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Lay Summary 

Estimating the location of faults and damaged parts in high-voltage cables is a critical 

process with profound implications for safety, operational efficiency, and economic viability. 

High-voltage cables are fundamental components of power transmission systems, and any 

faults within these cables can have significant consequences. 

Operational efficiency is the major reason for estimating the location of faults and 

damaged parts in high-voltage cables. When a fault occurs, it can cause substantial service 

interruptions, affecting a large number of consumers and critical infrastructure. Quick and 

precise fault localization allows for faster repairs, minimizing downtime and ensuring that 

the power supply is restored swiftly. This is particularly important in industries and services 

that rely on continuous power supply. Moreover, early detection of faults prevents minor 

issues from escalating into major failures that require extensive repairs or complete cable 

replacements, which are far more expensive. 

Additionally, accurate fault localization supports proactive maintenance strategies. By 

continuously monitoring high-voltage cables and detecting faults early, maintenance teams 

can perform timely interventions, ensuring that the cables remain in optimal condition. This 

proactive approach not only extends the lifespan of the cable infrastructure but also reduces 

the frequency and severity of failures, contributing to long-term operational stability. 

The thesis proposes systems and methods to locate faults and damaged parts in cables 

with high accuracy for both online and offline conditions. 
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Abstract 

Condition monitoring in high voltage (HV) cables is essential to ensure reliability, 

prevent failures, and enhance safety. It helps in the early detection of faults, reduces 

downtime, and extends the cable's lifespan. By monitoring, maintenance can be planned 

proactively, avoiding costly emergency repairs and ensuring continuous, efficient power 

supply. In this thesis , analytical methods are proposed for the location of a short circuit fault 

and damaged insulation and conductor screen parts in a power cable using impedance 

spectroscopy (IS) obtained from sweep frequency response analysis (SFRA). The driving 

point impedance function (DPIF) construction of a power cable is introduced as an initial 

step toward using the SFRA technique for power cable condition monitoring. It is proposed 

that SFRA data be used to generate the DPIF. Furthermore, the DPIF of the cable is 

generated analytically using the knowledge of the cable's frequency-dependent 

characteristics, material qualities, and dimensions, while the impedance spectroscopy is 

estimated using conventional transmission line theory. For the first time in the instance of a 

cable, a relationship is established between the sum of frequencies of zeroes and the 

electrical properties of the cable. The relationship between zeroes and the electrical 

parameters of the cable and the propagation constant is established using the state space 

model and transmission line theory, respectively. This thesis achieves the location of defects 

of different sizes in the semiconducting layer by using the frequency location of zeros and 

their cumulative sum and product to locate defects, and by using the proposed analytical 

formulae to locate a short-circuit fault using the location of poles and zeros of the impedance 

function before and after the fault. 

Further, a novel method is proposed to estimate sheath-to-ground (SG) faults at any 

arbitrary locations in a cross-bonded (CB) and non-cross-bonded cable (NCB) by only 

measuring the earthing current from both grounding boxes during online conditions. In CB 

cable system, the range of grounding current in SG fault condition is estimated for a cable 

having SG fault at different minor sections using the analytical method which is based on the 

proposed circuit model of the CB cable. The measured grounding current is compared with 

the analytical fault current range, and if the measured current is in the proposed analytical 

range, the SG fault is confirmed and the location of the same is estimated by the proposed 

analytical formulae. In NCB cable system, the healthy condition grounding current is 

estimated for different types of bonding using the analytical method which is based on the 

proposed circuit model of the cable. The measured grounding current is compared with the 
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analytically obtained healthy condition current, and if the measured current is not the same as 

the former, an SG fault is confirmed in the cable. The location of the SG fault at any arbitrary 

location is estimated using the proposed analytical formulae. The grounding current in 

HVDC cable will be negligible, therefore to estimate the location of SG fault, the proposed 

method is further enhanced by integrating online TDR measurements with the Decision Tree 

Regression (DTR) approach, utilizing an inductive coupler for signal acquisition. In HVDC 

systems. The online TDR captures reflection signals indicative of sheath-to-ground faults 

caused by impedance mismatches along the cable length. The DTR model is trained using 

features extracted from these TDR signals. The proposed integration of online TDR and DTR 

for HVDC cables enhances fault localization accuracy, offering a reliable, real-time method 

to identify SG faults at arbitrary locations under online conditions, even in the presence of 

operational noise and system variations. 

Along with this a comparative study of different end bonding methods in a non-

uniform length minor section in a CB HV power cable is also performed in this thesis. In a 

practical case scenario, sometimes the old cable route has to be replaced with a new route of 

a different cable length. Due to an imbalance in the cable length, a huge circulating current 

flows in the sheath. Therefore different end-bonding methods were presented along a new 

end-bonding method is proposed in this thesis to mitigate the circulating current and voltage. 

Sheath currents and voltage are analytically obtained at different cable parts using the 

proposed sheath circuit model to validate the proposed model. Steady-state experiments were 

conducted in the laboratory as well as simulations for both steady-state and transient 

conditions were performed on MATLAB Simulink to verify the proposed method and 

analytical formulae. 

Keywords: Power cable, Driving Point Impedance Function, ladder network of cable, 

Frequency response, Short-circuit faults, conductor screen defect, insulation screen defect, 

sheath to ground fault, Cross Bonded cable, Non-Cross Bonded Cable System, Sheath to 

ground fault, Circuit model of cross bonded and non cross bonded cable system, HVDC 

cable, online TDR, Special bonding technique. 
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Chapter 1  

Introduction 

 

This chapter outlines the overview of power cables in section 1.1 and the different types 

of defects, damage, and catastrophic/short-circuited faults that can appear in a power cable in 

section 1.2. Along with these different existing techniques to estimate the location of these 

damaged short-circuited faults are also mentioned in section 1.3 followed by setting the 

motivation of the thesis in section 1.4. Finally, section 1.5 includes an outline of the 

remaining chapters of the thesis 

1.1 Overview of Underground Power Cables  

Multitudinous factors including increase in urbanization, right of way issues, hike in 

energy infrastructure expenditure, and demand for renewable energy power transmission 

systems (viz., off-shore and on-shore wind farms, solar panels, hydel power plants, etc.) 

resulted in a rapid increase of high voltage underground (UG) cable installations. This is 

evident from the current and projected core length trends of UG cables all over the world [1] 

shown in Figure 1.1.  

 

(a)       (b) 

Figure 1.1 (a) The core length of DC-XLPE cables installed and under construction in 

the year 2018 (b) Future growth predicted length of cable [1]. 

Different insulating materials are used to make the UG cables including PVC, polyethylene, 

kraft paper, silicone rubber, etc. Oil-impregnated paper (OIP) and cross-linked polyethylene 

(XLPE) are typically used in high-voltage cable applications. Although OIP cables are more 

reliable than extruded polymeric cables (In cities like Mumbai, there are still several OIP 

cables in the distribution network operating since the 1970s, whereas recently laid polymeric 
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cables often experience premature failures), they were phased out by the latter because 

manufacturing OIP cables is extremely time consuming and expensive, unlike polymeric 

cables which can be extruded faster and conveniently manufactured to the designed length. In 

addition, polymeric cables have higher load current carrying (thermal) capacity, better 

mechanical properties, and are light in weight.  

XLPE is the most commonly used material among extruded polymers since higher 

polymers require higher extrusion temperatures. Therefore, XLPE cables are the subject of 

in-depth research, chiefly focused on increasing their service life and power-carrying 

capacity. 

Rapid economic growth demands faster installation of energy infrastructure to meet the 

ever-rising power demands, which in turn leads to the tremendous growth of the UG power 

cables network, especially considering the right-of-way advantages that the UG cables have 

over overhead transmission lines. However, on the flip side, this also demands stringent 

reliability and performance criteria, in order to justify the huge expenditure involved. Hence, 

the enhancement of insulation strength of power cables is focused more on improving their 

reliability, extending service life, and ensuring safe operation under higher electrical stresses. 

Numerous prequalification tests such as tan delta, space charge, volume resistivity, and 

breakdown tests are part of the insulation design. Moreover, the insulation assessment criteria 

vary significantly based on its HVAC or HVDC applications. 

The UG cables are operated either under HVAC or HVDC voltage stresses. Under HVAC, 

the degradation of insulation is quantified in terms of dielectric loss factor. In HVDC, the 

insulation degradation is related with the presence of space charge and with the changes in 

volume resistivity of insulation. Continuous degradation of the insulation leads to a 

catastrophic fault, which eventually shuts down the entire power system.  

Therefore, condition monitoring of both HVAC and HVDC cables is crucial for 

maintaining the reliability and safety of power systems. It enables early detection of potential 

issues like insulation degradation, partial discharges, and thermal hotspots. By identifying 

these problems early, utilities can schedule maintenance proactively, preventing costly 

failures and minimizing downtime. This proactive approach not only extends the lifespan of 

the cables but also ensures a stable and continuous power supply, reducing the risk of outages 

and enhancing overall system efficiency and safety. 
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1.2 Defects, Damage and Short-circuit Faults in a Cable 

Defects, damage, and short-circuit faults in a cable can lead to power outages, reduced 

efficiency, and increased maintenance costs. These issues compromise system reliability and 

safety, cause equipment damage, and necessitate costly emergency repairs, disrupting 

continuous power supply and overall operational stability. There are different types of 

damage in cable which ultimately leads to catastrophic short-circuited faults. The different 

damage and defects in a cable is discussed in details in the section below.  

1.2.1 Defects and Short-Circuited faults in Power Cable.   

1.2.1.1 Mechanical Damage  

 

Figure 1.2 Excessive Bending as a part of Mechanical Damage in Power Cable [2] 

The insulation of high voltage cables is susceptible to degradation due to mechanical 

damage, which can occur during installation, operation, and maintenance activities. This type 

of damage can significantly compromise the cable's performance and longevity, leading to 

potential failures and safety hazards. 

Mechanical damage often begins during the installation process. Excessive bending or 

flexing of the cable beyond its design limits can cause cracks or breaks in the insulation. 

Similarly, pulling the cable with too much force can stretch and weaken the insulation, 

particularly at bends and terminations. These initial damages may seem minor but can 

become critical over time as they provide entry points for moisture and contaminants, 

accelerating the insulation's degradation. 

During the cable's operational life, continuous vibration from nearby machinery or 

vehicular traffic can lead to abrasion and wear on the insulation. This constant movement 

causes friction, gradually thinning the insulation and creating weak spots. Additionally, 
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external pressure from heavy equipment or soil compaction can deform the cable, causing 

compressive stress that damages the insulation material. Deformation alters the physical 

structure, leading to areas where electrical stress is concentrated, further degrading the 

insulation. 

Environmental factors also play a significant role in mechanical damage. Contact with 

sharp objects, such as rocks or tools, can puncture or cut the insulation, creating immediate 

pathways for moisture ingress. In some environments, rodents may chew on the cable 

insulation, causing localized damage that compromises the cable's integrity. These small 

punctures and cuts can lead to significant degradation over time, as moisture and 

contaminants infiltrate the insulation. 

The consequences of mechanical damage to cable insulation are severe. Cracks and 

abrasions can initiate partial discharges, which further erode the insulation. Punctures and 

deformations provide direct pathways for environmental contaminants, accelerating the 

breakdown of the insulation material. As the insulation degrades, its ability to withstand 

electrical and thermal stresses diminishes, increasing the risk of partial discharges, dielectric 

losses, and ultimately, insulation failure. Regular inspections, proper handling during 

installation, and preventive maintenance are essential to minimize mechanical damage and 

extend the lifespan of high voltage cables, ensuring a reliable power supply. 

 

1.2.1.2 Electrical and Thermal Damage 

 

Figure 1.3 Electro thermal Damage in Cable [3] 

The insulation of a high voltage cable degrades over time due to both electrical and 

thermal stress, which can compromise the cable's performance and longevity. 
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Electrical stress occurs when high voltages create intense electric fields within the cable's 

insulation. Over time, these fields can cause partial discharges—localized electrical 

discharges that don't completely bridge the insulation but can erode it gradually. These 

discharges can create tiny voids and channels, leading to insulation breakdown. Continuous 

exposure to high electrical stress can also lead to phenomena like water treeing, where 

moisture ingress and electric fields combine to form tree-like structures within the insulation, 

reducing its dielectric strength. 

Thermal stress is caused by the heat generated from the current flowing through the cable 

and the external environment. Repeated heating and cooling cycles cause the insulation 

material to expand and contract, leading to thermal aging. This aging can make the insulation 

brittle and prone to cracking. Elevated temperatures accelerate the chemical reactions that 

degrade the polymer chains in the insulation material, further weakening it. In severe cases, 

thermal runaway can occur, where increased temperature leads to higher electrical resistance 

and more heat generation, ultimately resulting in insulation failure. 

Together, electrical and thermal stresses create a synergistic effect that progressively 

deteriorates the cable insulation, leading to potential faults and failures that necessitate 

proactive monitoring and maintenance. 

1.2.1.3 Sheath to ground faults in cable  

The insulation of a power cable can degrade significantly due to sheath-to-ground faults, 

which occur when the cable's outer sheath becomes electrically connected to the ground. This 

type of fault can have serious implications for the integrity and performance of the cable. 

Sheath-to-ground faults typically result from physical damage to the cable's outer sheath. 

This damage can be caused by mechanical impacts, such as digging activities or heavy 

equipment operating near the cable. Once the sheath is compromised, moisture and 

contaminants can enter the cable structure, leading to corrosion and further degradation of the 

materials. This direct connection to the ground allows fault currents to flow, which can heat 

the surrounding soil and further damage the cable. 

The presence of a sheath-to-ground fault creates a path for electrical leakage currents, 

which can significantly affect the insulation system. These leakage currents cause localized 

heating and can accelerate the aging process of the insulation material. Over time, the 

insulation becomes brittle and loses its dielectric properties, making it more susceptible to 
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electrical stress and partial discharges. This degradation can lead to the formation of 

conductive paths through the insulation, eventually causing a complete electrical breakdown. 

Additionally, sheath-to-ground faults can lead to the development of electrochemical 

trees within the insulation. These trees form as a result of electrochemical reactions between 

the insulation material and the contaminants introduced through the compromised sheath. 

Electrochemical trees further reduce the dielectric strength of the insulation, creating 

additional weak points that are prone to failure under electrical stress. 

In conclusion, sheath-to-ground faults cause a series of detrimental effects on power 

cable insulation. The initial physical damage allows moisture and contaminants to enter, 

while the resulting leakage currents and electrochemical reactions accelerate the degradation 

process. Regular inspection and maintenance of cable sheaths, along with protective 

measures during installation and operation, are crucial to preventing sheath-to-ground faults 

and ensuring the long-term reliability of power cables. 

1.2.1.4 Partial Discharge and water treeing  

 

Figure 1.4 Water tree in XLPE Insulated Cable [4] 

The insulation of high voltage cables can degrade significantly due to partial discharge and 

water treeing, two phenomena that are often interrelated and contribute to the breakdown of 

the cable's dielectric properties. 
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Partial discharge is a localized electrical discharge that occurs within the insulation of high 

voltage cables. It happens when the electric field strength exceeds the dielectric strength of a 

small region within the insulation, but not enough to cause a complete breakdown. These 

discharges create small voids or cavities within the insulation material. Over time, repeated 

partial discharges erode the insulation, forming carbonized tracks and pits. This process 

progressively weakens the insulation, reducing its effectiveness and increasing the likelihood 

of catastrophic failure. 

Water treeing is another critical factor in the degradation of cable insulation. It occurs when 

moisture infiltrates the insulation material, usually through microscopic defects or 

imperfections. Under the influence of an electric field, water molecules become polarized 

and migrate along the field lines, creating tree-like structures called water trees. These 

structures can span significant portions of the insulation, creating pathways for further 

moisture ingress and electrical discharges. Water treeing reduces the dielectric strength of the 

insulation, making it more susceptible to partial discharges and other forms of electrical 

stress. 

The combined effect of partial discharge and water treeing accelerates the degradation 

process. Water trees create weak points within the insulation, which are prone to partial 

discharges. Each discharge event further erodes the insulation, expanding the existing water 

trees and forming new ones. This cyclical process of degradation can eventually lead to 

complete insulation breakdown, resulting in cable failure. 

1.2.1.5 Short-circuit faults or Catastrophic Faults in power cable  

A short circuit fault in a power cable occurs when the conductive parts of the cable come 

into direct contact, bypassing the insulation. This can be caused by insulation failure, 

mechanical damage, or contamination. When the insulation breaks down, usually due to 

aging, thermal stress, or electrical stress, it can no longer effectively separate the conductive 

parts. 

Mechanical damage, such as cuts or abrasions, can also lead to a short circuit by directly 

exposing the conductors. Contamination from moisture, dust, or chemicals can create 

conductive paths across the insulation, facilitating a short circuit. 

Once a short circuit occurs, a large amount of current flows through the path of least 

resistance, generating significant heat. This heat can cause further damage to the cable, 
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melting the conductors and insulation. The excessive current can also trigger protective 

devices, leading to power outages and potential damage to connected equipment. Regular 

maintenance and prompt repair of any detected damage are essential to prevent short circuit 

faults. 

In this thesis, the location of the inception point of water treeing, sheath to ground faults in 

HVAC and HVDC cables, and location of catastrophic/ short circuit faults are only 

considered. 

 

1.3 Overview of Estimating the location of defects and catastrophic faults Techniques 

Estimating the location of defects and catastrophic faults in power cables is crucial for 

maintaining the reliability and efficiency of electrical power systems. These techniques help 

in identifying issues before they lead to significant failures, reducing downtime and 

maintenance costs. This section provides an overview of various methods used for locating 

defects and faults in power cables industrially, highlighting their principles, advantages and 

disadvantages.  

1.3.1 Time Domain Reflectometry (TDR) 

Time-domain reflectometry (TDR) works by sending a low-voltage pulse along the 

power cable and measuring the time it takes for the reflection to return. When the pulse 

encounters a defect or fault, a portion of it is reflected back to the source. The time delay 

between sending and receiving the pulse is proportional to the distance to the fault, allowing 

for precise location estimation. 

TDR offers several advantages in locating defects and catastrophic faults in power cables. 

It is a non-destructive testing method, meaning it does not cause further damage to the cable 

during the diagnostic process. The technique provides high accuracy in determining the 

location of faults, making it an effective tool for maintenance and repair. TDR is applicable 

to various types of cables, including underground and overhead cables, and can detect a wide 

range of fault types such as open circuits, short circuits, and impedance mismatches. 

Despite its advantages, TDR has some limitations. The technique can be less effective in 

complex cable networks with numerous branches and joints, where multiple reflections can 

complicate the analysis. Additionally, TDR may struggle with detecting very small or subtle 

defects, as the reflected signals from these minor faults can be weak and difficult to 
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distinguish from noise. The initial cost of TDR equipment can also be relatively high, which 

might be a consideration for some organizations. Furthermore, skilled personnel are required 

to interpret the results accurately, adding to the operational costs. 

1.3.2 Frequency Domain Reflectometry (FDR) 

Frequency-Domain Reflectometry (FDR) estimates the location of defects and catastrophic 

faults in power cables by analyzing their frequency response. Unlike TDR, which uses a 

single pulse, FDR sends a range of frequencies through the cable. The reflected signals are 

measured, and changes in phase and magnitude are analyzed to identify and locate faults. The 

differences between the healthy cable and faulty cable signals' frequencies indicate the 

presence and position of anomalies within the cable. 

FDR offers several advantages for fault detection in power cables. It has higher sensitivity 

to small defects, making it capable of identifying minor issues that might be missed by other 

methods. FDR performs well in noisy environments, as the frequency analysis can filter out 

background noise more effectively. Additionally, FDR can provide more detailed 

information about the nature of the fault, such as its type and severity. This method is also 

suitable for complex cable networks, where it can detect and differentiate between multiple 

faults. 

Despite its benefits, FDR has some drawbacks. The technique can be complex and requires 

sophisticated equipment and software, which can be costly. Interpreting FDR results often 

requires specialized training and expertise, adding to operational costs. Additionally, the 

higher sensitivity of FDR may result in false positives, where minor or harmless anomalies 

are flagged as significant issues, potentially leading to unnecessary inspections or repairs. 

1.3.3 Partial Discharge Detection 

  Partial Discharge Detection identifies defects in power cables by detecting small electrical 

discharges that occur within the insulation material. These discharges are indicative of 

insulation deterioration and defects. Sensors detect the electromagnetic emissions from 

partial discharges, and the timing and magnitude of these emissions are analyzed to estimate 

the location of the fault. Advanced algorithms and signal processing techniques help pinpoint 

the exact location and severity of the defects. 

Partial Discharge Detection offers several advantages in locating defects in power cables. It 

can detect incipient faults that may not be visible through other diagnostic methods, 
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providing early warning signs of potential failures. This method provides valuable 

information about the insulation condition, helping in preventive maintenance and extending 

the lifespan of the cables. Partial Discharge detection is highly sensitive and can identify 

even minor insulation defects, which helps in addressing issues before they escalate into 

catastrophic failures. Moreover, it is a non-invasive technique, allowing for continuous 

monitoring without disrupting the cable’s operation. 

Despite its advantages, Partial Discharge Detection has some limitations. The initial setup 

cost for Partial Discharge detection equipment can be high, and the system requires regular 

calibration and maintenance. Interpreting the results can be complex and requires specialized 

training and expertise. False positives can occur due to external noise or interference, leading 

to unnecessary inspections or repairs. Additionally, while Partial Discharge detection can 

identify the presence of a defect, it may not always provide detailed information about the 

exact location of the defect, also it cannot identify the location of water treeing in cable. 

1.3.4 Electrical Resistance Measurement 

Electrical resistance measurement locates defects and catastrophic faults in power cables by 

analyzing changes in the cable's resistance. A known current is passed through the cable, and 

the resulting voltage drop is measured. Using Ohm's law (V = IR), the resistance is 

calculated. Variations in resistance indicate potential defects or faults, as a healthy cable has 

a uniform resistance along its length. 

This technique offers several advantages. It is simple and cost-effective, requiring basic 

equipment and straightforward calculations. Electrical resistance measurement is useful for 

detecting resistive faults such as corrosion, mechanical damage, or poor connections, which 

may not be evident through other diagnostic methods. It can be applied to various types of 

cables and is particularly effective for identifying localized issues in metallic conductors. 

Additionally, it can be used in conjunction with other methods to provide a comprehensive 

analysis of the cable's condition. 

Despite its benefits, electrical resistance measurement has limitations. It may not detect 

very small or incipient defects, as slight changes in resistance can be difficult to identify. 

This method is less effective for complex cable networks with multiple branches and joints, 

where resistance variations can be more challenging to interpret. Environmental factors such 

as temperature can also affect resistance measurements, potentially leading to inaccurate 

results. Additionally, the technique does not provide detailed information about the exact 
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nature or cause of the defect, often requiring further investigation to confirm the fault and 

determine its severity. 

In this thesis, a novel method based on impedance spectroscopy and sweep frequency 

response analysis isused  to estimate the location of inception point of water treeing and short 

circuited faults in cable in offline condition. Where as the location of sheath to ground faults 

is estimated in HVAC cables in online condition by only measuring the grounding current at 

the earthing box, where as in HVDC cable a non contact online TDR method is proposed to 

estimate the location of sheath to ground faults. 

1.4 Motivation for Condition Monitoring in Cable in Offline and Online Mode. 

1.4.1 Motivation to Use Impedance Spectroscopy to Estimate the Location of 

Defects and Short-Circuit Faults in Cable in Offline Mode.  

Impedance spectroscopy has garnered significant attention as a powerful technique for 

estimating the location of defects and short-circuit faults in cables. This method's core appeal 

lies in its ability to provide detailed insights into the electrical properties of cable materials 

and the intricate interactions within them. Unlike traditional methods such as reflectometry 

and partial discharge measurement, impedance spectroscopy offers several distinct 

advantages that make it particularly effective for fault detection and localization in cable 

systems. 

One of the primary motivations to use impedance spectroscopy is its high sensitivity to a 

wide range of defects. Impedance spectroscopy measures the frequency response of a cable 

system to an applied alternating current (AC) signal. By analyzing the impedance spectrum, 

it is possible to detect subtle changes in the cable's properties, which may indicate the 

presence of defects such as insulation degradation, moisture ingress, or mechanical damage. 

This method provides a more comprehensive picture of the cable's condition compared to 

reflectometry, which primarily relies on the reflection of high-frequency pulses to identify 

discontinuities or faults. Reflectometry can sometimes miss minor defects or provide 

ambiguous results, especially in complex cable systems with multiple branches or varying 

impedance characteristics. 

Another significant advantage of impedance spectroscopy is its ability to pinpoint the 

exact location of faults with high accuracy. The technique involves sweeping a range of 

frequencies and analyzing the impedance at each point, which allows for a detailed 

characterization of the cable's impedance profile. This detailed frequency response data can 
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be used to create a precise model of the cable, enabling the identification of specific fault 

locations. In contrast, partial discharge measurement, which detects electrical discharges 

occurring within insulation defects, often provides less precise localization. Partial discharge 

signals can propagate along the cable and be influenced by various factors, making it 

challenging to accurately determine the fault's location. 

Impedance spectroscopy also excels in non-destructive testing, which is crucial for 

maintaining the integrity of cable systems. Traditional methods like partial discharge 

measurement often involve high voltages that can potentially exacerbate existing defects or 

introduce new ones. Reflectometry, while generally non-destructive, can sometimes induce 

stress in the cable due to the high-frequency pulses used. In contrast, impedance 

spectroscopy operates at lower energy levels, minimizing the risk of causing additional 

damage during testing. This makes it an ideal choice for routine monitoring and preventive 

maintenance. 

1.4.2 Motivation to Use Grounding Current to Estimate Sheath to Ground 

Faults at Any Arbitrary Location during Online Conditions for HVAC Cables 

The use of grounding current to estimate sheath-to-ground faults at any arbitrary location in 

HVAC cross-bonded and non-cross-bonded cables during online conditions presents a highly 

effective and innovative approach to cable fault management. This method's primary 

motivation lies in its ability to provide real-time, accurate fault detection without interrupting 

the cable's operation. In a world where the reliability of power transmission systems is 

paramount, the advantages of using grounding current for fault estimation are particularly 

compelling. 

Grounding current analysis offers a significant advantage by allowing continuous 

monitoring of the cable system under live conditions. Traditional fault detection methods 

often require the cable to be de-energized, leading to operational downtimes and potential 

service interruptions. This is particularly problematic in critical infrastructure where 

maintaining constant power supply is essential. By utilizing grounding current, faults can be 

detected and localized without the need to shut down the system, thus ensuring uninterrupted 

service. This capability is especially crucial for cross-bonded and non-cross-bonded cables in 

HVAC systems, which are integral to modern power grids. 

One of the key motivations for using grounding current is its high sensitivity to sheath-to-

ground faults. The sheath, or outer conductive layer of a cable, plays a crucial role in 
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maintaining electrical integrity and shielding the internal conductors from external 

influences. Any faults in the sheath, such as breaches or insulation failures, can lead to 

significant operational issues. Grounding current methods involve measuring the current that 

flows through the cable's grounding system. Changes in the grounding current can indicate 

the presence of faults, as they alter the normal current distribution within the cable system. 

This high sensitivity allows for the detection of even minor sheath-to-ground faults, which 

might otherwise go unnoticed until they escalate into more severe problems. 

1.4.3 Motivation to Use Online TDR to Detect Sheath to Ground Fault In 

HVDC Cables 

The motivation to use online Time Domain Reflectometry (TDR) to detect sheath-to-

ground faults in HVDC cables centers on its ability to provide precise and immediate fault 

detection while maintaining uninterrupted operation. HVDC cables are critical for long-

distance power transmission, and their reliability is paramount. In HVDC cable, the sheath 

current at the grounding box is negligible due to the absence of inductive effect, therefore 

online and contactless TDR becomes the only method to detect a sheath-to-ground fault. 

Online TDR offers a significant advantage by allowing real-time monitoring of the cable 

system without the need for shutdowns, which is crucial for maintaining a consistent power 

supply. 

TDR works by sending a signal down the cable and analyzing the reflected waves to 

identify discontinuities or faults. In the case of sheath-to-ground faults, TDR can accurately 

locate the fault by detecting variations in the reflected signal, enabling precise fault 

localization. This precision is vital for effective maintenance and rapid response to potential 

issues, minimizing downtime and repair costs. 

1.4.4 Motivation to Use Special Sheath Bonding Technique 

In practical case scenario, sometimes the old cable route has to be replaced with a new 

cable route. The new route signifies the minor section of an HVAC cross-bonded cable. 

Sometimes the new minor section length can either exceed or plummets from the remaining 

minor section length. Whenever the minor section length differs from one another, a huge 

circulating current and voltage will appear across different joints and terminals of the cross-

bonded cables. 
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The above mentioned problem motivates to introduce a special end bonding technique in an 

existing cross bonded cable of different minor section length to mitigate huge circulating 

current and voltage in different joints and terminals of the cable.     

1.5 Organization of thesis 

In the initial chapter, the focus lies on establishing the background briefly yet thoroughly. 

Several topics pertaining to the thesis including, the overview of high voltage cables and the 

cause of different defects, damage and short circuit faults in the cable. The principle, 

advantages and disadvantages of the existing techniques and models used to estimate the 

location of damage and short circuit faults, followed by setting the motivation of the thesis. 

The chapter ends with the organization of thesis. 

The second chapter involves a detailed literature survey of existing technique to estimate the 

location of short circuited fault, semiconducting screen defect, and sheath to ground fault 

location for both HVAC and HVDC cables. Along with this, a wide literature survey is 

performed on different end bonding technique in a cross bonded power cable.  The need for 

investigation is also defined in the literature survey for the above mentioned topics. Along 

with this the methodologies to achieve high accuracy while estimating the location of above 

mentioned defects and faults is also discussed briefly. 

The third chapter introduces the novel application of Sweep Frequency Response Analysis 

(SFRA) for diagnosing the condition of power cables, marking its first implementation in this 

domain. The study employs advanced analytical methods to derive a physically accurate 

driving point impedance function from the measured impedance characteristics of the cable. 

By constructing this reliable function, the research establishes an analytical formula capable 

of representing the cable's impedance behavior in its pristine, or "virgin," condition. This 

formula serves as a baseline, enabling the precise estimation of impedance variations that can 

pinpoint the location of short-circuit faults along the cable. As an offline diagnostic method, 

the proposed technique ensures a controlled and systematic approach to fault detection 

without requiring active system operation. The following sections provide a detailed 

explanation of the methodology, emphasizing its potential to enhance fault localization 

accuracy and contribute to more effective cable condition assessment practices. 

The fourth chapter explores the application of impedance spectroscopy to locate single-point 

defects in the semiconducting screens of high-voltage power cables. In such cables, 
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semiconducting screens play a critical role, serving as both conductor and insulation screens 

to ensure uniform electrical field distribution and minimize stress within the insulation. Even 

minor defects in these screens can significantly accelerate the development of water trees, a 

degradation phenomenon that compromises the cable's insulation and overall performance. 

