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ABSTRACT 

Lightning Protection Systems (LPS) are engineered to protect physical structures, electrical 

systems, and personnel from the deleterious consequences of lightning strikes. Insulating 

tubes that support the air termination represent an essential component as they provide 

electrical isolation for the structure and ensure that current is directed in the desired 

manner. These insulating tubes must endure significant shock levels during lightning 

strikes, which can reach hundreds of kilovolts. To verify that they retain their insulating 

properties, it is imperative to examine the performance of these tubes under standardized 

lightning impulse voltage conditions. The performance characteristics of these tubes are 

affected by a multitude of factors, including the polarity of the applied voltage, the 

composition of the material, the geometry of the tube, and environmental conditions, all of 

which should be judiciously considered when selecting tubes for practical applications. 

Standard lightning impulse voltages are distinguished by their extremely short duration and 

elevated peak voltages, typically characterized as 1.2/50 µs. The response of the tube under 

such conditions must be integrated into the assessment since the behavior under steadily 

increasing voltage differs markedly from that under rapidly applied voltage. Consequently, 

testing in accordance with lightning impulse conditions is essential to ascertain that the 

materials can withstand the swift voltage escalation and the transient nature of the lightning 

strike. The failure of insulating stand-offs under lightning impulse voltages can precipitate 

the failure of the entire lightning protection system. This paper encompasses laboratory 

investigations aimed at evaluating the dielectric properties of insulating tubes subjected to 

lightning strikes (both positive and negative) and elucidating their behaviors. The 

assessment of the surface dielectric strength of electrically insulating tubes is pivotal for 

enhancing the understanding of the systems reliability, especially in the context of lightning 

strike scenarios. 

 
Keywords: Lightning Protection System, Insulating Tubes, Air Termination, Marx 

Generator, Dielectric Strength 
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CHAPTER ONE: INTRODUCTION 

Research dealing with surge protection in high voltage equipment reveals the need for 

further investigation of air gap breakdown characteristics. Although air gaps have been 

known and studied for decades, continued research shows their importance in the design 

of new insulating devices. The combination of the simplicity that characterizes air-gap 

arrangements and the existing knowledge of their properties makes them a basis for the 

study of more complex arrangements. More generally, the equipment components that 

make up electricity generation or transmission system must withstand, in addition to the 

continuous stress from the operating voltage, the stress from the various overvoltage that 

appear in the system. In order for the high-voltage equipment components to be tested 

before their use in the laboratory, to ensure their withstand to the various overvoltage that 

may be observed, prospective surge overvoltage are simulated in the laboratory through 

impulse high voltages [1]. 

According to IEC 60060-1:2010 [2], an impulse is any deliberately imposed aperiodic 

voltage or current pulse, which usually increases quickly to a peak and then gradually 

declines to zero. Impulse high voltages, depending on the time duration of their front, are 

categorized into lightning (LI) and switching (SI). Lightning impulse high voltages are 

those in which the front duration is less than 20μs, while on the contrary the front duration 

of switching impulse high voltages is longer than 20μs. 

In electrical engineering, overvoltage is the state in which the voltage in an electrical 

system is higher than the rated or typical operating voltage. This may be caused either by 

external overvoltage or internal overvoltage which may result in system instability, 

insulation failure or equipment damage. 

1.1 Theoretical Background 

1.1.1 External Overvoltage 

It is caused by external sources, mostly natural events like lightning strikes, which produce 

brief, high-energy voltage spikes. Switching operations on large-scale transmission lines 

or electromagnetic interference can also cause this overvoltage. Some of the causes for 

external overvoltage are direct lightning strokes, electromagnetically induced over voltages 
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due to lightning discharge taking place near the line, called ’side stroke’, voltages induced 

due to atmospheric changes along the length of the line and electrostatically induced 

voltages due to presence of charged clouds nearby. 

Although external overvoltage usually only last a few milliseconds to microseconds, they 

can reach very high magnitudes and pose serious dangers to insulation and equipment. 

Surge arresters, shielding, and efficient grounding are methods of mitigating external 

overvoltage to safely levels. This type of overvoltage originates from atmospheric 

disturbances, mainly due to lightning. This takes the form of a surge and has no direct 

relationship with the operating voltage of the line. Lightning impulse high voltages are 

defined as having a front duration of less than 20 s and simulate external surge overvoltage 

in the laboratory. Lightning impulse high voltages are characterized by the amplitude or 

peak voltage Up, the front duration T1 and the half-width duration T2. Because of stray 

inductances and capacitances on the components of the generating and measuring devices 

of the system, the exact determination of the peak voltage as well as the duration of the 

front of a generated external high voltage becomes difficult. According to Mikropoulos in 

[1], the front duration can be calculated as: 

𝑇ଵ = 1.67 × 𝑇 (1.1) 

where T, the interval between the time instants corresponds to 30% and 90% of the peak 

voltage value. For the same reasons, the half-width duration of a high-voltage impulse is 

in turn a conventional parameter defined as the time interval from the conventional 

beginning of times to the time when the voltage decreases to 50% of the peak voltage value. 

 
Figure 1. 1 Sample Switching Impulse 
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Lightning Phenomenon 

Lightning is a natural phenomenon which occurs stepping electric charge between the 

clouds with the earth. If the charge in the cloud grows, the greater the induced charge so 

that the potential difference between the clouds with the earth becomes even greater. The 

incident was followed by the release of the electron charge in the form of tongues of 

lightning that came down from the clouds and up from the earth [4,5]. This can produce 

electromagnetic radiation, including heat and visible light flashes. Thunderstorms occur 

when warm air masses with moisture are transported to high altitudes. This can occur 

through heat thunderstorms, frontal thunderstorms, orographic thunderstorms. Heat 

thunderstorms involve intense insolation, while frontal thunderstorms involve cold air front 

invasion, pushing cooler air below warm air. Orographic thunderstorms occur when warm 

air near the ground is lifted. Electrostatic charge separation processes charging water 

droplets and ice particles, with positive and negative charges. Thunderstorms generate 

corona discharge from ground objects, transported by wind. If space charge densities in a 

thundercloud produce strong local field, leader discharges initiate lightning discharges. 

Cloud-to-cloud flashes neutralize charge between cloud and ground centers, but their 

electromagnetic impulses pose a threat to electrical and electronic systems. Flashes to earth 

neutralize charge between cloud and ground charges, with two types distinguishable. 

Downward flashes (cloud to earth flash) involve lightning discharges from the cloud to the 

ground, typically occurring in flat terrain and near low buildings. Cloud-to-earth flashes 

can be identified by the branching directed to earth. The most common type is a negative 

downward flash, where a leader filled with negative cloud charge pushes its way from the 

thunder cloud to earth. Upward flashes (earth to cloud flash) occur on high, exposed objects 

or mountain tops, triggering a leader by the distortion of the electric field on the exposed 

object. Upward flashes occur with both negative and positive polarity. Since, with upward 

flashes, the leaders propagate from the exposed object on the surface of the earth to the 

cloud, high objects can be struck several times by one lightning discharge during a 

thunderstorm. Figure 1.2 shows the standard lightning impulse waveform. 
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Figure 1. 2: Sample Lightning Signal 

Lightning Surges 

A lightning surge is the sharp, transient electrical pulse generated during a lightning strike, 

characterized by high voltage and current. This impulse can cause electrical surges, damage 

to infrastructure, and interference with electronics. In the lab, impulse high voltages 

replicate surges that might happen in an electrical power supply because of lightning 

strikes. IEC 60060-1:2010 [2] defines an impulse as any purposefully induced aperiodic 

pulse of voltage or current that typically increases quickly to its maximum and then 

gradually decays to zero. Impulse high voltages are classified as internal (SI) or external 

(LI) based on the duration of time their front lasts. External high voltages have a front 

duration of less than 20 μs, whereas internal high voltages have a front duration of more 

than 20 μs. 

1.1.2 Internal Overvoltage 

Internal overvoltage in electrical engineering refers to an increase in voltage within an 

electrical system, caused by events or conditions originating inside the system. Unlike 

external overvoltage, which are typically caused by external factors like lightning, internal 

overvoltage result from system operations, faults, or equipment interactions. 

1.1.3 Lightning Protection System 

A Lightning Protection System (LPS) is designed to safeguard structures, electrical 

systems, and personnel from the damaging effects of lightning strikes. It works by 

intercepting lightning and safely channeling the high-energy current to the ground, 

minimizing the risk of structural damage, electrical surges, and fire. When lightning strikes, 
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the system intercepts the lightning through air terminals. The current is conducted through 

the down-conductors to the grounding system, which dissipates the energy safely into the 

earth. Surge protection devices protect the internal electrical systems from overvoltage 

caused by lightning. Among the various components that comprise LPS, electrically 

insulated lightning protection systems (EILPS) stand out as essential features, particularly 

for ensuring the safe passage of lightning energy through the system while preventing 

damage to the structure and its electrical systems. 

A Lightning Protection System (LPS) is vital in electrical engineering to protect 

infrastructure, equipment, and lives from lightning strikes. It prevents structural damage, 

fires, and voltage surges by safely diverting lightning currents to the ground. LPS also 

safeguards sensitive electrical systems, ensures human safety, reduces downtime, and 

ensures compliance with safety standards, making it critical for reliable and uninterrupted 

operations, especially in critical facilities like hospitals and power plants. 

An isolated lightning protection system is designed to separate the current lightning path 

from the protected structure, ensuring no interaction occurs between the lightning and the 

building. This is achieved by using free-standing air terminals or masts placed at a safe 

distance from the structure, with the lightning current directed to the ground through 

external conductors. Isolated systems are ideal for high-risk facilities like oil storage tanks 

or chemical plants, where preventing side-flashing is critical. 

An electrically insulated lightning protection system uses conductors covered with high-

voltage-resistant insulating materials or maintains a safe distance between the lightning 

path and the structure. This system is particularly suited for buildings with rooftop 

equipment, such as solar panels or HVAC units, as it prevents arcing and electromagnetic 

interference. Both systems aim to protect the structure and its components while 

minimizing the risks associated with lightning strikes, with the choice depending on the 

facility’s specific needs and risks. 

1.1.4 Components of Lightning Protection System (LPS) 

The list of components of lightning protection systems are [16]: 
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Air Termination 

One essential part of a lightning protection system (LPS) is an air termination system. Its 

purpose is to securely transfer high-voltage electrical energy to the ground via a specified 

path after intercepting lightning strikes. This reduces the possibility that the building and 

its people may sustain harm. They are installed on a free-standing poles or masts located 

at a safe distance from the protected structure. They are mainly made from highly 

conductive materials such as copper or aluminum to ensure effective lightning capture. The 

height and place of the air terminals are calculated based on the area of protection and the 

height of the structure (standards like IEC 62305) [3]. 

The air termination system comprises of air-termination rods (lightning rods), meshed 

conductors or cables, air termination mesh and natural components. Air termination rods 

are tall, pointed conductors typically installed on the highest parts of a building or structure. 

They are made of conductive materials like copper or aluminum. The main motive for this 

is to act as the first point of contact for lightning strikes. The meshed conductor can be 

taken as a network of conductors installed across the structured roof. It should ensure 

comprehensive coverage to capture lightning regardless of where it strikes. Air termination 

mesh is a gridlike structure of conductors that are spread over the roof to intercept lightning. 

They are used for larger or more complex roofs. The natural components are metallic 

structures on the building such as HVAC units, antennas, or metallic roofs can also act as 

a part of the air termination system, provided they are suitably interconnected. 

Down-conductors 

The down-conductors are a critical component of a lightning protection system (LPS). They 

provide a low-resistance path for the lightning current to travel safely from the air 

termination system to the grounding system. This helps to minimize the risk of side-

flashing, structural damage, and fire hazards caused by lightning strikes. Similarly, 

multiple conductors ensure lightning current division and that if one path is damaged or 

overloaded, the current is still safely directed to the ground. Down-conductors are installed 

externally away from the structure to maintain isolation. They are made from copper or 

aluminum with high conductivity and corrosion resistance. They are routed vertically and 

in a direct path to the ground to minimize inductance and potential arcing. 
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The components of down conductors are clamps and fasteners, bonding elements, 

inspection points as well as spark gaps and surge arresters as an optional component. 

Clamps and fasteners ensure the secure connections of the conductors to the building and 

prevent damage due to movement. Bonding elements ensure a safe connection between the 

down conductors and other metallic parts of the structure. Inspection points are the 

accessible locations for periodic maintenance and testing. Spark gaps and surge arresters 

protect sensitive electrical systems by safely diverting excessive voltage. 

Grounding System (Earth Termination System) 

The grounding system, also known as the earth termination system, is a crucial component 

of a lightning protection system (LPS). It serves to safely dissipate the enormous electrical 

charge from a lightning strike on the earth, preventing damage to structures, equipment, 

and human beings. It comprises earth electrode, conductors, connection to earth and bonding. 

