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Lay Summary 

Insulation is a critical component in ensuring the efficiency and longevity of power 

equipment. The type of insulation material used depends on the application; for example, 

kraft paper is commonly employed in transformers, while polymers are integral to power 

cables, covered conductors (CCs), and conductor sleeves (CS). The reliability and service life 

of electrical equipment are largely determined by the quality and performance of its 

insulation. In high-voltage systems, specialized testing methods are used to assess insulation 

behavior under operational stresses, guiding the design of tailored solutions. 

This thesis focuses on the electro-thermal performance and reliability of CS in medium-

voltage transmission networks. CS offer significant benefits over bare and covered 

conductors, such as enhanced flexibility, improved safety, and reduced maintenance 

requirements. Despite these advantages, CS are prone to electrical stresses like tracking and 

electro-thermal instability, which can lead to insulation failure and shorten their operational 

lifespan. 

Through a combination of experimental investigations and simulations, the study examines 

the performance of two CS configurations; 90° and 180° overlapped and compared their 

outcomes with CCs. Novel testing setups are developed and used to measure surface and 

interfacial conductivity, while Finite Element Modelling (FEM) evaluates their response 

under extreme conditions, such as tree branch contact with the CS surface. 

The findings reveal that 180° overlapping sleeves provide superior insulation performance 

and stability compared to the 90° configuration. The research recommends increasing the 

insulation thickness of 90° sleeves to enhance their performance. 

The thesis proposes a work that contributes to optimizing conductor sleeve designs, 

enabling safer and more efficient power transmission while minimizing risks associated with 

environmental and operational stresses. 
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Abstract 

Introduction: Tracking and electro-thermal runaway are critical failure mechanisms in 

overhead conductor sleeves that compromise the safety and reliability of power 

transmission systems. The geometric configuration of sleeve overlaps plays a significant role 

in determining susceptibility to these phenomena. This study investigates the influence of 

90° and 180° overlap configurations on the initiation and progression of electrical tracking 

and thermal runaway under alternating current (AC) stress. 

Methodology: A combined experimental and simulation-based approach was employed. A 

novel experimental setup was developed to measure surface and interfacial conductivity of 

sleeve materials under varying thermal and electrical conditions. Interface Tracking 

Inception Voltage (ITIV) was evaluated for both configurations. Additionally, Finite Element 

Method (FEM)-based simulations were conducted to model electro-thermal behavior, 

incorporating the dependency of conductivity on temperature and electric field. 

Results: Experimental findings revealed that the 90° overlap configuration exhibited earlier 

tracking onset and higher susceptibility to thermal runaway compared to the 180° 

configuration. The ITIV was consistently lower for 90° overlaps. Simulation results supported 

the experimental observations, showing greater thermal and electrical stress concentration 

in 90° overlaps. Comparative analysis with traditional covered conductors (CCs) and 

conductor sleeves (CS) confirmed the advantages of optimized overlap designs. 

Discussion: The study highlights the critical role of overlap geometry in improving the 

performance of overhead conductor sleeves. The 180° configuration demonstrated superior 

stability, reduced tracking events, and better resistance to electro-thermal degradation. 

These insights offer practical recommendations for enhancing the design of conductor 

sleeves, with direct implications for improving reliability and reducing the maintenance 

costs of power transmission infrastructure. 

Keywords: Conductor sleeve, covered conductor, AC conductivity, surface and interface 

current measurement, dielectric measurement, electrical tracking, insulation degradation 

and electro-thermal runaway. 
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Chapter 1 

Introduction 

Power transmission plays a crucial role in transferring electrical energy from generation 

points, such as power plants, renewable energy facilities, and substations, to various end-

users, including homes, industries, and businesses. Since these generation sources are often 

located far from the areas where electricity is consumed, transmission systems are designed 

to move power efficiently over long distances while minimizing losses. This enables a 

consistent, stable, and economical electricity supply, commonly achieved through overhead 

transmission lines. 

1.1 Brief overview of Overhead Transmission Lines 

Overhead transmission lines play a crucial role in modern power systems by enabling the 

long-distance transportation of electricity from power generation plants to distribution 

networks. These lines consist of conductors suspended on towers or poles and operate at high 

voltages to minimize energy losses during transmission. The conductors are typically made of 

materials such as aluminum or copper, and the towers or poles provide the necessary support 

to keep the lines elevated above the ground. Overhead transmission lines are often chosen for 

their cost-effectiveness in installation and maintenance when compared to underground 

cables. Additionally, they are relatively easier to repair, and their construction avoids the 

complex and expensive underground digging processes required for cables. However, despite 

these advantages, overhead transmission lines are susceptible to various challenges that can 

lead to faults and operational disruptions. 

 

Faults in overhead transmission lines are typically caused by factors such as extreme weather 

conditions, mechanical damage from external sources, and internal degradation of the 

components. Faults occur when there is a sudden disruption in the normal flow of electricity 

due to issues such as short circuits, open circuits, or ground faults. These disruptions create 

abnormal current paths, which can lead to equipment damage, power outages, and safety 

hazards. Extreme weather events, such as thunderstorms, high winds, and ice storms, can 

cause conductors to break or come into contact with other objects, leading to faults. 

Mechanical damage also plays a significant role, with fallen trees, animals, or even human 

activities causing conductors to touch one another or the ground, triggering faults. Internal 

factors, such as wear and tear of the conductors, can further exacerbate these issues. 
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The different types of faults that occur in overhead transmission lines include line-to-line 

faults, line-to-ground faults, and line-to-line-to-ground faults. A line-to-line fault occurs 

when two-phase conductors come into direct contact, resulting in a short circuit between 

them. A line-to-ground fault happens when a conductor contacts the ground, creating an 

abnormal current path that can damage equipment. The most severe type of fault is a line-to-

line-to-ground fault, where multiple conductors simultaneously contact each other and the 

ground. Additionally, high impedance faults can occur when conductors partially touch 

nearby objects, such as vegetation, poles, or other structures. These high impedance faults are 

often difficult to detect and are common in areas with dense vegetation or challenging 

terrains like forests or mountainous regions. Though they may not cause a significant increase 

in current, high impedance faults can still affect system performance, leading to increased 

losses, reduced reliability, and grid instability. 

 

Figure 1.1 Bird and animal electrocution and fire risk [1] 

Faults in overhead transmission lines caused by tree branches touching the lines or animal 

activity can lead to catastrophic outcomes. In areas with dry vegetation or forests, tree 

branches, or even fallen trees, can come into contact with power lines. This creates an 

electrical path that may trigger a fault. The electrical current flowing through the tree branch 

can cause sparks, which, especially in dry conditions, can ignite the surrounding vegetation, 

leading to forest fires. These fires not only result in the destruction of vast areas of vegetation 

but also cause long-term damage to ecosystems and disrupt wildlife habitats. Many animals, 
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including birds as shown in figure 1.1, and small mammals, face the risk of death due to 

electrocution when they come into the direct contact with power lines, or they may perish in 

the fires ignited by electrical faults [1]. The loss of wildlife, particularly in areas that harbour 

endangered species, can have profound effects on biodiversity, leading to a decline in the 

health of local ecosystems. 

Another major concern for overhead transmission lines is corrosion, particularly in regions 

where environmental conditions accelerate the degradation of metal components. Corrosion 

occurs when metal components, such as conductors, towers, and insulators, react with 

environmental elements like moisture, oxygen, and pollutants. This chemical reaction results 

in the gradual breakdown of metal surfaces, reducing the strength and efficiency of the 

components. Areas with high humidity, salty air (such as coastal regions), or air pollution are 

particularly susceptible to corrosion. Corrosion in conductors can weaken their mechanical 

strength and electrical conductivity, increasing the likelihood of failure during adverse 

weather conditions, such as high winds or storms. Towers and support structures are also 

vulnerable to corrosion, which can cause misalignment of lines, instability, or even collapse. 

Similarly, corrosion of insulators, which are designed to prevent the flow of electrical current 

to the ground, can reduce their insulating effectiveness, leading to increased leakage currents 

and a higher likelihood of faults. 

The degradation of metal components due to corrosion can make overhead transmission lines 

even more prone to faults. In addition to external factors such as weather and mechanical 

damage, corrosion accelerates the wear and tear of components, which can lead to 

catastrophic failures. This highlights the importance of regular maintenance and inspection of 

overhead transmission lines, particularly in areas prone to corrosive environments. To 

counteract corrosion, operators can use protective coatings, corrosion-resistant materials, and 

regular inspections to ensure the longevity and reliability of transmission lines. 

To mitigate the effects of faults and corrosion, utilities implement a range of preventive 

measures, including routine inspections, ongoing maintenance, and effective vegetation 

management. Regular inspections are crucial for identifying early signs of faults, corrosion, 

or wear, allowing for corrective actions before they cause significant damage. Vegetation 

management is particularly important in areas with dense tree cover or rapid plant growth. 

Overgrown vegetation can cause conductors to come into direct contact with trees, triggering 



21 

 

faults. By clearing tree branches and other vegetation along transmission lines, utilities can 

reduce the risk of vegetation-induced faults. 

In regions prone to corrosion, utilities use protective coatings, such as specialized paints or 

corrosion inhibitors, to protect conductors, towers, and support structures. These coatings 

help prevent further degradation and ensure the longevity of transmission components. 

Additionally, materials that are resistant to corrosion, such as galvanized steel, stainless steel, 

or aluminum alloys, are increasingly used to construct towers and other components to 

enhance their durability. Composite insulators, which are resistant to environmental 

degradation, are also becoming more widely used to improve the performance and reliability 

of transmission lines. 

To detect faults promptly, utilities deploy advanced monitoring and fault detection systems. 

These systems enable quick identification and isolation of faults, minimizing damage. Relay 

protection systems, which automatically detect abnormal current flow and disconnect 

affected sections of the grid, play a vital role in reducing outage durations. Real-time data 

acquisition systems and smart sensors offer detailed insights into the condition of overhead 

lines, allowing utilities to take preventive actions before faults escalate. Despite the use of 

various protective layers to prevent faults and corrosion in overhead transmission lines, faults 

remain frequent, and maintenance costs are high. Environmental factors such as extreme 

weather, moisture, and pollution continue to accelerate wear and tear, while wildlife 

interference and aging infrastructure also contribute to frequent failures. 

1.2 Covered Conductors 

The rapid advancement of power transmission systems has introduced covered conductors 

(CCs) to a revolutionary solution to address the challenges faced by overhead transmission 

lines as discussed in the previous section. The concept of CCs is simple yet effective design. 

The design of CCs is made of conductors and insulating layers as shown in figure 1.2, the 

conductors consist of materials like copper or aluminum, which are responsible for 

conducting electrical current. This central conductor is enveloped in a protective insulating 

made from high-performance materials such as cross-linked polyethylene (XLPE) or ethylene 

propylene rubber (EPR) [2].  
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Figure 1.2 Structural design of covered conductors for overhead power lines 

The insulation provides multiple advantages by safeguarding the conductor against a variety 

of environmental challenges and external threats. It serves as a shield against ultraviolet (UV) 

radiation, moisture, and extreme temperature variations, all of which can cause traditional 

bare conductors to degrade and fail over time [3]. 

One of the primary benefits of CCs is their ability to prevent direct contact between the 

power line and external elements, particularly in areas where vegetation and wildlife are 

prevalent. Overhead transmission lines, particularly bare conductors, are highly susceptible to 

damage from tree branches, falling debris, or wildlife interference. Such interactions can lead 

to frequent faults, posing significant risks to both the power grid and the environment. CCs, 

with their insulating layer, effectively eliminate these risks by acting as a barrier, ensuring 

that the conductor remains protected from direct contact with trees, branches, and animals. 

This significantly reduces the likelihood of faults caused by vegetation interference and 

importantly protects wildlife from electrocution [4]. 

CCs have proven to be especially beneficial in regions where traditional bare conductors are 

vulnerable to damage, including rural areas with dense forests and regions with high wildlife 

activity. In these environments, the risk of external interference with power lines is much 

higher, making it essential to implement reliable solutions to protect the transmission 

infrastructure. CCs have emerged as a robust solution in these areas, effectively addressing 

the challenges posed by environmental risks and wildlife threats. The insulating layer ensures 

that even in the most challenging conditions, the transmission system continues to operate 

reliably. 
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A unique feature of CCs is their ability to handle high surface voltage approximately 95% of 

the conductor's voltage, as attributed to the capacitive divider effect as shown in figure 1.3, 

where 𝐶1 represents the capacitance between the conductor and the insulating layer, and 

𝐶2 corresponds to the capacitance due to the surrounding air [5]. The insulating layer, 

combined with air acting as a dielectric medium, ensures safety even at such high voltages, 

with surface currents remaining extremely low (µA). This design not only safeguards wildlife 

from electrocution but also reduces maintenance needs by eliminating direct interactions with 

vegetation, significantly cutting operational costs. 