To address this issue, the study employs rigorous analytical methods to precisely determine 

the location of these defects. The chapter provides a comprehensive discussion of the 

methodologies utilized, offering a detailed account of the theoretical framework and its 

practical application to enhance cable condition assessment and defect localization accuracy. 

The fifth chapter delves into the methodology for estimating the location of sheath-to-ground 

(SG) faults in cross-bonded (CB) HVAC power cables during online operation, regardless of 

the fault's position along the cable's length. A detailed explanation of the process is provided, 

supported by both an experimental study and a real-world field case study to validate the 

proposed approach. The fault localization is achieved through the application of analytical 

formulas derived from a circuit model specifically developed for the cable. This model 

captures the electrical behavior of the system under fault conditions, enabling accurate and 

reliable identification of the fault location. The chapter provides an in-depth discussion of the 

formulation, experimental validation, and practical implications of this methodology, 

demonstrating its potential for effective fault diagnosis in CB HVAC power cablesThe sixth 

chapter lists tangible conclusions drawn from the thesis that are of utmost significance to 

cable manufacturers and utilities, apart from a brief summary of the future scope of this 

work.  

The sixth chapter provides a comprehensive explanation of the method for locating sheath-to-

ground (SG) faults in non-cross-bonded (NCB) HVAC power cables under online operating 

conditions, regardless of where the fault occurs along the cable. In line with IEEE Standard 

575, various types of NCB cable configurations are analyzed to ensure the methodology’s 

applicability across different systems. The fault location is determined using analytical 

formulas derived from a carefully designed circuit model that represents the electrical 

characteristics of the cable and its faulted condition. This approach offers a systematic and 

accurate means of diagnosing SG faults in real-time scenarios. The chapter discusses the 

theoretical framework, derivation of the formulas, and practical considerations in detail, 

providing valuable insights into the effective management and fault localization of NCB 

HVAC power cables. 
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The seventh chapter details an innovative approach for locating sheath-to-ground (SG) faults 

in HVAC power cables at arbitrary positions during online operation. The proposed method 

integrates online Time-Domain Reflectometry (TDR) with advanced Machine Learning 

techniques, specifically Decision Tree Regression (DTR), and employs Fast Fourier 

Transform (FFT) analysis to enhance fault detection accuracy. By leveraging the 

complementary strengths of these tools, the method enables precise estimation of SG fault 

locations under dynamic operating conditions. The chapter provides a thorough explanation 

of the proposed model, including its theoretical foundation, implementation steps, and the 

synergy between TDR, DTR, and FFT in fault localization. This approach represents a 

significant advancement in online cable monitoring, offering a robust and efficient solution 

for ensuring the reliability of HVAC power cables. 

The eighth chapter, explores a comparative analysis of different end-bonding configurations 

for cross-bonded (CB) cable systems with varying minor section lengths. The study evaluates 

the performance of existing configurations in terms of their ability to manage circulating 

currents and voltages in cable joints, which are critical factors in preventing premature 

insulation breakdown and ensuring long-term reliability. Additionally, the chapter introduces 

an innovative end-bonding configuration specifically designed for systems with non-uniform 

minor section lengths. The proposed solution aims to minimize circulating currents and joint 

voltages effectively, enhancing the overall stability and durability of the cable system. A 

detailed discussion of the proposed configuration, its design rationale, and potential 

advantages is presented, offering valuable insights into improving CB cable performance 

under challenging conditions. 
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Chapter 2  

Literature Survey 

 

The thesis covered six different topics related to estimating the location of short circuit 

faults, insulation screen defects, sheath-to-ground faults in HVAC and HVDC cables, and 

introducing a new end bonding method to an existing cross-bonded cable. In this chapter 

existing literature and problem statement of the above-mentioned topics are discussed in 

detail along with the methodology used to achieve the solution of the mentioned problem. 

 

2.1 Topic 1: Introduction of Sweep Frequency Response Analysis in Cable and 

Estimating the Location of Short-circuit Fault Using Impedance Spectroscopy 

2.1.1 Introduction of Sweep Frequency Response Analysis in Cable 

A popular test for power apparatus diagnostics and condition monitoring is the sweep 

frequency response analysis (SFRA) test [5]–[7]. The corresponding amplitude and phase 

angle of current and voltage are determined in the SFRA test by sweeping a sinusoidal 

voltage signal over a band of frequencies at any two terminals of the testing apparatus (one of 

the two terminals can be the ground or main core). This test is very competent of condition 

monitoring in various power apparatuses; yet, there is not much research conducted in cable 

about the application of SFRA. 

With various modifications to the circuit compared to transformers, the thesis explores the 

viability of executing SFRA in a single-core power cable by predicting DPIF from the 

measured SFRA data. After that, a ladder network was synthesized using the data. To create 

a rational function, this data must be expressed as a polynomial in the form of "s". It is 

necessary for this rational function to meet certain requirements in order to synthesize the 

suggested ladder network. The requirements are as follows [8]: the created rational function 

must be real and positive; the measured data must correspond to DPIFs, or admittance and 

impedance functions. Experiments can be used to verify the first of these. Experiments are 

conducted with great care and planning for this reason. Every function has been validated by 

writing it as a Hurwitz polynomial in order to assess physical reliability [9]. 
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2.1.2 Estimating the Location of Short-circuit Fault in Cable  

Finding the location of a power line problem is crucial for reducing the time and expense 

involved in fixing and replacing power cables [10]. There are two main approaches that are 

now in use to find faults in cables: the first uses Impedance Spectroscopy (IS) to locate faults 

in cables by sending a signal and analyzing its characteristics [11]. Reflectometry is the most 

well-known approach among the first methodologies for pinpointing the site of a power cable 

defect. The many forms of reflectometry were classified according to the various signal types 

(used in a certain domain) found in the cable. For instance, a pulse signal is conveyed over 

the wire in time domain reflectometry (TDR) [12], whereas a stepped sinusoidal waveform is 

employed in frequency domain reflectometry (FDR) [13]. A reference chirp signal with the 

desired bandwidth is delivered down the cable in Time-Frequency Domain Reflectometry 

(TFDR), which can be employed in both the time and frequency domains [14]. In addition to 

reflectometry, techniques such as sweep frequencies are used to identify LCX faults. In these 

methods, the fault's distance is estimated based on changes in the frequency of the excitation 

and reflected signals over time [15], whereas in other publications, the fault is identified 

solely based on its voltage gain [16].  

Every approach mentioned above has its own drawbacks. For example, the signal-to-noise 

ratios for TDR and FDR are higher than average, and the accuracy varies due to the 

sensitivity of the electronics. On the other hand, choosing the central frequency for TFDR is 

a laborious task since it is dependent on attenuation, which changes depending on how far the 

fault is from the source. These drawbacks can be solved by applying the IS technique with 

SFRA. IS uses the cable's impedance to monitor its status in order to do a condition 

evaluation. Several optimization techniques, such as genetic algorithms, were combined with 

IS to extract electrical parameters, which were then processed to find flaws [17]–[18]. Using 

an iterative procedure, the genetic algorithm creates a fitness function by comparing the 

simulation graph in a given bandwidth with the measured impedance graph. This process is 

repeated until the function converges to the threshold value. In some other literature, the IS is 

combined with signal processing techniques to extract magnitude and cable impedance angle 

to detect faults [19]. In other words, the IS is combined with FFT and uses the propagation 

velocity of the signal to locate faults [19]–[20]. 

While there has been prior exploration of the IS through SFRA, it was limited to feature 

extraction and subsequent comparison for fault location. The work of this thesis describes an 
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analytical technique that does not require feature extraction. It is based on comparing the 

locations of poles and zeros. 

2.2 Topic 2: Estimating the Location of Semiconducting Screen Defect Using Impedance 

Spectroscopy 

In high voltage polymeric power cables, semiconducting layers protect the insulation and 

conductor while simultaneously smoothing out surface defects of the insulation and 

conductor and ensuring homogeneity of the electric field. For both the conductor and the 

insulating screen, the semiconducting layer typically has a thickness of a few millimeters 

(around 1.5 mm) [21]. Because the semiconducting screen serves as a barrier between 

conducting material and insulation, it is crucial to keep its design consistent. 

 The water treeing phenomena in a cable can be caused by any flaw or sharp 

protrusion in the semiconducting screen (usually from the conducting material), which may 

ultimately lead to premature failure [22]. The defect diameter is often in the range of a few 

millimeters (1mm ~ 10mm), while the tip of this sharp protrusion in the semiconducting 

screen is typically in the order of a few micrometers [23]. It has been claimed that water 

treeing is exclusively launched by this kind of sharp protrusion [24], as opposed to electrical 

treeing, which can originate from a void. 

The industry employed techniques such as reflectometry to identify only catastrophic 

damage, such as short circuit faults [25], or parts that had previously sustained damage from 

electrothermal heating [26], partial discharge [27], and water treeing [28]. Of all these flaws, 

water treeing is the only one that does not result in partial discharge and is not picked up in 

partial discharge measurements [29]. There is also a dearth of research regarding potential 

flaws that could occur prior to a water tree's emergence. When these flaws are small, they 

don't interfere with the cable's ability to conduct power. However, with time, these flaws 

become a source of entry for moisture intrusion, which ultimately causes early collapse [22]. 

The position of soft faults, such as imperfections in the semiconducting screen, cannot be 

accurately determined by the reflectometry approach [30]. Consequently, it is critical to 

locate these flaws utilizing a novel method in order to extend the cable's lifespan.  

2.3 Topic 3: Estimating the Location of Sheath-to-ground fault in a cross-bonded 

HVAC cable 

Metallic sheath protects the cable's insulation from water ingress, provides mechanical 

strength, and acts as a return path for the capacitive and inductive current during healthy 

operating and short-circuited fault conditions. For an HVAC cable, the metallic sheath of a 
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particular phase has to be grounded in at least one point [31], consequently acting as a shield 

that electrically isolates the particular phase from the remaining phases. Since the metallic 

sheath is grounded at least at one point, a continuous circulating current flows in the sheath, 

which impacts the cable's ampacity [32]. Therefore to reduce the losses in the metallic sheath 

due to circulating current, cross-bonding (CB) of the metallic sheath was introduced [33].  

In a CB cable system, the whole cable network is divided into major sections (the number 

of major sections depends on the total length of the cable network). Both ends of a major 

section are solidly grounded through grounding resistance (in the grounding box). Each 

major section will have three minor sections. The metallic sheath of one phase is CB with the 

other phase in the link box through a sheath voltage limiter (SVL). A minute SG fault will 

cause a huge flow of circulating current in the sheath, which results in the premature 

breakdown of the insulation of the cable [34].  Therefore condition monitoring of the cable 

sheath is of utmost importance for extending the lifespan of the cable  

The condition of the metallic sheath deteriorated mainly due to its poor handling or 

maintenance, adverse climate conditions, and substandard workmanship [35]. According to 

the published statistics of the last twenty years for a CB HV cable, most ground faults occur 

at link boxes, joints, and terminals [36]. However, premature breakdown due to SG faults in 

the third minor section is reported by a local utility sector for a 220 kV cable network of the 

Mumbai su-urban region of Maharashtra, India. Therefore to maintain the continuous power 

flow, estimation of the location of the sheath to a ground fault before the breakdown of cable 

at any arbitrary location is of paramount importance. 

Online condition monitoring of electrical apparatus is always preferred over offline 

techniques (to prevent the shutdown of the system) [37]-[38]. Since in power cable, the 

metallic sheath of the CB cable is grounded at the grounding boxes, methods like 

reflectometry [39]- [40], and impedance spectroscopy [41] –[42]. becomes improbable (since 

reflectometry and impedance spectroscopy are used to localize defects in cable insulation and 

hard faults only not on the return grounding path). The study of sheath current and its voltage 

at different locations (grounding box and link box) is the only method for condition 

monitoring of the sheath [43]. Estimation of the sheath current under normal operating 

conditions using numerical methods was presented in [44]. The study of sheath current was 

utilized to detect the inception of the short-circuited fault [45] and insulation monitoring in a 

CB cable [46]-[47]. The feasibility of identifying SG fault only at the ends of the cross-

bonded section was first reported in [43]. Attempts were made to identify and localize the 
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presence of a sheath fault at the link box only by measuring the sheath current from the 

preinstalled sensor at the link box was also reported in [48], [31].  

Although the identification of the presence of sheath fault is accomplished from the 

measured sheath current at the link boxes, however, the pinpoint location at any arbitrary 

position is still unachievable. Along with this, installation of the current sensor into the link 

during operational conditions can prove to be hazardous for the maintenance workers, due to 

the presence of sudden switching impulses.  In this thesis, an analytical method based on the 

measurement of the sheath current only at the grounding box to identify and pinpoint the 

location of the SG fault for a cross-bonded high-voltage cable is presented.  

2.4 Topic 4: Estimating the Location of Sheath-to-ground fault in a non-cross-bonded 

HVAC cable 

For short to medium-length (< 550𝑚) cables, Cross Bonded (CB) and Non-Cross Bonded 

(NCB) methods are typically employed. However, the NCB systems enjoy certain 

advantages over CB systems, namely, constant voltage stress between the conductor and the 

grounding shield [49] and the lesser complexity involved in laying, due to which NCB 

systems are preferred over CB systems for short to medium-length cables. 

According to IEEE standard 575 [32], there are three types of bonding for NCB HVAC 

power cables. The very basic type of bonding is the single point bonding at the beginning or 

the end, where one end of the cable sheath is grounded with a grounding resistance while the 

other end is connected with a sheath voltage limiter (SVL) as shown in Fig. 2.1. The second 

type of bonding is the single-point bonding at the middle of the cable, where both ends of the 

cable sheath are connected with SVLs while the grounding is provided at the middle of the 

cable using a grounding resistance as shown in Fig. 2.2. The third type of bonding is two-

point bonding, where both ends of the cable are grounded with a grounding resistance. There 

are no SVLs used in this type of bonding as shown in Fig. 2.3. The value of grounding 

resistances for each type of bonding is considered 0.2Ω [43]. 

Detecting the presence of SG fault only in the joints of a cross-bonded cable is widely 

explored [46], [48]. For an NCB cable attempts were made to obtain the voltage and current 

waveform during a steady state condition [49], however, the estimation of the location of an 

SG fault for an NCB short to medium-length power apparently has not been explored until 

now.  In this thesis, a novel method to estimate the location of an SG fault in any arbitrary 

location by only using the magnitude of the sheath current measured from the grounding 
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resistance and the phase difference between the sheath current and conductor current is 

presented. 

 

Figure 2.1 Schematic diagram of a single point bonding at the beginning. 

 

Figure 2.2 Schematic diagram of a single point bonding at the middle 

 

Figure 2.3 Schematic diagram of a two point bonding system. 

 

2.5 Topic 5: Estimating the Location of Sheath-to-ground fault in a HVDC cable 

HVDC cables form the backbone of the HVDC systems. In HVDC cables, the metallic 

sheath is an indispensable part that protects the inner insulation from environmental factors 
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such as moisture, and mechanical damage and also provides electrical insulation, preventing 

leakage currents [36]. Maintaining the integrity of the sheath is essential for ensuring the 

overall performance of the HVDC cable, as a well-maintained sheath helps extend the cable's 

lifespan by mitigating issues like moisture ingress and mechanical wear. 

SG faults in a cable arise when the cable’s outer jacket is punctured, causing the metallic 

sheath to come into direct contact with the environment. When the sheath is compromised, 

moisture can penetrate the insulation layer, leading to the formation of water trees [24]. Over 

time, these water trees causing partial discharges and eventually leading to catastrophic cable 

breakdown [22]. In addition, moisture ingress exacerbates the aging process of the cable, 

reducing its overall life expectancy [50]. Therefore early detection and localization of SG 

faults in HVDC cables are crucial for mitigating the risks of premature breakdown and 

enhancing overall system reliability. 

Attempts were made to detect the presence of the SG faults at cable joints in cross-bonded 

HVAC systems by measuring the sheath current at the link box during online conditions [48], 

[51]. The sheath current in a cable is primarily caused by inductive coupling from the 

conductor current and capacitive effects from the source voltage [51]. The sheath current in 

the cable is also used to locate faults and condition monitoring of insulation in HVAC cable 

[52]. However, the inductive effect in an HVDC cable is negligible, and since the current is 

solely due to capacitive effects, the sheath current remains in the microampere range, both 

under normal conditions and during an SG fault. Due to the presence of noise in the low 

sheath current measurements, existing methods used for HVAC cables cannot be directly 

applied to HVDC cables for condition monitoring of the sheath. 

Online and non-intrusive reflectometry techniques have become powerful tools for 

detecting and locating faults and damaged insulation in cables as part of condition 

monitoring. Among online reflectometry applied on the conductor, the most adopted methods 

include Time Domain Reflectometry (TDR) [53], Time-Frequency Domain Reflectometry 

(TFDR) [54], Spread Spectrum Time Domain Reflectometry (SSTDR) [55], and stepped-

frequency waveform reflectometry (SFWR) [56]. According to the existing literature, TFDR, 

SSTDR, and SFWR are preferred over TDR due to limitations in TDR, such as the skin 

effect in cable conductors and accuracy in detecting multiple insulation faults, as most of the 

signal energy reflects at the first impedance mismatch. However, when estimating the 

location of SG faults in online conditions, these concerns are not relevant. Since the sheath 

has a significantly smaller thickness compared to the conductor, the skin effect becomes 
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negligible. Since the sheath is a metallic conducting medium, the fault resistance range will 

be in milli-ohm, making TDR an effective technique for SG fault localization.  

Recent reflectometry studies have also demonstrated the advantages of using a Gaussian 

chirp signal over traditional impulse signals for fault detection [53]-[54]. The Gaussian chirp 

has less signal distortion and can distinguish closely spaced reflected signals compared to 

simple impulse waveform. However, selecting the optimal central frequency for system 

training presents a challenge, as it depends on the level of attenuation, which varies with the 

distance of the fault from the source. This variability introduces complexity in ensuring 

accurate and efficient fault localization, highlighting the need for careful tuning of signal 

parameters in practical applications, and the problem of overlapping and signal distortion can 

be improved by using a simple signal processing technique. Therefore impulse waveform 

offers more straightforward implementation and reliable performance for the specific 

application studied. 

The accuracy of TDR can be significantly enhanced by integrating signal processing 

techniques and machine learning algorithms with it. Leveraging artificial intelligence, 

machine learning has been widely applied for fault detection and localization [57]-[59], 

enabling the identification and isolation of faulty cables before tripping occurs. While deep 

learning can also be utilized for fault localization in cables, it demands significantly higher 

computational resources [60]. However, limited research addresses the estimation of SG 

faults in HVDC cables. To bridge this gap, this thesis proposes a novel approach that 

involves using an inductive coupler to perform online TDR on the sheath of HVDC cables 

for the first time. Signal processing is applied to the reflected waveforms, and key feature 

extraction is used to inform a DTR model for accurately estimating the location of SG faults. 

2.6 Topic 6: New End Bonding Technique in an Existing Non Uniform Length Cross 

Bonded HVAC Cable  

Single-core shielded HVAC power cables are prevalent in both the transmission as well as 

in distribution sectors. The metallic sheath of the single-core cable electrically shields the 

particular phase of the cable, prevents water ingress in insulation, and also gives mechanical 

support to the cable. Because of capacitive and inductive phenomena, the metallic sheath has 

voltage relative to the ground and conducts a circulating current [61]. This circulating current 

causes ohmic loss [62] and restrains the ampacity of the cable [63]. According to IEEE 

Standard 575 [32], to reduce the circulating current and voltage (induced voltage should not 



25 

 

exceed 50V during operating conditions [64]) in this metallic sheath, CB of the cable sheath 

was introduced.  

In a CB system, the whole cable network is split into major sections. The end of the major 

section is solidly grounded with a grounding resistance. The metallic sheath of one phase is 

CB with the other phase in the link box through a sheath voltage limiter (SVL), therefore 

each major section will have three minor sections. To maintain minimal current and voltage 

in the sheath, the length of each minor section of the cable should not exceed the other by 

10% [32]. However, one practical case scenario was reported by a utility sector in 

Maharashtra, India, where a particular cable route required to be changed. To do that, an 

existing length of the third minor section has to be replaced with a new length as shown in 

Fig. 2.4. According to standard [32], whenever a particular section exceeds or plummets 

from the remaining two sections huge amount of circulating current and voltage will appear 

across the joints and terminals sheath. According to the published statistics of the last twenty 

years for a CB HV cable, most sheath-to-ground faults occur at joints, and terminals [36], 

therefore to extend the lifespan of the cable, sheath joints should have a minimal voltage and 

current profile. 

z  

Figure 2.4 Schematic diagram of a major section in a CB cable with a new minor cable 

route for a third minor section. 

According to the existing literature [65], special types of bonding like solid bonding [32], 

single point bonding [66], reactance and resistance bonding [67]-[68], and mixed bonding 

[69] were used to replace the CB method (due to laying complexity of CB system) and to 

maintain a low profile of current and voltage throughout the cable sheath. When solid end 

bonding or grounding system [32] is applied to a non-uniform length CB cable, the voltage 

across different joints and terminals will be minimal however the current will be high (the 
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inductive effect will be dominant), similarly for a single point end bonding [7], sheath current 

will be minimal while sheath voltage across terminal will be high during steady state 

condition (presence of high SVL impedance treated as open). These two types of bonding 

can only be applied to the existing CB cable if there is a change in length after the first minor 

section or in the second minor section since the length of the major section will be less when 

compared with the change in the third minor section [65]. However, the existing method of 

end bondings [32], [66]-[69] will fail when the third minor section length is changed (huge 

circulating current and voltage due to imbalance in length in three minor sections). 

2.7 Methodology Proposed 

2.7.1 Methodology to Estimate the Location of short-circuit faults in a cable 

According to the literature review, the impedance graphs of working and malfunctioning 

transformers are compared using SFRA and the signature of a transfer function. Because it 

only requires the operation of one port, the DPIF transfer function has an advantage over the 

others. Furthermore, cables will always operate at a single port. Therefore, DPIF was 

selected. When a cable was in good health, the DPIF signature is required in order to apply 

the SFRA technique to it. Though it is feasible to obtain such signatures experimentally prior 

to placement for newly laid cables, the experimental data may not be available for already 

laid cables. The method's successful implementation depends on the ability to anticipate 

DPIF (healthy) for cables that have already been installed. In order to generate a signature for 

already-installed cables without the need for actual experiments on a healthy cable, this thesis 

uses classical TL theory to obtain the impedance spectroscopy of the cable. Additionally, the 

DPIF of a cable is proposed, which can be formulated from the dimensions and parametric 

values of the cable. Any system's impedance function can be estimated from the impedance 

vs. frequency graph to get its pole-zero form. Lastly, a formula for estimating the fault's 

location is proposed. 

2.7.2 Methodology to Estimate the Location of Semiconducting Screen Defect in 

a cable 

To estimate the location of semiconducting screen defect, it is observed that any minor flaw 

in the cable structure generates a change in the total impedance of the cable, and this is only 

noticeable in the high-frequency impedance spectrum (as seen in the case of a transformer 

[70]), which is seen to estimate the location defects at semiconducting screens. A damaged 

cable will have a different impedance spectrum than a cable in good condition. Thus, in order 
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to find the minute flaw in the semiconducting screen for either insulation or conductor in a 

lengthy power cable, a unique technique based on impedance spectroscopy is given in this 

study. Because the impedance graph of a short-circuited fault alters (zeroes become poles 

when compared with a healthy one), the position of the fault can be determined using just 

one zero. However, the relationship between all the poles or zeroes with electrical factors 

should be well defined in order to locate minute flaws in a lengthy wire. Mathematical 

software is needed to determine the roots of the higher-order polynomials using the proposed 

function [71]. A specific solution is obtained instead of a generalized form. In order to obtain 

a generalized relationship between the zeroes with propagation constant and electrical 

properties of the cable, transmission line theory and the state space model are employed in 

this study. 

2.7.3 Methodology to Estimate the Location of Sheath-to-Ground Fault in a CB 

and NCB HVAC Cable 

To estimate the location of sheath-to-ground faults in a CB and NCB HVAC cable it is 

observed that, the sheath current mainly consists of inductive, capacitive, and leakage 

current. The value of leakage current would be in the range of < 10−11A (depending on the 

operating voltage and except during conductor-to-ground fault) [72], and the cumulative sum 

of inductive and capacitive currents is in amperes [43]. Therefore the value effect of leakage 

current is negligible in the measurement of sheath current. According to existing literature, 

the flow of capacitive current is difficult to calculate for a cross-bonded cable network [73]. 

To estimate the pinpoint location of the SG fault, the exact value of inductive and capacitive 

current is extremely vital. In this thesis, a circuit theory model is used for the first time to 

estimate the effect of both the capacitive and inductive effect in sheath current both under 

normal operating conditions and SG fault. Finally, formulae are proposed by which the 

location of the sheath fault can be estimated from the measurement of the ground current for 

both balance and unbalancing conditions.  

2.7.4 Methodology to Estimate the Location of Sheath-to-Ground Fault in a 

HVDC Cable 

The invention introduces an innovative approach for condition monitoring of HVDC cables 

by performing online TDR (Time-Domain Reflectometry) using an inductive coupler, 

integrated with Decision Tree Regression (DTR) for accurate fault estimation. The TDR 

method involves sending a test impulse through the cable, and the inductive coupler allows 
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this process to be conducted non-intrusively, without interrupting the normal operation of the 

cable system. The reflected signals from the cable are captured and analyzed for identifying 

anomalies indicative of sheath faults. 

The integration of the inductive coupler with the TDR system is the key novel aspect, 

enabling real-time, continuous monitoring of the cable sheath. The reflected signal data is 

then processed using Decision Tree Regression (DTR), which is trained on a dataset of 

historical TDR signals and their corresponding fault locations. By leveraging DTR, the 

model can handle complex, non-linear signal patterns and noise, providing precise fault 

localization even in challenging scenarios, such as shorter transmission lines with 

overlapping reflections. 

This invention's primary novelty lies in its ability to perform online TDR using an inductive 

coupler, combined with advanced machine learning techniques for fault estimation. The 

inductive coupler facilitates uninterrupted condition monitoring, while the Decision Tree 

Regression model enhances the analysis, allowing for accurate, real-time identification of 

sheath faults. This integrated solution significantly improves the reliability and efficiency of 

fault detection in HVDC cable systems, paving the way for proactive maintenance and 

reduced downtime. 

2.7.5 Methodology to Mitigate Excessive Sheath Current and Voltage due to 

Non-Uniform Minor Section Length in a CB power Cable  

To mitigate excessive current and voltage due to non-uniform minor section length in an 

existing CB cable system, a special end bonding method is proposed in this thesis, by 

merging the single point and solid end bonding (without any change in the bonding of the 

existing two sections) to mitigate both high currents and voltage in different joints and 

terminals caused due to non-uniform minor section lengths. Along with the proposed model, 

both solid-end bonding and single-point end bonding methods are discussed in detail in this 

thesis with their analytical model and comparisons are presented on sheath circulating 

currents and voltages on different joints for these three types of bonding and also compared 

with the original case. 
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Chapter 3  

Introduction of Sweep Frequency Response Analysis in Cable 

and Estimating the Location of Short-circuit Fault 

 

This chapter presents the use of sweep frequency response analysis (SFRA) for the first 

time in cable. The analytical methods were utilized for the construction of a physically 

reliable driving point impedance function from the obtained impedance graph of the cable, 

then an analytical formula was proposed to estimate the impedance graph of the cable during 

its virgin condition, and this formula was further used to estimate the location of short-circuit 

faults in the cable. The proposed technique is an offline method. The details of the proposed 

methodology is discussed below: 

3.1 Estimated DPIF for the cable using Electrical Parameters 

Several approaches exist for determining and forecasting the impedance function in simple 

LC ladder networks [74]. However, when dealing with cables featuring frequency-dependent 

parameters, the ladder network becomes significantly more complex, rendering traditional 

methods ineffective. This section introduces two methodologies: one for estimating the 

cable's impedance spectroscopy and another for evaluating its DPIF. 

According to transmission line theory, the ladder network of a single-core power cable, as 

depicted in Fig. 3.1, is characterized by four fundamental frequency-dependent parameters 

(per unit length): R (series resistance), L (series inductance), G (shunt conductance), and C 

(shunt capacitance), as described in [75]. 
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In this context, 𝜇0 represents the permeability of free space, 𝜇𝑟 denotes the relative 

permeability of the conductor material, 𝜎 is the conductivity of the conductor material, 𝜀0 

stands for the permittivity of free space, 𝜀𝑟 is the relative permittivity of the insulating 

material, and 𝑡𝑎𝑛 𝛿  refers to the dissipation factor. Additionally, 𝑟1 and 𝑟2 correspond to the 

radii of the conductor and the insulation. 

 

Figure 3.1 Configuration of a single-core cable with the outer sheath connected to the 

ground. 

3.1.1 Deriving Impedance Spectroscopy Using the Traditional Transmission Line 

(TL) Model 

Based on the classical transmission line (TL) model and as illustrated in Fig. 3.2, the 

impedance plot of an open-circuited cable is provided as [76]: 

𝑧𝑜𝑝𝑒𝑛 = 
Γ

tanh (𝛾.𝑙)
          (3.5) 

Using (3.1)-(3.4), 

Γ (Characteristics impedance) = √
(𝑅+𝑗𝜔𝐿)

(𝐺+𝑗𝜔𝐶)
                                         (3.6) 

𝛾(Propagation constant)=√(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶)                    

(3.7) 

𝑙=𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑏𝑙𝑒                 (3.8) 

 

Figure 3.2 Ladder network representation of a healthy cable at power frequencies 

divided into n sections. 
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However, the classical TL approach does not provide insights into the DPIF of the cable. 

To address this limitation, this chapter introduces a circuit theory-based model, offering a 

novel perspective for estimating the cable's impedance spectroscopy. 

3.1.2 Estimating the DPIF of the Cable by Solving the Ladder Network of the Cable 

In the frequency range under consideration, the series resistance is significantly smaller 

compared to the series inductive reactance (𝑗𝜔𝐿) and can therefore be disregarded, as 

illustrated in Fig. 3.3. While neglecting RRR alters the magnitude of the cable's input 

impedance, it has minimal effect on the resonance frequency. Additionally, although the 

dissipation factor (tan𝛿) depends on frequency, its variation is relatively minor within the 

frequency range of interest [75]. 

As shown in Fig. 3.4, the inductance and capacitance in the ladder network of a healthy 

cable naturally give rise to resonant frequencies. 

 

 

(a)                                          (b) 

Figure 3.3 FEM analysis of a 25m long cable showing (a) resistance and (b) inductive 

reactance. 

 

 

 

Figure 3.4 Ladder network representation of a healthy cable at high frequencies 

divided into n sections 
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Using (3.4), the admittance per unit length of the cable, 𝑦 can be written as, 

𝑦 = 𝐺 + 𝑗𝜔𝐶 = 𝑗𝜔𝐶(1 − 𝑗 tan 𝛿) = 𝑗𝜔𝐾𝐶                                  (3.9) 

Where, |(1 − 𝑗 tan 𝛿)| = 𝐾, a factor dependent on the material properties.  