Earth electrodes are metallic rods, plates, or conductors placed in the ground to provide a 

low-resistance path for lightning currents to flow safely into the earth. It may be ground 

rods which are vertical conductive rods driver into the earth usually made of copper or 

copper bonded steel, ground plates or mesh which are horizontal components used in areas 

where deep grounding is not possible or ring grounding system which encircles the 

structure for better dissipation and to equalize potential around the structure. The down 

conductors (usually copper or aluminum) run from the lightning protection system’s air 

terminals (lightning rods) to the earth electrodes. These conductors carry the lightning 

current from the structure to the grounding system. The earth electrodes are typically 

installed in areas with low resistivity, such as moist soil, to ensure a good electrical 

connection to the ground. The goal is to reduce the resistance of the earth connection to the 

lowest possible value to allow the lightning current to flow without creating dangerous 

potential differences. Proper bonding ensures that all metal parts of the structure (e.g., 

water pipes, HVAC systems, and steel beams) are electrically connected to the grounding 

system. This prevents dangerous step voltages from occurring, which could harm people 

or damage equipment.  

An insulating component in a lightning protection system (LPS) is used to prevent or 

minimize the risk of sparking or dangerous electrical currents between the lightning 
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protection conductors and nearby conductive structures or installations. These components 

are essential for ensuring safety, particularly in areas where the LPS is installed near 

sensitive or hazardous materials or in systems with high electrical potential differences. 

They are made of high voltage resistant materials such as fiberglass, ceramics, or composite 

polymers. 

Support structures 

A support structure in a lightning protection system (LPS) is designed to securely hold and 

guide the components of the system, such as air terminals, conductors, and down-

conductors, in place while ensuring optimal functionality and safety. It provides the 

necessary mechanical stability to withstand environmental stress like wind, precipitation, 

or thermal expansion. Mounting bases and holders, conductor supports, masts and poles, 

clamps and fasteners and insulated standoff brackets are the components of support 

structures. The mounting bases and holders are used to attach air terminals, conductors, or 

rod to buildings surfaces like roofs or walls. They are usually made of stainless steel, 

aluminum, or weather-resistant plastics. The conductor supports ensure conductors are 

firmly positioned along walls, roofs, or other surfaces. They provide insulation where 

necessary to avoid contact with conductive building parts. Mast and poles elevate air 

terminals to ensure coverage of the protected zone. They are made of non-corrosive and 

durable materials such as galvanized steel, fiberglass, or aluminum. The clamps and 

fasteners secure the connection of various components to the support structure and maintain 

electrical continuity while providing mechanical rigidity. The insulated standoff brackets 

provide separation between conductive components and nearby structures to prevent 

arcing. They are commonly used in areas with high potential differences. 

1.2 Problem Statement 

The problem statement can be listed as: 

i. The surface dielectric strength of electrically insulating tubes supporting air 

terminal in lightning protection systems under simulated lightning impulse 

conditions is insufficiently studied. 

ii. Lack of comprehensive studies on flashover characteristics may lead to 

inadequate lightning protection and system failures. 
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iii. Uncertainty in material performance under lightning impulse conditions 

necessitates testing their surface dielectric strength. 

iv. Understanding surface dielectric strength is crucial for designing effective 

lightning protection systems. 

v. Poorly selected or inadequate insulating stand-offs can compromise the 

protection of structures and systems. 

 

1.3 Objectives 

1.3.1 Primary Objective 

The primary objective of this study is to experimentally investigate the surface dielectric 

strength of electrically insulating tubes used to support air terminals in electrically insulated 

lightning protection systems (EILPS) when subjected to standard lightning impulse 

voltages 

1.3.2 Secondary Objective 

i. To evaluate the surface dielectric strength of various insulating materials used 

in lightning protection systems when subjected to lightning impulse voltages. 

ii. To simulate insulating tube model on COMSOL and evaluate the internal and 

external electric field. 

iii. To find the effect of permittivity on the internal and external electric field. 

1.4 Scope  

 Material focus 

The study focused on commonly used electrically insulating tubes supporting air terminals 

in EILPS, including polymers and composite materials. I evaluated the surface dielectric 

strength characteristics of materials under controlled laboratory conditions 

 Experimental Setup 

Utilized standardized lightning impulse voltage waveforms (1.2/50 µs) of both positive and 

negative polarities produced by Marx Generator. Conduct tests on insulating tubes with 

varying dimensions and configurations were performed. 
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 Parameters Evaluated 

i. Surface dielectric Strength 

ii. Flashover Voltage 

iii. Peak flashover Current 

iv. Time to flashover 

v. Flashover probability distributions 

vi. Flashover voltage-time characteristics  
 
 

1.5 Limitation 

i. Controlled Conditions: Tests conducted were under controlled laboratory 

conditions, which may not fully replicate real-world environmental factors. 

ii. Material Selection: The study mainly focused on a limited range of insulating 

materials and did not cover all materials used in industry. 

iii. Impulse Waveform: Only standard lightning impulse voltages (1.2/50 µs) were 

tested, excluding non-standard waveforms. 

iv. Long Term Effects: The investigation did not include long-term aging effects 

or degradation mechanisms of the insulating tubes over time. 

1.6 Thesis Organization 

The structure of the thesis is the following: 

i. In the first chapter, the introduction of the dissertation, some necessary 

theoretical data are mentioned regarding high impulse voltages, electrically 

insulated lightning protection systems and the insulating tubes supporting their 

air terminals. A brief description of the physical interpretation of the 

phenomenon of electrical breakdown is also attempted, accompanied by a brief 

literature review on the effect of the affecting factors on the breakdown 

mechanism. 

ii. In the second chapter, the High Voltage Laboratory of Aristotle University of 
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Thessaloniki, where the experiments were conducted, is presented, together with 

a detailed description of the experimental equipment and arrangement. 

iii. In the third chapter, the simulation investigation of electric field was evaluated 

using COMSOL. 

iv. In the fourth chapter, the experimentally obtained flashover characteristics are 

defined, and the experimental procedure is detailed described. 

v. The fifth chapter deals with the presentation and commentary of the experimental 

results. The experimental data on flashover characteristics are evaluated as 

affected by the amplitude and polarity of the applied voltage as well as by the 

material and the geometrical configuration of the insulating tubes under test. 

vi. In the sixth chapter, the conclusions of the thesis are presented. 

vii. The seventh and final chapter consists of suggestions for future research. 

1.2 Literature Review 

Electrically insulated lightning protection systems, LPS, are used when the flow of 

lightning current may cause damage to the structure under protection or its contents, as 

well as dangerous sparking to its internal conductive parts [6]. In protecting buildings from 

lightning, we must bear in mind that it does not follow the law of electric currents such as 

we are familiar with or those we read about as being employed for long distance power 

transmission. Lightning shows a great tendency to distribute itself over such conductors as 

may be present on a building, and in doing so pays little heed to ohmic resistance. It finds 

no great difficulty in making its way, often for a considerable distance, through the air or 

any other medium of rather better conductivity. It prefers as much as possible to move in a 

straight line, and that therefore sharp turns, bends, or spiral windings in conductors readily 

lead to lateral discharges [7]. 

IEC 62561 currently exists of 7 parts covering such components as clamps and conductors, 

conductors, air termination rods, earth electrodes, conductor fasteners, isolating spark gaps, 

and soil improvement compounds. Additional work is under consideration on a standard 

on components for isolated protection systems [8]. The research and analysis for the 

lightning stroke is important for these components. They are mainly used for protection of 
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buildings and other components for lightning. If any component failure during the lightning 

stroke, the stroke cannot go to the earth safely and may go through the unintended part 

causing the issue. An air terminal with an insulating tube typically consists of a conductive 

metal (like copper or aluminum) rod or terminal that is surrounded by a non-conductive 

insulating tube. The tube is usually made of materials such as polymer composites, 

ceramics, or insulating rubber.  

This insulating layer serves multiple purposes. It isolates the air terminal from the structure, 

preventing any unwanted electrical transmission along the terminal to other parts of the 

building. The insulating tube provides an additional protective layer, reducing the exposure 

of the terminal to corrosive elements in the environment. Insulating materials protect the 

metal from direct contact with the external environment, reducing the likelihood of damage 

due to environmental factors like moisture, chemicals, or salt. The insulating tube can help 

in reducing the possibility of side flashover, where lightning energy may arc from the air 

terminal to the structure. 

Air terminals with insulating tubes showed higher durability in coastal areas with high 

humidity and salt exposure. Electrical isolation reduced the potential for side flashovers, 

providing enhanced protection for nearby electrical systems [9]. The insulating tube 

significantly reduces the possibility of lightning-induced surges entering the electrical 

system, which could otherwise lead to costly damage or fire hazards. Insulating tubes 

enhance the efficiency of the lightning protection system by ensuring that lightning energy 

follows the designed pathway (normally an insulating down-conductor) to the ground. The 

introduction of insulating tubes made air terminals significantly safer by providing 

electrical isolation, especially in environments with sensitive electrical systems like 

telecommunications towers and data centers [10].  

Traditional air terminals are prone to side flashing and stray current issues, which can 

damage nearby equipment or pose risks to personnel. By incorporating insulating tubes, 

the risk of unintended current flow is minimized, ensuring that the lightning current follows 

a controlled path to the ground through an insulating down-conductor. The study presents 

experimental tests and simulations under varying conditions to compare the performance 

of insulated air terminals against conventional designs. Mainly the paper focuses on 
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methods for determining protected volumes and configuring air-termination systems using 

mathematical calculations and graphical simulations, primarily involving lightning rods 

[11]. 

The breakdown characteristics of the high voltage test are mainly performed with multi-

level test. The multiple-level method (MLM) means the application of constant voltage 

tests at several voltage levels. For each level the test delivers an estimation of the 

breakdown probability including its confidence limits [12]. According to Kuffel in [13], 

basic procedure of the multi-level test is  

1. choose several test voltage levels 

2. apply a pre-specified number of shots at each level (n),  

3. count the number (x) of breakdowns at each voltage level 

4. plot p(V) (xj/n) against V (kV),  

5. draw a line of best fit on a probability scale,  

6. from the line determine V50 at z=0 or P(V)=50 per cent,  

7. and σ at z=1or σ=V50% - V16% 

 
Figure 1. 3 Probability of breakdown distribution using the multi-level method 

The recorded probability of breakdown, xj/n, is the number which resulted in breakdown 

from the application of n shots at voltage Vj. when xj/n is plotted against Vj on a linear 
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probability paper a straight line is obtained as shown in figure 1.3. The advantage of this 

method is that it does not assume normality of distribution. The disadvantage is that it is 

time-consuming, i.e. many shots are required [13].   

The 50% lightning impulse breakdown voltage is significant in lightning protection as it 

determines the voltage level at which insulation systems can fail, ensuring that protective 

measures are designed to withstand these conditions, thereby enhancing safety and 

reliability [14]. 

So as insulating tubes enhance the overall performance and safety of air termination 

systems by isolating the lightning strike path, reducing side flashing, and preventing 

interference with sensitive equipment. These advantages make them crucial in designing 

lightning protection systems for sensitive and high-risk environments, it is important to 

find the flashover characteristics of the insulating tubes used in the air termination system. 

The surface dielectric strength of electrically insulating tubes supporting air terminal in 

lightning protection systems under simulated lightning impulse conditions is insufficiently 

studied. There is lack of studies on the flashover characteristics of the insulating tubes used 

in the air termination and that may lead to inadequate lightning protection and system 

failures Similarly, the dimensions and the material used as the insulating tubes has an 

crucial role in the protection. Proper research and analysis have not been done on those 

parameters. 

Air terminals prevent direct lightning strikes to structures, significantly reducing the risk 

of ignition in sensitive areas, such as cold vent stacks in the oil and gas industry [15]. This 

research mainly demonstrates the flashover characteristics of the insulating tubes 

supporting the air terminals. 3 different types of insulating tubes with different 

characteristics (dimensions and materials) are under test and analysis of each insulating 

tube is carried out. Finally, the comparison between those insulating tubes and their 

characteristics are to be made for the safety of the system under protection. The flashover 

probability distribution is performed using the multi-level test method. 
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CHAPTER TWO: EXPERIMENTAL SETUP AND EQUIPMENT 

2.1 High voltage laboratory area 

The experimental measurements during this thesis were carried out in the High Voltage 

laboratory of the Aristotle University of Thessaloniki, specifically in the main High 

Voltage testing area of the laboratory. The laboratory was founded in 1984 and serves 

educational and research needs in the subject of High Voltages. The laboratory includes 

two High Voltage test areas as well as corresponding control and measurement areas. It also 

has an auxiliary laboratory, office and warehouse spaces. The main test area is completely 

enclosed by means of a ground metal mesh in all its dimensions. The metal cage is 6.5 m 

high, 12 m long and 7 m wide. A lab’s ability to produce high voltages is limited by the 

dimensions of the lab itself. The experimental measurements were carried out in the main 

testing area of the laboratory, which is completely enclosed in a grounded metal mesh in all 

dimensions (Faraday cage), to avoid the inadvertent entry of personnel and to reduce the 

electromagnetic noise in the quantities under measurement. 

