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Abstract

thesis entitled: Modeling and Assessment of Grounding Systems
for Power  Distribution  Networks  under

Fault Conditions
Submitted by : Zhe Li

For the degree of : Doctor of Philosophy

This thesis explores the modeling and evaluation of grounding systems in
power distribution networks, with a particular focus on addressing the challenges
posed by lightning transients and fault conditions. As modern infrastructures
become increasingly reliant on sensitive electronic systems, the risks associated
with lightning strikes and fault currents have grown significantly, as these systems
are more vulnerable to damage. Lightning events can induce high-voltage surges
that affect both the power grid and sensitive equipment, while fault conditions,
particularly in low-voltage distribution systems, can create hazardous touch
voltage levels, leading to potential electrocution risks. Given the growing
dependence on electrical and electronic systems in urban environments, ensuring
effective grounding solutions is critical for both protecting equipment and
ensuring human safety. This research investigates these issues in depth, aiming to
provide a better understanding of the behavior of grounding systems under
lightning strikes and fault scenarios, with a view to enhancing protective measures

and improving overall safety in power distribution networks.

The first part of this research focuses on simulating lightning strikes, a major
risk for power distribution networks, particularly in areas with tall structures such
as wind turbines. This research introduces a novel Nonlinear Charge Simulation
Method (NCSM) to model the charge dynamics in downward negative lightning
leaders. This method offers a more accurate representation of the complex
electrical interactions that occur during lightning strikes, providing critical
insights for improving lightning protection measures in sensitive and critical

infrastructure. A hybrid model combining Transmission Line (TL) theory and
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Partial Element Equivalent Circuit (PEEC) methods is proposed to simulate the
interaction between lightning channels and such structures. This model accounts
for electromagnetic coupling effects that are often neglected in conventional
lightning simulation approaches. The model not only improves the understanding
of lightning-induced transients but also helps in evaluating the performance of
lightning protection systems, such as grounding electrodes and surge arresters, in
mitigating the effects of lightning strikes on tall structures. This is particularly
significant as the size and number of tall structures like wind turbines continue to
increase globally, demanding better protection strategies to prevent equipment

damage and ensure operational reliability.

In the second part of the thesis, the focus shifts to fault conditions, with an
in-depth evaluation of the risks posed by touch voltage and fault potential in low-
voltage (LV) distribution systems, particularly in older residential communities
with outdated grounding configurations. In such environments, traditional
grounding systems often fail to provide adequate protection, increasing the risk of
electrocution during faults. This research uses the PEEC method to model various
grounding configurations, including TT, TT(M)-C-S, and TX(M)-C-S, assessing
their ability to mitigate the risks of electrocution in fault scenarios such as phase-
to-ground and line-to-neutral faults. The simulations reveal how different
grounding designs affect touch voltage levels and fault potential, highlighting the
critical role that grounding configurations play in reducing safety hazards,
particularly in areas where modern protective devices are difficult or costly to
retrofit. The results from this research demonstrate that specific grounding
configurations can significantly reduce the touch voltage levels, making it safer
for residents, especially in aging urban communities with outdated electrical
infrastructure. Furthermore, the study emphasizes the importance of distributed
grounding points along network paths to enhance safety in low-voltage
distribution systems, suggesting that such designs can help mitigate the risks of

electrocution and improve the overall safety of the electrical system.

In conclusion, the research presents significant advancements in the
modeling and assessment of grounding systems, providing a robust framework for
understanding and mitigating the risks associated with lightning strikes and
electrical faults. These contributions are essential for the development of more
resilient, fault-tolerant infrastructures, particularly in aging urban environments,
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and provide critical guidance for the design of improved grounding solutions that
ensure both human safety and equipment protection in modern power distribution

systems.

Keywords: lighting protection, fault protection, PEEC, numerical

simulation, electromagnetic transients.
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1. Introduction

1.1 Background

As electrical distribution grids in residential areas continue to evolve, many older
neighborhoods face significant challenges in ensuring the safety and reliability of
their electrical systems. While modern distribution networks benefit from
advancements in electrical engineering, older systems often rely on outdated
infrastructure that lacks the necessary protective devices to effectively manage risks
associated with electrical faults and transient overvoltages. Specifically, issues such
as inadequate fault protection, insufficient grounding, and vulnerability to lightning-
induced overvoltages pose significant safety concerns. These problems are further
compounded by the difficulty of upgrading electrical systems in established

buildings due to financial constraints and structural limitations.

This thesis focuses on the electromagnetic transient simulation methods for power
distribution networks based on the Partial Element Equivalent Circuit (PEEC)
approach, with a particular emphasis on lightning and fault analysis scenarios. The
research addresses two key issues in electrical distribution grids: 1) lightning
modeling and protection of tall structures, and 2) fault potential and touch voltage

risks in low-voltage (LV) distribution systems.
1.1.1 Lightning modeling and protection of tall structures

In recent decades, the increasing deployment of tall infrastructure such as wind
turbines, skyscrapers, broadcast towers, and telecommunication masts has
significantly altered the landscape of power systems and urban development. While
these structures support critical services and sustainable energy development, they
are also highly susceptible to lightning strikes due to their physical height and
exposed locations. Lightning, a natural but complex atmospheric discharge
phenomenon, can inject currents of tens to hundreds of kiloamperes into these
structures, often resulting in overvoltages that threaten the structural integrity of

equipment, disrupt power delivery, and pose safety hazards to personnel.
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The design of lightning protection systems for such structures traditionally
follows empirical or simplified engineering models that are based on assumptions
valid only for low-height installations or idealized ground conditions. These models
often overlook the intricate physical processes involved in lightning discharge,
particularly during the leader formation and attachment phase. In conventional
approaches, the lightning channel is represented as a simple current source, and the
interaction between the lightning and the protected structure is often treated in
isolation. However, recent studies have shown that the dynamic behavior of the
lightning leader, including the evolution of the corona sheath and its nonlinear
interactions with the surrounding medium, significantly affects the electromagnetic
fields induced in and around tall structures. The neglect of these effects leads to
underestimation of peak overvoltages and ineffective design of critical protective

components such as surge arresters, grounding electrodes, and bonding networks.

From a scientific perspective, modeling the lightning discharge process presents
several challenges. The physical properties of the lightning channel—including its
time-varying conductivity, expanding core radius, and corona charge distribution—
are not uniform along its length and change rapidly during the discharge process.
Moreover, the induced fields on nearby conductors are strongly influenced by the
geometrical arrangement, grounding configuration, and frequency-dependent
behavior of soil resistivity. Capturing these factors requires a multi-physics
modeling approach that integrates electromagnetic theory with atmospheric

discharge physics.

One of the key gaps in current research is the lack of integrated models that can
simulate the interaction between a lightning channel and a tall structure in a way that
reflects both the spatial distribution of charges and the dynamic behavior of the
channel. Traditional models such as the transmission line (TL) model or the antenna
theory (AT) model have certain advantages but are often limited in scope and
accuracy when applied to complex geometries. Recent advancements in numerical
methods, such as the Partial Element Equivalent Circuit (PEEC) method, provide
promising avenues to simulate the full electromagnetic behavior of wire-based
systems and grounding networks in the time domain, with realistic representations
of physical parameters. When coupled with an improved model for the lightning

channel that considers corona sheath evolution and nonlinear charge-potential
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relationships, these tools can significantly enhance our ability to evaluate and

mitigate lightning-induced hazards.

From an engineering standpoint, the accurate prediction of transient overvoltages
and the associated current paths is essential for the effective design of protection
systems in wind farms, urban high-rises, and critical infrastructure. As wind turbines
grow taller—often exceeding 150 meters in blade tip height—their probability of
being struck by lightning increases, and so does the potential for insulation failure,
control system malfunction, and grounding grid overload. Inadequate modeling of
these events may lead to the deployment of protection schemes that are either
insufficient or excessively conservative, resulting in either compromised reliability
or unnecessary cost. Moreover, in the presence of poor soil conductivity or shallow
grounding systems, the step and touch voltages arising from lightning strikes can
exceed safe limits, posing a significant risk to maintenance personnel and nearby

residents.

Thus, the need for a physically accurate and computationally efficient model that
accounts for the mutual interaction between lightning channels and tall grounded
structures is both urgent and highly practical. By incorporating nonlinear charge
simulation, corona sheath dynamics, and detailed grounding structure modeling
using hybrid TL-PEEC methods, a new class of simulation tools can be developed.
These tools would not only improve the scientific understanding of lightning physics
but also provide practical guidance for designing more resilient grounding and surge

protection systems.

The research presented in this thesis contributes to this goal by proposing a
nonlinear charge simulation method (NCSM) for downward negative leaders and
integrating it with a hybrid TL-PEEC framework. This approach enables the
analysis of lightning-induced transient responses in tall structures with
unprecedented physical fidelity. By bridging the gap between physical modeling and
engineering application, the work advances the state-of-the-art in lightning
protection system design and provides essential insights into the safe and reliable

operation of tall infrastructure under severe atmospheric conditions.

1.1.2 Fault potential and touch voltage risk in LV distribution systems
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With the increasing complexity and aging of urban infrastructure, electrical safety
in LV distribution systems has become an urgent and multifaceted issue, particularly
in older residential communities. These communities, often developed decades ago,
are typically equipped with outdated wiring layouts, inadequate grounding measures,
and protective devices that no longer meet modern safety standards. The rapid urban
expansion in regions such as Southeast Asia and Southern China has led to the
emergence of densely populated urban villages and informal housing clusters where
the electrical systems are neither standardized nor regularly maintained. In such
environments, the risk of electric shock resulting from grounding faults, insufficient

equipotential bonding, and line interruptions remains alarmingly high.

Electric shock incidents in LV networks can result from a variety of fault
scenarios, including phase-to-ground faults, line-to-neutral faults, and neutral-line
disconnections. In each of these cases, a dangerous fault potential may develop
across exposed conductive parts such as water heaters, household appliances, and
building frameworks. If the human body comes into contact with these conductive
surfaces while simultaneously connected to the ground (e.g., by standing barefoot
on a concrete floor), a hazardous touch voltage may be induced across the body,
potentially leading to severe injury or even fatality. These risks are exacerbated in
residential areas where protective devices such as Residual Current Devices (RCDs)
are either absent or have become unreliable due to equipment aging or improper

installation.

Traditional safety strategies for LV systems rely on automatic disconnection of
supply during fault events and proper implementation of equipotential bonding.
However, in aging neighborhoods, several constraints limit the practical application
of these protective measures. Firstly, the cost and complexity of retrofitting outdated
electrical systems are often prohibitive, especially in economically disadvantaged
communities. Secondly, building structures constructed decades ago may not have
been designed with a dedicated protective earth (PE) conductor or modern grounding
schemes. Finally, informal or unauthorized electrical modifications, which are
common in urban villages, further complicate the situation by introducing

inconsistencies and safety hazards into the distribution network.

Grounding configuration plays a central role in determining the electrical safety

of LV systems. Commonly adopted configurations such as TT (Terra-Terra),
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TT(M)-C-S (multi-grounded TT with common-neutral bonding), and TX(M)-C-S
(hybrid TN-C-S system with multiple grounding points) differ in how the neutral
and protective earth conductors are arranged and grounded. These variations directly
affect fault current paths, grounding impedance, and ultimately the resulting touch
voltage at different locations throughout the network. However, a detailed
comparison of these configurations under real-world fault conditions, especially in
deteriorating infrastructure, is lacking in the literature. Engineering standards
provide general guidelines, but do not offer clear quantitative evaluations of the fault
potential distribution or the risk levels for specific grounding topologies in aged

systems.

From a scientific standpoint, the accurate prediction of touch voltage and fault
potential requires an electromagnetic model capable of capturing the distributed
nature of conductors, grounding electrodes, soil resistivity, and even building
foundations. Traditional circuit-based models fall short in this respect due to their
oversimplified representations of physical structures. Finite Element Method (FEM)
and Boundary Element Method (BEM) approaches offer more detailed modeling
capabilities but are often limited by computational costs when applied to complex
distribution systems. In contrast, the Partial Element Equivalent Circuit (PEEC)
method has emerged as a powerful and versatile modeling technique that can
represent complex conductor geometries, incorporate frequency-dependent ground
parameters, and simulate transient electromagnetic behavior in the time domain. By
applying PEEC to residential LV networks, it becomes possible to accurately
quantify the impact of grounding design and structural configuration on safety-

related parameters.

The role of building materials and embedded conductors, such as steel
reinforcement in concrete (rebars), in fault current dissipation is equally important.
These structural elements, although not originally designed for electrical purposes,
can influence the current return path during an electric shock event. When rebars are
unintentionally energized or bonded to grounded components, they may serve as
alternate current paths, affecting both the distribution of fault potential and the touch
voltage experienced by residents. The lack of standardized practices regarding the
bonding of such elements introduces significant variability and uncertainty in safety

assessments.
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This research addresses both engineering and academic challenges in evaluating
and mitigating fault potential and touch voltage risks in L'V distribution systems. It
focuses on (1) modeling the performance of typical grounding configurations in
aging residential networks, (2) assessing the role of structural conductors such as
rebars in current distribution during fault conditions, and (3) proposing practical
grounding strategies that can enhance safety without requiring large-scale
infrastructural overhauls. A simulation framework based on the PEEC method is
developed to analyze the influence of fault location, grounding configuration, soil

resistivity, and structural layout on fault potential and touch voltage.

By combining field measurements, practical case studies, and advanced numerical
modeling, this research contributes to the development of safer, more resilient LV
distribution systems in real-world urban environments. The findings are particularly
relevant to policymakers, utility companies, and engineers tasked with upgrading or
maintaining electrical infrastructure in aging or economically constrained residential
areas. Ultimately, this work supports the broader goal of reducing electrical hazards
and improving the quality of life in vulnerable communities through informed,

technically grounded design decisions.
1.2 Objectives

This thesis aims to address the following two issues:
(1) Lightning Modeling and Protection of Tall Structures

The primary focus of this issue lies in enhancing the accuracy and reliability of
lightning modeling and protection systems, which are crucial for safeguarding tall
structures and distribution networks from the potentially catastrophic effects of
lightning strikes. As infrastructure continues to grow taller and more complex, and
as lightning-induced surges increase in frequency and intensity, effective lightning
protection and fault mitigation systems are becoming more important. The first
objective addresses the need for a better understanding of the charge dynamics in
lightning strikes, while the second objective focuses on accurately representing the
interaction between lightning channels and tall structures. Both objectives are

essential for bridging theoretical lightning models with practical engineering
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applications, improving the safety and operational reliability of modern electrical

systems exposed to lightning strikes.

Objective 1: Development of a Nonlinear Charge Simulation Method for

Lightning Leader Dynamics.

The first objective of this research is to develop a nonlinear charge simulation
method that accurately models the temporal and spatial charge evolution in the
leader stage of downward negative lightning. Lightning is a highly complex,
nonlinear phenomenon, and traditional models often fail to account for the intricate
and dynamic interactions between the cloud, the leader channel, and the ground. By
incorporating time-variant and nonlinear corona effects into the simulation, this
method will provide a more precise representation of the charge distribution during
lightning strikes. This will allow for a better understanding of the electric field

dynamics that occur as the lightning leader propagates toward the ground.

The key contribution of this objective is the development of a realistic model that
closely aligns with experimental observations of lightning charge distribution, which
is critical for improving the design of lightning protection systems. The insights
gained from this work will be instrumental in refining lightning protection strategies,
particularly for tall structures and sensitive infrastructure. A more accurate
simulation of the lightning leader's behavior will enhance the ability to predict
lightning-induced transients and improve the performance of protective measures

such as surge arresters and grounding systems.

Objective 2: Development of an Integrated Model for Lightning Strikes Tall

Structures.

The second objective of this research is to develop an integrated model that
accurately represents the interaction between a lightning channel and tall structures,
such as wind turbines, high-rise buildings, and communication towers. This
objective focuses on the limitations of existing models, which often treat the
lightning channel as a simple current source and fail to account for the dynamic
behavior of the lightning channel and its interaction with the surrounding structure.
By employing a modified transmission line (TL) model for the lightning channel and

the Partial Element Equivalent Circuit (PEEC) method for the structure, this model
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will provide a comprehensive and accurate representation of lightning-induced

currents and electromagnetic fields in tall structures.

The primary contribution of this objective is to overcome the simplifications of
traditional models by incorporating the nonlinear, non-uniform characteristics of the
lightning channel and the corona sheath, which can significantly affect the induced
lightning currents in tall structures. By doing so, this research will provide a more
accurate and reliable tool for designing lightning protection systems that better
protect critical infrastructure from lightning-induced damage. This integrated model
will be especially useful for the design of wind turbine protection systems, where

the size and frequency of lightning strikes make traditional approaches insufficient.

Together, these two objectives address critical gaps in current lightning protection
research and practice. The development of a nonlinear charge simulation method and
the integration of more sophisticated models for tall structures will provide a more
accurate, physically grounded approach to understanding and mitigating lightning-
induced hazards. This research will not only improve theoretical lightning models
but also contribute directly to the engineering design of safer, more resilient
infrastructure, particularly in high-risk areas where lightning strikes are frequent and
intense. These advancements will have a profound impact on the design and
reliability of lightning protection systems, ensuring the continued safety of both

equipment and people exposed to the dangers of lightning.