The driving point impedance of the ladder network of Fig. 3.4, with n-sections, can be 

obtained by using the Cauer-1 method [74], as; 

𝑍(𝑠) = 𝑠𝐿 +
1

𝑠𝐶+
1

𝑠𝐿+
1

𝑠𝐶+⋯…….
1

𝑠𝐿+
1
𝑠𝐶

.

                                     (3.10) 

However (3.10) is not in pole-zero format, and in this form, it is not useful for frequency 

response analysis.  

After a careful analysis of the patterns followed by the coefficients of the polynomials in 

the numerator and denominator, for different values of n, the following formula is proposed, 

as an equivalent to (3.10), which can be proved by mathematical induction.  

𝑍n(s) =
1+∑ ∑ 𝑎(2𝑖),𝑗×𝑠2𝑖×𝑘𝑖×𝑛

𝑖=1 𝐿𝑖×𝐶𝑖1
𝑗=𝑛

∑ ∑ 𝑎(2𝑖−1),𝑗×𝑠2𝑖−1×𝑘𝑖×𝐿𝑖−1×𝐶𝑖𝑛
𝑖=1

1
𝑗=𝑛

                   (3.11) 

Here, 𝑎𝑝,𝑞 represent the qth polytopic number of pth dimension regular simplex [77]. The 

coefficients of the polynomials are observed to be functions of polytopic numbers of 

different dimensions, except that they start with a natural number (i.e. excluding the zero 

terms in the beginning). The numerator and denominator of 𝑍n(s) are of even and odd degree 

polynomials, respectively.  

The DPIFs are represented as a polynomial as a function of “s” to construct a rational 

function and to compare the analytical function with the simulated and experimental results 

later. This rational function must conform to a Hurwitz polynomial [74]. If a cable’s 

frequency response signature does not exist, the frequency response signature of a healthy 

cable can be obtained using (3.5) or (3.11), while, the frequency response of a faulty cable 

can be measured experimentally. The method does not require post-recorded data. 

3.2 Estimated Short Circuit Fault Location Using Impedance Spectroscopy 

In the ladder network representation of a cable, the key difference between a healthy cable 

and one with a short-circuit fault lies in the network's termination. For a healthy cable, the 

network concludes with shunt capacitance and conductance, while for a cable with a short-

circuit fault, it ends with series inductance (assuming the fault resistance is negligible). 
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To understand how the DPIF (Driving Point Impedance Function) of a healthy cable 

changes due to a short circuit, consider a fault at the far end of the cable such that the lengths 

of the healthy and faulty segments are equal. For the ladder network with a short circuit at the 

far end, as shown in Fig. 5, the DPIF can be expressed as : 

 

Figure 3.5 Proposed ladder network model for the cable at high frequencies with a 

fault. 

𝑍(𝑠) = 𝑠𝐿 +
1

𝑠𝐶+
1

𝑠𝐿+
1

𝑠𝐶+⋯…….
1
𝑠𝐿

.

               (3.12) 

Using mathematical induction, the above equation can be rewritten as:, 

𝑍n(s) =
∑ ∑ 𝑎(2𝑖−1),𝑗×𝑠(2𝑖−1)×𝑘𝑖×𝑛

𝑖=1 𝐿𝑖×𝐶𝑖−11
𝑗=𝑛

1+∑ ∑ 𝑎(2𝑖),𝑗×𝑠2𝑖×𝑘𝑖×𝐿𝑖×𝐶𝑖𝑛
𝑖=1

1
𝑗=𝑛

              (3.13) 

Here, 𝑎𝑝,𝑞 represent the qth polytopic number of pth dimension regular simplex 

By comparing the DPIF for a healthy cable (3.11) with that of a faulty cable (3.13), it is 

evident that the numerator of the healthy cable's DPIF becomes the denominator of the faulty 

cable's DPIF. For a healthy cable, 𝑍(𝑠) → ∞ as 𝑠 → 0, indicating a pole at zero frequency. 

Conversely, for a faulty cable, 𝑍(𝑠) → 0 as 𝑠 → 0, showing a zero at zero frequency. Thus, 

the impedance graph for a healthy cable starts with a pole, while that of a faulty cable starts 

with a zero at the same frequency when the fault occurs at the far end. 

The angular frequency of the zero or pole, 𝜔𝑧𝑝, is proportional to: 

𝜔𝑧𝑝 ∝
1

√𝐿𝑒𝑞𝑣𝐶𝑒𝑞𝑣
             (3.14) 

Where 𝐿𝑒𝑞𝑣 and  𝐶𝑒𝑞𝑣 are the cable's total inductance and capacitance. For a cable of length 

l, this becomes: 
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𝜔𝑧𝑝 ∝
1

𝑙√𝐿𝐶
       (3.15) 

or 

𝑙 × 𝜔𝑧𝑝 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡     (3.16) 

For intermediate short-circuit faults, the effective electrical length of the cable decreases, 

causing a rightward shift in the impedance graph (resonance frequencies occur at higher 

values). This behavior aligns with (3.16), as the effective cable length reduces. The first zero 

or pole of the impedance graph provides a straightforward way to estimate fault location. 

Based on (3.16), the fault location Lscan be calculated as:, 

𝐿𝑠 =
𝑓𝑧,𝑠

1  

𝑓𝑝
1 × 𝑙          (3.17) 

Here, 

 𝑓𝑧,𝑠
1   is the frequency of the first zero in the signature graph, 

 𝑓𝑝
1    is the frequency of the first pole for the faulty cable, 

 𝐿𝑠    is the fault's location, and,’ 

 𝑙       is the total cable length 

The first pole's location remains unaffected by the magnitude of the fault resistance 

(Rfault) as long as (Rfault ≪ Γ), ensuring the rest of the cable remains inactive beyond the 

fault. However, the pole's magnitude is inversely proportional to the effective fault 

resistance: 

𝑃1,𝑚𝑎𝑔 ∝
1

𝑅𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
         (3.18) 

Thus, the fault location can be determined using the first zero of the healthy cable's 

impedance graph (obtained experimentally or analytically via (3.5) and (3.11) and the first 

pole's frequency for the faulty cable (measured experimentally). The following sections 

validate this methodology through simulations and experiments 

3.3 Experiments and Simulations to Estimate the Locations of Short Circuit Faults in a 

Cable 

Two Practical Case studies are conducted to validate the proposed methodology. 

Case Study 1 : A 25-meter-long test cable was used, where six faults were 

intentionally introduced at various locations to assess the proposed method's accuracy. 
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The cable specifications were as follows: an 11 kV, three-core XLPE cable with a 35 

mm² aluminum conductor, an outer grounded sheath diameter of 7.35 mm, a relative 

permittivity of 2.3 for the insulation, and a loss tangent (𝑡𝑎𝑛 𝛿) of 0.0005. The cable 

parameters were 𝑅𝑑𝑐 = 2.4312 × 10−3Ω, 𝐿𝑒𝑞 = 2.7934 × 10−2H and 𝐶𝑒𝑞 =

6.8392 × 10−15 F. Faults were introduced at six locations: 5 m, 10 m, 15 m, 20 m, 

22.5 m, and at the far end (25 m). Two fault resistances (1 mΩ and 3.5 Ω) were 

applied at these locations on a specific phase to validate the results. To create short-

circuit faults, an iron nail was used to pierce the phase under study, and SFRA tests 

were conducted as illustrated in Fig. 3.8(b). While performing experiments to ensure 

precise measurement (mainly at the troughs and peak), a small frequency increment of 

500 Hz was selected, while the simulation trace was obtained directly from the probe 

data. The measurement of the current at low frequencies are performed within the 

limit of the current probe. Averaging of the signal was performed for both current and 

voltage waveform to reduce the effect of noise on the signal at low current values. 

 

  

                      (a)                                                              (b) 

Figure 3.6 Simulation results showing: (a) Current from the function generator without 

a current-limiting resistor, and (b) Current from the function generator with the 

inclusion of the current-limiting resistor 𝑹𝑪. 

 

Figure 3.7 Illustration of the connection setup for a three-core cable with a DSO, 

function generator, and current-limiting resistor.. 

Case Study 2 : A This case involved a real-world scenario from IIT Ropar in Punjab, 

India. The cable was a 440 V, 50 A, four-core XLPE cable, 146.7 meters long, with a 300 

mm² aluminium conductor, an outer grounded sheath diameter of 21.36 mm, insulation 

relative permittivity of 2.3, and a loss tangent (𝑡𝑎𝑛 𝛿)  of 0.0005. The cable parameters were 

Rdc = 1.0312 × 10−1Ω, Leq = 3.9544 × 10−1H and Ceq = 2.5481 × 10−12 F. The cable 
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included three joints along its length, and SFRA tests were performed from both open ends, 

as depicted in Fig. 3.10. A short-circuit fault was observed in this cable, providing a practical 

example to verify the methodology.  

   

    (a)                                                  (b) 

Figure 3.8 Experimental setup for measuring DPIF: (a) (1) Remaining phases short-

circuited using a wire, (2) Current-limiting resistor of 20 Ω, (b) Short-circuit fault 

introduced using a nail.. 

 

 

Figure 3.9 Experimental configuration for determining the location of the short-

circuited fault. 

 

   

(a) (b) 

 

3 
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          (c) 

Figure 3.10 (a) Top view of a practical setup with a 146.7m cable connected at both 

ends, (b) 360-degree panoramic view of the setup, (c) Section of the cable with a short 

circuit.. 

For SFRA measurements, when the test cable is directly connected to the voltage source, it 

must deliver a current in the range of several kilo amperes, even at low voltages, as 

illustrated in Fig. 3.6(a). This is due to the cable's low impedance at resonant frequencies. 

To limit the maximum current to the voltage source’s rated capacity during SFRA testing, 

a current-limiting resistor 𝑅𝑐 of 20 Ω is connected in series with the cable and function 

generator, as shown in Fig. 3.7. This ensures the current remains within safe limits, as 

depicted in Fig. 3. 6(b). For tests on a three-phase cable, the unused two phases are shorted to 

minimize interference from stray inductance or capacitance, as illustrated in Figs. 3.7 and 

3.8. The peak-to-peak voltage is set at 10 volts, and the frequency is varied while capturing 

voltage and current waveforms using a DSO. Measurement accuracy near resonance peaks 

and troughs is enhanced by using a frequency increment as small as 1 kHz. Voltage and 

current probes, with a maximum frequency range of 50 MHz, are employed for the 

measurements. The impedance symmetry across all phases ensures identical FRA results for 

each phase. The complete test setup is displayed in Fig. 3.9. 

In addition to experimental testing on a short cable, FEM-based frequency domain 

simulations were performed on a 1 km cable. The simulated cable is an XLPE-insulated 

model with a conductor radius of 22.5 mm and an outer sheath radius of 44.2 mm. The 

parameters, calculated using equations (3.1)–(3.4), Rdc = 1.7508 × 10−1Ω, Leq = 5.0903 ×

10−2H, Ceq = 1.7657 × 10−9 F. A corresponding model was created in ANSYS software to 

simulate six fault cases at various locations along the cable. Fault locations were chosen at 50 

m, 250 m, 500 m, 750 m, 950 m, and 1000 m from the source, with fault resistances of 1 mΩ, 

1 Ω, and 10 Ω considered for the analysis. 
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3.4 Results and Discussion of the Estimating the Location of Short-circuit Fault in a 

Cable 

This section presents and discusses the analytical, experimental, and simulation results. 

3.4.1 Impedance Spectroscopy of a Healthy Cable of 25m long 

Frequency Response Analysis plots for a 25m power cable, as described in Section 3.3, are 

displayed in Fig. 3.11. For the Driving Point Impedance Function, which comprises six 

Short-Circuited Network Functions six sections of a ladder network are analyzed for 

comparison with analytical estimations. Additionally, eleven singularities (six zeros and five 

poles) are considered in the Transmission Line model.  

 

 

 

Figure 3.11 Estimating driving point impedance function analytically with practical and 

simulation results.  

The numerator N6(s) and denominatorD6(s), based on the analytical Equation (3.11) and 

the parameters of the 11 kV cable mentioned earlier, are given as follows: 

Polynomial Expression: 

N6(s) = L6(KC)6s12 + 11L5(KC)5s10 + 45L4(KC)4s8 + 84L3(KC)3s6 + 70L2(KC)2s4 +

21LKCs2 + 1  

D6(s) = L5(KC)6s11 + 10L4(KC)5s9 + 36L3(KC)4s7 + 56L2(KC)3s5 + 35L1(KC)2s3 +

6KCs                                       (3.19) 

The Expanded from are as follows 

N6(s) = 4.8588 × 10−95s12 + 2.5638 × 10−78s10 + 5.1413 × 10−62s8 + 4.8561 ×

10−46s6 + 2.1366 × 10−30s4 + 3.5497 × 10−15s2 + 1  

D6(s) = 1.7406 × 10−93s11 + 3.7499 × 10−78s9 + 1.1535 × 10−61s7 + 1.6405 ×

10−45s5 + 1.3491 × 10−29s3 + 4.1035 × 10−14s                        (3.20) 
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The experimental frequency response aligns closely with both the simulation results and 

the analytical estimations, particularly regarding the resonant frequencies. However, slight 

distortions are observed. Tables 3.1 and 3.2 summarize these findings. A Pearson correlation 

coefficient of 0.9995 was calculated when comparing the experimental graph with the 

analytical and simulation outputs. The primary difference between the proposed DPIF plot 

and the experimental results lies in the scaling factor, which is influenced by the resistance 

omitted in the analytical equation. This resistance significantly affects the initial magnitude 

of the plots, as noted in references [16,20]. 

Tables 3.1, and 3.2 present the percentage differences in resonant frequency locations. 

Difference I represents the percentage variation between the resonant frequencies of the test 

cable and the simulated model, while Differences II and III correspond to the percentage 

variations between the test cable and the TL model and analytical expression (3.11), 

respectively. From Tables 3.1 and 3.2, it is evident that the differences are minimal, with 

discrepancies less than 0.0738%, demonstrating the accuracy of the analytical approach. 

 

 

Table 3.1 Position of Zeroes (w.r.t Fig. 3.11) 

Zeroes 

 

 

Methods 

1st Zero 

(MHz) 

2nd Zero 

(MHz) 

3rd 

Zero 

(MHz) 

4th Zero 

(MHz) 

5th 

Zero 

(MHz) 

6th Zero 

(MHz) 

Test Cable 2.9762 8.6271 14.3562 16.4161 18.3457 21.0034 

Simulation 2.9781 8.6313 14.3475 16.4245 18.3384 21.0165 

TL model 2.9766 8.6359 14.3601 16.4158 18.3395 21.0189 

 Equation (11) 2.9745 8.6307 14.3651 16.4079 18.3381 20.9902 

Difference I 0.0672% 0.0487% 0.0603% 0.0604% 0.0397% 0.0623% 

Difference 

II 

0.0134% 0.1020% 0.0271% 0.0018% 0.0337% 0.0738% 

Difference III 0.0575% 0.0415% 0.0617% 0.0617% 0.0412% 0.0624% 
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Table 3.2 Position of Poles (w.r.t Fig. 3.11) 

         Poles 

 

 

Methods 

1st Pole 

(MHz) 

2nd Pole 

(MHz) 

3rd Pole 

(MHz) 

6th Pole 

(MHz) 

5th Pole 

(MHz) 

Test Cable 6.4318 12.3214 15.5217 16.9992 19.9879 

Simulated 6.4304 12.3146 15.5285 16.9906 19.9978 

TL model 6.4299 12.3158 15.5288 16.9868 19.9910 

Equation (11) 6.4297 12.3274 15.5285 16.9898 19.9979 

Difference I 0.0217% 0.0551% 0.0443% 0.0501% 0.0499% 

Difference II 0.0295% 0.0454% 0.0457% 0.0729% 0.0155% 

Difference III 0.0313% 0.0488% 0.0457% 0.0550% 0.0501% 

 

3.4.2 Estimating the Location of Short-Circuit Fault in a Laboratory Cable of 25m 

long 

In Fig. 3.12 illustrates the experimental impedance graphs for the cable in a healthy 

condition and for six fault locations discussed in Section 3.3, while Fig. 3.13 shows 

impedance graphs for varying fault resistances. A key characteristic distinguishing the DPIF 

graph of a healthy cable from that of a faulty cable is that the faulty cable graph consistently 

begins with a pole, whereas the healthy cable graph starts with a zero, as demonstrated 

analytically in equation (3.13). 

For a healthy cable, the first zero (Table 3.I) occurs at a frequency of 2.9745 MHz, as 

calculated using equation (3.11), and at 2.9766 MHz using equation (3.5). Using equation 

(3.17), Table 3.3 provides the fault location estimates for six different cases along with their 

corresponding accuracy. The results indicate that short-circuit faults in the test cable can be 

identified with a minimum accuracy of 99.1365%, regardless of the fault's position—whether 

near the beginning, middle, or end of the cable. This high level of accuracy is maintained 

even with variations in fault resistance. 
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Figure 3.12 Impedance spectroscopy of healthy cable along with six different cases of 

fault with fault resistance of 1m Ω. 

 

       

                        (a)                                      (b) 

        

                     (C)                                                            (d)   

                 

                 (e)                                   (f) 

Figure 3.13 Various fault resistance scenarios in a 25-meter experimental cable located 

at (a) 5 meters, (b) 10 meters, (c) 15 meters, (d) 20 meters, (e) 22.5 meters, and (f) 25 

meters. 
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Table 3.3 Accuracy to estimate the location of fault a/c to proposed formula in a 

experimental cable 

Sl. 

No

. 

First pole 

of a faulty 

cable(MHz

) 

Actual 

fault 

location. 

(m) 

Estimated 

location of 

fault  as per 

(3.5)(m)  

Estimated 

location of 

fault  as per 

(3.11)(m) 

Accuracy 

a/c to 

(5)(%) 

Accuracy 

a/c to 

(11)(%) 

1. 14.91 5 4.98 4.99 99.73 99.81 

2. 7.46 10 9.96 9.97 99.68 99.75 

3. 4.96 15 14.97 14.98 99.86 99.93 

4. 3.75 20 19.82 19.84 99.13 99.20 

5. 3.32 22.5 22.38 22.39 99.47 99.54 

6. 2.97 25 24.99 25.01 99.99 99.93 

 

3.4.3 Estimating the Location of Short-Circuit Fault in an On-Field Case Study 

The experimental impedance graphs for the cable in a healthy condition could not be 

obtained due to the shorting of all cable phases. Therefore, based on the proposed equation 

(3.11) and considering seven sections of the ladder network (as the maximum number of 

SCNFs identified is seven), the numerator 𝑁7(s) and denominator𝐷7(s) are derived using the 

parameters of a 440V cable mentioned earlier: 

The polynomial forms of the functions are as follows: 

 

N7(s) = L7C7s14 + 13L6C6s12 + 66L5C5s10 + 165L4C4s8 + 210L3C3s6 + 126L2C2s4 +
28LCs2 + 1  

D7(s) = L6C7s13 + 12L5C6s11 + 55L4C5s9 + 120L3C4s7 + 126L2C3s5 + 56L1C2s3 + 7Cs
                                         (3.21) 

 

Its Expanded from 

 

N7(s) = 1.0548 × 10−86s14 + 3.1459 × 10−73s12 + 3.4923 × 10−60s10 + 1.8089 ×
10−47s8 + 4.4876 × 10−35s6 + 4.8973 × 10−23s4 + 1.8274 × 10−11s2 + 1  

D7(s) = 2.6671 × 10−84s13 + 2.5128 × 10−73s11 + 2.1727 × 10−60s9 + 8.4394 ×
10−48s7 + 1.4763 × 10−35s5 + 1.0132 × 10−23s3 + 1.7864 × 10−11s             (3.22) 
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Figure 3.14 Impedance measurement graph: Case I represents the impedance graph 

measured from open-end I, while Case II corresponds to the impedance graph 

measured from open-end II. 

 

Table 3.4 Accuracy to estimate the location of fault a/c to proposed formula in an on-

field cable 

Sl. No. First pole 

of a faulty 

cable 

(KHz) 

Actual 

fault 

location 

(m) 

Estimated 

location of 

fault  as 

per (5)(m)  

Estimated 

location of 

fault  as 

per 

(11)(m) 

Accuracy 

a/c to (5) 

(%) 

Accurac

y a/c to 

(11) (%) 

Case 1. 134.02 45.4 44.50 44.67 97.83 98.39 

Case 2. 60.16 101.3 99.83 99.51 98.02 98.53 

 

From these equations, the first zero of the healthy cable is calculated to be at a frequency of 

40.755 kHz. In comparison, using equation (3.5), where the number of singularity points is 

considered to be thirteen, the first zero is located at 40.812 kHz. The impedance graph for the 

faulty cable, measured from both ends, is depicted in Fig. 14. Using equation (3.17), the 

estimated fault locations from both ends, along with their accuracies, are summarized in 

Table 3.14. 

Despite the presence of joints, the estimated fault location accuracy remains high at 

97.8302%. This is attributed to the negligible impact of the joints on the cable's inductive 

reactance. While joints slightly alter the capacitive reactance and shunt conductance, their 
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length is minimal compared to the overall length of the cable, resulting in negligible 

influence on fault location accuracy. 

3.4.4 Estimating the Location of Short-Circuit Fault in a Simulation Study 

The details of the simulated cable are described in Section 3.3. Fig 3.15 presents the graphs 

representing the cable under healthy conditions, along with six cases of fault locations. 

Additionally, Fig. 3.16 illustrates the impedance characteristics for varying fault resistances. 

Using the cable dimensions and the short-circuited impedance graph, the fault's precise 

location can be determined through Equation (3.17). 

Constructing an infinite series signature function for the simulated cable is complex and 

computationally intensive. To simplify the process, five SCNFs were utilized to develop the 

healthy cable's DPIF, while the transmission line model incorporated nine singularity points 

(five zeros and four poles). The primary goal is to demonstrate how closely the proposed 

analytical equations align with the healthy cable’s impedance characteristics. 

 

Figure 3.15 Various fault scenarios in a simulated cable with a fault resistance of 1 mΩ. 

 

           

     (a)                                               (b) 
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    (c)                                     (d) 

             

                  (e)                                                (f) 

Figure 3.16 Various fault resistance scenarios in a 1000m-long simulated cable at the 

following locations: (a) 50m, (b) 250m, (c) 500m, (d) 750m, (e) 950m, and (f) 1000m. 

 

Table 3.5 Accuracy to estimate the location of fault a/c to proposed formula in an 

simulated cable 

Sl. 

No. 

First pole of 

a faulty 

cable (kHz) 

Actual 

fault 

location 

(m) 

Estimated 

location 

of fault  

as per 

(5)(m)  

Estimated 

location of 

fault  as 

per 

(11)(m) 

Accuracy 

a/c to (5) 

(%) 

Accuracy 

a/c to (11) 

(%) 

1. 86.5138 50 49.5539 49.4845 99.1078 98.9618 

2. 17.1585 250 249.8528 249.5032 99.9411 99.8013 

3. 8.5997 500 498.5173 497.8197 99.7034 99.5639 

4. 5.7276 750 748.4984 747.4509 99.7997 99.6601 

5. 4.5268 950 947.0486 945.7232 99.6893 99.5498 

6. 4.2871 1000 1000.000

0 

998.6005 100.0000 99.8600 

 



46 

 

The numerator N(s) and  denominator D(s) of the predicted healthy cable impedance, based 

on Equation (3.13), where the first zero is located at 4.2871 kHz, are expressed as follows: 

Polynomial form: 

N5(s) = L5(KC5)s10 + 9L4(KC)4s8 + 28L3(KC)3s6 + 35L2(KC)2s4 + 15LKCs2 + 1  

D5(s) = L4(KC)5s9 + 8L3(KC)4s7 + 21L2(KC)3s5 + 20L1(KC)2s3 + 5KCs          (3.23) 

Expanded form 

N5(s) = 5.8647 × 10−51s10 + 6.9472 × 10−40s8 + 2.6534 × 10−29s6 + 3.7516 ×

10−19s4 + 1.6488 × 10−9s2 + 1  

D5(s) = 1.1521 × 10−49s9 + 8.4264 × 10−40s7 + 4.4210 × 10−29s5 + 1.0016 ×
10−18s3 + 8.2866 × 10−11s                                                                                             (3.24)  

In comparison, Equation (3.5) locates the first zero at 4.2811 kHz. Table 3.4 highlights the 

accuracy of fault location predictions achieved using Equation (3.17). From Fig. 3.15, it is 

evident that the impedance graph for a healthy cable has positive values, while fault 

conditions result in negative values. This behavior is due to the effective impedance of the 

cable being proportional to its total length: 

𝑍𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 ∝ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑏𝑙𝑒                                               (3.25) 

Table 3.5 confirms that the proposed method offers high accuracy in locating faults, 

achieving at least 98.96% precision for a 1 km cable, even when fault resistance varies. 
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Chapter 4  

Identifying the Location of Semiconducting Screen Defect in a 

High Voltage Cable using Impedance Spectroscopy  

  

In this chapter with the use of impedance spectroscopy, the location of single-point 

semiconducting screen defect in a high-voltage power cable is estimated. In high-voltage 

power cables, the semiconducting screen is used in both the conductor and insulation screen. 

Any small defect in this screen will escalate the water tree phenomenon in the cable. To 

estimate the location pure analytical methods are used, which is described in detail in this 

chapter.   

4.1 Relationship Between Zeroes of the Impedance Graph and Electrical Parameters of 

the Cable 

The impedance graph of a healthy cable typically begins with a zero [71]. It has been 

demonstrated that the zeros identified through impedance spectroscopy can accurately predict 

the location of small defects in the semiconducting screen. This section explores the 

correlation between these zeros and the cable's electrical parameters.  

4.1.1 Obtaining the Relationship through Classical Transmission Line Model. 

Based on classical transmission line theory, the open-circuit impedance of a cable can be 

expressed as [76]: 

𝑧𝑜𝑝𝑒𝑛 = 
Γ

tanh (𝛾.𝑙)
                      (4.1) 

 

The frequencies corresponding to the zeros are given by: 

       𝜔𝑍𝑒𝑟𝑜 =
𝜋.𝑛

𝛾.𝑙
, ∑𝜔𝑍𝑒𝑟𝑜 = ∑

𝜋.𝑛

𝛾.𝑙

𝐽
𝑖=1 , and  ∏𝜔𝑍𝑒𝑟𝑜 = ∏

𝜋.𝑛

𝛾.𝑙

𝑛
𝑖=1 𝑛 ∈ N                               (4.2) 

Equation (2) establishes a connection between the number of zeros (𝐽) and the propagation 

constant (𝛾) of the cable. However, calculating the propagation constant directly from the 

cable parameters becomes challenging, particularly when joints are present. To address this, 

a state-space model is introduced, enabling the estimation of the relationship between the 

sum and product of the zeros and the cable parameters 
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4.1.2  Obtaining the Relationship through State Space Model 

The general state-space representation for any linear, time-invariant system is expressed as 

follows [78] 

𝑥̇ = [𝐴]𝑥 + [𝐵]𝑢                                                                                                          (4.3) 

𝑦 = [𝐶]𝑥 + [𝐷]𝑢                                                                                                          (4.4) 

 

In these equations, 𝑥̇ represents the derivative of the state vector, 𝑥 is the state vector, 𝑢 is 

the input vector, and 𝑦 is the output vector. The matrices 𝐴, 𝐵, 𝐶, and 𝐷 characterize the 

system. 

At high frequencies, the shunt parameter of the cable is 𝑗𝜔𝐾𝐶, where K = |(1 − 𝑗 tan 𝛿)|, 

which depends on the material properties. The per-unit-length electrical parameters of the 

cable at high frequencies are derived as outlined in [71]. For this model, the conductor 

current and the voltage across the insulation are selected as state variables. 

In the 𝑛 -section ladder network shown in Fig. 3.4, the state variables are assigned as 

follows: 

 Conductor current: 𝑥1 = 𝑖1, 𝑥2 = 𝑖2, … . 𝑥𝑛 = 𝑖𝑛 

 Nodal voltages between the current-carrying conductor and the grounded screen: 

𝑥𝑛+1 = 𝑒2, 𝑥𝑛+2 = 𝑒3, … . 𝑥2𝑛 = 𝑒𝑛+1 

Since an 𝑛 -section ladder network contains 2𝑛 energy storage elements, the total number 

of state variables for the system is 2𝑛 [79]. Among these variables, the nodal voltage 𝑒1 is 

designated as the input voltage V, and thus the input vector 𝑢 is represented as [𝑒1] 

i) Formulation of state equation 

For an 𝑛 -section ladder network shown in Fig. 3.4 (where 𝑛 corresponds to the total 

number of short-circuit natural frequencies (SCNFs) or zeros, as the SCNFs match the 

number of sections in the measured impedance graph), the system matrices are expressed as: 

[𝐴] = [
[𝜀2] [𝛾2]

[𝜖3] [𝜖4]
]  and [𝐵] = [

[𝛾1]
0

]                                                                               (4.5) 
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Here, 

𝜀2 = 𝜖4 = [
0 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 0

]

(𝑛×𝑛)

 , 𝛾2 =

[
 
 
 
 
 
−1

𝐿
0 0 ⋯ 0

1

𝐿

−1

𝐿
0 ⋯ 0

⋮ ⋯ ⋱ ⋱ ⋮

0 ⋯ 0
1

𝐿

−1

𝐿 ]
 
 
 
 
 

(𝑛×𝑛)

 

𝜖3 =

[
 
 
 
 
 

1

𝑘𝐶𝑔

−1

𝑘𝐶𝑔
0 ⋯ 0

0
1

𝑘𝐶𝑔

−1

𝑘𝐶𝑔
⋯ 0

⋮ ⋯ ⋱ ⋱ ⋮

0 ⋯ 0 0
−1

𝑘𝐶𝑔 ]
 
 
 
 
 

(𝑛×𝑛)

, 𝛾1 = [

1

𝐿

0
⋮
0

]

(𝑛×1)

                                     (4.6) 

ii) Formulation of output equation 

To develop the Driving Point Admittance Function (DPAF, (
𝒊𝒊𝒏

𝒗𝒊𝒏
))the input current (𝒊𝒊𝒏) is 

considered as the output. This can be written as: 

𝑌 = [1 0 0… . .0](1×2𝑛)

[
 
 
 
 
 

𝑖1
⋮
𝑖𝑛
𝑒2

⋮
𝑒𝑛+1]

 
 
 
 
 

(2𝑛×1)

                                                                                 

(4.7) 

Thus, the output equation can be written in terms of the state variables: 

[𝐶] = [100……0](1×2𝑛)  and, [𝐷] = [000 … . .0]                                    (4.8) 

Using Laplace transformation, the state-space equations are converted into the s-domain. 