The height of the metal cage, which is also the minimum of the dimensions of the main 

testing area, is what determines the limits to the laboratory’s ability to produce high voltages. 

The minimum safety distance of 3.25 m limits the possibility of producing high voltages at 

values depending on the type of voltage. For high voltage alternating current (HVAC) the 

maximum value is 650 kV (rms), for high direct current (HVDC) 900 kV, for switching 

impulse high voltages (SI) 1 MV and for lightning impulse high voltages (LI) 1.4 MV. 

The main area of the laboratory provides the necessary security for both its staff and its 

visitors. The doors leading to the high voltage laboratory have a hazard warning sign and 

indicator lights that indicate whether the high voltage equipment is electrified (red 

indicator) or not (green indicator). They are equipped with a safety door switch whose 

contacts close when the door is closed. The door switches are connected in series with the 

safety interlock system which automatically cuts off the voltage supply in case any 

laboratory door is opened and does not allow the voltage supply when any of the entrance 

doors to the test area are open. Entry to the test area is permitted only when all high voltage 

equipment components are grounded. Earthing is done by means of an automatic visible 

contact earther which is activated when the power supply is interrupted. In addition, there 
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is also a mobile protective earth with a conductive hook, reliably connected to the 

laboratory earthing installation which is used by the laboratory staff in cases where its use 

is mandatory. 

The floor of the laboratory is covered with metal layer sheets intended to limit the 

development of potential difference between different points of grounding of equipment or 

high voltage circuits and especially to limit the development of step voltages. All metal 

parts of the test area that do not carry high voltage are properly earthed and connected to 

the laboratory earthing installation through specially designed earthing conductors of 

suitable cross section. The cables used in the high voltage measurements are coaxial with 

a reliably grounded shield. 

The grounding systems of laboratory include the foundation grounding of the building, the 

independent protective grounding in the main testing area, which is a grounding rod to 

which the high-voltage generation and measurement devices are directly connected with a 

copper grounding tape, as well as other grounding systems such as the automatic earther, 

the mobile earther and the floor layer sheets mentioned above. The earthing system 

primarily ensures the safety of staff - visitors and secondarily the safe operation and 

protection of the equipment. 

 
Figure 2. 1: High voltage laboratory area 

2.2 Generation and measurement of impulse high voltages 

The complete circuit required for high voltage equipment testing consists of: 
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 The high voltage generation device and the connection to the test 

 The essay itself 

 The voltage measurement system 

 
Figure 2. 2: High voltage test circuit 

The components of test circuit presented in Fig. 2.2 are listed as follows: 

1. High Voltage Generator 

2. High voltage generator test connection 

3. Test 

4. Test-voltage divider connection 

5. Voltage Divide 

6. Measuring Lead 

7. Recorder Voltage 

8. Grounded laboratory floor 
 

The high voltage measurement system includes the test connection to the voltage divider, 

the voltage divider, the measuring cable inserted between the output of the voltage divider 

and the input of the recording instrument and the recording instrument itself. When testing 

high voltage surge equipment, the voltage divider is usually a component of the surge 

generator so as not to load the generator by altering the output waveform. 

For the experimental device used in the context of this thesis, the role of the high voltage 

generator is assumed by the Marx generator (1.2/50 µs). The capacitor of this front 

performs a double function, i.e. it also serves as a high voltage capacitor of the capacitive 
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divider. The generated impulse voltage is transferred from the Marx output to the tip of 

the air termination. The high voltage is applied using the Marx generator and the data such 

as current and voltage and their waveform is recorded. If there is not any flashover at any 

voltage level, the next high voltage level is selected. The maximum voltage, time to 

breakdown, peak current, etc. are measured for the case of breakdown. Figure 2.3 shows the 

air termination (lightning component under test whereas figure 2.4 shows the lightning 

impulse from the Marx generator to the air termination. citron and its external resistor 

AUTH laboratory. 

The devices are grounded through a suitable cable that passes through the voltage 

transformer for current measurement purposes and ends at the ground floor. The output of 

the current transformer ends up via a suitably shielded cable to the signal attenuator which 

is connected to the oscilloscope. 

Emphasis is placed on recording the waveform of the discharge current, in addition to the 

waveform of the voltage imposed on the sample. Through recording the current, important 

conclusions can be drawn about the behavior of the gaps and their breakdown 

characteristics, as it gives the opportunity to study many factors such as conclusions about 

the initiation and development of the discharge and generally about the pre-discharge 

phenomena. 

2.2.1 Theoretical elements 

The picture below depicts the two fundamental circuits for single-stage high impulse 

voltage generators. In figure (a), d.c voltage Vo charges the capacitor C1 till the spark gap 

’G’ breaks down. Single stage generators can be utilized only for the voltage from some 

kV to 1 MV. However, the economic charging voltage level Vo is about 200-250 kV. C1 

acts as a smoothing capacitor whereas resistor R1, R2 and capacitance C2 form the wave 

shaping network. After the spark gap breaks down, R1 damps the circuit and determines the 

front time T1 whereas R2 will discharge the capacitors and control the wave tail. The C2 

represents the full load i.e. the object under study. The inductance is neglected. The output 

voltage of the generator is the voltage across the capacitor C2. 
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Figure 2. 3: Single stage impulse generator (a) 

 
Figure 2. 4:Single stage impulse generator (b) 

The generation of impulse voltages requires a rapid increase of the voltage to its maximum 

value and a slow decrease to its zero value. Circuit-wise this means that the impulse 

capacitor C2 needs to be charged quickly, while the parallel combination of C2 and C1 needs 

to be discharged slowly. From Kuffel in [13], these requirements are met as long as 

𝑅ଶ ≫ 𝑅ଵ 𝑎𝑛𝑑 𝐶ଵ ≫ 𝐶ଶ (2.1) 

And the maximum energy stored in a single stage generator is given by: 

𝑊 =
1

2
𝐶ଵ𝑉଴

ଶ (2.2) 

The Laplace transform is simulated under the boundary condition: 

• When t ≤ 0, C1 is charged to V0 

• When t > 0 this capacitor is directly connected to the wave-shaping network. For the 
above circuits, the output voltage according to Kuffel in [13] is given by the expression 

𝑉(𝑠) =  
𝑉଴𝑍ଶ

𝑠(𝑍ଵ + 𝑍ଶ)
(2.3) 
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where, 

𝑍ଵ =
1

𝐶ଵ𝑠
+ 𝑅ଵ (2.4) 

 

𝑍ଶ =

𝑅ଶ

𝐶ଶ𝑠

𝑅ଶ +
1

𝐶ଶ𝑠

(2.5) 

then, 

𝑉(𝑠) =
𝑉଴

𝑘

1

𝑠ଶ + 𝑎𝑠 + 𝑏
(2.6) 

 

where, 

𝑎 =
1

𝑅ଵ𝐶ଵ
+

1

𝑅ଵ𝐶ଶ
+

1

𝑅ଶ𝐶ଶ

(2.7) 

𝑏 =
1

𝑅ଵ𝑅ଶ𝐶ଵ𝐶ଶ

(2.8) 

𝑘 = 𝑅ଵ𝐶ଶ (2.9) 

For the figure (b), the expression for the output voltage is same however, 

𝑎 =
1

𝑅ଵ𝐶ଵ
+

1

𝑅ଵ𝐶ଶ
+

1

𝑅ଶ𝐶ଶ

(2.10) 

For both circuits we can obtain the output voltage in time domain as: 

𝑉(𝑡) =
𝑉଴

𝑘

1

(𝛼ଶ − 𝛼ଵ)
[exp(−𝛼ଵ𝑡) − exp(−𝛼ଶ𝑡)] (2.11) 

where α1 and α2 are the roots of the equation 𝑠ଶ + 𝑎𝑠 + 𝑏 = 0 

𝛼ଵ, 𝛼ଶ =
𝑎

2
+ ඨቀ

𝑎

2
ቁ

ଶ

− 𝑏 (2.12) 

The output voltage V (t) is therefore the superposition of two exponential functions of 
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different signs. (need to add negative and positive effect) 

The figure (a) and (b) defers in terms of the utilization factor (voltage efficiency). Therefore, 

variations in the values of k=R1 × C2 for both circuits are the only possible cause of the efficiency 

disparities. The circuit, which always has a better efficiency for a given ratio of C2/C1, can be used 

to compute this term first because the resistors R1 and R2 do not form a voltage-dividing system 

during it from Kuffel [13]. 

For figure (a) 

𝜂 =
𝑈௣

𝑈଴
≤

𝑅௧

𝑅௧ + 𝑅௙
 

𝐶௖

𝐶௖ + 𝐶௙

(2.13) 

For figure (b) 

𝜂 =
𝑈௣

𝑈଴
≤  

𝐶௖

𝐶௖ + 𝐶௙

(2.14) 

The generation of the desired impulse voltage waveform is obtained for given values of 

generator capacitances by using a suitable pair of front and tail resistor values, while the peak 

value can be varied by controlling the generator charging voltage. If the production of 

impulse high voltages with a large peak value is desired, then multistage generators or Marx 

generators are used. The schematic diagram of n-stage Marx generator type b is shown in 

figure 2.5. 

2.2.2 Production of impulse high voltages 

2.2.2.1 Marx Generator 

Multi-stage generators such as Marx Generators are used to produce large peak value 

impulse high voltages. The Marx generator is a device proposed by Erwin Otto Marx in 

1923. These generators are used to test the strength of electrical equipment such as 

insulators and transformers at high impulse voltages according to IEC international 

standards and more generally for simulating lightning strikes and their consequences. As 

shown in figures, in Marx generators several impulse capacitors, Cc, as many stages of the 

generator, connected in parallel through load resistors, RL, are charged to a continuous high 

voltage and then discharged, through the breakdown of spherical gaps, connected in series 

on a load capacitor, Cf. In this way the output voltage of the generator is proportional to the 

number of stages. 
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Marx generators combine impulse capacitors, front and tail resistors as well as auxiliary 

spherical gaps in a manner like that of single-stage generators. These elements are usually 

distributed among the stages of the generator is the same with that of the single-stage 

generator with equivalent values of elements and charging voltage as shown below: 

Cc=Ccn/n, Rf=n × R fn, Rt=n × Rtn, U0=n × U0n, where the index n denotes the values of the 

individual elements of the Marx generator. Depending upon the type of circuit, additional 

front resistance or tail resistance can be added. The ignition of the high voltage impulse 

generator is done by the breakdown of the auxiliary gap of the first stage which triggers the 

successive breakdown of the gaps and the remaining stages. The ignition is either automatic 

or controlled. During its automatic start generator, either a specific value of charging 

voltage is applied and the distance between the spheres of the auxiliary sphere gap is 

reduced until breakdown, or the distance between the spheres of the auxiliary sphere gap is 

set to a specified value and the charging voltage of the generator is increased until the 

breakdown of the auxiliary gap. Controlled starting of the generator is usually achieved 

using the Trigatron device, the operation of which is discussed in a later section. 

 
Figure 2. 5: Schematic diagram of n-stage Marx generator type b 

The production of the lightning impulse high voltages during the experimental 

measurements was carried out using the 10-stage Marx generator, manufactured by 

Ferranti, which is installed in the main testing area of the high voltage laboratory of the 

AUTH. This generator produces lightning impulse high voltages of waveform 1.2/50s 

type, which are used to simulate surge overvoltage due to direct lightning strikes. In 
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addition, by shorting part or all the external front resistor, external surge voltages of shorter 

front duration can be made. The generators ratings are nominal voltage 1MV and rated 

power (energy) 7kJ. However, the actual values of surge voltages that can be produced, 

due to losses, are 850kV for switching impulse voltages and 885kV for lightning impulse 

voltages. The circuit arrangement of the generator used in the laboratory tests is shown in 

figure 2.6. 

The process of generating the lightning impulse high voltages using the Marx generator is 

first carried out by supplying the generator with continuous high voltage through a test 

transformer and the rectifier voltage doubler, Greinacher. The test transformer, 220V/50kV, 

5kVA, supplies the rectifier. The output voltage of the test transformer, which is measured 

using a CM type 100pF measurement capacitor through a digital voltmeter, is rectified with 

the help of the rectifier device which consists of two capacitors and two rectifiers. 

 
Figure 2. 6: Schematic diagram of Marx generator experimental setup 

The polarity of the charging voltage depends on the direction of the rectifier diodes and the 

polarity reversal is carried out with the substantially reversing the diodes of the rectifier by 

means of a manual handle. The same capacitor (Cₛ) functions both as the Greinacher 

device's smoothing capacitor and the first-stage charging capacitor in the Marx generator. 

The experimental setup of the Greinacher rectifier, together with the test M/S, is shown in 
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figure 2.7. 