(2) Fault Potential and Touch Voltage Risk in Low-Voltage Distribution

Systems

The second key issue addressed by this research focuses on evaluating and
improving the safety of LV distribution systems in aging residential communities,
particularly in terms of fault potential and touch voltage risks. As many older
neighborhoods continue to rely on outdated electrical systems, these infrastructures
face significant vulnerabilities, especially during fault conditions. Inadequate
grounding, outdated protective devices, and aging network components can lead to
unsafe conditions, putting residents at risk of electric shock. The following two
objectives outlined in this issue aim to fill critical gaps in understanding the impact
of these system deficiencies and to provide practical solutions for improving safety.
By using advanced simulation techniques like the PEEC method, this research seeks

to accurately quantify fault potentials and touch voltages under various fault
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scenarios, offering evidence-based insights for enhancing grounding configurations

and mitigating electric shock risks.

Objective 3: Evaluate Fault Potential and Touch Voltage in Low-Voltage
Networks Using the PEEC Method

The first objective of this research is to evaluate and analyze fault potential and
touch voltage in low-voltage distribution networks under various fault conditions in
old residential communities using the Partial Element Equivalent Circuit (PEEC)
method. This objective seeks to quantify the fault potentials and touch voltages that
arise from different fault scenarios, such as phase-to-ground and line-to-neutral
faults, within the context of outdated electrical systems. The PEEC method will be
applied to simulate the interactions between grounding configurations, fault currents,
and structural elements like reinforced concrete, which are common in older
buildings. These simulations will help to understand how different fault conditions
affect the safety of residents, especially when grounding systems are suboptimal or

non-compliant with modern safety standards.

The primary contribution of this objective lies in providing a detailed and
comprehensive analysis of fault potentials and touch voltages that occur in real-
world, aging low-voltage distribution systems. By using the PEEC method, which
accurately represents complex conductor geometries and grounding configurations,
this research will offer quantitative insights into the magnitude of electrical hazards
that residents may face during fault events. The results will inform the design of
more reliable grounding systems and contribute to the development of safer
electrical networks, especially in older residential communities where the retrofitting
of modern protective devices may be challenging or cost-prohibitive. This objective
will provide practical solutions for evaluating and mitigating risks, improving public

safety, and ensuring compliance with evolving electrical safety standards.

Objective 4: Assess the Effectiveness of Grounding Configurations and

Protective Measures in Outdated LV Systems

The second objective is to assess the effectiveness of existing grounding
configurations and protective measures in mitigating touch voltage risks in outdated
low-voltage electrical systems. This research will evaluate the safety performance
of various grounding configurations, including TT, TT(M)-C-S, and TX(M)-C-S, in
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residential communities with aging electrical infrastructures. These systems often
lack modern protective devices, making them particularly vulnerable to faults. The
research will also explore potential improvements to grounding methods and
propose recommendations for reducing electric shock risks, especially in scenarios
where it is impractical or impossible to retrofit modern protective devices like

residual current devices (RCDs).

The primary contribution of this objective is to provide a thorough evaluation of
the effectiveness of different grounding configurations in mitigating electric shock
risks in old residential areas. By studying the performance of grounding systems in
real-world scenarios, this research will identify which configurations offer the best
protection and where improvements can be made. Additionally, the research will
propose new or modified grounding methods to address gaps in current safety
practices, especially in environments where retrofitting modern devices is not
feasible. These findings will be directly applicable to electrical engineers and urban
planners, offering practical, cost-effective solutions to improve safety in aging
electrical networks. This objective contributes to the broader goal of enhancing
public safety and ensuring that low-voltage distribution systems continue to meet

evolving safety standards, even in challenging or resource-limited environments.

1.3 Thesis Outline

In Chapter 2, the author proposes a leader charge simulation method to reproduce
the spatial and temporal charge distribution in the lightning leader process. The
method considers cloud, channel, and ground charges in a unified NCSM framework,
introducing a charge-dependent potential coefficient driven by corona sheath
evolution based on experimental observations. The method was experimentally
validated by comparing electric field results at various distances. Using this
approach, charge distribution density across different lightning conditions can be
calculated, providing insights into the relationship between lightning parameters and
leader channel charge density. The inclusion of the corona effect yields more

accurate simulation results.
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In Chapter 3, the author proposes an integrated model for analyzing the interaction
between the lightning channel and tall structures, accounting for the dynamic corona
sheath behavior and non-linear characteristics of the lightning channel. The Partial
Element Equivalent Circuit (PEEC) method is used for modeling the ground wire
structure, with a lumped voltage source ensuring accurate current waveforms. The
model, validated with experimental data, is applied to simulate lightning surges on
wind turbines, revealing that the simple current source model produces unrealistic

oscillations compared to actual lightning observations.

In Chapter 4, the modeling of the grounding system in the Low-Voltage
Distribution Line System is proposed. The author investigates fault potential and
human-body touch voltage in low-voltage distribution networks of old residential
communities, focusing on three protective grounding configurations. This study
finds that the phase-to-ground fault potential increases with proximity to the fault
location, and bonding non-exposed steelwork to a nearby grounded grid effectively

reduces touch voltage.

In Chapter 5, the conclusion and future work.
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2 A Downward Negative Leader Model
Considering both Nonlinear and
Time-variant Behavior

2.1 Introduction

Lightning strikes represent a significant threat to modern infrastructure due to
their ability to induce high currents and voltages, potentially causing severe damage
to electrical systems, equipment, and even human lives. As urbanization and reliance
on electronic systems grow, accurate modeling of lightning behavior becomes
critical to designing effective protection systems. Among the most challenging
aspects of lightning modeling is the downward negative leader (DNL), the initial
discharge phase where the lightning propagates from the cloud to the ground. This
stage plays a crucial role in determining the lightning strike's intensity and impact.
Therefore, a more precise understanding of the leader's behavior, including the
complex interactions between cloud charges, the leader channel, and the ground, is

necessary for improving lightning protection strategies.

Negative cloud-to-ground lightning flashes are of the most concern in both
engineering applications and academic research. These flashes start with a negative
downward leader, initiated from the bottom of a cloud. The evolving downward
leader propagates toward the ground and distributes the negative charge from the
cloud to the leader channel. Meanwhile, by induction, the positive charge on the
ground is concentrated near the channel. A charge structure consisting of the cloud,
channel, and ground charges is then formulated. These charges play an important

role in the leader's evolution.

The cloud is usually constructed as a three-layer structure in the simulation [1].
The top two layers have the same amount of charge but opposite charge polarity and
are the major part of the cloud. They are often simplified as a dipole structure with
a point, plane, or spherically symmetrical volume charge [2]. The bottom layer has
a small amount of positive charge and is not always present. The height of the cloud
bottom above the ground varies from 2 km to 10 km [3] and the cloud top can reach
an altitude of up to 20 km [4]. The cloud radius is normally within the range of 2-6
km [14]. The magnitude of the main charge is in the range of 20 C to 120 C [5].
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The channel charge, which is a crucial factor in determining lightning return
stroke parameters, can be simulated numerically with a leader channel model.
Research related to lightning leader channel modeling has been conducted for more
than decades. The leader progression model (LPM) was first proposed in [12,13], in
which the lightning leader channel was modeled as a charged line segment. The
leader charge was then calculated by the charge simulation method (CSM). Since
then, a lot of academic research has been conducted for further development of
leader progression model [15-20]. The revised models were applied to study the
shielding failure of transmission lines [21-22]. Similar approaches were proposed by
Risk [23-24] for lightning channel modeling and simulation. In [25] a simplified
physical model was proposed by M. Becerra to simulate the leader propagation for
determining the upward connecting leader inception. To include the effect of corona
charge, a charged ring with a uniformly distributed charge is adopted to represent
the corona sheath in the simulation and the charge per unit length in the channel is
assumed to be a pre-given constant [26]. Until now the cloud volume charge and
ground surface charge have not been included in the CSM. The time-and-space-
variant and nonlinear effects of the corona sheath have not been considered either.
Thus, a new mathematical model would become necessary to bridge the physical

mechanisms and engineering applications.

The charge on a lightning channel varies with time and space in the downward
leader stage. It will cause the breakdown of air around the channel core. The charge
will be then redistributed in the space. Thus, the leader channel can be represented
by a thin core surrounded by a radially formed corona sheath, where the bulk of the
corona charge is stored [6]. The corona sheath radius is of the order of meters [6]
while the channel core radius ranges from 0.1 cm to 1.49 cm [11]. The breakdown
electric field for negative breakdown is normally assumed to be of magnitude from
0.5 MV to 3 MV [7-9] and to be height-variant [8] and time-variant [9]. The leader
charge is most likely in the range of 5 C to 15 C and is found to be proportional to
the channel length [8]. It is shown in [10] that given the charge distribution in the

cloud, the charge distribution in the leader channel is uniquely determined.

Most recently, the physical evolution of the corona sheath has been elaborately
studied [27-31]. During the leader stage, the negative breakdown zone is expanded
outward and finally formed with the bulk of the negative space charge. In the
subsequent return-stroke process, the corona sheath is composed of two zones, the
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outer zone with the negative charge and the inner zone with mixed positive and
negative charges. Cooray [33] proposed the corona sheath model in a coaxial
geometry which is in high coincidence with experiments using coaxial cylindrical
electrodes. It was then widely applied in the lightning return stroke simulation [34-
36]. However, in a lightning flash, the channel does not have an outer conductor or
a current-return path. This may differ from the coaxial cylindrical structure used in
the laboratory. Meanwhile, the length of the lightning channel is normally several
kilometers and the lightning current varies from several kA to more than a hundred
kA. The strong nonlinearity of some channel parameters has not been considered.
Kuma [37] proposed a macroscopic model for the return stroke and Chen [38]
developed it into a leader-return-stroke model by including the initial condition
before the attachment. In their models, the core charge is transferred from the core
directly to the corona outer boundary with a relaxation time in the leader stage. This
is, to some extent, similar to an electrode buried underground, where the charge is
transferred from the electrode to infinity with a relaxation time. With the recent
advances in the corona sheath physical research and electromagnetic simulation
modeling, a more dedicated leader channel corona model, which provides a solution
for the charge movement considering time-variant behavior and nonlinearity, is

proposed in this thesis.

In this section, we present a downward negative leader (DNL) model before the
attachment by incorporating the cloud volume dipole charge, leader channel corona
charge, and ground surface charge. The nonlinear corona expansion is modeled by
introducing a charge-dependent potential coefficient. The nonlinear charge
simulation method (NCSM) with the Gaussian-Seidel iteration at each time step is
proposed to solve the spatial and temporal charge distribution in the lightning leader
stage. The model is validated by comparing the simulation results with experimental
observation results. All the physical parameters adopted in the numerical simulation

are collected from the literature.

This method is valuable for studying the spatiotemporal evolution of the leader
charge under the strong nonlinear effects of the lightning channel, providing a
foundational model for research into the nonlinear physical mechanisms of lightning
channels. By applying this model to the leader stage of the lightning channel, it

allows for the determination of the charge spatial distribution characteristics before
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the attachment, offering essential initial charge distribution conditions for the

lightning return stroke model presented in Section 3.

2.2 Nonlinear Charge Simulation Method (NCSM)

In this section, the traditional charge simulation method is expanded by including
the nonlinear evolution of the corona sheath around the channel core. By giving the
initial condition, which includes the size and the potential of the thundercloud as
well as the initial channel core radius, the temporal and spatial evolution of the leader

channel can be numerically simulated.

Fig. 2-1 shows a typical DNL process. The DNL propagates towards the ground
with its tip height h¢;,, (t) at time t. Suppose that Q, @, are respectively the charge
on the cloud and leader channel, P, , P., are the corresponding potential
coefficients, and P, is the mutual potential coefficient between them. The

relationship between the potential and charge then is given, as follows:
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Time Increasing
Fig.2-1 The leader channel evolution over time

where @.; and @, are respectively the potentials of the cloud and leader channel.
The cloud is modeled as a two-layer cylindrical volume structure as shown in Fig.

2-1. The lower layer starts from height h;, to h,, and the higher layer from h,, to h;.

The cloud potential is known in advance as @ = [¢cz,+ qbcl,_]t (Per+ = Per-).

27



The charges on the two layers of the cloud are denoted by Q. = [ch,+ ch,_]t, and

are assumed to be uniformly distributed.

The leader channel is divided into N segments along its height and each segment
is physically represented by a frustum of the cone. With the point-matching approach,

(2-1) is expanded for charges in cloud Q¢ + Q¢ - and in channel segments Q. ; as

follows:
Pcl,++ Rl,+— Pcl+,chl ot Pcl+,chn ch,+ ¢c1,+
Pcl,—+ f)cl,—— Pcl—,chl ot Pcl—,chn ch,— ¢cl,—
Pchl,cl+ R’hl,cl— 13011,” ot B’h,lN Qch,l = ¢ch,]
_P:‘hN,clJr })chN,L‘l— })ch,Nl })ch,NN i _Qch,N i _¢L‘h,N_ (2_2)

The potential ¢, ; of channel segment j can be obtained by the potential at the cloud

bottom @, _ and the longitude DNL electric field Ep, as follows:

ben,j = ber- + EpL(hp — hy) (2-3)

where (j = 1,2,3,...,N) and hj is the height of the middle point of the jth
segment. In each segment of the channel, the relationship between electric field and
current can be written as: Ep I, = Cp, where Cpis equal to 3 X 10* determined
from laboratory experiments [41]. The DNL current I, is evaluated by the product
of current density /p; = 0.Ep,, and the core cross-sectional area s, = mr2,... Thus,

@cn,j» is uniquely determined by (2-3) if core radius is given.

The mutual potential coefficient P;; between cylindrical segments i and j in the

air is shown below:

27 pr; phi+AR/2 ' ’ ’ ’ 1] Nt ’ 7.1
_¢.ii _J.O J.O.[ pi(r’gih)G(K/59/3hjgr ,H,h)rdrdﬁh

Iy —AR/2

Jisair 27 o1 hi+AR/2 ' oAt TN gt ’ '
o .[o Io J‘h,*Ah/Z o (.0 Hyrdrdg'dn

2-4)

where ¢;; is the potential at the middle point of segment i contributed by the
charge Q; on segment j in the air. ' is the radial distance and 6 is the azimuth angle.
r; and 7; are respectively the radius of segments i and j. G(, 0, h,r',08',h'") is the
Green’s function. p; is the charge density of segment i. In this method, the ground

surface charge is substituted with a mirror image under the ground [43]. The
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potential coefficient for the image charge is evaluated by simply replacing the

position of Green’s function in (4) from height h to —h.

Iy —Ah/2

27 o1 ph+ARI2
4 jo jo j p.(r,6' \ W)G(r,,0,,h,,1", 0, ~h)r'dr'do'h’
b o h

Jiimage 27 o1 ph+AR/2 P , ,
o jo jo thM p.(r, 6 h)r'dr'd6' dh 2-5)
The total potential coefficient P;; between segments j and i will then be equal to

P;

ji,air — Pji,image-

Once the electric field surrounding the core exceeds the breakdown electric field
of the air E},, the charge will be redistributed at the core and the nearby air due to the
corona effect. Potential coefficient Py, j; between channel segments i and j will then
be expressed with core charge Qo ; and corona charge Qcorona,i, as follows:

Qcore,i chore, Jji + Qcorona,i ])('arona, Jji

g0
core,i corona,i

(2-6)

where potential coefficients Peore jiqir and Peorong, ji,air are defined as

27 Plppei (H+AR/2
| L | P (r',0',2)G(r,0,2,1",0', 2" ) rdrd Odz
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The charges on the core and corona sheath can be obtained by integrating these
volume densities pgyre; 0N the core and prorong; on the corona sheath. Similar

expressions can be obtained for Peore jiimage a0d Peorona,jiimage-
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Fig.2-2 The discretized segment of a lightning channel
The electric field inside the core (r < 1) is neglected and that inside the corona
sheath (1, <r <71;) is assumed to be a pre-set breakdown field E;, in charge
simulation[33]. Then, the core charge can be determined with Gaussian's flux
theorem €V - (E@,) = p on the surface of the core, i.e., Qcore; = 2MEpt, ;. By
assuming constant density on the surface of the channel core, the core charge density

is expressed by:
pcore,i (}", H’ Z) = gEbé‘(r - rcnre,i) (2_7)

Where 8(r) is the Dirichlet function. The corona charge volume density can be

determined in a similar way inside the corona, i.e.,

E
(0,2) =&V -(E,d,) = ‘S—rb

p corona,i

(2-3)
which varies with radial distance in the corona sheath.

Note that the outer radius of the corona sheath is dependent on the total charge by
using Gaussian's flux theorem €V - (E@,.) = p on the surface of the corona zone, and

is expressed by

Veorona,i = (me,f + Qc‘orvml,i )/272'8Eb (2_9)
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This leads to a nonlinear effect and potential coefficients can be finally expressed
with charges on both the core and corona. The formulated nonlinear CSM equation

in (2) will be solved by the Gauss-Seidel iterative technique.

The Gauss-Seidel iterative technique is applied to solve (2-1) or (2-2) in the

expanded form, as follows:
Q(k+1) — L—l ((D _ UQ(k)) (2_ 1 0)

where, L and U are the lower and upper triangular components of the potential

coefficient matrix P,;, and is expressed by

Pll O 0 0 12 In
L= })21 ])22 0 U: 0 0 P2n
Py Pa oo B 00 ... 0 (2-11)

The elements of these matrices are evaluated with (2-6).