 

Figure 1.3 Voltage distribution of covered conductor [5] 

Furthermore, the insulation helps keep moisture at bay, preventing water ingress that could 

otherwise cause short circuits or further degradation of the conductor. The insulating layer 

also acts as a buffer against temperature extremes, preventing the conductor from 

experiencing undue mechanical stress due to expansion and contraction caused by 

temperature fluctuations. 

Reliability is another key advantage that CCs bring to the table as CCs ensure that power 

transmission remains stable and consistent. In regions prone to storms or heavy winds, where 

falling trees and branches can bring down power lines, CCs provide added resilience, 

allowing the transmission network to continue operating smoothly even during extreme 
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weather events. This increase in system reliability results in fewer power outages, enhancing 

the overall stability of the grid and reducing downtime for both utilities and consumers. 

Maintenance is another area where CCs shine. Traditional overhead power lines require 

regular maintenance to ensure that tree branches and other obstacles do not come into direct 

contact with the conductors. This maintenance is often labor-intensive and costly, particularly 

in areas with dense vegetation. CCs, however, minimize the need for such upkeep by 

providing an insulation barrier that prevents contact with trees and branches. Utilities can 

therefore allocate resources more effectively, cutting maintenance costs and improving the 

overall cost-efficiency of the transmission system. 

The widespread adoption of CCs has extended beyond low- and medium-voltage systems to 

high-voltage transmission lines, marking a significant evolution in the way power is 

transmitted. As technology continues to advance, CCs have become an integral part of 

modernizing electrical grids, offering a robust solution to challenges posed by environmental 

exposure, wildlife interference, and other external risks. Their use has transformed power 

transmission, providing enhanced safety, reduced maintenance, and improved reliability. 

CCs also improve operational efficiency by reducing corona discharge and associated power 

losses. Corona discharge occurs when high voltage is applied to a conductor in the air, 

leading to energy losses and insulation degradation. The insulation layer in CC minimizes 

these discharges, improving transmission efficiency. Additionally, CC enables higher current-

carrying capacity and facilitate upgrading existing OBC lines to higher voltage levels without 

requiring substantial infrastructure modifications [5]. Reduced maintenance needs further 

contribute to the operational efficiency of CC systems. 

 

Looking ahead, the role of CCs in the future of power transmission is poised to grow even 

more crucial. As global demand for reliable and efficient electricity transmission increases, 

CCs will continue to play a pivotal role in ensuring that power reaches consumers safely and 

without disruption. With their proven advantages, CCs offer a sustainable and resilient 

solution for the ongoing challenges of power transmission, laying the foundation for a more 

reliable and efficient energy future. 
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1.2.1 Conductor Sleeves 

Conductor Sleeves (CS) have emerged as a flexible and advanced alternative to Covered 

Conductors (CCs) in medium-voltage power transmission systems. Designed with insulating 

layers typically made of silicone rubber, CS offers comparable protection against 

environmental factors, vegetation contact, and wildlife interference ensuring operational 

safety and system reliability. Unlike CCs, however, CS feature a more adaptable and flexible 

construction, making them particularly suitable for installations in challenging terrains and 

for applications that require frequent maintenance or sectional replacements. This flexibility 

not only simplifies installation but also reduces operational costs, especially in networks 

prone to frequent upgrades or environmental stress. 

The growing adoption of CS reflects the ongoing evolution of transmission technologies 

aimed at enhancing safety, efficiency, and adaptability. By addressing some of the inherent 

limitations of traditional bare conductors while complementing the functionality of CCs, CS 

contribute significantly to the resilience and sustainability of modern power transmission 

infrastructure. Subsequent chapters will delve into their construction details, challenges such 

as electro-thermal stresses, and a comparative performance analysis between CS and CCs 

highlighting their respective roles in strengthening medium-voltage networks. 

1.3 Conclusions 

This chapter establishes the critical role of overhead transmission lines in modern power 

systems, highlighting their advantages, such as cost-effectiveness and ease of maintenance, 

alongside challenges like faults caused by weather, vegetation, wildlife, and corrosion. It 

introduces covered conductors (CCs) and conductor sleeves (CS) as innovative solutions that 

enhance safety, reduce maintenance, and mitigate environmental and wildlife-related risks 

compared to traditional bare conductors. By addressing these challenges, CCs and CS 

improve the reliability and efficiency of medium-voltage transmission systems. The chapter 

sets the foundation for the thesis by emphasizing the need to investigate CS, particularly their 

electro-thermal performance, to optimize their design and ensure robust performance under 

operational stresses, paving the way for subsequent chapters to explore these aspects in detail. 
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Chapter 2 

Literature Survey 
 

The role of CCs in modern power transmission systems has gained considerable attention in 

recent years. These conductors, which are typically used to improve the safety, reliability, 

and performance of electrical grids, face a variety of challenges that impact their operational 

efficiency. While CCs offer numerous advantages, including protection against 

environmental factors, they also present unique challenges related to electrical tracking, 

partial discharge (PD), and fault conditions. This chapter explores these challenges in detail, 

along with the advancements in research and technology aimed at improving the performance 

of insulated conductors.  

 

2.1 Electrical Tracking and thermal runaway in Covered Conductors 

Electrical tracking is a gradual deterioration process that occurs on the surface of insulation 

materials, leading to the formation of conductive paths. These paths enable the flow of 

current through the insulation layer, causing localized heating, chemical reactions, and 

ultimately resulting in insulation failure or breakdown. The primary causes of electrical 

tracking are high-voltage stress combined with surface contamination, such as dust, moisture, 

and pollutants like salt and industrial chemicals. 

 

The process begins with the accumulation of contaminants on the insulation surface. These 

contaminants compromise the insulating properties of the material when high voltage is 

applied, reducing its dielectric strength. This results in the formation of localized electric 

fields that are intense enough to ionize the surface. As ionization occurs, conductive paths 

develop and grow progressively due to repeated electrical discharges and the associated 

localized heating and chemical reactions. Over time, these conductive paths deepen and 

expand, causing irreversible damage to the insulation and forming permanent channels. 

Electrical tracking is more pronounced in environments with high humidity, salty air, or 

industrial pollutants. Coastal areas, where saltwater vapours are prevalent, and industrial 

zones, where airborne contaminants like oils, sulphur, and chemical dust are common, are 

particularly vulnerable to tracking phenomena. Research has shown that the presence of 

contaminants significantly lowers the dielectric strength of the insulation material, increasing 

the likelihood of tracking initiation [6]. Polymeric insulation materials, such as ethylene 
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propylene rubber (EPR) and cross-linked polyethylene (XLPE), are widely used in CCs due 

to their excellent electrical properties and ease of processing [2]. EPR demonstrates superior 

performance in environments prone to electrical tracking because of its enhanced moisture 

resistance and thermal stability, whereas XLPE, despite its good dielectric properties, is more 

susceptible to tracking in high-humidity conditions, which can degrade its long-term 

reliability. Electrical tracking, a key aging mechanism, involves the formation of partially 

conductive paths on the insulation surface due to electrical discharges, often triggered by high 

surface electric fields, leakage currents, and surface contaminations.  

 

Several studies have explored the effects of environmental factors on tracking resistance, 

with a particular focus on the influence of humidity and airborne contaminants [7]. These 

studies reveal that high humidity levels promote the formation of conductive paths by 

enhancing the ionic conductivity of the surface. Salt-laden air, typical of coastal regions, 

further accelerates the process, as salts provide a direct path for electrical conduction under 

high-voltage conditions. Understanding the causes and mechanisms of electrical tracking is 

critical for developing effective strategies to prevent or mitigate its impact on insulation 

systems. 

 

Studies on evaluating electrical tracking resistance primarily focus on assessing material 

properties [8-11], with relatively few investigations delving into the electrical tracking 

phenomenon itself [12]. R. Fernandes da Silva at.al [6] proposed a process to explain how 

electrical tracking rupture occurs under humid conditions, which is depicted in figure 2.1. 

The process (a to f) begins with the humidification and contamination of the material surface, 

forming a conductive layer with low surface resistivity. When moisture and contaminants 

settle on the surface of an insulating material, a small surface current starts to flow. These 

current produces heat, which begins to dry out the moisture. As the moisture evaporates, it 

leaves behind dry bands—areas where current can no longer flow easily. These dry bands 

cause the electric field to spike in those spots, leading to tiny electrical sparks, called surface 

discharges. 

 

These discharges heat the material even more, slowly damaging the surface and forming 

black, carbon-like marks. These marks are slightly conductive and let more current through, 

which produces even more heat. This creates a vicious cycle—more heat causes more 
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damage, and more damage allows more current, which leads to even more heat. As the 

temperature keeps rising, the insulation starts to lose its ability to resist electricity. It begins 

to behave less like an insulator and more like a conductor. This is known as thermal runaway, 

a point where the material can't cool down fast enough, and the heat keeps building up out of 

control. Eventually, the insulation is so damaged that electricity can pass right through it 

without resistance. At this point, the material has completely broken down, and it can no 

longer protect the system. This can lead to dangerous failures like short circuits or fires, 

especially in high-voltage systems. 

 

Figure 2.1 Process of electrical tracking rupture in humid environments [6] 

Further, in [13] the tests were conducted on alternative solutions for spacer cable systems 

using materials like semiconducting tubes and tapes applied to CCs and spacers. 

These tests, as shown in figure 2.2, revealed tracking and erosion issues, especially in 15 kV 

systems, whereas standard configurations performed better under multi-stress conditions. 
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Furthermore, 35 kV systems exhibited greater resistance to tracking and erosion compared to 

15 kV systems, as demonstrated in [13]. This is primarily due to the increased leakage 

distance in 35 kV spacers, which reduces surface electric field intensity and mitigates partial 

discharges under polluted conditions. Thicker insulation in 35 kV systems also enhances 

resistance to erosion by providing more material to withstand discharge-induced degradation.  

 

Figure 2.2 Semiconducting tube placed on CC to investigate tracking [13] 

Several methods developed to evaluate the tracking and erosion resistance of aiming to 

compare and categorize the voltage levels observed in practical applications materials [14-

17]. These techniques utilize various parameters to assess the correlation between a material's 

ability to resist electrical tracking. Among the commonly employed methods are the fog-and-

dust test [14] and the threshing wheel test [15], which rely heavily on visual inspection for 

evaluation. In these methods, the author’s suggestions plays a critical role in determining 

whether visible tracks have formed on the material's surface. The fog-and-dust method 

involves exposing the material to a controlled environment of moisture and particulate 

matter, while the threshing wheel test subjects the material to dynamic stress conditions. Both 

methods classify materials based on the presence or absence of discernible tracking marks, 

making them effective tools for assessing material performance under different 

environmental and electrical conditions. Thus, preventing electrical tracking is not only 

crucial for avoiding surface degradation but also essential for halting the onset of electro-

thermal runaway and complete insulation failure. Effective material selection, insulation 

design, and testing protocols are critical in enhancing the long-term safety and performance 

of high-voltage insulation systems. 
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2.2 Mitigation Strategies for Electrical Tracking 

Several strategies have been developed to mitigate electrical tracking in CCs. One approach 

involves enhancing the hydrophobic properties of the insulation material through surface 

treatments, such as the application of Nano coatings, silicone-based materials, and 

hydrophobic polymers. These treatments reduce the adhesion of contaminants to the surface, 

thereby decreasing the likelihood of tracking initiation. For instance, super hydrophobic 

coatings have been extensively reviewed for their effectiveness in outdoor high-voltage 

insulation applications [18]. 

 

Another strategy focuses on improving the material’s resistance to chemical degradation. 

Researchers are developing new polymeric compounds that offer better resistance to 

environmental factors like UV radiation, ozone, and temperature fluctuations. By enhancing 

the chemical stability of the insulation material, it becomes more resilient to tracking over 

time. Studies have investigated the impact of accelerated ultraviolet weathering on polymeric 

materials, highlighting the importance of material selection in maintaining insulation 

performance [19]. Additionally, the degradation and stability of polymeric high-voltage 

insulators examined to understand their performance under various environmental conditions, 

emphasizing the need for materials with improved resistance to chemical degradation [20]. 