The DC voltage, Vo, charges, through the charging resistor, RL1, the charging capacitor of 

the first stage, CS1. The charging capacitor of the next stage, CS2, is charged through the 

next charging resistor, RL2, to the same potential, V0. All ten impulse capacitors of the 

generator are charged in the same way. The other ends of the capacitors are grounded 

through the tail resistors, RE. The actual arrangement of the Marx generator, of the high 

voltage laboratory of AUTH is presented in figure 2.8. 

Once the high voltage pulse is applied to the auxiliary gap of the Trigatron device, the first 

gap, G1, breaks down. The capacitor CS1 is under voltage V0 and after the breakdown of G1 

is added to the voltage of the charging capacitor of the second stage, CS2, which is also under 

voltage V0, resulting in a voltage equal to 2Vo. Capacitors CS1 and CS2 are now in series. 

The auxiliary gap, G2, is at 2V0 and breaks down almost instantaneously causing the 2V0 

voltage to add to the voltage V0 of the third stage capacitor, CS3, the end of which will be 

at 3V0, as will the third stage auxiliary gap. which will break down almost instantly. The 

same process is repeated in all stages of the Marx generator, sequentially and almost 

instantaneously. Once all ten generator gaps are broken, the total voltage to ground will 

theoretically be 10V0.  

The series charged capacitors discharge into the load capacitor, CB, through the front 

resistors, RD, and the external front resistor, RDf. The voltage across the load capacitor 

becomes equal to the output voltage of the generator. The discharge of the load capacitor 

is done through the front resistors, RD, and tail resistors, RE, as a type b circuit arrangement 

is used [19]. The load capacitor of the high voltage laboratory of the AUTH is shown in 

figure 2.9. 

 

 
Figure 2. 7: Experimental setup of Greinacher 
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Figure 2. 8: Marx generator of the AUTH laboratory 

 
Figure 2. 9: Load capacitor and its external resistor AUTH laboratory 

2.2.2.2 Trigatron device 

The ignition of the high voltage impulse generator can be either automatic or controlled. 

Controlled starting of the generator can be carried out by means of the Trigatron device 

(figure 2.10). The device combines two main electrodes that form a homogeneous field 

gap between them and a third auxiliary electrode that together with one of the main 

electrodes, usually the grounded one, forms an auxiliary gap. During operation of the 

device, a voltage lower than the gap breakdown voltage (DC output voltage of the 

Greinacher rectifier) is applied to the base electrodes. At the desired time, a high voltage 

pulse is imposed on the auxiliary gap. The application of the voltage pulse leads to the 

breakdown of the auxiliary gap and subsequently, because of the electric discharge, the 
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almost homogeneous field in the space of the main gap becomes locally strongly 

inhomogeneous and its breakdown occurs. To more precisely control the operation of the 

Trigatron device, the design of the auxiliary gap is changed so that when the voltage pulse 

is applied, the gap between the high voltage electrode and the auxiliary electrode is broken 

first, and then the auxiliary gap. Trigatron consists mainly of three electrodes gaps. There 

is a main electrode and an earthed electrode. A glass tube is positioned over the rod for this 

unique configuration, and it is encircled by metal foil that is connected to the primary 

electrode's potential. This tube's purpose is to encourage corona discharges around the rod 

because, in the event that a tripping impulse is delivered to the rod, this results in 

photoionization in the pilot gap. Primary electrons are available in the annular gap as a 

result of this photoionization, initiating the breakdown with little delay. The annular gap 

may also be filled by a glass tube (or a tube made of another solid insulating material, like 

epoxy resin), so that the rod and the tube's face are flush with the sphere's exterior. Thus, 

the tripping pulse results in a surface discharge.  

Although the physical mechanism causing the major gap to break down may be fairly 

complex in detail, it is basically known. In fact, it is now acknowledged that there are two 

different kinds of active mechanisms. The distortion and increase of the electrical field 

between the trigger electrode and the opposite main electrode may cause a direct 

breakdown between these two electrodes for short spacings d and a specific tripping 

voltage V. For the main current, the arc then commutes from the bigger electrode to the 

drilled electrode. When gap distances are greater, the second kind of breakdown occurs. 

The annular or pilot gap breaks down due to the trigger pulse, and the main gap breaks 

down due to the abundance of charge carriers of all kinds that are available after sparking. 

 
Figure 2. 10: Trigatron Spark Gap 
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A Trigatron device, of the MWB house, of the High Voltage Laboratory of the AUTH, is 

shown in Fig. 2.10. It combines a spherical gap type KF with an auxiliary electrode, an 

auxiliary high voltage generation device, in the form damped oscillation and a coupling 

capacitor. In the grounded sphere of the spherical gap is the insulated auxiliary electrode, 

which does not protrude from the surface of the sphere and forms with it an annular gap of 

1mm. The coupling capacitor withstands the maximum charge voltage of shock capacitor. 

2.2.2.3 Control desk 

The control desk is type SRP 0.5/5E, rated supply voltage 220 V, 50 Hz, rated power 50 

kVA, located in the measurement and test area of the main test area of the high voltage 

laboratory, outside the metal cage, next to the port of entry and into a shielding chamber, 

which is a Faraday cage. It is placed next to one of the two entrance doors of the main area 

of the laboratory, so that during the measurement process the splitting phenomenon is 

visible. 

The control desk is used to control: 

i. The output voltage of the autotransformer, which is used to control the output 

voltage of the test transformer, by means of a digital AC voltmeter. 

ii. The output voltage of the Marx generator charging circuit, through a DC digital 

voltmeter. 

iii. The Trigatron device, which is used to start the generator, allowing forvarying the 

distances of the auxiliary spherical gaps of the Marx generator, by means of 

switches and a digital indication. 

 
Figure 2. 11: Bank of control and manipulations 
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In addition, it has switches for opening and closing the console, connecting and 

disconnecting the primary of the test transformer, and controlling the immediate power cut 

off safety switch. It also has instruments for measuring the supply voltage and the generated 

high voltages, control switches, fuses and protection relays as well as operation indicators. 

2.2.3 Measurement of high impulse voltages 

2.2.3.1 Digital oscilloscope- current transformer-signal attenuator 

A LeCroy WR64Xi oscilloscope was used to visualize and measure the high voltage surge 

waveforms during the experimental process, as well as to determine the breakdown time, 

breakdown voltage, current and other measurements. The bandwidth of this oscilloscope is 

600 MHz, and the sampling frequency is 5 Gs/s. The oscilloscope was connected to the low 

voltage side of the capacitive voltage divider, high voltage capacitance of the load capacitor 

of the Marx generator, 200pF and low voltage capacitance of 0.296µF. 

 
Figure 2. 12: Digital Oscilloscope 

To record and measure the current signal, a current transformer of the PEARSON company 

type 301X, 0.01 Volts per Amp and a signal attenuator of the PEARSON company type 

A10, 10:1 Voltage Ratio is used. The device’s grounding cable passes through the current 

transformer, while the output of the transformer is connected to the oscilloscope through 

the signal attenuator. Using the two devices helps to downscale the signal by a factor of 1 

to 1000 so that the current waveform can be displayed on the oscilloscope. 
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Figure 2. 13: PEARSON 301X Current Transformer and Signal Attenuator PEARSON 

Attenuator A10 

The connection of the digital oscilloscope to the capacitive voltage divider was carried out 

using a coaxial cable with a grounded jacket, shielded against electromagnetic noise by 

means of a metal jacket. In the same way, the connection of the transformer was carried out, 

through the signal attenuator. The digital oscilloscope operates within a shielding cage 

which is connected to the earthing facility of the main test room of the high voltage 

laboratory through the earthed sheath surrounding the coaxial cable. In this way, closed 

earth loops between the coaxial cable and the earthing system are avoided. 

2.2.4 Essays 

In the context of this diploma work, the phenomenon of the electrical flashover of the 

insulating tube supporting the air termination was studied. Experiments were carried out 

on three different insulating tubes differing in material and geometry. For each category of 

the above gaps, measurements were made with imposed lightning impulse high voltages 

of 1.1/50μs positive and negative polarity. 

Tube 1 and tube 2 are of same geometry but differ in material. Similarly, tube 2 and tube 

3 are of same material but has different geometry. Tube 3 has an addition layer on the top 

and bottom of the tube.  

 

Figure 2. 14: Material under study 
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2.3 Equipment 

In summary, the equipment used during the experimental process, both for the generation 

of the impulse high voltages and for the control and display measurement of quantities at 

the entrance and exit of the Marx generator, are SRP type SRP 0.5/5E construction control 

bank, V/m peak type SM76 and continuous type GM78, one measuring resistor type RM 

280MΩ, 140kV, one RE type resistor 282kΩ, 60W, 140kV.  Marx ten-stage generator 

1MV/ 7kJ of the house Ferranti which combines the following elements: M/S test 

2×220V/50 kV, 5kVA, 4%. Capacitor, CV, 25nF, 100kV, ten shock capacitors, CS, 0.14μF, 

100kV,two load capacitors, CB, 400pF, 450kV,eight load resistors, RL , 56.5kΩ, 

100kV,two load resistors, RL, 19.7kΩ, 100kV,ten tail resistors, RE, 500Ω, 100kV, ten front 

resistors, RD, 35Ω, 100kV, front resistance, RDf, RDf of 1Ω for 0.34/7µs waveform, RDf  

of 1257.33𝛺 for 1.1/50μs waveform ,damping resistor RS 100Ω,  low voltage branch of 

capacitive voltage divider combining 0.29 μF capacitor and 75 Ω matching resistor was 

also used. LeCroy WR64Xi type digital oscilloscope, PEARSON 301X Voltage 

Transformer, Volts per Amp 0.01, PEARSON A10 Voltage Ratio 10:1 signal attenuator 

was used for the measurement process. 

2.4 Experimental Setup 

As already stated, the complete circuit required for high voltage equipment testing consists 

of the high voltage generator, the connection to the test specimen, the test specimen itself 

and finally the voltage and current measurement systems.  For the experimental device 

used in the context of this thesis, the role of the high voltage production device is assumed 

by the Marx generator. The capacitor of this front performs a double function, i.e. it also 

serves as a high voltage capacitor of the capacitive divider. The generated impulse voltage 

is transferred from the Marx output to the tip of the air termination 1 m height. Figure 2.15 

shows the layout for the experiment setup. 

Figures 2.15 and 2.16 show the two arrangements as photographed during the experiments. 
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Figure 2. 15:Overall layout for experiment 

 
Figure 2. 16: Air termination under test 

The devices are grounded through a suitable cable that passes through the voltage 

transformer for current measurement purposes (figure 2.17, 2.18) and end at the grounded 

floor. The output of the current transformer ends up via a suitably shielded cable to the 

signal attenuator which is connected to the oscilloscope. 
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Figure 2. 17: Overall experimental setup 

 
Figure 2. 18: Current measurement through a current transformer 
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CHAPTER THREE: SIMULATION INVESTIGATION OF 

ELECTRIC FIELD USING COMSOL 

To investigate the electric field potential for all insulating tubes, the model is developed in 

COMSOL. Figure 3.1 shows the 3D modeling for tube 1 and 2 as they have the same 

geometry and differ only in material. The permittivity is set as 2.3. Calculating internal and 

external flashovers in insulating tubes within lightning protection systems is essential to 

ensure the system’s safety and reliability. Internal flashover occurs when the electric field 

exceeds the dielectric strength of the insulating material, potentially causing insulation 

failure, while external flashover happens when the surface electric field surpasses the 

breakdown strength, leading to arcing. In COMSOL, these calculations help predict and 

prevent flashovers, allowing for optimized tube design, material selection, and system 

performance. By evaluating these factors, you can avoid system failure, ensure safe routes 

of lightning currents, and maintain the integrity of the protection system. 

 

Figure 3. 1: 3D design on COMSOL for 
IT 1 

 

 

Figure 3. 2: 3D design on COMSOL for IT3 

 

The electric potential is applied on the tip of the air termination. The base of the air 

termination is grounded as shown in figure 3.5-3.6. The tip and the base as of steel. Figure 

3.3 shows the electric potential distribution of insulating tube. 
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Figure 3. 3: Electric potential distribution of insulating tube 1 

The 3D model was converted to 2D Axis symmetric model as it is more simplified and less 

time-consuming. The air termination was stressed with voltage whereas the base was 

ground. The electric field distribution both internal as well as external was simulated. 

 

 
Figure 3. 4: 2D model for insulating tube 
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Figure 3. 5: 3D design on COMSOL for 
IT1 

 

Figure 3. 6: 3D design on COMSOL for 
IT 1 

 

The figures 3.7-3.8 show the electric field distribution for insulating tube 1. X-axis shows 

the arc length (cm) and Y-axis shows the electric field V/(m.V) 

Figure 3. 7: External electric field vs arc 
length 

Figure 3. 8: Internal electric field vs arc 
length 

 

The figures 3.9-3.10 show the electric field distribution for insulating tube 3. X-axis shows 

the arc length (cm) and Y-axis shows the electric field V/(m.V) 
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Figure 3. 9: External electric field vs arc 
length 

Figure 3. 10: Internal electric field vs arc 
length 

From the electric field distribution, it is seen that the electric field is less in tube 3 than tube 

2. It is because of the additional layer on the top and bottom of the insulating tube 3. The 

initial on the graph is the striking point i.e. air termination and the electric field goes on 

decreasing as it passes through the insulating tube and again sharply increases when it 

reaches the base which is conducting. 