The calculation procedure is illustrated in Fig.4. Firstly, at each time step in the
leader stage, potential p© = [}, ¢£(;)l)]t is calculated in advance using (2-3) with
a pre-given ¢;. Then, the initial charge Q(®) is calculated using ¢(®) and potential
coefficient P, without any corona effect, that is,zero thickness for the corona sheath.
Next, the corona radius Iypyong is calculated with (2-9) using the initial charge Q(®.
Potential coefficient P, with the corona effect then is evaluated through (2-6). By
using the Gauss-seidel iterative technique in (2-10), the charge is updated into
Q*1_ Potential pk¥*Dat the k+1th iteration can be obtained by (2-2). If the error

between ¢*+1) and the given potential ¢(®, the iteration process is terminated.
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Step 1 (Target Potential)
Calculate the Potential
distribution ¢(® with (2-3)

|

Step 2 (Initial Charge)
Calculate the initial charge
for iteration Q© = Pc_hlcl)(o)
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Step 3 (k, iteration)
Calculate 7,4, on o With (2-9) <
Calculate P, with (2-6)

Step 4 (update Q and ¢)
Calculate Q**Dwith (2-10)
Calculate ¢**1) with (2-2)

Step 5
Calculate the Error

between p**+Dand @

Is the Errorlarger than
a pre-setting value?

Fig.2-4 Flowchart of the calculation procedure

2.3 Numerical Simulation Results and Discussion

In this section, the electric field induced by a lightning leader channel is calculated
with the proposed model. In the simulation, a two-layer cloud is situated at a height
of 6 km above the ground, and the depth of each layer is 3 km (h, = 6 km, h,;, =
9 km, and h; = 12 km). The cloud radius is 2 km and the cloud potential is 10 MV.
The breakdown electric field is set to be 2 MV/m The channel core radius is 5 mm
and core conductivity is 2 X 10* S/m. The tip of the leader channel propagates from
6 km to the attachment height above the ground with the propagation velocity of
107m/s. The height of the attachment is set to be 40m above the ground. The channel
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is discretized with a segment length of 20 m and has 298 segments in total. The
propagation velocity of the leader channel is set to be 107 m/s. The maximum
simulation time is 596 ps and the time step is set to be 2 ps. The electric field before
the attachment is calculated with the expressions in [39] at the distances of 10 m,
20 m, 30 m, 50 m, 110 m, and 500 m from the striking position. The results are
compared with the experimental observation results in [40]. Fig. 2-5 shows the
electric fields both calculated and measured [40] at these distances during the leader
stage. The propagation velocity of the leader channel is set to be 107m/s. Table 1
shows both the measured and calculated changes of the electric field for comparison.
It is found that these electric field waveforms match very well. The average

difference of the electric field change in the leader stage is less than 15%.
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Fig.2-5 Measured and calculated electric fields at the distances of 10 m, 20 m, 30
m, 50 m,110 m, and 500 m from the lightning striking position

Table.2-1 Comparison of the electric field change by measurement and simulation
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DISTANCE

MEASURED E FIELD

CALCULATED E FIELD

10
20
30
50
110
500

79.92
60.58
43.7
28.01
10.42
1.52

85.46(6.48%)
50.27(20.5%)
33.22(24.6%)
25.75(8.76%)
12.13(14.08%)
1.56(2.56%)

Charge density along the channel is shown in Fig. 6. Curves 1, 2, 3, and 4 are the

charge density when the leader tip arrives at the height of approximately 0 m, 1 km,

2 km, and 3 km, respectively. It is found that the charge density increases

approximately linearly from the bottom of the cloud toward the leader tip. At the

leader tip, the charge density starts to increase sharply. This is similar to Cooray’s

suggestion in [41].

Charge density(C/m)

~
3

500 1000 1500 2000

Height (m)

3000 3500 4000

Fig. 2-6 Charge density evolution along the leader channel

A further study was performed on the relationship between the charge density and

the channel physical parameters, such as channel core radius, channel height,

breakdown field, and cloud potential. In each case, one of these parameters is varied,

and others remain unchanged. The configuration presented early in this section is

adopted as the reference configuration. In the simulation, the core radius varies from

1 mm to 10mm. The cloud top h; varies from 5 km to 8 km, while the cloud bottom

hy, is fixed to be 4 km above the ground. The negative breakdown electric field varies

from 1 MV/m to 3 MV/m. The cloud potential varies from 20 MV to 80 MV. Fig.
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2-7 shows the influence of channel core radius, cloud size, breakdown field, and

cloud potential on the charge distribution along the leader channel.
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Fig.2-7 An investigation of different parameters on the charge density
distribution along height
It is found that the core radius does not have a noticeable effect on the charge
density distribution along the channel. With increasing the cloud size, the charge
density along the channel decreases, especially in the position near the cloud base.
The charge density decreases more than 10% when the breakdown field changes
from 1 MV/m. to 3 MV/m. This is because increasing the breakdown electric field
will cause the corona sheath to be hard to expand, and lead to a decrease in the
channel charge density. The cloud potential determines the total charge distributed
at the cloud and then influences the charge density along the channel. With

increasing cloud potential, the magnitude of charge density increases significantly.
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Fig. 2-8 Relationship between the cloud potential and the total leader charge

with and without corona considered

Fig. 2-8 shows the corona effect on the relationship between the total leader
charge and the cloud potential. The cloud potential varies from 30 MV to 100 MV.
The solid line is the calculated result with the corona discharge and the dashed line
is without the corona discharge in the leader channel. To give a comparison with the
existing linear leader model in the literature [38], the result calculated with a fixed
corona sheath radius 7corong Of 5 m is also presented. It is found that, when
considering the corona effect, the ratio of the total leader charge to the cloud
potential increases significantly with the cloud potential. Which means, a strong
nonlinear relationship is observed. The possible reason may be that, under the effect
of corona discharge, some of the leader charge is pushed away from the channel core
and stored in the corona sheath. This may result in a decrease in the nonlinear
potential coefficient because the core potential coefficient is much greater than the
corona-sheath potential coefficient according to (6). With the proposed method, the
simulated charge varies from 0.98C to 22.75 C. This is close to the experimental
observation results, which are generally in the range of 1.1 C-20 C [42]. However,
if the corona discharge is not considered, the charge varies from 0.63 C to 2.12 C,
and if a fixed corona sheath radius is considered, the charge varies from 0.93 C to

3.1 C. These results deviate significantly from the experimental observation results.

37



Thus, a strong nonlinear behavior of the corona discharge during the lightning leader

is necessary to consider if the cloud potential is of a large value.

2.4 Section Conclusion

This section proposed a leader charge simulation method that can
reproduce the spatial-and-temporal distribution of the charge in the lightning
leader process. The cloud volume charge, the channel volume charge, and the
ground surface charge are taken into consideration as a whole in the proposed
NCSM. In this method, the charge-dependent potential coefficient is
introduced. This charge-dependent potential coefficient is mainly caused by
the physical evolution of the corona sheath according to the experimental

observation presented in the literature.

The NCSM proposed in this section accurately models the spatial and
temporal distribution of charge during the downward negative lightning
leader process, considering the cloud volume charge, channel volume charge,
and ground surface charge. It incorporates a charge-dependent potential
coefficient, which reflects the physical evolution of the corona sheath. The
method has been validated experimentally by comparing the resulting electric
field at distant positions, showing its ability to calculate charge distribution
density under various lightning environments. The relationship between the
lightning physical parameters and the charge density distribution along a
leader channel is further studied. The simulation results are much more

reasonable if the dynamic corona effect is taken into consideration.

This method is practically used to improve the design of lightning
protection systems for tall structures, assess lightning-induced surges in
power grids, and better understand the effects of environmental conditions on
lightning behavior. It can solve problems related to inaccurate charge
distribution modeling, enhance lightning-induced overvoltage prediction,
improve protection strategies, and increase the accuracy of lightning
simulations, ultimately providing more effective protection and risk

assessment for electrical infrastructures exposed to lightning.
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3 NCSM-PEEC-Based Leader-Return
Stroke Integrated Modeling

3.1 Introduction

Understanding the interaction between lightning strikes and tall structures is
critical for advancing both scientific research and practical engineering solutions.
The complexity of lightning discharges, particularly the behavior of lightning
channels and their effects on the surrounding environment, necessitates the
development of more accurate models. These models can provide a deeper
understanding of the physical processes that govern lightning strikes, such as the
influence of the corona sheath, charge distribution, and the resulting electromagnetic
fields. Accurately simulating these dynamics is essential for designing more
effective lightning protection systems, which are increasingly important as the
number of tall structures, such as wind turbines and high-rise buildings, continues to
grow. By improving the understanding of how lightning interacts with these
structures, engineers can develop better strategies to mitigate the risks of lightning-

induced damage to critical infrastructure.

In the second section, we proposed a method to simulate the charge distribution
during the leader stage before the lightning return stroke. The charge distribution
during this phase is crucial as it determines the initial conditions for the return stroke,
directly influencing the current and electric field distribution during the stroke. By
simulating the evolution of charge in the leader stage, we gain a better understanding
of the spatial and temporal charge distribution along the lightning channel, which
provides accurate initial conditions for the return stroke. However, simulating only
the charge distribution in the leader phase is insufficient to fully capture the
interaction between the lightning channel and tall structures, particularly during the
return stroke. Therefore, in this section, we will further present an integrated model
for the lightning return stroke that incorporates the interaction between the lightning
channel and tall structures. This model will combine the electrical properties of the
lightning channel with the geometric and conductive characteristics of the structure,
as well as the ground properties, providing a more accurate representation of the

return stroke behavior.
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Over the past several decades, researchers have developed numerous methods for
assessing the impact of lightning on structures and systems on the ground. However,
modeling the interaction between a lightning discharge and tall, vertically extended
structures—such as wind turbines, transmission towers, and high-rise buildings—
presents additional complexities. The presence of such structures in the discharge
path can significantly influence the return-stroke current waveform and modify the
characteristics of the radiated EM fields in the vicinity. Studies have shown that tall
structures can distort the lightning return stroke and create variations in the behavior
of the induced electromagnetic fields that are not observed in strikes to the flat
ground [1-2]. Moreover, the electrical characteristics of the lightning channel itself
play an essential role in this interaction, particularly by affecting the reflection
coefficient at the top of tall towers. The reflection coefficient determines how much
of the lightning current is reflected back up the tower and how much is transmitted
downward into the structure and grounding system. This, in turn, impacts the current
distribution along the tower, which is crucial for understanding the stress

experienced by the structure during a lightning strike [3].

Given the complex nature of the interaction between a lightning strike and a tall
structure, simulating lightning currents using a simple current source model is
insufficient for accurately predicting the behavior of the system under real-world
conditions. Lightning strikes involve not only the current flowing through the
lightning channel but also the electromagnetic coupling between the channel and the
surrounding environment. Thus, to adequately represent these dynamics, an
integrated model that accounts for the interaction between the lightning channel and
the structure on the ground is necessary. Such a model must consider the electrical
properties of the channel, the geometry of the structure, and the characteristics of the
ground. By accurately simulating these factors, engineers can design more effective
lightning protection systems and better understand the potential risks posed by
lightning strikes.

In the past few decades, numerous models of lightning return strokes have been
developed, each with its strengths and limitations. These models generally fall into
four categories: physical models, electromagnetic (EM) models, transmission line
(TL) models, and engineering models. Each of these models offers a different
perspective on how lightning strikes interact with structures on the ground. For

example, some models represent the return stroke as a current source, while others
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treat it as a voltage source or a charged line. Each approach provides valuable
insights into the behavior of lightning-induced transients in tall structures and the

electromagnetic fields that these transients generate.

The engineering model, initially developed to simulate lightning strikes on flat
ground, has been extended to account for the presence of tall structures [4-5]. In this
model, a current pulse is assumed at the lightning attachment point, which then
propagates as two waves: one traveling upward along the lightning channel and the
other downward along the structure. The tower or structure is typically modeled as
a uniform, lossless transmission line characterized by reflection coefficients at its
top and bottom. The accuracy of this model depends on how well the current pulse

and the tower's transmission line characteristics match real-world conditions.

The transmission line (TL) model is another widely used approach for
representing lightning channels. This model uses the per-unit-length inductance,
capacitance, resistance, and conductance of the lightning channel to represent the
distributed electrical properties of the system [6]. The TL model allows researchers
to solve the well-known telegrapher’s equations to calculate the currents and
voltages along the lightning channel. In the original TL model [7], constant
distributed parameters were used, but subsequent revisions incorporated a nonlinear,
time-varying resistance to simulate the radial expansion of the lightning core's radius
[8]. Further refinements, such as the introduction of the non-uniform TL model [9],
addressed current pulse attenuation and distortion, improving the model's ability to
reproduce realistic lightning current waveforms. In this model, the characteristic
impedance of the lightning channel varies with height, and the corona effect is
included by adding either a nonlinear dynamic capacitance or a corona current
source [10]. Studies have demonstrated that the distributed circuit model, when
accounting for corona effects, is capable of reproducing critical characteristics of
lightning return strokes in negative flashes, including realistic return stroke speeds
and electromagnetic field signatures that are consistent with experimental

observations [11].

The electromagnetic (EM) model provides yet another approach, representing
the lightning channel as a thin wire that obeys Maxwell’s equations. Numerical
solutions to these equations yield the current distribution along the lightning channel

[12]. One common EM model is the antenna theory (AT) model, which simulates
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the interaction between a lightning strike and a tall tower [13]. In this model, a
voltage source is used to simulate the lightning current at the attachment point, but
the model generally disregards multiple reflections at discontinuities in the tower.
While the AT model offers a detailed representation of the electromagnetic
interactions in a lightning strike, it does not fully account for the complex reflection

dynamics within tall structures.

In recent years, the physical mechanism of the corona sheath surrounding a
lightning channel has been the subject of significant study. The corona sheath, which
forms around the core of the lightning channel, plays an essential role in determining
the current distribution and the electromagnetic fields generated during a lightning
strike. A simplified corona sheath model was proposed in [14], representing the
corona sheath as a lumped current source that could be applied in the engineering,
TL, and EM models. In this model, the distributed charge inside the corona sheath
drives the radial expansion of the sheath, influencing both the lightning channel's
electrical properties and the surrounding electromagnetic environment. The
characteristics of corona discharges in a coaxial geometry have also been studied
extensively [15], providing further insight into the role of the corona sheath in
lightning-induced transients. Recently, a drift-diffusion model was introduced to
capture the dynamic behavior of the corona sheath [40], and experimental studies
have validated the model's predictions, particularly in the study of transient

overvoltages in transmission line structures.

These advancements in lightning channel modeling have greatly enhanced our
understanding of lightning-induced transients and the electromagnetic fields they
generate. However, the interaction between lightning channels and complex
structures on the ground, such as tall towers, has not been fully explored. In practical
engineering applications, the partial element equivalent circuit (PEEC) method
offers a promising approach for modeling complex wire structures, particularly in
the context of electromagnetic compatibility (EMC) and transient simulations [17].
The PEEC method has been widely adopted for modeling lightning strikes in real-
world systems, where it can address more complex EMC problems than traditional
modeling techniques. By incorporating the PEEC method into lightning channel
models, researchers can more accurately simulate the interaction between lightning
strikes and tall structures, leading to better-informed decisions about lightning
protection design [ 18-28].
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In summary, the modeling of lightning return strokes has progressed significantly
over the past few decades, with various models developed to simulate different
aspects of lightning strikes and their effects on structures. However, there remains a
gap in understanding how lightning interacts with complex, tall structures on the
ground. This section aims to address this gap by further exploring the interaction
between lightning channels and tall towers using advanced modeling techniques
such as the PEEC method. By developing more accurate and integrated models, this
research will contribute to the design of more effective lightning protection systems
and a better understanding of how lightning affects critical infrastructure on the

ground.

3.2 Extended TL Model of a Lightning Channel

Shown in Fig. 1 is the configuration of a return stroke in a negative lightning flash
terminating on a tall structure. This return stroke generates two current waves: one
propagating upward along the lightning channel and the other one propagating
downward along the structure. A hybrid circuit model then is proposed for evaluating
both channel and structure currents, with a voltage source at the attachment point. In
this model, the lightning channel is represented as a thin-wire core surrounded by
the corona sheath. A non-linear and non-uniform TL model, similar to that in [10] is
adopted. The telegrapher’s equations for this TL model are described using node

voltage V (with respect to infinity) and branch current /, as follows:

(z1) _ ol(z1)
_T - Lch (27 t) a[ + Rch (t)l(z’ t)
D ¢ oy P ED G e
0z ot G-1)

where R.,, L.y , Copand Ggp, are the per-unit length resistance, inductance,
capacitance, and conductance of the lightning channel. These parameters generally

vary with time and channel current as well.

By neglecting the skin effect, the core resistance is calculated with R, (t) =
1/omr2(t), where o is the channel conductivity. Core radius 7, expands radially,

and is determined by core current i(t), as follows:
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t
r(t) = \/(0.250‘5,0 ) P de+r?
: .[ 0 0 (3 _2)
according to the strong-shock approximation [8]. In (3-2), 1y is the initial radius
corresponding to the leader channel, p, is the atmospheric density, and & is the factor

controlling the expansion rate of the channel proposed in [16].
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Fig.3-1 Lightning return stroke terminated on a tall structure.