 

2.3 Partial Discharge in Covered Conductors 

Partial discharge (PD) refers to localized electrical discharges occurring within voids, cracks, 

or defects in insulation materials, leading to gradual degradation and eventual failure [21-22]. 

In covered conductors (CCs), PD often goes undetected, resulting in latent damage that 

accelerates insulation deterioration and increases the likelihood of catastrophic failures, such 

as power outages [23]. Contributing factors include manufacturing defects, improper 

installation, aging of insulation materials, and adverse environmental conditions [21-23]. 

Time-Domain Reflectometry (TDR) is a widely used technique for locating PD, relying on 

reflections caused by insulation defects, with studies demonstrating its effectiveness in online 

PD localization for CC systems [24]. Ultra-High-Frequency (UHF) measurements, on the 

other hand, detect electromagnetic signals generated by PD, enabling real-time monitoring 

and accurate analysis even in high-noise environments [25]. Together, these methods provide 

a comprehensive framework for assessing insulation integrity. However, the analysis of PD is 

beyond the scope of this thesis. 
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2.4 Fault Conditions in Covered Conductors 

Covered conductors are susceptible to several types of faults, including short circuits and 

ground faults. Short circuits occur when the insulation fails, allowing the conductor to come 

into direct contact with another phase or the ground.  

Therefore, thermal overloads conditions may arise due to excessive current can degrade 

insulation materials over time. These faults can lead to significant energy losses, equipment 

damage, and safety hazards and power outages, thus necessitating robust design and 

monitoring systems to mitigate their impact. 

2.4.1 Causes of Faults in Covered Conductors 

Faults in covered conductors (CCs) are caused by several factors, including insulation 

breakdown, mechanical stresses, and external damage. Insulation degradation is often 

attributed to prolonged exposure to environmental elements such as UV radiation, extreme 

temperature variations, and chemical contaminants, which reduce the dielectric strength of 

the material over time. Mechanical stresses, including conductor sag, abrasion, and vibrations 

due to wind or load changes, can further exacerbate insulation wear and tear, leading to 

failure. 

 

Figure 2.3 Example of a high-impedance fault occurs when tree branches come into 

contact with overhead CCs [26]. 

External factors affecting the CCs performance such as wildlife interference, physical 

impacts from storms, falling branches, or accidental collisions as shown in figure 2.3, 
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significantly contribute to fault conditions. These faults compromise the safety and reliability 

of electrical systems, causing power outages and increasing maintenance demands. 

Therefore, robust designs, enhanced materials, and regular monitoring are essential to 

mitigate these challenges [26]. 

 

2.4.2 Protective Measures and Fault-Tolerant Designs 

To mitigate fault conditions in CCs researchers are developing advanced protective coatings 

and insulation designs to improve material robustness. Fault-tolerant designs, such as 

segmented insulation systems, are being explored to localize fault impacts and streamline 

maintenance procedures [27]. Segmented insulation systems feature multiple insulation layers 

separated into distinct sections, enabling easier identification and isolation of faulted areas. 

This modular design allows replacement of only the damaged segments, reducing downtime 

and maintenance costs. 

The performance of these insulation systems is closely tied to the material's electrical 

properties, particularly complex permittivity (ɛ∗), which governs the response of dielectrics to 

an applied electric field. Complex permittivity is expressed as  

ɛ∗ = ɛ′ − jɛ′′                                                                      (2.1) 

Where: ε′ is the real part of the permittivity represents the material's ability to store electrical 

energy referred as the dielectric constant, and ε′′ represent imaginary part, quantifies the 

energy dissipation within the material, also known as dielectric loss. The ε′′ component of 

complex permittivity holds good co-relation with the AC conductivity as depicted in equation 

(2.2), and it plays a critical role in thermal instability, as increased energy dissipation can lead 

to excessive heat generation, ultimately causing the material to undergo complete breakdown.  

𝜎𝐴𝐶 = 𝜔𝜀𝑜ɛ′′                                                                          (2.2) 

where ω is the angular frequency and 𝜀𝑜 is the permittivity of free space. High ɛ'' values 

indicate increased energy dissipation, which can exacerbate thermal instability and lead to 

insulation breakdown under fault conditions. By selecting materials with optimized ɛ' and 

minimized ɛ'' for insulation systems, designers can enhance fault tolerance and reduce the risk 

of catastrophic failures. 
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In addition to advanced insulation designs, researchers are developing diagnostic tools to 

improve fault detection and localization. These tools employ fault-location algorithms that 

leverage data from real-time monitoring systems to precisely identify fault locations in CCs. 

Incorporating measurements of complex permittivity and AC conductivity into these 

diagnostic systems can further enhance their accuracy. For instance, variations in ɛ'' or σAC, 

detected through spectroscopy or other techniques, can signal early degradation or fault 

initiation in insulation materials. By integrating such material property data with real-time 

monitoring, these systems enable faster and more efficient repair processes, minimizing 

disruptions and ensuring the reliability of power transmission networks [28]. 

 

2.4.3 Limitations of Covered Conductors 

Despite the numerous benefits of covered conductors (CCs), certain drawbacks limit their 

widespread adoption. A significant issue is the stiffness of the polymer insulation, which 

reduces the conductor's flexibility. This lack of flexibility makes CCs less ideal for 

installations in locations with sharp curves, irregular terrains, or constrained spaces, such as 

urban or mountainous regions. Another notable drawback is the increased weight of covered 

conductors compared to bare conductors. The added weight complicates the installation 

process, often requiring specialized tools and techniques. Furthermore, damage to the 

insulation layer caused by faults or other factors frequently necessitates replacing the entire 

CCs lines. This approach can be expensive and time-intensive, particularly in remote or hard-

to-reach locations. 

 

2.5 Conductor Sleeves in Medium Voltage System 

Conductor sleeves (CS) have emerged as a pivotal innovation in medium voltage (MV) 

overhead transmission system, offering enhanced safety, flexibility, and operational 

efficiency compared to traditional overhead bare conductors (OBC) and covered conductors 

(CCs). Unlike CCs, which are characterized by a rigid polymeric insulation layer, CS utilize 

flexible insulating materials, typically silicone rubber, enabling easier installation in 

challenging terrains and facilitating sectional replacements. This section reviews the 

applications of CS in MV systems, synthesizes prior research on their electro-thermal 

performance, and identifies critical research gaps that underscore the novelty of this thesis. 
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2.5.1 Applications of Conductor Sleeves in Medium Voltage Systems 

Conductor sleeves are primarily employed in MV transmission networks (typically 11 kV to 

35 kV) to mitigate risks associated with environmental exposure, vegetation contact, and 

wildlife interference. Their flexible design allows for retrofitting onto existing OBCs, 

enabling cost-effective upgrades to higher voltage levels without extensive infrastructure 

modifications. CS are particularly advantageous in rural or forested areas, where tree 

branches or wildlife can cause high-impedance faults, as depicted in figure 2.4.  By providing 

an insulating barrier, CS reduce the likelihood of faults, protect wildlife from electrocution, 

and minimize fire risks, thereby enhancing system reliability. Additionally, CS offer practical 

benefits in maintenance and installation. Their flexibility simplifies handling in regions with 

sharp curves or irregular terrains, addressing the stiffness limitations of CCs. Unlike CCs, 

which often require replacement of entire lines when damaged, CS can be replaced 

sectionally, reducing downtime and operational costs. These attributes make CS an attractive 

solution for modernizing MV grids, particularly in areas prone to environmental stresses. 

 

2.6 Motivation  

The increasing demand for safer, more efficient, and reliable power transmission systems has 

driven the development of innovative solutions to address the limitations of traditional 

overhead bare conductors (OBC). Among these advancements, covered conductors (CC) and 

conductor sleeves (CS) have emerged as transformative technologies, offering improved 

safety, operational efficiency, and environmental protection. However, CCs present 

challenges such as rigidity, which complicates installation in varied transmission 

environments, and their replacement often involves significant downtime and expense. In 

contrast, conductor sleeves (CS) provide greater flexibility, making them adaptable to diverse 

installation scenarios, and they can be more easily replaced when required, thereby reducing 

maintenance complexity and costs. Despite these advantages, CS face their own set of 

challenges, including degradation and tracking issues, which limit their broader adoption. 

 

This study is motivated by the need to overcome these limitations and optimize the design 

and performance of CS for medium-voltage systems. A particular focus is given to 

understanding and mitigating critical phenomena such as electrical tracking and electro-

thermal runaway in CS. By addressing these challenges, this research aims to enhance the 
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long-term reliability and adaptability of power transmission infrastructure, supporting the 

transition to safer, more resilient, and sustainable energy systems. 

 

2.7 Problem Statement  

The adoption of conductor sleeves (CS) in modern power systems is growing rapidly, driven 

by their numerous advantages over traditional overhead bare conductors (OBC) and covered 

conductors (CC). The CS offer enhanced durability, flexibility, and system stability while 

significantly reducing power losses, operational expenses, and environmental risks such as 

forest fires. Additionally, CS enables cost-effective upgrades of OBC lines to higher voltage 

levels without requiring substantial infrastructure modifications. 

 

The silicone rubber (Si-R) made conductor sleeves as shown in figure 2.4 is highly flexible, 

making them suitable for installation in challenging terrains, including hilly areas or locations 

requiring sharp turns. This flexibility, combined with ease of replacement in the event of 

faults, ensures a cost-effective and practical solution for modern power utilities. CS 

efficiently replaced with minimal expense and effort, further increasing their appeal as a 

superior alternative to traditional designs. 

 

      

 

(a)                                                                               (b) 

Figure 2.4 Medium voltage AC conductor sleeves: (a) Cross sectional view of CS (b) 

Implementation of CS on transmission Systems [29] 

Given the availability of various CS designs, it is crucial to determine the optimal 

configuration based on performance requirements; however, the long-term reliability and 

safety of CS are constrained by electro-thermal challenges, including tracking and thermal 
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runaway phenomena. These issues necessitate a deeper understanding of the mechanisms 

governing the behavior of CS. The challenges in the areas with complex environmental 

conditions, such as proximity to vegetation or wildlife, can induce additional stress through 

physical contact with the sleeves. A critical factor in the performance of CS design of their 

overlapping insulation layers, which serve as protective barriers against environmental and 

electrical stresses.  

 

As the unique dynamics of CS, particularly in their overlapping regions (90° and 180°), 

remain under-investigated. This study aims to fill these gaps by investigating the tracking and 

electro-thermal runaway phenomena in SCR-based CS designed for MV systems. In this 

research, a novel measurement method developed to evaluate the AC conductivity on the 

surface and at the interface of CS. These measurements are used to find other dielectric 

parameters essential for assessing insulation performance. The obtained data incorporated 

into finite element method (FEM) software for comprehensive electro-thermal analysis. 

Correlating the results with experimental findings, the most efficient and adaptive CS design 

identified upon analysis, and, ensuring improved performance, reliability for power 

transmission systems.  

2.8 Applicability of Covered Conductors and Conductor Sleeves Across Voltage Levels 

Covered conductors (CC) and conductor sleeves (CS) have emerged as critical solutions for 

enhancing the safety, reliability, and environmental resilience of overhead power 

transmission systems. While this thesis primarily focuses on medium-voltage (MV, 11–35 

kV) systems, where CC and CS are widely adopted, their applicability across low-voltage 

(LV, <1 kV) and high-voltage (HV, >35 kV) systems warrants detailed consideration. This 

subsection discusses the suitability, practical limitations, and design considerations of CC and 

CS across these voltage levels, with a particular emphasis on the challenges posed by 

increased weight at higher voltages. 

 

I. Low-Voltage Systems (<1 kV) 

In LV systems, typically used for residential and small commercial distribution, the adoption 

of CC and CS is limited due to lower fault risks and cost considerations. Bare conductors are 

generally sufficient in LV networks, as the reduced voltage levels minimize the risk of arcing, 

flashovers, or vegetation-induced faults. However, in specific scenarios—such as urban areas 

with dense vegetation, coastal regions with high humidity, or locations with significant 
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wildlife activity—CC may be employed to enhance safety and reduce maintenance. For 

instance, CC insulated with cross-linked polyethylene (XLPE) can protect against 

environmental degradation, as noted in Section 1.2. CS, designed for flexibility and ease of 

replacement, are rarely used in LV systems, as their benefits are more pronounced in MV 

applications where tracking and electro-thermal runaway are significant concerns. The added 

cost and weight of CC or CS in LV systems are typically not justified unless specific 

environmental or safety requirements necessitate their use. 

