicles while respecting local grid constraints.

However, practical limitations may endure because upgrading existing installations to

support higher currents or three-phase connections can be costly, particularly in resi-

dential buildings with legacy electrical infrastructure. Smart charging addresses these

constraints by operating within existing capacity limits rather than requiring immediate

reinforcement [56]. In addition, charging power modulation is constrained by battery

thermal limits and charger design, reinforcing the need for coordinated consideration

of grid constraints and vehicle charging behaviour.

2.1.3.3 Harmonic Considerations in VGI Operation Modes

Vehicle–grid integration (VGI), encompassing both unidirectional smart charging and

bidirectional vehicle-to-grid (V2G) operation, introduces additional power quality chal-

lenges. EV chargers rely on power electronic converters for AC–DC conversion, which

are inherently nonlinear and generate harmonic emissions [94,95]. Harmonic behaviour

differs between grid-to-vehicle (G2V) and vehicle-to-grid (V2G) modes due to changes

in converter operating points, switching behaviour, and control strategies. While some

studies indicate that bidirectional chargers may provide limited harmonic mitigation

through reactive power control or active filtering, other work highlights the poten-

tial for resonance phenomena and increased distortion, particularly at higher frequen-

cies [38,96].

29



Chapter 2. Literature Review

Li-ion battery

BMS

DC Fast 
Charging 
Station

(Off-board 
charger)

On-board 
charger

AC
DC

Figure 2.3: Example of on-board and off-board EV charger.

Harmonic performance in smart charging and VGI systems is typically evaluated

using standardised measurement frameworks such as IEC 61000-4-7 and IEC 61000-4-

30, employing indicators such as THD and individual harmonic orders. However, most

existing analyses focus on rated operating conditions or single-EV scenarios and do

not fully capture harmonic interactions under coordinated smart charging of multiple

EVs [97, 98]. This limitation directly motivates the harmonic-aware experimental and

probabilistic analysis framework adopted in this thesis.

2.1.4 On-board and Off-board Chargers

The charging infrastructure is a key factor influencing the availability of EV flexibility.

While AC power is supplied through the electric distribution grid, EV batteries operate

on DC power, necessitating an AC/DC conversion for charging. This converter can be

integrated either into the charging station (“off-board charger”) or within the vehicle

itself (“on-board charger”) [92], as shown in Figure 2.3. The selection between on-board

and off-board charging involves a trade-off:

On-board chargers are more cost-effective for charging infrastructure, as they rely

on widely available AC power from standard sockets. However, the integrated converter

increases the vehicle’s weight and cost [99].

Off-board chargers, in contrast, accommodate the conversion equipment within the

charging station, reducing the vehicle’s weight and potentially lowering its manufac-
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turing cost. However, this approach increases the complexity and expense of charging

infrastructure [100]. Due to the widespread availability of AC charging in many lo-

cations, on-board chargers have become a popular option, balancing considerations of

cost and accessibility [36]. Since smart charging is primarily used with slow-charging

AC chargers, the remainder of this study will focus on on-board chargers.

2.1.5 EV Charging Power Levels and Impacts on Smart Charging

The classification of EV charging power levels varies by region, with North America

and Europe using distinct terminologies. In North America, the widely adopted classi-

fication follows the Society of Automotive Engineers (SAE) standard, specifically SAE

J1772 [101], which categorizes EVSE into three levels [102]:

• Level 1 (AC ≤ 3.7 kW): Typically installed in private households and reliant

on standard electrical outlets; these are not necessarily dedicated EV charging

solutions.

• Level 2 (AC > 3.7 kW and ≤ 22 kW): More powerful systems commonly

found in public or semi-public locations such as parking garages or workplaces.

• Level 3 (AC or DC > 22 kW): High-power fast chargers typically deployed

along highways or at commercial fleet depots.

In European terminology, Levels 1 and 2 are generally referred to as “slow charg-

ers,” while Level 3 corresponds to “fast charging.” Despite this general classification,

the boundary between AC and DC fast charging continues to evolve, with manufac-

turers offering various on-board and off-board solutions depending on vehicle class and

infrastructure requirements.

Reflecting the distinct types of charging technology and typical operating conditions

in Europe, the power levels are grouped as follows [93]:

• Low AC (< 2.3 kW): Socket charging without dedicated charging equipment,

typically using a standard 230 V outlet with a maximum current of 10 A.
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Table 2.1: AC charging levels according to IEC 61851 and SAE J1772 [91].

Standard Type Connection Power (kW) Max current (A)

IEC 61851
(European)

Mode 1
Mode 2
Mode 3

1 phase
1 or 3 phase

3 phase

3.68
22
>22

16
32
>32

SAE J1772
(US)

Level 1
Level 2

1 phase
1 or 3 phase

3.3
14.4

12
32

• Medium AC (3.7 – 7.4 kW): Single-phase AC charging using dedicated equip-

ment, typically operating at 230 V with current ratings of 16–32 A.

• High AC (11 – 22 kW): Three-phase AC charging equipment operating at

230 V with 3 × 16–32 A configurations, suitable for both residential and public

installations.

• DC Fast Charging (≥ 50 kW): High-power DC charging infrastructure com-

monly used in public networks, commercial applications, and heavy-duty EVs.

These systems typically rely on off-board AC/DC conversion to reduce on-board

charger complexity and enable rapid charging.

Table 2.1 provides an overview of AC charging levels as defined by the IEC 61851

standard (commonly used in Europe) and the SAE J1772 standard (prevalent in North

America). The classifications differ in naming conventions, power ranges, and connec-

tion types, reflecting regional variations in EVSE design and grid compatibility [91].

These power levels are closely linked to the potential grid impacts and suitability of

different charging strategies, particularly smart charging.

While fast and ultra-fast charging, typically corresponding to the higher power

levels, are prioritized for mobility and user convenience, they can impose substantial

strain on local distribution networks. These high-power charging modes can signifi-

cantly increase peak demand, often necessitating grid reinforcements to accommodate

the elevated power requirements [103].

Conversely, slow and moderate AC charging levels are generally more compati-

ble with smart charging strategies. Their lower power demand allows for more flexi-
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ble scheduling and integration with grid constraints and renewable energy availability,

making them better suited for demand-side management programs [104].

Currently, only a limited number of residential and public charging stations are

equipped with smart grid capabilities [105], and relatively few EV models currently

support vehicle-to-grid (V2G) functionality. As the number of EVs on the road con-

tinues to increase, the deployment of standardized and interoperable charging infras-

tructure becomes increasingly important. Achieving interoperability is vital to ensure

seamless operation across various charging platforms and grid environments, enabling

cost-effective and efficient integration of EVs. Standardization will facilitate reliable

communication between EVs, charging stations, and distribution networks, supporting

the evolution of more intelligent and flexible power systems.

2.2 Impacts of EV Charging on Power Networks

An expanding body of research examines the impacts of EV charging on electrical

power grids, with existing studies generally categorized into two main areas. The first

category focuses on the distribution-level impacts of EV charging, primarily assessing

power quality concerns such as harmonics, substation overloading, voltage drops, and

phase imbalances [106–109]. These power quality issues are particularly critical in elec-

tric networks with high EV penetration, as both the high power demand and non-linear

characteristics of EV charging stations contribute to grid disturbances [106]. The con-

sequences of these disturbances manifest in load profiles and equipment performance,

leading to transformer, cable, and motor overheating, malfunctions in smart metering

and sensitive control devices, mechanical stress on electrical motors, and degraded per-

formance of monitoring and control instruments. Given these challenges, it is crucial

to analyze how EVSE affects the power quality of distribution networks, particularly

in low-voltage (LV) systems [110].

The second category of studies examines the regional and national-level impacts

of EV charging on power grid reliability, stability, and peak generation requirements

[49,111]. Grid reliability and stability concerns primarily stem from the instantaneous
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connection or disconnection of large-scale EVSEs, which can significantly influence

grid frequency fluctuations and overall system stability. In contrast, studies on peak

generation and load forecasting analyze various EVSE penetration scenarios to estimate

the additional electrical demand required to support widespread EV adoption at a

regional or national level.

Although large-scale EV adoption can influence both transmission and distribution

systems, the nature of the impacts differs substantially across voltage levels. At the

transmission level, EV electrification primarily affects aggregate demand patterns, gen-

eration dispatch, and power flows, particularly by increasing evening peak loads and

altering load profiles at the system scale. These effects are typically addressed through

generation planning, market-based dispatch, and reinforcement of the high-voltage net-

work. In contrast, distribution networks are directly exposed to the electrical behaviour

of EV chargers, including simultaneous charging, phase imbalance, voltage drops, and

harmonic distortion, because EVs are connected at low- and medium-voltage levels.

Consequently, while transmission-level impacts are mainly driven by aggregated energy

demand, distribution-level impacts are driven by both demand magnitude and power

quality. For this reason, this thesis focuses on distribution networks, where the inter-

action between EV charging behaviour, harmonic emissions, and asset loading most

strongly affects local grid performance and infrastructure lifetime.

While harmonic distortion is a key concern for this thesis, EV charging also in-

troduces other challenges to power grids, including overloading, voltage drops, phase

imbalance (unbalanced voltage), peak demand, and grid security and reliability. Col-

lectively, these factors impact the stability and efficiency of the electrical network,

requiring coordinated management strategies to mitigate their effects.

As EVs become more prevalent, their impact on residential distribution networks

is becoming increasingly significant, particularly in densely populated areas with high

penetration rates of EVs. Unregulated charging can impose substantial stress on distri-

bution infrastructure, leading to increased demand, voltage imbalance, power quality

deterioration, and potential overloading of network components [112]. While three-

phase charging enables faster replenishment of battery capacity, most residential EV
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charging relies on single-phase connections, placing additional strain on low-voltage

distribution systems [113]. Given these challenges, understanding the effects of EV

charging on distribution networks is crucial. The following sections provide an overview

of key impacts associated with EV integration into distribution grids.

2.2.1 Power Quality Issues in Distribution Networks

Power quality refers to the capability of an electrical system to deliver current and

voltage waveforms that closely approximate a perfect sinusoidal shape at the rated

magnitude and frequency [114]. It is influenced by the interaction between the elec-

tricity network and its users, as well as by the characteristics of the equipment and

facilities connected to the grid. Ensuring adequate power quality is the responsibility

of distribution network operators, typically governed by industry standards such as IEC

and IEEE. Power quality disturbances arise when deviations occur in voltage or current

waveform shape, magnitude, or frequency, leading to potential disruptions in grid per-

formance. Since power quality encompasses both current and voltage characteristics,

disturbances in either parameter can harm the grid and its components [115].

Power quality in the presence of EVs is influenced by the type of EV charger, its

rated capacity, and the proportion of its operational capacity within the power net-

work. Since EVSE relies on power electronics-based devices to draw electricity from

the grid, utility companies are increasingly concerned about potentially violating LV

network hosting capacity [116]. The hosting capacity of a given network determines the

maximum number of EVs that can be charged while maintaining power quality within

acceptable limits [110, 117,118]. For instance, transformers may become overloaded in

urban areas with high load density due to the rising demand for EV charging. Con-

versely, in rural regions, additional EV load can cause undervoltage issues due to the

extended length of feeders and the smaller cross-sections of distribution cables. Fur-

thermore, unbalanced phase loading in distribution networks leads to increased energy

losses and excessive heating of network equipment. A particularly significant power

quality challenge arises from voltage and current harmonics resulting from the AC/DC

conversion process of EV chargers. As the number of power electronic devices con-
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nected to the grid increases, harmonic emissions in the system intensify. Consequently,

the erratic charging behaviour of EV users introduces power quality concerns related to

harmonics, voltage deviations, and phase imbalances [107, 110, 119]. Special emphasis

is placed on harmonic distortions, as the analysis in the next section highlights that

harmonics are a primary concern for EV charging, primarily due to smart charging.

2.2.1.1 Overloading

EV charging during peak hours significantly impacts the sub-transmission grid, often

leading to network overloading when the hosting capacity is insufficient. Overloading

caused by the widespread adoption of EVs is typically addressed at the low-voltage

level [120,121]. However, the increasing penetration of EVs can also serve as a balancing

mechanism for mitigating load fluctuations and grid challenges associated with rising

wind and solar energy generation [122].

Apart from periods of overload, there are several hours when the electricity supply

exceeds EV charging demand. Without appropriate electricity tariff incentives and

control strategies, uncontrolled EV charging can lead to higher peak demand, straining

both sub-transmission lines and distribution networks. To alleviate overloading issues,

various demand response strategies such as coordinated load shifting, peak shaving,

and valley filling can be employed to optimize EV charging patterns and enhance grid

stability [66,123].

2.2.1.2 Voltage Drop

The increasing presence of EVs in distribution networks leads to voltage drops due to

rising demand [124]. According to EN 50160 [125], voltage levels should remain within

90% to 110% of the rated value. Overvoltage occurs above 110%, while undervoltage

is below 90%. High electricity demand, especially during peak hours, contributes to

undervoltage, with voltage dips occurring when the voltage falls below 90% for up to

one minute [115].

Studies show that EV penetration between 20% and 80% can cause voltage drops of

13% to 43% [126]. Even a 1% to 2% rise in EV integration impacts system voltage [127].
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Research in the UK and Portugal indicates that 50% EV load penetration exceeds

voltage limits even with slow charging [119, 128]. To maintain voltage stability, a

threshold for EV penetration is necessary.

Traditional mitigation methods include shortening feeder lengths and adding trans-

formers [129]. Reactive power control is sometimes proposed but may worsen conditions

in low-voltage networks [115]. EV charging also causes voltage fluctuations, leading to

light flicker due to rapid load current variations [109, 110]. Flicker is more prominent

in high-voltage networks due to reactive components, while in low-voltage networks,

active components are the main contributors [54,110].

2.2.1.3 Phase Balance (Unbalanced Voltage)

The growth of EVs and slow chargers can lead to voltage unbalance in three-phase

distribution systems when single-phase loads exceed others, increasing neutral current

and power losses [130]. Voltage unbalance occurs when the three-phase voltages have

different RMS values [115], with EN 50160 and IEC 61000-2-5 setting the limit at 2%,

or 3% in certain cases [125,131].

Studies show that uncontrolled EV charging can exceed voltage unbalance limits

at 50% EV penetration, whereas tariff-based charging helps keep unbalance within

acceptable levels [132]. A study on a suburban residential feeder in Dublin found

that single-phase EV charging significantly affects voltage stability, with phase-specific

voltage drops occurring as EV penetration increases [15].

Beyond EVs, single-phase solar PV systems also contribute to voltage unbalance,

making coordinated management of EV and PV systems essential [133]. Mitigation

strategies such as energy storage, voltage regulators, and feeder capacitors can improve

power quality [130,134].

2.3 Bulk Power System

As the integration of EVs into the power grid continues to grow, battery capacity and

charging station speeds are accelerating to extend driving range and minimize charging

37



Chapter 2. Literature Review

durations. However, uncoordinated charging can pose significant risks to the stabil-

ity and security of the overall power system. Although EVs are primarily connected

to the distribution network, their increasing penetration and higher power demand,

along with rapid fluctuations in charging loads, can considerably strain the high-voltage

transmission system. This can lead to elevated peak demand, increased operational un-

certainty, more frequent grid congestion, and potential violations of system constraints,

all of which may compromise grid reliability. The following subsections further examine

these challenges and their implications for power system stability.

2.3.1 Peak Demand

The widespread adoption of EVs is expected to strain power systems, particularly dur-

ing peak demand periods. Estimating this increased load is typically performed using

scenario-based probabilistic models. According to the National Grid’s 2021 Future En-

ergy Scenario [135], EV sales have continued to rise despite the challenges posed by

the pandemic. However, further acceleration is necessary to meet the net-zero carbon

emissions target by 2050.

In the slowest decarbonization scenario (“Steady Progression”), the UK is projected

to have 4.7 million EVs by 2030, whereas in the most ambitious scenario (“Leading the

Way”), this figure is expected to reach 11 million. By 2040, the estimated number of

EVs on the road will rise to 23 million and 31 million, respectively. Electrification of

the transport sector is anticipated to drive total annual road transport energy demand

to approximately 100 TWh in both scenarios. Additionally, peak electricity demand is

expected to rise due to the increased electricity generation for heating and transport.

Under the most aggressive EV adoption scenario, charging demand could add as much

as 19 GW to typical daytime electricity loads by 2050.

As EV adoption grows, smart charging and V2G technologies will be crucial in

mitigating peak demand [136]. The flexibility offered by these approaches could en-

able peak shaving of up to 32 GW under the mid-range “Consumer Transformation”

scenario. A study by [137] projects that the UK will have over 7 million ultra-low

emission vehicles by 2030. Similarly, Deloitte’s forecast [138] anticipates 31.1 million
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EVs on roads worldwide by the same year.

The rising demand for EVs will also substantially increase charging infrastructure.

Expanding fast-charging networks could contribute to peak demand as multiple EVs

charge simultaneously at high power levels [139]. Additionally, advancements in bat-

tery technology are expected to result in higher-capacity batteries, further increasing

electricity demand during charging sessions [11].

2.3.2 Grid Security and Reliability

The generation and consumption of electrical energy must remain in real-time equi-

librium to maintain grid stability. Any imbalance between supply and demand causes

fluctuations in the system frequency, which ideally remains at either 50 Hz or 60 Hz,

depending on the region. However, minor variations occur due to fluctuations in elec-

tricity generation and demand. An acceptable frequency range in a 50 Hz system is

typically between 49.5 and 50.5 Hz [115]. When EV charging demand rises, additional

electricity generation is required to keep the frequency within this range [140].

The unpredictable nature of EV charging, including variations in charging start

times and durations, introduces further uncertainty in power system demand [141].

Table 2.2 highlights key stability challenges associated with EV charging. The first two

concerns, step changes and ramping effects, arise when large numbers of EV chargers

switch on or off simultaneously within short intervals. Such abrupt changes in load can

strain power system operations and cause frequency deviations, potentially threatening

overall system stability. Additional risks stem from the uncontrolled activation of

chargers following major outages or system restorations.

Conversely, smart charging strategies and V2G technology can support frequency

regulation by adjusting charging behavior to grid conditions [142]. Techniques such

as load shaping and DSM offer viable solutions to mitigate frequency instability by

optimizing the timing and distribution of EV charging demand [143].
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Table 2.2: Power system stability issues due to EV charging.

Issue Reason

Step (demand jump) Too many chargers switching on or off simultaneously.
Ramp (demand increase) Too many chargers switching on and off within minutes.
Oscillations A group of chargers repeatedly switching on and off.
Restoration The restoration process is hindered by erratic behavior

after a restart.

2.4 Harmonics

Harmonic distortion is among the most prevalent electromagnetic disturbances in power

systems. It refers to the steady-state deviation of voltage and current waveforms from

an ideal sine wave [144]. Periodic distortions in voltage and current are typically ana-

lyzed using the Fourier transform, which decomposes the distorted signals into a linear

combination of pure sinusoidal components:

x(t) = c0 +

∞∑
k=1

ck · sin
(
2π · fk · t + θk

)
(2.1)

where c0 represents the DC component, while ck and θk denote the amplitude and

phase angle of the spectral component of order k with a frequency of fk = (k/N)×fh1.

Here, fh1 refers to the fundamental frequency, typically 50 Hz or 60 Hz in most power

systems, and N represents the number of fundamental periods within the window width.

According to IEC 61000-4-7 [145], N = 10 for 50 Hz systems and N = 12 for 60 Hz

systems. In this study, all quantities are referenced to a 50 Hz system.

Figure 2.4 illustrates that any periodic, distorted waveform can be represented as

a sum of sinusoidal components. When a waveform remains identical across successive

cycles, it can be decomposed into a series of pure sine waves, where each sinusoidal

component has a frequency that is an integer multiple of the fundamental frequency

of the distorted waveform. These integer multiples are called harmonics of the funda-

mental frequency, giving rise to harmonic distortion. The mathematical representation

of a waveform as a sum of sinusoids is known as a Fourier series, named after the

mathematician Jean-Baptiste Joseph Fourier, who pioneered this analytical approach.

Using the Fourier transform, the total waveform distortion can be decomposed into
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Figure 2.4: Fourier series representation of a distorted waveform.

the following components:

• Harmonics: Spectral components with frequencies that are integer multiples

of the fundamental frequency. These components are referred to as harmonic

components. For example, the 20th harmonic component corresponds to the

fh1 = 20× 50Hz = 1000Hz.

• Interharmonics: Components with frequencies that are non-integer multiples

of the fundamental frequency. For example, f35 = 3.5 × 50 Hz = 175 Hz if

N = 10 and fh1 = 50 Hz. Interharmonics with frequencies below the fundamental

frequency (k = 1, 2, ..., 9) are specifically known as subharmonics.

• Supraharmonics: Spectral components in the frequency range between 2 kHz

and 150 kHz.

• DC-offset: The constant component c0, representing the non-sinusoidal compo-

nent of the waveform.

Figure 2.5 presents an example of a distorted signal with a fundamental frequency of

50 Hz, composed of a DC-offset, a subharmonic component at 25 Hz, and two harmonic

components at 100 Hz (second harmonic) and 150 Hz (third harmonic), as described
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Figure 2.5: Example of the distorted signal.

below:

x(t) = 30 + 30 · sin(2π · 25 · t− 15◦) + 100 · sin(2π · 50 · t− 30◦)

+ 50 · sin(2π · 100 · t− 10◦) + 75 · sin(2π · 150 · t + 40◦)

In most public power networks, DC-offset, interharmonics, and supraharmonics are

typically minimal and challenging to measure or analyze. Consequently, research has

primarily focused on low-order harmonics (harmonics with frequencies below 2 kHz), as

their prevalence has increased due to the growing number of harmonic-emitting sources

in power networks. Understanding their effects on network components has become

increasingly important for maintaining power quality and grid stability. Therefore, the

scope of this thesis is restricted to the analysis of low-order harmonics, which are below

2.5 kHz, since the literature has generally considered low-order harmonics until that

frequency [98,146].

2.4.1 Amplitude and Phase Angle

Previously measured harmonic data from the literature were examined as potential

input data for this study. Specifically, [97] provides harmonic measurements for slow

charging using 23 different EVs, while [98] presents a simulation-based evaluation of
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harmonic impacts for fast charging with two EVs. Despite their relevance, both datasets

exhibit inconsistencies that limit their applicability. In [97], mean harmonic current

distortions are reported as a percentage of the fundamental current. However, an

inconsistency is observed where the 3rd harmonic order exceeds the reported total

harmonic distortion (THD), which is theoretically impossible since THD should always

be greater than any individual harmonic order. Additionally, the dataset lacks phase

angle information, making harmonic summation infeasible.

Similarly, anomalies were identified in [98]. While this dataset provides phase angle

data along with odd harmonic orders and THD, it presents its harmonic values as

percentages of an unspecified fundamental current, making it impossible to perform

harmonic aggregation. Moreover, discrepancies exist between the reported THD and

the THD calculated from the individual harmonic orders. The fact that THD increases

despite a reduction in individual harmonic orders further raises concerns about data

reliability and accuracy. These inconsistencies highlight the challenges in relying on

existing datasets and reinforce the need for more comprehensive and accurately recorded

harmonic measurements to support harmonic summation and power quality analysis.

The amplitude and phase angle of individual harmonics play a crucial role in deter-

mining their impact on the power system. While the amplitude quantifies the magni-

tude of a given harmonic component, the phase angle determines its alignment relative

to the fundamental frequency. Each harmonic order contributes to harmonic distortion,

influencing overall power quality at the point of common coupling (PCC).

When multiple EVs are charged simultaneously, their individual harmonic com-

ponents interact with one another, leading to constructive or destructive interference

depending on their phase relationships. This phenomenon, known as harmonic can-

cellation, can significantly reduce the current total harmonic distortion (THDI) at the

PCC. To analyze this effect, each harmonic order is represented as a phasor in the polar

form:

Phasor = A · ejθ
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Table 2.3: Example for harmonic cancellation of multiple EVs charging. (A denotes
amplitude and θ denotes phase angle in degrees).

Harmonic Orders (1st minute)

3 5 7

A θ A θ A θ

Tesla Model Y LR 0.24 -83.6 0.09 -60.0 0.45 -73.5
Renault Zoe R90 0.23 152.1 4.08 0.98 10.56 87.3
Peugeot e-2008 3.35 47.3 7.92 -67.0 21.43 40.7
PCC 3.14 48.1 10.27 -45.3 29.42 54.9

where A is the amplitude of the harmonic component, θ is the phase angle in degrees,

and j is the imaginary unit (j =
√
−1). However, for mathematical summation, these

phasors must be converted into rectangular form, which consists of real and imaginary

components:

Rectangular Form = A · (cos(θ) + j sin(θ))

Table 2.3 presents a snapshot of our measured harmonic amplitudes and phase

angles for the 3rd, 5th, and 7th harmonic orders, recorded from three EVs—Tesla Model

Y Long Range, Renault Zoe R90, and Peugeot e-2008—along with the corresponding

values at the PCC. Harmonic measurements were logged every second throughout the

charging process.

For example, considering the 3rd harmonic order, the measured amplitudes (A) and

phase angles (θ) for each EV are as follows:

ATesla Model Y LR = 0.24, θTesla Model Y LR = −83.6◦

ARenault Zoe R90 = 0.23, θRenault Zoe R90 = 152.1◦

APeugeot e-2008 = 3.35, θPeugeot e-2008 = 47.3◦

Each harmonic component is converted into rectangular form as:
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Tesla Model Y LR: 0.24 · (cos(−83.6◦) + j sin(−83.6◦))

Renault Zoe R90: 0.23 · (cos(152.1◦) + j sin(152.1◦))

Peugeot e-2008: 3.35 · (cos(47.3◦) + j sin(47.3◦))

The total harmonic contribution at the PCC is then determined by summing the

real and imaginary components of these phasors:

Total Phasor =
∑
EVs

Rectangular Form of each EV

The resultant phasor is then converted back to polar form to obtain the overall

amplitude and phase angle:

APCC =
√

(Real Part)2 + (Imaginary Part)2

θPCC = tan−1

(
Imaginary Part

Real Part

)
For this case, the summation of the three EVs’ harmonics results in:

Real part = 2.097, Imaginary part = 2.337

APCC = 3.14, θPCC = 48.1◦

Without harmonic cancellation, the amplitude at the PCC would be the simple

arithmetic sum of the individual amplitudes:

APCC, no cancellation = 0.24 + 0.23 + 3.35 = 3.82

However, APCC = 3.14. This comparison highlights the significant role of phase an-

gle interactions in determining the overall harmonic contribution at the PCC. Harmonic

cancellation effects vary depending on the harmonic order, the number of contributing

loads, and their relative phase angles. Understanding and accurately modelling these

effects is crucial for maintaining power quality and ensuring compliance with industry
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Figure 2.6: Example for harmonic vector summation of 3rd, 5th and 7th harmonic
orders for multiple EVs charging.

harmonic standards.

The mathematical representation of the summation of the 3rd harmonics, along with

the vector summation of the 3rd, 5th, and 7th harmonics, is depicted in Figure 2.6.

While the PCC shows a higher amplitude for the combined 5th and 7th harmonics

compared to the individual EV contributions, the 3rd harmonic amplitude of the Peu-

geot e-2008 exceeds that at the PCC. This highlights the crucial role of both amplitude

magnitude and phase angle positioning in determining the harmonic aggregation in the

system.

2.4.2 Voltage versus Current Harmonic Distortion

The term “harmonics” is often used without further qualification, although it can re-

fer to issues with voltage or current distortion. For example, operational issues in
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Figure 2.7: Harmonic currents flowing through the system impedance generate har-
monic voltage distortions at the load.

equipment such as adjustable-speed drives or induction furnaces are often attributed

to harmonics. However, this could refer to several distinct phenomena: (1) elevated har-

monic voltages disrupting the control of firing angles, (2) excessive harmonic currents

exceeding the capacity of system components, such as transformers, or (3) harmonic

currents generating excessive harmonic voltages due to system impedance. These varia-

tions underscore the importance of using precise terminology when discussing harmonic

effects, as both the sources and the consequences must be clearly identified.

Nonlinear loads act as sources of harmonic currents, injecting distortions into the

power system. As illustrated in Figure 2.7, voltage distortion arises when these distorted

currents pass through the system’s series impedance, leading to voltage harmonics

at the load bus. The extent of distortion depends on both system impedance and

current magnitude. While load-generated harmonics contribute to voltage distortion,

the load has no control over the resulting voltage quality, which varies depending on

grid conditions at different locations.

Standards such as IEEE 519-2014 establish guidelines for harmonic control and

assign responsibility accordingly. End-use applications are responsible for limiting har-

monic current injection, while system operators, typically utilities, manage voltage dis-

tortion by controlling system impedance. To ensure clarity, the term harmonics should

always be specified, as it can refer to either harmonic currents, typically associated

with loads, or harmonic voltages, which are more relevant to the utility system.
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2.4.3 Harmonic Indices

THD is a key metric used to quantify the degree of distortion in current or voltage

waveforms relative to an ideal sinusoidal signal. It represents the proportion of signal

energy present at frequencies other than the fundamental frequency, indicating the

extent of harmonic contamination.

THD for current harmonics is mathematically defined as:

THDI =

√∑∞
n=2 I

2
n

I1
, (2.2)

where In∈{2,3,4...} denotes the root mean square (RMS) value of the n th harmonic

component, and I1 represents the RMS value of the fundamental frequency component

of the current.

Similarly, THD for voltage harmonics is defined as:

THDV =

√∑∞
n=2 V

2
n

V1
, (2.3)

where Vn∈{2,3,4...} is the RMS value of the n th harmonic component, and V1 repre-

sents the RMS value of the fundamental frequency component of the voltage.

It is important to note that the RMS value of a harmonically distorted signal differs

from that of its fundamental component. For a distorted current, the total RMS value is

obtained by the quadratic sum of the RMS values of all harmonic components, including

the fundamental.

IRMS =

√√√√ ∞∑
h=1

I2h, (2.4)

To quantify the portion of the total RMS current attributed to harmonics, the total

harmonic current (THC) can be defined. It is calculated as the quadratic sum of the

RMS values of each harmonic component and is expressed as:

THC =

√√√√ ∞∑
h=2

I2h (2.5)
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Table 2.4: Harmonics and Symmetrical Components [147]

Harmonic Order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Positive Sequence + + + + +
Negative Sequence - - - - -
Zero Sequence 0 0 0 0 0

where Ih represents the RMS value of the hth harmonic component of the current.

Finally, with these definitions, the RMS value of the current is given by:

IRMS =
√
I21 + THC2 =

√
I21 (1 + THD2) (2.6)

This equation shows that the higher the THD, the greater the RMS current, leading

to increased heating in electrical equipment.

2.4.4 Harmonic Phase Sequences

Symmetrical components are traditionally used in three-phase power system analysis,

simplifying complex unbalanced conditions by transforming them into three balanced

single-phase systems. This method can also be applied to harmonic current analysis,

provided its fundamental assumptions remain valid [147].

Any unbalanced set of phase currents or voltages can be decomposed into three

balanced components:

• Positive-sequence components follow the A-B-C phase rotation (e.g., 0◦,−120◦, 120◦).

• Negative-sequence components follow the A-C-B rotation (e.g., 0◦, 120◦,−120◦).

• Zero-sequence components are in phase (0◦, 0◦, 0◦).

In a balanced three-phase system, the harmonic phase sequence is determined by

multiplying the harmonic order (h) by the fundamental phase rotation. For instance,

the second harmonic (h = 2) produces a negative sequence, while the third harmonic

(h = 3) results in a zero-sequence component. Each harmonic frequency corresponds

to a specific sequence in a balanced system, as shown in Table 2.4.
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Since power system waveforms primarily contain odd harmonics, only odd-harmonic

phase sequences are typically considered in most studies. Zero-sequence harmonics also

require special consideration due to their propagation characteristics within the system:

In a three-phase system, zero-sequence harmonics sum in the neutral conductor, po-

tentially leading to neutral overheating. These harmonics circulate within the delta

windings of transformers, preventing them from propagating beyond the transformer.

As a result, any 3rd harmonic distortion is generated locally and does not transfer

through the transformer [147].

2.4.5 Harmonic Sources

Harmonic distortion arises from nonlinear devices, which draw current waveforms that

are not directly proportional to the applied voltage. Many electrical devices exhibit

nonlinear behaviour. For instance, power transformers and generators operate with fer-

romagnetic materials near their nonlinear region, leading to nonsinusoidal magnetizing

currents even when supplied with a purely sinusoidal voltage [148].

However, electronic devices used across industrial, commercial, and residential sec-

tors primarily contribute to harmonic distortion in power systems. Industrial equipment

such as three-phase power converters and arc welders generate significant harmonic cur-

rents. In public low-voltage networks, the primary sources of harmonics are household

and commercial electronic appliances, including energy-efficient lighting (CFLs and

LEDs), computers, televisions, and battery chargers [96].

Power electronic devices, such as rectifiers, inverters, and switched-mode power

supplies (SMPS), are key contributors to harmonic distortion due to their non-linear

switching behaviour [149]. These devices are widely used in motor drives, uninterrupt-

ible power supplies (UPS), and renewable energy systems. For instance, single-phase

diode bridge rectifiers, commonly found in consumer electronics like battery chargers

and LED drivers, introduce significant harmonic currents into the grid by drawing

current in short pulses rather than as a continuous waveform. Similarly, pulse-width

modulation (PWM) inverters, used in variable-speed motor drives and solar PV invert-

ers, generate high-frequency harmonics that can affect power quality [95].
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Figure 2.8: Block Diagram of EV charging

Power electronic devices utilized in EV charging introduce current and voltage har-

monics into the power system due to their non-linear switching behaviour during the

AC-to-DC conversion process [94]. Figure 2.8 presents a block diagram illustrating the

EV charging process. Depending on the charging configuration, this AC/DC conversion

can occur either within the EVSE or through the vehicle’s onboard charger.

Figure 2.9 shows the topology of a three-phase bidirectional AC-DC converter,

which facilitates power transfer between a three-phase AC supply and a DC voltage bus

[150]. This converter consists of six IGBT-diode switches S1–S6, which are connected

to the three-phase AC supply through series filter inductance Ls and resistance Rs. To

maintain a stable DC bus voltage Vdc, a DC capacitor Cdc is placed across the voltage

bus.

The bidirectional AC-DC converter operates in two distinct modes. It functions as

a front-end rectifier in rectifier mode, enabling power transfer from the three-phase AC

supply to the DC voltage bus. In inverter mode, power flows in the opposite direction

from the DC bus to the three-phase AC supply, where the converter operates as a

voltage source inverter. However, this AC-DC conversion process, relying on power

electronics, introduces harmonic distortion into the supply network due to the non-

linear switching behaviour of semiconductor devices.

2.4.6 Impacts of Harmonics

This section provides a general overview of the impacts of harmonic distortion on var-

ious power system components, serving as a foundational background for EV-specific

analysis presented later. Harmonic currents generated by nonlinear loads are fed back
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Figure 2.9: Three-phase bidirectional AC-DC converter topology.

into the supply system, where they can negatively affect various power system com-

ponents. These currents can lead to increased losses, overheating, and overloading in

equipment such as capacitors, transformers, and motors [31]. Additionally, harmon-

ics may interfere with telecommunication lines and introduce errors in power meter-

ing [151]. This section examines the specific impacts of harmonic distortion on different

power system elements:

• Transformers: Transformers are designed to supply power to connected loads

with minimal losses at the fundamental frequency. However, harmonic distortion

leads to additional heating and efficiency losses, particularly in current [152]. To

accommodate higher frequencies, transformer designs may include continuously

transposed cables instead of solid conductors and additional cooling ducts. A

transformer experiencing current distortion above 5% typically requires derating

to account for the additional thermal stress caused by harmonics [147].

Harmonics increase transformer heating through three main effects. First, RMS

current: Harmonic currents can raise the total RMS current beyond the trans-
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former’s rated capacity, increasing conductor losses. Second, eddy current losses:

Harmonic-induced eddy currents circulate in the windings, core, and surround-

ing conductive parts, generating additional heat. These losses increase with the

square of the harmonic frequency. Third, core losses: Harmonics affect the volt-

age waveform, potentially increasing eddy currents in the core laminations. The

impact depends on the core’s material and lamination thickness, though core

losses are generally less critical than conductor and eddy current losses [32].

• Capacitors: Capacitor banks are often the first components to exhibit problems

related to harmonic distortion. Resonance occurs when the inductive reactance

of the system matches the capacitive reactance, leading to excessive voltage and

current amplification at specific harmonic frequencies [153]. During resonance,

capacitors experience high voltage distortion and excessive harmonic currents.

These currents, particularly monotonic harmonics, can significantly exceed the

capacitor’s rated RMS current. For instance, when resonance occurs at the 11th

harmonic, the resulting current waveform consists of the 11th harmonic superim-

posed on the fundamental frequency. Such conditions indicate a resonant state

involving capacitor banks. High-frequency harmonic currents can also lead to

overheating, fuse failures, and potential damage to capacitors if not properly

mitigated [115].

• Motors: Harmonic voltage distortion at motor terminals generates harmonic

fluxes that do not contribute to torque but induce high-frequency currents in

the rotor. Similar to negative-sequence currents, this effect leads to increased

losses, reducing efficiency and causing overheating, vibration, and high-pitched

noise [154]. At harmonic frequencies, motors behave as a blocked rotor reactance

across the supply. Lower-order harmonics are particularly significant, as their

higher magnitudes and lower motor impedance make them more impactful. Gen-

erally, motors do not require derating if voltage distortion remains within IEEE

Standard 519-2014 limits of 5% THD and 3% for any individual harmonic. How-

ever, excessive heating issues arise when distortion exceeds 8–10%, necessitating
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corrective measures to ensure motor longevity [144].

• Telecommunications: Harmonic currents can interfere with communication

lines that run parallel to power conductors, especially in the 540–1200 Hz voice

frequency range. Triplen harmonics (e.g., 3rd, 9th) are particularly problematic in

four-wire systems, as they sum in the neutral and increase coupling risk. Although

shielded twisted-pair cables reduce inductive interference, high shield currents can

still cause voltage imbalances. Proper grounding and shielding remain essential

to minimize harmonic-induced disruptions in telecom systems [144].

• Energy and Demand Metering: Harmonic currents from nonlinear loads can

affect the accuracy of watthour and demand meters, leading to measurement er-

rors [155]. Traditional induction-based meters tend to under-register energy at

harmonic frequencies, while modern electronic meters are more accurate but may

still be configured to measure only fundamental power. The most significant

errors occur in demand metering, where harmonic distortion can cause an under-

estimation of kVA demand by up to 10–15%. While these errors are usually small

at the plant level, they can be more pronounced in facilities dominated by PWM

drives or other high-harmonic loads [148].