In [9], both height-variant inductance and capacitance are introduced for the non-
uniform model of a lightning channel. Note that in (3-2) core radius is a function of
the core current, and varies with both time ¢ and height z. The original per-unit-
length inductance and capacitance then are expressed with time-and height-variant

radius 7., as follows:

_ My 2z
L,(z,t)= Py ln(—rc (z,t))
1 2z
R T L (3-3)

where C,j, in (3-3) is the capacitance without the corona effect.
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3.3 Dynamic Corona Sheath Capacitance and

Conductance

In the corona model proposed in [15], a simple coaxial structure is adopted to
calculate radial corona currents. This coaxial arrangement assumes the presence of
both central and outer conductors even if the corona does not exist. The radial
expansion of the corona sheath increases with increasing voltage applied on the
central conductor or the core. In this proposed model, the modified relationship
between the voltage and the corona sheath behavior is adopted. Unlike the coaxial
structure in which only the core-to-sheath voltage is considered, the voltage in the
proposed model is composed of two parts, the sheath voltage Vy; and the core-to-
sheath voltage V,,_sp, as shown in Fig. 3-2(a). Note that the lightning return stroke
is a discharging phenomenon. The voltage of the desired lightning source

monotonously increases with time if the voltage before the final jump is set to be the

reference.
- ~
/ < Corona sheath N Corona sheath
/ Core \ Core
/Q —4qc < \ %
qc ) = g, | @ = E,
/
\ N y
N _7
E = | Eptm|™|” E (um
>re > —be—>
Vsn Veo—sh Vsn J”S Edr
g 1 rg " 1.
v=|"Edr+|"Edr % :I“’Ed,,
(a) Model with corona effect (b) Model without corona effect

Fig.3-2 Model of dynamic corona sheath

Fig. 3-2 shows the configuration of the corona sheath with radius rg enclosing a
lightning channel core. Q is the total charge per unit length on the transverse plane
of the channel. In the corona sheath zone (7. < r <7r5), uniform breakdown

transverse electric field E, is assumed. It is equal to the electric field on the sheath
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boundary (r =71y), i.e., E. = Q/2mrsey. The voltage between core and sheath

Veo—sn then is obtained by f:s E.dr, which is evaluated as E. (15 — 7).

Electric field E outside the corona sheath zone (r = 1), can be determined by

per-unit-length charge located on the given position of the channel, i.e.,

E = Q/2mregy . Subsequently, voltage Vi, is obtained by f:; Edr . Note that,

according to Coulomb's law, the electric field outside the corona sheath remains the

same no matter whether or not the corona effect is considered once the total charge
Q is given. Subsequently, Vi, =V, — f:cs Edr remains the same, where 1, =
f: Edr. If the corona effect is not considered, as seen in Fig. 3-2(b), V., = Q/C.p
according to (3-3), and the integral f:cs Edr can be evaluated by using

E = Q/2nrey and Q = 2mr,.&yE, if charge Q is concentrated on the core.

Thus, the core voltage VV can be evaluated by summing Vy; and V., _gp, as shown

below:

V = Vsh + Vcof.vh
=V, ~|"Edr+|" E.ar
:Q/C(?h_Ecnln(rS/rc)-i_Ec(rs_rc) (3_4)

Then, the modified capacitance including the corona effect is evaluated as

o Q0 Y
TV QG =B inGr 1)+ E Gy —r) (3-5)

Sheath radius rg is determined by per-unit-length total charge Q, i.e., 15 =
Q/2mE_g,. The derivation of C',, in (3-5) is made with the assumption of a thin-
wire model, which does not need an artificial outer conductor. Similar to the model
in [15], the electric field within the corona sheath is uniformly distributed and is

equal to the breakdown value.

The channel conductance is defined in [10]. According to the current continuity

equation, the following is obtained,

3 ol(z,t) 00(z,t)
ox ot (3-6)
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With (3-5), the transmission line equation with channel conductance is obtained,

as follows:

LAl(z1) _0C, (2. (z0)
o ot
_C'(z0) ov (z 1)

+G (2 (z.0) (3-7)

where, G'.p, = 0C'.,/0t is the time-varying non-linear conductance per unit

length of the line.

3.4 Generalized PEEC Model for The Structure On
the Ground

The structure on the ground is represented by a set of interconnected wires in the
lightning analysis. Such wires can be efficiently modeled with the PEEC method. In
this method, a wire segment carrying current /; with node voltage V;, and 1, at its

two ends is described by the circuit equations [30], as follows,

RI, +ZL,/C;I

dv, d
7;22 nk Qk zpnk c,k
k k

=V,-V,

n m

(3-8)

where g« and /.. are the total charge and capacitive current on segment (node) lj,.
R; is the resistance of segment (branch) [;. Its equivalent circuit is given in Fig. 3-3.
A network for a wire structure can then be built by connecting these circuits

according to their topology.

R, (1)

.m‘ ! dt

p nk I P mk I
1 L
DPoun P

Fig. 3-3 PEEC model of a segment of conductor
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In (3-8) partial circuit parameters of inductance L;, and coefficient of potential
pn; are expressed using dyadic and scalar Green’s functions G4 and Ky [30], as

follows:

TG dl
L=4" J, L/GA(I’,V) dl) -dI,

I 1

-[1,, L, K¢ (r,r ')dl;dln

py =
4re, s;8, (3-9)

where s; is the length of segment [;. In the presence of lossy ground, both dyadic
Green’s function G4 and scalar Green’s function Ky can be approximated using a

low-frequency model [30,45]. Note that G, has different components for current
dipoles in three orthogonal directions. With this low-frequency model [30], both Gy

and Ky, for lossy ground can be expressed by:

614 (r,r") = Gy (r,r"Y(XX + 3y + 22) + G, (r,r")zZ

K, (r,r) = G,(r,r) = G,(r,r") (3-10)

where free-space Green’s function Go(r,7*) = 1/|r — r*|, in which * represents
a symbol of prime ' or double primes ". Both 7’ and " are the source point and its
image under the ground surface. XX, 9 and ZZ are the dyadic products of unit
vectors X, y and Z in the Cartesian coordination system. By considering the
electromagnetic retardation in the model, the time-domain PEEC equations of (3-8)

are revised to be

dl .(t—7) dl .(t—7)
V-V =RI+>L ——~4+>M»p L~
n m i Z ij.a dt Z J.g dt
1 dv Dy P
I, =———2- 2] (t-1)—» —LE] (t—71)
" P, At ,ZP ! Z/: !

P (3-11)

9

where 7 the retardation time. Subscripts “a”” and “g” denote the parameters for the

elements in the air and their images under the ground, respectively.
3.4.1 Integrated model for the channel and wire structure

Both the lightning channel and the wire structure on the ground are respectively

represented with the TL and PEEC models. As the voltage in two circuits is defined
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as the electric potential with respect to infinity, these circuits can be merged by serial

connection via a voltage source, as shown in Fig. 3-1(b).

The PEEC model is solved with a modified node analysis (MNA) approach. The

matrix equation is expressed by:

\%

st,s

I

st,s

Vi
|

st

st

C, d/dt -A!

-A, -R, -L, d/dt}

(3-12)

where Ag; is the incidence matrix of the wire structure, and R, Lg;and C,; are
the resistance, inductance, and capacitance matrices, respectively. Cy; is the inverse

of the potential coefficient matrix.

The TL model is described by the telegraph equations as shown in (3-1). With the
spatial discretization along the channel using backward differences, the following

equations are obtained at z = kAz with a segment length of Az,

Vk Ol Vkﬂ(t) = LL‘h (Z’Z)%‘}' Rgh (t)Ilc
I.®-1,,,0)=C,(z1) dv,. (1)
! (3-13)

Here, the subscript “ch” represents the lightning channel. The matrix equation of

(3-13) is given by

_Ach _Rch _Lch (Z’t) d/dl Vch _ Vs,ch
C,,(z.t)d/dt Al | |1

s,ch

(3-14)

(3-14) is similar to the equation of the PEEC model in (3-12). Note that both L.,

and C; are the diagonal matrices.

By merging (3-12) and (3-14) together, a generalized MNA matrix equation with
combined node voltage V=[V Ven]" and branch current I=[I Is]", is obtained by

[ A -R —Ld/dt}[V(z)}_[Vs(f)}
cdjdt -A’ 10 ] [Lo (3-15)
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Mutual coupling between the lightning channel and wire structure can be modeled
with the PEEC method. Its circuit parameters L,, and P, can be calculated with (3-

9). Then, the resistance, inductance, and capacitance matrices in (3-15) are

R_ _Rch 0 ] L_ Lch Lm
L 0 st Lm Lsi

P~ C;li Pm C:Pilz CCh Cm
L Pm Pst _ Cm Ps_tl

where C,, = C., P, P35 for the weak coupling in a line structure. If the
retardation effect is taken into consideration, the merged matrix equation is re-

written, as follows:

[ -A  -R-Lyd /dzMV(t)}

C,d/dt -A" 1(1)
{ V. (1)+L,d/dt1(t-7) }
L(O)+CPy[I(t-7)+1 (1 -7)] (3-16)
where, matrices with subscript 0 and d are the full matrices retaining entries for
coupling with zero delay time, and entries for coupling with non-zero delay time,

respectively. The other entries in these matrices are set to be zero. Capacitive current

I, is given by

L(t)=C,dV(t)/ dt —C,PI_(t—7) (3-17)

3.4.2 Voltage source in the integrated model

Because of the interaction between the lightning channel and wire structure, a
simple current source is not appropriate to study the lightning current within the
system. Thus the voltage source in an antenna theory model is proposed in [32] and
the “undisturbed” source is defined in [38]. In this paper, the “undisturbed” voltage
source used in the integrated model is introduced at the attachment point, as shown
in Fig. 3-1(b). The source voltage in the gap is determined in such a way that the
lightning current at the attachment point generally has the same waveform as the

pre-specified lightning return stroke current I¢(t).
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Voltage V;(t) is composed of two components, voltage V4 (t) on the bottom of
the channel and voltage Vi, (t) on the top of the structure with reference to infinity,
under current I4(t) in the gap [32], as shown in Fig. 3-4(a). These two voltage
components can be evaluated by total charge distribution along the channel/structure
and the corresponding potential coefficients on the source position, i.e., Vy;(t) =

% Qij * Pij (i =1 or 2). This can be written in a matrix form, as follows:

{P” PHQHV]

[)21 P22 Q.vt V.'YZ (3_18)
where, P;; is the self-coefficient and P;; is the mutual coefficient for evaluating

the contribution of distributed channel/structure charge to the structure/channel

potential at source position. Both charge Q., and Qg are determined by channel

current I, and ground structure current Ig; with the continuity equation of

90/t =V-1.

Fig. 3-4(b) and (c) show the configurations of two antennas constructed with the
channel and the wire structure alone for the determination of both V; and V. These
two antennas are fed by the same current source I (t) with a pre-specified waveform.
All the parameters are evaluated by (3-16). An approximate match impedance is
added at the end of the antenna to avoid the reflected wave. Once the MNA matrix
is solved, the current distribution I, and Iy, as well as the charge Q. and Qg, can
be obtained. Note that the changing of radius of one arm does influence the response
on another arm [43-44]. The currents in Fig.3-4(b) and (c) are approximately the
same as those in the channel and structure. Thus, the channel base voltage V4 (t)

and structure tip voltage V,, (t) can be obtained with (3-18).

It is noted that V; is termed as an “undisturbed” voltage [32]. This “undisturbed”
voltage does not contain the reflected waves from the ground. With V; = V¢ + V5,
the given “undisturbed” current at the attachment point is achieved before the

reflected wave arrives.
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To find out a time-domain circuit solution, the differential equation in (3-15) is
discretized in time by using the backward Euler method. Because the channel radius
varies with the current, the MNA matrix contains nonlinear elements, particularly
channel capacitance. The solution of (3-15) then is obtained by using the enhanced
march on-in-time technique [39]. Consider channel resistance, inductance, and
capacitance vary slowly with time. These parameters are assumed to be constant at

each time step. The inductive voltage on the channel core and capacitive current in

the corona sheath then are discretized, as follows:

di(t) 41" LI
L) —=~L " —-L
ch ( ) d[ ‘ch At ch At
vy v v
C, (¢ ~=C} -C
ch ( ) d[ ch At ch At

where V™ and I™ are the discrete voltage and current, and L7, and C[}, are the

discrete inductance and capacitance at t = nAt.

It is noted in (3-5) that the channel capacitance is determined by the instantaneous
value of channel charge Q. According to the current continuity equation, charge Q

at time # and height z in the lightning channel is evaluated with

0G0 =], e

fI(Z+AZ,l‘)—I(Z—AZ,l‘)dt
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The charge in the core is determined by

{ZHSOEJ‘C O 22ns,E. .
q. =
0o O <2z E.1, (3-20b)

With the charges given in (3-20), the dynamic capacitance of the channel then is
obtained with (3-5).

3.5 Simulation Results and Discussion

3.5.1 Simulation of a direct lightning stroke to a tall tower

A direct lightning strike to the 553 m tall CN tower was recorded in [32]. The
lightning current on the tower top was measured, and is presented in Fig. 3-6(b). It
is observed that the waveform has two distinct peaks. The second peak is primarily
caused by the current wave reflected from the ground. This cannot be simulated with
an ideal current source. With the proposed model we can reconstruct the lightning

return stroke current in the channel and replicate the lightning current on the tower.

Fig. 3-5 shows the model of the tower struck by lightning. The 5 km-long channel
has an initial core radius of 1 mm, and a core conductivity of 2 X 10*. The
breakdown electric field is set to be 2 MV/m [16]. The tower is modeled with 4-leg
0.05 m-radius vertical conductor with a skypod, the spacing distance of adjacent legs
is 4 m. The skypod has a diameter of 20 m and a height of 3 m [33]. The skypod is
also modeled with 4-leg 0.05 m-radius conductors. The grounding resistance is set
to be 30 ohm in this simulation. Both the channel and the tower body are discretized
into segments with a 10 m length. The time step is 20 ns. The lightning channel is 5
km long in the simulation to avoid the reflection of the wave from its end. The

computation time in a PC withi7-4790 CPU at 3.6 GHz and 16GB RAM is 360 s
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Fig.3-5 The lightning strike to the CN tower

Fig.3-6(a) shows the “undistributed” current” fitted with two Heidler’s functions.

This current waveform is reconstructed to match the initial rising part of the

measured current, and is expressed below:

2 2
[()=55—L0 /f] S’ +5.1(e" —e )
1+1¢ /Z'] (3_21)

where 74 = 0.07us; t,=2us; ; 13 = 70 us; v, = 4 us. With this “undistributed”

current”, the voltage source in the integrated model can be obtained by applying the

procedure in Section 3.5.2.
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Fig.3-6 Comparison of simulated and measured currents on the CN tower
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The tower top current is simulated with (16), and is presented in Fig.3- 6(b)
together with the measured current. It is observed that the initial rising portation of
the current and its multiple reflections are reproduced. Both measured and simulated

currents match well.

Electric fields arising from the lightning return stroke to the ground are evaluated.
First of all, the distribution of the channel current is determined with the proposed
model. Uman’s formula in Appendix [36] then is applied to calculate electric fields
at different distances. When calculating the vertical electric field, the effect of the
lossy ground is approximated by the perfect ground if the distance is in the order of
kilometers or less [41]. For the electric field at 100 km away from the channel, the

ground reflection factor is chosen to be zero (no reflection) [42].
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Fig.3-8 Calculated electric fields at the five distances from the CN tower

Fig.3-8 shows the vertical electric fields calculated at distances of 50 m, 1 km, 5

km, and 100 km. It is observed that these waveforms have the following features:

for electric field:

e A sharp initial peak at the distance of 5 km and 100 km

e Flattening of the electric field measured at 50 m

e Slow ramp after the initial peak at 5 km

e Zero crossing in the tail of field waveforms at 100km

for Magnetic field:

e A hump after the rising stage at 1km

e A Sharp initial peak at Skm and 100km

e Zero crossing in the tail of field waveforms at 100km.
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These are the general characteristics of lightning-radiated electric fields reported
in the literature [6]. Therefore, the calculated electric and magnetic fields are

generally in coincidence with the measured fields.

3.5.2 Simulation of near electric fields under triggered

lightning

In [35] a triggered lightning event on the 100-m-tall Gaisberg Tower was reported.
Both the lightning current on the tower and electric fields in the vicinity were
measured. Fig.3-10 shows the horizontal and vertical electric fields E, and E,
measured on the height of 1 m above a metallic platform on a one-story building at

a distance of 20 m and 22 m from the tower, respectively.