The DPAF is obtained as: 

𝐷𝑃𝐴𝐹 =
𝑌(𝑠)

𝑒1(𝑠)
= ([𝐶][𝑠𝐼 − 𝐴]−1[𝐵])                                                                               (4.9) 

Similarly, the Driving Point Impedance Function (DPIF, 
𝑒1(𝑠)

𝑌(𝑠)
) can be written as: 
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𝐷𝑃𝐼𝐹 =
𝑒1(𝑠)

𝑌(𝑠)
= ([𝐶]−1[𝑠𝐼 − 𝐴][𝐵]−1)                                                                           

(4.10) 

From (4.10), it is evident that the zeros of the DPIF depend solely on the system matrix 

[A]:. 

iii) Resonance Frequency and Eigenvalues 

In the high-frequency ladder network, consisting of L and 𝑘𝐶𝑔, the resonant frequency 

(𝜔𝑠𝑐𝑛𝑓
2 ) (troughs only) is given by 

1

𝐿𝐾𝐶𝑔
. A matrix must exist whose eigenvalues are 

1

𝜔𝑠𝑐𝑛𝑓
2 , 

expressed in terms of inductance and shunt parameters. Assuming 𝑗𝜔 represents the 

eigenvalues of matrix [A]: 

|𝑗𝜔(2𝑛×2𝑛) −[
[0] [𝛾2]

[𝜖3] [0]
]| = 0                                                            (4.11) 

By evaluating the determinant for the block matrix, let:, 

Let 𝛾2𝜖3 = 𝜗                  (4.12) 

|−𝜔2
(𝑛×𝑛) −  𝜗| = 0                     (4.13) 

Matrix A has dimensions (2n × 2n), while matrix ϑ has dimensions (n × n). Each 

resonance point corresponds to two eigenvalues (+jω and − jω)for matrix [A] or one 

eigenvalue (−ω2) for matrix  ϑ. 

The trace and product of the eigenvalues of 𝜗 are given as: 

𝑇𝑟𝑎𝑐𝑒 𝜗 = −∑ 𝜔2
𝑖

𝑛
𝑖=1                  (4.14) 

𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑜𝑡 (𝑃. 𝑂. 𝑅) 𝑜𝑓 𝜗 = ±∏ 𝜔2
𝑖

𝑛
𝑖=1                                                  (4.15) 

By expanding  𝜗:: 

𝑇𝑟𝑎𝑐𝑒 𝜗 =  −(1 + 2 + ⋯+ 𝑛)
1

𝐿𝐾 𝐶𝑔 
= −(

𝑛2

2
+

𝑛

2
)

1

𝐿𝐾 𝐶𝑔 
                                             (4.16) 
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And  

𝑃. 𝑂. 𝑅 𝑜𝑓 𝜗 = ±
(1×2×…×𝑛)

(𝐿𝐾 𝐶𝑔)𝑛
= ±

𝑛!

(𝐿𝐾 𝐶𝑔)𝑛
                         (4.17) 

Comparing with earlier results: 

∑ 𝜔2
𝑖(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)

𝑛
𝑖=1 = (

𝑛2

2
+

𝑛

2
)

1

𝐿𝐾 𝐶𝑔 
                (4.18) 

∏ 𝜔2
𝑖(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)

𝑛
𝑖=1 =

𝑛!

(𝐿𝐾 𝐶𝑔)𝑛
               (4.19) 

This establishes a relationship between the electrical parameters and the sum and product 

of the zeros in the cable’s impedance spectrum. 

4.2 Relationship between Zeroes of the Impedance Graph and Electrical Parameters of 

the Cable 

The Fig. 4.1(a) depicts the cross-sectional view of a healthy cable, where 𝐶𝑐𝑠, 𝐶𝑖 𝑎𝑛𝑑 𝐶𝑖𝑠 

represent the capacitance between the conductor and screen, the conductor screen and 

insulation screen, and the insulation screen and grounding sheath, respectively. These 

capacitances are calculated using the following formula [75]. 

𝐶𝑎𝑝 =  

𝜇0
2𝜋

ln(
𝑟2

2

𝑟1
2)

(
1

𝜇𝜀
)((

𝜇0
2𝜋

ln(
𝑟2

2

𝑟1
2))

2

−(
𝜇0
2𝜋

ln(
𝑟2
𝑟1

))
2
)

 F/m                    (4.20) 

                    

                                   (a)                                              (b) 

Figure 4.1 (a) Comprehensive parametric representation of a cross sectional single-core 

cable with a grounded outer sheath., (b) Simplified parametric model of a cross 

sectional single-core cable with a grounded outer sheath 

 

Here, r1 and r2 are the inner and outer radii for each specific capacitance (Ccs, Ci and Cis), 
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while εr and μr are the relative permittivity and permeability of the respective medium. The 

approximate effective capacitance of a healthy cable, with no deformities, is illustrated in 

Fig. 4.1(b). 

For 𝐶𝑐𝑠 𝑎𝑛𝑑 𝐶𝑖𝑠, 𝜀𝑟  typically ranges from 104 − 105[80], while for XLPE material, 𝜀𝑟= 

2.3. Similar to capacitance, the conductance values are denoted as 𝐺𝑐𝑠, 𝐺𝑖 𝑎𝑛𝑑 𝐺𝑖𝑠. The 

equivalent capacitance of a healthy cable is approximately: 

𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)~
𝐶𝑐𝑠𝐶𝑖𝐶𝑖𝑠

𝐶𝑐𝑠𝐶𝑖+𝐶𝑖𝐶𝑖𝑠+𝐶𝑐𝑠𝐶𝑖𝑠
~𝐶𝑖               (4.21) 

When a defect occurs in the semiconducting screen, a portion of it comes into contact with 

the conducting material, altering the equivalent capacitance, as shown in Fig. 4.2. The 

effective capacitance for a conductor screen-defective cable is given by: 

    
                                                   a)                                                                 (b) 

Figure 4.2 Parametric representation of a single-core cable with defects in (a) the 

conductor screen and (b) the insulation screen. 

 

𝐶𝑒𝑞𝑣(𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒)~
(𝐶𝑐𝑠−𝜓𝐶)𝐶𝑖𝐶𝑖𝑠

(𝐶𝑐𝑠−𝜓𝐶)𝐶𝑖+𝐶𝑖𝐶𝑖𝑠+(𝐶𝑐𝑠−𝜓𝐶)𝐶𝑖𝑠
                        (4.22) 

In (4.22), 𝜓𝐶 represents the defect's capacitance. Assuming 𝐶𝑐𝑠𝐶𝑖𝑠 ≫ 𝐶𝑖𝐶𝑖𝑠 + 𝐶𝑐𝑠𝐶𝑖 −

𝜓𝐶𝐶𝑖 − 𝜓𝐶𝐶𝑖𝑠. and given that 𝜀𝑟 f the semiconducting screen is significantly greater than 

that of the insulating or conducting material, the defective capacitance over a defective length 

‘d’ can be approximated as: 

𝐶𝑒𝑞𝑣(𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣) ~  𝐶𝑖. (1 − 𝜓𝐶. 𝑑 ×
1

𝐶𝑐𝑠
)                                             (4.23) 

From the comparison between Equations (21) and (23), it is evident that  𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦) >

𝐶𝑒𝑞𝑣(𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣1). cable. Consequently, the impedance spectrum of a defective cable starts at a 
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higher frequency compared to a healthy cable, as (𝜔 ∝
1

√𝐿𝑒𝑞𝑣𝐶𝑒𝑞𝑣
 [71]). 

For an n-section ladder network, if the defect occurs at the m -th node, resulting in a net 

capacitance 𝐶𝑒𝑞𝑣(𝑑𝑒𝑓𝑒𝑐𝑡𝑠) at the defect location while the remaining sections retain 

𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦), the difference in the sum of the square of the zeroes between healthy and 

defective cables is: 

∑ 𝜔2
𝑖(𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒)

𝑛
𝑖=1 − ∑ 𝜔2

𝑖(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)
𝑛
𝑖=1 =

1

𝑚𝐾𝐿𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)
(

𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)

 𝐶𝑒𝑞𝑣(𝑑𝑒𝑓𝑒𝑐𝑡𝑠)
− 1)         (4.24) 

The product of roots (P.O.R.) for healthy and defective cables is:  

∏ 𝜔2
𝑖(𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒)

𝑛
𝑖=1 = ∏ 𝜔2

𝑖(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)
𝑛
𝑖=1

𝐾𝐿𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)

𝐾𝐿𝐶𝑒𝑞𝑣(𝑑𝑒𝑓𝑒𝑐𝑡𝑠)
             (4.25) 

The defect location 𝑙𝑑𝑒𝑓𝑒𝑐𝑡 can be empirically derived as: 

𝑙𝑑𝑒𝑓𝑒𝑐𝑡 =
∑ 𝜔2

𝑖(𝑑𝑒𝑓𝑒𝑐𝑡/𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
𝑛
𝑖=1 −∑ 𝜔2

𝑖(𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙)
𝑛
𝑖=1  

1

𝐾𝐿𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)
(

∏ 𝜔2
𝑖(𝑑𝑒𝑓𝑒𝑐𝑡/𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝑛
𝑖=1

∏ 𝜔2
𝑖(ℎ𝑒𝑎𝑙𝑡ℎ𝑦/𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙)

𝑛
𝑖=1

 −1)

 × 𝑙             (4.26) 

In the above formula, 𝑙    represents total cable length. For cables with multiple defects r, 

the cumulative defect length is: 

∑ 𝑙𝑖(𝑑𝑒𝑓𝑒𝑐𝑡)
𝑟
𝑖=1 =

∑ 𝜔2
𝑖(𝑑𝑒𝑓𝑒𝑐𝑡/𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝑛
𝑖=1 −∑ 𝜔2

𝑖(𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙)
𝑛
𝑖=1  

(
1

𝐾𝐿𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)
)2−𝑟

∏ 𝜔2
𝑖(𝑑𝑒𝑓𝑒𝑐𝑡/𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝑛
𝑖=1

∏ 𝜔2
𝑖(ℎ𝑒𝑎𝑙𝑡ℎ𝑦/𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙)

𝑛
𝑖=1

 −1)

×  𝑙           (4.27) 

A single defect satisfies the condition, 𝜕 > 1, while multiple defects satisfy 0 < 𝜕 ≤ 1, 

where 𝜕 is defined as:: 

 𝜕 =
∑ 𝜔2

𝑖(𝑑𝑒𝑓𝑒𝑐𝑡/𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
𝑛
𝑖=1 −∑ 𝜔2

𝑖(𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙)
𝑛
𝑖=1  

∏ 𝜔2
𝑖(𝑑𝑒𝑓𝑒𝑐𝑡/𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝑛
𝑖=1

∏ 𝜔2
𝑖(ℎ𝑒𝑎𝑙𝑡ℎ𝑦/𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙)

𝑛
𝑖=1

 −1)

                         (4.28) 

Impedance spectroscopy, influenced by the reflection coefficient, varies with defect 

location. Defects nearer to the source exhibit minimal frequency shifts compared to distant 

defects. Defect diameter minimally affects location accuracy within a permissible range (1–

10 mm) due to the dominance of 𝐶𝑒𝑞𝑣(ℎ𝑒𝑎𝑙𝑡ℎ𝑦) over 𝐶𝑒𝑞𝑣(𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣) 
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The formulas are validated through simulation and experimental results in subsequent 

sections. 

4.3  Experiments and Simulations Performed to Estimate the Location of 

Semiconducting Screen Defect in a Cable. 

In a 25-meter-long test cable, six insulation screen defects were intentionally introduced at 

different locations, one at a time, to validate the accuracy of the proposed methodology, as 

illustrated in Fig. 4.3. The cable specifications are as follows: 11 kV, three-core XLPE cable 

with an aluminum conductor cross-sectional area of 41𝑚𝑚2. The insulation thickness is 4.3 

mm, while the insulation screen is 1.5 mm thick. The cable insulation has a relative 

permittivity (𝜀𝑟 ) of 2.3 and a loss tangent (𝑡𝑎𝑛 𝛿) of 0.0005. The insulation and conductor 

screens exhibit a relative permittivity of 11.2 × 105. The calculated cable parameters are: 

𝑅𝑑𝑐 = 1.9614 × 10−3Ω, 𝐿𝑒𝑞 = 9.6586 × 10−2H and 𝐶𝑒𝑞(ℎ𝑒𝑎𝑙𝑡ℎ𝑦) = 7.3273 × 10−7 F. 

 

Figure 4.3 Experimental setup for locating insulation screen defects. 

  

                                                                         (a)                                                    (b) 

Figure 4.4  (a) Polyethylene-coated nails of varying diameters, (b) Process of creating 

defects in the insulation screen. 

The defects were positioned at distances of 5 m, 10 m, 15 m, 20 m, 22.5 m, and 25 m from 

the source. Three case studies were performed with defect diameters of 1.7 mm, 4.3 mm, and 
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8.6 mm, representing practical scenarios I, II, and III, respectively. Defects were created 

using polyethylene-coated iron nails (with the pointed end removed for safety) of thickness 

1.5 mm, equivalent to the insulation screen thickness, as shown in Fig. 4.4 (a) and (b). The 

experimental process followed the methodology established in previous studies [12]. 

To validate equations (4.28), an extreme-case scenario was analyzed. This involved 

comparing two defects located at 3 m and 5 m from the source, each with a diameter of 1.7 

mm, to a single defect at 22.5 m with a diameter of 8.6 mm. 

In addition to the experimental setup, finite element method (FEM)-based frequency mode 

simulations were conducted for a 1-km-long cable with three factory joints to mimic practical 

conditions, as shown in Fig. 4.5. Both conductor screen and insulation screen defects were 

simulated. The modeled XLPE cable had a conductor radius of 22.5 mm, an outer screen 

radius of 44.2 mm, an insulation thickness of 1.5 mm, and joint lengths of 1 m. Electrical 

properties matched those of the experimental setup, and the calculated parameters were 

𝑅𝑑𝑐 = 1.7508 × 10−1Ω, 𝐿𝑒𝑞 = 8.0901 × 10−1H, 𝐶𝑒𝑞 = 9.7876 × 10−5 F. (including 

contributions from the joints and continuous sections). The model was implemented using 

COMSOL software. 

 

Figure 4.5 Cable model for simulation with three factory joints and defects located at :i) 

Conductor screen: 50 m, 250 m, and 500 m. ii) Insulation screen: 750 m, 950 m, and 

1000 m. 

Six cases were simulated, covering defects in both the conductor and insulation screens at 

different locations, including joint sections. Defect diameters of 2 mm, 4 mm, and 6 mm 

were considered, representing simulation scenarios I, II, and III, with defect thicknesses 

equal to the screen thickness of 1.2 mm, as shown in Fig. 4.6. The conductor screen defects 

were simulated at 50 m, 250 m, and 500 m, while insulation screen defects were positioned at 

750 m, 950 m, and 1000 m. 
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          (a)               (b)         

Figure 4.6 FEM-based model of a straight-through joint showing defects in (a) the 

insulation screen and (b) the conductor, each with defect diameter d. 

To validate equations (4.28) through simulation, another extreme-case scenario was 

considered. This involved comparing two conductor screen defects located at 5 m and 10 m, 

each with a diameter of 2 mm, against a single defect located at 1000 m with a diameter of 6 

mm 

4.4 Results and Discussion of the Experiments and Simulations Performed to Estimate 

the Location of Semiconducting Screen Defect in a Cable 

This section presents and discusses the analytical, experimental, and simulation results 

4.4.1 Healthy Cable Impedance Analysis (25m Test Cable) 

The impedance graph of the 25-meter-long test cable described in Section 4.3 is presented 

in Fig. 4.7. Using the DPIF, which includes six SCNFs, the impedance analysis was 

performed by considering six ladder network sections for comparison with analytical 

estimations. Additionally, six singular points (zeroes) were analyzed in the TL model. 

The identified zeroes occur at frequencies of 2.9865, 8.6389, 14.4145, 16.9547, 18.8871, 

and 21.4736 MHz. Table 4.1 summarizes the sum and product of these zeroes, comparing 

experimental measurements with analytical results obtained using equations (4.2), (4.18), and 

(4.19). Both analytical methods demonstrate exceptional accuracy exceeding 99.99% when 

compared to practical data from the test cable. 
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Figure 4.7 Driving point impedance plot of the 25-meter length healthy test cable. 

Table 4.1 Comparison of the sum and product of zeroes for the healthy cable 

Function Practically 

obtained 

sum and 

product of 

zeros (Hz) 

Analytically 

obtained 

sum and 

product of 

zeros (2) 

(Hz) 

Analytically 

obtained 

sum and 

product of 

zeros (18) 

&(19) (Hz) 

Accuracy 

Compari

ng with 

(2) % 

Accuracy 

Comparing 

with (18) 

& (19) % 

∑𝜔 83.3553×

106 

83.3538×

106 

83.3547×

106 

99.9982 99.9985 

∏𝜔 2.5572×

1042 

2.5570×

1042 

2.5571×

1042 

99.9921 99.9987 

 

The analytical results obtained using cable electrical parameters (easily measurable in 

practice) closely match experimental values, verifying the accuracy of the method. 

4.4.2 Healthy Cable Impedance Analysis (25m Test Cable) 

Impedance plots for a healthy cable and for six defect locations (each with a defect 

diameter of 1.7 mm) are shown in Fig. 9. Defects were placed at distances of 5 m, 10 m, 15 

m, 20 m, 22.5 m, and 25 m. Additionally, Fig. 10 illustrates impedance plots for defects of 

varying diameters (1.7 mm, 4.3 mm, and 8.6 mm). Using equation (26), the estimated defect 

locations and corresponding accuracies for all cases are summarized in Table II. 

The analysis reveals a minimum accuracy of 98.24%, irrespective of defect location or 

diameter, demonstrating the robustness of the method. 
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Figure 4.8 Impedance plots for the healthy cable and various defect cases with a 

diameter of 1.7 mm. 

 

    

                  (a)                      (b)  

  

                  (c)                   (d) 

              

                           (e)                    (f) 

Figure 4.9 Impedance plots for defects of varying diameters in a 25-meter cable at: 

(a) 5 m, (b) 10 m, (c) 15 m, (d) 20 m, (e) 22.5 m, (f) 25 m. 
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Table 4.2 Accuracy to detect defect in a practical  cable 

Location

.(m) 

Cases Sum of 

zeroes of 

a 

Defectiv

e cable 

(MHz) 

Product 

of zeroes 

of a 

Defectiv

e cable×
1042(Hz) 

Estimated 

location 

of defect  

as per 

(4.2)(m) 

Estimated 

location 

of defect  

as per 

(4.18) & 

(4.19)(m) 

Accuracy 

a/c to 

(4.2) (%) 

Accuracy 

a/c to 

(4.18) & 

(4.19) (%) 

5 Case-

I 

84.4218 3.5401 4.9112 4.9116 98.2240 98.2320 

Case-

II 

84.4219 3.5402 4.9117 4.9121 98.2420 98.2421 

Case-

III 

84.4220 3.5403 4.9120 4.9122 98.2400 98.244 

10 Case-

I 

86.1252 3.8279 9.8623 9.8638 98.6238 98.6380 

Case-

II 

86.1252 3.8280 9.8620 9.8635 98.6208 98.6350 

Case-

III 

86.1254 3.8280 9.8619 9.8634 98.6198 98.6340 

15 Case-

I 

87.9814 3.9608 14.9117 14.9132 99.4119 99.4213 

Case-

II 

87.9815 3.9609 14.9115 14.9130 99.4105 99.4200 

Case-

III 

87.9817 3.9610 14.9112 14.9127 99.4085 99.4180 

20 Case-

I 89.6127 

3.9728 19.8506 19.8521 99.2534 99.2605 

Case-

II 89.6127 

3.9729 19.8504 19.8519 99.2524 99.2595 

Case-

III 89.6129 

3.9729 19.8502 19.8517 99.2514 99.2585 

22.5 Case-

I 90.6581 

4.0242 22.3638 22.3653 99.3950 99.4013 

Case-

II 90.6582 

4.0243 22.3635 22.3650 99.3937 99.4000 

Case-

III 90.6583 

4.0243 22.3634 22.3649 99.3932 99.3995 

25 Case-

I 92.0241 

4.1261 24.8973 24.9251 99..5893 99.7003 

Case-

II 92.0242 

4.1262 24.8781 24.9028 99.5123 99.6113 

Case-

III 92.0242 

4.1263 24.8531 24.8781 99.4125 99.5126 

 

4.4.3 Multi-point Defects in an Experimental Cable 

For two insulation defects (1.7 mm diameter) located at 3 m and 5 m from the source, and 
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one larger defect (8.6 mm) at 25 m, the sum and product of the measured zeroes are 92.6245 

MHz and 4.5454× 1042 Hz, respectively, as shown in Fig. 4.10. Using equation (4.2) and the 

state-space model, the deviation factor (𝜕) is 0.8631 and 0.8638 for the multi-defect case, 

compared to 1.00002 and 1.00004 for a single defect at the cable's end. These results validate 

equations (4.28). 

 

Figure 4.10 Impedance plots for two insulation defects near the source (3 m and 5 m) 

and one defect at 25 m. 

In the lower frequency range, multi-defect impedance closely resembles the healthy 

condition. However, deviations increase with frequency due to reduced net capacitance. 

4.4.4 Simulation Results for Defects in a 1000m Cable  

Simulation graphs for the healthy condition and six defect locations in the conductor and 

insulation screens (defect diameter: 2 mm) are shown in Fig. 4.11. Figure 4.12 evaluates the 

effect of the number of zeroes considered on estimation accuracy. Five zeroes were sufficient 

to achieve stable accuracy, as shown in Table III. Impedance plots for different defect 

diameters (2 mm, 4 mm, 6 mm) are illustrated in Fig. 4.13. 

 

Figure 4.11 Impedance plots for the simulated cable with defects (diameter: 2 mm). 
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Figure 4.12 Accuracy with varying numbers of zeroes for defect location estimation. 

 

 

                  (a)                     (b) 

  

                  (c)                    (d) 

   

                                            (e)                                           (f)      

Figure 4.13 Impedance plots for different screen defect diameters at: 

(a) 50 m, (b) 250 m, (c) 500 m, (d) 750 m, (e) 950 m, (f) 1000 m. 
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Table 4.3 Accuracy to detect defect in a simulated cable 

Location

. 

(m)  

Cases Sum of 

zeroes 

of a 

Defectiv

e cable 

(MHz) 

Product 

of zeroes 

of a 

Defectiv

e cable 

 ×
1023(Hz) 

Estimat

ed 

location 

of 

defect  

as per 

(4.2)(m)  

Estimated 

location of 

defect  as 

per (4.18) 

& 

(4.19)(m) 

Accuracy 

a/c to 

(4.2) 

(%) 

Accuracy 

a/c to 

(4.18) & 

(4.19)(%) 

50 Case-

I 

0.3109 6.1080 49.4625 49.7521 98.9251 99.5042 

Case-

II 

0.3910 6.1081 49.4311 49.6183 98.8622 99.2366 

Case-

III 

0.3910 6.1082 49.3124 49.4542 98.6248 98.9084 

250 Case-

I 

0.3759 7.1376 246.064

5 

248.6141 98.4258 99.4456 

Case-

II 

0.3760 7.1377 245.542

0 

248.0916 98.2168 99.2366 

Case-

III 

0.3761 7.1377 245.223

9 

247.7735 98.0895 99.1094 

500 Case-

I 

0.4738 7.6390 494.762

8 

497.3124 98.4625 98.9525 

Case-

II 

0.4739 7.6391 494.269

7 

496.8193 98.3638 98.8539 

Case-

III 

0.4739 7.6391 493.633

6 

496.1832 98.7267 99.2366 

750 Case-

I 

0.6114 8.1714 743.790

3 

746.3399 99.1720 99.5119 

Case-

II 

0.6114 8.1715 743.315

5 

745.8651 99.1087 99.4486 

Case-

III 

0.6115 8.1716 742.679

4 

745.2290 99.0239 99.3638 

950 Case-

I 

0.7501 8.6031 942.708

1 

945.2577 99.2324 99.5008 

Case-

II 

0.7502 8.6032 942.106

8 

944.6564 99.1691 99.4375 

Case-

III 

0.7503 806.33 941.470

7 

944.0203 99.1021 99.3705 

1000 Case-

I 

0.7793 8.6417 994.941

1 

996.5738 99.4941 99.6574 

Case-

II 

0.7794 8.6418 992.393

2 

995.1124 99.2393 99.5112 

Case-

III 

0.7795 8.6418 991.119

3 

994.00290 99.1119 99.4003 

 

Sum and product of five zeroes for a single defect were 0.3142Mhz and 5.4365× 1023 Hz 
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(Eq. 4.2), closely matching state-space results 0.3144MHz and 5.4378× 1023 Hz. Table4.3 

presents the estimated locations of screen defects for six different positions and three defect 

diameters (2 mm, 4 mm, and 6 mm), along with their corresponding accuracy. The proposed 

method achieves an accuracy of at least 98.09%, even in cables with joints. 

4.4.5 Multi-point Defects in Simulated Conductor Screens 

For two conductor defects (2 mm diameter) at 3 m and 5 m, and one larger defect (6 mm) 

at 1000 m, the sum and product of five zeroes were 0.3356MHz and 1.0214× 1024 Hz, 

respectively, as shown in Fig. 4.14. The deviation factor (𝜕) for multi-defects was 0.8116 

(Eq. 4.2) and 0.8191 (state space), compared to 1.0003 and 1.0005 for a single defect at the 

cable's end. These results further validate equations (4.28). 

 

Figure 4.14 Impedance plots for two conductor defects (3 m and 5 m) and one defect at 

1000 m. 

The analysis confirms the effectiveness of the proposed method in identifying defect 

locations in both experimental and simulated cables, regardless of defect size or position. 
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Chapter 5  

Estimating the Location of Sheath to Ground Fault 

in a Cross-Bonded Power Cable 

 

In this chapter, the estimation of the location of sheath-to-ground (SG) fault in a cross-

bonded (CB) HVAC power cable at any arbitrary location during online conditions is 

explained in detail. One experimental study along with one on-field case study is presented to 

validate the proposed methodology. The location of the SG fault is estimated by using the 

analytical formulae which are derived from the proposed circuit model of the cable. The 

details are explained below. 

5.1 Analytical Formulae For Grounding Current in a CB Power Cable During Healthy 

Condition. 

The laying of the CB cable is configured in a trefoil formation as shown in Fig. 5.1. The 

schematic diagram of a major section of CB cable is shown in Fig. 5.2. 𝐿1, 𝐿2, and 𝐿3 are the 

lengths of the three minor sections named as 𝑅j, 𝑌j, and 𝐵j (j= 1, 2, and3 representing each 

minor section), interconnected with SVLs in the link box to form three loops: 𝑅1-𝑌2-𝐵3 (loop 

1), 𝑌1-𝐵2-𝑅3 (loop 2),.and 𝐵1-𝑅2-𝑌3 (loop 3). 𝑉R, 𝑉Y, and 𝑉B are the three-phase source 

voltages and 𝑅𝐿R, 𝑅𝐿Y, and 𝑅𝐿B are the loads of each phase. The metallic sheath of each 

phase is grounded at the grounding box through grounding resistances (𝑅𝐺1, 𝑅𝐺2, 𝑅𝐺1
′ , 𝑅𝐺2

′ , 

𝑅𝐺1
′′and 𝑅𝐺2

′′) 

The circuit model of a major section CB cable is shown in Fig. 5.3. 𝑍ci, 𝑍si 𝐶i, and 𝐺i, are 

the conductor impedance, sheath impedance, insulation capacitance, and conductance 

respectively (throughout this chapter, i=1, 2, 3 for three different phases). In this chapter, it is 

assumed that the condition of the insulation of the cable will remain unchanged throughout 

the length of the cable, during measurement. The per unit capacitance (C) and impedance of 

the metallic sheath (𝑍S) in each minor section can be obtained analytically as: 

𝐶i =
55.63×10−12×𝜀𝑟

ln(
𝑟is
𝑟c

)
 F/m                   (5.1) 

𝑍Si = 𝑅si + 𝑗𝜔(𝐿si + 𝑀CSi + 𝑀SSi) Ω/m                 (5.2) 
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Figure 5.1 Schematic diagram of a trefoil laying cable configuration. 

 

 

Figure 5.2 Schematic diagram of a major section in a CB cable. 

 

 

Figure 5.3 Circuit model of a major section CB cable. 
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Figure 5.4 Schematic diagram of loop 1 (𝐑𝟏-𝐘𝟐-𝐁𝟑) in a major section.  

In (5.1) and (5.2), 𝜀𝑟 is the relative permittivity of the insulating material, 𝑟c is the 

conductor radius, 𝑅s is the resistance of the sheath and 𝐿s is the self-inductance of the sheath 

caused by the circulating current, 𝑀CS and 𝑀SS are the mutual inductance between the 

current-carrying conductor in each phase to the measuring sheath and the mutual inductance 

between other phase sheaths to the measuring sheath. The analytical formula to obtain each 

of the above-mentioned terms for a trefoil formation of the cable is [62]: 

𝑅s =
𝑘r(1+𝑘t(𝑇−20))

𝜋((𝑟os)2−(𝑟is)
2)
  Ω/m,    𝐿s = 2 × 10−7 ln (

2

𝑟os+𝑟is
) H/m              (5.3) 

𝑀cs = 2 × 10−7 ln (
√2
3

𝑟cs
) H/m, 𝑀ss = 2 × 10−7 ln (

√2
3

𝑟ss
) H/m                                          (5.4) 

In the above formulae 𝑘r, 𝑘t, and 𝑇 are the metal sheath resistivity, temperature, and 

ambient temperature respectively. 𝑟os and 𝑟is are the inner and outer radius of the metallic 

sheath, and 𝑟cs and 𝑟ss are the average distance between the conductor of one phase to the 

sheath of the calculating phase and the sheath of one phase to the sheath of the calculating 

phase respectively. From the above-mentioned analytically obtained electrical parameters, 

the sheath circulating current for a particular loop can be obtained analytically as below. 

5.1.1  Inductive current in the metallic sheath 

 In each phase and minor section, the current in the conductor of different phases and sheath 

produces magnetic flux in the measuring phase. This magnetic flux links the metallic sheath 

and produces a pseudo voltage due to Maxwell laws of electromagnetism, and due to the 

presence of a closed surface in the metallic sheath (grounded at both ends of a major section), 
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an inductive circulating current will flow in the sheath, and it is represented as a voltage-

controlled current source as shown in Fig. 5.5.  

 

Figure 5.5 Equivalent circuit for inductive current in loop 1. 

The inductive current in the grounding resistance is obtained using Krichoffs voltage law 

(KVL) and is represented as:  

𝐼m =
(𝑀eq𝐼eq𝐿eq)

(𝑅𝐺2+𝑍S𝐿eq+𝑅𝐺1)
                                

(5.5) 

Where, 

𝑍S𝐿eq = 𝑍S1𝐿1 + 𝑍S2𝐿2 + 𝑍S3𝐿3, and  𝑀eq𝐼eq𝐿eq = (∑ 𝑀CS1j𝐼j𝐿j +
3
j=1

𝑀CS2j𝐼j𝐿j +𝑀CS3j𝐼j𝐿j) + (∑ 𝑀SS1j𝐿j𝐼j + ∑ 𝑀SS2j𝐿j𝐼j + ∑ 𝑀SS3j𝐿j𝐼j
2
j=1

3
j=1
j≠2

3
j=2 )                        

(5.6) 

5.1.2 Capacitive current in the metallic sheath 

The phase voltage in each minor section is responsible for the capacitive current in the 

metallic sheath. The analytical relation between the per-phase voltage (𝑉) and per-unit 

capacitive current (𝐼C) in the metallic sheath is 𝐼Ci = 𝑗𝜔𝐶𝑖𝑉i, Therefore for loop 1, it is 

represented by the voltage control current source. The capacitive current flows out from the 

middle of each section [47] as shown in Fig. 5.4.   