• Cables and Lines: Harmonic currents cause additional heating in cables and

transmission lines, though the effect is less severe than in transformers. High-

frequency harmonics increase the risk of hot spots forming at cable joints, leading

to insulation degradation and potential failures over time [156].

• Neutral Conductors: The neutral conductor typically carries minimal current

in a three-phase system. However, triple harmonics from phase conductors ac-

cumulate in the neutral, sometimes exceeding the phase current. This can lead

to overheating of the neutral conductor, posing a risk of insulation damage or

failure, as overload protection may not detect and mitigate the issue [115].

• Electronic Equipment: Waveform distortion can cause zero-crossing shifts or

multiple zero-crossings, affecting devices that rely on voltage zero-crossing for
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phase-angle detection. Additionally, high-frequency distortion can couple through

the power supply circuit, leading to malfunctions in sensitive electronic equipment

[115].

2.5 Harmonic Impact Assessment of EV Charging

Building on the general impacts of harmonics, this section examines the specific impacts

of EV charging, reviewing key datasets and studies that assess EV-induced harmonic

distortion under various charging conditions. As non-linear loads, EV chargers generate

harmonics due to the power electronics used in AC-DC conversion, which inject current

and voltage harmonics into the power grid [94]. With the increasing number of EV

charging sessions, harmonic distortion can significantly degrade power quality. If the

total harmonic content exceeds the limits defined by industry standards, it may pose

challenges to grid stability and reliability [157].

Harmonic distortion caused by EV charging can adversely affect distribution net-

work components, including cables, transformers, switchgear, and customer equip-

ment [158]. In cables, harmonics increase resistive losses, leading to overheating and

insulation degradation, which can shorten their operational lifespan if not adequately

rated [31, 159]. Transformers are particularly vulnerable to harmonics due to higher

eddy current losses and core saturation, which result in excessive heating and reduced

efficiency. This can contribute to voltage irregularities and premature failure [32]. Ad-

ditionally, harmonics distort the magnetic flux, further exacerbating core saturation,

reducing transformer lifespan, and increasing the likelihood of network voltage fluc-

tuations [33]. The K-value is a crucial index for evaluating a transformer’s ability to

withstand harmonic currents. A higher K-value correlates with more significant ther-

mal stress, which can potentially reduce the transformer’s lifespan. This relationship

follows a quadratic correlation that links harmonic order and magnitude to the K-

value [160]. The methodology for quantifying transformer loss of life due to harmonic

effects is defined in IEEE Standard C57.91 [161].

Switchgear components, such as circuit breakers, are susceptible to harmonic dis-
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tortion, thermal stress, and nuisance tripping, which can reduce their operational lifes-

pan [162]. For customer equipment, EV-induced harmonics contribute to overheating,

voltage irregularities, and electromagnetic interference (EMI), leading to malfunctions,

reduced efficiency, and potential damage to sensitive electronics. Additionally, increased

EMI from harmonic distortion presents a significant risk to on-board vehicle systems,

potentially disrupting their functionality [163]. Harmonic distortion can weaken insu-

lation, accelerate component aging, and compromise overall system reliability if not

properly managed.

In the evolving field of electric mobility, on-board EV chargers have seen significant

advancements since the late 2000s. Early chargers primarily performed basic AC-to-DC

conversion, whereas modern designs offer higher efficiency, increased charging power,

bi-directional capability, and smart charging features [164].

While these advances improve efficiency and flexibility, they also modify harmonic

emission patterns and increase the complexity of harmonic interactions in modern EV-

dominated networks. Consequently, understanding how harmonics propagate and ag-

gregate in present-day EV charging environments requires data and models that reflect

current charger technology rather than early-generation designs.

2.5.1 Impacts of Constant Current and Constant Voltage Charging

on Harmonic Distortion

Constant current (CC) and constant voltage (CV) charging, the standard methodology

employed in fast charging, directly influence harmonic levels. In CC-CV charging, the

battery undergoes two distinct stages, dictated by its state of charge (SoC), to complete

the charging cycle. During the CC phase, the battery is charged at a constant current

irrespective of its voltage, continuing until it reaches a predefined SoC threshold. This

phase represents the primary charging period, typically covering the range from 0 to

80% SoC. Conversely, the CV phase maintains a fixed voltage while the charging current

gradually decreases as the battery approaches full capacity. Once the SoC surpasses

the level charged in the CC stage, the CV phase is employed until the battery reaches

full charge [165]. Figure 2.10 illustrates the relationship between charging current and
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Figure 2.10: Current behaviour during CC and CV charging phase [98].

SoC throughout the CC and CV phases.

CC charging techniques encompass various methods, including fast, trickle, and

pulse. Fast charging delivers a high current to rapidly charge a battery, whereas trickle

charging applies a low current to sustain a fully charged battery over an extended pe-

riod. Pulse charging, on the other hand, employs intermittent bursts of high current,

followed by rest periods, to enhance battery performance and longevity. In contrast,

CV charging methods primarily consist of float and taper charging [166]. Float charg-

ing maintains the battery at full charge by supplying a constant voltage, while taper

charging gradually reduces the charging current as the battery nears full capacity to

prevent overcharging and potential battery degradation.

Different battery chemistries require tailored charging techniques to optimize per-

formance and longevity. Nickel-metal hydride (NiMH) batteries typically utilize con-

stant current (CC) and trickle charging, whereas lithium-ion (Li-ion) batteries employ
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Figure 2.11: Current waveform during CC and CV charging phase [168].

a combination of CC, CV, and trickle charging methods. Temperature plays a critical

role in charging efficiency, as both battery types exhibit reduced performance under

extreme thermal conditions. In cold climates, trickle charging is often used to preheat

the battery, ensuring its temperature reaches an optimal range of 20–25°C before ini-

tiating standard charging. Additionally, to prevent overcharging and extend battery

lifespan, Li-ion battery charging is automatically terminated once it approaches full

capacity [167].

From a harmonics perspective, EV chargers exhibit distinct characteristics during

different charging stages. During the CC phase, the current waveform remains relatively

undistorted, whereas harmonic distortion increases significantly in the CV phase. This

behavior is illustrated in Figure 2.11, which depicts the current waveform variations in

both charging phases.

The trends in THD throughout the CC and CV phases are further analyzed in
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Figure 2.12: THDI during CC and CV charging phase [98].

Figure 2.12. Both Figure 2.10 and Figure 2.12 represent approximately 40 minutes

of fast charging, highlighting three distinct stages. Initially, at the start of charging,

THD reaches its peak before gradually decreasing as the current increases. In the

second stage, corresponding to the CC phase, THD stabilizes at approximately 12%,

maintaining relatively low distortion levels. As charging transitions to the CV phase,

spanning from 77% to 100% SoC, the current gradually decreases over a 15-minute

period. During this stage, THD rises steadily, peaking towards the end of charging.

These variations underscore the nonlinear behavior of EV chargers and their impact on

power quality during different stages of the charging cycle.
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Table 2.5: Current total harmonic distortion and corresponding currents for different
temperatures [146].

Charger Units
Temperature Levels

-25 °C -15 °C 20 °C 40 °C

A
120 kW DC

THDI (%)
IL (A)

15.06
17.6

13.37
28.53

6.43
82

8.23
81

B
up to 50 kW DC

THDI (%)
IL (A)

37.63
9.13

24.67
24.47

10.63
79.2

11.03
77.03

C
from 20 to 44 kW DC

THDI (%)
IL (A)

Failed to
charge

8.33
37.1

8.6
68.3

6.37
67.13

D
Max power 50 kW DC

THDI (%)
IL (A)

Failed to
charge

11.07
31.73

7.97
61.8

8.33
80.83

E
Max power 50 kW DC

THDI (%)
IL (A)

Failed to
charge

8
29.07

4.4
75.67

4.1
75.5

F
Max power 60 kW DC

THDI (%)
IL (A)

23.9
15.87

15.67
43.3

11.77
80.33

8.53
83.03

2.5.2 Impacts of Low Temperatures EV Charging on Harmonic Dis-

tortion

Previous studies have examined the effects of EV charging on power distribution net-

works from multiple perspectives. However, most of this research assumes optimal

temperature conditions, typically equating them with ambient temperature, without

explicitly accounting for the influence of low temperatures. As a result, the specific ef-

fects of reduced temperatures on EV charging behaviour and associated power quality

issues have not been thoroughly explored. In particular, harmonic distortion tends to

become more pronounced under low-temperature conditions [31].

Experimental results from [169] reveal that low ambient temperatures significantly

influence fast chargers’ charging behaviour and harmonic emissions. In the study, an

ABB Terra 53 CJ 50 kW DC fast charger was used to charge a 2015 Nissan Leaf, and

the harmonic profile was analyzed under varying temperature conditions. The findings

indicate an inverse relationship between ambient temperature and harmonic distortion:

as temperatures decrease, the charging power output is reduced, leading to increased
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Table 2.6: Impacts of temperature on fast charging current. (T represents the battery
temperature) [170].

T < 10°C 10°C ≤ T ≤ 20°C T > 20°C

Charging current (A) 25 50 125 (rated)

harmonic emissions. In contrast, the charger delivers higher power when the tempera-

ture approaches optimal levels and the associated harmonic distortion decreases. Under

subzero conditions, THD exceeded the limits defined by existing standards, highlighting

the sensitivity of harmonic performance to environmental conditions.

In [146], a Nissan Leaf with a 24 kWh battery was fully charged at four ambient

temperatures (−25◦C, −15◦C, 20◦C, and 40◦C) using six different commercial fast

chargers. The results, summarized in Table 2.5, present the average THDI and load

current (IL) across all three phases. The findings indicate that THDI levels generally

increased as ambient temperature decreased. Moreover, certain chargers were unable

to initiate charging at extremely low temperatures.

The study in [170] examined how ambient and battery temperatures, along with

the SoC, affect the performance of an ABB fast charger. When charging from an initial

SoC of 10% to 80%, a warm battery completed the process in 25 minutes, while a cold

battery required 62 minutes. The results, summarized in Table 2.6, indicate that lower

battery temperatures lead to a noticeable reduction in charging current.

2.6 Industry Standards for Harmonic Limitation

The International Electrotechnical Commission (IEC), the European Committee for

Electrotechnical Standardization (CENELEC), and the Institute of Electrical and Elec-

tronics Engineers (IEEE) establish widely accepted power quality standards. These

standards define permissible levels of harmonic distortion in electrical networks to en-

sure power quality and grid stability. The key standards relevant to this analysis are

outlined below and summarized in Figure 2.13.

• IEC 61000 defines various types of power quality disturbances, along with their
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IEC 61000

IEC 61000-3-2 (rated 
current ≤ 16 A)                   

IEC 61000-3-12 (rated 
current > 16 A)     

Harmonic limitations 
on EV chargers

IEC 61000-4-7

IEC 61000-4-30

Harmonic 
measurements and 

instrumentation

EN 50160

EN 50160              
Harmonic voltage 
distortion limits

IEEE 519

IEEE 519-2014     
Harmonic voltage 
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distortion limits

Figure 2.13: Various harmonic power quality standards.

characteristics and measurement methodologies. EV chargers must comply with

the IEC 61000 series standards for electromagnetic compatibility, which set limits

on harmonic emissions such as current harmonics, voltage harmonics, and power

factor requirements. Specifically, IEC 61000-3-2 [171] (for devices rated at ≤ 16A)

and IEC 61000-3-12 [172] (for devices rated above 16A) regulate the harmonic

current emissions from EV chargers, as summarized in Table 2.7 and Table 2.8.

Meanwhile, IEC 61000-2-2 [173] and IEC 61000-2-4 [174] establish voltage har-

monic limits for public and industrial power networks, respectively, as detailed

in Table 2.9. Standards IEC 61000-4-7 [145] and IEC 61000-4-30 [175] provide

guidelines for harmonic measurement techniques and instrumentation.

• European Norm (EN) 50160 [125], developed by CENELEC, sets voltage quality

limits for LV and MV distribution networks, defining the acceptable range of

voltage parameters at the PCC. This standard specifies the voltage distortion

levels that distribution network operators must comply with.

• IEEE 519-2014 [176] provides recommendations on voltage and current distortion

limits for both network operators and end-users. The current harmonic restric-
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Table 2.7: Restrictions for current harmonics in IEC 61000-3-2.

Harmonic order
(n)

Maximum permissible
harmonic current

(A)

Odd Harmonics

3 2.30
5 1.14
7 0.77
9 0.40
11 0.33
13 0.21

15 ≤ n ≤ 39 0.15 x (15/n)

Even Harmonics

2 1.08
4 0.43
6 0.30

8 ≤ n ≤ 40 0.23 x (8/n)

Table 2.8: Restrictions for current harmonics in IEC 61000-3-12.

Minimum
RCSE

Admissible individual harmonic
current Ih/Iref (%)

Admissible harmonic
parameters (%)

I5 I7 I11 I13 THC/Iref PWHC/Iref

33 10.7 7.2 3.1 2 13 22
66 14 9 5 3 16 25
120 19 12 7 4 22 28
250 31 20 12 7 37 38
350+ 40 25 15 10 48 46

RSCE - Short-circuit ratio; Ih - Harmonic current component;
Iref - Reference current; THC - Total Harmonic Current;
PWHC - Partial Weighted Harmonic Current

tions outlined in IEEE 519-2014 for voltage levels between 120 V and 69 kV are

summarized in Table 2.10. Additionally, voltage harmonic limits based on bus

voltage levels are detailed in Table 2.11.

These standards provide essential guidelines for assessing and mitigating the im-

pact of harmonic distortion on power systems. Their widespread adoption in industry
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Table 2.9: Restrictions for voltage harmonics in IEC 61000-2-4.

Harmonic order n
(Non multiples of 3)

Class 1 Harmonic V.
(%)

Class 2 Harmonic V.
(%)

Class 3 Harmonic V.
(%)

5 3 6 8
7 3 5 7
11 3 3.5 5
13 3 3 4.5
17 2 2 4

THDV 5 8 10

Class 1: Compatibility level lower than public (protected supplies).
Class 2: Compatibility level equals the public (industrial networks).
Class 3: Compatibility level higher than public (dedicated or heavy industry networks)

Table 2.10: Restrictions for current harmonics between 120 V and 69 kV in IEEE 519-
2014.

Maximum harmonic current distortion in percent of IL

Individual harmonic order (odd harmonics)

ISC / IL 3 ≤ h < 11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h ≤ 50 TDD

[0, 20) 4.0 2.0 1.5 0.6 0.3 5.0
[20, 50) 7.0 3.5 2.5 1.0 0.5 8.0
[50, 100) 10.0 4.5 4.0 1.5 0.7 12.0
[100, 1000) 12.0 5.5 5.0 2.0 1.0 15.0
[1000,−) 15.0 7.0 6.0 2.5 1.4 20.0

Table 2.11: Restrictions for voltage harmonics in IEEE 519-2014.

Bus Voltage V at PCC
Individual Harmonic

Voltage Distortion (%)
Total Harmonic Voltage
Distortion (THDV) (%)

V ≤ 1 kV 5.0 8.0
1 kV < V ≤ 69 kV 3.0 5.0
69 kV < V ≤ 161 kV 1.5 2.5
V > 161 kV 1.0 1.5

and academia ensures consistency in monitoring, comparing, and managing harmonic

emissions across different systems and geographies. In line with these established frame-

works, this study focuses specifically on THD and individual harmonic orders, which

are among the most recognized and validated indicators in the literature for quantifying

harmonic-related disturbances and ensuring compliance with regulatory thresholds.
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2.7 Regulatory Frameworks, Market Incentives, and Stake-

holder Alignment

The technical constraints defined by harmonic, voltage, and current standards do not

operate in isolation. Their practical relevance is realised through regulatory frameworks

and electricity market mechanisms that determine how EV charging infrastructure is

deployed and how charging behaviour is shaped in real power systems. While IEC

61000, IEEE 519, and EN 50160 specify permissible limits on harmonic distortion and

voltage quality, compliance with these limits is enforced through grid codes, distri-

bution network connection agreements, and market-based incentives that affect both

EV owners and charging infrastructure operators. Consequently, the ability of smart

charging to mitigate power quality and loading problems depends not only on control

algorithms, but also on how regulatory and commercial structures translate technical

requirements into operational behaviour.

From a distribution system operator (DSO) perspective, EV charging represents

a new class of highly variable and spatially concentrated load. DSOs are responsi-

ble for ensuring that voltage levels, thermal limits, and power quality indices at the

PCC remain within statutory limits. Exceeding these limits leads to regulatory non-

compliance, accelerated asset aging, and in some cases, penalties or mandatory network

reinforcements. Smart charging, therefore, provides DSOs with a non-wires alternative

for managing congestion, voltage deviations, and harmonic stress by shaping EV charg-

ing profiles instead of physically upgrading cables and transformers. In this sense, smart

charging is directly aligned with regulatory objectives for cost-effective grid operation

and long-term asset protection.

At the transmission system level, the primary concern is not local voltage or har-

monics but the aggregate impact of EV charging on system-wide demand, frequency

stability, and generation dispatch. Large-scale electrification of transport increases

evening peak demand and amplifies the variability introduced by renewable energy

sources. Market-based flexibility mechanisms allow aggregators and retailers to coordi-

nate EV charging in response to wholesale price signals and ancillary service markets,
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thereby supporting system balancing and renewable integration. Although individual

EVs are connected at low voltage, their collective behaviour influences high-voltage net-

work loading and generation requirements, linking distribution-level charging decisions

to transmission-level system stability.

EV users and charging service providers respond primarily to economic incentives.

Time-of-use tariffs, dynamic pricing, and flexibility payments create financial incentives

to shift or modulate charging away from peak periods and toward periods of high re-

newable availability. Regulatory frameworks increasingly require new charging points

to support smart functionality and external control, ensuring that these price signals

translate into actual charging behaviour. In this way, regulatory mandates and market

incentives work together to align consumer behaviour with grid constraints, while pre-

serving user mobility requirements through override and minimum-charge guarantees.

Importantly, these regulatory and market mechanisms also shape the power-quality

outcomes that are central to this thesis. When smart charging shifts or modulates the

EV load, it changes not only the active power demand but also the operating point of the

power electronic converters within chargers. As demonstrated earlier in this chapter,

charging current level, phase configuration, and charging stage (CC or CV) strongly

influence harmonic emissions. Market-driven charging strategies, therefore, indirectly

affect harmonic distortion at the distribution level by altering the timing and operation

of EV chargers. This establishes a direct link between economic incentives, regulatory

compliance, and harmonic performance.

In this context, the distribution network is the most critical layer for evaluating the

impacts of smart charging. Transmission systems experience EV charging primarily as

aggregated demand, which is managed through generation scheduling and wholesale

markets. Distribution networks, by contrast, are exposed to coincident charging, phase

imbalance, voltage drops, and harmonic injection at the point of connection. These phe-

nomena determine transformer loading, insulation aging, and compliance with power

quality standards. For this reason, although EV electrification influences both trans-

mission and distribution systems, the most immediate and technically complex impacts

arise at the distribution level, where EV chargers physically interface with the grid.
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This thesis, therefore, focuses on distribution networks, where regulatory limits,

market-driven charging behaviour, and power-electronic characteristics intersect most

strongly. By analysing harmonic emissions, loading, and thermal stress under smart

charging scenarios, the work directly addresses the network layer that is both most

constrained and most affected by the large-scale deployment of EVs.

Although standards such as IEC 61000 and IEEE 519 define acceptable harmonic

limits, their practical enforcement depends on the availability of detailed, phase-resolved

harmonic data under realistic charging conditions. Existing studies do not provide

datasets that capture the combined effects of smart charging, multiple EVs, and har-

monic phase angle interactions. This gap prevents both network operators and market

actors from quantitatively assessing whether flexibility-based charging strategies remain

compliant with power quality constraints. For this reason, a dedicated experimental

data collection campaign was required, which is described in Chapter 3.

2.8 Chapter Summary

This chapter provided a comprehensive review of the technical, regulatory, and power

quality considerations associated with EV charging, with a focus on its integration into

power systems and the resulting harmonic distortion. It began by examining smart

charging strategies, which were shown to be essential for mitigating peak demand,

enhancing grid flexibility, and supporting renewable energy integration. The review

distinguished smart charging from traditional demand-side management and empha-

sized the role of VGI technologies in delivering flexible services at the system, local, and

consumer levels. Various implementation strategies, including modulation, scheduling,

shifting, and phase curtailment, were discussed, highlighting their implications for grid

stability and power quality.

The chapter then analyzed key drivers for distribution network investment, includ-

ing congestion levels, coincidence factors, and local load characteristics. It was shown

that smart charging could reduce the need for costly infrastructure upgrades by aligning

charging behaviour with local energy conditions such as heating demand and photo-
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voltaic output. Regulatory developments in countries such as the UK, the Netherlands,

Spain, and Denmark were referenced to demonstrate how real-world policies and tariffs

influenced smart charging deployment.

A classification of EV charging equipment and power levels followed, differentiating

between on-board and off-board charging systems, and discussing the respective roles of

slow and fast charging in enabling smart charging applications. Although fast charging

was recognized for its user convenience, the analysis emphasized that slow charging was

more compatible with flexibility services and grid stability objectives.

Subsequently, the chapter explored the impacts of EV charging on power networks,

distinguishing between local distribution-level issues, such as transformer overloading,

voltage drops, and phase imbalances, and system-wide challenges, including peak de-

mand escalation and frequency instability. Particular attention was paid to the role of

EVs in affecting power quality, especially through the generation of harmonic distortion.

The chapter presented the mathematical foundation for harmonic decomposition us-

ing Fourier analysis, explaining the relevance of amplitude, phase angle, and harmonic

summation.

Special emphasis was placed on harmonic cancellation phenomena, where phase

angle diversity among multiple EVs could reduce aggregate THD at the PCC. Real

measurement examples were used to illustrate how both amplitude and phase angle

interactions shaped the resulting harmonic content and highlighted the limitations of

simple arithmetic summation methods in accurately assessing harmonics.

The chapter further distinguished between current and voltage harmonic distortion,

clarifying how nonlinear loads injected current harmonics that were then amplified by

grid impedance. The concept of THD was explained in both contexts, along with

supporting indices such as total harmonic current, and their implications for increased

RMS values and thermal stress on equipment.

The analysis extended to harmonic phase sequences using symmetrical components,

categorizing positive-, negative-, and zero-sequence harmonics and discussing their im-

plications for transformer loading and neutral conductor stress. Triple harmonics in

four-wire systems were identified as particularly problematic.
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The sources and impacts of harmonic distortion were then reviewed, with a focus

on nonlinear loads such as EV chargers, variable-speed drives, and other power elec-

tronic devices. The consequences for power system components, including transformers,

capacitors, motors, telecommunications equipment, meters, cables, and sensitive elec-

tronics, were outlined, emphasizing issues such as thermal stress, resonance conditions,

metering inaccuracies, and electromagnetic interference.

A critical evaluation of existing harmonic measurement studies revealed significant

limitations in data accuracy, standardization, and particularly the availability of phase

angle data. Most prior studies lacked detailed analysis of multiple EVs charging simul-

taneously, and none adequately addressed harmonic behaviour under smart charging

conditions. This gap underscored the need for probabilistic modelling approaches and

comprehensive harmonic datasets to enable more accurate impact assessments.

The chapter also discussed harmonic variations observed during the CC and CV

phases of charging, showing that THD levels changed significantly between these phases.

These findings highlighted the importance of SoC-dependent harmonic analysis, espe-

cially when modelling fast-charging behaviour.

Finally, the chapter summarized harmonic limits defined by industry standards

such as IEC 61000, EN 50160, and IEEE 519. These standards established permissible

harmonic levels and clarified the responsibilities of end-users and system operators for

maintaining compliance. A set of summary tables presented allowable current and

voltage distortion limits by equipment class, voltage level, and harmonic order.

Overall, this chapter provided a solid technical background for understanding the

complex implications of EV charging on power quality and distribution grid infras-

tructure. It integrated insights from literature, industry standards, and measurement

challenges, forming the foundation for the experimental and simulation-based analyses

developed in the following chapters.

69



Chapter 3
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This chapter presents data collection to bridge existing literature gaps, serving as a

foundation for data analysis and as input for the thesis’s advanced modelling and

simulation studies. The section will describe the experimental setup, including the EVs

tested, the charging devices, and the power quality analyzer used for measurements.

Furthermore, the methodology for data acquisition will be outlined, specifying the key

parameters recorded, such as current, voltage, and individual harmonic orders. This

collected data will be crucial for assessing the impact of EV charging on power quality

and validating simulation models.

3.1 Motivation for Dedicated EV Harmonic Data Collec-

tion

While the literature has clearly established that EV chargers are major sources of

harmonic distortion, the quantitative assessment of their impact under realistic smart

charging conditions remains fundamentally constrained by the availability and qual-

ity of measurement data. Most existing datasets were collected for isolated vehicles,

fixed charging currents, or early-generation chargers, and therefore do not capture the

diversity of converter technologies, phase-angle interactions, and coordinated charging

behaviours that now characterize modern EV fleets. As a result, the ability to evaluate

harmonic aggregation, cancellation effects, and compliance with IEC and IEEE limits
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under multi-EV smart charging scenarios is severely limited.

This chapter shifts from reviewing impacts to explaining why a dedicated experi-

mental measurement campaign is required. By critically examining existing EV har-

monic datasets, it demonstrates that current data are insufficient for probabilistic har-

monic summation, transformer aging assessment, and grid-level power-quality mod-

elling. This gap provides the technical motivation for the laboratory measurements,

high-resolution harmonic recordings, and controlled charging experiments presented in

the following sections, which form the empirical foundation of this thesis.

3.1.1 Existing EV Harmonic Measurement Studies

One of the early harmonic measurement studies [98] recorded EV harmonic time series

across various initial and final state-of-charge values. The study introduced a proba-

bilistic methodology to evaluate the harmonic effects of two EVs charging simultane-

ously. Findings indicate that during the second phase of the constant current–constant

voltage (CC-CV) charging profile, harmonic content increases significantly as charging

current decreases, leading to a rise in THDI. However, only odd harmonic magnitudes

were reported at selected operating points, and fundamental and even harmonics were

omitted.

The study in [177] conducted harmonic testing on 18 EV models (pre-2016) using

AC Level 2 chargers, primarily with single-phase on-board chargers. The THDI of

tested EVs varied between 1.7% and 11.9%, indicating a lack of standardization in

harmonic emissions. The study also examined the 3rd, 5th, and 7th harmonics, along

with their phase angles, to enable limited assessment of harmonic cancellation. Given

advancements in EV technology, the data do not reflect modern charger designs.

The work in [97] presents harmonic measurements from 23 different EVs using

slow AC chargers with power ratings between 2.3 and 7.2 kW. Only the magnitude of

individual harmonics was measured. Phase angle information was not recorded, and

harmonic summation was estimated using IEC statistical summation laws rather than

direct phasor aggregation. The study introduces a probabilistic simulation technique

to estimate the harmonic hosting capacity of rural and urban power networks in the
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UK.

In [178] investigates harmonic emissions during DC charging and bi-directional dis-

charging of a Nissan Leaf at 2, 5, and 10 kW charging rates. Harmonics were evaluated

against IEEE 519 limits, but only for a single EV, without coordinated charging sce-

narios [176].

A recent study [179] presents EV charging profile measurements for 12 different

EVs, including both pure electric and plug-in hybrid vehicles. The dataset includes

active power (kW), reactive power (kVAR), apparent power (kVA), voltage (V rms),

current (A rms), and both voltage and current harmonics. Each EV was charged for

several hours using Level 2 chargers rated at 6.6 kW. The findings indicate that, in

most cases, THDI remain within industry limits. However, smart charging was not

used, and phase angles were not recorded.

The study in [180] examines voltage and current harmonic measurements at the

PCC of an EV charging station. The analysis primarily focuses on the third harmonic,

which exhibits the highest harmonic content. Findings suggest that current harmonics

pose a greater concern than voltage harmonics. Despite the station’s peak active power

reaching approximately 60 kW, the total demand distortion exceeds 10%. Because the

analysis is based on a single monitoring location, it does not include detailed information

on individual EV types or their charging levels. Moreover, phase relationships are also

unavailable.

The study in [180] analysed harmonics at the PCC of a charging station supplying

multiple EVs, reporting total demand distortion above 10%. However, individual EV

contributions and phase relationships were not available.

In [38], the study investigates supra-harmonics (frequencies above 2 kHz) under

varying charging currents. The findings confirm that EV chargers contribute to supra-

harmonic emissions, highlighting the need for standardization efforts to mitigate related

power quality issues. However, low-order harmonic aggregation was not addressed.
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3.1.2 Lack of Phase Angle Information and Harmonic Summation

Until recently, most harmonic studies have not recorded phase angles due to limitations

in measurement technology. To compensate for the absence of phase angle data, the

IEC introduced a summation law that estimates harmonic summation without phase

angle considerations [181]. The summation effect of harmonic currents is expressed as

follows [182]:

(I)αh,Σ =

Nd∑
i

(I)αh,i,

where α is the summation coefficient for harmonic order h, Iαh,i is the 95% non-

exceeding value of the hth harmonic current of load i, and Nd is the total number of

loads (which corresponds to the number of EVs in the case of smart charging).

The IEC 61000-3-6 standard [182] defines the summation coefficients (α) based on

the harmonic order h as follows:

• For harmonic orders less than five (h < 5), α = 1, reflecting minimal phase-angle

dispersion and strong correlation among lower-order harmonics.

• For harmonic orders between five and ten (5 ≤ h ≤ 10), α = 1.4, capturing

moderate diversity in phase angles and partial cancellation effects.

• For harmonic orders greater than ten (h > 10), α = 2, accounting for greater

randomness and dispersion in higher-order harmonic phase angles.

These coefficients aim to capture statistical phase diversity but do not capture the

true phasor-based harmonic interactions that arise when EVs with different converters

operate simultaneously.

Beyond EV applications, [183] demonstrates that summation coefficients, derived

from data across multiple arc furnace sites, are sensitive to the probability threshold

and calculation interval, both of which influence the degree of random variation in har-

monic voltages and currents. In [184], summation coefficients up to the 20th harmonic

order were calculated for a railway rectifier, with values ranging between 1.8 and 2.0.
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Additionally, [185] highlights that wind farm topology and assumptions about magni-

tude and phase angle distributions can significantly impact summation coefficients.

3.1.3 Implications for EV Harmonic Assessment

The harmonic cancellation effect of multiple loads has been studied in [186], which

showed that measured harmonic sums differ substantially from arithmetic aggregation.

Using EV charging data from [187], [186] demonstrated that EV harmonic cancellation

exhibits greater variability than LED lighting loads due to the diverse converter designs

used in vehicles.

These findings reveal that existing EV harmonic datasets lack the resolution re-

quired for accurate harmonic aggregation. Most datasets do not include phase angle

information, smart charging conditions, or coordinated multi-EV operation. As a result,

it is not possible to evaluate probabilistically whether future smart-charging scenarios

will violate IEC or IEEE harmonic limits using existing data alone.

In practice, distribution network compliance is assessed against percentile-based

harmonic limits, such as the 95% non-exceedance values defined in IEC 61000 and

IEEE 519. Evaluating these limits requires not only average harmonic magnitudes

but also statistical distributions of harmonic currents across time, charging states,

and vehicle combinations. Datasets that report only mean or steady-state harmonic

values are insufficient for grid-planning and asset-rating purposes because they cannot

represent the tails of the distribution where regulatory violations and accelerated aging

are most likely to occur.

Furthermore, smart charging fundamentally alters the operating point of on-board

converters by continuously varying charging current and phase configuration. As shown

in earlier sections, harmonic distortion depends strongly on these operating conditions,

particularly during low-current and CV phases. Without time-synchronised harmonic

measurements across multiple EVs under controlled smart charging actions, it is impos-

sible to capture how coordinated control strategies influence harmonic summation and

cancellation. This limitation directly motivates the controlled experimental framework

and high-resolution harmonic dataset developed in this thesis.
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Table 3.1: Comparison of Key EV Harmonic Distortion Studies
(AC: AC Charging, DC: DC Charging, Smart: Smart Charging, Single EV: Single EV
Charging, Multiple EV: Multiple Simultaneous EV Charging, P. Angle: Phase Angle)

Study AC DC Smart Single EV Multiple EV P. Angle

This study Y Y Y Y Y Y
[98] Y N N Y Y N
[177] Y N N Y N Y
[97] Y N N Y N N
[178] N Y N Y N N
[179] Y N N Y N N
[180] N Y N N Y N
[38] Y N N Y N N

3.1.4 Comparison of Existing EV Harmonic Studies

In real-world distribution networks, the harmonic impact of EV charging depends not

only on the number of connected vehicles but also on their charger types, charging

currents, and the phase-angle relationships between their harmonic currents. Since

EVs can operate over a wide range of charging rates (e.g., 6–16 A in residential smart

charging), the number of possible charging combinations grows rapidly with fleet size.

Under such conditions, deterministic worst-case analysis becomes impractical, and a

probabilistic simulation framework is required to evaluate the likelihood of exceeding

IEC and IEEE harmonic limits. Such an approach requires detailed harmonic datasets

that capture magnitude, phase angle, and operating-point dependence for individual

EVs.

Table 3.1 provides a comparative overview of key EV harmonic measurement stud-

ies, highlighting the scope and methodology used in each study. The table categorizes

the studies based on several parameters, including whether they analyze AC charging,

DC charging, and smart charging, as well as whether they examine single EV or mul-

tiple EVs charging simultaneously. Additionally, it indicates whether phase angle data

was recorded, a crucial factor in accurately assessing harmonic aggregations.

The comparison reveals a systematic gap in existing datasets. Although many stud-

ies report harmonic magnitudes for AC charging of single EVs, almost none examine

coordinated or smart charging, despite this being the dominant operational mode in
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modern charging infrastructure. Only a limited subset considers multiple EVs charging

simultaneously, and even fewer provide harmonic phase angle data, which is essential

for physically correct harmonic summation and cancellation analysis.

More importantly, none of the reviewed datasets simultaneously include variable

charging currents, multi-EV interactions, and full harmonic phasor information. As a

result, existing studies cannot support probabilistic assessment of harmonic limit vio-

lations, transformer thermal stress, or power-quality compliance under realistic smart

charging scenarios. This gap directly motivates the experimental measurement cam-

paign and probabilistic harmonic modelling framework developed in this thesis.

3.2 Experimental Set-up

The EV smart charging experiments presented in this study were conducted at the

Energy System Integration Lab (SYSLAB) at the Technical University of Denmark

(DTU) [188]. A total of eight different battery electric vehicles (BEVs) were tested,

including Renault Zoe R90, Peugeot e-208, Nissan Leaf e+, VW ID.3 Pro, Renault Zoe

ZE50, VW ID.4 Pro, Tesla Model Y Long Range, and Peugeot e-2008. These EV models

were selected to reflect the diversity in market share, model year, battery capacity, and

onboard charging technologies, ensuring a comprehensive analysis of current EVs.

The technical specifications of the tested vehicles are summarized in Table 3.2,

highlighting differences in battery sizes and charging capabilities. At the time of testing,

the average vehicle age was less than two years, meaning most of the EVs assessed had

larger battery capacities than those examined in previous studies (see Section 2.5).

This is particularly relevant, as newer EVs tend to have improved efficiency, higher

power ratings, and more advanced charging characteristics.

The charging power for each EV model is calculated using the formula:

Charging Power (kW) = Charging Current (A)× Single-phase Voltage (V)

×Number of Phases (3.1)

For example, the Peugeot e-208, with a practical charging current range of 6.01
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Table 3.2: Overview of technical specifications for EVs used in the experiments.

EV Model
Model
Year

Nominal Battery
Capacity
(kWh)

Practical Charging
Current Range

(A)

Charging
Type
(AC)

Practical Charging
Power Range

(kW)

Renault Zoe R90 2018 44.1 5.91 to 31.10 3-ϕ 0.00 to 21.46
Peugeot e-208 2021 50 6.01 to 14.66 3-ϕ 4.15 to 10.12
Nissan Leaf e+ 2022 62 5.90 to 28.39 1-ϕ 1.36 to 6.530
VW ID.3 Pro 2023 62 6.09 to 15.86 3-ϕ 4.20 to 10.94
Renault Zoe ZE50 2022 54.7 6.68 to 30.32 3-ϕ 3.08 to 20.92
VW ID.4 Pro 2024 82 6.06 to 15.67 3-ϕ 4.18 to 10.81
Tesla Model Y Long Range 2022 78.1 6.09 to 16.15 3-ϕ 4.20 to 11.14
Peugeot e-2008 2022 50 5.83 to 15.23 3-ϕ 4.02 to 10.51

to 14.66 A and a three-phase configuration, has a charging power range calculated as

follows:

• Minimum Charging Power:

6.01 A× 230 V× 3 ≈ 4.15 kW

• Maximum Charging Power:

14.66 A× 230 V× 3 ≈ 10.12 kW

Regarding the Renault Zoe R90, when charged at a current of 6 A, it operates at a

purely reactive power level, resulting in no active power consumption. This means that

the energy drawn from the grid does not perform any real work but instead oscillates

between the source and the load, which can affect the efficiency and power quality of

the electrical system [189].

Figure 3.1 illustrates the experimental setup for a single EV and multiple EV charg-

ing sessions. The study also describes the charging infrastructure and measurement

equipment, including EV chargers and power quality analysers, to accurately capture

charging profiles, power fluctuations, and harmonic emissions.
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Yokogawa power analyzer AC Smart charger

Nissan LEAF e+

(a) Single EV Charging Setup

(b) Multiple EVs Charging Setup

Figure 3.1: Overview of the experimental set-up and laboratory environment.

3.2.1 EV Chargers

We employed advanced AC smart chargers and precision power quality analyzers in

these experiments to assess the harmonic impacts of EV charging. AC smart chargers,

namely Fronius Wattpilot, Zaptec Pro and Keba KeContact P30, were used in the

experiments.
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3.2.1.1 Fronius Wattpilot

This three-phase charger delivers up to 32 A per phase, supporting a maximum charging

power of 11 kW 11 kW [190]. It offers scheduling and modulation capabilities, allowing

users to optimize charging times and power levels. Control is facilitated through the

Solar.wattpilot mobile application provides an intuitive interface for real-time adjust-

ments.

3.2.1.2 Zaptec Pro

The Zaptec Pro is a three-phase charger capable of delivering up to 22 kW of power at

32 A per phase, designed for robust performance [191]. It features advanced scheduling

and modulation functions, enabling efficient energy management. Users can access and

control the charger via a dedicated web-based portal, offering flexibility and ease of

use.