A simulation was performed with the proposed model for the comparison of
electric fields in the vicinity of the tower. Fig.3-9 shows the configuration of the
triggered lightning experiment. As suggested in [35], the structure struck by
lightning is represented with a 60 m vertical wire and a 40 m tall leg constructed
with 4 lateral wires and 1 central wire. All the wires have a radius of 0.005 m. The
initial core radius is set to be 0.005 m, and the core conductivity is taken to
be 10 x 10* S/m. The breakdown electric field is selected as 5 MV/m. The channel
and the tower are discretized into 5 m long segments, and the time step is 10 ns. The
input current waveform used in the simulation is the approximated Heidler function
found in [35]. With this current, the voltage source is obtained by applying the

procedure in Section 3.5.2.
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Fig.3-9 Configuration of the triggered lightning experiment

The currents in the channel and wires are simulated with the proposed method,
and the electric fields in the vicinity are calculated with Uman’s formula [36], as
shown in Appendix. Because all the sensors are located above a metallic platform,
the perfect ground is adopted in calculating the electric field [35]. Fig.3-10 shows
both calculated horizontal and vertical electric fields at the same points where the

measurement was taken. Good agreements are found between the calculated and

measured results.
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4 The modeling and Assessment of
Grounding system in the Low-
Voltage Distribution Line System

4.1 Introduction

The second and third sections of this thesis primarily focus on lightning protection,
where the interaction between lightning strikes and tall structures, including the
modeling of lightning return strokes, is explored. These sections aim to develop
advanced models to simulate lightning-induced transients and improve protection
systems for tall structures. In contrast, the fourth section shifts its focus to address
the second key issue of this thesis, which is the Fault Potential and Touch Voltage
Risk in LV Distribution Systems. This section presents a detailed investigation into
the risks posed by electrical faults in older residential communities, particularly in
relation to fault potentials and touch voltages in low-voltage distribution networks,
offering a deeper understanding of the safety concerns within these aging electrical

infrastructures.

Electric shock hazards are a serious concern in many old residential communities,
where outdated electrical infrastructure frequently threatens human safety. As urban
environments expand and populations increase, many residential areas, particularly
those developed decades ago, have not kept pace with advancements in electrical
safety standards. These older communities are characterized by aging protective
facilities that are often unable to meet modern safety requirements [1]. Over time,
this issue has gained increasing attention from both engineers and regulatory bodies,
given the growing awareness of the risks associated with outdated electrical

installations [2-3].

The electrical safety infrastructure in older residential buildings typically includes
protective devices that are either limited in functionality or significantly degraded
due to aging. These devices may no longer be capable of providing adequate
protection in the event of electrical faults, particularly when it comes to ensuring
fault-line-cutoff protection [3]. As a result, residents of these communities are at
heightened risk of electric shock, especially when faults occur within low-voltage

(LV) distribution networks. Fault types such as line-to-ground faults, line-to-neutral
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faults, or neutral-line-open faults can cause the metalwork in the electrical grid to
become energized, creating dangerous fault potentials. These faults lead to the risk
of exposure to touch voltage, particularly in areas where protective measures are not

functioning as intended.

Modern electrical protection methods, such as automatic disconnection of supply
and equipotential bonding, have been developed to significantly reduce the risk of
electrocution in residential areas [4-5]. However, implementing these protection
measures in older residential communities is often challenging. Retrofitting old
buildings with new protective devices, such as residual current devices (RCDs), is
frequently impractical due to several factors. These include the complex and
disorganized nature of the existing wiring systems, the high costs associated with
extensive electrical modifications, and the physical limitations of older buildings. In
many cases, the installation of new protective equipment in such communities
requires substantial rewiring and structural changes, which are often deemed too

costly or impractical to undertake.

Electrocution incidents in older residential communities are reported with
alarming frequency. Numerous studies and accident reports highlight the
vulnerability of residents in these environments, where inadequate protective
measures contribute to repeated incidents of electric shock. In many cases, victims
are electrocuted while standing on reinforced concrete (RC) floors or directly on the
ground, both of which can serve as conductive paths for fault currents. The fault
potential on RC floors and the surrounding ground surfaces becomes a critical factor
in determining the risk of electrocution, particularly in cases where touch voltage—
the voltage difference that a person might experience when simultaneously in contact
with conductive surfaces—becomes dangerously high [6]. Understanding and
mitigating these risks requires a thorough investigation into the factors that influence
the potential rise on RC floors and ground surfaces, as well as the effectiveness of

grounding configurations within the community.

One of the key elements in assessing the safety of electrical systems in old
communities is the grounding configuration used in the LV distribution network.
Grounding configurations play a vital role in directing fault currents to the ground
and controlling the resulting touch voltage. Different types of grounding

configurations, such as TN, TT, and IT systems, have different effects on the path of
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the fault current and, consequently, on the distribution of touch voltage throughout
the community. Fault positions within the distribution network also have a
significant impact on the level of risk posed to individuals in contact with conductive
surfaces. A comprehensive investigation of these issues requires detailed
consideration of both the grounding configuration and the fault position, as each of
these factors contributes to the overall risk of electrocution in the event of an

electrical fault.

In modern residential communities, grounding systems are carefully designed to
ensure that fault currents are safely directed away from conductive surfaces that
people might come into contact with. In particular, equipotential bonding is
employed to ensure that exposed metalwork and conductive surfaces are at the same
electrical potential, thereby minimizing the risk of electric shock. However, in old
residential communities, such systems are often inadequate or absent altogether,
meaning that individuals may be exposed to dangerous potential differences when
faults occur. This is particularly true in areas where the wiring is poorly maintained

or where protective devices have degraded over time.

Grounding configurations in older residential areas are often the result of
historical design choices that were made according to the standards of the time.
These configurations may no longer be suitable for the current demands placed on
the electrical system, particularly as modern households use far more electrical
appliances than in the past. Additionally, many old communities have undergone
piecemeal renovations over the years, leading to inconsistencies in the grounding
system. In some cases, buildings within the same community may have different

grounding configurations, further complicating efforts to ensure electrical safety.

The type of grounding configuration used in a residential community has a direct
impact on the path taken by fault currents in the event of a fault. For example, in a
TN system, the neutral conductor is grounded at multiple points, creating a low-
resistance path for fault currents. This reduces the likelihood of dangerous touch
voltage developing at exposed metalwork. In contrast, a TT system relies on local
earth electrodes to carry fault currents, which can result in higher touch voltages if
the earth resistance is too high. Understanding the influence of different grounding
configurations on touch voltage is critical for developing effective safety measures

in old residential communities.
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Accurate assessment of the voltage levels under fault conditions in LV
distribution networks is essential for ensuring electrical safety in residential
communities. Several methods have been developed to evaluate the ground surface
potential and touch voltage under fault conditions. These methods can be broadly

categorized into experimental studies and numerical simulation techniques.

Experimental studies, such as those conducted in [7-8], investigate the distribution
of ground surface potential near grounding electrodes. These studies provide
valuable insights into the behavior of fault currents and the resulting potential
distribution on the ground surface, particularly in the vicinity of conductive
structures. However, experimental methods are often limited in scope, as they
require specialized equipment and controlled conditions that may not fully represent

the complexities of real-world residential environments.

Numerical methods offer a more flexible and detailed approach to evaluating fault
potentials and touch voltage in LV distribution networks. Analytical formulae can
provide simplified models for calculating ground surface potentials, but they may
not be sufficient for addressing the complex interactions between multiple
conductive elements in a distribution network. More advanced numerical methods,
such as the finite element method (FEM) [10-11], the boundary element method
(BEM) [12], and the partial element equivalent circuit (PEEC) method [13-18], have
been developed to overcome these limitations. These methods allow for detailed
simulations of fault conditions, taking into account the specific configurations of the

line system, the location of the fault, and the characteristics of the grounding system.

Among these numerical methods, the PEEC method stands out for its ability to
model complex wire structures and its versatility in electromagnetic transient
simulations. The PEEC method is derived from the mixed potential integral
equations (MPIE) and has been widely used to simulate the behavior of buried
conductors in the presence of lossy ground. This makes it particularly well-suited
for studying ground surface potentials and touch voltages in old residential
communities, where the electrical infrastructure is often characterized by a
combination of aging buried conductors and unpredictable fault conditions [18]. By
modeling the interactions between these elements, the PEEC method allows for a
more accurate assessment of the risks associated with electrical faults in LV

distribution networks.

64



With a given configuration of the line system and a known fault position, the
ground surface potential and touch voltage can be quantitatively analyzed using the
PEEC method. This approach provides a detailed understanding of how fault
currents flow through the distribution network, how they interact with the grounding
system, and where the most dangerous touch voltages are likely to occur. By
applying these simulations to old residential communities, it is possible to identify

specific areas of risk and develop targeted interventions to improve electrical safety.

The repeated occurrence of electrocution incidents in old residential communities
underscores the urgent need to address the underlying causes of these accidents. The
risks posed by outdated electrical infrastructure are not limited to isolated incidents
but represent a persistent threat to the safety and well-being of residents. As
populations in urban areas continue to grow, the demand for safe and reliable
electrical infrastructure will only increase. Failure to address the electrical safety
issues in old communities will likely result in continued electrocution fatalities and

injuries, placing additional strain on emergency services and healthcare systems.

In many cases, the risks posed by electrical faults in old communities can be
mitigated through relatively simple interventions, such as the installation of RCDs
or the improvement of grounding systems. However, these interventions must be
carefully planned and implemented to avoid creating new risks or exacerbating
existing problems. For example, the installation of new protective devices in old
buildings with disorganized wiring systems can introduce additional complexity,
making it more difficult to ensure that the protective measures function as intended.
Therefore, a thorough understanding of the specific electrical conditions in each

community is necessary to develop effective and sustainable solutions.

Our contributions in addressing the electrical safety concerns in old residential

communities are as follows:

1. PEEC-based Modeling of LV Distribution Network under Faults: A
comprehensive modeling approach using the PEEC method is proposed to simulate
the behavior of low-voltage (LV) distribution networks under fault conditions. This
method is particularly effective for investigating the complex interactions between

aging electrical infrastructure and fault currents.
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2. Fault Potential Investigation: An in-depth analysis of fault potential is
conducted, focusing on the mechanism of faults in the LV distribution network
contribute to dangerous voltage differences across the ground surface, particularly
near conductive structures. The proposed model is adopted for accurate assessment
of the fault potential distribution in complicated environments, pinpointing areas of

heightened risk for electric shock.

3. Touch Voltage Assessment: With the proposed PEEC-based simulations, the
potential for dangerous touch voltages in residential communities is assessed,
providing critical information for identifying high-risk zones and suggesting ways
to mitigate these risks. The impact of fault conditions on touch voltage is evaluated,
which refers to the voltage difference experienced by a person when simultaneously

in contact with different conductive surfaces.

4. Step Voltage Assessment: The detailed simulations to evaluate step voltage in
old residential communities is conducted, allowing for a more comprehensive
understanding of the step voltage risks associated with faulty electrical systems in

complicated environments.

By combining these three crucial assessments—fault potential, touch voltage, and
step voltage—we have contributed to a more accurate and holistic understanding of
the electrical safety issues in older residential communities. This research is essential
for developing targeted safety strategy that can reduce the risk of electric shock and

enhance the overall safety of older residential communities.

4.2 LV Residential Distribution Network

4.2.1 Typical configuration of the LV distribution network for

simulation

A typical low-voltage (LV) power distribution line system is introduced in Fig.4-
1. This system, from the transformer to the loads, consists of a 10kV/380V
distribution transformer and main LV switchboard (SB) in the substation, an
underground 4/c armored cable with a length of several hundred meters, sub-main

distribution board (DB) at the end of the underground cable, overhead lines to final
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main DBs at the entrance of residential buildings, indoor final-main cables to
consumer units, final cables to loads. Protective earth (PE) wires along the line
system are provided if needed. Table 1 shows typical parameters of the line system
adopted for fault analysis, which are provided by the local power company. After
leading from the LV side of the distribution transformer, the buried four-core (4/c)
XLPE/PVC cable with steel-wire armor (SWA) is equipped as the main circuit line
before the entrance of the old community, after which the circuit is equipped with
the overhead lines that have three phase lines and one neutral line, before the
entrance of residential buildings. The first section of the overhead lines, called sub-
main circuit I in the paper, is the main line of the old community. The subsequent
section, called sub-main circuit II, is the main line before the entrance of the
buildings. The final main circuit and final circuit, equipped with one-core (1/c) PVC
cables, are arranged inside buildings and inside flats, respectively. The relative
locations in the whole residential LV line system of each line section have also been
illustrated in Fig.4-1 (b). Note that the phase lines have the same parameters as the
neutral line, thus noted as the L/N line in Table. 4-1.

f Electric-shock point Overhead line r |

Line-fault position

Service | vLne
drop \

Consumer unit
L
Transformer Main LV switchboard . e Hﬁ =
Sub-main DB s M

&FE — = =I%
~

N =l i
1= =

| J Foundation

Grz)unding — —

Underground
WL — — —cable _ _ _

7

(@) >:( OO0\ Grounding Grounding
O 00/

- — -

I
I
I
(

/OO\—-—

(a) Typical LV power network with the TX(M)—C-S grounding system, labeled

with four possible fault locations and five possible electric shock points
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Fig.4-1 Configuration in an old residential community.

Table. 4-1 Parameter in a LV distribution line system

Distribution circuit Equipment Parameters
Power-supply Distribution
] 10 kV/0.4 kV, 800 kVA, Z=6%
side transformer

Main circuit

Buried four-core (4/c)

cable with steel-wire

armor (SWA)

Materials: XLPE/ PVC

Length:250 m,
L/N line
Cross-section area (CSA): 240 mm?
Length:250 m,
PE wire
CSA: 308 mm?

Sub-main circuit I

Overhead line

Length: 100 m, CSA: 185 mm?

Height: 3 m Conductor spacing: 0.1 m

Sub-main circuit II

Overhead line

Length:50 m, CSA: 35 mm2, Height: 3 m

Conductor spacing: 0.1 m

Final main circuit L/N line Length:20 m, CSA: 10 mm?
1/¢ PVC cables

(inside buildings) PE wire Length:20 m, CSA: 6 mm?

Final circuit L/N line Length:20 m, CSA: 4 mm?
1/¢ PVC cables

(inside flats) PE wire Length:20 m, CSA: 2.5 mm?
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4.2.2 Typical protective grounding configurations

Grounding of an LV residential distribution network is made of the power-supply
side (substation) and DBS (Including sub-main DBs at the end of the underground
cable and final DBs at the entrance of buildings for customer installation). Generally,
a grounding grid is provided at the substation with a resistance of 2 ohms [21].
Vertical rods together with buried horizontal conductors outside buildings are
adopted to ground the sub-main DBs and final DBs. No dedicated protective earth
wires (PEs) provided in the distribution network for connecting these grounding
terminals. Although the transformer neutral is grounded at the substation, the neutral
(N) line in the distribution network may or may not be grounded. Inside buildings,
electrical equipment is grounded through a separate protective earth wire (PE) or a
protective-earth-neutral (PEN) wire. The buildings were built with RC, and their
foundations were buried with steel reinforcement (rebar). These bars are
interconnected to compose a network of conductors that can be used as a feasible
grounded grid, which are not actually employed. Generally, the rebars in the
buildings are concealed in concrete and are not exposed to the air. They are not
intentionally connected to the grounding terminals at the final-main DBs. The
electrode parameters for different sections, as well as the building foundation, are

presented in Table. 4-2, which would be adopted in the fault analysis.

In old residential communities, three common grounding configurations are

described below:

a) TT grounding configuration: exposed conductive parts (e.g., metal enclosures)
of DBs, consumer units, and user equipment are all grounded via separate PE wires
to their corresponding local grounding electrodes. The N wires in the distribution
network are not connected to grounding terminals, except at the substation where the
N wire is grounded solidly through the PE wire. Within buildings, the N wire is

separated from the PE wire.

b) TT(M)-C-S grounding configuration: this is similar to the TT grounding
configuration, except that the neutral wire is common-grounded at sub-main DBs
via the connection with the PE wire. This is a grounding system with a multiple-

point grounding of the N wires on the supply side.

69



¢) TX(M)-C-S hybrid configuration: the N wire is connected to grounding
terminals at both sub-main DBs and final-main DBs. This is a specialized TN-C-S
grounding configuration with a multiple-point grounding of the wires from the
substation to the entrance of buildings, as illustrated in Fig.4-1. Note that it is also
called a TN-C-S configuration with a PEN extended to the entrance of buildings in
[21].

It is noted that no matter which grounding configuration, the PE wires and metal
enclosures of sub-main DBs, final main DBs, consumer unit, and loads are grounded
via the local grounding terminals and the local grounding electrodes. The connection
status between the N wire and PE wire at different sections is the main distinguish

between the three configurations.

Table. 4-2 Electrode parameters for different sections of a typical residential LV

distribution network.

Grounding Location Conductor Configuration

Substation Grounding grid of the substation with a resistance

(distribution transformer) of 2 ohms

Vertical conductor:

Number:1; Length: 1.5 m; Radius: 0.008 m;
Sub-main DBs and final-main

DBs Horizontal conductor:

Number:2; Depth: 0.8 m; Length: 1.5 m; Radius:
0.008 m;

Horizontal grid:

Building foundations Depth: 1 m; Size of mesh: 20 mx20 m; Size of cell:

5 mx5 m; Radius: 0.008 m
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4.3 PEEC-based Modeling of LV Distribution

Network under Faults

Fig.4-1 shows the possible locations of faults in an LV distribution network.
Several kinds of faults that may lead to a safety hazard are of concern, including
phase-to-ground (P-G) faults and line-to-neutral (L-N) faults. Under the P-G faults,
the fault current will return via PE or PEN wires, grounding electrodes to the supply
source. Therefore, all circuit components in the fault—current loop, including the
grounding electrodes, need to be modeled for fault analysis. These components are
generally represented with an equivalent RL circuit according to their physical
parameters given in Tables 4-1 and 4-2. With these equivalent circuits, both fault
currents and fault potentials at different locations in the community can be evaluated.
Subsequently, both touch voltage and fault current across the body in an electric
shock event can be determined. This section addresses the modeling of two key

components: reinforced concrete and grounding grid, which may appear in a fault

loop.
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Fig.4-2 An electric shock scenario inside a building.
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Fig.4-3 Experiment to measure the resistance on a 200 mm thick RC slab.