The capacitive current through grounding resistance 𝑅𝐺1 and 𝑅𝐺2 as 𝐼CRG1 and 𝐼CRG2 is 

obtained using Krichoff's current law (KCL) and is represented as: 
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𝐼CRG1 = 

(
𝐼C1(𝑍s3𝐿3+𝑍s2𝐿2+

𝑍s1𝐿1
2

+𝑅𝐺2)+𝐼C2(𝑍s3𝐿3+
𝑍s2𝐿2

2
+𝑅𝐺2)+

𝐼C2(
𝑍s3𝐿3

2
+𝑅𝐺2)

)

(𝑅𝐺2+𝑍s𝐿𝑒𝑞+𝑅𝐺1)
              (5.7) 

𝐼CRG2 =

(
𝐼C1(

𝑍s1𝐿1
2

+𝑅𝐺1)+𝐼C2(𝑍s1𝐿1+
𝑍s2𝐿2

2
+𝑅𝐺1)+

𝐼C3(𝑍s1𝐿1+𝑍s2𝐿2+
𝑍s3𝐿3

2
+𝑅𝐺1)

)

(𝑅𝐺2+𝑍s𝐿𝑒𝑞+𝑅𝐺1)
                      (5.8) 

In equations (5.5)-(5.8), the value of each term can be analytically obtained using (5.2)-

(5.4). Therefore the total circulating current (𝐼cc) in healthy conditions flowing through the 

grounding resistances 𝑅𝐺1 and 𝑅𝐺2 demonstrated as 𝐼ccRG1 and 𝐼ccRG2 respectively can be 

analytically obtained as: 

𝐼ccRG1 = 𝐼m + 𝐼CRG1,            𝐼ccRG2 = 𝐼m + 𝐼CRG2                      (5.9) 

 

Figure 5.6 Equivalent circuit for capacitive current in loop 1. 

The above-mentioned analytical formula (5.9), will only match with practical 

measurements when the load is connected with the source with a single CB. However, 

whenever there is simultaneous CB as shown in Fig 5.7, then the measuring grounding 

current (𝐼msrd1 and 𝐼msrd2) for a particular loop in the major section II will be the 

simultaneous circulating current (𝐼ccRG1S and 𝐼ccRG2Sfrom the simultaneous previous and 

succeeding major sections respectively) subtracted from the actual circulating current in the 

major section II. Therefore, from Fig. 5.7, the measuring grounding current of 𝑅𝐺1 and 𝑅𝐺2 

in the major section II would be : 
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Figure 5.7 Schematic diagram of three simultaneous major sections.  

𝐼msrd1 = 𝐼ccRG1 − 𝐼ccRG1S ,    𝐼msrd2 = 𝐼ccRG2 − 𝐼ccRG2S                (5.10) 

𝐼ccRG1S and 𝐼ccRG2S are the analytically obtained simultaneous circulating current flowing in 

the major sections I and III and can be obtained similarly to 𝐼ccRG1 and 𝐼ccRG2 using (5.9).  

5.2 Analytical formulae for the location of the SG fault   

In this section, the analytical range of the sheath fault current for the SG fault at each minor 

section is obtained and its location is estimated through proposed analytical formulae. 

Whenever any part of this metallic sheath comes in contact with the ground it causes changes 

in the inductive and capacitive circuit which causes fault current ( 𝐼ccRG1 and 𝐼ccRG2) to flow 

between the fault location and two grounding resistance 𝑅𝐺1 and 𝑅𝐺2. as shown in Fig 5.8. 

This fault current will be different when compared with the healthy case. 

The simulated results for faults at different locations in a major section of a CB cable are 

shown in Fig. 5.8 (b). The dimensions and electrical properties of the cable are the same as in 

Case: I of the practical case mentioned in Section IV, with three minor sections of length 

500m each. As shown in Fig. 5.8 (b), the ranges for both 𝐼RG1and 𝐼RG2 will be unique, for SG 

faults at different minor sections, since the grounding current depends on the per unit 

impedance (5.1), (5.3), and (5.4), and for a particular minor section, the grounding current is 

governed by the particular phase current and voltage. Range of 𝐼RG1and 𝐼RG2 values was 

obtained analytically by applying a KVL and KCL between both the grounding resistance 

and SG fault. The measured ground current of both the resistance was compared with the 

analytically obtained range of values. If the measured value is not in any of the analytically 

obtained ranges or matches with the healthy values of current (5.9) then the particular loop 
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does not have an SG fault. The equations are further solved to obtain the pinpoint locations 

of the SG fault. To facilitate the calculation, the distance from the source to the fault is 

considered to be 𝑥 for the particular minor section, whereas from the fault location to the 

load is considered to be 𝐿i − 𝑥, here i = 1, 2, and 3 represents the length of the minor sections 

as shown in Fig. 5.8. 

 

(a) 

 

(b) 

Figure 5.8 (a) Schematic diagram for SG fault in loop 1 (b) Grounding currents for 

fault at different locations. 
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5.2.2 Sheath fault at first minor section 

The equivalent circuit for inductive and capacitive current for an SG fault at the first 

minor section is shown in Fig. 5.9. To obtain the maximum and minimum value of 𝐼RG1and 

𝐼RG2 for an SG fault at the first minor section, the maximum and minimum value of 𝑥 is 

considered (0 ≤ 𝑥 < 𝐿1). The range of values of the grounding currents for the sheath fault at 

the first minor section is expressed as: 

𝐼RG1 = [0,
𝐼C1𝑍s1𝐿1+2(∑ 𝑀CS1j𝐼j𝐿j+

3
j=1 ∑ 𝑀SS1j𝐿j𝐼j

3
j=2 )

2(𝑍𝑆1𝐿1+𝑅𝐺1)
)                     (5.11) 

𝐼RG2 = [
(𝑀eq𝐿eq𝐼eq)+𝑍′𝐼′

𝑍𝐿eq+𝑅𝐺2
,
(𝑀2,3𝐿2,3𝐼2,3)+𝑍′′𝐼′′

𝑍S2𝐿2+𝑍S3𝐿3+𝑅𝐺2
)                               (5.12) 

 

 

(a) 

 

(b) 

Figure 5.9 Equivalent circuit for an SG fault (a) inductive current (b) capacitive current 

in first minor section. 
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In the above formulae, 

𝑍′𝐼′ =
𝐼C1𝑍S1𝐿1

2
+ 𝐼C2 (𝑍S1𝐿1 +

𝑍𝑆2𝐿2

2
) + 𝐼C3 (𝑍S1𝐿1 + 𝑍S2𝐿2 +

𝑍S3𝐿3

2
), 𝑀2,3𝐿2,3𝐼2,3 =

∑ 𝑀CSij𝐼j𝐿j +
𝑖=3,j=3
i=2,j=1 ∑ 𝑀SH3j𝐼j𝐿j

i=3,j=3
i=2,j=1  , and 𝑍′′𝐼′′ = 𝐼C2 (

𝑍2𝐿2

2
) + 𝐼C3 (𝑍2𝐿2 +

𝑍3𝐿3

2
)  

The equation corresponding to Fig. 5.9 is further solved to obtain the location of 𝑥 (location 

of sheath fault) for both 𝐼RG1and 𝐼RG2 values. The location of SG fault a/c to 𝐼RG1 is: 

𝑥 =
𝐼RG1𝑅𝐺1

∑ 𝑀CS1j𝐼j+
3
j=1 ∑ 𝑀SS1j𝐼j

3
j=2 −𝐼RG1𝑍s1+𝐼C1

                (5.13) 

The location of SGfault a/c to 𝐼RG2 (considering the positive value of 𝑥) is: 

𝑥 =
−𝛼′+√(𝛼′)2−4𝐼C1𝛽′

𝐼C1
                 (5.14) 

In the above formulae, 

𝛼′ = 𝑍S1𝐼RG2 − (𝐼C1𝑍1 + 𝐼C2𝑍2 + 𝐼C3𝑍3) − ∑ 𝑀CS1j𝐼j +
3
j=1 ∑ 𝑀SS1j𝐼j

3
j=2 , and 𝛽′ = 𝑍′𝐼′ +

𝑀eq𝐿eq𝐼eq − 𝐼RG2(𝑅𝐺2 + 𝑍S𝐿eq). 

5.2.2 Sheath fault at second minor section 

The equivalent circuit for inductive and capacitive current for a SG fault at the second 

minor section is shown in Fig. 5.10. 

Maximum and minimum values of 𝐼RG1and 𝐼RG2 are obtained by substituting the value of 

𝑥 as 0 ≤ 𝑥 < 𝐿2. The range of values of the ground currents for the sheath fault at the second 

minor section is expressed as: 

𝐼RG1 = [
𝐼C1𝑍s1𝐿1+2(∑ 𝑀CS1j𝐼j𝐿j+

3
j=1 ∑ 𝑀SS1j𝐿j𝐼j)

3
j=2

2(𝑍S1𝐿1+𝑅𝐺1)
,
𝑀1,2𝐿1,2𝐼1,2+𝑍′′′𝐼′′′

𝑍S1𝐿1+𝑍S2𝐿2+𝑅𝐺1
)             (5.15) 

𝐼RG2 = [
(𝑀2,3𝐿2,3𝐼2,3)+𝑍′′𝐼′′

𝑍S2𝐿2+𝑍S3𝐿3+𝑅𝐺2
,
2(∑ 𝑀CS3j𝐼j𝐿j+

3
j=1 ∑ 𝑀SS3𝑗𝐿𝑗𝐼𝑗

2
𝑗=1 )+𝐼C3𝑍s3𝐿3

2(𝑍S3𝐿3+𝑅𝐺2)
)              (5.16) 

In the above formula, 

𝑍′′′𝐼′′′ =
𝐼C1𝑍1𝐿1

2
, and 𝑀1,2𝐿1,2𝐼1,2 = ∑ 𝑀CS1j𝐼𝑗𝐿𝑗 +

i=2,j=3
i=1,j=1 ∑ 𝑀SSij𝐼j𝐿j

j=2,j=3
i=1,j=2,i≠j   

The equation corresponding to Fig. 5.10. is further solved to obtain the location of 𝑥 for 

both 𝐼RG1and 𝐼RG2 values. The location of SG fault a/c to 𝐼RG1 (considering the positive value 

of 𝑥) is: 
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(a) 

 

(b) 

Figure 5.10 Equivalent circuit for an SG fault (a) inductive current (b) capacitive 

current in second minor section. 

𝑥 =
−𝛼′′+√(𝛼′′)2−4.𝐼C2.𝛽′′

2.𝐼C2
                 (5.17) 

The location of SG fault a/c to 𝐼RG2 considering the positive value of 𝑥) is: 

𝑥 =
−𝛼′′′+√(𝛼′′′)2−4.𝐼C2.𝛽′′′

2.𝐼C2
                (5.18) 

In the above formula, 

𝛼′′ = 𝐼C1𝑍S1 + ∑ 𝑀CS2j𝐼j +
3
j=1 ∑ 𝑀SS2j𝐼j

3
j=1
j≠2

−𝑍S2𝐼RG1, 𝛼′′′ = 𝑍S2𝐼RG2 − (𝐼C2𝑍2 +

𝐼C3𝑍S3) − ∑ 𝑀CS2𝑗𝐼𝑗 +3
j=1 ∑ 𝑀SS2j𝐼j

3
j=1
j≠2

, 𝛽′′ = 𝑍′′′𝐼′′′ + ∑ 𝑀CS1j𝐼j𝐿j +
3
j=1 ∑ 𝑀SS1j𝐿j𝐼j

3
j=2 −

𝐼RG1. (𝑅𝐺1 + 𝑍S1𝐿1), and  𝛽′′′ = 𝑍′′′𝐼′′′ + 𝑀2,3𝐿2,3𝐼2,3 − 𝐼RG2(𝑅𝐺2 + 𝑍S2𝐿2 + 𝑍S3𝐿3)  
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5.2.3 Sheath fault at third minor section 

The equivalent circuit for inductive and capacitive current for an SG fault at the third 

minor section is shown in Fig. 5.11. Maximum and minimum values of 𝐼RG1and 𝐼RG2 are 

obtained by substituting the value of 𝑥 as 0 ≤ 𝑥 < 𝐿3. The range of values of the ground 

currents for the sheath fault at the second minor section is expressed as: 

 

(a) 

 

(b) 

Figure 5.11 Equivalent circuit for an SG fault (a) inductive current (b) capacitive 

current in third minor section. 

𝐼RG1 = [
𝑀1,2𝐿1,2𝐼1,2+𝑍𝑖𝑣𝐼𝑖𝑣

𝑍S1𝐿1+𝑍S2𝐿2+𝑅𝐺1
, 
𝑀eq𝐼eq𝐿eq+𝐼C1(

𝑍S1𝐿1
2

+𝑍S2𝐿2+𝑍S3𝐿3)+𝐼C2(
𝑍S2𝐿2

2
+𝑍S3𝐿3)+𝐼C3(

𝑍S3𝐿3
2

)

𝑅𝐺1+𝑍S𝐿eq
)  (5.19) 

𝐼RG2 = [
2(∑ 𝑀CS3j𝐼j𝐿j+

3
j=1 ∑ 𝑀SS3j𝐿j𝐼j)

2
j=1 +𝐼C3𝑍S3𝐿3

2(𝑍S3𝐿3+𝑅𝐺2)
, 0)          (5.20) 

In the above formula, 

𝑍𝑖𝑣𝐼𝑖𝑣 =
𝐼C1𝑍S1𝐿1

2
+ 𝐼C1𝑍S2𝐿2 +

𝐼C2𝑍S2𝐿2

2
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The circuit shown in Fig. 5.11 is further solved to obtain the location of 𝑥 for both 

𝐼RG1and 𝐼RG2 values. The location of SG fault a/c to 𝐼RG1 (considering the positive value of 𝑥) 

is  

𝑥 =
−𝛼𝑖𝑣+√(𝛼𝑖𝑣)

2
−4.𝐼C3.𝛽𝑖𝑣

2.𝐼C3
                (5.21) 

The location of SGfault a/c to 𝐼RG2 is: 

𝑥 =
2(∑ 𝑀CS3j𝐼j𝐿j+

3
j=1 ∑ 𝑀SH3j𝐿j𝐼j

2
j=1 )+𝐼C3−2𝐼RG2(𝑅𝐺2+𝑍𝑆3𝐿3)

𝐼C3+2(∑ 𝑀CS3j𝐼j+
3
j=1 ∑ 𝑀SS3j𝐼j

2
j=1 )−2𝐼RG2𝑍S3

           (5.22) 

In the above formula, 

𝛼𝑖𝑣 = 𝐼C1𝑍S1 + 𝐼C2𝑍S2 + ∑ 𝑀CS3j𝐼j +
3
j=1 ∑ 𝑀SS3j𝐼j

2
j=1 −𝑍S3𝐼RG1, and 𝛽𝑖𝑣 = 𝑍𝑖𝑣𝐼𝑖𝑣 +

𝑀1,2𝐿1,2𝐼1,2 − 𝐼RG1(𝑅𝐺1 + 𝑍S1𝐿1 + 𝑍S2𝐿2) 

The flowchart to estimate the location of SG fault in any arbitrary location is shown in 

Fig. 5.12.  

 

Figure 5.12 Flowchart to estimate the location of SG fault at any arbitrary location in a 

CB cable system during online condition. 
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In the following section, the above-mentioned formulae are verified by simulation as well 

as by experimental results for balanced as well as unbalanced conditions. 

5.3 Simulations and Experiments on CB Cable 

Two experimental case studies were presented to verify the analytical results. In the first 

experimental study, commercial three-core, XLPE insulated material was selected, with an 

inner conductor (Aluminium) area of 35𝑚𝑚2, outer grounded sheath diameter of 7.35mm, 

the radius of the metallic sheath is 1mm, and insulation relative permittivity of 2.3. The cable 

is laid in a trefoil formation with 𝑟cs and 𝑟ss as 8cm and 10cm respectively. The value of 𝑅𝐺1 

and 𝑅𝐺2 is kept at 0.2Ω respectively. The cable is supplied with a three-phase voltage of 

440V and a load current of 15 A. The ground current is measured using a DSO and current 

probe whose uncertainty in measurement is 1.5%, and 1% respectively. CB of the sheath is 

performed using metallic wire as shown in Fig. 5.13.  

To validate the analytical results seven different case studies are considered in this chapter, 

in which the first four case studies are for the balance condition (unity power factor and same 

minor section length) and the next three are the unbalanced conditions (load of different 

power factor or length of minor section or both) but maintaining voltage and current 

magnitude same. The faults are created using a grounding rod of magnitude 3 mΩ. To cross-

verify the analytical and experimental results, simulations are performed of the same 

dimension and fault location for all seven cases in MATLAB Simulink. These case studies 

are: 

i) Case Study 1: One major section considered between the source and the load. 

Three 6m long cables of the above-mentioned is CB (total sheath length of 18m), 

and faults are created at 0m, 3m, 6m, 9m, 12m, 15m, and 18m measuring from the 

source. 

ii) Case Study II:: Three major sections are considered between the source and the 

load. Each major section is 6m in length, and faults are created at 0m, 3m, 6m, 

9m, 12m, 15m, and 18m in the middle major section. 

iii) Case Study III: Two major sections are considered between the source and the 

load. Each major section is 6m in length, and faults are created at 0m, 3m, 6m, 
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9m, 12m, 15m, and 18m at the first major section from the source end. 

iv) Case Study IV: Similar to Case III, faults are at 0m, 3m, 6m, 9m, 12m, 15m, and 

18m at the second major section from the source end. 

v) Case Study V: Similar to Case I, however, the power factor at three phases are 1, 

0.9, and 0.85, while the magnitude of the current remains the same as a balanced 

case. 

vi) Case Study VI: One major section considered between the source and the load 

with unity power factor. Minor sections are 6m, 5m, and 4.5m in length, and 

faults are created at 0m, 3m, 6m, 8.5m, 11m, 13.5m, and  15.5m measuring from 

the source. 

vii) Case Study VII: Similar to CaseVI, however the power factor at three phases is 1, 

0.9, and 0.85, while the magnitude of the current remains the same as a balanced 

case. 

 

Figure 5.13 Experimental setup to estimate the location of the SG fault. 

The second experimental case study was about a practical case that was reported by a local 

utility sector of the Mumbai sub-urban region of Maharashtra, India. The operating voltage 

and current in the CB cable are 220kV and 550A and the load is of unity power factor, 

having XLPE insulated material with a relative permittivity of 2.3 and thickness of 27mm. 

The conductor radius is 21mm and the metallic sheath is 6mm. The cable is laid in a trefoil 
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formation with 𝑟cs and 𝑟ss as 85cm and 115cm respectively. The value of 𝑅𝐺1 and 𝑅𝐺2 is 

0.2Ω respectively. The ground current is measured using a HIOKI 3196 power quality 

analyzer whose uncertainty in measurement is 0.5%. as shown in Fig. 5.14(a). The length of 

each minor section is 500m. The above-mentioned cable is reported to have an SG fault as 

shown in Fig. 5.14(b). The targeted major section is in between two major sections similar to 

case II, the single line diagram of the utility sector is shown in Fig. 5.14(c).  

                

  (a)                                                                            (b) 

 

(c) 

Figure 5.14  (a) Experimental setup to measure the grounding current to estimate the 

location of the SG fault on a filed case (b) SG fault in the cable (c) Single line diagram of 

the on field case study. 
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5.4 Results and Discussions 

In this section, the analytical, experimental, and simulation results are presented. The section 

is further divided into two subsections. At first, the estimation of the location of SG fault in 

the test cable, performed in the laboratory is presented, followed by an onfield case study as 

discussed in section IV is presented. 

5.4.1. Experimental results for SG fault location for the first experimental case study 

Analytically obtained the range of grounding currents (𝐼𝑅𝐺1 and 𝐼𝑅𝐺2) using (5.10)-(5.11), 

(5.14)-(5.15), and (5.18)-(5.19) for faults at different sections for seven different case studies 

is presented in Table 5.1. Measured current from DSO at 𝑅𝐺1 and 𝑅𝐺2 for faults at different 

locations is shown in Fig. 5.15, and the RMS value compared with practical results is shown 

in Fig. 5.16.  After obtaining the measured current and comparing it with the range of values 

from Table I, the faults at the particular section are determined. Based on the particular 

section, (5.12) or (5.13), (5.16) or (5.17), (5.20) or (5.21) is applied to obtain its location. The 

accuracy of the proposed method for different case studies is shown in Table 5.2.  

It can be seen that the SG faults for a test cable can be located with an uncertainty of 

±0.08m, irrespective of the location of the fault, whether the fault is at the beginning, 

middle, or the end or balanced or unbalanced condition. 

 

 

(a)                       (b) 

 

                     (c)                        (d) 
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                       (e)                                    (f) 

 

                                      (g)                         (h)                          (i) 

Figure 5.15 Measured faults current from DSO at 𝐑𝐆𝟏 and 𝐑𝐆𝟐 for different practical 

case studies (a) Case I, (b) Case II, (c) Case III, (d) Case IV (e) Case V (f) Case VI (g) 

Case VII (h) legend for case I-V (i) legend for case VI-VII  

 

 

  

             (a)                                  (b) 

  

              (c)                                   (d) 
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        (e)                                                (f)                                       (g) 

Figure 5.16 Measured rms faults current at 𝐑𝐆𝟏 and 𝐑𝐆𝟐 for different practical case 

studies (a) Case I, (b) Case II, (c) Case III, (d) Case IV (e) Case V (f) Case VI (g) Case 

VII. 

Table 5.1 Analytically Obtained Range of Fault Current  

Case

s 

1𝑠𝑡 Minor section 

rms current (mA) 

2𝑛𝑑 Minor section rms 

current (mA) 

3𝑟𝑑 Minor section 

rms current (mA) 

𝐼𝑅𝐺1 𝐼𝑅𝐺2 𝐼𝑅𝐺1 𝐼𝑅𝐺2 𝐼𝑅𝐺1 𝐼𝑅𝐺2 

1 
[0, 

0.841) 

[0.044, 

0.256) 

[0.841, 

0.256) 

[0.256,0.8

41) 

[0.256, 

0.044] 

[0.841, 

0] 

2 [0, 

0.646) 

[0.034, 

0.186) 

[0.646,0.1

86) 

[0.186, 

0.646) 

[0.186, 

0.034] 

[0.646, 

0] 

3 [0, 

0.841) 

[0.034, 

0.186) 

[0.841,0.2

56) 

[0.186, 

0.646) 

[0.256,0.

044) 

[0.841, 

0] 

4 [0, 

0.646) 

[0.044, 

0.256) 

[0.646,0.1

86) 

[0.256,0.8

41) 

[0.186, 

0.034] 

[0.841, 

0] 

5 [0.045, 

1.268) 

[0.086, 

0.866) 

[1.268, 

0.541) 

[0.866,1.2

62) 

[0.541, 

0.076] 

[1.262,0.

043] 

6 [0.047, 

1.271) 

[0.038, 

0.715) 

[1.271,0.6

74) 

[0.715,1.2

15) 

[0.674,0.

048] 

[1.215,0.

021] 

7 [0.046, 

1.269) 

[0.071, 

0.841) 

[1.269, 

0.669) 

[0.841,1.2

06) 

[0.669,0.

041] 

[1.206, 

0.014] 
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Table 5.2 Accuracy of the Location of an SG Fault  

Cases 

Actual 

Location 

(m) 

Estimated 

location A/c to  

𝐼𝑅𝐺1 

Estimated 

location A/c to 

𝐼𝑅𝐺2 

Accuracy 

𝐼𝑅𝐺1 (%) 

Accuracy 

𝐼𝑅𝐺2 (%) 

1 

0 0.03 0.06 - - 

3 2.97 2.93 99 97.66 

6 5.95 5.94 99.16 99.00 

9 8.92 8.93 99.11 99.22 

12 11.90 11.93 99.16 99.41 

15 14.91 14.95 99.4 99.66 

18 17.93 17.96 99.61 99.77 

2 

0 0.05 0.07 - - 

3 2.96 2.91 98.66 97.00 

6 5.97 5.94 99.50 99.00 

9 8.94 8.95 99.33 99.44 

12 11.91 11.96 99.25 99.66 

15 14.93 14.94 99.53 99.60 

18 17.90 17.96 99.44 99.77 

3 

0 0.04 0.08 - - 

3 2.98 2.94 99.33 98.00 

6 5.96 5.91 99.33 98.50 

9 8.95 8.97 99.44 99.66 

12 11.91 11.94 99.25 99.50 

15 14.91 14.93 99.40 99.53 

18 17.93 17.96 99.61 99.77 

4 

0 0.05 0.07 - - 

3 2.95 2.90 98.33 96.66 

6 5.96 5.93 99.33 98.83 

9 8.94 8.96 99.33 99.55 

12 11.91 11.94 99.25 99.50 

15 14.93 14.96 99.53 99.73 

18 17.93 17.97 99.61 99.83 

5 

0 0.05 0.06 - - 

3 2.96 2.94 98.66 98.00 

6 5.96 5.91 99.33 98.50 

9 8.93 8.95 99.22 99.44 

12 11.90 11.93 99.16 99.42 

15 14.89 14.93 99.26 99.53 

18 17.91 17.95 99.50 99.72 

6 

0 0.04 0.05 - - 

3 2.95 2.91 98.33 97 

6 5.96 5.93 99.33 98.83 

8.5 8.45 8.46 99.41 99.52 

11 10.91 10.94 99.18 99.45 

13.5 13.41 13.46 99.33 99.70 

15.5 15.42 15.46 99.48 99.74 

7 

0 0.05 0.07 - - 

3 2.96 2.93 98.66 97.67 

6 5.95 5.94 99.16 99.00 

8.5 8.44 8.46 99.29 99.53 

11 10.93 10.96 99.36 99.63 

13.5 13.43 13.44 99.48 99.55 

15.5 15.42 15.48 99.48 99.87 
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5.4.2. Experimental results for SG fault location for the first experimental case study 

 The measured values of the grounding resistance current (𝐼𝑅𝐺1and 𝐼𝑅𝐺2) are 51.45A and 

98.12A respectively. Using the analytical form discussed in Section 5.3, the range of values 

of current is calculated and is shown in Table 5.3. Comparing the measured values and the 

analytical obtained range, it was estimated that the 3rd minor section has a fault, and using 

(5.20) and (5.21) the location of the SG fault is determined and is shown in Table 5.4. 

Table 5.3 Range of Fault Current for On-field Case 

1𝑠𝑡 Minor section rms 

current (A) 

2𝑛𝑑 Minor section 

rms current (A) 

3𝑟𝑑 Minor section rms 

current (A) 

𝐼𝑅𝐺1 𝐼𝑅𝐺2 𝐼𝑅𝐺1 𝐼𝑅𝐺2 𝐼𝑅𝐺1 𝐼𝑅𝐺2 

[0, 

113.01) 

[5.17, 

70.85) 

[113.01,

69.97) 

[70.85, 

112.51) 

[69.97, 

5.01] 

[112.51, 

0] 

 

Table 5.4 Accuracy for an On-field Cable 

Actual 

Location 

(m) 

Estimated 

location 

A/c to  𝐼𝑅𝐺1 

Estimated 

location A/c 

to 𝐼𝑅𝐺2 

Accuracy 

𝐼𝑅𝐺1 (%) 

Accuracy 

𝐼𝑅𝐺2 (%) 

1280 1278.5 1279.1 99.88 99.92- 

 

The measured distance presented in Table 5.4 is from the source side. The location of the 

defect is located with an uncertainty of less than 1.5m with an accuracy of more than 99.8%, 

demonstrating the efficiency of the proposed method. 
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Chapter 6  

Estimating the Location of Sheath to Ground Fault 

in a Non Cross-Bonded Power Cable  
 

In this chapter, the estimation of the location of sheath-to-ground (SG) fault in a non-cross 

bonded (NCB) HVAC power cable at any arbitrary location during online conditions is 

explained in detail. According to IEEE standard 575 [32], different types of NCB cables are 

considered to estimate the location of SG fault. The location of the SG fault is estimated by 

using the analytical formulae which are derived from the proposed circuit model of the cable. 

The details are explained below. 

6.1 Analytical Formulae for Circulating Current in An NCB Power Cable - Healthy 

Condition. 

In this section, circuit models for different types of NCB power cables were developed, as 

well as analytical formulae for healthy condition circulating current in the grounding 

resistance of an NCB cable are derived. The analytical formulae to estimate the electrical 

parameters of the cable sheath is shown in equations (5.1) – (5.4). Using the above formulae, 

the healthy condition grounding current for different types of bonding can be obtained as 

discussed below: 

6.1.1 Single-point bonding (bonding at the end or beginning) 

In each phase, the different phases' conductor current and current in the other metallic 

sheath produces magnetic flux on a particular sheath. This magnetic flux links the metallic 

sheath and produces a pseudo voltage, and due to the presence of a closed circuit in the 

metallic sheath (grounded at one end and SVL on the other), an inductive circulating current 

will flow inside the sheath. Since the current is produced due to the pseudo voltage source 

which is dependent on the current in the conductor (𝐼i) and sheath of other phases, this is 

represented as a voltage-controlled current source, as shown in Fig. 6.1(a).  

The phase voltage in each minor section is responsible for the capacitive current in the 

metallic sheath. The analytical relation between the per-phase voltage (𝑉) and per-unit 

capacitive current (𝐼C) in the metallic sheath is 𝐼C = 𝑗𝜔𝐶𝑉. Since the capacitive current is 

dependent on per-phase voltage, it is represented by the voltage control current source. The 

capacitive current flows out from the middle of each section [47] as shown in Fig. 6.1(b).   
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In Fig. 6.1, ‘i’ represents the particular sheath where the measurements/calculation is 

carried out and 𝐿𝑖 represents the length of the cable of the particular phase. Since a closed 

path is formed between ground 𝑅𝐺1 and 𝑍𝑍VL, the inductive current (𝐼induct) and capacitive 

current (𝐼CRG) in the metallic sheath is obtained using Krichoffs voltage law (KVL) and 

Krichoffs current law (KCL), and is represented as: 

𝐼induct =
(𝑀eq𝐼eq𝐿eq)

(𝑅𝐺1+𝑍SL+𝑍SVL 
)
,      𝐼CRG =  

(𝐼C(
𝑍s𝐿

2
+𝑍SVL 

))

(𝑅𝐺1+𝑍SL+𝑍SVL 
)
             (6.1) 

In the above formula, 𝑀eq𝐼eq𝐿eq = ∑ 𝑀CS1j𝐼j𝐿j
3
j=1 + ∑ 𝑀SS1j𝐿j𝐼j

3
j=2 . The analytical form of 

measured current (𝐼M1) can be analytically obtained as:  

𝐼M1 = 𝐼induct + 𝐼CRG                             (6.2) 

 

(a)                      (b) 

Figure 6.1 Circuit model (a) inductive, (b) capacitive for a healthy single point bonding 

at the beginning. 