3.2.1.3 Keba KeContact P30

This versatile charger supports both single-phase (up to 7.4 kW) and three-phase (up

to 22 kW) charging, with adjustable current settings ranging to 32 A [192]. It includes

scheduling and modulation features to align charging sessions with energy availability

and grid demands. The Keba eMobility App provides a user-friendly platform for

monitoring and controlling charging activities.

3.2.2 Power Quality Analyzers

We employed Yokogawa WT500 and Fluke 437 Series II power quality analyzers to

measure related harmonic emission data from EV charging.

3.2.2.1 Yokogawa WT500

This mid-range power analyzer offers an essential power accuracy of 0.1%, with voltage

measurement capabilities up to 1000 V and current measurements up to 40 A [193].

It features a measurement bandwidth from DC to 100 kHz, enabling comprehensive
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analysis of power parameters, including harmonic components up to the 50th order.

The device’s high-speed data updating (100 ms) and simultaneous measurement of

voltage, current, power, and harmonics make it ideal for dynamic assessments.

3.2.2.2 Fluke 437 Series II

This Class A-compliant three-phase power quality and energy analyzer is designed

to capture and analyze power quality issues in single-phase and three-phase power

distribution systems [194]. It offers advanced features such as an energy loss calculator,

PowerWave data capture, and waveform capture capabilities. The analyzer can measure

harmonic components up to the 50th order, providing detailed insights into power

quality and energy losses.

3.3 Harmonics Measurement

The vehicles were charged at 1A increments within their respective minimum and max-

imum charging current ranges to replicate realistic smart charging scenarios. As speci-

fied by the IEC 61851-1 standard [195], EVs are not permitted to charge below 6A. The

maximum allowable charging current is governed by both the IEC 61851-1 standard

and the technical constraints imposed by the vehicle’s battery management system

(BMS) and onboard charger [30]. While actual charging currents may fluctuate based

on network conditions and vehicle settings, the upper nominal charging limit is typically

either 16A or 32A, as shown in Table 3.2.

Charging data were systematically recorded using a power analyzer, capturing key

electrical parameters essential for power quality assessment. These parameters include

the root mean square (RMS) charging current (A), the RMS voltage (V) at the charging

outlet, and both the fundamental current and voltage components. Additionally, de-

tailed harmonic analysis was performed by measuring individual harmonic orders, each

characterized by their respective amplitude and phase angle (in degrees) for both cur-

rent and voltage. Harmonic orders were mostly measured up to the 49th, depending on

the device’s functionality, with some cases limited to the 31st. To ensure high-resolution
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Table 3.3: Measured Electrical Parameters and Their Units.

Parameter Symbol Unit

RMS Voltage V Volt (V)
RMS Current I Ampere (A)
Fundamental Voltage V1 Volt (V)
Fundamental Current I1 Ampere (A)
Amplitudes of individual voltage harmonics V2 to V49 Volt (V)
Amplitudes of individual current harmonics I2 to I49 Ampere (A)
Phase angles of individual voltage harmonics ϕV 2 to ϕV 49 Degrees (◦)
Phase angles of individual current harmonics ϕI2 to ϕI49 Degrees (◦)
Total harmonic distortion of the voltage waveform THDv %
Total harmonic distortion of the current waveform THDi %

data acquisition, measurements were taken at one-second intervals.

The measured data for each EV is given in Table 3.3. This real-time data collection

was enabled through a direct connection between the power quality analyzer and a

dedicated workstation computer, allowing for continuous monitoring and analysis of

EV charging behaviour. Such a setup accurately represents transient variations in

harmonic emissions, making it possible to investigate dynamic charging characteristics

and their impact on grid stability.

To ensure the accuracy and reliability of the collected data, all measurement devices

were recently calibrated and certified prior to the experiments. The Yokogawa WT500

was utilized for measurements requiring up to 40 A, while the Fluke 437 Series II was

configured to handle higher currents, accommodating measurements up to 100 A at

the PCC. This strategic deployment of equipment allowed for precise monitoring and

analysis of harmonic distortions across various charging scenarios. Figure 3.2 illustrates

the experimental setup, detailing the integration of smart chargers and power quality

analyzers to assess EV charging harmonics.

The measurements were performed using a dedicated distribution transformer at

DTU SYSLAB, as shown in Figure 3.2, with the only connected loads during the

experiments being the EVs under test. Harmonic measurements at the PCC were

taken on the secondary side of this transformer, allowing the aggregated impact of

the simultaneously charging EVs to be captured without interference from background
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Transformer

Switchboard

Charger 1 Charger 2 Charger 3

PQ 1

PQ 2 PQ 3 PQ 4

PCC

Charger 1: Wattpilot
Charger 2: Zaptec Pro
Charger 3: Keba

PQ 1-3-4: Fluke
PQ 2: Yokogawa

Figure 3.2: Arrangement for an experiment involving smart chargers and power quality
analyzers.

loads. This configuration ensured that the recorded voltage and current harmonics

directly reflected EV charging behaviour under controlled smart charging conditions.

Two distinct measurement approaches were employed to assess the harmonic emis-

sions associated with different charging scenarios. The first set of experiments focused

on characterizing the harmonic profile of individual EVs. Charger 1 (Wattpilot) was
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selected in this configuration due to its ease of configurability and was used to charge

each vehicle separately. Harmonic measurements were recorded across the full range

of charging currents at 1A granularity, from the minimum allowable level up to the

vehicle’s maximum charging capability.

The second set of experiments aimed to evaluate harmonic behaviour in a multi-

EV charging scenario. In this case, all three chargers (Wattpilot, Zaptec Pro, and

Keba KeContact P30) were simultaneously connected to different EVs (Tesla Model

Y, Renault Zoe R90, and Peugeot e-2008), and harmonics were measured at both

the individual-vehicle level and at the PCC. These vehicles were charged concurrently

under four representative current setpoints to emulate realistic smart charging scenarios

between their allowable minimum and maximum charging current, corresponding to

simultaneous charging at 6–6–6 A, 9–9–9 A, 12–12–12 A, and 15–15–15 A, across the

three EVs. This controlled variation of the charging current enabled a systematic

assessment of how harmonic emissions and cancellation effects evolve with the operating

point under coordinated multi-EV charging.

In accordance with EU Horizon’s data protection and management policies, all

raw datasets collected during the experimental measurement were securely uploaded

to the University of Strathclyde’s secure online data repository. The collected data

was processed (e.g. removing blank entries or unintended data collection) in the weeks

following data acquisition to ensure the accuracy and usability of the dataset. Sample

processed datasets for each vehicle, including harmonic magnitudes and phase angle

measurements, are provided in Appendix A.

3.4 Chapter Summary

This chapter presented the experimental setup and methodology used to collect high-

resolution data on EV charging and its impact on power quality. Eight EVs were tested

at DTU’s SYSLAB and were selected to reflect a broad range of battery sizes, charging

technologies, and market relevance.

Charging was conducted using three smart AC chargers—Fronius Wattpilot, Zaptec

83



Chapter 3. Data Collection

Pro, and Keba KeContact P30—while harmonic emissions and electrical parameters

were recorded with Yokogawa WT500 and Fluke 437 Series II power quality analyz-

ers. Measurements included current, voltage, harmonic amplitudes, and phase angles,

captured at one-second intervals.

Experiments covered both single-EV and multi-EV charging scenarios, which en-

abled analysis of individual harmonic profiles and combined effects at the PCC. Charg-

ing currents were varied in 1 A increments to simulate realistic smart charging condi-

tions within each vehicle’s allowable range.

The resulting dataset formed a critical foundation for harmonic impact assessment

and served as validated input for further simulation and modelling work in this thesis.
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Statistical Harmonics Data

Analysis

As EV charging introduces harmonics into the power grid, understanding their sta-

tistical behaviour is crucial for assessing their impact on power quality. This chapter

provides a comprehensive analysis of harmonic distortions, focusing on the amplitude

variations and phase angle distributions observed in the experimental dataset. This

analysis aims to offer insights into the dominant harmonic orders and their cumulative

effects on power systems by statistically evaluating harmonic trends.

4.1 THD Analysis

Total Harmonic Distortion (THD) is a crucial parameter in assessing the impact of EV

charging on power quality. It quantifies the degree of waveform distortion by comparing

the cumulative contribution of harmonic components to the fundamental frequency. In

this section, the total harmonic distortion of both current and voltage waveforms (THDI

and THDV) is analysed across various EV charging scenarios. The variation of THD

concerning charging current levels, EV models, and charging configurations is examined

to assess how smart charging strategies affect harmonic emissions. Understanding these

trends is essential for ensuring compliance with industry standards and mitigating

adverse effects on the electrical grid.
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THD is used to measure the extent of distortion in current or voltage waveforms

relative to their ideal sinusoidal shape. It represents the proportion of signal energy

present at harmonic frequencies beyond the fundamental component [196]. THDI and

THDV are calculated using the equations provided in 2.2 and 2.3, respectively.

To emulate smart charging scenarios, each EV was charged incrementally within its

minimum and maximum charging current range, with intervals of 1 A. However, the

VW ID.3 Pro was tested using intervals of 2 A owing to limited availability during the

experimental period. The time series measurements of THDI during smart charging

for all eight EV models are illustrated in Figure 4.1. It is important to note that the

minimum charging current for all tested vehicles was uniformly set at 6 A, in accordance

with the IEC 61851-1 standard [195]. Among the tested models, the Renault Zoe R90,

Nissan Leaf e+, and Renault Zoe ZE50 were capable of charging at currents up to 32 A,

whereas the other vehicles were limited to a maximum of 16 A, as shown in Figure 4.1.

It should also be noted that, in practice, the actual maximum charging current may

fall below the nominal value due to system and connection losses.

Single-EV charging measurements were systematically conducted using a Yokogawa

WT500 power quality analyser, enabling high-resolution, phase-resolved measurements

of voltage and current harmonics. To ensure consistency across all tested vehicles,

harmonic measurements were performed on a single phase, even for EVs capable of

three-phase charging. This approach allows the voltage range and harmonic distortion

produced by an individual on-board charger to be isolated and accurately quantified.

Notably, the Nissan Leaf e+ supports only single-phase charging among the selected

EVs, making single-phase measurement not only methodologically consistent but also

technically representative of real-world operation for this vehicle. The resulting single-

phase harmonic datasets serve as the fundamental input for the statistical aggregation

and multi-EV harmonic modelling developed in the subsequent chapters, in which phase

interactions and network-level effects are reconstructed analytically. Several key obser-

vations can be made from these results:

1. The lowest THDI values occur when EVs charge at their maximum allowable

rate, suggesting that on-board chargers are optimized to function most efficiently
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Figure 4.1: THDI (%) versus charging rate for all tested EVs.
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Figure 4.2: Correlation between Icharge/Imax and THDI (%).

at their rated capacity.

2. THDI and charging current exhibit an inverse relationship. As the charging rate

decreases, THDI increases substantially, often by more than three times in most

tested vehicles.

3. The response time of EVs to changing charging rates varies. As shown in Fig-

ure 4.1, some vehicles, such as the Peugeot e-208 and VW ID.3 Pro, quickly adjust

to fluctuations in charging current, whereas others, like the Peugeot e-2008, ex-

hibit a more delayed response. Although this variance has minimal impact on

harmonic emissions, response times play a crucial role in V2G applications [189].

Let ICharge represent the per-phase charging current of an EV and IMax denote its

maximum charging rate (refer to the charging rate column in Table 3.2). Since the

maximum charging rates fall into two distinct categories, approximately 16 A and 32 A,

the charging current for each vehicle is normalized as ICharge/IMax and plotted against

THDI (%) in Figure 4.2. Among the tested vehicles, only the VW ID.3 Pro and VW

ID.4 Pro exhibit harmonic distortion levels consistently below 5% across all charging
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Table 4.1: Correlation coefficient (r) and quadratic polynomial parameters (f(x) =
p1x

2 + p2x+ p3) between ICharge/IMax and THDI(%). R2 denotes the R-squared statis-
tics.

EV Model r p1 p2 p3 R2

Renault Zoe R90 -0.94 13.91 -25.08 16.14 0.97
Peugeot e-208 -0.89 11.06 -19.85 11.42 0.86
Nissan Leaf e+ -0.79 22.01 -30.63 13.98 0.92
VW ID.3 Pro -0.92 9.889 -17.03 9.363 0.97
Renault Zoe ZE50 -0.87 26.05 -38.71 18.92 0.97
VW ID.4 Pro -0.85 11.68 -19.36 10.28 0.92
Tesla Model Y LR -0.95 13.6 -26.37 18.07 0.99
Peugeot e-2008 -0.98 26.25 -58.01 42.74 0.99

currents. In contrast, the Peugeot e-2008 demonstrates the highest harmonic emissions,

while the remaining EVs maintain THDI values ranging between 5% and 14%.

To further examine the relationship between THDI and the charging current, corre-

lation coefficients have been calculated and summarized in Table 4.1. The correlation

coefficient quantifies the strength and direction of a linear relationship between two

variables, ranging from -1 to +1. A value of +1 indicates a perfect positive correlation,

whereas -1 represents a perfect negative correlation, and 0 implies no linear correlation

between the variables [197].

The findings reveal a strong negative correlation, with seven out of eight EVs ex-

hibiting correlation coefficients between -0.85 and -0.99. The Nissan Leaf e+ has a

slightly weaker correlation at -0.79, attributed to the relatively stable THDI (%) ob-

served up to a charging current of 10 A, as depicted in Figure 4.1. Given the high

correlation observed, quadratic regression (f(x) = p1x
2 + p2x + p3) has been applied

across all EV models. The resulting polynomial coefficients, along with R-squared

statistics, are presented in Table 4.1.

This polynomial regression approach could serve as a valuable tool in future studies

to model THDI as a function of charging current. It could also be integrated as a

constraint in optimization models for individual EV charging strategies. Additionally,

the derived polynomial values may provide reliable estimations for non-integer charging

rates, enhancing the accuracy of predictive modelling in smart charging applications.
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Figure 4.3: 75th percentiles of THDV (%) for all EVs during smart charging.

For example, if Renault Zoe R90 operates at a charging current of 7.5 A, the corre-

sponding THDI (%) can be estimated using the quadratic regression model:

f

(
7.5

31.10

)
= 13.91×

(
7.5

31.10

)2

− 25.08×
(

7.5

31.10

)
+ 16.14 = 10.9%.

In this calculation, the charging current is ICharge = 7.5A, while the maximum

charging current for this vehicle is IMax = 31.10A.

The analysis now shifts to examining the THDV during smart charging. As part

of the same smart charging measurement campaign used to characterise current har-

monics and THDI, voltage harmonics and the THDV were also systematically recorded.

This parallel measurement ensures a consistent and comprehensive assessment of both

current- and voltage-based power-quality indices under identical operating and charg-

ing conditions. Figure 4.3 presents the 75th percentile values of THDV (%) across all
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Figure 4.4: THDV assessment before and during charging.

EVs, alongside the corresponding regulatory limits. In contrast to THDI, the 75th per-

centile values of THDV remain relatively stable, ranging narrowly between 1.5% and

2%, regardless of the charging current level. Notably, THDV remains well within the

permissible limits established by IEC 61000-2-4 [174], which sets a 5% threshold for

Class 1 protected supplies, and IEEE 519-2014 [176], which enforces an 8% limit for

low-voltage systems (below 1 kV).

Beyond evaluating voltage harmonics during EV charging, their influence was fur-

ther examined by comparing measurements taken before and during the charging pro-

cess. Figure 4.4 presents the THDV values for a Renault Zoe R90 under both conditions,

with charging started at the 19th second. The results indicate no significant correlation

between EV charging and THDV, suggesting that voltage harmonics primarily origi-

nate from the supply side rather than the load. This implies that the observed voltage

harmonics are attributable to background distortion originating from the supply side,
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rather than being induced by the EV load. Consequently, the subsequent analysis in

this study focuses on current harmonics, which more accurately reflect the distortion

introduced by EV charging.

4.2 Amplitude Analysis

Harmonic amplitudes represent the magnitude of distortions introduced at different

harmonic orders. This section examines the statistical distribution of harmonic am-

plitudes for individual and aggregated EV charging sessions. The analysis considers

variations in amplitude across different charging currents, vehicle models, and opera-

tional conditions. Furthermore, it compares the amplitude contributions of dominant

harmonic orders and their compliance with power quality standards.

The amplitudes of individual harmonics are essential for calculating THDI and

ensuring compliance with power quality standards. These measurements were recorded

as a time series at one-second intervals and then averaged over one-minute intervals.

Figure 4.5 presents a heatmap illustrating the amplitudes of individual harmonic orders

across all tested EVs.

While the previous section established a negative correlation between charging cur-

rent and THDI, the relationship between individual harmonic orders and charging

current does not follow a uniform trend, as shown in Figure 4.5. Some harmonics ex-

hibit an increase in amplitude as the charging current rises (e.g., the 2nd harmonic in

VW ID.3 Pro and VW ID.4 Pro), whereas others show a decreasing trend (e.g., the

17th harmonic in Renault Zoe R90). Additionally, certain harmonics display no clear

pattern with variations in charging current, highlighting the complexity of harmonic

behaviour in EV charging scenarios.

When analyzing different harmonic orders within the same vehicle, the 7th har-

monic consistently exhibits the highest magnitude, irrespective of the charging current.

Alongside the 7th harmonic, the 3rd and 5th harmonics also display significantly larger

amplitudes compared to other harmonic orders. As highlighted in Section 2.5, prior

studies have primarily focused on the 3rd, 5th, and 7th harmonics due to their substan-
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Figure 4.5: Individual current harmonic amplitudes (A) across different charging rates
for all tested EVs.
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tial impact on power quality. Figure 4.5 confirms that these harmonics consistently have

the highest magnitudes across all tested EVs. Beyond amplitude considerations, phase

angles of dominant harmonics play a crucial role, especially when multiple EVs charge

simultaneously. The alignment of phase angles among high-magnitude harmonics de-

termines whether they reinforce or cancel each other out at the PCC. This interplay

of harmonic phase relationships can significantly influence the aggregated harmonic

distortion introduced into the power system.

4.3 Phase Angle Analysis

The phase angles of harmonic components determine their relative alignment and influ-

ence on overall harmonic summation. This section examines the statistical distribution

of phase angles for various harmonic orders, evaluating their role in constructive and de-

structive interference. The analysis investigates phase angle variations across multiple

EV charging scenarios, emphasising instances of harmonic cancellation and amplifica-

tion.

Harmonic orders, similar to fundamental currents and voltages, are represented in a

complex form that includes both amplitude and phase angle. Therefore, incorporating

phase angle analysis is essential for a comprehensive harmonic assessment. Among the

individual harmonics observed across all EVs, the 5th, 7th, and 9th harmonics exhibit

the highest amplitudes, highlighting the need to examine these specific harmonics fur-

ther. While their amplitudes are considerable in relation to power quality standards,

phase angles must also be considered, as they determine whether harmonics reinforce or

mitigate each other when summed. Due to phase angle variations across different EVs

for the same harmonic order, the cumulative harmonic impact during simultaneous EV

charging is lower than the direct arithmetic sum of individual harmonic amplitudes.

However, if multiple EVs of the same model charge at identical rates, their harmonic

contributions will sum arithmetically without cancellation effects.

Figure 4.6 presents the polar plot of the 3rd, 5th, and 7th harmonics, illustrating

their phase angle distribution across different EVs and charging rates. The objective is
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Figure 4.6: Phase angles of (in degrees) 3rd, 5th and 7th harmonic orders for all EVs.

to determine whether harmonics of the same order exhibit a concentrated or dispersed

distribution among various EV models. For instance, the harmonic components of

the Peugeot e-2008 appear clustered within specific angular regions, whereas those of

the Renault Zoe R90 and Nissan Leaf e+ are more widely spread. Notably, the 3rd

harmonic of the Peugeot e-2008 falls within the 0 to 30-degree range, while the same

harmonic for the Nissan Leaf e+ is observed between 180 and 210 degrees. Given

this 180-degree phase shift, partial harmonic cancellation is expected when these two

vehicles charge simultaneously.

Circular data analysis is applied further to examine the behaviour of phase angles
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beyond graphical representation. Unlike conventional statistical methods, such as mean

and variance calculations, circular data requires specialized techniques since angular

values wrap around at 360 degrees. For example, if two harmonic phase angles are 1°

and 359°, a standard mean calculation would yield 180°, whereas the correct circular

mean is 0°. To address this, MATLAB functions from [198] compute the mean and

variance of phase angles.

Table 4.2: Circular descriptive statistics for phase angles (in degrees).

Harmonic Order

Charging Current
(A) 3 5 7

Mean Variance Mean Variance Mean Variance

6 -117.3 13.4 -73.9 13.6 92.9 37.8
7 -66.5 36.7 -92.9 37.8 17.2 26.4
8 -91.9 38.3 -77.7 17.6 70.0 44.6
9 -89.9 42.3 -77.7 12.7 -110.4 48.8
10 -105.6 36.3 -57.1 11.3 -15.1 50.0
11 -123.7 47.8 -63.3 25.4 -62.7 31.7
12 -123.9 35.8 -39.4 30.8 -15.4 38.7
13 -120.7 43.7 -51.8 38.3 -45.4 29.4
14 -115.3 29.8 -32.7 31.1 -4.2 33.1
15 -42.1 48.5 -54.2 32.4 -27.3 31.5
16 -113.8 17.2 -17.0 34.7 5.8 18.7

The extent of harmonic cancellation across multiple EVs charging simultaneously

was evaluated by collectively analyzing the phase angles of the 3rd, 5th, and 7th har-

monic orders for charging currents between 6 A and 16 A. The results show that the

variance for these harmonic orders ranges between 10 and 50 degrees, suggesting that

when multiple EVs charge at the same rate, the overall harmonic contribution will be

slightly lower than the direct arithmetic sum of individual harmonics. However, com-

plete cancellation remains unlikely due to phase angle dispersion. A detailed summary

of the circular mean and variance for selected harmonic orders is provided in Table 4.2.
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4.4 Chapter Summary

This chapter presented a detailed statistical analysis of harmonic distortions observed

during EV charging, with a focus on THD, individual harmonic amplitudes, and phase

angles. The findings revealed that THDI decreased as the charging current increased,

demonstrating a strong negative correlation for most EVs. Polynomial regression mod-

els, all with R² values greater than 0.85, effectively estimated THDI based on normal-

ized charging current. In contrast, THDV remained relatively stable across all EVs and

stayed well within the limits set by IEC and IEEE standards. Importantly, voltage dis-

tortion was primarily attributed to background harmonics from the supply side rather

than the EVs themselves.

The amplitude analysis identified the 3rd, 5th, and 7th harmonics as the dominant

contributors to distortion, with the 7th harmonic consistently exhibiting the highest

magnitude across all vehicles. However, the relationship between harmonic amplitude

and charging current varied depending on the specific harmonic order and vehicle,

indicating that amplitude behaviour was influenced by complex, vehicle-specific char-

acteristics.

Phase angle analysis highlighted that differences in harmonic phase among EVs

enabled partial cancellation when multiple vehicles charged simultaneously. Circular

statistical analysis revealed that phase angles were dispersed, with variances ranging

from 10° to 50°, which limited full cancellation but still reduced the cumulative harmonic

impact at the PCC.

Overall, the chapter provided a robust statistical foundation for modelling and

optimizing EV charging strategies to minimize harmonic emissions. These insights can

support the development of advanced simulation models and contribute to ensuring

compliance with power quality standards in future electric mobility scenarios.
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Power Quality Assessment of EV

Smart charging

This chapter examines the power quality implications of EV charging, focusing on both

single and multiple EV charging scenarios. The analysis considers key power quality

parameters, such as THDI and individual harmonics. The chapter is structured into

two main sections: the first investigates power quality issues associated with individual

EV charging, while the second explores the cumulative effects of multiple EVs charging

simultaneously. Furthermore, a detailed case study based on laboratory measurements

provides empirical insights into real-world charging conditions. Additionally, a Monte

Carlo simulation approach is employed to model the probabilistic nature of EV charging

behaviours and their potential impacts on power distribution networks. Through this

assessment, the findings presented in this chapter contribute to the development of

strategies for mitigating power quality disturbances caused by EV charging.

5.1 Power Quality Assessment-Single EV Charging

The evaluation of power quality for both single and multiple EV charging scenarios

involves analyzing harmonic content by industry standards (outlined in Section 2.6).

The assessment is relatively straightforward in the case of single EV charging, requiring

a direct comparison of individual harmonic levels against the permissible limits. How-
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ever, the analysis becomes more complex when multiple EVs charge simultaneously.

This complexity arises from two key factors: First, the vector summation of harmonic

components must account for their magnitudes and phase angles. Second, as the num-

ber of concurrently charging EVs increases, the range of possible EV combinations

and charging states expands significantly, necessitating a probabilistic methodology to

evaluate their collective impact.

The IEC 61000-3-2 standard is a widely recognized guideline for assessing power

quality in single EV charging, setting maximum allowable current levels for individual

harmonic orders (as detailed in Table 2.7). Figure 5.1 illustrates a heatmap depicting

harmonic violations across all tested vehicles and harmonic orders. The results indi-

cate that four out of the eight vehicles, namely the Renault Zoe R90, Renault Zoe

ZE50, Tesla Model Y Long Range, and Peugeot e-2008, exceed the standard’s permis-

sible limits for multiple harmonic components. Notably, the 19th harmonic (950 Hz),

which is likely associated with the switching frequency of on-board power electron-

ics [199], consistently surpasses the threshold in all cases. However, the 7th harmonic

does not exhibit comparable exceedance levels despite its previously highlighted high

amplitude. This finding underscores the necessity of evaluating lower-amplitude har-

monics in power quality assessment, as their impact may still be significant in meeting

compliance requirements.

Another notable observation is the similarity in THDI trends between the Tesla

Model Y and the Nissan Leaf e+, where THDI fluctuates between 4% and 10%. How-

ever, while none of the individual harmonics in the Nissan Leaf e+ surpass the IEC

61000-3-2 limits, six different harmonic orders in the Tesla Model Y exceed these thresh-

olds. Interestingly, despite exhibiting higher THDI at lower charging currents, most

of the Tesla Model Y’s harmonic violations, specifically the 17th, 23rd, 31st, and 35th

harmonics, occur at higher charging currents rather than at lower levels.

The results presented in this section highlight dissimilarities between THDI levels

and individual harmonic violations. Notably, the lowest THDI values occur when charg-

ing power approaches its maximum capacity (e.g., 16 A). However, at higher charging

rates, there is a significant increase in the number of individual harmonic violations

105



Chapter 5. Power Quality Assessment of EV Smart charging

3 5 7 9

1
1

1
3

1
5

1
7

1
9

2
1

2
3

2
5

2
7

2
9

3
1

Harmonic Order

16

14

12

10

8

6

C
h

a
rg

in
g

 C
u

rr
e

n
t 

(A
)

Renault Zoe R90

(a) Renault Zoe R90

3 5 7 9

1
1

1
3

1
5

1
7

1
9

2
1

2
3

2
5

2
7

2
9

3
1

Harmonic Order

14

12

10

8

6

C
h

a
rg

in
g

 C
u

rr
e

n
t 

(A
)

Peugeot e-208

(b) Peugeot e-208

106



Chapter 5. Power Quality Assessment of EV Smart charging

3 5 7 9

1
1

1
3

1
5

1
7

1
9

2
1

2
3

2
5

2
7

2
9

3
1

3
3

3
5

3
7

3
9

Harmonic Order

16

14

12

10

8

6

C
h

a
rg

in
g

 C
u

rr
e

n
t 

(A
)

Nissan Leaf e+

(c) Nissan Leaf e+

3 5 7 9

1
1

1
3

1
5

1
7

1
9

2
1

2
3

2
5

2
7

2
9

3
1

3
3

3
5

3
7

3
9

Harmonic Order

16

14

12

10

8

6

C
h
a
rg

in
g
 C

u
rr

e
n
t 
(A

)

Renault Zoe ZE50

(d) Renault Zoe ZE50

107



Chapter 5. Power Quality Assessment of EV Smart charging

3 5 7 9

1
1

1
3

1
5

1
7

1
9

2
1

2
3

2
5

2
7

2
9

3
1

3
3

3
5

3
7

3
9

Harmonic Order

16

14

12

10

8

6

C
h
a
rg

in
g
 C

u
rr

e
n
t 
(A

)

VW ID.4 Pro

(e) VW ID.4 Pro

3 5 7 9

1
1

1
3

1
5

1
7

1
9

2
1

2
3

2
5

2
7

2
9

3
1

Harmonic Order

16

14

12

10

8

6

C
h
a
rg

in
g
 C

u
rr

e
n
t 
(A

)

VW ID.3 Pro

(f) VW ID.3 Pro

108



Chapter 5. Power Quality Assessment of EV Smart charging

3 5 7 9

1
1

1
3

1
5

1
7

1
9

2
1

2
3

2
5

2
7

2
9

3
1

3
3

3
5

3
7

3
9

Harmonic Order

16

14

12

10

8

6

C
h
a
rg

in
g
 C

u
rr

e
n
t 
(A

)

Tesla Model Y Long Range

(g) Tesla Model Y Long Range

3 5 7 9

1
1

1
3

1
5

1
7

1
9

2
1

2
3

2
5

2
7

2
9

3
1

3
3

3
5

3
7

3
9

Harmonic Order

14

12

10

8

6

C
h
a
rg

in
g
 C

u
rr

e
n
t 
(A

)

Peugeot e-2008

(h) Peugeot e-2008

Figure 5.1: Violation of individual current harmonics against the IEC 61000-3-2 stan-
dard for all tested EVs.
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compared to lower charging rates. Furthermore, EVs with similar THDI levels can

exhibit vastly different harmonic profiles and compliance outcomes. For instance, while

both the Tesla Model Y and Nissan Leaf e+ have a THDI of 10% at a 6 A charging

rate, only the Tesla Model Y exceeds harmonic limits. In contrast, the Nissan Leaf e+

remains within permissible thresholds.

5.2 Power Quality Assessment-Multiple EV Charging

An essential consideration in harmonic analysis is the accurate representation of har-

monic current summation. When multiple loads are connected to the same bus, the

total harmonic current injected into the system is the vector sum of the individual

harmonic currents [200]. Since harmonic currents are vector quantities, both their

magnitudes and phase angles must be taken into account for proper summation. The

presence of various devices with distinct circuit topologies can lead to differences in

harmonic phase angles, potentially resulting in a lower overall magnitude than the

arithmetic sum of the individual harmonic currents [157]. To assess the combined ef-

fects of harmonic cancellation and amplification, it is necessary to consider the “abso-

lute” harmonic phase angle, which defines the angle between current harmonics and the

fundamental voltage, as outlined in IEC 61000-3-12 [172]. This differs from harmonic

power flow studies, which focus on the “relative” harmonic phase angle, representing

the angle between harmonic voltage and harmonic current.

Two distinct approaches are utilized to evaluate the overall harmonic emissions

from multiple EVs. The first approach involves laboratory measurements of three EVs

charging at different rates, while the second employs a Monte Carlo simulation to

explore a wide range of EV charging scenarios under varying charging conditions.

5.2.1 Lab Measurements Case Study

This section presents an experimental analysis of harmonic emissions from the simulta-

neous charging of three EVs. Three power quality analyzers were assigned to monitor

each vehicle individually to capture detailed measurements, while an additional power
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Figure 5.2: 3 EVs (Tesla Y Long Range, Renault Zoe R90 and Peugeot e-2008) charging
simultaneously.

Table 5.1: Charging currents for Tesla Model Y Long Range, Renault Zoe R90, and
Peugeot e-2008 charging simultaneously.

Tesla Model Y Long Range
(A)

Renault Zoe R90
(A)

Peugeot e-2008
(A)

6 6 6
9 9 9
12 12 12
15 15 15

analyzer was used to record the data at the PCC. The experiment was conducted using

the Tesla Model Y Long Range, Renault Zoe R90, and Peugeot e-2008, which were

selected based on vehicle availability. As illustrated in Figure 5.2, these vehicles were

charged concurrently under four different charging current settings designed to replicate

potential smart charging scenarios. The specific charging configurations are detailed in

Table 5.1.

The variation of THDI and THDV in response to changing smart charging currents

is illustrated in Figure 5.3. The expected trend of decreasing THDI with increasing

charging current is clearly observed. However, the results indicate that smart charging

has no significant impact on voltage harmonics, as THDV for both individual vehicles

and the PCC remains consistently within the range of 1.65% to 1.85%. This is well

below the 5% limit established by IEC 61000-2-4. As previously discussed in Figure 4.4,

EV charging does not contribute to increased voltage harmonic distortion.

Furthermore, the concurrent charging of the three EVs significantly attenuates in-
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Figure 5.3: Measurement results of three EVs charging simultaneously.

dividual harmonic components, effectively reducing THDI at the PCC. This reduction

occurs due to the phase angle diversity of the harmonic currents generated by each

vehicle, leading to partial cancellation when summed at the PCC. The extent of this

cancellation effect depends on the relative phase angles and magnitudes of the individ-

ual harmonics. A detailed explanation of this phenomenon, including the mathematical

representation of harmonic summation and cancellation, is provided in Section 2.4.1.

In this experiment, four distinct charging scenarios resulted in four different stages

of analysis. In the first scenario, where all three EVs charged simultaneously at 6 A

(6 A-6 A-6 A), the THDI measured at the PCC was lower than that of the Peugeot

e-2008 alone. In the other three scenarios, the THDI at the PCC was lower than the

corresponding THDI values of two out of the three individual vehicles. These find-

ings reinforce the reliability of the results and highlight that the extent of harmonic
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cancellation varies depending on the specific charging conditions. Given the practical

limitations of laboratory testing with a large number of EV combinations, the subse-

quent section introduces a Monte Carlo simulation approach to evaluate the harmonic

effects of a greater number of EVs charging at varying rates.

5.2.2 Background of Monte Carlo Simulation

Monte Carlo simulation is a probabilistic technique that uses repeated random sam-

pling to estimate the behaviour of systems with inherent uncertainties [201]. Unlike

deterministic models, which assume fixed inputs, Monte Carlo methods incorporate

input variability through probability distributions, yielding a distribution of possible

outcomes and enabling more robust decision-making [202].

The general process involves: (1) defining a deterministic model, (2) assigning prob-

ability distributions to uncertain parameters, (3) generating random samples, (4) com-

puting model outputs for each sample, and (5) statistically analyzing the results to

evaluate trends and risks.

In electrical engineering, Monte Carlo simulations are widely used to assess power

system reliability, model load flow under uncertainty, and evaluate the impacts of vari-

able renewable generation [203–205]. They are especially valuable for analyzing EV

charging impacts on distribution networks, allowing utilities to account for stochastic

user behaviour, charging rates, and EV penetration levels [206,207]. These insights in-

form infrastructure planning, the modelling of uncertainties in EV charging behaviour,

and comprehensive power quality evaluations.

5.2.3 Implementation of Monte Carlo Simulation for Multiple EV

Charging

The Monte Carlo simulation is constructed using experimentally measured EV har-

monic data as its fundamental input. Each EV is represented as a stochastic harmonic

source whose behaviour depends on two discrete variables: the vehicle model and its

charging current.

The simulation inputs are defined as follows:
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• EV model (m): One of the eight experimentally tested EVs listed in Table 3.2.

The EV model is sampled from a discrete uniform distribution, such that each

EV has an equal probability of 1/8 in each Monte Carlo iteration.

• Charging current (I): The charging current is sampled from a discrete uniform

distribution whose range depends on the case study:

– Case Study 1: I ∈ {6, 7, 8, 9, 10} A

– Case Study 2: I ∈ {11, 12, . . . , Imax,m} A

where Imax,m is the experimentally measured maximum charging current of EV

model m.

• Harmonic database: For each EV model m and charging current I, the single-

EV laboratory measurements provide the magnitude and phase angle of all mea-

sured harmonic orders. Each harmonic is represented as a complex phasor

Ih(m, I) = Ih(m, I)∠ϕh(m, I), (5.1)

where Ih and ϕh are directly obtained from the experimental dataset.

The simulation outputs are:

• Aggregated harmonic phasors at the PCC

• Computation of THDI for each iteration

• Probability distributions of THDI

• Probability of exceeding IEEE 519 and IEC 61000-3-12 limits

To accurately model smart charging operations, a Monte Carlo simulation is devel-

oped to incorporate stochastic elements, accounting for variations in vehicle types and

charging current rates. The simulation generates a dataset that enables the estimation

of probabilistic distributions for key parameters. As the number of iterations increases,

the reliability of the results improves. The Monte Carlo simulation follows four primary

steps for a predefined number of EVs charging simultaneously, varying from 1 to 10:
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• Step 1: Randomly select an EV type and assign a charging current within the

defined range.

• Step 2: Compute THDI using vector algebra by performing the vector summa-

tion of individual harmonic components.

• Step 3: Repeat Steps 1 and 2 one million times, recording the resulting THDI

for each iteration.

• Step 4: Determine the probability of exceeding harmonic limits by evaluating the

recorded THDI values against industry standards. The probability of exceeding

the threshold, denoted as PF, is given by:

PF =
NF

NT
, (5.2)

where NF represents the number of simulation instances exceeding industry stan-

dards, and NT denotes the total number of iterations, set to one million. Evalu-

ating (5.2) requires comparing each simulation result with established harmonic

limits.

Two distinct case studies are conducted within the Monte Carlo framework:

• Case Study 1: Simulates EV charging during peak demand periods, where the

charging current is constrained between 6 A and 10 A.

• Case Study 2: Examines off-peak charging scenarios, considering charging cur-

rents exceeding 11 A.

Algorithm 1 summarizes the Monte Carlo workflow used to estimate probabilistic

harmonic distortion levels under multiple-EV charging. An essential aspect of Monte

Carlo simulations is determining the necessary number of iterations to capture the in-

herent randomness of the system accurately. To establish this, the probability of failure

for five EVs charging simultaneously is selected as a key harmonic assessment index.