In both the cases, it is seen that the internal electric field is greater than the external electric 

field which says that the flashover is more probable to be from internal surface rather than 

the external surface which is also supported by the experiment. The change in the 

permittivity and the respected internal and external electric field for tube 1 and tube 3 was 

simulated. 

Table 3. 1: Effect of permittivity on electric field for Tube 1/2 

 

 

Relative permittivity External electirc field Internal electric field % change in external electric field % change in internal electric field
2 56.655 107.8327 1.43 1.02

2.1 55.845 106.7286 1.44 1.02
2.2 55.038 105.6357 1.45 1.03
2.3 54.238 104.5464 1.46 1.03
2.4 53.447 103.469 1.46 1.03
2.5 52.665 102.4058 1.46 1.02
2.6 51.898 101.3565 1.45 1.02
2.7 51.14 100.3263 1.44 1.01
2.8 50.4 99.3146 1.45 1
2.9 49.67 98.321 1.44 0.99
3 48.955 97.347

TUBE 1/2
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Table 3. 2: Effect of permittivity on electric field for Tube 3 

 

 

Figure 3. 11: Permittivity vs internal 
electric field (IT1) 

Figure 3. 12: Permittivity vs external 
electric field (IT1) 

 

Permittivity is a measure of how easily a material can be polarized by an electric field. 

When the permittivity increases, the material becomes more polarizable, meaning that the 

Relative permittivity External electric field Internal electric field % change in external electric field % change in internal electric field
2 29.613 91.5698 1.83 1.72

2.1 29.073 89.9937 1.81 1.69
2.2 28.548 88.4747 1.79 1.66
2.3 28.0366 87.0096 1.77 1.62
2.4 27.5403 85.5987 1.75 1.59
2.5 27.057 84.238 1.73 1.56
2.6 26.588 82.9277 1.71 1.52
2.7 26.133 81.663 1.69 1.49
2.8 25.6902 80.443 1.67 1.46
2.9 25.26 79.268 1.66 1.43
3 24.842 78.133

TUBE 3
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Figure 3. 13: Permittivity Vs internal 
electric field (IT3)         

Figure 3. 14: Permittivity Vs external field 
(IT3) 
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charges within the material (electrons and nuclei) can realign themselves more easily in 

response to an external electric field. As the permittivity increases, the withstand capacity 

of the insulating tube is also increased as the electric field is decreased. 
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CHAPTER FOUR: MEASUREMENT PROCEDURE 

This chapter presents the basic definitions of the experimentally measured in order to assess 

the dielectric strength and flashover characteristics of insulating tubes. Finally, the 

measurement standards are presented in detail, i.e. the way in which the measurements 

were taken during the preparation of the experiments [1]. 

4.1 Basic definitions 

4.1.1 50% breakdown voltage, U5o 

Breakdown voltage U50 is defined as the value of the imposed stress for which the 

probability of breakdown is 50% [1], i.e. a certain number of impositions under the specific 

stress leads to a 50% probability of breakdown and a 50% probability of strength. 

4.1.2 Flashover voltage (Up) 

The flashover voltage is defined as the voltage at which the electrical flashover of an 

insulation occurs [1]. Its value is mainly determined by the mechanism of electrical 

discharge, from the moment of application of the stress voltage to the moment of flashover. 

In this work, flashover voltage, Up, was defined as the maximum voltage stressing the 

insulating stand-offs until flashover, and in fact it is the voltage which eventually causes 

flashover. 

4.1.3 Time to flashover (tf) 

The flashover time is conventionally defined as the time interval between the application 

of the stress and its collapse [1]. This definition is used if no current measurements are 

performed. In this thesis due to the current measurements, the time at which the maximum 

current occurs was defined as the time to flashover. At flashover, the spark channel is 

assumed to bridge the entire gap. 

4.1.4 Maximum current value (Ip) 

The maximum spark current value or peak current was defined at the time instant when the 

current value is maximum, at the peak of the waveform. 
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3.1.5 Applied voltage (Uapp) 

The applied voltage, Uap, is obtained if the loading voltage of the first stage of the Marx 

generator is multiplied by the number of stages of the generator, n, and by the measured 

utilization factor of the generator, n. 

4.1.6 Voltage at maximum current value (UIp) 

The voltage at the maximum value of the current, is defined as the value of the voltage at 

the time instant of maximum current, i.e. at the time defined as the flashover time. 

4.2 Experimentally obtained curves 

4.2.1 Flashover Probability-Flashover probability curves 

Because of the stochastic nature of the electrical breakdown phenomenon, the breakdown 

voltage is subject to statistical variation and usually requires a series of tests to determine 

it with statistical reliability. The breakdown probability is defined as the probability that 

the application of a voltage of a certain type and value will cause the electrical breakdown 

of the insulation. 

If the breakdown probability is assumed to depend only on the value of the applied stress, 

the dielectric behavior of an insulation can be estimated through the breakdown probability 

distribution, P(U), which relates the resulting pairs of values of applied stress and 

breakdown probability experimentally by varying the applied voltage. The breakdown 

probability distribution can be analytically defined as a function of the 50% breakdown 

voltage, 𝑈50, which is the value of the voltage for which the breakdown probability is 50%, 

and the conventional deviation, 𝑧, which is calculated as the difference 𝑈50 − 𝑈16, where 

𝑈16 is the voltage value for which the probability of breakdown is 16%. 

The normal distribution can typically provide a satisfactory approximation of the 

breakdown probability distribution - Gaussian - and therefore the experimental data satisfy 

the cumulative distribution of Equation according to Kuffel in [13]. 

𝑃(𝑈) =
1

𝑧√2𝜋
න exp ቆ−

(𝑈 − 𝑈ହ଴)ଶ

2𝑧ଶ ቇ
௎

ିஶ

 (4.1) 

 

Breakdown stress U50 is defined as the value of the imposed stress for which the probability 
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of breakdown is 50%, i.e. for a certain number of impositions under the specific stress we 

are led to a 50% probability of breakdown and a 50% probability of strength. 

4.2.2 Flashover voltage-time to flashover characteristics (Up-tf) 

Depending on the amplitude of the applied voltage, flashover occurs either during the 

wavefront or the wave tail of the applied impulse voltage. The voltage-time characteristic, 

is a graph which, for a series of voltage levels, plots either the instantaneous value or the 

maximum value of each level as a function of the corresponding decay time, depending on 

whether it occurs at the front or the tail of the applied voltage A time-voltage characteristic 

curve is shown in Figure 4.1 [17]. An essential practical feature of every insulating 

construction or device, including insulators, is the characteristic voltage-time curve. It 

offers the foundation for figuring out how well an area is protected from overvoltage. 

 
Figure 4. 1: Flashover voltage-time to flashover curve 

4.2.3 Maximum current-flashover voltage (Ip-Up) 

The Ip-Up curves present the maximum current as a function of the flashover voltage. The 

purpose of deriving these curves is to study the current that results for each flashover 

voltage, current which is a result of this voltage. 

4.2.4 Spark conductance based on flashover voltage vs applied voltage (Ip/Up-Uap) 

The Ip /Up -Uap curves show the spark conductance based on the flashover voltage as a 

function of the amplitude of the applied voltage. 
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4.3 Multiple levels method 

The stochastic nature of the flashover phenomenon results in the statistical variation of the 

breakdown voltage. Therefore, the reliable determination of the flashover voltage is carried 

out through statistical analysis of the test results. There are three methods of determining 

the flashover voltage, the multiple levels method, the up and down method and the 

sequential breakdown method. In this thesis, to determine the surface flashover voltage of 

the standoffs, the multiple levels method is used. 

In applying the method, a voltage of constant value, (voltage level) is imposed on the 

insulation several times at each of the voltage levels. From the ratio of the number of 

flashovers observed, to the number of impositions, of the voltage per level, the flashover 

probability is obtained. 

When applying the method, a constant value voltage, Ui (voltage level Ui) is imposed on 

the insulation m times at each of the n voltage levels. From the ratio of the number of 

decays observed, di, to the number of impositions, m, of the trend per level, the probability 

of breakdown per level is derived from equation [13]. 

𝑃(𝑈௜) =
𝑑௜

𝑚
(4.2) 

4.4 Impulse voltage waveforms 

These waveforms, as extracted from the measurement processing, are shown in Figure 

below.  
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Figure 4. 2: Imposed voltage waveform (+) 

 

4.5 Measurement standards 

Figure 4. 3: V-T curve at lower voltage 
breakdown 

Figure 4. 4: V-T curve at higher voltage 
breakdown 

Flashover characteristics of insulating tube were investigated under standard lightning 

impulse voltage of both positive and negative polarity. In case of negative polarity for 

insulating tube 3 a different approach was followed. Lightning impulse voltages of 

relatively high and gradual increasing amplitude was initially applied. After the first 

flashover, repetitive flashovers were observed. The reduced lightning impulse voltage was 

then applied. The procedure was repeated using multiple level tests. 
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CHAPTER FIVE: EXPERIMENTAL RESULTS 

In this chapter, the diagrams extracted from the processing of the experimental data are 

presented, the results are commented on, and conclusions are drawn regarding the effect of 

the factors considered, the polarity and the types of insulating tubes. The measurements 

taken concern the flashover voltage and time, the instantaneous flashover voltage (voltage 

at maximum discharge current) and the peak discharge current. The results are commented, 

and conclusions are drawn regarding the effect of the amplitude and polarity of applied 

voltage and the geometry of the insulating tubes on flashover characteristics. 

5.1 Breakdown probability curves 

Figure 5. 1 Breakdown probability curve 
for IT 1(+) 

Figure 5. 2: Breakdown probability curve 
for IT1 (-) 

 

Figure 5. 3: Breakdown probability curve 
for IT 2 (+) 

Figure 5. 4: Breakdown probability curve 
for IT 2 (-) 
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Figure 5. 5: Breakdown probability curve 
for IT 3 (+) 

Figure 5. 6: Breakdown probability curve 
for IT 3 (-) 

Based on the experimental results, the flashover probability curves and their approximation 

with the normal distribution were constructed. The breakdown probability for all tubes for 

positive and negative polarity are shown in figures 5.1-5.6. 

Listed below in Table 1 for each arrangement are the values of the 50% flashover voltage 

(U50), standard deviation σ (%) as well as the corresponding atmospheric conditions for 

both positive and negative polarity. 

Table 5. 1: Aggregate results of 1.1/50 μs waveform 

 Polarity P (mmHg) T (oC) H (gr/m3) δ σ (%) U50 (kV) 
Tube-1 + 760.5 16 10.33 1.0145 4.23 634.68 

- 762 18 12.1 1.0095 10.16 398.4 
Tube-2 + 765 16 11.3 1.0205 1.61 500.2 

- 765 16.5 12.23 1.0187 11.94 454.56 
Tube-3 + 768 17 11.96 1.0210 2.16 572.38 

- 765 17.5 11.72 1.0152 13.5 396.15 

5.1.1 Effect of polarity on flashover probability curve 

In this section the effect of the polarity of the applied voltage on the flashover probability 

curves is considered. Thus, the flashover probability curves were drawn in a common 

diagram for both polarities shown in the figures 5.7-5.9. 
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Figure 5. 7: Breakdown Probability curve 
IT 1 

 

Figure 5. 8: Breakdown probability curve 
for IT 2 

 

 

Figure 5. 9: Breakdown Probability curve for IT 3 

From the above figures, it is observed that the breakdown probability curve for positive 

polarity is to the right to the corresponding one for positive polarity, i.e. U50 is greater for 

positive polarity. A higher U50 for positive polarity indicates that the material or system 

can withstand a greater positive voltage before breakdown occurs compared to the negative 

voltage. Positive lightning strikes typically involve a more gradual buildup of charge and 

a less intense electric field near the air termination system. This slower development gives 

the insulating tube more time to resist breakdown, resulting in a higher U50. Negative 

lightning often involves a rapid increase in electric field intensity and electron avalanche 

formation. This rapid ionization reduces the U50 for negative polarity. In positive polarity, 

corona discharge occurs more gradually because the ionization of air around the insulating 

tube is less intense. This helps delay the onset of breakdown, increasing U50. Negative 

polarity can create localized charge accumulations (space charges) at the insulating tube. 
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These charges distort the electric field and increase the likelihood of premature breakdown, 

lowering U50. The greater U50 for positive polarity in an insulating tube within an air 

termination system for a lightning protection system arises from the differences in electric 

field dynamics, ionization behavior, and surface interactions with the discharge. It seems 

that positive polarity leads to smoother, less intense ionization processes and slower 

streamer propagation, allowing the system to withstand higher voltages before breakdown 

occurs. 