4.3.1 Model of a reinforced concrete (RC) slab in buildings

The concrete in a building may be considered a conductive part for the fault
current across the body in an electric shock although it is not to carry a current under
normal situations. Fig.4-2 illustrates a possible scenario of an electric shock accident
under a ground fault within an electric water heater. The fault potential of an electric
water heater in a bathroom generates a fault current when a person touches the
metallic hose while standing on the floor. This fault current flows via the concrete
slab to rebars. The rebars in the floor slab are connected to the steelwork in the
foundation, which may be viewed as a grounding electrode for discharging the fault
current across the body. The rebar resistance can be neglected as it is relatively small

compared with the concrete resistance or human body impedance.

An equivalent resistance models the concrete appearing in an electric-shock
scenario in the fault analysis. It is connected between the rebars and a contact surface
emulating a person’s feet. This resistance could be calculated numerically through

FEM or FDTD method [13-14]. It can be evaluated experimentally as well.

In this paper, the experiment method is employed in the laboratory to disclose the
concrete resistance of a typical RC slab [20]. The experimental setup is shown in

Fig.4-3. The RC slab has a size of 1 mx1 mx 0.2 m. A wire mesh made of rebars

with a cell size of 0.2 m x 0.2 m was placed in the middle level of the slab. A couple
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of metal parts were embedded in the slab for measurement but were not connected
to the rebars. These include metal screws, a metal pipe passing through the slab, and
a metal plate on the slab surface. The resistance between the rebars and the metal
parts in the slab was measured at 20°C under dry and wet conditions, with the results
presented in Table. 3. It is found that the resistance between the flat plate and rebars
within the slab varies from 200 ohms to 300 ohms. Thus, in the simulation, the value
of 30042 is taken to represent the equivalent resistance between a person’s feet and

the rebars of the floor.

Table.3 Experimentally measured resistances of an RC slab.

Metal Part Flat plate Metal bolt Metal pipe

Parameter Size: 20 x 20 cm? Depth: 3 cm | Diameter: 5 cm

Condition Dry Wet Dry | Wet | Dry Wet
Resistance (k€2) 0.3 0.2 5 1.5 0.4 0.4

4.3.2 Modeling of grounding electrodes

When an electric-shock scenario occurs, the fault current across the body will be
discharged via the PE wire, grounding electrode, or contact on the ground, as seen
in Fig.4-2. The fault current is generally determined by ground potential or the
potential difference (V, — Vp), as seen in Fig.4-4. Fig.4-4 illustrates the ground
potential rise in fault condition, in which Ry represents the resistance of other
components in the body-current circuit, such as the RC slab. When the grounding
grid is made of a set of horizontal conductors, an admittance matrix for the grounding
grid can be established using the PEEC formulas for the horizontal conductors [14,
16]. The detailed description of PEEC method is shown in section.3.4. In the PEEC
method, the electromagnetic coupling between the concerned conductors in physic
space could be transferred into the circuit-format coupling coefficient matrix to
establish the equivalent equation matrix considering the propagation time delay.
Note that the potential coefficient p,,,,, between two current-carrying segments L,

and L, in the soil with a conductivity of g, is expressed by
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where [, is the mirror image of the segment [,,, in the air. Both 1, and 7, are the
coordinates of the points on segments [,, and [,,,, and Al,, and Al,, are the length of
these segments, respectively. The ground plane in this case is replaced by a
segmented image in the air. The capacitance matrix € then is obtained by inverting
the potential matrix, that is, C = P! where P = {p;,}. Both inductance and
resistance of segments themselves are neglected as they have a minor effect at 50 Hz
compared with the conductance of these segments. To determine the ground surface
potential in an electric shock scenario, an electrode must be provided, and mutual
potential coefficients must be included in the potential matrix P. In this paper, a flat
contact surface of 20 cm x 20 cm serves as an electrode for discharging the fault
current across the body. The potential coefficient between the flat surface s, and the

wire segment buried under the ground [,,, is expressed by

o) 1 1 1 '
pnm:ﬁmllAlmIerfnr—r‘del ar 7Z'ASAI In-[»nr—r‘del

(4-2)

where As,, is the surface area of the flat contact on the ground.

4.4 Fault Potential Investigation for Different

Grounding Configurations

Fig.4-4 also illustrates the ground surface potentials caused by a fault current
injected into the ground. Under a ground fault, the metal enclosure of DBs and user
equipment, or PE wires, could be subject to a fault potential nearly equal to V(0).
They are represented as the conductors with fault potential in Fig.4-4. Such a
potential, together with the ground potential V(x) at the surface of the soil, can be
used to assess the touch voltage. As shown in Fig.4-4, the potential difference
between point A (e.g., the hand-touching point) and point B (e.g., the feet-standing

point) can be used to evaluate the touch voltage of a person. In the figure, R, depicts
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an auxiliary resistance in the human-body current branch. In this section, the fault

potential of equipment under different line faults is evaluated.
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Fig.4-4 Illustration of ground potential V(x) and touch voltage V; in the vicinity of

an electrode.

Three typical line faults are of concern in this paper for fault potential assessment,
i.e., P-G fault, P-N fault, and neutral-line disconnection. It is noted that the fault
current, as well as the fault potential, varies with fault location. Four typical fault
locations are considered in the assessment. They are: 1) the sub-main DB, 2) the
final-main DB at the entrance of a building, 3) the consumer unit in the building, and
4) the user equipment in the building. Note that the structural steel (rebars) of a
building are not intentionally bonded to the grounding terminal at the final-sub main

DB, as they are not exposed to the air.
4.4.1 Phase-to-ground fault

In this part, the phase-to-ground (P-G) fault occurring at different positions in an
LV distribution network is of concern. Because a person may touch the equipment
enclosure, the potential of the equipment enclosure (equipment potential) shall be
calculated. It is assumed that the circuit breaker or residual current devices (RCD) is

not activated under a fault for the worst-scenario assessment.

Fig.4-5 to Fig.4-7 show the simplified diagrams of the fault circuit with three
grounding configurations respectively. The corresponding equipment potential
under the ground fault is presented in these figures as well. As there are four possible
fault locations described previously, the equipment potential at these locations is
evaluated under each fault. In subfigure (b), equipment potential is depicted by

vertical bars. These bars are grouped according to the fault location. In each group,
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the measure of equipment potential at four locations under a fault is presented, and
both the maximum and minimum values of equipment potential in that group are

indicated on the bar graph.
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Fig.4-5 TT grounding configuration.
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Fig.4-6 In TT(M)-C-S grounding configuration
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Fig.4-7 TX(M)-C-S grounding configuration.

Under the TT grounding configuration, a ground-fault circuit may be composed
of the transformer, the phase wire of a cable and/or an overhead line (OHL), the PE
wire, the grounding electrode, and the substation grounding grid. This is illustrated
in Fig.4-5(a) by the orange dashed arrows for the fault located at a sub-main DB.
Note that the grounding impedance is a dominant part of this fault circuit. The
equipment potential at the fault position remains high. Since a separate PE wire
grounds the equipment of each section and is not connected to the N wire under this
grounding configuration, the equipment potential in the non-faulted section is almost
negligible. As for the faults located in the building, the equipment potential inside
the building remains high because of the large grounding resistance of the vertical
rod at the final-main DBs for a building. While the equipment potential at the sub-

main DB is low as the N wire is not also connected to the PE wire in the building.

Fig.4-6(a) shows the simplified diagram of the fault circuit with the TT(M)-C-S
grounding configuration, taking the fault located in the sub-main DB as an example.
Note that the N wire is connected to the PE wire at the sub-main DB under this
grounding configuration. Thus, under the fault at the sub-main DB, the equipment
potential is determined by the total impedance of the N wire and the grounding
electrode connected in parallel. This equivalent impedance is relatively low.
Subsequently, the equipment potential is significantly small compared with that
under the TT grounding configuration. As for the faults in the building, the results

are similar to that under the TT grounding configuration.
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Under the TX(M)-C-S grounding configuration, as shown in Fig.4-7 (a), the N
wire is connected to the PE wire at both the sub-main DB and the final-main DB.
Thus, even under the fault at the sub-main DB, the PE wire in the building carries
the fault potential. Under the fault in the building, the equipment potential there is
determined by the impedance of both N/PE wires and grounding electrodes
connected in parallel. This equivalent impedance is significantly lower than the
grounding resistance under the TT(M)-C-S or TT grounding configuration. Thus,
the fault potential in the building is lower than that under the other grounding

configurations.

It can be observed in the discussion that the ground fault in a building usually
causes a high fault potential in the building. Whether the fault at the sub-main DB
brings a high fault potential into the building depends on whether the connection of

the N wire and the PE wire is made at the entrance of the building.

4.4.2 Line-to-neutral short circuit

This section assesses the equipment potential under the line-to-neutral (L-N) fault.
Under the TT grounding configuration, the electrical connection between the PE and
N wires is provided only at the substation. No fault potential would exist at all four

observation points arising from the phase-neutral fault along the distribution network.
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(a) The simplified circuit diagram under the L-N short circuit at the final-main DB
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Fig.4-8 TT(M)-C-S grounding configuration.
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(b) Fault potential at four points caused by faults at four locations

Fig.4-9 TX(M)-C-S grounding configuration.
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Under the TT(M)-C-S grounding configuration, the PE wire in the building is
separated from the N wire, as shown in Fig.4-8(a). The L-N fault does not bring a
fault potential into the observation points in the building (i.e., the last three groups,
as shown in Fig.4-8 (b)). In contrast, the equipment potential at the sub-main DB
would rise due to the inner connection between the N wire and PE wire at this point.
As the fault locations move from the sub-main DB towards the user equipment, the
equipment potential at the sub-main DB gradually decreases, as shown in Fig.4-8(b).
This is because the fault current decreases with increasing the total short-circuit

impedance.

Fig.4-9(a) shows the simplified circuit diagram under the L-N fault with the
TX(M)-C-S grounding configuration, taking the fault at the consumer unit as an
example. Under this configuration, the PE wire in the building is connected to the N
wire at the entrance of the building. Thus, the equipment carries the fault potential
caused by the L-N fault occurring at all positions. Note that the N wire is connected
in parallel with the grounding. The equivalent impedance of this line section is
relatively low. Thus, the faults in the building would cause a lower fault potential

than that under a P-G fault with the TX(M)-C-S configuration.
4.4.3 Neutral-line-open fault

Whenever the neutral wire of a three-phase distribution network is open, the N
wire potential at the load side would be shifted due to the unbalanced loading among
the three phases. In the assessment presented in this section, the neutral wire of a
three-phase OHL is assumed to be broken. Generally speaking, the more significant
unbalance of three-phase loading, the more considerable shift the N wire potential
would have. Now consider a case in which the currents in the three-phase wires are
respectively equal to 90%, 50%, and 10% of the design current (e.g., 48 A for a two-
story building [22]). Equipment potential, in this case, is calculated by considering
different grounding configurations. Table. 4-4 presents the fault potential at the sub-
main DB and final-main DB caused by the neutral-line open. Since the PE wire is
not connected to the N wire in a building with the TT or TT(M)-C-S configuration,
the phase-line disconnection doesn’t bring a fault potential to the PE wires.
Subsequently, equipment potential remains zero at both the sub-main DB and final-

main DB. While under the TX(M)-C-S configuration, the open N-wire fault would
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bring a significant fault potential to the equipment in the building, with a maximum

value 0of 91.7 V at the final-main DB.

Table.4-4 The fault potential caused by the neutral-line-open fault at the sub-main

and final-main DBs under different grounding configurations.

Measuring point
Groundin Sub-main DB Final-main DB
configurations
TT 0 0
TT(M)-C-S 0 0
TX(M)-C-S 6.07V 91.7V

A summary of the fault potential under different scenarios is provided below:

a) The observation point nearer the line-fault position has a higher phase-to-
ground fault potential, while the fault potential decreases when the observation

moves toward the end of the distribution network.

b) Generally speaking, a phase-to-ground fault potential at the line-fault position
is relatively high once a fault is located in the building due to the high overall

equivalent impedance in the fault circuit.

¢) As for line-to-neutral short circuit and neutral-line-open fault, the fault potential

distribution mainly depends on the specific grounding configurations.
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4.5 Touch voltage assessment

In this section, the touch voltage under typical line-fault cases is further evaluated,
as shown in Fig.4- 4. Since the fault current across the body could be discharged into
the ground via non-dedicated conductors, the circuit model for a scenario of electric

shock is required for the touch voltage evaluation.
4.5.1 Circuit model for electric shock scenarios

Two cases of electric shock in a building are of concern, shown in Fig.4-10(a).
The first one is an indoor case in which a resident touches the metal enclosure of
equipment grounded via a PE under a line fault. The equivalent circuit in this
situation is illustrated in the right part of Fig.4- 10(c). The human body in the circuit
is modeled by an equivalent impedance recommended by IEC 60990 standard [22],
In as shown in Fig.4- 10(b). The RC between the human body and rebars in the
concrete is represented with a lumped resistance and determined in the experiment
mentioned in Section 3.1. Note that the worst case is of concern in this study, in
which a person stands on a wet floor without wearing shoes. The steelwork in the
building foundation serves as a grounding grid, the parameters of which are provided

in Table.2.
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(c) Equivalent circuit of the indoor/outdoor scenarios of electric shock.

Fig.4-10 (a) Illustration of an electric shock happens indoors or outdoors (b)

Human-body circuit recommended by IEC 60990 [22]. (c) Equivalent circuit of the

indoor/outdoor scenarios of electric shock.

Table 5 Five cases of electric-shock positions concerned in simulation

Scenario
umber 1 2 3 4 5
Position
, RC floor
Standing RC floor RC floor
. Ground Ground | withina |
point inside a flat | inside a flat
building
Metal enclosure
Touch
point Sub-main | Final-main Final- Consumer User
DB DB main DB unit equipment

For the second case in Fig.4-10(a) and on the left side of Fig.4-10(c), a person

touches the outdoor PE wire while standing on earth. The distance between the feet

and the grounding electrode is d. The steelwork in the building foundation may or
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may not be bonded to the dedicated grounding electrode at the final-main DBs.

These two parts have a separation distance s.
4.5.2 Touch voltage

In this part, the touch voltage that the human body suffers is investigated. Five
scenarios of electric-shock positions and the circuit models for indoor/outdoor
scenarios are under investigation. The specific scenarios are also shown in Fig.4-11,
as illustrated in Table. 5. These five scenarios also indicate the locations for touch

voltage observation.

Shown in Fig.4-11 is the distribution of the touch voltage under different P-G fault
locations and the electric shock points with the TT grounding configuration. The
value of each bar represents the amplitude under one combination and is labeled
above the corresponding bar. Two plots are presented respectively for the cases with
and without the eq. bonding. The eq. bonding is made by providing a wire connection
between the grounding electrode and steelwork in the building foundation. The
distance s between the two parts, as illustrated in Fig.4-10(a) and Fig.4-10(c), is fixed
to be 0.2 m.

It can be observed in Fig.4-11 that the touch voltage without eq. bonding at the
building remains high in the electric shock scenarios nearby or inside a building
(case (b) to case (d)) for the fault located in the building. The measure of eq. bonding
provided at the building can effectively reduce the touch voltage nearby or inside the
building, but cannot at the sub-main DB. Note that with eq. bonding provided at the
building, the overall grounding impedance of a building decreases significantly.
Accordingly, the fault potential and touch voltage at the case (a) location, i.e., sub-

main DB, increase substantially.

Fig.4-12 shows the touch voltage underground faults in the network with the
TT(M)-C-S configuration. It is found that the touch voltage has a similar distribution
to that under the TT grounding configuration. Again, the measure of eq. bonding can
reduce the touch voltage nearby or inside the building, but the reduction is

ineffective in electric shock at the sub-main DB.
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Fig.4-11 Touch-voltage distribution under different cases, with P-G faults and
TT grounding configurations.
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Fig.4-13 Touch-voltage distribution under different cases, with P-G faults and
TX(M)-C-S grounding configurations.

Shown in Fig.4-13 is the distribution of the touch voltage when P-G faults happen
at different locations and the electric-shock points in the network with the TX(M)-
C-S grounding configuration. It is evident that the touch voltage is higher in the
indoor scenarios (case (c) and (d)) for the fault inside the building. Different from
that under the other two grounding configurations, the measure of eq. bonding could
mitigate the touch voltage, although this mitigation may not be obvious. This is
because the resistance of the PE wire within the building becomes dominant. The
measure of eq. bonding, however, reduces the touch voltage significantly in the
electric shock scenarios outside the building under the fault at all the possible
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locations and in all the electric-shock scenarios under the fault at the final-main DB
or its upstream. It is clear that to reduce the touch voltage within the building further,

it would be necessary to provide local eq. bonding within the building.