The number of iterations is varied from 1 to 10 million, and the probability of failure
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Algorithm 1 Monte Carlo Simulation for Probabilistic Harmonic Aggregation

Require:
NT = 1, 000, 000 (Total iterations)
N ∈ {1, . . . , 10} (Simultaneous fleet size)
L (Empirical database: magnitudes Ah,m,I and phase angles θh,m,I)
CaseStudy (Charging current range: Case 1 [6–10 A] or Case 2 [11 A+])
Thresholds (IEEE 519 / IEC 61000 limits)

Ensure:
PF (Probability of exceeding limits), Empirical distribution of THDI,Σ

1: NF ← 0 ▷ Initialize violation counter
2: for k = 1 to NT do
3: Step 1: Stochastic Sampling
4: for n = 1 to N do
5: Sample EV model mn ∼ DiscreteUniform(1, 8)
6: Sample current In ∼ DiscreteUniform(CaseStudy)
7: Retrieve phasors (Ah,n, θh,n) for harmonic orders h = 2, . . . , 49
8: end for
9: Step 2: Vector Aggregation at PCC

10: for h = 2 to 49 do
11: Ih,Σ(k)←

∑N
n=1Ah,n · ejθh,n ▷ Complex vector summation

12: end for
13: Step 3: Evaluation
14: Compute total aggregated distortion:

15: THDI,Σ(k)←
√∑49

h=2 |Ih,Σ(k)|2

|I1,Σ(k)|
× 100%

16: Step 4: Violation Recording
17: if THDI,Σ(k) > Limit or any individual order |Ih,Σ(k)| > Threshold then
18: NF ← NF + 1
19: end if
20: end for
21: Step 5: Statistical Output
22: PF ← NF /NT ▷ Calculate Probability of Failure
23: return PF , Distribution of THDI,Σ

is computed, as shown in Figure 5.4. The results indicate that the probability stabi-

lizes beyond 105 iterations. However, to ensure statistical robustness, each simulation

scenario is executed for one million iterations across all EV charging scenarios, ranging

from 1 to 10 EVs, to encompass a sufficiently diverse set of possible charging conditions.

The Monte Carlo simulation relies on two key stochastic inputs. The first input

concerns the selection of vehicle types, as detailed in Table 3.2, while the second input

corresponds to the random charging current in Amps, along with the associated har-
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Figure 5.4: Monte Carlo number of iterations decision considering Case Study 1 and 5
EVs charging simultaneously in accordance to 5% THDI limits.

monic amplitude and phase angle derived from single EV charging experiments. The

vehicle type is assumed to follow a discrete uniform distribution, where each of the

eight vehicle models has an equal selection probability of 1/8 in each iteration of the

simulation.

For Case Study 1, the charging current is randomly drawn from a discrete uniform

distribution ranging from 6 A to 10 A, ensuring that only integer values within this

range are considered. Similarly, in Case Study 2, the charging current is randomly

assigned from a discrete uniform distribution spanning from 11 A to the maximum

charging current for each EV, as specified in Table 3.2.

In each iteration of the simulation, THDI is determined by performing a vector

summation of the individual harmonics that contribute to the overall harmonic con-

tent. The results for multiple EVs charging simultaneously are illustrated in Figure 5.5,

which shows the distribution of THDI values and the probability of exceeding speci-

fied thresholds of 5% and 8%. The box plots in the figure represent the interquartile

range, with the boxes spanning the 25th to 75th percentiles and the central red marker

denoting the median value. The whiskers extend to the most extreme values within a
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Figure 5.5: Simulation results of multiple simultaneous EV charging for Case Study-1.

non-outlier range, while outliers are displayed individually using a ‘+’ marker symbol.

As observed in Figure 5.5, THDI exhibits a decreasing trend as the number of

simultaneously charging EVs increases. This reduction is attributed to the cancellation

effects of different harmonic orders, leading to a lower overall harmonic distortion.

Consequently, the probability of surpassing specific THDI thresholds also follows a

declining pattern.

In addition, the second case study, designed to simulate off-peak charging scenarios,

118



Chapter 5. Power Quality Assessment of EV Smart charging

1 2 3 4 5 6 7 8 9 10

Number of Concurrent EV Charging Sessions

0

5

10

15

T
H

D
I (

%
)

Case Study-2: Charging Current is from 11A to either 16A or 32A

(a) THDI results for multiple EVs (Case Study-2)

1 2 3 4 5 6 7 8 9 10

Number of Concurrent EV Charging Sessions

0

10

20

30

40

P
ro

b
a

b
ili

ty
 o

f 
F

a
ilu

re
 (

%
)

In Comparison with the IEEE 519-2014 Standard

THD
I
 limit: 5%

THD
I
 limit: 8%

(b) Compliance comparison with IEEE 519-2014 limits

Figure 5.6: Simulation results of multiple simultaneous EV charging for Case Study-2.

was conducted by adjusting the smart charging currents accordingly. The findings

from Case Study 2 are illustrated in Figure 5.6. Compared to Case Study 1, the results

indicate that increasing the charging currents leads to a nearly 50% reduction in THDI.

As a result, the probability of exceeding THDI limits also declines significantly.

For instance, in the first case study, the probability of surpassing the 5% THDI

threshold while charging ten EVs was approximately 30%. However, in Case Study

2, this probability was reduced by a factor of ten. These findings highlight a critical
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Figure 5.7: Exceeding individual harmonic current limits for two case studies based on
the IEC 61000-3-12 power quality standard.

trade-off: while lower charging currents help mitigate peak demand on the grid, they

can also lead to increased harmonic emissions, potentially affecting power quality within

distribution networks.

In addition to evaluating overall THDI, it is equally important to assess individual

harmonics against the predefined thresholds set by power quality standards. To this

end, Case Study 1 and Case Study 2 are compared by analyzing the 5th, 7th, 11th,
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and 13th harmonic orders, whose permissible limits are specified in the IEC 61000-3-

12 standard. Figure 5.7 illustrates the probability of exceeding these harmonic limits

under different charging scenarios.

Since the IEC 61000-3-12 standard applies to scenarios where the total charging

current exceeds 16 A, the analysis begins with three EVs charging simultaneously (as

three EVs charging at 6 A each result in a total PCC current of 18 A). Each case

is simulated one million times, and the probability of exceeding harmonic limits is

determined by calculating the ratio of violation occurrences to the total number of

iterations.

Beyond assessing the violations of the 5th, 7th, 11th, and 13th harmonics individu-

ally, the overall probability of exceeding harmonic limits is also analyzed. As expected,

the occurrence of harmonic violations is significantly higher in Case Study 1 compared

to Case Study 2. Among all examined harmonics, the 13th harmonic exhibits the

highest probability of exceeding the permissible thresholds.

Figure 5.7 reveals that most harmonic violations tend to occur simultaneously, as

there is minimal variation between the probability of any single harmonic exceeding

its limit and that of the 13th harmonic. This indicates that when a violation occurs,

multiple harmonics are likely to exceed their limits concurrently. Consistent with the

THDI analysis, the probability of exceeding harmonic limits in Case Study 2 remains

considerably lower, highlighting the effectiveness of higher smart charging currents in

mitigating harmonic emissions.

It is important to note that this simulation study analyzes various combinations

of EVs and charging rates rather than full charging sessions involving multiple vehi-

cles. In a real-world scenario, a typical charging session lasts several hours, during

which individual vehicles may experience fluctuating charging rates. These variations

are further influenced by the battery SoC, as charging currents decrease significantly

once the SoC exceeds 80-90%. Despite these considerations, the findings provide valu-

able insights, particularly in defining vehicle-specific charging ranges suitable for smart

charging applications.

For example, the most unfavourable scenario for multiple EV charging would occur
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if several Peugeot e-2008 vehicles were charging simultaneously at low current levels.

If N of these vehicles were to charge concurrently at 6 Amps, the resulting THDI (%)

would be approximately 25%. In contrast, vehicles such as the VW ID.4 Pro would

not require any specific charging restrictions, as their THDI levels consistently remain

below 5%.

5.3 Chapter Summary

Chapter 5 focused on evaluating the impact of EV charging on power quality, with

an emphasis on both single and multiple EV scenarios. The analysis was conducted

through laboratory experiments and supported by Monte Carlo simulations to reflect

real-world uncertainties in charging behaviour.

In the case of single EV charging, the study compared harmonic emissions against

the IEC 61000-3-2 standard. Results indicated that four out of the eight tested EVs,

Renault Zoe R90, Renault Zoe ZE50, Tesla Model Y Long Range, and Peugeot e-

2008, exceeded permissible limits for individual harmonic components, despite some of

them having relatively moderate THDI values. This highlighted that relying solely on

THDI could overlook specific harmonic violations, as vehicles with similar THDI levels

exhibited different harmonic profiles and compliance outcomes.

The multiple EV charging assessment was based on a laboratory experiment in-

volving the simultaneous charging of three EVs. Results showed that the THDI at the

PCC was reduced compared to individual vehicle measurements. This reduction was

attributed to harmonic phase angle diversity, which led to partial cancellation of cur-

rent harmonics. On the other hand, THDV remained unaffected by EV charging and

consistently fell below regulatory thresholds, indicating that EV charging had minimal

impact on voltage distortion.

To extend the analysis beyond the limitations of lab testing, a Monte Carlo simula-

tion framework was introduced. This simulation modelled smart charging behaviour by

incorporating stochastic variations in EV types and charging currents. Two case stud-

ies were considered: Case Study 1 simulated charging at low currents (6 –10 A) typical
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of peak demand periods, while Case Study 2 represented off-peak charging at higher

currents (above 11 A). The simulation demonstrated that THDI and the probability of

exceeding harmonic limits both decreased as the number of simultaneously charging

EVs increased. Furthermore, Case Study 2 resulted in significantly lower harmonic

distortion, with nearly a tenfold reduction in violation probability compared to Case

Study 1.

The analysis also showed that certain harmonic orders, particularly the 13th, were

more prone to violations. Additionally, some EV models, such as the Peugeot e-2008,

presented higher harmonic emissions under low-current conditions, making them more

critical in the context of grid power quality.

In conclusion, Chapter 5 established that smart charging strategies and probabilistic

modelling were essential for managing the harmonic impacts of EV integration. While

low-current charging helped alleviate grid loading during peak times, it also increased

harmonic distortion. Thus, a careful balance had to be maintained between load man-

agement and power quality, especially in scenarios involving high EV penetration.
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Chapter 6

Transformer Aging Under

Harmonic Emissions from EV

Smart Charging

The previous chapters presented a detailed statistical analysis of harmonic emissions

from EVs under smart charging conditions, revealing the relationship between charg-

ing current, harmonic amplitude, and phase angle dispersion, and further evaluated the

compliance of harmonic emissions against established power quality standards. Build-

ing on these insights, this chapter focuses on quantifying the effects of harmonic-rich

loading on distribution transformers. A thermal-electrical model is employed to assess

transformer aging under various EV charging scenarios. Transformer losses, top-oil

and hot-spot temperatures, aging acceleration factor, and transformer lifetime are es-

timated according to IEEE C57.91-2011 [161], and harmonic impacts are incorporated

in line with IEEE C57.110-2018 [208] standards. To address the observed challenges,

a rule-based EV charging management strategy is proposed to mitigate transformer

aging in heavily loaded network conditions, offering practical guidance for balancing

asset longevity with rising EV demand.
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Figure 6.1: Transformer losses diagram.

6.1 Modelling Distribution Transformer Losses for Har-

monic Analysis

While electrical loading is a key factor in evaluating transformer performance, it pro-

vides only a partial understanding of the operational stresses. In addition to electrical

loading, thermal loads resulting from increased current flow must also be considered

when assessing a transformer’s lifespan. The total power loss in a transformer, denoted

as PTL, can be broadly classified into no-load losses (PNL) and load losses (PLL), as

illustrated in Figure 6.1. No-load loss occurs whenever the transformer is energized,

regardless of whether it supplies power to a load. Conversely, load loss is dependent on

actual loading conditions and primarily results from winding resistance. Load loss can

be further divided into copper loss (PCL) and stray loss (PSL). This relationship can

be mathematically represented as follows [161]:

PTL = PNL + PLL = PNL + (PCL + PSL). (6.1)

These losses collectively contribute to heat build-up within the transformer, leading

to an increase in top-oil and hot-spot temperatures. Prolonged exposure to excessive
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thermal stress can accelerate the degradation of insulation materials, shorten the trans-

former’s operational lifespan, and ultimately affect the reliability of the power distri-

bution network. Therefore, a comprehensive evaluation of both electrical and thermal

loading is essential for accurately assessing transformer performance, particularly in

EV-integrated power grids.

Copper losses, denoted as PCL, refer to the energy dissipation caused by electrical

resistance within the transformer windings. These losses are determined using the I2R

formula, where I represents the current flowing through the windings, and R denotes

the electrical resistance of the conductors.

Stray losses, represented as PSL, originate from currents induced by stray magnetic

fields within the transformer core and other structural components. Unlike copper

losses, these losses are not directly linked to the primary or secondary winding currents

but arise due to interactions between the magnetic fields and the transformer’s struc-

tural elements. Stray losses can be further divided into winding eddy-current losses

(PECL) and other stray losses (POSL).

Winding eddy-current losses, PECL, occur due to circulating currents induced in

conductive materials by alternating magnetic fields. These currents generate heat,

adding to the transformer’s thermal stress and accelerating the aging of insulation

materials. In contrast, POSL represents losses in non-winding components such as the

core, structural supports, and cooling systems. The total load losses, PLL, encompass

both copper and stray losses and can be expressed mathematically as follows:

PLL = PCL + PSL = PCL + (PECL + POSL). (6.2)

One of the primary effects of harmonic distortion is the increase in the root mean

square (RMS) value of the load current. The RMS value is a key parameter for assessing

both the thermal and electrical stresses imposed on transformer windings, and it is

notably affected by the presence of harmonic components. In particular, the RMS load

current, IhL, depends on the contribution of multiple harmonic orders, extending from

the fundamental frequency up to the highest considered harmonic order, hmax. This
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relationship can be mathematically represented as:

IhL =

√√√√hmax∑
h=1

I2h, (6.3)

In this equation, Ih denotes the RMS load current corresponding to the h-th har-

monic order. This expression underscores the combined influence of multiple harmonic

frequencies on the overall load current, demonstrating that even lower-order harmonics

can significantly impact the total RMS value.

The various components of load loss, PLL, increase proportionally to the square of

the load current, though their dependence on frequency is more nuanced. Copper losses,

PCL, are affected by the skin effect, which raises conductor resistance at higher frequen-

cies; however, this impact remains minimal for smaller conductors. In contrast, eddy-

current losses within transformer windings, PECL, scale approximately with the square

of frequency, as elevated frequencies generate stronger circulating currents, leading to

increased energy dissipation. Eddy-current losses occurring in non-winding structural

components, POSL, exhibit a sub-quadratic frequency dependence, with an exponent

of 0.8, indicating a less pronounced increase compared to PECL. These losses, caused

by stray magnetic fields interacting with the transformer’s structural elements, signifi-

cantly contribute to thermal stress. Considering these frequency-dependent factors, the

total load losses in a transformer subjected to distorted currents can be mathematically

represented as:

P h
LL = P h

CL + P h
ECL + P h

OSL, (6.4)

which can equivalently be written as:

P h
LL = (P r

CL + F ec
HLP

r
ECL + F os

HLP
r
OSL)× I2L,pu. (6.5)

In these expressions, P r
CL denotes the reference copper losses at the nominal frequency,

while P r
ECL and P r

OSL correspond to the reference values for eddy-current losses and

other stray losses, respectively. The factors F ec
HL and F os

HL serve as harmonic loss

coefficients, quantifying the influence of harmonic distortion on PECL and POSL. Ad-
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ditionally, IL,pu represents the per-unit load current, which normalizes the actual load

current with respect to the transformer’s rated current.

In harmonic distortion analysis, the superscript h signifies the contribution of har-

monic components, while the superscript r represents rated operating conditions in

terms of load and frequency. To evaluate the influence of harmonics on transformer

performance, the per-unit harmonic load current, IL,pu, is defined as the proportion

of the harmonic load current relative to the rated load current. This relationship is

mathematically formulated as:

IL,pu =
IhL
IrL

, (6.6)

In this expression, IhL represents the RMS load current at a given harmonic or-

der, while IrL corresponds to the RMS load current under rated operating conditions.

The per-unit system provides a standardized approach to normalizing the harmonic

load current, enabling a more effective comparison and analysis of harmonic impacts

concerning the transformer’s rated performance.

Additionally, the harmonic loss factors, represented as F ec
HL for winding eddy cur-

rents and F os
HL for other stray losses, serve to quantify the impact of harmonic distortion

on various load loss components within the transformer. These factors are determined

using the following mathematical expressions [208]:

F ec
HL =

∑hmax
h=1 I2h × h2∑hmax

h=1 I2h
, (6.7)

F os
HL =

∑hmax
h=1 I2h × h0.8∑hmax

h=1 I2h
, (6.8)

In this context, Ih represents the RMS load current corresponding to the h-th

harmonic order, while hmax denotes the highest harmonic order included in the anal-

ysis. The harmonic loss factor associated with winding eddy currents, F ec
HL, follows

a quadratic relationship with the harmonic order, meaning that higher-order harmon-

ics disproportionately increase eddy-current losses within transformer windings. On
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the other hand, the harmonic loss factor for other stray losses, F os
HL, follows a sub-

quadratic dependency, characterized by an exponent of 0.8. This implies that although

higher-order harmonics contribute to stray losses, their effect is relatively less significant

compared to their influence on eddy-current losses.

6.1.1 Transformer Temperature Rise Modeling

The transformer’s top-oil temperature (θTO) can be calculated by initially determining

the load losses under harmonic conditions and subsequently using the following equation

to estimate the temperature rise.

θTO = θA + ∆θTO, (6.9)

In this equation, ∆θTO denotes the increase in top-oil temperature relative to the ambi-

ent temperature (θA). The value of ∆θTO is determined using the following expression:

∆θTO = ∆θrTO ×
(
P h
LL + PNL

P r
LL + PNL

)0.8

, (6.10)

In this formulation, ∆θrTO represents the temperature difference between the top-oil

layer and the ambient temperature under rated operating conditions, as provided by

the transformer manufacturer. The term P h
LL corresponds to the load losses arising

from harmonic currents, while P r
LL denotes the load loss under rated conditions, and

PNL accounts for the no-load loss. As harmonic currents increase, the associated rise in

P h
LL leads to higher overall load losses, subsequently elevating ∆θTO and, in turn, θTO.

Elevated top-oil temperatures can accelerate insulation aging, weaken the dielectric

strength of insulating materials, and ultimately reduce the transformer’s service life.

Once the top-oil temperature (θTO) is assigned, the corresponding hot-spot tem-

perature (θHS) within the transformer windings can be calculated using the following

equation:

θHS = θTO + ∆θHS , (6.11)

where ∆θHS denotes the increase in temperature at the hot spot relative to the top-oil
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temperature. The hot-spot temperature rise, ∆θHS , is determined using the following

equation:

∆θHS = ∆θrHS ×
(
P h
LL

P r
LL

)0.8

, (6.12)

where ∆θrHS represents the temperature difference between the hot spot and the

top-oil layer under rated operating conditions. Elevated hot-spot temperatures pose

a significant risk as they accelerate the aging process of the transformer’s insulation

materials. An increase in θHS speeds up thermal degradation, weakening the dielectric

properties and ultimately shortening the transformer’s service life [32, 161]. Moreover,

excessive θHS can result in uneven thermal distribution within the windings, leading

to localized overheating that further deteriorates the structural and electrical integrity

of the transformer [209].

6.1.2 Transformer Lifetime Modelling

For a transformer with a nominal winding temperature rise of 55 ◦C, the aging acceler-

ation factor, FAA, is standardized at 1.0 when the hot-spot temperature (HST) reaches

110 ◦C. This factor serves as an indicator of insulation aging relative to standard oper-

ating conditions. As the HST exceeds 110 ◦C, FAA increases, signifying an accelerated

deterioration of the insulation. The mathematical expression defining this relationship

is taken directly from IEEE C57.91 Standard [161] and given as:

FAA = exp

(
15000

383
− 15000

θHS + 273

)
, (6.13)

where θHS is the hot-spot temperature.

When operating under rated conditions with a HST of 110 ◦C, the aging accelera-

tion factor FAA is defined as 1.0, indicating that the transformer insulation degrades

at its expected rate. The standard insulation lifespan, Lifenorm, for a transformer func-

tioning under these conditions is specified as 20.55 years (or 180,000 hours) [161]. This

reference value provides a benchmark for evaluating the actual lifespan of transformers

experiencing thermal stress due to harmonic distortions.

The actual lifespan of a distribution transformer, Lifereal, can be estimated by mod-
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ifying the standard insulation life to reflect the transformer’s real operating conditions.

This adjustment is made using the aging acceleration factor, as expressed in the fol-

lowing equation:

Lifereal =
Lifenorm
FAA

. (6.14)

In this equation, Lifereal denotes the projected service life of the transformer, incor-

porating the effects of elevated thermal stress caused by harmonic-induced load losses.

When FAA exceeds 1.0, Lifereal decreases accordingly, indicating a faster rate of insula-

tion degradation and a reduced transformer lifespan. To provide a holistic overview of

the analytical methodology, Figure 6.2 outlines the systematic progression of the as-

sessment, tracking the data flow from initial harmonic and thermal parameters through

to the final determination of the transformer’s operational lifespan.

6.2 Monte Carlo Simulation for Transformer Aging

A Monte Carlo simulation is designed to account for the uncertainties associated with

different numbers and types of EVs charging on a distribution transformer, considering

the unique harmonic emission characteristics of each EV model. By employing this

statistical approach, the simulation outputs facilitate the estimation of transformer

aging parameters, with the accuracy and reliability of the results improving as the

number of iterations increases. The simulation process follows five key steps specifically

tailored to the distribution transformer examined in this study:

• Step 1: Generate harmonic emission profiles for each EV during charging, uti-

lizing from empirical measurement data.

• Step 2: Establish the maximum number of EVs that can charge simultaneously,

considering the constraints imposed by the charging current.

• Step 3: Randomly select EVs and compute the vector summation of their indi-

vidual harmonic components based on their respective harmonic emission char-

acteristics.
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Figure 6.2: Flowchart illustrating the transformer aging assessment framework.

• Step 4: Evaluate transformer losses by integrating the aggregated harmonic con-

tributions, followed by calculating the top-oil temperature, hot-spot temperature,

aging acceleration factor, and estimated transformer lifespan.

• Step 5: Repeat Steps 3 and 4 for one million iterations to construct a com-

prehensive dataset for analyzing transformer losses and associated performance
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metrics.

6.3 Case Study - I: Full Load Conditions

The electrical load imposed on a distribution transformer is a key factor in evaluating

its capacity to accommodate EV charging. The maximum allowable number of EVs

that can charge simultaneously without exceeding the transformer’s rated capacity is

directly influenced by the selected charging current. In this study, the number of EVs

that can be charged concurrently is determined using (6.15), assuming that all vehicles

charge at a consistent current level within a smart charging framework.

N =
S × PF

I × V × ϕ
, (6.15)

where S represents the apparent power rating of the transformer, PF denotes the

power factor, I corresponds to the charging current, V is the single-phase voltage, and

ϕ indicates the number of phases.

Considering a three-phase charging configuration with a single-phase voltage of

230 V, the maximum number of EVs capable of concurrent charging at a specific cur-

rent level can be determined from the rated capacity of the transformer. For this

analysis, a distribution transformer with representative parameters from the litera-

ture [210, 211], specifically rated at 160 kVA with a power factor of 0.95, is employed

(see Table 6.1). Using these transformer specifications, the maximum simultaneous EV

charging capacity (NEV) is computed as follows:

N =
160,000× 0.95

6× 230× 3
= 36.71 ≈ 36,

This calculation shows that up to 36 EVs can be charged simultaneously without

surpassing the transformer’s rated capacity. However, if the charging current is in-

creased to 15 A, the maximum number of EVs that can charge concurrently is reduced

to:
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Table 6.1: Overview of Technical Specifications of Distribution Transformer

Parameter Value Parameter Value

Rated power 160 kVA No-load loss 330 W
Primary voltage 11 kV Full-load loss 2650 W
Secondary voltage 400 V Ambient Temperature 30 ◦C
Power factor 0.95 Rated top-oil temperature, ∆θrTO 55 ◦C
Normal Insulation Life 180,000 h Rated hot-spot temperature, ∆θrHS 25 ◦C

N =
160,000× 0.95

15× 230× 3
= 14.69 ≈ 14,

In this scenario, only 14 EVs can be charged concurrently without exceeding the

transformer’s rated capacity. This demonstrates the trade-off between charging current

and the number of EVs that can be supported simultaneously. While higher charging

currents reduce the total number of EVs that can be charged at once, lower charging

currents enable more vehicles to connect. However, lower currents may also introduce

additional operational challenges, such as prolonged charging durations or increased

harmonic emissions, which could affect overall power quality.

6.3.1 Transformer Lifetime Analysis

This section examines the impact of harmonic currents generated by EV charging on

a distribution transformer. Figure 6.3 presents a graphical summary of key outcomes,

illustrating variations in hot-spot temperature (HST), aging acceleration factor (FAA),

and transformer lifetime. These visual representations provide crucial insights into the

extent of harmonic-induced stress on transformer performance. The findings highlight

the significant influence of charging current levels on the aging dynamics of a fully

loaded 160 kVA transformer. At lower charging currents (e.g., 6 A), a greater number

of EVs are required to fully load the transformer, whereas higher charging currents

(e.g., 13–15 A) result in fewer EVs reaching the transformer’s rated capacity. This

underscores how different smart charging strategies can impact transformer degradation

and overall longevity.

The HST graph in Figure 6.3a reveals that the highest HST occurs at lower charging
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Figure 6.3: Overview of the transformer aging metrics under full load conditions.

currents, particularly at 6 A, where it approaches 120 ◦C. This increase is attributed

to elevated harmonic distortions, which exacerbate thermal stress on the transformer.

In contrast, at higher charging currents (e.g., 13–15 A), HST decreases and stabilizes

around 105 ◦C. This trend indicates that transformers experience lower thermal stress

at higher charging rates due to the reduction in harmonic-induced losses, thereby mit-

igating excessive heating effects.

The FAA graph in 6.3b follows a similar pattern to the HST, showing a sharp in-

crease at lower charging currents. This indicates accelerated insulation aging, which
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considerably shortens the transformer’s operational lifespan. This effect is further re-

flected in the transformer lifetime graph in Figure 6.3c, where at 6 A, corresponding

to the highest HST and FAA values, the projected transformer lifespan drops below

10 years in certain cases. In contrast, at higher charging currents (13–15 A), the com-

bined reduction in thermal and harmonic stresses significantly extends the transformer

lifespan, exceeding 40 years. These findings highlight the strong correlation between

charging current, harmonic-induced thermal effects, and transformer aging.

These findings underscore the necessity of implementing harmonics-averse smart

charging strategies to balance reducing electrical loading and minimizing harmonic-

induced thermal stress on transformers. The adverse effects of harmonic distortions

can be mitigated by strategically optimising charging currents, thereby prolonging the

lifespan and enhancing the overall resilience of power distribution networks. This ap-

proach is crucial in ensuring grid infrastructure’s long-term reliability and sustainability

as EV adoption continues to grow.

Figure 6.4 illustrates the impact of harmonic distortion on transformer aging com-

pared to a non-harmonic scenario across different charging currents. The findings reveal

that harmonic distortion from smart charging significantly accelerates transformer ag-

ing. Nevertheless, at specific charging currents, particularly in the 13–15 A range, the

aging rates under harmonic conditions closely match, or even slightly improve upon,

those observed in the non-harmonic case. This indicates that the impact of harmonics

on transformer thermal stress and aging is not purely linear, but varies depending on

the loading level and the specific harmonic characteristics of the EV chargers involved.

These insights highlight the necessity of harmonics-averse smart charging strategies to

optimize transformer performance, ensuring both grid stability and the reliable inte-

gration of EVs into distribution networks.

6.3.2 Rule-based EV Charging Management

Based on the findings depicted in Figure 6.3 and Figure 6.4, the following rule-based

EV charging management guidelines are suggested:

• Optimal Charging Rate: A charging current of 13 A provides the best balance
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Figure 6.4: Comparison of transformer aging under harmonic distorted and non-
harmonic distorted conditions.

by significantly reducing transformer aging while supporting a practical number

of simultaneous EV connections (approximately 16 vehicles).

• Acceptable Lower Rates: When lower charging currents are required, such

as during residential overnight charging, 9 A, 8 A, or 7 A are preferable, albeit

extending the total charging duration.

• Rates to Avoid: Charging at 6 A, despite accommodating the highest num-

ber of simultaneous connections (up to 36 EVs), notably accelerates transformer

aging. Thus, if lower current levels are unavoidable, opting for at least 7 A is

recommended.

The rule-based, harmonics-averse EV charging management strategy for peak hours

is illustrated in Figure 6.5. As shown, charging currents are dynamically modified
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Figure 6.5: Rule-based EV charging management for new connection requests during
peak hours.

according to the number of EVs connected, aiming to maintain transformer load within

its rated capacity while mitigating harmonic distortions. Whenever an additional EV

initiates a charging request, the available transformer capacity is recalculated using

equation (6.15).
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Figure 6.6: Overview of transformer aging metrics under 25% transformer overloading
allowance.

6.4 Case Study - II: Overloading Conditions

It should be highlighted that the suggested rule-based EV charging management method

can easily be adapted to accommodate conditions permitting transformer overload. For

example, Figure 6.6 presents simulation results for a scenario where the transformer

operates with an overload margin of 25%, thus allowing additional EVs to connect.

Nonetheless, adopting such an operating approach significantly compromises trans-

former longevity. Elevated HST surpassing 110 ◦C substantially accelerate FAA, dras-

tically reducing the transformer’s lifespan. In this overloaded scenario, even a single
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hour of operation corresponds to the FAA of approximately 15 to 20 times greater than

full load conditions.

The proposed rule-based framework offers inherent flexibility and can be easily

adjusted to handle transformer overloading scenarios with minimal alterations. For

instance, instead of maintaining a fixed charging current of 13 A, a marginally reduced

value such as 12 A could be implemented to alleviate excessive thermal stress. Ad-

ditionally, the decision-making logic could be refined by introducing supplementary

charging levels, like 10 A, thereby enhancing operational versatility. It is essential to

highlight that charging at the lowest rate of 6 A is still not recommended due to its

inefficiency and the potential for excessively prolonging charging durations.

It is crucial to highlight that the presented analysis specifically addresses scenarios

involving heavily loaded networks. For partially loaded networks, the HST typically

remains below the critical threshold of 110◦C, making transformer aging a less crit-

ical problem. Nevertheless, compliance to harmonic distortion limits, as defined by

industry standards such as IEEE 519 and IEC 61000, emerges as the primary oper-

ational constraint under these conditions. This distinction underscores the necessity

of implementing harmonics-aware smart charging strategies, dynamically adjusting EV

charging rates based on real-time transformer loading and harmonic conditions.

6.5 Chapter Summary

This chapter presented a comprehensive methodology to assess and mitigate the aging

of distribution transformers under the influence of harmonic distortion caused by EV

charging. It began by modelling transformer losses, dividing them into no-load and

load losses. The latter included copper losses, winding eddy-current losses, and other

stray losses. Due to harmonic components, these losses were shown to increase not only

with current magnitude but also with frequency.

Harmonics were modelled through RMS current calculations that incorporated con-

tributions from individual harmonic orders. The chapter introduced harmonic loss fac-

tors to quantify the effects of frequency on eddy-current and stray losses, emphasizing
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that higher-order harmonics disproportionately accelerated transformer heating. This

thermal impact was analyzed using models that estimated the top-oil and hot-spot

temperatures, which were key indicators of transformer health. As the hot-spot tem-

perature increased, the insulation deteriorated more rapidly, reducing transformer life.

The chapter applied IEEE C57.91-2011 and IEEE C57.110-2018 standards to calcu-

late an aging acceleration factor, which was then used to estimate the transformer’s

remaining lifespan under real-world harmonic-stressed conditions.

A Monte Carlo simulation was implemented to incorporate uncertainty in EV charg-

ing behaviour. This simulation accounted for variations in EV models, charging rates,

and harmonic profiles. A case study focusing on a 160 kVA transformer under full-load

conditions demonstrated how different charging currents influenced transformer aging.

Results showed that lower charging currents (e.g., 6 A) allowed more EVs to connect

but resulted in elevated harmonic emissions and thermal stress, significantly reducing

transformer lifespan to under 10 years. In contrast, higher charging currents (e.g.,

13–15 A) resulted in fewer EV connections but reduced harmonic distortion, yielding

hot-spot temperatures below critical thresholds and extending the transformer lifespan

beyond 40 years.

The findings led to a proposed rule-based EV charging management strategy. Charg-

ing at 13 A was recommended as the optimal rate, balancing the number of EVs sup-

ported and transformer longevity. Lower currents (7–9 A) were considered acceptable

for overnight or low-demand periods, while 6 A was generally discouraged due to its

severe impact on transformer aging.

A comparative analysis between harmonic and non-harmonic conditions revealed

that harmonics significantly influenced transformer performance at lower charging cur-

rents, whereas at higher currents, the difference was negligible or even favourable. The

chapter also examined transformer overloading scenarios, demonstrating that tempo-

rary overloading could accommodate more EVs, but at the cost of accelerated aging

and drastically reduced transformer lifespan.

Overall, the chapter underscored the importance of harmonics-averse charging strate-

gies tailored to transformer loading conditions. It highlighted that managing EV charg-
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ing for both electrical load and harmonic emissions was essential to prolong transformer

life, ensure power quality, and maintain the resilience of distribution networks as the

adoption of EVs increases.
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Harmonics-Aware Smart

Charging

The previous chapter investigated how harmonic emissions from EV smart charging

influence transformer aging under heavily loaded conditions. However, the presence

of harmonic distortion introduces distinct operational challenges in partially-loaded

distribution networks. Although transformers in these scenarios may not be subject

to significant thermal stress, the cumulative harmonic emissions from EV charging can

negatively affect power quality. This leads to potential violations of harmonic distortion

limits defined by international standards. Consequently, EV charging station operators

and DNOs must ensure compliance with industry standards, including IEEE 519 and

IEC 61000, which typically prescribe a THD limit of around 5%, with variations based

on specific circuit and network configurations.

Given the increasing penetration of EVs and the widespread adoption of smart

charging technologies that allow advanced scheduling of charging sessions, develop-

ing effective strategies for managing harmonic emissions is crucial. In this context,

harmonics-aware smart charging emerges as a promising approach to actively minimize

harmonic emissions while simultaneously achieving load balancing and peak shaving

objectives.

Accordingly, this chapter has two primary objectives. First, it develops a harmonics-
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aware smart charging framework tailored for partially-loaded networks, where trans-

former thermal limits are generally non-binding, but compliance with power-quality

constraints, particularly THD limits, becomes the dominant operational requirement.

Second, it provides a quantitative comparison between a conventional smart charging

formulation that does not consider harmonic constraints and an extended formulation

that explicitly enforces THD limits. This comparison is conducted using a large-scale

EV parking lot case study, enabling an assessment of the trade-offs between power-

quality compliance and the level of energy delivery requested by EV fleets.

The precise modelling and aggregation of harmonic emissions from multiple EV

chargers are at the core of developing a harmonics-aware smart charging framework.

This modelling is essential for effectively predicting the total harmonic current injected

into the network and assessing compliance with established harmonic limits. Conse-

quently, the following subsection outlines the methodology employed for individual EV

harmonic modelling, the vector summation of harmonics, and the subsequent aggrega-

tion of harmonic emissions at the PCC. This comprehensive modelling approach serves

as the foundation for evaluating and implementing harmonics-aware smart charging

strategies.

7.1 Smart Charging Harmonic Emissions

The input data for this analysis were collected from controlled smart charging exper-

iments, with comprehensive methodologies documented in Chapter 3. It should be

reiterated that this investigation focuses exclusively on current harmonic emissions,

as voltage harmonics exhibit negligible variation across different charging currents, as

previously demonstrated in Chapter 4.

All vehicles in this study were charged in 1 A increments, starting from the min-

imum allowable charging current of 6 A. While previous chapters have used charging

current (A) as the primary variable, this chapter adopts per-phase charging power (kW)

for consistency and ease of comparison across different EVs. Charging power is calcu-

lated by multiplying the charging current by the single-phase voltage (230 V); thus, 6 A
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Table 7.1: Quadratic polynomial fitting parameters for THD as a function of charging
power.

EV Model p1 p2 p3 R2

Renault Zoe R90 0.26 -3.41 16.14 0.9675
Peugeot e-208 0.82 -5.39 11.42 0.8634
Nissan Leaf e+ 0.41 -4.16 13.98 0.9235
VW ID.3 Pro 0.73 -4.63 9.36 0.9734
Renault Zoe ZE50 0.48 -5.26 18.92 0.9681
VW ID.4 Pro 0.86 -5.26 10.28 0.9167
Tesla Model Y Long Range 1.00 -7.17 18.07 0.9920
Peugeot e-2008 1.94 -15.76 42.74 0.9928

corresponds to a power of 1.38 kW.

As previously emphasized in this thesis, an inverse relationship exists between charg-

ing rate and harmonic emissions. This trend is further investigated here using the

power-based representation. For reference, the maximum single-phase charging power

is 16 A × 230 V = 3.68 kW, while three-phase systems can support up to 11 kW. This

standardized power-based approach enables a clearer comparative analysis of harmonic

behaviour across all tested EVs.

To characterize the relationship between harmonic behaviour and charging power,

a quadratic polynomial fit was applied to each EV dataset as follows:

THD(x) = p1x
2 + p2x + p3,

where x represents the per-phase charging power in kilowatts, and p1, p2, and p3 are

the fitted polynomial coefficients. This analytical formulation allows the harmonic be-

haviour to be embedded within optimization-based smart charging strategies, effectively

capturing the nonlinear nature of the THD–power relationship.

As presented in Table 7.1, the polynomial models demonstrate strong predictive

performance, with coefficients of determination (R2) consistently above 0.86, in sev-

eral instances exceeding 0.99. These convex quadratic models form the basis for the

optimization framework discussed in Section 7.3. Notably, this modelling approach ad-

dresses a key limitation of the experimental data, where charging rates are restricted to
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Figure 7.1: Relationship between EV charging power and THD (per phase).

discrete values due to measurement constraints. By employing continuous polynomial

functions, the analysis can accommodate a broader and more flexible range of charging

rates, offering improved applicability for real-world optimization and control strategies.

Figure 7.1 illustrates the overall correlation between per-phase charging power and

THD, highlighting a general decline in THD with increasing charging power. This

trend underpins the harmonics-aware smart charging strategy developed in this study,

allowing for designing EV charging schedules that simultaneously consider grid capacity

constraints and harmonic distortion compliance.
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7.2 Harmonics Modelling

While modelling the harmonic emissions of a single EV can be achieved using the

polynomial fitting parameters outlined in Table 7.1, estimating the aggregate harmonic

emissions from multiple EVs, regardless of whether they are the same model charging

at different rates or various models operating at distinct power levels, poses significant

challenges. This complexity arises from the absence of a closed-form expression that

simultaneously addresses both the amplitude and phase angle of individual harmonic

components.