5.1.2 Effect of materials on breakdown probability curve 

The tube 1 and tube 2 has the same dimension and geometry but differ only on the material 

of the insulating tube. Figure 5.10-5.11 shows the effect of material on the flashover 

probability curve. 

Figure 5. 10: Breakdown curve for IT 1 
and 2 (+) 

 

Figure 5. 11: Breakdown curve for IT 1 
and 2 (-) 

 

The U50 of an insulating material depends on the polarity of the applied voltage which is 

known as polarity effect. This mainly arises due to the difference in how the electrons and 

ions interact with material under positive and negative polarity. In case of positive polarity, 

electrons are emitted from cathode and accelerated towards anode where negative polarity 

involves positive ions or holes with interact with the material in a different way. 

In case of positive polarity, the tube 1 has higher U5 than of tube 2. But in the case of 

negative polarity, the tube 1 has lower U50 than in case of tube 2.  

The insulating material used for tube 1 has higher work function or better electron emission 

0

10

20

30

40

50

60

70

80

90

100

100 200 300 400 500 600 700 800

F
la

sh
o

ve
r 

pr
ob

a
bi

lit
y 

(%
)

Applied voltage (kV)

Tube 1 Positive Polarity

Tube 2 Positive Polarity

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700

F
la

sh
o

ve
r 

p
ro

ba
b

ili
ty

 (
%

)

Applied voltage (kV)

Tube 1 Negative Polarity

Tube 2 Negative Polarity



48 
 

suppression under positive polarity which leads to higher U50. Similarly, tube 2 is more 

prone to electron emission reducing the U50. The mobility of positive ions in the material 

for tube 1 and 2 differ. Tube 2 allows for easier movement of positive ions under negative 

polarity, increasing U50 compared to tube 1. 

Hence the differences in U50 are primarily due to the material’s inherent properties and 

how they interact with charge carriers under different polarities. So, each material has 

unique advantages and disadvantages depending on the applied voltage polarity. 

5.1.3 Effect of geometry on breakdown probability curve 

The insulating tube 2 and 3 are made up of same material but they differ in the dimension. 

The tube 3 has an addition layer of insulating on the top and bottom of the tube. Figure 

5.12-5.13 shows the effect of geometry on the flashover probability curve. 

Figure 5. 12: Breakdown curve for IT 2 
and 3 (+) 

 

Figure 5. 13: Breakdown curve for IT 2 
and 3 (-) 

 

In case of positive polarity, tube 2 has lower U50 than tube 3. For tube 2 it has lower 

breakdown voltage because it has no additional insulating layer, making it more susceptible 

to breakdown under high electric fields. For tube 3, it has higher breakdown voltage 

because the additional insulating layer increases the overall insulation strength making it 

harder for breakdown to occur. 

In case of negative polarity, U50 of tube 2 is higher than that of tube 3. Tube 2 has higher 

breakdown voltage because the single insulating material behaves more uniformly under 

negative bias. Tube 3 has lower breakdown voltage because the additional insulating layer 
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may introduce interface defects or charge trapping sites at the boundaries between the 

layers. These defects enhance local electric fields, making breakdown easier under negative 

polarity. 

5.1.4 Effect of all samples on breakdown probability curve 

The flashover probability curves of insulating tube differing are plotted in Figure 5.14-5.15 

to show the effect of material and dimension on the flashover probability curve. 

Figure 5. 14: Breakdown curve for IT 1,2 
and 3 (+) 

 

Figure 5. 15: Breakdown curve for IT 1,2 
and 3 (-) 

 

In case of positive polarity, tube 1 has the highest U50 (634.68 kV) with the highest standard 

deviation followed by tube 3 (572.38 kV) and tube 2 (500.2 kV). As tube 1 and tube 2 have 

the same dimension but differ in material, it is seen that the material of tube 1 can 

withstands more than that on the tube 2. Similarly, tube 2 and tube 3 have the same material 

but they differ in geometry, tube 3 can withstand a bit more than that of the tube 2 (as it 

has additional insulation on either side of the tube). In case of negative polarity, tube 2 has 

the highest U50 (454.56 kV) followed by tube 3 (396.15 kV) and tube 1 (398.4 kV). It 

suggested that the material for tube 2 and 3 have greater dielectric strength and can 

withstand more than that of tube 1. So, tube 1 is more resistant to lightning for positive 

polarity and tube 2 is more resistant to lightning for negative polarity. 
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a function of the flashover voltage. The general conclusion drawn from diagrams 5.16-5.21 

is, as expected, the discharge current increases with the increasing applied voltage. It is 

observed that the increment of the discharge current is proportional to the flashover 

voltage. 

Figure 5. 16: Ip-Up curves for IT 1 (+) 

 

Figure 5. 17: Ip-Up curves for IT 1 (-) 

 

Figure 5. 18: Ip-Up curves for IT 2 (+) 

 

Figure 5. 19: Ip-Up curves for IT 2 (-) 
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Figure 5. 20: Ip-Up curves for IT 3 (+) 

 

Figure 5. 21: Ip-Up curves for IT 3 (-) 

 

5.2.1 Effect of polarity on Ip-Up curves 

The effect of polarity of the applied voltage on Ip-Up curves in figures 5.22-5.24. It can be 

observed that the discharge current is generally higher under negative than the positive 

polarity impulses, with the effect being similar for all the insulating tubes. Generally, with 

increasing applied voltage the discharge current increases linearly with flashover voltage. 

Figure 5. 22: Ip-Up curves for IT 1 

 

Figure 5. 23: Ip-Up curves for IT 2 
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Figure 5. 24: Figure 5.24: Ip-Up curves for IT 3 

 

5.2.2 Effect of material on Ip-Up curves 

In this section the effect of the material on insulating tube on the Ip-Up are shown in figures 

5.25-5.26. 

Figure 5. 25: Ip-Up curves for IT 1 and 2 
(+) 

 

Figure 5. 26: Ip-Up curves for IT 1 and 2 (-
) 
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and propagation of the plasma channel) might be governed by similar mechanisms in both 

materials. After the initiation of breakdown, the flashover process is influenced by factors 

like gas ionization, surface conductivity, and plasma propagation which indicated to be 

similar for both the material. 

Tube 1 is more susceptible to breakdown initiation than tube 1 under negative polarity. 

However, the higher maximum flashover current-voltage curve for tube 1 indicates than 

once the breakdown occurs, the flashover in tube 1 involves higher current or energy 

dissipation compared to tube 2. Under negative polarity, tube 1 material have lower 

resistance to surface charge making it easier for breakdown to lower U50.  

5.2.3 Effect of geometry on Ip-Up curve 

In this section the effect of the geometry on insulating tube on the Ip-Up are shown in figures 

5.27-5.28. 

Figure 5. 27: Ip-Up curves for IT 2 and 3 
(+) 

 

Figure 5. 28: Ip-Up curves for IT 2 and 3 (-
) 
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polarity, the electric filed distribution is more uniform, and the additional insulating layer 

in tube 3 does not significantly alter the overall behavior. The flashover process is 

dominated by the bulk properties of the insulating material, which are the same for both 

tubes. The additional layer in tube 3 does not introduce significant defects or non-

uniformities that would affect the flashover process under positive polarity. 

Under negative polarity, the additional insulating layer in tube 3 introduces interface effects 
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(eg charge trapping, defects, or enhanced local electric fields) at the boundaries between 

layers. These interfaces can act as sources of secondary electron emission or field 

enhancement sites which can sustain a higher flashover current once the breakdown 

process is initiated. 

5.2.4 Effect of all samples on Ip-Up curves 

In this section the effect of the material of insulating tube on the Ip-Up are shown in figures 

5.29-5.30. It is evident that the material has no significant effect on the Ip-Up 

characteristics for both polarities of applied voltage. 

Figure 5. 29: Ip-Up curves for IT 1,2 and 3 
(+) 

 

Figure 5. 30: Ip-Up curves for IT 1,2 and 3 
(-) 

 

5.3 Flashover voltage- time to flashover characteristics (Up-tf) 
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Figure 5.31: Up-tf curve for IT 1 

 

 

Figure 5.32: Up-tf curve for IT 1 (-) 
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Figure 5.33: Up-tf curve for IT 2 (+) 

 

Figure 5.34: Up-tf curve for IT 2 (-) 

 

Figure 5.35: Up-tf curve for IT 3 (+) 

 

Figure 5.36: Up-tf curve for IT 3 (-) 
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voltage increases while the time to flashover decreases, reaching a minimum value for the 

highest applied voltage levels. At higher levels the flashover voltage increases but the 

flashover time stabilizes. At lower levels of applied voltage, large dispersion of the time to 

flashover was observed, leading to higher time lags. 

5.3.1 Effect of polarity on Up-tf curve 

In this section, the characteristics Up-tf curves are presented for each insulating tube with 

the effect of polarity as affecting parameter in figures 5.37-5.39. 

Figure 5.37: Up-tf curve for IT 1 

 

Figure 5.38: Up-tf curve for IT 2 

 

 

Figure 5.39: Up-tf curve for IT 3 
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polarity curve appears to have a steeper slop implying that the flashover voltage changes 

more rapidly with respect to flashover time compared to positive polarity.  

5.3.2 Effect of material on Up-tf curve 

In this section, in figures 5.40-5.41, the effect of material of the insulating tubes on Up-tf is 

examined. 

Figure 5.40: Up-tf curve for IT 1 and 2 (+) Figure 5.41: Up-tf curve for IT 1 and 2 (-) 

 

The curve for tube 2 is lower as compared to the tube 1 which means tube 2 breaks down 

at lower voltages or shorter times compared to tube 1 under positive polarity. Tube 2 

material is less resistant to positive polarity stress, likely due to poorer electron emission 

suppression or lower dielectric strength. 

In case of negative polarity, curve for tube 1 is lower as compared to tube 2 which means 

that tube 1 breaks down at lower voltages or shorter times compared to tube 2 under 

negative polarity. So, tube 1 material is more susceptible to negative polarity stress, likely 

due to higher ion mobility or surface charging effects. 

5.3.3 Effect of geometry on Up-tf curve 

In this section, in figures 5.42-5.43, the effect of geometry of the insulating tubes on Up-tf 

is examined. 
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Figure 5.42: Up-tf curve for IT 2 and 3 (+) 

 

Figure 5.43: Up-tf curve for IT 2 and 3 (-) 

 

Tube 3 has an extra insulating layer on the top and bottom while tube 2 does not have. This 

additional layer introduces interfaces between the materials which can be trap charges, 

create localized regions of high electric strength and acts as initiation points for flashover. 

Tube 2 has no additional layer, so its surface is more uniform and freer from interfaces or 

defects. This uniformity makes it harder for flashover to initiate, resulting in higher 

flashover voltage-time characteristics. 

5.3.4 Effect of all samples on Up-tf curve 

In this section, in figures 5.44-5.45, the effect of material and geometry of the insulating 

tubes on Up-tf is examined. 

Figure 5.44: Up-tf curve for IT 1,2 and 3 
(+) 

 

Figure 5.45: Up-tf curve for IT 1,2 and 3 (-
) 
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suggests a non-linear relationship between flashover voltage and flashover time. 

5.4 Spark conductance as a function of the applied (Ip/Up-Uap) 

The purpose of extracting Ip/Up-Uap curves is to study the conductance of the spark channel 

at flashover. Figures 5.46-5.51 show the spark conductance curves for each insulating tubes 

and polarity of applied voltage.  

Figure 5.46: Ip/Up, Uap curve for IT 1 (+) 

 

Figure 5.47: Ip/Up, Uap curve for IT 1 (-) 

 

 

Figure 5.48: Ip/Up, Uap curve for IT 2 (+) 

 

Figure 5.49: Ip/Up, Uap curve for IT 2 (-) 
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Figure 5.50: Ip/Up, Uap curve for IT 3 (+) 

 

 

Figure 5.51: Ip/Up, Uap curve for IT 3 (-) 

 

It is observed that spark conductivity remains nearly constant at relatively low applied 

voltages. After a threshold voltage value, the spark conductivity increases. 

5.4.1 Effect of polarity on Ip/Up-Uap curve 

In this section, the curves Ip/Up-Uap curves are presented for each insulating tubes to 

investigate the effect of polarity shown in figures 5.52-5.54.  
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Figure 5.52: Ip/Up, Uap curve for IT 1 

 

Figure 5.53: Ip/Up, Uap curve for IT 2 

 

 

Figure 5.54: Ip/Up, Uap curve for IT 3 

Under negative polarity, the conductance of the spark channel is generally higher except 

for figure 5.52. It was observed that under negative polarity, the discharge tends to develop 

on the surface of the insulating tube, while on the positive polarity it is mainly developed 

through air, away from the surface. With this together in fact that higher levels of 

conductance of the spark channel are observed under negative polarity impulses, it 

indicates that the surface of the insulating tubes enhances the development of the discharge 

resulting in higher spark channel conductivity.  