 

II. Medium-Voltage Systems (1–35 kV) 

MV systems, the primary focus of this thesis, represent the most common application for CC 

and CS due to their ability to mitigate vegetation-induced faults, wildlife electrocution, and 

environmental stresses. These systems are prevalent in rural and forested areas, where high-

impedance faults caused by tree branches or animals are frequent. CC, typically insulated 

with XLPE or ethylene propylene rubber (EPR), provide robust protection against such faults, 

while CS, made of silicone rubber (Si-R) with 90° or 180° overlapping configurations, offer 

flexibility and ease of installation. The manageable weight of CC and CS in MV systems 

allows for installation on standard support structures without significant modifications, even 

in challenging terrains such as hilly or forested areas. 

 

III. High-Voltage Systems (>35 kV) 

CC and CS have been implemented in select HV applications, including voltages up to 220 

kV, particularly in regions where environmental challenges (e.g., dense vegetation, coastal 

pollution) necessitate enhanced insulation [4, 13]. However, their use in HV systems is less 

common due to significant practical limitations. The higher electric field stresses in HV 

systems require substantially thicker insulation to prevent partial discharges, corona effects, 

and dielectric breakdown. For example, while MV CS in this study use 7–10 mm of 

insulation thickness, HV applications require to increase insulation thickness, leading to 

increased weight, sag, and mechanical stress on support structures. This added weight 

complicates installation, particularly for long spans, and increases costs due to the need for 

reinforced towers or closer pole spacing. Additionally, corona discharge, a significant 

concern at HV levels, can degrade insulation and increase power losses, necessitating 

specialized materials and designs (e.g., high-performance polymers or nano-enhanced 

composites) that further escalate costs [18]. CS face similar challenges in HV systems, as 
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their overlapping design (90° or 180°) may not provide sufficient dielectric strength without 

significant modifications, such as multi-layer insulation or increased thickness, which 

exacerbate weight-related issues. 

The applicability of CC and CS varies significantly across voltage levels due to differences in 

dielectric requirements, mechanical constraints, and cost considerations. While MV systems 

benefit greatly from the safety and reliability offered by CC and CS, their use in LV systems 

is limited by cost, and in HV systems by weight, sag, and corona-related challenges. Future 

advancements in lightweight materials, optimized geometries, and multi-layer insulation 

designs, as discussed in Section 6.2, could enhance their feasibility for HV applications, 

supporting the transition to safer and more resilient power transmission systems. 

2.9 Chapter-Wise Contributions to the Thesis 

This thesis systematically investigates the interfacial electro-thermal dynamics of conductor 

sleeves (CS) in medium-voltage AC systems, with each chapter contributing distinct insights 

and advancements to the field. Below is a summary of the contributions of each chapter. 

Chapter 1: Introduction  

This chapter establishes the foundation of the research by highlighting the role of overhead 

transmission lines and the evolution from bare conductors to covered conductors (CCs) and 

conductor sleeves (CS). It identifies key challenges, such as faults due to environmental 

factors, wildlife, and corrosion, and underscores the need for reliable insulation solutions. 

The contribution lies in providing a comprehensive context for the study, emphasizing the 

advantages of CS, such as flexibility and cost-effectiveness, over CCs, and setting the stage 

for investigating electro-thermal challenges in medium-voltage systems. 

 

Chapter 2: Literature Survey  

This chapter provides a comprehensive review of existing research on electrical tracking, 

partial discharge (PD), and fault conditions in covered conductors (CCs), identifying gaps in 

understanding CS performance. It introduces CS as a novel solution and defines the problem 

statement, focusing on optimizing CS designs for tracking resistance and electro-thermal 

stability. The contribution lies in establishing the research gaps, particularly the lack of 

studies on interfacial dynamics in CS and motivating the investigation of 90◦ and 180◦ 

overlapping configurations to enhance reliability. 
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Chapter 3: AC Conductivity Measurement  

This chapter develops novel experimental setups to measure AC conductivity in the 

volumetric, surface, and interfacial regions of CS under varying temperatures and electric 

fields. It reveals that interfacial conductivity is significantly higher, identifying the interface 

as the primary site for tracking initiation. The contribution includes providing critical 

conductivity parameters for FEM simulations, validated through curve-fitting, and laying the 

groundwork for modelling electro-thermal behaviour in CS.  

 

Chapter 4: FEM Modelling Analysis and Validation of Conductor Sleeves Performance  

This chapter presents a detailed FEM-based analysis of CS with 90◦ and 180◦ overlapping 

configurations, validated through experimental measurements of interface tracking inception 

voltage (ITIV). It demonstrates that the 180◦ CS outperforms the 90◦ CS and CCs due to 

reduced electric field intensity, with findings validated by experimental results. The 

contribution lies in providing a validated simulation framework for electro-thermal analysis, 

recommending the 180◦ CS for medium-voltage applications, and suggesting insulation 

thickness adjustments for the 90◦ CS to enhance reliability. 

 

Chapter 5: Impact of Load Current on the Performance of Conductor Sleeves  

This chapter investigates the effects of load current on CS performance, focusing on thermal 

and electrical stresses. It shows that load current reduces ITIV due to thermal aging, but 

applying insulation tape at the interfacial region increases ITIV by 5.0% to 7.9%. FEM 

simulations under loaded conditions further highlight the role of thermal stress in accelerating 

runaway. The contribution includes practical insights into CS performance under operational 

conditions, a cost-effective solution (insulation tape) to enhance dielectric strength, and 

recommendations for considering load effects in CS design. 

 

Chapter 6: Conclusions and Future Work  

This chapter synthesizes the findings, concluding that the 180◦ overlapped CS is the most 

reliable for medium-voltage systems due to its superior tracking resistance and adaptability. It 

identifies the interfacial region as the most vulnerable to run-away and proposes insulation 

enhancements. The contribution lies in consolidating the thesis’s findings into actionable 

recommendations for industry applications and outlining future research directions, such as 
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long-term aging tests and advanced insulation methods (e.g., nanocoating’s), to further 

improve CS performance. 

 

2.10 Conclusions 

The literature survey provides a comprehensive review of electrical tracking, partial 

discharge (PD), and fault conditions in CCs. It identifies electrical tracking as a primary 

cause of insulation degradation, driven by high-voltage stress and environmental 

contaminants, with polymeric materials like EPR and XLPE showing varying resistance. 

Mitigation strategies, such as superhydrophobic coatings and advanced material designs, are 

discussed, alongside fault-tolerant designs like segmented insulation systems. The chapter 

underscores the limitations of CCs, such as stiffness and increased weight, motivating the 

exploration of CS as a flexible alternative. The problem statement focuses on optimizing CS 

designs by investigating tracking and electro-thermal runaway in 90o and 180o overlapping 

configurations to enhance reliability and adaptability. 
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Chapter 3 

AC Conductivity Measurement  
 

CS have a unique design, particularly in their overlapping regions (90° or 180°). These entire 

CS design bifurcated into three parts: volumetric, interfacial, and surface, as shown in figure 

3.1. To ensure the effective design and performance of CS, it is important to study these 

regions by examining key factors like dielectric properties, tracking behaviour, and electro-

thermal runaway phenomena. 

 

Figure 3.1 Silicon rubber-based CS: (a) 180° overlapping angle (b) 90° overlapping 

angle configuration. 

A critical part of this evaluation involves measuring the AC conductivity of the surface, 

interface, and volumetric regions. These measurements provide valuable insights into how 

the CS will perform under different conditions, such as varying voltages, electric field and 

temperatures. 

This chapter explains the methods and steps used to carry out these measurements in detail, 

providing a clear understanding of the procedures necessary to assess the performance of CS 

in power transmission systems. 

3.1 AC volumetric Current Measurement  

To determine the volumetric AC conductivity of CS, dielectric spectroscopy was conducted 

using a structured procedure. Samples were prepared by cutting the SCR sheets from freshly 

produced CS provided by a local manufacturer. After visual inspection, the sheets were 

cleaned with ethanol to eliminate any surface contaminants. They were then precisely cut into 

13 mm diameter circular discs with a uniform thickness of 0.7 mm (±0.01 mm), slightly 
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larger than the 10 mm diameter of the brass electrodes (test cell electrode) to reduce edge 

effects. The measurement setup featured a parallel-plate test cell with polished brass contacts, 

ensuring even electric field distribution. Each sample was placed between the electrodes and 

held firmly using a spring-loaded clamp. A guard ring was used to suppress surface leakage 

currents during testing. To ensure accurate measurement and eliminate any moisture, the 

samples were kept in a temperature-controlled oven at 50°C for 48 hours before testing [30]. 

 

Dielectric spectroscopy measurements were carried out using the Novo-control system. Tests 

were conducted at three applied voltages 70 V, 700 V, and 1050 V corresponding to electric 

field strengths of 0.1 kV/mm, 1.0 kV/mm, and 1.5 kV/mm for the 0.7 mm thick samples. At 

each field level, measurements were taken at three temperatures: 293.15 K, 323.15 K, and 

343.15 K, resulting in nine unique test conditions. 

 

This setup allowed for precise observation of the material's behavior under varying thermal 

and electrical stresses. The results obtained from the dielectric spectroscopy provide complete 

information about dielectric constant (ε′), dielectric loss (ε″), complex permittivity, loss 

tangent. These measurements help in understanding AC conductivity, polarization 

mechanisms, charge transport, and material performance under electric fields, especially in 

insulation applications like Conductor Sleeves (CS). 

The AC volumetric conductivity of the CS material holds good correlation with both 

temperature and the applied electric field. To analyse the data, the volumetric conductivity 

using equation (2.2) was fitted to a mathematical model represented by following equation 

[31-32]. 

                      𝜎(𝑇, 𝐸) = 𝐴𝑒𝛼𝐸−
𝛽

𝑇
                                                                            (3.1) 

where, σ represents ac conductivity in S/m, T and E represent temperature in K and electric 

field (rms) in kV/mm respectively, whereas A, 𝛼 and 𝛽 are the conductivity coefficient (S/m), 

electric field coefficient (m/V) and temperature coefficient (K) respectively.  
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Figure 3.2 Volumetric ac conductivity of CS with respect to temperature and electric 

field: experimental and curve fitted. 

TABLE 3.1 

Estimated coefficients & goodness of fit statistics 

Material A 

(S/m) 

𝛂 

(m/V) 

𝛃 

(K) 

𝐑𝟐 𝐒𝐒𝐄 

SCR 2.235×10−07 1.70×10−8 1678 0.999 0.0001 

These coefficients are estimated and summarized in table 3.1 using the least square curve 

fitting method and, the obtained plot is shown in figure 3.2, show a clear trend that both 

temperature and electric field increases with increased conductivity offering valuable insights 

into the dielectric properties and performance of the CS material. 

3.2 Surface current Measurement 

Measuring surface currents is essential for analyzing and understanding the tracking 

phenomenon, as it offers valuable information about the dielectric properties of conductor 

sleeve (CS) surfaces. However, despite its importance, this area remains relatively 

underexplored in existing research. To fill this gap, the authors introduce an innovative 

experimental setup designed to enable precise surface current measurements. 

 



44 

 

The proposed setup, illustrated in figure 3.3, features a configuration of three electrodes 

arranged uniformly, adhering to the guidelines outlined in ASTM standards [33]. In this 

arrangement, electrode B functions as the high-voltage (HV) electrode, while electrodes A 

and C act as the measuring electrodes. 

 

Figure 3.3 Schematic diagram for surface current measurement on CS. 

To address volumetric current effects, the solid conductor, encased by the conductor sleeve 

(CS), is grounded, thus volumetric current mitigated.  The electrodes A and C are connected 

at a common point, which is routed through a measuring resistor Rm (100 kΩ) and 

subsequently linked to a digital storage oscilloscope (DSO) for signal acquisition. This setup 

is designed to monitor surface current characteristics under controlled conditions. The entire 

assembly is housed inside an oven to ensure a stable and adjustable thermal environment, as 

illustrated in figure 3.4. Experimental tests were conducted with applied voltages of 1 kV, 2 

kV, and 3 kV, at temperatures of 303.15 K, 323.15 K, and 343.15 K, respectively, to assess 

the effects of temperature and voltage on surface current behaviour. 

The dielectric surface is approximated using an equivalent circuit diagram, as shown in figure 

3.5(a), which provides a simplified representation of the dielectric's electrical behaviour. 

Figure 3.5(b) further illustrates the detailed circuit diagram of the experimental setup, 
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highlighting connections, components, and key parameters. The technique operates by 

simultaneously measuring the applied voltage, the voltage drops across Rm and the phase 

angle difference between these two quantities. These measurements allow for the calculation 

of the dielectric's equivalent impedance using equation (3.2 & 3.3) under the given 

experimental conditions. This impedance serves as a crucial parameter for understanding the 

dielectric properties of the material, enabling better characterization of its performance and 

potential vulnerabilities. 