Fig.4-14 & 15 show the touch voltage when L-N faults happen. Since there is no
fault potential in the distribution network with the TT configuration, only the
simulated results with the TT(M)-C-S and TX(M)-C-S are presented in these figures,
respectively. It is found in Fig.4-14 that in most cases, the line fault under the TT(M)-
C-S configuration wouldn’t generate dangerous touch voltage. It is because the PE
wire is not connected to the neutral line at the final-main DB of the building. Also,
in this case, the measure of eq. bonding does not make any meaningful difference in
the touch voltage. It can be observed in Fig.4-15 that the touch voltage can be higher
than that under the TT(M)-C-S configuration, due to the parallel connection of the
N wire and PE wires under this configuration. It is also found the great protective

effect of eq. bonding against touch voltage in case of electrical shock.

Fig.4-16 shows the touch voltage under a neutral-line-open fault. Since no fault
potential is generated in both the TT and TT(M)-C-S configurations, only the
simulated results with the TX(M)-C-S configuration are presented. The fault is
assumed to be located at the outdoor line section. The results are presented against
the measure of eq. bonding and the distance d between the feet of a person and the
electrode with fault potential (when a person is electrocuted outside a building). It is
found that without eq. bonding the line fault with TX(M)-C-S configuration would
generate dangerous touch voltage in most cases. The farther distance d brings a
higher touch voltage outside the building, as shown in case (b) w/o eq. bonding. The
measure of eq. bonding may eliminate the dangerous touch voltage in all cases in or

around the buildings, while it would cause a transfer voltage at the sub-main DB.

89



40

35
50 20
S 40
D
25
EJ 30
©
> 20
= 20
<9
H 10
= 15
0
. 10
Sub-main DB Case(e
Final main DB Case(d)
5
Consumer unit Case(c)
Case(b)
. Load
Fault location Case(a) Touch point 0
(a) without eq. bonding
40
35
50
- 30
2 40
D
25
E‘J 30
S
> 20
"E 20
H 10
2 15
0
. 10
Sub-main DB Case(e
Final main DB Case(d)
5
Consumer unit Case(c)
. Load Case(b)
Fault location Case(a) Touch point 0

(b) with eq. bonding
Fig.4-14 Touch-voltage distribution under different cases, with phase fault and
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fault and TX(M)-C-S grounding.
4.5.3 Discussion of the dangerous touch voltage

Touch voltages under different combinations of electric shock points and fault
locations are summarized in Table. 4-6 to Table. 4-9. Note that in Section 4.2 the
distance between the building foundation and the grounding rod is fixed at 0.2 m,
while in these tables the distance in a range of 0.2~1.5 m is considered. The upper
limit of a touch voltage range in the table corresponds to the distance of 1.5 m, due
to the larger potential difference between point A and point B, as shown in Fig.4-10

and Fig.4-4.

It is noted that the limit of a safe touch voltage has been investigated by related
standard files and research [23-25]. Touch voltage exceeding that level could be
dangerous. This paper adopts a strict threshold of 24 V for safe touch voltage. A
touch voltage valued over 24 V is classified as a “dangerous touch voltage”. A

summary of the distribution of dangerous touch voltage is provided below:

a) Under a P-G fault, the touch voltage is higher when the observation point is

close to the fault location and decreases near the distribution network’ far end.

b) The measure of equal potential bonding could mitigate the touch voltage nearby
or inside the building, while this mitigation may not be effective under the electric

shock scenarios at the sub-main DB. Under the TT and TT(M)-C-S grounding
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configurations, the eq. bonding at the building could generate a dangerous touch

voltage to be transferred to the sub-main DB under a P-G fault in the building.

¢) Under an L-N fault, the TT grounding configuration does not cause a dangerous
touch voltage. The TT(M)-C-S grounding configuration has a dangerous touch
voltage only in one case, i.e., the case with both the line fault and observation points
at the sub-main DB. With the TX(M)-C-S grounding configuration, most of the
dangerous cases due to this fault could be addressed by an eq. bonding inside the

building.

d) Under an N-wire-open fault, both the TT and TT(M)-C-S grounding
configurations do not generate the situation with dangerous electric shock, while
with the TX(M)-C-S, there will be dangerous touch voltage in the building if the eq.

bonding is not provided.

Table 4-6 Touch voltage under different cases of electric shock point and fault

location (TT)
P-N short
P-G fault
circuit
Jouchpoint
All cases of
Faul Casea | Caseb | Casec | Cased | Casee )
ault touching
location
81.7~1
Power DB Safe Safe Safe Safe
34.1
Final main 99.2~1
Safe 193.8 | 193.8 | 193.8
DB 61.3
W/o eq. Safe
) Consumer 98.7~1
bonding Safe 1929 | 193.5 | 1935
unit 60.6
98.2~1
Load Safe 1919 | 192.5 | 1932
59.7
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81.7~1
Power DB 341 Safe Safe Safe Safe

Final main | 48.1~7 | 16.8~3
Safe Safe Safe

W. eq DB 8.9 6.6
T Safe
bonding == mer | 46.6-7 | 16.2-3
Safe Safe Safe
unit 6.5 5.8
44.9~7 | 15.6~3
Load Safe Safe Safe
3.7 4.2

Table 4-7 Touch voltage under different combinations of electric shock point and

fault location (TT(M)-C-S)

Type of faults P-G fault P-N short circuit
Touchpoint]
Fault Case a Caseb |Casec|Cased|Casee| Casea Case b~¢
location
Power DB 37~60.5 Safe Safe| Safe| Safe| 41.5~68.0 Safe
Final main DB Safe 89.7~144.7 | 193.4 | 1934 | 193.4 Safe Safe
W/o
eq. Consumer unit Safe | 89.7~144.7 | 192.5) 193.21 193.2 Safe Safe
bonding
Load Safe 88.9~143.3 191.6f 192.1| 1929 Safe Safe
Power DB 37.0~60.2 Safe Safe| Safe| Safe| 41.5~68.0 Safe
W. eq Final main DB| 43.7~71.2| 16.8~32.6| Safe| Safe| Safe Safe Safe
bonding Consumer unit| 42.4~68.9 16.7~31.8| Safe| Safe| Safe Safe Safe
Load 40.8~66.4) 14.2~30.7| Safe| Safe| Safe Safe Safe
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Table. 4-8 Touch voltage under different combinations of electric shock point and

fault location (TX(M)-C-S).

P-G fault L-N short circuit
Touchpoint
Fau Case a Caseb [Casec [Cased [Casee Case a Caseb [(Case c~¢
location
Power DB 34.2~56.2| 35.6~57.5| 76.8| 76.8 | 76.8 | 38.7~63.6] 39.9~65.0f 78.1
Final main|
bR Safe 41.6~67.3] 89.6| 89.6 | 89.6 | Safe 46.2~75.1] 90.2
W/o eq
. Consumer
bonding ) Safe 25.5~41.3| 55.1| 109.1] 109.3] Safe 31.3~50.9] 61.1
unit
Load Safe 17.1~27.7| 369| 73.6 119.6| Safe 22.4~36.5| 43.8
Power DB 19.4~31.3| Safe Safe| Safe | Safe | 21.8~35.7| Safe Safe
Final main|
Safe Safe Safe| Safe | Safe | Safe Safe Safe
DB
W. eq.
bonding Consumer
) Safe Safe Safe| 57.2 | 57.3 | Safe Safe Safe
unit
Load Safe Safe Safe| 384 | 854 | Safe Safe Safe
Table. 4-9 Touch voltage under different electric shock scenarios with a neutral-
line-open fault (TX(M)-C-S).
Neutral-line disconnection
Touchpoint Case a Case b Case c Cased Casee
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Fig.4-17 Number of electric shock scenarios with dangerous touch voltage, under

different grounding configurations. (* represents the case with eq. bonding)
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The number of electric shock scenarios with dangerous touch voltage is collected

and compared, as shown in Fig.4-17. It is evident that the P-G fault is the most

dangerous, while the neutral-line-open fault is the least dangerous. Whenever there

is not any eq. bonding provided between the building foundation and the grounding

grid, the TT grounding configuration leads to the lowest number of hazardous

scenarios, and the TX(M)-C-S the most number. The measure of eq. bonding can

significantly decrease the number of dangerous scenarios for all the grounding

configurations, which also means the reduction of the frequency of occurrence. This

measure makes the TX(M)-C-S the best choice.
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4.6 Step voltage assessment

The typical grounding configuration in an electric power distribution system
includes the vertical electrode, the horizontal electrode and the fork-type grid, as
shown in Fig.4-18. In this simulation, the length of vertical electrode is 3m. The
length of horizontal electrode is 2.5m and the buried depth is 0.5m. The fork-type
grid has three vertical electrodes and the buried depth is 0.5m. The radius of all the

electrodes is 0.01m.
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Fig. 4-18 (a) Vertical Electrode (b) Horizontal Electrode (c) Fork-type grid
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Fig. 4-19 The potential distribution ratio for different grounding configurations.

Table. 4-10 Step voltage at the vicinity of fork-type grid
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Distance (m) Step voltage (V)

0.5 80.1
1.5 118.6
2.5 142.1

The simulation result of ground potential distribution under phase-to-earth fault
is shown in Fig.4-19. The normalized potential distribution is introduced as the ratio
of the ground surface potential over the potential distribution around the
electrode/grid varied significantly with distance. It is found that the fork-type grid
has the smallest potential drop ratio in its vicinity. The horizontal and vertical
electrode have a similar ground potential distribution curve. In table.1 is the step
voltage in the vicinity of the fork-type grid. It is found that even with 0.5m from the
grid, the step voltage is still higher than the human safety voltage.

As shown in Fig.4-20 and Fig.4-21, the TT or TN-C power supply mode are
respectively analyzed for a typical electric distribution system. The overhead line is
a three-phase four-wire power supply mode without a PE line. Overhead lines are
connected to the building through a secondary distribution box. In a TT system, both
the power distribution box and the building are grounded directly through the PE
line. In a TN-C system, both the power distribution box and the building are
grounded through the PEN line, which is the combination of the N line and PE line

in a TN-C system.
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Fig. 4-21 a typical configuration of the TN-C system

Table. 4-11 Touch voltage for TT or TN-C system under phase-to-earth fault

Fault Power supply Voltage at DB Voltage at building

location mode
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(Step distance 0.2m- (Step distance 0.2m-

1.5m) 1.5m)

TT 75.6~125.9V Safety

DB TN-C 89.2~109.2V Safety

TT Safety Safety

OHL TN-C Safety Safety
TT Safety

136.5~176.3V
Building TN-C Safety 49.4~92.6V

Table. 4-12 Touch voltage for TT or TN-C system under phase-to-neutral fault

Fault Power supply Voltage at DB Voltage at building
location mode
(Step distance 0.2m- (Step distance 0.2m-
1.5m) 1.5m)
TT Safety Safety
DB TN-C Safety Safety
TT Safety Safety
OHL TN-C Safety Safety
TT Safety 48.2~62.1V
Building TN-C Safety 48.2~62.1V

The short circuit fault may happen at the distribution box (BD), overhead line
(OHL) or the building. The touch voltage under phase-to-earth and phase-to-neutral
fault are respectively shown in table.4-11 and table.4-12. It is found that the risk area
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for TT or TN-C system are the same. However, the touch voltage in a TN-C system
is generally lower than the TT system. If only the electric shock area and touch
voltage magnitude are taken into consideration, the TN-C system is a better choice
than the TT system. But in a practical system, the protective devices are installed.

This requires a more comprehensive study.

4.7 Analysis of Fault Potential in a Real Urban Old

Community

4.7.1 The Overall line topology and LV system components

Fig.4-22 is a map and corresponding circuit diagram of a LV (low-voltage)
distribution system for an real old residential community located in Shenzhen, China.
Both the CAD map and the topology of the concerned line system are presented in
Fig.4-22. The distribution circuit is made by a 10kV/380V transformer, a buried
four-core (4/c) armored cable to an outdoor distribution board, and then overhead
lines, labeled as submain OHL I and submain OHL II and presented in different
colors in Fig.4-22, are equipped to the final main distribution boards (DBs) in multi-
tenant low-rise buildings. Note that the submain circuit I and II have different two
cross-section area (CSA) and the circuit II is nearer from the buildings than circuit
II. The circuits in a building are connected to the individual units via single-core (1/¢)

PVC cables, finally to the individual user equipment.

Table. 4-13 Distribution equipment and its parameters for fault evaluation

Circuit component Power equipment Configurations

Distribution 10kV/0.4kV,800kVA
Power Source
transformer Z=6%
Length:250m,
Buried 4/c Line
CSA: 240mm’
Main circuit XLPE/SWA/PVC
Length:250m,
cable PE

CSA: 308mm?

CSA: 185mm?

Submain OHL I Overhead line Height: 3m

Conductor spacing: 0.1m

Submain OHL II Overhead line CSA: 35mm?
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Height: 3m
Conductor spacing: 0.1m
Length:20m,
Line
Final main circuit 1/¢ PVC cables CSA: 10 mm?
(inside buildings) PE Length:20m,
CSA: 6 mm?
Length:20m,
Line
Final circuit 1/¢ PVC cables CSA: 4mm?
(inside flats) PE Length:20m,
CSA: 2.5 mm?

Table. 4-13 provides the typical configurations of the line-circuit components
adopted. Note that in the line-system modeling, the submain OHL I and submain
OHL II adopt the real length and topology structure, while the cables inside the
building and inside the flats adopt the same CSA configuration but with a fix length

for simplicity.
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Fig.4-22 CAD Map and the topology of the concerned LV distribution line system

in the old urban community for the case study.
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Transformer

4.7.2 Grounding configurations and main components of the

LYV line system

A typical circuit diagram for the specific line component and their grounding
conditions has been shown in Fig.4-23. At each component of the LV distribution
line system, the grounding protection should be implemented with different
measures. For the 10kV/380V transformer in the substation, the grounding grid is
always adopted for a low grounding resistance. According to the standard code, a
value of 2 ohms is suitable for the case study in the simulation. As for sub-main
distribution box (DB) at the connection point between the buried cable and the
overhead lines, as well as the final main DB, a combined grounding electrode with
both vertical and horizontal rods is used for the grounding of the power equipment
and the protective-earth wire (PE wire). The parameters for the rods are introduced
in Table. 4-14. Also, its corresponding equivalent low-frequency grounding
impedance in the condition of 0.01 soil conductivity calculated using the PEEC
model and numerical simulation is given. Besides the standard configurations of the
grounding electrodes provided by the power company, the equivalent low-frequency
grounding impedance versus the vertical-rod depth and the rod radius is presented

in Fig.4-23.

Submain-eireuit1
I I I

Submain
circuit I

Main LV
bk Sub-main DB

¢ [1]
OFEF— =]
B ,ﬁ\ ”
L"ﬁ ‘ = [ =
— m | | |
L : ) 1 L ==
Grounding |] | _ Buried Cable ,J” : = = Foundation - =
(OO\ (OOV
V=)

Fig.4-23 Circuit diagram of the concerned LV distribution line system and the three
protective grounding (PE) methods, i.e., type A, type B, and type C in the study case.

In residential buildings, the foundations have a more complex reinforcing
structure with the concrete materials. The specific size of the steelwork of the
foundation and its legs are presented in Fig.4-24. Because of the complexity of the
modeling, in our study, we equate each reinforcing branch of the complex steel

structure to a single-branch lumped resistance, which is then brought into the PEEC
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model. In this measure, the obtained total equivalent LF grounding impedance is
about 2.04 ohms, which is nearly consistent with the actual measured results carried
by the power company. Note that the measured soil conductivity is adopted as 0.01
S/m and the value adoptation is also based on the regular grounding measurement of
the residential community. which is nearly consistent with the actual measured

results.

Table. 4-15 Electrode parameters for different sections of a typical residential LV

distribution network.

Equivalent LF
Grounding Location | Conductor Configuration grounding

impedance

Grounding grid of the substation
Substation with a measured resistance of 2 | 2 ohms

ohms

Vertical conductor:

Number:1; Length : 1.5m; Radius:
Sub-main DBs and | 0.008 m;

26.2 ohms
final-main DBs Horizontal conductor:

Number:2; Depth: 0.8m; Length:

1.5m; Radius: 0.008 m;
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Up-layer reinforcing mesh:

0.95m length, Diameter:0.016 m,

Number:8x8,

Interval: 0.150 m
Middle-layer reinforcing mesh:
1.45 m length,

Buildings Diameter:0.016 m. 2.04 ohms
Number:11x11,

Interval: 0.150 m
Middle-layer reinforcing mesh:
1.95 m length,

Diameter:0.016 m,
Number:14x14,

Interval: 0.150 m

There are three regular grounding protective (PE) methods applied in the
concerned residential community for the case study, as have been distinguished via
different colors and labels in Fig.4-25. The main difference is that in the final main
DB at the entrance of the buildings, Type A makes the PE wire connected with the
N wire and Type B makes then disconnected. From the final main DB toward the
final load in the users’ flats, Type B and Type C adopts a separate PE wire or not.
On the one hand, the difference in the PE method affects the grounding conditions
when a line fault occurs, thereby impacting the absolute value of the line fault, such
as phase-to-ground fault. On the other hand, the fault-potential transfer mainly
depends on the PE wire. As humans are often prone to touching equipment housings
or bare conductors connected to PE wires, the PE method determines the fault

distribution and the possible exposure risk for the humans.
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Fig.4-25 The equivalent LF grounding impedance of the grounding electrodes
versus the vertical depth and the rod radius for the distribution box and the PE wires
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Based on the modeled LV distribution line system for the concerned residential
community, the fault potential under the most typical line fault conditions is assessed
and analyzed in this section. Different from the ideal single-building case in the past
studies [16-17], there are variations in the PE methods of different buildings, which
are in different parts of the line topology network. Thus, all the possible fault
locations are of concern for simulation. Since a human body is likely to touch the
metal box of the power equipment or the electrical conductors, as briefly presented
in Fig.4-26, all the possible locations have been set as the conditions of the fault
positions and the measured positions. Three fault positions outside the residential
buildings, i.e., the cases of the fault at sub-main DB, submain OHL I, and submain
OHL II, and three faults positions inside the buildings, i.e., the fault at final main
DB, consumer unit, and load, have been concerned in the simulation.