The combined harmonic emissions from multiple EVs must be computed using vec-

tor algebra, where each harmonic order is represented as a phasor incorporating both

magnitude and phase angle. Specifically, an individual harmonic can be expressed in

exponential form as A · ejθ, or in rectangular form as A · (cos(θ) + j sin(θ)), with A

denoting the amplitude and θ the corresponding phase angle. When multiple EVs con-

tribute to the same harmonic order, their phasor components are summed vectorially.

The resulting aggregated vector is then used to calculate the THD that the formulation

provided earlier in Chapter 4.

Incorporating vector summation of harmonics into optimization frameworks is in-

herently challenging, as the individual harmonic magnitudes, Ih, and their correspond-

ing phase angles may cancel out unpredictably. Moreover, the existing literature lacks

analytical models that adequately represent harmonic cancellation effects arising from

multiple EVs acting as harmonic sources. Without closed-form expressions, integrating

this behavior into optimization would require a brute-force search through all possi-

ble charging configurations. This approach becomes computationally impractical for

real-time or large-scale implementations.

To overcome this challenge, we introduce a computationally efficient approximation

that provides a conservative upper bound for THD. As demonstrated both empirically

and through a Monte Carlo simulation in Chapter 5, simultaneous charging of multiple

EVs leads to a natural harmonic cancellation effect, whereby the combined THD is

typically lower than the simple sum of individual contributions. The reduction in
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Figure 7.2: Vector summation versus arithmetic mean comparison of THD with 3 EVs
charging

THD occurs due to variations in phase angles, which lead to partial cancellation of the

harmonic components. From a mathematical standpoint, this phenomenon is attributed

to phasor addition, where each harmonic order is projected using cos(θ) and sin(θ),

thereby reducing the magnitude of the resulting vector.

Consequently, the arithmetic average of individual THD values is a practical and

conservative estimate for the overall THD. This approach enables the optimization pro-

cess to bypass computationally intensive vector summations while ensuring compliance

with THD constraints. Letting THDi represent the harmonic contribution from the

ith EV, the aggregated approximation can be expressed as:

THDtotal ⪅
1

N

N∑
i=1

THDi, (7.1)

where N is the total number of simultaneously charging EVs.

Figure 7.2 compares the arithmetic mean and vector summation of current har-
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monic emissions for three EV models, Tesla Model Y Long Range, Peugeot e-2008,

and Renault Zoe R90, charged simultaneously at the same current levels. The x-axis

denotes various charging combinations, ranging from the lowest setting (6 A, 6 A, 6 A)

to the highest (15 A, 15 A, 15 A). The results clearly demonstrate that the arithmetic

mean consistently overestimates the total THD compared to vector-based summation.

This finding supports the use of the arithmetic mean as a conservative upper-bound

approximation.

This approximation significantly simplifies the implementation of harmonics-aware

smart charging optimization. Instead of performing complex vector-based harmonic

summations across all possible EV charging rate combinations, the optimization pro-

cess can impose THD constraints using the arithmetic mean derived from the fitted

polynomial models. This approach facilitates the practical application of harmonics-

aware smart charging in real-world scenarios, such as large-scale parking areas and

public charging stations, without introducing excessive computational burden. Con-

sequently, this section lays the groundwork for a mathematically efficient method to

estimate the cumulative harmonic emissions from multiple EVs, which serves as the

foundation for the optimization strategy introduced in the following section.

7.3 Harmonics-Aware Smart Charging

This section outlines the mathematical formulation of two optimization problems re-

lated to smart charging. The first represents a conventional smart charging strategy

based on practical charging rates, while the second builds upon it by explicitly inte-

grating THD constraints into the optimization framework.

Let i = {1, 2, . . . , N} represent the index set of EVs arriving at a charging station

that operates over discrete time intervals t = {1, 2, . . . , T}. Each vehicle arrives at

time slot ai ∈ T and departs at di ∈ T , where the charging window di − ai must

be strictly greater than a minimum threshold M for all i, ensuring sufficient time

for participation in the charging process. Accordingly, the first constraint enforces a
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minimum connection duration and is formulated as:

di − ai ≥M, ∀i. (7.2)

Let k = {1, 2, . . . ,K} represent the index set of EV types (for example, k = 1 cor-

responds to the Tesla Model Y). Each EV i has a charging requirement Di in kilowatt-

hours (kWh). The charging decision for EV i is captured by the vector xi ∈ R1×T ,

defined over the planning horizon T . Furthermore, let xt denote the vector comprising

the charging rates of all EVs at a specific time slot t.

Due to technical limitations, charging currents can only take specific values (charg-

ing constraints): they can either be zero (indicating that no charging is occurring) or

fall within the range of 6 A to 16 A. These currents correspond to per-phase charging

powers ranging from cmin = 1.38 kW to cmax = 3.68 kW. Values below 6 A are techni-

cally infeasible, resulting in a discontinuous set of allowable charging rates. Although

all chargers are assumed to operate in three-phase mode, this analysis is conducted on a

per-phase basis. The constraint on charging power is therefore defined as follows [212]:

xi(t) ∈ {0} ∪ [cmin, cmax], ∀i,∀t. (7.3)

In addition, the total charging power drawn by all EVs at any given time t must

not exceed the system-wide capacity limit C, which reflects physical infrastructure

constraints such as transformer and feeder capabilities. This system-level (capacity)

constraint is formulated as:
N∑
i=1

xi(t) ≤ C, ∀t, (7.4)

Here, C is typically defined as a fraction of the maximum peak load capacity, for exam-

ple, C = 0.75×N × 3.68 kW, which reflects a 25% reduction in required infrastructure

capacity enabled by coordinated smart charging. This formulation underscores the im-

portance of smart charging in avoiding costly over-dimensioning of grid infrastructure

to accommodate simultaneous peak EV demand.

To maintain service quality, a minimum energy delivery constraint Dmin is enforced
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to ensure that each EV receives at least a certain proportion of its total energy demand

Di. This requirement is formulated as

di∑
t=ai

xi(t) ≥ Dmin ×Di, ∀i. (7.5)

A specific value for Dmin is 0.9, which corresponds to delivering 90% of the requested

energy, ensuring a balance between customer satisfaction and operational flexibility.

7.3.1 Optimization Problem I: Smart Charging without THD Con-

straints

The aim of the first optimization problem is to ensure fair charging by minimizing the

discrepancy between each EV’s actual allocated energy xi and its requested energy de-

mand Di. Assuming uniform priority across all EVs, the objective function is expressed

as:
N∑
i=1

(∑di
t=ai

xi(t)

Di
− 1

)2

. (7.6)

Accordingly, Optimization Problem I is formulated as:

Minimize: (7.6)

Subject to: (7.2), (7.3), (7.4), (7.5).

Since the optimization is performed over 1-hour time intervals, the charging power

vector x(t) expressed in kW is numerically equal to the energy delivered in kWh within

each time slot. This enables a direct comparison with the energy demand D used in

the constraint formulation.

7.3.2 Optimization Problem II: Smart Charging with THD constraints

The second optimization formulation builds upon the first optimization by introducing

a constraint on THD. Specifically, at each time slot t, the cumulative THD, computed

based on the set of active EV charging rates xt and their corresponding EV types kt,
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must remain below a defined threshold hlim, typically set to 5%. This requirement is

expressed by the following constraint:

THD(xt,kt) ≤ hlim, ∀t. (7.7)

Beyond minimizing deviations from requested energy demands, the objective func-

tion includes a penalty term for any THD violations. This penalized objective is ex-

pressed as:

N∑
i=1

(∑di
t=ai

xi(t)

Di
− 1

)2

+ ω
∑
t∈T̄

(
THD(xt,kt)− hlim

)2
, (7.8)

where T̄ denotes the set of time slots in which the THD limit is exceeded, and ω ≫ 0

is a large penalty coefficient that enforces the harmonic constraint.

Thus, Optimization Problem II is defined as:

Minimize: (7.8)

Subject to: (7.2), (7.3), (7.4), (7.5), (7.7).

To summarize, Optimization Problem I prioritizes fair and efficient charging across

EVs, whereas Optimization Problem II enhances this framework by directly integrating

harmonic distortion limits. This integration enables smart charging strategies that

comply with power quality standards.

7.4 Particle Swarm Optimization

Particle Swarm Optimization (PSO) [213] is selected as the solution methodology for

both optimization problems presented in this chapter. Prior to this choice, several alter-

native techniques, including Genetic Algorithms and gradient-based nonlinear solvers,

were evaluated. However, these approaches either failed to converge or produced infea-

sible solutions due to the nonconvex and discontinuous structure of the feasible region

arising from discrete EV charging rates specified in equation (7.3) and THD constraints.

152



Chapter 7. Harmonics-Aware Smart Charging

In contrast, PSO demonstrated reliable convergence and consistently generated feasible

solutions while maintaining computational efficiency. Its ability to handle discontinu-

ities, mixed-integer decision variables, and non-differentiable objective functions makes

it particularly well suited for the harmonics-aware smart charging problem considered

in this study [214,215].

PSO is a population-based, stochastic optimization algorithm inspired by the col-

lective behaviour of social organisms, such as birds flocking or fish schooling [214]. It

operates by initializing a population of candidate solutions, known as “particles”, that

explore the multidimensional solution space in search of an optimal configuration. Let P

denote the total number of particles. At each iteration, every particle p ∈ {1, 2, . . . , P}

maintains two key attributes: its current position Xp, which represents a candidate so-

lution (e.g., charging schedule), and a velocity vector Vp, which determines its direction

and speed of movement through the solution space.

Each particle evaluates the objective function at its current position and keeps track

of the best solution it has encountered thus far, denoted as the personal best position Pp.

Simultaneously, the global best solution G found by the entire swarm is also recorded.

The position and velocity of each particle are updated at each iteration based on both

individual experience and social learning mechanisms. A weighted combination of the

following components governs the velocity update rule:

• The inertia term (w), which retains a portion of the previous velocity to maintain

momentum.

• The cognitive component (c1), which encourages the particle to return to its per-

sonal best position.

• The social component (c2), which pulls the particle toward the global best solution

found by the swarm.

Mathematically, the velocity and position of particle p at iteration t are updated as

follows [216]:
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V (t+1)
p = wV (t)

p + c1r1(Pp −X(t)
p ) + c2r2(G−X(t)

p ), (7.9)

X(t+1)
p = X(t)

p + V (t+1)
p , (7.10)

where w is the inertia weight, c1 and c2 are the cognitive and social acceleration coef-

ficients, respectively, and r1 and r2 are uniformly distributed random numbers in [0,

1]. These parameters govern the balance between exploration (global search) and ex-

ploitation (local refinement), and must be carefully selected to ensure convergence and

solution quality.

A more detailed PSO implementation tailored for EV charging can be found in [217],

where similar methodologies are adapted for real-time scheduling scenarios. In the

context of this thesis, PSO serves as a powerful and flexible meta-heuristic for solving

complex optimization problems arising from large-scale EV integration, particularly

in the presence of nonlinear harmonic behaviours and infrastructure constraints. If a

proposed solution violates any constraints, such as system capacity or THD limits, a

penalty is added to the objective value to discourage infeasible configurations.

7.5 Water Filling Algorithm

The optimization framework employed in this study is detailed in Algorithm 2, which

is based on a PSO-driven optimization strategy. A key component of this framework

is the subroutine RepairSolution, which ensures that all operational constraints are

satisfied. These include the constraints defined in (7.2), (7.3), (7.4), (7.5), and (7.7).

Furthermore, RepairSolution monitors the set of actively charging EVs dynamically,

updating the corresponding THD contributions in real-time. This includes removing

EVs that have either completed their charging session or are temporarily deactivated

within the current scheduling interval.

To guarantee compliance with both the charging rate constraint (7.3) and the mini-

mum energy delivery requirement (7.5), the RepairSolution subroutine incorporates

a “Water Filling” strategy. This mechanism proceeds through the following steps:
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Algorithm 2 PSO-based Harmonics-Aware Smart Charging Optimization

1: Input: EV data (N , {ai, di, Di}, types), charging constraints ((7.3), (7.4), (7.5), (7.7)),
PSO parameters (swarm size, max iterations, inertia w, coefficients c1, c2)

2: Generate arrival, departure, and demand profiles for EVs
3: for each scenario (Optimization Problem I: ω = 0, Optimization Problem II: ω > 0) do
4: Initialize PSO swarm: random charging schedules xp and velocities vp
5: Apply RepairSolution to each xp to ensure feasibility
6: Evaluate objective ((7.6) or (7.8)), update pbest
7: Identify global best gbest
8: for iter = 1 to max iterations do
9: for each particle p do

10: Apply RepairSolution to xp

11: Evaluate objective, update pbest and gbest if improved
12: Update velocity:

vp ← wvp + c1(pbest − xp) + c2(gbest − xp)

13: Update position:
xp ← xp + vp

14: Enforce constraints (7.3), (7.4), (7.5), (7.7)
15: end for
16: end for
17: Output: Optimal charging schedule xopt = RepairSolution(gbest)
18: end for

1. Initially, any charging rate below the minimum threshold cmin is set to zero:

xi(t) = 0, if xi(t) < cmin, ∀i, t. (7.11)

2. Next, if the total energy delivered does not satisfy the minimum required amount

Dmin × Di, the algorithm assigns the minimum allowable charging rate cmin to

idle time slots, continuing this process until the requirement is met or no inactive

slots remain.

3. Should the demand constraint still remain unmet, the algorithm uniformly in-

creases the charging rates of all active time slots, initially set to cmin, in a stepwise

manner up to cmax, ensuring that the aggregate charging load at each time slot

does not violate the system-wide capacity constraint given by (7.4).

4. Lastly, for each time slot t, THD is evaluated against the threshold defined in

(7.7). If the THD exceeds the allowed limit hlim, the algorithm alters the charging
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Figure 7.3: Step-by-step illustration of the Water Filling Algorithm for dynamic slot
allocation.

rates of EVs that contribute most significantly to the distortion, repeating this

process until the constraint is satisfied.

This structured and iterative Water Filling approach ensures that the charging

schedules adhere to all key constraints while focusing on meeting user energy require-

ments and staying within harmonic distortion limits.

Figure 7.3 depicts a sample scenario illustrating the Water Filling Algorithm. In

the initial configuration (Figure 7.3a), EV1 and EV2 are not charging (0 kW), while the

remaining vehicles are charging at different power levels. According to the limits defined

in (7.3), the allowable charging range is between cmin = 1.38 kW and cmax = 3.68 kW.

Charging slots with power below cmin (e.g., EV3 at 0.8 kW, EV4 at 1.2 kW) are shown

in orange, whereas those meeting or exceeding the minimum threshold (e.g., EV5 at

2.0 kW, EV6 at 2.7 kW) are displayed in blue.

In Step 1 (Figure 7.3b), all EVs that were either inactive or operating below the
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minimum threshold are brought up to cmin. As a result, EV1 and EV2 are activated

at 1.38 kW, while EV3 and EV4 are raised to the same level. EV5 and EV6 remain

unchanged, as their initial charging levels already exceed the minimum requirement.

In Step 2 (Figure 7.3c), if the minimum energy demand is still unmet, the algorithm

uniformly increases all active charging slots until the demand is satisfied or the upper

bound cmax is reached. For example, EV1 to EV5 are raised to 2.0 kW, while EV6

remains at 2.7 kW.

In Step 3 (Figure 7.3d), the final charging allocation is shown: each EV receives

at least cmin, and some reach the maximum limit. In this case, EV2 and EV6 are

restricted at 3.68 kW, while the remaining vehicles charge at approximately 2.7 kW, thus

maximizing available capacity while meeting demand and complying with harmonic

constraints.

7.6 Case-Study: Large-scale EV Parking Lots

A large-scale EV parking lot scenario is considered for evaluation as a case-study. A

total of 200 EVs are assumed to request charging services at a workplace facility oper-

ating between 6:00 am and 11:00 pm. Each vehicle remains connected for a minimum

of 8 hours, reflecting typical workday parking behaviour. To simulate realistic variabil-

ity in user behaviour, both arrival and departure times are generated using a uniform

distribution. Similarly, per-phase charging demands are uniformly distributed between

20 kWh and 30 kWh, corresponding to a total demand of 60 kWh to 90 kWh for three-

phase charging systems.

The EV fleet consists of k = 8 distinct vehicle types, introduced in Section 3,

with each vehicle selected with equal probability (0.125). The charging infrastruc-

ture comprises standardized 11 kW three-phase AC chargers, equivalent to 3.68 kW

per phase. According to IEEE 519-2014 standards, the THD limit is set to 5%. The

system operator guarantees that at least 90% of each vehicle’s requested energy is de-

livered. Charging power is bounded between cmin = 1.38 kW (corresponding to 6 A)

and cmax = 3.68 kW (16 A), with 0 kW representing idle states. The per-phase capacity
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constraint is set to approximately 480 kW, computed as 200× 0.65× 3.68. Each EV’s

harmonic behaviour is represented using second-order polynomial models, as detailed

in Table 7.1.

The PSO algorithm is configured as follows, based on values commonly adopted in

the literature [218], and further tuned through experimental trials:

• Swarm size: 100

• Maximum number of iterations: 500

• Inertia weight: 0.7

• Cognitive coefficient: 1.4

• Social coefficient: 1.4

These parameters aim to balance computational time and solution accuracy in the

large-scale optimization problem.

Figure 7.4 illustrates the arrival and departure distributions of EVs, along with the

number of actively connected vehicles over the day. The outcomes of the simulation are

shown in Figures 7.5 and 7.6, which compare the performance of two distinct optimiza-

tion frameworks: Optimization Problem I, which does not include THD constraints,

and Optimization Problem II, which incorporates THD limits into the scheduling pro-

cess.

Figure 7.5 shows the hourly power consumption profile of the charging station, which

closely aligns with the EV arrival and departure trends illustrated in Figure 7.4. The

peak load is observed around 3:00 pm, when up to 198 EVs are connected, collectively

requesting approximately 450 kW per phase. Figure 7.6 provides a comparison of THD

levels under both optimization approaches. As anticipated, the conventional smart

charging framework without THD enforcement exceeds the 5% threshold during much

of the peak period. In contrast, Optimization Problem II, which incorporates THD

constraints, successfully maintains harmonic distortion within acceptable limits. To

ensure strict adherence to the THD requirement, the penalty coefficient ω is set to one

million, as lower values were found to permit constraint violations.
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Figure 7.4: Arrival/departure times and the number of active EVs at the charging
station.
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Figure 7.5: Hourly electrical power usage for Optimization Problems I (no THD limit)
and II (with THD limit).

The effectiveness of the THD-aware smart charging framework in maintaining har-

monic levels within acceptable limits stems from two key operational strategies. First,

as shown in Figure 7.1, charging at higher power levels tends to reduce individual

harmonic emissions. Consequently, the algorithm prioritizes operating EVs at their

maximum allowable charging rates whenever possible. Second, during intervals when
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Figure 7.6: THD comparison for both optimization cases.
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Figure 7.7: Example of THD-aware smart charging for Peugeot e-2008.

the THD approaches the regulatory threshold, selected EVs are temporarily deacti-

vated, thereby eliminating their harmonic contributions. These two principles form the

foundation of the harmonics-aware smart charging mechanism embedded in Optimiza-

tion Problem II. A representative example is shown in Figure 7.7, where the charging

profile of a Peugeot e-2008 reveals two intervals, between 11:00 am and 3:00 pm, and

again from 5:00 pm to 6:00 pm, during which the vehicle is completely turned off to
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Figure 7.8: Demand completion rates for 200 EVs under both optimization frameworks.

comply with THD limits. Outside of these periods, it charges at its full rated capacity.

It is essential to assess the impact of these strategies on overall energy delivery. Fig-

ure 7.8 illustrates the demand completion rates for both optimization approaches. In

both scenarios, the 90% minimum energy delivery requirement is met for all EVs. Un-

der the THD-constrained optimization framework, 97.6% of the total requested energy

is delivered, compared to 98.9% in the unconstrained case. This minor reduction repre-

sents an acceptable compromise for ensuring compliance with power quality standards.

Additionally, fewer than 1.5% of EVs fail to receive their full requested energy in both

scenarios. This deficit typically occurs when the requested energy exceeds what can be

physically delivered within the parking period. For instance, if an EV requests 30 kWh

but is limited to a maximum delivery of 3.68× 8 = 29.44 kWh per phase over 8 hours,

it would not receive the full amount. Despite these constraints, the harmonics-aware

smart charging approach effectively maintains THD within limits without relying on

additional hardware solutions such as active filtering devices.

Finally, it is important to highlight that, as demonstrated in Section 4, certain EV

models, such as the Peugeot e-2008, generate significantly higher levels of harmonic

distortion than others. The existence of such vehicles can reduce the effectiveness of

station-level THD mitigation. Therefore, DNOs may consider implementing measures
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such as limiting the connection of high-THD EVs during peak periods or mandating

the use of vehicles with harmonics-compliant on-board chargers.

7.7 Chapter Summary

This chapter addressed the challenges of harmonic distortion in partially-loaded distri-

bution networks, where thermal stress on transformers was minimal. However, cumu-

lative harmonic emissions from EV charging could lead to violations of power quality

standards such as IEEE 519. It highlighted the need for harmonics-aware smart charg-

ing strategies that actively managed THD while achieving typical objectives like load

balancing and demand fulfilment.

The chapter began by modelling the harmonic emissions of individual EVs us-

ing second-order polynomial functions that related THD to per-phase charging power.

These models enabled the integration of harmonic constraints into optimization frame-

works and provided a continuous representation of harmonic behaviour for scheduling

purposes.

Due to the complexity of vector summation in aggregating harmonic emissions from

multiple EVs (involving both amplitude and phase angles), a conservative and com-

putationally efficient approach was proposed: using the arithmetic mean of individual

THD values as an upper-bound approximation of the aggregated THD. This method

enabled tractable optimization without the need for costly phasor-level calculations, as

validated by experimental comparisons.

Two smart charging optimization problems were then formulated. The first (Op-

timization Problem I) aimed to fairly allocate charging energy without considering

harmonic limits. The second (Optimization Problem II) extended the first by incor-

porating a THD constraint, ensuring the THD remained below regulatory thresholds.

Both optimization problems were solved using a customized PSO algorithm selected for

its effectiveness in handling discontinuity in charging rates. A Water Filling Algorithm

was introduced as a repair strategy to enforce the feasibility of charging rates, energy

delivery, and THD limits.
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A case study simulated a large-scale EV parking lot scenario involving 200 vehicles

with diverse charging needs, harmonic profiles, and connection times. Unlike conven-

tional smart charging, the results demonstrated that harmonics-aware smart charging

(Optimization Problem II) effectively maintained THD below the 5% threshold. This

was achieved through two strategies: prioritizing high charging rates (which reduced

THD) and selectively deactivating high-emission EVs during peak harmonic periods.

Despite the added constraints, the harmonics-aware strategy met the 90% minimum

energy delivery requirement and achieved 97.6% of the total requested energy, only

slightly lower than the 98.9% in the unconstrained case. The study also emphasized

the excessive impact of specific high-THD EV models, such as the Peugeot e-2008,

on overall power quality. The chapter concluded by suggesting that system operators

could enforce harmonics compliance policies or restrict high-emission EVs during peak

times to preserve network performance.

Overall, this chapter established a practical and computationally efficient approach

to harmonics mitigation in partially-loaded networks using harmonics-aware smart

charging, ensuring regulatory compliance without requiring additional hardware in-

frastructure.
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Chapter 8

Conclusions and Future Work

This final chapter synthesizes the main contributions, findings, and implications of

the research presented throughout the thesis. It highlights how this work enhances the

understanding of harmonic impacts caused by EV smart charging on power quality and

transformer aging in distribution networks. The chapter also critically reflects on the

study’s limitations and outlines potential directions for future research, building upon

the measurement-analysis-quantification-solution framework developed in this work.

It is organized into three sections: overall conclusions, study limitations, and future

research directions.

8.1 Conclusions

This thesis investigated the harmonic impacts of EV smart charging on power qual-

ity and transformer aging in low-voltage power distribution systems. The work fol-

lowed a structured, multi-stage methodology that progressed from empirical measure-

ment to statistical analysis, probabilistic modelling, and finally to the development of

harmonics-aware charging solutions. These efforts addressed key gaps in understand-

ing how EV charging behaviour interacts with power quality standards, infrastructure

stress, and control strategies—contributing valuable knowledge to the development of

sustainable EV-grid integration. The research was guided by six core questions, which

are addressed below through a synthesis of experimental results, simulation findings,
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and optimization analyses.

The first phase of this research focused on understanding the nature and variabil-

ity of harmonic emissions from different EVs under smart charging conditions. To

address the question, “How do different EV models behave in terms of harmonic emis-

sions across varying smart charging current levels, and what is the relationship between

charging rate and harmonic distortion?”, a detailed experimental dataset was collected.

Eight commercially available EV models were tested across a range of charging currents,

with current and voltage harmonics captured at 1 A intervals. The results revealed a

clear inverse relationship between charging current and current total harmonic distor-

tion (THDI): lower current levels produced significantly higher harmonic distortion.

Moreover, the extent and pattern of harmonic emissions varied considerably across

EV models. For instance, the Peugeot e-2008 consistently showed the highest THDI

values, peaking at 25%, while other EV models like the Tesla Model Y and Renault

Zoe displayed non-compliant harmonic profiles despite moderate THDI. These findings

confirmed that harmonic emissions are both current-dependent and vehicle-specific,

necessitating model-level characterization.

Building on this, the second part of the analysis examined the cumulative effect of

simultaneous EV charging on grid-connected points. To answer the question, “What

is the cumulative harmonic impact of multiple EVs charging simultaneously, and how

do phase angle variations influence harmonic cancellation effects at the point of com-

mon coupling (PCC)?”, both laboratory measurements and Monte Carlo simulations

were employed. The analysis demonstrated that harmonic cancellation occurred due

to diversity in phase angles across EVs, which reduced overall THDI at the PCC in

multi-EV simultaneous charging scenarios. However, this effect was probabilistic and

not guaranteed—certain combinations of EVs and charging rates still resulted in se-

vere distortion. In extreme cases, THDI exceeded 25%, despite partial cancellation.

This showed that while aggregation can mitigate harmonic distortion, reliance on can-

cellation effects alone is insufficient to ensure regulatory compliance, especially under

uncontrolled charging behaviour.

To assess whether current regulatory frameworks are adequate for this evolving
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landscape, the thesis investigated the question, “To what extent do current harmonic

emission standards (e.g., IEC 61000-3-2, IEC 61000-3-12) adequately capture the dy-

namic and variable conditions introduced by smart charging?”, the empirical results

were benchmarked against IEC harmonic current limits. Four out of eight EVs vio-

lated individual harmonic order limits—even when THDI remained below established

compliance thresholds. These discrepancies revealed that standards focused solely on

rated conditions and aggregate metrics such as THD fail to capture real-world smart

charging effects. Vehicles exhibited highly variable harmonic behaviour across different

current levels, which was not reflected in existing compliance tests. This underscores

the need for revised standards that incorporate dynamic test profiles across multiple

charging points, rather than assessing EVs only under fixed maximum-rated conditions.

Transformer performance under harmonic-rich loading formed the focus of the next

research phase. The fourth research question, “How do harmonic-rich load conditions

affect transformer performance, particularly in terms of thermal stress, aging acceler-

ation, and estimated lifetime, under different loading scenarios?”, was answered using

a thermal-electrical model based on IEEE C57.91 and IEEE C57.110 standards. The

model incorporated harmonic loss coefficients and calculated top-oil and hot-spot tem-

peratures to estimate the aging acceleration factor and lifetime. Monte Carlo simu-

lations were used to model uncertainty in EVs and charging behaviour. The findings

showed that transformer degradation was significantly accelerated when many EVs

charged concurrently at low current levels—where harmonic content is the highest.

For example, scenarios with 6 A charging currents reduced transformer lifetime to less

than 10 years due to hot-spot temperatures exceeding 120 ◦C. In contrast, charging

at 13–15 A resulted in much lower thermal stress and extended transformer lifespan

beyond 40 years. This demonstrated that transformer aging is not merely a function

of load magnitude but is strongly influenced by harmonic distortion characteristics.

In response to these technical challenges, the thesis developed practical strategies

for harmonics-aware EV charging. The fifth research question, “How can harmonics-

aware smart charging strategies be developed and optimized to comply with power quality

standards, minimize transformer aging, and ensure adequate energy delivery?”, was ad-
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dressed through two solutions. First, a rule-based control strategy was proposed for

heavily loaded transformers. It recommended an optimal charging range—13 A as the

preferred current during peak periods, and 7–9 A for off-peak scenarios—to strike a

balance between minimizing aging and maintaining charging capacity. Second, an op-

timization framework was formulated for partially loaded networks. This framework

integrated second-order polynomial models of THD as a function of charging power

and used a Particle Swarm Optimization (PSO) algorithm with a Water Filling repair

mechanism. A case study involving 200 EVs confirmed that this strategy success-

fully constrained THD below 5% (IEEE 519 limit) while still delivering over 97% of

the requested energy. These results illustrated that harmonics-aware charging is not

only feasible but also effective at reducing power quality risks without sacrificing user

satisfaction.

Finally, the thesis investigated the broader system-level trade-offs. To answer the

sixth question, “What trade-offs emerge between minimizing harmonic emissions and

meeting user energy demand, and how can these be addressed through smart charg-

ing control mechanisms?”, the optimization framework was stress-tested under diverse

conditions. The results indicated that minimizing THD often required deprioritizing

certain high-emission EVs or shifting charging sessions to off-peak periods. While

this introduced minor deviations from optimal energy delivery (a 1.3% reduction com-

pared to unconstrained scheduling), it enabled full compliance with harmonic limits

and avoided the need for costly mitigation hardware such as active filters. Moreover,

by prioritizing EVs with lower emission profiles or allocating higher charging currents,

the algorithm achieved power quality compliance with minimal operational sacrifice.

These outcomes demonstrate that harmonics-aware control can align grid needs with

consumer demand through intelligent, real-time scheduling.

In conclusion, this thesis provided a structured and holistic framework for eval-

uating and mitigating the harmonic impacts of EV smart charging. It answered all

six research questions through a rigorous sequence of measurement, statistical profil-

ing, power quality assessment, and control optimization. The contributions include a

unique empirical dataset, insights into standard compliance shortcomings, and action-
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able charging strategies for different grid loading conditions. The findings demonstrate

that harmonic distortion is a critical dimension of EV-grid interaction, one that must

be addressed alongside energy management. Future EV charging infrastructure must

incorporate harmonics-aware strategies into both policy and system design to ensure

scalable, efficient, and reliable operation of low-carbon power networks.

8.2 Limitations of Research

While this thesis provides a comprehensive analysis of harmonic emissions and miti-

gation strategies associated with EV smart charging, several limitations must be ac-

knowledged. These limitations are presented to reflect the progress of the research:

1. Experimental Dataset Scope: The empirical dataset was limited to eight com-

mercially available EV models due to laboratory access and vehicle availability.

Although these models represent a diverse range of on-board charging technolo-

gies, the findings may not fully capture the harmonic behaviour of newer or older

vehicle models, variations due to firmware updates, or long-term battery aging

effects. Expanding the dataset to include a broader spectrum of EV types would

enhance the generalizability of the harmonic characterization.

2. Grid-Level Factors and External Interactions: This study primarily fo-

cused on EV-generated harmonics without explicitly modelling background har-

monic distortion, voltage imbalances, or the effects of long feeder lengths—all

of which are prevalent in real-world distribution networks. These external con-

ditions may influence the interaction between EV loads and the existing grid,

potentially amplifying or mitigating harmonic emissions observed in controlled

laboratory settings.

3. Transformer Modelling Scope and Assumptions: The transformer ther-

mal aging analysis was based on a single 160 kVA distribution transformer under

a fixed ambient temperature of 30 ◦C. While this represents typical residential

network conditions, it does not capture the diversity of transformer ratings (e.g.,
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25–100 kVA) found in rural or semi-urban settings, nor the daily and seasonal

fluctuations in ambient temperature that significantly influence thermal perfor-

mance and insulation degradation. As a result, the conclusions regarding trans-

former lifespan and optimal charging currents may not be directly transferable to

all deployment scenarios. Future models incorporating variable ambient profiles

and a range of transformer capacities would provide more representative aging

assessments across diverse network conditions.

4. Harmonic Aggregation Modelling: The harmonic aggregation in the multi-

EV smart charging scenarios was modelled using second-order polynomial re-

gression and arithmetic averaging to estimate total THD. While this approach

enabled tractable optimization, it did not account for precise vector summation

of harmonics, which depends on both amplitude and phase angle. Although

conservative and validated against empirical data, this simplification may lead

to overconstrained optimization results and slight underutilization of available

charging capacity.

This structured overview of limitations highlights areas where further research can

extend the findings of this thesis and enhance the robustness of future harmonics-aware

EV charging frameworks.

8.3 Future Work

Building on the contributions and addressing the limitations identified in this thesis,

several promising research directions are proposed for future work:

1. The EV harmonic dataset developed in this study can be expanded to include

a broader range of vehicles, including newer models, EVs with aged battery and

charger components, and tests under different battery SoC and ambient temper-

atures. These additions would improve the representativeness and accuracy of

harmonic models under real-world operational conditions.
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2. Future studies should also consider the coexistence of EVs with other harmonic-

generating sources such as PV systems, wind turbines, and other power-electronic-

interfaced loads. Incorporating these additional sources will enable a more de-

tailed and comprehensive analysis of harmonic interactions in modern distribution

networks, particularly under scenarios of high renewable energy penetration.

3. Transformer aging models will be enhanced by incorporating dynamic ambient

temperatures, diurnal and seasonal fluctuations, and thermal memory effects.

These improvements would enable more realistic estimates of insulation aging

and transformer lifetime across diverse climatic and loading environments.

4. The Monte Carlo simulation framework introduced in this thesis will be extended

to cover a wider spectrum of transformer sizes and substation configurations,

including low-rated rural transformers. Such generalization will help assess the

scalability of proposed harmonics mitigation and transformer protection strategies

for both urban and rural distribution networks.

5. In addition to transformer health, future simulation studies will investigate har-

monic imbalance phenomena under unbalanced phase loading. Dedicated metrics

and indices for harmonic imbalance, analogous to traditional voltage imbalance

metrics, will be developed to support comprehensive power quality assessments

in networks with mixed single-phase and three-phase EV charging.

6. Advanced meta-models, such as neural networks and response surface method-

ologies, will be explored to improve the accuracy of harmonic summation ap-

proximations in optimization tasks. These models can address the limitations

of arithmetic averaging and reduce conservativeness without sacrificing computa-

tional efficiency in large-scale smart charging problems.

7. Integration of advanced distribution network simulators such as OpenDSS or

DigSILENT PowerFactory will be implemented to evaluate the combined effects

of voltage drops, harmonic propagation, and grid-side interactions in three-phase

unbalanced networks. This will enable an integrated evaluation of THD, trans-
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former aging, voltage imbalance, flicker, and resonant conditions under high EV

penetration.

8. Finally, further investigation will be dedicated to the regulatory and standardiza-

tion landscape. Specifically, future research will aim to propose dynamic harmonic

compliance protocols for smart controllable loads, including EVs. This includes

updates to IEC 61000-3-2 and IEC 61000-3-12, as well as the feasibility of imple-

menting real-time harmonic monitoring and mitigation controls at the charger or

aggregator level.

This thesis advances the understanding of harmonic emissions associated with EV

smart charging and their implications for power quality and transformer aging in

low-voltage distribution networks. By combining high-resolution empirical measure-

ments, probabilistic simulations, compliance analyses, and harmonics-aware optimiza-

tion strategies, it addresses a critical gap in the integration of flexible EV charging

within power systems.

The methodologies and findings presented in this thesis contribute a comprehen-

sive framework that enables system operators, regulators, and researchers to quantify,

predict, and manage the harmonic impacts of smart charging across varying network

conditions and EV types. In doing so, the work establishes the technical and analyt-

ical basis needed to support the wider deployment of smart charging solutions while

protecting grid stability and infrastructure longevity.