5.4.2 Effect of material on Ip/Up-Uap curve 

In this section, in figure 5.55-5.56, the effect of material on Ip/Up-Uap curves is examined. 
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Figure 5.55: Ip/Up, Uap curves for IT 1 and 
2 (+) 

 

Figure 5. 56: Ip/Up, Uap curves for IT 1 
and 2 (-) 

 

The above graph illustrates that the conductivity of the tube 1 and tube 2 for positive 
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conductivity. Under negative polarity, Tube 1 might experience less polarization (e.g., 

formation of insulating layers or charge buildup) compared to Tube 2. This would result in 

higher conductivity in Tube 1. 
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is symmetric or balanced in this configuration. However, under negative polarity, inherent 

asymmetries in material properties, electrode behavior, ion mobility, or structural 

differences become more pronounced, leading to the observed difference in conductivity 

between Tube 1 and Tube 2. 

5.4.3 Effect of geometry on Ip/Up-Uap curve 

In this section, in figure 5.57-5.58, the effect of dimension on Ip/Up-Uap curves is examined. 
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Figure 5.57: Ip/Up, Uap curves for IT 2 and 
3 (+) 

Figure 5.58: Ip/Up, Uap curves for IT 2 and 
3 (-) 

Under positive polarity, the electric field distribution is more uniform, and the additional 

insulating layer in tube 3 does not significantly alter the overall behavior. The conductivity 

is dominated by the bulk properties of the insulating material which are the same for both 

tubes. The additional layer in tube 3 does not introduce significant defects or non-

uniformities that would affect the conductivity under positive polarity Under negative 

polarity, the additional layer in tube 3 introduces effects that enhance the local electric field 

and provide sites for secondary electron emission. These effects lead to greater 

conductivity in tube 3 compared to tube 2. 

5.4.4 Effect of all samples on Ip/Up-Uap curve 

In this section, in diagram 5.59-5.60, the effect of material and geometry on Ip/Up-Uap 

curves is examined.  
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Figure 5.59: Ip/Up, Uap curves for IT 1,2 
and 3 (+) 

 

Figure 5.60: Ip/Up, Uapp curves for IT 1,2 
and 3 (-) 
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A general upward trend is observed indicating that as the applied voltage (Uap) increases, 

the ratio of current to voltage (Ip/Up), which represents conductance, also increases. This is 

expected, as higher voltage leads to greater ionization and charge movement within the 

insulating material, facilitating spark formation and conduction.  

So, for all the scenarios, we can see that the negative polarity is more severe than the 

positive polarity which can be described in terms of plasma physics. The breakdown of an 

insulating tube under high voltage is governed by plasma formation mechanisms that differ 

notably between positive and negative polarities. Key processes such as electron 

avalanches, streamer propagation, space charge effects, and electrode interactions play a 

role. Negative polarity typically results in more pronounced breakdown, driven by 

enhanced electron emission, stronger field distortion, and localized plasma instabilities. 

When an insulating tube undergoes streamer-dominated breakdown, the process starts with 

electron avalanches triggered by free electrons near the anode. These electrons accelerate 

in the electric field, colliding with and ionizing gas molecules, which forms a conducting 

plasma path. The slower-moving positive ions left behind intensify the local electric field 

near the tube’s surface, encouraging secondary electron emission and further sustaining the 

discharge. 

The streamer advances primarily through photoionization: ultraviolet (UV) photons 

emitted by the excited plasma ionize nearby gas molecules, allowing the discharge to 

propagate. Unlike a full spark or arc, this breakdown remains partially controlled because 

the buildup of space charge (excess ions and electrons) weakens the local electric field, 

preventing runaway ionization. Depending on factors like gas pressure and how quickly 

the voltage rises, the resulting plasma may appear as either thin, branching filaments or a 

more diffuse, spread-out streamer. 

Electrical breakdown under negative polarity conditions is significantly more intense than 

under positive polarity due to fundamental differences in discharge physics. The process 

begins at the cathode, where electrons are liberated through both field emission and 

secondary emission caused by ion bombardment. These electrons form dense avalanche 

clusters in the high-field region near the cathode surface. While the negative potential 

rapidly accelerates electrons away from the cathode, the slower positive ions accumulate, 
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creating a concentrated space charge layer that dramatically enhances and distorts the local 

electric field. This leads to the formation of aggressive cathode-directed streamers and, in 

high-current situations, the development of destructive cathode spots - microscopic plasma 

zones with extreme current densities that cause rapid electrode erosion through thermal and 

sputtering effects. The resulting discharge exhibits distinct characteristics including highly 

filamentary plasma channels, substantially elevated current densities, intense localized gas 

heating, and significant molecular dissociation of the insulating medium. These effects are 

further amplified by the pronounced space charge accumulation near the cathode, which 

creates additional field enhancement and accelerates the breakdown process compared to 

positive polarity conditions. 

Thus, the negative polarity is more severe as: 

i. Negative polarity facilitates stronger secondary electron emission from the 

cathode, sustaining a denser plasma. 

ii. Positive ions near the cathode enhance local fields, leading to runaway 

ionization. 

iii. Localized plasma spots increase material erosion and gas decomposition, 

accelerating ionization. 

iv. Cathode-initiated streamers are more filamentary and conductive, leading to 

rapid plasma channel formation. 
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CHAPTER SIX: CONCLUSION 

A Lightning Protection System (LPS) is a system designed to protect electrical 

infrastructure from lightning strikes by safely directing high-voltage surges to the ground. 

It consists of air terminals, down conductors, and grounding systems that dissipate 

lightning energy. By preventing damage to transmission and distribution systems, LPS 

reduces outages and equipment failures. It minimizes power disruptions, ensuring stable 

and continuous electricity supply. Overall, an effective LPS enhances system reliability by 

protecting critical components from lightning-induced faults. 

Experiments were conducted to investigate the flashover characteristics of insulating tubes 

on differing in geometry and material under positive and negative lightning impulses. The 

lightning impulse was produced using a Marx generator and applied to the air termination. 

The devices were grounded through a suitable cable that passes through the voltage 

transformer for current measurement purposes and end at the grounded floor. The output 

of the current transformer ended up via a suitably shielded cable to the signal attenuator 

which was connected to the oscilloscope. With all this equipment, the flashover 

characteristics of the insulating tubes under positive and negative lightning impulse have 

been investigated. The number of shots is applied on each voltage level and using the multi-

level method, the probability of the flashover is measured. The discharge current, voltage 

and the gap conductance at flashover were measured and analyzed. Different curves were 

plotted with which the flashover characteristics have been discussed. 

The experimental results and by extension the diagrams that were extracted and concerned 

the dielectric behavior of the insulators, were examined under the influence of the 

waveform and the polarity of the imposed voltage.  For all the insulating tubes, the U50 for 

negative polarity is always lower than that of positive polarity which means the tube 

possesses higher dielectric strength for positive polarity than the negative polarity. 

It has been observed that the discharge current is higher under negative than the positive 

polarity impulses, with the effect being similar for all the insulating tubes. Generally, with 

increasing applied voltage the discharge current increases linearly with flashover voltage. 

The maximum discharge current-applied voltage curves (Ip-Uap) have shown that the 

polarity effect is rather minimal. 
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The flashover time for positive polarity is higher compared to negative polarity for the 

same applied voltage. For higher voltages and shorter flashover times, the effect of polarity 

on the U-t characteristics is less pronounced, as the curves tend to coincide. The negative 

polarity curve appears to have a steeper slop implying that the flashover voltage changes 

more rapidly with respect to flashover time compared to positive polarity. Under negative 

polarity, the conductance of the spark channel is generally higher than positive as negative 

polarity facilitates the spark from the surface whereas the positive polarity away from the 

surface i.e. from air. The spark conductance is constant up to certain voltage level. After a 

threshold voltage level, spark conductivity increases. 

For positive polarity, tube 1 has the highest dielectric strength but has the least for negative 

polarity. Tube 1 shows a different behavior with the conductivity on both gap and material 

during positive polarity. Generally, conductivity is higher, indicates high spark 

conductance and lower dielectric strength. But in the case of tube 1, it has higher spark 

conductance as well as higher dielectric strength. At higher levels of applied voltage two 

or more sparks were observed in some cases. Sparks with a common starting point or even 

coalescing of two different sparks before fully crossing the gap have also been observed. 

The existence of two sparks can also be distinguished from the waveforms of the resulting 

currents which present in several cases double peaks and other types of fluctuations that 

need further study. So, the flashover mechanism is dependent on the material and the 

geometry of the tube used. 
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CHAPTER 7: SUGGESTION FOR FURTHER RESEARCH 

At this point it can now be stated that the conclusions reached in the context of this 

laboratory thesis are of key importance, however the subject needs further research. In 

addition, the experimental examination of the effect of pollution and humidity, as well as 

atmospheric conditions, is also important. 

More information can be extracted from the already existing data. From the data not used 

in this thesis and mainly from the correlation of voltage, current as well as flashover time, 

useful conclusions can be drawn about the electrical flashover mechanism of insulating 

tube, thus helping to better understanding of the physical mechanisms underlying the 

electrical flashover phenomenon. Furthermore, the importance of the effect of the spark 

path on the flashover times and the discharge current range needs further investigation 

which can be carried out by using a camera during the experimental procedure. The impact 

of temperature, humidity, and atmospheric pressure on flashover probability and 

dissociation time should be examined. These parameters could significantly affect the 

reliability of the tubes in real-world applications. To improve the reliability of findings, 

future research could involve testing a larger sample size and performing advanced 

statistical analysis. Monte Carlo simulations or machine learning models could be applied 

to predict flashover behavior under various conditions. 

Based on the flashover probability curves, future studies could investigate protective 

coatings, insulation techniques, or material modifications to improve flashover withstand. 

Research into field-grading methods or surface treatments could offer practical solutions 

for enhancing tube performance under high-voltage conditions. To assess long-term 

reliability, future studies should evaluate how repeated lightning discharges and prolonged 

electrical stress affect material degradation, mechanical integrity, and electrical properties 

over time. This would be essential for applications requiring high durability and longevity. 

Similarly, the investigation with other impulse waveform than the 1.2/50 µs such as the 

0.34/47 µs should be done as because different lightning waveforms represent different 

stress conditions on materials and structures. The 0.34/47 µs waveform has a faster rise 

time (0.34 µs), meaning it applies a sharper, more intense voltage stress. This simulates 

restrikes or induced surges, which may cause different failure mechanisms. So further 



69 
 

proper research is needed to ensure the behavior of different insulating tubes under 

different conditions for reliable and effective lightning protection systems. 
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APPENDIX B: PLAGIARISM TEST REPORT 

 
  



80 
 

 

 

 



81 
 

 

 

 

 



82 
 

 

 

 

 



83 
 

 

 

 

 



84 
 

 

 



85 
 

ANNEX 

Sample Experimental Data 
 

 
 

  

δ κ tmax Rf (Ω) Rff (Ω) Rt (Ω) Cf (pF) Cc (μF) Stages η (theor) η (meas)
1.01 0.99 2.15 34.20 1500.00 511.00 200.00 0.14 10.00 0.9593 0.9600

No. U0 (kVdc) Measurements 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

P (%) Up (V) tl (μs) Ul (V) tb (μs) U,Ip (V) Ip (A) tb (μs) 12.79

5.00 379.05 #DIV/0! -4.86 12.79 248.00 1240.00 Up (V) 379.00 380.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00 379.00

Up,th (kV) σUP (%) σtl (%) σUl (%) σtb (%) σU,Ip (%) σIp (%) Ip (A) 1240.00

590.40 0.06 #DIV/0! -447.21 #DIV/0! #DIV/0! #DIV/0! U,Ip (V) 248.00

591.29 tl (μs)

η 0.9614 Ul (V) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -97.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

P (%) Up (V) tl (μs) Ul (V) tb (μs) U,Ip (V) Ip (A) tb (μs) 3.95 3.60 9.30 6.24 6.92 4.45 11.15 6.13

40.00 380.75 #DIV/0! -20.54 6.47 271.00 1353.75 Up (V) 382.00 379.00 383.00 379.00 379.00 380.00 380.00 380.00 382.00 380.00 380.00 382.00 382.00 382.00 382.00 382.00 382.00 379.00 380.00 380.00

Up,th (kV) σUP (%) σtl (%) σUl (%) σtb (%) σU,Ip (%) σIp (%) Ip (A) 1460.00 1460.00 1325.00 1315.00 1345.00 1390.00 1210.00 1325.00

595.20 0.35 #DIV/0! -138.85 40.90 5.89 6.10 U,Ip (V) 292.00 290.00 265.00 267.00 269.00 278.00 242.00 265.00

593.94 tl (μs)