Dielectric equivalent impedance (𝑍) = 𝑍𝑟 − 𝑗𝑍𝑖                                                          (3.2) 

Where, 

    𝑍𝑟 =
𝑅

1+𝜔2𝑅2𝐶2
   and ,   𝑍𝑖 =

𝜔𝐶𝑅2

1+𝜔2𝑅2𝐶2
                                                          (3.3)     

Where,  

𝑍𝑟= real value of dielectric impedance and, 𝑍𝑖= Imaginary value of dielectric Impedance 

 

Figure 3.4 Experimental setup for surface current measurement (inside oven view) 

The voltage applied on electrode B causes the current to flow on the surface of CS; 

measuring this current directly is a challenging task, thus, to simplify and facilitate 

measurement, an additional measuring resistor 𝑅𝑚 of 100𝑘Ω as shown in figure 3.3 is 

introduced in series with CS. Despite the inclusion of 𝑅𝑚, the surface insulating impedance 
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remains dominant due to its high magnitude, causing the maximum voltage to drop across the 

surface of CS, rendering the measurement of voltage across 𝑅𝑚 more protective and 

approachable. 

 

Figure 3.5. (a) Representation of equivalent circuit of dielectric (b) equivalent circuit of 

proposed setup. 

The mathematical expressions used to calculate the surface current and AC conductivity of 

the conductor sleeve (CS), as depicted in figure 3.5(b), are described below         

            𝑉∠0 = 𝑉𝑧∠ − ∅𝑧 + 𝑉𝑚∠∅                                                        (3.4)   

Where, Vz, ∅𝑧 represent the magnitude and phase angle of the surface voltage respectively.   

The voltage Vm is measured on the DSO and its phase angle ∅ is found out using equation 

(3.5).  

                   ∅ =
𝜔∆𝑡

𝜋
× 180 = 𝑡𝑎𝑛−1( 𝜔𝐶𝑅)                                                  (3.5)                                   

Here, ω represents the angular frequency, and ∆𝑡 denotes the time difference between the 

zero-crossing points of the applied voltage (V) and the measured voltage (Vm) as illustrated in 
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figure 3.6. The surface current flowing through the sleeve can then be determined using 

Equation (3.6). 

 

Figure 3.6 Measured voltage at 1 kV at 303.15 K. 

         𝐼∠∅ =
𝑉𝑚∠∅

𝑅𝑚
                                                                                       (3.6)                                           

Also,           

           𝑍 =
𝑉𝑧∠−∅𝑧

𝐼∠∅
=  𝑍𝑟 − 𝑗𝑍𝑖                                                                     (3.7)                           

This process involves extracting the measured surface voltage and current using equation 

(3.4) and (3.6) respectively and subsequently utilizing these values to calculate the dielectric 

impedance Z, is expressed in equation (3.7).  

Thus, using equation (3.3) and (3.7), the insulation surface resistance (R) and capacitance (C) 

are calculated. Subsequently, these values are utilised to evaluate the AC conductivity and 

resistivity following the standard [33], the expression to obtain the surface resistivity 

(ρs) expressed below.  

1

𝜎
= 𝜌𝑠 = (

𝑃

𝑔
) 𝑅                                                                                     (3.8)                           

Where, 𝑃 = 𝜋𝐷 is the perimeter of electrode, g is the gap between the electrodes (10 mm), 

and, D is the diameter of electrode. The results obtained are tabulated in table 3.2.  
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TABLE 3.2 

Measured surface AC resistivity and conductivity for different applied voltages 

and temperatures 

Volt 

(𝐕) 

T 

(°𝐂) 

I 

(µA) 

∅ 

(degree) 

𝛒𝐬  

(Ω) 

𝛔𝐬  

(S) 

1000 30 70 83.6 1.76×1011 5.68×10−12 

50 69 82.8 1.48×1011 6.75×10−12 

70 65 81 1.26×1011 7.93×10−12 

2000 30 74 80.1 1.05×1011 9.52×10−12 

50 72.5 78.48 0.983×1011 10.17×10−12 

70 68 77.4 0.88×1011 11.36×10−12 

3000 30 78 77.2 0.76×1011 13.15×10−12 

50 74 73.8 0.68×1011 14.70×10−12 

70 70 72 0.61×1011 16.39×10−12 

The analysis of the runaway phenomenon in conductor sleeves (CS) requires establishing a 

relationship between the electric field, temperature, and conductivity. This is achieved using 

a widely recognized semi-empirical equation (3.1), where σ represents the AC conductivity 

(S), T denotes temperature (K), and E is the electric field (in kV/mm). The coefficients A, α 

and β correspond to the conductivity coefficient (S), electric field coefficient (m/V), and 

temperature coefficient (K), respectively.  

These coefficients obtained by applying the least-squares curve-fitting method to 

experimental data, the results, along with the statistical measures of fit quality, are 

summarized in table 3.3, and the corresponding plots are shown in figure 3.7, reveals that 
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temperature, conductivity and electric field phenomena are interrelated. As the temperature 

increases both electric field and conductivity increases like the measured volumetric 

conductivity in the previous section. 

 TABLE 3.3 

Estimated surface coefficients of CS and goodness of fitting 

Material A 

(S) 

𝜶 

(m/V) 

𝜷 

(K) 

𝑹𝟐 𝑺𝑺𝑬 

SCR 3.36×10−11 3.94×10−6 645.6 0.99 0.003 

 

 

Figure 3.7 Surface conductivity of CS with respect to temperature and electric field: 

experimental and curve fitted. 

This arrangement ensures consistency and reliability in the measurements. This experimental 

setup accurately measures surface current under different conditions, producing reliable and 

consistent results. It allows for a thorough study of the dielectric properties of Conductor 

Sleeves (CS) surfaces, shedding light on how electrical tracking begins and spreads. The 

surface conductivity data gathered from these experiments is incorporated into a Finite 
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Element Method (FEM) model, enabling a deeper exploration of tracking and runaway 

behaviors in CS. This method greatly improves the understanding of the mechanisms driving 

CS performance and fills an important gap in current knowledge. Moreover, it lays the 

groundwork for future research and development to enhance the design, performance, and 

reliability of conductor sleeve materials for a wide range of applications. 

3.3 Interface Current Measurement 

As shown in figure 3.1, the current does not only flow along the surface of the CS but also 

passes through the overlapping region or interface between the CS and the air, making its 

measurement crucial. Figures 3.8 and 3.9 present the schematic diagram and the actual 

experimental setup for measuring the interface current. 

 

Figure 3.8 Schematic diagram for interface current measurement. 

This experimental arrangement consists of three electrodes-the high-voltage (HV) electrode 

A, the rectangular shape, measuring electrode B and the guard electrode C is used. The 

dimensions of the measuring electrode and the gap between the guard and measuring 

electrodes is set according to the ASTM standard [33]. 
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Figure 3.9 (a) Experimental setup for interface current measurement (b) measuring 

setup (inside oven view). 

 

Figure 3.10 Interfacial ac conductivity of CS with respect to temperature and field: 

experimental and curve fitted. 

To measure the interface current, the measuring electrode B is connected to the guard 

electrode C through a measuring resistor Rm with the terminals of Rm connected to a digital 

storage oscilloscope (DSO). The equivalent circuit for this measurement setup is identical to 

that used for surface current measurement (figure 3.5 (b)). The entire setup placed inside an 

oven (figure 3.9(b)), and experiments conducted at applied voltages of 1 kV, 2 kV, and 3 kV, 

with temperatures of 303.15 K, 323.15 K, and 343.15 K, respectively. 
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TABLE 3.4 

Estimated interfacial coefficients of CS and goodness of fitting 

Material A 

(S) 

𝜶 

(m/V) 

𝜷 

(K) 

𝑹𝟐 𝑺𝑺𝑬 

SCR 4.98×10−11 1.46×10−6 464.2 0.99 0.0003 

 

TABLE 3.5 

Measured interfacial AC resistivity and conductivity for different voltages and 

temperatures 

Volt 

(𝐕) 

T 

(𝐊) 

I 

(µA) 

∅ 

(degree) 

𝛒𝐢 

(Ω) 

𝛔𝐢 

(S) 

1000 303.15 70 83.6 8.055×1010 1.241×10−11 

323.15 69 82.8 7.277×1010 1.373×10−11 

343.15 65 81 6.742×1010 1.483×10−11 

2000 303.15 74 80.1 6.973×1010 1.434×10−11 

323.15 72.5 78.48 6.21×1010 1.61×10−11 

343.15 68 77.4 5.625×1010 1.727×10−11 

3000 303.15 78 77.2 5.79×1010 1.672×10−11 

323.15 74 73.8 5.46×1010 1.831×10−11 

343.15 70 72 5.04×1010 1.983×10−11 
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The various parameters computed and presented in table 3.5, following the same approach as 

in the case of surface current measurement. To determine the coefficients of equation (3.1), 

the measured data from table 3.5 used and applied least squares curve fitting. The resulting 

plot and the corresponding coefficients of equation (3.1) are shown in figure 3.10 and table 

3.4, respectively. For the simulation process, the conductivity values measured on the surface 

(𝜎𝑠) and at the interface (𝜎𝑖) of the CS are converted into their corresponding volumetric 

conductivities. These are denoted as 𝜎𝑠𝑣 for surface and 𝜎𝑖𝑣 for interface, respectively by 

dividing with thickness of boundary layer (𝑡) as per equation (3.9) and tabulated in table 3.6. 

𝜎𝑖𝑣 =
𝜎𝑖

𝑡
;  𝜎𝑠𝑣 =

𝜎𝑠

𝑡
                                                             (3.9) 

 

TABLE 3.6 

Estimated volumetric conductivity of bulk, surface, and interface regions of CS at 

various temperatures and specific applied voltages 

Volt 

(𝐕) 

T 

(𝐊) 

𝛔𝐯 

(S/m) 

𝛔𝐬𝐯 

(S/m) 

𝛔𝐢𝐯 

(S/m) 

 

1000 

303.15 8.88×10−10 2.84×10−08 6.21×10−08 

323.15 1.29×10−09 3.38×10−08 6.87×10−08 

343.15 1.74×10−09 3.97×10−08 7.41×10−08 

 

3.4 Analysis of Conductivity Variations and Their Implications 

Table 3.6 to analyze the effects of temperature and electric field on bulk (σv), surface (σsv), 

and interfacial (σiv) conductivities of CS, their implications for dielectric behavior, and the 

rationale for observed trends. Table 3.6 reports conductivity values at 1000 V, standardizing 

bulk measurements (70 V, 700 V, 1050 V, Section 3.1) and surface/interfacial measurements 

(1000 V, 2000 V, 3000 V, Sections 3.2–3.3) for temperature of 303.15 K, 323.15 K, 343.15 

K, at 50 Hz for 0.7 mm samples using a Novo-control Alpha-A analyzer. At 1000 V, bulk 

conductivity (σv), rises from 10−10 S/m at 303.15 K to 10−9  S/m at 343.15K, driven by 

thermal activation (high β) as increased polymer chain mobility enhances ionic and electronic 
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transport. The electric field coefficient (α) is modest, with field-induced charge injection 

secondary to thermal effects. Surface (σsv), and interfacial (σiv)  conductivities (∼10−8 S/m) 

increase with temperature due to moisture, contaminants, and partial discharges. The bulk 

increase arises from intrinsic polymer mobility, whereas elevated σsv arises from surface 

states (e.g., absorbed moisture, dust, contamination etc.) and (σiv) from interfacial defects 

(e.g., micro-voids, filled with air caused moisture), amplified by electric field enhancement at 

the conductor-sleeve interface. 

 

Elevated conductivity increases dielectric losses and thus promotes interfacial tracking and 

electro-thermal runaway. Higher conductivity identifies the interface as the primary site for 

tracking initiation due to localized discharges and field concentration. Novo-control’s 

spectroscopy has a maximum limit of 1200 V constrained bulk measurements, but 1000 V 

enables consistent comparison.  

 

The comparison of volumetric conductivities for the bulk, surface, and interface regions 

reveals that the interfacial region exhibits significantly higher conductivity than the other 

two, which may lead to initiate the tracking in the interfacial region. Further, the 

experimentally obtained parameters such as conductivity coefficient (A), electric field 

coefficients (α), and the temperature coefficient (β) of equation (3.1), have been integrated 

into the FEM software for simulations related to investigations of tracking and thermal 

runaway behaviour of CC and, CS, as discussed in the subsequent chapter. 