By integrating measurement, modelling, simulation, and charging management, this

thesis advances the practical adoption of harmonics-aware smart charging and offers

valuable guidance for shaping future standards and policies. Ultimately, this work

contributes to the reliable and sustainable deployment of large-scale EV infrastructure

within modern and future power systems.
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Appendix A

Harmonic Data: Amplitudes and

Phase Angles of Individual

Harmonic Orders Across

EV-Specific Charging Levels

This appendix presents detailed harmonic data for eight EVs individually charged under

smart charging conditions. For each EV, the amplitude (A) and phase angle (θ) in

degrees of each harmonic order have been measured across the full range of charging

currents specific to that vehicle, from its minimum to maximum allowable levels. The

vehicles analyzed include the Renault Zoe R90, Peugeot e-208, Nissan Leaf e+, VW

ID.3 Pro, Renault Zoe ZE50, VW ID.4 Pro, Tesla Model Y Long Range, and Peugeot e-

2008. These harmonic profiles vary with charging current and are critical for evaluating

the impact of smart charging on power quality under realistic operating conditions.
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Table A.1: Renault Zoe R90 — Harmonic Orders h2 to h9

Harmonic Order h2 h3 h4 h5 h6 h7 h8 h9

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -171.63 0.03 -98.22 0.01 21.75 0.28 -58.85 0.01 -170.93 0.49 -169.92 0.01 84.32 0.05 -129.82
7 0.04 -45.77 0.01 -27.97 0.10 -164.92 0.21 164.24 0.01 30.06 0.42 45.02 0.06 106.19 0.04 129.47
8 0.11 6.49 0.01 -31.32 0.09 -103.17 0.05 -147.07 0.02 88.76 0.60 139.24 0.09 -153.61 0.05 -111.93
9 0.12 17.11 0.02 -76.56 0.11 -78.11 0.02 -67.92 0.03 90.71 0.63 -172.28 0.10 -101.81 0.07 -44.81
10 0.13 22.41 0.02 -96.67 0.12 -59.80 0.03 -38.02 0.04 108.73 0.65 -141.49 0.10 -62.52 0.05 -4.32
11 0.13 35.04 0.01 102.09 0.13 -38.10 0.06 25.31 0.02 172.17 0.69 -102.12 0.12 -25.02 0.06 38.70
12 0.13 39.29 0.01 -76.13 0.14 -24.39 0.14 93.18 0.02 -153.01 0.79 -74.71 0.15 -3.03 0.07 72.05
13 0.15 47.37 0.03 -103.36 0.15 -15.28 0.17 95.92 0.01 -99.91 0.82 -54.75 0.15 21.57 0.07 100.70
14 0.13 53.52 0.03 -116.79 0.17 -8.70 0.16 97.41 0.02 -152.91 0.84 -42.43 0.15 35.98 0.10 106.64
15 0.14 50.77 0.05 -87.99 0.18 1.55 0.19 111.74 0.03 -154.91 0.84 -27.54 0.14 46.54 0.05 107.75
16 0.14 58.53 0.02 -77.46 0.18 6.29 0.18 101.75 0.03 -171.05 0.76 -8.61 0.12 55.88 0.05 151.47
17 0.13 75.60 0.03 -86.10 0.18 15.23 0.20 92.59 0.02 -83.80 0.80 16.56 0.14 73.02 0.05 -177.90
18 0.15 101.11 0.03 -33.19 0.21 24.63 0.22 83.42 0.01 -81.81 0.85 52.02 0.12 85.99 0.04 -125.66
19 0.16 104.86 0.03 -7.91 0.22 28.45 0.23 90.88 0.01 -75.29 0.87 66.02 0.13 93.74 0.03 -118.31
20 0.16 109.95 0.05 -2.59 0.24 32.37 0.25 103.05 0.02 -33.96 0.88 78.33 0.13 98.51 0.03 -115.14
21 0.18 120.34 0.04 -14.18 0.23 34.17 0.25 98.14 0.02 -14.71 0.90 92.90 0.13 113.23 0.02 -98.38
22 0.17 122.16 0.06 -32.27 0.25 38.93 0.24 95.54 0.01 -70.52 0.96 99.31 0.12 104.25 0.02 -90.93
23 0.19 128.42 0.06 -36.40 0.24 40.07 0.25 98.52 0.02 -21.61 0.98 108.01 0.14 116.86 0.02 -81.18
24 0.17 127.56 0.06 -9.31 0.26 43.05 0.25 120.42 0.01 -10.02 0.96 109.90 0.13 118.04 0.02 -83.91
25 0.19 128.37 0.08 -24.74 0.26 42.35 0.27 126.20 0.01 0.25 0.98 110.52 0.13 124.93 0.02 -103.65
26 0.19 124.82 0.07 -21.66 0.25 45.76 0.30 138.63 0.00 19.29 0.96 110.24 0.14 127.71 0.03 -74.52
27 0.19 127.62 0.10 -20.12 0.27 44.39 0.33 146.38 0.02 -15.87 0.96 111.49 0.14 129.93 0.01 -98.00
28 0.18 124.03 0.07 -12.96 0.26 46.42 0.33 147.19 0.02 -48.79 0.96 112.48 0.14 127.13 0.02 -87.06
29 0.18 120.95 0.08 -12.92 0.27 45.07 0.38 153.13 0.02 -138.53 0.96 113.36 0.16 131.40 0.02 -69.95
30 0.20 125.12 0.08 -11.63 0.27 44.99 0.40 161.02 0.00 -55.96 0.97 113.57 0.15 135.69 0.02 -64.63
31 0.21 122.96 0.09 -19.24 0.27 49.72 0.44 163.25 0.01 -76.24 0.97 114.21 0.15 141.78 0.03 -78.68
32 0.20 121.73 0.08 -35.03 0.29 46.22 0.46 169.31 0.01 -106.97 0.96 114.26 0.16 142.19 0.03 -78.19
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Table A.2: Renault Zoe R90 — Harmonic Orders h10 to h16

Harmonic Order h10 h11 h12 h13 h14 h15 h16

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ

6 0.01 174.77 0.03 174.25 0.01 120.13 0.17 -178.62 0.01 -140.53 0.01 -160.21 0.02 -146.45
7 0.06 3.10 0.10 158.19 0.01 143.72 0.12 -170.60 0.04 -108.20 0.00 -57.45 0.02 -118.47
8 0.04 123.23 0.12 -54.79 0.01 -74.00 0.17 3.80 0.02 107.49 0.02 -35.86 0.04 122.52
9 0.04 -145.30 0.14 23.32 0.02 -7.01 0.20 91.41 0.02 -140.01 0.02 47.25 0.05 -105.60
10 0.02 -95.58 0.14 70.23 0.01 9.99 0.18 156.12 0.02 -29.77 0.01 144.55 0.03 -27.96
11 0.00 110.24 0.14 121.22 0.01 42.14 0.18 -138.48 0.03 75.62 0.01 -121.11 0.03 75.57
12 0.02 103.47 0.18 130.10 0.01 -47.77 0.23 -119.76 0.04 119.73 0.01 -165.93 0.02 83.11
13 0.03 107.37 0.19 158.28 0.03 96.15 0.21 -85.45 0.06 162.88 0.01 21.60 0.03 152.76
14 0.03 143.04 0.18 176.37 0.01 92.74 0.17 -69.08 0.05 177.35 0.00 58.29 0.03 166.24
15 0.03 159.05 0.18 -172.99 0.02 121.58 0.17 -37.06 0.05 -136.05 0.02 -117.31 0.03 -131.15
16 0.02 -176.46 0.18 -125.42 0.00 170.41 0.14 6.15 0.06 -121.07 0.01 129.52 0.03 -69.98
17 0.05 -149.27 0.26 -98.32 0.02 -62.06 0.10 36.46 0.05 -86.39 0.01 -94.14 0.03 -50.12
18 0.04 -104.18 0.33 -61.85 0.01 -77.97 0.07 65.57 0.06 -46.55 0.01 -53.47 0.03 30.90
19 0.05 -68.37 0.37 -47.52 0.01 159.88 0.05 80.97 0.06 -33.95 0.01 92.52 0.04 38.58
20 0.05 -58.67 0.39 -33.58 0.01 153.39 0.05 71.31 0.06 -13.97 0.02 -71.23 0.04 55.47
21 0.06 -42.52 0.42 -16.34 0.02 4.33 0.05 44.34 0.04 -4.70 0.01 162.33 0.03 84.76
22 0.04 -22.29 0.42 -7.49 0.01 166.70 0.05 44.65 0.07 8.10 0.01 21.92 0.05 117.18
23 0.05 -31.51 0.44 1.62 0.01 172.06 0.05 48.48 0.04 24.80 0.02 111.36 0.04 107.25
24 0.04 -18.61 0.46 9.98 0.00 -17.16 0.04 61.15 0.05 31.98 0.01 29.35 0.04 119.38
25 0.05 -30.02 0.44 11.68 0.01 98.87 0.04 81.22 0.05 28.61 0.02 71.80 0.04 121.87
26 0.04 -12.56 0.43 16.97 0.01 119.88 0.06 78.29 0.07 34.34 0.01 116.34 0.03 148.19
27 0.05 -24.21 0.44 20.91 0.01 -6.23 0.06 103.49 0.06 38.86 0.01 23.83 0.04 135.02
28 0.04 -17.67 0.46 22.84 0.01 104.23 0.07 112.66 0.06 51.55 0.01 -101.19 0.03 145.13
29 0.05 -26.83 0.45 26.56 0.01 123.74 0.06 112.62 0.05 65.27 0.01 103.34 0.04 152.13
30 0.06 -9.11 0.44 28.33 0.02 128.30 0.07 131.47 0.04 57.62 0.01 77.73 0.06 154.11
31 0.04 7.34 0.47 30.62 0.01 7.94 0.09 130.15 0.06 61.83 0.02 167.30 0.04 163.49
32 0.05 -15.22 0.44 33.46 0.01 176.72 0.07 130.53 0.05 70.25 0.01 117.86 0.05 162.20
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Table A.3: Renault Zoe R90 — Harmonic Orders h17 to h24

Harmonic Order h17 h18 h19 h20 h21 h22 h23 h24

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.16 -13.15 0.01 -130.59 0.40 10.61 0.01 -131.30 0.03 -6.08 0.02 -113.03 0.09 -162.04 0.01 -116.62
7 0.24 132.45 0.02 -0.11 0.31 -128.66 0.04 119.19 0.04 -130.50 0.04 -167.80 0.11 166.05 0.01 -59.23
8 0.31 -26.19 0.01 -31.77 0.28 104.51 0.01 -11.57 0.03 -165.85 0.05 83.80 0.08 60.85 0.00 84.61
9 0.35 97.59 0.01 -89.56 0.27 -128.64 0.02 20.73 0.02 4.72 0.06 -99.88 0.11 -154.43 0.01 -71.81
10 0.37 169.80 0.01 88.91 0.27 -54.34 0.03 90.09 0.02 84.54 0.05 -15.24 0.10 -76.58 0.00 136.72
11 0.38 -101.93 0.01 -153.48 0.27 52.54 0.01 -162.01 0.04 -146.32 0.06 97.08 0.08 36.31 0.01 -121.58
12 0.25 -62.45 0.02 170.37 0.13 145.52 0.02 -118.92 0.03 -30.76 0.05 -163.14 0.10 148.78 0.01 33.73
13 0.25 -17.10 0.01 -143.72 0.13 -163.65 0.03 -47.44 0.03 56.22 0.03 -94.50 0.11 -146.03 0.01 163.50
14 0.26 11.75 0.01 -89.65 0.13 -122.99 0.04 -15.42 0.04 59.10 0.05 -56.51 0.13 -105.95 0.02 124.18
15 0.26 48.88 0.00 89.96 0.13 -85.32 0.03 21.85 0.03 92.94 0.06 -9.13 0.12 -55.60 0.01 155.24
16 0.37 104.72 0.01 74.85 0.22 -41.91 0.04 55.06 0.05 130.64 0.05 -4.26 0.09 -36.07 0.01 173.65
17 0.35 144.02 0.01 86.23 0.28 35.40 0.04 79.74 0.05 -171.72 0.04 11.62 0.03 -122.70 0.01 -139.59
18 0.19 -158.39 0.02 -66.70 0.30 130.79 0.08 91.52 0.04 -55.23 0.02 34.00 0.18 -64.91 0.01 -43.03
19 0.14 -140.05 0.00 16.71 0.26 165.85 0.07 129.68 0.04 15.47 0.04 55.98 0.22 -20.27 0.00 -157.46
20 0.13 -121.83 0.01 -23.94 0.29 -161.61 0.07 146.17 0.05 35.07 0.02 99.28 0.24 16.04 0.01 90.58
21 0.10 -106.80 0.02 51.80 0.27 -118.23 0.08 176.70 0.05 93.97 0.06 101.11 0.24 55.98 0.01 -128.73
22 0.06 -116.26 0.02 38.82 0.27 -104.20 0.08 -164.04 0.04 133.82 0.06 120.84 0.24 73.68 0.01 -112.14
23 0.07 -126.16 0.02 87.90 0.25 -72.23 0.09 -147.98 0.05 176.32 0.04 145.14 0.23 95.60 0.02 -79.73
24 0.07 -91.15 0.01 75.30 0.27 -68.80 0.08 -138.64 0.05 -177.44 0.05 164.73 0.25 112.80 0.01 70.94
25 0.10 -68.09 0.01 101.71 0.26 -66.92 0.09 -132.53 0.03 173.94 0.05 170.78 0.23 122.46 0.01 -55.23
26 0.11 -44.56 0.02 79.34 0.26 -62.83 0.10 -123.99 0.05 -169.10 0.06 174.03 0.22 126.94 0.02 -22.15
27 0.16 -36.54 0.02 113.23 0.26 -62.24 0.08 -106.34 0.04 -151.69 0.06 -178.88 0.23 141.76 0.01 -5.30
28 0.18 -30.26 0.01 100.04 0.27 -56.03 0.09 -105.06 0.04 -165.25 0.04 -148.51 0.24 147.70 0.01 -111.35
29 0.20 -25.42 0.01 127.34 0.28 -51.33 0.09 -84.48 0.03 173.96 0.03 -137.56 0.22 156.34 0.00 -43.24
30 0.23 -15.67 0.01 84.24 0.29 -55.41 0.09 -93.30 0.04 171.45 0.05 -152.10 0.20 165.25 0.01 -33.80
31 0.25 -17.64 0.01 127.63 0.31 -52.18 0.09 -85.33 0.05 161.55 0.05 -122.51 0.20 171.02 0.02 18.55
32 0.28 -5.85 0.01 32.25 0.29 -50.86 0.09 -79.58 0.04 -177.14 0.03 -121.38 0.21 177.51 0.01 -13.92
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Table A.4: Renault Zoe R90 — Harmonic Orders h25 to h31

Harmonic Order h25 h26 h27 h28 h29 h30 h31

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ

6 0.07 172.05 0.02 -92.02 0.08 149.50 0.01 17.76 0.02 167.35 0.00 -67.84 0.08 96.73
7 0.12 -153.25 0.00 -20.05 0.08 -139.99 0.01 8.09 0.04 -178.47 0.00 -169.24 0.06 -84.04
8 0.14 -179.58 0.03 9.45 0.07 -168.34 0.02 91.53 0.01 146.56 0.01 51.61 0.05 -93.83
9 0.13 0.44 0.02 -178.41 0.08 42.65 0.01 -4.99 0.03 -138.65 0.02 -96.11 0.07 133.93
10 0.10 109.63 0.02 -78.56 0.08 165.20 0.02 79.54 0.05 -49.50 0.01 51.67 0.06 -75.72
11 0.07 -103.97 0.01 47.57 0.08 -48.66 0.02 -131.43 0.08 94.29 0.01 178.92 0.04 117.69
12 0.11 -1.31 0.01 151.22 0.10 51.23 0.01 -95.49 0.12 179.57 0.02 -69.57 0.06 -95.96
13 0.09 73.05 0.01 -119.48 0.09 120.01 0.01 39.39 0.15 -97.74 0.01 42.62 0.09 -7.66
14 0.10 118.59 0.03 -91.44 0.09 -174.08 0.02 109.56 0.14 -34.89 0.01 -70.00 0.08 56.05
15 0.08 178.86 0.01 -53.29 0.09 -130.30 0.04 -174.57 0.14 26.59 0.00 -30.18 0.09 129.44
16 0.07 -116.46 0.01 4.56 0.06 -50.68 0.02 -133.84 0.09 78.48 0.01 -83.24 0.08 -143.63
17 0.06 -10.30 0.02 117.84 0.06 60.55 0.02 -60.75 0.09 124.24 0.00 13.50 0.09 -22.80
18 0.07 128.63 0.01 -170.83 0.07 -146.34 0.02 -73.39 0.13 -179.58 0.01 -33.48 0.05 132.05
19 0.07 -172.71 0.01 -60.44 0.08 -77.50 0.01 -55.24 0.13 -149.55 0.01 -43.58 0.04 -133.52
20 0.05 -143.04 0.01 -24.17 0.07 -35.87 0.01 -26.21 0.14 -111.88 0.01 76.38 0.04 -47.55
21 0.04 -97.25 0.02 67.35 0.07 11.31 0.02 32.30 0.15 -75.41 0.01 109.53 0.07 27.05
22 0.03 -52.62 0.03 69.50 0.07 43.37 0.01 134.69 0.13 -55.64 0.00 175.39 0.07 52.93
23 0.05 -30.05 0.03 124.39 0.07 90.57 0.02 125.43 0.15 -28.20 0.01 -71.96 0.09 100.52
24 0.05 -6.29 0.03 117.79 0.06 87.96 0.03 149.89 0.13 2.79 0.02 -82.70 0.07 120.77
25 0.04 -9.57 0.02 125.49 0.06 96.91 0.02 145.15 0.14 14.21 0.01 -104.98 0.08 130.97
26 0.03 17.48 0.03 120.43 0.07 105.92 0.03 150.16 0.15 23.02 0.01 -28.97 0.07 123.62
27 0.04 1.01 0.02 157.29 0.07 104.59 0.02 169.95 0.15 48.20 0.00 37.36 0.05 133.33
28 0.04 28.22 0.03 168.48 0.06 110.77 0.01 179.21 0.15 53.71 0.01 -35.35 0.05 159.93
29 0.04 42.42 0.03 172.46 0.06 110.04 0.03 -143.98 0.15 70.04 0.02 -79.03 0.01 138.09
30 0.04 15.75 0.03 170.49 0.08 114.94 0.01 -108.89 0.14 76.96 0.02 127.66 0.02 109.11
31 0.03 18.70 0.02 173.73 0.06 122.50 0.02 -167.64 0.17 81.69 0.04 -4.39 0.03 60.36
32 0.03 13.01 0.03 -153.55 0.07 124.82 0.00 46.87 0.15 88.91 0.00 -68.06 0.03 108.49
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Table A.5: Peugeot e-208 — Harmonic Orders h2 to h9

Harmonic Order h2 h3 h4 h5 h6 h7 h8 h9

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.11 -90.00 0.04 107.65 0.09 -124.12 0.13 -86.67 0.02 -105.68 0.13 19.66 0.01 7.83 0.02 -87.77
7 0.13 -90.02 0.03 82.84 0.10 -124.42 0.13 -97.28 0.01 -71.71 0.12 39.68 0.01 46.53 0.02 -55.36
8 0.12 -83.85 0.03 103.68 0.10 -120.82 0.15 -104.11 0.02 -74.17 0.11 57.44 0.01 31.45 0.02 -73.66
9 0.10 -85.17 0.04 103.82 0.10 -113.57 0.13 -108.99 0.01 -76.19 0.10 71.24 0.02 39.90 0.02 -64.02
10 0.10 -80.25 0.04 122.41 0.11 -114.68 0.16 -111.02 0.02 -65.44 0.11 81.61 0.01 38.63 0.03 -76.56
11 0.05 -82.54 0.03 114.95 0.11 -102.31 0.16 -112.45 0.02 -128.78 0.10 95.15 0.02 46.17 0.02 -65.14
12 0.03 -70.82 0.03 99.22 0.11 -107.86 0.16 -112.36 0.02 -93.43 0.10 106.58 0.02 51.74 0.02 -89.00
13 0.03 -94.22 0.02 102.87 0.11 -101.35 0.17 -111.30 0.01 -84.80 0.12 116.51 0.01 59.24 0.02 -51.40
14 0.03 66.42 0.01 113.26 0.13 -101.80 0.16 -113.49 0.02 -80.60 0.11 120.93 0.01 58.63 0.02 -54.55
15 0.06 76.21 0.03 86.52 0.12 -95.91 0.18 -113.78 0.02 -93.97 0.11 129.51 0.00 15.84 0.02 -62.80

Table A.6: Peugeot e-208 — Harmonic Orders h10 to h16

Harmonic Order h10 h11 h12 h13 h14 h15 h16

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ

6 0.02 33.62 0.08 -76.01 0.01 -0.31 0.06 -109.00 0.01 -165.91 0.02 71.99 0.02 158.42
7 0.01 47.71 0.07 -83.82 0.01 20.06 0.06 -97.33 0.01 -139.85 0.02 75.00 0.03 160.25
8 0.03 39.85 0.05 -50.88 0.01 73.79 0.06 -92.86 0.01 -147.54 0.01 81.53 0.03 171.54
9 0.02 47.02 0.04 -68.49 0.01 39.24 0.05 -80.88 0.01 -111.46 0.01 92.30 0.02 -162.38
10 0.05 48.18 0.02 -29.55 0.00 131.33 0.04 -86.62 0.01 -107.88 0.01 99.83 0.02 -157.85
11 0.04 50.22 0.00 146.43 0.01 58.04 0.03 -89.26 0.01 -50.59 0.01 104.05 0.03 -166.68
12 0.05 49.44 0.01 126.45 0.01 -143.33 0.03 -92.28 0.01 -13.35 0.02 109.57 0.02 -147.72
13 0.04 64.42 0.04 156.63 0.01 -6.38 0.02 -130.02 0.01 63.17 0.02 107.22 0.02 -154.94
14 0.05 55.54 0.05 155.77 0.01 98.34 0.02 -177.55 0.01 36.97 0.02 120.60 0.01 -124.67
15 0.06 57.00 0.06 146.70 0.00 21.30 0.03 -170.66 0.01 42.16 0.01 123.27 0.01 -132.26
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Table A.7: Peugeot e-208 — Harmonic Orders h17 to h24

Harmonic Order h17 h18 h19 h20 h21 h22 h23 h24

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.03 -70.99 0.01 -131.09 0.03 166.95 0.00 55.29 0.00 -27.11 0.02 -36.73 0.04 11.27 0.00 149.51
7 0.04 -73.09 0.01 -84.32 0.04 -166.53 0.00 128.94 0.01 -17.04 0.01 -8.36 0.04 30.94 0.01 172.19
8 0.06 -72.26 0.00 172.44 0.05 -139.97 0.01 155.15 0.01 -3.35 0.01 -6.27 0.04 49.80 0.00 148.21
9 0.07 -63.86 0.01 -44.96 0.06 -124.92 0.02 174.24 0.01 -3.44 0.01 72.80 0.02 72.96 0.00 -103.35
10 0.07 -61.61 0.00 18.13 0.07 -108.75 0.01 178.32 0.00 -35.73 0.01 105.91 0.02 73.26 0.00 147.26
11 0.07 -52.66 0.01 18.88 0.08 -102.07 0.02 -162.88 0.01 -9.31 0.01 131.58 0.00 156.05 0.00 2.40
12 0.07 -48.53 0.00 41.82 0.08 -94.76 0.01 -157.23 0.01 -12.96 0.01 145.26 0.01 -140.86 0.00 33.32
13 0.07 -45.18 0.01 -44.52 0.08 -89.90 0.01 -145.41 0.01 9.03 0.01 131.11 0.01 -141.51 0.00 142.14
14 0.06 -38.20 0.00 6.03 0.08 -88.48 0.01 -135.02 0.01 -5.99 0.01 129.68 0.01 -79.37 0.00 0.64
15 0.05 -31.94 0.00 59.68 0.07 -87.89 0.01 -119.02 0.01 -9.90 0.01 125.97 0.02 -83.16 0.00 95.35

Table A.8: Peugeot e-208 — Harmonic Orders h25 to h31

Harmonic Order h25 h26 h27 h28 h29 h30 h31

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ

6 0.01 120.32 0.01 -81.33 0.02 -4.77 0.00 134.00 0.01 -172.87 0.01 67.37 0.01 -90.22
7 0.01 67.99 0.01 -75.40 0.02 7.27 0.01 -117.27 0.01 -136.31 0.00 -2.30 0.01 -79.66
8 0.01 101.76 0.01 -17.71 0.01 30.64 0.01 -94.30 0.01 -42.06 0.00 61.75 0.01 -48.62
9 0.01 147.43 0.01 -17.26 0.02 26.05 0.00 -22.53 0.01 19.80 0.00 -100.38 0.02 -8.17
10 0.02 -165.98 0.01 -7.41 0.02 50.69 0.01 -67.94 0.00 -24.64 0.00 87.83 0.02 11.79
11 0.02 -140.75 0.01 52.96 0.02 52.84 0.00 -147.40 0.01 -13.23 0.00 88.78 0.02 16.69
12 0.03 -131.81 0.00 120.98 0.02 63.16 0.00 138.96 0.01 -78.79 0.00 -27.02 0.02 30.73
13 0.04 -123.02 0.00 -168.42 0.02 56.99 0.01 131.88 0.01 -104.36 0.00 -153.46 0.01 -4.43
14 0.05 -106.23 0.00 -3.54 0.02 72.23 0.01 165.01 0.02 -98.19 0.00 -77.73 0.01 3.13
15 0.05 -98.08 0.00 -51.49 0.01 78.60 0.01 -157.64 0.03 -95.15 0.00 116.40 0.01 -31.62
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Table A.9: Nissan Leaf e+ — Harmonic Orders h2 to h9

Harmonic Order h2 h3 h4 h5 h6 h7 h8 h9

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -175.77 0.53 -150.71 0.00 168.98 0.20 -151.52 0.00 122.27 0.12 86.14 0.00 22.81 0.04 59.86
7 0.00 -178.21 0.49 -151.13 0.00 178.72 0.23 -141.13 0.00 141.97 0.10 126.38 0.00 25.98 0.09 143.64
8 0.00 -172.07 0.46 -153.47 0.00 -166.71 0.22 -127.90 0.00 171.31 0.08 154.02 0.00 27.54 0.15 166.61
9 0.00 174.40 0.44 -155.33 0.00 169.10 0.21 -115.31 0.00 149.77 0.05 169.78 0.00 44.81 0.16 179.16
10 0.00 179.24 0.44 -156.35 0.00 -176.27 0.20 -103.25 0.00 149.74 0.02 -152.47 0.00 45.33 0.16 -168.95
11 0.00 -175.88 0.44 -157.96 0.00 -158.77 0.21 -93.76 0.00 166.27 0.03 -59.50 0.00 39.43 0.15 -158.00
12 0.00 -174.28 0.46 -158.89 0.00 -179.77 0.22 -85.63 0.00 173.67 0.06 -40.92 0.00 39.93 0.15 -148.53
13 0.00 171.02 0.48 -159.49 0.00 -161.78 0.23 -80.09 0.00 169.06 0.09 -32.73 0.00 22.87 0.14 -140.57
14 0.00 168.63 0.50 -160.33 0.00 -179.61 0.24 -75.91 0.00 174.51 0.10 -27.99 0.00 40.17 0.14 -134.08
15 0.00 173.31 0.52 -161.05 0.00 175.62 0.25 -72.79 0.00 160.95 0.12 -24.75 0.00 38.09 0.14 -129.24
16 0.01 166.85 0.55 -162.24 0.00 -162.58 0.26 -68.60 0.00 169.49 0.14 -21.20 0.00 47.24 0.14 -125.82
17 0.01 166.76 0.57 -162.79 0.00 176.90 0.27 -68.15 0.00 160.62 0.15 -18.72 0.00 44.11 0.14 -123.06
18 0.01 165.28 0.60 -163.31 0.00 -175.99 0.27 -67.83 0.00 160.47 0.16 -16.49 0.00 37.89 0.14 -120.69
19 0.01 163.31 0.62 -163.61 0.00 -157.47 0.28 -66.16 0.00 171.50 0.17 -15.27 0.00 37.12 0.14 -119.27
20 0.01 165.80 0.65 -163.58 0.00 -164.65 0.29 -64.03 0.00 167.38 0.19 -13.81 0.00 39.19 0.14 -117.30
21 0.01 167.57 0.68 -164.03 0.00 -162.59 0.30 -62.06 0.00 158.07 0.20 -12.74 0.00 23.09 0.14 -116.13
22 0.01 167.20 0.70 -164.46 0.00 -163.12 0.31 -62.50 0.00 167.23 0.21 -11.22 0.00 28.20 0.15 -114.93
23 0.01 171.77 0.73 -164.97 0.00 -162.60 0.32 -61.68 0.00 161.51 0.22 -10.78 0.00 38.15 0.15 -113.79
24 0.01 -178.22 0.75 -165.20 0.00 -151.92 0.34 -59.88 0.00 171.28 0.23 -10.36 0.00 33.65 0.15 -112.85
25 0.01 170.75 0.77 -165.82 0.00 -137.88 0.36 -58.23 0.00 162.22 0.25 -11.61 0.00 34.86 0.16 -111.52
26 0.01 178.98 0.80 -165.77 0.00 -130.26 0.37 -56.78 0.00 156.74 0.27 -10.68 0.00 28.63 0.16 -110.37
27 0.01 170.20 0.82 -165.64 0.00 -144.01 0.38 -56.71 0.00 143.93 0.28 -9.71 0.00 35.45 0.17 -109.55
28 0.01 171.62 0.84 -165.51 0.00 -149.78 0.39 -55.24 0.00 158.82 0.30 -9.54 0.00 34.31 0.17 -107.53
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Table A.10: Nissan Leaf e+ — Harmonic Orders h10 to h17

Harmonic Order h10 h11 h12 h13 h14 h15 h16 h17

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -126.48 0.08 14.91 0.00 66.73 0.01 -100.30 0.00 -103.24 0.02 61.68 0.00 117.57 0.02 122.72
7 0.00 -130.60 0.08 65.33 0.00 32.80 0.04 47.53 0.00 -97.10 0.07 1.24 0.00 119.07 0.03 -59.65
8 0.00 -148.79 0.11 115.10 0.00 31.75 0.09 101.31 0.00 -97.72 0.09 37.12 0.00 135.90 0.06 -14.23
9 0.00 -162.39 0.12 138.49 0.00 56.91 0.12 127.61 0.00 -77.57 0.09 72.69 0.00 134.33 0.05 33.49
10 0.00 -166.27 0.12 153.97 0.00 53.33 0.13 143.00 0.00 -77.42 0.09 95.01 0.00 124.72 0.05 72.77
11 0.00 -153.40 0.10 168.38 0.00 54.42 0.12 156.53 0.00 -87.67 0.08 111.15 0.00 154.89 0.04 100.21
12 0.00 -154.52 0.09 -177.58 0.00 60.30 0.12 167.80 0.00 -72.40 0.07 124.97 0.00 118.53 0.04 122.78
13 0.00 -150.72 0.09 -166.15 0.00 70.51 0.12 176.35 0.00 -79.61 0.07 137.97 0.00 145.69 0.03 146.14
14 0.00 -148.38 0.09 -154.66 0.00 68.31 0.11 -176.90 0.00 -57.31 0.06 149.65 0.00 122.24 0.03 163.52
15 0.00 -154.39 0.08 -145.94 0.00 62.37 0.11 -170.27 0.00 -60.88 0.06 158.65 0.00 131.77 0.03 177.68
16 0.00 -154.99 0.08 -138.25 0.00 87.59 0.11 -165.48 0.00 -80.40 0.05 167.37 0.00 147.55 0.04 -170.17
17 0.00 -150.67 0.08 -132.17 0.00 71.97 0.11 -162.05 0.00 -69.10 0.05 174.69 0.00 129.85 0.04 -158.51
18 0.00 -154.37 0.08 -127.83 0.00 69.26 0.11 -159.35 0.00 -51.79 0.05 -176.83 0.00 126.15 0.04 -151.50
19 0.00 -151.51 0.08 -123.61 0.00 72.13 0.11 -156.59 0.00 -53.52 0.05 -171.19 0.00 143.40 0.04 -146.08
20 0.00 -150.62 0.08 -118.66 0.00 78.50 0.11 -154.98 0.00 -40.22 0.05 -165.20 0.00 126.48 0.04 -142.45
21 0.00 -151.43 0.08 -114.59 0.00 75.86 0.11 -153.21 0.00 -63.63 0.05 -162.52 0.00 163.01 0.05 -141.39
22 0.00 -149.84 0.08 -112.14 0.00 87.08 0.11 -150.56 0.00 -58.19 0.05 -161.02 0.00 165.91 0.05 -140.04
23 0.00 -152.23 0.09 -110.88 0.00 85.60 0.12 -148.80 0.00 -39.84 0.06 -157.35 0.00 120.74 0.05 -140.27
24 0.00 -152.62 0.09 -109.42 0.00 87.29 0.12 -147.84 0.00 -57.02 0.06 -154.09 0.00 149.89 0.06 -141.18
25 0.00 -153.03 0.10 -107.02 0.00 79.04 0.13 -145.84 0.00 -50.14 0.07 -151.70 0.00 157.92 0.06 -141.39
26 0.00 -157.74 0.10 -105.30 0.00 74.58 0.13 -145.26 0.00 -38.13 0.07 -149.81 0.00 105.06 0.07 -140.64
27 0.00 -150.25 0.10 -103.40 0.00 70.53 0.14 -143.60 0.00 -43.79 0.08 -147.98 0.00 137.20 0.07 -144.72
28 0.00 -155.81 0.12 -98.84 0.00 79.70 0.15 -141.77 0.00 -48.14 0.09 -146.24 0.00 129.76 0.08 -143.57
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Table A.11: Nissan Leaf e+ — Harmonic Orders h18 to h25

Harmonic Order h18 h19 h20 h21 h22 h23 h24 h25

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -8.91 0.06 102.85 0.00 6.41 0.03 3.25 0.00 -104.71 0.04 -13.54 0.00 123.51 0.00 -117.08
7 0.00 -165.32 0.04 135.24 0.00 114.98 0.01 53.15 0.00 -83.36 0.04 18.11 0.00 104.80 0.01 54.90
8 0.00 -173.92 0.01 42.00 0.00 98.43 0.03 -62.03 0.00 -63.66 0.03 -22.32 0.00 107.34 0.02 157.59
9 0.00 -106.81 0.04 74.96 0.00 -113.12 0.04 -24.67 0.00 -92.86 0.05 -19.17 0.00 134.83 0.02 -113.48
10 0.00 -102.32 0.06 101.46 0.00 -111.66 0.04 10.07 0.00 -78.14 0.05 7.33 0.00 168.64 0.02 -70.59
11 0.00 -119.62 0.07 119.31 0.00 -120.58 0.04 38.19 0.00 -51.46 0.06 27.21 0.00 120.87 0.01 -5.11
12 0.00 -96.83 0.08 133.12 0.00 -124.64 0.03 62.69 0.00 -44.80 0.06 44.69 0.00 120.41 0.01 43.60
13 0.00 -107.73 0.08 144.58 0.00 -136.61 0.03 80.85 0.00 -45.91 0.06 56.72 0.00 85.38 0.02 63.78
14 0.00 -117.77 0.09 153.86 0.00 -99.15 0.03 97.92 0.00 -49.15 0.06 69.67 0.00 85.86 0.02 92.69
15 0.00 -65.34 0.09 161.44 0.00 -85.01 0.03 112.58 0.00 -39.32 0.06 80.59 0.00 62.45 0.02 106.50
16 0.00 -125.02 0.09 168.52 0.00 -86.49 0.03 127.86 0.00 -55.26 0.06 91.00 0.00 174.79 0.03 119.99
17 0.00 -58.35 0.09 173.17 0.00 -136.83 0.03 138.20 0.00 -49.54 0.06 97.06 0.00 -164.67 0.03 127.81
18 0.00 -72.74 0.10 176.95 0.00 -88.23 0.03 148.35 0.00 -43.55 0.06 107.15 0.00 -70.74 0.03 133.13
19 0.00 -69.15 0.10 179.48 0.00 -91.87 0.03 153.98 0.00 -24.78 0.06 114.03 0.00 86.16 0.04 137.10
20 0.00 -66.16 0.11 -177.42 0.00 -60.66 0.04 155.93 0.00 -32.21 0.07 117.38 0.00 -154.66 0.04 136.72
21 0.00 -117.95 0.11 -174.69 0.00 -148.94 0.04 157.45 0.00 -44.99 0.08 121.71 0.00 -147.67 0.05 138.89
22 0.00 -63.58 0.12 -173.06 0.00 -84.97 0.05 158.81 0.00 -47.72 0.08 124.45 0.00 -169.64 0.06 142.76
23 0.00 -50.70 0.13 -172.19 0.00 -54.72 0.05 159.65 0.00 -36.79 0.09 126.83 0.00 -112.60 0.07 140.99
24 0.00 -64.86 0.14 -171.10 0.00 -88.56 0.06 159.68 0.00 -34.49 0.10 127.79 0.00 -126.89 0.08 139.29
25 0.00 -51.91 0.14 -170.77 0.00 -31.84 0.07 159.55 0.00 -29.31 0.11 129.74 0.00 -132.55 0.08 137.50
26 0.00 -51.28 0.15 -170.86 0.00 -75.72 0.08 159.50 0.00 -26.11 0.12 130.68 0.00 -96.84 0.09 136.57
27 0.00 -56.18 0.16 -170.94 0.00 120.69 0.09 158.79 0.00 -17.98 0.13 131.28 0.00 -128.68 0.10 135.31
28 0.00 -52.14 0.17 -170.62 0.00 -98.59 0.10 157.37 0.00 -23.21 0.14 130.85 0.00 -120.96 0.11 133.02
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Table A.12: Nissan Leaf e+ — Harmonic Orders h26 to h33

Harmonic Order h26 h27 h28 h29 h30 h31 h32 h33

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -12.13 0.03 -51.52 0.00 -120.12 0.01 34.08 0.00 -22.26 0.01 -111.20 0.00 125.01 0.02 -102.46
7 0.00 -23.91 0.02 -44.26 0.00 -140.56 0.01 99.91 0.00 -55.10 0.01 -152.88 0.00 146.34 0.02 -67.40
8 0.00 -13.42 0.01 -62.23 0.00 -94.32 0.02 100.13 0.00 -68.72 0.00 -178.70 0.00 152.16 0.02 -46.53
9 0.00 -9.61 0.03 -87.52 0.00 -12.13 0.02 178.88 0.00 4.57 0.02 -161.47 0.00 135.14 0.00 -63.58
10 0.00 8.75 0.04 -60.97 0.00 -75.57 0.02 -136.64 0.00 17.72 0.03 -130.23 0.00 157.53 0.01 -106.62
11 0.00 31.51 0.04 -39.95 0.00 -29.87 0.02 -101.13 0.00 39.97 0.03 -102.50 0.00 -168.17 0.02 -88.35
12 0.00 27.09 0.04 -16.79 0.00 9.56 0.01 -68.02 0.00 -1.12 0.03 -80.86 0.00 -160.15 0.02 -61.54
13 0.00 36.18 0.03 3.17 0.00 -86.69 0.01 -27.71 0.00 -29.55 0.02 -60.13 0.00 -125.41 0.02 -36.23
14 0.00 36.41 0.03 19.29 0.00 42.90 0.01 12.25 0.00 24.69 0.02 -41.97 0.00 -131.20 0.03 -16.65
15 0.00 24.15 0.03 31.17 0.00 -88.92 0.01 50.21 0.00 43.27 0.02 -26.96 0.00 -115.47 0.03 -0.07
16 0.00 28.63 0.03 43.96 0.00 -17.38 0.01 73.76 0.00 41.81 0.02 -8.06 0.00 -109.43 0.03 14.86
17 0.00 38.09 0.03 56.86 0.00 -18.45 0.02 88.80 0.00 79.89 0.02 9.32 0.00 -113.73 0.03 24.27
18 0.00 46.74 0.03 63.56 0.00 1.80 0.02 92.92 0.00 49.38 0.02 22.22 0.00 -113.06 0.03 36.37
19 0.00 48.96 0.04 70.27 0.00 -91.45 0.02 97.01 0.00 30.07 0.02 32.30 0.00 -117.13 0.04 43.27
20 0.00 54.06 0.04 74.73 0.00 -4.50 0.03 98.82 0.00 77.24 0.02 44.98 0.00 -115.79 0.05 46.89
21 0.00 62.06 0.05 80.84 0.00 49.21 0.03 98.10 0.00 68.50 0.03 51.04 0.00 -86.75 0.05 49.53
22 0.00 68.17 0.06 85.97 0.00 21.63 0.04 93.06 0.00 75.16 0.04 53.02 0.00 -88.80 0.06 49.90
23 0.00 57.46 0.07 89.10 0.00 19.92 0.05 91.14 0.00 113.98 0.05 56.00 0.00 -114.85 0.07 51.33
24 0.00 63.73 0.08 91.85 0.00 4.10 0.06 92.40 0.00 76.85 0.06 59.17 0.00 -83.02 0.08 51.96
25 0.00 66.15 0.09 93.90 0.00 -9.81 0.07 92.53 0.00 70.06 0.07 59.34 0.00 -113.59 0.09 51.57
26 0.00 57.25 0.09 94.75 0.00 -68.29 0.08 90.61 0.00 136.32 0.08 60.79 0.00 -112.62 0.10 52.40
27 0.00 71.92 0.11 95.00 0.00 26.05 0.09 90.09 0.00 94.22 0.09 60.60 0.00 -166.38 0.11 51.11
28 0.00 71.94 0.12 94.75 0.00 -19.50 0.10 88.23 0.00 119.80 0.10 60.86 0.00 -110.65 0.12 50.57
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Table A.13: Nissan Leaf e+ — Harmonic Orders h34 to h41