In the above formulae, the value of each term can be analytically obtained using (5.1)-

(5.4). 

6.1.2 Single-point bonding (bonding in the middle) 

Similar to the Single-point bonding (bonding at the end or beginning), the inductive 

(𝐼induct1 𝑎𝑛𝑑 𝐼induct2) and capacitive current (𝐼𝐶𝑅𝐺2) flowing through the grounding 

resistance 𝑅𝐺1 for single point bonding at the middle as shown in Fig. 6.2 can be analytically 

expressed as: 

𝐼induct1 =
∑ 𝑀𝐶𝑆1𝑗𝐼𝑗𝐿𝑗𝑗=1,3,5 +∑ 𝑀𝑆𝑆1𝑗𝐼𝑗𝐿𝑗𝑗=1,3,5

𝑍S.𝐿1 +𝑍SVL1 
+𝑅𝐺1

                         (6.3) 
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𝐼induct2 = −
∑ 𝑀𝐶𝑆2𝑗𝐼𝑗𝐿𝑗𝑗=2,4,6 +∑ 𝑀𝑆𝑆2𝑗𝐼𝑗𝐿𝑗𝑗=2,4,6

𝑍S.𝐿2 +𝑍SVL2 
+𝑅𝐺1

                        (6.4) 

    

(a)                      (b) 

Figure 6.2 Circuit model (a) inductive, (b) capacitive for a healthy single point bonding 

at the middle. 

𝐼CRG1 =
𝐼C(

𝑍S.𝐿1

2
+𝑍SVL1 

)(𝑍S.𝐿2 +𝑍SVL2 
)+𝐼C(

𝑍S.𝐿2

2
+𝑍SVL2 

)(𝑍S.𝐿1 +𝑍SVL1 
)

(𝑍S.𝐿2+𝑍SVL2 
)(𝑍S.𝐿1 +𝑍SVL1 

)+𝑅𝐺1(𝑍S.𝐿1+𝑍S.𝐿2+𝑍SVL1 
+𝑍SVL2 

)
               (6.5) 

In Fig. 6.2. L1, L3, and L5 are the lengths of the three phases from the source to the 

grounding resistance, and L2, L4, and L6 are the lengths of the three phases from the 

grounding resistance to the load.  

The analytical form of the measured current (𝐼𝑀2), from the grounding resistance (RG1), is 

expressed as: 

𝐼𝑀2 = 𝐼𝐶𝑅𝐺1 + 𝐼𝑖𝑛𝑑𝑢𝑐𝑡1+𝐼𝑖𝑛𝑑𝑢𝑐𝑡2                          (6.6) 

6.1.3 Two-point bonding  

The circuit model of a two-point grounding system is similar to Fig. 6.1, only in place of 

𝑍𝑍VL, which would be the grounding resistance 𝑅𝐺2. Like the above two types of bondings, 

the inductive (𝐼induct3) and capacitive (𝐼CRG2 𝑎𝑛𝑑 𝐼CRG3) current can be analytically obtained 

as: 

𝐼induct3 =
(𝑀eq𝐼eq𝐿eq)

(𝑅𝐺1+𝑍SL+𝑅𝐺2)
                                      (6.7) 

𝐼CRG2 =  
(𝐼C(

𝑍s𝐿

2
+𝑅𝐺2))

(𝑅𝐺1+𝑍SL+𝑅𝐺2)
,  𝐼CRG3 =  

(𝐼C(
𝑍s𝐿

2
+𝑅𝐺1))

(𝑅GS1+𝑍SL+𝑅GS2)
                      (6.8) 



87 

 

In the above formula, 𝑀eq𝐼eq𝐿eq = ∑ 𝑀CS1j𝐼j𝐿j
3
j=1 + ∑ 𝑀SS1j𝐿j𝐼j

3
j=2 , and 𝐼CRG2 𝑎𝑛𝑑 𝐼CRG3 

are the capacitive current flowing through the RG1 and RG2 respectively. The analytical 

form of the measured current (𝐼𝑀3 𝑎𝑛𝑑 𝐼𝑀4 ), from the grounding resistances (RG1 and RG2) 

are expressed as: 

𝐼M3 = 𝐼induct3 + 𝐼CRG2, 𝐼M4 = 𝐼induct3 + 𝐼CRG3                    (6.9) 

 

Figure 6.3 Schematic diagram of three simultaneous sections. 

Whenever there is a simultaneous cable section as shown in Fig 6.3 (major sections I, II, 

and III), then the measuring grounding current (𝐼𝑀3
′ and 𝐼𝑀4

′ ) for a particular loop in the major 

section II will be the simultaneous circulating current (𝐼ccRG1 and 𝐼ccRG2from the 

simultaneous previous and succeeding major sections respectively) subtracted from the actual 

circulating current in the major section II. Therefore, from Fig. 6.3, the measuring grounding 

current of 𝑅𝐺1 and 𝑅𝐺2 in the major section II would be : 

𝐼𝑀3
′ = 𝐼m3 − 𝐼ccRG1,    𝐼𝑀4

′ = 𝐼M4 − 𝐼ccRG2                                 (6.10) 

𝐼ccRG1 and 𝐼ccRG2 are the analytically obtained simultaneous circulating current flowing in 

the major sections I and III can be obtained similarly to 𝐼m3 and 𝐼m4 using (6.9). 

6.2 Analytical formulae for the location of the SG fault for different types of bonding 

In this section, equations for various types of NCB power cables that correspond to the 

location of SG faults are derived. Whenever any part of this metallic sheath comes in contact 

with the ground it causes changes in the inductive and capacitive circuit which in turn causes 

fault current to flow between the fault location and grounding resistances. As a result, the 

grounding current in a defective and healthy state will be different. Whenever the healthy 
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condition grounding current does not match with the analytically obtained values (6.2), (6.6), 

(6.9), and (6.10), an SG fault is confirmed. To facilitate the calculation, the distance from the 

source to the fault is considered to be 𝑥, whereas from the fault location to the load is 

considered to be 𝐿 − 𝑥. The magnitude of the grounding current (𝐼𝑅𝐺1 𝑜𝑟 𝐼𝑅𝐺1)  for an SG 

fault on different types of bonding will be different as shown in the simulation results in Fig. 

6.4, 6.6, 6.7. The dimensions and electrical properties of the simulated cable are the same as 

the practical case mentioned in Section 6.3 for each type of bonding, while the length of the 

simulated cable is considered 500m. 

6.2.1 Estimating the location of SG fault at Single-point bonding (bonding at the end 

or beginning) 

The inductive and capacitive circuit for an SG fault in single-point bonded cable (bonding 

at the beginning) is shown in Fig. 6.4 and its simulated grounding current for faults at 

different locations is shown in Fig. 6.5.  

The equation corresponding to Fig. 6.4 is solved to obtain the value of x, by only using the 

electrical parameters, measured sheath current and operating voltage, and capacitive current 

of the cable. The estimated location of the SG fault, from the source can be obtained as : 

𝑥 =
𝐼M1𝑅𝐺1

∑ 𝑀CS1j𝐼j+
3
j=1 ∑ 𝑀SS1j𝐼j

3
j=2 +𝐼C

                                     (6.11) 

    

(a)                                (b) 

Figure 6.4 Circuit model (a) inductive, (b) capacitive for a single point bonding at the 

beginning having an SG fault.  
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Figure 6.5 Grounding resistance currents for fault at different locations for a single 

point bonding at the beginning. 

6.2.2 Estimating the location of SG fault at Single-point bonding (bonding at the 

middle) 

From the simulation results as shown in Fig. 6.7, identical values of grounding current are 

observed, for an SG fault occurring on either side of the grounding resistance RG1. 

Therefore, in addition to the current magnitude, the phase difference (PD) between the 

conductor and sheath currents is necessary to estimate the location of an SG fault. Whenever 

an SG fault occurs between the source and ground the PD will be ~0° (the presence of 

impedance of the sheath the PD will never be perfect 0) and whenever an SG fault occurs 

between ground to load, the PD will be ~180°. This happens because the conductor current 

will not change its direction, however, the SG fault current will change its direction and flow 

from the load side to grounding resistance (since 𝑍𝑆𝑉𝐿 ≫ 𝑅𝐺1)as shown in Fig. 6.7(b). 

 

(a) 
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(b) 

Figure 6.6 Circuit model (a) inductive, (b) capacitive for a single point bonding at the 

middle having an SG fault. 

 

(a)                                (b) 

Figure 6.7  (a) Grounding resistance currents (b) Phase difference between sheath and 

conductor current for fault at different locations for a single point bonding at the 

middle. 

After obtaining the PD, the location of the SG fault between the source side and RG1 can 

be estimated from Fig. 6.6 by: 

𝑥 =
−𝛽+√(𝛽)2−4𝛼𝛾

2𝛼
                           (6.12) 

In the above formula, 

𝛼 =
𝐼CRG1𝑍𝑆.𝑍𝑆𝑉𝐿2 

2
,  𝛽 = 𝐼CRG1𝐿2𝑍𝑆.𝑍𝑆𝑉𝐿2 − 𝐼𝑀2𝑍𝑆.𝑍𝑆𝑉𝐿2 + (∑ 𝑀𝑆𝑆1𝑗𝐼𝑗𝐿𝑗𝑗=1,3,5 +

∑ 𝑀𝑆𝑆1𝑗𝐼𝑗𝐿𝑗𝑗=1,3,5 )𝑍𝑆𝑉𝐿2 , and 𝛾 = −𝐼M2. 𝑅𝐺1. 𝑍SVL2   

The location of the SG fault between RG1 and the load side can be estimated from Fig. 6.6 
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by: 

𝑥 =
−𝛽′+√(𝛽′)2−4𝛼′𝛾′

2𝛼′
                        (6.13) 

In the above formula, 

𝛼′ =
𝐼CRG1𝑍S.𝑍SVL1 

2
,  𝛽′ = 𝐼CRG1𝐿1𝑍S.𝑍SVL1 − 𝐼M2𝑍S.𝑍SVL1 − (∑ 𝑀𝑆𝑆2𝑗𝐼𝑗𝐿𝑗𝑗=2,4,6 +

∑ 𝑀𝑆𝑆2𝑗𝐼𝑗𝐿𝑗𝑗=2,4,6 )𝑍SVL1 , and , and 𝛾′ = −𝐼𝑀2. 𝑅𝐺1. 𝑍𝑆𝑉𝐿1  

6.2.3 Inductive current in the metallic sheath 

 The simulated grounding current for faults at different locations is shown in Fig. 6.8. 

Similar to the circuit for single-point bonded cable (grounding at the beginning or end), the 

expression of x is estimated for both grounding currents.  

 

Figure 6.8 Grounding resistance currents for fault at different locations for a single 

point bonding at the beginning. 

The estimated location of the SG fault, measuring from the source side grounding current 

is: 

𝑥 =
𝐼M3𝑅𝐺1

∑ 𝑀CS1j𝐼j+
3
j=1 ∑ 𝑀SS1j𝐼j

3
j=2 +𝐼CRG2

                                     (6.14) 

The estimated location of the SG fault, measuring from the load side grounding current is: 

𝑥 =
2(∑ 𝑀CS1j𝐼j𝐿1+3

j=1 ∑ 𝑀SS1j𝐼j𝐿j
2
j=1 )+𝐼CRG3−2𝐼M4(𝑅𝐺2+𝑍𝑆𝐿)

𝐼CRG3+2(∑ 𝑀CS1j𝐼j+
3
j=1 ∑ 𝑀SS1j𝐼j

3
j=2 )−2𝐼M4𝑍S

               (6.15) 

Therefore the location of an SG fault in different types of NCB cables can be obtained 

using (6.11)-(6.15) analytically. The flowchart to estimate the location of a SG in a NCB 

power cable  is shown in Fig 6.9.  
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Figure 6.9 Flowchart to estimate the location of SG fault at any arbitrary location in a 

NCB cable system during online condition. 

6.3 Experiments and Simulation in a NCB power cable to Estimate the Location of SG 

fault.  

Experiments are performed on a commercial three-core, XLPE insulated material was 

selected, with an inner conductor (Aluminium) area of 35𝑚𝑚2, outer grounded sheath 

diameter of 7.35mm, the radius of the metallic sheath is 1mm, and insulation relative 

permittivity of 2.3. The cable is laid in a trefoil formation with 𝑟cs and 𝑟ss as 8cm and 10cm 

respectively. The grounding resistance for three types of bonding (𝑅𝐺1 or 𝑅𝐺2) is kept at 

0.2Ω respectively. The cable is supplied with a three-phase voltage of 440V and a load 

current of 15 A. The ground current is measured using a FLUKE 17B digital multimeter 

whose uncertainty in measurement is 1.5%. To measure PD, the HIOKI PW3198 power 

quality analyzer of uncertainty in measurement is 1% is used. CB of the sheath is performed 

using metallic wire as shown in Fig. 6.10. The faults are created using a grounding rod of 

magnitude 3 mΩ for each case study. 
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Figure 6.10 Experimental setup to estimate the location of the SG fault 

To verify the analytical and experimental results, simulations are performed in MATLAB 

Simulink, of the same dimension and fault location for all bonding types and case studies. 

These different case studies are: 

6.3.1 Experiments on Single-point bonding (bonding at the beginning) 

The experiments were performed on a three-phase 15m long cable (all phases are of the 

same length). The healthy condition grounding current is measured for a balanced load 

having power factor one and is mentioned as an ideal case study. Two different case studies 

(Case I and Case II) are considered and faults are created in five different locations for each 

of the above case studies. Case study I is of balanced load condition of each phase having 

power factor one, while in case study II, the power factor at three phases are 1, 0.9, and 0.85, 

while the magnitude of the current remains the same as a balanced case, and the faults are 

created in the phase having power factor one. 

6.3.2 Experiments on Single-point bonding (bonding at the middle) 

To estimate the healthy condition grounding current and phase for an ideal case study, the 

experiments were performed on a 15m long three-phase cable (all phases are of the same 

length), grounding at 7.5m (at the middle),. To validate the analytical results to estimate the 

location of an SG fault three case studies (Case I, II, and III) are considered. All three case 
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studies have balanced load and power factor one. In cases I, II, and III, the system is 

grounded at 7.5m, 5m, and 10m respectively. Faults are created at seven different locations 

for each of the three case studies. 

6.3.3 Experiments on Two-point bonding  

The experiments were performed on a 15m long three-phase cable (all phases are of the 

same length), to measure the healthy condition grounding current for an ideal case study. To 

validate the analytical results to estimate the location of an SG fault, five case studies (Case I, 

II, III, IV, and V) are considered. Faults are created at five different locations in each case 

study. Cases I–IV have have balanced load of power factor one in each phase. In case I, only 

one major section is considered between source and load. In case II-IV, three major sections 

are considered between source to load. Fault is created at the middle, adjacent to the source 

end, and adjacent to the load end major section for cases II, III, and IV respectively. Case V 

is similar to the case I, however, the power factor at three phases are 1, 0.9, and 0.85, while 

the magnitude of the current remains the same as a balanced case, faults are created in the 

phase having power factor one. 

6.4  Experiments and Simulations on a NCB cable to estimate the location of SG fault. 

In this section, the analytical, experimental, and simulation results are presented and 

discussed. The section is further divided into two subsections. At first, the accuracy of the 

proposed analytical methods to obtain the healthy conditions grounding current is compared 

with the practical and simulation case study, followed by the practical results for the 

estimation of the location of the SG fault at any arbitrary locations for different types of 

bonding. 

6.4.1 Healthy condition grounding current for different types of bonding 

The healthy condition grounding current compared with analytically obtained values (6.2), 

(6.6), and (6.9), for different types of bonding for the practical case study as mentioned in 

Section IV is presented in Table 6.1. In Table I, types 1, 2, and 3 are the single-point bonding 

at the beginning, at the middle, and two-point bonding respectively. Accuracy I and II, are 

the analytical results compared with measured and simulated study. An ideal case study is 

considered for both the practical and simulation cases. 
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Table 6.1 Healthy Condition grounding current 

Type Measured 

Current 

(𝑅GS) 

(mA) 

Simulated 

Current 

(𝑅GS) 

(mA) 

Analytical 

current 

Accuracy  

1 (%) 

Accuracy  

2 (%) 

 

1 
1.0296 1.0298 1.0297 99.99 99.99 

 

2 
0.2341 0.2340 0.2339 99.98 99.95 

 

3 
0.2328 0.2327 0.2326 99.98 99.96 

 

From Table 6.1, it is observed that the healthy condition grounding current was reasonably 

accurate when compared with practical and simulation results for all types of bonding.  

6.4.2 Experimental results for SG fault location for different types of bonding  

The accuracy of the proposed methodology to locate SG faults at any arbitrary location for 

different types of NCB practical cable is discussed below: 

6.4.2.1 Experiments on Single-point bonding (bonding at the beginning)  

The measured and simulation results of two case studies of the grounding current obtained 

for faults at different locations are shown in Fig. 6.11. After obtaining the measured current, 

the faults at the particular locations are determined using (6.11). The accuracy of the 

proposed method for different case studies is shown in Table 6.2 and it is observed that the 

proposed method can able to locate an SG fault for a single-point bonded (bonding at the 

beginning) test cable with a minimum accuracy of 97.77%, irrespective of the location of the 

fault.   

             

(a)                (b) 

Figure 6.11 Measured faults current at 𝐑𝐆𝟏 for single-point bonding at the beginning of 

practical case studies (a) Case I, (b) Case II. 
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Table 6.2 Accuracy of the SG fault location for a single-point bonded practical cable 

(bonding at the beginning)  

Cases 
Actual 

Location (m) 

Estd location a/c 

to measured  

𝐼𝑅𝐺1 

Accuracy 

𝐼𝑅𝐺1 (%) 

 

 

1 

0 0 - 

5 4.9927 99.27 

7.5 7.4910 99.88 

10 9.9849 98.49 

15 14.9786 97.86 

 

 

2 

0 0 - 

5 4.9915 99.15 

7.5 7.4886 99.84 

10 9.9874 98.74 

15 14.9777 97.77 

6.4.2.2 Experiments on Single-point bonding (bonding at the middle)  

The measured and simulation results of three case studies of grounding current (magnitude 

and PD) obtained for faults at different locations are shown in Fig. 6.12 - Fig. 6.14. After 

obtaining the measured current and PD, the faults at the particular are determined using 

(6.12) or (6.13) depending on the value of PD. The accuracy of the proposed method for 

different case studies is shown in Table 6.3. 

From Table 6.3, it is observed that the proposed method can able to locate an SG fault for a 

single-point bonded (bonding at the middle) test cable with a minimum accuracy of 98.98%. 

           

(a)                                (b) 

Figure 6.12 Measured (a) current (b) phase at 𝐑𝐆𝟏 for Case I of single point bonding at 

the middle. 
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(a)                                (b) 

Figure 6.13 Measured (a) current (b) phase at 𝐑𝐆𝟏 for Case II of single point bonding at 

the middle. 

         

(a)                                (b) 

Figure 6.14 Measured (a) current (b) phase at 𝐑𝐆𝟏 for Case III of single point bonding 

at the middle. 

Table 6.3 Accuracy of the SG fault location for a single-point bonded practical cable 

(bonding at the middle)  

Cases Actual 

Location 

(m) 

Estd location A/c to  

measured 𝐼𝑅𝐺1 

Accuracy 𝐼𝑅𝐺1 

(%) 

 

 

1 

0 0.0074 - 

2.5 2.4985 99.94 

5 4.9716 99.43 

7.5 7.4969 99.95 

10 9.9846 99.84 

12.5 12.4875 99.90 

15 14.8969 99.31 

 

 

 

2 

0 0.0076 - 

2 1.9806 99.03 

4 3.9764 99.41 

5 4.9930 99.86 

8 7.9696 99.62 

12.5 12.4012 99.21 

15 14.8620 99.08 

 

 

3 

 

0 0.0082 - 

3 2.9694 98.98 

7 6.9482 99.26 

10 9.9840 99.84 

12 11.9556 99.63 

14 13.8964 99.26 

15 14.8530 99.02 
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6.4.2.3 Experiments on Two-point bonding  

The measured and simulation results of five case studies of grounding current obtained for 

faults at different locations are shown in Fig 6.15. After obtaining the measured current, the 

faults at the particular locations are determined using (6.14) and (6.15). The accuracy of the 

proposed method for different case studies is shown in Table 6.4. 

 

   

(a) (b) 

 

   

(b) (d) 

 

 

         (e) 

Figure 6.15 Measured faults current at 𝑹𝑮𝟏 and 𝑹𝑮𝟐 for different practical case studies 

(a) Case I, (b) Case II, (c) Case III, (d) Case IV (e) Case V of two-point bonded cable. 

From Table 6.4, it is observed that the proposed method can able to locate an SG fault for a 

two-point bonded test cable with a minimum accuracy of 98.57% 
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Chapter 7  

Estimating the Location of Sheath-to-Ground in 

an HVDC Cable Using Regression-Based Online TDR 

 

In this chapter, the estimation of the location of sheath-to-ground (SG) fault in an HVDC 

power cable at any arbitrary location during online conditions is explained in detail. The 

location of the SG fault is estimated by using the proposed model of using online TDR 

combined with machine learning DTR method and FFT. The details of the proposed method 

are explained below. 

7.1 Circuit Model And Feature Extraction from Cable Dimension To Perform Online 

TDR in the Sheath 

In this section, a novel circuit model is proposed to perform online TDR within the sheath 

of an HVDC cable and the key features based on cable dimension that are required to train 

the system are described.  

7.1.1 Circuit Model to Perform Online TDR in the Sheath 

The inductive coupler is employed to transmit and receive impulse waveforms within the 

sheath of an HVDC cable. The auxiliary circuit contains an impulse voltage source to send 

the signal, a DSO to obtain the traveling waveform, and an inductive coupler that functions 

through magnetic induction, enabling signal transmission and reception without direct 

electrical connection all connected together with the sheath as shown in Fig. 7.1. 

 

Figure 7.1 Proposed schematic model to perform online TDR in the metallic sheath to 

estimate SG fault location. 
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Figure 7.2 Double-circuit transmission line model to represent the sheath of a cable. 

Each inductive coupler operates effectively within a specified frequency band, ensuring 

that signals remain linearly transmitted and received within this range. In this case, the 

coupler used is designed for a frequency band centered at 500 kHz, which provides a stable 

and distortion-minimized channel for signal transmission. To perform online TDR in the 

sheath, an impulse waveform with a frequency of 100 kHz and a magnitude of 50V is 

selected. This frequency and magnitude were chosen to maintain compatibility within the 

coupler’s linear frequency range while ensuring accurate fault localization.  

The circuit setup, as shown in Fig. 7.1, is simulated to model the signal propagation and 

accurately estimate the fault location within the cable. DTR is then applied, using key 

features extracted from the simulated results to train a model that accounts for minor noise 

and linear distortions that may arise in practical applications. This approach enhances the 

reliability of the fault location estimates, even under variable field conditions, by 

compensating for subtle irregularities that could otherwise affect accuracy. 

7.1.2 Transmission Line Model of the Sheath to Extract Key Parameters from Cable 

Dimensions  

Since the TDR impulse is transmitted through the sheath, a double-circuit transmission line 

(TL) model is employed to analyze the signal propagation along the sheath accurately. 

According to the TL model, the input sheath impedance of the cable sheath (𝑍𝑖𝑛𝑆)can be 

obtained analytically as: 

𝑍𝑖𝑛𝑆 = Γ
𝑅𝐺+Γtanh(𝛾𝑍)

Γ+𝑅𝐺 tanh(𝛾𝑍)
                             (7.1)
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Here, 

Γ(𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠 𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒) = √
𝑅𝑆+𝑗𝜔𝐿𝑆

𝐺+𝑗𝑤𝐶
                (7.2) 

𝛾 = 𝛼 + 𝑗𝛽 = √(𝑅𝑆 + 𝑗𝜔𝐿𝑆)(𝐺 + 𝑗𝜔𝐶)                  (7.3) 

𝐺 = 𝐺𝐶𝑆 + 𝐺𝐺𝑆,              𝐶 = 𝐶𝑆𝐺 + 𝐶𝑆𝐺                                                                            (7.4) 

In equation (7.1), 𝑍 represents the total length of the cable, and 𝑅𝐺  is the grounding 

resistance. Parameters 𝑅𝑆 and 𝐿𝑆 denote the resistance and inductance of the sheath, 

respectively.  and 𝐺𝐺𝑆 are the capacitance and conductance between the conductor and 

sheath, while and 𝐺𝑆𝐺  represent the capacitance and conductance between the sheath and 

ground, as illustrated in Fig. 7.2. 𝛾 is the propagation constant, 𝛼 and 𝛽 are the attenuation 

and phase constant respectively. The analytical formulas for these per-unit-length electrical 

parameters are provided in equations (7.5) and (7.8). 

𝑅𝑆 =
1

𝜋𝜎[𝑑2−(𝑑−
1

√𝜋𝜇𝜎𝑓
)
2

]

 Ω/m                 (7.5) 

𝐿𝑆 =
𝜇0

2𝜋
ln (

𝑟2
2

𝑟12) H/m                  (7.6) 

𝐶𝐶𝑆 =

𝜇0
2𝜋

ln(
𝑟2

2

𝑟1
2)

(
1

𝜇𝜀
)((

𝜇0
2𝜋

ln(
𝑟2

2

𝑟1
2))

2

−(
𝜇0
2𝜋

ln(
𝑟2
𝑟1

))
2
)

 F/m                (7.7) 

𝐶𝐺𝑆 =

𝜇0
2𝜋

𝑙𝑛(
𝑟3

2

𝑟2
2)

(
1

𝜇𝜀
)((

𝜇0
2𝜋

𝑙𝑛(
𝑟3

2

𝑟2
2))

2

−(
𝜇0
2𝜋

𝑙𝑛(
𝑟3
𝑟2

))
2
)

 F/m                       (7.8) 

𝐺𝐶𝑆 = 𝐺𝐺𝑆 = 2𝜋𝑓 × 𝑡𝑎𝑛𝛿  × (𝐶𝐶𝑆 𝑜𝑟 𝐶𝐺𝑆)  S/m                          (7.9) 

Here, 𝜇0 the permeability of free space, 𝜇𝑟 relative permeability of the conductor material, 

𝜎 the conductivity of the conductor material, 𝜀0 the permittivity of free space, 𝜀𝑟 the relative 

permittivity of the insulating material and 𝑡𝑎𝑛 𝛿 the dissipation factor, 𝑑 is the thickness of 

the sheath, 𝑟1 and 𝑟2 are the outer and inner radius of the sheath and 𝑟3 is the outer radius of 

the jacket. 
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Therefore from (7.1)-(7.8), the input sheath impedance of the sheath is dependent on the 

dimension, electrical properties of the cable (different cable dimensions will have different 

input impedance), and length of each section (𝐿𝐻) (each section means, length between two 

solid grounding). Therefore,𝑍𝑖𝑛𝑆 will be used to train the system, as mentioned detailed in 

Section 7.2. 

7.2 Sheath Fault Location Using Fast Fourier Transform and DTR 

The HVDC cable sheath grounded at both ends as shown in Fig. 7.1, forms a long section 

that can extend for thousands of meters. An SG fault occurs when the metallic sheath comes 

into direct contact with the ground, puncturing the outer insulation. When an impulse is sent 

along the cable sheath of an HVDC cable, it will always have a negative reflection 

coefficient. In a healthy cable, the impulse reflects back from the solid grounding at the ends. 

However, if an SG fault is present, the impulse reflects from the fault location, allowing the 

fault's position to be identified based on the reflection timing. 

Since the magnitude and center frequency of the incident signal is fixed, reflections from a 

short cable section or a fault close to the source can overlap with the original signal before it 

fully dissipates, making the actual reflection indistinguishable, as shown in Fig. 7.3(a). To 

address this and accurately estimate the location of an SG fault, the modified reflected signal 

captured by the DSO was analyzed using FFT. This approach enhances signal analysis and 

reduces noise, enabling precise identification of the fault's position. In this section, a novel 

method to extract key features from the modified reflected signal and use of DTR to estimate 

the location of SG faults is described in detail. 

7.2.1 FFT on the Captured Signal on the DSO: Problem and Solution 

7.2.1.1 Challenges of Applying FFT to the Entire Signal 

In Fig. 7.3 (a), it is observed that faults closer to the source result in impulse signal tails 

with more significant negative dips than faults farther away, as the frequency-dependent 

attenuation progressively diminishes high-frequency components over distance. 

Consequently, shorter cables experience less attenuation (𝑍 is less in (7.9)) than longer ones, 

further influencing the impulse signal shape based on the fault location. The relation between 

the voltage at a given point along the sheath (𝑉), and the initial or input voltage at the start of 

the transmission line at 𝑍 = 0 (𝑉0) at a particular frequency is given as: 
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𝑉(𝑍, 𝑡) = 𝑉0𝑒
−𝛼𝑍𝑒−𝛽𝑍                  (7.9) 

  

(a)                                                (b) 

Figure 7.3 (a) Simulation results of TDR response for faults at different locations in its 

complete time spectrum of a 220 Kv long cable, (b) FFT of the complete time spectrum 

of simulated TDR response having fault at different locations. 

 

   

(a)                                                (b) 

Figure 7.4 (a) Simulation results of TDR response for faults at different locations in its 

modified time spectrum of a 25000m long cable, (b) FFT of the modified time spectrum 

of simulated TDR response having fault at different locations. 

The 𝑉(𝑍, 𝑡) is actually a linear combination of incident (𝑣𝑖𝑛𝑐𝑒𝑑𝑒𝑛𝑡) and reflected signal 

(𝑣𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑) can be given as : 

𝑉(𝑍, 𝑡) = 𝑣𝑖𝑛𝑐𝑒𝑑𝑒𝑛𝑡(𝑍, 𝑡) + 𝑣𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑(𝑍, 𝑡)             (7.10) 

In (7.10), 𝑣𝑖𝑛𝑐𝑒𝑑𝑒𝑛𝑡 is the high-energy initial impulse whereas 𝑣𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 is a weaker, 

delayed, and potentially attenuated version due to the fault reflection. Since Fourier 

Transform is a linear operation, therefore FFT of 𝑉(𝑍, 𝑡), can be written as: 

𝑉(𝑍, 𝑓) = 𝑣𝑖𝑛𝑐𝑒𝑑𝑒𝑛𝑡(𝑍, 𝑓) + 𝑣𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑(𝑍, 𝑓)             (7.11) 

Since 𝑣𝑖𝑛𝑐𝑒𝑑𝑒𝑛𝑡(𝑍, 𝑓) has a much higher magnitude than 𝑣𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑(𝑍, 𝑓), the overall 

spectrum 𝑉(𝑍, 𝑓) is largely determined by 𝑣𝑖𝑛𝑐𝑒𝑑𝑒𝑛𝑡(𝑍, 𝑓). The weaker 𝑣𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑(𝑍, 𝑓) only 
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makes a minor addition to the spectrum and does not significantly alter the main frequency 

peaks or pattern in the FFT. Therefore the FFT spectrum of the SG fault for different lengths 

of the cable will be the same as shown in Fig. 7.3(b), making it nearly impossible to estimate 

the location of the SG fault. 