 

3.5 Conclusions 

This chapter details the experimental measurement of AC conductivity in CS, covering 

volumetric, surface, and interfacial regions. Novel setups were developed to measure surface 

and interfacial conductivity under varying temperatures and electric fields, revealing that 

interfacial conductivity is significantly higher, making it the primary site for tracking 

initiation. The results, validated through curve-fitting and tabulated in table 3.6, show that 

conductivity increases with temperature due to enhanced polymer mobility and 

environmental factors like moisture. These measurements provide critical parameters for 

FEM simulations, enabling accurate modeling of tracking and runaway phenomena, and 

highlight the importance of interfacial properties in CS performance. 
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Chapter 4 

FEM Modelling Analysis and Validation of CS Performance 

This chapter provides a detailed analysis of CCs and CS modelled using FEM software to 

evaluate their electro-thermal performance. The study includes simulations under steady state 

rated conditions and transient scenarios, extending to the point of thermal runaway under 

various operating conditions. The simulation results were rigorously validated through 

experimental investigations, with details of the simulation model and a comprehensive 

discussion of the results presented. 

4.1 Geometry, Material Properties and Simulation Model 

The geometry of a medium-voltage (MV) CS with 180° and 90° overlapping angles, as 

illustrated in figure 3.1, is modelled using a 2-D FEM approach as depicted in figure 4.1. The 

CS features a conductor diameter of 26 mm and an overall diameter of 40 mm, with the 

insulation thickness in the interface region ranging from 7 to 10 mm.  

 

Figure 4.1 2-D simulation model of CS for (a) 180° overlapped (b) 90° overlapped 

configuration. 

The model incorporates key parameters such as relative permittivity, volumetric AC 

conductivity (measured through dielectric spectroscopy), and surface and interfacial AC 

conductivity (determined using the setup described in the previous chapter). The relative 
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permittivity was measured to be 2.3 under the conditions outlined in [34]. Additionally, the 

model accounts for the non-linear behavior of AC conductivity. 

A triangular mesh with an extremely fine element size (less than 0.5 mm) was used to ensure 

high accuracy in the simulation results. The mesh was sufficiently refined to reliably capture 

the necessary field variations. Neumann boundary conditions were applied to model the flux 

or field variables at the boundaries, ensuring accurate physical representation. A mesh 

independence study confirmed that the results were stable and independent of further 

refinement. 

The dimensional details of the model and other relevant parameters are provided in table 4.1. 

The research also investigates the impact of overlapping angles in conductor sleeves (CS) and 

evaluates their comparative performance in terms of electro-thermal instability. 

TABLE 4.1 

                                       Simulation Model Parameters 

Parameters Numerical Values Units 

Total CS diameter 40 mm 

Conductor diameter 26 mm 

Insulation thickness 7 mm 

Relative permittivity 2.3 --- 

Initial temperature 293.15 K 

Air conductivity 1.5×10−12 S/m 

 

4.2 Governing equations:  

The Computations of the electric field, current density distribution, and temperature profile 

within the CS geometry involves solving coupled differential equations, namely the current 

continuity equation and the heat continuity equation, along with other field-related equations. 

Under steady-state conditions, the current continuity equation, which encompasses all four of 
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Maxwell's equations [35], states that the net rate of charge accumulation or depletion within a 

given volume is zero. This can be mathematically expressed as follows: 

                                      ∇. 𝐽 = 0                                                                           (4.1)                                          

Where, J is total current density, and it can be expressed as  

                       𝐽(𝑡) = 𝐽𝐶(𝑡) + 𝐽𝐷(𝑡)                                                          (4.2)                                    

Here, 𝐽𝐶(𝑡)  represents the conduction current density. Since this study primarily examines 

alternating current (AC) fields, the magnitude of 𝐽𝐶(𝑡) is minimal and is therefore, neglected 

for simplification. As a result, the total current density is considered equal to the 

displacement current density𝐽𝐷(𝑡). 

Given that the present study focuses on AC fields (alternating current), the magnitude of 

𝐽𝐶(𝑡) being very small, is thus neglected for simplification. Consequently, the total current 

density is equivalent to the displacement current density 𝐽𝐷(𝑡); 

𝐽(𝑡) = 𝐽𝐷(𝑡) =
𝜕𝐷(𝑡)

𝜕𝑡
                                                                     (4.3) 

Where, 𝐷(𝑡) is the electrical flux density, expressed as 

                  𝐷(𝑡) = 𝜀0𝜀𝑟𝐸(𝑡) = 𝜀0(𝜀𝑟
′ − 𝑗𝜀𝑟

′′)𝐸(𝑡)                                            (4.4)              

Further, the equation (4.3) becomes  

                                  𝐽(𝑡) =
𝜕𝐷(𝑡)

𝜕𝑡
 = 

𝜕𝜀0(𝜀𝑟
′ −𝑗𝜀𝑟

′′)𝐸(𝑡)

𝜕𝑡
                                               (4.5)                           

In frequency domain, equation (4.5) can be expressed as 

                                 𝐽(𝜔) =  𝑗𝜔𝜀0(𝜀𝑟
′ − 𝑗𝜀𝑟

′′)𝐸(𝜔)                                                (4.6)                       

Where, 𝜔 is the angular frequency, rearranging the equation we get 

                          𝐽(𝜔) = 𝑗𝜔𝜀0𝜀𝑟
′ 𝐸(𝜔) + 𝜔𝜀0𝜀𝑟

′′𝐸(𝜔)                                      (4.7)                    

The expression obtained in the above equation comprises both real and imaginary 
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components. The real component contributes to power loss, while the imaginary component 

contributes to stored energy. The term 𝜔𝜀0𝜀𝑟
′′ is commonly known as AC conductivity as 

expressed in equation (2.2).                            

Further utilizing equation (2.2) and (3.1), AC conductivity can be expressed as 

                     𝜎 = 𝜔𝜀0𝜀𝑟
′′ =  𝐴𝑒𝛼𝐸−

𝛽

𝑇                                                              (4.8)                                          

Whereas the relationship between the electric field E and voltage V arises from the well-

known field equation, given by 

                           𝑬 = −∆ . 𝑉                                                                            (4.9)                                              

(4.7), (4.8) and (4.9) depict the relation of electric field, current density and temperature. The 

thermal continuity equation within dielectric layers can be expressed as the balance between 

the heat generated, heat accumulation, and heat dissipated. The associated equation 

describing this relationship is as follows: 

     𝐷𝐶𝑝
𝜕𝑇

𝜕𝑡
− 𝛻. (𝑘𝛻𝑇) = 𝐽𝐸(𝑡) = 𝜎𝐸(𝑡)2                                         (4.10)     

Where, D, 𝐶𝑝, k, T are the density, heat capacity at constant pressure, thermal conductivity 

and temperature respectively. 

If 𝐼𝐿 is the load current, 𝑅𝐶 is the conductor resistance per unit sleeve length, r1 is the 

conductor radius and k is the insulation thermal conductivity, then, as per Fourier’s law, 

                           𝑞 = −𝑘∆𝑇 =
𝐼𝐿

2𝑅𝑐

2𝜋𝑟1
                                                                       (4.11)                   

Here, q, ∆T denote heat flux density & temperature gradient.  

 

4.3 Analysis and Interpretation of Simulation Results 

The initial analysis includes simulating the CS under rated operating conditions. Furthermore, 

scenarios were examined, where a tree branch approached the CS, with the worst-case 

scenario involving direct contact between the tree branch and the conductor sleeve. 
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At the rated voltage (11kV), the highest electric field within the interface region found near 

the innermost layer, adjacent to the conductor surface, as in figure 4.2 and 4.3 illustrated. 

 

Figure 4.2 Electric field distribution at rated voltage for (a) 180° overlapped (b) 90° 

overlapped configuration 

 

Figure 4.3 Enlarged view of selected area of figure 4.2. 

The relationship between current density and electric field, as described by equation (4.7), 

shows a direct correlation. The current density distribution was observed similar to the 

electric field distribution, as shown in figure 4.4. Due to the variation in current density 

between the conductor and insulation, the current distribution is specifically depicted only 

within the interface region in figure 4.4. 

The investigation further examines the scenario where a tree branch, treated as a ground 

electrode, makes direct contact with the surface of the CS specifically when the ground 

electrode is placed at the outermost edge of the interface, adjacent to the CS surface. The 
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simulated electric field and current density distribution profiles for this scenario are presented 

in figures 4.5 and 4.6. Additionally, simulations were conducted for cases where the ground 

electrode is positioned at various distances from the CS surface. 

Figure 4.4 Current density distribution at rated voltage for (a) 180° overlapped           

(b) 90° overlapped configuration. 

––

Figure 4.5 Electric field distribution at rated voltage, in case of tree branch touching the 

CS surface for (a) 180° overlapped (b) 90° overlapped configuration 

The peak electric field and current density within the interface region are summarized in table 

4.2 and illustrated in Figures 4.7 (a) and (b), respectively. The results clearly show that the 

highest electric field and current density occur when there is direct contact with the conductor 

sleeve. In contrast, as the distance between the ground electrode and the CS surface increases, 
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both the electric field and current density decrease in magnitude, as depicted in figure 4.7. 

Therefore, the direct contact scenario is identified as the worst-case condition. 

Figure 4.6 Current density distribution at rated voltage, in case of tree branch touching 

the CS surface for (a) 180° overlapped (b) 90° overlapped configuration. 

 

Figure 4.7 (a) Peak electric field and (b) current density relative to ground electrode 

distance from CS surface. 
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TABLE 4.2 

Peak electric field and current density in the interface of CS at rated voltage 

 

Ground 

electrode 

position from 

CS surface 

(mm) 

180° overlapped 90° overlapped 

Electric field 

(𝐤𝐕 𝐦𝐦⁄ ) 

Current 

density 

(𝐀 𝐦𝟐⁄ ) 

Electric field 

(𝐤𝐕 𝐦𝐦⁄ ) 

Current 

density 

(𝐀 𝐦𝟐⁄ ) 

0 3.40 0.0265 5.11 0.07 

0.5 1.96 0.0169 3.56 0.05 

1 1.53 0.013 2.43 0.033 

1.5 1.27 0.0109 1.97 0.027 

2 1.12 0.0096 1.64 0.022 

2.5 0.96 0.0084 1.40 0.019 

3 0.89 0.0075 1.16 0.015 

3.5 0.85 0.0069 1.13 0.0138 

4 0.83 0.0065 1.01 0.0119 

4.5 0.79 0.0060 0.96 0.0109 

5 0.78 0.0059 0.89 0.0098 

It is important to note that the location of the peak electric field changes depending on the 

operating conditions. Under normal operation (without a nearby ground), the peak field is 

observed near the innermost layer of the interface region. However, when a ground electrode 

is present, the peak field shifts toward the outermost layer of the interface, close to the CS 

surface. Additionally, an interesting finding concerns the overlapping angle. The maximum 

electric field and current density are significantly higher (as depicted in figure 4.7) in the 90° 

overlapped CS. This could suggest a faster rate of material degradation, which may 

exacerbate thermal instability in the 90° overlapped CS configuration. 
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To model electro-thermal runaway, additional time-domain simulations were carried out. In 

these simulations, the ground electrode was placed at distances of 0 mm (i.e., directly on the 

CS surface), 1 mm, 2.5 mm, and 5 mm from the CS surface, for various applied voltages. 

Simulations were conducted under no load and performed until runaway occurred at a 

specific voltage, referred to as the simulated interface tracking inception voltage (ITIVsim). 

The corresponding times for the initiation of runaway were recorded for each case. 

 

(a)                                                   (b)                                               (c)  

Figure 4.8 Runaway in 180° CS (a) Electric field (b) Temperature and (c) Field 

distribution. 

 

(a)                                                   (b)                                               (c)  

Figure 4.9 Runaway in 90° CS (a) Electric field (b) Temperature and (c) Field 

distribution. 

It was observed that after a certain threshold time, instability is triggered in the interfacial 

region, as shown in figure 4.8 and 4.9 (when a tree branch touches the CS surface). This 

phenomenon can be attributed to the increased equivalent interfacial volumetric conductivity, 

as indicated in table 3.6. 
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The time at which runaway occurs is referred to as the time to breakdown. It was observed 

that, beyond a certain threshold time, instability is triggered in the interfacial region, as 

shown in figure 4.8 and 4.9 (when a tree branch makes contact with the CS surface, i.e., the 

ground electrode touches the outermost tip of the CS surface). Once the thermal breakdown 

mechanism is triggered, it leads to an uncontrolled rise in both temperature and electric field, 

creating a singularity. This occurs mainly due to a sudden increase in the AC conductivity of 

the interface, which initiates an internal cascading effect, ultimately resulting in runaway. 