Harmonic Order h34 h35 h36 h37 h38 h49 h40 h41

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 17.25 0.02 9.09 0.00 -135.20 0.01 166.79 0.00 121.76 0.00 -62.33 0.00 -71.58 0.01 -16.24
7 0.00 13.42 0.03 -19.15 0.00 -113.35 0.02 -130.95 0.00 118.75 0.01 -178.89 0.00 -68.48 0.02 78.89
8 0.00 79.76 0.03 4.77 0.00 -165.45 0.01 -130.08 0.00 127.10 0.00 130.01 0.00 -43.58 0.02 61.95
9 0.00 46.43 0.03 44.62 0.00 -130.87 0.00 113.59 0.00 118.94 0.01 87.44 0.00 -125.59 0.02 70.24
10 0.00 72.56 0.02 80.73 0.00 -110.29 0.02 164.10 0.00 126.48 0.02 125.26 0.00 -12.55 0.03 97.31
11 0.00 83.38 0.01 88.89 0.00 -70.18 0.02 -161.26 0.00 145.36 0.02 160.79 0.00 24.38 0.03 125.09
12 0.00 101.02 0.01 83.90 0.00 -84.03 0.02 -137.56 0.00 143.95 0.02 -175.34 0.00 4.61 0.03 146.59
13 0.00 106.93 0.01 75.90 0.00 -47.40 0.02 -117.70 0.00 163.62 0.02 -157.53 0.00 68.24 0.03 163.56
14 0.00 125.16 0.01 66.34 0.00 -49.77 0.02 -97.52 0.00 179.74 0.02 -141.44 0.00 -108.49 0.03 178.91
15 0.00 130.81 0.02 70.88 0.00 -35.12 0.02 -77.54 0.00 -176.67 0.02 -122.30 0.00 -5.04 0.03 -169.24
16 0.00 155.37 0.02 76.03 0.00 -56.48 0.02 -54.72 0.00 -140.24 0.02 -99.06 0.00 76.00 0.03 -158.64
17 0.00 163.55 0.02 76.26 0.00 -45.59 0.02 -39.89 0.00 -148.95 0.02 -81.74 0.00 73.27 0.02 -145.65
18 0.00 154.64 0.03 74.24 0.00 -15.55 0.03 -23.67 0.00 -171.95 0.02 -57.48 0.00 46.29 0.02 -124.66
19 0.00 159.69 0.03 74.26 0.00 -21.49 0.03 -10.74 0.00 -175.65 0.02 -40.91 0.00 39.47 0.02 -106.91
20 0.00 160.49 0.04 72.91 0.00 4.70 0.04 -4.98 0.00 -158.02 0.03 -32.30 0.00 109.20 0.03 -92.25
21 0.00 117.29 0.04 68.78 0.00 -1.27 0.04 0.25 0.00 -76.10 0.04 -25.93 0.00 -130.66 0.03 -77.16
22 0.00 155.33 0.05 63.72 0.00 -26.96 0.05 4.29 0.00 -111.29 0.05 -20.90 0.00 123.27 0.04 -66.58
23 0.00 156.79 0.06 60.07 0.00 13.01 0.06 6.80 0.00 -139.56 0.05 -18.70 0.00 100.62 0.05 -59.57
24 0.00 153.30 0.06 56.31 0.00 -19.07 0.07 7.85 0.00 -107.91 0.06 -18.18 0.00 142.41 0.06 -56.54
25 0.00 -176.01 0.07 54.37 0.00 -6.62 0.08 8.25 0.00 -140.59 0.07 -17.78 0.00 111.51 0.06 -53.15
26 0.00 -177.80 0.07 51.54 0.00 78.11 0.09 8.82 0.00 -156.98 0.08 -16.69 0.00 98.52 0.07 -51.66
27 0.00 148.76 0.08 47.89 0.00 35.73 0.10 7.96 0.00 -163.13 0.09 -17.16 0.00 99.30 0.08 -51.99
28 0.00 173.29 0.09 42.89 0.00 41.99 0.10 5.97 0.00 -111.11 0.09 -18.39 0.00 119.48 0.09 -53.31
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Table A.14: Nissan Leaf e+ — Harmonic Orders h42 to h49

Harmonic Order h42 h43 h44 h45 h46 h47 h48 h49

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 150.09 0.01 175.59 0.00 46.46 0.01 143.55 0.00 44.34 0.01 86.55 0.00 -88.17 0.02 -4.13
7 0.00 -122.84 0.02 85.58 0.00 37.12 0.01 28.29 0.00 100.32 0.01 -36.72 0.00 -133.55 0.01 -49.99
8 0.00 -70.73 0.01 92.42 0.00 -111.00 0.00 -34.61 0.00 -159.95 0.01 -164.35 0.00 149.19 0.00 45.01
9 0.00 175.02 0.01 81.68 0.00 11.87 0.00 18.13 0.00 144.04 0.00 -141.34 0.00 -52.85 0.01 58.52
10 0.00 -58.36 0.02 95.39 0.00 -39.91 0.01 56.50 0.00 -164.02 0.00 -14.05 0.00 -69.33 0.01 43.43
11 0.00 88.34 0.02 126.48 0.00 -37.04 0.02 95.03 0.00 -167.30 0.01 81.98 0.00 -131.34 0.01 71.61
12 0.00 -129.35 0.03 150.50 0.00 -24.86 0.02 123.67 0.00 -159.38 0.01 121.30 0.00 -7.09 0.02 99.87
13 0.00 -36.00 0.03 170.52 0.00 85.33 0.02 146.45 0.00 -170.17 0.01 149.73 0.00 124.35 0.02 121.07
14 0.00 -31.28 0.03 -173.40 0.00 17.23 0.02 167.28 0.00 -103.24 0.01 173.52 0.00 15.83 0.02 141.15
15 0.00 -20.37 0.02 -158.44 0.00 28.47 0.02 -177.22 0.00 -86.82 0.01 -164.38 0.00 23.34 0.02 160.99
16 0.00 -101.09 0.02 -141.22 0.00 -173.56 0.01 -152.97 0.00 -126.37 0.01 -143.48 0.00 -34.63 0.02 -179.20
17 0.00 54.36 0.02 -124.99 0.00 105.39 0.02 -128.50 0.00 -119.32 0.02 -121.84 0.00 56.66 0.02 -162.01
18 0.00 -47.03 0.02 -110.11 0.00 85.78 0.02 -110.06 0.00 -52.52 0.02 -105.25 0.00 38.36 0.02 -144.19
19 0.00 -19.95 0.03 -97.59 0.00 94.88 0.02 -100.04 0.00 101.26 0.02 -94.44 0.00 102.68 0.02 -133.32
20 0.00 -5.80 0.03 -86.10 0.00 100.65 0.02 -87.82 0.00 74.28 0.03 -90.63 0.00 69.79 0.03 -126.99
21 0.00 -81.10 0.04 -76.93 0.00 -14.96 0.03 -83.89 0.00 -77.18 0.03 -88.98 0.00 10.27 0.03 -123.15
22 0.00 -38.17 0.04 -70.80 0.00 -39.65 0.03 -84.06 0.00 -86.00 0.04 -90.78 0.00 49.84 0.04 -121.95
23 0.00 44.43 0.05 -68.30 0.00 76.21 0.04 -82.91 0.00 3.03 0.04 -91.58 0.00 56.95 0.04 -122.36
24 0.00 93.33 0.06 -66.43 0.00 -128.95 0.05 -83.13 0.00 -94.49 0.05 -93.30 0.00 57.72 0.05 -123.58
25 0.00 82.13 0.07 -65.66 0.00 61.89 0.05 -84.09 0.00 -21.14 0.05 -95.22 0.00 65.88 0.05 -126.06
26 0.00 55.62 0.07 -64.82 0.00 69.57 0.06 -84.75 0.00 -1.64 0.05 -96.92 0.00 92.84 0.06 -127.49
27 0.00 7.38 0.08 -66.51 0.00 41.86 0.06 -87.33 0.00 -15.64 0.06 -101.55 0.00 85.40 0.06 -131.24
28 0.00 77.68 0.09 -67.41 0.00 58.73 0.07 -88.74 0.00 -31.98 0.06 -106.02 0.00 56.81 0.07 -135.61
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Table A.15: VW ID.3 Pro — Harmonic Orders h2 to h9

Harmonic Order h2 h3 h4 h5 h6 h7 h8 h9

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.02 -83.09 0.12 -102.55 0.02 -6.65 0.12 -32.90 0.01 4.88 0.09 67.55 0.01 34.31 0.10 -74.09
8 0.03 -82.68 0.11 -103.70 0.01 -6.23 0.12 -35.30 0.01 -9.12 0.10 65.56 0.01 22.37 0.09 -73.98
10 0.04 -78.51 0.11 -110.01 0.01 -16.57 0.11 -25.62 0.01 1.04 0.09 65.96 0.01 13.01 0.09 -68.14
12 0.07 -79.92 0.10 -115.47 0.02 -56.01 0.10 -18.65 0.01 -9.35 0.09 68.90 0.01 19.31 0.09 -65.34
14 0.19 -81.91 0.12 -116.22 0.03 -104.00 0.10 -18.94 0.01 -57.35 0.11 67.66 0.01 55.64 0.10 -71.43
16 0.19 -77.55 0.11 -117.69 0.03 -101.04 0.09 -22.61 0.01 -62.95 0.11 66.88 0.01 25.36 0.08 -60.73

Table A.16: VW ID.3 Pro — Harmonic Orders h10 to h16

Harmonic Order h10 h11 h12 h13 h14 h15 h16

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ

6 0.01 -1.46 0.02 -112.89 0.01 13.86 0.10 -129.79 0.01 25.84 0.02 112.74 0.01 16.23
8 0.01 0.00 0.02 -94.57 0.01 4.78 0.09 -126.69 0.01 5.33 0.02 95.11 0.01 8.78
10 0.01 14.39 0.02 -98.57 0.01 12.89 0.08 -128.44 0.01 26.04 0.02 97.36 0.01 24.19
12 0.01 26.80 0.02 -66.60 0.01 30.39 0.08 -119.03 0.01 38.29 0.03 109.85 0.01 58.29
14 0.01 15.46 0.03 -96.11 0.01 82.58 0.07 -129.71 0.02 91.14 0.03 90.29 0.01 47.57
16 0.01 90.03 0.03 -88.46 0.01 61.43 0.09 -127.50 0.01 66.17 0.03 97.54 0.01 77.10
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Table A.17: VW ID.3 Pro — Harmonic Orders h17 to h24

Harmonic Order h17 h18 h19 h20 h21 h22 h23 h24

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.04 152.43 0.01 -19.96 0.04 -115.28 0.01 -5.49 0.04 37.44 0.01 11.75 0.05 -144.69 0.01 -9.32
8 0.03 143.13 0.01 -11.98 0.03 -101.68 0.01 17.62 0.04 32.45 0.01 1.06 0.05 -145.74 0.01 -17.07
10 0.01 93.46 0.01 -15.47 0.04 -122.30 0.01 12.07 0.04 52.80 0.01 25.60 0.03 -107.43 0.01 -2.87
12 0.04 143.18 0.01 2.49 0.00 168.13 0.01 25.91 0.03 56.99 0.01 15.09 0.07 -133.60 0.01 3.12
14 0.01 -5.87 0.01 19.47 0.04 -114.33 0.01 75.11 0.05 51.69 0.01 41.52 0.02 -110.43 0.02 6.07
16 0.02 107.29 0.01 43.16 0.04 -117.79 0.01 64.81 0.04 49.73 0.01 41.92 0.03 -134.79 0.01 17.71

Table A.18: VW ID.3 Pro — Harmonic Orders h25 to h31

Harmonic Order h25 h26 h27 h28 h29 h30 h31

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ

6 0.03 -120.26 0.01 -5.13 0.03 74.58 0.01 20.17 0.01 123.82 0.01 38.74 0.02 -6.89
8 0.02 -122.22 0.01 -9.32 0.04 72.31 0.01 32.38 0.02 116.77 0.01 28.19 0.02 0.92
10 0.01 -24.07 0.01 13.39 0.03 98.88 0.01 24.82 0.01 -94.75 0.01 23.30 0.02 -10.26
12 0.02 -134.64 0.01 19.02 0.04 88.81 0.01 42.81 0.03 18.68 0.01 23.52 0.03 -9.06
14 0.02 -127.12 0.01 28.44 0.03 116.56 0.01 24.96 0.01 -76.45 0.01 21.52 0.02 -1.00
16 0.01 87.64 0.01 36.70 0.03 90.48 0.01 50.07 0.02 -128.51 0.01 2.76 0.02 -46.83
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Table A.19: Renault Zoe ZE50 — Harmonic Orders h2 to h9

Harmonic Order h2 h3 h4 h5 h6 h7 h8 h9

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -153.24 0.03 -125.97 0.01 30.22 0.44 -97.79 0.00 134.59 0.52 169.80 0.02 134.36 0.05 -150.06
7 0.06 -67.77 0.03 -78.28 0.14 -177.65 0.24 23.84 0.01 7.80 0.47 -17.03 0.07 58.71 0.05 64.11
8 0.12 38.52 0.01 24.04 0.13 -96.18 0.36 -144.89 0.00 47.97 0.65 -138.26 0.09 -145.71 0.05 18.29
9 0.12 51.61 0.02 2.42 0.14 -75.80 0.34 -118.49 0.00 15.69 0.70 -102.67 0.10 -102.58 0.05 62.63
10 0.13 58.16 0.02 25.71 0.15 -59.91 0.33 -97.77 0.00 168.98 0.71 -73.85 0.10 -63.20 0.05 92.72
11 0.12 36.08 0.00 71.34 0.16 -45.06 0.12 -168.97 0.01 124.67 0.70 -107.20 0.11 -32.87 0.06 38.73
12 0.12 32.25 0.02 132.55 0.17 -35.64 0.13 148.78 0.01 63.28 0.69 -104.27 0.12 -13.33 0.06 36.18
13 0.13 37.91 0.01 129.59 0.18 -28.47 0.14 148.13 0.01 80.38 0.70 -91.99 0.12 4.24 0.06 59.23
14 0.13 43.66 0.00 -169.44 0.19 -16.94 0.16 132.40 0.02 113.08 0.73 -67.24 0.11 26.88 0.06 76.25
15 0.13 58.91 0.01 -159.66 0.21 -7.40 0.14 136.65 0.02 131.70 0.76 -33.81 0.12 45.68 0.06 115.41
16 0.14 69.81 0.01 -116.60 0.21 -4.75 0.10 137.18 0.01 128.11 0.80 -13.75 0.12 50.74 0.05 128.83
17 0.14 85.44 0.03 2.57 0.20 4.92 0.04 127.76 0.01 138.62 0.78 22.09 0.11 72.86 0.04 168.88
18 0.15 95.30 0.03 24.43 0.20 9.73 0.05 32.52 0.02 178.55 0.81 45.03 0.11 75.80 0.03 -172.07
19 0.15 104.37 0.05 32.05 0.21 14.98 0.10 26.85 0.01 -143.81 0.82 66.78 0.11 88.59 0.03 176.14
20 0.16 105.28 0.10 27.28 0.21 19.44 0.08 63.14 0.02 -159.21 0.83 70.67 0.11 95.47 0.04 171.45
21 0.16 105.66 0.07 21.92 0.22 17.15 0.06 130.81 0.02 -175.28 0.83 70.47 0.11 101.62 0.04 -159.12
22 0.15 105.07 0.08 16.41 0.23 21.54 0.07 -179.49 0.02 178.32 0.88 69.98 0.12 103.66 0.04 175.93
23 0.14 104.62 0.11 7.95 0.23 24.65 0.17 -170.02 0.02 -172.67 0.93 70.26 0.12 108.02 0.04 173.62
24 0.14 107.59 0.09 -3.11 0.24 27.11 0.19 -158.68 0.03 -176.74 0.98 71.56 0.12 110.55 0.04 -149.02
25 0.14 103.53 0.07 -9.58 0.24 29.26 0.26 -150.73 0.03 175.58 1.00 71.05 0.11 120.21 0.04 -169.53
26 0.14 103.95 0.05 -25.87 0.24 30.54 0.30 -138.79 0.04 -175.65 1.04 75.09 0.13 119.20 0.05 -145.89
27 0.13 103.37 0.06 -26.85 0.25 31.70 0.36 -141.55 0.04 -174.49 1.10 74.26 0.12 127.04 0.06 -142.01
28 0.14 101.05 0.09 -11.51 0.25 31.03 0.46 -148.29 0.05 -174.22 1.12 71.67 0.13 124.43 0.05 -148.35
29 0.14 101.61 0.13 -8.67 0.25 31.89 0.52 -150.50 0.03 -174.41 1.16 72.23 0.13 127.25 0.06 -144.45
30 0.14 101.22 0.12 -9.03 0.25 36.18 0.61 -151.43 0.03 -172.52 1.16 71.60 0.12 130.46 0.06 -133.20
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Table A.20: Renault Zoe ZE50 — Harmonic Orders h10 to h17

Harmonic Order h10 h11 h12 h13 h14 h15 h16 h17

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.01 -164.32 0.08 61.66 0.00 174.58 0.26 133.85 0.02 -95.76 0.04 129.78 0.02 158.39 0.07 -120.83
7 0.02 13.80 0.07 -12.32 0.01 -179.11 0.25 102.02 0.04 -80.21 0.03 119.25 0.03 100.86 0.04 -58.10
8 0.03 16.31 0.16 -3.42 0.01 -140.43 0.20 -163.99 0.02 -44.20 0.03 -74.94 0.05 -48.38 0.01 -108.61
9 0.04 69.00 0.18 49.35 0.01 -83.41 0.20 -106.05 0.04 24.38 0.03 -1.13 0.05 42.05 0.02 -163.61
10 0.03 108.42 0.19 102.63 0.01 -38.35 0.19 -52.19 0.03 94.95 0.03 86.61 0.06 112.68 0.04 -110.17
11 0.03 95.00 0.09 70.25 0.01 -32.15 0.22 -139.23 0.06 85.81 0.03 6.35 0.03 148.22 0.15 -118.19
12 0.02 99.36 0.06 53.60 0.01 -5.32 0.24 -135.22 0.06 126.52 0.03 11.80 0.03 -160.10 0.14 -99.20
13 0.03 124.83 0.06 82.11 0.01 -36.94 0.25 -111.68 0.06 144.70 0.03 42.28 0.02 -137.79 0.13 -56.26
14 0.02 137.88 0.07 97.47 0.01 34.96 0.22 -66.21 0.05 -162.67 0.03 109.00 0.02 -88.08 0.14 1.69
15 0.03 -162.09 0.13 -177.22 0.01 77.06 0.20 -5.83 0.07 -110.25 0.03 -170.41 0.04 -56.50 0.19 66.23
16 0.04 -145.57 0.17 -140.58 0.01 89.88 0.16 34.46 0.07 -88.88 0.04 -120.25 0.05 -34.36 0.18 103.74
17 0.04 -106.54 0.24 -88.81 0.01 79.41 0.12 100.13 0.05 -47.56 0.03 -35.43 0.06 16.27 0.14 162.47
18 0.04 -82.88 0.29 -60.33 0.01 -179.03 0.09 157.52 0.04 -14.72 0.02 15.05 0.07 61.45 0.09 -166.57
19 0.04 -50.63 0.34 -33.42 0.01 -142.42 0.08 -130.10 0.03 24.53 0.02 108.74 0.06 82.82 0.05 -161.86
20 0.04 -38.61 0.34 -23.81 0.02 -168.89 0.06 -131.18 0.03 31.26 0.02 79.67 0.06 103.02 0.05 -124.49
21 0.04 -28.20 0.34 -19.99 0.01 -127.27 0.05 -139.59 0.04 21.04 0.02 102.51 0.06 117.22 0.08 -102.95
22 0.03 -43.86 0.35 -18.94 0.02 -131.87 0.06 -164.87 0.03 9.24 0.02 118.33 0.06 119.74 0.10 -96.54
23 0.04 -46.74 0.35 -12.87 0.01 -135.68 0.06 173.19 0.04 29.36 0.02 147.28 0.07 124.55 0.13 -78.93
24 0.04 -40.95 0.37 -9.30 0.01 -120.38 0.08 -177.27 0.04 57.23 0.03 111.65 0.07 132.42 0.14 -74.94
25 0.05 -40.62 0.37 -8.39 0.02 -178.25 0.09 -177.68 0.03 45.28 0.02 124.02 0.06 130.11 0.17 -67.15
26 0.05 -29.65 0.41 -4.55 0.01 -175.02 0.11 -177.29 0.04 55.27 0.03 117.90 0.07 141.18 0.18 -63.60
27 0.05 -37.91 0.39 -3.24 0.01 -160.60 0.12 176.39 0.04 59.49 0.02 101.34 0.07 142.31 0.19 -56.58
28 0.04 -25.52 0.37 0.75 0.02 -139.69 0.12 164.81 0.04 56.98 0.02 139.70 0.07 151.27 0.20 -48.08
29 0.04 -37.92 0.39 4.72 0.02 -133.12 0.12 159.73 0.05 69.52 0.01 -174.77 0.07 158.81 0.21 -41.71
30 0.03 -26.41 0.39 4.91 0.02 -123.42 0.14 156.94 0.05 81.72 0.02 98.06 0.07 167.12 0.25 -36.06
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Table A.21: Renault Zoe ZE50 — Harmonic Orders h18 to h25

Harmonic Order h18 h19 h20 h21 h22 h23 h24 h25

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.01 47.31 0.22 -22.39 0.03 -70.12 0.06 -88.12 0.01 23.44 0.15 -79.33 0.01 -57.99 0.01 -96.89
7 0.01 167.12 0.21 82.67 0.02 -11.77 0.06 71.97 0.02 -130.28 0.11 127.02 0.00 149.63 0.02 71.14
8 0.01 101.44 0.19 24.44 0.03 -83.97 0.05 79.18 0.02 -42.79 0.11 -149.81 0.01 -138.65 0.03 33.64
9 0.01 -171.51 0.20 112.71 0.05 23.37 0.05 175.11 0.01 56.68 0.10 -54.88 0.01 18.56 0.04 169.11
10 0.00 -88.25 0.18 -168.13 0.06 115.17 0.05 -86.73 0.01 143.84 0.12 42.81 0.00 80.95 0.04 -86.40
11 0.01 40.87 0.21 93.57 0.05 150.76 0.06 153.02 0.02 29.31 0.13 -62.81 0.01 -55.90 0.03 68.96
12 0.01 157.83 0.21 101.32 0.03 -135.48 0.05 160.15 0.01 56.24 0.09 -62.36 0.00 -12.43 0.03 127.73
13 0.02 152.20 0.21 142.54 0.03 -87.53 0.05 -153.73 0.02 76.95 0.09 -20.29 0.00 -161.38 0.04 166.13
14 0.02 179.49 0.20 -147.41 0.03 -40.39 0.05 -92.06 0.02 155.90 0.08 65.62 0.01 -172.80 0.03 -113.90
15 0.02 -97.97 0.22 -45.49 0.07 8.89 0.05 18.98 0.02 -134.93 0.11 -159.55 0.01 -61.99 0.03 -34.07
16 0.01 -5.08 0.21 11.23 0.08 56.01 0.04 91.11 0.02 -49.00 0.15 -85.51 0.00 12.31 0.01 6.90
17 0.01 57.06 0.19 105.26 0.08 117.03 0.04 -163.47 0.02 60.95 0.16 20.30 0.01 147.17 0.02 -5.86
18 0.01 -156.68 0.16 174.96 0.06 155.13 0.03 -98.50 0.01 -179.51 0.11 89.79 0.00 148.88 0.04 31.22
19 0.01 -103.07 0.15 -98.85 0.04 -169.02 0.01 24.87 0.02 -79.39 0.05 171.22 0.01 117.43 0.04 107.86
20 0.01 -79.49 0.14 -88.79 0.05 -147.22 0.01 1.71 0.01 -69.83 0.07 175.17 0.00 -95.90 0.04 143.86
21 0.01 -89.65 0.14 -95.36 0.06 -137.14 0.02 -21.31 0.01 -32.60 0.09 -179.50 0.01 -89.79 0.04 117.34
22 0.00 -117.16 0.15 -101.41 0.06 -129.52 0.02 -23.92 0.01 -33.76 0.09 175.67 0.01 -122.59 0.03 144.90
23 0.00 89.86 0.14 -99.62 0.06 -119.31 0.02 -46.69 0.01 -69.12 0.11 -167.58 0.02 -78.85 0.04 154.51
24 0.02 -74.96 0.14 -107.92 0.06 -109.01 0.02 -7.47 0.01 -62.58 0.13 -164.93 0.02 -106.69 0.03 176.19
25 0.01 -53.01 0.15 -100.99 0.06 -100.09 0.02 -10.08 0.01 -106.64 0.13 -165.06 0.01 -47.08 0.03 177.10
26 0.01 -74.47 0.18 -95.18 0.07 -90.79 0.03 -7.18 0.01 -65.42 0.15 -167.71 0.02 -44.21 0.02 -164.49
27 0.01 12.33 0.18 -96.07 0.08 -90.30 0.03 -13.38 0.00 87.25 0.15 -156.28 0.02 -116.07 0.02 -155.03
28 0.01 -14.32 0.18 -97.75 0.08 -70.55 0.03 -2.82 0.02 -105.67 0.16 -144.77 0.01 -47.64 0.02 -174.47
29 0.01 -139.38 0.16 -90.72 0.09 -63.83 0.02 -18.98 0.01 -88.10 0.17 -136.70 0.00 -55.53 0.03 -136.93
30 0.01 131.20 0.18 -95.01 0.08 -61.27 0.03 -14.10 0.01 -121.68 0.18 -135.02 0.02 -58.74 0.02 -130.72
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Table A.22: Renault Zoe ZE50 — Harmonic Orders h26 to h33

Harmonic Order h26 h27 h28 h29 h30 h31 h32 h33

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 15.30 0.02 134.59 0.01 -135.87 0.12 -10.21 0.01 -173.35 0.07 110.53 0.01 -115.06 0.02 30.18
7 0.01 -144.40 0.01 96.04 0.01 -71.87 0.12 -13.36 0.01 147.40 0.06 153.29 0.01 140.50 0.02 126.73
8 0.01 -74.27 0.01 -66.60 0.02 -35.55 0.11 -71.28 0.01 -43.85 0.08 147.61 0.02 -23.90 0.02 -169.90
9 0.02 51.81 0.02 31.31 0.03 135.16 0.10 68.17 0.01 -40.90 0.08 -64.67 0.03 119.09 0.01 1.44
10 0.01 -173.98 0.01 154.04 0.02 -117.01 0.08 -176.33 0.00 13.53 0.07 76.92 0.03 -85.61 0.01 167.47
11 0.02 0.36 0.01 -7.32 0.02 65.62 0.11 36.62 0.00 37.62 0.07 -93.73 0.02 81.01 0.01 -30.48
12 0.02 49.05 0.01 -9.36 0.02 126.41 0.08 22.80 0.00 -161.62 0.06 -75.60 0.02 158.72 0.02 -48.85
13 0.01 127.47 0.01 99.97 0.02 -158.75 0.07 88.43 0.00 -31.21 0.07 -14.69 0.03 -135.39 0.01 53.53
14 0.02 -174.06 0.02 -173.85 0.02 -72.37 0.06 -162.18 0.01 174.35 0.06 93.44 0.03 -23.89 0.02 137.96
15 0.02 -107.20 0.02 -14.11 0.01 14.62 0.10 10.20 0.01 -71.99 0.06 -90.99 0.02 50.87 0.01 -72.64
16 0.03 -114.32 0.01 61.91 0.02 -42.38 0.13 91.86 0.01 -8.26 0.06 3.40 0.02 76.34 0.02 89.04
17 0.03 -58.59 0.02 -117.99 0.03 43.86 0.12 -135.08 0.01 123.60 0.07 177.31 0.03 132.64 0.02 -86.34
18 0.02 5.81 0.03 -38.49 0.03 87.38 0.05 -28.75 0.01 62.60 0.07 -60.91 0.05 176.42 0.01 51.62
19 0.01 27.95 0.02 40.22 0.02 117.11 0.06 154.51 0.00 -106.51 0.09 59.43 0.03 -100.96 0.02 -175.22
20 0.02 61.75 0.02 86.25 0.03 161.14 0.03 168.00 0.01 -86.65 0.08 85.64 0.03 -79.00 0.01 -153.14
21 0.03 78.68 0.03 113.97 0.02 168.12 0.02 129.77 0.00 91.74 0.08 89.39 0.04 -69.10 0.02 -142.39
22 0.02 98.74 0.03 97.75 0.02 -152.17 0.03 103.50 0.01 40.02 0.07 95.90 0.04 -47.82 0.02 -154.01
23 0.03 124.10 0.03 106.79 0.03 -145.14 0.05 81.51 0.01 61.87 0.07 100.95 0.03 -22.15 0.01 -103.21
24 0.03 101.47 0.04 100.52 0.03 -144.55 0.06 95.80 0.00 -32.76 0.06 95.39 0.04 0.79 0.01 -83.98
25 0.03 144.84 0.03 135.79 0.03 -124.88 0.08 87.26 0.00 -165.55 0.05 101.24 0.04 6.12 0.01 -71.09
26 0.03 147.96 0.03 111.84 0.03 -120.99 0.10 105.31 0.01 81.71 0.05 64.76 0.03 49.25 0.02 141.26
27 0.02 -176.23 0.03 129.48 0.03 -93.87 0.10 104.76 0.02 117.65 0.07 75.57 0.05 9.86 0.02 155.63
28 0.02 -174.91 0.03 113.99 0.04 -94.15 0.12 121.03 0.01 99.10 0.06 85.41 0.04 38.84 0.01 134.23
29 0.03 -165.62 0.04 132.13 0.03 -74.35 0.12 126.62 0.00 177.91 0.07 84.91 0.05 63.81 0.00 -134.06
30 0.03 -164.65 0.03 135.56 0.02 -67.00 0.14 128.26 0.01 -36.23 0.07 88.31 0.04 67.13 0.02 -137.37
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Table A.23: Renault Zoe ZE50 — Harmonic Orders h34 to h41

Harmonic Order h34 h35 h36 h37 h38 h49 h40 h41

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 164.02 0.01 -53.88 0.00 52.90 0.02 -68.66 0.00 108.57 0.02 66.27 0.01 -174.45 0.04 -152.79
7 0.01 21.90 0.02 118.27 0.00 -161.95 0.01 161.61 0.01 94.22 0.02 -61.42 0.01 140.67 0.04 135.10
8 0.01 107.20 0.01 -51.52 0.01 -164.45 0.01 -30.24 0.01 -45.67 0.02 -155.22 0.00 -2.54 0.04 103.71
9 0.02 -63.46 0.01 63.08 0.01 74.77 0.00 122.33 0.01 -157.45 0.02 14.01 0.00 -22.49 0.05 -59.18
10 0.00 124.57 0.00 -121.39 0.00 -54.25 0.01 -130.94 0.01 26.48 0.02 -169.12 0.01 87.26 0.05 123.30
11 0.01 -120.09 0.01 10.16 0.01 -28.25 0.01 27.61 0.00 -143.29 0.02 -6.81 0.00 -101.39 0.04 -67.83
12 0.01 25.12 0.02 13.15 0.01 93.10 0.02 74.82 0.01 -56.53 0.02 21.81 0.01 73.10 0.02 -68.60
13 0.01 155.64 0.03 103.08 0.00 10.58 0.02 153.89 0.01 65.57 0.02 84.72 0.01 139.99 0.02 14.19
14 0.01 -165.27 0.03 -137.67 0.00 -7.12 0.02 -103.02 0.01 -177.90 0.02 -122.47 0.01 -95.25 0.03 -178.18
15 0.01 -26.80 0.01 -41.10 0.02 60.26 0.00 25.96 0.01 -160.07 0.02 82.67 0.00 -54.32 0.05 34.73
16 0.01 -6.98 0.03 -83.34 0.00 149.84 0.01 -20.85 0.01 -129.02 0.02 -153.31 0.00 18.55 0.04 145.26
17 0.01 -38.06 0.04 31.22 0.02 110.16 0.01 85.75 0.01 -44.53 0.03 56.36 0.00 22.73 0.02 46.30
18 0.01 27.27 0.04 87.01 0.00 -171.04 0.01 -154.60 0.01 -7.26 0.01 -143.55 0.01 74.25 0.06 -174.91
19 0.01 119.73 0.03 93.26 0.01 -61.23 0.01 -120.14 0.02 83.57 0.02 -3.30 0.01 155.15 0.06 -47.42
20 0.00 82.41 0.03 160.56 0.01 -48.19 0.01 24.13 0.01 111.07 0.02 17.90 0.01 128.78 0.06 -16.19
21 0.01 -71.64 0.02 178.66 0.01 57.73 0.01 -114.73 0.01 151.79 0.03 21.16 0.01 -36.28 0.07 5.90
22 0.01 -154.35 0.04 -146.63 0.01 -15.87 0.01 -12.99 0.03 170.53 0.02 28.20 0.01 -46.90 0.07 6.29
23 0.01 -154.17 0.04 -114.59 0.02 -8.33 0.02 33.07 0.02 -161.70 0.02 28.87 0.01 -154.64 0.07 40.03
24 0.01 -153.82 0.04 -99.51 0.01 13.71 0.01 32.44 0.02 -159.60 0.03 35.37 0.03 -130.65 0.04 52.36
25 0.01 -120.12 0.04 -72.87 0.02 -12.56 0.02 43.66 0.01 -117.59 0.02 71.60 0.01 -159.67 0.05 55.69
26 0.01 -36.70 0.05 -63.52 0.00 -38.01 0.02 37.12 0.04 -108.56 0.01 102.41 0.01 54.76 0.04 66.61
27 0.01 -25.80 0.07 -45.39 0.02 89.82 0.03 113.33 0.02 -89.90 0.02 22.93 0.00 131.97 0.02 66.57
28 0.01 -21.17 0.07 -20.73 0.02 110.84 0.02 136.29 0.02 -58.01 0.02 49.45 0.01 -166.44 0.01 65.37
29 0.01 -105.00 0.08 3.68 0.01 113.23 0.02 67.67 0.03 -63.06 0.01 115.19 0.01 -62.83 0.00 115.53
30 0.01 -157.79 0.08 11.65 0.01 -48.81 0.02 118.81 0.03 -72.04 0.02 -23.69 0.02 10.17 0.01 112.89
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Table A.24: Renault Zoe ZE50 — Harmonic Orders h42 to h49

Harmonic Order h42 h43 h44 h45 h46 h47 h48 h49

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 72.94 0.03 -24.80 0.00 139.54 0.02 -67.27 0.01 126.10 0.02 -126.99 0.00 83.93 0.01 59.88
7 0.00 -56.80 0.02 -63.54 0.00 27.55 0.02 -43.39 0.00 -89.61 0.02 -57.50 0.00 61.74 0.02 161.83
8 0.01 -60.18 0.02 17.68 0.01 -51.97 0.02 102.30 0.00 80.83 0.02 130.85 0.00 -150.85 0.01 105.28
9 0.00 142.15 0.02 -147.92 0.01 -156.80 0.02 -51.00 0.00 -76.71 0.02 -12.12 0.00 60.76 0.01 -25.23
10 0.00 -91.43 0.02 16.50 0.01 60.97 0.02 125.98 0.00 -77.03 0.02 -155.61 0.00 -36.07 0.01 -169.05
11 0.00 -140.10 0.03 158.97 0.01 -43.83 0.02 -96.72 0.00 31.10 0.02 -30.58 0.00 50.36 0.02 -113.54
12 0.00 -93.57 0.03 -161.51 0.01 73.24 0.01 -73.79 0.00 172.34 0.02 -27.97 0.00 97.50 0.01 -44.83
13 0.00 -150.83 0.03 -84.24 0.01 155.24 0.01 12.63 0.00 -113.89 0.02 63.26 0.00 171.80 0.01 33.73
14 0.00 51.77 0.03 70.10 0.01 -71.17 0.02 162.90 0.00 15.92 0.02 -123.90 0.00 -117.52 0.01 -146.81
15 0.01 -52.29 0.03 -72.97 0.01 93.72 0.02 49.00 0.01 -61.27 0.02 143.98 0.00 -22.20 0.00 31.67
16 0.00 -54.36 0.03 96.25 0.01 52.31 0.02 -164.27 0.01 126.38 0.03 -65.51 0.00 29.59 0.00 -70.99
17 0.00 -175.96 0.04 -58.28 0.01 -142.92 0.02 87.95 0.01 48.03 0.02 170.57 0.00 150.12 0.01 132.53
18 0.01 104.19 0.02 88.67 0.00 144.51 0.02 -126.02 0.01 162.55 0.02 5.43 0.00 171.81 0.01 28.55
19 0.01 -115.63 0.02 -46.94 0.01 -115.15 0.01 57.63 0.01 -17.19 0.03 158.44 0.01 -81.40 0.01 -130.86
20 0.01 174.54 0.02 -14.30 0.01 -62.25 0.02 86.67 0.01 -74.84 0.03 -158.62 0.01 178.55 0.01 -101.31
21 0.01 148.80 0.02 -41.73 0.01 -46.18 0.02 93.46 0.01 2.96 0.03 -152.95 0.00 -162.10 0.01 -100.27
22 0.00 -98.25 0.02 -53.48 0.01 5.21 0.02 76.42 0.01 81.50 0.03 -132.91 0.01 20.86 0.00 1.06
23 0.00 120.17 0.02 -75.12 0.01 -104.66 0.03 97.70 0.01 -8.08 0.02 -107.27 0.00 112.13 0.00 -4.67
24 0.01 -19.34 0.03 -56.01 0.01 40.39 0.03 104.53 0.01 -37.81 0.02 -115.06 0.01 51.41 0.00 -88.59
25 0.01 -108.22 0.03 -58.36 0.01 139.54 0.02 104.48 0.01 -0.95 0.02 -120.14 0.00 -94.60 0.00 74.37
26 0.00 118.68 0.04 -69.04 0.01 126.01 0.03 97.27 0.01 -94.91 0.02 -88.05 0.01 82.78 0.01 154.66
27 0.01 -175.44 0.03 -42.36 0.01 -176.55 0.02 125.93 0.01 -85.21 0.01 -103.12 0.00 173.55 0.01 165.37
28 0.01 -63.20 0.03 -43.55 0.01 -169.12 0.02 100.67 0.01 8.73 0.02 -137.33 0.00 5.24 0.01 -138.59
29 0.02 51.51 0.04 -12.45 0.01 142.76 0.03 156.34 0.01 -171.89 0.01 -110.14 0.01 -92.85 0.01 -163.89
30 0.01 84.08 0.05 -24.15 0.01 -113.86 0.03 150.41 0.02 141.69 0.02 -133.33 0.00 -67.51 0.01 -149.03
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Table A.25: VW ID.4 Pro — Harmonic Orders h2 to h9