7.2.1.2 Proposed Method to Apply FFT to Obtain Distinctive features for Faults 

at Different Lengths 

To obtain a distinct FFT representation for faults at different locations, the time waveform 

𝑉′(𝑍, 𝑡) is analyzed starting from the minimum point of the negative dip, as shown in Fig. 

7.4(a). This approach effectively removes the influence of the incident wave 𝑣𝑖𝑛𝑐𝑒𝑑𝑒𝑛𝑡(𝑍, 𝑡), 

which carries the highest energy, allowing for clearer identification of fault-specific 

reflections. 

Table 7.1 Algorithm 1: Extracting key parameters from time domain data 

Step 1) Perform the FFT on the modified time-

domain spectrum 𝑉′(𝑍, 𝑡) to obtain 𝑉′[𝑍, 𝑓]. 

Step 2) Compute the magnitude |𝑉′[𝑍, 𝑓]|for 

each 𝑓. 

Step 3) Identify the index 𝑓𝑝𝑒𝑎𝑘 where 

|𝑉′[𝑍, 𝑓]| is maximum:  

𝑓𝑝𝑒𝑎𝑘 = arg |𝑉′[𝑍, 𝑓]|𝑓
𝑚𝑎𝑥  

Step 4) The magnitude of the highest peak is 

|𝑉′[𝑍, 𝑓]|. 

 

The FFT waveform of the modified time spectrum is shown in Fig. 7.4(b). In an FFT 

graph, the highest magnitude peak typically represents the fundamental frequency component 

of the time-domain signal, corresponding to the frequency with the most significant power. 

In the time domain, reflected signals from faults near the source will overlap, making their 

identification difficult. Consequently, in the frequency domain, both the peak magnitude 

(|𝑉′[𝑍, 𝑓]|) and the frequency (𝑓𝑝𝑒𝑎𝑘)  at which this peak occurs will be unique for faults at 

different locations. This distinctiveness of (𝑓𝑝𝑒𝑎𝑘) and peak magnitude for each fault location 

makes frequency-domain analysis advantageous, as these variations are not observable in the 

time domain, as shown in Fig. 7.4. 
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The |𝑉′[𝑍, 𝑓]|, and 𝑓𝑝𝑒𝑎𝑘 vary with fault location and cable dimensions, making these 

properties essential features for training the DTR system. The algorithm to obtain these two 

parameters from the modified time domain graph is in Table 7.1: 

7.2.2 DTR Method to Estimate the Location of SG Fault 

The precise measurement of 𝑓𝑝𝑒𝑎𝑘 and |𝑉′[𝑍, 𝑓]| are extremely important to ensure the 

exact location of the SG fault. However, in the practical environment, this measurement 

might be affected due to the presence of noise, engineering, and measurement negligence. 

Therefore, simulations of different lengths and dimensions of cables having SG fault at 

different locations are performed to obtain 𝑍𝑖𝑛𝑆, 𝑓𝑝𝑒𝑎𝑘, and |𝑉′[𝑍, 𝑓]| (details of simulation is 

described in section 7.3). Then, these key parameters are used to train the system based on 

the DTR model. The testing data set will be obtained from the practical measurement of 𝑍𝑖𝑛𝑆, 

𝑓𝑝𝑒𝑎𝑘 and |𝑉′[𝑍, 𝑓]|, and based on the pre-processed model, actual location of the SG fault 

(𝐿𝐹) can be obtained. The complete flowchart to estimate the location of SG in an HVDC 

cable using DTR-based online TDR is shown in Fig. 7.5. 

DTR was employed to predict location values, selected for its interpretability and its ability 

to capture nonlinear relationships in the dataset. DTR is particularly suited for this 

application, as it recursively partitions the feature space (𝑍𝑖𝑛𝑆, 𝑓𝑝𝑒𝑎𝑘, and |𝑉′[𝑍, 𝑓]|) to 

minimize variance in the target variable, making it effective when handling structured data 

with non-linear patterns without extensive feature engineering. Unlike neural networks, DTR 

provides a more straightforward model that requires less computational power, is less prone 

to overfitting on smaller datasets, and does not require intensive hyperparameter tuning to 

achieve consistent results. 

A Decision Tree could be structured as follows: consider a tree as shown in Fig. 7.6 having 

input feature vectors A1, A2, and A3 to predict output classes Z1, Z2, Z3, and Z4 by 

comparing with threshold values T1, T2, and T3 values The prediction is determined by 

applying an if-then rule to the feature vector. This process continues, with each node 

representing a decision rule, until a terminal node or leaf is reached. 
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Figure 7.5 Complete flowchart of the proposed methodology to estimate the location of 

SG fault. 

 

 

 

Figure 7.6 Illustration of a basic regression decision tree. 

DTR-based methods employ several key steps: defining an accuracy criterion, selecting 

splits, establishing a stopping condition, and optimizing tree structure. Prediction accuracy 

can be assessed using metrics like re-substitution error, cross-validation error, or test sample 
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error. Splits are determined by minimizing the least-squared deviation to reduce node 

impurity. Splitting stops when a minimum node size is reached, preventing overfitting. Tree 

optimization is achieved through pruning, which reduces the tree’s complexity by setting an 

optimal minimum leaf size to balance error minimization and model simplicity. The 

mathematical details of the above methods are thoroughly explained in references [81] and 

[82].  

7.3 Experiments and Simulation to Estimate the Location of SG fault in a HVDC cable 

In this section, a comprehensive description of the simulation process for training the 

system is provided. Ten distinct types of XLPE cables, each with a length of 765 km, are 

considered in the simulation. The radius of each cable type, along with the supplied DC 

voltage and current, are detailed in Table 7.2 (The cable specifications, including ratings and 

dimensions, are based on standard industrial cable models). The relative permeability is 

considered as 1.00058 while the permittivity of insulation and the outer jacket is considered 

as 2.3 and 2.8 respectively, with a 𝑡𝑎𝑛𝛿 of 0.0005 for both insulation and jacket at a 

frequency of 100 kHz. The electrical parameters of the cable sheath are determined using 

equations (7.5)–(7.8). Utilizing these parameters, the input impedance 𝑍𝑖𝑛𝑆  is then calculated 

for each cable type, with the results presented in the last column of Table 7.2. The cable 

sheath is solidly grounded, making the value of 𝑅𝐺  negligible; however, for the simulation 

and practical study, it is set to 0.2 Ω based on values reported in the existing literature [43]. 

In simulations, SG faults are created at seventeen different locations for each type of cable. 

The locations of SG faults are 5m, 10m, 25m, 100m, 250m, 500m, 1Km, 2.5Km, 10Km, 

25Km, 50Km, 100Km, 150Km, 200Km, 250Km, 500Km, and 750Km. It is to be noted that 

only one type of cable length is considered in simulation, because under normal conditions, 

both ends of the cable sheath are solidly grounded, and a sheath-to-ground (SG) fault occurs 

only when the sheath makes direct contact with the ground. Thus, analyzing SG faults at 

various locations effectively simulates different shorter cable segments under healthy 

conditions. TDR analysis is conducted, and 𝑓𝑝𝑒𝑎𝑘 and |𝑉′[𝑍, 𝑓]| are recorded for all ten cable 

types, each with seventeen distinct fault locations. The TDR graphs and its FFT response for 

type 7 cable are shown in Fig. 7.3 and Fig. 7.4. 

To validate the proposed method, two distinct practical case studies are considered. The 

dimensions, operating voltage, current, and 𝑍𝑖𝑛𝑆  of both cables are presented in Table 7.3. 
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Both cables feature XLPE insulation with an outer jacket made of polyethylene. Type 1 cable 

is 30m in length, while Type 2 cable is 40m in length. The relative permittivity of the 

insulation and outer jacket is 2.41 and 2.7, respectively, while 𝑡𝑎𝑛𝛿 for both the insulation 

and jacket is 0.00048, as specified at 100 kHz. The inductance of the inductive coupler is 15 

mH. The incident waveform is sent through a Tektronix-based function generator (model no. 

AFG3052C) and the total waveform is captured by a keysight Digital Oscilloscope 

(DSOX4054A) as shown in Fig. 7.7. Faults are created at a location of 5m, 10m, 15m, 20m, 

22.5m, and 25m for type 1 cable and at 7m, 12.5m, 18m, 28m, 35m, and 38.5m for type 2 

cable using a grounding rod whose impedance is of 2mΩ. The captured TDR waveform is 

fed to a computer, where FFT will be performed on the modified TDR waveform to obtain 

practical 𝑓𝑝𝑒𝑎𝑘 and |𝑉′[𝑍, 𝑓]|. 𝑍𝑖𝑛𝑆 along with these two values will act as a testing set for the 

DTR model to estimate its exact location. The captured TDR waveform is transferred to a 

computer, where the modified TDR signal undergoes FFT analysis to determine the practical 

peak frequency 𝑓𝑝𝑒𝑎𝑘 and the magnitude |𝑉′[𝑍, 𝑓]|. These values, together with the 

calculated input impedance 𝑍𝑖𝑛𝑆, form the testing dataset for the DTR model to accurately 

estimate the fault location. 

 

Figure 7.7 Experimental setup to perform online TDR on type 1 HVDC cable. FG 

stands for Function Generator. 
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Table 7.2 Different Types of Cable Considered in Simulation 

Types Voltage 

(KV) 

Current 

(A) 
𝑟1 

(mm) 
𝑟2 

(mm) 
𝑟2 

(mm) 
𝑍𝑖𝑛𝑆 (Ω) 

1 1 50 5.33 6.28 7.35 0.20123 

2 5 75 6.21 7.23 8.26 0.20392 

3 22 150 7.35 9.32 14.32 1.5657 

4 66 200 15.61 19.83 24.24 2.2438 

5 110 350 22.37 26.61 33.66 2.6524 

6 150 500 36.62 41.41 48.64 2.6789 

7 220 550 48.76 53.28 61.72 2.7026 

8 250 575 52.31 58.57 66.73 2.7125 

9 350 600 56.48 63.33 74.56 2.8026 

10 550 650 60.29 68.36 78.58 2.8654 
 

 

Table 7.3 Two Types of Cable Considered for practical test 

Types Voltage 

(KV) 

Current 

(mA) 
𝑟1 

(mm) 
𝑟2 

(mm) 
𝑟2 

(mm) 
𝑍𝑖𝑛𝑆 (Ω) 

1 1.1 10 5.33 6.28 7.35 0.20123 

2 11 10 6.58 7.88 12.25 0.20392 

7.4 Experiments to estimate the location of SG fault in a HVDC cable. 

This section presents the practical results, divided into two parts: the first discusses the 

results for Type I experimental cables, and the second covers the results for Type II 

experimental cables. 

7.4.1 Estimating the location of SG fault in type 1 cable system 

 

Figure 7.8 Experimental results of TDR response for faults at different locations in its 

complete time spectrum of a Type 1 cable. 

 

The full time-domain response of the SG fault at various locations, as recorded by the 
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DSO, is presented in Fig. 7.8. Due to the overlapping of reflected signal as discussed in 

Sections III and IV, detecting reflections for faults located at shorter distances is challenging 

using conventional TDR alone. Therefore, each captured waveform was processed according 

to the proposed method before applying the FFT. The resulting FFT spectra of the 

waveforms for faults at different locations are shown in Fig. 7.9. 

  

(a)                                                       (b) 

       

(c)                                                       (d) 

       

(e)                                                      (f) 

Figure 7.9 FFT of the modified time spectrum of practical cable of Type 1 having fault 

at (a) 5m, (b) 10m, (c) 15m, (d) 20m, (e) 22.5m (f) 25m. 

From the FFT analysis of the practical cable with faults at different locations, the fpeak and 

|V′[Z, f]| were determined using Algorithm 1, as shown in Fig. 7.10. These extracted 

features, along with ZinS, were then input into the DTR system to estimate the SG fault 

location, following the flowchart in Fig. 5. The accuracy of the DTR system in estimating the 

SG fault location is presented in Table 7.4. 
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Figure 7.10 The magnitude of 𝐟𝐩𝐞𝐚𝐤 and |𝐕′[𝐙, 𝐟]| of faults at different locations for Type 

1 cable, obtained from the FFT graph and Algorithm 1. 

 

 

Table 7.4 Accuracy of the Proposed Method For Cable Type 1 

SL

. 

No 

Actual 

Fault 

Location 

(m) 

Estimated 

Fault 

Location 

(m) 

Accuracy 

% 

1. 5 4.9898 99.796 

2. 10 10.0006 99.994 

3. 15 14.7989 98.659 

4. 20 19.8786 99.393 

5. 22.5 22.5687 99.694 

6. 25 25.0156 99.937 

 

The proposed method achieved a minimum accuracy of 99.393% in the Type 1 cable 

system, demonstrating its effectiveness in practical applications for estimating SG fault 

locations in HVDC cables. 

7.4.2 Estimating the location of SG fault in type 2 cable system 

Similar to Type 1, the full-time domain response for faults at different locations captured in 

the DSO is shown in Fig.7.11. The FFT waveform of the proposed modified time domain 

signal for faults at different locations is shown in Fig. 7.12. 
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Figure 7.11 Experimental results of TDR response for faults at different locations in its 

complete time spectrum of a Type 2 cable. 

  

   (a)                                                                (b) 

   

  (c)                                                              (d) 

   

(e)                                                             (f) 

Figure 7.12 FFT of the modified time spectrum of practical cable of Type 1 having fault 

at (a) 7m, (b) 12.5m, (c) 18m, (d) 28m, (e) 35m (f) 38.5m. 

The 𝑓𝑝𝑒𝑎𝑘 and |𝑉′[𝑍, 𝑓]| were determined using Algorithm 1, as shown in Fig. 7.13, and 
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served as an input for the proposed DTR system, whose accuracy is shown in Table 7.5. 

 

Figure 7.13 The magnitude of 𝐟𝐩𝐞𝐚𝐤 and |𝐕′[𝐙, 𝐟]| of faults at different locations for Type 

2 cable, obtained from FFT graph and Algorithm 1. 

Table 7.5 Accuracy of the Proposed Method For Cable Type 2 

SL. No Actual Fault 

Location (m) 

Estimated Fault 

Location (m) 

Accuracy % 

1. 7 7.0015 99.97857 

2. 12.5 12.4667 99.7336 

3. 18 17.9856 99.92 

4. 28 28.0014 99.995 

5. 35 35.0004 99.99886 

6. 38.5 38.4963 99.99039 

 

The following discussion critically evaluates the practical results and implications of the 

proposed method for real-world applications: 

1. Two different ratings, dimension length, and power supply of cable are chosen to 

validate the proposed method to estimate the location of SG fault during online 

conditions. Even in the presence of noise during an uncontrolled practical environment, 

the minimum accuracy of detecting the location of SG fault is 99.39% as shown in 

Tables 7.4 and 7.5 over the two different types of cable. 
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2. For an SG fault near the ground, the location of 𝑓𝑝𝑒𝑎𝑘 is significantly higher compared 

to a fault at the far end as shown in Fig. 7.10 and 7.13. This is because the reflected 

signal from a near-source fault returns much sooner due to the shorter propagation 

distance, while |𝑉′[𝑍, 𝑓]| will decrease with an increase in the fault length due to 

attenuation as shown in Fig. 7.10 and 7.13. 

3. The only assumption made in this study for estimating the location of SG faults is that 

the cable is considered to be in a healthy condition along its entire length. In other 

words, the capacitance between the conductor and the sheath is assumed to remain 

consistent throughout the cable. 
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Chapter 8  

Comparative Study of Different End Bonding Methods in 

a Non-Uniform Minor Section Length of a Cross-Bonded Cable 

 

This chapter presents a comparative study of various end-bonding configurations for 

different minor section lengths in an existing cross-bonded (CB) cable system. In addition, a 

new end bonding system is also proposed for non-uniform minor section length to minimize 

circulating current and voltage in joints, to prevent premature breakdown. The details of the 

proposed ending configuration are explained below. 

8.1 Sheath Circuit model of different types of end bonding of sheath 

In this section, the circuit models for three distinct end bonding types in a CB cable with a 

non-uniform minor section length are proposed. To estimate the current and voltage in the 

joint sheath, the accurate analytical description of the per unit impedance (𝑍S) of the sheath is 

required for a trefoil cable laid formation and can be obtained as per equation (5.2). It is 

considered that the impedance of the cable for all the phases in each minor section are same 

i.e. impedance of the cable for the first minor section and all the phases are considered as 

𝑍𝑠𝑎, similarly 𝑍𝑠𝑏, and 𝑍𝑠𝑛 for the second and third minor section which can be obtained 

analytically using (5.2). Therefore total sheath impedance of a particular phase or a loop of a 

major section (𝑍ST) can be represented as: 

𝑍ST = 𝑍𝑠𝑎 + 𝑍𝑠𝑏 + 𝑍𝑠𝑛                                                                   (8.1) 

The induced voltage per unit length and capacitive effect current can be obtained as: 

𝑉𝑖 = ∑ 𝑀𝑖𝑗𝐼𝑗 + ∑ 𝑀𝑆𝐻𝑖𝑗𝐼𝑆𝐻𝑖𝐽
3
𝑖=1,𝑗=2

𝑖≠𝑗

 3
𝑖=1𝑗=1                                           (8.2) 

𝐼Ci = 𝑗𝜔𝐶𝑖𝑉i                                                                                        (8.3) 

In equation (8.2) and (8.3), the electrical parameters described can be obtained as per 

equation (5.1), (5.3), and (5.4). Throughout the chapter, i, and j =1, 2, and 3 for three 

different phases.  To mitigate the excessive circulating current and voltage (due to inductive 

and capacitive effect) in the sheath caused due to non-uniformity in the length of the third 

minor section, three end bonding methods at the last set of straight-through joints are 
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described below: 

8.1.1  The second set of Straight joints are individually solidly grounded 

 

Figure 8.1 Schematic diagram of a non-uniform length minor sections in a CB cable 

with solid grounding at the end. 

 

Figure 8.2 Equivalent circuit for inductive effect in a non-uniform length minor section 

CB cable with solid grounding at the end. 

 

Figure 8.3 Equivalent circuit for capacitive effect in a non-uniform length minor section 

CB cable with solid grounding at the end. 

The simplest method to mitigate the circulating current for non-uniform third minor section 

length CB cable is to solidly ground the terminals of the second set of ST joints with a low 
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value of grounding resistance. (𝑅𝐺4, 𝑅𝐺5, 𝑎𝑛𝑑 𝑅𝐺6 ) individually as shown in Fig. 8.1. The 

value of the grounding resistance for the HV cable system is generally kept at 0.2Ω [43]. The 

circuit diagram for inductive and capacitive effects is shown in Fig. 8.2 and Fig. 8.3 

respectively. 

8.1.2 Second Straight joints are individually grounded with SVL 

 

Figure 8.4 Schematic diagram of a non-uniform length minor sections CB cable 

grounded with SVL at the end. 

The high circulating current and voltage for a non-uniform third minor section length can 

also be mitigated, by individually grounding the terminals of the second set of ST joints with 

an SVL (𝒁𝑺𝑽𝑳 ) as shown in Fig. 8.4. Thus the end of the sheath will be open during steady 

state condition and solidly grounded during transients. The circuit diagram for inductive and 

capacitive effects will be the same as solidly grounded, except in the place of 

𝑹𝑮𝟒, 𝑹𝑮𝟓, 𝒂𝒏𝒅 𝑹𝑮𝟔 will be 𝒁𝑺𝑽𝑳. 

8.1.3 Last Straight through joints are connected and grounded together with SVL- 

Proposed Method 

To eliminate the excessive sheath current and voltage in the joints of a CB cable for a non-

uniform length third minor section, the proposed method is to merge the above two methods 

(connecting other phases to cancel out inductive effect from solidly grounded and 

introducing of SVL from grounding with SVL) by connecting the terminals of second set ST 

joints together in the link box and then connect the common terminal with an SVL as shown 

in Fig. 8.5. Under steady state condition the SVL will act as an open circuit and solidly 

grounded during transients. The inductive and capacitive model of the proposed method is 

shown in Fig. 8.6 and 8.7 
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Figure 8.5 Schematic diagram of a non-uniform length minor sections CB cable with 

three straight-through joints terminals connected together at the end with SVL. 

 

Figure 8.6 Equivalent circuit for inductive effect in a non-uniform length minor section 

with three straight-through joints connected together at the end with SVL. 

 

Figure 8.7 Equivalent circuit for capacitive effect in a non-uniform length minor section 

cable with three straight-through joints connected together at the end with SVL. 

The circulating current and the voltage across the joints are derived analytically in the 

section below to compare the best end-terminal bonding method. 
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8.2 Analytical Model of Total Current in the Joints for Different Types of End Bonding 

While performing the analytical operations, it is considered that during steady state 

conditions 𝑍𝑠𝑣𝑙 ≫ 𝑍ST, and the impedance of the grounding resistance ≪ total impedance of 

the cable sheath in a minor section and 𝑍𝑠𝑣𝑙. The current and voltage in the joints for solidly 

grounded, grounded with SVL, and the proposed method type of bonding are presented by 

subscript a, b, and c respectively.   

8.2.1 Current in the loop 1, 2, and 3 due to inductive effect 

The voltage induced in loop 1, 2, and 3 can be analytically obtained as:  

[
𝑉𝐿1 0 0
0 𝑉𝐿2 0
0 0 𝑉𝐿3

] = [
𝑉1 0 0
0 𝑉2 0
0 0 𝑉3

]  [
𝐿1 𝐿2 𝐿𝑛

𝐿𝑛 𝐿1 𝐿2

𝐿2 𝐿𝑛 𝐿1

]                      (8.4) 

𝑉1, 𝑉2, and 𝑉3 can be obtained using (8.1). 

By solving the equations corresponding to Fig. 8.2 and 8.6 and from (8.4), the inductive 

current flowing through loops 1, 2, and 3 (subscript M represent magnetic current and L1, L2, 

and L3,     represent three loops) for solidly grounded, grounded with SVL and proposed 

method type of bonding can be obtained as: 

[
𝐼𝑀𝐿1𝑎

𝐼𝑀𝐿2𝑎

𝐼𝑀𝐿3𝑎

] = [

ℤ0 0 0
0 ℤ0 0
0 0 ℤ0

]  [
𝑉𝐿1

𝑉𝐿2

𝑉𝐿3

], [
𝐼𝑀𝐿1𝑏

𝐼𝑀𝐿2𝑏

𝐼𝑀𝐿3𝑏

] = [

ℤ𝑠𝑣𝑙 0 0
0 ℤ𝑠𝑣𝑙 0
0 0 ℤ𝑠𝑣𝑙

] [
𝑉𝐿1

𝑉𝐿2

𝑉𝐿3

]             (8.5) 

[
𝐼𝑀𝐿1𝑐

𝐼𝑀𝐿2𝑐

𝐼𝑀𝐿3𝑐

] = [
ℤ1 0 0
0 ℤ1 0
0 0 ℤ1

] . [
+2 −1 −1
+1 −2 +1
+1 +1 −2

] . [
𝑉𝐿1

𝑉𝐿2

𝑉𝐿3

]                           (8.6) 

In (9) and (10),ℤ0 =
1

𝑍𝑠𝑇
,ℤ𝑠𝑣𝑙 =

1

𝑍𝑠𝑣𝑙
, and ℤ1 =

1

3𝑍𝑠
  

8.2.2 Current in the joints due to capacitive effect 

By solving the equations corresponding to Fig. 8.3, the capacitive current through different 

ST and CB joints for a solidly grounded cable system can be obtained as (subscript C 

describes the capacitive current and ST and CB describe the cross-bonded and straight-

through joints): 
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[

𝐼𝐶𝑆𝑇1𝑎

𝐼𝐶𝑆𝑇2𝑎

𝐼𝐶𝑆𝑇3𝑎

] = [

ℤ2 0 0
0 ℤ2 0
0 0 ℤ2

] [

𝛼1 𝛽1 𝛾1

𝛾1 𝛼1 𝛽1

𝛽1 𝛾1 𝛼1

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                      (8.7) 

[

𝐼𝐶𝐶𝐵1𝑎

𝐼𝐶𝐶𝐵2𝑎

𝐼𝐶𝐶𝐵3𝑎

] = [
ℤ2 0 0
0 ℤ2 0
0 0 ℤ2

] [

𝛼2 𝛽2 𝛾2

𝛾2 𝛼2 𝛽2

𝛽2 𝛾2 𝛼2

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                       (8.8) 

[

𝐼𝐶𝐶𝐵4𝑎

𝐼𝐶𝐶𝐵5𝑎

𝐼𝐶𝐶𝐵6𝑎

] = [
ℤ2 0 0
0 ℤ2 0
0 0 ℤ2

] [

𝛼3 𝛽3 𝛾3

𝛾3 𝛼3 𝛽3

𝛽3 𝛾3 𝛼3

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                        (8.9) 

[

𝐼𝐶𝑆𝑇4𝑎

𝐼𝐶𝑆𝑇5𝑎

𝐼𝐶𝑆𝑇6𝑎

] = [

ℤ𝑠𝑣𝑙1 0 0
0 ℤ𝑠𝑣𝑙1 0
0 0 ℤ𝑠𝑣𝑙1

] [

𝛼4 𝛽4 𝛾4

𝛾4 𝛼4 𝛽4

𝛽4 𝛾4 𝛼4

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                    (8.10) 

In (8.7)-(8.10), 𝛼1 = 2𝑍𝑠𝑎 + 3 𝑍𝑠𝑏 + 𝑍𝑠𝑛, 𝛽1 = 5𝑍𝑠𝑎 + 6 𝑍𝑠𝑏 + 7𝑍𝑠𝑛, 𝛾1 = 5𝑍𝑠𝑎 + 3 

𝑍𝑠𝑏 + 4𝑍𝑠𝑛, ℤ2 =
1

6𝑍𝑠
, 𝛼2 = 2𝑍𝑠𝑎 + 3𝑍𝑠𝑏 + 𝑍𝑠𝑛, 𝛽2 = −𝑍𝑠𝑎 + 𝑍𝑠𝑛, 𝛾2 = 5𝑍𝑠𝑎 + 3 𝑍𝑠𝑏 +

4𝑍𝑠𝑛, 𝛼3 = 2𝑍𝑠𝑎 + 3 𝑍𝑠𝑏 + 𝑍𝑠𝑛, 𝛽3 = 𝑍𝑠𝑎 − 𝑍𝑠𝑛, 𝛾3 = 𝑍𝑠𝑎 + 3 𝑍𝑠𝑏 + 2𝑍𝑠𝑛, 𝛼4 = 5𝑍𝑠𝑎 + 3 

𝑍𝑠𝑏 + 𝑍𝑠𝑛, 𝛽4 = 5𝑍𝑠𝑎 + 3 𝑍𝑠𝑏 + 𝑍𝑠𝑛, 𝛾4 = 5𝑍𝑠𝑎 + 3 𝑍𝑠𝑏 + 𝑍𝑠𝑛, ℤ𝑠𝑣𝑙1 =
1

6𝑍𝑠𝑣𝑙1
 

Similarly, for grounded with SVL system, the capacitive current through different joints 

can be analytically obtained as: 

[

𝐼𝐶𝑆𝑇1𝑏

𝐼𝐶𝑆𝑇2𝑏

𝐼𝐶𝑆𝑇3𝑏

] = [
1 1 1
1 1 1
1 1 1

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

],                                                  (8.11) 

[

𝐼𝐶𝐶𝐵1𝑏

𝐼𝐶𝐶𝐵2𝑏

𝐼𝐶𝐶𝐵3𝑏

] = [
011
101
110

] [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

],     [

𝐼𝐶𝐶𝐵4𝑏

𝐼𝐶𝐶𝐵5𝑏

𝐼𝐶𝐶𝐵6𝑏

] = [
001
100
010

] [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                     (8.12) 

[

𝐼𝐶𝑆𝑇4𝑏

𝐼𝐶𝑆𝑇5𝑏

𝐼𝐶𝑆𝑇6𝑏

] = [

ℤ𝑠𝑣𝑙 0 0
0 ℤ𝑠𝑣𝑙 0
0 0 ℤ𝑠𝑣𝑙

] [

𝛿2 𝜗2 𝜎2

𝜎2 𝛿2 𝜗2

𝜗2 𝜎2 𝛿2

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                 (8.13) 

In (8.13),𝛿2 = 𝑍𝑠𝑎, 𝜗2 = 2𝑍𝑠𝑎 + 𝑍𝑠𝑏, 𝜎2 = 2𝑍𝑠𝑎 + 2𝑍𝑠𝑏 + 𝑍𝑠𝑛. 

From Fig. 8.6, the capacitive effect current, flowing through different joints for the 

proposed method can be obtained as:  
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[

𝐼𝐶𝑆𝑇1𝑐

𝐼𝐶𝑆𝑇2𝑐

𝐼𝐶𝑆𝑇3𝑐

] = [

ℤ3 0 0
0 ℤ3 0
0 0 ℤ3

] [

𝛿1 𝜗1 𝜎1

𝜎1 𝛿1 𝜗1

𝜗1 𝜎1 𝛿1

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                  (8.14) 

[

𝐼𝐶𝐶𝐵1𝑐

𝐼𝐶𝐶𝐵2𝑐

𝐼𝐶𝐶𝐵3𝑐

] = [

ℤ3 0 0
0 ℤ3 0
0 0 ℤ3

] [

𝛿3 𝜗3 𝜎3

𝜎3 𝛿3 𝜗3

𝜗3 𝜎3 𝛿3

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                    (8.15) 

[

𝐼𝐶𝐶𝐵4𝑐

𝐼𝐶𝐶𝐵5𝑐

𝐼𝐶𝐶𝐵6𝐶

] = [

ℤ3 0 0
0 ℤ3 0
0 0 ℤ3

] [

𝛿4 𝜗4 𝜎4

𝜎4 𝛿4 𝜗4

𝜗4 𝜎4 𝛿4

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                     (8.16) 

[

𝐼𝐶𝑆𝑇4𝐶

𝐼𝐶𝑆𝑇5𝐶

𝐼𝐶𝑆𝑇6𝐶

] = [

ℤ3 0 0
0 ℤ3 0
0 0 ℤ3

] [

𝛿2 𝜗2 𝜎2

𝜎2 𝛿2 𝜗2

𝜗2 𝜎2 𝛿2

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                        (8.17) 

In (8.14) - (8.17), 𝛿1 = 𝑍𝑠𝑎 + 2𝑍𝑠𝑏 + 2𝑍𝑠𝑛, 𝜗1 = 𝑍𝑠𝑏 + 𝑍𝑠𝑛, 𝜎1 = 𝑍𝑠𝑛, ℤ3 =
1

2𝑍𝑠𝑇
, 𝛿3 =

−𝑍𝑠𝑎, 𝜗3 = 𝑍𝑠𝑏 + 2𝑍𝑠𝑐, 𝜎3 = 𝑍𝑠𝑛, 𝛿4 = −𝑍𝑠𝑎, 𝜗3 = −𝑍𝑠𝑎 + 𝑍𝑠𝑏, 𝜎4 = 𝑍𝑠𝑛, 𝛿2 = 𝑍𝑠𝑎, 𝜗2 =

2𝑍𝑠𝑎 + 𝑍𝑠𝑏, 𝜎2 = 2𝑍𝑠𝑎 + 2𝑍𝑠𝑏 + 𝑍𝑠𝑐 

Therefore, the total current flowing in the particular joints is the sum of the capacitive 

effect current in the particular joint and the inductive effect current flowing in the particular 

loop. 