Figure 4.8 and 4.9 show simulations conducted at higher voltages to observe runaway within 

a finite computational timeframe. However, since the time to runaway decreases with 

increasing voltage [36], at rated voltage, runaway is expected to take significantly longer to 

initiate. 

 

Figure 4.10 Equipotential line distribution in 180°CS for (a) 5mm and (b) 1mm distance 

from surface. 

Furthermore, it has been observed that positioning the ground electrode near the outermost 

edge of the CS interface surface results in the highest electric field intensity and current 

density. Conversely, as the ground electrode is moved further away from the CS surface, both 

the electric field intensity and current density gradually decrease, the occurrence of this 

phenomena is due to the location of the point ground electrode significantly impacts the 

distribution of equipotential lines. When positioned farther from the sleeve surface, such as at 

a distance of 5 mm, the equipotential lines appear more spread out, as illustrated in figure 

4.10 (a), leading to a reduction in both electric field intensity and current density. Conversely, 

as the electrode kept closer to the surface, at 1 mm for instance, the lines become more 

concentrated, as depicted in figure 4.10 (b), causing an increase in the electric field. The most 
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critical scenario arises when the point ground makes direct contact with the surface, resulting 

in maximum field enhancement. 

 

Figure 4.11 V-t characteristics for 5 mm ground electrode distance from CS surface. 

 

Figure 4.12 V-t characteristics for 2.5 mm ground electrode distance from CS surface. 
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Figure 4.13 V-t characteristics for 1 mm ground electrode distance from CS surface. 

 

Figure 4.14 V-t characteristics for ground electrode at 5mm, 2.5mm, and 1mm from 

CS surface. 

The correlation between the applied voltage and the time to electrical runaway, often referred 

to as the V-t characteristics, was evaluated for both 180° and 90° conductor sleeve (CS) 

configurations at varying distances of the ground electrode from the CS surface. These 
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relationships are illustrated in figure 4.11 to 4.13, while figure 4.14 provides a consolidated 

view of the V-t characteristics for ground electrode distances of 5 mm, 2.5 mm, and 1 mm 

from the CS surface. The simulated data points were analysed using an inverse power law 

model, as detailed in [37-38], a method commonly employed in electrical insulation research 

to describe material behaviour under prolonged high-voltage stress. 

The analysis indicated a pronounced decrease ITIVsim as the ground electrode was 

positioned closer to the CS surface. This reduction is attributed to the elevated electric field 

intensity near the insulation due to the electrode's proximity, resulting in increased stress on 

the material. This behaviour was consistently observed across all tested configurations, 

underscoring the critical influence of the electrode’s distance from the CS surface on 

ITIVsim. 

Furthermore, the 90° overlapped CS configuration consistently exhibited lower ITIVsim 

values compared to the 180° overlapped CS. This disparity arises from the more concentrated 

electric field intensity in the 90° configuration. The reduced overlap in the 90° CS design 

results in localized regions of intensified field stress, which weaken the insulation's 

performance and heighten the risk of dielectric breakdown. 

 

Figure 4.15 Electric field distribution at rated voltage in the (a) CC (b) 90° overlapped 

CS (c) 180° overlapped CS. 

These results highlight the significant role of geometric design in determining the 

performance of conductor sleeves. For applications that demand higher ITIVsim and greater 

reliability, the 180° overlapped CS demonstrates superior performance. In contrast, although 

the 90° configuration may provide certain design advantages in specific applications, its 

diminished ability to manage field stress requires careful consideration, especially when the 

ground electrode is positioned close to the CS surface. 
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Figure 4.16 𝑰𝑻𝑰𝑽𝑺𝒊𝒎 Vs. insulation thickness for CC, 90° and 180° overlapped CS. 

CS and CCs exhibit comparable construction and functionality, making a comparative study 

necessary. A fault scenario was modelled, simulating a tree branch in contact with the surface 

of both CCs and CS, leading to an increased contact area, as shown in figure 4.15. The 

corresponding ITIVsim were evaluated, with the outcomes presented in figure 4.16. The 

analysis revealed that ITIVsim consistently increased with thickness across all cases. 

Although CCs demonstrated slightly higher ITIVsim values than CS, the difference was 

relatively small. This highlights the advantages of CS, including better adaptability to 

geographic challenges and enhanced reusability, making them a favourable choice over CCs. 

Moreover, the study showed that 180° overlapped CS performs better than 90° overlapped 

CS for the same thickness. To achieve comparable ITIVsim to a 180° overlapped CS, a 90° 

overlapped CS would require an increase in thickness, as illustrated in figure 4.16. 

 

4.4 Analysis and Validation of Tracking Inception Voltage in Insulated Conductor 

Systems 

An experimental setup as depicted in figure 4.17 was designed to align with the simulation 

results and determine the experimental inception tracking voltage (ITIVExp) for CCs and CS. 

This voltage represents the point at which tracking begins. In the setup, a CS is wrapped 

around a solid conductor and positioned at a defined height. The point ground electrode's 

distance from the sleeve surface is adjusted between 0 mm and 5 mm. Additionally, a corona 

ring is incorporated to prevent unintended flashovers. 
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Figure 4.17 Experimental setup for estimation of ITIV. 

 

(a)                                                                   (b) 

 

Figure 4.18 (a) 𝑰𝑻𝑰𝑽𝑬𝒙𝒑 characteristics of CC and CS and (b) Surface tracking path 

formation. 

When the ground electrode is positioned away from the surface, a notable reduction in ITIV 

for CC is observed in comparison to CS, despite both being designed for the same voltage 

ratings. This behaviour highlights differences in the dielectric performance of the two 

configurations under tracking conditions. The experimental observations reveal that surface-

tracked paths in the CS interface are often accompanied by carbon deposition and arc 

initiation, as depicted in figure 4.18(b). These paths provide evidence of progressive 

degradation mechanisms, where localized heating and material erosion contribute to 

carbonization. 
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TABLE 4.3 

Comparison of tracking inception voltage with the runaway inception voltage in 

the interface of CS & CC surface 

 

Ground electrode 

position from 

surface of CC & 

CS (mm) 

180° overlapped 

CS 

90° overlapped CS Covered conductor 

(CC) 

𝐈𝐓𝐈𝐕𝐄𝐱𝐩 

(kV) 

𝐈𝐓𝐈𝐕𝐒𝐢𝐦 

(kV) 

𝐈𝐓𝐈𝐕𝐄𝐱𝐩 

(kV) 

𝐈𝐓𝐈𝐕𝐒𝐢𝐦 

(kV) 

𝐈𝐓𝐈𝐕𝐄𝐱𝐩 

(kV) 

𝐈𝐓𝐈𝐕𝐒𝐢𝐦 

(kV) 

0 26.85 13.40 22.25 13.05 33.6 13.85 

1 33.5 43.30 28.00 33.50 37.8 45.2 

2.5 51.8 78.20 39.30 57.80 46.2 54.85 

5 76.8 105.3 52.10 87.80 49.85 84.35 

The discrepancies between ITIVexp (measured experimentally) and ITIVsim (derived through 

simulations) can be attributed to the inherent differences between tracking and runaway 

phenomena. While both are closely related, tracking pertains to the initial development of 

conductive paths on the surface due to localized discharges, whereas runaway refers to the 

escalation of these paths into sustained arcing. These differences result in variations in onset 

conditions and intensities, making the observed increasing trends in both ITIV metrics 

particularly significant for understanding the material behaviour and improving design 

reliability. 

It is essential to emphasize the significance of the observed trends. Both ITIVexp, and ITIVsim 

exhibit a consistent increase as the distance of the ground electrode from the sleeve surface is 

increased (as presented in table 4.3). This relationship highlights a strong correlation between 

the tracking and runaway phenomena, indicating that the initiation and progression of surface 

discharges are influenced by the proximity of the ground electrode. 

From (figure 4.18 (a)), the analysis of the results, it can be inferred that the 180° CS 

configuration offers significant advantages over the CC and 90° CS designs. The 180° CS not 
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only exhibits higher ITIV values but also demonstrates improved resistance to surface 

tracking and carbon deposition under varying operational conditions. These advantages make 

the 180° CS a more reliable choice for practical applications, particularly where higher 

dielectric integrity and enhanced performance are required. The findings further suggest that, 

despite the challenges posed by practical operational constraints, the 180° CS strikes a better 

balance between performance and feasibility, positioning it as a promising solution in 

medium-voltage transmission systems. 

4.5 Limitations of the Simulation Model and Discrepancy Analysis: 

The FEM model demonstrates high accuracy under conditions where the ground electrode is 

positioned at greater distances (1 mm to 5 mm), as evidenced by the closer alignment 

between ITIVsim and ITIVexp in table 4.3. The model effectively capturing the electro-thermal 

dynamics of CS and CC under steady-state and transient conditions, validated by the 

consistent increasing trend of ITIV with increasing electrode distance. The use of measured 

parameters, such as volumetric, surface and, interfacial AC conductivity (table 3.6), and the 

incorporation of governing equations (Section 4.2) ensure robust modelling of field and 

thermal interactions. However, the position of the point ground (0 mm) electrode alters the 

distribution of the equipotential lines. When it is far away from the sleeve surface, the lines 

tend to be relaxed, leading to a lower electric field and current density. On the contrary, as it 

moves closer to the surface, the lines start getting concentrated, with the worst-case scenario 

being the point ground touching the surface. The 2-D FEM approach simplifies the geometry 

and assumes isotropic material behaviour, which may not fully represent the three-

dimensional complexities of surface tracking at direct contact. 

 

4.6 Conclusions 

This Chapter presented a comprehensive analysis of conductor sleeves (CS) and covered 

conductors (CC) through finite element method (FEM) modelling, focusing on their electro-

thermal performance under steady-state and transient conditions. The study evaluates the 

impact of overlapping angles (90° and 180°) on tracking and electro-thermal runaway 

phenomena, validated through experimental measurements of interface tracking inception 

voltage (ITIV). Key findings include the superior performance of the 180° overlapped CS, 

which exhibits higher ITIV values compared to the 90° overlapped CS and CC, attributed to 

reduced electric field intensity and enhanced dielectric stability. The FEM simulations reveal 

that peak electric field and current density are maximized at direct contact (0 mm ground 
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electrode distance), decreasing with greater separation (Figures 4.7(a) and (b)). The 90° CS 

configuration shows higher susceptibility to tracking due to concentrated field stress, 

suggesting that increased insulation thickness could improve its performance (Figure 4.16). 

Experimental validation confirms the simulation trends, with ITIVexp increasing as the ground 

electrode distance grows (table 4.3). However, discrepancies at 0 mm, where ITIVsim is 

significantly lower than ITIVexp, highlight limitations in the 2-D FEM model. These 

differences stem from field non-uniformity, surface condition variability, and unmodeled 

material property variations, which are more pronounced at direct contact. The model’s 

accuracy is higher at greater distances, where assumptions of uniform fields and material 

properties align more closely with experimental conditions. The analysis underscores the 

critical role of geometric design in enhancing CS reliability. The 180° overlapped CS is 

recommended for medium-voltage applications due to its robust performance and 

adaptability. Future improvements to the simulation model, including 3-D modelling and 

dynamic surface conditions, could address the observed discrepancies and further refine the 

understanding of tracking and runaway mechanisms.  
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Chapter 5 

Impact of Load Current on the Performance of Conductor 

Sleeves 

The investigations presented until now were dedicated to understanding the electro-thermal 

modelling and tracking inception voltage in CS, largely based on insulation’s intrinsic 

dielectric properties. It is, however, imperative, that the performance of CS is also dependent 

on external factors such as load current through the conductor. 

The performance and durability of conductor sleeves significantly influenced by variations in 

load current, which imposes thermal, electrical, and mechanical stresses. High load currents 

can lead to overheating, causing material degradation and reducing structural integrity. On 

the other hand, under-current conditions may result in inefficient energy utilization or 

insufficient stress testing. These fluctuations can affect the reliability and lifespan of 

conductor sleeves, necessitating their consideration during design, installation, and 

maintenance. 

Manufacturers must carefully analyse the effects of load current variations during the design 

phase. Evaluating parameters such as temperature rise, electrical conductivity, and 

mechanical stability ensures that the sleeves can withstand a range of operational conditions. 