Harmonic Order h2 h3 h4 h5 h6 h7 h8 h9

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.02 -104.98 0.13 -131.26 0.00 -37.40 0.10 -68.63 0.00 -127.26 0.09 23.43 0.00 99.54 0.09 -143.25
7 0.02 -106.84 0.12 -129.90 0.00 -52.35 0.10 -63.06 0.01 -143.19 0.09 29.33 0.01 118.73 0.09 -128.96
8 0.02 -120.01 0.12 -128.42 0.00 97.80 0.10 -60.24 0.00 -177.37 0.09 36.89 0.00 -40.63 0.08 -123.27
9 0.03 -100.52 0.12 -127.37 0.01 59.22 0.10 -52.53 0.01 33.14 0.08 42.06 0.01 -7.56 0.09 -115.60
10 0.02 -100.12 0.12 -125.84 0.00 -75.29 0.09 -46.70 0.00 -172.71 0.09 48.98 0.00 76.19 0.09 -107.11
11 0.03 -95.63 0.11 -127.85 0.00 65.59 0.09 -42.62 0.00 -93.91 0.10 46.61 0.01 95.06 0.09 -91.29
12 0.05 -88.36 0.12 -128.14 0.00 -141.84 0.10 -32.94 0.00 -90.47 0.08 48.78 0.01 164.32 0.09 -92.06
13 0.11 -88.74 0.13 -123.28 0.02 -119.21 0.09 -27.27 0.01 -173.04 0.09 56.85 0.01 159.53 0.08 -94.63
14 0.20 -88.87 0.14 -126.81 0.02 -109.51 0.08 -29.83 0.01 -169.66 0.10 54.09 0.01 138.41 0.09 -89.13
15 0.24 -85.57 0.14 -129.04 0.03 -102.92 0.08 -32.79 0.01 -158.30 0.10 56.52 0.01 112.83 0.08 -77.77
16 0.21 -84.22 0.13 -126.20 0.02 -117.88 0.08 -32.19 0.01 177.82 0.10 56.75 0.01 81.60 0.07 -72.27

Table A.26: VW ID.4 Pro — Harmonic Orders h10 to h17

Harmonic Order h10 h11 h12 h13 h14 h15 h16 h17

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -34.18 0.03 151.20 0.00 -81.07 0.08 121.85 0.00 -94.85 0.04 19.60 0.00 -134.53 0.02 54.60
7 0.01 26.51 0.03 163.55 0.00 -45.10 0.08 138.74 0.01 -25.61 0.03 28.92 0.00 -79.37 0.01 140.57
8 0.00 131.27 0.02 179.62 0.01 30.11 0.08 153.89 0.00 48.89 0.03 31.86 0.01 128.76 0.00 -55.65
9 0.01 -83.76 0.02 147.56 0.01 177.66 0.07 165.53 0.01 52.38 0.03 36.13 0.00 124.03 0.00 179.11
10 0.01 -33.29 0.03 -144.74 0.01 -119.01 0.06 166.91 0.01 45.67 0.03 56.05 0.00 38.97 0.01 175.70
11 0.00 96.19 0.04 -136.87 0.00 -166.42 0.07 -173.17 0.00 -14.14 0.03 62.36 0.00 -23.38 0.01 146.20
12 0.00 -105.53 0.03 -136.59 0.00 60.30 0.05 -170.21 0.01 35.91 0.03 80.39 0.01 43.93 0.02 160.22
13 0.01 101.58 0.02 -127.28 0.00 85.70 0.05 -164.67 0.01 57.00 0.03 76.23 0.01 18.74 0.02 161.86
14 0.00 43.00 0.04 -130.41 0.00 104.71 0.05 -169.91 0.01 66.73 0.04 80.57 0.01 28.46 0.02 -175.58
15 0.01 14.80 0.04 -126.49 0.01 -39.61 0.06 -161.46 0.01 55.80 0.04 77.83 0.01 51.34 0.01 123.18
16 0.01 93.01 0.03 -125.67 0.01 77.47 0.07 -152.03 0.01 30.89 0.03 92.29 0.01 66.03 0.00 60.37
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Table A.27: VW ID.4 Pro — Harmonic Orders h18 to h25

Harmonic Order h18 h19 h20 h21 h22 h23 h24 h25

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -14.89 0.05 80.90 0.00 -166.84 0.02 -76.66 0.00 -27.00 0.05 47.22 0.00 -73.04 0.03 17.22
7 0.00 82.16 0.04 104.02 0.01 124.39 0.03 -87.95 0.01 14.04 0.05 62.63 0.00 -64.35 0.02 30.30
8 0.01 -150.78 0.03 119.85 0.01 -100.34 0.03 -84.45 0.01 19.89 0.04 104.82 0.00 61.98 0.02 61.59
9 0.00 172.93 0.04 129.40 0.00 -15.28 0.03 -58.75 0.01 103.39 0.03 125.09 0.00 -5.85 0.02 76.34
10 0.00 79.58 0.03 149.27 0.00 -75.36 0.03 -33.38 0.01 65.12 0.02 139.68 0.00 44.74 0.01 59.04
11 0.00 85.87 0.04 157.78 0.01 112.49 0.02 -24.11 0.01 172.55 0.02 152.30 0.00 -177.31 0.01 71.20
12 0.01 90.17 0.02 166.60 0.01 155.07 0.03 -9.46 0.00 -44.46 0.04 166.23 0.00 -35.21 0.02 96.78
13 0.00 -23.53 0.02 173.25 0.00 58.76 0.03 -5.92 0.00 -72.32 0.03 -169.06 0.01 -71.42 0.02 129.19
14 0.01 8.30 0.03 168.69 0.01 69.50 0.04 13.13 0.00 51.36 0.02 -163.83 0.01 -74.59 0.02 128.41
15 0.00 21.30 0.03 -171.68 0.01 -33.97 0.03 5.12 0.01 51.26 0.02 -160.84 0.00 73.63 0.01 81.70
16 0.01 45.66 0.02 164.91 0.01 2.46 0.02 25.90 0.01 -12.94 0.03 -168.29 0.01 -25.54 0.01 102.17

Table A.28: VW ID.4 Pro — Harmonic Orders h26 to h33

Harmonic Order h26 h27 h28 h29 h30 h31 h32 h33

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 110.52 0.04 -99.15 0.00 -65.06 0.02 -86.55 0.00 -153.84 0.01 69.01 0.00 55.16 0.02 -54.46
7 0.00 14.46 0.04 -89.62 0.00 -0.69 0.02 -77.37 0.00 -100.94 0.01 121.70 0.00 118.53 0.01 -24.35
8 0.00 178.89 0.04 -53.16 0.00 -10.19 0.03 -56.28 0.00 63.47 0.01 161.63 0.01 -118.27 0.01 12.26
9 0.00 174.39 0.04 -25.78 0.00 -76.31 0.02 -26.07 0.00 -82.07 0.01 -173.12 0.00 80.76 0.01 50.57
10 0.00 -153.26 0.04 -11.59 0.00 14.35 0.02 4.98 0.00 -7.56 0.01 179.21 0.00 132.84 0.01 79.87
11 0.00 -58.84 0.04 7.97 0.00 151.92 0.02 5.59 0.00 -2.33 0.01 -141.01 0.00 166.46 0.02 80.91
12 0.00 42.46 0.04 17.25 0.00 24.98 0.01 -16.86 0.01 -113.21 0.02 -104.40 0.01 -159.64 0.02 91.23
13 0.00 -43.95 0.04 34.88 0.00 26.08 0.01 11.99 0.01 -56.98 0.01 -72.30 0.00 -166.09 0.01 88.34
14 0.01 -21.55 0.04 58.77 0.00 -128.57 0.01 64.66 0.01 -99.63 0.01 -103.67 0.01 -75.67 0.01 177.17
15 0.01 -19.82 0.04 59.76 0.01 -46.04 0.01 115.60 0.00 65.33 0.01 -117.31 0.01 -132.45 0.01 124.01
16 0.00 -7.89 0.04 47.28 0.01 25.09 0.01 50.22 0.01 -5.21 0.01 -105.44 0.00 -58.37 0.02 133.29
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Table A.29: VW ID.4 Pro — Harmonic Orders h34 to h41

Harmonic Order h34 h35 h36 h37 h38 h49 h40 h41

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -89.40 0.00 -8.74 0.00 -129.72 0.01 10.09 0.00 -66.38 0.01 -149.53 0.00 -37.07 0.01 33.38
7 0.00 131.51 0.00 61.46 0.00 -133.76 0.01 42.56 0.00 -69.67 0.01 -111.09 0.01 -21.07 0.02 70.97
8 0.00 -133.51 0.00 105.80 0.00 38.78 0.01 78.10 0.00 75.98 0.01 -83.46 0.01 64.70 0.02 129.75
9 0.00 137.33 0.01 160.35 0.00 175.63 0.01 148.88 0.01 149.90 0.02 -60.71 0.00 -93.67 0.01 158.78
10 0.00 -119.23 0.01 -113.79 0.00 22.66 0.00 -149.19 0.00 92.40 0.01 6.77 0.00 157.40 0.01 172.33
11 0.00 55.33 0.00 -83.84 0.00 3.28 0.01 -115.97 0.00 1.28 0.01 -12.35 0.00 -16.75 0.01 -125.10
12 0.00 83.56 0.01 74.67 0.00 -130.04 0.01 156.84 0.00 -50.93 0.00 6.85 0.00 20.54 0.02 -126.53
13 0.00 87.09 0.01 46.63 0.00 -104.12 0.00 179.00 0.01 -72.46 0.01 49.67 0.00 -11.85 0.02 -111.66
14 0.00 -11.90 0.01 -42.23 0.00 143.85 0.01 -79.29 0.00 -99.50 0.01 72.34 0.00 -77.46 0.01 -97.73
15 0.00 -115.52 0.01 -26.53 0.00 -43.46 0.01 -87.76 0.00 -89.92 0.00 103.85 0.00 -68.39 0.01 -82.11
16 0.00 -84.74 0.01 -1.67 0.00 -19.03 0.01 -50.69 0.00 105.31 0.01 -17.32 0.01 -118.35 0.02 -71.63

Table A.30: VW ID.4 Pro — Harmonic Orders h42 to h49

Harmonic Order h42 h43 h44 h45 h46 h47 h48 h49

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 70.33 0.01 -19.16 0.00 -99.28 0.01 -144.89 0.00 -177.72 0.01 -149.41 0.00 19.47 0.00 -136.01
7 0.01 47.27 0.01 33.92 0.00 30.31 0.01 -108.21 0.00 164.87 0.00 -85.79 0.00 -158.00 0.01 -65.63
8 0.00 -26.83 0.02 87.28 0.00 26.26 0.01 -57.14 0.00 -160.17 0.01 -55.79 0.00 117.93 0.00 0.12
9 0.01 6.84 0.01 122.77 0.00 -103.23 0.01 10.96 0.00 43.43 0.01 -7.13 0.00 47.55 0.01 -12.08
10 0.00 -104.21 0.01 125.41 0.00 34.54 0.01 2.52 0.00 28.62 0.01 -59.78 0.00 108.32 0.00 160.39
11 0.00 168.47 0.01 -178.20 0.00 152.58 0.01 20.17 0.00 97.63 0.01 28.53 0.00 -163.15 0.01 118.05
12 0.00 -89.77 0.01 -122.39 0.00 -149.33 0.01 -7.63 0.00 -107.41 0.01 13.80 0.00 -168.93 0.01 111.58
13 0.00 64.24 0.01 -169.93 0.00 153.98 0.00 -10.39 0.00 -169.03 0.01 -60.78 0.00 -143.87 0.01 -133.79
14 0.00 -130.25 0.01 -146.38 0.00 -176.50 0.00 96.14 0.00 -102.87 0.00 57.90 0.00 -154.08 0.01 -162.26
15 0.00 -154.47 0.01 -126.32 0.00 -33.85 0.01 76.93 0.01 44.06 0.01 59.72 0.00 -106.17 0.01 -165.83
16 0.00 -168.15 0.01 -66.32 0.00 -171.68 0.01 73.25 0.00 -25.88 0.01 97.44 0.00 -59.46 0.01 -169.80
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Table A.31: Tesla Model Y LR — Harmonic Orders h2 to h9

Harmonic Order h2 h3 h4 h5 h6 h7 h8 h9

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.01 -133.87 0.26 -85.42 0.00 -76.55 0.20 -53.98 0.01 -46.72 0.37 -81.22 0.01 -72.94 0.15 2.64
7 0.01 -106.18 0.26 -83.53 0.00 137.54 0.20 -50.58 0.01 -42.24 0.36 -81.26 0.01 -72.76 0.16 7.21
8 0.01 -87.53 0.26 -82.31 0.00 -100.90 0.21 -48.01 0.01 -40.86 0.37 -80.06 0.01 -75.33 0.17 9.10
9 0.02 -91.90 0.25 -85.37 0.00 26.33 0.20 -44.16 0.01 -24.47 0.37 -78.80 0.01 -62.64 0.18 10.50
10 0.00 -146.22 0.25 -85.82 0.00 78.30 0.21 -40.29 0.01 -43.18 0.36 -77.81 0.01 -71.36 0.18 13.76
11 0.02 -98.38 0.26 -81.29 0.00 11.76 0.21 -38.68 0.01 -35.91 0.37 -76.94 0.01 -69.76 0.20 12.72
12 0.02 -113.75 0.27 -78.46 0.00 -29.98 0.22 -35.07 0.01 -28.62 0.37 -75.82 0.01 -59.34 0.20 14.83
13 0.01 -99.75 0.28 -77.29 0.00 41.73 0.22 -32.75 0.00 -26.56 0.37 -74.81 0.01 -55.50 0.21 15.05
14 0.01 -104.97 0.29 -73.38 0.00 56.39 0.23 -31.32 0.00 -23.45 0.37 -73.42 0.01 -62.95 0.22 13.69
15 0.03 -103.60 0.30 -71.87 0.00 -59.05 0.24 -28.92 0.01 -54.56 0.38 -72.36 0.01 -66.45 0.23 14.22
16 0.01 -126.51 0.32 -69.19 0.00 33.93 0.25 -26.05 0.01 -24.69 0.37 -72.02 0.01 -57.64 0.23 16.12

Table A.32: Tesla Model Y LR — Harmonic Orders h10 to h17

Harmonic Order h10 h11 h12 h13 h14 h15 h16 h17

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -85.04 0.14 -119.99 0.00 -60.41 0.21 -30.24 0.01 -62.04 0.08 -125.87 0.00 -56.15 0.06 -133.41
7 0.00 -62.95 0.14 -138.97 0.01 -52.00 0.24 -30.81 0.01 -57.30 0.08 -131.46 0.00 -55.74 0.05 -169.51
8 0.00 -72.58 0.15 -148.01 0.00 -50.31 0.26 -32.58 0.00 -66.15 0.10 -128.04 0.00 -34.91 0.07 -165.11
9 0.00 -24.95 0.15 -154.81 0.00 -59.36 0.27 -32.48 0.01 -67.54 0.11 -127.33 0.00 -51.29 0.08 -156.61
10 0.00 -85.86 0.16 -154.55 0.01 -63.92 0.29 -33.76 0.01 -65.16 0.12 -129.06 0.00 -48.31 0.09 -155.94
11 0.00 -88.41 0.16 -158.69 0.00 -57.07 0.30 -35.00 0.01 -67.42 0.13 -127.35 0.01 -72.02 0.10 -151.94
12 0.00 -92.84 0.17 -153.90 0.01 -57.64 0.31 -36.36 0.01 -74.37 0.13 -126.58 0.00 -88.89 0.12 -148.09
13 0.00 -94.00 0.18 -149.63 0.01 -62.95 0.32 -35.83 0.01 -75.31 0.13 -129.86 0.01 -64.00 0.12 -152.88
14 0.00 -93.73 0.19 -144.89 0.01 -46.70 0.33 -36.92 0.01 -77.13 0.14 -128.93 0.00 -74.76 0.13 -154.59
15 0.00 -76.97 0.20 -142.51 0.00 -46.24 0.33 -38.87 0.01 -84.96 0.15 -128.37 0.00 -48.93 0.15 -147.78
16 0.00 -51.22 0.20 -144.13 0.01 -36.53 0.34 -38.27 0.01 -73.83 0.15 -130.63 0.00 -85.18 0.15 -149.72
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Table A.33: Tesla Model Y LR — Harmonic Orders h18 to h25

Harmonic Order h18 h19 h20 h21 h22 h23 h24 h25

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -55.57 0.17 -12.46 0.01 -40.33 0.02 1.75 0.00 -43.98 0.07 -73.01 0.01 -59.49 0.00 127.23
7 0.01 -50.56 0.16 -14.74 0.01 -40.40 0.02 18.39 0.01 -65.82 0.06 -87.90 0.01 -54.42 0.01 88.56
8 0.00 -44.11 0.16 -9.26 0.01 -41.52 0.02 20.96 0.00 -48.82 0.06 -84.78 0.01 -48.01 0.01 72.51
9 0.00 -71.33 0.17 -4.24 0.01 -40.79 0.01 9.16 0.01 -13.86 0.06 -89.69 0.01 -38.27 0.01 87.28
10 0.00 -69.01 0.17 -0.91 0.01 -23.89 0.00 -5.93 0.01 -34.62 0.07 -90.66 0.01 -40.85 0.01 69.38
11 0.01 -68.62 0.19 -0.05 0.01 -29.89 0.00 -2.50 0.01 -13.08 0.08 -88.70 0.01 -26.19 0.01 120.02
12 0.00 -77.84 0.20 -1.52 0.01 -22.78 0.01 178.64 0.00 -0.53 0.08 -93.76 0.01 -53.24 0.01 158.12
13 0.00 -61.87 0.21 -4.18 0.01 -20.55 0.02 -176.98 0.01 -29.98 0.09 -97.51 0.01 -50.65 0.02 140.68
14 0.00 -112.23 0.23 -4.52 0.01 -44.19 0.02 172.95 0.00 -32.34 0.10 -98.46 0.01 -56.44 0.02 159.31
15 0.00 -75.03 0.24 -4.28 0.01 -43.83 0.02 150.24 0.01 -27.70 0.10 -100.95 0.01 -52.91 0.03 -176.76
16 0.01 -87.01 0.25 -8.32 0.01 -64.86 0.02 161.26 0.00 -36.55 0.10 -108.98 0.01 -70.41 0.04 170.63

Table A.34: Tesla Model Y LR — Harmonic Orders h26 to h33

Harmonic Order h26 h27 h28 h29 h30 h31 h32 h33

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -86.25 0.02 31.92 0.01 2.38 0.03 -93.89 0.00 -46.01 0.03 46.84 0.01 8.81 0.01 141.75
7 0.00 -91.42 0.01 67.90 0.01 13.79 0.04 -93.94 0.00 -61.65 0.03 93.62 0.01 4.65 0.01 -150.01
8 0.00 -43.85 0.02 96.84 0.01 12.98 0.05 -111.09 0.00 -59.90 0.04 104.92 0.01 -14.37 0.01 -155.03
9 0.00 -64.00 0.02 101.39 0.00 -27.39 0.05 -118.62 0.00 -122.98 0.05 82.64 0.01 -18.80 0.02 -153.64
10 0.00 -36.12 0.03 84.31 0.00 -50.89 0.04 -122.22 0.00 -79.88 0.04 63.15 0.01 -28.06 0.03 -148.13
11 0.00 -20.62 0.02 91.62 0.01 -25.40 0.05 -125.38 0.00 -48.93 0.03 58.80 0.01 -18.83 0.03 -159.55
12 0.01 -41.70 0.02 96.72 0.00 14.80 0.05 -125.95 0.00 -73.20 0.04 54.84 0.01 -1.09 0.03 -165.49
13 0.00 -46.09 0.02 81.98 0.01 18.00 0.04 -124.53 0.00 -37.69 0.03 72.88 0.01 18.64 0.03 -163.44
14 0.00 -74.55 0.02 100.68 0.01 32.57 0.05 -126.36 0.00 -99.82 0.04 45.55 0.01 16.61 0.03 -167.86
15 0.00 -32.27 0.02 123.33 0.00 34.56 0.06 -139.70 0.00 -77.58 0.04 69.44 0.01 10.77 0.02 -179.34
16 0.00 -82.11 0.03 128.33 0.01 -2.53 0.07 -129.84 0.01 -73.54 0.07 73.20 0.01 28.04 0.03 -175.81
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Table A.35: Tesla Model Y LR — Harmonic Orders h34 to h41

Harmonic Order h34 h35 h36 h37 h38 h49 h40 h41

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.01 -49.58 0.04 -30.19 0.00 1.84 0.04 -48.50 0.01 -14.87 0.01 146.86 0.00 -76.99 0.03 -77.47
7 0.01 -25.46 0.04 -15.10 0.01 55.94 0.03 -61.62 0.00 56.61 0.02 124.06 0.00 -70.32 0.04 -61.94
8 0.00 10.25 0.04 -1.85 0.01 70.93 0.03 -62.96 0.00 83.74 0.01 123.93 0.01 -33.44 0.04 -75.14
9 0.00 2.95 0.05 14.57 0.00 111.44 0.03 -34.23 0.00 134.54 0.01 118.64 0.01 -35.64 0.04 -78.21
10 0.00 157.13 0.06 21.74 0.00 170.69 0.04 -28.70 0.00 -80.27 0.01 122.47 0.00 -15.23 0.03 -51.76
11 0.00 -148.18 0.06 7.32 0.00 122.30 0.04 -52.47 0.00 -45.77 0.01 148.29 0.00 21.40 0.03 -47.54
12 0.00 -129.80 0.07 -12.03 0.00 80.52 0.05 -58.60 0.00 -35.16 0.01 145.92 0.00 16.81 0.03 -68.63
13 0.00 -110.69 0.07 -4.50 0.00 86.12 0.05 -61.36 0.01 -38.63 0.02 146.20 0.00 -4.29 0.04 -79.11
14 0.00 -78.94 0.07 -6.17 0.00 35.97 0.05 -79.68 0.00 -8.56 0.02 129.66 0.00 -34.23 0.05 -70.70
15 0.00 -72.90 0.07 -19.44 0.00 -52.28 0.05 -95.02 0.00 127.48 0.02 131.35 0.00 -173.81 0.05 -90.14
16 0.00 -52.05 0.06 -5.18 0.00 -8.32 0.05 -69.23 0.01 -23.34 0.03 140.34 0.00 124.59 0.05 -91.33

Table A.36: Tesla Model Y LR — Harmonic Orders h42 to h49

Harmonic Order h42 h43 h44 h45 h46 h47 h48 h49

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.01 -56.34 0.01 -171.07 0.01 -75.88 0.01 113.51 0.01 -18.96 0.01 154.18 0.01 -43.26 0.01 157.13
7 0.01 -24.80 0.02 -154.51 0.00 -40.81 0.01 134.87 0.01 -49.11 0.01 154.00 0.02 -61.06 0.01 163.74
8 0.01 12.53 0.03 -165.82 0.00 -107.85 0.02 140.34 0.02 -73.94 0.02 170.61 0.02 -84.88 0.01 170.96
9 0.01 23.54 0.03 -173.10 0.00 -131.84 0.02 139.10 0.02 -58.60 0.03 -165.33 0.02 -80.37 0.02 -174.25
10 0.01 50.55 0.02 -163.68 0.01 148.92 0.02 136.27 0.03 -45.51 0.03 -163.82 0.02 -65.33 0.03 -169.33
11 0.00 46.63 0.02 -175.43 0.01 163.45 0.02 142.40 0.03 -44.08 0.03 -162.87 0.02 -64.47 0.03 -168.83
12 0.00 36.19 0.03 -156.37 0.01 -178.73 0.02 127.92 0.03 -32.50 0.03 -161.40 0.02 -54.59 0.03 -172.84
13 0.00 44.47 0.03 -159.19 0.01 -168.96 0.02 131.53 0.03 -18.60 0.03 -174.72 0.02 -41.86 0.03 -175.43
14 0.00 -75.34 0.03 -151.24 0.01 -151.04 0.02 130.87 0.03 -4.03 0.03 -170.84 0.00 118.58 0.03 -166.55
15 0.00 -62.52 0.04 -156.68 0.01 -137.11 0.03 134.51 0.01 -12.51 0.03 -162.03 0.01 -177.28 0.03 -170.08
16 0.00 -140.81 0.04 -155.73 0.01 -116.84 0.03 139.69 0.03 -46.00 0.04 -148.25 0.02 -135.71 0.03 -168.89
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Table A.37: Peugeot e-2008 — Harmonic Orders h2 to h9

Harmonic Order h2 h3 h4 h5 h6 h7 h8 h9

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.08 78.97 0.20 16.37 0.04 -63.08 1.00 -28.98 0.02 -19.43 1.00 -47.10 0.01 -28.71 0.12 -41.32
7 0.06 91.30 0.23 21.53 0.02 -75.71 1.07 -28.77 0.01 8.70 1.05 -46.73 0.02 -33.99 0.12 -43.67
8 0.07 83.14 0.23 19.49 0.06 -94.52 1.10 -28.90 0.02 -55.22 1.09 -47.23 0.01 -54.57 0.14 -43.96
9 0.08 88.45 0.23 14.89 0.08 -90.36 1.13 -27.80 0.00 110.28 1.11 -46.94 0.01 -23.25 0.14 -45.96
10 0.06 79.73 0.26 20.01 0.06 -93.65 1.14 -27.37 0.01 -116.60 1.10 -47.22 0.02 -25.79 0.16 -45.12
11 0.08 89.98 0.24 16.40 0.06 -95.27 1.16 -26.65 0.00 18.70 1.06 -47.63 0.02 -25.41 0.15 -46.81
12 0.10 77.15 0.26 19.98 0.04 -92.76 1.22 -25.94 0.01 -14.04 1.05 -47.34 0.02 -47.96 0.15 -46.57
13 0.04 42.84 0.26 17.95 0.07 -67.27 1.18 -26.05 0.01 -4.96 1.06 -48.40 0.02 -46.36 0.16 -48.63
14 0.10 76.04 0.27 17.94 0.06 -74.80 1.19 -26.15 0.01 -72.81 1.08 -48.31 0.01 -35.39 0.16 -47.47
15 0.08 76.09 0.29 21.03 0.07 -94.55 1.22 -25.55 0.00 -41.31 1.05 -48.43 0.02 -45.27 0.17 -48.78

Table A.38: Peugeot e-2008 — Harmonic Orders h10 to h17

Harmonic Order h10 h11 h12 h13 h14 h15 h16 h17

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.01 -48.02 0.04 88.04 0.01 -31.44 0.24 -3.55 0.00 -42.93 0.03 79.67 0.00 16.66 0.09 -7.26
7 0.00 -134.73 0.03 123.63 0.01 -26.59 0.26 -4.14 0.00 -105.09 0.03 78.17 0.00 32.31 0.09 -3.35
8 0.01 -43.21 0.03 130.02 0.01 -84.60 0.28 -4.94 0.00 62.59 0.03 77.58 0.00 1.46 0.08 -8.79
9 0.01 -81.77 0.05 143.38 0.01 -30.18 0.29 -5.84 0.00 132.21 0.03 79.34 0.01 2.39 0.08 -7.84
10 0.01 -102.59 0.05 160.96 0.01 -59.65 0.31 -5.64 0.00 -168.88 0.04 91.33 0.00 -26.43 0.08 -7.70
11 0.01 -41.04 0.06 150.99 0.01 -79.92 0.32 -7.47 0.00 140.91 0.04 93.47 0.01 35.72 0.08 -10.16
12 0.01 -97.12 0.05 168.66 0.01 -35.35 0.33 -8.57 0.00 -82.70 0.04 95.29 0.01 4.31 0.08 -8.91
13 0.01 -125.82 0.07 -173.82 0.01 -26.84 0.35 -9.97 0.01 -142.64 0.05 84.16 0.00 -2.45 0.07 -4.33
14 0.01 -116.58 0.07 -156.21 0.01 -135.58 0.36 -11.77 0.01 133.87 0.05 83.00 0.00 -88.86 0.07 -5.17
15 0.01 -119.21 0.06 -167.02 0.01 -62.60 0.36 -11.59 0.00 -61.22 0.05 77.79 0.01 -18.42 0.06 -1.62
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Table A.39: Peugeot e-2008 — Harmonic Orders h18 to h25

Harmonic Order h18 h19 h20 h21 h22 h23 h24 h25

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.01 14.20 0.15 -8.75 0.00 -31.96 0.03 61.22 0.01 17.20 0.05 45.09 0.00 4.63 0.08 39.81
7 0.01 -5.25 0.15 -5.95 0.00 16.66 0.03 60.85 0.01 22.58 0.05 46.67 0.00 83.47 0.08 38.55
8 0.01 -3.62 0.15 -6.06 0.00 -17.94 0.03 72.99 0.01 30.23 0.05 50.19 0.00 87.90 0.08 36.15
9 0.01 -6.61 0.15 -3.68 0.00 0.83 0.03 77.42 0.00 44.28 0.05 53.26 0.00 76.27 0.08 37.93
10 0.01 -1.43 0.15 -2.76 0.01 12.88 0.03 69.37 0.01 7.98 0.05 43.48 0.00 74.22 0.08 40.49
11 0.01 -9.14 0.15 -2.40 0.00 30.33 0.03 71.88 0.00 24.15 0.05 44.19 0.00 62.13 0.08 41.84
12 0.01 -17.23 0.15 -0.16 0.00 6.68 0.04 74.04 0.00 42.11 0.04 49.23 0.00 56.79 0.08 41.12
13 0.01 -7.66 0.16 0.08 0.00 9.37 0.04 76.26 0.00 24.34 0.05 44.99 0.00 92.21 0.09 39.48
14 0.01 -10.50 0.17 -0.41 0.00 18.04 0.04 79.13 0.01 2.24 0.05 47.20 0.01 57.74 0.09 39.99
15 0.01 -21.20 0.17 -0.26 0.00 10.91 0.04 73.81 0.01 22.28 0.05 45.38 0.01 49.54 0.08 41.58

Table A.40: Peugeot e-2008 — Harmonic Orders h26 to h33

Harmonic Order h26 h27 h28 h29 h30 h31 h32 h33

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 19.89 0.01 139.81 0.00 11.18 0.03 33.77 0.00 -41.65 0.00 7.16 0.01 23.95 0.00 -140.34
7 0.01 13.17 0.01 136.76 0.00 -23.63 0.03 39.19 0.00 78.98 0.01 25.28 0.01 41.24 0.00 -82.32
8 0.01 0.76 0.02 129.45 0.00 28.00 0.03 41.48 0.00 -11.80 0.01 6.65 0.01 40.42 0.00 -80.58
9 0.01 6.22 0.01 138.51 0.01 36.97 0.04 41.35 0.00 106.46 0.01 10.30 0.01 70.00 0.00 -42.32
10 0.00 49.54 0.01 134.94 0.00 7.26 0.03 38.90 0.00 10.18 0.01 3.29 0.01 43.71 0.00 -33.05
11 0.01 -0.20 0.01 142.69 0.01 1.53 0.04 37.30 0.00 86.89 0.02 4.97 0.01 40.68 0.00 -7.91
12 0.00 18.71 0.01 148.02 0.01 51.33 0.03 42.99 0.00 -102.89 0.02 8.77 0.01 33.91 0.00 0.07
13 0.01 3.92 0.01 139.17 0.00 -3.56 0.04 36.96 0.00 82.39 0.01 -5.70 0.01 40.05 0.01 -23.07
14 0.01 20.35 0.01 149.43 0.00 2.58 0.03 41.52 0.00 30.99 0.01 -13.23 0.01 41.81 0.01 -30.34
15 0.01 8.97 0.01 144.18 0.01 25.89 0.04 39.09 0.00 72.17 0.01 0.45 0.01 35.24 0.01 -35.16
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Table A.41: Peugeot e-2008 — Harmonic Orders h34 to h41

Harmonic Order h34 h35 h36 h37 h38 h49 h40 h41

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.01 46.17 0.00 28.33 0.00 77.03 0.01 -47.23 0.00 5.45 0.00 178.05 0.00 28.93 0.00 127.79
7 0.00 30.26 0.01 25.72 0.00 115.09 0.01 -41.93 0.00 29.72 0.01 170.18 0.00 -8.89 0.00 54.32
8 0.01 41.98 0.01 9.61 0.00 77.42 0.01 -16.01 0.00 28.41 0.00 -165.96 0.00 24.07 0.00 82.23
9 0.00 64.23 0.01 9.06 0.00 86.96 0.01 -16.45 0.00 57.71 0.00 170.79 0.00 11.87 0.00 81.18
10 0.00 36.20 0.00 30.62 0.00 122.26 0.01 -16.27 0.00 37.97 0.00 168.39 0.00 20.43 0.00 77.75
11 0.00 61.54 0.00 36.54 0.00 106.97 0.01 -18.40 0.00 54.84 0.00 145.24 0.00 29.84 0.00 93.48
12 0.01 61.25 0.00 55.46 0.00 99.97 0.01 -10.10 0.00 49.38 0.00 128.01 0.00 -11.45 0.00 55.36
13 0.01 52.52 0.01 60.48 0.00 110.17 0.01 -16.22 0.00 67.99 0.00 115.67 0.00 -7.51 0.00 46.94
14 0.01 43.19 0.01 58.73 0.00 109.60 0.01 -38.40 0.00 91.68 0.00 122.94 0.00 9.50 0.00 97.69
15 0.01 47.26 0.01 52.95 0.00 -144.91 0.01 -16.36 0.00 72.39 0.00 129.00 0.00 -11.88 0.00 78.80

Table A.42: Peugeot e-2008 — Harmonic Orders h42 to h49

Harmonic Order h42 h43 h44 h45 h46 h47 h48 h49

Charging Rate (A) A θ A θ A θ A θ A θ A θ A θ A θ

6 0.00 -98.37 0.00 66.98 0.00 -9.49 0.00 166.70 0.00 111.79 0.00 -60.71 0.00 -161.16 0.00 -21.81
7 0.00 -33.42 0.00 91.48 0.00 -30.59 0.00 154.03 0.00 96.28 0.00 -123.83 0.00 -149.98 0.00 -135.31
8 0.00 -58.52 0.00 121.56 0.00 -40.02 0.00 148.76 0.01 55.23 0.00 -125.67 0.00 -168.41 0.00 41.71
9 0.00 -54.71 0.00 152.88 0.00 -36.47 0.00 144.92 0.01 77.73 0.00 -115.16 0.00 -157.56 0.00 168.21
10 0.00 -13.41 0.00 178.09 0.01 -39.41 0.00 124.33 0.01 67.39 0.00 -100.47 0.00 -173.94 0.00 104.21
11 0.00 -33.65 0.00 132.71 0.00 -70.16 0.00 166.16 0.01 70.99 0.00 -100.98 0.00 -166.05 0.00 91.09
12 0.00 -35.97 0.00 112.35 0.00 -18.59 0.00 129.57 0.01 46.67 0.00 -100.45 0.00 -157.66 0.00 83.60
13 0.00 -17.93 0.00 119.50 0.01 -45.51 0.00 106.38 0.01 78.52 0.00 -95.40 0.00 -146.08 0.00 88.05
14 0.00 12.94 0.00 92.17 0.00 -43.13 0.00 106.40 0.00 60.17 0.00 -94.83 0.00 -116.52 0.00 93.35
15 0.00 8.08 0.00 -94.14 0.01 -54.86 0.00 108.31 0.01 76.80 0.00 -93.64 0.00 -152.95 0.00 103.76
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[90] P. Lico, M. Marinelli, K. Knezović, and S. Grillo, “Phase balancing by means of

electric vehicles single-phase connection shifting in a low voltage danish grid,”

in 2015 50th International Universities Power Engineering Conference (UPEC).

IEEE, 2015, pp. 1–5.

[91] S. Rivera, S. Kouro, S. Vazquez, S. M. Goetz, R. Lizana, and E. Romero-Cadaval,

“Electric vehicle charging infrastructure: From grid to battery,” IEEE Industrial

Electronics Magazine, vol. 15, no. 2, pp. 37–51, 2021.

[92] V. Monteiro, J. C. Ferreira, A. A. N. Melendez, J. A. Afonso, C. Couto, and J. L.

Afonso, “Experimental validation of a bidirectional three-level dc-dc converter for

on-board or off-board ev battery chargers,” in IECON 2019-45th Annual Con-

ference of the IEEE Industrial Electronics Society, vol. 1. IEEE, 2019, pp.

3468–3473.

[93] L. Lanz, B. Noll, T. S. Schmidt, and B. Steffen, “Comparing the levelized cost

of electric vehicle charging options in Europe,” Nature Communications, vol. 13,

no. 1, p. 5277, 2022.

[94] N. Zhou, J. Wang, Q. Wang, and N. Wei, “Measurement-based harmonic model-

ing of an electric vehicle charging station using a three-phase uncontrolled recti-

fier,” IEEE Transactions on Smart Grid, vol. 6, no. 3, pp. 1332–1340, 2014.

[95] M. S. Dahidah, G. Konstantinou, and V. G. Agelidis, “A review of multilevel

selective harmonic elimination PWM: formulations, solving algorithms, imple-

mentation and applications,” IEEE Transactions on Power Electronics, vol. 30,

no. 8, pp. 4091–4106, 2014.
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