8.3 Analytical Model of Voltage in the Joints for Different Types of End Bonding 

Similar to the methods in Section 8.2, the voltage in the joints due to inductive and 

capacitive effects for different types of end bonding can be obtained as: 

8.3.1 Voltage in the joints due to inductive effect 

The voltage between the ST joints 1, 2, and 3, and CB joints 1-6 to ground due to inductive 

effect will be the same for three different types of end bonding and can be obtained by 

solving the equation corresponding to Fig. 8.2 and Fig.8.6 and represented as: 

[

𝑉𝑀𝑆𝑇1

𝑉𝑀𝑆𝑇2

𝑉𝑀𝑆𝑇3

] = [
ℤ4 0 0
0 ℤ4 0
0 0 ℤ4

] .  [
𝑉1

𝑉2

𝑉3

]                                                (8.18) 
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[

𝑉𝑀𝐶𝐵1

𝑉𝑀𝐶𝐵2

𝑉𝑀𝐶𝐵3

] = [

ℤ5 0 0
0 ℤ5 0
0 0 ℤ5

] [

𝑍𝑠𝑏.𝐿1 −𝑍𝑠𝑎 . 𝐿2 0
0 𝑍𝑠𝑏 . 𝐿1 −𝑍𝑠𝑎 . 𝐿2

−𝑍𝑠𝑏 . 𝐿1 0 𝑍𝑠𝑎. 𝐿2

] .  [

𝑉1

𝑉2

𝑉3

]                (8.19) 

 

[

𝑉𝑀𝐶𝐵4

𝑉𝑀𝐶𝐵5

𝑉𝑀𝐶𝐵6

] = [

ℤ6 0 0
0 ℤ6 0
0 0 ℤ6

] [

𝑍𝑠𝑛.𝐿2 −𝑍𝑠𝑏 . 𝐿𝑛 0
0 𝑍𝑠𝑛. 𝐿2 −𝑍𝑠𝑎. 𝐿𝑛

−𝑍𝑠𝑛. 𝐿2 0 𝑍𝑠𝑎 . 𝐿𝑛

] .  [
𝑉1

𝑉2

𝑉3

]                                     (8.20) 

In (8.18)-(8.20), ℤ4 =
𝐿1

𝑍𝑠𝑎
 ,ℤ5 =

1

𝑍𝑠𝑎−𝑍𝑠𝑏
, ℤ6 =

1

𝑍𝑠𝑎−𝑍𝑠𝑛
,  

However, the voltage in the last set of ST joints will be different for different bonds ending 

and can be represented as: 

[

𝑉𝑀𝑆𝑇4𝑎

𝑉𝑀𝑆𝑇5𝑎

𝑉𝑀𝑆𝑇6𝑎

] = [
ℤ7 0 0
0 ℤ7 0
0 0 ℤ7

] .  [
𝑉1

𝑉2

𝑉3

], [

𝑉𝑀𝑆𝑇4𝑏

𝑉𝑀𝑆𝑇5𝑏

𝑉𝑀𝑆𝑇6𝑏

] = [

𝐿𝑛 0 0
0 𝐿𝑛 0
0 0 𝐿𝑛

] .  [
𝑉1

𝑉2

𝑉3

]                                          (8.21) 

In (8.21), ℤ7 =
𝐿3

𝑍𝑠𝑛
. 

𝑉𝑀𝑆𝑇4,5,6𝐶 =
𝑉3𝐿3+𝑉1𝐿3+𝑉2𝐿3

3𝑍𝑠𝑣𝑙
                   (8.22) 

8.3.2 Voltage in the joints due to inductive effect 

Similar to the current method, the capacitive effect of voltage in the ST and CB joints for a 

solidly grounded cable system can be obtained as: 

[

𝑉𝐶𝑆𝑇1𝑎

𝑉𝐶𝑆𝑇2𝑎

𝑉𝐶𝑆𝑇3𝑎

] = [

𝑅𝐺1ℤ3 0 0
0 𝑅𝐺2ℤ3 0
0 0 𝑅𝐺3ℤ3

] [

𝜙1𝜙2𝜙3

𝜙3𝜙1𝜙2

𝜙2𝜙3𝜙1

] . [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                (8.23) 

[

𝑉𝐶𝐶𝐵1𝑎

𝑉𝐶𝐶𝐵2

𝑉𝐶𝐶𝐵3𝑎

] = [

ℤ3 0 0
0 ℤ3 0
0 0 ℤ3

] [

𝜑1 𝜑2 𝜑3

𝜑3 𝜑1 𝜑2

𝜑2 𝜑3 𝜑1

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                     (8.24) 

[

𝑉𝐶𝐶𝐵4𝑎

𝑉𝐶𝐶𝐵5𝑎

𝑉𝐶𝐶𝐵6𝑎

] = [

ℤ3 0 0
0 ℤ3 0
0 0 ℤ3

] [

𝜑4 𝜑5 𝜑6

𝜑6 𝜑4 𝜑5

𝜑5 𝜑6 𝜑4

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                   (8.25) 
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[

𝑉𝐶𝑆𝑇4

𝑉𝐶𝑆𝑇5

𝑉𝐶𝑆𝑇6

] = [

𝑅𝐺4ℤ3 0 0
0 𝑅𝐺5ℤ3 0
0 0 𝑅𝐺6ℤ3

] [

𝜙4𝜙5𝜙6

𝜙6𝜙4𝜙5

𝜙5𝜙6𝜙4

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                (8.26) 

In (8.23)-(8.26), 𝜙1 = 𝑍𝑠𝑎 + 2𝑍𝑠𝑏+𝑍𝑠𝑛, 𝜙2 = 𝑍𝑠𝑏+2𝑍𝑠𝑛, 𝜙3 = 𝑍𝑠𝑛, 𝜑1 = 𝑍𝑠𝑎𝑍𝑠𝑏 +

𝑍𝑠𝑎𝑍𝑠𝑛, 𝜑2 = 𝑍𝑠𝑎𝑍𝑠𝑏 + 2𝑍𝑠𝑎𝑍𝑠𝑛, 𝜑3 = 𝑍𝑠𝑎𝑍𝑠𝑛, 𝜑4 = 𝑍𝑠𝑎𝑍𝑠𝑛, 𝜑5 = 𝑍𝑠𝑏𝑍𝑠𝑛 + 2𝑍𝑠𝑎𝑍𝑠𝑛, 

𝜑6 = 𝑍𝑠𝑎𝑍𝑠𝑛 + 𝑍𝑠𝑏𝑍𝑠𝑛 𝜙4 = 𝑍𝑠𝑎, 𝜙5 = 𝑍𝑠𝑏+2𝑍𝑠𝑎 , 𝜙6 = 2𝑍𝑠𝑎 + 2𝑍𝑠𝑏+𝑍𝑠𝑛 

Similarly, for grounded with SVL system, the capacitive effect of voltage across different 

joints can be obtained as: 

[

𝑉𝐶𝑆𝑇1𝑏

𝑉𝐶𝑆𝑇2𝑏

𝑉𝐶𝑆𝑇3𝑏

] = [

𝑅𝐺1 0 0
0 𝑅𝐺2 0
0 0 𝑅𝐺3

] . [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

],[

𝑉𝐶𝑆𝑇4

𝑉𝐶𝑆𝑇5

𝑉𝐶𝑆𝑇6

] = [

𝜙7𝜙8𝜙9

𝜙9𝜙7𝜙8

𝜙8𝜙9𝜙7

] [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                (8.27) 

[

𝑉𝐶𝐶𝐵1

𝑉𝐶𝐶𝐵2

𝑉𝐶𝐶𝐵3

] = [

𝑍𝑠𝑎 0 0
0 𝑍𝑠𝑎 0
0 0 𝑍𝑠𝑎

] [
0.5 1 1
1 0.5 1
1 1 0.5

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                    (8.28) 

[

𝑉𝐶𝐶𝐵4

𝑉𝐶𝐶𝐵5

𝑉𝐶𝐶𝐵6

] = [

𝜑7 𝜑8 𝜑9

𝜑9 𝜑7 𝜑8

𝜑8 𝜑7 𝜑7

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                                                    (8.29) 

In (8.27)-(8.29), 𝜙7 = 0.5𝑍𝑠𝑎, 𝜙8 = 0.5𝑍𝑠𝑏+𝑍𝑠𝑎, 𝜙9 = 𝑍𝑠𝑎 + 𝑍𝑠𝑏+0.5𝑍𝑠𝑛, 𝜑5 = 𝑍𝑠𝑎 +

0.5𝑍𝑠𝑏, 𝜑6 = 𝑍𝑠𝑎 + 0.5𝑍𝑠𝑏, 𝜑7 = 0.5𝑍𝑠𝑎 

Similarly, for the proposed method, the capacitive effect of voltage across different joints 

can be analytically obtained as: 

[

𝑉𝐶𝑆𝑇1𝐶

𝑉𝐶𝑆𝑇2𝐶

𝑉𝐶𝑆𝑇3𝐶

] = [

𝑅𝐺1ℤ2 0 0
0 𝑅𝐺2ℤ2 0
0 0 𝑅𝐺3ℤ2

] [

𝜙10 𝜙11 𝜙12

𝜙12 𝜙10 𝜙11

𝜙11 𝜙12 𝜙10

] . [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]            (8.30) 

[

𝑉𝐶𝐶𝐵1

𝑉𝐶𝐶𝐵2

𝑉𝐶𝐶𝐵3

] = [
ℤ2 0 0
0 ℤ2 0
0 0 ℤ2

] [

𝜑10 𝜑11 𝜑12

𝜑12 𝜑10 𝜑11

𝜑11 𝜑12 𝜑10

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                      (8.31)  

[

𝑉𝐶𝐶𝐵4

𝑉𝐶𝐶𝐵5

𝑉𝐶𝐶𝐵6

] = [
ℤ2 0 0
0 ℤ2 0
0 0 ℤ2

] [

𝜑13 𝜑14 𝜑15

𝜑15 𝜑13 𝜑14

𝜑14 𝜑15 𝜑13

] .  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                      (8.32) 
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[

𝑉𝐶𝑆𝑇4

𝑉𝐶𝑆𝑇5

𝑉𝐶𝑆𝑇6

] = [
𝜙13

6

𝜙13

6

𝜙13

6
]  [

𝐼𝐶1

𝐼𝐶2

𝐼𝐶3

]                                                (8.33) 

In (8.30)-(8.33), 𝜙10 = 8𝑍𝑠𝑎 + 9𝑍𝑠𝑏+7𝑍𝑠𝑛, 𝜙11 = 5𝑍𝑠𝑎 + 6𝑍𝑠𝑏+7𝑍𝑠𝑛, 𝜙12 =

5𝑍𝑠𝑎 + 3𝑍𝑠𝑏+4𝑍𝑠𝑛, 𝜑10 = 4𝑍𝑠𝑎𝑍𝑠𝑛 + 5𝑍𝑠𝑎
2 + 6𝑍𝑠𝑎𝑍𝑠𝑏, 𝜑11 = 7𝑍𝑠𝑎𝑍𝑠𝑛 + 5𝑍𝑠𝑎

2 + 6𝑍𝑠𝑎𝑍𝑠𝑏, 

𝜑12 = 4𝑍𝑠𝑎𝑍𝑠𝑛 + 5𝑍𝑠𝑎
2 + 3𝑍𝑠𝑎𝑍𝑠𝑏, 𝜑13 = 4𝑍𝑠𝑎𝑍𝑠𝑛 + 5𝑍𝑠𝑎

2 + 𝑍𝑠𝑏𝑍𝑠𝑛 + 8𝑍𝑠𝑎𝑍𝑠𝑏 + 3𝑍𝑠𝑏
2 , 

𝜑14 = 7𝑍𝑠𝑎𝑍𝑠𝑛 + 5𝑍𝑠𝑎
2 + 4𝑍𝑠𝑏𝑍𝑠𝑛 + 8𝑍𝑠𝑎𝑍𝑠𝑏 + 3𝑍𝑠𝑏

2 , 𝜑15 = 4𝑍𝑠𝑎𝑍𝑠𝑛 + 5𝑍𝑠𝑎
2 + 4𝑍𝑠𝑏𝑍𝑠𝑛 +

8𝑍𝑠𝑎𝑍𝑠𝑏 + 3𝑍𝑠𝑏
2 , 𝜙13 = 𝐼𝐶1(𝑍𝑠𝑛 + 5𝑍𝑠𝑎 + 3𝑍𝑠𝑏).  

The total voltage in each joint for a particular type of bonding is the sum of voltage 

produced by both the capacitive and inductive effects for the particular joint 

8.4 Experiments and Simulation to Estimate the Sheath Current and Voltage for 

Different End Bonding Methods. 

 

 

Figure 8.8 Experimental setup to measure current and voltage at different joints for the 

proposed end bonding method. 

Steady-state experiments for three types of bonding compared with the original case study 

are performed on commercial three-core, XLPE insulated material, with an inner conductor 

(aluminum) area of 35𝑚𝑚2, outer grounded sheath diameter of 7.35mm, the radius of the 

metallic sheath is 1mm, and insulation relative permittivity of 2.3. The cable is laid in a 

trefoil formation with 𝑟cs and 𝑟ss as 8cm and 10cm respectively. In the original case, the first, 

second, and third minor sections are of length 5m, 5.5m, and 5.2m respectively. Two 
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different case studies are considered to verify the proposed method. In the first case, the third 

minor section is 3m in length and in the second case study, the third minor section is 7m. The 

current and voltage at different joints are compared for different types of bonding. The 

grounding resistance is kept at 0.2Ω, while to portray SVL, a 10 Mega-ohm resistance was 

used. The cable is supplied with a three-phase voltage of 440V and a load current of 15 A, 

while the power factors for the three phases are 1, 0.98, and 0.85. The current and voltage are 

measured using a FLUKE 17B digital multimeter whose uncertainty in measurement is 1.5% 

as shown in Fig.8.8. 

Apart from the experimental cable, which was of limited length, voltage, and current 

supply, the simulation for three types of bonding compared with the original case study was 

performed on MATLAB SIMULINK.  The operating voltage and current in the simulated 

cable are 220kV and 550A, while the power factors for the three phases are 1, 0.98, and 0.85. 

The cable is insulated with XLPE material with a relative permittivity of 2.3 and thickness of 

27mm. The conductor radius is 21mm and the metallic sheath is 6mm. The cable is laid in a 

trefoil formation with 𝑟cs and 𝑟ss  as 85cm and 115cm respectively. The value of grounding 

resistances is 0.2Ω. In the original case, the first, second, and third minor sections are of 

length 500m, 550m, and 520m respectively. Two different case studies are considered. In the 

first case, the third minor section is 150m in length and in the second case study, the length 

of the third minor section is 800m. A transient case study was also considered in simulation 

for Case II, where the peak voltage and current are simulated for the conductor to sheath fault 

at four different places in the major section. The faults are created in the first phase, at 

distances of 5m, 495m, 1030m, and in 1800m. The peak voltage and current are observed 

just near the ST and CB joints. The fault has a duration of 0.3s. 

8.5 Experiments to estimate to Estimate the Sheath Current and Voltage for Different 

End Bonding Methods. 

In this section, the analytical, experimental, and simulation results are presented and 

discussed. The section is further divided into two subsections. At first, the experimental 

results performed in the laboratory are presented followed by the simulation results as 

discussed in section 8.4. 

8.5.1 Practical Case Study 

Measured maximum RMS current and voltage between each set of ST and CB joints for 
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two different case studies and three different types of bonding as discussed in Section 8.4 are 

compared with the simulation and analytical results are shown in Fig. 8.9- Fig. 8.14. It is 

observed that the analytically obtained values of RMS current and voltage in the joints match 

with a minimum accuracy of 99.87% when compared with the practical results, also the RMS 

value of current and voltage is minimal for the proposed method when compared with the 

solid grounding or grounding with SVL even during the unbalanced loaded condition. 

Comparing the two cases, case II has the maximum current and voltage across different 

joints. The reduction in the maximum practical RMS value of voltage and current for case II 

of the proposed method in comparison to the other two bonding types is shown in Table 8.1. 

Tables 8.1, (1), and (2), represent practical comparisons between the proposed method with 

solid grounding and grounding with SVL respectively. With one exception—for both ST and 

CB joints, the proposed method exhibits a better voltage and current profile when compared 

to alternative end bonding techniques—the current in the second set of ST joints in the 

proposed method only surpasses the grounded with SVL by 0.002mA margin. 

The maximum RMS current and voltage at different joints for the proposed method in case 

II are compared with an original case study and are shown in Fig. 8.15 and Fig. 8.16. It is 

observed that except for the peak RMS voltage at the second set of ST joints (within the 

limits of 50V [5]), the voltage and current profile is even better for the proposed method 

when compared with the original case. This happens because due to the circulating current in 

the sheath is restrained by SVL and the voltage across the joints is minimal due to connecting 

the sheath terminals of the three phases together. 

 

                 (a)                           (b) 

Figure 8.9 Measured (a) current and (b) voltage across the different joints of a 3m long 

third minor section for solid grounding. 
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                  (a)        (b) 

Figure 8.10 Measured (a) current and (b) voltage across different joints of a 7m long 

third minor section for solid grounding. 

  

                  (a)                         (b) 

Figure 8.11 Measured (a) current and (b) voltage across different joints of a 3m long 

third minor section for sheath grounded with SVL. 

  

                  (a)                 (b) 

Figure 8.12 Measured (a) current and (b) voltage across different joints of a 7m long 

third minor section for sheath grounded with SVL. 

  

                  (a)                    (b) 

Figure 8.13 Measured (a) current and (b) voltage across different joints of a 3m long 

third minor section for the proposed method. 
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                 (a)              (b) 

Figure 8.14 Measured (a) current and (b) voltage across the different joints of a 7m long 

third minor section for the proposed method. 

  m  

           (a)                                (b) 

Figure 8.15 Measured (a) ST joints and (b) CB joints current for the proposed method 

case II and original case study. 

   mmmm  

(a)               (b) 

Figure 8.16 Measured (a) ST joints and (b) CB joints voltage for the proposed method 

case II and original case study. 

8.5.2 Simulation Case Study 

. Simulated maximum RMS current and voltage between each set of ST and CB joints for 

two different case studies and three different types of bonding as discussed in Section V are 

compared with the simulation and analytical results are shown in Fig. 8.17- Fig. 8.22. It is 

observed that the simulation and analytical results match with a minimum accuracy of 

99.92%. While comparing the two cases, case I has the maximum current and voltage across 

different joints. The reduction in the maximum simulated RMS value of voltage and current 
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for case I of the proposed method in comparison to the other two bonding types is shown in 

Table 8.2. 

Table 8.1 Comparison of practical maximum current and voltage   

Types of 

Bonding 

Reduction in 

current 

compared 

(1)(mA) 

Reduction in 

current 

compared (2) 

(mA) 

Reduction in 

voltage 

compared (1) 

(mV) 

Reduction in 

voltage 

compared 

(2) (mV) 

1st set of 

ST joints 0.263 0.034 
0.008 0.003 

1st set of 

CB joints 0.295 0.015 
0.007 92.451 

2nd set of 

CB joints 0.319 0.012 93.4513 94.2205 

2nd set of 

CB joints 0.401 -0.002 39.542 44.329 

Tables 8.2, (1), and (2), represent simulation comparisons between the proposed method 

with solid grounding and grounding with SVL respectively. It is observed that the voltage 

across any joints does not exceed 50V [3]. The current in the second set of ST joints in the 

proposed method only exceeds the grounded with SVL case by a 1.08A margin. Except that, 

for both ST and CB joints, the proposed method shows a better voltage and current profile 

compared with other end bonding methods. 

 

(a)              (b) 

Figure 8.17 Simulated (a) current and (b) voltage across different joints of a 150m long 

third minor section for solid grounding 



130 

 

  

(a)           (b) 

Figure 8.18 Simulated (a) current and (b) voltage across different joints of an 800m long 

third minor section for solid grounding.  

 

 

                              (a)                   (b) 

Figure 8.19 Simulated (a) current and (b) voltage across different joints of a 150m long 

third minor section for sheath grounded with SVL.  

 

 

               (a)                  (b) 

Figure 8.20 Simulated (a) current and (b) voltage across different joints of an 800m long 

third minor section for sheath grounded with SVL. 
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                     (a)                                   (b) 

Figure 8.21 Simulated (a) current and (b) voltage across different joints of a 150m long 

third minor section for the proposed method. 

 

           (a)                                       (b) 

Figure 8.22 Simulated (a) current and (b) voltage across different joints of an 800m long 

third minor section for the proposed method. 

  

               (a)                               (b) 

Figure 8.23 Simulated (a) ST joints and (b) CB joints current for the proposed method 

case I and original case study. 
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                 (a)                                 (b) 

Figure 8.24 Simulated (a) ST joints and (b) CB joints voltage for the proposed method 

case I and original case study. 

 

  

                               (a)      (b) 

Figure 8.25 (a) Simulated peak current (b) Simulated peak voltage during transient 

conditions across all joints in the first phase (~ represents 2m from the particular 

joints). 

 

Table 8.2 Comparison of simulated maximum current and voltage   

Types of 

Bonding 

Reduction in 

current 

compared 

(1)(A) 

Reduction 

in voltage 

compared 

(1) (V) 

Reduction 

in current 

compared 

(2) (A) 

Reduction in 

voltage 

compared (2) 

(V) 

1st set of ST 

joints 93.84 1.88 23.62 1.248 

1st set of CB 

joints 94.51 6.34 19.94 98.64 

2nd set of CB 

joints 100.88 1.26 81.94 102.45 

2nd set of CB 

joints 95.87 -0.58 31.415 43.78 
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The maximum RMS current and voltage at different joints for the proposed method in case 

I are compared with the original case study and are shown in Fig. 8.23 and Fig. 8.24. It is 

observed that, except for the peak RMS voltage at the second set of ST joints (which remains 

within limits of 50V, according to standard [5]), the voltage and current profile is even better 

for the proposed method when compared with the original case.  

The peak RMS transient current and voltage for the case I, in different joints and end 

bonding methods, and the original case study are shown in Fig. 8.25. When compared to the 

other bonding techniques and the original case study, the proposed method will always have 

a lower peak voltage and current, as shown in Fig. 8.25. 
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Chapter 9  

Conclusions 

 

9.1 Estimating the Location of Short-circuit Fault in a Cable Using Impedance 

Spectroscopy 

A method to detect and locate short-circuited faults in power cables using Sweep 

Frequency Response Analysis (SFRA) and impedance spectroscopy is proposed. The 

classical transmission line (TL) model is applied to derive the impedance characteristics of 

the cable. Additionally, a generalized analytical formula for the Differential Phase 

Impedance Function (DPIF) is introduced, which depends on polytopic numbers that can be 

easily obtained from basic cable parameters, either through direct measurement or 

calculation. The predicted DPIF closely matches the test cable's impedance graph, suggesting 

its potential as a signature function for fault detection. 

A formula is also proposed to estimate the fault location based on the positions of poles 

and zeros in the impedance graph of both faulted and healthy cables. The effectiveness of 

SFRA is validated through experiments on a 25-meter long power cable and simulations of a 

1-km cable. The proposed method demonstrated an accuracy of approximately 99.11% for 

continuous cable sections and 97.83% for cables with joints, regardless of the fault location. 

These findings have practical applications for utility companies and the cable industry, 

enabling more accurate identification of fault locations in power cables.  

9.2 Estimating the Location of Semiconducting Screen Defect in a Cable Using 

Impedance Spectroscopy 

An innovative analytical approach to detect and locate single-point screen defects in power 

cables utilizing Sweep Frequency Response Analysis (SFRA) and impedance spectroscopy. 

This method employs a transmission line (TL) model and state-space analysis is introduced. 

By applying TL theory, a correlation was established between the impedance graph's zeroes 

and the cable's propagation constant. Furthermore, the state-space analysis validated the 

relationship between the sum and product of the zeroes and the cable's electrical parameters, 

marking a first in cable defect analysis. 

The calculated sum and product of zeroes for a test cable demonstrated excellent 
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agreement with both analytical techniques. A formula was developed to estimate single-point 

screen defects based on the sum and product of zeroes derived from the impedance graph of a 

defective cable. The feasibility of employing SFRA to determine the locations of both 

conductor and insulation screen defects was validated through experiments on a test cable 

and simulations on a 1 km cable featuring three joints. 

The proposed methodology achieved a minimum accuracy of approximately 98.24% for 

continuous cable sections and 98.09% for cables with joints, irrespective of the defect's size 

or location. Additionally, the approach successfully identified multiple screen defects. These 

findings have significant implications for the cable manufacturing industry, enabling the 

detection and localization of conductor and insulation screen defects before installation, 

thereby reducing the risk of premature failures. 

9.3 Estimating the Location of Sheath-to-Ground Fault in a Cross Bonded Power Cable 

During Online Condition. 

A novel method to identify and locate a sheath-to-ground fault at any arbitrary location in a 

cross-bonded cable by only measuring the earthing currents at the grounding box during 

online conditions is proposed. Along with this a circuit model for the cross-bonded cable to 

estimate the grounding current during healthy conditions is proposed and the same circuit 

model is used to estimate the location of the fault. In practical case studies, faults are created 

at different locations in the cable and the fault current at the grounding resistance is measured 

using a digital multimeter and power quality analyser. To confirm the particular section 

having a sheath-to-ground fault, the measured fault current is compared with the analytically 

obtained range of values, and its location is estimated using the proposed analytical formulae. 

The suitability of the proposed method is tested on an actual power cable of length 18 m in 

the laboratory and also an onfield case study on a 1500m long cable. Irrespective of the 

location of the fault, balanced or unbalanced condition, the proposed method is shown to 

have an uncertainty of less than 0.07m for laboratory cable and 1.5m for onfield case. It is 

believed that the outcome is useful for the utility industries to find SG fault locations in 

power cables during online conditions 

9.4 Estimating the Location of Sheath-to-Ground Fault in a Non Cross Bonded Power 

Cable During Online Condition. 

A novel method to identify and locate a sheath-to-ground fault at any arbitrary location in a 

non-cross-bonded cable by only measuring the earthing currents at the grounding box in 
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online conditions is proposed. Three types of bonding, which are commonly used in practice 

to estimate the sheath-to-ground faults is investigated. A circuit model to estimate the healthy 

condition grounding current analytically is proposed. The analytically obtained healthy 

condition grounding current has an accuracy of more than 99.94% when compared with 

practically measured values. While performing experiments, faults are created at different 

locations in the cable, and the fault current at the grounding resistance is measured using a 

digital multimeter, and the phase difference between sheath and conductor current is 

measured using a power quality analyzer. The SG fault in the cable for a particular type of 

bonding is confirmed when the measured grounding current does not match the analytically 

obtained healthy current values. Analytical formulae are proposed for different types of 

bonding to estimate the location of the SG fault. The suitability of the proposed method is 

tested on an actual power cable of length 15m in the laboratory. Irrespective of the location 

of the fault, balanced or unbalanced condition, the proposed methods are shown to have an 

uncertainty of less than 0.15m for the laboratory. It is believed that the outcome is useful for 

the utility industries to find SG fault locations in power cables during online conditions. 

9.5 Estimating the Location of Sheath-to-Ground Fault in a HVDC Power Cable 

During Online Condition. 

The location of sheath-to-ground fault at any arbitrary location in an HVDC cable is 

estimated for the first time. In order to estimate the location, novel online and contactless 

time domain reflectometry combined with decision tree regression method is used. By 

employing impulse signals into the sheath through inductive coupler and performing Fourier 

analysis on the modified time domain signal, fault locations were identified without de-

energizing the cable, leveraging the distinct frequency signatures obtained from analyzing 

reflected waveforms. This approach demonstrated superior fault detection capabilities, 

particularly in shorter cable sections where conventional techniques often face challenges 

due to overlapping reflections. The proposed method was verified practically to estimate the 

location of sheath to ground fault for two different ratings of cable in laboratory having a 

minimum accuracy of 99.39%. It is believed that the proposed online TDR and DTR 

approach will be useful to the cable industry for real-time condition monitoring and 

maintenance of HVDC cable systems. this proposed online TDR and DTR approach offers a 

promising solution for efficient SG fault detection, paving the way for improved real-time 

condition monitoring and maintenance of HVDC cable systems. 
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9.6 Introduction of a new End bonding Type to Reduce the Circulating Current and 

Voltage for a Non-uniform Minor Section Length Cross Bonded Power Cable. 

A novel end-bonding method is proposed in an existing non-uniform length cross-bonded 

cable, and its current and voltage profile is compared with the two existing end-bonding 

techniques. Analytical findings for each type of end bonding are presented to validate the 

proposed method. The suitability of the proposed end bonding method is tested on an actual 

power cable of lengths 13.5m and 17.5 in the laboratory and compared with an original 

cross-bonded cable length of 15.7m. Simulation studies are also performed for different 

minor section lengths and then compared with the original case. Irrespective of the length of 

the third minor section, balanced or unbalanced condition, the proposed method has a 

superior current and voltage profile compared with the other methods. For both steady and 

transient state, even the current in the joints for the simulated and practical case study of the 

proposed end bonding method shows a better profile when compared with the original case, 

and also joint voltage remains under 50V. It is believed that the outcome is useful for the 

utility industries to introduce this end bonding technique to reduce circulating current and 

voltage in the sheath for a non-uniform length cross-bonded cable. 

9.7 Future Scope of the Work 

The future scope of this research on estimating fault locations and semiconducting defects 

using impedance spectroscopy and other analytical methods is promising, particularly in 

enhancing reliability and efficiency in the power transmission industry. Building on the 

demonstrated capability of impedance spectroscopy to accurately locate single and multiple 

defects in cable insulation and semiconducting layers, further advancements can focus on 

real-time condition monitoring systems. By integrating the proposed methods with Internet of 

Things (IoT) technologies and advanced machine learning algorithms, fully automated 

systems can be developed for continuous monitoring of cables. These systems would be 

capable of detecting SG faults, thereby enabling preventive maintenance and minimizing  

Finally, the commercialization of these methods presents a significant opportunity. 

Developing portable diagnostic equipment or software solutions for field engineers and 

utility companies could revolutionize the way faults and defects are managed in power 

transmission systems. These tools, underpinned by patented methodologies, would ensure 

rapid fault identification and efficient maintenance planning, contributing to the overall 

resilience of the power grid. Collaboration with the cable manufacturing industry to embed 
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such diagnostic features during cable production is another potential future direction that 

could prevent premature failures and enhance the service life of cables. 
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