Advanced simulation tools and the use of optimized materials are vital for developing robust 

designs capable of addressing these challenges. Proper installation practices are equally 

important to maintain sleeve performance under varying load conditions. Secure fittings, 

precise alignment, and adherence to installation standards are critical to avoiding issues such 

as thermal expansion, misalignment, or loose connections. 

The flow of load current through a conductor generates heat, with the heat output 

proportional to the square of the current. This heat is transferred to the conductor sleeve, 

creating a temperature gradient between the conductor and the sleeve material. Increased load 

currents can elevate temperatures beyond design limits, leading to thermal aging of the sleeve 

material. Over time, this degrades the mechanical strength and dielectric properties of the 

sleeve, compromising its effectiveness. Additionally, thermal expansion and contraction 

caused by fluctuating load currents can exacerbate material degradation, potentially resulting 

in cracks or delamination. 
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Thus, in this chapter, the discussion is mainly focused on the experimental analysis to analyse 

the performance of CS, based on load current variation, which is further validated with 

simulation for a specific case. In addition, the author investigates a remedial measure to 

increase the ITIV of CS. Based on a rigorous evaluation; it was found that the use of an 

additional insulation tape might prove to be effective, which is elaborated in the following 

sections. Thus, the following two cases are discussed: CS without insulation tape and with 

insulation tape.   

5.1 CS without insulation tape:  

The schematic and actual experimental setup are shown in figure 5.1 and 5.2 was developed 

to investigate the effect of temperature rise due to the rise of load current on the tracking 

phenomena of CS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Schematic representation of experimental setup for electrical tracking 

phenomena under varying loading conditions. 

HV Source 

  

Resistor 

HV 

Insulated Conductor 

GN
D 

CT 

1-Phase varic 

Conductor Sleeve 



75 

 

 

 

Figure 5.2 Experimental setup for electrical tracking phenomena under varying loading 

conditions. 

The setup employs a current transformer (CT) whose primary is connected through a single-

phase variac to regulate the input current. An insulated conductor is placed, passing through 

the air gap between the primary & the ferromagnetic core of the CT.  

TABLE 5.1  

Load current & thermal Effects on conductor sleeve performance without insulation 

tape 

Sl. No. Temperature 

(K) 

Load current on CC 

(A) 

ITIVexp 

(kV) 

1 303.15 58 28.2 

2 313.15 84 25.35 

3 323.15 110 24.1 

4 343.15 130 24.1 

5 363.15 153 24.1 

 

The results obtained from these tests are presented in table 5.1, which illustrates the observed 

trends and behaviors of CS under varying load currents and temperatures. It is evident from 

the results that an increase in load current (from 58 A to 153 A) leads to a rise in conductor 

temperature (from 303.15 K to 363.15 K), as expected due to Joule heating. This rise in 
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temperature initially results in a significant reduction in the tracking inception voltage 

(ITIVexp), which dropped from 28.2 kV at 303.15 K to 24.1 kV at 323.15 K. This reduction is 

likely due to thermal aging of the silicone rubber, which degrades its dielectric properties and 

reduces its hydrophobicity, making the surface more prone to tracking under electrical stress. 

 

However, beyond 343.15 K, ITIVexp stabilizes at 24.1 kV, even as the temperature and load 

current increase further to 363.15 K and 153 A, respectively. This suggests that the silicone 

rubber reaches a thermal limit where its dielectric properties no longer degrade significantly, 

possibly due to the material entering a stable degraded state (e.g., complete loss of 

hydrophobicity or saturation of thermal degradation effects). These findings provide valuable 

insights into the relationship between load current, thermal stress, and the performance of CS 

under operational conditions. They indicate that CS may have a temperature threshold 

(around 343.15 K) beyond which their ability to resist tracking does not degrade further, 

which is critical for determining safe operating limits in high-voltage applications. This 

understanding can guide the design and selection of insulating materials for conductors, 

ensuring reliability under varying thermal and electrical stresses. 

 

5.2 CS with insulation tape:  

As shown previously, the interfacial region plays a critical role in electrical tracking and 

runaway phenomena, thus, in an attempt to increase the ITIV, an additional insulation tape is 

applied on the outer tip of interfacial region as shown in figure 5.2, and the corresponding 

schematics of figure 5.3 respectively. Further, similar experiments as in previous section (5.1) 

were performed. 

 

Figure 5.3 Conductor sleeve when insulation tape applied on the outer tip of interfacial 

region. 
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Further, a comparative analysis was conducted to evaluate the effect of insulation tape. The 

schematic of experimental setup is shown in figures 5.3. In this study, CS were tested under 

identical loading and thermal conditions same as previous section (5.1), to ensure consistency 

in the evaluation process. The comparison between table 5.1 (without insulation tape) and 

table 5.2 (with insulation tape) is plotted in figure 5.4, demonstrates that the addition of 

insulation tape to silicone rubber conductor sleeves significantly enhances their tracking 

resistance under thermal and electrical stress. While the temperature and load current trends 

remain identical in both setups (rising from 303.15 K at 58 A to 363.15 K at 153 A), the 

ITIVexp values are consistently higher with the insulation tape, with increases ranging from 

1.2 kV to 2.05 kV (5.0% to 7.9%) across all test conditions.  

TABLE 5.2  

Load current & thermal effects on conductor sleeve performance with insulation tape 

Sl. No. Temperature 

(K) 

Load current on CC 

(A) 

ITIVexp 

(kV) 

1 303.15 58 30.25 

2 313.15 84 27.35 

3 323.15 110 25.4 

4 343.15 130 25.4 

5 363.15 153 25.4 

 

Additionally, the ITIVexp stabilizes at the same temperature point in both setups (at 343.15 

K), with values of 25.4 kV with the insulation tape (table 5.2) compared to 24.1 kV without 

the tape (table 5.1). This improvement in ITIVexp with the tape indicates that the insulation 

tape enhances the dielectric performance of the insulating system, despite reaching thermal 

saturation at the same temperature. The higher ITIVexp suggests that the insulation tape acts 

as an effective dielectric barrier, reducing electrical stress on the silicone rubber surface and 

improving resistance to tracking, likely by providing additional insulation and surface 

protection. These findings highlight the value of using insulation tape in high-voltage 

applications to enhance the performance and reliability of silicone rubber conductor sleeves, 

particularly under elevated temperatures. Engineers can leverage this tape to improve the 
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tracking resistance of such sleeves, ensuring better safety and performance in practical 

scenarios. 

 

Figure 5.4 Schematic representation of experimental setup for electrical tracking 

phenomena under varying loading conditions with insulation tape. 

 

 

Figure 5.5 Experimentally obtained interfacial tracking inception voltage with and 

without insulation tape 
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5.3 FEM-based analysis of load current effects on runaway phenomenon  

The results discussed in the previous chapter were primarily based on no-load conditions, 

where the runaway phenomenon is predominantly caused by the intrinsic dielectric heating of 

the insulation material. Previous studies have shown that runaway can be initiated at any 

temperature, including those close to ambient levels, though higher initial temperatures tend 

to accelerate the instability process [37-38]. 

 

Figure 5.6 Runaway characteristics in the interface region for 180° (90° initial 

temperature) overlapped CS. 

To investigate the effect of load current on the performance of conductor sleeves without 

insulation tape, a specific scenario was analysed using finite element method (FEM) 

simulations. The study focused on a 180° conductor sleeve (CS) with a tree branch acting as a 

ground electrode, positioned 1 mm away from the CS surface. In this setup, load current was 

introduced into the FEM simulation to stabilize the conductor temperature at 363.15K(90o C), 

reflecting realistic operating conditions. After achieving steady-state thermal conditions, a 

time-domain simulation was performed to examine the instability mechanism and its 

progression. 

The results, illustrated in figure 5.5, reveal that under loaded conditions, the runaway 

phenomenon was triggered at a significantly lower voltage of 15 kV compared to the 43.3 kV 

observed under no-load conditions for the same 1 mm gap, as previously reported in table 

4.3. This indicate that load current not only reduces the threshold voltage for runaway but 

also significantly alters the thermal-electrical dynamics of the system. This reduction in 
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runaway voltage attributed to the additional thermal stress induced by the load current, which 

exacerbates the dielectric heating and accelerates the onset of instability. 

These findings highlight the combined effects of load current and thermal stress on the 

performance of conductor sleeves under real-world conditions. They emphasize the critical 

importance of considering load-induced thermal dynamics in the design and evaluation of 

conductor sleeve systems to ensure reliability and safety in power transmission networks. 

This study underscores the need for advanced modelling and testing approaches to account 

for such factors in practical applications. 

5.4 Conclusions  

This chapter investigates the impact of load current on CS performance, focusing on thermal 

and electrical stresses. Experimental results show that increasing load current raises 

conductor temperature, reducing ITIV due to thermal aging of silicone rubber, with 

stabilization at 343.15 K. Applying insulation tape at the interfacial region increases ITIV by 

5.0% to 7.9%, enhancing tracking resistance. FEM simulations under loaded conditions 

reveal a lower runaway voltage (15 kV vs. 43.3 kV no-load) for 180o CS, highlighting the 

role of load-induced thermal stress in accelerating instability. These findings emphasize the 

need to consider load current in CS design to ensure reliability under operational conditions. 
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

This thesis provides a comprehensive evaluation of the design of overhead conductor sleeves 

(CS) with a specific focus on interfacial tracking and runaway phenomena. Based on 

experimental and simulation results, the following detailed conclusions have been drawn 

I. Initiation of Tracking and Runaway 

The interface of conductor sleeves (CS) is identified as the most susceptible region for the 

initiation of tracking and runaway. This is attributed to the higher conductivity at the 

interface, which promotes localized heating and enhances the likelihood of surface 

degradation, leading to the formation of conductive paths and subsequent arc initiation. 

II. Comparison of Overlap Configurations 

The experimental and simulated inception tracking voltages (ITIV) for the 90° overlapped CS 

configuration are observed to be significantly lower than those of the 180° overlapped design. 

This indicates that the 180° overlap provides superior resistance to tracking and runaway, 

making it a more robust choice for high-performance applications. 

 

III. Performance Enhancement for 90° Overlapped CS 

To improve the dielectric performance of the 90° overlapped CS and bring its ITIV values 

closer to those of the 180° configuration, the insulation thickness can be increased. This 

modification would enhance the electrical integrity of the 90° CS, reducing the risk of 

tracking and improving overall reliability. 

IV. Comparison Between CS and CC 

The 180° overlapped CS is found to outperform CCs in terms of electro-thermal 

performance, making it a more suitable alternative to replace overhead bare conductors 

(OBC). Additionally, the 180° CS design offers practical advantages, including greater 

flexibility during installation and easier handling in operational environments, further 

solidifying its position as the preferred choice in medium-voltage transmission systems. 
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These findings underscore the importance of optimizing sleeve designs to improve 

performance and operational reliability while addressing the practical challenges associated 

with modern power systems. 

V. Impact of Load Current on CS  

The study highlights the significant impact of load current on the performance and reliability 

of conductor sleeves, emphasizing that increased load currents lead to higher temperatures, 

material degradation, and earlier breakdowns. The application of insulation tape proves 

effective in improving the dielectric strength and delaying tracking phenomena. These 

findings underscore the importance of considering load-induced thermal and electrical 

stresses in the design and evaluation of conductor sleeves to ensure their longevity and safe 

operation in power transmission systems. 

 

6.2 Future work 

Future research should focus on conducting long-term accelerated aging tests to gain a deeper 

understanding of the degradation mechanisms of conductor sleeves under various 

environmental and operational conditions, including high temperature, moisture, and 

mechanical wear. Additionally, exploring advanced insulation methods, such as multi-layer 

or nanocoating’s, could further enhance the dielectric strength of conductor sleeves and 

prevent tracking and runaway phenomena under different stress conditions. 

Another important area of investigation is the optimization of the overlapping area in 

conductor sleeves. While an increase in the overlapping area improves the interfacial tracking 

inception voltage (ITIV), it introduces challenges such as increased weight, sag, and heat 

dissipation. Furthermore, larger overlapping areas make it more difficult to wrap the 

conductor sleeve around the bare conductor effectively. Therefore, it is essential to explore 

optimal solutions that maintain the same overlapping angle while extending the tracking path, 

which will enhance tracking performance and improve breakdown resistance. 

By addressing these areas in future research, we aim to provide a comprehensive 

understanding of the impact of load current and overlapping area on conductor sleeve 

performance, ultimately contributing to the development of more efficient and effective 

designs. 
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