A. Fault-potential assessment under the conditions of phase-to-ground line fault

The fault potential under the most typical phase-to-ground line fault conditions is
first assessed in this part. Fig.4-27 gives the maximum fault-potential distribution at
each residential building or power distribution box of concern under different phase-
to-ground fault positions occurred outside the buildings. Each radially distributed
branch represents the measured positions, i.e., the possible electric-shock positions.
It is found that when a phase-to-ground fault occurs at the sub-main DB, there would
be dangerous fault potential on the PE wire or its connected conductors in the main
LV SB, sub-main DB itself, and the buildings with type A and type B PE methods.
It is noted that the limit of a safe touch voltage has been investigated by related

standard files and research [23-25]. The maximum effective value of the fault

potential under the concerned fault conditions are always larger than 40V, exceeding
the recommended lowest safe threshold of the human-body electric shock, i.e., 24V.
Touch voltage exceeding that level could be dangerous. This is because of the high
proportion of the grounding resistance at the sub-main DB in the line-fault point-
earth-equivalent voltage source of the distribution transformer circuit, which
determines a relatively high fault potential at the fault point and the equal-potential
point via the earth, i.e., the type A and type A PE protected buildings. For the case
of phase-to-ground fault at the overhead line (called submain circuit I and II), the
high ground potential has no path transferring to the PE wire wiring into the
buildings and touched by human body, thus there is no abvious high fault potential

exposure to other locations.
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Fig.4-27 The maximum fault-potential distribution at the residential buildings or
the concerned power components, under conditions of phase-to-ground fault

occurred outside the buildings.
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(a) Fault occurred in No.46 building
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(b) Fault occurred in No.47 building (c) Fault occurred in No.48 building
Fig.4-28 The maximum fault-potential distribution at the residential buildings or
the concerned power components, under different phase-to-ground fault occurred

in type-A protected buildings.
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Fig.4-29 The maximum fault-potential distribution at the residential buildings or
the concerned power components, under different phase-to-ground fault occurred

in type-B protected buildings.
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Fig.4-30 The maximum fault-potential distribution at the residential buildings or
the concerned power components, under different phase-to-ground fault occurred

in type-C protected buildings.

The fault-potential distribution in the case of phase-to-ground fault occurring in
the residential buildings,have been shown in Fig.4-28 to Fig.4-30, respectively. The
results with different colors in each sub-figure have distinguish different fault
locations in the buildings. It is found that the fault potential distribution mainly
depends on the PE protective methods in the case of a indoor phase-to-ground fault.
Type-A protected buildings (No. 46, No. 47, No. 48) have a fault potential more than
100 V when the line fault occurs in themselves, while the main low-voltage (LV)
switchboard (SB) would also have a potential over 24V in some cases, such as the
fault at the final main DB.

Type-B protected buildings (No0.43, No.49, No.50), as the results shown in Fig.4-
28, have no separate PE wire indoors the buildings. Thus, when a ground fault occurs,
there is a single fault circuit disconnected from other line systems and other buildings
or main LV SB, and sub-main DB is difficult to be affected by the fault potential.
Note that the fault potential in these buildings reaches close to 220V, as the results
shown in Fig.4-28, because of a much larger proportion of the grounding resistance
in the whole fault circuit.

Type-C protected buildings (No.42, No.51, No.56) have a fault potential close to
100 V when the line fault occurs in themselves. Since these buildings have a PE wire

connected with the neutral wire (N wire) at the entrance of the buildings, the fault
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potential is more likely to be transferred to each other. Thus, the line-fault cases in

one of the two buildings would more easily cause the dangerous electric shock case
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Fig.4-31 The fault-potential distribution along the indoor PE wire under different
phase-to-ground fault positions.

Overall, the buildings with the same PE method have similar characteristics of
fault potential. That is, the overhead line topology of the LV distribution system
outside the residential buildings has little effect on the fault potential distribution.
Note that in Fig.4-30 only the maximum fault potential in a building is presented. In
fact, if there is a grounding point for the N line at the building entrance no matter via
a separate PE wire or not, i.e., the type A and type C protected buildings, most of the
fault cases would cause a fault-potential decrease along the wire in the buildings.

To investigate the characteristic of the fault-potential decrease along the wire in
the buildings, Fig.4-31 presents the fault-potential distribution along the indoor PE
wire, with conditions of indoor fault positions. The sub-figures respectively show
the results with different PE methods. For type-A and type-B protected buildings, as
the results shown in Fig.4-31 (a) and Fig.4-31(c), it could be found that when a line
fault occurs at the consumer’s load, there is obvious potential decrease along the
indoor PE wire. When a line fault at the consumer unit appears, the consumer unit
and the user’s load have the same fault potential because of the open-circuit status
of the PE wire between the two points, while the fault potential at the final main DB
would significantly decrease because of the line-impedance voltage drop along the
indoor PE line (or the N wire connected with PE wire). Note that the cases of the
line fault occurring at the final main DB would cause the same potential in the indoor
PE wire because of the open-circuit status between the load and final main DB. For

the type-B protected buildings, as the results shown in Fig.4-31(b), since the indoor
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N wire is disconnected with the PE wire at the entrance of the building, the voltage
drop along the grounded PE wire is small due to the low fault current as well as the
low line impedance, no matter where the indoor phase-to-ground fault occurs. Thus,
there is only slight difference of the maximum amplitude among the three

measurement points.

4.7.3 Fault-potential assessment under the conditions of phase-

to-neutral line fault

In this part, the fault potential under the phase-to-neutral line fault conditions is
assessed and analyzed. Similarly, all the possible fault locations as same as that of
the analysis in Section IV are of concern for simulation.

Fig.4-32 shows the maximum fault-potential distribution at the residential
buildings or the concerned power components, under conditions of phase-to-neutral
line fault occurred outside the buildings. It is noted that the conditions of phase-to-
neutral line fault at the sub-main DB causes the same fault-potential results as that
of phase-to-ground fault, which have been shown as the red curve in both Fig.4-27
and Fig.4-32. It is because the N wire is connected with a PE wire at the main LV
switchboard and the sub-main DB of the LV line system, i.e., the two faults actually
have the same equivalent circuit. As for the faults occurs at the overhead lines (called
sub-main circuit [ and circuit Il in this study), the fault potential could be transferred
to some of the buildings due to the connection between the N wire and PE wire at
the entrance of the buildings, e.g., NO.42, NO.46, NO.47, NO.48, NO.51, NO.56
building. In this case, the maximum fault potential could reach more than 40 V as
shown in Fig.4-32.

Fig.4-33 shows the maximum fault-potential distribution at the residential
buildings or the concerned power components, under conditions of phase-to-neutral
line fault occurred in type-A protected buildings. It is found that compared with the
phase-to-ground line faults at the same positions, the fault potential caused by the
phase-to-neutral line fault is lower, while there are also a maximum exceed 80V,
much higher than a human-body safe threshold of 24V. The fault potential
distribution is highly similar to that of the phase-to-ground faults, compared with the
results shown in Fig.4-28.

Fig.4-34 shows the maximum fault-potential distribution at the residential
buildings or the concerned power components, under conditions of phase-to-neutral
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line fault occurred in type-B protected buildings. Since the type-B PE method has a
separate PE wire disconnected with the indoor N wire, the phase-to-neutral line fault
cannot cause fault potential on the PE wire in the building where the fault occurred.
The fault potential would be transferred to nearby buildings, i.e., there is the wider
fault-potential distribution than that of the phase-to-ground fault conditions, while

the amplitude does not significantly exceed 24V.

Main LV SB
N0.56 60 Sub-main DB

NO.51 N0.42

NO0.50 NO.43

NO0.49 NO.46

NO.48 NO.47

Fault at submain DB Fault at submain circuit | Fault at submain circuit Il

Fig.4-33 The maximum fault-potential distribution at the residential buildings or
the concerned power components, under conditions of phase-to-neutral line fault

occurred outside the buildings.
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Fig.4-34 The maximum fault-potential distribution at the residential buildings or
the concerned power components, under different phase-to-neutral line fault

occurred in type-A protected buildings.
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Fig.4-35 The maximum fault-potential distribution at the residential buildings or
the concerned power components, under different phase-to-neutral line fault

occurred in type-B protected buildings.

Note that for type-C protected buildings, the N wire is grounded and play a role
as a PE wire indoor the buildings, the phase-to-neutral line faults have the same
equivalent circuit as that of the phase-to-ground faults, which cause the same results
as that of Fig.4-31. In this section, the corresponding results would not be repeatedly
presented. It is also noted that for type-A and type-B protected buildings, the fault
potential due to the phase-to-neutral line fault has a fixed value along the whole
indoor PE wire, because of the open-circuit status of the PE wire when the line fault
occurred. In this case, there is no need to show the indoor potential distribution
separately like Fig.4-32.

Compared the calculated results in Section IV. A and B, it is noted that in most
indoor phase-to-neutral line fault cases there would be a noticeably lower fault
potential than that of the phase-to-ground cases at the same position with more than
30% reduction of the amplitude. Nevertheless, the amplitude of the fault potential at
the fault positions would also be easily over the safe threshold 24V. As for the
performance of three typical PE methods, it is concluded that Type-C PE method
has the best protective performance, with the lowest phase-to-ground fault potential
amplitude at the fault locations and the complete elimination of the phase-to-neutral

line fault potential.

4.8 Section Conclusion

The present study investigated the fault potential of the equipment and human-
body touch voltage in several typical line-fault conditions. Three protective
grounding configurations of the LV distribution network adopted for the old
residential communities were of concern. Both LV system components and
grounding electrodes were simulated with the PEEC method. The potential
distribution on the soil surface is evaluated by modeling the buried conductors. The
equivalent circuit of electric shock scenarios that consider practical situations was

considered in the simulation.
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It has been observed that the phase-to-ground fault potential of equipment
increases when the fault location is closer to the faulty equipment and decreases
when it is closer to the circuit. High contact voltages are observed on indoor
equipment when the phase-to-ground fault occurs indoors. Thus, the equipment in a
building is likely exposed to the dangerous fault potential under the phase-to-ground
line fault. As for line-to-neutral short circuit and neutral-line-open fault, the fault

potential distribution mainly depends on the specific grounding configurations.

Bonding of non-exposed steelwork in the building foundation to the nearby
grounding grid may not be recommended in the literature, but it can reduce the touch
voltage effectively of concern in this paper. This method with the local eq. bonding
method could give enhanced protection against electricity. Under L-N faults, the
TX(M)-C-S configuration leads to more dangerous touch voltage than other
configurations, while most of the hazardous cases could be addressed by eq. bonding
provided in the buildings. Under the neutral-line open fault, both TT and TT(M)-C-
S configurations usually do not lead to dangerous touch voltage, even if eq. bonding
is not provided. Among three grounding configurations, the one with multiple
grounding points of the neutral wires up to the entrance of a building leads to the

least dangerous touch voltage cases.

The electric shock risk is analyzed for the different ground systems. The electric
shock rise may be caused by step voltage or touch voltage. It is found that the step
voltage is decided by the ground potential distribution around a grounding
electrode/grid. The complicated grounding grid, like a fork-type ground grid, may
have a low step voltage than a single electrode. Moreover, the touch voltage under
phase-to-earth or phase-to-neutral fault condition is analyzed. Although the electric
shock risk area is the same for a TT system or TN-C system, the TT system generally

has a higher touch voltage magnitude than the TN-C system.
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5 Conclusion

This thesis has undertaken an in-depth exploration of grounding systems in power
distribution networks, specifically addressing both the effects of lightning transients
and fault conditions within low-voltage (LV) networks. Given the increasing
reliance on sensitive electronic systems and the prevalence of outdated electrical
infrastructure, understanding and mitigating the risks associated with grounding
systems have become essential for ensuring system reliability and public safety. By
developing and integrating advanced models, this research has provided a new
perspective on grounding configurations and their role in protecting against

electromagnetic disturbances and fault-induced hazards.

The thesis first focused on lightning transients by introducing a Nonlinear Charge
Simulation Method (NCSM) to model the charge dynamics in downward negative
lightning leaders accurately. This method allowed for a more precise representation
of the interaction between lightning channels and grounded structures, overcoming
limitations present in traditional models. Additionally, an extended Transmission
Line (TL) model was developed to simulate the electromagnetic effects of lightning
strikes on tall structures, such as wind turbines, considering the critical role of corona
effects and nonlinear channel characteristics. These contributions offer insights into
improving protective measures against lightning in critical infrastructures, providing

a framework for enhanced lightning resilience.

In the context of fault conditions, this research addressed the safety risks
associated with touch voltage and fault potential in aging residential LV networks,
where outdated grounding configurations pose significant risks. Using the Partial
Element Equivalent Circuit (PEEC) method, the study evaluated different grounding
configurations (TT, TT(M)-C-S, TX(M)-C-S) under fault conditions, providing a
systematic analysis of their effectiveness in reducing touch voltage and mitigating
electrocution risks. The simulation results highlighted the advantages of distributed
grounding points and modern grounding designs, which offer improved fault safety
and touch voltage protection, especially where retrofitting modern protective devices

1s not feasible.

Through comprehensive simulations and validation against experimental data,

this thesis has demonstrated the limitations of traditional grounding models and the
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importance of adopting advanced simulation techniques for accurate risk assessment
and safety enhancement in urban electrical systems. The proposed methods provide
a foundation for future research in grounding system optimization and
electromagnetic protection. Ultimately, the findings and recommendations of this
study aim to guide the development of safer, more resilient power distribution
networks, particularly in urban areas with aging infrastructure, ensuring the safety

of both critical equipment and residents.
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6 Future work

This research has provided valuable insights into grounding system modeling and
assessment under lightning transients and fault conditions. However, several areas
warrant further investigation to advance the understanding and application of

grounding systems in power distribution networks.

Firstly, while this thesis has developed a Nonlinear Charge Simulation Method
(NCSM) for modeling lightning charge dynamics and a Transmission Line (TL)
model for lightning interactions with tall structures, there remains a need to extend
these models to incorporate more complex environmental factors. Future studies
could explore the effects of varying atmospheric conditions, such as humidity and
temperature, on lightning propagation and charge distribution. Additionally,
developing models that account for the influence of multiple structures in close
proximity—such as densely packed urban environments—could enhance the
applicability of these simulations for real-world urban planning and infrastructure

protection.

Secondly, the fault condition analysis in low-voltage (LV) distribution networks
could be expanded by investigating a wider range of grounding configurations,
including hybrid or adaptive grounding systems. As power systems evolve to
incorporate renewable energy sources and distributed generation, grounding systems
in urban areas will need to accommodate these changes. Future research could assess
the effectiveness of advanced grounding configurations that integrate adaptive or
dynamic grounding elements, such as variable resistance grounding, to enhance

protection against varying fault scenarios in modernized power networks.

The Partial Element Equivalent Circuit (PEEC) method, which was employed in this
research for fault potential and touch voltage analysis, has demonstrated significant
effectiveness. However, extending the PEEC method to model transient behavior
over broader frequency ranges could offer further insights into the grounding
system’s response to various types of transient disturbances. Future work could also
incorporate real-time data from fault monitoring systems to validate the PEEC
simulations, improving model accuracy and real-world relevance. This approach
would be particularly beneficial in adapting grounding systems to meet the evolving

demands of smart grids and interconnected urban infrastructures.
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Finally, given the critical importance of safety in aging residential communities,
additional studies should be conducted on practical, cost-effective solutions for
upgrading grounding systems in existing buildings. This could include experimental
evaluations of grounding retrofit techniques or the development of guidelines for
integrating residual current devices (RCDs) and other protective devices in areas
with limited retrofit capacity. Pilot projects in real urban environments could provide
valuable data for validating simulation results and refining grounding protection
strategies. Collaborative efforts with municipal authorities and urban planners may
facilitate the implementation of these solutions, ensuring that they are both
technically feasible and practically adoptable in communities facing infrastructure

constraints.

In conclusion, while this thesis has addressed foundational challenges in grounding
system modeling and protection, further exploration in these areas will be essential
for advancing grounding technologies to meet the demands of modern, resilient, and

sustainable power distribution networks.
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Appendix

Lightning-induced electromagnetic fields can be calculated by Uman’s formula
[36]. By using the image theory, a straight lightning channel above a perfect ground
can be modeled as a vertical dipole, as shown in Fig.A. For the current segment at
height z at time ¢, the electric field at a point with a horizontal distance D from the

channel can be calculated with the following equation:
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Fig. A straight vertical lightning channel of height H above a perfectly conducting ground plane.
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