η 0.9580 Ul (V) -32.11 0.00 -29.36 -72.91 -49.94 0.00 0.00 -55.08 -36.03 0.00 -86.33 0.00 0.00 0.00 0.00 0.00 0.00 -49.06 0.00 0.00

P (%) Up (V) tl (μs) Ul (V) tb (μs) U,Ip (V) Ip (A) tb (μs) 6.50 4.06 10.82 3.56

20.00 383.70 #DIV/0! -9.97 6.23 276.25 1381.25 Up (V) 383.00 383.00 387.00 383.00 386.00 388.00 384.00 384.00 383.00 383.00 383.00 383.00 383.00 383.00 383.00 383.00 383.00 383.00 383.00 383.00

Up,th (kV) σUP (%) σtl (%) σUl (%) σtb (%) σU,Ip (%) σIp (%) Ip (A) 1375.00 1450.00 1230.00 1470.00

600.00 0.39 #DIV/0! -228.52 53.12 7.88 7.88 U,Ip (V) 275.00 290.00 246.00 294.00

598.55 tl (μs)

η 0.9577 Ul (V) 0.00 0.00 -52.32 0.00 -33.27 0.00 -84.59 0.00 -29.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

P (%) Up (V) tl (μs) Ul (V) tb (μs) U,Ip (V) Ip (A) tb (μs) 7.60 8.83 5.11

15.00 387.95 #DIV/0! -8.68 7.18 275.33 1376.67 Up (V) 388.00 388.00 388.00 388.00 388.00 388.00 388.00 388.00 387.00 388.00 388.00 388.00 388.00 390.00 386.00 388.00 388.00 388.00 388.00 388.00

Up,th (kV) σUP (%) σtl (%) σUl (%) σtb (%) σU,Ip (%) σIp (%) Ip (A) 1365.00 1365.00 1400.00

604.80 0.18 #DIV/0! -250.28 26.41 1.47 1.47 U,Ip (V) 273.00 273.00 280.00

605.17 tl (μs)

η 0.9606 Ul (V) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -61.26 0.00 0.00 0.00 0.00 -70.52 -41.84 0.00 0.00 0.00 0.00 0.00

2 62.00

3 62.50

4 63.00

Calculations

1 61.50

Sunday, December 1, 2024 760.50 16.00 10.33 Positve
Date Levels Pressure (mmHg) Temperature (◦C) Absolute humidity h (gr/m ◌ɜٙ) Polarity
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Decay probability curve data 

 

 
 

  

No. Up,th (kV) P (%) Hm/a Rank Condition N/dist
0 547.20 0 549.60 0.06
0 552.00 0 554.40 0.10
0 556.80 0 559.20 0.19
0 561.60 0 564.00 0.33
0 566.40 0 568.80 0.55
0 571.20 0 573.60 0.90
0 576.00 0 578.40 1.44
0 580.80 0 583.20 2.24
0 585.60 0 588.00 3.38
1 590.40 5 592.80 5.00 588.00 4.96
2 595.20 40 597.60 10.00 592.80 7.08
3 600.00 20 602.40 15.00 592.80 9.83
4 604.80 15 609.60 20.00 609.60 13.29
5 614.40 20 619.20 25.00 619.20 22.51
6 624.00 25 628.80 30.00 628.80 34.54
7 633.60 65 638.40 35.00 628.80 48.40
8 643.20 80 648.00 40.00 628.80 62.45
9 652.80 65 657.60 45.00 628.80 75.01
10 662.40 70 667.20 50.00 628.80 84.90

672.00 90.00 681.60 55.00 628.80 91.77
691.20 90.00 700.80 60.00 628.80 98.23
710.40 100.00 720.00 65.00 628.80 99.76
729.60 100.00 364.80 70.00 657.60 99.98

75.00 667.20
80.00 667.20
85.00 667.20
90.00 667.20
95.00 667.20

100.00 667.20
Average If 634.68

σif (%) 4.23

Decay Probability Curve

Uth (kV) U50 (Kv) Ust (Kv)

582.04 634.68 687.32
559.96 4.23
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Summary of results 

 

 
  

No Uo (kV) P (%) Up,th (kV) Uinst,w (kV) σUi(%) tl (μs) σtl (%) Ul,w (kV) σUl (%) tb (μs) σtb(%) U,Ip,w (kV) σU,Ip (%) Ip (kA) σIp (%)
1 61.50 5 590.40 591.29 0.06 #DIV/0! #DIV/0! -7.58 -447.21 12.79 #DIV/0! 386.86 #DIV/0! 1.24 #DIV/0!
2 62.00 40 595.20 593.94 0.35 #DIV/0! #DIV/0! -32.04 -138.85 6.47 40.90 422.74 5.89 1.35 6.10
3 62.50 20 600.00 598.55 0.39 #DIV/0! #DIV/0! -15.56 -228.52 6.23 53.12 430.93 7.88 1.38 7.88
4 63.00 15 604.80 605.17 0.18 #DIV/0! #DIV/0! -13.54 -250.28 7.18 26.41 429.50 1.47 1.38 1.47
5 64.00 20 614.40 615.70 0.25 #DIV/0! #DIV/0! -14.99 -212.11 5.81 28.32 437.17 3.38 1.40 3.38
6 65.00 25 624.00 622.18 0.15 #DIV/0! #DIV/0! -22.03 -190.06 6.80 38.98 447.39 4.58 1.43 4.58
7 66.00 65 633.60 633.72 0.37 #DIV/0! #DIV/0! -49.61 -88.72 5.76 40.44 463.66 4.47 1.49 4.48
8 67.00 80 643.20 643.16 0.14 #DIV/0! #DIV/0! -56.84 -59.01 5.24 27.51 483.58 5.35 1.45 5.35
9 68.00 65 652.80 652.67 0.31 #DIV/0! #DIV/0! -45.06 -84.70 5.04 33.01 509.62 5.96 1.48 5.96
10 69.00 70 662.40 660.32 0.11 #DIV/0! #DIV/0! -62.43 -83.85 6.48 45.79 492.49 9.40 1.51 9.40
11 70.00 90 672.00 669.91 0.23 #DIV/0! #DIV/0! -53.20 -48.85 4.15 34.28 526.13 9.26 1.54 9.29
12 72.00 90 691.20 689.49 0.33 #DIV/0! #DIV/0! -47.61 -39.77 3.59 19.78 579.34 4.15 1.60 4.15
13 74.00 100 710.40 705.95 0.25 #DIV/0! #DIV/0! -50.76 -25.28 3.35 25.95 565.63 6.74 1.66 7.02
14 76.00 100 729.60 725.68 0.32 #DIV/0! #DIV/0! -23.07 -107.46 2.95 23.80 551.90 4.43 1.72 4.27
15 78.00 100 748.80 738.94 2.76 #DIV/0! #DIV/0! -23.59 -110.08 2.94 29.61 560.48 4.02 1.79 3.97
16 80.00 100 768.00 759.69 0.73 #DIV/0! #DIV/0! -19.44 -110.62 2.35 30.68 546.29 1.54 1.85 1.54
17 83.00 100 796.80 772.79 0.78 #DIV/0! #DIV/0! -7.50 -178.20 1.74 7.30 542.86 3.45 1.94 3.41
18 86.00 100 825.60 797.12 0.62 #DIV/0! #DIV/0! -7.97 -178.36 1.79 8.44 556.90 3.88 2.03 3.88
19 90.00 100 864.00 821.46 1.69 #DIV/0! #DIV/0! -7.68 -180.08 1.64 16.08 568.75 3.92 2.15 3.92
20

Summary of Results
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Curve characteristics table 

 

 
  

No Uo (kV) P (%) Up,th (kV) Uinst,w (kV) σUi(%) tb (μs) σtb(%) U-T 1/tb U-T/U0 U/Uth v (m/μs) U-T/U50 Uinst/U50 Uinst/U0
1 61.50 5 590.40 591.29 0.06 12.79 #DIV/0! 590.40 0.08 1.05 1.05 0.00 0.93 0.93 1.06
2 62.00 40 595.20 593.94 0.35 6.47 40.90 595.20 0.15 1.06 1.06 0.00 0.94 0.94 1.06
3 62.50 20 600.00 598.55 0.39 6.23 53.12 600.00 0.16 1.07 1.07 0.00 0.95 0.94 1.07
4 63.00 15 604.80 605.17 0.18 7.18 26.41 604.80 0.14 1.08 1.08 0.00 0.95 0.95 1.08
5 64.00 20 614.40 615.70 0.25 5.81 28.32 614.40 0.17 1.10 1.10 0.00 0.97 0.97 1.10
6 65.00 25 624.00 622.18 0.15 6.80 38.98 624.00 0.15 1.11 1.11 0.00 0.98 0.98 1.11
7 66.00 65 633.60 633.72 0.37 5.76 40.44 633.60 0.17 1.13 1.13 0.00 1.00 1.00 1.13
8 67.00 80 643.20 643.16 0.14 5.24 27.51 643.20 0.19 1.15 1.15 0.00 1.01 1.01 1.15
9 68.00 65 652.80 652.67 0.31 5.04 33.01 652.80 0.20 1.17 1.17 0.00 1.03 1.03 1.17
10 69.00 70 662.40 660.32 0.11 6.48 45.79 662.40 0.15 1.18 1.18 0.00 1.04 1.04 1.18
11 70.00 90 672.00 669.91 0.23 4.15 34.28 672.00 0.24 1.20 1.20 0.00 1.06 1.06 1.20
12 72.00 90 691.20 689.49 0.33 3.59 19.78 691.20 0.28 1.23 1.23 0.00 1.09 1.09 1.23
13 74.00 100 710.40 705.95 0.25 3.35 25.95 710.40 0.30 1.27 1.27 0.00 1.12 1.11 1.26
14 76.00 100 729.60 725.68 0.32 2.95 23.80 729.60 0.34 1.30 1.30 0.00 1.15 1.14 1.30
15 78.00 100 748.80 738.94 2.76 2.94 29.61 748.80 0.34 1.34 1.34 0.00 1.18 1.16 1.32
16 80.00 100 768.00 759.69 0.73 2.35 30.68 768.00 0.42 1.37 1.37 0.00 1.21 1.20 1.36
17 83.00 100 796.80 772.79 0.78 1.74 7.30 772.79 0.57 1.38 1.38 0.00 1.22 1.22 1.38
18 86.00 100 825.60 797.12 0.62 1.79 8.44 797.12 0.56 1.42 1.42 0.00 1.26 1.26 1.42
19 90.00 100 864.00 821.46 1.69 1.64 16.08 821.46 0.61 1.47 1.47 0.00 1.29 1.29 1.47

Curve Characterisitcs Table
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Additional Data 

 
 

 
 

 

No Uo (kV) Uinst,w (kV) U,Ip,w (kV) Ip (kA) Up/Ip (Ω) U,Ip/Ip (Ω) Up/U,Ip Ip/Up (mS) Ip/U,Ip (mS)

1 61.50 591.29 386.86 1.24 476.85 311.99 1.53 2.10 3.21
2 62.00 593.94 422.74 1.35 438.74 312.27 1.40 2.28 3.20
3 62.50 598.55 430.93 1.38 433.34 311.99 1.39 2.31 3.21
4 63.00 605.17 429.50 1.38 439.59 311.99 1.41 2.27 3.21
5 64.00 615.70 437.17 1.40 439.40 311.99 1.41 2.28 3.21
6 65.00 622.18 447.39 1.43 433.88 311.99 1.39 2.30 3.21
7 66.00 633.72 463.66 1.49 426.31 311.91 1.37 2.35 3.21
8 67.00 643.16 483.58 1.45 444.13 333.93 1.33 2.25 2.99
9 68.00 652.67 509.62 1.48 441.34 344.60 1.28 2.27 2.90
10 69.00 660.32 492.49 1.51 437.42 326.24 1.34 2.29 3.07
11 70.00 669.91 526.13 1.54 434.92 341.58 1.27 2.30 2.93
12 72.00 689.49 579.34 1.60 430.46 361.69 1.19 2.32 2.76
13 74.00 705.95 565.63 1.66 424.46 340.09 1.25 2.36 2.94
14 76.00 725.68 551.90 1.72 420.78 320.01 1.31 2.38 3.12
15 78.00 738.94 560.48 1.79 413.73 313.81 1.32 2.42 3.19
16 80.00 759.69 546.29 1.85 411.20 295.69 1.39 2.43 3.38
17 83.00 772.79 542.86 1.94 398.41 279.87 1.42 2.51 3.57
18 86.00 797.12 556.90 2.03 392.32 274.09 1.43 2.55 3.65
19 90.00 821.46 568.75 2.15 381.24 263.96 1.44 2.62 3.79

Additional Data

Average Up/Ip 1.36
σUp/Ip (%) 5.85

Average U,Ip/Ip 2.35
σU,Ip/Ip (%) 5.12

Average Up/U,Ip 3.20
σUp/U,Ip (%) 8.10


